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Abstract

Thermal ablation is an effective therapy for liver tumors, however there is evidence that
it can stimulate tumor growth at distant sites via the HFG/c-Met pathway, which is also linked to
tumor metabolism. We evaluated this effect in vivo using hyperpolarized *3C-pyruvate MRI.

Fisher rats were implanted with R3230 rat breast adenocarcinoma cells (n=28) and
assigned to either: sham surgery, hepatic radiofrequency ablation (RFA), or hepatic RFA +
adjuvant c-Met inhibition with PHA-665752 (single IP dose, 0.83 mg/kg at 24h post-RFA). MRI
was performed 24h before and 72h after treatment, and the conversion of 33C-pyruvate into 13C-
lactate within each tumor was quantified as lactate:pyruvate ratio (LPR).

Hepatic RFA alone resulted in increased growth of the distant tumor compared to sham
(0.50+0.13 mm/day and 0.11+0.07 mm/day, respectively; p<0.0001). In the hepatic RFA +
adjuvant PHA group, tumor growth rate declined immediately following PHA administration, with
a post-treatment growth rate (0.06+£0.13 mm/day) similar to the sham group (p=0.28). A
significant increase in LPR was seen following hepatic RFA (p=0.02), while LPR was unchanged in
the sham (p=0.10) and RFA+PHA (p=0.90) arms.

In vivo h'3C-pyruvate MRI can detect hepatic RFA-induced increases in lactate conversion
within a distant R3230 tumor, which is coupled with relatively increased tumor growth. Adjuvant
inhibition of c-Met suppresses these off-target effects. The results highlight the potential for
h3C-pyruvate MRI as a potential in vivo tool to detect lesions at risk for off-target RFA stimulation

and suggest a possible role for adjuvant c-Met inhibition in such cases.
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Glossary

h3C MRI: Hyperpolarized **Carbon Magnetic Resonance Imaging
RFA: Radiofrequency ablation

HCC: Hepatocellular carcinoma

HGF: Hepatocyte growth factor

c-Met: receptor tyrosine kinase, hepatocyte growth factor receptor
HIF: Hypoxia-inducible factor

FDG-PET: Fluorodeoxyglucose-positron emission tomography
PHA: specific c-Met inhibitor PHA-665752

R3230: c-Met positive rat breast adenocarcinoma cell line

LPR: Lactate:pyruvate ratio

RARE: Rapid acquisition with refocused echo

EPSI: Echo planar spectroscopic imaging

ROI: Region of interest

RECIST: Response evaluation criteria in solid tumors



Introduction

Hepatic radiofrequency thermal ablation (RFA) can stimulate distant tumor growth

Thermal tumor ablation using radiofrequency energy (RFA) is a widely used therapeutic
tool for the treatment of many types of focal tumors including hepatocellular carcinoma (HCC)
and metastases from breast and colorectal cancers, with clinical outcomes comparable to surgical
resection in well-selected patients.’™ Indeed, based on proven efficacy especially for small, focal
lesions, RFA has become a vital component of oncologic therapy today and has been
incorporated into a number of clinical treatment guidelines. However, there is increasing clinical
and experimental evidence that hepatic RFA may have unintended effects such as inducing tumor
growth and more aggressive tumor biology both within and outside of the liver.3=® For example,
in a study of 580 patients with small (<3 ¢cm) HCC tumors, RFA led to a 25% higher 5-year
cumulative distant intrahepatic new tumor rate (62.7% vs. 36.6%) and worse disease-free survival
rate (31.7% vs. 61.1%) compared to surgical resection.” Similar effects of RFA, including higher
long-term rates of new liver tumors compared to epidemiologic data of those not treated with
RFA, have been shown in other studies in HCC and colorectal metastases.>812 Other ablation
techniques, such as thermal ablation with laser or microwave have shown similar effects.'® These
off-target pro-oncogenic effects following hepatic thermal tumor ablation could have a major
impact on the treatment algorithm of patients with multifocal disease or those who are at high

risk for metastases.



HGF/c-Met Pathway is stimulated by RFA of normal liver

The hepatocyte growth factor (HGF) and corresponding receptor tyrosine kinase cell
surface receptor c-Met have been implicated as a pathway of distal tumor stimulation by liver
RFA.>1* The HGF/c-Met pathway is vital for proper liver development and regeneration, but is
frequently deregulated and overexpressed in many human malignancies.'>*® RFA of normal rat
liver stimulates HGF and c-Met expression in the region immediately surrounding the ablation
zone, termed the periablational zone, as well as in distant tumors.'* This activation of the HGF/c-
Met pathway stimulates growth and proliferation of distant c-Met-positive tumors.** This effect
is not demonstrated in c-Met-negative tumors or when an adjuvant c-Met inhibitor is combined
with RFA for c-Met-positive tumors.* These results support the role of c-Met inhibition as a
potential option to suppress unintended off-target tumor stimulatory effects of hepatic RFA. Yet,
identifying those tumor types or patients who are at higher risk for c-Met-mediated off-target

tumor stimulation following thermal ablation remains a clinical challenge.

HGF/c-Met requlates tumor glycolysis

HGF binding to c-Met activates a series of signaling pathways (such as PI3K/Akt, Src,
MAPK/Erk, STAT3, and FAK) involved in tumor cell migration, proliferation, survival, metastasis,
and angiogenesis.?>1® Upregulation of tumor glycolysis, a hallmark feature of cancer cells also
known as a the Warburg Effect, has been attributed to the downstream PI3K/Akt and Akt/mTOR
pathways in several different cancers, including HCC. Y~2! Further downstream is hypoxia-
inducible factor (HIF), which induces angiogenesis and promotes glycolysis, and is overexpressed

at the periablational zone.*



Detection of HGF/c-Met Tumorigenesis with Hyperpolarized 3C-pyruvate/lactate MRI

Hyperpolarized 3C MRI (h3C MRI) provides a non-invasive technique for acquiring high-
resolution imaging of the uptake and metabolism of 3C-containing tracer molecules in real-
time.?223 h'3C-pyruvate MRI detects conversion into h'3C-lactate, providing an imaging
biomarker for the last step in glycolysis. While this technique probes a number of factors linked
to rates of glycolysis, including perfusion, monocarboxylic acid transporter activity, and LDH
activity, tumor lactate production is of particular interest because it is elevated in many tumors
and is a known marker of cancer proliferation and aggressiveness.?>?* Current imaging
surveillance techniques, which focus mainly on size, may fail to catch at-risk lesions with such a
metabolic profile. Even FDG-PET, a staple of nuclear medicine imaging for analyzing metabolic
activity, is unable to discriminate between the causes of increased glucose uptake, resulting in
similar signal in both tumors and surrounding metabolically active tissues such as muscle.?”
However, h3C MRI offers another layer to further differentiate by type of metabolic activity,
specifically by allowing direct analysis of the Warburg Effect that is prevalent in many types of
cancers.?®

In this study we used h'3C-pyruvate/lactate MRI to quantify tumor lactate production in
a rat model of metastatic c-Met-positive adenocarcinoma. We compared lactate production and
growth of these subcutaneous-based tumors between a control group and in rats subjected to
RFA of normal liver. We hypothesized that in rats treated with liver RFA, increased HGF/c-Met
activity would lead to increased tumor growth and lactate production. We tested the

dependency of this effect on c-Met activation by performing h'3C MRI and tumor growth



measurements on a third cohort of rats who underwent both liver RFA and treatment with a

specific c-Met inhibitor, PHA-665752.

Materials and Methods

Experimental Design

This study was approved by our institutional animal care and use committee (IACUC).
Female Fischer rats (Charles River Laboratories, Wilmington, MA) were implanted with R3230
adenocarcinoma cells subcutaneously (n=28). Tumor growth was measured daily throughout the
experiment using calipers. When tumors reached 10-12 mm in diameter (Day 0), animals were
randomly assigned to one of three treatment arms: sham (laparotomy without RFA), RFA (RFA
to the left hepatic lobe), or RFA+PHA (RFA of the left hepatic lobe plus adjuvant c-Met inhibition
with PHA-665752). To limit variations in pre-treatment tumor growth between treatment
groups, tumors were screened before treatment and only those demonstrating similar pre-
treatment growth rates and size were used. Animals in which tumors did not grow or did not
reach the threshold of 10-12 mm were excluded. A total of 9, 13, and 6 rats met these inclusion
criteria for the sham, RFA, and RFA+PHA arms, respectively.

Hyperpolarized 3C-pyruvate/lactate MRI was performed 24 hours prior to treatment and
72 hours post-treatment on a random subset of rats from each arm, totaling 5, 5, and 4 in the
sham, RFA, and RFA+PHA arms, respectively. A fifth rat within the RFA+PHA arm died
prematurely before imaging could be completed. Relative quantities of 3C-pyruvate and 3C-
lactate were measured within each intratumoral voxel and reported as lactate:pyruvate ratios

(LPR). All animals were sacrificed at 7 days post-treatment. All experiments were performed by



individuals with experience in performing tumor implantation, RF ablation, and surgery in these

models.

Animal Tumor Model

The R3230 adenocarcinoma cell line is a well-characterized c-Met positive cell line with
established tumor growth rates.?622 R3230 xenografts were implanted into the mammary fat
pad of female Fisher rats (120-150 g) via subcutaneous injection of 300 puL of tumor suspension

containing 107 cancer cells for each animal.

RFA and Sham treatments

Anesthesia was induced using isoflurane in oxygen (5% for induction, followed by 1-3%
for maintenance) for all surgeries. The left hepatic lobe was exposed via surgical laparotomy with
a subcostal incision. The 1-cm-tip of a 21-gauge insulated electrode was placed on the normal
left hepatic lobe parenchyma, with the animal resting on a standardized metallic grounding pad.
For the RFA and RFA+PHA groups, a monopolar RF ablation generator (500kHz RF generator,
Radionics, Model CC-1) was used to energize the tip for 5 minutes, with output titrated to
maintain tip temperatures of 70°C £ 2. For the sham treatment group, the left hepatic lobe was
exposed for 5 minutes, but no RFA was performed. Following treatment, the incision was closed
with 4-0 Vicryl and 4-0 Prolene sutures and a single SC dose of Buprenorphine (0.2 mg/kg) was

administered for perioperative comfort.



Tumor Growth Measurements

Tumors were measured along both longitudinal and transverse diameters using
mechanical calipers, and an average diameter was calculated. All tumor measurements reported
throughout this manuscript refer to such average diameters. Measurements began three days
after tumor implantation, when tumors were typically palpable. Subsequently, tumor size was
measured daily. Once tumors reached 10-12 mm (Day 0), animals were assigned to one of the
three treatment arms. To control for confounding due to differences in tumor growth between
treatment arms, animals were matched according to pre-treatment growth rate and size, with
similar animals spread into different treatment arms. Size measurements were recorded until 7

days post-treatment, then the animals were sacrificed.

c-Met Inhibitor (PHA) Administration

The c-Met inhibitor PHA-665752 was obtained in powder form and mixed with 0.9% NaCl.
The PHA was administered in a single 0.83 mg/kg intraperitoneal dose 24 hours post-RFA to the

“RFA + adjuvant c-Met inhibitor” (“RFA + PHA”) arm only, as per prior studies.'*

1H and Hyperpolarized 3C-pyruvate MRI

MRI was performed on a 9.4 T horizontal-bore small-animal MRI system (Bruker Biospec
94/20, Billerica MA) with an 84mm quadrature proton coil and an in-house built 27mm
transmit/receive 13C surface coil. During imaging, animals were anesthetized with isoflurane in

oxygen (5% for induction, followed by 1-3 % for maintenance), and the level of anesthesia was
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assessed by respiratory monitoring. Thermal support was provided by a warm-air circulator with
fiber-optic temperature feedback.

Axial and coronal T2-weighted anatomical images were acquired using a rapid acquisition
with refocused echo sequence (RARE) with a field of view of 6 cm, 128 x 128 matrix, echo train
length of 8, TR 1245 ms, TE 11 ms, 2 mm slice thickness.

Hyperpolarized '3C-pyruvate solution was prepared by dynamic nuclear polarization
(DNP) using a commercial DNP polarizer (Hypersense, Oxford Instruments Molecular Biotools,
Oxfordshire UK). [1-13C]pyruvic acid was combined with 15mM OX063 radical (GE Healthcare,
London UK) and 1mM gadoteridol (ProHance, Bracco, Milan Italy) and polarized for 40 minutes
or more at 1.4K and 100mW microwave power. The polarized material was then dissolved in
saline containing 50mM TRIS and 125mg/l EDTA and adjusted to physiological pH with sodium
hydroxide to obtain 96mM hyperpolarized pyruvate solution for injection. 2.5ml of this solution
were administered as a 10-15s bolus starting a few seconds after the initiation of the 3C MRSI
acquisition. *3C data were acquired in the coronal plane across the tumor using an echo planar
spectroscopic imaging (EPSI) sequence with a field of view of FOV 6 cm, 4° tip angle, 16x16 matrix,
10mm slice thickness, 512 spectral points, and 4kHz spectral width. 64 repetitions were acquired
with 2s temporal resolution.

Image processing was performed in Mathematica (Wolfram), and Imagel (NIH).
Spectroscopic image data were separated into even and odd echoes, apodized with a 30Hz line-
broadening filter, and reconstructed with standard Fourier methods to obtain pixel-by-pixel
spectra with 2kHz spectral width. Spectra from even and odd echoes were then combined after

application of a first-order phase to account for the temporal offset between the starting points
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of the two echo trains. Pixel-by-pixel magnitude spectra were computed, and pyruvate and
lactate signals were quantified by integrating their spectral peaks, after subtracting the mean
magnitude noise from the spectra to eliminate spurious baseline signals. Magnitude noise was
estimated from a noise-only spectrum. Lactate-to-pyruvate ratios were computed using the time
integrals of each metabolite’s signal, a measure that has been shown to reflect the rate of label
exchange between pyruvate and lactate.?® Lactate production was reported as the
lactate:pyruvate ratio (LPR) to account for intertumoral variations in 3C-pyruvate perfusion. The
T2-weighted 'H coronal images were used to define a tumor region-of-interest (ROI), and LPR
was obtained by averaging all intratumoral voxels contained within this tumor ROIl. Example *H

and 3C MRI are shown in Figure 1.

Data Reporting and Statistical Analysis

Prism (GraphPad Software, San Diego, CA) was used for statistical analysis. All data are
reported as means * standard deviations. Tumor growth curves before and after treatment were
analyzed with linear regression analysis models to determine the slope of the pre- and post-
treatment growth curve on a per-tumor basis. Average pre- and post-treatment growth rates
(slope) could then be calculated for each treatment arm. Changes in LPR (ALPR) were calculated
by simply subtracting pre-treatment LPR from post-treatment LPR for each tumor, from which
averages could be calculated for each treatment arm. A two-sampled t-test was used with a
significance criterion of 0.05 and power of 0.80 to estimate minimal sample sizes. We placed

conservative estimates for standard deviation (0.05) and the difference in mean for LPR (0.1),
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based on measurements from preliminary imaging, yielding a minimum sample size of 4 tumors
per arm.

When comparing pre-treatment growth rates with post-treatment growth rates within
the same treatment arm, a two-sided paired t-test was used. For all statistical analyses in this
study, when comparing values between different treatment arms, a two-sample unpaired t-test
was used. A one-sample t-test was used to determine if changes in LPR within one treatment
arm were significant (i.e. null hypothesis = no change). p < 0.05 was considered statistically

significant.

Results

Tumors in the RFA arm demonstrate relatively increased growth

Growth curves for distant tumors in the three study arms are shown in Figure 2A, and
data on tumor growth are summarized in Table 1. Tumor growth rates and tumor diameter prior
to treatment were not significantly different for all comparisons between treatment arms. The
sham treatment group exhibited a decrease in tumor growth rate following treatment (pre-
treatment: 0.59 + 0.14 mm/day; post-treatment: 0.11 + 0.07 mm/day; p<0.0001). In the RFA
group, the rate of growth of the distant tumor did not change significantly (pre-treatment: 0.58
+0.15 mm/day; post-treatment: 0.50 + 0.13 mm/day; p=0.20). The tumorsin the RFA+PHA group
responded similarly to the sham group, with a decrease in growth rate following treatment (pre-
treatment: 0.50 + 0.18 mm/day; post-treatment: 0.06 + 0.13 mm/day; p=0.004). This resulted in
a tumor end diameter for the RFA only group (14.5 + 1.2 mm) that was significantly greater than

that of the sham (12.1 + 0.8 mm; p<0.0001) and RFA+PHA (11.3 + 1.3 mm; p=0.0003) groups.
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Tumors in the RFA+PHA arm were not significantly different in size from sham at the time of
sacrifice (p=0.22).

Post-treatment tumor growth rates for the different treatment groups are shown in
Figure 2B. Hepatic RFA alone resulted in relatively increased growth of the distant R3230 tumors
(post-treatment growth rate of 0.50 + 0.13 mm) compared to sham treatment (0.11 + 0.07 mm;
p<0.0001). In the RFA+PHA group, tumors exhibited a post-treatment growth rate (0.06 + 0.13
mm) that was significantly less than that of the group receiving RFA only (p<0.0001), and similar

to that of the sham group (p=0.28).

Tumors in the RFA arm demonstrate relatively greater lactate production

The change in lactate:pyruvate ratio before and after treatment for all individual tumors
in each treatment group is shown in Figure 3A. Hepatic RF ablation alone resulted in a unanimous
increase in distant tumor LPR. Response to treatment was more variable in animals also given
adjuvant c-Met inhibition (PHA). Figure 3B shows the average change in LPR before and after
treatment for each treatment group. Hepatic RFA results in a significant increase in LPR (0.02 +
0.01; p=0.02), or a mean increase of 13 + 8%, coupled with the relatively increased tumor growth
shown previously. There is no significant change in LPR for the RFA+PHA (0.00 + 0.04; p=0.90) or
sham (-0.05 + 0.05; p=0.10) groups. ALPR for the RFA group was significantly greater in

comparison to the sham group (unpaired t-test p=0.03). LPR calculations are summarized in Table

In order to determine whether these changes in LPR could be due simply to changes in

tumor size, we plotted tumor size vs. LPR at the time of pre-treatment imaging (Day -1) for all

14



arms, before treatment could have had an effect on tumor metabolism. There is a significant
negative correlation (Pearson correlation: r = -0.6394 [95% CI -0.8736 to -0.1648], r? = 0.4089, p=
0.0138) whereby increased tumor size is correlated with decreased LPR. Average pre-treatment
LPR for the RFA only arm is significantly less than that of the RFA+PHA group (p = 0.02), while

there is no significant difference between sham vs. RFA (p = 0.06) or sham vs. RFA+PHA (p = 0.53).

Discussion

In this study, h'*C-pyruvate MRI demonstrated a significant increase in lactate production
within distant subcutaneous R3230 tumors following liver RFA, in agreement with other studies
showing upregulation of tumor glycolysis with stimulation of the HGF/c-Met axis.***° Hepatic RFA
results in not only an increase in lactate production, but also relatively increased tumor growth.
This off-target effect is suppressed with c-Met inhibition. This is the first study demonstrating in
vivo detection of this effect on glycolysis with MRI.

The effects of hepatic RFA on distant tumor growth are consistent with those of Ahmed
et al. (2015), which linked these changes to the central role of the HGF/c-Met signaling axis.'4
This study represents a further extension of this investigation by adding h*3C MRI data to link the
HGF/c-Met signaling axis to measurable changes in in vivo tumor metabolism. The results show
the potential of h'3C MRI as a noninvasive method to potentially identify patients at risk for
increased tumorigenesis following local thermal ablation therapies, as well as to monitor
response to c-Met inhibition, which could be used to prevent or reduce unintended off-target
effects. h'3C MRI may also offer a method to monitor therapeutic response more broadly,

potentially to a wide range of targeted therapies and perhaps before changes in tumor size are
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evident on traditional imaging modalities. The potential for a non-invasive biomarker that is
more sensitive and accurate than size-based measurements is particularly appealing given the
increasing popularity of immunotherapies, which have highlighted limitations in RECIST-based
monitoring.3° There is close coupling between angiogenesis, hypoxia, and glycolysis via HIF-1a
and PI3K downstream of c-Met, all likely contributing to the increase in tumor LPR in the hepatic
RFA arm of our study, and requiring future studies to elucidate the underlying mechanisms. With
many pathways converging to modulate the metabolic activity of tumors, h'3C MRI is uniquely
suited to analyze response to a wide range of therapies through analysis of a common end-
product.

There was tapering of the tumor growth rate seen in the sham and RFA+PHA groups
following treatment. This has been seen on prior studies, and we attribute this to an immune
response likely stimulated by laparotomy. Other tumor models also demonstrate this effect,
which can even lead to complete regression.3 We took care to standardize all surgical
procedures, including administration of anesthesia and post-surgical analgesics, to minimize
variability from this effect. While this could be avoided by using an immunodeficient model, we
believe that immunocompetent animals were necessary for a more accurate model in this case,
as inflammatory markers such as interleukin-6 have been linked to off-target RFA oncogenic
effects.3? The underlying inflammatory pathways that influence glycolytic activity and lactate flux
as detected by h'3C MRl is an area for further investigation.

Compared to the growth curve analysis, a smaller number of animals underwent h'3C
MRI. This was mostly due to logistical limitations, as the imaging studies could be performed only

within a particular window based on tumor growth and magnet availability. There was also a
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premature death in the RFA+PHA arm before the post-treatment h'3C MRI data could be
acquired, which resulted in one less rat in that arm than intended. Nevertheless, this did not
impact our results, which showed a clear consistent increase in LPR within the RFA group only,
while mixed results were already seen in the RFA+PHA arm and this would not have changed
even with the inclusion of an additional rat.

Even when using growth-rate-matched tumors there was variability of the baseline LPR
values seen across all three arms. This heterogeneity is likely influenced by many factors, for
example variations in the general metabolic state of each animal or the heterogeneity of the
tumor microenvironment across different animals. We took care to minimize variations related
to anesthesia and body temperature maintenance during the imaging experiments. Furthermore,
animals were selected into treatment arms at random, and while the tumors were grown in 4-10
animals at a time, the treatment arms were not grouped together but were instead performed
in randomized order to minimize systemic errors related to the timing of the experiments. We
also controlled for these potential variations by focusing on the net change in LPR rather than on
absolute values. Despite these initial variations in LPR that may represent baseline variations in
glycolytic activity, there was still a clear net increase in LPR demonstrated in the RFA group,
further supporting the conclusion that distant R3230 tumor lactate production was stimulated
by hepatic RFA.

One limitation to this study was the inability to directly correlate h3C MRI with tumor c-
Met expression levels, as we were also correlating h'3C MRI to growth curves and thus could not
harvest the tumors at the time of imaging. Furthermore, the comparison of pre-treatment and

post-treatment LPR was more informative than a single LPR measurement, and it would not have
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been possible to perform both in vivo imaging and ex vivo analyses at two time points for each
tumor. However, the R3230 model, pre-treatment growth rate matching, PHA dosing, and RFA
time and energy settings in this study matched that of the Ahmed et al. study, which showed that
tumors in the RFA-treated group demonstrated an increase in c-Met expression 3 days post-
treatment!#, matching the timing of post-treatment h'3C MRI in this study. A more direct
verification of this link between changes in c-Met expression and lactate flux as measured by h'3C
MRI would require in vivo sampling, which would be technically difficult and may directly change
the tumor metabolism and introduce artifacts on the post-treatment MRI.

The negative correlation between pretreatment tumor size and LPR is not well
understood. It is possible that the stroma overlying the tumor may be a contributor, as this may
influence vascularity and perfusion, which can subsequently influence glycolytic activity. We
attempted to control for such differences by matching pre-treatment tumor growth rates, as
previously discussed. Nevertheless this observation increases our confidence that the increase in
LPR seen in the hepatic RFA arm is in fact due to an RFA-induced effect, as the observed negative
correlation between tumor size and LPR would otherwise suggest an opposite effect, where an
increase in tumor size would correspond to a net decrease in LPR. Due to the lack of significant
differences in pre-treatment tumor size or growth rate between all arms, this correlation cannot
explain the difference in pre-treatment absolute LPR values seen between the RFA and RFA+PHA

arms.
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Conclusion

In vivo h'3C-pyruvate MRI showed increased lactate conversion within a distant
metastatic tumor model following liver thermal ablation therapy, coupled with relatively
increased tumor growth. Adjuvant c-Met inhibition suppressed both distant tumor growth and
lactate production, supporting a role for the HGF/c-Met signaling axis in this tumorigenic
response. h'3C MRI may potentially offer a new non-invasive in vivo tool in the management of

patients undergoing thermal ablation therapies.

19



References
1. Donadon M, Solbiati L, Dawson L, Barry A, Sapisochin G, Greig PD, Shiina S, Fontana A,
Torzilli G. Hepatocellular Carcinoma: The Role of Interventional Oncology. Liver Cancer.

2017;6(1):34-43. PMID: 27995086

2. deBaereT, Aupérin A, Deschamps F, Chevallier P, Gaubert Y, Boige V, Fonck M, Escudier B,
Palussiére J. Radiofrequency ablation is a valid treatment option for lung metastases:

experience in 566 patients with 1037 metastases. Ann Oncol. 2015 May 1;26(5):987-991.

3. Lencioni R, Cioni D, Crocetti L, Franchini C, Pina CD, Lera J, Bartolozzi C. Early-Stage
Hepatocellular Carcinoma in Patients with Cirrhosis: Long-term Results of Percutaneous

Image-guided Radiofrequency Ablation. Radiology. 2005 Mar 1;234(3):961-967.

4. Nijkamp MW, van der Bilt JDW, de Bruijn MT, Molenaar 1Q, Voest EE, van Diest PJ,
Kranenburg O, Borel Rinkes IHM. Accelerated perinecrotic outgrowth of colorectal liver

metastases following radiofrequency ablation is a hypoxia-driven phenomenon. Ann Surg.

2009 May;249(5):814-823. PMID: 19387320

5. Rozenblum N, Zeira E, Scaiewicz V, Bulvik B, Gourevitch S, Yotvat H, Galun E, Goldberg SN.
Oncogenesis: An “Off-Target” Effect of Radiofrequency Ablation. Radiology. 2015 Mar

30;276(2):426-432.

6. Shiozawa K, Watanabe M, Takahashi M, Wakui N, lida K, Sumino Y. Analysis of patients

with rapid aggressive tumor progression of hepatocellular carcinoma after percutaneous

20



10.

radiofrequency ablation. Hepatogastroenterology. 2009 Dec;56(96):1689-1695. PMID:

20214219

Kang TW, Kim JM, Rhim H, Lee MW, Kim Y, Lim HK, Choi D, Song KD, Kwon CHD, Joh J-W,
Paik SW, Paik YH, Ahn JH. Small Hepatocellular Carcinoma: Radiofrequency Ablation versus
Nonanatomic Resection—Propensity Score Analyses of Long-term Outcomes. Radiology.

2015 Feb 16;275(3):908-919.

Kang TW, Lim HK, Lee MW, Kim Y, Rhim H, Lee WJ, Gwak G-Y, Paik YH, Lim HY, Kim MJ.
Aggressive Intrasegmental Recurrence of Hepatocellular Carcinoma after Radiofrequency

Ablation: Risk Factors and Clinical Significance. Radiology. 2015 Feb 25;276(1):274-285.

Tanis E, Nordlinger B, Mauer M, Sorbye H, van Coevorden F, Gruenberger T, Schlag PM,
Punt CJA, Ledermann J, Ruers TJM. Local recurrence rates after radiofrequency ablation or
resection of colorectal liver metastases. Analysis of the European Organisation for
Research and Treatment of Cancer #40004 and #40983. Eur J Cancer. 2014 Mar

1;50(5):912-919.

N’Kontchou G, Mahamoudi A, Aout M, Ganne-Carrié N, Grando V, Coderc E, Vicaut E,
Trinchet JC, Sellier N, Beaugrand M, Seror O. Radiofrequency ablation of hepatocellular
carcinoma: Long-term results and prognostic factors in 235 Western patients with

cirrhosis. Hepatology. 2009 Nov 1;50(5):1475-1483.

21



11.

12.

13.

14.

15.

16.

17.

Lee DH, Lee JM, Lee JY, Kim SH, Han JK, Choi Bl. Radiofrequency Ablation for Intrahepatic
Recurrent Hepatocellular Carcinoma: Long-Term Results and Prognostic Factors in 168

Patients with Cirrhosis. Cardiovasc Intervent Radiol. 2014 Jun 1;37(3):705-715.

Mittal S, El-Serag HB. Epidemiology of HCC: Consider the Population. J Clin Gastroenterol.

2013 Jul;47(0):S2—-S6. PMCID: PMC3683119

Velez E, Goldberg SN, Kumar G, Wang Y, Gourevitch S, Sosna J, Moon T, Brace CL, Ahmed
M. Hepatic Thermal Ablation: Effect of Device and Heating Parameters on Local Tissue

Reactions and Distant Tumor Growth. Radiology. 2016 Jul 13;281(3):782-792.

Ahmed M, Kumar G, Moussa M, Wang Y, Rozenblum N, Galun E, Goldberg SN. Hepatic
Radiofrequency Ablation—induced Stimulation of Distant Tumor Growth Is Suppressed by

c-Met Inhibition. Radiology. 2015 Sep 29;279(1):103-117.

Goetsch L, Caussanel V, Corvaia N. Biological significance and targeting of c-Met tyrosine
kinase receptor in cancer. Front Biosci Landmark Ed. 2013 Jan 1;18:454-473. PMID:

23276936

Comoglio PM, Giordano S, Trusolino L. Drug development of MET inhibitors: targeting

oncogene addiction and expedience. Nat Rev Drug Discov. 2008 Jun;7(6):504-516.

Kumar D, New J, Vishwakarma V, Joshi R, Enders J, Lin F, Dasari S, Gutierrez WR, Leef G,
Ponnurangam S, Chavan H, Ganaden L, Thornton MM, Dai H, Tawfik O, Straub J, Shnayder
Y, Kakarala K, Tsue TT, Girod DA, Van Houten B, Anant S, Krishnamurthy P, Thomas SM.

Cancer-Associated Fibroblasts Drive Glycolysis in a Targetable Signaling Loop Implicated in

22



18.

19.

20.

21.

Head and Neck Squamous Cell Carcinoma Progression. Cancer Res. 2018 Jul

15,78(14):3769-3782. PMCID: PMC6050074

Makinoshima H, Takita M, Saruwatari K, Umemura S, Obata Y, Ishii G, Matsumoto S,
Sugiyama E, Ochiai A, Abe R, Goto K, Esumi H, Tsuchihara K. Signaling through the
Phosphatidylinositol 3-Kinase (PI3K)/Mammalian Target of Rapamycin (mTOR) Axis Is
Responsible for Aerobic Glycolysis mediated by Glucose Transporter in Epidermal Growth
Factor Receptor (EGFR)-mutated Lung Adenocarcinoma. J Biol Chem. 2015 Jul

10;290(28):17495-17504. PMCID: PMC4498084

Hu J, Che L, Li L, Pilo MG, Cigliano A, Ribback S, Li X, Latte G, Mela M, Evert M, Dombrowski
F, Zheng G, Chen X, Calvisi DF. Co-activation of AKT and c-Met triggers rapid hepatocellular
carcinoma development via the mTORC1/FASN pathway in mice. Sci Rep. 2016 Feb

9;6:20484. PMCID: PMCA4746674

Yan B, Jiang Z, Cheng L, Chen K, Zhou C, Sun L, Qian W, Li J, Cao J, Xu Q, Ma Q, Lei J.
Paracrine HGF/c-MET enhances the stem cell-like potential and glycolysis of pancreatic
cancer cells via activation of YAP/HIF-1a. Exp Cell Res. 2018 Oct 1;371(1):63—71. PMID:

30056064

Hu H, Juvekar A, Lyssiotis CA, Lien EC, Albeck JG, Oh D, Varma G, Hung YP, Ullas S, Lauring
J, Seth P, Lundquist MR, Tolan DR, Grant AK, Needleman DJ, Asara JM, Cantley LC, Wulf
GM. Phosphoinositide 3-Kinase Regulates Glycolysis through Mobilization of Aldolase from

the Actin Cytoskeleton. Cell. 2016 Jan 28;164(3):433-446.

23



22.

23.

24,

25.

26.

27.

Brindle KM, Bohndiek SE, Gallagher FA, Kettunen MI. Tumor imaging using hyperpolarized

13C magnetic resonance spectroscopy. Magn Reson Med. 2011 Aug 1;66(2):505-519.

Graaf M van der. In vivo magnetic resonance spectroscopy: basic methodology and clinical

applications. Eur Biophys J. 2010 Mar 1;39(4):527-540.

Keshari KR, Sriram R, Van Criekinge M, Wilson DM, Wang ZJ, Vigneron DB, Peehl DM,
Kurhanewicz J. Metabolic Reprogramming and Validation of Hyperpolarized 13C Lactate as
a Prostate Cancer Biomarker Using a Human Prostate Tissue Slice Culture Bioreactor. The

Prostate. 2013 Aug 1;73(11):1171-1181.

Gutte H, Hansen AE, Henriksen ST, Johannesen HH, Ardenkjaer-Larsen J, Vignaud A,
Hansen AE, Bgrresen B, Klausen TL, Wittekind A-MN, Gillings N, Kristensen AT,
Clemmensen A, Hgjgaard L, Kjaer A. Simultaneous hyperpolarized 13C-pyruvate MRI and
18F-FDG-PET in cancer (hyperPET): feasibility of a new imaging concept using a clinical
PET/MRI scanner. Am J Nucl Med Mol Imaging. 2014 Dec 15;5(1):38-45. PMCID:

PMC4299777

D’lppolito G, Ahmed M, Girnun GD, Stuart KE, Kruskal JB, Halpern EF, Goldberg SN.
Percutaneous tumor ablation: reduced tumor growth with combined radio-frequency
ablation and liposomal doxorubicin in a rat breast tumor model. Radiology. 2003

Jul;228(1):112-118. PMID: 12808127

Yang W, Ahmed M, Elian M, Hady E-SA, Levchenko TS, Sawant RR, Signoretti S, Collins M,

Torchilin VP, Goldberg SN. Do Liposomal Apoptotic Enhancers Increase Tumor Coagulation

24



28.

29.

30.

31.

and End-Point Survival in Percutaneous Radiofrequency Ablation of Tumors in a Rat Tumor

Model? Radiology. 2010 Dec 1;257(3):685-696.

Yang W, Ahmed M, Tasawwar B, Levchenko T, Sawant RR, Torchilin V, Goldberg SN.
Combination radiofrequency (RF) ablation and IV liposomal heat shock protein
suppression: reduced tumor growth and increased animal endpoint survival in a small
animal tumor model. J Control Release Off J Control Release Soc. 2012 Jun 10;160(2):239—-

244. PMCID: PMC3412588

Hill DK, Orton MR, Mariotti E, Boult JKR, Panek R, Jafar M, Parkes HG, Jamin Y, Miniotis
MF, Al-Saffar NMS, Beloueche-Babari M, Robinson SP, Leach MO, Chung Y-L, Eykyn TR.
Model free approach to kinetic analysis of real-time hyperpolarized 13C magnetic

resonance spectroscopy data. PloS One. 2013;8(9):e71996. PMCID: PMC3762840

Hodi FS, Ballinger M, Lyons B, Soria J-C, Nishino M, Tabernero J, Powles T, Smith D, Hoos A,
McKenna C, Beyer U, Rhee |, Fine G, Winslow N, Chen DS, Wolchok JD. Immune-Modified
Response Evaluation Criteria In Solid Tumors (imRECIST): Refining Guidelines to Assess the
Clinical Benefit of Cancer Immunotherapy. J Clin Oncol Off J Am Soc Clin Oncol. 2018

20;36(9):850-858. PMID: 29341833

Buijs M, Geschwind J-FH, Syed LH, Ganapathy-Kanniappan S, Kunjithapatham R, Wijlemans
JW, Kook Kwak B, Ota S, Vali M. Spontaneous Tumor Regression in a Syngeneic Rat Model
of Liver Cancer: Implications for Survival Studies. J Vasc Interv Radiol. 2012 Dec

1;23(12):1685-1691.

25



32. Hinz S, Tepel J, Roder C, Kalthoff H, Becker T. Profile of Serum Factors and Disseminated
Tumor Cells Before and After Radiofrequency Ablation Compared to Resection of
Colorectal Liver Metastases-A Pilot Study. Anticancer Res. 2015 May 1;35(5):2961-2967.

PMID: 25964582

26



Tables and Figures

Table 1: Summary of Distant Subcutaneous Tumor Growth

Pre-Treatment  Post-Treatment Change in Tumor
Growth Rate Growth Rate Tumor End Diameter after
Treatment Arm (mm/day) (mm/day) Diameter (mm)" Treatment (mm)*
Sham (n=9) 0.59+0.14 0.11 £ 0.07 12.1+£0.8 1.1+£0.6
RFA only (n=13) 0.58 £0.15 0.50£0.13* 145+ 1.2* 3.5+1.0*
RFA + PHA (n=6) 0.50+0.18 0.06 £0.13 11.3+1.3 0.7+1.3

Note: Data are means * standard deviations.
* p<0.05 when compared to the sham group.
* Analysis excludes animals who did not survive through Day 7 (2 animals in RFA only group, 1

animal in RFA+PHA group)

Table 2: Summary of Distant Subcutaneous Tumor Lactate Production (lactate:pyruvate ratio,
or LPR)

Treatment Arm Pre-Treatment Post-Treatment ALPR
LPR LPR

Sham (n=5) 0.19 £ 0.06 0.14 £ 0.02 -0.05 +£0.05

RFA only (n=5) 0.13+0.03 0.14 £ 0.02 0.02 +0.01*

RFA + PHA (n=4) 0.22 £ 0.06 0.22 £0.07 0.00 + 0.04

Note: Data are means * standard deviations.
* Denotes a statistically significant change in LPR (p<0.05).
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Figure 1: Example MRI images of an R3230 tumor. T2-weighted 'H axial (A) and coronal (B)
images of a tumor, denoted by arrows. Red lines denote the coronal slice used for 3C MRI. C)
h13C-lactate image showing h3C-lactate production within the tumor (zero-fill interpolated to a
128x128 matrix). D) 3C-lactate and *3C-pyruvate spectra from a tumor voxel, with inset showing
location within a non-interpolated LPR tumor ROl map.
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Figure 2: Hepatic RFA induces distant subcutaneous R3230 tumor growth compared with sham
treatment, while adjuvant c-Met inhibition (PHA) suppresses this effect. All error bars represent
standard deviations. A) Tumor growth curves show the same rate of growth of all arms prior to
treatment. Upon treatment, tumor growth in the sham group begins to slow, while the RFA group
tumors continue to grow to an end diameter that is significantly greater than that of the Sham
group (p<0.0001). Adjuvant c-Met inhibition (PHA) leads to slowing of tumor growth similar to
sham, with an end diameter smaller than the RFA group (p=0.0003) and similar to Sham (p=0.22).
B) Symbols represent post-treatment growth rates for each individual tumor, while bars show
average values per treatment group. Average tumor growth rate following RFA is greater in
comparison to the Sham (%: p<0.0001) and RFA+PHA (% %: p<0.0001) arms. Adjuvant c-Met
inhibition (RFA+PHA) results in a post-treatment growth rate that is not significantly different
from that of the sham treatment arm (p=0.28).
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Figure 3: Hepatic RF ablation results in upregulation of lactate production in distant
subcutaneous R3230 tumors, as seen by increasing lactate:pyruvate ratio (LPR). A) The graph
shows LPR trends for all individual tumors in each treatment group, with lines connecting pre-
treatment LPR and post-treatment LPR. Red lines denote an increasing LPR, and blue lines denote
a decreasing LPR. While sham group tumors overwhelmingly exhibit decreasing LPR, the RFA
group tumors show unanimously increasing LPR. The addition of adjuvant c-Met inhibition (PHA)
results in a more variable response. B) The graph shows the average change in LPR before and
after treatment for each treatment arm. The significant increase in LPR seen following hepatic
RF ablation (%: p=0.02) is suppressed with adjuvant c-Met inhibition (p=0.90). The decrease in
LPR seen in the Sham group is not statistically significant (p=0.10). Error bars represent standard
deviations.
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