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ARTICLE INFO ABSTRACT

Keywords: Background: Natural killer (NK) cells are part of the innate arm of the immune system; as such NK cells can be
NK cells activated rapidly to target virus-infected cells and tumor cells without prior sensitization. The human NK-92MI
Multiple myeloma cell line is among the most widely used NK cell in preclinical research studies and has also been approved for
g};::;%)l(;?éy clinical applications. Previous studies have shown that osteoblasts (OSB) confer drug resistance in multiple
Microenvironment myeloma (MM) and other cancers that metastasize to the bone marrow.

Aim: We evaluated here how OSB, which are bone forming cells and a key cellular component of the bone marrow
microenvironment, modulate the cytotoxic activity of NK-92MI cells against the MM.1S multiple myeloma cell
line.

Methods: The osteoblastic niche was recapitulated with either the osteoblastic cell line hFOB 1.19 (hFOB) or
primary osteoblasts (P-OSB) derived from surgical resections. Time-lapse imaging was utilized to quantify changes
in MM.1S cell viability under different conditions, including: (1) Co-culture of MM.1S with NK92MI cells, (2)
triple-culture of hFOB or P-OSB with MM.1S and NK-92MI, and (3) MM.1S or NK-92MI cells primed with OSB-
derived supernatant. Cytokine analysis was conducted to quantify potential secreted factors associated with the
protective effects of OSB.

Results: The physical presence of OSB hindered the activity of NK-92MI cells, resulting in the increased viability of
MM.1S compared to co-cultures which lacked OSB. This observation was accompanied by reduced perforin and
granzyme A secretion from NK-92MI cells. Contact of OSB and NK-92MI cells also induced interleukin 6 (IL-6) and
interleukin 10 (IL-10) production; two cytokines which are known to impair the NK cell immunity against MM
and other cancers. OSB supernatant also conferred cytoprotection to MM.1S, suggesting a dual mechanism by
which OSB may modulate both NK and MM cells.

Conclusions: We demonstrated here that OSB can negatively impact the activity of NK cells against MM. As NK
cells and their chimeric antigen receptor-modified versions become more widely used in the clinic, our results
suggest that understanding the role of OSB as potential immunoregulators of the NK cell-mediated cytotoxic
response in the bone marrow tumor microenvironment may provide new opportunities for enhancing the
effectiveness of this potent immunotherapeutic approach.

1. Introduction MM cells but also their interplay with the microenvironment, MM re-

mains an incurable disease [1]. It is well established that bone fosters the

Multiple myeloma (MM) is a B-cell malignancy characterized by the
accumulation of monoclonal malignant plasma cells in the bone marrow,
the presence of high levels of monoclonal serum antibody, and the
development of anemia, renal insufficiency, and osteolytic bone lesions
[1]. Despite the development of novel therapies which target not only
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dormancy and progression of MM cells, which in turn interact with the
bone niche to colonize, evade therapy, and dysregulate bone homeostasis
[2]. In particular, the bone-lining endosteal layer at the bone/bone
marrow (BM) interface fosters the survival of drug-resistant MM cells, in
part through their interactions with osteoblasts (OSB) [3]. We previously
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reported that MM cells co-cultured with OSB acquired resistance to
bortezomib [4], a proteasome inhibitor widely used for the treatment of
this disease. Based on these results, we sought to investigate if OSB could
also modulate the cytotoxic activity of natural killer (NK) cells against
MM cells.

NK cells are a type of lymphocyte that belong to the innate immune
system [5]. Their effector functions are regulated by the surface
expression of inhibitory and activating receptors. Unlike cytotoxic T cells,
NK cells can recognize tumor cells that lack the expression of major

histocompatibility complex class I molecules [6]. This cytotoxic mecha-
nism has driven the exploration of NK cells’ role in the biology and
treatment of MM and other cancers [7, 8, 9, 10]. In this brief commu-
nication we report, for the first time, that OSB are capable of shaping the
anti-myeloma response of NK cells in part through cytokine regulation.
As the next-generation of NK cell-based immunotherapies, such as ex
vivo expanded killer cell immunoglobulin-like receptor (KIR)-mis-
matched NK cells and chimeric antigen receptor (CAR)-NK cells enters
the clinical space [7, 11], our results suggest the need to further explore
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Table 1. Statistical analyses for Figure 1.

Condition vs MM.1S Control 10-120 min 130-240 min 10-120 min 130-240 min
ACFDA Signal ANucView Signal

NK-92MI Control n/a n/a ns ns

CO'CultuIe S**** S**** ns s»\“k*‘k

Triple-culture ns ns ns ns

S/N Primed MM.1S ns ns ns ns

S/N Primed NK-92MI ns gHHHH ns grHHHE

2-way ANOVA and Dunnett's multiple comparisons test. A p < 0.05 was considered statistically significant. s - significant difference (****p < 0.0001, **p < 0.01), ns -
not significant, n/a - not applicable (i.e. no CFDA signal). All comparisons were made to the MM.1S controls where cell viability was maintained throughout the ex-
periments. No significant difference compared to MM.1S control implies no loss of cell viability. Significant difference suggest a departure from control arising from a

decrease in cell viability.

the potential immunosuppressive landscape conferred by the tumor
microenvironment in order to enhance these potent and promising
therapeutic approaches.

2. Materials and methods
2.1. Cell lines and cell culture

To recapitulate the osteoblastic niche, we utilized the osteoblastic cell
line hFOB 1.19 (hFOB; ATCC® CRL-11372, derived from fetal tissue) and
primary osteoblasts (P-OSB) derived from a patient with osteoarthritis.
The base medium for the hFOB cell line was a 1:1 mixture of Ham's F12
Medium and Dulbecco's Modified Eagle's Medium, with 2.5 mM L-
glutamine. The complete growth medium consisted of the base medium
plus 0.3 mg/ml G418 and fetal bovine serum (FBS) at a final concen-
tration of 10%. As recommended, hFOB cells were maintained at 34 °C
and 5% COa. P-OSB cells were isolated from discarded surgical samples
obtained from an osteoarthritis patient undergoing joint replacement.
Bone fragments were subjected to enzymatic dissociation using serial
digestions with collagenase type 1A and EDTA. The supernatant from the
fourth enzymatic digestion was collected, plated and allowed to prolif-
erate for 14 days before characterization via alkaline phosphatase (ALP)
activity [12]. P-OSB were cultured in o-MEM medium supplemented
with 10% penicillin-streptomycin (P/S), 10% FBS, 3uM b-glycer-
ophosphate and 50 mg/mL l-ascorbic acid [12].

The NK-92MI cell line (ATCC® CRL-2408) was used as model NK cells.
The clinical use of this cell line, established from a 50-year-old male
patient with progressive non-Hodgkin's lymphoma [13], is rapidly
expanding due to its therapeutic potential as an off-the-shelf third party
immunotherapy [6, 14]. NK-92MI cells were cultured in MyeloCultTM
H5100 (StemCell Technologies cat # 05150).

MM.1S cell line (ATCC® CRL-2974), an extensively characterized and
commonly utilized MM model was originally derived from a 42-year-old
patient. It expresses the glucocorticoid receptor and is dexamethasone
sensitive [15, 16]. MM.1S cells were cultured following ATCC specifi-
cations in RPMI-1640 medium supplemented with 10% FBS. Cells were
maintained at 37 °C and 5% COs. All cytotoxic assays were performed at
37 °C and 5% COs.

2.2. MM.1S labeling

MM.1S cells were pre-stained with 2 pM CFDA-SE (5-(and-6)-Car-
boxyfluorescein Diacetate, Succinimidyl Ester; Thermo Fisher #V12883)
following the manufacture's recommendations for labeling cells in sus-
pension. To this end, the cell pellets were resuspended gently in pre-
warmed (37 °C) PBS containing the CFDA-SE and incubated for 15 min at
37 °C. After staining, cells were re-pelleted and resuspend in fresh pre-
warmed medium, incubated another 30 min to ensure complete modi-
fication of the probe and then wash again in complete medium. To assess
cellular apoptosis via caspase-3 staining, NucView (Biotium #10408)

was added directly to the cultures to a final concertation of 2 pM, prior to
the starting of the assays.

2.3. NK cytotoxicity assay

NK cell cytotoxicity against tumor cells was assed following published
protocols [17, 18] with modifications to incorporate the osteoblasts in
the cultures. In brief, hFOB or P-OSB cells were seeded in 96 well plates
8 x 10° cells/well) and cultured for 3-4 days until confluent. A 1:1
effector (NK-92MI): target (MM.1S) ratio (5 x 10* cells) was used for all
experiments. The following conditions were tested: (1) Triple-culture of
hFOB or P-OSB with MM.1S and NK-92MI, (2) co-culture of MM.1S and
NK-92MI, (3) co-culture of NK-92MI and OSB supernatant-primed
MM.1S cells, (4) co-culture of MM.1S cells and OSB
supernatant-primed NK-92MI, (7) MM.1S control (5 x 10* cells), (8)
NK-92MI control (5 x 10* cells) and (9) hFOB or P-OSB control. For
triple-culture setups, MM cells were incubated for 1 h with OSB prior to
adding the NK cells. Likewise, priming of MM or NK cells with super-
natant from either hFOB or P-OSB was conducted for 1 h prior to
co-cultures. Cytotoxic assays were run for a total of 4 h.

2.4. Time-lapse imaging

Time-lapse imaging was performed using a Nikon Eclipse Ti2 epi-
fluorescence scope equipped with a Hamamatsu C13440 digital cam-
era, Nikon 20x Plan Fluor objective, and a TOKAI HIT stage top
incubator. Brightfield, FITC, and TRITC image sets were taken every
10 min over 4 h. ImageJ (NIH, bundled with 64-bit Java 1.8.0_112)
was used to process the time lapse images for quantification of CFDA-
SE and NucView signals. All images captured were sequentially orga-
nized to produce time lapse image sets for each location imaged on the
well plate. Image sets were broken down in separate sequences of the
brightfield, FITC and TRITC images captured at each location. In order
to quantify the fluorescence intensity (FI) of the CFDA-SE and Nuc-
View signals, regions of interest (ROI) containing the desired signal in
each image for all time points, were determined. This was accom-
plished by first opening one set of CFDA-SE images and using the
“Threshold” function to identify the region of each image in the set
that was positive for CFDA-SE signal. After overlaying the ROI
boundary for each image, ImageJ performs a calculation to quantify
the signal intensity of the raw CFDA-SE signal within the bounds of
each ROI for all images in a given set. The measurements taken from
each image were further analyzed. Identification of the NucView signal
being expressed by MM.1S cells also stained with CFDA-SE (i.e., not
viable cells) was accomplished by overlaying the CFDA-SE and Nuc-
View signals for each individual image in a set and identifying the
regions of the image where both signals were colocalized using the
“Colocalization” function in ImageJ. The regions with both the green
CFDA-SE signal and red NucView signal were selected and saved as
ROIs. The ROIs saved for the colocalized signal were then applied to
the original image set containing only the NucView signal in
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sequential order to quantify the amount of NucView signal being
expressed by the MM.1S cells in each condition tested throughout the
assay. To quantify changes in CFDA-SE and NucView signals, CFDA-SE
data was normalized as follows: ACFDA FI = % x 100%, where the
FI at the start of each image set is the greatest. NucView data was
normalized as follows: ‘(F’fg}“—‘nm x 100%) - <}W x 100%)

240
where the FI at the end of each image set is the greatest. As MM.1S

>

t=240 min

viability decreases, CFDA-SE FI is reduced due to the fact that dye
escapes from cells with compromised membranes and a concomitant
increase in NucView signal (as the cell become apoptotic) was
observed. NK cell-mediated cytotoxicity against MM.1S cells resulted
in a significant difference compared to baseline changes due to pho-
tobleaching and death during the experiments, whereas a lack of
change in the AFI signals with respect to MM.1S controls indicated the
presence of viable cells.
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Table 2. Statistical analyses for Figure 2.

Condition vs MM.1S Control 10-120 min 130-240 min 10-120 min 130-240 min
ACFDA Signal ANucView Signal

NK-92MI Control n/a n/a ns ns

Co-culture ns Skl ns Skl

Triple-culture ns ns ns grEHHE

S/N Primed MM.1S ns SRR ns G

S/N Primed NK-92MI ns s** ns g

2-way ANOVA and Dunnett's multiple comparisons test. A p < 0.05 was considered statistically significant. s - significant difference (****p < 0.0001, **p < 0.01), ns -
not significant, n/a - not applicable (i.e. no CFDA signal). All comparisons were made to the MM.1S controls where cell viability was maintained throughout the ex-
periments. No significant difference compared to MM.1S control implies no loss of cell viability. Significant difference suggest a departure from control arising from a

decrease in cell viability.

2.5. Cytokine profiling

Granzymes A and B, perforin, interleukin 6 (IL-6), and interleukin 10
(IL-10) were detected using a Milliplex MAP Human CD8" T-Cell Mag-
netic Bead Panel (Millipore Sigma) and read in a Luminex 200 (Millipore
Sigma). Data was analyzed with the Belysa" Software V 1.0. Cytokine
data were normalized to prevent bias due to potential cell number vari-
ations between experiments. Since IL-6 was detected only in OSB
monocultures and not in NK92MI or MM.1S control conditions, it was
normalized to the levels in hFOB and P-OSB control conditions, respec-
tively. Likewise, neither MM.1S nor OSB monocultures produced IL-10,
hence IL-10 was normalized to the concentration of this cytokine
detected in culture conditions of NK-92MI cells alone. Finally, Granzymes
A, B, and perforin were normalized to the concentration of these cyto-
kines in the NK-92MI control supernatant as neither MM.1S nor OSB
produced these cytokines in monoculture.

2.6. Statistical considerations

A total of 9 experiments (6 with hFOB and 3 with P-OSB) were con-
ducted for imaging studies during which 5-10 separate image sets were
collected per experimental condition. All FI data is represented as a mean
with standard deviation of all replicates. Two-way ANOVA analysis was
used to compare means of experimental conditions across time points.
For this comparison, the FI was analyzed and compared between groups
at two separate intervals: (1) 10-120 min) and (2) 130-240 min to study
early and late effects. Supernatant analysis for cytokine quantification
was performed in duplicate and comparisons across conditions were
conducted using one-way ANOVA. p < 0.05 was considered statically
significant. Data was analyzed in GraphPad Prism (V. 7).

3. Results

3.1. hFOB and P-OSB modulate cytotoxicity of NK-92MI against MM.1S
cells

Image analyses showed that in the physical presence of hFOB or hFOB
supernatant-primed MM.18S, the AFI of CFDA-SE (viable cell signal) and
NucView (apoptotic cell signal) of MM.1S cells overlapped with that of
MM.1S alone control cultures (Figures 1a and 1b). Table 1 summarizes
the statistical analyses of the experiments involving hFOB cells. No sta-
tistical differences (ns) were found between 10-120 min, or between 130-
240 min for the triple culture and supernatant primed MM.1S conditions.
Conversely, co-cultures of MM.1S with NK-92MI cells in the absence of
hFBO exhibited a ~30% difference in ACFDA-SE and ~55% in
ANucView FIs compared to MM.1S controls (Fig. 1a and b), which was
statistically different (****p < 0.0001 for ACFDA-SE between 10-240
min and ****p < 0.0001 for ANucView between 130-240 min). When
NK-92MI cells were primed with hFOB supernatant (Figures 1a and 1b),
both ACFDA-SE and ANucView signals overlapped with that of MM.1S

control condition up to ~100 min (ns, Table 1), after which they run in
parallel to the co-culture condition and were significantly different from
that of MM.1S control by the end of the culture period (****p < 0.0001
between 130-240 min, Table 1). Representative image composites can be
seen in Figures 1c and 1d.

Likewise, the ACFDA-SE of MM.1S cells in triple-culture with P-OSB
was not significantly different and overlapped with that of the MM.1S
control (Figure 2a) signal, showing no statistical differences (ns) between
10-120 min or between 130-240 min (Table 2). The ANucView signal
(Figure 2b), also overlapped with that of MM.18S controls for the first 120
min of the assays however it was significantly different by the end of the
culture (****p < 0.0001, Table 2), running parallel to the co-cultures. P-
OSB supernatants (priming either MM.1S or NK-92MI cells) had minimal
effects on the ACFDA-SE and ANucView FI signals, similar to those
captured in co-culture conditions (Figures 2a and 2b), and were statis-
tically significant from the changes experience by MM.1S cells alone by
the end of the culture period (Table 2). Representative image composites
can be seen in Figures 2c and 2d.

3.2. Culture conditions containing OSB display a cytokine profile that
promotes MM survival and hinders NK cell activity

The culture of NK-92MI with hFOB or P-OSB cells resulted in a sig-
nificant upregulation of IL-6 and IL-10. Figures 3a and 3b show a ~6-7
and ~2.5-fold increase in IL-6 production, respectively, compared to
hFOB and P-OSB controls and co-culture conditions. Similarly, IL-10
production was significantly increased in culture conditions containing
NK-92MI cells and hFOB (~6-fold) or P-OSB (~1.5-fold) as seen in
Figures 3c and 3d.

Lastly, to determine the NK cell killing mechanism of MM.18 cells, we
looked at changes in granzyme A, granzyme B, and perforin production in
hFOB containing experiments. Both triple-culture and supernatant-
primed MM.1S conditions presented with a significant decrease of ~3
and 1-fold respectively in granzyme A and a ~2.5 and 1-fold in the case
of perforin, compared to co-cultures (Figures 3e and 3f). Granzyme B was
not detected in our cultures.

4. Discussion

MM relapse and progression are in part modulated by cell adhe-
sion-mediated drug resistance conferred by bone marrow microenvi-
ronment stromal cells; an established mechanism used by MM cells to
survive chemotherapy [19, 20, 21]. In particular, previous studies have
shown that cell-cell interactions of MM and OSB can confer drug resis-
tance to MM cells [3, 4, 20]. Beyond drug resistance, Nair-Gupta et al.
[22], also demonstrated that cell-cell contact with stromal cells in the
bone marrow was implicated in reducing T cell activation and conferred
protection of MM and acute myeloid leukemia cells from bispecific
antibody-T cell-mediated lysis in vitro and in vivo. In this brief commu-
nication we report for the first time evidence suggesting a safeguarding
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Figure 3. Quantification of cytokine production using multiplex cytokine assay. (a,c) IL-6 and IL-10 fold changes in cultures with hFOB cells. (b,d) IL-6 and IL-10 fold
changes in cultures with P-OSB cells. (e,f) Granzyme A and perforin fold changes in cultures with hFOB cells. Statistical analyses were conducted using One Way Anova

against co-culture condition followed by Dunnett's multiple comparisons test.

effect of OSB on the cytotoxic activity of NK cells against MM. hFOB in
direct culture with MM.1S and NK-92MI cells or priming of MM.1S with
hFOB supernatant protected MM.1S cells from NK cell-mediated cyto-
toxicity. NK-92MI cells primed with hFOB supernatant caused a delay in
cytotoxicity as determined by the parallel trajectory of the ACFDA-SE
and ANucView FIs of this condition compared to co-cultures. P-OSB also
slowed down NK cell anti-myeloma activity, albeit to a lesser extent than
that of hFOB cells, since the ANucView FI ran a parallel trajectory to that
of co-cultures in the later part of the experiments (i.e., from
130-240min), which was significantly different from MM.1S control
cultures. Furthermore, exposure of either MM.1S or NK-92MI cells to
P-OSB supernatant did not provide significant protection. The fact that

‘p < 0.001 and ***

‘p < 0.01.

only hFOB supernatant could cause MM.1S to become resistant to NK cell
killing suggests, not surprisingly, that hFOB and P-OSB differ in their
ability to produce soluble immunomodulatory factors. That notwith-
standing, the physical presence of OSB (hFOB or P-OSB) induced NK
cell-mediated cytotoxic resistance in MM cells.

The protective mechanism conferred by OSB was studied in part by
evaluating the level of IL-6 and IL-10 in our cultures. Bussard et al. [23]
demonstrated that murine OSB can be a major source of cytokines in the
breast cancer tumor niche and that osteoblast-derived IL-6 was signifi-
cantly increased when cultures contained breast cancer-derived condi-
tioned media. IL-6 is a pro-inflammatory cytokine reported to confer
pro-survival signals to MM cells and reduce NK effector function via
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the STAT3 pathway [24, 25, 26]. Known for its pleiotropic effects, IL-10
has also been associated with reduced NK cell activity in cancer [27, 28].
Importantly, IL-10 can act as a proliferation factor for MM cells [26] and
increased serum concentrations of IL-10 have been correlated with
advanced MM [29].

We, therefore, looked at the relative changes of these cytokines and
found that IL-6 and IL-10 were significantly increased in all conditions
containing OSB, although to a lesser degree in P-OSB setups, providing a
mechanism for the difference in protection levels conferred by hFOB and
P-OSB cells. Since IL-10 was not detected in any of the OSB monoculture
conditions and NK-92MI cells did not produce IL-6 during the assays, we
hypothesize that the observed changes were related to a reciprocal effect
through which NK cells modulated the secretion of IL-6 by OSB [23] and
OSB regulated the production of IL-10 by NK cells [30]. Interestingly, the
upregulations of these cytokines appeared to be associated with an
exclusive crosstalk between these two cell types, as triple-cultures pre-
sented with comparable fold changes to those obtained in NK + OSB
setups. Of note, IL-6 and IL-10 were not detected in MM.1S monoculture
controls during the experimental time-frame, further supporting the fact
that these cytokines were likely produced by OSB and NK cells, respec-
tively. Our observations also suggest a concomitant action whereby OSB
secreted factors could have disrupted the balance between activating and
inhibitory ligands on MM cells [6], as hFOB supernatant alone also had a
safeguarding effect on MM.1S primed cells.

We also confirmed that the increase in apoptotic MM.1S cells was
associated with elevated levels of perforin and granzyme A secretion,
which were significantly decreased in experimental conditions contain-
ing OSB and, to a lesser extent, primed with OSB media. The overall
decrease in cytotoxic granule secretion in the presence of hFOB and P-
OSB was therefore congruent with the reduced cytotoxic activity of NK-
92MI cells quantified in the time-lapse imaging studies. Interestingly, we
have found (unpublished data) that anti-apoptotic BCL-XL and BCL2 as
well as pro-apoptotic CHOP and CASP3 genes where up- and down-
regulated, respectively, in MM.1S cells co-cultured with OSB resulting in
an overall pro-survival effect during bortezomib treatment. These results
are in agreement with other published studies showing the presence of
stromal-mediated activation of pro-survival and anti-apoptotic pathways
in MM cells [22, 31].

Lastly, there is evidence to suggest that the extracellular matrix (ECM)
of the tumor microenvironment can play an immunomodulatory role on
NK cells. ECM molecules such as hyaluronan and MMP-9 have been re-
ported to impair access and cleave tumor ligands that activate NK cells in
various tumors [32]. Matrix remodeling has also been hypothesized to
contribute to disease progression in MM. In particular collagen, a major
component of bone tissue, can exert an inhibitory effect on immune cells
that is likely mediated by its binding with the leukocyte-associated Ig-like
receptors which are expressed at the surface of most immune cells [33,
34]. A number of studies have focused on developing biomimetic ECM
environments that recapitulate the in vivo environment of organs and
tumors [35, 36]. The utilization of these models could provide further
insight on the immunoregulatory role of bone-derived ECM proteins in
MM.

5. Conclusions

This research provides new insights towards understanding the
immunosuppressive landscape conferred by the osteoblastic niche in the
tumor microenvironment of MM, as well as potential therapeutic areas of
intervention for circumventing OSB-driven factors that undermine the
efficacy and functionality of NK cell therapies against MM. In particular,
results from this study suggest a dual immunoregulatory mechanism
whereby: (1) the physical contact between OSB and NK cells increased
the production of immunosuppressive cytokines IL-6 and IL-10 which
likely damped NK cell activity, and (2) soluble factors secreted by OSB
caused putative upregulation of anti-apoptotic pathways and or
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dysregulation of MM cells’ activating-deactivating receptors and ligands
to enable MM immunity against NK cell-mediated cytotoxicity.
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