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Abstract

Purpose: Noninvasive assessment of chemotherapeutic response in colon cancer would
tremendously aid in therapeutic intervention of cancer patients and improve outcomes. The aim of
the study was to evaluate the feasibility of a noninvasive assessment of chemotherapeutic response
by magnetic resonance imaging utilizing underglycosylated mucin 1 (uMUC1) tumor antigen as a
biomarker of therapeutic response in a colon cancer mouse model.

Procedures: The study was performed by applying molecular imaging approach based on
targeting uMUCL1 with specific dual-modality imaging probe (MN-EPPT). The probe consisted
of dextran-coated iron oxide nanoparticles conjugated to the near infrared fluorescent dye Cy5.5
and to a uMUC1-specific peptide (EPPT) and was used for magnetic resonance imaging (MRI)
and fluorescence optical imaging. An orthotopic murine model of colon cancer expressing human
uMUC1 peptide (MC38 MUCL1) was created along with the control model devoid of the antigen
(MC38 neo). Animals received chemotherapy with 5-Fluorouracil (5-FU) followed by MN-EPPT-
enhanced MR and optical imaging.

Results: /n vivoimaging of animas with uMUC1 expressing tumors after 5-FU therapy showed
that the average deltaT2 was reduced by 7.27 ms (p = 0.045) compared to animals in control
groups indicating lower accumulation of MN-EPPT caused by uMUC1 downregulation. /n
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vivo optical imaging, biodistribution and fluorescence microscopy confirmed the MRI findings.
Interestingly, we found that the group of animals that did not respond to chemotherapy
(“Progressive Disease” per RECIST) showed higher accumulation of MN-EPPT compared to

the group of responders (“Stable Disease”) consistent with proliferating tumor cells and increased
antigen availability.

Conclusions: We believe that in application to over 50% of human cancers expressing uMUCL,
our results could provide insight into overall assessment of therapeutic response based on its
expression as defined by non-invasive MN-EPPT-enhanced MRI.

Keywords

colon cancer; underglycosylated mucin 1 tumor antigen (uMUC1); in vivo molecular imaging;
targeted nanoparticles

Introduction

Malignant cell growth that originates in the large intestine is classified as colon cancer. This
type of cancer is especially concerning due to its prevalence, as it ranks the third in terms

of incidence and the second in terms of mortality [1]. The correlation between the morbidity
and mortality rates of colon cancer reflects on the devastating nature of the disease. The vast
majority of colon cancers (95%) are classified as adenocarcinomas. Current methodology

of diagnosing and treating patients is suboptimal: patients that are diagnosed with the same
type of cancer and are defined as being at the same stage of cancer progression respond
differently to treatment [2]. This variation can be attributed to genetic modifications which
cause unique chemotherapeutic responses in each individual. The situation becomes even
more complicated when therapeutic response cannot be adequately evaluated due to the

lack of appropriate imaging tools. While xray computed tomography (CT) remains the

most widely used modality for assessing treatment response in colon cancer, it lacks the
ability to characterize tumor heterogeneity and tumor evolution over time [3]. In addition,

a growing body of evidence suggests that tumor size does not always adequately correlate
with clinical outcomes [4], and tracking molecular changes in cancer cells is necessary.
Magnetic resonance imaging (MRI) is a versatile technique, which could provide reliable
information regarding molecular changes associated with therapy response in combination
with target-specific contrast agents.

Underglycosylated mucin 1 (uMUC1) tumor antigen has been identified as one of the
prominent biomarkers , which is overexpressed in various adenocarcinomas including colon
cancer [5]. Our previous studies have demonstrated the utility of uMUCL as a biomarker

for monitoring breast and pancreatic cancer progression and response to therapy using
non-invasive magnetic resonance imaging [6—8]. To monitor the expression of uMUCL in
tumors using MRI, we utilized an imaging probe consisting of iron oxide nanoparticles
conjugated to an uMUC1-specific peptide (MN-EPPT, [6]). Studies have shown that the
level of MN-EEPT accumulation in tumors directly correlate with uMUC1 expression.

In this study we investigated whether the level of uMUC1 expression in colon cancer

would follow the rate of MN-EPPT accumulation and whether chemotherapy would have an
impact on monitoring therapeutic response by MRI. Using orthotopic murine model of colon
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cancer expressing human mucin 1 tumor antigen we demonstrated that chemotherapy with
5-Fluorouracil caused downregulation of uMUC leading to the reduced accumulation of the
imaging probe. This observation could have implications on prediction of treatment outcome
as the changes in uMUCL expression preceded significant changes in tumor size.

Materials and Methods

MN-EPPT synthesis

Iron oxide magnetic nanoparticles (MN) conjugated to the EPPT peptide (C-AHA-Y-
C(ACM)-A-R-E-P-P-T-R-T-F-A-Y-W-G-K) were synthesized as described previously [8].
MN-EPPT was synthesized to contain near infrared optical dye for correlative near infrared
optical imaging (NIRF) and fluorescence microscopy [8]. The number of EPPT peptides

on MN was quantified by BCA protein assay and the number of Cy5.5 dye molecules on
MN was quantified spectrophotometrically. The loading ratio of EPPT and Cy5.5 per MN
was 8.7 and 2.3 respectively. We also synthesized control nanoparticles contained scrambled
EPPT sequence (MN-SCR). These nanoparticles were identical to MN-EPPT except for the
peptide sequences which was the EPPT scrambled sequence (C-AHA-A-E-G-R-P-T-F-P-T-
R-A-Y-W-K).

In vitro cell binding assay

MC38 MUC1 (expressing human MUC1) and MC38 neo (mock-transduced negative
control) cell lines derived from C57BL6 murine colon adenocarcinoma cells were provided
by Dr. Pinku Mukherjee (University of North Carolina, [9]). MC38 cells were originally

a gift from Dr. Jeffrey Schlom (Bethesda, MD). To assess relative accumulation of

the imaging probes in these cells, two cell lines were seeded into 96-well plates and
incubated with MN-EPPT and MN-SCR (0, 12.5, 25, 50 and 100.g/ml Fe) respectively

at 37°C for 1 h. After incubation, Cy5.5 fluorescence levels were measured using an

IVIS Spectrum imaging system (PerkinElmer, Hopkinton, MA), and normalized to total
cell protein determined by bicinchoninic acid protein assay (BCA assay, Pierce, Thermo
Fisher Scientific, Inc., Rockford, IL). To examine if 5-Fluorouracil (5-FU, Sigma) could
downregulate uMUC1 expression, MC38 MUCL cells were incubated with 0.2zmol/l 5-FU
at 37°C for 24 h. Cells not treated with 5-FU served as a negative control. To assess

if relative accumulation of MN-EPPT was proportional to uMUC1 expression following
treatment with 5-FU, the cells were incubated with MN-EPPT at 37°C for 1 h. Following
incubation, the cells were analyzed for uMUC1 expression by immunocytochemistry.
Cells were stained with hamster monoclonal anti-mucin 1 antibody (MH1, 1:100 dilution;
ThermoFisher, Carlsbad, CA), followed by incubation with corresponding FITC-labeled
1gG secondary antibody (1:200 dilution; Abcam, Cambridge, MA), counterstained with
DAPI (Vectashield; Vector Laboratories, Inc., Burlingame, CA) for cell nucleus staining.
Fluorescent images were examined using a Nikon Eclipse 50i fluorescence microscope
(Nikon, Melville, NY), equipped with the necessary filter sets and analyzed using SPOT 4.0
Advance version software (Diagnostic Instruments, Sterling Heights, MI).
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Orthotopic colon cancer animal model

All applicable institutional and/or national guidelines for the care and use of animals were
followed. Orthotopic colon cancer tumor model was established in isoflurane-anesthetized
8-week-old female C57BL/6 mice (Jackson Laboratories, Bar Harbor, ME) first by
subcutaneous injection of 1x106 of either MC38 MUC1 or MC38 neo cells into the right
flank of a mouse. When subcutaneous tumor reached 0.5cm in diameter, it was excised
and cut into nodules of approximately 1mm in diameter. To establish an orthotopic tumor
model of colon cancer, the tumor nodules were surgically implanted in the cecum of
8-week-old female C57BL/6 mice through a median incision made in the lower abdomen.
Briefly, the peritoneum was separated from the abdominal wall and opened. The cecum
was exposed and a tumor nodule was embedded into cecum on the mesentery side

with interrupted sutures using 5.0 Vicryl (Ethicon, Somerville, NJ). Both peritoneum and
abdominal wall were then closed. Monitoring of the tumor growth was performed by

MRI using a 9.4T Bruker horizontal scanner equipped with a Rat Array MRI CryoProbes
coil. Chemotherapy with 5-FU was started when the tumor size reached at least 0.5cm in
diameter (approximately four weeks after implantation). The difference in MNEPPT uptake
before and post chemotherapy in MC38 MUCL1 and MC neo colon tumors was evaluated
by MRI after intravenous injection of MN-EPPT or MN-SCR. The course of the studies
is presented in Table 1. The description of experimental and control groups is presented in
detail in Table 2.

Treatment and response evaluation criteria

To establish a clinically relevant treatment model, we chose 5-Fluorouracil as a
chemotherapy drug. 5-FU is one of pyrimidine analogues, which exerts its antitumor effects
by inhibiting DNA/RNA synthesis, and is approved as a therapeutic agent against colon
cancer in clinic. One round of the treatment protocol involved intraperitoneal injections of
30 mg/kg of 5-FU in saline solution once daily for 5 consecutive days with a therapy break
on the following two days. The total of four rounds of therapy was performed (Table 1).
Saline solution-injected animals served as nontreated controls. To evaluate tumor response
to chemotherapy, /n vivo imaging was performed 1 day before and 1 day following the
completion of the two rounds of chemotherapy (Table 1). Treatment outcome, as reflected
by the change in tumor longest diameter, was compared before and after treatment every
two rounds of chemotherapy. According to Response Evaluation Criteria in Solid Tumors
(RECIST), Complete Response (CR): disappearance of the target lesion; Partial Response
(PR): = 30% decrease in the longest diameter of target lesion compared with baseline;
Progressive Disease (PD): = 20% increase in the longest diameter of target lesion compared
with baseline recorded or the appearance of one or more new lesions; Stable Disease (SD):
neither PR or PD. Generally, CR, PR and SD would be considered as an effective result of
chemotherapy and PD would be considered ineffective.

Magnetic resonance imaging

For every two rounds chemotherapy, /n vivo MRI was performed on MC38 MUC1 and MC
neo-bearing animals before and 24 h after intravenous injection of MN-EPPT or MN-SCR
(15 mg Fe/kg) (Table 1), using a 9.4T Bruker horizontal bore scanner equipped with a

Mol Imaging Biol. Author manuscript; available in PMC 2022 October 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhao et al.

Page 5

Rat Array MRI CryoProbes coil (Bruker, Billerica, MA). Iron oxide-based contrast agents
cause the tissue signal loss on T2-weighted sequences due to the susceptibility effects of
the iron oxide core, and therefore can be used for tumor delineation. The size of the tumors
was evaluated using the longest diameter. T2 relaxation times of the tumors were evaluated
by free-hand segmenting of the region of interest (ROI) on MRI. ROIs were selected

to include the entire tumor visible on a particular slice. Relative MN-EPPT/MN-SCR
accumulation in the tumors was calculated according to the following formula: 6T2(delta-
T2, in milliseconds) = T2 before injection -T2 after injection. T2 map was analyzed voxel-
by-voxel by fitting the T2 measurements to a standard exponential decay curve, defined by
the following formula: y =A exp(-t/T2) using MATLAB software R2011b (The MathWorks,
Inc., Natick, MA). Average T2 times in manually selected ROIs surrounding the targeted
tumors were calculated using ImageJ software 1.50c (NIH, Bethesda, MD). Image analysis
was performed by two independent investigators blinded to sample identities.

In vivo and ex vivo epifluorescence optical imaging

In vivo epifluorescence optical imaging was performed to corroborate the accumulation
of the imaging probes in the tumors utilizing the signal from Cy5.5 dye conjugated

to the nanoparticles. The timeline of the optical imaging was same as that of MRI.

It was performed immediately after each MRI session using an IVIS Spectrum animal
imaging system (PerkinElmer, Hopkinton, MA). To evaluate the imaging results, an ROI
was drawn around each tumor and image analysis was conducted using Livinglmage 4.2
software (PerkinElmer, Hopkinton, MA). Average fluorescence signal efficiency, defined
as fluorescence emission normalized to the incident excitation intensity (radiance of the
subject/illumination intensity), was used for quantification. After the last imaging session,
mice were sacrificed; tumors and tissues were excised and imaged ex vivo for the
biodistribution using the 1VVIS Spectrum system. The organs included liver, spleen, kidney,
lung, heart, intestine and muscle. Image analysis was performed using the Livinglmage 4.2
software (PerkinElmer, Hopkinton, MA).

Histology and immunostaining

Correlative immunohistochemistry (IHC) was performed to evaluate the expression of
UMUC1 and the accumulation of MN-EPPT/MN-SCR in tumors. Immunohistochemistry
was performed on frozen sections derived from tumors in cecum by staining for uMUCL1 and
colocalizing it with Cy5.5 signal derived from the MN-EPPT or MN-SCR probe. Tumors
were embedded in Tissue-Tek OCT compound and cut into 7 pm frozen sections. The
dilutions of anti-mucin 1 antibody and FITC-labeled IgG secondary antibody were same

as those used for immunocytochemistry (ICC) mentioned above. The staining results were
analyzed using a Nikon Eclipse 50i fluorescence microscope equipped with an appropriate
filter set (Chroma Technology Corporation). Images were acquired using a charge-coupled
device camera with near-1R sensitivity (SPOT 7.4 Slider RTKE, Diagnostic Instruments).
Fluorescence of FITC, DAPI and Cy5.5 was collected in appropriate channels. Investigators
blinded to the animal treatment groups analyzed all tissue sections using SPOT 4.0 Advance
version software (Diagnostic Instruments, Sterling Heights, MlI).
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Statistical analysis

Results

Data were presented as mean + SD. Statistical comparisons between two groups were
evaluated by Student t-test and corrected by one-way ANOVA for multiple comparisons
using GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA, USA). A value of P <0.05
was considered statistically significant.

MN-EPPT specific accumulation in MC38 MUC1 cells and tumors

To evaluate the accumulation of MN-EPPT and MN-SCR in MC38 MUCL cell, the cells
were incubated with the probes at 37°C for 1hr. As seen in Fig. 1a and 1b, MC38
MUC1cells demonstrated significantly higher, concentration-dependent accumulation of
MN-EPPT compared to MN-SCR. There was no significant difference in accumulation of
neither probes in MC38 neo cells.

Fluorescence microscopy was used to evaluate changes in uMUCL expression following
5-FU treatment of MC38 MUC1cell. As seen in Fig. 1¢c, uMUCL expression decreased
following treatment with 5-FU. This followed the accumulation of MN-EPPT, which

was decreased in MC38 MUC1cell following treatment with 5-FU as assessed by Cy5.5
fluorescence. The above results were mirrored by the /n vivo biodistribution studies that
demonstrated preferential accumulation of MN-EPPT in the tumor lesions compared to
other surrounding organs (Fig. 2a and b). Importantly, these findings supported our in vitro
data (Fig. 1c) and showed the tendency of uMUC1 expression to decrease in response to
cancer treatment as evident from the difference in signal intensity that signifies MN-EPPT
accumulation between the experimental and control groups (Fig. 2b).

MN-EPPT-enhanced molecular imaging permits monitoring of chemotherapy response

The tumor size in 5-FU treated animals were assigned according to RECIST as described
in Materials and Methods. Specifically, after four rounds of chemotherapy tumors of five
mice were categorized as SD and tumors of two mice were PD. In all nontreated animals,
the diameter of lesions doubled in four weeks. As for MRI results, after 4 rounds of
chemotherapy, tumor delta-T2 values in the control group 1 were significantly higher than
in the experimental group as showed in Fig. 3a and 3b (23.50 £ 2.98 ms vs. 16.23 +

4.84 ms). We also observed the smaller delta-T2 in the SD mice than in the PD mice

(Fig. 3c). Optical imaging confirmed these results and showed that the overall fluorescence
intensity associated with the lesions in the PD mice remained higher than in the SD mice
(Suppl. Fig. 1, see Electronic Supplementary Material (ESM)). In addition, to confirm

the specificity of uMUCL1 targeting probe /n vivo, non-treated animals bearing MC38 neo
xenografts devoid of uMUCL1 were injected with MN-EPPT or MNSCR probe (control
groups 3 and 4) followed by MRI. The results showed that there was no difference in
delta-T2 values between these two groups (Fig. 3d). Similarly, optical imaging showed no
statistical differences in fluorescence signal intensity between these groups (Suppl. Fig. 2,
see ESM). These findings demonstrate that uMUC1 expression has the tendency to decrease
in response to cancer treatment.
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Ex vivo analysis of MN-EPPT accumulation and uMUC1 expression

To further confirm /in vivo imaging results, the cecum tumor sections derived from 5-FU
treated (experimental group) and nontreated (control group) mice were stained for uMUC1
expression and accumulation of MN-EPPT. The results showed uMUCL1 expression not
only in the cytomembrane but also in the cytoplasm of tumor cells, which distributed
throughout the disorganized glandular epithelium of cecum tumor lesions (Fig. 4). Protein
expression of uMUC1 in the SD mice was lower than in the PD mice or the nontreated mice.
Accumulation of MN-EPPT, which was judged by Cy5.5 fluorescence, was lower than in
the SD mice compared to the PD mice or nontreated mice (Fig. 4). We concluded that the
accumulation of the MNEPPT in these lesions reflects uMUC1 expression, which clearly
decreases in response to chemotherapy.

Discussion

MUCL1 is a glycoprotein that prevents pathogens from reaching the cell surface [10].
Overexpression and underglycosylation of MUCL is often associated with colon, breast,
ovarian, lung and pancreatic cancers [11]. Our previous /n vivo animal studies demonstrated
that the changes in uMUCL1 expression in breast and pancreatic cancers treated with
chemotherapy could be detected using MN-EPPT-enhanced MRI [7-8]. Therefore, in this
current study, we hypothesized that uMUC1 could be regarded as a prognostic biomarker

of therapeutic response for colon cancer thus providing the ability to monitor response to
chemotherapy on a molecular level and permitting early and more adequate therapeutic
intervention. To monitor the changes in uMUC1 expression in response to chemotherapy,
we utilized /n vivo MRI with uMUC1-specific MN-EPPT probe. Accumulation of this probe
is detectible by MRI due to the strong magnetization force of iron, which disrupts the
surrounding protons of water, reporting a low-intensity signal on the MR images [12]. Our
results support previous findings showing the reduction of uMUC1 expression in breast
cancer and pancreatic cancer [7-8], as detected by the changes in average deltaT2 value after
chemotherapy. The results from the current study support our earlier findings that changes

in uMUC1 expression precede changes in other anatomical and/or physiological indications
of therapeutic progress. In fact, we established a new finding that tumors that were not
responsive to the treatment and that were classified as “Progressive Disease”, accumulated
significantly higher amount of the MN-EPPT probe due to continuous cell proliferation and
increased availability of uMUC1 antigen. On the other hand, MN-EPPT accumulation was
reduced in the tumors that responded to therapy (classified as “Stable Disease”), pointing to
reduced uMUCL1 expression. These results demonstrate that MRI permits for stratification
of tumor-bearing animals based on their response to 5-FU therapy. Also, these findings
might reflect a clinical situation when patients respond to the same chemotherapy differently
[13-14].

As in our previous studies [7-8], we believe that uMUC1 downregulation is not a result

of a specific action of 5-FU but rather the overall response of the dying tumor cell to a pro-
apoptotic stimuli imposed by the drug. Investigation of the mechanisms behind 5-FU action
contributing to uMUC1 downregulation is a subject of a separate study that is currently
under way in our laboratory.
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In this study the contrast agent was not used for imaging tumor volume but rather for
imaging the relative expression of the uMUCL tumor antigen, as a biomarker of therapeutic
response. Tumor volume is a late and relatively ineffective parameter because changes

in tumor volume may not be visible in a responder population for some time after the
beginning of treatment. Therefore, it would also be a late and ineffective parameter in
identifying non-responders. In fact, in our study, changes in tumor size were not obvious
until the end of the treatment schedule. Generally, our results point to the necessity to
evaluate “target-specific” imaging for tumor detection more carefully when it is used

in conjunction with therapy as the specific tumor biomarker could be downregulated in
response to said therapy thus skewing imaging results. In application to over 50% of human
cancers expressing uMUCL1 [15], our results could provide insight into overall assessment of
therapeutic response based on its expression as defined by noninvasive MN-EPPT-enhanced
MRI.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

a ?/7 vitro testing of MN-EPPT and MN-SCR accumulation in MC38 MUC1 and MC38

neo cell lines. b Cell binding assays showed concentration dependent preferential uptake of
experimental MN-EPPT probe by MC38 MUC1cells compared to control probes. There was
no difference in uptake between the experimental and control probes by the control MC38
neo cell line. ¢ Fluorescence microscopy of MC38 MUC1cells before (left) and after (right)
5-FU treatment. Note changes in uMUC1 expression and reduced MN-EPPT accumulation
in treated cells. (Green - uMUCI; red - Cy5.5 dye conjugated to nanoparticles; blue — DAPI,
cell nucleus; magnification bar = 15 pm).
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Fig. 2.
In vivo optical imaging after 4 rounds of chemotherapy with 5-FU. There were visible

differences in fluorescence intensity of Cy5.5 in tumors between a the experimental and b
non-treated control animals. Note the disappearance of the optical signal from the tumor
upon tissue removal signifying the specificity of MN-EPPT. Tissue labels in Petri dish:

1 —tumor, 2 — liver, 3 — spleen, 4 — kidney, 5 — lung, 6 — heart, 7 — intestine, 8 —

muscle. ¢ Biodistribution showed lower uptake of MN-EPPT in experimental treated animals
consistent with uMUC1 downregulation. Note that there was no statistical differences in the
uptake by major organs between experimental and non-treated control group.
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Fig. 3.

Mgl]\l-EPPT-enhanced MRI. a Pre- and post-contrast images of experimental and control
animals showing accumulation of MN-EPPT in tumors (arrows). b The deltaT2 values of
the tumors in animals from experimental group were significantly decreased (*P < 0.05)
compared to control group 1 that did not receive chemotherapy. ¢ Quantitative analysis of
deltaT?2 value changes shows significant differences in T2 relaxation times between tumors
from SD or PD animals in experimental group (*P < 0.05). d There were no statistically
significant differences in deltaT2 values between control groups 3 and 4.
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Fig. 4.

Fluorescence microscopy demonstrates changes in uMUCL expression and MN-EPPT
accumulation in tumors from SD or PD animals from experiments group (green - uMUC1,
red - Cy5.5 dye conjugated to nanoparticles; blue — DAPI, cell nucleus; magnification bar =
50 pm).
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Table 1:

Timeline for chemotherapy and /in vivo imaging experiments.

Days 1412128 | 30
Chemotherapy X | X X
MRI

Optica Imaging
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Experimental group and control groups

Table 2:

Groups Sample# Xenograft model Chemotherapy regimen MRI Probe Imaging
Experimental group 7 MC 38 mucl 5-FU for 4 rounds MN-EPPT 3 rounds
Control group 1 3 MC 38 mucl Saline control MN-EPPT 3 rounds
Control group 2 3 MC 38 mucl Saline control MN-SCR 3 rounds
Control group 3 3 MC 38 neo None MN-EPPT 1 round
Control group 4 3 MC 38 neo None MN-SCR 1 round
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