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The therapeutic efficacy of dendritic cell (DC)-based immunotherapy may be potentiated
in combination with other anticancer therapies that enhance DC function by modulating
immune responses and the tumor microenvironment. In this study, we investigated the
efficacy of DC vaccination in combination with lenalidomide and programmed death
(PD)-1 blockade in a model of murine myeloma. MOPC-315 cell lines were injected
subcutaneously to establish myeloma-bearing mice and the following five test groups
were established: PBS control, DCs, DCs + lenalidomide, DCs + PD-1 blockade, and
DCs + lenalidomide + PD-1 blockade. The combination of DCs plus lenalidomide and
PD-1 blockade more potently inhibited tumor growth compared to the other groups. This
effect was associated with a reduction in immune suppressor cells (such as myeloid-
derived suppressor cells, M2 macrophages, and regulatory T cells) and an increase
in immune effector cells [such as CD4*+ and CD8* T cells, natural killer (NK) cells, and
M1 macrophages] in the spleen. Functional activities of cytotoxic T lymphocytes and
NK cells were also enhanced by the triple combination. Levels of immunosuppressive
cytokines, such as TGF-p and IL-10, were significantly reduced in the tumor microen-
vironment. These findings suggest that the combination of DCs plus lenalidomide and
PD-1 blockade synergistically establishes a robust anti-myeloma immunity through a
two-way mechanism, which inhibits immunosuppressive cells while activating effector
cells with superior polarization of the Th1/Th2 balance in favor of the tumor immune
response. This result should provide an experimental ground for incorporating check
point inhibitors to existing immunotherapeutic modalities against multiple myeloma.

Keywords: myeloma, dendritic cells, lenaldiomide, anti-PD-1, cancer immunotherapy

ONE-SENTENCE SUMMARY

A combination of antigen-loaded dendritic cell (DC) vaccination plus lenalidomide and programmed
death (PD)-1 blockade synergistically enhanced anticancer immunity in a model of murine multiple
myeloma by inhibiting immunosuppressive cells and stimulating effector cells.
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INTRODUCTION

Multiple myeloma (MM) is characterized by the infiltration of
clonal malignant plasma cells in the bone marrow (BM) (1, 2).
Despite advances in treating MM using novel therapies and
hematopoietic stem cell transplantation, most patients experience
relapses caused by immune evasion among the tumor, immune
system, and tumor microenvironment (3). Thus, new therapeutic
options with the potential to overcome impaired immune surveil-
lance are needed.

Dendritic cells (DCs) are the most potent antigen-presenting
cells (APCs) and play a key role in inducing and maintaining
antitumor immunity. DCs are able to recognize, process, and
present tumor antigens to generate antigen-specific cytotoxic
Tlymphocytes (CTLs) (4-9). Immune cells in myeloma patients
have quantitative and functional deficiencies that contribute to
myeloma-associated immune tolerance (10, 11). By contrast,
the function of DCs from patients with MM can be recovered
and enhanced by ex vivo culture (12-14). Lenalidomide is
an immunomodulatory agent that targets tumor cells under
immunosuppressive microenvironment (15-20). Our previous
studies demonstrated that the combination of DC vaccination
and lenalidomide synergistically enhanced antitumor immune
responses in mouse tumor models (21, 22). Programmed cell
death-1 (PD-1, CD279) and its ligands [either PD-L1 (B7-H1,
CD274) or PD-L2 (B7-DC, CD273)] play a fundamental role in
tumor immune escape by inhibiting effector functions (23-26).
The PD-1/PD-L1 blockade was recently found to effectively
treat cancer by improving durable response rates and the sur-
vival profile with minimal toxicity, suggesting that blockade can
be used as a cancer therapeutic agent (27-31). However, recent
studies reported that PD-1 blockade alone is insufficient to
stimulateanti-myelomaimmunityin clinical treatment (32, 33).
Thus, combination approaches with immune-checkpoint
blockade and therapies that stimulate myeloma-reactive
T cells can be effective tools to treat myeloma. Such as with
immunomodulatory drugs, cellular therapies are currently
being applied in clinical trials. Previous studies demonstrated
that lenalidomide reduces the expression of PD-1 on natural
killer (NK) cells, helper cells, and CTLs, and inhibits PD-L1
expression on tumor cells and myeloid-derived suppressor
cells (MDSCs) in patients with MM (20, 34). Moreover, the
combination of lenalidomide and PD-1 or PDL-1 blockade
increased IFN-y expression by BM-derived effector cells in
myeloma and were associated with increased apoptosis of MM
cells (35).

Thus, in this study, we investigated whether the combination
of DCs plus lenalidomide and PD-1 blockade has a synergistic
effect in a murine myeloma model. The results demonstrate that
this combination enhanced antitumor immunity by inhibiting
immunosuppressive cells and cytokines as well as activating and
recovering effector cells with superior polarization toward Thl
immune response. This study provides a framework for develop-
ing a more advanced immunotherapeutic modality employing
DCs, lenalidomide, and PD-1 blockade to inhibit tumor cell
growth as well as restore immune functionin MM.

MATERIALS AND METHODS

Mice and Tumor Cell Lines

6- to 8-week-old female BALB/c (H-2¢) mice were purchased from
Orient Bio (Iksan, Republic of Korea) and maintained under spe-
cific pathogen-free conditions. All animal care, experiments, and
euthanasia protocols were approved by the Chonnam National
University Animal Research Committee. The murine MOPC-315
plasmacytoma cell line and the YAC-1 cell line were purchased
from the American Type Culture Collection (Rockville, MD,
USA). Cell lines were maintained in Dulbeccos Modified Eagle’s
Medium (Gibco-BRL, Grand Island, NY, USA) supplemented
with 10% (v/v) fetal bovine serum (FBS; Gibco-BRL) and 1%
(w/v) penicillin/streptomycin (PS).

Immunomodulatory Drug (Lenalidomide)
and Programmed Death-1 (Anti-PD-1)

Lenalidomide (Revlimid®) was donated by Celgene Corporation
(Summit, NJ, USA) and dissolved in dimethyl sulfoxide (DMSO)
to 100 mg/mL immediately before use. For injection into mice,
lenalidomide stock solutions were diluted in sterile 0.9% (v/v)
normal saline to a final concentration of 10 mg/mL. The final
concentration of DMSO in all experiments was <0.01% (v/v).
Anti-PD-1 was purchased from BioXcell (West Lebanon,
NH, USA).

Generation of BM-Derived DCs

BALB/c BM-derived immature DCs (imDCs) were generated
as described previously (21, 22, 36). Briefly, BM was harvested
from the femurs and tibiae of mice and cultured in RPMI-1640
medium (Gibco-BRL) supplemented with 10% (v/v) FBS (Gibco-
BRL) and 1% (w/v) PS in the presence of 20 ng/mL recombinant
murine (rm) GM-CSF (R&D Systems, Minneapolis, MN, USA)
and 10 ng/mL rmIL-4 (R&D Systems). On culture days 2 and 4,
half of the medium was removed and replaced with fresh media
containing cytokines. On day 6, imDCs were purified via positive
selection with CD11c*-magnetic beads (Miltenyi Biotec, Auburn,
CA, USA). Next, mature DCs were generated by further cultiva-
tion for 48 h of CD11c* DCs with 10 ng/mL rm TNF-a (R&D
Systems), 10 ng/mL rmIL-1p (R&D Systems), and 10 ng/mL
rmGM-CSF (R&D Systems).

Generation of Dying Myeloma Cell-Loaded
DCs

The generation of dying myeloma cell-loaded DCs was performed
as described previously (21, 22, 36). Briefly, MOPC-315 tumor
cell death was induced by y-irradiation (100 Gy; Gammacell-1000
Elite, MDS Nordion, Canada), followed by overnight culture in
RPMI-1640 without FBS, and the cells were mixed with imDCs
2 h after maturation at a 2:1 ratio (DCs:dying tumor cells).

Animal Vaccination

The following five vaccination groups were established: (1) PBS
control, (2) DC vaccination, (3) DC vaccination plus anti-PD-1,
(4) DC vaccination plus lenalidomide injection, and (5) DC
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vaccination plus anti-PD-1 and lenalidomide injection. On day
0, mice were injected subcutaneously in the right flank with
5 X 10° MOPC-315 cells in a volume of 0.1 mL. After tumor
growth, lenalidomide (0.5 mg/kg/day) was administrated orally
once a day for 25 days with a 3-day break after the first 11-day
dosing period. Each dose of DCs (1 X 10¢/mouse) was injected
subcutaneously into the left flank of BALB/c mice in a volume
of 0.1 mL PBS on days 11, 15, 25, and 29; anti-PD-1 (250 pg/
mouse) was injected intraperitoneally in a 0.1-mL volume
on the same days as DC vaccination. To assess the antitumor
status of vaccinated mice, we measured the length, width, and
height of each tumor every 3 to 4 days using a Vernier caliper,
and we calculated tumor volume using the standard formula
for calculating the volume of an ellipsoid: V' = 4/3n(length x
width X height/8).

Phenotypic Analysis of Splenocytes

From Vaccinated Mice

At the indicated time points, mice were sacrificed and splenocyte
phenotypes were characterized by their cell surface markers
using fluorescently labeled monoclonal antibodies (mAbs) and
analyzed by flow cytometry. Cells were stained with the follow-
ing mAbs from eBioscience (San Diego, CA, USA): CD11b-FITC
(clone: M1/70), CD11b-PE (clone: M1/70), Gr-1-PE (clone:
RB6-8C5), CD4-APC (clone: RM4-5), CD4-PE (clone: H129.19),
CDS8-FITC (clone: 53-6.7), CD49b-PE (clone: Dx5), CD44-PE
(clone: IM7), CD62L-FITC (clone: MEL-14), CD69-FITC (clone:
HI1.2F3), CD25-FITC (clone: CD25-4E3), Foxp3-APC (clone:
MF23), F4/80-FITC (clone: BM8), CD274-PE (clone: MH5), and
CD206-APC (clone: C068C2). Isotype-matched controls were
run in parallel. Cell debris was eliminated by forward- and side-
scatter gating. The samples were acquired on a FACSCalibur cell
sorter (Becton Dickinson, Mountain View, CA, USA) and data
were analyzed using WinMDI ver. 2.9 (Biology Software Net:
http://en.bio-soft.net/other/WinMDILhtml).

Tumor Antigen-Specific CTL Activity

of Vaccinated Mice

Tumor antigen-specific CTL activity was investigated as described
previously (21, 22, 36). Briefly, splenocytes (1 X 10°) isolated from
vaccinated mice 7 days after the final DC vaccination (day 36)
were added to 24-well plates and restimulated with irradiated
MOPC-315 cells (5 X 10° cells) for 5 days in RPMI-1640 (Gibco-
BRL) containing 10% FBS (Gibco-BRL) and 1% PS supplemented
with 20 ng/mL rmIL-2 (R&D Systems). After restimulation, we
assessed the splenocytes for tumor antigen-specific CTLs using a
mouse IFN-y enzyme-linked immunospot (ELISPOT) assay (BD
Bioscience). The MOPC-315 cell line and NK-sensitive YAC-1
cell line were used as target cells.

In Vitro Analysis of Cytokine Production

in Vaccinated Mice

We determined cytokine (IFN-y, IL-10, and TGF-f) produc-
tion in vaccinated mice using the BD OptEIA™ enzyme-linked
immunosorbent assay (ELISA; BD Bioscience). Supernatants
from restimulated splenocytes of vaccinated mice and from

single tumor cells of all vaccinated mice were assayed to measure
the production of Th1- and Th2-polarizing cytokines. Each sam-
ple was analyzed in triplicate, and the mean absorbance for each
set of standards and samples was calculated.

Intracellular Staining Assay of Tregs and
Macrophages Generated in the Spleens

of Vaccinated Mice

To evaluate the proportion of Tregs and macrophages, 1 X 10°
splenocytes from vaccinated mice were harvested, washed, and
stained with surface-staining antibodies of Tregs (CD4-PE and
CD25-FITC) and macrophages (CD11b-FITC and F4/80-PE)
for 30 min at 4°C. Fc block was added before incubation with
surface-staining antibodies. Next, the cells were washed and
permeabilized with Fixation/Permeabilization Solution 2
(eBioscience) for 30 min at room temperature. After washing
twice, the cells were stained with an intracellular staining anti-
body, Tregs [Alexa Fluor-conjugated Foxp3 antibody (Miltenyi
Biotec)] and macrophages (CD206-APC) for 30 min at room
temperature. The samples were acquired on a FACSCalibur
cell sorter (Becton Dickinson), and data were analyzed using
WinMDI ver. 2.9.

Statistical Analyses

We performed statistical analyses using GraphPad Prism 4 (La
Jolla, CA, USA). t-Tests, one-way analysis of variance (ANOVA),
and two-way ANOVA were used as appropriate. We analyzed the
survival of vaccinated mice using SigmaPlot 10.0 (Systat Software,
San Jose, CA, USA). P < 0.05 was considered significant. Values
are expressed as means + SDs.

RESULTS

DC Vaccination in Combination With
Lenalidomide and Anti-PD-1 Treatment
Induced a Synergistic Anti-Myeloma

Immunity Effect

Our previous study (36) demonstrated that DCs maturated with
GM-CSE, TNF-a, and IL-1p expressed higher levels of several
molecules related to DC maturation and produced higher levels
of IL-12p70 and lower levels of IL-10 compared to imDCs. In
this study, we established myeloma-bearing mice to evaluate the
antitumor efficacy of DC-based immunotherapies. Before treat-
ment, we observed that high levels of PD-L1 were expressed on
MOPC-315 cell lines (Figure S1A in Supplementary Material).
The established myeloma-bearing mice were initially treated
with lenalidomide (0.25 or 0.5 mg/kg), PD-1 blockade (250 pg/
mouse), and dying myeloma cell-loaded DCs as a single therapy
(Figure 1A). All single treatment groups showed significant
inhibition of tumor growth compared to the PBS control group
(P < 0.05; Figures S1B,C in Supplementary Material). The com-
bination therapy of DCs plus lenalidomide and PD-1 blockade
was examined in an effort to more potently inhibit tumor growth
in the murine myeloma model (Figure 1A). All tumor-bearing
mice vaccinated with PBS showed rapid tumor growth that led
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FIGURE 1| /n vivo animal vaccination Five vaccination groups were established: (1) PBS control, (2) dying myeloma cell-loaded dendritic cell (DC) vaccination, (3)
DC vaccination plus anti-PD-1, (4) DC vaccination plus lenalidomide, and (5) DC vaccination plus lenalidomide and anti-PD-1. On day 0, MOPC-315 cells (56 x 10°%/
mouse) were injected subcutaneously into the right flank of BALB/c mice. (A) Schematic representation of the combination of DCs plus lenalidomide and anti-PD-1.
After tumor growth, lenalidomide (0.5 mg/kg/day) was administrated orally once a day for 25 days with a 3-day break after the first 11-day dosing period. Each dose
of DCs (1 x 10%mouse) was injected subcutaneously into the left flank of BALB/c mice in a volume of 0.1 mL PBS on days 11, 15, 25, and 29. Anti-PD-1 (250 pg/
mouse) was injected intraperitoneally on the same days as DC vaccination. (B) Data are presented as mean + SEM and are representative of two independent
experiments. The combination of DCs plus lenalidomide and anti-PD-1 significantly inhibited tumor growth (P < 0.05; ***P < 0.001 on day 29) and induced a
long-term systemic anti-myeloma immune response (29 days).

to sacrifice within 3 weeks. By contrast, tumor-bearing mice
vaccinated with DCs showed significantly inhibited tumor
growth compared to the PBS control group. Treatment with the
combination of DC vaccination plus lenalidomide and PD-1
blockade more strongly inhibited tumor growth (P < 0.05)
compared to DCs, DCs + lenalidomide, DCs + PD-1 blockade,
and lenalidomide + PD-1 blockade (Figure 1B; Figures S2A and
S3A,B in Supplementary Material). Survival in mice that received
the combination of DCs + lenalidomide + PD-1 blockade was
significantly prolonged compared to that of mice received
DCs, DCs + lenalidomide, DCs + PD-1 blockade, or lenalido-
mide + PD-1 blockade (Figures S2B and S3C in Supplementary

Material). These results indicate that DCs + lenalidomide + PD-1
blockade induce a long-term systemic anti-myeloma immune
response in the murine myeloma model.

Activation of CTLs by DC Vaccination Plus
Lenalidomide and PD-1 Blockade

To investigate the CTL responses after DC vaccination, we
prepared splenocytes and carried out IFN-y ELISPOT assays.
MOPC-315 and YAC-1 cells were used as target cells. Compared
to the PBS control, DC vaccination, DCs + lenalidomide,
DCs + PD-1 blockade, or DCs + lenalidomide + PD-1 blockade
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led to a significant increase in IFN-y-secreting splenocytes against
MOPC-315 and YAC-1 cells (P < 0.05). The combination of
DCs + lenalidomide + PD-1 blockade showed the highest
number of IFN-y-secreting splenocytes against MOPC-315
cells compared to the PBS control, DCs, DCs + lenalidomide,
DCs + PD-1 blockade, and lenalidomide 4+ PD-1 blockade
(P < 0.05; Figure 2A; Figure S4A in Supplementary Material). In
addition, cytotoxicity by NK cells, represented by the number of
IFN-y-secreting splenocytes against YAC-1 cells, was similar in
all groups that received DCs. These results indicate that the tumor
inhibitory effects of DCs + lenalidomide + PD-1 blockade treat-
ment resulted from CTL rather than NK responses. In this study,
vaccination with DCs + lenalidomide + PD-1 blockade led to the
production of higher levels of IFN-y compared to the PBS con-
trol, DCs, or lenalidomide + PD-1 blockade group (Figure 2B;

Figure S4B in Supplementary Material). By contrast, TGF-f
production in the DCs + lenalidomide + PD-1 blockade group
was significantly lower compared to that in the PBS control, DCs,
DCs + lenalidomide, or DCs + PD-1 blockade group (Figure 2C;
Figure S4C in Supplementary Material). These results suggest
that the combination of DCs + lenalidomide + PD-1 blockade
induced tumor-specific CTL responses enhances through Thl
polarization. Additionally, the DCs + lenalidomide + PD-1
blockade regimen significantly increased percentages of effector
CDA4* T cells (Figure 3A; Figure S4D in Supplementary Material),
effector CD8* T cells (Figure 3B), effector memory T cells
(Figure 3C; Figure S4E in Supplementary Material), effector
NK cells (Figure 3D; Figure S4F in Supplementary Material),
and M1 macrophages (Figure 5A; Figure S6A in Supplementary
Material) compared to the other groups.
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FIGURE 2 | Activation of cytotoxic T lymphocytes (CTLs) and cytokine production induced by treatment with dendritic cells (DCs) plus lenalidomide and anti-PD-1.
(A) The number of IFN-y-secreting lymphocytes in the spleens of mice treated with PBS, DCs, DCs plus lenaldiomide, DCs plus anti-PD-1, and DCs plus
lenalidomide and anti-PD-1 was counted using IFN-y enzyme-linked immunospot assay. DC vaccination combined with lenalidomide and anti-PD-1 injection
significantly increased the number of IFN-y-secreting lymphocytes targeting MOPC-315 cells compared to the other groups (*P < 0.05). Cytotoxicity by natural killer
(NK) cells, represented by the number of IFN-y-secreting splenocytes against YAC-1 cells, was similar in all DC groups. These results indicate that the tumor
inhibitory effects of DCs plus lenalidomide and anti-PD-1 resulted from the CTL-mediated response rather than the NK cell-mediated response. (B) IFN-y and
(C) TGF-p production in the splenocytes of vaccinated mice was evaluated by enzyme-linked immunosorbent assay. The combination of DCs plus lenalidomide
and anti-PD-1 led to the production of higher levels of IFN-y compared to PBS control and DC vaccination (***P < 0.001). By contrast, TGF-p production by DCs
plus lenalidomide and anti-PD-1 was lower compared to the other groups (**P < 0.012). Data are shown as mean (pg/mL) + SD of triplicate cultures from three
independent experiments.

Frontiers in Immunology | www.frontiersin.org

June 2018 | Volume 9 | Article 1370


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive

Vo et al.

DCs Plus Lenalidomide and Anti-PD-1

3 OPBS
oDCs
GDCs + anti-PD1

DCs + anti-PD-1
s +L lidomid 20

»
n

. DCs s

CD44

#DCs +lenalidomide
uDCs +lenalidomide + anti-PD1

% effector CD4"T cells

CD4

DCs +
Lenalid

DCs .~ DCs + anti-PD-1 ...

i

* OPBS
oDCs
ODCs+ anti-PD1

DCs + anti-PD-1
v+ L

lidomide ...

1.5

=DCs+ lenalidomide
uDCs + lenalidomide + anti-PD1

1.6

CD44

% effector CDS'T cells
-

Tl Lo " ol Lo T e i

CD8

c DCs + DCs + anti-PD-1 = 14 - g;?:ss
AT PBS w  DCs g DCs + anti-PD-1 ... id ~ + Lenalidomid E 124 ODCs + anti-PD-1
y & 10 - =DCs + lenalidomide
.| 103 s 13 S 4 #DCs+1 anti-PD-1
g 3 5 ‘Es 6 -
; S 44
ol = B S
5 2
o e v S0
CD62L
By OPBS
-‘g: oDCs
2 GDCs+anti-PD-1
3 i 25 0 205 57.1 B #DCs+ Lenalidomide
al. /"" J)“AH 344 ,::: =DCs+L anti-PD-1
A ! \
Ol . \ E]
o W e e W W =
s DCs+ antiPD-1 DCST., - DCs+ anti- PD 1 é“;

+1 Tdomid

‘3

CD49%

g

Effector NK Cells (CD69*CD49b*)
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cytometry (left panel) and compared them using quantitative bar graphs (right panel). The results revealed significant increases in effector cells in the DCs plus
lenalidomide and anti-PD-1 combination group compared to the other groups (‘P < 0.05). Data are representative of three independent experiments.

Suppression of MDSCs, M2 Macrophages,
and Regulatory T Cells (Tregs) by the
Combination of DC Vaccination Plus
Lenalidomide and PD-1 Blockade

To explore the immunological mechanisms underlying the
enhanced tumor-specific immune response, we assessed the
effects of combination therapy on the proportions of MDSCs
(CD11b*Gr1*), M2 macrophages (CD11b*F4/80*CD206" cells),
and Tregs (CD4*CD25*FoxP3* cells) in splenocytes. Percentages
of MDSCs (Figure 4A; Figure S5A in Supplementary Material)
and M2 macrophages (Figure 5B; Figure S6B in Supplementary
Material) were dramatically reduced in all treatment groups com-
pared to the PBS control group. The DCs + lenalidomide + PD-1
blockade group exhibited the lowest proportion of splenic
MDSCs, and M2 macrophages (P < 0.05). The proportion of Tregs
were significantly higher in the PBS control and DC vaccination
groups compared to groups injected with lenalidomide + PD-1
blockade (P < 0.05). It is notable that the combination of

DCs + lenalidomide + PD-1 blockade resulted in the lowest
proportion of splenic Tregs (P < 0.05; Figures 4B-D; Figures
S5B-D in Supplementary Material). These findings suggest that
DCs + lenalidomide + PD-1 blockade enhances therapeutic
antitumor immunity by also inhibiting immunosuppressive cells
in the tumor microenvironment during the vaccination phases.

Efficient Suppression of Inhibitory
Cytokine Production by the Combination
of DC Vaccination Plus Lenalidomide

and PD-1 Blockade in the Tumor
Microenvironment of Myeloma-

Bearing Mice

To investigate the immunological mechanisms underlying the
enhanced tumor-specificimmune responses, we evaluated the inhibi-

tory effects of the combination therapy (DC vaccination plus lena-
lidomide and PD-1 blockade) on the inhibitory cytokine production.
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FIGURE 4 | Inhibition of myeloid-derived suppressor cells (MDSCs) and regulatory T cells (Tregs) in the spleens of mice treated with dendritic cells (DCs) plus
lenalidomide and anti-PD-1 We measured proportions of (A) MDSCs (CD11b*Gr-1%), (B) CD4+*CD25* Tregs, (C) CD4+Foxp3* Tregs, and (D) CD4+*CD25*Foxp3+*
Tregs using flow cytometry (left panel) and compared them using quantitative bar graphs (right panel). The proportions of MDSCs and Tregs were significantly
increased in the PBS control and DC vaccination groups compared to the groups injected with lenalidomide or anti-PD-1 after tumor inoculation. The DC
vaccination plus lenalidomide and anti-PD-1 combination group showed significantly decreased proportions of splenic MDSCs and Tregs compared to the
other groups (*P < 0.05). Data are representative of at least three experiments.

Compared to the treatment groups, the PBS control group was
significantly higher in the TGF-p production (P < 0.001). However,
the production of TGF-f did not significantly differ among the treat-
ment groups (Figure 5C; Figure S6C in Supplementary Material). In
addition, the combination of DCs + lenalidomide + PD-1 blockade
led to the production of the least IL-10 compared to other groups
(P < 0.001; Figure 5D; Figure S6D in Supplementary Material),
which suggests that the combination therapy of DC vaccination plus
lenalidomide and PD-1 blockade changed the tumor microenviron-
ment toward immunostimulatory by suppressing the production of
inhibitory cytokines IL-10 and TGF-p.

DISCUSSION

Dendritic cell-based vaccines serve a promising immuno-
therapeutic weapon with the potential to prolong the survival
of patients with incurable MM (2, 12). Several new tools have

been developed and combined to improve clinical outcomes of
DC vaccination against MM (17, 18). Recent studies have defined
immune checkpoint PD-1/PD-L1 signaling as a key pathway
regulating the critical balance between immune activation and
tolerance (24, 37-40). The PD-1/PD-L1 pathway plays an impor-
tant role in shaping the tumor-promoting, immunosuppressive
microenvironment of MM. Rosenblatt et al. (41) reported that
PD-L1 is highly expressed in plasma cells of MM patients but
not in normal plasma cells. Our study confirmed that PD-L1 is
also overexpressed on MOPC-315 cell lines (99%). Furthermore,
significant PD-1 expression was observed in circulating T cells of
advanced MM patients. Inhibition of the PD-1/PD-LI signaling
pathway induces an anti-MM immune response and can be a
promising option for anti-myeloma therapy (42, 43).

The tumor microenvironment of MM promotes tumor cell
growth and helps them escape from immune surveillance by
actively suppressing anti-MM immune effector responses (1, 2).
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FIGURE 5 | Enhanced M1 and impaired M2 macrophage polarization and reduced inhibitory cytokine production via vaccination with dendritic cells (DCs) plus
lenalidomide and anti-PD-1 We measured proportions of (A) M1 macrophages (CD11b*F4/80*CD206-) and (B) M2 macrophages (CD11b*F4/80*CD206%) in the
spleens of vaccinated tumor-bearing mice using flow cytometry (left panel) and compared them using quantitative bar graphs (right panel). The DCs plus lenalidomide
and anti-PD-1 combination group exhibited the highest proportion of M1 macrophages and the lowest proportion of M2 macrophages compared to the other groups
(*P < 0.05). Data are representative of three independent experiments. The production of (C) TGF-g and (D) IL-10 inhibitory cytokines in the tumors of tumor-bearing
mice was evaluated by enzyme-linked immunosorbent assay. Compared to the treatments, PBS control led to the production of higher levels of TGF-f (***P < 0.001).
However, the production of TGF-p did not differ significantly among the treatment groups. The production of IL-10 was significantly decreased in the DCs plus
lenalidomide and anti-PD-1 combination therapy group compared to the other groups (**P < 0.001). Data are representative of at least three experiments.

Lenalidomide, an immunomodulatory drug, inhibits the expres-
sion of PD-1 in NK cells, helper T cells, and CTLs of MM patients
and downregulates the expression of PD-L1 in myeloma cell lines
and primary myeloma cells (20, 34). Lenalidomide was shown
to reduce PD-1 expression in all effector cells (CD4* T cells,
CD8* T cells, NK cells, and NKT cells), and PD-L1 expression
in MM cells, MDSC, and monocyte/macrophages in an in vitro
experiment (35). Additionally, Patients undergoing treatment of
lenalidomide demonstrated reduced PD-1 expression in CD8*
T cells (44). Moreover, lenalidomide plus PD-1/PD-L1 checkpoint
blockade suppressed MDSCs and stroma-mediated MM growth
and enhanced MM-specific cytotoxicity of immune effector cells
in BM environments (35). Our previous studies demonstrated
that DC-based vaccines were safe and induced the expansion
of circulating CD4* T cells and CD8* T cells that are specific
for tumor antigens, which was synergistically enhanced by the
combination of lenalidomide (21, 22, 36). Our expectation was
that the therapeutic efficacy of DC vaccination will be far more
enhanced if both lenalidomide and PD-1 blockade are combined.
Lenalidomide and anti-PD-1 antibody should synergistically

improve the MM microenvironment, in which the host immune
effector cells induced by the DC vaccination will exert anti-MM
effects. This study, as expected, showed that DC vaccination
combined to the lenalidomide and PD-1 blockade regiment
further inhibited MM tumor growth, consequently prolonging
the survival of tumor-bearing mice: the triple combination
induced strong anti-myeloma CTL responses and increased the
number of effector cells (CD4* T cells, CD8" T cells, NK cells,
and M1 macrophages), while effectively discouraging suppres-
sor cells (MDSCs, Tregs, and M2 macrophages) in the systemic
immune compartment. These findings evidence the induction
of systemic immune response potentially being able to eradicate
disseminated diseases. DCs combined with lenalidomide and
PD-1 blockade also heightened the anti-myeloma cell mediate
immunity by inducing the Th1 polarization, as evidenced by the
high-level production of IFN-y, and by suppressing Th2 immune
responses, as evidenced by the low-level production of IL-10 and
TGEF-p. Tregs, MDSCs, and M2 macrophages are major elements
molding the potent immunosuppressive environment in tumor
tissues. The inhibition of Treg, MDSC, and M2 macrophage
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accumulation in the spleen should further contribute to effective
anti-myeloma cell mediate immunity in the systemic immune
compartment by reciprocally activating DCs or CTLs.

Murine models of myeloma are critical tools to study the
mechanisms of disease resistance, pathogenesis, and the devel-
opment of new therapeutic strategies (45, 46). This study has
some limitation to interpret data due to subcutaneous injection
of MOPC-315 cells for making plasmacytoma rather than BM
involvement model for myeloma.

In conclusion, this study suggests that lenalidomide plus
PD-1 blockade treatment synergistically enhances the efficacy
of DC vaccination in a murine myeloma model by inhibit-
ing the generation of immunosuppressive cells and the Th2
immune response and enhancing effector cells and the Thl
immune responses. We hereby propose a framework for a more
efficacious DC-based vaccination strategy against MM with the
combination of immunomodulatory drug lenalidomide and
anti-PD-1 antibody.
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FIGURE S1 | Antitumor efficacy of individual therapies in a model of murine
myeloma. (A) We measured the levels of PD-L1 expressed on MOPC-315 cell
lines using flow cytometry. MOPC-315 cell lines showed high-level expression
of PD-L1 (99%). Representative histogram shows marker expression (shaded)
compared with those of isotype control (black line). (B) Representative images
of mice vaccinated with lenalidomide (0.25 or 0.5 mg/kg), anti-PD-1 (250 pg/
mouse), and dying myeloma cell-loaded dendritic cells (DCs) as single
treatments. (C) Data are shown as the mean + SEM and are representative of
two independent experiments. All single treatment groups showed significant

inhibition of tumor growth compared to the PBS control (*P < 0.05). Experiments
consisted of five mice per group.

FIGURE S2 | (A) Representative images of mice vaccinated with dendritic cells
(DCs) plus lenalidomide and anti-PD-1 showed significant inhibition of tumor
growth compared to the PBS control, DC vaccination, DCs plus anti-PD-1, and
DCs plus lenalidomide groups. (B) The survival of the tumor-bearing mice is
shown. The combination of DCs plus lenalidomide and anti-PD-1 significantly
inhibited tumor growth (*P < 0.05; ***P < 0.001 on day 29) and induced a
long-term systemic anti-myeloma immune response. Experiments consisted of
five mice per group.

FIGURE S3 | (A) Representative images of mice vaccinated with dendritic cells
(DCs) plus lenalidomide and anti-PD-1 showed significant inhibition of tumor
growth compared to mice treated with lenalidomide plus anti-PD-1. (B) Data are
shown as the mean + SEM and are representative of two independent
experiments. (C) The survival of the tumor-bearing mice is shown. The
combination of DCs plus lenalidomide and anti-PD-1 significantly inhibited tumor
growth (*P < 0.05 on day 25) and induced a long-term systemic anti-myeloma
immune response. Experiments consisted of five mice per group.

FIGURE S4 | Activation of cytotoxic T lymphocytes and natural killer (NK) cells,
proportions of CD4+* T cells and memory T cells, NK cells, and cytokine
production induced by a combination of dendritic cells (DCs) plus lenalidomide
and anti-PD-1 (A) We counted the number of IFN-y-secreting lymphocytes in the
spleens of mice treated with lenalidomide plus anti-PD-1 and with DCs plus
lenalidomide and anti-PD-1 using the IFN-y enzyme-linked immunospot assay.
The combination of DCs plus lenalidomide and anti-PD-1 significantly increased
the number of IFN-y-secreting lymphocytes targeting MOPC-315 and YAC-1
cells compared to treatment with lenalidomide plus anti-PD-1 (*P < 0.05).

(B) IFN-y and (C) TGF-p production in the splenocytes of vaccinated mice was
evaluated by enzyme-linked immunosorbent assay. The combination of DCs plus
lenalidomide and anti-PD-1 led to the production of higher levels of [FN-y
compared to treatment with lenalidomide plus anti-PD-1 (**P < 0.001). The
production of TGF-f did not differ significantly between the two groups. Data are
shown as the mean (pg/mL) + SD of triplicate cultures from three independent
experiments. We measured proportions of (D) CD4+ T cells, (E) memory T cells,
and (F) NK cells using flow cytometry (left panel) and compared them using
quantitative bar graphs (right panel). The results revealed significant increases in
CD4+ T cells and memory T cells in the DCs plus lenalidomide and anti-PD-1
group compared to the lenalidomide plus anti-PD-1 group (‘P < 0.05;

***P < 0.001). Percentages of NK cells did not differ significantly between the two
groups. Data are representative of at least three experiments.

FIGURE S5 | Inhibition of myeloid-derived suppressor cells (MDSCs) and Tregs
in the spleens of mice treated with a combination of dendritic cells (DCs) plus
lenalidomide and anti-PD-1. We measured proportions of (A) MDSCs
(CD11b*Gr-17), (B) CD4*CD25* Tregs, (C) CD4+Foxp3* Tregs, and (D)
CD4+CD25*Foxp3* Tregs using flow cytometry (left panel) and compared them
using quantitative bar graphs (right panel). The DC vaccination plus lenalidomide
and anti-PD-1 combination group showed decreased proportions of splenic
MDSCs and Tregs compared to the lenalidomide plus anti-PD-1 group. Data are
representative of at least three experiments.

FIGURE S6 | Enhanced M1 and impaired M2 macrophage polarization and
reduced inhibitory cytokine production by a combination of dendritic cells (DCs)
plus lenalidomide and anti-PD-1. We measured proportions of (A) M1
macrophages (CD11b*F4/80*CD206-) and (B) M2 macrophages
(CD11b*F4/80*CD206+) in the spleens of vaccinated tumor-bearing mice using
flow cytometry (left panel) and compared them using quantitative bar graphs
(right panel). The DCs plus lenalidomide and anti-PD-1 combination group
showed significantly increased proportions of M1 macrophages compared to the
lenalidomide plus anti-PD-1 group (“P < 0.05). Percentages of M2 macrophages
did not differ significantly between the two groups. Data are representative of at
least three experiments. The production of (C) TGF-p and (D) IL-10 inhibitory
cytokines in the tumors of tumor-bearing mice was evaluated by enzyme-linked
immunosorbent assay. The production of IL-10 was significantly decreased in the
DCs plus lenalidomide and anti-PD-1 combination therapy group compared to
the lenalidomide plus anti-PD-1 group (**P < 0.001). The production of TGF-p
did not differ significantly between the two groups. Data are representative of at
least three experiments.

Frontiers in Immunology | www.frontiersin.org

June 2018 | Volume 9 | Article 1370


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://www.frontiersin.org/articles/10.3389/fimmu.2018.01370/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2018.01370/full#supplementary-material

Vo et al.

DCs Plus Lenalidomide and Anti-PD-1

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

. Drach J, Kaufmann H. New developments and treatment in multiple myeloma:

new insights on molecular biology. Ann Oncol (2002) 4:43-7. doi:10.1093/
annonc/mdf637

Hoang MD, Jung SH, Lee HJ, Lee YK, Nguyen-Pham TN, Choi NR, et al.
Dendritic cell-based cancer immunotherapy against multiple myeloma: from
bench to clinic. Chonnam Med ] (2015) 51(1):1-7. doi:10.4068/cm;.2015.51.1.1
Kumar SK, Gertz MA. Risk adapted therapy for multiple myeloma: back to
basics. Leuk Lymphoma (2014) 55(10):2219-20. doi:10.3109/10428194.2014.
905775

Banchereau J, Steinman RM. Dendritic cells and the control of immunity.
Nature (1998) 392(6673):245-52. doi:10.1038/32588

Reid DC. Dendritic cells and immunotherapy for malignant disease.
Br ] Haematol (2001) 112(4):874-87. doi:10.1046/j.1365-2141.2001.02626.x
Hong CY, Lee HJ, Choi NR, Jung SH, Vo MC, Hoang MD, et al. Sarcoplasmic
reticulum Ca(2+) ATPase 2 (SERCA2) reduces the migratory capacity of
CCL21-treated monocyte-derived dendritic cells. Exp Mol Med (2016)
48(8):e253. doi:10.1038/emm.2016.69

Hoang MD, Lee HJ, Lee HJ, Jung SH, Choi NR, Vo MC, et al. Branched poly-
ethylenimine-superparamagnetic iron oxide nanoparticles (bPEI-SPIONs)
improve the immunogenicity of tumor antigens and enhance Th1 polarization
of dendriticcells. ] Immunol Res (2015) 2015:706379.d0i:10.1155/2015/706379
Choi NR, Lee HJ, Jung SH, Hong CY, Vo MC, Hoang MD, et al. Generation
of potent dendritic cells with improved migration ability through p-cofilin
and sarco/endoplasmic reticulum Ca(2+) transport ATPase 2 regulation.
Cytotherapy (2015) 17(10):1421-33. doi:10.1016/j.jcyt.2015.06.002

Jung SH, Lee YK, Lee HJ, Choi NR, Vo MC, Hoang MD, et al. Dendritic cells
loaded with myeloma cells pretreated with a combination of JSI-124 and bor-
tezomib generate potent myeloma-specific cytotoxic T lymphocytes in vitro.
Exp Hematol (2014) 42(4):274-81. doi:10.1016/j.exphem.2013.12.008
Parrish C, Scott GB, Cook G. Immune dysfunction in multiple myeloma. Int
J Hematol Oncol (2013) 2:49-59. doi:10.2217/ijh.12.33

Ratta M, Fagnoni E, Curti A, Vescovini R, Sansoni P, Oliviero B, et al. Dendritic
cells are functionally defective in multiple myeloma: the role of interleukin-6.
Blood (2002) 100(1):230-7. doi:10.1182/blood.V100.1.230

Jung SH, Lee HJ, Vo MC, Kim HJ, Lee JJ. Inmunotherapy for the treatment of
multiple myeloma. Crit Rev Oncol Hematol (2017) 111:87-93. doi:10.1016/j.
critrevonc.2017.01.011

Vo MC, Anh-Nguyen Thi T, Lee HJ, Nguyen-Pham TN, Jaya Lakshmi T,
Jung SH, et al. Lenalidomide enhances the function of dendritic cells gen-
erated from patients with multiple myeloma. Exp Hematol (2017) 46:48-55.
doi:10.1016/j.exphem.2016.11.004

Vo MC, Nguyen-Pham TN, Lee HJ, Jung SH, Choi NR, Hoang MD, et al.
Chaetocin enhances dendritic cell function via the induction of heat shock
protein and cancer testis antigens in myeloma cells. Oncotarget (2017)
8(28):46047-56. doi:10.18632/oncotarget.17517

Galustian C, Meyer B, Labarthe MC, Dredge K, Klaschka D, Henry J, et al. The
anti-cancer agents lenalidomide and pomalidomide inhibit the proliferation
and function of T regulatory cells. Cancer Immunol Immunother (2009)
58(7):1033-45. doi:10.1007/500262-008-0620-4

Hideshima T, Chauhan D, Shima Y, Raje N, Davies FE, Tai YT, et al.
Thalidomide and its analogs overcome drug resistance of human multiple
myeloma cells to conventional therapy. Blood (2000) 96(9):2943-50.

Lagrue K, Carisev A, Morgan Chopra R, Davis DM. Lenalidomide augments
actin remodelling and lowers NK cell activation thresholds. Blood (2015)
126(1):50-60. doi:10.1182/blood-2015-01-625004

List A, Dewald G, Bennett ], Giagounidis A, Raza A, Feldman E, et al.
Lenalidomide in the myelodysplastic syndrome with chromosome 5q dele-
tion. N Engl ] Med (2006) 355(14):1456-65. doi:10.1056/NEJMo0a061292
Luptakova K, Glotzbecker B, Mills H, Stroopinsky D, Vasir B, Rosenblatt J,
et al. Lenalidomide decrease PD-1 expression, depletes regulatory T-cells
and improves cellular response to a multiple myeloma/dendritic cell fusion
vaccine in vitro. Blood (2010) 116:492.

Luptakova K, Rosenblatt ], Glotzbecker B, Mills H, Stroopinsky D, Kufe T, et al.
Lenalidomide enhances anti-myeloma cellular immunity. Cancer Immunol
Immunother (2013) 62(1):39-49. doi:10.1007/s00262-012-1308-3
Nguyen-Pham TN, Jung SH, Vo MC, Thanh-Tran HT, Lee YK, Lee HJ, et al.
Lenalidomide synergistically enhances the effect of dendritic cell vaccination

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

in a model of murine multiple myeloma. ] Immunother (2015) 38(8):330-9.
doi:10.1097/CJ1.0000000000000097

Vo MC, Nguyen-Pham TN, Lee HJ, Jaya Lakshmi T, Yang S, Jung SH, et al.
Combination therapy with dendritic cells and lenalidomide is an effective
approach to enhance antitumor immunity in a mouse colon cancer model.
Oncotarget (2017) 8(16):27252-62. doi:10.18632/oncotarget.15917

Dong H, Strome SE, Salomao DR, Tamura H, Hirano E Flies DB, et al.
Tumor-associated B7-H1 promotes T-cell apoptosis: a potential mechanism
of immune evasion. Nat Med (2002) 8(8):793-800. doi:10.1038/nm730
Freeman GJ, Long AJ, Iwai Y, Bourque K, Chernova T, Nishimura H, et al.
Engagement of the PD-1 immunoinhibitory receptor by a novel B7 family
member leads to negative regulation of lymphocyte activation. | Exp Med
(2000) 192(7):1027-34. doi:10.1084/jem.192.7.1027

Robert C, Thomas L, Bondarenko I, O’Day S, Weber ], Garbe C, et al.
Ipilimumab plus dacarbazine for previously untreated metastatic melanoma.
N Engl ] Med (2011) 364(26):2517-26. d0i:10.1056/NEJMoal104621
Topalian SL, Drake CG, Pardoll DM. Targeting the PD-1/B7-H1(PD-L1)
pathway to activate anti-tumor immunity. Curr Opin Immunol (2012)
24(2):207-12. d0i:10.1016/j.c01.2011.12.009

Hamid O, Robert C, Daud A, Hodi FS, Hwu W], Kefford R, et al. Safety and
tumor responses with lambrolizumab (anti-PD-1) in melanoma. N Engl ] Med
(2013) 369(2):134-44. doi:10.1056/NEJMoal305133

Rajan A, Gulley JL. Nivolumab (anti-PD-1, BMS-936558, ONO-4538) in
patients with advanced non-small cell lung cancer. Transl Lung Cancer Res
(2014) 3(6):403-5. doi:10.3978/j.issn.2218-6751.2014.09.02

Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDermott DF,
et al. Safety, activity, and immune correlates of anti-PD-1 antibody in cancer.
N Engl ] Med (2012) 366(26):2443-54. d0i:10.1056/NEJMo0a1200690
Topalian SL, Sznol M, McDermott DF, Kluger HM, Carvajal RD, Sharfman WH,
et al. Survival, durable tumor remission, and long-term safety in patients
with advanced melanoma receiving nivolumab. JClin Oncol (2014)
32(10):1020-30. doi:10.1200/JC0O.2013.53.0105

Wolchok JD, Kluger H, Callahan MK, Postow MA, Rizvi NA, Lesokhin AM,
etal. Nivolumab plus ipilimumab in advanced melanoma. N Engl ] Med (2013)
369(2):122-33. doi:10.1056/NEJMoal302369

Suen H, Brown R, Yang S, Weatherburn C, Ho PJ, Woodland N, et al. Multiple
myeloma causes clonal T-cell immunosenescence: identification of potential
novel targets for promoting tumour immunity and implications for check-
point blockade. Leukemia (2016) 30(8):1716-24. doi:10.1038/leu.2016.84
Suen H, Brown R, Yang S, Ho PJ, Gibson J, Joshua D. The failure of immune
checkpoint blockade in multiple myeloma with PD-1 inhibitors in a phase 1
study. Leukemia (2015) 29(7):1621-2. doi:10.1038/leu.2015.104

Benson DM Jr, Bakan CE, Mishra A, Hofmeister CC, Efebera Y, Becknell B,
et al. The PD-1/PD-L1 axis modulates the natural killer cell versus multiple
myeloma effect: a therapeutic target for CT-011, a novel monoclonal anti-PD-1
antibody. Blood (2010) 116(13):2286-94. doi:10.1182/blood-2010-02-271874
Gorgiin G, Samur MK, Cowens KB, Paula S, Bianchi G, Anderson JE, et al.
Lenalidomide enhances immune checkpoint blockade-induced immune
response in multiple myeloma. Clin Cancer Res (2015) 21(20):4607-18.
doi:10.1158/1078-0432.CCR-15-0200

Vo MC, Lee HJ, Kim JS, Hoang MD, Choi NR, Rhee JH, et al. Dendritic cell vac-
cination with a toll-like receptor agonist derived from mycobacteria enhances
anti-tumor immunity. Oncotarget (2015) 6(32):33781-90. doi:10.18632/
oncotarget.5281

Dong H, Zhu G, Tamada K, Chen L. B7-H1, a third member of the B7 family,
co-stimulates T-cell proliferation and interleukin-10 secretion. Nat Med
(1999) 5(12):1365-9. doi:10.1038/70932

Ishida Y, Agata Y, Shibahara K, Honjo T. Induced expression of PD-1, a novel
member of the immunoglobulin gene superfamily, upon programmed cell
death. EMBO ] (1992) 11(11):3887-95.

Keir ME, Butte MJ, Freeman GJ, Sharpe AH. PD-1 and its ligands in tolerance
and immunity. Annu Rev Immunol (2008) 26:677-704. doi:10.1146/annurev.
immunol.26.021607.090331

Lafferty KJ, Cunningham AJ. A new analysis of allogeneic interactions. Aust
] Exp Biol Med Sci (1975) 53(1):27-42. d0i:10.1038/icb.1975.3

Rosenblatt ], Glotzbecker B, Mills H, Vasir B, Tzachanis D, Levine JD, et al.
PD-1 blockade by CT-011, anti-PD-1 antibody, enhances ex vivo T-cell
responses to autologous dendritic cell/myeloma fusion vaccine. ] Immunother
(2011) 34(5):409-18. doi:10.1097/CJL.0b013e3182 1 cabee

Frontiers in Immunology | www.frontiersin.org

June 2018 | Volume 9 | Article 1370


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1093/annonc/mdf637
https://doi.org/10.1093/annonc/mdf637
https://doi.org/10.4068/cmj.2015.51.1.1
https://doi.org/10.3109/10428194.2014.
905775
https://doi.org/10.3109/10428194.2014.
905775
https://doi.org/10.1038/32588
https://doi.org/10.1046/j.1365-2141.2001.02626.x
https://doi.org/10.1038/emm.2016.69
https://doi.org/10.1155/2015/706379
https://doi.org/10.1016/j.jcyt.2015.06.002
https://doi.org/10.1016/j.exphem.2013.12.008
https://doi.org/10.2217/ijh.12.33
https://doi.org/10.1182/blood.V100.1.230
https://doi.org/10.1016/j.critrevonc.2017.01.011
https://doi.org/10.1016/j.critrevonc.2017.01.011
https://doi.org/10.1016/j.exphem.2016.11.004
https://doi.org/10.18632/oncotarget.17517
https://doi.org/10.1007/s00262-008-0620-4
https://doi.org/10.1182/blood-2015-01-625004
https://doi.org/10.1056/NEJMoa061292
https://doi.org/10.1007/s00262-012-1308-3
https://doi.org/10.1097/CJI.0000000000000097
https://doi.org/10.18632/oncotarget.15917
https://doi.org/10.1038/nm730
https://doi.org/10.1084/jem.192.7.1027
https://doi.org/10.1056/NEJMoa1104621
https://doi.org/10.1016/j.coi.2011.12.009
https://doi.org/10.1056/NEJMoa1305133
https://doi.org/10.3978/j.issn.2218-6751.2014.09.02
https://doi.org/10.1056/NEJMoa1200690
https://doi.org/10.1200/JCO.2013.53.0105
https://doi.org/10.1056/NEJMoa1302369
https://doi.org/10.1038/leu.2016.84
https://doi.org/10.1038/leu.2015.104
https://doi.org/10.1182/blood-2010-02-271874
https://doi.org/10.1158/1078-0432.CCR-15-0200
https://doi.org/10.18632/
oncotarget.5281
https://doi.org/10.18632/
oncotarget.5281
https://doi.org/10.1038/70932
https://doi.org/10.1146/annurev.immunol.26.021607.090331
https://doi.org/10.1146/annurev.immunol.26.021607.090331
https://doi.org/10.1038/icb.1975.3
https://doi.org/10.1097/CJI.0b013e31821ca6ce

Vo et al.

DCs Plus Lenalidomide and Anti-PD-1

42,

43.

44.

45.

Guillerey C, Nakamura K, Vuckovic S, Hill GR, Smyth MJ. Immune responses
in multiple myeloma: role of the natural immune surveillance and potential
of immunotherapies. Cell Mol Life Sci (2016) 73(8):1569-89. doi:10.1007/
s00018-016-2135-z

Tamura H, Ishibashi M, Yamashita T, Tanosaki S, Okuyama N, Kondo A,
et al. Marrow stromal cells induce B7-HI expression on myeloma cells,
generating aggressive characteristics in multiple myeloma. Leukemia (2013)
27(2):464-72. doi:10.1038/leu.2012.213

Danhof S, Schreder M, Knop S, Rasche L, Strifler S, Loffler C, et al. Expression
of programmed death-1 on lymphocytes in myeloma patients is lowered
during lenalidomide maintenance. Haematologica (2018) 103(3):e126-9.
doi:10.3324/haematol.2017.178947

Lwin ST, Edwards CM, Silbermann R. Preclinical animal models of multiple
myeloma. Bonekey Rep (2016) 5:772. doi:10.1038/bonekey.2015.142

46. Richard AC, James RB. Animal models of multiple myeloma and their utility in
drug discovery. Curr Protoc Pharmacol (2008) 40:14.9.1-14.9.22. doi:10.1002/
0471141755.ph1409s40

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2018 Vo, Jung, Chu, Lee, Lakshmi, Park, Kim, Rhee and Lee. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CCBY). The use, distribution or reproduction in other forums is permitted, pro-
vided the original author(s) and the copyright owner are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

11

June 2018 | Volume 9 | Article 1370


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1007/s00018-016-2135-z
https://doi.org/10.1007/s00018-016-2135-z
https://doi.org/10.1038/leu.2012.213
https://doi.org/10.3324/haematol.2017.178947
https://doi.org/10.1038/bonekey.2015.142
https://doi.org/10.1002/
0471141755.ph1409s40
https://doi.org/10.1002/
0471141755.ph1409s40
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Lenalidomide and Programmed Death-1 Blockade Synergistically Enhances the Effects of Dendritic Cell Vaccination in a Model of Murine Myeloma
	One-Sentence Summary
	Introduction
	Materials and Methods
	Mice and Tumor Cell Lines
	Immunomodulatory Drug (Lenalidomide) and Programmed Death-1 (Anti-PD-1)
	Generation of BM-Derived DCs
	Generation of Dying Myeloma Cell-Loaded DCs
	Animal Vaccination
	Phenotypic Analysis of Splenocytes 
From Vaccinated Mice
	Tumor Antigen-Specific CTL Activity 
of Vaccinated Mice
	In Vitro Analysis of Cytokine Production 
in Vaccinated Mice
	Intracellular Staining Assay of Tregs and Macrophages Generated in the Spleens 
of Vaccinated Mice
	Statistical Analyses

	Results
	DC Vaccination in Combination With Lenalidomide and Anti-PD-1 Treatment Induced a Synergistic Anti-Myeloma Immunity Effect
	Activation of CTLs by DC Vaccination Plus Lenalidomide and PD-1 Blockade
	Suppression of MDSCs, M2 Macrophages, and Regulatory T Cells (Tregs) by the Combination of DC Vaccination Plus Lenalidomide and PD-1 Blockade
	Efficient Suppression of Inhibitory Cytokine Production by the Combination of DC Vaccination Plus Lenalidomide 
and PD-1 Blockade in the Tumor Microenvironment of Myeloma-
Bearing Mice

	Discussion
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


