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Given the complexity, heterogeneity and metastasis of patient tumors, the combined therapy is usually
applied in clinical applications. Internal radioisotope therapy has been an indispensable treatment strategy
for primary tumor nowadays. However, the therapeutic effect of internal radioisotope therapy is dis-
satisfactory for distant tumors or spontaneously metastatic tumors. Herein, we design radionuclide labelled
glutathione modified gold nanoclusters (technetium-99m labelled gold nanoclusters (**™Tc@Au NCs) and
lutecium-177 labelled gold nanoclusters (”’Lu@Au NCs)) by simple chelation between glutathione and
radionuclide. Such radionuclide labelled gold nanoclusters could not only enhance the therapeutic out-
comes of internal radioisotope therapy but also induce anticancer immunity by activation of dendritic cells
(DCs). In addition, "7’Lu@Au NCs could effectively eliminate primary tumors and suppress the growth of
distant tumors when combined with immune checkpoint inhibitors. Furthermore, a long-term im-
munological memory effect is also observed after internal radioisotope therapy. Importantly, on a clinical-
relevant transgenic mice model, we for the first time use such therapeutic strategy to significantly suppress
the growth of spontaneously metastatic tumors and lengthen the survival time of the transgenic mice. Our
study presents a novel approach for tumor radio-immunotherapy and meanwhile provides a new idea for
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Introduction

The death of tumor patients is often caused by tumor metastasis,
rather than the primary tumor [ 1-3]. Therefore, how to achieve solid
tumor treatment and inhibit tumor metastasis is a key point in the
field of clinical treatment [4,5]. For patients with cancer at an early
stage, the use of imaging technology, tumor markers and other
biologic methods to achieve the early lesion detection and timely
scientific treatment are beneficial for radical treatment [6-8]. For
advanced stages of cancer especially metastatic tumors, however, it
is hard to achieve effective radical cure [9,10]. The current clinical
treatment methods for spontaneously metastatic tumors include
chemotherapy, molecular targeted therapy or combined therapy, etc.
[11-17]. Unfortunately, the systemic side effects and nonspecific
distribution further limit the therapeutic efficacy of those ther-
apeutic modalities in a certain extent [ 18-20]. With the blooming of
cancer immunotherapy in recent years, which can train the immune
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system of patients to assault distant or metastatic tumors and pro-
duce a certain immune memory effect, tumor treatment strategies
are further expanded [21,22]. In immunotherapies for cancer, the use
of immune checkpoint inhibitors such as anti-PD1/anti-PD-L1 or
anti-CTLA-4 has achieved inspiring clinical effects in curing of some
specific tumors [23-25]. Nevertheless, the response rate of im-
munotherapy is still relatively low for patients with tumor, which
less than 30% on average. In order to further improve the response
rate of immunotherapy, chemotherapy, radiotherapy or other treat-
ments, which can induce the immunogenic cell death of tumor cells
and enhance tumor immunogenicity, are also applied to combine
with immune checkpoint inhibitors [26,27]. Among them, radiation
therapy (RT) including external beam radiotherapy (EBRT) and in-
ternal radioisotope therapy have been indispensable treatments
strategy in clinical trials [28-30]. However, the therapeutic effect of
radiotherapy, especially internal radioisotope therapy, is still re-
stricted by some certain mechanisms, such as off-targeted radio-
nuclides, physiological toxicity and radiation resistance caused by
tumor hypoxic microenvironment [31,32].

With the flourishing development of nanotechnology, nanome-
dicine strategies have been applied to improve the efficacy of
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internal radioisotope therapy in last decades. Numerous stabilized
nanocarriers have been applied to transport therapeutic
radioisotopes to tumor sites for internal radioisotope therapy either
alone or combined with other types of therapies [33-35]. In
addition, various functional nanomaterials also have been developed
to modulate the microenvironment of solid tumors to surmount
hypoxia-associated radiation resistance and enhance RT efficacy
[36-38]. Among them, gold nanomaterials are most widely used in
the field of radiotherapy due to their High-Z elements to
deposit radiation energy as well as their excellent biocompatibility
with little toxicity concern. The different radioisotopes
including 123/124/125/131] 64y 68Ga 198y, 99™Tc and '[n have been
labelled on gold nanomaterials via different strategies [39-42]. In
recent work, 3!l labeled gold nanoparticles with PEG modification
have been reported for nuclei-targeting internal radio-immunity
therapy [48]|. However, those labeling strategies often require
additional chelating agents, linkers or harsh conditions, which may
affect the size or surface properties of gold nanomaterials, and further
alter the in vivo behaviors of gold nanomaterials [43,44]. It is necessary
to develop simple and easy-to-use radionuclide-labelled gold nano-
particles for cancer internal radioisotope therapy. Gold nanoclusters
with ultra-small sizes, which could be eliminated by the kidneys, have
shown enormous potential in clinical imaging and treatment.
Meanwhile, many challenges in their clinical translation should be
addressed [45-47]. Therefore, the development of radionuclide la-
belled gold nanocluster by a simple and easy method may blaze a new
path for internal radioisotope therapy based on gold nanomaterials.

In this work, glutathione modified gold nanoclusters
(GSH-Au NCs) were synthesised by chemical reduction of HAuCl,
with glutathione. The obtained GSH-Au NCs could be further loaded
with diagnostic radioisotope %°™Tc (half-life of 6.02 h) and ther-
apeutic radioisotope '7’Lu (half-life of 6.71 d) with high efficiency by
simple chelation (Fig. 1a). Interestingly, “™Tc@Au NCs could not only
act as an imaging platform to exhibit in vivo behaviour, but also serve
as a radiosensitizer to endow nontherapeutic °™Tc with therapeutic
function by absorbing y rays and emitting charged particles. How-
ever, the therapeutic effect of ®*™Tc@Au NCs was confined by the
short half-time of 9°™Tc. Remarkably, by conveniently chelating
therapeutic radioisotope (17’Lu) with carboxyl group on the surface
of GSH-Au NCs, 7’Lu@Au NCs could tremendously improve the in-
ternal radioisotope therapy efficacy of '’Lu compared with
free "7’Lu. Furthermore, immunogenic cell death (ICD) of cancer cells
induced by internal radioisotope therapy could activate various
immune cells and unregulated the expression of PD-L1 on tumor
cells, which showed great synergy with anti-PD-L1 (aPD-L1)
blockade in suppressing distant tumors and providing a long-term
immune memory protection for the treated mice (Fig. 1b). More
importantly, such therapeutic strategy even exhibited an amazing
therapeutic effect for the spontaneously metastatic tumors,
achieving remarkable enhancement in survival quality and lifetime
of transgenic mice. This novel approach for radio-immunotherapy
presented by us would provide more opportunities and time for
clinical treatment of spontaneously metastatic tumors.

Results and discussion
Enhanced internal radioisotope therapy by radionuclide labelled Au NCs

The GSH-Au NCs were synthesized by a chemical reduction
method according the published protocols|46]. The Fourier Transform
Infrared Spectroscopy (FTIR) spectra of GSH-Au NCs showed that the
peak at 2522 cm™! of GSH corresponding to S-H stretching vibration
mode disappeared after reaction, indicating the successful synthesis
of GSH-Au NCs (Fig. 1¢). Transmission electron microscope (TEM)
image revealed that the size of GSH-Au NCs was ~2.5nm (Fig. 1d),
which was also verified by dynamic light scattering (DLS) (Fig. 1f). The
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absorption and fluorescence spectra of GSH-Au NCs exhibited that the
maximum emission and excitation peaks were at 835nm and at
410 nm respectively (Fig. 1e). Afterwards, with excellent stability in
PBS and serum (Fig. S1), GSH-Au NCs was further applied to label with
two different radionuclides including °*™Tc (a diagnostic radioisotope
emitting y rays (140keV)) and '’Lu (a therapeutic radioisotope
emitting p particles (497 keV)) with high radiolabelling yield (67.17%
and 90.74%) respectively by simple chelation. Because of moderate
reaction conditions, the size of GSH-Au NCs (~2.5nm) almost un-
changed after radiolabelling (Fig. 1f). Furthermore, the characteriza-
tion of UV, Raman spectroscopy and Zeta potential also showed that
the radiolabeling would not affect the morphology and optical
properties of GSH-Au NCs (Fig. S2). Notably, both radionuclides %°™Tc
and 7Lu labelled GSH-Au NCs exhibited excellent radiostability in
PBS and serum at 37 °C of incubation through radiolabelling stability
assay (Fig. 1g), which was favourable for the following in vitro and in
vivo studies. Gold, as a High-Z element, could interact with X-rays or
y rays to produce secondary charged particles, which would further
deposit high energy in tumor cells and enhance therapeutic efficiency
of radiotherapy. Radioisotope °™Tc is widely used as contrast agent
for SPECT/CT imaging in clinic, while it could not emit alpha («), beta
(B) or auger particles for radiotherapy. In order to testify the radio-
sensitization ability of **™Tc@GSH-Au NCs, liquid scintillation spec-
troscopy has been used to detect the generation of charged secondary
particles from ®°™Tc@Au NCs. As shown in the Fig. 1h, **™Tc@Au NCs
exhibited stronger peak than that of free radionuclide, indicating the
effective production of charged secondary particles from *°™Tc@Au
NCs, which might endow nontherapeutic **™Tc with therapeutical
effect.

Encouraged by the superior property of our design, the in vitro
internal radioisotope therapy therapeutic function of *™Tc@Au NCs
and 7Lu@Au NCs were then evaluated through a series of experi-
ments. Owing to favourable modified by glutathione, GSH-Au NCs
exhibited superior biocompatibility with different cells even at high
concentrations (Au: 160 ug/mL) (Fig. 2a). On the contrary, 4T1 cells
treated with ®*™Tc@Au NCs and 77Lu@Au NCs revealed lower cell
viability with the increase of the radioactive dose (Fig. 2b). Especially
when radioactive dose of ’Lu@Au NCs just reached 10 pCi, the re-
lative cell viability of 4T1 was rapidly decreased to 11.15 + 2.94%.
Furthermore, Au NCs labelled with nontherapeutic **™Tc also dis-
played visible cytotoxicity for 4T1 cells, which profited from radio-
sensitization and enhanced uptake of GSH-Au NCs (Figs. 2c and S3).
Notably, directly exposing cells to free **™Tc or free '”’Lu indicated
that there was no obvious toxicity to cancer cells, demonstrating the
little internal radioisotope therapy efficiency of free °™Tc and free
77Lu. Afterwards, we further confirmed the internal radioisotope
therapy capacity of **™Tc@Au NCs and '"’Lu@Au NCs by clonogenic
assay (Fig. 2d). According to the cell survival fraction curves, the
surviving fragments, which were calculated by the ratio of surviving
colonies and seeded cells, of *™Tc@Au NCs and '"’Lu@Au NCs were
much less than free radionuclides. Generally, radioisotopes used in
internal radioisotope therapy could emit energy from the nucleus,
generating ionized atoms and free radicals to cause the double-
strand cleavages in DNA, which would further induce cell apoptosis.
To evaluate double-strand DNA damages of tumor cells treated by
internal radioisotope therapy, 4T1 cells were firstly incubated with
99mTe@Au NCs or '7’Lu@Au NCs at different radioactive dose (°°™Tc:
300 uCi, "7Lu: 10 uCi, Au: 160 pg/mL) and then stained with y-H2AX,
a frequently-used marker for DNA breaks. As indicated in Fig. 2e, the
cells treated with ®*™Tc@Au NCs exhibited visible red fluorescence.
The similar situation was also observed in ”’Lu@Au NCs group, but
the fluorescence signal was stronger than that of ™Tc@Au NCs. In
contrast, the cells treated with free radioisotopes and GSH-Au NCs
showed few or no red fluorescence, which was strongly in line with
our expectations. Therefore, the strategies of labeling radionuclides
on GSH-Au NCs could not only improve the internal radioisotope
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Fig. 1. The schematic diagram of our design and characterization of Au NCs. a) Synthetic procedure of radionuclide labelled Au NCs. b) The mechanism of antitumor immune
responses induced by radionuclide labelled Au NCs in combination with checkpoint-blockade to inhibit distant and spontaneous tumors. c)TEM images of GSH-Au NCs. d) FT-IR
spectra of glutathione and purified GSH-Au NCs. e) UV-vis and fluorescence spectra of GSH-Au NCs. f) DLS of GSH-Au NCs, **™Tc@Au NCs and 7Lu@Au NCs. g) Radiolabeling

stability of ®*™Tc@Au NCs and 7’Lu@Au NCs in PBS and serum. h) The liquid scintillation spectrum of free **™Tc, GSH-Au NCs, and **™Tc@Au NCs.
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Fig. 2. In vitro internal radioisotope therapy by *™Tc@Au NCs and '"’Lu@Au NCs. a) Cytotoxicity of GSH-Au NCs at different concentrations. b) Relative viabilities of 4T1 cells
treated with free 9°™Tc, free '7’Lu, **™Tc@Au NCs and '"Lu@Au NCs with different doses for 24 h. c) The self-sensitization effect by *™Tc@Au NCs to destruct tumor cells. d)
Colongenic assay of 4T1 cells treated by free %°™Tc, free '77Lu, ®*™Tc@Au NCs and '7’Lu@Au NCs at different doses. e) y-H2AX fluorescence images (blue: DAPI, red: y-H2AX) of 4T1
cells 24h after different treatments (Control, GSH-Au NCs, free %°™Tc, free '"’Lu, **™Tc@Au NCs and 7’Lu@Au NCs). P values in (c) were calculated by multiple t-tests

(***P < 0.001).

therapy of therapeutic radioisotope ’Lu, but also endow non-
therapeutic *°™Tc with the therapeutic function through absorbing
y rays to emit the charged particles.

On account of the high therapeutic efficiency in the in vitro level,
we further explored in vivo behaviours of radionuclide labelled Au
NCs. Firstly, we explored the tumor retention ability of °™Tc@Au
NCs after local injection into the tumor. 4T1 tumor-bearing mice
were intratumorally (i.t.) injected with free °™Tc, %™Tc@Au NCs at
radioactive dose of 800 uCi or free 77Lu, 7’Lu@Au NCs at radioactive
dose of 100 pCi and SPECT/CT images were collected at different time
points post injection. It was distinctly observed that free ®°*™Tc was
quickly metabolized to other normal organs from tumor site just
after 1h of injection. Conversely, ™ Tc@Au NCs exhibited a long
retention in tumor site and a little distribution in normal organs
even after 24h of injection. Similarly, ’Lu@Au NCs also visibly
enhanced the retention time of radionuclides in the tumor sites
compared to free "7Lu (Figs. 3a and S4). Moreover, ex vivo
biodistribution studies were simultaneously carried out by testing
radioactivity of major organs and tumors though y counter at 24 h
post-injection. The results showed that the i.t. injection of %™Tc@Au
NCs could significantly enhance the retention of radionuclide in
tumor site and reduce the distribution of radionuclide in normal
tissues (Fig. 3b), which is favourable for internal radioisotope
therapy in vivo. In addition, the tumor homing ability of *™Tc@Au
NCs by intravenous (i.v.) injection was also evaluated. Mice bearing
4T1 tumor were i.v. injected with **™Tc@Au NCs and scanned by
SPECT/CT images at different time points post injection. SPECT/CT
images indicated that %™Tc@Au NCs could effectively accumulate in

tumor site by enhanced permeability and retention effect (Fig. S5a).
The consequence of SPECT/CT images were further testified by bio-
distribution data of mice, which correlated well with the results of
SPECT/CT images (Fig. S5b). In addition, the pharmacokinetic para-
meters of GSH-Au NCs and ®°™Tc@Au NCs were measured in normal
BALB/c mice, and showed that both GSH-Au NCs and °°™Tc@Au NCs
could prolong blood circulation time after i.v. injection (Fig. S5c).
Generally, by SPECT/CT imaging and ex vivo biodistribution studies,
we found that such radionuclide labelled Au NCs only distributed in
tumors and bladder after i.t. injection, which may afford effective
internal radioisotope therapy with low physiological toxicity.
Inspired by the superior distribution in tumor site, we then
evaluated the internal radioisotope therapy efficacy of radionuclide
labelled Au NCs for local tumors. In details, BALB/c mice bearing 4T1
murine breast tumors were assigned into seven groups at random
(n=5 per group) (Fig. 3c). (Group 1, PBS; Group 2, GSH-Au NCs (i.v.);
Group 3, GSH-Au NCs (i.t.); Group 4, free %™Tc (i.t., 200 uCi); Group
5, Free 7Lu (i.t., 75uCi); Group 6, **™Tc@Au NCs (i.v., 400 uCi);
Group 7, "7Lu@Au NCs (i.v., 200uCi); Group 8, ®°*™Tc@Au NCs
(i.t., 200 uCi); Group9, 7/Lu@Au NCs (i.t., 75 pCi). When the volume
of tumors reached ~100 mm?>, mice were injected with the corre-
sponding formulations by i.v. or i.t. injection. Compared to GSH-Au
NCs, free °°*™Tc and free '"’Lu, which exhibited no obvious tumor
growth inhibition effect, tumors treated by %*™Tc@Au NCs and
77Lu@Au NCs with it. or iv. injection showed significantly sup-
pression for tumor growth, in particular, tumor growth was almost
completely suppressed by i.t. injection with 7’Lu@Au NCs only at
75 pCi. Furthermore, mice were sacrificed at 14 d post various
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Fig. 3. In vivo biodistribution and internal radioisotope therapy based on *™Tc@Au NCs and '"’Lu@Au NCs. a) SPECT/CT images of 4T1 tumor-bearing mice post i.t. injection of
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(n=5). e) Micrographs of H&E and TUNEL stained tumor slices from mice collected 3 days after the first treatment. P values in (b) and (d) were calculated by multiple t-tests

(***P < 0.001).

treatments to collect data of tumor weights, which also demon-
strated the effective radio-therapeutic effect of such radionuclide
labelled Au NCs (Fig. 3d). Afterwards, hematoxylin & eosin (H&E)
staining and terminal deoxynucleotidyl transferase dUTP nick end
labelling (TUNEL) assay were carried out to evaluate morphologic
changes and apoptosis of tumor cells at 3 day post various treat-
ments. As shown in Fig. 3e, the most remarkable cell damage and
apoptosis were observed in tumors treated with 7/Lu@Au NCs
(i.t., 751Ci), and a similar situation was also observed in *°™Tc@Au
NCs (i.t.,, 200 uCi). In terms of the potential side effects, body weights
were monitored during internal radioisotope therapy and no sig-
nificant changes were found in the body weight of the mice injected
with %°™Tc@Au NCs or ’Lu@Au NCs (Fig. S6). Meanwhile, histolo-
gical examination of main organs for mice by H&E staining also in-
dicated no significant side effects of such radionuclide labelled Au
NCs based-internal radioisotope therapy (Fig. S7).

Immune responses triggered by radionuclide labelled Au NCs

It has been discovered that ablative treatment methods, such as
chemotherapy, photothermal therapy and radiotherapy, for tumors
could induce tumor specific immune responses by generating
tumor-associated antigens. Therefore, we investigated the im-
munological responses after the internal radioisotope therapy ab-
lation of colorectal cancer CT26 tumors by radionuclide labelled Au
NCs. Usually, antigen-presenting cells (APCs) such as DCs are able
to capture and process antigens to activate T cells and trigger
subsequent immune responses. As a consequence, the maturation
of DCs is a critical initial step to initiate immunotherapy. In order to
study in vivo DC activation by internal radioisotope therapy, lymph
gland was obtained from the ipsilateral inguinal of each
CT26 tumor-bearing mouse 3 days after different treatments
(surgery, free 9°MTc, 177Lu, **™Tc@Au NCs, 7’Lu@Au NCs, n=4 per
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group) by i.t. injection for flow cytometry assay. Compared to the
control group, both **™Tc@Au NCs and "’Lu@Au NCs could pro-
minently induce the DC maturation (~30.4% and ~35.65% respec-
tively) in vivo, while free radionuclides showed negligible DC

maturation stimulation effect (Fig. 4a and b). Therefore, the in-
ternal radioisotope therapy treatment of tumor by radionuclide
labelled Au NCs may act as an immunostimulant to reinforce the
immune responses post therapy.
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The immunoregulation capability of internal radioisotope
therapy were then tested in a distant tumor model by testing their
expression of PD-L1. In details, the first tumor was treated by i.t.
injection of free radionuclides (free °™Tc, '7Lu) or radionuclide
labelled Au NCs (®*™Tc@Au NCs, 7’Lu@Au NCs), and the other side
tumor was harvested to evaluate the expression of PD-L1 by flow
cytometry assay. To our surprise, PD-L1 expression on the distant
tumors of mice treated by **™Tc@Au NCs or 7’Lu@Au NCs groups
both exhibited a certain increase compared to other groups (Fig. 4c
and d). To further demonstrate the results, the distant tumors were
harvested for immunofluorescence staining analysis after various
treatment of local tumors. Notably, it was found that the expression
of PD-L1 represented by the FITC were significantly enhanced in the
tumor of mice injected with °™Tc@Au NCs or "’Lu@Au NCs com-
pared to other groups (Fig. 4e). We speculated that such a phe-
nomenon may be due to the immunogenic death of cancer cells
caused by internal radioisotope therapy further promoting the
tumor immune response. In order to avoid the attack of effector T
cells, the remote tumors will increase the expression of PD-L1 to
escape the killing of immunoreaction. Therefore, such effective in-
ternal radioisotope therapy not only promoted the maturation of
DCs, but also up-regulated the expression of PD-L1 on distant tu-
mors. In order to further enhance the anti-tumor effect for distant
tumors and spontaneously metastasizing tumors, oPD-L1 was fur-
ther combined with radionuclide labelled Au NCs for radio-
immunotherapy of cancer.

Combined internal radioisotope therapy with immunotherapy to inhibit
the distant tumors

Cancer immunotherapy has been developed rapidly in recent
years, which could activate the body's initial immune system to attack
metastatic tumor cells. Among them, immune checkpoint inhibitors
such as oPD-L1 and anti-CTLA-4 («CTLA-4) have shown inspiring
clinical results for certain types of cancer. Therefore, distant tumor
model was built to explore the combination of internal radioisotope
therapy enhanced by radionuclide labelled Au NCs together with aPD-
L1 blockade therapy. In details, 4T1 cells or CT26 cells were inoculated
on the two sides of the back of each BALB/c mouse. When the volume
of both tumors reached ~75 mm?, mice were assigned at random into
6 groups (n=5 per group) (Group 1, surgery; Group 2, surgery plus
oPD-L1; Group 3, 9™Tc@Au NCs (i.t.); Group 4, 7Lu@Au NCs (i.t.);
Group 5, ®™Tc@Au NCs (i.t.) plus oPD-L1; Group 6, 7’Lu@Au NCs (i.t.)
plus oPD-L1) and right flank tumors were removed by internal
radioisotope therapy or surgery. Mice in Group 2, Group 5 and Group 6
were then i.v. injected with aPD-L1 (20 g per mouse) at 1, 3 and 5
days. Afterwards, the growth of left flank tumors was monitored every
two days (Fig. 5a). For 4T1 tumor model, the growth of the distant
tumors on mice whose first tumors were i.t. injected with ™Tc@Au
NCs or 7Lu@Au NCs alone showed no significant difference from the
surgery group. However, the treatment of ™Tc@Au NCs or '7’Lu@Au
NCs plus oPD-L1 showed obvious growth inhibition on the distant
tumors and effectively prolonged the lifetime of mice (Fig. 5b and c).
Similar to the 4T1 tumor model, mice bearing CT26 tumors treated
with oPD-L1 blockade plus internal radioisotope therapy with
99MTc@Au NCs also revealed a remarkable growth inhibition of the
distant tumors. It was noteworthy noting that for the mice whose
primary tumor was eliminated by 7’Lu@Au NCs and further blocked
by aPD-L1, most of the distant tumors disappeared and 4 out of 5 mice
could survive more than 60 days in this group (Fig. 5d and e). Mean-
while, the body weights were monitored during radio-immunotherapy
and no appreciable body weight changes of mice were found, in-
dicating such treatment strategy with no significant side effects for
mice (Fig. S8a and b).

Additionally, the mechanisms of antitumor immune responses
after combined radio-immunotherapy with radionuclide labelled Au
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NCs were further explored. Firstly, to assess the immune cells in
distant CT26 and 4T1 tumors at day 10 post internal radioisotope
therapy, tumors were harvested from mice receiving different
treatments to evaluate the ratio of CD8 + cytotoxic T lymphocytes
(CTLs) by flow cytometry assay. Interestingly, it was found that the
percentage of CTLs showed great increase in combination of internal
radioisotope therapy with «PD-L1 treated groups (e.g. Group 5 and
Group 6) compared to other groups (Fig. 5f and g). Especially for
mice treated by "’Lu@Au NCs plus «PD-L1, the percentage of CTLs
was up to 53.45%. A similar situation could also be seen in the 4T1
tumor model, the percentage of CTLs in mice treated with 7’Lu@Au
NCs plus oPD-L1 increased to 41.93% compared to control group
(18.25%) (Fig. S9a and b). Furthermore, tumor necrosis factor (TNF-a)
and interferon gamma (IFN-y), which play important roles in the
cytotoxic functions of CTLs, in serum of mice were also analysed by
ELISA kits at the same time. As shown in Fig. 5h and i, both TNF-a
and IFN-y showed obvious increase in 7’Lu@Au NCs plus oPD-L1
group, which further proved the inhibitory effect of radio-im-
munotherapy on distant tumors by our strategy. All those results
strongly indicated that internal radioisotope therapy by ’Lu@Au
NCs combined with aPD-L1 would induce systemic anti-tumor im-
mune responses to inhibit the growth of distant tumors, which is
promising for inhibiting of spontaneously metastasizing tumors.

Internal radioisotope therapy plus immunotherapy to prevent tumor
recurrence

Immunological memory could enable the immune system to
protect organisms from a second wave of pathogen infection in-
cluding cancer cells. In order to investigate immune memory effect
triggered by 7’Lu@Au NCs plus oPD-L1, we rechallenged mice with
the secondary CT26 tumors after 40 days of the first tumor removed
by different treatments or surgery. In details, mice were divided into
four groups (n=5 per group) (Group 1, Surgery; Group 2, Surgery
plus «PD-L1 (pre and post); Group 3, ’Lu@Au NCs (i.t.) plus «PD-L1
(pre); Group 4, 77Lu@Au NCs (i.t.) plus «PD-L1 (pre and post)) and
aPD-L1 was injected at day 1, 3, 5 (pre injection) and day 41, 43 and
45 (post injection) respectively (Fig. 6a). For mice treated their first
tumors by surgery, the growth of re-challenged tumors exhibited no
significant inhibition even injected with two rounds «PD-L1 (pre and
post) (Fig. 6b). However, for mice with their first tumors removed by
77Lu@Au NCs plus «PD-L1 (pre) or 77Lu@Au NCs plus «PD-L1 (pre
and post), no tumor growth was found after rechallenged with the
secondary tumors, indicating the long-term immune protective ef-
fect induced by "’Lu@Au NCs plus oPD-L1(Fig. 6¢). To study the
mechanisms of immune memory effect induced by radio-
immunotherapy of 7’Lu@Au NCs, central memory T cells (Tcy), and
effector memory T cells (Tgy) in the spleen were analysed by flow
cytometry assay at day 40. Notably, it was observed that the per-
centage of Tgy cells (CD3*CD8"CD62L"CD44"), which could give rise
to immediate immune protections via generating cytokines, ex-
hibited prominently increase in '7’Lu@Au NCs plus «PD-L1 group
compared to other groups (Fig. 6d). Moreover, TNF-a and IFN-y
showed obvious increase in serum through ELISA kits assay (Fig. Ge).
Those results obviously indicated that the immune memory effect
induced by our treatment strategy could protect organisms from a
second wave of tumor cells infection.

Internal radioisotope therapy plus immunotherapy for transgenic mice
with spontaneous and metastatic cancer

To further evaluate the promise of our strategy for clinical cancer
treatment, ransgenic mice with spontaneous breast tumors, which
are more similar to human tumors than subcutaneous tumor model,
were then introduced to evaluate the effectiveness of radio-
immunotherapy, which is conducive to pushing the results of animal
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Fig. 5. Distant tumor inhibition by radioimmunotherapy. a) Schematic diagram of local internal radioisotope therapy plus aPD-L1 to suppress distant tumor growth. b) and c)
Distant tumor growth curves and survivorship curves of 4T1 tumor-bearing mice after various treatments. d) and e) Distant tumor growth curves and survivorship curves of CT26
tumor-bearing mice after various treatments. Error bars represent mean = s.d. (n=5). 4T1 tumor-bearing mice. Error bars represent mean * s.d. (n=>5). f) Representative flow
cytometry plots showing different types of T cells in the secondary tumors from different groups 10 days post treatment (CT26 tumor model). g) Proportions of tumor-infiltrating
CD8+ killer T cells among CD3+ cells (CT26 tumor model). Error bars represent mean + s.d. (n=4). h) and i) TNF-a level (h) and interferon-y (IFN-y) level (i) in mice sera isolated 10
days post various treatments (CT26 tumor model). Error bars represent mean # s.d. (n=5). (G1: Surgery, G2: Surgery + «PD-L1, G3:*°™Tc@Au NCs (i.t.), G4:"77Lu@Au NCs (i.t.), G5:

99MTe@Au NCs (i.t.) + oPD-L1, G6: "’Lu@Au NCs (i.t.) + «PD-L1). P values in (g), (h) and (i) were calculated by multiple t-tests (***P < 0.001, **P < 0.01, *P < 0.05).
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experiments to humans. It needs to be mentioned that once this
spontaneously metastatic tumor occurs, there is no way to com-
pletely cure it. In our experiments, when the tumors at breast were
clearly visible, transgenic mice were divided into 2 groups at random
(n=5 per group) (Group 1, Control; Group 2, "7’Lu@Au NCs (i.t.) plus
aPD-L1) and the right breast pad of each mouse in Group 2 was i.t.
injected with 25 pL "7’Lu@Au NCs (*7Lu: 100 pCi, Au: 34.08 mg/mL)
(Fig. 7a). Afterwards, mice in Group 2 were then i.v. injected with
aPD-L1 (20 pg per mouse) at 1, 3 and 5 days. As shown in Fig. 7b, the
lifetime of mice treated by 7’Lu@Au NCs combined with oPD-L1
blockade was prominently prolonged about two weeks compared to
control group. Meanwhile, the body weights were also monitored
during such radio-immunotherapy and no appreciable body weight
changes of mice were found, indicating no significant side effects for
mice with such treated strategy (Fig. S10). In order to find out the
details of treatment condition, photos of mice were collected at
14 day post treatment, further indicating significant therapeutic ef-
fect of 7’Lu@Au NCs (i.t.) plus aPD-L1 (Fig. S11). Moreover, tumor
growth and metastasis at transgenic mice were further monitored at
23 day post treatment by Positron Emission Tomography-Computed
Tomography (PET/CT) imaging using '®F-fluorodeoxyglucose
('®F-FDG), a most common radiolabelled sugar (glucose) molecule
tracer. Compared to control group, tumors treated with radio-
immunotherapy were much smaller than that of control group
(Fig. 7c). Importantly, the number of metastatic lesions were sig-
nificantly inhibited by our treated strategy. Afterwards, in order to
explore the mechanisms of antitumor immune responses, the ratio
of CD8+ CTLs was evaluated by flow cytometry assay at day 30 post
treatment. Notably, it was found that the percentage of CTLs showed
obvious increase in Group 2 even after 30 days of treatment (Fig. 7d),
which was up to 34.24% (Fig. 7e), compared to Group 1. By analysing
lung tissue sections of mice at different days, we speculated that
such a treatment might be prolong the time of tumor lesion me-
tastasis to a certain extent, which could also be reflected in PET/CT

imaging (Fig. S12a and b). To sum up, our experimental results in-
dicated that radio-immunotherapy by 7’Lu@Au NCs plus «PD-L1
could effectively inhibit the metastatic tumor. Although the trans-
genic mice were eventually died, our strategy has significantly
prolonged the survival time of the mice. Hence, our strategy is
promising for delaying the tumor metastasis in clinical treatment,
providing more time and possibility for developing potent ther-
apeutic regimen for the cancer patients.

Conclusion

In summary, the metabolizable and low toxicity radionuclide
labelled Au NCs developed by this work would provide a new
strategy for cancer diagnosis and therapy based on renal clearable
gold nanoparticles. Our study adopted a novel and convenient che-
lating approach to develop ®*™Tc@Au NCs and "7Lu@Au NCs with
high radiolabeling stability. It is noteworthy that the radionuclide
labelled Au NCs not only endow nontherapeutic *™Tc with the
therapeutic function but also improve the efficacy of therapeutic
77Lu in vitro and in vivo. Besides, we were surprised to find that such
internal radioisotope therapy could induce some immune responses.
By combining with aPD-L1 blockade, distant tumors were obviously
inhibited, which could also produce a long-term immunological
memory effect. Especially, to simulate the real cancer occurred in
human, transgenic mice with spontaneous breast tumors were for
the first time introduced in our experiments. Through radio-im-
munotherapy by 7’Lu@Au NCs plus «PD-L1 blockade, spontaneous
and metastatic tumors were effectively inhibited and the lifetime of
transgenic mice were significantly prolonged. In general, such radio-
immunotherapy strategy we designed could not only provide effi-
cient internal radioisotope therapy for solid tumors but also pro-
minently eliminate the distant tumors. Especially, the living quality
and lifetime of transgenic mice with terminal cancer were also im-
proved by our method. For clinical translation, our strategy might
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Fig. 7. Transgenic mice (FVB/NJGpt-Tg(MMTV-PyMT)/Gpt) with spontaneous and metastatic breast cancer treated by radio-immunotherapy. a) Schematic diagram of local
internal radioisotope therapy plus «PD-L1 to inhibit the growth of spontaneous and metastatic tumors. b) Survival curves of transgenic mice treated by '”’Lu@Au NCs (i.t.) + aPD-
L1. Five mice per group (n=5). ¢) '8F-fluoro-desoxyglucose (FDG) PET/CT images of transgenic mice 23 days post treatment. Two mice per treatment group (n=2). d)
Representative flow cytometry plots showing different types of T cells in solid tumors from transgenic mice in different groups 30 days post treatment. e) Proportions of tumor-
infiltrating CD8+ killer T cells among CD3+ cells of transgenic mice. Error bars represent mean # s.d. (n=>5). P values in (e) were calculated by multiple t-tests (**P < 0.01).

have the potential for tumor interventional therapy for many types Catalog#: BE0101). Antibodies for cell surface markers were ob-
of solid tumors, such as breast cancer, colon cancer and prostatic tained from eBioscience. Radioisotope Na®*™TcO, and 7’LuCl; were
cancer. In addition to that, such method may provide more oppor- purchased from Shanghai GMS Pharmaceutical Co and ITG ISotope
tunities and time for patients with spontaneously metastatic ad- TechnologiES Garching GmbH respectively.

vanced tumors.

Synthesis of GSH-Au NCs
Materials and methods

The GSH-Au NCs was synthesised by chemical reduction method.

Materials In details, 150 pL of HAuCl, solution (1 mol/L) was added to 45 mL of
glutathione solution (2.4 mmol/L) in sufficient stirring. Afterwards,

Glutathione and HAuCl, were purchased from Sigma-Aldrich. the solution was heated to 90 °C for 0.5 h in oil bath. The solution
Anti PD-L1 used in vivo was purchased from Bioxcell (Clone: 10F.9G2, product was cooled to 25 °C and centrifuged at 21,000xg to remove
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the large aggregates. The solution was then purified by regulating
the pH to 3-4, and extracted purified product through aqueous
ethanol (2:1, Vyao/Vethanot) and 4000xg centrifugation. The pre-
cipitate was re-suspended in PBS or water to obtain GSH-Au NCs.

Radioisotope Labelling and labelling stability assay

To perform °™Tc labelling, 5 mCi of *™Tc (Na®*™TcO,4) was firstly
mixed with sodium borohydride (50 pL, 5 mg/mL) PBS solution for
5min and then GSH-Au NCs (1 mL, 34 mg/mL) was added under
sufficient stirring at 37 °C for 20 min %°™Tc labelled GSH-Au NCs
were then obtained after being purified by ultra-filtration for three
times, affording 67.17% labeling yield. Moreover, for ’’Lu labelling,
3 mCi of "7’Lu ("7LuCls) in 0.05 M hydrochloric acid solution (10 pL)
and GSH-Au NCs (1mL, 34 mg/mL) were mixed under sufficient
stirring at 37 °C for 20min '7’Lu labelled GSH-Au NCs were then
obtained after being purified by ultra-filtration for three times, af-
fording 90.74% labeling yield.

In order to evaluate radiolabelling stability, radioisotope labelled
GSH-Au NCs (°*™Tc@Au NCs or 7Lu@Au NCs) were mixed with
serum or PBS buffer for 24 h. The solution was sampled to filter
through Ultra Centrifugal 10 kDa Filters (Millipore) at different time
points. The added radioactivities and radioactivities retained on the
filters were detected by gamma counter (PerkinElmer) to evaluate
the radiolabelling stability. For liquid scintillation spectrum, 50 pL of
GSH-Au NCs, free 99™Tc, ®*™Tc@Au NCs, or '7’Lu@Au NCs were added
in 3 mL PE scintillation liquid (PerkinElmer) and detected by the li-
quid scintillation analyser (PerkinElmer, Tri-Carb 2910TR).

In vitro experiments

The 4T1 mouse breast cancer cell line (4T1 cells), CT26 mouse
colon cancer cell line (CT26) and HUVEC human umbilical vein en-
dothelial cell line (HUVEC) were purchased from Cell Source Center,
Chinese Academy of Science (Shanghai, China), respectively. 4T1
cells, CT26 cells and HUVEC cells were cultured with standard con-
dition. For biocompatibility evaluation, different concentration
(0-160 pg/mL) GSH-Au NCs were co-cultured with 4T1 cells or
HUVEC cells for 24 h, relative cell viabilities were evaluated via
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide
(MTT) assay.

For in vitro internal radioisotope therapy studies, free 9™Tc, free
771y, %™Tc@Au NCs and "’Lu@Au NCs (160 pg/mL) cells were
c-cultured with 4T1 cells at different radioactive dose (**™Tc: 0,12.5,
25, 50, 100, 200, and 300 uCi, 7’Lu: 0, 0.313, 0.613, 1.25, 2.5, 5, and
10 pCi) for 24 h. Then, the relative cell viabilities were evaluated by
MTT assay.

For the clonogenic assay, 4T1 cells were seeded in 6-well plates
at densities of 200, 400, 600 and 800 cells per well. Afterwards, cells
were incubated with 160 pg/mL of %™Tc@Au NCs or '7’Lu@Au NCs
with different radioactive dose (°*™Tc: 0, 100, 200, and 300 pCi,
77Ly: 0, 2.5, 5, and 10 uCi) for 24 h. Cells were further cultured for
3-7 days and fixed by 4% paraformaldehyde and then stained via
crystal violet. The surviving fractions were calculated by the ratio of
surviving colonies and seeded cells.

For y-H2AX staining studies, 4T1 cells were seeded in 6-well
plates at densities of 5x 10* cells/well. After 24 h, cells were treated
with 160 pg/mL of *°*™Tc@Au NCs or "’Lu@Au NCs at different
radioactive dose (°°™Tc: 300 pCi, 77Lu: 10 uCi) for 12 h. Another 12 h
later, cells were dealt with y-H2AX and DAPI and imaged by confocal
microscopy (Olympus).

Tumor model

Female BALB/c mice (6-8 weeks) were purchased from
Changzhou Kavins Experimental Animal Co. LTD. Female FVB/N]Gpt-
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Tg(MMTV-PyMT)/Gpt mice (8 weeks) were purchased from
GemPhamatech Co. LTD. The contract information was provided in
Supplementary Material (Fig. S13). Animal experiments were per-
formed according to the protocols approved by Soochow University
Laboratory Animal Center.

4T1 cells or CT26 colorectal cancer cells (2x 10%) in 50 uL PBS
were injected onto the back of BALB/c mouse to build the tumor
model. All mice were randomly divided in experiments. Tumor
size was calculated by the following formula: volume=
(tumor length) x (tumor width)?/2, mice will be euthanized, when
volume of tumors reached above 1000 mm?®.

In vivo experiments

For in vivo SPECT imaging and bio-distribution studies, 4T1 tumor-
bearing mice were i.v. or i.t. injected with ®°™Tc@Au NCs or Free ®*™Tc
at radioactive dose of 800 uCi and i.t. injected with 7’Lu@Au NCs or
free "7Lu at radioactive dose of 100 pCi (25 pL, Au: 34.08 mg/mL) and
SPECT/CT images were collected by an U-SPECT+/CT imaging system
(MILABS) post injection. To investigate bio-distribution of **™Tc@Au
NCs, 4T1 tumor-bearing mice were iv. or it. pre-injected with
99MTe@Au NCs and Free ®°™Tc at radioactive dose of 200 uCi and mice
were sacrificed at 24 h post-injection to obtain organs and tumors for
radioactivity testing by y counter.

For subcutaneous tumors inhibition, mice bearing with 4T1 tu-
mors were divided into 7 groups at random (5 mice per group).
When the volume of tumor reached ~100 mm?, mice were injected
with PBS, GSH-Au NCs (i.v., 200 pL, Au: 4.26 mg/mL), GSH-Au NCs
(i.t., 25 pL, Au: 34.08 mg/mL), Free °°™Tc (i.t., 200 nCi), Free ""Lu (i.t.,
75 uCi), 9™Tc@Au NCs (i.v., 400 uCi), 7’Lu@Au NCs (i.v., 200 uCi),
99mTe@Au NCs (i.t., 200 uCi) and '7’Lu@Au NCs (i.t., 75 nCi) respec-
tively at O day.

For distant tumors inhibition, 4T1 or CT26 cells were inoculated
onto both flanks of every BALB/c mouse back. When the volume of
both tumors reached ~75 mm?>, mice were divided into 6 groups at
random (G1: Surgery, G2: Surgery plus «PD-L1, G3: ®*™Tc@Au NCs
(i.t.), G4: ""Lu@Au NCs (i.t.), G5: %°™Tc@Au NCs (i.t.) plus oPD-L1, G6:
77Lu@Au NCs (i.t.) plus «PD-L1, 5 mice per group). For right flank
tumor, 25 pL *°™Tc@Au NCs (Au: 34.08 mg/mL, °™Tc: 200 uCi) was
injected in G3 and G5, 25 pL 7’Lu@Au NCs (Au: 34.08 mg/mL, '7"Lu:
75 uCi,) was injected in G4 and G6. However, the therapeutic effect
of ®*™Tc@Au NCs was limited by short radioactive half-life, which
could not eliminate the right flank tumors completely and the tu-
mors were surgically removed latterly if too large. Mice in G2, G5
and G6 were then i.v. injected with «PD-L1 (20 pg per mouse) at 1, 3
and 5 days. After that, the growth of left flank tumors was monitored
every two days. Mice were euthanized, when volume of left flank
tumors reached above 1000 mm?>.

To study the immune memory effect, CT26 cells were inoculated
onto right flanks of every BALB/c mouse. When the volume of tu-
mors both reached about 50 mm?, the tumors were eliminated by
surgery or 25 uL 77Lu@Au NCs (i.t., 77Lu: 75 uCi, Au: 34.08 mg/mL)
plus aPD-L1 (20 ng per mouse). 40 days later, when the secondary
CT26 tumors were inoculated, «PD-L1 (20 pug per mouse) was i.v.
injected into the mice at 41, 43 and 45 days. The size of secondary
tumors was measured every two days to monitor survival of mice.

To study transgenic mice treated by internal radioisotope therapy
and immunotherapy, when the transgenic mice were 8 weeks old,
25 pL 77Lu@Au NCs (i.t., 77Lu:100 uCi, Au: 34.08 mg/mL) were in-
jected in the tumor under the right breast pad transgenic mice.
Afterwards, oPD-L1 was i.v. injected into the transgenic mice at 1, 3
and 5 days. The growth and metastasis of tumors was evaluated by
18E_fluoro-desoxyglucose (FDG) PET/CT imaging (SIEMENS Inveon
PET/CT) at 23 days post treatment. Beyond that, survival of trans-
genic mice was further monitored carefully every day.
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Ex vivo analysis of dendritic cells

To study in vivo DCs stimulation studies, lymph gland was ob-
tained from the ipsilateral inguinal of each CT26 tumor-bearing
mouse 3 days post treatments (Surgery, Free **mTc, 177Lu, *°™Tc@Au
NCs, 77Lu@Au NCs ("7Lu: 75 uCi, **™Tc: 200 uCi)) and homogenized
in PBS (pH 7.4) containing 1% Fetal Bovine Serum (FBS) to acquire
cell suspension. After that, the DCs were stained by anti-CD11c-FITC
(eBioscience, Clone: N418, 11-0114-82), anti-CD86-APC (eBioscience,
Clone: GL1, 17-0862-82) and anti-CD80-PE (eBioscience, Clone:
16-10A1, 12-0801-82) antibodies for flow cytometry assay.

Ex vivo analysis of PD-L1 expression on tumor cells

To study PD-L1 expression on distant tumors cells, CT26 tumors
were obtained from mice (Surgery, Free ®°™Tc, 77Lu, ®™Tc@Au NCs,
77Lu@Au NCs (77Lu: 75nCi, °°™Tc: 200 pCi)) and homogenized in
PBS (pH 7.4) containing 1% FBS to obtain cell suspension. Afterwards,
cells were stained by anti-CD3-FITC (eBioscience, Clone: 17A2,
11-0032-82), aPD-L1-PE (eBioscience) antibodies for flow cytometry
assay. For immunofluorescence staining, tumor slices were stained
with DAPI and «PD-L1-FITC (abcam, [EPR20529], ab213480).

Ex vivo analysis of T cells

To study the T cells in distant tumors or transgenic mice, 4T1 or
CT26 tumors were obtained from mice and homogenized in PBS
(pH 7.4) containing 1% FBS to acquire cell suspension. To analyse CD8"*
T cells, cells was stained by anti-CD3-FITC (eBioscience, Clone: 17A2,
11-0032-82), anti-CD8a-PE (eBioscience, Clone: 53-6.7, 12-0081-83)
and antiCD4-APC (eBioscience, Clone: GK1.5, 17-0041-83) antibodies
according to protocol to distinguish cytotoxic T lymphocytes (CTLs,
CD3*CD4°CD8") and helper T cells (CD3"CD4*CD8"). To study memory
T cells, spleens were obtained from mice in different groups at 40 days
post treatments and stained by anti-CD3-FITC (eBioscience, Clone:
17A2, 11-0032-82), anti-CD8-PE (eBioscience, Clone: 53-6.7, 12-0081-
83), anti-CD62L-PE-Cyanine7 (eBioscience, Clone: MEL-14, 25-0621-
82) and anti-CD44-APC (eBioscience, Clone: IM7, 17-0441-82)
antibodies. Central memory T cells (TCM) and effector memory T cells
(TEM) were CD3*CD8'CD62L'CD44" and CD3*CD8'CD62L CD44",
respectively.

Cytokine detection

Serum samples were obtained from mice in different groups and
diluted for analysis. Tumor necrosis factor (TNF-a, Dakewe biotech)
and interferon gamma (IFN-y, Dakewe biotech) were analysed by
ELISA kits according to vendors’ instructions.

Statistical analysis

All results are expressed as means + SEM or SD as indicated.
Multiple t-tests were used when two groups were compared.
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