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In Situ Formation of Fibronectin-Enriched Protein Corona
on Epigenetic Nanocarrier for Enhanced Synthetic Lethal

Therapy

Zhangyi Luo, Zhuoya Wan, Pengfei Ren, Bei Zhang, Yixian Huang, Raymond E. West 111,

Haozhe Huang, Yuang Chen, Thomas D. Nolin, Wen Xie, Junmei Wang, Song Li,*

and Jingjing Sun*

PARP inhibitors (PARPi)-based synthetic lethal therapy demonstrates limited
efficacy for most cancer types that are homologous recombination (HR)
proficient. To potentiate the PARPi application, a nanocarrier based on
5-azacytidine (AZA)-conjugated polymer (PAZA) for the codelivery of AZA and
a PARP inhibitor, BMN673 (BMN) is developed. AZA conjugation significantly
decreased the nanoparticle (NP) size and increased BMN loading. Molecular
dynamics simulation and experimental validations shed mechanistic insights
into the self-assembly of effective NPs. The small PAZA NPs demonstrated
higher efficiency of tumor targeting and penetration than larger NPs, which is
mediated by a new mechanism of active targeting that involves the
recruitment of fibronectin from serum proteins following systemic
administration of PAZA NPs. Furthermore, it is found that PAZA carrier
sensitize the HR-proficient nonsmall cell lung cancer (NSCLC) to BMN, a
combination therapy that is more effective at a lower AZA/BMN dosage. To
investigate the underlying mechanism, the tumor immune microenvironment
and various gene expressions by RNAseq are explored. Moreover, the
BMN/PAZA combination increased the immunogenicity and synergized with
PD-1 antibody in improving the overall therapeutic effect in an orthotopic
model of lung cancer (LLC).

-

1. Introduction

Inhibition of PARP1 is a clinically effec-
tive synthetic lethal therapy in homologous
recombination (HR)-deficient cancers by
generating double-strand breaks (DSBs).!!
However, it offers insubstantial benefits
for the majority of cancer types that are
HR-proficient, such as nonsmall cell lung
cancer (NSCLC). Moreover, cancer patients
succumb to PARPI resistance through var-
ious feedback mechanisms such as induc-
tion of the anomalous hypermethylation
of tumor suppressor gene promoters.?!
A key player in the resistance is DNA
methyltransferase 1 (DNMT1), which is
overexpressed in tumors, mediating ab-
normal DNA methylation patterns that
epigenetically silence the expression of tu-
mor suppressor genes.’! Intriguingly, epi-
genetic modifiers like DNMT1 inhibitors
(DNMT]) interfere with the process of DNA
repair, rendering HR-proficient tumor cells
of HR-deficient phenotype and sensitizing
them to PARPi and other DNA-damaging
agents.¥ From the immunological per-
spective, DNA-damaging agents have the
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potential to convert immunologically “cold” tumors to “hot,”
augmenting immunotherapy via mechanisms like cyclic GMP-
AMP synthase (cGAS)-stimulator of interferon genes (STING)
pathway,l®! elevation of tumor mutation burden,!! and the up-
regulated generation of HLA-neoantigen complex.”] Meanwhile,
DNMTi could upregulate the expression of the MHC I gene,®] en-
hancing the immune system'’s recognition of tumor cells through
increased presentation of neoantigens. Taken together, a combi-
nation of DNMTi with PARPi represents an attractive approach to
improve the treatment through several synergistic mechanisms.

However, oral administration of PARPi shows low bioavail-
ability and poor drug accumulation in the tumor tissue, ne-
cessitating the use of high doses in patients, which may cause
off-target toxicity and limit its long-term use.?’! Similarly, DN-
MTi such as 5-azacytidine (AZA) and decitabine are unstable
and show a limited duration of action due to enzymatic in-
activation by cytidine deaminase (CDA).’] Nanocarriers have
emerged as a powerful tool in enhancing the bioavailability of
free drugs.['%) However, it is still challenging to effectively co-
load water-insoluble PARPi and water-soluble AZA into a single
nanocarrier. In addition, tumor targeting and penetration repre-
sent another major barrier for nanoparticles (NPs)-mediated can-
cer therapy. Smaller NPs often exhibit superior tumor accumula-
tion and penetration.['] It is generally assumed that smaller NPs
shall be more effective in passing through paracellular space in
both tumor endothelium lining as well as the tumor cells and
stromal cells following extravasation.!'?] However, a recent study
utilizing Au NPs of varying sizes has revealed that most NPs
enter tumors through active transcytosis processes within en-
dothelial cells.[3] Contrary to previous assumptions, passive dif-
fusion through leaky vasculature seems to be a secondary route
of entry even for 15 nm Au NPs. Nonetheless, the exact mech-
anisms governing this trans-endothelial process have remained
elusive, particularly for the more effective smaller NPs. In ad-
dition, it remains uncertain whether this phenomenon extends
to other nanocarrier systems, such as polymeric NPs. Moreover,
although increasing evidence demonstrates that smaller NPs
achieve deeper tumor penetration, the underlying mechanism is
still underexplored. Unraveling these puzzles holds the key to en-
gineering the next generation of nanocarriers, ensuring deeper
tumor penetration and potentially revolutionizing therapeutic
outcomes.

In this work, we developed an ultrasmall nanocarrier PAZA
for co-delivery of DNMTi AZA and PARPi BMNG673 to enhance
synthetic lethal therapy in HR-proficient tumors. By conjugat-
ing AZA to a PVD polymeric backbone, the particle size was
significantly reduced to 12 nm. This reduction facilitated tumor
penetration through clathrin-mediated transcytosis, a departure
from the generally assumed paracellular transport mechanism.
Through proteomics and genetic knocking out (KO) approaches,
we found that fibronectin was enriched in the protein corona
(PC) surrounding PAZA nanocarrier, which interacted with
the ITGAS receptor on tumor cells, contributing to effective
tumor uptake and penetration. The in situ formed PC-PAZA
NPs loaded with BMNG673 exhibited remarkable antitumor
activity in HR-proficient NSCLC at low dosages. Furthermore,
BMN/PAZA increased the immunogenicity, synergizing ef-
fectively with PD-1 antibodies to combat orthotopic LLC lung
cancer.
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1.1. Preparation and Characterization of Ultra-Small Micelles

The PVD polymer backbone was synthesized by reversible
addition-fragmentation chain transfer (RAFT) polymerization,
and the AZA-conjugated polymer (PAZA) was obtained by con-
jugation of AZA to PVD backbone (Figure S1, Supporting In-
formation). The structures were characterized by NMR and IR
spectra (Figures S2 and S3, Supporting Information). PVD could
form NPs with an average diameter of 100 nm in aqueous solu-
tion. Interestingly, conjugation of six units of AZA to PVD dras-
tically decreased the NP size to 12.3 nm (Figure 1A). PAZA mi-
celles showed a low critical micelle concentration (CMC) value
of 0.0076 mg mL~" (Figure 1B), indicating a likely excellent mi-
celle stability upon dilution. The PAZA carrier was able to load
BMN into spherical NPs with a drug loading capacity as high as
14.8%, which was much higher than that of PVD carrier (~5.8%)
(Figure 1C,I). In addition, the formulations showed excellent sta-
bility both at room temperature and through the lyophilization
process (Figure S4, Supporting Information).

It has been reported that reducing the particle size of poly-
meric micelles often compromises the encapsulation capacity
and stability of drug-loaded micelles.'*] Intriguingly, we found
that conjugation of AZA markedly reduced the nanocarrier size
to 12 nm, while simultaneously enhancing drug loading efhi-
ciency. To deliver into the mechanism of interaction between
the BMN molecule and PVD or PAZA polymer, we conducted
molecular dynamics (MD) simulations (Figure S5, Supporting
Information). The model system comprised one polymer copy
and eight BMN copies, with solvent effects simulated through ex-
plicit water MD and a subsequent Generalized Born surface area
(GBSA) model. After a series of MD simulations, micelle struc-
tures were formed for both PAZA (Figure 1D) and PVD polymers
(Figure 1E). It was shown that the conjugation of AZA induced
a reconfiguration of the polymer segments, facilitating the for-
mation of more stable micelles with a tighter packing of the hy-
drophobic core (brownish sticks) compared to PVD. In swarm
MD simulations, BMN formed similar hydrogen bonding with
both PVD and PAZA with 2.32 and 2.36 hydrogen-bonds on av-
erage, respectively. However, BMN showed stronger z—x interac-
tions with PAZA than with PVD, which comes from pyrimidine
ring of AZA (Figure 1F,G).

Molecular Mechanics/Poisson—Boltzmann Surface Area — Wa-
ter Solvent Accessible Surface (MM-PBSA-WSAS) method was
used to estimate the free energy of binding between BMN and
the nanocarriers, providing insights into the thermodynamics
of drug encapsulation within the nanocarriers. We first calcu-
lated MM-PBSA-WSAS free energies for BMN itself, PAZA or
PVD polymer itself, and PAZA + 8 BMN and PVD + 8 BMN.
Then we calculated the free energy change upon BMN binding,
A Gbinding = Gcomplex - (Gpolyer +8x GBMN) (Table S1, Support-
ing Information). The calculated AGy;, 4, values were —44.43
and —38.16 kcal mol™! for PAZA and PVD, respectively. This
result explained why PAZA has a better loading capacity than
PVD. Moreover, we calculated the root-mean-square deviation
(RMSD) of the heavy atoms to describe the dynamics of the poly-
mer and polymer-drug complex. PAZA/BMN complex exhibited
higher stability than the PVD/BMN complex, as evidenced by the
smaller fluctuation in the RMSD values for the former (black
curves of Figure 1F,G).
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Figure 1. Characterization and modeling of PAZA polymer. A) Size of PVD and PAZA micelles. B) Critical micelle concentration of PAZA polymer. C)
Morphology of PAZA and BMN loaded PAZA by TEM. (Magnification: 62kx, bar = 50 nm) D-G) Time courses of root-mean-square deviations (RMSD)
of heavy atoms and radius of gyration (RoG) and representative conformations of D) PAZA; E) PVD; F) PAZA+8 BMN molecules; G) PVD + 8 BMN
molecules. The following color schemes were applied: greenish sticks for hydrophobic parts of the residues, brownish sticks for hydrophilic parts of
the residues, and magenta sticks for the AZA substructure. Red cycle: z—r interactions moiety between PAZA and BMN. H) Size of acetylated-PAZA
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Figure 1N shows the model we proposed to elucidate the im-
proved performance of PAZA. The formation of large micelles by
the PVD polymer can be attributed to the mechanism of multi-
micelle aggregates, wherein the initially formed small micelles
exhibit limited stability, resulting in rapid flocculation and the
subsequent formation of larger multi-micelle aggregates.[’*) In
contrast, for PAZA, the hydroxyl groups of AZA molecules at the
interface can engage in hydrogen bonding with the aqueous sur-
roundings, thereby stabilizing the initially formed small micelles.
In addition, the z-z interaction between the pyrimidine ring of
AZA and BMN (Figure 1F,G) helps to improve both BMN loading
capacity and the formulation stability. To further test our model,
we synthesized the acetalized PAZA (PAZA-ac) (Figure S6, Sup-
porting Information) to eliminate the effect of hydrogen bond of
PAZA. We also synthesized mannitol-conjugated PVD (PMan)
(Figure S7, Supporting Information) to attenuate the z—z interac-
tion between the pyrimidine ring of AZA and BMN. As shown in
Figure 1H, PAZA-ac showed drastically increased size, but PMan
was able to maintain the ultra-small size, suggesting that the hy-
droxyl group of AZA played an important role in forming the ul-
trasmall micelle. In addition, PMan suffered a significant drop in
drug loading capacity compared to PAZA (Figure 11), suggesting
that the pyrimidine ring of AZA contributed significantly to BMN
loading through z—x interaction (Figure 1N). This information
might be of value in the future design of other ultrasmall-sized
drug formulations.

We incubated AZA or PAZA with tumor lysate for 24 and 48 h,
respectively. The free AZA group showed a very low concentra-
tion of AZA after 24 h. In contrast, the PAZA group maintained
a significantly higher concentration of AZA in the tumor lysate
after both 24 and 48 h. This result indicated that in addition
to improved performance in loading a drug, PAZA can protect
AZA from hydrolysis and enzymatic degradation such as by cyti-
dine deaminase ! (Figure S8, Supporting Information). PAZA
is a redox-responsive self-immolation carrier that can release the
parent AZA due to the formation of thiolan-2-one (Figure 1J;
Figure S9, Supporting Information). The release study showed
that no AZA was released from PAZA in the PBS (pH 7.4) with-
out GSH, but the fast release of AZA was observed in the pres-
ence of 10 mM GSH (Figure 1K). The accumulative amount of
released AZA was decreased after 12 h likely due to that the re-
leased AZA was not stable in an aqueous solution and gradu-
ally hydrolyzed to ribosylguanylurea [ (Figure 1]). Moreover,
in contrast to the rapid intracellular degradation observed with
free AZA treatment, PAZA demonstrated a sustained release of
AZA, maintaining significantly higher intracellular drug concen-
trations for 48 h. This further underscores the excellent protective
effect of PAZA nanocarrier in AZA delivery (Figure 1L). We also
assessed the release kinetics of BMN from the BMN/PAZA for-
mulation. In its absence or low GSH environment, only less than
25% of BMN loaded in PAZA was released in 2 h, and the slow ki-
netics of release was extended for 48 h. However, upon exposure
to 10 mm GSH, the release of BMN from the PAZA micelles was
greatly accelerated and more than 60% BMN was released. The

www.advancedscience.com

accelerated drug release is likely due to the disassembly of the
micelles, which was induced by the cleavage of the disulfide link
(Figure 1M).

1.2. Efficient Tumor Penetration via Clathrin-Mediated
Transcytosis

Utilizing an LLC mouse tumor model, we analyzed the tumor-
targeting efficiency of PAZA carrier through NIR imaging and
compared it to the larger PVD NPs (Figure 2A). Notably, tu-
mors treated with DiR/PAZA displayed more fluorescence sig-
nals compared to DiR/PVD-treated tumors, which was further
supported by the quantification (Figure 2B). The LLC tumors
treated with DiR/PAZA and DiR/PVD NPs were further frozen
sectioned for penetration study. More DiR signals were observed
in the core of tumors treated with DiR/PAZA NPs compared to
tumors treated with DiR/PVD NPs, indicating the superior pen-
etration capacity of PAZA carrier in the LLC tumor core (Figure
S10, Supporting Information).

To investigate the underpinning mechanism behind the en-
hanced tumor penetration of PAZA, we initially assessed its up-
take by tumor cells and endocytosis pathway with PVD as a
control. Our data revealed that PAZA was more effective in in-
ternalization into LLC cells compared to the larger PVD NPs
(Figure 2C,D). By using different inhibitors of endocytic path-
ways (Table S2, Supporting Information),l®! we found that the
cellular uptake of both PAZA and PVD carriers was significantly
decreased after preincubation with chlorpromazine, suggesting
that both of them were taken up by LLC cells mainly through
clathrin-mediated endocytosis (Figure S11, Supporting Informa-
tion). The 3D cell spheroids model showed that smaller PAZA
was capable of penetrating deeper within tumor spheroids than
the larger PVD particles (Figure 2E). Such deep penetration was
significantly suppressed by chlorpromazine, indicating that en-
docytosis may also play a role in tumor penetration. Then, we
investigated if the deep tumor penetration of PAZA is medi-
ated by transcytosis pathway via an in vitro transwell assay in
a multi-layer LLC tumor cells model (Figure 2F). By determin-
ing the fluorescence intensity in the medium of lower chamber,
we found that PAZA carrier was more effective in penetrating
through multilayer tumor cells than PVD carrier (Figure 2G). In
addition, the penetration of PAZA was greatly inhibited by prein-
cubation with chlorpromazine, indicating the PAZA carrier pen-
etrated deeply into the core of the tumor primarily through the
clathrin-mediated transcytosis rather than paracellular transport
due to its smaller size. We also conducted another transwell study
in which cells were seeded in both chambers and the labeled NPs
were added to the upper chamber. It was apparent that PAZA
treatment led to more fluorescence signals in the cells seeded in
the lower chamber compared to PVD NPs (Figure S12, Support-
ing Information), further supporting the notion that the PAZA
NPs were effectively endocytosed and then capable of reaching
other cells in the deeper layers through transcytosis.

(PAZA-Ac) and PMan micelle. I) Drug loading parameters and size of BMN loaded PVD, PAZA, and PMan. J) Scheme of the self-immolation release
of AZA from PAZA under redox conditions. K) Release of AZA from PAZA under redox conditions. L) Intracellular release of AZA from PAZA detected

by LC/MS. (n =3, “p < 0.05, “p < 0.01, “p < 0.001, “*p < 0.0001). M) In vitro release of BMN from PAZA under different GSH concentrations.
N) Illustration of the self-assemble and drug loading mechanism of PVD and PAZA. The figure is created with BioRender.com.
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Figure 2. Tumor accumulation and penetration of PAZA carrier through ITGA5 mediated transcytosis. A) In vivo NIR images B) Ex vivo NIR images and
quantification of tumors of each mouse treated with DiR-labeled PVD and PAZA, respectively, at 24 h. (Data are presented as the mean + S.D, n = 3,
*p<0.05,"p < 0.01,"p <0.001,p <0.0001). C) Fluorescence images (Magnification = 40x, bar = 50 um) and D) quantification of cellular uptake of
Rhodamine-labeled PVD and PAZA by LLC cells at 6 h. (Data are presented as the mean+s.d, n = 3, “p < 0.05, “p < 0.01, ™*p < 0.001, “**p < 0.0001).
E) Confocal z-stack images of LLC tumor cell spheroids after 18 h incubation with Rhodamine-labeled PVD and PAZA NPs, or Rhodamine-labeled

PAZA NPs that had been pretreated with endocytosis inhibitor chlorpromazine. F) Illustration of in vitro transwell assay in multilayer LLC cells and
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1.3. The Role of Fibronectin-ITGAS in Mediating Tumor Cell
Transcytosis

To elucidate the mechanism underlying the effective transcyto-
sis mediated by the ligand-free, ultrasmall NPs compared to the
large-sized counterpart, we evaluated how PAZA and PVD en-
gage with the initial biological milieu they encounter upon in-
travenous administration. Accumulating evidence demonstrated
the tendency for most NPs to acquire a coating of serum pro-
tein corona post intravenous injection even when using an an-
tifouling polymer such as PEG.[""l The PC imparts the NPs with
a new biological identity, intricately molding NP interactions
within complex biological systems. To study whether PAZA and
PVD interact with serum differently and whether such differ-
ence contributes to their tumor targeting and penetration effi-
ciency, we conducted proteomics analysis of the protein corona of
PVD and PAZA NPs following the exposure to mouse serum. We
compared the relative abundance of each component of protein
corona on both PAZA and PVD by calculating the PAZA/PVD
ratio, as we considered the PAZA/PVD ratio would fit a nor-
mal distribution and those outlier proteins (> 2¢) indicate the
specific enrichment on PAZA protein corona. Fibronectin (FN)
was significantly more enriched in the protein corona of PAZA
as opposed to that of PVD (Figure 2H,I). Moreover, it shows
considerable absolute abundance (ranked 30th of 393 proteins)
compared to other top enriched proteins (e.g., C4b-binding pro-
tein, ranked 102) on the PAZA NPs (Table S3, Supporting In-
formation). The prevalence and substantial enrichment of FN
make it a more promising candidate for further investigation. Fi-
bronectin, a crucial glycoprotein, facilitates cell adhesion, migra-
tion, and signaling.?"! It possesses specific binding sequences
such as the RGD motif (arginine-glycine-aspartic acid) that can
selectively interact with the integrin receptors such as ITGAS that
are significantly upregulated on tumor cells and tumor endothe-
lial cells.l?!) To investigate if FN in the serum indeed plays a role
in the tumor targeting of PAZA, we initially assessed how the
serum proteins, especially FN affect the interactions of PAZA
or PVD with cultured tumor cells by both fluorescence micro-
scopic examination (Figure S13, Supporting Information) and
quantitative flow analysis (Figure 2J; Figure S14, Supporting In-
formation). There was significantly more cell binding/uptake
of PAZA NPs compared to PVD NPs in a study with a com-
plete medium. However, the cellular interaction of both NPs
was significantly inhibited when a serum-depleted medium was
used. The decreases in cellular uptake were rescued for both
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NPs, especially PAZA NPs, when FN was added to the serum-
free medium. Importantly, the cellular uptake of PAZA NPs in
a complete medium or FN-supplemented medium was signifi-
cantly attenuated by ITGAS5-specific antibody but not by a con-
trol IgG. These data suggest a role of FN/ITGAS5-specific in-
teraction in mediating the endocytosis of PAZA NPs by tumor
cells.

Similar to uptake study, the transcytosis ability was signif-
icantly inhibited by depletion of serum or ITGA5-specific an-
tibody (Figure 2K), suggesting that FN/ITGAS interaction also
contributed significantly to the effective tumor transcytosis. No-
tably, the NPs exhibited slightly lower penetration ability in the
presence of FN compared to that in the serum, indicating that
other proteins are also involved in the tumor targeting and pen-
etration of PAZA but to a much lesser extent. Figure 2L shows
that KO of ITGAS led to a drastic decrease in the transcytosis
of PAZA NPs. Moreover, in tumorsphere studies with wild-type
LLC cells, PAZA’s penetration was hindered by serum depriva-
tion but was partially restored with fibronectin addition, empha-
sizing its key role in tumor penetration. However, the ITGA5 KO
tumor sphere nearly abolished this effect, even when fibronectin
was reintroduced (Figure 2M), further confirming a critical in-
terplay between fibronectin and ITGAS in mediating efficient tu-
mor penetration of PAZA. To establish the in vivo significance of
the above studies, the in vivo distribution of PVD and PAZA was
also evaluated in mice bearing ITGAS5 KO tumors. As shown in
Figure 2N,O, the superior tumor accumulation and penetration
of PAZA over PVD were abolished when ITGAS was knocked
out in tumors. Taken together, our data suggest that the supe-
rior tumor targeting and penetration of PAZA NPs was attributed
to the in situ formation of FN-enriched protein corona after in-
travenous administration, which promoted transcytosis in the
tumor tissue through FN-ITGA interaction. It is possible other
serum proteins might also be involved in tumor targeting and
penetration of PAZA NPs, which warrants more studies in the
future.

1.4. PAZA Carrier Sensitized HR-Proficient Cancer to BMN

Following the mechanistic study of tumor targeting and penetra-
tion, we evaluated the therapeutic efficacy of PAZA nanocarrier
loaded with BMNG673. Free AZA and BMNG673 showed a syner-
gistic cell-killing effect with a combination index (CI<1) in two
NSCLC cell lines, LLC and A549, at various dose combinations

G) Relative fluorescence intensity of lower chamber medium after 6 h incubation with rhodamine-labeled PVD and PAZA (with or without pretreatment
of endocytosis inhibitor chlorpromazine for 1h) at upper chamber. The fluorescence intensity of each group was compared with the fluorescence intensity
of PVD without chlorpromazine treatment group. (Data are presented as the mean + S.D, n = 3, "p < 0.05, “p < 0.01, ““p < 0.001, “**p < 0.0001).
H) Difference of various protein amounts in the protein corona on PVD & PAZA. |) Top ten enriched proteins in protein corona in PAZA compared
to PVD. ]) Quantification of cellular uptake by flow cytometry of Cy3-labeled PVD and PAZA by LLC cells with blank medium or medium with various
supplements (n = 3). K) Transwell assay of transmigration of Cy3 labeled PAZA or PVD across multilayer LLC cells with blank medium or medium
with various supplements, respectively (n = 3). L) Characterization of ITGA5 knockout cell line and transwell assay of transmigration of Cy3 labeled
PAZA or PVD across multilayer control LLC or ITGA5 KO LLC cells. (Data are presented as the meanz+s.d, n = 3, “p < 0.05, “p < 0.01, “p < 0.001,
7 p < 0.0001). M) Confocal z-stack images of middle sections of ITGA5 Control or KO LLC-GFP spheroids after 18 h incubation with Cy3-labeled PAZA
or PVD with serum (CT) without serum (CT-Serum) or FN supplement in the medium without serum (CT-Serum+FN). N) Ex vivo imaging of ITGA5
WT or KO mice and quantification of ex vivo imaging at 24 h following i.v. administration of DiR-loaded, Cy3-labeled PAZA or PVD. Data are presented
as the mean + S.D, n =3, “p < 0.05, ““p < 0.01. O) Fluorescence images of frozen tumor core sections from ITGA5 WT or KO tumor grown on ITGA5
WT or KO mice at 24 h after treatment with Cy3-labeled PVD and PAZA NPs. CD31 was stained with FITC-labeled antibody to show the blood vessels.
(Magnification = 20x, Bar = 100 pm).
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(Figure 3A). PAZA prodrug carrier showed comparable cytotox-
icity compared to free AZA in LLC and A549 cells (Figure S15,
Supporting Information). Compared to PAZA and BMN alone,
incorporation of BMN into PAZA further increased the cytotox-
icity (Figure 3B; Table S4, Supporting Information). Compared
to the combination of free AZA and BMN, BMN/PAZA showed
similar cytotoxicity.

Figure 3C shows the in vivo therapeutic efficacies of
BMN/PAZA formulations with various dosages in LLC tumor-
bearing C57BL/6 mice. Surprisingly, simultaneously decreasing
the dose of AZA and BMN led to increased therapeutic effi-
cacy. The formulation showed higher therapeutic effect at a lower
dosage (0.5 mg k~'g of both AZA and BMN). Then, we evaluated
the therapeutic effect of BMN/PAZA formulations with free AZA
and BMN as controls (Figure 3D). At a dosage of 0.5 mg k~'g for
both BMN and AZA, BMN alone showed no effect in inhibiting
the tumor growth in BRCA-proficient LLC tumor model, while
free AZA only slightly inhibited the tumor growth. PAZA was
more effective in inhibiting tumor growth than free AZA. The
combination of AZA and BMN showed higher therapeutic ef-
fect than the single drugs, and BMN-loaded PAZA NPs showed
the best therapeutic antitumor efficacy. Figure 3D also shows
that reducing the dose of both AZA/BMN to 0.25 mg k™'g in
BMN/PAZA formulation led to further improvement in antitu-
mor activity. The results were further confirmed by the Ki67 im-
munostaining (Figure 3F) and H&E staining (Figure S16, Sup-
porting Information) of tumor tissues after various treatments.
The tumors treated with a lower dosage of BMN/PAZA formula-
tion (0.25 mg k™'g) showed widespread inhibition of cell prolif-
eration and enlarged necrosis area. To further gain insight of the
dose-effect, we evaluated the antitumor activity of BMN/PAZA
in LLC tumors grown in nude mice (Figure 3E). In this immun-
odeficient mouse model, there was no difference between the
two groups (2 mg k™'g vs 0.25 mg k~!g) in tumor growth in-
hibition, suggesting a role of immune response in the higher
therapeutic efficacy for BMN/PAZA formulation at lower dosage
(0.25 mg k7!g) in immunocompetent mice. In addition, the
BMN/PAZA formulation was well tolerated with no significant
changes in body weight (Figure 3G,H), serum levels of ALT, AST,
and creatinine (Figure S17, Supporting Information), and his-
tology of major organs (Figure S18, Supporting Information).
However, there was a slight increase in the ALT and AST levels
after treatment with free BMN and AZA combination, indicat-
ing that loading BMN into PAZA carrier decreased the poten-
tial liver toxicity for the combination therapy. A complete blood
count (CBC) test further confirmed the excellent safety profile
of BMN/PAZA formulation (Figure 3I; Figure S19, Supporting
Information).

1.5. PAZA Carrier Produced DNA Repair Dysfunction and
Enhanced the DNA Damage Induced by BMN

To gain mechanistic insight into the enhanced therapeutic effi-
cacy of BMN/PAZA and the dose effect, RNA sequencing (RNA-
Seq) of tumor tissues after various treatments were analyzed.
Gene set enrichment analysis (GSEA) showed a downregulation
of DNA methylation after treatment of BMN/PAZA compared
to BMN, which confirmed the epigenetic modulation effect of
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PAZA (Figure S20, Table S5, Supporting Information). GSEA
also showed that DNA repair pathway was significantly inhib-
ited in BMN/PAZA-treated tumors versus tumors treated with
BMN alone (Figure 4A,B; Table S6, Supporting Information), in-
dicating that delivery of BMN using epigenetic-regulating carrier
PAZA may produce DNA repair dysfunction and enhance the
DNA damage levels. To test this hypothesis, the DSB levels in
cultured LLC cells after various treatments were first evaluated
by Western blot using y-H2AX as a DNA damage marker. Free
AZA treatment didn’t increase the protein expression levels of
7-H2AX at the dose 400 ng mL™" and free BMN treatment led
to a small increase in y-H2AX levels in LLC cells (Figure 4C).
The combination of free AZA and BMN or incorporation of BMN
into PAZA further increased the levels of y-H2AX. Similar results
were found in A549 cells (Figure S21, Supporting Information).
We also found that compared to lower dose of AZA (Al and A2),
a higher dose of AZA (A3) was more effective in inducing DNA
damage (Figure 4D). This is likely due to that AZA only works as
an epigenetic modifier to inhibit DNA methylation when given
at low doses. At high doses, it leads to cell death through inhibi-
tion of DNA synthesis instead of DNA hypomethylating effect.??!
Compared to lower dose of BMN or AZA alone, the combination
of AZA and BMN led to significantly increased y-H2AX levels. Al-
though the combination of A3+B3 also led to increased y-H2AX
levels compared to A3 or B3 alone, it showed similar y-H2AX
levels as the low dose of drug combinations. These studies indi-
cated that compared to the inhibition effect of DNA synthesis, the
epigenetic modulation effect of AZA could effectively synergize
with BMN in inducing sufficient DNA damage (e.g., DSBs) while
maintaining its immune-promoting activity. At high doses, AZA
largely causes nonspecific toxicity, which may also be attributed
to immunosuppression as detailed later (Figure 5B,C).

BMN treatment alone increased RAD51 foci, a surrogate HR
repair marker, in LLC cells. However, the incorporation of BMN
into PAZA led to a significantly decreased level of RADS1 foci
(Figure 4E). This was further confirmed by the quantification
of the number of RAD51 foci-positive cells (Figure 4F) and in
vivo RAD51 expression in tumor tissues (Figure 4G,H), indicat-
ing that BMN treatment induced HR response and DNA repair,
which could be reduced by PAZA treatment. All data above indi-
cated that the enhanced synthetic lethality of BMN/PAZA was
attributed to the DNA repair dysfunction that was brought by
PAZA combination treatment.

1.6. BMN/PAZA Increased Innate and Adaptive Antitumor
Immune Responses

As indicated by Figure 4C,E, the antitumor immune response
may contribute to the better therapeutic efficacy of BMN/PAZA
at a lower dose in an immunocompetent murine model. As an
initial step to test this hypothesis, we used CIBERSORT [*] to
analyze our RNA-seq data to evaluate the predicted infiltration of
immune cells in the tumors treated with formulations at different
doses (Figure 5A). Treatment with BMN/PAZA at a lower dose
(0.25 mg k~'g) led to significant increases in tumor infiltration of
multiple immune cell subsets, such as CD4 T-cell, dendritic cell
(DC), and natural killer (NK) cell. In addition, various immune-
related gene sets were enriched in the tumors compared to BMN
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Figure 3. BMN/PAZA combination synergistically inhibited tumor growth. A) Synergy score of various AZA and BMN dosages on A549 and LLC cell lines.

Synergy score was calculated based on MTT cytotoxicity assay. (n = 5 biologically independent samples, and the data are presented as the mean+S.D.)

B) MTT cytotoxicity assay of various formulations in A549 and LLC cell lines (n = 6 biologically independent samples, and the data are presented as the
mean + s.d. “p < 0.05, “p < 0.01, ”*p < 0.001) C-E) In vivo therapeutic effect in the LLC tumor model. C) Relative tumor volume changes of the C57BL/6
mice treated with BMN/PAZA at the different BMN and AZA dosages (the dosage of BMN and AZA is the same, n = 3 biologically independent samples,
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alone or PAZA. (Figure 5D; Figure S22, Tables S7-11, Supporting
Information). It is also apparent from Figure 5A that increasing
the dose to 2 mg k~!gled to significant decreases in the numbers
of these immune cells despite that this dose was well tolerated as
shown in other toxicity profiles (Figure 3G).

Flow cytometry showed that BMN or PAZA treatment led
to an increase in the numbers of NK and DC cells, but no
significant changes in CD4 and CD8 T cells in the tumors
(Figure 5B). In comparison, BMN/PAZA formulation at the same
dose (0.25 mg k~'g for BMN and AZA) led to significant increases
in the numbers of these immune cells in the tumor tissues. Fur-
thermore, compared to BMN or PAZA, BMN/PAZA combina-
tion treatment led to significant increases in the population of
IFNy* CD8 T cells and Granzyme B* CD8 T cells, suggesting
significant activation of functional T-cells (Figure 5C), which was
also seen in IFNy gene set enrichment (Figure 5D; Table S10,
Supporting Information). It should be noted that the improve-
ment in the immune profile of BMN/PAZA was significantly di-
minished at a higher dose (Figure 5B,C). These data, together
with the data on decreased therapeutic efficacy of BMN/PAZA
at the higher dose (Figure 3C,D), strongly support an important
role of immune response in the overall therapeutic efficacy of
BMN/PAZA.

The superior antitumor activity may be attributed to the en-
hanced delivery of both BMN and PAZA and/or a synergy
between PAZA and BMN. To elucidate the role of the latter mech-
anism, a “pharmacologically inert” carrier of comparable deliv-
ery efficiency (PCyt) was prepared by replacing AZA with cyti-
dine (Figure S23, Supporting Information). Compared to BMN
treatment, there were no significant changes in the relative num-
ber of CD4, CDS8, and NK cells in the tumors after BMN/PCyt
treatment. In comparison, BMN/PAZA led to a significant in-
crease in these immune cells in the tumors (Figure S24, Sup-
porting Information), suggesting an important role of the syn-
ergy of PAZA and BMN in the overall antitumor activity of
BMN/PAZA.

RNA-seq analysis of BMN/PAZA-treated tumors revealed sig-
nificant gene enrichment in the cytosolic DNA sensing pathway
and Type I IFN pathway compared to BMN group (Figure 5D;
Tables S11 and S12, Supporting Information). Western blot fur-
ther confirmed that loading BMN into PAZA carrier activated
the STING pathway by increasing the protein expression of the
phosphorylated STING (pSTING) and the downstream phospho-
rylated IRF-3 (pIRF-3) in the tumors (Figure 5E). BMN/PAZA
formulation was also more effective in eliciting the STING acti-
vation at a lower dosage. We also assessed the IFNg and MHCI
expression levels after various treatments (Figure 5F; Figure
S25, Supporting Information). While BMN or PAZA alone was
not effective in inducing the expression of IFNS and MHCI,
BMN/PAZA showed strong induction of both IFNg and MHCI,
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which was also more drastic at a lower dosage. These data indi-
cated that BMN/PAZA combination showed significant synergy
in eliciting innate immune response that subsequently further
boosts the adaptive immune responses. In addition to providing
an effective strategy for improving the efficacy of synthetic lethal-
ity therapy for HR-proficient NSCLC, BMN/PAZA shall repre-
sent a safe therapy due to its unique dose-response profile. The
safety shall also benefit from the improvement in tumor-selective
delivery.

1.7. BMN/PAZA Synergized with aPD-1 in an Orthotopic Model
of Lung Cancer

In addition to an overall improvement in the immune land-
scape, BMN/PAZA treatment led to upregulation of PDL1 ex-
pression (Figure S26, Supporting Information) in tumor cells,
indicating the potential benefit from combination therapy with
PD-1 antibody (aPD-1).**) To examine the therapeutic efficacy
of BMN/PAZA+aPD-1 combination, we established an ortho-
topic lung cancer model by transplanting LLC-Luc into the lung
of C57BL/6 mice (Figure 6A). Compared to larger PVD nano-
carriers, PAZA showed robust tumor targeting in lung ortho-
topic tumors (Figure 6B—E). The control mice and PD1 treated
group showed rapid cancer progression, which was reflected by
in vivo imaging of LLC-Luc signal (Figure 6F). In comparison,
the BMN/PAZA treated group showed a stronger tumor growth
inhibition effect. The BMN/PAZA + aPD-1 combination-treated
group showed repressed tumor growth and recession of tumor
area after 2 weeks of treatment, demonstrating the enhanced syn-
ergy in the overall antitumor activity in the orthotopic lung tumor
model.

2. Discussion

Suboptimal tumor targeting and penetration remain significant
challenges in the clinical translation of nanomedicine. To address
these challenges, two primary strategies have emerged. The first
strategy is to design small-sized nanocarriers that can achieve
better tumor targeting and penetration presumably through ben-
efiting more from the leaky blood vessels and cellular gaps.!®*!
In addition, nanoparticles with a particle size below 20 nm have
been reported to be more advantageous in overcoming intersti-
tial fluid pressure (IFP) and extracellular matrix (ECM), which
is beneficial to achieve deep tissue penetration.?® Another strat-
egy is to incorporate a targeting ligand to improve specific tu-
mor cell binding and enhance transcytosis through endothelial
cells and tumor cells.?””] However, while these strategies have
been explored, the design of NPs often overlooks the influence
of the protein corona on in vivo behaviors. PC was reported to

with various formulations with free BMN and AZA as controls (n = 5 biologically independent samples, and the data are presented as the mean+sem,
*p < 0.05,p <0.01, " p < 0.001). E) Relative tumor volume changes of the LLC tumor-bearing nude mice treated with two different BMN/PAZA NPs:
BMN/PAZA-0.25 (0.25 mg k~'g of BMN and AZA), and BMN/PAZA-2 (2 mg k~'g of BMN and AZA). (n = 4 biologically independent samples and the
data are presented as the mean+sem, “p < 0.05, “p < 0.01, ™p < 0.001). F) Ki67 staining (Magnification = 20x, bar = 100 um) and the quantification
of tumor tissues from (D) (n = 3 biologically independent samples, and the data are presented as the mean+sem, “p < 0.05, “p < 0.01, “*p < 0.001).
G) The change of body weight in (C). H) The change of mice body weight in (D). I) The parameter of leukocytes in the control group and BMN/PAZA

group after five treatments (n = 3 biologically independent samples).
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Figure 4. BMN/PAZA combination synergistically induced DNA repair dysfunction and DNA damage. A) Gene Set Enrichment Analysis (GSEA) of
transcriptional profiles in DNA repair pathway (BMN/PAZA versus BMN). B) The relative expression level of canonical DNA repair genes in BMN/PAZA
treated group (compared to BMN treated group). C) The y-H2AX expression levels in LLC cells after various treatments at the BMN dose of 500 nm
(BMN: PAZA = 1: 20). D) The y-H2AX expression levels and densitometry quantification in LLC cells treated with different doses of free AZA A) and
free BMN B). B1: 40 ng mL~! BMN, B2: 200 ng mL~" BMN, B3: 1000 ng mL~"; A1, A2, A3 are the AZA concentrations corresponding to B1, B2, B3.
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mask intended targeting ligands of the nanocarriers, resulting
in nonspecific cellular interactions.[?] However, recent studies
have shown that certain proteins within the corona, such as al-
bumin, transferrin, and apolipoprotein, can potentiate the tar-
geting and therapeutic capabilities of NPs.[??! This underscores
the need to consider PC during the nanocarrier design and de-
velop strategies that promote the adsorption of desirable proteins
while minimizing the nonspecific adsorption of undesirable
ones.

In our study, the conjugation of AZA to the PVD backbone
altered the PC composition on the NPs. Specifically, FN became
more enriched in the corona of PAZA NPs. This is unlikely due to
the small size effect of PAZA NPs, as FN was also more enriched
in the corona of PAZA NPs compared to another previously re-
ported ultra-small nanoparticle, PGEM (<301 (Figure S27, Sup-
porting Information). PGEM is a polymer that has AZA replaced
with gemcitabine and displays a size comparable to that of PAZA.
Thus, FN enrichment may be a result of changes in the surface
chemistry of the NPs rather than their particle size. The precise
mechanisms that lead to FN’s affinity for PAZA’s surface merit
further investigation.

The FN interacts with the ITGAS receptor on tumor cells, facil-
itating increased tumor cellular uptake and transcytosis of PAZA
NPs, leading to enhanced tumor penetration (Figure 6G). This
work represents the first to show that small, ligand-free NPs can
gain tumor-targeting properties following i.v. administration via
recruiting tumor-homing protein FN. In addition to providing a
simple and effective tumor-targeting system, this study may have
a broad implication in understanding the interaction of NPs with
biological systems and the potential biological consequences. We
acknowledge that ITGAS on tumor endothelial cells shall likely
contribute to the tumor targeting of PAZA NPs, which will be
further studied in the near future.

In addition to excellent tumor targeting and penetration,
PAZA nanocarrier shows excellent loading capacity for both hy-
drophilic AZA and hydrophobic PARPi BMN. Molecular dy-
namics and experimental validation reveal the mechanism be-
hind the high drug loading capacity of the small nanocarrier,
with the pyrimidine ring of AZA contributing significantly to
BMN loading through z-z interactions. Moreover, the phar-
macological combination of PAZA and BMN showed a strong
synergistic effect through the inhibition of DNA repair and
the activation of both innate and adaptive immune responses.
More importantly, BMN/PAZA formulation was more effective
in tumor inhibition at lower doses due to the stronger im-
mune activation, which denotes a wider therapeutic window
with low toxicity (Figure 6G). Furthermore, BMN/PAZA in-
creased the immunogenicity and potentiated the response to
aPD-1 treatment, expanding the clinical application of aPD-1
in those tumors with poor immune checkpoint blockade re-
sponse. All results together suggested an exciting possibility for
expanding PARPi in HR-proficient NSCLC by our small PAZA
nanocarrier.

www.advancedscience.com

3. Experimental Section

Reagent: 4-Vinylbenzyl chloride, 4,4'-dithiodibutyric acid, tri-
ethylamine, 4-Cyano-4-(phenyl-carbonothioylthio) pentanoic acid,
poly(ethylene glycol)methyl ether methacrylate (average Mn = 950),
2,2-Azobis (isobutyronitrile) (AIBN), Dulbecco’s Modified Eagle’s
Medium (DMEM), RPMI 1640 Medium, trypsin-EDTA solution, 3-
(4,5dimethylthiazol-2-yl)—2,5-diphenyl  tetrazolium bromide (MTT),
D-Luciferin were purchased from Sigma-Aldrich (MO, U.S.A), BMN673
and 5-Azacytidine were purchased from MedChemExpress LLC (N}, USA).
Antibodies for western blot, IHC, immunostaining, and flow cytometry
were listed in Table S13 (Supporting Information).

Cell Lines and Animals: LLC murine NSCLC cancer cell line and A549
human NSCLC cell line were obtained from ATCC (Manassas, VA). They
were cultured in DMEM medium supplemented with 10% FBS and 1%
penicillin/streptomycin at 37 °C in a humidified atmosphere with 5% CO2.

ITGAS KO cell line was generated by using CRISPR technology. LLC cells
were infected with the lentivirus packaged by ITGA5-All-in-one lentiviral
sgRNA-CRISPR-Cas9 plasmid encoding EGFP and puromycin resistance
(Horizon Discovery Ltd., Cambridge, UK). The successfully knocked-out
cells were selected by cell sorting of EGFP+ and ITGAS KO populations.
Cells were further confirmed by western blot analysis for the lack of ITGAS
expression.

Female C57BL/6 mice (4—6 weeks) (Strain #:000664) were purchased
from Jackson Laboratory (ME, U.S.A). All animals were housed under
pathogen-free conditions according to AAALAC (Association for Assess-
ment and Accreditation of Laboratory Animal Care) guidelines. All animal-
related experiments were performed in full compliance with institutional
guidelines and approved by the Animal Use and Care Administrative
Advisory Committee at the University of Pittsburgh. under Protocol #:
21099779. Mice were housed at an ambient temperature of 22 °C (22—
24 °C) and humidity of 45%, with a 14/10 day/night cycle (on at 6:00, off
at 20:00), and allowed access to food ad libitum.

Polymer Synthesis, Chemical Characterization, and Molecular Simulation:
Detailed information on the polymer synthesis, characterization, and mod-
eling is available in Supplementary methodological information.

Preparation and Characterization of Drug-Loaded Micelles: Blank mi-
celles and BMN-loaded micelles were prepared via a film hydration
method. Briefly, BMN solution (10 mg mL™" in methylene chloride) was
mixed with PVD or PAZA polymer (20 mg mL™" in methanol) at different
carrier/drug weight ratios. The solvent was removed by nitrogen flow to
produce a thin film of carrier/drug mixture, which was further dried in a
vacuum for 2 h to remove any remaining solvent. Then the thin film was
hydrated and gently vortexed in PBS to form the final formulation. Particle
sizes, polydispersity, and morphology were measured by DLS (Nano-ZS
90, Malvern Instruments, Malvern) and transmission electron microscopy
(TEM). CMC was measured using Nile red as a fluorescence probe.l3]
Drug loading capacity and efficiency of BMN were measured by a Waters
€2695 HPLC system equipped with a Waters 2489 UV detector according
to a published chromatography condition.[32]

Stability and Drug Release Kinetics: The stability of the BMN/PAZA
drug-loaded micelles was measured both in PBS solution and after
lyophilization. For lyophilization stability study, T mL of BMN/PAZA mi-
celle solution was lyophilized after size measurement. The lyophilized
powder was re-dissolved by 1 mL nano water to regenerate the BMN/PAZA
drug-loaded micelle solution for size measurement. For long-term stabil-
ity study, the micelle solution was re-measured for size after standing 4
weeks under room temperature.

BMN in vitro drug release study was conducted by dialysis method.
Briefly, 1 mL of BMN/PAZA micelles containing 6 mg of BMN in PBS buffer
were placed in a clamped dialysis bag and immersed in 25 mL of 0.1 m PBS

(n = 3 biologically independent experiment. Data are presented as the mean+S.D.). E) Fluorescence images of RAD51 foci (green) in LLC cell at 48 h
after treatment with PAZA, BMN, and BMN/PAZA (Magnification 100X, Scale bar: 20 um). F) The percent of Rad51 foci-positive cells after various

tissues after various treatments. H) Densitometry quantification of RAD51 signal in (G). (n = 3 biologically independent experiment. Data are presented

as the meanzs.d, “p < 0.05, “p < 0.01, “p < 0.007).
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Figure 5. The anti-tumor immune response elicited by BMN/PAZA combination is dose-dependent. A) Immune cell infiltration profiles predicted by
CIBERSORT based on RNA-seq data. B) Representative flow cytometric analysis and the quantification for the relative abundance of CD8% T-cell, CD4*
T-cell, NK cell, and dendritic cell (DC) in tumor tissue after various treatments (n = 3, data are presented as the mean+s.e.m, “p < 0.05, “p < 0.01,

p < 0.001). C) Representative flow cytometric analysis and the quantification for the relative abundance of IFNy*CD8* T-cell, Granzyme B*CD8*
T-cell, pIRF3* DC in tumor tissue after various treatments (n = 3, data are presented as the mean+s.e.m, “p < 0.05, “p < 0.01, “*p < 0.001). D) Gene
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buffer solution containing 0.5% (w/v) Tween 80 with 10 mm GSH, 10 uM
GSH or without GSH. Each group was triplicated. The experiment was per-
formed in an incubation shaker at 37 °C at 100 rpm. At selected time inter-
vals, both 10 uL BMN/PAZA micelles solution in the dialysis bag and 1 mL
medium outside the dialysis bag were withdrawn while the same amount
of fresh medium was added for replenishment. The BMN concentration
was determined by HPLC as described above.

AZA release study was also conducted similarly. PAZA micelle (20 mg)
in PBS buffer were placed in a clamped dialysis bag and immersed in 50 mL
of 0.1 m PBS buffer solution with 10 mm GSH, or without GSH. For stabil-
ity assay, 20 mg of blank PAZA micelle in 100 uL plasma or tumor lysate
(100 mg mL™") were placed in a clamped dialysis bag and immersed in
50 mL of 0.1 m PBS buffer solution. Each group was triplicated. The ex-
periment was performed in an incubation shaker at 37 °C at 100 rpm. At
selected time intervals, 10 mL of medium outside the dialysis bag was
withdrawn while the same amount of fresh medium was added for re-
plenishment. The withdrawn medium was lyophilized and the AZA was
extracted by 90% methanol. The elution condition is 0.1% TFA: Methanol:
Acetonitrile = 95:2.5:2.5.

Intracellular release of AZA was detected by LC-MS. The LLC cells were
incubated with 10 mg of PAZA for 6, 12, 24, 48, and 72 h respectively.
Cells were lysed and extracted by 50% methanol. 100 pL of the sample
was transferred to a tube, to which 100 pL methanol containing the inter-
nal standard (gemcitabine) was added. The samples were then vortexed
and centrifuged for 10 min at 10 000 x g. The AZA concentration was de-
tected by LC-MS/MS. Chromatographic separation was performed using a
Thermo Hypersil GOLD C18 column (2.1 x 100 mm, 1.9 um). An isocratic
(50:50) gradient was used for AZA with a total runtime of 3 min using the
mobile phases water with 0.1% formic acid (A) and acetonitrile (B).

In Vitro Cytotoxicity Assay: ~ Cytotoxicity assay was performed on BRCA-
proficient NSCLC cell lines LLC and A549. The cytotoxicity of AZA,
BMNG673, AZA plus BMN, PAZA carriers alone, and PAZA/BMN with dif-
ferent doses were examined by MTT assay. Cells were seeded in 96-well
plates at a density of 5000 cells well for 24 h. Then, the medium was re-
placed with fresh medium containing different formulations every 24 h for
96 h. After incubation, the medium in each well was replaced with 0.2 mL
of fresh medium containing 0.5 mg mL~" MTT, and incubated for another
3 h. The medium in each well was further replaced with 0.1 mL DMSO to
dissolve the formazan crystals. The absorbance in each well was measured
at 562 and 620 nm using a microplate spectrophotometer. Cell viabilities
were calculated from the following equation, where OD is the optical den-
sity of the sample or control at the indicated wavelength:

ODsample, 562nm — ODsample, 620nm

Cell viability (%) =
ell viability (%) ODcontrol, 562nm — ODcontrol, 620nm

M

Synergy was calculated through SynergyFinder.[33]

Cellular Uptake and Endocytosis Pathway Analysis:  For the cellular up-
take study, the LLC cells were incubated with rhodamine-labeled PAZA
and PVD NPs, respectively, for 6 h. Then, the culture medium was dis-
carded, and cells were washed with cold saline for three times. The cell
nucleus was stained with Hoechst 33342 Cellular, followed by washing with
saline for three times. Cellular uptake was measured by fluorescence mi-
croscope (BZ-X800, Keyence). For endocytosis pathway analysis, the cells
were preincubated with different endocytosis inhibitors including filipin,
chlorpromazine, amiloride, dynasore, cytochalasin D and mpCD, sepa-
rately for 2 h at the working concentrations that were not toxic to the
cells.!"®] Then, the medium was replaced with fresh medium and treated
with rhodamine-labeled PAZA and PVD NPs (500 ng mL~' rhodamine),
respectively. At 6 h after the addition of NPs, the cells were washed with
cold saline for three times and analyzed by flow cytometry.

www.advancedscience.com

In Vitro Transwell Assay: For all transwell-based studies, an in vitro
multilayer LLC cell or LLC-ITGAS5 KO cell model was established by seeding
the cells in a 0.4 um diameter microporous membrane (Corning, product
no. 3470). Membranes were inserted in 12 well plates followed by incu-
bation for 4 days.[**] The lower chamber was added with blank DMEM
medium, and the upper chamber was added with DMEM medium con-
taining rhodamine-labeled PVD or PAZA NPs (500 ng mL~" rhodamine),
with or without pretreatment with transcytosis inhibitor chlorpromazine
(6 pg mL™") for 2 h. At 10 h after the addition of NPs, the fluores-
cence intensity of the medium in the basolateral side was determined. In
fibronectin-mediated transcytosis study, similarly, the lower chamber was
added with blank DMEM medium, and the upper chamber was first treated
with Anti-ITGAS antibody or 1gG isotype control for 2 h, then added with
blank DMEM medium containing rhodamine-labeled PVD or PAZA NPs
(500 ng mL~" rhodamine), with supplement of fibronectin (10 ug mL™")
or mouse serum. In a separate study, cells were first seeded in 0.4 um
diameter microporous membrane, followed by incubation for 4 days to
develop the multilayer cells. One day before treatment, the lower chamber
was replaced with a new plate and seeded with LLC cells. Then, the upper
chamber was added with DMEM medium containing rhodamine-labeled
PVD or PAZA NPs (500 ng mL™" rhodamine), respectively. At 6 h after the
addition of NPs, the cells were washed with cold saline for three times and
analyzed by flow cytometry.

Cell Spheroid Penetration: WT or ITGA5 KO LLC cells were seeded in
a Nunclon Sphera 96 well U-bottom plate (Thermofisher) at a density of
10 000 cells per well with 6 ug mL™" of collagen | to form a single spheroid
per well.33] After 96 h incubation, dense spheroids were formed, which
were confirmed by microscope. The cell spheroids were incubated with
rhodamine-labeled PVD or PAZA NPs (500 ng mL™" rhodamine) respec-
tively, with or without pretreatment with transcytosis inhibitor 6 pg mL™!
chlorpromazine (6 ug mL™") for 2 h. In a separate study, the cell spheroids
were incubated with rhodamine-labeled PVD or PAZA NPs (500 ng/mL
rhodamine) in 10% FBS medium, blank medium, or medium with fi-
bronectin (10 ug mL™") respectively. After 18 h incubation with NPs, the
cells were gently rinsed by saline for three times. The penetration ability
was observed by a confocal laser scanning microscope with Z stack scan-
ning (CLSM, FluoView 3000, Olympus) at 20 um intervals from the bottom
to the middle of the spheroids.

Tumor Models: ~ Subcutaneous (s.c.) LLC tumor model was established
by injecting LLC cells into the flank of C57BL/6 mice. The Orthotopic
LLC tumor model was established by resuspending 1 x 10° luciferase-
expressing LLC cell line (LLC-Luc) in a 1: 1 mixture of PBS and Growth
Factor-Reduced (GFR)-Matrigel, followed by orthotopically injecting into
the left lateral thorax of C57B6 mice.l3®! The tumor size and location
were monitored and quantified with a noninvasive bioluminescence sys-
tem (Perkin Elmer IVIS 200 system).

Tumor Targeting and Tumor Penetration: The tumor-targeting effect of
PAZA was evaluated in both WT/ITGAS KO LLC model (s.c). and the ortho-
topic model using a larger PVD carrier as a control. Hydrophobic fluores-
cence dye DiR was loaded into the PAZA carrier or PVD control polymer at
a wt/wt ratio of 40:1 and intravenously injected into the mice for real-time
imaging at the DiR dosage of 1 mg k™'g. After 24 h, the mice were imaged
by an IVIS 200 system with excitation at 730 nm and emission at 835 nm.
The tumor and various organs were then excised for ex vivo imaging fol-
lowing our previous protocol.3" The tumor was then frozen sectioned,
and stained with DAPI to label the cell nucleus and the antibody for CD31
to label the vascular endothelial cell. The fluorescence signals in the core
of the tumor were examined under Keyence BZ-X800 fluorescence micro-
scope.

Therapeutic Study: The LLC tumor-bearing mice (five mice each
group) with tumors of volume ~50 mm?3 were randomly categorized into
study groups and intravenously (IV) injected with saline, BMN, AZA, PAZA

Set Enrichment Analysis (GSEA) of transcriptional profiles of BMN/PAZA-0.25 versus BMN in multiple immune-related pathways. E) The protein levels
of p-STING, STING, p-IRF3, and IRF3 in mouse LLC tumor tissues after various treatments (n = 3 independent experiments, data are presented as

the meants.e.m, “p < 0.05, “p < 0.01, “*p < 0.007). F) The mRNA levels of IFN f and MHCI (n = 3 independent samples, data are presented as the

mean+S.D., “p < 0.05, “p < 0.01, “p < 0.001).
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Figure 6. BMN/PAZA in combination with PD-L1 blockade inhibits tumor growth in the orthotopic model. A) Schematic diagram of establishing the lung
orthotopic model. B) Bioluminescence and ex vivo NIR images of major organs and lung orthotopic tumors of each mouse treated with DiR-labeled PVD
and PAZA respectively at 24 h. C-E) Quantification ex-vivo image of C) PVD, D) PAZA, and E) the relative fluorescence intensity of tumor to the liver in
PVD and PAZA treatment group respectively (n = 3 independent animals, data are presented as the mean+s.e.m, “p < 0.05, “p < 0.01, “*p < 0.001). F)
Tumor growth represented by luminescence intensity after PD-1, BMN/PAZA, or BMN/PAZA+PD-1 combination treatment. G) Schematic illustration of

Tumor killing
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carrier, BMN/PAZA, and free BMN+AZA combination once every 3 days
for five times. The tumor volume and body weight were measured ev-
ery 3 days. After the completion of the experiment, the tumor tissue and
major organs were harvested, fixed with 4% (v/v) paraformaldehyde in
PBS (PH 7.4), embedded in paraffin, and sectioned into 4 um slices.
Each section was processed for H&E staining and observed under a mi-
croscope. Immunohistochemical analysis (IHC) of Ki67 protein, an im-
portant biomarker of cell proliferation, was carried out using the labeled
streptavidin-biotin method. Ki67 expression was quantified by calculating
the number of Ki-67 positive cells/total number of cells in five randomly
selected areas using ImmuneRatio software.

LLC-Luc orthotopic model was used to evaluate the combination ef-
fect of PAZA/BMN with PD-1 antibody, and mice were randomly catego-
rized into study groups 10 days after surgery inoculation. PAZA carrier,
BMN/PAZA combination (0.25 mg k™'g) was intravenously injected once
every 3 days. Antimouse PD-1 antibody (InvivoGen) (100 pg each mouse)
was intraperitoneally injected once every 3 days. The tumor volume of the
mice was monitored by IVIS-200 imaging. The 150 mg k~'g D-luciferin was
injected intraperitoneally for the bioluminescence imaging of each mouse.

Toxicity Study—Biochemical Parameters: Blood samples were col-
lected after five injections of saline and BMN/PAZA formulations into
tumor-bearing mice. The serum alanine aminotransferase (ALT), aspartate
aminotransferase (AST), and creatinine levels were evaluated as indicators
of hepatic and renal function.

Toxicity Study—Complete Blood Count (CBC):  Blood samples were col-
lected after five injections of saline and BMN/PAZA formulations into
tumor-bearing mice. A blood sample was measured by a CBC analyzer
in UPMC Hillman Cancer Center.

Toxicity Study—Histology Changes: The tissue section of major organs
(heart, liver, spleen, lung, and kidney) that was collected after the therapeu-
tic study was processed for H&E staining to test if there is a morphology
change to major organs after treatments.[37]

Western Blot:  The expression levels of y-H2AX, RAD51, STING, phos-
phorated STING, IRF3, and phosphorated IRF3 in cells and tumor tis-
sues after various treatments were evaluated by western blot. The cells
and homogenized tumor tissues after various treatments were lysed in
RIPA buffer with protease inhibitor and, PhosSTOP phosphatase, fol-
lowed by quantitated for protein using the BCA Protein Assay Kit. Equal
amounts of protein were resolved by SDS-PAGE. Membranes were blocked
in 5% BSA/PBST and incubated with antibodies. Immunodetection was
performed using SuperSignal West Pico and Femto Chemiluminescent
Substrate. Blot stripping was performed using Restore Western Blot
Stripping Buffer according to the manufacturer’s guidelines. Protein lev-
els were quantified by densitometric analysis using Image}/Fiji. Phos-
phorylated protein levels were normalized to the total protein band,
then to loading control, and expressed as fold change versus control
DMSO.

Immuno-Fluorescence Staining: DNA repair capability after various
treatments was evaluated by determining the RAD51 foci via immunoflu-
orescence staining. Cells after various treatments were washed, fixed,
and permeabilized in 0.25% Triton/PBS. Blocking was performed in 5%
BSA/0.1% Triton/PBS, followed by incubation with primary antibodies
in dilution buffer (1%BSA/0.1%Triton/PBS) (overnight, 4 °C). Cells were
then washed in PBS and incubated with secondary antibodies, followed by
washing and mounting on coverslips using ProLong Gold antifade reagent
with DAPI. Cells were imaged using Keyence BZ-X800 fluorescence micro-
scope and analyzed using Image]/Fiji software. FindFoci Image) plugin
was used for RAD51 foci quantification, at least five fields were counted
for foci number respectively.3!
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Analysis of Tumor-Infiltrating Immune Cells:  The immune cell popula-
tions in the tumors after various treatments were measured by flow cytom-
etry following the previous protocol.3®! Briefly, one day after the last treat-
ment, cell suspensions from the spleens or tumors were filtered, and red
blood cells lysed. Single-cell suspensions were incubated with respective
flow antibodies. Zombie dye was used to discriminate between viable and
dead cells. Infiltration of various immune cells (CD4*, CD8", Treg, natu-
ral killer (NK) cells, myeloid-derived suppressor cells (MDSC), dendritic
cells, and macrophages) in tumor tissues, the production of lymphocyte
effector molecules (such as IFN-y, perforin, and granzyme B) on immune
cells, and MHC-I on tumor cells were determined by multicolor flow cyto-
metric analysis. The expression of phosphorated IRF3 and TBK1 in tumor
cells and DC cells was also evaluated by flow cytometry.

RNAseq Analysis:  One day after the last treatment, the tumors were
collected for RNAseq, which was performed at the Health Sciences Se-
quencing Core at Children’s Hospital of Pittsburgh. Raw sequence data
was analyzed as described in the previously published protocol [°] to gen-
erate transcript-level gene expression. Then gene set enrichment analysis
(GSEA) [#1] was performed to identify the treatment-associated alteration
in functional pathways. The bulk messenger RNA-seq data mapped to
the mouse genome (GRCm38: https://www.ncbi.nlm.nih.gov/assembly/
GCF_000001635.20/) are available in the NCBI to Gene Expression Om-
nibus with accession number GSE245266.

Proteomic Analysis:  Cy3-labeled PAZA and PVD were incubated with
mouse serum for 6 h. The Sephadex G-100 column was used to remove un-
bounded protein. The PAZA or PVD with protein corona was collected and
quantified based on the fluorescence intensity. Polymer-protein corona
complexes were then loaded in SDS-PAGE gel. Gel slice samples were sent
to BGI America Mass Spec Service Center for proteomic analysis. Briefly,
Gel slices were digested with Trypsin/LysC according to the standard in-gel
digestion protocol.[*2] Samples were then extracted, dried, and reconsti-
tuted for LC-MS/MS. MS Data was searched against the most updated
UniProt Mouse database. Sequest analysis workflow was used to reveal
basic protein identification information.

Statistical Analysis: Data are presented as the mean + S.D or mean
+ s.e,m as indicated in figure legend. Statistical analysis was performed
with a two-tailed Student’s t-test for comparison between two groups and
one-way analysis of variance (ANOVA) with Tukey’s post hoc test for com-
parison between multiple groups as indicated in figure legend. Results
were considered statistically significant if p < 0.05. Prism 10.1.0 (Graph-
Pad Software) was used for data analysis and graph plotting.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements

This work was supported by National Institute of Health grants
RO1CA219399, ROT1CA223788, RO1CA278608, RO1CA270623 (to SL),
R21CA249649 (to JS), and The David and Betty Brenneman Scholar Fund
(SL, USA). This work was also partly supported by the Buffett Cancer Cen-
ter, which is supported by the National Cancer Institute under award num-
ber CA036727. This research used the Olympus FV3000 Confocal Micro-
scope, which is supported by 1S100D030254-01A1 (to RBG). The RNAseq

the formation of fibronectin-enriched PC on small-sized BMN/PAZA NPs a), the tumor penetration through ITGA5-dependent transcytosis of small-sized
BMN/PAZA NPs b), and the tumor inhibition via increased DNA damage and activation of immune response of BMN/PAZA combination c). Systemic
administration of BMN/PAZA NP could recruit fibronectin on its surface as protein corona, followed by efficiently targeting and penetrating the tumor
deeply through ultra-small size effect and ITGA5-dependent transcytosis mechanism. Release of BMN-673 and 5-azacitidine inhibited the PARP and the
DNMT respectively. The synergistic inhibition induced DNA repair dysfunction and DNA damage. Low-dose combination treatment could further elicit
the cGAS/STING-based innate immune pathway. The epigenetic modulation of tumor cells and activated innate immune together contributed to the

activation of T-cell and NK cells. The figure is created with BioRender.com.

Adv. Sci. 2024, 2307940

2307940 (15 of 1 7) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH

85UeD |7 SUOLILLID BAERID 3|l jdde 8y} Aq paueAoh 818 S3jo 1 YO ‘8SN J0 S8|nJ 10} Aeiq1T8UIIUO AB|1/W UO (SUORIPUOD-PUE-SLUIBYWI0D" A8 1M AeIq 1ol UO//SARY) SUORIPUOD pUe W8 | 8L} 88S * [1202/20/TZ] Uo A%Iq1T8ulluO AB1IM ‘0v6.0£202 SAPR/Z00T OT/I0p/Wwiod 3| im Afeiq 1 eul|uo//Sdny wouy papeojumod ‘0 ‘v¥8E86TE


http://www.advancedsciencenews.com
http://www.advancedscience.com
https://www.ncbi.nlm.nih.gov/assembly/GCF_000001635.20/
https://www.ncbi.nlm.nih.gov/assembly/GCF_000001635.20/

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

analysis was supported in part by the University of Pittsburgh Center for
Research Computing, RRID:SCR_022735, through the resources provided.
Specifically, this work used the HTC cluster, which is supported by NIH
award number S100D028483. The authors also acknowledge the help of
Dr. Junmei Wang in MD simulations (R0O1GM 147673 and RO1GM 149705
to JW) and the support of the Health Sciences Small Molecule Biomarker
Core in mass spectrometry (S100D028540 to TN).

Conflict of Interest

The authors declare the following financial interests/personal relation-
ships which may be considered as potential competing interests: The au-
thors declare the following competing financial interest(s): Song Li serves
on the Chief Scientific Officer and holds equity in DUO Oncology. Jingjing
Sun is an inventing consultant and equity holder in DUO Oncology.

Data Availability Statement

The bulk messenger RNA-seq data mapped to the mouse genome
(GRCm38:  https://www.ncbi.nlm.nih.gov/assembly/GCF_000001635.
20/) are available in the NCBI to Gene Expression Omnibus with
accession number GSE245266.

Keywords

immunotherapy, nanocarrier, protein corona, synthetic lethal therapy,
ultra-Small

Received: October 22, 2023
Revised: February 15, 2024
Published online:

[11 A. R. Chaudhuri, A. Nussenzweig, Nat. Rev. Mol. Cell Biol. 2017, 18,
610.

[2] a) P. Caiafa, in Springer, 2006; b) Y. Shen, F. L. Rehman, Y. Feng,
J. Boshuizen, I. Bajrami, R. Elliott, B. Wang, C. ). Lord, L. E. Post, A.
Ashworth, Clin. Cancer Res. 2013, 19, 5003.

[3] W.Zhang, |. Xu, Biomarker Res. 2017, 5, 1.

[4] a) K. J. Dedes, P. M. Wilkerson, D. Wetterskog, B. Weigelt, A.
Ashworth, . S. Reis-Filho, Cell Cycle. 2011, 10, 1192; b) A. P.
Wiegmans, P.-Y. Yap, A. Ward, Y. C. Lim, K. K. Khanna, Mol. Can-
cer Ther. 2015, 14, 2321; c) S. Karakashev, T. Fukumoto, B. Zhao,
J. Lin, S. Wu, N. Fatkhutdinov, P.-H. Park, G. Semenova, S. Jean,
M. G. Cadungog, Cancer Cell. 2020, 37, 157; d) N. E. Muvarak, K.
Chowdhury, L. Xia, C. Robert, E. Y. Choi, Y. Cai, M. Bellani, Y. Zou, Z.
N. Singh, V. H. Duong, Cancer Cell. 2016, 30, 637.

[5] M.A.T. M. van Vugt, E. E. Parkes, Trends in Cancer. 2022, 8, 174.

[6] Y. L. Liu, P. Selenica, Q. Zhou, A. lasonos, M. Callahan, N. Z. Feit,
J. Boland, I. Vazquez-Garcia, D. Mandelker, A. Zehir, R. A. Burger,
D. ). Powell, C. Friedman, K. Cadoo, R. Grisham, |. A. Konner, R. E.
O’Cearbhaill, C. Aghajanian, J. S. Reis-Filho, B. Weigelt, D. Zamarin,
JCO Precision Oncology. 2020, 4, 665.

[7] S.Kakoti, H. Sato, S. Laskar, T. Yasuhara, A. Shibata, Front. Mol. Biosci.
2020, 7, 205.

[8] N. Luo, M. J. Nixon, P. I. Gonzalez-Ericsson, V. Sanchez, S. R.
Opalenik, H. Li, C. A. Zahnow, M. L. Nickels, F. Liu, M. N. Tantawy,
Nat. Commun. 2018, 9, 1.

[9] C.B. Yoo, S. Jeong, G. Egger, G. Liang, P. Phiasivongsa, C. Tang, S.
Redkar, P. A. Jones, Cancer Res. 2007, 67, 6400.

[10] a) G. G. Eskiler, G. Cecener, U. Egeli, B. Tunca, Pharm. Res. 2018, 35,
1; b) J. E. Belz, R. Kumar, P. Baldwin, N. C. Ojo, A. S. Leal, D. B. Royce,

Adv. Sci. 2024, 2307940

!

(12]

[13]

(14]

[15]
[16]

(7]

(18]
(19]

(20]
[21]
(22]
(23]

(24]

(25]

www.advancedscience.com

D. Zhang, A. L. van de Ven, K. T. Liby, S. Sridhar, Theranostics. 2017,
7, 4340; c) B. Brueckner, M. Rius, M. R. Markelova, I. Fichtner, P.-A.
Hals, M. L. Sandvold, F. Lyko, Mol. Cancer Ther. 2010, 9, 1256.

a) H. Cabral, Y. Matsumoto, K. Mizuno, Q. Chen, M. Murakami,
M. Kimura, Y. Terada, M. R. Kano, K. Miyazono, M. Uesaka,
N. Nishiyama, K. Kataoka, Nat. Nanotechnol. 2011, 6, 815; b) Y.
Matsumoto, ). W. Nichols, K. Toh, T. Nomoto, H. Cabral, Y. Miura,
R. ). Christie, N. Yamada, T. Ogura, M. R. Kano, Y. Matsumura, N.
Nishiyama, T. Yamasoba, Y. H. Bae, K. Kataoka, Nat. Nanotechnol.
2016, 77, 533.

a) M. Cooley, A. Sarode, M. Hoore, D. A. Fedosov, S. Mitragotri, A.
S. Gupta, Nanoscale. 2018, 10, 15350; b) S. Wilhelm, A. ). Tavares,
Q. Daij, S. Ohta, J. Audet, H. F. Dvorak, W. C. Chan, Nat. Rev. Mater.
2016, 1, 16014.

S. Sindhwani, A. M. Syed, J. Ngai, B. R. Kingston, L. Maiorino, |.
Rothschild, P. MacMillan, Y. Zhang, N. U. Rajesh, T. Hoang, Nat.
Mater. 2020, 19, 566.

a) Y. H. Bae, H. Yin, J. Controlled Release. 2008, 131, 2; b) H. Chen,
S. Kim, W. He, H. Wang, P. S. Low, K. Park, J.-X. Cheng, Langmuir.
2008, 24, 5213; c) A. Schulz, S. Jaksch, R. Schubel, E. Wegener, Z.
Di, Y. Han, A. Meister, |. Kressler, A. V. Kabanov, R. Luxenhofer, ACS
Nano. 2014, 8, 2686; d) A. Reisch, A. Runser, Y. Arntz, Y. Mély, A. S.
Klymchenko, ACS Nano. 2015, 9, 5104.

Y. Wang, B. Li, Y. Zhou, Z. Lu, D. Yan, Soft Matter. 2013, 9, 3293.

a) B. A. Chabner, ). C. Drake, D. G. Johns, Biochem. Pharmacol. 1973,
22,2763; b) R. Fanciullino, C. Mercier, C. Serdjebi, G. Venton, ). Colle,
F. Fina, L. Ouafik, B. Lacarelle, J. Ciccolini, R. Costello, Pharmacoge-
nomics. 2015, 16, 1907.

K. K. Chan, D. D. Giannini, ). A. Staroscik, W. Sadee, J. Pharm. Sci.
1979, 68, 807.

D. Dutta, ). G. Donaldson, Cell. Logist. 2012, 2, 203.

a) W. Ngo, J. L. Y. Wu, Z. P. Lin, Y. Zhang, B. Bussin, A. Granda Farias,
A. M. Syed, K. Chan, A. Habsid, |. Moffat, W. C. W. Chan, Nat. Chem.
Biol. 2022, 18, 1023; b) M. Qiu, Y. Tang, J. Chen, R. Muriph, Z. Ye,
C. Huang, |. Evans, E. P. Henske, Q. Xu, Proc. Natl. Acad. Sci. USA.
2022, 179,2116271119.

Y. Xu, Y. Guo, C. Zhang, M. Zhan, L. Jia, S. Song, C. Jiang, M. Shen,
X. Shi, ACS Nano. 2022, 16, 984.

a) M. D. Pierschbacher, E. Ruoslahti, Nature. 1984, 309, 30; b) J. L.
Sechler, S. A. Corbett, ). E. Schwarzbauer, Mol. Biol. Cell. 1997, 8,
2563.

J. P. Issa, H. M. Kantarjian, Cancer Res. 2009, 15, 3938.

A. M. Newman, C. L. Liu, M. R. Green, A. |. Gentles, W. Feng, Y. Xu,
C. D. Hoang, M. Diehn, A. A. Alizadeh, Nat. Methods. 2015, 12, 453.
a) J. Liang, L. Wang, C. Wang, J. Shen, B. Su, A. L. Marisetty, D.
Fang, C. Kassab, K. ). Jeong, W. Zhao, Y. Lu, A. K. Jain, Z. Zhou, H.
Liang, S.-C. Sun, C. Lu, Z.-X. Xu, Q. Yu, S. Shao, X. Chen, M. Gao,
F. X. Claret, Z. Ding, J. Chen, P. Chen, M. C. Barton, G. Peng, G. B.
Mills, A. B. Heimberger, Cancer Immunol. Res. 2020, 8, 952; b) A. M.
Zeidan, ). Cavenagh, M. T. Voso, D. Taussig, M. Tormo, |. Boss, W. B.
Copeland, V. E. Gray, A. Previtali, T. O’Connor, S. Rose, C. L. Beach, L.
R. Silverman, Blood. 2019, 134, 829; c) R. M. Chabanon, G. Muirhead,
D. B. Krastev, . Adam, D. Morel, M. Garrido, A. Lamb, C. Hénon, N.
Dorvault, M. Rouanne, R. Marlow, I. Bajrami, M. L. Cardefiosa, A.
Konde, B. Besse, A. Ashworth, S. ). Pettitt, S. Haider, A. Marabelle, A.
N. J. Tutt, ).-C. Soria, C. J. Lord, S. Postel-Vinay, J. Clin. Invest. 2019,
129, 1211.

a) T. Stylianopoulos, E.-A. Economides, J. W. Baish, D. Fukumura, R.
K. Jain, Ann. Biomed. Eng. 2015, 43, 2291; b) K. Huang, H. Ma, J. Liu,
S. Huo, A. Kumar, T. Wei, X. Zhang, S. Jin, Y. Gan, P. C. Wang, S. He,
X. Zhang, X.-). Liang, ACS Nano. 2012, 6, 4483; c) Z. Wan, H. Huang,
R. E. West lii, M. Zhang, B. Zhang, X. Cai, Z. Zhang, Z. Luo, Y. Chen,
Y. Zhang, W. Xie, D. Yang, T. D. Nolin, J. Wang, S. Li, J. Sun, Mater.
Today. 2023, 62, 33.

2307940 (16 0‘F17) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH

85UeD |7 SUOLILLID BAERID 3|l jdde 8y} Aq paueAoh 818 S3jo 1 YO ‘8SN J0 S8|nJ 10} Aeiq1T8UIIUO AB|1/W UO (SUORIPUOD-PUE-SLUIBYWI0D" A8 1M AeIq 1ol UO//SARY) SUORIPUOD pUe W8 | 8L} 88S * [1202/20/TZ] Uo A%Iq1T8ulluO AB1IM ‘0v6.0£202 SAPR/Z00T OT/I0p/Wwiod 3| im Afeiq 1 eul|uo//Sdny wouy papeojumod ‘0 ‘v¥8E86TE


http://www.advancedsciencenews.com
http://www.advancedscience.com
https://www.ncbi.nlm.nih.gov/assembly/GCF_000001635.20/
https://www.ncbi.nlm.nih.gov/assembly/GCF_000001635.20/

ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

(26]

(27]

(28]

(29]

(30]
(31]

(32]

Adv. Sci. 2024, 2307940

J. Xu, M. Song, Z. Fang, L. Zheng, X. Huang, K. Liu, J. Controlled Re-
lease. 2023, 353, 699.

a) Y. Chen, Y. Huang, Q. Li, Z. Luo, Z. Zhang, H. Huang, J. Sun, L.
Zhang, R. Sun, D. . Bain, ). F. Conway, B. Lu, S. Li, Nat. Nanotechnol.
2023, 18, 193; b) Z. Luo, Y. Huang, N. Batra, Y. Chen, H. Huang, Y.
Wang, Z. Zhang, S. Li, C.-Y. Chen, Z. Wang, ). Sun, Q. J. Wang, D.
Yang, B. Lu, ). F. Conway, L.-Y. Li, A.-M. Yu, S. Li, Nat. Commun. 2024,
15, 255.

M. Mahmoudi, M. P. Landry, A. Moore, R. Coreas, Nat. Rev. Mater.
2023, 8, 422.

a) X. Wang, M. Wang, R. Lei, S. F. Zhu, Y. Zhao, C. Chen, ACS Nano.
2017, 11, 4606; b) V. Mirshafiee, R. Kim, S. Park, M. Mahmoudi, M.
L. Kraft, Biomaterials. 2016, 75, 295; c¢) M. Qiu, Y. Tang, J. Chen, R.
Muriph, Z. Ye, C. Huang, ). Evans, E. P. Henske, Q. Xu, Proc. Natl.
Acad. Sci. US A. 2022, 119,2116271119.

J. Sun, Y. Chen, J. Xu, X. Song, Z. Wan, Y. Du, W. Ma, X. Li, L. Zhang,
S. Li, Theranostics. 2020, 10, 1136.

J. Sun, Y. Chen, K. Li, Y. Huang, X. Fu, X. Zhang, W. Zhao, Y. Wei, L.
Xu, P. Zhang, R. Venkataramanan, S. Li, Acta Biomater. 2016, 43, 282.
P. Baldwin, A. W. Ohman, ). E. Medina, E. T. McCarthy, D. M.
Dinulescu, S. Sridhar, Front. Oncol. 2019, 9, 353.

(33]

(34]

35]

36]
(37]

(38]
(39]

(40]

(47]

(42]

www.advancedscience.com

A. lanevski, A. K. Giri, T. Aittokallio, Nucleic Acids Res. 2022, 50,
W739.

W. Lu, C. Xiong, R. Zhang, L. Shi, M. Huang, G. Zhang, S.
Song, Q. Huang, G.-Y. Liu, C. Li, J. Controlled Release. 2012, 161,
959.

Z. Cong, L. Zhang, S.-Q. Ma, K. S. Lam, F.-F. Yang, Y.-H. Liao, ACS
Nano. 2020, 74, 1958.

V. Justilien, A. P. Fields, Curr. Protoc. Pharmacol. 2013, 62, 14271.

J. Sun, L. Sun, J. Li, J. Xu, Z. Wan, Z. Ouyang, L. Liang, S. Li, D. Zeng,
Acta Biomater. 2018, 75, 312.

A. D. Herbert, A. M. Carr, E. Hoffmann, PLoS One. 2014, 9, e114749.
Y. Chen, R. Xia, Y. Huang, W. Zhao, J. Li, X. Zhang, P. Wang, R.
Venkataramanan, |. Fan, W. Xie, X. Ma, B. Lu, S. Li, Nat. Commun.
2016, 7, 13443,

a) M. Pertea, D. Kim, G. M. Pertea, ). T. Leek, S. L. Salzberg, Nat.
Protoc. 2016, 11, 1650; b) Y. Wang, Z. Wang, J. Xu, J. Li, S. Li, M. Zhang,
D. Yang, Nat. Commun. 2018, 9, 1.

F. Yuan, M. Leunig, S. K. Huang, D. A. Berk, D. Papahadjopoulos, R.
K. Jain, Cancer Res. 1994, 54, 3352.

A. Shevchenko, H. Tomas, ). Havli, J. V. Olsen, M. Mann, Nat. Protoc.
2006, 1, 2856.

2307940 (1 7 of 1 7) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH

85UeD |7 SUOLILLID BAERID 3|l jdde 8y} Aq paueAoh 818 S3jo 1 YO ‘8SN J0 S8|nJ 10} Aeiq1T8UIIUO AB|1/W UO (SUORIPUOD-PUE-SLUIBYWI0D" A8 1M AeIq 1ol UO//SARY) SUORIPUOD pUe W8 | 8L} 88S * [1202/20/TZ] Uo A%Iq1T8ulluO AB1IM ‘0v6.0£202 SAPR/Z00T OT/I0p/Wwiod 3| im Afeiq 1 eul|uo//Sdny wouy papeojumod ‘0 ‘v¥8E86TE


http://www.advancedsciencenews.com
http://www.advancedscience.com

