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Purpose: Semiconductor quantum dots (QDs) are a promising alternative to organic fluorescent
dyes for multiplexed molecular imaging of cancer stroma, which have great advantages in
holistically analyzing the complex interactions among cancer stromal components in situ.
Patients and methods: A QD probe-based multiplexed spectral molecular imaging method
was established for simultaneous imaging. Three tissue microarrays (TMAs) including 184 gastric
cancer (GC) tissues were constructed for the study. Multispectral analyses were performed for quan-
tifying stromal biomarkers, such as lysyl oxidase (LOX). The stromal status including infiltrating
of immune cells (high density of macrophages), angiogenesis (high density of microvessel density
[MVD], low neovessel maturation) and extracellular matrix (ECM) remodeling (low density of
type IV collagen, intense expression of matrix metalloproteinase 9 [MMP-9]) was evaluated.
Results: This study compared the imaging features of the QD probe-based single molecular
imaging method, immunohistochemistry, and organic dye-based immunofluorescent methods, and
showed the advantages of the QD probe-based multiple molecular imaging method for simultane-
ously visualizing complex components of cancer stroma. The risk of macrophages in high density,
high MVD, low neomicrovessel maturation, MMP-9 expression and low type IV collagen was
significantly increased for the expression of LOX. With the advantages of the established QD
probe-based multiplexed molecular imaging method, the spatial relationship between LOX and
stromal essential events could be simultaneously evaluated histologically. Stromal activation was
defined and then evaluated. Survival analysis showed that the stromal activation was correlated
with overall survival and disease-free survival (P<<0.001 for all). The expression of LOX was
significantly increased in the intense activation subgroup (P<<0.001).

Conclusion: Quantifying assessment of the stroma indicates that the LOX may be a stromal
marker for GC and stromal activation, which is not only responsible for the ECM remodeling
morphologically, but also for the formation of invasive properties and recurrence. These results
support the possibility to integrate morphological and molecular biomarker information for
cancer research by the biomedical application of QDs.

Keywords: nanomedicine, cancer stromal, gastric cancer, multiplexed molecular imaging

Introduction

Semiconductor quantum dots (QDs) are highly fluorescent nanocrystals with size-depen-
dent emission spectra.! Owing to their excellent photophysical properties, QDs are a
promising alternative to organic fluorescent dyes for multiplexed molecular imaging of
cancer.> In particular, simultaneously visualizing and quantifying of many components
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is possible along with the integration of spectrum analysis tech-
nology. From this perspective, the spectrum analysis derived
from QD probes in the cancer research would be one of the most
essential and promising clinically relevant applications.*

The high mortality of cancer mainly resulted from the
poor understanding of cancer invasion and metastasis.’”’
Despite significant advances in gastric cancer (GC) early
diagnosis, staging system and treatment, the 5-year overall
survival (OS) of GC remains ~40%.%° Extensive evidence
across multiple models has verified the critical role for
the tumor microenvironment (TME) in promoting tumor
progression.'® There is a critical need to deal with the tumor
progression no longer as a cancer cell autonomous event but
as a continuing process, which relies upon these complex
networks of both the immediate microenvironment (cell—
cell or cell-matrix interactions) and the extended TME (eg,
vascularization).'"'? Beyond question, the morphological,
biochemical and biophysical properties of extended TME
are significantly different among normal tissues and cancer
tissues. The continuous change in cancer stroma in differ-
ent clinical stages was called stromal activation, which was
parallel to cancer cell growth and invasion.'*!* In fact, fac-
tors and cells that do not support tumor growth are usually
downregulated or mitigated in TME. Stromal activation may
serve to establish a supportive TME, fostering the outgrowth
of the malignant cells.'* Considering the high heterogene-
ity of GC, uncovering the stromal activation events would
improve tailored treatment for patients.'>'¢

Several recent studies have highlighted that Lysyl oxidase
(LOX) is critical in establishing and mediating TME milieu,
through regulating the posttranslational modification of the
extracellular matrix (ECM), which enhances cancer cell
survival and proliferation, and that therapeutic targeting of
LOX prevents the development of such permissive milieu and
the associated fibrosis-enhanced metastasis.'”'® Furthermore,
increased expression of LOX would recruit bone marrow-
derived cells (BMDCs), which are essential for vascularization
and infiltration of immune cells, to create a fertile metastatic
niche.! Many studies have identified that the vascularization,
infiltration of immune cells and ECM remodeling are key
stromal activation events that are responsible for creating a
milieu that promotes recurrence and metastasis growth.2022
Thus, it is hypothesized that LOX may be the mediator respon-
sible for stromal activation, resulting in the invasive properties
and the formation of preinvasion niche in primary GC. To
detect the expression of LOX on tissue histologically, immu-
nohistochemistry (IHC) and fluorescent imaging are common
technologies. However, for the research of TME, multiplexed
imaging is needed. There is still no study which has directly

visualized the spatial relationship between LOX and stromal
activation histologically and quantitatively validated this
hypothesis. Considering the complexities of TME, integrated
information on key stromal features is very important; thus,
a more holistic approach to its investigation is essential to
study not only one parameter at a time but at least several key
parameters simultaneously. Among the currently available
technologies, QD probe-based multiplexed molecular imaging
methods have great advantages in holistically analyzing the
complex interactions of stromal components in situ.*

In this study, we established QD probe-based multiplexed
spectral molecular imaging method to simultaneously reveal
the expression of LOX and the spatial evolution of stromal
activation. Deep analyses were conducted to investigate
the crucial LOX in regulating stromal activation and GC
progression quantitatively.

Patients and methods

Patients and follow-up

The records of GC patients who underwent surgery with a
curative intent at the Department of Oncology, Zhongnan
Hospital of Wuhan University, Wuhan, People’s Republic
of China, between December 2002 and February 2011 were
reviewed. TNM stage was determined according to the
seventh edition of the Union for International Cancer Con-
trol (UICC) and the American Joint Committee on Cancer
(AJCC) TNM system. By the most recent follow-up on May
31, 2012, the median follow-up was 59.5 months (range:
16.8-102.3 months). Evidence of disease recurrence was
based on the following criteria: local recurrence found by
endoscopic biopsy or with relaparotomy, peritoneal dissemi-
nation on ultrasonography or CT scan with positive peritoneal
cytology, liver metastasis on ultrasonography or CT scan,
lung metastasis on chest radiography and bone metastasis
on radiography or bone scan. Any recurrence occurring
in abdominopelvic cavity was defined as local-regional
recurrence; recurrence via blood flow was defined as distant
metastasis, such as liver metastasis and lung metastasis.
Written informed consent was obtained from the patients,
and the study protocol was approved by the ethics committee
of Zhongnan Hospital of Wuhan University. The study was
undertaken according to the ethical standards of the World
Medical Association Declaration of Helsinki.

GC specimens and tissue microarrays
(TMAs)

All hematoxylin and eosin (HE)-stained slides were exam-
ined by independent reviewers who were not aware of the
clinical characteristics or clinical outcomes. Three TMAs
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were constructed. Briefly, two cores were taken from each
representative tumor tissue (1.5 mm in diameter for each
core). Then, three TMA sections with 184 tumor tissues and
41 distant peritumoral tissues (450 cores, 1.5 mm each core)
were constructed (in collaboration with Shanghai Biochip
Company Ltd., Shanghai, People’s Republic of China).

IHC and QD probe-based molecular
imaging

The THC and QD probe-based molecular imaging technol-
ogy were performed as described previously.? The primary
antibodies were mouse anti-human monoclonal antibody
against macrophages (dilution 1/100, MA1-38069; Thermo
Fisher Scientific, Waltham, MA, USA), mouse anti-human
monoclonal antibody against type IV collagen (dilution
1/100, ab6311; Abcam, Cambridge, UK), rabbit anti-human
polyclonal antibody against type I'V collagen (dilution 1/500,
ab-6586; Abcam) for stroma, rabbit anti-human polyclonal
antibody against LOX (dilution 1/500, ab-31328; Abcam)
for LOX, goat anti-human polyclonal antibody against
CD105 (dilution 1/100, sc-23838; Santa Cruz Biotechnol-
ogy Inc., Dallas, TX, USA) for neovessels and goat anti-
human polyclonal antibody against MMP-9 (dilution 1/100,
sc-6840; Santa Cruz Biotechnology Inc.) for MMP-9. The
QD probes were secondary antibodies conjugated with QDs
on the F(ab’)? fragments, including QDs-525 probe (QDs-
525 goat F(ab’)? anti-mouse IgG conjugate, dilution 1/150,
Q-11041MP; Thermo Fisher Scientific), QDs-585 probe
(QDs-585 goat F(ab’)? anti-rabbit IgG conjugate, dilution
1/250, Q-11411MP; Thermo Fisher Scientific) and QDs-
655 probe (QDs-655 rabbit F(ab”)? antigoat IgG conjugate,
dilution 1/500, Q-11821MP; Thermo Fisher Scientific). All
secondary antibody conjugates of QDs used in this study
are made from a nanometer-scale crystal of a semiconductor
material (CdSe), which is coated with an additional semi-
conductor shell (ZnS) to improve the optical properties of
the materials.

Evaluation of QD probe-based molecular

imaging and multispectral analysis

The slides were examined under Olympus BX51 fluorescence
microscope equipped with an Olympus DP72 camera (Olym-
pus Corporation, Tokyo, Japan) and CRi Nuance multispectral
imaging systems (Cambridge Research & Instrumentation,
Inc., Woburn, MA, USA). The QDs-525, QDs-585 and
QDs-655 were excited simultaneously by ultraviolet light
(330385 nm). Panorama of each multi-labeled core was
obtained based on four photographs under high-power mag-
nification (x200) with high resolution by DP-BSW software

(Olympus Optical Co., Ltd., Tokyo, Japan); identical settings
were used for every photograph, so as to avoid the selection
bias. The images of QDs were captured by DP72 camera.
A spectral cube for each slide, which contained the complete
spectral information at 10 nm wavelength intervals from
490 to 720 nm, was collected by CRi Nuance systems. All
the cubes were captured under the same condition at proper
magnifications, which could make them more accurate and
representative in tumor marker assays.

For quantifying, deconvolution algorithms were applied
to image each cube, generating a set of “single-color” images
representing each individual QDs/biomarker and the tissue
autofluorescence. The colors of QDs were converted to
pseudocolors for graphic visualization or emphasis. The
fluorescence signal information of cubes for each slide of
QDs was analyzed by the image analysis software package
(CRi Nuance) within the Nuance system. The fluorescent
signal intensity and distribution areas of QD probes in cancer
tissues were calculated based on spectral unmixing. Feature
extraction and pattern recognition algorithms were used to
identify areas of interest and whole slide. Biomarker expres-
sions in these identified areas were quantified by pixel-based
intensity measurement with a computer-generated threshold
obtained from experimental data and was used for back-
ground subtraction.

The data of LOX, MMP-9, infiltrating macrophages,
microvessel density (MVD) and type IV collagen were col-
lected in this study. To analyze the relationship between LOX
and stromal features (macrophages, MVD, the maturation of
neoangiogenesis), the data of infiltrating macrophage density,
MVD, type IV collagen and the maturation of neoangiogen-
esis were included in this study. Corresponding evaluation
criteria have been established.?* Cutoff point for LOX was
explored by “the best cut-off approach by log-rank test”. In
all, 50% was defined as the cutoff point.

Statistical analysis

Statistical analyses were carried out using SPSS version
19.0 (IBM Corporation, Armonk, NY, USA). The Pearson
x* test or Fisher’s exact test was used to compare qualita-
tive variables. Kaplan—Meier analysis was used for survival
analysis, and significance among patients’ subgroups was
calculated by the log-rank test. Prognostic relevance was
investigated using multivariate Cox regression analyses.
No adjustments were made. Logistic regression was used
to assess the influence of binary factors. Receiver operating
characteristic curve (ROC) analysis was used to determine
the predictive value of the parameters. Two-sided P<<0.05
was considered as statistically significant.
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Results
Expression of LOX and the establishment
of QD probe-based multiplexed
molecular imaging
In this study, the QD probe-based multiplexed molecular
imaging was established gradually. First, the expression
of LOX was visualized by IHC and QDs-585 probe-based
single molecular imaging. LOX was stained orange with
the emission spectrum of 585 nm and mainly expressed in
the cytoplasm of GC cells (red arrows) and stromal cells
(blue arrows; Figure 1Al and A2 and B1 and B2). In addi-
tion, some special progress called nuclear translocation was
observed too (Figure 1C and D).

Second, we compared the features between the QD
probe-based single molecular imaging method and organic
dye-based immunofluorescent method. With conventional

fluorescent dyes such as CY3 and Dylight 488, the expres-
sion of LOX could be evaluated (Figure 2A1-A3 and
B1). QDs-585 probe-based single molecular fluorescent
staining can reveal the target protein very well on tis-
sues, with comparable specificity and higher sensitivity
(Figure 2B2 and B3). In comparison with organic dyes and
fluorescent proteins, the QD-based probe showed unique
optical and electronic properties such as improved signal
brightness and resistance to photobleaching (Figure 2C1
and C2). In addition, the process of merge was unneces-
sary (Figure 2B2 and C3). Such properties facilitate the
evaluation process.

Third, considering that the different QD colors can be
simultaneously excited by a single light source, with mini-
mal spectral overlapping, the QD probe-based multiplexed
molecular imaging method was established. The QD

Figure | Expression of LOX in GC.

Notes: (Al and A2) LOX expressed in cytoplasm of cancer cells (blue arrows) and stromal cells (red arrows) revealed by IHC. (B and B2) LOX was stained orange and
expressed in cytoplasm of cancer cells (blue arrows) and stromal cells (red arrows) revealed by QDs-585-conjugated antibody nanoprobe. (C) LOX expressed in nucleus
of cancer cells (green arrows) revealed by IHC. (D) LOX expressed in nucleus of tumor cells (green arrows) revealed by QDs-585 probe-based single molecular imaging.
Magnification: 200x (Al, BI, C and D), 400x (A2 and B2), 100x (C and D). Scale bar: 50 um for (Al and B1), 20 um for (A2 and B2) and 100 pum for (C and D).
Abbreviations: LOX, lysyl oxidase; GC, gastric cancer; IHC, immunohistochemistry; QD, quantum dot.
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Figure 2 Comparison of conventional fluorescent dyes and QD-based molecular probe.

Notes: (Al) The expression of LOX in GC cells revealed by Cy3 fluorescent imaging (excited by 570 nm emission fluorescence, yellow arrows). Cell nuclei are indicated by
green arrows. (A2) Cell nucleus revealed by DAPI (green arrows). Cytoplasms are indicated by yellow arrows. (A3) Merged imaging of Al and A2; LOX expressed in GC cells
(yellow arrows) and stromal cells (green arrows). (B 1) The expression of LOX in GC revealed by DyLight 488 in GC cells (yellow arrows) and stromal cells (red arrows) (merged
image). (B2 and B3) The LOX was stained red and expressed in GC cells (yellow arrows) and stromal cells (red arrows), which was revealed by QDs-655 imaging probes.
(C1-C3) The LOX was stained yellow and expressed in GC cells (yellow arrows) and stromal cells (red arrows), which was revealed by QDs-585 imaging probes. Magnification:
200x (A1-A3, BI, B2 and C2), 400x (B3 and €3) and 100x (C1). Scale bar: 50 um for (A1-A3, Bl, B2 and C2), 20 um for (B3 and €3) and 100 um for (ClI).
Abbreviations: QD, quantum dot; LOX, lysyl oxidase; GC, gastric cancer; DAPI, 4’,6-diamidino-2-phenylindole.

probe-based single molecular imaging method was stable and
reliable, which could be used for the evaluation of other com-
ponents that could cooperate with LOX (Figure 3A1-A4).
We further established the QD probe-based double molecular
imaging (Figure 3B1-B4) and QD probe-based multiple
molecular imaging (Figure 3C1-C4) to simultaneously
visualize these components in TME.

Fourth, spectrum analysis was performed to quantita-
tively evaluate the expression of LOX, infiltrating mac-
rophages and neovessels. With this technology, some targets
that were not revealed in conventional fluorescent imaging can
be visualized and included for statistical analysis (Figure 4).

Expression of LOX in peritumoral and
GC tissues

To compare the differences in tumor stromal features between
tumoral and peritumoral tissues, 41 distant peritumoral

tissues were included. The median expression of LOX was
1912069 and 728432 in 184 tumoral tissues and 41 distant
peritumoral tissues, respectively. The difference in the
expression of LOX between tumor tissues and peritumoral
tissues was statistically significant (P=0.001). Further self-
control analysis was performed. Compared to the correspond-
ing peritumoral tissues, the LOX expression in GC tissues
presented a rising trend; the difference was statistically
significant (P<<0.05).

The main demographic and clinicopathological charac-
teristics are presented in Table 1. There were 92 (50.0%)
patients documented as LOX negative according to the
abovementioned classification criteria. The difference in
the expression of LOX was statistically significant in terms
of gender (P=0.009). The expression of LOX was higher
in patients with serosal invasion, lymph node metastasis
and advanced GC (P<<0.005 for all), and patients with
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Figure 3 QD probe-based molecular imaging methods.

Notes: QD probe-based single molecular imaging. (A ) Type IV collagen was stained yellow by QDs-585-conjugated antibody nanoprobe (yellow arrow); the area that had
been degraded was revealed (red arrow). (A2) Infiltrating macrophages were stained green by QDs-525-conjugated nanoprobe (green arrow). (A3) MMP-9 was stained red
by QDs-655-conjugated nanoprobe (red arrow). (A4) MMP-9 is mainly expressed in the cytoplasm of cancer cells (red arrow) but not nuclear cells (blue arrow). QD probe-
based double molecular imaging. (Bl and B2) Type collagen (yellow arrows) and MMP-9 (red arrows) are labeled simultaneously in GC tissues with nanoprobes QDs-585
and QDs-655, respectively. (B3 and B4) Type collagen (green arrows) and LOX (yellow arrows) are labeled simultaneously in GC tissues with nanoprobes QDs-525 and
QDs-585, respectively. (C1-C4) Infiltrating macrophages (green arrows), LOX (yellow arrows) and neovessels (red arrows) are labeled simultaneously in GC tissues
with nanoprobes QDs-525, QDs-585 and QDs-655, respectively. In €3, the expression of LOX was significantly higher than that in C2. Major vessels were microvessels.
Magnification: 200x (Al, B, B3, C2 and C3), 400x (A2, A3, B2, B4 and C4), 100x (CI) and 1,000x (A4). Scale bar: 50 um for (Al, BI, B3, C2 and C3), 20 um for
(A2, A3, B2, B4 and C4), 100 um for (CI) and 10 pum for (A4).

Abbreviations: QD, quantum dot; MMP-9, matrix metalloproteinase 9; GC, gastric cancer; LOX, lysyl oxidase.

distant metastasis tended to have more expression of LOX Relationship between LOX and stromal

evolution (infiltration of immune cells,

angiogenesis, ECM remodeling)
To confirm the relationship between LOX and essential

(P=0.054). Notably, compared to patients without recurrence
(n=124), the expression of LOX was higher in patients with
recurrence (n=60); the difference was statistically significant

(P<<0.001). Among 60 recurrence cases, compared to patients  stromal events, infiltration of macrophages, angiogenesis

with distant recurrence (n=23), the expression of LOX was
higher in patients with local-regional recurrence (n=37); the

difference was statistically significant (P=0.024).

(MVD, neomicrovessel maturation) and ECM remodeling
(MMP-9, type IV collagen) were assessed independently.
All data from 184 patients were included into deep statistical
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Figure 4 Multiplexed spectrum analysis of QD probe-based multiple molecular imaging.

Notes: (Al, BI, Cl, DI, El and FI) The conventional fluorescent images of QD probe-based multiple molecular imaging. Infiltrating macrophages (green arrows), LOX
(yellow arrows) and neovessels (red arrows) are labeled simultaneously in GC tissues with nanoprobes QDs-525, QDs-585 and QDs-655, respectively. (A2, B2, C2, D2,
E2 and F2) Unmixed composite multiple spectrum image of QD probe-based multiple molecular imaging. Infiltrating macrophages (green arrows), LOX (yellow arrows)
and neovessels (red arrows) are labeled simultaneously in GC tissues with nanoprobes QDs-525, QDs-585 and QDs-655, respectively. The unmixed composite multiple
spectrum image shows more information. Magnification: 200x (A 1-F2). Scale bar: 50 um for (A1-F2).

Abbreviations: QD, quantum dot; LOX, lysyl oxidase; GC, gastric cancer.

analyses (Table 2). There were 125 (67.9%) and 59 (32.1%)
patients classified into macrophage low-density group and
macrophage high density group, respectively. The difference
in the expression of LOX between different macrophage den-
sity subgroups was statistically significant (P=0.04). The risk
of macrophage high density was significantly increased for
the expression of LOX (odds ratio [OR] =1.929 [95% CI:
1.026-3.624], P=0.0041; logistic regression).

There were 42 (22.8%) and 142 (77.2%) patients clas-
sified into MVD low-density group and MVD high-density
group, respectively. The difference in the expression of LOX
between different MVD subgroups was statistically sig-
nificant (P=0.035). The risk of high MVD was significantly
increased for the expression of LOX (OR =2.132 [95% CI.:
1.046-4.347], P=0.037; logistic regression).

The neovessels’ maturity was another parameter analyzed
in this study. There were 87 (22.8%) and 97 (77.2%) patients
classified into neomicrovessel low maturation group and
neomicrovessel high maturation group, respectively. The
difference in the expression of LOX between different neo-
microvessel maturation subgroups was statistically significant
(P=0.038). The risk of high neomicrovessel maturation were
significantly decreased for the expression of LOX (OR =0.550
[95% CI: 0.306—0.989], P=0.046; logistic regression).

There were 92 (50%) and 92 (50%) patients classified into
MMP-9 negative group and MMP-9 positive group, respec-
tively. The difference in the expression of LOX between
different MMP-9 subgroups was statistically significant
(P<<0.0001). The risk of MMP expression was significantly
increased for the expression of LOX (OR =3.197 [95% CI:
1.75-5.839], P<<0.001; logistic regression).

There were 92 (50%) and 92 (50%) patients classified
into type IV collagen low group and type IV collagen high
group, respectively. The difference in the expression of
LOX between different type IV collagen subgroups was
statistically significant (P=0.039). The risk of high type IV
collagen was significantly decreased for the expression of
LOX (OR =0.541 [95% CI: 0.302-0.972], P=0.04; logistic
regression).

Furthermore, with the advantages of the established
QD probe-based multiplexed molecular imaging method,
the spatial relationship between LOX and stromal essential
events could be simultaneously evaluated histologically.
Some interesting phenomena have been revealed that the
density and MVD of the infiltrating macrophages seem to be
increased as the expression of LOX increased (Figure SA—C)
and the expression of type IV collagen seems to be decreased
as the expression of LOX increased (Figure 5D and E).
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Table | Patient demographics and clinicopathologic characteristics

Items Value (%) LOX expression P-value®
Negative (n=92), n (%) Positive (n=92), n (%)

Age (mean + SD, years) 57.9+12.9

Gender 0.009
Male 132 (71.7) 74 (80.4) 58 (63.0)
Female 52 (28.3) 18 (19.6) 34 (37.0)

Tumor location 0.768
Distal stomach 98 (53.3) 50 (54.3) 48 (52.2)
Non-distal stomach 86 (46.7) 42 (45.7) 44 (47.8)

Histological grade 0.496
12 46 (25.0) 21 (22.8) 25 (27.2)
3/4 138 (75.0) 71 (77.2) 67 (72.8)

Tumor size (tumor area, cm?)® 0.135
<lé6 76 (46.3) 46 (51.7) 30 (40.0)
=16 88 (53.7) 43 (48.3) 45 (60)

Serosal invasion 0.002
No (TO, TI, T2) 27 (14.7) 21 (22.8) 6 (6.5)
Yes (T3, T4) 157 (85.3) 71 (77.2) 86 (93.5)

Lymph node metastasis <0.0001
No (NO) 53 (28.8) 40 (43.5) 13 (14.1)
Yes (NI, N2, N3) 131 (71.2) 52 (56.5) 79 (85.9)

Distant metastasis 0.054
MO 177 (96.2) 91 (98.9) 86 (93.5)
Ml 7 (3.8) 1 (1.1) 6 (6.5)

TNM stages <0.001
Early (stages |, II) 58 (31.5) 42 (45.7) 16 (17.4)
Advanced (stages lll, IV) 126 (68.5) 50 (54.3) 76 (82.6)

Surgery 0.519
Subtotal resection 159 (86.4) 81 (88) 78 (84.8)
Non-subtotal resection 25 (13.6) 11 (12) 14 (15.2)

Chemotherapy 0.039
No 35 (19.0) 23 (25) 12 (13)
Yes 149 (81.0) 69 (75) 80 (87)

Recurrence <0.001
No 124 (67.4) 82 (89.1) 42 (45.7)
Yes 60 (32.6) 10 (10.9) 50 (54.3)

Recurrence location® 0.024
Local-regional 37 (61.7) 3 (30.0) 34 (68.0)
Distant 23 (38.3) 7 (70.0) 16 (32.0)

Notes: *Bold indicates values with a significant difference (P<<0.05). "Analysis was performed based on |64 patients with complete data of tumor size. “In all, 60 recurrent

cases were included.
Abbreviation: LOX, lysyl oxidase.

Particularly, the expression of LOX was significant high in
the invasion front, while that of the type IV collagen was
low on the contrary (Figure 5F).

Survival analysis

Survival analysis showed that traditional factors were associ-
ated with GC patients’ OS, such as age, tumor size, histo-
logical grade, lymph node status, lymph node ratio (LNR),
serosal invasion, TNM stage and recurrence (P<<0.05 for all)
as expected. In addition, low MVD, neovessels high matu-
ration, type IV collagen high expression, MMP-9 negative
expression and LOX negative expression were correlated

with better OS (P-value was 0.048, <0.001, <0.001, <0.001
and <0.001, respectively; Tables 3 and 4 and Figure 6).
Factors showing significance by univariate analysis
were integrated into multivariate Cox proportional hazards
analysis. Tumor features including T stage (hazards ratio
[HR] =3.245 [95% CI: 1.477-7.131], P=0.003), distant
metastasis (HR =4.320 [95% CI: 1.817-10.271], P=0.001),
recurrence (HR =2.296, [95% CI: 1.473-3.576], P<<0.001),
positive rate of resected lymph nodes (HR =2.615,
[95% CI: 1.689-4.048], P<<0.001), neovessels’ maturity
(HR =2.736 [95% CI: 1.756-4.262], P<<0.001), type IV
collagen (HR =0.485 [95% CI: 0.311-0.756], P<<0.001)
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Table 2 Relationship between LOX expression and stromal
parameters

Stromal n (%) LOX expression P-value®
parameters Negative Positive
(n=92), n (%) (n=92), n (%)
Infiltrating macrophage density
Low 125 (67.9) 69 (75) 56 (60.9) 0.04
High 59 32.1) 23 (25) 36 (39.1)
MVD
Low 42 (22.8) 27 (29.3) 15 (16.3) 0.035
High 142 (77.2) 65 (70.7) 77 (83.7)
Neovessel maturity (%) 61.6+185 73.3122.3
Low 87 (47.3) 50 (42.2) 55 (54.3) 0.038
High 97 (52.7) 37 (59.8) 42 (45.7)
MMP-9 expression
Negative 92 (50.0) 59 (64.1) 33 (35.9) <0.001
Positive 92 (50.0) 33 (35.9) 59 (64.1)
Type IV collagen
Negative 92 (50.0) 39 (424) 53 (57.6) 0.039
Positive 92 (50.0) 53 (57.6) 39 (42.4)

Note: *Bold indicates values with a significant difference (P<<0.05).
Abbreviations: LOX, lysyl oxidase; MVD, microvessel density; MMP-9, matrix
metalloproteinase 9.

and MMP-9 (HR =3.340 [95% CI: 2.132-5.233], P<<0.001)
were independent prognostic factors for OS after exclud-
ing other confounding factors. Moreover, multivariate
analysis indicates that tumor size (HR =2.006 [95% CI:
1.077-3.736], P=0.028), neovessels’ maturity (HR =0.519
[95% CI: 0.289-0.933], P=0.028), MMP-9 (HR =2.625

[95% CI: 1.405-4.867], P=0.002) and LOX (HR =6.455
[95% CI: 2.980-13.98], P<0.001) were independent predic-
tors for disease-free survival (DFS; Table 4).

LOX expression and stromal activation
With the quantifying analysis, we have confirmed that LOX
expression was correlated with some stromal status including
infiltration of immune cells (high density of macrophages),
angiogenesis (high density of MVD, low neovessels’ matura-
tion) and ECM remodeling (low density of type IV collagen,
intense expression of MMP-9), all of which were independent
risk factors for OS or DFS and would be considered as the
marker for stromal activation.

We have confirmed that the expression of LOX was cor-
related with distinct stromal feature morphologically and
statistically, then additional analyses focused on exploring the
relationship between LOX and whole stromal status should be
performed. For this purpose, stromal activation was defined
and then evaluated by assessing the activation of infiltrating of
immune cells, angiogenesis and ECM remodeling at the invad-
ing tumor front: activation was given a score ranging from 0
to 1 (0= unactivated, 1= activated) for each stromal feature.
The score were multiplied to obtain the final result, ranging
from 0 to 5. The extent of stromal activation was considered
as weak activation (score: 0—1, n=31), moderate activation
(score: 2-3, n=95) and intense activation (score 45, n=58).

Figure 5 QD probe-based molecular imaging showed the relationship between LOX and other stromal markers.

Notes: (A) The expression of LOX was low (yellow arrows), and the MVD (red arrows) was low. (B) The expression of LOX was high (yellow arrows), and the MVD
(red arrows) was high. (C) The expression of LOX was high (yellow arrows), and the MVD (red arrows) and infiltrating macrophages (green arrows) were high. (D) The
expression of LOX was low (yellow arrows), and type IV collagen (green arrows) was high. (E) The expression of LOX was high (yellow arrows), and type IV collagen (green
arrows) was low. (F) The expression of LOX was high (yellow arrows) in the invasion front, and type IV collagen (green arrows) was low. Magnification: 200x (A—F). Scale
bar: 50 um for (A-F).

Abbreviations: QD, quantum dot; LOX, lysyl oxidase; MVD, microvessel density.
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Table 3 Analyses of factors regarding OS

Variables n (%) Number of Estimate median  3-year survival 5-year survival Log-rank test P-value®
death (%) OS (range) rate (%) rate (%) 22 value

Age (years) 0.058
<60 99 (53.8) 52 (52.5) 53.1 (25.5-80.6) 55.58 45.10 3.584
=60 85 (46.2) 56 (65.9) 31.0 (21.940.1) 44.56 28.58

Gender 0.146
Male 132(71.7) 74 (56.1) 40.5 (29.7-51.4) 53.57 40.0 2.114
Female 52 (28.3) 34 (65.4) 27.4 (19.9-35.0) 42.27 30.25

Tumor size (cm?)° 0.003
<lé 76 (41.3) 35 (46.1) 70.1 (42.8-97.4) 65.06 53.77 8.773
=16 88 (47.8) 57 (64.8) 33.8 (17.9-49.7) 45.77 29.20

Histological grade 0.001
12 46 (25.0) 32 (69.6) 42.3 (30.6-53.9) 34.70 19.28 10.301
3/4 138 (75.0) 76 (55.0) 19.9 (8.1-31.8) 55.73 43.60

Lymph nodes metastasis 0.015
Yes 131 (71.2) 83 (63.4) 31.03 (19.942.2) 46.56 30.53 5.895
No 53 (28.8) 25 (47.2) 76.3 (47.6-104.9) 60.15 52.93

Serosal invasion (T stage) <0.001
TI-2 27 (14.7) 7 (25.9) 38.7 (30.3-47.0) 79.72 74.89 14.742
T34 157 (85.3) 101 (64.3) 30.1 (20.2-40.1) 45.43 30.78

TNM 0.002
Early (stage |, Il) 58 (31.5) 26 (44.8) 76.3 (50.1-102.5) 63.0 54.00 9.823
Advanced (stage lll, IV) 126 (68.5) 82 (65.1) 30.1 (15.744.5) 44.72 29.20

Recurrence <0.001
No 124 (67.4) 52 (41.9) 94.8 (43.9-145.7) 64.86 55.44 46.442
Yes 60 (32.6) 56 (93.3) 19.3 (16.6-22.0) 23.0 5.90

Infiltrating macrophages density 0.349
Low 125 (67.9) 70 (56.0) 39.87 (25.2-54.5) 5231 39.35 0.878
High 59 (32.1) 38 (64.4) 34.1 (20.3-47.9) 46.58 29.74

MVD 0.048
Low 42 (22.8) 21 (50.0) 70.0 (53.0-87.0) 67.94 49.66 3.922
High 142 (77.2) 87 (61.3) 31.0 (21.4-40.6) 45.25 33.84

Neovessels’ maturity <0.001
Low 87 (47.3) 66 (75.9) 19.7 (12.5-26.9) 26.72 16.09 33.442
High 97 (52.7)  42(22.8) 70.1 (43.2-97.0) 70.44 54.94

Type IV collagen <0.001
Negative 92 (50.0) 64 (69.6) 25.8 (19.0-32.7) 39.17 22.95 15.152
Positive 92 (50.0) 44 (47.8) 70.1 (44.7-95.5) 61.53 51.02

LOX <0.0001
Negative 92 (50.0) 36 (39.1) 94.8 (35.9-153.7) 71.42 57.56 33312
Positive 92 (50.0) 72 (78.3) 20.2 (14.2-26.2) 30.64 17.38

MMP-9 <0.0001
Negative 92 (50.0) 34 (37.0) 38.7 (30.4-47.0) 7339 57.00 52.341
Positive 92 (50.0) 74 (80.4) 16.8 (12.3-21.3) 27.19 17.18

Notes: *Bold indicates values with a significant difference (P<<0.05). ®Analysis was performed based on |64 patients with complete data of tumor size.
Abbreviations: OS, overall survival; MVD, microvessel density; LOX, lysyl oxidase; MMP-9, matrix metalloproteinase 9.

Survival analysis showed that the stromal activation was cor-
related with OS and DFS (P<<0.001). The expression of LOX
was significantly increased in the intense activation group
(P<<0.001; Table 5 and Figure 6A). In addition, the difference
in OS and DFS among stromal activation subgroups was sta-
tistically significant (P<<0.001 for all; Figure 6B and C).

Discussion
Invasion and metastasis are the basic and dangerous biologi-
cal behaviors of cancer, which are orchestrated and driven

by a combination of cancer cells and cancer stromal cells.
Evaluating the stromal activation, which is parallel to cancer
cell growth and invasion, would elucidate the complex evolu-
tion between cancer cells and TME. Our ability to interpret
and model behavior of cancer cells has been limited by the
difficulties of measuring stromal differences, for example,
comparing activated stromal and nonactivated stromal cells,
particularly at the holistic level.

For this purpose, multiple molecules, cells and architec-
ture that are involved in stromal activation should be directly
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Table 4 Univariate and multivariate analyses of factors associated with OS and DFS

Factors os DFS

UP Multivariate UP Multivariate

HR (95% CI) P-value HR (95% CI) P-value

Age: <60 vs =60 years 0.058 NA 0.170 NA
Gender: male vs female 0.146 NA 0.659 NA
Tumor size (cm?): <16 vs =16 0.003 0.324 0.003 2.006 (1.077-3.736) 0.028
Adenocarcinoma: differentiation vs undifferentiation ~ <<0.001 0.227 0.212 NA
T stage: TI, T2 vs T3, T4 0.001 3.285 (1.496-7.215) 0.003 0.097 NA
LN metastasis: no vs yes 0.015 0.831 0.255 NA
Distant metastasis: no vs yes 0.005 4.250 (1.791-10.086)  0.001 NA -
TNM stage: |, ll vs llI, IV 0.002 0.889 0.342 NA
Recurrence: no vs yes <0.001 2.296 (1.473-3.576) <0.001 NA -
Positive rate of resected LN: =0.33 vs >0.33 <0.001 2.615 (1.689-4.048) <0.001 0.002 0.426
Macrophages density: low vs high 0.349 NA 0.005 0.659
MVD: low vs high 0.048 0.695 0.108 NA
Neovessels maturity: low vs high <0.001  2.736 (1.756-4.262) <0.001 <0.001 1.870 (1.027-3.405) 0.028
Type IV collagen: negative vs positive <0.001 0.485 (0.311-0.756) 0.001 0.349
LOX: negative vs positive <0.001 0.606 <0.001 6.455 (2.980-13.984)  <0.001
MMP-9: negative vs positive <0.001  3.340 (2.132-5.233) <0.001 <0.001  2.625 (1.405-4.867) 0.002

Note: “~” indicates not applicable.

Abbreviations: OS, overall survival; DFS, disease-free survival; UP, univariate P-value; HR, hazard ratio; NA, not adopted; LN, lymph node; MVD, microvessel density;

LOX, lysyl oxidase; MMP-9, matrix metalloproteinase 9.

visualized and quantified histologically. Our previous studies
have showed that QDs have unique optical and electronic
properties such as size-tunable light emission, superior signal
brightness, resistance to photobleaching and simultaneous
excitation of multiple fluorescence colors.>2” QDs have
gained broad application in many areas of biology.?® The
versatile properties of QDs have allowed investigators to
conduct biological studies with extended spatiotemporal
capabilities.?” Liu et al have revealed extensive tumor het-
erogeneity at the molecular, cellular, and architectural levels
by the multiplexed QDs and wavelength-resolved spectral
imaging for molecular mapping of tumor heterogeneity
on human prostate cancer tissue specimens.*® Multiplexed
detection of biomarker in lung cancer, triple-negative breast
cancer and head and neck cancer is possible.?'** Herein,
the unique optical and electronic properties of QDs have
been fully displayed. Then, we established QD probe-based
multiplexed spectrum molecular imaging method to simul-
taneously obtain the essential stromal activation-correlated
molecular, cellular, morphological and quantifying informa-
tion and reveal the spatial evolution of LOX expression and
stromal activation (angiogenesis, immune cells infiltration,
ECM remodeling).

With the established imaging and quantifying method,
we conducted this study to answer the important question
that whether LOX promotes GC progression and could
be used as a marker for stromal activation. LOX is an
extracellular amine oxidase whose primary function is to

posttranslationally modify collagens and elastin in the ECM,
thereby catalyzing the covalent crosslinking of fibers.>* The
expression of LOX family members is tightly controlled
during normal development; however, aberrant expres-
sion and activity of these proteins have been reported in
a range of diseases, as well as in many cancers.** Nilsson
et al*® have showed that the LOX levels both in tumors and
in the surrounding tumor-bearing organs are apparently
related to prostate cancer aggressiveness. High expression
of LOX is related to worse outcome in some cancer, such as
astrocytomas, non-small lung cancer and GC.>* Notably,
the protein LOX has also been shown to have antitumor
activity in several cancer types, including GC, lung cancer
and nasopharyngeal carcinoma.** In this study, we also
found that the expression of LOX was significantly increased
in tumor tissues compared to peritumoral tissues. LOX was
expressed in cancer cells and stromal cells and correlated
with cancer progression. Different to some studies focused
on breast cancer implicate that LOX precedes and facilitates
the spread of the cancer cells to distant organs, such as the
bone and lung,'®* this study showed that patients with a high
expression of LOX seem to be in a high risk of recurrence,
especially local-regional recurrence.

Although some studies indicate that LOX improved the
mobility and invasiveness of cancer cell via EMT, the role of
stromal evolution activated by LOX could not be ignored.*
Stromal-derived LOX could create a milieu that is suitable
for metastastic cancer cells.’** Recently, LOX has been
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Figure 6 Cumulative OS and DFS curves of GC patients.

Notes: (A and B) LOX expression was related to the increased risk of death and recurrence for GC. (C and D) Stromal activation was related to the increased risk of

death and recurrence for GC.

Abbreviations: OS, overall survival; DFS, disease-free survival; GC, gastric cancer; LOX, lysyl oxidase.

considered as one target to control the metastasis of prostate
cancer.***” MMPs may be the target for LOX in the process
of ECM remodeling.**® It is noteworthy that LOX mediates
cell migration provoked by LKB1 loss with little impact on
cell proliferation in 2D cell culture. The discrepancy could
be due to the difference between 2D and 3D cell culture
systems, and LOX may alter cancer cell growth potential
via ECM remodeling.* The matrix stiffness, as well as
the ECM composition and architecture, plays fundamental
roles in cell fate determination.*’ In addition, LOX would

lead to BMDC recruitment, which was the major source
for infiltration of inflammation cells.**>! Morphological and
quantitative analyses of this study indicated that the expres-
sion of LOX could promote the infiltration of macrophages,
the ECM remodeling, the angiogenesis, the maturation of
neo-microvessel, the secretion of MMP-9 and the degradation
of type IV collagen (Table 2). Survival analysis indicated
that those stromal parameters were independent risk factors
for OS or DFS and would be considered as the marker for
stromal activation (Table 4).
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Table 5 Relationship between LOX expression and stromal

parameters
Stromal n (%) LOX expression P-value®
activation Negative Positive

(n=92), n (%) (n=92), n (%)
Weak 26 (14.1) 16 (17.4) 10 (10.9) 0.001
Moderate 106 (57.6) 61 (66.3) 45 (48.9)
Intense 52(283) 15 (16.3) 37 (40.2)

Note: *Bold indicates value with a significant difference, P<<0.05.
Abbreviation: LOX, lysyl oxidase.

We have compared the imaging features of IHC, fluo-
rescent imaging and QD probe-based molecular imaging
and established a novel protocol for QD-based multiplexed
imaging on complex clinical cancer tissues. However, our
study only focused on the application of QD probes in cancer
research, especially in the expression of LOX. In the future,
validation studies should be performed before the methods
could be applied in a clinical setting to guide treatment and
prognosis.

Conclusion

We revealed the unique advantages of QD probe-based
multiplexed molecular imaging method in cancer research.
By this new method, we proposed that the LOX is a stromal
marker for GC and stromal activation, which is not only
responsible for the ECM remodeling morphologically but
also for the formation of invasive properties and recurrence.
These results have raised exciting possibilities in integrating
morphological and molecular biomarker information for
cancer research.
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