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A B S T R A C T   

Radioisotope therapy (RIT) of cancer is restrained by the nonspecific distribution of radioisotope and ineptitude 
for metastatic tumors. Meanwhile, the clinical application of immune checkpoint blockade (ICB) confronts 
problems such as low responsive rate, multiple administration requirements and immune-related adverse events 
(irAE). To address these challenges, we prepared an injectable suspension by immobilizing 131I-labeled anti- 
programmed cell death-ligand 1 antibody (αPD-L1) in bacterial cellulose for precise and durable radio- 
immunotherapy of cancer. The crisscross network structure of bacterial cellulose nanofibers would contribute 
to the long-term retention of 131I-labeled αPD-L1 within tumors, which could reduce the side effect stemmed 
from the nonspecific 131I distribution in normal tissues. The potent long-term RIT of 131I, combined with ICB by 
αPD-L1, could effectively restrain the growth of primary tumor in mice. In addition to the direct killing effect, 
131I-αPD-L1 immobilized by bacterial cellulose could enhance the immunogenic cell death (ICD) of cancer cells, 
activating the maturation of multiple immune cells to induce a systemic anti-tumor immune effect. Our thera
peutic strategy could suppress spontaneous cancer metastasis and prolong the survival time of tumor-bearing 
mice. This study proposed a new approach for combined radio-immunotherapy and a novel solution for tumor 
metastasis in advanced-stage cancers.   

1. Introduction 

Radiation therapy (RT), including external beam radiotherapy 
(EBRT) and internal radioisotope therapy (RIT), has been an indis
pensable strategy in clinical cancer treatment [1,2]. Among them, in
ternal RIT aimed at achieving selective delivery of radiation to tumors 
was hampered by the nonspecific distribution and poor tumor retention 
of radioisotopes, which would induce unnecessary systematic toxicity 
and dissatisfactory therapeutic efficacy [3–5]. Meanwhile, due to the 
restrained effective range of radioisotope radiation, the locally applied 
RIT is limited for primary tumors with finite size but has little effect on 
late-stage tumors and cancer metastasis [6,7]. Fortunately, recent 
studies discovered that RT could induce immunogenic cell death (ICD) 
generating tumor-associated antigens (TAAs) to trigger immune 
response, providing a powerful support for radio-immunotherapy of 
cancer [8–10]. However, there have been reports showing that RIT 

would promote the expression of programmed cell death-ligand 1 (PD- 
L1) on cancer cells, which largely inhibits the CD8+ T cell-dependent 
cellular immune process and thus undermine anti-tumor immune re
sponses [11–13]. 

Immune checkpoint blockade (ICB) therapy based on monoclonal 
antibody could reactivate the antitumor immune response by disrupting 
co-inhibitory T cell signaling, which has achieved delightful clinical 
effects on several kinds of tumors [14–17]. Nevertheless, the generalized 
clinical application of ICB confronts problems such as low responsive 
rate, multiple administration requirements and immune-related adverse 
events (irAE) [18–21]. Hence, it would be a complementary cancer 
therapy strategy to combine RIT and ICB, among which RIT treats the 
primary tumor and induce ICD to promote the tumor immunogenicity, 
while ICB prevents PD-L1 from binding with PD-1 to inhibit the immune 
evasion effect [22,23]. Typically, atezolizumab is a US Food and Drug 
Administration (FDA)-approved monoclonal antibody (mAb) inhibitor 
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for ICB [24], which could also be labeled with radioisotopes for SPECT/ 
CT imaging [25]. Therefore, with the help of suitable biomedical scaf
fold, αPD-L1 would be an ideal agent for precise and durable radio- 
immunotherapy of cancer. 

Cellulose is the most available polymer in the world, which has been 
traditionally extracted from plants and the derivatives [26,27]. In 1988, 
Brown discovered that the fermentation of bacteria, such as Acetobacter 
xylinum, could produce bacterial cellulose (BC) with similar chemical 
structure and nanostructure to that of plant cellulose (PC) [28–32]. 
However, different from PC, BC possesses pure glucose monomer with 
high polymerization degree and crisscross network structure, leading to 
fascinating properties such as better water holding capacity, higher 
mechanical strength and better biocompatibility [33], which are bene
ficial for long-term retention of therapeutic agents in body. Moreover, 
the most significant difference of BC from PC is the presence of the 
lipopolysaccharide (LPS), an outer membrane component of Gram- 
negative bacteria such as Acetobacter xylinum. Composed of lipids and 
polysaccharides with abundant hydroxyl groups and some amide group, 
LPS may induce serious inflammatory responses in a large dose [34]. 
Meanwhile, a low dose of LPS is expected to be an ideal stimulant for 
immunologic priming [35–37], making BC a promising biomedical 
scaffold for the local administration of therapeutic agents for enhanced 
radio-immunotherapy. So far, several methods for immobilization of 
radionuclides or macromolecules in situ have been reported, such as 
hydrogels or microspheres [38–41]. Such methods can only trap the 
radionuclides in place, yet the immunosuppression caused by radiation 
remain unsolved. As a comparison, BC can induce an immune activating 
effect through LPS, enhancing the immune function to generate a syn
ergistic therapeutic effect, which is superior to other methods. 

Herein, we developed an injectable suspension by immobilizing 131I- 
labeled atezolizumab in BC (131I-αPD-L1/BC) to achieve precise and 
durable radio-immunotherapy of cancer. Taking advantage of the 
excellent network structure of BC nanofibers, 131I-labeled αPD-L1 could 
stay in the tumor sites for a long period after intratumoral injection. In 
addition to the long-term immobilization effect for local RIT, 131I-αPD- 
L1/BC could also function as an effective immune activator. RIT-induced 
ICD could generate TAAs from dead cancer cells and activate multiple 
immune cells. Notably, the radiation-induced increase of PD-L1 
expression on tumor cells could be counteracted by the local adminis
tration of αPD-L1. Moreover, BC itself is a safe and potent source of 
immune stimulation, whose LPS at a relatively low dose could evidently 

activate the immune response. Furthermore, the powerful stimulating 
effect on dendritic cells (DCs) maturation and the higher ratio of CD8+

CTL tumor infiltration induced by our treatment provided support for 
spontaneously metastatic tumor inhibition. Therefore, a biocompatible 
suspension containing BC and 131I-αPD-L1 was developed by a simple 
mixing approach to achieve enhanced radio-immunotherapy in a syn
ergetic manner (Fig. 1), exhibiting extraordinary potential for clinical 
translation. 

2. Materials and methods 

2.1. Materials 

Acetobacter xylinum was obtained from BNCC (BeNa Culture Collec
tion). Plant cellulose was purchased from Sanjia. Cellulase was pur
chased from Macklin. 131I was purchased from Shanghai GMS 
Pharmaceutical Co., Ltd. Anti-PD-L1 antibodies were purchased from 
Bioxcell (Clone: 10F.9G2, Catalog#: BE0101). Antibodies for γ-H2AX or 
PD-L1 immunofluorescence assay and flow cytometry assays were ob
tained from eBioscience. The ELISA kits for LPS assay were purchased 
from Sanjia. The ELISA kits for TNF-α and IFN-γ measurement were 
purchased from Dakewe Biotech. CT26 colon cancer cells and 4 T1 
breast cancer cells were originally obtained from Cell Source Center, 
Chinese Academy of Science (Shanghai, China). 

2.2. 131I labeling of αPD-L1 

αPD-L1 was labeled with radionuclide 131I through a standard 
iodogen oxidation method [42]. In brief, 1 mL of iodogen dissolved in 
dichloromethane (1 mg ml− 1) was added into a 2 ml eppendorf tube and 
then blown-dried with nitrogen. Afterwards, 2 mCi of 131I and 160 μL of 
αPD-L1 solution (6.324 μg μl− 1) were mixed, and the mixture was 
reacted for 15 min at room temperature. Excess 131I was removed by 
ultrafiltration centrifugal filters (10 kDa) and washed several times with 
PBS (pH 7.2). For radiolabeling stability measurement, 131I-αPD-L1 was 
dissolved in PBS and filtered through ultrafiltration every 24 h. The 
retained radioactivity was detected by gamma counter (PerkinElmer) to 
evaluate the radiolabeling stability. 

Fig. 1. Schematic diagram of 131I-αPD-L1/BC for enhanced radio-immunotherapy. Schematic illustration of the antitumor immune responses induced by 
combining radioisotope therapy and immune checkpoint blockade on the basis of 131I-αPD-L1/BC. 
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2.3. Preparation of cellulose suspension 

Acetobacter xylinum was cultured in a fermentation medium con
taining yeast extract (15 mg ml− 1), glucose (50 mg ml− 1) and CaCO3 (1 
mg ml− 1) in a flask for 2 weeks until the formation of cellulose film 
floating on the surface of culture medium. The cellulose film was 
collected and soaked in 0.4% acetic acid overnight and then boiled in 
4% NaOH for 2 h to remove residual culture medium. Afterwards, the 
bacterial cellulose film was freeze-dried and stored at room temperature. 

To prepare the cellulose suspension, 50 mg of plant cellulose or 
freeze-dried bacterial cellulose were cut into pieces, and then mixed 
with 2 ml cellulase (10 mg ml− 1). After 4 h of incubation at room 
temperature, the sample was centrifuged at 4000 r/min to remove 
excess cellulase and washed several times with water. 

2.4. Cellular experiments 

CT26 colon cancer cells and 4 T1 breast cancer cells were cultured in 
DMEM-high glucose supplemented with 10% fetal bovine serum (FBS) 
and 1% penicillin–streptomycin in a humidified atmosphere containing 
5% CO2 at 37 ◦C. For in vitro cytotoxicity assay, CT26 cells and 4 T1 cells 
were firstly seeded into 96-well plates at a density of 8000 cells per well 
for 24 h and then incubated with different concentrations of bacteria 
cellulose, 131I-αPD-L1 or free 131I for 24 h. Relative cell viabilities were 
then evaluated via cell counting kit-8 (CCK-8) assay. 

2.5. Tumor model 

Female BALB/c mice (6–8 weeks) were purchased from Changzhou 
Kavins Experimental Animal Co., Ltd. Animal experiments were strictly 
performed according to protocols approved by Soochow University 
Laboratory Animal Center. To establish the bilateral tumor model, 50 μL 
PBS containing the same number of CT26 (or 4 T1) cells (2 × 106) was 
injected into both flanks of the back of mice at the same day. The im
aging of mice was conducted by a small animal SPECT/CT imaging 
system (U-SPECT+/CT, MILabs Corporation) at different time points 
including 2, 8, 24 and 48 h post i.t. injection. To investigate the bio
distribution of 131I-αPD-L1, CT26 tumor-bearing BALB/c mice were i.t. 
injected with 131I-αPD-L1, 131I-αPD-L1/BC, 131I-αPD-L1/PC or free 131I, 
respectively. Afterwards, the major tissues including liver, spleen, kid
ney, heart, lung and tumor were collected for gamma counter 
measurement. 

To establish spontaneous metastatic 4 T1 orthotopic murine breast 
cancer model, fLuc-4 T1 cells (5 × 105) dispersed in PBS were injected 
into the right-side breast pad of each mouse. After 15 days, mice were 
randomly divided into 4 groups, and intratumorally injected with 131I- 
αPD-L1, 131I-αPD-L1/BC (BC, 500 μg), 131I-αPD-L1/PC (PC, 500 μg) or 
PBS, respectively (dose of 131I = 50 μCi per mouse, dose of αPD-L1 = 25 
μg per mouse). 5 days after the injection, the tumors of mice in 131I-αPD- 
L1/BC treated group were cured by radio-immunotherapy, while the 
tumors of the mice in other groups were surgically removed. Sponta
neous metastases of tumor cells were monitored by an IVIS spectrum 
imaging system from day 0 to day 15. 

2.6. Radio-immunotherapy 

CT26 or 4 T1 tumors were inoculated into both flanks of all mice 
back. When both tumors reached 75 mm3, mice were randomly divided 
into 7 groups (n = 5 per group). Mice were intratumorally (i.t.) injected 
to the right flank tumor with plant cellulose (PC) (500 μg), BC (500 μg), 
131I-αPD-L1, 131I-αPD-L1/BC (BC, 500 μg), 131I-αPD-L1/PC (PC, 500 μg), 
free 131I or PBS at day 0 (dose of 131I = 50 μCi per mouse, dose of αPD-L1 
= 25 μg per mouse), and the left flank tumor will be taken as distal 
tumors. BC and PC were both digested into an injectable fluid by 
cellulase before injection. Afterwards, the tumor volumes were moni
tored with a vernier caliper every 2 days and calculated by the following 

formula: volume = (tumor length) × (tumor width)2/2. Mice were 
euthanized upon the volume of tumors reached 1000 mm3. 

2.7. Ex vivo analysis of PD-L1 expression on tumor cells 

To study the PD-L1 expression caused by radiation on tumor cells, 
CT26 tumors were collected from mice by surgery and homogenized in 
PBS (pH 7.4) containing 1% fetal bovine serum (FBS). For immunoflu
orescence staining, tumor slices were stained with DAPI and αPD-L1- 
FITC (Abcam, [EPR20529], ab213480). 

2.8. Ex vivo analysis of dendritic cells 

To explore in vivo DCs maturation studies, the lymph gland was ob
tained from the ipsilateral inguinal of each CT26 tumor-bearing mouse 
3 days post treatments (PC, BC, 131I-αPD-L1, 131I-αPD-L1/BC, 131I-αPD- 
L1/PC, free 131I or PBS) and homogenized in PBS (pH 7.4) containing 1% 
FBS to prepare a cell suspension. After that, the DCs were stained with 
anti-CD11c-FITC (eBioscience, Clone: N418, 11–0114-82), anti-CD86- 
APC (eBioscience, Clone: GL1, 17–0862-82) and anti-CD80-PE (eBio
science, Clone: 16-10A1, 12–0801-82) antibodies for flow cytometry 
assays. 

2.9. Ex vivo analysis of T cells 

To evaluate immune cell infiltration in tumors, both primary and 
distal tumors from mice after different treatments were collected and 
then cut into pieces to obtain a single-cell suspension. The samples were 
then stained with the corresponding antibodies according to our previ
ous study [22,43]. In brief, cancer cells were stained with anti-CD3-FITC 
(eBioscience, Clone: 17A2, 11–0032-82), anti-CD8a-PE (eBioscience, 
Clone: 53–6.7, 12–0081-83) and anti-CD4-APC (eBioscience, Clone: 
GK1.5, 17–0041-83) antibodies to distinguish cytotoxic T lymphocytes 
(CD3+CD4+CD8− ) and helper T cells (CD3+CD4+CD8− ). 

2.10. Cytokine detection 

Serum samples were isolated from mice after different treatments 
and diluted for analysis. TNF-α and IFN-γ were analyzed by the corre
sponding ELISA kits according to the vendors' protocols. 

3. Results and discussion 

Bacterial cellulose (BC) is an extracellular metabolic product of 
Acetobacter xylinum. After static cultivation of Acetobacter xylinum in a 
specific fermentation medium for two weeks, a layer of BC film was 
formed floating on the surface of culture medium (Supporting infor
mation Fig. S1) [44]. After collection and freeze-drying, the natural BC 
film was cut into small pieces and then digested by cellulase, turning 
into BC suspension (Supporting information Fig. S2). Subsequently, 
the rheological properties of BC before and after digestion by cellulase 
were tested by rheometer. The cellulase-digested BC demonstrated an 
obvious attenuation in both storage modulus (G′) and loss modulus (G") 
(Supporting information Fig. S3), suggesting that the cellulase-digested 
BC suspension has relatively weaker mechanical strength and more 
fluid-like behavior, which is suitable for medical injection. Since the 
crisscrossed joints between cellulose nanofibers were cut by cellulase, 
BC exhibited a more loosened structure than natural BC (Fig. 2a, Sup
porting information Fig. S4). 

In order to identify the difference in chemical groups, Fourier 
transform infrared spectroscopy (FT-IR) was conducted to characterize 
the BC and plant cellulose (PC). The FT-IR spectra of BC and PC 
demonstrated similar broad peaks around 3327 cm− 1 and sharp peaks at 
2904 cm− 1, which were respectively corresponding to the stretching 
vibration of -OH and C–H groups in polysaccharides [45,46]. Mean
while, the FT-IR spectrum of BC demonstrated more sharp vibrational 
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Fig. 2. Characterization of bacterial cellulose. (a) SEM images of natural BC (left) and cellulase-digested BC (right). (b) FT-IR spectra of BC and PC. (c) LPS 
concentration in BC and PC suspension. P value was calculated by multiple t-tests (***P < 0.001). (d) Radiolabeling stability of 131I-αPD-L1/BC in PBS with or 
without serum. 

Fig. 3. Cellular experiments. (a) Relative viabilities 
of HUVEC and CT26 cells after incubation with BC at 
different concentrations for 24 h. (b) Relative viabil
ities of CT26 cells after incubation with free 131I, 131I- 
αPD-L1 and 131I-αPD-L1/BC at different doses for 72 
h. P values were calculated by multiple t-tests (***P 
< 0.001). (c) Confocal imaging of CT26 cells at 24 h 
post different treatments (blue: DAPI, red: γ-H2AX). 
(For interpretation of the references to colour in this 
figure legend, the reader is referred to the web 
version of this article.)   
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bands compared to PC, with the most significant peak at 1627 and 1405 
cm− 1 assigned to the vibrational modes (antisymmetric and symmetric 
stretching, respectively) of -COO groups, which were especially existing 
in LPS (Fig. 2b) [47]. To further verify the unique presence of LPS in BC, 
the LPS concentration in both cellulose solutions was quantified by 
ELISA kits (Fig. 2c), showing negligible LPS in PC while 9.9 ng/L of LPS 
in BC solution, indicating the specific function of BC for stimulating 
immune response. 

Owing to the appropriate β (99%) and γ (1%) emission intensity, 131I 
has been widely used for the theranostics of thyroid disease in clinic. The 
energy of β particles emitted by 131I is up to 0.6 MeV, which has a strong 
killing effect on cancer cells. Due to the half-life of 8.03 days, 131I could 
provide enough activity even after a week. Importantly, compared with 
the other radioisotopes such 177Lu and 188Re, 131I is relatively cheap and 
easily available. FDA-approved PD-L1 inhibitor atezolizumab with 
tyrosine-rich structure has been utilized for ICB treatment. Herein, 
atezolizumab was labeled with 131I by the substitution reaction on the 
tyrosine, obtaining 131I-αPD-L1 with a high radiolabeling yield (86.5 ±
3%) and excellent radiolabeling stability in both 10% FBS and PBS even 
after seven days (Fig. 2d). Additionally, the bioactivity of 131I labeled 
αPD-L1 was tested. In brief, CT26 cells were incubated with αPD-L1 and 
131I-αPD-L1 respectively for flow cytometry assay. αPD-L1 and 131I-αPD- 
L1 exhibited similar binding efficacy to PD-L1 on CT26 cells, indicating 
that the131I labeling would not affect the bioactivity of αPD-L1 (Sup
porting information Fig. S5). Afterwards, 131I-αPD-L1 was immobi
lized into BC matrix by simply mixing, achieving 131I-αPD-L1/BC for the 
subsequent experiments. 

The cytotoxicity of BC and 131I-labeled αPD-L1/BC was investigated 
in both CT26 (murine colon cancer cells) and HUVECs (human umbilical 
vein endothelial cells). The cellular viability was tested by cell counting 
kit-8 (CCK-8) assay after incubation with BC at different concentrations 

for 72 h. BC showed negligible influence on the viability of both cell 
lines even at the highest concentration (50 mg ml− 1), indicating the 
superior biocompatibility in vitro (Fig. 3a). Meanwhile, free 131I, 131I- 
αPD-L1 and 131I-αPD-L1/BC exhibited similar toxicity to CT26 cells, 
suggesting that the direct cell death was mainly derived from RIT by 
therapeutic radioisotope 131I, and BC would not affect the killing effect 
of 131I (Fig. 3b). The DNA double-strand breaks of CT26 cells after 131I- 
αPD-L1/BC incubation was then evaluated by γ-H2AX, a commonly used 
marker for DNA breaks. The confocal imaging of cells treated with 131I- 
αPD-L1/BC, similar to 131I or 131I-αPD-L1 treated cells, illustrated 
obvious red fluorescence for DNA double-strand breaks (Fig. 3c), vali
dating that BC would not compromise the powerful RIT efficacy to 
cancer cells. 

Encouraged by the biocompatibility of BC and efficient RIT of 131I- 
αPD-L1/BC in vitro, the influence of 131I-αPD-L1/BC on immune 
response in vivo was then evaluated. The expression of PD-L1 in CT26 
tumors was tested 72 h post intratumoral (i.t.) injection of free 131I or 
131I-αPD-L1 to assess the immunoregulatory activity (Fig. 4a&b). 
Compared to the control group, the immunofluorescence-stained tumor 
slice demonstrated slightly stronger PD-L1 fluorescence (green) in those 
treated with 131I, which was in consistent with previous studies 
reporting that radiation exposure would up-regulate the PD-L1 expres
sion in tumor cells. Interestingly, the tumor treated with 131I-αPD-L1 
showed less PD-L1 signal as compared to free 131I, validating the suc
cessful interaction of αPD-L1 with PD-L1. The immunofluorescent im
ages of tumors together indicated the efficacy of 131I-αPD-L1 to block 
RIT-induced PD-L1 expression and the possibility for combined RIT and 
immunotherapy. 

Dendritic cells (DCs), as a representative kind of antigen-presenting 
cells (APCs) to activate T cells, play a pivotal role in triggering and 
regulating immune responses only upon maturation [48,49]. In order to 

Fig. 4. Immunostimulatory effects of 131I-αPD-L1/BC in vivo. (a, b) Immunofluorescence-stained tumoral slices illustrating the PD-L1 expression (a) and the 
corresponding statistical data of average fluorescence intensity (b) (blue: DAPI, green: PD-L1). (c, d) Flow cytometry results showing the DC maturation proportions 
in CT26 tumor-bearing mice (c) and the corresponding statistical plots (d). Lymph node cells were harvested 3 days after treatments and stained with CD11c, CD80 
and CD86 for flow cytometry experiments. Error bars represent mean ± s.d. (n = 5). P values in b&d were calculated by multiple t-tests (***P < 0.001, **P < 0.01, 
*P < 0.05). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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study the DC maturation ratio after various treatments, the lymph gland 
was then collected from the ipsilateral inguinal of each CT26 tumor- 
bearing mouse and analyzed by flow cytometry (Fig. 4c&d). Free 131I 
itself, as well as 131I-αPD-L1, could slightly elevate the ratio of DC 
maturation, verifying the stimulating efficacy of RIT. Since PC showed 
limited influence on DC maturation as compared to PBS, more DC 
maturation in 131I-αPD-L1/PC treated group than those in 131I-αPD-L1 
group was reasonable ascribed to the retention of 131I-αPD-L1 in the 
tumor site by PC. Encouragingly, due to the synergistic stimulation ef
fect of RIT and LPS as well as the immobilization capability of BC, 131I- 
αPD-L1/BC group showed the most significant DC maturation, indi
cating the promise of 131I-αPD-L1/BC as an immune stimulant to initiate 
and reinforce immune responses. Interestingly, BC alone obviously 
enhanced DC maturation. Thus, to investigate the mechanism of the 
immune stimulating effect of BC, the DC maturation ratio of mice treated 
with BC or PC added with the same amount of LPS (9.9 ng/L) was tested 
by flow cytometry (Supporting information Fig. S6). Both of BC and 
PC + LPS could effectively stimulate the DC maturation, and there was 
no significant difference between each other. Such results further veri
fied that the immune activating effect of BC was attributed to LPS. 

Before application for cancer radio-immunotherapy, the bio
distribution of radionuclides in tumor-bearing mice was evaluated by 
SPECT/CT imaging after i.t. injection of 131I-αPD-L1 (50 μCi), 131I-αPD- 
L1/BC (50 μCi, 500 μg of BC), 131I-αPD-L1/PC (50 μCi; PC, 500 μg) or 
free 131I (50 μCi), respectively (Fig. 5a). It was found that free 131I 
rapidly fled from tumor post injection and exhibited significant thyroid 
accumulation within hours, while most of 131I-αPD-L1 retained in the 
tumor after 8 h and then gradually eliminated with certain thyroid 
accumulation after 48 h. In contrast, both 131I-αPD-L1/BC and 131I-αPD- 
L1/PC showed significantly long-term retention in tumor without any 

thyroid accumulation, which is favorable for safe and efficient RIT in 
vivo. Furthermore, the ex vivo distribution of 131I-αPD-L1 in tumors and 
major organs were then statistically measured by gamma counter at 48 
hand 72 h post i.t. injection (Fig. 5b&c). Compared with free 131I-αPD- 
L1,131I-αPD-L1/PC and 131I-αPD-L1/BC exhibited higher radioactivity in 
the tumor sites at each time point, which is coincident with the SPECT/ 
CT imaging results. Among them, due to the crisscrossed network of BC 
nanofibers, 131I-αPD-L1/BC exhibited the strongest tumoral retention 
without any signal in normal organs, suggesting the capability of BC as a 
superior scaffold to immobilize radionucleotides and monoclonal anti
bodies (mAbs) for enhanced RIT and immunotherapy without the 
concern of unnecessary side-effect. 

Encouraged by the favorable performance of BC in long-term tumor 
retention and stimulating DC maturation, we then evaluated the effi
ciency of 131I-αPD-L1/BC for combined RIT and immunotherapy. In 
detail, a bilateral tumor model was built by inoculation of CT26 cells on 
both flanks of the back of BALB/c mice. When the average volume of 
tumors reached ~75 mm3, the mice were randomly assigned into seven 
groups (n = 5 per group) including 1) PBS, 2) PC (500 μg per mouse), 3) 
BC (500 μg per mouse), 4) free 131I (50 μCi per mouse), 5) 131I-αPD-L1 
(50 μCi per mouse), 6) 131I-αPD-L1/PC (50 μCi of 131I and 500 μg of PC 
per mouse) and 7) 131I-αPD-L1/BC (50 μCi of 131I and 500 μg of BC per 
mouse). The tumor in the right flank of each mouse was treated with i.t. 
injection (primary tumor), while the left one leaved untreated (distal 
tumor). 

The volume of both tumors was monitored every other day 
(Fig. 5d&e). It was discovered that although free 131I and 131I-αPD-L1 
could slightly restrain the tumoral volume, the growth of either primary 
or distal tumors was still overwhelming due to the rapid elimination of 
radionuclides. Meanwhile, BC alone showed slightly stronger 

Fig. 5. Biological distribution and radio- 
immunotherapy of subcutaneous tumors. (a) 
SPECT/CT images of CT26 tumor-bearing mice at 
different time points after i.t. injection of 131I-αPD- 
L1/BC, 131I-αPD-L1/PC, 131I-αPD-L1 or free 131I, 
respectively. (b, c) Statistical biological distribution 
of 131I-αPD-L1/BC, 131I-αPD-L1/PC and 131I-αPD-L1 in 
mice at 48 h (b) and 72 h (c) post i.t. injection. Error 
bars represent mean ± s.d. (n = 3). P values were 
calculated by multiple t-tests (***P < 0.001). (d, e) 
Tumor growth curves of local tumors (d) and distal 
tumors (e) in subcutaneous CT26 tumor model after 
different treatments. (f) Survival rates of CT26 tumor- 
bearing mice after different treatments. (g, h) Tumor 
growth curves of local tumors (g) and distal tumors 
(h) in 4 T1 subcutaneous tumor model after different 
treatments. (i) Survival rates of 4 T1 tumor-bearing 
mice after different treatments.   
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suppression of both tumors as compared to PC, which may be ascribed to 
the immune-stimulating effect of LPS. With the help of PC stabilization, 
131I-αPD-L1/PC effectively inhibited the growth of primary tumors in 
the first two weeks, while the primary tumors germinated again after 16 
days, let alone distal tumors uncontrollably growing. In contrast, 131I- 
αPD-L1/BC showed satisfactory long-term controlling over the growth 
of both primary and distal tumors. Correspondingly, while 131I-αPD-L1/ 
PC could only extend the life span of CT26-bearing mice from 18 days to 
22 days, all the mice treated with 131I-αPD-L1/BC were still alive during 
the observation period (Fig. 5f). The fascinating therapeutic effect of 
tumor by 131I-αPD-L1/BC could be attributed to the BC scaffold, which 
could not only immobilize radionuclides and mAbs for long-term RIT 
and immunotherapy, but also stimulate immune response by LPS to 
further enhance radio-immunotherapy. 

In order to evaluate the universality of 131I-αPD-L1/BC for enhanced 
radio-immunotherapy of cancer, breast cancer model with relatively low 
response rate to ICB was then established by injecting 4 T1 cells into 
both flanks of mice. Similar to CT26 model, PC, BC, 131I or 131I-αPD-L1 
alone showed limited effect on suppressing 4 T1 tumors on either side of 
mice (Fig. 5g&h). Differently, 131I-αPD-L1/PC could even hardly restrain 
the growth of 4 T1 primary tumors in 18 days and showed negligible 
influence on the distal tumors. Meanwhile, mice treated with 131I-αPD- 
L1/BC demonstrated obvious growth inhibition of both tumors and 
prolonged survival time over 30 days (Fig. 5i). Meanwhile, the body 
weight of the mice was monitored and showed no obvious change during 
the observation period, indicating that our strategy had no significant 
toxic effects on the mice (Supporting information Fig. S7). Altogether, 
131I-αPD-L1/BC exhibited encouraging therapeutic efficacy, obvious 
distal effect, satisfactory biosafety as well as universality in treating 
different tumors, preliminarily showing the promise of this strategy for 
clinical cancer treatment. 

Moreover, the mechanism of the excellent antitumor therapeutic 
efficiency by 131I-αPD-L1/BC was evaluated by collecting both primary 
and distal CT26 tumors from mice at day 5 post each treatment and 
testing tumor infiltrating lymphocytes (TILs) by flow cytometry (Fig. 6a- 

b). As for the primary tumors, those treated with BC possessed more 
activated CD8+ cytotoxic T lymphocytes (CTLs) in TILs than those 
treated with PC, verifying the function of BC in activating CTLs 
(Fig. 6a&c). RIT, especially stabilized by PC, could elevate the ratio of 
CD8+ CTLs to a certain extent. It's worth noting that 131I-αPD-L1/BC, 
among all the treatments, induced the most prominent CD8+ CTLs 
infiltrating into the primary tumors, which is in coincidence with the 
beast therapeutic efficacy. As for the distal tumors, the ratio of CD8+

CTLs demonstrated the similar profile to that of primary tumors, 
showing the most significant increase of CD8+ CTLs percentage in the 
131I-αPD-L1/BC group compared with the other groups (Fig. 6b&d). In 
addition, since CD3+ T lymphocytes are consisted of CD4+ and CD8+ T 
cells, the increase of the proportion of CD8+ cells in the 131I-αPD-L1/BC 
treated group naturally led to the decrease of CD4+ cells (Supporting 
information Fig. S9). The reduction of T-reg cells (regulatory cells) as a 
kind of immunosuppressive CD4+ cells would also induce a positive 
effect on anti-tumor immunity. These results demonstrated that 131I- 
αPD-L1/BC, taking advantage of the long-term RIT-triggered release of 
TAAs in combination with the strong immune stimulation effect of LPS, 
possessed particularly potent efficacy in activating, trafficking and 
infiltrating CTLs into both primary and distal tumors for robust and 
lasting immune response, which could preliminarily explain for its 
outstanding anticancer therapeutic effect. Since tumor necrosis factor 
alpha (TNF-α) and interferon gamma (IFN-γ) play important roles in 
cytotoxic effect of CTLs, the concentration of these cytokines in serum of 
mice was analyzed by ELISA kits at day 5 post each treatment (Fig. 6e-f). 
Both cytokines showed the highest concentration in mice after the radio- 
immunotherapy of 131I-αPD-L1/BC, which further proved the robust 
systemic antitumor immune effect by our strategy. Results above 
strongly indicated that 131I-αPD-L1/BC could not only kill tumors 
directly by radionuclide radiation, but also trigger systemic antitumor 
immune response to suppress the growth of tumors by distal effect. 

After verifying the potent therapeutic effect and clarifying the 
mechanism of 131I-αPD-L1/BC in treating subcutaneous tumors, an 
orthotopic breast tumor model was established for further evaluation of 

Fig. 6. Immune response post radio-immunotherapy. (a, b) Flow cytometry results showing different types of T cells in the primary tumors (a) and distal tumors 
(b) in different groups at 5 days post treatment (CT26 tumor model). (c, d) Proportions of CD8+ CTLs in CD3+ T cells in primary tumors (c) and distal tumors (d) 
after various treatments. The proportions were calculated by the following formula: Proportion = CD8+ / (CD4+ + CD8+). The proportions were calculated by the 
following formula: Proportion = CD8+ / (CD4+ + CD8+). Error bars represent mean ± s.d. (n = 5). (e, f) Antitumor cytokine levels including TNF-α (e) and IFN-γ (f) 
in serum collected from mice at 5 days after different treatments. Error bars represent mean ± s.d. (n = 5). P values were calculated by multiple t-tests (***P 
< 0.001). 
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the systemic antitumor immune response, in which 4 T1 cells expressing 
firefly luciferase (fLuc-4 T1) were injected into the breast pad of BALB/c 
mice (Fig. 7a). At 15 days post the 4 T1 inoculation, the local tumors 
were respectively i.t. injected with PBS, 131I-αPD-L1, 131I-αPD-L1/PC or 
131I-αPD-L1/BC. At day 5, the local tumors in the first three groups were 
removed by surgery, leaving those in the last group untreated. The 
spontaneous metastases in mice were imaged every five days by small 
animal fluorescent imaging system (IVIS) since the fifth day. The 
bioluminescence imaging demonstrated obvious cancer metastases in 
mice treated with PBS, 131I-αPD-L1 or 131I-αPD-L1/PC, resulting in all 
mice dead at day 15 (Fig. 7b-c). In remarkable contrast, the local 
treatment by 131I-αPD-L1/BC not only eradicated the primary tumors at 
day 5, but also inhibit the cancer metastases later on, achieving 100% 
survival rate with steady body weight during the observation period 
(Fig. 7b-c, Supporting information Fig. S10). The success of 131I-αPD- 
L1/BC in inhibiting spontaneous metastases suggests immobilization of 
therapeutic radionuclides and αPD-L1 mAbs by BC as a potential ther
apeutic strategy for late-stage tumors and metastases. 

The high survival rate and steady body weight of mice treated with 
131I-αPD-L1/BC preliminarily implies the biosafety of this therapeutic 
strategy. In addition, the potential side-effect of 131I-αPD-L1/BC was 
further evaluated by histological analysis. After i.t injection of 131I-αPD- 
L1/BC (131I, 50 μCi; BC, 500 μg per mouse), the mice were sacrificed at 
16th day, with major organs collected for hematoxylin and eosin (H&E) 
staining. The H&E-stained slices showed negligible histopathological 
abnormality or damage in major organs of mice, indicating that 131I- 
αPD-L1/BC induced no harm to the treated mice (Supporting infor
mation Fig. S11). Therefore, we have designed a safe and efficient 
strategy to treat cancer by enhanced antitumor radio-immunotherapy 
based on 131I-αPD-L1/BC. 

4. Conclusions 

The application of radionuclide for cancer therapy was hampered by 
several drawbacks including the 1) rapid elimination leading to insuf
ficient therapeutic efficiency, 2) nonspecific distribution resulting in 
side effects, and 3) inability in treating cancer metastases. There have 

been reports showing that RIT could induce ICD to produce TAAs, which 
presented by APCs to CTLs, would trigger specific immunotherapy to 
cancer metastasis. However, the therapeutic efficacy was restrained by 
immature DCs and abundant PD-L1 expressed on cancer cells, where PD- 
L1 would be further promoted by RIT. Hence, there is a great urgent for 
developing biocompatible scaffolds for long-term tumoral retention of 
therapeutic radionuclides and meanwhile stimulating immune response. 
Herein, BC was applied to immobilize 131I-lableld αPD-L1 mAbs spe
cifically in the tumor site as well as stimulate immune response to 
achieve durable and specific radio-immunotherapy of cancer. 

Among 131I-αPD-L1/BC, BC showed 1) satisfactory biocompatibility 
due to the biogenic derivation, 2) long-term retention of therapeutic 
agents by the crisscrossed network, as well as 3) immunostimulatory 
effect to promote DC maturity by LPS. The local injection of 131I-αPD- 
L1/BC could on only effectively inhibit the primary tumors, but also 
produce TAAs from ICD to suppress the untreated tumors on the other 
side. The distal effect on inhibiting tumoral growth was verified in both 
CT26 and 4 T1 subcutaneous model. 

The mechanism for the outstanding therapeutic efficacy was 
analyzed, showing that after the long-term RIT and ICB of the primary 
tumors by 131I-αPD-L1/BC, T cells in lymph nodes were polarized to 
CD8+ CTLs when encountered with DC-presented TAAs. The tumor- 
specific CTLs then trafficked and infiltrated into the distal tumors and 
effectively killed cancer cells with the help of TNF-α and IFN-γ cyto
kines. Furthermore, the enhanced radio-immunotherapy based on 131I- 
αPD-L1/BC successfully prevented the spontaneous cancer metastasis in 
the orthotopic breast tumor model, achieving 100% survival rate with 
steady body weight. Moreover, the histological analysis confirmed the 
biosafety of 131I-αPD-L1/BC at least during our observation period. 

In conclusion, we have designed a BC scaffold to immobilize 131I and 
αPD-L1 for long-term tumoral retention, achieving safe and efficient 
therapeutic efficacy in primary, distal and metastases tumors by 
combining the superiorities of RIT and immunotherapy. We believe that 
this promising strategy for clinical cancer therapy would inspire more 
efforts in material design and treatment integration. 

Fig. 7. Radio-immunotherapy of 4 T1 metastasis. 
(a) Schematic illustration of local administration of 
various agents to inhibit spontaneous tumor metas
tasis in an orthotopic 4 T1 breast tumor model. (b) 
Survival rate of orthotopic 4 T1 tumor-bearing mice 
after treating the local tumors (n = 5 per group). (c) 
In vivo bioluminescence images to track cancer me
tastases in different groups of mice after various 
treatments to eliminate their primary orthotopic tu
mors. An orthotopic breast tumor model was estab
lished by implanting fLuc-4 T1 breast cancer cells into 
the breast pad of each mouse. After the elimination of 
local primary tumors by 131I-αPD-L1/BC, radio
therapy and the generated immune responses could 
effectively inhibit the growth of tumor metastases.   
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