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fEAT, JRERE T —u S E R YT B . R K R TETE Cell Death and
Differentiation, 2020, 27, 1451-1454.
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IR b3 T8 SR AT B R T R — B S BN . AR R R AE
Biomaterials, 2020, 233, 119764,
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PRIMIRE VAT T KA B . FHOC R &K K T Nanoscale Horizons, 2020, 5, 109.
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BERHER R 25 E R I R OCHREREF I e, AT R E A =X R
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SEULRE R R 22 BRI ST, AT R R HH AR R R (ECD) X,
¥ 808 nm K K 1525 nm K FAHE T Br JEAZ 008 T~ 675 fi5. fE/NRAE B M
18 5 LA S 8g 1 A8 T A e R R WL 1 S 6 45 SRR Sl s th o % BRI e 1 30 £ 4
“IXiE R RE
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AR T SE I e8RS LA DI B, B SR I R AT T2 AU L4 i
G5 I R AT e A, FEAE A IR R i #E 7] Z Bk (Angippeptide-2) (1455 1t
RN S AR 8 A XI5 47T BBB I SRNS,  m SOHE U 2050 X SO GIKIRE 5
LI RAG 51T T IR AR VIR . A FOAERS L9 KA T o B 4% 5
% b BA — B R , FIR R T IR X RSB BARTEF AR S S 7
FI7E 110 AR AR R FAE Nano Today, 2020, 34, 100905,
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B 2.2 AER IR TR 2L A — XM S R ORRORL AL 8 K BB 5 S sl 4L [ AN 2R A
PRSI 2L A0 — X RAR 515 T AR R DB o

3. —FHAIEE RS VIR TIRE M L LA SO RS B

FUIRAEE 2 R AR R b e A A — Tl SR, AR A R L R R A
PR AL, RS LR O R . FUEE S 2 FEAL, 40 luminal £, HER2
L ZFIERE (TNBC) B4%%, Mo, =M@ —MRBE TR, HiE
B, FETARE G IRk 75 B H AT B2 WOR Fom SO R T IR N T i
PRI, R B AR FH T X P s 2 ) A R S 92 4 L s v T A 20 97 A
Tija 2 Kk E

FERGE A ek e rh, FATQIHTHAR R T —Fha] oS K SR & ERET (P-Dex)
(E 24>, ZIREHERIE VR R o 205 1 FR e B £V B 505 77 (uPAD
TERT, $pmtistI BI04 (NIRD 2O6RDGRA (PA) {55 . P-Dex HIPUANER 7>
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SRS LRI R R SRS R, R SN 3R T P-Dex [RISRZK HEAN i

THERE, EEHE T P-Dex #iBEHIZLAR; 2. NIR Jekl; 3. HTH M-I FEE; 4. uPA
WY (Cbz-GlyGly-Arg-OH) . P-Dex BEW 1 S0 k) 12 38 vk 2L I g, FF1E
uPA BERE IR AY)BR P-Dex LI iKEE Gly-Gly-Arg 5, 41, 6-JHBR&RMN, T
JF NIR el A S5 . SRR Zh PSR IR IESE, P-Dex Refs A At %
Ak iz 227 MDA-MB-231 FLIR IR AR 280 MCF-7 FLIRIE . 3R 50,
X T AR S 2 W AR I AN AR M Y SR A RE . BT uPA TEME
(R IE KT 5 BRI R A AR S TE 2 R AR A DA D%, P-Dex ANMCAT - VFAl fi
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Heavy-Atom-Modulated Supramolecular Assembly
Increases Antitumor Potency against Malignant Breast

Tumors via Tunable Cooperativity

Zhengqing Guo, Hui He, Yi Zhang, Jiaming Rao, Tao Yang, Ting Li, Lu Wang,
Mengke Shi, Mengya Wang, Shihong Qiu, Xue Song, Hengte Ke, and Huabing Chen*

Triple-negative breast cancer (TNBC) remains with highest incidence and
mortality rates among females, and a critical bottleneck lies in rationally
establishing potent therapeutics against TNBC. Here, the self-assembled
micellar nanoarchitecture of heavy-atom-modulated supramolecules with
efficient cytoplasmic translocation and tunable photoconversion is shown,
for potent suppression against primary, metastatic, and recurrent TNBC.
Multi-iodinated boron dipyrromethene micelles yield tunable photoconver-
sion into singlet oxygen and a thermal effect, together with deep penetration
and subsequent cytoplasmic translocation at the tumor. Tetra-iodinated boron
dipyrromethene micelles (4-1BMs) particularly show a distinctly enhanced
cooperativity of antitumor efficiency through considerable expressions of
apoptotic proteins, potently suppressing subcutaneous, and orthotopic
TNBC models, together with reduced oxygen dependence. Furthermore,
4-1BMs yield preferable anti-metastatic and anti-recurrent efficacies through
the inhibition of metastasis-relevant proteins, distinct immunogenic cell
death, and re-education of M2 macrophages into tumoricidal M1 phenotype
as compared to chemotherapy and surgical resection. These results offer
insights into the cooperativity of supramolecular nanoarchitectures for potent

aggressive subtype with increased risk of
recurrence, metastasis, and resistance.l?
Typically, a combination of diverse thera-
peutic modalities such as chemotherapy,
phototherapy, radiation therapy, and
immunotherapy is considered as an effec-
tive approach to treat TNBC,P’] arousing an
intense interest in the explorations of var-
ious nanoscale vehicles such as liposomes,
micelles, dendrimers, and polymeric nano-
particles that can achieve enhanced tar-
geting and co-delivery for combinational
treatments against TNBC.I For instance,
photodynamic therapy (PDT) as a selective
and non-invasive modality that relies on
the apoptosis from singlet oxygen of photo-
active dyes can combine with other thera-
peutic modalities such as immunotherapy
and chemotherapy to yield enhanced anti-
tumor efficacy against malignant tumors
such as breast cancers.***) However, PDT-
based strategies usually suffer from a few

phototherapy against TNBC.

Breast cancer is a complex and heterogeneous disease with the
leading incidence and mortality among females,!! in which
triple-negative breast cancer (TNBC) with low expressions of
progesterone receptor, estrogen receptor, and human epithe-
lial growth receptor type 2 (HER2) is considered as a highly
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limitations such as sophisticated composi-

tions of vehicles, restricted singlet oxygen

generation, and severe oxygen depend-
ence, inherently poor suppression on recurrence and metas-
tasis, and inadequate spatiotemporal accessibility to subcellular
organelles such as nucleus,[® thus being urgent to explore a
facile nanoparticle strategy to establish potent phototherapeu-
tics against TNBC, together with favorable prognosis.

Various strategies to improve singlet oxygen quantum yields
of photoactive agents have been applied to improve PDT-
based cell injury through the regulations of apoptotic or anti-
apoptotic proteins including heavy-atom effect, spin converter,
resonance energy transfer and semiconducting structures.]
However, the current dilemma is that photoactive agents are
rationally incorporated into nanoparticles for higher tumor
accumulations,®®62 but failed to controllably modulate their
photoconversions via chemical modifications to optimize tumor
treatment and prognosis.l®! Supramolecular self-assembly as a
bottom-up approach to fabricate nanoarchitectures of molecular
components via the non-covalent interactions such as hydro-
phobic interaction, 77 stacking and hydrogen bonding, has
been widely applied to address sophisticated cascade delivery,
namely a circulation—penetration—endocytosis—cytoplasmic
translocation pathway.®** In particular, the interplay of a few

(10f15) © 2020 Wiley-VCH GmbH

57



¢ CellPress

Construction of an lon Pathway
Boosts Uranium Extraction

from Seawater

Shuo Zhang,' Hui Li," and Shuao Wang'-*

Uranium extraction from seawater (UES) is critical for the sustain-
able development of nuclear energy but faces tremendous scientific
and technical challenges. In this issue of Chem, Zhu and colleagues
propose an advanced UES strategy incorporating an extended elec-
tric field that can facilitate the migration of uranium species in the
channels of sorption materials, leading to record-breaking kinetics,

selectivity, and capacity of UES.

Nuclear power remains one of the most
desirable and mature choices of energy
sources that can reduce carbon emis-
sion.' However, at the current rate of
consumption, the known
geological reserves of uranium will be
exhausted in less than a century—
perhaps even sooner given the many
new nuclear power plants that are
either under construction or planned
in several countries.”” Alternatively,
the ocean contains approximately 4.5
billion tons of uranium, accounting for
99.9% of the total uranium inventory
on Earth, but the concentration of 3.3
ppb is unfortunately extremely low,
and the uranium coexists with many
different types of metal ions in huge
excess. This makes uranium extraction
from seawater (UES) one of the “seven
chemical separations to change the
world,” but it comes with intrinsic chal-
lenges.” The current development of
UES is dominated by the search for
high-performance sorbent materials
that can enrich uranium in the solid

uranium

phase through a chemical sorption re-
action. In order to show real applica-
tions to potentially replace the uranium
mining industry, a target sorbent mate-
rial should meet the requirements of a
one-run uptake capacity of 30 mg g~'
or a service life of ten adsorption-

desorption cycles with a 6 mg g™ up-

take capacity and an average 3% capac-
ity loss per cycle.”®

Although a significant amount of effort
has been paid to this field in the past
decade, almost no uranium sorbent
materials can meet the above require-
ments because of their limited extrac-
tion efficiencies.® Specifically, in these
traditional sorbent materials, where
the chemical sorption reaction is the
sole thermodynamic driving force, the
amount of uranium uptake is predomi-
nately determined by the chemical
equilibrium between the solid and solu-
tion states. Therefore, the extremely
low concentration of
seawater directly leads to low uptake
capacity in solids, and the complete
elimination of uranium from seawater
is quite challenging without additional
driving forces. Moreover, the small ura-
nium concentration gradient at the
solid-solution interface and the exten-
sive sorption competition induced by
coexisting metal ions (especially vana-

uranium in

dium and iron) result in notably slow
uranium-uptake kinetics. These are
bottleneck issues of traditional sorbent
materials, calling for new UES
strategies.’

In this issue of Chem, Zhu's team pro-
poses an interesting idea whereby a

1504 Chem 6, 1504-1519, July 9, 2020 © 2020 Elsevier Inc.
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new type of driving force is added to
the sorbent material, leading to much
elevated UES capabilities.” They in-
serted conductive chains (poly phenyl-
acetylene [PPA]) into the channels of
the channel- and specific-site-abun-
dant porous aromatic framework
(PAF) MISS-PAF-1 (PAFs bearing bis-
salicyladoxime as adsorption sites)
and obtained PPA@MISS-PAF-1 (Fig-
ure 1) to potentially introduce an
extended electric field that could
cover the whole PAF particles. This
contrasts sharply with the recently
developed electrochemical UES strat-
egy using the ordinary electrode
mode that works in Deby length
(Ao < 1 nm) only.7 The asymmetrical
alternating current  electrochemical
(AACE) method significantly facilitates
the migration of uranium into the
PAF, leading to a dramatic increase in
the uranium-uptake kinetics. In addi-
tion, amidoxime is the state-of-the-art
ligand for UES, but its affinity to ura-
nium is often challenged by vanadyl
ions, especially in the form of polyami-
doximes.” Interestingly, PPA@MISS-
PAF-1 showed excellent selectivity via
the AACE method in that it achieved
a selectivity coefficient (mass ratio) of
43.9 for UO,>*/VO5~, 20-fold higher
than those of state-of-the-art UES sor-
bents.” This excellent selectivity most
likely originates from a combination
of the unique uranium molecularly
imprinted spatial structure of MISS-
PAF-1'% and the charge-differentiation
capability induced by the extended
electric field, both of which exclude
the accumulation of VO3~ in the
sorbent.
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A Nitrogen-rich Covalent Organic Framework for

Simultaneous Dynamic Capture of Iodine and
Methyl lodide
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SUMMARY

The capture of radioiodine species during nuclear fuel reprocessing and the
nuclear accidents is crucial for nuclear safety, environmental protection, and
public health. Previously reported emerging materials for iodine uptake cannot
outperform commercial zeolites and active carbon under the practical dynamic
scenario. Herein we present a new design philosophy aiming at significantly
enhanced specific host-guest interactions and obtain a nitrogen-rich covalent
organic framework material by introducing a bipyridine group into the building
block for the simultaneous capture of both iodine gas through enhanced
electron-pair effect and organic iodide via the methylation reaction. These
efforts give rise to not only an ultrahigh uptake capacity of 6.0 g g’ for iodine
gas and a record high value of 1.45 g g'! for methyl iodide under static sorption
conditions, but also more importantly a record high iodine loading capability
under dynamics conditions demonstrated from the breakthrough experiments.

covalent organic frameworks; pyridine; iodine; sorption; breakthrough experiment

INTRODUCTION

Iodine isotopes make up approximately 0.69 mass% in the fission products of uranium-235 in
the nuclear fuel cycle, representing a large inventory in the nuclear waste.! A large amount of
radioiodine is released from reprocessing facilities when used nuclear fuel (UNF) is dissolved
in concentrated nitric acid. The dominant chemical species in the dissolver off-gas (DOG)
stream is highly volatile diatomic elemental iodine (I, 90~100%) along with a small fraction
of organic iodides (e.g. methyl iodide and ethyl iodide, 0~10%).>* The primary concerned
iodine isotope is '*I due to its extremely long half-life (1.6 x 107 years), toxicity, and high
mobility in most geological environment.! 'T also draws tremendous amount of public
attention especially in an event of nuclear accident owing to its much higher specific activity
with a short half-life of 8.02 d. It represents the major contribution to the short-term
radiotoxicity to human beings given radioiodine can accumulate in the thyroid gland affecting
the metabolism process.* After discharged from a fast breeder reactor, the amount of '*I is
239 g with the radioactivity of 3.9 x 107 Ci. For "*'I, the value is 11.3 g but with extremely
high radioactivity of 1.4 x 10° Ci (according to | metric ton of UNF). After one year, the
amount of T is negligible (2.54 x 10"° g with 3.15 x 10 Ci) while the content of '*T is
almost unchanged (242 g with 3.94 x 102 Ci).’ Therefore, development of functional
materials to efficiently control the emission of radioiodine vapors is of great significance but
remains to be a challenge,®’ originating from the complicated scenario in fuel reprocessing
off-gases, where iodine is present in low concentrations along with large excess of moisture
and oxidizing acidic gas at elevated temperatures.’
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Proteasome activity regulated by charged gold nanoclusters:
Implications for neurodegenerative diseases
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The 20S proteasome, the catalytic core particle of 26S proteasome, degrades a wide range of intracellular
proteins, which is essential for many cellular processes. Herein, we have found that the 20S proteasome
activity is either up- or down-regulated by introducing gold nanoclusters (AuNCs) coated with nine
peptide tails in two different forms, AuNC(—) and AuNC(+), each encoding five consecutive negatively
or positively charged amino acids. Molecular dynamics simulations reveal that AuNC(—) and AuNC(+)
bind to different surfaces of the 20S proteasome, and respectively facilitate or hinder the opening of the
central gate of 20S proteasome for substrate access to the internal active site for protein degradation.
Furthermore, the addition of AuNC(-) induces protective effects in a cell model of Parkinson's disease,
by up-regulating the proteasome activity under the condition of reduced ATP production, and enhancing
the degradation of overexpressed a-synuclein, thereby attenuating the loss of cell viability. Our findings

Keywords:

20S proteasome

Charged gold nanoclusters
Activity regulation
Nanoparticle-protein interaction
Neurodegenerative diseases

suggest the potential application of gold nanoclusters for treating neurodegenerative diseases.

© 2020 Elsevier Ltd. All rights reserved.

Introduction

Nanomaterials are capable of binding strongly to various
biomolecules due to their higher surface free energy. Studies on
the interaction of nanomaterials with proteins have received much
attention in recent years due to their wide potential in biomedical
applications, not only revealing the new biological identity of the
nanomaterials [ 1-3] and underlying mechanism of how they affect
protein structures and functions [4-10], but also providing novel
methods to characterize the nanoparticle biomolecular interac-
tions [11-13]. In this work, we focus on the ubiquitin—proteasome
system (UPS) which serves as part of a major cellular proteolytic
machinery that maintains the protein homestasis [ 14-16]. The 265
proteasome is a catalytic center in the UPS containing multiple
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active sites which mediates the degradation of misfolded, dam-
aged, unnecessary and short-lived regulatory proteins tagged by
poly-ubiquitin chains [17,18]. The 26S proteasome is composed of
two 19S regulatory unit and one 20S catalytic core particle. The 20S
proteasome is distributed in various cellular compartments, while
contributing to about one percent of the total protein content in
cells [19,20]. A decline of the proteasome activity, correlating with
the progressive accumulation of damaged protein aggregates, has
been recognized as the major contributor in the pathogenesis of
neurodegenerative disorder diseases [21-25].

Here, we report the first experimental evidence that protea-
some activity is either up- or down-regulated by two different
forms of gold nanocluster (AuNC) coated by peptide tails encod-
ing either negatively or positively charged amino acids in their
sequences, named as AuNC(-) and AuNC(+), respectively. Our
molecular dynamics (MD) simulations showed that the central gate
opening in the a ring of the 20S proteasome, for substrate entry and
product release, was either facilitated or hindered, when AuNC(-)
or AuNC(+) binds to different regions of the surface of 20S protea-
some, Furthermore, with a cell model for Parkinson’s disease (PD),
we found a protective role of AuNC(-), recovering the proteasome
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Highly sensitive and specific discrimination of brain tumor margins from the surrounding parenchyma
remains a formidable challenge. Limited by the short of photostable probes with deep tissue penetration
and high efficiency of crossing the blood-brain-barrier (BBB), the development of fluorescence-guided
surgery (FGS) of brain tumors was markedly constrained. Herein, we report the capability of the strong
second near-infrared-IIb (NIR IIb, 1500—1700 nm) fluorescence from Er-based lanthanide nanoparti-
cles in imaging-guided surgery of orthotopic glioma. We designed an energy-cascaded Er3*-Ce3*-A3* (A
= Yb, Ho, Tm) system and prepared a series of NaErFs:Ce@NaAF4s@NaLuF,; down-conversion nanopar-
ticles (DCNPs) for optimizing the influence of NaAF, interlayer and Ce* dopants. We modified the
optimal NaErF4:2.5 %Ce@NaYbF4(0.9 nm)@NaLuF, DCNPs with Dye-brush polymer (Dye-BP) to facilitate
4113/24411 52 transition, which leads to an impressive 675-fold enhancement of 1525 nm fluorescence in
aqueous solution under 808 nm excitation due to the excellent energy-cascaded downconversion (ECD),
in comparison with that of NaErF; nanoparticles. We further modified these highly bright nanoparti-
cles with tumor-targeting angiopep-2 peptide, and efficiently delivered them to the glioma by using
the focused ultrasound sonication (FUS) to temporarily open the BBB. We obtained the highest tumor-
to-background ratio (TBR = 12.5) ever reported in the targeted NIR IIb fluorescence imaging of small
orthotopic glioma (size < 3 mm, depth> 3 mm) through intact skull and scalp, which was drastically
improved to ~150 after cardiac perfusion and craniotomy to ensure the precise resection of tumor. More
importantly, the size of glioma measured from the width of fluorescence profile is very close to that
from T,-weighted MRI images. Our work provides the insights into engineering NIR IIb fluorescence of
lanthanide nanoparticles, and demonstrates the great potential of NIR IIb fluorescence imaging-guided
surgery of tumor.

Keywords:

Er-based lanthanide nanoparticles
NIR IIb fluorescence imaging
Imaging-guided surgery

Focused ultrasound sonication
Orthotopic glioma
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Introduction

Finely and clearly visualizing the margins of brain tumors,
especially for glioblastoma (GBM), which is the most common
malignant brain tumor, from the surrounding parenchyma is the
lynchpin for their precise diagnosis and surgery [1-3]. Although
the typical use of visual inspection and imaging guidance can pro-
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vide valuable information for clinicians, the intrinsic limitations
of currently available imaging methods, such as low sensitivity,
non-dynamical inspection, and hazardous ionizing radiation, can
cause intraoperative failure in completely resecting tumor tissues
[1,4-6]. In addition, for fluorescence-guided surgery (FGS) of brain
tumors, photostable probes with strong capability of crossing the
blood-brain-barrier (BBB) are crucial for precise delineation glioma
margin and the subsequent curative resection. The intrinsic draw-
backs of clinically used probes (5-aminolevulinic acid (5-ALA) [7,8]
and indocyanine green (ICG) [9,10]), such as insufficient photosta-
bility [11] and short excitation/emission wavelength-induced low
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Improved AIE-Active Probe with High Sensitivity for
Accurate Uranyl lon Monitoring in the Wild Using Portable
Electrochemiluminescence System for Environmental

Applications

Ziyu Wang, Jianbin Pan, Qian Li, Yi Zhou, Sen Yang, Jing-Juan Xu,* and Daoben Hua*

The development of highly sensitive and selective uranyl ion (UO,%*)

probes has attracted significant attention owing to the threat to human
health caused by high toxicity, radioactivity, and long half-life. Herein, the
development of aggregation-induced emission (AIE) active polymer dots
(Pdots) is described for an accurate UO,** monitoring using a portable
electrochemiluminescence (ECL) system. An AlE-active polymer containing
tetraphenylethene and boron ketoiminate moieties is prepared into Pdots and
modified with ssDNA to capture UO,%*, which can amplify the ECL signal

of the Pdots through a resonance energy transfer mechanism. This probe
provides an ultralow detection limit of 10.6 pM/2.5 ppt, which is at least two
orders of magnitude lower than the known UO,?* luminescent probes. Only
UO,2* can provide an obvious ECL enhancement among the various metal
ions, indicating the excellent selectivity of this probe. Furthermore, a portable
ECL analyzer is designed to realize UO,* measurements in the wild. The
anodic ECL mechanism of UO,%" is discovered and ECL technology is first
applied in monitoring radioactive substances. This study provides a novel
strategy for the development of accurate UO,?" probes and a practical UO,%*
monitoring method, indicating its potential application in the environmental

1. Introduction

Nuclear power has become a significant
technology for supplying electricity while
avoiding greenhouse gases, providing 13%
of the electricity worldwide from 2000 to
2013.8 Uranium, a key element in nuclear
fuel, is regarded as a hazardous substance
with a high chemical toxicity, radioac-
tivity, as well as long half-life, and has
become a major threat to human health
and a serious environmental problem.?
Owing to the extreme limits to uranyl ions
(U0, (the most stable form of uranium)
in the environment imposed by the World
Health Organization and various national
governments, the development of accurate
UO,?* monitoring technologies for appli-
cation in the environmental and energy
fields is important.?) Therefore, various
researchers have focused on designing
UO,?* probes with high sensitivity and

and energy fields.
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selectivity®! and have developed different
methods for UO,?" determination, such
as DNAzyme, ¥l luminescent probes,l and
colorimetric determination.’) Compared
to other UO,2* probes, UO,%*" luminescent probes are an excel-
lent tool owing to their low cost and convenience.l®]
Unfortunately, most traditional UO,*" luminescent probes
often suffer from aggregation-caused quenching, which results
in low quantum yields in aqueous solutions. The development
of aggregation-induced emission (AIE)-active probes can over-
come this drawback. AlE-active luminogens exhibit obviously
enhanced luminescence signals in aggregated states, such as in
aqueous solutions, owing to their restriction of intramolecular
motions mechanism."l Because of this advantage, many studies
on the design of different AlE-active luminescent probes have
been reported during the past few years,®l including efficient
AlE-active UO,*" luminescent probes. To date, several small
molecular AlE-active UO,%* probes have been reported.®) How-
ever, the sensitivity of these probes is still insufficient for accu-
rately monitoring trace UO,%" in the environment.
To obtain a UO,** probe with high sensitivity, electrochemi-
luminescence (ECL) technology is an outstanding choice,
involving electron transfers on the surface of the electrodes,

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Red Light-Initiated Cross-Linking of NIR Probes to Cytoplasmic RNA:
An Innovative Strategy for Prolonged Imaging and Unexpected
Tumor Suppression
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within tumors is very vital to achieve effective cancer diagnosis and .
therapy while greatly reducing the dosage and damage to normal tissues. a6 nmy\M*=!" e Bl
Herein, as a proof of concept, we for the first time report a red light-
initiated probe-RNA cross-linking (RLIPRC) strategy that can not only

robustly promote the accumulation and retention of the probe in the Ocy L
tumor for prolonged imaging but also significantly inhibits the tumor 4

L )
growth. A near-infrared (NIR) fluorescent probe f-CR consisting of a NIR CV'
I

ABSTRACT: Improving the enrichment of drugs or theranostic agents /{ Red Light-initiated Crosslinking ]\

)

dye (Cyanine 7) as a signal reporter, a cyclic-(arginine-glycine-aspartic £ER o
acid) (cRGD) peptide for tumor targeting, and a singlet oxygen ('0,)- [C | 1l ‘
sensitive furan moiety for RNA cross-linking was rationally designed and | I ol n h ] ‘
synthesized. This probe possessed both passive and active tumor targeting \ o Cytoplasmic RNA ! /
abilities and emitted intense NIR/photoacoustic (PA) signals, allowing for

specific and sensitive dual-modality imaging of tumors in vivo. Notably, probe f-CR could be specifically and covalently cross-linked
to cytoplasmic RNAs via the cycloaddition reaction between furan and adenine, cytosine, or guanine under the oxidation of 'O,
generated in situ by irradiation of methylene blue (MB) with 660 nm laser light, which effectively blocks the exocytosis of the probes
resulting in enhanced tumor accumulation and retention. More excitingly, for the first time, we revealed that the covalent cross-
linking of probe f-CR to cytoplasmic RNAs could induce severe apoptosis of cancer cells leading to remarkable tumor suppression.
This study thus represents the first red light-initiated RNA cross-linking system with high potential to improve the diagnostic and
therapeutic outcomes of tumors in vivo.

H INTRODUCTION associated enzymes,””*® acidic pH,*' redox,"> hypoxia,**
etc.”™ to locally form aggregates or nanoparticles within
tumors resulting in enhanced imaging signals and therapeutic
efficacy were deve]oped.50_53 Despite the evident improve-

As an important part of molecular imaging techniques, the
molecular probe is becoming a fascinatin§ tool for accurate
cancer diagnosis and effective treatment.” To date, various
types of molecular probes including small molecules,” > ment achieved, the complicated biological environment may

macromolecules,”™® inorganic nanomaterials,”'® aptamers,l L12 unavoidably pose unwanted particle aggregation and significant

etc.'”* ™' have been successfully developed for tumor imaging entrapment by the reticuloendothelial system (RES) leading to
: s ¢ e . 19,20 : . 54,55

and therapeutic applications in living subjects. Never- unsatisfactory theranostic outcomes.

theless, the limited accumulation of probes at targeted disease Light as a promising and controllable external stimulus has

regions alvge}yszncauses unsatisfactory diagnostic and therapeutic been widely applied in various biomedical applications due to

outcomes.”  To address this issue, a high dose of its simplicity, low-cost, spatiotemporal addressability, and

theranostic agents was usually administered”® or utilizing
bionanomaterials with long blood circulation, low renal
clearance, and capillary leakage to improve their enrichment
at the disease site,”” > which inevitably causes severe side
effect to the body. Recently, stimuli-mediated self-assembly
approaches have been reported to maximize the accumulation
and retention of theranostic agents within tumors for
improving the tumor diagnostic and therapeutic efficacy.” "
Many tumor microenvironment (TME)-responsive molecules
that can be induced by certain stimuli such as cancer-

minimal invasiveness.”® For example, the photo-cross-linking
technique as an effective tool for covalent attachment of
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ABSTRACT: Microglia as an important type of innate immune cell in the brain have been
considered as an effective therapeutic target for the treatment of central nervous degenerative
diseases. Herein, we report cell membrane coated novel biomimetic Cu,_,Se-PVP-Qe
nanoparticles (denoted as CSPQ@CM nanoparticles, where PVP is poly(vinylpyrrolidone), Qe
is quercetin, and CM is the cell membrane of neuron cells) for effectively targeting and
modulating microglia to treat Parkinson’s disease (PD). The CSPQ nanoparticles exhibit
multienzyme activities and could effectively scavenge the reactive oxygen species and promote the
polarization of microglia into the anti-inflammatory M2-like phenotype to relieve neuro-
inflammation. We reveal that biomimetic CSPQ@CM nanoparticles targeted microglia through
the specific interactions between the membrane surface vascular cells adhering to molecule-1 and
a4f31 integrin expressed by microglia. They could significantly improve the symptoms of PD mice
to result in an excellent therapeutic efficacy, as evidenced by the recovery of their dopamine level
in cerebrospinal fluid, tyrosine hydroxylase, and ionized calcium binding adapter protein 1 to
normal levels. Our work demonstrates the great potential of these robust biomimetic
nanoparticles in the targeted treatment of PD and other central nervous degenerative diseases.

B INTRODUCTION

Parkinson’s disease (PD) is the second most common major
central nervous degenerative disease, which is especially
common in elderly people and has become a serious economic
and social burden.” The current clinical treatment of PD is
strongly reliant on chemical drugs (e.g, dopaminergic-type
drugs, anticholinergics, glutamate antagonist). The chemo-
therapy of PD faces the challenge of effective targeted delivery
of robust drugs to substantia nigra and striatum of the brain,
however, due to the lack of targeting capability of drugs and
the protection of the blood brain barrier (BBB). Moreover, the
chemotherapy only relieves the patient’s symptoms and cannot
completely stop the progress of the disease or reverse the
existing disabilities.” An alternative solution is surgical
treatment, such as the neuronuclear destruction and deep
brain stimulation (DBS).” The implantation of electrodes is
invasive, however, with risks of inflammation and brain
trauma.’ It is of great importance to develop advanced
noninvasive treatments for PD patients.

From a pathogenetic perspective, PD is usually characterized
by the loss of dopaminergic neurons in the substantia nigra and
striatum and the intracellular accumulation of a-synuclein,”
both which involve multiple pathways and mechanisms,
including oxidative stress, neuroinflammation, mitochondrial
dysfunction, formation of Lewy bodies, and so on.°™ Under
normal conditions, the homeostasis between oxidation and
antioxidation and the resulting microenvironment of the brain
are finely supervised and maintained by rnjcroglia.g Breaking
such homeostasis in the brain could lead to an accumulation of

© XXXX American Chemical Society

" 4 ACS Publications
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neuronal death and neural

excessive ROS to cause
dysregulation.'” Microglia usually participate in ROS gen-
eration, and ROS in turn can activate microgha to secrete
proinflammatory factors and exacerbate inflammation, even-
tually leading to the apoptosis of neuronal cells.'”'” In
addition, excessive activation of microglia can cause astrocytes
to convert to the pathological Al morphology, which also
results in various neurodegenerative diseases, including PD.'?

The above statements demonstrate that microglia could be
an important target for treating various neurodegenerative
diseases. The interrelationship between microglia and ROS
suggests that the elimination of excess ROS could significantly
modulate the overactivation of microglia and alleviate the
oxidative damage to neurons to improve the efficacy of PD
treatment. There are two types of antioxidants for the
elimination of ROS in the brain, i.e, enzymatic antioxidants,
such as superoxide dismutase (SOD), catalase (CAT), and
glutathione peroxidase (GPx), and nonenzymatic antioxidants,
including vitamin C, vitamin E, reduced glutathione,
carotenoids, trace elements, etc.'* The amount and activity
of endogenous antioxidant enzymes are decreased and
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ABSTRACT: NADPH oxidase (NOX) as a transmembrane enzyme complex controls
the generation of superoxide that plays important roles in immune signaling pathway.
NOX inactivation may elicit immunodeficiency and cause chronic granulomatous disease
(CGD). Biocompatible synthetic materials with NOX-like activities would therefore be
interesting as curative and/or preventive approaches in case of NOX deficiency. Herein,
we synthesized a Fe—N doped graphene (FeNGR) nanomaterial that could mimic the
activity of NOX by efficiently catalyzing the conversion of NADPH into NADP* and
triggering the generation of oxygen radicals. The resulting FeNGR nanozyme had similar
cellular distribution to NOX and is able to mimic the enzyme function in NOX-deficient
cells by catalyzing the generation of superoxide and retrieving the immune activity,
evidenced by TNF-a, IL-1/, and IL-6 production in response to Alum exposure. Overall,
our study discovered a synthetic material (FeNGR) to mimic NOX and demonstrated its IL-1B
biological function in immune activation of NOX-deficient cells.

[l Metrics & More | @ Supporting Information

- DPH
(®

0, .4 &0

_ D ®

TNF-a (IL-6 NADP*

Bl INTRODUCTION zymes'""'® for tumor therapy,'””'® antimicrobial,'” and

20-23

Downloaded via SOOCHOW UNIV on November 23, 2020 at 12:17:18 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

bioanalysis uses.

For instance, Fe;O, nitrogen-doped

The membrane-bound oxidase enzyme called nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase is crucial
to maintain a healthy level of reactive oxygen species (ROS) in
phagocytic and vascular cells of mammals.”” NADPH oxidase
(NOX) is an enzyme complex consisting of six subunits: three
cytosolic subunits (p40P*°%, p47Ph°* and p67°"), a cytochrome
b558 (p22P"°%, gp91Ph°%), and a small G protein Rac.” Cytosolic
subunits and gp91° hex take part in the hydrogen abstraction of
NADPH and one-electron reduction of molecular oxygen,
respectively. Small G protein is a crucial switch to control the
activation of the oxidase. While this enzyme is dormant under
normal circumstances, it is activated during respiratory burst to
generate superoxide and activate immune responses against
foreign stimuli* NOX deficiency may directly cause chronic
granulomatous disease (CGD) in which the immune cells fail
to generate essential oxygen radicals and burst immune
responses for clearance of pathogenic bacteria and fungi.”®
Thus, CGD patients experience repeated infections and often
develop severe granulomas leading to obstructive lesions in the
stomach, urinary tract, and esoph::\gus.7 Although NOX is
crucial to the normal functioning of the immune system of
cells,*” the purification and reconstruction of this enzyme is
very challenging. In addition, while being attractive and logical,
no attempts have been made hitherto to explore synthetic
materials for mimicking the enzymatic activity of NOX.
Toward this goal, the rapid development of nanotechnolo-
gies has provided opportunities to engineer inorganic and/or
organic nanocatalysts with enzyme-like activity, a.k.a. nano-

© 2020 American Chemical Society
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carbon nanoparticles, and graphene oxide were found to
display peroxidase-like activity; ™ carbon nitride and gold
nanoparticles showed oxidase-like activity;>”** noble metal
nanoparticles and SnSe nanosheets exhibited superoxide
dismutase->” and dehydrogenase-like®® activities, respectively.
While most nanozymes could merely mimic simple enzymes to
catalyze the degradation of H,0,, O,*, hydrogen transfer, etc,
there is yet no identified nanozymes to mimic NOX, an
enzyme complex, the activation of which requires the assembly
of two or more proteins. NOX is able to catalyze the formation
of superoxide radicals via selective hydrogen abstraction and
one-electron transfer from NADPH to oxygen. Considering
the decisive role of the heme core of NOX in electron transfer
from NADPH, we hypothesized that Fe—N doped graphene
(FeNGR) nanosheets with embedded single-metal atom
catalytic sites similar to heme-like local coordination are able
to mimic the biological functions of NOX in cells (Figure S1).

In this study, Fe—N, moieties covalently embedded in
graphene (GR) sheets were prepared and characterized. We
exploited liquid chromatography to examine the conversion of
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ABSTRACT: Crystalline porous materials such as covalent organic frameworks (COFs) are advanced materials to tackle challenges
of catalysis and separation in industrial processes. Their synthetic routes often require elevated temperatures, closed systems with
high pressure, and long reaction times, hampering their industrial applications. Here we use a traditionally unperceived strategy to
assemble highly crystalline COFs by electron beam irradiation with controlled received dosage, contrasting sharply with the previous
observation that radiation damages the crystallinity of solids. Such synthesis by electron beam irradiation can be achieved under
ambient conditions within minutes, and the process is amendable for large-scale production. The intense and targeted energy input
to the reactants leads to new reaction pathways that favor COF formation in nearly quantitative yield. This strategy is applicable not
only to known COFs but also to new series of flexible COFs that are difficult to obtain using traditional methods.

S tate-of-the-art crystalline porous materials such as covalent
organic frameworks (COFs) are being utilized in a number
of research fields, e.g, gas purification, catalysis, biomedicine,
and energy storage,1 because of the structural tunability of their
organic linkages and the structural robustness of covalent
bonds.> COFs have been predominantly synthesized by
solvothermal/hydrothermal reactions, with thermal energy as
the exclusive input for the activation of reactions. However,
thermal treatment is an ineflicient process, as most of the
energy is deposited in thermal motion of the reagents and
solvents instead of activation of the chemical bonds. In general,
the formation and crystallization of COFs require long reaction
times on the order of hours or days and continuous heating
above 100 °C. Besides, these syntheses often have to be
conducted in a closed environment to maintain the solvent
level and autogenous pressure, which is difficult to translate to
industrial production.’

Research to find more green and high-throughput synthetic
strategies has focused on the development of new types of
energy sources. For instance, microwave energy and low-
energy photons such as UV light have been utilized to
accelerate the synthesis, as well as, more recently, electro-
chemistry.* Still, closed systems, elevated temperatures, and
special apparatus constraints are often required, and there is no
general method applicable to these porous materials. Over the
past few decades, sources of high-energy ionizing radiation
such as y rays and electron beams have been adopted as unique
energy sources for the synthesis and modification of a variety
of functional materials, including organic polymers and
inorganic nanoparticles.’ These high-energy particles not

© 2020 American Chemical Society
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only directly deposit energy into the reagents to overcome
the reaction activation barrier but also ionize the whole
reaction system, including the solvent, to produce a series of
highly reactive species that can significantly accelerate the
reaction. This unique activation mode allows for more mild
reaction conditions and simpler operation and can give rise to
rapid and quantitative formation of the products. However,
previous studies produced only amorphous structures,
probably because of the degradation effect of excessive
radiation. Here we successfully balance radiation-induced
activation for product formation and radiation-induced
structural degradation to produce porous crystalline materials
of high quality. By controlling the absorbed dose, we obtained
a variety of products in ultrashort periods of time (within
several minutes) under ambient temperature. Only a radiation
source and simple apparatus are required, and the setup is
amendable for high-throughput industrial production. This
synthetic route can be generalized for different COFs,
including series of new structures that cannot be obtained by
traditional methods.

The radiation-induced synthesis of COFs was carried out
using high-energy (1.5 MeV) electron beam irradiation
provided by an electron accelerator. The initial material target
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Asynchronous actions of immune responses in COVID-19

patients

Yufang Shi'?, Guogiang Zhou? and Qing Li?
Signal Transduction and Targeted Therapy (2020)5:284

Various components of the immune system are fine-tuned and
coordinated for the protection and maintenance of tissue home-
ostasis in various organs. Evolution has ensured the precise
activation and synchronization of specific immune components at
a given time to provide proper defense and regeneration
environment to tissues of our body. Any disorders may lead to
imperfect protection and uncontrolled tissue damages. A new
study from the Sette and Crotty group just reported in Cell
demonstrated that COVID-19 patients, especially at elder ages,
suffered the most when the immune components were
asynchronous.'

Like most viral infections, SARS-CoV-2 elicits strong inflamma-
tory responses. It has been proposed that the immune responses
induced by SARS-CoV-2 infection are two-phased. Specific
adaptive immune responses are critical for the elimination of
the virus during the incubation and non-severe stages and for
stopping disease progression to severe stages. When the
protective immune responses are insufficient, due to genetic
predisposition or preexisting medical conditions, the virus will
propagate and massive destruction of the affected tissues, such as
lungs, will occur.” Most studies are focused on the inflammation
and tissue damages at severe stages. However, recent investiga-
tions on non-severe or convalescent patients have provided clues
to the understanding of protective immune responses.

In an effort to understand human CD4" and CD8" T cell
responses to SARS-CoV-2 infection, the same research group
employed human leukocyte antigen (HLA) class | and Il predicted
peptide “megapools”® and CD8" and CD4" T cells from convales-
cent patients and found that 87% and 93% of these recovered
patients possessed SARS-CoV-2-specific CD8" and CD4" T cells,
respectively." Remarkably, when antibodies (Abs) made from B cell
clones derived from convalescent patients were tested for their
ability to neutralize SARS-CoV-2 virus in vitro in plastic and in vivo in
hamsters, it was found that the receptor binding domain (RBD)
specific Ab provided strong protection.”

Upon until now, the most comprehensive study on SARS-CoV-2
virus-specific adaptive immunity in humans is by the Sette and
Crotty group just published in Cell, which is the subject
highlighted herein. It not only involved a larger number of
convalescent and acutely infected patients, but also divided
adaptive immune responses into viral protein-specific CD4"
T cells, CD8" T cells, and Abs, the three most critical components

; https://doi.org/10.1038/541392-020-00424-z

of the adaptive immune responses. Although each component
can work separately, together, the three components bring best
protection. In the vaccinia virus system, based on the pooled viral
peptides, it was shown that CD8% T cell, CD4* T cell, and Ab
responses tend to recognize different antigens with distinct
characteristics, CD8" T cells recognize early antigens, and CD4"
T cells and Abs recognize later antigens.” This same pattern is also
demonstrated by Moderbacher et al. in SARS-CoV-2 infection,
during which all three arms work together to bring the best
protection and if these adaptive immune responses are not
synchronized COVID-19 patients are in trouble." In this coordi-
nated process, B cell-produced Abs are able to attach to and
neutralize extracellular SARS-CoV-2 virus. For various reasons, if
the Abs are unable to stop the virus from entering cells, CD8*
T cells are called in to destroy the infected cells. Regarding CD4*
T cells, the third arm, they are helpers and coordinators for
production of Abs and the activation of cD8™" killer T cells (Fig. 1).

Moderbacher et al. analyzed the blood of COVID-19 patients
suffering from mild to ultimately fatal infection. Their immune
responses were compared to those of convalescents and
unexposed control individuals. The Ab levels alone did not
correlate with COVID-19 severity. Those worst cases of COVID-19
had low levels of CD8™ killer T cells and CD4™ T helper cells. It is
highly possible that T cells play a more important role than Abs in
combating ongoing COVID-19 infections. In fact, the authors
identified one case that had no detectable neutralizing antibodies
and resolved infection without hospitalization. In addition, some
infected children recovered before developing an Ab response,
again arguing for the importance of T cells.

When blood samples from the older participants (=65 years old)
with acute infections were analyzed, it was found that they were far
more likely to have asynchronous immune responses among CD4"
T cells, CD8" T cells, and Abs than younger infected patients. In older
patients, high levels of Abs could be seen, while one of the T cell
responses remained weak. Interestingly, older COVID-19 patients
tended to also have smaller populations of the “naive” T cells, which
could recognize the new SARS-CoV-2 virus and then develop into
mature CD8™ killer T cells and CD4* T helpers, which otherwise
mounts a coordinated attack against SARS-CoV-2.

There is much talk about the cytokine storm in COVID-19 patients.
It should be recognized that due to the lymphopenia in severe
patients, the cytokine storm in these patients should not be expected
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Bacteria-triggered tumor-specific thrombosis to enable
potent photothermal immunotherapy of cancer

Xuan Yi', Hailin Zhou', Yu Chao?, Saisai Xiong', Jing Zhong', Zhifang Chai',

Kai Yang'#, Zhuang Liu®*

We discovered that attenuated Salmonella after intravenous injection would proliferate within various types of
solid tumors but show rapid clearance in normal organs, without rendering notable toxicity. Bacteria-induced
inflammation would trigger thrombosis in the infected tumors by destroying tumor blood vessels. Six types of
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tested tumors would all turn into darkened color with strong near-infrared absorbance, as observed by photo-
acoustic imaging. Under laser irradiation, those bacterial-infected tumors would be effectively ablated. Because
of the immune-stimulation function, such bacteria-based photothermal therapy (PTT) would subsequently trigger
antitumor immune responses, which could be further enhanced by immune checkpoint blockade to effectively
suppress the growth of abscopal tumors. A robust immune memory effect to reject rechallenged tumors is also
observed after bacteria-based PTT. Our work demonstrates that bacteria by themselves could act as a tumor-specific
PTT agent to enable photoimmunotherapy cancer therapy to inhibit tumor metastasis and recurrence.

INTRODUCTION

To conquer the threat of cancer, a large variety of treatment strategies
based on different mechanisms have been applied or tested in the
clinic (I). However, conventional cancer therapies such as chemo-
therapy and radiotherapy have limitations in severe side effects,
therapeutic resistance, and limited specificity (2). Light-triggered
phototherapies, including photothermal therapy (PTT) and photo-
dynamic therapy, are known to be less invasive with higher specificity
but are normally applied for treatment of local tumors instead of
distant metastatic ones (3, 4). In 2019, Rastinehad et al. (4) reported
the first clinical trial of PTT based on gold-shelled silica nanoparticles
to treat patients with prostate cancer with the help of stereotactic
trocar/laser fiber. Thirteen of 15 treated patients had no signs of cancer
in 1 year after treatment, demonstrating the promises of laser-based
PTT for clinical use (4). On the other side, cancer immunotherapy,
by using the host’s immune systems to attack tumor cells, has pre-
sented tremendous promises in recent years (5). For instance, im-
mune checkpoint blockade (ICB) therapy using antibodies to block
immune checkpoint receptors such as programmed cell death pro-
tein 1/programmed cell death ligand 1 (PD1/PD-L1) and cytotoxic
T lymphocyte-associated protein-4 (CTLA-4) have been clinically
used for treatment of various types of tumors (6). However, the overall
clinical response rate of ICB therapy alone, which is not a tumor-
specific therapy, is known to be relatively low (7, 8). Therefore, the
combination of ICB therapy with other types of therapeutic methods,
including chemotherapy, radiotherapy, and phototherapy, has at-
tracted a great deal of attention in recent years (9-11). For instance,
the combination of PTT based on immune-adjuvant nanoparticles
with ICB therapy could trigger antitumor immune responses to sup-
press tumor metastasis and recurrence after local tumor ablation (11).
However, in those systems, the immune-adjuvant nanoparticles with

'State Key Laboratory of Radiation Medicine and Protection, School of Radiation
Medicine and Protection and School for Radiological and Interdisciplinary Sciences
(RAD-X), Collaborative Innovation Center of Radiation Medicine of Jiangsu Higher
Education Institutions, Soochow University, Suzhou, Jiangsu 215123, China. ?Institute
of Functional Nano and Soft Materials (FUNSOM), Collaborative Innovation Center
of Suzhou Nano Science and Technology, Soochow University, Suzhou, Jiangsu
215123, China.

*Corresponding author. Email: kyang@suda.edu.cn (K.Y.); zliu@suda.edu.cn (Z.L.)

Yietal, Sci. Adv. 2020; 6 : eaba3546 14 August 2020

limited tumor-homing specificity are normally locally injected into
tumors to avoid side effects (e.g., cytokine storms).

Recently, live tumor-targeting microorganisms, such as bacillus
Calmette-Guérin, anaerobic bacteria, and even oncolytic virus, have
emerged as tumor-specific drug delivery carriers or as therapeutic
agents by themselves (12-15). In particular, because of the hypoxic,
immunosuppressive, and biochemically unique microenvironment
within solid tumors, Salmonella typhimurium can selectively colo-
nize in tumor tissues (16, 17). Moreover, bacterial infection may
induce innate and adaptive immune responses against both tumor-
colonizing bacteria and the tumor cells, resulting in nonspecific
killing of heterogeneous tumor cells (18, 19). For safety reasons,
S. typhimurium should be attenuated by different approaches to re-
duce their systemic toxicity (20-22). However, as shown in phase
1 clinical trials, attenuated S. typhimurium treatment alone usually
could not effectively eliminate the tumor (23, 24). To augment the
antitumor efficacy of bacterial therapy, transport of therapeutic
agents such as various cytotoxic agents, prodrug— converting enzymes,
or immunomodulators by tumor-homing bacteria has been pro-
posed to be an alternative strategy in cancer treatment (25-27).
Recently, it has been reported that certain types of bacteria could
delivery near-infrared (NIR) absorbing agents such as gold nanorods
or polydopamine into tumors for photothermal tumor ablation
(28, 29). Nevertheless, using bacteria alone without loading of addi-
tional therapeutic agents or nanoparticles to achieve phototherapy or
photoimmunotherapy has not yet been reported to our best knowledge.

In our work, a bacteria-based photoimmunotherapy is proposed
using intact microbes without any chemical modification or load-
ing of additional payloads. We accidently found that different types
of solid tumors on mice with intravenous injection of low doses
of the attenuated Salmonella AppGpp strain, which is defective
in guanosine 5’-diphosphate-3’-diphosphate synthesis (AppGpp
S. typhimurium), would show obviously darkened colors a few hours af-
ter injection. Further investigation verified that AppGpp S. typhimurium
after intravenous injection could specifically colonized in the tumor,
with little infection in other normal organs, owing to the facultative
anaerobic habit of those bacteria and the unique hypoxic tumor micro-
environment. The bacterial proliferation within tumors would trigger
activation of innate immunocytes, release of proinflammatory factors,
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IGF2R-initiated proton rechanneling dictates an
anti-inflammatory property in macrophages

Xuefeng Wang'?, Liangyu Lin", Bin Lan®, Yu Wang', Liming Du', Xiaodong Chen', Qing Li’,
Keli Liu', Mingyuan Hu', Yueqing Xue', Arthur I. Roberts*, Changshun Shao?, Gerry Melino®,

Yufang Shi'>>*, Ying Wang'*

Metabolic traits of macrophages can be rewired by insulin-like growth factor 2 (IGF2); however, how IGF2 modu-
lates macrophage cellular dynamics and functionality remains unclear. We demonstrate that IGF2 exhibits dual
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and opposing roles in controlling inflammatory phenotypes in macrophages by regulating glucose metabolism,
relying on the dominant activation of the IGF2 receptor (IGF2R) by low-dose IGF2 (L-IGF2) and IGF1R by high-dose
IGF2. IGF2R activation leads to proton rechanneling to the mitochondrial intermembrane space and enables sus-
tained oxidative phosphorylation. Mechanistically, L-IGF2 induces nucleus translocation of IGF2R that promotes
Dnmt3a-mediated DNA methylation by activating GSK3a/p and subsequently impairs expression of vacuolar-type
H*-ATPase (v-ATPase). This sequestrated assembly of v-ATPase inhibits the channeling of protons to lysosomes
and leads to their rechanneling to mitochondria. An IGF2R-specific IGF2 mutant induces only the anti-inflammatory
response and inhibits colitis progression. Together, our findings highlight a previously unidentified role of IGF2R

activation in dictating anti-inflammatory macrophages.

INTRODUCTION
Monocytes patrolling the bloodstream emigrate into adjacent
tissues where they mature into macrophages and acquire either a
pro-inflammatory or anti-inflammatory phenotype (1, 2). Emerging
evidence has demonstrated that these divergent immune pheno-
types in macrophages can persist for a prolonged period, a phenomenon
termed “innate immune memory” (3-5). Epigenetic modifications
and metabolic rewiring are critical for building this innate immune
memory (6, 7). It has been established that pro-inflammatory macro-
phages use mainly aerobic glycolysis for their energy needs (4), while
mitochondria-driven oxidative phosphorylation (OXPHOS) pre-
dominates in anti-inflammatory macrophages (8). Although mito-
chondrial metabolism and dynamics are known to be closely linked
to monocyte homeostasis and macrophage maturation (9), little is
known about how external stimulation affects the outcome of mac-
rophage maturation by modulating mitochondria activities.
Recently, it was demonstrated that stimulation through insulin-
like growth factor 1 receptor (IGF1R) endows macrophages with a
persistent pro-inflammatory phenotype (6, 10). This pro-inflammatory
phenotype can be induced by many IGF1R ligands and factors, such
as insulin-like growth factor 1 (IGF1), mevalonate, and apoptotic
bodies (6, 11, 12). In contrast, IGF2, a mitogenic polypeptide, can
bind to either IGF1R or IGF2R (11). While ligation of IGFIR is be-
lieved to mediate many of effects of IGF2 in regulating somatic
growth, development, and tissue repair (13, 14), the mechanism of
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Renai Road, Suzhou, Jiangsu 215123, China. *Shanghai Jiao Tong University School
of Medicine, Shanghai Center for Systems Biomedicine Research, Shanghai Jiao
Tong University, 800 Dongchuan Road, Shanghai 200240, China. “Robert Wood
Johnson Medical School, Rutgers University, New Brunswick, NJ 08901, USA.
*Department of Experimental Medicine, TOR, University of Rome Tor Vergata,
Rome 00133, Italy.

*Corresponding author. Email: yufangshi@sibs.ac.cn (Y.S.); yingwang@sibs.ac.cn (Y.W.)
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IGF2R function is largely unknown, beyond its role as a decoy re-
ceptor or carrier protein (11).

Here, we show that IGF2 ligation of IGF2R during macrophage
maturation induces the rechanneling of protons from cytosol to mito-
chondria initiating the reprogramming of cellular metabolism toward
OXPHOS, and thus resulting in an anti-inflammatory phenotype.
At the same time, however, very robust activation of IGF1R by IGF2
imposes a strong bias toward aerobic glycolysis, thus countering
any anti-inflammatory-inducing effect of IGF2R. These findings
reveal an unappreciated biological function of the IGF2-IGF2R axis
in regulating the fate of maturing macrophages to acquire either a
pro- or anti-inflammatory phenotype. Therefore, targeting IGF2R
activation can potentially be used to reduce inflammation in the
treatment of inflammatory disease.

RESULTS

IGF2 exhibits dual opposing roles in determining
macrophage phenotype

Our recent study demonstrated that IGF2 alleviates both experi-
mental autoimmune encephalomyelitis (EAE) and dextran sulfate
sodium (DSS)-induced colitis by programing macrophages to ac-
quire an anti-inflammatory phenotype (15). When IGF2 was applied
to treat colitis, we found that its anti-inflammatory effect occurred
only in a specific dose range. Administration of L-IGF2 (<50 ng
per mouse; L-IGF2) reduced the severity of DSS-induced colitis, as
revealed by significant improvement in body weight, survival rate,
stool score, bleeding score, colon length, as well as inhibition of
mononuclear cell infiltration into the colon (Fig. 1, A to D, and fig.
S1A). Histopathological analysis showed obvious inhibition of
DSS-induced colon damage by L-IGF2 (Fig. 1C). Consistent with
our previous results, L-IGF2 administration inhibited immune cell
infiltration into colonic lamina propria, with a significant reduction
in interleukin-1p (IL-1B)-expressing CD11b"F4/80" macrophages
(Fig. 1E). In contrast, H-IGF2 (1000 ng per mouse; H-IGF2) failed
to ameliorate colitis and instead exacerbated its progression and
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An Activatable Polymeric Reporter for Near-Infrared Fluorescent and
Photoacoustic Imaging of Invasive Cancer
Qing Li", Shenhua Li*, Shasha He, Wan Chen, Penghui Cheng, Yan Zhang, Qingqing Miao,* and

{

7018

Kanyi Pu*

Abstract: Discriminative detection of invasive and noninva-
sive breast cancers is crucial for their effective treatment and
prognosis. However, activatable probes able to do so in vivo
are rare. Herein, we report an activatable polymeric reporter
(P-Dex) that specifically turns on near-infrared (NIR) fluo-
rescent and photoacoustic (PA) signals in response to the
urokinase-type plasminogen activator (uPA) overexpressed in
invasive breast cancer. P-Dex has a renal-clearable dextran
backbone that is linked with a NIR dye caged with an uPA-
cleavable peptide substrate. Such a molecular design allows P-
Dex to passively target tumors, activate NIR fluorescence and
PA signals to effectively distinguish invasive MDA-MB-231
breast cancer from noninvasive MCF-7 breast cancer, and
ultimately undergo renal clearance to minimize the toxicity
potential. Thus, this polymeric reporter holds great promise for
the early detection of malignant breast cancer.

Introduction

Early detection of tumors is crucial for their effective
treatment and prognosis.! Among many type of tumors,
breast cancer is the leading cause of cancer-related death in
women worldwide.”! Breast cancer has subtypes, such as
luminal type, human epidermal growth factor receptor 2
(HER2) type, and triple-negative breast cancer (TNBC) type,
with distinct differences in therapeutic treatment, invasive-
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ness, and prognosis.®! Compared with other subtypes, TNBC
is a highly aggressive subtype with poor prognosis and is
generally inert to endocrine and HER2-directed therapy; this
necessitates its early diagnosis and the in-depth understand-
ing of the heterogenetic pathological processes.”! Current
diagnosis of breast cancer in the clinic commonly relies on X-
ray mammography, which has limited sensitivity and difficulty
in differentiating benign from malignant lesions.”) To accu-
rately identify a suspicious lesion, an excisional biopsy is
required.’l This process is invasive and less capable of
providing real-time information for treatment guidance and
prognosis.

Optical imaging probes enable the visualization and
monitoring of subtle molecular alterations occurring at early
stages of disease with superb sensitivity and high specificity.”!
Many fluorescent probes on the basis of protease, pH," or
microRNA! detection have been explored for breast tumor
imaging, but they are less competent for in vivo deep-tissue
imaging due to the shallow penetration depth of fluores-
cence."'! By contrast, photoacoustic (PA) imaging as a hybrid
imaging modality detects sound instead of photons after light
excitation, which has minimal attenuation due to negligible
sound scattering in biological tissues, and thus provides
deeper penetration depth (7-10cm) and higher spatial
resolution (submillimeter) for whole-body imaging."”! Many
absorbing agents have been tested for PA imaging, and
advances have shifted towards the development of activatable
PA imaging probes capable of correlating signals with the
concentration or activities of biomarkers. Activatable PA
probes have been explored for deep-tissue imaging, such as
for tumor,™ bacteria,'" vulnerable plaque,[ls] and acute
edema imaging."” However, existing PA probes have not
been exploited for specific discrimination between invasive
breast cancer and noninvasive breast cancer.[2*!%7] Besides,
current PA agents are often not rapidly cleared from living
organisms, causing potential toxicity and preventing them
from clinical translation.!""!

Herein, we report the development of an activatable
polymeric reporter (termed P-Dex) for dual-modal imaging
of malignant breast cancer. The probe can specifically turn on
its near-infrared (NIR) fluorescence and photoacoustic (PA)
signals in the presence of urokinase-type plasminogen
activator (uPA), which is overexpressed in invasive breast
cancer and associated with tumor invasion and metastasis."’]
Up to now, only a few uPA-responsive probes have been
reported, and they can only emit fluorescence and have not
been utilized for the detection of breast tumors in vivo.”"!
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Two-Dimensional Tin Selenide (SnSe) Nanosheets Capable of
Mimicking Key Dehydrogenases in Cellular Metabolism

Meng Gao*, Zhenzhen Wang*, Huizhen Zheng, Li Wang, Shujuan Xu, Xi Liu, Wei Li,
Yanxia Pan, Weili Wang, Xiaoming Cai, Ren’an Wu, Xingfa Gao,* and Ruibin Li*

Abstract: While dehydrogenases play crucial roles in tricar-
boxylic acid (TCA) cycle of cell metabolism, which are
extensively explored for biomedical and chemical engineering
uses, it is a big challenge to overcome the shortcomings (low
stability and high costs) of recombinant dehydrogenases.
Herein, it is shown that two-dimensional (2D) SnSe is capable
of mimicking native dehydrogenases to efficiently catalyze
hydrogen transfer from 1-(R)-2-(R')-ethanol groups. In con-
trary to susceptible native dehydrogenases, lactic dehydrogen-
ase (LDH) for instance, SnSe is extremely tolerant to reaction
condition changes (pH, temperature, and organic solvents) and
displays extraordinary reusable capability. Structure—activity
analysis indicates that the single-atom structure, Sn vacancy,
and hydrogen binding affinity of SnSe may be responsible for
their catalytic activity. Overall, this is the first report of a 2D
SnSe nanozyme to mimic key dehydrogenases in cell metab-
olism.

Introduction

Dehydrogenases as an indispensable part of tricarboxylic
acid (TCA) cycle in all aerobic organisms could facilitate the
release of stored energy in carbohydrates, fats, and proteins.
This subclass of enzymes could catalyze the transferring of
hydrogen atoms from substrate to an electron acceptor,
commonly nicotinamide adenine dinucleotide (NAD™) or
flavin adenine dinucleotide (FAD) in the TCA cycle, and is
crucial to immune responses and carcinogenesis."! For
instance, succinate dehydrogenase was found to drive inflam-
matory macrophages by bursting mitochondrial reactive
oxygen species (ROS).”) While recombinant dehydrogenases
have been extensively investigated in energy science, bio-
medicine, and genetic engineering,” it is a big challenge to

overcome the shortcomings of protein enzymes, such as low
yields, high costs, and poor stability.

As inorganic nanoparticles are relatively stable and some
of them have been reported to exhibit high -catalytic
efficiencies in diverse chemical reactions,* the rapid develop-
ments of nanotechnologies provide opportunities to engineer
nanocatalysts with enzyme-like activities, namely nanozymes.
Recently, a few engineered nanomaterials (ENMs) were
found to display enzyme activities in physiological conditions.
For instance, Fe;O, is the first reported nanozyme to show
peroxidase-like activity;[SJ Cu0.” vV,0." Co,0,8 Au
Pt" carbon nanotubes (CNTs),'! and graphene oxide
(GO)!™ have been reported to show superoxide dismutase-,
peroxidase-, oxidase-, or catalase-like activities. However,
these nanozymes could only catalyze the degradation of
H,0,, oxygen and O,~. Beside of these inorganic oxygen
species, it is unclear whether the burgeoning nanocatalysts
can mimic dehydrogenases to catalyze the hydrogen transfer
in organic substrates, which are the major components of all
living organisms.

Herein we made an intriguing finding that two-dimen-
sional (2D) SnSe nanosheets (Supporting Information, Fig-
ure S1) are able to catalyze the dehydrogenation of organic
molecules and they exhibit dehydrogenase-like activities.
Indeed, this discovery had unexpectedly arisen in assessments
of TCA cycle activity in cells. We found that although SnSe
nanosheets induce cell death along with inactivation of TCA
cycles as well as deficient dehydrogenases, SnSe is able to
serve as an alternate of dehydrogenases to efficiently catalyze
the conversion of a dehydrogenase substrate, 3-(4,5-dime-
thylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-
phenyl)-2H-tetrazolium (MTS)™! (Supporting Information,
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Engineering the Protein Corona Structure on Gold Nanoclusters
Enables Red-Shifted Emissions in the Second Near-infrared Window

for Gastrointestinal Imaging

Weili Wang®, Yifei Kong®, Jun Jiang, Qiangian Xie, Yang Huang, Guanna Li, Di Wu,
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Xuehua Li, Han Zuilhof, Xiaoming Cai, and Ruibin Li*

Abstract: The application of NIR-II emitters for gastrointes-
tinal (GI) tract imaging remains challenging due to fluores-
cence quenching in the digestive microenvironment. Herein, we
report that red-shifting of the fluorescence emission of Au
nanoclusters (AuNCs) into NIR-II region with improved
quantum yields (QY) could be achieved by engineering
a protein corona structure consisting of a ribonuclease-A
(RNase-A) on the particle surfaces. RNase-A-encapsulated
AuNCs (RNase-A@AuNCs) displayed emissions at 1050 nm
with a 1.9% QY. Compared to rare earth and silver-based
NIR-II emitters, RNase-A@AuNCs had excellent biocompat-
ibility, showing > 50-fold higher sensitivity in Gl tract, and
migrated homogenously during gastrointestinal peristalsis to
allow visualization of the detailed structures of the GI tract.
RNase-A@AuNCs could successfully examine intestinal tumor
mice from healthy mice, indicating a potential utility for early
diagnosis of intestinal tumors.

[¥] Dr. W. Wang,}"! J. Jiang, Q. Xie, D. Wu, H. Zheng, M. Gao, S. Xu,
Y. Pan, W. Li, R. Ma, Prof. R. Li
State Key Laboratory of Radiation Medicine and Protection, School
for Radiological and Interdisciplinary Sciences (RAD-X), Collabora-
tive Innovation Center of Radiological Medicine of Jiangsu Higher
Education Institutions, Soochow University
Suzhou, 215123, Jiangsu (China)
E-mail: liruibin@suda.edu.cn
Dr. Y. Kong,H! M. X. Wu
Wellman Center for Photomedicine, Massachusetts General Hospi-
tal, Harvard Medical School, Boston, MA 02114 (USA)
Y. Huang, X. Li
Key Laboratory of Industrial Ecology and Environmental Engineering,
School of Environmental Science and Technology, Dalian University
of Technology, Dalian, 116024 (China)
G. Li, H. Zuilhof
Laboratory of Organic Chemistry, Wageningen University
Stippeneng 4, 6703 WE, Wageningen (The Netherlands)
and
Department of Chemical and Materials Engineering, Faculty of
Engineering, King Abdulaziz University, Jeddah (Saudi Arabia)
X. Cai
School of Public Health, Soochow University, Suzhou, 215123,
Jiangsu (China)

[*] These authors contributed equally to this work.

(& Supporting information and the ORCID identification number(s) for
the author(s) of this article can be found under:
https://doi.org/10.1002/anie.202010089.

Angew. Chem. Int. Ed. 2020, 59, 2243122435

© 2020 Wiley-VCH GmbH

Introduction

Barium swallow and endoscopic techniques are the main-
stream techniques for gastrointestinal (GI) imaging.!"! How-
ever, barium swallow is an X-ray based diagnosis technique
with limited spatial resolution and notable radiation risk;
endoscopy is an invasive diagnostic technique contraindicated
in patients with suspected bowel stricture or obstruction.
Therefore, non-invasive and X-ray-free imaging technologies
are highly desired for early diagnosis of some severe GI
diseases, especially tumors.”?!

Fluorescence emissions in the second near infrared
window (NIR-II, 1000-1400 nm) have attracted substantial
research enthusiasms for bio-imaging.””! Since the excitation
and emission wavelengths involved in obtaining NIR-II
emissions already allow deep tissue penetration as display
a strongly reduced autofluorescence and photon scattering,
one-photon excitation was often used as laser source in NIR-
II imaging. Compared to small molecular NIR-II emitters
(e.g. IR1061,*! CH1055P! and BTC1070°!), nano-sized NIR-IT
emitters including quantum dots (QDs),” rare earth nano-
particle (RENP),® and single wall carbon nanotube
(SWNT),”! show relatively higher quantum yields (QYs),
and lower susceptibility to photobleaching. They have been
exploited for liver," kidney,""! brain® and lung!? imaging.
However, few reports focus on NIR-II imaging of GI tract. As
the acidic and enzymatic bio-contexts of GI tract may lead to
fluorescence quenching of most nano-sized emitters, we
proposed to synthesize inert metal (e.g. Au, Pt) based emitters
for NIR-II imaging of GI tract."”!

In this study, we exploited a theory of ligand-metal-metal
charge transfer (LMMCT)™ to synthesize Au-based nano-
clusters (AuNCs) with emissions in NIR-II region. Ribonu-
clease-A (RNase-A) were therefore selected to encapsulate
gold nanocluster (RNase-A@AuNC) for red-shifted emis-
sions as it consists of a desired cocktail of thiol group
(cysteine) and aromatic amino acids (histidine and tyrosine).
The resulting RNase-A@AuNCs were exposed to GI tract
simulated fluids and mammalian cells for stability and
biosafety assessments. The in vivo imaging capability of
RNase-A@AuNC in GI tract was examined in mice by oral
administration. Finally, we employed an intestinal cancer
model to justify the potential utility of AuNCs as an imaging
agent for tumor diagnosis.
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Smart Oral Administration of Polydopamine-Coated
Nanodrugs for Efficient Attenuation of Radiation-Induced

Gastrointestinal Syndrome

Yushuo Zhang, Lu Wang, Meiyun Xu, Tongxin Zhao, Liangju Kuang, and Daoben Hua*

High-dose ionizing radiation can lead to death from the unrecoverable
damage of the gastrointestinal tract, especially the small intestine. Until now,
the lack of predilection for the small intestine and rapid clearance by digestive
fluids limit the effects of conventional radioprotective formulations. Herein,
an innovative radioprotective strategy is developed for attenuating
gastrointestinal syndrome by smart oral administration nanodrugs. The
nanodrug is first engineered by encapsulating thalidomide into chitosan-based
nanoparticles, and then coated with polydopamine. The behaviors of gastric
acid-resistance, and pH-switchable controlled release in the small intestine
enhance the oral bioavailability of the pyroptosis inhibitor thalidomide. In a
mouse model, nanodrugs demonstrate prolonged small intestinal residence
time and accessibility to the crypt region deep in the mucus. Furthermore, the
nanodrugs ameliorate survival rates of C57BL/6) mice irradiated by 14 Gy of
subtotal body irradiation and also maintain their epithelial integrity. This work
may provide a promising new approach for efficiently attenuating lethal
radiation-induced gastrointestinal syndrome and add insights into developing
nanodrug-based therapies with improved efficacy and minimum side effects.

diarrhea, electrolyte disturbances, hema-
tochezia, and even subacute death.”’] How-
ever, there is still no practicable coun-
termeasure for attenuating GIS induced
by either accidental or deliberate radiation
exposure.®]

Radioprotective agents given by intra-
venous injection are candidates for attenu-
ating GIS, such as antioxidants!*! and thi-
ols compounds®®! for eliminating reactive
oxygen species (ROS), small molecular-!
and protein-based!’! pharmaceuticals for in-
hibiting apoptosis, and cytokine therapy
agents!® and bone marrow cell-derived ex-
tracellular vesicles!”) for accelerating the
restitution of intestinal stem cells. However,
these radioprotective agents exhibit a body-
wide distribution with varying predilection
for tissues'!”l such as spleen and liver, but
not intestine. Higher doses of agents must
be given to achieve optimal radioprotec-

1. Introduction

Small intestinal epithelium is one of the most vulnerable sites
to high doses of irradiation.!'! Human beings exposed to above
10 Gy irradiation would suffer from considerable gastroin-
testinal syndrome (GIS), which is characterized with severe
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tive efficacy for small intestine, thereby

leading to serious side effects. For coun-

termeasures via oral route, such as fecal
microbiota transplantation,!') amifostine microcapsules,!'?! and
Ex-RAD,**/ the radioprotectants have to reside in intestinal lu-
men or cross the intestinal epithelium to reach systemic circula-
tion. Unfortunately, invalidation of these agents may occur due
to harsh environment (especially in the highly acidic stomach)
during gastrointestinal tract passage.!'*! Even if the radioprotec-
tants successfully reach the region of small intestine, they may
not withstand the rapid trapping and clearance of the mucus
layer and intestinal fluid,["! limiting their exposure to intestinal
tissues. Consequently, oral administration of radioprotectants in
conventional formulations could be inefficient.

In previous studies, we can find the low toxicity, stable en-
capsulation of radioprotective agents,'®l and adjustable physic-
ochemical properties!*”! of chitosan-based nanodrugs intended
for parenteral administration. However, the possibility of this
system as orally administered radioprotectant formulation has
rarely been explored. Recently, we noticed that the deficiency
of double-stranded DNA sensor Absent-In-Melanoma 2 (AIM2)
could protect small intestinal stem cells from radiation-induced
pyroptosis.*] Thalidomide (THA), a potential AIM2 inhibitor,**!
may be a good choice of radioprotective agents. It should be noted
that THA is not suitable for pregnant women due to embryo-
toxicity.!*! In order to efficiently protect the radiosensitive intesti-
nal stem cells, THA should overcome back diffusion/?’! and stay
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ARTICLE INFO ABSTRACT

Keywords: Exploiting the specific biological behaviors of the metabolizable nano-drugs assisted by X-rays exposure will be
Albumin benefit for the optimization of radiotherapy-based combination therapy. Herein, Human serum albumin (HSA)
X-rays exposure nanoparticle, a familiar and metabolizable nanomaterial, is selected to investigate the changes of tumor accu-
A15 peptide

mulation and retention under X-rays exposure. Caveolin-1, an important protein which has positive correlation
with cell uptake of nanomaterials, is expressed increasingly under X-rays exposure, resulting the enhanced cell
uptake and prolonged tumor retention of HSA nanoparticles. After being labeled by radioactive iodine-125, HSA
could be used for SPECT/CT imaging of mice. Moreover, it discovered that ***I-HSA nanoparticles possess much
longer-time retention time in pre-irradiated tumor than that of controlled tumor. Using this strategy, the ther-
apeutic efficiency of '*'I-HSA injected mice after irradiating their tumors by X-rays is better than that of opposite
sequence treated mice. In order to further improve the targeting ability of HSA, GNQEQVSPLTLLKXC peptide
(A15) is conjugated to HSA nanoparticles for targeting the thrombosis in the tumor tissue triggered by X-rays
exposure, realizing the high tumor accumulation of '*'I-HSA assisted by X-rays exposure. Therefore, taking
advantage of the increased expression of Caveolin-1 and the induced thrombosis under X-rays exposure, we
optimized the delivery of radiolabeled HSA via enhancing the cell uptake and prolonging tumor retention of HSA
for cancer combination therapy. Our work make contribution to guide the clinical albumin based combination
therapy.

SPECT imaging
Combination therapy

1. Introduction

External beam radiotherapy (EBRT) has been widely applied in
clinical treatment of cancer owing to its controlled irradiation field and
limited side effects [1,2]. In a conventional process, the cancer dis-
covered by a variety of imaging methods would be irradiated by ex-
ternal radiation sources including X-rays, electron beam and heavy ion
beam in a designated area [3]. Therefore, the effective imaging of
tumor region and the complete elimination of tumor under external
radiation sources were of great concerned in EBRT [4]. At the present
stage, however, the therapeutic effect of EBRT is not satisfactory en-
ough because of the existence of radiation resistance [5,6]. In order to
enhance curative potential of cancer under X-rays exposure, a series of
radiation sensitizers such as nitroimidazoles, chinese herbs and nano-
materials assisted by different tumor treatment modality including
chemotherapy, phototherapy as well as immunotherapy has been car-
ried out, aiming to achieve synergistic antitumor effect [7-10].

According to the literature, X-rays exposure could induce tumor
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vascular disruption with the help of vascular-targeted gold nano-
particles, resulting enhanced tumor perfusion of nano-drug delivery
system (NDDS) [11-13]. The tumor microenvironment including vas-
cular morphology, interstitial fluid pressure and tumor-infiltrating im-
mune cells has been changed for enhancing the delivery and permea-
tion of partial NDDS [14-17]. Additionally, radiotherapy (RT) could
trigger the rapid expression of some cell adhesion molecules in tumor
vessels and numerous stress proteins on the tumor cellular membrane,
both of which could make the specific peptide modified nanomaterials
target to the irradiated tumor [18-20]. In our recent work, cancer cells
exposed by X-rays could enhance the cell uptake of various nano-
particles via up-regulating the expression of Caveolin-1 and arresting
the cell cycle at G2/M, realizing the excellent radio-chemotherapy ef-
fect [21]. Therefore, the drug delivery efficiency based on NDDS could
be optimized under X-rays exposure for more effective combination
therapy.

At the present stage, the metabolizable nanomaterials have been
extensively investigated in biomedical application owing to their rapid
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More than 100 years since the outbreak of the 1918 influ-
enza pandemic, we now seem to face another pandemic.
The outbreak of the new coronavirus (SARS-CoV-2)
infection is spreading to every continent, forcing us to live
with this virus for perhaps a long time. Scientists and
clinicians have learned much of coronavirus disease 2019,
COVID-19, and its pathogenesis [1]: not all people exposed
to SARS-CoV-2 are infected and not all infected patients
develop severe respiratory illness. Accordingly, SARS-
CoV-2 infection can be roughly divided into three stages:
stage I, an asymptomatic incubation period with or without
detectable virus; stage II, non-severe symptomatic period
with the presence of virus; stage III, severe respiratory
symptomatic stage with high viral load [2]. From the point
of view of prevention, individuals at stage I, the stealth
carriers, are the least manageable because, at least on some
occasions, they spread the virus unknowingly: indeed, the
first asymptomatic transmission has been reported in Ger-
many [3]. The role of asymptomatic SARS-CoV-2 infected
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individuals in disseminating the infection remains to be
defined.

Among over 1000 patients analyzed in Wuhan, except
occasionally in children and adolescence, it infects all the
other age groups evenly. About 15% of the confirmed cases
progress to the severe phase, although there is a higher chance
for patients over 65 to progress into the severe phase [1]. One
of the biggest unanswered questions is why some develop
severe disease, whilst others do not. Clearly, the conventional
wisdom based on overall immunity of the infected patients
cannot explain this broad spectrum in disease presentation.

Two-phase immune responses induced by
COVID-19 infection

Clinically, the immune responses induced by SARS-CoV-2
infection are two phased. During the incubation and non-
severe stages, a specific adaptive immune response is
required to eliminate the virus and to preclude disease
progression to severe stages. Therefore, strategies to boost
immune responses (anti-sera or pegylated IFNa) at this
stage are certainly important. For the development of an
endogenous protective immune response at the incubation
and non-severe stages, the host should be in good general
health and an appropriate genetic background (e.g. HLA)
that elicits specific antiviral immunity. Genetic differences
are well-known to contribute to individual variations in the
immune response to pathogens. However, when a protective
immune response is impaired, virus will propagate and
massive destruction of the affected tissues will occur,
especially in organs that have high ACE2 expression, such
as intestine and kidney. The damaged cells induce innate
inflammation in the lungs that is largely mediated by pro-
inflammatory macrophages and granulocytes. Lung
inflammation is the main cause of life-threatening respira-
tory disorders at the severe stage [4]. Therefore, good
general health may not be advantageous for patients who
have advanced to the severe stage: once severe lung damage
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In order to overcome the weak penetration of near infrared (NIR)
light in photodynamic therapy (PDT), X-ray radiation (X-RT) with
high deep tissue penetration could be used as a therapeutic option
to completely destroy tumors. Herein, polyoxomolybdate nanoclusters
(POMo NCs) with rose Bengal (RB) loading, are functionalized with
chitosan (CS) and polyethylene glycol (PEG) for X-ray inducible
radiation and radiodynamic therapy (X-RRDT). Our obtained POMo
NCs demonstrate a strawberry shape containing 163 Mo (Mo)3 units
of three edge sharing MoOg octahedra and connecting to the
central PO, octahedron. Under low dose X-ray radiation, the
communal effect of radiosensitization and scintillation of POMo
NCs along with RB, can decrease the side effects of RT and enhance
both RT and PDT efficiency. This is because the POMo NCs can not
only augment RT efficacy by producing auger electrons which
directly provoke DNA damage, but also enhance PDT efficacy by
converting high energy X-rays into light to stimulate RB to generate
singlet oxygen (*0,). In vivo results show that X-RRDT using POMo
NCs significantly inhibits tumor growth under low dose X-ray
radiation. More importantly, the as-made PEGylated POMo NCs
cause no obvious side-effects to the major normal organs through
histological examination. This work describes a simple strategy to
design effective X-RRDT agents with multiple properties including
X-ray radiosensitization, X-ray scintillation and photosensitization
for X-RRDT under low dose X-ray irradiation. Our developed strategy
will further promote the cancer therapeutic efficiency under low
dose X-ray radiation, and bring hope for clinical cancer treatment.

Compared to chemotherapy and surgery, radiotherapy (RT)
using X-rays, gamma rays or an electron beam is still broadly
applied for cancer treatment in clinical applications." Numerous
RT clinical trials have revealed that using high dose X-rays could
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Polyoxomolybdate (POM) nanoclusters with
radiosensitizing and scintillating properties for
low dose X-ray inducible radiation-radiodynamic

Debabrata Maiti,*® Jing Zhong,® Zheng Zhang,? Hailin Zhou,? Saisai Xion,?
Ziliang Dong,® Sarvendra Kumar,” Zhuang Liu

®and Kai Yang () *

New concepts

X-rays with high deep tissue penetration could be used as an excellent
excited light source for enhanced photodynamic therapy (PDT), avoiding
the weak penetration of near-infrared light and further improving the
therapeutic efficiency of PDT. Herein, our developed polyoxomolybdate
nanoclusters (POMo NCs) with the largest strawberry shape possess dual-
function including X-ray triggered PDT (X-RPDT) and X-ray inducible
radiation (X-RT). Under X-ray irradiation, POMo NCs could transfer high
energy of X-rays into light to stimulate RB and then generate singlet
oxygen for killing cancer cells. Meanwhile, the POMo NCs could also
augment RT efficacy by producing auger electrons to induce DNA
damage, further improving the therapeutic efficiency. We believe that
the designed POMo NCs could significantly improve the therapeutic
efficiency of cancer under low dose X-rays, binging hope for further
cancer clinical treatment.

kill most of the cancer cells, but also cause side effects to the
patients.” Optical therapy including photodynamic therapy
(PDT)** and photothermal therapy (PTT)*® have been developed
for the last two decades to decrease the side effects. However, the
weak penetration of light limits the therapeutic efficiency of
optical therapy of tumors in deeper tissue.” Therefore, X-rays
with high deep penetration are widely used compared with
NIR light. However, the side effects of RT are unavoidable.
Certainly, they have been partially alleviated by advanced nano-
biotechnology. During X-ray radiation therapy (X-RT), radio-
sensitizers produce Compton or photoelectrons which strike
adjacent water or biomolecules to generate reactive oxygen
species (ROS), breaking indirectly DNA strands.® Owning to
insufficient biomolecules near to the radiosensitizers, loss of
Compton or photoelectrons is another drawback of X-RT along
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