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Abstract

Given the many cell types and molecular components of the human immune system, along with
vast variations across individuals, how should we go about developing causal and predictive
explanations of immunity? A central strategy in human studies is to leverage natural variation to
find relationships among variables, including DNA variants, epigenetic states, immune
phenotypes, clinical descriptors, and others. Here, we focus on how natural variation is used to
find patterns, infer principles, and develop predictive models for two areas: (4) immune cell
activation—how single-cell profiling boosts our ability to discover immune cell types and states—
and (b) antigen presentation and recognition—how models can be generated to predict
presentation of antigens on MHC molecules and their detection by T cell receptors. These are two
examples of a shift in how we find the drivers and targets of immunity, especially in the human
system in the context of health and disease.
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CHALLENGES FOR SYSTEMS IMMUNOLOGY

A few decades of molecular and genetic analyses of the immune system have made it clear

that a healthy immune system eliminates pathogens and maintains tissue homeostasis

through extraordinarily complex networks with feedback systems that lead to elimination of

pathogens, while avoiding potentially massive tissue destruction. The networks are
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composed of dozens of immune cell types (as well as hundreds of nonimmune cell types)
that deploy hundreds of cytokines, chemokines, and surface proteins to enable
communication and thousands of extra- and intracellular factors to regulate and carry out
numerous functions. The failure of this system can result in lethal or recurrent infections,
autoimmunity, degenerative diseases, and many other disorders.

Given the complexity of this system, our challenge is to determine whether and how it will
be possible to address the burning questions that we need to answer to create effective
immunotherapies: (8) Which factors should we target to reprogram the immune system and
improve human health in diverse diseases? (4) Can we mechanistically explain variations in
immunity across the human population as a function of the thousands of components making
up the system? We have to address these two questions to succeed in finding the most
effective and safe therapies to trigger potent immunity against pathogens or tumors, or to
block harmful autoimmunity, allergy/asthma, and other disorders that result from an
overactive immune response.

Systems immunology encompasses a set of strategies and methods to measure how
components change and interact over time, and across space, in response to environmental
perturbations or genetic variations, with the goal of pinpointing the most critical components
(molecules, cells, tissues) and interactions that drive observed immune responses. A
systems-wide strategy is essential for modeling immune system functions and dysfunctions.
While there are many topics that have been investigated with systems immunology
strategies, we focus on two: molecular profiling of cells in health and disease, and methods
for understanding and predicting antigen presentation by major histocompatibility complex
(MHC) protein and detection of peptide-MHC (pMHC) complexes by T cell receptors
(TCRs) on T cells. We review a subset of papers that illustrate recent progress in these areas
and discuss some new directions for future study.

MOLECULAR PROFILING TO FIND DISEASE SIGNATURES AND
UNDERSTAND CELL TYPES

For many years, systems immunology research has focused on monitoring global molecular
profiles of cells and tissues in response to perturbations or in the context of disease (1, 2).
Such a strategy has been particularly useful in studies of the human immune system (3-5),
where the variation across individuals needs to be systematically monitored to define disease
versus healthy states, and where many components need to be tracked to translate the
findings from animal models (6, 7). A central strategy has been deriving gene expression
signatures associated with disease or therapy using gene expression datasets (microarray or
next-generation RNA sequencing) collected from blood or tissue, with the goal of
identifying associated cells, molecules, and pathways. Examples of key signatures include
those associated with effective immune responses to vaccines, or viral and bacterial
infections (8—17), progression to active disease in tuberculosis (18, 19), severity of
autoimmune diseases such as systemic lupus erythematosus (SLE) (20-23), as well as
immune responses as a function of age, genetics, and environment (24-27). While
systematic in the monitoring of thousands of human transcripts, these signature-finding
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strategies have typically profiled whole blood, peripheral blood mononuclear cells, or whole
tissue samples, thus aggregating and blurring RNA species from different cell types and
states together.

An equally important long-term goal of systems immunology has been to define the identity,
function, and origin of each immune cell, as well as the factors regulating cellular properties.
After the discovery of red blood cells and leukocytes, between the seventeenth and
nineteenth centuries, most of the major immune cell types were discovered in the twentieth
century (28) and further defined thanks to developing technologies including microscopy,
immunohistochemistry, monoclonal antibodies, and fluorescence-activated cell sorting
(FACS). These tools, coupled with functional studies in mice and humans, have
continuously refined the definitions of immune cells, identifying new types, subtypes, and
states based on function, size, morphology, developmental origin, location and relationship
to other cells within tissues, and, of course, molecular components. More recently, genomic
approaches have been used extensively to inventory all the known cell types of the immune
system. An important effort by the ImmGen consortium of laboratories has already profiled
hundreds of known mouse immune cell types across tissues and perturbations. The
consortium shared its high-quality datasets with the entire community online (https://
www.immgen.org), with new data and analyses being continuously added as it finds more
markers, regulators, and functions for each cell type. A similarly scaled effort in human
immunology, capturing all known immune cell types, would provide a much-needed
reference dataset. This is gathering momentum through projects such as the Human Cell
Atlas consortium (29) (https://www.humancellatlas.org) and the Blueprint Epigenome
project (http://www.blueprint-epigenome.eu), which has publicly shared more than 50
immune cell type profiles (expression and epigenomic) from healthy and disease states.

DEFINING CELLULAR IDENTITY ONE CELL AT A TIME

Although global population profiling, as described above, is tremendously informative, there
is a need to measure changes at single-cell resolution to enable de novo cell classification
and analysis of molecular states that do not confound cell types. These measurements can
include many layers of single-cell molecular omics, including DNA, RNA, methylation,
protein, chromatin modification and accessibility, and many other molecular state readouts
that have been reviewed by others (30—42). Single-cell molecular profiling allows data-
driven modeling of cellular subtypes that can capture stable and plastic cells for which
markers may not yet be known (33, 43, 44). While it is currently possible to profile tens of
thousands of cells by single-cell RNA sequencing (SCRNA-seq) and millions of cells by
protein mass cytometry, it will remain important to keep increasing the scale, sensitivity,
resolution, and number of different analytes measured.

Combining as many different layers of single-cell measurements as possible (45, 46)—such
as protein and RNA (47, 48) or RNA and DNA (49) or genotyping together with gene
expression and methylation (50)—will ultimately lead to a more sophisticated view of a cell
than we have today, not only as an instantiation of a predefined type but also as a sum of
historical and dynamic factors that shape its identity (Figure 1). While the field of single-cell
measurements is still in its infancy, the last three years have witnessed explosive progress
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and provide an early framework for applying single-cell systems immunology to addressing
open problems. Here we will review initial application of single-cell approaches to define
cell types, analyze continuous cell states, and uncover mechanisms in health and disease.

Single-Cell Technologies: High-Dimensional Flow and Mass Cytometry

Our understanding of the human immune system has greatly expanded over the last several
decades, due in part to the emergence of single-cell technologies, including modern flow
cytometers that enable the simultaneous detection of dozens of proteins per cell. A recent
example is a systematic effort by Farber and colleagues to characterize immune cells in
lymphoid and mucosal tissues from human organ donors by multicolor flow cytometry (51—
55). They provided one of the first quantitative frequencies of immune cell subsets as a
function of tissue, age, and other variables in humans, shifting our conception of how T cells
change their fates as they move between blood, lymphoid tissues, and mucosal sites. Given
the relatively high accuracy, sensitivity, and robustness of this technology, it is not surprising
that thousands of studies have and will continue to learn new biology using flow cytometry.

A more recent development is mass cytometry, which combines mass spectrometry with
flow cytometry to quantify 30—45 rare earth metal isotope labels on antibodies per cell, with
higher numbers expected soon. Spitzer & Nolan (31) published a comprehensive review of
the current state of mass cytometry, including both instrumentation and novel analytical
methods required for identifying patterns in high-dimensional data, offering solutions
beyond what flow cytometry analysis tools can currently offer (56). This method has now
been used in numerous studies, including one of the first ones that defined the phenotypic
and functional differences across hematopoietic cells (57), as well as subsequent studies of
myeloid cells (58), lymphocytes (59), B cells (60), natural killer (NK) cells (61, 62), CD8* T
cells (63), follicular helper T (Tfh) cells (64), T cells (65), dendritic cells (DCs) (66), innate
lymphoid cells (67), peripheral and mucosal immune cells (68), the effects of circadian
rhythms on immune cell populations across the body (69), and the importance of systemic
helper T (Th) cells in controlling melanoma in mice (70). An interesting set of examples
came from two groups that used flow cytometry or mass cytometry to quantify markers in
twins and identified which markers were more subject to genetic (71) or environmental (72)
control, offering a new view on the stability of immune phenotypes in human subjects.
Finally, an important application is the modeling of developmental trajectories, which
becomes feasible because of the high number of cells that can be profiled in high-
dimensional space, allowing reconstruction of differentiation paths (60, 73).

Mass cytometry, together with high-dimensional flow cytometry, allows a more complete
interrogation of cellular phenotypes based on protein levels as well as their posttranslational
modifications. While the limited number of markers will often restrict the potential for new
discoveries (especially when analyzing one-of-a-kind human samples), the ability to
quantify protein abundance with specific antibodies in millions of cells will remain a central
tool in immunology for the foreseeable future.
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Single-Cell Genomics to Quantify, Discover, and Characterize Immune Cell Types

The emergence of sSCRNA-seq has enabled de novo discovery of immune cell types and
states, and the development of new mechanistic hypotheses (74, 75). We review a small
number of examples illustrating the use of this technology in immunology. Jaitin et al. (76)
were among the first groups to use SCRNA-seq approaches to decipher the cellular
components of a tissue without using known markers. An analysis of several thousand
mouse splenic cells identified the known cell types in proportions similar to the expected
frequencies and discovered novel heterogeneity in DCs before and after lipopolysaccharide
(LPS; a component of gram-negative bacteria) activation. Other studies have used similar
approaches to identify cell types in mice, such as DC progenitors (77) and differentiating
tissue-resident macrophages during organogenesis (78). Several studies added epigenomic
profiling to better define the regulatory circuitry underlying transcription and cell identity,
such as in blood murine monocytes (79), thymic natural killer T (NKT) cells (80), CD8* T
cells (81, 82), intestinal innate lymphoid cells (ILCs) (83), and murine microglia (84). In one
case, a more complete analysis of immune cell types was performed using ATAC-seq for
open chromatin profiling (85, 86), though this was done in predefined populations. These
studies represent a new paradigm for de novo immune cell type discovery and elucidation of
regulatory circuits, with potential applications to any problem in immunology.

An elegant example illustrates the potential for rapid application of single-cell profiling
results to test a new model of immune cell ontogeny (87). In this study, single-cell profiling
addressed whether distinct myeloid differentiation pathways arise from common myeloid
progenitors (CMPs) versus lymphoid-primed multi-potent progenitors by sScRNA-seq
analysis. Upon identifying Gatal as a discriminating marker across potential myeloid
progenitors, a mouse expressing a Gatal-GFP reporter was engineered, which allowed
prospective sorting, profiling, and analysis of lineage potential. Gatal-GFP* cells were
found to give rise to one set of cells (erythrocytes, megakaryocytes, eosinophils, and mast
cells) and Gatal-GFP~ cells to a distinct set (neutrophils, monocytes, lymphocytes), which
challenged the current conception of an early blood-lineage fate decision model.

Discovery of genes that mark a particular immune cell population by sScRNA-seq can
generate new opportunities for therapeutic targeting and manipulation of a particular cell
type, as demonstrated by Yu et al.’s (88) discovery and characterization of innate lymphoid
cell progenitors (ILCPs). Based on 10 clusters initially identified by performing scRNA-seq
of cells isolated from a particular cell gate in the bone marrow, the authors focused follow-
up studies on one cluster identified as the putative ILCP population based on the expression
of some known markers. This led them to identify PD-1 as a discriminating surface marker
for these cells, allowing efficient prospective isolation of ILCPs without using genetic
reporters and complex gating schemes, and functional experiments validating the
developmental potential of Lin"PD-1M cells. Upon expanding the scope of their study and
validating PD-1 as a marker also expressed in tissue-resident ILCs, the authors demonstrated
that administrating anti-PD-1 antibody (which is normally used to induce cytotoxic cells that
target cancer cells) depleted Lin"PD-1" cells and led to changes in immunity to influenza
and acute lung damage. This study highlights how better cell markers can be discovered de
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novo through a systematic SCRNA-seq approach and be used to deplete and study an
important cell type that had been challenging to manipulate hitherto.

Another important application of sScRNA-seq is to remap the cells of the human immune
system (89-94). For example, Bjérklund (89) found that ILCs from tonsil tissue segregated
into the known 3 ILC subsets (ILC1, ILC2, ILC3), with each subset expressing a unique set
of markers, receptors, and signaling pathway components. While there were no new ILC
subsets, ILC3 further split into 3 subpopulations defined by novel markers. On a technical
note, this study also linked protein and RNA levels in single cells by measuring protein
levels through index sorting of single cells into plates prior to generating full-length cDNA
and sequencing libraries with the Smart-seg2 protocol (developed by this group; 95, 96),
which helps link known markers to discovered cell types. A second example in humans,
from our group, also used deep single-cell profiling by Smart-seq2 to identify 11 clusters
corresponding to putative subtypes of DCs, monocytes, and DC progenitors (90). Based on
surface markers identified by SCRNA-seq, we developed strategies for prospective isolation
of several clusters (DC2, DC3, 2 subsets of DC5, and a putative cDC progenitor). We
validated the purification strategy by performing additional sScRNA-seq on sorted cells and
showing high enrichment or purity of these prospectively sorted cells through projection of
profiles on top of the originally discovered cells. Upon validating enrichment strategies,
newly sorted cells were then used to do functional studies, showing for example that the
putative DC progenitor differentiated into both types of conventional DCs in vitro and that
plasmacytoid dendritic cells (pDCs) isolated using standard methods are contaminated with
a new DC subtype, DCS5, that accounts for much of the T cell stimulatory potential
previously assigned to pDCs. We note that a cell that has overlapping properties with DC5
was independently discovered by See and colleagues (91) using CyTOF and scRNA-seq;
they found it to be rare and heterogeneous, with the ability to differentiate into conventional
DCs, to stimulate naive T cells, and to also be contained within the traditionally defined
pDC flow gate. Our study thus provides a framework for using sSCRNA-seq data to identify
markers that can be used to isolate newly discovered immune cell populations for deeper
functional characterization. The strategies used in these two studies will be useful in
developing a more complete atlas of the human immune system, which should now be
possible using emerging high-throughput scRNA-seq methods (93, 97-99).

An important goal is to tackle immune populations across different organs to understand the
sites of disease. While not focused on immune cells, some recent studies illustrated the
power of single-cell profiling in human tissues (100-102). Baron et al.’s (100) profiling of
2,000 pancreatic cells from mice and 10,000 from humans allowed a parallel comparison of
these mouse and human organs, showing 14 and 13 distinct clusters (including immune cells
such as tissue-resident macrophages, mast cells, B cells, and cytotoxic T cells) in human and
mouse, respectively. While almost all the cell types were conserved, the expression profiles
of the 4 endocrine cell types (a, B, 7y, and 8) were the most conserved across species. A
similar study, only in humans, from Murano et al. (101) identified 9 distinct clusters
(excluding immune cells), most of which overlapped with the ones reported by Baron et al.
Both studies reported lists of de novo uncovered cell-specific markers for each cell cluster
observed, a rich resource for the community, and validated some of the newly predicted
markers by immunohistochemistry.
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An important use of any tissue atlas is to find the cell types that are most likely to contribute
to disease. By mapping the expression of disease susceptibility genes from genome-wide
association studies (GWAS) of type 1 and type 2 diabetes to their pancreatic single-cell
dataset, Baron et al. (100) and others (103) showed that DLKZ is the only GWAS risk gene
specifically expressed in B cells. Despite mouse models of type 2 diabetes (104) showing
that leptin and its receptor are important in B cells (105), the leptin receptor appears to be &
cell-specific in humans, suggesting an important species difference and emphasizing the
value of accurately mapping genes to cell types in humans and mice.

To overcome the loss of spatial information in dissociated cells used for SSRNA-seq,
Halpern and colleagues (106) combined single-molecule fluorescence in situ hybridization
(smFISH) of six landmark markers with sScCRNA-seq to map mouse liver cells. Briefly, using
smFISH they segmented liver cells into different zonation patterns and inferred the mapping
of 1,500 single cells to different liver segments based on their ScRNA-seq profiles. The
accuracy of the map was validated by smFISH of an additional 20 genes. Their strategy led
to a new classification of mouse liver cells. This elegant approach can be easily generalized
to any structured organ across healthy and disease states, as was shown by other groups who
combined scRNA-seq with in situ expression measurements of landmark genes to map cells
in space (107, 108). Spatial sequencing continues to be improved with NICHE-seq (109),
fluorescent in situ RNA sequencing (FISSEQ) (110), multiplexed error-robust fluorescence
in situ hybridization (MERFISH) (111), and RNA sequential probing of targets (SPOTS)
(112).

Many challenges remain ahead, including finding solutions for increasing the throughput at
a scale that would enable efficiently capturing even the rarest events in a cost-effective
manner. This could be done, for example, by using individual-specific natural genetic
variation (113). For the immunology community, generating a detailed census and spatial
map of all immune cell types and states across all healthy tissues is no small endeavor, since
immune cells are present in all tissues. An international community has organized around
the goal of creating a human cell atlas (29), an evolving project that will keep adding new
layers of information, such as cell activity states, dynamic transitions, physical locations,
lineage relationships, and developmental origins. Importantly, while we mostly discussed
RNA single-cell measurements as a means of classifying cells, ultimately many additional
layers of information—such as epigenetic landscape, protein localization, gene functions,
spatial localization, and ontogeny—in steady-state and activated contexts will need to be
integrated to generate a more complete model of the immune system (45-50) (Figure 1).

A Continuous Spectrum of Phenotypes in Cells

Categorization of cells into discrete types has been the focus of multiple single-cell genomic
studies. However, cells of the same type can also exhibit substantial heterogeneity, reflecting
finer subtypes, functional variation, or inherent stochasticity. Rather than falling into discrete
states, cells sometimes take on states along multiple continuous dimensions. For the immune
system, this may be an important mechanism to generate the plasticity needed to face diverse
and changing pathogens. Such a continuous spectrum of cells is also observed in
development and hematopoiesis, which we do not review comprehensively though it is a
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field where scRNA-seq is having a major impact. While flow and mass cytometry can be
used to monitor continuous states, such as T cell polarization, they are less likely to discover
new states (if there are unknown ones) or identify candidate regulators for which the markers
remain unknown. In addition, while profiling millions of cells by mass cytometry does help
in reconstructing trajectories of differentiation and activation (60, 73), a more definitive
trajectory and molecular model should be possible to infer in most cases once single-cell
transcriptomes can be profiled in larger numbers. Of course, the required sampling density
ultimately depends on the number and complexity of paths and intersections to be modeled,
and different experimental strategies can be implemented that can iteratively enrich for rare,
transient populations to reconstruct a trajectory. These dynamic processes may occur as part
of development or in response to an environmental trigger or physiological cue. Below, we
provide some examples of principles and strategies to study continuous states.

Following an initial study (114) showing heterogeneity in mouse bone marrow—derived DCs
(BMDCs) stimulated with LPS, a second study of several hundred cells (115) identified a
small subset (<1%) of LPS-induced BMDCs that expressed IFN-p at early time points and
appeared to coordinate the subsequent response of other cells through paracrine signaling.
To demonstrate a role for cell-cell communication in the activation of these cells, they
profiled the cells—interacting together, isolated from each other (in sealed chambers), or
deficient in regulators of interferon—and showed how cell-to-cell communication
contributes to the induction of cellular heterogeneity during immune responses. These were
some of the first examples of studying dynamic activation processes using SCRNA-seq and
determining the contribution of intercellular communication to single-cell decisions.

Activated T cells represent another example of a continuous spectrum of states. T cells often
become polarized toward one fate or a combination of fates but do not necessarily form
well-separated single-cell clusters by gene expression. A study of Th17 cells by Gaublomme
et al. (116) used scRNA-seq to show that pathogenic Th17 cells, which appeared during
induction of autoimmunity in a model of experimental autoimmune encephalomyelitis
(EAE) or could be generated in vitro under certain conditions, were not distinct subtypes
from nonpathogenic Th17 cells but rather represent states along a spectrum. This type of
analysis was still able to nominate candidate regulators for pathogenicity (i.e., Gpré5, Plzp,
7oso, and Cd5l), some of which were subsequently validated in knockout mouse models
(117), suggesting the possibility of suppressing pathogenic Th17 cells but not the
nonpathogenic cells that are critical for maintaining tissue homeostasis. This study
highlights that a spectrum of cell states can thus underlie differences in function and be
analyzed to discover new regulators that drive cell function.

Some of the continuous spectrum of cellular phenotypes captured by single cells can also
arise from technical and biological confounders, such as cell cycling. Failing to account for
confounders can mask interesting biology. To consider cell cycling confounders, Buettner et
al. (118) developed and used a single-cell latent variable model (scLVM) to remove cell
cycle effects and discover structure in sScRNA-seq data from CD4* Th2 cells, revealing
genes that distinguish two differentiation states—neither of which was detectable when the
cell cycle covariates were not accounted for. While reviewing all single-cell analytical
computational challenges and solutions is beyond the scope of this review (33, 119, 120),
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this particular example illustrates the need to consider confounders to unmask interesting
biology.

Nonetheless, correcting for confounders such as cell cycling should be done carefully.
Proserpio et al. (121) assessed the heterogeneity of CD4* T cells from infected mice and
found three CD4* T cell states during the differentiation process from naive to effector Th2
cells: activated yet nondividing cells, proliferating cells that are not differentiated, and Th2-
like cells that are cycling and differentiated. They validated their model through subsequent
in vitro differentiation and polarization of Th2 cells, live imaging, and additional profiling.
The authors concluded not only that cell cycle entry is an essential condition for
differentiation but also that these faster cycling cytokine-secreting mature cells may be
critical for infection clearance. Although not surprising, this model illustrates that cell cycle
gene expression modules can also be associated with important biology.

scRNA-seq analysis can also highlight new biological principles when comparing different
contexts or environmental perturbations. Gury-BenArri et al. (83) asked how administration
of antibiotics affects ILCs of the small intestinal lamina propria. By integrating population
transcriptomics, epigenetics (ChlP-seq, ATAC-seq), and single-cell transcriptomics, they
revealed 15 transcriptional states, including 2 novel states, and found that absence of
microbiota (e.g., after antibiotics or in germ-free housing) blocks ILC3 plasticity toward
ILC1 fate, demonstrating how microbiota maintain certain ILCs in the intestinal
microenvironment. Another variable that may alter immune cell behavior is aging, as one
group observed upon profiling CD4* T cells from mice. They discovered increased cell-to-
cell transcriptional variability in aged mice compared to young mice (122). This property of
Th cells may turn out to be a feature of aging that underlies the decline in immunity,
although the cause remains a mystery.

Dynamic processes in vivo can also be analyzed, and two particular studies demonstrated the
power of profiling single cells along a time course of differentiation to generate a model of a
biological process and cell fate trajectory. Kakaradov et al. (81) analyzed CD8* T cell fate
specification by scRNA-seq during lymphocytic choriomeningitis virus infection in mice.
Based on trajectory analysis and epigenetic profiling, cells undergoing their first division
appeared to be composed of two subpopulations that reflected much later terminally
differentiating effector and memory cells. By classifying cells at each intermediate time
point after infection according to their predicted future fates, they inferred differentiation
pathways and validated a central role of a key regulator, £z/2, which was initially identified
as a differentially expressed gene between effector and memory cells. Their data led to a
new model in which differentiation of CD8™ terminal effector T cells begins with an early
transcriptional burst that is subsequently refined by epigenetic silencing of memory-
associated transcripts, whereas the induction of memory is a slower process marked by a
gradual increase in expression of a few genes.

Using a similar experimental strategy, Lonnberg et al. (123) profiled single CD4* T cells
after Plasmodium infection in mice and resolved the time of bifurcation of CD4* T cells
toward Th1l and Tfh fates. By using endogenous TCR sequences captured by sSCRNA-seq as
cell barcodes using a method reported by Stubbington et al. (124) (see other studies that
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have also looked at single-cell TCR analysis, in some cases jointly with transcriptional
analysis; 94, 125-128), they were able to find Th1/Tfh cells that arise from the same clones,
supporting the idea that a single naive CD4" T cell gives rise to more than one cell fate.
Through leveraging their sScRNA-seq temporal data, they also identified transcriptional
signatures associated with bifurcation of Th1 and Tfh fate trajectories (e.g., including
transcription factor 7cf7ffor Tth fate and /a2 for Thl fate), through which both subsets arise
by day 7. By profiling myeloid cells at single-cell resolution, they were able to hypothesize
cell-cell interactions between chemokine receptor—expressing T cells and chemokine-
expressing myeloid cells. Additionally, the authors provided a new modeling framework that
can characterize cell differentiation toward multiple cell fates (i.e., GPfates), and made their
single-cell datasets available for analysis by the community (http://www.plasmoth.org)—a
type of resource that would benefit any single-cell studies generating such rich datasets.
Noteworthy, Ner-Gaon et al. (129) have created the JingleBells data repository for immune-
related sScCRNA-seq datasets (http://jinglebells.bgu.ac.il).

Molecular Mechanisms of Intracellular and Intercellular Circuits in Health and Disease

To build models of regulatory circuits, one typically correlates the levels of particular
regulators with cellular phenotypes and then tests the hypothesized connection through
genetic perturbation (130). However, to directly discover regulator-target relationships, one
can also perturb each gene using CRISPR/Cas9 short guide RNAs (sgRNAs) and monitor
the phenotypic effects using RNA-seq or other profiling methods. Although studies have
used this approach with success (131), a shift toward sScRNA-seq readouts would increase
the scale of perturbations while removing confounding results caused by different cells
responding differently to perturbations. Several groups recently implemented such a method
and showed that scRNA-seq could be used both to monitor the impact of sgRNASs on
transcriptomic phenotype and simultaneously to detect the guide that is present in each cell
(132-135), thus combining the power of single-cell studies with systematic genetic
perturbations. These methods are still in their infancy and promise to enable very powerful
genetic-phenotype association studies in cells in vitro and in vivo. Other emerging
approaches for mapping intracellular circuitries include microfluidic systems enabling
dynamic manipulations of single cells coupled with time-lapse microscopy for live cell
measurements and readout by sScCRNA-seq, as recently demonstrated by Lane et al. (136) and
Junkin et al. (137), who both studied myeloid cell signaling.

There is always cross talk between host and pathogen, allowing host cells to integrate
bacterial signals and bacteria to regulate virulence in response to the host. In several studies,
scRNA-seq analysis identified cell-to-cell variability in host cells infected with pathogens,
leading to distinct host cell innate immune responses and control of pathogen infection and
replication (99, 138-140). The results of such studies will be critical for understanding the
basis for incomplete protection against specific pathogens as a result of host heterogeneity or
defects, as well as mechanisms of resistance and tolerance by the pathogen.

The power of single-cell analysis of disease is evident from decades of flow cytometry and
histopathological studies. The emergence of single-cell genomics readouts is now enabling
extensive characterization of the disease cellular ecosystem in tissues, resulting in richer
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molecular signatures and deeper understanding of the cells involved in driving the
pathogenesis. Comparing immune cell residents’ and infiltrates’ profiles by scRNA-seq
across wild-type and disease conditions in animal models can lead to new disease
pathogenesis hypotheses (141-144). For example, Keren-Shaul et al. (141) identified a novel
type of microglia associated with neurodegenerative disease (DAM), along with specific
markers, spatial localization, and pathways associated with these pathogenic cells, leading
the authors to propose a new disease model. In another study, population-level and SCRNA-
seq analyses of CD8* tumor-infiltrating lymphocytes, followed by genetic perturbation
modeling, allowed Singer et al. (142) to find a regulatory program that contributes to
dysfunctional CD8" T cells in the tumor.

Generating single-cell, genome-wide information from many patients will allow us to link
the cellular ecosystem in cancer lesions with disease course, treatment response, and
immunity. SCRNA-seq studies of freshly resected tumor samples have already been
published for many cancers: melanoma (145), glioblastoma (146), low-grade glioma (147),
isocitrate dehydrogenase—mutant glioma (148), colorectal tumors (149), breast cancer (150),
liver cancer (151), renal cell carcinoma (152), ovarian cancer (153), chronic lymphocytic
leukemia (154), acute lymphoblastic leukemia (155), and myeloproliferative neoplasms
(156). Unsupervised analysis distinguishes malignant, stromal, endothelial cells and several
immune cell types, even inferring defective pathways and cell states, such as those
associated with dysfunctional T cell states (142, 145). Additionally, in breast cancer tissues,
spatial analysis of multiplex protein expression by imaging mass cytometry (157, 158) has
allowed classification of infiltrating immune cells and malignant cells based on the
neighborhood of surrounding cells. Furthermore, cell type and state signatures that are
identified in these single-cell genomic studies can also be found in bulk tissue or blood
samples (145, 146, 159) and could be studied for their association with clinical outcomes. In
addition, to analyze the communication between tumor and immune cells, sScRNA-seq could
also associate regulatory programs in cancer cells with immune infiltrate cell types and
states. Furthermore, the immune cell landscape in tumor lesions can be studied by mass
cytometry, as shown recently in stage | lung adenocarcinoma (160) and clear cell renal cell
carcinoma (161); specific immune cell states were found in tumor but not healthy tissue.
Litzenburger et al. (162) reported how single-cell chromatin accessibility could uncover
cancer heterogeneity, with potential implications for clonal dynamics, drug sensitivity, and
immune responses. We expect that increasingly detailed maps of tumor cells along with
immune and other cells in the microenvironment will improve our understanding and
approach to cancer immunotherapy.

Similar strategies for analyzing immune cellular ecosystems at single-cell resolution are also
being applied to the field of autoimmunity and inflammatory conditions, identifying cell
types, states, and pathways that may drive pathogenesis. Initial findings have been reported
for peanut allergy (163), immune response to surgical trauma (164), type 1 diabetes (102,
165), type 2 diabetes (102, 166-168), lupus nephritis (113, 169, 170), and rheumatoid
arthritis (171, 172).

We expect future studies to apply single-cell profiling to thousands of patients to find how
genetic variation affects gene transcription and cell phenotype, and to pinpoint the cellular
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context in which disease susceptibility genes drive disease (Figure 1). Thinking toward the
more distant future, if we can uncover the drivers of each individual’s immune response, we
will be able to customize therapy to address the specific configuration of each person’s
immune system and thus advance precision medicine.

PATTERNS AND PREDICTORS OF ANTIGEN PRESENTATION AND T CELL
IMMUNITY

The adaptive immune system is critical for clearance and long-term protection against
pathogens and tumors, but it also underlies autoimmunity and allergy. The complex
repertoire of antigen receptors expressed in T and B cells is created at the chromosomal level
through recombination and somatic mutation, leading to receptors that bind highly
molecularly diverse antigens, including self and nonself antigens. In contrast to antibodies
that bind antigens in their native form outside the cell, TCRs only recognize protein
fragments bound to major histocompatibility complex (MHC) proteins on the surface of
cells. These fragments are generated inside the cell, transported to the endoplasmic
reticulum (ER), and loaded onto MHC molecules for display on the cell surface. Almost all
cells of the body have the capability to present antigens on MHC class | molecules, thereby
revealing the contents of any cells to T cells for recognition. In this way, viruses and
bacteria, as well as tumor antigens and self-antigens, within cells can be detected by T cells
and their host cells selectively killed by cytotoxic CD8* T cells. In addition, specialized
antigen-presenting cells and other cells can also present antigens from internalized materials
on MHC class Il molecules, leading to activation of CD4* T cells, which help orchestrate
immune responses, including activation of cytotoxic T cells and B cells.

A long-term goal in computational immunology is to predict which antigens are
immunogenic and which antigen receptors interact with particular antigens. If we can do this
with high accuracy, we will be able to more effectively identify the critical antigens
underlying control of infections and cancer as well as destruction of tissue by autoreactive
lymphocytes. TCR-antigen interactions are constrained by the universe of antigens that are
presented by MHC, and we focus our discussion on studies aimed at predicting the
presentation of peptide antigens on MHC molecules and the subsequent recognition of the
formed peptide-MHC (pMHC) complexes by TCRs. We review progress in generating and
using large-scale datasets to derive rules of MHC-I antigen presentation and recognition
(which are better developed than for MHC-I1), proteolytic processing of proteins into
peptides, transport to the ER, loading onto diverse alleles of MHC proteins, and recognition
of pMHC by TCRs (Figure 2). Ultimate success for computational systems immunology
would be to predict whether a given antigen and MHC allele will form a pMHC complex
and how likely it is to induce a T cell response in a particular individual or, conversely, to
predict how likely a given TCR is to recognize any particular pMHC. These predictive
algorithms could then be applied to design individual-specific vaccines to target evolving
pathogens and highly heterogeneous tumors, as exemplified in three studies demonstrating
personalized cancer vaccines in humans (173-175).
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PEPTIDE GENERATION THROUGH PROTEIN PROTEOLYSIS

The Role of Proteasomal Subunits in Generating Peptides for Antigen Presentation

MHC-I-presented antigens originate from degraded intracellular proteins, either self or non-
self, typically broken down by the proteasome. The proteasome is a multiunit protein
complex that exists in different flavors depending on the proteolytic enzymes that make up
its catalytic core subunits. At homeostasis, most cells express the constitutive proteasome
with characteristic units p1, p2, and p5, while IFN-y promotes one or more subunits of the
immunoproteasome (B1i, B2i, B5i). Whether alternative proteasome variants have
characteristic cleavage patterns and what their impact is on the MHC ligandome are
pertinent questions for antigen prediction and have been researched extensively (176-178).
We highlight a study by de Verteuil and coworkers (179), who addressed these questions in
an in vivo system by comparing eluted pMHC from wild-type DCs, which naturally express
both the constitutive proteasome and the immunoproteasome, and LMP7 (B5i) MEC1 (B2i)
double knockout DCs. They found that half of the peptides detected in wild-type DCs were
at lower levels and 14% undetectable in cells lacking the immunoproteasome subunits.
Changes in gene expression were also observed in immunoproteasome-deficient cells;
however, their role and mechanism are not understood and they did not explain the
differences in observed peptides. In a more recent study with mice lacking all three
immunoproteasome subunits, Kincaid et al. (180) found that MHC expression was
significantly reduced in the immunodeficient animals and that antigen repertoires were
~50% different from those of wild-type mice. More work remains to be done in human and
mouse cells (immune, nonimmune, and tumor cells) to better define the role of the different
proteasomes, as it varies across cell types, immune activity, disease, and species (181). In
addition, proteolysis for MHC-I11 presentation, which is not covered here, also requires
further research.

Other Proteolytic Enzymes

As complex as the proteasome is, it is also important to consider the plethora of other
proteases that shape the antigen repertoire, albeit to a lesser extent. An overview of ~20
proteases that act in the MHC-I pathway and can alter presented epitopes is available from
Lazaro and colleagues (182; also see 183). Mouse models deficient for most have been
studied and, in general, do not suffer global defects in antigen presentation; however, certain
peptides are known to require particular enzymes to be generated (182).

Cleavage Prediction Tools

As an integral part of the MHC-I presentation pathway, rules of proteolytic degradation have
been captured into cleavage site prediction models. Two sources of data are available for the
training of such models: in vitro proteasomal digestions and in vivo epitopes presented on
MHC molecules, both read out with mass spectrometry (MS). It is important to note that in
vivo MHC-eluted peptides are a surrogate, rather than direct representation, of proteasome
activity due to the confounding effects of auxiliary intracellular proteases and MHC
selectivity. Different subsets of these types of data and different techniques have been used
to develop predictors [as reviewed by Lundegaard et al. (184)] with NetChop (185), an
artificial neural network—based method trained on in vivo data representative of both
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constitutive proteasomes and immunoproteasomes often shown to outperform other
predictors based on the AUC (area under the receiver operating curve) metric, especially on
in vivo data (186, 187). Unlike NetChop and other similar methods that predict the
likelihood of cleavage at particular residues, a few algorithms predict the likelihood of the
full peptide being formed, for instance, FragPredict (188, 189) and PepCleave_I1 (190).
Toward a similar goal, we recently took advantage of the vastly increased set of available
MS-sequenced epitopes to train a neural network predictor on more than 100,000 epitopes
(191), and expand processing rules to include cleavage preferences at both termini as well as
within the peptide. We observed that arginine and lysine were enriched at both upstream and
downstream positions, while proline was depleted, likely due to its rigid conformation.
Correspondingly, proline was enriched within the epitope sequence, preventing internal
cleavage. A strong preference for peptides originating from the protein C terminus, such that
a single cut is required to make the peptide, was also noted. These rules are likely to be
refined significantly in the near future, given the dramatic increase in the number of MHC-
associated peptides identified by MS, and, hopefully, the additional profiling of different cell
types with varying configurations of proteasome subunits.

Peptide Splicing Expands the Repertoire of Presented Antigens

Apart from canonical proteasome-degraded peptides, spliced peptides can also be formed by
the proteasome acting in reverse to create peptide bonds. While specific spliced peptides
were discovered with low-throughput methods as early as 2004 (192-195), systematic
identification of splicing rules was explored in 2015 by Berkers and colleagues (196). The
group used a small pool of short peptide precursors and in vitro ligation assays to screen for
sequences that are favorable for transpeptidation. The combinations of hydrophobic amino
acid at P1 with a basic or small residue at P2, or negatively charged or polar residues at P1
followed by a small or polar residue at P2, were found to be most conducive to splicing at
the N terminus, while the presence of C-terminal ligation partners, rather than the particular
sequence, emerged as the most important determinant of spliced peptide formation—with
the caveat that a single HLA allele and a limited set of antigen precursors were examined.
Additionally, both c/s (ligation between precursors from the same degradation fragment) and
trans (ligation partners from two different fragments) events were observed in vitro, but
experiments with heavy-labeled precursors confirmed that ¢is splicing is predominant for
longer protein fragments, as expected.

A high-throughput, unbiased approach for identifying spliced peptide epitopes was recently
adopted by Liepe et al. (197). Combining powerful MS techniques and custom database
search strategies, they interrogated MS spectra of HLA class I-eluted peptides from multiple
cell lines for spliced peptides. As much as 30% of unique sequenced epitopes were found to
be spliced. The finding of spliced peptides by MS is likely to spur many groups to search for
these peptides in their existing MS data, which is important for validating as well as
expanding the list of spliced antigens. An important point is that this study did not identify
the same biases as Berkers et al. (196), which may be consistent with cell line—specific
peptide splicing preferences and in part due to the presence of distinct HLA alleles.
Furthermore, predicted HLA binding scores for spliced peptides were lower than for
nonspliced peptides. The authors argue that this could be because prediction algorithms are
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trained on data that do not contain spliced peptides, but it could also indicate that some of
the identified spliced peptides are false-positives. The diagnostic and therapeutic potential of
spliced peptides needs to be explored further, for example, by looking for spliced peptides
that are validated with synthetic peptides detected by MS, that are found in multiple patients
with a disease, and that can induce T cells that recognize cells naturally expressing the
spliced antigen (as in 198, for example).

Proteolysis prediction is made difficult by the existence of multiple proteasome subtypes and
catalytic units, the proteasome’s ability to not only degrade but also ligate proteins, the lack
of direct measurement methods, the activity of additional proteases, and differences between
cell types and species. By using MS to identify and quantify MHC-associated peptides in
cells with or without different proteases (deleted using CRISPR/Cas9 in cells or mice) as a
function of cell type, it should be possible to reach a more predictive model of peptide
generation.

PEPTIDE TRANSPORT PREFERENCES

Fragments of endogenous proteins degraded by the proteasome are translocated into the ER
for further processing, typically via the transporter associated with antigen processing
(TAP). TAP-mediated transport is the predominant mechanism of antigen transport used
across all cell types, although alternative ER transport pathways have been reported (199).
As such, whether TAP is permissive of all peptides or exhibits any binding preferences that
may restrict MHC-1 display is of interest. Several groups inferred rules from systematic
studies with increasingly larger combinatorial libraries of peptides screened for TAP affinity
showing a minimal peptide length requirement and constraints on amino acid properties in
the first three N-terminal positions and the C terminus, while the middle of the peptide,
involved in TCR recognition, was found to be unconstrained (200-202). Different
computational approaches have been utilized to train TAP affinity predictors—including
consensus scoring matrix (203), support vector machines (TAPPred; 204, 205), neural
networks, and hidden Markov models (PREDTAP; 206)—and have confirmed the
experimentally observed importance of peptide positions 1, 2, 3, and 9. To evaluate the
contribution of TAP to the prediction of presented antigens, Peters et al. (203) considered a
two-step strategy. Of 87 HLA-A0201-restricted peptides, those with predicted TAP affinity
below a specified threshold were filtered out before MHC binding was predicted, which
resulted in a significant AUC increase, from 0.919 to 0.932. A more systematic evaluation of
the predictive value of TAP awaits.

PEPTIDES THAT BIND DIVERSE ALLELES OF THE MHC PROTEINS

High-Throughput Detection of MHC-Bound Peptides

Peptides are loaded onto MHC molecules in the ER and then shuttled to the cell surface.
With more than 10,000 HLA alleles identified to date (207), the rules of MHC peptide
selection play a central role in shaping the antigen presentation landscape. Various assays
have been developed to gather data on peptide-MHC binding (reviewed in 208). Historically,
synthetic pools of peptides were assessed for binding against specific HLA alleles in
competition binding assays. While in vitro assay data are a valuable resource, synthetic
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peptide libraries can be very biased, are relatively low throughput, and do not reflect the
biological processing and presentation processes of the cell. Alternatively, many groups have
developed pipelines for isolating MHC-associated peptides and identifying them by MS (see
209 for one of the first examples), which also allows for the detection of posttranslational
modifications. Most recently, Bassani-Sternberg and colleagues, who applied a high-
throughput workflow for identifying in vivo HLA-presented peptides by MS (210, 211),
found >100,000 naturally presented epitopes from cell lines and patient samples across two
studies, constituting the largest endogenous epitope dataset to date. A significant positive
correlation between protein abundance and antigen presentation was observed (210), and
patient-specific neoantigens were detected (211). Although MS methods allow for the
detection of naturally presented epitopes, one caveat of using this approach to gather data for
the development of predictive algorithms is the fact that cells express up to six different
HLA alleles, which necessitates preexisting knowledge of binding motifs to assign peptides
to alleles and thus prevents de novo unbiased motif learning. To this end, our group recently
applied a streamlined mono-allelic MS strategy for finding HLA allele—specific peptides and
developed improved predictors of HLA binding, especially for alleles with fewer known
epitopes (191).

Building Predictors of MHC Class |-Peptide Binding

The selectivity of the MHC binding step of the presentation pathway is stronger than
preferences in degradation or ER transport. Thus, experimental peptide-MHC binding data
form the basis for the development of in silico peptide screening methods. Highly accurate
computational algorithms that predict whether a certain epitope and MHC allele pair are
compatible have been created by exploiting the information content of peptide sequences
already known to bind (reviewed in 184, 212). Naturally, studies have been carried out to
compare the performance of different predictors side-by-side, and careful considerations are
taken to ensure fair evaluation, such as the size of the dataset, its allele composition, and its
overlap with any training datasets (213-215). NetMHC (216, 217) and NetMHCpan (218,
219) repeatedly perform well and are the most widely used (152, 184, 214). Both tools are
neural networks with a single hidden layer utilizing two different amino acid—encoding
schemes: binary encoding and similarity encoding. NetMHCpan stands out for its ability to
make binding predictions even for alleles for which there are few or no training data. This is
achieved by featurizing the sequence of the allele itself in addition to the sequence of the
peptide and borrowing information from other alleles with similar binding properties.
Similarly to most MHC binding predictors, NetMHC and NetMHCpan, except for the most
recent version, have been trained on in vitro binding affinity data and predict 1Csg binding
affinity; more recent versions also predict the rank of a given peptide-MHC pair affinity
score amongst 400,000 randomly selected genomic peptides. The rank score is valuable
because it helps address biases when comparing alleles with different distributions of
binding affinities. The training of the latest version of NetMHCpan, NetMHCpan 4.0, now
incorporates MS-derived data, and benchmarking confirmed the increased predictive power
for naturally presented peptides (220).

The metric that is most commonly used to evaluate and compare the performance of
different predictors is the AUC. In fact, it is near saturated with results consistently
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exceeding 0.9 (AUC is measured on a [0,1] scale). While this speaks to the maturity of
prediction algorithms, it also hinders progress, due to the lack of guiding optimization goals.
Furthermore, the AUC integrates over all false-positive rate thresholds and does not reward
for higher true-positive rates achieved at lower false-positive rates, which is highly desirable
for applications such as selecting epitopes for personalized vaccine development (191). To
this end, we have proposed positive predictive value (PPV), the percentage of true-positives
among all positive calls, as an alternative evaluation metric for its ability to distinguish
better-performing algorithms among predictors with the same AUC results (191).

Endogenous Peptide Presentation Prediction

As discussed above, in vitro binding affinity data do not reflect intracellular antigen
processing and presentation properties. Hence, in order to predict whether a certain peptide
is likely to be presented on HLA in vivo, systems that combine predictors from the different
stages of the pathway have been developed (221-223). For example, NetCTL and
NetCTLpan integrate proteasomal cleavage, TAP transport, and MHC binding predictors
(221, 223). Alternatively, since MS data can capture peptides eluted from MHC on the
surface of cells, MHC binding predictors that are trained on such data implicitly model
endogenous antigen presentation. This distinction is important to consider in different
application domains—if the task is to predict the propensity of a peptide to bind MHC in
isolation, pure MHC binding tools will be better suited; however, if the task is to predict
HLA-presented epitopes in a patient, then integrative methods should be used (191, 221-
223). In addition to modeling specific pathway components, systems for antigen
presentation prediction often take into consideration general molecular features such as the
localization or abundance of source proteins. One way to account for the effect of protein
availability is to filter antigens whose precursors do not meet a predefined abundance
threshold. Alternatively, transcript expression level from RNA sequencing data, which is
more feasible to obtain in a clinical setting, can be used as a proxy for protein abundance
and integrated within the prediction model (191). Features pertaining to the translation
efficiency of source transcripts, such as number of exons, number of upstream open reading
frames, and mRNA length, and protein properties such as length and density of
ubiquitination sites were also recently proposed to influence epitope presentation (224).
Therefore, constructing a rich feature space by capturing these and other predictive variables
into integrative modes, along with optimizing the quality of each independent component,
should yield increasingly powerful tools for endogenous antigen prediction.

TCR LIGAND RECOGNITION AND TCR REPERTOIRES
Predicting Which Antigens Are More Likely to Be Recognized by T Cell Receptors

The rules of TCR ligand recognition are less understood than the rules of MHC binding.
While the peptide-MHC binding prediction problem is complicated by the polymorphism of
HLA genes, pMHC recognition by TCR is further exacerbated by the extreme diversity of
TCRs per organism. Furthermore, truly large-scale experimental assays that allow for TCR
immunogenicity measurements along each of the three main degrees of freedom—MHC
allele, peptide, and TCR—are still lacking. Nevertheless, evidence from pMHC-TCR crystal
structures and experimentally verified immunogenic interactions has shown that the most
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highly variable region of the TCR (the CDR3 region) interacts with the peptide, especially at
positions P4—P6 (225). In a systematic study of immunogenic peptide properties, analysis of
a curated collection of ~800 immunogenic and nonimmunogenic peptides recapitulated the
importance of positions 4-6 and revealed an overrepresentation of large and/or aromatic
residues (226). The importance of every position and the enrichment score of each amino
acid in immunogenic epitopes were then used to develop the first online immunogenicity
predictor. More recently, Chowell and coworkers (227) considered positional amino acid and
physicochemical differences in TCR contact residues of immunogenic antigens within a
larger dataset of ~10,000 peptides. They found a strong overall preference for hydrophobic
amino acids and developed neural network models that predict the immunogenicity potential
of a given peptide for two MHC alleles. When applied in conjunction with a consensus
MHC binding tool, the models improved the ranking of CTL epitopes, albeit in a relatively
limited dataset. Two collaborating groups, tuksza et al. (228) and Balachandran et al. (229),
developed a new approach for assessing whether a tumor is immunogenic based in part on
the estimated likelihood of TCR recognition for each predicted neoantigen. These estimates
were computed from the sequence similarities between the predicted neoantigens and a
database of immunogenic epitopes, under the assumption that neoantigens resembling
infectious-disease-associated antigens that are known to stimulate T cells are more likely to
be immunogenic. The proposed model was validated by demonstrating improved separation
of responders from nonresponders in three patient cohorts under checkpoint blockade
therapy. Taken together, these studies establish the feasibility of creating computational
models for predicting the immunogenicity of a given peptide as well as their broad utility.

High-Throughput Experimental Systems for Finding MHC-Bound Ligands of T Cell

Receptors

Advances in next-generation sequencing technologies, TCR sequence reconstruction
methods, and multimer-based detection of antigen-specific T cells have made it possible to
characterize the TCR repertoires of subsets of cell or whole organisms and led to studies
comparing TCR sequences between individuals or T cell types (reviewed in 230-233),
among others. A study by Birnbaum et al. (234) coupled deep sequencing with pMHC yeast-
display libraries to assess the extent to which specific TCRs recognize multiple ligands.
Multiple-round selection of cognate peptides for three distinct TCRs targeting the same
antigens was performed. Hundreds of unique peptides were identified per TCR after the
third round of enrichment; however, only a handful of peptides remained after the fourth
round and they matched the motif of the a priori known antigen. The identified peptides
were used to evaluate amino acid preference at each position, resulting in similar recognition
motifs across the three TCRs. Additionally, synergistic effects of amino acids within
peptides were demonstrated by cooperativity analysis, while clustering confirmed the shared
motif, as every ligand was found to differ by at most three amino acids compared to another
ligand. Although the yeast-display approach is likely to undersample the cross-reactivity
space due to the limited number of peptides present in the library, the consistency of
emerging rules led the authors to attribute TCR cross-reactivity to increased flexibility in
noninterface residues and constrained variability in contact positions, rather than degeneracy.
These findings allow for the development of an algorithm that identifies the cognate epitopes
for a given TCR, with the caveat that the binding characteristics of each TCR first need to be
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characterized by a cognate peptide screen. An epitope discovery method based on
substitution matrices was assessed by computationally predicting novel ligands (encoded in
the human or microbial genomes) of an established autoimmune TCR (targeting myelin),
which included many genes unrelated to the known antigen, and then experimentally
verifying these antigens with a 94% success rate, revealing novel homologous self and
environmental agonists. The same screening strategy was applied to TCRs isolated from
tumor infiltrating cells from colorectal cancer patients with the goal of finding their
unknown peptide ligands (235). Of the 20 TCRs screened, cognate antigens were identified
and validated for 4 TCRs. As the authors point out, one explanation for this low success rate
is that the peptide libraries were HLA-A*:02 restricted. While these results demonstrate the
utility of peptide screens in defining the space of targets for a given TCR and then
developing predictive rules that allow discovery of novel cognate human or nonhuman
antigens, they also pinpoint the limitations of current techniques to fully and unbiasedly
explore the pMHC space at scale.

TCR Binding Patterns Revealed by High-Throughput Sequencing of TCR Repertoires

In order to discover the general characteristics of self-reactive TCRs, Stadinski and
colleagues (236) analyzed 53 CDR3p structures of human and mouse TCRs and found that
either P6 or P7 of the CDR3 is in contact with the peptides in all structures, and both were
utilized for binding in 43 of 53 cases (reviewed in 237). To understand the mechanisms
acting at these positions, the authors went on to sequence TCRs from preselection and
activated thymocytes and showed a positive correlation between hydrophobicity at residues
P6-P7 and activation, suggesting that hydrophobic residues at CDR3p P6—P7 are more
important for contacting antigens. Consistent with these results, TCRs from CD4* and CD8*
T cells of MHC-deficient mice were more likely to have strongly interacting amino acids in
P6—P7, which would have otherwise been screened out by central tolerance. Apart from
extending our knowledge of TCR binding mechanisms, this work also relates the findings to
biases in thymic selection for the different T cell subsets. Using similar techniques, Chen et
al. (238) characterized the TCR repertoires of multiple individuals in response to two viral
antigens, finding preferential V-J pairings and CDR3 lengths.

In back-to-back papers, single-cell TCR sequencing was coupled with pMHC tetramer
staining to derive features of TCRs that target the same ligand/antigen (239, 240). Glanville
and coworkers (239) profiled TCR repertoires from up to 10 donors against a set of 8 pMHC
tetramers, building a set of ~2,100 reactive TCRs. They searched for motifs of length 2, 3, or
4 that were enriched at CDR3 contact residues and clustered TCRs by global and local
similarity to reveal that most TCRs reactive to the same cognate epitope fell into the same or
related groups. Based on these observations, the authors developed an algorithm, GLIPH, to
cluster TCRs into specificity groups. This approach grouped 14% of TCRs, with 95% of
clustered members grouped with other TCRs of the same specificity. Unobserved but
predicted TCRs of high specificity for a previously profiled antigen were also validated. In a
similar manner, Dash et al. (240) set out to characterize epitope specificity by profiling
mouse and human TCR repertoires for 10 specific epitopes (~4,600 sequences), identifying
enriched CD3 sequences, and developing a nearest-neighbor TCR classifier according to
sequence similarity. The models correctly assigned ~80% of TCRs to their corresponding
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antigen. Taken together, these studies demonstrate that TCR protein sequences can be
arranged in specificity groups that tend to coincide with their associated antigen(s). This
organization is informative in various applications—including predicting matches of
sequenced TCRs to antigens (based on prior observed matches) and optimizing TCR
recognition of antigens for vaccines and immunotherapies—and ultimately allows us to
better comprehend the apparently vast complexity of TCR repertoires.

Challenges and Future Directions in Predicting Presented Antigens and Their Cognate T
Cell Receptors

The ability to accurately predict pMHC for a given TCR and, conversely, TCRs reactive to a
given pMHC is a long-standing goal in systems immunology. Recent developments in high-
throughput experimental assays, such as peptide library screens and TCR sequencing,
coupled with analytical methods, such as mathematical modeling and clustering techniques,
have brought us that much closer to this goal. Unquestionably, however, key challenges
remain to be addressed. The first large-scale datasets characterizing TCR diversity provide
novel mechanistic insights into antigen recognition, but they rely on a reduced complexity of
the space by fixing the MHC, the peptide, or the receptor dimension such that truly de novo
PMHC-TCR pairing prediction remains elusive. While we know that contacts between the
CDR1 and CDR2 regions with the MHC molecule are important for binding, we have yet to
understand how much the particular allele affects the interaction. Another obstacle faced by
peptide library screens is the need to engineer and optimize MHC constructs, which proves
to be especially challenging for class | alleles for their closed conformation and variable
topology with respect to the light chain (B, microglobulin) (230). Library profiling for class
Il poses its own challenges because the molecules are heterodimers, which expands diversity
combinatorially. One way to address this is to barcode multiple HLA alleles in a pooled
screen.

Although antigen presentation is much better understood than TCR recognition, we have
more to learn here as well. Monoallelic MS epitope sequencing is well positioned to
catalogue a collection of alleles that covers over 90% of the population; however, the
relatively low sensitivity and lack of negative observations (i.e., peptides that do not bind)
pose challenges in creating predictive models. Furthermore, the characterization of peptide
binding preferences for class Il is complicated by the expanded diversity of alleles, a more
permissive peptide length register, and a shifting binding core. In terms of processing, we
have yet to grasp the full repertoire of proteasomal flavors and how they manifest in
different cell types or under different conditions. Finally, it is important to keep in mind that
the pMHC-TCR interaction naturally occurs in the close proximity of other important
immune receptors, such as CD8, that can exert structural influence on the docking geometry
and alter downstream signaling (241), which is ideally addressed by in vivo assays.

CONCLUSIONS

The examples described above represent exciting directions in systems immunology. We
expect that single-cell global profiling will continue to define new cell types and states
associated with healthy immunity and disease, leading to new mechanistic hypotheses and
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therapeutic directions. It will also eventually be feasible to use these tools in the clinic to
monitor and predict immune health and disease. The problem of antigen presentation and
recognition by TCRs is a more restricted one than the problem of defining cell types and
states, as demonstrated by the emergence of increasingly powerful predictive models that
promise to transform our ability to analyze both antigens and antigen receptors that
contribute to immunity in each patient. Ultimately, more predictive modeling of recognition
(i.e., detection of antigen) and cognition (i.e., integration of signals for cells to make
decisions) by immune cells should lead to better understanding of immunity in individual
patients and more appropriate personalized therapies.
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- Single-cell RNA sequencing
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« Genome-wide chromatin states
+ 3D chromosomal conformation
« Protein-DNA interactions
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Single-cell experimental tools and datasets needed for generating models of cell types,
states, regulatory networks, and disease/therapy signatures. The boxes in the outer circle
represent data types (yellow) as well as experimental and analytical frameworks (p/nk)
needed for describing the properties of a cell and for creating the prediction models
described in the center, which include classifying cells and states, learning regulatory
networks, and identifying predictive signatures of treatment and disease. Abbreviations:
BCR, B cell receptor; CRISPR, clustered regularly interspaced short palindromic repeat;

TCR, T cell receptor.
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Figure2.
Experimental tools and datasets needed to develop predictive models of antigen presentation

and TCR recognition. The boxes in the outer circle represent steps in the process of MHC-I
antigen presentation and recognition, and the experimental strategies and types of datasets
that need to be collected to train predictive models. The inner circle lists some of the
analytical methods for learning the underlying rules that govern each step or the integrated
process. The box in the center shows the output (or goals) of the predictive models.
Abbreviations: ANN, artificial neural networks; GLM, generalized linear models; HMM,
hidden Markov models; HT, high throughput; KNN, A-nearest neighbors; MHC-IP,
immunoprecipitation of MHC proteins from cells; MS, mass spectrometry; pMHC, peptide-
MHC complex; PTMs, posttranslational modifications; SMM, stabilized matrix method,;
SVM, support vector machines; TAP, transporter associated with antigen processing.
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