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The intracellular aminopeptidases that process antigenic epitopes have been recently shown to be valid targets for
eliciting cell-mediated antitumor immune responses. Here, we discuss the recent development of potent, low molecular
weightinhibitors of these enzymes and how such compounds may constitute a promising tool for cancerimmunotherapy.

Cytotoxic T lymphocytes (CTLs) and
natural killer (NK) cells can elicit strong
antitumor immune responses based on
changes in the antigenicity or immuno-
genicity of (pre)malignant cells. In turn,
cancer cells can evolve mechanisms that
alter antigen presentation, thus evading
immune responses and establishing neo-
plastic lesions.! Tumor-associated anti-
genic peptides, like all antigenic peptides
presented by MHC class I molecules, are
generated by the proteolytic degradation
of intracellular proteins via the ubiquitin-
proteasome pathway. Generally, the last
step of this proteolytic cascade is the trim-
ming of the N-terminal extensions found
on antigenic peptide precursors inside the
endoplasmic reticulum, which is catalyzed
by aminopeptidases such as endoplasmic
reticulum aminopeptidase 1 (ERAPI)
and ERAP2. Throughout the last decade,
an intense wave of investigation has high-
lighted the importance of these enzymes
in both the generation of several antigenic
peptides and the destruction of others,
effectively affecting immunodominance.?
Furthermore, the lack of ERAPI activity
was found to be sufficient to elicit both
classical and non-classical MHC-related
immune responses.’

The analysis of ERAP1 and ERAP2
expression by malignant cells has dem-
onstrated that the levels of these enzymes
undergo significant changes that may cor-
relate with the ability of cancer cells to

evade immune responses.*> Interestingly,
these changes are not restricted to a “sim-
ple” downregulation but include various
imbalances in expression levels that affect
the antigenic peptide repertoire’ This
strategy may be highly efficient for cancer
cells to escape immunosurveillance, since
potentially detrimental antigens can be
eliminated while a near-to-normal antigen
presentation can be preserved to avoid rec-
ognition by NK cells.

It has recently been investigated
whether ERAP1 might constitute a valid
target for cancer immunotherapy.®’
Two distinct research groups demon-
strated that the genetic downregulation
of ERAPI in cancer cells is sufficient to
elicit potent anticancer immune responses
in rodent models, block disease develop-
ment and improve the short-term survival
of tumor-bearing animals. Interestingly,
the cytotoxic responses documented in
these two studies originated from differ-
ent types of immune effectors. In the first
study, ERAP1 downregulation stimulated
the cytotoxic activity of NK cells. Most
likely, this reflected a decline in the levels
of MHC class I molecules on the surface
of cancer cells, in turn resulting from the
defective production of antigenic pep-
tides.® Conversely, in the second study, the
lack of ERAPI elicited a CTL response
specific for a cryptic tumor-associated
antigen that was normally destroyed by
ERAP1.” These findings highlight both
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the importance and the multifaceted role
of ERAPI in antitumor immunity.

Although these studies have established
the potential value for manipulating anti-
gen processing for cancer immunotherapy,
the tools for the pharmacological control
of ERAPI or ERAP2 activity have been
subpar. Indeed, although the compound
leucinethiol, a modest and non-selective
inhibitor of aminopeptidases, success-
fully mimicked some of the effects of
ERAPI downregulation in cancer cells,
no potent ERAPI-specific inhibitors have
been described until recently. Much to our
dismay, almost every available aminopep-
tidase inhibitor tested was a poor inhibitor
of ERAPI. This may relate to the unique
structural properties of this enzyme:
ERAPI exists in at least two highly dis-
tinct conformational states, one of which
has a deformed specificity pocket at the
active site, making targeted inhibition
difficule.?

To develop potent ERAP1 inhibitors
we decided to go back to the drawing
board armed with information from sev-
eral years of structural and biochemical
analysis of the enzyme.® Using a struc-
ture-guided rational design approach
and focusing on the Zn-containing active
site of the enzyme, we combined known
and novel Zn-binding groups with side-
chains customized to occupy the speci-
ficity pockets of ERAPL. Some of the
first-generation inhibitors designed by this
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Figure 1. Mechanisms by which the inhibition of ERAP might activate cell-mediated antitumor immune responses. (A) Tumor-associated as well as
normal intracellular proteins are catabolized by the proteasome, generating mature antigenic peptides as well as several antigenic peptide precursors.
In the endoplasmic reticulum (ER) lumen, ER aminopeptidase 1 (ERAP1) can destroy some antigenic epitopes and at the same time process peptide pre-
cursors to generate mature antigenic epitopes for presentation by MHC class | molecules on the cell surface. Since some-tumor associated antigens are
also destroyed by ERAP1, tumor-specific cytotoxic T lymphocyte (CTL) responses are evaded. In addition, peptide-loaded MHC class | molecules inhibit
the cytotoxic activity of natural killer (NK) cells. (B) In the presence of ERAP1 inhibitors, tumor-associated antigens are spared from degradation and
rather loaded onto MHC class | molecules. These complexes are normally translocated on the cell surface, where they can be recognized by CTLs and
hence drive cytotoxic antitumor responses. Alternatively, the decline in the abundance of mature antigenic peptides due to reduced ERAP1 activity can
inhibit the translocation of MHC class | molecules on the cell surface, or result to empty or misfolded MHC class | molecules that are unable to engage

the inhibitory NK-cell receptors (i.e., Ly49), hence promoting NK cell-mediated cytotoxic responses.

approach—pseudopeptides that contain a
phosphinic group that acts as a transition
state-analog—has already yielded highly
encouraging results. In our first proof-of-
principle study, one of those compounds,
DGO13A, was found to be a potent (nM
range) inhibitor of ERAPI as well as
ERAP2, to enhance antigen presentation
in HeLa cells and to elicit potent CTL
responses against murine colon carcinoma
cells.” The effectiveness of this compound
in vitro and ex vivo suggests that we now
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have an important tool to manipulate
antigen processing, effectively reprogram-
ming cancer cells to reveal themselves to
the immune system (Fig. 1).

Still, much more work is needed before
this approach can be translated to the
clinic. The best inhibitor currently avail-
able has a limited (about 3-fold) selectivity
for ERAP2 over ERAPL. Although this
relatively low selectivity is almost certainly
due to our design strategy, which exploited
structural features that are conserved in
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ERAP1 and ERAP2, the selective inhi-
bition of either of these enzymes may be
highly desirable because it may allow for
targeting specific subsets of antigenic
peptides. A different design approach
has recently yielded inhibitors that show
promise in terms of selectivity, but are not
as potent as DG013A." It should be noted
that the complete inhibition of antigen
processing needs to be approached with
caution since it could stimulate autoim-
mune responses against bystander cells.
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Furthermore, the ability of this strategy to
enhance the long-term survival of tumor-
bearing animals needs to be thoroughly
explored. The effects of molecules that
alter antigen processing on the immu-
nopeptidome needs also to be carefully
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