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Abstract

Daratumumab (Dara), a multiple myeloma (MM) therapy, is an antibody against the surface
receptor CD38, which is expressed not only on plasma cells but also on NK cells and monocytes.
Correlative data have highlighted the immune-modulatory role of Dara, despite the paradoxical
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observation that Dara regimens decrease the frequency of total NK cells. Here we show that,
despite this reduction, NK cells play a pivotal role in Dara anti-MM activity. CD38 on NK cells is
essential for Dara-induced immune modulation, and its expression is restricted to NK cells with
effector function. We also show that Dara induces rapid CD38 protein degradation associated with
NK cell activation, leaving an activated CD38-negative NK cell population. CD38+ NK cell
targeting by Dara also promotes monocyte activation, inducing an increase in T cell costimulatory
molecules (CD86/80) and enhancing anti-MM phagocytosis activity ex-vivo and in vivo. In
support of Dara’s immunomodulating role, we show that MM patients that discontinued Dara
therapy because of progression maintain targetable unmutated surface CD38 expression on their
MM cells, but retain effector cells with impaired cellular immune function. In summary, we report
that CD38+ NK cells may be an unexplored therapeutic target for priming the immune system of
MM patients.

Introduction

Daratumumab (Dara) is a humanized 1gG; (x subclass) antibody against the highly
expressed plasma cell (PC) receptor CD38.175 It has been approved by the Food and Drug
Administration for the treatment of relapsed and newly diagnosed multiple myeloma (MM).
1.3-8 The main anti-MM effect of Dara has thus far been attributed to its ability to target the
MM cells by inducing immune activation cell killing,? but unfortunately, despite its
significant efficacy, relapse or resistance remains an issue. In support of its function as an
ectoenzyme, we and others recently reported that a fraction of the entire CD38 molecule is
actively internalized when cancer cells, including MM cells, are treated with CD38-specific
antibodies.19: 11 The correlation between CD38 surface levels on the MM cells and response
to Dara treatment remains controversial.12 13 Whereas some researchers reported a
significant downregulation of CD38 expression on the surface of the MM-PCs in patients
progressing under Dara treatment,12 others have instead shown that detection of CD38 on
these cells was hindered by competitive binding of Dara, which resulted in a “false” MM
CD38-negative population.1* A restoration of CD38 expression on the cancer cells six
months after Dara discontinuation has been also described.? Despite the importance of
CD38 expression on the myeloma cells, correlative studies have highlighted that MM
patients who participated in Dara monotherapy trials (SIRIUS and GEN501) show
significant lower levels of total NK cells but an increase in a CD38(-), activated NK cell
population (CD69+), associated with an increase in CD8+ T-cell activation after two months
of treatment.1®> Although a recent published study has highlighted the possible effect of Dara
in killing CD38+ NK cells with subsequent expansion of a more active CD38(-) NK cell
population,16 the expansion of this population has not been observed in patients, and CD38
signaling has mainly been implicated in NK cell and Th1 activation.1-20 By using patient
samples in conjunction with /n vivoand ex vivo testing, we report that Dara binding to
CD38 in NK cells induces its internalization and concomitant activation of a CD38+ NK cell
population, a step we believe is essential in inducing immune activation against cancer cells.
We also report that patients resistant to a Dara-containing treatment regimen retain CD38
surface expression on their myeloma cells but with impaired Dara-induced effector function.
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Materials and Methods

See Supplementary Information.

Results
Dara-induced MM cell killing through CD38+/CD16+NK cells

Confirming previously published data with single-agent Dara, 1% our data show that relapsed
patients responding to Dara-containing combinations display a significantly lower total NK
cell frequency in their peripheral blood compared to Dara-untreated patients (RRMM)
(Fig.1A). Despite the reduction of the frequency of this population, these cells could still
play a role in Dara anti-MM activity. The effect of NK cells was tested in NSG mice
engrafted with CD38+ MM cells (MM.1S Gfp/Luc+). Two weeks after MM cell injection,
mice with comparative tumor burden were randomly separated into four different groups
(n=6 mice for group) and co-injected with the following: 1x10° healthy donor-derived
peripheral blood mononuclear cells (PBMCs) plus Dara (group 1) or a hnon-MM specific
humanized IgG; (x subclass) control antibody trastuzumab (Trast, group 2); or PBMCs
depleted of the NK population [PBMC NK(-)] plus Dara (group 3) or trastuzumab (group 4)
(Fig.1B). Each treatment was repeated once a week for three weeks. Mice treated with
PBMCs+Dara have a significantly longer survival compared to that in mice treated with
PBMCs+Trast (p=0.001). Mice treated with PBMC NK(-) + Dara had significantly shorter
survival compared to the mice injected with PBMCs+Dara (p=0.015) (Fig.1C). We then
investigated whether CD38 surface expression on immune effectors was essential for Dara-
induced cell killing. PBMCs (effectors, E) were pretreated with Dara (ED), washed, and
incubated with the target (T) cells (ED:T). Our data show that only CD38+ effector cells
induced MM Killing upon Dara treatment (Fig.1D, Sup Fig.1A) when pretreated with Dara
(ED:T), whereas the PB CD38-negative fraction [PB-CD38(-)], were unable to induce MM
killing under the same conditions (Fig.1D, Sup Fig.1A). To avoid the possibility that the PB-
CD38(-) fraction was inducing less MM killing because the presence of a reduced number
of NK cells'®, we purified this population. Consistent with the importance of CD38
expression on the surface of immune effector cells, the same effect was also observed in
purified total NK cells at different effector-target ratios (Fig.1E) (Sup.Fig.1 B,C).
Conversely, CD38(-) NK cells obtained from the same donor did not induce killing in the
same experimental conditions (Fig.1E). Since CD16 expression is critical for NK cell
activation against cancer cells by antibody dependent cellular cytotoxicity (ADCC), we
investigated whether surface CD16 levels may differ in CD38+ and CD38(-) NK cell
populations. Our data show that CD38(-) NK cells have almost 80% less surface CD16
surface expression (MFI 16) compared to that on CD38+NK cells (MFI 70) (Fig.1F). Mass
cytometry analysis also confirmed that in both healthy and patient donors, CD38 distribution
in CD56+NK cells is mainly restricted to the CD16+ population (Sup. Fig.1D). We then
assessed whether Dara could directly engage CD16 on the surface of NK cells even in
absence of CD38+ target cells. We observed surface CD16 down-modulation when NK cells
were treated overnight with Dara (Fig.1G), and the same result was observed in cells
obtained from patients actively under Dara treatment (Fig.1H) (p=0.008). Interestingly,
when the Dara-treated NK cells were washed twice to eliminate the excess of antibody and
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incubated with the target (CD38+ MM cells, ED:T), an antibody binding the same epitope,
CD38-Mono-PE, could not detect CD38 on the surface of MM cells, in contrast to detection
following control human 1gG (C-1gG) but similarly to when MM cells were directly exposed
to Dara (ED:TD) (Sup. Fig.1E), clearly showing that when the Fc of Dara is first bound to
CD16, the Fab of Dara can efficiently recognize CD38 on the surface of MM cells. Blocking
the FcR only in the effector cells (E-FcBlock-D:T) almost completely reverted Dara induced
MM cell killing (Sup. Fig.1F).

Dara induces CD38+ NK cell activation

Since CD38+ effector cells appear crucial for the engagement of the Dara-induced anti-MM
immune response but previously published data have shown that Dara-treated patients are
left with an activated CD69+CD38(-) NK cell population,® we decided to explore this
apparent discordancy ex vivo. We observed CD69 to be significantly upregulated in NK cells
when PBMCs were treated overnight with Dara (Sup.Fig.2A). CD69 upregulation in NK
cells was also observed in the CD38+ PBMC fraction, but not in the PBMC CD38(-)
population (Sup.Fig.2A). To assess whether Dara could have a direct activating effect on NK
cells, we performed the same experiment using CD38+ and CD38(-) NK cell populations
(Sup.Fig.2B). We observed a significant increase in CD69 expression in the CD38+ and in
the NK cell population after overnight treatment with Dara, which was not observed in the
CD38(-) fraction (p<0.001) (Fig.2A,B). Because previous data have shown that CD38 and
CD16 are functionally dependent to induce mechanisms of NK cell activation! and that
Dara could induce fratricide of NK cells by its concomitant binding (bridging) to the Fc
receptor and their surface CD38,16 we investigated whether targeting CD38 using only the
Dara Fab or Fc fragments (Sup.Fig.2C) would still induce NK cell activation. One hour of
incubation with the Dara Fab fragment cannot induce NK cell activation (CD69+ cells: 51%
from Dara versus 15% from Fab) and degranulation (CD107a+ cells: 24% in Dara versus
0.66% from Fab) (Fig.2C). However, the addition of the purified Dara Fc fragments 30 min
after the full saturation of CD38 on NK cells by Fab (Fig. 2D) completely restored the
activation observed using the intact antibody (CD69+: Dara 51% versus Fab+Fc 54%;
CD107a+: Dara 24% versus Fab+Fc 17%), excluding a possible mechanism of ADCC
between NK cells in which both receptors were occupied but not physically connected
(Fig.2D). NK cell activation was not observed when trastuzumab was used in the same
experimental condition, but elevated CD69 and CD107a was again observed when Dara was
added (Fig.2D). Western blot analysis revealed that up to 48hrs of treatment with Dara Fab
did not induce CD38 down-modulation, but the addition of an intact Dara Fc again
decreased CD38 levels comparable to those in Dara-treated NK cells (Fig.2E). Interestingly,
we did not observe CD38 mRNA down modulation in NK cells upon incubation with Dara,
neither at 24 or 48 hours of treatment (Sup. Fig. 2D), supporting that ex vivo Dara treatment
does not select a CD38(-) NK cell population, which in patients retains lower CD38 mRNA
levels compared to that in CD38+ NK cells (Sup. Fig.2E). Since previous data have shown
that modulation of CD38 signaling pathways induces increases in IFN-y and GM-CSF
levels in NK cells,2! we investigated whether Dara could also modulate the release of these
cytokines. We found an increase in IFN-y and GM-CSF production in NK cells treated at
different time points (1-16 hrs) at different Dara concentrations (1-100 pg/ml) (Fig. 2F,G).
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As expected, IFN-y and GM-CSF increases were associated with upregulation of the NK
cell degranulation marker (CD107a) after 1 hr. of Dara treatment (Sup.Fig.2F, p=0.02).

Dara induces CD38 protein degradation in NK cells

Flow cytometry analysis using anti-CD38-Multi-FITC, a non-competitive antibody, shows
that CD38 on the surface of NK cells is strongly downregulated upon Dara treatment, from
70% to 40% after 1hr and to 6% after overnight treatment, an effect not observed with C-
IgG (Fig.3A). Despite this surface downregulation, the total CD38 protein content upon 1
hour of incubation was unaffected (Fig.3B). Regardless of differences in CD38 levels, a
decrease in CD38 protein was observed as soon as 6hrs in all donors tested (n=13; median
age 56), in contrast to CD38 levels in C-lgG-treated NK cells (p=0.008) (Fig.3B,C). We
then investigated whether Dara binding on the CD38+ NK cells could cause Dara/CD38
complex internalization and subsequent degradation. We used our recently published Dara
conjugated to Alexa-Fluor 647 (DARA-AF-647).22 We first blocked DARA-AF-647 active
NK cell internalization using ice and assessed maximum surface signal after 120 min of
incubation; minimum surface signal in the same cells was alternatively assessed after surface
acid wash (a.w.). NK cells were then incubated with DARA-AF-647 at 37°C at different
time points (15-120 minutes), and the internalized fluorescence left after acid wash was
compared to the minimum and maximum surface signals (Sup. Fig. 3A,B). We observed a
rapid DARA-AF-647 internalization in CD38+ NK cells, a signal that reached a maximum
internalization level at 60 min and remained elevated at 120 min after incubation. This result
is aligned with the stability in total CD38 protein levels in the first few hours of treatment
(Fig.3B). Our data show that Dara treatment induces an increase in intracellular Ca*
mobilization in NK cells, with a 40% increase in magnitude after 30 seconds of Dara
addition (Sup. Fig. 3C). Since we previously published that CD38 can be internalized though
the auto-phagosome apparatus, we assessed whether CD38 protein down-modulation in NK
cells could be linked to lysosomal degradation. Dara treatment induces a decrease of the
phagosome marker microtubule-associated protein light chain 3 (LC3), and increase in
GLUT4, supporting an increase in glucose uptake induced by autophagy and lysosomal
degradation (Fig.3D). We also observed that primary NK cells treated with the autophagy
inducer rapamycin (10, 50 nM) for 6 hours in the presence of either Dara or C-1gG show
CD38 protein downregulation, an effect that was further potentiated by the addition of Dara
(Fig.3E). We then investigated whether CD38 protein degradation after Dara binding could
be reversed. When NK cells were treated overnight with the autophagy inhibitor wortmannin
(3, 50 nM), we observed a significant rescue of CD38 protein degradation upon Dara
binding compared to the control (Fig.3F, G). Consistent with these data, CD38 surface
expression was also partially rescued by the addition of wortmannin (Fig.3H).

Dara-treated CD38+ NK cells induce monocyte activation

Because IFN-y and GM-CSF release are essential not only for NK cells to directly induce
target cell cytolysis but also to indirectly activate the innate immune response, leading to
monocyte activation and polarization towards the tumor site (Fig.4A),23 we investigated
whether patients responding to Dara had an effective increase in monocytic-derived
macrophages in their bone marrow. We collected BM aspirates from 8 relapsed MM patients
who became resistant to Dara-based treatment prior to starting a subsequent therapy with a
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minimum of 1% CD138" MM-PCs among total BM cells (Dara-resistant). We compared
them (Dara-resistant, n=8) with 8 Dara-naive and 2 Dara-exposed (>1 year prior to the
analysis) extensively pretreated patients (RRMM n=10) that were progressing on a Dara-free
regimen. We also compared with Dara responding (n=5) patients, including 1 patient with a
partial response, 2 with a very good partial response, and 2 with a complete response. Our
data showed a significant increase in the frequency of the BM CD14+ population in Dara-
responding patients compared with either RRMM or Dara-resistant (p<0.001) (Fig.4B). To
assess the role of NK cells here, we tested whether Dara in an ex-vivo model could induce
monocyte expansion and polarization. We observed upregulation of costimulatory T cell
surface antigens (CD80/CD86) on the surface of the monocytes (CD14+) in PBMCs treated
with Dara for 24 hrs (Fig.4C). We then investigated whether the effect of Dara on NK cells
may be responsible for monocyte activation (CD80/CD86). CD14+ cells co-cultured with
Dara-treated NK cells significantly upregulated CD80/86 (Fig.4D-E) (median average
36%), an effect not observed with C-lgG-treated NK cells (median average 19%, p<0.01,
using three different healthy donors). CD80/86 upregulation was not detected in the absence
of CD38+NK cells when CD14+ cells were directly exposed to Dara or C-1gG (Fig.4F).
However, an increase in the CD80/86-positive population was observed with the addition of
50 ng/mL human recombinant (hr-) IFN-y for 24 hrs (Fig.4F). Phagocytosis assays showed
that CD14+ cells incubated with the conditioned media of Dara-treated NK cells for 72hrs
display an almost 4-fold increase in CD38+ MM cell death over that from C-lgG-treated
NK cells (Fig.4G). As expected, the same phagocytosis effect was observed when isolated
CD14+ cells were cultured with hr-IFN-y at the same time-point (Fig.4G).

The effect of NK cells on monocyte activation upon Dara treatment was also tested in NSG
mice engrafted with CD38+ MM cells (MM.1S Gfp/Luc+) (Fig.4H-I). We found a
significant upregulation of the CD80/86 marker on the surface of human CD14+ (hCD14+)
cells isolated from the BM of the mice treated with PBMCs+Dara compared to the BM
levels found in mice injected with Dara-treated PBMCs that were depleted of total or CD38+
NK cells (Fig.4H). CD80/86 upregulation in Dara-treated PBMCs was associated with
increased recruitment of hCD14+ cells in the mouse BM engrafted with MM.1S Gfp+ cells,
as evidenced by an increase of the CD14+/Gfp+ double-positive population, compared to
that in mice treated with PBMCs depleted of either total (PBMCs-NKtot) or CD38+ NK
cells (PBMCs-NK/CD38+) (Fig.41).

Dara resistant patients maintain CD38+ MM cells but retain effector cells with impaired
immune function

Having observed that changes in CD38 surface levels in NK cells are associated with a
Dara-induced immune response, we decided to investigate whether changes in CD38
expression on the MM cells could be involved in mechanisms of resistance. To analyze
whether CD38 was still present on the surface of CD138+ MM plasma cells (MM-PCs)
from Dara-resistant patients, we used a non-competitive anti-human CD38 antibody (CD38-
Multi-FITC), which binds surface CD38 in the presence of Dara (Sup. Fig.4A,B), versus a
CD38 monoclonal antibody (CD38-Mono PE) that shares with Dara the same targeted CD38
epitope (clone IB6) (Sup.Fig.4C,D), as confirmed in cell lines and primary samples
(Sup.Fig.4A-D). We did not find significant differences in CD38 surface molecules (levels
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expressed as mean fluorescence intensity [MFI]) or in percent of BM CD38+ MM cells with
respect to Dara-resistant and RRMM (Fig.5A-C). Immunohistochemistry analysis shows
CD38 expression in the CD138+ MM-PCs in the BM biopsies of two independent Dara-
resistant patients in whom marrow was collected before Dara treatment. A second marrow
was collected for each patient, 1 patient at the time of biochemical progression, and 1 patient
at the time of clinical progression (Sup. Fig.4E,F). Next, we studied whether CD38 on the
surface of MM cells from Dara-resistant patients was still recognizable by Dara. Ex-vivo
Dara treatment of Dara-resistant MM cells show no CD38+ signal upon staining with a
Dara-competitive fluorescent antibody (-PE) (Fig.5D,F, Sup.Fig.4G). In contrast, surface
CD38 was detected when the non-competitive antibody was used (Fig.5D,F and
Sup.Fig.4H). We were unable to identify any missense mutations in 3 out of 5 of the MM-
PCs isolated from Dara-resistant patients, which were used for ex-vivo Dara binding
experiments (data not shown), and by using the MMRF 1A9 released data set, we found no
CD38 mutational or mRNA downregulation in the MM cells isolated from 3 patients who
were analyzed before and after progressing on Dara-based therapies. Although the data from
our cross-sectional study (RRMM versus Dara-resistant) show that Dara-resistant patients
maintain targetable CD38 expression on their cancer cells, it could not be excluded that
Dara-resistant patients progressed because of lowered CD38 surface molecules on their
cancer cells. We therefore investigated whether Dara-induced MM cell killing could be
instead proportional to the MM CD38 surface level expression. We generated five Gfp+/Luc
+ MM cell lines having various CD38 surface expression levels (MM.1S, RPMI-8226,
KMS11, JJN3 and U266) (Sup. Fig. 5A). We found no significant differences in Dara-
induced MM cell killing among these cells regardless of amount of expression of surface
CD38 (MM.1S [75%+], RPMI-8226 [98%], KMS-11 [11%+], JIN3 [9%+]) (Sup. Fig. 5B).
Conversely, specific Dara-induced MM cell killing was not observed in a CD38 surface-
negative MM cell line (U266) (Sup. Fig. 5B) and in acute myeloid leukemia cell line HL60
with deletion of CD38 (CD38 CRISPR knockout) compared to the parental cell line (Sup.
Fig. 5C,D).2* We thus assumed that mechanisms of progression could not be related to the
complete or even partial loss of CD38 target on MM-cells. Hence, we investigated whether
lack of killing of CD38+ MM cells could instead come from changes in the
microenvironment of MM patients. A flow cytometry-based killing assay showed that
effector cells obtained from Dara-resistant patients (n=6) incubated with Dara were unable
to induce killing of CD38+ MM cells (MM.1S), an effect that was instead observed when
effector cells isolated from RRMM patients (n=4) were used (p<0.001) (Fig.5G), as was also
observed in Dara-responding patients as previously published?®. Mass cytometry analysis
(CyTOF) of the PBMCs of Dara-resistant patients (n=3) that responded to the Dara regiment
for more than 18 months (18-22 cycles) and then progressed showed as expected complete
absence of the total NK cell population (data not shown) and functional impairment in the
CD8+ immune reactive T cell population, as shown by a decrease in HLA-DR and CD127
expression, in contrast to Dara-responding patients (n=3) that were still in complete
remission at the time of the analysis (Fig.5H) and who also displayed an immune signature
that fully resembled the one observed in single agent Dara-responding patients, as recently
published (Fig.5H).1° Increased expression of the immature monocytic population (CD14+),
as assessed by an increase in CD33 and decrease in CD16 expression, was also observed in
all Dara-resistant patients compared to that in the responding patients (Fig. 5H).
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Discussion

The role of NK cells in the mechanism of action of Dara has been debated; here we show
that the therapeutic targeting of CD38+NK cells may play a pivotal role in initiating a Thl-
mediated immune response,28: 27 which can be an essential component in mounting a
powerful anti-CD38 immune response against myeloma cells as recently reported by
Atanackovicer a/?8 In agreement with Wang et al.,16 we demonstrate that Dara induces NK
cell degranulation and IFN-vy release of only the CD16+CD38+ NK cell population. We also
observed a considerable increase in CD69 expression, GM-CSF production, and Ca2*
mobilization in NK cells treated with Dara, suggesting that Dara induces substantial NK cell
activation, potentially explaining the significant drop in NK cell frequency in Dara-treated
patients.1® In line with the role of CD38 in immune activation, we observe that the
immunosuppressant autophagosome inducer rapamycin downregulates CD38 protein
expression in NK cells, whereas the autophagosome/PI3K inhibitor wortmannin
significantly reverses this effect, supporting the idea that Dara is not selecting a CD38(-)
NK population but instead is inducing CD38 degradation thereby activating NK cells. In
agreement with previous data, which have shown a pivotal role of Dara in inducing
macrophage-mediated phagocytosis;2% 3%our results demonstrate that NK cell activation by
Dara induces monocyte activation and polarization, increasing their anti-myeloma activity.
Upregulation of CD80/CD86 on macrophages with Dara treatment via NK cell activation
plays a pivotal role not only for macrophage polarization but also as the initial step of T cell
activation and expansion3! through its binding to the T cell receptor CD28 as recently
observed in Dara treated patients.1® 32 Although we did not perform longitudinal analyses of
RRMM and Dara-resistant patients, we believe this type of cross-sectional cohort analysis
reflects the immunoparesis in Dara-resistant patients and paves the way to investigate Dara
immune mechanisms of acquired resistance in longitudinal clinical studies. We are currently
conducting an investigator initiated trial of single-agent Dara as consolidation and
maintenance therapy after autologous stem cell transplantation (NCT#03346135), with
longitudinal correlative studies in to test whether changes in the immune microenvironment
can interfere with response to Dara-based therapies. Our data indicate that Dara-resistant
patients retain targetable unmutated CD38 in almost all myeloma cells, but these cells are
surrounded by impaired effector cells. In summary, we propose that Dara induces NK cell
activation and degranulation, an effect that can reduce their number but also leads to
increased expression of CD80/CD86 T cell costimulatory molecules on monocytes, induces
monocyte activation against MM cells and stimulates T cell expansion through CD28
binding (Fig.6). We report that CD38+NK cells prime the immune system of myeloma
patients and may play an important therapeutic role for antibody-treated cancer patients in
general. Our findings highlight that Dara-progressing patients display comparatively lower
CD16 expression on their effector cells, a phenomenon that we observed both at the protein
(Fig.5H) and RNA levels (data not shown). Although further research is required before
clinical recommendations could be made, the data lead us to speculate that the use of other
MM targeting antibodies that have a mechanism of ADCC mediated by surface CD16 on
effector cells, including the anti-CD38 antibody isatuximab and the anti-CS1 antibody
elotuzumab, would be unlikely to preserve all effectiveness when used after Dara-based
therapy. To date, there have been no reports of patients salvaged by isatuximab or
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elotuzumab after failing Dara.33 Since anti-CD38 bispecific T cell engager antibodies, anti-
CD38 antibodies with toxic payloads, and CAR-T cells against CD38 are now under study,
the presence of CD38 on MM cells in Dara refractory patients and a decreased presence in
the marrow microenvironment can boost the rationale for novel CD38-targeted therapeutic
interventions, which may be more effective than unconjugated antibody therapies in Dara
progressing patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. CD38+ NK cells are essential for Dara-induced killing of MM cells.
A) Bar graphs showing NK cell reduction in the PBMCs isolated from refractory MM

patients (RRMM) and refractory MM patients actively on Dara treatment (D-in Treat)
(p<0.001). Mann-Whitney-Wilcoxon test was performed; B) Schematic illustration of the
animal treatment schedule. 5x108 MM.1S GFP+/Luc+ cells were injected intravenously (1V)
into NSG mice. On day 13, after engraftment reached approximately >2x10°
photons/sec/cm?/sr, mice were randomly distributed into 4 experimental groups and injected
three times once a week by intravenous injection with 1x108 PBMCs or PBMCs depleted of
total NK cells [PBMCs NK(-)] pretreated for 30 min with 125 pg Dara or trastuzumab
(Trast), and co-injected; C) Survival curves of the 4 different mice groups described in B.
Mice treated with PBMCs+Trast and treated with NK cell-depleted PBMCs [PBMC NK (=)
+Trast] simultaneously reached IACUC guidelines for euthanasia and are reported with
overlapping lines (black/purple); D) Line graph reporting the percentage of dead cells as 7-
AAD-positive among target cells (MM.1S GFP+ cells) of at least n=3 HDs repeated in
triplicate; E) Killing assay in terms of specific lysis (%) by total primary NK cells or
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CD38(-) NK cells (E) and incubated overnight with C-IgG and Dara, washed, and co-
cultured with Gfp+ MM.1S cells (T) for 4hrs. The same HD donor was used for the
comparison analysis; F) Overlay histogram showing that CD16 levels are almost 80% less
on the surface of CD38(-) NK cells compared to that in the CD38+ NK cell population in
the blood of the same HD. Two HDs were analyzed by flow analysis. CyTOF analysis was
also performed in 1 independent HD and 1 MM patient (see Sup. Fig. 1D); G)
Representative flow cytometry of CD16 surface expression of NK cells after an overnight
treatment with control 1gG (C-1gG) or Dara; H) Bar graph showing CD16 levels in non-
refractory MM patients actively on Dara treatment (D-in Treat) compared to that in
untreated RRMM patients (p=0.008).
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Fig. 2. Darainducesdirect CD38+ NK cell activation.
A) Representative flow analysis of CD69 on total NK, CD38+NK and CD38(-) NK cell

fractions isolated from a healthy donor upon overnight Dara treatment; B) Bar graph
representing the median £SD of CD69 expression in total, CD38(-) and CD38+ NK cells
treated with Dara or C-1gG (p<0.001). The experiment was repeated using three healthy
donors in triplicate; C,D) Flow cytometry analysis of CD69 (top panels) and CD107a
(bottom panels) in total NK cells treated for 1hr with C-1gG (C), Dara (C), Trast (C), Dara
Fab (Fab) (C), Dara Fab + Dara Fc (Fab+Fc) (D), or Trast+Dara (D) at 10 pg/mL for 1 hr
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using the same HD (n=1) for each treatment and internal controls; D) Graphical Illustration
(left panel) showing the fully saturated CD38 on NK cells after the addition of the purified
Dara Fc fragment for 30 min, which followed the addition of Dara Fab, excluding a possible
bridging between NK cells; E) Western Blot analysis showing CD38 protein levels in NK
cells treated with either C-1gG (10 pg/mL), Dara (10 pg/mL), Dara-Fab or Dara-Fab+Dara
for 48 hrs. The experiment was run in duplicate; F, G) IFN-y and GM-CSF mRNA
expression levels in NK cells under Dara treatment at different concentrations (from 1 pg/ml
to 100 pg/ml) and different time points (1-16 hrs) compared to C-1gG; GADPH mRNA was
used for normalization.
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Fig. 3. Darainduces CD38 protein reduction in NK cellsand Ca2* mobilization.

A) CD38 surface expression on NK cells at 1hr and 16hrs as detected by flow cytometry,
showing down-regulation upon Dara treatment at 1hr and 16hrs compared to C-1gG; B)
Western Blot analysis of CD38 protein level expression in NK cells treated over time with
Dara (10 pg/mL) or IgG (10 ug/mL). C) Thirteen tumor-free donors (HD) were analyzed,
and CD38 levels were assessed by densitometry analysis using B-actin as internal
housekeeping. The Shapiro-Wilk test suggests that the samples are generated from a
Gaussian distribution (a=0.05). Welch t-test statistic = 2.5963 with p=0.008; D) Western
Blot analysis showing CD38 levels in primary NK cells treated for 6 hrs with Dara (10
pg/ml) or C-1gG, showing LC3II protein downregulation and GLUT4 upregulation; The
experiment was performed in at least n=3 independent donors; E) Western Blot analysis
showing CD38 levels in primary NK cells treated for 16 hours with rapamycin (10-50nM) as
indicated in the presence of either C-lIgG or Dara; F,G) Western Blot analysis showing
CD38 levels in primary NK cells treated for 6 hours with wortmannin (Wort.) as indicated in
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the presence of either C-1gG or Dara. The experiment was repeated in biological triplicate,
and CD38 relative density levels (CD38/B-actin) were normalized to C-lgG-treated NK cells
for each HD donor, the differences reported (G); H) Flow cytometry analysis showing that
Wort. treatment can partially rescue CD38 surface expression on CD56+CD3(-) NK cells
after 6 hrs of Dara treatment.
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Fig. 4. NK cell activation by Dara is essential for monocyte activation and polarization.
A) Illustration showing monocyte activation and polarization to M1 monocytic-derived

macrophages with anti-tumor activity; B) Percent of CD14+ cells in the total BM in RRMM,
Dara-resistant, and patients actively responding to Dara (Dara responding); C)
Representative flow cytometric analysis of CD80/86 in PBMCs (n=2 HD) and treated
overnight with Dara (10 pug/ml), showing up-regulation of CD80/86 antigens in contrast to
that from C-1gG; D) Representative flow cytometric analysis of CD80/86 in monocytes
isolated from a healthy donor co-cultured with CD38+NK cells (isolated from the same
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healthy donor) treated overnight with C-1gG or Dara (10 pg/ml); The experiment was
repeated in n=3 HDs. E) Bar graph showing CD80/86 upregulation in CD14+ cells co-
cultured with Dara-treated NK cells versus C-lgG-treated cells. The experiment was
repeated using 3 HDs and the average +SD is reported; p values were calculated using t test,
unpaired (tails = 2); F) Flow cytometry analysis of CD80/86 in CD14+ cells treated
overnight with C-1gG, Dara or IFN-y (50 ng/ml); The experiment was repeated in n=3 HDs.
G) Phagocytosis assay was performed on the CD14+ population isolated from a healthy
donor (n=1), treated for 72hrs with conditioned media (CM) collected from NK cells treated
overnight with C-1gG (10 ug/ml) or Dara (10 ug/ml), and compared to the CD14+ isolated
population treated for 72hrs with IFN-y (50 ng/ml) at the same timepoint; H-1) Dot plot
graphs showing the CD80/86+/CD14+ population MFI) and the GFP+/CD14+ population
(MFI), as assessed by flow cytometry, isolated from the BM of mice injected with total
human PBMCs, PBMC NK(-), and PBMC depleted of CD38+ NK cellsfPBMC NKCD38*
(-)]. Data reported in H) and I) represent the mean + SD; p values were calculated using
multi comparison one-way ANOVA.
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Fig. 5. Dara-resistant patientsretain surface CD38 on MM cells.
A) Representative flow analysis of CD38 expression showing no significant modulation of

CD38 expression (%) on CD138+ MM-cells obtained from Dara-resistant (n=8) compared
to RRMM patients (n=10); B,C) Bar graphs showing CD38 surface expression by MFI (B)

and % (C) among Dara-resistant and RRMM patients. The Mann-Whitney-Wilcoxon test
was performed; D) Representative flow analysis of CD38 on CD138+ MM cells of two

t-SNE of CD14 -1 ———>

Dara-resistant patients where BMCs were treated ex vivo with Dara for 1 hr, showing lack of

CD38 in MM cells treated with Dara and stained with CD38-Mono PE, and presence of
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CD38 when the same cells were stained with CD38-Multi FITC; E,F) Bar graphs showing
CD38 surface levels in CD138+ MM cells of 5 Dara-resistant patients after ex-vivo Dara
incubation and stained with CD38-Mono PE (E) and CD38-Multi FITC antibodies (F); G)
Bar graph showing killing induction (%) assessed by flow based assay in a set of RRMM
patients (n=4) and Dara-resistant patients (n=6) treated with Dara ex vivo. Percentage of
dead cells was calculated by gating in 7-AAD positive cells among target cells (MM1.S GFP
+ cells); H) tSNE heatmap statistic plot obtained by CyTOF analysis showing CD69, HLA-
DR and CD127 expression (Median) in the CD8+ cell subpopulation (gated in total CD3+
cells) of PBMCs isolated from Dara-resistant and Dara-responding patients and tSNE
heatmap statistic plot obtained by CyTOF analysis showing CD33 and CD16 expression
(Median) of PBMC:s isolated from a representative Dara-resistant and Dara-responding
patients.
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Fig.6.

Graphical representation of the proposed mechanism of action of Dara, showing that anti-
CD38 targeting induces NK cell activation and degranulation and leads to increased
expression of CD80/CD86 T cell costimulatory molecules on monocytes, which induces
monocyte polarization and activation and stimulates T cell expansion through CD28 binding,
further associated with an immune cascade targeting CD38+ MM cells.
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