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SUMMARY
Tumor-promoting inflammation and avoiding immune destruction are hallmarks of cancer. Here, we demon-
strate that the pro-inflammatory cytokine interleukin (IL)-18 is critically involved in these hallmarks in multiple
myeloma (MM). Mice deficient for IL-18 were remarkably protected from Vk*MYC MM progression in a CD8+

T cell-dependentmanner. TheMM-niche-derived IL-18 drove generation ofmyeloid-derived suppressor cells
(MDSCs), leading to accelerated disease progression. A global transcriptome analysis of the immune micro-
environment in 73 MM patients strongly supported the negative impact of IL-18-driven MDSCs on T cell re-
sponses. Strikingly, high levels of bone marrow plasma IL-18 were associated with poor overall survival in
MM patients. Furthermore, our preclinical studies suggested that IL-18 could be a potential therapeutic
target in MM.
INTRODUCTION

Multiple myeloma (MM) is characterized by clonal expansion

of malignant plasma cells (PCs) in the bone marrow (BM), para-

proteinemia, and clinical symptoms including anemia, bone
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destruction, and kidney injury (Palumbo and Anderson, 2011).

Although overall survival has been considerably improved by

therapeutic agents such as proteasome inhibitors, immunomod-

ulatory drugs, and monoclonal antibodies (mAbs) against

myeloma surface proteins (e.g., elotuzumab and daratumumab)
ecently, multiple myeloma (MM) is still an incurable disease.
M), where cellular components and soluble factors cooper-
icroenvironment. However, the molecular and cellular mech-
sion remain poorly understood. Using Vk*MYC preclinical
cape of the immune microenvironment in MM patients, and
uction of IL-18 is a key driving force for immunosuppression
. Our results reveal the critical role of IL-18 in the MM immu-
s against MM.
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(Rajkumar and Kumar, 2016), primary and acquired resistance

against these anti-myeloma therapies remains a major barrier

to cure. Due to intraclonal heterogeneity of malignant PCs, ther-

apeutic agents directed toward malignant PCs alone might not

be sufficient to achieve profound and durable clinical responses

(Robiou du Pont et al., 2017). Indeed, growing evidence sug-

gests that targeting the BM niche could be a rational strategy

to maximize efficacy of anti-myeloma agents, since myeloma

cells exclusively depend on the BM niche for their survival, pro-

liferation, and chemoresistance (Kawano et al., 2015). Thus, in-

depth understanding of the MM microenvironment is warranted

to further improve patient outcomes.

Now it is recognized that tumor-promoting inflammation is a

hallmark of cancer (Hanahan and Weinberg, 2011). Dysregu-

lated inflammation in the tumor microenvironment promotes tu-

mor growth, directly through cytokine-induced stimulation of

malignant cells and/or indirectly by inducing growth factors,

angiogenesis, and tissue remodeling. More importantly, tu-

mor-promoting inflammation is tightly associated with another

hallmark of cancer, avoiding immune destruction, by mobiliza-

tion of myeloid-derived suppressor cells (MDSCs) and tumor-

associated macrophages (Ugel et al., 2015). Although tumor-

promoting inflammation is orchestrated by the complex cross

talk between intrinsic and extrinsic pathways, pattern recogni-

tion receptors (PRRs), such as Toll-like receptors and nucleotide

oligomerization domain-like receptors (NOD-like receptors;

NLRs), play pivotal roles in inflammatory responses through

recognition of various damage-associated molecular patterns

(DAMPs) (Karki et al., 2017; Nakamura and Smyth, 2017). In

this context, interleukin (IL)-1b plays pleiotropic roles in cancer

progression by its potent pro-inflammatory property, whereas

IL-18, another member of the IL-1 cytokine family, is character-

ized by its ability to induce interferon-g (IFN-g) from natural killer

(NK) and T helper 1 (Th1) cells in synergy with IL-12 (Garlanda

et al., 2013; Nakanishi et al., 2001). Notably, among various

types of malignancies, MM is particularly characterized by the

presence of an inflammatory network in its microenvironment

(Ehrlich and Roodman, 2005; Hope et al., 2014). Given that

myeloma growth causes a disturbance of normal hematopoiesis

and destruction of the BM structure, PRR-mediated inflamma-

tory responses presumably constitute the inflammatory network

in the myeloma microenvironment. Yet, it remains to be deter-

mined what kinds of PRRs and inflammatory mediators play a

dominant role in MM, and how MM-associated inflammation

contributes to immunosuppression. Historically, IL-6 has long

been recognized as a central cytokine for myeloma survival,

proliferation, and chemotherapy resistance (Guillerey et al.,

2016). Nevertheless, recent clinical trials have shown the limited

clinical efficacy of the neutralizing anti-IL-6 mAb siltuximab

against myeloma (San-Miguel et al., 2014; Voorhees et al.,

2013), highlighting the need for a better understanding of the

MM inflammatory microenvironment. In particular, the inflam-

masome, a key regulator of IL-1 family cytokines, might critically

drive MM-associated inflammation, as several lines of evidence

suggest the involvement of IL-1 family cytokines in the MM pa-

thology (Alexandrakis et al., 2004; Calcinotto et al., 2015; Lust

et al., 2009). In this study, we aim to determine the role of the

inflammasome and IL-1 family cytokines in the MM immune

microenvironment.
RESULTS

IL-18 Is Critically Required for MM Progression
IL-1 family cytokines are crucial mediators in sterile inflammation

(Garlanda et al., 2013). We initially aimed to understand the role

of IL-1 family cytokines, particularly IL-1b, in the MM inflamma-

tory microenvironment. To this end, we took advantage of trans-

plantable myeloma cell lines derived from Vk*MYC transgenic

mice, which have been established as reliable preclinical models

to test the efficacy of anti-myeloma agents (Chesi et al., 2012,

2016). We injected the Vk*MYC-derived MM cell line, Vk12653

MM, into wild-type (WT), Il1r�/�, and Il18�/� mice. As previously

reported (Chesi et al., 2012; Guillerey et al., 2015), WT mice

challenged with Vk12653 MM cells showed progressive para-

proteinemia (Figures 1A–1C) and expansion of malignant

B220�CD138+ PCs in the BM on day 35 after injection (Figures

1D–1F, S1A, and S1B). Unexpectedly, compared with WT

mice, Il1r�/� mice showed similar levels of paraproteinemia (Fig-

ures 1A–1C) and slightly reduced myeloma burden (Figures 1D–

1F), suggesting that host IL-1 signaling has a limited role in MM

progression. Intriguingly, by contrast, Il18�/� mice did not show

obvious paraproteinemia (Figures 1A–1C) and expansion of PCs

in the BM by day 35 post-myeloma challenge (Figures 1D–1F).

Similarly, Il18�/� mice were completely protected from extrame-

dullary dissemination (Figures S1C and S1D) that is seen in mice

with Vk12653 MM at advanced stages (Chesi et al., 2012; Guil-

lerey et al., 2015). In line with these results, Il18�/� mice showed

delayed MM progression and prolonged survival with a median

survival time of 91.5 days, while the median survival time was

48 days in WT and Il1r�/� mice (Figure 1G). Notably, approxi-

mately 50% of the Il18�/� mice were protected from the

lethal MM progression (Figure 1G). We next tested an indepen-

dent MM cell line derived from Vk*MYC transgenic mice,

Vk12598 MM. The majority of WT and Il1r�/� mice succumbed

to paralysis or other MM-related lethal symptoms within

2 months after injection of Vk12598 MM cells (Figure 1H). Sur-

prisingly, Il18�/� mice were completely protected during a

4 month observation period (Figure 1H), further supporting that

IL-18 is crucial for MM progression. An aberrant gut microbiota

in Il18�/� mice is responsible for susceptibility to inflammation-

induced colorectal carcinogenesis, which is transferable to WT

mice by co-housing (Hu et al., 2013). However, co-housing of

WT and Il18�/� mice did not alter levels of paraproteinemia or

BM myeloma burden compared with non-co-housed counter-

parts, indicating that susceptibility and/or resistance tomyeloma

is not transferable (Figures S1E–S1H). Overall, our results

revealed IL-18 as an indispensable factor that fosters MM

progression.

NLRP1 Is Critically Required for MM Progression
The secretion of IL-1b and IL-18 is tightly regulated in a post-

transcriptional manner, mainly by inflammasomes. In particular,

the NLRP3 inflammasome has been implicated in a wide variety

of inflammatory diseases, including cancer (Karki et al., 2017). To

assess the involvement of NLRP3 and the adaptor protein ASC,

we challengedWT,Nlrp3�/�, andAsc�/�mice with Vk12653MM

cells. We found that both Nlrp3�/� and Asc�/� mice showed

reduced levels of paraproteinemia (Figures S2A and S2B) and

BM myeloma burden (Figures S2C and S2D), compared with
Cancer Cell 33, 634–648, April 9, 2018 635



Figure 1. IL-18 Is Critically Required for MM Progression

(A–F) C57BL/6WT, Il1r�/�, and Il18�/�micewere injected intravenously with 23 106 Vk12653MMcells. Graphs showing the serum g-globulin levels on day 21 (A)

and day 35 (B) post-MM challenge. Serum protein electrophoresis results showing paraproteinemia on day 35 post-MM challenge (C). Representative flow

cytometry plots showing the frequency of CD138+B220– plasma cells (PCs) (D), and graphs showing the percentages (E) and the numbers (F) of PCs in the BM on

day 35 post-MM challenge. Data are shown as means ± SEM of 10 individual mice pooled from two experiments.

(G and H) Kaplan-Meier survival curves of mice injected with 23 106 Vk12653 MM cells (G) or 53 105 Vk12598 MM cells (H). Results are pooled from three (G) or

two (H) experiments and 17–25 mice per group are shown.

Differences were tested for statistical significance using a Kruskal-Wallis test with post hoc Dunn’s test (A, B, E, and F) or a Mantel-Cox test (G and H), *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001. See also Figure S1.
WT mice. However, it should be noted that neither Nlrp3�/� nor

Asc�/� mice represented the strong MM-resistant phenotype

seen in Il18�/� mice, as we observed an only modest survival

benefit in Asc�/� mice (Figure S2E). These results suggest that

NLRP3 and ASC are partially involved in MM progression, and

that NLRP3- and ASC-independent pathways might be respon-

sible for IL-18-driven MM progression.

We previously showed that ASC was dispensable for the

NLRP1 inflammasome activation (Masters et al., 2012). More

recently, we demonstrated that theNLRP1 inflammasome is pre-

dominantly responsible for IL-18 production in the context of

obesity and metabolic syndrome (Murphy et al., 2016). Based

on the fact that mice lacking the NLRP1 inflammasome pheno-

copy mice lacking IL-18 (Murphy et al., 2016), we asked whether

mice lacking NLRP1 could be protected from MM progression.
636 Cancer Cell 33, 634–648, April 9, 2018
To this end, we injected Vk12653 MM cells into mice lacking all

three isoforms of NLRP1 (Nlrp1a�/�Nlrp1b�/�Nlrp1c�/�, referred
to as Nlrp1�/�). Strikingly, we observed that Nlrp1�/� mice were

almost completely protected from paraproteinemia (Figures 2A

and 2B) and expansion of PCs in the BM (Figures 2C and 2D)

by day 35 post-MM challenge. Furthermore, as seen in Il18�/�

mice,Nlrp1�/�mice showed remarkably prolonged survival after

the challenge with Vk12653 (Figure 2E) and Vk12598 MM cells

(Figure 2F), further providing the link between NLRP1 and IL-18.

To gain insight into the cell type that is responsible for IL-18

production, we generated BM chimeras between WT and

Nlrp1�/� mice (Figures 2G and 2H), and WT and Il18�/� mice

(Figures 2I and 2J), followed by Vk12653 MM challenge. All

mice were reconstituted effectively with more than 90% of

donor-derived hematopoietic cells (data not shown). We



Figure 2. NLRP1 Is Critically Required for

MM Progression

(A–D) Graphs showing the serum g-globulin levels

in WT and Nlrp1�/� mice on day 21 (A) and day 35

(B) after Vk12653 MM challenge and the percent-

ages (C) and the numbers (D) of PCs in the BM on

day 35 post-MM challenge. Data are shown as

means ± SEM of 9–10 individual mice pooled from

two experiments.

(E and F) Kaplan-Meier survival curves of mice

injected with Vk12653 MM cells (E) or Vk12598

MM cells (F). Results are pooled from three (E) or

two (F) experiments and 15–20 mice per group are

shown.

(G–J) Graphs showing the percentages (G and I)

and the numbers (H and J) of BM PCs in the indi-

cated BM chimeric mice on day 30 after Vk12653

MM challenge. Data are shown asmeans ± SEM of

9–10 individual mice pooled from two experi-

ments.

Differences were tested for statistical significance

using a Mann-Whitney U test (A–D), a Mantel-Cox

test (E and F), and a Kruskal-Wallis test with post

hoc Dunn’s test (G–J), *p < 0.05, **p < 0.01, ***p <

0.001, ****p < 0.0001. See also Figure S2.
observed that in either chimera, the contribution of radio-resis-

tant cells tended to be greater, although lack of NLRP1 or

IL-18 in both radio-sensitive and radio-resistant cellular com-

partments was required for theMM-resistant phenotype (Figures

2G–2J). Thus, we concluded that IL-18, possibly driven by

NLRP1, plays a crucial role for the MM progression.

CD8+ T Cell-Dependent Control of MM in Nlrp1–/– and
Il18–/– Mice
Generally, tumor-associated inflammation fuels tumor growth by

providing pro-survival and proliferative signals tomalignant cells,

and/or by generating an immunosuppressive microenvironment
that allows malignant cells to evade im-

mune recognition and destruction (Naka-

mura and Smyth, 2017). To understand

how NLRP1 and IL-18 contribute to MM

progression, we investigated the role of

effector lymphocytes in the control of

Vk12653 MM. We treated WT, Nlrp1�/�,
and Il18�/� mice with anti-asialoGM-1 or

anti-CD8b to deplete NK and CD8+

T cells, respectively (Figures 3A and S3).

Consistent with our previous report (Guil-

lerey et al., 2015), depletion of either NK

cells or CD8+ T cells exacerbated para-

proteinemia and shortened survival in

WT mice (Figure 3B), supporting that

both NK cells and CD8+ T cells are impli-

cated in immune-mediated MM control.

Similarly, depletion of either NK cells

or CD8+ T cells increased levels of para-

proteinemia in Nlrp1�/� (Figure 3C) and

Il18�/� mice (Figure 3D) at day 21 post-

MM challenge. However, intriguingly,
only depletion of CD8+ T cells abrogated the resistance against

MM progression in Nlrp1�/� (Figure 3C) or Il18�/� mice

(Figure 3D). These results indicated that CD8+ T cells are essen-

tially required for the MM-resistant phenotype in Nlrp1�/� and

Il18�/� mice.

IL-18 Acts as an Immunosuppressive Switch that Drives
MM Progression
The critical requirement of CD8+ T cells raised a possibility that

host-derived IL-18 might limit immune-mediated MM control,

rather than act as an essential pro-survival factor for MM

cells per se. Given that various pro-inflammatory cytokines
Cancer Cell 33, 634–648, April 9, 2018 637



Figure 3. CD8+ T Cells Are Essentially

Required for the Control of Myeloma in

Nlrp1–/– and Il18–/– Mice

(A) Schematic illustrating the experimental design

of antibody treatment. cIg, control Ig; i.p., intra-

peritoneal; i.v., intravenous.

(B–D) Graphs showing themean g-globulin levels ±

SEM (left) and Kaplan-Meier survival curves (right)

in WT (B), Nlrp1�/� (C), and Il18�/� (D) mice with

Vk12653 MM treated with indicated antibodies.

Data are shown asmeans ± SEM of 8–11 individual

mice pooled from two experiments. Differences

were tested for statistical significance using a

Kruskal-Wallis test with post hoc Dunn’s test (bar

graphs) and Mantel-Cox test (survival curves). *p <

0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. See

also Figure S3.
can induce MDSCs in vitro, we postulated that the myeloma-

niche-derived IL-18 gave rise to MDSCs in the BMmicroenviron-

ment. To address this possibility, we first tested the effect of

IL-18 on cytokine-induced generation of MDSCs in vitro. Consis-

tent with previous reports (Marigo et al., 2010; Ugel et al., 2015),

granulocyte-macrophage colony stimulating factor (GM-CSF)

sufficiently expandedCD11b+Gr-1+ cells during 4 days of culture

of BM cells (Figure S4A). In contrast, recombinant IL-18 (rIL-18)
638 Cancer Cell 33, 634–648, April 9, 2018
alone had a negligible impact on the total

number ofCD11b+Gr-1+ cells (FigureS4A)

or their subsets, namely Ly6G+ polymor-

phonuclear (PMN) subset (Figure S4B)

and Ly6G�Ly6Chigh monocyte (MO) sub-

set (Figure S4C). Furthermore, rIL-18 did

not show additional effects on the number

of CD11b+Gr-1+ cells even in combination

with GM-CSF (Figures S4A–S4C). Thus,

IL-18 had a limited role in the expansion

of MDSC-like cells. We next examined

the functional impact of IL-18 on BM

myeloid cells. We isolated CD11b+Gr-1+

cells after 4 days culture of cytokine-stim-

ulated BM cells, followed by co-culture

with CD8+ T cells on anti-CD3-coated

plates. Strikingly, CD11b+Gr-1+ cells

derived from rIL-18-stimulated BM cells

potently suppressed CD8+ T cell prolifer-

ation (Figure 4A) and IFN-g production

(Figure 4B), compared with freshly iso-

lated naive BM CD11b+Gr-1+ cells or

GM-CSF-expanded CD11b+Gr-1+ cells,

indicating that rIL-18 induced MDSCs.

The IL-18-driven immunosuppressive ac-

tivity was observed in both PMN-MDSCs

and MO-MDSCs (Figure 4C). Next, we

askedhow IL-18 conferred its immunosup-

pressive activities. Recently, the C/EBPb

transcription factor has been identified as

a critical factor for functional maturation

of MDSCs (Marigo et al., 2010). Indeed,

the expression of C/EBPb was induced in
the MDSCs derived from rIL-18-stimulated BM cells (Figure 4D).

Furthermore, the IL-18-induced MDSCs expressed nitric oxide

synthase 2 (NOS2) and arginase 1 (ARG1) (Figure 4D), both of

which are key immunosuppressive mediators regulated by

C/EBPb. Consistent with the upregulation of these proteins, enzy-

matic activity of NOS2 and ARG1 was augmented in the IL-18-

inducedMDSCs (Figures S4DandS4E). Although rIL-18 treatment

also increased the levels of reactive oxygen species (ROS)



(legend on next page)
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(Figure S4F), inhibitors for NOS2 (L-NMMA) and ARG1 (Nor-

NOHA), but not for ROS (catalase), attenuated their suppressive

activity (Figure 4E), indicating that NOS2 and ARG1 are mainly

implicated in their immunosuppression. Overall, these results indi-

cate that IL-18 alone is sufficient to induce MDSCs.

We next examined the levels of IL-18 in MM-bearing mice,

and found that IL-18 levels were increased in the BM, but not

in the blood serum, at late stages of Vk12653 MM (Figures 4F

and 4G), suggesting that MM progression triggers IL-18 release

locally in the BM niche. By contrast, isolated malignant PCs

contained negligible levels of IL-18, excluding the possibility

that malignant PCs can be a source of IL-18 (Figure S4G). The

expansion of CD11b+Gr-1+ cells was hardly detected in the

BM, as the naive BM harbors a significant proportion of normal

myeloid cells, which were phenotypically indistinguishable from

MDSCs (Figure 4H). However, an increase of CD11b+Gr-1+

cells, particularly the PMN subset, in peripheral blood (Figures

4I and 4J) and spleen (Figure S4H) was observed in the late

stages of MMdevelopment, suggesting thatMDSCswere prop-

agated during the course of MM progression. Indeed, BM

CD11b+Gr-1+ cells isolated from WT mice with Vk12653 MM

at late stages showed T cell suppressive activity, compared

with those generated in Il18�/� mice, indicating that the MM

progression led to generation of functional MDSCs (Figure 4K).

Furthermore, anti-Ly6G mAb treatment prolonged survival in

mice with Vk12653 MM (Figure S4I), supporting that MDSCs

promote MM progression.

To investigate the impact of IL-18 on the BM myeloid cells

in vivo, we next treated naive WT mice with rIL-18 for 4 consec-

utive days (Figure S4J). In concert with in vitro findings (Figures

S4A–S4C), the systemic administration of rIL-18 had negligible

effects on the number of total CD11b+Gr-1+ cells or their subsets

(Figure S4K). Notably, the ex-vivo isolated BM CD11b+Gr-1+

cells derived from rIL-18-treated mice possessed suppressive

activity against T cell proliferation (Figure S4L), which was asso-

ciated with upregulation of C/EBPb, NOS2, and ARG1 (Fig-

ure S4M). Again, these results supported our hypothesis that

IL-18 gave rise to functionally competent MDSCs in the BM.

To investigate the effect of IL-18 on MM progression, we pre-

treated mice with rIL-18 for 4 consecutive days before

Vk12653 MM challenge, followed by maintenance treatment

(twice per week for 4 weeks) (Figure 4L). We observed that the
Figure 4. IL-18 Acts as an Immunosuppressive Switch that Drives MM

(A and B) Representative histograms and graphs showing the mean percentage o

CD11b+Gr-1+ cells in a 0.25:1 ratio (CD11b+Gr-1+ cells:CD8+ T cells) (A) and the

(C) Graphs showing the T cell proliferation-suppressing activity of PMN-MDSCs

(D) Representative immunoblots for C/EBPb, NOS2, arginase I, and b-actin in dif

(E) Graph showing the effect of following inhibitors on T cell-suppressing activity

oxide synthase inhibitor), and nor-NOHA (arginase inhibitor).

(F and G) Graphs showing the levels of IL-18 in blood serum (F) and BM fluids (G)

after injection (n = 9 mice per group).

(H–J) Graphs showing the percentage of indicated cells among total CD45+ leuk

(K) Graph showing T cell-suppressing activity of BMCD11b+Gr-1+ cells isolated fr

per group).

(L–P) Schematic illustrating the experimental design of rIL-18 treatment inWT and

Graphs showing theg-globulin levels andKaplan-Meier survival curves ofWT (M),N

Data are shown as means ± SEM, pooled from two experiments. Differences w

Tukey’s test (A, B, and E–J), an unpaired two-tailed Student’s t test (C and K), aMa

curves (M–P). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. NS, not significa
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rIL-18 treatment exacerbated paraproteinemia and slightly

shortened survival in WT mice with Vk12653 MM (Figure 4M).

More strikingly, the detrimental effect of IL-18 was exaggerated

in Nlrp1�/� and Il18�/� mice, as rIL-18 treatment abrogated the

MM resistance in these mice (Figures 4N and 4O). Of note, no

significant differences were seen in the frequency of BMmyeloid

and lymphocyte subsets among naive WT, Nlrp1�/�, and Il18�/�

mice (Figure S4N). In addition, we observed similar levels of sup-

pressive activity in the IL-18-induced MDSCs derived from WT,

Nlrp1�/�, and Il18�/�mice (Figure S4O), excluding the possibility

of intrinsic functional defects in Nlrp1�/� or Il18�/� MDSCs.

Finally, we askedwhether systemic administration of IL-18 could

directly fuel malignant PC growth. To assess this, we tested the

similar rIL-18 treatment in Rag2�/�Il2rg�/� mice with Vk12653

MM. We found that rIL-18 treatment did not affect levels of

paraproteinemia or survival in Rag2�/�Il2rg�/� mice (Figure 4P),

indicating that IL-18 accelerates MM progression only in the

presence of effector lymphocytes. Taken together, these results

demonstrate that IL-18 turns on an immunosuppressive switch in

the BMniche through the generation of functional MDSCs, which

allows MM cells to evade immune-mediated control.

MDSCs Limit T Cell Responses in MM Patients
To obtain a comprehensive view of the immune microenviron-

ment inMMpatients, we performed a global transcriptomic anal-

ysis of CD138� BM aspirates from 73 newly diagnosed MM

patients through next-generation RNA sequencing. Intriguingly,

we found an inverse correlation between PMN-MDSC signature

genes (ITGAM, ARG1,CYBB,OLR1, FUT4,CEACAM8, S100A8,

and S100A9) and cytotoxic lymphocyte signature genes (CD2,

CD3E, CD3D, TBX21, CD8B, PRF1, GZMA, and GZMB) (Fig-

ure 5A). In addition, unsupervised hierarchical clustering re-

vealed that MDSC gene signature and cytotoxic gene signature

segregate MM patients into two groups: MDSChighcytotoxiclow

group and MDSClowcytotoxichigh group (Figure 5B). These data

suggested that PMN-MDSCs might contribute to limiting

cytotoxic T cell functions in the MM microenvironment. In

concert with this hypothesis, a considerable fraction of cells

had a phenotype consistent with PMN-MDSCs (CD33+CD11b+

HLA-DR�CD15+) within the BM of MM patients (Figures S5A

and S5B). Of note, only a minor fraction of BM cells

had an MO-MDSC phenotype (CD33+CD11b+HLA-DR�CD14+)
Progression

f proliferating CD8+ T cells co-cultured with indicated cytokine-stimulated BM

mean levels of IFN-g in culture supernatants (B).

(left) and MO-MDSCs (right) induced by GM-CSF with or without rIL-18.

ferentially induced MDSCs and freshly isolated control BM CD11b+ cells.

of IL-18-induced MDSCs: catalase (ROS inhibitor), L-NMMA (inducible nitric

in naive WT mice and WT mice challenged with Vk12653 MM at indicated days

ocytes in BM (H) and peripheral blood (PB) (I and J) (n = 7–9 mice per group).

omWT and Il18�/� mice on days 35–40 after Vk12653 MM injection (n = 6 mice

gene-targetedmice with Vk12653MM (L). i.p., intraperitoneal; i.v., intravenous.

lrp1�/� (N), Il18�/� (O), andRag2�/�Il2rg�/� (P)mice treatedwith rIL-18or PBS.

ere tested for statistical significance using a one-way ANOVA with post hoc

nn-Whitney U test for g-globulin levels (M–P), and aMantel-Cox test for survival

nt. See also Figure S4.



Figure 5. MDSCs Limit T Cell Responses in MM Patients

(A and B) A global transcriptomic analysis of CD138� BM aspirates from 73 MM patients at diagnosis was performed by RNA sequencing. Heatmap showing the

inverse correlation between MDSC and cytotoxic lymphocyte signature genes within BM aspirates from MM patients (A). Patient’s log-normalized gene

expression heatmap showing the hierarchical clustering of MM patients according to MDSC and cytotoxic lymphocyte signature genes (B).

(C–G) BM CD33+CD11b+HLADR�CD15+ PMN-MDSCs and CD33+CD11b+CD14+HLA-DR+ monocytes were isolated from MM patients and co-cultured with

healthy donor (HD) (C–E) or autologous MM patient (F and G) CD3+ T cells stimulated by anti-CD3/CD28 microbeads. Representative histograms showing the

proliferation of CD4+ T cells after 5 days (C and F) and graphs recapitulating the percentage of inhibition from the same culture (D andG). Graphs showing cytokine

levels in the supernatant from HD CD3+ T cell and PMN-MDSC or monocyte co-cultures (E). Sup, suppressor cells.

Data are shown asmeans ± SEM from n = 15 (C and D), n = 5 (E), and n = 9 (F andG). Unpaired two-tailed Student’s t test with Holm-Sidakmultiple test correction,

*p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S5.
(Figures S5A and S5B). To verify whether MM PMN-MDSCs

possess suppressive activity, we isolated BM PMN-MDSCs

(CD11b+CD15+HLA-DR� cells) and control BM MOs (CD11b+

CD14+HLA-DR+ cells) from newly diagnosed MM patients, fol-

lowed by co-culture with healthy donor-derived CD3+ T cells.

We observed that PMN-MDSCs, but not control MOs, potently

suppressed T cell receptor (TCR)-induced CD4+ T cell and

CD8+ T cell proliferation in a ratio-dependent manner (Figures

5C, 5D, and S5C). In line with these results, PMN-MDSCs also

inhibited IL-2 and IFN-g secretion by CD3+ T cells (Figure 5E).

Finally, we confirmed that PMN-MDSCs exhibited suppressive
activity against autologous MM patient-derived CD4+ and

CD8+ T cells (Figures 5F, 5G, and S5D). Collectively, these re-

sults highlight prominent immunosuppressive properties of

PMN-MDSCs that limit T cell responses in MM patients.

IL-18 Augments Immunosuppressive Activity of
MM MDSCs
We next addressed whether IL-18 was implicated in the func-

tional maturation of MM MDSCs as we observed in mouse BM

MDSCs. To this end, we took advantage of our global transcrip-

tomic analysis of the MM microenvironment and identified a list
Cancer Cell 33, 634–648, April 9, 2018 641



Figure 6. IL-18 Augments the Immunosuppressive Activity of MM MDSCs

(A) Heatmap showing the hierarchical clustering of MM patients according to genes highly correlated with IL18 (correlation >0.7).

(B) Gene set enrichment analysis results showing the correlation between IL18 and neutrophil/PMN-MDSC signature.

(C) Heatmap showing the correlation between IL18 and classical PMN-MDSC signature genes within MM patient BM aspirates.

(D) BM CD33+CD11b�HLADR�CD14�CD15� myeloid precursor cells were isolated from MM patients and cultured in the presence or absence of rIL-18

(50 ng/mL) for 6 days. Representative flow cytometry plots showing the percentage of viable CD33+CD11b+HLA-DR� MDSCs after 6 days of culture with or

without rIL-18.

(E and F) Freshly isolated CD33+CD11b�HLADR�myeloid precursor cells or IL-18-inducedCD33+CD11b�HLA-DR�MDSCswere co-culturedwith healthy donor

CD3+ T cells stimulated by anti-CD3/CD28microbeads at the indicated ratios. Representative histograms from 13MM patients showing the proliferation of CD4+

T cells in the presence of the indicated cells (E) and graph recapitulating the percentage of inhibition of CD4+ T cell proliferation (F). Sup, supernatant.

Data are shown as means ± SEM from n = 13 MM patients. Unpaired two-tailed Student’s t test with Holm-Sidak multiple test correction, ***p < 0.001. See also

Figure S6.
of 308 genes strongly associatedwith IL18 gene expression (cor-

relation >0.70, p < 10�8) within MM patient BM (Figure 6A).

Intriguingly, gene set enrichment analysis revealed a significant

enrichment in gene network related to neutrophil/PMN-MDSC

(Figure 6B). Indeed, within MM patient BM samples, IL-18

mRNA levels strongly correlated with expression of genes

related to classical PMN-MDSCs (ITGAM, ARG1, S100A9,

CEACAM8, and MMP9), including recently identified human

cancer PMN-MDSC-specific genes (OLR1, RETN, LCN2,

CD24,MMP8, and COL17A1) (Condamine et al., 2016), confirm-

ing the link between IL-18 and PMN-MDSCs in the BM niche of

MM patients (Figures 6C, S6A, and S6B). Of note, IL1B, VEGFA,

and CSF1 that were previously associated with MDSC accumu-
642 Cancer Cell 33, 634–648, April 9, 2018
lation or functions in cancer patients did not correlate withMDSC

signature genes within MM patients’ BM (Figure S6B).

To further understand the functional role of IL-18, we isolated

CD33+CD11b�HLADR�CD14�CD15� BM myeloid precursor

cells fromMMpatients, followed by 6 days of culture in the pres-

ence or absence of rIL-18. We observed that rIL-18 modestly

increased the total viable CD33+CD11b+CD15+HLA-DR� cells

(Figure 6D). Notably, rIL-18-treated HLA-DR�CD11b�CD33+

cells, but not untreated counterparts, potently suppressed

CD4+ and CD8+ T cell proliferation (Figures 6E, 6F, S6C, and

S6D). Together, these data showed that IL-18 contributes to

the generation of functionally competent MDSCs in the MM

microenvironment.



Figure 7. A High Level of BM IL-18 Is an In-

dependent Determinant of Poor Prognosis

in MM Patients

(A and B) Graph showingBMplasma IL-18 levels in

a retrospective cohort of 152 MM patients at

diagnosis (A) and Kaplan-Meier survival estimates

overmore than 80months of follow-up for IL-18high

(> median value) and IL-18low (% median value)

MM patients (B).

(C) Multivariate analysis showing hazard ratio

and associated p value of the indicated variables

for 145 MM patients’ overall survival. See also

Figure S7.
High Levels of BM Plasma IL-18 Predict Poor Prognosis
in MM Patients
To further gain insight into the clinical importance of our findings,

we next analyzed IL-18 levels within the BM plasma of a retro-

spective cohort of 152 MM patients at diagnosis. We observed

a wide range of BM IL-18 levels among MM patients (median

value 245.6 pg/mL, range 52.2 to 1829 pg/mL) (Figure 7A). Inter-

estingly, we found that MM patients with low IL-18 levels

(IL-18low%median) had a significantly (p = 0.0026) longer overall

survival than patients with high IL-18 levels (IL-18high > median;

Figure 7B). By contrast, BM levels of other cytokines such as

IL-1b, IL-6, M-CSF, GM-CSF, and VEGF-A did not have any sig-

nificant impact on MM patient overall survival (Figure S7A).

Notably, BM IL-18 levels also showed a significant correlation

with overall survival rates in multivariate analysis after adjust-

ments using the most relevant variables, including age, gender,

and the presence of cytogenetic abnormalities such as t(4;14)

and del(17p) (Figure 7C). The adjusted hazard ratio of overall sur-

vival rates for patients with IL-18high levels versus IL-18low levels

was 1.84 (95% CI 1.15–2.94; p = 0.010). Indeed, we did not find

an association between BM IL-18 levels and classical myeloma

risk factors or serum b2-microglobulin levels (Figures S7B and

S7C). To exclude the possibility that different treatment regimens

affected the prognostic impact of IL-18 that we observed, we

performed a univariate analysis of 93 MM patients who subse-

quently received bortezomib (Velcade), dexamethasone, and

high-dose melphalan (namely, the VD-MEL200 regimen). Using

the same IL-18 cutoff level of 245.6 pg/mL (Figure 7A), we found

that patients with IL-18high had a significantly lower survival than
IL-18low patients (p = 0.009) (Figure S7D).

Altogether our results suggest that a high

BM IL-18 level is an independent determi-

nant of poor overall survival in MM pa-

tients, further supporting the hypothesis

that IL-18 contributes toMMprogression.
Dysregulated IL-18 Is a Potential
Therapeutic Target in the MM
Microenvironment
To understand whether dysregulated

IL-18 could be a therapeutic target, we

performed pre-treatment with IL-18

neutralizing mAb followed by 5 weeks of

maintenance treatment in WT mice with
Vk12653 MM (Figure 8A). Indeed, we observed that the long-

term blockade of IL-18 delayed MM progression (Figure 8B),

supporting that IL-18 is a potential therapeutic target. We were

intrigued by our finding that BM IL-18 levels separated prog-

nostic subgroups among MM patients who subsequently

received the same VD-MEL200 regimen (Figure S7D). The pro-

teasome inhibitor bortezomib (Btz) is known to elicit immuno-

genic cell death in MM cells, leading to enhanced anti-myeloma

immune responses (Spisek et al., 2007). Indeed, we recently

demonstrated that CD226, an adhesion molecule involved in

NK cell- and T cell-mediated cytotoxicity, is indispensable for

the optimal Btz-mediated anti-myeloma efficacy (Guillerey

et al., 2015), thus supporting the importance of immune-medi-

ated anti-myeloma responses by Btz. These previous findings

led us to hypothesize that therapeutic blockade of immunosup-

pressive IL-18 in combination with Btz might be a rational treat-

ment strategy. The Vk12598 and Vk12653 MM cell lines were

originally established as Btz resistant (Chesi et al., 2012). In con-

cert, two cycles of Btz monotherapy failed to improve survival in

mice with Vk12653 (Figure 8C) or Vk12598 MM (Figure 8D). In

addition, short-term IL-18 mAb was insufficient to improve sur-

vival against established MM (Figures 8C and 8D). However,

strikingly, when combined with IL-18 mAb, we observed that

Btz significantly prolonged survival in both models (Figures 8C

and 8D). The therapeutic efficacy was associated with an

increased CD8+ T cell/MDSC ratio in peripheral blood (Figures

8E and 8F) and dependent on CD8+ T cells (Figure 8G). Taken

together, these data suggest that dysregulated IL-18 is a poten-

tial target in the MM niche to overcome immunosuppression.
Cancer Cell 33, 634–648, April 9, 2018 643



Figure 8. IL-18 Is a Potential Therapeutic Target in the MM BM Microenvironment

(A and B) Schematics illustrating the experimental design of anti-IL-18 mAb treatment in WT mice with Vk12653 MM (A). Graph showing the serum g-globulin

levels on day 21 after Vk12653 MM challenge and Kaplan-Meier survival curves of WT mice treated with anti-IL-18 or control Ig (cIg) (n = 10 per group) (B). i.v.,

intravenous.

(C–F) Schematics illustrating the experimental design and Kaplan-Meier survival curves of WTmice treated with indicated therapy after injection with Vk12653 (C)

or Vk12598 MM (D). Results are pooled from two (C) or three (D) experiments and 14–24 mice per group are shown. Graphs showing the ratio of CD8+ T cells to

MDSCs in peripheral blood (PB) in mice with Vk12653 (E) or Vk12598 MM (F). Results are pooled from two experiments and 14–16 mice per group are shown.

(G) Schematics illustrating the experimental design and Kaplan-Meier survival curves of WTmice with Vk12653MM treated with indicated therapy with or without

anti-CD8b (n = 6–8 per group).

Data are shown as means ± SEM. Differences were tested for statistical significance using a Mann-Whitney U test (B), a Mantel-Cox test (B, C, D, and G), a one-

way ANOVA with post hoc Tukey’s test (E and F). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
DISCUSSION

We demonstrated that the pro-inflammatory cytokine IL-18 was

critically involved in MM-associated inflammation and immuno-

suppression, and provided evidence that dysregulated IL-18

was a potential therapeutic target in the MM niche. Using
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Vk*MYC preclinical MM models, we showed that Il18�/� mice

were protected from MM progression in a CD8+ T cell-depen-

dent manner. Our data suggested that IL-18 acts as a key driver

for MM-associated immunosuppression through generation of

functional MDSCs. This hypothesis was supported by the

comprehensive analysis of the transcriptional landscape of the



immune microenvironment in MM patients, which revealed the

inverse correlation between PMN-MDSC signature and cyto-

toxic signature, and the positive correlation between IL18 and

PMN-MDSC signature genes. Moreover, we found that a high

level of BM IL-18 was an independent determinant of poor prog-

nosis in MM patients.

IL-18 was originally identified as an IFN-g-inducing factor in

liver extracts of mice treated with Propionibacterium acnes and

lipopolysaccharide (Nakanishi et al., 2001), and thereby has

been recognized as an immunostimulatory cytokine. In fact,

Il18�/� mice have impaired NK cell activity (Takeda et al.,

1998) and are susceptible to experimental metastasis (Dupaul-

Chicoine et al., 2015). It is noteworthy that the IL-18 single-cyto-

kine-deficient mice were remarkably protected from MM, an

exquisitely inflammatory niche-dependent cancer, although

growing evidence suggests that IL-18 also possesses pro-tumor

effects such as angiogenesis (Fabbi et al., 2015). Our data,

showing the critical requirement of CD8+ T cells for MM resis-

tance and the pro-myeloma properties of rIL-18 in immunocom-

petent, but not in lymphocyte-deficient mice, suggested that

IL-18 hampers immune-mediated control of MM, rather than

acting as a growth factor for malignant PCs. Indeed, IL-18

conferred potent immunosuppressive activity toward BM

myeloid cells in mice and MM patients, highlighting the negative

impact of IL-18 on anti-tumor immune responses.

Due to its ability to stimulate IL-6 production, IL-1b has

been well studied in the context of MM (Lust et al., 2009), while

the role of IL-18 in MM immunopathology has been poorly

studied. Notably, in a phase II clinical trial, IL-1 receptor antag-

onist in combination with low-dose dexamethasone delayed

progression from smoldering or indolent MM to active MM,

indicating that IL-1 signaling does contribute to MM progres-

sion at least in the asymptomatic early stage (Lust et al.,

2009). Surprisingly, we observed that Il1r�/� mice showed a

negligible survival benefit in the aggressive Vk*MYC transplant-

able MM models. The phenotypic difference between Il1r�/�

and Il18�/� mice might be explained, at least in part, by their

differential regulation at the transcriptional level and by distinct

cellular distribution of IL-1b and IL-18. In the MM microenviron-

ment, macrophages are a dominant source of IL-1b (Hope

et al., 2014). Whereas a DAMP-mediated priming signal is

required to induce pro-IL-1b prior to proteolytic processing,

pro-IL-18 is constitutively expressed in various cell types,

including macrophages, osteoblasts, and mesenchymal stem

cells (Arend et al., 2008). In fact, our BM chimera experiments

showed that lack of IL-18 in both radio-sensitive and radio-

resistant cells was necessary to protect mice from MM pro-

gression, suggesting that a range of cells were responsible

for IL-18 production.

Thus, we postulated that the devastating progression of MM

triggers an abundant IL-18 release in the BM microenvironment.

Indeed, we observed considerable levels of IL-18 in the BM of

MM patients, given that reported circulating serum IL-18 levels

in healthy subjects are 80–120 pg/mL (Dinarello et al., 2013).

Notably, it was previously shown that blood circulating IL-18

levels were elevated in MM patients with advanced-stage dis-

ease; however, there was no significant difference in overall

survival between blood IL-18high and IL-18low MM patients (Alex-

andrakis et al., 2004). By contrast, we found that an increased
level of BM IL-18 is a powerful indicator of poor prognosis, inde-

pendent of age, high-risk cytogenetics, or treatment. As many

pro-inflammatory cytokines are produced and consumed at

the site of inflammation, it is likely that the BM IL-18 levels, rather

than circulating IL-18 levels, are highly relevant to the MM dis-

ease pathology.

At the level of post-transcriptional processing, our data sug-

gested that NLRP1, rather than NLRP3, contributes to MM pro-

gression. In accordance with a previous study that revealed the

phenotypic similarity between Nlrp1�/� and Il18�/� mice (Mur-

phy et al., 2016), Nlrp1�/� mice displayed an MM-resistant

phenotype similar to that seen in Il18�/� mice. Although the

NLRP1 inflammasome is activated in response to anthrax lethal

toxin, Toxoplasma infection, and hematopoietic stress (Chavar-

ria-Smith and Vance, 2015), it remains largely unknown whether

NLRP1 directly recognizes certain DAMPs or the disturbance of

intracellular homeostasis, recently termed homeostasis-altering

molecular processes (Liston and Masters, 2017). Despite the

lack of understanding of its activation mechanism(s), our results

raise the possibility that the specific inhibition of NLRP1 might

be a potential approach for anti-myeloma therapy. However, se-

lective and potent inhibitors for NLRP1 have not been devel-

oped so far. Moreover, we cannot exclude the possibility that

functional redundancy might exist among the inflammasome

members in the niche of MM patients, which could limit the ther-

apeutic efficacy by single blockade of NLRP1. Thus, we tested a

therapeutic approach to target IL-18 in this study, and showed

that anti-IL-18 neutralizing mAb in combination with Btz

improved survival in the Vk*MYC MM models. This result has

clinical implications, as IL-18 neutralization mAb showed a

good safety profile in type 2 diabetes mellitus patients (McKie

et al., 2016).

MM-associated immunosuppression has gained prominence

in the era of novel anti-myeloma agents and immunotherapy.

The presence of functional MDSCs in MM has been well docu-

mented (Gorgun et al., 2013; Ramachandran et al., 2013); how-

ever, the exact impact of MDSCs in the MM immune niche has

not been defined. We provided robust evidence that MDSCs

negatively regulate T cell responses in the MM by our compre-

hensive transcriptional analysis. Generally, in solidmalignancies,

MDSCs are generated in the BM in response to pro-inflamma-

tory cytokines and growth factors, followed by recruitment to

tumor sites and peripheral lymphoid organs, whereMDSCs exert

potent immunosuppressive activity (Ugel et al., 2015). By

contrast, in marrow-devastating MM, it is plausible that MM-

associated inflammation is tightly associated with the conver-

sion of neighboring normal BM myeloid cells into MDSCs,

leading to progressive generation of an immunosuppressive

niche. Our results strongly suggest that IL-18 critically contrib-

utes to this process. Although a wide variety of pro-inflammatory

cytokines, including IL-1 family cytokines, can induce MDSCs

in vitro (Lechner et al., 2010; Lim et al., 2014), it had remained

largely unknown what types of cytokines played a pivotal role

in the suppressive activity of MM MDSCs and disease progres-

sion. We now propose that IL-18 is a key driver for MDSC func-

tion in the MM BM niche.

It is now appreciated that a wide variety of anti-cancer drugs

elicit immunogenic cell death in cancer cells, which augments

anti-tumor immune responses (Galluzzi et al., 2017). Indeed,
Cancer Cell 33, 634–648, April 9, 2018 645



we have previously demonstrated that effector lymphocytes are

critically required for the optimal anti-tumor efficacy of the

histone deacetylase inhibitor vorinostat or Btz (Christiansen

et al., 2011; Guillerey et al., 2015). Therefore, targeting MM-

associated immunosuppression in combination with anti-

myeloma agents could be a rational approach. Overall, our

results revealed IL-18 as a potential therapeutic target to over-

come immunosuppression, which will provide important insights

into the therapeutic strategies in MM.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

eFluor450 rat anti-CD45.1 (A20) Thermofisher Cat# 48-0453-82; RRID:AB_1272189

APC-eFluor 780 rat anti-CD45.2 (30-F11) Thermofisher Cat# 47-0451-82; RRID: AB_1548781

FITC rat anti-B220 (RA3-6B2) Biolegend Cat# 103206; RRID: AB_312991

APC rat anti-CD138 (281-2) Biolegend Cat# 142506; RRID: AB_10962911

PE rat anti-CD138 (281-2) Biolegend Cat# 142504;

RRID: AB_10916119

PerCP/Cy5.5 hamster anti-TCRb (H57-597) Biolegend Cat# 109228; RRID: AB_1575173

PE anti-mouse NK1.1 (PK136) Biolegend Cat# 108708;

RRID: AB_313395

Alexa Fluor� 488 anti-mouse CD4 Antibody (RM4-5) Biolegend Cat# 100529;

RRID: AB_389303

APC rat anti-CD8a (53-6.7) Biolegend Cat# 100712; RRID: AB_312751

Alexa Fluor� 488 rat anti-CD8a (53-6.7) Biolegend Cat# 100723; RRID: AB_389304

APC rat anti-CD11b (M1/70) Biolegend Cat# 101212; RRID: AB_312795

eFluor450 anti-Gr-1 (RB6-8C5) Thermofisher Cat# 48-5931-82; RRID: AB_1548788

FITC rat anti-Ly6G (1A8) Biolegend Cat# 127606; RRID: AB_1236494

PeCyTM7 rat anti-Ly6C (AL-21) BD Bioscience Cat# 560593; RRID: AB_1727557

Purified anti-mouse CD3ε (145-2C11) Biolegend Cat#100302;RRID:

AB_312667

Anti-mouse CD8b (Lyt 3.2) (53-5.8) Bio X cell Cat# BE0223

Anti-Ly6G (1A8) Bio X cell Cat# BP0075-1

Anti-asialoGM1 rabbit polyclonal Antibody Wako Chemicals USA Inc. Cat# 986-10001

Rat IgG2a isotype control (1-1) Leinco Technologies, Inc. Cat# I-1177

Anti-IL-18 mouse IgG1 (SK113AE4) Förster laboratory Lochner et al., 2002

Rabbit polyclonal anti-C/EBPb (C19) Santa Cruz Biotechnology Cat# SC150; RRID: AB_2260363

Mouse monoclonal anti-NOS2 (C11) Santa Cruz Biotechnology Cat# SC7271; RRID: AB_627810

Rabbit polyclonal anti-ARG1 (H52) Santa Cruz Biotechnology Cat# SC20150; RRID: AB_2058955

Rabbit monoclonal anti-b-Actin (13E5) Cell signalling technology Cat# 4970S; RRID: AB_2223172

Anti-rabbit IgG, HRP-linked Antibody Cell signalling technology Cat# 7074; RRID: AB_2099233

Anti-mouse IgG, HRP-linked Antibody Cell signalling technology Cat# 7076; RRID: AB_330924

PerCP/Cy5.5 mouse anti-human CD4 (RPA-T4) BD Bioscience Cat# 560650; RRID: AB_1727476

PE mouse anti-human CD8 (SK1) BD Bioscience Cat# 345773; RRID: AB_400005

BUV737 mouse anti-human CD3 (UCHT1) BD Bioscience Cat# 564307; RRID: N/A

APC-Cy�7 mouse anti-human CD11b ( ICRF44) BD Bioscience Cat# 557754; RRID: AB_2033935

FITC mouse anti-human HLA-DR (G46-6) BD Bioscience Cat# 555811;

RRID: AB_396145

BV421 mouse anti-human CD33 (WM53) BD Bioscience Cat# 562854; RRID:N/A

PE mouse anti-human CD33 (WM53) BD Bioscience Cat# 555450;

RRID: AB_395843

BUV395 mouse anti-human CD14 (M4P9) BD Bioscience Cat# 563561;

RRID: N/A

BV786 mouse anti-human CD15 (HI98) BD Bioscience Cat# 563838;

RRID: N/A

PerCP/Cy5.5 mouse anti-human CD3 (HIT3a) Biolegend Cat# 300328; RRID: AB_1575008

7-AAD Staining Solution BD Bioscience Cat# 559925

Zombie Yellow� Fixable Viability Kit Biolegend Cat# 423104

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological Samples

BM aspirates from myeloma patients IUC-Toulouse N/A

BM plasma from myeloma patients IFM 99-06, IFM 2005-01,

IFM 2007-02 and IFM 2008

N/A

Chemicals, Peptides, and Recombinant Proteins

Lipopolysaccharides from Escherichia coli O127:B8 Sigma-Aldrich Cat# L3129

Bortezomib Calbiochem Cat# 504314

Catalase Sigma-Aldrich Cat# C1345

NG-Monomethyl-L-arginine (L-NMMA) Sigma-Aldrich Cat# M7033-5MG

Nu-hydroxy-nor-Arginine (nor-NOHA) Calbiochem Cat# 399275

Recombinant Mouse IL-18 Glaxo Smith Kline N/A

Recombinant GM-CSF Biolegend Cat# 576306

Recombinant Human IL-18 MBL International Code # B001-5

Critical Commercial Assays

CD8a+ T Cell Isolation Kit, mouse Miltenyi Biotec Cat# 130-104-075

CellTrace Violet Cell Proliferation Kit Thermofisher Cat# C34557

Griess Reagent System Technical Bulletin Promega Cat# G2930

Arginase Activity Assay Kit Sigma-Aldrich MAK112-1KT

CellROX Green Reagent, for oxidative stress detection Thermofisher C10444

Mouse IL-18 ELISA Kit MBL Life Science Cat# 7625

Immune Monitoring 65-Plex Human

ProcartaPlex� Panel

Thermofisher Cat# EPX650-10065-901

CBA Human IL-2 Flex set BD biosciences Cat# 558270

CBA Human IFNg Flex set BD biosciences Cat# 558269

RNeasy mini kit Qiagen Cat# 74104

TRUSEQ STRANDED MRNA HT (96 SAMPLES) Illumina Cat# RS-122-2103

NEXTSEQ 500 HIGH OUTPUT KIT v2 (150cycles) Illumina Cat# FC-404-2002

Pan T cell isolation Kit Miltenyi Biotec Cat# 130-096-535

Whole Blood and Bone Marrow CD138

MicroBeads, human

Miltenyi Biotec Cat# 130-105-961

T Cell Activation/Expansion Kit Miltenyi Biotec Cat#130-091-441

Anti-PE microbeads Miltenyi Biotec Cat#130-048-801

Deposited Data

RNA sequencing data This paper GEO: GSE104171

Experimental Models: Cell Lines

Vk12653 MM Chesi et al., 2012

Vk12598 MM Chesi et al., 2012

Experimental Models: Organisms/Strains

C57BL/6J WEHI

B6. Rag2-/-Il2rg-/- WEHI

Ptprca WEHI

B6. Il1r-/- Thomas et al., 2004

B6. Il18-/- Takeda et al., 1998

B6. Asc-/- Mariathasan et al., 2004

B6. Nlrp3-/- Martinon et al., 2006

B6. Nlrp1-/- Masters et al., 2012

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

Graphpad Prism 6.0 software GraphPad Software, Inc. http://www.graphpad.com/scientific-

software/prism/

FlowJo V10 FlowJo LLC www.flowjo.com

Fastq files alignment STAR (version 2.3.0) (Dobin et al., 2013)

Gene expression Subread featurecount algorithm

(version 1.4.6)

(Liao et al., 2014)

Gene expression normalization limma R package (Ritchie et al., 2015)

survival analysis survival package in R (Version 2.38

and 2.41-3)

https://github.com/therneau/survival
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for materials should be directed to the Lead Contact: Mark J. Smyth (Mark.Smyth@qimrberghofer.

edu.au).

EXPERIMENTAL PROCEDURES

Mice
C57BL/6 wild type (WT), Rag2-/-Il2rg-/-, and Ptprca mice were purchased fromWalter and Eliza Hall Institute for Medical Research or

bred in-house at the QIMR Berghofer Medical Research Institute. C57BL/6 Il1r-/- (Thomas et al., 2004), Il18-/- (Takeda et al., 1998),

Nlrp3-/- (Martinon et al., 2006), Asc-/- (Mariathasan et al., 2004), and Nlrp1-/- (Masters et al., 2012) mice were described before. All

experiments were approved by the QIMR Berghofer Medical Research Institute Animal Ethics Committee.

Vk*MYC Transplantable Models
Transplantable Vk*MYCMMcell lines (Vk12653MMand Vk12598MM)were generated and expanded as previously described (Chesi

et al., 2012; Guillerey et al., 2015). Briefly, these cell lines were maintained in Rag2-/-Il2rg-/- mice to avoid contamination with host-

derived lymphocytes.Rag2-/-Il2rg-/-mice usually developmassive splenic infiltration of malignant plasma cells within 4-5 weeks after

injection of Vk*MYCMM cells. Splenocytes containing >50% of malignant PCs were frozen and used for experiments. Vk12653 MM

cells (23 106) or Vk12598 MM cells (53 105) were injected i.v. into tail vein of indicated strains of mice. The percentage of myeloma

monoclonal Ig in the serum was quantified by serum protein electrophoresis (Sebia Hydrasys system). To evaluate MM burden in the

BM, left femurs were flashed with PBS, using a 10ml syringe with a 23G needle. The percentage and number of B220-CD138+ PCs in

BM were analyzed by flow cytometry at indicated time points. For survival analysis, mice were monitored daily according to institu-

tional ethic guidelines, and were euthanized whenmice developed signs of reducedmobility including paralysis, hunched posture, or

respiratory distress.

In Vivo Treatment
Depleting anti-CD8b mAb (53.5.8, Bio X Cell), anti-asialoGM-1 polyclonal Ab (Wako), or control Ig (1-1, Bio X Cell) were injected i.p.

(100 mg) on day -1 and 0, and then weekly for 4 weeks. Depleting anti-Ly6G mAb (1A8, Bio X Cell) was injected i.p. (10 mg/kg) every

other day. The anti-IL-18 neutralizing mAb (SK113AE4, kindly provided by Irmgard Förster, University of Bonn) (Lochner et al., 2002)

was administered at 10 mg/kg with or without bortezomib (0.5 mg/kg, Calbiochem).

Flow Cytometry
Immunostaining of single cell suspensions was performed according to standard protocols. Cells were stained with fluorochrome-

conjugated mAbs for 30 min on ice in the presence of anti-CD16/32 mAb (2.4G2). Cell number was calculated by using BD Liquid

Counting Beads (BD Biosciences). Data acquisition was performed using BD FACSCANTO II or LSRFortessa Flow Cytometer (BD

Biosciences). Flow cytometric analysis was performed using Flowjo software (Treestar).

BM Chimeras
WT,Nlrp1-/-, or Il18-/- mice received 2 doses of 5.5 Gy, 3 hr apart, andwere immediately injected with 53 106 BM cells from indicated

donor mice. Neomycin sulfate (Sigma) were added to drinking water (1 g/L) for 2 weeks and used for experiments 8 weeks after

transplantation.
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In Vitro MDSC Generation
MDSCs were generated as described with minor modifications (Marigo et al., 2010; Youn et al., 2008). Briefly, WT BM cells were

obtained from femur and tibia, and cultured in Dulbeccomodified Eaglemedium (Gibco) containing 10% fetal calf serum, 2mMgluta-

mine, 100 U/ml penicillin, 100 mg/ml streptomycin, and 50 mM 2-mercaptoethanol. GM-CSF (10 ng/ml, Biolegend) and/or recombi-

nant IL-18 (50 ng/ml, provided by Glaxo Smith Kline) were added to induce MDSCs. After 4 days, non-adherent cells were collected,

and CD11b+ cells were positively selected by magnetic-activated cell sorting (MACS), using PE-conjugated anti-CD11b mAb and

anti-PE microbeads (Miltenyi Biotec). The percentage of CD11b+Gr-1+ cells was usually > 94% after positive selection. In some

experiments, CD11b+Ly6G+ PMN-MDSCs and CD11b+Ly6Chigh MO-MDSCs were sorted by BD FACSAria II cell sorter (BD

Biosciences).

T Cell Proliferation Assay
CD8+ T cells were isolated from spleen byMACS using anti-CD8microbeads, and stained with Cell Trace Violet (CTV, Thermo Fisher

Scientific) according to manufacturer’s instruction. Isolated CD8+ T cells were co-cultured with MDSCs at indicated ratios on 96-well

plates coated with anti-CD3 (2.5 mg/ml) for 72 hr. The percentages of proliferating CD8+ T cells were determined by CTV-dilution.

IFN-g levels in culture supernatant were measured by cytometric bead arrays (CBA, BDBiosciences). In some experiments, catalase

(1000 U/mL; Sigma), L-NMMA (NG-Monomethyl-L-arginine, 0.5 mM; Sigma), or nor-NOHA (Nu-hydroxy-nor-Arginine, 0.5 mM;

Calbiochem) were added before co-culture to inhibit ROS, arginase, or NOS respectively (Youn et al., 2008).

Immunoblot
MACS-isolated CD11b+ cells were homogenized in RIPA lysis buffer (Sigma-Aldrich) supplemented with complete protease inhibitor

tablet (Roche). Cell extracts were separated by SDS-PAGE and transferred onto PVDF membranes (Bio-Rad). For blotting, anti-

bodies against C/EBPb (C-19, Santa Cruz), arginase 1 (H-52, Santa Cruz), NOS (C-11, Santa Cruz), and b-actin (13E5, Cell Signaling

Technology) were used followed by appropriate HRP-conjugated secondary antibodies (Cell Signalling technology). The proteins

were visualized by ECL-Plus (GE Healthcare) using the Syngene G Box system (Syngene) or ImageQuant LAS 500 (GE Healthcare

Life Sciences).

Arginase Assay
Arginase activity of MDSCs was determined by arginase activity assay kit (Sigma) according to manufacturer’s instruction. Briefly,

cells lysates were incubated with substrate buffer containing manganese for 2 hr at 37�C. Urea production was measured by color-

imetry to determine arginase activity.

Nitrite Production Assay
Nitrite levels in culture supernatants were measured by Griess reagent system (Promega). Briefly, MACS-isolated MDSCs were

cultured with LPS (Lipopolysaccharides from Escherichia coli O127:B8, Sigma-Aldrich, 100 ng/ml) for 24 hr, and equal volumes of

supernatants were mixed with Greiss Reagent (1% sulfanilamide in 5% phosphoric acid and 0.1% N-1-naphthyl-ethylenediamine

dihydrochloride) for 20 min. The absorbance at 540 nm was measured to determine nitrite levels.

ROS Measurement
Differentially inducedMDSCs were incubated with phorbol 12-myristate 13-acetate (PMA) (50 ng/ml, Sigma) for 20min at 37�C in the

presence of CellROX green reagent (Thermo Fisher Scientific). ROS levels in CD11b+Ly6G+ cells were calculated by subtracting the

MFI of an unstained sample from the MFI of a stained sample.

MM Patients
All patients gave written informed consent before screening and being enrolled in the study and collection was approved by IUCT-

oncopole and the CHU-Toulouse review boards. Fresh BM aspirates from MM patients routinely collected in the IUC-Toulouse be-

tween 2013 and 2017 were depleted from malignant plasma cells using anti-CD138-coated magnetic beads (Miltenyi Biotec, Paris,

France) and used for RNA-sequencing and MDSC functional assays. BM sera from 152 multiple myeloma patients with measurable

disease were collected at diagnosis between October 2007 and October 2009 in different French hematology units. All patients

except three were enrolled into IFM (Intergroupe Francophone du Myélome) protocols including IFM 99-06, IFM 2005-01, IFM

2007-02 and IFM 2008 (Facon et al., 2007; Harousseau et al., 2010; Moreau et al., 2011). Among the three patients not included

in one of these protocols, two received VTD Velcade Thalidomide Dexamethasone) and one VMP (velcade melphalan prednisone)

without autologous stem-cell transplantation (ASCT). MM patients’ risk factors including age, ISS score, and cytogenetic abnormal-

ities such as t (4; 14) and del(17p) were investigated.

Cytokine Analysis
Mouse blood serum and BM IL-18 levels were determined bymouse IL-18 ELISA Kit (MBL International) according tomanufacturer’s

instruction. IL-18, M-CSF, GM-CSF, IL-6 and IL-1b levels were evaluated in the BM plasma of MM patients by Luminex assay tech-

nology (Hu immunemonitoring 65 Plex, Thermo Fisher Scientific) according to manufacturer’s instruction. We discriminated patients

with a high (IL-18high) or a low (IL-18low) level of IL-18 using the median value (245.59 pg/ml) as cut-off.
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MM Patient MDSC Analysis
CD3+ T cells were isolated from healthy donor PBMCs by negative selection using Pan T cell Isolation Kit (Miltenyi Biotec), according

to manufacturer’s instructions.

CD33+CD11b+HLA-DR-CD15+ PMN-MDSCs, CD33+CD11b+HLA-DR+CD14+ monocytes, CD33+CD11b-HLA-DR- BM precursor

cells and autologous BM CD3+ T cells were sorted from CD138- MM patient BM samples using MoFLo Astrios cell sorter (Beckman

Coulter). BM precursor cells (1 x105) were cultured in the presence or absence of 50 ng/ml of rIL-18 (MBL international) for 6 days,

analyzed for the presence of MDSCs by flow cytometry and used in suppression assays. Suppression assays were performed using

healthy donor or MM patient’s autologous CD3+ T cells stained with Cell Trace Violet (CTV, Thermo Fisher Scientific), stimulated with

aCD3/aCD28/aCD2 microbeads (T cell activation/expansion kit, Miltenyi Biotec), in the presence of MM patient’s PMN-MDSCs,

monocytes, freshly isolated or rIL-18 treated BM precursor cells at the indicated ratio. CTV dilution of CD4+ and CD8+ T cells was

analyzed after 5 days by flow cytometry. IFN-g and IL-2 levels were measured in the corresponding cell culture supernatants by

CBA (BD Biosciences).

Library Construction for RNA Sequencing
Total RNA was isolated from the CD138- fractions of MM patient BM aspirates using RNeasy mini kit (Qiagen) according to the man-

ufacturer’s instructions. The quality of the isolated total RNA from each sample was checked on 2200 Tapestation System (Agilent,

Santa Clara, Calif) using the RNAScreenTape assay and the quantitation was performed using the NanoVue Plus Spectrophotometer

(BiochromLtd, Cambridge, UK). 400 ng of total RNAper sample with a RNA integrity number >8were used for library preparation. The

RNA-Seq library preparation was performed using TruSeq Stranded mRNA Sample Preparation kit (Illumina, San Diego, Calif) ac-

cording to the manufacturer’s instructions (High Sample Protocol). The RNA-Seq libraries were checked on the 2200 Tapestation

System (Agilent) using the High-Sensitivity DNA 1000 ScreenTape assay. The average fragment size of the final libraries was found

to be 230 to 327 bps. Libraries were quantified by qPCR on a LightCycler 480 System (Roche Molecular Diagnostics, Pleasanton,

Calif) using KAPA Library Quantification Kit for Illumina platforms (Kapa Biosystems, Boston, Massachusetts). Libraries were then

pooled in equal quantities, checked and quantified using same techniques (2200 Tapestation and LightCycler 480). Paired-end

sequencing (2 x 75 bps) of these libraries was performed on a NextSeq 500 Illumina sequencing platform (Illumina) by 5 successive

runs using NextSeq 500 High Output kit v2 (Illumina) generating in average 20 million pairs of reads per sample.

RNA-Seq Bioinformatic Analysis
Fastq files were aligned to the Ensembl GRCh38 human reference genome using STAR (version 2.3.0, (Dobin et al., 2013)) and gene

expression summary was obtained using the Subread feature count algorithm (version 1.4.6, (Liao et al., 2014)). Patient gene expres-

sion was then normalized using standard procedure from the limma R package (Ritchie et al., 2015), retaining only genes expressed

(more than 15 aligned reads) in at least 50%of patients. Following normalization, correlation between individual geneswas computed

using Pearson’s correlation. Following normalization, the correlation of each individual gene to IL-18 was computed using Pearson’s

correlation. Genes with a correlation higher than 0.7 were retained to cluster patients. Gene set enrichment analysis was performed

using the Reactome Knowledgebase (www.reactome.org) (Fabregat et al., 2016). RNA seq data can be found at GSE104171 using

the token (cfihcuoshxirzmr).

Survival Analysis
Overall survival was calculated from MM diagnosis to death from any cause.

Kaplan-Meier curves and p-values from log-rank tests were computed using the survival package in R (version 2.38). Multivariate

analysis was adjusted using three of the most relevant high-risk prognosis variables: age, presence of del(17p), and presence of

t(4;14) translocation evaluated by fluorescence in situ hybridization (FISH), to which we added the gender covariate. Seven patients

with missing information for at least one of these variables were excluded from the analysis. Cox proportional hazard models were

adjusted using the survival package in R (Version 2.41-3; https://github.com/therneau/survival) and effects tested using ANOVA from

the limma package.

Statistics
Statistical analyses were performed using GraphPad Prism 7 Software. Mann-Whitney U test or unpaired student t test was used

for single comparisons between two groups. For comparison of three or more groups, one-way ANOVA with Tukey’s multiple com-

parison test, Holm-Sidak multiple test correction, or non-parametric Kruskal-Wallis test with Dunn’s multiple comparison post-

test were used. Differences in survival were evaluated with the Mantel-Cox test. p < 0.05 was considered statistically significant

(p < 0.05 = *; p < 0.01 = **; p < 0.001 = ***; p < 0.0001 = ****).
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Figure S1, related to Figure 1. Il18-/- mice are protected from MM progression. 
(A, B) Representative flow plots (A) and graphs (B) showing the percentages of 
plasma cells (PCs) in the naïve MM-free BM in WT, Il1r-/-, and Il18-/- mice. Data are 
shown as mean ± SEM of 4 individual mice. (C, D) Graphs showing the percentages 
(C) and the numbers (D) of spleen PCs in indicated mice on day 35 post-MM 
challenge. Data are shown as mean ± SEM of 10 individual mice pooled from two 
experiments. Differences were tested for statistical significance using a Kruskal-
Wallis test with post-hoc Dunn’s test. *p < 0.05, ****, p < 0.0001. (E-H) WT mice 
were co-housed with Il18-/- mice for 2 weeks prior to the challenge with Vk12653 MM. 
Graphs showing the mean γ-globulin levels in mice on day 20 (E) and on day 30 (F) 
post-MM challenge, and graphs showing the percentages (G) and the numbers (H) 
of PCs on day 30 post-MM challenge. Data are shown as mean ± SEM of 8-10 mice 
per group from one experiment. Differences between co-housed mice and non-co-
housed counterparts were tested for statistical significance using a Mann-Whitney U 
test. NS: not significant. 



 

Figure S2, related to Figure 2. NLRP3 and ASC are partially involved in MM 
progression. 
(A-D) Graphs showing the mean γ-globulin levels ± SEM in WT, Nlrp3-/-, and Asc-/- 
mice on day 21 (A) and day 35 (B) after Vk12653 MM challenge, and graphs 
showing the percentages (C) and the numbers (D) of PCs on day 35 post-MM 
challenge. Data are shown as mean ± SEM of 9-10 mice per group pooled from two 

experiments. (E) Kaplan–Meier survival curves of indicated mice injected with 2  
106 Vk12653 MM cells. Results are pooled from two experiments and 19-20 mice per 
group are shown. Differences were tested for statistical significance using a Kruskal-
Wallis test with post-hoc Dunn’s test (A-D) and a Mantel-Cox test (E). *p < 0.05, ***p 
< 0.001. 
  



 

 

Figure S3, related Figure 3. CD8+ T cells are essentially required for the control 
of myeloma in Nlrp1-/- and Il18-/- mice. 
(A, B) Representative flow plots showing the percentages of CD8+ T cells (A) and 
NK cells (B) in the peripheral blood (PB) and BM on day 5 after treatment of 
indicated antibodies in naïve WT, Nlrp1-/-, and Il18-/- mice. 

 



 

 



Figure S4, related Figure 4. IL-18 acts as an immunosuppressive switch that 
drives MM progression.  

(A-C) WT BM cells (106) were cultured in the presence or absence of indicated 
cytokines for 4 days. Graphs showing the mean number of CD11b+Gr-1+ cells (A), 
PMN subset (CD11b+Ly6G+) (B), and MO subset (CD11b+Ly6Chigh) (C) after 4 days 
of culture. Data are shown as mean ± SD of three experiments. (D) Graph showing 
the mean nitrite levels in culture supernatants from differentially induced MDSCs 
after 4 days of culture with indicated cytokines. Data are shown as mean ± SD of two 
experiments. (E) Graph showing the mean arginase activity levels in cell lysates from 
differentially induced MDSCs after 4 days of culture with indicated cytokines. Data 
are shown as mean ± SD of two experiments. (F) Graph showing the mean reactive 
oxygen species (ROS) levels in differentially induced MDSCs after 4 days of culture 
with indicated cytokines. Data are shown as means ± SD of two experiments. (G) 
Graph showing the levels of IL-18 in the cell lysate derived from MACS-isolated 
CD138+ PCs from spleens containing Vk12653 MM or Vk12598 MM. Error bars 
represent mean ± SEM of triplicate. (H) Graphs showing the frequency of spleen 
CD11b+Gr-1+ cells and their subset in WT, Nlrp1-/-, and Il18-/- mice challenged with 
Vk12653 MM from the same cohort of mice described in Figure 1A-E and Figure 2A-
D.  Data are shown as means ± SEM. (I) Schematic illustrating the experimental 
design of anti-Ly6G treatment and Kaplan–Meier survival curves of Vk12653 MM-
bearing WT mice treated with indicated mAb. Pooled data from two independent 
experiments are shown. (J-L) Schematic illustrating the experimental design of 
recombinant IL-18 (rIL-18) treatment (J). Graph showing the numbers of total 
CD11b+Gr-1+ cells, PMN subset, and MO subset in BM and spleen after indicated 
treatment (K). Data are shown as mean ± SEM of 6-7 individual mice pooled from 
two experiments. Graph showing T cell suppressing activity of isolated BM 
CD11b+Gr-1+ cells from rIL-18- or PBS-treated mice (L). Data are shown as means ± 
SEM. Pooled data from two independent experiments are shown. (M) Immunoblots 
showing C/EBPβ, NOS2, arginase I, and β-actin expression in isolated BM 
CD11b+Gr-1+ cells from rIL-18- or PBS-treated mice. (N) Graphs showing the 
frequency of indicated immune cells in the CD45-gated population from naïve WT, 
Nlrp1-/- and Il18-/- mice. Data are shown as mean ± SEM of 6 individual mice pooled 
from two experiments. (O) Graph showing CD8+ T cell suppressing activity of BM 
CD11b+Gr-1+ cells isolated from WT, Nlrp1-/-, and Il18-/- mice treated with rIL-18 for 4 
consecutive days. Data are shown as means ± SEM.  
Differences were tested for statistical significance using a one-way ANOVA with 
post-hoc Tukey’s test (A-F, N, and O), Kruskal-Wallis test with post-hoc Dunn’s test 
(H), a Mantel-Cox test (I), an unpaired student’s t-test (K and L). *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001. 



 

Figure S5, related to Figure 5.  MDSCs limit CD8+ T cell response in MM 
patients  
(A, B) Representative flow plot (A) and graphs (B) showing the frequency of PMN-
MDSCs, MO-MDSCs and monocytes within the BM of 81 MM patients at diagnosis. 
Data are shown as means ± SD. (C, D) BM CD33+CD11b+HLA-DR-CD15+ PMN-
MDSCs and CD33+CD11b+CD14+ HLA-DR+ monocytes were isolated from MM 
patients, and co-cultured with healthy donor (HD) (C) or autologous MM patient (D) 
CD3+ T cells stimulated by anti-CD3/CD28 microbeads. Representative histograms 
showing the proliferation of CD8+ T cells after 5 days and graphs recapitulating the 
percentage of inhibition from the same culture. Data are shown as means ± SEM 
from n=15 (C) and n=9 MM patients (D). Unpaired two-tailed Student's test with 
Holm-Sidak multiple test correction, *p < 0.05, **p < 0.01, ***p < 0.001.   
  



 

 
Figure S6, related to Figure 6. IL18 correlates with PMN-MDSCs signature 
genes in MM patients. 
(A) Table showing the correlation and associated p value between IL18 and PMN-
MDSC signature genes within MM patient BM aspirates. (B) Heatmap showing the 
correlation between MDSC signature genes and genes encoding indicated cytokines 
within MM patient BM aspirates. (C, D) Freshly isolated CD33+CD11b-HLA-DR- 

myeloid precursor cells or IL-18-induced CD33+CD11b-HLA-DR- MDSCs were co-
cultured with HD CD3+ T cells stimulated by anti-CD3/CD28 microbeads at the 
indicated ratios.  Representative histograms showing the proliferation of CD8+ T cells 
in the presence of the indicated cells (C) and graph recapitulating the percentage of 
inhibition of CD8+ T cell proliferation (D). Data are shown as means ± SEM from 
n=13 MM patients.  Unpaired two-tailed Student's test with Holm-Sidak multiple test 
correction, ***p < 0.001. 

  



 

Figure S7, related to Figure 7.  High BM IL-18 is an independent determinant of 
poor prognosis in MM patients. 
(A) Kaplan–Meier survival curves over more than 80 months of follow-up for 152 MM 

patients with a high (> median value) or a low level ( median value) of the indicated 
cytokines. Differences were tested for statistical significance using a Mantel-Cox test. 
(B) Graph showing BM plasma IL-18 levels in MM patients separated according 
clinical parameters including International Staging System (ISS), high-risk 
cytogenetics, gender, and age. Data are shown as mean ± SD. (C) Graph showing 
the relationship between BM IL-18 levels and serum β2 microglobulin (β2MG) levels 
in 144 MM patients. (D) Kaplan–Meier survival curves in IL-18high (>245 pg/ml; n=41) 
and IL-18low patients (n=52) who subsequently received bortezomib (velcade), 
dexamethasone and melphalan (VD-MEL200) in IFM2005-01 and IFM2007-01 
clinical trials. Differences were tested for statistical significance using a Mantel-Cox 
test. 
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