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ABSTRACT
Daratumumab is an anti-CD38 directed monoclonal antibody approved for the treatment of multiple
myeloma (MM) and functions primarily via Fc-mediated effector mechanisms such as complement-
dependent cytotoxicity (CDC), antibody-dependent cell cytotoxicity (ADCC), antibody-dependent cellu-
lar phagocytosis, and T-cell activation. However, not all patients respond to daratumumab therapy and
management of MM remains challenging. Radioimmunotherapy with alpha particle-emitting radionu-
clides represents a promising approach to significantly enhance the potency of therapeutic antibodies in
cancer treatment. Here we report the results of mechanistic and feasibility studies using daratumumab
radiolabeled with an alpha-emitter 225Actinium for therapy of MM.

CD38-positivelymphoma Daudi cell line and MM cell lines KMS-28BM and KMS-28PE were treated
in vitro with 225Ac-daratumumab. 225Ac-daratumumab Fc-functional properties were assessed with C1q
binding and ADCC assays. The pharmacokinetics and tumor uptake of 111In-daratumumab in Daudi
tumor-bearing severe combined immunodeficiency (SCID) mice were measured with microSPECT/CT.
The therapeutic effects of 225Ac-daratumumab on Daudi and KSM28BM tumors in mice and treatment
side effects were evaluated for 50 days posttreatment. The safety of 225Ac-labeled antimurine CD38 mAb
in immunocompetent mice was also evaluated.

225Ac-daratumumab efficiently and specifically killed CD38-positive tumor cells in vitro, while its
complement binding and ADCC functions remained unaltered. MicroSPECT/CT imaging demonstrated
fast clearance of the radiolabeled daratumumab from the circulation and tissues, but prolonged
retention in the tumor up to 10 days. Therapy and safety experiments with 225Ac-daratumumab showed
a significant increase in the antitumor potency in comparison to naked antibody without any significant
side effects.

Our results highlight the potential of targeting alpha-emitters to tumors as a therapeutic approach
and suggest that 225Ac-daratumumab may be a promising therapeutic strategy for the treatment of
hematologic malignancies.
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Introduction

Overall survival for patients suffering from multiple myeloma
(MM) has improved considerably in recent years thanks to the
introduction of many new therapeutic options, including
immunomodulatory agents, proteasome inhibitors and, more
recently, targeted monoclonal antibodies (mAbs).1–7

Daratumumab is a first-in-class CD38-targeting antibody,
that has been approved in combination for the treatment of
newly diagnosed MM patients who are ineligible for autolo-
gous stem cell transplant and as a single agent or in combina-
tion with standard of care in relapsed or refractory MM.
Based on its favorable efficacy and safety profile, other CD38-
specific antibodies such as isatuximab, MOR202, and TAK-
079, are now being developed and tested in MM and other
CD38 positive hematologic malignancies.1 CD38-therapeutic
antibodies as a class, typically rely on classical Fc-dependent
immune effector function as a primary mechanism of action,
e.g. antibody-dependent cellular cytotoxicity (ADCC), anti-
body-dependent cellular phagocytosis, and complement-

dependent cytotoxicity (CDC), although recent studies sug-
gest that targeting of immune suppressor mechanisms may
also contribute to the anti-tumor activity of certain CD38
antibodies.2,8 Despite the notable improvement in patient
responses with anti-CD38 antibody single agent or combina-
tion therapy, not all patients respond and management
of MM remains challenging. For MM, stem cell transplant
remains the primary curative therapy. The American Cancer
Society projects that about 30,770 new cases of MM will be
diagnosed in the United States in 2018 (16,400 in men and
14,370 in women) and about 12,770 deaths will occur. One
obstacle potentially hindering patient responses to CD38 anti-
body therapy is the dependence of this approach on tumors
possessing sufficient CD38 expression levels before the start of
daratumumab therapy to elicit the above-mentioned mechan-
isms of action. Therefore, patients with low or heterogeneous
tumor CD38 expression may respond poorly to the antibody
therapy. Options to increase the therapeutic index of the drug,
such as antibody-drug conjugates, where a cytotoxic toxin or

CONTACT Dale L. Ludwig dludwig@actiniumpharma.com Actinium Pharmaceuticals Inc., 275 Madison Avenue Suite 702., New York, NY 10016, USA
Supplemental data for this article can be accessed on the publisher’s website.

ONCOIMMUNOLOGY
2019, VOL. 8, NO. 8, e1607673 (9 pages)
https://doi.org/10.1080/2162402X.2019.1607673

© 2019 The Author(s). Published with license by Taylor & Francis Group, LLC.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-nd/4.0/),
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in any way.

https://doi.org/10.1080/2162402X.2019.1607673
https://crossmark.crossref.org/dialog/?doi=10.1080/2162402X.2019.1607673&domain=pdf&date_stamp=2019-06-06


chemotherapeutic is conjugated to the antibody, are also
largely dependent on high antigen density to deliver sufficient
payload to enable potent tumor cell killing. Thus, therapies
that could potentially work in the setting of low CD38 expres-
sion would be able to improve the outcomes of antibody-
based therapies.

A potential solution to increase the potency and potential
response to CD38-directed targeted therapy that is not depen-
dent on high expression of CD38, is radioimmunotherapy
(RIT). RIT has emerged as a useful antitumor therapy via
the targeting of radionuclides with antibodies against tumor-
associated antigens.9 RIT has historically proven successful in
the treatment of primary, recurrent, and refractory non-
Hodgkin’s lymphomas using anti-CD20 mAbs coupled to
two β-emitters, Yttrium-90, or Iodine-131.10 In the last dec-
ade, the use of α-emitting radionuclides has gained momen-
tum both in clinical trials and in preclinical studies, driven by
the advantages of α-emitters over β-emitters. These advan-
tages include very specific targeting of the diseased cells due
to the α-particles’ short 50–80 µm tissue range, and increased
killing efficiency due to high linear energy transfer.11,12

Actinium-225 (225Ac) is an α-particle emitting radionuclide
that has potent cytotoxic activities over short distances
(approx. 3–4 cell diameters), allowing for precise targeting
of a lethal dose of radiation generating double strand DNA
breaks in antigen positive tumor cells13 (Figure 1). Given its
high potency, as little as a single hit from an alpha particle
may be sufficient to kill a tumor cell.14 Further, via cross-fire
effect, adjacent antigen negative tumor cells may also be
within the radius of the 225Ac alpha particle path length,
while sparing distal normal tissues. In this study, we demon-
strate that 225Ac conjugation of the anti-CD38 mAb daratu-
mumab significantly increases its antitumor potency while not
impeding its ability mediate Fc-dependent effector functions.

Results

Conjugation of DOTA to daratumumab does not compromise
its CD38 binding or therapeutic properties. We tested the
ability of daratumumab-DOTA conjugate to bind CD38 on
Daudi cells. The binding of the conjugate to Daudi cells, as

assessed by flow cytometry, was identical to that of the naïve
daratumumab, and no binding was observed for the second-
ary antibody alone (Figure 2(a)). Likewise, conjugation of
DOTA did not affect binding of daratumumab to complement
(C1q) (Figure 2(b)) nor did it inhibit the ability of daratumu-
mab to initiate ADCC (Figure 2(c)).

225Ac-daratumumab specifically killed Daudi and multiple
myeloma cells in vitro. The in vitro killing of Daudi cells with
225Ac-daratumumab showed that the maximum killing of the
cells was reached with 60 nCi/0.06 μg at 72 h after the start of
incubation (Figure 3). For MM cell lines KMS-28BM and
KMS-28PE, the maximum killing of cells was observed at
96 h following the start of incubation. Tumor cell killing
was shown to be CD38-specific as the isotype matching irre-
levant control antibody labeled with the same 225Ac specific
activity did not demonstrate any cytocidal effects on the cells
(Figure 3). Notably, the unlabeled daratumumab in
0.02–0.06 μg amounts used in this experiment also did not
have any effect on the cells, although PMBC were not
included in the cytotoxicity assay.

Radiolabeled daratumumab localizes to and is extensively
retained in Daudi tumors. We performed microSPECT/CT
imaging of 111In-daratumumab in Daudi tumor-bearing
mice to ascertain its specific uptake in the tumors.
MicroSPECT/CT imaging demonstrated the noticeable locali-
zation of 111In-daratumumab in the tumors already at 24 h
postadministration. 111In-daratumumab continued to concen-
trate in the tumor up to 10 days, while activity had cleared
from the rest of the body (Figure 4). These imaging results
provided impetus to perform RIT of Daudi tumors in mice
with 225Ac-daratumumab.

Conjugation of daratumumab to 225Ac significantly
increases its anti-tumor potency against Daudi and
KSM28BM tumors in vivo. At an antibody concentration of
0.3 μg, a single dose of naked unlabeled daratumumab was
ineffective at controlling tumor growth and was not signifi-
cantly different than vehicle control (Figure 5(a)). To the
contrary, both 200 nCi/0.3 μg and 400 nCi/0.3 μg 225Ac-
daratumumab were effective at stabilizing the growth of estab-
lished tumors. Only at a 30-fold increase in antibody concen-
tration (10 μg) was naked daratumumab able to effect

Figure 1. Schematic of radiolabeling daratumumab with 225Ac: (a) attachment of bifunctional chelator DOTA to daratumumab; (b) radiolabeling of DOTA-
daratumumab conjugate with 225Ac.
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Figure 3. Cytotoxicity of 225Ac-daratumumab toward CD38-positive tumor cells. Titrations of 225Ac-daratumumab, daratumumab, and nonspecific control 225Ac-IgG
were tested in three different cell lines (Daudi, KMS-28BM, KMS-28PE) and cellular viability was assessed by XTT and Trypan blue assays at 48, 72, and 96 h. 2 × 105

cells in 1 mL PBS per sample were treated with RIT.

Figure 2. Binding of DOTA-daratumumab to CD38 on Daudi cells and associated immune mechanisms: (a) flow cytometry of naïve daratumumab and DOTA-
daratumumab binding to Daudi cells. Secondary antibody alone was used as a negative control; (b) C1q Binding. Various concentrations of daratumumab and DOTA-
daratumumab were immobilized on plastic and incubated with hC1q. The amount of C1q bound was assessed using anti-C1q-HRP as a probe; (c) ADCC activity.
Various concentrations of daratumumab and DOTA-daratumumab were added to CD38 expressing target cells. Effector cells that express luciferase when activated
through FcγR(III) were added to target cells and luminescence was measured after the addition of Bio-Glow™. Fold induction = RLU(induced-background)/RLU(no
antibody control-background). Anti-CD20 antibody, which is known to activate ADCC, was used as a positive control.
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a similar level of tumor growth inhibition. At Day 15 post-
treatment, tumor growth control was statistically significant
(p = .02) in the 400 nCi 225Ac-daratumumab group in com-
parison to both 200 nCi 225Ac-daratumumab and 10 μg

daratumumab groups. Further, at the conclusion of the obser-
vation period, Day 55 posttreatment, 50% of mice in 400 nCi
225Ac-daratumumab were still alive versus 20% in 10 μg dar-
atumumab group, demonstrating a survival benefit with the

Figure 4. Biodistribution of 111In-daratumumab in Daudi tumor-bearing SCID mice. Mice were administered a single intraperitoneal (IP) injection of 111In-
daratumumab (400 µCi) and imaged with microSPECT/CT at 1, 4, and 24 h postinjection followed by 2, 3, 7, and 10 days.

Figure 5. RIT of Daudi and KMS-28BM tumor-bearing SCID mice. (a) Daudi tumor volume post RIT; (b) Kaplan-Meier plot of Daudi tumor-bearing mice survival post
RIT; (c) KMS-28BM tumor volume post RIT. SCID mice (five animals per group) were injected with CD38 positive Daudi or KMS-28BM cells into the right flank. When
tumors reached ∼200 mm3 mice with Daudi tumors were treated with a single IP injection of 200 or 400 nCi 225Ac-daratumumab (0.3 µg), or an equivalent dose of
0.3 µg naked daratumumab or a 30-fold higher dose (10 µg) naked daratumumab, or saline vehicle. Mice with KMS-28BM tumors were treated IP with 400 nCi 225Ac-
daratumumab (0.3 µg), or an equivalent dose of 0.3 µg naked daratumumab, or saline vehicle. Tumor volume was calculated using the formula V = 0.5(L×W2). Mice
were sacrificed when the tumor volume reached 4,000 mm3.
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225Ac-daratumumab at 400 nCi/0.3 μg (Figure 5(b)).
A comparison of 225Ac-daratumumab to naked daratumumab
in vivo was also performed in KSM28BM multiple myeloma
tumor-bearing mice. In the multiple myeloma xenograft
model, the results also demonstrated a significant antitumor
effect (p < .01) of 400 nCi 225Ac-daratumumab on controlling
KSM28BM tumor growth in comparison to unlabeled daratu-
mumab and untreated controls (Figure 5(c)).

RIT with 225Ac-daratumumab and 225Ac-labeled antimur-
ine CD38 mAb was safe in Daudi tumor-bearing mice. We
performed a comprehensive safety evaluation of 225Ac-
daratumumab by monitoring the weight of the mice and
assessing hematologic parameters and systemic toxicity (kid-
neys and liver). The weight of mice in the 200 nCi 225Ac-
daratumumab group did not change throughout the experi-
ment while mice in the 400 nCi group demonstrated only
transient weight loss during the second week posttreatment,
with rapid recovery noted in the third week posttreatment
(Figure S1(a)). Of note, the experiment was conducted in
SCID mice which are very sensitive to radiation due to
a defect in DNA repair that causes their immunodeficiency.
The evaluation of hematologic and toxicity parameters
demonstrated that there was no statistically significant

difference in any of the 225Ac-daratumumab versus naked
daratumumab groups in any parameter tested (Figure S1
(b)). This indicated that there was no impact of the presence
of 225Ac conjugate on blood parameters or evidence of
increased liver damage as measured by AST and ALT levels
in treated mice. Further, there was no change in creatinine
and BUN demonstrating the absence of any apparent kidney
toxicity. Additional testing with 400 nCi 225Ac-labeled anti-
murine CD38 mAb produced very similar results – no
observed weight loss and absence of signs of either hemato-
logic or systemic toxicity (Figure S2).

Immunohistochemistry demonstrated significant tumor
damage via apoptosis. Staining of the Daudi tumors from saline-
treated mice with anti-CD38 Ab demonstrated abundant levels of
CD38 in these tumors (Figure 6(a)). While hematoxylin and eosin
(H&E)-stained tumors from saline-treated mice showed coherent
sheets of tumor cells (Figure 6(b)), the tumors from the 225Ac-
daratumumab group demonstrated disruption in tumor architec-
ture and evidence of necrosis (Figure 6(c)). TUNEL staining for
nickedDNA, which is characteristic of apoptosis did not show any
significant apoptosis in the tumors in either saline or 0.3 μg
daratumumab-treated groups (Figure 6(d,e), respectively) while
approximately 80% of cells were apoptotic in 225Ac-daratumumab

Figure 6. Immunohistochemistry of Daudi tumors: (a) CD38 expression; (b) H&E, untreated group; (c) H&E, 400 nCi 225Ac-daratumumab-treated group; (d) TUNEL,
untreated group; (e) TUNEL, 0.3 ug cold daratumumab treated group; (f) TUNEL, 400 nCi 225Ac-daratumumab-treated group; (g) Ki67, untreated group; (h) Ki67, 0.3
ug cold daratumumab-treated group; and (i) Ki67, 400 nCi 225Ac-daratumumab-treated group. Bar length is 100 µm.
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-treated tumors (Figure 6(f)). Ki67 staining was performed to
determine the proliferation index of the tumor cells following
treatment. The proliferation index was determined to be 95%
for tumors in saline-treated group (Figure 6(g)), 94.7% in 0.3 μg
daratumumab group (Figure 6(h)) and 70% – 225Ac-
daratumumab group (Figure 6(i)). The tumors in patients with
Burkitt lymphoma, which is the origin of Daudi cells, are known
to have proliferation index of almost 100%.15

Discussion

Therapeutic monoclonal antibodies have become critically
important in the treatment and control of cancer. Despite
many approved therapeutic antibodies, such as the anti-CD
38 antibody daratumumab, demonstrating improvements in
response rate and outcome for patients, many patients fail to
respond to treatment and durable responses are infrequent.
The potential reasons for such failures are complex, and some
of them such as pretreatment CD38 tumor expression level;
relationship of CD38-expression to survival, disease stages,
molecular entities, and high-risk definitions; and alternative
splicing or lack of CD38-expression as potential mechanisms
of upfront resistance are discussed by Seckinger et al.16

Improvements in antibody technology may be leveraged to
enhance therapeutic potency, to expand the responding popu-
lation of patients, without increasing toxicity risk. Engineered
antibody conjugates have shown promise, recognizing the
exquisite specificity of antibodies as delivery vehicles. For
example, very recently B cell maturation antigen (BCMA)
was identified as a potential therapeutic target in 778 newly
diagnosed and relapsed myeloma patients, and IgG-based
BCMA-T cell bispecific antibody (EM801) was shown to
increase CD3+ T-cell/myeloma cell crosslinking, followed by
CD4+/CD8+ T-cell activation, and secretion of interferon-γ,
granzyme B, and perforin.17 Chemoconjugates, however, have
had relatively few regulatory successes and often have narrow
therapeutic windows. Increasingly, payloads with greater
potency have been developed, particularly those focused on
eliciting DNA damage, such as the pyrrolobenzodiazepine
(PBD).18 However, with increased potency, toxicity risk may
also increase.

Larson et al.9 and Kraeber-Bodéré et al.10 compared the
advantages and disadvantages of beta- and alpha-emitting
radionuclides for therapy of cancer. Alpha radioimmunother-
apy, particularly with 225Ac, represents a promising approach
to “arming” antibodies for the treatment of cancer. The 225Ac
payload conjugated to a monoclonal antibody, antibody frag-
ment, or small peptide ligand can deliver high energy alpha
particles directly to the tumor site, generating lethal double
strand DNA breaks without the necessitating significant pay-
load accumulation within the tumor cell. Due to its short path
length, the range of its high energy alpha particle emission is
only a few cell diameters thick, thereby limiting damage to
nearby normal tissues. Furthermore, 225Ac-antibody conju-
gates offer a crucial advantage over ADCs in that they can
be potentially effective even in patients with low target antigen
expressing tumors. This is because only one or two hits of α-
particles emitted by 225Ac is sufficient to cause significant
cytocidal effects.9–14 This means that only one antibody

molecule decorated with one or two atoms of 225Ac is suffi-
cient to kill a cancer cell. This is in contrast to beta-emitters
where hundreds of antibody molecules are needed to bind to
their respective antigens to deliver sufficient radioactive pay-
load to exert an antitumor effect on a cancer cell.10,11 Other
advantages of radioactive payload over drugs or toxins are: (1)
the antibody used for radiation delivery does not need to be
internalized to kill the cell; (2) not every cancer cell in the
tumor needs to be targeted by the antibody because of the
“cross-fire” effect of the radiation; (3) in contrast to ADCs,
the radioisotope linked to the antibody is unlikely to elicit
significant immune responses that would limit subsequent
use; and (4) RIT is potentially less toxic since the chemistry
of linking different radioisotopes to antibodies has been well
developed, and the exceptional stability of radiolabeled mAbs
in vitro and in vivo has been confirmed. Notably, a number of
clinical studies are currently in progress evaluating the utility
and potency of 225Ac radioimmunoconjugate therapy in dis-
eases such as acute myeloid leukemia and prostate cancer.12,19

The goal of this study was to investigate the impact of con-
jugation of the α-particle emitting radionuclide 225Ac on the
reactivity, potency and safety of the anti-CD38 antibody dar-
atumumab on in vitro and in vivo models of CD38 positive
cancer. The flow cytometry, CDC and ADCC experiments
demonstrated that attachment of the bifunctional chelating
agent DOTA to daratumumab, which enabled subsequent
radiolabeling with 225Ac, did not interfere with daratumumab
immunoreactivity or its primary immune mechanisms of
action, indicating the potential for additive, or even synergis-
tic, radiation, and immune effects of the 225Ac-
radioimmunoconjugate daratumumab in treating CD38+ can-
cer. The most likely reason for the preservation of daratumu-
mab CDC and ADCC capabilities is that the Fc region of the
daratumumab was not affected by the DOTA conjugation. If
this is the case, other immune mechanisms which involve Fc
region of the daratumumab should not be affected either.

To investigate the effects of α-radiation delivered by dar-
atumumab to CD38-positive cells, nanogram levels of anti-
body, well below those needed to effect pronounced CDC and
ADCC in vitro were chosen for in vitro cytotoxicity analysis.
In this regard, de Weers et al. who described the development
of daratumumab and its mechanisms of action,20 observed the
most pronounced lysis of cells via CDC at 1 μg/ml of daratu-
mumab, and lysis via ADCC at 0.1 μg/ml. At titrations as
much as two orders of magnitude below that used by de
Weers et al.,20 0.01–0.06 μg/ml robust tumor cell killing was
evident in in vitro cytotoxicity analysis (Figure 3).

Radiolabeled daratumumab localized in Daudi tumors
in vivo, as shown by microSPECT/CT, and was retained in
the tumors for at least 10 days. These results demonstrated
that radiolabeling of daratumumab did not adversely impact
the antibody’s ability to traffic and localize to the site of the
C38+ tumor. The ability of daratumumab to internalize into
tumor cells upon binding to CD38 likely contributed to its
retention in the tumor. Such prolonged retention in the
tumor could be beneficial for 225Ac with its 10-day physical
half-life enabling not only delivery but also retention of
tumoricidal doses of radiation within the tumor. The RIT
experiments in vivo in Daudi and KMS28BM tumor-bearing
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mice, and additional safety evaluation with 225Ac-labeled anti-
murine CD38 mAb, demonstrated that 225Ac-daratumumab
conjugate was not only well tolerated, but also effected an
increased in vivo potency of the daratumumab of at least 30-
fold over naked daratumumab, resulting in a significant sur-
vival advantage in the high-dose 225Ac treatment groups.

In conclusion, this study showed that conjugating daratu-
mumab to 225Ac increased its antitumor activity ~30-fold,
without negatively impacting its inherent functional mechan-
istic properties. Due to the addition of the potent 225Ac pay-
load, the alpha particle conjugation of daratumumab may be
a promising approach to significantly expand the population
of patients responsive to daratumumab treatment through its
increased mechanistic potency, potentially enabling tumor
growth control on low or heterogeneous CD38 positive
tumors. Furthermore, with increased potency following
225Ac conjugation, there is a potential for reductions in dose
level and scheduling in the amount of daratumumab needed
clinically for the control of multiple myeloma. The results also
highlight the potential of targeting α-emitters to tumors as
a viable therapeutic approach and suggest that 225Ac-
daratumumab may be a promising therapeutic strategy for
the treatment of hematologic malignancies.

Materials and methods

Antibodies, reagents, and cell lines. Daratumumab manufac-
tured by Janssen Biotech (USA) was purchased from the
pharmacy at the Montefiore Medical Center, New York,
USA. Isotype control human IgG1 was purchased from
Creative Diagnotics (New York, USA). 225Ac in dry nitrate
form was obtained from Oak Ridge National Laboratory,
USA. Indium-111 (111In) in form of 111In chloride was pur-
chased from MDS Nordion (Vancouver, BC, Canada). The
CD38-positive lymphoma cell line Daudi was procured from
ATCC (Manassas, USA), and CD38-positive multiple mye-
loma cell lines KMS-28BM and KMS-28PE from XenoTech
(Japan). The Daudi, and KMS-28BM and KMS-28PE cell lines
were grown in RPMI, 10% fetal bovine serum (FBS), and
antimicrobial cocktail. Bifunctional chelating agent p-SCN-
Bn-DOTA (DOTA) was purchased from Macrocyclics
(Texas, USA).

Antibody conjugation and immunoreactivity determina-
tion. Daratumumab was first conjugated to bifunctional che-
lating agent DOTA (Figure 1(a)) to enable subsequent
radiolabeling with 111In or 225Ac (Figure 1(b)). The conjuga-
tion reaction was performed with 5 molar excess of DOTA
over daratumumab for 1.5 h at 37°C in sodium carbonate
buffer at pH 8.5 followed by centrifugal filter purification into
0.15 M ammonium acetate buffer, pH 6.5. The isotype control
human IgG1 was conjugated to DOTA in the same way. To
test if the DOTA-conjugated daratumumab had preserved its
immunoreactivity toward CD38, Daudi cells were incubated
with daratumumab alone and daratumumab-DOTA and the
amount of bound Ab was determined by flow cytometry using
anti-hIgGPE to detect bound antibodies.

Radiolabeling of daratumumab-DOTA with 225Ac and 111In.
For in vitro cell killing experiments DOTA-daratumumab at
a concentration of 0.3 mg/mL in 0.15 M ammonium acetate

buffer, pH 6.5, was radiolabeled with 225Ac in 0.01 M HCl with
specific activity of 1 μCi/μg antibody for 60 min at 37°C. The
labeling reactions were quenched DTPA and iTLC was per-
formed immediately. ITLC strips were cut in half and counted
in a gamma counter in the 95–105 keV 225Ac energy window to
determine the labeling efficiency. If the labeling efficiency was
below 99%, the samples were subsequently purified on disposa-
ble spin columns to 99 ± 1 radiochemical purity. For the treat-
ment of tumor-bearing mice, daratumumab-DOTA conjugate
was labeled with 225Ac at a ratio of 400 nCi to 0.3 μg and either
used “as is” or 200 nCi was aliquoted and diluted with unlabeled
daratumumab until the total amount of antibody per dose
became 0.3 μg. For in vivo imaging, the daratumumab-DOTA
conjugate was labeled with 111In which served as an imaging
surrogate of 225Ac at a ratio of 400 μCi to 80 μg. 111In labeling
was performed analogous to 225Ac labeling with a labeling effi-
ciency of >95% without spin column purification.

In vitro killing of the Daudi and multiple myeloma CD38
positive cells with 225Ac-daratumumab. Daudi cells (2 × 105 in
1 mL PBS) were placed in BSA-blocked Eppendorf tubes and
treated in triplicate with 0, 20, 40, 60, and 100 nCi/sample
with 225Ac-daratumumab, or the matching activities of the
control human IgG, or unlabeled daratumumab. The total
amount of daratumumab per 1 mL sample was 0.02 μg for
20 nCi samples, 0.04 μg for 40 nCi samples, 0.06 μg for 60 nCi
samples and for matching samples of unlabeled daratumu-
mab. After 48, 72 and 96 h incubation, the effect of the
radiolabeled antibodies on the cells was evaluated using the
tetrazolium dye (2,3)-bis-(2-methoxy-4-nitro-5-sulphenyl)-
(2H)-terazolium-5-carboxanilide (XTT) assay. Wells were
washed, fresh media added along with 50 μl XTT (Sigma) at
1 mg/ml in PBS, and 4 μl menadione (Sigma) at 1 mM in
acetone. Cells were incubated for another 3 h and the absor-
bance at 492 nm was read. All conditions were performed in
triplicate. In parallel, the killing was evaluated with Trypan
blue staining. In the follow-up studies, the MM CD38 expres-
sing cell lines KMS-28BM and KMS-28PE were used under
identical conditions.

Flow cytometry. The antigen-binding ability of daratumu-
mab and DOTA conjugated daratumumab was determined by
flow cytometry. Daudi cells were washed three times with
FACS buffer (0.01 M azide, 2% FBS, PBS), incubated with
FcR blocking antibody for 10 min at 4ºC, then antibodies
were added and incubated for an additional 20 min at 4ºC.
Cells were washed three times and incubated with phycoery-
thrin labeled anti-hIgG antibody (BD Pharrmingen, San Jose,
CA) for 20 min. Stained cells were washed thrice with FACS
buffer and analyzed with a CytoFLEX flow cytometer
(Beckman Coulter, Mississauga, ON) and the data analyzed
using FlowJo software (Tree Star Inc., Ashland, OR).

C1q binding assay. The binding of C1q to daratumumab and
DOTA conjugated daratumumab was assessed using an ELISA
binding assay. High binding 96-well plates (Corning) were
coated overnight at 4°C with varying concentrations of antibody
in coating buffer (100 mM sodium carbonate, pH 9.6). After
each incubation, sample wells were washed three times with
PBST (0.05% Tween 20/PBS, pH 7.4). After coating, plates
were blocked for one hour at RT with blocking buffer (0.1%
BSA/PBST) that was then replaced with 2 μg/mL human C1q in
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blocking buffer. After one hour, wells were washed three times
and 100 μL 1 μg/mL anti-hC1qHRP in blocking buffer was added.
After one hour wells were washed and 100 μL TMB substrate
(Pierce, Rockford, IL) was added. After 15 min, the reaction was
stopped with 100 μL 1MHCl and the absorbance at 450 nmwas
read with a Spectra MAX 250 plate reader (Molecular Devices,
San Jose, CA).

ADCC assay. The ability of daratumumab and DOTA
conjugated daratumumab to mediate ADCC was assessed
using the ADCC Reporter Bioassay, Complete Kit (Raji) pur-
chased from Promega (Madison, WI) and used according to
manufacturer’s protocol.

Daudi tumor model, microSPECT/CT imaging and RIT.
Animal experiments were approved by the University of
Saskatchewan’s Animal Research Ethics Board and adhered
to the Canadian Council on Animal Care guidelines for
humane animal use. For tumor induction, female SCID mice
(CB17/Icr-Prkdcscid/IcrIcoCrl, procured from Charles River
Laboratories, Canada) were injected subcutaneously with
5 × 106 Daudi cells in 50 μL of saline into the right flank.
Tumor growth was measured with electronic calipers every 3
days, and tumor volume was calculated using the formula
V = 0.5(L×W2), with width being the shorter tumor diameter.
On day 14 posttumor cells inoculation, when tumors reached
an average volume of ~200 mm3, mice were either imaged by
microSPECT/CT or treated with RIT. For imaging, three mice
were injected intraperitoneally (IP) with 400 μCi 111In-
daratumumab and imaged on a microSPECT/CT (MI Labs,
Netherlands) at 1, 4, and 24 h postinjection followed by 2, 3,
7, and 10 days. For RIT experiments, the tumor-bearing mice
were randomized into the groups of five animals and injected
IP with either: 100 μL saline, or unlabeled daratumumab at
concentrations of 10 or 0.3 μg per mouse, or 225Ac-
daratumumab at 400 nCi and 200 nCi per 0.3 μg of antibody.
Mice were observed for tumor progression for 40 days and
any mouse whose tumor reached 4,000 mm3 volume, or
became necrotic, was humanely euthanized.

RIT of KMS28BM multiple myeloma tumor-bearing mice.
Female SCID mice were injected subcutaneously with 2 × 106

KMS28BM cells in 50 μL of saline into the right flank. Ten
days later, when tumors reached an average volume of
~100 mm3, mice were treated i.p. with 0.3 μg per mouse of
unlabeled daratumumab, or with 400 nCi 225Ac-DARA per
0.3 μg of antibody or saline. Tumor volume measured as in
the Daudi study.

Safety evaluation of RIT. To evaluate the side effects of RIT
with 225Ac-daratumumab, the weight of the mice was
recorded every 3 days. On Day 7 posttreatment the blood
was taken from the mice in 0.3 μg daratumumab alone and
in 400 nCi 225Ac-daratumumab groups and analyzed for white
blood cells, platelet and red blood cells counts, as well as for
aspartate aminotransferase (AST) and alanine transaminase
(ALT), creatinine and blood urea nitrogen (BUN). In addi-
tion, we conducted a series of experiments with the mAb
binding to murine CD38 to evaluate any possible off target
effects of radiolabeled mAb binding to CD38 on normal
tissues. Anti-mouse CD38 (clone 90) mAb was purchased
from ThermoFisher (Waltham, MA), conjugated to DOTA
and labeled with 225Ac in the same manner as daratumumab.

Female C57Bl/6 mice were injected with either 400 nCi free
225Ac or 225Ac-antiCD38 mAb. Their weight was determined
every 3 days. Blood was collected 33 days after the treatment
and analyzed for blood cell counts and liver and kidney
toxicity as above.

Immunohistochemistry. SCID mice bearing subcutaneous
Daudi tumors were treated with 0.3 μg daratumumab, or with
225Ac-daratumumab at 400 nCi per 0.3 μg of daratumumab,
or 100 μL saline. On day 7 posttreatment, the mice were
sacrificed, their tumors removed, fixed in 10% formalin, and
embedded into paraffin. The tumor blocks were cut into 4 μm
sections, subjected to the standard deparaffinization/antigen
retrieval protocols and were stained with: (1) H&E, (2) poly-
clonal rabbit anti-CD38 Ab antibody with 1:1,500 dilution
(catalog HPA022132, Sigma, Saint Louis, MO) and visualized
with EnVision+ System-HRP labelled polymer conjugated to
goat anti-rabbit immunoglobulin (Code K4003, Dako,
Glostrup, Denmark); (3) TUNEL (Click-iT™ TUNEL
Colorimetric IHC Detection Kit, Cat. No. C10625,
ThermoFisher Scientific, Waltham, MA, USA); and (4) Ki67
(MIB-1 Ab, Dako). To quantitate TUNEL and Ki67 staining
results, all cells and positively stained cells per field of view
were counted, and the percentage of positively stained cells
was calculated by dividing the number of positively stained
cells by the number of all cells per field of view and multi-
plying the result by 100.
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