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DKK1 as a novel target for myeloma
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Novel, potent tumor-associated antigens are needed to improve the efficacy of immunotherapy for myeloma. We
demonstrated that active vaccination using the DKK1-DNA vaccine in the myeloma mouse model protected mice from
developing myeloma and effectively treated established myeloma. Therefore, DKK1 could be developed as a novel
vaccine for myeloma immunotherapy.

Multiple myeloma (MM) is a plasma cell
malignancy that remains incurable in the
vast majority of patients. Unlike other
malignancies, MM cells express only a few
identified tumor-associated antigens, only
one of which, the idiotypic monoclonal
immunoglobulin (Ig), has been tested in
clinical trials. We and others have explored
idiotype-based
vaccines for myeloma, but those studies
have yielded disappointing results."” A
partial explanation for the inefficacy of

immunotherapy  using

these idiotype-based vaccines is the weak
immunogenicity of idiotype proteins and
the clonal exhaustion and deletion of
idiotype-specific T cells in patients due
to the presence of large amounts of
circulating idiotype protein via antigen-
MM cells.>*
Therefore, novel and more potent tumor-
associated antigens, especially those shared

presenting cells and/or

among patients, must be identified to
improve the efficacy of immunotherapy
for this disease.

Recent studies have shown that
Dickkopf-1 (DKK1), a secreted protein
and Wnt signaling pathway inhibitor, is
highly expressed by the tumor cells of
almost all patients with MM and is absent
from normal tissues and organs, except
placenta and prostate.® Furthermore, MM

cell-derived DKK1 may be responsible, at
least in part, for suppressed osteoblast
formation and bone destruction associated
with MM,’ and inhibiting DKK1 activity
increased osteoblast activity and bone
formation, reduced osteoclast activity,
and inhibited MM growth in an MM
model.” Our previous results
clearly showed that DKKI1 is expressed
by the primary tumor cells of all patients
with MM, and DKKI1 (peptide)-specific
cytotoxic T lymphocytes (CTLs) can

animal

effectively lyse primary MM cells in vitro.®
Hence, we hypothesized that the broad
expression in MM but highly restricted
expression in normal tissues, together with
its functional roles as an osteoblast
formation inhibitor and a potential MM
growth enhancer, render DKK1 an ideal
and universal target for immunotherapy
in MM.

The goal of our recent study’ was to
determine whether DKK1 could be used
as a tumor vaccine to elicit DKK1-specific
immunity for controlling MM growth or
even eradicating established MM in vivo.
Therefore, we designed the expression
plasmid encoding murine DKK1 ¢cDNA-
defensin-2 fusion gene and tested it in the
MOPC-21 MM mouse model. In pro-
phylactic studies, Balb/c mice (10 per
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group) were immunized with the DNA
(murine DKK1/defensin-2 fusion) vaccine
before tumor challenge. All the mice in
groups that received injections of phos-
phate-buffered saline (PBS) or vector
vaccine developed tumors. However, the
survival rates of mice that received the
DKKI1-DNA vaccine alone or supple-
mented with CpG were 30% and 60%,
respectively, by end of the experiment
(day 90: p < 0.05 for DKK1-DNA vaccine
and p < 0.01 for DKK1-DNA vaccine plus
CpG, compared with PBS control). Our
results showed that the DKK1-DNA vac-
cine plus adjuvant CpG generated superior
protection against tumor challenge.

Next, we evaluated the therapeutic
efficacy of the DKKI-DNA vaccine in
mice with established MM using the
DKKI1-DNA vaccine plus CpG as a
standard vaccine. In a previous study,
we found that targeting the suppressive
tumor microenvironment and interrupting
T-cell immunosuppression increased the
immunogenicity of the vaccines and
cured mice with large tumor burdens."
Therefore, to optimize the therapeutic
efficacy of DKKI1 vaccination, we com-
bined the DKKI1 vaccine plus CpG with
anti-B7H1 (M5H1) monoclonal antibody
(mAb) to block negative T-cell signaling or
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Figure 1. Proposed schema of anti-tumor immunity following DNA vaccination with DKK1/defensin-2 DNA fusion vaccine. Following intramuscular
injection in mice of DKK1/defensin-2 DNA fusion vaccine, muscle and resident APCs are transfected with plasmid, leading to fusion protein production.
Murine defensin-2 plays a role in activating APCs via CCL-6 and TLR4. Cross-priming occurs in which CD8* T cell responses are primed by exogenous MHC
Class I-restricted antigens that are not expressed in, but rather are acquired by, local APCs. These DCs (dendritic cells) acquire antigen, express CCR7, and
are attracted by chemokines expressed in the draining lymph nodes, where they prime naive T cells. DKK1 is processed, and peptides are presented by
MHC Class | molecules; this peptide/MHC Class | complex stimulates CD8" T lymphocytes. Soluble protein released by transfected cells is taken up by DCs,
and via the MHC Class Il pathway, the peptide/MHC Class Il complex stimulates CD4* T lymphocytes, and MHC Class Il-binding peptides from DKK1
activate the large repertoire of anti-DKK1 CD4"* T cells. Pairs of receptor-ligands (matched colors) interact to 'license' the DCs to maintain presentation of
tumor-derived peptides that are able to prime anti-tumor CD8* and CD4" T cells. CpGs interact with TLR9 in APCs, where they induce the expression of
costimulatory molecules such as CD80 and CD86, MHC Class Il molecules, and pro-inflammatory cytokines. B7H1-blocking antibodies interrupt T-cell
immunosuppression through PD-1/B7 family signaling. OX40-agonist antibodies might affect the roles of Treg cells through 0OX40 signaling since mouse
Treg cells constitutively express OX40. Therefore, DKK1 DNA vaccine plus CpG combined with B7H1-blocking or OX40-agonist antibodies could break
the immunosuppression of T-cell response and lead to much better anti-tumor immunity induced by the vaccine. TCR, T-cell receptor.

an agonist anti-OX40 (OX86) mAb to
overcome CD4* T-cell tolerance. Mice
that received the DKKI-DNA vaccine
plus CpG had less tumor growth than
control mice (p < 0.05). The DKKI-
DNA vaccine plus CpG combined with
the B7H1 or OX40 mAb inhibited tumor
growth to an even greater extent than the
DKK1-DNA vaccine plus CpG (p < 0.01,
compared with rat IgG control mice). Thus,
the DKK1-DNA vaccine was effective for
treating MM in the murine model with
large established tumors, and B7H1-block-
ing or OX40 agonist mAbs augmented the
therapeutic efficacy of the vaccine.
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Our immunologic studies showed that
the vaccine elicited strong DKKI1- and
MM-specific CD4" and CD8* interferon-
gamma T-cell and CTL responses, and the
depletion of CD4" and especially CD8*
T cells in vivo abrogated the anti-tumor
effects of the vaccine. In vivo injections of
CpG or B7H1-blocking or OX40-agonist
mAb amplified the effectiveness of the
vaccine by increasing the frequency of
DKKI1- and MM-specific effector (inter-
feron-gamma-secreting and CTL) T-cells
and decreasing the numbers of interleukin-
10-secreting  and  Foxp3® Treg cells.
Figure 1 shows the schema of anti-tumor
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immunity following DNA vaccination with
DKK1/defensin-2 DNA fusion vaccine.

These findings strongly suggest that
DKKI1 can be used as a universal tumor
vaccine for active immunotherapy of MM
and provide a rationale and platform for
future clinical application of DKK1-based
immunotherapy in patients with MM.
However, for future clinical application,
administration of the DKKI1 vaccine as
recombinant protein or (short and long)
peptides might be more suitable than
DNA (plasmid). Future work is needed
to determine which form of the vaccine
works best.
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