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Intracellular aminopeptidases endoplasmic reticulum aminopepti-
dases 1 and 2 (ERAP1 and ERAP2), and as well as insulin-regulated
aminopeptidase (IRAP) process antigenic epitope precursors for
loading onto MHC class I molecules and regulate the adaptive
immune response. Their activity greatly affects the antigenic peptide
repertoire presented to cytotoxic T lymphocytes and as a result can
regulate cytotoxic cellular responses contributing to autoimmunity
or immune evasion by viruses and cancer cells. Therefore, pharma-
cological regulation of their activity is a promising avenue for
modulating the adaptive immune response with possible applica-
tions in controlling autoimmunity, in boosting immune responses
to pathogens, and in cancer immunotherapy. In this study we
exploited recent structural and biochemical analysis of ERAP1 and
ERAP2 to design and develop phosphinic pseudopeptide transition
state analogs that can inhibit this family of enzymes with nM
affinity. X-ray crystallographic analysis of one such inhibitor in
complex with ERAP2 validated our design, revealing a canonical
mode of binding in the active site of the enzyme, and highlighted
the importance of the S2’ pocket for achieving inhibitor potency.
Antigen processing and presentation assays in HeLa and murine
colon carcinoma (CT26) cells showed that these inhibitors induce
increased cell-surface antigen presentation of transfected and en-
dogenous antigens and enhance cytotoxic T-cell responses, indi-
cating that these enzymes primarily destroy epitopes in those
systems. This class of inhibitors constitutes a promising tool for
controlling the cellular adaptive immune response in humans by
modulating the antigen processing and presentation pathway.
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The human adaptive cellular immune response relies on cell-
surface presentation of small peptides, 8–10 amino acids

long, bound on specialized receptors of the major histocompat-
ibility complex (MHC). Such peptides are derived from the
proteolytic degradation of intracellular proteins and constitute
a representative sample of the protein content of the cell (1).
Infected or malignantly transformed cells express additional
protein molecules that upon degradation give rise to distinct
antigenic peptides that are presented on the cell surface com-
plexed with MHC class I molecules (MHCI). Cytotoxic T cells
can recognize these complexes and induce apoptotic cell death.
Aberrant generation of antigenic peptides can lead to immune
system evasion or to autoimmune reactions (2–6).
Most antigenic peptides are initially produced by the protea-

some, but many of them are larger than the final antigenic epi-
tope, containing one or more additional amino acids at their N
termini (7). These antigenic peptide precursors are transported
into the endoplasmic reticulum (ER), where they are further
trimmed by at least two different aminopeptidases, endoplasmic

reticulum aminopeptidase 1 and 2 (ERAP1 and ERAP2), to
generate the mature antigenic peptides of the optimal length for
loading onto MHCI molecules (8). During recent years, the
importance of these two aminopeptidases has been estab-
lished in several in vitro and in vivo systems, including mouse
disease models (reviewed in refs. 9 and 10). Furthermore, these
two aminopeptidases actively regulate the presentation of anti-
genic peptides, not only by generating the correct epitopes but
also by destroying many of them by trimming them to lengths too
short to bind onto MHCI (11). In the absence of these amino-
peptidases, specific immunodominant epitopes are no longer
generated and previously unrepresented epitopes can be detec-
ted on the cell surface. This can lead to either suppression or
activation of existing cytotoxic responses or the generation of
novel responses by both T cells and NK cells (2, 5, 12, 13). In this
context, the activity of ERAP1 and ERAP2 directly affects the
presented antigenic peptide repertoire altering the adaptive
immune response both qualitatively and quantitatively. Single
coding nucleotide polymorphisms in these enzymes have been
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recently associated with predisposition to a large array of in-
fectious and autoimmune diseases (14–17). Changes in the
enzymes’ activity and specificity have been proposed to be the
molecular basis behind these associations (14, 18, 19).
In the cellular pathway of cross-presentation, ERAP1 and

ERAP2 can also trim antigenic peptide precursors in endosomal
compartments of professional antigen-presenting cells such as
dendritic cells. A homologous aminopeptidase named insulin-
regulated aminopeptidase (IRAP) has also been recently impli-
cated to operate in a newly discovered cross-presentation path-
way (20, 21). All three aminopeptidases are highly homologous
(∼50% sequence identity) and use identical catalytic mechanisms
but have differences in substrate specificity (22–24).
The important role played by these three aminopeptidases in

modulating the adaptive immune response has spurred interest
toward finding ways to either inhibit or enhance their action.
Genetic down-regulation of ERAP1 in mice has been shown to
lead to generation of some unstable MHCI molecules on the cell
surface altering cytotoxic T-lymphocytes (CTL) responses and to
also elicit nonclassical MHCIb-restricted CTL responses in vivo
(2, 12). In murine tumor models, ERAP1 down-regulation by
siRNA was sufficient to induce protective NK or cytotoxic T-cell
responses and lead to tumor rejection (5, 13). These findings
suggest that the pharmacological regulation of ERAP1 and pos-
sibly ERAP2 and IRAP may have important therapeutic appli-
cations in a large array of diseases ranging from viral infections,
autoimmunity, and cancer.
Despite these possible applications, to our knowledge, no po-

tent inhibitors have been described for ERAP1 and ERAP2. The
broad-spectrum metallopeptidase inhibitor leucinethiol is a mod-
erate inhibitor of ERAP1 with an affinity of ∼5–10 μM and has
been used successfully to reproduce some genetic down-regulation
effects (2, 12, 25). A novel class of inhibitors for aminopeptidases
has been recently described, but with only moderate affinity for
ERAP1 (26). Potent inhibitors for IRAP have been described but
displayed low efficacy for ERAP1 and ERAP2, and their role in
antigen processing has not been evaluated (27).
The recently solved crystal structures of ERAP1 and ERAP2

as well as the accumulation of a wide array of biochemical and
functional data about these enzymes provide an opportunity for
the rational design of potent, mechanism-based inhibitors (reviewed
in ref. 28). Using this knowledge, we designed, synthesized, and
evaluated two pseudopeptidic compounds carrying a phosphinic
group that were expected to act as transition-state analogs for
these enzymes. One of the compounds inhibited all three enzymes
with high potency, having affinity in the nM range. Our com-
pounds were able to affect antigen processing in cultured cells
and elicit cytotoxic T-cell responses in a dose-dependent and
affinity-dependent manner. Analysis of ERAP2 cocrystallized
with one of the compounds validated our rational design strategy
and provided insight on the mechanism of inhibition. We propose
that these or similar compounds provide a basis by which to
regulate the adaptive immune response for the treatment of au-
toimmunity and for enhancing cancer immunotherapy regimens.

Results
Design Rationale. Phosphinic pseudopeptides have been de-
veloped as both potent and selective mechanism-based inhibitors
of metalloproteinases (29, 30). One advantage of the phosphinic
functional group is that it is a relatively weak zinc ligand, and as a
result the binding affinity attained is mainly attributed to specific
interactions between the side chains of the inhibitor and the
active site specificity pockets of the enzyme. After optimization,
this specific binding can lead to potent and selective inhibitors.
Because ERAP1, ERAP2, and IRAP have the same fundamental
catalytic mechanism as other Zn(II) metalloproteinases, we hypothe-
sized that using a phosphinic backbone would be a valid approach
to developing highly potent inhibitors for these aminopeptidases.

Recent structural and biochemical analyses of ERAP1 and ERAP2
have revealed a significant amount of information regarding their
specificity pockets that could be exploited for rational inhibitor
design. Specifically, all three enzymes share key common char-
acteristics in their S1 specificity pocket, a pocket that is struc-
turally rigid and contains a hydrophobic base (24, 28). Substrate
library screening revealed several side chains optimal for rec-
ognition by all three enzymes (24). Based on those studies, we
selected phenylethyl (the side chain of the nonnatural amino acid
homophenylalanine) for the S1 pocket, as it can be accommo-
dated in that pocket in a near optimal fashion. Additionally, a
previous study on the specificity of ERAP1 has revealed a pref-
erence for small hydrophobic residues in the S1’ specificity pocket,
and we therefore selected a leucine residue for this position (31).
Lastly, the recently solved structure of ERAP2 [Protein Data Bank
(PDB) ID code 3SE6] showed a molecule of 2-(N-morpholino)
ethanesulfonic acid tightly bound near the active site, with its
morpholino ring stabilized by stacking interactions between
Tyr455 and Tyr892, two residues that form a hydrophobic pocket
that may act as the S2’ specificity pocket of the enzyme (32).
We therefore designed two pseudopeptides: both compounds

contain a homophenylalanine and a leucine residue on each side
of a phosphinic group. The second compound additionally con-
tains a tryptophan residue as the C-terminal residue so that we
could best exploit the hydrophobic and π-stacking properties of
the postulated S2’ specificity pocket. The chemical structures of
these two compounds are shown in Fig. 1. Each compound was
synthesized with a single chiral center in residue 2 (indicated by
an asterisk in Fig. 1).

Inhibitor Synthesis and Purification. For the synthesis of inhibitors
DG002 and DG013, a solid phase peptide synthesis -based ap-
proach was used (Fig. S1). A suitably protected phosphinic build-
ing block was synthesized to deliver the final structures after
standard TFA cleavage from a Rink amide resin (33). Assembly
of the phosphinodipeptidic scaffold was performed by a P-Michael
addition of the enantiomerically resolved aminophosphinic analog
and acrylate, which leads to an unresolved stereogenic center at
P1′ position. Therefore, inhibitors DG002 and DG013 were finally
obtained as mixtures of two diastereoisomers ([R,S], [R,R] for
DG002 and [R,S,S], [R,R,S] for DG013).
Compounds were purified by reversed-phase HPLC using

a linear acetonitrile gradient. This way it was possible to separate
the two stereoisomers (Fig. S1 B and C). For all character-
izations each stereoisomer was treated as a separate compound.
Based on previous work that characterized the stereochemistry
of structurally related pseudophosphinic peptides, the first eluted
peak from the HPLC (compounds DG002A and DG013A) was
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Fig. 1. Chemical structures of synthesized compounds. Black lines indicate the
relative locations of the enzyme specificity pockets targeted by side chains in
the compound. An asterisk indicates the chiral center in each compound.
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expected to correspond to the [R,S] and [R,S,S] stereoisomers,
respectively, and the second (compounds DG002B and DG013B)
to the [R,R] and [R,R,S] stereochemistry (34). This was also found
to be consistent with the crystallographic analysis (see Structure of
ERAP2 with DG013).

In Vitro Potency. We used a previously established fluorigenic
assay to characterize the ability of each compound to inhibit the
hydrolysis of model substrates L-Leucine 7-amido-4-methyl cou-
marin hydrochloride (L-AMC) and L-arginine 7-amido-4-meth-
ylcoumarin hydrochloride (R-AMC) by ERAP1, ERAP2, and
IRAP (24). Representative titrations are shown in Fig. S2, and
calculated IC 50 values are shown in Table 1. DG002 was a
moderately potent inhibitor of all three enzymes regardless of its
stereochemistry. In contrast, addition of a tryptophan residue at
the C terminus resulted in very potent inhibition of all three
enzymes that was more pronounced for ERAP2, with calculated
IC50 values in the low nM range (Fig. S2C and Table 1). The
stereochemical composition of the DG013 compound was im-
portant for inhibition, as evidenced from the much lower IC50
values calculated for the second isomer. Overall, the DG013A
compound was found to be a very potent inhibitor of ERAP1,
ERAP2, and IRAP and, to our knowledge, has the highest affinity
of any inhibitor described for ERAP1 and ERAP2. Furthermore,
it presented some selectivity for ERAP2, although it was equally
effective versus ERAP1 and IRAP.
Because the small fluorigenic substrates used in the in vitro

characterization of the inhibitors are not perfect models of the
natural substrates of these enzymes (that usually are longer peptides
consisting of 9–15 amino acids), we also tested the ability of the
compounds to inhibit hydrolysis of a 10-mer fluorigenic peptide that
has been designed to be a good ERAP1 substrate (35). The IC50
values for inhibition of the hydrolysis of this substrate were found to
be largely similar to the IC50 values calculated for the L-AMC
substrate (Fig. S2 and Table 1).

Mechanism of Inhibition. To gain insight on the mechanism of
inhibition by this group of compounds, we performed Michaelis–
Menten (MM) analysis in the presence or absence of the com-
pounds (Figs. S3–S5). This analysis suggested that DG013A as
well as both stereoisomers of DG002 are competitive inhibitors
of ERAP1 and ERAP2, affecting only the KM value of the
substrate, as expected based on their design as mechanism-based
inhibitors (Fig. S4 A–C and Fig. S5 A–C). In contrast, MM
analysis for DG013B indicated that this weaker inhibitor acted
noncompetitively for both ERAP1 and ERAP2, affecting the
Vmax of the catalysis and not the substrate KM (Fig. S4D and Fig.
S5D). This suggests that inhibition by DG013B may involve
a different binding mode near the active site or even a distinct
binding site. Because the presence of a secondary regulatory site
has been proposed for ERAP1, we further investigated this
phenomenon by performing MM analysis using the larger 10-mer
fluorigenic peptide described above (Fig. S5). Interestingly,
DG013B acted as competitive inhibitor for this larger substrate,

suggesting that it may indeed be binding to a distinct site within
the extended binding cavity of the enzyme (36).

Structure of ERAP2 with DG013. To better understand the mode of
binding of the best inhibitor, DG013A, and to help guide further
development of such inhibitors, we cocrystallized the compound
with the ERAP2 N392K allele for which DG013A is also a po-
tent inhibitor (18) (Fig. S6). The crystals diffracted to 2.8 Å, and
the structure was solved by molecular replacement based on the
recently determined crystallographic structure of ERAP2 (Table
S1). The difference density found in the catalytic center of the
enzyme was directly attributable to the presence of DG013A in
the structure (Fig. 2). The electron density map was consistent
with DG013A being the [R,S,S] stereoisomer in accord with the
HPLC analysis. Analysis of the refined structure revealed a ca-
nonical mode of binding for the inhibitor, according to which the
phosphinic group coordinates the active site Zn(II) atom and its
two oxygen atoms are further stabilized by hydrogen bonding
interactions with Glu371 and the hydroxyl group of Tyr455. In
this context, the pseudopeptide is bound in a conformation re-
sembling the intermediate of the cleavage reaction (tetrahedral
carbanion intermediate) acting as a true transition-state analog
inhibitor. The first residue of the inhibitor that bears the phos-
phinic group is further stabilized by (i) hydrogen bonds between
the free N terminus and the carboxylic groups of Glu337 (2.78 �Å),
Glu200 (2.81 �Å), and Glu393 (3.25 �Å) and (ii) hydrophobic
interactions between the homophenylalanine side chain and the
conserved Phe450 that lines the base of the S1 specificity pocket
(the two phenyl rings are almost parallel, with a shortest dis-
tance of 3.68 �Å). The leucine residue of the inhibitor is stabilized
by hydrophobic interactions with Val367 that defines the bottom
of a shallow hydrophobic S1’ pocket. Finally, the tryptophan
residue is found stacked between Tyr455 (closest distance 3.97
�Å) and Tyr892 (closest distance 3.31 �Å and almost parallel to it)
(Fig. 2). Tyr892 is unique to ERAP2 and this additional interaction
is probably sufficient to explain the higher affinity of the inhibitor for
ERAP2 compared with ERAP1 or IRAP (Table 1). Overall, the
inhibitor configuration helps define the first three specificity pockets
of ERAP2. The main residues responsible for the specificity of
binding were Phe450 (stabilizes the N-terminal homophenylalanine),
Tyr455 (stabilizes the phosphinic group and the C-terminal tryp-
tophan), as well as Glu200, Glu337, and Glu393 (stabilize the N
terminus of the inhibitor). All these residues are conserved be-
tween ERAP1, ERAP2, and IRAP, something that explains how
this inhibitor can effectively target all three enzymes (Fig. S7).

Inhibition of ERAP1 and ERAP2 in HeLa Cells Leads to Increased
Presentation of an Antigenic Epitope. To evaluate the ability of
our compounds to inhibit ERAP1 or ERAP2 and therefore in-
fluence antigen presentation in live cells, we used a previously
established antigen presentation rescue assay (19). In this assay,
delivery of an antigenic peptide precursor into the ER is achieved
after transfection by a suitable vector coding for a miniprotein that
carries an ER-targeting signal sequence. Upon ER translocation

Table 1. In vitro and bio-efficacy of synthesized inhibitors

Compound name

ERAP1 ERAP1 Mouse ERAAP ERAP2 IRAP HeLa cells CT26 cells

IC50, nM* IC50, nM
† IC50, nM* IC50, nM* IC50, nM* ED50, μM ED50, μM

DG002A [R,S] 520 ± 75 403 ± 71 650 ± 148 547 ± 110 218 ± 37 1.9 ± 1.1 0.626 ± 0.053
DG002B [R,R] 513 ± 51 481 ± 98 872 ± 137 571 ± 95 344 ± 68 ND‡ 1.2 ± 0.2
DG013A [R,S,S] 33 ± 5 55.7 ± 5.8 69 ± 13 11 ± 2 30 ± 4 0.44 ± 0.16 0.033 ± 0.015
DG013B [R,R,S] 3,600 ± 500 1,574 ± 754 1,333 ± 451 1,700 ± 200 2,200 ± 300 >100 32 ± 19

*X-AMC substrate.
†10-mer substrate.
‡Not determined.
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of the miniprotein, the signal sequence is removed by the enzyme
Signal Peptidase, releasing an antigenic peptide precursor. Pro-
cessing of this antigenic peptide precursor by ERAP1 and/or
ERAP2 controls mature antigenic epitope generation and loading
onto nascent MHCI molecules (HLA-B27 subtype) that sub-
sequently translocate to the cell surface, where they can be
detected by a specialized antibody. Overprocessing of the pre-
cursor to peptides too small to bind onto MHCI can lead to
reduced surface presentation. Using similar assays, researchers
have demonstrated that ERAP1-mediated trimming can be ab-
solutely necessary for the generation of many epitopes but can
also lead to the destruction of many epitopes by trimming them
to lengths that are too small for MHCI binding (11). We in-
cubated HeLa cells transfected with a plasmid vector expressing
an ER-targeted minigene with increasing amounts of compounds
DG002A, DG013A, and DG013B. After 48 h, cell-surface anti-
gen presentation was measured by flow cytometry and compared
with a control in which no inhibitor was present (Fig. 3A and
Table 1). The best inhibitor of the three, DG013A, resulted in a
2.5-fold enhancement of antigen presentation, whereas the me-
dium potency inhibitor DG002A had a similar but weaker effect
and the poor inhibitor DG013B showed a marginal effect only at
the highest concentration tested. Overall, the in vitro potency of
the inhibitors correlates well with their effect in the cell-based
assay, indicating that their biological effects are indeed mediated
by inhibition of ERAP1 and/or ERAP2.

Inhibition of Endoplasmic Reticulum Aminopeptidase Associated with
Antigen Processing Enhances Presentation of a Tumor Antigen in
Mouse Cells. Given that these inhibitors can enhance antigen
presentation of a transfected miniprotein, we next investigated
whether they can affect presentation of endogenous antigens and
thus whether ERAP1 inhibition can influence antitumor immu-
nity. To this end we used the murine colorectal carcinoma tumor
model CT26. Mice challenged with CT26 succumb to the tumor
after 20–25 d and generate CD8+ T-cell responses to an immu-
nodominant antigen AH1. Depletion of regulatory T lymphocytes

before challenge leads to rejection of the tumor in >90% of mice,
with codominant CD8+ T-cell responses directed to both AH1 and
a cryptic antigen GSW11. The GSW11-specific CD8+ T cells are-
responsible for CT26 tumor clearance and cross-protective antitu-
mor immunity (13). Murine cells express endoplasmic reticulum
aminopeptidase associated with antigen processing (ERAAP), the
mouse homolog of human ERAP1, that shares the same active
site and specificity (37). Therefore, we first tested whether our
compounds can inhibit murine ERAAP. Indeed, ERAAP was
inhibited by our compounds in vitro following a pattern similar to
that of human ERAP1 (Table 1 and Fig. S8). We next incubated
increasing amounts of each compound with CT26 for 48 h before
assessing the generation and cell surface presentation of GSW11
by stimulation of the GSW11-specific T-cell hybridoma, CCD2Z.
Titrations of inhibitor amount sufficient to inhibit ERAAP in
vitro led to enhanced generation of GSW11, suggesting that
ERAAP actively destroys this epitope (Fig. 3B). Furthermore, the
T-cell hybridoma response was dose dependent and followed the
same trend as the in vitro potency of the inhibitors (DG013A >
DG002A ≅ DG002B > DG013B; Table 1). Strikingly, CTL
stimulation by the best inhibitor, DG013A, was effective even at
very low concentrations (in the nM range), indicating that this
cellular system is particularly sensitive to changes in antigen
processing. Furthermore, the highest concentration of DG013A
resulted in reduced CCD2Z stimulation (and a bell-shaped
curve), suggesting that the generation of GSW11 requires some
ERAAP trimming function. This finding suggests that it may be
possible to pharmacologically fine-tune antigen processing to
selectively enhance cytotoxic responses toward cancer cells.

Discussion
Phosphinic Tripeptide Transition-State Analogs as a Promising Route
for Controlling Antigen Presentation. The important biological func-
tions of ERAP1, ERAP2, and IRAP in modulating the adaptive
immune response have generated interest in the development of
pharmacological tools that can regulate their activity. In an effort to
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Fig. 2. Schematic representation of the crystal structure of DG013A bound
inside the ERAP2 catalytic site. The mesh indicates the jFo–Fcj unbiased
electron density at 2.5 σ calculated before ligand addition to the structure.
DG013A is indicated as yellow sticks. ERAP2 residues within 4 Å of the in-
hibitor are indicated as gray sticks. Oxygen atoms are shown in red, nitrogen
atoms in blue, phosphorus in orange, and Zn(II) in cyan. Hydrogen bonding
interactions that stabilize the bound inhibitor are shown as dashed lines.

1.0

1.5

2.0

2.5

DG002A

DG013B

DG013A

Fo
ld

in
cr

ea
se

vs
bl

an
k

101 102 103 104 105

0.0

0.1

0.2

0.3

0.4

DG013A

DG013B

Inhibitor concentration, nM

C
C

D
2Z

re
sp

on
se

(A
59

5)

DG
00

2A

DG
00

2B

A B

101 102 103 104

Inhibitor concentration, nM

Fig. 3. Effects of inhibitors on antigen presentation and cytotoxic responses.
(A) Enhancement of cell-surface antigen presentation by addition of inhib-
itors to HeLa cells expressing infected cell protein 47 (ICP47) and HLA-B27.
Indicated inhibitors were added on cultured cells immediately after trans-
fection with an ER-targeted miniprotein that after signal sequence cleavage
gives rise to an HLA-B27–specific peptide precursor with the sequence
ASRHHAFSFR. Cells were incubated for 48 h, and cell-surface translocation of
peptide loaded HLA-B27 was followed by flow cytometry using an MHC-
specific antibody. Signal was normalized to cells not treated with an in-
hibitor. (B) Inhibitor dose-dependent enhancement of cell-surface pre-
sentation of GSW11 epitope by CT26. CT26 cells were incubated for 48 h with
indicated concentrations of inhibitors DG002A, DG013A, or DG013B and
assessed for generation and presentation of the GSW11 epitope. GSW11
presentation was detected by the GSW11-specific lacZ-inducible T-cell hy-
bridoma CCD2Z. Error bars indicate SD for each data point calculated from
three separate measurements.
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address this, we describe here a very potent inhibitor for these
enzymes that is highly active in cellular proof-of-principle assays.
This inhibitor (DG013A) was designed using a rational, structure-
based approach and can inhibit all three enzymes at the nM level.
Cell-based assays suggest that this inhibitor can quantitatively in-
fluence antigen presentation in cultured cells, indicating that it is at
least partially cell-permeable and can target ERAP1 inside the ER.
Additionally, it can enhance cytotoxic T-cell responses to a tumor
antigen. Overall, our results validate our rational design approach
for these enzymes and suggest that this class of inhibitors may
hold promise for the pharmacological manipulation of antigen
presentation for applications in the treatment of several diseases
ranging from autoimmunity to cancer.

Targeting All Three Antigen-Processing Enzymes.Although DG013A
is about 10-fold more effective for ERAP2 compared with
ERAP1 and IRAP, it is still a potent inhibitor for all three
enzymes. This phenomenon is probably a direct result of our
design strategy, which focuses on structural features in the cat-
alytic and substrate binding site that are conserved between these
three highly homologous enzymes (Fig. S7). Given the existence
of functional redundancy between these three enzymes, parallel
inhibition of ERAP1, ERAP2, as well as IRAP may be a powerful
approach for enhancing the inhibitor’s overall biological effect.
However, selective inhibition may be desirable for fine-tuning bio-
logical effects induced by this type of inhibitor, and this may become
possible in the future by exploiting key residue differences between
the active sites of these enzymes (see ref. 24 and Fig. S7).
Although the compartmentalized antigen processing in the ER

or endosomal compartments by ERAP1/ERAP2 and IRAP has
been shown to play a dominant role in antigen presentation,
cytosolic aminopeptidases with primarily metabolic functions
have, in some cases, been shown to play roles in antigenic pep-
tide generation. Several of the effects described, however, were
only evident after the coordinated down-regulation of more than
one enzyme and often led to down-regulation of antigen pre-
sentation, an effect opposite to the one described in Fig. 3 (38–
40). Additionally, other cytosolic aminopeptidases have been
found to display either none or very limited effects on antigen
presentation and CTL responses (41–43). It is, however, possible
that pharmacological inhibition of cytosolic aminopeptidases can
also influence antigen processing. This is probably not the main
driving factor behind the cellular effects described in this study,
as the role of ERAP1 is well established and dominant in these
systems and there is a good correlation between in vitro affinity
and ED50 values for the two independent cellular assays (13, 19).
Regardless of this, and although not addressed in this proof-of-
principle study, the selectivity of inhibitors such as the ones de-
scribed here versus other aminopeptidases in the cell is an im-
portant issue to be addressed to minimize undesired off-target
effects relating either to antigen processing or other cellular
functions especially in view of potential clinical applications.

Antigenic Epitope Destruction Versus Epitope Generation. The effect
of the inhibitors on antigen presentation by HeLa and CT26 cells
provides important clues regarding the role of ERAP1 in these
two systems. It has been previously demonstrated that ERAP1
plays an active role in destroying antigenic epitopes, although
this has not been studied extensively. The effect of the inhibitors
on HeLa cells presenting the SRHHAFSFR epitope bound on
the HLA-B27 MHCI allele indicate that the role of ERAP1 in
this system is primarily destructive. This has been recently vali-
dated in this system by a separate study that indicated that an
ERAP1 allele with higher enzymatic activity leads to lower pre-
sentation of virtually all HLA-B27 epitopes tested (44). Further-
more, enhancement of the GSW11-specific T-cell response in the
CT26 tumor cells also corroborates the destructive role of ERAAP.
Interestingly the bell-shaped curve seen for DG013A in Fig. 3 can

be explained by ERAAP’s dual role in this system: some ERAAP
activity is important for the generation of GSW11 epitope, whereas
additional activity leads to epitope destruction. This dual function
of ERAP1 and its mouse homolog ERAAP generates additional
opportunities for the fine-tuning of antigen presentation by careful
pharmacological inhibition. Overall, the effects of these inhibitors
on antigen presentation are expected to be epitope-dependent;
epitopes normally destroyed by the enzyme will have increased
presentation in the presence of inhibitors, whereas epitopes re-
quiring enzymatic processing for their generation will have de-
creased presentation in the presence of inhibitors. This may lead
to changes in the repertoire of antigenic peptides presented by
a cell, affecting immune responses. In this context, these inhibitors
may be very useful in seemingly contradictory pharmaceutical
approaches, although care should be taken to first study their
specific effects in each biological system.

Potential Applications in Cancer Immunotherapy—Possible Shortcomings.
The inhibitors described in this study and in particular DG013A
are of sufficient potency to warrant examination in in vivo sys-
tems for possible therapeutic effects. Possible applications may
vary depending on how the epitope of interest is normally pro-
cessed (generated or destroyed) by the targeted enzymes. Fur-
thermore, dose-dependent effects such as the ones seen for the
GSW11 epitope may be especially useful when subtle regulation
of antigen presentation is desirable. Such therapeutic opportu-
nities have recently been demonstrated using the moderate in-
hibitor leucinethiol which, upon administration, caused modest
tumor growth attenuation in some established tumors (13). The
high potency of DG013A may therefore allow it to induce highly
effective cytotoxic responses useful in cancer immunotherapy
either by enhancing existing or by inducing novel CTL or NK
responses similar to ones found by the genetic down-regulation
of ERAP1 (2, 5, 13). Additionally, ERAP1 down-regulation by
inhibitors may initiate alternative, nonclassical MHCI responses
(12). Finally, ERAP1 down-regulation may reduce autoimmune
reactions to self-mimic peptides that initiate or sustain autoim-
munity. Significant care should be taken, however, because large
alterations of the antigen presentation pathway can in theory elicit
unwanted side effects, either by assisting the evasion of pathogens
or by itself creating autoimmunogenic CTL responses. Careful
pharmacokinetic control, as well as the generation of highly
selective inhibitors that preferentially target only one of the three
enzymes, may help regulate this pathway more selectively and
manipulate antigen presentation with the necessary precision.

Experimental Procedures
Inhibitor Synthesis. For the synthesis of DG002 andDG013, the commonbuilding
block precursor phosphinic block Boc-(R)-hPhe[PO(OAd)-CH2]-(R,S)-LeuOH 7was
synthesized based on a previously described protocol (45) (Fig. S1). More details
about the synthesis can be found in the SI Experimental Procedures.

Enzymatic and Cell-Based Assays. In vitro enzymatic assays using model flu-
origenic substrates and peptides have been described before (24, 35). The
HLA-B27 rescue assay has been described (18, 19). Furthermore, the method
for assaying GSW11 epitope surface presentation by CT26 cells using T-cell
hybridoma CCD2Z has been described (13). Both cell-based assays were
performed in the presence of inhibitors for 48 h before epitope surface
presentation quantification.

X-Ray Crystallography. For cocrystallization experiments, the ERAP2(N392K)
naturally occurring variant was expressed, purified, and crystallized as pre-
viously described (18). Crystallization conditions were identical as the ones
used for free ERAP2 (18, 32), with the difference that no free amino acids
were present in the mixture, but instead fourfold excess of the inhibitor was
present. The crystal was practically isomorphous with the ERAP2 crystal de-
scribed before (32) and belongs to the space group P21, a = 75.1 Å, b =
134.8 Å, c = 128.7 Å, and β = 90.3°. The structure was determined by molecular
replacement using the ERAP2 coordinates (PDB ID code 4E36). Atomic

Zervoudi et al. PNAS Early Edition | 5 of 6

IM
M
U
N
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1309781110/-/DCSupplemental/pnas.201309781SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1309781110/-/DCSupplemental/pnas.201309781SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1309781110/-/DCSupplemental/pnas.201309781SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1309781110/-/DCSupplemental/pnas.201309781SI.pdf?targetid=nameddest=STXT


coordinates and structure factors for the ERAP2-DG013A crystal structure
have been deposited in PDB (www.pdb.org) (PDB ID code 4JBS).

Additional Methods. Additional methods and details can be found in SI
Experimental Procedures.
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SI Experimental Procedures
Inhibitor Synthesis. For the synthesis of DG002 and DG013, the
common building block precursor phosphinic block Boc-(R)-hPhe
[PO(OAd)-CH2]-(R,S)-LeuOH 7 was synthesized in three steps
starting from the R-stereoisomer of the Boc-protected amino-
phosphinic analog of homophenylalanine 3 and acrylic derivative
H2C = C(CH2CHMe2)COOEt 5, based on a previously de-
scribed protocol (1, 2) (Fig. S1). Boc-aminophosphinic acid 3
was prepared after deprotection/Boc-protection of the respective
Cbz-protected analog 2, which was obtained in enantiopure form
by application of Baylis protocol (3). Acrylic ester 5 was synthe-
sized by following a malonic ester alkylation/monosaponification/
Knoevenagel condensation reaction sequence in 33% overall
yield. The silyl phosphonite derived from aminophosphinic acid 3
by heating with hexamethyldisilazane (HMDS) was reacted with
acrylic ester 5 to afford phosphinic acid 6 as a mixture of two
stereoisomers. Subsequent adamantylation and saponification of
6 afforded the final building block 7 (4), which was coupled by
using standard peptide coupling protocols to a deprotected
Rink amide resin (for DG002) or H-Trp-Rink amide (for
DG013). Acidic removal of the pseudopeptides and deprotection
afforded crude DG002 and DG013 as mixtures of 2 diaster-
eoisomers. NMR characterization of DG002A and DG013A:
DG002A: 1H NMR (200 MHz, d6-DMSO+2% (vol/vol) TFA) δ
0.84 (dd, J = 6.3, 9.2 Hz, 6Η), 1.21–1.60 (m, 3H), 1.67–2.21 (m,
4H), 2.55–2.95 (m, 3H), 3.15–3.42 (m, 1H), 6.81–7.74 (m, 10H),
8.33 (br s, 2H); 13C NMR (50 MHz, d6-DMSO) δ 22.2, 23.1, 25.4,
28.6, 29.8, 30.4, 31.6, 31.7, 37.2, 37.3, 38.0, 42.9, 43.0, 47.9, 49.8,
126.2, 128.4, 128.6, 129.4, 129.7, 140.9, 176.5, 176.7; 31P NMR (81
MHz, d6-DMSO) δ 42.7.DG013A: 1H NMR (200MHz, d6-DMSO+
2% (vol/vol) TFA) δ 0.61–0.95 (m, 6Η), 1.14–1.50 (m, 3H), 1.70–
2.23 (m, 4H), 2.55–2.89 (m, 3H), 2.92–3.39 (m, 3H), 4.33–4.53 (m,
1H), 6.76–7.65 (m, 11H), 7.97–8.36 (m, 3H); 13C NMR (50 MHz,
d6-DMSO+2% TFA) δ 22.2, 22.9, 27.4, 28.7, 29.6, 30.6, 31.5, 31.7,
37.9, 38.0, 43.0, 43.2, 47.8, 49.6, 53.7, 110.6, 111.4, 118.3, 118.6,
120.9, 123.6, 126.3, 127.5, 128.4, 128.6, 136.2, 140.9, 173.6, 174.0,
174.1; 31P NMR (81 MHz, d6-DMSO+2% TFA) δ 41.9.

Inhibitor Purification–Stereoisomer Separation on HPLC.Compounds
were purified by reversed-phase HPLC on a C18 chromolith
column (Merck) using a 0–50% (vol/vol) acetonitrile gradient in
water containing 0.05% (vol/vol) trifluoroacetic acid. Eluted peaks
were characterized by mass spectrometry, lyophilized, and dissolved
in deionized water. Concentrations were calculated using the the-
oretical extinction coefficient for each compound calculated based
on the absorption coefficient for the phenyl group (200 M−1·cm−1

at 257 nm) for DG002 and for the phenyl group plus the trypto-
phan for DG013 (5,700 M−1·cm−1). HPLC purification was suffi-
cient to separate the two stereoisomers generated during synthesis
due to the presence of a single chiral center in each compound
(indicated by an asterisk in Fig. 1). The two peaks were collected
separately and evaluated for their ability to inhibit the enzymes.

In Vitro Enzymatic Assays. The expression and purification of
recombinant human endoplasmic reticulum aminopeptidase 1
(ERAP1), endoplasmic reticulum aminopeptidase 2 (ERAP2)
and insulin regulated aminopeptidase (IRAP) have been de-
scribed before (5, 6). Mouse recombinant endoplasmic reticulum
aminopeptidase associated with antigen processing (ERAAP)
was purchased from R&D Systems (Cat. No. 2500-Zn-010). The
enzymatic activity of ERAP1/2 and IRAP was calculated by
following the time-dependent increase in fluorescence at 460 nm

(excitation was at 380 nm) of the fluorigenic substrates L-Leu-
cine-7-amido-4-methyl coumarin (L-AMC; Sigma) for ERAP1 and
IRAP and L-arginyl-7-amido-4-methyl coumarin (R-AMC; Sigma)
for ERAP2. All measurements were performed on a TECAN in-
finite M200 microplate fluorescence reader. For evaluation of
inhibitory activity, 3–30 nM of each enzyme was added in each
well, along with 50 μM of substrate and varied concentrations of
inhibitor. The reaction was followed for 5–10 min, and activity
was calculated by measuring the slope of the time course. The
activity of ERAP1 was also measured using the chromogenic
substrate L-Leucine-paranitroanilide (Leucine-para-Nitroanilide,
L-pNA; Sigma) by following the absorbance of the enzymatic
product paranitroanilide at 405 nm (extinction coefficient = 9,450
M-1·cm−1) during incubation with ERAP1. Briefly, 1.5 μg·ml−1

ERAP1 was incubated at room temperature with increasing con-
centrations of L-pNA (in the 0–10 mM range) in 50 mM Hepes,
pH 7.0, 100 mM NaCl, for 5–10 min. The rate of hydrolysis was
calculated by the slope of the time-dependent increase in absor-
bance. For Michaelis–Menten (MM) calculations, initial reaction
rates were plotted versus different substrate concentrations and fit
to a standard MM model (using the GraphPad Prism software).
Enzymatic activity was also calculated using a previously de-

veloped 10-mer fluorigenic peptide WRVYEKCDnpALK (7)
using an excitation wavelength of 280 nm and by following the
emission at 350 nm.
For calculation of the in vitro IC50 values, experimental data

were fit to the following equation using the GraphPad Prism
software package:

Y =Bottom+ ðTop� BottomÞ
.
ð1+ 10̂ ððLogIC50 � XÞ pHillSlopeÞÞ;

where Y is the enzymatic activity and X the inhibitor concentration.
MM kinetics were performed by measuring the rate of hy-

drolysis of fluorigenic or chromogenic substrates for a series of
substrate concentration in the presence or absence of inhibitors.
The data were fit to a standard MMmodel using Graphpad Prism
to allow for the calculation of the enzymatic parameter Vmax and
KM in the presence or absence of each inhibitor.

Human Leukocyte Antigen B27 Rescue Assay. To evaluate the effect
on the inhibitors on antigen presentation in cultured cells, we
used a previously developed cellular antigen presentation assay
(8, 9). Briefly, HeLa cells, stably expressing MHC class I mole-
cule human leukocyte antigen B27 (HLA-B27) as well as trans-
porter associated with antigen processing 1 (TAP1), ER-transporter
blocker (infected cell protein 47, ICP47), and murine Kb allele were
transiently transfected with plasmid vectors expressing the HLA-
B27–specific peptide ASRHHAFSFR and ERAP1 in the presence
of indicated inhibitors and concentrations for 48 h. Surface ex-
pression of HLA-B27 in transfected cells (selection as described in
refs. 8, 9) was measured by flow cytometry using ME1 Mab, exactly
as described (8, 9). The resulting titration plots were fit to a three-
parameter dose–response model that allowed us to calculate the
ED50 value for each inhibitor.

Generation of Endogenous Tumor Antigens. To assess the effect of
the inhibitors on endogenously expressed antigens, we used the
CT26 murine colon carcinoma cell line. CT26 cells were in-
cubated with the inhibitors for 48 h and subsequently assayed for
the generation and cell-surface presentation of the tumor pro-
tective GSW11 peptide epitope (10). GSW11 presentation by

Zervoudi et al. www.pnas.org/cgi/content/short/1309781110 1 of 9

www.pnas.org/cgi/content/short/1309781110


inhibitor-treated CT26 was detected using the GSW11-specific
lacZ-inducible T-cell hybridoma CCD2Z. CCD2Z were incubated
with inhibitor-treated CT26 for 16 h. The lacZ activity was mea-
sured as previously described (11). The optical absorbance at 595
nm of control samples without any stimulation (no CT26 cells
added) was subtracted from all measurements.

Crystallization and X-Ray Crystallography. For cocrystallization
experiments, the ERAP2(N392K) naturally occurring variant was
expressed and purified as previously described (9). DG013A is
a potent inhibitor of this ERAP2 variant also (Fig. S6). The
purified protein (at 6 mg/mL) was diluted with DG013A to a fi-
nal concentration of protein–inhibitor of 1:4, and the mixture
was allowed to incubate at room temperature for 2 h. Following,
the protein–inhibitor mixture was concentrated back to 6 mg/mL
using an ultrafree-0.5 centrifugal concentration filter (Millipore).
Crystallization conditions were identical to the ones used for free
ERAP2 (9, 12), with the difference that no free amino acids were
present in the mixture (i.e., the crystallization reservoirs con-
tained 10% (wt/vol) PEG 8000, 20% (vol/vol) ethylene glycol, 69
mM Mes, 31 mM imidazole, pH 6.5). Drops were set up and left
to incubate at 4 °C for several days before transfer to 16 °C.
The best crystals appeared 5 d after the transfer and came from
drops with a protein–well mixture of 0.5–1 μL:1 μL. X-ray dif-

fraction data were collected at 100 K using synchrotron radiation at
the XO6DA beamline (Swiss Light Source, Paul Scherrer Institut).
Diffraction data up to 2.8 Å resolution were processed by

Mosflm (13) and scaled with the SCALA software (14). Five
percent of reflections were flagged for Rfree calculations. The
crystal was practically isomorphous with the ERAP2 crystal de-
scribed before (12), and belongs to the space group P21, a = 75.1
Å, b = 134.8 Å, c = 128.7 Å, and β = 90.3°. The structure was
determined by molecular replacement using the ERAP2 coor-
dinates [Protein Data Bank (PDB) ID code 4E36]. Phenix.refine
was used for structure refinement. Alternating cycles of re-
strained refinement and manual fitting/building with Coot re-
sulted in an R factor and Rfree of 20.6% and 27.8%, respectively.
Besides the two crystallographically independent protein mole-
cules and the ligand molecules modeled at their respective active
sites (Results), the asymmetric unit includes a total of 15 sugar
residues and 293 water molecules. All occupancies of protein
and carbohydrate atoms, as well as water molecules, were set to
one, except for the only disordered amino acid side chain, Arg-
366, in molecule A, which was refined with two alternative
conformations. There was no assignable density before residue
54 of molecule A and residue 55 of molecule B. Also missing
were residues 127–129, 503–527, and 570–580 of molecule A and
126–132, 503–531, 551–554, 571–581, and 592–593 of molecule B.
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Fig. S1. (A) Synthetic strategy used for the synthesis of DG002 and DG013. (B and C) Characteristic HPLC chromatograms of compound purification. (B)
Purification of compounds DG002. (C) Purification of compounds DG013. Peaks A and B correspond to stereoisomers of each compound that were charac-
terized separately.
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Fig. S2. In vitro evaluation of the compounds. (A–D) Inhibitory potency of each compound for each of the three enzymes was calculated by titrating in-
creasing amounts of the compound while following the kinetics of hydrolysis of small fluorigenic substrates (L-AMC for ERAP1 and IRAP, and R-AMC for
ERAP2). (E) Inhibition of hydrolysis of fluorigenic peptide WRVYEKCDnpALK by ERAP1 upon titration of DG002A/B and DG013A/B.
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Fig. S3. MM analysis of hydrolysis of L:-pNA by ERAP1. L-pNA was used here instead of L-AMC (Fig. 1), due to the high KM value of the L-AMC substrate for
ERAP1 that makes MM analysis difficult. Left, representative titrations; Right, calculated enzymatic parameters KM and Vmax. A, compound DG002A; B,
compound DG002B; C, compound DG013A; D, compound DG013B. Note how in A–C only the KM parameter is affected, indicating competitive inhibition,
whereas in D (compound DG013B) only the Vmax parameter is affected, indicating noncompetitive inhibition.
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Fig. S4. MM analysis of hydrolysis of R-AMC by ERAP2. Left, representative titrations; Right, calculated enzymatic parameters KM and Vmax. A, compound
DG002A; B, compound DG002B; C, compound DG013A; D, compound DG013B. Note how in A–C only the KM parameter is affected, indicating competitive
inhibition, whereas in D (compound DG013B) only the Vmax parameter is affected, indicating noncompetitive inhibition.
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Fig. S5. MM analysis of hydrolysis of the 10-mer fluorigenic peptide [WRVYEKC(Dnp)ALK] by ERAP1. Left, representative titrations; Right, calculated enzy-
matic parameters KM and Vmax. A, compound DG013A; B, compound DG013B. In both cases, addition of nonsaturating levels of the inhibitor only affects the
value of the KM parameter, consistent with competitive inhibition.
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Fig. S6. Inhibition of the ERAP2 naturally occurring variant N392K by DG013A. The y-axis represents the relative enzymatic activity of ERAP2 versus the model
substrate R-AMC.
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Fig. S7. Schematic representation of ERAP1 and ERAP2 active sites. The ERAP1 crystal structure (PDB ID code 2YD0) was aligned to the crystal structure of
ERAP2 with DG013A bound. Only amino acids that are within 5 Å of the inhibitor DG013A are shown. ERAP1 amino acids are shown in cyan, ERAP2 amino acids
are in green, DG013A is shown in yellow sticks, and Zn(II) atoms are depicted as magenta spheres. Labels indicate amino acid numbering for both enzymes
(ERAP1 first, ERAP2 second). The residues that are not conserved between the ERAP1 and ERAP2 active sites are indicated in bold.
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Fig. S8. Characteristic titrations showing the inhibition of mouse ERAAP by the four compounds using the L-AMC substrate. The y-axis represents the relative
enzymatic activity of ERAAP versus the model substrate L-AMC. Calculated IC50 values appear in Table 1.
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Table S1. Data collection and refinement statistics

Data collection
Space group P21
a, b, c, Å 75.1, 134.8, 128.7
β, ° 90.3
Resolution, Å 49.00–2.79 (2.94–2.79)
Rsym, % 6.5 (28)
I/σ(I) 8.7 (2.7)
Completeness, % 99.8 (99.9)
Redundancy 3.2 (3.4)

Refinement
Resolution, Å 11.0–2.79
No. reflections, all/used 63,682/63,659
Rwork/Rfree, % 20.6/27.8 (33.7/42.0)
No. atoms, per asymmetric unit 14,457 (8 alternate)
Nonsolvent 14,164 (8 alternate)
Average B overall, Å2 65.9
rmsd bond lengths, Å 0.008
rmsd bond angles, ° 0.872
Ramachandran plot

Preferred, % 88.6
Allowed, % 9.6
Outliers, % 1.8

Values in parentheses correspond to the highest resolution shell.
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