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Posttransplant vaccination targeting residual disease is an immunotherapeutic strategy

to improve antigen-specific immune responses and prolong disease-free survival after

autologous stem cell transplantation (ASCT) for multiple myeloma (MM). We conducted a

phase 1 vaccine trial to determine the safety, toxicity, and immunogenicity of autologous

Langerhans-type dendritic cells (LCs) electroporated with CT7, MAGE-A3, and Wilms

tumor 1 (WT1) messenger RNA (mRNA), after ASCT for MM. Ten patients received a

priming immunization plus 2 boosters at 12, 30, and 90 days, respectively, after ASCT.

Vaccines contained 9 3 106 mRNA-electroporated LCs. Ten additional patients did not

receive LC vaccines but otherwise underwent identical ASCT and supportive care. At 3

months after ASCT, all patients started lenalidomide maintenance therapy. Vaccinated

patients developed mild local delayed-type hypersensitivity reactions after booster

vaccines, but no toxicities exceeded grade 1. At 1 and 3 months after vaccines,

antigen-specific CD4 and CD8 T cells increased secretion of proinflammatory cytokines

(interferon-g, interleukin-2, and tumor necrosis factor-a) above prevaccine levels, and

also upregulated the cytotoxicity marker CD107a. CD4 and CD8 T-cell repertoire analysis

showed a trend for increased clonal expansion in the vaccine cohort, which was more

pronounced in the CD4 compartment. Although not powered to assess clinical efficacy,

treatment responses favored the vaccine arm. Triple antigen–bearing mRNA-

electroporated autologous LC vaccination initiated at engraftment after ASCT, in

conjunction with standard lenalidomide maintenance therapy for MM, is safe and

induces antigen-specific immune reactivity. This trial was registered at www.

clinicaltrials.gov as #NCT01995708.

Introduction

Multiple myeloma (MM), the second most common hematologic malignancy after non-Hodgkin lym-
phoma,1 remains largely incurable despite numerous advances in treatment. High-dose chemotherapy,
followed by autologous stem cell transplantation (ASCT) for MM, prolongs progression-free survival
(PFS) and overall survival (OS),2 but disease progression or relapse is inevitable for virtually all patients.
The immune system participates in MM disease control,3-6 and impaired immunity occurs with disease
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Key Points

� Triple antigen–bearing
mRNA-electroporated
autologous LC
vaccines after ASCT
for MM are safe and
immunogenic.
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evolution,7-9 thus providing a rationale for immune-based interven-
tions to promote antitumor immunity and to optimize clinical
outcomes.

Posttransplant vaccination to control or eliminate residual disease
offers an immunotherapeutic strategy to augment responses after
ASCT for MM.10,11 The early posttransplant period consists of a
phase of immune reconstitution during which immune-suppressive
factors, like regulatory T cells, are decreased in numbers, providing
a favorable setting for vaccine-mediated induction of antitumor
immunity.9 Also, the immunostimulatory properties of lenalidomide
administered as maintenance therapy after ASCT12 may enhance
vaccine efficacy.13,14 Therefore, the timing and context of immuniza-
tion are equally important considerations as the choice of antigen
and mode of antigen delivery.

Dendritic cells (DCs) are critical to the onset and modulation of
immune responses.15 Clinical studies have also confirmed the safety
and feasibility of DC-based immunization in patients with cancer,
albeit with mixed immune and clinical responses.16 With rare excep-
tions, past studies have emphasized monocyte-derived DCs, even
though CD341 hematopoietic progenitor cell (HPC)-derived
Langerhans-type dendritic cells (LCs) are more potent stimulators of
cytotoxic T lymphocytes (CTLs) against tumor antigens in vitro.17-20

LCs, in contrast to monocyte-derived DCs, can stimulate CTLs de
novo against a self-differentiation tumor antigen like Wilms tumor 1
(WT1) in vitro.19 Clinical trial data have demonstrated the efficacy of
vaccines that include LCs21 and increased T-cell receptor (TCR)
clonality after LC-based vaccination.22

Electroporation of DCs with messenger RNA (mRNA) encoding
tumor-associated antigens is an effective method for inducing CTLs
in vitro and in vivo.23,24 Antigen expression after electroporation is
more immunogenic than peptide pulsing23 and eliminates the risk of
genome integration associated with retroviral transgenes.25,26 Elec-
troporation with full-length mRNA also facilitates DCs’ processing
and presentation of a broader array of peptides tailored to an indi-
vidual’s own class I and II major histocompatibility complex (MHC)
to responding T cells and avoids predetermining class I and II MHC
restrictions. These attributes of mRNA electroporation also support
more robust immune responses than achieved by single class I
MHC-peptide pulsing.

Relevant antigen targets for MM beyond B-cell maturation antigen
include the cancer/testis antigens CT7 and MAGE-A3 and the self-
differentiation antigen WT1. CT7 and MAGE-A3 are the most com-
monly expressed cancer/testis antigens in MM,27-29 and their
expression is associated with advanced-stage disease29 and
relapse.30 WT1 expression in the bone marrow of patients with MM
also correlates with greater disease burden.31-33 Finally, antigen-
specific immune reactivity against CT7, MAGE-A3, and WT1 has
been demonstrated in MM.32-35

Many cancer vaccine studies have evaluated single-antigen or
restricted epitope targeting. However, simultaneously targeting .1
antigen without restricting to a specific MHC should enhance the
extent and breadth of immune responses, leading to improved clini-
cal outcomes. Therefore, we performed a phase 1 clinical study to
determine the safety and immunogenicity of vaccination with autolo-
gous CD341 HPC-derived LCs electroporated with CT7, MAGE-
A3, and WT1 mRNA for MM after ASCT. We assessed clinical

outcomes and sequential postvaccination immune responses over
time for each participant, as well as between individuals.

Materials and methods

Patients and clinical trial design

This clinical trial (#NCT01995708) enrolled patients with symptom-
atic MM, who were within 12 months of starting induction therapy,
had achieved a very good partial response (VGPR) or better by
International Myeloma Working Group (IMWG) criteria after induc-
tion therapy, had not undergone prior ASCT, and were eligible for
ASCT by standard institutional criteria. This phase 1 study tested
safety and toxicity and also assessed immune responses stimulated
by CT7, MAGE-A3, and WT1 mRNA-electroporated autologous
CD341 HPC-derived LCs (supplemental Figure 1). The choice of
induction therapy was not dictated by the trial. A bone marrow
biopsy specimen positive for $1 of the 3 target antigens (CT7,
MAGE-A, or WT1) by immunohistochemistry was required. The trial
was conducted at Memorial Sloan Kettering Cancer Center
(MSKCC), approved by the Institutional Review and Privacy Board
of Memorial Hospital/MSKCC and the US Food and Drug Adminis-
tration (IND 15365), and conducted in accordance with the Decla-
ration of Helsinki and Good Clinical Practice guidelines.

Twenty patients participated in the study, which consisted of 2
cohorts: a vaccine treatment arm and a control arm. Ten patients
received post-ASCT vaccines at 9 3 106 LCs per dose (combina-
tion of 3 3 106 CT7 mRNA–electroporated LCs 1 3 3 106

MAGE-A3 mRNA–electroporated LCs 1 3 3 106 WT1
mRNA–electroporated LCs). The other 10 patients did not receive
any LC vaccines but otherwise underwent identical cytoreduction,
ASCT, and standard supportive care. Patients in the vaccine arm
received a total of 3 vaccines: a priming immunization on day 112
post-ASCT, followed by boosters on days 130 and 190 post-
ASCT. At �3 months after ASCT, all patients started lenalidomide
maintenance therapy as per standard of care post-ASCT.

For this trial, the vaccine was considered promising if .5 of the 10
patients in the vaccine arm had an immunologic response. For cyto-
kine secretion and activation epitope expression, a positive T-cell
response was defined as a greater than twofold increase over pre-
vaccine levels. The decision rule aimed to identify an agent that pro-
duced an immunologic response rate .50%. The error rates of
missing a promising agent or selecting a nonpromising agent were
set at a maximum of 10%. The decision rule and error rates were
devised using a historical database of vaccine trials performed at
MSKCC.36 For clonality, a positive T-cell response required an
increase above baseline without respect to the degree of increase
because there are no validated metrics to provide cutoffs for deter-
mining significance.

Antigen screening

Immunohistochemistry confirmed relevant antigen expression in
formalin-fixed paraffin-embedded bone marrow biopsy specimens
using monoclonal antibodies specific for CT7/MAGE-C1 (monoclo-
nal antibody CT7-33),37 MAGE-A3 (M3H67),27 and WT1 (6F-H2;
DAKO).27,29,37 The degree of staining for each antigen on CD1381

malignant plasma cells was graded as follows: negative; focal,
,5%; 1, 5% to 25%; 11, 25% to 50%; 111, 50% to 75%;
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and 1111, .75%. Study eligibility required a positive stain (focal
to 1111) for $1 of the 3 antigens.

Generation of human LCs for vaccines

Granulocyte colony-stimulating factor–elicited CD341 HPCs (2 3

106/kg actual body weight), collected from patients by leukaphere-
sis at the time of peripheral blood stem cell collection for ASCT,
were used to generate enriched LCs in vitro, as reported previ-
ously.17,22 CD341 HPCs were cultured in serum-free X-VIVO 15
(Lonza, Basel, Switzerland), supplemented with granulocyte-
macrophage colony-stimulating factor, transforming growth factor-b,
and tumor necrosis factor-a (TNF-a) over 10 to 12 days in culture.
FLT3 ligand and c-kit ligand were also added for the initial 5 to 6
days to enhance CD341 progenitor expansion.17,22 CD341 HPC-
derived LCs underwent terminal maturation in the presence of
inflammatory cytokines TNF-a, interleukin-1b (IL-1b), interleukin-6
(IL-6), and prostaglandin E2 for the final 24 to 48 hours.17,22

Production of in vitro–transcribed mRNA

Plasmid expression vectors containing the gene for CT7, MAGE-
A3, or WT1 under the control of a T7 (CT7 and MAGE-A3) or SP6
(WT1) promoter were used to synthesize mRNA. Plasmids were
propagated in Max Efficiency DH5-a competent cells (Invitrogen)
and purified using a Plasmid Maxi Kit (QIAGEN). After linearization,
mRNA transcription in vitro was performed with T7/SP6 RNA poly-
merase (mMESSAGE mMACHINE T7/SP6 Transcription Kit;
Ambion). Production of full-length capped mRNA was confirmed by
agarose gel electrophoresis, followed by mRNA concentration
determination by spectrophotometry.

Electroporation of LCs

Partially matured LCs were electroporated with CT7, MAGE-A3, or
WT1 mRNA on day 12 or 13.38 LCs were harvested, washed
twice, and resuspended in Opti-MEM (Gibco, Invitrogen) to a final
concentration of 15 3 106 cells per milliliter. Cells (200 mL) were
mixed with 40 mg of mRNA and electroporated in a 2-mm gap
cuvette at 700 V for 2 pulses, using a ECM 830 Square Wave
Electroporation System (BTX Harvard). After electroporation, cells
were returned to culture and terminally matured with inflammatory
cytokines for 24 to 48 hours.17

Vaccine administration

After terminal maturation, flow cytometry was used to determine the
absolute number of CD831CD86brightHLA-DRbrightCD14neg LCs
(supplemental Table 1A). Separate pools of mature LCs electropo-
rated with CT7, MAGE-A3, or WT1 mRNA were washed and then
combined in equal parts (3 3 106 mRNA-electroporated LCs per
antigen based on the number of viable cells) into a single vaccine
for intradermal administration at a final dose of 9 3 106 mRNA-
electroporated LCs per vaccine. The initial priming vaccine used
freshly generated LCs, whereas the 2 booster vaccines used viably
thawed cells from the initial product, which had been cryopreserved
by controlled-rate freezing and stored in liquid nitrogen until the day
of administration. After meeting release criteria (supplemental Table
1B), 5 intradermal vaccines (10 3 0.1 mL) were administered at
each of 2 medial limb sites adjacent to axillary or inguinofemoral
nodes. There were no vaccine production failures, and all patients
received the target dose for all 3 vaccines.

Postvaccination monitoring and clinical outcomes

Erythema and induration at injection sites were measured for
delayed-type hypersensitivity reactions 48 hours after each booster
vaccine. Adverse events were graded according to Common Termi-
nology Criteria for Adverse Events, version 4.0. Dose-limiting toxicity
was defined as grade 3 or higher toxicity. MM disease responses
were determined according to IMWG criteria. Multiparameter flow
cytometry measured minimal residual disease.39 Progression-free
survival (PFS) and overall survival (OS) were calculated from the
time of enrollment and estimated using the Kaplan-Meier method
(GraphPad Prism 8.3). The cutoff date for PFS and OS data was 1
June 2021.

Postvaccination immune response assessments

For patients in the vaccine arm, peripheral blood mononuclear cells
(PBMCs) and bone marrow mononuclear cells (BMMCs) were col-
lected prevaccine and then �1 and 3 months after the third and
final vaccine. For patients in the control arm, PBMCs and BMMCs
were collected at the same time points, with the exception of the
BMMC collection at 1 month. Response assessments are
described in the following sections.

Bone marrow immunophenotyping. BMMCs were incubated
with fluorochrome-conjugated antibodies and analyzed on a Cytek
Aurora flow cytometer. BUV395-, BUV496-, BUV563-, BUV805-,
BV421-, BV510-, BV650-, BV785-, FITC-, SparkBlue-, BB700-,
BB790-, PE-, PE-CF594-, PE-Cy7-, A647-, A700-, and APC-
Vio770-conjugated mouse anti-human mAbs included anti-CD3, anti-
CD4, anti-CD14, anti-CD16, anti-CD25, anti-CD45RO, anti-CD68,
anti–PD-1 (all from BD Biosciences), anti-CD45RA, anti-CD57, anti-
CD86, anti-CD127, anti-CCR7, anti-FOXP3, anti–HLA-DR, anti–
LAG-3 (all from BioLegend), anti-CD8 and anti-CD56 (Miltenyi Bio-
tec), anti-TIM-3 (R&D Systems), and SYTOX Blue/viability (Thermo
Fisher). Gates were set for collection and analysis of $50,000 live
events. Data analysis, including t-distributed stochastic neighbor
embedding plot generation, was performed using FlowJo software
(FlowJo LLC).

Antigen-specific T-cell activation and intracellular cyto-
kine secretion. CD4 and CD8 T-cell specificity for CT7, MAGE-
A3, and WT1 was assessed with a restimulation assay.22 Briefly,
PBMCs were cultured with CT7, MAGE-A3, or WT1 mRNA-
electroporated autologous LCs generated from the same CD341

HPCs used to make patient vaccines. Responder PBMCs were cul-
tured with LCs, at a ratio of 10:1, along with recombinant human
IL-2 (10 IU/mL; Chiron, Emeryville, CA) and IL-15 (10 ng/mL; R&D
Systems). After 7 days, fresh mRNA-electroporated autologous LCs
were added for a second 7-day round of stimulation in the same
culture conditions. Cells were then harvested for staining and analy-
sis by flow cytometry, using established methods.22 T-cell intracellu-
lar cytokine levels and activation marker expression were compared
for fold changes over prevaccine baseline. Data were analyzed with
FlowJo software.

TCR variable b chain sequencing. For patients with sufficient
cell yields, PBMCs from prevaccination baseline and from 1 and 3
months postvaccines were separated into CD4 and CD8 T-cell frac-
tions using MS columns (Miltenyi Biotec) and cryopreserved for
immunosequencing of the CDR3 of T-cell receptor variable b
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(TCR-V-b) chains using the iRepertoire platform (Huntsville, AL).
Extracted genomic DNA was amplified in a bias-controlled multiplex
polymerase chain reaction, followed by high-throughput sequencing.
Sequences were collapsed and filtered to identify and quantify the
abundance of each unique TCR-V-b CDR3.

Statistics

For immune response assessments, unpaired or paired Student t
tests assessed differences in expression levels between time points.
Statistical analyses were calculated using Prism 8 software (Graph-
Pad), with statistical significance requiring a P value , .05. To mea-
sure overlap of TCR clones between samples, we calculated the

Morisita similarity index, defined as
2
X

piqi
X

p2i þ
X

q2i

, where pi and qi are

the frequencies of clone i in both samples.

Results

Patient characteristics

Thirty-four patients were prescreened for the study (Table 1). Thirty-
three (97%) were positive for $1 of the 3 required antigens (Table
2). CT7 was the most commonly expressed antigen (85.3%), fol-
lowed by WT1 (58.8%), and MAGE-A3 (41.2%). The majority of
patients (58.9%) expressed .1 antigen, with 26.5% expressing all
3 antigens. There was 1 (2.9%) screening failure with negative
expression for all 3 antigens.

Twenty patients enrolled on the trial and were randomized to a vac-
cine treatment arm (10 patients) or a control arm (10 patients).
Table 3 lists the demographics and MM disease characteristics.
Median age was 61 years (range, 51-66) for the control arm and
59 years (range, 55-69) for the vaccine arm. All patients received
lenalidomide and/or a proteasome inhibitor during induction, with
the majority (90%) receiving a triplet regimen. For both arms of the
study, 9 patients had achieved a VGPR and 1 patient had achieved
a complete response (CR) after induction therapy and preceding
ASCT. Of the 13 patients who were eligible but did not proceed on
study, 7 deferred upfront ASCT, 3 had progression of disease
before ASCT, and 3 did not proceed for reasons unrelated to MM
disease status.

Clinical outcomes

All patients in the vaccine cohort completed the 3 scheduled vac-
cines, which were tolerated well. Treatment-related adverse events
were no greater than grade 1 and self-limited, with the most com-
mon being erythema, induration, and mild pruritus at the injection
sites, most pronounced after the third vaccine (supplemental
Figure 2).

Although not designed to assess clinical efficacy, clinical responses
are presented in Table 3 and Figure 1, acknowledging that a higher
fraction of patients with Revised International Staging System stage
III disease in the control arm and the small sample size limit interpre-
tation. Restaging at 3 months post-ASCT for patients in the control
arm found 2 patients with minimal residual disease (MRD)-negative
CR, 3 patients with MRD-positive CR, 4 patients with VGPR, and 1
patient with relapsed disease. Restaging at 3 months post-ASCT
for patients in the vaccine arm identified 3 patients with MRD-
negative CR, 3 patients with MRD-positive CR, and 4 patients with

VGPR. Restaging at 12 months post-ASCT for patients in the con-
trol arm showed 2 patients with MRD-negative CR, 2 patients with
MRD-positive CR, 2 patients with VGPR, and 4 patients with
relapsed disease. Restaging at 12 months post-ASCT for patients
in the vaccine arm showed 5 patients with MRD-negative CR, 3

Table 1. Antigen expression by CD138
1
bone marrow plasma

cells for individual patients

Patient CT7 MAGE-A3 WT1

1 1 1 111

2 Neg Neg 1

3 1111 1111 111

4 Focal Neg Focal

5 Focal Neg 111

6 11 1 Neg

7 Neg Neg 1

8 11 1 Neg

9 Neg Neg Focal

10 111 11 11

11 1111 Neg 1

12 11 Focal 1

13 Focal Neg Neg

14 Focal Neg Neg

15 1111 11 11

16 1 11 111

17 Neg Neg 1

18 11 1 Neg

19 Focal Neg Neg

20 1111 1 Neg

21 Focal Neg 11

22 1 Neg Neg

23 Neg Neg Neg

24 Focal Neg Neg

25 11 Neg 1

26 11 Neg Neg

27 1 Neg Neg

28 Focal Neg Neg

29 Focal Focal 111

30 1 Neg 11

31 1 Focal Focal

32 1111 1 11

33 111 1 11

34 1111 1111 Neg

Neg, negative.

Table 2. Antigen expression patterns

Antigen expression frequency Concurrent antigen expression

CT7 MAGE-A3 WT1 0 1 2 3

Positive/total 29/34 14/34 20/34 1/34 13/34 11/34 9/34

% 85.3 41.2 58.8 2.9 38.2 32.4 26.5
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patients with MRD-positive CR, 1 patient with VGPR, and 1 patient
with relapsed disease.

For all patients in the study, median follow-up was 59.5 months. For
patients in the unvaccinated control arm, 4 remained progression
free, with a median PFS of 31 months (range, 3-63). Two patients
died, both from MM disease progression, with a median OS of 46
months (range, 12-79). For patients in the vaccine arm, 6 remained
progression free, with a median PFS of 54 months (range, 12-85).
All patients are alive, with a median OS of 71 months (range, 45-
85). There was no clear association between PFS and the extent of
CT7, MAGE-A3, or WT1 expression at diagnosis (data not shown).

Posttreatment immune profiling of the bone marrow

microenvironment

Immunophenotyping of the bone marrow microenvironment after
vaccination, compared with prevaccine levels and summarized in
Figure 2, showed expansion of CD4 and CD8 effector memory T
cells (CCR7negCD45RAneg), suppression of CD4 and CD8 naive T

cells (CCR71CD45ROneg), and upregulation of T cells expressing
the immune checkpoint receptor PD-1. For vaccinated patients,
CD4 and CD8 effector memory T cells peaked at 1 month (Figure
2B-C), along with expression of PD-1 (Figure 2B) but not LAG-3 or
TIM-3 (data not shown). Control patients showed similar patterns at
3 months (Figure 2B-C); 1-month bone marrow samples were not
obtained for this cohort. The relative proportions of natural killer
cells, regulatory T cells, exhausted/senescent T cells, and myeloid-
derived suppressor cells were similar between the 2 cohorts (data
not shown). In aggregate, these findings show an inflammatory
effector-skewed environment in the early posttransplant period with-
out substantial phenotypic differences between the vaccine and
nonvaccine arms.

Antigen-specific immune reactivity

To assess antigen-specific reactivity after vaccination, PBMCs
obtained at 1 and 3 months after completion of vaccines were
restimulated in vitro with freshly generated autologous LCs electropo-
rated with CT7, MAGE-A3, and WT1 mRNA. Samples collected at

Table 3. Patient demographics and disease characteristics

Patient Age, y Sex MM subtype R-ISS stage

Induction

regimen

Dz status

pre-ASCT

Antigen screening

Dz status 13 mo Dz status 112 moCT7 MAGE-A3 WT1

Control arm

4 65 F IgGl III2 t(4;14) RVd VGPR Neg Neg 11 VGPR Relapse

6 66 F IgGk II RVd VGPR 13 12 12 VGPR VGPR

8 51 M IgAl III CyBorD VGPR Focal Neg Neg CR (1) Relapse

10 61 F IgAk I RVd VGPR Neg Neg 11 CR (2) CR (1)

12 65 M kFLC II CyBorD VGPR 12 11 Neg CR (1) CR (2)

14 52 F IgAl III2 t(14;16) KRd CR (2) Focal Neg Neg Relapse Relapse

16 56 M IgGk I KRd VGPR 12 Neg Neg VGPR VGPR

17 59 M IgGk II KRd VGPR Focal Neg Neg CR (1) CR (1)

19 62 F IgAl III2 del17 RVd VGPR 14 Neg Neg CR (1) CR (2)

20 61 F IgGk II RVd VGPR 14 14 Neg VGPR Relapse

Median, 61
Range, 51-66

M 5 4
F 5 6

I 5 2
II 5 4
III 5 4
III 5 4

VGPR 5 9
CR 5 1

8 3 3 VGPR 5 4
CR (1) 5 3
CR (2) 5 2
Relapse 5 1

CR (1) 5 2
CR (2) 5 2
VGPR 5 2
Relapse 5 4

Vaccine arm

1 60 M kFLC I Rd VGPR Neg Neg 11 CR (2) CR (2)

2 55 F IgGk I Vd VGPR 14 14 13 VGPR Relapse

3 58 M IgAl II RVd VGPR Focal Neg 13 CR (2) CR (2)

5 59 M IgGk I RVd VGPR 12 11 Neg CR (2) CR (2)

7 55 M kFLC II2 del17 RVd VGPR 12 Focal 11 CR (1) CR (1)

9 64 M IgGl I RVd VGPR 14 12 12 VGPR CR (2)

11 59 M IgDl III2 t(4;14) RVd VGPR Neg Neg Focal CR (1) CR (1)

13 55 F IgAk II RVd VGPR 11 Neg Neg VGPR CR (2)

15 61 M kFLC I KRd CR (1) 12 Neg 11 CR (1) CR (1)

18 69 M IgGl II RVd VGPR Focal Focal 13 VGPR VGPR

Median, 59
Range, 55-69

M 5 8
F 5 2

I 5 5
II 5 4
III 5 1

VGPR 5 9
CR 5 1

8 5 8 VGPR 5 4
CR (1) 5 3
CR (2) 5 3

CR (1) 5 3
CR (2) 5 5
VGPR 5 1
Relapse 5 1

CyBorD, cyclophosphamide/bortezomib/dexamethasone; Dz, disease; F, female; KRd, carfilzomib (KYPROLIS)/lenalidomide (REVLIMID)/dexamethasone; M, male; Neg, negative; Rd,
lenalidomide (REVLIMID)/dexamethasone; R-ISS, Revised International Staging System; RVd, lenalidomide (REVLIMID)/bortezomib (VELCADE)/dexamethasone; Vd, bortezomib
(VELCADE)/dexamethasone; (1), MRD positive, (2), MRD negative.
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parallel time points from unvaccinated patients served as controls.
CD4 T-cell secretion of interferon-g (IFN-g), IL-2, and TNF-a
increased 5.54-, 4.49-, and 3.46-fold, respectively, at 1 month post-
vaccination, and remained elevated (5.69-, 5.32-, and 2.54-fold,
respectively) at 3 months postvaccination (Figure 3A). CD4 T cells
also upregulated Mip-1b, a marker of activation, 2.62- and 2.46-fold
and CD107a, a marker of degranulation, 2.76- and 4.24-fold, at the 1
and 3-month time points, respectively (Figure 3A). Similar to CD4
T-cell responses, antigen-specific CD8 T-cell secretion of IFN-g, IL-2,
and TNF-a increased 5.06-, 4.6-, and 4.68-fold, respectively, at 1
month postvaccination and increased 6.2-, 5.52-, and 2.8-fold,
respectively, at 3 months postvaccination (Figure 3B). Upregulation
of Mip-1b and CD107a by CD8 T cells was not as pronounced as
by CD4 T cells (Figure 3B). Limited cell yields precluded assessment
of antigen-specific CTL activity in killing assays. Restimulation assays
using BMMCs corroborated the PBMC findings, with increased cyto-
kine secretion and activation marker expression in the CD4 and CD8
T-cell compartments at 3 months postvaccination (Figure 3C-D).

CD4 and CD8 T-cell clonality after vaccination with

mRNA-electroporated LCs

CD4 and CD8 T cells isolated from PBMCs collected after vaccina-
tion underwent next-generation deep sequencing of the TCR-V-b

CDR3, with samples from unvaccinated patients providing controls.
Pre- to postvaccination TCR repertoire composition varied over time
for all patients and was generally similar for the vaccine and control
cohorts (Figure 4A), indicating that the post-ASCT TCR repertoire
is shaped by factors intrinsic to immune reconstitution after trans-
plant. For both cohorts, the CD4 compartment possessed a higher
fraction of low-frequency clones, whereas the CD8 compartment
maintained a greater abundance of dominant high-frequency clones
(Figure 4A), which has been described in the setting of ASCT for
multiple sclerosis.40 Longitudinal assessment of shared clones from
day 12 to day 120 after ASCT, using the Morisita similarity index,
revealed consistency between samples over time from the same
individuals with infrequent overlap of clones between individuals or
between groups (Figure 4B). TCR clonal expansion after ASCT,
identified by mean log fold change from baseline at day 12, with
emphasis on consistently expanded clones to minimize sample
noise, showed increases that were most pronounced in the CD4
compartment of the vaccine cohort (Figure 4C). However, these did
not reach statistical significance because of the limited sample size.

Discussion

Vaccination with triple antigen–bearing mRNA-electroporated autol-
ogous LCs initiated at the onset of engraftment after ASCT for MM,
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followed by lenalidomide maintenance therapy, is safe and feasible.
Vaccines are tolerated well, with only mild delayed-type hypersensi-
tivity reactions at injection sites after booster vaccines. Postvaccine
immune assessments detected antigen-specific CD4 and CD8
T-cell activation and proinflammatory cytokine secretion, as well as
a trend toward greater T-cell clonal expansion. Although not
powered to assess clinical efficacy, treatment responses favored
the vaccine arm.

The vaccine platform of this study exploited the superior potency of
LCs over other DC subtypes,17-20 combined with electroporation of
full-length mRNA23,24,38 encoding 3 tumor antigens, to promote a
broad T-cell response during immune reconstitution in the first 100
days after ASCT.9 This was coupled with the immune adjuvant
activity of posttransplant lenalidomide maintenance therapy.13,14

Comprehensive immunophenotyping of the bone marrow microenvi-
ronment showed generalized activation with increased effector
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memory cell populations in the setting of immune reconstitution
post-ASCT. Vaccination-induced antigen-specific activation of CD4
and CD8 T cells was sustained at 3 months after the third and final
dose of mRNA-electroporated LCs.

Greater T-cell diversity after immune-based interventions correlates
with clinical benefit,41,42 but altered clonality is an incomplete gauge

of antitumor capacity. This is particularly true of the TCR repertoire
after ASCT. Specifically, to our knowledge, this study is the first
with TCR analysis in the setting of transplant to include a control
cohort demonstrating natural fluctuations in TCR frequency during
immune reconstitution after transplant alone. Therefore, this provides
a true reference baseline, without which interpretations of changes
in the TCR repertoire of the vaccine cohort would have been
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Figure 4. T-cell clonality after ASCT and vaccination with mRNA-electroporated LCs. Next-generation deep sequencing of the TCR-V-b CDR3 was performed on
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skewed much more in favor of a potential vaccine effect. Although
there were no significant differences in the overall pattern of T-cell
reconstitution or TCR repertoire diversity between the vaccine and
control groups in this study, TCR clonotype expansion from the pre-
vaccine time point was detected in the CD4 compartment and, to a
lesser degree, in the CD8 compartment of vaccinated patients, sug-
gestive of a treatment effect but limited by the small sample size.
The nuanced nature of vaccine-mediated changes in the immune
repertoire, as well as the challenges of detecting subtle, yet immu-
nologically relevant, changes in TCR clonal composition, highlight
the need for higher-resolution assays to map TCRs accurately to
their antigen targets and to identify protective TCR clones.

Having generated functionally competent LCs ex vivo from patients
with MM for this trial, we nevertheless acknowledge the resource
limitations for collecting and processing granulocyte colony-
stimulating factor–mobilized CD341 HPCs as LC precursors, as
well as the time, cost, and labor of manufacturing vaccines in vitro.
These issues restrict the broad clinical application of such
LC-based vaccines generated in vitro. Studies to circumvent the
production process ex vivo by activating LCs or other DC subsets
directly in vivo are ongoing. Despite concerns that the dysfunctional
activity of endogenous DCs in MM43-45 may compromise direct tar-
geting of DCs in vivo, DCs from patients with MM can induce
MM-specific T cells ex vivo.4,46 Therefore, this implicates factors
within the bone marrow tumor microenvironment, like IL-6,43 that
may regulate DC priming of antitumor immunity.

Immune-suppressive cells, including myeloid-derived suppressor
cells,47 regulatory T cells,48 and tumor-associated macrophages,49

populate the MM tumor microenvironment. In addition, immune dys-
function, including T-cell exhaustion and/or senescence, correlates
with inferior outcomes after ASCT,9,50,51 characterizes multiply
relapsed disease,52 and is potentially reversible with immune check-
point blockade.9,50,52 Therefore, vaccine-extrinsic factors, including
elements within the tumor microenvironment and the impaired func-
tional capacity of responding T cells, can subvert optimal T-cell acti-
vation,52 underscoring the complexities of eliciting effective immune
responses in the setting of malignancy.

Emerging immune-based therapies for MM include antibody-drug
conjugates, bispecific antibody constructs, and chimeric antigen
receptor T cells, which have shown promising activity in advanced
MM.53 Durable responses to these treatments are infrequent, but
combination strategies with vaccines to prime anti-MM immunity
offer an approach to boost responses. For example, vaccination
prior to bispecific antibody constructs may augment therapeutic
potency by creating pools of antigen-experienced T cells. Vaccines
can also promote the expansion and efficacy of chimeric antigen
receptor T cells.54,55

This study highlights the feasibility of immunizing patients with MM
with mRNA-electroporated LCs after ASCT to induce measurable

cellular immune responses against multiple antigens simultaneously.
Identification and optimization of rational combinations, timing, and
sequencing of DC-based vaccines, including targeting of endoge-
nous DC subtypes, along with other immune-directed interventions,
will most likely exert the greatest benefit on improved and durable
clinical responses.
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