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A cornerstone of the classical view of tolerance is the elimination of self-reactive
T cells via negative selection in the thymus. However, high-throughput T cell
receptor (TCR) sequencing data have so far failed to detect substantial signatures
of negative selection in the observed repertoires. In addition, quantitative esti-
mates as well as recent experiments suggest that the elimination of self-reactive
T cells is at best incomplete. We discuss several recent theoretical ideas that
might explain tolerance while being consistent with these observations, including
collective decision-making through quorum sensing, and sensitivity to change
through dynamic tuning and adaptation. We propose that a unified quantitative
theory of tolerance should combine these elements to help to explain the plastic-
ity of the immune system and its robustness to autoimmunity.

Negative selection: all or nothing?

Thymic selection in mammals is an important step in the generation of mature T cells that can protect
us against foreign pathogens while avoiding autoimmunity. Negative selection (see Glossary) is
said to eliminate T cells that bind too strongly to self peptides presented on the major histocompat-
ibility complexes (MHCs) of antigen-presenting cells (APCs) in the thymus through apoptosis [1]. This
ensures that T cells cannot trigger autoimmune reactions. The original evidence for this elimination
was based on a transgenic mouse model where males and females were compared for the survival
of T cells reactive to a peptide encoded by the male chromosome [2,3].

Recent studies have questioned the role of deletion as the main mechanism to avert autoimmu-
nity. Abundant self-reactive T cells can be found in the blood [4] and tissues [5] of healthy humans
and proliferate following the ablation of regulatory T cells (Tregs) [6]. In fact, turning the concept
of negative selection into a quantitative theory of the entire repertoire is a challenging task [7], no-
tably because of the physical constraints imposed by the large number of precise decision-
making processes that it implies. With the advent of high-throughput, quantitative experimental
techniques, there is currently a need for theories to quantitatively test the plausibility of these
decision-making processes. Nevertheless, most of the time, tolerance is guaranteed and self-
immunity is avoided. By checking whether the numbers 'add up', such theories can help us to
reveal previously unobserved mechanisms and better understand tolerance at the systems
level. We first outline two quantitative puzzles that have recently been identified, and then discuss
possible partial solutions.

The failure to distinguish negatively selected TCRs

Ex vivo experiments suggest that selection in the thymus is TCR-specific and depends
sharply on the affinity between the TCR and self-peptides [8]. Therefore, we should expect
to observe clear statistical signatures of this selection in the DNA sequence identities of
TCRs from different T cell populations. Such analyses are now possible with the recent rise
of high-throughput repertoire sequencing [9]. Specifically, we would not only expect dif-
ferences between sequences that pass or fail TCR selection but also between peripheral
CD4* and CD8" T cells — given that these would be subjected to distinct selection forces
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Highlights

Not all self-reactive T cells are deleted
during negative selection. Accordingly,
the a and {3 chains of the selected T cell
repertoire are indistinguishable from
those of the deleted repertoire.

There are no general rules that distin-
guish self from foreign peptides.

T cells make collective decisions to de-
termine their fate, thereby providing a
mechanism to decide more accurately
how to respond to the presence of self
or foreign peptides.

T cells adapt their response through
feedback mechanisms, such as those
conferred by regulatory T cells, allowing
them to be robust against sustained an-
tigenic stimulation from the organism's
own proteins.
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[10]. If the decision to eliminate a cell is a deterministic function of its TCR, then negatively se-
lected cells should in theory have TCR sequences that are distinguishable from those of cells
that fail to undergo negative selection.

Nevertheless, recent analysis based on TCR repertoire sequencing of subsets of thymocytes
failed to reveal TCR features that might accurately predict whether a given cell will pass thymic
selection or not [11]. Briefly, the a and 3 chains of the TCR were separately sequenced from
mouse thymocytes that were sorted into double-positive (CD4*CD8™), activated double-positive
(as marked by a Nur77 reporter in male inbred Nur77-GFP/Foxp3-mCherry mice on a C57BL/6
background), dying double-positive, and apoptotic CD4* and CD8* single-positive (SP) cells as
well as splenic SP cells [11]. Classifiers were then trained on each TCR chain from these sub-
sets using either neural networks or distributions of k-mers (where k <4) within the third com-
plementarity-determining region (CDR3) of the TCR. However, these classifiers did not distinguish
apoptotic thymic SP cells from mature splenic SP cells at the single sequence level [11], suggest-
ing that negative selection is imprecise or incomplete.

A limitation of that study was that apoptotic cells were sorted using an annexin V marker (a proxy
for cell death), and some of these cells could be dying for other reasons, such as cell manipula-
tion, which could confound the classification task. More importantly, each of the TCR a and 3
chains was sequenced in bulk (all cells), and thus analyzed separately. However, TCR affinity
for its cognate peptides is determined by the combination of both chains. Although the analysis
of antigen-specific TCR subsets suggests that the sequence of each single chain carries informa-
tion about antigen specificity [12], part of the signal may be lost when considering the chains sep-
arately. Considering both chains together is thus an important missing aspect that could resolve
this discriminability puzzle. Another issue is that achieving discrimination may be computationally
difficult. For instance, one might think of the effect of negative selection by each self-peptide as
'digging a hole' in the potential repertoire. Given the significantly large number and diversity of
self-peptides, detecting all these 'holes' may be too difficult for our computational techniques.
Structural data [13] suggest that the TCR makes contact with the peptide at only a few amino
acid sites, where hydrophobic residues are suppressed by negative selection, consistent with
theoretical predictions [14]; however, it is not clear how one might identify those sites. Such
obstacles in peptide recognition and T cell selection may reduce the sequence-encoded signal
of negative selection, and thus the poor discriminability between 'passing’ versus 'failing' TCR
sequences during selection remains puzzling.

Detecting different selection pressures placed on CD4* and CD8* T cell TCRs should also be
possible, given that these receptors interact with MHC-II and MHC-I, respectively, and hence
with separate sets of self-peptides during negative selection. Indeed, these interaction differences
are statistically significant at the repertoire level [10], but are too small to allow accurate discrim-
ination of CD4* or CD8™" T cells based solely on their TCR [11,15]. Unlike the discrimination be-
tween dying and surviving cells, CD4" and CD8* TCR repertoires do not need to be exclusive:
in principle, the same TCR might be found in both repertoires, perhaps partially explaining why
such a discrimination task may not be perfect.

By the same logic, we should also be able to distinguish the TCR of Treg subsets. Tregs are CD4*
T cells, and presumably might recognize the same antigens as conventional T cells (Tconv), but
with a bias for self-antigens, thus suppressing the inflammatory response caused by Tconv
activation. For this reason, we posit that Tconv and Treg cells might share the same TCRs.
Accordingly, statistical scores of TCRs have been learned from repertoire data that can identify
modest but measurable differences in the TCR sequences of Treg and Tconv populations
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Glossary

Classifier: in machine leaming, an
algorithm that orders data into two or
more categories based on a set of input
features.

Condorcet jury theorem: a
mathematical result stating that a large
collective making a decision using the
majority rule can be highly reliable, even if
each person is individually fallible.
High-throughput repertoire
sequencing: massively parallel DNA
sequencing of a large number of
sequences of T and B cell receptors
from a biological sample, obtained
through the targeted amplification of
mRNA or genomic DNA of the receptor
genes by PCR.

k-mer: a sequence of k consecutive
amino acids in a protein sequence.
Learnability: given a dataset, the ability
to leam a rule from a portion of the
dataset that can be used to make
predictions about unseen data.
Negative selection: the removal of
self-reactive T cells during thymic
development.

Neural network: in machine learmning, a
multilayered algorithmic structure
mimicking biological neural networks
that processes input data into a
predictive output.

Overfitting: in machine learning, an
undesirable property of a model where
the algorithm leamns the idiosyncratic
features of the data used to train the
model, but fails to learn general rules
predictive of unseen data.

Regulatory T cells (Tregs): a
subpopulation of CD4* T cells that
suppress the immune response and are
generally more self-reactive than
conventional T (Tconv) cells.

Trained: in machine learning, training
means fitting the parameters of the
algorithm to optimize its predictive
performance.
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[15,16]. Again, these scores are not sufficiently powerful to classify individual TCRs. A similar dis-
criminability was obtained when trying to predict self-reactivity (as measured by CD5 expression)
from the TCR sequence, showing modest but statistically significant power [17].

In summary, although our concept of how thymic selection works suggests that there should be
strong signatures of fate at the sequence level, in practice it seems difficult to identify TCR
sequence signatures that can unambiguously determine T cell survival during thymic selection,
or predict which subpopulation a T cell will join.

Can T cells screen all self-peptides?

The second puzzle, first noted by Butler et al. [18], concerns the numbers and timescales involved
in the negative selection process. In principle, to avoid autoimmunity, each T cell should be
screened against every presentable self-peptide-MHC complex. Do the cells have sufficient
time to do that? Each T cell spends ~4-5 days in the mouse thymus, which gives them time to
interact with ~500 APCs [19]. During each of these encounters, multiple copies of the TCR on
the cell surface may bind to distinct peptide-MHC complexes presented by APCs. In principle,
any of those engagements could result in T cell activation and subsequent apoptosis during neg-
ative selection. This means that the number of self-peptides that may be screened during each
encounter with an APC during negative selection could be large.

Unfortunately, it is difficult to estimate that number. Previous literature calculated that the total
number of screened peptides (across APC encounters) is in the thousands [20]. Butler et al.
[18] used a self-consistency argument to estimate this number by quantifying its impact on the
specificity of the selected TCR: their model predicted that the fraction of peptides recognized
by a peripheral TCR is inversely related to the number of screened self-peptides during negative
selection. Using peptide-specific precursor frequencies measured in mice [21], they estimated
that the number of peptides screened is <7000, or less than 2-10% of the self-peptidome
(assuming 20 000 mammalian coding genes, each comprising 300 antigenic peptides, and
that 1-5% of peptides are presented by MHC molecules). These numbers suggest that T cells
may not have sufficient time to ensure that they are not self-reactive, calling for additional
mechanisms of tolerance.

The unlearnability of the self-peptidome

The issue of insufficient screening time might be solved if the ensemble of self-peptides could be
'learned' — in other words, if there are general rules or properties that distinguish self- from
pathogen-derived and foreign peptides. TCRs might then generalize their 'knowledge' of self-
peptides from their interactions with a few self-peptides and might not need to scan every single
peptide. This idea of learnability has been previously proposed [22,23]. Both studies concluded
that there are minute statistical differences in amino acid composition between self- and
pathogen-derived peptides. However, they are too small to be used for efficient self versus
non-self discrimination. Redundancy in the self-peptidome could in principle be exploited to
reduce the number of scanned peptides by around half [22], but this number is still too
large for the allotted time of negative selection. In other words, the difference between self- and
non-self-peptides cannot be learned through rules, and TCRs actually do need to scan peptides
comprehensively (i.e., memorize them) — akin to overfitting in machine-learning language.

This conclusion is consistent with observations that a single mutation in an epitope can turn a
non-immunogenic self-peptide into an immunogenic neoantigen [24], and, more generally, that
self- and pathogen-derived antigens from databases such as the Immune Epitope Database
(IEDB, https://www.iedb.org/) [25] are promiscuous in sequence space [23]. Self-peptide
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learnability also seems implausible from an evolutionary perspective. To avoid immunity, viruses
should be under strong selective pressure to make themselves statistically indistinguishable
from the host (self). If that is the case, then there are no rules stating that the immune system
can learn to decide what is self and what is viral. Note that even if rules of the self-peptidome
could be learned, we should still expect the sequences of self-reactive and non-self-reactive
TCR to be different, meaning that our first puzzle hypothesis about sequence discriminability
would hold.

Quorum sensing

A solution that might explain both puzzles was proposed by Butler et al. [18]. It relies on the idea
(similar to the Condorcet jury theorem) that if N cells must make a decision, and the probability
that each cell makes the right decision is better than chance, then the probability that a collective
majority vote makes the right decision — or, equivalently, that a ‘quorum’ of activated cells is
reached [26] — quickly approaches 1 as N increases. What distinguishes a self from a foreign pep-
tide is that at least some of the self-reactive TCRs are removed, meaning that the number of pre-
cursor T cells that are specific for self-peptides falls below the quorum that is necessary to induce
an immune reaction, while the number of precursor T cells that are specific for foreign peptides
rises above such quorum. The optimal quorum has been estimated to be ~40 T cells, separating
the case of self-peptides that are recognized by 10-30 T cells from that of foreign peptides which
would recruit 50-100 T cells [18]. Recent in vitro mouse cell culture experiments provide evidence
for this concept. By measuring the rate of differentiation and activation signals (phosphorylated
STATS5) of progenitor central memory [27] and CD4"CD25* T cells [28], cells were shown
to sense the number of activated cells through the secretion and sensing of cytokines such as
IL-2. By examining the commitment of activated T cells to memory cells [28], as well as the
commitment of CD8* T cells to regulating the balance between proliferation and apoptosis
[29], further evidence has been provided to suggest that T cell fate is indeed collective and
requires a quorum of activated cells.

That argument assumes that the preselection frequency of peptide-specific precursors is rela-
tively constant across peptides. However, this frequency is known to vary by one or two orders
of magnitude, even across foreign epitopes [21,30,31]. The frequency may also be predictive
of immune response magnitude and immunodominance, as suggested by the correlation be-
tween naive precursor frequencies and response measured using peptide-MHC tetramers in
mice [21,30]. Imagine a self-peptide with a preselection frequency of 200 precursor T cells, half
of which are removed by negative selection. From the quorum perspective, this is indistinguish-
able from a foreign peptide with a preselection frequency of 100 T cells, all of which survive selec-
tion because 100 T cells would be activated in both cases. Thus, to avoid autoimmunity, it is
important that the absolute number of self-peptide-specific T cells is controlled, not merely their
probability of removal. Therefore, this implies the existence of other mechanisms of regulation.

Regulation, dynamic tuning, and adaptation

We propose a third solution to our puzzles which relies on the adjusted responses of the immune
system via dynamic tuning [32,33]. In its simplest form, immune perturbations activate both excit-
atory and inhibitory pathways. These two pathways may either compensate for each other, re-
sulting in adaptation and tolerance, or trigger an immune response if the excitatory signal is
dominant. Dynamic tuning is reminiscent of mechanisms of adaptation discussed in the context
of simple signaling networks, such as the chemotactic network of the flagellar bacterium
Escherichia coli [34]. In these systems activation of the pathway on short timescales is accompa-
nied by repressive action on a longer timescale, resulting in transient activation followed by return
to alow level of activity, even if the perturbation is sustained. A similar idea has been theorized in
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the 'discontinuity theory' of immunity [35] that has mostly been discussed in the context of the in-
nate immune system. According to this theory, the state of the immune system does not depend
on immune stimuli per se, provided that these stimuli do not change over time. Instead, it re-
sponds to the kinetics of the antigenic or immune environment [36], thus allowing the system
to detect perturbations and to adapt to sustained changes.

For T cells, obvious candidates for repressive regulatory signals are Tregs and anergy [37,38]. An-
ergy is a T cell state in which the ability to proliferate is impaired. This can occur when cells are
stimulated weakly or in the absence of costimulatory signals, as when engaging self-peptides
in the absence of inflammation. Tregs are selected in the thymus to be more self-reactive than
Tconv cells, and they are essential for inducing tolerance and preventing autoimmune diseases.
They proliferate in response to immune challenge and tend to suppress the immune response
through cytokine signaling [27,39] by inducing anergy [38] or by pruning self-activated T cells [40].

This double mechanism of activation by effector T cells and repression by Treg cells is reminiscent
of an incoherent feedforward loop. This regulatory architecture causes the system to respond to
fold-changes rather than to the absolute value of the perturbation [41] and allows a rapid but con-
trolled response [42]. It is consistent with the ideas of dynamic tuning and discontinuity theory.
The same tug-of-war phenomenon between effector and Treg cells is central to the mechanism
of quorum sensing discussed earlier [26,27], which is based on the local balance between cyto-
kine secretion and consumption by the two types of cells in the vicinity.

Marshland et al. [43] proposed a theory of the balance between effector and Tregs in the station-
ary state (constant antigenic environment) based on an ecological description of interactions be-
tween T cells and antigens. In their model, self-peptides stimulate Tconv and Treg cells in the
same way, such that the numbers of Tconv and Treg cells always counterbalance each other.
Their calculations suggest that a minimum number of distinct Treg specificities is necessary to
satisfy this balance and thus avoid autoimmunity [43].

For these theories, the fact that Tregs are more self-reactive than Tconv cells provides a natural
mechanism for selectively suppressing autoimmunity, regardless of negative selection. Self-
reactive TCRs are acceptable provided that they are not massively stimulated [44]. Accord-
ingly, self-tolerance may be disrupted when a self-antigen or a crossreactive foreign antigen
is overexpressed.

Nevertheless, it is not clear how one might reconcile these theories of adaptation with the immu-
nology of asymptomatic chronic infections such as with cytomegalovirus, where antigen stimula-
tionis stable but a large growing fraction of the TCR repertoire is mobilized [45]. Presumably, such
antigen stimulation might be explained, at least in part, by a high adaptation plateau where the
immune response is repressed; however, this hypothesis remains to be quantitatively checked.
Another caveat of these theories is that Treg cells constitute a small fraction of the repertoire
(about 5-10% of CD4" T cells); whether these small numbers are sufficient to regulate and
repress autoimmunity is a quantitative question that warrants further investigation.

Concluding remarks

We have presented quantitative observations that seem to challenge the old view of negative
thymic selection — which holds that self-reactive T cells should be largely eliminated from the
periphery. Because these observations are based on indirect estimates and incomplete data, it
is possible that these contradictions will evaporate upon more rigorous inspection (see
Outstanding questions). In the modern view of tolerance, autoimmunity is averted by a combination
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Outstanding questions

What are the molecular and structural
determinants of self-reactivity, and
how do they impact on the sequence
statistics of selected repertoires? This
knowledge could help us to better un-
derstand and diagnose autoimmune
diseases using repertoire sequencing.

Does quorum sensing play an active
role in self versus non-self discrimina-
tion by T cells?

Is dynamic tuning or adaptation an
important mechanism of tolerization?
Can the immune system learn to
not respond to arbitrary peptides if
delivered with the appropriate
kinetics? Harnessing the timing of
antigen exposure could inform future
vaccination strategies.

Can a single theoretical modeling that
combines the mechanisms of (partial)
negative selection, quorum sensing,
and dynamic tuning explain immune
tolerance at a quantitative level and
recapitulate existing data?
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of mechanisms, among which is that negative selection is an important but not sufficient element.
We have argued for the importance of evaluating possible scenarios of tolerance in a quantitative
way to assess, by the numbers, whether these alone can explain how the immune system solves
the task of self versus non-self discrimination, which is viewed as an information problem. A future
theory will need to combine a few of the solutions outlined in the preceding text, particularly the
ideas of quorum sensing and adaptation, with the hope that these ideas can mutually correct
each other's inconsistencies. This theory should aim to explain existing data and make new test-
able predictions. This would help to provide missing evidence to complete our understanding of
tolerance and to better predict how its balance is broken in autoimmune diseases.
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