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ABSTRACT
Immune evasion is an important driver of disease progression in the plasma cell malignancy multiple
myeloma. Recent work highlights the potential of epigenetic modulating agents as tool to enhance anti-
tumor immunity. The immune modulating effects of the combination of a DNA methyltransferase
inhibitor and a histone deacetylase inhibitor in multiple myeloma is insufficiently characterized.
Therefore, we used the murine immunocompetent 5T33MM model to investigate hallmarks of immuno-
genic cell death as well as alterations in the immune cell constitution in the bone marrow of diseased
mice in response to the DNA methyltransferase inhibitor decitabine and the histone deacetylase
inhibitor quisinostat. Vaccination of mice with 5T33 cells treated with epigenetic compounds delayed
tumor development upon a subsequent tumor challenge. In vitro, epigenetic treatment induced ecto-
calreticulin and CD47, as well as a type I interferon response. Moreover, treated 5T33vt cells triggered
dendritic cell maturation. The combination of decitabine and quisinostat in vivo resulted in combinatory
anti-myeloma effects. In vivo, epigenetic treatment increased tumoral ecto-calreticulin and decreased
CD47 and PD-L1 expression, increased dendritic cell maturation and reduced CD11b positive cells.
Moreover, epigenetic treatment induced a temporal increase in presence of CD8-positive and CD4-
positive T cells with naive and memory-like phenotypes based on CD62L and CD44 expression levels,
and reduced expression of exhaustion markers PD-1 and TIM3. In conclusion, a combination of a DNA
methyltransferase inhibitor and a histone deacetylase inhibitor increased the immunogenicity of mye-
loma cells and altered the immune cell constitution in the bone marrow of myeloma-bearing mice.
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Introduction

A major hallmark of cancer is immune evasion which can
occur at different levels of the immune response cycle.1,2 This
includes the improper stimulation of dendritic cells (DCs)
during tolerogenic cell death, the inefficient priming of naive
T cells, absence or dysfunctionality of effector immune cells,
improper antigen presentation by tumor cells and an immu-
nosuppressive tumor microenvironment.3,4 In multiple mye-
loma (MM), the immune system is compromised at multiple
levels. MM cells express immunosuppressive cytokines and
molecules such as IL6, IL10, TGFβ, PD-L1, CD28, CD200
and ICOS-L which negatively influence DC and T cell function.
Moreover, regulatory T cells, and (immature) myeloid cells
inhibit effector anti-MM responses.5,6 Strategies are being
developed to circumvent these immune escape mechanisms
and include checkpoint inhibition, vaccination, adoptive T
cell transfer and targeting of immunosuppressive populations.7

Epigenetic modulating agents (EMAs) including DNA
methyltransferase inhibitors (DNMTi) and histone deacety-
lase inhibitors (HDACi) have been shown to modulate anti-

tumor immune responses in various cancer models.8–10 In
MM patients, combining lenalidomide and the DNMTi aza-
cytidine stimulated an adaptive immune response by inducing
the expression of antigens.11 DNMTi and HDACi induced
MAGE-A3 expression in primary MM cells, thereby stimulat-
ing recognition by MAGE-A3 cytotoxic T lymphocytes
(CTLs).12 The HDACi valproic acid induced natural killer
(NK) ligands in MM cells and potentiated NK cell-mediated
lysis.13 We demonstrated that in vivo treatment of 5T33MM
diseased mice with the HDACi quisinostat (Quis) and the
DNMTi decitabine (DAC) results in the upregulation of
genes involved in immune regulation.14 Mechanistically, it
Chiappinelli et al. demonstrated that DNMTi induce a type
I interferon (IFN) response due to viral mimicry.15 Moreover,
enhanced anti-tumor immunity by combining DNMTi with
HDACi involves type I IFN, MYC depletion and profound
alterations in the tumor microenvironment.9,10

To our knowledge, pre-clinical work on the immune
modulating effects of combining DNMTi and HDACi in
MM is limited. In this study, we report on the immuno-
modulatory effects mediated by DNMTi and HDACi in
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the 5T33MM immunocompetent murine model for MM.
Here, we studied hallmarks of immunogenic cell death
(ICD) in addition to the immune cell constitution in the
bone marrow (BM) microenvironment. ICD is a regulated
form of cell death that is correlated with exposure and
release of danger-associated molecular patterns (DAMPs)
including cell-surface calreticulin, HMGB1, type I IFN,
ANXA1 and ATP which are known to stimulate adaptive
immune responses.16 Therefore, the presence of DAMPs
and associated components of an anti-myeloma immune
response are interesting to study in the context of DNMTi
and HDACi.

Results

Cell death is induced by low doses of decitabine and
quisinostat

To study the hallmarks of ICD, it is needed to understand the
timing and dosing at which cells die upon treatment. To optimize
dosing for the combination of DAC and Quis for the 5T33vt cells,
wemonitored cell death and themolecular targets of the respective
drugs using nanomolar concentrations of both drugs. DAC dose-
dependently reduced DNMT1 expression after 1 day which was
most pronounced with 100 nM. DNMT1 expression quickly
recovered in the next two days. Cell death was increased dose-
dependently and reached up to 30%ofAnnexin-Vpositive cells on
day 3 (Supplementary Figure S1A, B). Quis induced acetylation of
histoneH3 and induced up to 30%of Annexin-V positivity on day
3 with 10 nM (Supplementary Figure S1C, D). We next deter-
mined cell death in a 1-day and 4-day combination setup.
Therefore, we first treated cells with DAC for 3 days. For the 1-
day or 4-day combination, Quis was added on day 6 or day 3,
respectively. (Supplementary Figure S1E). The 4-day combination
of 50 nM DAC and 5 nM Quis showed a significant induction of
Annexin-V positivity on day 7 compared to single agents
(Supplementary Figure S1F). In the combination setup, the levels
of acetylated histone H3 were increased and DNMT1 expression
was decreased confirming the on-target effects of the combination
(Figure S1G). We have previously shown in human myeloma cell
lines that this combination represses MYC transcriptional
responses.17 Similarly, MYC expression was downregulated in
the murine 5T33vt cells upon treatment confirming the MYC-
targeting effects of combining DNMTi and HDACi in MM
(Supplementary Figure S1H). The combination effects were also
observed with 100 nM DAC and 10 nM Quis which in the 4-day
combination setup resulted in 70% Annexin-V positivity at day 6
and 80% at day 7 (Supplementary Figure S1I). As a comparison,
the minimal single agent dose to reach these levels of cell death
levels was 300 nMDACand 20 nMofQuis. To be able to compare
the ICD inducing effects of EMAs to chemotherapy, we treated
5T33vt cells with bortezomib (Bz), melphalan (Mel) and the
known ICD-inducer mitoxantrone (Mtx). These compounds
dose- and time-dependently induced cell death in the 5T33vt
cells (Supplementary Figure S1J, K). To conclude, we determined
the timing and dosages of EMAs and chemotherapy for the
investigation of ICD hallmarks.

Vaccination with treated myeloma cells delays tumor
progression

We investigated whether treated myeloma cells undergo bona fide
ICD in response to EMAs, hence inducing a protective effect
against tumor growth in a vaccination assay. The gold-standard
approach to evaluate the ability of a specific stimulus to cause bona
fide ICD relies on vaccination.18 For vaccination, at least 80% of
apoptotic cells is warranted. As such, we used the dosages as
illustrated in Supplementary Figure S1I, K and used the treated
5T33vt cells as a vaccine in C57Bl/KaLwRij mice. Eight days later,
mice were re-challenged with living 5T33vt cells. All vaccinations
but DAC 300 nM resulted in a statistical significant delay in tumor
progression as measured by time to reach 1500 mm3 tumor
volume (Figure 1A). PBS-vaccinated mice had a median survival
time of 29 day. Mice vaccinated withMtx (0.5 µg/ml), Mel (5 µM)
or Bz (5 nM)-treated cells reached a median survival of 47, 47 and
33 days, respectively. Vaccination with cells treated with Quis (20
nM), DAC (300 nM) or the combination (100+10) resulted in a
median survival of 37, 24.5 and 43.5, respectively. For DAC, all
mice developed tumor on the vaccine site making it impossible to
follow-up tumor at the re-challenge site (Supplementary Table 3).
For Bz, this was 5 out of 13 mice and for Quis, 1 out of 5
(Supplementary Table 3). In terms of protection, vaccination
with Mel-treated cells reached 36% of tumor free mice at day 65.
Mtx and Quis conferred 20% protection while the combination of
DAC and Quis and Bz resulted in less than 10% of tumor free
mice. To conclude, vaccination with treated 5T33vt cells delayed
tumor progression upon challenge with living tumor cells.
Protection against tumor formation was most evident in Mel,
Mtx or Quis conditions.

Ecto-calreticulin and increased CD47 positivity was
observed in treated 5T33vt cells

The limited degree of protection observed with the vaccination
assay questions whether ICDwas induced. To gain better under-
standing in the molecular changes associated with ICD, we
investigated which hallmarks of ICD are induced upon treat-
ment with the different compounds.We evaluated the transloca-
tion of the “eat me signal” calreticulin to the cell membrane
using flow cytometry. For this, we analyzed events with normal
FSC and SSC (based on control conditions) and excluded per-
meabilized events based on 7AAD positivity because these can
stain positive for intracellular calreticulin (Supplementary
Figure S2). We observed a significant increase in the percentage
of calreticulin positive/7AAD negative 5T33vt cells treated with
DAC and the combination as well asMel andMtx (Figure 1B,C).
When we included what appears as 7AAD-negative events
regardless of FSC/SSC properties, we identified a calreticulin-
positive, FSC-low population for all compounds (Supplementary
Figure S3A-E). This population size in percentage strongly cor-
related with the percentage of Annexin-V positive/7AAD nega-
tive events (Supplementary Figure S3F, G).We FACS-sorted this
population to verify the morphology and identified that the
majority are small dead cells without clear nucleus, explaining
their negativity for 7AAD (Supplementary Figure S3H). Yet, a
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minority of the sorted cells contains a nucleus and probably
represents the calreticulin positive population with normal
FSC/SSC as observed in Figure 1C, D. We also analyzed the
presence of the “don‘t eat me” signal CD47 which can negatively

affect immune cell priming. We observed a significant increase
in membrane expression (based on fold change of MFI which
was corrected for isotype staining) of CD47 during treatment
within the 7AAD negative population as shown for day 6 for
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Figure 1. Vaccination with treated 5T33vt cells induces a delay in tumor progression.
A: Murine 5T33vt myeloma cells were treated for 7 days with EMAs (DAC 300 nM, Quis 20 nM, combination 100+10) and 2 days with chemotherapy (Mel 5 µM, Bz 5
nM, Mtx 0.5 µg/ml) (Supplementary Figure S1E, I, K). Next, treated/dying cells were pelleted, dissolved in PBS and subcutaneously injected into naive C57Bl/KaLwRij
mice in one flank as vaccine (n = 5–21). Each mouse received the content of 1 well dissolved in 200 µL PBS (starting amount of 5 x 10^5 cells). Eight days later, mice
were injected subcutaneously on the contralateral side with 2 x 10^5 untreated 5T33vt cells in 200 µL PBS (tumor inoculation) and followed-up for tumor
development. The graph represents Kaplan-Meier and statistics were done using log-rank test. B-E: 5T33vt cells were treated with indicated doses (n ≥ 4). For EMA
treatment, we analyzed cells after 6 days of treatment. For chemotherapeutics, we analyzed cells after 1 day of treatment. B, C: Within 7AAD negative cells with
normal FSC and SSC, we determined the percentage of calreticulin positive cells using flow cytometry.D, E: MFI of CD47 within 7AAD negative events. Bars and error
bars represent mean and standard deviation. Statistics were done using One-Way-Anova. *, **, *** indicates p < 0.05, p < 0.001, p < 0.0001, respectively compared to
control condition. †† indicates p < 0.001 compared to single agent treatments. (EMA = epigenetic modulating agents, Chemo = chemotherapy, Cal = calreticulin,
IC = isotype control, Dx = day x, MFI = mean fluorescence intensity, cnt = control, DAC = decitabine, Quis = Quisinostat, Bz = Bortezomib, Mel = Melphalan,
Mtx = Mitoxanthrone).
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epigenetic treatment and day 1 for chemotherapy (Figure 1D, E).
Overlays for indicated conditions are shown in Supplementary
Figure S4. To conclude, during cell death, we observed a low
percentage of pre-apoptotic, ecto-calreticulin positive cells upon
treatment. Alongside, we observed amore general increase in the
tolerogenic signals phosphatidylserine and CD47.

Extracellular HMBG1 was not different upon treatment of
5T33vt cells

We next evaluated the release of HMGB1 in the culture super-
natant upon treatment using ELISA and western blot. Using
western blot, we detected a basal presence of mouse HMGB1
in control conditions, which was not altered upon treatment
with either EMAs or chemotherapy (Supplementary
Figure S5A, B). The concentration of HMGB1 was between 10
and 20 ng/ml as determined using ELISA (Supplementary
Figure S5C). To conclude, the treatments did not result in higher
HMGB1 release compared to untreated control conditions.

A type I interferon response was induced by EMAs and
chemotherapy

Type I IFN contributes to ICD and can be elicited by several
mechanisms. During chemotherapy, tumor cells undergo an
endogenous type I IFN response due to the release of RNA
during cell death which contributes to ICD.19 DNA damaging
agents also induce type I IFN due to dsDNA in the cytoplasm.20

Epigenetic treatment induces a type I IFN response due to
induction of endogenous retroviruses (ERVs).9,10,15 We evalu-
ated the expression of three ERVs (ERV-3, MuMLV and
Syncytin-a) upon EMA treatment. Syncytin-a was significantly
upregulated by the combination of DAC and Quis
(Supplementary Figure S6A), while the other tested ERVs
remained undetected (data not shown). We next analyzed the
expression of Ifnb and interferon stimulated genes Mx1, Ifi27,
Oasl2 and Cxcl10 using qRT-PCR. We treated 5T33vt cells with
EMAs, Mel and Bz with a less toxic dose compared to the
experiments for the vaccination to increase the possibility to
capture this transcriptional response. For DAC and Quis, we
used 50 nM and 5 nM respectively and treated cells up to 7 days
with single agents, or a 1-day and 4-day combination treatment
(Supplementary Figure S1F). The expression of the tested genes
Ifnb, Mx1, Oasl2 and Ifi27 was significantly higher in the 4-day
combination treatment compared to single agents. In case of
Cxcl10, single or combination treatment induced similar levels of
expression (Figure 2A). ELISA confirmed the induction of IFN-
β protein in the DAC and combination treatment
(Supplementary Figure S6B). Mel (2.5 µM), and to a lesser extent
Bz (2.5 nM), also induced the expression of Ifnb andMx1, Ifi27,
Oasl2 and Cxcl10 (Figure 2B, C). Taken together, EMA and
chemotherapy treatment can induce a type I IFN response in
murine 5T33vt myeloma cells.

Epigenetic treated cells induced dendritic cell maturation

Evaluation of hallmarks of ICD shows that treatment of
5T33vt cells with EMAs and chemotherapy does not seem
to initiate full blown ICD, therefore prompting the question

whether the treated 5T33vt cells could activate DCs, a critical
first step in the induction of anti-tumor immune responses.
We analyzed the expression of maturation markers on DCs
co-cultured with treated 5T33vt cells. Our antibody panels
were designed to detect double positivity for MCHI and
CD40 or CD80 and for MHCII and CD86. Upon co-culture
of DCs with dying tumor cells, we observed that EMA-
treated cells induced maturation markers in DCs, namely
double positivity for MHCI and CD40 and CD80 and for
MHC-II and CD86 (Figure 3). The effect was most pro-
nounced with the combination of DAC and Quis but did
not reach statistical significance compared to single agent
treatment. Mel- and Mtx-treated 5T33vt cells induced sig-
nificant changes in MHC-I and CD40 double positivity while
there was only a trend for Bz-treated cells. Of interest, con-
ditioned medium of combination- and Mtx-treated 5T33vt
cells also induced double positivity for MHCII and CD86. To
conclude, DCs that were co-cultured with 5T33vt cells trea-
ted with EMAs and to a lesser extent Mel or Mtx show signs
of activation.

In vivo treatment with DAC and Quis increased tumor
calreticulin and MHCII expression while CD47 and PDL1
was reduced

So far, we have shown that EMA-treated 5T33vt cells are able
to induce DC maturation. Of the investigated ICD hallmarks,
ecto-calreticulin positive cells could be detected and a type I
IFN response can be induced. We next investigated whether
in vivo DAC and Quis can induce changes in the 5T33MM
model which could enhance the immunogenicity. From day 6
after inoculation, we treated mice for three days with DAC. At
this point, we started the combination treatment which was
repeated every two days (Figure 4A). Both manual counting of
the BM plasmacytosis and staining of the 5T33 idiotype (3H2)
confirmed the superior effects of the combination treatment
at day 21 (Figure 4B, C). Phenotypically, the tumor cells of
untreated mice displayed increasing amounts of PDL1 over
time while this was not the case in Quis and the combination
treated mice (Figure 4D). MHCI expression remained high
and unchanged in all conditions (Figure 4E), while MHCII
expression was higher upon DAC or combination treatment
(Figure 4F). Of interest, ecto-calreticulin expression was
higher in the DAC or the combination and CD47 levels
were decreased in the Quis and combination conditions
(Figure 4G, H). Overall, the combination treatment has the
most favorable effects on the tumor in terms of immunogeni-
city, namely reduced PDL1 and CD47 expression, increased
ecto-calreticulin and presence of both MHC-I and MHC-II.

In vivo treatment with DAC and Quis altered the immune
cell constitution of 5T33MM mice

In a next step, we used the 5T33MM model to analyze
changes in number or phenotype of DCs, T cells and myeloid
(CD11b) cells in the BM during treatment. Vehicle-treated
mice retained a stable number of CD11b-positive cells until
day 18 at which tumor load increased. DAC and the combi-
nation reduced the number of CD11b-positive cells early after
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Figure 2. Type I interferon gene expression is induced upon treatment of 5T33vt cells.
Murine 5T33vt myeloma cells were treated with indicated doses of EMAs for 7 days (A), Mel for 1 day (B) or Bz up to two days (C). Next, RNA was isolated and
subjected to qRT-PCR to analyze the expression of a panel of type I IFN genes (n ≥ 4). Bars and error bars represent mean and standard deviation. Statistics were
done using One-Way-Anova for multiple group comparisons (A) and Mann-Whitney test for two groups (B, C). *, **, *** indicates p < 0.05, p < 0.001, p < 0.0001.
(cnt = control, DAC = decitabine, Quis = Quisinostat, Bz = Bortezomib, Mel = Melphalan, Mtx = Mitoxanthrone, Dx = day x).
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Figure 3. Maturation markers are upregulated on dendritic cells upon co-culture with EMA treated 5T33vt cells.
Murine 5T33vt myeloma cells were treated with indicated doses for 7 days with EMAs and 2 days with chemotherapy (Supplementary Figure S1I, K). Next, treated
5T33vt cells from 1 well or supernatant of treated cells was used for co-culture with primary murine DCs. One day later, DCs were analyzed for the presence of
maturation markers within CD11c (+), F/40 (-), CD19 (-), CD3 (-) 7AAD (-) events. LPS was used a positive control for DC maturation.Left: Double positive for CD80/
MHC-I. Middle: Double positive for CD40/MHC-I.Right: Double positive for CD86/MHC-II. Bars and error bars represent mean and standard deviation. Statistics were
done using One-Way-Anova. *, **, *** indicates p < 0.05, p < 0.001, p < 0.0001, respectively. (DC = dendritic cell, cnt = control, DAC = decitabine, Quis = Quisinostat,
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treatment (Figure 5A). Overall, the number of CD11c- and
CD103-positive cells (DCs) increased over time in vehicle-
treated mice. The combination treatment and DAC induced
DC cell number while Quis decreased DC number com-
pared to vehicle (Figure 5B). Regarding maturation mar-
kers, DAC-treated and combination-treated mice showed
higher percentages of CD80 and MHC-I double positivity
within CD11c-positive events from day 14 onwards com-
pared to vehicle- and Quis-treated mice (Figure 5C).
Double positivity for CD40 and MHC-I peaked on day 11
and dropped again to baseline levels in combination-treated
mice (Figure 5D). Double positivity for CD86 and MHC-II
was highest in combination-treated mice compared to all
other conditions on day 18 and 21 (Figure 5E). Overall,
mainly DAC drives a decrease in CD11b-positive cells and

an increase in mature CD11c- and CD103-positive cells in
vivo.

Regarding CD8 positive T cells, at day 6 after inoculation,
we observed a higher number of Tcrb- and CD8-positive T
cells in the BM compared to naive mice. While this number
decreased over time in vehicle- and Quis-treated mice, DAC-
and combination- treated mice showed higher numbers of
CD8-positive T cells over the course of treatment
(Figure 6A). Phenotypically, the T cells of vehicle-treated
mice displayed increasing percentages of PD-L1- and TIM3-
positive cells while this was significantly lower in Quis-, DAC-
or combination-treated mice at all analyzed timepoints
(Figure 6B-D). The proportion of naive (CD44-negative and
CD62L-positive) CD8-positive T cells was significantly
increased in the combination treatment on day 11 and day
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Figure 4. Effect of in vivo treatment on tumor development and phenotype.
A: In vivo treatment schedule. Mice were treated from day 7 onwards with DAC (0.2 mg/kg daily intraperitoneally). Starting at day 9, mice received Quis (1.5 mg/kg, every other
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18 (Figure 6E). Six days after inoculation, the proportion of
memory (CD44- and CD62L-positive) and effector (CD44-
positive and CD62L-negative) CD8-positive T cells was higher
compared to naive mice (Figure 6F, G). In vehicle-treated
mice, the proportion of memory CD8-positive T cells
returned to naive levels at day 21 while these remained higher
in EMA treated-mice (Figure 6F). The percentage of CD8
positive effector T cells was reduced in DAC- and combina-
tion-treated mice compared to vehicle- and Quis-treated mice
and reached naive levels by day 21 (Figure 6G). By analyzing
the percentages in total gated cells, the increased number of
total CD8-positive T cells in combination- and DAC-treated
mice was found to result from relative higher proportions of
naive and memory CD8-positive T cells (Figure 6H, I) while
the number of effector T cells remained the same in all
conditions (Figure 6J). In conclusion, mainly DAC drives an
increased amount of CD8-positive T cells which relative to
vehicle-treated mice consisted of more naive and memory,
and equal amounts of effector CD8-positive T cells. Overall,
CD8+T cells displayed a less exhausted character, as evi-
denced by lower expression of PD-1 and TIM3.

Regarding CD4-positive T cells, combination- and DAC-
treated mice displayed more CD4-positive T cells in the BM
which was significantly higher in the combination at day 11
and day 14 (Figure 7A). The percentage of PD-1-positive,
TIM3-positive and PD-1/TIM3 double positive cells was
lower in DAC- treated and combination-treated mice com-
pared to vehicle- and Quis-treated mice, mainly at early
timepoints (Figure 7B-D). Within the CD4-positive T
cells, the percentage of CD62L-positive and CD44 negative
naive T cells were higher at day 11, 14 and 18 in DAC- and
combination-treated mice with a significant combination
effect at day 18 (Figure 7E). The proportion of CD44- and
CD62L-positive memory CD4-positive T cells fluctuated

between 40 and 50% with more memory cells at day 21 in
all EMA-treated conditions (Figure 7F). The percentage
CD44-positive and CD62L negative effector CD4-positive
T cells was reduced in DAC- and combination-treated
mice at day 11, 14 and 18 (Figure 7G). When we compared
these phenotypes as percentage of total gated cells, the
combination-treated mice contained relatively more CD4
positive naive, memory and effector T cells at days 11 and
18 compared to all other conditions. In summary, the
combination treatment contained more CD4-positive T
cells with a naive, memory and effector phenotype. The
exhaustion markers PD1 and TIM3 increased towards
day 21.

Discussion

To our knowledge, we report for the first time on the tumor
intrinsic and extrinsic immunomodulatory effects of the
DNMTi DAC and the HDACi Quis in a pre-clinical mouse
model for MM. Recent pre-clinical work on the combination
of the DNMTi azacytidine and several HDACi identified
Givinostat, through targeting of HDAC1, 2 and 3, as a very
potent combination option in terms of anti-proliferative
effects and in addition, MYC depletion.9 We used the
DNMTi DAC in combination with the pan-HDACi Quis,
which has a high potency against class I HDACs (HDAC1,
2) but also activity against HDAC classes II and IV.21 Our
results show that the 5T33vt cells are relatively sensitive to
DAC as even low nM doses induce cytotoxicity. In line with
the above studies, we observed significant cytotoxic activity
and MYC depletion of the combination of DAC and Quis in
the murine MM cells in this study and in previous published
studies in HMCLs.17,22
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Figure 5. Effect of in vivo EMA treatment on myeloid and dendritic cells in the bone marrow.
Mice were treated from day 7 onwards with DAC (0.2 mg/kg daily intraperitoneally). Starting at day 9, mice received Quis (1.5 mg/kg, every other day
subcutaneously). At indicated timepoints, mice were euthanized and BM was isolated from the hind legs for FACS analysis. First, debris was excluded using FSC/
SSC. Next, living cells were selected based on negative near-IR Live/Dead staining (represents total gated cells). Next, CD11b and CD11c/CD103-positive events were
selected.A: Percentages of CD11b(+) cells in the bone marrow of treated miceB: Percentages of CD11c(+)/CD103(+) cells in the bone marrow of treated mice.C-E:
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We focused on ICD as a major determinant of immune
stimulation and this in comparison to conventional anti-MM
agents and the positive control Mtx. Proof for the presence of
ICD hallmarks and subsequent immune response upon treat-
ment with standard-of-care agents in MM is scarce and
mainly done in vitro. Upon treatment of U266 cells and
primary MM samples with Bz, an increased in vitro immuno-
genicity has been linked to the induction of HSP90.23,24

Carfilzomib and Bz have been shown to induce ecto-

calreticulin in unpermeabilized MM.1S and U266 cells in
vitro, an effect that was potentiated with the autophagy inhi-
bitor chloroquine.25 Concerning alkylating agents, to our
knowledge, no reports on ICD hallmarks in MM have been
published. A study on CT26 (coloncarcinoma) and A20 (lym-
phoma) showed that melphalan induced ecto-calreticulin and
HMGB1 secretion and could induce CD8-positive T cell acti-
vation, showing that Mel can elicit danger signals and
immune responses.26 Another study showed that
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Figure 6. Effect of in vivo EMA treatment on CD8-positive T cells in the bone marrow.
Mice were treated from day 7 onwards with DAC (0.2 mg/kg daily intraperitoneally). Starting at day 9, mice received Quis (1.5 mg/kg, every other day
subcutaneously). At indicated timepoints, mice were euthanized and BM was isolated from the hind legs for FACS analysis. First, debris was excluded using FSC/
SSC. Next, cells were selected based on negative staining for near-IR Live/Dead, CD11b, Nk1.1 and B220 (represents total gated cells). Next, TCRb(+)/CD8(+) cells were
selected.A: Percentage of TCRb(+)/CD8(+) T cells in the BM of treated mice.B-D: Percentages of PD-1(+) (B), TIM3(+) (C) and PD-1/TIM3 double positive cells (D)
within CD8(+) cells of treated mice.E-G: Percentages of CD62L(+)/CD44(-) (E), CD62L(+)/CD44(+) (F) and CD62L(-)/CD44(+) cells (G) within CD8(+) T cells. H-J:
Percentages of CD62L(+)/CD44(-) (H), CD62L(+)/CD44(+) (I) and CD62L(-)/CD44(+) cells (J) within total gated cells. Dots and error bars represent mean and standard
deviation (n = 3 for naive, n = 5–8 per group). Statistics were done using One-Way-Anova. *, ** and *** indicates p < 0.05, p < 0.001 and p < 0.0001, respectively
compared to control condition. †, †† and ††† indicates p < 0.05, p < 0.001 and p < 0.0001 compared to respective single agent treatments. (DAC = decitabine,
Quis = Quisinostat).
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docosahexanoic acid could induce ecto-calreticulin, HSP90
and HMGB1 release in RPMI-8226 and OPM-2 cells.27 Of
the tested ICD hallmarks, we observed a low percentage of
ecto-calreticulin positive 5T33vt cells treated with EMAs and
chemotherapy. The HMGB1 levels in the supernatant
remained unchanged after both epigenetic treatment and che-
motherapy in comparison to control. This is in contrast to
recently published data showing that DAC and the HDACi
vorinostat induces HMGB1 release in osteosarcoma and fibro-
sarcoma cells.28 This discrepancy indicates cell line dependent
effects or may be related to the difference in dose used in our
study (nanomolar dose) and the dose used in the study by Liu

et al. (micromolar dose).28 The significant induction of the
type I IFN response upon treatment with DAC and/or Quis,
and with Mel, was the most convincing ICD hallmark
observed in our study. In line with our results, the combina-
tion of givinostat augmented the effect of Aza on the type I
IFN response.9 In addition, evidence that a type I IFN
response is linked to anti-MM immunity has been observed
with the use of the dual cIAP1/2 inhibitor LC161.29 In that
study, no evidence for ecto-calreticulin was found indicating
an ICD-independent mechanism for anti-MM immunity
induced by LC161. Our in vivo vaccination assay showed,
despite a delay in tumor development, a low level of
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Figure 7. Effect of in vivo EMA treatment on CD4-positive T cells in the bone marrow.
Mice were treated from day 6 onwards with DAC (0.2 mg/kg daily intraperitoneally). Starting at day 9, mice received Quis (1.5 mg/kg, every other day
subcutaneously). At indicated timepoints, mice were euthanized and BM was isolated from the hind legs for FACS analysis. First, debris was excluded using FSC/
SSC. Next, cells were selected based on negative staining for near-IR Live/Dead, CD11b, Nk1.1 and B220 (represents total gated cells). Next, TCRb(+)/CD4(+) cells were
selected.A: Percentage of TCRb(+)/CD4(+) T cells in the bone marrow of treated mice. B-D: Percentages of PD-1(+) (B), TIM3(+) (C) and PD-1/TIM3 double positive
cells (D) within CD4(+) gated cells of treated mice.E-G: Percentages of CD62L(+)/CD44(-) (E), CD62L(+)/CD44(+) (F) and CD62L(-)/CD44(+) cells (G) within CD4(+) T
cells.H-J: Percentages of CD62L(+)/CD44(-) (H), CD62L(+)/CD44(+) (I) and CD62L(-)/CD44(+) cells (J) within total gated cells. Dots and error bars represent mean and
standard deviation (n = 3 for naive, n = 5–8 per group). Statistics were done using One-Way-Anova. *, ** and *** indicates p < 0.05, p < 0.001 and p < 0.0001,
respectively compared to control condition. †, †† and ††† indicates p < 0.05, p < 0.001 and p < 0.0001 compared to respective single agent treatments.
(DAC = decitabine, Quis = Quisinostat).
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protection with all the tested compounds, including the posi-
tive control Mtx. This is in contrast with results in solid
tumor such as CT26 coloncarcinoma cells, where Mtx shows
protection of 90% of the mice in a similar vaccination assay.30

This result may be attributed to sub-optimal vaccination
conditions, the occurrence of immunosuppressive mechan-
isms or a limited capacity of the 5T33vt cells to induce bona
fide ICD. With respect to ICD markers, the emergence of
strong anti-tumor responses in vivo upon vaccination may
be compromised by the low number of pre-apoptotic ecto-
calreticulin positive cells and the absence of HMGB1 release
above baseline. Moreover, tolerogenic signals including phos-
phatidylserine and CD47 are induced in vitro. These observa-
tions therefore suggest that the 5T33MM cells have a limited
capacity to undergo ICD resulting in insufficient anti-tumor
immune responses in our vaccination setting. Nevertheless,
the phenotypic analysis of DCs upon co-culture with treated
5T33vt cells showed signs of DC stimulation indicative of
increased immunogenicity of the treated 5T33vt cells. This
appeared the strongest for DAC and Quis, and to a lesser
extent with chemotherapy. Previous studies also demonstrated
that bortezomib treated or irradiated MM cells can prime
DCs.24,31 Taken together, our present study and those from
others show that ICD hallmarks can be found upon treatment
of human and murine MM cells. However, we show that
vaccination does not yield complete protection in a murine
model for MM. The process of ICD therefore requires further
investigation and validation in human MM cells. This is
important as failure to induce ICD blunts therapy-induced
immune priming and anti-tumor immune responses resulting
in worse outcome for cancer patients.16 In case a therapy
induces anti-tumor immunity, it would be expected that a
positive correlation exists between mutational load and clin-
ical outcome, like this is the case for melanoma and lung
cancer.32,33 This is however not the case in MM, as previously
reported, indeed suggesting that standard-of-care agents do
not evoke strong anti-MM responses.34 This may be related to
an inadequate induction of ICD in MM cells which may be an
underexplored mechanism for immune escape that warrants
further investigation.

The in vivo treatment with DAC and Quis showed that the
combination therapy has potent anti-MM activity. This was
associated with a reduced expression of PD-L1 and CD47 and
an increased expression of MHC-II and calreticulin in the
tumor cells. The results with CD47 contrast with the in vitro
findings and hints towards a role of the BM microenviron-
ment to regulate CD47 expression or other co-stimulatory or
inhibitory molecules. In line with the in vitro results, an
increase in the maturation status of DCs was observed upon
DAC and combo treatment but not with Quis treatment.
Previous work also identified that DAC can induce DC
maturation in melanoma.35 Recent pre-clinical work on the
combination of the DNMTi azacytidine and several HDACi
showed profound alterations in the tumor microenvironment
in lung cancer and ovarian cancer.9,10 Epigenetic treatment
alone or in combination with PD-1 blockade of ovarian
tumors resulted in significant more activated IFN γ-positive
CD8-positive or CD4-positive T cells, and IFN-γ-positive NK
cells in addition to significant less macrophages and myeloid-

derived suppressor cells in the tumor microenvironment.10

Likewise, in the lung cancer model, increased numbers of
active IFN-γ- and CD8-positive T cells and reduced numbers
of macrophages were identified.9 While the total number of
CD8-positive or CD4-positive T cells did not alter in these
studies, we observed increased total numbers of naive and
memory CD8-positive T cells and naive, memory and effector
CD4-positive T cells based on CD44 and CD62L positivity.
Interestingly, the CD8- and CD4-positive T cells appeared less
exhausted based on the reduced expression of PD-1 and TIM3
in DAC or combination treated mice. Our results show simi-
larities to the work in lung cancer where the T cells phenoty-
pically appeared less exhausted and more memory-like based
on transcriptomics data.9 Also, in agreement, early after treat-
ment, DAC and the combination decreased the number of
myeloid CD11b-positive cells which we previously showed are
immunosuppressive in our model.36 We must recognize that
the major difference in our study and those from Topper et al.
and Stone et al. is that we used DAC and Quis, and this in a
simultaneous treatment regimen and not in a sequential treat-
ment regimen.

In conclusion, we provide evidence that the combination of
a DNMTi and a HDACi induced tumor immunogenicity
associated with DC activation and altered the immune cell
constitution in the bone marrow in a pre-clinical mouse
model for MM. These findings support new studies for
further optimization and testing the combination of EMA-
treatment with immunotherapy in MM.

Material and methods

Cells and cell culture

The murine MM cell line 5T33vt was originally subcloned
from the stroma dependent murine 5T33MM model. 37,38

Cells were cultured at 5% CO2 and 37°C in RPMI 1640
medium (Lonza, Basel, Switzerland) supplemented with 10%
fetal calf serum (Biochrom AG, Berlin, Germany; FCS) and
supplements (100 U/ml penicillin/streptomycin (Lonza),
2 mM L-glutamine (Lonza), 0.1 mM non-essential amino
acids (Lonza) and 1 mM Sodium pyruvate (Lonza).

Mice

Six to ten weeks old C57Bl/KaLwRij mice were purchased
from Envigo (Horst, The Netherlands). Animals were housed
under conventional conditions and experiments were
approved by the Ethical Committee for Animal Experiments
of the Vrije Universiteit Brussel (license no. LA1230281,
internal files 16–281-4 and 17–281-8).

Compounds

Decitabine (DAC), Quisinostat (Quis), Mitoxanthrone (Mtx)
and Bortezomib (Bz) were purchased at Selleckchem (Munich,
Germany). Melphalan (Mel) was obtained from Sigma-
Aldrich. For in vivo experiments, DAC and Quis were used
as a filter sterilized 10% hydroxypropyl-cyclodextran
suspension.
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Treatment schedules

5T33vt cells were plated at 5 x 10^5 cells in 5 ml/well (6 well)
and treated with indicated doses of DAC. On day 3, treated cells
were counted and replated with freshly added DAC or Quis. On
day 6, cells were treated again without refreshing the medium to
allow accumulation of secreted factors. For the 4-day combina-
tion treatment, Quis was added on day 3. For the 1-day combi-
nation treatment, Quis was added on day 6. For Mel, Bz and
Mtx conditions, cells were treated with indicated doses of Mel,
Bz or Mtx up to two days. Cells were collected for vaccination,
co-culture with DCs, flow cytometry, quantitative real-time
polymerase chain reaction (qRT-PCR) or western blot.
Supernatant was used for western blotting and ELISA.

Vaccination experiments in the 5T33MM model

Murine 5T33vt myeloma cells were treated for 7 days with
EMAs according to the schedule described above. In paral-
lel, cells were treated with Mel, Bz or Mtx for two days.
Next, treated/dying cells were pelleted, dissolved in PBS
and subcutaneously injected into naïve C57Bl/KaLwRij
mice in one flank as vaccine. Each mouse received the
content of 1 well dissolved in 200 µL PBS. Eight days
later, mice were injected subcutaneously on the contralat-
eral side with 2 x 10^5 untreated 5T33vt cells in 200 µL
PBS (tumor inoculation). Tumor formation was monitored
for 65 days and a tumor volume of 1500 mm3 was taken as
the endpoint.

Co-culture of DCs with treated 5T33vt cells and
assessment of DC activation markers with flow cytometry

Murine DCs were derived from the BM of 6 to 10 weeks old
naïve C57Bl/KaLwRij mice according to the protocol
described by Breckpot et al..39 Briefly, BM cells were collected
from the tibia and femurs of C57Bl/KaLwRij mice. Red blood
cells were lysed before seeding the BM cells at 5 x 10^5 cells/
mL in DMEM containing 5% FCS, 5% supplements and
20 ng/mL recombinant murine GM-CSF (produced in
house). New medium and GM-CSF was added on day 3 and
5 of culture. At day 6, primary DCs were harvested and plated
at 3,5 x 10^5 cells/well in a 24 well plate with 20 ng/mL
recombinant murine GM-CSF. Subsequently, DCs were co-
cultured with the treated 5T33vt cells from 1 well, conditioned
medium or LPS (positive control). One day later, DCs were
harvested and analyzed for activation markers using flow
cytometry.

Flow cytometry analysis of cell death

Cells were harvested and incubated for 15 min with Annexin-
V FITC and 7AAD in 100 µL of Annexin-V binding buffer
(BD Pharmigen, San Diego, CA, USA). Next, cells were ana-
lyzed by flow cytometry using BD Canto or Fortessa (BD
Biosciences, San Jose, CA, USA),

Flow cytometry analysis for calreticulin, CD47 and DC
maturation

Cells were harvested and washed using PBS/BSA/Azide
(DPBS, 2.5 g BSA, 0.5 g NaN3, Lonza) followed by 10 min
incubation with Fc blocking reagent (MiltenyBiotec, Bergisch
Gladbach, Germany). Subsequently, primary antibody mix
was added and cells were incubated for 30 min, followed by
washing with PBS/BSA/Azide. After staining, samples were
washed and resuspended in PBS/BSA/Azide and 2 µl 7AAD.
Antibodies are listed in supplementary table 1. Antibody-
coated microbeads were used for compensation and flow
cytometry analysis was done using the FACS Canto or
Fortessa (BD Biosciences).

Flow cytometry analysis for BM immune cell populations

Cells were washed in PBS/BSA/Azide and incubated with Fc
blocking reagent (Miltenyi). Next, near IR live/dead staining
was added and samples were incubated for 15 min at 4°C.
Next, samples were washed and primary antibody mixes dis-
solved in brilliant staining buffer (BD Bioscience) were added.
After 30 min incubation at 4°C, cells were washed. In case of
the idiotype (tumor) staining, samples were incubated with a
secondary antibody for 30 min followed by a last wash step.
Antibodies are listed in supplementary table 1. Antibody-
coated microbeads were used for compensation and flow
cytometry analysis was done using the FACS Fortessa (BD
Biosciences).

In vivo treatment schedule and procedures for sample
collection and analysis

The 5T33MM model was maintained as previously described.40

On day 0, naive C57BL/KaLwRij mice were intravenously
injected with 5 x 10^5 5T33MM cells. Mice were treated from
day 7 onwards with DAC (0.2 mg/kg) (intraperitoneal injection,
daily) and/or Quis (1.5 mg/kg) (subcutaneous injection, once
every other day). After 4, 7, 11 and 14 days of treatment, mice
were sacrificed and the bone marrow (BM) from hind leg was
isolated and subjected to red blood cell lysis. Cytospins were
made and stained by May-Grünwald-Giemsa for manual count-
ing of BM plasmacytosis. Flow cytometry analysis was done to
investigate the effect on tumor cells, DCs, myeloid cells and
T-cells as described below.

Western blotting

Supernatant or pellets were collected at indicated timepoints. An
equal volume of 2X loading buffer (Bio-Rad, Temse, Belgium)was
added to the supernatant or isolated proteins and were boiled for
5 min. After boiling, 30 µl of the supernatant or 20 µg of protein
was loaded and separated using a sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis and transferred to polyvinylidene
difluoride membranes (Bio-Rad). Membranes were blocked with
PBS containing 5% milk and 0.1% Tween 20. The following anti-
bodieswere used:mouse anti-HMGB1 IgG2b (ImTecDiagnostics,
Antwerpen, Belgium), anti-DNMT1, anti-AcH3, anti-Actin, anti-
c-Myc (Bioké, Leiden, The Netherlands) and anti-mouse IgG or
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anti-rabbit HRP-conjugated secondary antibody (ImTec
Diagnostics). Blots were developed on Fuji medical x-ray film
(Fujifilm, Tokyo, Japan) using Plus-ECL (PerkinElmer,
Zaventem, Belgium) and Curix 60 (AGFA Gevaert NV, Mortsel,
Belgium).

ELISA for HMGB1 and IFN-B

HMGB1 concentration in the supernatant of treated and
control cells was detected using the IBL international
HMGB1 ELISA kit (Hamburg, Germany) according to man-
ufacturer protocol. Likewise, IFN-B concentration was deter-
mined using the Verikine HS IFNB kit (PBL assay science).

qRT-PCR analysis

Cell pellets were stored at −80°C before use. RNA was extracted
using the NucleoSpin RNA kit from Macherey-Nagel (Düren,
Germany) and RNA concentration was determined using
NanoDrop software (Thermo Scientific). RNA was converted in
cDNA using the Verso cDNA Synthesis Kit (Thermo Scientific).
qRT-PCR was performed using 25 ng of cDNA. Primers were
purchased at IDT (Leuven, Belgium) and were used at a final
concentration of 200 nM. Sequences are summarized in supple-
mentary table 2. Abl was used as housekeeping gene. TheMaxima
SYBR Green/ROX qPCR Master Mix kit (Thermo Scientific) was
used to perform qRT-PCR on 7900HT Fast Real-Time PCR
System (Thermo Scientific). Two step qRT-PCR was performed:
DNA is denaturated at 95°C before annealing and extension of the
primers was done at 60°C for 40 cycles. Relative expression was
calculated using ΔΔCt and Abl as housekeeping gene.

Graphical and statistical analysis

Graphical and statistical analysis was performed using
GraphPad Prism 5.0 software. Experiments were repeated at
least 3 times and statistical comparison between several groups
was made using One Way ANOVA and Tukey’s Multiple
Comparison Test. Non-parametrical comparison of two groups
was done with Mann-Whitney test. A p-value of <0.05 was
considered significant. Flow cytometry data was analyzed
using FACSDiva software (BD Biosciences) and FlowJo software
(Ashland, Oregon, USA). For the in vivo vaccination experi-
ment, data was plotted in Kaplan-Meier graphs using GraphPad
Prism and statistical analysis was performed with a log-rank test.
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