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Abstract

Neoantigens are tumor-specific mutated proteins that are exempt
from central tolerance and are therefore capable of efficiently
eliciting effective T-cell responses. The identification of
immunogenic neoantigens in tumor-specific mutated proteins has
promising clinical implications for cancer immunotherapy.
However, the factors that may contribute to neoantigen
immunogenicity are not yet fully understood. Through molecular
mimicry of antigens arising during cancer progression, the gut
microbiota and previously encountered pathogens potentially
have profound impacts on T-cell responses to previously
unencountered tumor neoantigens. Here, we review the
characteristics of immunogenic neoantigens and how host
exposure to microbes may affect T-cell responses to neoantigens.
We address the hypothesis that pre-existing heterologous memory
T-cell immunity is a major factor that influences neoantigen
immunogenicity in individual cancer patients. Accumulating data
suggest that differences in individual histories of microbial
exposure should be taken into account during the optimisation of
algorithms that predict neoantigen immunogenicity.
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INTRODUCTION

Most tumor-associated antigens (TAAs) targeted
in clinical applications are overexpressed self-
proteins, namely self-antigens. Self-antigens have
low immunogenicity because the high-affinity

T cells that recognise these antigens are deleted
through the mechanism of central tolerance
during thymic development to avoid triggering
autoimmunity. Low immunogenicity is one of the
key reasons for the ineffectiveness of TAA-based
therapeutic antitumor vaccines. In contrast to
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low-immunogenicity TAAs, neoantigens, which
are generated during the degradation of mutated
proteins, are promising anticancer vaccines. As
they are considered to be foreign peptides by the
immune system, they may be highly immunogenic
and capable of eliciting strong T-cell-mediated
immune responses.

Previously, a therapeutic MHC I-restricted
neoantigen vaccine was shown to elicit effective
T-cell immunity that led to tumor rejection in
mice.1 More promisingly, two independent phase
I clinical trials evaluating personalised neoantigen
vaccines triggering both CD4 and CD8 T-cell
activation showed encouraging results in patients
with melanoma.2,3 Neoantigen vaccination has
also been shown to effectively elicit T-cell
responses in patients with glioblastoma, which is
classified as an immunologically cold tumor
characterised by few infiltrating immune cells and
a relatively low mutational burden.4 Furthermore,
mounting evidence demonstrates that the load
and quality of neoantigens are biomarkers for
predicting the efficacy of checkpoint inhibitor-
based cancer immunotherapy.5–7 Therefore, the
identification of immunogenic neoantigens has
promising clinical implications for cancer
immunotherapy.

Currently, the identification of candidate
neoantigens is performed mainly with in silico
human leucocyte antigen (HLA)-binding
prediction algorithms after pinpointing missense
mutations in patient tumor tissue by exome
sequencing. These neoantigen prediction
algorithms are effective for the majority of HLA
class I alleles but perform rather poorly for HLA
class II alleles.8–10 Although novel algorithms
based on mass spectrometry data have been
developed to improve prediction of neoantigens
presented by HLA class II alleles,11–13 it still
remains unclear whether predicted neoantigen
candidates are immunogenic. In fact, the
frequency of immunogenic neoantigens among
candidates is very low.14,15 Besides MHC binding,
other factor, such as the T-cell repertoire of an
individual patient, may be involved in the
immunogenicity of neoantigen candidates.
Evidently, the T-cell repertoire is not only shaped
by genes but also tuned by environmental factors,
including viral or bacterial infections,16–18

vaccines19 and the gut microbiota.20

In this review, we discuss the characteristics of
immunogenic peptides and then elucidate how
the gut microbiota and other environmental

microbes may affect neoantigen immunogenicity
via cross-reactive heterologous memory T-cell
immunity as a result of molecular mimicry among
antigens. We propose that pre-existing memory
T-cell immunity to these microbes is likely to
be an immunoediting factor that sculpts tumors in
individual patients by influencing neoantigen-
specific T-cell responses.

NEOANTIGEN FOREIGNNESS AND
SIMILARITIES BETWEEN NEOANTIGENS
AND MICROBIAL ANTIGENS

Although the factors that affect neoantigen
immunogenicity have not been specifically
addressed thus far and remain largely unknown,
the features of neoantigens correlated with
immunotherapeutic efficacy or disease prognosis
have been described previously.5–7 A study by
Snyder and colleagues showed that the
neoantigens in cancer tissue samples from
cytotoxic T-lymphocyte-associated antigen 4
(CTLA-4) inhibitor-treated patients who exhibited
long-term clinical benefit shared a number of
tetrapeptide sequences that were completely
absent in patients who received no or minimal
benefit. The candidate neoantigens containing
the shared tetrapeptides were homologous to
many viral and bacterial antigens,6 indicating
potential cross-reactivity of T-cell response to the
neoantigens with microbial antigens. However,
this tetrapeptide feature was not confirmed in a
later analysis of human neoantigens identified in
other studies.10,21

Nevertheless, as the host TCR repertoire
evolutionarily adjusts itself to detect pathogenic
antigens, it is believed that neoantigens
homologous to pathogenic antigens are more
likely to be immunogenic than nonhomologous
neoantigens.5,7 Accordingly, a composite
neoantigen quality model has been proposed to
score the potential immunogenicity of neoantigen
candidates on the basis of sequence homology
with pathogenic antigens and the relative
predicted HLA-binding affinity of the neoepitope
compared with that of the corresponding wild-
type peptide. Interestingly, this quality model is
capable of discriminating between long- and
short-term survivors of pancreatic cancer. In other
words, neoantigen quality serves as a predictive
biomarker of survival in patients with pancreatic
cancer.7 It was found that T-cell clones in the
peripheral blood could cross-react with both
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neoantigens and predicted cross-reactive microbial
epitopes. Moreover, these clones were also
present in primary tumors, leading to an
improved antitumor immune response.6,7

Collectively, these studies indicate that the
sequence homology between a neoantigen and
microbial peptide at least partially contributes to
the immunogenicity of the neoantigen.

NEOANTIGEN IMMUNOGENICITY AND
T-CELL RECOGNITION

One of the key features of T cells is their antigen
specificity determined by the TCR. Although T-cell
recognition is very sensitive to a specific
antigen,22 this process is also quite indiscriminate.
When presented by an MHC complex, many
different peptides, which generally have different
MHC anchoring residues, have highly similar
three-dimensional shapes or sequence features
that can be recognised by a single TCR. Thus, one
T-cell clone with a fixed TCR can recognise
approximately one million peptide epitopes with
distinct primary sequences.23,24 Reciprocally, one
peptide can be recognised by many TCR clones
with diverse TCR sequences sharing conserved
antigen-binding motifs.23,25–31 Moreover, several
studies have revealed that TCR contact
conservation in peptide antigens contributes to
cross-reactivity.29,32,33 One conserved anchoring
amino acid associated with two or more
conserved TCR-contacting amino acids within a
core nonamer is sufficient to enable two different
MHC II-binding peptides to cross-react with the
same TCR.29,34 Similarly, an MHC I-restricted CD8
T-cell TCR can cross-react with altered peptide
antigens harbouring one or two substitutions in
the TCR contact positions.35–37 Additionally, the
conservation of a binding motif comprising only
three amino acids in the central part of HLA-A2
ligands has been shown to be sufficient to
activate an autoreactive TCR clone.31,38 The
complexity of the interaction between a peptide/
MHC complex and TCR can explain the discordant
findings regarding tetrapeptides shared by
neoantigens and microbial peptides: the shared
tetrapeptides are neither necessarily required nor
sufficient to determine the cross-reactivity
between neoantigens and microbial homologs.6,10

However, studies have shown that homology
among TCR-contacting residues contributes to TCR
cross-reactivity between self-peptides and
microbial or environmental peptides.29,30 The

degree of similarity between a foreign peptide
antigen and self-antigen determines the number
of precursor T cells specific for the foreign
antigen. Thus, the higher the number of self-
antigens similar to a foreign peptide antigen, the
smaller the foreign peptide-specific T-cell
population will be as a result of increased clonal
deletion in the thymus.29

Neoantigens are generated from mutated self-
antigens; thus, the degree of similarity in three-
dimensional shape between the TCR contact
residues of a neoantigen and those of a self-
antigen determines the foreignness of the
neoantigen. In other words, neoantigen
immunogenicity is set by the degree of similarity
between the TCR contacts of a neoantigen and
those of both self-antigens and foreign antigens
(Figure 1a).

MICROBIOTA AS A POTENTIAL FACTOR
THAT INFLUENCES T-CELL RESPONSES
TO NEOANTIGENS

Mammals have trillions of gut microorganisms,
including predominantly bacteria but also fungi,
archaea, viruses and protozoans. The microbiota
coexists with the host and is highly related to
both the development and function of the
immune system. The interactions of defined
microorganisms with their host can be highly
contextual with the same microbe developing as a
mutualist or parasite according to the nutritional,
coinfection or genetic landscape of the host. As
pathogens, the microorganisms of the microbiota
can lead to infection and inflammation; as
mutualists, they help the host digest food, act as a
barrier for pathogen defence and regulate a
variety of mucosal immune responses.39,40

More deeply, commensal microorganisms are
required for the maturation of the immune
system, which ‘learns’ to distinguish commensal
bacteria from pathogenic bacteria and tolerate
these commensal microorganisms. The gut
microbiota continues to influence the immune
system in different ways. It has been shown to
modulate neutrophil migration and function and
to affect the differentiation of T-cell populations
into different types of helper cells (Th) or into
regulatory T cells. Additionally, the
gastrointestinal tract is one of the main entry sites
for pathogens. In gastrointestinal infections,
pathogens are captured by Peyer’s patch-resident
M cells that allow pathogen-derived antigens to
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be transferred across the epithelial cell layer and
delivered to the peripheral immune system,
specifically to antigen-presenting cells such as
dendritic cells (DCs), leading to the activation of T
cells, and B cells, leading to the secretion of IgA
antibodies. Interestingly, commensal antigens also
use this mechanism to induce the production of
low amounts of IgA antibodies through the
modulation of their immunodominant epitopes to
facilitate colonisation.41

Through exposure to various complex bacterial
antigens, the immune system accurately adapts its
innate and adaptive responses against self-
antigens and nonself antigens. Accumulating
evidence shows the function of the gut microbiota
in modulating both host carcinogenesis and
antitumor immunity. The previously mentioned
study of long-term survivors of pancreatic cancer
found that neoantigen-specific T cells existed in
the peripheral blood and that tumor-infiltrating
leucocytes cross-reacted with both neoantigens
and homologous microbial antigens.7 This
intriguing result indicates that microbial exposure
may shape T-cell responses to cancer neoantigens
by modulating T-cell cross-reactivity.

Gut commensal microbes that coexist
innocuously with the host express the foreign
antigens that the host is most frequently exposed
to. Exposure to microbial antigens not only
generates memory T cells specific for these
antigens but also increases the number of T cells
that cross-react with previously unencountered
antigens. Therefore, the gut microbiota
potentially has a profound impact on the T-cell
response to previously unencountered tumor
neoantigens arising during cancer progression or
viral antigens acquired in a relatively late stage. A
study by Su et al. showed that memory-
phenotype, human immunodeficiency virus (HIV)
antigen-specific T cells existed in the peripheral
blood of HIV-seronegative adults. In contrast,
these memory-phenotype cells were absent in
umbilical cord blood at birth. Interestingly, these
HIV-specific T cells produced IFN-c and IL-2 when
stimulated with peptides from gut microbes,
including human gut commensals such as
Ruminococcus, Lachnospiraceae and
Bifidobacterium species. Therefore, one plausible
conclusion is that host exposure to the cross-
reactive antigens of diverse environmental or gut

Figure 1. Central tolerance and microbial exposure both affect neoantigen immunogenicity. (a) Neoantigen immunogenicity is related to the

degree of similarity between the amino acid (AA) sequence of the neoantigen and the AA sequences of both self-antigens (green line) and foreign

antigens (red line). AA sequence similarity can be characterised by the following features, such as peptide sequence homology, three dimensional

shape, and hydrophobicity, charge and length of the side chain of the mutated amino acid. (b) Central tolerance deletes T cells (red) that strongly

react with self-antigens through the process of negative selection and spares T cells that mainly react with foreign antigens (green and purple).

Microbial exposure increases the likelihood of neoantigen immunogenicity by expanding cross-reactive heterologous memory T cells (purple).
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microbes results in the generation of memory T
cells that can respond to unencountered
antigens,20,42 including both viral antigens and
somatic mutation-derived neoantigens.

The gut microbiota greatly influences both
innate and adaptive immune responses. Recently,
it was revealed that microbiome sequence
similarity can increase or decrease the
immunogenicity of MHC II-restricted CD4 T-cell
epitopes.43 Inflammatory or tolerogenic influences
tend to be associated with subsets of microbial
genera; Fusobacterium is mostly related to
inflammatory influences, and Bacteroides is mostly
related to tolerogenic influences in humans.43

Interestingly, several studies have shown that
specific genera of gut microbes are associated
with the efficacy of checkpoint inhibitors.
Bifidobacterium was found to be associated with
the antitumor effects of programmed cell death
protein 1 ligand 1 (PD-L1)-specific antibody
therapy in a mouse model of melanoma. Oral
administration of Bifidobacterium to recipient
mice with an established tumor was shown to
increase the tumor-specific CD8 T-cell response
and reduce tumor growth.44 Similarly, Bacteroides
fragilis and Burkholderia cepacia, which both
belong to the genus Bacteroides, enhance the
antitumor effect of anti-CTLA-4 antibodies in
mice,45 while Bifidobacterium species ameliorate
the gut immunopathology associated with CTLA-4
blockade.46 In the context of programmed cell
death protein 1 (PD-1) blockade, Akkermansia
muciniphila has been identified to be associated
with the best clinical response in non-small-cell
lung cancer (NSCLC) patients.47 Although the gut
microbiota generally contributes to the efficacy of
checkpoint inhibitors, it is important to note that
the bacteria identified to modulate the efficacies
of different checkpoint inhibitors are completely
distinct in different studies. Nevertheless, the
increases in antitumor effects are consistently
attributed to memory CD4 T-cell-dependent
mechanisms in both CTLA-4 and PD-1/PD-L1
blockade therapies. Thus, it is speculated that
molecular mimicry between gut microbiota
epitopes and tumor neoantigens as a result of
their antigenic similarities can account for the
efficacy of immune checkpoint inhibitors.45

However, sequence similarity with a microbiota-
derived epitope does not guarantee that an
epitope will have higher immunogenicity than an
epitope without sequence similarity. It has been
reported that CD4 T-cell epitope immunogenicity

tends to be associated with the nature of the
microbiota that shares sequence similarity with
the epitope.43 For example, in addition to
sequence similarity, microbiota-derived signals are
able to polarise antigen-primed CD4 T cells into
distinct T helper subsets, contributing to distinct
immune responses.48 Thus, future investigations
should investigate how sequence similarity
between neoantigens and microbiota-derived
antigens affects the T-cell response and consider
this impact in combination with other immune
features of the microbe from which the microbial
epitope is derived.

PRE-EXISTING HETEROLOGOUS
IMMUNITY AFFECTS SUBSEQUENT
T-CELL RESPONSES TO UNRELATED
ANTIGENS

Unlike mice that live in specific-pathogen-free
environments, humans are constantly exposed to
various microbes after birth and receive various
microbial vaccines. A serological profiling study of
human populations revealed that every adult was
exposed to an average of 10 viral species and
some adults were even exposed to 84 species.49

Microbial exposure or infection can have both
short-term and long-term effects on the immune
system, particularly transforming subsets of T cells
into memory cells. Over time, memory T cells
accumulate and become an important part of the
T-cell repertoire42,50,51; therefore, these cells
influence immune responses against new
challenges (Figure 1b).

It has been shown that prior exposure to a
related or completely unrelated pathogen can
alter the host immune response to a second
heterologous pathogen. This phenomenon is
named heterologous immunity. Memory T cells
play a critical role in long-term heterologous
immunity.52,53 Pre-existing T-cell memory enhances
T-cell responses to cross-reactive epitopes, shaping
the epitope dominance of secondary viral
infections.54–56 Cross-reactive memory T cells can
contribute to protective immunity or
immunopathology upon a secondary virus
infection, most likely because of the enhancement
of the T-cell response. For example, a patient who
has been infected with one of the four dengue
virus serotypes will more likely develop severe
haemorrhagic fever upon infection with a second
serotype.57,58 The activation of cross-reactive
memory CD8 T cells specific for influenza A virus
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has been found to be associated with acute
infectious mononucleosis caused by Epstein–Barr
virus (EBV).59 Because memory T cells respond to
antigens earlier and more robustly than naive T
cells, it is believed that the pre-existence of cross-
reactive memory T cells may contribute to
individual differences in the clinical outcomes of
viral infections, such as hepatitis C virus (HCV),
EBV and HIV infections in humans.52,60

How pre-existing heterologous immunity to
viral and microbial pathogens affects neoantigen-
specific T-cell responses has not yet been fully
investigated. However, the previously mentioned
study by Balachandran et al.7 found that some
neoantigen-specific T cells were cross-reactive with
homologous noncancer microbial antigens in the
long-term survivors of pancreatic cancer. Thus, it
is plausible that pre-existing heterologous
immunity induced by prior microbial exposure in
cancer patients likely influences T-cell response to
tumor neoantigens via the cross-reactivity of
homologous microbial epitopes. Consistent with

the frequent exposure to common viral
pathogens, such as human cytomegalovirus,
human papillomavirus and hepatitis C virus, in
humans,49 epitopes from these viruses were found
to cross-react with neoantigens in cancer
patients6,7 (Table 1). Interestingly, the frequencies
of TCR repertoire recognising these common
pathogens are higher because of the clonal
expansion.61 Thus, it is most likely that the
neoantigens that cross-react with antigens of
common pathogens elicit more robust T-cell
response as a result of recalling heterologous
memory response than those neoantigens that are
recognised by na€ıve T cells.

CONCLUSION AND PERSPECTIVES

In all, evidence supports the possibility that
microbial exposure can shape neoantigen-specific
T-cell responses through TCR-mediated cross-
reactivity (Table 2). It remains largely unknown
how microbial exposure influences host T-cell

Table 1. Validated neoantigens that share homologs to microbial antigens

Wild-type peptide Neoantigen peptide Cross-reacting microbial peptide HLA restriction Microbial species Reference

YLLGSSALT YLLESSALT SSAKRKMDPD HLA-A*2402 Human cytomegalovirus 6

VGSSADILY VESSADILY SSAKRKMDPD HLA-A*2402 Human cytomegalovirus 6

YFPEESSAL YSPEESSAL SSAKRKMDPD HLA-A*2402 Human cytomegalovirus 6

GLERGGFTF GLEREGFTF ALKREGFTF HLA-A*03:01 Burkholderia pseudomallei 6

TKSPFEQHI TESPFEQHI GVPESPFSRT NR Hepatitis D virus 6

QEFENIKSS QEFENIKSY QRFHNIRGR HLA-A*C1203 Human papillomavirus 7

GIICLDCKL GIICLDYKL TMGVLCLAIL HLA-A*A0201 Dengue virus 7

LSLMSTLGI LLLMSTLGI LLMGTLGIV HLA-A*A0201 Human papillomavirus 7

QTYQRMWNY QTYQHMWNY AFWAKHMWNF HLA-A*A0301 Hepatitis C virus 7

LPRQYWEEL LPRQYWEAL KLLPEGYWV HLA-A*B0702 Francisella tularensis 7

RPQGQRPAP RPQGQRPAL SPRGSRPSW HLA-A*B0702 Hepatitis C virus 7

RVRDIVPTL RVWDIVPTL KPWDVVPTV HLA-A*A0201 Dengue virus 7

Bold letters in neoantigens indicate mutated amino acids that are different from wild-type peptide. The italic letters in microbial antigens

indicate amino acids that are identical in neoantigen sequences. NR indicates no report on the HLA restriction.

HCMV IE-1 protein contains MESSAKRKMDPDNPD, which shares tetrapeptide ESSA with neoantigens, YLLESSALT, VESSADILY and YSPEESSAL,

whereas the peptide MESSAKRKM is predicted to be presented by HLA-B*40:01, HLA-B*40:02 or HLA-B*40:03 when analysed with IEDB

algorithm. We show the validated HLA-A*2402-restricted HCMV epitope, SSAKRKMDPD.64

Table 2. The evidence for the possibility that microbial exposure can shape mutation-derived neoantigen-specific T-cell responses through

TCR-mediated cross-reactivity

Supporting evidence Reference

(1) Direct cross-reactivity of neoantigens to microbial antigens 6,7

(2) Existence of memory-like human T cells that respond to unexposed antigens 46

(3) Heterologous memory T cells affect the subsequent response to cross-reactive antigens. 56–58

(4) The observations that microbiome can influence cancer development and responsiveness to immunotherapies 48–51
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response to cross-reactive neoantigen. As
exposure to microbes generates memory T cells
and memory T cells respond to antigen
more quickly and strongly, microbial exposure
likely enhances neoantigen immunogenicity by
eliciting heterologous memory T-cell immunity in
hosts. However, it cannot rule out the possibility
that the types of exposed microbes are also
critical for affecting host T-cell response to cross-
reactive neoantigens. In other words, are the
neoantigens that are cross-reactive to pathogenic
microbes more immunogenic? Are the
neoantigens that are cross-reactive to tolerant
commensal microbes less immunogenic? Thus, it
merits further investigating how microbial
exposure affects neoantigen immunogenicity
through heterologous cross-reactive memory T-cell
immunity. Furthermore, heterologous immunity,
as an immune editor,62 likely sculpts the
landscape of neoantigens, thus affecting tumor
immunogenicity in individual patients. Since the
TCR repertoire is a central component that
determines the specificity of heterologous
immunity, recent progress in methods for both
TCR sequencing and functional gene expression
analysis at the single T-cell level will shed light on
the mechanism underlying this important issue.63

Given that gut microbiota and environmental
bacterial exposure histories vary among individuals
in different countries, pre-existing heterologous
memory T-cell immunity may also vary among
individual cancer patients. The T-cell immune
repertoire and function shaped by regional
differences in the gut microbiota, environmental
bacteria and endemic infectious agents should be
investigated in the process of determining the
quality or immunogenicity of a neoantigen. In
general, we propose that the degree of similarity
between microbial antigens and self-antigens can
be considered to be an immunogenicity parameter
for neoantigen prediction.

ACKNOWLEDGMENTS

This work was supported by the start-up fund of the
Nanshan Scholarship of Guangzhou Medical University, the
Guangzhou Key Medical Discipline Construction Project
Fund, the National Natural Science Foundation of China
(31870829, 81771739 and 81972668), the National Key
Research and Development Program of China
(SQ2018YFA090045-01), the Program for Professor of Special
Appointment (Eastern Scholar) at Shanghai Institutions of
Higher Learning, and the Science and Technology
Committee of Shanghai (18JC1414100).

CONFLICT OF INTEREST

The authors declare no conflict of interest.

REFERENCES

1. Gubin MM, Zhang X, Schuster H et al. Checkpoint
blockade cancer immunotherapy targets tumour-specific
mutant antigens. Nature 2014; 515: 577–581.

2. Ott PA, Hu Z, Keskin DB et al. An immunogenic
personal neoantigen vaccine for patients with
melanoma. Nature 2017; 547: 217–221.

3. Sahin U, Derhovanessian E, Miller M et al. Personalized
RNA mutanome vaccines mobilize poly-specific therapeutic
immunity against cancer. Nature 2017; 547: 222–226.

4. Keskin DB, Anandappa AJ, Sun J et al. Neoantigen
vaccine generates intratumoral T cell responses in phase
Ib glioblastoma trial. Nature 2019; 565: 234–239.

5. Luksza M, Riaz N, Makarov V et al. A neoantigen fitness
model predicts tumour response to checkpoint blockade
immunotherapy. Nature 2017; 551: 517–520.

6. Snyder A, Makarov V, Merghoub T et al. Genetic basis
for clinical response to CTLA-4 blockade in melanoma.
N Engl J Med 2014; 371: 2189–2199.

7. Balachandran VP, Luksza M, Zhao JN et al. Identification
of unique neoantigen qualities in long-term survivors of
pancreatic cancer. Nature 2017; 551: 512–516.

8. Editorial. The problem with neoantigen prediction. Nat
Biotechnol 2017; 35: 97.

9. Muller M, Gfeller D, Coukos G, Bassani-Sternberg M.
‘Hotspots’ of antigen presentation revealed by human
leukocyte antigen ligandomics for neoantigen
prioritization. Front Immunol 2017; 8: 1367.

10. Schumacher TN, Schreiber RD. Neoantigens in cancer
immunotherapy. Science 2015; 348: 69–74.

11. Abelin JG, Harjanto D, Malloy M et al. Defining HLA-II
ligand processing and binding rules with mass
spectrometry enhances cancer epitope prediction.
Immunity 2019; 51: 766–779.e17.

12. Chen B, Khodadoust MS, Olsson N et al. Predicting HLA
class II antigen presentation through integrated deep
learning. Nat Biotechnol 2019; 37: 1332–1343.

13. Racle J, Michaux J, Rockinger GA et al. Robust
prediction of HLA class II epitopes by deep motif
deconvolution of immunopeptidomes. Nat Biotechnol
2019; 37: 1283–1286.

14. Capietto AH, Jhunjhunwala S, Delamarre L.
Characterizing neoantigens for personalized cancer
immunotherapy. Curr Opin Immunol 2017; 46: 58–65.

15. van Rooij N, van Buuren MM, Philips D et al. Tumor
exome analysis reveals neoantigen-specific T-cell
reactivity in an ipilimumab-responsive melanoma. J Clin
Oncol 2013; 31: e439–e442.

16. Crowe SR, Turner SJ, Miller SC et al. Differential antigen
presentation regulates the changing patterns of CD8+

T cell immunodominance in primary and secondary
influenza virus infections. J Exp Med 2003; 198: 399–410.

17. Luciani F, Sanders MT, Oveissi S, Pang KC, Chen W.
Increasing viral dose causes a reversal in CD8+ T cell
immunodominance during primary influenza infection
due to differences in antigen presentation, T cell avidity,
and precursor numbers. J Immunol 2013; 190: 36–47.

ª 2020 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology Inc.
2020 | Vol. 9 | e1111

Page 7

Q Leng et al. Microbial exposure and neoantigen immunogenicity



18. Lichterfeld M, Yu XG, Mui SK et al. Selective depletion
of high-avidity human immunodeficiency virus type 1
(HIV-1)-specific CD8+ T cells after early HIV-1 infection.
J Virol 2007; 81: 4199–4214.

19. Wang L, Zhang W, Lin L et al. A Comprehensive analysis
of the T and B lymphocytes repertoire shaped by HIV
vaccines. Front Immunol 2018; 9: 2194.

20. Nolz JC, Harty JT. One bug or another: promiscuous
T cells form lifelong memory. Immunity 2013; 38: 207–
208.

21. Schumacher TN, Kesmir C, van Buuren MM. Biomarkers
in cancer immunotherapy. Cancer Cell 2015; 27: 12–14.

22. Huang J, Brameshuber M, Zeng X et al. A single
peptide-major histocompatibility complex ligand
triggers digital cytokine secretion in CD4+ T cells.
Immunity 2013; 39: 846–857.

23. Mason D. A very high level of crossreactivity is an
essential feature of the T-cell receptor. Immunol Today
1998; 19: 395–404.

24. Wooldridge L, Ekeruche-Makinde J, van den Berg HA
et al. A single autoimmune T cell receptor recognizes
more than a million different peptides. J Biol Chem
2012; 287: 1168–1177.

25. Leng Q, Bentwich Z. Beyond self and nonself: fuzzy
recognition of the immune system. Scand J Immunol
2002; 56: 224–232.

26. Eisen HN. Specificity and degeneracy in antigen
recognition: yin and yang in the immune system. Annu
Rev Immunol 2001; 19: 1–21.

27. Sercarz EE, Maverakis E. Recognition and function in a
degenerate immune system. Mol Immunol 2004; 40:
1003–1008.

28. Wucherpfennig KW. T cell receptor crossreactivity as a
general property of T cell recognition. Mol Immunol
2004; 40: 1009–1017.

29. Nelson RW, Beisang D, Tubo NJ et al. T cell receptor
cross-reactivity between similar foreign and self
peptides influences naive cell population size and
autoimmunity. Immunity 2015; 42: 95–107.

30. Birnbaum ME, Mendoza JL, Sethi DK et al.
Deconstructing the peptide-MHC specificity of T cell
recognition. Cell 2014; 157: 1073–1087.

31. Glanville J, Huang H, Nau A et al. Identifying specificity
groups in the T cell receptor repertoire. Nature 2017;
547: 94–98.

32. Lucca LE, Desbois S, Ramadan A et al. Bispecificity for
myelin and neuronal self-antigens is a common feature
of CD4 T cells in C57BL/6 mice. J Immunol 2014; 193:
3267–3277.

33. Bentzen AK, Such L, Jensen KK et al. T cell receptor
fingerprinting enables in-depth characterization of the
interactions governing recognition of peptide-MHC
complexes. Nat Biotechnol 2018; 36: 1191–1196.

34. Reay PA, Kantor RM, Davis MM. Use of global amino
acid replacements to define the requirements for MHC
binding and T cell recognition of moth cytochrome c
(93–103). J Immunol 1994; 152: 3946–3957.

35. Zehn D, Lee SY, Bevan MJ. Complete but curtailed T-cell
response to very low-affinity antigen. Nature 2009; 458:
211–214.

36. Petrova GV, Gorski J. Cross-reactive responses to
modified M158-66 peptides by CD8+ T cells that use

noncanonical BV genes can describe unknown
repertoires. Eur J Immunol 2012; 42: 3001–3008.

37. Daniels MA, Teixeiro E, Gill J et al. Thymic selection
threshold defined by compartmentalization of Ras/
MAPK signalling. Nature 2006; 444: 724–729.

38. Cole DK, Bulek AM, Dolton G et al. Hotspot
autoimmune T cell receptor binding underlies
pathogen and insulin peptide cross-reactivity. J Clin
Invest 2016; 126: 3626.

39. Faith JJ, Guruge JL, Charbonneau M et al. The long-
term stability of the human gut microbiota. Science
2013; 341: 1237439.

40. Belkaid Y, Hand TW. Role of the microbiota in
immunity and inflammation. Cell 2014; 157: 121–141.

41. Lazar V, Ditu LM, Pircalabioru GG et al. Aspects of gut
microbiota and immune system interactions in
infectious diseases, immunopathology, and cancer.
Front Immunol 2018; 9: 1830.

42. Su LF, Kidd BA, Han A, Kotzin JJ, Davis MM. Virus-
specific CD4+ memory-phenotype T cells are abundant
in unexposed adults. Immunity 2013; 38: 373–383.

43. Carrasco Pro S, Lindestam Arlehamn CS, Dhanda SK
et al. Microbiota epitope similarity either dampens or
enhances the immunogenicity of disease-associated
antigenic epitopes. PLoS One 2018; 13: e0196551.

44. Sivan A, Corrales L, Hubert N et al. Commensal
Bifidobacterium promotes antitumor immunity and
facilitates anti-PD-L1 efficacy. Science 2015; 350: 1084–
1089.

45. Vetizou M, Pitt JM, Daillere R et al. Anticancer
immunotherapy by CTLA-4 blockade relies on the gut
microbiota. Science 2015; 350: 1079–1084.

46. Wang F, Yin Q, Chen L, Davis MM. Bifidobacterium can
mitigate intestinal immunopathology in the context of
CTLA-4 blockade. Proc Natl Acad Sci USA 2018; 115:
157–161.

47. Routy B, Le Chatelier E, Derosa L et al. Gut microbiome
influences efficacy of PD-1-based immunotherapy
against epithelial tumors. Science 2018; 359: 91–97.

48. Brown EM, Kenny DJ, Xavier RJ. Gut microbiota
regulation of T cells during inflammation and
autoimmunity. Annu Rev Immunol 2019; 37: 599–624.

49. Xu GJ, Kula T, Xu Q et al. Viral immunology.
Comprehensive serological profiling of human
populations using a synthetic human virome. Science
2015; 348: aaa0698.

50. Leng Q, Borkow G, Weisman Z, Stein M, Kalinkovich A,
Bentwich Z. Immune activation correlates better than
HIV plasma viral load with CD4 T-cell decline during
HIV infection. J Acquir Immune Defic Syndr 2001; 27:
389–397.

51. Borkow G, Leng Q, Weisman Z et al. Chronic immune
activation associated with intestinal helminth infections
results in impaired signal transduction and anergy.
J Clin Invest 2000; 106: 1053–1060.

52. Welsh RM, Selin LK. No one is naive: the significance of
heterologous T-cell immunity. Nat Rev Immunol 2002;
2: 417–426.

53. Gil A, Kenney LL, Mishra R, Watkin LB, Aslan N, Selin
LK. Vaccination and heterologous immunity: educating
the immune system. Trans R Soc Trop Med Hyg 2015;
109: 62–69.

2020 | Vol. 9 | e1111

Page 8

ª 2020 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology Inc.

Microbial exposure and neoantigen immunogenicity Q Leng et al.



54. Brehm MA, Pinto AK, Daniels KA, Schneck JP, Welsh RM,
Selin LK. T cell immunodominance and maintenance of
memory regulated by unexpectedly cross-reactive
pathogens. Nat Immunol 2002; 3: 627–634.

55. Haanen JB, Wolkers MC, Kruisbeek AM, Schumacher TN.
Selective expansion of cross-reactive CD8+ memory
T cells by viral variants. J Exp Med 1999; 190: 1319–1328.

56. Klenerman P, Zinkernagel RM. Original antigenic sin
impairs cytotoxic T lymphocyte responses to viruses
bearing variant epitopes. Nature 1998; 394: 482–485.

57. Mongkolsapaya J, Dejnirattisai W, Xu XN et al. Original
antigenic sin and apoptosis in the pathogenesis of
dengue hemorrhagic fever. Nat Med 2003; 9: 921–927.

58. Screaton G, Mongkolsapaya J, Yacoub S, Roberts C.
New insights into the immunopathology and control of
dengue virus infection. Nat Rev Immunol 2015; 15: 745–
759.

59. Clute SC, Watkin LB, Cornberg M et al. Cross-reactive
influenza virus-specific CD8+ T cells contribute to
lymphoproliferation in Epstein-Barr virus-associated
infectious mononucleosis. J Clin Invest 2005; 115: 3602–
3612.

60. Cornberg M, Wedemeyer H. Hepatitis C virus infection
from the perspective of heterologous immunity. Curr
Opin Virol 2016; 16: 41–48.

61. DeWitt WS 3rd, Smith A, Schoch G, Hansen JA, Matsen
FA, Bradley P. Human T cell receptor occurrence
patterns encode immune history, genetic background,
and receptor specificity. eLife 2018; 7: e38358.

62. Dunn GP, Old LJ, Schreiber RD. The three Es of cancer
immunoediting. Annu Rev Immunol 2004; 22: 329–360.

63. Han A, Glanville J, Hansmann L, Davis MM. Linking
T-cell receptor sequence to functional phenotype at the
single-cell level. Nat Biotechnol 2014; 32: 684–692.

64. Lim JB, Kim HO, Jeong SH et al. Identification of HLA-
A*2402-restricted HCMV immediate early-1 (IE-1)
epitopes as targets for CD8+ HCMV-specific cytotoxic
T lymphocytes. J Transl Med 2009; 7: 72.

This is an open access article under the terms of

the Creative Commons Attribution License,

which permits use, distribution and reproduction

in any medium, provided the original work is

properly cited.

ª 2020 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology Inc.
2020 | Vol. 9 | e1111

Page 9

Q Leng et al. Microbial exposure and neoantigen immunogenicity

http://creativecommons.org/licenses/by/4.0/

