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Scaling up robust immunopeptidomics technologies
for a global T cell surveillance digital network

Saketh Kapoor™, Loize Maréchal2*@®, Isabelle Sirois?, and Etienne Caron*>3@®

The human immunopeptidome plays a central role in disease susceptibility and resistance. In our opinion, the development of
immunopeptidomics and other peptide sequencing technologies should be prioritized during the next decade, particularly
within the framework of the Human Immunopeptidome Project initiative. In this context, we present bold ideas, fresh
arguments, and call upon industrial partners and funding organizations to support and champion this important initiative that
we believe has the potential to save countless lives in the future.

Introduction

Immunopeptidomics is a mass spectrometry
(MS)-driven discipline that investigates the
plethora of antigenic peptides presented by
human leukocyte antigen (HLA) molecules,
collectively referred to as the human im-
munopeptidome. Quantifying the complex-
ity of the human immunopeptidome is an
ongoing endeavor. At the population level,
over 37,000 distinct classical HLA alleles
have been documented. Typically, an indi-
vidual expresses up to six HLA-I and six
HLA-II alleles, each of which generally
presents a different set of peptides. At the
cellular level, as many as 3,000,000 copies
of HLA-I molecules adorn the cell surface.
Each peptide can be presented in varying
quantities, ranging from 1 to 10,000 copies
per cell, with exceptions exceeding 100,000
copies per cell (Stutzmann et al, 2023).
Furthermore, notable variations in the im-
munopeptidome have been observed across
different organs, both within and between
individuals (Kubiniok et al., 2022). Conse-
quently, the human immunopeptidome un-
deniably stands as a realm of remarkable
complexity and diversity.

T cells navigate through this complexity
and seek for “abnormal” peptides that origi-
nate from intracellular perturbations (path-
ogenic sources, neoplastic transformation,

etc.). The abnormal cells are then eradicated
once engaged by T cells. In this context,
immunopeptidomics is increasingly applied
to identify tumor-specific antigens (TSAs),
non-canonical HLA peptides originating
from unannotated alternative reading frames
or from non-coding regions of the genome, as
well as post-translationally modified TSAs
(Chong et al., 2022; Ouspenskaia et al., 2022;
Laumont et al., 2018). Immunopeptidomics
has also received much attention to help
improve epitope prediction algorithms,
which are highly accessible and can be rap-
idly tested in translational research for vac-
cine design or T cell-based immunotherapy
(Gfeller et al., 2023).

Running parallel to the current com-
munity’s strong emphasis on the therapeu-
tic aspects, we envision that the applications
and impact of immunopeptidomics could
extend far beyond the present scope. Look-
ing at the broader perspective, we believe
that uncovering hidden signatures
within the intricate landscape of the im-
munopeptidome holds the potential to play
a major role in advancing predictive and
preventive medicine in the future. In our
opinion, this could be achieved through
the systematic profiling of the im-
munopeptidome in large-scale population-
based association studies, an approach that

we recently coined as the immunopeptidome-
wide associated study (IWAS) paradigm
(Vizcaino et al., 2020). As stated by Bill
Gates: “Treatment without prevention is
simply unsustainable.” In this article, we
put forth arguments in favor of this global
effort, particularly in the context of ad-
vocating for a multi-decade NIH-funded
Human Immunopeptidome Project.

The influence of the immunopeptidome
in disease susceptibility and resistance:
New lessons from the COVID-19 and the
Black Death pandemics

Variations in HLAs and antigen presenta-
tion have been associated with the greatest
number of human diseases, spanning from
cancer and autoimmune diseases to neuro-
degenerative disorders (Wang et al., 2020;
Sulzer et al.,, 2017; Trowsdale and Knight,
2013; Unanue et al., 2016). Furthermore,
accumulating evidence indicates that the
genetic susceptibility to numerous diseases
finds its roots in the remarkable diversity
of the human immunopeptidome (Vizcaino
et al., 2020). This being said, on a positive
note, this extraordinary diversity primarily
serves an evolutionary purpose—to in-
crease the likelihood that certain individuals
in the global population can effectively
mobilize T cell responses against emerging
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Figure 1. Moving from genomics to immunopeptidomics surveillance. (A) World map illustrating
the ambition of profiling immunopeptidomes across human populations using advanced im-
munopeptidomics technologies. A microfluidic device for automated sample preparation and a mass

spectrometer for data acquisition are shown as rep

resentative examples of technologies that could be

further developed. (B) Schematic of the workflow to identify immunopeptidomic signatures of disease
susceptibility/resistance to stratify patients and help personalize mitigation strategies in future pan-
demics. SARS-CoV-2 is used for illustrating the concept. In this example, viral peptides are isolated at
populations-scale from plasma samples (patient cohorts). Fictive bar plot of HLA-I-allele-specific self
peptides in different organs (patient #1) and population-scale quantitative digital maps of soluble HLA-
associated SARS-CoV-2 peptides from plasma samples are illustrated.

infections, thus ensuring survival of our
species. An illustrative case of this phe-
nomenon can be seen in the context of the
HIV epidemic, where HLA-B*57 and -B*27
have been highly associated with the ability
to control viral replication and disease pro-
gression (Migueles et al., 2000; Blackwell
et al., 2009). In the context of COVID-19,
Augusto et al. (2023) found that HLA-B*15:
01 individuals were associated with a much
higher likelihood of asymptomatic infection.
In addition, they demonstrated that at least
one B*15:01-associated SARS-CoV-2 peptide
(NQKLIANQF) was important for triggering
an effective CD8* T cell response that could
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enhance protection in those individuals
(Augusto et al., 2023).

Looking back at the historical context of
the Black Death, the most devastating pan-
demic in human history that killed 30-50%
of the Afro-Eurasia population in the mid-
14th century, a recent genetic study has shed
light on a fascinating discovery. Klunk et al.
(2022) revealed that individuals expressing
a particular variant of ERAAP (endoplasmic
reticulum aminopeptidase associated with
antigen processing) had a higher likelihood
of surviving the bacterium Yersinia pestis,
the causative agent of the Black Death. This
is interesting because ERAAP is a key

enzyme in antigen processing and is known
to shape the composition of the HLA im-
munopeptidome (Serwold et al, 2002;
Nagarajan et al., 2016). One could therefore
hypothesize the existence of distinct im-
munopeptidomic signatures in individuals
who succumbed to the Black Death com-
pared to those who survived. With this in
mind, several intriguing questions naturally
arise: (1) What exactly are those distinctive
signatures? (2) Can we establish a correla-
tion between those immunopeptidomic sig-
natures and factors such as T cell activity,
disease progression, and the ultimate out-
come of death or survival? (3) Is it possible
to detect those signatures prior to any ex-
posure to Y. pestis? And if so, (4) could we
leverage those immunopeptidomic sig-
natures as a prognostic marker for predict-
ing disease susceptibility or resistance,
before any exposure occurs?

Similarly, going back to the onset
of the COVID-19 pandemic, could im-
munopeptidome profiling of individuals
unveil distinctive “at-risk” profiles for se-
vere infection in contrast to “resistant”
profiles for asymptomatic infection? For
instance, beside the B*15 peptide mentioned
above, many other SARS-COV-2 peptides
could be discovered and associated with
asymptomatic or mild infections. Thinking
forward, could we contemplate the applica-
tion of robust immunopeptidomic profiling
methods in future pandemics to predict
disease susceptibility/resistance and per-
sonalize mitigation strategies to avoid po-
tential disruption of societies?

To address these questions seriously, two
crucial elements need to converge. First,
we must access advanced technology that
can swiftly and comprehensively identify
and quantify the complete range of im-
munopeptidomic peptides, both self and
non-self, in all cell and tissue types across
diverse individuals. Ideally, this technology
should be rapid, robust, unbiased, cost ef-
fective, and capable of offering a compre-
hensive view. Second, such a mapping
endeavor should extend to a population-
scale scope.

Currently, immunopeptidomics technol-
ogies fall relatively short in terms of the
sensitivity, robustness, and accessibility es-
sential for tackling the above questions. Yet,
recognizing the profound impact of the im-
munopeptidome on disease susceptibility
and resistance, we firmly assert that thisis a
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matter of utmost significance. It under-
scores a compelling justification for mobi-
lizing substantial funding to drive forward
the necessary technological advancements.
The importance of this endeavor cannot be
overstated, and it is imperative that we
commit the required resources to unravel the
mysteries of the human immunopeptidome.
As a first step, a solid scientific framework
was established several years ago: the Human
Immuno-Peptidome Project (HIPP).

The Human Immuno-Peptidome Project
First phase

To expedite progress in achieving robust
and comprehensive immunopeptidome
analysis, ultimately at population scale,
leaders in the field of immunopeptidomics
took a pivotal step in 2015. They established
the HIPP as a pioneering initiative under the
Human Proteome Organization (HUPO;
https://hupo.org/Immuno-Peptidome). The
HUPO-HIPP initiative was conceived with a
visionary aim: to democratize access to im-
munopeptidomics data, robust experimental
techniques, and computational tools. This
accessibility would be extended to immunol-
ogists, clinical investigators, and researchers
across the globe, significantly amplifying the
impact of immunopeptidomics in the realm of
biomedical research. As a matter of fact, the
group convened in Ziirich in 2017 to es-
tablish the Project’s long-term vision and
framework (Caron et al., 2017). The pri-
mary objectives encompassed two core
goals: first, to comprehensively map the
human immunopeptidome under healthy
(i.e., the
munopeptidome). Second, to bolster the

conditions “baseline” im-
technology’s robustness to the extent that
it becomes readily accessible in clinical
settings. The Project was also structured
around four foundational pillars: (1) the
advancement of methods and technology,
(2) the attainment of high-quality com-
munity standards, (3) the enhancement of
data-sharing efficacy, and (4) the promo-
tion of immunopeptidomics as a field
through the creation of an international-
level educational program.

Until now, HUPO-HIPP has made sig-
nificant progress with regard to pillars 2 and
4. Specifically, the group has published
the Minimal Information About an Im-
munopeptidomics Experiment (MIAIPE) to
standardize the methods (Lill et al., 2018;
pillar 2) and organizes a summer school
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every 2+ yr to expand the immunopeptidomics
community (e.g, https://2022-hupo-hipp-
summer-school.mailchimpsites.com; pillar 4).
In addition, HUPO-HIPP has clearly contrib-
uted to the growth and visibility of the im-
munopeptidomics field through organization
of international events, webinars, and its
presence in social media (https://twitter.com/
HippHupo; pillar 4). In terms of technological
advancement (pillar 1) and data sharing (pillars
3), the field has also witnessed significant
progress since 2015. For instance, new sample
preparation and MS technologies have been
developed and tested (pillar 1), and new im-
munopeptidomics databases have been created
and are currently available online, including
SysteMHC atlas (https://systemhc.sjtu.edu.cn/
), caAtlas (Yi, 2021), and HLA ligand Atlas
(https://hla-ligand-atlas.org/welcome;  pillar
3). Notably, data accessibility has fostered the
development of novel computational tools to
increase peptide identification sensitivity/
accuracy through machine and deep learning-
based approaches (pillar 1; Zhang and Bassani-
Sternberg, 2023). However, it is important to
note that the technological (pillar 1) and data
sharing (pillar 3) progress that we have wit-
nessed over the last recent years primarily
stemmed from individual research groups’
funds and efforts, rather than being driven by
a unified, HUPO-HIPP-led initiative. This can
be partly explained by the lack of funding
opportunities for supporting such projects
among international organizations.

Possible next phase

Based on the six lessons of the Human Ge-
nome Project (Green et al., 2015), we em-
that technology and method
development (pillar 1) should be prioritized
in the upcoming phase, before embarking

phasize

on population-scale association studies.
Technological examples include, but are not
restricted to, microfluidics, cost-effective
antibody-independent techniques for rap-
id, efficient, and specific isolation of HLA-
bound peptides, single-molecule peptide
sequencing technologies, affordable meth-
ods for population-scale HLA typing, LC-MS
systems, fragmentation techniques for non-
tryptic peptides, and systematic absolute
quantification methods for the entire spec-
trum of HLA-bound peptides (Caron et al.,
2017; Vizcaino et al., 2020; Stutzmann et al.,
2023). This can be achieved by dedicating
substantial funding to ambitious, inte-
grated, cross-disciplinary, and milestone-

driven collaborative technology projects.
To this end, new funding opportunities are
required and should be aligned with suc-
cessful models of other major biomedical
initiatives like the m-Hub Project (30-yr
mission with an investment of billions of
dollars; https://www.pi-hub.org.cn/) and
the Human Immunome Project (https://
www.humanimmunomeproject.org/). Fur-
thermore, innovative technologies devel-
oped through the proposed next phase could
be included in the curriculum of HUPO-
HIPP summer courses, thus expediting their
deployment.

Immunopeptidomic surveillance by 2035: A
moonshot project to consider

Akin to genomic surveillance and extensive
sequencing efforts seen during the COVID-
19 pandemic, we also recommend that a
Working Group explore the concept of
“immunopeptidomic surveillance” (Fig. 1).
Although futuristic for now, this concept
implies routine and widespread execution
of robust immunopeptidome profiling
studies on large patient cohorts across the
globe to accelerate our understanding of
T cell immunity in disease susceptibility and
resistance. The team of Alessandro Sette (La
Jolla Institute for Immunology) has to some
extent pioneered this concept during the
COVID-19 pandemic by distributing pools of
synthetic SARS-CoV-2 peptides to over 200
laboratories worldwide, expediting research
to enhance our global understanding of
T cell immunity in COVID-19. Moving for-
ward, establishing a sustainable interna-
tional infrastructure for global, robust, and
unbiased physical measurements of im-
munopeptidomes could represent an im-
portant milestone in immunology (Fig. 1 A).
This infrastructure would empower the
generation of quantitative digital maps of
HLA-bound peptides from large cohorts of
patient samples, including identification
and quantification of all self and non-self
peptides, setting up the stage for a global
T cell digital surveillance network. Once the
technology has reached the robustness and
sensitivity required, this concept could be
explored in pilot studies using plasma sam-
ples from large populations of COVID-19
patients. Indeed, a proof-of-concept study
has already been reported by comparing
soluble immunopeptidomes of COVID-19
patients versus those of convalescent or
healthy individuals (Nelde et al., 2022; Fig. 1
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B). Simultaneously, T cell experiments could
be performed from the same samples to as-
sess T cell-epitope reactivity. Subsequently,
data could be digitized and processed
through artificial intelligence systems, en-
abling the discovery of immunopeptidomic-
T-cell activity patterns across human
populations, which could then be linked to
disease severity/resistance and other clinical
phenotypes to personalize mitigation strat-
egies and treatments. Findings derived from
such association studies could subsequently
serve as the foundation for more in-depth
investigations into the precise mechanisms
of action using conventional model systems.

We wish to emphasize that the establish-
ment of an immunopeptidomic surveillance
approach is ambitious, but not beyond reach,
as it can be expedited by prioritizing the de-
velopment of innovative peptide sequencing
and immunopeptidomics technologies
(pillar 1), especially within the framework
of a large, multi-decade NIH-funded Hu-

man Immunopeptidome Project.

Final perspective: Going global for

big impact

The Human Genome Project has trans-
formed biology through its integrated big
science approach. This ambitious endeavor
led to the development of novel technologies
and analytical tools, and brought the ex-
pertise of engineers, computer scientists,
and mathematicians together with that of
biologists (Hood and Rowen, 2013). Inspired
by the success of the Human Genome Pro-
ject, we advocate herein for a visionary,
NIH-funded Human
munopeptidome  Project. This Project
should aim at elevating the field of im-
munopeptidomics to catalyze discoveries

multi-decade Im-

across disciplines, offering tangible benefits
in predictive, preventive, and personalized
medicine. With this in mind, we are
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proactively initiating collaborative discussions
with synergistic communities, including in-
dividuals affiliated with the Yale Center for
Infection and Immunity, the Yale Center
for Immuno-Oncology, and the Yale Center
for Systems and Engineering Immunology,
along with academic and industrial partners.
Most significantly, we aim to engage the
HUPO-HIPP community in a collective effort
to present a compelling proposal for the
launch of this game-changing scientific
endeavor.

The implications of scaling up robust
immunopeptidomics technologies for the
establishment of a global T cell surveillance
digital network are profound. It will not only
advance our fundamental understanding of
the immune system but will also have prac-
tical applications in diverse fields, well be-
yond pandemic preparedness. In vaccine
development, this approach can aid in the
design of more effective vaccines by identi-
fying immunogenic peptides. In autoim-
mune, neurodegenerative, and aging-related
disease research, it can help uncover the
triggers of aberrant immune responses. Ad-
ditionally, in cancer immunotherapy, it can
guide the development of personalized treat-
ments by identifying TSAs. In conclusion, the
endeavor of expediting the scalability of ro-
bust immunopeptidomics technologies rep-
resents a pivotal milestone in immunology
and healthcare. It is an effort that will dem-
onstrate our collective commitment to har-
nessing the power of technology and
knowledge to improve human health on a
global scale.
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