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Abstract

Optical imaging technologies improve clinical diagnostic accuracy of early gastric cancer (EGC). However, there was a lack of imaging
agents exhibiting molecular specificity for EGCs. Here, we employed the dye labeled human heavy-chain ferritin (HFn) as imaging
nanoprobe, which recognizes tumor biomarker transferrin receptor 1 (TfR1), to enable specific EGC imaging using confocal laser
endomicroscopy (CLE). TfR1 expression was initially examined in vitro in gastric tumor cells and in vivo through whole-body fluorescence
and CLE imaging in tumor-bearing mice. Subsequently, dye labeled HFn was topically applied to resected human tissues for EGC detection.
CLE analysis of TfR1-targeted fluorescence imaging allowed distinction of neoplastic from non-neoplastic tissues (£ < 0.0001), and TfR1
expression level was found to correlate with EGC differentiation degrees (P < 0.0001). Notably, the CLE evaluation correlated well with the
immunohistochemical findings (k-coefficient: 0.8023). Our HFn-nanoprobe-based CLE increases the accuracy of EGC detection and enables
visualization of tumor margins and endoscopic resection.
© 2018 Elsevier Inc. All rights reserved.
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Almost 990,000 cases of gastric cancer are detected annually,
and it is the second leading cause of cancer-related deaths
worldwide due to the late detection.' Thus, early detection of
gastric cancers through endoscopy provides an opportunity for
intervention before the disease progresses to an advanced stage.
Confocal laser endomicroscopy (CLE) is a recently developed
optical imaging technique that is used to examine the
gastrointestinal mucosa at the microscopic level, and CLE
enables direct histological observation of the tissue in vivo by
providing real-time, high-resolution, and high-magnification
images.” Based on its diagnostic accuracy in gastric neoplasia
detection, CLE is expected to be used in several potential
applications, including in decreasing the requirement for
repeated biopsies and determining the margins of gastric
neoplasias before endoscopic resection.

A potentially powerful approach for facilitating endoscopic
cancer detection and resection is the combined use of optical
imaging technologies and tumor-targeted imaging agents.>”
White-light endoscopy is the primary method used to visualize
and resect cancers of gastrointestinal tracts. However, white-light
endoscopy presents several recognized shortcomings, including
incomplete detection of multifocal and flat tumor boundaries, as
well as inadequate visualization of tumor boundaries, which
affects the thoroughness of resection. CLE has recently been
widely used through combining with fluorescently labeled
antibodies or peptides.” ® The CLE-enabled visualization of
specific molecular targets provides a dynamic intravital imaging
of larger tissues than conventional immunohistochemistry (IHC).
However, no specific biomarker has been developed thus far for
early gastric cancer (EGC) detection through targeted molecular
imaging, and a high demand exists for the identification of new
biomarkers for EGC detection.

Transferrin receptor 1 (TfR1), a transmembrane homodimeric
glycoprotein, is an essential component in cell growth and iron-
requiring metabolic processes. TfR1 has been found to be
overexpressed in diverse cancers,” but TfR1 expression in gastric
cancer and its correlation with the clinicopathologic parameters in
EGCs remain unexplored. Currently, most T{R 1-targeted strate-
gies involve using the TfR1 ligand transferrin (Tf) or anti-T{R1
antibodies, but a limiting factor in both Tf- and antibody-based
strategies is that TfR1 is also expressed at low levels in certain
nontumor cells, and thus neither Tf nor anti-TfR1 antibodies
distinguish these nontumor cells from tumor cells very well.”
Intriguingly, TfR1 was recently identified as a human H-ferritin
(HFn) receptor.'® Ferritin is a spherical iron-storage protein
composed of a self-assembled 24-subunit protein shell featuring an
outer diameter of 12 nm and interior-cavity diameter of 8 nm,
which accommodates up to 4500 Fe (IIT) atoms as an iron mineral
core.'""'* Because of this unique architecture, ferritin nanoparticles
provide an optimal multifunctional nanoplatform.'® Recently, a
novel biomimetically synthesized magneto-HFn nanoparticle (M-
HFn) was developed through encapsulating iron oxide nanopar-
ticles inside a HFn shell, which binds to tumor cells with TfR1
overexpression. The catalysis of the oxidation of peroxidase
substrates by the iron oxide core in the presence of hydrogen
peroxide can produce a color reaction that is used for the
visualization of tumor tissues. It was applied in the screening of
474 clinical specimens from patients with 9 types of cancers, and

the results demonstrated that M-HFn distinguishes cancerous cells
from noncancerous cells with high sensitivity (98%) and
specificity (95%).'* This work indicated that HFn nanoprobe
presents a universal potential for cancer cell detection. More
recently, HFn nanoprobes were found to be preferentially
incorporated by TfRI-positive cells in a threshold-dependent
manner.'>'® This led us to hypothesize that HFn serves as a viable
probe for molecular imaging of EGCs.

Here, we sought to develop a targeted-imaging strategy to
enhance EGC detection using fluorescently labeled HFn
nanoparticle in combination with clinical-grade CLE imaging,
which enables enhanced differentiation between gastric tumor
tissues and adjacent noncancerous tissues. The feasibility of the
method was examined on the tumor-bearing mice, and also on
the excised human EGC specimens (Figure 1). Given that
endomicroscopy with the probe fluorescein is already in clinical
use, in vivo molecular imaging in patients becomes feasible in
the near future, and thus EGC diagnosis is potentially achieved
by targeting TfR1.

Methods

Probe synthesis and characterization

Human HFn was produced and purified as described in our
previous reports'*'>'7; please see SI Materials and Methods for

details related to probe synthesis/characterization.
Gastric tumor cell culture

The gastric tumor cell lines SGC-7901 and BGC-823, the
normal human gastric epithelial cell line GES-1, and the TfR1-
negative human breast cancer cell line MX-1 were purchased
from American Type Culture Collection (ATCC). The cells were
cultured in RPMI-1640 (Invitrogen) with 10% fetal bovine
serum (Invitrogen) and 1% antibiotics at 37 °C under 5% CO,.

Gastric tumor-bearing mice

Two gastric tumor-bearing mouse models (SGC-7901 and
BGC-823) and TfR-1 negative MX-1 tumor bearing mouse
model were established. SGC-7901, BGC-823 and MX-1 cells
(1 x 10% in 1x PBS were transplanted subcutaneously in the
backs of 5-week-old female Balb/c mice (Department of
Experimental Animals, Peking University Health Science
Center, Beijing, China). The experimental protocols were
approved by the Institutional Animal Care and Use Committee
at Peking University (Permit No: 2011-0039). All experiments
were performed in accordance with the approved guidelines.
Every effort was made to minimize the suffering of mice.

Whole-body and ex vivo organ fluorescence molecular imaging (FMI)

Whole-animal HFn biodistribution was visualized in gastric
tumor xenograft models (SGC-7901 and BGC-823) using a
small-animal imaging system (Perkin Elmer Inc.). The mice were
anesthetized and injected the IRDye800CW-HFn probe or free
IRDye800CW as control, and small-animal imaging was carried
outat0, 4, 6, 12,24 and 48 h postinjection. After the whole-body
fluorescence imaging, the major organs of mice were dissected to
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Figure 1. Schematic representation of in vivo and ex vivo endoscopic molecular imaging of gastric cancers. Targeted imaging of fluorescently labeled HFn is
combined with clinical-grade CLE imaging to improve EGC detection. The targeted imaging was validated through both in vivo examination of tumor-bearing

mice and imaging of excised human EGC specimens.

examine the signal distribution. Imaging was analyzed using
IVIS Living Imaging 3.0 software (Perkin Elmer Inc.).

In vivo CLE imaging

In vivo CLE was performed on the two mouse models of
human gastric cancer using a probe-based CLE (pCLE) system
(Cellvizio® Mauna Kea Technologies), with excitation at
488 nm and emission at 505-585 nm; the imaging was
performed on the mice (3/group) 24 h after FITC-HFn injection.
After mice were anesthetized, the tumors were exposed, and the
confocal probe was positioned on the tumor surface and the
signal was scanned. The tumor tissues were processed for
histology after the in vivo imaging.

Human study

The study protocol was approved by the ethics committee of
Peking University Third Hospital, Beijing, China and was
conducted in accordance with the Declaration of Helsinki. Written

individual informed consent was obtained from the study
participants prior to the enrollment of study. Resected human
gastric cancer (n = 22) samples and noncancerous tissues (n = 22)
from the same patients were rinsed in PBS to remove debris and
incubated with FITC-HFn (1 uM) for 30 min at room temperature
in the dark. The tissues were then washed with PBS and examined
under fluorescence stereomicroscope (Leica, M205 FA, Germany)
using the GFP setting (ex 440/470 nm, em 525/550 nm).

The pCLE system was used for CLE imaging of tissue-bound
FITC-HFn in the gastric tissue samples, and the obtained images
were analyzed semi-quantitatively. The histopathological diag-
noses were made by an experienced gastrointestinal pathologist
blinded to the results of endomicroscopic observation.

Histological examination

Histopathological evaluation and immunohistochemistry
(IHC) analyses were performed on all specimens. Tissue
specimens were fixed in 10% formalin, and embedded in
paraffin for serial sections at 4-pm intervals. Hematoxylin and



2262 Y. Du et al / Nanomedicine: Nanotechnology, Biology, and Medicine 14 (2018) 2259-2270

TEM

A
/D:e HFn NPs
HFn NPs /fe&
-
<
G,
M-HFn NP
B 80
i 13.45% 2.1 nm
o _ esod
Z =
e £
L © 40+
I =
g‘ ® 54
o T ey
0.1 1 10 100 1000
Diameter(nm)
C
1.0
= HFn
=== FITC-HFn
= IRdye800-HFn
“J 280 nm Y 774 nm

Absorbance

300 400 500 600 700 800
Wavelength (nm)

Ex vivo cell imaging
In vivo FMI imaging
Ex vivo CLE imaging

Tissue IHC analysis

1412+ 1.88 nm

M-HFn NPs
% Intensity
-~
(-1

0 —-r r

0.1 1 10 100 1000

Diameter(nm)

o
-

£
=
@
o 0.4
[=]
[=]

0.2 Kd=65.19&9.01 nM

0.0 T T T

0 20 40 60 80

TIR1 (10°m)

Figure 2. Characterization of HFn-based nanoprobes for CLE and IHC analysis. (A) Schematic of dye-HFn nanoprobes for CLE imaging and M-HFn
nanoprobes for IHC analysis. The cryo-TEM images show the intact protein-cage structure of dye-HFn and M-HFn. (B) DLS analysis of the size distribution of
dye-HFn and M-HFn nanoprobes. (C) UV-vis spectroscopy analysis of HFn, FITC-HFn, and IRDye800CW-HFn nanoprobes. Arrows: characteristic
absorption peaks of the protein, FITC, and IRDye800CW. (D) Analysis of HFn nanoprobe binding to TfR1; the binding affinity (equilibrium dissociation

constant, Kd) was calculated.

eosin (H&E) staining was performed for the histopathological
analyses. The M-HFn-based IHC for EGC tissues was performed
as in our previous report.'* EGC tissues were stained with FITC-
HFn as described in previous report.'*

Statistical analysis

For the endoscopic images of human specimens, FITC-HFn-
specific fluorescence intensity was graded as negative (0), weak
(+), moderate (++), or strong (+++). This semi-quantitative grading
was applied in order to match the in vivo staining with scoring in

THC and thereby provide a scale that is clinical transferable. Two
investigators, who were blinded to the patients’ clinical data and
THC results, ranked CLE images independently. The statistical
software GraphPad Prism (v5.0) was utilized for the analysis of the
results. The two-sided Fisher exact probability test was used to
determine the statistical significance of the differences in
fluorescence signal between neoplastic and non-neoplastic
human tissue samples. The specific endomicroscopic signal was
the outcome variable. k-correlation was used to compare FITC-
HFn-specific staining in CLE versus IHC in tissues of the same
patients. P < 0.05 was considered statistically significant.
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Figure 3. Characterization of TfR1 expression in gastric tumor cells and HFn staining ex vivo. (A) Western blotting analysis of TfR1 expression in BGC-823 and
SGC-7901 gastric tumor cells. (B) FACS analysis of BGC-823 and SGC-7901 tumor cells stained with anti-TfR1 and control antibodies. (C) In vitro CLE
imaging of TfR1 expression on BGC-823 and SGC-7901 cells labeled with FITC-HFn. (D) Confocal imaging of TfR1-specific fluorescent staining by FITC-
HFn, which agrees with the CLE results. Nuclei were stained with DAPI (blue). Scale bar: CLE, 20 pm; fluorescence, 20 um.

Results

Generation and characterization of the fluorescent HFn binding
probe

By exploiting the unique protein nanocage architecture of
human HFn, we labeled the protein shell with dye for in vivo
FMI and ex vivo CLE imaging; or we bio-mimetically
synthesized highly crystalline iron oxide nanoparticles within
the interior cavity of HFn to produce M-HFn for tissue IHC
imaging (Figure 2, 4). The human HFn nanoparticles were
recombinantly expressed in E. coli and purified as previously
reported.'*!” The HFn nanocage was used as a nanoreactor and
the M-HFn nanoparticles were synthesized as previously
reported.'* The dye-HFn and M-HFn nanoprobes were analyzed
using cryo-transmission electron microscopy (cryo-TEM); the
protein shells of both nanoprobes presented a well-defined
morphology and were monodisperse in size (Figure 2, A).
Uniformly distributed iron oxide nanoparticles were synthesized
within the cavity of the HFn nanocages in M-HFn. The size
distributions of dye-HFn and M-HFn nanoprobes were deter-
mined using Dynamic Light Scattering (DLS); the median
diameters were 13.45 + 2.1 and 14.12 + 1.88 nm, respectively
(Figure 2, B). Moreover, UV—vis spectroscopy analysis of dye-
HFn nanoprobes confirmed the effective conjugation of FITC
and IRDye800CW on the protein shell (Figure 2, C). Lastly, the
binding affinity of HFn nanoprobes for TfR1 was measured to be
65.19 = 9.01 nM (Figure 2, D), which agrees with the data in
our previous work.'*!”

TfR1 expression by tumor cell lines

TfR1 expression was first characterized in vitro. Western
blotting results showed the general expression of TfR1 in BGC-

823 and SGC-7901 human gastric tumor cell lines (Figure 3, 4).
The TfR1 was weakly expressed in the normal human gastric
epithelial cell line GES-1, and there was no expression in the
TfR1-negative cell line MX-1 (Figure S1). FACS analysis
further confirmed the expression of TfR1 on BGC-823 and SGC-
7901 cells; the values obtained with anti-TfR1 were ~9.3- and
~7.4-fold higher than those with IgG control (Figure 3, B).

In another set of assays, in vitro CLE was performed on
BGC-823 and SGC-7901 tumor cells stained with FITC-HFn.
The imaging enabled TfR1 visualization in the unfixed tumor
cell cultures, in which FITC-HFn showed membranous and
cytoplasmic staining patterns (Figure 3, C). Notably, these CLE
patterns were paralleled and confirmed by the specific
fluorescent staining of TfR1 in BGC-823 and SGC-7901 tumor
cells by FITC-HFn (Figure 3, D). Moreover, to confirm the
specific uptake of HFn mediated by the TfRI1, the blocking
experiment was also performed. The flow cytometry result
showed that the mean fluorescence intensity (MFI) was high
after incubation with FITC-HFn, but the MFI was significantly
decreased after blocking with 100-fold un-labeled HFn in the
TfR1 positive BGC-823 gastric cancer cells. For the TfR1
negative MX-1 cells, the MFI was low after incubation with
FITC-HFn, and there was no difference after the un-labeled HFn
blocking (Figure S1).

Macroscopic fluorescence detection of TfRI in human gastric
tumor xenografis

We used macroscopic whole-body fluorescence detection to
dynamically examine the biodistribution and tumor-targeting
efficacy of HFn labeled with near-infrared dye (IRDye800CW-
HFn) in mice harboring BGC-823 (Figure 4, 4) and SGC-7901
(Figure 4, B) human gastric tumors. The free IRDye800CW was
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Figure 4. In vivo and ex vivo fluorescence imaging of IRDye800CW-HFn and free IRDye800CW. Specific in vivo fluorescence signals were observed in mice
harboring BGC-823 (A) and SGC-7901 (B) tumors during 48 h of observation after tail-vein injection of IRDye800CW-HFn. Ex vivo FMI of tumors and key
organs was performed after in vivo observation. Mice injected with free IRDye800CW exhibited nonspecific whole-body distribution without enrichment in
BGC-823 and SGC-7901 tumors. T, tumor; H, heart; L, liver; S, spleen; K, kidney.

used as control. Both tumor models showed increased HFn-
targeted imaging and specific fluorescence signals in the tumors
4 h after tail-vein injection of IRDye800CW-HFn and the signals
were still detectable at 48 h after HFn administration, whereas
nonspecific distribution of fluorescence signal was detected at
the tumor sites in mice injected with free IRDyeS800CW. The
HFn signal was also detected in the liver and kidney, which are
the major organs that ferritin nanoparticles are metabolized.'’
After 48 h in vivo observation, the tumors and major organs
were dissected out and subjected to ex vivo fluorescence
imaging, and the results agreed well with the in vivo observation.

To further confirm the specific HFn uptake in vivo, the FMI was
also performed on the TfR 1-positive BGC-823 tumor xenografts
and TfRI1-negative MX-1 tumor xenografts after injection with
IRDye800CW-HFn. The FMI data showed that there was specific
uptake of HFn-IRDye800CW in the BGC-823 tumor xenografts
due to the active targeting to the TfR1 in the tumor region, but only
weak uptake of HFn-IRDye800CW in the TfR1-negative MX-1
tumor xenografts due to the passively enhanced permeability and
retention (EPR) effect of the nanoparticle (Figure S2). The
fluorescence imaging of tumor indicated TfR1-specific in vivo
tumor targeting by fluorescently labeled HFn.

TfRI-targeted imaging in human gastric tumor xenografis

TfR1-targeted CLE imaging was next performed using SGC-
7901 and BGC-823 tumor xenografts. 24 h after FITC-HFn

injection, the fluorescence signals were detected in the gastric
tumor xenografts using CLE, which exhibited TfR1 expression
in SGC-7901 and BGC-823 tumors (Figure 5, A and E).
Moreover, ex vivo bench-top fluorescence-microscopy imaging
(Figure 5, B and F) and M-HFn IHC staining (Figure 5, C and
G) of paraffin-embedded sections of the tumor xenografts
yielded results that were similar to the in vivo endomicroscopic
findings, and these observations were also confirmed through
H&E staining (Figure 5, D and H).

HFn binding to human EGC tissues ex vivo

Specific binding of FITC-HFn to EGCs was further
confirmed by performing CLE ex vivo on endoscopic specimens
of EGC patients. Table 1 shows the patient characteristics and
final pathological diagnoses. The biopsies were histopatholog-
ically analyzed by a pathologist who was blinded to the imaging
results. To verify that the fluorescence detected on tumors was
due to the specific binding of FITC-HFn, the fresh specimens
were first incubated with 2% BSA blocking buffer and imaged
using CLE, after which they were incubated with FITC-HFn and
then imaged again. No signal was detected on either normal or
diseased lesions after BSA incubation, but after the subsequent
incubation with FITC-HFn, drastically higher fluorescence was
detected on cancerous lesions than on noncancerous tissues.
Representative frames from confocal videos of normal and
diseased lesions in each specimen, together with the
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BGC-823

SGC-7901

Figure 5. In vivo microscopic imaging of human gastric tumor xenografts using CLE. (A, E) In vivo CLE of gastric tumor xenografts after tail vein injection of
FITC-HFn, and arrows indicated the typical positive cells. (B, F) Ex vivo bench-top fluorescence microscopy performed with FITC-HFn staining and nuclear
counterstaining (DAPI), and (C, G) M-HFn IHC staining of paraftin sections. (D, H) H&E staining of tumor specimens correlated well with the aforementioned
observations. Scale bar: CLE, 20 pm; fluorescence, IHC, and H&E staining, 200 pm.

Table 1
Clinicopathological data of patients with gastric carcinomas examined using
CLE.

Patients, n 22
Sex, male/female, n 16//6
Age, mean (range),years 67(53-84)
Gastric carcinoma, n 22
Histological differentiation, n
Poorly differentiated 3
Moderately differentiated 8
Well differentiated 11

corresponding histopathology, are shown in Figure 6. The CLE
results showed that a specific TfR1-positive fluorescence signal
was present in the neoplastic regions (Figure 6, 4). The imaging
revealed the membranous and cytoplasmic distribution of TfR1
in cancer cells, which agrees with the in vifro observation
(Figure 6, B, white arrows). No obvious fluorescence signal was
detected in non-neoplastic regions (Figure 6, C). To validate the
CLE results, IHC, fluorescence staining, and histological
analyses were performed on the tissue sections. The IHC and
fluorescence staining revealed specific HFn expression in
neoplastic regions (Figure 6, D-F) as compared with that in
noncancerous regions (Figure 6, G-I). To quantify HFn-positive
signals in confocal videos, mean fluorescence intensity was
determined as an average from all frames in each confocal video.
All specimens containing EGCs showed a specific signal after
FITC-HFn staining (22/22 lesions), whereas noncancerous
tissues exhibited no specific fluorescence (0) (21/22) or weak
fluorescence (+) (1/22). The result of a nonparametric test
showed a significant difference between neoplastic and non-
neoplastic tissues (P < 0.0001, chi-square test) (Figure 6, J).

Correlation of TfR1 expression level with EGC differentiation degree

Next, we further analyzed the CLE images of FITC-HFn
staining in human EGC specimens exhibiting different differen-

tiation degrees (Table 2). HFn fluorescence intensity varied from
weak to strong (+to +++) in 22 neoplastic tissues, which correlated
with the differentiation degrees scored as “well,” “moderate,” and
“poor” (Figure 7). The HFn fluorescence signal was weak (+) in
well-differentiated neoplasias (Figure 7, 4), modest (++) in
moderately differentiated neoplasias (Figure 7, B), and strong
(+++) in poorly differentiated neoplasias (Figure 7, C). We also
performed fluorescence staining (Figure 7, D-F) and IHC
analysis (Figure 7, G-I) on the target tissue specimens, which
revealed expression patterns similar to those obtained with ex vivo
CLE. All of the aforementioned findings were confirmed through
H&E staining (Figure 7, J-L). The CLE fluorescence ratio of
cancerous to noncancerous regions between well and poorly
differentiated EGCs was compared, and data showed that it was
around 1.8-fold higher for the fluorescence between moderately
differentiated to well differentiated tumors, and it was around
1.73-fold higher for the fluorescence between poorly differentiated
to moderately differentiated tumors (Figure 7, M). Moreover, the
k-coefficient (0.8023) showed a close agreement between
endomicroscopic HFn fluorescence signals and THC results.

FITC-HFn identifies EGC margins

The differentiation between tumor and adjacent nontumor-
ous tissues can be enhanced through fluorescently labeled
cancer-specific molecular-imaging agents. Therefore, consider-
able interest exists in developing molecular-imaging agents that
augment tumor visualization. Here, the application of fluorescently
labeled HFn as a potential imaging agent for identifying EGC
margins was examined using both stereomicroscopy and CLE
imaging, as described using the following representative example.
In the white-light image, a tumor-lesion area (Figure 8, 4) was
confirmed through histological analysis (shown as regions (1) and
(2 in Figure 8, B). After blocking with 2% BSA, FITC-HFn
(Figure 8, C) was topically applied onto the tumor specimen
(Figure 8, D and G). The staining was initially examined using
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Figure 6. Ex vivo validation of the specific binding of HFn nanoprobes to EGCs. Tissue samples from neoplastic lesions were incubated in FITC-HFn solution to
mimic topical application during CLE. In CLE, a specific signal was detected in cancerous lesions, and high-magnification imaging showed strong membranous
and cytoplasmic staining (A-B, arrows) as compared with that in noncancerous regions (C). IHC and fluorescence staining revealed specific TfR1 expression,
and histopathological analysis confirmed malignancy (D-F). Noncancerous tissues did not exhibit TfR1 staining (G-I). (J) TfRI-specific staining was
significantly different (as per chi-square tests) between tumorous and nontumorous tissues in CLE and also with the “gold standard” of IHC.

stereomicroscopy, which provides macroscopic images of
tissue specimens. The result showed that no detectable signal
(autofluorescence signal) was present after BSA blocking
(Figure 8, E and H); by contrast, fluorescence was specifically
detected in the tumorous regions (1) and (2) but not in the
adjacent normal regions after FITC-HFn staining (Figure 8, F

and /). The tumor margins are indicated in the images by white
dashed lines, and the yellow lines include the entire tissue
specimen. The tissue specimen was further examined using
CLE, which revealed specific HFn staining in the cancerous
region with membranous and cytoplasmic distribution of TfR1
in cancer cells (Figure 8, J and K), but no staining in the
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Table 2

CLE results on different differentiation degrees of EGCs.

H&E CLE Total
- + ++ +++

Normal 21 1 0 0 22

Well differentiated 0 7 4 0 11

Moderately differentiated 0 0 5 3 8

Poorly differentiated 0 0 0 3 3

Total 44

adjacent nontumorous region (Figure 8, L). Furthermore, ex
vivo IHC and fluorescence staining of the same targeted tumor
specimen was performed; in both cases, the results demon-
strated specific HFn staining of the cancerous region (indicated
by red dashed lines in Figure 8, M-N) but no staining in the
surrounding noncancerous mucosa, and this was subsequently
confirmed through H&E staining of the same biopsy specimen
(Figure 8, O).

FITC-HFn biocompatibility and safety evaluation in animals

Biocompatibility of fluorescently labeled HFn is evaluat-
ed using the whole-blood analysis. The data revealed that the
total amounts and percentages of white blood cells,
lymphocytes, granulocytes, and monocytes were all in the
normal range in the FITC-HFn-treated group as control group
(Figure S3).

Discussion

Here, we provide first evidence that in vivo endoscopic
molecular imaging of human EGCs is specific when fluores-
cently labeled HFn is used. This CLE approach successfully
enables specific and safe in vivo visualization of TfR1
expression in tumor cells in rodent tumor xenograft models.
The preliminary data on resected human tissue specimens of
EGCs provided enhanced signal intensity and adequate contrast
for CLE imaging after topical application of fluorescently
labeled HFn. Moreover, macroscopic fluorescence imaging
through stereomicroscopy identified a clear tumor margin
featuring a marked fluorescence-signal contrast in the human
tissue specimens. Our approach exemplifies a future combina-
tion of macroscopic imaging for detection of suspected lesions
and CLE for immediate characterization according to the
molecular characters.

Currently, the use of antibodies and peptides forms a
biological basis for image contrast and provides sufficient
image contrast for in vivo tumor detection.'®'” Our study
confirmed TfR1 is a promising biomarker for gastric cancers.
An intriguing finding reported that TfR 1 is a receptor for HFn. '’
However, current HFn-based tumor diagnoses still rely on
targeting ligand modification to achieve tumor recognition. >’ 2
These modifications destroy the natural tumor-targeting prop-

erty of human HFn, increase the immunogenicity, and decrease
the yield. In this work, we developed fluorescently labeled HFn
as a novel CLE nanoprobe for EGC diagnosis that combines
several advantages essential for clinical translation of nanoma-
terials: (a) Excellent tumor recognition: Without ligand
modification, HFn specifically recognizes tumor cells through
TfR1-mediated tumor targeting. Moreover, the preferential
incorporation of HFn by TfRI-positive cells in a threshold-
dependent manner results in the specific identification of tumor
cells.'” (b) Low biotoxicity: HFn is naturally expressed in
humans, and do not activate inflammatory or immunological
responses.' ! (¢) High labeling/loading efficiency: Enrichment
of amino acid residues on the surface of HFn enables high-
efficiency dye labeling.”® (d) Efficient production: HFn is
manufactured using robust and reproducible procedures. Thus,
HFn represents an optimal candidate for clinical CLE detection
of EGCs.

Our hypothesis is supported by these findings: Gastric tumor
xenografts were specifically imaged after systemic application
of fluorescently labeled HFn using macroscopic whole-body
fluorescence-imaging device and microscopic CLE imaging;
Targeted imaging was demonstrated on resected human EGCs,
and the data showed 100% sensitivity and 90% specificity with
the use of IHC, the same result as CLE. Moreover, a strong
correlation was found between the semi-quantitative grading
standard of CLE imaging and the IHC results, and positive [HC
results were found in all cancerous tissues and were well
correlated and in a statistically significant manner with the level
of tumor differentiation.

Accurate delineation of tumor margins is essential for
achieving high cure rates. Endoscopic resection is the standard
therapy for EGC. Recently, CLE has been applied for in vivo
microscopic diagnosis of gastric cancer, and the technology has
been demonstrated to be useful for the detection of gastric
lesions.?” %? Our results have provided evidence that FITC-HFn
combined with CLE imaging provides high contrast between
cancerous and adjacent normal tissues, which is helpful for
identifying EGC margins and endoscopic dissection. As a
readily accessible hollow organ, the gastro-intestines offer a
well-established route for topical administration of pharmaco-
logical agents, and topical administration allows high concen-
trations of imaging contrast agents to be delivered directly to the
suspected mucosa and thus minimizes potential systemic
toxicity of imaging agents.

This study’s limitations are the following. First, molecular
imaging of FITC-HFn after topical administration of the probe in
a local region of interest resulted in the fluorescence signal being
strongest at the tumor surface (depth < 50 um), and because of
the limited penetration depth of the endomicroscopy, the
expression status in the entire tumor is not demonstrated.
However, this drawback can be overcome using the next
generation of confocal systems for near-infrared probes. Second,
the patient number in our study was limited. Thus, future
investigations will be conducted to confirm the current findings
and correlate the tumor-progression features with in vivo
molecular imaging in a larger study cohort.

In conclusion, this study demonstrates that EGCs are
detected by using CLE molecular imaging with HFn-based
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Figure 7. Molecular imaging of fluorescently labeled HFn in EGCs of distinct differentiation degrees. Semi-quantitative evaluation of endomicroscopic images
and immunohistopathology of human specimens. (A-C) Specific fluorescence signals in CLE images were graded as weak, moderate, and strong (+ to +++).
Corresponding fluorescent labeling with FITC-HFn (D-F) and M-HFn [HC staining (G-I) revealed TfR1 expression patterns. H&E staining confirmed the
different degrees of EGC differentiation (J-L). The CLE fluorescence ratio of cancerous to noncancerous region between well and poorly differentiated EGCs
(M). THC, H&E, fluorescence staining: scale bar = 200 pm.

nanoprobes in human gastric tumor xenograft models and resolution macroscopic fluorescence-imaging device. The
human tissues. In further clinical application, this approach will combined approach would offer a state-of-the-art technique
be optimally combined, for example, with the use of a high- for macroscopic detection and concurrent CLE imaging for
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Figure 8. FITC-HFn identifies EGC margins. In the white-light image, a tumor-lesion area (A) was confirmed through histological analysis; the area is shown as
regions (D and (2) (B). The FITC-HFn probe (C) was topically applied onto the tumor specimen (D and G) for staining after blocking with 2% BSA.
Stereomicroscopy imaging revealed no detectable signal after BSA blocking (E and H); however, after FITC-HFn staining, specific fluorescence was detected in
the tumorous regions (1) and (2) but not in the adjacent normal regions (F and I). White dashed lines: tumor margins; yellow lines: entire tissue specimen. In CLE
imaging, a specific signal was detected in cancerous lesions, and high-magnification imaging showed strong membranous and cytoplasmic staining (J and K) as
compared with that in noncancerous regions (L). The results of the IHC and bench-top fluorescence staining of the targeted tissue were confirmed through H&E
staining (M-O; red dashed line: diseased area). Scale bar, C-I, 5 mm.
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