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ER aminopeptidase 1 (ERAP1) is an ER-resident aminopeptidase that excises N-terminal
residues of peptides that then bind onto Major Histocompatibility Complex I molecules
(MHC-I) and indirectly modulates adaptive immune responses. ERAP1 contains an
allosteric regulatory site that accommodates the C-terminus of at least some peptide sub-
strates, raising questions about its exact influence on antigen presentation and the poten-
tial of allosteric inhibition for cancer immunotherapy. We used an inhibitor that targets
this regulatory site to study its effect on the immunopeptidome of a human cancer cell
line. The immunopeptidomes of allosterically inhibited and ERAP1 KO cells contain high-
affinity peptides with sequence motifs consistent with the cellular HLA class I haplotypes
but are strikingly different in peptide composition. Compared to KO cells, allosteric inhi-
bition did not affect the length distribution of peptides and skewed the peptide repertoire
both in terms of sequence motifs and HLA allele utilization, indicating significant mech-
anistic differences between the two ways of disrupting ERAP1 function. These findings
suggest that the regulatory site of ERAP1 plays distinct roles in antigenic peptide selec-
tion, which should be taken into consideration when designing therapeutic interventions
targeting the cancer immunopeptidome.
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Introduction

Adaptive immune responses mediated by the interaction between
T cells and APCs are controlled by the presentation of small
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antigenic fragments (peptides) bound onto proteins of the MHC
[1]. MHC class I proteins (MHC-I) present short peptides that
are generated from intracellular proteins by complex proteolytic
pathways [2]. The sum of peptides presented on the cell surface
bound onto MHC class I proteins is termed the class I cellular
immunopeptidome and is a major marker of cellular health [3].
Changes in the cellular immunopeptidome can signify that the
cell is infected by a pathogen or transformed. These changes
can be detected by cytotoxic CD8+ T lymphocytes, which pro-
ceed to kill the infected cell [4]. Due to the importance of the
immunopeptidome, several efforts are underway to help under-
stand its exact role in disease and to manipulate its contents for
therapeutic applications such as in cancer immunotherapy or
MHC-I-associated inflammatory autoimmunity [5].

Peptides presented by MHC-I are often initially generated by
the proteolytic action of the proteasome on protein antigens. A
subset of the peptide products of the proteasome are transferred
to the ER by the action of a specialized transporter [6]. Some of
the peptides that enter the ER are of suitable length and sequence
to bind onto nascent MHC-I with the aid of a multiprotein com-
plex of chaperones called the peptide loading complex [7]. Some
peptides, however, are too long to bind to MHC-I, which has
strong preferences for length [8]. These elongated antigenic pep-
tide precursors are trimmed by two ER-resident aminopeptidases,
the best-characterized one being ER aminopeptidase 1 (ERAP1)
[2]. Thus, ERAP1 is important for generating many antigenic
peptides but at the same time can also over-trim some peptides
to lengths too short to bind onto MHC-I, essentially destroying
their chances of being presented on the cell surface [9]. This way,
ERAP1 can influence the cellular immunopeptidome and regulate
adaptive immune responses. Indeed, most of the associations
between ERAP1 activity and predisposition to autoimmunity
or responses to cancer immunotherapy are considered to be
mediated through its effects on the immunopeptidome [10, 11].
ERAP1 can recognize determinants throughout the peptide sub-
strate sequence with significant sequence degeneracy, which is,
however still poorly understood [12]. The ERAP1 gene is highly
polymorphic and encodes a variety of enzyme allotypes implicated
in human diseases due to their diverse enzymatic specificities and
activities [13]. Accordingly, human populations may benefit from
the functional variation of ERAP1 through enhanced flexibility
and breadth of their immune responses [14]. Due to its roles
in antigen processing, ERAP1 is currently an emerging target
for cancer immunotherapy and HLA-associated autoimmunity
[15, 16]. Several inhibitors have been developed [17], including
inhibitors that target allosteric sites with enhanced selectiv-
ity [18–21], although no clinical results have been reported
yet.

ERAP1 trims peptides by a complex mechanism that involves a
large conformational change that cyclically exposes or sequesters
a large internal cavity from the external solvent [22]. The closed
conformation is more catalytically active, while the open confor-
mation is necessary for capturing longer peptides [23, 24]. Cat-
alytical cleavage of the N-terminus of a peptide takes place in the
active site located at one edge of the internal cavity. Interactions

Figure 1. Schematic representation of the internal cavity of ERAP1 (in
cyan cutaway view) indicating the active site of the enzyme as well
as the allosteric regulatory site that is targeted by the natural product
(4aR,5S,6R,8S,8aR)-5-(2-(Furan-3-yl)ethyl)-8-hydroxy-5,6,8a-trimethyl-
3,4,4a,5,6,7,8,8a-octahydronaphthalene-1-carboxylic acid, shown in
sphere representation inside the regulatory site (the chemical formula
is shown on the right). Two peptide substrates crystallized with ERAP1
are shown in stick representation (10 mer peptide in yellow and 15 mer
in magenta). Notice how the 15 mer peptide overlaps with the natural
product inhibitor at the allosteric site, while the 10 mer does not.

of the C-terminal moiety of the peptide with distal locations at
the other end of the cavity and at the intersection of domains II
and IV of the enzyme are thought to contribute to conformational
closing and activation [25]. Recent crystal structures of ERAP1 in
complex with nonhydrolysable peptidic substrates revealed that
the C-terminus of the peptide can be recognized by a specific
allosteric site that features a carboxypeptidase-like motif [26].
Occupation of this site by small peptides or organic compounds
can lead to enzyme activation toward small substrate hydrolysis,
suggesting that it has a direct regulatory role on enzyme activity.
The interplay between the active and this allosteric site has been
proposed to underlie at least some of the length selection prop-
erties of ERAP1 [26]. Recently, we described a small-molecule
inhibitor of ERAP1 that occupies this site and acts as an activator
for small substrates but inhibits larger peptidic substrates likely
by direct competition with their C-terminus [18]. However, crys-
tal structures of ERAP1 with a 15- and 10-mer substrate analogues
revealed that, of the two, only the 15-mer peptide C-terminus uti-
lized this site and, thus, had direct competition with this allosteric
inhibitor [26] (Fig. 1). This finding suggested that not all ERAP1
peptide substrates utilize this allosteric site, and therefore, not all
substrates may be affected equally by an allosteric inhibitor tar-
geting this site.

To address the relative importance of the allosteric or regula-
tory site on the substrate selection of ERAP1 and to understand its
role in antigen presentation, we utilized an allosteric inhibitor tar-
geting this site to analyze the effects on the immunopeptidome of
a widely used cancer cell line (A375 cell line derived from human
skin melanoma, the American Type Culture Collection [ATCC]
number CRL-1619) and compare them to the immunopeptidome
of WT and ERAP1 KO cells. Comparison of the inhibitor-treated
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Figure 2. Heatmap and cluster analysis of the detected peptides for each of the experimental conditions (indicated at the bottom). Hierarchical
clustering was conducted on 3134 peptides using Manhattan Distance. The peptide intensities are color-coded from blue (low) to yellow (high).

cells to the ERAP1 KO cells allowed us to draw conclusions about
the relative importance of this allosteric site on antigenic pep-
tide trimming and presentation in a cellular context. We find that
although this site is equally important for immunopeptidome gen-
eration, it is not functionally equivalent to the active site. Our
findings contribute to our understanding of the complex land-
scape of ERAP1-mediated antigenic peptide selection and suggest
that different modes of inhibition can result in different flavors
of immunopeptidome modulation—a critical parameter for the
rational development of therapeutic applications.

Results

Analysis of the immunopeptidome of A375 cells

To investigate the functional role of the allosteric regulatory site
of ERAP1, we set forth to analyze the effect of targeting that site
using an allosteric inhibitor on the immunopeptidome of cells.
As a cellular model, we utilized the A375 melanoma cancer cell
line since, as previously demonstrated, its immunopeptidome is
sensitive to ERAP1 inhibition [5]. In addition, A375 cells express
10–20 fold less amount of ERAP2, thus, minimizing possible
compensatory functions from this enzyme [5]. We treated A375
cells with 10 μM of the compound (4aR,5S,6R,8S,8aR)-5-(2-
(Furan-3-yl)ethyl)-8-hydroxy-5,6,8a-trimethyl-3,4,4a,5,6,7,8,8a-
octahydronaphthalene-1-carboxylic acid (Fig. 1) for a total period
of 6 days. The utilized concentration is 10-fold higher than
the previously measured cellular EC50 of this compound and
should result in more than 90% inhibition of ERAP1 in the cell
[18]. The inhibitor had no observable negative effects on cell
viability for concentrations up to 30 μΜ (Supporting Information
Fig. S1). As a positive control, we subjected the same cell line

to CRISRP/Cas9 with a guide RNA targeting the ERAP1 gene.
This led to undetectable ERAP1 expression as evidenced by
western blotting and, thus, corresponds to a positive control
condition simulating complete inhibition of the enzyme (Sup-
porting Information Fig. S2). WT cells were also analyzed as a
negative control. For both WT and KO cells, the inhibitor did not
affect MHC-I surface presentation as judged by FACS analysis
(Supporting Information Fig. S3). For each condition, we grew
the cells to about 0.4–0.5 × 109 cells in three separate biological
replicates (a total of about 1–1.5 × 109 cells per condition).
Each condition was later analyzed in triplicate by LC/MS-MS,
resulting in a maximum of nine replicates (three biological and
three technical) per condition. MHC-I-peptide complexes were
isolated by affinity chromatography using the W6/32 antibody as
previously described [5]. Eluted peptides from MHC-I complexes
were sequenced by LC-MS/MS using data-independent acquisi-
tion [27]. One biological replicate for the WT and KO conditions
gave a very low peptide signal and was not analyzed further.
In total, we identified 3443 unique peptide sequences. A total
of 309 peptide sequences were common with a blank injection
control and were removed, leaving 3134 unique peptides (Sup-
porting Information Table S1). A heatmap of identified peptides
clustered by signal intensity is shown in Fig. 2. All replicates
from each experimental condition cluster together validating the
reproducibility of the analysis. Visual inspection of the heatmap
suggests that there are significant differences between the three
conditions, indicating that both pharmacological and genetic
inhibition of ERAP1 is sufficient to shift the immunopeptidome,
as shown previously [28–30]. Surprisingly, however, the overall
profiles of the KO and inhibitor-treated cells were strikingly dif-
ferent, suggesting that the immunopeptidome shifts induced by
a total lack of the ERAP1 enzyme or allosteric inhibition are not
equivalent.
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Figure 3. Comparison of identified peptides after pharmacological
inhibition (Panels A-B) or genetic down-regulation (Panels C-D) of ERAP1
compared toWT cells. Panels A and C, volcano plots comparing two con-
ditions at a time (inhibitor versusWT and KO versusWT) indicating the
correlation between relative abundance change and statistical signifi-
cance. Each dot represents a separate peptide. Colored boxes (red and
green) contain peptides that show a significant (over twofold) change
between conditions and statistical significance (Q value < 0.05). Panels B
and D, Venn diagrams depicting the overlap between peptides upreg-
ulated or downregulated by either the inhibitor or the KO, including
unique peptides not depicted in panels A and C.

Chemical inhibition or genetic down regulation
induces major immunopeptidome shifts

To better understand the differences in peptide presentation
between the three conditions, we performed a pairwise analysis
of the conditions that disrupt ERAP1 function (inhibitor or KO)
and the WT cells. The volcano-type plots for these comparisons
are shown in Fig. 3. Comparing the inhibitor-treated cells to the
WT, 1295 peptides were upregulated by more than twofold and in
a statistically significant manner (Q value ≥ 0.05) (Fig. 3A). Sim-
ilarly, 422 peptides were downregulated. In addition, 23 peptides
were found in the inhibitor-treated cells but not identified in the
WT cells, and 252 peptides were unique to the WT cells and were
not present in the inhibitor-treated cells. By summing the quanti-
tatively affected with the unique peptides, we concluded that the
presentation of 1318 peptides was enhanced by the inhibitor and
674 peptides were downregulated (Fig. 3B). A similar analysis of
the comparison of the effect of the KO indicated that from 3125
peptides detected, 1095 peptides were upregulated by the KO, and
1277 peptides were downregulated (Fig. 3C and D). Overall, the
inhibitor resulted in the upregulation of 51% and the downregu-
lation of 26% of the immunopeptidome of A375 melanoma cells
and the KO resulted in the upregulation of 35% and the downreg-

Figure 4. Principal component analysis of the three experimental con-
ditions. Each point represents a separate experiment that belongs to
the indicated experimental condition. All experiments of each condi-
tion cluster together as indicated by the colored circles.

ulation of 41% of the immunopeptidome. In summary, although
the effect of ERAP1 modulation was relatively small in terms of
novel sequences presented, it was major in terms of changes in
the levels of presentation of existing peptides.

Principle component analysis

While both ways to interfere with ERAP1 function yielded simi-
lar, albeit not identical, overall effects on the immunopeptidome,
the exact nature of the peptides presented was different. To com-
pare the different experimental conditions, we performed prin-
cipal component analysis (Fig. 4). This analysis indicated that,
while all experiments from each condition clustered together, all
three conditions were distinct, suggesting statistically significant
changes in the sequence patterns of peptides generated.

Analysis of peptide length

Since length is a key parameter for MHC-I binding, we ana-
lyzed the length distribution of peptides identified to be either
upregulated or downregulated in each condition. ERAP1 has been
shown to both help generate correct-length peptides for MHC-I
and to also over-trim peptides to lengths too short for binding.
Peptides in the WT cells that were unaffected by ERAP1 disrup-
tion were primarily 9 mers as expected based on the binding
preferences on MHC-I (Fig. 5). The inhibitor-downregulated and
KO-downregulated peptides showed a similar distribution. The
KO-upregulated peptides were primarily 10 and 11 mers consis-
tent with a lack of a length-limiting aminopeptidase. Strikingly,
although the inhibitor-upregulated peptides also displayed a shift
toward longer peptides, this effect was much less pronounced
compared to the KO-upregulated peptides, with most peptides
being 9 mers. Statistical evaluation of the length distribution for
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Figure 5. Distribution of lengths of detected peptides for each experi-
mental condition (inhibitor treatment, ERAP1 KOorWT) and abundance
change (upregulated or downregulated peptides).

each experimental condition using the ggbarstats() plot from the
ggstatsplot R Package [31] confirmed the statistical significance of
the changes in peptide length distribution in the KO compared to
the WT, whereas no statistical significance was found when com-
paring the effects of the inhibitor to the WT (Supporting Informa-
tion Fig. S4 and S5). This surprising result suggests that ERAP1
inhibition through the allosteric regulatory site does not suffi-
ciently reduce the processing of longer peptides to allow their
accumulation as it occurs in the complete absence of the enzyme.

Peptide affinity for MHC-I alleles

To validate that the identified peptides are indeed ligands of
the MHC-I haplotypes carried by A375 cells (HLA-A*01:01:01,
HLA-A*02:01:01, HLA-B*44:03:01, HLA-B*57:01:01, HLA-
C*06:02:01, and HLA-C*16:01:01), we used the HLAthena server
to score the peptides with lengths between 8 and 11 amino
acids for predicted binding to at least one HLA allele [32]. In all
experimental conditions, over 90% of identified peptides scored a
rank below 2 and are, thus, considered binders for at least one of
the MHC-I alleles carried by A375 cells (Fig. 6). In comparison,
more than 95% of a randomly generated set of peptides are
predicted not to bind to any of the MHC-I alleles. This finding
provides validation that the peptides identified are indeed eluted
from MHC-I but also suggests that there is no significant change
in peptide affinity between peptides affected by the inhibitor or
the ERAP1 KO. Thus, both pharmacological and genetic inhibition
of ERAP1 can affect the immunopeptidome in qualitative and
quantitative manners without degrading the binding capacity of
the presented peptides. This finding is in contrast with initial
observations that ERAP1 functional disruption leads to the
presentation of suboptimal peptides [33].

Presentation of known antigenic peptides

To investigate whether the different modes of ERAP1 perturbation
could translate to different cellular antigenicity, we searched iden-

Figure 6. Distribution of the predicted affinities (by HLAthena [32])
of the peptides for the HLA alleles that are expressed by A375 cells
(HLA-A*01:01:01, HLA-A*02:01:01, HLA- B*44:03:01, HLA-B*57:01:01, HLA-
C*06:02:01 and HLA-C*16:01:01). Each point represents a unique peptide
sequence. For each peptide only the score for the best predicted HLA-
allele is plotted. A set of peptide sequences generated from a random
protein sequence by RandSeq (https://web.expasy.org/randseq/) were
also plotted as a negative control. Prediction scores below 2 (dotted line)
signify binders to at least one of the tested HLA alleles.

tified peptides for known melanoma cancer antigenic peptides
from the MAGE-A tumor-associated antigen and the P-antigen
family [34]. Table 1 lists identified peptides. The inhibitor-treated
cells demonstrated a distinct pattern compared to the KO cells
and upregulated the presentation of most MAGE-A antigenic pep-
tides. This finding suggests that allosteric inhibitors may indeed
be useful in enhancing the antigenicity of cancer cells.

Comparison of two modes of ERAP1 functional
disruption

For a more direct comparison of the immunopeptidomes of the
inhibitor-treated and KO cells, we performed a volcano-type anal-
ysis, shown in Fig. 7A. From this analysis, it was evident that
many peptides are differentially regulated by the inhibitor com-
pared to the KO cells. Accordingly, 516 peptides were upregu-
lated in the KO compared to the inhibitor, and 1487 were down-
regulated. Most importantly, when comparing the lists of upregu-
lated or downregulated peptides by the inhibitor or the KO com-
pared to the WT cells (data presented in Fig. 3), up to two out of
three of the peptides were distinct (Fig. 7B). Thus, it appears that
although both the inhibitor and the KO induce significant shifts
in the immunopeptidome of A375 cells, these shifts have a very
limited overlap, a finding that suggests significant mechanistic dif-
ferences between the two methods of ERAP1 disruption.

Presentation by different HLA alleles

The observed differences in peptides presented when ERAP1
is disrupted by different methods may be translated to the cell
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Table 1. List of cancer antigenic peptides that are affected by the inhibitor or the KO

Antigenic
peptide

Gene Inhibitor
upregulated

Inhibitor
downregulated

Knock-out
upregulated

Knock-out
downregulated

MEVDPIGHLY MAGEA3 + +
KEADPTGHSY MAGEA1 + +
EVDPIGHLY MAGEA3 + +
GVYDGREHTV MAGEA4 +
KVLEHVVRV MAGEA4 +
FVYGEPREL MAGEC2 + +
EEVPSGVIPNL MAGEC2 +
EVDPTSHSY MAGEA11 +
YGEPRKL MAGEA9 +
TLPTFDPTKV PAGE5 +
SAYGEPRKL MAGEA1 + +

surface presence of different HLA alleles. To address this question,
we calculated the relative percentage of peptides predicted to
bind best to one of the six HLA alleles carried by A375 cells
(Fig. 8). Interestingly, when comparing the inhibitor to the KO,
the inhibitor-treated cells presented more peptides bound onto

Figure 7. Panel A, Volcano plot comparing the inhibitor effect to
the knock-out effect. Each point corresponds to a separate peptide
sequence. Red points correspond to peptides with an abundance that
was different by at least twofold between conditions and are statis-
tically significant. Panel B, Venn diagrams summarizing the observed
overlap between the peptides upregulated (left) or downregulated
(right) compared to the WT cells in either the inhibitor-treated or the
KO cells.

HLA-A*01:01, whereas the KO cells presented more peptides,
onto HLA-B alleles. The overall pattern was largely reversed
for the downregulated peptides, in which the inhibitor showed
enhancement for HLA-B alleles. Thus, it appears that the different
modes of ERAP1 functional disruption can be reflected in the
relative presentation of HLA alleles.

Analysis of peptide motifs

The observation that the two different modes of inhibition may
translate to changes in the presentation by specific HLA alleles,
suggested that changes in the sequence motifs of presented
peptides may be observable. Although ERAP1 activity has been
reported to be sequence-dependent, how well ERAP1 sequence
specificity translates to surface presentation is not well under-
stood [14, 26, 35]. While ERAP1 can edit the peptide repertoire
in the ER, HLA binding specificity, and editing chaperones, such
as the peptide loading complex, may filter out most of the ERAP1
sequence selectivity [7]. To approach this question, we performed
nonmetric multidimensional scaling (NMDS) [36]. This analysis
projects peptides in two-dimensional space based on the similar-
ity of the AA sequences. We performed pairwise comparisons of
the inhibitor upregulated versus the KO upregulated peptides pre-
dicted to bind to at least one HLA allele (as in Fig. 6) as well as the
inhibitor downregulated versus the KO downregulated binders
(Fig. 9). For the upregulated peptides, the stark difference in
length distribution between the inhibitor-treated cells and the KO
cells (Fig. 5), would bias the analysis toward the most populated
clusters and, thus, we focused our analysis on the 10 mers, which
are roughly equal in numbers in both conditions. NMDS analysis
revealed five major clusters (Fig. 9A) and distinct patterns for co-
clustered peptides, with inhibitor-upregulated peptides positioned
in a different way than KO-upregulated peptides (Fig. 9B). In an
attempt to quantify the differences, the 181 inhibitor-upregulated
(Fig. 9C, in red) versus the 224 KO-upregulated (Fig. 9C, in green)
peptides were plotted per cluster. Statistical analysis revealed
that inhibitor-upregulated peptides were overrepresented in
cluster 5 (×2, Bonferroni n = clusters, padj = 4.46e-03), while the
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Figure 8. Distribution of HLA-alleles predicted to bind the identified peptides that are upregulated or downregulated by the inhibitor or in the
knock-out cells. Predictions were performed with HLAthena as in Fig. 6.

KO-upregulated peptides were overrepresented in clusters 1 (×2,
Bonferroni n = clusters, padj = 4.07e-05) and 2 (×2, Bonferroni
n = clusters, padj = 2.1e-04). Cluster 1 (Fig. 9D) fits the sequence
motif of HLA-B*57:01, cluster 2 the motif of HLA-B*44:03 and
HLA-A*02:01, whereas cluster 5 is typical for HLA-A*01:01.
These results are in concordance with the results shown in Fig. 8,
which indicate a shift from HLA-A*01:01 in the inhibitor-treated
cells to HLA-B*57:01 in the KO cells. Cluster 5 differs from the
other two clusters mainly in position 3, where D is the most
abundant AA, and position 10, which is occupied only by Y. These
positions are also anchor positions for the represented allele.
Cluster 1 is characterized by S, T, A, & V in position 2 and W and
F in position 10, which are also considered anchor positions for
HLA-B*57:01. Furthermore, position 1 is dominated by the pos-
itively charged amino acids K and R, which are considered poor
substrates for ERAP1 [37]. These amino acids are not unusual for
this allele, as seen in Supporting Information Fig. S2, and could
indicate that peptides that do not require ERAP1 for trimming,
which are expected to be represented to a higher extent upon
complete inhibition of the enzyme, are preferred in this case.

For the downregulated peptides NMDS analysis, we again
focused our analysis on the 10 mers, which are roughly equal
in numbers between the two conditions (Fig. 9E-H). Cluster 3
was significantly overrepresented in KO-downregulated peptides
(×2, Bonferroni n = clusters, padj = 0.022). A similar trend was
seen for cluster 6, which, however, was not statistically signifi-
cant after multiple comparison corrections (×2, Bonferroni n =
clusters, padj = 0.087, p = 0.012). Cluster 2 was overrepresented
by inhibitor-downregulated peptides, although with low statisti-
cal significance (×2, Bonferroni n = clusters, padj = 0.066, p =
0.009). Sequence motifs in clusters 2 and 3 (Fig. 9D) are rep-
resentative of HLA-B*44:03. Although this allele was the most
presented in the upregulated peptides of both treated samples,
some differences in the exact preferences would still be possible,
and it may as well be that depending on the treatment (inhibitor
or KO), different submotifs may be affected. The motif depicted
in cluster 6, which includes the most KO-downregulated pep-
tides (30% of KO-downregulated 10 mers) matches the prefer-
ences of HLA-A*01:01 and, despite poor statistical significance,

further supports the observation that the presentation of peptides
to this allele is negatively affected. Finally, cluster 5, was more
populated in the KO and fits HLA-A*02:01 consistent with the
results in Fig. 6. Overall, NMDS analysis suggested that while
presented peptide sequences are dominated by HLA binding pref-
erences, different methods of perturbation of ERAP1 function can
still influence the relative abundance of HLA-compatible sequence
motifs. How exactly ERAP1 substrate preferences and the ERAP1
allosteric site can regulate the ER repertoire of “MHC-ready” pep-
tides will likely require integrated analysis in more controlled sys-
tems to help deconvolute the relative influence of these antigen
processing components.

Discussion

Chemical inhibition of ERAP1 is currently an emerging therapeu-
tic direction for both cancer immunotherapy and HLA-associated
autoimmunity [16, 45]. The main mechanistic premise for those
approaches is the regulation of the immunopeptidome, allowing
the manipulation of the peptide repertoire that T cells explore
on the cell surface and, as a result, the modulation of T-cell
activation. This could be useful in cancer immunotherapy by
either the upregulation of existing or presentation of novel can-
cer neoantigens [46], which would enhance existing or gener-
ate novel immune responses against the tumor. Conversely, in the
case of HLA-associated autoimmunity [47], the downregulation
of specific self-peptides that activate disease-associated cytotoxic
T cells could have therapeutic applications [48, 49]. In both cases,
the therapeutic outcome could result from manipulating the pre-
sentation of a few antigenic peptides, which can be achieved by
inducing “surgical” shifts to the immunopeptidome of the cells.
Inhibition of ERAP1 has been shown to be a promising avenue
toward this, although much is still unknown about the exact regu-
latory pressure that ERAP1 can induce on the immunopeptidome.
Indeed, although ERAP1 has been reported to be absolutely nec-
essary for the generation and the destruction of specific antigenic
epitopes [9, 50], its overall effect on the immunopeptidome varies
between major and limited, depending on the system studied [33,
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Figure 9. Nonmetric multidimensional scaling analysis of the peptide sequences that are affected by inhibitor treatment versus the ERAP1 KO.
Panels A-D, comparison of the upregulated peptides and Panels E-H, comparison of the downregulated peptides. Panels A, C, E, and G show two-
dimensional representations of discovered clusters each indicated with a different color. Panels B and F show the distribution of the number of
peptides for each sequence cluster. p-Values are indicated only for statistically significant differences. Panels D and H show the motifs for peptides
that are regulated in a statistically significant manner between the two methods of ERAP1 perturbation.

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH

www.eji-journal.eu

 15214141, 2023, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eji.202350449 by U

trecht U
niversity, W

iley O
nline L

ibrary on [10/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Eur. J. Immunol. 2023;53:2350449 Molecular immunology and signaling 9 of 14

51]. Thus, more detailed knowledge of the effects of ERAP1 on
the presented peptide repertoire is necessary to design effective
therapeutic interventions.

Although ERAP1 inhibitors targeting the active site have been
developed [17], recurring limitations with selectivity versus other
aminopeptidases in the family due to the conservation of active
site pharmacophores have raised concerns about their clinical use-
fulness. As an alternative, allosteric inhibitors are being explored
[18–20]. Due to thier mechanistic relevance, compounds are of
particular interest that target a regulatory site in ERAP1 that
accommodates the C-terminus of some peptides and helps self-
activate their trimming [26]. Potential mechanisms of inhibition
for allosteric inhibitors of ERAP1 have been proposed, includ-
ing direct competition with the C-terminus of the peptide or the
induction of conformational changes that lock the enzyme in
an inactive conformation [18, 25]. However, although allosteric
inhibitors appear to have superior selectivity, their effect on the
immunopeptidome of cells has not been explored, despite being a
critical parameter for translational efforts.

In this study, we compared two methods of disruption of
ERAP1 activity on the immunopeptidome of a cancer cell line:
genetic KO and allosteric inhibition. Although the most simplistic
result would be that the two methods are equivalent, this is not
what we find. Both methods of ERAP1 functional disruption do
generate substantial shifts on the immunopeptidome, and identi-
fied peptides are good MHC-I ligands and carry sequence motifs
consistent with the HLA alleles carried by the cells. However,
the two methods differ in both their effects on peptide length
and specific sequences presented. While the KO leads to the
presentation of longer-length peptides (mostly 10 and 11 mers),
consistent with previous findings using active-site inhibitors or
ERAP1 variants of varying activities [5, 28, 30], the inhibitor had
only a marginal effect on length. Despite the limited effect on
length, inhibitor treatment led to a shift in presented sequences
that is comparable to that of the KO cells and led to the upregu-
lation of the presentation of known melanoma epitopes. This lack
of significant effect on peptide length may signify the mechanistic
nuances of allosteric inhibition; indeed, in a recent crystal struc-
ture of ERAP1 with a 10mer substrate analogue, the C-terminus of
this peptide was not found to interact with the regulatory site but
rather utilize an alternative site in the interface of domains II and
IV [26]. If this structural motif is common to other 10 mer pep-
tides, this could explain the lack of accumulation of 10 mers when
ERAP1 is inhibited by the regulatory site. This finding suggests
that the choice of inhibitory mechanism for ERAP1 could be a
powerful tool for manipulating the length of presented peptides in
cells.

Several mechanisms could contribute to the stark differences
in the presented peptides between the two methods of ERAP1
functional disruption: (A) Less than full inhibition of ERAP1 activ-
ity by the inhibitor could allow the trimming of peptides that are
especially sensitive to ERAP1. Indeed, based on known cell IC50
values for the compound used [18], the concentration used in
these experiments should reach over 90% target engagement, and
achieving 100% inhibition with a compound is not always realis-

tic in a pharmacological setting. Still, a previous study using an
active-site ERAP1 inhibitor [17], showed effects on peptide length
although the target was unlikely to be saturated, suggesting that
the lack of 100% engagement is not responsible for the observed
effects here, although it could be a contributing factor. In addition,
if limited inhibition is the only mechanism, then the inhibitor-
treated cells should present a subset of peptides compared to the
KO with a higher expected overlap. (B) The KO cells completely
lack ERAP1 and this may affect cellular functions by additional
mechanisms apart from ERAP1 trimming activity. For example,
ERAP1 has been reported to make protein–protein interactions
with ERp44 and ERAP2 [52–54], and thus, lack of ERAP1 could
induce compensating proteome changes in the cells that could
indirectly influence the immunopeptidome. In addition, ERAP1
can be secreted by cells and have functional roles irrespective of
its enzymatic activity, which would only be disrupted in the KO
cells [55]. (C) Unaccounted-for, off-target effects by either the
inhibitor or the KO could also contribute to the differences. D) As
stated above, the specific functionality of the allosteric regulatory
site could underlie the effects observed in this study. Some evi-
dence already exists that supports this hypothesis [26] and would
suggest that some allosteric inhibitors may be substrate-specific
and not universal. This, however, has not been explicitly demon-
strated yet.

Interpretation of the results of this study should be performed
in the context of some important limitations of our experimental
setup. These would include partial target engagement by the
inhibitor and possible off-target effects by either the inhibitor or
the KO. In addition, the low background expression of ERAP2
could partially compensate for the lack of ERAP1 activity and
reduce observed effects, at least for some epitopes, as recently
reported [56]. Furthermore, we have not addressed whether
other chemical scaffolds that target the regulatory site have
the same effects [20]. In addition, little is known about how
the inhibitor affects the kinetics of antigen presentation. We
chose to incubate the cells for 6 days over three passages to best
simulate a therapeutic setting with cancer cells growing in the
presence of a drug, but this is not necessarily identical to the
steady-state changes brought over by the genetic KO. Given our
results, further studies using in cellulo site-directed mutagenesis
in the active and allosteric sites may be necessary to clearly
deconvolute the role of the allosteric site under steady-state
conditions.

Regardless of possible limitations, our findings can have
important consequences for translational efforts focusing on
manipulating ERAP1 activity to modulate the immunopeptidome.
Currently, ERAP1 is being explored as a target for therapeutic
interventions in both cancer immunotherapy and HLA-associated
autoimmunity, and those efforts revolve around immunopep-
tidome modulation [15, 16, 21]. While both active-site and
allosteric inhibitors are being explored, the superior selectivity
of allosteric inhibitors may make them preferred for clinical
development. Our results suggest that targeting the allosteric
regulatory site affords unique opportunities in modulating the
immunopeptidome that are nevertheless distinct from a KO
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control or possibly an active-site inhibitor. As a result, if the
therapeutic outcome of ERAP1 functional disruption hinges
on the presentation, or lack thereof, of a particular peptide
epitope, different methods of inhibition need to be evaluated
on a case-by-case basis. In addition, the KO control that is often
used in evaluating the efficacy of inhibitors needs to be carefully
evaluated for how well it can be translated to a therapeutic
setting.

In summary, we evaluated the relative effect of an allosteric
inhibitor on the immunopeptidome of a cancer cell line and
discovered a series of unexpected major effects compared
to the KO control that likely stem from poorly understood
mechanistic nuances of the regulatory allosteric site. Our
results highlight ERAP1 as a flexible target for modulating
the immunopeptidome of cells but also instigate caution for
carefully engineering immunopeptidome shifts for therapeutic
applications.

Materials and methods

Cell lines

The A375 human malignant melanoma cell line and the W6/32
hybridoma cell line (CRL-1619 and HB-95, respectively) were
purchased from ATCC and used as provided by the vendor.

Generation of a KO A375 cell line

To generate ERAP1 KO A375 cells, the pSpCas9(BB)-2A-
Puro (PX459) V2.0 vector was used. The PX459 vector
was a gift from Feng Zhang (Addgene plasmid # 62988;
http://n2t.net/addgene:62988; RRID: Addgene_62988). To
disrupt the ERAP1 gene, the regions: 5’- ggttgcaagggaccatttga-
3’ in the antisense clone and 5’-gctatcggaagaacccctgc-
3’ in the sense clone of ERAP1 exon 2 were targeted.
The two DNA oligo sets (Guide 1: 5’-caccggttgcaa-
gggaccatttga-3’, Guide rc 1: 5’-aaactcaaatggtcccttgcaacc-3’
and Guide 2: 5’-caccgctatcggaagaacccctgc-3’, Guide rc 2:
5’-aaacgcaggggttcttccgatagc-3’) were phosphorylated by T4
polynucleotide kinase (New England Biolabs cat. no. #M0201)
by incubating for 30 min at 37°C and then allowed to anneal
after incubating for 5 min at 95°C. The oligos were cloned into
the pX459 vector using the fast digest BbsI restriction enzyme
(New England Biolabs cat. no. #R0539) as previously described
[38]. A375 cells were transfected with the plasmids at a 1:1 ratio,
using Lipofectamine 2000 (Thermo Fisher Scientific) following
the manufacturer’s instructions. Twenty-four hours after trans-
fection, A375 cells were treated with 1.5 mg/mL of puromycin
(Applichem) for 48 h. Single-cell clones were isolated by limiting
dilution. Out of 18 A375 clones that were isolated, five (#3, #5,
#9, #10 and #13) did not express ERAP1. ERAP1 expression was
checked with Western blot analysis.

Western blotting

About 5 × 105
Α375 cells were lysed through three cycles of

freeze thaw in PBS buffer containing 500 μM PMSF. Cell lysates
were centrifuged at 12 000 rpm at 4°C for 30 min and the super-
natant was carefully collected. Whole cell lysates were analyzed
with SDS–PAGE under reducing conditions in a 10% polyacry-
lamide gel. The separated proteins were blotted onto a polyvinyli-
dene difluoride membrane (Thermo Scientific, 88520) using the
antibody of human aminopeptidase PILS/ARTS1 polyclonal goat
IgG (R&D Systems, AF2334) for ERAP1. Primary antibody was
used at a final concentration of 2 μg/mL and the secondary
antibody, anti-goat IgG-HRP (HAF017) purchased from R&D Sys-
tems, was diluted 1:1000. As an HRP substrate, we used Pierce
chemiluminescent western blotting substrate (Thermo Scientific,
32209) and enhanced chemiluminescence was detected in LAS
4000 (Fujifilm). The images were processed using the AIDA Image
analysis software (Elysia-Raytest).

Treatment of A375 cells with inhibitors

A375 cells were treated with 10 μM of the compound
(4aR,5S,6R,8S,8aR)-5-(2-(Furan-3-yl)ethyl)-8-hydroxy-5,6,8a-
trimethyl-3,4,4a,5,6,7,8,8a-octahydronaphthalene-1-carboxylic
acid [18] for 6 days over three passages, with the inhibitor
being refreshed every 2 days. After 6 days, cells were detached
using AccutaseTM (Thermo) and harvested by centrifugation. Cell
pellets were stored in −80°C until needed for analysis.

Cytotoxicity assay

A375 cells (2500 cells/well) were cultured in the presence of 0–
100 μM of compound for 48 h. The culture medium was replaced
by 100 μL of DMEM containing 1 mg/mL MTT reagent (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide, Merck,
MA, USA) and incubated for another 4 h. The resultant formazan
crystals were dissolved in 100 μL of DMSO and the absorbance
intensity was measured on a TECAN infinite M200 microplate flu-
orescence reader at 540 nm with a reference at 620 nm. All exper-
iments were performed in duplicate.

Flow cytometry

One million cells per sample were transferred to FACS tubes and
washed twice with 1 mL FACS buffer (1%BSA/PBS, 0.02% NaN3).
The cells were stained with 2 μL undiluted W6/32-FITC (Bio-
Rad, MCA81F) for 30 min on ice. After incubation, the cells were
washed with 2 mL FACS buffer, centrifuged at 4°C at 200g for
5 min, and resuspended in 300 μL FACS buffer. The samples
were analyzed in a FACScalibur flow cytometer using the BD Cel-
lQuestTM Pro software. Approximately 20 000 events per sample
were measured.
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Preparation of immunoaffinity columns

The preparation of the immunoaffinity columns with the W6/32
antibody has been previously described [5, 39]. The W6/32 anti-
body was purified from the supernatant of the hybridoma cell
line HB-95

TM
(ATCC) by affinity chromatography using protein G

agarose beads. The purified antibody was dialyzed in coupling
buffer (NaHCO3 0.1 M, NaCl 0.5 M, pH 8.3) overnight. A total
of 0.285 g of dry beads of cyanogen bromide-activated Sepharose
4B (GE Healthcare 17-0430-01) were used per column. Also, a
total of 2 mg of purified antibody was added to the beads and
left for coupling overnight at 4°C, and then washed with coupling,
then with blocking buffer (Tris-HCl 0.1 M, pH 8.0), and then incu-
bated with blocking buffer for 3 h at room temperature. Finally,
columns were washed with acidic (CH3COONa 0.1 M, NaCl 0.5
M, pH 4.0) and basic (Tris-HCl 0.1 M, NaCl 0.5 M, pH 8.0) buffer
and equilibrated with 20 mM Tris-HCl, pH 7.5, 150 mM NaCl.
Precolumns were also constructed with the same method except
for the W6/32 coupling step.

Isolation of peptides bound onto MHC-I from cells

For the isolation of MHC-I from cells, the procedure was followed
as described [5]. Briefly, about 5 × 108 cells were used per bio-
logical replicate. Cells were lysed with 20 mL buffer containing
Tris-HCl, pH 7.5, 150 mM NaCl, 0.5% IGEPAL CA-630, 0.25%
sodium deoxycholate, 1 mM EDTA, pH 8.0, and one complete
EDTA-free protease inhibitor cocktail tablet for 1 h at 4°C. The cell
lysate was cleared with ultracentrifugation at 1 00 000 g and then
loaded onto a W6/32 affinity column. The column was washed
using 20 mM Tris-HCl, pH 8.0, 150 mM NaCl, and then using
20 mM Tris-HCl, pH 8.0, 400 mM NaCl. Elution of the MHC-I and
bound peptides was achieved by 1% TFA. The peptides were fur-
ther purified from the MHC-I using reversed-phase C18 disposable
spin columns (Thermo Scientific).

LC–MS/MS analysis

The peptidic samples were cleaned up by a SP3 strategy
[40] using a 1:1 Sera-Mag Carboxylate SpeedBeads mixture
(Sigma-Aldrich, Cat. #45152105050250 and Cat.
#65152105050250). In short, the beads and the peptides
were incubated for 30 min in an 98% acetonitrile solution. The
peptides on beads were subjected to two washing steps with
100% acetonitrile and finally eluted from the paramagnetic beads
using water with 0.1% formic acid.

Equal amounts of peptide mixtures were analyzed by LC–
MS/MS in three technical replicates. LC–MS/MS analysis was
performed by injecting the peptidic eluate directly onto an
analytical column (75 μm I.D. × 25 cm, C18, pepsep), followed
by gradient elution (Ultimate3000 RSLC system; 7–45% B in 18
minutes; A = 0.1 % formic acid in water, B = 0.1% formic acid
in acetonitrile) with a flowrate of 400 nL/min. The separated

peptides were ionized and sprayed into the mass spectrometer
(Q ExactiveTM HF-X mass spectrometer, Thermo, Waltham, MA)
through a pepsep sprayer equipped with a liquid junction stainless
steel emitter. The spectrometer was operated in data-independent
mode, in the scan range of 375–1100 m/z using 120 K resolving
power with an automated gain control (AGC) of 3 × 106 and max
IT of 60 ms, followed by data-independent analysis using 8 Th
windows (39 loop counts) with 15 K resolving power with an AGC
of 3 × 105 and max IT of 22 ms and a normalized collision energy
of 26.

Data analysis

Orbitrap raw data were analyzed in DirectDIA mode using the
SpectronautTM software version 16 (Biognosys) [27] through
searching against the reviewed Human Uniprot database
(retrieved 4/21, 49,852 entries) in the library-free mode of the
software, in an unspecific digest search mode with a peptide size
range of 7 to 20 amino acids. Hierarchical clustering was per-
formed using Manhattan Distance.

Nonmetric multidimensional scaling analysis

For the NMDS analysis, we considered two comparisons sepa-
rately: inhibitor versus ΚΟ-upregulated binders and inhibitor ver-
sus KO-downregulated binders. The results from Spectronaut®’s
unpaired t-test were used as input, after filtering for binding affin-
ity using HLAthena. Significantly upregulated binders (q- value
≤ 0.05, log2diff ≥ 1, HLAthena score ≤ 2) in the inhibitor-treated
versus the WT and in the KO versus the WT cells were used for
the identification of patterns in the upregulated peptides, while
significantly downregulated binders (q-value ≤ 0.05, log2diff ≤ -
1, HLAthena score ≤ 2) in the inhibitor-treated versus the WT and
in the KO versus the WT condition were used as input for the iden-
tification of patterns in the downregulated peptides. Next, we per-
formed NMDS of 10-mer peptides using entropy-weighted peptide
distances in two-dimensional space according to the method of
Sarkizova et al. [32] [(MolecularEntropy() function from HDMD
R package], as described in [41], with some modifications. Pep-
tide distances in two dimensions were mapped by using NMDS
with 10 separate ordinations of 500 iterations with the nmds()
function from the ecodist R package [36]. The configuration with
the least stress was used for visualization of the immunopep-
tidome. Then, we used density-based spatial clustering for appli-
cations with noise (DBSCAN) [42] [fpc R package] to cluster pep-
tides according to the elbow method for the estimation of the
number of clusters that fit the data [KNNdistplot function() in
dbscan R package [43]]. Eps parameter was set to 0.0082 and
0.011 for the comparison of the upregulated and the downregu-
lated peptides, respectively. Differences in the number of affected
peptides per cluster were assessed by using a chi-squared test
[chisq.test() in rbase] and the derived p-values were adjusted
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(padj) using the Bonferroni method. Ggseqlogo R package as used
to generate sequence logo plots [44].
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