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Abstract

Purpose: Efforts are required to improve potency and durability of CD38- and BCMA-

based immunotherapies in human multiple myeloma (MM). We here delineated the molecular
and cellular mechanisms underlying novel immunomodulatory effects triggered by BCMA
pyrrolobenzodiazepine (PBD) antibody drug conjugate MEDI2228 which can augment efficacy
of these immunotherapies.

Experimental Design: MEDI2228-induced transcriptional and protein changes were
investigated to define significantly impacted genes and signaling cascades in MM cells.
Mechanisms whereby MEDI2228 combination therapies can enhance cytotoxicity or overcome
drug resistance in MM cell lines and patient MM cells were defined using in vitro models of tumor
in the bone marrow (BM) microenvironment, as well as in human NK-reconstituted NSG mice
bearing MM1S tumors.

Results: MEDI2228 enriched type | interferon (IFN I)-signaling and enhanced expression

of IFN-stimulated genes in MM cell lines following the induction of DNA damage-ATM/ATR-
CHKZ1/2 pathways. It activated cGAS-STING-TBKZ1-IRF3 and STAT1-IRF1-signaling cascades
and increased CD38 expression in MM cells but did not increase CD38 expression in BCMA.-
negative NK effector cells. It overcame CD38 downregulation on MM cells triggered by

IL6 and patient BM stromal cell culture supernatant via activation of STAT1-IRF1, even in
immunomodulatory drugs (IMiDs)- and bortezomib-resistant MM cells. In vitro and in vivo
upregulation of NKG2D ligands and CD38 in MEDI12228-treated MM cells was further associated
with synergistic Daratumumab (Dara) CD38 MoAb triggered NK-mediated cytotoxicity of both
cell lines and autologous drug resistant patient MM cells.

Conclusions: These results provide the basis for clinical evaluation of combination MEDI12228
with Dara to further improve patient outcome in MM.
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Introduction

Daratumumab (Dara) targeting CD38 is the first monoclonal antibody (MoAb) with clinical
activity as a single agent and in combination to treat relapsed and refractory multiple
myeloma (RRMM) and is also approved in combination to treat newly diagnosed MM (1-3).
Dara-induced MM cytotoxicity mainly depends on FcR-expressing immune cells to activate
cytotoxic effector functions, including antibody-dependent cellular cytotoxicity (ADCC)

via NK cells, antibody-dependent cellular phagocytosis via macrophages, and complement-
dependent cytotoxicity (1,4,5). Dara is well tolerated and its use in combination with other
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agents, i.e., immunomodulatory drugs (IMiDs) and proteasome inhibitors (PIs), is becoming
a new standard-of-care MM treatment (3). However, relapse of disease remains, highlighting
the need for novel immunotherapeutic strategies to further improve potency, extend response
durability, and overcome drug resistance.

CD38 expression on MM cells correlates with response to Dara therapy (6,7) and
downregulation or loss of CD38 has been reported in Dara-resistant MM (6). Since NK cells
express high levels of CD38, NK depletion by Dara may negatively impact Dara efficacy
(8,9). Although IMiDs enhance Dara-induced cytoxicity, relapse after combination IMiDs
with Dara therapies is common. All-transretinoic acid (10), histone deacetylase inhibitors
(11), and ruxolitinib targeting JAK-STAT3 (12) are reported to modulate CD38 expression.
However, these agents may affect normal cells with or without CD38 expression, thereby
limiting their clinical application in combination with Dara. Thus, novel agents selectively
upregulating CD38 in MM but not normal cells, are needed to promote Dara efficacy and
prevent disease recurrence.

Compared with CD38, BCMA is more exclusively expressed at high levels in MM cell
lines and patient MM cells, but not other normal tissues (13,14). It is the first validated
MM antigen for both chimeric antigen receptor T cell and antibody drug conjugate (ADC)
therapies for RRMM (15-17). Specifically, the first BCMA ADC belantamab mafodotin was
recently approved for RRMM (17) and directly kills MM cells via a microtubule disrupting
monomethyl auristatin-F (MMAF) (18,19). MEDI2228 is a novel BCMA ADC delivering a
highly cytotoxic DNA minor groove interstrand crosslinking pyrrolobenzodiazepine (PBD)
dimer warhead to induce DNA breaks and DNA damage response (DDR) prior to MM

cell apoptosis (20,21). This mechanism is distinct from MMAF which cannot trigger DDR
at the same concentration as PBD and predominantly inhibits proliferating tumor cells.
Most recently, MEDI12228 showed significant clinical activity in a first-in-human trial

(22). However, the potential immunomodulatory function of MEDI2228, both alone and

in combination with MoAbs targeting different MM antigens, is undefined.

We here identified immnomodulatory effects of MEDI2228 and delineated the molecular
and cellular mechanisms mediating these processes. We further investigated whether
combination MEDI2228 with Dara enhanced efficacy of either agent alone against
human MM cells both in vitro and in mice reconstituted with human NK cells. These
studies provide the rationale for clinical trials of combination BCMA- and CD38-directed
immunotherapies to further improve patient outcome in MM.

Materials and Methods

Reagents and compounds

MEDI2228 (M2) and its MMAF-ADC homolog M3 were previouly described (20,21).
Abs for immunoblottings and all other reagents for various experiments are detailed

in Supplementary Methods, including cell culture and patient samples, real-time
quantitative reverse transcription-polymerase chain reaction (QRT-PCR), flow cytometry
(FC), cytotoxicity assays, lentivirus transfection, ADCC assays, animal models of human
MM, immunohistochemistry (IHC), and statistics. Patient MM and normal donor samples
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were obtained after informed consent was provided, in accordance with the Declaration

of Helsinki and under the auspices of a Dana-Farber Cancer Institute (DFCI) Institutional
Review Board approved protocol. Informed written consent was obtained from each subject
or each subject’s guardian.

RNA-seq analysis of H929 MM cells after M2 treatment

Total RNA from M2- and control vehicle-treated H929 cells (>85% viability) was extracted
using RNeasy Mini Kit (Qiagen). Library was prepared and samples were sequenced on
NovaSeq 6000 PE150. RNA-seq data sets were aligned to human reference genome hgl19
using SRAR followed by VIPER NGS Analysis pipeline (23,24). RSEM was used to

do the transcript quantification and differential expression analysis was performed with
DESeq2. The list of differentially expressed genes (DEGs) was applied to the Gene Set
Enrichment Analysis (GSEA) software to identify biological pathways modulated by M2.
The biologically defined gene sets were obtained from the Molecular Signatures Database
(http://software.broadinstitute.org/gsea/msigdb/index.jsp). Genes used for GSEA analysis
were pre-ranked based on log2 fold change of TPM (Transcripts Per Kilobase Million)
between M2 and control. Significantly M2-affected genes identified in H929 cells were
further assayed by real-time qRT-PCR, FC analysis, and immunoblotting in 4-8 other MM
cell lines.

FC acquisition and analysis

Quantitative FC-based analysis was used to determine geometric mean fluorescence
intensity (MFI) values for indicated proteins, ADCC assays under mono- or combination
treatment settings, live vs dead cells, as well as CD107a degranulation and IFNvy production
in NK cells (CD56+CD3-) (25-29). All data were obtained using BD FACSCanto™ |1 and
BD LSRFortessa™ flow cytometers, and analyzed by FlowJo V8.6.6 (BD Life Sciences).

Generation of CRISPR-modified and small hairpin RNAs (shRNA) MM transfectants

STAT1 knockout- and IRF1 shRNA-H929 transfectants were generated using lentivirus
transduction with two sgRNAs targeting STAT1 gene and two shRNAs targeting IRF1

gene, respectively (Horizon Discovery/Dharmacon, Lafayette, CO). Lentiviral particles were
transduced into H929 cells, as previously described (30).

ADCC assays mediated by NK effector cells against MM cell lines

Various target MM cell lines treated with M2 vs control vehicle, were pre-stained with
CFSE dye or calcein-AM (Invitrogen, C34554), according to manufacturer’s instructions.
Human NK (CD56+CD3-, >90% purity) cells were collected from fresh buffy coat

of healthy donors with the RosetteSep human NK cell enrichment cocktail (StemCell
Technologies Inc. Vancouver, Canada). In brief, NK cells were incubated with CFSE-labeled
MM cells (20,000 target cells/well in a U bottom 96-well plate) at an effector:target (E:T)
ratio of 1:1 in the presence of Dara overnight at 37°C in RPMI11640 media supplemented
with 10% FBS and 10 ng/ml IL2. MM cells were also stained with the LIVE/DEAD Fixable
Agua Dead Cell Stain Kit (Aqua L/D) (Invitrogen, L34957), according to manufacturer’s
directions to define viable cells as Aqua-/Annexin V-. Viable MM cells were determined by
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gating on CFSE™" cells after co-incubation with NK cells. The percentage of cytotoxicity was
calculated as [(total CFSE* MM cells - viable MM cells)/total CFSE* MM cells] x 100%.
When specified, PBMCs from patient samples were also used for Dara-induced ADCC
against indicated target MM cells, in the presence or absence of BMSCs. M2-induced
ADCC assays were also performed using indicated calcein-AM labeled MM cells as target
cells and NK cells from normal donor (n=3) as effector cells at E:T ratio of 10:1.

FC-based ADCC assays using patient bone marrow mononuclear cells (BMMCs) with
paired PBMC effector cells

BMMC:s derived from patients with RRMM and autologous PBMC effector cells, were

used in Dara-induced ADCC assays. Sample viability start at co-incubation was > 98%, as
confirmed by Annexin V-/Aqua-. BMMCs and the paired PBMCs were co-cultured in the
presence of Dara in 96-well U-bottom plates for 2 days. Surviving CD138* patient cells
were enumerated by quantitative FC analysis of CD138" cells in the presence of Flow-Count
123 beads (Thermo Fisher Scientific) and Aqua L/D. The percentage of Dara-induced
ADCC was calculated using the following formula: % lysis of CD138* cells = [1 - (number
of surviving CD138" cells in the presence of Dara/number of surviving CD138™ cells in the
presence of isotype control 1gG group)] x 100%.

Human NK-reconstituted murine model of human MM

All experimental procedures and protocols were approved by the Institutional Animal Care
and Use Committee (Dana Farber Cancer Institute). MM1S cells were subcutaneously
injected into 6- to 8-week-old NSG (NOD.Cg-Prkdcscid [12rg™mIWil/SzJ) mice lacking
functional NK cells (Jackson Labs; Bar Harbor, ME). Fourteen days later, mice with MM1S
tumor growth were randomized into 6 groups (6 mice per group except 7 mice in M2+NK
cells+Dara combination group). Mice received a single M2 (0.3 mg/kg) i.v. injection at
treatment day 1 following randomization. At treatment day 2, some mice were injected
intraperitoneally (i.p.) with human NK (5 x 106 cells) once per week for 3 weeks (31,32).
Dara was given i.p. the following day after NK cell injection for a total of 3 administrations
(8 mg/kg per injection per mouse). MM1S tumors were measured twice per week, as
previously described (13,18,21). Tissue sections from tumors harvested from mice 3 days
after M2 administration were subject to immunoblotting, FC analysis, and IHC staining for
indicated proteins.

Statistical analysis

Statistical significance (P-value < .05 ) of no-RNA-seq data were assessed with GraphPad
Prism 8.3.1 (La Jolla, CA). Data were analyzed using Student t tests for 2 group
comparisons or analysis of variance (ANOVA) for multiple comparisons, unless specified.
Each in vitro experiment was performed at least thrice for each condition: each drug
concentration, sources of NK or PBMC effector cells, MM target cell lines sensitive

and resistant to current therapies, and patient samples. All data were presented as means
+ standard deviations (SDs) from > 3 independent experiments except when otherwise
indicated. All error bars indicate SDs.
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Drug interactions were assessed by CompuSyn software using the Chou-Talalay method to
determine combination index (CI) (33). Cl < 1 indicates synergism, ClI > 1 antagonism, and
CI = 1 additive effect.

Accession code

RNA-seq data was deposited in Gene Expression Omnibus (GEO) database under accession
number GSE168967.

Results

Interferon (IFN) signaling and IFN I-stimulated genes (ISGs) are significantly enriched by
M2 treatment in MM cells

We performed RNA sequencing followed by GSEA to profile transcriptional changes and
identified affected signaling pathways in H929 MM cells treated with a sublethal M2
concentration for 1 day. Genes related to IFN signaling pathway were significantly enriched
after treatment with M2 (FDR = 0), represented by 11 of the top 51 upregulated genes in M2
vs control vehicle treatment (P < .0002, Supplementary Table S1) (Fig. 1A, in black). Type
I IFN (IFN I)-associated genes were differentially impacted by M2 (FDR = 0.0013, Fig. 1B,
left), with the most M2-upregulated IFN-driven genes (Fig. 1B, right, in black, £<.004,
Supplementary Table S2) including chemokines/cytokines and receptors (i.e., CXCL10,
CCL4L1/2, CCL22, CCL1/3/4/5, CCL3L1/3, TNFSF9/10, CCR7), CASP1, IFN-stimulated
genes (ISGs, i.e., XAF1, TRIMs, IFITs, ISG15, GBP2/3, OAS1/2/L, RNASEL, MX1/2,
FAS), IKBKE, IRF1/6/7/9, STAT1, TMEM173 (STING), and SOCS1/3 (Fig. 1B, right, in
black).

We next used real-time gRT-PCR to determine whether M2 altered expression of IFN
1-regulated genes in 3 other MM cell lines with various levels of sensitivity to M2
(H929>MM1S>JIN3>>RPMI8226) (20,21). Fold increases in mRNA expression of 60
tested IFN I-related genes are shown in M2- (16h at the sublethal concentration) vs control-
treated MMLS cells (Fig. 1C). M2 also induced 33 IFN I-associated genes in relatively
insensitive RPMI18226 cell line which expresses a lower BCMA level than MM1S and H929
cells, including TNFSF9/10, CXCL9/10, CCL22, IRF1/5, TMEM173 (STING), OAS3,
TRIMA45/32/38/21, GBP1/2/3/4, HERC5, RNASEL, MB21D1 (cGAS), DDX41/58, STATS,
IFIT1/3, and 1ISG15 (Fig. 1D). Furthermore, in agreement with the RNA-seq results, M2
significantly induced IF1T1/2/3/5 transcripts in H929 cells (Fig. 1E). The IFIT proteins
confer immunity against viral infection and promote tumor cell death when overexpressed
(34). The expression of IFIT1/2/3/5 was also increased by M2 in JJN3 and RPMI18226 cells
which are relatively insensitive to M2 when compared with H929 and MM1S (Fig. 1F).
Thus, M2 significantly induced numerous IFN I-signaling and/or ISGs in MM cell lines
following DNA damage and prior to apoptosis, despite their genetic heterogeneity and drug
sensitivity.
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CD38 expression is increased by M2, associated with DNA damage and activation of
STAT1 and cGAS-STING pathways

Using gqRT-PCR, we next showed that M2, in a concentration- and time-dependent manner,
induced CD38, an IFN-regulated gene, in H929 cells (Fig. 2A), supporting the RNA-seq
data (P=.012, M2 vs control at d1). Using FC analysis gated on viable MM cells with
various baseline CD38 levels, enhanced CD38 surface expression was seen on 8 MM

cell lines triggered by M2 treatment (Fig. 2B), including IMiDs-resistant H929(R) and
MM1S(R) cells derived from H929 and MM1S cells (21), respectively, and RPMI18226 cells.
M2 also increased membrane CD38 expression on other MM cell lines, including MOLP8
and JJN3 with highest and undetectable baseline CD38 protein expression, respectively.
Other DNA-damaging agents including gamma irradiation could induce CD38 expression in
H929 cells (Supplementary Fig. 1A).

Exogenous IFNB and IFNy can modulate CD38 expression in MM cells (12,35). After 2
day-treatment in RPM18226 cells, we observed that M2-enhanced CD38 expression was
comparable to IFNB- and higher than IFN-y-induced expression (Fig. 2C). At day 3, M2
further increased CD38 membrane expression and induced higher CD38 protein levels than
either IFNP or IFN-y. M2-induced IFNB was reduced from d2 and at later time points (Fig.
2D), suggesting that M2-induced CD38 expression via IFNB-dependent and -independent
mechanisms. Of note, compared with IFNp induction, M2 only weakly enhanced IFNa and
could not induce IFN-y (type Il IFN) in H929 and RPMI18226 MM cells (data not shown).

Immunoblotting was next performed to confirm M2-induced CD38 protein levels and
defined major IFN I-related signaling cascades. After 1-day treatment, M2 enhanced CD38
protein expression in a concentration-dependent fashion in H929 and RPMI18226 cells,
associated with increased DNA damage shown by yH2AX (Fig. 2E) and consistent with
our previous report (21). CD38 and -yH2AX were further upregulated at day 2. In a

similar fashion, M2 activated STAT1 signaling, evidenced by increased phosphorylation

at Tyr701 and Ser727, more prominently at Ser727 which is essential for STAT1
transcriptional response mediating full-fledged IFN-y-dependent innate immunity (36,37).
M2 simultaneously induced cGAS-STING signal transduction cascade, evidenced by
elevated cGAS protein and phosphorylation of STING as well as downstream TBK1 and
IRF3. STING protein levels were increased to a greater extent in H929 than RPMI18226
cells, consistent with higher levels of MB21D1 (cGAS) and TMEM173 (STING) transcripts
triggered by M2 (Fig. 1B-D).

M2 significantly induces expression of IRF1 via STAT1 activation to sustain CD38
upregulation in MM cells

As in H929 and RPMI18226 cells, M2 treatment also consistently induced STAT1
phosphorylation, CD38 expression, and increased yH2AX in MM1S and OPM2 cells (Fig.
3A, Supplementary Fig. 1B). The transcription of IRF1, a primary IFN response gene
highly induced by IFN, is regulated by STAT1 DNA binding element. M2 treatment
enhanced IRF1 protein in all 3 MM cells in a concentration-dependent fashion (Fig. 3A),
consistent with our mRNA data by RNA-seq and gRT-PCR (Fig. 1B-D). To directly
demonstrate that STAT1 protein and its activation was required for M2-induced IRF1 and
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CD38 expression, H929 cells were transduced with lentiviruses expressing constitutive Cas9
expression vectors tagged with STAT1 sgRNAs to efficiently knock out STAT1 (Fig. 3B-
C). Loss of STAT1 significantly decreased IRF1, and to a lesser extent CD38, proteins.
Moreover, IRF1 and CD38 proteins were not induced by M2 treatment in STAT1-knockout
vs control vector H929 transfectants. CD38 membrane expression was also decreased and
M2 failed to enhance CD38 expression in sgSTAT 1s- vs control vector-transduced H929
cells (Fig. 3B-C, lower graphs).

We also showed that shIRF1 knock-down significantly downregulated baseline CD38
levels (Fig. 3D, Supplementary Fig. 1C) and M2 failed to induce CD38 in lentivirus
shiRF1-transduced H929 cells. Finally, concentration- and time-dependent induction of
IRF1 expression by M2 treatment was further shown in RPMI18226 cells (Fig. 3E). Thus,
M2 induced IRF1 expression via STAT1 phosphorylation, and both IRF1 and STAT1 are
required to upregulate CD38 expression on MM cells.

M2 enhances CD38 levels in drug-resistant MM cells in the presence of CD38-
downregulating factors in the bone marrow (BM) microenvironment

We next demonstrated that M2 effectively induced STAT1-IRF1-dependent CD38 protein
expression, associated with increased yH2AX levels, even in MM cell lines resistant to
IMiDs (H929(R)) or bortezomib (ANBL6-BR) (Fig. 4A). In addition, since M2 treatment
was done in IL6 (2 ng/ml)-containing culture media for paired ANBL6 and ANBL6-BR
cells, these data indicated that M2 could activate STAT1-dependent upregulation of IRF1
and CD38 in the presence of IL6.

In IMiDs-resistant H929(R) cells, M2 induced yH2AX at the similar levels regardless

of the presence of IL6 or supernatants collected from cultures of BM stromal cells
(BMSC-sup) (Fig. 4B). M2 also induced STAT1 phosphorylation associated with IRF1
upregulation under all test conditions (Fig. 4B). While IL6 and BMSC-sup enhanced STAT3
phosphorylation and decreased baseline CD38 levels compared with media control, M2
overcame CD38 downregulation by IL6 and BMSC-sup. These results also complement M2-
induced expression of SOCS3 (Fig. 1B), which suppresses IL6 signal (38) and modulates
innate immune responses caused by viruses.

M2 improves Dara-induced cytotoxicity against drug-resistant MM cell lines and patient
MM cells protected by soluble and cellular BM components

Although Dara cannot directly induce MM cell apoptosis in vitro without FCR-expressing
NK effector cells (39,40), M2 directly kills MM cells without ADCC as a consequence

of the site-specific conjugation technology employed by this ADC (Supplementary Fig. 2).
We next showed that Dara-induced cytotoxicity against IMiDs-resistant H929(R) cells was
significantly reduced in the presence of BMSC-sup, evidenced by decreased % cell lysis and
maximum cell lysis (Fig. 4C). In contrast, when M2-treated H929(R) target cells were used
in the NK-MM cell co-cultures, Dara-induced lysis was increased even in the presence of
BMSC-sup (P < .0001). Concentration-response curves of Dara were almost superimposable
for M2-treated H929(R) target cells cultured with or without BMSC-sup. Furthermore, in the
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presence of MM-protecting BMSCs, Dara still induced higher % lysis of RPMI18226 cells
pretreated with M2 vs control (P<.01).

We next treated BM mononuclear cells (BMMCs) from MM patients with 1 pg/ml M2
vs control vehicle for 2 days, followed by FC analysis for CD38 on viable CD138*

cells. M2 significantly upregulated CD38 surface expression on patient MM cells (n=24)
(P<.001, Fig. 4E). Dara-induced patient MM cell lysis was next evaluated using M2-
pretreated vs control BMMC target cells from a RRMM patient co-cultured with paired
autologous PBMC effector cells. Importantly, M2 increased Dara-induced autologous
effector cell-mediated CD138* MM cell lysis (Fig. 4F, < .02). Moreover, M2 induced
CD38 upregulation in a concentration- and time-dependent manner in RRMM including
Dara resistant disease (P < .02, Fig. 4G). Dara-induced CD138* autologous patient MM
cell lysis was improved following M2 treatment (n=3, Fig. 4H). These data indicated that
M2-triggered upregulation of CD38 expression in patient MM cells was associated with
increased Dara-induced autologous patient MM cell lysis.

M2 and Dara induce synergistic NK-mediated lysis of drug-resistant MM cell lines

Under sub-optimal test conditions comprising lower M2 concentrations with lower NK:MM
cell ratios (1:1) and incubation times, we next determined % of Dara-induced lysis of MM
cells (n=3) using 2 concentrations of M2. Target cells including RPMI18226, MM1S, and

its paired IMiDs-resistant MM1S(R), were co-cultured with NK effector cells (n=3 normal
donors). Dara increased % lysis of all M2-treated vs control MM cells (Supplementary

Fig. 3), with CI values (33) <1 at all concentrations of both drugs indicating synergistic
cytotoxicity.

M2 simultaneously upregulates multiple NKG2D ligands (NKG2DLs) and CD38, further
improving MM susceptibility to NK cells

Target MM cell lines or patient MM cells pretreated with sub-lethal concentrations of M2
consistently showed increased % NK-mediated cell lysis, even without Dara (P< .05, Fig.
4C-D, F, H, and Supplementary Fig. 3). To further examine mechanism of this enhanced
NK cytotoxicity triggered by M2, H929 and RPMI18226 MM cells were next pre-treated
with sub-optimal concentrations of M2 (>90% target cell viability) before co-culture with
NK cells at 2 E:T ratios. NK-induced MM cell lysis was followed by quantitative FC
analysis. NK cells (n=3 normal donors) killed more M2-pretreated vs control MM target
cells in an effector cell number-dependent manner (Fig. 5A, £ < .0004 for H929; P<

.008 for RPMI18226). In contrast, M2 treatment for 3d had no impact on viability and
CD38 expression in NK cells (Supplementary Fig. 4A, 3 normal donors), confirming the
lack of BCMA expression on NK cells. We also showed that the % IFNy+NK cells

was significantly increased when patient effector cells (n=4) were co-cultured with M2-
pretreated vs control H929 MM target cells (Fig. 5B, £<.007 for NK1; P<.004 for NK2;
P<.006 for NK3; P<.008 for NK4). Moreover, M2 enhanced % CD107a* NK cells

from 4 additional patient samples co-cultured with M2-treated vs control H929 target cells
(Supplementary Fig. 4B-C, P< .05). Thus, M2 increased susceptibility of MM cells to NK
cell killing via enhanced CD107a and IFN-y.
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Real-time gRT-PCR and immunoblotting analysis next showed that M2 enhanced expression
of MICA/B, NKG2D ligands (NKG2DLs), at both mRNA and protein levels in H929

(Fig. 5C) and RPMI18226 (Supplementary Fig. 4D) cells in a concentration-and time-
dependent manner. These data confirmed RNA-seq data for increased MICA/B transcripts
in M2- vs control-treated H929 cells (Supplementary Fig. 4E, £<.01). Consistent with

our recent report (21), M2 significantly induced phosphorylation of ATM and H2AX

in H929 cells (Fig. 5D, upper panel). Importantly, M2, in a concentration-dependent
manner, increased MICA/B expression which was blocked by an ATM inhibitor (ATMi,
Ku22933). Upregulation of MICA/B protein associated with increased yH2AX levels was
also demonstrated in M2-treated OPM2 cells (Fig. 5D, lower panel). Using FC analysis,
membrane expression of MICA/B was further enhanced by M2 in all MM cell lines tested
(n=5, Fig. 5E, Supplementary Fig. 4F), as well as in CD138" tumor cells from patients with
RRMM (P< .0001, n=9, Fig. 5F).

We next showed that M2, in a time-dependent manner, upregulated other NKGD2Ls
including ULBP2/5/6, along with CD38 and MICA/B in RPMI18226 cells (Fig. 5G). ULBP1
and ULBP3 were also enhanced on 4 MM cells tested, associated with elevated levels of
CD38, MICA/B, and ULBP2/5/6 (Fig. 5H, Supplementary Fig. 4E). Induction of NKG2DLs
(i.e., MICA/B, ULBP1, ULBP3) by M2 treatment was inhibited by ATMi (Supplementary
Fig. 5A), further confirming that ATM-activated DDR regulates M2-induced expression of
NKG2DLs. In addition, the MMAF ADC homolog M3, even at 1-log higher concentrations
than M2, failed to upregulate CD38 and MICA/B in MM cells tested (n=3, Supplementary
Fig. 5B). These results indicate that multiple DNA damage-activated signaling cascades are
critical for M2-induced upregulation of CD38 and NKG2DLs in MM cells.

Combined treatments with M2 and Dara completely eliminated tumors in the NK-
humanized NSG mouse model

We next evaluated the in vivo efficacy of combination M2 with Dara in a human NK-cell
NSG model of human MM. MML1S cells, which express relatively lower baseline CD38
levels than RPMI18226 and H929 MM cells, were injected into mice 14 days before start

of treatment. Animals with palpable MM1S tumors were randomized into six groups
receiving vehicle control, NK cells only, a single low M2 concentration (0.3 mg/kg),
M2+NK cells, NK cells+Dara (8 mg/kg per injection per week for 3 administrations in
total), or M2+NK cells+Dara (Supplementary Fig. 6A). After 7 days of treatment, mice in
the M2+NK cells+Dara cohort showed decreased tumor growth vs all other 5 groups (Fig.
6A, Supplementary Fig. 6B-D, £<.01). At day 14, M2+NK cells group had decreased
tumor growth, compared with NK cells alone (P< .01) or NK cells+Dara (£ < .05) groups.
M2+NK cells+Dara treatment most efficiently suppressed tumor growth, compared with all
other groups (P < .001). Mice receiving M2+NK cells+Dara had undetectable tumor at 34
days and remained tumor-free and without weight loss (Fig. 6B) out to 150-day follow-up. A
significantly prolonged median overall survival was also observed in the combination-treated
group vs cohorts treated with these agents alone (control, 25 days; NK cells, 25 days; NK
cells+Dara, 48 days; M2, 50 days; M2+NK cells, 62 days; M2+NK cells+Dara, all mice
alive, £<.0001) (Fig. 6C-D).
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In MM1S tumors harvested from these mice, M2 activated STAT1 signaling and upregulated
protein levels of IRF1 and CD38, associated with increased yH2AX (Fig. 6E). FC and

IHC analysis further confirmed enhanced MICA/B and CD38 protein levels in M2- vs
control-treated tumors. These data indicate that M2 still activated STAT1/IRF1 signaling to
induce CD38 and MICA/B expression in MM tumors grown in mice, resulting in enhanced
CD38 targeting and increased NK cell killing in vivo when combined with Dara.

Discussion

We here characterized novel immunomodulatory effects triggered by M2, which were
mediated via DDR-dependent activation of cGAS-STING-TBK1-IRF3 and STAT1-IRF1
signaling cascades and downstream IFN I-stimulated genes, even in MM cells resistant

to current therapies. Since these pathways are central DNA-sensing machinery in innate
immunity and viral defense (41-43), these data suggest that M2 may overcome MM cell
immune evasion associated with resistance to multiple therapies. M2 selectively induced
CD38 and NKG2DLs on MM cells, but not other normal cells including NK cells. It
restored MM sensitivity to CD38 targeting by Dara via NK cells, even in the presence

of immunosuppressive BM components. Importantly, all MM1S tumor-bearing NSG mice
reconstituted with human NK cells became tumor-free following a single low concentration
M2 with Dara treatment, with 100% host survival.

In our prior study of M2, we showed that DDR was induced followed by apoptosis;
furthermore, combination of ADC with bortezomib or DDR (ATR/ATMWEEZ1) inhibitor
mediated synergistic cytotoxicity (21). Here we focused on impact of M2 treatment

on DDR and immunomodulation. We showed that M2 targeting BCMA on MM cells
activated cGAS, an indiscriminate immune sensor for virus-derived double-strand DNA
(dsDNA), as well as downstream stimulated adapter protein STING and related type | IFN
signaling, thereby enhancing immune recognition and subsequent destruction of nascent
tumors by immunomodulatory cells. Increased cGAS transcript and protein levels indicate
that M2 induces an immunomodulatory response to promote tumor immunogenicity,
analagous to those against invasion of microbial pathogens including viruses. Besides
STING phosphorylation, M2 also enhanced STING trancript and protein levels in MM cells;
therefore, M2 may restore STING expression which is suppressed during tumor progression
(44), thereby maintaining sensing of cytoplasmic dsDNA. We also observed activation

of TBK1, downstream of STING, without increasing TBK1 levels and related persistent
inflammation which can be linked to cancer progression (45,46). Among IFN I-related genes
downstream of cGAS-STING and STAT1-IRF1 pathways, we here focused on CD38 and
showed consistent CD38 upregulation triggered by M2 treatment in MM cell lines and
patient MM cells including those resistant to current therapies therapies.

In all MM cell lines tested here, we showed that M2 induced IRF family genes critical

for IFN-driven immune effects, except IRF2 and IRF4. IRF2 acts as an antagonist to
suppress IRF1/3-mediated transcriptional activation of IFNa/p for immune stimulation (47)
and IRF4 is required for MM cell survival (48). Importantly, M2 inhibited IRF2 and

IRF4 while induced expression of other IRF family members including IRF1 to mediate

its immunostimulatory function. We went on to show that IRF1 was induced by M2 via
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STAT1 activation in MM cells, regardless of drug resistance or the presence of I1L6 or
BMSC-sup which downregulate CD38 levels. This M2-enhanced CD38 expression required
DNA damage-induced STAT1-IRF1 signaling at both transcriptional and translational levels.
Coupled with increased expression of IFN I and 1SGs, upregulated cell surface CD38
expression on tumor cells further improves Dara targeting of MM cells.

Absence of NKG2DLs, cognate ligands for the major activating receptor NKG2D on NK
cells, contributes to immune evasion of leukemia stem cells (49). Here we showed that

M2 significantly increased NKG2DLs on the MM cell membrane to provide “kill me”
signals, leading to enhanced CD107a degranulation and IFN+y secretion in patient NK cells
in co-cultures. Along with increased chemokines/cytokines critical for IFN-induced MM
cell apoptosis, as well as effector cell migration, homing, and function, M2 facilitated
recognition and killing of MM cells by NK cells. Since M2, but not its MMAF-ADC
homolog M3 even used at >1-log higher concentrations enhanced surface expression of
CD38 and NKG2DLs on MM cells, the potent DDR-mediated immunomodulation triggered
by M2 vs M3 is critical in rendering MM cells more susceptible to Dara-induced NK cell
killing.

M2-induced CD38 expression and MM cell vulnerability to NK killing shown here could
be particularly important to eliminate MM cells expressing very low BCMA and CD38
levels, including low proliferative or dormant MM-initiating cells or drug-resistant clones.
The addition of Dara with M2 may also be useful to target minimal residual disease. Since
M2 specifically triggers DNA damages in MM cells but not other normal cells which lack
BCMA, upregulation of CD38 and NKG2DLs would be restricted to MM cells and adverse
effects on CD38-expressing normal blood cells could be avoided. In this way, M2 may
minimize an on-target off tumor toxicity of Dara in normal immune cells including NK
and T cells, monocytes, and macrophages. Moreover, compared with other DNA damaging
therapies including irradiation, melphalan, doxorubicin, or bortezomib which would affect
normal cells, combining M2 with Dara might reduce nonspecific toxicity and thereby
improve therapeutic index.

We next showed that a low single-concentration M2 (0.3 mg/kg) in MM1S tumor-bearing
NSG mice effectively blocked tumor growth and improved host survival, compared with
vehicle control or NK cells alone. In addition, MM1S tumors harvested from M2-treated
mice showed activated STAT1-IRF-1 signaling and increased protein expression of CD38
and MICA/B, associated with DNA damages, mirroring our in vitro results. These results
provide molecular mechanisms for underlying enhanced susceptibility of M2-treated MM1S
tumors to Dara targeting and NK killing in vivo. Of note, M2+NK cells treated mice also
showed prolonged survival, compared with M2 alone or NK cells+Dara treated cohorts.
Most importantly, M2 with Dara triggered synergistic cytotoxicity in vivo, leading to tumor-
free animals with 100% survival.

Taken together, our data showed that M2 potentiated immunogenicity of MM cells, even

in the presence of immunosuppressive IL6 or BMSCs, via induction of cGAS-STING-
TBK1-IRF3 and STAT1-IRF1-driven IFN I siganling, as well as ATM/ATR-CHK1/2-related
DDR. M2 specifically upregulated CD38 and NKG2DLs on MM cells but not other
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BCMA-negative normal cells including NK cells. It enhanced Dara cytotoxicity without
depleting NK cells, resulting in improved NK surveillance of MM cells resistant to current
therapies. Importantly, combination M2 with Dara at low concentrations confers enhanced
CD38 targeting and efficacy compared with either agent alone, which may ultimately
deepen treatment responses with a more favorable therapeutic index. Ongoing studies are
evaluating whether these M2-regulated immunomodulatory effects may also enhance tumor
recognition and destruction by effector cells other than NK cells. Moreover, the prominent
upregulation of activating NKG2DLs after M2 treatment may predict synergy with NK
activating therapeutics such as elotuzumab (anti-SLAMF7 MoADb). Future studies will also
further delineate the impact of ADC treatment on BCMA signaling and its sequelae.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key points:

. MEDI2228 upregulates CD38 and NKG2D ligands in MM cells via cGAS-
STING-TBK1-IRF3-, STAT1-IRF1-IFN- and ATM/ATR-CHK1/2-signaling
cascades.

. MEDI2228 restores daratumumab sensitivity, and combination therapy
eradicates MM tumors in vivo, resulting all animals tumor-free.
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Translational Relevance

Investigations are focused on promoting the efficacy of current targeted immunotherapies
for patients with multiple myeloma (MM). We identified that a novel BCMA antibody
drug conjugate MEDI2228 triggers IFN-regulated innate immune function via cGAS-
STING-TBK1-IRF3 and STAT1-IRF1 signaling cascades in MM cells following DNA
damage. Membrane expression of CD38 and NKG2D ligands MICA/B and ULBPs are
increased in MEDI2228-treated MM cell lines and patient MM cells, including those
resistant to standard-of-care MM therapies, without impacting normal BCMA-negative
cells including NK cells. MEDI2228 treatment restores Dara sensitivity in MM cells
even in the immunosuppressive bone marrrow microenvironment, and the combination
synergistically enhance NK-mediated MM cell killing. Moreover, MEDI2228-Dara
combination completely eradicates in vivo MM cell growth in @ murine xenograft
model. These results therefore provide the mechanistic rationale for clinical evaluation
of combination CD38- and BCMA-directed immunotherapies to further improve patient
outcome in MM.
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Figure 1. Targeting BCMA by MEDI2228 (M2) significantly induces IFN signaling and IFN
I-stimulated genes in MM cells.

A-B The transcriptional changes resulting from MEDI12228 (M2, 0.5 pg/ml) treatment were
studied in H929 MM cells following 1-day incubation (>85% viable H929 cells). RNA
sequencing was performed followed by gene set enrichment analysis (GSEA), showing
enrichment of interferon (IFN) pathways and Type | IFN genes. Shown are the top 51
upregulated genes by M2 vs control vehicle (ctrl) (P < .0002, Supplementary Table S1) with
IFN-related genes (A) and IFN I-upregulated and/or IFN stimulated genes (1ISGs) (B, n =
62, P<.004) in black. Normalized enrichment scores (NES) and false discovery rate (FDR)
scores are indicated (FDR = 0.0013 for the comparison). C-F Using real-time gRT-PCR,
fold increases in indicated IFN I-related genes are shown for M2- vs ctrl-treated MM cell
lines sensitive (C-D, MM1S; E, H929) and relatively insensitive (D and F, RPMI8226; F,
JIN3) to M2 (20,21). MM1S (C, D) and RPMI8226 (D, F) cells were treated with 1 and

5 ug/ml of M2, respectively, for 16h (> 90% viability), followed by the examination of
upregulated IFN I-related and/or ISG genes (C, n = 60; D, n = 33). Indicated IFITs were
further validated (E, ctrl (=) vs 0.5 ug/ml M2; F, 0, 1, 10 pg/ml of M2). Transcripts were
normalized by geomean of internal controls. Two biological repeats (A, B) or three (C,

F) independent experiments were done for each treatment. Each experiment performed in
triplicate at each condition (C-F). Data are presented as means + standard deviations (SDs)
(error bars). *P< .05, **P< .01, ***P<.001, ****P< 0001
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Figure 2. CD38 is upregulated by M2-induced DNA damage response associated with activation
of STAT1 and cGAS-STING signaling in MM cells.

A Using real-time qRT-PCR, CD38 transcript levels were quantitated in M2-treated H929
cells at day 1 (d1) and d2. B-C Using flow cytometry (FC) analysis, CD38 membrane
expression was determined on viable (Aqua-/Annexin VV-) MM cells. B, Eight MM cell lines
were treated with M2 for 3 days, including 4 sensitive (0.1 ug/ml, upper panel) and 4 less
sensitive (1 pg/ml, lower panel) to M2. Shown are histograms (B) and fold increases in
geometric mean fluorescence intensity (MFI) values of CD38 at indicated treatments vs ctrl
vehicle groups (C). C RPMI18226 cells were treated with M2 (1, 5, 10 pg/ml), IFNB or IFNy
(100, 500 U units/ml) at d2 and d3. D IFNP expression levels were quantitated by real-time
gRT-PCR analysis following M2 treatment for various time intervals. E Protein lysates

were made from H929 (left) and RPMI8226 (right) cells followed by immunoblotting

using antibodies specific for indicated molecules to examine activation of STAT1 and
CGAS-STING signaling cascades. GAPDH served as a loading control. Each experiment
was performed at least thrice in triplicate for each condition, and data are presented as means
+ SDs (error bars). *P< .05, **P< .01, ***P< 001, ****P< 0001
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Figure 3. M2 treatment activates IRF1 and STAT1 pathways to enhance CD38 expression in MM
cells.

A Three representative MM cells with various CD38 levels were treated with M2 for

1d. Cell lysates were made for immunoblotting using antibodies specific for indicated
proteins. GAPDH served as a loading control. Ratios of CD38 to GAPDH protein levels

at indicated M2 concentrations were also graphed (right). B-E Changes in CD38, STAT1,
phosphorylation of STAT1 (pSTAT1), and IRF1 were examined by immunoblotting in H929
cells with indicated gene manipulation in the presence or absence of M2 treatment for

1d. B-C STAT1 knockout and changes in indicated molecules were determined in cells
treated with M2 vs ctrl vehicle following transfection with sgSTAT1#1 or #2 vs ctrl vector.
Using quantitative FC analysis (B, C, D, lower panels), CD38 cell surface levels were also
evaluated on Aqua-negative viable cells following 2d treatments with M2 vs ctrl vehicle. D
Lentiviruses expressing shIRF1# or #2 vs ctrl vector were used followed by treatments with
M2 vs ctrl vehicle for 1d (upper panel) and 2d (lower panel). E Using real-time gRT-PCR,
IRF1 expression was evaluated in M2-treated MM cells. Each experiment was performed at
least thrice and in triplicate for each condition. Data are presented as means + SDs (error
bars). *P< .05, **P< .01, ***P< .001
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Figure 4. M2 overcomes downregulation of CD38 in MM cells triggered by IL6 and BMSC
supernatant, and further enhances Dara-induced lysis of drug-resistant patient MM cells.

A IMiDs-resistant H929(R), ANBLS6, and its paired bortezomib-resistant ANBL6-BR cells
were incubated with M2 for 1d. IL6 (2 ng/ml) was also added in ANBL6 and ANBL6-BR
cultures. Cell lysates were made for immunoblotting to determine levels of CD38 and
indicated proteins, with GAPDH as a loading control. B BMSCs from patients were cultured
for 3d in the same culture medium as MM cells. Culture supernatants were then harvested,
passed through 0.2 um filters, mixed with 50 % of control culture medium, and used as
BMSC culture supernatant (BMSC-sup). H929(R) cells were pretreated with ctrl or M2 (0.1,
0.5 ug/ml) for 1d in the absence or presence of IL6 (2 ng/ml) or BMSC-sup for 2d. C
H929(R) target cells, pretreated with M2 or ctrl for 1d, were co-cultured with NK cells (n

= 3 normal donors) in Dara-induced ADCC assay in the absence or presence of BMSC-sup
from cultures of 2 patient samples. Using quantitative FC analysis, the % H929(R) cell lysis
was determined. D Dara-induced lysis of M2- vs ctrl-treated RPMI18226 cells was assayed

in the presence of BMSCs (n = 3). Patient PBMCs (n = 3) were used as effector cells.

E Using FC analysis, CD38 surface expression was analyzed on CD138*Aqua-/Annexin

V- viable patient cells treated with 1 ug/ml M2 vs ctrl for 2d (RRMM, n = 24). Two
representative samples are shown on the right. F BM mononuclear cells (BMMCs) from

a RRMM patient were treated with M2 vs ctrl (1 pg/ml) for 1d, followed by co-culture

with PBMC from the same patient in the presence of Dara for 2d. Using quantitative FC
analysis, the % lysis of CD138" cells was determined. BMMCs from Dara-resistant patients
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(n = 3) were treated with M2 followed by assessment of CD38 surface expression on viable
CD138" cells (G); samples after M2 (1 ug/ml) treatment for 1d were used to determine %
Dara-induced autologous patient MM lysis in the presence of paired PBMCs (H). Three
independent experiments (C-D) were done using NK cells from 3 individuals in triplicates at
each condition. All results are shown as means + SDs (error bars). *P< .05, **P< .01, ***p
<.001, ****p< 0001
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Figure 5. M2 increases expression of NKG2DLs and CD38 on MM cells, further promoting lytic
function of NK cells against MM cells

A Indicated MM target cells were pretreated with M2 for 12h (1 and 4 pg/ml for H929 and
RPMI8226, respectively), washed, and then labeled with CFSE before co-culture with NK
cells (n = 3) at increasing NK:MM (E:T) ratios. MM cell viability (Aqua-/AnnexinV-) was
>90-95% before co-culture with NK cells. Using FC analysis, the % of lysis in CFSE* MM
cells was quantitated. B PBMCs from 4 patient samples were cultured alone or with (+)
M2-treated vs control H929 cells for 6h, followed by quantitative FC analysis to determine
the % of IFNy+ NK (CD56+CD3-) cells. C Using real-time gRT-PCR (upper graph) and FC
analysis (histograms, lower panel), MICA/B expression was studied at transcript and protein
levels following M2 treatments for 1d and 2d in H929 cells. D Cell lysates were made

from H929 cells pre-treated with or without ATM inhibitor (ATMi, Ku22933 10 uM) prior
to M2 treatment (upper panel). Immunoblotting was also done to evaluate protein levels

of MICA/B and yH2AX in H929 and OPM2 cells treated with M2 for 1d (lower panel).
E-H Using FC analysis gated on viable MM cells, cell membrane expression levels were
determined for MICA/B (E-H), other NKG2DLs (ULBP2/5/6 in G-H; ULBP1 and ULBP3
in H), and CD38 (G-H) in indicated MM cell lines (E, n = 5; G, RPMI8226; H, n = 3), and
CD138* cells of BMMCs from RRMM patients (F, n = 9). F BMMCs from a patient with
RRMM were incubated with M2 at 0.5 and 2 pug/ml for 1d and 2d (left); and 9 additional
RRMM samples were incubated with M2 at 1 ug/ml vs ctrl for 2d (right). H CD38 and 4
NKG2DLs were further investigated at d1 (H929(R), JIN3) and d2 (H929). Each experiment
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was performed at least thrice and in triplicate for each condition, and data are presented as
means + SDs (error bars). *P< .05, **P< .01, ***P < .001, ****P <.0001
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Figure 6. Combination M2 with Dara treatment completely eradicates MM1S tumors and
extends host survival in NK-humanized NSG mice

NSG mice were s.c. injected with MM1S cells 14 days before start of treatment. Mice with
tumor growth were then randomized into 6 groups (6 mice per group except M2+NK+Dara):
saline control (ctrl, red), NK (once weekly for 3 times, brown), NK+Dara (8 mg/kg per
injection for 3 injections, green), M2 (0.3 mg/kg, only one injection, blue), M2+NK
(orange), or M2+NK+Dara (n = 7, purple). A Shown are mean tumor volumes (mm3) +

SDs (error bars) at following days vs start of treatment (d1). Tumor growth was significantly
inhibited in the combination-treated group compared with other groups from d7 (P< .01,
Supplementary Fig. 6B). B Weights of mice were followed. C-D Using Kaplan-Meier

and log-rank analysis, the median overall survival of animals was derived (ctrl, 25 days;

NK, 25 days; NK+Dara, 48 days; M2, 50 days; M2+NK, 62 days). All 7 mice were
tumor-free in M2+NK+Dara group at 150-day follow-up (****P < .0001). E Tumors were
removed from mice 3 days after treatments with M2 vs ctrl, followed by immunoblotting
analysis using indicated antibodies (upper left panel) and FC analysis for MICA/B and
CD38 surface expression on viable MM1S tumor cells (Aqua-/AnnexinV-) (upper right
histograms). Tumor tissue sections were also immunohistochemically analyzed for CD38
(Original magnification, x200) (lower panel).
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