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lonizing radiation has garnered considerable attention as a combination partner
for immunotherapy due to its potential immunostimulatory effects. In contrast to
the more commonly used external beam radiation, we explored the feasibility of
combining chimeric antigen receptor (CAR) T cell therapy with targeted
radionuclide therapy (TRT), which is achieved by delivering B-emitting *””Lu-
DOTATATE to tumor via tumor-infiltrating CAR T cells that express somatostatin
receptor 2 (SSTR2). We hypothesized that the delivery of radiation to tumors
could synergize with CAR T therapy, resulting in enhanced antitumor immunity
and tumor response. To determine the optimal dosage and timing of ¥’Lu-
DOTATATE treatment, we measured CAR T cell infiltration and expansion in
tumors longitudinally through positron emission tomography (PET) using a
SSTR2-specific positron-emitting radiotracer,'®F-NOTA-Octreotide. In animals
receiving CAR T cells and a low—-dose (2.5 Gy) of TRT following the administration
of Y’Lu-DOTATATE, we observed a rapid regression of large subcutaneous
tumors, which coincided with a dramatic increase in serum proinflammatory
cytokines. Tumor burden was also reduced when a higher radiation dose (6 Gy)
was delivered to the tumor. However, this higher dose led to cell death in both
the tumor and CAR T cells. Our study suggests that there may exist an optimum
range of TRT dosage that can enhance T cell activity and sensitize tumor cells to
T cell killing, which may result in more durable tumor control compared to a
higher radiation dose.
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1 Introduction

Chimeric antigen receptor (CAR) T cells are prone to
transitioning into an exhausted and dysfunctional state against
solid cancers due to various physical and biochemical challenges
such as the immune suppressive, hypoxic, and nutrient-deprived
tumor milieu, as well as chronic antigenic stimulation from resistant
tumors (1, 2). Combination of CAR T cells with oncolytic virus (3, 4),
immune checkpoint inhibitors (5), chemotherapy (6), radiation (7, 8),
and vaccines (9, 10) have been explored to restimulate dysfunctional
T cells or to replace them with vibrant T cells. Among them, radiation
holds particular promise due to its established role as a standard of
care for more than half of all cancer patients and the ability to
precisely control dosage to the target location. However, the
mechanism by which radiation augments T cell therapy remains
incompletely understood. Nevertheless, it is becoming evident that
different radiation doses can produce profoundly distinct biological
and physiological outcomes, often exerting opposite effects. For
example, cytocidal radiation doses can induce direct tumor cell
killing and cause the collapse of tumor vasculature, resulting in
cellular damage to both the tumor and tumor-infiltrating
lymphocytes (11). On the other hand, low-dose radiation has been
shown to activate endothelial cells, promote angiogenesis, reprogram
macrophages, and upregulate proinflammatory cytokines and
chemokines, recruiting immune cells into the tumor (12-14).
Furthermore, low-dose radiation (<5 Gy) has been shown to
improve CAR T cell activity by promoting the expression of death
receptors in tumors, rendering them more susceptible to soluble
factors released by activated T cells (7, 8).

As an alternative to external beam radiation, targeted delivery of
radionuclides through endoradiotherapy may also be used to deliver
ionizing radiation to augment T cell therapy, particularly for patients
with widespread metastatic diseases. However, only a handful of
endoradiotherapies have received FDA approval for cancer
treatment, starting with 1317 (15), 'I-labeled radioligands (16), and
the more recent addition of S-emitting radioligands like '”’Lu-
DOTATATE (177Lu-DOTA-0-Tyr3-Octreotate) (17) and ""Lu-
PSMA-617 (18) targeting tumors overexpressing somatostatin
receptor 2 (SSTR2) and prostate-specific membrane antigen
(PSMA), respectively. This study explores the possibility of
harnessing tumor infiltrating CAR T cells to capture radionuclides
delivered using FDA-approved endoradiotherapies, aiming to
remodel the tumor and stroma to favor immune activity against
the tumor. In our previous work, we developed CAR T cells co-
expressing SSTR2 to enable positron emission tomography (PET)
imaging of CAR T cell distribution in the whole body using **Ga-
DOTATATE or '"F-NOTA-Octreotide (19, 20). Additionally, we
demonstrated the use of SSTR2 as a suicide switch to deliver SSTR2-
specific drug conjugates and eliminate unwanted CAR T cells that
were causing systemic toxicity (21). In contrast to killing unwanted
CAR T cells, this study investigates the effect of low to intermediate
doses of radiation delivered by """Lu-DOTATATE to CAR T cells
that are largely exhausted and dysfunctional yet proliferating within
tumors (22). Due to the y~emission (208 and 113 keV) of 77,
"7Lu-DOTATATE delivery can be imaged by single-photon
emission computerized tomography (SPECT) and the absorbed
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radiation doses at tumor and other major organs can be calculated
based on the quantitative SPECT. Our feasibility study indicates that
there exists an optimal dose regimen that can stimulate tumor-
infiltrating CAR T cells directly, indirectly, or both, thereby
regaining anti-tumor immunity.

2 Materials and methods

2.1 Cell lines

The 293T cell line and the human gastric cancer cell line Hs
746T were purchased from the American Type Culture Collection
(ATCC), while the cell line SNU-638 was obtained from the Korean
Cell Line Bank (Seoul National University, Seoul, Korea) (23). 293T
and Hs 746T were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM, Corning) supplemented with 10% heat-
inactivated fetal bovine serum (FBS, GeminiBio). SNU-638 cells
were cultured in RPMI-1640 (Corning) supplemented with 10%
FBS. To enable bioluminescence imaging of tumor growth in
animal models, Hs 746T and SNU-638 tumor cell lines were
transduced with a firefly luciferase-F2A-GFP (FLuc-GFP)
lentiviral vector (Biosettia, cat. no. GlowCell-16-1). Cells were
maintained in a humidified incubator at 37°C with 5% CO, and
were routinely tested for mycoplasma using a MycoAlertTM
detection kit (Lonza).

2.2 Lentiviral vector construction

Lentiviral vectors encoding CARs specific to intercellular
adhesion molecule 1 (ICAM-1) and epithelial cellular adhesion
molecule (EpCAM) have been previously described (24, 25). The
ICAM-1-specific CAR was composed of a c-Myc tag, LFA-1 I
domain (F292A), the CD8a hinge and transmembrane domain,
4-1BB co-stimulatory domain and CD3( intracellular domain. The
EpCAM-specific CAR construct contained from the 5'-LTR end: a
c-Myc tag, a single-chain variable fragment (scFv) derived from the
anti-EpCAM monoclonal antibody UBS54 (26), the CD8o. hinge,
the transmembrane and intracellular domains of CD28, and the
intracellular domain of CD3(. SSTR2 was incorporated at the C-
terminus of both CARs using a porcine teschovirus-1 2A (P2A)
ribosome-skipping sequence to obtain comparable expression levels
of both CAR and SSTR2.

2.3 Lentiviral vector production and CAR
T cell manufacturing

Lentivirus was produced via transient transfection of 293T cells
with transfer plasmid and LV-MAX lentiviral packaging mix
(Gibco, cat. no. A43237) using Lipofectamine 3000 transfection
reagent (Invitrogen, cat. no. L3000015), following the
manufacturer’s instructions. Lentiviral supernatant was collected
after 72 hours, filtered through a 0.45 um filter, and concentrated
using PEG-it virus precipitation solution (System Biosciences, cat.
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no. LV825A-1). The lentivirus was then aliquoted and stored at
—-80°C.

To manufacture CAR T cells, leukopaks were obtained either
from healthy donors (AllCells) commercially or from advanced
thyroid cancer (ATC) patients who provided informed consent
under the protocol approved by the Weill Cornell Medicine
Institutional Review Board (Protocol number, 19-12021154).
Primary T cells were isolated through MACS separation using
CD4 (Miltenyi Biotec, cat. no. 130-045-101) and CD8 (Miltenyi
Biotec, cat. no. 130-045-201) microbeads, and then cultured in
TexMACS medium (Miltenyi Biotec, cat. no. 170-076-307)
supplemented with 5% human AB serum (Sigma, cat. no. H4522),
12.5 ng/ml of IL-7 (Miltenyi Biotec, cat. no. 170-076-111), and 12.5
ng/ml of IL-15 (Miltenyi Biotec, 170-076-114). After activation with
Human T-Expander CD3/CD28 Dynabeads (Gibco, cat. no.
11141D) at a bead:cell ratio of 1:1 (day 0), T cells were
transduced twice with lentivirus at a multiplicity of infection
(MOI) of 5 on days 1 and 2. Subsequently, T cells were expanded
in G-Rex 6M well plate (Wilson Wolf Manufacturing, cat. no.
80660M). On day 10, CAR T cell products were harvested and
cryopreserved in a 1:2 mixture of T cell complete growth medium
and CryoStor CS10 (STEMCELL Technologies, cat. no. 07930).

2.4 Synthesis of radioligands

DOTATATE was purchased from Macrocyclics (Texas, USA)
and dissolved in water at 1 mg/ml, and then stored at -20°C in
aliquots. '”“LuCl; was obtained from I'TM Pharma Solutions GmbH
(Munich, Germany). To prepare '”’Lu-DOTATATE, '”’LuCl; was
diluted in a solution containing 0.2 M sodium acetate and 0.02 M
ascorbic acid to achieve a concentration of 50 mCi/ml. DOTATATE
was added into the reaction vial at a ratio of 2 mCi/nmol. The
reaction mixture was then incubated in a dry-block heater at 90°C
for 30 minutes, followed by cooling to room temperature. High-
performance liquid chromatography (HPLC) using a 4.6 mm X
100 mm Symmetry C18 column was employed to determine the
radiochemical yield and purity, which consistently exceeded 95%.
The final product was diluted with 0.9% saline and passed through a
0.22 pum filter before injection.

NOTA-Octreotide precursor (1,4,7-Triazaclononane-1,4,7-
triacetic acid-octreotide) was obtained from ABX advanced
biochemical compounds GmbH (Radeberg, Germany) and
radiolabeled with '®F as previously described (20).

2.5 In vivo mouse studies

Six to eight-week-old male NOD.Cg-Prkdc®? 112rg"™™"W1/Sz]
(NSG) mice were purchased from The Jackson Laboratory (Stock #
005557). All experimental mice were co-housed in the Animal Core
Facility at Weill Cornell Medicine (New York, NY) under specific
pathogen-free conditions and provided with sterile food and water.
They were maintained at an ambient temperature of 21-27°C and
humidity of 40-60%, with a 12 h light/dark cycle. All procedures
involving animals were approved by the Institutional Animal Care and
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Use Committee at Weill Cornell Medicine. Hs 746T and SNU-638
tumor cells were inoculated subcutaneously into the flank of mice in
100 pl of culture media:Matrigel (1:1) solution. Relapsed SNU-638
tumor model was established by subcutaneous implantation of the
relapsed SNU-638 tumor fragments into the flank of mice. For the
systemic ATC tumor model, ATC001 tumor cells were injected
intravenously via tail vein. CAR T cells manufactured with healthy
donors were used for the treatment of gastric tumors (Hs 746T and
SNU-638), whereas autologous ICAM-1 CAR T cells manufactured
from ATC patient T cells were employed in the ATC001 tumor model.
All CAR T cells were cryopreserved and adoptively administered via
tail vein freshly after thawing. '"’Lu-DOTATATE was injected
intravenously. The treatment time and dose are indicated in the
schematics and/or figure legends. Tumor progression was monitored
by bioluminescent imaging using the IVIS imaging system
(PerkinElmer). Bioluminescence images were acquired 15 min after
intraperitoneal injection of 200 pl of 15 mg/ml D-luciferin (Gold
Biotechnology) and analyzed using the Living Image v.4.7.2.
(PerkinElmer). Whole-body bioluminescence flux was used to
estimate tumor burdens. Tumor volume (V) was measured with a
caliper on a weekly basis and calculated using the formula V = [length
x (width)?]/2 for subcutaneous tumor models. Randomization of mice
was performed on the basis of bioluminescence imaging or tumor size
measurements to ensure equal tumor burden prior to CAR T cell
treatment. PET-CT imaging was performed to monitor CAR T cell
expansion within the tumor using a micro-PET-CT scanner (Inveon,
Siemens) and the Inveon acquisition workplace (Siemens) 2 hours after
intravenous injection of "*F-NOTA-Octreotide tracer. PET-CT images
were analyzed using the AMIDE v.1.0.5. Peripheral blood from
subcutaneous Hs 746T model was harvested via retro-orbital blood
collection under isoflurane anesthesia at indicated time points. Serum
was collected post-centrifugation at 2,000 x g for 15 min at 4°C and
stored at —80°C for cytokine analysis. The health condition of mice was
monitored on a daily basis by the veterinary staff, independent of the
investigators and studies. Mice were euthanized using a CO, chamber,
followed by cervical dislocation, when they reached either a maximum
tumor size of 3,000 mm?> or a humane endpoint, such as losing >25% of
body weight or experiencing symptoms of overt disease (e.g., ruffled
fur, difficulty with diet, hunched back posture, or abnormal
grooming behavior).

2.6 SPECT dosimetry

Serial noninvasive SPECT-CT imaging was performed on a
SPECT-CT dedicated animal scanner (Inveon, Siemens) to verify
tumor targeting and calculate tumor dosimetry following '””Lu-
DOTATATE treatment. Regions of interest (ROIs) were drawn on
the co-registered CT images, and the activities within the spheres
were quantified in the reconstructed SPECT images. Non-decay
corrected time-activity concentration data were fit to a single
exponential model. The cumulated activities were estimated
through a combination of mathematical model fitting and area
under the curve calculation for the measured data points. Absorbed
doses were calculated using the IDAC-dose 2.1 software (27),
assuming complete local absorption of the '”’Lu B-emissions.
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2.7 TIL analysis by flow cytometry

For the ex vivo analysis of tumor-infiltrating lymphocytes
(TILs), tumor tissues from the lungs of the ATC001 tumor model
were collected 29 days following T cell treatment. Tumors were
dissected into small fragments and digested in RPMI-1640 medium
containing collagenase type IV (200 U/mL, Gibco) for 1 hour at 37°
C. The samples were then dissociated using a serological pipette and
filtered through a 70 um cell strainer to generate single cell
suspensions. TILs were isolated through MACS separation using
human CD4 (Miltenyi Biotec, cat. no. 130-045-101) and human
CD8 (Miltenyi Biotec, cat. no. 130-045-201) microbeads.
Subsequently, the samples were stained with Pacific Blue-
conjugated human CD3 antibody (Biolegend, clone HIT3a),
FITC-conjugated c-Myc antibody (Miltenyi Biotec, clone SHI-
26E7.1.3), and APC-conjugated human SSTR2 antibody (R&D
Systems, clone 402038). A fraction of the TIL sample was
cultured in complete T cell growth media for 24 hours and then
analyzed by flow cytometry with the same settings as above. The
pre-infusion CAR T cell product was also assessed and served as the
baseline for the expression levels of CAR and SSTR2 on the cell
surface. Cell staining was performed at room temperature in the
dark for 15 minutes, followed by two washes and a staining with
propidium iodide before analysis on a Gallios flow cytometer
(Beckman Coulter). Flow cytometry data were analyzed using
Flow]Jo v.10.8.1 (Tree Star, Inc.), with CD3" cells gated as T cells.

2.8 Cytokine quantification

Cytokine levels in clarified mouse plasma were quantified using
a custom LEGENDplexTM panel (BioLegend), following the
manufacturers’ instructions. Plasma from untreated mice was
used as the control. Cytokine concentrations were calculated
using a standard curve (standards provided within the kit).

2.9 Statistical analysis

Statistical analysis was performed using Prism 10 (GraphPad,
Inc.). An unpaired, two-tailed student’s t-test was performed to
evaluate differences between groups. Mouse survival curves were
generated using the method of Kaplan-Meier, and the significance
was analyzed with the log-rank (Mantel-Cox) test. P < 0.05 was
considered statistically significant.

3 Results

3.1 PET-CT imaging of CAR T cells to guide
the TRT treatment

To leverage the capabilities of CAR T cells in delivering targeted
radiation via SSTR2-specific '”’Lu-DOTATATE, it is essential to
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monitor the expansion of CAR T cells within the tumor. This
tracking is crucial for identifying the optimal timing of "“Lu-
DOTATATE treatment. To this end, we performed longitudinal
PET-CT imaging of ICAM-1 CAR T cells using '*F-NOTA-
Octreotide in a Hs 746T gastric cancer model, where tumor cells
lack overexpression of SSTR2 on their surfaces (Figures 1A-C).
Maximum intensity projection PET images revealed the specific
uptake and retention of *F-NOTA-Octreotide in tumors treated
with ICAM-1 CAR T cells. The total uptake of '*F-NOTA-
Octreotide (% ID) displayed a rapid and continued increase as
tumors progressed. Meanwhile, the standardized uptake (% ID/
cm?) increased rapidly in the first 3 weeks, maintaining a range
between 3-7% ID/cm® thereafter. In contrast, no detectable signals
were observed in Hs 746T tumors from control cohort of No T mice
that did not receive CAR T cell treatment (Figure 1B). These results
suggest that '”/Lu-DOTATATE treatment could be guided by '°F-
NOTA-Octreotide PET imaging, allowing treatment initiation at a
point with substantial CAR T cell infiltration within tumors (>3%
ID/cm’).

We further validated the specific uptake of "*F-NOTA-Octreotide
by autologous tumor-infiltrating CAR T cells in a systemic tumor
model of advanced thyroid cancer, where tumor burden was observed
in the lungs following intravenous injection of tumor cells
(Figures 1D, E). Additionally, we isolated TILs from the lungs and
observed a loss of surface CAR expression within TILs, as indicated
by reduction of cMyc tag staining (Figure 1E). The downregulation of
CAR expression following tumor antigen stimulation has been
recognized as one of the major limiting factors of CAR T cell
functionality and antitumor efficacy within the tumor
microenvironment (28, 29). Consistent with the findings from
others, we observed recovery of CAR expression in TILs following
a 24-hour resting period in vitro without tumor stimulation (30). In
contrast, we did not detect any significant downregulation of SSTR2
expression, indicating that the loss of surface CAR was primarily
driven by antigen stimulation (Figure 1E). This sustained expression
of SSTR2 underscores its value in tracking CAR T cells and the
image-guided delivery of '”’Lu-DOTATATE for TRT.

3.2 Specific delivery of *’/Lu-DOTATATE to
tumor-infiltrating CAR T cells and SPECT-
based dosimetry

In the study using Hs 746T gastric cancer model (as illustrated
in Figure 1A), we administrated 7.4 MBq of '”"Lu-DOTATATE to
mice on day 28 following CAR T cell treatment. Subsequently, we
conducted serial SPECT-CT imaging at 24, 144, 360 and 432 hours
post intravenous injection of '”“Lu-DOTATATE. The SPECT-CT
images demonstrated a highly selective localization of '”’Lu-
DOTATATE within the tumor tissue, with minimum background
levels recorded in the rest of the body (Figure 2A). At 24 hours post-
injection, the effective '”’Lu activity in the tumor was measured to
be 0.29 + 0.16 MBq/g, corresponding to an uptake of 4.29 + 2.37%
of injected dose of '"Lu-DOTATATE per gram of tumor
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FIGURE 1

Longitudinal imaging of CAR T cells in subcutaneous and systemic xenograft tumor models. (A) Schematic of the subcutaneous Hs 746T model

NSG mice were subcutaneously implanted with 0.1 x 10° Hs 746T cells and treated on day 7 post-xenograft with ICAM-1 CAR T cells (10 x 10° cells/
mouse) via tail vein. (B) Representative PET-CT imaging of CAR T cells and concurrent bioluminescence imaging of tumor cells over 4 weeks post
CAR T cell treatment. (C) Quantification of tumor uptake of *®F-NOTA-Octreotide in CAR T-treated mice (n = 3 biologically independent mice). (D)
Schematic of systemic ATCO01 model. NSG mice were inoculated with 0.5 x 10® ATC001 tumor cells intravenously and treated on day 5 post-
xenograft with ICAM-1 CAR T cells (10 x 10° cells/mouse) via tail vein. (E) PET-CT imaging showed the expansion of CAR T cells in the lungs where
tumor burden was detected by concurrent bioluminescence imaging. The expression of CAR (based on cMyc tag staining) and SSTR2 in TILs isolated

from the lungs was analyzed by flow cytometry.

(Figure 2B). Furthermore, the non-decay corrected activity in
tumor was 0.12 + 0.05 MBq/g at 144 hours post-injection,
representing a 71% retention of '"Lu activity after accounting for
the physical decay of '”’Lu (0.17 MBq/g). This sustained retention
of "’Lu activity in the tumor suggests minimal biological or
metabolic clearance of ""Lu from the tumor and alludes to
survival of CAR T cells. The cumulated absorbed doses for the
tumor, liver, and kidneys were calculated to be 2.55 + 1.17 Gy, 0.58
+ 0.19 Gy, and 0.75 £ 0.28 Gy, respectively (Figure 2C).
Importantly, the absorbed dose in the kidneys (0.75 Gy) was well
below the threshold nephrotoxicity dose (24 Gy) in mice (31).

Frontiers in Immunology

3.3 Low-dose TRT enhances CAR T cell
activity and improves anti-tumor response

We then set out to investigate the potential of enhancing the anti-
tumor immune response through the delivery of low-dose radiation.
In the aggressive gastric cancer model of Hs 746T, the activity of
ICAM-1 CAR T cells was mostly modest, despite a substantial
expansion of CAR T cells within the tumor (Figures 3A-C; 1B, C).
Four weeks following CAR T cell injection, a time when significant
CAR T expansion was observed in tumor (‘*F-NOTA-Octreotide
uptake >3% ID/cm?), a subset of mice received a single dose of 7.4
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177

SPECT-CT imaging following

Lu-DOTATATE treatment and dosimetry. (A) NSG mice were subcutaneously implanted with 0.1 x 10° Hs 746T cells

and treated on day 7 post-xenograft with ICAM-1 CAR T cells (10 x 10° cells/mouse) via tail vein. On day 28 post CAR T cell treatment, mice
received a single dose of /Lu- DOTATATE (7.4 MBq) intravenously and were serially imaged using SPECT-CT at indicated time points. (B) The
effective non—decay corrected ¥/Lu activities derived from SPECT image analysis (as MBq/g). (C) Absorbed doses estimated in tumor, kidneys and
liver. n = 3 biologically independent mice. Statistical significance was determined using the unpaired, two-tailed student'’s t-test. *P < 0.05; ns,

not significant

MBq of ""Lu-DOTATATE. Impressively, all radiation-treated mice
displayed rapid tumor shrinkage and survived significantly longer
(Figures 3B-D). Within 3-4 weeks of 771u-DOTATATE treatment,
5 out of 6 mice showed complete tumor regression, while 1 mouse
maintained a stable tumor burden after initial tumor reduction
(Figure 3C). The uptake of '*F-NOTA-Octreotide by tumor-
infiltrating CAR T cells remained consistently high in the weeks
after "’Lu-DOTATATE injection (Figure 3E), suggesting minimal
radiation-mediated CAR T cell death at the dosage of 2.5 Gy. Of note,
the elevated levels of IFN-y and perforin detected in mouse serum
following '”7Lu-DOTATATE treatment underscored a radiation-
induced effect on T cell immunity (Figure 3F).

3.4 TRT induces the Kkilling of relapsed
gastric tumor

We have previously developed EpCAM-targeting CAR T cells
for the treatment of gastric cancer, which demonstrated potent
efficacy in achieving complete responses in subcutaneous gastric
cancer models (24). However, tumor recurrence occurred
frequently after short duration of complete response. When we
transplanted these relapsed tumors into NSG mice and
administered fresh EpCAM CAR T cell products, we observed a
modest partial response to CAR T cell therapy, despite a substantial
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expansion of CAR T cells within the tumor. This indicated that the
relapsed tumors had acquired resistance, limiting the potential
benefits of further CAR T cell treatment. Consequently, we
pursued a strategy involving the delivery of higher dose of '”’Lu-
DOTATATE to achieve direct killing of these resistant gastric
tumors (Figure 4A). The administration of 37 MBq of '"’Lu-
DOTATATE following CAR T cell therapy resulted in absorbed
doses of 6.02 + 1.35 Gy within the tumor, leading to tumor growth
control (Figures 4B-D). Additionally, SPECT images demonstrated
the selective uptake of 'Lu-DOTATATE by tumor-infiltrating
CAR T cells. In contrast, mice treated solely with 77 4-
DOTATATE, without CAR T treatment, did not exhibit
detectable tumor uptake of ""Lu-DOTATATE (Figures 4B, C).
Mice that received either CAR T or '""Lu-DOTATATE alone
experienced tumor progression, although at a slower rate
compared to mice receiving no treatment (Figure 4D).
Longitudinal monitoring of CAR T cells by '*F-NOTA-Octreotide
PET-CT revealed the simultaneous killing of CAR T cells along with
tumor elimination (Figure 4E). Similar to the observation in Hs
746T tumor model and ICAM-1 CAR T cells (Figures 1A-C), PET-
CT imaging showed continuous expansion of CAR T cells as the
tumors progressed in mice receiving CAR T cells only (Figure 4E).
Overall, these findings suggest that TRT holds the potential to
effectively eliminate resistant tumors that are unresponsive to CAR
T cell treatment.

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1355388
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yang et al. 10.3389/fimmu.2024.1355388
Cohorts
A NoT
— CART
Implant 0.1x10° Inject 10x10°
Hs 746T cells (s.c.) T cells (i.v.) 177 u-DOTATATE CAR T+
7.4 MBq (i.v.) 77Lu-DOTATATE
! } }
T T T
Days: -7 0 28
B 177]
NoT CART CAR T+'Lu ‘E 3,000 NoT CART CART+"7Lu-DOTATATE
ol oL'C £ <'Lu
oRRIT
ohot o e 3
Yy '; $ 1,000
123456789 123456789 123456789
= 3 Weeks following T cell administration
c
g - D -~ NoT - CART E o NoT
£ <!""Lu — CAR T+'77Lu-DOTATATE % 30, CAR T+77Lu-DOTATATE
o 4 100 . s
= © Aok | >
% 2 754 5520 1
8_ 5 US) 504 ok il)g u
£ E E 10
[} 254 2
§ 6 0 §
0 10 20 30 40 50 60 70 10 20 30 40 50
7 Days following T cell administration Days following T cell administration
BLI mmm=——==———=m Radiance E 10000
107 10° P/s/cm?/sr £ 7500
'é 5,000 Ly
$ 2500
0
10 20 30 40 50 10 20 30 40 50
Days following T cell administration Days following T cell administration
© NoT & CART = CART+77Lu-DOTATATE
FIGURE 3
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biologically independent mice. (F) Cytokine levels in mouse plasma measured at indicated timepoints post T cell injection. Data represent mean +
SD of 2—3 mice. HLOQ, higher limit of quantification. The red arrows mark the time of ¥/Lu- DOTATATE treatment

4 Discussion

This study establishes a strategy to deliver internal radiation
specifically to tumors by targeting dysfunctional tumor-infiltrating
CAR T cells that persistently proliferate upon specific molecular
interactions between tumor antigen and CAR molecules. Our
findings demonstrate the potential for combining TRT with CAR
T cell therapy, which can be tailored to either augment antitumor
immunity or achieve maximum Kkilling effects of radiation, while
minimizing the risk of systemic toxicity.

The utilization of endoradiotherapy, such as '"Lu-DOTATATE
in this study, is different from prior efforts on combining external
radiation with CAR T cells (7, 8). External radiation is widely
accessible and easy to apply, whereas TRT relies on the availability
of targetable markers in tumor or tumor stroma. While local external
radiation can occasionally induce immune cell-mediated abscopal
effects, resulting in the regression of distant disease outside irradiated
lesions, the occurrence of such effects is sporadic and unpredictable in
patients (32, 33). In contrast, TRT offers the advantage of delivering
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precise and predictable radiation dosages to multiple tumor lesions,
particularly beneficial for patients with metastatic disease. However,
very few radiopharmaceuticals have achieved routine clinical
adoption because of low therapeutic index. TRT using radiolabeled
antibodies is often associated with dose-limiting myelotoxicity and
low tumor-to-normal organ ratios (34-36). Low-dose TRT
employing *°Y-NM600, which targets tumor via lipid rafts, has
shown promise in enhancing tumor response to immune
checkpoint blockade in preclinical animal models (37).
Nevertheless, the notable nonspecific uptake by the liver raises
concerns about potential hepatotoxicity.

Among genetic reporters such as herpes simplex virus type-1
thymidine kinase (HSV1-TK) (38), the human sodium-iodide
symporter (hNIS) (39), tPSMA (40), Escherichia coli dihydrofolate
reductase enzyme (eDHFR) (41), and the anti-benzyl-DOTA scFv
(C825) (42), SSTR2 stands out as uniquely well-suited for
translational studies of CAR T cell imaging and targeted delivery of
therapeutic radionucleotides. This is because of its limited expression
in normal organs, which is restricted to neuroendocrine tissues, and
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model. Relapsed SNU-638 tumors were transplanted into NSG mice and treated with 10 x 10® EpCAM CAR T cells 20 days after tumor inoculation
when tumors became palpable, or left untreated. On day 16 post CAR T cell treatment, a subgroup of CAR T treated and un-treated mice received a
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cells, while mice treated solely with *”Lu-DOTATATE without CAR T treatment did not exhibit detectable tumor uptake of /Lu-DOTATATE. (C)

Absorbed doses estimated in tumor, kidneys and liver based on serial SPECT

imaging. (D) Tumor volume measurements over time. (E) **F-NOTA-

Octreotide uptake in tumors determined by PET imaging. The red arrows mark the time of 771 u- DOTATATE treatment. Data in C—E represent

mean + SD of 2—-3 mice.

the availability of an FDA-approved small-molecule theranostic pair
(°® Ga/'”’Lu-DOTATATE). °®Ga/'”’Lu-DOTATATE has
demonstrated high specificity to SSTR2, exceptional intratumoral
diffusion, favorable renal clearance, and a well-established safety
profile. In our phase 1 trial evaluating ICAM-1 CAR T cells against
ATC, we successfully utilized **Ga-DOTATATE PET imaging to
track CAR T cell kinetics (ClinicalTrials.gov Identifier:
NCT04420754), making the first demonstration of noninvasive
imaging of CAR T cells in patients (43). The current study
investigates the potential of harnessing tumor infiltrating CAR T
cells expressing SSTR2 to capture '”’Lu-DOTATATE for TRT. The
treatment process consists of three key steps: 1) infusion of SSTR2-
expressing CAR T cells; 2) weekly PET-CT imaging using '®

NOTA-Octreotide to monitor CAR T cell infiltration and
expansion within tumors; and 3) 77Lu-DOTATATE treatment
when sufficient CAR T cell accumulation is observed in tumors
(Figure 5). Despite the indirect targeting through CAR T cells in
contrast to traditional peptide receptor radionuclide therapy (PRRT)
directly targeting tumor cells, our system demonstrated remarkable
tumor specificity, with minimal activity detected in normal organs at
24 hours post-'""Lu-DOTATATE injection. The unbound '""Lu-
DOTATATE molecules, being sufficiently small, undergo rapid
clearance from the bloodstream and are excreted via the urinary
system. Our system achieved a tumor uptake of 2.4-7.0% ID/g at 24
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hours post-injection and a mean tumor absorbed dose of 0.3 Gy/
MBq, which are comparable to studies that assessed the direct
targeting of neuroendocrine tumor cells overexpressing SSTR2 with
7Lu-DOTATATE in animal models (44, 45).

Similar to findings in studies with low-dose external radiation
combined with immunotherapy (7, 8, 14), low-dose TRT (~2.5 Gy)
delivered via SSTR2-expressing CAR T cells significantly enhanced
antitumor activity and induced the expression of the
proinflammatory cytokines IFN-y and perforin. In contrast, a
moderate dose of TRT (~6 Gy) resulted in killing of resistant
solid tumors but simultaneously led to CAR T cell toxicity. These
results underscore a clear immunomodulatory effect of low-dose
TRT and suggest the presence of an optimum range of TRT dosage
for augmenting antitumor immunity. We hypothesize that while
high-dose TRT can be employed to directly eliminate tumor cells,
low-dose TRT may potentially reprogram the tumor, synergizing
with CAR T cells to enhance immune responses and achieve more
enduring tumor control (Figure 5). It is crucial to conduct further
dose-response studies to correlate tumor responses with radiation
doses, ranging from immunostimulatory low doses to cytocidal high
doses. Additionally, it is important to determine the maximum
achievable dose to the tumor, which is associated with the
abundance of CAR T cells and targetable SSTR2 molecules within
the tumor and is restricted by the maximum acceptable absorbed
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tumor control. Figure created with BioRender.com.

doses to the kidneys and bone marrow, the dose-limiting
organs (46).

Our study presents a proof of concept for a new strategy
integrating stimulatory TRT with CAR T cell therapy. Future studies
will need to elucidate the underlying mechanism driving this
synergistic combination. The major mechanisms of resistance to
CAR T cell therapy include tumor antigen loss or heterogeneity,
insufficient T cell infiltration, and T cell dysfunction within the
tumor microenvironment (TME) (47). Recently, our group
conducted single-cell multiomics analysis to assess the crosstalk
between CAR T cells and tumors in a gastric cancer tumor model
(22). Within resistant tumors, CAR T cells were largely dysfunctional,
losing their ability to fight cancer effectively. Specifically, CD8 T cells
predominantly showed exhaustion within tumors, while CD4 T cells
transitioned into regulatory T cells, dampening the immune response
(22). The significant tumor response observed following low-dose TRT
might be attributed to enhanced extravasation of non-exhausted CAR
T cell into the TME (48) and augmented CAR T cell activity, notably
IFN-y production (49), as evidenced in our findings here. Low-dose
external radiation has demonstrated to sensitize tumor cells to T cell
cytolytic activity through mechanisms involving tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL) and Fas ligand (FasL) (7, 8,
50). Moreover, nonablavtive external radiation can induce tumor
secretion of chemokines and promote the upregulation of chemokine
receptors in tumor-infiltrating CAR T cells and a central memory
phenotype (51). However, the biological and immunomodulatory
effects of radiation can differ significantly between external radiation
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generated within minutes and internal radiation persisting for days to
weeks. In our forthcoming mechanistic studies, employing a multi-
pronged approach that integrates immunohistochemistry, flow
cytometry, and single cell multiomics, we anticipate uncovering the
phenotypic behaviors and molecular pathways underlying the
synergistic interplay between low-dose TRT and CAR T cell therapy.
Furthermore, radiotherapy, whether applied externally or internally,
has evolved empirically toward radiation doses that maximize tumor
cell killing with manageable toxicity to healthy tissues, often without
thorough consideration of potential radiation-induced biological
effects. Additional studies comparing the biological effects of external
radiation versus TRT and their potential for combination with
immunotherapies will be valuable in developing optimal
treatment strategies.

We recognize the limitations of this study, which include the
reliance on human xenograft tumor models that may not fully
recapitulate the tumor heterogeneity, tumor stroma, and immune
cell interactions that may either augment or dampen CAR T cell
activity. Therefore, studies utilizing mouse CAR T cells within an intact
immune system and TME using immunocompetent models would
provide further support for the potential of this treatment strategy in
cancer patients. Secondly, unlike external radiation or TRT targeting
tumor directly that can be applied prior to CAR T cell treatment, our
approach relies on the homing of CAR T cells in the tumor to capture
77Lu-DOTATATE, thus requiring '”’Lu-DOTATATE injection after
CAR T cell treatment. However, it is worth exploring the potential of
infusing a second dose of CAR T cells after TRT, which may lead to a
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superior therapeutic response. Lastly, while our study demonstrated
highly specific uptake of '"’Lu-DOTATATE by tumor-infiltrating
CAR T cells and minimal radiation exposure to critical normal
organs, thorough assessment of potential toxicities resulting from its
combination with CAR T cells is essential. Long-term toxicity concerns
also need to be addressed comprehensively.

In summary, we present a translational strategy to augment
CAR T cell activity against solid tumors. Further preclinical and
clinical studies are necessary to refine the treatment approach and
assess the therapeutic efficacy of combining TRT with CAR T cells.
In the clinical setting, ®*Ga-DOTATATE PET-CT or SPECT-CT
following an imaging dose of '’"Lu-DOTATATE can be utilized for
dosimetry estimation and to achieve personalized absorbed dose-
guided treatment planning. The injection dose of '"’Lu-
DOTATATE can be adjusted to deliver the optimal absorbed
dose to the lesion while maintaining acceptable toxicity levels in
normal organs. If this combination strategy proves to be beneficial
with a tolerable toxicity profile, it may be applicable to CARs
targeting other antigens and other types of solid tumors.

Data availability statement

The original contributions presented in the study are included
in the article/supplementary material. Further inquiries can be
directed to the corresponding author.

Ethics statement

The studies involving human specimen were approved by the
Weill Cornell Medicine Institutional Review Board. The studies
were conducted in accordance with the local legislation and
institutional requirements. The participants provided their written
informed consent to participate in this study. The animal study was
approved by the Institutional Animal Care and Use Committee at
Weill Cornell Medicine. The study was conducted in accordance
with the local legislation and institutional requirements.

Author contributions

YY: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Validation, Visualization, Writing -
original draft, Writing — review & editing. YV: Data curation,

References

1. Wherry EJ, Kurachi M. Molecular and cellular insights into T cell exhaustion. Nat
Rev Immunol. (2015) 15:486-99. doi: 10.1038/nri3862

2. Anderson KG, Stromnes IM, Greenberg PD. Obstacles posed by the tumor
microenvironment to T cell activity: A case for synergistic therapies. Cancer Cell.
(2017) 31:311-25. doi: 10.1016/j.ccell.2017.02.008

3. Wing A, Fajardo CA, Posey ADJr., Shaw C, Da T, Young RM, et al. Improving
cart-cell therapy of solid tumors with oncolytic virus-driven production of a bispecific
T-cell engager. Cancer Immunol Res. (2018) 6:605-16. doi: 10.1158/2326-6066.CIR-17-
0314

Frontiers in Immunology

10.3389/fimmu.2024.1355388

Formal analysis, Investigation, Methodology, Writing - review &
editing. YA: Data curation, Formal analysis, Investigation,
Methodology, Visualization, Writing - review & editing. JS: Data
curation, Investigation, Visualization, Writing — review & editing.
IM: Formal analysis, Methodology, Writing — review & editing. MJ:
Conceptualization, Funding acquisition, Investigation, Resources,
Supervision, Validation, Writing — original draft, Writing - review
& editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by the NIH grants (R01-CA217059 and RO1-
CA254035) and Weill Cornell Medicine MI3 institutional grant.

Acknowledgments

We sincerely acknowledge the Citigroup Biomedical Imaging
Center at Weill Cornell Medicine for their technical assistance.
Special thanks are extended to Dr. Edward K Fung for providing
valuable support in PET-CT imaging and SPECT-based dosimetry.
We also appreciate Dr. Eric von Hofe for meticulously proofreading
the manuscript.

Conflict of interest

M]J is a founder and equity stakeholder of Affyimmune
Therapeutics, Inc.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

4. Park AK, Fong Y, Kim SI, Yang J, Murad JP, Lu J, et al. Effective combination
immunotherapy using oncolytic viruses to deliver car targets to solid tumors. Sci Trans!
Med. (2020) 12:eaaz1863. doi: 10.1126/scitranslmed.aaz1863

5. Grosser R, Cherkassky L, Chintala N, Adusumilli PS. Combination
immunotherapy with car T cells and checkpoint blockade for the treatment of solid
tumors. Cancer Cell. (2019) 36:471-82. doi: 10.1016/j.ccell.2019.09.006

6. Wang AX, Ong XJ, D'Souza C, Neeson PJ, Zhu JJ. Combining chemotherapy with car-T
cell therapy in treating solid tumors. Front Immunol. (2023) 14:1140541. doi: 10.3389/
fimmu.2023.1140541

frontiersin.org


https://doi.org/10.1038/nri3862
https://doi.org/10.1016/j.ccell.2017.02.008
https://doi.org/10.1158/2326-6066.CIR-17-0314
https://doi.org/10.1158/2326-6066.CIR-17-0314
https://doi.org/10.1126/scitranslmed.aaz1863
https://doi.org/10.1016/j.ccell.2019.09.006
https://doi.org/10.3389/fimmu.2023.1140541
https://doi.org/10.3389/fimmu.2023.1140541
https://doi.org/10.3389/fimmu.2024.1355388
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yang et al.

7. DeSelm C, Palomba ML, Yahalom J, Hamieh M, Eyquem J, Rajasekhar VK, et al.
Low-dose radiation conditioning enables car T cells to mitigate antigen escape. Mol
Ther. (2018) 26:2542-52. doi: 10.1016/j.ymthe.2018.09.008

8. Sugita M, Yamazaki T, Alhomoud M, Martinet J, Latouche JB, Golden E, et al.
Radiation therapy improves car T cell activity in acute lymphoblastic leukemia. Cell
Death Dis. (2023) 14:305. doi: 10.1038/s41419-023-05829-6

9. Ma L, Dichwalkar T, Chang JYH, Cossette B, Garafola D, Zhang AQ, et al.
Enhanced Car-T Cell Activity against Solid Tumors by Vaccine Boosting through the
Chimeric Receptor. Science. (2019) 365:162-8. doi: 10.1126/science.aav8692

10. Reinhard K, Rengstl B, Ochm P, Michel K, Billmeier A, Hayduk N, et al. An rna
vaccine drives expansion and efficacy of claudin-car-T cells against solid tumors.
Science. (2020) 367:446-53. doi: 10.1126/science.aay5967

11. Kim MS, Kim W, Park IH, Kim HJ, Lee E, Jung JH, et al. Radiobiological
mechanisms of stereotactic body radiation therapy and stereotactic radiation surgery.
Radiat Oncol J. (2015) 33:265-75. doi: 10.3857/r0j.2015.33.4.265

12. Klug F, Prakash H, Huber PE, Seibel T, Bender N, Halama N, et al. Low-dose
irradiation programs macrophage differentiation to an inos(+)/M1 phenotype that
orchestrates effective T cell immunotherapy. Cancer Cell. (2013) 24:589-602.
doi: 10.1016/j.ccr.2013.09.014

13. Gil Marques F, Poli E, Malaquias J, Carvalho T, Portelo A, Ramires A, et al. Low
doses of ionizing radiation activate endothelial cells and induce angiogenesis in
peritumoral tissues. Radiother Oncol. (2019) 141:256-61. doi: 10.1016/
j.radonc.2019.06.035

14. Herrera FG, Ronet C, Ochoa de Olza M, Barras D, Crespo I, Andreatta M, et al.
Low-dose radiotherapy reverses tumor immune desertification and resistance to
immunotherapy. Cancer Discovery. (2022) 12:108-33. doi: 10.1158/2159-8290.CD-
21-0003

15. Hertz S, Roberts A. Radioactive iodine in the study of thyroid physiology; the use
of radioactive iodine therapy in hyperthyroidism. ] Am Med Assoc. (1946) 131:81-6.
doi: 10.1001/jama.1946.02870190005002

16. George SL, Falzone N, Chittenden S, Kirk SJ, Lancaster D, Vaidya §J, et al.
Individualized 131i-Mibg therapy in the management of refractory and relapsed
neuroblastoma. Nucl Med Commun. (2016) 37:466-72. doi: 10.1097/
MNM.0000000000000470

17. Strosberg ], El-Haddad G, Wolin E, Hendifar A, Yao J, Chasen B, et al. Phase 3
trial of (177)Lu-dotatate for midgut neuroendocrine tumors. N Engl ] Med. (2017)
376:125-35. doi: 10.1056/NEJMoal607427

18. Hofman MS, Violet ], Hicks R]J, Ferdinandus J, Thang SP, Akhurst T, et al. [(177)
Lu]-psma-617 radionuclide treatment in patients with metastatic castration-resistant
prostate cancer (Lupsma trial): A single-centre, single-arm, phase 2 study. Lancet
Oncol. (2018) 19:825-33. doi: 10.1016/S1470-2045(18)30198-0

19. Vedvyas Y, Shevlin E, Zaman M, Min IM, Amor-Coarasa A, Park S, et al.
Longitudinal pet imaging demonstrates biphasic car T cell responses in survivors. JCI
Insight. (2016) 1:¢90064. doi: 10.1172/jci.insight.90064

20. Park S, Shevlin E, Vedvyas Y, Zaman M, Park S, Hsu Y-MS, et al. Micromolar
affinity car T cells to icam-1 achieves rapid tumor elimination while avoiding systemic
toxicity. Sci Rep. (2017) 7:14366. doi: 10.1038/s41598-017-14749-3

21. Alcaina Y, Yang Y, Vedvyas Y, McCloskey JE, Jin MM. Sstr2 as an anatomical
imaging marker and a safety switch to monitor and manage car T cell toxicity. Sci Rep.
(2022) 12:20932. doi: 10.1038/s41598-022-25224-z

22. Yang Y, Louie R, Puc J, Vedvyas Y, Alcaina Y, Min IM, et al. Chimeric antigen
receptor T cell therapy targeting epithelial cell adhesion molecule in gastric cancer:
mechanisms of tumor resistance. Cancers. (2023) 15:5552. doi: 10.3390/
cancers15235552

23. Jung M, Yang Y, McCloskey JE, Zaman M, Vedvyas Y, Zhang X, et al. Chimeric
antigen receptor T cell therapy targeting icam-1 in gastric cancer. Mol Ther - Oncolytics.
(2020) 18:587-601. doi: 10.1016/j.0mt0.2020.08.009

24. Yang 'Y, McCloskey JE, Yang H, Puc J, Alcaina Y, Vedvyas Y, et al. Bispecific car
T cells against epcam and inducible icam-1 overcome antigen heterogeneity and
generate superior antitumor responses. Cancer Immunol Res. (2021) 9:1158-74.
doi: 10.1158/2326-6066.CIR-21-0062

25. Yang Y, Yang H, Alcaina Y, Puc ], Birt A, Vedvyas Y, et al. Inducible expression of
interleukin-12 augments the efficacy of affinity-tuned chimeric antigen receptors in murine
solid tumor models. Nat Commun. (2023) 14:2068. doi: 10.1038/s41467-023-37646-y

26. Huls GA, Heijnen IAFM, Cuomo ME, Koningsberger JC, Wiegman L, Boel E,
et al. A recombinant, fully human monoclonal antibody with antitumor activity
constructed from phage-displayed antibody fragments. Nat Biotechnol. (1999)
17:276-81. doi: 10.1038/7023

27. Andersson M, Johansson L, Eckerman K, Mattsson S. Idac-dose 2.1, an internal
dosimetry program for diagnostic nuclear medicine based on the Icrp adult reference
voxel phantoms. EINMMI Res. (2017) 7:88. doi: 10.1186/s13550-017-0339-3

28. Walker AJ, Majzner RG, Zhang L, Wanhainen K, Long AH, Nguyen SM, et al.
Tumor antigen and receptor densities regulate efficacy of a chimeric antigen receptor
targeting anaplastic lymphoma kinase. Mol Ther. (2017) 25:2189-201. doi: 10.1016/
jymthe.2017.06.008

29. Li W, Qiu S, Chen J, Jiang S, Chen W, Jiang J, et al. Chimeric antigen receptor
designed to prevent ubiquitination and downregulation showed durable antitumor
efficacy. Immunity. (2020) 53:456-70 e6. doi: 10.1016/j.immuni.2020.07.011

Frontiers in Immunology

11

10.3389/fimmu.2024.1355388

30. Good CR, Aznar MA, Kuramitsu S, Samareh P, Agarwal S, Donahue G, et al. An
Nk-like car T cell transition in car T cell dysfunction. Cell. (2021) 184:6081-100.€26.
doi: 10.1016/j.cell.2021.11.016

31. Svensson J, Molne J, Forssell-Aronsson E, Konijnenberg M, Bernhardt P.
Nephrotoxicity profiles and threshold dose values for [177lu]-dotatate in nude mice.
Nucl Med Biol. (2012) 39:756-62. doi: 10.1016/j.nucmedbio.2012.02.003

32. Sato H, Suzuki Y, Yoshimoto Y, Noda SE, Murata K, Takakusagi Y, et al. An
abscopal effect in a case of concomitant treatment of locally and peritoneally recurrent
gastric cancer using adoptive T-cell immunotherapy and radiotherapy. Clin Case Rep.
(2017) 5:380-4. doi: 10.1002/ccr3.758

33. Komatsu T, Nakamura K, Kawase A. Abscopal effect of nivolumab in a patient
with primary lung cancer. J Thorac Oncol. (2017) 12:e143-e4. doi: 10.1016/
jtho.2017.05.004

34. Tagawa ST, Milowsky MI, Morris M, Vallabhajosula S, Christos P, Akhtar NH,
et al. Phase ii study of lutetium-177-labeled anti-prostate-specific membrane antigen
monoclonal antibody J591 for metastatic castration-resistant prostate cancer. Clin
Cancer Res. (2013) 19:5182-91. doi: 10.1158/1078-0432.CCR-13-0231

35. Press OW, Eary JF, Appelbaum FR, Martin PJ, Badger CC, Nelp WB, et al.
Radiolabeled-antibody therapy of B-cell lymphoma with autologous bone marrow
support. N Engl ] Med. (1993) 329:1219-24. doi: 10.1056/NEJM199310213291702

36. Wong JYC, Chu DZ, Yamauchi DM, Williams LE, Liu A, Wilczynski S, et al. A
phase I radioimmunotherapy trial evaluating 90yttrium-labeled anti-carcinoembryonic
antigen (Cea) chimeric T84.66 in patients with metastatic cea-producing Malignancies.
Clin Cancer Res. (2000) 6:3855-63.

37. Patel RB, Hernandez R, Carlson P, Grudzinski ], Bates AM, Jagodinsky JC, et al.
Low-dose targeted radionuclide therapy renders immunologically cold tumors
responsive to immune checkpoint blockade. Sci Transl Med. (2021) 13:eabb3631.
doi: 10.1126/scitranslmed.abb3631

38. Keu KV, Witney TH, Yaghoubi S, Rosenberg J, Kurien A, Magnusson R, et al.
Reporter gene imaging of targeted T cell immunotherapy in recurrent glioma. Sci
Transl Med. (2017) 9:eaag2196. doi: 10.1126/scitranslmed.aag2196

39. Sakemura R, Bansal A, Siegler EL, Hefazi M, Yang N, Khadka RH, et al.
Development of a clinically relevant reporter for chimeric antigen receptor T-cell
expansion, trafficking, and toxicity. Cancer Immunol Res. (2021) 9:1035-46.
doi: 10.1158/2326-6066.CIR-20-0901

40. Minn I, Huss DJ, Ahn HH, Chinn TM, Park A, Jones J, et al. Imaging car T cell
therapy with Psma-targeted positron emission tomography. Sci Adv. (2019) 5:
eaaw5096. doi: 10.1126/sciadv.aaw5096

41. Lee IK, Sharma N, Noguera-Ortega E, Liousia M, Baroja ML, Etersque JM, et al.
A genetically encoded protein tag for control and quantitative imaging of car T cell
therapy. Mol Ther. (2023) 31:3564-78. doi: 10.1016/j.ymthe.2023.10.020

42. Kurtz K, Eibler L, Dacek MM, Carter LM, Veach DR, Lovibond S, et al
Engineering car-T cells for radiohapten capture in imaging and
radioimmunotherapy applications. Theranostics. (2023) 13:5469-82. doi: 10.7150/
thno.87489

43. Srour SA, Cabanillas ME, Gupta S, Zafereo ME, Lu Y, Dadu R, et al. Safety and
early efficacy results of phase 1 study of affinity tuned and trackable AIC100 CAR T
cells in ICAM-1 positive relapsed and/or refractory advanced poorly differentiated and
anaplastic thyroid cancers. J Clin Oncol. (2023) 41:6095-. doi: 10.1200/
JCO.2023.41.16_suppl.6095

44. Schmitt A, Bernhardt P, Nilsson O, Ahlman H, Kolby L, Schmitt J, et al.
Biodistribution and dosimetry of 177lu-labeled [Dota0,Tyr3]Octreotate in male nude
mice with human small cell lung cancer. Cancer Biother Radiopharm. (2003) 18:593-9.
doi: 10.1089/108497803322287682

45. Feijtel D, Doeswijk GN, Verkaik NS, Haeck JC, Chicco D, Angotti C, et al. Inter
and intra-tumor somatostatin receptor 2 heterogeneity influences peptide receptor
radionuclide therapy response. Theranostics. (2021) 11:491-505. doi: 10.7150/
thno.51215

46. Sandstrom M, Garske-Roman U, Granberg D, Johansson S, Widstrom C,
Eriksson B, et al. Individualized dosimetry of kidney and bone marrow in patients
undergoing 177lu-dota-octreotate treatment. J Nucl Med. (2013) 54:33-41.
doi: 10.2967/jnumed.112.107524

47. Shah NN, Fry TJ. Mechanisms of resistance to car T cell therapy. Nat Rev Clin
Oncol. (2019) 16:372-85. doi: 10.1038/s41571-019-0184-6

48. Murty S, Haile ST, Beinat C, Aalipour A, Alam IS, Murty T, et al. Intravital
imaging reveals synergistic effect of car T-cells and radiation therapy in a preclinical
immunocompetent glioblastoma model. Oncoimmunology. (2020) 9:1757360.
doi: 10.1080/2162402X.2020.1757360

49. Weiss T, Weller M, Guckenberger M, Sentman CL, Roth P. Nkg2d-based car T
cells and radiotherapy exert synergistic efficacy in glioblastoma. Cancer Res. (2018)
78:1031-43. doi: 10.1158/0008-5472.CAN-17-1788

50. Chakraborty M, Abrams SI, Camphausen K, Liu K, Scott T, Coleman CN, et al.
Irradiation of tumor cells up-regulates Fas and enhances Ctl Lytic activity and Ctl
adoptive immunotherapy. J Immunol. (2003) 170:6338-47. doi: 10.4049/
jimmunol.170.12.6338

51. Quach HT, Skovgard MS, Villena-Vargas J, Bellis RY, Chintala NK, Amador-
Molina A, et al. Tumor-targeted nonablative radiation promotes solid tumor car T-cell
therapy efficacy. Cancer Immunol Res. (2023) 11:1314-31. doi: 10.1158/2326-6066.CIR-
22-0840

frontiersin.org


https://doi.org/10.1016/j.ymthe.2018.09.008
https://doi.org/10.1038/s41419-023-05829-6
https://doi.org/10.1126/science.aav8692
https://doi.org/10.1126/science.aay5967
https://doi.org/10.3857/roj.2015.33.4.265
https://doi.org/10.1016/j.ccr.2013.09.014
https://doi.org/10.1016/j.radonc.2019.06.035
https://doi.org/10.1016/j.radonc.2019.06.035
https://doi.org/10.1158/2159-8290.CD-21-0003
https://doi.org/10.1158/2159-8290.CD-21-0003
https://doi.org/10.1001/jama.1946.02870190005002
https://doi.org/10.1097/MNM.0000000000000470
https://doi.org/10.1097/MNM.0000000000000470
https://doi.org/10.1056/NEJMoa1607427
https://doi.org/10.1016/S1470-2045(18)30198-0
https://doi.org/10.1172/jci.insight.90064
https://doi.org/10.1038/s41598-017-14749-3
https://doi.org/10.1038/s41598-022-25224-z
https://doi.org/10.3390/cancers15235552
https://doi.org/10.3390/cancers15235552
https://doi.org/10.1016/j.omto.2020.08.009
https://doi.org/10.1158/2326-6066.CIR-21-0062
https://doi.org/10.1038/s41467-023-37646-y
https://doi.org/10.1038/7023
https://doi.org/10.1186/s13550-017-0339-3
https://doi.org/10.1016/j.ymthe.2017.06.008
https://doi.org/10.1016/j.ymthe.2017.06.008
https://doi.org/10.1016/j.immuni.2020.07.011
https://doi.org/10.1016/j.cell.2021.11.016
https://doi.org/10.1016/j.nucmedbio.2012.02.003
https://doi.org/10.1002/ccr3.758
https://doi.org/10.1016/j.jtho.2017.05.004
https://doi.org/10.1016/j.jtho.2017.05.004
https://doi.org/10.1158/1078-0432.CCR-13-0231
https://doi.org/10.1056/NEJM199310213291702
https://doi.org/10.1126/scitranslmed.abb3631
https://doi.org/10.1126/scitranslmed.aag2196
https://doi.org/10.1158/2326-6066.CIR-20-0901
https://doi.org/10.1126/sciadv.aaw5096
https://doi.org/10.1016/j.ymthe.2023.10.020
https://doi.org/10.7150/thno.87489
https://doi.org/10.7150/thno.87489
https://doi.org/10.1200/JCO.2023.41.16_suppl.6095
https://doi.org/10.1200/JCO.2023.41.16_suppl.6095
https://doi.org/10.1089/108497803322287682
https://doi.org/10.7150/thno.51215
https://doi.org/10.7150/thno.51215
https://doi.org/10.2967/jnumed.112.107524
https://doi.org/10.1038/s41571-019-0184-6
https://doi.org/10.1080/2162402X.2020.1757360
https://doi.org/10.1158/0008-5472.CAN-17-1788
https://doi.org/10.4049/jimmunol.170.12.6338
https://doi.org/10.4049/jimmunol.170.12.6338
https://doi.org/10.1158/2326-6066.CIR-22-0840
https://doi.org/10.1158/2326-6066.CIR-22-0840
https://doi.org/10.3389/fimmu.2024.1355388
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Low-dose targeted radionuclide therapy synergizes with CAR T cells and enhances tumor response
	1 Introduction
	2 Materials and methods
	2.1 Cell lines
	2.2 Lentiviral vector construction
	2.3 Lentiviral vector production and CAR T cell manufacturing
	2.4 Synthesis of radioligands
	2.5 In vivo mouse studies
	2.6 SPECT dosimetry
	2.7 TIL analysis by flow cytometry
	2.8 Cytokine quantification
	2.9 Statistical analysis

	3 Results
	3.1 PET-CT imaging of CAR T cells to guide the TRT treatment
	3.2 Specific delivery of 177Lu-DOTATATE to tumor-infiltrating CAR T cells and SPECT-based dosimetry
	3.3 Low-dose TRT enhances CAR T cell activity and improves anti-tumor response
	3.4 TRT induces the killing of relapsed gastric tumor

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


