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Abstract The introduction of autologous stem cell
transplantation (SCT) and novel drugs has improved
overall survival in multiple myeloma (MM) Dpatients.
However, minimal residual disease (MRD) remains and
most patients eventually relapse. Myeloma plasma cells
express tumor-associated antigens (TAA), which are
interesting targets for immunotherapy. In this phase 1
study, we investigated the safety and immunological
effects of TAA-mRNA-loaded dendritic cell (DC) vacci-
nation for treatment for MRD in MM after SCT. Mature
monocyte-derived DCs were pulsed with keyhole limpet
hemocyanin (KLH) and electroporated with MAGE3,
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Survivin or B-cell maturation antigen (BCMA) mRNA.
Twelve patients were vaccinated three times with intrave-
nous (5-22 x 10°DCs) and intradermal vaccines
(4-11 x 10° DCs), at biweekly intervals. Immunological
responses were monitored in blood and delayed-type
hypersensitivity (DTH) biopsies. All patients developed
strong anti-KLLH T-cell responses, but not KLH antibodies.
In 2 patients, vaccine-specific T cells were detected in
DTH biopsies. In one patient, we found MAGE3-specific
CD4" and CD8™ T cells, and CD3™" T cells reactive against
BCMA and Survivin. In the other patient, we detected low
numbers of MAGE3 and BCMA-reactive CD8" T cells.
Vaccination was well tolerated with limited toxicity. These
findings illustrate that TAA-mRNA-electroporated mature
DCs are capable of inducing TAA-T-cell responses in MM
patients after SCT.

Keywords Dendritic cell vaccination - Multiple myeloma -
MAGES3 - Survivin - BCMA - Tumor-associated antigen

Introduction

Multiple myeloma remains a largely incurable disease
despite the improvement in therapy after the introduction
of high-dose chemotherapy and the novel immunomodu-
latory agents (IMIDs) and proteasome inhibitors [1, 2].
Allogeneic SCT can prolong disease remission and may
even cure the disease due to the graft-versus-myeloma
effect constituted by alloreactive T cells. This immune
sensitivity of MM has been clearly demonstrated by the
observation of clinical and even molecular remissions
following donor lymphocyte infusions in patients with
relapsed MM [3, 4]. However, allogeneic SCT is associ-
ated with significant morbidity and mortality and
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currently predominantly applied to patients with relapsed
disease.

Dendritic cell (DC) therapy is a promising adjuvant
immunotherapy with low toxicity in patients with stable or
residual disease after chemotherapy and autologous SCT.
As DCs are the most professional antigen-presenting cells,
they can effectively initiate and reactivate T-cell-based
immune responses [5, 6]. The awareness that the T-cell
repertoires of healthy individuals and cancer patients con-
tain potentially self- and tumor-reactive T-cell precursors
has directed clinical investigation toward boosting these
T-cell responses using DC vaccines pulsed with tumor-
associated antigens (TAA). Thereby, selective eradication
of (residual) malignant cells could be mediated, and tumor-
reactive memory is formed. Various potential TAA have
been identified in MM, including the clonal immunoglob-
ulin idiotype Id protein, members of the cancer germ-line
family (Mage, Gage, Lage, NY-ESO-1), MUCI, hTERT,
Survivin, PRAME, Spl17, DKK1 and B-cell maturation
antigen (BCMA) [7].

The feasibility and safety of TAA-loaded DC vaccina-
tion in cancer patients has been shown for a number of
malignant diseases including malignant melanoma and
low-grade non-Hodgkin lymphoma, where specific
immune responses to the TAA and objective tumor
regressions have been demonstrated [8—10]. In MM, the
patient’s tumor-specific idiotype protein has been mostly
explored in DC-based vaccination trials. These studies
showed that Id-pulsed DCs are capable of inducing both
humoral and cellular immune responses against the Id
protein with limited toxicity [11-15]. However, in com-
parison with follicular NHL, immunological and clinical
responses in MM have been disappointing. A possible
explanation may be the lack of Id-specific T-cell precursors
in MM patients, due to tolerance and deletion as a result of
the high amount of secreted free Id protein. Furthermore,
most studies have been performed using relatively imma-
ture DCs in small patient cohorts with predominantly
advanced disease.

In this phase 1 study, we evaluate the safety and
immunological effects of vaccination with mature DCs
pulsed with keyhole limpet hemocyanin (KLH) protein and
TAA mRNA in twelve MM patients with a complete
response (CR) or partial response (PR) after high-dose
chemotherapy and autologous SCT. We exploited the TAA
MAGE3, Survivin and BCMA because of their high and
selective expression on MM plasma cells, and their
reported immunogenic potential [7, 16—18]. Immunological
monitoring for T-cell responses included testing for KLLH-
and TAA-specific T cells in skin biopsies taken from
delayed-type hypersensitivity (DTH) sites.
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Materials and methods
Patients

Twelve patients with MM, treated with induction chemo-
therapy and high-dose melphalan in our centre, participated
in this phase 1 study. Patient and treatment characteristics
are summarized in Table 1. All eligible patients had stage
II or IIT MM, according to the criteria of Durie and Salmon
[19], with measurable M-protein at the time of diagnosis.
Patients who achieved CR, very good partial response
(VGPR) or PR following intensive therapy, including high-
dose melphalan and autologous SCT, were considered
eligible [20]. The interval between autologous SCT and
participation in this study was at least 6 months to allow
for immune reconstitution. Moreover, patients had to have
a WHO performance score of 3 or lower. Maintenance
therapy if indicated by the treatment protocol, including
interferon and thalidomide, was kept unchanged. Patients
with a known allergy to shellfish were excluded from
participation, because of the use of KLH as adjuvant in the
vaccine preparation. The study protocol had been approved
by the National Medical Ethical Committee (CCMO reg-
istration NL13547.000.06), and the study was registered at
the Dutch Clinical Trial Registry (NTR1086). Written
informed consent was obtained from all patients prior to
enrollment. The patients were vaccinated three times with
intravenous (i.v.) and intradermal (i.d.) vaccines at
biweekly intervals. In the absence of disease progression
requiring local or systemic therapy, revaccinations could be
given after 6 months from the first DC vaccination cycle.
Peripheral blood samples were collected at regular time
points before and after DC vaccination, and skin biopsies
from DTH test sites 1 week after the last DC vaccination
were obtained in case of induration. Follow-up ended at
July 31, 2012.

Production of DC-based vaccine

Peripheral blood mononuclear cells (PBMC) were col-
lected from patients by 9 L leukapheresis of peripheral
blood using the COBE Spectra Aphaeresis System (Gam-
bro BCT, Breda, the Netherlands). Thrombocytes were
removed by washing the aphaeresis product using the
CytoMate closed fluid management system (Baxter, Utr-
echt, the Netherlands) in our clean room facility according
to good manufacturing practice (GMP) guidelines. Subse-
quently, PBMC were collected and washed with cold PBS
(Baxter) until a PBMC/thrombocyte ratio of 10:1 or higher
was obtained. In the meantime, the percentage of CD14™
cells within the PBMC population was determined using
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Table 1 Patient characteristics

Patient Sex Age Response Interval SCT-DC Maintenance M-protein Total follow-up Time to next

) after SCT vaccination (months) treatment (g/n? (months)b treatment
(months)©

1 M 57 PR 25/44¢ No 13.1/19.9 53, deceased 24

2 M 63 PR 39 Thalidomide 3.6 57, deceased NA

3 M 66 VGPR 47/53¢ No 5.5/8.9 99 9

4 M 66 PR 47 No 0 93 NA

5 M 57 CR 53 No 0 91 NA

6 M 64 CR 46 No 32 89 8

7 F 58 PR 28 No 11.6 61 33

8 M 64 VGPR 22 Thalidomide <2 48 NA

9 M 60 CR 10 Thalidomide <2 36 NA

10 M 60 PR 9 Thalidomide 4.6 26 17

11 M 49 PR 20 Thalidomide 2.0 38 NA

12 M 63 PR 9 No <2 21 NA

Patients characteristics: CR complete response, VGPR very good partial response, PR partial response, N/A not applicable, all according to the

criteria of the International Myeloma Working Group

2 Value at time of DC vaccination, <2 indicates that the M-protein can be detected, but not quantified; ® Follow-up time since SCT; € Interval
between first DC vaccination and start of next treatment because of an increase in M-protein; 9 This patient received revaccination because of
suboptimal maturation of the DC vaccines infused in the first cycle; © This patient received revaccination because of an increase in M-protein,
which did not require local or systemic therapy, despite an immunological response to the first vaccination cycle

flow cytometry (FC500, Beckman Coulter, Fullerton, CA,
USA). Then, PBMC were resuspended in X-VIVO-15
medium (Lonza, Verviers, Belgium) supplemented with
2 % virus-free heat-inactivated pooled human serum (HS;
Sanquin blood bank, Nijmegen, the Netherlands), and
monocytes were isolated by plastic adherence using
75 x 10° CD14™ cells per T225 flask (20 mL/flask). Non-
adherent cells were removed by extensive washing with
PBS, and X-VIVO-15/2 % HS supplemented with 500 U/
mL IL-4 and 800 U/mL GM-CSF (both from Cellgenix,
Freiburg, Germany) was added. Cells were harvested at day
3, counted and cultured at 0.5 x 10° ¢/mL in 6-well plates
(2 ml/well) in X-VIVO/2 % HS containing 500 U/mL
IL-4, 800 U/mL GM-CSF, in the absence (for delayed-type
hypersensitivity (DTH) test) or presence of 50 pg/ml
KLH subunits (Vacmune®, Biosyn Corporation, Fellbach,
Germany). At day 7, DC maturation was induced in
X-VIVO-15/2 % HS containing 500 U/mL IL-4, 800
U/mL GM-CSF, 5 ng/mL IL-1p, 15 ng/mL IL-6, 20 ng/mL
TNF-a (all Cellgenix) and 1 pg/mL PGE2 (Pharmacia and
Upjohn, Puurs, Belgium). Mature DCs were harvested at
day 9 and analyzed for microbial contamination and
phenotype.

In vitro mRNA transcription and DC loading

We subcloned the cDNA encoding the tumor-associated
antigens (TAA), MAGE3, Survivin and BCMA into a
pGEM4Z/A64 vector. The in vitro transcribed clinical-
grade mRNAs were produced by Curevac (Tiibingen,

Germany) and stored in aliquots at —20 °C. Before mRNA
electroporation, DCs were harvested with cold PBS and
washed in phenol red free Optimem medium (Gibco
Invitrogen, Carlsbad, CA, USA). Cells were subsequently
resuspended to a concentration of 50-60 x 10° cells/mL in
Optimem medium, and one-third was used for each TAA.
Per electroporation 200 pl cell suspension was transferred
to a 4-mm gene pulser cuvette (Biorad, Hercules, CA,
USA) containing 20 pg mRNA. DCs were electroporated
at 300 V, 150 pF using a Biorad Genepulser II (Biorad).
The non-KLH-loaded DCs for DTH tests were separately
electroporated with or without 20 pg MAGE3, Survivin or
BCMA mRNA. Directly after electroporation, cells were
resuspended in 4 mL pre-warmed phenol red free X-VIVO
15/6 % HS and incubated at 37 °C for 1 h. Then, part of
the DCs were analyzed for expression of the electroporated
TAA. For infusion and cryopreservation, all three batches
of TAA-DCs were pooled and washed twice in infusion
liquid (0.9 % NaCl solution containing 5 % human serum
albumin; Albuman, Sanquin Blood bank, Amsterdam, the
Netherlands). DCs for the DTH test were not pooled and
cryopreserved separately. Eventually, one-third of the
pooled DC vaccine was used for direct injection, while
remaining cells were cryopreserved separately for sub-
sequent vaccinations.

Flow cytometry

Phenotype and maturation state of DCs was analyzed by
staining with the following antibodies: CD14 (clone TUK4,
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Dako, Glostrup, Denmark), CD83 (clone HB15a), CD80
(clone MAB104), CD86 (clone HA5.2B7, all from Beck-
man Coulter, Fullerton, CA, USA), CD11c (clone KB90,
Dako), CD40 (clone MAB89, Beckman Coulter), CCR7
(clone 150503, R&D Systems, Abingdon, UK), CD25
(clone B1.49.9), HLA-ABC (clone B9.12.1), HLA-DR
(clone B8.12.2, all Beckman Coulter) or IgGl FITC/PE
dual-color isotype control (Dako). Cells were analyzed
using the Coulter FC500 flow cytometer (Beckman Coul-
ter) and CXP software. Mature DCs were characterized by
high expression levels of MHC class I and II, CD80, CD83
and CD86 and absence of CD14.

To determine the expression levels of the different
TAA upon electroporation, unless stated otherwise DCs
were stored on ice, until staining with specific antibodies
using either a direct or an indirect labeling approach.
BCMA-DCs were directly stained with anti-BCMA FITC
antibody (clone Vicky-1; Alexis Biochemicals, Enzo Life
Sciences, Breda, the Netherlands) for 20 min at 4 °C, and
after washing stored at 4 °C until flow cytometrical
analysis. MAGE3-DCs and Survivin-DCs were washed
twice with PBS and fixed for 10 min at room temperature
in 4 % cold paraformaldehyde solution. After washing
with PBS, cells were resuspended in 0.1 % saponin buffer
and incubated for 30 min at 4 °C with mouse anti-
hMAGES3 (clone 57B, kindly provided by Prof. dr. Giulio
Spagnoli, University Hospital Basel, Basel, Switzerland)
or anti-survivin PE (R&D systems, Abingdon, UK),
respectively. Survivin-DCs were subsequently washed
with saponin buffer and stored at 4 °C until flow cyto-
metrical analysis. MAGE3-DCs were washed with saponin
buffer and subsequently incubated with 1:100 diluted goat
anti-mouse PE (Biosource, Life Technologies, Bleiswijk,
the Netherlands) antibody for 30 min at 4 °C. After
washing of the MAGE3-DCs, all DCs were analyzed on
the FC500 flow cytometer.

Proliferative response to KLLH

Cellular responses against KLH were measured in a pro-
liferation assay. Briefly, PBMC isolated from blood sam-
ples obtained at regular time points before and after DC
vaccination were restimulated in vitro with or without
50 pg/mL KLH subunits. After 5 days, 1 x 10° cells were
plated in sixfold in 96-well round bottom plates (Corning
Costar, Amsterdam, the Netherlands) in the presence of
0.5 pCi [3H]-thymidine (Perkin Elmer, Groningen, the
Netherlands). After overnight incubation, [*H]-thymidine
incorporation was measured using a 1205 Wallac Betaplate
counter (Perkin Elmer). The stimulation index (SI) was
calculated by dividing the counts of stimulated PBMC by
that of non-stimulated PBMC. A SI >2 was considered
positive.
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Humoral response to KLH

Antibodies against KLH were measured in the serum of
vaccinated patients by ELISA as described by Aarntzen
et al. [21]. Briefly, 96-well NUNC MaxiSorb plates
(NUNCTM, Roskilde, Denmark) were coated overnight at
4 °C with 20 pg/mL KLH protein (Vacmune®) in PBS.
After blocking and washing, different concentrations of
patient serum (range 1:100-1:500,000) were added for 1 h
at room temperature. Furthermore, isotype-specific cali-
bration curves were included in each microtiter plate.
Following extensive washing, specific antibodies (total
IgG, IgGl, IgG2 and IgG4) labeled with horseradish per-
oxidase were allowed to bind for 1 h at room temperature.
Then, the substrate 3,3’ 5,5-tetramethyl benzidine was
added, and subsequently absorbance was measured in a
Tecan Sunrise microtiter plate reader (Tecan, Giessen, the
Netherlands) at 450 nm. A signal at a >1:400 dilution of
the patient’s serum was considered positive.

Delayed-type hypersensitivity testing and ELISPOT

One to 2 weeks after the last immunization, a DTH test
was carried out as described by de Vries et al. [22]. Briefly,
1.0 x 10° DCs loaded with KLH or electroporated with
MAGE3, Survivin or BCMA mRNA were injected intra-
dermally in the skin of the back of the patient at 4 different
sites. The diameter (in millimeter) was measured after
48 h, each time by the same investigator. An induration of
>5 mm and erythema was considered positive. In case of
one or more positive DTH responses, 6-mm punch biopsies
were obtained from all DTH sites under local anesthesia.
These biopsies were subsequently scrambled and cultured
in 2 mL Iscove’s modified Dulbecco’s medium (IMDM;
Invitrogen) supplemented with 10 % HS and 100 U/mL
IL-2 and 5 ng/mL IL-15 (both from Immunotools, Frie-
soythe, Germany) in a 24-well plate. Cells were cultured
for 3—4 weeks, and half of the medium was replaced with
fresh medium containing 200 U/mL IL-2 and 10 ng/mL
IL-15 twice per week. Then, as indicated, CD3", CD4*
and CD8" T cells were isolated from these expanded
cultures using MACS MicroBeads (Miltenyi Biotec,
Bergisch Gladbach, Germany) according to the manufac-
turer’s instructions. Subsequently, 5 x 10* T cells were
stimulated in duplo with 1 x 10* target cells (DCs with
KLH or TAA mRNA) in an anti-IFN-y antibody-coated
ELISPOT plate (ELISPOT Kit, Becton-Dickinson). The
following day, cells were removed and biotin-labeled anti-
IFN-y antibody was added for 2 h at room temperature.
Then, the plate was washed with PBS/0.05 % Tween and
incubated with avidin—biotin complex solution for 1 h at
room temperature. Subsequently, the plate was washed
with PBS, and 3-amino-9-ethylcarbazole (AEC) was added
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for 30 min until red spots became visible. Then, the plate
was washed extensively and analyzed using an Eli.Scan
ELISPOT scanner (A.EL.VIS GmbH, Hannover, Ger-
many). In case sufficient cell numbers were harvested
following the expansion cultures, 5 x 10* of the cultured
cells derived from biopsy were stimulated in duplo with
2.5 x 10* target cells (DCs with/without TAA mRNA) in
96-well round bottom plates (Corning Costar). The next
day, supernatant was harvested and stored at —20 °C until
cytokine analyses. Release of IL-2, IL-4, IL-5, IL-10, TNF-
o and IFN-y by the T cells was simultaneously determined
in the culture supernatant using a Th1/Th2 BD™ cyto-
metric bead array (Becton—Dickinson) following the man-
ufacturer’s protocol and measured using flow cytometry.

Results
Patient characteristics

Twelve patients with stage II or III MM treated with
intensive chemotherapy and autologous SCT were included
in this study. The disease status following autologous SCT
was CR in three patients (25 %), VGPR in two patients
(17 %) and PR in seven patients (58 %) (Table 1). All
included patients had a performance status of 0O—1. The
median age of patients was 61 years (range 49-66 years),
and all were treated with the first TAA-DC vaccine
between December 2007 and July 2011 at a median time of
26 months (range 9-53 months) after SCT. Patient 3 was
treated with interferon-o 2 years before DC vaccination.
Five patients received thalidomide maintenance treatment
at the time of DC vaccination. Each patient was vaccinated
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Fig. 1 Infused DCs display a highly mature phenotype. After 48 h of
maturation, expression of various maturation and co-stimulatory
molecules by DCs, vaccination cycle #1—vaccine #1, was analyzed
using flow cytometry. a The percentage of cells positive for the

with 3 DC vaccines at biweekly intervals. Notably, patients
1 and 3 were revaccinated because of suboptimal DC
maturation in the first vaccination cycle (patient 1; only
55 % CD83™) or because of an increase in M-protein that
did not yet require local or systemic therapy, and an
immunological response to the first DC vaccinations
(patient 3).

Dendritic cell vaccines from MM patients display
a highly mature phenotype and can be efficiently loaded
with TAA mRNA

Mature DCs were cultured from monocytes isolated from
autologous aphaeresis products. As shown in Fig. 1a, b, the
DCs had a highly mature phenotype with >85 + 3.2 % of
the cells expressing CD83, except for patient 1 who
received 55 % CD83" DC vaccines during the first vac-
cination round. In all patients, the co-stimulatory mole-
cules, CD80, CD86 and CD40, and HLA class I and II
molecules were expressed at high levels. Furthermore,
>65 £ 3.5 % of the cells expressed CCR7, the chemokine
receptor involved in DC migration toward the lymph node.
DCs used in the revaccinations of patients 1 and 3 were
highly mature and had a similar phenotype as shown in
Fig. la. Following electroporation with TAA mRNA,
55.6 £ 44 % of the DCs expressed MAGE3, 51.2 +
5.2 % Survivin and 75.9 & 4.6 % BCMA protein.

The median number of injected DCs was 15 x 10°
(range 5-23 x 10° and 8 x 10° (range 8-12 x 10%) for
the intravenous and intradermal routes, respectively
(Table 2). The number of administered DCs was dependent
on the yield after culture (vaccine #1) and thawing (vac-
cines #2 and #3), with a maximum of 30 x 10° DCs per
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surface marker. b The median fluorescence intensity (MFI) of the
surface molecule. Data are expressed as mean + SEM of 12 patients.
The dotted line indicates the MFI of the isotype controls
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Table 2 Characteristics of DC vaccines and toxicity after vaccination

Patient Number of DCs injected i.v./i.d. (x 10%) TAA expression (%) Induration at i.d. Constitutional
. vaccination site symptoms
#1 #2 #3 MAGES3 Survivin BCMA

1 20/10 19/10 20/10 73 86 53 No No

1 Revaccination 16/8 12/6 18/9 36 70 70 No Yes, grade 1-2
2 15/8 14/6 15/8 81 78 78 No No

3 13/6 11/6 14/8 67 86 40 Yes Yes, grade 1-2
3 Revaccination 9/4 52 8/3 75 70 65 No Yes, grade 1-2
4 22/11 14/7 1477 41* 29* 21* Yes Yes, grade 1-2
5 16/8 15/7 10/5 68 64 ND Yes Yes, grade 1-2
6 16/8 8/4 8/4 45 86 65 Yes Yes, grade 1-2
7 20/10 13/6.5 14/7 49 90 47 Yes Yes, grade 1-2
8 12/6 7/3 /3 49 89 68 No No

9 22/11 23/12 20/10 34 81 31 Yes No

10 20/10 20/10 20/10 50 65 26 Yes Yes, grade 1-2
11 16/8 21/11 17/9 60 84 60 No No

12 22/11 16/8 14/7 50 84 ND Yes Yes, grade 1-2

Patients received three DC vaccines with biweekly intervals. i.v. intravenous, i.d. intradermal, TAA tumor-associated antigen

* TAA expression was analyzed after overnight storage at 4 °C due to logistic reasons

vaccination (20 x 10° i.v. and 10 x 10° i.d.). DC vacci-
nation was well tolerated; 8 patients showed induration at
the i.d. DC vaccination site and 10 patients reported grade
1-2 constitutional symptoms, such as fever, chills, malaise
and muscular pain within 48 h after vaccination. No grade
3—4 adverse events were reported.

KLH-specific T-cell responses are induced upon DC
vaccination in MM patients following intensive
chemotherapy

DCs were loaded with the antigenic protein KLH, as an
adjuvant to provide CD4" T cell help and boost tumor-
reactive CD8%' T-cell responses, as well as an immuno-
monitoring tool post-vaccination. PBMC obtained at vari-
ous time points before and after vaccination were
restimulated in vitro for 5 days with autologous KLH-
pulsed DCs, after which T-cell proliferation was examined.
All patients showed KLH-specific T-cell responses after
the first vaccination (Fig. 2). Remarkably, in some patients,
the response increased further following subsequent vac-
cinations, though in most patients, the size of the response
remained the same or decreased. Overall, 4 patients
(patients 6, 7, 10 and 11) showed a moderate response
(ST < 20), patients 2, 4, 8 and 9 had a good response
(ST > 20 and < 200) and 4 patients (patients 1, 3, 5 and
12) had an excellent T-cell response (SI > 200) to KLH.
No KLH-specific antibody responses could be detected in
serum (data not shown). In addition, no significant changes
in T-cell subsets, including regulatory T cells, B cell and
NK cell numbers, were observed (data not shown).
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Fig. 2 KLH-specific T-cell proliferation is induced in chemotherapy-
treated MM patients by vaccination with KLH-loaded DCs. At
various time points before and after vaccination, PBMC samples were
obtained. Following 5-day in vitro restimulation with autologous
KLH-loaded mature DCs, KLH-specific T-cell proliferation was
measured by 3H-thymidine incorporation. The stimulation index (SI)
was calculated by dividing the counts of stimulated PBMC by that of
non-stimulated PBMC. A SI >2 (dotted line) was considered positive

Together, these data demonstrate that the DC vaccines
were capable of inducing a specific T-cell response in MM
patients more than 6 months after high-dose melphalan.

DC vaccination results in MAGE3, Survivin
and BCMA-specific T-cell responses

To investigate whether DC vaccination resulted in TAA-
specific T-cell response in MM patients, DTH skin tests
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using the different TAA-pulsed or KLH-loaded DCs were
performed. Only 6 patients (patients 3, 4, 5, 6, 7 and 10)
showed induration and erythema at the DTH sites, and
biopsies were taken from the 4 sites of the different skin
tests. Subsequently, T cells were isolated and expanded,
and restimulated in vitro with the corresponding KLH- or
TAA-loaded DCs. The next day, supernatants were har-
vested for cytokine analysis. In Table 3, the data of all
individuals are summarized. In 5 out of 6 patients, KLH-
specific IFN-y production was observed in an ELISPOT
assay. Furthermore, 2 of the 6 patients (patients 3 and 5)
had IFN-y-producing CD4% and CD8" T cells upon
restimulation with MAGE-loaded DCs (Fig. 3a, b). In
addition, patient 3 also had CD3" T cells responding to
Survivin and BCMA. Besides antigen-specific IFN-y
secretion, these T cells also produced IL-10 (Fig. 3c). In
patient 5, we could not analyze the response to Survivin as
we were unable to expand these T cells from the biopsy. In
contrast, although we did not observe induration at the
BCMA-DTH site, BCMA-specific CD4" and CD8™ T cells
could be expanded from this biopsy and they produced
IFN-y upon antigen restimulation. Interestingly, the mye-
loma cells of this patient exhibited moderate BCMA and
high Survivin, but not MAGE3 expression (data not
shown). Together, these data indicate that vaccination with
autologous TAA-mRNA-loaded DCs induced DTH

responses in 6 patients, and in 2 of these 6 patients, TAA-
specific T cells were isolated, which efficiently produced
effector cytokines upon antigen reencounter.

Clinical follow-up

DC vaccination was well tolerated, and no severe toxic-
ities were observed during the treatment period, only
temporary grade 1-2 events were observed after vacci-
nation. After DC vaccination, M-proteins remained
unchanged (patient 2) or below detection limit (patients 4,
5, 8, 9 and 12). In the other patients, M-protein levels
increased during or after DC vaccination. At last follow-
up, 10 of the 12 patients were alive at a median follow-up
of 55 months (range 21-99 months) after SCT and
25 months (range 9-53 months) after the first DC vacci-
nation. Of these patients, 5 have stable disease and 5 have
progressive disease for which patients 3, 6, 7 and 10
received additional treatment (Table 1). Patients 1 and 2
died because of the development of secondary acute
myeloid leukemia at 29 and 18 months, respectively, after
the first DC vaccination. Whereas patient 2 did not
receive additional treatment after DC vaccination, patient
1 was treated with lenalidomide and dexamethasone. In
addition, patient 5 developed prostate cancer 30 months
after the first DC vaccination and patient 10 progressed to

Table 3 Summary of post-vaccination DTH skin tests and immunological responses

Patient KLH T-cell DC — RNA + KLH DC + MAGE3 mRNA DC + Survivin mRNA DC + BCMA mRNA
proliferation - o - o - o - o
(PB) DTH? DIL” Ag DTH? DIL> Ag DTH? DIL® Ag DTH* DIL” Ag
recognition® recognition® recognition® recognition®

1 +++ No - No - - No - - No - -

2 ++ No - - No - - No - - No - -

3 +++ Yes, Yes Yes Yes, Yes Yes Yes, Yes  Yes® Yes, Yes Yes
7 mm 9 mm 9 mm 11 mm

4 ++ Yes, Yes Yes Yes, Yes No Yes, Yes No Yes, Yes No
13 mm 8 mm 7 mm 5 mm

5 +++ Yes, Yes No Yes, Yes  Yes Yes, No - No® Yes  Yes
5 mm 9 mm 8 mm

6 + Yes, Yes Yes Yes, Yes No Yes, Yes No Yes, Yes No
10 mm 7 mm 7 mm 12 mm

7 + Yes, ND Yes Yes Yes, ND Yes No Yes, ND Yes No Yes, ND Yes No

8 ++ No - - No - - No - - No - -

9 ++ No - - No - - No - - No - -

10 + Yes, Yes Yes Yes, Yes No Yes, Yes No Yes, Yes No
5 mm 5 mm 5 mm 5 mm

11 + No - - No - - No - - No - -

12 +++ No - - No - - No - - No - -

ND not documented, PB peripheral blood

2 DTH scoring: positive skin-test reaction was defined as >5 mm diameter induration and erythema at 48 h after injection; ® Outgrowth of >0.1 x 10° DTH-
infiltrating lymphocytes (DIL) following 3—4 week culture in medium containing 200 U/mL IL-2 and 10 ng/mL IL-15; € IFN-y production by DIL following
restimulation with target cells in an ELISPOT assay. Antigen (Ag) recognition was considered positive in case the number of IFN-y spots was higher upon
DC + RNA stimulation compared to DC stimulation; ¢ Expanded CTLs produced IFN-y upon stimulation with Survivin mRNA-loaded DCs; however, as Survivin
is already constitutively expressed by DCs, the CTLs also responded to control DCs; © As this patient showed positive responses in the three other DTH sites, also a

biopsy was obtained from this BCMA-DC DTH site
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Fig. 3 Cytokine release by TAA-specific T cells upon antigen
recognition. DTH-infiltrating lymphocytes were cultured for
3-4 weeks in medium containing 200 U/mL IL-2 and 10 ng/mL IL-
15. Thereafter, CD3", CD4™" and/or CD8" T cells were isolated and
overnight restimulated with target cells. a—b IFN-y production by

plasma cell leukemia at 18 months after the first DC
vaccination.

Discussion
The introduction of high-dose melphalan and novel drugs

like thalidomide, bortezomib and lenalidomide has signif-
icantly prolonged overall survival of MM patients [1, 2,
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TAA-specific T cells of patients 3 (a) and 5 (b) was analyzed using
the ELISPOT assay. ¢ Multiple cytokine levels were measured in
culture supernatants of patient 3 using a cytokine bead array and flow
cytometry

23-25]. Unfortunately, despite initial responses, eventually
all patients relapse. Since myeloma plasma cells do show
immunological responses [3, 4], exploration of cellular
immunotherapies as adjuvant treatment is attractive to
boost anti-myeloma immunity and allow the formation of
myeloma-reactive immune memory. Previously, we and
others studied the immunogenicity of the MM idiotype
protein in DC-based vaccination strategies; however, both
immunological and clinical responses were limited as
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compared to follicular NHL [9, 11-15]. Hence, it would be
more interesting to explore multiple TAA simultaneously
and thereby broaden the anti-myeloma immune response
and more immunogenic targets. Such approaches include
vaccination with peptide or RNA-loaded DCs, tumor
lysate-loaded DCs and DC/tumor fusions, which are being
investigated in various solid and hematological cancers
[10, 26, 27]. In this phase 1 study, we investigated the
safety and immunological effects of vaccination with
mature DCs pulsed with KLH and MAGE3, Survivin or
BCMA mRNA in MM patients in a stable remission after
high-dose therapy and autologous SCT. These TAA were
selected because of their high and selective expression on
MM cells and their reported immunogenic potential [7, 16—
18]. Importantly, in all patients, immunological responses
were observed recognizing KLH or TAA following DC
vaccination, which indicates immune recovery after high-
dose melphalan.

Patients were vaccinated with mature DCs pulsed with
TAA mRNA that have good DC migration and antigen-
specific T-cell activation capacity [28]. The DC vaccines
displayed a highly mature phenotype with high expression
of co-stimulatory molecules, HLA molecules and CCR7.
Only in one patient (no. 1), the generated DC vaccine had
insufficient maturation with only 55 % of the DCs
expressing CD83; therefore, this patient received a second
cycle of three DC vaccines 1.5 years later. Upon electro-
poration with TAA mRNA, the DCs showed high expres-
sion of the MAGE3, Survivin and BCMA proteins,
although levels varied between patients. Toxicity of KLH-
loaded TAA-DC vaccination was limited to grade 1-2
constitutional symptoms, such as fever, perspiration, mal-
aise, muscular pain, cold and local induration at the i.d.
injection site, which is probably due to immune responses
against these antigens. No severe adverse events were
observed, similar to other TAA mRNA-DC vaccination
studies in melanoma patients [29, 30].

The potency of our DC vaccines to induce primary
immune responses was measured in DTH tests and ex vivo
T-cell restimulation assays. Although it has been reported
that mRNA-transfected DCs are capable of inducing CD4*
T-cell responses in the absence of KLH, we used KLH as
an immunomonitoring tool to examine whether patients
after high-dose melphalan and autologous SCT were
capable of eliciting primary T-cell responses toward the
DC vaccine. Importantly, we observed in all patients a
KLH-specific T-cell response in peripheral blood after the
first vaccination. Whereas in some patients this response
was further boosted by subsequent vaccinations, most
patients showed equal or lower KLH-specific T-cell pro-
liferation after the second and third DC injection. In con-
trast to findings reported in melanoma patients [29], we
could not detect KLH-specific antibody responses in serum

following DC vaccination. As KLH was added to DCs at
day 3, there was ample time for efficient processing of the
KLH protein in order to induce KLH-specific Thl-skewed
cellular responses. However, native protein was probably
not present in our DC vaccines, which could explain the
lack of KLH-specific antibody responses in the vaccinated
patients. It could also be that due to the intensive treatment
of the MM patients, B-cell functionality was affected,
thereby hindering the formation of good antibody respon-
ses. During the course of DC vaccination, B cell numbers
fluctuated between 0.11 and 0.18 x 10° cells/mL in our
patients, which are relatively low compared to age-mat-
ched healthy individuals. This together with the KLH-
mediated skewing toward Thl responses could be another
explanation for the absence of KLH-specific antibodies. At
the DTH site, only in 6 of 12 patients, induration was
observed upon KLH-DC injection and in 5 patients KLH-
specific IFN-y production was detected. Importantly in 2 of
6 patients with DTH reactivity, CD4% and CD8% T-cell
responses against MAGE3 and BCMA were observed. In
addition, in one patient Survivin-specific T-cell immunity
was found, however, we cannot rule out that this T-cell
response was already present before DC vaccination as
DCs constitutively express Survivin. Furthermore, in
patient 3, we were able to analyze the Th1/Th2 cytokine
profile and showed that the activated TAA-specific CD4*
T cells produced both IFN-y and, although at lower levels,
IL-10. IL-10 can have immunosuppressive properties;
nevertheless, the net effect on anti-tumor immunity is
dependent on the ratio in immune-potentiating and
immune-suppressive factors. In this patient for all three
TAA, much higher levels of IFN-y were observed than
those of IL-10, indicating that our DC vaccines mainly
induced Th1 cell responses, but a suppressive role of IL-10
cannot be ruled out. The TAA-specific CD8" T cells only
produced the effector cytokine IFN-y upon antigen
restimulation. In addition, we have attempted to expand
TAA-specific T-cell cultures from peripheral blood and
restimulated them with overlapping TAA peptides. How-
ever, expansion and detection of circulating TAA-specific
T cells was unsuccessful (data not shown). Furthermore,
we set up an analysis to examine TAA expression on
cryopreserved MM cells, obtained at diagnosis, of patients
3 and 5. In case of patient 3, no viable MM cells could be
recovered after thawing, but MM cells of patient 5 exhib-
ited high BCMA and Survivin but no MAGE3 expression
(data not shown).

Our clinical observations showed that 5 out of 12
patients vaccinated with KLH-loaded TAA DCs have sta-
ble disease after a median follow-up of 26 months (range
9-47 months). Of the two patients in whom we detected
TAA-specific T-cell immunity, one received additional
therapy at 10 months after vaccination because of
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progressing disease, and the other patient still had stable
M-protein levels after 38 months. One patient progressed
to plasma cell leukemia and another patient developed
prostate cancer. Unfortunately, two patients died because
of a secondary hematological malignancy. These secondary
malignancies are not likely the result of DC vaccination, as
all patients received high-dose chemotherapy prior to
autologous SCT. Furthermore one of the patients (patient
1) was treated with lenalidomide after DC vaccination
because of an increasing M-protein. In the literature, it has
been reported that lenalidomide treatment might be asso-
ciated with a higher risk to develop secondary malignan-
cies [31, 32].

Overall our ex vivo cultured TAA DCs efficiently
induced immunological responses as all patients developed
KLH-specific T-cell responses in peripheral blood follow-
ing vaccination. This indicates that DC function was not
dysregulated in vivo by residual MM cells. In addition,
overall Treg numbers did not increase following DC vac-
cination, suggesting that the functionality of the induced T
cells is not suppressed. However, we did not analyze the
Treg activation state. Notably, only 6 patients showed DTH
reactivity to KLH even though all 12 patients had sub-
stantial KLH-specific T-cell immunity in peripheral blood.
Moreover, the observation of KLLH-specific DTH responses
was independent of the size of the stimulation index
measured in peripheral blood. Apparently, the KLH-spe-
cific T cells had not migrated toward the DTH site. The
same could be true for the TAA-specific T cells, because in
only 2 patients antigen-specific cytokine release could be
demonstrated in T cells isolated from DTH biopsies. Pos-
sibly these findings under-represent the in vivo presence of
TAA-specific immunity, as these T cells may have homed
to the bone marrow where the myeloma cells reside. On the
other hand, it may also be that the other 10 patients did not
respond to TAA-DC vaccination. No correlations between
lack of TAA-specific T-cell responses following DC vac-
cination and the potency of the immune system (reflected
by the primary responses to KLH), time interval between
SCT and DC vaccination, or thalidomide maintenance
treatment at the time of vaccination were found. To further
boost anti-myeloma immunity, TAA-DC vaccination may
also be combined with strategies that augment DC immu-
nogenicity or interfere with immunosuppressive mecha-
nisms exploited by MM cells. In this regard, we recently
showed that by silencing PD-L1 and PD-L2 on monocyte-
derived DCs, and thereby interfere with negative co-sig-
naling via PD-1, we could generate DCs with superior
immunogenic potential to stimulate KLH-specific and
tumor-reactive T-cell responses ex vivo [33, 34]. Another
strategy would be interference with co-inhibitory signaling
using blocking antibodies. In two recently published
reports on anti-PD-1 (BMS-936,588) and anti-PD-L1

@ Springer

(BMS-936,559) blocking antibody therapy in solid cancers,
durable tumor regression was observed with objective
clinical responses in 18-28 % and 6-17 % of the patients,
respectively [35, 36]. Hence, exploration of these immu-
notherapeutic strategies in MM patients would be highly
interesting.

To conclude, in this study, we demonstrated that
MAGE3, Survivin and BCMA mRNA-pulsed DCs are
capable of stimulating TAA-specific T-cell responses in
MM patients, and the application of these TAA DCs in
combination with other immunotherapeutic strategies such
as co-inhibitory signaling blockade may further boost anti-
myeloma immunity after autologous SCT.
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