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Abstract

Purpose: To evaluate the prognostic value of post-treatment fibrosis in human PDAC patients,
and to compare a type I collagen targeted MRI probe, CM-101, to the standard contrast agent, Gd-
DOTA, for their abilities to identify FOLFIRINOX-induced fibrosis in a murine model of PDAC.

Experimental Design: Ninety-three chemoradiation-treated human PDAC samples were
stained for fibrosis and outcomes evaluated. For imaging, C57BL/6 mice were orthotopically
implanted with PDAC cells and FOLFIRINOX was administered. Mice were imaged with Gd-
DOTA and CM-101.
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Results: In humans, post-chemoradiation PDAC tumor fibrosis was associated with longer
overall survival (OS) and disease-free survival (DFS) on multivariable analysis (OS p = 0.028,
DFS p = 0.047). CPA increased the prognostic accuracy of a multivariable logistic regression
model comprised of previously established PDAC risk factors (AUC CPA (=) = 0.76, AUC CPA
(+) = 0.82). In multiple murine orthotopic PDAC models, FOLFIRINOX therapy reduced tumor
weight (p < 0.05) and increased tumor fibrosis by collagen staining (p < 0.05). CM-101 MR signal
was significantly increased in fibrotic tumor regions. CM-101 signal retention was also increased
in the more fibrotic FOLFIRINOX-treated tumors compared to untreated controls (p=0.027),
consistent with selective probe binding to collagen. No treatment-related differences were
observed with Gd-DOTA imaging.

Conclusions: In humans, post-chemoradiation tumor fibrosis is associated with OS and DFS. In
mice, our MR findings indicate that translation of collagen molecular MRI with CM-101 to
humans might provide a novel imaging technique to monitor fibrotic response to therapy in order
to assist with prognostication and disease management.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a highly morbid cancer with a five-year
survival less than 5%.1 Surgical resection remains the only curative therapy with long-term
survival after RO resection approaching 25%.2 Unfortunately, the majority of patients are
diagnosed at an advanced stage, and only 10-15% of cases present with resectable disease.3
Neoadjuvant chemoradiotherapy (CRT) has become a common treatment option for patients
with borderline resectable or locally advanced disease as it can potentially downstage the
tumor, expanding surgical indications, and has been associated with reduced node positivity.
4-11 Though the impact of this approach on overall survival (OS) is still being evaluated in
prospective, randomized clinical trials, these promising results on surrogate endpoints have
led to the increasing use of neoadjuvant CRT.%:12

Prognostication after neoadjuvant CRT remains a challenge, however, as current pathologic
scoring systems for treatment response have limited correlation with survival.13 CRT
induces a dense fibrotic reaction in PDAC, replacing tumor mass with extracellular matrix,
of which type I collagen is a major component. Regression grading systems are primarily
based on assessment of residual adenocarcinoma in the fibrotic field but are limited by high
inter-observer variability.14.15 It may be that objective quantification of treatment-related
fibrosis better predicts survival. In this study we test this hypothesis by evaluating the
association between the fibrotic response to CRT and prognosis among a cohort of human
PDAC patients.

A second issue arising from the use of neoadjuvant CRT is that contrast-enhanced computed
tomography (CT) and magnetic resonance imaging (MRI) cannot distinguish residual cancer
from newly fibrotic tissue; therefore, radiographic downstaging after neoadjuvant therapy is
rarely observed even when evidence of cytotoxic activity is found during subsequent
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pancreatic resection.816-19 This principle similarly applies for unresectable or advanced
PDAC, which accounts for the majority of cases. For these patients, clinicians are reliant on
radiographic assessment of progression to guide therapy; however, in the absence of change
in tumor size or new foci of metastatic disease, little information about treatment response
can be gained from CT or MRI. Therefore, there is a growing unmet need for the
development of non-invasive markers to measure treatment response.

We hypothesize that type | collagen molecular MRI can address this need by providing
superior visualization of the fibrotic response to therapy, which serves as a surrogate
measure of treatment response, compared to standard contrast-enhanced MRI. Type |
collagen levels correlate with the degree of fibrosis, and its extracellular nature makes it
easily targetable with molecular probes. Our group previously showed that collagen
molecular MRI can be used to measure baseline fibrosis in pancreatic tumors.20 In this prior
study, we used the type | collagen probe, EP-3533, which is a linear gadopentetate (Gd-
DTPA) chelate that has retention in bone and other tissues, and therefore lacks capacity for
clinical translation.20 Here, we use a novel type | collagen molecular probe, CM-101, which
employs a more stable macrocycle gadoterate (Gd-DOTA) chelate with potential for use in
humans.2! Using an orthotopic, syngeneic murine model of pancreatic cancer, we evaluate
the ability of CM-101 to measure changes in fibrosis in response to FOLFIRINOX
chemotherapy in comparison to the non-specific contrast agent, Gd-DOTA.

All human studies were performed in accordance with U.S. Common Rule and were
approved by our Institutional Review Board with appropriate written patient consent where
necessary. We retrospectively analyzed tumor specimens and medical records of 93 patients
with borderline resectable or locally advanced PDAC treated with neoadjuvant
FOLFIRINOX and radiation therapy with capecitabine followed by successful surgical
resection at the Massachusetts General Hospital between 2012 and 2017. Per institutional
protocol, each cycle of FOLFIRINOX was administered over a 14-day course. Fluorouracil
was administered as a 400-mg/m? bolus on day 1, then as a 2400-mg/m? continuous infusion
over 46 hours. Leucovorin calcium, 400 mg/m?, oxaliplatin, 85 mg/m2, and irinotecan
hydrochloride, 180 mg/m?, were administered on day 1. Pegfilgrastim, 6 mg, was
administered on day 4. Patients also received either short course (25 GyE in 5 treatments
with protons or 30 Gy in 10 fractions with photons) or long course (50.4 Gy in 28 fractions)
radiotherapy. Capecitabine, 825 mg/m2 twice daily, or fluorouracil continuous infusion, 225
mg/m2/d, was given Monday through Friday during radiotherapy. Further details of this
neoadjuvant protocol have been previously described.22 All patients except one completed
the prescribed 4 cycles of chemotherapy, and 82% of patients completed an additional 4
cycles for a total course of 8 preoperative cycles prior to undergoing pancreatic resection.
Patients were followed until last clinic visit if still alive or until date of death.
Clinicopathologic factors were evaluated for prognostic significance. The primary outcome
measures were OS and DFS. A flow diagram summarizing the study design and patient
selection is displayed in Supplementary Figure 1.
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Pathologic and Histochemical Analysis

Cell Culture

Formalin-fixed samples were embedded in paraffin, cut into 5-um-thick slices and stained
with hematoxylin and eosin (H&E), Sirius Red, and antibodies for CD31 (1:200 Cell
Signaling Technology Inc., MA, USA), alpha smooth muscle actin (aSMA) (1:100, Sigma-
Aldrich St. Louis, MO) and cleaved-caspase-3 (1:200, Cell Signaling Technology Inc., MA,
USA) according to standard protocols. Images were captured with a Nikon Eclipse
microscope equipped with an Insight CMOS 5.1 digital camera. Whole slides were scanned
using a NanoZoomer-SQ Digital slide scanner (Hamamatsu Photonics K.K, Japan). Two
board-certified pathologists evaluated all paraffin-embedded tissue sections for resected
tumor specimens and scored pathologic regression per 2018 College of American
Pathologists (CAP) criteria.23 Regression grades included the following: complete response
= no viable tumor cells present; moderate response = single cells or small groups of cancer
cells; minimal response = residual cancer outgrown by fibrosis; poor response = minimal or
no tumor kill with extensive residual cancer. Sections with the highest residual tumor
content were subsequently used for Sirius Red collagen staining and fibrosis quantification
as measured by collagen proportional area (CPA). All image analysis was performed using
ImageJ (Mersion 1.0, National Institutes of Health). A detailed description of the Sirius Red
staining technique and fibrosis quantification are provided in Supplementary Methods.
Hydroxyproline was quantified by HPLC analysis and expressed as amount per wet weight
of tissue.24-27

A mouse pancreatic cancer cell line (Hy15549) from Ptf1-Cre; LSL-KRAS-G12D; p53
Lox/+ mice on an inbred C57B6/L background was used to generate tumors. For a second
orthotopic PDAC model, a mouse pancreatic cancer cell line (Han4.13) from Ptfla-Cre;
LSL-Kras-G12D; p53 flox/+ mice on an inbred FVB/n background was used to generate
tumors.28.29 Both cell lines were seeded on uncoated plastic dishes and grown in Dulbecco’s
Modified Eagle Medium (DMEM) with 1% penicillin/streptomycin and 10% fetal bovine
serum (FBS). All experiments were performed between passage 1 and 8.

Pancreatic Cancer Model

All experiments were performed in accordance with the National Institutes of Health’s
Guide for the Care of Use of Laboratory Animals and approved by the Institution’s Animal
Care and Use Committee. Prior to any operative procedures, mice were anesthetized with a
mixture of ketamine 100mg/kg and xylazine 10mg/kg by intraperitoneal injection.
Pancreatic tumors were established by orthotopic injection of pancreatic cancer cells via a
left flank incision using a 28-gauge syringe as previously described.3° We established two
different orthotopic PDAC models: Hy15549 cells were used in C57BL/6 mice, and Han4.13
were used in FVB mice. Cell preparation involved 10,000 cells mixed 1:1 with Matrigel for
an injection volume of 10 uL. Tumors were allowed to grow to 4-8 mm in diameter over a
period of 10 days, at which time, mice were randomly assigned to receive FOLFIRINOX (67
mg/kg leucovorin, 33 mg/kg fluorouracil, 33 mg/kg irinotecan and 3 mg/kg oxaliplatin) 2X a
week by intraperitoneal injection or saline control. Mice were imaged on days 17-18 and
immediately sacrificed for tissue analysis.
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CM-101 comprises a 17-amino-acid peptide, with a 10-amino-acid disulfide bridged cyclic
core, conjugated to three Gd-DOTA moieties through amide linkages.2! CM-101 has a
longitudinal relaxivity (per Gd) of 11.1 + 0.3 mM~1s71 and transverse relaxivity of 18.1 +
0.7mM~1s71 3t 1.5 T. CM-101 has a binding affinity for human type | collagen of K4 = 3.6
UM, and binds to approximately 8-10 sites per collagen monomer.

MRI Protocol

Animals were anesthetized with 1-2% isoflurane with body temperature maintained at 37
°C. The tail vein was cannulated for intravenous delivery of contrast agent while the animal
was positioned in the scanner in a custom designed cradle. Imaging was performed at 4.7T
using a small-bore animal scanner (Bruker, Billerica, MA). Baseline 2D and 3D Fast Low
Angle Shot (FLASH) images were acquired before and continuously for 30 minutes after
injection of 10 ymol/kg CM-101. 2D FLASH image acquisition parameters were TE/
TR=2.93/125 ms, flip angle FA=60°, FOV=33x33 mm, matrix=140x140, slice thickness =
1.0 mm, and 9 image slices. 3D FLASH image acquisition parameters were TE/TR=2.46/15
ms, FA= 40°, FOV=48x28x20 mm, matrix=192x112x80.24:31 MR signal to noise ratio
(SNR) was measured at 5, 10, 15, 18, 20, and 25 minutes after CM-101 or Gd-DOTA
injection and the increase in SNR relative to the image acquired before probe injection was
computed (% ASNR).32 The area under the %ASNR curve (AUCs_os) was also calculated
(5-25 min post-injection), and was used to compare signal enhancement over time between
probes and treatment conditions. For all imaging experiments, a minimum of 5 mice were
used for each treatment group.

Retention Map

CM-101 selectively binds fibrotic tissues that contain high levels of type I collagen, resulting
in delayed probe clearance that corresponds to reduced MR signal loss over time.21
Therefore, the rate of MR signal loss may be used as a surrogate marker of tissue fibrosis.
Based on this principle, MR signal retention maps were generated by measuring MR signal
loss over time in tumor tissue on a pixel-wise basis using OsiriX™ imaging software
(Bernex, Switzerland).

A percent of peak value was calculated by subtracting the residual MR signal recorded at 25
minutes post injection from the peak signal recorded at 5 minutes post injection, shown by
the following formula:

Percent of peak (%) = [1 = (SIROI Smin — SIROI 25min)/SIROI Smin] * 100

SI = MR signal intensity

ROI = region of interest outlining tumor tissue
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SIROI 5min = Peak MR intensity in tumor tissue at 5 minutes post injection

SIROI 25min = MR intensity in tumor tissue at 25 minutes post injection

Percent of peak values were displayed using a color scale and were superimposed over
standard axial MR images of tumor obtained 25 minutes after contrast injection.

Probe Biodistribution Analysis

For the evaluation of relative probe uptake in various tissues, mice were co-injected via tail
vein with equimolar concentrations of Eu-DOTA (30 nmol/g) and CM-101 (10 nmol/g, 30
nmol/g with respect to Gd) followed by animal sacrifice 25 minutes post-injection using a
cardiac terminal blood withdrawal. Eu-DOTA has the same biodistribution as Gd-DOTA but
is MRI silent. Muscle, pancreas, and tumor were isolated, weighed, and acid-digested.
Europium and gadolinium levels were measured by inductively coupled plasma mass
spectrometry (ICP-MS), and expressed as amount per wet weight of tissue.?!

Statistical Analysis

Results

Results are expressed as the mean + 1 SD unless otherwise noted. Student’s #test compared
data between control and one experimental group. One-way ANOVA followed by post-hoc
Tukey tests with 2-tailed distribution were performed to analyze data among groups of 3 or
more. For human data, survival curves were plotted using the Kaplan-Meier method, with
95% confidence intervals calculated using Greenwood’s formula. Unadjusted and
multivariable analyses to identify prognostic markers of overall survival were performed
using the Cox proportional hazard models. Logistic model discrimination and calibration
was assessed using the c-index, and internal validation was performed by calculating an
optimism-corrected c-index generated from 500 bootstrapped samples generated from the
original sample with replacement. All tests were performed 2-sided, and a significance level
of p < 0.05 was considered to indicate statistical significance. All statistical analyses were
performed using Intercooled Stata software, version 12.0 (StataCorp, College Station, TX).
Data were plotted using Prism 6 (GraphPad Software, La Jolla, Calif).

Fibrotic Response to Neoadjuvant Chemoradiation Predicts Survival in Human PDAC

It is suspected that the degree of fibrotic response after neoadjuvant CRT positively
correlates with survival, however, this assertion has not been previously validated. We
analyzed medical records and tumor specimens of 93 patients with borderline resectable or
locally advanced PDAC treated with neoadjuvant FOLIFIRINOX and external beam
radiation therapy followed by surgical resection and compared tumor fibrosis levels with
survival. The median cohort age was 62 years and 49 (51%) patients were female. At the
study endpoint, 51 (55%) patients had died of disease with a median OS of 41.3 months and
3-year OS of 58%. The median DFS was 12.4 months. Kaplan-Meier survival curves for OS
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and DFS for the cohort are displayed in Supplementary Figure 2A. Additional demographic
and clinicopathologic details for the cohort are displayed in Table 1.

Sirius Red staining of tumor specimens was performed, and the percent collagen
proportional area (CPA) was digitally quantified. Post-neoadjuvant tumor fibrosis levels
were normally distributed with a mean CPA of 69.4 + 8.0% (Figure 1A). There was no
significant difference in tumor CPA between patients who received external beam
radiotherapy (EBRT) (n = 81) or proton therapy (n = 12) (EBRT 69.8 £ 7.7% vs. proton 66.7
+9.9%, p = 0.21). We also evaluated the time interval from the initiation of neoadjuvant
therapy to the date of surgery. The average interval was 220 + 75 days. There was a positive
correlation between this time interval and tumor CPA (m = 0.033, p = 0.003), however, there
was marked variance (R? = 0.09) (Supplementary Figure 2B). We also compared the number
of administered FOLFIRINOX chemotherapy cycles and tumor CPA. The range included 3-
24 cycles, however, the vast majority of patients received 8 cycles. Again, there was a
positive correlation between the number of cycles and tumor CPA (m = 0.83, p = 0.013),
however, there was also marked variance (R? = 0.07) (Supplementary Figure 2C).

Representative histologic images of tumor sections separated by low [CPA < 61.4% (< 1 SD
of the mean)], moderate [(61.4 — 77.4% (£ 1 SD of the mean)], and high [(> 77.4% (> 1 SD
of the mean)] fibrosis are displayed in Figure 1B. Demographic variables, clinicopathologic
traits, and CPA were evaluated for prognostic significance by univariate analysis in which
the primary outcome measures were OS and DFS (Table 1). CPA was significantly
associated with greater OS (HR 0.94, p = 0.001) and DFS (HR 0.95, p = 0.009), and for both
outcome measures, a 10% increase in CPA was associated with an approximately 50%
reduction in risk of death or recurrence. When separated by low (< 61.4%), moderate (61.4 —
77.4%), or high fibrosis (> 77.4%), the median OS was 24.7, 41.3, and 55.4 months,
respectively (p = 0.0072). The median DFS for these same groups was 8.2, 13.5, and 37.7
months, respectively (p = 0.031) (Figure 1C).

In contrast, elevated serum CA-19-9 level, large tumor diameter, T stage 3-4, N stage 1-2,
poor response by pathologic regression grading, and presence of perineural invasion were
associated with reduced survival. Covariates that were significant on univariate analysis
were included in a multivariable COX proportional hazards model for survival, and only
CPA and radiographic tumor diameter at diagnosis remained significantly associated with
OS and DFS (Table 2).

To further evaluate the prognostic value of CPA, a logistic regression model comprised of
significant covariates on univariate analysis was constructed, and a receiver operator
characteristic (ROC) analysis was performed with and without CPA included as variable in
the model (Figure 1D). The area under the curve (AUC) of the logistic regression model for
median OS with CPA excluded was 0.76 and increased to 0.82 with CPA included.
Similarly, the AUC for median DFS without CPA was 0.77 and increased to 0.80 with CPA.
In both cases, CPA still added predictive value after accounting for other significant
covariates in the model. Additional end points for the logistic model, including one-year,
two-year, three-year, and five-year OS and DFS are displayed in Supplementary Table 1.
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Currently, the two standard clinical methods for evaluating PDAC neoadjuvant treatment
response include pathologic response grading and radiographic response scoring using
RECIST (Response Evaluation Criteria In Solid Tumors). In our analysis, RECIST was not
associated with OS or DFS as an independent variable on univariate analysis, which was
expected given the observed process by which tumor tissue is replaced with fibrosis in
response to neoadjuvant therapy. Moreover, there was no correlation between RECIST and
CPA. In contrast, pathologic regression grading was significantly associated with both OS
and DFS on univariate but not multivariate analysis. For patients with complete or moderate
pathologic response (n = 47) the median OS was 52.0 months, while those with minimal or
poor response (n = 46) had a median OS of 29.6 months (p = 0.0068) (Supplementary Figure
2D). The median DFS for these groups was 27 months vs. 9 months (p = 0.088),
respectively.

We observed a significant correlation between pathologic regression grade and CPA (Figure
1E). We next inquired whether combining pathologic regression scoring and CPA
quantification provided additional prognostic value as both techniques can be readily
performed by a pathologist. Therefore, we first sought to determine a CPA threshold with
optimal prognostic accuracy using ROC analysis for median OS and DFS time points. Using
our previously derived logistic regression model, we performed a bootstrapping method with
500 replications, and the optimism-corrected c-index of our logistic model for median OS
was 0.78 with a mean maximal Youden’s index of 0.67, corresponding to a CPA of 68.3%.
Using the same methodology for median DFS, the optimism-corrected c-index was 0.76
with a mean maximal Youden’s index of 0.59, corresponding to a CPA of 68.8%. Based on
this analysis, we used a rounded cutoff of 70%, and the median OS and DFS for patients
with CPA < 70% (n = 48) were 29.2 and 9.1 months, respectively, while the median OS and
DFS for patients with CPA = 70% (n = 45) were 52.0 (p = 0.0036) and 21.9 months (p =
0.029), respectively (Supplementary Figure 2E).

Using this CPA threshold, it was found that patients with evidence of both pathologic
regression (complete or moderate grades) and increased post-neoadjuvant tumor fibrosis
(CPA = 70%) experienced significantly better survival outcomes than patients who lack one
or both of these tumor features (median OS 55 vs. 33 months, p = 0.0008; median DFS 37
vs. 11 months, p = 0.018) (Figure 1F).

Taken together, CPA is an objectively quantified prognostic marker for PDAC that provides
additional predictive value when taking into consideration other significant prognostic
covariates. In our cohort, CPA was more sensitive than pathologic regression grading for
prognosis, and therefore, this marker might have clinical value for determining prognosis.

An Orthotopic Syngeneic Murine Model Recapitulates the Desmoplastic Response
Observed in Human PDAC

Hy15549 cells injected into the body of the mouse pancreas produce a locally contained
tumor approximately 7-10 mm in diameter by day 14 (Figure 2A). The tumor histologic
features recapitulate common findings of human PDAC, including: a hypovascular core,
abnormal ductular architecture, a robust desmoplastic response, and local invasion into
surrounding normal pancreatic tissue (Figure 2B&C). The desmoplastic reaction is
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associated with infiltration and proliferation of fibroblastic cells characterized by alpha-
smooth muscle actin (aSMA) expression (Figure 2D), and dense extracellular matrix
deposition, notably collagen type I (Figure 2C). Accordingly, the collagen proportional area
(CPA) is significantly greater in tumor tissue compared to surrounding pancreas (19.7
6.5% vs. 13.2 £ 4.9%, p = 0.022) (Figure 2E), which was corroborated by analysis of
hydroxyproline content (460 + 108 pg/g vs. 639 + 101 pg/g, p = 0.0012) (Supplementary
Figure 3A). The desmoplastic response observed in this model provides ideal substrate for
evaluation of CM-101 collagen binding and fibrosis imaging.

CM-101 Provides Superior Pancreatic Tumor Enhancement Compared to Gd-DOTA

Mice were imaged continuously for 25 minutes after contrast injection, and quantitation of
MR signal intensity in tumor and surrounding pancreatic tissue was measured on a pixel-
wise basis. Peak signal intensity for both contrast agents was observed within five minutes
after injection, with rapid renal clearance observed by imaging (Figure 3A&B). With
CM-101, enhancing tumor regions had significantly greater signal intensity than surrounding
pancreas at all time points, as measured by the percent change in signal-to-noise ratio
(%ASNR), which was not observed with Gd-DOTA (Figure 3C&D). The peak difference in
%ASNR between pancreas and PDAC tissues occurred at 10 minutes post injection (21.2 +
16.3% for CM-101 vs. 5.4 + 2.9% for Gd-DOTA, p = 0.06). Taken together, these findings
indicate that only CM-101 could accurately distinguish fibrotic tumor tissue from
surrounding pancreas by MR signal intensity, which was associated with a more clearly
defined tumor border in the MR images. Lastly, tumors in our model system display robust
peripheral enhancement with both probes, with minimal signal intensity observed centrally.
A similar radiographic enhancement pattern is frequently observed with gadolinium-based
MRI in human PDAC. CD31 Immunohistochemistry in orthotopic tumors reveals spatial
discrepancy in tumor vascularity, with peripheral regions having greater blood vessel density
than the central region (Supplementary Figure 3B). This trait is consistent with a
hypovascular core, resulting in decreased probe penetration and the observed imaging
pattern.

CM-101 Selectively Enhances Fibrotic Tumor Tissue

We evaluated the kinetics of tumor enhancement for Gd-DOTA and CM-101 by measuring
MR signal loss over time. Percent ASNR values were measured at 5, 10, 15, 18, 20, and 25
minutes post probe injection and were normalized to peak enhancement at 5 minutes. We
showed previously that normalizing to peak enhancement at 5 minutes post injection
accounts for differences in tumor permeability. The subsequent area under the curve for each
probe (AUCs_p5) was expressed as a percentage of the total area (Figure 4A). At 25 minutes
post-injection, Gd-DOTA is cleared from the tumor whereas CM-101 is largely retained
(AUC5_p5 66.3 = 11.4% vs. 86.6 + 8.1%, p = 0.002), indicating selective binding and
retention of CM-101 in the fibrotic tumor tissue. We confirmed these findings by performing
a biodistribution analysis of probe uptake 25 minutes after equimolar (metal ion) injection of
both probes via tail vein. To allow for unique identification of each probe, DOTA was
chelated to Europium (Eu) instead of Gd. Tumor metal concentration was measured by mass
spectrometry. By this approach, CM-101 was found at significantly higher concentrations
than Eu-DOTA (41.3 = 16.3 nmol/g vs. 23.9 + 8.6 nmol/g, p = 0.0078), consistent with the
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imaging findings (Figure 4B). In the normal pancreas, there was no difference in MRI
AUCs5_y5 between CM-101 and Gd-DOTA (CM-101 78.1 + 7.0% vs. Gd-DOTA 78.5 + 4.3
%, p = 0.90), which was expected given the low baseline collagen expression in pancreatic
tissue (Figure 4C). Representative axial T1-weighted 2D-RARE images of pancreatic
tumors imaged at five (peak signal) and 25 minutes post-injection of Gd-DOTA (Figure 4D)
and CM-101 (Figure 4E) are shown. The corresponding signal retention maps display the
relative MR signal intensity at 25 minutes post injection (normalized to peak intensity at 5
minutes) on a color-transformed, pixel-wise basis. Consistent with measured changes in
%ASNR over time, DOTA has uniformly cleared from the tumor bed, whereas considerable
CM-101 signal intensity remains.

FOLFIRINOX Treatment in Mice Reduces Tumor Size and Increases Tumor Fibrosis

Tumors treated with FOLFIRINOX chemotherapy responded robustly with gross evidence
of necrosis and hemorrhage (Figure 5A). These tumors were significantly smaller by weight
(0.43 £0.03 g vs. 0.52 +0.02 g, p = 0.036) (Figure 5B). Similar to findings in human
PDAC, FOLFIRINOX treatment in mice was also associated with a significant increase in
tumor fibrosis compared to untreated lesions as measured by CPA (20.7 £ 3.5% vs. 33.9 +
6.1%, p < 0.0001) (Figure 5A&C). Finally, cleaved-caspase-3 staining was increased within
FOLFIRINOX-treated lesions (23.5 £ 2.9% vs. 1.8 £ 1.3%, p < 0.0001), demonstrating
increased carcinoma-specific apoptosis (Supplementary Figure 3C).

CM-101 Accurately Measures Changes in Tumor Fibrosis in Response to FOLFIRINOX
Chemotherapy

In FOLFIRINOX-treated mice, CM-101 was associated with increased MR AUCsg_ys in
enhancing tumor regions compared to Gd-DOTA (94.4 + 5.3% vs. 72.0 £ 4.1%, p < 0.0001)
(Figure 6A). FOLFIRINOX treatment was also associated with increased CM-101 MR
AUCs_o5 in surrounding pancreatic tissue compared to Gd-DOTA, which was observable by
18 minutes post-injection (79.8 + 11.1% vs. 65.1 + 6.9%, p = 0.0054) (Figure 6B).
Biodistribution analysis 25 minutes after equimolar injection of CM-101 and Eu-DOTA was
notable for increased CM-101 uptake in both tumor (45.1 £ 9.0 nmol/g vs. 14.8 + 4.2
nmol/g, p < 0.0001) and pancreas (27.5 + 4.6 nmol/g vs. 8.4 + 3.4 nmol/g, p < 0.0001),
consistent with imaging findings (Figure 6C).

Representative axial T1-weighted 2D-RARE images of pancreatic tumors imaged at 5 and
25 minutes post-injection of CM-101 are shown for untreated and FOLFIRINOX-treated
mice (Figure 6D&E). FOLFIRINOX treatment was associated with increased CM-101
ASNR at all time points compared to untreated tumors (Figure 6F), and this difference was
visible on the corresponding signal retention maps (Figure 6D&E). The CM-101 MR
AUCs_p5 was significantly increased with FOLFIRINOX treatment compared to the
untreated mice (94.4 + 5.3% vs. 86.6 + 8.1%, p = 0.027) (Figure 6F). Biodistribution
analysis showed significantly elevated levels of CM-101 in FOLFIRINOX-treated tumors
compared to untreated tumors (normalized to muscle) (7.2 £ 2.6 vs. 4.7 £ 1.8, p = 0.014)
(Figure 6G). Conversely, there was no difference in signal enhancement of normal
pancreatic tissue between treatment groups (AUCs_o5 FOLFIRINOX 79.8 £ 11.1% vs.
untreated 78.1 + 7.0%, p = 0.69) (Figure 6H). This was corroborated by biodistribution
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analysis of CM-101 uptake in pancreatic tissue of untreated and FOLFIRINOX-treated mice
(normalized to muscle) (untreated 3.6 £ 2.7 vs. FOLFIRINOX 4.4 + 1.5, p = 0.37) (Figure
6l).

With Gd-DOTA, there was no difference in tumor MR AUCs_»5 between treatment groups
(FOLFIRINOX 72.0 = 4.1% vs. untreated 66.3 + 11.8%, p = 0.21) (data not shown).
Similarly, there was no difference between treatment groups regarding biodistribution of Gd-
DOTA uptake in tumor tissue (normalized to muscle) (FOLFIRINOX 3.1 + 0.3 vs. untreated
4.8 + 2.8, p = 0.07) (data not shown).

To further corroborate these findings, we established a second murine orthotopic PDAC
model using Han4.13 cells isolated from Ptf1-Cre; LSL-KRAS-G12D; p53-°%/* mice on and
FVB background. In this model, tumors grew to 5-8 mm in maximal diameter by day 14.
FOLFIRINOX treatment was similarly associated with a significant decrease in tumor
weight (0.21 £ 0.05 g vs. 0.14 £ 0.03 g, p= 0.018), and a significant increase in tumor
fibrosis compared to untreated tumors as measured by CPA (13.4 £ 3.7% vs. 17.1 £ 2.8%, p
=0.042) (Supplementary Figure 4A). We evaluated the kinetics of tumor enhancement for
Gd-DOTA and CM-101 in FOLFIRINOX-treated animals by measuring MR signal loss over
time. Percent ASNR values were measured post probe injection and were normalized to peak
enhancement at 5 minutes. At 25 minutes post-injection, Gd-DOTA was cleared from the
tumor whereas CM-101 was largely retained (AUCs_p5 67.5 £ 17.8% vs. 100.1 £ 11.6%, p =
0.0037), indicative of selective binding and retention of CM-101 in regions of fibrotic tumor
tissue (Supplemetary Figure 4B). In surrounding pancreas, there was no significant
difference in MRl AUCs_p5 between CM-101 and Gd-DOTA (Supplementary Figure 4C).
The corresponding signal retention maps display the relative MR signal intensity at 25
minutes post injection (normalized to peak intensity at 5 minutes) on a color-transformed,
pixel-wise basis (Supplementary Figure 4D&E). Finally, we observed that the AUCg_,5 for
CM-101 was significantly greater with FOLFIRINOX compared to the untreated mice (76.2
+ 16.0% vs. 100.1+ 11.6%, p = 0.018) (Supplementary Figure 4F). There was no difference
in MRI AUCs_y5 of CM-101 with or without FOLFIRNOX in the adjacent pancreas
(Supplementary Figure 4G).

Taken together, these findings indicate that CM-101 selectively binds fibrotic tumor tissue
after FOLFIRINOX treatment, resulting in significantly increased MR signal intensity and
increased MR AUCs_5, which can be correlated to histologic and biochemical
measurements of increased collagen deposition in response to cytotoxic chemotherapy. In
contrast, there was no change in Gd-DOTA MR signal intensity or AUCs_js after
FOLFIRINOX treatment.

Discussion

In this study, we showed that collagen molecular imaging may be a useful technology for
assessing treatment response in PDAC, and by extension of our human fibrosis data, might
also have prognostic value. In a murine orthotopic PDAC model, we showed that collagen
molecular MRI with CM-101 provides three advantages over the standard MR contrast
agent, Gd-DOTA. First, CM-101 provides selective MR enhancement of PDAC fibrosis
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relative to the surrounding pancreas and retroperitoneum, providing superior resolution of
the tumor border on imaging. Second, measurement of both CM-101 absolute MR signal
enhancement and AUCs_»5 allow for objective quantification of collagen content in
enhancing stromal tumor compartments, which correlates with probe uptake and histologic
collagen quantitation measured by CPA. Third, CM-101-based collagen MRI is sufficiently
sensitive to distinguish changes in fibrosis in response to chemotherapy in PDAC, providing
a novel non-invasive method for objective determination of treatment response. Importantly,
CM-101-based MRI is able to provide this additional information without sacrificing the
visual-spatial resolution afforded with conventional MRI.

Taken together, these findings indicate that collagen molecular MRI might have two clinical
advantages compared to standard imaging techniques. First, due to the inherent fibrotic
nature of PDAC, regardless of treatment, there is specific CM-101 probe uptake into tumor
tissue relative to surrounding structures. In human patients, this increased enhancement
might allow for more accurate determination of tumor borders as well as regions of local
invasion, which is particularly useful for evaluating patients with potentially resectable
disease. Second, the ability to measure changes in fibrosis as a surrogate measure of
treatment response has implications for all disease stages. For patients with borderline
resectable or locally advanced PDAC, evidence of a robust fibrotic response after
neoadjuvant CRT may provide strong supporting evidence to go forward with surgical
exploration, or vice versa. Similarly, there is an increasing array of therapies available to
treat patients with advanced PDAC. However, other than radiographic evidence of tumor
shrinkage, growth, or new metastases, there is a paucity of information to guide changes in
management. Thus, post-treatment changes in fibrosis might provide an additional layer of
data to inform further drug treatments.

In addition to collagen molecular MRI, multiple other non-invasive imaging modalities,
including standard of care contrast-enhanced CT33, CT texture analysis (CTTA)34, dynamic
contrast-enhanced CT (DCE-CT)3%, MRI-based diffusion weight imaging (DWI1)36, and
positron emission tomography (PET)37-39, have been evaluated for their capacity to measure
treatment response in PDAC. Compared to these modalities, the potential advantages of
collagen molecular MRI include: absence of radioactivity, high resolution imaging, and
minimal need for underdeveloped radiographic analytic techniques. Collagen molecular
MRI could also be coupled with other MR techniques, such as DWI, to provide multimodal
data acquisition from a single imaging session. With respect to clinical translation, CM-101
has been evaluated in other animal models of hepatic and cardiac fibrosis and is currently
undergoing additional safety and imaging efficacy studies to support an investigational new
drug (IND) filing and subsequent clinical trial evaluation.

In addition to evaluating the efficacy of collagen molecular MRI for imaging PDAC, we also
evaluated the prognostic significance of tumor fibrosis after neoadjuvant CRT in a cohort of
93 human patients. We pursued this analysis under the premise that increased post-treatment
fibrosis might be a surrogate measure of treatment response, thus providing information
about the biology of the tumor and subsequent prognosis. Secondly, current pathologic
scoring systems for treatment response, which focus primarily on the amount of residual
adenocarcinoma, have been shown to lack precision and reproducibility.1> Although a
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pathologic complete response has been correlated with better outcomes, this outcome is
uncommon (~6%), as are near-complete responses (~14%).1340 Consequently, there is a
need for better prediction in patients with near-complete or limited responses, particularly in
patients with large tumors, as the T staging component of TNM provides no prognostic
value in the neoadjuvant setting for tumors > 2.0 cm.13 Finally, potential correlation between
fibrosis and survival provides a rational basis for testing collagen molecular MRI as a
prognostic tool. In this study, we found that the degree of tumor fibrotic response to
neoadjuvant CRT indeed predicted survival, which was independent of other
clinicopathologic factors on multivariable analysis. These findings indicate that automated,
objective fibrosis scoring using digital analysis of Sirius Red-stained tumor sections may
provide prognostic information that has previously been underappreciated, and they also
provide strong evidence to support further investigation of collagen molecular MRI as a
prognostic tool.

Research teams have also evaluated the prognostic significant of PDAC fibrosis in the pre-
treatment setting. Wang et al. measured tumor stromal density in 145 PDAC patients treated
with surgical resection followed by adjuvant gemcitabine-based chemotherapy.4! Tumors
were stained for collagen and presence of activated pancreatic stellate cells with Masson’s
trichrome and a SMA immunohistochemical stain, respectively. Highly-dense stroma, as
determined by a pathologic scoring system, was associated with longer overall and
progression-free survival, indicating that increased basal tumor fibrosis might have a
protective effect. Similarly, Torphy et al. evaluated tumor stroma density using a computer
automated algorithm in 123 PDAC patients, and observed that a stroma density of greater
than 60% surface area (median value) was associated with significantly improved
recurrence-free survival (median 21.1 vs. 10.0 months, p = 0.008) and overall survival
(median 21.3 vs. 11.7 months, p = 0.003) compared to patients with stoma density less than
60%.42 Finally, Erkan et al. developed a tumor scoring system called the activated stroma
index (ASI) that is based on patterns of collagen deposition relative to pancreatic stellate cell
activity.43 They observed that patients with low stellate cell activity, measured by aSMA
staining, and high type | collagen deposition had better median overall survival (25.7 mo vs.
16.1 mo, p = 0.007). Taken together, these findings indicate that higher levels of basal tumor
fibrosis are likely associated with improved survival. Future studies are needed to determine
whether baseline tumor fibrosis has any association with response to neoadjuvant therapy
and subsequent post-treatment fibrosis.

While our results suggest that collagen molecular MRI is a promising strategy for assessing
therapeutic response, there are several important limitations to this study. First, regarding our
analysis of human tumor data, the patient cohort was limited to 93 tumor samples and is
likely underpowered for certain prognostic associations with small effect size. Second, all
patients in this study had localized disease and therefore, our findings are not translatable to
the metastatic context. It has been previously reported that differences in tumor fibrosis may
exist between primary and metastatic PDAC lesions.#2 Third, all patients were treated with
neoadjuvant FOLFIRINOX and radiation therapy, and therefore, this study does not account
for the prognostic significance of baseline tumor fibrosis. Future studies are needed to
evaluate CPA in the untreated and chemotherapy only contexts. Fourth, regarding PDAC
fibrosis imaging with CM-101, these experiments were performed using a murine orthotopic
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model of PDAC in a single arm fashion with limited controls due to the complexity of
animal MR imaging. Therefore, although we have demonstrated a measurable fibrotic
response to therapy, future studies in other animal models of PDAC will be necessary for
validation of the CM-101 probe as a useful means of fibrosis imaging. Fifth, in our animal
model we only treated with FOLFIRINOX chemotherapy prior to imaging due to
complexity of the animal model. Combination FOLFIRINOX with radiotherapy is
associated with a more robust fibrotic response that will need to be assessed in future
investigations. Chemotherapy alone is still used in some patients, and both chemotherapy
and radiotherapy are thought to independently induce fibrosis. Therefore, future human
studies are needed to determine whether the association between post-treatment fibrosis and
survival is applicable to monotherapy as well. Lastly, more work is needed to correlate the
observed fibrotic changes on MRI with pathologic markers of treatment response and
prognosis. In this regard, a reproducible scoring system for measuring MR image fibrosis is
needed for any potential future clinical translation.

In conclusion, collagen molecular MRI with CM-101 provided superior pancreatic tumor
enhancement compared to the non-specific contrast agent, Gd-DOTA. CM-101 is able to
detect changes in tissue fibrosis after FOLFIRINOX chemotherapy, providing a novel non-
invasive biomarker for treatment response. Based on these preliminary findings in mice,
collagen molecular MRI may have additional clinical applications in PDAC including
diagnosis and prognostication.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ASA PS American Society of Anesthesiologists Physical Status

AUCs_s5 area under the curve 5-25 minutes post contrast injection

BMI body mass index

CAP College of American Pathologists

CPA collagen proportional area

CT computed tomography

CTTA CT texture analysis

Gd-DOTA gadolinium-1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetate
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Statement of Significance:

We show that the fibrotic response to neoadjuvant chemoradiation in PDAC is associated
with overall and disease-free survival, and secondly that preclinical murine experiments

indicate that collagen molecular MRI can be used to non-invasively measure the fibrotic

response to therapy in order to guide management.
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Statement of Translational Relevance:

We describe two techniques that have potential for clinical impact. The first technique is
collagen targeted MRI of pancreatic ductal adenocarcinoma (PDAC). Standard CT and
MRI are unable to distinguish chemoradiation induced fibrotic response from residual
cancer, complicating management. We demonstrate that collagen targeted MRI in an
orthotopic murine model of PDAC provides superior tumor enhancement and can be used
to measure post-treatment fibrotic changes in the tumor bed. Although preliminary, these
findings suggest that collagen targeted MRI might have clinical utility to evaluate
response to chemoradiation and may help with downstaging. The second technique uses
Sirius Red collagen staining to measure fibrosis in chemoradiation-treated tumors.
Current pathologic scoring systems focus on quantifying residual adenocarcinoma, and
lack reproducibility and prognostic value. In contrast, we show that objective fibrosis
quantification of the post-chemoradiation tumor bed is associated with survival and is a
more accurate prognostic marker than either pathologic regression grade or RECIST
score in a single-center study of 93 human patients.

Clin Cancer Res. Author manuscript; available in PMC 2021 March 20.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Erstad et al.

Page 21

A B Collagen Proportional Area (CPA)

1 ; Low (< 61.4%) Moderate (61.4% - 77.4%) High (> 77.4%)

Frequency

40 45 50 55 60 65 70 75 80 85 90 95100
CPA (%)

C ) ) ) D
Overall Survival Disease-Free Survival Overall Survival Disease-Free Survival
10i 10 ~— CPA<61.4% (n = 15) 1.0 13
=8 = 8 —~ CPA614-77.4%(n=63) _ 0.8 0.8
X 2 2
= = — CPA>77.4% (n = 15) £ 56 £ 6&
s g 3 - e
, #
% 4 é 4 8 04 o4 8 04 -
2 2 024 .~ ()cPa(aUC=0.76) 02] -~ ‘T ()CPAAUC=077)
oL P=00072 2 p=0.031 " B (+) CPA (AUC = 0.82) ook B CPAAUC = 080)
0 20 40 60 80 100 0 20 40 60 80 100 00 02 04 06 08 1.0 00 02 04 06 08 1.0
Months Months 1 - Specificity 1 - Specificity
E F Overall Survival Disease-Free Survival
Y =-2.858"X + 73.99
0oy Feed 1003 100 ~— CPA< 70% or No Pathologic Regression (n = 67)
9 < 807 = 8 —— CPA= 70% & Pathologic Regression (n = 26)
x =
8 = 604 = 6
} 2 s s
a 2 404 2 4
O ¢ a 5
5 201 p=0.0008 20 p=0.018
a0l— . . . 0 —————————— —
0 1 2 3 0 20 40 60 80 100 0 20 40 60 80 100
Pathologic Regression Grade Months Months

Figure 1:
(A) Frequency distribution plot for tumor fibrosis levels measured by digital quantification

of Sirius Red collagen staining. Dashed red line separates patients by CPA < 70% or = 70%.
(B) Sirius Red collagen staining of tumor samples representing low (CPA < 61.4%),
moderate (61.4% -77.4%), and high (CPA > 77.4%) fibrosis groups. Residual cancer cells
occupy regions of non-fibrotic tissue. Kaplan-Meier survival curves based on (C) CPA
stratified into low (CPA < 61.4%, red), moderate (61.4% —77.4%, black), and high (CPA >
77.4%, blue) fibrosis groups. (D) Logistic regression model for prediction of median OS and
DFS including (gray) and excluding (white) CPA as a variable. (E) Correlation between
CPA (%) and pathologic regression grading (tumor regression grades: 0 = complete
response, no viable tumor cells; 1 = moderate response, single small cells or groups of cells;
2 = minimal response, residual cancer outgrown by fibrosis; 3 = poor response, minimal or
no tumor kill, extensive residual cancer. (F) Kaplan-Meier survival curves for OS and DFS
stratified by CPA < 70 & no pathologic response (regression grade 2 — 3) (red) compared to
CPA = 70% & pathologic response (regression grade 0 — 1) (black).
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Collagen +

Tumor Infiltrating Edge with
Desmoplastic Reaction

(A) Gross image of pancreas (blue dotted line) and PDAC tumor (yellow dotted line) 14
days after orthotopic injection. (B) Hematoxylin and eosin (H&E) staining of the tumor and
surrounding pancreas. Histologic features are labeled with arrows. (C) Sirius Red staining of
the tumor and surrounding pancreas. Desmoplastic reaction at the tumor’s infiltrating edge is
indicated by intense red stain (increased collagen density). (D) Immunofluorescent staining
of aSMA in tumor and surrounding pancreas. (E) Collagen proportional area (CPA) of
tumor and surrounding pancreatic tissue. T = tumor; P = pancreas. * p < 0.05; ** p < 0.01.
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Figure 3:
Representative axial images of orthotopically implanted tumors (yellow dotted line) and

surrounding pancreas (blue dotted line) pre and 5 minutes post Gd-DOTA (A) and CM-101
(B) contrast injections. %ASNR in PDAC and surrounding pancreas at all measured time
points for (C) Gd-DOTA and (D) CM-101. T = tumor; P = pancreas; K = kidney. * p < 0.05;
**p<0.01.
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Figure 4:

(A?) SNR measurements are normalized to peak intensity at 5 minutes. Plotted lines represent
Gd-DOTA (black) and CM-101 (red) signal loss over 25 minutes. Relative to peak signal,
the MR signal intensity is significantly greater with CM-101 compared to Gd-DOTA from
15-25 minutes. Difference in AUCs_j5 is graphically displayed by solid gray background.
AUCs_y5 for the Gd-DOTA and CM-101 are shown in the bar graph. (B) ICP-MS
guantitation of Eu-DOTA and CM-101 probes in PDAC tissue 25 minutes after tail vein
injection. (C) Relative MR signal loss in surrounding pancreatic tissue 5-25 minutes post
injection with CM-101 and Gd-DOTA. AUCs_,5 for Gd-DOTA and CM-101 are shown in
the bar graph. (D) Representative axial images of untreated PDAC 5 and 25 minutes after
Gd-DOTA injection. Tumor is outlined in white (grayscale) and white arrows point to
fibrotic tumor regions. Retention map displays MR signal intensity normalized to peak
signal at 5 minutes in tumor tissue. (E) Representative axial images of untreated PDAC 5
and 25 minutes after CM-101 injection with retention map. * p < 0.05; ** p < 0.01.
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(A) Gross images of tumor (outline in yellow dotted line), untreated and after 3 doses of

FOLIFIRINOX. H&E and Sirius Red collagen staining of tumor and pancreatic tissue are
shown. (B) Tumor weights in untreated and FOLFIRINOX-treated mice. (C) CPA
measurements of PDAC tissue for untreated and FOLFIRINOX-treated mice. T = tumor; P =

pancreas. * p < 0.05; ** p < 0.01.
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Figure 6:

(A?) SNR measurements normalized to peak intensity at 5 minutes post-injection for
FOLFIRINOX-treated PDAC. Plotted lines represent Gd-DOTA (black) and CM-101 (red)
signal loss over 25 minutes. Relative to peak signal, the MR signal intensity is significantly
greater with CM-101 compared to Gd-DOTA from 10-25 minutes. Difference in AUCsg_ps is
graphically displayed by solid gray background. AUCs_,g for Gd-DOTA and CM-101 are
shown in the bar graph. (B) Relative MR signal attenuation in surrounding pancreatic tissue
up to 25 minutes post injection with CM-101 and Gd-DOTA after FOLFIRINOX treatment.
AUCs5_p5 for Gd-DOTA and CM-101 are shown in the bar graph. (C) ICP-MS quantitation
of Eu-DOTA and CM-101 probe uptake in muscle, PDAC, and pancreas tissues 25 minutes
after tail vein injection in FOLFIRINOX-treated mice. (D) Representative axial images of
untreated PDAC 5 and 25 minutes after CM-101 injection. Tumor is outlined in white
(grayscale) and white arrows point to fibrotic tumor regions. Retention map displays MR
signal intensity normalized to peak signal at 5 minutes in tumor tissue. (E) Representative
axial images of FOLFIRINOX-treated PDAC 5 and 25 minutes after CM-101 injection with
retention map. (F) CM-101-based MR signal intensity measurements normalized to peak
intensity at 5 minutes. Plotted lines represent untreated (black) and FOLFIRINOX-treated
(blue) PDAC signal loss over 25 minutes. Difference in AUCs_»s is graphically displayed by
solid gray background. AUCsg_,5 for CM-101 in untreated and FOLFIRINOX-treated PDAC
are shown in the bar graph. ICP-MS quantitation of (G) tumor and (I) pancreatic tissue
CM-101 probe uptake 25 minutes after tail vein injection. (H) CM-101 MR signal intensity
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measurements for pancreatic tissue in untreated and FOLFIRINOX-treated mice, and
associated AUCsg_ys calculations. * p < 0.05; ** p < 0.01.
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Table 1:

Cohort Data and Univariate Survival Analysis

Overall Survival (OS)

Disease Free Survival (DFS)

Variable (mean + SD) or n (%) HR p-value HR p-value
Demographics
Age (years) 61.7+8.9 1.01 0.73 1.00 0.98
Gender
Female 49 (51%) 1.16 0.50 1.03 0.90
Male 47 (49%)
Race
Caucasian 88 (94%) 1.50 0.045 1.53 0.041
Black 3(3%)
Asian 3 (3%)
Hispanic 0 (0%)
BMI 258+5.6 0.97 0.32 101 0.55
ASA Category 0.87 0.64 0.78 0.35
1 0 (0%)
2 54 (56%)
3 42 (44%)
Charlson Comorbidity Index Score 23%25 1.07 0.52 1.23 0.048
ECOG Score 1.27 0.30 1.18 0.47
0 65 (70%)
1 27 (29%)
2 0 (0%)
3 1 (1%)
Radiographic and Serum Biomarkers
Tumor Diameter at Diagnosis (cm) 34+11 1.47 0.003 1.33 0.013
RECIST 1.08 0.62 0.97 0.88
Complete Response (CR) 8 (8%)
Partial Response (PR) 66 (69%)
Stable Disease (SD) 16 (17%)
Progressive Disease (PD) 1 (1%)
Inevaluable 5 (5%)
Cycles of Chemotherapy 8+25 1.02 0.64 1.02 0.58
CA-19-9 at Diagnosis (U/mL; normal < 35) 121 0.008 1.28 0.001
<35 30 (34%)
35-100 11 (12%)
101 -500 23 (26%)
501 — 1000 10 (11%)
> 1000 15 (17%)
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Overall Survival (OS)

Disease Free Survival (DFS)

Variable (mean + SD) or n (%) HR p-value HR p-value

Operative and Pathologic Data
Pathologic Regression Score 1.53 0.005 1.37 0.032

Complete Response 7 (7%)

Moderate Response 42 (44%)

Minimal Response 29 (30%)

Poor Response 18 (19%)
Collagen Proportional Area (CPA, %) 69.4 +8.0 0.94 0.001 0.95 0.009
Pathologic Tumor Diameter (cm) 23+15 1.45 <0.0001 1.22 0.018
T stage 1.49 0.017 1.26 0.10

0 8 (8%)

1 10 (10%)

2 9 (9%)

3 68 (71%)

4 1 (1%)
N stage 1.96 0.018 2.18 0.003

0 65 (68%)

1 30 (31%)

2 1 (1%)
LVI 21 (22%) 1.56 0.17 1.27 0.45
PNI 59 (63%) 2.28 0.013 131 0.33
Margin Status 1.35 0.46 1.47 0.31

RO 86 (90%)

R1 10 (10%)
EBL (mL) 728 £ 474 1.00 0.91 0.99 0.89
Operative Time 389+ 121 1.20 0.005 111 0.092
Vascular Reconstruction 24 (25%) 0.89 0.72 112 0.69
IORT 31 (32%) 0.87 0.65 0.81 0.46
Postoperative Clinical Data
Adjuvant Chemotherapy 38 (40%) 1.88 0.027 3.76 < 0.0001
Adjuvant Radiotherapy 17 (18%) 1.54 0.21 1.97 0.033

Page 29

ASA PS, American Society of Anesthesiologists Physical Status; BMI, body mass index; College of American Pathologists (CAP) Regression
Grades: 0 = complete response, no viable tumor cells; 1 = moderate response, single small cells or groups of cells; 2 = minimal response, residual
cancer outgrown by fibrosis; 3 = poor response, minimal or no tumor kill, extensive residual cancer; EBL, estimated blood loss; ECOG, Eastern
Cooperative Oncology Group; IORT, intraoperative radiation therapy; LVI, lymphovascular invasion; PNI, perineural invasion; RECIST, response
evaluation cirteria in solid tumors; SD, standard deviation.
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Table 2:

Multivariable Analysis of Survival Outcome Measures

Overall Survival

Disease Free Survival

Variable HR p-value HR p-value

CPA 0.96 0.028 0.96 0.047
Radiographic Tumor Diameter at Diagnosis ~ 1.38 0.045 1.35 0.023
CA-19-9 1.16 0.088 0.98 0.10
Pathologic Regression (complete or partial)  0.75 0.49 1.09 0.47
Pathologic Tumor Diameter 1.20 0.16 1.56 0.21
N stage 1-2 1.12 0.80 1.29 0.002
T Stage 3-4 1.14 0.76

Perineural Invasion 1.14 0.71

CPA, collagen proportional area.
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