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Abstract

AcidoCEST magnetic resonance imaging (MRI) has previously been shown to measure tumor extracellular pH (pHe) with
excellent accuracy and precision. This study investigated the ability of acidoCEST MRI to monitor changes in tumor pHe in
response to therapy. To perform this study, we used the Granta 519 human mantle cell ymphoma cell line, which is an aggressive
B-cell malignancy that demonstrates activation of the phosphatidylinositol-3-kinase/Akt/mammalian target of rapamycin (mTOR)
pathway. We performed in vitro and in vivo studies using the Granta 519 cell line to investigate the efficacy and associated changes
induced by the mTOR inhibitor, everolimus (RADOQOI). AcidoCEST MRI studies showed a statistically significant increase in tumor
pHe of 0.10 pH unit within | day of initiating treatment, which foreshadowed a decrease in tumor growth of the Granta 519
xenograft model. AcidoCEST MRI then measured a decrease in tumor pHe 7 days after initiating treatment, which foreshadowed
a return to normal tumor growth rate. Therefore, this study is a strong example that acidoCEST MRI can be used to measure
tumor pHe that may serve as a marker for therapeutic efficacy of anticancer therapies.
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by the peptide’s sinusoidal relationship between pH and mem-
brane insertion, which affects the precision of this measure-
ment method.””'® Optics-based imaging methods can measure
pH based on emission spectra or fluorescence lifetimes. How-
ever, the dyes used for these imaging studies can associate with
extracellular proteins, which causes a shift in their emission
wavelengths and fluorescence lifetimes, thereby causing the
pH measurement to become inaccurate.''”'* Moreover,

Introduction

Tumor acidosis is an emerging biomarker for characterizing
tumors that is correlated with increased metastatic and invasive
potential."> The altered cellular energetics in cancer cells, first
described by Otto Warburg in 1919 and therefore called the
Warburg effect, result in the overproduction of lactic acid and
its excretion into the extracellular tumor microenvironment.’
The overabundance of lactic acid in the microenvironment
reduces the extracellular pH (pHe). This link between the can-
cer cells’ metabolic activity and the tumor pHe indicates that
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the tumor pHe can serve as a biomarker for measuring the
efficacy of metabolism-altering drug therapies.

Several methods have been developed in an attempt to mea-
sure tumor pHe. The most rudimentary method uses a micro-
electrode that is surgically inserted into the tumor tissue.*®
However, this method is invasive and therefore is seldom used
in clinical practice. A positron emission topography method
uses a **Cu-conjugated peptide that inserts into cell membranes
within acidic environments. However, the technique is limited
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optics-based imaging methods are subject to absorbance and
light-scattering effects in tissues and therefore have diminished
sensitivities in deep tissues where most tumors are found. Mag-
netic resonance imaging (MRI) and magnetic resonance (MR)
spectroscopy have also been used to develop pH measurement
methods. Hyperpolarized 13C MR spectroscopic imaging and
standard MR spectroscopy of *>'P and '°F can accurately mea-
sure pHe, but detection of these heteronuclei by MRI requires
expensive, specialized resources that are not available in most
radiology clinics.'*'® Magnetic resonance spectroscopic ima-
ging of the 1H signal from imidazole derivatives has also been
used to measure pHe, but these compounds act as buffers that
may alter the endogenous pH value during the MRI scan ses-
sion. 192! Finally, T,-relaxation MRI has shown success in
measuring pHe using a Gd(III)-based contrast agent. Unfortu-
nately, the concentration of the agent also must be known to
accurately determine the pHe value from T,-weighted MRI
studies, which has proven difficult to achieve.?>® Overall,
there still exists a need to be able to reliably and robustly
measure tumor pHe to rapidly assess the efficacy of
metabolism-altering drug therapies.

We have developed a noninvasive MRI-based imaging
method to meet this need for assessing tumor pHe. Called acido-
CEST MR, this method takes advantage of chemical exchange
saturation transfer (CEST) from an exogenous contrast agent to
the bulk water in the tumor environment.*® In comparison to the
other molecular imaging methodologies described above, acido-
CEST MRI is unique in its robust design and clinical practical-
ity, due in part to its use of abundantly available and Food and
Drug Administration—approved contrast agents. Therefore,
acidoCEST MRI has a clear pathway toward clinical translation.
We have shown that acidoCEST MRI can accurately and pre-
cisely measure tumor pHe, can generate parametric maps of
tumor pHe at moderately high spatial resolution, and can be used
with more than one contrast agent.”” Similar CEST MRI meth-
ods with an exogenous agent have been used to measure the pHe
in kidney and tumor tissues.”®** We have also shown that faster
growing tumors exhibit higher acidosis and that shrinking
lesions of idiopathic lung fibrosis exhibit lower acidosis.*’>!
However, acidoCEST MRI and related CEST MRI techniques
have not yet investigated the utility of this methodology for
detecting the early response to drug therapies.

This study investigated the effects of inhibiting mammalian
target of rapamycin complex 1 (mTORC1) with the first-
generation mTOR inhibitor, everolimus (RADO0O1), in a Mantle
cell lymphoma (MCL) model with the anticipation of obser-
ving modest in vivo activity.

To examine tumor pHe as a biomarker for drug efficacy, we
studied the early response of a xenograft model of Granta 519
MCL to a first-generation inhibitor of the mTORC1. Mantle cell
lymphoma is a rare B-cell non-Hodgkin lymphoma (NHL) sub-
type that accounts for 5% to 10% of NHL.*' Although MCL
responds well to initial treatment, it invariably relapses and even-
tually becomes refractory to further therapy, with a median sur-
vival of 3 to 5 years after diagnosis.**> Everolimus has also been
investigated in MCL in 2 phase 2 studies with an overall response

rate ranging from 20% to 32%.%*-** First-generation mTOR inhi-
bitors have had limited clinical success, due to one of several
accumulated resistance pathways. Therefore, monitoring the
early responses to mTORCI inhibitors may have great clinical
impact by providing positive evidence that the patient should
continue the treatment or negative evidence that would lead to a
change in the therapeutic regimen for the patient. For these rea-
sons, the investigation of the effect of everolimus on the tumor
pHe of the Granta 519 MCL model provides a more compelling
and potentially more impactful test of acidoCEST MRI than an
investigation with mTOR complex 2 (mTORC?2) inhibitors.

To perform this study, we first investigated whether ever-
olimus affects mTOR in the Granta 519 cell line. We then inves-
tigated the downstream effects of mTOR inhibition, including
the expression of proteins that are responsible for key metabolic
steps, the production of adenosine triphoshpate (ATP), and the
generation of lactic acid. We then determined the effect of ever-
olimus on the tumor growth of the Granta 519 xenograft model.
Finally, we performed acidoCEST MRI to investigate changes
in tumor pHe in response to daily everolimus treatment of the
Granta 519 tumor model. The acidoCEST MRI studies were
then compared with the evaluations of the effect of everolimus
on tumor metabolism to assess whether acidoCEST MRI can be
used as an early response indicator for drug therapy.

Materials and Methods

Tissue Culture Procedures

Granta 519 cells were obtained from the American Type Cul-
ture Collection (Manassas, Virginia). This cell line has been
previously well characterized as a model of MCL. Cells were
tested for mycoplasma contamination using the MycoAlert
mycoplasma detection assay kit from Lonza (Basel, Switzer-
land) and found to be negative. The cell line was verified to be
authentic by the University of Arizona Genomics Core. Cells
were routinely grown in Dulbecco modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum
(HyClone Thermo Scientific, Waltham, Massachusetts) in a
humidified incubator at 37°C and 5% CO,. Per test parameters,
the DMEM either had 4.5 or 1.0 g/L of glucose. Cells were
treated with 10 nmol/L everolimus dissolved in biological
grade 100% dimethyl sulfoxide (DMSO).

Western Blot Analyses

The cells were washed with phosphate-buffered saline (PBS), sus-
pended in lysis buffer (50 mmol/L Tris-HCI, pH 7.4, 1% Triton X-
100, 150 mmol/L NaCl, 2 mmol/L EDTA, 5 mmol/L Na3VOy,, 200
pmol/L NaF, 21 pmol/L leupeptin, 230 nmol/L aprotinin, and 1
mmol/L phenylmethane sulfonyl fluoride [PMSF]), and further
lysed by sonication. Protein concentration of the supernate was
determined using the 660 nM Protein Assay kit (Thermo Scientific,
Rockford, Illinois). Lysates were separated by 10% Tris-glycine
gel electrophoresis (Invitrogen, Carlsbad, California), transferred
to 0.2 um Polyvinylidene fluoride (PVDF) membranes (Bio Rad
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Hercules, CA), and then blocked for 30 minutes in 5% nonfat dry
milk/tris-buffered saline and tween 20 (TBST). Membranes were
immunoblotted with primary antibodies at concentrations recom-
mended by the manufacturer. Antibodies against P-mTOR
(Ser2448), mTOR, P-p70 S6 K (Thr289), p70 S6 K, full-length
caspase 3, and cleaved caspase 3 were obtained from Cell Signal-
ing Technology (Beverly, Massachusetts). Antibodies against
monocarboxylate transporter 1 (MCT-1) and MCT-4 were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, Califor-
nia), and antibodies against a-tubulin were purchased from
Calbiochem (La Jolla, California). Following primary antibody
incubation, the membranes were then washed in TBST and then
probed with a horseradish peroxidase (HRP)-conjugated antirab-
bit antibody or antimouse antibody purchased from Jackson
ImmunoResearch (West Grove, Pennsylvania). Membranes were
then visualized with HyGLO chemiluminescent HRP antibody
detection reagent (Denville Scientific Inc, Metuchen, New Jer-
sey). Blots were stripped with OneMinute Plus Western Blot
Stripping Buffer (GM Biosciences, Rockville, Maryland),
according to the manufacturer’s instructions.

Flow Cytometry

Cell death was analyzed with the annexin V—fluorescein isothio-
cyanate (FITC) apoptosis detection kit (Sigma-Aldrich, St Louis,
Missouri), according to the manufacturer’s protocol. Cells were
seeded with treatment media in 6-well plates and incubated for
24 hours. The cells were then collected and washed twice in
PBS. The cells were analyzed by flow cytometry after incubation
with annexin V-FITC and propidium iodide (PI; FACSCanto II;
BD Biosciences, San Jose, California).

Cell Viability

Cell viability was determined by quantitation of ATP. Granta
519 cells were seeded in 96-well plates with various treatment
media. After a 24-hour incubation, the CellTiter-Glo kit (Pro-
mega Madison, WI) was used according to the manufacturer’s
instructions. Luminescence was measured by a Beckman Coul-
ter Multimode DTX 880 microplate reader (Bechman Coulter,
Brea, CA). Values are presented as a percentage of control.

Gene Expression Analysis

Isolation of RNA from cultured cells was performed using the
RNeasy Plus Mini Kit (Qiagen, Germantown MD), according
to the manufacturer’s protocol. Final RNA elution was per-
formed using 50 pL of RNase-free water. RNA concentrations
were determined using a NanoDrop 2000c¢ (Thermo Scientific,
Waltham, Massachusetts) microvolume spectrophotometer.
Complementary DNA (cDNA) for reverse transcription—poly-
merase chain reaction (RT-PCR) was synthesized using the
gScript cDNA synthesis kit (Quanta Biosciences, Gaithersburg,
Maryland), according to the manufacturer’s protocol using 500
ng of RNA as template per reaction. The thermal cycler con-
ditions for cDNA synthesis were 1 cycle at 22°C for 5 minutes,

1 cycle at 42°C for 30 minutes, and 1 cycle at 85°C for 5
minutes. The RT-PCR reactions were performed using 2 x Tag-
Man Universal PCR Master Mix (Applied Biosystems, Branch-
burg, New Jersey) and 20x TagMan Gene Expression Assays
(Applied Biosystems), which contain both the target primers
and probe, and 2 pL of cDNA template were used per reaction
according to the manufacturer’s protocol. Each FAM-labeled
gene of interest was analyzed in triplicate and multiplexed
with the primer-limited, VIC-labeled control gene RPLPO
as an endogenous control. The RT-PCR amplification reac-
tions were performed using an ABI Prism 7000 Sequence
Detection System (Applied Biosystems). The cycling condi-
tions for RT-PCR were 1 cycle at 50°C for 2 minutes, 1 cycle
at 95°C for 10 minutes, 40 cycles at 95°C for 15 seconds,
followed by 60°C for 1 minute. Relative gene expression was
determined using the 2-*4°T method.*’

Lactate and Protein Concentration Assays

Lactate production was analyzed in media from cells treated
with vehicle control or everolimus using the L-Lactate Assay
Kit I (Eton Bioscience, San Diego, California) per manufactur-
er’s instructions. Conditioned media were collected by centrifu-
ging cells at 2000g and removing supernatant. Media were
immediately frozen at —80°C and thawed immediately prior to
analysis. A standard curve was generated using lactate and
bovine serum albumin standards provided in the respective Kits.
The lactate concentration of samples was determined by plotting
results on the standard curve, normalized to protein concentra-
tion and accounting for the lactate concentration of media.

Xenograft Tumor Growth Studies

Animals were handled according to the guidelines of the Insti-
tutional Animal Care and Use Committee (IACUC) of the Uni-
versity of Arizona. A total of 10 x 10° Granta 519 cells were
mixed 1:1 with Matrigel (BD Bioscience, Franklin Lakes, New
Jersey) and injected subcutaneously into 4- to 6-week-old
severe combined immunodeficiency (SCID) mice. Xenograft
tumors grew to approximately 150 mm® prior to stratification
into groups of 12 animals having equal mean tumor volumes.
Everolimus was dissolved into DMSO, and animals were admi-
nistered everolimus at 5 mg/kg/d intraperitoneally (IP) with a
maximum of 50 pL of volume. Measurements were performed
every 3 to 4 days using a digital caliper with tumor volume
calculated as m/6 x (short axis in mm)2 x (long axis in mm).
Animals were euthanized when tumors reached >2000 mm°.
The analysis of the timing for reaching this tumor size was
assessed using GraphPad (La Jolla, CA).

AcidoCEST MRI and Drug Administration

The same animal model used for xenograft tumor growth stud-
ies was used for acidoCEST MRI studies. An imaging cohort of
16 mice was used, split into 2 groups of 8 control and 8 treated
animals. Xenograft tumors grew to approximately 300 to
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400 mm?> prior to drug treatment. Everolimus dissolved in
DMSO was injected IP in mice at a dose of 5 mg/kg/d for 7
days during the imaging study. The acidoCEST MRI scans
were performed 1 day prior to the first drug dose, 1 day after
the first drug dose, and 7 days after the first dose.

The acidoCEST MRI protocol was detailed previously.26 To
initiate an acidoCEST MRI scan session, a mouse was anesthe-
tized with 1.5% to 2.5% isoflurane delivered in 1 L/min oxygen
gas ventilation and then secured in a custom cradle. A 27-g
catheter was inserted into a tail vein, which was used to inject
a 200 pL bolus of clinical-grade iopromide at 788 mmol/L (300
mg iodine/mL Ultravist; Bayer Healthcare, Inc, Leverkusen,
Germany). The mouse in the cradle was inserted into a 7T Bios-
pec MRI scanner with a 72-mm-diameter quadrature transceiver
coil (Bruker Biospin, Inc, Billerica, Massachusetts). The breath-
ing rate was monitored and maintained at approximately 40 to 60
breaths per minute by adjusting the level of isoflurane anes-
thetic. Body temperature was also monitored and maintained
at 37.0°C + 0.2°C using an automated feedback loop between
the temperature probe and an air heater (SA Instruments, Inc,
Stony Brook, New York). The catheter was connected to a per-
fusion pump to deliver iopromide at 150 pL/h during imaging. A
FLASH MRI acquisition sequence was performed to determine
the location of the tumor (500 ms relaxation time [TR], 10 ms
TE, 625 x 625 um in-plane resolution, 2.0-mm slice thickness,
64 x 64 pixels, 4.0 x 4.0 cm FOV, one average, 32-second total
acquisition time). A spin-echo MRI acquisition sequence was
performed to obtain images with good contrast for determining
the tumor volume (2000 ms TR, 35 ms echo time [TE], 312.5 x
312.5 pm in-plane resolution, 1.0-mm slice thickness, 128 x
128 pixels, 4.0 x 4.0 cm field of view [FOV], one average,
4:20-minute total acquisition time). Our acidoCEST MRI pro-
tocol consisted of 52 fast imaging with steady state precession
(FISP) MR images acquired with selective saturation applied for
5 seconds at 2.8 pT saturation power at different saturation
frequencies ranging from —10 to 10 ppm, which required 4:50
of acquisition time. The parameters used were a 90° flip angle,
3.218 milliseconds TR, 1.609 milliseconds TE, 60° excitation
angle, with a 2-mm slice thickness, 250 x 250 mm in-plane
resolution, 3.2 x 3.2 cm field of view, linear coding order,
unbalanced free induction decay (FID) mode, and a 418.54
milliseconds scan time. This process was repeated 6 times, for
a total acidoCEST MRI acquisition time of 29 minutes. At the
conclusion of the imaging scan, the mouse was removed from
the scanner and cradle and allowed to recover.

AcidoCEST MRI Image Analyses

The acidoCEST MR images were processed with MATLAB
R2012B (Mathworks, Inc, Natick, Massachusetts). All 6
CEST-FISP images were averaged. To improve signal to noise
ratio, groups of 3 x 3 adjacent pixels were binned. A CEST
spectrum was generated, smoothed with cubic splines, and inter-
polated. The CEST spectrum was then fitted with a sum of 3
Lorentzian line shapes to account for the direct saturation of
water and to measure the amplitudes of the CEST effects at

4.2 and 5.6 ppm. The pHe of each binned pixel with 2 CEST
effects greater than 2v/2 x noise was determined using an empiri-
cal calibration based on identical imaging of chemical solutions.
This empirical calibration can determine pH between 6.2 and
7.0 units with a precision of 0.07 pH units and has been shown
to have an in vivo accuracy of 0.034 pH units. These pixels were
represented as colored pixels in the pHe map. Pixels with only a
single CEST effect at 4.2 ppm greater than 21/2 x noise were set
to be pH 7.0. These pixels were represented as white pixels in the
pHe map. Using a 21/2 x noise threshold ensured that the CEST
contrast was due to the agent with a 95% probability.?®

Results

Everolimus Abrogates mTOR Activity in Grant 519 Cells

Constitutive activation of the phosphorylated-mTOR (P-mTOR)
in the Granta 519 cell line has been previously observed and
found to be due to a loss of active phosphatase and tensin homo-
log.”® To investigate whether everolimus treatment suppresses
endogenous mTOR activity in this cell line, the Granta 519 cells
were treated with 10 umol/L everolimus for 24 hours in both
low- (1 g/L) and high- (4.5 g/L) glucose conditions (Figure 1A).
Low- and high-glucose concentrations were used to investigate
whether target expression and subsequent modulation were
influenced by culture conditions. Western blot analysis showed
that the P-mTOR concentration decreased after everolimus
treatment, with the high-glucose condition demonstrating a more
marked decrease than the low-glucose condition. Similarly,
the concentration of phosphorylated p70 S6 K decreased upon
treatment with everolimus, whereas the total p70 S6 K concen-
tration showed an increase in concentration. This result further
substantiated that everolimus inhibited the activation of
mTOR, so that mTOR was unable to phosphorylate p70 S6 K.

Everolimus Decreases Expression of Genes That
Regulate Glycolytic Proteins and Enzymes

In a previous study in pancreatic cancer cells, everolimus was
shown to downregulate hexokinase (HK) 2 gene expression.>®
We observed a significant decrease in gene expression of glu-
cose transporter 1 (SLC2A1), HK 1, phosphofructose kinase 1,
enolase 1, and lactate dehydrogenase A in cells cultured both in
low-glucose and high-glucose conditions (Figure 1B and C).
There was however no change in the expression of the lactate
transport proteins MCT-1 or MCT-4 (data not shown). The
downregulation of these key proteins and enzymes that partic-
ipate in glycolytic metabolism supports the role of everolimus
in the suppression of metabolism and the downstream product
of metabolism, lactic acid.

Everolimus Decreases Intracellular ATP Production and
Extracellular Lactate Accumulation

The effects of everolimus on the metabolism of the tumor cell
were evaluated by assessing ATP and extracellular lactate
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Figure |. The effect of 10 pmol/L everolimus treatment on tumor cell metabolism after 24 hours of treatment. A, Everolimus caused a decrease
in phosphorylation of mammalian target of rapamycin (mTOR) and p70 Sé kinase in Granta 519 cells as evaluated with a Western blot. B,
The differences in gene expression levels between the everolimus-treated and control groups in a low-glucose (I g/L) media. C, The

relative differences in gene expression levels in a high-glucose (4.5 g/L) media. Vehicle control data were normalized to |. D, Intracellular ATP
concentration (normalized to untreated groups) decreased with everolimus treatment in both high- and low-glucose conditions. E, Lactate
normalized to total protein (normalized to control groups) decreased by approximately 50% in both high- and low-glucose conditions when
treated with everolimus. *P < 0.05; **P < 0.0001.

during the in vitro studies (Figures 1D and E). Both the intra-
cellular ATP concentration and the extracellular lactate con-
centration significantly decreased during treatment under
conditions of high and low glucose. There was no additional
decrease in lactate production when cells were treated with
higher doses (data not shown). These results suggested that the
inhibition of mTOR with everolimus slowed glycolysis and
may have also slowed aerobic respiration. This general slowing

of metabolism may be due to slower ribosomal biogenesis,
which is known to be a consequence of mTOR inhibition.*’

Everolimus Has Minimal Effect on Apoptosis In Vitro
After 24 hours of Treatment

Despite evidence that everolimus affects a specific metabolic
pathway and the general metabolism of the tumor cells,
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Figure 2. Effect of 10 pmol/L everolimus treatment on apoptosis
following 24 hours of treatment. A, Everolimus did not induce a large
cleaved caspase 3 response in Granta 519 cells. B, Everolimus caused
minimal apoptosis or necrosis while modulating metabolism.

everolimus did not induce apoptosis in vitro (Figure 2). West-
ern blot analyses showed that treatment with everolimus
caused no change in cleaved caspase 3 levels within cells.
No significant apoptosis or necrosis was observed by flow
cytometry, as evidenced by low levels of annexin-V and PI.
These results are consistent with observations from others that
inhibition of the PI3K/AKT pathway in the Granta 519 cell
line requires up to 48 hours of treatment before markers of
apoptosis are observed.*®

Everolimus Causes In Vivo Growth Inhibition

The in vivo Granta 519 flank xenograft model was treated
with daily administration of everolimus. Initial daily admin-
istration of the drug did not significantly affect tumor growth
for the first 7 days of treatment (Figure 3A). However, the
daily treatment caused a latent tumor growth that resulted in a
statistically significant difference in the average tumor vol-
ume by day 9 (P < 0.001). This difference in tumor growth
was used to estimate the tumor cell doubling rates. The natural
log of tumor volumes up to 1000 mm® in each group were
plotted and fit with a straight line. The slope of the DMSO
group (M) was 0.1658 with R = 0.9781, which was roughly
twice the slope of the everolimus-treated group (M,) = 0.077
with R? = 0.9812. Therefore, the control group grew in vol-
ume twice as fast as the treated group. Additionally, the tumor
growth delay (T/C) was calculated by a ratio of the volumes at
day 21. The division of cancer treatment considers a T/C <
44% as significant, and our T/C rate was calculated to be
29%.%? Tumor volumes reached 2000 mm?® in an average of
28 days without treatment, whereas everolimus treatment
increased the time to reach 2000 mm® tumor volume to an
average of 40 days. Treatment with everolimus resulted in a
statistically significant increase in time to reach a tumor size
of 2000 mm?> (P < 0.0001; Figure 3B).

Serial Assessment of pHe Using AcidoCEST MRI in Mice
Treated With Everolimus

To assess the effects of everolimus on the metabolism of the
Granta 519 xenografts, we used acidoCEST MRI to longitud-
inally evaluate tumor pHe of this lymphoma model (Figure 4).
The mice experienced no distress during this noninvasive ima-
ging procedure and showed no behavioral symptoms after each
imaging session. AcidoCEST MRI generated pixel-wise maps
of tumor pHe, which were then used to determine the average
pHe of the measured tumor region. Before treatment, the aver-
age pHe was 6.82 + 0.06 (Figure 5A), which matched previous
in vivo pHe assessments of this tumor model.** One day after
initiating the administration of everolimus, the average tumor
pHe significantly increased to pHe 6.92 + 0.07 (P <0.02 from
day —1 to 1). By 7 days of treatment, the tumor had returned to
an acidic state, with an average pHe of 6.70 + 0.11 (P <0.001
from day 1 to 7). There was no statistical significant difference
in average tumor pHe from day —1 to 7. For comparison, our
previous studies showed that the Granta 519 xenograft tumor
model consistently decreased tumor pHe during a 2-week time
period.*! Therefore, these imaging studies supported the asser-
tion that everolimus initially caused a decrease in general meta-
bolism, which decreased extracellular production of lactic acid,
and this decrease in general metabolism was temporary.

The pixel-wise maps generated by acidoCEST MRI only
showed a pHe value if a tumor region had sufficiently high
uptake of the imaging agent to generate statistically significant
CEST signals (Figure 4). Therefore, acidoCEST MRI also pro-
vided a qualitative assessment of “percentage contrast agent
uptake” in the entire tumor region studied with acidoCEST
MRI (Figure 5B). The average percentage uptake was assessed
for tumor regions that showed values above and below pHe 7.0.
This assessment showed a substantial decrease in percentage
uptake for the acidic portion of the tumor after 1 day of treat-
ment and a substantial increase in percentage uptake for the
acidic tumor portion after 7 days of treatment. Therefore, the
percentage uptake measurement paralleled the measurements
of tumor pHe following treatments with everolimus.

Discussion

We investigated the effects of everolimus using acidoCEST
MRI. Everolimus has been investigated in MCL in previous
literature, which provided a basis for this study. This therapeu-
tic agent was chosen based on its potential to directly interfere
with metabolism and result in changes in acidosis. We
observed an early increase in pHe in the lymphoma microen-
vironment following treatment with everolimus. This statisti-
cally significant increase in pHe due to everolimus treatment is
different than the behavior of an untreated control group from
our previous study, which showed a consistent decrease in
tumor pHe in the Granta 519 xenograft model. This reflects
the decrease in the production of lactate due to cellular meta-
bolism inhibition, as validated by our initial in vitro investiga-
tions of the levels of lactic acid, ATP, and the expression of key
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Figure 3. Effect of 5 mg/kg/d everolimus treatment on tumor growth. A, Everolimus-treated mice showed a statistically slower tumor growth
rate than DMSO control-treated counterparts after 9 days of treatment. B, The time to reach a tumor volume <2000 mm? increased with

everolimus treatment.
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Figure 4. AcidoCEST magnetic resonance imaging (MRI) produced parametric maps of the extracellular pH (pHe) in a Granta 519 lymphoma
flank xenograft model treated daily with everolimus at 5 mg/kg/d starting at day 0.

proteins that drive metabolism that are affected by everolimus
treatment.

Our results showed that the Granta 519 xenograft model
decreased tumor pHe by 7 days of treatment. This increased
acidosis may reflect metabolic adaptation due to negative feed-
back mechanisms that contribute to resistance to mTORCI-
directed therapies.**** Although everolimus significantly
delayed tumor growth in the Granta 519 model, the treated
tumors eventually grew to maximally allowable tumor
volumes. Our results suggest that the inability to sustain a
suppression of tumor acidosis may foreshadow drug resistance.
This observation shows that acidoCEST MRI can be used for
noninvasive longitudinal monitoring of early response to treat-
ment by monitoring changes in cellular metabolism.

Conventionally, lymphoma response is assessed by changes
in tumor volume on computed tomography scans. However,

many targeted agents cause tumor stasis rather than tumor
regression, which can limit the value of using only tumor volume
measurements to monitor response. Lymphoma response is also
commonly assessed by glucose avidity with 2-deoxy-2-[18F]-
fluoro-D-glucose positron emission tomography (FDG PET).
However, FDG PET may not reflect the metabolism of tumors
that rely on metabolic pathways other than glycolysis, such as
glutaminolysis. Also, FDG PET has a 20% to 30% false-positive
rate due to background inflammation, and attempts to change
therapy based on interim FDG PET imaging have been mixed.*?
A previous imaging study used 13C MR spectroscopy to monitor
everolimus treatment in preclinical models of glioblastoma and
lymphoma.*** Yet '>C MRS fails to provide spatially encoded
information in the same capacity that is provided by MRIL

We have previously shown that acidoCEST MRI can mea-
sure an increase in tumor pHe in a xenograft model after
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Figure 5. Everolimus treatment results in time-dependent modula-
tion of the extracellular pH (pHe) in lymphoma microenvironment.
A, Statistically significant changes in pHe values were observed with
acidoCEST magnetic resonance imaging (MRI) after | day of treat-
ment. The pHe returned to a more acidic state after 7 days of treat-
ment. B, The fraction of the tumor volume with pHe < 7 decreased |
day after initiating therapy, which then increased by day 7 after initi-
ating therapy. *P < 0.02; **P < 0.001.

administering an alkalinizing treatment, 200 mmol/L sodium
bicarbonate provided in drinking water. We have also used
acidoCEST MRI to measure a decrease in tumor pHe in a
xenograft model after administering metaiodobenzylguanidine
(MIBG), a metabolic poison that potentiates lactic acid produc-
tion. Our current study adds to the evidence that acidoCEST
MRI can detect changes in tumor pHe by measuring an increase
in pHe in the Granta 519 xenograft model. These 2 previous
studies measured large changes in tumor pHe (a change of 0.65
pH units after administering bicarbonate and 0.35 pH units
after administering MIBG). For comparison, our current study
measured a small increase in tumor pHe of 0.10 pH unit within
1 day of initiating everolimus treatment. Despite the small
magnitude, this change was statistically significant, which
demonstrates the value of our highly precise acidoCEST MRI
method. Based on the successful outcome of this study, acido-
CEST MRI is a promising method for evaluating the early
response to other therapies that affect tumor metabolism during
preclinical studies and may also provide impact for assess-
ments of patients undergoing therapy when acidoCEST MRI
is translated to the radiology clinic. Second-generation mTOR
inhibitors that target mMTORC2 and mTORCI1 are in develop-
ment and have demonstrated promising activity in preclinical
studies of MCL.**47

One limitation of our study is the incomplete uptake of the
contrast agent into the entire extracellular microenvironment
of the tumor. Many solid tumors show high uptake of many
types of imaging contrast agents because tumor angiogenesis
typically generates highly permeable blood vessels. Yet some
regions of the tumor may have relatively poor vascular perfu-
sion, such as the tumor core of a xenograft tumor, which limits
delivery of the contrast agent to these tumor regions. This
problem is exacerbated by the low detection sensitivity of
CEST MRI relative to other MRI methods. Our results
showed that our contrast agent accumulated to sufficient

concentrations for pHe measurements in an average of 55%,
35%, and 45% of the tumor region on days —1, 1, and 7
(Figure 5B). Therefore, our measurements of average tumor
pHe are biased toward tumor regions with high vascular per-
fusion and permeability. Yet the combination of a rise in pHe
with lower uptake of contrast agent may provide a multipara-
metric assessment of chemotherapeutic effects that can fur-
ther improve the monitoring of drug effects in patients with
lymphoma. A second limitation of the study is the number of
acidoCEST MRI scans each mouse is capable of withstanding
during each project. Most animals can be imaged for 3 acido-
CEST MRI imaging sessions until tail vein catheterizations
reduce the tissue integrity of the tail, limiting the number of
sessions. Secondly, per our TACUC animal protocol, animals
are not allowed to be imaged more than once in a 48-hour time
period. Timing of scans during/after treatment is an optimiza-
tion parameter that must be investigated per each project,
warranting future studies.
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