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Abstract

Multiple myeloma (MM) is still an incurable disorder despite improved antibody and cellular therapies against different
MM antigens. Single targeted antigens have so far been ineffective against MM with most patients relapsing after initial
response. Hence, sequential immunotherapies directed at different targets are expected to perform better than monotherapy
alone. Here, we optimized and established in preclinical studies the therapeutic rationale of using targeted alpha therapy
(TAT) directed against CD38 antigen (**>Ac-DOTA-daratumumab) with CAR T cell therapy directed at CS1 antigen in
a systemic MM model. The sequential therapies compared CAR T therapy followed by TAT to TAT followed by CAR T
therapy. CAR T cell monotherapy increased median survival from 49 days (d) in untreated controls to 71d with a modest
improvement to 89d for 3.7 kBq of TAT given 14d later. When CAR T was followed by 7.4 kBq of TAT 29d later, sequential
therapy increased median survival from 47d in untreated controls to 106d, compared to 68d for CAR T monotherapy. When
CAR T therapy was followed by untargeted alpha immunotherapy using 7.4 kBq of 2> Ac-DOTA-trastuzumab (anti-HER?2)
antibody 29d later, there was only a slight improvement in response over CAR T monotherapy demonstrating the role of
tumor targeting. TAT (7.4 kBq) followed by CAR T therapy was also effective when CAR T therapy was delayed for 21d vs
14d or 28d post TAT, highlighting the importance of timing sequential therapies. Sequential targeted therapies using CS1
CAR T or **Ac-DOTA-CD38 TAT in either order shows promise over monotherapies alone.

Keywords Multiple myeloma - CAR T therapy - Targeted alpha therapy

Introduction

Dennis Awuah, Megan Minnix, Enrico Caserta authors have
contributed equally to this work.

Multiple myeloma (MM), a blood cancer of plasma cells
with an incidence of over 30,000 cases and 12,000 deaths
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on>95% MM cells, and more commonly expressed on MM
than BCMA [5], irrespective of genetic abnormalities and
disease stage [6]. Therefore, CS1 chimeric antigen receptor
(CAR) T cell therapy can be an effective strategy, especially
for those MM cases that are BCMA negative. Moreover,
CS1 CARTT cells in our studies have demonstrated efficient
cytolytic function and potent anti-MM activity in vivo [7],
whereas other studies have indicated that CS1 CAR T cells
eliminate MM cells by targeting both proximal and distal
domains of CS1 [8-10]. Therefore, combining CS1 CAR

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00262-023-03461-z&domain=pdf

2842

Cancer Immunology, Immunotherapy (2023) 72:2841-2849

T cells with other established forms of therapy may boost
efficacy against MM tumors and achieve durable remission.

Since recurrences are usually associated with down-
regulation of tumor antigen after targeted therapies [11] or
incomplete elimination of residual tumor cells, selection of
a target antigen that is not down-regulated (such as CS1
and CD38) is an attractive strategy. For example, anti-CD38
Daratumumab (Dara) immunotherapy eventually becomes
ineffective due to a lack of CD38 targeted killing, but con-
tinued expression of antigen is observed on the MM cells
[12], suggesting that arming anti-CD38 antibodies with
cytotoxic agents such as radionuclides would enable fur-
ther treatment. Recently, we [13] and others [14, 15], have
shown that targeted alpha therapy (TAT) using >’ Ac labeled
anti-CD38 antibodies (**>Ac-CD38 TAT) can be an effec-
tive and minimally toxic therapeutic strategy to eradicate
MM. Although a- particles have a limited range in tissue of
about 40—-100 microns, their high linear energy transfer is
more efficient at tumor therapy than longer range S-emitters
such as !7"Lu [13]. Since only 30% of patients who progress
on Dara+ immunomodulatory drug (IMID) regimens (for
treatment of relapsed/refractory MM) experience long-term
clinical benefits (> 12 months) from CAR T therapies, there
is an urgent medical need to develop novel therapeutic inter-
ventions to improve the long-term efficacy of MM therapies.

Several active clinical trials are underway to explore
the combination of external beam radiation therapy with
immunotherapy for improved survival and toxicity control
[16, 17]. In this study, we investigate a novel combina-
tion approach involving Dara-based radiation therapy and
CS1 CAR T cell therapy targeting different MM antigens
through unique mechanisms in animal models. Since antigen
heterogeneity and antigen down-regulation occur in most
malignancies, a strong rationale supports the exploration of
sequential therapies that target different antigens on the same
tumor. Here, we tested sequential therapies with CS1 CAR T
cell therapy or 22> Ac-CD38 TAT given first or second in an
MM model of systemic disease. The rationale is supported
by (a) CAR T cell therapies in MM are approved for the
treatment of multi-relapsing patients of which the majority
have progressed after anti-CD38 based therapies; (b) CD38
remains targetable on the surface of cancer cells in multi-
relapsing MM patients [12] and continued clinical targeting
of CD38 can further increase the therapeutic options and
survival of Dara treated patients. While we test few regimens
of these therapies, it is not possible to test every combina-
tion. Thus, mathematical modeling [18] is an excellent tool
that allows us to test different therapeutic combinations in
silico. It informs us about the optimal therapeutic combina-
tions as well as the expected therapeutic response and allows
prediction of optimal time intervals between sequential
therapies, especially in cases where one of the treatments,
namely TAT, may interfere with the other, namely CAR T
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therapy. In addition, mathematical modeling offers a way to
tailor a therapeutic regimen to individual patients based on
their tumor growth characteristics. Here we sequentially add
225 Ac-CD38 TAT to CS1 CAR T therapy at two different
intervals to test the hypothesis that two immunotherapies
directed at different antigens with different modes of killing
would be more effective than that with either monotherapy.
Optimized sequential therapy may eliminate residual tumor
cells without utilizing toxic high doses of each agent, with
the goal of reducing disease relapse. We also compare the
sequential administration of CS1 CAR T cell treatment after
225A¢c-CD38 TAT at three different intervals to demonstrate
the critical effect of timing the CAR T therapy for optimal
results.

Materials and methods
Ethics declaration

All animal studies were performed in accordance with
TACUC protocols approved by the City of Hope Institutional
Animal Care and Use Committee, and in accordance with
the NIH Office of Laboratory Animal Welfare guidelines.

Antibodies, reagents, and cell lines

Daratumumab (Dara), anti-CD38 antibody, was obtained
from Janssen Biotech Inc. (Titusville, NJ). Anti-human
EGFR antibody was obtained from Biolegend and human
T cell expander CD3/CD28 dynabeads were from Ther-
mofisher Scientific. MM.1S cells were purchased from
ATCC and cultured in RPMI medium supplemented with
2 mM L-glutamine and 10% heat-inactivated FBS. In order
to generate firefly luciferase (ffluc) green fluorescent protein
(GFP+) cell lines, MM.18S cells were transduced with lenti-
viral vector encoding eGFP-ffluc and GFP positive cells were
sorted by FACS to obtain > 98% purity. Aliquots of passaged
cells were frozen in cyrostor CS10 (Biolife Solutions) and
stored in liquid nitrogen. 1,4,7,10-Tetraazacyclododecane-
1,4,7,10-tetraacetic acid mono-N-hydroxysuccinimide ester
(DOTA-NHS-ester) was purchased from Macrocyclics,
Inc., Plano, TX. ?*Ac was obtained from the Department
of Energy, Oakridge National Laboratory, Oakridge, TN.

Radiolabeling

Dara or control trastuzumab (Tras) antibodies were reacted
with a 30 molar excess of the chelator DOTA-NHS ester as
previously described (6). DOTA conjugation was confirmed
by Q-TOF mass spectrometry (Agilent Technology 6510
Q-TOF LC/MS) as follows: 6 ug of antibody was reduced
with 1 uL of 0.2 M Tris(2-carboxyethyl)phosphine (TCEP)
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for 2 h at 37 °C and then analyzed on an HPLC protein Agi-
lent chip (Agilent Technologies, Santa Clara, CA). DOTA-
conjugated antibody (50 ug) was incubated with **>Ac at
a labeling ratio of 1.85 MBq/ug for 45 min at 43 °C and
chased with 1 mM DTPA. Radiolabeling efficiencies deter-
mined by instant thin layer chromatography were between
89 and 100% for all reactions.

Generation of CS1-specific CART cells

Clinical grade CS1 lentiviral vector was constructed consist-
ing of a CS1-specific scFv linked to an intracellular 4-1BB
co-stimulatory and CD3{cytoplasmic domain by a modified
IgG4 hinge region, (i.e., deleted CH2 region for enhanced
persistence). A truncated human EGFR (huEGFRt) was used
as a transduction marker and was separated from the codon
optimized CS1:4-1BB: z sequence by a T2A ribosomal
skip sequence. Leukapheresis products from healthy human
donors were obtained and PBMCs separated by density gra-
dient centrifugation using Ficoll (Amersham Biosciences).
Subsequently, T naive/memory (Tn/mem) cells were iso-
lated by CD62L + microbeads from the resulting negative
fraction, following depletion of CD14 4+ and CD25 + cells
(AutoMACS, Miltenyi Biotech). Following selection, Tn/
mem cells were activated with CD3/CD28 microbeads,
transduced with CS1 lentivirus and expanded as previously
described (6). CAR T cells were characterized for CAR per-
centage based on EGFR expression and banked in liquid
nitrogen for animal experiments. All healthy donor samples
were obtained under approved COH IRB protocols (IRB
09025).

Animal studies

All animal studies were performed in NOD.Cg-Prkdcscid
12rgtm1Wjl/SzJ mice (NSG; 6-10 weeks old; Jackson
Laboratory) (IACUC 21034). Animals were housed in pie
cages, in a specific pathogen free (SPF) room, with a maxi-
mum of 5 mice per cage. Mice were engrafted with 5x 10°
MM. 1S eGFP-ffluc lines intravenously (I.V) and randomized
into groups 6 days post tumor injection, based on biolumi-
nescence imaging (BLI). On day 7 post tumor engraftment,
mice were treated with 1x 10° CS1 CAR T cells (based on
CAR expression) as well as matched number of mock T
cells. Untreated groups received PBS. Prior to start of TAT,
mice were given IVIg by i.p. injection for 2 h and subse-
quently treated with saline (untreated group), 3.7 or 7.4 kBq
of untargeted **>Ac-DOTA-Tras, 3.7 or 7.4 kBq of targeted
225 Ac-DOTA-Dara either 21- or 36-days post MM1-S injec-
tion. All TAT doses were made up to 30 pg antibody, for
a total volume of 200 uL and given intravenously. 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 anesthe-
tized with 4% isoflurane and injected intraperitoneally with
200 pL D-luciferin (15 mg/ml) in sterile PBS. All BLI data
are depicted in radiance units (photons/s/cm2/sr) measured
over the whole body as the region of interest. Mice were
grouped so that the average initial BLI was similar across
all groups. Whole-body toxicity was measured by monitor-
ing weight loss over time of therapy, 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.

Statistical analysis

Two-way ANOVA was used to analyze the tumor growth
curves, using Prism 9.4.0 (GraphPad Software). The log-
rank Mantel-Cox test was used to analyze the survival
curves. Each treated group was compared back to the saline
control group, unless otherwise stated. Differences were
considered significant if P <0.05.

Results

Preliminary sequential CART cell therapy followed
by targeted alpha therapy 14 days later

Sequential CS1 CAR T treatment followed by
225A¢c-DOTA-CD38 targeted alpha therapy (TAT) was
tested in a disseminated MM mouse model by inocu-
lating MM. 1S cells intravenously. Since radiation from
225 Ac-DOTA-CD38 TAT accumulated in the tumor could
indirectly affect the anti-MM activity of CS1 CAR T cell
viability infiltrated in the tumor site, a preliminary TAT
treatment schedule of 14 days post CAR T cell therapy
was investigated. CS1 CAR T cell therapy was performed
7 days after tumor engraftment, followed by TAT 14 days
later, a time at which tumor regrowth was predicted by
CAR T cell monotherapy [7]. An initial activity of 3.7 kBq
of 2°Ac-DOTA-CD38 TAT was chosen based on our pre-
vious study in which 3.7 kBq had a therapeutic effect with
low off-target toxicity [13]. Mice treated with CS1 CAR T
cell monotherapy had a delay in tumor growth of 10 days
compared to untreated controls (Fig. lA-B, Fig. S1) and
a median survival of 49 days compared to 40 days for
untreated controls (Fig. 1C and Table S1). However, mock
therapy with activated T cells had a similar delay in tumor
growth and median survival (Fig. lA—C and Table S1),
suggesting that activated T cells from this donor were
equipotent to CAR T cells, a phenomenon occasionally
observed with some donors [19]. Nonetheless, the addi-
tion of 22Ac CD38-TAT 14 days later increased the delay
in tumor growth to 20 days compared to the untreated
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Fig. 1 Efficacy of sequential
therapy with donor 1 CS1 CAR
T and 3.7 kBq TAT 14 days
later for treatment of dissemi-
nated MM. A Representative
BLI images for each group,
color bar indicating intensity.

B MM burden as quantified
using BLI images, in radiance.
(Mock, P=0.011; CS1 CART,
P=0.012; Mock + Dara,
P=0.011; CS1 CAR T+ Dara, .
P=0.011; CS1 CAR T+ Tras Day2s |
TAT, P=0.011) C Kaplan—

Meier survival plot (Mock,

P=0.0004;CS1 CAR T, Day 33
P=0.0011; Mock + Dara,

P=0.0004; CS1 CAR T+ Dara,

P=0.0001; CS1 CAR T+ Tras Day 40
TAT, P=0.0001) D Whole-

body toxicity as measured by

weight (Mock, ns; CS1 CAR T, Day 48
P=0.0009; Mock + Dara,

ns; CS1+ Dara, P=0.042;

CS1 CAR T+ Tras TAT, ns). Day 54
n="17 for all groups but Mock /

Mock + Dara (n=6) and CS1

CART (n=5). Red and green Day €8
colored arrows represent time

of administration of CS1 CAR

T and TAT therapy respectively,

Time (d) indicates days post

tumor engraftment

Day 6
Day 14

Day 19

controls, or 10 days for CS1 CAR T monotherapy. Sequen-
tial CAR T plus TAT increased median survival to 71 vs
49 days for CAR T cell monotherapy with similar results
for sequential mock therapy plus TAT. As a further con-
trol, untargeted a-immunotherapy with >>Ac-DOTA-
Trastuzumab at 14 days post CS1 CAR T therapy had a
negative impact on the CAR T cell therapy, decreasing
median survival from 71 to 49 days. Whole-body toxic-
ity was monitored by whole-body weight loss (Fig. 1D).
As expected, untreated animals had major weight loss at
30-40 days just prior to succumbing to systemic disease,
otherwise the various treated groups had minimal weight
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loss until they were euthanized based on an upper limit of
bioluminescent readings.

Sequential CART therapy followed by TAT 29 days
later

Based on the results of the preliminary study above, we
made two modifications to the study: (a) a second donor
for the CS1 CAR T therapy was tested in which mock
therapy with activated T cells was minimal, and (b) TAT
was delayed from 14 to 29 days post CAR T cell therapy.
Twenty-nine days post CS1 CAR T cell therapy was cho-
sen to further lower the risk of radiotoxicity of circulating
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Fig.2 Sequential therapy of cst
disseminated MM by CS1 CAR
T from donor 2 plus 3.7 kBq
a-therapy 14 days later for treat-
ment of disseminated MM. A
Representative BLI images for
each group, color bar indicat- Day 14
ing intensity (note scale change

on day 28). B MM burden as

quantified using BLI images. Day 19
C Kaplan—Meier survival

plot (P values vs untreated:

Mock, P=0.8076; CS1 CAR :
T, P=0.0016; Mock + Dara o
targeted a-therapy, P=0.0016;

CS1 CAR T + Dara targeted

a-therapy, P=0.0292; CS1 Day 33
CAR T+ Tras untargeted
a-therapy, P=0.0629). D
Whole-body toxicity as meas-
ured by percent body weight
(P values vs untreated: Mock,
ns; CS1 CAR T, P=0.027,
Mock + Dara targeted a-therapy, Dey 48
P=0.016; CS1 CAR T+ Dara
targeted a-therapy, ns; CS1
CAR T+ Tras untargeted
a-therapy, ns). N=7 for all
groups except untreated (n=4)
and CS1 CAR T+ Tras untar-
geted a-therapy (n=6). Red and
green colored arrows represent
time of administration of CAR
T and TAT therapy respectively, Day 68
Time (d) indicates days post

tumor engraftment

Unt Mock CART Dara Dara Tras

Day 40

Day 54

Day 61

Day75

225 Ac-DOTA-CD38 antibodies to persisting CAR T cells.
As expected with this donor, tumor growth delay and sur-
vival with mock therapy with activated T cells was similar
to the untreated controls (Fig. 2A-C, Fig. S2, Table S1).
CS1 CAR T cell monotherapy led to a delay of tumor
growth of 28 days compared to untreated controls and
an increase in median survival of 96 days compared to
48 days for untreated controls. There was a small effect
of mock therapy plus TAT on median survival (61 days)
that was much less than CS1 CAR T cell therapy plus TAT
(89 days). Interestingly, untargeted alpha therapy with

Mock + CS7+ CS1+

B 1012+
10114
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L
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225 Ac-DOTA-Trastuzumab had a slight effect on tumor
growth inhibition compared to targeted 2> Ac-DOTA-
CD38, but a lower median survival (75 days) compared
to CS1 CAR T plus TAT (89 days). In terms of whole-
body toxicity, none of the treatments resulted in significant
weight loss (Fig. 2D).

The surprising efficacy of untargeted vs targeted alpha
therapy was further explored by increasing the dose of
alpha therapy from 3.7 to 7.4 kBq to test the effect of a
higher tumor dose of TAT vs the deleterious effect of cir-
culating radiolabeled antibody on toxicity. Importantly, we
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had previously shown that a dose of 7.4 kBq **>Ac-DOTA-
CD38 monotherapy had low whole-body toxicity [13].
In the 7.4 kBq repeat study, the tumor growth delay of
CS1 CAR T cell monotherapy was similar (28 days) to
the previous study, but sequential CAR T therapy plus
TAT had an increase in median survival of 106 days com-
pared to 94 days for CAR T plus untargeted alpha therapy
(Fig. 3A-C, Fig. S3, Table S1). Thus, there was a major
improvement in sequential CAR T therapy followed by an
increased dose of TAT with a lesser effect of untargeted
alpha therapy at the same dose. Whole-body toxicity as

Fig.3 Sequential therapy of €81 Mock+ C81+ G814

Unt  Mock CART Dsra  Dasrs  Tess

disseminated MM by CS1 CAR A
T from donor 2 plus 7.4 kBq owe [
a-therapy 29 days later for
treatment of disseminated

MM. A Representative BLI
images for each group, color
bar indicating intensity (note
scale change at day 28). B MM
burden as quantified using BLI
images, in radiance. (P values
vs untreated: Mock, P=0.0009;
CS1 CAR T, P=0.0008;

Mock + Dara targeted a-therapy,
P=0.0007; CS1 CAR T+ Dara
targeted a-therapy, P=0.0007; oy 33
CS1 CAR T+ Tras untar-
geted a-therapy, P=0.0007)
C Kaplan—Meier survival
plot. (P values vs untreated:
Mock, P=0.0001; CS1 CAR
T, P<0.0001; Mock + Dara
targeted a-therapy, P <0.0001; Oay 48
CS1 CAR T+ Dara tar-

geted a-therapy, P <0.0001;

CS1 CAR T+ Tras untargeted Oay &4
a-therapy, P=0.0001) (D)
Whole-body toxicity as meas-
ured by percent body weight

(P values vs untreated: Mock,
ns; CS1 CAR T, P=0.0004;
Mock + Dara targeted a-therapy,
P=0.0026; CS1 CAR T+ Dara
targeted a-therapy, P=0.010;

CS1 CAR T+ Tras untargeted

a-therapy, ns). Untreated, CS1 Oay 7
CAR T+ untargeted a-therapy

Tras (N =8); Mock, CS1 CAR

T (N=6); Mock + targeted Osr82
a-therapy Dara, CS1 CAR

T + targeted a-therapy Dara
(N=9). Red and green colored
arrows represent time of
administration of CAR T and
TAT therapy respectively, Time
(d) indicates days post tumor
engraftment

Osy 14

Owy 19

Oay 40

Oay 61

Day &9

Oy 96

Ouy 104
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measured by weight loss was minimal for the single or
combined therapy groups (Fig. 3D).

Sequential 2°Ac-DOTA-CD38-TAT followed by CART
cell treatment

In the above studies, we explored CAR T cell therapy fol-
lowed by TAT. To determine whether sequential treatment
of 22 Ac-DOTA-CD38 TAT first followed by CS1 CAR
T therapy would yield equivalent or better tumor growth
inhibition and/or median survival compared to CS1 CAR T
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1010+
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before TAT, we treated mice with disseminated MM with
7.4 kBg of > Ac-DOTA-CD38 TAT followed by CS1 CAR
T cell treatments at 14, 21 and 28 days post TAT. The dif-
ferent intervals were chosen to determine if the residual
radioactivity of radiolabeled antibody would have a delete-
rious effect on the subsequently administered CAR T cells.
The timing of a second treatment was predicted to be cru-
cial by mathematical modeling [18] in which no improve-
ment in progression-free survival would be achieved once
tumor regrowth reached a critical stage regardless of the
order of the two therapies. As shown in Fig. 4, tumor
growth delay was best for mice receiving CS1 CAR T
cells 21 days post 2> Ac-CD38 TAT (28 days post tumor
engraftment) with an overall survival of 91 days com-
pared to 42 days for untreated controls (Fig. 4A-C, Fig.

Fig.4 Sequential therapy of
disseminated MM by 7.4 kBg
of 2’Ac-CD38 TAT and CAR or
T cell administered at different
time points. A Representative
BLI images for each group,
color bar indicating intensity.
B MM burden as quantified
using BLI images, in radi-
ance. (P values for day 21 vs
day 28 CS1 CAR T cells on
week 8: P=0.0169. P values
vs untreated: Dara targeted o 02
therapy only, P <0.0001, Dara

targeted o therapy + CS1 CAR

T (D21), P<0.0001, Dara D35
targeted a therapy + CS1 CAR
T (D28), P<0.0001, Dara
targeted o therapy + CS1 CAR
T (D35), P<0.0001 C Kaplan—
Meier survival plot. (P values
vs untreated: Dara targeted o
therapy only, P=0.0001, Dara o
targeted o therapy + CS1 CAR

T (D 14), P=0.0001, Dara

targeted o therapy + CS1 CAR D56
T (D 21), P=0.0001, Dara
targeted o therapy + CS1 CAR
T (D 28), P=0.0001. D Whole-
body toxicity as measured by
percent body weight (N=38).
Colored arrows represent time
of administration of TAT or
CAR T therapy at indicated
days, Time (d) indicates days
post tumor engraftment

Dara  Dara Dara
A Ut Daa +CAR +CAR +CAR
only D14 D21 D28

i
il

i
I

D63

S4, Table S1). Timing of the CS1 CAR T cell therapy at
28 days likely occurred too late for the CAR T therapy
to control increased tumor burden (median survival of
77 days). Whole-body toxicity as measured by weight loss
(Fig. 4D) was transient and recovered post therapy.

Discussion

The high toxicity of treatment regimens that limit the maxi-
mum dose is a major reason for occurrence of residual tumor
as causes of MM relapse. Sequential immunotherapies with
CS1 CAR T cells and *»*Ac CD38-TAT were chosen to
increase the potency to toxicity ratio and to achieve a more
durable remission by targeting two highly expressed MM
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antigens with different cytotoxic mechanisms. We found
that the timing of either therapy, CS1 CAR T followed by
225 Ac-DOTA-CD38-TAT or TAT followed by CAR T ther-
apy, was critical to delay the effects of circulating **>Ac
radiolabeled antibody on CAR T therapy. In the first case,
CS1 CAR T followed by 22Ac-DOTA-CD38-TAT per-
formed better when TAT was delayed for 29 vs 14 days and
the dose of TAT was increased from 3.7 kBq to 7.4 kBq. In
the second case, delay of CS1 CAR T therapy for 21 days
post TAT performed better than a delay of 14 or 28 days.
Non-targeting TAT (> Ac-DOTA-trastuzumab) served as an
additional control to ensure specificity of sequential thera-
pies, but was excluded in later studies (i.e., TAT followed by
CAR T) based on data from preceding experiments (Figs. 1,
2, 3). Other approaches to improve CAR T therapy include
sequential treatment with CAR T plus checkpoint inhibitors
such as anti-PD-1 or anti-PD-L1 [20, 21]. For example, in
the treatment of a diffuse B-cell lymphoma that progressed
on CD19 CAR T therapy, subsequent treatment with anti-
PD-L1 therapy led to regression of multiple lesions [20]. A
safety study of neuroblastoma with CAR T plus anti-PD-1
therapy [21] suggested that this approach may be a safe
option for combination immunotherapies of this kind. In
addition, combination therapy by cell intrinsic approaches
has been described [22]. In this approach the CAR T cells
are engineered to secrete scFv antibodies to checkpoint
inhibitors. For example, CD19 CAR T cells engineered to
secrete a scFv anti-PD-1 antibody led to higher survival
of mice engrafted with CD19 positive ID8 tumors that
expressed PD-1 on their CAR T cells [22]. In comparison,
the main advantage of our approach was that each therapy
(whether CAR T or targeted a-immunotherapy) was tumor
targeted and to distinct tumor antigens.

In vivo persistence of CAR T cells has a major effect
on timing of a second therapy. Thus, optimal timing of
225 Ac CD38-TAT was at the point of tumor regrowth when
CS1 CAR T cell therapy was no longer effective. Since
activated T cells, including CS1 CAR T cells, express high
levels of CD38 (Fig. S5), 2> Ac CD38-TAT treatment given
at an early time point may eliminate persisting CS1 CAR T
cells. When tumor burden was used to parameterize CAR
T cell therapy, we found that tumor proliferation rate was
vital to determining CAR T and TRT administration [18].
Thus, the window for the administration of *>>Ac CD38-
TAT can be mathematically modeled to achieve maximum
effects of the sequential therapy [18]. So far, the window for
timing sequential immunotherapies has not been thoroughly
explored.

The rationale in targeting two different antigens in
MM by sequential targeted therapies was demonstrated,
including showing that the order of sequential therapies
was similarly effective, as long as the timing between the
two modalities was optimal. We believe that mathematical
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modeling studies will help in developing better therapy
regimens and reveal the mechanisms behind them [18]. In
our mathematical modeling work earlier, we have incorpo-
rated the deleterious effect of TAT on CAR T cells using
a radiosensitivity parameter. Thus, simultaneous presence
of both TAT and CAR T cells has a negative impact on
the therapeutic efficacy due to CAR T cells being unable
to show full potency. On the other hand, an increased
tumor burden also adversely impacts TAT or CAR T cell
response due to increased tumor-to-therapeutic ratio. Thus,
the parameterization of the mathematical model based on
the experimental data is an important step for develop-
ment of an optimal therapeutic regimen when combining
two therapies. In fact, this proof-of-concept study could
be generalizable for sequential CAR T therapy and TAT
against MM with the many targeting antigens and ther-
apies that are now available. A critical issue, however,
to consider in combination therapies involving CAR T
cell and radiation therapies is toxicity. Toxicity in CAR T
cell therapy is typically shown in the form of a cytokine
release syndrome that limits the dose of the therapeutic
agent administered. Our data provide a strong rationale
for better therapy without increasing the dosage of CAR
T cells and radiation, but meanwhile demonstrates that a
careful exploration in issues of dosing and timing is likely
required in clinical settings.

Conclusion

Sequential therapies with CAR T plus TAT directed and dif-
ferent targets on the same tumor in either order are similarly
effective as long as the interval between the two therapies
is optimized to tumor regrowth. Although untargeted alpha
therapy has some beneficial effect on systemic disease,
there was a substantial increased efficacy for targeted alpha
therapy. In terms of whole-body toxicity, the limited tissue
penetration of alpha particles is an advantage, at least in
systemic therapy. Thus, these results underscore the impor-
tance of sequential targeted therapies with different targeting
mechanisms, emphasizing how TAT may play a special role.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00262-023-03461-z.

Acknowledgments The authors acknowledge support from the Steven
Gordon and Briskin Family Innovation Grant and Nason family. The
Radiation Pharmacy Core, Flow Facility Core, Small Animal Imag-
ing Facility Core, and the GMP Manufacturing Core at City of Hope
were supported by the National Institutes of Health, National Cancer
Institute under award number P30CA033572.

Authors contributions DA, MM, EC and TT contributed to data cura-
tion, formal analysis and original draft; VA and EP contributed to


https://doi.org/10.1007/s00262-023-03461-z

Cancer Immunology, Immunotherapy (2023) 72:2841-2849

2849

methodology, review and discussion; RR, FP, JES and XW contrib-
uted to funding acquisition, review and editing. All authors reviewed
the manuscript.

Funding Open access funding provided by SCELC, Statewide Califor-
nia Electronic Library Consortium. This research was also supported
by the National Institutes of Health, National Cancer Institute NIH-2-
RO1-CA238429-01 (F.P.,J.S, R.R. and XW) and NIH-R50-CA252135
(E.C.E.P).

Data availability The data generated in this study are available in the
article and the supplementary data files.

Declarations
Conflicts of interest The authors declare no conflicts of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Howlader N, Krapcho M, Miller D, Brest A, Yu M, Ruhl J, Tatal-
ovich Z, Mariotto A, Lewis DR, Chen HS, Feuer EJ, Cronin KA
(eds). SEER cancer statistics review, National Cancer Institute,
Bethesda, MD. 1975-2018

2. Dimopoulos MA et al (2017) Elotuzumab plus lenalidomide/dexa-
methasone for relapsed or refractory multiple myeloma: ELO-
QUENT-2 follow-up and post-hoc analyses on progression-free
survival and tumour growth. Br J Haematol 178(6):896-905

3. Cho SF et al (2020) BCMA-targeting therapy: driving a new era of
immunotherapy in multiple myeloma. Cancers (Basel) 12(6):1473

4. Morandi F et al (2018) CD38: a target for immunotherapeutic
approaches in multiple myeloma. Front Immunol 9:2722

5. Rosenzweig M et al (2017) Preclinical data support leveraging
CS1 chimeric antigen receptor T-cell therapy for systemic light
chain amyloidosis. Cytotherapy 19(7):861-866

6. Soh KT etal (2021) CD319 (SLAMF7) an alternative marker for
detecting plasma cells in the presence of daratumumab or elotu-
zumab. Cytometry B Clin Cytom 100(4):497-508

7. Wang X et al (2018) Lenalidomide enhances the function of CS1
chimeric antigen receptor-redirected T cells against multiple
myeloma. Clin Cancer Res 24(1):106-119

8. Amatya C et al (2021) Development of CAR T cells expressing a
suicide gene plus a chimeric antigen receptor targeting signaling
lymphocytic-activation molecule F7. Mol Ther 29(2):702-717

9. Gogishvili T et al (2017) SLAMF7-CAR T cells eliminate mye-
loma and confer selective fratricide of SLAMF7(+) normal lym-
phocytes. Blood 130(26):2838-2847

10. O’Neal J et al (2022) CS1 CAR-T targeting the distal domain of
CS1 (SLAMF7) shows efficacy in high tumor burden myeloma
model despite fratricide of CD84+CS1 expressing CAR-T cells.
Leukemia 36(6):1625-1634

11. Majzner RG, Mackall CL (2018) Tumor antigen escape from CAR
T-cell therapy. Cancer Discov 8(10):1219-1226

12. Pick M et al (2018) Daratumumab resistance is frequent in
advanced-stage multiple myeloma patients irrespective of CD38
expression and is related to dismal prognosis. Eur J Haematol
100(5):494-501

13. Minnix M et al (2021) Comparison of CD38-targeted a- versus
B-radionuclide therapy of disseminated multiple myeloma in an
animal model. J Nucl Med 62(6):795-801

14. Dawicki W et al (2019) Daratumumab-(225)actinium conju-
gate demonstrates greatly enhanced antitumor activity against
experimental multiple myeloma tumors. Oncoimmunology
8(8):1607673-1607673

15. Dadachova E et al (2019) <sup>225</sup>Ac-CD38 antibody
targeting is effective and well tolerated in experimental models
of lymphoma and multiple myeloma. J Nucl Med 60(supplement
1):1410

16. Formenti SC, Demaria S (2020) Future of radiation and immuno-
therapy. Int J Radiat Oncol Biol Phys 108(1):3-5

17. Wang Y et al (2018) Combining immunotherapy and radiotherapy
for cancer treatment: current challenges and future directions.
Front Pharmacol 9:185

18. Adhikarla V et al (2021) A mathematical modeling approach for
targeted radionuclide and chimeric antigen receptor T cell com-
bination therapy. Cancers (Basel) 13(20):5171

19. Minnie SA et al (2022) Depletion of exhausted alloreactive T cells
enables targeting of stem-like memory T cells to generate tumor-
specific immunity. Sci Immun 7(76):eabo3420

20. Chong EA et al (2017) PD-1 blockade modulates chimeric anti-
gen receptor (CAR)-modified T cells: refueling the CAR. Blood
129(8):1039-1041

21. Heczey A et al (2017) CAR T cells administered in combination
with lymphodepletion and PD-1 inhibition to patients with neu-
roblastoma. Mol Ther 25(9):2214-2224

22. Rafiq S et al (2018) Targeted delivery of a PD-1-blocking scFv by
CAR-T cells enhances anti-tumor efficacy in vivo. Nat Biotechnol
36(9):847-856

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


http://creativecommons.org/licenses/by/4.0/

	Sequential CAR T cell and targeted alpha immunotherapy in disseminated multiple myeloma
	Abstract
	Introduction
	Materials and methods
	Ethics declaration
	Antibodies, reagents, and cell lines
	Radiolabeling
	Generation of CS1-specific CAR T cells
	Animal studies
	Statistical analysis

	Results
	Preliminary sequential CAR T cell therapy followed by targeted alpha therapy 14 days later
	Sequential CAR T therapy followed by TAT 29 days later
	Sequential 225Ac-DOTA-CD38-TAT followed by CAR T cell treatment

	Discussion
	Conclusion
	Anchor 17
	Acknowledgments 
	References




