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Statement of Translational Relevance 52 

Increased CD38 expression on chronic lymphocytic leukemia (CLL) cells is linked to aggressive 53 

disease features and poor clinical outcome. Biologically, CD38 promotes CLL cell proliferation 54 

through association with multiple cell surface receptors, including the B-cell receptor (BCR).  As 55 

therapeutic opportunities to disrupt CD38 function become increasingly available, we 56 

investigated the anti-tumor activity of daratumumab (anti-CD38 human monoclonal antibody) in 57 

patient-derived CLL cells.  Daratumumab was noted to promote immune-effector mediated 58 

cytolysis as well as direct apoptosis of CLL cells.  Inhibition of CD38 (with daratumumab or a 59 

small molecule inhibitor) decreased activation of BCR signaling proteins and this effect was 60 

enhanced by ibrutinib.  In vivo, the combination of ibrutinib and daratumumab significantly 61 

delayed tumor growth in B-cell leukemia-bearing mice and prolonged their survival.  Altogether, 62 

our results suggest that combination ibrutinib and daratumumab yields greater anti-CLL activity 63 

than either agent alone and support clinical evaluation of this regimen in CLL patients.  64 

 65 
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Abstract  78 

Purpose: CD38 has emerged as a high-impact therapeutic target in multiple myeloma, with the 79 

approval of daratumumab (anti-CD38 monoclonal antibody). The clinical importance of CD38 in 80 

chronic lymphocytic leukemia (CLL) patients has been known for over two decades, though it’s 81 

relevance as a therapeutic target in CLL remains understudied.  82 

Experimental Design: We investigated the biological effects and anti-tumor mechanisms 83 

engaged by daratumumab in primary CLL cells. Besides its known immune-effector 84 

mechanisms (ADCC, CDC and ADCP), we also measured direct apoptotic effects of 85 

daratumumab alone or in combination with ibrutinib. In vivo anti-leukemic activity was assessed 86 

in a partially-humanized xenograft model. The influence of CD38 on BCR signaling was 87 

measured via immunoblotting of Lyn, Syk, BTK, PLCγ2, ERK1/2 and AKT.  88 

Results: In addition to immune-effector mechanisms; daratumumab also induced direct 89 

apoptosis of primary CLL cells, which was partially dependent on FcγR crosslinking. For the first 90 

time, we demonstrated the influence of CD38 on BCR signaling where interference of CD38 91 

downregulated Syk, BTK, PLCγ2, ERK1/2 and AKT; effects that were further enhanced by 92 

addition of ibrutinib.  In comparison to single agent treatment, the combination of ibrutinib and 93 

daratumumab resulted in significantly enhanced anti-CLL activity in vitro and significantly 94 

decreased tumor growth and prolonged survival in the in vivo CLL xenograft model. 95 

Conclusions: Overall, our data demonstrate the anti-tumor mechanisms of daratumumab in 96 

CLL; furthermore, we show how co-targeting BTK and CD38 lead to a robust anti-CLL effect, 97 

which has clinical implications. 98 
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Introduction 104 

CD38 is a highly conserved transmembrane type II glycoprotein; expressed on B-lymphocytes 105 

and other hematopoietic cells.1 Physiologically, CD38 functions as an ectoenzyme and a co-106 

receptor; the latter depending on its spatiotemporal association with other cell surface (and cell-107 

type specific) antigens.  On B-lymphocytes, CD38 associates with the B-cell receptor (BCR) 108 

complex (BCR)/CD81/CD19/CD21 and amplifies signal intensity transmitted through the 109 

complex to drive cell proliferation.2  CLL patients with a higher proportion of CLL cells 110 

expressing CD38 (>30%) have a shorter time to symptomatic disease and a more aggressive 111 

clinical course; with inferior survival vs. patients who <30% of CD38+ CLL cells,3,4  thus 112 

establishing CD38 expression as a marker of poor prognosis.5,6 Despite its known association 113 

with an aggressive CLL phenotype, the role of CD38 as a therapeutic target remains unclear.  114 

Daratumumab is a first-in-class anti-CD38 therapeutic monoclonal antibody (mAb) 115 

approved for the treatment of relapsed/refractory multiple myeloma (MM).7  It comprises a fully 116 

human IgG1 mAb, which binds the C-terminus of CD38 at an epitope composed of ß-strand–117 

containing amino acids 233–246 and 267–280.8  A report by Matas-Cespedes et al 118 

demonstrated the anti-leukemic effects of single agent daratumumab in ex vivo and in vivo CLL 119 

models.9  The cytotoxicity reported was modest; with partial insight into the direct killing 120 

mechanism of daratumumab in CLL cells.  We hypothesized that CD38 is a high value target in 121 

CLL and blocking of its receptorial function can be translated into a clinically beneficial 122 

therapeutic strategy through improved understanding of the mechanism(s) that link CD38 to 123 

CLL cell survival.  Here, we provide evidence that CD38 engagement by daratumumab 124 

modulates BCR signaling and enhances the anti-CLL activity of ibrutinib.  Our observations 125 

provide important preclinical evidence for clinical exploitation of CD38 as a target for treatment 126 

of CLL. 127 

 128 
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Materials and Methods 129 

Written informed consent was obtained from all patients whose samples were used in this study, 130 

approved by the Mayo Clinic Jacksonville Institutional Review Board and in accordance with the 131 

Declaration of Helsinki.  Peripheral blood was collected from patients with a confirmed diagnosis 132 

of CLL who were not on active anti-CLL treatment or those off anti-CLL therapy for >1 month. 133 

This was followed by isolation of CD19+/CD5+ B-cells (primary CLL cells).  Peripheral blood 134 

mononuclear cells (PBMCs) from human donors were used in antibody-dependent cell 135 

mediated cytotoxicity (ADCC) assays, 10% human serum was used in complement-dependent 136 

death (CDC) assays and human macrophages were used in antibody-dependent cellular 137 

phagocytosis (ADCP) assays, as described by de Weers et al.8 Apoptosis, mitochondrial 138 

transmembrane permeability and western blotting assays were conducted per prior methods.10-139 

13 All cells were cultured in AIM-V media under conditions previously reported by us.10,11 CD38 140 

receptor density on CLL cells was quantified as MFI and cell surface antibody bound/cell (sAbc).  141 

For certain experiments, PBMCs were isolated from Patients 4, 18, 19, 28 and 31 and 142 

CD19/CD5+ CLL cells were selected out using magnetic beads, followed by flow sorting with an 143 

anti-CD38 APC antibody for separation of CD19+/CD38hi and CD19+/CD38lo purified cells.  144 

Cells were then treated with trypsin-EDTA for 10 min and washed twice followed by culture in 145 

AIM-V serum-free media for >24h.  CD38 expression in purified cells was again reassessed 146 

using a multi-epitope FITC conjugated anti-CD38 antibody (Cytognos CD38 multi-epitope-FITC 147 

antibody).  Our sorting strategy is presented in Supplemental Figures 1 and 2.  JVM13 148 

(CD38+) and MEC1 (CD38-) cell lines were also used in experiments.  An in vivo model of 149 

disseminated disease14,15 was established using luciferase labeled JVM13 (JVM13-Luc) cells, 150 

injected via tail vein I.V. into 6 – 8 week old NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) mice, 151 

following a protocol approved by the Mayo Clinic IACUC.  Ibrutinib and kuromanin were 152 

purchased from Selleckchem (Houston, TX, USA).  Daratumumab was acquired through the 153 

Mayo Clinic pharmacy and came pre-dissolved/diluted.  Statistical analyses were performed 154 

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

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

http://clincancerres.aacrjournals.org/


 7 

using R Statistical Software (version 3.2.3; R Foundation for Statistical Computing, Vienna, 155 

Austria); further detailed in figure legends. Data are represented as mean ± standard error of 156 

the mean (SEM), unless otherwise stated in the figure legend. 157 

 158 

A full description of all assays is presented in Supplemental Materials & Methods.   159 

 160 

Results  161 

Patient and sample characteristics. 162 

CLL patients (n=36) representing all clinical and genetic subsets were included in the study 163 

(clinical characteristics in Supplemental Table S1, S2).  Relatively consistent with prior reports, 164 

we noted 27.7% (n=10) of patients had CD38+ disease (using standard 30% cutoff);16,17 165 

whereas the remaining patients (n=26, 72.2%) had CD38- disease. Notably, 16.6% (n=6) of 166 

patients carried a deletion in chromosome 17p positive (Del17p+). 167 

 168 

Daratumumab induces immune-mediated cytotoxicity in CLL cells. 169 

We first investigated the ability of daratumumab to induce CLL-specific lysis through immune-170 

effector mechanisms (ADCC, CDC, ADCP).  Mean specific lysis from ADCC was 17.59±1.30% 171 

(Figure 1A).  Subset analysis in CLL cells from patients defined as having CD38+ and CD38- 172 

disease showed significantly greater ADCC (p=0.023) in CD38+ cases (24.63±3.46%) vs. 173 

CD38- cases (14.11±1.11%; Figure 1B).  In flow-sorted CD19+/CD38hi clones treated with 174 

daratumumab, ADCC was noted in 22.45±2.36% of cells. And in CD19+/CD38lo clones, ADCC 175 

was noted in 16.47±1.03% of cells (Figure 1C).  We then assessed cell death via CDC in all 176 

CLL cells (n=30) and noted that mean specific lysis, was in the order of 14.88±0.92% (Figure 177 

1D).  Marginally higher levels were observed in CLL cells from CD38+ patients (18.22±2.41%) 178 

vs. CD38- patients (13.58±0.95%) (Figure 1E).  In flow-sorted cells, CDC was noted in 179 

19.10±1.98% and 9.23±1.81% of CD19+/CD38hi clones and CD19+/CD38lo clones, respectively. 180 
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(Figure 1F). Comparative analysis in JVM13 and MEC1 cells did not show significant induction 181 

of ADCC or CDC with daratumumab alone (Supplemental Figures 3A – C).  Cell death 182 

through ADCP has been previously reported with daratumumab in myeloma cells.18  We noted  183 

ADCP in 8.52±0.44% of CLL cells (Figure 1G); with little difference observed between CLL cells 184 

from CD38+ (9.37±0.77%) vs. CD38- patients (8.79±0.92%). Similar findings were seen in flow-185 

sorted CD19+/CD38hi or CD19+/CD38lo purified cells. (Figure 1H).  Comparative analysis in the 186 

cell lines showed higher ADCP in JVM13 (18.01±1.0%) vs. MEC1 (3.55±0.14%) (Supplemental 187 

Figure 3D).  Correlation between ADCP results, CD38 MFI (r=0.49, p=0.006) and CD38 sAbc 188 

(r=0.41, p=0.021) was significant (Supplemental Figure 4A, B). Similarly, correlation between 189 

CDC results and % of CD38 expressing cells was also significant (r=0.49, p=0.006) 190 

(Supplemental Figure 4C).  ADCC cell death assay results did not show any significant 191 

correlation with either CD38 MFI/sAbc or % of CD38 expressing cells (Supplementary Table 192 

S3).  193 

 194 

Daratumumab can directly induce apoptosis of CLL cells. 195 

Prior studies in MM cells suggest that daratumumab can directly induce apoptosis.19 In CLL 196 

cells treated with daratumumab, we noted 31.33±2.56% annexin-V/PI positivity overall (Figure 197 

2A).  Subset analysis of CD38+ and CD38- cases showed greater annexin-V/PI positivity in CLL 198 

cells from CD38+ patients (36.41±3.34%) vs. CD38- patients (23.39±1.70%) (p=0.002) (Figures 199 

2B, C); with similar effects in JVM13 (37.58±1.88%) vs. MEC1 cells (14.82±1.37%) 200 

(Supplemental Figure 5).  In unsorted CLL cells from patients with either CD38+ or CD38- 201 

disease, a significant correlation was observed between % apoptosis with CD38 MFI (r=0.39, 202 

p=0.036), CD38 sAbc (r=0.53, p=0.003) and % CD38 positivity of CLL cells (r=0.45, p=0.012) 203 

(Supplemental Table S3).  Interestingly, in flow-sorted CLL cells, a significant degree of 204 

apoptosis (p<0.001) was noted in CD19+/CD38hi cells (70.10±12.18%); with comparatively lower 205 

apoptosis in CD19+/CD38lo cells (31.57±11.22%) (Figure 2D, F). A significant correlation 206 
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between apoptosis results with % CD38+ CLL cells (r=0.45, p=0.012), CD38 MFI (r=0.39, 207 

p=0.036) and CD38 sAbc (r=0.53, p=0.003) was observed (Supplemental Figures 4D – F).  208 

Other than association between degree of CDC induction and patient age (p=0.036), no other 209 

significant correlation was observed between daratumumab-mediated cell death and clinical 210 

characteristic of patients (Supplemental Table S4) 211 

To test whether small molecule-based inhibition of CD38 could induce apoptosis, we 212 

used kuromanin, a flavonoid inhibitor of CD38 enzymatic activity,20,21 which has been previously 213 

used to interrogate CD38 biology.22  In flow-sorted CLL cells, apoptosis induced by kuromanin 214 

was significantly greater (p<0.001) in CD19+/CD38hi vs. CD19+/CD38lo cells (54.97±4.99 vs. 215 

15.60±1.28, respectively, Figures 2E, F).    216 

In a subset of CLL patient cells, we also examined whether daratumumab-induced 217 

apoptosis was due to FC-gamma receptor (FcγR) crosslinking.  CLL cells were noted to express 218 

FcγRI (CD64, 73.67±3.37%), FcγRII (CD32, 95.18±1.85%) and FcγRIII (CD16, 19.31±3.89%) 219 

(Supplemental Figure 6).  When treated with daratumumab + an FcγR blocker, the percentage 220 

of apoptotic CLL cells was significantly lower (18.7±0.15%) than cells treated with daratumumab 221 

alone (27.21±1.67%) (p=0.007).  Addition of an F(ab')2 fragment to daratumumab-treated CLL 222 

cells triggered further apoptosis (39.43±0.56%), however, a decrease was noted when FcγR 223 

blocker was added (29.91±1.3% apoptosis, p=0.0079) (Figures 2G, H). Altogether, these 224 

results indicated to us that daratumumab-mediated apoptosis in CLL cells is partially-dependent 225 

on FcγR crosslinking.      226 

 227 

Targeting CD38 modulates proteins associated with BCR signaling. 228 

CD38 co-localizes with CD19 and CD81 in the lipid rafts at the cell membrane and this results in 229 

amplification of BCR and collateral signaling events.23 CLL cells with high proliferative potential 230 

inherently depend on BCR signaling and consequently are also reliant on CD38 co-receptorial 231 

function.24-26 Indeed, prior studies have demonstrated an increase in ERK activity (one of the 232 
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terminal effectors of BCR signaling) upon CD38 agonistic ligation.21-23,27 Given our interest in 233 

targeting CD38; its established role in BCR signal amplification23,27 and the high clinical 234 

relevance of BCR-targeting agents in CLL,28 we questioned if therapeutic interference of CD38 235 

would modulate the BCR pathway. Basal expression of BCR signaling components: (p) p-Lyn, 236 

p-Syk, p-BTK, p-PLCγ2, p-ERK1/2 and p-AKT in CLL cells from CD38+ versus CD38- patients 237 

is shown in Supplemental Figure 7A – F. We treated (IgM-stimulated) CLL cells from both 238 

CD38+ and CD38- patients with daratumumab, ex vivo, and noted a significant decrease in p-239 

Syk, p-BTK, p-ERK1/2 and p-AKT (Figures 3A – G for CD38+ CLL patient cells and Figures 240 

3H – N for CD38- CLL patient cells; compare red bars with black bars; p<0.05).  As expected 241 

though, comparative analysis between CLL cells from the CD38+ vs. CD38- patients, revealed 242 

the % decrease in proximal BCR signaling proteins (p-Lyn, p-BTK and p-PLCγ2) elicited by 243 

daratumumab was significantly more notable in CLL cells from CD38+ patients (p<0.05).  244 

Intriguingly, we observed the opposite for phospho-ERK and phospho-AKT; which decreased 245 

more significantly so in daratumumab-treated CLL cells from CD38- patients (relative to CLL 246 

cells from CD38+ patients) (Supplemental Figures 8A – F). Next, to test whether changes in 247 

BCR proteins could also be elicited by small molecule inhibition of CD38, we treated CLL cells 248 

with kuromanin and observed relatively analogous changes in BCR signaling proteins, albeit, 249 

compared to daratumumab, the intensity of inhibition was less (Supplemental Figures 9A – G). 250 

This observation is critical as it demonstrates that targeting CD38 by either an antagonistic mAb 251 

or a small molecule, leads to reduction in the signaling capabilities of the BCR complex. Given 252 

the biological functions of CD38 (particularly in regulation of BCR signaling), we reasoned that 253 

targeting both CD38 (with daratumumab/kuromanin) and BTK (with ibrutinib), would lead to 254 

synergistic reduction in phosphorylated BCR proteins. As anticipated, in tumor cells from CD38+ 255 

CLL patients, the combined effect of ibrutinib + daratumumab (ID) resulted in a significantly 256 

more pronounced decrease in p-Lyn, p-BTK, p-PLCγ2, p-ERK1/2 and p-AKT levels compared to 257 

either of the agents alone (Figures 3A – G, combination treatment highlighted by open bars).  258 
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In CLL cell lysates from CD38- patients treated with the ID combination, only p-BTK, p-PLCγ2 259 

and p-ERK1/2 were significantly downregulated compared to either agent alone (Figures 3H – 260 

N).  Representative immunoblots are shown in Figures 3G and 3N.  Likewise, in flow-sorted 261 

CD19+/CD38hi and CD19+/CD38lo CLL cells, we probed for p-BTK and p-PLCγ2.  CD38hi clones 262 

appeared to have higher BTK expression vs. CD38lo clones. In addition, all drugs (including the 263 

ID combination) appeared to more effectively downregulate p-BTK as well as p-PLCγ2 in CD38hi 264 

clones (Supplemental Figure 9H).  Altogether, these results allowed us to conclude that 265 

blocking either the receptor function (daratumumab) or the enzymatic properties (kuromanin) of 266 

CD38 leads to downregulation of BCR-associated proteins in CLL cells and which can be further 267 

amplified through simultaneous inhibition of BTK with ibrutinib.   268 

 269 

Ibrutinib significantly augments the cytotoxic activity of daratumumab.  270 

Previous studies have shown that inhibition of BTK can downregulate cell surface antigens on 271 

CLL cells.29 Thus, we first examined if ibrutinib modulates CD38 expression and noted that 272 

ibrutinib did not downregulate CD38 on CLL cells (24h exposure) (Supplemental Figure 10).  273 

As such, we proceeded towards anti-tumor testing of the ID combination in primary CLL cells.  274 

Cytolysis from ADCC in ibrutinib-treated CLL cells was 9.92±0.88%, which significantly 275 

(p<0.001) increased to 42.81±1.12%, in ID-treated cells (Figure 4A).  This effect was more 276 

pronounced in cells from CD38+ (63.73±4.43%) vs. CD38- (35.21±1.61%) CLL patients (Figure 277 

4B). In flow-sorted CD19+/CD38hi clones treated with the ID combination, ADCC was 278 

45.53±3.19% and in CD19+/CD38lo cells was 20.29±0.95% (p<0.001) (Figure 4C).  When we 279 

examined CDC, lysis induced by ibrutinib alone was 6.17±0.56% and this was significantly 280 

(p<0.001) higher in cells treated with ID combination (32.23±1.47%) (Figure 4D).  Although the 281 

trend in specific lysis was higher in cells from CD38+ (40.25±2.82%) vs. CD38- patients 282 

(29.56±1.60%), the difference was not significant (Figure 4E). In flow-sorted CD19+/CD38hi and 283 

CD19+/CD38lo CLL cells, specific lysis from ID treatment was 44.13±2.59% and 14.86±1.18%, 284 
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respectively (p<0.01) (Figure 4F).  We then determined the effect on ADCP and noted that 285 

ibrutinib alone induced negligible phagocytosis (3.47±0.32%), whereas in ID-treated cells, 286 

ADCP increased to 21.50±1.02% (Figure 4G).  And the difference in ADCP was significantly 287 

appreciable between ID-treated CLL cells from CD38+ (29.96±1.41%) vs. CD38- patients 288 

(18.42±0.94%) (p<0.001; Figure 4H). Examination in flow-sorted CD19+/CD38hi cells, ADCP 289 

was noted in 17.35±0.90% of ID-treated clones vs. 10.64±0.88% in CD19+/CD38lo cells (p<0.01; 290 

Figure 4I).  Of note, comparative analyses (for ADCC, CDC, ADCP) in JVM13 and MEC1 cell 291 

lines was also performed and showed similar results as in primary CLL cells, with some 292 

expected variations (Supplemental Figure 3). A significant correlation between ADCC, CDC 293 

and ADCP in ID-treated CLL cells with % CD38+ CLL cells, CD38 MFI and CD38 sAbc was 294 

noted (p<0.05; Supplementary Table S3).  A significant correlation between degree of 295 

immune-mediated cytolysis (ADCC, CDC and ADCP) and CD38 expression (% CD38+ cells, 296 

MFI/sAbc) was observed in ID-treated CLL cells.  Interestingly, significantly higher ADCC as 297 

well as CDC were noted in ID-treated CLL cells from Del17p+ patients (p=0.021 and p=0.036, 298 

Supplementary Table S5).  These data demonstrate that co-targeting CD38 and BTK results in 299 

a significant increase in immune-directed CLL cell killing (vs. either daratumumab or ibrutinib 300 

alone) and while this effect was perceptible in both CLL cells from CD38- and CD38+ patients, it 301 

was more pronounced in the latter. 302 

We also examined apoptosis and observed 36.86±2.56% annexin-V/PI positivity in CLL 303 

cells treated with ibrutinib, which increased to 61.90±2.41% in ID-treated cells (Figure 5A). 304 

Subset analysis of cells from CD38+ vs. CD38- CLL patients revealed 45.26±2.11% vs. 305 

33.81±3.18% apoptosis in ibrutinib-treated and 70.71±3.44% vs. 58.7±2.77% apoptosis in ID-306 

treated CLL clones, respectively (Figure 5B).  Scatter plots from 2 representative patients are 307 

shown in Figure 5C.  Using a different combination of probes (7AAD/annexin-V), we noted a 308 

similar trend (56.6±4.92%; 7AAD/annexin-V positivity) in ID-treated CLL cells from 7 patients (5 309 

of who had CD38- disease) (Supplementary Figure 11).  In flow-purified CD19+/CD38hi and 310 
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CD19+/CD38lo cells, ID combination treatment resulted in apoptosis of 89.53±2.16% and 311 

49.27±10.97% of cells, respectively (Figure 5D and E).  Scatter plots from a representative 312 

experiment are shown in Figure 5F. Akin to primary CLL cells, similar results were seen in ID-313 

treated CLL cell lines (JVM13: 70.88±4.23% and MEC1: 41.03±1.62, Supplementary Figure 314 

5). We also assessed apoptosis in CLL cells exposed to kuromanin +/- ibrutinib, where the 315 

combination of these two agents showed significantly greater annexin-V/PI positivity 316 

(49.53±2.39%, Figure 5A), compared to either kuromanin or ibrutinib alone. This validates the 317 

fact that the cytotoxicity of ibrutinib is enhanced with concurrent targeting of CD38 and this 318 

effect is independent of whether a mAb or an anti-CD38 small molecule is used.  Apoptosis was 319 

mirrored by a loss of mitochondrial membrane permeability by 69.22±2.49% in CLL cells (n=30 320 

patients); the (%) change of which was marginally higher in cells from patients that were CD38- 321 

(Dilc15 MFI 1100±193.7 vs. 4340±608.2 in control cells) compared to those who were clinically 322 

categorized as CD38+ (Dilc15 MFI 687.3±111.11 vs. 2145±289.8 in controls) (Supplementary 323 

Figures 12A – C). In flow-sorted CD19+/CD38hi and CD19+/CD38lo cells, a similar trend was 324 

noted (Supplementary Figure 12D – G). 325 

 326 

The combination of daratumumab and ibrutinib reduces tumor burden in a mouse model 327 

of CLL.  328 

We tested the anti-CLL activity of daratumumab +/- ibrutinib in an in vivo disseminated disease 329 

model system.  NSG mice were injected with JVM13-Luc cells via tail vein injection and disease 330 

burden was monitored by bioluminescent signal.  On Day 7 post-implantation, mice were 331 

randomly divided into 8 groups (6 mice/ group) to receive either; (1) vehicle, (2) Effector cells 332 

only on the days that daratumumab was given, (3) Daratumumab alone, (4) Ibrutinib, (5) 333 

daratumumab + effector cells, (6) Ibrutinib + effector cells, (7) ID combination and (8) ID 334 

combination + effector cells (Figure 6A).  On post-implantation Day 28, treatment was 335 

concluded in all groups before onset of any signs/symptoms of xeno-GVHD (typically occurring 336 
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at week 4, post-implantation of human effector cells)15 and final anti-tumor response was 337 

assessed. Compared to vehicle or effector-cell only groups, all other groups showed 338 

significantly reduced tumor burden (p<0.01). Tumor burden in mice treated with daratumumab + 339 

effector cells vs. ibrutinib + effector cells was not significantly different (p=0.063).  However, in 340 

mice treated with ID therapy (+/- effector cells), significantly lower disease burden was noted; ~ 341 

3.5 and 2.8-fold lower than that observed in vehicle (p<0.01) or effector cell alone-treated 342 

(p<0.01) mice, respectively (Figure 6B, C). No significant changes in weight were noted in any 343 

of the treatment groups (Figure 6D).  Mice in groups 2, 5, 6 and 8, which were administered 344 

effector cells, were sacrificed on Day 30; whereas mice remaining in the other groups (that did 345 

not receive effector cells) were followed up to 107 days for survival analysis (Figure 6E).  A 346 

trend for longer survival in the daratumumab monotherapy vs. vehicle treated cohort was noted 347 

(median OS 89 vs. 59 days, respectively, p=0.057).  By Day 107, 50% of the mice in the ID 348 

combination treated arm were alive and healthy.   349 

 350 

Discussion  351 

Targeting CD38 for therapeutic purposes has been largely examined in multiple myeloma 352 

(MM).30  In CLL, preclinical proof-of-concept for disrupting CD38 function was first reported by 353 

Vaisitti et al where inhibition of its enzymatic activity with the flavonoid kuromanin slowed CLL 354 

cell homing and adhesion in vitro and in a murine model.22 Subsequently, Matas-Cespedes and 355 

colleagues reported on the anti-CLL activity of daratumumab showing its mechanism of action 356 

to be through ADCC and ADCP, with a trend for higher cytolytic activity in CLL cells from 357 

CD38+ patients.9  Our results herein support these findings and show that in addition to 358 

immune-effector mediated cell kill, daratumumab induces apoptosis in CLL cells; partially 359 

dependent on FcγR-mediated cross-linking and which is actualized through destabilization of 360 

the mitochondria.  361 
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While the enzymatic functions of CD38 and its inhibition in CLL cells have been 362 

described previously,1 the receptorial properties of CD38 and particularly their role in signal 363 

transmission through the BCR complex are less understood.  Studies by Deaglio and Malavasi 364 

et al have provided significant insight on localization of CD38/BCR complexs in cell membrane 365 

lipid rafts.  Indeed, CD38 ligation with an agonistic anti-CD38 mAb (IB4) results in calcium flux 366 

and increased ERK1/2 activity,22,27 however, antagonism of CD38 and its effects on BCR 367 

signaling have not been previously reported.  We show for the first time that mAb-based 368 

engagement of CD38 (with daratumumab, which minimally inhibits CD38 ecto-enzymatic 369 

function) or small molecule-based targeting of CD38 (with kuromanin, which primarily inhibits 370 

enzymatic activity of CD38) results in significant downregulation of proximal (Syk, BTK), 371 

terminal (PLCγ2, ERK) and collateral (AKT) proteins involved in BCR signaling.  Our 372 

observation that CD38 enzymatic inhibition can to a large extent mimic CD38-receptorial block 373 

in terms of apoptosis induction and BCR signaling attenuation (mostly in CD38+/ CD38hi CLL 374 

cells) opens avenues of investigation for the use of highly-specific small molecule inhibitors of 375 

CD38 such as 78c, reported by Tarrago et al.31  Moreover, highly specific inhibition of CD38 376 

(receptor and NADase activity) may also be able to shift the T-cell repertoire from a pro- to anti-377 

tumor disposition as eloquently shown by Chatterjee et al using CD38 KO mice.32   378 

 The effects of individually targeting CD38 and BTK yielded modest downregulation of 379 

BCR components. Thus, we considered whether disrupting CD38 and BTK simultaneously 380 

could further decrease the aforementioned proteins; translating to enhanced lethality in CLL 381 

cells.  As expected, co-targeting of CD38 (with daratumumab/kuromanin) and BTK (ibrutinib) 382 

significantly reduced most of the phosphorylated BCR signaling proteins and was associated 383 

with not only increased apoptosis and mitochondrial disturbance, but also significantly greater 384 

immune-effector mediated cell death.  In the case of ADCC, this is not entirely surprising as 385 

ibrutinib shifts Th1, Th2 and CD8+ T-cell populations towards an overall anti-tumor 386 

disposition.33,34  This immunomodulation in turn potentially synergizes with the T-cell modulating 387 
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properties of daratumumab in both the MM35 and CLL microenvironment.36 Although this may 388 

explain enhanced ADCC, it does not explain improved CDC or ADCP. Further studies on 389 

complement inhibitor protein expression changes as well as the effects of BTK +/- CD38 390 

inhibition on macrophages are being conducted by us under both ex vivo and in vivo conditions. 391 

Altogether, the overall anti-tumor activity of daratumumab is significantly enhanced when 392 

partnered with ibrutinib and this is reflected by increased CLL-cytolysis in every underlying 393 

assay: ADCC, CDC, ADCP, apoptosis (Supplementary Table S6).  394 

 To more accurately gauge CLL cell sensitivity toward daratumumab, kuromanin and/or 395 

ibrutinib based on CD38 expression/receptor density, we used FACS-purified CD38hi and 396 

CD38lo CD19+/CD5+ CLL cells in our workflow.  While results measuring ADCC, CDC and 397 

ADCP showed a similar trend as seen in unsorted CD19+/CD5+ CLL cells from CD38+ and 398 

CD38- CLL patients, the results from the apoptosis assays were more noteworthy.  In CD38hi 399 

CLL clones, we detected significant apoptosis from ibrutinib alone, which did not increase with 400 

the addition of daratumumab.  Contrastingly, albeit lower overall compared to CD38hi cells, the 401 

magnitude of apoptosis induced by ID therapy was more prominent in CD38lo clones.  The 402 

significance of these findings is unclear, however, overall our data suggest that CD38 receptor 403 

levels and survival dependency on BCR signaling are intricately linked and associated with 404 

response to BCR/CD38-targeting agents.  These associations however, should be cautiously 405 

interpreted as they were determined in ex vivo assays, whereas the effect of ibrutinib or 406 

daratumumab in humans is remarkably enhanced through engagement and reshaping of the 407 

innate and adaptive immune environment.35,37 Additionally, as CD38 status has not been 408 

reported to be a determinant of clinical response to ibrutinib, it is plausible that CD38+ and 409 

CD38- CLL patients alike would demonstrate equivalent response to ibrutinib + daratumumab 410 

combination treatment.  411 

 As daratumumab does not bind murine CD38 (thus precluding use of transgenic Eu-412 

TCL1 mice), we established a disseminated disease xenograft model to study the anti-CLL 413 
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activity profile of daratumumab (+/- ibrutinib).  In this short course study, the goal was to 414 

measure time to tumor growth before onset of xeno-GVHD could impact the results.  We noted 415 

significant activity of daratumumab relative to mice treated with effector-cells only (serving as a 416 

control for all mice groups that received drug + effectors).  Survival analysis was only performed 417 

on mice that received drug without effector cells.  Although underpowered, this analysis 418 

suggested that the ID combination was superior in prolonging the survival of mice compared to 419 

vehicle-treated mice (p=0.013).  Although the median survival of mice treated with single agent 420 

daratumumab or ibrutinib was lower than mice that received combination ID treatment, the 421 

differences were not statistically significant.  Further experiments that can incorporate the 422 

immune-effector activity of daratumumab in an appropriate mouse model system are needed to 423 

comprehensively evaluate the survival advantage conferred with use of daratumumab +/- 424 

ibrutinib.  425 

In summary, our data highlights that: 1.) Daratumumab induces cell death in primary 426 

CLL cells through various mechanisms ex vivo (ADCC, CDC, ADCP and apoptosis); 2.) 427 

statistically significant correlations between CD38 receptor density (MFI or sAbc) with ADCC, 428 

ADCP and apoptosis were observed; 3.) targeting CD38 with either daratumumab or kuromanin 429 

can significantly modulate BCR-associated and these effects are more prominent in CD38+ 430 

cases and 4.) the combination of daratumumab and ibrutinib induces significantly more immune-431 

effector mediated and direct apoptosis of CLL cells from CD38+ and CD38- patients alike.  432 

Based on our results, while single agent daratumumab may be more effective in CLL patients 433 

with CD38+ disease, the combination of daratumumab and ibrutinib may be highly effective in 434 

all treatment requiring patients irrespective of CD38 expression status. Our data provide the 435 

framework for future clinical investigations entailing therapeutic strategies targeting CD38 and 436 

BTK together.  437 

 438 

 439 
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 600 

 601 

Figure legends 602 

 603 

Figure 1. Daratumumab induces CLL cell death through immune effector-mediated 604 

mechanisms.   605 

A. Antibody-dependent cell-mediated cytotoxicity (ADCC) induced by single agent 606 

daratumumab (Dara, 0.1µg/mL) was determined in Calcein-AM labeled primary CLL cells 607 

(target) from 30 patients, ex vivo, in the absence or presence of effector (peripheral blood 608 

mononuclear) cells from healthy human donors at an E:T ratio of 50:1 for 6hr.  Specific lysis was 609 

calculated as described in Supplemental Materials & Methods.  Spontaneous release was 610 

determined using a non-specific IgG1-b12 isotype antibody at 0.1μg/mL. B. ADCC in primary 611 

CLL cells from CD38+ (n=8) and CD38- (n=22) Pts. was assessed as a subset analysis and 612 

showed significantly higher specific lysis in cells from CD38+ patients. C.  ADCC was also 613 

assessed in flow-sorted CD19+/CD38hi and CD19+/CD38lo CLL cells from 5 patients (Pts. 4, 18, 614 

19, 28 and 31) and revealed a similar trend.  D. Specific lysis from complement-dependent 615 

cytotoxicity (CDC) was measured in CLL cells in the presence of 10% human serum from a 616 

single healthy donor for 1hr. E. Subset analysis of specific lysis from CDC induced in CLL cells 617 
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from CD38+ (n=8) vs. CD38- (n=22) Pts. was also determined.  F. Similarly, CDC was 618 

determined in flow-purified CD19+/CD38hi and CD19+/CD38lo CLL cells. G. Cell death through 619 

phagocytosis was assessed in Calcein-AM labeled primary CLL cells (n=30), with subset 620 

analysis in CD38+ vs. CD38- cases and separately in flow-purified CD19+/CD38hi and 621 

CD19+/CD38lo CLL cells (H.) using CD11b+ macrophages differentiated from healthy human 622 

donor monocytes at an E:T ratio of 2:1 for 6hr incubation period.  % phagocytosis was 623 

determined as described in Supplementary Materials & Methods. Results are expressed as 624 

mean ± SEM.  Comparative significance analyses between the groups (brackets) show p-625 

values. * p<0.05, **p<0.01, ***p<0.001  626 

 627 

Figure 2.  Daratumumab induces apoptosis in CLL cells, which is partially dependent on 628 

FcγR crosslinking.      629 

A. Apoptosis was assessed in CLL cells treated with daratumumab or IgG1-b12 isotype 630 

antibody (0.1µg/mL) for 24h, followed by staining with annexin-V/propidium iodide (PI) and flow 631 

cytometry analysis.  B. Subset analysis was also performed in CD38+ (n=8) and CD38- (n=22) 632 

CLL cases. C.  Annexin-V/PI+ cell scatter plots from a representative CD38+ CLL patient (Pt. 9, 633 

38% CD38+ cells) and a CD38- patient (Pt. 8, 7.54% CD38+ cells) are shown.  D. Flow-sorted 634 

CD19+/CD38hi and CD19+/CD38lo CLL cells (n=5 patients) were treated with daratumumab (0.1 635 

µg/mL) or (E.) kuromanin (Kuro, 10µM, flavonoid small molecule CD38-enzymatic inhibitor) and 636 

showed significantly more apoptosis in the CD38hi population relative to the CD38lo fraction of 637 

CLL cells (representative scatterplot from a single patient shown in panel F).  G. From a subset 638 

of patients (n=7, primarily CD38- cases), CLL cells were treated with daratumumab, F(ab’)2 639 

(control) or the combination of daratumumab + F(ab’)2 in the presence or absence of a pan-FcγR 640 

blocker (Human TruStain FcX).  F(ab’)2  alone triggered no apoptosis and while daratumumab 641 

treatment of CLL cells +/- F(ab’)2 without FcγR blocker showed significant cell death (red bars), 642 

the addition of an FcγR blocker significantly decreased the degree of apoptosis (black bars). H. 643 
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A representative patients, scatterplot showing apoptosis. Data are presented as mean ± SEM. * 644 

p<0.05, **p<0.01, ***p<0.001 645 

 646 

Figure 3.  Targeting CD38 results in downregulation of B-cell receptor (BCR) signaling 647 

proteins, which is further augmented by ibrutinib treatment. 648 

Phosphorylated (p-) and total protein levels for Lyn, Syk, BTK, PLCγ2, ERK1/2 and AKT were 649 

probed for by western blot in CLL cell lysates (-/+ BCR stimulation with anti-IgM for 1hr), from 650 

CD38+ patients (A – G, Pts. 11, 16, 26, 33 and 34) and CD38- patients (H – N, Pts. 8, 14, 28, 651 

35 and 36).  Primary CLL cells were treated for 2hr with isotype IgG1-b12 Ab (control, 652 

0.1µg/mL), ibrutinib (Ibr, 1µM), daratumumab (Dara, 0.1µg/mL) or the combination of Ibr + Dara 653 

before lysate preperation.  G, N. Representative western blots from a CD38+ and CD38- CLL 654 

Pt. are shown. Results shown are mean + standard deviation (SD). *p<0.05; **p<0.01; # 655 

indicates statistically significant (p<0.05) difference compared to control or single agent-treated 656 

cells. #d indicates significant (p<0.05) compared to all single agent or control treated cells, 657 

except daratumumab-treated cells. #i indicates significant (p<0.05) compared to all single agent 658 

or control treated cells, except ibrutinib-treated cells. 659 

 660 

Figure 4.  The immune-mediated cytolytic activity of daratumumab is significantly 661 

enhanced by ibrutinib. 662 

A. ADCC was examined in Calcein-AM labeled primary CLL cells (n=30 Pts.) treated with either 663 

IgG1-b12 isotype Ab (0.1µg/mL), ibrutinib (Ibr, 1µM), daratumumab (Dara, 0.1µg/mL) or the 664 

combination of Ibr + Dara with or without effector cells at an E:T ratio of 50:1 for 6hr.  Specific 665 

lysis was calculated as described in Supplementary Materials & Methods and in the same 666 

manner as Figure 1. B. ADCC in cells from CD38+ (n=8) and CD38- (n=22) patients treated 667 

with Ibr, Dara or Ibr + Dara was analyzed.  C. Similarly, ADCC was determined in flow-sorted 668 

CD19+/CD38hi and CD19+/CD38lo CLL cells from 5 patients and showed a similar trend.  D, E. 669 
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CDC was measured in Calcein-AM labeled CLL cells incubated with human serum (10%) from a 670 

healthy donor for 1hr; effect of Ibr, Dara or combination treatment in CLL cells from CD38+ 671 

(n=8) vs. CD38- (n=22) patients.  F.  CDC in a similar manner was examined in flow-sorted 672 

CD19+/CD38hi and CD19+/CD38lo CLL cells (n=5 patients). G. ADCP was assessed in Calcein-673 

AM labeled CLL cells treated with either Ibr, Dara or Ibr + Dara by incubating target tumor cells 674 

with human monocyte-derived macrophages (effectors) from a healthy donor at an E:T ratio of 675 

2:1.  Flow cytometry analysis to detect CD11b+ macrophage engulfment of Calcein-AM labeled 676 

tumor cells was used to calculate % phagoctyosis. H. ADCP levels were separately analyzed for 677 

CD38+ and CD38- CLL patients. I. ADCP was also determined in flow-sorted CD19+/CD38hi 678 

and CD19+/CD38lo CLL cells from 5 patients.  Data are presented as mean ± SEM. * p<0.05, 679 

**p<0.01, ***p<0.001 680 

 681 

Figure 5.  Co-targeting CD38 and BTK leads to significantly greater apoptosis of primary 682 

CLL cells than compared to singular targeting of either CD38 or BTK. 683 

A. Apoptosis was assessed in primary CLL cells treated with daratumumab (Dara, 0.1µg/mL), 684 

kuromanin (Kuro, 10µM) +/- ibrutinib (Ibr, 1µM), Ibr alone or IgG1-b12 isotype antibody for 24h, 685 

followed by staining with annexin-V/propidium iodide (PI) and flow cytometry analysis. B. Subset 686 

analysis was also performed in primary CLL cells from CD38+ (n=8) and CD38- (n=22) patients. 687 

C.  Annexin-V/PI+ cell scatter plots from a representative CD38+ CLL case (Pt. 9) and a CD38- 688 

case (Pt. 8) are shown.  D, E.  Apoptosis was also assessed separately in flow-sorted 689 

CD19+/CD38hi and CD19+/CD38lo CLL cells (n=5 patients). F.  Annexin-V/PI+ cell scatter plots 690 

from a representative patient’s (Pt. 19.) CD38hi CLL clones and CD38lo CLL clones are shown.  691 

Results expressed as mean ± SEM.  * p<0.05, **p<0.01, ***p<0.001 692 

 693 

Figure 6. Daratumumab and ibrutinib significantly delay tumor growth and extend 694 

survival of leukemia-bearing mice. 695 
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A. NSG mice were implanted with JVM13-Luc (8x106) cells via I.V. tail vein injection and post-696 

implantation day 7, mice were randomized in 8 groups to receive either 1. vehicle (control, I.P.), 697 

2. Effector cells only (healthy donor PBMCs, 8x106 cells, I.V.), 3. Daratumumab alone on a 698 

weekly schedule (20/10/10/10/10 mg/kg, I.P.), 4. ibrutinib (6mg/kg, I.P.), 5. daratumumab + 699 

effector cells, 6. Ibrutinib + effectors, 7. Ibrutinib and daratumumab (ID) combination and 8. ID 700 

combination + effectors.  B, C.  By Day 28, tumor burden (average photon radiance, p/s/cm/sr x 701 

105) in vehicle-treated mice reached a median of 9.18 vs. 7.59 in effector-only treated mice, 702 

4.87 in daratumumab-treated mice, 4.03 in daratumumab + effector-treated mice, 3.81 in 703 

ibrutinib-treated mice, 3.90 in ibrutinib + effector-treated mice, 2.89 in ID-treated mice and 2.57 704 

in ID + effector-treated mice. D.  Minor variances in weight of mice over duration of treatment 705 

were noted, however these differences were not significant. E.  Survival study was performed in 706 

mice from treatment groups 1, 3, 4 and 7 (that did not receive effector cells). Pairwise 707 

comparison of survival is shown. Notably, ID-treated mice had significantly longer survival 708 

compared to vehicle treated mice.  709 
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