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Distinct editing functions of natural HLA-DM allotypes
impact antigen presentation and CD4+ T cell activation
Miguel Álvaro-Benito 1, Eliot Morrison1, Friederike Ebner2, Esam T. Abualrous3, Marie Urbicht1, Marek Wieczorek1 and
Christian Freund1

Classical human leukocyte antigen (HLA) molecules of the major histocompatibility class II (MHCII) complex present peptides for the
development, surveillance and activation of CD4+ T cells. The nonclassical MHCII-like protein HLA-DM (DM) catalyzes the exchange
and loading of peptides onto MHCII molecules, thereby shaping MHCII immunopeptidomes. Natural variations of DM in both chains
of the protein (DMA and DMB) have been hypothesized to impact peptide presentation, but no evidence for altered function has
been reported. Here we define the presence of DM allotypes in human populations covered by the 1000 Genomes Project and
probe their activity. The functional properties of several allotypes are investigated and show strong enhancement of peptide-
induced T cell activation for a particular combination of DMA and DMB. Biochemical evidence suggests a broader pH activity profile
for the new variant relative to that of the most commonly expressed DM allotype. Immunopeptidome analysis indicates that the
compartmental activity of the new DM heterodimer extends beyond the late endosome and suggests that the natural variation of
DM has profound effects on adaptive immunity when antigens bypass the canonical processing pathway.
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INTRODUCTION
Classical major histocompatibility class II (MHCII) molecules (HLA-
DP, -DQ and -DR) are heterodimeric proteins that display peptides
on the cell surface of antigen-presenting cells (APCs) for CD4+ T
cell surveillance. The key players and basic mechanisms resulting
in the selection and display of certain peptides at the cell surface
by MHCII molecules are well understood.1 In this context, the
nonclassical MHCII protein HLA-DM (DM) assumes a dominant role
in epitope selection. First identified as an essential antigen
presentation factor and facilitator of peptide dissociation,2,3 DM
was demonstrated to couple its catalytic exchange properties with
chaperoning empty MHCII molecules to bind peptides.4,5 DM
exerts its function by sensing rare conformations of the
peptide–MHCII complex5,6 which are more often visited by
suboptimal complexes. As a result of DM function, highly
kinetically stable peptide–MHCII complexes, more resistant to
DM-catalyzed exchange, are selected and are likely to be
transported to the cell surface. This fundamental function of DM
is modulated in specific cell subsets (B cells and thymic epithelial
cells) by another nonclassical MHCII molecule, HLA-DO (DO), that
acts as a competitive inhibitor of the DM-MHCII interaction.7 While
classical MHCII molecules are highly polymorphic and restrict the
primary sequence of peptides displayed at the cell surface to a
considerable extent, the nonclassical MHCII genes are oligo-
morphic and encode for proteins that define the exact composi-
tion of the cellular immunopeptidome. Therefore, DM function,

further modulated in specific cell types by DO, defines to a great
extent the epitopes that are encountered by the T cell receptor of
CD4+ T cells.
Variations in MHCII antigen processing and presentation, and in

particular DM function, have been implicated in health and
disease.8 Several studies have demonstrated that DM activity
affects the presentation of autoimmune-relevant peptides,9–12

endogenous peptides relevant for allogeneic stem cell transplan-
tation,13 and epitopes of major allergens.14 Indeed, insights from
different knockout murine models for DM have shown that T cell
development, the ability to mount effective immune responses to
pathogens, and the outcome of allograft transplantation are all
compromised in the absence of DM to an extent that is modulated
by the classical MHCII background (reviewed in ref. 15). DM
peptide exchange activity is favored at the low pH of late
endosomal compartments in the so-called canonical antigen
processing pathway.1,3 Although alternative routes of antigen
processing and presentation have important consequences
affecting T cell responses in vivo,8 the role of DM in these
pathways has often been disregarded owing to the observation
that its catalytic peptide exchange activity is largely compromised
at non-acidic pH levels.1,3 However, DM is widely distributed in
different APC types,16,17 and its presence on the surface of B cells
and immature dendritic cells facilitates antigen internalization.17

Similarly, the specific activity of different allotypes of DM, as well
as its natural regulator DO, have traditionally been neglected.
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Limited polymorphisms of these molecules have been assigned to
different protein regions, but their potential impact on protein
function has only recently been investigated. We were previously
able to show that the in vitro peptide exchange activity of DM
differs for allotypes bearing distinct DMA allelic variants.18 More
recently, Denzin and collaborators have provided evidence that
natural variations of DO also impact its functional properties at the
cellular level.19

Here we present an experimental approach to assess functional
differences due to natural variations of DM. Hypothesizing that
DM’s function will depend on the specific combination of DMA
and DMB gene products, we first analyzed the presence of
particular DM haplotypes in human populations covered by the
1000 Genomes Project (1000GP). Our analysis reveals eight major
DM haplotypes at the human global population level. These
haplotypes are differentially distributed among the world’s
subpopulations and, in most cases, include the DMA*0101 allelic
variant. Moreover, the DMA*0103 allele, which was previously
shown to impair DM peptide exchange function,18 is strongly
linked to DMB*0107. The functional investigations reported here
identify changes in immunopeptidomes and T cell activation in
the presence of DMA*0103-DMB*0107 relative to DMA*0101-
DMB*0101. Interestingly, the DMA*0103 and DMB*0107 combina-
tion encodes for an allotype that is more effective in synthetic
peptide loading, which may take place in alternative subcellular
compartments. This effect coincides with an altered pH activity
profile of this particular heterodimer that is present in approxi-
mately 2% of the human population. Such distinct editing
properties will have to be taken into account when considering
T cell-mediated immunity in the context of autoimmunity,
pathogen defense, or tumor immunotherapy.

RESULTS
HLA-DM genes associate in eight major haplotypes at the global
human population level
The HLA locus exhibits strong linkage disequilibrium (LD), and it is
likely that specific DMA and DMB alleles associate with haplotypes.
We therefore investigated the presence of specific DM haplotypes
at a global scale using the reference single-nucleotide polymorph-
isms (rsSNPs)20 (Fig. 1a, Table S1) present in each DMA and DMB
allelic variant21 in conjunction with the publicly available
sequence data from the 1000GP.22 Noteworthy, many of the
residues affected by natural variations lie at or close to the
interface between DM and HLA-DR (DR), as inferred from the
three-dimensional structure of the DM-DR1-HA complex23 (Fig. 1b),
and could modulate the interaction of these two molecules.
The 1000GP dataset used comprises 2504 genomes (ALL)

grouped in five superpopulations. Notably, the previously
reported SNP rs41560814 (resulting in DMB-S45F; found in
DMB*0106) is not identified in this dataset, indicating that, if
present at all, this substitution occurs only at a very low frequency
in the populations covered by the 1000GP. We probed the
association between rsSNPs and defined the presence and
frequency of DMA and DMB allelic variants (Fig. S1A) as well as
their association with haplotypes24 (Fig. S1B). This analysis yields
eight DMA-DMB haplotypes (hereafter referred to as the main
haplotypes or allotypes, indicated as DMxy, where “x” refers to the
DMA allelic variant and “y” to the corresponding DMB variant) with
frequencies >0.01 on a global scale. The most widespread
haplotype is DM11, which, together with DM13 and DM21,
accounts for >75% of the haplotypes detected (Fig. 1c). All DMA
alleles are represented within the 8 major haplotypes, but neither
DMB*0105 nor DMB*0106 reaches the 0.01 threshold. Finally, the
haplotypes described are unequally distributed across the world’s
populations covered by this dataset (Fig. 1c). Thus, for instance,
DMA*0103- and DMA*0104-bearing haplotypes are absent in some
of the populations covered (AFR and EAS, respectively).

HLA-DM haplotypes feature specific cellular functions and
differentially affect T cell activation
We have previously observed lower peptide exchange activity for
DM31 relative to DM11 in vitro18 and hypothesized that the specific
features of HLA-DM heterodimers depend upon the combination of
DMA and DMB.15 We sought to test this hypothesis with all DM1y
and DM3y heterodimers—particularly those resulting in any of the
main haplotypes—in the presence of transmembrane domains due
to their potential influence on DM function.25 DM peptide exchange
function can be determined at the cellular level by measuring the
cell surface accumulation of Class-II associated invariant chain
peptide (CLIP) bound to MHCII26 as well as the ability to affect T cell
activation using model antigens.2 The T2.DR3 cell line was
transduced with all potential DM1y and DM3y allotypes as well as
a DMA mutant (DMA*0101-R98A-R194A, also referred to as RR) that
is known to reduce peptide exchange activity23 (DMmut). The
expression cassette used here features a green fluorescent protein
(GFP) as a surrogate marker of DM expression27 (Fig. 2a). Upon
transduction and cell sorting (GFP), the different cell lines were
stained for surface expression of CLIP and for DR (Fig. S2A), allowing
us to determine the surface CLIP/DR ratio. Surface DR is slightly
decreased upon DM expression, but there was no significant
difference between DR or CLIP levels for any of the DM-expressing
cell lines. Since DM expression levels affect the outcome of CLIP/DR
ratios,28 these values were further normalized to the DM expression
level based on GFP27 (Fig. 2b, DM confirmed as in S2A). CLIP/DR
ratios for different DM-expressing subpopulations confirmed the
differences measured at the global level and the dose-dependent
behavior of the ratios and GFP (DM) expression levels (Fig. S2B). All
of the main DM allotypes tested displayed higher catalytic activity
than that of DMmut (ten-fold less active), but the differences in CLIP/
DR ratios normalized to DM expression between DM1y and DM3y
heterodimers were not statistically significant. We performed a more
detailed analysis using single-cell clone-derived cell lines bearing
DM allotypic combinations representative of the main haplotypes
and with similar expression of DM (Fig. S2C). In this case, direct
detection of DM by intracellular staining confirmed our previous
findings (Fig. 2c, S2C). We used the geometric mean fluorescent
intensity (gMFI) of MaP.DM1-PE to normalize (CLIP/DR) ratios and
directly quantified the presence of DM for the cell lines subsequently
used in T cell activation experiments. The main conclusion from
these experiments is that the dynamic range of the differences
between DM allotypes tested was rather small under the DM
overexpression conditions used. Similarly, the analysis of sodium
dodecyl sulfate-stable dimer formation using clonally expanded cell
lines did not reveal substantial differences for any of the main
haplotypes, indicating a similar rate of high/low affinity peptides
bound to HLA-DR3 (Fig. S2D). Analysis of CLIP/DR ratios using T2.DR1
transfectants confirmed these findings for a second MHCII allotype
(Fig. S2E and S2F).
DM activity facilitates the presentation of known epitopes

originating from antigenic proteins that require intracellular
processing,2 and it can edit the peptides bound to MHCII molecules
in different subcellular compartments.16,17 Although editing of
MHCII-CLIP does not vary significantly for different DM allotypes,
more subtle shifts in the presented peptidome can still lead to
substantial differences in the stimulation of specific T cell clones.
Thus we performed T cell activation experiments in which the
clonally expanded T2.DR3-DM cell lines bearing the main haplotypes
were tested for their ability to present a DR3-restricted epitope
derived from Mycobacterium tuberculosis antigen 85B (MTB-A85B),
either using whole antigen or the corresponding restricted
A85B53–67 peptide. CD4+ T cells reactive to the MTB-A85B53–67
peptide were used as responder cells, and the amount of
interleukin-2 (IL-2) secreted was interpreted as a direct consequence
of the extent of antigen presented (normalized to DM11-expressing
cells). T cell assays using whole-protein antigen showed no
significant difference for the presentation of this peptide between
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DM allotypes (Fig. 2d). However, using synthetic peptide, we
measured a six-fold increase in IL-2 production in the case of the T2.
DR3-DM37 cell line and a four-fold increase for T2.DR3-DM14
(Fig. 2e). The lower T cell activation levels obtained using the DMmut
control for both peptides and protein (Fig. 2d) indicated that the
presentation of this epitope is dependent on DM activity.
The distinct antigen loading behavior of each DM allotype was

further evaluated in the presence of brefeldin A (BFA) and
chloroquine (CHL). BFA blocks anterograde protein transport from
the Golgi, preventing nascent MHCII molecules from reaching
endosomal compartments. CHL prevents the acidification of
endosomes, attenuating antigen degradation and compromising
DM activity. As expected, treatment with these drugs essentially
blocked antigen presentation in experiments using the whole
protein (Fig. S2G). In the case of peptide delivery, BFA treatment
resulted in substantially increased T cell responses when using T2.
DR3-DM37 cells as APCs relative to T2.DR3-DM11 cells (12-fold),
confirming the distinct behavior of DM37 vs. DM11 (Fig. 2f). CHL
treatment in this case revealed a six-fold increase in IL-2 release,
which was slightly higher than that seen without drug using the
same peptide concentration, indicating that peptide loading does
indeed take place in organelles with a less acidic pH. The
corresponding T2.DR1 transfectants showed a similar trend for
increased presentation of synthetic peptide in the presence of
DM37 relative to DM11 under the same conditions (Fig. S2H).
Together, these results indicate that the synthetic peptide is not
required to be proteolytically degraded and is preferentially
loaded onto MHCII molecules in the presence of DM37,
suggesting that this event occurs in nonlate endosomal
compartments.

The DM37 allotype (DMA*0103-DMB*0107) features a pH-
broadened peptide-exchange activity
To shed light on the distinct peptide-loading behavior of these
DM heterodimers, we characterized the peptide exchange

function of these proteins under experimentally defined condi-
tions in vitro (details regarding expression and purification in
Fig. S3A and S3B). We confirmed that, at the pH of the late
endosomal compartment (5.3), all DM3y heterodimers had
reduced catalytic activity relative to DM1y but to differing degrees
for the individual DMB variants (Fig. 3a and S3C). Although DM37
is less active than DM11 in peptide release experiments at a fixed
pH (5.3), its activity is substantially higher than that of any other
DM3y allotype, indicating partial compensation of the reduced
peptide exchange activity of DMA*0103-bearing allotypes. Inter-
estingly, peptide release rates measured at different pH values
showed an atypical profile for DM37 and DM17. Thus dissociation
rates catalyzed by DM37 and DM17 were significantly higher at
low (4.2) and high (6.4) pH relative to any other DM allotype
(Fig. 3b and S3D). This suggests that such distinct pH-insensitive
behavior is provided by the substitutions found in the DMB*0107
allele, consisting of DMBT10A, DMBD31V, and DMBS53N. Addi-
tional assays showed that those substitutions do not have a
significant effect on the thermal stability of DM heterodimers,
hence protein folding is not compromised (Fig. 3c and S3E). Thus
DM37 is the only main allotype comprising DMA*0103 that
features distinct biochemical behavior with more pH-independent
activity.
To understand the distinct pH profile of DM37, we rationalized

the structural properties of this variant based on the known crystal
structure of DM11 when interacting with HLA-DR1.23 In silico
predictions of pKa values of the side chains of DMBD31 and
DMBE47 in complex with HLA-DR1 indicated a protonated side
chain of DMBD31 (Fig. 3d) that forms a hydrogen bond with
DMBE47. To understand the pH dependency of this interaction,
we generated two models of the complex with either a
protonated (DMBD31+) or deprotonated (DMBD31−) side chain
of DMBD31. We also generated a model of the DMBD31V mutant
that was shown experimentally to be more pH independent
(Fig. 3e). All models were subjected to energy minimization and

Fig. 1 Overview of DMA and DMB natural variation. a DMA and DMB allelic variants described in the HLA/IMGT database. Polymorphic
residues in DMA and DMB are shown with single-letter code. Substitutions resulting from each SNP are indicated, and the positions affected in
the mature protein sequence and the rsSNP codes are shown above and below the boxes, respectively. b Cartoon representation of the DM
heterodimer (DMA in yellow and DMB in cyan) in complex with HLA-DR1-HA (gray, transparent surface for HLA-DR1, PDB 4fqx). Residues
affected by rsSNPs are shown as spheres. c DM haplotype frequencies shown as pie charts for the whole dataset from the 1000 Genomes
Project (ALL, left). Haplotypes in bold letters were functionally characterized. The haplotype distribution is also shown for different
subpopulations studied by the 1000 Genomes Project. AFR African, AMR American, EAS East Asian, EUR European, SAS South Asian. Only
haplotypes with frequencies > 0.01 are shown
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equilibration by short molecular dynamics simulations. Interest-
ingly, DMBD31+ showed a similar conformation to that of the
crystal structure (Fig. 3d left) with placement of Cδ(E31) and Cγ
(E47) in close proximity (3.8 Å, Fig. 3f). However, deprotonation of
DMBD31 resulted in electrostatic repulsion between the side
chains of DMBD31 and DMBE47 that led to a loop rearrangement
and a Cδ(E31)−Cγ(E47) distance of ~6.8 Å, associated with a
loosened DM-HLA-DR1 interface (Fig. 3d and Supplemental
video1). Introducing valine at position DMB31 was compatible
with the loop conformation seen in the crystal structure at pH 5.5
(Fig. 3e, f) and should not be subject to pH-dependent
deprotonation. Overall, our data suggest that the protonation
state of DMB-31 is responsible for the structural rearrangements
that are the basis for the pH dependency of DM.

HLA-DM11 and DM37 imprint distinct specific signatures on the
HLA-DR3 immunopeptidome
Since our cellular and biochemical experiments demonstrated that
DM11 and DM37 have clearly distinct editing functions, we
hypothesized that the composition of the MHCII immunopepti-
dome should also reflect such differences. We therefore analyzed
the pool of peptides presented by the above-described T2.DR3
cell lines expressing the two selected DM haplotypes, DM11 and
DM37. To this end, we used a validated and published in-house-

developed algorithm termed PLAtEAU (Peptide Landscape Anti-
genic Alignment Utility),27 which allows us to perform label-free
quantification of sets of nested peptides isolated from MHCII
molecules. The algorithm aligns the identified peptides to their
protein sources and thus defines the longest overlapping amino
acid sequence from all peptides of a consensus epitope.
Additionally, the MS1 intensity of all peptides used to define this
epitope is summed up on a per residue basis, yielding a total MS1
intensity that can be normalized to the total ion current of the run,
producing a relative abundance value for each epitope (Fig. 4a).
The performance of our analysis is shown in Fig. 4b. The initial
1523 unique peptide identifications for the complete dataset (all
conditions pooled) yielded a total of 322 consensus epitopes
(Fig. S4A) from 248 protein entries (Fig. S4B) with their
corresponding relative intensities (Table S2). The performance of
our replication scheme for each DM condition was similar to the
overlap between DM11 and DM37 (85%, Figures S4C and S4D),
indicating that the two epitope pools were very similar
qualitatively.
Identified epitopes (PLAtEAU) were analyzed quantitatively to

generate Seqlogos and the distribution of binding affinities
(NetMHCIIpan) for each condition (Fig. 4c). Such analysis revealed
that the expression of either DM enriched a very similar
proportion of high- and low-affinity binders (considerably higher
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Fig. 2 Characterization of the cellular function of HLA-DM allotypes. a Construct design for the expression of selected DM allotypes. A
bicistronic cassette consisting of the cDNAs of DMB and DMA spaced by a self-cleavable T2A peptide was placed under the control of the
SFFV promoter. An IRES sequence allows the expression of GFP as a surrogate marker of DM. The color legend shown at the bottom applies to
those DM allotypes analyzed in detail. b Quantification of (CLIP/DR)/GFP ratios for all cell lines generated on the T2.DR3 background using
flow cytometry (gMFI of each marker was used). DMA and DMB genes combined for each cell line are indicated along the “x” axes. Each pair of
bars after the controls shows DMA1 (left) and DMA3 (right), and DMB is indicated below. Mean and SD values are shown for n= 3
independent experiments measured in duplicate. Gray symbols above the bars indicating statistical significance refer to the analysis of
differences between DM allotypes only. c (CLIP/DR)/DM ratios determined for single-cell clone cell lines of the indicated selected DM allotypes
as indicated in (b). In this case, the values are normalized to the gMFI of DM intracellular staining. The mean and SD are for n= 4 independent
experiments measured in duplicate. d Antigen presentation assays using T2.DR3 cell lines stably expressing the indicated DM allotypes.
Human reactive CD4+ T cells for an immunodominant MTB-A85B epitope (MTB-A85B53–67: VPSPSMGRDIKVQFQ) were used as responder cells.
T2 APCs were fed with 50mg/ml MTB-85B antigen (protein) for 16 h and then fixed. One hundred and five of these APCs were incubated
together with 105 responder cells for 48 h. IL-2 was measured by ELISA. The bar chart shows the mean and SD of n= 3 independent
experiments measured in duplicate. All values are relative to the most abundant DM allotype (average IL-2 secretion by DM11= 120 ± 9 pg/
ml). e The same experiment was repeated with the T2.DR3 cell lines supplied with 50 mg/ml MTB-A85B53–67 peptide for 6 h. Downstream
processing was performed as described in (d). Mean and SD of n= 3 independent experiments measured in duplicate (average IL-2 secretion
by DM11= 373 ± 25 pg/ml). f Same as (d) using the corresponding peptide added to the cells at a concentration of 25mg/ml for 4.5 h. APCs
were either not treated (No treat) or treated either with 25mM brefeldin A (BFA) or 100mM chloroquine (CHL). Mean and SD values from n= 3
independent experiments measured in duplicate (average IL-2 secretion by DM11 No treat= 75 ± 8 pg/ml; BFA= 40 ± 5 pg/ml; CHL= 53 ± 5
pg/ml)
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than the NoDM condition) and that they selected essentially the
same anchor residues for the binding groove. More importantly,
relative quantification by PLAtEAU, which assigns MS1 intensities
to core epitopes, enabled a robust comparison of the significantly
but relatively small differences in the peptidomes for the two DM
haplotypes. Differences in the log2 relative intensities of all
epitopes, identified across the 6 replicates measured, indicated
that there were 110 epitopes differentially selected by one or the
other DM allotype (Table S3). Those epitopes represented
approximately 9% of the total ion current of each condition
(Fig. 4d), and a two-sample logo analysis of the predicted binding
cores (based on the epitope abundance, Fig. 4c) revealed
subjacent differences in each of the pools (DM11 vs. DM37,
Fig. 4e). Importantly, these differences at the amino acid level are
not necessarily conservative but also affect the charge (K to D
substitution) or bulkiness (V to A alteration) of nonmain anchor
residues. Representative examples enriched for each DM condi-
tion already indicated the contribution of certain residues to these
observed compositional differences (Fig. 4f). A conventional gene
ontology (GO) annotation analysis yielded basically the same GO
term distribution for both DM conditions (Figure S4E). However,
we rationalized that given the quantitative nature of the
generated data, a one-dimensional (1D) annotation enrichment
could be applied to determine the preferential sampling of

protein sources in the immunopeptidomes analyzed.29 This
approach takes into account the summed relative intensities for
each protein entry and compares the distribution of log2
intensities for each GO term to the total log2 intensity measured
at the corresponding condition. In our case, epitopes originating
from proteins annotated with the GO terms “vesicles” and
“extracellular space” were specifically enriched (relative to the
total log2 intensity distribution) only in the presence of DM37
(Figure S4F-S4I). In sum, epitope-based quantification by PLAtEAU
demonstrates that, under the same HLA-DR and DM expression
levels, the DM allotype has a considerable impact in shaping the
specific composition of the immunopeptidome.

DISCUSSION
The presence of DM haplotypes has been reported for a global
subpopulation (Han Chinese, included in the EAS group in this
study (Fig. 1)). A study by Feng et al.30 analyzed 1000 individuals
of this subpopulation and found a distribution of DMA-DMB
haplotypes similar to that seen in our analysis (DM13: 27% vs. 31%;
DM21: 22% vs. 27%; DM12: 20% vs. 14% in our report and in ref. 30,
respectively). Thus it can be assumed that the even more limited
genomic 1000GP dataset for this subpopulation bears statistical
significance for all major haplotypes. The eight haplotypes of DM

Fig. 3 Biochemical characterization of HLA-DM allotypes. a Dissociation rates of MBP-FITC catalyzed by different DM allotypes measured by
fluorescence polarization. DR2/MBP-FITC (250 nM) complexes were incubated in the presence of different DM allotypes (75 nM) and an excess
of unlabeled MBP (50 µM). Reactions were performed in citrate phosphate buffer at pH 5.3 at 25 °C, and FP was determined over 200min.
Mean and SD of n= 3 independent experiments measured in triplicate. b Representative examples of release rates determined as in (a) under
different pH conditions. Values show the mean and SD of n= 3 experiments measured in triplicate. DM11 is shown as filled circles (blue) and
DM31 in open circles (blue). DM37 is shown as filled circles (red) and DM17 as open circles (red). c Representative examples of the thermal
stability of DMA-DMB allotypes at different pH values. The midpoint denaturation temperature of each protein is represented over the pH
range of the assay. The results show the average and SD of n= 6 independent experiments. Symbols are the same as in (b). d The 3D
structures of the DM-DR1 (PDB accession codes 4fqx and 4gbx) complex are used to model the implications of protonation and
deprotonation of DMBD31 and DMBE47. DM-DR structures are depicted as cartoons, and the side chains of the corresponding amino acids are
shown as sticks. DR is shown in gray, DMB in cyan, and DMA in yellow. Protonation of these two acidic amino acids results in a structured loop
with their side chains close to each other and to the DR1 alpha chain (left). Equilibration of the structure after deprotonation of these two
residues yields an open loop conformation (right) in which the side chain of DMBE47 is moved away from the DM-DR interface. The predicted
pKa values for the protonatable groups of residues D31 and E47, as well as their predicted protonation states in each solved 3D structure, are
indicated; prot protonated, deprot deprotonated, equ equilibrium protonated–deprotonated. e DMBD31V substitution found in the
DMB*0107 results is also modeled similar to the substitutions studied in d. In this latter case, the Val side chain is not affected by
protonation–deprotonation, resulting in nonrepulsion of the residues due to electrostatic interaction. f Bar chart showing the average and SD
of the distance (in Å) between the Cγ of the side chain of residue DMB31 and the corresponding Cδ DMB47 for the three scenarios shown in
(d) and (e) during the energy minimization procedure
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with frequencies > 1% at the global human population level
clearly contrast with the several thousands of alleles and hundreds
of haplotypes described for classical MHCII genes. Differences in
genetic variations between classical and nonclassical MHCII genes
are thought to arise from the fact that classical MHCII genes are

subject to functional diversification, while nonclassical MHCII
genes undergo purifying selection.31,32 Thus, from an evolutionary
and clinical perspective, one should wonder whether these
nonclassical DM haplotypes are neutral or if they carry functional
features for which they have been selected. The selection of such

Fig. 4 Influence of DM on the immunopeptidome presented by HLA-DR molecules. a Schematic representation of MHCII immunopeptidome
analysis using the PLAtEAU algorithm. PLAtEAU aligns the peptides eluted from MHCII molecules under each condition to their protein
sources (black and gray) and defines a consensus epitope that spans the maximum amino acid sequence from any series of nested peptides.
During this process, the algorithm also takes into account the MS1 intensities of individual peptides (color intensity) to derive a defined
relative intensity for each consensus epitope. The relative intensity of each epitope is calculated on a per residue basis using the MS1 intensity
of each peptide and the Total Ion Current (TIC) of each condition. For two specific conditions, DMX and DMY conventional analysis focuses on
the peptides, while using PLAtEAU yields epitopes with associated relative intensities (boxed) that can be used for LFQ. b Overview of the
performance of the immunopeptidome analysis and the criteria applied for peptide identification and quantification. Known contaminants
(included in the MaxQuant platform) and identifications from the decoy database are initially filtered out. Two extra filters are applied, one for
technical replication and another for biological replication. The resulting dataset is subsequently used as the input for our recently described
algorithm, PLAtEAU56. Epitopes found in the IP control samples are removed. Number of identifications, peptides, and protein sources are
shown on the right side. c Features of the immunopeptidome isolated from the T2.DR3-NoDM (left), -DM11 (middle) and -DM37 (right) cell
lines. For each dataset, we retrieved the consensus epitopes and their corresponding relative intensities. We used these lists of consensus
epitopes to predict binding affinities and cores (NetMHCIIpan). Weighing the presence of each consensus epitope (relative intensity) allows us
to define the relative abundances of strong binders (SB), weak binders (WB, including CLIP, highlighted), and those for which no affinity is
predicted (N.D. not defined). The results are shown as donut charts. The same weighted consensus epitope list is used to define Seqlogos for
each condition. d Volcano plot depicting the log2-fold intensity difference between the epitopes identified for DM37 and DM11 vs. the –log(P)
of the differences. Representative examples of epitopes enriched for each condition are shown, indicating the UniProt accession code. e Two-
sample logo analysis of the weighted binding cores for each condition (DM11 or DM37). The predicted position for each residue within the
binding groove of DR3 molecules is shown, ranging from P1(1) to P9.(9) Only significant differences (p < 0.05) are shown. Residues shown on
the upper or the lower part indicate those that were preferentially found in the pool of peptides eluted from DM11 or DM37, respectively. f
Representative examples of epitopes enriched for each condition (d). Predicted binding cores are aligned and contained within a box. UniProt
accession codes for the protein sources are indicated, as are the gene names. Highlighted residues are also found in the two-sample logo
analysis
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specific properties could have consequences shaping adaptive
immune responses and eventually modulate the ability to fight
pathogens or predispose to MHCII-related diseases. While limited
to only two MHCII allotypes and a particular antigen, our study
represents the first report in which altered T cell function may be
linked to genetic variations in HLA-DM genes. Future studies
should focus on clarifying the implications of DM natural
variations under physiologically relevant conditions.
We only detected distinct T cell activation profiles when antigen

was provided as a synthetic peptide in the presence of defined
DM allotypes. Since we could not detect DM at the cell surface,
similar to previous reports using the same cell line,33 we suggest
that peptides are loaded in intracellular organelles. The substantial
enhancement of T cell activity observed for DM37 relative to
DM11 and the fact that this activity was not abolished in the
presence of CHL indicates that the peptides are not loaded onto
MHCII molecules in late endosomes but rather encounter DM
earlier in the secretory pathway. In the presence of BFA, which
hinders transport of newly synthesized proteins from the Golgi
along the secretory pathway, the difference in T cell activation
between DM37 and DM11 became even more pronounced. In this
case, the amount of DM and MHCII present in endosomes might
become limiting over time, and the catalytic difference between
the two haplotypes may become more apparent under such
conditions. However, while still speculative at this point, the
observed differences in the pH profile of DM37 strongly argue for
more effective MTB-peptide loading in cellular compartments with
higher pH for this haplotype. Interestingly, low DM editing activity
in alternative endosomal compartments, in which physico-
chemical conditions are expected to deviate from those found
in late endosomal compartments, is responsible for the presenta-
tion of specific pMHCII isomers34 recognized by autoimmune-
related T cells.12,35 At least two types of conformers, Type A and B
(representing register shifts of the same peptide), arise from
different antigen processing routes. Type A results from endoso-
mal degradation of an antigen and reactive T cells, while Type B
arises from the loading of peptides or antigens in alternative
compartments. In the latter example, low or no DM editing is
believed to be responsible for the presentation of this conformer
and is extremely capable of triggering autoreactive T cells. In this
context, it is therefore plausible that DM37 could promote the
presence of Type B conformers.
Molecular insights into DM function first postulated and later

demonstrated the importance of the amino acids DMBE8,
DMBD31, and DMBE47 for pH-dependent peptide exchange
activity.36 Global changes in the secondary structure of DM upon
pH increase had already been noted37 and described in the two
HLA-DR-DM structures solved at two different pH values (5.5 and
6.5).23 In these structures, residues DMBE47 and DMBD31 move
apart from each other at higher pH,23 likely as a result of the
electrostatic repulsion between their side chains upon deprotona-
tion, as previously proposed.38,39 As a consequence of such
repulsion, a loop in DM required for peptide exchange contacts
the MHCII molecules. The side chain of Val in position DMB-31
(DMB*0107), which is not subject to protonation/deprotonation,
would allow the placement of E47 close to the DM–DR interface,
even at higher pH values. Moreover, the presence of the
DMBV31 substitution in DMB*0107 affects one of the most
prominent regions for the interaction between DM and MHCII.5,23

This region is particularly variable for DQ alleles,40 and such
variation has been shown to be responsible for the specific DM
requirements of different DQ allotypes.11,41 Thus, while it has
already been noted that DM’s function depends on a particular
MHCII allele,42 our study shows that the DM allotype also impinges
on MHCII function. A daunting question in this context is whether
these DM allotypes also show distinct editing behavior toward
different MHCII allotypes. Our cellular and in vitro experiments
capitalize mostly on DR3 and DR15, two DM-susceptible allotypes,

but it will be extremely interesting to test DM editing for other
classical MHCII allotypes with presumably different DM suscept-
ibilities. Furthermore, considering that the interaction surfaces for
DM-MHCII23 and DM-DO7 are largely overlapping, it is likely that
the DMB*0107 polymorphisms described here also lead to an
altered DM–DO interaction, and further studies should seek to
answer this question.
The functional and biochemical differences observed between

DM11 and DM37 could have a significant impact on physiologi-
cally relevant processes such as epitope selection upon infection
or display of the internal immunopeptidome during the acquisi-
tion of central tolerance. We applied a recently developed
experimental pipeline, which minimizes the impact of inherent
changes in peptidomes, for example, by the fortuitous cleavage of
proteins by cathepsins, on data analysis.27 Our algorithm,
PLAtEAU, combines information on biological and technical
replicates at the peptide level and assigns MS1 spectral intensities
to consensus epitopes, thereby yielding a reduced but more
robust set of epitopes recognized by MHCII molecules. We find
that one third of the epitopes displayed by DR3 are preferentially
loaded in the presence of one of the two DM allotypes
investigated. This is reflected in the differences observed when
comparing the sequence logos of the binding cores for each
condition, taking into account the relative intensities (approxi-
mately 8% of the total pool of peptides). Interestingly, such
differences include amino acids pointing toward the TcR
recognition site, which could have a considerable impact on TcR
engagement.43 One of the examples found to be enriched in the
presence of DM37 is an epitope of lysosome-associated mem-
brane protein 1 (LAMP1, P11279), which has been identified in
samples isolated from individuals suffering from multiple sclerosis
and arthritis.44,45

The recent report of altered DO functionality due to natural
variations in murine strains19 and this current work describing
distinct DM editing functions for human DM allotypes add another
layer of complexity to the field of antigen presentation. The DM37
allotype described here features atypical peptide exchange
properties, probably related to a single amino acid substitution
(DMB-D31V), resulting in a catalytic mechanism with an atypical
pH activity profile. This leads to changes in the immunopeptidome
that we anticipate will have consequences for T cell reactivity in
individuals expressing this particular DM haplotype. Thereby,
carriers of the DMA0103–DMB0107 allelic combination present an
interesting subpopulation for which functional, immunopeptido-
mic, and genetic association studies should help probe its
contribution to HLA-linked diseases.

MATERIALS AND METHODS
Bioinformatics
The association between the DMA and DMB genes was analyzed
using the Haploview software version 4.2.24 All rsSNPs20 found in
DMA and DMB alleles (HLA/IMGT database21) were used to
estimate all pairwise combinations within an approximately 20-
kb region of chromosome 6 spanning the DMA and DMB genes
(positions 32934628 to 32953121). As input for our analysis, we
used the 1000GP dataset GRCh37p13. Notably, for haplotype
definition and LD calculation, we forced the inclusion of all rsSNPs,
even though in some cases their distribution did not follow the
Hardy–Weinberg equilibrium.

Cloning and cDNA constructs
The cDNA constructs encoding HLA-DR2-CLIP as well as
DMA*0101/DMA*0103 and DMB*0101, as cloned in pFastBacDual
(protein luminal domains for insect cell expression) and pCDNA3.1
(full length proteins for mammalian expression), have been
previously described.27 In the case of recombinant proteins
expressed in baculovirus, the original DMA*0101-DMB*0101 and
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DMA*0103-DMB*0101 were used to generate all different
allotypes. For experiments using mammalian cells, we followed
the same approach using cDNAs encoding full-length proteins
within pCDNA3.1 as templates.18 DMB and DMA cDNAs were first
fused by PCR spacing the two starting codons with a cDNA
encoding the T2A peptide (in frame). The resulting PCR products
were subsequently cloned into the pLeGO-iG2 vector (Addgene
plasmid #27341 viaBamHI and NotI).

Lentiviral transduction
HEK293T cells in Dulbecco’s modified Eagle’s medium supple-
mented with pen/strep (50 U/ml each) were used as lentiviral
packaging cells (10% fetal calf serum (FCS)). The T2-DR3 cell line
was kindly provided by Peter Cresswell. These cells, as well as the
stably transduced cells generated from them, were grown in
Iscove’s Modified Dulbecco’s Medium (IMDM) supplemented with
10% FCS and pen/strep (50 U/ml each).
For lentivirus packing, HEK293T cells were transiently trans-

fected using PEI with the pRSV, pMDL, and pVSV vectors and
corresponding pLeGO-iG2 constructs.46 Supernatants were har-
vested after 24 and 48 h and concentrated. Titered viruses (5
multiplicity of infection (MOI)) were used for spinoculation (1 h at
1200 × g at 32 °C) of T2 cells (2 × 105) using polybrene (8 μg/ml).
Subsequently, the cells were resuspended in medium in a 3.5-cm
dish. After 72 h, GFP-positive cells were sorted using a FACS Aria
(BD) and allowed to grow under normal conditions. Each cell line
was checked for stable GFP expression on a regular basis. Single-
cell clones were isolated as previously described.27

Generation of MTB-reactive CD4+ T cells
Expansion of MTB-specific T cell lines was performed as previously
described.47 In brief, DR3+-typed isolated peripheral blood
mononuclear cells were incubated with the corresponding MTB-
A85B peptide (50 µg/ml) in the presence of CD40 (1 µg/ml) and
CD28 (1 µg/ml) antibodies for 7 h followed by magnetic separation
of peptide-reactive (CD154+) cells using the CD154 MicroBead Kit
(Miltenyi Biotec). MTB-reactive, isolated CD154+ cells were
cultured with autologous feeder cells treated with mitomycin C
(Sigma-Aldrich) at a ratio of 1:100 in X-VIVO™ 15 (Lonza)
supplemented with 5% human AB serum (PAN-Biotech), 100 U/
ml penicillin, 100 μg/ml streptomycin (PAN-Biotech), and 50 ng/ml
IL-2 (PeproTech). Cells were expanded for 14 days, and the culture
medium was replenished when needed. Before experiments, MTB-
A85B-reactive CD4+ T cell lines were allowed to rest for 48 h in IL-
2-free medium.

Antibodies and flow cytometry
The following antibodies were used for flow cytometric measure-
ments: L243-Alexa647 Mouse IgG2a, κ (Biolegend), VB500-CerCLIP
Mouse IgG1 κ (BD), MaP.DM1-PE Mouse IgG1, κ (Biolegend),
Alexa647-Mouse IgG2a κ (Biolegend), isotype control-(MOPC-173)
(Biolegend), BV500-Mouse IgG1, κ isotype Control (X40) (BD), PE-
Mouse IgG1, and κ isotype control (MOPC-21) (Biolegend).
Cells were split the day before measurement was performed to

a cell density of 3 × 105 cells per ml. The day after, 5 × 105 cells per
sample were collected in mid-logarithmic growth phase, then
washed and stained as described. For T2.DR3 cells, we used a 1:50
dilution of CerCLIP-BV500 and 1:50 dilution of L243. MaP.DM1-PE
was applied after fixation and permeabilization of the cells using
Cytofix/Cytoperm (BD 55474) at a 1:40 dilution. Isotype controls
were used at the same concentration as the corresponding
staining antibody for each experiment. Measurements were
performed in a Canto II flow cytometer (BD) and analyzed using
FCS Express 6.0 (De Novo Software). The gMFI of each gated
population was used to define CLIP and DR surface expression and
the intracellular levels of DM. CLIP/DR ratios were further
normalized to the GFP gMFI for bulk-sorted DM-positive cell lines
or the gMFI of DM for clonally expanded cell lines.

Antigen presentation assays
For antigen presentation assays, we used M. tuberculosis antigen
85B (recombinant protein; Lionex) as well as the peptide MTB-
A85B53–66 (SPSMGRDIKVQFQSG). For all experiments, T2.DR cell
lines were fed the corresponding antigens (25 or 50 μg/ml for
protein or peptide, respectively) for a defined period of time in
IMDM medium with 1% FCS (4.5 h or 16 h), and subsequently cells
were washed in cold phosphate-buffered saline (PBS). Following
fixation (paraformaldehyde), the cells were washed using first PBS
and then T cell medium. Finally, 5 × 104 fixed APCs and 5 × 104

responder cells were added to each well (96-well plate), and the
culture supernatant was harvested after 36 h and assayed for
cytokine production. For DR3-restricted antigen presentation, we
measured IL-2 secretion using an Enzyme-linked Immunosorbent
Assay Kit (hIL-2; Biolegend). The assays were performed following
the manufacturers’ specifications, and each condition was
measured in duplicate. CHL (Sigma-Aldrich) and BFA (Biolegend)
were used at concentrations of 25 and 100 μM, respectively. Drugs
were added 1 h prior to adding the antigen and were maintained
throughout antigen processing.

Recombinant protein expression
Constructs based on the pFastBacDual vector and verified by
sequencing were used to transform DH10Bac cells. After blue-
white screening following the manufacturer specifications, three
clones per construct were used to isolate bacmids and generate
recombinant baculovirus. Recombinant baculoviruses were gen-
erated upon transfection of the bacmids into Sf9 cells using
Cellfectin. One out of the three clones was selected for expression
based on the secretion levels after the first round of virus
expansion. Viruses expanded for two generations were used for
protein expression at an MOI= 5 in suspended Sf9 cell cultures.
Supernatants were harvested after 72 h, and proteins were
purified as described.

Biochemical characterization of DM allotypes
All recombinant HLA proteins (and the constructs used) were
produced in an insect cell-baculovirus expression system as
previously described.18 Secreted proteins were purified by affinity
chromatography from the cell culture supernatants using the L243
antibody covalently bound to a CNBr matrix for HLA-DR2-CLIP
(DR2-C) and an M2 affinity gel for DMs (Sigma-Aldrich). DR2-C was
further dialyzed vs. PBS pH 7.4 and treated with thrombin (20 U/
mg in PBS; Sigma-Aldrich), yielding DR2/C. CLIP was then replaced
by MBP-FITC—DENPVVHFFKNIVTPRT (K is used for conjugation of
fluorescein isothiocyanate (FITC)) from these complexes. To this
end, DR2/C complexes at 20 μM were incubated with 100 μM
MBP-FITC in the dark for 48 h (PBS pH 5.8 at 37 °C). Affinity-purified
DM and DR2/MBP-FITC after the peptide-exchange reaction were
gel-filtered using a Sephadex S200 column. Fractions containing
the protein of interest were pooled and concentrated using a
Vivaspin 10-kDa MWCO spin filter. The homogeneity and purity of
the samples were checked by SDS–polyacrylamide gel
electrophoresis.
Fluorescence polarization was used to assess the effect of DM in

peptide dissociation experiments. DR2/MBP-FITC (250 nM) was
incubated with an excess of competing, non-labeled peptide
(MBP83–99 50 μM) in the presence of titrated amounts of DM (75
and 250 nM). Reactions were performed in 50 mM citrate
phosphate buffer with 150mM NaCl at the indicated pH. Samples
were prepared by premixing DM, unlabeled MBP peptide, and
buffer, to which we added purified DR2/MBP-FITC (predialyzed vs.
the buffer used in the assay). Reactions were prepared on ice and
measured at 25 °C with a Victor 3V plate reader (PerkinElmer).
Thermofluor assays were used to estimate the thermal stability

of all recombinant DM allotypes as previously described.18

Monomeric protein (0.3–0.5 mg/ml) in 50 mM citrate phosphate
buffer containing 150mM NaCl and adjusted to the desired pH
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was mixed with 5× SyPro Orange (Life Technologies) in a 96-well
plate. Samples were heated from 25 to 95 °C with a temperature
increase of 2 °C/min. Excitation was carried out at 490 nm, and the
fluorescent signal was detected at 575 nm. The change in
fluorescence intensity was plotted vs. the temperature, and a
sigmoidal function was fit to determine the midpoint denaturation
temperature (Tm). All measurements were performed in triplicate
in at least three independent experiments.

Modeling the DMBD31V substitution
The crystal structure of the HLA-DRB1*01:01/DM complex (PDB-
ID:4FQX, pH 5.5) served as the starting structure to build the
models of DMBD31−, DMBD31+, and the D31V mutant. The
unresolved atoms in the structure were modeled and refined with
the MODELLER software48 using the corresponding sequence. The
mutation in the starting structure of the D31V mutant was
modeled by substituting the aspartate (ASP31) side chain with
valine (VAL). The pKa values of the titratable side chains of D31
and E47 were estimated with the program propKa3.49 Then
protonation states were assigned for pH 5.5 with the Gromacs
program pdb2gmx.50 With the Amber 12 simulation package,
each complex was initially placed in an octahedral TiP3 water box
and neutralized with 33 counterions. Then each complex was
energy-minimized, positionally restrained (25 kcal/mol/Å2), and
heated from 100 to 300 K. The restraints were resolved in five
steps, and then each complex was equilibrated for 2 ns.51 Short-
range nonbonded interactions were taken into account up to a
cutoff value of 9 Å.

Proteomics
For each of the two biological replicates stated per condition, 2 ×
108 cells in complete culture medium were washed twice with
medium lacking FCS and finally resuspended in medium with 1%
FCS. After 6 h, the cells were harvested, and pMHCII complexes
were purified as previously described.27 Briefly, cells from each
culture were divided into three aliquots at harvesting, which were
used as technical replicates. These individual cell pellets were kept
on rotation for 1 h in cell lysis buffer (Tris HCl 50 mM, pH 8.0, NaCl
150mM, plus 1% CHAPS, 1:20 complete protease inhibitor) and
spun for 30 min at 15,000 × g. Supernatants of each technical
replicate were transferred to columns loaded with FF-Sepharose-
L243 beads and kept on rotation for 2 h. Subsequently, beads
were washed with 10 volumes of Tris HCl 50 mM, pH 8.0,
alternating high- and low-salt concentrations. A final wash with
H2O was followed by acidic elution of the peptides from the MHCII
complexes using 5 volumes of 0.02% trifluoroacetic acid. The
resulting peptide mixtures were fractionated using a microspin
filter device with a 10-kDa cutoff and washed using C18 zip-tips.
Peptides were analyzed by a reversed-phase capillary system
(Ultimate 3000 nanoLC) connected to an Orbitrap Velos (Thermo
Fischer). Liquid chromatography was performed on a reversed-
phase C18 column (Thermo Scientific) and used for technical
replicates from the moment of cell lysis up to measurement.
MaxQuant software (version 1.5.2.8)52 was used for peptide

identification. A customized database featuring reviewed and
nonredundant UniProt human proteins (accessed March 2017)
was used for peptide identification. No enzyme specificity was
used for the search, and a tolerance of 10 ppm was allowed for the
main ion search and 50 ppm for MSMS identification. The “match
between runs” feature was enabled. False Discovery Rate (FDR)
was set at 0.01. The mass spectrometric (MS) proteomics data
have been deposited into the ProteomeXchange Consortium via
the PRIDE53 partner repository with the dataset identifier
PXD009791. Subsequent data processing using the PLAtEAU
algorithm has been recently described in ref. 27 and is available
via https://github.com/e-morrison/plateau.
Perseus software54 was used to analyze the MS data. The

identified epitopes and their corresponding percentage of

intensity from the Total Ion Current (TIC) determined by PLAtEAU
were initially loaded as matrices. Protein sources were annotated
using the Homo sapiens annotation file (mainAnnot.homo_sa-
piens.txt.gz), removing specific terms related to the specific
functions of the entries (cell part; cell body: apical part of cell:
cell leading edge; bleb; cytoskeleton; cell projection; macromole-
cular complex; lipid particle; chromosome; chromatin remodeling
complex; cilium; transcription elongation factor complex; ubiquitin
ligase complex; phosphatidylinositol 3-kinase complex; pseudo-
podium; site of polarized growth; filopodium; proton-transporting
two-sector ATPase complex; MHC class I peptide loading complex;
polysome; small ribosomal subunit; transcription factor complex;
midbody; receptor complex; protein complex; NADH dehydrogen-
ase complex; neuron projection; respiratory chain complex IV;
respiratory chain complex III; proteasome complex; DNA helicase
complex; histone methyltransferase complex; microtubule orga-
nizing center; synapse; nucleoplasm; nucleosome; nucleolus;
microbody; apical part of cell; cell cortex; ribbon; intracellular
membrane-bounded organelle; centrosome; intracellular
nonmembrane-bounded organelle; site of pol. growth). All data
were log2-transformed, and missing values were imputed as the
minimum observed value.
Peptide MHCII affinity and determination of the core epitopes

was determined using the NetMHCIIpan 3.1 software.55 We set the
epitope size to a minimum size of nine amino acids using the
standard configuration. In cases where multiple registers were
allowed, we considered the register with the strongest affinity.

Quantification and statistical analysis
GraphPad Prism 7.0 software (GraphPad Software, San Diego CA,
USA) was used for statistical analysis. Variance was calculated with
the two-way analysis of variance method. The null hypothesis was
rejected when the p value was < 0.05. The corresponding p values
for each test are indicated as follows: *p < 0.05, **p < 0.01, ***p <
0.001, and ****p < 0.0001.
For the proteomics analysis approach, we used the Perseus

software.54 To evaluate whether there were quantitative differ-
ences between the epitopes eluted from each DM condition, all
measurements were used to define mean intensity values for each
epitope. p Values were calculated based on the observed
intensities using a t test, setting the FDR to 0.01 and the S0
value to 0.2. 1D annotation enrichment is based on
Wilcoxon–Mann–Whitney test, which assumes independence of
the values. In this case, an FDR of 0.02 was applied.
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