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ABSTRACT

Targeted therapies for multiple myeloma (MM) include the anti-CD38 antibody
daratumumab (Dara), which, in addition to its inherent cytotoxicity, can be radiolabeled
with tracers for imaging and with - and a-emitter radionuclides for
radioimmunotherapy. Methods: We have compared the potential therapeutic efficacy of
B -vs a-emitter radioimmunotherapy using radiolabeled DOTA-Dara in a preclinical
model of disseminated MM. Multiple dose levels were investigated to find the dose with
the highest efficacy and lowest toxicity. Results: In a dose-response study with the f -
emitter '7’Lu-DOTA-Dara, the lowest tested dose of 1.85 MBq extended survival from
37 to 47d, but had no delay of tumor growth. The doses of 3.7 and 7.4 MBq extended
survival to 55 and 58d, respectively, causing a small equivalent delay of tumor growth,
followed by regrowth. The higher dose of 11.1 MBq eradicated the tumor but had no
effect on survival compared to untreated controls, because of whole-body toxicity. In
contrast, there was a dose-dependent effect of the a-emitter 22°Ac-DOTA-Dara, in which
0.925, 1.85, and 3.7 kBq increased survival, compared to untreated controls (35d), to
47d, 52d, and 73d, respectively, with a significant delay of tumor growth for all three
doses. Higher doses of 11.1 and 22.2 kBq resulted in equivalent survival to 82d but with
significant whole-body toxicity. Parallel studies with untargeted 22°Ac-DOTA-
trastuzumab conferred no improvement over untreated controls and resulted in whole-
body toxicity. Conclusion: We conclude, and mathematical modeling confirms, that
maximal biological doses were achieved by targeted alpha therapy and demonstrated
225A¢ to be superior to '"7Lu in delaying tumor growth and decreasing whole body

toxicity.
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INTRODUCTION

Multiple myeloma (MM) is a malignancy of fully differentiated plasma cells that is
normally confined to the bone marrow compartment, although extramedullary
malignancies are often observed. Approximately 30,000 new cases of MM occur, with
over 12,000 deaths, per year (7). Daratumumab (Dara) is a humanized anti-CD38 IgG+
antibody against the surface receptor CD38, which is highly expressed on MM plasma
cells but also on NK cells and monocytes in MM patients. Dara, either as a single agent
or in combination with other agents, has yielded substantially favorable outcomes.
Given the especially strong efficacy afforded by Dara with immunomodulatory drugs
(IMiDs, lenalidomide and pomalidomide) (2-6), Dara+IMiDs are now FDA approved for
advanced relapsed MM (2). The main anti-MM effect of Dara has thus far been
attributed to its ability to target the MM cells via the immune system (7), but
unfortunately a subset of patients do not respond to the treatment, while others may
experience disease progression within a few months. Even in patients experiencing a
long-lasting response, resistance eventually occurs. Although CD38 is highly expressed
in MM, patient response to this therapy is variable, with some patients developing
resistance in spite of continued high expression of the CD38 antigen on MM cells (8),
supporting that antigen loss is not necessarily a consideration in the design of Dara-

based therapies, as we recently published (9).

Since CD38 is ubiquitously expressed on the myeloma cells independently of the
line of therapy, and Dara is able to directly target myeloma cells in the bone marrow
(70,11), it is anticipated that addition of a therapeutic agent, such as a radionuclide, to
Dara would dramatically increase its potency compared to the antibody alone,
especially in patients who are progressing under regimens containing Dara. In this
respect, several groups have explored the use of a- and B-emitting radionuclides
conjugated to anti-CD38 antibodies for improved therapy. Kang et al. showed that a
DTPA-based chelate conjugate of Dara labeled with '""Lu, a B-emitter with a tissue path
length of about 2 mm, reduced tumor growth in a subcutaneous model of MM (72).
Although B-emitter radionuclides have enjoyed some success in the treatment of

disseminated diseases such as leukemia and lymphoma, they suffer from extensive



bone marrow suppression, often the rate limiting toxicity (73). Recently, investigators
have become interested in a-emitter radionuclides because of their shorter tissue path
lengths (50-80 um, several cell diameters) and high linear energy transfer (LET) (74, 15).
In this regard, several a-emitters, including 2'3Bi, 2'?Pb and ??°Ac, have been evaluated
for targeting CD38 in multiple myeloma models (16-18). Each of these alpha emitters
differ in their radiological half-lives, with implications for their suitability for therapeutic
studies, since the anti-CD38 antibody biological half-life may be measured in weeks
(19). With this consideration in mind, the 10-day radiological half-life of 22°Ac, plus its
decay scheme delivering 4 alpha particles over its half-life, is especially attractive.
Accordingly, in a subcutaneous model of MM treated with 22°Ac-labeled Dara, Dawicki

et al. showed decreased tumor growth rate in treated versus the control groups (78).

In this study, we compared Dara labeled with the B-emitter '"’Lu to that labeled
with the a-emitter 22°Ac in a disseminated model of MM, and on the basis of these data,
we performed mathematical modeling as a tool for quantifying the radiobiological effect

for future applications of dose optimization.

MATERIALS AND METHODS
Antibodies, Reagents and Cell Lines

Daratumumab, anti-CD38 antibody, was obtained from Janssen Biotech Inc.
(Titusville, NJ). GFP-Luciferase positive (Gfp/Luc) MM1-S MM cells were provided by
Dr. Irene Ghobrial (Dana-Farber Cancer Institute, Boston, MA). 1,4,7,10-
Tetraazacyclododecane-1,4,7,10-tetraacetic acid mono-N-hydroxysuccinimide ester
(DOTA-NHS-ester) was from Macrocyclics, Inc., Plano, TX. 22°Ac and ""’Lu were

obtained from the Department of Energy, Oakridge National Laboratory, Oakridge, TN.
Animal Studies and Bioluminescence Imaging

All animal studies were performed in NOD.Cg-Prkdcsed |12rg™"Wil/SzJ mice (NSG;
6-10 weeks old; Jackson Laboratory) in accordance with IACUC protocol 14043

approved by the City of Hope Institutional Animal Care and Use Committee, and in
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accordance with the NIH Office of Laboratory Animal Welfare guidelines. Animals were
housed in pie cages, in a specific pathogen free (SPF) room, with a maximum of 5 mice
per cage. The MM1-S cell line was injected intravenously (IV), at 5x108 cells/200 yL
PBS per mouse. Tumor distribution and growth was followed by serial whole-body
imaging on the Lago X (Spectral Instruments Imaging, Tucson, AZ). Before in vivo
imaging, animals were anesthetized with 4% isoflurane and injected intraperitoneally
with 200 uL D-luciferin (15 mg/ml) in sterile PBS. All bioluminescence imaging (BLI)
data are depicted in radiance units (photons/s/cm?/sr) measured over the whole body as
the region of interest. Mice were grouped so that the average BLI was similar across all
groups. Whole body toxicity was measured by monitoring weight loss over time, with
weight loss >20% considered an experimental endpoint. Paralysis of the mouse hind
legs, a common symptom of the MM tumor models, was used as an alternative

endpoint.
Radiolabeling

Dara or control trastuzumab (Tras) antibodies were reacted with a 30 molar
excess of the chelator DOTA-NHS ester as previously described (20). DOTA
conjugation was confirmed by Q-TOF mass spectrometry (Agilent Technology 6510
QTOF LC/MS) as follows: 6 pug of antibody was reduced with 1 pyL of 0.2 M Tris(2-
carboxyethyl)phosphine (TCEP) for 2 hours at 37°C and then analyzed on an HPLC
protein Agilent chip (Agilent Technologies, Santa Clara, CA). DOTA-conjugated
antibody (200 pg) was incubated with '"’Lu at a labeling ratio of 0.37 MBq/ug for 45 min
at 43°C, chased with 1 mM diethylenetriamine pentaacetic acid (DTPA), and purified on
a size-exclusion, preparative column (Superdex-200; GE Healthcare Life Sciences).
DOTA-conjugated antibody (50 ug) was incubated with 225Ac at a labeling ratio of 1.85
MBq/ug for 45 min at 43°C, and chased with 1 mM DTPA. Radiolabeling efficiencies
determined by instant thin layer chromatography were between 89-100% for all

reactions.



Therapy

Mice injected i.v. with MM1-S were randomized by BLI after 9-19 days, prior to
the start of RIT. Mice were given IVIg by i.p. injection 2 hours prior to the start of
radioimmunotherapy. For the high-dose '"7Lu study, the mice were treated with saline,
unlabeled Dara or 11.1 MBq ""’Lu-DOTA-Dara. In a follow-up study, mice were treated
with saline, 1.85, 3.7 or 7.4 MBq of '"""Lu-DOTA-Dara. For ??5Ac radioimmunotherapy,
the mice were treated with saline, 22.2 kBq of untargeted 22°Ac-DOTA-Tras, or 11.1 kBq
or 22.2 kBq of targeted 22°Ac-DOTA-Dara. For the lower-dose radioimmunotherapy
study, the mice were treated with saline or 0.925, 1.85, or 3.7 kBq of untargeted 2>°Ac-
DOTA-Tras, or 0.925, 1.85, or 3.7 kBq of targeted 22°Ac-DOTA-Dara. All therapy doses
were made up to 30 ug antibody, for a total volume of 200 pL.

Statistical Analysis

ANOVA (Tukey’s multiple comparison test) was used to analyze the tumor
growth curves and log-rank Mantel-Cox test for survival curves, using Prism 7.02
(GraphPad Software). P-values for each group are reported as a measure of statistical
significance compared to the vehicle control group. Differences were considered

significant if p<0.05.
Dosimetry and Mathematical Modeling Calculations.

See Supplemental materials.



RESULTS

177_u-DOTA-Dara Radioimmunotherapy

The anti-tumor activity of '7’Lu-DOTA-Dara was evaluated in a disseminated MM
model using luciferase-transfected MM1-S cells injected i.v. in NSG mice, following
cancer progression by bioluminescence (BLI). The mice were treated 19 days post
MM1.S injection, at which point all mice showed disseminated MM by BLI. Weight loss
was used as an appropriate measure of whole-body toxicity. While BLI measurements
demonstrated that a dose of 11.1 MBq ""’Lu-DOTA-Dara caused significant regression
of MM (Fig. 1A and B), there was little increase in median survival (36d) compared to
the control groups (33d), likely indicating the mice died because of whole-body toxicity
(Fig. 1C, Table 1, Supplemental Fig. 1). Because the 11.1 MBqg dose had a minimal
effect on survival, lower doses of '7/Lu-DOTA-Dara were investigated (Fig. 2,
Supplemental Fig. 2). The 1.85 MBq group had an extended median survival of 44 days
in contrast to 33d in the untreated control group (Fig. 2B) The median survival of the 3.7
MBq and 7.4 MBq groups was extended to 54d and 47d, respectively (Fig. 2B, Table 1).
Because the median survival of the 7.4 MBq group was less than that of the 3.7 MBq
group, the 7.4 MBqg dose was the maximum tolerated dose. Notably, the control group
exhibited substantial weight loss by day 30, because of MM burden (Figs. 1C and 2C).
We thus found that B-emitter based RIT led to high toxicity, with a maximum increase of

60% in median survival in this model of disseminated MM.

225Ac-DOTA-Dara Radioimmunotherapy

The a-emitter 225Ac was investigated with the hypothesis that there would be less
off-target toxicity, because of its lower penetrative power, while still maintaining a
therapeutic effect, due to its higher LET. A preliminary study was performed with two
predicted high doses of 22Ac-DOTA-Dara, 11.1 and 22.2 kBq, in the interest of defining
whole-body toxicity. 22°Ac-DOTA-Trastuzumab was used as an untargeted control,
since the MM1-S cell line is negative for HER2 expression (27). There was a dose-

dependent reduction in the tumor growth curves, with targeted 22.2 kBqg having the



highest impact on the delay of tumor regrowth as measured by whole-body BLI (Fig. 3A
and B). The targeted 22.2 kBg group had almost double the median survival (64d)
compared to untreated controls (33d), with an even greater improvement (77d)
observed in the targeted 11.1 kBq group (Fig. 3B, Supplemental Fig. 3, Table 2). The
lower median survival of the targeted 22.2 kBg group means that this group likely
reached maximum tolerated dose, reflected by greater whole-body toxicity as measured
by weight loss (Fig. 3C). The 22.2 kBq untargeted control group had an insignificant
median survival of 36d compared to untreated controls and exhibited the highest level of
whole-body toxicity (Table 2, Fig. 3C).

Targeted alpha therapy with lower doses of targeted ??°Ac-DOTA-Dara compared
to untargeted 22°Ac-DOTA-Tras was performed to determine an optimal therapeutic
effect while maintaining low whole-body toxicity. The untargeted control groups with
doses of 0.925, 1.85 and 3.7 kBq showed an insignificant difference in median survival
(35d) compared to the untreated control (33d) survival curves (Fig. 4, Supplemental Fig.
4, Table 2). Both the targeted 0.925 and 1.85 kBq dose groups had similar reduction in
tumor growth, with a median survival of 45 and 52 days, respectively (Fig. 4B, Table 2).
The targeted 3.7 kBg dose group showed the second highest therapeutic effect (72d),
after the targeted 11.1 kBq dose (77d), more than doubling the median survival (Fig.
4B), while showing no significant difference in weight loss compared to the untreated
controls (Fig. 4C).

Radiobiological Modeling

The major differences in the results with o~ vs B-emitter radioimmunotherapy in
disseminated MM was modeled in terms of differences between a- and B-particle
interactions with tissues that result in different cell survival characteristics. One would
predict that, since the high LET radiation of a-emitters deposit more energy per unit
distance than B-emitters, they would affect more damage to the targeted cells. We
quantified the radiobiological effects of the two radionuclides '77Lu and ??°Ac with the
Linear Quadratic model parameter a(Gy 1), which is associated with radiosensitivity.
By fitting a mathematical model that accounts for MM proliferation and the action of the

radioimmunotherapy to the tumor burden data, we observed a 10-fold increase in
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radiation sensitivity of the MM tumors to 2?5Ac- compared to '"7Lu-radioimmunotherapy
for all tested doses, consistent with the relative biological effectiveness (RBE) of high
LET alpha- compared to low LET beta-radiation (Fig. 5). Importantly, we observed a
nonlinear relationship between radiosensitivity and injected dose activity for 22°Ac, with
a predicted peak of therapeutic radiosensitivity at a dose of 3.7 kBq (Fig. 5A). In
contrast, much less variation in radiosensitivity was observed across dose levels for
77Lu (Fig. 5B). A table of model parameters and model parameter sensitivity analysis is

provided in the supplemental material (Supplemental Figs. 5-6, Supplemental Table 1).



DISCUSSION

Theranostics is a treatment strategy that combines diagnostics with therapy.
Dara is a promising theranostic agent, since the antibody alone is FDA approved for
MM therapy (22) and is being investigated as a carrier for the targeted delivery of
cytotoxic agents (23). Caserta et al. showed that #4Cu-DOTA-Dara retained full
immunoreactivity to CD38 and gave more specific and sensitive PET/CT tumor images
than "8fluoro-deoxyglucose (FDG) in a disseminated MM model (27). On the basis of the
preclinical results, %4Cu-DOTA-Dara was approved for study in a clinical trial at City of
Hope, in which imaging of MM patients also preliminarily showed higher sensitivity than
that of the FDA-approved FDG imaging agent (24).

A recent study by Dawicki et al. used a similar 22Ac-DOTA-Dara construct for
targeted alpha therapy in both lymphoma and MM mouse models (718). However, they
used a subcutaneous (s.c.) xenograft model with therapy given via an intraperitoneal
(i.p.) injection, versus the disseminated MM model used in our study, with the targeted
alpha therapy given i.v. Whereas Dawicki et al. showed an anti-tumor effect with high
doses of unlabeled Dara antibody alone, this result was not seen in our experiments,
perhaps because of differences in immune status between the two mouse models. In
the s.c. MM model, the researchers saw a decrease in tumor growth rate at a targeted
alpha therapy dose of 14.8 kBq, and in our disseminated model targeted alpha therapy
doses of 22.2 and 11.1 kBq prevented tumor progression up to 35 and 25 days post
treatment, respectively. We believe that the disseminated MM model is more similar to
the spread of MM in humans and that i.v. vs i.p. injections allow for more rapid systemic
diffusion of the agent. Similarly to our study, Dawicki et al. observed no unacceptable
toxicity in terms of weight loss. They also reported no significant difference in
hematologic, liver or kidney toxicity between the targeted alpha therapy and control
groups. Both studies indicate that the use of targeted alpha therapy to CD38 shows

great promise in the treatment of MM, with little off-target toxicity.

Compared to targeted beta therapy, targeted alpha therapy caused a more
pronounced regression of MM growth while displaying lower whole-body toxicity. As the

total body absorbed dose increased, the median survival of '"7Lu radioimmunotherapy
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treated mice did not increase in a parallel fashion (Table 1), likely because of bone
marrow toxicity, a consequence of the long path length of the '"Lu B-emitter. In
contrast, 22°Ac-based targeted alpha therapy had less whole-body toxicity and displayed
a dose-dependent therapeutic effect. As the total absorbed dose increased, the median
survival also increased, a consequence of its lower path length and higher LET (Table
2). This effect is specific for targeted alpha therapy, since the untargeted alpha therapy
led to no improvement in median survival with increasing doses. This effect was
consistent with mathematical modeling, an approach that quantified the radiobiological
effects of the radionuclides and predicted a maximal therapeutic radiosensitivity at 3.7
kBq of administered 2?°Ac-DOTA-Dara. Going forward, the 3.7 kBq dose of 22°Ac-
DOTA-Dara targeted alpha therapy shows the most promise, especially for
combinatorial therapy, as its therapeutic efficacy is similar to the higher 11.1 and 22.2
kBq dose groups in causing initial regression of the MM and more than double median
survival time, while not showing the significant toxicity seen with the higher-dose %?°Ac
groups. On the basis of our experience with targeted alpha therapy, it is likely that
proper scaling of these doses to humans warrants evaluation in a clinical trial.
Furthermore, in MM patients undergoing Dara therapy who experience tumor
progression, Dara therapy is often discontinued, yet analysis of their cancer cells
reveals continued CD38 expression (9,25). Thus, even previously treated Dara patients
may be candidates for CD38 targeted alpha therapy.
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KEY POINTS

QUESTION: Can ??°Ac-DOTA-Daratuzumab lead to a better tumor response and less
whole-body toxicity compared to '"/Lu-DOTA- Daratuzumab in a disseminated model of

multiple myeloma?

PERTINENT FINDINGS: Targeted alpha therapy with 22Ac-DOTA-Daratuzumab at 3.7
kBq demonstrated optimal tumor response with no whole body toxicity, while '7"Lu-
DOTA- Daratuzumab showed no dose dependent tumor response and was toxic at all
doses. Mathematical modeling of radiobiological effects demonstrated the superiority of

targeted alpha therapy in a disseminated model of multiple myeloma.

IMPLICATIONS FOR PATIENT CARE: Targeted alpha therapy for disseminated
multiple myeloma with proper scaling of 22°Ac-DOTA-Daratuzumab doses to humans

warrants evaluation in a clinical trial.
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Table 1: Efficacy, toxicity, and whole body absorbed dose for '”Lu radioimmunotherapy
in MM1-S disseminated MM. The mean value of all mice in each condition is given

except for survival, which is the median.

1.85MBq | 3.7 MBq 7.4MBq 11.1 MBq

Vehicle Dara 177y 177 y- 177 y- 177 y-
Control DOTA- | DOTA- | DOTA- | DOTA-
Dara Dara Dara Dara
(ns10)! (n=4) (n=4) (n<5) (n<5) (n=4)
Duration
of Tumor
Growth
Delay 0 0 0 33 33 32
(days post
MM1-S
inj.)
Start of
Weight

dovemost| 28" | 26M | 33 | 33R | 33R | 26R
MM1-S

inj.)

Median
Survival

(day post 33 31 44 54 47 36
MM1-S
injection)

Whole
Body
Absorbed - - 0.9 1.9 4.1 6.4
Dose
(Gray)

' Combined vehicle control groups from all the ""’Lu experiments.
MWeight loss due to multiple myeloma burden.

R Weight loss due to radioimmunotherapy toxicity.
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Table 2: Efficacy, toxicity, and whole body absorbed dose for 225Ac targeted alpha

therapy in MM1-S disseminated MM. The mean value of all mice in each condition is

given except for survival, which is the median.

0.925 1.85 3.7 22.2 0.925 1.85 3.7 1.1 22.2

. kBq kBq kBq kBq kBq kBq kBq kBq kBq

Vehicle 25pc. | 225p¢- 257¢. 25p¢. 25pc. | 225p¢- 25p¢. 25p¢. 25p¢.

Control | hoTA- | DOTA- | DOTA- | DOTA- | DOTA- | DOTA- | DOTA- | DOTA- | DOTA-

Tras Tras Tras Tras Dara Dara Dara Dara Dara

(n<16)' | (n<6) | (ns6) | (n<6) | (n<4) | (n<6) | (n<6) | (n<6) | (n=4) | (n<4)
Duration
of Tumor

By |0 0 0 0 0 | 16 | 16 | 29 | 36 | 43
i

Start of
Weigh

(dLOSS‘t 2oM | oM | 2oM | 9oM | QR | 3g9M | 39M | 73 | OR | OR
ays pos
MMA-S inj.)

Median
Survival | 33 | 35 | 35 | 35 | 36 | 45 | 51 | 72 | 77 | 64
MM1-S inj.)

Whole
Bod

Absorged - 02 | 03|07 |42 02|04 )| 08| 23 4.7
Dose
(Gray)

' Combined vehicle control groups from all the 22°Ac experiments.
M Weight loss due to multiple myeloma burden.
R Weight loss due to radioimmunotherapy toxicity.
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Figure 1: High dose "7Lu-DOTA-Dara (11.1 MBq) for treatment of disseminated MM.
(A) Representative bioluminescence images for each group, imaged weekly, intensity
as indicated by color bar. A single mouse survived until day 36 (not shown in A). (B)
Myeloma burden as quantification of the BLI images, in radiance: Dara (p>0.999), 11.1
MBq """Lu-DOTA-Dara (p=0.038"); and Kaplan-Meier survival plot: Dara (p>0.999), 11.1
MBq """Lu-DOTA-Dara (p=0.045"). (C) Whole-body toxicity as measured by weight.
Dara (p=0.883), 11.1 MBq """Lu-DOTA-Dara (p=0.914). n=4 for all groups
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Figure 2: Dose response of '""/Lu-DOTA-Dara (1.85, 3.7, and 7.4 MBq) for treatment of
disseminated MM model. (A) Representative BLI images for each group, intensity as
indicated by color bar. (B) MM burden as quantification of the BLI images, in radiance:
1.85 MBq """Lu-DOTA-Dara (p=0.91), 3.7 MBq '""Lu-DOTA-Dara (p=0.015"), 7.4 MBq
77Lu-DOTA-Dara (p=0.014"); and Kaplan-Meier survival plot: 1.85 MBq dose (p<0.017),
3.7 MBq dose (p=0.0310"), 7.4 MBq dose (p<0.01"). Crosses indicate days on which

mice were euthanized. (C) Whole-body toxicity as measured by weight. 1.85 MBq dose
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(p=.997), 3.7 MBq dose (p=0.821), and 7.4 MBq dose (p=.750). n=6 for saline group.
n=4 for 1.85 MBq group, n=5 for 3.7 MBq and 7.4 MBq groups
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Figure 3: High dose of 22°Ac-DOTA-Dara (11.1 and 22.2 kBq) for treatment of
disseminated MM. (A) Representative BLI for each group, intensity as indicated by color
bar. To visually compare groups >30d a separate scale was used. (B) MM burden
based on quantification of the BLI in radiance: 22.2 kBq ?2°Ac-DOTA-Tras (p=0.035"),
11.1 kBq ??5Ac-DOTA-Dara (p=0.015"), 22.2 kBq of 22Ac-DOTA-Dara (p=0.015); and

21



Kaplan-Meier survival plot: 22.2 kBq ??°Ac-DOTA-Tras (p<0.017), 11.1 kBq ??°Ac-

DOTA-Dara (p<0.017), 22.2 kBq ??°Ac-DOTA-Dara (p<0.017). Crosses indicate days on
which mice were euthanized. (C) Whole-body toxicity as measured by weight. 22.2 kBq
225A0¢c-DOTA-Tras (p=0.0096"), 11.1 kBq ??°Ac-DOTA-Dara (p=0.0306"), 22.2 kBq ??5Ac-

DOTA-Dara (p=0.0048"). n=8 for saline group, n=4 for treated groups.
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Figure 4: Dose response of 22°Ac-DOTA-Dara (0.925, 1.85, and 3.7 kBq) for treatment
of disseminated MM. (A) Representative BLI for each group, intensity as indicated by
color bar. After day 52 a single mouse survived until day 66 (not shown in A). To
visually compare groups >30d a separate scale was used. (B) MM burden based on

quantification of BLI in radiance: 0.925 kBq (p=0.96), 1.85 kBq (p=0.67) and 3.7 kBq
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(p=0.42) ?5Ac-DOTA-Tras groups, 0.925 kBq (p<0.017), 1.85 kBq (p<0.017) and 3.7
kBq (p<0.01"") 225Ac-DOTA-Dara groups; and Kaplan-Meier survival plot: 0.925 kBq
(p=0.048"), 1.85 kBq (p=0.048"), and 3.7 kBq (p=0.048") 225Ac-DOTA-Tras groups,
0.925 kBq (p<0.01™), 1.85 kBq (p<0.01™"), and 3.7 kBq (p<0.01"") 22°Ac-DOTA-Dara
groups. Crosses indicate days on which mice were euthanized. (C) Whole body toxicity
as measured by weight. 0.925 kBq (p=0.992), 1.85 kBq (p=0.999), and 3.7 kBq
(p=0.999) 22°Ac-DOTA-Tras groups, 0.925 kBq (p=0.999), 1.85 kBq (p=0.999), and 3.7
kBq (p=0.995) 22Ac-DOTA-Dara groups. n=8 for saline group, n=6 for therapy groups.
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Figure 5: Radiobiological analysis of 22°Ac-DOTA-Dara and '"’Lu-DOTA-Dara therapy.
Radiosensitivity parameter a (Gy~1)is calculated for all dose levels of 225Ac and '"Lu
DOTA-Dara treatments. (A) We observed a nonlinear relationship between
radiosensitivity and dose for 225Ac. Although 0.925 kBq results in the largest value of «a,
this dose level did not confer a survival advantage. The model predicts 3.7 kBq of 22°Ac-
DOTA-Dara to provide the largest radiosensitivity and therapeutic benefit relative to
1.85, 11.1, and 22.2 kBq doses. (B) Low LET ""“Lu results in 10-fold lower values of
as compared to the high LET 22°Ac, and a less pronounced correlation with injected
activity. (C,D) Tumor burden measured by bioluminescence over time and mathematical
model fits for 3.7 kBq of 22°Ac and 7.4 MBq of '""Lu, respectively. Note the difference in

duration of response between ?2°Ac and '"7Lu, 60-80 days versus 30-40 days.
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Supplemental Calculations and Figures
Dosimetry Calculation.

The decay in activity (disintegrations per second) for a radionuclide is given by the

following equation:
A(t) = Age ™ (Eqgn S1)

where A is the activity at time t and Ao is the initial activity of the radionuclide. The

decay constant A of the radionuclide and is related to the radionuclide half-life (t12) by

A =222 The total number of disintegrations (N) over a time interval from 0 to T is given

1/2

by integrating the activity:
N = [ A@dt = [[ AgeMdt = 2[1— ] (Eqn S2)

If the energy released per disintegration of the parent radionuclide is €, the total energy

(E) released in the duration T is given by

E=Ne=22[1—e] (Eqn S3)

If the weight of mouse is given by Ww (kg) the absorbed dose (Gy) in the mouse from

the radionuclide is given by

D= —— =00 — 7] (Eqn S4)

Wwm - Wy

The average beta particle energy released from the decay of a single nucleus of '"Lu is

€ = 133 keV or 2.13 x 10" J (1). The cumulative energy released from all alpha



particles emitted from a single disintegration of ?2°Ac and their daughter nuclei was
calculated as € = 27.65 MeV or 4.42 x 10°'2 J. The half-life of '""Lu is 6.7 days while the
half-life of 22°Ac is 10.0 days. Since the half-lives of the daughters of ?2°Ac are much

shorter than 10.0 days they are ignored here for dosimetry purposes (2).

The absorbed dose was calculated for each mouse separately to account for their
varying end points (T), and is reported as an average value per group. The absorbed
doses for the following groups were calculated ('77Lu Ao: 1.85 MBq, 3.7 MBq, 7.4 MBq,
and 11.1 MBq; ?2°Ac Ao: 0.925 kBq, 1.85 kBq, 3.7 kBq, 11.1 kBqg, and 22.2 kBq). The
initial weight of each mouse was used for Ww. Final average calculations for each group

are shown in Table 1, for the '""7Lu studies, and Table 2, for the 22°Ac studies.

Modeling Calculations. To model the effect of '7Lu or ??°Ac in inhibiting myeloma
growth, we used a mathematical model with the guiding principle that it should be
simple, with few free parameters and be parsimonious with the data. The model
includes the proliferation of the tumor cells, the action of the radioimmunotherapy
radiation, and the clearance of cells due to radiation-induced death. The most essential
aspect of the model is the effect of the radiation due to the'’Lu or #25Ac radionuclide.
We used the linear-quadratic (LQ) model for this purpose. The LQ is a standard model
of tissue response to radiation, which relates the surviving fraction of cells, S, to

radiation dose and is given by:
S(D) = e~P- BD* (Egn S5)

where D is the radiation dose in units Gy (J/kg) and a Gy' and g (Gy?) are
radiobiological constants corresponding to the linear and quadratic components of dose
response respectively. To account for the decay rate of the radionuclide, we write the
surviving fraction and dose as functions of time using a hazard ratio as:

ds(D(t)) _
a

—h(©)S(D()) (Ean S6)

where D(t) is the time-dependent dose to the tumor (3). The hazard function (h(t)) is a
rate constant with units time and is given by the Lea-Catcheside dose protraction

factor:



2
h(t) = aRye 0t +]2/B%(e—zzpt _ e—(zp+y)t) (Eqn S7)
~p

where Ro is the initial dose rate in units Gy/time, 1,is the decay constant (time™") for the

radionuclide and y (time™) is the cellular repair kinetics rate constant. The constants a

and [ are the same as in the LQ model (Eqn S5).

To model the effect of a targeted radiation such as '"“Lu- or 2°Ac-DOTA-dara, we
model two populations of tumor cells; unirradiated and irradiated (4,5). In this two
compartment model, the first compartment (V) represents tumor cells unexposed to
radiation while the second compartment (V) represents tumor cells exposed to

radiation as follows:

d
% = pVT - kRXVT (Eqn 88)
kry = aRge 0t + ]2/[3_1;5 (e72Mt — e~ Wp¥ Mty 3 (Egn S9)
~p
LR = kpyVr — kaVa (Eqn S10)

dt

Unirradiated tumor growth is assumed to be exponential with growth rate constant p.
Tumor cells in compartment V. are irradiated and transferred to compartment V; with
the rate constant kj, given by the Lea-Catcheside equation (3). The irradiated tumor
cells are cleared from the system at a rate k., (time™') (Supplemental Fig. 5). The total
tumor burden is given by the sum V = V. + V. From equations S8-S10, the parameters
1,7, Ry are fixed constants or determined by the treatment and the parameters
p,a, B, k. are free parameters. The tumor proliferation rate p is calculated by fitting
exponential growth to the untreated control mice data. The mean proliferation rate from
the controls was then used as a fixed parameter for the treated mice. The
radiobiological parameters «,f and the clearance rate constant k. are fit to the

treatment data and used to quantify the effect of '"’Lu and 22°Ac therapy.

The radionuclides '"7Lu and 2??°Ac have inherently different radiobiological
characteristics due different radiation damage mechanisms. '"’Lu produces beta

particle emission while ??5Ac produces in alpha particle emission. There are three beta



emissions from '77Lu nucleus that result in the majority of the dose delivered with an
average energy of 133 keV with an average range of 0.23 mm in tissue, calculated
using the continuous slowing down approximation model. The 5.8 MeV alpha particle
emitted by 22°Ac is has a range of only ~ 60 um, which is comparable to the diameter of
a eukaryotic cell. The energy released from a cascade of alpha particles from decay of
225Ac and its daughters is 27.65 MeV. Due to the high energy transferred by an alpha
particle over a short distance, alpha particles are classified as high Linear Energy
Transfer (LET) radiation while beta particles are low LET. High LET alpha particle
radiation has a larger relative biological effect as compared to a lower LET beta
particles (6).

For mice treated with low LET '"7Lu-DOTA-Dara, the radiobiological parameter ratio
a/B was held constant at 10 Gy. For high LET 22°Ac-DOTA-dara, the radiobiological
parameter f was set to zero. This results in the only free parameters in the
mathematical model being « and k., which were calculated for each mouse.
Parameters were optimized for '7Lu-DOTA-Dara and 2?5Ac-DOTA-dara cohorts
separately by minimizing the least square residual for all dose levels simultaneously
with Isqcurvefit in MATLAB (Mathworks, MA). The initial tumor burden at the start of
therapy was taken as the initial condition for V;; and the initial number of irradiated tumor

cells (V) at t=0 was zero.

In the mathematical model, the initial dose rate R, (Gy day') was determined by the
injected radioactivity. Given the injected activity, measured in Bq (disintegrations per
second) and the decay characteristics of a particular radionuclide, the rate of energy
emitted disintegration can be calculated. Thus, it is possible to calculate the amount of
energy deposited in the tumor and thus the initial dose rate (R,) if the accumulated
activity in the tumor and the mass of the tumor are known. An increase in the injected
activity will result in a proportionate increase in the dose rate. However, since a
measure of radioactivity in the tumor over time is unavailable, the initial dose rate and
the injected activity (A,) were related by a proportionality constant n with units

Gy/day/Bq as follows:



The parameter n depends on the concentration of the radionuclide in the tumor. The
constantn was taken as a unique global parameter and its value was determined by

optimization.
Calculation Parameters

Proliferation rate p: The mean proliferation rate of control mice cohorts for each

radionuclide was used as its proliferation rate.

Radiosensitivity a: a was a free parameter optimized between literature-based limits
(Table S1).

Clearance rate k. ko was free parameter optimized in the range 0 — 1 reflecting the

limits of either having no clearance or 100% immediate clearance.

Injected activity to initial dose rate conversion factor n: Mouse biodistribution studies
indicated that the injected dose per gram varied between 3-60% ID/g (Data not shown)
between mice. Assuming the injected activity is distributed uniformly within the mouse
body, the following calculations were used to generate the limits for initial dose rates
(Ro) and thus n, for the radionuclides in the mathematical model. The average mouse

weight is approximate Wm = 30 g. The average activity concentration in the body is

100 %ID =33 %ID
30g g

therefore given by Cy, = . The range of ¢4Cu-DOTA-Dara concentration

in the tumor is estimated to be 3 — 60 %ID/g. Thus the ratio of tumor concentration to
average body concentration ranges roughly from 1- 20. Assuming that the energy
released due to a single decay of radionuclide to stable daughter is € (J), then the
energy released per second due to Ao Becquerels of activity is Ao x € (J/s). If the activity

is uniformly distributed in the mouse body, then the average dose rate in the mouse

would be Da,,g = %. However, if the activity is more concentrated in a region by a
M
factor of f, then the dose rate in that region would be given by

A0€

Dtumor = Wt (Eqn 812)



If, for instance, the biodistribution is measured via positron emission tomography, the
factor fis the Standardized Uptake Value (SUV) of the radiotracer. This factor is seen to

range between 1 and 20 as mentioned above from per the biodistribution data.

Comparison with equation S11 for initial dose rate yields n = M’:—g The energy released
M

by beta particles from a single decay of '’Lu is 133 keV, and the energy released from

a cascade of alpha particles from decay of 2?°Ac and its daughters is 27.65 MeV.

Converting this energy released to Joules the value of n calculated for '77Lu and 225Ac
with f = 1 are 6.2x10® and 1.2x10° Gy/day/Bq. With f varying between 1 and 20, the
limits for n for 77Lu were taken to be 6x10% and 1.1x10® Gy/day/Bq, while the those for
225Ac were taken to be 1.2x10°° to 2.7x10* Gy/day/Bq. The decay schemes of '"7Lu and
225Ac are given by the Radioactive Decay Tables Handbook, U.S. Department of Energy
November 1988.

We performed a sensitivity study of the model parameters (Supplemental Table 1) to
evaluate the impact of parameters on the simulated tumor burden. As an example, the
7Lu data is used for this analysis. Each parameter is varied independently of the
others to evaluate the effect of variations in that parameter on the predicted tumor
burden (Supplemental Fig. 6). A smooth and continuous reduction in tumor burden
with increased activity R,, and radiosensitivity (a) is observed. Varying the tumor
proliferation rate affects the rebound growth rate once the radionuclide has decayed
and is no longer effective in controlling the tumor growth. Slower clearance of tumor
cells from the irradiated compartment (V;) is indicated by lower clearance rate values,
which result in increased tumor burden in the later stages once treatment fails.
Clearance rate impacts the dynamics observed in the intermediate stage (day 1 - 40) of
tumor growth and response to therapy. The result of this analysis is that the
radiosensitivity and clearance rate constants have the most impact in shaping the tumor

growth and response curves.



Supplementary Table 1: Radiobiological model parameters

"TLu *>Ac References/
Parameter Symbol e e
Range Initial Range Initial Comments
9 Value 9 Value
Range
calculated for
77y and
Constant Constant 225
Tumor (Control: (Control: o S?r(t)ulps
proliferation o ' 0.26 ’ 0.36 separately
rate (days-) 0.13 - 0.32 - and mean of
0.36) 0.42) each group
used for
further
simulations
Linear
ANt van Leeuwen
Co.eﬁ'c'emf . a 0-0.4 0.05 0-5* 0.05 etal.
radiosensitivity -
¢ (Gy) Radiation
. — Oncology
Radiosensitivity (2018) 13:96
constants ratio a/B Constant 10 t t (7)
(Gy)
Clearance
coefficienté Kol 0-1 0-1 0.1
(day)
Repair Basic Clinical
i Y Constant 16.6 - - Radiobiology
constant (day") - Joiner (8)
Decay constant Ao Constant 0.103 Constant 0.1
(day”)
Activity to dose Optimize Optimize
conversion d in range din
0.057 9.43
factor® ” 0.006 — range 1.2
(Gy.day'.uCr’) 0.011 =27

*a values for 225Ac are much higher than for '77Lu since the higher LET radiation has a
higher relative biological effect (RBE). Typical values of RBE for alpha particles lie

between 3 and 7.

t The value of o/ is undefined.

&Variables in italics are the parameters optimized in the simulations.




Supplemental Figures

Supplementary Figure 1. High dose '7’Lu-DOTA-Dara (11.1 MBq) for treatment of

disseminated MM. Panels are of individual mice within each treatment group.
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Supplementary Figure 2. Dose response of ""7Lu-DOTA-Dara (1.85, 3.7, and 7.4
MBq) for treatment of disseminated MM model. Panels are of individual mice within

each treatment group.
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Supplementary Figure 3. High dose of 225Ac-DOTA-Dara (11.1 and 22.2 kBq) for

treatment of disseminated MM. Panels are of individual mice within each treatment

group.
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Supplementary Figure 4. Dose response of 225Ac-DOTA-Dara (0.925, 1.85, and 3.7

kBq) for treatment of disseminated MM. Panels are of individual mice within each

treatment group.
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Supplementary Figure 5: Two-compartment mathematical model of CD38 targeted
radio-immunotherapy. Unirradiated myeloma tumor cells (V) proliferate at a rate p,

become irradiated (I/;) at a rate kg,, and clear from the system at rate k_;.
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Supplementary Figure 6: Sensitivity analysis. Impact of model parameters on
predicted tumor burden for 22°Ac-DOTA-Daratumumab therapy. Each parameter is
varied independently while the rest of the parameters were kept constant as a baseline
set of parameters. (A) Injected activity (Ao). (B) Radiosensitivity (¢ Gy'). (C) Tumor
proliferation rate (p). (D) Tumor cell clearance rate from the irradiated tumor cells
compartment (k.;). Baseline parameters used for the simulations: Ao = 3.7 kBq, a = 2.4
Gy, p = 0.36 day”', ka = 0.03 day™’
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