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Abstract

Brain metastasis is thought to be related to the high mortality and poor prognosis of lung cancer. Despite significant advances
in the treatment of primary lung cancer, the unique microenvironment of the brain renders current therapeutic strategies
largely ineffective against brain metastasis. The lack of effective drugs for brain metastasis treatment is primarily due to
the incomplete understanding of the mechanisms underlying its initiation and progression. Currently, our understanding of
brain metastasis remains limited, primarily due to the absence of appropriate models that can realistically simulate the entire
process of tumor cell detachment from the primary site, circulation through the bloodstream, and eventual colonization of the
brain. Therefore, there is a pressing need to develop more suitable lung cancer brain metastasis models that can effectively
replicate these critical stages of metastasis. Here, based on the traditional carotid artery injection model, we established a
novel orthotopic mouse model by using a light-controlled hydrogel to repair the puncture site on the carotid artery, with
sustained cerebral blood circulation and the capability of multiple delivery cancer cell to mimic lung cancer brain metastasis.
The optimized orthotopic mouse model significantly reduced cerebral ischemia and improved cerebral oxygenation by 60%
compared to the traditional orthotopic mouse model, enhancing post-operative survival rates. It also showed a reduction in
pro-inflammatory cytokines and featured less inflammatory and more resting states of microglial and astrocyte cells. Fur-
thermore, the optimized orthotopic mouse model markedly increased the success rate and absolute number of the metastatic
clones in the brain. Additionally, the multiple delivery model based on the optimized orthotopic mouse model substantially
augmented the tumor clone number and formation rates compared to single injection in the optimized orthotopic mouse
model. This model overcomes previous limitations by maintaining cerebral circulation, providing a more accurate simula-
tion of the continuous entry of tumor cells into cerebral circulation. It offers a robust platform for studying the interactions
of cancer cells with the brain microenvironment and testing new therapeutic approaches.
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Background

Brain metastases from lung cancer represent a critical and
increasingly common complication that significantly impacts
mortality of lung cancer patients [1, 2]. Disappointingly, cur-
rent treatment strategies face significant hurdles, particularly
due to the brain's unique environment and the blood—brain
barrier (BBB), which limits the efficacy of systemic thera-
pies [3, 4].

Understanding the complex interactions between the
metastatic cancer cells and the brain's microenvironment is
critical for developing effective therapeutics [5]. Lung can-
cer brain metastasis is a complex process that begins when
endoderm-derived lung cancer cells regain stem cell-like
characteristics, enabling them to acquire migratory abilities
and breach the lung tissue barrier to intravasate into the cir-
culatory system [6, 7]. Once in the bloodstream, these cells
need to survive evade the immune system's defenses and
the shear forces of blood flow [8, 9]. The key to tumor cell
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colonization in the brain is endoderm-derived tumor cells
adapt to an environment enriched with ectoderm-derived
neurons and glial cells [10, 11]. The ability of endoderm-
derived lung cancer cells to settle and thrive in the ectoderm-
derived brain tissue highlights the remarkable plasticity and
adaptive mechanisms of cancer cells [12]. Studying these
processes could also unveil critical insights into how dispa-
rate embryonic tissues interact at a molecular level during
disease progression and offer potential therapeutic targets to
hinder or prevent brain metastasis in lung cancer patients.
The most commonly used model for lung cancer brain
metastasis research is the traditional orthotopic mouse
model (TOMM), in which lung cancer cells are injected via
common carotid artery (CCA), allowing the cells to enter the
brain circulation accurately. This model offers advantages
such as high tumor take rates and short tumorigenesis time.
However, the TOMM model requires permanent ligation
of the CCA, which prevents it from simulating the diffu-
sion process of circulating tumor cells under intact blood
flow shear forces and cerebral hemodynamics [13]. Most
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importantly, TOMM is unable to simulate the continuous
entry of tumor cells into the cerebral circulation, hence they
fail to study the impact of pioneer tumor cells on the brain
microenvironment and the subsequent effects on the coloni-
zation of subsequent tumor cells in the brain.

Further optimization of brain metastasis orthotopic
mouse model with sustained cerebral blood circulation can
significantly advance research in this field. First, a model
with intact cerebral hemodynamics would allow for the
study of how cancer cells breach the BBB, a key step in
brain metastasis. Second, maintaining cerebral hemodynam-
ics ensures a more authentic interaction between the tumor
cells and the brain's microenvironment, which is crucial for
understanding tumor behavior and progression. Third, intact
hemodynamics allow for the exploration of how blood flow
patterns and vascular architecture in the brain affect meta-
static spread and tumor growth, leading to more accurate
and translatable findings. Fourth, a model that accurately
replicates cerebral blood flow and BBB dynamics can be
used to test the efficacy of drugs and their ability to penetrate
the brain, leading to better therapeutic strategies.

Here, we describe a novel orthotopic brain metastasis
mouse model that utilized a light-controlled hydrogel to
repair CCA and achieved sustained cerebral blood circu-
lation and the capability of multiple cancer cell deliveries.
Hydrogels, particularly gelatin methacryloyl (GelMA),
have significant applications in tissue repair due to their
biocompatibility [14]. By incorporating hyaluronic acid
(HA), GelMA-based hydrogels exhibit enhanced proper-
ties, including promoting cell proliferation and angiogen-
esis, essential for tissue regeneration [15]. To address the
challenge of permanent CCA ligation in the TOMM, we
developed a novel orthotopic brain metastasis mouse model
using a light-controlled GeIMA/HAMA hydrogel, which,
activated by 405 nm blue light, effectively repairs the punc-
ture site and maintains normal blood flow. This optimized
model satisfies the aforementioned requirements to recapitu-
late the interaction between metastatic cancer cells and brain
microenvironment.

Methods
Synthesis of methacrylated gelatin (GelMA)

GelMA was prepared according to the previous method [16].
Weighing 20 g gelatin was dissolved in 250 ml ultrapure
water at 60 °C. Then, 12 ml of MA was added dropwise
into the gelatin solution. After stirring for 12 h at 37 °C, the
solution was dialyzed in a dialysis bag (3500 Da molecular
weight cutoff) against ultrapure water for 3 days. Then, the
solution was freeze-dried to obtain GelMA polymer and
stored at — 20 °C for future use.

Synthesis of methacrylated hyaluronic acid (HAMA)

HAMA was prepared as previously described with slight
modification [17]. Weighing 1 g of HA was stirred in 100 ml
of ultra-pure water until completely dissolved. Then, 3 ml
of MA was added dropwise into the hyaluronic acid solu-
tion and stirred for 8 h at room temperature (pH was kept
at about 8.5 by adding 5 mol/l sodium hydroxide). Finally,
the reaction mixture was dialyzed in a dialysis bag (MWCO
8—-14 kDa) against ultra-pure water for 3 days. The result-
ing solution was freeze-dried to obtain HAMA polymer and
stored at —20 °C for further use.

Preparation of composite hydrogels

The freeze-dried GeIMA and HAMA were dissolved in
phosphate-buffered saline (PBS) at 60 ° C to make the final
GelMA concentrations of 10% (w/v) with HAMA concentra-
tions of 0.5% (w/v). Then, 0.1% (w/v) photoinitiator LAP
was added, and the prepolymer solution was then exposed
to the UV light (365 nm) for 30 s.

Cell line and culture

Human Non-small cell lung cancer (NSCLC) cell lines,
A549, PC9, originally from American Type Culture Col-
lection, were cultured in accordance with standard require-
ments. A549 was cultured in DMEM (HyClone, USA)
supplemented with 10% FBS (HyClone, USA) and 1%
Penicillin—Streptomycin (Gibco, USA). PC9 was cultured in
RPMI 1640 (HyClone, USA) supplemented with 10% FBS
and 1% Penicillin—Streptomycin. All cells were cultured in a
humidified atmosphere containing 5% CO, at 37 °C. All cell
lines were mycoplasma free and routinely tested by PCR.

Stable cell transfection

A549 and PCO cells stably expressing green fluorescent
protein (GFP) were generated for functional studies. For
the production of lentiviral particles, 293 T cells were co-
transfected with 5 pg of lentiviral vectors pLenti-C-mGFP-
P2A-Puro (Origene, PS100093), 5 pg of pMD2-VSV-GENYV,
2.5 pg of pRSV-Reyv, 2.5 pg of pMDLg/pRRE by using the
calcium phosphate method. After 48 h, the supernatant con-
taining lentiviral particles was recovered, ultracentrifuged at
19,800 rpm using an SW28 rotor for 2 h, and resuspended in
PBS (500 pL for 20 ml of supernatant). A549 and PC9 cells
were infected with 80 pL of viral suspension in a medium
supplemented with polybrene (4 pg/mL) for 8 h. Two con-
secutive rounds of infections were performed to improve
the efficiency.
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Animals

All studies were approved by the Guangzhou Medical Uni-
versity Committee for Animal Use and Welfare (ethical
approval number:2023395). Nod-SCID female mice were
purchased from GemPharmatech Co., Ltd. Animals were
housed under standard vivarium conditions 22+ 1 °C, 12 h
light/dark cycle, with ad libitum food and water).

Anesthesia and injection procedures

After a habituation period of 1 week, the mice were admin-
istered 5% isoflurane for anesthesia induction and 1.5%
isoflurane for anesthesia maintenance in 30% O,/70% N,
through a facemask. Each mouse was placed in the supine
position and fixed on an operating table. The middle of the
neck was sterilized, and one small incision was made. The
right common carotid artery was isolated, ensuring separa-
tion from the vagus nerve. The 8-0 sutures were placed at
the proximal and distal ends of the exposed carotid artery.
The proximal suture was tied first, and the artery was punc-
tured using a microsyringe for cell injection. The cells were
slowly injected from the syringe into the carotid artery. It is
crucial to avoid introducing air bubbles into the blood ves-
sels, as this could cause air embolism and result in the death
of the mouse. Successful injection can be observed under
the microscope by the changing color of nearby blood ves-
sels and musculature when buffered cancer cells are pushed
into the circulation. After cell injection, the distal suture
was gently lifted to prevent tumor cell reflux. The syringe
needle was then removed, and the distal suture was quickly
ligated. Subsequently, a light-controlled hydrogel was rap-
idly implanted, covering the puncture site of the CCA.
Blue light was applied to the hydrogel to solidify it. Once
the hydrogel solidified, the distal suture was first released,
ensuring no bleeding, followed by the release of the proxi-
mal suture. Finally, the skin was sutured using 3—0 sutures.
The key steps of the injection procedures are shown in the
video in Supplementary Video 1.

2,3,5-Triphenyl tetrazolium chloride (TTC) staining

Two hours after the modeling, mice in the different models
were sacrificed for the assessment of brain hypoxic condi-
tions. The brain was removed from the skull, placed in a
brain matrix, and sliced into 1 mm coronal sections. The
slices were incubated in 2% TTC (Sigma-Aldrich, USA)
solution at 37 °C for 10 min and then stored in 4% paraform-
aldehyde for 24 h for later visualization. The brain slices
was digitally imaged using a stereo zoom microscope (Axio
Zoom.V16, ZEISS, Germany).
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Photoacoustic imaging (PAI) system

The brain microvessels of mice after different models were
imaged by an optical resolution PAI system at 532 nm. In
brief, after the mouse model was successfully established,
the scalp of the mouse was opened by scissors. Then
the brain area of the mouse was placed in the system for
scanning.

The laser repetition rate of the system was 5 kHz with
a pulse width of 7 ns. The acoustic signals generated by
laser irradiation on the imaging tissues were amplified by
a 50-dB amplifier (Mini-Circuits, USA) and then received
by a 50 MHz ultrasonic sensor. The maximum amplitude
projection images of the ROI were acquired by integrating
the signals with the computer.

Tissue preparation and immunostainings

To collect mouse brain used for cryosection, after anesthe-
sia, mice were briefly perfused with cold PBS and then with
4% paraformaldehyde. The brains were then isolated and
post-fixed in 4% paraformaldehyde for 24 h and dehydrated
in 30% sucrose for 48 h. Fixed brain tissues were embedded
into Optimal Cutting Temperature compound (SAKURA,
USA). The embedded brains were cut into frozen sections
of 25 pm thickness in series on CT520 (Dakewe Biotech
Co., Ltd.).

The following primary antibodies were used for immu-
nofluorescent staining: anti-Glial fibrillary acidic protein
(GFAP) (DAKO, catalog #53554, dilution 1:500); anti-Ion-
ized calcium-binding adaptor molecule 1 (IBA-1) (Abcam,
catalog #ab5076, dilution 1:250). The following secondary
antibodies were used for immuno-fluorescent staining: Alexa
Fluor 488 donkey anti-rabbit (Invitrogen, catalog #A21206,
dilution 1:250); Alexa Fluor 488 donkey anti-goat (Invit-
rogen, catalog #A11055, dilution 1:250); Alexa Fluor 555
donkey anti-rabbit (Invitrogen, catalog #A31572, dilution
1:250); Alexa Fluor 555 donkey anti-goat (Invitrogen, cata-
log #A21432, dilution 1:250); Alexa Fluor 647 donkey anti-
rabbit (Invitrogen, catalog #A31573, dilution 1:250); Alexa
Fluor 647 donkey anti-goat (Invitrogen, catalog #A21447,
dilution 1:250).

Imaging

Tumor cells' location in brain were monitored by a fluores-
cence stereo zoom microscope (Axio Zoom.V16, ZEISS,
Germany). After staining was completed, fluorescence
images were obtained using a fluorescence microscope
(Leica DM6, Germany) and a confocal laser-scanning micro-
scope (LSM880, ZEISS, Germany).
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Fig. 1 An optimized orthotopic mouse model for cancer brain metas-
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process. Scale bar=2 mm. B Schematic illustration of the prepara-
tion of GeIMA/HAMA. C Schematic illustration of the OOMM pro-
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site following GeIMA/HAMA application at day 0 and day 30. Scale
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«Fig. 2 The analyses of mouse brain hemodynamic and oxygen satura-
tion treated with TOMM and OOMM. Photoacoustic imaging of the
blood flow in the brain of A TOMM-treated mice, B OOMM-treated
mice. Photoacoustic imaging of oxygen saturation in the brain of C
TOMM-treated mice, D OOMM-treated mice. Quantification of
E blood vessel density, F arterial oxygen saturation and G venous
oxygen saturation in left and right side of the brain in mice after the
TOMM and OOMM procedure. Data are presented as mean+SD
from n=3 mice. *<0.05, **<0.01, ****<0.0001 by paired t test.
H Representative images of cerebral infraction in mice treated with
the TOMM or the OOMM procedures. TTC staining was performed
with brain slides. =3 mice for each group. Scale bar: A-D 2 mm;
H 2 mm

Cytokine determination by magnetic multiplex
assay

Mouse brain tissue was analyzed for cytokines using the
Magnetic Luminex Performance Assay (R&D Systems).
MAGPIX (Luminex, USA) was used to read the multiplex
assay. As with the enzyme-linked immunosorbent assay
(ELISA), all sample time points for a given individual were
assayed within the same sample plate; only one assay plate
was run.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
9. Comparisons of two groups were performed by paired
t test. Comparisons of more than two groups were performed
using a one-way ANOVA with Dunnett’s multiple compari-
son post hoc test. The number of mice and samples, and the
specific statistical tests performed, are indicated in the figure
legends. Differences in means were considered statistically
significant at *, p<0.05; **, p<0.01; *** p<0.001; ****,
p<0.0001.

Results
Optimized orthotopic mouse model

In TOMM, a puncture is made in the CCA by injecting
tumor cells. To prevent bleeding and the backflow of tumor
cells at the puncture site, the CCA is permanently ligated
(Fig. 1A). However, this also disrupts normal blood flow
to the brain, potentially leading to ischemia in the areas of
the brain that the artery supplies. This alteration in blood
supply can also affect the physiological state of the brain,
potentially influencing the behavior of both tumor and brain
microenvironment cells. To circumvent the issues caused by
CCA ligation, we synthesized a light-controlled hydrogel
GelMA/HAMA, which can be activated by 405 nm blue
light initiating a second crosslinking phase to repair the
puncture site, to sustain the normal blood flow (Fig. 1B,

C). The characterizations of the GeIMA/HAMA hydrogels
can be seen in supplementary Fig. 1. During the injection
process, the light-controlled hydrogel is implanted near the
injection site. Subsequently, a blue light flashlight is used
to stimulate the light-controlled hydrogel, inducing a sec-
ond crosslinking phase. This transition gradually changes
the light-controlled hydrogel from a liquid to a solid state,
effectively repairing the CCA (Fig. 1D). Given the applica-
tion of light-controlled hydrogel for arterial injection site
repair, it is crucial that its structure within be robust and
non-absorbable. It is observable that the light-controlled
hydrogel remains stably attached to the injection site after
30 days of implantation (Fig. 1E). We established a novel
brain metastasis orthotopic mouse model by using a light-
sensitive GeIMA/HAMA hydrogel, which solidifies under
blue light to repair the puncture in CCA, thereby maintaining
physiological brain function and potentially offering a more
suitable model for investigating tumor cell behavior and
interactions with the brain microenvironment. The hydrogel
remains stable and effective for a long time post-application.

OOMM model shows significantly improved cerebral
blood flow and oxygen supply

To explore whether the OOMM model without the ligation
of CCA after tumor cell grafting can improve the cerebral
oxygen supply compared to TOMM, whole-brain photoa-
coustic imaging scans were performed 2 h after surgery in
both models. The TOMM showed a significant reduction in
cerebral blood flow signal due to permanent closure of the
common carotid artery, while the OOMM showed a reduc-
tion in some cerebral capillary blood flow signals likely due
to temporary closure of the common carotid artery (Fig. 2A
vs. B). The base-line of blood flow and oxygen saturation
in photoacoustic imaging can see in supplementary Fig. 2.
Spectral analysis of changes in blood oxygen content within
brain vessels showed that the traditional model had a sig-
nificantly reduced blood oxygen signal in the cerebral cor-
tex, whereas the improved model showed a reduction in
blood oxygen signals in small vessels in the cerebral cor-
tex (Fig. 2C VS. D). There was a statistically significant
difference between the two models in left cerebral vessel
density signals intensity (Fig. 2E). The difference in oxy-
hemoglobin saturation in the left cerebral artery between the
two models was statistically significant, and there was also
a difference in venous oxyhemoglobin saturation in the left
cerebrum between the two models (Fig. 2F, G). To explore
the oxygenation status of the whole brain, especially the
deeper locations, we utilized 2,3,5-Triphenyl tetrazolium
chloride (TTC) staining to analyze the hypoxic conditions
in the brain tissues of both model groups. TTC staining of
mouse brains was performed 2 h after modeling. The white
areas represent ischemic and hypoxic tissues, and the red
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«Fig.3 The OOMM demonstrates improved post-procedure survival
rate of mice, elevated tumor clone formation, and an altered spa-
tial distribution of tumor clones when compared to TOMM. A The
post-procedure survival rate of mice 24 h after the TOMM or the
OOMM procedure. B The success rate of metastatic brain tumor
formation following the TOMM or the OOMM procedure. Repre-
sentative image of the formation of tumor clones (green, GFP+) in
the mouse brain 45 days post the TOMM or the OOMM procedure.
C PC9 cells; E A549 cells. Scale bar: left column 2 mm; right col-
umn 10 mm. Quantification of the number of tumor clones per brain
from mice treated with the TOMM or the OOMM procedure: D PC9
cells; F A549 cells. Data are presented as mean+ SD from n=35 mice.
##%% <(0.0001 by paired t test. G Spatial distribution of PC9 cell
line tumor clone in the brain of mice treated with the TOMM or the
OOMM procedure. Data are presented as mean =+ SD from n=7 mice
in TOMM group,n = 23 mice in OOMM group. * <0.05, **<0.01
by paired t test

areas represent normally perfused tissues. It was found that
the OOMM significantly ameliorated cerebral ischemia and
hypoxia compared to the TOMM (Fig. 2H).

OOMM model demonstrates enhanced success rate
of brain metastasis

The assessment of tumor clone numbers indicates the capa-
bility of cancer cells to proliferate and form new lesions in
brain metastasis models. Models yielding numerous tumor
clones are more valuable for lung cancer brain metastasis
research, closely mirroring the complexity of human dis-
ease. An increase in tumor clone numbers suggests the
model provides conducive conditions for tumor cell growth
and proliferation. We evaluated the differences between the
optimized model and the traditional model in three aspects:
survival rates of mice 24 h post-surgery, tumorigenesis rates
six weeks after surgery, and the number of brain metastatic
tumors. Initially, we assessed the survival of mice within
24 h post-modelling for both the traditional and optimized
models. Due to improved cerebral cortical vascular blood
flow and oxygen content, the optimized model showed a sig-
nificantly reduced post-surgery mortality. In the optimized
model group, 32 out of 35 mice survived (94%); whereas
in the traditional model group, only 22 out of 35 mice sur-
vived (63%) (Fig. 3A). It is noteworthy that our experimen-
tal data indicate that survival rates in the OOMM model
were lower for C57BL/6 mice (immunocompetent mice)
compared to NOD-SCID mice (data not shown). This dif-
ference may be attributed to the weaker immune response
in NOD-SCID mice. We used the Epidermal growth factor
receptor (EGFR) mutated PC9 cell line and the Khirsten
RNA associated rat sarcoma 2 virus (Kras) mutated A549
cell line for tumor grafting, as EGFR and Kras are the most
common driver genes in lung cancer brain metastasis. In the
traditional model, the tumor formation rate was 20% for PC9

cells and 37.14% for A549 cells. In contrast, in the improved
model, the tumor formation rate increased to 64.71% for PC9
cells and 57.14% for A549 cells (Fig. 3B), underscoring a
higher repeatability of our optimized model for brain metas-
tasis. Regarding the abundance of metastatic tumor clones
in each mouse, PC9 cells in the improved model had signifi-
cantly more brain metastatic tumors than in the traditional
model, and the difference in the number of tumors between
the two models for PC9 cells was statistically significant
(Fig. 3C, D). Consistently, A549 cells in the improved model
had significantly more brain metastatic tumors than in the
traditional model, and the difference in the number of tumors
between the two models for A549 cells was statistically sig-
nificant (Fig. 3E, F). The conventional lung cancer brain
metastasis model, including the intracardiac and tail vein
injection models, formed fewer tumor clones in the brain and
produced a large number of pulmonary tumor clones (Sup-
plementary Fig. 3A, B). The number of intracranial tumor
clones formed in both the intracardiac and tail vein injection
models was significantly lower than that in the OOMM, with
a statistically significant difference (Supplementary Fig. 3C,
D).

Additionally, we assessed the spatial distribution of the
metastatic tumor clones in different brain regions between
the two models. The olfactory bulb (Fig. 3G) shows no sig-
nificant difference between the models, indicating a similar
propensity for tumor formation in this brain region across
both models. In contrast, the cerebral cortex (Fig. 3H) exhib-
its a marked difference, suggesting a variance in tumor dis-
tribution likely influenced by the blood supply from the
CCA, which predominates in this area. A significant increase
in tumor numbers was observed in the Hypothalamus
(Fig. 3L), Midbrain (Fig. 3M), and Cerebellum (Fig. 3N) in
the OOMM model compared to TOMM. Thalamus (Fig. 3K)
and Hippocampus (Fig. 3I) exhibit no significant change.

The study's assessment of tumor clone numbers revealed
crucial insights into the proliferation and lesion formation
abilities of cancer cells in models of brain metastasis. The
optimized model, with improved survival rates and higher
tumorigenesis rates, outperformed the traditional model,
indicating a more conducive environment for tumor growth
and a more accurate reflection of the human disease state.

Impact of intact cerebral blood flow on tumor cell
distribution and metastasis in brain

To study the impact of cerebral blood flow on the dis-
tribution of brain metastatic cells and the differences in
tumor formation between the two models, we employed
two injection methods and collected mouse brain tissues
at three time points: 12 h, day 7, and day 14 post-surgery.
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Fig.4 OOMM extended survival of cancer cells in the mouse brain.
Stereoscopic fluorescence imaging of whole mouse brain to detect
survival tumor cells at 12 hour, day 7, and day 14 post the TOMM or
the OOMM procedure: A PC9 cells; D A549 cells. Scale bar: C and
D 2 mm, insets 10 mm. Quantification of tumor clone survival rate
at 12 hour, day 7, and day 14 post the TOMM or the OOMM proce-
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12 Hours Day 7 Day 14

dure: B PC9 cells; E A549 cells. Data are presented as mean+SD
from n=3 mice. *** <(0.001 by paired t test. Quantification of tumor
clone number at 12 hour, day 7, and day 14 post the TOMM or the
OOMM procedure: C PC9 cells; F A549 cells. Data are presented as
mean = SD from n=3 mice. **<0.01, *** <(0.001 by paired t test
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Twelve hours after injection, PC9 cells in the OOMM
were uniformly distributed throughout the brain, whereas
in the TOMM, cells were confined to specific regions such
as the olfactory bulb, cortex, hippocampus, basal gan-
glia, thalamus, and hypothalamus. After seven days, the
TOMM exhibited weakened fluorescence signals, while
the OOMM displayed stronger and larger signals, sug-
gesting better survival and possible proliferation of PC9
tumor cells at this time point. After fourteen days, the
TOMM barely showed any visible punctate fluorescence,
with only clumped fluorescence signals remaining, possi-
bly indicating that most tumor cells did not survive long-
term, and only a fraction capable of proliferation formed
large clones. In contrast, the optimized model not only
showed clumped fluorescence but also retained some small
punctate signals, suggesting not only did the tumor cells
survive and regain proliferative capacity to form large met-
astatic foci but also some cells might be in a dormant state
(Fig. 4A). To quantify tumor cell survival, we used fluo-
rescence stereomicroscopy to count the number of tumor
cells/clones at 12 hour, day 7, and day 14 post-injection.
The 12 hour count served as the baseline, and survival
rates were calculated by dividing the number of tumor
cells/clones at day 7 and day 14 by the respective num-
bers at earlier time points. The survival rate of PC9 tumor
cell clone initially decreases and then increases in both
models, with significant statistical differences in tumor
clone survival rate between the two models at the day 7
(Fig. 4B). Over time, the number of clones formed in both
the optimized and traditional models decreased (Fig. 4C).

Twelve hours after injection, A549 cells fluorescence
signals were scarcely visible in the TOMM, while the
OOMM showed a robust punctate fluorescence signal. By
day seven, fluorescence signals from A549 cells in the
TOMM had declined but were still detectable. In contrast,
the OOMM showed denser fluorescence with larger spots,
indicating better survival and proliferation conditions for
AS549 cells. After fourteen days, the OOMM showed more
fluorescence spots compared to the traditional model,
especially in the olfactory bulb, suggesting a significant
increase in tumor activity (Fig. 4D). Also, the survival
rate of A549 tumor cell clone initially decreased and then
increases in both models, with significant statistical differ-
ences in tumor clone survival rate between the two models
at the day 7 (Fig. 4E). Similarly, the number of clones
formed by A549 cells in both the optimized and traditional
models decreased over time (Fig. 4F).

OOMM model reduced activation of astrocytes
and microglia

Cytokines are direct executors of immune responses and can
be detected for significant changes in their quantity in the
early stages of inflammation. Therefore, we used the luminex
high-sensitivity cytokine detection method to compare the
inflammation response in TOMM and OOMM. Although
elevated cytokines were found in both models 12 h after
tumor cell grafting, the tumor necrosis factor a (TNF-o) and
interferon y (IFN-y) cytokines were higher in the TOMM
compared to the OOMM (Fig. 5A). TNF-a is mainly pro-
duced by activated macrophages and is a multi-functional
pro-inflammatory cytokine that can activate T cells and
stimulate their production of IFN-y. The cytokines TNF-«a
and IFN-y are recognized for a synergistic anti-tumor effect
[18, 19]. The elevated levels of these cytokines in the tra-
ditional grafting model may contribute to the more rapid
decline of surviving tumor cells in the traditional model
compared to our optimized model. Additionally, the level
of RANTES (CCLS5) cytokines was higher in the improved
model compared to the traditional model at 12 h and day 7.
CCLS5 expression is regulated by the STING signaling path-
way, and recent literature suggests that the STING signaling
pathway is related to dormant metastatic tumors [20]. The
above results suggest that in the improved model, tumor cells
entering the brain to some extent entered a dormant state
and resumed proliferation after the inflammation caused by
modeling subsided.

Astrocytes and microglia are the first to respond to
inflammation in the brain, and the morphology of astrocytes
and microglia represents their cellular function. To deter-
mine the impact of the two different models on the com-
plexity of neuroglial cells, we evaluated the morphology
of microglia and astrocytes around tumor cells 48 h after
injecting tumor cells in the two models, using anti-Iba-1
staining for microglia and anti-GFAP staining for astrocytes
(Fig. 5B). Consistent with previous reports, we found that
under inflammatory conditions, astrocytes changed from
small cell bodies with long and thin branches to cells with
increased and thickened branches and enlarged cell bodies;
microglia changed from cells with many branches extending
to thin cell bodies to amoeba-like cells with fewer branches
[21]. We then used Sholl analysis to analyze the complex-
ity of astrocytes and microglia. We found that Sholl plots,
which depict the number of interactions per 10 pm steps
from the cell soma, GFAP + cell interactions were obvi-
ously reduced in the OOMM at 140 pm (Fig. 5C, D), and
Iba-1+ cell interactions per 10 pm steps from the cell soma
were reduced in the traditional method at 190 um (Fig. 5E,
F). These results suggest that the two models have differ-
ent impacts on the neuroglial. The observed morphological
changes in astrocytes and microglia indicate an activated
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«Fig.5 Reduced brain inflammation and astrocyte and microglia acti-
vation post OOMM procedure compared to TOMM. A The level of
inflammation-related cytokines in the mouse brain at 12 hour and one
week following TOMM, OOMM, or sham surgery. B Representative
GFAP staining and IBA-1 staining in brain tissue of mice harvested
12 h post the TOMM or OOMM procedure. Scale bar: left column
250 pm, right column 50 pm. n=3 mice. C Two-dimensional Sholl
analysis of GFAP+astrocytes in the superior frontal cortex of the
brain from mice harvested 12 h post the TOMM or OOMM proce-
dure. D The process intersections number of astrocytes from mice
harvested 12 h post the TOMM or OOMM procedure. Data are pre-
sented as mean+SD from n=3 mice. *<0.05 by paired t test. E
Two-dimensional Sholl analysis of IBA-1+microglia in the of the
brain from mice harvested 12 h post the TOMM or OOMM proce-
dure. F The process intersections number of microglia from mice har-
vested 12 h post the TOMM or OOMM procedure. Data are presented
as mean + SD from n=35 mice. * <0.05 by paired t test

state in TOMM, which is typically characterized by changes
in cell size and branching complexity. In the OOMM group,
astrocytes exhibited a star-like shape with multiple branches,
and microglial cells displayed extended, fine branches stem-
ming from a small core, indicating low inflammatory and
cell resting states.

OOMM model enables multiple injections
through the common carotid artery

Lung cancer brain metastasis is a complex process that
includes lung cancer cells separating from the primary site,
continuously falling from the primary site, and infiltrating
through the blood and lymphatic systems, then entering
the circulatory system, circulating tumor cells crossing the
BBB to colonize and domesticate microenvironment cells
in the brain's unique microenvironment. However, there is
currently no model that can realistically simulate the entire
process of lung cancer brain metastasis. The current lung
cancer brain metastasis CCA injection model requires
puncture on the CCA, and to prevent tumor cell reflux and
bleeding, permanent closure of the CCA is necessary. This
results in a one-time stimulation of the brain microenviron-
ment by lung cancer cells, which fails to accurately rep-
licate the repeated stimulation of the brain microenviron-
ment by circulating tumor cells.Therefore, we developed a
multiple injection model based on the OOMM, utilizing the
CCA previously repaired by light-controlled hydrogel for
repeated injections of lung cancer cells. The multiple injec-
tion process involves the first injection of a small amount
of tumor cells to simulate the entry of circulating tumor
cells into the brain circulation and the conditioning of the
pre-metastatic microenvironment. After day 7 following the
first injection, a second injection of tumor cells is performed
to simulate the process by which subsequently circulating
tumor cells rapidly adapt to and colonize the pre-metastatic
microenvironment that has already been established. To
explore the optimal cell concentration for conditioning the

pre-metastatic microenvironment, we set three cell concen-
tration gradients for the first injection: 2 X 10%, 5% 10*, and
1% 10°. The second injection was performed with the same
cell concentration as used in the TOMM and OOMM mod-
els. (Fig. 6A, B). After the first injection, the injection site
was sealed using hydrogel. Seven days later, upon reopening
the previous surgical site, it was observed that the previ-
ously implanted bioprotein gel remained intact. Following
the second injection, the injection site was once again sealed
using the light-controlled hydrogel (Fig. 6C). To ensure the
detection of micro metastatic foci, we sectioned the entire
mouse brain and performed H&E staining on all slices, fol-
lowed by 3D reconstruction to observe and count the forma-
tion of all metastatic niches (Fig. 6D). The locations of the
tumors within the brain were meticulously recorded, and
whole-brain 3D reconstruction technology was utilized to
accurately depict the spatial distribution of the tumors in
the brain (Fig. 6E). We found that the number of brain meta-
static tumors with multiple injection was higher than that in
the group with OOMM, and the difference in the number of
tumors between the two groups was statistically significant.
However, there was no statistically significant difference in
the number of tumors among the different cell concentration
groups in the multiple injection group (Fig. 6F).

Exploring the role of circulating tumor cell
in modulating pre-metastatic microenvironment

We investigated the differences in shaping the pre-metastatic
microenvironment by a small number of circulating tumor
cells (CTCs) versus a large number of CTCs. We performed
immunofluorescence staining on brain tissue samples from
mice in the multiple injection and OOMM groups at day 7
post-surgery. Notably, the multiple injection group was har-
vested after only the first injection of a small number of
tumor cells. Astrocytes were stained with GFAP antibodies,
and microglia were stained with Iba-1 antibodies. Staining
results showed that in the OOMM group, both astrocytes and
microglia were clustered around the tumor cells; however,
in the multiple injection group, only astrocytes clustered
around the tumor cells (Fig. 7A). We found that GFAP + cell
interactions was obviously increasing in the multiple injec-
tion models at 60 pm (Fig. 7B), and Iba-1+ cell interac-
tions per 10 pm steps from the cell soma were reduced in
the traditional method at 70 pm (Fig. 7C). The statistical
results revealed that the density of astrocytes in the multiple
injection model was significantly higher than in the OOMM
(Fig. 7D). Conversely, the density of microglia in the multi-
ple injection model was significantly lower compared to that
in the OOMM (Fig. 7E). These results suggest that the pio-
neer circulating tumor cells in the multiple injection group
condition astrocytes, creating a suitable environment for the
subsequent arrival of tumor cells.
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«Fig.6 OOMM enables multiple intracarotid injections. A Sche-
matic diagram of the experiment for the multiple injection model to
compare tumor formation numbers with different dose of cell in the
first injection. B Schematic illustration of multiple tumor cell injec-
tions through the CCA in OOMM. C Images depicting the CCA after
the first and the second injections. Scale bar:2 mm. D Detection of
tumor cells through DAPI staining of serially sectioned brain slides
from mice treated with the multiple injection model and OOMM
procedure. Scale bar: left column 2 mm, right column 250 pm. E
3D reconstruction of serially sectioned brain slides to depict the
abundance, size, and location of tumor clones in mice treated with
the multiple injection model and OOMM. F Quantification of the
tumor numbers of different tumor cell numbers in OOMM and dif-
ferent group of the multiple model. Data are presented as mean +SD
from n=3 mice. ** <(0.01 by one-way ANOVA

Discussion

The ongoing battle against lung cancer, particularly NSCLC,
has been marked by significant advancements with targeted
therapies and immunotherapies, enhancing patient progno-
sis [22]. Despite these advancements, the median survival
time for patients with lung cancer brain metastasis remains
distressingly limited, underscoring the urgent need for more
effective treatment modalities and a comprehensive under-
standing of the underlying biological processes involved in
brain metastasis [23].

The complexity of brain metastasis, characterized by a
series of steps from the detachment of cancer cells from the
primary tumor, their survival in the bloodstream, migration,
and eventual colonization and establishment in the brain,
presents a formidable challenge [24]. The intricacies of this
metastatic process necessitate precise models for investiga-
tion, crucial for unraveling the cellular and molecular mech-
anisms underpinning Brain metastasis development and for
the preclinical assessment of novel therapeutic strategies.
However, the field has been hampered by the limitations
of existing models, ranging from in vitro systems like cell
cultures and 3D organoids to in vivo models including xeno-
grafts and genetically engineered mouse models [25]. Each
model, while contributing valuable insights, falls short in
fully replicating the multifaceted processes and conditions
integral to brain metastasis.

In our quest to elucidate the intricacies of brain metasta-
ses stemming from NSCLC, a comprehensive examination
was undertaken comparing traditional and modified in situ
injection models. This investigation was primarily driven
by the imperative to develop a model that more accurately
simulates the cerebral microenvironment and the dynam-
ics of tumor cell migration and survival within the brain.
The modified model employed a novel approach using blue-
light controlled bioprotein gel for the repair of the common
carotid artery, which significantly restored blood flow and
increased oxygen saturation by 60% in the left hemisphere
of the mouse brain, compared to the traditional model that
induced severe cerebral ischemia and hypoxia through per-
manent ligation of the artery.

This ischemic condition in the traditional model precipi-
tated the widespread secretion of inflammatory factors, a
phenomenon markedly mitigated in the modified model.
This improvement in blood flow and oxygen saturation in
the modified model resulted in significantly lower levels
of pro-inflammatory cytokines, notably TNF-a and IFN-y.
This is pivotal, given the established role of inflammation
in tumor progression and metastasis. The reduction in pro-
inflammatory cytokines, such as TNF-a and IFN-y, in the
modified model aligns with current understanding of the
inflammatory cascade's contribution to tumor cell survival
and proliferation.The correlation between immune cell
morphology and function was distinctly observed in the
immunofluorescent staining of astrocytes and microglia,
cells integral to the brain's immune defense. The traditional
model activated these cells, as evidenced by the enlarged
cell bodies and increased number of thickened processes
in astrocytes, and the rounded cell bodies with short, thick
processes in microglia, reflecting an ameboid-like deforma-
tion. In contrast, in the modified model, 12 h post-operation,
showed only minimal activation of these cells.

Moreover, our research underscored the enhanced ability
of the modified model to bolster tumor cell survival rates.
At day 7 following the procedure, the survival rate of PC9
and A549 cells was noted to be approximately 27.87% and
46.25%, marking a statistically significant enhancement
relative to the traditional model. This finding indicates that
the cerebral microenvironment within the modified model
offers a more favorable setting for the sustenance of tumor
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resentative GFAP staining and IBA-1 staining of brain slides from
mice at day 7 post the single injection or the multiple injection. B The
number of process intersections of astrocyte from mice harvested day
7 post single injection or multiple injection procedure. Data are pre-
sented as mean +SD from n=3 mice. * <0.05 by paired t test. C The
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cells. The traditional model, plagued by cerebral ischemia
and hypoxia, may lead to a skewed understanding of tumor
cell survival, reflecting an adaptation to ischemic condi-
tions rather than the selective pressures exerted by the
blood-brain barrier and the brain microenvironment. The
ability of our modified model to accurately mimic the human
disease process presents a transformative potential for cancer
research and the development of therapeutics. This model
serves as a distinct platform for examining the influence of
pioneer tumor cells on the brain microenvironment, allowing
for the observation of how these cells adapted to and primed
the site for the invasion of subsequent tumor cells. Gaining
insight into these preliminary phases of brain metastases
could unveil effective strategies for impeding the onset of
brain metastasis. Additionally, the model acts as an optimal
venue for testing novel therapeutic agents, evaluating both
their direct impacts on tumor cells and their capacity to pen-
etrate the BBB and alter the brain’s microenvironment. By
enabling a thorough understanding of the underpinnings of
metastasis and evaluating therapeutic approaches with ele-
vated translational potential, this model lays the groundwork
for innovatie therapeutic strategies. It effectively narrows the
chasm between preclinical studies and clinical implemen-
tation, signaling the advent of a new phase in the clinical
management of lung cancer patients, with the potential to
substantially enhance patient outcomes.

Building upon the modified model, we ventured to
establish a multi-tumor injection model to simulate the ini-
tial interaction of pioneer tumor cells with the blood—brain
barrier and the brain microenvironment. Injecting tumor
cells at lower concentrations (2x 10%, 5x 10%, 1x10°
cells) aimed to mimic the stimulation provided by pioneer
tumor cells. Comparing the microenvironmental impact
seven days post-injection between low and high tumor cell
concentrations revealed differential activation of astro-
cytes and microglia. Low concentration injections prefer-
entially activated astrocytes without stimulating microglia,
whereas high concentration injections activated both cell
types. These findings underscore the importance of restor-
ing proper cerebral blood supply to mitigate inflammation
and improve the conditions for tumor cell survival within
the brain. Furthermore, the differential activation of astro-
cytes and microglia observed in the multi-tumor injection
model call attention to the fact that tumor microenviron-
ment is dynamics. To manage or prevent brain metasta-
sis, illustrating the role of astrocytes in pre-metastatic
lesion is essential. The modified model presents a signifi-
cant advancement in accurately simulating the cerebral
microenvironment, offering a deeper understanding of the
interplay between tumor cells, the blood—brain barrier, and
brain immunity. The implications of these findings extend
beyond the technical achievements, providing a founda-
tion for future research into the development of targeted

therapies that consider the complexity of brain metastases
from NSCLC. This study not only contributes to the refine-
ment of experimental models but also paves the way for
novel therapeutic interventions aimed at combating one
of the most challenging aspects of cancer treatment: the
effective management of brain metastases.

In parallel, this study maybe provide a perspective
on the implications of tyrosine kinase inhibitors (TKIs)
on BBB integrity. TKIs, a cornerstone in the arsenal of
targeted therapies for NSCLC, target multiple receptor
tyrosine kinases including VEGFR, c¢-KIT, PDGFRp, and
EGFR [26, 27]. By inhibiting these kinases, TKIs block
crucial signaling pathways for cancer cell proliferation but
may also disrupt signaling pathways maintaining endothe-
lial cell cohesion, potentially increasing BBB permeability
[28, 29]. This dual action underscores the complexity of
treating brain metastasis, necessitating a careful balance
between targeting tumor cells and preserving BBB protec-
tive mechanisms. Utilizing our newly developed OOMM,
future research could aim to evaluate and screen for phar-
macological compounds that can mitigate the adverse
effects of TKIs on the BBB. By identifying agents that can
preserve the integrity of the BBB while maintaining the
therapeutic efficacy of TKIs against tumor cells, we could
aspire to develop a dual-action therapeutic strategy that
not only inhibits tumor proliferation but also minimizes
the risk of metastatic progression to the brain.

In conclusion, the OOMM represents a significant
advancement in the modeling of brain metastasis, potentially
bridging the gap between the translation of bench research
into effective clinical treatments. By providing insights into
the tumor microenvironment and factors influencing tumor
cell survival, migration, and colonization in the brain, this
model opens the door to novel therapeutic strategies and
enhances our understanding of brain metastasis, ultimately
aiming to improve patient outcomes in the fight against lung
cancer.
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