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Abstract

Neoadjuvant therapy (NAT) is routinely used in pancreatic ductal adenocarcinoma (PDAC), but
not all tumors respond to this treatment. Current clinical imaging techniques are not able to
precisely evaluate and predict the response to neoadjuvant therapies over several weeks. A strong
fibrotic reaction is a hallmark of a positive response, and during fibrogenesis allysine residues
are formed on collagen proteins by the action of lysyl oxidases (LOX). Here we report the
application of an allysine-targeted molecular magnetic resonance imaging (MRI) probe, MnL3,
to provide an early, noninvasive assessment of treatment response in PDAC. Allysine increased
2- to 3-fold after one dose of NAT with FOLFIRINOX in sensitive human PDAC xenografts in
mice. Molecular MRI with MnL3 could specifically detect and quantify fibrogenesis in PDAC
xenografts. Comparing the MnL3 signal before and 3 days after one dose of FOLFIRINOX
predicted subsequent treatment response. The MnL3 tumor signal increased by 70% from day 0 to
day 3 in mice that responded to subsequent doses of FOLFIRINOX, while no signal increase was
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observed in FOLFIRINOX-resistant tumors. This study indicates the promise of allysine-targeted
molecular MRI as a noninvasive tool to predict chemotherapy outcomes.

Introduction:

Pancreatic ductal adenocarcinoma (PDAC) is a significant public health issue globally and
is predicted to be the second most deadly cancer in the United States by 2030 (1). Although
the treatment of PDAC has improved over recent years, the prognosis is still dismal, with

a five-year overall survival of only 11% (2). Unfortunately, only approximately 15 — 20%
of the patients are diagnosed at an early stage and considered as candidates for upfront
surgical resection. Due to the late onset of symptoms and the aggressiveness of the disease,
most patients are diagnosed at locally advanced or metastatic stages. The combination of
oxaliplatin, irinotecan, folinic acid and 5-flourouracil in a regimen called FOLFIRINOX

is effective against PDAC. Neoadjuvant therapy (NAT) with FOLFIRINOX, particularly in
patients with locally advanced tumors, with or without chemoradiotherapy, has become the
first-line standard of care for this disease (3-5).

Unfortunately, not all patients with PDAC have tumors that respond to FOLFIRINOX NAT,
with a reported response rate of 31.6% (6). Moreover, conventional radiographic assessment
do not accurately capture responsiveness to FOLFIRINOX NAT (7). Better diagnostic tools
are needed to both characterize and predict response to FOLFIRINOX NAT.

Response of PDAC to neoadjuvant therapy is an important predictor of survival (8,9).
Currently, histologic evaluation of tumors by pathologists for grading of the extent of
tumor regression remains the diagnostic gold standard for the histological assessment of
the effect of NAT in patients (10,11). However biopsies are not obtained after NAT to
determine responsiveness, and NAT response is only assessed histologically after resection.
In recent years, however, there has been growing concern about the inherent flaws of
tumor regression grading systems and their imprecise and impractical criteria that result

in divergence of practice and lack of interobserver agreement (12). The invasive nature of
this procedure exposes patients with a high risk of major complications such as infection
and is not suitable for longitudinal monitoring of treatment response. In addition, tumor
sampling does not capture the state of response across metastatic sites. With advances in
imaging technology, data acquisition, and analysis, more studies are being conducted to
improve imaging accuracy for noninvasive evaluation of the response to NAT for PDAC.

In the clinic, high-resolution CT and MRI at approximately 2-month intervals are standard-
of-care imaging modalities for monitoring the response of PDAC to NAT. However, studies
have shown that all these methods suffer from shared drawbacks in that there were few
morphological changes in the tumors, and only a small percentage of patients showed tumor
shrinkage during the long course of standard cytotoxic NAT (13,14). While 18F-FDG PET
has been widely used to evaluate response to various forms of therapy in many cancer
types (15-17), its use in the setting of PDAC has been limited by multiple factors (18).
These limitations include the occurrence of nonspecific uptake of 18F-FDG in inflammatory
lesions and regions of infection, and an inability to reliably distinguish focal mass-forming
pancreatitis from pancreatic cancer.

Cancer Res. Author manuscript; available in PMC 2025 February 01.
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It was shown that, in patients, PDAC fibrosis observed on post-chemoradiation biopsies
was associated with extended overall survival (19-21). Erstad et al. showed that in

different orthoptic PDAC mouse models, collagen deposition after FOLFIRINOX treatment
could be detected with type | collagen-targeted molecular MRI (20). However, collagen
deposition is complex and requires time for collagen levels to build up to levels detectable
by molecular MRI. Lysyl oxidase (LOX) and its paralogs are established markers of
fibrogenesis (Fig. 1A) (22). During fibrogenesis, the secretion and enzymatic activity of
LOX and its paralogs are increased (23). LOX catalyzes the oxidation of lysine residues

to lysyl-aldehydes (allysine) that then undergo spontaneous reactions with adjacent lysine,
hydroxylysine, or other allysine residues on nearby collagen proteins to form cross-links
(24). Although the LOX-mediated oxidation of lysine residues is catalytic, subsequent
condensation reactions between proteins are slow, and thus there is a buildup of extracellular
allysine during fibrogenesis. Taking advantage of the rapid and reversible hydrazine or
oxyamine condensation reaction with aldehydes to form stable hydrazones or oximes, we
developed paramagnetic complexes functionalized with hydrazine or oxyamine moieties as
molecular MRI probes for noninvasive quantification of fibrogenesis. Using these probes,
we previously showed that molecular MRI of extracellular allysine is a sensitive marker of
the early onset of fibrosis in the liver, kidney, and lung (25-30). In a model of liver fibrosis,
allysine-targeted molecular MRI could detect the early onset of fibrosis before there was a
significant buildup of collagen as assessed histologically and biochemically (25,26).

We recently reported MnL3, a macrocyclic manganese (Mn2*) chelate based on [Mn(PC2A)
(H,0)] with a pendant alkyl hydrazine for targeting aldehydes in the extracellular space,
and MnL4, which is a structurally similar compound incapable of targeting aldehydes

that serves as a negative control (Fig. 1B)(31). Like Gd3* complexes that are used as
contrast agents in clinical MRI, complexes based on Mn2* are also potent relaxation

agents that shorten T1 and enhance signal in T1-weighted MR protocols. However unlike
gadolinium, manganese is an essential element which may confer a safety advantage over
gadolinium-based complexes. The T1 relaxivities of MnL3 and MnL4 were similar in PBS
(3 mM~1s71) and unchanged in bovine serum albumin (BSA), indicating efficient proton
relaxation and no appreciable nonspecific protein binding of the probes. However, the
relaxivity of MnL3 exhibited a 4-fold increase when bound to aldehyde-enriched BSA,
while no enhancement was observed with MnL4. These results indicate the specificity of
MnL3 in targeting aldehyde, and the increase in relaxivity upon binding provides additional
signal enhancement in T1-weighted MRI, which should lead to higher sensitivity. MnL3
and MnL4 showed similar pharmacokinetics in mice, with rapid renal elimination and no
accumulation in healthy tissue. That study also demonstrated that MnL3-enhanced MRI,
but not MnL4, specifically detected pulmonary fibrogenesis in a mouse lung injury model,
and MR signal enhancement correlated strongly with lung allysine concentration. This
combination of favorable features make MnL3 a strong candidate for clinical translation.
Additionally, we recently showed that aldehyde-targeted molecular MR in rodent models
of liver fibrosis was extremely sensitive to fibrogenesis and could detect the onset of
fibrotic liver disease before liver collagen levels had significantly increased (25,26). Here we
hypothesize that aldehyde-targeted molecular MRI with MnL3 can provide an early readout
of the FOLFIRINOX chemotherapy treatment response in mouse models of PDAC.

Cancer Res. Author manuscript; available in PMC 2025 February 01.
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Materials and methods:

Ethics approval of animals and cell lines

All animal experiments were performed in accordance with the National Institutes of
Health’s Guide for the Care and Use of Laboratory Animals and in compliance with the
Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines and approved by
the Massachusetts General Hospital (MGH) Institutional Animal Care and Use Committee
(protocol 2019N000139). Animals were housed under controlled temperature and 12-hour
light/12-hour dark cycle conditions. In all the experiments, mice were randomized to
different groups. Evaluation of the probes in animals was performed in a nonblinded fashion
but using the same caliper and same analyst to decrease the variability. Investigators were
blinded for histological analyses. The number of biological replicates and statistical results
are indicated in the figure legends.

Patient-derived metastatic pancreatic cancer cells, PDACSG, were obtained from the Ting
laboratory at MGH (32), metastatic PDAC cells, 1319 were obtained from the Liss
laboratory at MGH (33), primary PDAC cells, PANC1, were obtained from ATCC (34).

All cells were cultured in RPMI medium (ATCC) supplemented with 10% fetal bovine
serum (Thermo-Fisher) and 1% penicillin—streptomycin (ThermoFisher) at 37 °C and 5%
CO,. Approximately 1 x 108 cells in PBS were mixed with Matrigel (BD Biosciences) in a
total volume of 100 pL 1:1 (v/v) and injected into the subcutaneous space of the mice over
the right lower back. The tumors were monitored daily and once reached approximately 200
mm3, they were randomized into the experimental groups.

Drug formulation and administration

The chemotherapy regimen, FOLFIRINOX was prepared by dissolving calcium folinate
(Sigma-Aldrich, C0250000, 15 mg/mL), oxaliplatin (Sigma-Aldrich, Y0000271, 0.75 mg/
mL), irinotecan hydrochloride (Sigma-Aldrich, PHR2717, 7.5 mg/mL), and 5-fluorouracil
(Sigma-Aldrich, F6627, 7.5 mg/mL) in sterilized saline. The drug solution was prepared
freshly before administration to the mice to prevent degradation. For treatment of the

tumor, a solution of the prepared drug was administrated in the mouse tail vein every 3

days, containing 50 mg/kg calcium folinate, 2.5 mg/kg oxaliplatin, 25 mg/kg irinotecan
hydrochloride, and 25 mg/kg 5-fluorouracil (total volume < 150 pL) (20). Intravenous sterile
saline (i.v. < 150 uL) was used as the vehicle in the control group experiments.

Molecular MRI probes

MnL3 is a Mn(I1)-PC2A probe derivatized with an allysine-targeting hydrazine moiety, and
MnL4 is a structure-matched non-binding control probe. Both probes have relaxivity of
approximately 3.1 mM~1s71in PBS (1.4 T, 37 °C). MnL3 can covalently bind to a allysine-
modified bovine serum albumin (BSA-Ald) and exhibits a relaxivity of 12.7 mM~1 s~ after
binding, while MnL4 exhibits low/no binding to BSA-Ald. The probes were synthesized
using a previously published protocol (31).

Cancer Res. Author manuscript; available in PMC 2025 February 01.
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Animal experiments

A total of 63 tumor-bearing male nude mice (Crl:NU(NCr)-Foxnlnu, strain 490, Charles
River Laboratories, MA, USA) were included in this study.

To evaluate the specificity of the MnL3 probe to target allysine in vivo, a total of 18 PDAC6
tumor-bearing mice were used. Mice were randomized into three major groups (n=4 per
group) to undergo MR imaging prior to receiving any treatment (day 0), after one dose of
FOLFIRINOX (dosing on day 0, imaging on day 3), or after two doses of FOLFIRINOX
(dosing on days 0 and 3, imaging on day 7). In each group, mice underwent MRI prior to
and up to 60 min after injection of MnL4 (0.1 mmol/kg, i.v.). The same mice underwent

a repeat MRI 4 hours later, using the MnL3 (0.1 mmol/kg, i.v.) probe. Immediately after
the second scan (60 min after administration of MnL3), the mice were euthanized, and the
tumors were harvested for ex vivo analyses. An additional 2 mice per group were injected
with MnL3 probe and euthanized at the same time post-injection for ex vivo analyses (for a
total of 6 mice/group). One mouse from the third group died after the second FOLFIRINOX
treatment and was excluded from the study.

To evaluate the ability of MnL3 probe to differentiate responders from non-responders,

a total of 25 mice with FOLFIRINOX-sensitive PANC1 xenografts and 20 mice with
FOLFIRINOX-resistant 1319 xenografts were used. A subgroup of mice underwent a
baseline MnL3 enhanced MRI at day 0 (n = 16 for PANC1 and n = 8 for 1319). After
imaging, all the mice were randomized into two major groups of treatment with saline as
vehicle control or FOLFIRINOX. A repeat MnL3 enhanced MRI was performed 3 days
after receiving the first dose of treatment (day 3). For PANC1 tumor-bearing mice, following
the second imaging experiment, 6 mice from each group (12 in total) were euthanized,

and the tumors were extracted for ex vivo validations. The remaining imaged PANC1
tumor-bearing mice plus 9 additional mice continued to receive treatment with either vehicle
or FOLFIRINOX every 3 days, and the tumor growth was monitored for a total of 21 days.
Two mice from FOLFIRINOX-treated group did not survive until the study endpoint and
were excluded from the study. For 1319 tumor-bearing mice, following the second imaging,
the 8 imaged mice were euthanized, and tumors were harvested for ex vivo validations.

An additional 2 mice (one from each group) were administrated with MnL3 (0.1 mmol/kg,
i.v.), euthanized 60 min after injection, and tumors were harvested for ex vivo validations.
The remaining 10 mice continued to receive treatment with either FOLFIRINOX or vehicle
every 3 days and the tumor growth was monitored for a total of 21 days. Two mice from
FOLFIRINOX-treated group did not survive until the study endpoint and were excluded
from the study.

MRI imaging and analysis
Animals were imaged on a 4.7 T MRI scanner (Bruker Biospec) using a 35 mm i.d. transmit/
receive linear bird-cage coil (Bruker, BIO PRK 200 MIM 35/59). During MR imaging,
animals were anesthetized with 1-2% isoflurane and air/oxygen mixture to maintain a
constant respiration rate (60 £ 10 breaths per min), kept warm by a thermal pad, and
monitored by a small animal physiological monitoring system (SA Instruments Inc., Stony

Cancer Res. Author manuscript; available in PMC 2025 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ma et al.

Page 6

Brook NY). The tail vein was cannulated for delivery of the molecular probe (0.1 mmol/kg,
30 mM stock solution as determined by ICP-MS).

MR imaging sequences: 3D T1 FLASH (TR/TE/FA = 16 ms/2 ms/30°, 0.4 mm
isotropic spatial resolution, field of view (FOV) 60 mm x 35 mm, two averages, acquisition
time = 4 min) images were acquired before and dynamically after injection of the probe

to quantify the signal enhancement; DCE-MRI (TR/TE/FA = 65 ms/2 ms/30°, resolution
0.4 x 0.5, 2 mm slice thickness, FOV 64 x 51 mm, one average, acquisition time = 6.5

min, temporal resolution 5.6 s) was acquired 1 min prior to and immediately following
probe administration for another 5 min. During DCE-MRI, the probe was intravenously
administered at an injection rate of 50 uL/s, followed by a 50 pL saline flush; T2 RARE
(TR/TE/FA = 2000 ms/27 ms/180°, resolution 0.2 x 0.2, 1 mm slice thickness, FOV 35
mm x 35 mm, two averages, acquisition time = 3 min) images were acquired before probe
injection to define the tumor region of interest (ROI) and to identify areas of tumor necrosis.

MRI Data analysis: Image visualization and quantification were performed in Amide
software (AMIDE-bin 1.0.5) (35). Using the T2 RARE image to identify regions of
necrosis, a 3D ROI was manually traced on the first post-injection T1 FLASH image
encompassing the entire tumor parenchyma while avoiding regions of necrosis. A second 3D
ROI was placed on the adjacent phantom to quantify the signal intensity of the phantom for
normalization. These ROIs were copied to the pre- and post-injection FLASH images. The
normalized signal intensity (nS1) was computed by normalizing the signal intensity of the
tumor (Sly) to the signal intensity of the phantom (Slp), and the increase in nSI relative to the
image acquired before probe injection was computed (%nSl). For the DCE image, an ROI
was placed in the tumor parenchyma. A second ROI was placed on the adjacent phantom

to compute the normalized signal intensity and copied to all the DCE images to creating a
time-intensity curve. The peak %nSI was computed from these curves.

Tissue analysis for mice

After imaging, the animals were euthanized, and the tumors were harvested. A piece of each
tumor was embedded in paraffin and then sectioned into 5-pm-thick slices for later staining
with MT, H&E, and LOX. Another piece of each tumor was snap-frozen in liquid nitrogen
for quantitative analyses of allysine and manganese content.

Masson’s Trichrome staining and hematoxylin and eosin staining of the slices were
performed by the MGH Pathology Core. For LOX IHC performed on paraffin-embedded
section, after deparaffinization and dehydration, slides were blocked with PBST (2% Triton
in PBS) for 15 min followed by incubation with rabbit monoclonal to LOX antibody
(Abcam, ab174316, 1:1000 dilution with 5% goat serum) for 60 min at room temperature.
After that, the slides were incubated with 3% H»0 at room temperature to block
endogenous peroxidase activity. The slides were then incubated with biotinylated secondary
antibody (Merck, Goat Anti-Rabbit and Anti-Mouse, 3523293) for 60 min, followed by
washing with PBST and then 10 min incubation with Streptavidin HRP Conjugate (Merck,
ORO3L, 1:400). After washing with PBST, the slides were incubated with metal enhanced
DAB (Thermo, 1:10) and then nuclei were counterstained with hematoxylin (1:6) for 30 s.

Cancer Res. Author manuscript; available in PMC 2025 February 01.
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The whole slides were fully digitalized using a NanoZoomer 2.0-HT whole-slide scanner
(Hamamatsu Photonics). The CPA, defined as the percentage of the area of the stained
positive by MT, and the LOX positive area, defined as the percentage of the area of

the stained positive by DAB, were measured with ImageJ (Fiji, version 1.0). Allysine

and manganese content in the tumor were quantified using reported HPLC and ICP-MS
methods, respectively and expressed as the amount per wet weight of tissue (nmol/g) (31).

Statistical analysis

Data are shown as box plots with central marks indicating the median, bottom and top
edges of the box indicating the interquartile range, and top and bottom marks indicating the
maximum and minimum data points. Bar graphs are shown as mean + standard deviation
(SD). Tumor volume measurements were shown as mean + standard error of mean (SEM).
Statistical analysis was performed using GraphPad Prism (version 9.1.1). Comparisons were
performed with two-tailed unpaired Student’s t-test to analyze differences between two
different groups, paired Student’s t-test to analyze differences in variables for the same
mice in two different time points, or one-way ANOVA with Tukey’s post hoc comparison
to analyze differences among three or more groups. Values of P < 0.05 were considered
statistically significant. Sample sizes can be found in the figure legends and were chosen
based on previous experience. Animals were fully randomized.

Data availability

Results:

The data generated in this study are available within the article and Supplementary data files
and upon request from the corresponding author.

MnL3 is an aldehyde-reactive MRI probe with greater reactivity under acidic conditions.

We previously showed that MnL3, but not MnL4, reacts very rapidly with aldehydes (31).
Since the extracellular tumor microenvironment is often acidic, we first tested how the rate
of aldehyde condensation was affected by pH. The reactivity of MnL3 and MnL4 to allysine
was conducted using butyraldehyde as a small-molecule model for allysine. After incubation
of MnL3 or MnL4 with butyraldehyde, aliquots of the solution were analyzed by HPLC-MS
with UV and mass spectrometry detection at different incubation times. Fig. 1C and Fig. S1
show that MnL3 reacts completely with butyraldehyde at both pH 6.5 and pH 7.4. Fig. 1D
and Fig. S2 show that MnL4 does not react with butyraldehyde. Measuring the condensation
rate as a function of time indicated that MnL3 reacts twice as fast with butyraldehyde at pH
6.5 (10.4 + 1.4 M~1s71) compared to pH 7.4 (4.6 + 0.3 M~1s71), suggesting that MnL3 will
have a faster on-rate in the acidic tumor microenvironment, Fig. 1E.

MnL3 MR imaging specifically targets and quantifies allysine within the PDAC stroma in
animal models of PDAC.

First, the fibrotic response of PDAC tumor stroma to FOLFIRINOX was validated
histologically and biochemically in a patient-derived PDAC6 xenograft model. Fig. 2A
shows representative H&E stained tissue for untreated tumor and for tumors harvested 3
days after one or two doses of FOLFIRINOX. Biochemically quantified allysine in the

Cancer Res. Author manuscript; available in PMC 2025 February 01.
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extracted tumor tissues showed a significantly higher allysine content as early as 3 days
post-treatment (95 £ 15 nmol/g, P = 0.007, n = 6), which remained significantly elevated

at 7 days post-treatment (108 + 32 nmol/g, P = 0.001, n=5) compared to untreated tumors
(55 + 15 nmol/g, n = 6, Fig. 2B). Collagen staining with Masson’s Trichrome (MT) showed
no significant change in the collagen proportion area (CPA) 3 days after one dose of
FOLFIRINOX (20 £+ 8 %, P > 0.5, n = 5) but was significantly increased after two doses

of FOLFIRINOX treatment (28 + 8 %, P = 0.01, n = 5) compared to the untreated tumors
(12 £ 4 %, n =5, Fig. 2C, and D). On the other hand, immunohistochemical (IHC) staining
of tumor tissues slides revealed a significantly elevated LOX staining compared to the
untreated tumors after one FOLFIRINOX dose (%LOX positive area: 28 £ 6 %, P =0.01, n
= 6) which further increased after two doses of treatment (%LOX positive area: 39 + 7 %, P
< 0.001, n=5) compared to the untreated tumors (%LOX positive area: 15 + 7 %, n = 5, Fig.
2E and F).

The specificity of MnL3 molecular MR to tumor stromal allysine was evaluated in the
PDACS6 xenograft model (Fig. 3A). In untreated mice, dynamic MnL4 enhanced T1w
FLASH MRI showed tumor signal enhancement that peaked by 7 min post-injection (p.i.)
(Fig. S3) and then washed out with the tumor signal returning to its pre-injection baseline
value by 60 min p.i. (Fig. 3B and C). On the other hand, MnL3 enhanced MR performed in
the same mice resulted in higher initial tumor signal enhancement compared to MnL4, and
the tumor signal enhancement persisted over 60 min p.i. (Fig. 3B and C). The %nSI of the
tumors by MnL3 was significantly higher than MnL4 at 30 min and 60 min p.i. (at 60 min
p.i., %nSI: 14.9 + 2.7 % vs. 0.4 + 3.8 %, MnL3 vs. MnL4, P = 0.003, n = 4, Fig. 3C and 30
min p.i. data shown in Fig. S4).

In the next step, the specificity of the MnL3 probe to allysine changes in response to
chemotherapy was evaluated after one dose (dosed at day 0, imaged at day 3, n=4) and after
2 doses (dosed at days 0 and 3, imaged at day 7, n=4) of FOLFIRINOX treatment. There
was an increase in tumor signal enhancement by the MnL3 probe after one or two doses of
FOLFIRINOX compared with the pre-treatment baseline value (at 60 min p.i., 14.9 + 2.7 %
atday 0, 25.3 + 5.2 % at day 3, and 29.3 £ 7.2% at day 7; day 3 vs day 0: P = 0.04, day 7
vs day 0: P = 0.003, n = 4 for each group, Fig 3C). On the other hand, MnL4 enhanced MR
showed no difference in transient tumor signal enhancement among the three imaging time
points for the same tumor-bearing mice (at 60 min p.i., day 3 vs day 0: P > 0.99, day 7 vs
day 0: P > 0.99, n = 4 for each group, Fig 3C).

Dynamic contrast-enhanced (DCE)-MRI within the initial 5 min p.i. of MnL4 showed no
significant differences between upslope of tumor signal enhancement, the peak tumor %nSl,
or the washout rate before or after FOLFIRINOX (Fig. 3D and Fig. S5). Fig. 3D shows peak
%nSI and the entire DCE %nSI versus time curves for MnL4 are shown in Fig. S5 and are
superimposable indicating that no large change in tumor permeability and/or extracellular
volume is occurring in response to treatment. Ex vivo quantification of tumor manganese
content at 60 min p.i. of MnL3 (Fig. S6) was consistent with the MRI results and was higher
at 3 days (41 + 6 nmol/g, P = 0.05, n=6) and 7 days (42 = 9 nmol/g, P = 0.04, n=5)

after FOLFIRINOX treatment compared to the untreated tumors (29 = 8 nmol/g, n=6). The
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tumor %nSI at 60 min p.i. of MnL3 correlated well with biochemically quantified allysine
concentration (Fig. 3E).

MnL3 molecular MR imaging can predict response to FOLFIRINOX treatment in mouse
models of PDAC.

We next examined whether MnL3 MRI can predict PDAC response to FOLFIRINOX
chemotherapy. Specifically, we tested whether the MnL3 tumor signal enhancement
measured at 3 days after the first FOLFIRINOX treatment relative to the pre-treatment scan
can predict response. For this purpose, two subcutaneously implanted PDAC models using
patient-derived FOLFIRINOX-sensitive PANCL cells (n = 23) and FOLFIRINOX-resistant
1319 cells (n = 18) were employed.

Fig. 4A shows representative H&E stained tissue for untreated PANC1 tumor and for tumors
harvested 3 days after one dose of FOLFIRINOX. For the FOLFIRINOX-sensitive PANC1
tumor-bearing mice, biochemical assessment of tumor allysine concentration by HPLC
showed a significant increase after FOLFIRINOX treatment compared to vehicle (97 + 33
nmol/g vs. 35 + 15 nmol/g, FOLFIRINOX group vs. vehicle group, P = 0.01, n = 4 for each
group, Fig. 4B). Histological staining of the extracted PANC1 tumors exhibited significantly
higher CPA on MT staining in tumors treated with one dose of FOLFIRINOX compared to
vehicle (CPA: 23 £ 14 % vs. 8 £ 5 %, FOLFIRINOX group vs. vehicle group, respectively,
P =0.04, n= 6 for each group, Fig. 4C and D), and significantly higher LOX staining on
IHC (%LOX positive area: 24 + 11 % vs. 8 + 5 %, FOLFIRINOX group vs. vehicle group,
respectively, p = 0.009, n = 6 for each group, Fig. 4E and F).

Quantification of MnL3 enhanced MRI in the FOLFIRINOX-sensitive PANC1 tumor-
bearing mice at day 0 (before treatment) showed that mice assigned to both the
FOLFIRINOX and vehicle groups exhibited equivalent tumor signal enhancement (13.2
+2.7 % vs. 12.8 + 2.7 %, FOLFIRINOX group vs. vehicle group, P = 0.7, n = 8 for

each group, Fig. S7). In vehicle-treated mice, there was no change in the tumor signal
enhancement at 3 days post-treatment compared to the pre-treatment scan ( 12.8 £ 2.7% vs.
12.9 £ 2.9 %, pre-treatment vs. post-treatment, P = 0.9, n = 8 for each group, Fig. 5A, B
and C). While in the FOLFIRINOX-treated group, the tumor MnL3 MR signal enhancement
was significantly increased by 70 % at day 3 relative to day 0 (13.3 £+ 2.7 % vs. 22.5

3.2 %, pre-treatment vs. post-treatment, P < 0.001, n = 8 for each group, Fig. 5D). Ex vivo
assessment of tumor manganese content by ICP-MS method at 60 min p.i. of MnL3 showed
a significantly elevated manganese content in FOLFIRINOX-treated mice compared to the
vehicle-treated mice (50 = 16 nmol/g vs. 25 £ 7 nmol/g, FOLFIRINOX group vs. vehicle
group, P = 0.03, n = 4 for each group, Fig. S8). Monitoring the tumor growth every 3 days
for a total of 21 days showed effectiveness of FOLFIRINOX in inhibiting tumor growth
compared to vehicle-treated group (FOLFIRINOX vs. vehicle, P < 0.001, respectively, Fig.
5E).

Fig. 6A shows representative H&E stained tissue for untreated 1319 tumor and for tumors
harvested 3 days after one dose of FOLFIRINOX. For the FOLFIRINOX-resistant 1319
tumor-bearing mice, biochemical assessment of tumor allysine concentration showed no
significant difference in the values between FOLFIRINOX- and vehicle-treated mice (94 +
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24 nmol/g vs. 100 + 37 nmol/g, FOLFIRINOX group vs. vehicle group, P = 0.8, n =5 for
each group, Fig. 6B). Fibrosis quantified by CPA and fibrogenesis assessed by LOX IHC in
the extracted 1319 tumor tissues showed that one dose of FOLFIRINOX did not induce a
significant change in either tumor collagen deposition or LOX expression (CPA(%): 24 +4
% vs. 18 £ 5 %, FOLFIRINOX vs. vehicle, P = 0.08, n = 5 for each group, Fig. 6C and D;
LOX positive area(%): 34 = 7 % vs. 29 + 6 %, FOLFIRINOX vs. vehicle, P = 0.2, n =5 for
each group, respectively, Fig. 6E and F).

In the FOLFIRINOX-resistant 1319 tumor-bearing mice, both groups of FOLFIRINOX and
vehicle-treated mice exhibited similar tumor signal enhancement on MnL3 MRI at day 0O
(18.2 £ 4.7 vs. 17.2 £ 5.1, FOLFIRNOX group vs. vehicle group, P = 0.8, n = 4 for each
group, Fig. S9,), and the signal did not significantly increase after 3 days (one dose) of
either FOLFIRINOX or vehicle (P = 0.7 for vehicle group and P = 0.6 for FOLFIRINOX
group, Fig. 7A — D,). Ex vivo determination of tumor manganese concentration at 60 min
p.i. of MnL3 (37 = 10 nmol/g vs. 42 + 16 nmol/g, FOLFIRINOX group vs. vehicle group,

n = 5 for each group, Fig. S10) showed no significant difference in the values between
FOLFIRINOX- and vehicle-treated mice, in line with the findings from in vivo MRI.
Monitoring the animals over 21 days revealed that FOLFIRNOX-treated mice showed no
treatment benefit compared to the vehicle-treated mice with respect to tumor volume change
(FOLFIRINOX vs. vehicle, P = 0.8, Fig. 7E).

Discussion:

PDAC remains one of the most significant challenges in oncology. Surgical resection is the
only curative option, available to only 15% of the patients, with long-term survival after
RO resection approaching 25% (36). Despite considerable progress in advanced surgical
techniques and neoadjuvant chemotherapy that has resulted in downstaging and increasing
the chance of resectability in patients with local disease, long-term survival (= 5 years)
remains low for most patients.

A significant barrier to assessing NAT effectiveness is the lack of radiological modalities to
accurately assess response (37). Clinical restaging during and after NAT is based on MRI or
CT metrics, most importantly, the change in lesion size. However, these scan metrics are not
predictive of resectability or pathological response in PDAC (38,39). Therefore, noninvasive
prediction of PDAC tumor response to NAT is a critical unmet clinical need for this large,
difficult-to-treat patient population. FOLFIRINOX is associated with moderate toxicity (40).
Early prediction of treatment response would allow futile therapy to be discontinued and
avoid unnecessary toxicity. Early determination of resistance to therapy also allows for
alternative treatments to start sooner.

We hypothesized here that the fibrotic response that accompanies a successful
FOLFIRINOX treatment could be detected noninvasively by molecular MR imaging using
the allysine-targeted MRI probe MnL3. Since the tumor microenvironment in PDAC has
lower pH values (41), we first demonstrated that MnL3 could still react with aldehydes

at the lower pH values and found that MnL3 reacts twice as fast at pH 6.5 compared

to pH 7.4. We next tested the specificity of MnL3-enhanced MR for tumor-associated
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fibrogenesis in a PDAC xenograft model. While MnL3 and its non-binding control probe
MnL4 both provided tumor signal enhancement immediately after i.v. administration owing
to non-specific distribution, the tumor signal enhancement with MnL3 persists while the
MnL4 enhanced tumor signal washed out with time. The delayed phase tumor signal
enhancement with MnL3 correlated linearly with tumor allysine levels. We next showed
that one dose of FOLFIRINOX chemotherapy resulted in elevated tumor fibrogenesis, and
this could be robustly detected by MnL3-enhanced MRI. To validate the feasibility of
MnL3 molecular MRI to predict treatment response, another two patient-derived PDAC
xenograft mouse models were prepared using FOLFIRINOX-sensitive and -resistant cell
lines. In the FOLFIRINOX-sensitive PDAC xenograft, one dose of FOLFIRINOX treatment
resulted in a 70% increase in MnL3 tumor signal enhancement, and this signal increase
predicted the subsequent successful response to treatment. In the FOLFIRINOX-resistant
PDAC xenograft, there was no additional MnL3 tumor signal enhancement following one
dose of FOLFIRINOX treatment, and this lack of imaging response also predicted the lack
of treatment response in this model.

Identifying an effective measure of PDAC treatment response is an active research area.
18F_FDG PET has been studied in the context of NAT for PDAC (18). While 18F-FDG PET
combined with contrast-enhanced CT or MRI has been shown to improve the prediction of
pathologic response and survival compared to current imaging, the increase in diagnostic
accuracy is modest (42—45). Tumor uptake of 18F-FDG could be impacted by the blood
glucose level, particularly in PDAC patients, many of whom suffer from diabetes mellitus
(43). In addition, lower uptake of 8F-FDG may occur in other pancreatic lesions such as
intraductal papillary mucinous neoplasms, necrotic tumors, liver and peritoneal metastases,
and small-sized lesions (46,47). Fibroblast activation protein (FAP)-targeted PET probes
have shown promising data in detecting pancreatic cancer (48-50), and trials are underway
to assess NAT response (e.g. NCT05262855). Others have targeted phosphorylated histone
YH2AX, which forms foci around double-strand DNA breaks in response to effective
chemo- or radiotherapy. Antibody-based SPECT and PET probes have been described for
monitoring treatment response in different models, including PDAC (43,51-53). However,
the antibody-based vector requires a long period (e.g. 24 h) for probe uptake and background
clearance.

Compared to these nuclear imaging methods, MnL3-enhanced MR may offer several
advantages. Rather than adding another imaging test, the MnL3 acquisition could be added
to an existing MRI in a multiparametric protocol that could include diffusion, dynamic
contrast-enhanced imaging, and tumor morphometry. There is no radiation involved with
MnL3, and the spatial resolution of MRI is far superior to that of PET or SPECT (54). MnL3
is readily prepared on a large scale, is shelf stable and can be used at any time and does not
require a complex manufacturing and distribution system like radiopharmaceuticals. MnL3
uses the essential element manganese for signal generation instead of the currently used
gadolinium-based MRI contrast agents and was shown to undergo rapid renal elimination
resulting in near complete elimination within 24 h of administration (31). Unlike 18F-FDG
which can be confounded by inflammation, allysine-targeted molecular MR was previously
demonstrated to be specific for fibrogenesis and independent of inflammation (55).
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Targeting allysine as a biomarker of effective chemotherapy has apparent advantages.
Measuring tumor fibrogenesis through allysine expression enables assessment of early
response to treatment prior to the change in tumor size. Here we showed that MnL3
enhanced MR could predict treatment response as early as 3 days after the onset of
chemotherapy. A fibrotic stroma is a hallmark of PDAC, and while MnL3 showed exquisite
sensitivity for measuring increases in fibrogenesis with treatment, we note that in all three
animal models, we observed persistent tumor signal enhancement with MnL3. Thus, MnL3-
enhanced MRI may also prove useful for the detection and staging of PDAC or more
accurate determination of tumor borders and regions of local invasion (56).

However, there are some limitations of the study. First, because of the long Investigational
New Drug application process, we could not test this molecular imaging probe in patients.
Second, the mouse models of PDAC cancer in this work were xenographically implanted
to easily monitor tumor size response to chemotherapy. Finally, the animal models were
only treated with FOLFIRINOX in our study. Monitoring treatment response to other
chemotherapy regimens with or without radiotherapy is necessary for future clinical
translation.

In conclusion, allysine molecular MR with MnL3 provided superior and specific pancreatic
tumor signal enhancement compared with non-targeted control probe. MnL3 molecular MR
can detect changes in tumor fibrogenesis 3 days after initiation of FOLFIRINOX, and
changes in tumor MR signal enhancement predict treatment response. Based on these initial
findings in mice, allysine molecular MRI should be explored further for clinical applications
in PDAC, including diagnosis , prognostication, and prediction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Significance:

Allysine-targeted molecular MRI can quantify fibrogenesis in pancreatic tumors and
predict response to chemotherapy, which could guide rapid clinical management
decisions by differentiating responders from non-responders after treatment initiation.
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Figure 1.

(A) Schematic illustration of the chemotherapy-triggered fibrotic response in tumor and
mechanism of allysine-targeted MR probe in detecting tumor fibrogenesis (Created with
BioRender.com). (B) Structure of hydrazine-bearing allysine-targeted probe MnL3 and
non-reactive probe MnL4. MnL3 (C) can rapidly react with small molecule aldehyde
(butyraldehyde) at either pH 7.4 or pH 6.5, while MnL4 (D) does not. (E) MnL3 reacts
twice as fast with butyraldehyde at pH 6.5 (10.4 + 1.4 M~1s™1) compared to pH 7.4 (4.6 =
0.3 M71s71) (n = 3, Student’s t-test, two-tailed, **P < 0.01).
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area (CPA) measured from MT-stained tumor sections showed that collagen deposition
was only significantly elevated after two doses of treatment. (F) The percentage of LOX-
positive tissue measured from IHC LOX-stained tumor sections showed that LOX enzyme
expression was significantly elevated (1.9-fold) after one dose of FOLFIRINOX treatment
and remained significantly elevated after two doses of FOLFIRINOX treatment. (n =5 for
Day 0, n =6 for Day 3, and n =5 for Day 7). One-way ANOVA with Tukey’s post hoc test,
*P<0.05, **P < 0.01, ***P < 0.001, ns, not significant).
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Allysine-targeted molecular MR imaging of a PDAC6 mouse model of human PDAC
before and after FOLFIRINOX treatment. (A) The diagram shows the imaging protocol
(Created with BioRender.com). Anatomical 2D T2w RARE and 3D T1w FLASH MR
images were acquired before probe injection to define regions of interest (ROIs). Pre- and
post-injection (p.i.) 3D T1w FLASH images were acquired dynamically until 60 min after
administration of the probe and used to quantify the signal within the tumor before and after
probe injection. 2D T1w DCE images were acquired 1 min pre-injection and dynamically
for 6 min p.i. with 5 second intervals to measure initial tumor signal enhancement. (B)
Representative T2w images before injection of the probe, T1w images of PDAC6 tumor-
bearing mice before and 30 min p.i. of MnL3 or MnL4 (0.1 mmol/kg, i.v.), and tumor MRI
enhancement profile generated by subtraction of the 3D T1w images acquired before and
30 min after injection of the probes. PDAC6 tumor-bearing mice were imaged before (Day
0) and after one dose (Day 3) or two doses (Day 7) of FOLFIRINOX therapy; animals
were imaged first with MnL4 followed by MnL3 4 h later. (C) Tumor percentage change
of normalized signal intensity (%nSlI, normalized to an adjacent phantom) at 60 min p.i. of
probe (n = 4 for each group). (D) Tumor peak %nSlI in 2D T1w DCE images after injection
of MnL4 was unchanged before and after FOLFIRINOX treatment (n= 4 for each group).
(E) The tumor %nSI produced by MnL3 (60 min p.i.) correlates well with allysine content.
One-way ANOVA with Tukey’s post hoc test, *P<0.05, **P < 0.01, ns, not significant.
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Histological and biochemical characterization of PANC1 tumor before and after

FOLFIRINOX treatment. Representative hematoxylin and eosin

(H&E, A), Masson’s

Trichrome (MT, C), and lysyl oxidase (LOX, E) staining of the PANC1 tumor before

and after one dose of FOLFIRINOX treatment (Scale bar, 100 um). (B) Compared to the
vehicle-treated mice, tumor allysine content was significantly increased, 2.7-fold, after one
dose of FOLFIRINOX treatment (n = 4 for each group). The collagen proportional area
(CPA) measured from MT-stained tumor sections (D) and the percentage of LOX-positive

Cancer Res. Author manuscript; available in PMC 2025 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Ma et al.

Page 22

tissue measured from IHC LOX-stained tumor sections (F) showed significantly elevated
collagen deposition (2.7-fold) and LOX enzyme (3.1-fold) after one dose of FOLFIRINOX
treatment compared to vehicle (n = 6 for each group). Student’s t-test, two-tailed, *P<0.05,
**P < 0.01.
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Figure5.
MnL3 molecular MR predicts effective chemotherapy as early as 3 days after initiating

treatment. (A) Diagram shows experimental design, animal group classification, in vivo MRI
imaging, and ex vivo validation of PANC1 tumor-bearing nude mice. Blue arrows indicate
time points when the MRI was performed, and orange arrows indicate when FOLFIRINOX
or vehicle treatment was given (Created with BioRender.com). (B) Representative 2D T2w
RARE images before MnL3 injection, 3D T1w FLASH images before and 30 min post-
injection (p.i.) of MnL3 (0.1 mmol/kg, i.v.), and tumor MRI enhancement profile generated
by subtraction of the pre-injection T1w image from the 30 min p.i. image. Mice were
imaged before (Day 0) and after one dose (Day 3) of FOLFIRINOX or vehicle. Pair-wise
comparison of %nSI at 60 min p.i. of MnL3 before and after one dose of vehicle (C) or
FOLFIRINOX (D) (n = 8 for each group. Paired t-test, two-tailed. ***P < 0.001, ns, not
significant). (E) Tumor volume after repeated administration of vehicle or FOLFIRINOX
over 21 days. (n =5 for FOLFIRINOX-treated group and n = 6 for vehicle-treated group.
Repeated two-way ANOVA. ***P < 0.001. Mean + SEM).

Cancer Res. Author manuscript; available in PMC 2025 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Maetal.

Hematoxylin and eosin
Cytoplasm Nuclei

Vehicle ' FOLFIRINOX B

4 | Day 3
s R R

ok e B

T
€5,
=]
2 2
£t
E ©
=
n 2
o
Q c
@ &
23
Q
P
i o)
Bt
o'
28 2
o | Tr "’.
(1] @
E E > .»I
E b4 Mo
e S
o
>5 el A
" > Py
@3- 104
k- SP ooy
2507
i)

Figure®6.
Histological and biochemical characterization of 1319 tumor before and after FOLFIRINOX

treatment. Representative hematoxylin and eosin (H&E, A), Masson’s Trichrome (MT, C),
and lysyl oxidase (LOX, E) staining of the 1319 tumor before and after one dose of
FOLFIRINOX treatment (Scale bar, 100 pm). (B) Allysine tumor content was similar after
one dose of FOLFIRINOX treatment or vehicle (n = 5 for each group). CPA measured from
MT-stained tumor sections (D) and the percentage of LOX-positive tissue measured from
LOX IHC stained tumor sections (F) showed no significant change in collagen deposition
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and LOX enzyme expression after one dose of treatment compared to vehicle (n = 5 for each
group). Student’s t-test, two-tailed, ns, not significant.
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Figure 7. MnL3 molecular MR predictsineffective chemotherapy as early as 3 days after
initiating treatment.
(A) Diagram shows experimental design, animal group classification, in vivo MRI imaging,

and ex vivo validation of 1319 tumor-bearing mice. Blue arrows indicate time points
when the MRI was performed, and orange arrows indicate when FOLFIRINOX or vehicle
treatment was given (Created with BioRender.com). (B) Representative 2D T2w RARE
images, 3D T1w FLASH images before and 30 min p.i. of MnL3 (0.1 mmol/kg, i.v.),

and tumor MRI enhancement profile generated by subtraction of the pre-injection T1w
image from the 30 min p.i. image. Mice were imaged before (Day 0) and 3 days after the
first dose (Day 3) of FOLFIRINOX or vehicle. Pair-wise comparison of %nSI at 60 min
p.i of MnL3 before and after one dose of vehicle (C) or FOLFIRINOX (D) showed no
significant difference in signal enhancement (n = 4 for each group. Paired Student’s t-test,
two-tailed. ns, not significant). (E) Tumor volume after repeated administration of vehicle
or FOLFIRINOX over 21 days showed progression in both groups. (n = 4 for each group.
Repeated two-way ANOVA, ns, not significant. Mean + SEM).
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