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ABSTRACT: Small cell lung cancer (SCLC) is a neuroendocrine
tumor with a high degree of malignancy. Due to limited treatment
options, patients with SCLC have a poor prognosis. We have
found, however, that intravenously administered octreotide (Oct)
armed with astatine-211 ([211At]SAB-Oct) is effective against a
somatostatin receptor 2 (SSTR2)-positive SCLC tumor in SCLC
tumor-bearing BALB/c nude mice. In biodistribution analysis,
[211At]SAB-Oct achieved the highest concentration in the SCLC
tumors up to 3 h after injection as time proceeded. A single
intravenous injection of [211At]SAB-Oct (370 kBq) was sufficient
to suppress SSTR2-positive SCLC tumor growth in treated mice
by inducing DNA double-strand breaks. Additionally, a multitreat-
ment course (370 kBq followed by twice doses of 370 kBq for a total of 1110 kBq) inhibited the growth of the tumor compared to
the untreated control group without significant off-target toxicity. Surprisingly, we found that [211At]SAB-Oct could up-regulate the
expressions of calreticulin and major histocompatibility complex I (MHC-I) on the tumor cell membrane surface, suggesting that α-
particle internal irradiation may activate an endogenous antitumor immune response through the regulation of immune cells in the
tumor microenvironment, which could synergically enhance the efficacy of immunotherapy. We conclude that [211At]SAB-Oct is a
potential new therapeutic option for SSTR2-positive SCLC.
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1. INTRODUCTION
Although small cell lung cancer (SCLC) is highly sensitive to
chemotherapeutic agents at the beginning of treatment, it is
characterized by rapid recurrence, early widespread metastasis,
and poor prognosis.1,2 As the basic treatment of SCLC,
systemic chemotherapy has reached the therapeutic plateau,
and more effective treatment plans for SCLC are urgently
needed.3,4 Highly expressed somatostatin receptor (SSTR) on
the surface of most SCLC cells provides an important target
for nuclear medicine polypeptide-receptor-mediated radio-
nuclide therapy (PRRT). PRRT targeting SSTR offers hope
for patients with advanced SCLC who have lost the
opportunity for surgery and failed to respond to other
therapies.5−7

Octreotide is an octopeptide synthesized by the artificial
modification of natural somatostatin. The peptide sequence is
D-Phe-Cys-Phe-D-Trp-Lys-Thr-Cys-Thr-Ol (Disulfide Bridge
Cys2-Cys7).8 D-type amino acid is introduced into the
structure of octreotide, which enhances the ability of resisting
enzyme degradation, and the action time in vivo can be up to 2
h.9 Most octreotide-inhibited tumor cells have one or more

SSTRs on the surface, and SSTR2 is the most common.10 The
conjugate of octreotide and radionuclide can specifically bind
to SSTR2 and enter tumor cells through endocytosis for
targeted internal radiation therapy.11−13 In the early stage, 90Y
was labeled on octreotide to play a therapeutic role.14,15 In
recent years, researchers have found that the radiation energy
and half-life of 177Lu, 225Ac, and 213Bi therapeutic nuclides are
more suitable for tumor therapy than 90Y, which is mainly used
for the treatment of large tumors.16−18

177Lu can release β-rays for therapeutic use, and its
maximum β-ray tissue penetration is about 2 mm, which is
suitable for small tumors.19 Although the effectiveness of β-
nuclides in targeted tumor therapy has been demonstrated,
their use in the treatment of diffuse micrometastases has been
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greatly limited. α-nuclide targeting therapy is expected to be a
therapeutic method for this type of tumor.20,21 α-nuclides are
helium nuclei in nature, and their LET values are 50−230
keV/μm. The relative biological effects of α-nuclides are 3−7
times that of β-nuclides, which are shown as irreparable breaks
of DNA double strands during mitosis or redistribution. The
general radiation range is 28−100 μm, equivalent to the
diameter of 6−8 eukaryotic cells (10−50 μm), which can
significantly increase cell mortality rate per unit absorbed dose,
reduce bone marrow toxicity, and limit overexposure to
radiation.22,23

However, unlike conventional drugs and toxins, which kill
only directly targeted cells, α-nuclides are unique in their
ability to induce radiation-induced bystander effects or cross-
fire effects. As a result, adjacent tumor cells may be destroyed
even if they do not possess the specific tumor-associated
receptor, enzyme, or antigen.24 Moreover, the sensitivity of
hypoxic cells to alpha ray is similar to that of normal oxygen
cells, which avoids the tolerance of tumor heterogeneity to
radiotherapy and overcomes the deficiency of traditional
radiotherapy and chemotherapy.25,26 Furthermore, systemically
administered targeted internal irradiation therapy combines
molecular-specific cell recognition with ionizing radiation’s
antitumor properties, possibly eliminating the primary tumor
site as well as cancer that has spread throughout the body,
including populations of malignant cells that are not detectable
with diagnostic imaging.27−29

Currently, the mostly promising α-emitters are 211At, 223Ra,
213Bi, and 225Ac.30−33 225Ac produces multiple daughter
emitters, which may release from targeted carriers, leading to
serious side effects caused by accidental irradiation of
nontargeted tissues. The half-life of 213Bi is only 46 min,
which is not sufficient for drug preparation to achieve its
clinical application34; the low stability of 223Ra after chelation
limits its application.35 211At releases only one α particle, which
helps reduce the off-target effects. Therefore, 211At is the most
promising α-emitter for clinical translation in nuclear medicine.
We successfully synthesized the octreotide SPC conjugate in

the early stage,36 which showed a good targeted therapeutic
effect in the experimental study on non-small cell lung cancer
(NSCLC). In the following study, we further synthesized the
new octreotide ATE conjugate N-succinimidyl-3-[211At]-
astatobenzoate-Oct ([211At]SAB-Oct), aiming to evaluate the
growth inhibition and targeting effect of the conjugate on
SCLC cell H446 and search for new treatments for SCLC.

2. MATERIALS AND METHODS
2.1. Peptide and Reagents. Octreotide (i.e., Oct) was

purchased from GL Biochem (Shanghai, China, Co). N-
succinimidyl-3-(trimethylstannyl)-benzoate (i.e., m-MeATE,
98%) was purchased from Toronto Research Chemicals.
N-chlorosuccinimide (NCS, 98%) was purchased from

Acros (Belgium). Sephadex G-10 was purchased from GE
Healthcare. The chemical reagents used were all analytical or
chromatography grade.
2.2. 211At Production and Radiolabeling. Astatine-211

was produced via the 209Bi (α, 2n)211At nuclear reaction by
irradiating an internal bismuth target with α-particles
accelerated to 28 MeV using a CS-30 cyclotron at Sichuan
University.37,38 The single separation yield of 211At was 550−
740 MBq, and the radioactivity was detected by dose calibrator
(CRC-15R, American. Inc.).

The radiolabeling of Oct with 211At was carried out using a
previously described direct astatination procedure.36 Briefly,
Oct (5 mg/mL) was conjugated to m-MeATE (26 mmol/L in
DMSO) in 0.1 mol/L phosphate-buffered saline (PBS, pH
7.6). The mixture was incubated at room temperature for 2 h.
The conjugate was subsequently isolated in PBS using a Sep-
pak C18 solid phase extraction column (WAT020805,
American. Inc.), and then adjusted to pH 5.5 by the addition
of acetic acid prior to 211At labeling. HPLC was performed to
confirm the identity of the product of the Oct-m-MeATE
conjugate. The Oct-m-MeATE conjugate was added to
Na211At (∼370 MBq, in methanol) solution with 20 μL of
20 mg/mL NCS in methanol solution. The reaction mixture
was incubated at RT for 5 min. Finally, the labeling reaction
was terminated by the addition of 20 μL of 40 mg/mL
Na2S2O5 aqueous solution. The final product [211At]SAB-Oct
was isolated in PBS using a Sephadex G-10 column and
verified by instant TLC (3 mm CHR, GE Whatman, Mobile
phase: MeOH/CHCl3 = 1:4; Final product: Rf = 0.1−0.2; free
211At: Rf = 0.9−1.0) in a γ-counter (FH463B, China National
Nuclear Corporation, Beijing, China).

2.3. In Vitro Stability, Cellular Uptake, and Cytotox-
icity. The in vitro stability of [211At]SAB-Oct was evaluated by
incubating it in mouse serum at room temperature. Stability
analysis was performed by iTLC at 1, 3, 6, 12, and 24 h,
respectively.
The human SCLC cell line H446 and the human NSCLC

cell line A549 were purchased from Cellcook Biotech
(Guangzhou, China). Cells were cultured in RPMI-1640
media supplemented with 10% fetal calf serum (Sigma) and
1% PEST (penicillin 100 IU mL−1 and streptomycin 100 g
mL−1). Cells were incubated at 37 °C in incubators with
humidified air equilibrated at 5% CO2.
Cellular uptake of [211At]SAB-Oct was evaluated in both the

H446 and A549 cell lines in an identical fashion. Briefly, cell
suspension was prepared in PBS at a concentration of 5 × 106
in low-bind Eppendorf tubes. Radioactivity (3.7 kBq) was
added to each tube, and the cells were incubated at 37 °C for
1, 3, and 6 h (in triplicates) at moderate speed to prevent cell
settling. At each time point, cells were centrifuged, and the
supernatant was aspirated from cell pellets, which was followed
by 2 additional rinses with ice-cold PBS. The supernatants
were combined with the PBS wash and counted using a gamma
counter. Cell pellets were then collected and counted for
radioactivity. Nonspecific binding was determined by adding
Oct (10 mg/mL) as a blocking agent in parallel.
In vitro cytotoxicity of [211At]SAB-Oct was evaluated in

comparison with PBS, unlabeled Oct (positive control), and
free 211At (negative control), using both H446 and A549 cell
lines. Briefly, cells (5−10 × 103/well) were seeded into 96-well
plates 24 h before the experiment. Cells were incubated with
cell culture media containing 1−5 μL of PBS, Oct (100 μg),
free 211At (0.37, 1.85 kBq), or [211At]SAB-Oct (0.37, 1.85
kBq) at 37 °C for 24 h. After that, the media was removed, and
the cells were washed twice with PBS. Fresh media (100 μL)
containing 10 μL enhanced cell counting kit-8 solution was
then added to each well, and the cells were incubated for 4 h.

2.4. DNA Damage of [211At]SAB-Oct Using γH2AX
Imaging. H446 and A549 cells were plated in 6-well plates (5
× 104/well). Cells were treated with PBS, Oct, free 211At, and
[211At]SAB-Oct at four different doses (1.85, 3.7, 18.5, and 37
kBq) for 2 h and recovered in a fresh medium for 24 h. The
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cells were then washed, fixed, permeated, and stained with a
mouse anti-γH2AX antibody (JBW-301 clone, 1:800).
2.5. Western Blot Analysis. Western blotting was

performed as described in our previous work.39 Cancer cells
of H446 and A549 at the logarithmic growth phase, as well as
H446 and A549 incubated with PBS, Oct, free 211At, and
[211At]SAB-Oct at four different doses (1.85, 3.7, 18.5, and 37
kBq) for 2 h and recovered in fresh medium for 24 h were
lysed on ice for 30 min with RIPA. The BCA Protein Assay Kit
was used to calculate the quantity of protein. Equal amounts of
proteins were denaturized, fractionated using 10% SDS-
polyacrylamide gel electrophoresis, and then transferred to
PVDF membranes. The membranes were then incubated with
primary antibodies (SSTR2 antibody and γ-H2AX antibody) at
4 °C for 12 h after being blocked with 5% milk for 1 h. The
protein blotting was treated with chemiluminescent (ECL)
substrates after being incubated with the proper secondary
antibody, and the expression levels of the proteins were then
shown using an ECL detection apparatus.
2.6. Animal Experiments. All animal experiments were

approved by the Animal Welfare Ethics Committee of
Shanghai Tenth People’s Hospital with an approval number
(ID: SHDSYY-2021−3429−3711). The SCLC tumor-bearing
BALB/c nude mice model was established by subcutaneously
implanting H446 cells (1 × 107 cells in 0.2 mL PBS) into the
left shoulder of BALB/c nude mice at 4−5 weeks of age (20 ±
1 g, both male) (Dossy Experimental Animals, Chengdu,
China).
2.7. Biodistribution. The biodistributions of free 211At

(1110 kBq) and [211At]SAB-Oct (1110 kBq) were evaluated in
parallel using the BALB/c nude mice bearing subcutaneous
SCLC tumors (described above, n = 4 in each group). Mice
were injected with radioactivities via the tail vein and sacrificed
at 1, 3, 6, 12, and 24 h. Tumor, main tissues, and whole blood
were collected and weighted, and a gamma counter was used to
measure 211At’s activity. Data were presented in percent

injected dose per gram of tissue (%ID/g), except uptake in
thyroid, which was presented in injected dose per organ (%ID/
organ).

2.8. Therapeutic Efficacy of [211At]SAB-Oct. The SCLC
tumor-bearing BALB/c nude mice were established as
described above and randomized into 5 groups 2 weeks after
tumor inoculation. Mice were injected via the tail vein with
PBS (Group A), 5 mg/kg of octreotide (B), 370 kBq of
[211At]SAB-Oct (C), 1110 kBq of [211At]SAB-Oct (D), and 3
doses of 370 kBq of [211At]SAB-Oct on Day 0, 3, and 7 (E).
Mice were monitored for 30 days by measuring tumor size and
body weight. Hematological indexes were detected on day 14,
day 28 after the injection of Groups A,D,E, and liver and
kidney function indexes were carried out on day 28 after the
injection of Groups A−E. After 30 days of treatment, the
random mice from each group were sacrificed, and tumors and
other major organs (liver, spleen, kidney, stomach, and lung)
on the mice were surgically excised, fixed with 10% (v/v)
formalin, and embedded in paraffin, and stained with
hematoxylin and eosin (H&E).40

2.9. Immunofluorescence and Immunohistochemis-
try. γ-H2AX was detected to evaluate DNA damage in vivo by
immunofluorescence staining. Immunohistochemical staining
of MHC-I and calreticulin was performed according to the
manufacturer’s instruction.

2.10. Statistical Analysis. Data were presented as mean ±
standard deviation (s.d). Comparisons of the values between
two groups used an unpaired t test. Tumor volumes were
analyzed by one-way ANOVA. A P-value of <0.05 was
considered significant.

3. RESULTS
3.1. Radiochemical Analyses of Radiolabeled Oct. The

tin precursor for radiolabeling of 211At, m-MeATE, was
conjugated to Oct on the N-terminus D-phenylalanine (Figure
1a). HPLC results showed that the peaks of octreotide, m-

Figure 1. Synthesis and analysis of [211At]SAB-Oct. (a) Synthetic scheme for [211At]SAB-Oct; (b) ITLC chromatogram of [211At]SAB-Oct; (c)
stability over time of [211At]SAB-Oct in PBS and mouse serum. Data points are the average of three independent samples, and error bars represent
mean ± s.d.
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MeATE, and Oct-m-MeATE conjugate correspond to 2.28,
2.76, and 3.13 min, respectively (Figure S1).
The purified conjugate was used for radiolabeling without

further purification. Radiolabeling with 211At was conducted
with 38−47% radiochemical yield (RCY) with greater than
90% radiochemical purity RCP (Figure 1b). The radiolabeled
conjugate [211At]SAB-Oct inhibited good in vitro stability in
mouse serum with 93% RCP after 24 h of incubation (Figure
1c).
3.2. Cellular Uptake of [211At]SAB-Oct in SSTR2-

Positive Cell Lines. The H446 and A549 cell lines were
reported with high levels of expression of SSTR2, which was
validated upon receipt by a Western blot experiment using
GAPDH as an internal standard (Figure 2a). A significantly

higher expression level was seen with the H446 cell line, and
hence H446 was used as a positive control while the A549,
with a minimum expression of SSTR2, was used as a negative
control.
Our next step was to determine if [211At]SAB-Oct binds to

the H446 and A549 cells. In comparison to A549 cells, the
[211At]SAB-Oct binding ratio to H446 cells was significantly
higher. The binding ratio of [211At]SAB-Oct to H446 cells was
markedly decreased by 100-fold excesses of unlabeled Oct,
clearly indicating the specificity of this binding (Figure 2b).
In addition, we measured the viability of H446 and A549

cells after 24 h of exposure to [211At]SAB-Oct. In any case,
survival was not affected by treatment with PBS, Oct, or free
211At. [211At]SAB-Oct doses of 1.85 kBq, however, effectively
killed H446 cells and reduced their viability. According to the
quantitative cell viability data, 1.85 kBq dose of [211At]SAB-
Oct significantly reduced H446 cell numbers compared with

unlabeled octreotide (***P < 0.001), 1.85 kBq dose of free
211At (**P < 0.01) (Figure 2c).

3.3. Biodistribution of [211At]SAB-Oct Conjugates in
Tumor-Bearing Mice. The biodistributions of free 211At and
[211At]SAB-Oct in H446 tumor-bearing mice are summarized
in Figure 3. The biodistribution analysis revealed that injected

free 211At was more likely to be absorbed mainly in the spleen
and lung at 1 h, stomach and liver at 2 h, and then the uptake
was gradually reduced within 24 h, the tumors remained at a
low level of uptake for 1 to 24 h, almost similar to that of the
muscle (Figure 3a).
The stomach showed the highest uptake (17.99 ± 19.65%

ID/g) of [211At]SAB-Oct in all tissues after 1 h postinjection,
and as 24 h progressed, it decreased to (2.87 ± 0.86% ID/g).
The maximum tumor uptake of [211At]SAB-Oct was (11.46 ±
4.35% ID/g) at 3 h postinjection. Besides, [211At]SAB-Oct
showed physiologically high uptake in the lung and intestines.
It was observed that free 211At or [211At]SAB-Oct always
showed low radioactivity uptake in the thyroid. Low levels of
radioactivity were observed in all tissues after 24 h (Figure 3b).

3.4. DNA Damage Is Induced in Tumor Cells by
[211At]SAB-Oct. To uncover how [211At]SAB-Oct kills tumor
cells, we determined the γH2AX foci caused by DNA damage
in vitro.
Treatment of cells with [211At]SAB-Oct for 24 h showed

clear clusters of γH2AX foci, but those treated with PBS or
unlabeled octreotide showed little evidence of clusters. In
H446 cells treated with [211At]SAB-Oct (18.5 and 37 kBq)
compared to PBS in the same group, the level of γH2AX

Figure 2. Cell-binding analysis in vitro by [211At]SAB-Oct and
subsequent cell death. (a) SSTR2 expression in H446 and A549 cells.
Load control was performed using GAPDH. The images below show
the ratio of SSTR2 to GAPDH intensity; (b) the binding ratio of
[211At]SAB-Oct to H446 and A549 cells with and without Oct block.
Each experiment was conducted in triplicate (n = 3) in three
independent experiments; (c) analysis of viability of cells treated for
24 h with PBS control, unlabeled Oct, free 211At (0.37 or 1.85 kBq),
or[211At]SAB-Oct (0.37 or 1.85 kBq). There were three independent
experiments conducted in triplicate (n = 3). Error bars represent
mean ± s.d. (**P < 0.01 and ***P < 0.001).

Figure 3. Biodistribution of [211At]SAB-Oct in SCLC tumor-bearing
BALB/c nude mice. Tumor and organ uptake of 211At (%ID/g) at 1,
3, 6, 12, and 24 h after i.v. injection of (a) free 211At (1110 kBq) or
(b) [211At]SAB-Oct (1110 kBq). Each time point involved four mice.
Error bars represent mean ± s.d.
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revealed a distinct dose-dependent increase(****P < 0.001).
In A549 cells treated with [211At]SAB-Oct (37 kBq) compared
to PBS in the same group, the level of γH2AX was slightly
higher (***P < 0.001), but still much lower than in H446
(***P < 0.001) (Figure 4a,b). The γH2AX expression was

then investigated reasonably by Western blotting test. γH2AX
protein was visually increased after incubation with [211At]-
SAB-Oct (1.85, 3.7, 18.5, or 37 kBq) in H446 cells. In the
A549 group, the protein expression of γH2AX was slightly
expressed only when the dose reached 18.5 or 37 kBq (Figure
4c).
3.5. Therapeutic Efficacy of [211At]SAB-Oct against

SCLC Tumors in the Mice. SCLC tumor-bearing mice were
divided into 5 groups. Mice received a single injection of PBS
(group A), Oct (group B), [211At]SAB-Oct 370 kBq (group
C), [211At]SAB-Oct 1110 kBq (group D), and 3 times
[211At]SAB-Oct with each time 370 kBq given on days 0, 3,
and 7 (group E). Figure 5a shows the therapeutic effect of
[211At]SAB-Oct on SCLC tumors. Compared with the PBS
control group, tumor growth was significantly inhibited in
group C, group D with a single injection, and group E.
Blood urea nitrogen (Bun) and serum creatinine (Cr) levels

are measures of renal function. On day 28, the difference in
Bun and Cr concentrations were not significant (P > 0.05)
between mice injected with different treatment, but for mice

injected with [211At]SAB-Oct 1110 kBq only a trend of
decreased Bun values was observed (P > 0.05) (Figure 5c,f).
Liver function is indicated by ALT and AST levels. The
difference in ALT and AST concentrations were not significant
(P > 0.05) between each group, AST was lower in mice of
group E than in control mice on day 28 (P > 0.05) (Figure
5d,e). According to values for normal blood biochemical levels
in BALB/c nude mice listed by Wuhan Saywell Biotechnology
Co. Ltd., all concentrations were still within a physiological
range, so impaired kidney or liver function cannot be inferred
from the obtained results.
Compared with PBS control and unlabeled octreotide

treated groups, we found that [211At]SAB-Oct 1110 kBq
acquired the highest cell necrosis, including chromatic
agglutination, karyopyknosis, and nuclear fragmentation in
H&E assay. Clusters of γH2AX foci were still visible in the
dissected tumors of SCLC model mice on day 30 after 1110
kBq [211At]SAB-Oct injection (Figure 5g).

3.6. Expression of MHC-I and Calreticulin on the
Surface of Tumor Cells Was Up-Regulated by Intra-
nuclide Irradiation. We studied the capability of 211At to
stimulate antitumor immunity against SCLC. Major histo-
compatibility complex class I (MHC-I) expression level and
calreticulin expression level in SCLC tumors were examined on
day 1, 4, and 8 postvarious treatments.
In the PBS group, the expression of MHC-I and calreticulin

in tumor tissues was always decreased on day 1, 4, and 8 after
the first administration. In the 1110 kBq administration group,
the expression of MHC-I and calreticulin showed a trend of
first increasing and then decreasing over time. Time-dependent
increases in MHC-I and calreticulin expression were observed
in the multiple-dosing group. On day 8, MHC-I and
calreticulin expression reached their highest levels (***P <
0.001, **P < 0.01, respectively) (Figure 6a−d).

3.7. Adverse Effects of Injected [211At]SAB-Oct in
Mice Model. 3.7.1. Body Weight. The body weight of mice
was measured to determine the radioactive drug’s toxicity.
Although these weights tended to be lower in mice receiving
1110 kBq doses, there was no statistically significant weight
change in any treatment group during the observation period
(P > 0.05) (Figure 5b).

3.7.2. Assessment of Potential Impairment of Blood Cells
in SCLC Tumor-Bearing Mice. To assess the potential adverse
effects of [211At]SAB-Oct in SCLC tumor-bearing mice, we
monitored whether any changes in blood cells occurred in the
treated mice. Blood cells monitoring the BALB/c nude tumor-
bearing mice at day 14 and day 28 postinjection with 1110 kBq
or multiple dosing [211At]SAB-Oct, which revealed no
significant change compared with each group (Figure 7a−f).
No leukocytopenia was found in the [211At]SAB-Oct 1110 kBq
group on day 28. The blood plasma parameters were in the
physiological range for all mice, which suggests that impaired
blood cells are unlikely to be evident from the obtained results.

3.7.3. Radiation Effects on Nontargeted Tissues. Accord-
ing to the experimental results of the previous in vivo
distribution, we carried out H&E staining analysis for
nontargeted tissues that may potentially have ionizing radiation
damage in groups A, D, and E.
H&E sections showed all groups’ tissue liver lobule structure

was clear. Occasionally, a few neutrophils gathered in the
hepatic sinusoids. Slight bile duct hyperplasia was observed in a
few portal areas in these three groups. No obvious
morphological difference was observed. Sections of spleen

Figure 4. Images and quantitative analyses of γH2AX foci in cells
following [211At]SAB-Oct treatment. (a) Immunofluorescence images
of γH2AX foci in A549 or H446 cells incubated with PBS, Oct or
[211At]SAB-Oct (1.85, 3.7, 18.5, or 37 kBq). Scale bar = 50 μm; (b)
quantification of the γH2AX expression level of different groups.
There were three independent experiments conducted in triplicate (n
= 3). All data represent mean ± s.d. (*P < 0.01, **P < 0.01, ***P <
0.001, and ****P < 0.001); (c) Western blot analysis of γH2AX
expression in A549 and NCI-446 cells incubated with PBS, Oct, or
[211At]SAB-Oct (1.85, 3.7, 18.5, or 37 kBq). Load control was
performed using GAPDH. The images below provide ratios of γH2AX
to the GAPDH band intensity.

Molecular Pharmaceutics pubs.acs.org/molecularpharmaceutics Article

https://doi.org/10.1021/acs.molpharmaceut.3c00427
Mol. Pharmaceutics 2023, 20, 5543−5553

5547

https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.3c00427?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.3c00427?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.3c00427?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.3c00427?fig=fig4&ref=pdf
pubs.acs.org/molecularpharmaceutics?ref=pdf
https://doi.org/10.1021/acs.molpharmaceut.3c00427?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


from groups D and E showed white pulp injury, reduced
lymphocyte numbers, and more necrotic lymphocytes than
those from group A. Kidney sections from groups D and E
showed a few newly born renal tubular cells were observed in
the local capsule of the tissue, with light cytoplasm and obvious
nuclei and nucleoli. The brush border of a few renal tubular
epithelial cells was slightly exfoliated. The interstitial
inflammatory cells were scattered and infiltrated. In the
sections of groups D and E, mild exfoliation of extensive
mucosal epithelium was observed in the gastric gland area, with
a disordered arrangement of local glands and more exfoliated
glands. Lung H&E sections from groups A, D, and E showed
no obvious abnormalities observed in the morphology and
structure of tissue bronchus. Mild inflammatory cell infiltration
was observed in about 50% of the alveolar walls in three groups
(Figure 7g).

4. DISCUSSION
In spite of the proliferation of chemotherapy and targeted
treatment options for SCLC, the prognosis of SCLC patients
remains dismal. As shown in our current study, [211At]SAB-

Oct inhibits tumor growth as well as improves the antitumor
immune response in vivo and in vitro in SSTR2-positive SCLC
cells.
According to a previous study, we set various concentration

doses to conduct the in vitro study.41 Analyses of in vitro
cytotoxicity revealed that [211At]SAB-Oct specifically killed
SSTR2-positive SCLC cells but not low-level SSTR2 A549
cells. The free 211At did not affect either type of cell. In light of
the fact that radiolabeled octreotide is internalized into the
cells it binds to,42,43 it appears that [211At]SAB-Oct exerts its
cytotoxic effects when it is bound and internalized by targeted
cells. Choosing the right targeting strategy is crucial for
improving the cell-killing effect of α-particle emitters.
Our in vivo biodistribution experiments showed that the

tumor reached the highest aggregation of [211At]SAB-Oct at
the third hour after the administration, which was consistent
with the half-life of the octreotide.9,22 Although the uptake of
[211At]SAB-Oct in various organs decreased gradually with
time delay compared with the in vivo distribution of free 211At,
the gastrointestinal tract showed a relatively higher uptake

Figure 5. Therapeutic results of [211At]SAB-Oct in SCLC tumor-bearing BALB/c nude mice. (a) Time-dependent tumor volume variations of
SCLC tumor-bearing mice experiencing corresponding treatments in different groups. Error bars represent mean ± s.d. (n = 6−10).(****P <
0.0001); (b) body weight variations of SCLC tumor-bearing BALB/c nude mice during treatment. (n = 6−10); (c−f) liver and kidney function
monitoring of the BALB/c nude mice at day 28 postinjection with PBS, unlabeled Oct, 370 kBq, 1110 kBq or multiple dosing [211At]SAB-Oct.
Error bars represent mean ± s.d; (g) images of H&E and γH2AX foci in SCLC tumors at day 30 postinjection with PBS, unlabeled octreotide
(Oct), 370 or 1110 kBq of [211At]SAB-Oct. Scale bar = 50 μm.
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earlier after administration, which may be partly related to the
relatively high SSTR2 expression in the digestive tract.44−46

Based on our current analysis, we also found that α-PRRT
with [211At]SAB-Oct suppressed tumor growth in SCLC
tumor-bearing BALB/c nude mice. In our SCLC mice, we
discovered that [211At]SAB-Oct led to extensive DNA DSBs in
SSTR2-positive SCLC cells, while it was not in SSTR2-low-
expression A549 cells. Octreotide without labeling equal in
protein content to that of the labeled octreotide could not lead
to DSBs in SCLC cells. Accordingly, our hypothesis is that
[211At]SAB-Oct particles efficiently caused irreparable DSBs in
SCLC cells and hence reduced the tumor size.
Based on our current experiments, it is clear that a single

injection of [211At]SAB-Oct 1110 kBq is similar to the
efficiency of a multiple injection but the same amount (370
kBq × 3) to SCLC tumors. Besides, we also found that 211At
irradiation of SCLC tumors in vivo induced the release of
MHC-I and calreticulin, considering that PRRT can not only
directly cause DNA DSBs to play an antitumor role, but also
change the tumor cell phenotype and microenvironment, thus
inducing or regulating antitumor immune responses.47

The most common adverse reactions of PRRT are
nephrotoxicity and myeloid toxicity.48,49 Nephrotoxicity,
usually manifested by renal dysfunction, is a major factor
affecting treatment and can be combined with the use of amino
acids (lysine and arginine) to protect the kidney.50 In animal
studies, enalapril maleate was used to protect the kidneys and
reduce the risk of adverse reactions by speeding up drug
metabolism with a diuretic.51 In our current experiments,
leukocytopenia or weight loss were not observed in mice
injected with [211At]SAB-Oct at 1110 kBq doses, which was

consistent with a previous study.52 Additionally, 1110 kBq
[211At]SAB-Oct did not significantly alter liver or kidney
biochemical function in mice.
The positive expression of SSTR2 in SCLC allowed us to

develop a novel SSTR2-targeting radiopharmaceutical. Earlier,
177Lu-dotatate has been approved by the FDA for the
treatment of gastroenteropancreatic neuroendocrine tumors
(GEP-NETs). It has been shown to inhibit SSTR2-positive
tumors and has emerged as a powerful alternative to octreotide
in the treatment of neuroendocrine tumors.53,54 177Lu has a
short range of β-rays and little effect on normal tissues while
targeting tumors.55−57 We speculate, however, that α-rays have
a shorter range and theoretically cause less radiation damage to
normal tissues around tumors under the premise of precise
targeting. Since β-particle-labeled somatostatin analogues have
achieved better therapeutic results, α-particle ones should be
more effective.
However, there are still some limitations to this research. For

example, slight deastatination was observed in the spleen, lung,
and stomach, which means it is necessary to introduce other
substituent groups to improve the stability. In addition, the
tumor volume and body weight were detected for only 30 days.
They should be further observed in future studies.

5. CONCLUSIONS
We successfully constructed [211At]SAB-Oct with ideal radio-
chemical purity and radio stability. Cell experiments showed
that the viability of H446 was inhibited after the treatment of
[211At]SAB-Oct. The in vivo study further validated the
treatment effect without causing damage to the major organs.

Figure 6. MHC-I and calreticulin expression level in SCLC tumor postvarious treatments at days 1, 4, 8. (a) MHC-I expression level at day 1,4,8
postinjection with PBS, 1110 kBq or multiple dosing [211At]SAB-Oct. Scale bar = 50 μm; (b) quantification of the MHC-I expression level of
different groups; (c) calreticulin expression level at 30 days postinjection with PBS, 1110 kBq or multiple dosing [211At]SAB-Oct. Scale bar = 50
μm; (d) quantification of the calreticulin expression level of different groups. There were three independent experiments conducted in triplicate (n
= 3). All data represent mean ± s.d. (**P < 0.01 and ***P < 0.001).
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More significantly, [211At]SAB-Oct induced immunogenic cell
death, indicating that it could promote antitumor responses.
These properties of [211At]SAB-Oct suggested its potential use
as a novel adjuvant therapeutic method in conjunction with
immunotherapy for the treatment of SCLC.
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