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Abstract

We have recently shown the strong negative impact of multiple myeloma (MM)-bone marrow mesenchymal stromal cell (BMMSC)
interactions to several immunotherapeutic strategies including conventional T cells, chimeric antigen receptor (CAR) T cells, and
daratumumab-redirected NK cells. This BMMSC-mediated immune resistance via the upregulation of antiapoptotic proteins in MM
cells was mainly observed for moderately cytotoxic modalities. Here, we set out to assess the hypothesis that this distinct mode
of immune evasion can be overcome by improving the overall efficacy of immune effector cells. Using an in vitro model, we aimed
to improve the cytotoxic potential of KHYG-1 NK cells toward MM cells by the introduction of a CD38-specific CAR and a DR5-
specific, optimized TRAIL-variant. Similar to what have been observed for T cells and moderately lytic CAR T cells, the cytolytic
efficacy of unmodified KHYG-1 cells as well as of conventional, DR5-agonistic antibodies were strongly reduced in the presence
of BMMSCs. Consistent with our earlier findings, the BMMSCs protected MM cells against KHYG-1 and DR5-agonistic antibodies
by inducing resistance mechanisms that were largely abrogated by the small molecule FL118, an inhibitor of multiple antiapoptotic
proteins including Survivin, Mcl-1, and XIAP. Importantly, the BMMSC-mediated immune resistance was also significantly dimin-
ished by engineering KHYG-1 cells to express the CD38-CAR or the TRAIL-variant. These results emphasize the critical effects of
microenvironment-mediated immune resistance on the efficacy of immunotherapy and underscores that this mode of immune escape
can be tackled by inhibition of key antiapoptotic molecules or by increasing the overall efficacy of immune Killer cells.

Introduction T cells, and daratumumab-redirected NK cells.!*> We have
demonstrated that this specific mode of immune escape can

Multiple myeloma (MM) is a plasma cell malignancy that  be readily abrogated by small molecules YM155 and FL118,
mainly resides in the bone marrow, where it establishes tight  which have strong inhibitory effects on multiple antiapoptotic
communications with the surrounding cells, resulting in tumor  proteins including Survivin, Mcl-1, and XIAP.*S Unlike several
growth, survival, and resistance toward conventional drug ther-  well-known immunosuppressive mechanisms, this BMMSC-
apies. In addition to these well-documented effects, we have  mediated immune escape represents resistance mechanisms in
recently shown that the cellular interactions between MM cells MM cells that protect them against the cytotoxic machinery of
and bone marrow mesenchymal stromal cells (BMMSCs) can  immune cells. In addition, we have recently discovered a strong
have a significant negative influence on the efficacy of several  jnverse correlation between the ability of BMMSCs to protect
immunotherapeutic strategies, including conventional cytotoxic MM cells against CAR T cells and the overall lytic capacity of
T cells (CTLs), chimeric antigen receptor (CAR)-transduced  these immune effector cells, which led to the hypothesis that
strategies that improve the intrinsic cytotoxic machinery or the

avidity of immune effector cells may overcome the BMMSC-
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To broaden our understanding of this concept, we now
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MM cells against native KHYG-1 cells and against KHYG-1
cells that express either the CD38-CAR or the TRAILY, in earlier
established, compartment-specific model systems. In line with
our previous studies, we also examined whether the protective
effects of BMMSCs could be abrogated with the small proapop-
totic molecule FL118.

Materials and methods

Bone marrow mononuclear cells

Bone marrow mononuclear cells from BM aspirates of MM
patients were isolated by Ficoll-Hypaque density-gradient
centrifugation and cryopreserved in liquid nitrogen until use.
All patient material has been obtained after informed consent
according to the code of conduct for medical research developed
by The Council of the Federation of Medical Scientific Societies
(FEDERA, https://www.federa.org/codes-conduct).

Bone marrow-derived mesenchymal stromal cells

Bone marrow-derived mesenchymal stromal cells were iso-
lated from diagnostic BM aspirates from MM patients and used
to culture BMMSCs as previously described.” To minimalize
interindividual variation, all assays were performed with a sin-
gle batch that consisted a pool of BMMSCs derived from 12
MM patients at the earliest possible passage (passage 3).

MM cell lines

Luciferase (LUC)-transduced MM cell lines MM1.s (p53
wild-type) and RPMI-8226 (p53 mutant)’ were cultured in
RPMI 1640 (Life Technologies), supplemented with 10%
HyClone Fetal Clone I serum (GE Healthcare Life Sciences) and
antibiotics (penicillin 10.000 U/mL and streptomycin 10.000
pg/mL; Invitrogen). Authenticity of the cell lines were verified
by STR profiling (GenePrint 10 System, Promega).

KHYG-1 NK cells and genetic engineering

KHYG-1 NK cells were cultured in RPMI 1640, supple-
mented with 10% HyClone Fetal Clone I serum, antibiotics, and
300U/mL recombinant human IL-2 (R&D Systems). Retroviral
constructs containing an optimized affinity CD38-CAR (A4
scFv) in a second generation design (CD3C and CD28 costim-
ulation)® or the DRS-specific TNF-related apoptosis-inducing
ligand (TRAIL)-variant (D269H/E195R )¢ were used to engineer
KHYG-1 cells with standard retroviral transduction technology
as previously described.?

Reagents

DR 5-agonistic antibodies Drozitumab and TRA-8 (both from
Absolute Antibody) were stored at 4°C. FL.118 was dissolved in
dimethyl sulfoxide (DMSO), aliquoted, and stored at —20°C.

BLI-based compartment-specific MM cell lysis
assays

BMMSCs were plated in white opaque, 96-well flat-bottom
plates in DMEM (Life Technologies) supplemented with 10%
FBS (Sigma) and antibiotics, at 2.4x10* cells/well. After 24
hours, LUC-transduced MM cell lines were added at 1.2x10*
cells/well to BMMSC-seeded or medium-only wells for 24
hours. When DRS5-agonistic antibodies were used to induce
MM cell kill, they were supplemented with freshly isolated
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peripheral blood mononuclear cells (PBMCs) at a PBMC to
target ratio of 40 to 1 to induce FcyR-mediated clustering of
DRS.? When KHYG-1 NK cells were used as effector cells, they
were added at increasing effector to target (E:T) ratios. Where
indicated, FL118 was added alone or together with antibodies
or effector cells. After 24 hours of incubation, the LUC substrate
beetle luciferin (125 pg/ml; Promega) was added and incubated
for 20 minutes. Then, the survival of MM cells was determined
by bioluminescence imaging (BLI). Percentage MM cell lysis
was determined using the following formula: 1—BLI signal in
treated wells/mean BLI signal in untreated wells x100%.

Flow cytometry-based ex vivo MM cell lysis
assays

BMMSCs were plated in 96-well flat-bottom plates at 2
x 10* cells/well. After 24 hours, cryopreserved bone marrow
mononuclear cells derived from MM patients, containing
3%-74% MM cells, were added to BMMSC-seeded or medi-
um-only wells. After 16-24 hours, 10 pg/mL drozitumab and
50nM FL118 were added and incubated for 24 hours. After
addition of flow-count fluorospheres (Beckman Coulter), cells
were harvested using Stem-Pro Accutase (Life Technologies),
blocked with human immunoglobulin (100 pg/mL, Sanquin),
and stained for CD38,CD138, CD45, (Beckman Coulter), DRS
(Biolegend), and live/dead cell marker (LIVE/DEAD Fixable
Near-IR; Life Technologies) to determine absolute numbers of
viable CD138* CD38* CD45%™ MM cells using flow cytometry.
The percentage of patient MM cell lysis was determined using
the following formula: 1—absolute number of viable MM cells
in treated wells/mean absolute number of viable MM cells in
untreated wells x100%.

Statistics

Comparisons between variables were performed using
2-tailed paired or unpaired Student’s ¢-test using Prism software
(Graphpad Software Inc., v.7). The Chou-Talalay method was
used to quantify KHYG-1-FL118 combinatorial effects with
Combination Index (CI) values of <1 indicating synergy, of 1
indicating additive effects, and of >1 indicating antagonism.'
When drozitumab was used, that did not reach increasing MM
cell lysis values with increasing concentrations, combinatorial
effects with FL.118 were estimated with a BLISS model, in which
expected lysis values from combinatorial treatments were cal-
culated using the following formula: (% lysis with drozitumab
+ % lysis with FL118) — % lysis with drozitumab x % lysis
with FL118.""-13 The null hypothesis of “additive effects” was
rejected if the observed values were significantly different than
the expected values. Where indicated, the E:T ratio of KHYG-1
cells required to reach half maximal MM cell lysis was deter-
mined by nonlinear regression of lysis values obtained with
increasing E:T ratios. Comparisons between multiple groups
were then performed using one-way ANOVA. P values below
0.05 were considered significant.

Results

BMMSC-mediated resistance against NK cells and
DR5-agonistic antibodies

We started the investigation by testing the efficacy of native
KHYG-1 NK cells to kill MM1.s and RPMI-8226 MM cells in
absence versus presence of BMMSCs. In accordance with previ-
ous studies, we found that the KHYG-1 NK cell-mediated lysis
of both MM cell lines was significantly reduced in the presence
of BMMSC:s, across increasing E:T ratios (Figure 1A).
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Since we aimed at improving the cytotoxic capacity of
KHYG-1 cells through engineering a DRS-specific TRAILyv,
we next investigated if BMMSCs could protect MM cells from
DRS5-mediated induction of apoptosis. To this end, we used 2
DR S5-agonistic antibodies, the human monoclonal antibody dro-
zitumab and the murine monoclonal antibody TRA-8, for which
the humanized versions have previously been tested in clinical
trials.'*'7 Indeed, the efficacy of these 2 DRS5-agonistic antibod-
ies to kill MMT1.s cells as well as patient-derived MM cells was
significantly reduced in presence of BMMSC:s (Figure 1B). These
protective effects of the BMMSCs were irrespective of DRS
expression levels on patient MM cells (Supplemental Digital
Figure 1; http://links.lww.com/HS/A151).

BMMSC-mediated protection is effectively
abrogated by FL118, an inhibitor of antiapoptotic
proteins Survivin, Mcl-1, and XIAP

In a subsequent series of experiments, we tested whether
BMMSC-induced resistance against KHYG-1 NK cells and
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DRS-agonistic antibodies could be modulated with the small
molecule FL118, at doses that showed no toxic effects on
BMMSCs or NK cells."** Despite careful dosing, the combina-
tion of FL118 with KHYG-1 NK cells was moderately antago-
nistic in the absence of BMMSCs, indicating that there was still
some inhibitory effect of FL118 on KHYG-1 NK cells at the
tested concentrations (Figure 2A and B). Importantly however,
in the presence of BMMSCs, FLL118 showed a clear synergism
with KHYG-1 NK cells and effectively abrogated BMMSC-
induced protection of MM 1.s cells (Figure 2A) and reduced the
protection of RPMI-8226 cells (Figure 2B) against KHYG-1 NK
cell-mediated lysis. FL118 also completely abrogated BMMSC-
mediated protection against DRS-agonistic antibody dro-
zitumab in MMT.s cells as well as in patient-derived MM cells
in a synergistic fashion (Figure 2C and D) and irrespective of
the level of DRS expression on MM cells (Supplemental Digital
Figure 1; http:/links.lww.com/HS/A151). Altogether, these
results demonstrated that BMMSC-induced protection against
the cytotoxic attack of KHYG-1 NK cells and DRS5-agonistic
antibodies could be corrected by modulation of key anti-apop-
totic molecules in MM cells, despite some inhibitory effects of
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Figure 1. BMMSC-mediated resistance against KHYG-1 NK cells and DR5-agonistic antibodies. (A) LUC-transduced MM1.s and RPMI-8226 cell lines
were cultured in the absence or presence of BMMSCs and treated with serial E:T ratios of KHYG-1 NK cells. MM cell survival was determined by BLI, 24 hours
after treatment. Results are representative of 3 independent assays. Error bars represent means with SEM of triplicate cultures. (B) The MM1.s cell line (left) and
BMMNC samples from 5 MM patients (right) were cultured in the absence or presence of BMMSCs. MM1.s was treated for 24 hours with 1 pg/mL drozitumab
and PBMCs from healthy donors (n = 5). BMMNC samples were treated with 10 png/mL drozitumab (circles) or TRA-8 (triangles) for 24 hours. Viable MM1.s cells
were enumerated by BLI and viable CD138* CD38* CD45™ patient MM cells were enumerated by flow cytometry. Bars represent the median values. The sta-
tistical differences between the culture conditions without versus with BMMSCs were calculated using unpaired (A) or paired (B) t-tests (*P < 0.05; **P < 0.001;
****P < 0.0001). ns = not significant; BMMNC = bone marrow mononuclear cells; BMMSC = bone marrow mesenchymal stromal cell; LUC = Luciferase; MM = multiple myeloma; PBMC

= peripheral blood mononuclear cell.
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Figure 2. Abrogation of BMMSC-mediated immune resistance in combination with FL118 treatment. The LUC-transduced MM1.s (A) and RPMI-
8226 (B) cell lines were cultured in the absence or presence of BMMSCs and treated with serial E:T ratios of KHYG-1 NK cells and serial concentrations of
FL118 as shown, for 24 hours. MM cell survival was determined by BLI. Results are representative of 2 independent assays. Error bars represent means with
SEM of triplicate cultures. Cl values for the treatment of KHYG-1 NK cells with FL118 were quantified with the Chou-Talalay method. (C) The MM1.s cell line was
cultured in the absence or presence of BMMSCs and treated with 1 pg/mL drozitumab and 5nM FL118 for 24 hours. PBMCs from healthy donors (n = 5) were
added to all treatment groups. MM cell survival was determined by BLI. (D) BMMNC samples from 4 MM patients were cultured in the absence or presence of
BMMSCs and treated with 10 pg/mL drozitumab and 50nM FL118 for 24 hours. Patient MM cell survival was determined by flow cytometry. Bars represent the
median values. The observed lysis levels with combination treatment were compared with the expected lysis levels, as is described in the Materials and methods
section. The statistical differences between the indicated groups were calculated using paired t-tests (*P < 0.05; **P < 0.001). BLI = bioluminescence imaging; BMMNC
= bone marrow mononuclear cells; CI = Combination Index; LUC = Luciferase; MM = multiple myeloma; ns = not significant; PBMC = peripheral blood mononuclear cell.
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FL118 on NK cells, similar to what we have previously observed
for conventional CTLs, CAR T cell and NK cell-mediated anti-
body-dependent cellular cytotoxicity (ADCC).!

Increasing the efficacy of NK cells can abrogate
BMMSC-mediated immune resistance

After showing the important influence of BMMSCs on
KHYG-1 NK cell and DR3 antibody-mediated lysis of MM cells,
we investigated whether the BMMSC-mediated immune resis-
tance against KHYG-1 NK cells could be overcome by improv-
ing its avidity toward MM cells through CD38-CAR expression
or by increasing its cytotoxic activity through TRAILv expres-
sion. Expression of the CD38-CAR on KHYG-1 NK cells, in
comparison to MOCK control KHYG-1 NK cells, increased
the lysis of MM1.s and RPMI-8226 MM cells (Figure 3A and
B). While the BMMSC-mediated lysis inhibition was gradually
diminished by increasing the E:T ratio, more importantly, the
BMMSC-mediated protection of MM1.s as well as RPMI-8226
cells against KHYG-1 NK cells was significantly reduced after
CD38-CAR transduction of KHYG-1 NK cells in all E:T ratios,
except the lowest ratio in MMl1.s cells, probably due to lim-
ited physical interaction between NK cells and MM cells, which

www.hemaspherejournal.com

caused very low levels of MM cell lysis (Figure 3C). Similarly,
expression of the TRAILv on KHYG-1 NK cells enabled the
NK cells to kill the MM cells with greater efficacy (Figure 3A
and B). Importantly, TRAILv expression on KHYG-1 NK cells
reduced the BMMSC-mediated protection of MM cells against
the KHYG-1 NK cells (Figure 3C). Combination of CD38-CAR
and TRAILv did not further reduce the BMMSC-mediated
immune resistance (Figure 3A-C). Together, these results sup-
ported our hypothesis that improvement of the overall avidity
and cytotoxic machinery of NK cells toward MM cells can over-
come BMMSC-induced immune resistance.

Discussion

The main aim of this study was to further evaluate the
hypothesis that BMMSC-mediated immune resistance could be
overcome by improving the target-binding and the cytotoxic
machinery of immune effector cells. Using the model NK cell
line KHYG-1, we demonstrated that the incorporation of a
CD38-specific CAR or a DRS5-specific TRAILv into KHYG-1
cells increases its cytotoxic capability against MM cells and sig-
nificantly reduces BMMSC-mediated protection. These results
are in agreement with our previous findings and emphasize
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Figure 3. BMMSC-mediated resistance against KHYG-1 NK cells is significantly reduced by the incorporation of CD38-specific CAR or DR5-
specific TRAILv. LUC-transduced MM1.s and RPMI-8226 cells were cultured in the absence (A) or presence (B) of BMMSCs and treated with serial E:T ratios
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the importance of microenvironment-mediated immune resis-
tance as a potentially important obstacle for the efficacy of
immunotherapy.

Relevant in this context is the protective effect of BMMSCs
not only from KHYG-1 NK cells but also from DR5-agonistic
antibodies, which showed poor therapeutic response rates
in earlier clinical trials.'*'*" In fact, the proposed resistance
mechanisms against these antibodies include the increased
expression of several anti-apoptotic proteins like c-FLIP, Bcl-2
and Inhibitor of Apoptosis Proteins (IAPs),2*?! most of which
are strongly upregulated through interaction of MM cells with
BMMSCs.? Preclinical evaluation of those antibodies never
included BMMSC:s. Thus, our results emphasize the importance
of including BMMSCs in preclinical evaluation of novel ther-
apeutic strategies, especially if the strategies mediate MM cell
killing by caspase-mediated apoptosis induction via the classi-
cal intrinsic- and extrinsic- apoptotic pathways. Furthermore,
the capacity of FL118, a small molecule inhibitor of multiple
anti-apoptotic proteins,** to abrogate the BMMSC-mediated
immune resistance against NK cells, even though it had a modest
negative influence on the effector function of KHYG-1 NK cells,
further underscore the importance of anti-apoptotic signaling
in this type of immune escape and suggest that immunother-
apy could benefit from effective inhibition of such antiapoptotic
molecules. Thus, our results warrant further research towards
the feasibility of such strategies in the clinical setting.

Finally, the other important message of our study is the pos-
sibility to overcome the BMMSC-mediated immune evasion by
strategies that increase the overall killing efficacy of immune
killer cells. First of all, our preclinical study showed that increas-
ing the KHYG-1 NK cell to MM cell ratio, resulting in improved
MM cell lysis, reduced BMMSC-mediated protection, as was
observed for MOCK KHYG-1 NK cells in the RPMI-8226 cell
line (Figure 3C right panel). But, as we have also shown, a more
clinical applicable strategy is the equipment of NK cells or T
cells with tumor-reactive CARs. In principle, CAR activity itself
can also be improved by the inclusion of strong co-stimulatory
domains or high affinity single chain variable fragment (scFv)
sequences.®?* In addition, dual-targeted CARs can enhance the
strength of CAR T cell-target cell interactions? and may hereby
avoid BMMSC-mediated resistance against classical single anti-
gen-targeted CARs. Next to the CAR technology, the cytotoxic
activity of the effector cells can be improved by increasing the
cytotoxic potential of immune killer cells. We have shown that
this objective can be achieved by ectopic expression of a DRS
specific TRAIL variant on the NK cell surface.® Of note, the
potency of the TRAILv to overcome BMMSC-mediated resis-
tance seemed more effective in the RPMI-8226 cell line, which
had higher DRS levels in comparison to the MM1.s cell line
(Figure 3C and Supplemental Digital Figure 2; http://links.
Iww.com/HS/A151). This again suggests the importance of an
effective induction of immune cell killer mechanisms to over-
come BMMSC-mediated resistance. Nonetheless, we observed
a substantial difference between the two MM cell lines already
for MOCK-transduced NK cells, which was not neutralized by
the TRAILv or CAR (Figure 3). Thus, it seems that the intrinsic
resistance of MM cells towards the cytotoxic machinery of NK
cells may also have an important and independent impact on
therapy resistance, which deserves further investigation.

Expression of a DR5-specific TRAILv on effector cells may
in addition have potential to modulate immune suppressive ele-
ments within the tumor microenvironment, such as regulatory
T cells and myeloid-derived suppressor cells, which are known
to upregulate DRS in cancer patients.?*?” Alternative to TRAIL
molecules, effector cells may be equipped with Granzyme A, that
induces apoptosis via caspase independent mechanisms,?>*$2 to
increase their cytotoxic potential. Further research is necessary
to investigate the feasibility and potency of these strategies to
overcome BMMSC-mediated immune resistance.

Overcome BM Stromal Cell-mediated Resistance Against NK Cells in MM

Overall, the results presented in the current study demonstrate
the value of different strategies to tackle microenvironment-me-
diated immune escape, such as inhibition of key antiapoptotic
proteins and improvement of the overall efficacy of immune
effector cells.
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