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Liposomal nanohybrid cerasomes targeted to PD-L1 enable dualmodality imaging and improve antitumor treatments
Yang Du a, b, 1, Xiaolong Liang c, 1, Yuan Li d, a, 1, Ting Sun d, a, Huadan Xue d,
Zhengyu Jin d, **, Jie Tian a, b, *
a

CAS Key Laboratory of Molecular Imaging, The State Key Laboratory of Management and Control for Complex Systems, Institute of Automation, Chinese
Academy of Sciences, Beijing 100190, China
University of Chinese Academy of Sciences, Beijing, 100080, China
c
Department of Ultrasound, Peking University Third Hospital, Beijing 100191, China
d
Department of Radiology, Peking Union Medical College Hospital, Beijing, China
b

a r t i c l e i n f o

a b s t r a c t

Article history:
Received 19 October 2017
Received in revised form
14 November 2017
Accepted 17 November 2017

Programmed death ligand-1 (PD-L1) is a central element in cancer therapies targeting immune checkpoints, and its expression is an important predictor of the therapeutic response. With recent approvals of
therapeutic antibodies against PD-L1 and PD-1, noninvasive detection methods are now urgently needed
to quantify PD-L1 expression in tumors and to evaluate the response to immune therapies. However, only
few such methods are available. Thus, we fabricated nanohybrid liposomal cerasome nanoparticles
loaded with the chemotherapeutic drug paclitaxel, and evaluated their value as a theranostic agent. The
particles are also decorated with PD-L1 antibody to enable speciﬁc targeting, and are dual-labeled to
enable near-infrared ﬂuorescence (NIRF) and magnetic resonance imaging (MRI) in vivo. Results showed
that in vivo NIRF and MRI imaging following intravenous injection of cerasomes revealed a strong positive contrast for tumors, indicating long-lived enhancement of relevant signals. Moreover, the cerasomes
were more effective against tumors and metastasis in comparison to simultaneous but nontargeted
delivery of PD-L1 antibody and paclitaxel. Taken together, the data indicate that targeted, dual-labeled
cerasomes are good theranostic agents for MRI/NIRF dual-mode detection and treatment of solid tumors in situ.
© 2017 Elsevier B.V. All rights reserved.
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1. Introduction
Immunotherapy has emerged as a promising tool against cancer
through utilizing the power of the immune system to speciﬁcally
target malignant tumors. In particular, programmed death ligand-1
(PD-L1, also known as B7eH1 or CD274) has been identiﬁed as a
central element in therapies targeting immune checkpoints. PD-L1,
a 290-amino acid type I transmembrane glycoprotein, engages
programmed death-1 (PD-1) to suppress T-cell activity and restrict
tumor cell killing [1,2]. MPDL3280A (atezolizumab), an antibody
against PD-L1, is effective against several tumors, including non-
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small cell lung cancer, renal cell cancer, and triple-negative breast
cancer [3,4], suggesting that PD-L1 expression is a valuable
biomarker of responsiveness to therapies targeting immune
checkpoints. Indeed, immunohistochemistry for PD-L1 in tumor
biopsies may help predict the response to therapy with antibodies
against PD-1 or PD-L1 [5,6]. However, tumor samples are often
impractical to obtain, especially from recurrent and metastatic tumors. Thus, noninvasive detection of changes in PD-L1 expression
in the tumor microenvironment may guide patient management.
Imaging has also become an indispensable tool in medical
practice, cancer research, and clinical trials. In particular, imaging
based on molecular probes that speciﬁcally bind to target sites, and
thereby amplify or generate detectable signals, allows direct visualization and characterization of cellular activity. For instance, PDL1 expression in tumors is measurable by optical and radionuclide
imaging [7e10]. However, each imaging modality has speciﬁc
merits and limitations, and combinations thereof may provide
complementary information and enhance sensitivity and
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speciﬁcity over any single modality. For example, dual-modality
imaging by near-infrared ﬂuorescence (NIRF) and magnetic resonance imaging (MRI) may provide anatomical references with high
sensitivity, high spatial resolution, and an extended effective imaging window [11,12]. MRI enables excellent visualization of soft
tissues and anatomical references with high spatial resolution
without using ionizing radiation. Gadolinium-diethylenetriaminepentaacetic acid (Gd-DTPA), which shortens the T1 relaxation time in tissues and increases signal intensity, is the most often
used positive MRI contrast agent in the clinic [13,14], although it
lacks speciﬁcity, rapid clearance, and risk of nephrogenic ﬁbrosing
dermopathy limit its application [15]. On the other hand, nearinfrared ﬂuorescent (NIRF) dyes such as IRDye800CW are particularly attractive for imaging live animals due to extremely low
nonspeciﬁc absorption and autoﬂuorescence.
Chemotherapeutics are widely used in the clinic, although most
are limited by poor bioavailability and cellular uptake, rapid
clearance from blood, inefﬁcient accumulation in tumors, and severe side effects. Therefore, more effective agents for targeted tumor chemotherapy are urgently needed. For example, elegantly
designed nanotechnologies may help arrest tumor growth and
metastasis, especially if multiple treatments are combined in one
platform. Thus, nanosized vehicles such as liposomes, polymer
nanoparticles, and inorganic nanoparticles have been used as drug
carriers to greatly enhance bioavailability at cancerous tissues,
improve therapeutic efﬁcacy against resistant tumors, and cause
fewer side effects [16e18]. Of these, liposomes have been widely
investigated due to good biocompatibility and excellent potential to
circumvent multidrug resistance and elicit less host immune responses [19e21]. However, conventional liposomes are morphologically unstable, and often undergo premature drug release and
rapid clearance from the circulation before reaching the target.
Indeed, liposomes easily exchange lipids with lipoproteins, resulting in irreversible liposome disintegration, serious side effects, and
reduced treatment efﬁcacy. In contrast, liposomal nanohybrid
cerasomes with an atomic layer of polyorganosiloxane are signiﬁcantly more stable against surfactant solubilization, long-term
storage, acidity, and other factors, and therefore have signiﬁcant
potential in improving cancer chemotherapy [22]. Nevertheless,
such potential is still not fully exploited, because active targeting
and functional modiﬁcation of these cerasomes have not been
extensively investigated.
We now describe a novel cerasome nanoparticle targeted to PDL1, loaded with paclitaxel, and labeled with IRDye800CW and the
MRI contrast agent of Gd-DOTA (PD-L1-PCI-Gd). Targeting speciﬁcity, as evaluated by dual-modality ﬂuorescence and MRI imaging,
was assessed along with therapeutic efﬁcacy in mice with xenografted 4T1 breast tumor and CT26 colon tumor. The data indicated
that multifunctional theranostic nanoparticles can be used for
noninvasive detection of changes in PD-L1 expression in tumors, as
well as for targeted therapy.
2. Materials and methods
The details of the materials and methods are available in the Supporting
information.

3. Results
3.1. Characterization of PD-L1-PCI-Gd and IgG-PCI-Gd
Ethanol injection was used to prepare multifunctional
cerasomes labeled with PD-L1 antibodies (PD-L1-PCI-Gd) or with
IgG control antibodies (IgG-PCI-Gd). The former was prepared from
a mix of cerasome-forming lipid, Gd-DSPE-DOTA, DSPEIRDye800CW, and DSPE-PEG-PD-L1 at a molar ratio of 70:25:0.1:5.
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Paclitaxel was efﬁciently encapsulated into cerasome bilayers
during production (Fig. 1).
As shown in Table 1, PD-L1-PCI-Gd and IgG-PCI-Gd clearly had
negative zeta potential (30 to 40 mV), with comparable paclitaxel encapsulation efﬁciency exceeding 85%. Both particles were
about 100 nm, and had a narrow size distribution as measured by
dynamic light scattering (Table 1 and Fig. 2). On transmission
electron microscopy, drug-loaded cerasomes were found to be
spherical and homogeneous, with a size of 90e150 nm (Fig. 2A and
B), in agreement with dynamic light scattering data shown in
Supplementary Fig. S1A and B.
3.2. Absorption and ﬂuorescence properties
The absorption spectra of free IRDye800CW, free paclitaxel, and
cerasomes with or without paclitaxel were shown in Fig. 2C and D.
Characteristic peaks for IRDye800CW (~780 nm) and paclitaxel
(~260 nm) were observed in PD-L1-PCI-Gd (Fig. 2C) and IgG-PCI-Gd
(Fig. 2D), indicating successful fabrication of cerasomes with both
drugs and ﬂuorescence dye. Cerasomes loaded with paclitaxel were
also clearly ﬂuorescent at 800 nm upon excitation at 740 nm
(Fig. 2E and F), suggesting great potential for in vivo ﬂuorescent
imaging.
3.3. In vitro release of paclitaxel from cerasomes
Paclitaxel release from PD-L1-PCI-Gd and IgG-PCI-Gd over time
was monitored at 37  C in PBS, and the results were shown in Fig. 3.
Of note, the free drug was completely released from a dialysis bag in
30 h. In comparison, only about 52% of the drug was released from
cerasomes over 45 h, indicating slow and sustained release proﬁles.
In addition, drug release from PD-L1-PCI-Gd and IgG-PCI-Gd was
almost the same (Fig. 3), suggesting that the therapeutic effects of
both nanoparticles can be compared.
3.4. Biodistribution of PD-l1-PCI-Gd in mice with 4T1 and CT26
tumors
In vivo ﬂuorescence imaging was used to investigate the targeting speciﬁcity of PD-L1-PCI-Gd in nude mice with 4T1 and CT26
tumors. Animals with 4T1 tumors were administered PD-L1-PCI-Gd
or IgG-PCI-Gd via intravenous injection, and imaged at several time
points 0e48 h thereafter (Fig. 4A). Images obtained preinjection did
not show contrast between the tumor and surrounding tissues, but
ﬂuorescence at tumor sites was constantly higher at 4e48 h in mice
injected with PD-L1-PCI-Gd than in mice injected with IgG-PCI-Gd.
Indeed, the highest tumor to background ratio in the former was
2.16-fold higher than in the latter (Fig. 4B). Mice were sacriﬁced
24 h after in vivo observation, and ex vivo imaging of tumors and
major organs conﬁrmed that tumor ﬂuorescence was stronger in
mice injected with PD-L1-PCI-Gd (Fig. 4C).
Similar trends were observed by in vivo ﬂuorescence imaging of
CT26 tumors (Fig. 4DeF), with signal enhancement from PD-L1PCI-Gd clearly noted 6 h after injection. Indeed, the tumor to
background ratio was around 1.98-fold higher from 6 h to 48 h.
These results were conﬁrmed by ex vivo ﬂuorescence imaging
(Fig. 4F). Collectively, the data indicated that PD-L1-PCI-Gd preferentially accumulates at tumor sites, presumably due to a combination of enhanced permeability and retention and active
antibody-based targeting to PD-L1.
3.5. MR imaging of PD-l1-PCI-Gd in vitro and in vivo
To assess the potential of PD-L1-PCI-Gd as a T1 MRI contrast
agent, longitudinal relaxivity (g1), a measure of the capability to
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Fig. 1. Schematic illustration of the structure and function of PD-L1-PCI-Gd and IgG-PCI-Gd.

Table 1
Physicochemical properties of blank and drug-loaded cerasomes.
Cerasomes

Loading

Hydrodynamic diameter [nm]

Zeta potential [mV]

Encapsulation efﬁciency [%]

Drug loading capacity [%]

PD-L1

Blank
PTX
Blank
PTX

90.6 ± 6.3
100.4 ± 5.5
105.8 ± 4.2
120.1 ± 8.0

35.33
41.18
33.16
38.57

e
85.35 ± 4.83
e
87.0 ± 5.51

e
3.6 ± 0.4
e
3.7 ± 0.5

IgG

shorten the T1 longitudinal relaxation time of water protons, was
ﬁrst examined on a 7.0 T MRI scanner. The T1 relaxivities of PD-L1PCI-Gd and IgG-PCI-Gd linearly increased with the concentration of
Gd (Fig. 5A). Accordingly, relaxivity was calculated according to the
slope of the curve between 1/T1 and Gd concentration (Fig. 5B), and
was found to be 12 and 14 mM1 s1, respectively (Fig. 5B), indicating favorable T1 contrast. These values were nearly three times
as high as those of Gd3þ DOTA (r1 ¼ 4.2 mM1 s1), perhaps due to
the reduced tumbling rate and effective interaction of water with
paramagnetic metal complexes grafted to nanoparticles.
Subsequently, PD-L1-PCI-Gd in mice with 4T1 tumors was
imaged by MRI at different time points before and 24 h postinjection. As shown in Fig. 5C, images obtained pre-contrast
exhibited no signal difference between tumors and adjacent tissues. However, the signal intensity in tumors signiﬁcantly
increased 24 h post-injection of PD-L1-PCI-Gd, but not after injection of IgG-PCI-Gd. A similar and speciﬁc increase of tumor
contrast was also observed in mice xenografted with CT26 tumors
treated with PD-L1-PCI-Gd (Fig. 5D). Indeed, the relative signal
enhancement from PD-L1-PCI-Gd was around 1.50 and 1.61-fold
compared to IgG-PCI-Gd at 24 h in mice with 4T1 and CT26 tumors, respectively (Fig. 5E and F).
3.6. In vitro cell survival
To assess anticancer effects, cytotoxicity against 4T1 and
CT26 cells was evaluated by a CCK-8 assay. Cells were incubated
with 50 mM PD-L1 antibody, along with 5 mg/mL or 10 mg/mL
paclitaxel. While PD-L1 antibody by itself did not elicit obvious

±
±
±
±

1.25
3.52
2.55
1.96

toxicity, both PD-L1-PCI-Gd and IgG-PCI-Gd exhibited similar
toxicity as free paclitaxel at both doses (Fig. 6). Hence, PD-L1-PCIGd and IgG-PCI-Gd preserve the cytotoxic properties of paclitaxel,
and are suitable for in vivo antitumor chemotherapy.

3.7. In vivo therapeutic efﬁcacy
Mice with 4T1 tumors expressing luciferase were treated with
PBS, free paclitaxel, PD-L1 antibody, PD-L1-PCI-Gd, and IgG-PCI-Gd.
Antitumor efﬁcacy was assessed based on BLI and tumor volume
over days 1e15. BLI signiﬁcantly increased in mice treated with PBS,
but only mildly increased in mice treated with free paclitaxel and
IgG-PCI-Gd (Fig. 7A). At 15 days, BLI was lowest in mice treated with
PD-L1-PCI-Gd. In line with these results, tumor volume also rapidly
increased in mice treated with PBS (Fig. 7B). Treatment with free
paclitaxel and PD-L1 antibody moderately inhibited tumor growth,
although IgG-PCI-Gd showed even better antitumor efﬁcacy
compared to free PTX due to the improved enhanced permeability
retention effect. Excitingly, PD-L1-PCI-Gd was the most effective
treatment. Importantly, signiﬁcant weight loss, an index of systemic drug toxicity, was not observed, indicating minimal toxicity
and side effects, especially from PD-L1-PCI-Gd (Fig. 7C). As 4T1
tumors were highly metastatic, in vivo antimetastatic effects were
also assessed by BLI (Fig. 7D). A number of tumor nodules were
observed in the lungs of mice treated with PBS, indicating strong
pulmonary metastasis. Remarkably, pulmonary metastasis was
repressed in mice treated with paclitaxel, PD-L1 antibody, and IgGPCI-Gd, and absent in mice treated with PD-L1-PCI-Gd. Collectively,
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Fig. 2. Characterization of PD-L1-PCI-Gd and IgG-PCI-Gd. (AeB) Transmission electron micrographs; (CeD) absorption spectra; and (EeF) ﬂuorescence spectra of (A, C, E) PD-L1PCI-Gd and (B, D, F) IgG-PCI-Gd. Free paclitaxel and IRDye800 CW dissolved in ethanol were used as controls.

these results suggest that PD-L1-PCI-Gd is most efﬁcient against
tumor growth and metastasis, without observable toxicity.
Antitumor efﬁcacy and toxicity were also evaluated based on
average tumor size and body weight in mice with CT26 tumors
(Supplementary Fig. S2). Similar trends were observed, with PD-L1PCI-Gd inhibiting cancer progression more effectively than other
treatments, without obvious loss of body weight. Taken together,
these results demonstrate the superior activity of PD-L1-PCI-Gd
against mouse 4T1 and CT26 tumors.

was no signiﬁcant difference in CD4þ T cells, suggesting that PD-L1
antibodies conjugated to cerasomes promote expansion of CD8þ T
cells, and thus enhance the antitumor effects of paclitaxel.

3.8. Effects of PD-l1-PCI-Gd on TILs and serum cytokines
Stimulation of the PD-1/PD-L1 pathway was reported to
deregulate T cell expansion and activity, and thereby strongly
inhibiting immune activity against tumors. Accordingly, checkpoint
blockade by antagonizing PD-L1 has the potential to restore antitumor immunity. Intriguingly, the fraction of cancers vulnerable to
such therapy can be substantially increased by combining it with
immunogenic chemotherapy [23]. Therefore, we analyzed the effects of PD-L1-PCI-Gd on TILs using ﬂow cytometry (Fig. 8A). Results showed that CD3þ and CD8þ T cells were relatively more
abundant, along with CD8þ/PD-1þ T cells, in mice treated with PDL1-PCI-Gd than in mice treated with IgG-PCI-Gd. However, there

Fig. 3. In vitro release of paclitaxel from different formulations. Data are mean ± SEM
(n ¼ 3).
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Fig. 4. In vivo and ex vivo ﬂuorescence imaging of PD-L1-PCI-Gd in mice with (AeC) 4T1 and (DeF) CT26 tumors. The tumor to background ratio was calculated and compared to
that in mice treated with IgG-PCI-Gd.

To further characterize the immune response to nanoparticles
targeted to PD-L1, serum IFN-g and IL-18 were quantiﬁed by ELISA
(Fig. 8B). The results showed a ~1.73-fold increase in IFN-g and a
1.67-fold increase in IL-18 in mice treated with PD-L1-PCI-Gd, in
comparison to those treated with IgG-PCI-Gd, potentially indicating
a systemic host immune response to PD-L1 inhibition.
4. Discussion
We have developed magnetic/ﬂuorescent dual-mode theranostic nanoparticles (PD-L1-PCI-Gd) targeted to tumors, and that
enable noninvasive in situ tumor imaging with high spatial information, excellent sensitivity, high T1 relaxivity, and good ﬂuorescent properties. According to our knowledge, this is the ﬁrst report
of cerasomes targeted to PD-L1 as agents for dual modality imaging
and antitumor therapy.
As immunotherapy expands, newer methods are required to
investigate interactions between the tumor cells, immune system,
and immunotherapy agents. For example, PD-L1 expression is a
valuable biomarker for therapies targeting immune checkpoints, as
PD-L1 antibodies (MPDL3280A, MED14736, and BMS-936559) that
have antitumor activity against diverse tumors. However, immunohistochemistry for PD-L1 remains problematic in interpreting
clinical trials, since different antibodies are used for detection,
variable criteria are used to indicate positive tests, and PD-L1
expression is dynamic [24]. Therefore, we investigated methods
to noninvasively detect PD-L1 in tumors. Such noninvasive molecular imaging strategies would also enable periodic characterization of the biodistribution of immune checkpoint molecules,

monitoring of therapeutic efﬁcacy, assessment of potential toxicity,
and identiﬁcation of patients likely to beneﬁt from immunotherapies [25,26]. In addition, a combination of such imaging modalities
may provide newer and more comprehensive insights into the
disease process. Accordingly, cerasomes targeted to PD-L1 were
also labeled with IRDye800CW to enable ﬂuorescence imaging of
molecular changes at tumor sites with greater sensitivity. Of note,
near-infrared ﬂuorescence enables visualization of deep-tissue tumors with a lower background. On the other hand, several agents
have been developed to improve MRI contrast, including superparamagentic iron oxides, mangafodipir trisodium, and gadolinium
chelates [11], of which Gd chelates are the most commonly used for
tumor diagnosis in the clinic [27]. While these contrast agents
rapidly accumulate in tumor vessels via enhanced permeability and
retention, they eventually pass into the blood stream, resulting in
lack of speciﬁcity and rapid clearance [11,28]. In contrast, active and
speciﬁc targeting extended the lifetime of PD-L1-PCI-Gd in the
circulation, resulting in clearly and persistently enhanced MRI
signals. Thus, dual-modality imaging by near-infrared ﬂuorescence
and MRI should provide anatomical references by synergistically
combining high spatial resolution and an extended effective imaging window.
Target speciﬁcity, efﬁcacy, and organ toxicity persist as challenges in chemotherapy. Hence, we encapsulated paclitaxel in
cerasome nanoparticles to reduce toxicity, and the cerasomes were
labeled with PD-L1 antibody to increase speciﬁcity. The data
showed that these cerasomes exhibited better antitumor activity,
as measured by tumor volume and BLI from a reporter gene, in
comparison to nontargeted cerasomes (IgG-PCI-Gd), free paclitaxel,

Y. Du et al. / Cancer Letters 414 (2018) 230e238

235

Fig. 5. Magnetic properties of PD-L1-PCI-Gd nanoparticles and in vitro and in vivo MRI imaging. (A) T1-weighted MRI images and (B) relaxivity measurements of probes at series
concentrations. (CeD) T1-weighted images of mice with 4T1 and CT26 tumors, obtained from a 7.0 T small-animal MRI scanner before and 24 h after intravenous injection of PD-L1PCI-Gd and IgG-PCI-Gd. Red arrows mark the tumors. (EeF) Quantiﬁcation of the average MRI relative signal enhancement. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article).

and free PD-L1 antibody. The increase in antitumorigenicity can be
attributed, ﬁrstly, to the increase in speciﬁcity, since PD-L1 is a
potent tumor biomarker, as conﬁrmed by in vivo near-infrared
ﬂuorescence and MRI imaging. The increase in speciﬁcity should
also increase the concentration of paclitaxel in the tumor mass,
ultimately resulting in stronger antitumor activity. Secondly, PD-L1
expression was reported to mediate chemotherapy resistance.
Accordingly, chemotherapeutic drugs have been combined with

PD-1/PD-L1 antibodies to enhance efﬁcacy [29], especially against
advanced non-small cell lung cancer [30]. Notably, we found that
cerasomes labeled with PD-L1 antibody recruited CD3þ and CD8þ T
cells, which have antitumor activity. Indeed, the foundational
principle of tumor immunology is the elimination of cancer cells by
host cytotoxic CD8þ T cells [31,32], and tumor inﬁltration by these
cells has favorable prognostic value in various solid tumors. On the
other hand, the serum cytokines IFN-g and IL-18 accumulated after

Fig. 6. Cell survival after treatment with different formulations. Data are mean ± SEM (n ¼ 3).
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Fig. 7. Antitumor and antimetastatic effects of PD-L1-PCI-Gd in mice with 4T1 tumors (n ¼ 5). (A) BLI imaging, (B) tumor volume, (C) body weight, and (D) BLI and white light
images of lung metastases.

PD-L1-PCI-Gd treatment, indicating the induction of innate and
adaptive immune responses [33], and the proliferation of naïve and
memory CD8þ T cells [34]. These results suggested that PD-L1 antibodies conjugated to cerasomes loaded with paclitaxel simultaneously function as an adjuvant, highlighting the therapeutic value
of the combination of PD-L1 and paclitaxel. Thirdly, liposomal
nanohybrid cerasomes may increase the solubility and stability of
paclitaxel more effectively than conventional liposomes, since the
former are biocompatible like liposomes, but structurally stable like
silica. Hence, cerasomes may minimize drug leakage during blood
circulation, reduce toxicity, preserve or enhance efﬁcacy over free
drugs, and help achieve therapeutic drug concentrations in tumor
tissues.

In summary, we used self-assembly technologies to endow
cerasomes with active targeting capability, and thereby enhance
drug accumulation at tumor tissues while enabling dual-mode
imaging. In vivo MRI and near-infrared ﬂuorescence imaging
revealed that these cerasomes enhance tumor contrast, and were
visually detectable for preferential accumulation at tumor sites.
Importantly, the cerasomes also function as an adjuvant to
enhance the effectiveness of paclitaxel. Therefore, PD-L1-PCI-Gd
is a promising platform for MRI/NIRF dual-mode imaging, and
may help detect tumors more effectively and guide therapeutic
decisions. Our studies also highlight PD-L1 antibody as a tool for
targeted imaging and therapy, and provide new opportunities to
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Fig. 8. Analysis of tumor-inﬁltrating CD3þ (%), CD3þ/CD8þ (%), CD4þ (%), and CD8þ/PD-1þ (%) lymphocytes after various treatments (A). Serum IFN-g and IL-18 were quantiﬁed by
ELISA (B).

optimize and monitor the efﬁcacy of therapies that target immune checkpoints.

Disclosure of potential conﬂicts of interest
The authors declare no potential conﬂicts of interest.

Acknowledgments
This work was supported by the National Natural
Science Foundation of China (81227901, 81470083, 81527805,
61231004, 81571810, 81771846), the Research and Development
Program of China (973) under Grant (2014CB748600,
2015CB755500), the National Key Research and Development
Program of China under Grant No. 2017YFA0205200, the Strategic Priority Research Program from the Chinese Academy of
Sciences under Grant No. XDB02060010, the International Innovation Team of CAS under Grant No. 20140491524, Beijing
Municipal
Science
&
Technology
Commission
No.
Z161100002616022, the Beijing Natural Science Foundation
(Z16110200010000) and grants from Peking University Third
Hospital (BYSY2015023).

Appendix A. Supplementary data
Supplementary data related to this article can be found at
https://doi.org/10.1016/j.canlet.2017.11.019

References
[1] S.L. Topalian, C.G. Drake, D.M. Pardoll, Immune checkpoint blockade: a common denominator approach to cancer therapy, Cancer Cell 27 (2015)
450e461.
[2] T. Okazaki, T. Honjo, PD-1 and PD-1 ligands: from discovery to clinical
application, Int. Immunol. 19 (2007) 813e824.
[3] T. Powles, J.P. Eder, G.D. Fine, F.S. Braiteh, Y. Loriot, C. Cruz, J. Bellmunt,
H.A. Burris, D.P. Petrylak, S.L. Teng, X. Shen, Z. Boyd, P.S. Hegde, D.S. Chen,
N.J. Vogelzang, MPDL3280A (anti-PD-L1) treatment leads to clinical activity in
metastatic bladder cancer, Nature 515 (2014) 558e562.
[4] R.S. Herbst, J.C. Soria, M. Kowanetz, G.D. Fine, O. Hamid, M.S. Gordon,
J.A. Sosman, D.F. McDermott, J.D. Powderly, S.N. Gettinger, H.E. Kohrt, L. Horn,
D.P. Lawrence, S. Rost, M. Leabman, Y. Xiao, A. Mokatrin, H. Koeppen,
P.S. Hegde, I. Mellman, D.S. Chen, F.S. Hodi, Predictive correlates of response to
the anti-PD-L1 antibody MPDL3280A in cancer patients, Nature 515 (2014)
563e567.
[5] S.L. Topalian, J.M. Taube, R.A. Anders, D.M. Pardoll, Mechanism-driven biomarkers to guide immune checkpoint blockade in cancer therapy, Nat. Rev.
Cancer 16 (2016) 275e287.
[6] J. Sunshine, J.M. Taube, PD-1/PD-L1 inhibitors, Curr. Opin. Pharmacol. 23
(2015) 32e38.
[7] S. Heskamp, W. Hobo, J.D. Molkenboer-Kuenen, D. Olive, W.J. Oyen, H. Dolstra,
O.C. Boerman, Noninvasive imaging of tumor PD-L1 expression using radiolabeled anti-PD-L1 antibodies, Cancer Res. 75 (2015) 2928e2936.
[8] A. Josefsson, J.R. Nedrow, S. Park, S.R. Banerjee, A. Rittenbach, F. Jammes,
B. Tsui, G. Sgouros, Imaging, biodistribution, and dosimetry of radionuclidelabeled PD-L1 antibody in an immunocompetent mouse model of breast
cancer, Cancer Res. 76 (2016) 472e479.
[9] R.L. Maute, S.R. Gordon, A.T. Mayer, M.N. McCracken, A. Natarajan, N.G. Ring,
R. Kimura, J.M. Tsai, A. Manglik, A.C. Kruse, S.S. Gambhir, I.L. Weissman,
A.M. Ring, Engineering high-afﬁnity PD-1 variants for optimized immunotherapy and immuno-PET imaging, Proc. Natl. Acad. Sci. U. S. A. 112 (2015)
E6506eE6514.
[10] W.G. Lesniak, S. Chatterjee, M. Gabrielson, A. Lisok, B. Wharram, M.G. Pomper,
S. Nimmagadda, PD-L1 detection in tumors using [(64)Cu]Atezolizumab with
PET, Bioconjug Chem. 27 (2016) 2103e2110.

238

Y. Du et al. / Cancer Letters 414 (2018) 230e238

[11] R. Weissleder, V. Ntziachristos, Shedding light onto live molecular targets, Nat.
Med. 9 (2003) 123e128.
[12] Y. Xing, J. Zhao, P.S. Conti, K. Chen, Radiolabeled nanoparticles for multimodality tumor imaging, Theranostics 4 (2014) 290e306.
[13] M.F. Bellin, MR contrast agents, the old and the new, Eur. J. Radiol. 60 (2006)
314e323.
[14] H.J. Weinmann, R.C. Brasch, W.R. Press, G.E. Wesbey, Characteristics of
gadolinium-DTPA complex: a potential NMR contrast agent, AJR Am. J.
Roentgenol. 142 (1984) 619e624.
[15] T. Grobner, Gadoliniumea speciﬁc trigger for the development of nephrogenic
ﬁbrosing dermopathy and nephrogenic systemic ﬁbrosis? Nephrol. Dial.
Transpl. 21 (2006) 1104e1108.
[16] J.W. Singer, R. Bhatt, J. Tulinsky, K.R. Buhler, E. Heasley, P. Klein, P. de Vries,
Water-soluble poly-(L-glutamic acid)-Gly-camptothecin conjugates enhance
camptothecin stability and efﬁcacy in vivo, J. Control Release 74 (2001)
243e247.
[17] P.V. Paranjpe, S. Stein, P.J. Sinko, Tumor-targeted and activated bioconjugates
for improved camptothecin delivery, Anti-Cancer Drug 16 (2005) 763e775.
[18] J.J. Khandare, P. Chandna, Y. Wang, V.P. Pozharov, T. Minko, Novel polymeric
prodrug with multivalent components for cancer therapy, J. Pharmacol. Exp.
Ther. 317 (2006) 929e937.
[19] S.M. Lee, H. Chen, C.M. Dettmer, T.V. O'Halloran, S.T. Nguyen, Polymer-caged
lipsomes: a pH-Responsive delivery system with high stability, J. Am. Chem.
Soc. 129 (2007) 15096e15097.
[20] D.V. Volodkin, A.G. Skirtach, H. Mohwald, Near-IR remote release from assemblies of liposomes and nanoparticles, Angew. Chem. Int. Ed. Engl. 48
(2009) 1807e1809.
[21] L. Linderoth, P. Fristrup, M. Hansen, F. Melander, R. Madsen, T.L. Andresen,
G.H. Peters, Mechanistic study of the sPLA2-mediated hydrolysis of a thioester pro anticancer ether lipid, J. Am. Chem. Soc. 131 (2009) 12193e12200.
[22] X. Yue, Z. Dai, Recent advances in liposomal nanohybrid cerasomes as
promising drug nanocarriers, Adv. Colloid Interface Sci. 207 (2014) 32e42.
[23] C. Pﬁrschke, C. Engblom, S. Rickelt, V. Cortez-Retamozo, C. Garris, F. Pucci,
T. Yamazaki, V. Poirier-Colame, A. Newton, Y. Redouane, Y.J. Lin,
G. Wojtkiewicz, Y. Iwamoto, M. Mino-Kenudson, T.G. Huynh, R.O. Hynes,
G.J. Freeman, G. Kroemer, L. Zitvogel, R. Weissleder, M.J. Pittet, Immunogenic
chemotherapy sensitizes tumors to checkpoint blockade therapy, Immunity
44 (2016) 343e354.

[24] S.P. Patel, R. Kurzrock, PD-L1 expression as a predictive biomarker in cancer
immunotherapy, Mol. Cancer Ther. 14 (2015) 847e856.
[25] E.B. Ehlerding, C.G. England, D.G. McNeel, W. Cai, Molecular imaging of
immunotherapy targets in cancer, J. Nucl. Med. 57 (2016) 1487e1492.
[26] R. Weissleder, M.J. Pittet, Imaging in the era of molecular oncology, Nature
452 (2008) 580e589.
[27] T. Ke, Y. Feng, J. Guo, D.L. Parker, Z.R. Lu, Biodegradable cystamine spacer
facilitates the clearance of Gd(III) chelates in poly(glutamic acid) Gd-DO3A
conjugates for contrast-enhanced MR imaging, Magn. Reson Imaging 24
(2006) 931e940.
[28] M. Sirol, P.R. Moreno, K.R. Purushothaman, E. Vucic, V. Amirbekian,
H.J. Weinmann, P. Muntner, V. Fuster, Z.A. Fayad, Increased neovascularization
in advanced lipid-rich atherosclerotic lesions detected by gadoﬂuorine-Menhanced MRI: implications for plaque vulnerability, Circ. Cardiovasc Imaging 2 (2009) 391e396.
[29] N.A. Rizvi, M.D. Hellmann, J.R. Brahmer, R.A. Juergens, H. Borghaei,
S. Gettinger, L.Q. Chow, D.E. Gerber, S.A. Laurie, J.W. Goldman, F.A. Shepherd,
A.C. Chen, Y. Shen, F.E. Nathan, C.T. Harbison, S. Antonia, Nivolumab in
combination with platinum-based doublet chemotherapy for ﬁrst-line treatment of advanced non-small-cell lung cancer, J. Clin. Oncol. 34 (2016)
2969e2979.
[30] S. Kanda, K. Goto, H. Shiraishi, E. Kubo, A. Tanaka, H. Utsumi, K. Sunami,
S. Kitazono, H. Mizugaki, H. Horinouchi, Y. Fujiwara, H. Nokihara,
N. Yamamoto, H. Hozumi, T. Tamura, Safety and efﬁcacy of nivolumab and
standard chemotherapy drug combination in patients with advanced nonsmall-cell lung cancer: a four arms phase Ib study, Ann. Oncol. 27 (2016)
2242e2250.
[31] M.S. Rooney, S.A. Shukla, C.J. Wu, G. Getz, N. Hacohen, Molecular and genetic
properties of tumors associated with local immune cytolytic activity, Cell 160
(2015) 48e61.
[32] T.N. Schumacher, R.D. Schreiber, Neoantigens in cancer immunotherapy,
Science 348 (2015) 69e74.
[33] H. Okamura, H. Tsutsi, T. Komatsu, M. Yutsudo, A. Hakura, T. Tanimoto,
K. Torigoe, T. Okura, Y. Nukada, K. Hattori, et al., Cloning of a new cytokine
that induces IFN-gamma production by T cells, Nature 378 (1995) 88e91.
[34] Y. Iwai, H. Hemmi, O. Mizenina, S. Kuroda, K. Suda, R.M. Steinman, An IFNgamma-IL-18 signaling loop accelerates memory CD8þ T cell proliferation,
PLoS One 3 (2008) e2404.

