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Statement of Translational Relevance

Increased CD38 expression on chronic lymphocytic leukemia (CLL) cells is linked to aggressive
disease features and poor clinical outcome. Biologically, CD38 promotes CLL cell proliferation
through association with multiple cell surface receptors, including the B-cell receptor (BCR). As
therapeutic opportunities to disrupt CD38 function become increasingly available, we
investigated the anti-tumor activity of daratumumab (anti-CD38 human monoclonal antibody) in
patient-derived CLL cells. Daratumumab was noted to promote immune-effector mediated
cytolysis as well as direct apoptosis of CLL cells. Inhibition of CD38 (with daratumumab or a
small molecule inhibitor) decreased activation of BCR signaling proteins and this effect was
enhanced by ibrutinib. In vivo, the combination of ibrutinib and daratumumab significantly
delayed tumor growth in B-cell leukemia-bearing mice and prolonged their survival. Altogether,
our results suggest that combination ibrutinib and daratumumab yields greater anti-CLL activity

than either agent alone and support clinical evaluation of this regimen in CLL patients.
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Abstract

Purpose: CD38 has emerged as a high-impact therapeutic target in multiple myeloma, with the
approval of daratumumab (anti-CD38 monoclonal antibody). The clinical importance of CD38 in
chronic lymphocytic leukemia (CLL) patients has been known for over two decades, though it's
relevance as a therapeutic target in CLL remains understudied.

Experimental Design: We investigated the biological effects and anti-tumor mechanisms
engaged by daratumumab in primary CLL cells. Besides its known immune-effector
mechanisms (ADCC, CDC and ADCP), we also measured direct apoptotic effects of
daratumumab alone or in combination with ibrutinib. In vivo anti-leukemic activity was assessed
in a partially-humanized xenograft model. The influence of CD38 on BCR signaling was
measured via immunoblotting of Lyn, Syk, BTK, PLCy2, ERK1/2 and AKT.

Results: In addition to immune-effector mechanisms; daratumumab also induced direct
apoptosis of primary CLL cells, which was partially dependent on FcyR crosslinking. For the first
time, we demonstrated the influence of CD38 on BCR signaling where interference of CD38
downregulated Syk, BTK, PLCy2, ERK1/2 and AKT,; effects that were further enhanced by
addition of ibrutinib. In comparison to single agent treatment, the combination of ibrutinib and
daratumumab resulted in significantly enhanced anti-CLL activity in vitro and significantly
decreased tumor growth and prolonged survival in the in vivo CLL xenograft model.
Conclusions: Overall, our data demonstrate the anti-tumor mechanisms of daratumumab in
CLL; furthermore, we show how co-targeting BTK and CD38 lead to a robust anti-CLL effect,

which has clinical implications.
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Introduction
CD38 is a highly conserved transmembrane type Il glycoprotein; expressed on B-lymphocytes
and other hematopoietic cells.® Physiologically, CD38 functions as an ectoenzyme and a co-
receptor; the latter depending on its spatiotemporal association with other cell surface (and cell-
type specific) antigens. On B-lymphocytes, CD38 associates with the B-cell receptor (BCR)
complex [(BCR)/CD81/CD19/CD21] and amplifies signal intensity transmitted through the
complex to drive cell proliferation.”? CLL patients with a higher proportion of CLL cells
expressing CD38 (>30%) have a shorter time to symptomatic disease and a more aggressive
clinical course; with inferior survival vs. patients who <30% of CD38+ CLL cells,®>* thus
establishing CD38 expression as a marker of poor prognosis.>® Despite its known association
with an aggressive CLL phenotype, the role of CD38 as a therapeutic target remains unclear.
Daratumumab is a first-in-class anti-CD38 therapeutic monoclonal antibody (mAb)
approved for the treatment of relapsed/refractory multiple myeloma (MM).” It comprises a fully
human IgG1lk mAb, which binds the C-terminus of CD38 at an epitope composed of 3-strand—
containing amino acids 233-246 and 267-280.2 A report by Matas-Cespedes et al
demonstrated the anti-leukemic effects of single agent daratumumab in ex vivo and in vivo CLL
models.® The cytotoxicity reported was modest; with partial insight into the direct killing
mechanism of daratumumab in CLL cells. We hypothesized that CD38 is a high value target in
CLL and blocking of its receptorial function can be translated into a clinically beneficial
therapeutic strategy through improved understanding of the mechanism(s) that link CD38 to
CLL cell survival. Here, we provide evidence that CD38 engagement by daratumumab
modulates BCR signaling and enhances the anti-CLL activity of ibrutinib. Our observations
provide important preclinical evidence for clinical exploitation of CD38 as a target for treatment

of CLL.
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Materials and Methods

Written informed consent was obtained from all patients whose samples were used in this study,
approved by the Mayo Clinic Jacksonville Institutional Review Board and in accordance with the
Declaration of Helsinki. Peripheral blood was collected from patients with a confirmed diagnosis
of CLL who were not on active anti-CLL treatment or those off anti-CLL therapy for >1 month.
This was followed by isolation of CD19+/CD5+ B-cells (primary CLL cells). Peripheral blood
mononuclear cells (PBMCs) from human donors were used in antibody-dependent cell
mediated cytotoxicity (ADCC) assays, 10% human serum was used in complement-dependent
death (CDC) assays and human macrophages were used in antibody-dependent cellular
phagocytosis (ADCP) assays, as described by de Weers et al.® Apoptosis, mitochondrial
transmembrane permeability and western blotting assays were conducted per prior methods.*
13 All cells were cultured in AIM-V media under conditions previously reported by us.'®** CD38
receptor density on CLL cells was quantified as MFI and cell surface antibody bound/cell (sAbc).
For certain experiments, PBMCs were isolated from Patients 4, 18, 19, 28 and 31 and
CD19/CD5+ CLL cells were selected out using magnetic beads, followed by flow sorting with an
anti-CD38 APC antibody for separation of CD19+/CD38" and CD19+/CD38" purified cells.
Cells were then treated with trypsin-EDTA for 10 min and washed twice followed by culture in
AIM-V serum-free media for >24h. CD38 expression in purified cells was again reassessed
using a multi-epitope FITC conjugated anti-CD38 antibody (Cytognos CD38 multi-epitope-FITC
antibody). Our sorting strategy is presented in Supplemental Figures 1 and 2. JVM13
(CD38+) and MEC1 (CD38-) cell lines were also used in experiments. An in vivo model of

disseminated disease®**®

was established using luciferase labeled JVM13 (JVM13-Luc) cells,
injected via tail vein I.V. into 6 — 8 week old NSG (NOD.Cg-Prkdcscid 112rgtm1Wijl/SzJ) mice,
following a protocol approved by the Mayo Clinic IACUC. Ibrutinib and kuromanin were

purchased from Selleckchem (Houston, TX, USA). Daratumumab was acquired through the

Mayo Clinic pharmacy and came pre-dissolved/diluted. Statistical analyses were performed
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using R Statistical Software (version 3.2.3; R Foundation for Statistical Computing, Vienna,
Austria); further detailed in figure legends. Data are represented as mean + standard error of

the mean (SEM), unless otherwise stated in the figure legend.

A full description of all assays is presented in Supplemental Materials & Methods.

Results

Patient and sample characteristics.

CLL patients (n=36) representing all clinical and genetic subsets were included in the study
(clinical characteristics in Supplemental Table S1, S2). Relatively consistent with prior reports,
we noted 27.7% (n=10) of patients had CD38+ disease (using standard 30% cutoff);**’
whereas the remaining patients (n=26, 72.2%) had CD38- disease. Notably, 16.6% (n=6) of

patients carried a deletion in chromosome 17p positive (Dell7p+).

Daratumumab induces immune-mediated cytotoxicity in CLL cells.

We first investigated the ability of daratumumab to induce CLL-specific lysis through immune-
effector mechanisms (ADCC, CDC, ADCP). Mean specific lysis from ADCC was 17.59+1.30%
(Figure 1A). Subset analysis in CLL cells from patients defined as having CD38+ and CD38-
disease showed significantly greater ADCC (p=0.023) in CD38+ cases (24.63+£3.46%) vs.
CD38- cases (14.11+1.11%; Figure 1B). In flow-sorted CD19+/CD38" clones treated with
daratumumab, ADCC was noted in 22.45+2.36% of cells. And in CD19+/CD38"° clones, ADCC
was noted in 16.47+1.03% of cells (Figure 1C). We then assessed cell death via CDC in all
CLL cells (n=30) and noted that mean specific lysis, was in the order of 14.88+0.92% (Figure
1D). Marginally higher levels were observed in CLL cells from CD38+ patients (18.22+2.41%)
vs. CD38- patients (13.58+0.95%) (Figure 1E). In flow-sorted cells, CDC was noted in

19.10+1.98% and 9.23+1.81% of CD19+/CD38" clones and CD19+/CD38" clones, respectively.
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(Figure 1F). Comparative analysis in JVM13 and MEC1 cells did not show significant induction
of ADCC or CDC with daratumumab alone (Supplemental Figures 3A — C). Cell death
through ADCP has been previously reported with daratumumab in myeloma cells.*®* We noted
ADCP in 8.52+0.44% of CLL cells (Figure 1G); with little difference observed between CLL cells
from CD38+ (9.37+£0.77%) vs. CD38- patients (8.79+0.92%). Similar findings were seen in flow-
sorted CD19+/CD38" or CD19+/CD38" purified cells. (Figure 1H). Comparative analysis in the
cell lines showed higher ADCP in JVM13 (18.01+1.0%) vs. MEC1 (3.55%0.14%) (Supplemental
Figure 3D). Correlation between ADCP results, CD38 MFI (r=0.49, p=0.006) and CD38 sAbc
(r=0.41, p=0.021) was significant (Supplemental Figure 4A, B). Similarly, correlation between
CDC results and % of CD38 expressing cells was also significant (r=0.49, p=0.006)
(Supplemental Figure 4C). ADCC cell death assay results did not show any significant
correlation with either CD38 MFI/sAbc or % of CD38 expressing cells (Supplementary Table

S3).

Daratumumab can directly induce apoptosis of CLL cells.

Prior studies in MM cells suggest that daratumumab can directly induce apoptosis.* In CLL
cells treated with daratumumab, we noted 31.33+2.56% annexin-V/PI positivity overall (Figure
2A). Subset analysis of CD38+ and CD38- cases showed greater annexin-V/PI positivity in CLL
cells from CD38+ patients (36.41+£3.34%) vs. CD38- patients (23.39£1.70%) (p=0.002) (Figures
2B, C); with similar effects in JVM13 (37.58+1.88%) vs. MEC1 cells (14.82+1.37%)
(Supplemental Figure 5). In unsorted CLL cells from patients with either CD38+ or CD38-
disease, a significant correlation was observed between % apoptosis with CD38 MFI (r=0.39,
p=0.036), CD38 sAbc (r=0.53, p=0.003) and % CD38 positivity of CLL cells (r=0.45, p=0.012)
(Supplemental Table S3). Interestingly, in flow-sorted CLL cells, a significant degree of
apoptosis (p<0.001) was noted in CD19+/CD38" cells (70.10+12.18%); with comparatively lower

apoptosis in CD19+/CD38" cells (31.57+11.22%) (Figure 2D, F). A significant correlation
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between apoptosis results with % CD38+ CLL cells (r=0.45, p=0.012), CD38 MFI (r=0.39,
p=0.036) and CD38 sAbc (r=0.53, p=0.003) was observed (Supplemental Figures 4D - F).
Other than association between degree of CDC induction and patient age (p=0.036), no other
significant correlation was observed between daratumumab-mediated cell death and clinical
characteristic of patients (Supplemental Table S4)

To test whether small molecule-based inhibition of CD38 could induce apoptosis, we

used kuromanin, a flavonoid inhibitor of CD38 enzymatic activity,?>**

which has been previously
used to interrogate CD38 biology.?* In flow-sorted CLL cells, apoptosis induced by kuromanin
was significantly greater (p<0.001) in CD19+/CD38" vs. CD19+/CD38" cells (54.97+4.99 vs.
15.60+1.28, respectively, Figures 2E, F).

In a subset of CLL patient cells, we also examined whether daratumumab-induced
apoptosis was due to FC-gamma receptor (FcyR) crosslinking. CLL cells were noted to express
FcyRI (CD64, 73.67+3.37%), FcyRIl (CD32, 95.18+1.85%) and FcyRIll (CD16, 19.31+3.89%)
(Supplemental Figure 6). When treated with daratumumab + an FcyR blocker, the percentage
of apoptotic CLL cells was significantly lower (18.7+0.15%) than cells treated with daratumumab
alone (27.21+£1.67%) (p=0.007). Addition of an F(ab")2 fragment to daratumumab-treated CLL
cells triggered further apoptosis (39.4310.56%), however, a decrease was noted when FcyR
blocker was added (29.91+1.3% apoptosis, p=0.0079) (Figures 2G, H). Altogether, these

results indicated to us that daratumumab-mediated apoptosis in CLL cells is partially-dependent

on FcyR crosslinking.

Targeting CD38 modulates proteins associated with BCR signaling.

CD38 co-localizes with CD19 and CD8L1 in the lipid rafts at the cell membrane and this results in
amplification of BCR and collateral signaling events.” CLL cells with high proliferative potential
inherently depend on BCR signaling and consequently are also reliant on CD38 co-receptorial

function.?*?® Indeed, prior studies have demonstrated an increase in ERK activity (one of the
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terminal effectors of BCR signaling) upon CD38 agonistic ligation.?*?’ Given our interest in

targeting CD38; its established role in BCR signal amplification®?’

and the high clinical
relevance of BCR-targeting agents in CLL,”® we questioned if therapeutic interference of CD38
would modulate the BCR pathway. Basal expression of BCR signaling components: (p) p-Lyn,
p-Syk, p-BTK, p-PLCy2, p-ERK1/2 and p-AKT in CLL cells from CD38+ versus CD38- patients
is shown in Supplemental Figure 7A — F. We treated (IgM-stimulated) CLL cells from both
CD38+ and CD38- patients with daratumumab, ex vivo, and noted a significant decrease in p-
Syk, p-BTK, p-ERK1/2 and p-AKT (Figures 3A — G for CD38+ CLL patient cells and Figures
3H — N for CD38- CLL patient cells; compare red bars with black bars; p<0.05). As expected
though, comparative analysis between CLL cells from the CD38+ vs. CD38- patients, revealed
the % decrease in proximal BCR signaling proteins (p-Lyn, p-BTK and p-PLCy2) elicited by
daratumumab was significantly more notable in CLL cells from CD38+ patients (p<0.05).
Intriguingly, we observed the opposite for phospho-ERK and phospho-AKT; which decreased
more significantly so in daratumumab-treated CLL cells from CD38- patients (relative to CLL
cells from CD38+ patients) (Supplemental Figures 8A — F). Next, to test whether changes in
BCR proteins could also be elicited by small molecule inhibition of CD38, we treated CLL cells
with kuromanin and observed relatively analogous changes in BCR signaling proteins, albeit,
compared to daratumumab, the intensity of inhibition was less (Supplemental Figures 9A — G).
This observation is critical as it demonstrates that targeting CD38 by either an antagonistic mAb
or a small molecule, leads to reduction in the signaling capabilities of the BCR complex. Given
the biological functions of CD38 (particularly in regulation of BCR signaling), we reasoned that
targeting both CD38 (with daratumumab/kuromanin) and BTK (with ibrutinib), would lead to
synergistic reduction in phosphorylated BCR proteins. As anticipated, in tumor cells from CD38+
CLL patients, the combined effect of ibrutinib + daratumumab (ID) resulted in a significantly
more pronounced decrease in p-Lyn, p-BTK, p-PLCy2, p-ERK1/2 and p-AKT levels compared to

either of the agents alone (Figures 3A — G, combination treatment highlighted by open bars).

10
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In CLL cell lysates from CD38- patients treated with the ID combination, only p-BTK, p-PLCy2
and p-ERK1/2 were significantly downregulated compared to either agent alone (Figures 3H —
N). Representative immunoblots are shown in Figures 3G and 3N. Likewise, in flow-sorted
CD19+/CD38" and CD19+/CD38" CLL cells, we probed for p-BTK and p-PLCy2. CD38" clones
appeared to have higher BTK expression vs. CD38"° clones. In addition, all drugs (including the
ID combination) appeared to more effectively downregulate p-BTK as well as p-PLCy2 in CD38"
clones (Supplemental Figure 9H). Altogether, these results allowed us to conclude that
blocking either the receptor function (daratumumab) or the enzymatic properties (kuromanin) of
CD38 leads to downregulation of BCR-associated proteins in CLL cells and which can be further

amplified through simultaneous inhibition of BTK with ibrutinib.

Ibrutinib significantly augments the cytotoxic activity of daratumumab.

Previous studies have shown that inhibition of BTK can downregulate cell surface antigens on
CLL cells.?® Thus, we first examined if ibrutinib modulates CD38 expression and noted that
ibrutinib did not downregulate CD38 on CLL cells (24h exposure) (Supplemental Figure 10).
As such, we proceeded towards anti-tumor testing of the ID combination in primary CLL cells.
Cytolysis from ADCC in ibrutinib-treated CLL cells was 9.92+0.88%, which significantly
(p<0.001) increased to 42.81+1.12%, in ID-treated cells (Figure 4A). This effect was more
pronounced in cells from CD38+ (63.73+£4.43%) vs. CD38- (35.21+£1.61%) CLL patients (Figure
4B). In flow-sorted CD19+/CD38" clones treated with the ID combination, ADCC was
45.53+3.19% and in CD19+/CD38" cells was 20.29+0.95% (p<0.001) (Figure 4C). When we
examined CDC, lysis induced by ibrutinib alone was 6.17+0.56% and this was significantly
(p<0.001) higher in cells treated with ID combination (32.23+1.47%) (Figure 4D). Although the
trend in specific lysis was higher in cells from CD38+ (40.25+2.82%) vs. CD38- patients
(29.56+1.60%), the difference was not significant (Figure 4E). In flow-sorted CD19+/CD38" and

CD19+/CD38" CLL cells, specific lysis from ID treatment was 44.13+2.59% and 14.86+1.18%,
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respectively (p<0.01) (Figure 4F). We then determined the effect on ADCP and noted that
ibrutinib alone induced negligible phagocytosis (3.47+0.32%), whereas in ID-treated cells,
ADCP increased to 21.50+1.02% (Figure 4G). And the difference in ADCP was significantly
appreciable between ID-treated CLL cells from CD38+ (29.96+1.41%) vs. CD38- patients
(18.42+0.94%) (p<0.001; Figure 4H). Examination in flow-sorted CD19+/CD38" cells, ADCP
was noted in 17.35+0.90% of ID-treated clones vs. 10.64+0.88% in CD19+/CD38" cells (p<0.01;
Figure 4l). Of note, comparative analyses (for ADCC, CDC, ADCP) in JVM13 and MECL1 cell
lines was also performed and showed similar results as in primary CLL cells, with some
expected variations (Supplemental Figure 3). A significant correlation between ADCC, CDC
and ADCP in ID-treated CLL cells with % CD38+ CLL cells, CD38 MFI and CD38 sAbc was
noted (p<0.05; Supplementary Table S3). A significant correlation between degree of
immune-mediated cytolysis (ADCC, CDC and ADCP) and CD38 expression (% CD38+ cells,
MFI/sAbc) was observed in ID-treated CLL cells. Interestingly, significantly higher ADCC as
well as CDC were noted in ID-treated CLL cells from Dell7p+ patients (p=0.021 and p=0.036,
Supplementary Table S5). These data demonstrate that co-targeting CD38 and BTK results in
a significant increase in immune-directed CLL cell killing (vs. either daratumumab or ibrutinib
alone) and while this effect was perceptible in both CLL cells from CD38- and CD38+ patients, it
was more pronounced in the latter.

We also examined apoptosis and observed 36.86+2.56% annexin-V/PI positivity in CLL
cells treated with ibrutinib, which increased to 61.90£2.41% in ID-treated cells (Figure 5A).
Subset analysis of cells from CD38+ vs. CD38- CLL patients revealed 45.26+2.11% vs.
33.81+3.18% apoptosis in ibrutinib-treated and 70.71+£3.44% vs. 58.7+2.77% apoptosis in ID-
treated CLL clones, respectively (Figure 5B). Scatter plots from 2 representative patients are
shown in Figure 5C. Using a different combination of probes (7AAD/annexin-V), we noted a
similar trend (56.6+4.92%; 7AAD/annexin-V positivity) in ID-treated CLL cells from 7 patients (5

of who had CD38- disease) (Supplementary Figure 11). In flow-purified CD19+/CD38" and
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CD19+/CD38" cells, ID combination treatment resulted in apoptosis of 89.53+2.16% and
49.27+10.97% of cells, respectively (Figure 5D and E). Scatter plots from a representative
experiment are shown in Figure 5F. Akin to primary CLL cells, similar results were seen in ID-
treated CLL cell lines (JVM13: 70.88%£4.23% and MEC1: 41.03+1.62, Supplementary Figure
5). We also assessed apoptosis in CLL cells exposed to kuromanin +/- ibrutinib, where the
combination of these two agents showed significantly greater annexin-V/Pl positivity
(49.53+2.39%, Figure 5A), compared to either kuromanin or ibrutinib alone. This validates the
fact that the cytotoxicity of ibrutinib is enhanced with concurrent targeting of CD38 and this
effect is independent of whether a mAb or an anti-CD38 small molecule is used. Apoptosis was
mirrored by a loss of mitochondrial membrane permeability by 69.22+2.49% in CLL cells (n=30
patients); the (%) change of which was marginally higher in cells from patients that were CD38-
(Dilc;5 MFI 1100+193.7 vs. 4340+608.2 in control cells) compared to those who were clinically
categorized as CD38+ (Dilc;5 MFI 687.3£111.11 vs. 2145+289.8 in controls) (Supplementary
Figures 12A — C). In flow-sorted CD19+/CD38" and CD19+/CD38" cells, a similar trend was

noted (Supplementary Figure 12D - G).

The combination of daratumumab and ibrutinib reduces tumor burden in a mouse model
of CLL.

We tested the anti-CLL activity of daratumumab +/- ibrutinib in an in vivo disseminated disease
model system. NSG mice were injected with JVM13-Luc cells via tail vein injection and disease
burden was monitored by bioluminescent signal. On Day 7 post-implantation, mice were
randomly divided into 8 groups (6 mice/ group) to receive either; (1) vehicle, (2) Effector cells
only on the days that daratumumab was given, (3) Daratumumab alone, (4) lbrutinib, (5)
daratumumab + effector cells, (6) Ibrutinib + effector cells, (7) ID combination and (8) ID
combination + effector cells (Figure 6A). On post-implantation Day 28, treatment was

concluded in all groups before onset of any signs/symptoms of xeno-GVHD (typically occurring
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at week 4, post-implantation of human effector cells)®™® and final anti-tumor response was
assessed. Compared to vehicle or effector-cell only groups, all other groups showed
significantly reduced tumor burden (p<0.01). Tumor burden in mice treated with daratumumab +
effector cells vs. ibrutinib + effector cells was not significantly different (p=0.063). However, in
mice treated with ID therapy (+/- effector cells), significantly lower disease burden was noted; ~
3.5 and 2.8-fold lower than that observed in vehicle (p<0.01) or effector cell alone-treated
(p<0.01) mice, respectively (Figure 6B, C). No significant changes in weight were noted in any
of the treatment groups (Figure 6D). Mice in groups 2, 5, 6 and 8, which were administered
effector cells, were sacrificed on Day 30; whereas mice remaining in the other groups (that did
not receive effector cells) were followed up to 107 days for survival analysis (Figure 6E). A
trend for longer survival in the daratumumab monotherapy vs. vehicle treated cohort was noted
(median OS 89 vs. 59 days, respectively, p=0.057). By Day 107, 50% of the mice in the ID

combination treated arm were alive and healthy.

Discussion

Targeting CD38 for therapeutic purposes has been largely examined in multiple myeloma
(MM).* In CLL, preclinical proof-of-concept for disrupting CD38 function was first reported by
Vaisitti et al where inhibition of its enzymatic activity with the flavonoid kuromanin slowed CLL

cell homing and adhesion in vitro and in a murine model.*

Subsequently, Matas-Cespedes and
colleagues reported on the anti-CLL activity of daratumumab showing its mechanism of action
to be through ADCC and ADCP, with a trend for higher cytolytic activity in CLL cells from
CD38+ patients.” Our results herein support these findings and show that in addition to
immune-effector mediated cell Kill, daratumumab induces apoptosis in CLL cells; partially

dependent on FcyR-mediated cross-linking and which is actualized through destabilization of

the mitochondria.
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While the enzymatic functions of CD38 and its inhibition in CLL cells have been
described previously,* the receptorial properties of CD38 and particularly their role in signal
transmission through the BCR complex are less understood. Studies by Deaglio and Malavasi
et al have provided significant insight on localization of CD38/BCR complexs in cell membrane
lipid rafts. Indeed, CD38 ligation with an agonistic anti-CD38 mAb (IB4) results in calcium flux
and increased ERK1/2 activity,”**’ however, antagonism of CD38 and its effects on BCR
signaling have not been previously reported. We show for the first time that mAb-based
engagement of CD38 (with daratumumab, which minimally inhibits CD38 ecto-enzymatic
function) or small molecule-based targeting of CD38 (with kuromanin, which primarily inhibits
enzymatic activity of CD38) results in significant downregulation of proximal (Syk, BTK),
terminal (PLCy2, ERK) and collateral (AKT) proteins involved in BCR signaling. Our
observation that CD38 enzymatic inhibition can to a large extent mimic CD38-receptorial block
in terms of apoptosis induction and BCR signaling attenuation (mostly in CD38+/ CD38" CLL
cells) opens avenues of investigation for the use of highly-specific small molecule inhibitors of

CD38 such as 78c, reported by Tarrago et al.*

Moreover, highly specific inhibition of CD38
(receptor and NADase activity) may also be able to shift the T-cell repertoire from a pro- to anti-
tumor disposition as eloquently shown by Chatterjee et al using CD38 KO mice.*

The effects of individually targeting CD38 and BTK yielded modest downregulation of
BCR components. Thus, we considered whether disrupting CD38 and BTK simultaneously
could further decrease the aforementioned proteins; translating to enhanced lethality in CLL
cells. As expected, co-targeting of CD38 (with daratumumab/kuromanin) and BTK (ibrutinib)
significantly reduced most of the phosphorylated BCR signaling proteins and was associated
with not only increased apoptosis and mitochondrial disturbance, but also significantly greater
immune-effector mediated cell death. In the case of ADCC, this is not entirely surprising as

ibrutinib shifts Thl, Th2 and CD8+ T-cell populations towards an overall anti-tumor

disposition.**** This immunomodulation in turn potentially synergizes with the T-cell modulating
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properties of daratumumab in both the MM and CLL microenvironment.*® Although this may
explain enhanced ADCC, it does not explain improved CDC or ADCP. Further studies on
complement inhibitor protein expression changes as well as the effects of BTK +/- CD38
inhibition on macrophages are being conducted by us under both ex vivo and in vivo conditions.
Altogether, the overall anti-tumor activity of daratumumab is significantly enhanced when
partnered with ibrutinib and this is reflected by increased CLL-cytolysis in every underlying
assay: ADCC, CDC, ADCP, apoptosis (Supplementary Table S6).

To more accurately gauge CLL cell sensitivity toward daratumumab, kuromanin and/or
ibrutinib based on CD38 expression/receptor density, we used FACS-purified CD38" and
CD38"° CD19+/CD5+ CLL cells in our workflow. While results measuring ADCC, CDC and
ADCP showed a similar trend as seen in unsorted CD19+/CD5+ CLL cells from CD38+ and
CD38- CLL patients, the results from the apoptosis assays were more noteworthy. In CD38"
CLL clones, we detected significant apoptosis from ibrutinib alone, which did not increase with
the addition of daratumumab. Contrastingly, albeit lower overall compared to CD38" cells, the
magnitude of apoptosis induced by ID therapy was more prominent in CD38° clones. The
significance of these findings is unclear, however, overall our data suggest that CD38 receptor
levels and survival dependency on BCR signaling are intricately linked and associated with
response to BCR/CD38-targeting agents. These associations however, should be cautiously
interpreted as they were determined in ex vivo assays, whereas the effect of ibrutinib or
daratumumab in humans is remarkably enhanced through engagement and reshaping of the
innate and adaptive immune environment.**?" Additionally, as CD38 status has not been
reported to be a determinant of clinical response to ibrutinib, it is plausible that CD38+ and
CD38- CLL patients alike would demonstrate equivalent response to ibrutinib + daratumumab
combination treatment.

As daratumumab does not bind murine CD38 (thus precluding use of transgenic Eu-

TCL1 mice), we established a disseminated disease xenograft model to study the anti-CLL
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activity profile of daratumumab (+/- ibrutinib). In this short course study, the goal was to
measure time to tumor growth before onset of xeno-GVHD could impact the results. We noted
significant activity of daratumumab relative to mice treated with effector-cells only (serving as a
control for all mice groups that received drug + effectors). Survival analysis was only performed
on mice that received drug without effector cells. Although underpowered, this analysis
suggested that the ID combination was superior in prolonging the survival of mice compared to
vehicle-treated mice (p=0.013). Although the median survival of mice treated with single agent
daratumumab or ibrutinib was lower than mice that received combination ID treatment, the
differences were not statistically significant. Further experiments that can incorporate the
immune-effector activity of daratumumab in an appropriate mouse model system are needed to
comprehensively evaluate the survival advantage conferred with use of daratumumab +/-
ibrutinib.

In summary, our data highlights that: 1.) Daratumumab induces cell death in primary
CLL cells through various mechanisms ex vivo (ADCC, CDC, ADCP and apoptosis); 2.)
statistically significant correlations between CD38 receptor density (MFI or sAbc) with ADCC,
ADCP and apoptosis were observed; 3.) targeting CD38 with either daratumumab or kuromanin
can significantly modulate BCR-associated and these effects are more prominent in CD38+
cases and 4.) the combination of daratumumab and ibrutinib induces significantly more immune-
effector mediated and direct apoptosis of CLL cells from CD38+ and CD38- patients alike.
Based on our results, while single agent daratumumab may be more effective in CLL patients
with CD38+ disease, the combination of daratumumab and ibrutinib may be highly effective in
all treatment requiring patients irrespective of CD38 expression status. Our data provide the
framework for future clinical investigations entailing therapeutic strategies targeting CD38 and

BTK together.
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Figure legends

Figure 1. Daratumumab induces CLL cell death through immune effector-mediated
mechanisms.

A. Antibody-dependent cell-mediated cytotoxicity (ADCC) induced by single agent
daratumumab (Dara, 0.1ug/mL) was determined in Calcein-AM labeled primary CLL cells
(target) from 30 patients, ex vivo, in the absence or presence of effector (peripheral blood
mononuclear) cells from healthy human donors at an E:T ratio of 50:1 for 6hr. Specific lysis was
calculated as described in Supplemental Materials & Methods. Spontaneous release was
determined using a non-specific IgG1-b12 isotype antibody at 0.1ug/mL. B. ADCC in primary
CLL cells from CD38+ (n=8) and CD38- (n=22) Pts. was assessed as a subset analysis and
showed significantly higher specific lysis in cells from CD38+ patients. C. ADCC was also
assessed in flow-sorted CD19+/CD38" and CD19+/CD38"° CLL cells from 5 patients (Pts. 4, 18,
19, 28 and 31) and revealed a similar trend. D. Specific lysis from complement-dependent
cytotoxicity (CDC) was measured in CLL cells in the presence of 10% human serum from a

single healthy donor for 1hr. E. Subset analysis of specific lysis from CDC induced in CLL cells
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from CD38+ (n=8) vs. CD38- (n=22) Pts. was also determined. F. Similarly, CDC was
determined in flow-purified CD19+/CD38" and CD19+/CD38"° CLL cells. G. Cell death through
phagocytosis was assessed in Calcein-AM labeled primary CLL cells (n=30), with subset
analysis in CD38+ vs. CD38- cases and separately in flow-purified CD19+/CD38" and
CD19+/CD38"° CLL cells (H.) using CD11b+ macrophages differentiated from healthy human
donor monocytes at an E:T ratio of 2:1 for 6hr incubation period. % phagocytosis was
determined as described in Supplementary Materials & Methods. Results are expressed as
mean + SEM. Comparative significance analyses between the groups (brackets) show p-

values. * p<0.05, **p<0.01, **p<0.001

Figure 2. Daratumumab induces apoptosis in CLL cells, which is partially dependent on
FcyR crosslinking.

A. Apoptosis was assessed in CLL cells treated with daratumumab or 1gG1-b12 isotype
antibody (0.1ug/mL) for 24h, followed by staining with annexin-V/propidium iodide (PI) and flow
cytometry analysis. B. Subset analysis was also performed in CD38+ (n=8) and CD38- (n=22)
CLL cases. C. Annexin-V/PI+ cell scatter plots from a representative CD38+ CLL patient (Pt. 9,
38% CD38+ cells) and a CD38- patient (Pt. 8, 7.54% CD38+ cells) are shown. D. Flow-sorted
CD19+/CD38" and CD19+/CD38" CLL cells (n=5 patients) were treated with daratumumab (0.1
pg/mL) or (E.) kuromanin (Kuro, 10uM, flavonoid small molecule CD38-enzymatic inhibitor) and
showed significantly more apoptosis in the CD38" population relative to the CD38" fraction of
CLL cells (representative scatterplot from a single patient shown in panel F). G. From a subset
of patients (n=7, primarily CD38- cases), CLL cells were treated with daratumumab, Fp).
(control) or the combination of daratumumab + Fy in the presence or absence of a pan-FcyR
blocker (Human TruStain FcX). Fay)e alone triggered no apoptosis and while daratumumab
treatment of CLL cells +/- F(py2 without FcyR blocker showed significant cell death (red bars),

the addition of an FcyR blocker significantly decreased the degree of apoptosis (black bars). H.
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A representative patients, scatterplot showing apoptosis. Data are presented as mean + SEM. *

p<0.05, **p<0.01, ***p<0.001

Figure 3. Targeting CD38 results in downregulation of B-cell receptor (BCR) signaling
proteins, which is further augmented by ibrutinib treatment.

Phosphorylated (p-) and total protein levels for Lyn, Syk, BTK, PLCy2, ERK1/2 and AKT were
probed for by western blot in CLL cell lysates (-/+ BCR stimulation with anti-IgM for 1hr), from
CD38+ patients (A — G, Pts. 11, 16, 26, 33 and 34) and CD38- patients (H — N, Pts. 8, 14, 28,
35 and 36). Primary CLL cells were treated for 2hr with isotype IgG1l-bl12 Ab (control,
0.1pg/mL), ibrutinib (Ibr, 1pM), daratumumab (Dara, 0.1pug/mL) or the combination of Ibr + Dara
before lysate preperation. G, N. Representative western blots from a CD38+ and CD38- CLL
Pt. are shown. Results shown are mean + standard deviation (SD). *p<0.05; **p<0.01; #
indicates statistically significant (p<0.05) difference compared to control or single agent-treated
cells. #d indicates significant (p<0.05) compared to all single agent or control treated cells,
except daratumumab-treated cells. #i indicates significant (p<0.05) compared to all single agent

or control treated cells, except ibrutinib-treated cells.

Figure 4. The immune-mediated cytolytic activity of daratumumab is significantly
enhanced by ibrutinib.

A. ADCC was examined in Calcein-AM labeled primary CLL cells (n=30 Pts.) treated with either
IgG1-b12 isotype Ab (0.1ug/mL), ibrutinib (Ibr, 1uM), daratumumab (Dara, 0.1ug/mL) or the
combination of Ibr + Dara with or without effector cells at an E:T ratio of 50:1 for 6hr. Specific
lysis was calculated as described in Supplementary Materials & Methods and in the same
manner as Figure 1. B. ADCC in cells from CD38+ (n=8) and CD38- (n=22) patients treated
with lbr, Dara or Ibr + Dara was analyzed. C. Similarly, ADCC was determined in flow-sorted

CD19+/CD38" and CD19+/CD38"° CLL cells from 5 patients and showed a similar trend. D, E.
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CDC was measured in Calcein-AM labeled CLL cells incubated with human serum (10%) from a
healthy donor for 1hr; effect of Ibr, Dara or combination treatment in CLL cells from CD38+
(n=8) vs. CD38- (n=22) patients. F. CDC in a similar manner was examined in flow-sorted
CD19+/CD38" and CD19+/CD38" CLL cells (n=5 patients). G. ADCP was assessed in Calcein-
AM labeled CLL cells treated with either Ibr, Dara or Ibr + Dara by incubating target tumor cells
with human monocyte-derived macrophages (effectors) from a healthy donor at an E:T ratio of
2:1. Flow cytometry analysis to detect CD11b+ macrophage engulfment of Calcein-AM labeled
tumor cells was used to calculate % phagoctyosis. H. ADCP levels were separately analyzed for
CD38+ and CD38- CLL patients. I. ADCP was also determined in flow-sorted CD19+/CD38"
and CD19+/CD38" CLL cells from 5 patients. Data are presented as mean + SEM. * p<0.05,

**p<0.01, **p<0.001

Figure 5. Co-targeting CD38 and BTK leads to significantly greater apoptosis of primary
CLL cells than compared to singular targeting of either CD38 or BTK.

A. Apoptosis was assessed in primary CLL cells treated with daratumumab (Dara, 0.1ug/mL),
kuromanin (Kuro, 10uM) +/- ibrutinib (lbr, 1uM), lbr alone or IgG1-b12 isotype antibody for 24h,
followed by staining with annexin-V/propidium iodide (PI) and flow cytometry analysis. B. Subset
analysis was also performed in primary CLL cells from CD38+ (n=8) and CD38- (n=22) patients.
C. Annexin-V/PI+ cell scatter plots from a representative CD38+ CLL case (Pt. 9) and a CD38-
case (Pt. 8) are shown. D, E. Apoptosis was also assessed separately in flow-sorted
CD19+/CD38" and CD19+/CD38"° CLL cells (n=5 patients). F. Annexin-V/Pl+ cell scatter plots
from a representative patient’s (Pt. 19.) CD38" CLL clones and CD38" CLL clones are shown.

Results expressed as mean + SEM. * p<0.05, **p<0.01, ***p<0.001

Figure 6. Daratumumab and ibrutinib significantly delay tumor growth and extend

survival of leukemia-bearing mice.
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A. NSG mice were implanted with JVM13-Luc (8x10°) cells via I.V. tail vein injection and post-
implantation day 7, mice were randomized in 8 groups to receive either 1. vehicle (control, I.P.),
2. Effector cells only (healthy donor PBMCs, 8x10° cells, 1.V.), 3. Daratumumab alone on a
weekly schedule (20/10/10/10/10 mg/kg, I.P.), 4. ibrutinib (6mg/kg, I.P.), 5. daratumumab +
effector cells, 6. Ibrutinib + effectors, 7. Ibrutinib and daratumumab (ID) combination and 8. ID
combination + effectors. B, C. By Day 28, tumor burden (average photon radiance, p/s/cm/sr x
10°) in vehicle-treated mice reached a median of 9.18 vs. 7.59 in effector-only treated mice,
4.87 in daratumumab-treated mice, 4.03 in daratumumab + effector-treated mice, 3.81 in
ibrutinib-treated mice, 3.90 in ibrutinib + effector-treated mice, 2.89 in ID-treated mice and 2.57
in ID + effector-treated mice. D. Minor variances in weight of mice over duration of treatment
were noted, however these differences were not significant. E. Survival study was performed in
mice from treatment groups 1, 3, 4 and 7 (that did not receive effector cells). Pairwise
comparison of survival is shown. Notably, ID-treated mice had significantly longer survival

compared to vehicle treated mice.
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Figure 6.
A. Day0: NSG mice B. Tumor burden
8x10¢ Luc-JVM13 cells > 5 . . e
Tail vein L.V. implanted 4 > > mice randomized to Groups 1 - 8 (n=6 mice/group) ‘g_ 1000000 ——Vehicle
! ; —Effectors
Group 1: Vehicle (95% saline, 5% DMSO) 3330038330300 0303033030003 13 18101 @ suniva g 900000 — D |
I .
. 6 1 analysis: S .
Group 2: Effector cells (8x10°) L.V. 3 3 3 1] 3 ! Groups 1, 2 500000 Ibr —— *p<0.01
Group 3: Dara (10 mg/kg) I.P. 3 1 ] 3 3 1} | 3,4,7 % ——Dara+E = ——]
I
Group 4: Ibrutinib (6mglkg) I.P. $43333338 3033311111110 € 700000 | —lbr+E —
I 8
DAY: 0———» 8 10 12 14 16 18 20 22 24 26 28 ;30 107 B —Ib —
Tumor 1 1 1 1 1 1 1 1 1 1 PR 1 € 600000 —ID+E
Imlishment T T T T T T T T T T 1 T .g
t t 1 L} L} Tt — S 500000
Response assessment by IVIS imaging :t>n
. . 400000
Group 5: Dara + Effectors (each given on same schedule as in groups 2 and 3)
Group 6: Ibrutinib + Effectors (given on same schedule as in groups 2 and 4) 300000
Group 7: Ibrutinib + daratumumab (ID, each given on same schedule as in groups 3 and 4)
200000
Group 8: ID + Effectors (each given on same schedule as in groups 2, 3 and 4) 7 10 13 16 19 22 25 28
Days
c Day 7 post-implant Day 28 post-implant
D. Mice weight
29
Vehicle
27
A
25
g
p-)
Effectors (E) :E’ 23
(]
2
21
Dara 18
17
Ibrutinib 15
Vehicle Effectors Dara lbr Dara+E Ilbr+E ID ID+E
|7 m15 u20 m24 m28
Days
E.
Dara+E 100 —
] Logrank p-value
80 1 :
Vehicle vs. Dara, p=0.057
- Vehicle vs. lbr, p=0.063
Ibrutinib + E Darzll vs. Ibr, p=0.28
3 60+ Vehicle vs. ID, p=0.013
< Dara vs. ID, p=0.42
H -|  Ibrutinib vs. ID, p=0.093
g 40 + Vehicle
@« Dara
- lbr
ID Dara + lbr
20 |
0-
ID+ E

T T T T T T T T T T T T T T T 1
0 7 14 21 28 35 42 49 56 63 70 77 84 91 98 105

Time from tumor implantation to death (days)

Downloaded from clincancerres.aacrjournals.org on April 4, 2019. © 2019 American Association for Cancer Research.


http://clincancerres.aacrjournals.org/

Author Manuscript Published OnlineFirst on April 2, 2019; DOI: 10.1158/1078-0432.CCR-18-3412
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

AAC_R American Association
for Cancer Research

Clinical Cancer Research

Targeting CD38 enhances the antileukemic activity of ibrutinib
in chronic lymphocytic leukemia (CLL)

Alak Manna, Sonikpreet Aulakh, Prachi Jani, et al.

Clin Cancer Res Published OnlineFirst April 2, 2019.

Updated version

Supplementary
Material

Author
Manuscript

Access the most recent version of this article at:
doi:10.1158/1078-0432.CCR-18-3412

Access the most recent supplemental material at:
http://clincancerres.aacrjournals.org/content/suppl/2019/04/02/1078-0432.CCR-18-3412.DC1

Author manuscripts have been peer reviewed and accepted for publication but have not yet been
edited.

E-mail alerts

Reprints and
Subscriptions

Permissions

Sign up to receive free email-alerts related to this article or journal.

To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Department at pubs@aacr.org.

To request permission to re-use all or part of this article, use this link
http://clincancerres.aacrjournals.org/content/early/2019/04/02/1078-0432.CCR-18-3412.

Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)
Rightslink site.

Downloaded from clincancerres.aacrjournals.org on April 4, 2019. © 2019 American Association for Cancer Research.



http://clincancerres.aacrjournals.org/lookup/doi/10.1158/1078-0432.CCR-18-3412
http://clincancerres.aacrjournals.org/content/suppl/2019/04/02/1078-0432.CCR-18-3412.DC1
http://clincancerres.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://clincancerres.aacrjournals.org/content/early/2019/04/02/1078-0432.CCR-18-3412
http://clincancerres.aacrjournals.org/

	Article File
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6

