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Abstract
To Affinity and Beyond

By Ryan Martinez

Functionality of the adaptive immune system depends on its ability to distinguish
self and foreign antigens. However there is a balancing act the adaptive system must
make, as it needs to recognize a wide range of diverse epitopes, but also distinguish
between epitopes with astonishing specificity. The diversity of the adaptive immune
system originates from the semi-random rearrangement of multiple gene segments to
form a unique lymphocyte receptor. Mechanisms during lymphocyte development
remove cells whose receptor either cannot recognize self-antigen or recognize self-
antigen too well. Traditionally, this process removes cells that will not contribute to the
immune response and those cells most likely to cause autoimmunity, respectively. The
remaining lymphocytes then enter the periphery to protect the host from foreign
pathogens. This education on self-antigen during development is intriguing, as
lymphocytes must be made to recognize all potential antigens during an infection, even
though they have never seen the antigens previously. Once the naive lymphocytes have
encountered antigen, many factors contribute to the fate of these cells, but the biophysical
characteristics of the lymphocyte receptor interacting with peptide presented by major
histocompatibility complex (pMHC) directs the initial signaling events and controls
lymphocyte functionality. This receptor:ligand interaction is fundamentally important as
it controls many aspects of the development and intrinsic functions of the lymphocyte. In
this introduction I will discuss how central tolerance discriminates between self vs non-
self as well as how these mechanisms alter the functionality and detection of lymphocytes
throughout the immune response.
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Introduction

At the most simple of levels, the immune system must be able to differentiate self-vs non-
self antigens either at the receptor level or at the downstream-signaling level. The idea of
receptor theory was originally proposed in the early 1900s by Dr. Langley and Dr.
Ehrlich to explain the differential effects seen by globally administered agents on
selective cell types (1). The theory of receptor:ligand pairs has since grown to what is
currently understood today and will be discussed further later. The immune system is
composed of two basic systems of receptors that act to protect the host organism(2). The
first system, termed the innate immune system, is made up of non-specific defenses to
prevent pathogenesis and is evolutionarily older as it is the dominant form of immune
defense in fungi, insects and primitive organisms (2). The innate system is also critical
for instructing and educating the second branch of the immune system, termed the
adaptive immune system, to respond to antigens. The two systems employ different
receptors to cause the effects necessary for functionality. The innate system has
conserved sets of receptors that can detect pathogenic or dangerous antigenic molecules,
and through different combinations of innate receptors, integrated signals are created for
each pathogen. In reaction to these integrated signals, the innate immune system reacts
accordingly to initiate processes to protect the host organism. The signals produced by
the innate system will also then activate and direct the adaptive immune system in order
to combat and clear the antagonizing agent.

The receptors that activate the adaptive immune systems are more varied than
innate receptor sets, hypothesized to contain a possible 1x10'® distinct receptors in the T
cell compartment alone(3). The signals received through their T cell receptors are similar

between lymphocytes, but specificity is generated by the unique receptor, as most



lymphocytes are believed to have a singular, functional antigen-recognition receptor. This
concept of a unique receptor per lymphocyte is credited to Burnet’s clonal selection
theory that is fundamental to adaptive immunity (4). In Burnet’s seminal work, the clonal
selection theory has four postulates as follows:

1. Each lymphocyte has a single, unique antigen-recognition receptor.

2. Lymphocytes with receptors that recognize self-antigens will be deleted.

3. Receptor-ligand binding is necessary for activation.

4. Differentiated cells will bear this same unique receptor.

These postulates are fundamental building blocks to how we currently understand the
adaptive immune system, but each has been shown to have shortcomings as more is
understood about T cell receptor biology.

To understand further points, I want to set a framework for the terms of
biophysical parameter used to describe receptor ligand interaction. Affinity is defined as
the probability of a receptor (TCR)-ligand (pMHC) interaction and is one of the most
commonly used measurements to predict the T cell response to antigen (5). As with all
receptor-ligand interactions, affinity, or the association constant (K,) is derived from the
on-rate (kon) and off-rate (kofr) of receptor-ligand equilibrium and is calculated
independently of concentrations of ligand and receptor (Affinity=K,=kon/kotr) (5, 6). The
affinity of an interaction is not its bond strength, or the force needed to break the bond,
though these terms are often incorrectly used interchangeably. An example of this
distinction can be seen in the avidin/biotin system, as this receptor-ligand pair has one of
the highest affinity interactions measured, but the non-covalent interactions can be easily

broken, signifying lower bond strength(7). Along with TCR:pMHC affinity, the



dissociation constant (Ky, inverse of K,) and half-life (t1,= In(2)/k.s) can also be derived.
The combination of these measurements have been used to describe T cell activation and
differentiation models (kinetic proofreading, optimal dwell time, etc), but not all methods
of biophysical measurements generate similar results(5, 8, 9). Therefore, further

understanding of measurement systems is necessary.

Affinity is commonly measured using purified reactants in solution by surface
plasmon resonance (SPR), where free ligand is flowed over receptors fixed to a
surface(10). This absolute affinity measurement occurs in three dimensions (3D) and
allows for the definition of protein interactions in their simplest, purified form with no
influence from outside interactions. However, the increased degrees of freedom that
occur in solution may not be the optimal method to accurately assess interactions
between receptor and ligands that occur on two opposing plasma membranes(5). A better
replicate of in vivo interactions between proteins at the membrane surface can be
accomplished using two-dimensional (2D) receptor-ligand binding techniques such as
flow chamber assays, thermal fluctuation assays, single molecule FRET, Zhu-Golan plots,
contact area FRAP and the adhesion frequency assay(5). Currently the focus of our lab
has been the use of the two-dimensional micropipette adhesion frequency assay (2D-MP),
a measurement of the relative 2D affinity of the receptor-ligand interaction on opposing
membranes(11). This 2D affinity is termed a relative affinity because it is dependent on
the context in which it was measured, whereas 3D methods generate an absolute affinity
measurement while ignoring all other cellular participants. This distinction of relative and
absolute affinity will be discussed in a later section. When 2D and 3D affinity TCR

measurements are compared, an increased affinity with an associated decreased ko can



be appreciated (8, 9, 12, 13). Attempts to correlate affinity values generated by 2D and
3D methods have been achieved with little success, as the parameters controlling relative
2D affinity are still unknown(8). Importantly, the relative affinity measured by 2D-MP
better correlates with functional responses than 3D methods and refers to the affinity in

the proper cellular context(8, 12).

The advent of recombinant pMHC tetramer reagents has allowed for the
identification of antigen-specific T cells and the subsequent use of these reagents for
indirect assessment of biophysical interactions of TCR:pMHC (14). The binding of the
tetramer reagent is dependent on valency to increase its avidity as monomeric pMHC
complexes do not attach well to TCR (15, 16). This lack of monomer interaction with
TCR is most likely due to the reliance of pMHC tetramer staining on higher affinity
interactions (17, 18). The ko and ko for each arm of the pMHC tetramer binding to TCRs
are known to reflect avidity interactions, with the binding of one pMHC monomer arm
enhancing the k., of the subsequent monomer arm and reducing the ko of the entire
reagent (19). The use of pMHC tetramer to measure ko, kon, and 11, assumes that the
amount of pMHC tetramer bound to a cell is directly proportional to the affinity of that
cell, with more tetramer bound to higher-affinity cells than to lower-affinity T cells (14,
18-20). However, this assumption may not always yield a direct correlation, with many
groups demonstrating tetramer binding intensity does not equate to functional responses
or SPR measurements (21-24). One possibility explanation for discrepancies with SPR is
that the functional cellular membrane can affect tetramer binding. Another possibility for
these discrepancies is that TCR density affects binding because tetramer relies on an

avidity interaction. While many have normalized the TCR to pMHC concentrations on



each cell(16, 25, 26), others do not account for the number of TCRs expressed at the cell
surface (21, 27, 28). The effect of TCR density can be appreciated, as the analysis of the
tetramer+ populations reveals lower TCR expression as they exhibit only 20-40% of the
TCR density compared to the bulk T cell population (Unpublished data). This indicates
tetramer+ T cells may have different TCR levels than the remaining T cell population but

it is unknown if this is a cause or an effect of being a tetramer binder.

The measurement of TCR:pMHC affinity by 2D-MP is an extremely sensitive
method that follows first order kinetics and is dependent upon T cell intrinsic factors (5).
Measured TCR affinities can be altered when reagents are used to change lipid
composition and actin cytoskeleton(8). Adjustments of the membrane and supporting
scaffolding should change 2D-affinity, as the characteristics of the opposing membranes
during receptor-ligand interactions are fundamental for the measurement of relative 2D
affinities. Much of the sensitivity of the 2D-MP assay comes from the flexibility of the
red blood cell (RBC) membrane, which can be distended by the formation of a single
TCR:pMHC bond(5, 29). As biotinylated pMHC is bound to the RBC through
streptavidin interactions, clustering and valency of ligand could play a role in binding.
Varying the concentration of pMHC on the RBC surface does not change the calculated
affinity of activated T cells, signifying concentration does not affect the 2D
measurements (8, 11). In experiments altering the valency of pMHC on the RBC through
use of mutant streptavidin, no changes in 2D affinity were noted (8). This is in contrast to
pMHC tetramers which rely on both concentration and valency of the reagent to measure

antigen-specificity(30). Together, this suggests concentration and valency do not play a



role in the measurement of affinity by 2D-MP. In addition, it demonstrates the

micropipette values are a measure of affinity and not avidity.

The measurement of TCR:pMHC biophysical interactions are performed under
conditions with no applied force(5, 8). Application of force to or by the TCR may be
important in the functionality of T cells, as the TCR/CD3 complex has been postulated to
function as a mechanosensor (31, 32). Methods using 2D measurements can interrogate
the role of force on the TCR anchored in the membrane, allowing for the study of these
interactions and how they can affect kinetic parameters. Recent work has demonstrated
the application of force to the TCR:pMHC interaction increases the lifetime of the bond
by reducing the ko of the bond(32). By applying force, the increased cumulative
lifetimes correlate with a higher likelihood of calcium-mediated activation, though this is
best appreciated when the accumulation of bonds are in the first minute of force
application(32).

An important distinction between CD4 and CDS8 T cells is the contribution of
coreceptor to the overall strength of binding between pMHC and TCR (16, 33). CD4 and
CDS coreceptors are thought to stabilize TCR:pMHC bonds while also recruiting Lck to
the TCR complex for the initiation of the downstream signaling cascade (34, 35).
Intriguingly, CD8 has a higher affinity for its coreceptor than CD4, though both
interactions are of weaker affinity(9, 34). For CD8 T cells, coreceptor contributes to the
binding of TCR to pMHC when assessed by pMHC tetramer, 2D-MP and SPR (33, 36—
38). The removal of CD8 contribution leads to decreased avidity and functional responses
(39-41). In addition, the binding of the lowest affinity T cells are the most affected by the

loss of CD8, signifying CD8 helps to increase the likelihood of low-affinity TCR:pMHC



interaction and signaling(12, 39). In contrast, the role of CD4 is very different as there is
little to no contribution to the TCR:pMHC interaction as measured by 2D-MP, pMHC
tetramer and SPR (9, 34). This is not to say CD4 is not important in functional responses,
as CD4 is required to recruit Lck for optimal initiation of T cell signaling (15, 42, 43), but
at least under the conditions used in tetramer and 2D assays, there is little contribution to
biophysical parameters(9). Importantly, detection of CD4 T cells by pMHCII tetramer
would be expected to miss more of the lower affinity TCRs due to the lack of coreceptor
contribution as compared to pMHCI tetramer and CDS8 T cells. These differences in CD4
and CD8 coreceptor binding impact the use of tetramers to count antigen-specific T cells
as well as measuring the kinetic rates of the TCR:pMHC interaction.
Detection of Antigen-specific CD4 T cells

The identification of T cells is important as the biophysical TCR:pMHC
interactions discussed are correlated with functional responses. The current gold standard
for identifying antigen-specific T cells are using either pMHC tetramer reagents or
readouts of functional responses, but both are sub-optimal in identifying the true number
of antigen-specific T cells (44—47). For example, not all T cells of the same specificity
make cytokine upon stimulation as demonstrated by the use of TCR-Tg T cells(48, 49).
Further, a CD4 T population has a number of distinct fates with associated effector
functions, such that any one cytokine will underestimate the total number of antigen-
specific cells. Interestingly, the number of pMHC tetramer+ T cells sometimes equates to
the number of cytokine producing cells, even though not all T cells will produce the
target cytokine (27, 45, 47). For the most part intracellular staining for cytokines is

incompatible with tetramer staining making it unclear if cytokine-producing cells overlap



with tetramer binders, or if they are distinct populations. To more accurately identify the
number of antigen-specific T cells, groups have used activation markers such as CD11a,
LFA-1 or CD49d that are up regulated on antigen-specific T cells after infection (45, 50).
When these cells are quantitated using these functional cell surface markers, they far
outnumber the number of tetramer or cytokine-producing cells(45, 50). The 2D-MP
further corroborates the underestimation of antigen-specific T cells by pMHC tetramers
(17, 18). When compared to the total population of antigen-specific T cells, pMHC
tetramer+ T cells make up only the highest affinity population(18). Most T cell
repertoires have a normally distributed TCR:pMHC affinity range, with the rarest cells
being the highest and lowest affinity. Based on this data, tetramer+ cells are above
average in affinity and would therefore only make up a fraction of the total T cells in an
immune response(51). This would be especially apparent for CD4 T cells since the

coreceptor does not aid in tetramer avidity.

The 2D-MP assay is currently the most sensitive available to capture the entire
affinity range of a T cell repertoire and not just the highest affinity T cells. To perform
the 2D-MP assay, single T cells are randomly chosen for affinity measurements from a
purified population of cells. As this is a sampling process that is time intensive, it is
important to understand the numbers of cells needed for analysis to reflect representative
data of the entire population. To address how many cells need to be measured to find the
average affinity of an antigen-specific polyclonal population, we have combined
previously published measurements of a polyclonal T cell population for a single antigen
(MOGsz.49:1-A) and performed random sampling experiments (Figure 1). When noting

the moving average from 10 repetitions of the randomly sampled MOG-specific T cell



affinities, it is apparent the sampling affinity often reaches the average affinity rapidly, ie,
within 10 binding pairs. By the time 16 binding T cells have been analyzed, the average
affinity measured is +/- 5% of the affinity of the entire pooled population. This
measurement is for a polyclonal population with a 2,000-fold range in affinity, meaning a
repertoire with considerably less diversity (TCR-Tg or tetramer+ T cells) needs even
fewer points measured to identify the average affinity. Therefore, to measure the average
affinity of a normally distributed polyclonal repertoire only 10-16 T cell affinities need to

be measured to be within 5% of the average affinity of the repertoire.

Signaling in low-affinity T cells

In both kinetic segregation and proofreading models, the binding of TCR:pMHC
is key to activation, with the korrand ko, and 11, controlling the strength of signal the T
cell receives(52—56). Higher-affinity interactions with prolonged t;,; have an increased
likelihood of forming a stable conjugate and triggering the T cell signaling cascade,
though an optimal 1,,, most likely exists due to the hypothesized need for serial
engagement (6, 53, 56). Using this logic, the lowest-affinity T cells should have a
reduced probability of initiating T cell signaling, but these cells do efficiently propagate
the signaling cascade as low-affinity T cells do expand, and differentiate during the
immune response (17, 18, 50). Thus, mechanisms must exist that allow for low-affinity T
cells, with the reduced probability of initial TCR:pMHC bond formation, to receive

sufficient signals to compete with high-affinity counterparts.

Developing thymocytes discriminate positive- and negative-selecting signals

through both qualitative and quantitative signaling pathways. Qualitatively, studies have



suggested reduced but sustained Erk signaling is necessary for positive selection while
strong Erk, p38 and Jnk activation are necessary for negative selection(57-60). In
positive selection, the protein Themis reduces TCR signaling by recruiting the
phosphatase SHP-1 to inhibit Lck activation and reduces strong, transient, Erk activation,
a property associated with negative selection(60, 61). Without Themis, low-affinity
pMHC can produce strong agonist signals resulting in increased negative selection(61).
This is of interest, as negative regulatory mechanisms must be preventing low-affinity
ligands from being selected like high-affinity ligands. Currently, it is unknown what
controls the function of Themis or how it discriminates between high- and low-affinity
pMHC to ultimately regulate downstream signals. One potential quantitative mechanism
for discriminating high- and low-affinity pMHC was found in thymocyte negative
selection. During negative selection, thymocytes bind to pMHC and scan coreceptors
(CD4 and CD?8) to find one coupled to Lck(62). CD8 coreceptors on thymocytes have a
lower amount of coupled Lck than CD4 coreceptor, so a longer TCR:pMHC 1/, is
necessary for CD8 T cell negative selection(62). If a TCR:pMHC bond is maintained
during the duration for a coreceptor-Lck conjugate to be found, the T cell is determined
to be high-affinity and will undergo Bim-dependent apoptosis(63). These differences in
signaling between positive and negative selection demonstrate how similar stimuli

(pMHC) can generate distinct results depending on the TCR interaction parameters.

Naive CD4 and CD8 T cells demonstrate a distribution of reactivity to multiple
foreign-antigens that is established during thymic selection on self-antigens. In both naive
CD4 and CD8 T cells, multiple studies have been able to identify heterogeneity in

reactivity of T cells for self- and foreign-pMHC(26, 64—67). These ranges of reactivity
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relate to markers of self-pMHC stimulation (CDS5, Nur77, basal TCRC phosphorylation)
(26, 64, 67, 68) as well as indicators of activation in response to foreign-pMHC (ERK
phosphorylation, IL-2 production)(67). Conflicting experimental evidence exists when
attempting to correlate self-reactivity with foreign-reactivity(26, 64, 67). Some have
demonstrated CDS5 positively correlates with foreign TCR reactivity (measured by pMHC
tetramer and function)(26, 64), while others have demonstrated CDS5 expression can be
altered without changes to TCR affinity as measured by SPR (67). Nonetheless, based on
the TCR affinity for self-pMHC, the immune system is able to diversify the reactivity of

signaling machinery by controlling the basal phosphatase and kinase activity.

The first step of signaling after TCR triggering is phosphorylation of CD3 and
TCRE intracellular chains by Lck and the recruitment of the kinase Zap70.
Phosphorylation of Zap70 by Lck propagates the initial signals and causes downstream
activation of the MAP kinase (Erk), NF-kB and calcineurin pathways(69). To inhibit
signaling cascades, phosphatases such as SHP-1/2 and CD45 prevent the sustained
activation of kinases(69). For low-affinity TCR:pMHC interactions, the peak of T cell
signaling molecules (Erk, Jun, Ras) are delayed or absent and TCR signaling is decreased
(61, 65, 70). This late and reduced activation of Erk in low-affinity T cells allows for the
sustained recruitment and activity of SHP-1, decreasing the activation of Lck and
reducing the T cell signaling response(61, 70, 71). Another phosphatase, PTPN22, has
also been shown to inhibit Erk phosphorylation in T cells stimulated with low-affinity
pMHC(72). It is surprising that even with these negative signaling events, low-affinity
TCRs are able to signal and even upregulate activation genes CD69 and CD25 to similar

levels as higher-affinity T cells (70, 73). Similar to thymocyte selection, this

11



demonstrates peripheral T cells have mechanisms to detect biophysical TCR interactions
that can then be translated to signaling cascades, as well as possess compensatory
mechanisms to enhance low-affinity TCR interactions or even decrease higher-affinity T
cell interactions(74). Potentially, force generation by TCRs could be a mechanism by
which low-affinity T cells are able to increase bond 1/, and receive similar signals as
high-affinity counterparts(32, 75, 76). Conversely, it may be that different pathways are
induced by low-affinity TCR:pMHC binding that are currently not understood. Overall,
low- and high-affinity T cells use similar mechanisms and machinery to signal, but the

outcomes seem to vary in their response.

Functionality of low-affinity T cells

The development and function of T cells has been highly associated with
TCR:pMHC affinity, with high- and low-affinity T cell interactions often performing
different roles. Thymocyte selection is dependent upon TCR:pMHC affinity interactions,
with positive selection requiring low-affinity interactions and negative selection deleting
thymocytes greater than a threshold affinity (77, 78). The number of antigen-specific T
cells for a single epitope is tightly controlled by central tolerance and therefore by TCRs
affinity for self-pMHC presented in the thymus (79-83). The initial numbers of DP
thymocytes for a single epitope are defined by the size of their positively selecting niche
of self-peptides and further culled by their reactivity to self-antigen via negative
selection(27, 66, 83—85). Work suggests positive selection is important in the generation
of a functional T cell repertoire, as alterations in the size of the selecting niche can cause
T cell dysfunction or increased reactivity to antigen (66, 86). Analysis of the autoimmune
prone NOD mouse has suggested its positive selecting niche is reduced, causing

12



competition for positive selection survival signals and enriching for T cells that have a
higher affinity TCR:self-pMHC interaction (85). This reduced positive selection niche
and concurrent increase in TCR affinity will not be fully compensated by negative
selection, as negative selection is not as effective as once believed (66, 85, 87-89). The
precursor frequency of a given antigen-specific T cell repertoire reproducibly generated
by thymocyte selection is important as antigens with higher precursor frequencies can
reach peak numbers more rapidly and provide better immune protection (27). Antigen-
specific T cell repertoires with lower precursor frequencies will have a greater fold
expansion, but will still not outnumber the higher precursor frequency repertoires (90).
Based on this functional data, one could assume the repertoires with larger precursor
frequency have a higher affinity for pMHC, as this would mean they have undergone less
negative selection. Recent work supports this hypothesis as epitopes with lower precursor
frequency demonstrate more similarity to mouse self-peptides as well as reduced
pMHCII tetramer binding(27). Therefore, a balance exists between positive and negative
selection and their preference to favor low- and high-affinity interactions between pMHC

and TCR will ultimately determine the numbers and affinity of antigen-specific T cells.

All the advantages of TCRs with high-affinity for pMHC would suggest they can
easily outcompete the lower affinity T cells(91), but this does not seem to be occurring
when the full affinity repertoire is analyzed(17, 18, 50). One caveat to many model
systems is the focus on a single TCR and the use of different APLs to model the fate of
polyclonal T cells in response to lower-affinity antigens(62, 73, 92-94). In TCR-Tg mice,
each T cell undergoes similar thymic selection mechanisms, and therefore possesses

similar reactivity to antigen. Groups have shown different repertoires undergo different
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TCR selection and peripheral tolerance mechanisms, including negative selection, agonist
selection, clonal diversion and inhibitory molecule upregulation(68, 74, 77, 95, 96). For
example, every OT-I TCR-Tg T cell will be positively and negatively selected by the
same self-antigens, while in a polyclonal system, T cells with a range of affinities will
recognize the OT-I cognate peptide (SIINFEKL) and will be positively and negatively
selected by numerous different peptides. In the polyclonal setting, there will be a range of
affinities for SIINFEKL and an accompanying range of tolerance mechanisms to control
responses to this antigen. Therefore, a single TCR binding to different affinity pMHC
complexes during selection is not the same as a polyclonal set of different TCRs binding
to a set of pMHC. This distinction between effects at a clonal as opposed to a polyclonal
level could alter functionality and impact interpretation on the role of lower-affinity

ligands during an immune response.

After primary antigen exposure and triggering of signaling cascades, division of
CD4 and CDS8 T cells will cause 100-1000 fold expansion (64, 90, 97). Interestingly, low-
affinity T cells are easily detectable throughout the response, signifying they are capable
of expanding as well as high-affinity T cells (18, 50). Higher-affinity CD8 TCR
interactions cause asymmetric division that is associated with increased functionality of
the proximal daughter cells(94). These CD8 T cells have similar initial rates of division,
but eventually the highest affinity T cells maintain division while the lower-affinity T
cells begin to contract(73, 94). The contraction of lower-affinity T cell is not due to
increased death or lack of memory formation, as a similar frequency of low-affinity
pMHC primed CDS8 T cells differentiates into memory T cells(93, 94). Along with

differences in division rates, the migration kinetics of T cells are controlled by affinity,
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with the lower-affinity APL stimulated T cells demonstrating increased numbers of TCR-
Tg T cells in the blood at earlier time points(73). Studies in high- and low-affinity CD4 T
cells demonstrates the time to the first division of high-affinity CD4 T cells is much
faster than low-affinity cells, though after several divisions, the low-affinity cells reach
the same absolute number as high-affinity T cells(70). Together, these data demonstrate
low- and high-affinity T cells behave similarly during initial expansion, but most likely

have roles in the immune response at distinct times and locations.

Evidence demonstrates T cell affinity controls effector and memory
differentiation of antigen-specific populations. Using the OT-I CD8 T cell APL system,
groups have demonstrated low-affinity priming generates a greater frequency of Eomes+
memory T cells(93). It was determined TGF-fR expression, a negative regulator of T
cells, is not downregulated in low-affinity T cell responses, creating a balance of the
generation (IL-12R) and ablation (TGF-BR) of memory T cells (93). In CD4 T cells,
TCR:pMHC affinity has been correlated with memory (20, 98, 99), T helper subset (Tl
vs Tu2), and T follicular helper (Try) differentiation(97, 98, 100, 101) as well as
prevention of exhaustion by chronic antigen exposure(102). Lower-affinity TCR
interactions have been shown to be biased to generate long-lived memory cells(20, 98,
99), while for Tyl vs Ty2 differentiation, greater strength of TCR stimulation increases
the likelihood of Tyl differentiation (100, 101). For Tgy cells, increased and decreased
TCR:pMHC affinity has been correlated with differentiation, thought to be due to TCR-
dependent IL-2/IL-2R alterations (28, 97, 98). The finding that Try cells can differentiate
from TCRs with low and high-affinity TCR:pMHC interactions is perplexing, but

demonstrates active mechanisms maintain the differentiation diversity of the low and
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high-affinity T cells. Nonetheless, comparing and contrasting the findings of CD4 and
CDS8 T cells demonstrates the complexity of each system, but also demonstrates unique
roles and pathways for high- and low-affinity TCR:pMHC interactions to presumably

maintain functional diversity.

The activation and regulation of metabolic pathways is essential for the initiation
and maintenance of the immune response(103—106). In CD8 T cells, the TCR:pMHC
interaction controls initial metabolic reprogramming by upregulating IRF4 and Myc in a
TCR:pMHC affinity dependent manner(106). The transcription factors Myc and IRF4
coordinate the switch from fatty acid oxidation to aerobic glycolysis, which is essential
for maintenance of the immune response(104, 106). Low-affinity TCR interactions led to
less Myc and/or IRF4 expression, reducing the uptake of metabolic intermediates and
changing the amount of T cell death during the response (104, 106). Therefore,
TCR:pMHC affinity is necessary for instructing metabolic reprogramming and a
generating a greater functional response, but it is still unclear what function affinity based
metabolic reprogramming plays for the differentiation and maintenance of low-affinity T

cells.

Maintenance of affinity diversity

The maintenance of clonotype diversity in the immune system is essential for the
health of the organism(107). By maintaining clonotype diversity, TCR affinity diversity
is also preserved, with a single epitope being recognized by multiple T cells to create a
normally distributed TCR:pMHC affinity population. For each epitope, a range of T cell

precursors exist whose frequency is controlled by central tolerance mechanisms(27, 108).
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As the preimmune frequency for a single epitope approaches zero, the capacity of the
repertoire to protect the host from this epitope diminishes(3, 95). This theoretical lower
limit of T cells that can effectively protect the host is defined as a protecton and is
dependent upon the size of the organism and the migration velocity of T cells(109).
Larger organisms need a larger protecton because their bodies have a greater volume to

patrol and protect against pathogen dissemination.

Along with the size of the organism, the protecton is dependent upon the amount
of cross-reactivity between TCRs. To derive the level of cross-reactivity inherent to an
individuals TCRs, the entire number of antigen-specific T cells inclusive of lower-affinity
ones needs to be defined. Recent studies have identified T cells with cross-reactivity
using multiple high-affinity dependent methodologies such as pMHC tetramers, but the
rules regulating cross-reactivity are still being formulated(3, 27, 110, 111). Previous
studies have suggested the highest-affinity T cells are the most cross-reactive, as these
cells have been shown to accept the most degeneracy in TCR:pMHC interaction and still
function(112-114). However, single T cells can have both increased and decreased
functional responses to peptides, meaning that just because a TCR binds to one pMHC
with low-affinity, it can not bind to another pMHC with higher affinity(110).
Theoretically, a single TCR should possess a range of affinity for peptides presented by
MHC, meaning that cross-reactivity is not unique to only high- or low-affinity TCRs.
Groups have identified low-affinity T cells during the immune response, signifying these
cells must be represented in the naive mouse, yet these lower affinity T cells are currently
not being included in the calculations (17, 18, 50). If inclusion of lower affinity T cells

leads to a greater number of T cells in an antigen-specific repertoire, then the amount of
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cross-reactivity would correspondingly change(3). Therefore, protecton size and cross-

reactivity calculations may be inaccurate due to the exclusion of these cells.

Low-affinity T cells are effective immune mediators and can have dominant roles
in the immune response under specific conditions(65, 93, 115-117). When T cell clones
are compared for their ability to cause autoimmunity, combat infection or prevent tumors,
low-affinity T cells are often comparable in accomplishing these tasks (22, 65, 102, 116,
117). For example, when a lower-affinity CD8 T cell clone specific for an influenza
antigen is transferred into a mouse expressing the antigen in a tumor, little immune
response occurs(117). However, when this mouse is infected with influenza and/or given
CD4 T cell help, the low-affinity T cells can respond with enhanced function(117). Along
with influenza, groups have demonstrated adjuvants such as CFA, MPL and Listeria
monocytogenes can generate a larger population of low-affinity T cells (20, 116, 118,
119). Besides adjuvants, the form of antigen can control low-affinity T cell expansion, as
the use of protein antigen has been demonstrated to recruit more low-affinity T cells into
the immune response(99). Why antigen and adjuvant influence the affinity diversity of
the T cell response is still unclear, though these factors point to the type of antigen
presenting cells (APCs) as a possible manipulator of low- and high-affinity T cell
skewing. This suggests high- and low-affinity T cells may compete for TCR signaling,
but mechanism such as antigen processing and presentation may maintain and influence

the affinity diversity.

Alteration of APC by using different adjuvants or forms of antigen is one way to
potentially alter T cell diversity, but can diversity of affinity be regulated in a T cell
intrinsic fashion? As previously mentioned, the 2D affinity measurement by 2D-MP is a
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relative affinity, dependent unknown factors as well as the contact area restricting the
receptor and ligand interactions. Our work reveals slightly different affinities (<10-fold)
for thymocytes, peripheral naive TCR-Tg T cells, and activated T cells demonstrating
that the context of the membrane environments plays a role (13, Unpublished data).
Thymocytes, naive, and activated T cells are different sizes, which may alter contact area
between the T cell and RBC during the 2D-MP measurement. At the macroscopic level,
the contact area difference between thymocytes and naive T cells seems negligible, but in
fact could result in differences as lymphocytes contain excess membranes, which is
stored in ruffles and protrusions that could change during development and activation
state(120). If there are differences in the ruffling of the membrane along with size
differences, the membrane surface area in contact containing the TCR and pMHC could
vary between different populations of cells. Of note, within a given population of cells
the surface area would be similar allowing for accurate affinity measures. These effects
on membrane surface would also be predicted to influence lymphocyte function in vivo,

which could be why 2D affinity so accurately predicts the level of functional response.

In addition, 2D affinities are dependent on the local membrane structure that is
maintained by the actin cytoskeleton and controlled by the membrane lipid composition.
During TCR activation, the actin cytoskeleton is remodeled(121). This cytoskeleton
change could alter the 2D-MP affinity, as the integrity of the membrane structure and
orientation of the surface proteins will also fundamentally change. Inhibition of actin
polymerization has been demonstrated to reduce 2D affinity as well as functional
responses(8, 9). The actin inhibitors again demonstrate how 2D affinity measurements

accurately readout the functionality of the TCR interaction with pMHC (8, 12). A T cell
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could manipulate its 2D affinity through changes in the cytoskeletal support and protein
attachment to actin. Alternatively, 2D affinity could be regulated to a degree by
alterations in lipid content as CD4 T cell subsets contain differential organization of
lipids(122, 123). Lipid composition has not been studied in relation to 2D affinity, but
lipid order and organization has been demonstrated to be important in T cell functional

responses, implicating the affinity may be different (122, 123).

Other surface proteins could influence the ability of the TCR to interact with
pMHC and the 2D affinity. In the kinetic segregation model of T cell activation, the size
of the CD45 molecule regulates the interaction of TCR:pMHC, with its exclusion from
the synapse a necessary step to initiate the T cell signaling cascade(54, 55). T cell
expression of a smaller isoform of CD45 would reduce steric hindrance and could
increase the TCR:pMHC affinity measured by 2D-MP. Therefore, when the 2D affinity is
calculated in the context of the cellular membrane, multiple T cell intrinsic factors can
tune its measured value. /n vivo, this fine-tuning of 2D affinity could be envisioned as a
mechanism allowing for small alterations in the likelihood of TCR engagement (affinity

for pMHC) while maintaining the diversity of the immune response.

Evidence demonstrates lower-affinity T cells most likely have overlapping and
distinct roles when compared to T cells with higher-affinity interactions. Low-affinity T
cells use much of the same signaling machinery for generating an immune response, but
also must possess unique pathways or factors to sustain function and prevent excessive
negative regulation during signaling. During differentiation, low-affinity T cells can

again be found to have shared and unique roles when compared to higher-affinity T cells.
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Low and high-affinity T cells must function together to efficiently generate a complete

immune response and maintain the diversity of TCR affinity to efficiently protect the host.
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Chapter 1

Targeted loss of SHP1 in murine thymocytes dampens TCR signaling late in

selection
Abstract

SHP1 is a tyrosine phosphatase critical to proximal regulation of TCR signaling.
Here, analysis of CD4-Cre SHP1™" conditional knockout thymocytes using CD53, TCR,
CD69, CD4 and CD8a. expression demonstrates the importance of SHP1 in the survival
of post selection (CD53"), single-positive thymocytes. Using Ca*" flux to assess the
intensity of TCR signaling demonstrated that SHP1 dampens the signal strength of these
same mature, post-selection thymocytes. Consistent with its dampening effect, TCR
signal strength was also probed functionally using peptides that can mediate selection of
the OT-I TCR, to reveal increased negative selection mediated by lower-affinity ligand in
the absence of SHP1. Our data show that SHP1 is required for the survival of mature
thymocytes and the generation of the functional T-cell repertoire, as its absence leads to a
reduction in the numbers of CD4 " and CD8" naive T cells in the peripheral lymphoid

compartments.
Introduction

T-cell development and function is dependent on the regulation of T cell receptor
(TCR) signaling as well as downstream transcriptional alterations (54). Early in the TCR
signaling pathway, protein kinases and phosphatases regulate the functionality of
signaling intermediates to either modify or enhance downstream effects (69). SHP1,

encoded by Ptpn6, is expressed in hematopoietic cells and is an important phosphatase in
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many cellular signaling pathways (124). In naturally occurring SHP1 deficient mice
(me/me), groups have found SHP1 to be important in the processes of thymocyte
development (both positive and negative selection), naive T-cell homeostasis, T helper
(Ty) differentiation, functionality and Treg suppression (125-133). These T-cell defects
occurred in me/me mice with the global loss of SHP1 in all hematopoetic cells. Therefore,

specific T cell intrinsic effects of SHP-1 remain to be determined.

The conditional deletion of SHP1 has not been reported to effect thymocyte
development (134, 135). As SHP1 is a key proximal regulator in TCR signaling, its lack
of participation in thymocyte selection is surprising as thymocyte development is highly
reliant upon the strength of TCR signaling in discriminating weak from strong peptide-
MHC (pMHC) interactions (68, 129). SHP1 interacts with many different proteins in a
host of signaling pathways. For example, SHP1 is recruited to LAT via GRB2 to interact
with the protein Themis, which is involved in a negative feedback loop to alter the
threshold of thymocyte positive and negative selection (61, 136—140). The lack of
Themis prevents the recruitment of SHP1 to the GRB2:LAT complex, correlating with
excessive signaling in response to lower-affinity ligands (61). The outcome of the
Themis:GRB2:SHP1 interactions is to preserve lower-affinity TCRs in the repertoire by
generating a negative feedback loop to limit thymocyte deletion (141). Yet, global
analysis of the thymic compartment in SHP1 deficient mice did not reveal any effects on
thymocyte development (134). Here we have probed thymocyte development in greater
detail and contrary to previous reports, find that SHP1 is necessary to reduce TCR
signaling and prevent the deletion of mature thymocytes. Furthermore, the absence of

SHP1 during development leads to an altered peripheral T-cell repertoire with a loss of

23



naive T cells and over representation of memory-like T cells. Therefore, SHP1 expression
in developing thymocytes is intrinsically essential for the generation of a normal naive T-

cell repertoire and the rescue of developing thymocytes from negative selection.
Results

Thymocytes selection is dependent upon TCR binding to self-pMHC, with the
translation of biophysical TCR:pMHC interactions dictating signal strength and
thymocyte fate (68, 142, 143). Defects in the proximal TCR signaling intermediates have
been demonstrated to alter T-cell selection and therefore the repertoire of T cells in the
periphery (61, 68, 77, 78). To determine if SHP1 alters thymocyte selection, we
interrogated polyclonal CD4-Cre SHP1™" thymocyte development based on expression

of TCRf and CD69, with no differences noted in the absence of SHP1 (Figure 1A).
Thymocytes were further analyzed based on defined maturation phases using TCRf} and
CD69, with thymocytes progressing through selection by upregulating TCR and CD69
before down regulating CD69 upon completion of selection (144). Within the TCR and
CD69 subsets, distinct thymocyte developmental stages were identified using CD4 and
CD8a that included double negative (DN), double positive (DP), post selection DP,
CD8a intermediate (CD8a int), CD4 single positive (CD4SP) and CD8a. single positive
(CDS8SP) (Figure 1B) (144). When the individual subsets of maturing thymocytes were
analyzed the most mature (TCRB™CD69) stage revealed significantly reduced numbers
of SHP1 deficient cells in the post-selection CD8alnt, CD4SP and CD8a.SP populations
(Figure 1C). Comparison of the maturation stages before expression of CD4 (before Cre

expression) and selection (DN and pre selection DP) were not found to be different
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(Supplemental Figure 1). Thus, SHP1 controls the survival of thymocytes during late

stages of development.

As SHP1 deficiency revealed a defect in post-selection thymocytes, we next
probed thymocytes for CD53 expression, a marker that distinguishes pre (CD53") and
post (CD53 ") selected cells (Figure 2A) (145). Loss of SHP1 in CD4-Cre SHP1™" mice
revealed a reduced frequency of post-selection (CD53") thymocytes as compared to WT
mice (Figure 2A). Enumeration of thymocyte subsets based on CD4 and CD8 expression
in the CD53" post-selection population of SHP1"" and CD4-Cre SHP1"" mice revealed a
2.9 fold and 2 fold reduction in CD8aSP and CD4SP thymocytes respectively (Figure
2B). These data confirmed that SHP1 controls the survival of thymocytes at later
developmental stages. To corroborate the survival defect of mature thymocytes was
SHP1 dependent, mixed bone marrow (BM) chimeras with CD4-Cre SHp1"™
(Thy1.2/CD45.2) and WT (Thy1.2/CD45.1) were created. After reconstitution, total
thymocytes from BM chimeras were analyzed for maturation using TCRf and CD69
expression and the contribution of WT and SHP1 KO thymocytes were compared at each
developmental stage (Figure 3A,B). Initially, the frequency of SHP1 deficient
thymocytes was significantly higher than WT thymocytes (Figure 3B,C). However, once
the thymocytes matured to the TCRB™CD69™ stage, no significant differences were
noted (Figure 3B,C). Upon completion of the final maturation stage, WT thymocytes
were found significantly over-represented (Figure 3B,C). This suggests that loss of SHP1
initially impacts survival of TCRB™CD69™ thymocytes, as this stage is where WT

thymocytes begin to show a survival advantage even though there are no significant
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differences between the cell types. Thus, even in the same developing environment,

thymocytes deficient in SHP1 have a defect in survival.

The reduced levels of thymocyte survival could result from either a decrease in
positive selection or an increase in negative selection or a mixture of both. Decreased
positive selection could arise from decreased TCR signaling strength, while increased
negative selection would occur if there was increased signaling caused by TCR selection
events (78). Both of these possibilities have been reported using me/me mice (128, 146).
To distinguish these possibilities, thymocyte subsets were assayed for their ability to flux
calcium (Ca>"), a measurement that is positively correlated with TCR signal strength
(147). Using the ratiometric Ca>" dye Indo-1, post-selection DP and CD8c. intermediate
thymocytes deficient in SHP1 were found to flux greater amounts of Ca*", as measured
by area under the curve (AUC) and peak value measurements (Figure 4A). Interestingly,
Ca”" flux in SHP1 deficient thymocytes was not increased until after selection (CD53")

and then returned to levels similar to SHP1™"

mice as thymocytes matured (Figure 4B).
These findings demonstrate the deficiency of SHP1 during selection permits increased
TCR signaling. As greater negative selection would be predicted by greater TCR
signaling, this data indicates the lack of SHP1 dominantly affects negative selection of

the developing thymocytes, thereby causing the decrease in thymocyte cell number

(Figure 1C).

To further study the development of thymocytes lacking SHP1, we created OT-I
TCR-Transgenic (Tg) mice with T cells lacking SHP1 (OT-I CD4-Cre SHP1™™). The
OT-I TCR-Tg system allows for the study of SHP1’s influence on selection of
thymocytes with differing selecting affinities, as altered peptide ligands (APLs) have
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been defined for the native SIINFEKL:H2-K" (N4) epitope. A range of APLs have been
defined that cause positive or negative selection of the OT-I thymocytes (62, 83, 94). To
determine how SHP1 affects the selection of OT-I thymocytes, OT-I and OT-I CD4-Cre
SHP1™" were mixed with a fluorescent nucleic acid stain impermeant to viable cells
(Sytox Green) and OVA:H2-K" or APL:H2-K" tetramer to induce thymocyte selection as
read out by apoptosis (affinity hierarchy for ligands used is N4> Q4R7) (62, 94, 148).
Q4R7 has been previously shown to be the lowest-affinity APL that can negatively select
the OT-I TCR(147). These stimulated thymocytes were then analyzed using the IncuCyte
Zoom system to quantitate dead (Sytox Green') thymocytes by imaging the cells every
hour (Figure 4C). Comparison of N4 and Q4R7 between WT OT-I thymocytes revealed
affinity-dependent cell death, while OT-I’s lacking SHP1 were not able to display a
similar dependence (Figure 4C). Quantification of cellular death was calculated by taking
the area under the curves (AUC) for the H-2K"-tetramer treatments and normalizing the
data to the WT N4 ligand (Figure 4D). SHP1 was not needed to discriminate high-
affinity ligands (N4), but was essential for separating the effect of the lower-affinity
ligand (Q4R?7) that has been used to map selection events for the OT-I TCR. In this
regard, our data is similar that reported for Themis™ mice (Figure 4D) (61). Therefore,
SHP1 is essential in discriminating high- and low-affinity pMHC ligands during

thymocyte selection.

Since the number of SP thymocytes is decreased in the absence of SHP1, CD4
and CDS8 T cell counts could also be reduced as naive peripheral T cells are populated by
emigrating SP thymocytes (149). However, previous work using the same CD4-Cre

model reported increased frequency of memory (CD44") T cells without taking into
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account potential T cell numerical differences(134). Analysis of splenic CD4 and CD8 T
cell numbers demonstrated a reduction of both cell types in the absence of SHP1 (Figure
5A, 5B). In contrast to the previous work, enumeration of naive (CD44°) and memory
(CD44") T cells found the reduction of CD4s and CDSs in the absence of SHP1
originated from the loss of naive T cells (Figure 5A,B) (134). Of note, SHP1 deletion
caused changes in CD8, but not CD4 memory T cells. The lack of naive T cells was
confirmed to be driven by SHP1 expression in T cells by using mixed BM chimera
experiments as described above. When WT and SHP1 deficient T cells were analyzed
and counted in the same animals, a reduction in the number of T cells was appreciated,
which was driven by the loss of naive (CD44") T cells (Figure 5C). In parallel, analysis of
memory (CD44") T-cell compartments in the BM chimeras showed no enhancement of
CD8 memory generation in the absence of SHP1, but did show significant differences for
CDA4 T cells (Figure 5C). Contrary to previous reports(134), our results demonstrate
SHP1 controls selection of thymocytes and in the peripheral compartment predominantly
effects the maintenance of the naive T-cell population with only minimal alterations to

memory T cells.
Discussion

Here we demonstrate the phosphatase SHP1 dampens TCR signaling of
developing thymocytes and is critical for the development of mature, single positive
thymocytes. As predicted by Themis™ experiments, SHP1 functions to discriminate
lower-affinity TCR signaling and dampen the negative selection to weaker ligands (61).
SHP1’s negative regulation was found to be key in early post-selection thymocytes, as
defined by CD53, but was not found to be necessary for controlling TCR signaling of
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later-stage, SP thymocytes. Conversely, thymocyte enumeration showed delayed effects
of the increased TCR signaling with similar numbers of early selection thymocytes but
differences in later stages. The decrease in late-stage thymocytes extended into the
peripheral T-cell compartment, showing a decrease in the number of naive T cells. By
defining SHP1s role during thymocyte development, this work validates findings from
Themis” mice and reiterates SHP s is an essential phosphatase for the generation of

functional T cells.

The conclusion that SHP1 is necessary for thymocyte development and
functionality demonstrates distinct roles for SHP1 throughout the life cycle of a T cell.
This is apparent in the comparison of experiments where SHP1 is deleted in DP
thymocytes (CD4-Cre) (134) or in mature SP thymocytes (dLck-Cre), leading to distinct
outcomes (135). Comparisons of these models reveal several key differences. First, when
SHPI1 deletion occurs in immature DP thymocytes, no proliferative differences of
peripheral T cells are noted, whereas SHP1 deletion in mature thymocytes produced a
proliferative advantage of these T cells. Second, SHP1 deletion during thymocyte
development caused the enrichment of memory-like CD8 T cells and IL-4 producing
CDA4 T cells, with few naive T cell alterations identified when SHP1 was deleted post-
thymocyte selection (134). Yet, it was previously unexplained why these two Cre systems
gave different results, as it was incorrectly established that use of the CD4-Cre system
did not cause thymocyte alterations (134). With the new understanding that SHP1 plays a
role in thymocyte selection, these two findings can be reconciled. The absence of SHP1
during thymocyte development causes alterations to the peripheral T-cell repertoire by

reducing the number of naive T cells, but leaving the memory T-cell compartment
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unaltered or increased. This implies the naive populations of antigen-specific T cells are
reduced in number and diversity, potentially altering the functionality of the immune
response to pathogens. Therefore, fine tuning of TCR signals executed by SHP1 is
important to prevent the reduction of naive T cells and to generate a T-cell repertoire with

the capacity to fully protect the host.

Our work on the role of SHP1 during thymocyte selection has revealed disparities
with other work (134). Several factors may be playing a role in these discrepancies. The
previous study only reported CD4 and CD8 expression of thymocytes as opposed to our
more extensive analysis (134). Furthermore, the numbers of peripheral lymphocytes was
not calculated in the previous work(134), leading the incorrect conclusion of increases in
memory T-cell populations. Even with genetically identical mice in both experiments,
factors such as age, sex and housing conditions could impact the findings. This could be
due to SHP1 functioning differently due to sex/age of mice, or due to difference in
microbiota between facilities (150). It is also possible that deletion of SHP1 may be
incomplete, or with different levels of redundancy with SHP2 between laboratories.
Therefore, several unknown confounding factors may exist, but our more detailed

analysis revealed SHP1s role in selection and repertoire generation.

The role of SHP1 in the generation and maintenance of memory T cells is
complex. Even with the decreased number of naive T cells, we find SHP1 acts to
maintain or increase numbers of memory CD4 and CD8 T cells. SHP1 could potentially
be controlling memory T-cell differentiation in several ways. SHP1 could prevent the
steady state naive to memory transition by reducing the signaling generated by tonic
TCR:pMHC interactions needed for T cell maintenance and survival (151, 152).
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Alternatively, SHP1 may control the activation sensitivity of naive T cells, allowing them
to proliferate to larger populations and generate greater numbers of antigen-experienced
T cells. Excessive generation of antigen-experienced T cells in the absence of SHP1 has
been shown previously (135), but it is unclear if it can explain our observations in the
CD4-Cre model as we are measuring memory T-cell contribution at the steady state.
Either way, both hypotheses would end in the generation of a memory T-cell population
with reduced TCR clonotype diversity, reiterating SHP1 acts to diversify the T-cell

immune population.

Identifying the role of SHP1 during selection corroborates data from mice lacking
Themis, as Themis”~ thymocytes are not able to recruit SHP1 to GRB2 or phosphorylate
SHPI (61, 139). These changes in SHP1 associated with a loss of Themis lead to altered
negative selection thresholds, allowing lower-affinity TCR:pMHC interactions that
normally positively select thymocytes to result in deletion (61, 136—138). This change in
the threshold between positive and negative selection is likely due to an alteration in the
negative feedback loop generated by Themis/SHP1. The negative feedback loop allows
for the generation of constant TCR signaling output, even with increases in TCR affinity,
and is essential to demarcate the sharp, digital response between positive and negative
selection(61, 141). Interestingly, the peripheral T-cell phenotype found in CD4-Cre
SHP1™™ mice and Themis” mice is very similar, with loss of naive T cells and enhanced
survival of memory-like T cells (137, 138). However, the CD4-Cre SHP1™" mouse does
not exactly phenocopy 7 hemis™ thymocytes. T hemis™ thymocytes are noted to have a
selection defect at the CD3™CD69™ (TCR™CD69") stage of development, while we do

not find any difference using this gating strategy (Figure 1A). As well, signaling defects
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were found in Themis™” thymocytes before selection(61), but we only found differences in
TCR induced Ca** flux after positive selection (Figure 4A,B). We believe two factors
could be playing a role in these differences. First, SHP2 can bind to Themis similar to
SHP1 and potentially regulate signaling in a similar fashion and partially rescue the
phenotype (139). Generation of SHP1/SHP2 double knockout thymocytes would address
this issue. Second, as the system we studied is a conditional knockout where SHP1 is
deleted upon CD4 upregulation, SHP1 may still be partially present and functional during
the initial selection. The half-life of SHP1 after Cre-induced excision is unknown, though
previous work suggested SHP1 is undetectable via western blot by the DP thymocyte
stage(134). Therefore, the timing of SHP1 deletion is likely important for the generation
of this selection phenotype. As for the IL-4 producing CD4 T cells found in the CD4-Cre
SHP1"" mice (134), we hypothesize these cells arise due to an altered TCR repertoire
caused by excessive negative selection. Of interest TCRs with lower interactions with
antigen tend to develop into T2 cells (100). Nonetheless, the role of SHP1 is
fundamental in discriminating TCR strength of thymocytes and generation of a functional

naive TCR repertoire.
Materials and Methods

Mice

CD4-Cre SHP1"™ and SHP1™" mice have been described previously and were
purchased from Jackson Laboratories and bred on site (134). OT-I mice were purchased
from Jackson Laboratories and the OT-I CD4-Cre SHP1"" mice were bred on site.
C57BL/6 (WT) mice were purchased from the National Cancer Institute. All mice in
experiments were 6-8 weeks old except for those used in the IncuCyte assay, which were
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4-6 weeks old, and both males and females were used in experiments. All animals were
housed in an Emory University Department of Animal Resources facility (Atlanta, GA)
and used in accordance with an Institutional Animal Care and Use Committee—approved
protocol.

Flow Cytometry

Mouse thymus or spleens were processed into a single cell suspension and stained
with fluorochrome-labeled antibodies for 30 min on ice. Antibodies used are listed per
manufacturer: CD3¢e (145-2C11), CD8a (53-6.7) (Tonbo biosciences), CD4 (RM4-5),
CD69 (H1.2F3), Thyl.2 (30-H12), CD45.1 (A20) (Biolegend), CD11b (M1/70), CD11c
(HL3), CD19 (1D3), CD53 (OX-79) (BD Pharmigen), CD44 (IM7), F4/80 (BMS), TCRf
(H57-597) (eBioscience). For thymocytes, viable cells (as identified by FSC and SSC)
were gated and then analyzed as described in the figures. For splenocytes, viable cells (as
identified by FSC and SSC) were gated on and T cells (CD3¢") were identified that were
lineage (CD19, CD11b, CD11c, F4/80) negative and then analyzed as described in the
figure captions. Cells were counted using AccuCheck microbeads (Invitrogen). Data was

acquired on a LSRII (Becton Dickinson) and analyzed using FlowJo (Treestar).
Calcium Flux Measurements

Calcium flux measurements were performed as previously described. Briefly,
thymocyte cell suspensions from SHP1"" or CD4-Cre SHP1™" mice were made and
rested for 60 min at 37°C. One of the samples was stained with Cell Trace Violet (CTV)
for 10 min at room temperature while the other sample received equal amounts of

vehicle-only control (DMSO). Cells were then washed and equal number of cells were
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mixed together at a density of 2x10° cells/ml in R10 media (RPMI1640, 10% (v/v) FCS,
2mM L-glutamine, 0.05mM 2-mercaptoethanol and 0.05mg/ml gentamicin sulfate). The
mixed thymocytes were incubated with the calcium indicator Indo-1 AM (Molecular
Probes; 1mM final concentration) for 15 min at room temperature. Cells were washed
once in R10 and stained for 15 min at room temperature with fluorescently conjugated
antibodies and biotinylated anti-CD3¢ (Tonbo Biosciences; 145-2C11) antibody. Cells
were washed once in cHBSS (Ca®" and Mg*" free Hank’s balance salt solution
supplemented with 1% (v/v) FCS, ImM MgCl,, ImM EGTA and 10mM HEPES, pH
7.3) and resuspended in cHBSS. Samples were warmed to 37°C for 2 min and then
analyzed on a LSRII (Becton Dickinson). CaCl, (2mM) was added 30 seconds into

analysis followed by streptavidin (10 mg/ml) at 60 seconds to activate the samples.

Bone Marrow Chimeras

Bone marrow cells harvested from the femur, tibia and sacrum were processed
into a single cell suspension and depleted of T cells using Thy1.2-PE conjugated antibody
and anti-PE magnetic microbeads as per manufacturer protocol (Miltenyi Biotec).
Recipient mice (Thy1.1/CD45.2) mice were irradiated (950 rad) and injected i.v. with
1x107 bone marrow cells from C57BL/6 (Thy1.2/CD45.1) and CD4-Cre SHp1"™
(Thy1.2/CD45.2) mice mixed at a 50:50 ratio. Recipient mice were treated with drinking
water containing 2% sucrose, 0.5 mg/ml Neomycin, 0.0125 mg/ml Polymyxin B for 7
days after irradiation and were analyzed 6-8 weeks after irradiation.
Incucyte Sytox Assay

Thymocytes from OT-I or OT-I CD4-Cre SHP1™" mice were harvested and

processed into a single cell suspension in complete R10 media without phenol red (recipe
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above). Cells were enriched for viable cells by density centrifugation using Lymphocyte
Separation Medium (density= 1.077-1.080 g/mL at room temperature) by overlaying
2mL of room temperature cell suspension over ImL of room temperature Lymphocyte
Separation Medium and centrifuging for 15min at 400 x g. The interface was removed
and washed in complete RPMI. A 96 flat-bottom plate was prepared for the assay by
adding 25ul CellTak (BD) per well at a concentration of 22.4ug/ml diluted in PBS. The
CellTak was incubated for 20 minutes at room temperature, and then washed using dH,O.
Next, cells were resuspended at 1.5x10° cells per mL in complete R10 media
supplemented with 125nM Sytox Green (Life Technologies). 100ul of cells were plated
on the pretreated plate and mixed with 100ul of complete RPMI media with H-2K"
tetramers (1ul of tetramer per well) or left unstimulated. Cells were then tacked to plate
using centrifugation (acceleration: 5, deceleration: 5) by accelerating the plate to 450rpm,
stopping the spin, rotating the plate 180°, and then spinning again to 450rpm. Cells were
next placed into IncuCyte (Essen Bioscience) machine and imaged once every hour using
the 20x phase and fluorescent channel 1 objectives. Analysis of images was performed
after experiments using the following settings. Phase: Background=0.3, Cleanup
(Holefill=0 um®, Adjust Size=-3 pixels). Green: TopHat parameters (radius=100um,
Threshold=2.000 GCU), Edge split on (Edge sensitivity=4), Cleanup (Holefill=0 um?,
Adjust Size=-3 pixels), Filters (Max=650 um?* Mean Intensity=5.000 um?). Unstimulated
samples were analyzed for Sytox " cells and this background was subtracted from H-2K"
treated Sytox " events before analysis.

Statistical Analysis
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All data were analyzed using Prism (Graphpad) Software. Outliers were excluded if
identified by Grubs Test.
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Figure 1. SHP1 is necessary for thymocyte development.

(A) Representative flow cytometry and gating from WT (upper) and CD4-Cre SHP1™"

(lower) thymocytes showing TCRP and CD69 expression. Enumeration of TCRf and
CD69 thymocyte subsets in WT and CD4-Cre SHP1™™ mice demonstrate no difference in
subset number (mean+/-SEM, n=6-10 mice, three experiments). (B) CD8a and CD4
expression of thymocyte subsets by the maturation markers TCRf and CD69 with WT
(top row) and CD4-Cre SHP1™"! (bottom row). (C) Enumeration of the developing
thymocytes reveals decreased numbers of single positive thymocytes in the
TCRBHiCD69' stage (mean+/-SEM, n=6-10, 3 total experiments, CD8a int p=0.01,
CD8aSP p=5.1x10", CD4SP p=7.51x10", Multiple Sample T-test with correction for

multiple comparisons using the Holm-Sidak method).
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Figure 2. Thymocyte survival is decreased in the absence of SHP1.

CD53 was analyzed on bulk SHP1"" and CD4-Cre SHP1™"" thymocytes. (A)
Representative histogram of CD53 expression from a SHP1"" and CD4-Cre SHP1™""
mouse with the decreased frequency of selected thymocytes in the absence of SHP1
(points represent single mice, 3 independent experiments, *p<0.0001, Student’s T-test).
(B) Numerical comparison of CD53+ thymocyte CD4/CD8 subsets, demonstrating the
lack of survival of SP, post-selection thymocytes (mean+/-SEM, n=6-10 mice, three
experiments, CD8aSP p=0.0001, CD4SP p=0.00015, Multiple T-test with correction for

multiple comparisons using the Holm-Sidak method).

40



Il wT

TCRBM™CD6YM TCRBHICDB9H TCRBHICD69- C 80- CDA4-Cre SHP1!

29% 69%

* % NS *

CD69

Figure 3.

41



Figure 3. Intrinsic dependence of SHP1 in the survival of mature thymocytes.

Mixed BM chimeras revealed SHP1 is necessary for thymocyte maturation. (A)
Representative TCRP and CD69 expression of total thymocytes in mixed BM chimeras.
(B) Contribution of WT (Thy1.2+/CD45.1+) and CD4-Cre SHP1"" (Thy1.2+/CD45.1-)
at maturation stages defined by TCRf and CD69 (Representative plots, n=10 mice, two
experiments). (C) Tabulated frequency of the thymocyte contribution at each stage in

thymocyte development, showing CD4-Cre SHP1""

thymocytes initially start at greater
frequency, but do not survive upon maturation (mean+/-SEM, n=10 mice, two
experiments, TCRPCD69™ p=0.0009, TCRB™CD69™ p=2.6x10"° , TCRBMCD6Y

p=3.14x10"8, Multiple T-test with correction for multiple comparisons using the Holm-

Sidak method).
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Figure 4. Increased thymocyte TCR signaling in the absence of SHP1.

TCR reactivity was measured in SHP1"" and CD4-Cre SHP1"" thymocytes. (A)
Ratiometric calcium changes of Indo-1 dye of post selection (CD53+) DP SHP1"" and
CD4-Cre SHP1™" thymocytes after Ca*" and streptavidin (SA) addition. (B) Normalized
Indo-1 calcium flux calculated by dividing the area under the curve (AUC) and peak
value from SHP1"™" and CD4-Cre SHP1™" thymocytes. Normalization reveals
significantly increased Ca®" signaling in CD4-Cre SHP1™" thymocytes as the black line
designates equal Ca®" flux (n=6, three experiments, AUC: CD53+DP p=0.009, CD8aiint
p=0.01,Peak Value: CD53+DP p=0.035, CD8aint p=0.04, One-sample T-test for each
point with a reference value of 100). (C) IncuCyte analysis of cell death demonstrates
SHP1 is essential for discrimination of low-affinity TCR:pMHC interactions in the OT-I
TCR Tg system. Total Sytox green+ cells per image were counted every hour and
graphed as a function of time (one representative sample, two experiments). (D)
Normalized AUC data from (C) reveals increased amounts of negative selection in
thymocyte lacking SHP1 (mean+/-SEM, two experiments, means calculated from
combined technical replicates from the two experiments, Two-Way ANOVA with

Sidak’s multiple comparison test, *p<0.05)
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Figure 5. SHP1 controls the homeostasis of naive T cells.

Analysis of frequency and number of CD4 and CD8a. T cells in WT and CD4-Cre
SHP1"" mice. (A-B) Flow cytometry shows increased expression of CD44+ T cells in
CD4-Cre SHP1™ (filled gray histogram) when compared to WT (open black histogram)
of both CD8 and CD4 T cells. Upon enumeration, decreased T cell counts are found in
CD4-Cre SHP1"" mice stemming from lack of naive, CD44- T cells (mean+/-SEM, n=6-
10 mice, three experiments, CD4: CD4 total p<0.0001, CD44- p<0.0001, CDS8: CDS total
2<0.0001, CD44- p<0.0001, CD44+ p=0.0037, Multiple T-tests with correction for
multiple comparisons using the Holm-Sidak method). (C) Generation of CD4-Cre
SHP1"" and WT mixed bone marrow chimera indicates the maintenance of naive T cells
is SHP1 intrinsic and not an environmental effect (mean+/-SEM, n=10, two experiments,
CD4 p=0.00469, CD44- p=0.0088, CD44+ p=0.00034, Multiple T-tests with correction

for multiple comparisons using the Holm-Sidak method).
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Chapter 2

Dual positive selection mechanisms limit autoimmune demyelinating disease
Abstract

To understand tolerogenic mechanisms preventing autoimmunity, we probed the
development of polyclonal T cells specific for myelin oligodendrocyte glycoprotein
(MOG), a tissue restricted target during demyelinating disease. We found that clonal
deletion of MOG-tetramer+ thymocytes was not a primary tolerance mechanism. Instead,
T cell tolerance to MOG was implemented in the responding T cells via two positive
selection processes. First, the presence of MOG self-antigen generated less potent albeit
more numerous MOG-specific T effector precursors. Second, MOG induced a more
efficacious MOG-tetramer+ Foxp3+ regulatory T cell population. These positive
selection mechanisms induced transcriptional alterations of the effector and regulatory
antigen-specific T cell populations, with the enhanced functionality of the MOG-specific
Tregs being coupled to Foxol regulated genes. Our results refine thymocyte maturation
processes by demonstrating positive selection on a single self antigen can alter T cell
population dynamics through complementary tolerance mechanisms and reduce

autoimmune disease propensity in the absence of obvious negative selection.

Introduction

CDA4 T cell development is dependent upon the ability of the T cell receptor
(TCR) to interact with self-peptide and major histocompatibility class II (self-pMHCII)
complexes in the thymus(78). As self cross-reactivity is a fundamental property of all

TCRs, mechanisms such as negative selection and regulatory T cells are in place to
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prevent autoimmune disease(153—156). The efficiency of negative selection is shown to
be most effective in preventing self-reactive T cell activation to ubiquitously or highly
expressed self-peptides(157, 158). Thymic epithelia expression of the transcription factor
AIRE is critical in the production of many of these self-peptides(88, 153, 159, 160).
However, other self-proteins are minimally expressed in the thymus or periphery (159,
160), making it less clear how tolerance protects against autoimmunity to self antigens
with reduced thymic expression and therefore less negative selection.

In models of autoimmune demyelination a range of tolerance mechanisms and
thymic myelin antigen expression can be appreciated(159, 161); illustrating that tolerance
is not simply the presence or absence of myelin self-antigen in the thymus. Clinically
MHC/HLA is a risk factor for autoimmune disease, yet the presence of autoreactive CD4
T cells does not predict autoimmunity. This is demonstrated by healthy patients having
myelin-specific CD4 T cells in their peripheral blood without clinical signs of
demyelination(162, 163). Increased development of Foxp3+ regulatory CD4 T cells
(Tregs) could potentially explain some of the differences between healthy controls and
patients as Tregs have been found to be dysfunctional during autoimmunity (164, 165).
However, Treg deficiencies alone cannot fully explain the break in tolerance to self-
antigens (157, 158). The role of MHC/HLA as a risk factor suggests antigen specific-
tolerance mechanisms are in place to prevent activation of self-reactive T cell activation
in healthy patients. For example, findings of intact negative selection in the autoimmune
prone NOD mouse led to the possibility of altered positive selection as a defective

tolerance mechanism for self reactive CD4 T cells(85). Therefore, further study of
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positive selection may be needed to understand how self-pMHCII specific CD4 T cells
are selected and tolerized in the presence of limited amounts of self-antigen.

To define tolerance to self-antigens with restricted tissue and thymic expression,
polyclonal CD4 T cells were analyzed for specificity to encephalitogenic myelin
oligodendrocyte glycoprotein (MOG) using mice sufficient and deficient in MOG
expression. In both cases MOG-tetramer+ T cells were readily identified, although CD4
T cells from MOG deficient animals were more encephalitogenic. The size of the naive
MOG-specific CD4 T cell repertoire suggested a lack of thymocyte negative selection.
Instead, MOG expression appears to support positive selection for a subset of CD4 T cell
clones specific for MOG itself. This subset of MOG-selected thymocytes leads to
transcriptionally altered effector CD4 T cells made up of a diverse family of TCRs that
display increased tolerance and reduced ability to demyelinate. Moreover, the presence of
MOG selected for antigen-specific Foxp3+ Tregs that possessed greater ability to prevent
autoimmune demyelination through changes associated with the transcription factor
Foxol. Therefore, a single self-antigen with low availability in the thymus induces dual
tolerance mechanisms by positively selecting for a unique antigen-specific TCR
population with reduced encephalitogenic potential along with a greater frequency of
Tregs with enhanced suppressive capabilities.

Results
Targeted loss of MOG self-antigen causes more severe autoimmunity

Self-peptide specific CD4 T cells mediate autoimmune disease within the target

organs based on the expression of cognate protein. To confirm MOG deficiency leads to

loss of MOG-specific T cell tolerance (166), naive CD4 T cells from C57BL/6 (WT) or
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MOG KO mice were transferred into TCRa”” recipients followed by induction of EAE
demyelinating disease. The adoptive transfer model of EAE was used as KO mice will
not develop MOG-induced demyelination due to the lack of MOG expression on myelin.
Mice receiving MOG KO CD4 T cells showed an earlier onset (MOG KO: day 11 and
WT: day 16) and increased severity of disease as compared to mice receiving WT CD4 T
cells (Figure 1A). Clinically, MOG KO CD4 T cells mediated rapid and severe paralysis
that resulted in the cessation of experiments due to >20% loss of body weight by day 16-
18, which coincidentally was the time of disease onset for mice receiving WT CD4 T
cells (Figure1B). Increased disease severity was accompanied by a greater number of
MOG-tetramer+ T cells in both the CNS (Figure 1C) and spleen (Figure 1D) with
increased CD4 T cell production of the pro-inflammatory cytokine IFN-y in the CNS
(Figure 1E, 1F). Therefore, T cells developing in the presence of tissue-specific MOG
demonstrate strong tolerance induction with decreased MOG reactivity, delayed gain of
effector function, and reduced expansion of tetramer+ encephalitogenic T cells.
Tissue-specific self-pMHCII selects conventional and regulatory T cells

Subsets of higher-affinity thymocytes specific for self-pMHCII undergo negative
selection while also inducing antigen-specific Foxp3+ Tregs to prevent autoreactivity (87,
156, 167, 168). To determine if tissue-specific tolerance employed both of these
thymocyte tolerance mechanisms, naive pMHCII tetramer enrichments were performed
as this technique identifies the highest-affinity T cell most likely to be negatively selected
or diverted to Foxp3+ Tregs(156, 168). Naive WT mice lacked the classic signature of
negative selection as they displayed increased numbers of MOG-tetramer+ CD4 T cells

in peripheral lymphoid organs as compared to MOG KO mice (WT:195+/-28 vs
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KO:75+/-9 cells, Figure 2A, gaiting strategy Supplementary Figure 1). When naive
MOG-tetramer+ T cells were analyzed in mice devoid of negative selection (Bim
KO)(63) or those devoid of AIRE expression (AIRE KO), no significant differences in
number were found when compared to WT (Figure 2A). The lack of MOG protein
expression only affected repertoires specific for MOG itself as no decrease was apparent
in the naive T cell repertoire for the foreign LCMV epitope GPgs.77:1-A” in WT and MOG
KO mice (Figure 2B). Further, alterations of MOG-tetramer+ CD4 T cell development in
MOG KO mice originated during thymocyte selection, as differences were evident in
MOG-tetramer+ CD4 single positive (CD4SP) thymocytes (Figure 2C). Enhanced
conversion of Foxp3+ Tregs generated from TCR:self-pMHCII interactions could
possibly explain the decrease in total MOG-specific CD4 T cell number in KO mice
(WT: 14.3% MOG KO: 4.8%) (Figure 2D) (169). However, the MOG-tetramer+ Treg
numbers did not solely account for the difference identified in the total tetramer+ cells as
KO mice still contained reduced numbers of MOG-specific Foxp3&®" conventional CD4
T cells (Tconv) (Figure 2E). Thus, the absence of MOG led to the absolute reduction of
tetramer+ CD4 T cells with decreased selection of both conventional and regulatory
MOG-tetramer+ CD4SP thymocytes and CD4 T cells.
MOG is necessary for the development of a subset of MOG-specific TCRs

Since MOG altered selection of tetramer+ TCRs, similar developmental analysis
was carried out on in the presence or absence of MOG using two MOG-tetramer+
retrogenic TCRs (Rg-TCRs), termed B8 and 1C9 (170). B8 and 1C9 MOG reactivity was
confirmed through proliferation assays and were both identified as Tconv T cells (Data

not shown). Examination of Rg thymocytes in WT mice revealed both 1C9 and B8 Rg-
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TCRs could develop into CD4SP thymocytes, though at different efficiencies (B8: 5%,
1C9: 0.5%) (Figure 3A-D)(171). In MOG KO mice B8 Rg TCRs had significantly
reduced efficiency of selection with reduced B8 CD4SP thymocytes (Figure 3C).
Selection of the 1C9 TCR was unaffected by the absence of MOG (Figure 3D).
Enumeration of the developing of CD4SP B8 and 1C9 thymocytes mirrored frequency
data (B8: WT-5.4x10°, KO-8.8x10" cells) (Figure 3B,D), with B8 TCRs demonstrating
MOG dependence. The MOG tetramer negative 2D2 TCR-transgenic was similarly
analyzed and displayed no dependency on MOG for selection (Data not shown). These
data indicate MOG can act as a positive selecting ligand for a subset of MOG-specific
Tconv clones. Therefore, a single self-pMHCII during thymocyte development can select
for a subset of T cells specific for itself.

The MOG dependent B8 Rg-TCR clone presented here as well as other’s previous
work(167, 168) have shown selection can alter the TCR populations. To determine if
MOG alters the TCR repertoire, MOG-tetramer+ CD4 T cells from both WT Foxp3&™
and MOG KO Foxp3&® mice were index sorted followed by single cell TCR
sequencing(172). Index sorting allows for the discrimination of a Treg (gfp+) or Tconv
(gfp-) MOG-tetramer+ CD4 T cell sorted into each well. Analysis of TCRf} sequences
revealed minimal repeats within the MOG-specific CD4 T cell repertoire in either WT or
MOG KO mice (WT: 319 sequences, 7 mice, KO: 170 sequences, 6 mice, Figure 4A).
The paucity of repeated clonotypes ruled out proliferation of peripheral MOG-specific
CD4 T cells as a factor for the increase of MOG-specific T cells in WT mice (Figure 2A).
Analysis of the V region TCRf gene segments between WT and MOG KO mice revealed

naive MOG-tetramer+ CD4 T cells from MOG KO mice used more TRBVS and less
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TRBV1 when compared to WT mice (Figure 4B). Ignoring D regions due to limited
contribution to diversity, MOG-tetramer+ V and J gene pairing was compared from WT
and MOG KO mice and graphed on a heat map as a function of the percent difference
between the mouse types (V:J low frequency pairings not shown, Figure 4C). The heat
map demonstrates MOG KO sequences are enriched for a single TRBVS gene with
several TRBJ pairings (2-3, 2-5, 2-7, etc), while WT sequences are enriched for a larger
diversity of V:J gene pairings including TRBV13-2:TRBJ2-4, TRBV13-1:TRBJ2-7, and
TRBV3:TRBJ2-5 (Figure 4C). This data demonstrates the WT MOG-tetramer+ CD4 T
cell clonotypic repertoire is diverse and suggests the TCR repertoire is modified in the
presence of self-pMHCII, selecting for a greater diversity of V:J gene pairings.
MOG induces intrinsic tolerance mechanisms in MOG-tetramer+ T cells to prevent
autoimmunity

To determine if the MOG selection changes caused differences in MOG tetramer+
CD4 T cell functionality, the expansion of the WT and MOG KO CD4 T cells was
studied. Even though there were ~50% fewer naive MOG-tetramer+ CD4 T cell
precursors in the MOG KO repertoire (Figure 2A), MOG-tetramer+ CD4 T cells from
MOG KO mice expanded 3.8-fold higher than that of WT at day 14 post MOG/CFA
immunization (Figure 5A,B). Higher precursor number of tetramer+ CD4 T cells has
been reported as a correlate of T cell expansion during an immune response(27), but was
not seen here for MOG. The difference in expansion between WT and KO was not
explained by the extravasation of MOG-specific CD4 T cells into the CNS of WT mice
expressing MOG (Data not shown). This data indicates that mechanisms other than

precursor number controlled MOG-tetramer+ clonal expansion. MOG-tetramer+ CD4 T
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cells from KO mice had a distinct expansion advantage 21days post immunization
compared to WT mice when MOG-tetramer+ CD4 T cells from WT (Thyl.1) and MOG
KO (Thy1.2) mice were mixed together at equal numbers (5x10° CD4 T cells from each
donor), transferred into TCRa”™ hosts and induced for EAE (Figure 5C). Therefore,
MOG-tetramer+ T cells have an intrinsic expansion advantage following development in
the absence of MOG.

As the selection of MOG self-reactive CD4 T cells led to unique TCR clones with
reduced response to antigen, selection may have also altered the naive state of these cells.
To determine if the presence of MOG altered the naive transcriptional profile, naive
MOG-tetramer+ CD4 T cells from WT and KO mice were analyzed using RNA
hybridization (NanoString) to an immunological gene panel. Analysis revealed
differential expression of 40 of 547 immunological genes measured (Figure 5D) with WT
T cells in general possessing decreased levels of expression. For example, the MOG-
tetramer+ Tconv from KO mice displayed increased basal levels of IL-2 and Maf, which
has been reported to play important roles in autoimmune disease progression(173).
Altogether, these data illustrate MOG self-peptide positively selection generates a unique
naive MOG-tetramer+ population.

To assess if T cell development in the presence of MOG alters the intrinsic
demyelination ability on a per cell basis, we transferred equal numbers (600 cells each) of
previously immunized MOG-tetramer+ CD4 Tconv cells (Foxp3£™) from WT or MOG
KO mice into TCRo” mice and induced EAE (Figure 5E). The transferred MOG-
tetramer+ Tconv from MOG KO mice resulted in significantly higher incidence of

demyelination as compared to WT Tconv (Figure SE). This indicates an increased
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capacity of the unique MOG KO Tconv cells to cause demyelination, even when Tconv
cells are removed from Treg suppression. Therefore, CD4 T cells specific for MOG self-
antigen possess intrinsic functional differences initiated by thymic selection.
MOG specific Tregs differ in suppressive capacity

Antigen-specific Tregs provide the optimal levels of control for an immune
response(174, 175). We focused on the Treg population in WT and KO mice and found
the frequency of MOG-tetramer+ CD4 Tregs in WT and KO mice was relatively constant
during the MOG/CFA immune response (~15 and ~5% respectively, Figure 6A). To
determine whether the reduced numbers of MOG-tetramer+ Tregs in the KO animals
could explain the reduced levels of disease seen in the adoptive transfer model (Figure
1A), MOG-tetramer+ Tregs and Tconv from day 14 EAE immunized mice were sorted,
transferred into new TCRa”™ hosts and EAE was induced. The transfer of MOG-
tetramer+ Tconv cells (600 cells) from MOG KO mice produced a high incidence of EAE,
which was significantly reduced by the addition of Tregs (Foxp3gfp+) from WT mice (300
cells) (Figure 6B). However, the addition of the same number of Tregs from MOG KO
mice did not reduce EAE incidence (Figure 6B). Note that in both cases the Tregs are
MOG-specific based on tetramer reactivity. To define how the MOG-tetramer+ Tregs
differed, RNA-seq was performed on MOG-tetramer+ Foxp3¢™ Tregs from WT and
MOG KO mice 14 days after EAE immunization (Figure 6C). Of the 479 genes
differentially regulated (Figure 6C), gene ontology analysis revealed metabolic
differences between WT and KO MOG-tetramer+ Tregs, with gene set enrichment
analysis further supporting these findings (Figure 7A,B). Foxol, a transcription factor

regulated by Akt, is key in controlling Treg functionality and metabolism(176, 177). Due
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to the relationship between Foxol, metabolism and suppressive function of Tregs, the
differentially regulated genes identified here were compared to the previously defined
genes regulated by Foxol in Tregs(176). Analysis of genes differentially regulated in the
absence of Foxol demonstrated significant transcriptional overlap with those in MOG
KO Tregs, indicating MOG KO Tregs possessed reduced Foxol activity(176) (Figure
7C). Phenotypic analysis of MOG-tetramer+ Tregs recapitulated Foxol transcriptional
data with those Tregs from WT mice expressing Foxol-upregulated genes (FR4, CD73)
and Tregs from KO mice expressing genes upregulated in the absence of Foxol (KLRGI,
Ki-67) (Figure 8A,B). Analysis of total Foxol was found to be similar between MOG-
tetramer+ Foxp3- and Foxp3+ T cells in WT and MOG KO hosts, though Tregs from
MOG KO mice were trending to have reduced expression (Figure 8C). This could be the
result of Foxol phosphorylation by Akt which reduces Foxol function by causing nuclear
exclusion of the transcription factor followed by degradation(178). MOG-tetramer+ Treg
cells were analyzed for phosphorylated Foxol (pFoxol), the form of Foxo1l excluded
from the nucleus, finding increased pFoxol in MOG KO tetramer+ Tregs (Figure 8D).
Thus, Tregs specific for the same antigen can have differing functional fates and
suppressive potential with selection in the presence of MOG leading to genes associated
with Foxol.
Discussion

The data presented here shows selection generates two populations of MOG-
tetramer+ CD4 T cells. The first subset is dependent on MOG expression for positive
selection, as demonstrated by the B8 TCR (Figure 3A,C). The second subset is positively

selected independent of MOG expression by cross-reactive self-peptides, represented by
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the 1C9 or 2D2 TCRs (Figure 3B,D, data not shown). Together, these two subsets of
selected TCRs comprise the MOG-specific CD4 T cell population in WT mice. The
MOG positively selected T cells have profound effects on the total effector and
regulatory T cell population, increasing their numbers while reducing the
encephalitogenecity of effectors and enhancing disease suppressing capabilities of the
Tregs. It is unclear if the population of TCRs generated independently of MOG on cross-
reactive self-peptides in WT and KO animals possess similar functional characteristics,
TCR clonotypes, or levels of negative selection. However, their presence does not take
away from the fact that the MOG expression has a dominant effect by positively selecting
a subset of MOG-specific CD4 T cells that enforce tolerance amongst the broad MOG-

reactive CD4 T cell population.

Positive selection would make for a potent regulator of self-responses to specific
antigens, as all cells have to undergo positive selection to become a mature T cell.
Although positive selecting epitopes support survival of T cells in the thymus and the
periphery, they are typically thought to be unable to activate the full complement of
effector functions (62, 179, 180). This lack of functional response is associated with
transcriptional alterations induced by the presence of the positive selecting ligand,
thereby dampening the response of T cells reactive to self. Our study raises questions as
to how the powerful tolerance mechanisms induced by positive selection to MOG or
other self-pMHCII antigens are overcome. In the B6 mice with MHC class II generally
resistant to spontaneous autoimmunity, EAE is induced using robust stimulatory
conditions. Demyelinating disease only develops under extreme inflammatory conditions

triggered by two injections of pertussis toxin (causing alterations in G-coupled protein
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interactions altering innate and adaptive immune function) and MOG peptide emulsified
in Complete Freund’s Adjuvant containing increased levels of heat-killed mycobacterium
(181). Delivery of MOG with other adjuvants such as LPS is ineffective at inducing EAE
(unpublished data). Thus, our findings suggest T cells can be activated by their positive
selecting ligand, albeit only under strong inflammatory signals that override the
transcriptional alterations put in place to prevent aberrant autoimmunity.

Although it is possible the MOG self-protein could mediate some level of
negative thymocyte selection, several findings are contraindicative for this mechanism of
tolerance. Besides MOG not being strongly expressed in the thymus(159, 182, 183),
multiple retrogenic TCRs generated from af TCRs with a range of avidity for
MOG:MHCII showed no evidence of clonal deletion of thymocytes (171), including our
tetramer positive B8 and 1C9 T cells. Immune responses with high tetramer+ naive
precursor CD4 T cell numbers, as seen for MOG, are poorly negatively selected(27).
Furthermore, effective deletion of MOG-specific T cells by negative selection has only
been reported when groups have targeted MOG overexpression to the thymus(184). Our
data support the lack of dominant negative selection by showing MOG can positively
select MOG-specific CD4 T cells. Finally, mice lacking traditional negative selection
modulators (Aire KO, Bim KO) have no alterations in the MOG-tetramer+ CD4 T cell
numbers. The lack of compelling data to support negative thymocyte selection by MOG
leads to the conclusion that altered positive selection can act as a tolerance mechanism

MHC confers the largest relative risk for autoimmune diseases and is believed to
be linked due to poor thymocyte negative selection by at risk MHC alleles (185).

Analysis of the autoimmune prone NOD mice by Benoist and colleagues did not find
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impaired negative selection of aff TCRs, but instead proposed altered thymocyte positive
selection as the causative effect behind the increased autoimmunity associated with this
strain (85). During T cell development, the number of cells that can undergo positive
selection in the thymic cortex is dependent on pMHC availability and thymocyte density
(83, 186), with alterations in the size of the positive selecting niche leading to T cell
dysfunction (66, 86, 187). We found the presence of MOG led to a 2.5 fold increase in
the number of naive MOG-tetramer+ T cells, demonstrating its role as a positive selecting
ligand. Although somewhat counterintuitive, the increased numbers of precursor cells
were intrinsically less capable of expanding. It is interesting to speculate whether this
same process is observed in MS patients and healthy controls as all individuals,
regardless of disease status, have T cells that are nominally reactive to self-antigens yet
most individuals do not progress to pathogenesis (188). We hypothesize these self-
reactive T cells in healthy controls are simply the remnants of self-pMHCII positive
selection which are less capable of causing autoimmunity due to reduced reactivity to self
and the enhanced frequency of highly suppressive Tregs.

Positive selection also influences the generation and function of regulatory T cells
(169). Previous work demonstrated differences in the suppression between antigen-
specific and non-specific Tregs, with Tregs of matching antigen-specificity being the
most efficient regulators (174, 175). Our data adds additional insight to the functionality
of antigen-specific Tregs as we categorized two types of antigen-specific Tregs. The first
was those Tregs that selected/responded to the same antigen (MOG selected/ MOG
responding) and the second were those that were selected on and responded to two

different peptides (unknown selected/MOG responding). Both of these Tregs were MOG-
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tetramer+, but Tregs selected in the presence of MOG were more capable of suppressing
MOG induced disease and expressed a unique transcriptome associated with Foxol
regulation. As the MOG KO mouse treats MOG as a foreign antigen it also brings into
focus the function of Tregs in a foreign antigen-specific T cell response. Interestingly,
Treg function is important for maximal anti-viral responses as the complete absence of
antigen-specific Tregs delays recruitment of effectors as well as poorly induces memory
CDS8 T cells due to reduced production of I1-10 (189, 190). Note these Tregs were
selected on self-antigen that differs from their cognate antigen, similar to our MOG KO
Tregs. This data supports a role for these types of Tregs not in preventing autoimmunity,
but instead in regulating the optimal response and expansion of higher-affinity T cells
during infection.

This idea of two unique types of suppressive Tregs leads to questions of their use
in therapeutic treatments. To effectively intervene in autoimmune disease, one should
target antigens from proteins that have specifically positively selected Tregs, and not just
myelin-specific or pan-antigen specific Tregs that may have been selected by cross-
reactive epitopes. Studies characterizing the expression of thymic antigens have found
minimal to no expression of MOG in thymic resident dendritic cells, macrophages and
cTEC or mTEC with or without AIRE expression (159, 160, 183, 191). Using the
available datasets from these papers (GEO: GSE2585, GSE4494, GSE70798), one can
identify numerous tissue-specific antigens implicated in autoimmune disease that are
expressed such as insulin 2, transglutaminase, thyroperoxidase, MBP, and PLP, several of
which mediate thymocyte negative selection(161). Numerous proteins with expression

patterns similar to MOG can be identified, which include other auto-reactive antigens
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such as hypocretin, thyroid stimulating hormone receptor, thyroglobulin, and thyroid
stimulating hormone 3 chain. This data evokes two key concepts. First, other
mechanisms must be accounting for the introduction of self-antigen and MOG into the
thymus environment, where it clearly has an effect. Second, expression patterns of tissue-
restricted antigens suggest MOG is only one of a multitude of self-antigens in which
positive selection may mediate effector and regulatory tolerance mechanisms that
effectively limit autoimmune disease. Therefore, these two tolerance mechanisms
mediated by thymic selection are fundamental for the production of a normal T cell
repertoire with a reduced ability to cause autoimmunity.
Methods
Mice

B6 mice were purchased from NCI while Foxp3&® and TCR-a”" mice were
purchased Jackson Laboratories and bred on site. MOG KO Foxp®" mice were generated
by breeding Foxp3¢™ and MOG KO mice on site (166). EAE scoring was on the 5-point
scale: O=not sick, 0.5= distal limp tail, 1= proximal weak tail, 2= hind limb weakness, 3=
complete hind limb paralysis, 4= inability to flip over, 5=death or moribund. Mice in
EAE experiments were sacrificed at >20% body weight reduction (192).
Peptide Priming

MOGs3s5-5s (MEVGWYRSPFSRVVHLYRNGK) peptide were synthesized in
house (Protein Technologies, Inc.). For MOG/CFA immunization, 200ug of the peptide
was emulsified in 375ug of Complete Freund’s Adjuvant (CFA) and 150ul of the
emulation was injected subcutaneously on days 0 and 7. On days 0 and 2, 300ng of

pertussis toxin was injected intrapertioneally.
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MOG-specific CD4 T cell identification

MOGss_49:1-A” and GPgg.77:1-A° reagents were provided by the NIAID TCF.
Tetramer enrichment and staining was preformed as previously described (108). Briefly,
spleen and lymph nodes were processed into a single cell suspension and stained with
fluorophore-conjugated tetramers (4ug/ml) for 60 min at room temperature. Samples
were then mixed with anti-fluorophore magnetic beads (anti-PE or anti-APC, Miltenyi
Biotec) for 30 min on ice and then isolated by MACS. Samples were mixed with
AccuCheck (Thermo Fischer Scientific) beads followed by flow cytometry acquisition
for absolute cellular counts. For analysis of CD4 T cells in the CNS, lymphocytes were
isolated as previously described (18). CD4 T cell purifications of CNS resident
lymphocytes were performed following manufacturer protocol using the CD4 T cell
positive isolation kit (Miltenyi Biotec). For cytokine staining, cells were stimulated as
previously described (193) and treated with the BD Cytofix/Cytoperm kit (BD
Biosciences) as per manufacturer protocol. For analysis of Foxol, surface stained cells
were fixed following the manufacturer protocol using the BD Phosflow kit (BD
Biosciences). Briefly, cells were fixed using the Lyse/Fix Buffer (BD Biosciences) and
incubating for 10 min at 37°C. Cells were permeabilized using Perm Buffer II (-20°C,
BD Biosciences) for 30 min on ice and stained overnight on ice with antibodies against
Foxol (1:150, C29H4, Cell Signaling Technology) or pFoxol (1:100, 9464S, Cell
Signaling Technology). The following day rat anti-rabbit F’Ab AF488 (1:50) was used to
detect the Foxol proteins. Antibodies used for flow cytometry are shown in
Supplementary Table 1. Samples were collected on an LSR II (Becton Dickinson) and

analyzed using FlowJo (Treestar).
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CD4 T cell Adoptive Transfer

CD4 T cells from the spleens or WT of MOG KO mice were purified following
manufacturer instructions using the CD4 T cell negative isolation kit (Miltneyi Biotec).
Purified CD4 T cells were analyzed and counted by flow cytometry using AccuCheck
microbeads (Invitrogen) and 5x10° purified CD4s were then injected IV into recipient
mice.
Proliferation Assays

Splenocytes from retrogenic mice were processed into a single cell suspension in
RPMI media. 6x10° splenocytes were plated with 10-fold serial dilutions of MOGss.ss
peptide in RPMI media and incubated for 48hrs at 37°C. *H-thymidine was added to the
samples (0.4 ucuries/well final concentration) and 24 hours later the samples were
harvested onto a filtermat using a 96 well Harvester (Packard Filtermate 196, Packard).
Filtermats were analyzed using a MicroBeta TriLux (PerkinElmer) and counts per minute
(CPM) were reported.
Single cell TCR sequencing

Single cell sequencing was performed as previously described(172). In brief,
naive MOG-tetramer+ CD4 T cells were isolated as previously described and index-
sorted by a FACS Aria II (Becton Dickinson) into cDNA master mix. Nested TCR PCR
was performed and samples were sent to Beckman Coulter Genomics for sequencing.
Sequences were tabulated and parsed by in-house designed software and then analyzed
by IMGT (194-196). Heatmaps were created by taking the differences of the average for
each unique TRBVIJ pairings between WT and MOG KO tetramer+ T cells.

TCR retrogenic mice
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TCRs in this study were derived from mice primed with MOGss.ss/CFA. Bulk
CD4 T cells were cultured on MOGss.ss to select for antigen-reactivity and individual
clones were isolated by limiting dilution cultures and confirmed for antigen specificity
with MOGig.49:1-A” tetramers. TCR were sequenced and inserted into the pMIGII
retroviral construct for retrogenic mouse generation from transduced bone marrow as
previously published(170). Successfully transduced bone marrow cells derived from a
Rag”™ mouse (2x10° cells, with >30% transduction as measured by GFP expression) were
transferred IV into lethally irradiated WT B6 or MOG KO mice (950 rads). Experimental
animals were given antibiotic water for one week after irradiation (2% sucrose, 0.5
mg/ml Neomycin, 0.0125 mg/ml Polymyxin B). Mice were analyzed 8 weeks after
injection.
Bone Marrow Chimera generation

Bone marrow was isolated bilaterally from the femur, tibia and hip and depleted
of T cells based on Thy1.2 expression. To remove Thy1.2+ cells, Thyl.2-PE antibody
and anti-PE magnetic microbeads (Miltenyi Biotec) were used following manufacturer
instructions. 2-5x10° bone marrow cells were injected IV into lethally irradiated mice
(950 rad). Mice were given antibiotic water for one week after irradiation (2% sucrose,
0.5 mg/ml Neomycin, 0.0125 mg/ml Polymyxin B). Analysis was performed 8 weeks
after transfer.
RNA-seq Library Preparation

Total RNA was isolated using the QIAGEN RNEasy Micro Kit. Libraries were
generated using the CLONTECH SMARTer V3 kit, briefly, all RNA obtained from 500

cells was used for cDNA synthesis and 15 cycles of PCR were perform to amplify the
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cDNA. Barcoding and sequencing primers were added using NexteraXT DNA Kkit.
Libraries were validated by microelectrophoresis, quantified, pooled and clustered on
[lumina TruSeq v3 flowcell. Clustered flowcell was sequenced on an Illumina HiSeq
1000 in 100-base single-read reactions.

Gene ontology analysis was conducted on differentially expressed genes (DEGs)
using the R/Bioconductor package GOstats (v2.32.0)(197). Gene Set Enrichment
Analysis (GSEA v2.1.0)(198) was performed using the pre-ranked list option based on
the z-statistic determined by DESeq2(199).

NanoString

Tetramer+ Foxp3gfp- CD4 T cells were sorted into Sul iScript RT-qPCR sample
preparation reagent (Bio Rad, Hercules CA) and frozen immediately to -80°C. Samples
were submitted to NanoString for analysis with the Gene Expression Assay-Single Cell
Application using the Mouse Immunology Panel. Reverse Transcription reactions were
performed following NanoString’s protocol (MAN-C0027) for Multi-Target Enrichment
(MTE). cDNA was transferred to PCR strip tubes for amplification for 14 cycles. 8ul of
amplified cDNA was added to each nCounter hybridization reaction. Raw counts for each
assay were collected using the NanoString data analysis software nSolver. Data was
normalized using positive control normalization as well as RNA content normalization.
Normalized data was then evaluated using nSolver Analysis tool v2.6 for analysis of
differentially regulated genes. Dataset included in Supplementary data (NanoString
Dataset 1).

Statistics
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All data were analyzed using Prism (Graphpad) Software. Samples were excluded if the
MOG-tetramer+ Treg frequency was >50%. Data were analyzed by 2-tailed Student’s ¢
tests, One-Way ANOVA with Tukey’s test for multiple comparisons, Fisher’s exact test,
Two-Way ANOVA with Sidak’s multiple comparison test and Log rank test followed by
the Benjamini-Hochberg test for multiple comparisons.

Study Approval

All animals were housed in an Emory University Department of Animal Resources
facility (Atlanta, GA) and used in accordance with an Institutional Animal Care and Use
Committee approved protocol.

Data Availability

RNA-Seq data is available via reference accession GSE79124
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Figure 1. CD4 T cells from MOG KO mice have an increased encephalogenic potential.
5x10° CD4 T cells from naive WT and MOG KO mice were adoptively transferred into
TCRa™" mice and EAE was induced. (A-B) TCRa”™ mice receiving MOG KO CD4 T
cells showed more rapid onset and increased severity of EAE clinical symptoms (A) and
weight change (B) (n=3-5 with 2 repeats, data are represented as mean +/- SEM, Two-
Way ANOVA with Sidak’s multiple comparison test). (C-D) Along with increased
disease severity, there was an increased rate of accumulation of CNS (C) and spleen (D)
resident, MOG-tetramer+ CD4 T cells in MOG KO recipient TCRo” (n=5-6 per time
point, data represented as mean +/- SEM, Two-Way ANOVA with Sidak’s multiple
comparison test). (E-F) IFN-y production of CNS CD4 T cells from TCRa™ host
receiving either WT or MOG KO CD4 T cells stimulated with MOGss_ss peptide and
PMA on day 15 post EAE induction. (n=4-5, representative flow plot, Student’s T-test,

*p<0.05).
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Figure 2 MOG positively selects MOG-tetramer+ Treg and Tconv CD4 T cells.

(A) Double tetramer enrichment was used to identify naive MOG-tetramer+ CD4 T cells
in WT, MOG KO, Aire KO and Bim KO. MOG-tetramer+ CD4 T cells were quantitated
from peripheral lymphoid organs (Data represented as single mouse per point, n=6-13
mice, 6 experiments, One-Way ANOVA with Tukey’s multiple comparison test,
*p<0.05). (B) Naive enrichment of GP66-tetramer+ CD4 T cells in WT and MOG KO
mice (Data represented as single mouse per point, n=5 mice, 2 experiments, Student’s T-
test ns=no significance). (C) MOG-tetramer+ CD4 T cells were quantitated from thymi of
naive mice (Data represented as single mouse per point, n=3-6 mice, 4 experiments,
Student’s T-test, *p<0.05) (D) Frequency of Foxp3¢™+ Tregs in naive MOG-tetramer+
CD4 T cells from the pLO (Data represented as single mouse per point, n=7-8, 3
experiments, Student’s T-test p<0.05). (E) Enumeration of naive MOG-tetramer+ CD4 T
cells from Foxp3&™ WT or MOG KO Foxp3#® and Foxp3¢™" (Data represented as single
mouse per point , n=7-8 mice from 3 experiments, One-Way ANOVA with Tukey’s

multiple comparison test, *p<0.05).
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Figure 3 MOG dependent development in a subset of MOG-specific TCR clonotypes
MOG-specific TCRs were allowed to develop in the presence and absence of MOG to
determine their dependence on MOG. (A) Representative flow cytometric plots of GFP+
thymocytes possessing the B§ TCR 6-8 weeks after BM reconstitution in WT and MOG
KO mice (n=7-11 mice, two experiments). (B) Representative flow cytometric plots of
GFP+ thymocytes possessing the 1C9 TCR 6-8 weeks after BM reconstitution in WT and
MOG KO mice (n=7-11 mice, two experiments). (C-D) Frequency and enumeration of
selected CD4SP retrogenic thymocytes deriving from either the B8 (C) or 1C9 (D) TCR

(n=7-11 mice, two experiments, Student’s T-test *p<0.05, ns=no significance).
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Figure 4 MOG selection alters the TCR repertoire.

Naive MOG-tetramer+ CD4 T cells were single cell index sorted and TCRf sequencing
was performed. (A) Comparison of the total number of TCR sequences (WT=319,
KO=170 sequences) to unique number of TCR sequences reveals few repeats within the
MOG-specific CD4 T cell repertoire (each dot represents an individual mouse). (B)
Frequency of expression of TRBV family members by either WT or MOG naive MOG-
tetramer+ T cells (data represented as mean +/- SEM, n=8-10 mice per group, Two-Way
ANOVA with Sidak’s multiple comparisons test, *p<0.05). (C) Heatmap of differentially
paired TRBV and TRBJ family members between WT and MOG KO MOG-tetramer+
CDA4 T cells. Data represented as % overexpression in either MOG KO (blue) or WT

(red).
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Figure 5 Dual tolerance mechanisms control MOG-tetramer+ CD4 T cell expansion

(A) Representative flow cytometric plots of d14 MOG/CFA immunized, MOG-tetramer
enriched CD4 T cells from WT or MOG KO mice. (B) Enumeration of MOG-tetramer
enriched naive WT (n=13) and MOG KO (n=13) or day 14 WT (n=6) and MOG KO
mice (n=6). Naive enrichments were taken from Figure 2A (Data represented as
individual points and the mean, Student’s T-test, *p<0.05). (C) Expansion of WT and
MOG KO MOG-tetramer+ CD4 T cells in TCRa”™ mice after mixed adoptive transfer
(5x10° each) of purified CD4 T cells at day 21 post induction (n=8, 3 experiments, points
are single mice with the bar representing the mean, Student’s T-test *p<0.05). (D)
Heatmap of Differentially Expressed Genes (DEGs) determined using NanoStrings.
Columns represent biological replicates of WT (blue) and MOG KO (red) MOG-
tetramer+ naive T cells and rows represent DEGs. Data are log, transformed and z-score
normalized (Two experiments). Beeswarm plots of select DEGs. Black bars represent the
mean +/- 1 standard deviation. (E) Incidence of EAE onset mediated by adoptively

transferred MOG-tetramer+ effector CD4 T cells (600 cells) (Log rank test).
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Figure 6 Treg suppression of EAE is dependent upon the Treg selection epitope

(A) Kinetic analysis of MOG-tetramer+ T cells during the EAE immune response in both
WT and MOG KO mice (n=6-13 mice per time point, naive data taken from figure 2B,
Two-Way ANOVA). (B) Incidence of EAE onset mediated by adoptively transferred
MOG-tetramer+ conventional CD4 T cells (600 cells) with or without MOG-tetramer+
Tregs (300 cells) (n=9-10 mice per group, 3 experiments, log rank test followed by the
Benjamini-Hochberg test for multiple comparisons). (C) Heatmap of Differentially
Expressed Genes (DEGs) determined by RNA-seq. Columns represent biological
replicates of WT (blue) and MOG KO (brown) Tregs and rows represent DEGs. Data are
log, transformed and z-score normalized. Scatter plot of average expression (x-axis) by
fold-change between WT and Mog KO. Positive fold-changes represent increases in Mog
KO. Differential genes are shown in blue and red. (D) Venn diagrams of DEGs up- and
down-regulated in MOG KO (brown) and Foxol KO (black) Tregs. Foxol KO DEGs
were those previously published(176). Significance of overlap was determined by

Fisher’s exact test.
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Figure 7 Differentially regulated transcriptome in WT and MOG KO Tregs. (A) Gene
ontology of MOG-tetramer+ Tregs from WT and MOG KO mice. (B) Gene set
enrichment analysis (GSEA) of WT and MOG KO Tregs. Positive fold-changes represent
increases in WT Tregs (C) Beeswarm analysis of DEG between MOG-tetramer+ Tregs
and Foxol regulated genes, showing similar expression patterns in MOG KO and Foxol
Tregs. Data for MOG-tetramer+ cells are log, transformed and z-score normalized. Data
from Foxol KO Tregs were previously published(176) and were downloaded from

GSE40645.
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Figure 8 Foxol is associated with self vs foreign Treg suppressive capabilities

(A) Beeswarm analysis of DEG between Foxol KO Tregs, showing predicted expression
for WT and MOG KO Tregs. Data from Foxol KO Tregs were previously
published(176) and were downloaded from GSE40645. (B) Representative flow
cytometric plots of MOG-tetramer+ Tregs in WT (blue line) or MOG KO (red line) mice
with comparison to tetramer- Foxp3+ CD4 T cells (filled grey histogram) (n=6-9 mice, 3
experiments). Comparison of protein expression between MOG-tetramer+ Tregs in WT
(filled circles) and MOG KO mice (Open squares) based on % positive expression
(Points represent individual mice, n=6-9 mice, 3 experiments, Student’s T-test *p<0.05).
(C) Expression of total Foxol expression of MOG-tetramer+ Tconv and Tregs in WT
(blue line) and MOG KO (red line) compared to tetramer- CD4 T cells (filled grey) (n=4
mice, each point is a single mouse, one experiment, Two-Way ANOVA with Sidak’s
multiple comparison test, *p<0.05). (D) Expression of phosphorylated Foxol in MOG-
tetramer+ Tconv and Tregs in WT (blue line) and MOG KO (red line) compared to
tetramer- Foxp3+ CD4 T cells (filled grey) (n=7-8 mice, two experiments, each point is
an individual mouse, Two-Way ANOVA with Sidak’s multiple comparison test,

*p<0.05).
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Supplementary Figure 1.

Supplementary Figure 1: Gating strategy for MOG-tetramer+ CD4 T cells.
For naive mice tetramer staining was performed as shown to identify B220-,CD11c-,

F4/80-,CD3¢+, CD8a-,CD4+, MOG-tetramer double positive (APC and PE) T cells.
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Chapter 3

Large numbers of lower-affinity CD4 T cells enter and participate in the primary
immune response
Abstract

A robust primary immune response has been corelated to the precursor number of
antigen-specific T cells as identified using pMHCII tetramers. However, pMHCII
tetramers only identify the highest-affinity T cells. To better study the entire CD4 T cell
repertoire inclusive of low-affinity T cells missed by tetramers, we employed a T cell
receptor-signaling reporter and micropipette based assay to quantify both naive
precursors and expanded populations. /n vivo limiting dilution assays revealed hundreds
more precursor T cells than previously thought, with higher-affinity tetramer+ T cells
comprising only 5-30% of the total antigen-specific naive repertoire. Additionally, the
lower-affinity T cells maintained their predominance as the primary immune response
progressed; finding no enhanced survival of T cells with high-affinity TCRs. These
findings demonstrate that affinity for antigen does not control CD4 T cell entry into the
primary immune response as a diverse range in affinity is maintained from precursor

through peak of T cell expansion.

Introduction
The number of antigen-specific CD4 T cells in the naive mouse correlates with
the effector potential of the population. Defining the total number of antigen-specific T

cells in an organism therefore has important ramifications for understanding immune
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response outcomes (3, 79, 81, 107, 142, 200). Currently, peptide-major histocompatibility
complex (pMHC) tetramers (Tet) provide the gold standard for the identification of
antigen-specific CD4 T cells(14, 27). Tetramers are limited to identifying CD4 T cells
with higher-affinity T cell receptor (TCR):pMHC interactions (16—18) and bind via an
avidity dependent mechanism without dependence on CD4 co-receptor (9, 16, 35, 40,
201-203). Thus, unbiased assessment of the total number of antigen-specific T cells has
been challenging for CD4 T cells due to the high-affinity predisposition by tetramers.
Therefore, the contribution of lower-affinity T cells in the naive and expanded T cell
repertoires is currently unknown, in part due to the difficulty of accurately quantifying
these T cells in the naive repertoire.

Previous studies have suggested T cells with higher-affinity TCR:pMHC
interactions possess enhanced survival or preferred selection during the primary or
secondary immune response (20, 91, 204), with others reporting affinity independence of
T cell maintenance during an immune response(205). These experiments only analyzed
biased populations by restricting af TCR diversity and/or sampling through the use of
pMHC tetramers, thereby potentially missing clones participating in the response. Further
works using TCR-transgenic (Tg) models and altered peptide ligands support the concept
that optimal responses occurred in the case highest-affinity interactions (73, 206). Yet,
none of these analyses have encompassed the full polyclonal repertoire, leaving the
question on the contribution of lower- and higher—affinity T cells in the expanded T cell
population unanswered.

To study the contribution of low- and high-affinity CD4 T cells to the primary

immune response, the number of naive and expanded total T cells must be determined.
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Multiple groups have identified the presence of lower-affinity (Tet-) T cells but these
cells are difficult to adequately quantitate at any point during the immune response (16,
18, 118). To accomplish this task we repurposed the Nur77¢® TCR signaling reporter as a
method for identifying lower-affinity, Tet- antigen-specific CD4 T cells. To define the
number of precursor T cells we used the Nur77¢" reporter in an in vivo limiting dilution
assay (LDA), finding Tet- CD4 T cells made up the majority of the naive antigen-specific
T cell population. Upon expansion, the ratio of high- to low-affinity antigen-specific CD4
T cells was significantly reduced, signifying high-affinity TCRs did not confer a clonal
expansion advantage. As well, comparison of the total naive precursor numbers to
expanded CD4 T cells found a significant positive correlation, indicating total precursor
number predicts expansion when the entire range of TCR affinity is analyzed. These data
demonstrate T cell responses are population based with a range of naive affinities that are
maintained throughout an immune response to preserve affinity and diversity.
Results
Limiting dilution reveals greater number of tetramer negative than tetramer positive cells
The transfer of bulk CD4 T cells at the Tet+ limiting dilution level has proven
fruitful in the study of single CD4 T cell expansion and differentiation (97, 207).
However, polyclonal antigen-specific CD4 T cells with lower-affinity TCR:pMHCII
interactions are not detected by traditional pMHCII tetramer staining used in these assays
(17, 18, 70). Consequently, lower-affinity, antigen-specific CD4 T cells are missed in
these single clonotype pMHCII tetramer based analyses. To better define the response
inclusive of lower-affinity T cells, the TCR-specific signaling reporter Nur77 was used as

a readout of antigen specificity (63, 65, 208). To determine the extent that lower-affinity
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T cells participate in an immune response, we transferred T cells from Nur77%® mice at
the levels reported to be limiting for Tet+ LCMV GPgg.77-specific CD4 T cells (6x10°
CD4 Thy 1.2 T cells) into congenically distinct Thy1.1 recipients) (97). At day 7 post
immune challenge with peptide antigen in CFA adjuvant (GP66/CFA) (Fig. 1A), GP66-
Tet+ CD4 T cells were enriched and designated as donor (Thy1.2) or host (Thy1.1)
derived based on their respective Thy1 expression (Fig. 1B). At this number of
transferred T cells, four of the seven mice possessed a GP66-Tet+ donor clone, in close
agreement with published results (97). To identify if these mice also contained lower
affinity Tet- cells, the samples were depleted of GP66-Tet+ T cells by tetramer pulldown,
and the remaining T cells (Fig. 1C) were stimulated in vitro for 18-24 hours with specific
(GPg1-51) or non-specific peptide antigen (Aasfrs.32, MOG3s.s5, NP311.325) (Fig. 1A). To
assess antigen-specificity, the nuclear receptor Nur77 was used as its expression has been
shown to be TCR signaling strength dependent (208). Based on Nur77 expression, six of
the seven transferred Tet- CD4 T cell populations stimulated with GP66 demonstrated
Nur77/CD69 expression with a greater than 3 standard deviation increase above the mean
of the non-specific controls Nur77/CD69 expression (Fig. 1C,D). There was a low-level
background of Nur77 expression that was priming antigen independent (Fig. 1D), but the
normalized percent increase of Nur77/CD69 expression for the GP66 stimulated samples
caused the greatest increase. These findings show lower-affinity, Tet- populations are
present at least as frequent as Tet+ cells, as demonstrated by similar number of mice with
antigen-specific populations (4/7 mice for Tet+, 6/7 mice for Tet-).

Proliferation and expansion is a functional property of antigen-specific

responding T cell populations, but it does not describe the role of these low- and high-
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affinity T cells in the immune response. Using tetramer and Nur77 as our readout of
affinity and antigen specificity, we measured the expression of Bcl-6, the lineage defining
transcription factor for follicular helper T cells (Tr) in high- and low-affinity antigen-
specific T cells specific for MOG3s.ss antigen. Previous reports have shown Ty cells can
arise from both high- and lower-affinity TCR interactions, allowing for both of these cell
types to be studied for Ty differentiation(98). Antigen-specific T cells showed expression
of Bcl-6 regardless of whether they were Tet+ or Tet-, although a greater frequency of
higher-affinity, Tet+ T cells expressed Bcl-6 compared to lower-affinity, Tet- antigen-
specific T cells (Fig. 1E). Antigen-inexperienced (CD44-) T cells and antigen-
experienced but not antigen-specific (CD44+Nur77-) T cells demonstrated little to no
expression of Bcl-6 (Fig. 1E). Our data support the findings that Try differentiation can
occur for TCRs with a range of affinities (28, 98). As well, the data show that high- and
low-affinity T cells have shared but distinct functions in the total T cell population.
Tetramer negative in vivo limiting dilutions reveals low-affinity T cell predominate in the
naive repertoire

Although the above data identified Tet- CD4 T cells during an immune response,
it did not quantitate the initial precursor number of these lower-affinity T cells. We next
set out to enumerate the precursor frequency of naive antigen-specific CD4 T cells
independent of pMHCII tetramer by using the Nur77 reporter in an in vivo LDA (209).
Varying numbers of CD4 T cells from Nur77¢" mice were transferred into T cell
deficient TCRo”” mice and recipients were immunized with peptides emulsified in CFA
(Fig. 2A). Lymphopenic hosts were used as this allowed for larger blast sizes for

individual T cell clones, thereby increasing the sensitivity of the assay as it is dependent
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upon population increases in expression of Nur77. At 21 days post immunization,
splenocytes from recipient mice were re-stimulated ex vivo for 18-24 hours with specific-
or non-specific peptide antigens before assessment for Nur77¢® and CD69 expression
(Fig. 2B). Representative flow plots of transferred CD4 T cells that demonstrated positive
responses (top row, Fig. 2B) and negative responses (bottom row, Fig. 2B) are shown for
NP311.325 primed mice. NPs3;;_3p5 stimulated samples containing a Nur77¢%*CD69*
population greater than three standard deviations above the mean of two non-specific
peptides (GP¢;.g1 non-specific peptide control shown) were tabulated as positive and
graphed as a function of the number of CD4 T cells present in the hosts after transfer
(Fig. 2C). The points at which 37% of the hosts do not possess a clone equates to where a
single precursor cells is present in the population (dotted line, Fig. 2C) and is based on a
20% park rate into lymphopenic mice with a total of 4x10” CD4 T cells per mouse. The
precursor frequencies were calculated for six different epitopes with included 95%
confidence levels (MOGss.ss self antigen: 1099 (669-1805) cells, MTB 85bagp-204: 1206
(682-2133) cells, LCMV GPg;.51: 627 (322-1218) cells, Chlamydia Aasfr4.3,: 350 (169-
725) cells, Influenza NP3;1.325: 285 (179-454) cells, and Salmonella F1iC4p7.44;: 192 (92-
402) cells) which were chosen as they spanned the range of previously published tetramer
precursor frequencies (Fig. 2D) (27). Comparison of the LDA and naive tetramer
enrichments revealed Tet+ numbers accounted for 5-30% of the total naive antigen-
specific repertoire, demonstrating tetramer only identifies a minor subset of each antigen-
specific T cells in a naive population. Control LDA experiments were performed for
NP3;1.325 antigen in WT mice, finding similar results as in TCRa”" mice (Fig. 2E,F,

gating strategy Fig. S1). These findings demonstrate Tet- T cells are present in the naive
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T cell repertoire at greater frequencies than Tet+ CD4 T cells and proliferated in an
antigen-specific manner that could be read out by the Nur77 assay.
Lower-affinity T cell clonotypes are identified in the LDA

To confirm the Nur77¢®* CD4 T cells identified Tet- T cells, pMHCII tetramer
was used to costain unstimulated LDA samples when calculating precursor numbers (Fig.
3A). Of the 34 mice receiving T cells for calculating the precursor numbers for NP3 .35,
only one mouse possessed Tet+ T cells (Fig. 3A, left panel), while 20 mice possessed
antigen specific Nur77¢%" cells and the remaining 13 mice did not respond. Next, the
micropipette adhesion frequency assay (MP) was used to determine the affinity of CD4 T
cells from mice that were either positive or negative for antigen-specific Nur77
upregulation during LDA. CD4 T cells from LDA positive mice had a significantly
greater adhesion frequency for the priming antigen NP3;1.325 (left panel, Fig. 3B), than
mice with no measurable antigen-specific Nur77 upregulation, allowing for the
calculation of TCR:pMHCII affinity (middle panel, Fig. 3B). The affinity for influenza
NP311.325 was below that for which we previously reported was necessary for detection by
MHC class II tetramers (>10"* um®) (right panel, Fig. 3B) (18, 210). When the affinity of
T cells from five individual mice were assessed, mouse 2, 3, 4, and 5 displayed a range in
affinity of <10-fold (Fig. 3B). TCR affinity ranges of 10-fold or less are characteristic of
clonal T cell populations (8, 65, 70, 211), while polyclonal populations can possess a
1000 fold range in affinity (18, 212). Of note, mouse number 1 displayed a wider range
of TCR affinity that appeared as distinct higher- and lower-affinity populations,
suggesting the presence of two clones. This is consistent with the frequency of T cells

(1.2x10° CD4 T cells transferred) for that animal being above the limiting dilution level

90



and the potential presence of more than one clone. A polyclonal assessment of TCR
affinity for NP3;,-325 was included (Fig. 3B), displaying the wider affinity range (>100-
fold) observed in polyclonal responses and demonstrating a similar range to the single
clones measured (Fig. 3B). Overall, the micropipette analysis defined the presence of
antigen-specific T cells with affinities below the minimum required for tetramer staining,
while suggesting their clonality and confirming the antigen specificity of the functional
Nur77¢® LDA measurements.

To further demonstrate clonality of the LDA experiments, single-cell TCRf
sequencing was performed on Nur77%? positive and negative populations from NP3;;.35
LDA mice. All LDA positive mice were highly enriched for a single TCRp clonotype
(>70%) with no TCR sequences shared between the mice (shared sequences identified as
same color in individual mice, Fig. 3C). The remaining sequences from each mouse
correlated with the background GFP expression identified in all Nur77¢% animals. No
TCRb chain predominated in mice lacking antigen-specific T cells clones as defined by
LDA or amongst the Nur77¢"" T cells in a mouse with a positive clone identified by LDA
(Fig. 3C). These data demonstrate the in vivo LDA with TCR repertoire analysis can
identify and isolate single, lower-affinity T cell clones and provides an effective method
for calculating the precursor number of Tet- CD4 T cells in the naive repertoire.

Total T cell expansion is correlative with total naive T cell numbers

As we estimated the total antigen-specific CD4 T cell for six epitopes in the naive
mouse and found them to outnumber Tet+ counterparts, we wanted to next determine the
contribution of the low-affinity CD4 T cells upon immune expansion. Naive Tet+

precursor frequency predicts the immunodominance of an antigen-specific T cell
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population (27, 81), but these assays have not included Tet- CD4 T cells or even those
antigens enriched for lower-affinity TCRs such as self antigens like MOG. Analysis of
foreign antigen-specific Tet+ CD4 T cells after immunization with peptide in CFA
confirmed the positive correlation between (r*= 0.86, p= 0.008) precursor and expanded
T cell numbers (different antigens represented by each point, dotted line, Fig. 4A, gating
strategy Fig. S2). Yet, when MOG self-antigen specific CD4 T cells are included in the
tetramer analysis (solid line, Fig. 4A) the r* value decreases to 0.46 with a p value of 0.1,
indicating factors other than precursor frequency may contribute to Tet+ T cell expansion
to self-antigens (157, 158). Next, MP analysis of T cells from mice immunized 14 days
earlier with peptide/CFA showed a strong correlation with the naive precursor frequency
measured by LDA (Fig. 4B). When lower-affinity T cells measured by MP were
included in the expanded T cell numbers, the naive to expanded T cell correlation
improves, even with the inclusion of CD4 T cells specific for MOG-self antigen (Fig.
4B). Further comparison of the precursor numbers from tetramer staining and LDA
calculations revealed a significant correlation between the methods, suggesting tetramer
can be used to roughly estimate the hierarchy within naive populations, though it still
vastly underestimates naive T cell numbers (Fig. 4C). Additionally, MP identifies ~10-
150 fold greater numbers of expanded antigen-specific CD4 T cells than by tetramer,
significantly altering our understanding of the extent of CD4 T cell expansion.

To determine how TCR:pMHCII affinity influences the expansion of T cells
during the primary immune response, the ratio of Tet+ to Tet- T cells were compared for
all epitopes in both naive and immunized samples (Fig. 5A). No increase in the frequency

of Tet+ T cells was found at the peak of expansion (day 14 after immunization),
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signifying Tet+ T cells did not gain a competitive advantage over lower-affinity T cells.
In fact, a significant reduction in the frequency of Tet+ CD4 T cells of the total
expanding population was found for all antigens (Fig. 5A). This was not a function of the
time point measured, as kinetic analysis of the MOG-specific repertoire revealed higher-
affinity T cells contributed the most in naive state, with significantly less involvement as
the immune response progressed (Fig. 5B). The large contribution of lower-affinity CD4
T cells was also found in the NP3;;.325-specific T cell population responding during
influenza-x31 infection and NP311/CFA immunization (Fig. 5C). This demonstrates that
low-affinity T cell recruitment does not only occur in response to CFA but is equally
present during infection. Next, the fold expansion of antigen-specific populations (Tet+
and Tet-, each point is a unique antigen) was graphed separately as a function of
precursor frequency (Fig. 5D), finding CD4 T cell populations with smaller precursor
numbers exhibiting greater expansion. MOG was removed from the analysis for higher-
affinity T cells due to its altered expansion due to tolerance. When the higher- (solid line)
and lower-affinity (dotted line) populations were compared at the same precursor
frequency, the lower-affinity T cells have the potential to expand to a greater number
than the higher-affinity, Tet+ T cells (Fig. 5D). Interestingly, the slopes of the two lines
generated are similar (Tet+: -0.47, Tet-: -0.42), signifying the two populations of cells
compete within themselves comparably (Fig. 5D). Therefore, TCR:pMHCII affinity does
not control the accumulation of CD4 T cells during the immune response, and instead
immune activation selects for a diverse range of affinities during primary immune
expansion.

Discussion
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Precise quantification of T cell precursor numbers and expansion is essential for
understanding the function of the adaptive immune system, vaccine design, and adoptive
T cell therapeutics. Initially, T cell numbers were defined by in vitro limiting dilution
analysis based on the frequency of functionally responsive cells (209). TCR-transgenic
mice allowed for the study of the naive frequency and expansion of monoclonal
populations, but did not address the diversity present in a polyclonal immune response
(213, 214). The advent of pMHC tetramer technology began to address the limitation of
monoclonal analysis by providing improved assessment of precursor and expanded T cell
numbers in more clonally diverse populations (14, 81). Key insight into the relationship
between precursor numbers, expansion and cross-reactivity was provided with the use of
the tetramers although tetramer based affinity and avidity interactions do not fully
encompass polyclonal T cell responses, especially those enriched for lower-affinity
interactions, i.e. ones specific for self-antigen (27, 158). Previous studies had identified
these low-affinity, Tet- T cells, but have never developed a way to quantify, identify and
phenotype these polyclonal T cells in their naive or activated state (16, 118). Therefore,
this work adds to these initial observations, allowing for the study of low-affinity, Tet- T
cells in a polyclonal model, providing increased depth of understanding to CD4 T cell
responses.

A major goal of this work was to quantify the precursor number of antigen-
specific CD4 T cells inclusive of lower-affinity T cells missed by MHC class 11
tetramers. In calculating the total naive T cell numbers, we chose to perform these
experiments in T cell deficient mice. As the LDA is a digital response (cells are either

present or absent), the lymphopenic environment increases the signal to noise ratio of the
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assay by allowing for larger proliferation of the single clone being measured for Nur77
expression after restimulation. The lymphopenic environment has minimal impact on the
competition dynamics between high- and low-affinity T cells as LDA calculations were
similar between mice with (WT) and without (TCRa-/-) T cells. Therefore, we can
conclude the lymphopenic environment has minimal impact on competition dynamics
between high- and low-affinity T cells in the LDA calculations. This is in agreement with
previous work as groups have suggested the initial precursor frequency of CD4 T cells is
low enough to prevent competition between antigen-specific T cells (206). Once T cells
have expanded, some infer that competition for resources could favor the dominance of
individual clonotypes which many would presume relate to TCR affinity (91, 204).
Instead for all polyclonal responses analyzed here, we find a distribution of TCRs where
low-affinity CD4 T cells expand from their naive numbers to remain more numerous in
the immune repertoire.

Our data indicate TCR affinity does not predict the peak expansion of T cells in
response to primary antigen exposure, though we do not know if affinity affects the
efficiency of entry into the immune response. The correlation between affinity and
expansion has been proposed before, but conflicting data exists. For example one could
conclude that affinity does not correlate with expansion to antigen based on transgenic
barcoding experiments(215, 216). In these experiments a single OT-I T cell can have a
range of contribution to the expanded repertoire even though each T cell expressed the
same clonal TCR(215, 216). As well, high- and low-affinity CD4 T cells show similar
efficiency of proliferation in both in vitro and in vivo work (70, 205). On the other hand,

the use of APLs or a fixed TCRf chain transgenic has demonstrated the magnitude of
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expansion and contribution to the total repertoire was correlative with TCR:pMHC
affinity (20, 73). It is unclear what factors are different between these experiments, but
potentially infection type, TCR-Tg T cell thymocyte development or competition with the
endogenous repertoires may affect competition and expansion. Thymocyte development
has been shown to play an important role in setting the basal activity T cells(74), but
TCR-Tg T cells would not undergo these varied developmental consequences, thereby
potentially altering an important negative regulatory loop in T cells with different
affinities. Our data based on the polyclonal T cell response to 6 different antigens
indicates that TCR affinity does not influence clonal expansion dominance.

The identification of low-affinity CD4 T cells always comes with questions about
the functionality of this T cell subpopulation as it is hypothesized that low-affinity
equates to sub-optimal and that the enumeration of Tet+ and functional responses leads to
similar magnitudes (142, 217). However, these assumptions are not completely accurate.
Transcription factor profiling of the CFA immune response has shown Tet+ cells have at
most 20% T-bet+ (Tyl lineage defining transcription factor) expression (27, 157). In
contrast, experiments monitoring cytokine secretion by T cells in this same immune
response have show IFN-y ELISPOT data and Tet+ T cell number equate (27, 158).
Therefore, Tet+ T-bet+ CD4 T cells cannot be the sole source of IFN-y production in
ELISPOT experiments. Likely, lower-affinity T cells are contributing to this pool of
antigen-specific T cells identified by ELISPOT. Recent work using a pMHCII dodecamer
(12 pMHCII arms instead of 4) supports this hypothesis as they found Tet-, but
dodecamer+ T cells exhibited similar function to Tet+ T cells(218). The dodecamer

reagent, while giving increased numbers as compared to tetramers, only showed 2-3x
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greater identification of T cells, which is still an underestimation as compared to the 7-8x
increase we find using Nur77 in the naive repertoire and >10x increases found using the
micropipette. Please note, that Nur77, like all functional responses, underestimates the
numbers of CD4 T cells in an immune response as not every T cell can respond at a given
time. For example, analysis of cloned TCRs in a retrogenic system found that several
TCRs could cause autoimmune diabetes(65), but within each RG population, only a could
upregulate Nur77 even though they all shared the same TCR. Therefore, induction of
Nur77 expression, as readout by the reporter, is likely less sensitive than select cytokines
or effector functions, but more work will needed to understand the interaction of TCR
affinity, T cell signaling thresholds and their correlation with effector function.

Since polyclonal TCR affinities during the CD4 T cell response are maintained
from the naive state, this diversity most likely serves a functional purpose, as biological
systems are seldom wasteful. In T cell immunotherapeutics, some TCRs have been
engineered for higher-affinity pMHC interactions with the belief that the highest-affinity
TCR would generate the most efficacious immunodominant response (6). Of interest, the
selection of engineered higher-affinity TCRs has been both successful and disastrous in
patients with outcomes that have included death (219, 220). This points to a need for
further understanding of what is an optimal affinity range for effective immunity, with
recent data showing greater function of TCRs with intermediate affinity (205). Instead of
a single unusually high-affinity TCR, a range of affinities might prove more
advantageous. Our data demonstrates that population diversity is a property of the
immune response and that mechanisms maintain a diverse affinity range of CD4 T cells.

For example, population diversity of antigen responsive T cells can be seen in the
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production and use of IL-2. While only a subset of T cells produce IL-2, both high- and
low-affinity T cells may use this key growth cytokine (98, 221, 222). A counterpoint to
the concept of favoring higher-affinity T cells are the findings that lower-affinity T cells
possess preferred differentiation patterns, with these T cells more likely to acquire Ty2,
T or Tem phenotypes (93, 98, 100, 142, 217). As well, data has shown that initial
induction of peripherally derived regulatory T cells (pTregs) can arise from lower-affinity
TCR:pMHCII interactions(223, 224). By understanding the population characteristics of
lower-and higher-affinity CD4 T cells together, unique immune treatments may be
developed with targeted characteristics.

Inclusion of lower-affinity TCRs in immune repertoires leads to a large increase
in the numbers of CD4 T cells specific for a single epitope, altering our understanding of
TCR cross-reactivity. TCR cross-reactivity, defined as a single o TCR binding to
multiple pMHC, has been shown to be necessary for complete immune protection against
pathogens as there are a greater number of potential epitopes (20°~ 5.12 x 10'") than
estimated mouse ap TCR clonotypes (2 x 10°) (3, 225). Our findings of increased CD4 T
cells specific for a single antigen increases the theoretical amount of TCR cross-reactivity
required for complete immune protection by 8 fold (3). Due to the increase in cross-
reactivity, the amount of T cells needed to protect an entire mouse, termed the protecton,
may be similarly decreased due to the increased number of T cells for a single antigen
(200). Future work will need to clarify how affinity impacts cross-reactivity or if there is
any correlation at all.

In conclusion, we find the expansion of naive CD4 T cells in the primary immune

response is independent of TCR:pMHCII affinity while also quantitating the total number
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of CD4 T cells in an immune response. Quantitation of the total repertoire revealed that
up to 90% of the CD4 T cells participating in the immune response are ignored by
conventional analyses. It will be of interest to determine if secondary re-challenge alters
the detection and affinity diversity generated by this initial T cell expansion. Since lower-
affinity CD4 T cells have been shown to have similar roles as higher-affinity T cells (97,
98), the sole use of pMHCII tetramers underestimate the diversity and richness of the
immune system by not monitoring these lower-affinity cells. The expansion and continual
presence of these T cells likely highlight the need of affinity diversity for maintenance of
a healthy immune system and limiting microbial immune evasion (226-228). Future
studies are needed to fully understand how low-affinity T cells may impact human
immune health as we predict to see similar total numbers of antigen-specific T cells in
mice and humans given that they possess similar repertoire diversity and specificity (3,
229).
Methods
Mice

Six to eight week old WT mice were purchased from the National Cancer
Institute, while MOG KO mice (166) were a gift from Hugh Reid and were bred on site.
Thyl.1, Nur77¢" and TCRa™ mice were purchased from Jackson Laboratories and were
bred on site. WT mice immunized with MOGss.ss were monitored for weight loss due to
EAE and were sacrificed if weights fell below 20% of initial starting weight. All animals
were housed in an Emory University Department of Animal Resources facility (Atlanta,
GA) and used in accordance with an Institutional Animal Care and Use Committee—

approved protocol.
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Peptide Priming

MOGss5-5s (MEVGWYRSPFSRVVHLYRNGK), 85b230-204
(FQDAYNAAGGHNAVF) GPs;.51 (GLKGPDIYKGVYQFKSVEFD), Aasfy.3;
(VSSPAVQES), NP3;1.325 (QVYSLIRPNENPAHK) and FliCy27.441
(VQNRFNSAITNLGNT) peptides were synthesized on a Prelude peptide synthesizer
(Protein Technologies, Inc., Tuscon, AZ). For all peptide immunizations, 200ug of the
peptide was emulsified in 375ug of Complete Freund’s adjuvant (CFA) and injected
subcutaneously into the flank of a mouse on days 0 and 7 (150ul total volume per
injection). CFA was made in house by mixing 20ml of Incomplete Freund’s Adjuvant
(Becton Dickinson, Franklin Lakes, NJ) and 100mg of desiccated M.Tuberculosis H37
Ra (Becton Dickinson). On days 0 and 2, 300ng of pertussis toxin (Ptx, List Biological
Labratories, Campbell CA) was injected intraperionteallly in all immunizations in order

to compare both the self and foreign immune responses.

Tetramer Enrichments

Tetramers and monomers were provided by the National Institute of Allergy and
Infectious Diseases Tetramer Core Facility at Emory University or were a generous gift
of Marc Jenkins. Tetramer enrichment and staining was preformed as previously
described (108). Briefly, mouse peripheral lymphoid organs (spleen and inguinal, para-
aortic, brachial, axillary, cervical, mesenteric lymph nodes) were processed into a single
cell suspension. Cells were then stained with the respective tetramer (PE- and/or APC-
conjugated, 4ug/ml) for 60 min at room temperature, washed, stained with anti-PE or
anti-APC magnetic microbeads (Miltenyi Biotec, Germany), and enriched on a

magnetized LS column (Miltenyi Biotec). The bound and flow-through samples were
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then sampled to determine population counts using AccuCheck microbeads (Invitrogen,
Carlsbad, CA) and stained for analysis by flow cytometry. Antibodies used are show in
Table S1. For intracellular staining, cells were treated with the Tonbo or eBioscience
Fixation and Permiabilization kits as per the manufacturer protocol. Samples were
collected on an LSR II (Becton Dickinson) and analyzed using FlowJo (Treestar,
Ashland, OR).
CD4 T cell adoptive transfer

Splenocytes from naive mice were harvested and processed into a single cell
suspension. CD4 T cells were purified following manufacturer instructions using the CD4
T cell negative isolation kit (Miltneyi Biotec). Purified CD4 T cells were analyzed by
flow cytometry for purity and counted by flow cytometry using AccuCheck microbeads
(Invitrogen). Purified CD4s were injected intravenously (IV) into recipient mice and
immunized 24 hours later. Park rate at 24 hours was measured in WT and TCROL'/', it to
be ~10 and ~20%, respectively (Data not shown).
Nur77 analysis

For experiments comparing donor high- and low-affinity T cells in a WT mouse
using tetramers, spleens and lymph nodes from recipient, immunized mice were
harvested and processed into single cell suspensions. Tetramer enrichment was
performed as described above. Bound samples were then analyzed by flow cytometry.
For adoptive transfer limiting dilution experiments in WT mice, Thy1.2 enrichment was
performed using anti-Thy1.2 antibody and anti-APC magnetic Microbeads (Miltenyi
Biotec) following manufacturer protocol. For Nur77 analysis in WT mice FT samples

were used and not enriched. For all cases, prepared samples were stimulated for 18-22
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hours in quadruplicate with 10ug/ml of peptide (1 specific peptide, 3 non-specific
peptides). Samples were then harvested and stained for analysis of donor (Thy1.2) CD4 T
cell Nur77 upregulation by flow cytometry. For analysis of the frequency of Nur77
upregulation, non-specific background was averaged and subtracted from both specific
and non-specific samples and then graphed. Discrimination of positive and negative
clones for LDA was performed as described in the section on calculations with the values
being reported as mean+/- 95% confidence intervals.

For experiments calculating naive precursor frequency of low-affinity CD4 T
cells, spleens from recipient TCRa”™ mice were harvested and processed individually into
single cell suspensions. 2-3 x 10° splenocytes from each mouse were plated in
quadruplicate, with three samples stimulated with 100ug/ml of peptide for 18-22 hours
and one sample remaining unstimulated. The unstimulated sample was used for pMHCII
tetramer staining to detect higher-affinity CD4 T cells. Stimulated splenocytes were
harvested, stained with antibodies shown and analyzed by flow cytometry as described
above. Discrimination of positive and negative clones was performed as described in the
section on calculations.

Nur77 functional measurement

Spleen and lymph nodes of previously immunized mice were processed into a
single cell suspension and counted. Samples were split in half and both set of cells were
stimulated with 10ug/ml of peptide at a concentration of 1x107 cells per ml in complete
media (RPMI 1640, 10% (v/v) FCS, 2mM L-glutatmine, 0.05 mM 2-ME and 0.05mg/ml
gentamicin sulfate) for 4 hours. One sample received MOGss_ss (antigen-specific), while

the other received GPg) .31 (non-specific). Samples were then harvested and tetramer
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enrichment was performed as described above. Both bound and flow-through samples
were then analyzed by flow cytometry.
TCRp sequencing

Single cell Terb VDJ sequencing was performed as previously described(172). In
preparation for sequencing, LDA experiments were performed for the NP3;;.325 antigen in
TCRa”" mice (See section on LDA). After restimulation and flow cytometry, the samples
were analyzed to determine if they possessed a low-affinity T cell clone (see section on
Calculations). Single CD4+ T cells from positive and negative LDA samples were then
index-sorted by a FACS Aria II (Becton Dickinson) into a 96 well plate containing 2.5ul
cDNA master mix (iScript cDNA Synthesis Kit, Bio-Rad). Column 12 of the 96-well
plate did not receive cells, thereby acting as a negative control wells for each plate. After
production of cDNA, nested Tcrb VDJ PCRs were performed on each sample and the
negative control column was confirmed by gel electrophoresis. Samples were then sent to
Beckman Coulter Genomics (Danvers, MA) for Sanger sequencing. Individual sequences
were tabulated and parsed by in-house designed software and then analyzed by IMGT.
Non-productive sequences were not analyzed.
TCR Affinity measurement

Spleens from immunized mice were removed on the noted days and processed
into a single cell suspension. CD4 T cells were purified using the CD4 T cell positive
selection kit (Miltenyi Biotec) as per manufacturer instructions. In parallel, CD4 T cells
were counted by flow cytomtery using AccuCheck beads as described above. MP was
then performed as previously described. Briefly, RBCs were isolated in accordance with

the Institutional Review Board at Emory University and prepared as previously
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described(8). RBCs coated with various concentrations of Biotin-X-NHS (EMD) were
coated with 0.5 mg/ml streptavidin (Thermo Fisher Scientific, Waltham, MA), followed
by 1-2 pg of pMHCII monomer. The pMHCII- coated RBCs were stained with anti-
MHC class II PE antibody, and purified T cells were stained with anti-TCR PE antibody.
The densities of I-A® and TCR were calculated using BD QuantiBrite Beads (Becton
Dickinson). The micropipette adhesion frequency assay was then preformed as
previously described(8). In brief, a pMHC-coated RBC and T cell were placed on
opposing micropipettes and brought into contact by micromanipulation for a controlled
contact area (Ac) and time (t). The T cell was retracted at the end of the contact period,
and the presence of adhesion (indicating TCR—pMHC binding) was observed by
elongation of the RBC membrane. This TCR-RBC contact was repeated 25 times and the
adhesion frequency (Pa) was calculated. The relative 2D affinity (AcKm) of each cell that
had a Pa of greater than 10% was calculated using the Pa at equilibrium (where t — o0)
using the following equation: AcKa = -In[1-Pa(0)]/(mrml), where mr and ml reflect the
receptor (TCR) and ligand (pMHC) densities, respectively. The total frequency of cells
that bound to pMHCII-coated RBCs was tabulated and used for the calculation of
antigen-specific CD4 T cell numbers below. Previous reports have shown that as few as
10 cells in a polyclonal population need to be ran to generate an average affinity for the
population, while considerably fewer cells (estimated to be 5-7 cells) in a monoclonal
repertoire need to be measured for an average affinity(142). For each antigen, the number
of binders and cells ran is as follows (shown as binders/cells ran): WT MOGj3s.s5 (33/95),
KO MOGs3s.55 (27/80), GPs;1.s1 (38/174), FliCa27.441 (11/154), Aastrs32 (11/165), NP3;;.325

(17/249), 85b2g0-294 (32/208).
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Influenza x31 infections

WT mice were infected intranasally (i.n.) with influenza A/HKx31 (H3N2) at 30,000
EIDso (50% egg infectious doses) as previously described(230). Spleens were harvested at
day 10-post infection. Magnetic enrichment was performed using CD4 positive selection
following manufacturer protocol (Miltenyi Biotec). Purified cells were then stained with
4ug/ml NP311:1-A® PE tetramer or used in the MP assay to determine the number of antigen-
specific cells.

Calculations

For Nur77¢" LDA experiments, all samples were stimulated with their immunized
antigen (100ug/ml) and 2-3 other non-specific antigens (100ug/ml). The frequencies of
CD44 " Nur77¢""CD69" CD4 T cells were tabulated from specific and non-specific
antigen controls. Samples were determined to be positive if the frequency of
Nur77¢%" CD69" CD4 T cells in the antigen-specific sample was 3 standard deviations
above the mean of the averaged non-specific controls. The number of antigen-specific T
cells from the LDA curves was calculated using an online calculator from a previously
described method and reported as mean +/- the 95% confidence interval (231).

To calculate the number of CD4 T cells specific for a given antigen by MP, the
frequency of non-specific binders was determined by performing the MP assay on CD4 T
cells from mice immunized with non-specific peptide in CFA (Fig. S3). These
background-binding frequencies were subtracted from the frequencies generated in
antigen-specific experiments and total numbers of antigen-specific CD4 T cells were
calculated from previously generated absolute counts of CD4 T cells in the spleen.

Statistical Analysis
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All data were analyzed using Prism (GraphPad, LaJolla, CA) Software.
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Fig. 1. CD4 tetramer limiting dilution reveals low-affinity, antigen-specific CD4 T cells
in the naive repertoire. (A) 6x10° Nur77¢® CD4 T cells (6x10° after a 10% park rate,
Thy1.2) were transferred into congenically distinct (Thy1.1) mice and immunized with
GPg1.31 peptide/CFA followed by tetramer enrichment and restimulations. (B) Flow
cytometry of representative GP66-Tet+ enrichment of secondary lymphoid organs from
day 7 immunized mice with a positive donor (Thy1.2) clone identified. (C) After tetramer
enrichment, the unbound cells were independently stimulated with 100ug/ml of specific
(GPg1-51) or non-specific (Aasfrs.32, MOG3s.s5 or NP3j1.325) peptides and gated to identify
donor CD44" Tet- Thy1.2" CD4 T cells by flow cytometry. (D) Percent change over
averaged background of Nur77¢""CD69" CD4 T cells after stimulation with individual
antigens (n=7, two independent experiments, *= 3-Stdev above background average,
NS=no significance). (E) Bcl-6 expression measured by flow cytometry of CD4 T cells
from day 5 immunized mice within identified subsets. Frequency of cells expressing Bcl-
6 within each subset identified (points represent individual mice, n=6-7, two experiments,

NS=no significance, ***p<0.001,**** p<0.0001).
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Fig. 2. Increased number of antigen-specific naive precursor identified using an in vivo
limiting dilution assay. (A) Varied numbers of purified Nur77¢® CD4 T cells were
transferred into individual TCRa”™ mice, immunized with peptide antigen in CFA and
allowed to expand for 21 days before peptide rechallenge (B) Day 21 flow cytometry
analysis of antigen-specificity on donor CD4 T cells after NP3;;.325 immunization
showing CD69/Nur77 expression after antigen rechallenge with either control (GPg;.g;-
left panel) or priming antigen (NP3;;.325-right panel). NPs;;.325 positive clone shown on
top row with negative clone shown on bottom row. (C) Positive clones were identified
when the antigen-specific upregulation of CD69/Nur77 were three standard deviations
(SDs) above the background mean and were graphed as a function of initial cells
transferred after accounting for a 20% park rate in lymphophenic mice (n= 4-12 mice per
concentration per antigen). Dotted line represents 37% mark of nonresponding mice. (D)
Tabulated pMHCII tetramer and Nur77 LDA calculated naive CD4 T cells number for a
single antigen, represented as mean +/- 95% confidence interval. FliC and Aasf Tet+
values are taken from previously published work (Marc Jenkins, personal
communication, Nelson et al., 2014). (E) Limiting dilution experiments in WT mice after
immunization with NP3;,.325/CFA, with flow cytometry plots showing CD69 and Nur77
expression for background (MOGss.ss) or antigen-specific stimulation (NP311-325)
(Representative sample). (F) Enumeration of naive LDA for NPs;;.32s5-specific T cells in
TCRo™ or WT mice (four independent experiments, 3-4 T cell dilutions per experiment
from 4 independent experiments, data represented as mean +/- 95% confidence level,

NS=no significance).
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Fig. 3 . In vivo limiting dilution assay identifies single, low-affinity T cell clones. (A)
Representative NP3 .35 Tet staining in TCRa”” LDA mice with both a Tet+ positive
(left) and negative (right), with only 1 out of 34 mice possessing a Tet+ positive clone.
(B) MP on single CD4 T cells isolated from positive and negative LDA mice as identified
by CD69/Nur77 (data combined from 2 independent experiments, n=2-3 mice, Student’s
T-test, *p=0.0073). MP affinities on individual positive LDA clones following NP3 .
325/CFA immunization along with a separate analysis of the polyclonal repertoire (single
points represent individual cells). (C) Single cell TCRf sequencing from LDA positive
and control mice. Individual colors represent unique TCR3 CDR3 sequences, with each

column representing a single mouse.
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Fig. 4. Total precursor numbers predict expansion of CD4 T cells independent of self or
foreign antigen specificity. Each point is a unique antigen-specific population: MOG3s.49
(n), GPes.77 (u), Aastrszs (X), FliCsr7.412 (), NP3y 1305 (&), 85b2g0.204 (A), MOGig.a9
from MOG KO (¢). (A) Number of naive Tet+ CD4 T cells (log transformed) compared
with Tet+ CD4 T cells 14 days after immunization (log transformed) (n=5-6 mice per
group, data represented as mean+/-SEM). (B) Number of antigen-specific CD4 T cells
(log transformed) identified by MP after immunization correlated with previously
calculated precursor numbers (log transformed) (expanded data: twelve experiments, 2-3
mice per point, data represented as mean+/-SEM). (C) Correlation of the number of naive
T cells (both log transformed) as identified by tetramer and LDA (Data represented as
mean+/-SEM).
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Fig. 5. Low-affinity T cells predominate CD4 T cell immune responses. (A) Frequency of
Tet+ CD4 T cells in the naive and day 14 immunized repertoires (data shown as mean
frequency for each antigen, Paired Student’s T-test, *p<0.05). (B) Frequency of MOG-
Tet+ cells in the total MP+ T cells during the immune response to MOGss_ss/CFA
immunization (Data shown as mean+/-SEM, One-way ANOVA, **p<0.01, ***p<0.001
with day 0 as a reference value). (C) Enumeration of Tet+ and Tet- NP311-specific CD4 T
cell contribution from either naive, day 10 post x31 influenza infection, or NP311/CFA
immunizations (naive data taken from Fig. 4A, expanded data contain 4 independent
experiments, with 2 mice each, data represented as mean+/-SEM). (D) Plot of precursor
number (log transformed) vs fold expansion (log transformed) of high- and low-affinity T

cells as identified by tetramer, LDA and MP.
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Chapter 4
Discussion

Two main themes run throughout this thesis work. First, the size of the
thymocyte-selecting niche contributes to the generation of a normal immune repertoire.
The selecting niche controls population frequency and functionality, for both effector and
regulatory antigen-specific populations. Second, TCR:pMHCII affinity controls many
functions of the T cell-mediated immune response, but the signal that TCR generates can
be impacted by factors other than affinity alone.

Thymocyte development is critically dependent on the expression of thymic
antigens (78). For CD8 T cells, replacement of a subunit of the thymoproteasome with a
component of the proteasome found in the periphery results in severe alteration of the
CDS8 repertoire (66, 187). It is unclear how the switching of subunits alters the peptide
production, but the CD8 T cells are fundamentally altered in their ability to respond to
antigen, becoming more self reactive, and have altered CD8 T cell numbers (66). It is
hypothesized that CD8 T cells need to see two distinct peptides for development and
survival/activation (78). This idea is fully consistent with our findings, as we show both
CD4 effectors and regulatory T cells possess the ability to distinguish the selecting and
priming ligand. However, it is unclear how T cells perform this task.

For CD4 T cells, alterations in the peptide producing machinery have not been
successful at changing the repertoire. Instead, groups have used single peptide selection
systems, or the H2-DM KO mouse to understand how changing selecting ligands alters
the immune repertoire (86, 232). As expected, these results have shown that the repertoire

is altered when only one peptide is present. In the NOD model, alterations in the positive
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selection niche are hypothesized to generate a more autoreactive CD4 T cell repertoire
(85). Changes in Erk activity found in the NOD background lead to the generation of less
v and more aff T cells, thereby oversaturating the positive selecting niche environment.
This increase in precursors, with no alterations in peptide availability, leads to a
competitive niche environment. In the environment where T cells need selection signals
to survive, only those thymocytes with competitive TCRs can mature. This most likely
means higher-affinity TCR interactions are enriched, though it has never been measured.
Alternatively, thymocytes with broadly cross-reactive TCRs would be enriched and have
the increased ability to cause autoimmunity. Modeling performed for human CD8
TCR:MHCI interactions has suggested that TCRs selected on a smaller peptide repertoire
are higher-affinity and more likely to control infections (233). The group suggested
reduced negative selection of these TCRs was the culprit of increasing the TCR
reactivity, though our and the NOD data suggest reduction in the positive selection niche
may also be contributing. Regardless of which selection mechanism is responsible, the T
cells produced in a more competitive environment are overall more reactive to self-
antigens and are more likely to cause autoimmune disease.

For regulatory T cells (Tregs), the role of positive selection and how it affects
functionality is better understood (77, 234, 235). Tregs are in the group of T cells that are
agonist selected, along with iNKT, IEL, and natural Ty17 T cells (77). High-avidity
interactions drive the formation of Tregs, with the higher-avidity receptor thought to give
them greater functional suppressive capabilities (236-239). Groups have shown Tregs, as
compared to effector T cells, express higher amounts of Nur77 during steady state,

implying Tregs are receiving stronger signals through their TCRs (208, 240). Many
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groups have suggested the suppressive ability of the Treg is highly linked to their higher-
affinity TCR, as Tregs express molecules suggestive of constant, strong activation (236,
238, 241). Additionally, it is hypothesized that the higher-affinity TCR on Tregs would
be able to outcompete effector T cells for pMHCII, thereby preventing effector activation
(242). The validity of affinity and TCR competition will be discussed at a later time
point. An extension of this idea is that the higher the affinity of the TCR is expressed by
Tregs, the better suppressors they will be. However, this is not the case. Foxp3 CNS3 KO
Tregs were found to be made from higher-avidity TCRs, as readout by Nur77, but these
higher-avditiy Tregs are much worse suppressors than Tregs with CNS3 (240). As well,
we have shown Treg affinity does not directly correlate with function (Chapter 2).
Instead we find Tregs can distinguish their selecting antigen and activating antigen and
better suppress upon exposure to their selecting antigen. This is similar to the way that
CDS8 T cells can distinguish their selecting and activating ligands, signifying that some
conserved mechanism may exist across all T cells.

From the findings in CD4 and CDS8 T cell development, the important role of the
thymocyte-selecting niche is clear. For optimal repertoire generation, you must control
the input thymocyte numbers as well as the factors needed for their survival (i.e. cytokine
or ligand density). Yet, how does a T cell differentiate between selecting ligand and
agonist ligand? Several mechanisms likely exist and can be separated by alterations to
internal signaling machinery or to the TCR/CD3 complex. TCR signaling has been
shown to discriminate different signals generated by TCR:pMHC interactions. One such
mechanism has been proposed for binding partners Themis and SHP1 (61, 137, 141).

Themis and SHP1 are implicated in generating a negative feedback loop to create a

120



digital output during varied TCR signaling generated by differences in TCR:pMHCII
affinity (54, Chapter 1). Loss of Themis or SHP1 leads to the negative selection of
thymocytes that should be normally positively selected. Alterations in other molecules
such as Tec kinases can also lead to changes in the repertoire due to differences in their
ability to signal (243).

Outside of signaling, changes to the TCR occur during thymocyte development
that can alter their ability to signal. TCR density is reduced on thymocytes, with higher
expression upon emigration into the periphery (Unpublished data). 1t is unclear if the
alterations in density can affect signaling or if organization of the TCR changes but these
changes in TCR density likely alter some function of thymocytes. Glycosylation of the
TCR has also been shown to be important in distinguishing TCR signaling during
selection (244). Another important regulator in TCR signaling is the composition of the
lipid bilayer membrane. How can the membrane be affecting TCR function and
signaling? One has to first think of the transmembrane receptors and the lipid membrane.
Several hundred lipid species exist in the cellular membrane, with >30% of the human
genome encoding for transmembrane genes. The possibility exists that the properties of
the membranes lipids could alter the way TCRs function, are oriented or even clustered in
the membrane. It was previously shown that cholesterol binds to TCRp chain, with this
interaction being necessary for TCR nanoclustering and binding to multivalent p-MHC
complexes (245, 246). Recent evidence has demonstrated cholesterol has an even more
important role than initially believed, serving as a negative allosteric regulator for TCR

(247). Unbinding of the cholesterol: TCRf complex allows for the CD3 complex to

switch from a resting to a primed state with the enhanced ability to have its paired CD3C
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chains phosphorylated (247). This work showed that the CD3 complex had to be in the
primed state for TCR signaling to initiate, and without cholesterol dissociation, no
signaling could occur. It is not clear if cholesterol binding to TCR is altered during
thymocyte development, but it could be contributing to difference in TCR density and
signaling discussed above.

Even though cholesterol has not been directly implicated in thymocyte
development, the replacement of cholesterol with modified cholesterol sulfate has affects
on the composition of the T cell repertoire (248). The replacement of cholesterol with
cholesterol sulfate was found to alter the clustering of TCR on the surface of cells,
causing reductions in the native CD3C phosphorylation and TCR signaling. It was found
that two genes changing expression patterns during T cell development differentially
regulated the incorporation of cholesterol sulfate into the membrane of thymocytes.
Altered expression of these enzymes leads to the absence of incorporation of cholesterol
sulfate into thymocyte membranes, which led to increased negative selection. While
addition of cholesterol sulfate led to reduced signaling and a reduction in positive
selection. Overall, these data demonstrate the importance of the lipid bilayer in the
regulation of TCR activation and signaling.

Below the lipid membrane, factors such as the actin cytoskeleton are also
necessary for TCR signaling and consequently T cell repertoire generation (249, 250).
The link between TCR signal strength and repertoire generation is critical, as these two
processes are fundamental in the formation of a functional immune system. Actin is
implicated in TCR signaling for its ability to generate cellular forces that are

hypothesized to be important for full T cell activation (249). The TCR:pMHC force
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interaction may be a very important step in the discrimination of individual pMHCs and
the amplification of TCR activation. Previous results have shown that the application of
force to the TCR can increase lifetimes of TCR:pMHCI bonds, thereby generating
enhanced Ca®" signaling in T cells (32). It is currently unknown if there are differences in
how a single T cell responds to its selecting- or priming-ligand under force, but it could
potentially be a way that T cells discriminate between these two ligands.

The next question is how does TCR affinity for pMHC fit into these ideas and
processes? In the most simplified form, there are three parts of a TCR:pMHCII bond that
are important for the generation of a functional response. There is bond formation, bond
lifetime and bond rupture (32, 54, 251, 252). The likelihood of bond formation under
equilibrium is the affinity of a TCR:pMHCII interaction, ko/k,, (5, 8). It does not tell
how long this bond will last, or the strength of the bond. Kinetic segregation models
suggest the bonds with the longest lifetime would be the best, as time is an important
variable and is needed to exclude phosphatases from the synapse space (54). Serial
engagement models would suggest a faster ko would generate better signals, as this
would allow for rapid association and dissociation events (53). Lastly, conformational
change models would suggest those TCR:pMHCII interactions with the longest bond
lifetime may be able to generate the best signal. TCR affinity is involved with all these
models, but would play different roles under each one.

TCR affinity has been linked to many functions of a T cell, with most immunologists
believing higher-affinity TCR interactions equates to a better T cell response. This idea
likely arose from models of B cell affinity maturation as well as models of TCR:pMHC

interactions with APLs. During the immune response, B cells undergo somatic
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hypermutation in a germinal center reaction to increase the affinity of the Ig receptor
(253). This process is believed to be random, with the majority of the Ig rearrangements
resulting in failure and death of the cell progeny. Cells that rearrange higher affinity Ig
receptors end up leaving the germinal center to become plasma cells (253). Higher-
affinity Ig is better at neutralizing and binding to antigens, thereby mediating enhanced
protection. APL OT-I data has further supported the idea that higher-affinity equates to
enhancement of a response (73, 93, 94). Groups have shown that for the OT-1 CD8 TCR-
Tg T cell, different affinity ligands equate to altered magnitudes and quality of responses.
A paper by Zehn and colleagues (73) led to the conclusion that higher-affinity ligands for
the OT-I TCR generate greater primary OT-I expansion as seen in the blood of Listeria
monocytogenes-APL infected animals. However, several key points are not addressed in
this work. First, the OT-I system is a single TCR recognizing different epitopes. It is
known that different affinity TCRs undergo different naive tolerance induction, thereby
changing their ability to respond to cognate antigen (26, 74). These different tolerance
mechanisms may potentially alter the basal activity of T cells with varied affinities and
may dampen or enhance signaling by an individual TCR. A group has shown that for
individual TCRs with different affinity but binding to the same antigen, little differences
are seen in the primary immune response, in contrast to what is seen in the OT-1 APL
experiments (205). Second, the endogenous repertoire plays a role in the expansion of the
OT-I T cells, as shown in their own supplemental data, but they do not show if there is
differing contribution by different APLs (73). Finally, they also only shown this finding
for Listeria monocytogenes, and do not try different antigen/adjuvant systems. From our

own experiments, we find adjuvant can control the ratio of high-to-low affinity T cells in
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an immune response (Chapter 3). Overall, these discussed factors led to the belief that
higher-affinity T cells are better T cells, which is likely an oversimplification of the data.
Instead, we propose that certain differentiation and functional outcomes are dependent
upon TCR affinity, and that particular functions are more likely to arise from lower-
affinity bonds, while others are more likely to occur following higher-affinity
interactions. As well, all of these outcomes are probability based and almost any T cell
can, most likely, take on various fates depending on the circumstances.

Other groups have suggested affinity controls the expansion and proliferation of
activated T cells (27, 73). Proliferation is the culmination of multiple signaling pathways
and extrinsic factors to cause sustained cellular replication. Lymphocytes are unique in
the way they proliferate, as they undergo a preparatory phase where no cellular division
occurs (104, 254). During this time (24-36 hours post stimulus), the lymphocyte is
reprogramming its metabolic pathways to be ready for the intense metabolic stress of
division (104, 255). After this reprogramming phase, lymphocytes can double every 6-8
hours. Lymphocyte proliferation will then be slowed and halted by numerous factors,
such as lack of antigen, growth factors, shrinking niche size or end point differentiation
(256, 257). The amount of proliferation a T cell undergoes has previously been suggested
to be controlled by TCR affinity, as discussed above. But based on our data, we
hypothesize that contribution of the T cells in an expanding repertoire is not controlled by
TCR affinity. Several findings support this conclusion. First, single TCR-Tg T cells do
not always expand to the same clone size (215, 216). Second, tracking of high- and low-
affinity T cells, as defined by TCR-tetramer, show similar accumulation during the

immune response, and do not change relative abundance during the primary expansion
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(Chapter 3). Third, different affinity TCRs recognizing the same antigen do not
accumulate proportionally to their affinity (205). Lastly, groups have shown that the
timing of T cell activation is important in blast size, as cells that see antigen first are
better responders (256). These data point towards factors other than TCR affinity

controlling expansion and burst size. In thymocyte selection, mechanisms exist to

normalize the TCR signal output from variable — Expansion
input (TCR affinity). This is controlled by a — TeH

double negative feedback loop partially

controlled by Themis and SHP-1 (54, Chapter '(FB-
1). Based on our data, we believe something § E 8
similar is occurring during peripheral T cell ;,.)' é;

activation. We hypothesize that at extremely = TCR Affinity ] >

low TCR affinities, there is little proliferation Figure 1. Model of T cell response as a

function of TCR affinity. Both T cell
and the T cells are mostly ignorant to antigen expansion and T cell differentiation (Trx)
are shown in this model, suggesting one is
dependent upon TCR affinity (Tru), while

(Figure 1). Once a certain threshold has been L EE :
expansion is independent of affinity.

reached, TCR affinity has very little impact on

the expansion capacity, that is, until it reaches exceptionally high-affinity interactions
where death is much more likely to occur. Data comparing TCRs of different affinities
responding to the same antigens show positive correlations between TCR strength and
negative regulator expression (26, 74). These data could suggest that T cells are able to
normalize their output signals (proliferation or function) so T cell population diversity

can be maintained.
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Our data support the conclusion that TCR affinity does not control primary T cell
expansion, but affinity still contributes to other factors during T cell activation and
differentiation. We are not arguing that a certain affinity generates only one type of T
cell, but that having a certain affinity gives the cells a higher probability of taking on a
particular phenotype. Previous works have shown that TCR affinity hierarchy correlates
with differentiation, as low to high affinity TCRs give a increased likelihood of
Tu2<Tyl1<Tyl7=Tgy differentiation (28, 97, 98, 100). Try cell differentiation is
particularly interesting because groups have found these cells are more likely to arise
from TCRs that are either highest or lowest-affinity (28, 97, 98). Huseby and colleagues
suggests this is due to differences in the production and usage of IL-2, as IL-2 signaling
inhibits Try production (98, 222). In lower-affinity T cells, less autocrine IL-2 is
generated, thereby allowing upregulation of Bcl-6 and Ty development. In higher-
affinity T cells, IL-2 receptor signaling can be reduced, thereby allowing for Bcl-6
expression in this cell type. In the above Figure 1, we have added in the likelihood of Try
development and how it relates to affinity of TCR interactions.

Along with Ty differentiation, affinity has also been suggested to affect memory
T cell formation (93, 148). For CD8 T cells using an APL model, lower-affinity
TCR:pMHCI interactions generate better memory T cells, while the higher-affinity TCRs
go on to make a larger short-lived effector population (93). Though, as mentioned before,
the APL models have many caveats. Recent work using single cell transfers of T cells
have been instrumental in our understanding of how TCR characteristics instruct
functionality (27, 97, 207). These models have led to arguments against any relationship

between affinity and memory differentiation, as they showed all CD4 T cells during
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immune activation could generate memory (207). However, this work did not comment
or examine the differences in efficiency of the memory formation based on affinity. Just
as for Ty cells, memory T differentiation is also likely to be probability based and on a
spectrum, with some cells more likely to generate one type of subset of T cell over
another. However, the endogenous repertoire and the properties of its TCRs have been
ignored in these single cell analyses. It is known that antigen-specific T cell populations
vary in their affinity, which is positively correlated with the number of their naive
precursors (27). This is possibly due to their ability to be negatively selected by cross-
reactive self-antigens, with higher-affinity T cell populations being less cross-reactive,
and therefore undergoing less negative selection (27). If this were true, one would predict
that individual antigen-specific populations would possess unique abilities to differentiate
to T cell memory subsets. We have found data to suggest this hypothesis is true, that
diverse affinity populations have a variable likelihood to differentiate into memory T
cells that is positively correlated with affinity (Unpublished data). Understanding that the
endogenous repertoire is different between antigens suggests that the endogenous
repertoire may also affect the single cells transferred differently as well, as has been seen
for different TCR-Tg T cells (97). However, the differences seen in the differentiation of
TCR-Tg T cells was attributed to the properties of the TCR, and not the endogenous
population. We have shown that the transfer of the same TCR-Tg T cell into different
hosts with unique T cell repertoires alter the differentiation of the T cells (Unpublished
data). Understanding of the endogenous repertoire and the affinity of the antigen-specific

repertoire will be essential going forward for designing immunotherapeutics.
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Together, this work has shown that the TCR:pMHC affinity can contribute to a
multitude of T cell functions and outcomes. However, intracellular signaling is equally
important in discriminating high- and low-affinity signals. As suggested in previous
paragraphs, I believe that TCR affinity gives the framework for how a single T cell will
respond to antigen by increasing the probability for certain outcomes to occur. Along
with the intrinsic events of the TCR on that single cell, extrinsic events (other T cells of
the same antigen, adjuvants) can also influence the outcomes of the antigen-specific
population. This plasticity in T cell differentiation is necessary for maintaining the
diversity of the immune response and allowing for all effector functions to occur for any

given response.
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