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Towards longitudinal mapping of extracellular
pH in gliomas

Yuegao Huang®"*, Daniel Coman®®, Peter Herman®®, Jyotsna U. Rao>®,
Samuel Maritim® and Fahmeed Hyder™"<*

Biosensor imaging of redundant deviation in shifts (BIRDS), an ultrafast chemical shift imaging technique, requires
infusion of paramagnetic probes such as 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrakis methylene phosphonate
(DOTP®") complexed with thulium (Tm**) ion (i.e. TWDOTP®"), where the pH-sensitive resonances of hyperfine-
shifted non-exchangeable protons contained within the paramagnetic probe are detected. While imaging extracel-
lular pH (pH.) with BIRDS meets an important cancer research need by mapping the intratumoral-peritumoral pH.
gradient, the surgical intervention used to raise the probe’s plasma concentration limits longitudinal scans on the
same subject. Here we describe using probenecid (i.e. an organic anion transporter inhibitor) to temporarily re-
strict renal clearance of TmMDOTP*, thereby facilitating molecular imaging by BIRDS without surgical intervention.
Co-infusion of probenecid with TmDOTP®~ increased the probe’s distribution into various organs, including the
brain, compared with infusing TmDOTP®>  alone. In vivo BIRDS data using the probenecid-TmDOTP®~ co-
infusion method in rats bearing RG2, 9L, and U87 brain tumors showed intratumoral-peritumoral pH. gradients
that were unaffected by the probe dose. This co-infusion method can be used for pH, mapping with BIRDS in pre-
clinical models for tumor characterization and therapeutic monitoring, given the possibility of repeated scans with
BIRDS (e.g. over days and even weeks) in the same subject. The longitudinal pH. readout by the probenecid-
TmDOTP®~ co-infusion method for BIRDS adds translational value in tumor assessment and treatment. Copyright
© 2016 John Wiley & Sons, Ltd.

Additional supporting information may be found in the online version of this article at the publisher’s web site.
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INTRODUCTION

relaxation times of protons of the complexes are very short (i.e.
only in the ms range) due to their close proximity to the para-

Gliomas are the most common central nervous system tumors magnetic metal ion. Short T; allows fast averaging, whereas

(1,2). Tumor cells exhibit increased glucose uptake and elevated
lactate generation despite presence of sufficient oxygen for
oxidative phosphorylation. This phenomenon is known as
aerobic glycolysis, but it is also referred to as the Warburg effect
after its discoverer (3). Elevated aerobic glycolysis of tumor cells
generates excessive protons (and other acids), which have to be
excreted out of the cell, and as a result the extracellular pH
(pHe) becomes acidic in most solid tumors. Given that pH. for
normal tissue is close to neutral, the pH, inside and outside
tumor core can differ, thereby generating an intratumoral-
peritumoral pH, gradient. Extracellular acidosis promotes tumor
growth, cell invasion, metastasis, and resistance to therapy (4-6).
Thus, mapping the intratumoral-peritumoral pH. gradient quan-
titatively is an important biomarker in tumor diagnosis and prog-
nosis after treatment (7,8).

Noninvasive MR methods are ideal for cancer imaging, and
various tumor properties have been targeted, e.g. diffusion or
perfusion (9-11). In particular, pHe mapping is possible with both
MRI - e.g. contrast based on relaxation or chemical exchange -
and MRS (12-14). Biosensor imaging of redundant deviation in
shifts (BIRDS) is an ultrafast chemical shift imaging (CSI) platform
for molecular imaging in which paramagnetically shifted non-
exchangeable protons (i.e. CH,) on DOTA-based macrocyclic
complexes are directly detected (15-21). BIRDS has some
unusual properties. Both longitudinal (T;) and transverse (T;)

short T, means insensitivity to static magnetic field inhomogene-
ity. T, and T, equivalence leads intrinsically to higher MR sensitiv-
ity. Because the proton resonances of the agent are sufficiently
shifted away from the water proton resonance, there are no
overlaps with signals from other metabolites. Finally, the pH.
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readout does not depend on the agent concentration because
the readout is purely based on shift changes (i.e. not peak
heights).

Previously we reported the feasibility of using DOTA
phosphonates (e.g, TMDOTP>~ and TmDOTA-4AmP>") to map
the intratumoral-peritumoral pH. gradient of brain tumors (22).
However, to raise the concentration of the agents in brain tissue,
we surgically stopped renal clearance of the agents. While this
method provided sufficient local concentration of agents for
molecular imaging, it required surgical intervention - thus
preventing longitudinal survival studies.

Probenecid inhibits organic anion transporters (OATs) and it
has been used clinically to decrease the renal excretion of drugs,
such as penicillin, bumetanide, and zidovudine (23-25). While
probenecid can be used as an adjuvant agent to increase the
systemic level of drugs, it also serves as an OATs3 inhibitor, me-
diating efflux of drugs across the blood-brain barrier (26). Hence,
probenecid can significantly increase drug concentration in
plasma and target tissues for prolonged treatment. For example,
the distribution of fluorescein in brain was enhanced twofold
when probenecid was co-administered with the drug (27). Pro-
benecid has a half-life of 4-12 h (28), and although the effect is
temporary it allows sufficient time for imaging. We hypothesized
that pH, imaging of gliomas with BIRDS can be achieved when
probenecid and TmDOTP>~ are co-infused. We show that the
co-infusion method is safe and fast, and thus is a viable alterna-
tive to renal ligation for BIRDS. Thus, longitudinal monitoring of
tumor growth and assessment of therapeutic response will be
possible with the probenecid-TmDOTP®>~ co-infusion method
for BIRDS.

MATERIALS AND METHODS

Probenecid was purchased from Sigma-Aldrich (St. Louis, MO,
USA) and TmDOTP>~ was obtained from Macrocyclics (Dallas,
TX, USA). Tumor cell lines RG2, 9L, and U87 were purchased from
American Type Culture Collections (Manassas, VA, USA). Adult
male Sprague-Dawley rats (200-250g), male Fischer 344 rats
(200-250 g), and nude rats (150-200 g) were obtained from Yale
University vendors and maintained according to approved
animal care protocols. All animal experiments were performed
under NIH guidelines and approved by the institutional animal
care and use committee (IACUC) at Yale University. In vivo MR
scans were conducted on an 11.7T Agilent (Santa Clara, CA,
USA) horizontal-bore spectrometer (bore size =21 cm; maximum
gradient strength =400 mT/m) using a custom built 'H surface
RF probe (1.4cm diameter). Ex vivo samples were scanned on
an 11.7T Bruker (Billerica, MA, USA) vertical-bore spectrometer.

Biodistribution and survival experiments

Sprague-Dawley rats were anesthetized with isoflurane (~2%). A
femoral vein and an artery were cannulated for agent/drug infu-
sion and physiological monitoring (pCO,, pO,, pH, and blood
pressure) during the experiment, respectively. Rats were sepa-
rated into three groups and in each group we infused either
0.1 or 1 mmol/kg TmDOTP®~ for 120 min (n=6 in each case). In
Group | we infused TmDOTP®~ (0.1 and 1mmol/kg) without
probenecid or renal ligation. In Group Il we co-infused
TmDOTP>~ (0.1 and 1mmol/kg) and probenecid (100 mg/kg).
In Group Il we infused TmDOTP>~ (0.1 and 1 mmol/kg) after re-
nal ligation. The concentration of probenecid stock solution was

100 mg/mL at pH 7.4. The concentrations of the TWnDOTP®~ stock
solutions were 150 mM and 15 mM for 1 mmol/kg and 0.1 mmol/
kg doses, respectively, dissolved in 100 mg/kg probenecid. The
infusion rate was 15 puL/min for probenecid and TmDOTP>™.

Blood plasma and urine samples were collected throughout
the experiment from rats in Groups | and Il. Plasma concentra-
tions were used for calibrating the agent concentration in the
tissue using tissue—plasma volumes (29). After the infusion, rats
were euthanized with focused microwave irradiation (30), im-
mediately after which various organs (i.e. brain cortex and
subcortex, lung, heart, liver, spleen, muscle, and kidney) were re-
moved, weighed, and homogenized for agent concentration
analysis by '"H NMR. We used 0.1 mM TmDOTMA ™ as an internal
reference. NMR spectra were collected using standard pulse-
acquire experiments on an 11.7 T vertical-bore magnet using fast
acquisition times and the intensity of the H6 proton of TMDOTP>~
was measured. The final tissue concentrations of TnDOTP®~ were
calculated after reference and plasma corrections.

A few rats (n=4) were anesthetized (~2% isoflurane) and the
tail vein was cannulated for co-infusion of TmDOTP>~ (1 mmol/
kg) and probenecid (100 mg/kg) for 120 min. A water-heating
pad maintained the body temperature in the physiological range
(36-37°C). The rats were survived after the co-infusion. The rats’
activity (e.g. sleep and eating cycles) was monitored for 48 h be-
fore the co-infusion study was repeated and then revived again.

Tumor rat preparation

RG2 and 9L cells were cultured in T75 flasks in DMEM media
containing 10% heat inactivated FBS and 1% antibiotics at 37°
C and 5% CO,, whereas U87 cells were cultured in T75 flasks in
MEM media containing 10% heat inactivated FBS and 1% antibi-
otics at 37°C and 5% CO..

Tumor cells were harvested at 60-80% confluence, washed
and suspended in serum-free media for implantation in Fischer
344 rats (5L 2x10% RG2 cells and 5puL 1x10° 9L cells) and
nude rats (5pL 5x10° U87 cells). Rats were anesthetized with
isoflurane (~2%) and positioned in a stereotaxic system. A
water-heating pad was used to maintain the body temperature
in the physiological range (36-37 °C). Tumor cells were injected
with a 25 pL Hamilton syringe into the right thalamus at coordi-
nates 3 mm laterally to the right of the bregma and 3 mm ventral
to the dura. A 5puL volume of the cell suspension was injected
over the course of 5min and the needle was left in place for
an additional 5 min before slow withdrawal.

On the day of scanning, rats (n =6 for RG2 and 9L tumors each
and n=3 for U87 tumor) were anesthetized (~2% isoflurane),
tracheotomized, and artificially ventilated (70% N,0O-30% O,). A
femoral vein and an artery were cannulated for agent/drug
infusion and physiological monitoring (pCO,, pO,, pH, and blood
pressure) during the experiment. A water-heating pad was used
to maintain the body temperature in the physiological range
(36-37°C) throughout the experiment. Body temperature was
measured with a rectal probe and no further adjustments in the
water-heating pad were made for the entire duration of the
experiment (~150 min). Probenecid (100 mg/kg) and TmDOTP®~
(1 mmol/kg) were co-infused for a maximum of 120 min.

BIRDS data analysis

Spin-echo MRI datasets (128 x 128 resolution, 1 mm slice thick-
ness, field of view (FOV) 25 x 25 mm?, recycle time (Tg) 65, echo
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time (Tg) 10 ms) were obtained for tumor localization and visual-
ization. In vivo 3D CSI for BIRDS data were acquired 30 min after
probenecid-TmDOTP>~ co-infusion began, using a dual-banded
refocused 90° Shinnar-Le Roux RF pulse (35 kHz bandwidth and
90 kHz separation with 205 us duration) for selective excitation of
the H2/H3 and H6 protons of TMDOTP® . The 3D CSI datasets
were acquired with a Tz of 5ms and an FOV of
25%25x 25 mm?, a spectral window of 250 kHz and the acquisi-
tion time of 4.1 ms. The total time of each 3D CSI dataset ac-
quisition was 12min. The 3D CSI data were reconstructed to
25x 25 % 25 resolution, resulting in a nominal voxel resolution
of 1pL. Each 'H spectrum was line broadened (500 Hz), phased
(zero order), and baseline corrected (first order). The data were
analyzed in MATLAB (MathWorks, Natick, MA, USA). The pH for
each voxel was calculated from the chemical shifts of the H2,
H3, and H6 protons of TMDOTP>~ according to

PH=ao+ > dise+ > > ayo 1]

k=236 k=2,3,6j=2,3,6

where the coefficients ao, a¥, and a’;j were calculated from linear
least-squares fit of pH as a function of chemical shifts d,, ds, and
Je, as previously described (22). The tumor and its margin were
localized by MRI contrast and pH. measured by BIRDS was
assessed for voxels inside the tumor (intratumoral) and outside
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the tumor (peritumoral). Intratumoral and peritumoral voxels
were defined as all voxels inside and outside the tumor boundary
defined by MRI, respectively. Voxels that were partly inside or out-
side the tumor were excluded in the analysis. For single voxel
region-of-interest analysis, an intratumoral voxel was selected in
the center of the tumoral voxels and compared with a contralat-
eral peritumoral voxel. The significance between intratumoral
and peritumoral pH, was assessed by Student'’s t-test, where P-
values less than 0.05 were considered to be significant.

RESULTS

Probenecid is a non-selective OAT inhibitor used to raise
the plasma concentrations of drugs (31). We examined the effect
of probenecid-TmDOTP> "~ co-infusion in rats. Plasma concentra-
tion was higher for probenecid-TmDOTP®>~ co-infusion than
TmDOTP®~ infusion alone (Fig. S1), but the highest plasma con-
centration was achieved for infusion with renal ligation. In con-
trast, urine concentration was lower for probenecid-TmDOTP>~
co-infusion than TMDOTP ™~ infusion alone. These results suggest
that probenecid inhibited the renal clearance of TnDOTP®".
Biodistribution data of TmDOTP®~ in the rat’s body is pre-
sented in Figs. 1 and S2. TmDOTP>~ concentrations in various
organs (brain cortex, brain subcortex, liver, lung, heart, muscle,
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Figure 1. Biodistribution of TmDOTP®™ in the rat body. (A, B) Summary of TmDOTP®~ biodistribution (mmol/kg) in rats that were infused with (A)

0.1 mmol/kg TMDOTP>~ and (B) 1 mmol/kg TmDOTP®~
probenecid and TmDOTP’~, and infusion of TMDOTP® ™~

and cortex samples of rats that were infused with (C) 0.1 mmol/kg TmDOTP®~
indicated below the corresponding spectrum. The concentration of TmDOTP®~

reference and plasma corrections.

in three experimental conditions: infusion of TmDOTP>™
in renal ligated rats. (C, D) Representative spectra of the H6 proton in TmDOTP’™ from the kidney

alone, co-infusion of 100 mg/kg

and (D) 1 mmol/kg TmDOTP® . The weight of each tissue sample is
in each sample was estimated by the intensity of each spectrum after
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spleen, and kidney) were quantitatively measured and compared
for the three different infusion protocols: infusion of TMDOTP®~
without any intervention, co-infusion of TmDOTP>~ with proben-
ecid, and TmDOTP>~ infusion with renal ligation.

Two infusion doses of TMDOTP>~ were used. At low dose of
0.1 mmol/kg (Fig. 1A), TmMDOTP®~ concentrations in tissues for
the co-infusion method were slightly higher than for infusion
of TmDOTP®~ alone, but comparable to TmDOTP®>~ concentra-
tions detected using the renal ligation method. The enhance-
ment in TMDOTP®~ concentration in various tissues is small at
low dose and becomes larger at high dose with both co-infusion
and ligation methods. At the high dose of 1 mmol/kg (Fig. 1B),
the differences in TMDOTP®~ concentration in each tissue for
the three infusion methods were larger. As noted by the H6
intensities in TMDOTP>~ depicted in Figs. 1C, D, co-infusion of
TmDOTP®~ with probenecid increased TmDOTP®>~ concentra-
tions in both kidney and brain. Rats revived after co-infusion of
TmDOTP®~ with probenecid showed no overt behavioral signs
that were different from rats revived from anesthesia. Although
the probenecid-TmDOTP>~ co-infusion method did not result
in an increase of TMDOTP®~ concentration in the tissue as
remarkably as the renal ligation method, it was approximately
double that with infusion of TmDOTP®~ alone. Therefore,
co-infusion of TMDOTP>~ with probenecid provides a good al-
ternative to renal ligation to raise the TWDOTP®>~ concentration
in various tissues, including brain.

Representative BIRDS data of a brain bearing an RG2 tumorina
Fischer rat after co-infusion of TMDOTP®~ with probenecid are
shown in Fig. 2. T,-weighted MRI identified the tumor upon
TmDOTP®~ infusion (Fig. 2A). The tumor region was slightly dark-
ened by T contrast as a result of TmDOTP® ™ extravasation due to
higher permeability of the tumor vasculature. While the tumor
border may not be clearly distinguishable by endogenous MRI
contrast (see, e.g., Fig. S2 in Reference 22), endogenous MRI con-
trast is needed for arterial spin labeling (ASL) to measure blood
flow differences within and beyond tumor boundary. Future stud-
ies with ASL and BIRDS in the same subject will provide novel re-
lations between gradients of intratumoral-peritumoral blood
flow and pH.. The TMDOTP>~ CSl dataset in Fig. 2B shows the res-
onances H2, H3, and H6 of TmDOTP>™ in intratumoral and
peritumoral voxels. pH. values of each voxel were differentially
determined by chemical shifts of TMDOTP® ™~ resonances accord-
ing to Equation [1]. As an example, a selected intratumoral voxel

(0,=58.96 ppm, 05=76.97 ppm, and Jdg=—141.09 ppm) had a
pHe of 6.64 (Fig. 2C) and a selected peritumoral voxel
(0,=59.75 ppm, 05=77.52ppm, and dg=—140.42 ppm) had a
pHe of 7.27 (Fig. 2D). Consistent with our previous results, the
intratumoral pH. values were distinctly lower than peritumoral
pHe values for rat brains bearing RG2 tumors (22). In this rat brain
with an RG2 tumor, the average pH, values of intratumoral voxels
were 6.73+0.02 while those of peritumoral voxels were 7.11
+0.01. We showed previously that the large intratumoral-
peritumoral pH, gradient for aggressive tumors (e.g. RG2 versus
9L) matched the increased presence of Ki-67 (proliferation
marker) positive cells beyond the tumor border (see Figs. 1 and
S1 in Reference 22).

The overall intensities of proton resonances for intratumoral
voxels were higher than those for peritumoral voxels, indicating
higher TmMDOTP®>~ accumulation in the intratumoral region of
the RG2 tumor. As an example shown in Fig. 3A, the intensity of
the H6 proton resonance of a selected intratumoral voxel was
higher than that of a selected peritumoral voxel. Intensities of
the resonances across the brain increased during co-infusion.
However, the concentration decreased at latter stages of the co-
infusion, suggesting agent clearance. In support of this, both
urine and plasma signals showed a decrease of TWDOTP>~ signal
immediately after the end of infusion (Fig. S1). Although the in-
tensities of each resonance of TmDOTP®~ varied across either
intratumoral or peritumoral voxels, pH. determination by BIRDS
was independent of TmDOTP®~ concentration. Thus, even
though a lower concentration of TMDOTP>~ was present in the
peritumoral region, the pH, of each voxel was accurately deter-
mined. As shown in Figs. 3B, C, the pH. maps obtained about
12 min apart during the probenecid-TmDOTP®~ co-infusion were
nearly identical, indicating dose-independent pH. imaging with
BIRDS. The correlation between these two pH. maps was excel-
lent (Fig. S3).

Probenecid-TmDOTP>~ co-infusion was tested in rats bearing
different types of glioma (Fig. 4). More aggressive xenograft U87
tumors and less aggressive gliosarcomas 9L were similarly local-
ized using T,-weighted MRI images (Figs. 4A(i) and 4B(i), respec-
tively). The TmDOTP®~ CSl datasets for U87 and 9L tumors with
probenecid-TmDOTP>~ co-infusion showed higher signals in-
side the tumor core (Figs. 4A(ii) and 4B(ii)). The pHe map of the
U87 tumor showed low values in the intratumoral region as well
as the tumor margin (Fig. 4A(iii)), whereas the pH, map of the 9L

¢ PHd(intra) = 6.64

)

B8 70 54 -132 -148 PP

D PH.(Peri)=7.27

An. A

.86 70 54 -132 -148 ppm

Figure 2. Representative MRI and BIRDS data from a rat bearing an RG2 tumor during probenecid—TmDOTP57 co-infusion. (A) A T,-weighted image
shows the tumor localization due to agent extravasation (blue outline, tumor; orange outline, brain). (B) A slice from a 3D CSI dataset shows varying
TmDOTP®™ levels throughout the brain (the same slice as in A). (C) Examples of TmDOTP®~ resonances, which indicate that the pHe (according to Equa-
tion [1]) of an intratumoral voxel (pH. = 6.64) is lower than that of a peritumoral voxel (pH. =7.27).
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Figure 3. pH. maps by BIRDS are independent of TmDOTP® ™ concentration. (A) Resonance intensities of H6 in TmDOTP®~ for intratumoral (red boxes
in pHe maps in B and C) and peritumoral (black boxes in pHe. maps in B and C) voxels at various time points during co-infusion of TmDOTP®>~ with
probenecid. (B, C) Quantitative pH. maps (according to Equation [1]) obtained at different TmDOTP~ concentrations indicated by stars and triangles
respectively at (B) 66 min and (C) 78 min after the start of probenecid-TmDOTP? ™~ co-infusion. See Fig. S3 for correlation of these pHe maps.
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Figure 4. Representative MRI and BIRDS data of rats bearing U87 and 9L tumors during probenecid—TmDOTPSf co-infusion. The left-hand column
shows the T,-weighted images, which depict the localized (A) U87 and (B) 9 L tumors, due to agent extravasation (blue outline, tumor; orange outline,
brain). The middle column shows a representative slice from 3D CSI datasets showing varying TmDOTP® ™ levels throughout the brain of (A) U87 and (B)
9L tumors. The right-hand column shows the pH. maps (according to Equation [1]) calculated from TmDOTP ™ resonances in (A) U87 and (B) 9L

tumors. Figure 2 shows similar data for an RG2 tumor.

tumor showed low values in the intratumoral region and high
values in the peritumoral region (Fig. 4B(iii)).

The intratumoral and peritumoral pH. values for each tumor
type measured by BIRDS are summarized in Fig. 5. The histo-
grams were fitted to a Gaussian distribution to obtain the most
probable (or expected) pH. value and the full width at half max-
imum, FWHM (Table 1). The results show that the intratumoral-
peritumoral pH. gradients of brains with 9L and U87 tumors
were larger than those of brains bearing RG2 tumors, suggesting
that the pH. boundary between intratumoral and peritumoral
regions was clearer for 9L and U87 tumors.

For brains bearing 9L tumors (Fig. 5A), the expected pH.
values of intratumoral and peritumoral regions were 6.84+0.01
and 7.32+0.01, respectively, indicating that the intratumoral-
peritumoral pH. gradient was about 0.5. However the FWHM of
the intratumoral distribution (0.24+0.01) was similar to that of

the peritumoral distribution (0.25+0.01), indicating that the
pHe values were homogeneous in the two regions. Thus the
pHe boundary between intratumoral and peritumoral regions
was well resolved for 9L tumors (Table 1).

For brains with U87 tumors (Fig. 5B), the expected pH, values
of intratumoral and peritumoral regions were 6.84+0.02 and
7.34+0.02, respectively, indicating that the intratumoral-
peritumoral pH. gradient was again about 0.5. However, the
FWHM of the intratumoral distribution (0.37 +0.02) was larger
than that of the peritumoral distribution (0.20 + 0.01), indicating
that the pH. values in intratumoral voxels were more spread.
Thus the pH, boundary for U87 tumors was more heterogeneous
than that for 9L tumors (Table 1).

For brains with RG2 tumors (Fig. 5C), the expected pH. values
of intratumoral and peritumoral regions were 6.83+0.02 and
7.22+£0.01, respectively, indicating that the intratumoral-
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Table 1. Most probable pH, values and the FWHM obtained from the fit of the normal (Gaussian) distribution of pH. shown in
Fig. 5 for intratumoral and peritumoral regions in 9L, U87, and RG2 tumors. See Fig. S4 for the relation between tumor size and
tumor pHe
Region 9L ug7 RG2
pHe FWHM pHe FWHM pHe FWHM

Intratumoral pHe 6.84+£0.01 0.24+0.01 6.81+0.02 0.37+£0.02 6.83+£0.02 0.17£0.01
Peritumoral pHe 732+£0.01  0.25+0.01 734+0.01 0.20%£0.01 722+0.01 0.42+0.03
Intratumoral-peritumoral pH, gradient 0.48 +£0.01 - 0.53+0.02 - 0.39+0.02 -
Tumor size (plL) 111.7+37.7 - 68.1+£17.6 - 83.9+357 -
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Figure 5. Distributions of intratumoral and peritumoral pH. values. Histograms representing the distribution of intratumoral and peritumoral pH.
measured by BIRDS for (A) 9L, (B) U87, and (C) RG2 tumors. The fraction of voxels with a given pH, value is shown for intratumoral voxels and

peritumoral voxels.

peritumoral pH. gradient was about 0.4 for RG2 tumors. More-
over, the FWHM of the intratumoral distribution (0.17 £0.01)
was smaller than that of the peritumoral distribution (0.42
+0.03), and the peritumoral distribution overlaps partially with
the intratumoral distribution, indicating that low pH. values
were measured in peritumoral regions. Thus the pH. boundary
between intratumoral and peritumoral regions was not clear
for RG2 tumors (Table 1).

Because different tumors grow at different rates, we could not
image all tumor types at the same size. We have estimated the
tumor volume for each tumor type (9L, 111.7+37.7 uL; RG2,
83.9+35.7 ul; U87, 68.1+17.6 uL). The measured intratumoral
pH. was independent of tumor volume (Table 1; Fig. S4). How-
ever it should be noted that the peritumoral pH, also changes
for aggressive tumors (22). For each given tumor cell line, the
pHe values were statistically significant between intratumoral
and peritumoral voxels (p<0.05). For intratumoral pH., an
ANOVA showed that there were significant differences across
three tumor types (p=0.011); a post hoc Bonferroni test revealed
significant differences between 9L and U87 tumors (p=0.023),
and between RG2 and U87 tumors (p=0.019). For peritumoral
pHe, an ANOVA showed that there was significant differences
across three tumor types (p=0.000); a post hoc Bonferroni test
revealed significant differences between 9L and RG2 tumors
(p=0.000), and between RG2 and U87 tumors (p=0.019).

DISCUSSION

Acidic pH, is one of the primary cancer hallmarks and thus a target
for cancer imaging (32). Mapping intratumoral and peritumoral
pHe with BIRDS is valuable in assessing both tumor growth and
possible therapeutic response. Previous work with BIRDS has
shown promise for pH, mapping of brain tumors (22). The urinary

excretion is the major pathway to eliminate most MRI contrast
agents, including TmDOTP®". Thus, to inhibit rapid clearance of
TmDOTP’ ", previous BIRDS imaging required surgical intervention
(i.e. renal ligation) to raise the agent’s concentration in the plasma
as well as in the tissue. Longitudinal monitoring of pH, using BIRDS
on tumors is an unmet need and could be achieved if the renal sys-
tem is only temporarily (and not permanently) inhibited. Probene-
cid has been widely used to temporarily decrease the renal
clearance of drugs. Hence, probenecid can be used as an alterna-
tive to renal ligation to allow longitudinal assessment of tumor mi-
croenvironments with BIRDS.

Compared with conventional water-based proton MRI, BIRDS
is a molecular imaging technique that detects non-exchangeable
protons on the paramagnetic agent in response to variations in
microenvironment. Because BIRDS readouts rely on the chemical
shift changes of hyperfine-shifted proton resonance, the molec-
ular sensitivity is independent of the agent’s concentration, with-
out any background overlapping signals. Moreover, BIRDS does
not interfere with the conventional water-based proton MRI
method; for example, BIRDS signals and sensitivities are not af-
fected by the presence of superparamagnetic iron oxide or even
gadolinium-based contrast agents (21), which are widely used to
localize brain tumors in patients.

Tissue distribution of TMDOTP™ is the key to successful BIRDS
experiments. Probenecid was efficient to raise the plasma and tis-
sue concentrations of TMDOTP®~ in the infusion dose range of
0.1-1mmol/kg (Figs. 1A, B). While TWmDOTP®~ concentrations in
kidney were higher for the co-infusion method than for TmDOTP®~
infusion alone (Figs. 1C, D), TmDOTP®~ concentrations in brain cor-
tex were slightly higher for co-infusion and ligation methods
compared with infusion of TMDOTP>~ alone. As the infusion dose
increased, biodistribution data showed that the enhancement in
tissue concentrations for the probenecid-TmDOTP®~ co-infusion
method was more noticeable, although the non-survival renal
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ligation method results in higher tissue concentrations. In addition,
the effect was universal and non-selective for specific organs, in-
cluding the brain. Delivery of TWDOTP®~ to the brain is in general
more difficult than that to other organs because the blood-brain
barrier prevents the agent entering the brain readily (33). Thus, a
non-surgical method (i.e. probenecid-TmDOTP>~ co-infusion) that
can increase the life-time of the agent in the blood circulation and
thus raise the concentration of the agent in the brain is preferable.
With the high signal-to-noise ratio (SNR) detected for the protons
at the current TMDOTP>~ dose used for BIRDS data, it seems that
even lower TmDOTP®~ dose can be used in the future with the
co-infusion method.

Probenecid-mediated elevated agent concentration in brain
tissue can be attributed to inhibition of OATs in both kidney and
brain (34). Thus, probenecid markedly increased TmDOTP>~ con-
centration in brain, most probably by two mechanisms: increased
plasma concentration and/or half-life of TWDOTP~ by inhibition
of TMDOTP>~ excretion in the kidney, and reduced TmDOTP®>~
elimination by inhibition of OATs (35,36). More experiments are
required to further illustrate the mechanism of probenecid-
mediated TMDOTP>~ enhancement in tissues. Other OATs inhib-
itors (e.g. sulfinpyrazone and benzbromarone) could possibly be
used to enhance tissue concentration of TnDOTP>~ (37,38).

A tumor has immature (i.e. leaky) vascular structure, which
may facilitate the permeability of the contrast agent into the
tumor, and poor perfusion may increase the retention time (3).
The strong T,-weighted contrast observed due to higher
accumulation of TmDOTP®™ in the tumor was consistent with
our previous study when renal ligation was used (22). Using
probenecid-TmDOTP>~ co-infusion, a higher concentration of
TmDOTP®~ was observed for intratumoral voxels compared with
peritumoral voxels, as shown by their MR resonance intensities
(Fig. 3). Ex vivo quantitative analysis agreed with the in vivo
results, showing that the intratumoral region had higher
TmDOTP>~ concentration (0.36 +0.02 mmol/kg) compared with
the peritumoral region (0.13£0.02 mmol/kg). In addition, the
concentrations in both intratumoral and peritumoral regions
with probenecid-TmDOTP®~ co-infusion were higher than with
a similar infusion dose of DyDOTP>~ without probenecid (14).

A typical experiment of pH. mapping with BIRDS using
probenecid-TmDOTP®~ co-infusion was acquired within 12 min.
We demonstrated in our previous work (with renal ligation) that
for typical in vivo detection of TMDOTP®>~ protons (i.e. H2, H3,
and H6) with SNR of 15 the error in the pH., measurement was
0.0013 (18). Although the SNR is slightly lower in these newer ex-
periments (17,22), the estimation of pH, error is still less than 0.01.
pHe maps acquired at different time points of co-infusion and
therefore corresponding to different TWDOTP>~ doses (Figs. 3B,
C) were very similar. This observation is presented in Fig. S3 by
plotting pH. maps obtained about 12 min apart. The plot has a
slope equal or close to unity, suggesting the reliability of the
BIRDS method and the dose-independent pH. mapping with
BIRDS using probenecid-TmDOTP’~ co-infusion. In addition, we
validated pH readout with BIRDS for TnDOTP®~ samples contain-
ing BSA with measurements from a pH electrode, where the com-
parison showed excellent agreement for pH within the
physiological range (Fig. S5). For future experiments, improved
SNR for BIRDS can be achieved by shorter acquisition times
through hardware improvement (e.g. faster digitizer) and alterna-
tive pulse sequence design (e.g. ultrashort Tg sequences) (39).
Methylated BIRDS agents could be synthesized to provide signif-
icant SNR increase (17). In addition, these paramagnetic agents

also have exchangeable protons (-NH,), which can be used for
chemical exchange saturation transfer (CEST) imaging to provide
higher spatial resolution images and multi-modality with BIRDS
(16,19). Furthermore, hypoxia (i.e. low pO,) is also a hallmark of
tumor microenvironment. Simultaneous imaging of pH. and
pO, with BIRDS is possible when both pHe- and pO,-sensitive
chelates are attached to the cyclen-based probes (40,41).

Three tumor models (i.e. RG2 as a glioblastoma, 9L as a
gliosarcoma, and U87 as a human glioblastoma multiforme
xenograft) were used in this study to test the probenecid-
TmDOTP® ™~ co-infusion method for pHe mapping with BIRDS. All
three tumor models have been widely studied for cancer imaging
as they are good models to represent human-like gliomas (42).
While 9L tumors are considered aggressive and infiltrative, RG2
and U87 tumors are more invasive models, mimicking human
high-grade gliomas. However, microvessel studies by MRI and me-
tabolite profiling by proton MRS show large variations in tumor
properties, and thus are incapable of distinguishing among tumor
models (43,44). Simultaneous pH, measurements inside and out-
side the tumor core using the probenecid-TmDOTP>~ co-infusion
method enabled mapping of the intratumoral-peritumoral pH,
gradient, which may serve as an additional biomarker for tumor as-
sessment, but also in monitoring the efficiency of tumor treatment
over longitudinal studies in the same subject.

Tumor acidosis promotes invasion and resistance to therapy
(45,46). The Warburg effect is believed to be the major mediator
of the low pH. observed in the tumor microenvironment. In
addition, poor perfusion in tumors, which causes ineffective
removal of excess H* and lactate, cannot be neglected. Gillies
and coworkers demonstrated that low pH. of the tumor drives
local invasion (6). H" ions generated by tumor cells diffuse into
adjacent normal tissues, causing tissue remodeling and promot-
ing invasion. Various MR methods, including *'P MRS, T;- and T>-
based MRI, and CEST imaging, have been proposed for tumor
imaging of pH. (8,14,47,48). However, these methods mainly fo-
cus on intratumoral regions. Our previous study showed that
intratumoral-peritumoral pH. gradient was smaller in RG2 tu-
mors than in 9L tumors (22), suggesting RG2 tumors demon-
strate more invasive features. In agreement with previous
studies, here we also measured an intratumoral pH. lower than
the peritumoral pH. and therefore the intratumoral-peritumoral
pHe gradient was smaller in more invasive RG2 tumors. pH. map-
ping with BIRDS provides a clear picture regarding the invasive
properties of aggressive tumors by showing low pH. in
peritumoral voxels. Although the intratumoral-peritumoral pH,
gradient of U87 tumors was similar to that of 9L tumors (Fig. 5),
the 9L tumor has a more uniform boundary around the tumor
core, while the U87 tumor shows heterogeneous pH, distribu-
tion. These results imply that the pH, readout of each tumor type
at high spatial resolution is crucial to assess the extent of tumor
invasion, which may be important when assessing their re-
sponses to treatments. Moreover, the similarity between the
BIRDS results in this study and those in our previous study (22)
suggests that pH. measured by BIRDS is not affected by the
method used to inhibit renal clearance of the contrast agent
(probenecid-TmDOTP>~ co-infusion or renal ligation).

CONCLUSION

Our results show that probenecid-TmDOTP>~ co-infusion can be
used for intratumoral and peritumoral pH. mapping with BIRDS.
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We have demonstrated that intratumoral-peritumoral pH. gradi-
ent mapping can be used to assess tumor invasion beyond the
tumor margin. Longitudinal monitoring of pH. from early to late
stages of tumorigenesis in the same animal (to gain insights into
tumor growth) is now possible with the co-infusion method.
Furthermore, this method enables the assessment of therapeutic
response to acidic-pH.-targeting treatments, such as proton
pump inhibitors, sodium bicarbonate, and other pH-regulating
drugs (49-51).
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