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The identification of immunogenic peptides has become
essential in an increasing number of fields in immunolo-
gy, ranging from tumor immunotherapy to vaccine devel-
opment. The nature of the adaptive immune response is
shaped by the similarity between foreign and self-protein
sequences, a concept extensively applied in numerous stud-
ies. Can we precisely define the degree of similarity to self?
Furthermore, do we accurately define immune self? In the
current work, we aim to unravel the conceptual and mecha-
nistic vagueness hindering the assessment of self-similarity.
Accordingly, we demonstrate the remarkably low consist-
ency among commonly employed measures and highlight
potential avenues for future research.

immunogenicity | neoantigen | T cell repertoire | immune self |
infectious diseases

Understanding the molecular properties that influence adap-
tive immune recognition is crucial across various medical
domains, including cancer immunotherapy (1), infectious
diseases (2), vaccine design (3, 4), allergy (5), and autoim-
mune diseases (6). Despite the revolutionary impact of can-
cer immunotherapy on treating cancer patients, the response
to treatment exhibits considerable variability, largely contin-
gent on the quality of mutated cancer peptides (7). Properly
characterizing these peptides is key to personalizing treat-
ment and enhancing its efficacy. Effective vaccine develop-
ment during the COVID-19 pandemic played a crucial role in
reducing casualties (8). The protein sequences guiding the
adaptive immune response in these vaccines are pivotal for
efficacy (9). Thoughtful selection of these sequences not only
impacts response rates but also determines the durability
and resistance to emerging variants. The prevalence of
allergy and autoimmunity is sharply increasing in developed
countries (10, 11). These disorders arise when the immune
system erroneously attacks nonharmful or our own proteins
(5, 6). Characterizing these peptides aids in understanding
disease development and identifying triggering factors.

A specific property of peptides stands out as particularly
important in adaptive immune recognition. Similarity to self has
been proposed as a fundamental determinant of immune rec-
ognition (12-27). This concept has been actively utilized in var-
ious studies to identify peptides that elicit an effective immune
response against mutated cancer peptides (12, 20, 21, 27).
Mutations leading to peptides with low similarity to self-proteins
are more likely to trigger a powerful immune response (1, 12).
Tumors carrying many such mutations are more likely to be
destroyed by the immune system, particularly under immune
checkpoint blockade immunotherapy, emphasizing the impor-
tance of selecting such peptides for neoantigen vaccines (1, 12).
In the context of vaccines against pathogens, the similarity of
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peptides to our self-proteins holds significance for two key rea-
sons. First, pathogen-associated peptides resembling our self-
proteins are less likely to be targeted by the immune system
(19, 26). Second, if a destructive immune response does occur
against these peptides, cross-reactivity can result in severe
autoimmune side effects (28). Similarly, infections can induce
autoimmune diseases if the pathogens carry sequences similar
to self-proteins (6). Consequently, the similarity of pathogen-
associated peptides to self-proteins has been extensively stud-
ied (6). While the concept of self-similarity is widely used in
immunology, the straightforward definition of “self’ remains
elusive. This perspective article seeks to illustrate the intricate
nature of immune self and the challenges in defining similarity
to self. Additionally, we propose an approach to accurately
define self-similarity. We find it important to note that our pri-
mary focus is on cell-mediated immunity, while humoral immu-
nity is beyond the scope of this perspective.

A Brief History of Immune Self

The interpretation of the immune self has evolved signifi-
cantly, experiencing substantial changes or even complete
omission throughout its history (29)

“On several occasions already it has been noted that
no ordinary component of the body will provoke an
immunological response.”

Frank M. Burnet, 1962 (30)

In 1949, Frank MacFarlane Burnet introduced the concept of
immune self, and launched the self-nonself theory (31), which
was largely inspired by transplantation experiments carried
out by Medawar (32). The theory suggested that elements of
the body are self and do not induce an immune response,
while foreign molecules are nonself and, thus, immunogenic.

Author affiliations: °Synthetic and Systems Biology Unit, Institute of Biochemistry,
Hungarian Research Network (HUN-REN) Biological Research Centre, Szeged 6726,
Hungary; "Hungarian Centre of Excellence for Molecular Medicine - Biological Research
Centre (HCEMM-BRC) Systems Immunology Research Group, Szeged 6726, Hungary; and
‘Department of Dermatology and Allergology, University of Szeged, Szeged 6720, Hungary

Author contributions: B.K,, G.M.B., and M.M. designed research; B.K. and M.M. performed
research; B.K. analyzed data; B.K. and M.M. acquired funding; and B.K., G.M.B., and M.M.
wrote the paper.

The authors declare no competing interest.
This article is a PNAS Direct Submission.

Copyright © 2024 the Author(s). Published by PNAS. This open access article is distributed
under Creative Commons Attribution-NonCommercial-NoDerivatives License 4.0 (CC BY-
NC-ND).

'To whom correspondence may be addressed. Email: manczinger.mate@brc.hu.

This article contains supporting information online at https://www.pnas.org/lookup/
suppl/doi:10.1073/pnas.2309674121/-/DCSupplemental.

Published May 9, 2024.

https://doi.org/10.1073/pnas.2309674121

10f10


https://orcid.org/0000-0001-9954-1955
https://orcid.org/0000-0001-7583-4980
mailto:
https://orcid.org/0000-0003-0831-9617
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:manczinger.mate@brc.hu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2309674121/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2309674121/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2309674121&domain=pdf&date_stamp=2024-5-9

Downloaded from https://www.pnas.org by 188.156.237.38 on September 2, 2024 from | P address 188.156.237.38.

Burnet suggested that the immune self is determined in the
genetic material of the individual (33). Notably, the self-nonself
theory inspired Burnet to elaborate his clonal selection theory.
While the self-nonself model was unable to explain certain
common phenomena, such as autoimmunity, feto-maternal
tolerance, and tolerance to microbiota in the skin, gut, and
other mucosal surfaces (34), it still dominates the thinking of
many immunologists.

“...the immune system, even in the absence of antigens
that do not belong to the system, must display an eigen-
behaviour...”

Nils K. Jerne, 1974 (35)

In 1974, Nils K. Jerne proposed a groundbreaking idea (35).
He suggested that our immune system is inherently auto-
reactive (it displays an eigen-behavior). This stems from the
assumption that every antibody acts as an antigen, leading
to the generation of specific antibodies against them. These
antibody-specific antibodies, in turn, are antigenic and trig-
ger the formation of more antibodies, creating a continuous
cycle. According to Jerne, autoreactivity is a normal part of
the immune system'’s functioning. Jerne’s theory served as
inspiration for many immunologists and played a crucial
role in shaping other theories, such as the now-abandoned
autopoiesis theory (36) or subsequent works by Irun Cohen
and Henri Atlan (37). These later theories consider autoim-
munity as a normal phenomenon, but their originality and
validity remain subjects of debate (38). Nevertheless, since
Jerne's proposal, it has been repeatedly demonstrated that
autoreactivity in the immune system is common and normal
(39), which challenges the self-nonself theory in its original
form.

“..the immune system does not care about self and
non-self, that its primary driving force is the need to detect
and protect against danger...”

Polly Matzinger, 1994 (40)

Polly Matzinger's danger theory dismissed the concept of
self-nonself discrimination. Matzinger proposed that immu-
nological decisions are orchestrated at the level of antigen-
presenting cells (APCs), and an immune response is triggered
when danger signals are detected (40). These danger signals
consist of evolutionarily conserved molecules such as lipopol-
ysaccharide, which have receptors on the surface of APCs.
Matzinger's theory effectively explained tolerance to com-
mensal bacteria and feto-maternal tolerance, where the
fetus and microbiota do not cause harm. Initially met with
enthusiasm, the danger theory also faced criticism later on.
Some critiques focused on the imprecise definition of danger
and raised questions about its originality (41, 42).

Although the concept of immune self has undergone sig-
nificant transformations, it continues to be a prevailing per-
spective among immunologists (12, 17, 43, 44). The definition
of self has been refined over time as our understanding of
how adaptive immune recognition functions has grown. For
instance, Waldmann and his colleagues proposed that only
a subset of peptides presented by MHC molecules should be
considered as self from the perspective of T lymphocytes
(45). Mitchison suggested that a protein could be deemed
self only if it surpasses a certain concentration threshold
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within the body (46). Building on the two-signal theory, which
posits that lymphocyte activation requires at least two signals,
Janeway proposed in 1989 that the immune system differen-
tiates between infectious nonself, where both signals are
present, and noninfectious self (47). According to Pradeau,
immunologists hold at least five different meanings of self
(48). Intriguingly, in a significant portion of current studies,
the “genetic” self proposed by Burnet is employed to evaluate
self-similarity (see later).

Adaptive Immune Recognition and T Cell
Response

To arrive at the most accurate definition of immune self, it
is necessary to provide a concise overview of how adaptive
immune recognition operates.

The immunological synapse (Fig. 1A4) is formed between
antigen-presenting cells and T cells (49). This is the funda-
mental unit of adaptive immune recognition and consists
of the major histocompatibility complex (MHC) molecules,
the presented peptide, and the T cell receptor (TCR) (49, 50).
Concurrently, other proteins like costimulatory and adhe-
sion molecules participate in the intricate interactions
between the antigen-presenting cell and T cell. Note that in
humans, MHC molecules are referred to as human leuko-
cyte antigen (HLA) molecules. We will use the term HLA
throughout our work, except when specifically discussing
studies that focus on nonhuman MHC molecules or MHC
molecules in general.

HLA molecules present short peptides on the surface of
cells (52). Their allelic diversity ranks among the highest
within the human genome (53). The different variants display
substantial disparities in amino acid specificities (54-57). The
HLA molecules form two major classes. HLA-I molecules are
found on all nucleated cells and typically present peptides
ranging from 8 to 12 amino acids in length (58). These pep-
tides originate from the host cell, where endogenous, viral,
and bacterial proteins undergo proteasomal cleavage (59).
The resulting peptides are then loaded onto HLA-I molecules
by the peptide loading complex within the endoplasmic retic-
ulum (60). HLA-Il molecules are exclusively expressed on
professional antigen-presenting cells, such as dendritic cells,
B cells, and macrophages, and bind longer peptides ranging
between 12 and 30 amino acids in length (61, 62). These
peptides derive from extracellular proteins, which can be
either harmless or associated with pathogens. They are inter-
nalized via endocytosis and degraded in lysosomes (63).
HLA-l and HLA-ll-presented peptides are recognized by CD4+
and CD8+ T cells, respectively (52).

In the sequence of the presented peptides, anchor residues
primarily govern HLA binding, while TCR-contact residues pre-
dominantly establish chemical interactions with the TCR (64).
In the case of an HLA-I-bound 9-mer peptide, primary
anchor amino acids are frequently found at the second and
ninth positions, while amino acids between the fourth and
eighth positions constitute the T cell exposed motif (65-67)
(Fig. 1A). Itis important to emphasize the allele-specific nature
of these positions, noting the presence of secondary anchor
residues at the third, fifth, and sixth positions in peptides
bound by certain HLA-I alleles (68). In the case of HLA-II-
bound peptides, a core segment of nine amino acids fits
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Fig. 1. Theimmunological synapse, similarity to the immune self, and inconsistency in self-similarity measures. (A) The immunological synapse and the positions
of T cell exposed amino acids of HLA-presented peptides. For HLA-Il molecules, the positions are indicated relative to the bound core sequence. The figures of
TCEMs were created based on ref. 51. (B) The relationship between peptide similarity to self and immunogenicity. The underlying thymic processes defining
this relationship are depicted in the schematic figure (see text for detailed explanation). (C) Spearman’s correlation coefficients and the level of significance are
indicated between different self-similarity measures. The strength of correlations is shown color-coded. The numbers below the name of measures indicate
their index in Table 1. The calculations were performed separately for viral peptides (Left) and neopeptides (Right). (D) Systematic differences were found in
BLOSUME62 similarity (Left) and dissimilarity (Right) when calculated for different HLA alleles. Only alleles with a minimum of five reported peptides in the IEDB
are shown. Dissimilarity values are presented on a log,,-transformed vertical axis (the minimal nonzero value was added to all values to handle the presence

of zero dissimilarity values). P-values from Kruskal-Wallis tests are shown.

within the peptide binding groove of the HLA molecule, with
the N- and C-terminal parts of the peptides overhanging
(Fig. 1A). The positions of the anchoring and contacting amino
acids are often variable and challenging to be identified (69).
Furthermore, in the case of both HLA classes, the peptide
sequence alone is insufficient to fully explain the interaction
with the TCR; the conformation of the peptide must also be
taken into account (70, 71).

While the presentation of a peptide by HLA is crucial for
eliciting an immune response, its nature is also influenced
by the binding strength and the stability of the peptide-HLA
complex (54, 72). The complex is bound by the TCR, a het-
erodimeric protein composed of either ana andaporay
and a & chain (73, 74). Importantly, HLA-presented peptides
are bound by af TCRs on af T cells. Both chains consist of
constant and variable domains. The variable domain includes
the highly variable complementarity-determining region 3
(CDR3), which plays a crucial role in recognizing the pre-
sented peptide, while CDR1 and CDR2 make contact with the
HLA molecule (75).

The strength of interaction between TCRs and peptide-HLA
complexes has been demonstrated to influence T cell differen-
tiation, both within the thymus and in peripheral tissues (76,
77). On the other hand, TCR avidity explains the strength of
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multiple interactions between peptide-HLA complexes and
TCRs and considers the effect of positive and negative costim-
ulatory molecules (78). Among the most well-known costimu-
latory receptors on T cells are CD28 and its related family
members. CD28 plays a pivotal role in promoting T cell prolif-
eration and cytokine production (79). The interaction between
CD28 and its ligands (CD80, CD86) activates a phosphorylation
cascade, culminating in a complex cellular response. To enhance
T cell activation, antigen-presenting cells up-regulate the exp-
ression of CD28 ligands upon encountering microorganisms
(80). Numerous other surface receptors, such as CD2, CD5, and
ICOS, among others, have also been identified as having costim-
ulatory functions (78). In addition to positive regulatory mech-
anisms, inhibitory molecules play a crucial role in modulating
the immune response. Notably, CTLA4 and PD1, extensively
studied in this context, serve as key “checkpoints” to mitigate
T cell hyperactivation (81). These molecules represent primary
targets for immune checkpoint inhibitors employed in cancer
immunotherapy (81).

The initiation of TCR signaling in response to antigenic stim-
ulation constitutes a multifaceted intracellular signaling path-
way (82). Signals derived from the TCR induce rearrangements
in the actin cytoskeleton, a process deemed crucial for the
functional capacity of T cells (83). These signals also modulate
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the expression of genes that are essential for the effector func-
tions of T cells, including proliferation, cytokine secretion, and
cytotoxicity (84). Following exposure to antigens and concurrent
costimulation, naive T cells undergo proliferation and differen-
tiation, leading to the generation of specific effector cell popu-
lations. CD4+ cells can differentiate into distinct effector cell
types, namely T-helper (Th) 1, Th2, Th9, and Th17 cells, depend-
ing on the cytokine milieu in the environment (85). Upon
encountering their specific antigen, naive CD8+ T cells undergo
clonal expansion, a process characterized by rapid and exten-
sive multiplication (86). This is pivotal for the generation of an
adequate reservoir of effector T cells, which is essential for the
elimination of infected cells. After pathogen clearance, a sub-
stantial proportion of activated CD4+ and CD8+ T cells undergo
apoptosis, marking a phase of contraction (87). Simultaneously,
a subset of effector cells transitions into memory T cells, con-
tributing to long-term immunological memory (88, 89).

T cells are also able to respond to antigens with tolerance.
Regulatory T cells (Treg cells), comprising approximately 10%
of peripheral CD4+ T cells, play a vital role in maintaining tol-
erance to harmless antigens and preventing autoimmune dis-
eases (90, 91). These cells express CD4, CD25, and FOXP3.
While a substantial proportion of these cells originate from the
thymus, the remaining subset undergoes differentiation fol-
lowing exposure to harmless agonist antigens in the periphery
(92, 93). CD8+ T cells can exist in four hyporesponsive states:
tolerance, ignorance, anergy, and exhaustion (94). In the toler-
ant state, encountering the specific antigen does not induce
activation but rather leads to the apoptosis of the T cell (95) or
initiates a cell-intrinsic tolerance program (96). Remarkably, a
subset of CD8+ T cells, known as CD8+ Treg cells, plays an active
role in executing immunosuppressive functions (97).

In summary, the quality of the T cell response is collectively
influenced by various factors, including the interaction between
the peptide and the HLA, the sequence and 3D structure of the
presented peptide, TCR affinity and avidity, the involvement of
costimulatory and inhibitory receptors, the dosage of the anti-
gen, and the cytokine milieu. Moreover, T cells make collective
and not individual decisions, which is contingent on quorum
sensing and mediated by cytokines received from other T cells
in the surrounding environment (98).

The Formation of the T Cell Repertoire

It is a fundamental concept in immunology, that adaptive
immune response is triggered exclusively by peptides, for
which specific T cells exist in the repertoire (99). A compre-
hensive understanding of T cell repertoire development clar-
ifies why the similarity to self-proteins plays a crucial role in
shaping the nature of the immune response.

The formation of the T cell repertoire takes place in the
thymus and involves two primary steps. Initially, lymphoid
progenitor cells called thymocytes undergo positive selection,
which is mediated by self-peptides presented by HLA mole-
cules on the surface of cortical thymic epithelial cells (cTECs)
(76). Thymocytes that fail to bind any peptide-HLA complex
on cTECs undergo apoptosis due to neglect (76). Subsequently,
thymocytes undergo negative selection if they strongly bind
self-peptides presented by HLA molecules on medullary
thymic epithelial cells (mTECs). These thymocytes are either
eliminated or skewed toward alternative differentiation paths,
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giving rise to Tregs, which mediate immune tolerance (76,
100). Given the imperfect nature of negative selection, T cells
that manage to survive this process may potentially exhibit
self-reactivity. It is proposed that quorum sensing plays a cru-
cial role in preventing autoimmunity, as the activation and
proliferation of a particular T cell depend on a sufficient num-
ber of activated T cells in the surrounding environment (98).
Notably, an increasing body of evidence supports the involve-
ment of epitopes and metabolites derived from gut microbes
in the intrathymic development of T cells (101).

The two-stage thymic selection process eliminates more
than 95% of T cell precursors (102). Considering the mechanism
of repertoire formation, one might expect the presence of
“holes” in the T cell repertoire, given the elimination of cells
binding self-peptides with high affinity (19, 103, 104). However,
T cells exhibit cross-reactivity, allowing them to bind a range of
somewhat similar peptides, introducing a level of controversy
(105, 106). Beyond this issue, due to the positive and negative
selection, the nature of immune response strongly depends
on the similarity of presented peptides to self-proteins (Fig. 1B).
Central tolerance mechanisms reduce the likelihood of destruc-
tive immune response against peptides that are similar to self-
proteins (14, 17, 107) (Fig. 1B). Additionally, positive selection
contributes to a T cell repertoire biased toward peptides shar-
ing a certain level of similarity with our self-proteins (43, 107,
108). Accordingly, peptides that are highly dissimilar to our
self-proteins are less likely to provoke an immune response
(14,17,109) (Fig. 1B). Supporting this, it was recently reported
that point mutations in tumors often yield sequences uncom-
mon in the human proteome and commensal microbes, sug-
gesting a reduced immune recognition of these peptides (18).

Itis important to underscore that while the development
of the T cell repertoire implies the dependence of the
immune response on self-similarity, this process is intricately
shaped by various factors discussed in earlier sections. The
interaction between the peptide-HLA complex and the TCR
alone is insufficient for triggering an effective immune
response, its quality is determined by the presence of costim-
ulatory molecules on cells and cytokines in the environment
(78-80). For instance, in the case of a commensal bacterium,
even if the T cell repertoire encompasses specific effector
T cells for many of its peptides, these T cells remain inactive
in a healthy state due to the absence of inflammatory
cytokines and positive costimulatory molecules (110). Asim-
ilar scenario is observed in numerous cancer samples where,
despite the potential expression of mutated self-peptides
recognized by effector T cells in the repertoire, the presence
of negative costimulatory molecules along with a tolerogenic
microenvironment prevent their activation (111). Conversely,
in autoimmune diseases, the inflammatory cytokine milieu
and positive costimulation can induce destructive immune
responses to self-peptides (112). In essence, the impact of
self-similarity on the immune response is invariably context-
dependent, necessitating careful consideration in studies.

The Definition of Immune Self

Considering that i) the prevalence of specific T cells in the
repertoire is essential for responding to a given peptide
and ii) the development of the T cell repertoire relies on pep-
tides expressed in the thymus, aligning with the perspective
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of many immunologists (48, 113), we define immune self
based on peptide-HLA complexes in the thymus. Specifically,
we focus on those parts of the complexes that come into
contact with receptors on thymocytes, ultimately determin-
ing their fate. We also take into account the different roles
of cTECs and mTECs in repertoire formation. Following this
concept, we introduce various relevant factors that should
be considered when identifying the molecules constituting
self. As our primary focus is on cell-mediated immunity, we
will now place greater emphasis on HLA-I molecules and
CD8+ T cells.

Our proteome comprises a minimum of 20,000 proteins.
These proteins can be further divided into approximately
10 million overlapping 9-mer peptides (114). Due to vari-
ous factors, including low protein expression, absence of
proteasomal cleavage, inadequate HLA-binding, peptide-
loading, and others, roughly 90% of the peptides are not
presented on the cell surface by HLA-I molecules (115). A
similar scenario may be observed in the thymus, with
some differences. First, thymoproteasomes in cTECs gen-
erate a special set of peptides for mediating CD8+ T cell
positive selection (116-118). Thymoproteasomes exhibit
areduced propensity to cleave peptides after hydrophobic
amino acids. Consequently, this unique enzymatic activity
results in the production of peptides with weaker binding
affinities to HLA molecules (119-121). Moreover, these
peptide-HLA complexes are characterized by weaker bind-
ing interactions with TCRs (120). Second, protein expres-
sion is cell-type-specific in general (122). This specificity is
particularly notable in mTECs, which flexibly mimic the
expression of diverse peripheral tissues driven by AIRE
molecules (123).

The presented peptides are contingent upon the specific-
ity of HLA molecules carried by an individual. Even identical
peptides presented by different HLA alleles can evoke distinct
immune responses (68, 124). Additionally, TCRs make contact
not only with the peptide, but also with the HLA (75).
Consequently, the HLA genotype profoundly influences the
development of the T cell repertoire, making the immune
self specific to each individual (45, 125).

As demonstrated earlier (Fig. 1A), only certain segments
of the presented peptide come into contact with TCRs, as the
amino acids anchoring the peptide to HLA molecules remain
concealed from TCRs (64). While the sequence of these con-
tacting amino acids could be regarded as constituting the
immune self, its sole reliance proves inadequate in certain
instances. This limitation became apparent in studies focus-
ing on heteroclitic peptides. For these peptides, altering the
HLA-anchoring amino acids modified the structure of TCR-
contacting residues, potentially leading to different immune
responses mediated by distinct T cells (126). Although the
same amino acid sequences were presented to the TCR, their
conformation differs, resulting in altered immune recogni-
tion. Another limitation of solely considering the sequence
of T cell-exposed amino acids is the oversight of the regions
on HLA molecules that interact with the TCR (75).

The role of cTECs and mTECs is markedly different in shap-
ing the immune self. Peptides presented on cTECs mediate
positive selection, forming the foundation of a responding
repertoire (Fig. 1B). On the other hand, those presented on
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mTECs mediate negative selection and constitute the core
of the immune self. Based on this, the peptides most similar
to self are those that bear the same T cell contacting seg-
ments as the ones presented on the surface of mTECs. At
the other extreme are peptides that bear no resemblance to
those presented on cTECs.

Finally, a significant complicating factor in defining the
immune self is the cross-reactivity of T cells, referring to the
capability of a given TCR to recognize multiple different pep-
tide sequences. While the level of cross-reactivity is reported
to be around 10° peptides/TCR (127, 128), it is important to
note that these data are available for only a limited number
of TCRs. Nonetheless, T cell cross-reactivity exerts a pro-
found impact on the development of the T cell repertoire
and, consequently, shapes the formation of the immune self
(129). Additionally, it has the potential to modify the actual
extent of holes created in the repertoire by thymic selection
(105, 106).

The Evolutionary Constraints on Immune Self

Gaining insight into the evolution of the adaptive immune sys-
tem helps us understand the factors that shaped immune
responses based on the similarity to self-proteins. The adaptive
immune recognition in mammals relies on an exceptionally
diverse array of TCRs generated through somatic recombina-
tion (121, 130). This diversity was made possible by the emer-
gence of the recombination-activating gene (RAG) transposon
in jawed vertebrates around 500 Mya (121, 130). However, this
extensive receptor repertoire posed the risk of self-reactivity
(130). To mitigate this risk, thymocytes undergo a two-step
quality control process (76, 130).

Positive selection favors general T cell functionality and
orchestrates the formation of a functional repertoire
(76, 107, 130). cTECs express the thymoproteasome, which
is found only in jawed vertebrates suggesting its co-
occurrence with adaptive immunity (121). The peptides gen-
erated by the thymoproteasome are thought to possess a
more “foreign” character, potentially contributing to the
development of a repertoire that is more specific to nonself
(118). Thymocytes that survive positive selection go through
negative selection, which deletes clones binding self-peptide-
HLA complexes with high affinity (76). The process is medi-
ated by mTECs expressing tissue-restricted antigens, which
is controlled by the AIRE transcription factor. The emergence
of AIRE during evolution correlated with the divergence of
T cells (131), suggesting a strong interdependence of negative
selection and T cell-mediated immunity.

HLA molecules have the highest genetic diversity, which is
maintained by heterozygous advantage (i.e., being heterozy-
gous is advantageous as the peptide-binding repertoire of two
different alleles is larger) and negative frequency-dependent
selection (i.e., pathogens adapt to avoid HLA-presentation by
common alleles) (132). While HLA alleles exhibit variable pep-
tide specificities, peptides derived from housekeeping pro-
teins are typically bound with high affinity by HLA-I molecules
(133). Housekeeping proteins are encoded by hyperconserved
genes with abundant expression across various tissue types.
Notably, their elevated expression is proposed to play a role
in fostering self-tolerance within the thymus (133).
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The interpersonal variability and the global pattern of
HLA alleles are shaped by infectious diseases, which are
proposed to exert significant selection pressure on the
immune system (134). Certain common HLA variants
exhibit evidence of robust positive selection by pathogens
(135). Interestingly, these alleles often carry a risk for auto-
immune disorders, suggesting an evolutionary trade-off
between the two types of diseases (135) and significant
transformations in the immune self for individuals harbor-
ing these alleles. Similarly, high pathogen diversity is sug-
gested to drive the selection of HLA alleles with a broad
peptide-binding repertoire (136). However, carrying these
alleles is associated with a reduced capacity of the immune
system to discriminate between self and mutated cancer
peptides (57).

The impact of pathogen-driven selection pressure extends
beyond HLA alleles and influences the diversity of HLA-
presented peptides through various components of the
antigen-presentation machinery (137). For instance, ERAP2
is responsible for trimming peptides for HLA-I molecules,
which subsequently present them to CD8+ T cells (138).
Recent findings indicate that genomic variants associated
with increased ERAP2 expression were positively selected
during the plague pandemic (139). Remarkably, like HLA
alleles mentioned before, this high-expression variant is also
linked to autoimmunity.

Finally, the immune self is potentially influenced by compo-
nents of human cells that share significant sequence similarity
with pathogen-associated proteins: endogenous retroviruses
and mitochondria. Endogenous retroviruses integrated into the
genome over the past 100 My (140). Remarkably, the epitopes
encoded by these retroviruses still exhibit higher similarities
with viral epitopes than human ones (141). They are abundantly
expressed in mTECs in an AIRE-independent manner, poten-
tially contributing to the negative selection of T cells (141).
However, immune responses targeting endogenous retrovi-
ruses have been reported, suggesting incomplete tolerance
formation (142, 143). Nevertheless, the resemblance of endog-
enous retroviruses to pathogenic viruses is proposed to con-
tribute to autoimmune diseases through molecular mimicry
(144, 145). Mitochondria are organelles originating from the
integration of the endosymbiotic bacterium into the host cell
(146). HLA-I molecules are likely to present peptides derived
from mitochondrial proteins (147), and these peptides are sug-
gested to be more immunogenic (148). While the contribution
of these proteins to the establishment of self-tolerance remains
unexplored, the potential cross-reactivity between the mito-
chondrial protein PDC-E2 and proteins of Escherichia coli may
play a role in the pathogenesis of the autoimmune disease
primary biliary cholangitis (6).

The Spatiotemporal Variability of Immune Self

In our definition of immune self, we traditionally perceive it
as a static or stable concept. However, even with precise iden-
tification of molecular patterns guiding the formation of the
T cell repertoire, the repertoire undergoes dynamic changes
throughout our lives. Various factors, including aging, chang-
ing environments, diseases, and their treatments, contribute
to this dynamism (149). It is well exemplified by specific T cells
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that are present in the repertoire during younger ages but
diminish in older ages due to the decreasing diversity of
the repertoire (150). On the other hand, T cells undergo
transformation into induced Treg cells at the periphery
throughout life, thereby altering the immune self (90). It is
important to acknowledge that in current studies, account-
ing for the life-long variability of the immune self (which is
specific for each individual) would be especially challenging,
if not unfeasible.

Inconsistency in Self-Similarity among Studies

The accurate definition of the immune self presents signif-
icant challenges, as outlined in the previous sections.
Despite the obvious vagueness of its definition, the concept
of similarity to self is widely applied across various studies.
Table 1 provides a nonexhaustive list of standard methods
along with example use-cases for calculating self-similarity.
Itis notable that most approaches focus on the amino acid
sequence of presented peptides, rather than the detailed
structure of peptide-HLA-I complexes, as the latter is not
yet feasible for large-scale studies (20). Additionally, the
utilization of the BLOSUM similarity matrix is prevalent
among these methods, which is based on the evolutionary
divergence of amino acids and does not directly account
for structural differences (21). Importantly, a majority of
these methods treat the entire proteome as self, aligning
with Burnet's concept of “genetic self,” but this approach
may carry inherent inaccuracies, as discussed in previous
sections.

As the interaction between the peptide-HLA complex and
TCRs is the primary determinant of cellular adaptive immune
recognition, an important question is what to consider as
contacting regions in an HLA-presented peptide. While most
methods consider the entire peptide sequence, only one
focuses specifically on the segments that potentially interact
with T cells. Notably, the former approach is highlighted as
a potential limitation in one of the original papers (19). In this
context, it is critical to acknowledge the findings of structural
studies which indicate that the distinction between TCR-
facing and non-TCR-facing residues is not always clear and
can also vary between different TCRs and HLA alleles (66, 68).
Moreover, even primary anchor residues can influence pep-
tide conformation (126).

The consistency of values derived from different methods
has not been examined to date. To explore this, we calcu-
lated multiple measures of self-similarity using two distinct
sets of peptides. The first set consisted of 2,261 viral pep-
tides, while the second set comprised 301 neopeptides pre-
sented by various HLA alleles.

We observed weak to moderate correlations among the cal-
culated measures for both the viral and the neopeptide data-
sets (Fig. 1C), which can be attributed to several factors. First,
four of the measures focused on the entire peptide sequence,
whereas only one considered the specific amino acids in con-
tact with TCRs. In the former case, the similarity values may be
affected by the amino acids at anchor positions, responsible
for HLA binding and subject to variation among alleles. Indeed,
the similarity values displayed systematic differences across
peptides presented by different alleles (Fig. 1D). Second, even
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Table 1. A collection of self-similarity measures
To what does it

Which positions? compare? Similarity measure Calculation Refs. Focus
1 Whole peptide Whole proteome BLOSUMG62 (binding energy)  AllBLAST hitsareinvolved (12) Neopeptide
2 Whole peptide Whole proteome BLOSUMG62 Maximum (13) Microbiota
3 Whole peptide Whole proteome Number of mismatched Minimum (14-16)  Microbiota
amino acids (Hamming
distance)
4 TCEM (4 to 8) Whole proteome Exact match Count (17,18) Microbiota
5 Whole peptide?  Selected self-antigens BLOSUM35 Maximum (19) Microbiota
6 Whole peptide Original counterpart 3D structure, crystallography, See ref. (20) Neopeptide
of a neopeptide molecular dynamics
simulation
7 Whole peptide Original counterpart  BLOSUM®62 See ref. (21) Neopeptide
of a neopeptide
8 Whole peptide Asubsetofthe human BLOSUMG62; binding energy Number of peptides in (22) Microbiota
proteome the proteome above
cutoff
9 Whole peptide Retinal proteins LALIGN Overlap (23) Microbiota
10 Any 5-mer along Whole proteome Exact match Count (24, 25)
the peptide
11 Different N-mers Whole proteome Varying Count (26) Microbiota
12 Whole peptide Whole proteome BLOSUM®62 Minimum (distance) (27) Neopeptide

when two methods consider the complete peptide sequence,
their approaches to calculating similarity differ. For instance, in
the case of neopeptides, the dissimilarity value calculated in
ref. 12 exhibited only a moderate correlation with the maxi-
mum BLOSUMG62 similarity score proposed in ref. 13, and this
relationship completely disappeared for viral peptides. Both
measures utilized BLOSUM62 similarity to compare peptide
sequences, but the former considered multiple similarity val-
ues, while the latter took into account only the highest value
during calculation. In sum, the analysis revealed inconsistent
correlations among measures, underscoring the complexity of
assessing self-similarity.

Enhancing Similarity Measures

The limited agreement among existing self-similarity meas-
ures emphasizes the necessity for refining and standardiz-
ing the definition of self-similarity across different studies.
What factors should be considered, and how should they
be integrated to precisely determine the similarity to
self-proteins?

First, the identification of HLA-I-presented peptides on
the surface of cTECs and mTECs is crucial (Fig. 2A). The most
accurate data on these peptides could currently be obtained
through immunopeptidomics. However, such data for these
cells are unavailable, necessitating the determination of
peptide presentation by considering the entire proteome
and accounting for specific factors. It is essential to leverage
transcriptomic or proteomic data for these cells to select
proteins expressed at sufficient levels (151). Notably, mTECs
express approximately 95.9% of protein-coding genes, with
a minimum level of 1 transcript per million (TPM) (123).
Additionally, these cells express tissue-restricted antigens
and numerous alternative splice variants, further expanding
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the pool of potential proteins to be considered. Furthermore,
determining the proteasomal cleavage of these proteins is
crucial. While prediction algorithms exist for estimating
cleavage by constitutive and immunoproteasomes (152), the
absence of a prediction method for thymoproteasomes
complicates the accurate determination of the peptide pool
from which HLA alleles can bind peptides in cTECs. Last, the
use of HLA-binding prediction methods is required to predict
which peptides have the potential to be presented on the
surface of mTECs and cTECs.

Second, it is necessary to identify the segments of the
presented peptides that come into contact with or face TCRs
(Fig. 2A). Here, both a sequence-based and a conformation-
based approach are viable. The sequence-based method
has been extensively employed in previous studies (12-19,
21-27) but considers only the order of amino acids. Itis also
important to highlight that the amino acid positions
exposed to TCRs may vary between HLA alleles (68), neces-
sitating careful consideration. On the other hand, the
conformation-based approach could leverage advanced
Al-based algorithms such as AlphaFold, which has been
utilized to ascertain the 3D structure of peptide-HLA-TCR
complexes (71, 153). These methods offer several advan-
tages by accounting for subtle variations in the structure
of TCR-exposed amino acids and taking also the T cell con-
tacting regions of the HLA molecules into account. They are
becoming increasingly practical and could address numer-
ous challenges highlighted in this article.

Finally, treating the definition of similarity to self as a clas-
sification problem is a viable approach (Fig. 2B). The data on
molecules mediating positive selection (on cTECs) or consti-
tuting the immune self (on mTECs) can be leveraged to train
contemporary machine learning models. Similarly, data on
peptides found in pathogens but absent in the human
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proteome can serve as another class. Notably, integrating
T cell cross-reactivity into the models could significantly
enhance their accuracy. A recent method has introduced an
innovative approach to measure the distance between
mutated cancer peptides and their original counterparts. The
method approximates the ability of a TCR to discriminate
between the original and the mutated peptide based on its
cross-reactivity (154, 155). Moreover, it assigns different
weights to peptide positions, considering their impact on
cross-reactivity. Another study recently demonstrated accu-
rate prediction of TCR reactivity within the sequence space
around its agonist peptide (156). These advancements open
avenues for systematically explaining TCR cross-reactivity and
its integration into models predicting self-similarity in future
studies. Such models could offer the probability of a given
peptide belonging to a specific class (e.g., mTEC-presented
peptides), with this probability interpreted as the degree of
similarity to self. Crucially, these models should undergo rig-
orous cross-validation and testing on independent datasets
to ensure accuracy. A highly precise model could potentially
discern self-similarity at a personalized level by considering
the HLA genotype.

In sum, the vague definition ofimmune self presents a con-
siderable challenge in vaccine design and neoantigen identi-
fication, as similarity to immune self is a crucial factor to
consider. The complexity of adaptive immune recognition and
the vast range of potential peptide sequences make it difficult
to accurately assess self-similarity using traditional methods.
Nevertheless, ongoing technological advancements hold the
potential to expedite the future development of precise and
personalized measures.
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Methods

Raw T cell assay results were downloaded from the Immune Epitope Database
(157) as of April 11, 2023. Nine amino acid-long dengue virus and SARS-
CoV-2 peptides were selected (n = 2,261). Nine amino acid-long neopep-
tides were obtained from ref. 1. The human proteome was downloaded from
the UniProt database (51) (SwissProt proteins only, download date: April 11,
2023).

BLAST 2.12.0 (158) was utilized to determine the most similar sequences in
the human proteome for each peptide. We employed ungapped alignment and
setan E value cutoff of 10° to ensure a sufficient number of hits. The maximum
number of target sequences was limited to 100. Subsequently, we estimated the
similarity between all pairs of peptides, following the approach outlined in ref.
13. For each viral peptide and neopeptide, we determined the maximum and
the median of the 100 similarity values. The Hamming distance was defined as
the minimum number of differing amino acids between the given peptide and
its most similar match in the human proteome.

The dissimilarity score was calculated according to the methodology published
in ref. 12. We utilized the dissimilarity score function from antigen.garnish work-
flow (https://github.com/andrewrech/antigen.gamish) with keeping the kand a
parameters unchanged. The TCEM frequency in the human proteome was deter-
mined following the procedure outlined in ref. 17.

Data, Materials, and Software Availability. Code and similarity data of peptides
data have been deposited in Github (https://github.com/immunoteam/journey_
to_your_self) (159). Previously published data were used for this work (https:/
www.iedb.org; https://doi.org/10.1016/j.cell.2020.09.015) (160). All other data
are in the article and/or supporting information.
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