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Abstract

Background Excessive pericyte coverage promotes tumor growth, and a downregulation may solve this dilemma.
Due to the double-edged sword role of vascular pericytes in tumor microenvironment (TME), indiscriminately
decreasing pericyte coverage by imatinib causes poor treatment outcomes. Here, we optimized the use of imatinib in
a colorectal cancer (CRC) model in high pericyte-coverage status, and revealed the value of multiparametric magnetic
resonance imaging (mpMRI) at 9.4T in monitoring treatment-related changes in pericyte coverage and the TME.

Methods CRC xenograft models were evaluated by histological vascular characterizations and mpMRI. Mice with
the highest pericyte coverage were treated with imatinib or saline; then, vascular characterizations, tumor apoptosis
and HIF-1a level were analyzed histologically, and alterations in the expression of Bcl-2/bax pathway were assessed
through gPCR. The effects of imatinib were monitored by dynamic contrast-enhanced (DCE)-, diffusion-weighted
imaging (DWI)- and amide proton transfer chemical exchange saturation transfer (APT CEST)-MRI at 9.4T.

Results The DCE- parameters provided a good histologic match the tumor vascular characterizations. In the high
pericyte coverage status, imatinib exhibited significant tumor growth inhibition, necrosis increase and pericyte
coverage downregulation, and these changes were accompanied by increased vessel permeability, decreased
microvessel density (MVD), increased tumor apoptosis and altered gene expression of apoptosis-related Bcl-2/bax
pathway. Strategically, a 4-day imatinib effectively decreased pericyte coverage and HIF-1a level, and continuous
treatment led to a less marked decrease in pericyte coverage and re-elevated HIF-1a level. Correlation analysis
confirmed the feasibility of using mpMRI parameters to monitor imatinib treatment, with DCE-derived V, and K"
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being most correlated with pericyte coverage, V, with vessel permeability, AUC with microvessel density (MVD), DWI-

derived ADC with tumor apoptosis, and APT CEST-derived MTR

at 1 uT with HIF-1a.

asym

Conclusions These results provided an optimized imatinib regimen to achieve decreasing pericyte coverage and
HIF-1a level in the high pericyte-coverage CRC model, and offered an ultrahigh-field multiparametric MRI approach
for monitoring pericyte coverage and dynamics response of the TME to treatment.
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Introduction

Colorectal cancer (CRC) is an extremely challenging dis-
ease and pose a serious threat to human health, with an
expected incidence of 153,020 cases and 52,550 deaths
in 2023 [1]. To improve the prognosis of CRC patients,
the National Comprehensive Cancer Network (NCCN)
guidelines recommend the utilization of antiangiogenic
drugs in advanced CRC [2, 3]. Notably, antiangiogenic
drugs can turn off ‘angiogenic switches’ in a targeted
manner to starve tumors while having minimal side
effects [4—6]. Looking into tumor vasculature, pericytes
are a cluster of mural cells covering vascular endothelial
cells (ECs), participating in regulating vascular stabiliza-
tion, angiogenesis, vascular permeability and blood flow
[7-12]. Pericyte coverage, i.e., the proportion of pericytes
to ECs, is a histological indicator of vascular structure
and function [13]. Since the high expression of platelet-
derived growth factor receptor beta (PDGFRp) in CRC
pericytes rather than in tumor cells, and imatinib, a
potent inhibitor of PDGFR-f, can tip off the PDGF-BB/
PDGEFRp pathway ‘switch’ and decrease pericyte cover-
age [14—17]. In clinical practice, imatinib has been used
in the treatment of multiple malignancies, and its poten-
tial antiangiogenic properties make it worth exploring in
CRC [18-20].

Recent studies have demonstrated that excessive peri-
cyte coverage promotes tumor proliferation and pro-
gression through direct and indirect crosstalk between
pericytes and the tumor microenvironment (TME). That
is, Pericytes not only communicate directly with tumor
cells but also promote tumor growth and progression by
facilitating tumor angiogenesis, forming a pericyte-endo-
thelial barrier to protect tumor cells, regulating prolifera-
tion, recruitment and function of immune cells [21-24].
Additionally, excessive pericyte coverage indicates poorer
efficacy of antitumor therapies. Several studies have
shown that residual pericytes lead to rapid revascular-
ization of tumors and then restore blood flow after anti-
VEGF drug withdrawal [25-30]. Targeting pericytes with
pharmacological or genetic approaches can prolong the
effects of anti-VEGF drugs by inhibiting tumor vessel
regrowth [26—30]. Furthermore, a stable vasculature with
high pericyte coverage acts as a hindrance to antitumor
nanoparticles, whereas reduced pericyte coverage facili-
tates the passage of nanoparticles across vascular barriers

by increasing vascular permeability [31-33]. Moreover,
high pericyte coverage and vascular stability are closely
associated with accelerated tumor progression and poor
prognosis in clinical trials, which indicates that down-
regulating pericyte coverage by imatinib might inhibit
tumor development in the presence of excessive pericyte
coverage [34, 35]. However, low pericyte coverage indi-
cates increased metastatic potential due to upregulation
of hypoxia-induced hypoxia inducible factor-1a (HIF-1a)
expression [17]. Targeting pericytes in the hypoxic TME
accelerates tumor metastasis and leads to an unfavorable
prognosis [36]. Taken together, these findings indicate
that pericytes play the role of a double-edged sword in
the TME; only rationally regulating pericyte coverage can
exert antitumor effects, while inappropriate modulation
of pericytes has the opposite effect. Thus, it is necessary
to identify the relationship between imatinib-regulated
pericyte coverage and TME indicators and optimize the
use of imatinib. Myeloid cell leukemia-1 (Mcl-1) is a
Bcl-2 family protein that suppresses apoptosis by inter-
fering with mitochondrial activation [37]. As Mcl-1 is an
important TME indicator, and its overexpression is asso-
ciated with tumor progression and resistance to multiple
antitumor drugs [38—41]. In addition, decreasing pericyte
coverage by a PDGFRp inhibitor regulates Bcl-w in ECs, a
component of the Bcl-2 pathway [42]. Unfortunately, the
correlation between imatinib-regulated pericyte coverage
and Mcl-1 expression remains unknown and needs to be
investigated. Moreover, a noninvasive approach for lon-
gitudinal monitoring of pericyte coverage and the TME
response, allowing for personalized adjustment of the
treatment regimen as needed, is essential for the develop-
ment of an effective imatinib treatment strategy. Hence,
there is an urgent need to develop an appropriate method
for monitoring the effect of imatinib on pericyte coverage
and the TME.

As a noninvasive quantitative imaging tool, mag-
netic resonance imaging (MRI) provides macroscopic
tumor insight into antiangiogenic therapies. Dynamic
contrast-enhanced (DCE)-MRI holds significant value
in evaluating changes in tumor vascular perfusion and
permeability, as well as in predicting the efficacy of anti-
VEGF drugs [43, 44]. Thus, DCE-MRI may be suitable
for monitoring hemodynamic changes resulting from
imatinib-mediated regulation of pericyte coverage, but
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optimization and validation are required. For monitoring
subtle changes in pericyte coverage and the TME during
treatment by DCE-MRI, two technical obstacles need to
be overcome: increasing the sensitivity of DCE-MRI for
capturing vascular features and capturing TME features
beyond the vasculature [43, 44]. Thus, we performed
DCE-MRI at 9.4 Tesla (9.4T) to achieve optimal spatial
resolution and sensitivity and monitored the heteroge-
neous TME through multiparametric MRI (mpMRI)
[45-47]. During administration of imatinib treatment,
the tumor cell response and tumor hypoxia also need to
be monitored to obtain a global view of the TME. The
apparent diffusion coefficient (ADC) value obtained by
diffusion-weighted imaging (DWI) provides information
on cellularity and indicates the tumor response to anti-
tumor treatments [48—50]. For monitoring pH changes,
Phosphorous-31 (3'P) Magnetic Resonance Spectroscopy
(MRS) is a commonly used imaging technique, but it
has inherent limitations, including a low resolution, low
signal-to-noise ratio and long scan time [51, 52]. Amide
proton transfer chemical exchange saturation transfer
(APT CEST)-MRI is a novel molecular imaging tech-
nique that reflects the protein content and is sensitive to
pH changes in tissues by detecting magnetization trans-
fer from labeled amide protons (resonating at 3.5 ppm
downfield from water) [53]. APT CEST-MRI offers high
spatial resolution and high sensitivity to pH changes,
making it an attractive method for monitoring hypoxia-
induced acid-base imbalance [54-56].

Here, we developed an effective imatinib treat-
ment strategy and adopted an ultrahigh-field mpMRI
approach to monitor trends in pericyte coverage and
the TME during treatment in a CRC model with high
pericyte coverage. First, mice with the highest and low-
est pericyte coverage of CRC were identified by immu-
nofluorescence (IF) staining, and the IF data were found
to match the DCE-MRI parametric values. Second, the
antitumor response, histological changes in the vascula-
ture and TME, and changes in associated pathways were
evaluated to confirm the effectiveness of imatinib treat-
ment. Third, a noninvasive evaluation approach involving
DCE-, DWI- and APT CEST-MRI was established, and
the feasibility of multiple parameters in monitoring peri-
cyte coverage and the TME in response to treatment was
confirmed. Finally, the correlation among the histological
results and between the histological and imaging results
was assessed, and the results indicated that the changes
in histological indicators and imaging biomarkers were
consistent. In conclusion, the application of imatinib in
a CRC model with high pericyte coverage was optimized,
and ultrahigh-field 9.4T mpMRI can be used to monitor
local pericyte coverage and global changes in the TME to
confirm therapeutic efficacy.
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Materials and methods

Cell cultures

The HCT116, HT-29, RKO and SW480 human CRC
cell lines were purchased from the American Type Cul-
ture Collection (ATCC, Manassas, Virginia). McCoy’s 5a
medium was used for HT-29 cells, and Dulbecco’s modi-
fied Eagle’s medium (DMEM) was used for HCT116,
RKO and SW480 cells; both types of medium were sup-
plemented with 10% FBS. The cells were cultured at 37 °C
in a 5% CO? incubator.

Animal models

All animal experiments were conducted in accordance
with procedures approved by the Laboratory Animal Eth-
ics Committee of Jinan University (No. 20220304-47). A
total of 70 male BALB/c nude mice (4—6 weeks old, body
weight ~20 g) were purchased from Vital River Labora-
tory Animal Technology Co. Ltd. (Beijing, China) and
maintained under specific pathogen-free conditions. To
generate four types of CRC xenograft models, the mice
were subcutaneously injected with 5x10° HCT116,
HT-29, RKO, or SW480 cells into the right flank. After
14 days, tumors with a volume of approximately 200 mm?
were harvested to ensure the presence of a highly devel-
oped vasculature for MRL. T2WI and DCE sequences
were used to measure tumor volume and necrosis
volume.

Drug treatment and study schedule

Sixty-two out of 70 mice that developed tumors were
selected for the experiment. Figure 1 presents the design
of the study in which 9.4T mpMRI and histological
evaluation were performed during imatinib treatment.
To identify mice with high and low pericyte coverage
of CRC, the vascular characterizations of three mice
each with the four CRC xenograft types were assessed
by histological analysis (Fig. 1A). Five CRC model mice
with high and low pericyte coverage were subjected to
mpMRI (Fig. 1B). As shown in Fig. 1C, CRC model mice
with high pericyte coverage were randomly divided into
2 groups (n=20 per group): the imatinib and control
groups. Two weeks after implantation, mice in the ima-
tinib group were intraperitoneally injected with imatinib
mesylate (45 mg/kg, bid, TargetMol) for 10 days, and the
control group was treated with an equal volume of 0.9%
normal saline [57]. The vascular characterizations and
TME indicators of 3 mice in the imatinib and control his-
tology subgroups (1=12 per group) were histologically
analyzed at baseline and on Day 4, Day 7 and Day 10.
Mice in the imatinib and control MRI subgroups (n=5
per group) underwent MRI scans at each time point dur-
ing treatment. On Day 10 of treatment, three mice from
the imatinib and control groups were chosen for quanti-
tative polymerase chain reaction (qPCR).
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Fig. 1 9.4T mpMRI combined with histological techniques was used to monitoring the TME during an imatinib treatment. (A) Three mice with the four
CRC tumor types were used for histological analysis of vascular characteristics, and models with high and low pericyte coverage were selected. (B) Five
mice with different CRC tumor types with high or low pericyte coverage were monitored by mpMRI. (C) CRC model mice with high pericyte coverage
were treated with imatinib or saline and divided into histology, MRI, and gPCR subgroups. During the treatment, three mice in each group at each time
point were sacrificed for histological analysis. Five mice in each group were used for the longitudinal mpMRI study. gPCR analysis was performed on three
mice in the control and imatinib groups on Day 10. Figure 1 was drawn by Biorender

Histological analysis

There were a total of twenty-four mice in the histology
subgroups. Three mice from the imatinib group and
control group were sacrificed at baseline and on Day 4,
Day 7 and Day 10 for histological analysis. Tumor tissues
were routinely prepared for histological analysis through
fixation, paraffin embedding and sectioning. H&E stain-
ing was performed according to standard procedures.
For IF staining, tissue sections were subjected to antigen
retrieval; then, nonspecific binding was blocked, followed
by incubation with primary antibodies (diluted 1:200).
The antibodies used included anti-Ki-67 (GB111141, Ser-
vicebio), anti-HIF-1la (BF8002-50, Affinity), anti-Mcl-1
(GB11696, Servicebio), anti-CD31 (BG11063-1, Service-
bio), anti-a-smooth muscle actin (a-SMA) (GB13044,

Servicebio), and anti-PDGFRp (bs-0232R, Bioss) antibod-
ies. Subsequently, CY3- or FITC-conjugated secondary
antibodies (diluted 1:300) were added to form immune
complexes. TUNEL staining was performed using the
FITC TUNEL Cell Apoptosis Detection Kit (G1501-50T,
Servicebio) according to the manufacturer’s instructions.

The vessel leakage assay was performed with frozen
tissue sections. Thirty minutes before sacrifice, 200 pL
FITC-dextran (25 mg/mL, 40 kDa, Sigma-Aldrich) was
intravenously injected into the tail vein of mice. Follow-
ing removal of tumor tissue, fixation, dehydration, and
permeabilization were carried out, followed by freezing
in optimal cutting temperature (OCT) compound and
sectioning. After blocking of nonspecific binding, the
sections were sequentially incubated with an anti-CD31
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antibody and fluorescent secondary antibody. Under a
fluorescence microscope, three representative fields (at
%200 magnification) of each section were selected for
evaluation using Image] software (NIH).

MVD is the average vessel number in hot spot areas
[58]. Pericyte coverage was calculated as the percent-
age of the pericyte marker™ area relative to the CD31%
area after exclusion of interstitial tissues and pericytes
unrelated to the vasculature [13, 58]. Relative vessel per-
meability was calculated as the percentage of the FITC-
dextran™ area relative to the CD31% area [13, 59]. For the
analysis of Ki-67, TUNEL, HIF-1a, and Mcl-1 staining, at
least 3 tumors and 3 random fields in each section were
used. The percentage of positively stained cells relative to
all tumor cells was calculated.

MRI protocol

All MRI scans were performed using a 9.4T MRI system
(Bruker Biospec 94/30 Ettlingen, Germany) equipped
with a dedicated mouse coil optimized for animal imag-
ing. The mice were anesthetized with an intraperitoneal
injection of 0.3% pentobarbital and imaged in the supine
position. The scanning sequences included the follow-
ing: T2WTI (Turbo-RARE, repetition time (TR)/echo time
(TE): 2000 ms/20 ms, number of averages: 2, field of view
(FOV): 30x26 mm?, matrix size: 256x196, slice thick-
ness: 1.5 mm), DWI-MRI (SE-EPI, TR/TE: 3200 ms/25.2
ms, b-values: 0 and 400 s/mm?®, number of averages: 1,
FOV: 3026 mm?®, matrix size: 128 x128, slice thickness:
1.5 mm), and DCE-MRI (FLASH, TR/TE: 30 ms/2 ms,
flip angle: 20°, number of averages: 2, FOV: 30x26 mm?,
matrix size: 128128, slice thickness: 1.5 mm, 55 dynam-
ics.) The contrast agent (Gadovist®, Bayer) was adminis-
tered via tail vein injection, preceded by the acquisition
of 15 baseline dynamics. For APT CEST-MRI data acqui-
sition, long cw saturation pulses were applied for 3 s
with B1=1 pT and B1=2 pT. The saturation pulses were
applied at 65 offsets ranging from —6.4 to +6.4 ppm with
a step size of 0.2 ppm and an additional offset of +40 ppm
for a total of 68 offsets. Water saturation shift referenc-
ing (WASSR) images were collected to generate BO maps
using 31 offsets ranging from —1.5 to +1.5 ppm with a
step size of 0.1 ppm and B1=0.5 pT. Each set of 68 off-
sets required a total time of 5 min and 40 s. The sequence
parameters were as follows: TR/TE: 5000 ms/4.6 ms,
number of averages: 1, FOV: 30x26 mm? matrix size:
64x64, and slice thickness: 1.5 mm.

MRI data postprocessing

DWI-MRI images were processed by two experienced
radiologists using a dedicated postprocessing worksta-
tion (360v1.1, Bruker). ADC values were calculated by
fitting a single exponential to all b-values. ADC was cal-
culated using Eq. (1).
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ADC = [In (S2/S1)]/(b1 - b2) (1)

where S1 and S2 represent the signal intensities from
b1=400 s/mm? and b2=0 s/mm?, respectively.

DCE-MRI data were analyzed using the software Medi-
cal Imaging Interaction Toolkit (MITK) Workbench
[60]. After fitting the vascular input function (VIF), an
extended Tofts mathematical model was used to calcu-
late K™, V,, K, and area under the enhancement curve
(AUC) (using all dynamic images) for the contrast agent
[61-64]. C(t) was calculated using Eq. (2).

C (t) _ Ktl-ans .e- tKep *(la, <t> (2)
where “*” represents convolution, and C(t) and Ca(t) rep-
resent the concentration-time curves for the region of
interest tissue and the arterial input, respectively. K, is
equal to K"™™/V,.

APT CEST-MRI images were B0O-corrected using the
WASSR method. Z-spectrum was generated by custom
scripts written in MATLAB 2021b (MathWorks, Natick,
Massachusetts) [53, 65] and fitted by the Lorentzian
model [66]. MTR ., (re) is the signal in the z-spectrum
at Aw and was calculated using Eq. (3).

(Ssat(wa) - Ssat(Aw))
So

leR"dS}'Hl(AM) = (3)

where Sg, (1) and Sg, (_a,) represent the MRI signals at
specific offset frequencies Aw and -Aw after RF irradia-
tion, respectively, while S, represents the unsaturated sig-
nal. Aw equals 3.5ppm to achieve APT signal.

qPCR protocol

On Day 10, mice from the imatinib group and control
group (n=3) were euthanized to excise tumor tissues.
Total RNA was then extracted using an RNA extraction
kit (Magen Biotech, Guangzhou, China). Then, the total
RNA was reverse transcribed into cDNA using HIS-
criptQ Select RT SuperMix (Vazyme, Nanjing, China)
according to the manufacturer’s protocol. qPCR was
performed in a 20 uL volume, including 10 uL of SYBR
Green PCR Master Mix, 2 pL of diluted cDNA, 0.5 pL
of specific primers, and 7 uL of ddH,O. Three biological
replicates were conducted for each gene, and the results
are presented as the meantstandard deviation. The reac-
tion protocol was as follows: incubation at 95 °C for 30 s;
40 cycles of denaturation at 95 °C for 10 s, annealing at
60 °C for 30 s, and extension at 72 °C for 20 s; and a final
incubation at 4 °C for 5 min. The data were analyzed
using the 2724 method.
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Statistical analysis

SPSS 24.0 software (IBM Corporation, Chicago, USA),
GraphPad Prism 7.0 (GraphPad Software Inc., San Diego,
USA) and R software were applied to perform statistical
tests and generate dot-bar charts, line charts and cor-
relation charts. All numerical results are presented as
the meantstandard deviation. The normal distribution
of the obtained data was assessed by the Kolmogorov-
Smirnov test. For comparing quantitative histological
and MRI data from the CRC models, one-way analysis of
variance (ANOVA) with the least significant difference
(LSD) test and Student’s t test were applied. Student’s
t test was also used for comparisons of MRI and histo-
logical data between groups at the specific time point.
One-way ANOVA was utilized for comparisons of MRI
and histological data among different time points within
groups. Pearson correlation analysis was used to analyze
the correlation between mpMRI and histological data, as
well as among histological data. P<0.05 was considered
to indicate statistical significance.

Results
Vascular characterization of CRC tumors
Due to a double-edged sword role of pericytes in the
TME, imatinib treatment strategies can increase the
effectiveness of antitumor therapies in the presence of
excessive pericyte coverage, but inappropriate modula-
tion of pericyte coverage has detrimental effects. Never-
theless, an effective imatinib regimen and a longitudinal
monitoring technique for pericyte coverage are lacking.
In this study, we employed mpMRI to monitor the effects
of imatinib on vascular characterization and the TME
in CRC with high pericyte coverage to determine for an
optimized strategy. To generate tumor models with the
highest level of pericyte coverage, subcutaneous tumors
were generated in mice with four human CRC cell lines,
and vascular characterization was conducted through
IF analysis. Representative H&E-, CD31/PDGFR-,
CD31/a-SMA-, CD31/dextran- and CD31-stained tumor
tissue sections from the four model types are shown in
Fig. 2A. HT-29 tumors had the highest PDGFRB™ peri-
cyte coverage, while HCT116 tumors displayed the low-
est PDGFRP™ pericyte coverage (Fig. 2B; Table 1). Similar
distinctions in a-SMA™ pericyte coverage were observed
between HT-29 and HCT116 tumors (Fig. 2C; Table 1).
Compared to that in HT-29 tumors, PDGFRB* and
a-SMA™ pericyte coverage in RKO and SW480 tumors
was significantly lower (Fig. 2B, C). Notably, to exclude
the possibility that a-SMA* and PDGFRB* cell popula-
tions were vascular smooth muscle cells (VSMCs), colo-
calization analysis of aSMA and CD31 was performed.
Two other important vascular indicators, relative vessel
permeability and Microvessel density (MVD), were also
compared among the tumor models. HCT116 tumors
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were found to exhibit the highest vessel permeability, and
HT-29 tumors showed lower vessel permeability (Fig. 2D;
Table 1). Furthermore, HCT116 and HT-29 tumors
showed the lowest MVD and a higher MVD, respectively
(Fig. 2E; Table 1). Taken together, the results indicated
that in HT-29 tumors with the highest pericyte cover-
age, lower vessel permeability and a higher MVD were
observed. Conversely, in HCT116 tumors with the low-
est pericyte coverage, the highest vessel permeability and
lowest MVD were observed.

Monitoring CRC models with high and low pericyte
coverage by mpMRI

Previous studies have demonstrated the value of mpMRI
in evaluating hemodynamics, tumor cell characteristics,
and pH changes [44, 49, 54]. To investigate the feasibil-
ity of distinguishing differences in tumors with the high-
est and lowest pericyte coverage by mpMRI and DCE-,
DWI-, and APT CEST-MRI at 9.4T was utilized to moni-
tor the entire tumor region of the HT-29 and HCT116
models. Representative multiparametric maps of HT-29
and HCT116 CRC models are shown in Fig. 3A. In HT-29
tumors with the highest pericyte coverage, lower K™,
Ve and K, values corresponded to lower relative ves-
sel permeability, and a higher AUC value corresponded
to a higher MVD (Fig. 3B). In HCT116 tumors with the
lowest pericyte coverage, higher K™, V,, and K, val-
ues corresponded to higher relative vessel permeability,
and a lower AUC value corresponded to a lower MVD.
Additionally, significant differences were shown in ADC
values and MTR,,,, values that were calculated from the
z-spectrum at B1=1.0 pT and 2.0 uT between HT-29
and HCT116 models, and the results of these differences
were further investigated (Fig. 3B, C). Collectively, these
results indicated that DCE- parameters on 9.4T MRI
exhibited significant differences among the CRC models
and were consistent with vascular characteristics.

Antitumor effect of imatinib in CRC with high pericyte
coverage

To explore the antitumor effect of imatinib in CRC
with excessive pericyte coverage, the effect of ima-
tinib on HT-29 tumors with the highest pericyte cover-
age was evaluated by measuring the changes in tumor
volume using T2-weighted imaging (T2WI), and the
tumor necrosis volume was assessed through DCE
imaging. Tumor volumes and necrosis volumes at each
time point during imatinib treatment are shown in
Fig. 4A. As shown in Tables 2 and 3, the tumor volumes
of the imatinib group on Day 0, Day 4, Day 7, and Day
10 were 1829142229, 229.75+24.91, 328.29%+15.56,
and 340.37%19.67 mm?, respectively, while the tumor
volumes of the control group were 186.83+16.50,
293.46+22.78, 451.09+42.51, and 578.63+47.87 mm?®,
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Fig. 2 Vascular characteristics in the four CRC models. (A) Representative images of H&E staining at high magnification and CD31/PDGFR{, CD31/a-SMA,
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permeability and the MVD in the four CRC models. The data are shown as the mean + standard deviation. "P<0.05, "P<0.01, P <0.001; NS, nonsignificant

Table 1 Comparision of quantitative indicators of vascular characterization in four CRC models

P
HCT116 HT-29 RKO SW480 HCT116 vs. RKO HCT116 vs. SW480 RKO vs. SW480

PDGFRB" pericyte coverage (%) 40.59+2.30 94.51+£2.83 7280+3.10 56.74+4.81 <0.001 <0.001 <0.001

a-SMA* pericyte coverage (%) ~ 34.19+256 84.34+492 56.70+1.76 4589+247 <0.001 0.002 0.003

Relative vessel permeability 238+005 1.17£009 1.16+008 134+005 <0.001 <0.001 0.013

MVD (vessels/per field) 4444039  956%1.17 644+069 8224039 0010 <0.001 0.018

The data is presented as mean = standard deviation. ANOVA and LSD post hoc tests were used to assess the differences in quantitative indicators among CRC models.
A significance threshold of P<0.05 was used for statistical significance

Starting from Day 4, the imatinib group exhibited a trend  than the control group (Fig. 4C). Furthermore, the necro-
of slower growth and smaller tumor volume than the sis volumes of the imatinib group on Day 0, Day 4, Day
control group (Fig. 4B). Additionally, the imatinib group 7, and Day 10 were 3.49+0.45, 58.10£10.83, 73.0719.61,
exhibited a smaller tumor volume change over 10 days  and 89.72+10.34 mm?, while the necrosis volumes of the
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control group were 3.441+0.73, 4.66+0.65, 8.15+£1.63, and
17.20£2.56 mm? (Tables 2 and 3). From Day 4, the ima-
tinib group displayed a faster tumor necrosis and larger
necrosis volume than the control group (Fig. 4D). In
addition, the imatinib group exhibited a higher propor-
tion of necrosis volume compared to the control group
on Day 10 (Fig. 4E). During the treatment process, mice
showed no obvious abnormal reactions, and none of the
mice died; however, none of the mice showed a complete
tumor response. Together, the findings showed that ima-
tinib has significant antitumor effects on CRC with high
pericyte coverage but also suggested that it might not be
suitable for monotherapy.

Imatinib alters vascular characteristics

To identify a proper imatinib regimen, the pattern of
the pericyte coverage decrease induced by imatinib over
time must be assessed. To elucidate the trends in pericyte
coverage and important vascular characteristics caused
by imatinib treatment, histological assessment was per-
formed at each time point during treatment. Representa-
tive sections used to assess PDGFRB™ pericyte coverage,
a-SMA™* pericyte coverage, MVD, and relative vessel
permeability during treatment are shown in Fig. 5A. In
the imatinib group, intratumor PDGFRB™" pericyte cov-
erage and a-SMA™* pericyte coverage both showed a
decreasing trend (Fig. 5B; Tables 2 and 3). PDGFRB*
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pericyte coverage gradually declined from Day O to Day
7, reaching a plateau after Day 7 (F=186.22, P<0.001).
Similarly, a-SMA™* pericyte coverage declined gradu-
ally in the first 4 days, subsequently showed a slower
decrease and reached a plateau after Day 7 (F=119.112,
P<0.001). Additionally, relative vessel permeability grad-
ually increased from Day 0 to Day 7, reaching a plateau
after Day 7 (F=12.867, P=0.002, Fig. 5B; Tables 2 and 3).

Subsequently, the MVD showed a gradual decline from
day O to day 4, a significant decline from Day 4 to Day 7,
and then a slower gradual decline after Day 7 (F=35.952,
P<0.001, Fig. 5B; Tables 2 and 3). There were no signifi-
cant trends observed for any of the indicators among the
control group (P>0.05). Starting from Day 4, significant
differences were observed in PDGFR-B* pericyte cover-
age, a-SMA™ pericyte coverage, MVD and relative vessel
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Table 2 Quantitative variations of tumor volume, histological and imaging results in control group

Control group Day0 Day4 Day7 Day10 F P

Tumor volume (mm?3) 186.83+16.50 29346+22.78 451.09+4251 578.63+47.87 121.726 0.001
Necrosis volume (mm?) 344+0.73 4.66+0.65 8.15+1.63 17.20£2.56 81.249 0.001
PDGFRB" pericyte coverage (%) 9422+523 84.34£3.10 9036292 87.68£5.68 2678 0.118
a-SMA™ pericyte coverage (%) 84.76+3.58 87.57+4.67 86.16+2.45 91.88+245 2459 0.137
Relative vessel permeability 1.16+0.21 1.25+0.08 1.14+0.14 1.27+0.10 0.598 0.634
MVD (vessels/per field) 9.33+0.67 9.78+0.39 9.11+0.39 944+0.70 0.758 0.548
Ki-67 (%) 28.28+1.08 30.73+£1.39 2801+£1.26 27.55+£191 2981 0.096
TUNEL (%) 7.59+1.37 19.27£191 21.11£230 30.54£253 61.082 0.001
HIF-1a (%) 38.12+081 39.69+1.80 39.94+1.17 40.00+1.01 1.572 0.270
Mcl-1 (%) 36.05+0.37 3850+1.24 36.64+2.85 38.00+1.47 1.302 0.339
KIS (min~") 031+£0.02 0.34+0.03 0.33+0.04 0.32+0.04 0.569 0.643
A 0.52+0.01 0.56+0.03 0.54+0.04 0.53+0.01 1.317 0.303
Kep (min~") 0.61+£0.02 0.61+0.03 0.60+0.08 0.60+0.07 0.033 0.992
AUC 1028.49+73.39 955.03£143.60 982.23+£105.65 955.17+68.81 0.572 0.641
ADC (x10~mm?/sec) 0.62+0.02 0.62+0.03 0.64+0.02 0.66+0.03 1.800 0.188
MTRasym (1 uT, %) 897+0.27 8.14+1.42 8.37+0.65 741£0.85 2.550 0.092
MTR;gym (2 UT, %) 9.05+0.30 7944123 8.22+0.75 7.73+1.35 1.702 0.207

The data is presented as meanztstandard deviation. ANOVA were used to assess the differences in parameters among different time points within each group. A

significance threshold of P<0.05 was used for statistical significance

Table 3 Quantitative variations of tumor volume, histological and imaging results in imatinib group

Imatinib group Day0 Day4 Day7 Day10 F P

Tumor volume (mm?) 182.91+22.29 229.75£2491 328.29+15.56 340.37+19.67 67.012 0.001
Necrosis volume (mm?) 349+045 58.10+10.83 73.07+£9.61 89.72+10.34 88.168 0.001
PDGFRB™ pericyte coverage (%) 94.17+£4.77 75.10+3.45 41.57+2.14 40.05+2.46 186.22 0.001
a-SMA™ pericyte coverage (%) 83.55+5.31 50.46+3.27 34.16+£3.41 30.96+2.84 119.112 0.001
Relative vessel permeability 1.16+0.23 1.56+0.09 1.86+0.13 1.90£0.17 12.867 0.002
MVD (vessels/per field) 9.33+0.67 822+0.39 5.67+0.58 556+0.51 35952 0.001
Ki-67 (%) 28.16+1.09 19.13+1.60 14.61+1.23 8.74+143 109.248 0.001
TUNEL (%) 759+1.14 23.99+1.83 44.64+2.05 56.99+1.86 460.606 0.001
HIF-1a (%) 38.03£1.02 3271+£1.02 35.68+1.88 4472171 37.043 0.001
Mcl-1 (%) 36.10£1.54 32.19+1.36 15.73+£1.29 1581+2.17 130.236 0.001
KU (min~") 0.31+0.04 0.48+0.03 0.55+0.04 0.60+0.02 70.465 0.001
Ve 0.51+0.02 0.63+£0.04 0.66+0.03 0.72+0.06 24.004 0.001
Kep (min") 0.61+0.08 0.77+0.06 0.90+0.07 0.88+0.06 18.626 0.001
AUC 1027.37+£94.51 688.80+82.65 581.11+60.46 55544+42.59 44.470 0.001
ADC (x1073mm?/sec) 0.63+0.04 0.68+0.02 0.75+0.03 0.83+0.02 45.103 0.001
I\/\TRasym (14T, %) 9.03£0.38 9.73£0.55 6.91£1.10 731£1.07 12.701 0.001
MTR gym (2 UT, %) 9.04+0.52 9.64+0.20 7.88+1.35 8.02+0.86 4904 0.013

The data is presented as mean*standard deviation. ANOVA were used to assess the differences in parameters among different time points within each group. A

significance threshold of P<0.05 was used for statistical significance

permeability between the two groups. Taken together,
these data demonstrated that the imatinib-induced
decrease in pericyte coverage reached a plateau on Day
7 and was accompanied by increased vessel permeability
and decreased MVD in CRC with high pericyte coverage.

Molecular and histological profiling of treatment-induced
TME alterations

A previous study demonstrated that imatinib down-
regulates the expression of Bcl-w, a component of the
Bcl-2/bax pathway, in tumor ECs [42]. However, the

relationship between the Bcl-2/bax pathway and ima-
tinib-mediated modulation of pericyte coverage remains
unknown. To explore whether imatinib modulated the
gene expression of Bcl-2/bax pathway components, the
expression of key genes in the Bcl-2/bax pathway and the
related gene AKTI was compared between the imatinib
and control groups on Day 10. In the imatinib group,
the mRNA expression of antiapoptotic genes, such as
MCL-1, BCL-2, BCL-W, BCL-XL, and AKT-1, was signifi-
cantly downregulated, while that of proapoptotic genes,
such as BAX, BAK, CASP3, and CASPS8, was significantly
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upregulated (Fig. 6A). MCL-1 is a multidrug resistance
gene, and Mcl-1 overexpression indicates inhibition of
tumor apoptosis and resistance to multiple antitumor
therapies [39-41]. More importantly, an inappropriate
decrease in pericyte coverage leads to increased hypoxia-
associated metastasis and decreased survival, highlight-
ing that elucidating the impact of imatinib treatments on
TME hypoxia is crucial for identifying a proper imatinib
regimen. To elucidate the trends in tumor apoptosis and
TME hypoxia induced by imatinib, the expression of the
antiapoptotic protein Mcl-1, proliferation marker Ki-67,
and TME hypoxia marker HIF-1a and apoptosis, which
was assessed by TUNEL staining, during treatment
were evaluated by IF staining; representative sections
are shown in Fig. 6B. In the imatinib group, a significant
decrease in Ki-67 expression was observed in tumors,
indicating inhibition of tumor proliferation (F=109.248,
P<0.001, Fig. 6C; Tables 2 and 3). Similarly, a significant

increase in the intensity of TUNEL staining, which was
used to assess apoptosis, and a significant decrease in
the expression of the anti-apoptotic protein Mcl-1 indi-
cated increased tumor apoptosis (F=460.606, P<0.001
for TUNEL and F=130.236, P<0.001 for Mcl-1, Fig. 6C;
Tables 2 and 3). Notably, HIF-1a expression showed a
slow decline from Day 0 to Day 4, followed by a grad-
ual increase after Day 4, suggesting alleviation followed
by aggravation of TME hypoxia (F=37.043, P<0.001,
Fig. 6C; Tables 2 and 3). Among the control group, no
significant trends were observed in Ki-67, HIF-1la, or
Mcl-1 expression, but there was a mild upward trend in
the TUNEL staining intensity. Starting from Day 4, Ki-67,
TUNEL, HIF-1a, and Mcl-1 expression was significantly
different between the two groups. According to hema-
toxylin and eosin (HE) staining, there was a large area of
tumor necrosis from Day 4 in the imatinib group, while
only a small area of necrosis was observed on Day 10 in
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the control group. Together, these data indicated that
imatinib induces tumor apoptosis through the Bcl-2/bax
pathway and that 4 days of imatinib treatment alleviates
hypoxia in CRC with high pericyte coverage.

Alterations of mpMRI parameters during imatinib
treatment

mpMRI has the potential to overcome the limitations of
histological for longitudinal monitoring of pericyte cov-
erage, and is thus a potential technique for evaluating of
the effects of imatinib treatment. To prove this hypothe-
sis, DCE-, DWI-, and APT CEST-MRI were conducted to
monitor the effects of 10-day imatinib treatment. Repre-
sentative multiparametric maps obtained during imatinib
treatment are shown in Fig. 7A. The influence of ima-
tinib treatment on tumor hemodynamics was reflected
by changes in DCE-MRI parameters, including K",
Ve K, and the AUC. In the imatinib group, increasing
trends in the K™, V,, and K, values were observed in
the tumor region, suggesting increased vessel perme-
ability (Fig. 7B; Tables 2 and 3). First, the K" value sig-
nificantly increased from Day 0 to Day 4 of treatment,
followed by a gradual increase (F=70.465, P<0.001).
Second, the V, value increased significantly from Day 0
to Day 4, followed by a gradual increase, and increased
significantly again after Day 7 (F=24.004, P<0.001).
Third, the K, value exhibited a significant increase from
Day 0 to Day 7, reaching a plateau after Day 7 (F=18.626,
P<0.001). Moreover, a decline in the AUC in the tumor
region was noticed in the imatinib group, indicating
a reduction in vascular volume (Fig. 7B; Tables 2 and
3). The AUC significantly decreased from Day 0O to Day
4, followed by a gradual decline, and reached a plateau
after Day 7 in the imatinib group (F=44.470, P<0.001).
The control group showed no significant trend in any of
the parameters (P>0.05). Starting from Day 4, a signifi-
cant difference was observed in the K™, V,, K,,, values
and AUC between the two groups. Together, the results
indicated that the DCE-derived K", V, and K, values
were sensitive indicators of increased vessel permeability
induced by a decrease in pericyte coverage and that the
AUC reflected the reduced accumulation of the contrast
agent.

To evaluate the feasibility of using DWI- and APT
CEST-MRI to quantify TME alterations, DW1I-derived
ADC and APT CEST-derived MTR,,,, values were lon-
gitudinally monitored during imatinib treatment. In the
imatinib group, there was a moderate increase in the
intratumor ADC value (F=45.103, P<0.001), indicat-
ing increased diffusion of water molecules and increased
tumor necrosis (Fig. 7B; Tables 2 and 3). Moreover, the
MTR,q,,, value increased initially, followed by a sub-
sequent decrease, indicating a pH change in the TME
(Fig. 7B; Tables 2 and 3). At B1=1 pT and 2 pT, the
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MTR,,,,, value showed a gradual increase from Day
0 to Day 4, followed by a gradual decline after Day 4
(F=12.701, P<0.001 for B1=1 uT and F=4.904, P=0.013
for B1=2 pT). The trend in the MTR,,,, value was more
pronounced at B1=1 puT than at B1=2 uT. There were
no significant trends observed for any of the parameters
among the control group (P>0.05). From Day 4, there
were significant differences observed in the ADC value
between the two groups. Significant differences in only
the MTR,,, value were observed on Day 4 at B1=1 pT
and 2 pT and on Day 7 at B1=1.0 uT. Collectively, the
findings indicated that the DWI-derived ADC value was
sensitive reflecting increased diffusion of water mol-
ecules due to imatinib-induced tumor necrosis, and the
APT CEST-derived MTR,,,, (1 puT) value for reflecting
pH level was experiencing a 4-day increase followed by a
subsequent decline.

Correlation analysis of the changes induced by imatinib
treatment

To investigate the correlation between pericyte coverage
and TME indicators after imatinib treatment, correla-
tion analysis among the histological data was conducted,
and the results are shown in Fig. 8A. Among vascular
features, PDGFRP™ pericyte coverage showed the stron-
gest positive correlation with a-SMA™ pericyte coverage
(r=0.90, P<0.01). Moreover, relative vessel permeability
was negatively correlated with PDGFRB™ pericyte cover-
age (r=-0.71, P<0.05). Furthermore, the MVD exhibited
a positive correlation with PDGFRB* pericyte coverage
(r=0.80, P<0.05). Regarding the correlation between
vascular and TME indicators, Mcl-1 expression was
positively correlated with PDGFRB* pericyte cover-
age (r=0.90, P<0.01) and a-SMA™* pericyte coverage
(r=0.86, P<0.01). Additionally, HIF-1a expression was
negatively correlated with PDGFRB* pericyte coverage (r
= -0.76, P<0.05). PDGFRp™ pericyte coverage displayed
a significant correlation with Ki-67 expression and the
TUNEL staining intensity (Ki-67: r=0.72 (P<0.05) and
TUNEL: r = -0.76 (P<0.05)), indicating that imatinib had
an antitumor effect. Taken together, the results showed
that PDGFRB* pericyte coverage is not only correlated
with vessel-related a-SMA™ pericyte coverage, vessel per-
meability and the MVD but also correlated with Ki-67,
TUNEL, HIF-1a and Mcl-1 expression in the TME dur-
ing imatinib treatment.

To identify MRI parameters for histological indicators
that maybe useful for monitoring the treatment effect
of imatinib, correlation analysis between MRI and his-
tological data was conducted, and the results are shown
in Fig. 8B and C. In terms of vascular characteristics,
the permeability-related parameter V, showed a very
strong correlation with PDGFRB* pericyte coverage (r =
-0.89, P<0.01). Moreover, K™ exhibited the strongest
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correlation with a-SMA™* pericyte coverage (r = -0.82,
P<0.05). The parameter that was the most strongly cor-
related with V, was relative vessel permeability (r=0.92,
P<0.01). The perfusion-related parameter AUC exhibited
a positive correlation with the MVD (r=0.92, P<0.01). In
terms of TME indicators, the ADC value strongly corre-
lated with Ki-67 and Mcl-1 expression and the TUNEL
staining intensity (Ki-67: r = -0.73 (P<0.05), TUNEL:
r=0.79 (P<0.05), and Mcl-1: r = -0.81 (P<0.05)). Tumor
volume was most strongly correlated with TUNEL (r
= -0.88, P<0.01). Moreover, the MTR,,,, (1 pT) value
showed a negative correlation with HIF-la expression
(MTRaSym (1 uT): r = -0.80 (P<0.05)). Collectively, the
findings showed that MRI and histological data were
well correlated, indicating that V, and K" are useful for
evaluating pericyte coverage, V, for vessel permeability,
the AUC for MVD, the ADC for tumor apoptosis and the
MTR,q, value at 1 pT for HIF-1a expression during ima-
tinib treatment.

Discussion

Antiangiogenic therapies turn off angiogenic switches
to inhibit tumor vessel growth and starve tumors and
are recommended for the treatment of advanced CRC
by the NCCN guidelines [2—4]. Vascular pericytes play
an important role in the TME, but the value of target-
ing pericytes by common antiangiogenic therapies has
been overlooked [7, 67]. The unclear efficacy of imatinib
in effectively combating tumors and angiogenesis in CRC
with high pericyte coverage is attributed to the complex
interactions between pericytes and the TME [68, 69].
There is an urgent need to develop an effective imatinib
strategy to treat tumors and boost antitumor drug effi-
cacy. It has been confirmed that pericyte coverage and
TME hypoxia are significant influencing factors of treat-
ment efficacy [17, 36]. Thus, the rational strategy for tar-
geting pericytes is based on clarifying the correlation of
pericyte coverage and TME indicators, and emphasizing
at constructing an appropriate monitoring technique.
Here, we provide an effective imatinib strategy in CRC
with high pericyte coverage and reported a noninva-
sive approach to monitor changes in pericyte coverage
and TME indicators by 9.4T mpMRI. DCE- parameters
were shown to be histologic match the tumor vascular
characterizations among CRC with high and low peri-
cyte coverage. Excessive pericyte coverage was shown to
increase the tumor growth rate in a previous study, and
our results confirmed the significant antitumor effect
of imatinib in the presence of high pericyte coverage
[35]. Consistent with a previous study, decreased peri-
cyte coverage, increased vascular permeability, inhibited
vascular growth and increased tumor apoptosis were
observed during treatment [17]. One of the findings was
that an increase in tumor apoptosis might be related to
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imatinib-induced upregulation of proapoptotic genes
and downregulation of antiapoptotic genes in the Bcl-2/
Bax pathway. Another finding was that the decrease in
pericyte coverage finally reached a plateau. A 4-day treat-
ment regimen significantly reduced pericyte coverage
and HIF-la expression, while the decrease in pericyte
coverage became less marked and HIF-1a expression was
restored with prolonged treatment. The strongest corre-
lation between MRI parameters and histological results
indicated that V, and K" for were good indicators of
pericyte coverage, V, of vessel permeability, the AUC of
the MVD, the ADC of tumor apoptosis, and the MTR
value at 1 uT of HIF-1a expression and hypoxia.
Various cell components, including tumor cells, inflam-
matory cells, fibroblasts, progenitor cells, vascular ECs
and pericytes, are known to exist in the TME. Although
pericytes constitute a fundamental element of the TME,
the beneficial effects of imatinib regimen in treating
tumors remains unknown [7]. An increasing number of
studies have indicated that an overabundance of peri-
cytes promotes tumor progression and decreases anti-
tumor drug efficacy [21, 28, 32]. In contrast, insufficient
pericyte coverage indicates an increased capacity for
tumor metastasis, highlighting the necessity for selec-
tive decreases in pericyte coverage [17]. Hence, selec-
tively decreasing pericyte coverage when it is excessive
might be a reasonable approach for treating tumors. To
confirm this assumption in a CRC model with high peri-
cyte coverage, the degree of pericyte coverage was first
determined by IF staining in different CRC models. Due
to the lack of specific markers, the identification of peri-
cytes relies on a combination of morphological criteria
and staining with multiple markers, including PDGFRp,
a marker of immature pericytes, and a-SMA, a marker
of mature pericytes [9, 70]. Among the four CRC mod-
els, the highest pericyte coverage was observed in HT-29
tumors and was accompanied by a higher MVD; the low-
est pericyte coverage and MVD was observed in HCT116
tumors (Fig. 2B, C, E; Table 1). In contrast, lower vessel
permeability was seen in HT-29 tumors, which had the
highest pericyte coverage, while the highest vessel per-
meability was observed in HCT116 tumors, which had
the lowest pericyte coverage (Fig. 2B-D; Table 1). Simi-
larly, pericyte coverage correlates positively with the
MVD and poor prognosis in renal cancer, while impact-
ing vessel permeability in the gliomas study [71, 72].
Subsequently, the HT-29 model, which had the highest
pericyte coverage, and the HCT116 model, which had
the lowest pericyte coverage, were selected and used for
DCE-, DWI-, and APT CEST-MRI. The differences in
MRI parameters showed consistency with differences in
vascular characteristics, as lower K™, V, and K, values
matched with lower vessel permeability were observed
in the model with higher pericyte coverage, and higher

asym
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K%, V, and K., values corresponded to higher vessel
permeability in the model with lower pericyte coverage
(Fig. 3B). Furthermore, the AUC also exhibited a match
with the MVD. Moreover, we selected the CRC model
with high pericyte coverage for research on the effect of
our imatinib treatment strategy and further explored the
value of MRI parameters in monitoring the treatment
effect.

Next, the antitumor effect of imatinib in CRC with
high pericyte coverage was explored. Based on T2WI-
based tumor volume and DCE-based necrosis volume
measurements, significant tumor growth inhibition and
increased tumor necrosis were observed in the imatinib
group (Fig. 4A). During imatinib treatment, in addition
to showing a slower growth trend and smaller tumor
volume change, tumors also exhibited a faster tumor
necrosis trend and higher necrosis volume proportion
(Fig. 4B-E; Tables 2 and 3). According to the H&E stain-
ing, a large area of tumor necrosis was observed in the
imatinib group from Day 4, while only a small area of
tumor necrosis was seen in the control group on Day 10
(Fig. 5A). We confirmed the significant antitumor effect
of imatinib in CRC with high pericyte coverage at the
macroscopic and microscopic levels, expanding on pre-
vious studies [17, 73]. Importantly, mice exhibited good
tolerance for imatinib, showing no obvious abnormal
reactions, but imatinib did not result in complete tumor
remission and therefore might not be suitable for mono-
therapy in CRC.

To optimize the imatinib regimen in CRC with high
pericyte coverage, a rational treatment approach and a
noninvasive evaluation approach are needed. First, an
effective treatment strategy was proposed considering the
ability of imatinib to regulate pericyte coverage and the
TME. Second, histological analysis is invasive and can-
not before performed continuously, thus, it is not suitable
for longitudinal monitoring of the effects of imatinib.
Thus, it is essential to establish a noninvasive evaluation
approach and identify representative imaging biomark-
ers for monitoring pericyte coverage and changes in the
TME in response to treatment. Based on the experi-
mental results of this study, in CRC with high pericyte
coverage, our imatinib treatment strategy resulted in a
significant decrease in PDGFRB* and a-SMA™ pericyte
coverage within the first 4 days (Fig. 5B; Tables 2 and 3).
From Day 4 to Day 7, a more gradual decrease in a-SMA*
pericyte coverage was observed, suggesting that the
effect of our imatinib treatment strategy became weaker;
however, a continuous decrease in PDGFRB* pericyte
coverage may be attributed to vascular maturation during
tumor development [36]. In addition, pericytes are con-
tinuously recruited during tumor development, which is
regulated by PDGF-BB, heparin-binding EGF-like growth
factor (HB-EGF) and stromal derived factor-1a (SDF-1a)
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[34, 74-76]. PDGFRB* and a-SMA™* pericyte coverage
reached a plateau on Day 7, suggesting establishment of a
balance between imatinib-induced pericyte depletion and
pericyte recruitment. Similar to previous research find-
ings, an increase in vessel permeability and a decrease
in the MVD were observed during imatinib treatment
(Fig. 5B; Tables 2 and 3) [17]. A longitudinal evaluation
system would not only allow trends in pericyte cover-
age and TME indicators to be observed but also allow for
personalized adjustments during imatinib treatment. In
previous research, Shi et al. utilized DCE-MRI to evalu-
ate the effect of a vascular disrupting agent in pulmonary
malignancy and found that the K" value can predict
vascular disruption by reflecting hemodynamic changes
[43]. Thus, we hypothesized that DCE-MRI can also be
used to monitor hemodynamic changes during imatinib
treatment. We found that K™, the contrast agent efflux
transfer constant, which is commonly employed to assess
vessel permeability and perfusion, increased. According
to the histological results, the increase in K™ suggests
that imatinib led to elevated vessel permeability and con-
trast agent leakage, which was caused by decreased peri-
cyte coverage (Fig. 7B; Tables 2 and 3). Additionally, an
increase in the extravascular extracellular volume frac-
tion V, and contrast agent reflux transfer constant K,
similarly indicated an increase in vessel permeability. The
semiquantitative parameter AUC reflects the amount of
contrast agent accumulated in the tumor region, which
is related to angiogenesis [77]. The AUC significantly
decreased from Day 0 to Day 4, subsequently showed a
more gradual decrease, and stabilized after Day 7, con-
firming that imatinib had an antiangiogenic effect [32,
42]. After Day 7, both the K™ and K,, value showed a
more gradual increase, similar to the plateau observed for
pericyte coverage. Compared to the K™ and K, value,
the V, value exhibited a consistent trend from Day 0 to
Day 7 but increased significantly after Day 7. A previous
study reported that imatinib reduces extracellular matrix
(ECM) fibrosis and interstitial fluid pressure (IFP) in
ECM-rich CRC [73]. As imatinib targets both pericytes
and fibroblasts, the elevation of the V, value suggests not
only increased vessel permeability but also decreased IFP.
Our speculation that the V, value reflects IFP changes
during imatinib treatment requires further validation.
According to the correlation analysis, the V, and K"
values showed the strongest correlation with PDGFRB*
pericyte coverage and a-SMA™ pericyte coverage, while
the V, value was strongly correlated with relative ves-
sel permeability. The semiquantitative parameter AUC
strongly correlated with the MVD. These results indicate
that a multiple evaluating potential of Ve and when com-
bined, V, and K" can act as excellent imaging indica-
tors of pericyte coverage during imatinib treatment.
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Mcl-1, a component of the Bcl-2/bax apoptosis path-
way, is known to be overexpressed in malignancies [37,
78]. Mcl-1 is a multidrug resistance gene, and Mcl-1
overexpression is a significant factor contributing to the
resistance of malignancies to radiotherapy, chemother-
apy, and antiangiogenic therapy [38—41]. Through qPCR
analysis, we confirmed downregulated mRNA expression
of anti-apoptotic genes, including MCL-1, and upregu-
lation of pro-apoptotic genes in the Bcl-2/bax pathway
after imatinib treatment (Fig. 6A). A gradual increase in
Mcl-1 protein expression was also demonstrated by IF
staining during the treatment process (Fig. 6C; Tables 2
and 3). Additionally, the decrease in the expression of the
proliferation marker Ki-67 and increase in the tensity of
TUNEL staining, which was used to assess apoptosis,
in CRC tissues confirmed imatinib’s effect in inhibiting
proliferation and promoting apoptosis. Lei et al. utilized
DWI-MRI to monitor the free diffusion of water mol-
ecules in the tumor region, reflecting cell density and
tumor necrosis [49]. In our study, DWI-MRI was applied
to assess the tumor cell response, and a gradual increase
in the ADC value was observed during imatinib treat-
ment (Fig. 7B; Tables 2 and 3). This increase might be
attributed to imatinib-induced tumor necrosis and lique-
faction, leading to increased diffusion of water molecules.
Furthermore, there were strong correlations between the
ADC value and Ki-67 expression, the TUNEL staining
intensity, and Mcl-1 expression, indicating that the ADC
value can be used to monitor tumor proliferation and
apoptosis during imatinib treatment.

Intratumoral hypoxia has a great impact on the role
of pericytes in tumor progression. In a recent study, a
reduction in pericyte number inhibited tumor growth
and metastasis under normoxic conditions but pro-
moted tumor progression under hypoxic conditions [36].
Another study also reported that poor pericyte coverage
led to the promotion of HIF-1a expression and hypoxia-
driven metastasis [17]. Therefore, monitoring changes in
TME hypoxia is crucial for developing an effective ima-
tinib treatment strategy. HIF-1a is a hallmark indicator of
hypoxia, including in the TME [79]. Decreases in pericyte
coverage and HIF-1a expression were confirmed after 4
days of imatinib treatment, while continuous targeting
of pericytes resulted in weakened regulation of pericyte
coverage and re-elevation of HIF-1a expression (Fig. 6C;
Tables 2 and 3). APT CEST-MRI, which can sensitively
reflect changes in pH without the need for contrast
agents, can be used to monitor the acid-base imbal-
ance triggered by the hypoxic TME. At B1=1 uT and 2
T, we observed a gradual increase in the MTR , value
from Day 0 to Day 4 of treatment, followed by a gradual
decline after Day 4 (Fig. 7B; Tables 2 and 3). The trend
in the MTR value was more pronounced at a lower

asym

field strength (B1=1 puT), which indicates that a higher
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field strength (2 pT) causes unwanted saturation effects,
leading to an insignificant trend. Taken together, a 4-day
imatinib regimen not only achieves antitumor effects and
reduces high pericyte coverage but also decreases HIF-1a
expression, while prolonging the treatment leads to
poor efficacy. Moreover, there was a negative correlation
between the MTR,, ,, (1 uT) value and HIF-la expres-
sion, suggesting that the MTR,,,,, value at 1 uT can pre-
dict TME hypoxia and reflect HIF-1a expression.

During the process of nontumor vascular matura-
tion, PDGF-BB depletion leads to inadequate pericyte
coverage, and increased Ang2 expression and TIE2 dis-
sociation result in increased vessel leakage, inhibited
maturation and severe hypoxia [13]. In tumors, increased
Ang2 interferes with the binding of Angl to TIE2,
thereby increasing tumor vessel permeability and inhibit-
ing angiogenesis [80]. In our study, pericyte coverage was
not only negatively correlated with vessel permeability
and HIF-1a expression but also strongly positively cor-
related with the MVD during imatinib treatment, which
might suggest the existence of a similar mechanism in
CRC. Thus, it remains to be experimentally validated
whether the Angl/TIE2 pathway is modulated by the
imatinib-induced decrease in pericyte coverage, result-
ing in increased vessel permeability, inhibition of angio-
genesis and exacerbation of later-stage hypoxia in high
pericyte-coverage CRC. In addition, short-term imatinib
treatment has been shown to improve oxygen delivery
by reducing the IFP in CRC [73]. The initial decrease in
HIF-1a expression and increase in the MTR,, (1 pT)
value suggest that relief of early-stage hypoxia might be
beneficial by decreasing the IFP. Moreover, nanodrugs
loaded with Ang-2 siRNA inhibit angiogenesis and pro-
mote apoptosis via the Bcl-2/bax pathway in melanoma
[81]. Our study also found that pericyte coverage was
strongly positively correlated with the expression of Mcl-
1, a component of the Bcl-2/bax pathway, during imatinib
treatment. Considering the effectiveness of modulating
Mcl-1 expression to reverse antitumor drug resistance,
further experimental research is warranted to determine
the role of the Angl/TIE2 pathway and the Bcl-2/bax
pathway in the effect of imatinib treatment.

Conclusion

In summary, we not only provided an effective ima-
tinib regimen in high pericyte-coverage CRC, but also
established an mpMRI system for monitoring the regu-
latory effect of imatinib on pericyte coverage and the
TME. First, high pericyte coverage condition of CRC
was decreased by imatinib and then reaching a plateau,
accompanied by increased vessel permeability, decreased
MVD, increased tumor apoptosis and 4-day decreased
followed by restored HIF-1a expression. Thus, we iden-
tified a 4-day imatinib regimen, concurrently achieves
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effective antitumor efficacy, decreases pericyte coverage
and HIF-la expression in the presence of high pericyte
coverage. Moreover, we found that the DCE-derived V,
and K™ values serve as representative imaging bio-
markers for monitoring pericyte coverage during ima-
tinib treatment and that the DWI-derived ADC value
can be used to assess tumor proliferation and apoptosis.
Additionally, the MTR,,,,,, value at 1 pT was found to
have great value in monitoring hypoxia in the TME. This
standardized evaluation system overcome the current
challenge related to discontinuously observing changes in
pericytes and TME during imatinib treatment.
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