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this Review article, we discuss
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outstanding questions in the field
and how MS-based innovations
will enable us to fill knowledge
gaps and help improve our ability
to select HLA-II-presented
antigens as targets for
personalized immunotherapies.
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Immunotherapies have emerged to treat diseases by
selectively modulating a patient’s immune response.
Although the roles of T and B cells in adaptive immunity
have been well studied, it remains difficult to select tar-
gets for immunotherapeutic strategies. Because human
leukocyte antigen class II (HLA-II) peptides activate CD4+
T cells and regulate B cell activation, proliferation, and
differentiation, these peptide antigens represent a class of
potential immunotherapy targets and biomarkers. To
better understand the molecular basis of how HLA-II an-
tigen presentation is involved in disease progression and
treatment, systematic HLA-II peptidomics combined with
multiomic analyses of diverse cell types in healthy and
diseased states is required. For this reason, MS-based
innovations that facilitate investigations into the interplay
between disease pathologies and the presentation of
HLA-II peptides to CD4+ T cells will aid in the development
of patient-focused immunotherapies.

The recognition of peptides presented on human leukocyte
antigen class II (HLA-II) heterodimers by antigen-presenting
cells (APCs) to CD4+ T cells is a key step in both T cell
and B cell response pathways. HLA-II antigen presentation
results in the production of T cell mediators, chemokines, and
cytokines with proinflammatory, immunoprotective, and
chemotactic properties that activate multiple immune cell
types (Fig. 1A). Mounting evidence from multiple preclinical
studies demonstrate that CD4+ T cell–directed therapies can
control tumor growth (1–7) and have the potential to aid in the
treatment of autoimmune diseases (8–11) and infectious
diseases (12). Characterization of HLA-II peptidomes can
rapidly improve our ability to understand the rules of HLA-II
antigen processing and presentation in the context of
different diseases and across multiple cell types. An HLA-II
peptidomics experiment involves capture and isolation of
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the HLA-II-presented peptides by immunoprecipitation or
affinity tag purification followed by peptide sequencing and
quantitation via LC-MS/MS. Although HLA-II peptidome
studies combined with genomic, transcriptomic, and ribo-
somal profiling analyses have resulted in improvements to
HLA-II epitope prediction approaches (13–19), significant
challenges remain in fully understanding the rules of HLA-II
epitope presentation and selection of HLA-II antigens as
immunotherapeutic targets. In this review, we will present and
discuss evidence supporting the development of immuno-
therapies targeting HLA-II–presented antigens to either elicit
or dampen CD4+ T cell responses. We will also put into
context our current understanding of HLA-II antigen pro-
cessing and presentation pathways within APCs. These
topics will lead us to consider the key successes of HLA-II
epitope prediction and outstanding questions related to an-
tigen processing and presentation that MS-based HLA-II
peptidomic technologies are uniquely able to help address.
Finally, we will highlight a subset of knowledge gaps and
challenges that we believe HLA-peptidomics technologies, in
combination with multiomics studies, could overcome to
better select targets for personalized immunotherapies
across multiple diseases.
OVERCOMING OBSTACLES CREATED BY ALLELIC DIVERSITY AND
UNIQUE PEPTIDE-BINDING CHARACTERISTICS TO LEARN HLA-II

ANTIGEN-PRESENTATION RULES

The highly polymorphic nature of HLA-II alleles and the
complexity of heterodimer pairing is an impediment for HLA-II
peptidome prediction and profiling efforts (20, 21). Each indi-
vidual can theoretically express between 3 and 12 unique
HLA-II heterodimers (HLA-DRB1/3/4/5, HLA-DRA1, HLA-
DQB1, HLA-DQA1, HLA-DPB1, HLA-DPA1) (Fig. 1B). HLA-DR
alleles are often the most highly expressed, whereas HLA-DP
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FIG. 1. Overview schematic of HLA-II presentation by HLA-DR, HLA-DP, and HLA-DQ heterodimers. A, APCs, such as dendritic cells
(DCs), B cells, and macrophages, express HLA-II heterodimers that present peptide antigens to CD4+ T cells. Upon T cell receptor (TCR)-
mediated antigen recognition, CD4+ T cells release cytokines and chemokines that activate both B cells and CD8+ T cells. These cytokines can
induce B cell class switching to plasma cells to promote antibody production. Simultaneously, this cytokine and chemokine release can cause
upregulation of HLA-I expression on APCs such as DCs. B, example of HLA-II heterodimer pairing between alpha and beta chains expressed
from HLA-DR, HLA-DP, and HLA-DQ alleles. HLA-DPA and HLA-DQA chains can pair with multiple HLA-DQB and HLA-DPB chains. Conversely,
a monomorphic HLA-DRA chain binds to multiple DRB1 chains. DRB3/4/5 alleles in linkage with DRB1 can also be expressed and bind to the
same DRA chain. Shown is an example heterodimer, DRB1*11:01/DRA1*01:01, to demonstrate possible binding motif registers and an example
HLA-II-binding motif with anchor residues (colored) in positions P1, P4, P6, and P9. C, HLA-II allele frequency plots for HLA-DR (23) (http://www.
allelefrequencies.net/) (24). APCs, antigen-presenting cells; HLA-II, human leukocyte antigen class II.

Complexities of HLA-II Allelic Diversity and Peptide Binding
and HLA-DQ are expressed at lower levels (22, 23). All HLA-II
heterodimers consist of an alpha and a beta chain, but HLA-
DR heterodimers differ from HLA-DP and HLA-DQ in their
alpha and beta chain pairing characteristics. A single HLA-DP
and HLA-DQ beta chain can bind with multiple polymorphic
alpha chains, whereas each HLA-DR beta chain binds with a
monomorphic HLA-DRA chain (16). In addition, linkage
disequilibrium leads to the inheritance of DRB3, DRB4, and
DRB5 alleles that form heterodimers with the same DRA chain
as DRB1 alleles. Interestingly, many studies do not report
DRB3/4/5 alleles in their datasets because their samples are
not fully HLA typed, despite their high prevalence (2) (http://
2 Mol Cell Proteomics (2021) 20 100116
www.allelefrequencies.net/). This discrepancy often leads to
incorrect assignment of HLA-II peptides binding to specific
HLA-DR heterodimers from HLA-II peptidome datasets. The
variable heterodimer pairing of HLA-DQ and HLA-DP alpha
and beta chains combined with the presence of DRB3/4/5
alleles creates over 7000 HLA-II alleles (http://www.
allelefrequencies.net/), with few seen in more than half of the
population (Fig. 1C, supplemental Fig. S1). Fortunately, HLA-II
allele population frequencies suggest that studying a subset
of around 100 HLA-II heterodimers will be sufficient to cover at
least one HLA-II heterodimer in greater than 90% of the global
population (24).

http://www.allelefrequencies.net/
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Complexities of HLA-II Allelic Diversity and Peptide Binding
Multiallelic and Monoallelic Systems Empower HLA-II
Peptidomics

HLA-II peptidome profiling is accomplished through LC-MS/
MS sequencing of peptides obtained from either multiallelic or
monoallelic systems. Other methods for HLA-II peptidome
profiling include yeast display and peptide microarray systems
(25, 26). Monoallelic systems have only one HLA heterodimer
expressed or purified to ensure that all peptides can be
assigned to a single heterodimer. Conversely, multiallelic ap-
proaches utilize cell lines with multiple HLA heterodimers.
Although multiallelic datasets have provided novel insights
into the binding rules of HLA-II heterodimers, these datasets
often contain some uncertainty, as peptides must be assigned
to a specific heterodimer using either deconvolution or ma-
chine learning methods that are trained on previously learned
HLA-II allele-specific peptide-binding motifs (14, 15, 27). It can
be unclear which HLA-II heterodimer a peptide was bound to
in multiallelic datasets because distinct HLA-II heterodimers
can share an α or a β chain, creating overlap between peptide-
binding groove preferences. Furthermore, HLA-II-binding
peptides, usually 12 to 25 amino acids long, do not always
bind in the same register because they overhang from the
peptide-binding groove (Fig. 1B). The ambiguous binding
register makes HLA-II binding cores, typically nine amino
acids with 2 to 4 anchor positions, difficult to identify (13–16)
(Fig. 1B). In contrast, monoallelic datasets that contain only
one HLA-II heterodimer can be used to determine allele-
specific HLA-II-binding registers without preexisting knowl-
edge and leveraged to improve multiallelic deconvolution
methods (16). Although monoallelic approaches decrease
ambiguity in peptide assignment and binding motif determi-
nation, engineering monoallelic cell lines may alter processing
and presentation machinery and introduce bias. Therefore,
combining both multiallelic and monoallelic approaches to
HLA-II peptidomics deepens our understanding of HLA-II
processing and presentation rules.

Limitations of Current Capture Reagents for HLA-II
Peptidomics

Despite the fact that HLA-II peptidomics has been imple-
mented since the early 1990s (28–30), obstacles remain that
prevent broader use. For example, contrary to HLA-I, there are
no constant regions across all possible HLA-II heterodimers
comparable with the beta-2 microglobulin chain of HLA-I
complexes. The variability in protein sequence across HLA-II
heterodimers creates the possibility that existing pan-HLA-II
and HLA-DR–, HLA-DP–, and HLA-DQ–specific antibodies
could bind to different heterodimers with varying affinities.
Interestingly, some HLA-II peptidome studies leverage mix-
tures of pan-HLA-II and HLA-DR–specific antibodies to enable
more efficient HLA-II peptidome purification (31). We are
currently limited in our ability to determine anti-HLA-II
antibody–binding bias because of the lack of reagents to
enrich for single HLA-II heterodimers. To partially address this
potential bias, evaluations of antibody purifications from
monoallelic HLA-II cell lines (16, 32) compared with orthogonal
HLA-II purification technologies, such as affinity-tagged HLA-
II, across a diverse set of HLA-II heterodimers could provide
insight. Until these types of data are produced for a majority of
HLA-II heterodimers, the potential bias of HLA-II immuno-
purification antibodies remains an open question.

Improving LC-MS/MS Data Generation for HLA-II
Peptidomics

In contrast to typical proteomic studies initiated by tryptic
digestion of a proteome, immunopurified HLA-II peptides have
unique sequence characteristics and are isolated at orders of
magnitude of lower abundances. Consequently, HLA pepti-
domic studies are challenging and require the use of sensitive
instrumentation and chromatography techniques. Simply
increasing cell input is not feasible for most HLA-II peptidome
applications that utilize precious samples, such as patient
tissues. Alternatively, the combination of gas-phase fraction-
ation using ion mobility and microscale offline fractionation
has been shown to increase peptide identifications for low-
input samples (33–35). These methods are likely to benefit
HLA-II peptidome efforts but should be altered from standard
HLA-I workflows to enable better recovery of longer and more
hydrophobic peptides (16). Potential changes include eluting
peptides with a higher percentage of organic solvent in both
offline desalting protocols and online LC-MS/MS gradients.
Different reversed-phase stationary phase materials that
enable more efficient capture of hydrophobic peptides may
also be advantageous. Longer maximum inject times can also
be utilized to increase the quality of data from these low-level
peptides (14, 16). Compared with HLA-I, HLA-II LC-MS/MS
methods should allow for a wider range of charge states (+2
to +5) and use increased collision energies for more complete
peptide fragmentation (16). The long length of HLA-II peptides
may also result in the selection of the 13C isotope peak for
precursor isolation and MS2 fragmentation. To account for the
possibility that the 13C peak is the most abundant, as is the
case for longer peptides, the precursor ion isolation width
should be set wider than for the shorter HLA-I peptides to at
least 1.1 m/z to enable coisolation of both the precursor 12C
and the 13C isotope peaks. Continuing to tailor LC-MS/MS
instrument methods to suit the low abundance, nontryptic
nature, and long length of HLA-II peptides will further improve
their detection and identification.

Improving Peptide Sequence Interpretation for HLA-II
Peptidomics

The unique characteristics of HLA-II peptides necessitate
the use of specialized search strategies for interpreting pep-
tide sequence from MS/MS spectra that are different from
conventional tryptic peptide–based approaches. MaxQuant,
PEAKS, and Spectrum Mill are spectral interpretation software
Mol Cell Proteomics (2021) 20 100116 3
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packages that provide suitable functionality and have been
utilized for HLA-II peptidome searches (14, 16, 36). Typical
database search settings for HLA-II searches include a false
discovery rate of <1% at the peptide level, no enzyme spec-
ificity, and a maximum precursor mass range that accom-
modates peptides 12 to 25 amino acids in length (16, 36).
Fragment ion type scoring and peak detection represent two
major challenges presented by MS/MS spectra from HLA-II
peptides. Although the HCD MS/MS spectrum of a typical
tryptic peptide is primarily composed of y-ions because of the
presence of a basic C-terminal Lys or Arg, HLA-II peptides
have no such constraint. In fact, reported HLA-II peptide se-
quences demonstrate that basic amino acids can be at any
position in the peptide. This results in a collection of spectra
that include subsets that are y-ion rich, b-ion rich, mixed b and
y ion, or internal ion rich. Internal ions are much more pro-
nounced in HLA peptide spectra than in tryptic peptides, and
many search engines do not currently account for them. The
generally low abundance of peptides in an HLA-II peptidome
LC-MS/MS experiment produces spectra with signal/noise
ratios near the lower limits for peak detection. In addition, the
aforementioned potential selection of the 13C isotope peak for
precursor ion isolation and MS2 fragmentation creates the
need for more robust deisotoping during the spectral pre-
processing and peak-detection steps of a database search.
With incremental improvements in fragment ion type scoring
and peak detection in recent versions of Spectrum Mill, the
number of confident peptide identifications from HLA-I and
HLA-II datasets was increased by 20 to 100%, with the
greatest improvements apparent among datasets that are the
least tryptic-like (16, 37). After database searching, additional
data-cleaning steps such as removal of common laboratory
contaminant proteins and peptides can further improve data
quality (16, 37). Overall, HLA-II allelic diversity and the unique
characteristics of HLA-II peptides will continue to drive im-
provements in spectral interpretation tools to further increase
the quality of HLA-II peptide identifications from LC-MS/MS
data.

LC-MS/MS Data Can Improve HLA-II Epitope Prediction
Algorithms

HLA-II epitope–prediction methods, such as NetMHCIIpan
(38), originally used data from biochemical HLA-II-binding
assays reported in the Immune Epitope Database (39) and
the SYFPEITHI database (40). Epitope-prediction algorithms,
such as NetMHCIIpan, have used machine learning methods
to identify the consensus binding motifs of synthetic peptides
that were able to bind to biochemically purified HLA-II heter-
odimers. Although these biochemical assays combined with
prediction methods were vital for improving our understanding
of the rules of HLA-II peptide binding, HLA-II binding assay
datasets lack complete coverage of HLA-DP, HLA-DQ, and
rare HLA-DR heterodimers and do not account for the rules
that govern endogenous processing and presentation. Hence,
4 Mol Cell Proteomics (2021) 20 100116
much effort has been put into generating LC-MS/MS datasets
that characterize endogenously processed peptide ligands
from diverse HLA-II heterodimers (14, 16, 19, 36, 41). These
eluted HLA-II peptide datasets enable rapid binding register
motif determination and investigations into the rules of
endogenous processing and presentation. Furthermore, most
HLA-II epitope prediction methods now incorporate LC-MS/
MS–eluted HLA-II peptide datasets (13, 15, 17). For example,
NetMHCIIpan4.013 leverages both LC-MS/MS-identified HLA-
II-eluted ligand and biochemical HLA-II affinity datasets (27),
while MARIA (15), MixMHC2pred (17), and neonmhc2 (16),
among others, leverage endogenously processed HLA-II
peptide LC-MS/MS datasets. As more alleles are profiled,
instrumentation becomes more sensitive, and database
search tools improve (42), we expect HLA-II peptide
sequencing by LC-MS/MS to further improve our ability to
predict HLA-II epitopes.

HLA-II ALLELES AND THEIR PRESENTED PEPTIDES ARE A SOURCE OF
POTENTIAL IMMUNOTHERAPEUTIC TARGETS AND BIOMARKERS

Genome-wide association studies (GWASs) have begun to
reveal the role HLA-II genes play in autoimmune disorders,
cancer, and infectious disease (43–46). GWASs have
demonstrated relatively strong associations between certain
autoimmune diseases and HLA-II alleles. However, the GWAS
has limitations that can prevent the causal relationship of
HLA-II antigen presentation to CD4+ T cells from being fully
elucidated (47, 48). This is due in part to the highly poly-
morphic nature of HLA alleles and the numerous HLA-II
paralogs that create genotyping challenges. Linkage disequi-
librium in the HLA locus exacerbates these intricacies because
the nonrandom assortment of HLA genes makes it difficult to
identify specific causal variants of alleles, as several alleles are
inherited together (49, 50). Despite these complexities,
GWASs have clearly illustrated that studying HLA-II presen-
tation will help reveal the molecular pathways of autoimmune
diseases, cancer, and infectious diseases.

Cancer-Specific HLA-II-Presented Peptides Are Targets for
Future Immunotherapies

Several studies have shown that HLA-II antigen presenta-
tion and CD4+ T cell activation is involved in positive re-
sponses to cancer immunotherapies (51–56). In vivo, CD4+ T
cells appear to play a critical role in sustaining the effects of
PD-1 blockade; depleting CD4+ T cells in mice completely
reverses the antitumor effects of a PD-1 blockade, presum-
ably because of a loss of CD4+ T helper immunity to prime
cytotoxic CD8+ T cell responses (57). In addition, patients in
multiple clinical studies have been found to respond positively
to HLA-II neoantigen-specific CD4+ helper tumor-infiltrating
lymphocytes infusions (1, 58), and improved clinical response
has been observed when CD4+ T cells are targeted in com-
bination with CD8+ T cells compared with CD8+ T cell tar-
geting alone (54). However, even with CD4+ T cell activation,
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the response rate to tumor-infiltrating lymphocytes therapies
and HLA epitope–specific vaccinations ranges from 40 to
70%, and responses are not always durable (58, 59), implying
that investigating antigen presentation in response to immu-
notherapies is critical for understanding how to improve the
selection of HLA-II-presented antigens.

HLA-II-Presented Self-Antigens Are Involved in
Autoimmune Responses

Heritable polymorphisms in HLA-II are frequently associ-
ated with autoimmune diseases such as celiac disease (CD),
inflammatory bowel disease, systemic lupus erythematosus,
and type 1 diabetes (60–65). Normally, HLA-II-bound pep-
tides elicit CD4+ T cells to release cytokines that promote
CD8+ T cell expansion and trigger B-cells to drive robust
immune responses against non–self-antigens (66, 67). In the
context of some autoimmune diseases, CD4+ T cells are
conversely activated by self-derived antigens. One example
of this is CD, where overactive CD4+ T cells recognize
transglutaminase2 (a widely expressed enzyme that is active
during digestion of gluten) derived peptides presented on
HLA-II heterodimers, leading to the production of self-
reactive antibodies (60). Although CD is triggered by a
foreign substance, its pathology is caused by a reaction to
self-antigen presentation on specific HLA-II alleles (HLA-DQA
1*05 and HLA-DQB1*02) (68). Current studies have investi-
gated the relationship between B-cell epitopes and disease
onset (69, 70) and suggest that studying disease-specific
heterodimers and their peptide repertoires will provide in-
sights into peptide processing and presentation rules that
govern both B cell and T cell responses. Moreover, in type 1
diabetes, considerable work from the Unanue lab has iden-
tified and validated autoantigens using HLA-II peptidomics
and T cell responses (71, 72), thus enabling insights into the
features of antigenicity that allow autoimmunity to develop
and providing a potential workflow for autoantigen identifi-
cation in other autoimmune diseases. Future studies evalu-
ating HLA-II peptide presentation in the context of
autoimmune diseases will likely reveal features of HLA-II
peptide antigenicity or specific antigens that can be utilized
as either biomarkers or as therapeutic targets.

HLA-II Presentation Plays a Role in the Pathology of
Infectious Diseases

Investigations into the role of HLA-II in immune responses
in the context of infectious disease are important for under-
standing disease pathology and the development of potential
treatments. To date, susceptibility to hepatitis B, dengue, and
West Nile virus has been associated with specific HLA-II al-
leles (44, 73, 74), and CD4+ T cell responses have been
documented in a range of infectious diseases, including
chikungunya, tuberculosis, and COVID-19 (75–78). Moreover,
many viruses successfully evade the immune system by
altering HLA-II expression. For example, vaccinia virus
infection has been shown to reduce HLA-II presentation in B
cells, macrophages, and dendritic cells (DCs) (79), while hu-
man cytomegalovirus marks HLA-DR for proteasomal
degradation (80). HIV specifically targets APCs that express
the cell surface protein CD4 and coreceptors that include
CCR5 and CXCR4 (81). The main targets for HIV are CD4+ T
cells and macrophages, and as their levels in the body
decrease upon infection. Once inside the host cell, HIV rep-
licates efficiently while simultaneously evading the immune
response. HIV also impairs HLA-II presentation by increasing
cell surface expression of immature HLA-II (82), decreasing
the capability of the immune system to respond to the virus.
LC-MS/MS has proven to be useful in identifying possible
HLA-II vaccine targets that are both presented on infected
cells and have conserved sequences in tuberculosis (83),
leishmaniasis (84), and COVID-19 (85). These encouraging
findings demonstrate the potential value of adding HLA-II
peptidomics to current vaccine development pipelines, as
well as its ability to reveal uncharacterized viral mechanisms
of action and provide novel sources of biomarkers and po-
tential treatment targets.
HLA-II PROCESSING AND PRESENTATION IS HIGHLY COMPLEX AND
DIFFICULT TO PREDICT

HLA-II Peptide–Presentation Pathway Is Controlled by
Many Complex Regulatory Signals

HLA-II peptide presentation involves both endocytosis and
autophagy pathways and is primarily a function of specialized
APCs, but has also been observed in a few other cell types
(Fig. 2). HLA-II gene transcription is controlled almost entirely
by the class II major histocompatibility complex transactivator
(CIITA), a non–DNA-binding coactivator that is regulated by
multiple different signals, including IFNγ, STAT-1α, and USF-1
(86, 87). CIITA is transcriptionally regulated by multiple cell
type–specific promoters, resulting in the translation of three
different protein isoforms (88). Promoters I and III result in
constitutive expression of CIITA in APCs. For example, DCs
and B cells are activated by CIITA promoters I and III,
respectively (88). Inducible expression of CIITA in non-APCs,
such as epithelial cells (ECs) and CD4+ T cells (89–93), is
linked to CIITA’s promoter IV. Promoter IV is activated by IFNγ
expression and leads to the recruitment of several cis-acting
elements and trans-acting factors that induces transcription of
CIITA and therefore upregulation of MHC-II. Once CIITA is
activated, HLA-II heterodimers are translated into the endo-
plasmic reticulum. Because HLA-II heterodimers are unstable
in the absence of bound peptide, the invariant chain (Ii; CD74)
functions as a chaperone to help assemble a stable complex
of CD74 and HLA-II heterodimers (94). Next, CD74 directs the
trafficking of HLA-II complexes to the lysosome or MHC class
II compartment (MIIC), where CD74 is cleaved by proteases
such as legumain (95) and cathepsins, such as S, L, and F
(96–98). This cleavage does not completely remove CD74
Mol Cell Proteomics (2021) 20 100116 5
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FIG. 2. Profiling the HLA-II processing and presentation pathway by LC-MS/MS. HLA-II heterodimers are formed in the endoplasmic
reticulum when alpha and beta chains are paired and loaded with CD74 to prevent heterodimer dissociation. The MHC-II heterodimers are then
trafficked to the MIIC complex, where CD74 is trimmed via proteases such as cathepsin S into CLIP peptides that act as placeholders to block
peptide loading. Concurrently, antigen source proteins enter the MIIC by both endocytosis (exogenous proteins–purple) and autophagy
(endogenous proteins–green). Before trafficking to the MIIC, source proteins are digested by proteases in endosomal/lysosomal compartments.
Once cleaved by proteases, they are transported to the MIIC and loaded onto the HLA-II heterodimers with the help of the HLA-DM and HLA-DO
chaperones, which removes CLIP peptides from the binding groove and facilitates the binding of antigen-derived peptides. Loaded HLA-II
heterodimers are transported to the cell surface where circulating CD4+ T cells can recognize MHC-II-bound peptides via their TCR. As
shown, HLA-II heterodimers on APCs tend to present peptides from endogenous proteins (autophagy) and exogenous source proteins
(endocytosis). The repertoire of HLA-II-bound peptides can be profiled directly using LC-MS/MS to determine peptide sequences and abun-
dances to retrospectively learn the rules of endogenous peptide processing and presentation and identify disease-specific CD4+ T cell targets.
APCs, antigen-presenting cells; CLIP, class II–associated invariant chain peptide; HLA-II, human leukocyte antigen class II; MIIC, MHC class II
compartment; TCR, T cell receptor.

Complexities of HLA-II Allelic Diversity and Peptide Binding
from the peptide-binding groove but instead shortens it into a
class II–associated invariant chain peptide (CLIP) that remains
bound (99). CLIP can then be exchanged for higher affinity
peptides from either endogenous or exogenous source pro-
teins that are degraded in the lysosome with the help of
chaperones HLA-DM and HLA-DO (99). HLA-DM acts by
opening the binding groove of HLA-II to allow for the ex-
change of CLIP with high-affinity peptides in the MIIC (100).
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The role of HLA-DO is still being elucidated, but some studies
have suggested it is a competitive inhibitor of HLA-DM that
prevents peptide loading before antigenic peptides are pre-
sent (101). Importantly, not all HLA-II alleles are sensitive to
HLA-DM (102), demonstrating that HLA-II allele-specific rules
have to be considered in the relevant context of class II-
processing chaperones to accurately model the rules of pro-
cessing and presentation.
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Binding of Peptides to HLA-II Heterodimers Varies in
Different Biological Contexts

Peptide binding to HLA-II heterodimers is governed by
processing and presentation machinery that are expressed at
varying levels among APC cell types and disease states (103).
Studying the impact that differences in antigen processing
proteins has on HLA-II peptide presentation may reveal rules
that can be applied to improve HLA-II epitope prediction
models. For example, DCs are an important APC involved in
cancer progression and treatment, as these APCs endocytose
apoptotic tumor cells and tumor cell debris and present tumor
antigens on HLA-II heterodimers to CD4+ T cells (2). Profiling
HLA-II peptides presented by different DC subsets that are
represented at different stages of cancer progression and
treatment may improve our understanding of the antigens
driving CD4+ T cell responses. Alternatively, aberrant
expression of HLA-II on ECs has been linked to HPV+ head
and neck cancers, epithelial cancers, allergy, inflammatory
bowel disease, and graft-vs-host disease (1, 104–107).
Although expression of HLA-II in ECs has been shown to alter
CD4+ and CD8+ activation in the gut (106), less is known
about EC-specific rules of processing and presentation.
Macrophages have also been implicated in some autoimmune
diseases, such as multiple sclerosis, systemic lupus erythe-
matosus, and rheumatoid arthritis, suggesting that HLA-II
presentation may be involved (108–110).
Additional complexity in HLA-II presentation can be attrib-

uted to the varying expression levels of HLA-II processing and
presentation proteins. Protein levels are dependent on the cell
type, which is demonstrated by the differences in expression
of CD74, cystatin, and cathepsin expression in different APCs
(103). It should be noted that studying some disease-related
APC subsets in vivo is not possible today because their low
frequencies in the blood are not compatible with HLA-II
immunopurification input requirements. As such, careful
design of in vitro model systems that express the appropriate
APC gene sets and machinery is one way to overcome limited
sample availability. In vitro model systems that can express
APC-specific proteins at biologically relevant levels could
inform how HLA-II presentation varies between these different
cell types. Thus, it is crucial that future HLA-II peptidome
studies consider both the disease relevant APC context and
levels of antigen-processing machinery proteins to accurately
learn the rules of HLA-II presentation.
Currently, LC-MS/MS is being utilized to study HLA-II pre-

sentation across multiple diseases including cancer, autoim-
munity, and infectious diseases (41, 111, 112). For each
disease, it is important to consider both the biological con-
texts and if putative HLA-II antigens are more likely to arise
from an exogenous or endogenous source protein. In the
context of HLA-II peptidomes in cancer, primary tumors,
metastatic tumors, and numerous cancer cells lines have been
profiled (16, 113, 114). Although these data can identify
cancer-specific HLA-II peptides on some tumors, not all tumor
types express HLA-II, even when IFNγ is present in the tumor
microenvironment (2). Hence, studying how APCs, such as
DCs and macrophages, uptake apoptotic tumor cells and
present cancer-specific HLA-II peptides will help unravel the
mechanisms underlying how HLA-II antigens activate CD4+ T
cells (16). In the context of autoimmunity, HLA-II peptidomics
can assist in the identification of self-antigens that are driving
aberrant immune responses (60). In infectious disease, HLA-II
peptidomics can not only identify endogenously presented
viral-derived peptides but also may uncover which epitopes
are driving B cell and antibody responses (67). Close attention
must be paid to the biological systems used in HLA-II infec-
tious disease work because, similar to specific tumors, the
infected cell may not express HLA-II. In this case, it may be
more biologically representative to use an APC-feeding
experiment in which a specific APC type is ‘fed’ the path-
ogen and presents the pathogen’s antigens to immune cells
(85). Most importantly, the ability to predict disease-specific
HLA-II peptides can be improved by studying the HLA-II
peptidomes of disease-specific tissues, APCs, and in vitro
model systems.

COMBINING HLA-II PEPTIDOMICS WITH MULTIOMICS DATA MAY
UNCOVER HOW ANTIGEN PRESENTATION IMPACTS DISEASE

PROGRESSION AND TREATMENTS

Elucidating HLA-II and CD4+ T cell response pathways via
genomics, transcriptomics, proteomics, and ribosome
profiling has the potential to vastly improve our understanding
of the molecular processes involved in disease pathology and
treatment.

Neoantigens and Nonself, Tumor-Specific Antigens

Whole exome, RNA-Seq, and HLA immunopeptidomics are
currently being used to identify cancer neoantigens and
confirm their presentation on HLA heterodimers (115). The
identification of predicted neoantigens via epitope prediction
pipelines that leverage genomics, transcriptomics, and HLA-
peptidomics data significantly decreases the number of po-
tential peptide antigens that are screened in immunogenicity
assays when looking for novel vaccine or T cell targets. HLA
epitope prediction workflows also make personalized
neoantigen-based therapeutic approaches feasible within a
timeline that is compatible with clinical settings (2, 52, 55).
Currently, most neoantigen prediction is focused on HLA-I-
presented peptides as CD8+ T cell targets. Given that
several large-scale HLA-II peptidome profiling efforts have
enabled HLA-II epitope prediction pipelines (14–16), and
CD4+ T cells play a crucial role in activating CD8+ T cells (2), it
is likely that therapies aiming to elicit neoantigen-specific T
cell responses will incorporate both HLA-I and HLA-II putative
antigens.
In addition, Kalaora et al. (116) recently identified bacteria-

derived peptides presented on both HLA-I and HLA-II in
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multiple melanoma patients. These bacterial antigens elicited
an immune response, suggesting it is possible that these
nonself, tumor-specific antigens can be targeted with immu-
notherapeutic approaches. Identifying and targeting these
tumor-specific bacterial peptide antigens may improve cancer
therapies and warrants further study.

Unannotated ORFs

A recent study from Laumont et al. (117) successfully
detected HLA class I antigens derived from presumably
“noncoding” regions of the genome from an Epstein-Barr
virus–transformed B cell line 81. Subsequent work from this
group used a focused proteogenomic strategy in combination
with RNA-seq and identified several aberrantly expressed
tumor-specific antigens from noncanonical sequences (118).
Ribosomal profiling (Ribo-seq) has further enabled the anal-
ysis of these noncanonical sequences by capturing and
sequencing ribosome-protected mRNA fragments (119),
thereby focusing on the subset of transcriptional sequences
translated into protein. Several classes of translated alterna-
tive ORFs (altORFs) have been discerned from advances in
Ribo-seq and other sequencing technologies; altORFs derived
from the 5’ and 3’ untranslated regions, overlapping but out-
of-frame altORFs in annotated protein-coding genes, long
noncoding RNAs, pseudogenes, and other transcripts
currently annotated as nonproteins (120–122). Ribo-seq has
also facilitated the identification of HLA-I-presented peptides
derived from altORFs and noncanonical ORFs in cancer cell
lines and patient-derived xenografts that are not routinely
included in HLA-peptidomics reference databases (123, 124).
In the context of cancer, especially tumors of low mutational
burden, altORFs are a source of putative neoantigens that
expand the pool of immunotherapeutic targets (124, 125).
Although HLA-I-presented altORFs and noncanonical ORFs
have been the focus to date, HLA-II heterodimers may also
present this class of peptides. Moreover, altORFs are not
restricted to cancer, as they have been reported to be involved
in the replication cycle of multiple viruses, including SARS-
CoV-2 (112, 126). Thus, HLA-II peptidome profiling that in-
cludes reference exome-derived ORFs and noncanonical
protein-coding products will deepen our understanding of
endogenously processed and presented HLA-II antigens
across multiple diseases.

Identifying HLA-II Epitopes Involved in Immune-Related
Adverse Events and Treatment Failure

Immune reactions to monoclonal antibody therapies used to
treat autoimmune disease and cancer, such anti-TNF (127)
and PD-1/PD-L1 blockades (128) have been recorded in pa-
tients. These events remain difficult to predict, and both
immune-related adverse events (irAEs) and treatment failure
may relate to the development of antidrug antibodies (ADAs)
8 Mol Cell Proteomics (2021) 20 100116
(129). The development of ADAs is far from rare, with as many
as 62% of Crohn’s disease patients treated with infliximab, an
anti-TNF mAb, developing these antibodies (130). The high
incidence of ADAs paired with our lack of understanding
creates a need for prediction methods that identify individuals
who are more likely to develop ADAs, experience treatment
failure, and suffer from irAEs. Because HLA-II allele associa-
tions have been described for patients with adverse re-
sponses, HLA-II profiling in patients and model systems
treated with protein biologics used to treat patients with
cancer, autoimmune disorders, and infectious diseases may
be required (131–134).
MS-based HLA-II immunopeptidome analysis is one

approach that can be used to assess the potential for immu-
nological off-target effects by directly identifying aberrantly
presented HLA-II peptides either induced by or derived from
protein biologics. A majority of HLA peptidome-profiling ef-
forts focus on studying epitope presentation by disease-
specific cell lines and tissues. However, irAEs often impact
other areas of the body including the skin, gastrointestinal
tract, and hepatic, endocrine, neurologic systems (135). To
better understand and potentially predict irAEs related to
biotherapeutic treatments, large-scale HLA-II peptide–
profiling efforts across APCs and cell types involved in off-
target immune side effects could be leveraged. To accom-
plish this, reference protein databases that include the se-
quences of biotherapeutic monoclonal antibodies, as well
endogenous immunoglobulins, will need to be constructed to
ensure that HLA-II peptides are accurately mapped to their
source proteins (136, 137). Overall, the use of HLA-II pepti-
dome profiling in combination with sequencing technologies
that better characterize all possible endogenous protein
products will inform our understanding of how biologics are
modulating the immune response in the context of antigen
presentation and help define possible biomarkers to identify
patients with susceptibility to irAEs.
CONCLUSIONS AND FUTURE DIRECTIONS

Although our current understanding of HLA-II biology is
limited because of the complexity of APC HLA-II presentation
and technological sensitivity, it has become clear that HLA-II
antigen presentation pathways play a critical role in adaptive
immune responses. This is demonstrated by the correlation
between specific HLA-II allele expression and the favorable
response of cancer and infectious disease patients to CD4+
therapies and the frequent occurrence of autoimmune dis-
eases (12, 52, 55, 138). Continuing studies of the HLA-II
presentation pathway with monoallelic cell lines and patient-
derived, multiallelic MS datasets will advance our under-
standing of the biological mechanisms involved in HLA-II
presentation. Although most studies consider only canonical
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HLA-DR, HLA-DP, HLA-DQ alpha and beta chain pairing,
there have been reports that mixed isotype pairing between
DRB and DQA is possible (139, 140). As such, further in-
vestigations of mixed isotype pairing are required to determine
its impact on human health and disease. In addition, longitu-
dinal investigations of HLA-II repertoires of APCs in the blood
of patients with risk HLA-II alleles and patients before, during,
and after disease manifestation and/or treatment may inform if
changes in HLA-II epitope presentation are involved in disease
progression. These data may also reveal specific HLA-II epi-
topes that are good candidates for disease biomarkers and
immunotherapeutic targets. As LC-MS/MS instrumentation
becomes more sensitive and improvements to database
searches and workflows are made to increase HLA-II peptide
identification rates and incorporate all possible endogenous
proteins, we expect to uncover mechanistic insights into how
HLA-II presentation impacts disease progression and treat-
ment. Machine learning algorithms for improved peptide
identification from LC-MS/MS data, such as Prosit (42), will
likely be used to decrease false identifications and improve
data quality. A decreased false discovery rate is extremely
valuable for HLA-II peptidomics, as many antigens are
expressed at very low levels and may only be seen in a sample
a handful of times. Finally, it is imperative that the relevant
biological context of HLA-II presentation is incorporated into
the experimental design to ensure that the correct research
questions are being addressed. As we begin to understand
more about the HLA-II antigen presentation pathway via the
use of multiomic strategies in combination with HLA-II pepti-
domics, we envision that learnings from these data will play a
vital role in the development of future immunotherapeutic
approaches that utilize HLA-II antigens.
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