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Abstract
Our prior studies showed that dysfunctional plasmacytoid dendritic cells (pDCs) contribute to multiple myeloma (MM)
pathogenesis. Specifically, pDC interactions with tumor and T/NK effector cells in the bone marrow (BM) milieu induce
immune suppression and MM cell proliferation. Delineation of the mechanism(s) mediating pDC–MM–T–NK cell
interactions will identify novel therapeutic targets to both enhance cytotoxicity and anti-MM immunity. Here, we utilized
gene expression profiling (GEP) to show that pDC–MM interactions trigger upregulation of immunosuppressive tryptophan
catabolic kynurenine (Kyn) pathway. In particular, we show that Kyn pathway enzyme kynurenine-3-monooxygenase
(KMO) is upregulated during pDC–MM interactions. Using our coculture models of patient autologous pDC–T–NK–MM
cells, we show that pharmacological blockade of KMO activates pDCs and triggers both MM-specific cytotoxic T-cell
lymphocytes (CTL) and NK cells cytolytic activity against tumor cells. Furthermore, we show that simultaneous inhibition
of Kyn pathway and immune checkpoint PD-L1 enhances antitumor immunity and cytotoxicity in MM. Our preclinical data
therefore provide the basis for novel immune-based therapeutic approaches targeting Kyn metabolic pathway enzyme KMO,
alone or in combination with anti-PD-L1 Ab, to restore anti-MM immune responses in MM.

Introduction

Multiple myeloma (MM) accounts for 10% of all hemato-
logic malignancies and affects 30,200 new individuals
annually in the United States, highlighting the need for
identification of factors in the host-MM bone marrow (BM)
microenvironment that facilitate MM progression and drug
resistance [1, 2]. Our studies demonstrated a key role of
plasmacytoid dendritic cells (pDCs) in the pathophysiology

of MM [3, 4]. For example, analysis of MM patient BM
biopsies with multiparametric flow cytometry and immu-
noflourescence assays showed increased infiltration of
immunologically dysfuntional pDCs in MM BM [3]. Fur-
thermore, interactions of pDCs with tumor cells and
immune effector T and NK cells in the BM milieu confer
immune suppression, protect tumor cells from therapy-
induced cytotoxicity, and induce MM cell proliferation
[3, 4]. Identification of tumor-promoting and immunosup-
pressive mechanism(s) triggered by pDC–MM interactions
will help design interventional therapeutic strategies to
restore anti-MM immunity and enhance MM cytotoxicity.

Prior studies have linked dysregulated kynurenine (Kyn)
metabolic pathway to tumorigenesis and immunosuppres-
sion [5–8]. Kyn is a major component of tryptophan cata-
bolism pathway. Specifically, indoleamine 2,3-dioxygenses
(IDO1/IDO2) and tryptophan 2,3-dioxygenase (TDO) cat-
alyze conversion of tryptophan into Kyn, which in turn, is
further metabolized into 3-hydroxyanthranilic acid (3-HK),
3-HAA, and quinolinic acid via enzymatic activity of
kynurenine-3-monooxygenase (KMO). Overexpression of
KMO or IDO1 triggers depletion of tryptophan and
hyperaccumulation of Kyn metabolites, which promote
differentiation of naive T cells to immunosuppressive
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T regulatory cells [9–12]. Moreover, overexpression of Kyn
pathway enzymes negatively mediates the bidirectional
signaling axis between T cells and antigen-presenting cells,
as well as stimulates tumor growth [10]. While the above
findings show that Kyn pathway enzymes mediate tumor
cell escape from innate and adaptive immune activity, the
role of these enymes in MM, especially in the presence of
accessory cells in the MM BM milieu, remains undefined.

In this study, we analyzed genetic changes in MM cells
after coculture with pDCs using DNA microarray-based
gene expression profiling (GEP) studies. pDC–MM inter-
actions induce transcription of enzymes in the immuno-
suppressive Kyn metabolic pathway. To assess the
functional significance of these findings, we used our pDC/
MM, pDC/T, or pDC/NK cells coculture models, and show
that targeting Kyn pathway enzyme KMO generates MM-
specific cytotoxic T-cell lymphocyte (CTL) activity and NK
cell cytotoxicity against MM cells. Moreover, the combi-
nation of KMO inhibitor with anti-PD-L1 Ab enhances
antitumor immunity and cytotoxicity in MM.

Materials and methods

Cell culture and reagents

MM cells were cultured in 10% FBS plus RPMI-1640
medium supplemented with antibiotics. MM–pDCs were
cocultured either in DCP-MM medium (Mattek Corp.,
Ashland, MA) or complete RPMI-1640 medium supple-
mented with IL-3 (Peprotech Inc., Rocky Hill, NJ, USA).
CD3-PE/FITC/APC; CD4-FITC/PE or APC-Cy7; CD8-
APC/FITC, CD56-PE; CD123-PE/PE-Cy5/FITC; and
CD138-FITC/PE/APC were obtained from BD Biosciences
(San Jose, CA). BDCA-2-FITC and CD11c-APC were
obtained from Miltenyi Biotec (Auburn, CA); CD303-;
CD304-; CD107a; and PD-L1-BV421 were purchased from
Biolegend. All immunomagnetic separation kits were pur-
chased from Miltenyi Biotec. The CellTrace Violet and
CellTracker Green flow assay kits were obtained from Life
Technologies (USA). Functional-grade PD-L1 blocking
antibody (antihuman PD-L1, clone MIH1) was obtained
from eBiosciences [4]. Ro 61-8048 [13] and INCB 024360
were purchased from Selleck Chemicals. WST-1 Cell Pro-
liferation Reagent was purchased from Clontech Labora-
tories, Inc. (USA).

Purification of MM patient BM pDCs, T cells, NK
cells, and CD138+ tumor cells

All studies using MM patient samples were performed
following IRB-approved protocols at Dana-Farber Cancer
Institute/Brigham and Women’s Hospital, Boston, USA.

Informed consent was obtained from all patients in accor-
dance with Helsinki protocol, and patient samples were de-
identified prior to their use in experiments. pDCs were
purified from both BM and peripheral blood mononuclear
cells (PBMCs) using CD304 (BDCA-4/Neuropilin-1)
microbeads kit (Miltenyi Biotec). The purity of pDCs
(CD3-, CD14-, CD19-, CD20-, CD56-, CD11c-, and MHC-
II/CD123/BDCA-2+) was confirmed, as previously descri-
bed [3, 4]. The flow cytometry raw data were analyzed
using FACS Diva (BD Biosciences) and FlowJo (Tree Star
Inc., USA). MM patient cells were purified (>95% purity)
by positive selection using CD138 Microbeads kit. CD8+

T cells and NK cells were purified using negative selection
immunomagnetic separation techniques, as previously
described [4].

DNA microarray analysis

MM cells were cocultured with pDCs (pDC:MM; 1:5 ratio)
for 72 h; MM cells were then separated from the cocultures
using CD138 microbeads, and then subjected to gene
expression analysis using HGU133 plus 2.0 plus Affyme-
trix oligonucleotide microarrays. The raw data CEL files
were obtained using Affymetrix Microarrays Suite 5.0 soft-
ware. GeneChip 5.0 (Affymetrix, Santa Clara, CA) was
utilized to scan, quantify, and analyze the scanned image.
Gene expression patterns for MM cells cultured with or
without pDCs were compared, and heat maps were gener-
ated (>1.5-fold change in transcript levels was considered
significant, CI > 95%). The raw microarray data are pro-
vided at the website Gene Expression Omnibus. Accession
Number “GSE17407”.

Cell viability assays, flow cytometry analysis, and
transient transfections

Cell viability was assessed by MTT or WST assay, as
previously described [4]. MM cells were cocultured with
pDCs for 24 h; cells were then stained with KMO-FITC and
CD138 Abs, followed by multicolor flow analysis to
quantify KMOhi MM cell populations. MM.1S cells were
transfected with KMO-siRNA using TransIT-X2 (Mirus
Bio) transfection system.

Cytotoxic T lymphocyte (CTL) and NK cell activity
assays

MM patient BM CD8+ T or NK cells were cocultured with
autologous pDCs at 1:10 (pDC:T/NK) ratio, in the presence
or absence of KMO inhibitor Ro 61-8048 (ref.13) (100 nM)
or IDO1 inhibitor [14] (100 nM) for 3 days; pre-stained
MM cells were added for 24 h (E/T ratio 10:1, T:MM),
followed by quantification of viable MM cells by FACS.
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NK-cell mediated cytotoxicity was assessed using flow
cytometry-based CFSE-stained MM cell lysis assays and
CD107a degranulation assays, as previously described [15].

Statistical analysis

Student’s t test was utilized to derive statistical significance.
The minimal level of significance was p < 0.05 (Graph Pad
PRISM version 6, La Jolla, California, USA).

Results and discussion

pDC–MM interactions trigger transcription of
kynurenine (Kyn) pathway enzyme kynurenine-3-
monooxygenase (KMO) in MM cells

MM.1S cells were cocultured with MM patient pDCs (pDC:
MM; 1:5 ratio) for 72 h; MM.1S cells were then separated
from the cocultures using CD138 microbeads, and subjected
to gene expression analysis using HGU133 plus 2.0 plus
Affymetrix oligonucleotide microarrays. Expression pat-
terns for MM cells cultured with or without pDCs were
compared, and a heat map was generated (>1.5-fold change
in transcript levels was considered significant, CI > 95%).
The results demonstrate that pDCs induce alterations in
transcription of several genes in MM cells, including those

in immunosuppressive metabolic pathways (Fig. 1a). For
example, pDCs upregulate KMO, a key molecule in the
immunosuppressive kynurenine–tryptophan catabolic path-
way, in MM cells (Fig. 1a, b; 2.153-fold increased
expression versus MM alone; n= 3; CI > 95%). Although
our data show an increase in other metabolic pathway
enzymes (e.g., ENO1, CD44, or ITGA4/CD49d), we
focused on examining the role of KMO since (1) a maximal
induction of KMO was noted during pDC–MM interactions
versus other molecules; (2) the role of KMO is undefined in
the context of MM–pDC interactions; (3) the assessment of
functional significance of KMO is feasible due to avail-
ability of a specific pharmacological inhibitor; and (4) other
reports provide evidence for a role of KMO in inhibiting T/
NK cells antitumor activity and promoting tumor progres-
sion [9–12]. Moreover, gene expression profile analysis of
KMO from a publicly available GEP database showed that
the patients with low KMO expression have increased
survival rate compared with patients with high KMO
expression (Supplementary Fig. S1). Importantly, KMO
levels are the highest in patients with relapsed/refractory
MM compared with normal healthy donor plasma cells,
patients with newly diagnosed MM, or individuals with
monoclonal gammopathy of underdetermined significance
(Supplementary Fig. S2). Chromosome 1 abnormalities
play an important role in the pathogenesis of MM; and
importantly, KMO is located on chromosome 1: band: 1q43:

Fig. 1 Gene expression profiling of MM cells in the presence or
absence of pDCs. a DNA microarray analysis: MM cells were
cocultured with pDCs for 48 h; separated using anti-CD138 antibody
by flow sorting, and harvested. Poly RNA was subjected to microarray
analysis using HG-U133 plus 2.0 plus Affymetrix chip [3]. Data
processing: the CEL files were obtained using Affymetrix Microarrays
Suite 5.0 software. GeneChip 5.0 (Affymetrix, Santa Clara, CA) was
utilized to scan, quantify, and analyze the scanned image. GeneChip
software automatically calculated intensity values for each probe cell,
and marked a presence or absence call for each mRNA. Algorithms in

the software used probe cell intensities to calculate an average inten-
sity for each set of probe pairs representing a gene, which correlates
with the amount of mRNA. Gene expression patterns for MM cells
cultured in the presence versus absence of pDCs were compared, and a
heat map was generated (>1.5-fold change in transcript is considered
significant, CI > 95%). The expression profile of KMO transcript is
shown. b Quantification of KMO expression: Normalized KMO gene
enrichment in pDC–MM cell coculture versus MM cells alone is
presented [2.15-fold upregulation; n= 3; CI > 95%]
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241.53–241.6 Mb. We therefore analyzed the MMRF
CoMMpass data focusing on chromosome 1. In the absence
of 1q21 gain, KMO expression (RNA: FPKM:-fragments
per kilobase of transcript per million mapped reads) is
upregulated from baseline to disease progression state.
Interestingly, KMO expression (RNA: FPKM) is 1.4 times
higher in patients with trisomy of chr1 versus patients with
normal 1q21 (Supplementary Fig. S3).

To evaluate the biologic significance and potential
clinical relevance of our microarray data, we examined
the alterations in KMO expression levels using multicolor
flow cytometry in MM patient autologous tumor-pDCs
coculture systems. Results show that both tumor cells and
patient pDCs constitutively express KMO; and impor-
tantly, that pDC–MM cell coculture further increases
KMO expression in MM cells (2–3-fold versus MM;

p= 0.006) (Fig. 2a, scatter plot and bar graph). Moreover,
cocultures of pDCs and MM cells led to a significant
increase in KMO+ MM cell populations (~1.2-fold; p <
0.05) (Fig. 2b). As for MM cells, an increase in KMO
levels was observed in pDCs after coculture with MM
cells (MFI: 1.2-fold; p= 0.007) (Fig. 2c, scatter plot and
bar graph). Examination of IDO1, a molecule upstream of
KMO in Kyn pathway, showed similar results (data not
shown). pDCs from normal healthy donors also increase
KMO expression in MM cells, albeit to a much lesser
extent than MM patient pDCs (Supplementary Fig. S4).
Furthermore, coculture of MM cells with patient-BM
CD138-negative cells also increases KMO expression in
MM cells (Supplementary Fig. S5). In addition, forced
overexpression of KMO in MM cells further increases
pDC-triggered MM cell growth (Supplementary Fig. S6).

Fig. 2 Modulation of KMO expression during pDC–MM cell inter-
actions (a) pDCs were cocultured with autologous patient MM cells
for 24 h, followed by multicolor flow analyses to assess the pDC-
induced change in KMO expression on MM cells. CD138+ MM cells
were examined using flow cytometry, and median fluorescence
intensity (MFI) of KMO expression was determined using anti-KMO
Ab conjugated to FITC, both in the presence or absence of pDCs. Left
panel: representative histograms shows KMO expression in MM cells
cultured in the presence (red) and absence (green) of pDCs. [Black
histogram: isotype control Ab]. Right panel: normalized KMO
expression in MM cells cultured in the presence and absence of pDCs.
Data was quantified from the histogram analyses shown in the left
panel (mean ± SD; p < 0.05; data obtained from analysis of five MM
patient BM samples). b pDCs were cocultured with autologous patient
MM cells for 24 h, followed by multicolor flow analysis to determine

the pDC-induced change in the KMOhi MM cell population [mean ±
SD; p < 0.05; data obtained from five MM patient BM samples]. cMM
patient BM-pDCs were cocultured with autologous MM cells for 24 h,
followed by multicolor flow analyses to determine change in KMO
expression on pDCs. pDCs (CD304/CD123/CD303+) were examined
by flow analysis, and median fluorescence intensity (MFI) was
determined for KMO expression on pDCs, using anti-KMO-FITC Ab,
both in the presence or absence of MM cells. Left panel: representative
histograms shows KMO expression in MM–BM–pDCs cultured in the
presence (violet) and absence (blue–green) of MM cells. [Shaded
black histogram: isotype control Ab]. Right panel: normalized KMO
expression in MM-patient pDCs cultured in the presence or absence of
patient MM cells. Data was quantified from the histogram analyses
shown in the left panel (mean ± SD; p < 0.05; data obtained from five
MM patient BM samples)
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Together these findings suggest activation of the Kyn
pathway during pDC–MM interactions.

Inhibition of KMO activates MM pDCs and increases
T cell proliferation

We have previously shown that pDCs from MM patients
have significantly impaired ability to induce T cell pro-
liferation versus normal pDCs [3, 4, 15–17]. In our studies,
elevated expression of immune checkpoint PD-L1 and toll-
like-receptor (TLR-9/TLR-7) negatively regulate pDCs
immune function; conversely, both TLR9/TLR7 agonists
and anti-PD-L1 Abs activate pDCs and restore the ability of
pDCs to induce T cell proliferation [4, 15, 17]. Our current

finding that pDC–MM cell interactions upregulate KMO in
pDCs, coupled with other studies reporting immunosup-
pressive role of KMO, implicate involvement of Kyn
pathway in dysregulated pDCs immune response in MM.
We therefore next assessed whether KMO inhibition affects
maturation and immune function of pDCs in MM. For these
studies, we treated pDCs from MM patients with nontoxic
concentrations of a specific inhibitor of KMO Ro 61-8048
(0.1–0.2 µM) [13], and examined changes in activation/
maturation markers on pDCs. Ro-61-8048 triggers upre-
gulation of CD83 and CD80 on pDCs (Fig. 3a, b,
respectively).

To confirm our findings obtained from biochemical
inhibition, we performed genetic studies using RNA

Fig. 3 KMO blockade activates pDCs and enhances pDC-triggered T
cell proliferation (a, b) MM patient pDCs were treated with Ro-61-
8048 (100 nM) for 24 h, followed by multicolor staining and flow
cytometric analysis of pDC activation/maturation markers CD83 and
CD80. Fold change in Ro-61-8048-treated versus untreated is pre-
sented (mean ± SD; p < 0.05; Data obtained from six MM patient
samples). c–e MM patient pDCs were transfected with KMO-siRNA
using TransIT-X2 transfection reagent as per manufacturer’s protocol
(Mirus Bio, USA). The KMO-siRNA-transfected pDCs were cultured
in complete DCP medium for 48 h, and then stained with fluorophore-
conjugated Abs against CD80, CD83, and CD86, followed by flow
cytometry analysis. Bar graph: quantification of MFI for each marker,

and data is shown as fold change between scr-siRNA- versus KMO-
siRNA-transfected pDCs. Analysis was performed using three MM
patient samples (mean ± SD; CD80: p= 0.018; CD83: p= 0.0363;
CD86: p= 0.0001). Student’s t test was utilized to derive statistical
significance. The minimal level of significance was p < 0.05
(GraphPad PRISM version 6, La Jolla, California, USA). f pDCs from
MM patients were cocultured with autologous T cells at 1:10 (pDC:T)
ratio in the presence or absence of Ro 61-8048 (100 nM) for 3 days,
and viable CD8+ T cells were quantified using CellTrace Violet-Cell
Proliferation Kit by FACS (mean ± SD; P < 0.05, three MM patient
BM samples)
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interference strategy: MM patient pDCs or MM cells were
transfected with KMO-siRNA, followed by either flow
cytometric analysis of pDC maturation markers or coculture
experiments for measuring pDC-induced MM cell growth.
Genetic knockdown (KD) of KMO in MM patient pDCs
significantly increases CD80, CD83, and CD86 expressions
in pDCs, suggesting that (similar to biochemical inhibition)
KMO-KD triggers activation of pDCs (Fig. 3c–e). As a
control, transfection with siRNA-KMO significantly
reduced KMO levels (Supplementary Fig. S7A). In cocul-
tures with pDCs, KMO-siRNA-transfected MM cells
showed significantly reduced growth versus scr- siRNA or
non-transfected MM cells (Supplementary Fig. 7B).
Importantly, KMO blockade restores the ability of MM
patient pDCs to induce proliferation of autologous T cells
(Fig. 3f). Together, these findings show that blockade of
KMO induce pDCs activation and increases pDCs-mediated
autologous T cell response.

KMO blockade triggers pDC-induced T and NK cell-
mediated anti-MM activity

Recent studies showed promising therapeutic potential of
KMO blockade in cancers and many immunological dis-
eases [18–22]. To determine whether pharmacological
inhibition of KMO alters pDC-mediated T and NK cell anti-
MM immune responses in the MM-BM milieu, we next
utilized our coculture models of host-MM tumor cells,
pDCs, T cells, and NK cells. These coculture models of
patient pDCs, T cells, or NK cells with autologous MM
cells have been useful in validating immune checkpoint PD-
L1 as therapeutic target, as well as supporting ongoing
clinical trials of anti-PD-L1 Abs in MM [3, 4, 16, 23, 24].
Using these models, we next examined whether KMO
blockade can trigger the generation of MM-specific pDC-
induced cytotoxic T lymphocytes ex vivo. Freshly isolated
CD8+ T cells from MM patient BM were cultured with

Fig. 4 KMO inhibition triggers pDC-induced MM-specific CD8+
CTLs. a MM patient BM CD8+ T cells were cocultured with auto-
logous pDCs (n= 7) at 1:10 (pDC: T) ratio in the presence or absence
of Ro 61-8048 (100 nM) for 3 days. After washing to remove Ro 61-
8048, cells were cultured with autologous MM cells prestained with
CellTracker Violet (T/MM; 10:1 ratio) 24 h, followed by 7-AAD
staining and quantification of CTLs-mediated MM cell lysis by FACS.
Left panel: representative FACS scatter plot showing the decrease in
number of viable CellTracker-positive MM cells. Right panel: bar

graph shows quantification of CD8+ CTLs-mediated MM cell lysis,
reflected in CD138+MM cell viability, using data obtained in left
panel (data obtained from seven MM patient BM samples; mean ± SD;
p < 0.05). b MM patient pDCs and autologous T cells (1:10 pDC/T
ratio) were treated with DMSO control or Ro 61-8048 (100 nM),
followed by degranulation assay to assess surface CD107a+ T cells by
multiparameter flow cytometry. The plot shows percentage of surface
CD107a+ T cells, indicating degranulated CTLs (data obtained from
seven MM patient BM samples; mean ± SD; p < 0.05)
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autologous pDCs in the presence of Ro-61-8048 or DMSO
control for 3 days; cells were then washed to remove drug
and resuspended in complete medium. Autologous MM
cells were then added, and viable MM cells quantified after
24 h coculture. As shown in Fig. 4a, Ro-61-8048 triggers
robust MM-specific CD8+ CTL activity (~2.0-fold versus
control; p= 0.009), evidenced by decreased viable MM cell
populations. In concert with these findings, Ro-61-8048
increases CD107a+ degranulated CD8+ CTLs (Fig. 4b,
CD107a+CD8+ T:1.6 fold Ro-61-8048-treated versus
untreated; p= 0.0011). Among seven patient samples ana-
lyzed, five patients had MM resistant to bortezomib, dex-
amethasone, and lenalidomide therapies; and two patients
had newly diagnosed untreated MM.

Besides pDCs, NK cells in MM also show reduced
immune function [25, 26]. We therefore next examined
whether KMO inhibition alters anti-MM activity of NK
cells using our coculture model of autologous pDCs–NK
cells–MM cells. Freshly purified NK cells from MM patient
BM were cocultured with autologous pDCs in the presence
of Ro-61-8048 or DMSO control for 3 days; cells were then
washed to remove drug and resuspended in complete
medium. Autologous MM cells were then added, and per-
cent MM cell lysis was quantified at 24 h. Ro-61-8048
significantly increased NK cell cytolytic activity against
MM cells (Fig. 5a, scatter plot and bar graph). Moreover,
Ro-61-8048 increases CD107a+ degranulated NK cells
(Fig. 5b). Our data therefore show that elevated KMO in

Fig. 5 KMO inhibition triggers pDC-induced NK cell-mediated lysis
of MM cells (a) MM patient BM NK cells were cocultured with
autologous pDCs at 1:10 (pDC:NK) ratio in the presence or absence of
Ro 61-8048 (100 nM) for 3 days. After washing to remove Ro 61-
8048, cells were cultured with autologous MM cells prestained with
CellTrace violet (10:1 NK:MM ratio) for 24 h, followed by 7-AAD
staining and quantification of MM cell lysis by FACS [pDC:NK ratio;
1:10; effector/target; 10:1]. Left panel: representative FACS scatter
plot showing a decrease in number of viable CellTrace Violet-positive
MM cells. Right panel: bar graph shows quantification of NK-
mediated MM cell lysis using data obtained in left panel. The fold
change was obtained after normalization with control, and normalized
MM cell lysis in the Ro 61-8048-treated versus untreated is presented
(data obtained from ten MM patient BM samples; mean ± SD; p <
0.05). b MM patient pDCs and autologous NK cells (1:10 pDC/NK
ratio) were treated with DMSO control or Ro 61-8048 (100 nM),

followed by degranulation assay to assess surface CD107a expression
in CD3−/CD56+ NK cells by multiparameter flow cytometry. The plot
shows percentage of surface CD107a+ NK cells, indicating degranu-
lated cytotoxic NK cells (data obtained from seven MM patient BM
samples; mean ± SD; p < 0.05). c MM patient total BM-MNCs were
treated with Ro 61-8048 (100 nM) for 2 days, and multicolor flow
analysis was utilized to assess MM cell lysis. CD138+ MM cells were
selected based on their staining of CD138-FITC Ab and quantified.
Left panel: representative FACS scatter plot showing a decrease in
number of viable FITC-positive MM cells. Right panel: bar graph
shows quantification of CD138+ MM cells in left panel. The fold
change was obtained after normalization with control data, and the bar
graph is presented as percentage of viable cells in the presence and
absence of Ro-61-8048. (Data obtained from four MM patient BM
samples; mean ± SD; p < 0.05)
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pDCs contributes to immunosuppressive pDCs–NK cell
interactions; and conversely, that inhibition of KMO
restores anti-MM activity of NK cells.

We next further examined whether KMO inhibitor Ro-
61-8048 retains its ability to generate anti-MM activity even
in the presence of accessory cells in the BM milieu. Spe-
cifically, we evaluated its activity using total BM-MNCs
from seven MM patients. As shown in Fig. 5c, KMO trig-
gers a significant decrease in viable MM cells in total

BM-MNCs (50% ± 6% decrease in viable CD138+ cells;
p < 0.0035). Importantly, these findings show that inhibition
of Kyn pathway enzyme KMO induces anti-MM activity
even in the MM–BM microenvironment. This anti-MM
effect of Ro-61-8048 in BM-MNCs likely reflects both
abrogation of Kyn-pathway-mediated immune suppressive
signaling triggered by pDCs–MM cell interactions, as well
as simultaneous activation of pDC-induced CTL- and NK
cell-mediated cytotoxicity against MM cells. Together, our

Fig. 6 Combination treatment with anti-PD-L1 Ab and Ro-61-8048
enhances T cell- and NK cell-mediated MM-specific cytotoxic activity
(a) MM patient BM CD8+ T cells (n= 7) were cocultured with
autologous pDCs (pDC:T; 1:10 ratio) in the presence of anti-PD-L1
Ab (5 µg/ml), Ro-61-8048 (100 nM), or Ro-61-8048 plus anti-PD-L1
Ab for 3 days. After washing to remove drugs, cells were cultured with
autologous MM cells prestained with CellTracker Violet (T/MM; 10:1
ratio) for 24 h, followed by 7-AAD staining and quantification of
CTLs-mediated MM cell lysis by FACS. Left panel: representative
FACS scatter plot shows a decrease in number of viable CellTracker
Violet-positive MM cells. Right panel: bar graph shows quantification
of CD8+ CTLs-mediated MM cell lysis, reflected in % viable MM
cells, using data obtained in left panel. Percentage of viable MM cells
for each treatment versus control (isotype Ab) is presented (data
obtained from seven MM patient BM samples; mean ± SD; p < 0.05).

b NK cells from MM patient BM (n= 10) were cocultured with
autologous pDCs (1:10 pDC: NK ratio) in the presence anti-PD-L1 Ab
(5 µg/ml), Ro-61-8048 (100 nM), or Ro-61-8048 plus anti-PD-L1 Ab
for 3 days. After washing to remove drugs, cells were cultured with
autologous MM cells pre-stained with CellTracker Violet (10:1 NK:
MM ratio) for 24 h, followed by 7-AAD staining and quantification of
MM cell lysis by FACS. Left panel: representative FACS scatter plot
shows the decrease in number of viable CellTracker Violet-positive
MM cells. Right panel: bar graph shows quantification of NK-
mediated MM cell lysis using data obtained in left panel. The fold
change was obtained after normalization with control, and normalized
MM cell lysis in each treated sample versus control (isotype Ab) is
presented (data obtained from ten0 MM patient BM samples; mean ±
SD; p < 0.05)
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results show that blockade of KMO activates pDCs and
restores both pDC-induced T and NK cell- mediated cyto-
lytic activity against MM cells.

Combination of anti-PD-L1 Ab and Ro-61-8048
enhances T cell- and NK cell-mediated MM-specific
cytotoxic activity

Our previous studies showed pDC–MM cell interactions
upregulate immune-inhibitory molecules including pro-
grammed cell death ligand-1 (PD-L1) on pDCs and MM
cells, which further blunt the PD-1-expressing T- and NK-
cell responses [3, 4, 16, 27, 28]. These data, together with
our present findings indicate that pDC–MM interactions
induce two distinct immunosuppressive signaling pathways:
one via induction of immune checkpoints, and the second
via the kyn metabolic pathway. We therefore hypothesized
that simultaneous blockade of both immune checkpoint PD-
L1 and Kyn pathway enzyme KMO may be more potent in
restoring anti-MM immunity than either alone. We speci-
fically examined the anti-MM immune response to com-
bined blockade of KMO and PD-L1. Freshly isolated MM
patient BM CD8+ T cells were cocultured with autologous
pDCs at 1:10 (pDC: T) ratio in the presence of anti-PD-L1

Ab (5 µg/ml), Ro-61-8048 (100 nM), or PD-L1 Ab plus Ro-
61-8048 for 3 days; and then evaluated in CTL assays
against autologous MM cells (E:T ratio 10:1, T:MM), as in
Fig. 4. The combination of Ro-61-8048 and anti-PD-L1 Ab
triggers more robust autologous MM-specific CD8+ CTL
activity than anti-PD-L1 Ab alone (1.5–2.0-fold increase in
combination regimen versus anti-PD-L1 Ab alone)
(Fig. 6a). Moreover, this combination regimen induces
cytotoxicity against allogeneic HLA-A2+U266 cells (data
not shown). Finally, the combination of Ro-61-8048 plus
anti-PD-L1 Ab triggered significantly increased NK-cell
mediated MM cell lysis than either Ro-61-8048 (p= 0.045)
or anti-PD-L1 Ab (p= 0.001) alone (Fig. 6b). Consistent
with our data, studies in other cancers have also shown
promising antitumor activity of anti-PD-L1 Ab and an
inhibitor of tryptophan-Kyn pathway enzyme IDO1 [29].

The mechanism(s) whereby KMO expression is
increased during pDC–MM interaction remains to be elu-
cidated in ongoing studies. An earlier study [30] indicated
that an increase in KMO substrate Kyn or cytokines such as
IL-6 or TNF-α may increase KMO levels. Our prior study
showed that pDC–MM interactions induce both IL-6 and
TNF-α levels [3]. Moreover, both IL-6 and TNF are ele-
vated in the MM BM milieu and promote MM cell growth

Fig. 7 Schematic representation depicting the role of KMO in MM (a)
pDCs trigger growth, survival, and drug resistance in MM cells.
Tryptophan pathway: tryptophan is degraded into kynurenine (KYN)
(and downstream metabolites 3 hydroxykynurenine [3HK], 3-
hydroxyanthranilic acid [3-HAA], and quinolinic acid [QA]). Tryp-
tophan catabolic Kyn pathway is upregulated in MM, as evidenced by
high KMO levels in MM cells and pDCs. Importantly, pDCs–MM
interactions further upregulate KMO in MM cells, resulting in

accumulation of terminal immunosuppressive metabolites mediating
immunosuppression of MM-T and NK cells in the MM BM milieu.
b Therapeutic potential of KMO as an immuno-metabolic target:
treatment of MM-pDCs by KMO antagonists, either alone, or in
combination with anti-PD-L1 Abs, generates anti-MM-specific CD8
+ CTL activity, as well as enhances NK-cell-mediated anti-MM cell
cytotoxicity
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and survival [31, 32]. It is therefore likely that these cyto-
kines upregulate KMO in pDCs and MM cells, which in
turn enhances conversion of Kyn into immunosuppressive
metabolites 3-HAA and 3-HK in the MM BM milieu.

Collectively, we show that (1) pDC–MM interactions
induce transcription of Kyn pathway enzyme KMO in MM
cells; (2) both pDCs and MM cells express KMO, and
pDC–MM interactions further increase KMO levels in both
cells; (3) blockade of KMO using a biochemical inhibitor
Ro-61-8048 activates MM patient pDCs and enhances their
ability to trigger autologous T cell proliferation; (4) Ro-61-
8048 triggers MM-specific CD8+ CTL activity, as well as
NK-cell-mediated cytolytic activity against autologous MM
cells; and (5) the combination of Ro-61-8048 and anti-PD-
L1 Ab triggers more potent MM-specific CD8+ CTL and
NK-cell cytolytic activity against autologous tumor cells
than either agent alone. Overall, our preclinical data pro-
vides the basis for novel immune-based therapeutic
approaches (Fig. 7) targeting Kyn pathway enzyme KMO,
either alone or in combination with anti-PD-L1 Ab, to
enhance MM cytotoxicity and restore anti-MM immunity
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