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Abstract

Background Acidic pH values of the tumor microenvironment (TME) have crucial effects on metastatic behavior,
host defense, immune regulation and cellular metabolism. Several studies have shown that the acidity of the
interstitial space in the TME influences the functions of cancer and stromal cells, particularly regarding immune
effects. Changing intratumoral pH might therefore be a potential target for therapy, and pH imaging might guide
further developments. We describe radiopharmaceutical probes for positron emission tomography (PET) that
exploit the concept of pH-dependent intratumoral hydrolysis of glycosylamine bonds of PET-tracers (['®FIFDG-4-
methoxybenzylamine (['®FIFDG-4MBA) and ['®FIFDG-benzylamine (['®FIFDG-BA)) to release ['®FIFDG as functional
moiety with the aim to non-invasively image pH changes.

Results Nuclear magnetic resonance (NMR) spectroscopy demonstrated hydrolysis at pseudo first order and showed
pH dependent hydrolysis time, at which 50% of ['°FIFDG-4-methoxybenzylamine (['°FIFDG-4MBA) was cleaved,
ranging from 3 h at pH 7.4 over 60 min at pH 6.9 to 45 min at pH 6.5. Hydrolysis of ['®F]FDG-4MBA in human serum

at pH 7,6 was similar to comparable pH without serum (below 10% FDG release after 2 h). The glycosylamines ['®F]
FDG-BA and ['®FIFDG-4MBA were relatively stable in vitro at pH 8.3 with less than 15% FDG release from ['®FIFDG-
4MBA and less than 10% FDG release from ['®FIFDG-BA within 60 min. Hydrolysis at acidic pH led to ['®FIFDG release
at pH 6.0 of 71% from ['®FIFDG-4MBA and 40% from ['®F]FDG-BA at 60 min. In vitro uptake into B16F10 or MC38 cells
was pH dependent in contrast to FDG uptake. In a preclinical model bearing the two different acidic subcutaneous
tumors (B16F10 and MC38), pH differences in the acidic TME were better discriminated with ['®FIFDG-4MBA than with
['8FIFDG-BA. In vivo neutralization of the acidic extracellular tumor pH prevented pH-dependent cleavage of ['®F]
FDG-4MBA resulting in decrease of PET signal.
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Conclusion The determination of pH differences by glycosylamines radiotracers and PET imaging in acidic TME may
serve as a novel marker for various questions such as interaction of pH regulation and response to immunotherapies.
Notably, even small pH differences in the acidic TME of different tumors, in the same in vivo model, could be

discriminated.
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Background

The extracellular acid—base status of most normal tissue
in vivo is relatively stable under physiological conditions
and close to that of blood. The pH in normal tissues is
usually in the range of 7.3 to 7.4, but it varies consider-
ably under certain conditions, as in epithelium (e.g. pan-
creas, colon, stomach, etc.) during intense acid or base
secretion and in skeletal muscle during physical activity.
Due to the high metabolic activity and insufficient per-
fusion of tumors, acidic metabolites often accumulate in
tumors and influence the pH of the tumor microenviron-
ment (TME) [1]. It has been shown that the acidity of the
interstitial space can influence the functions of cancer
and stromal cells and their interaction with the extra-
cellular matrix. Minimal changes in the extracellular pH
value in the TME have effects on host defense, metastatic
behaviour, immune regulation and cellular metabolism
[2, 3]. Changes of the intratumoral pH are spatially and
temporally heterogeneous and dependent on numerous
factors such as metabolism or cell and vessel density.

Due to the suppression of the immune system e.g. by
inhibition of anticancer immune effector cells in acidic
pH or the activation of anti-inflammatory M2-like mac-
rophages and regulatory T-cells, elevating the pH in the
TME also might serve as a therapeutic target [4, 5]. PET-
imaging might provide valuable methods of measuring
changes in intratumoral pH. In contrast to approaches
such as optical imaging or MRI the use of radiotracers for
PET display advantages such as reliable image quantifica-
tion and feasibility in clinical translation.

In this study we used amine nucleophiles with high
pKa values that condense on [*®F]FDG and form an acid-
labile glycosylamine (['*F]FDG-hemiaminal). This leads
to radiotracers that are easy to prepare using commonly

['®F] FDG-Glycosylamine
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available techniques and that exhibits tumor imaging
properties under acidic conditions of the TME, when
hemiaminal cleavage releases ['®F]FDG inside the tumor
which then is transported and accumulated into FDG-
avid tumor cells [6]. This hemiaminal cleavage is strongly
related pH levels in the range found in the extracellular
tumor microenvironment.

To validate the method of pH determination by hemi-
aminal cleavage to free ['F]JFDG, we measured uptake
from [YFJFDG-4MBA and ['®F]FDG-benzylamine in
relation to unmodified [*F]FDG uptake in vitro and
in an in vivo model of two different murine tumor cell
lines: 1. the very aggressively growing and strongly acidic
melanoma cell line B16F10 (B16) and 2. the colon adeno
carcinoma cell line MC38, reflecting a less acidic tumor
microenvironment [7, 8].

In contrast to ["*F]JFDG imaging, where aerobic gly-
colysis drives ['®F]JFDG uptake, pH specific imaging with
[ F]EDG-4MBA or [**F]JFDG-BA depends mainly on the
extracellular pH which is responsible for the cleavage of
the radiopharmaceutical and only in a second step on
FDG uptake by tumor cells.

Methods

Nuclear magnetic resonance (NMR) spectroscopy

The release of [FJFDG from [FIFDG-4MBA was
monitored using 'H nuclear magnetic resonance (NMR)
spectroscopy (Bruker Avance 700 NMR spectrometer).
Aromatic protons of the 1,4-substituted ring undergo a
significant downfield shift after hemiaminal hydrolysis,
and the time courses of release were recorded at differ-
ent pH values by NMR. Chemical shifts are expressed in
parts per million (ppm) and are referenced to residual
non-deuterated solvent signals (DMSO). The signals of
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[FIFDG-4MBA and [“’F]FDG are well complementary
and time of 50% hydrolytic cleavage occurs at the inter-
section of both curves. 1 mg [FJFDG-4MBA was dis-
solved in 500 uL of deuterated phosphate buffer (pH 7.4,
6.9 or 6.5), and 1 mg DMSO (Sigma-Aldrich, Darmstadt,
Germany) was added as a reference. Over a period of up
to7 hours, a 'H spectrum was recorded every 15 min.

Synthesis of ['®FIFDG-4MBA and ['®FIFDG-BA

["®FJFDG was obtained from Advanced Accelaration
Application, Germany. Synthesis of ["*F]JFDG-4MBA
and ['®F]JFDG-BA were carried out on a SynChrom R&D
module from Elysia Raytest. First, ['*F]JFDG (500 MBq)
was azeotropically dried using 0.5 ml acetonitrile (Riedel-
de-Haen, Selze, Germany) under vacuum and a stream
of nitrogen. Afterwards, 250 pl of a solution of 0.5 M
4-methoxy-benzylamine or benzylamine (Sigma-Aldrich,
Darmstadt, Germany) and 0.25 M acetic acid (Carl-Roth,
Karlsruhe, Germany) diluted in water/DMSO (1:1) was
added to the dried [**F]FDG. The reaction mixtures were
incubated for 30 min at 80 °C under stirring. The reaction
mixture was diluted with 4 ml 20% acetonitrile, the crude
product was then purified using preparative HPLC on a
C18 10 um column (MZ-Analysentechnik, Mainz, Ger-
many) (isocratic; 15% acetonitrile). The purified fraction
was diluted fourfold with HPLC-grade water (Riedel-de-
Haen, Seelze, Germany) and concentrated using a C18
Sep Pak Plus cartridge (Waters GmbH, Eschborn, Ger-
many). ["*F]JFDG-4MBA and ['|FJFDG-BA were eluted
from the C18 Sep Pak Plus cartridge with 500 ul ethanol
(60%; Carl-Roth, Karlsruhe, Germany) and for further in
vivo and in vitro experiments diluted with 700 pl sodium
hydrogen carbonate buffer (pH 8.4; B. Braun, Melsungen,
Germany).

HPLC degradation assay

To initiate pH dependent hydrolysis [**FJFDG-4MBA
and [®F]JFDG-BA were formulated either with sodium
hydrogen carbonate buffer (pH 8.3; B. Braun, Melsungen,
Germany), ROTICalipure pH 6.88 and ROTICalipure
pH 6.00 (Carl-Roth, Karlsruhe, Germany) and measured
three times in an analytical HPLC system at intervals of
30 min.

Serum stability

20 MBq [®F]FDG-4MBA in 250 ul of Aqua ad inject-
able (B. Braun, Melsungen, Germany) were incubated
with 750 ul of human serum or NaCl (control) for 2 h
at 37 °C. Afterwards, the serum sample was mixed with
1 mL of acetonitrile and centrifuged at 10,000 rpm for
5 min. The supernatant was filtered through a 0.2 pm
syringe filter (Millex-LG, Darmstadt, Germany) and the
stability of [F]JFDG-4MBA in human serum versus
NaCl was determined using an analytical HPLC system
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(LiChrosorb RP-18 5 um (250 x4 mm) column in an Agi-
lent 1260 infinity HPLC system; 95% water 5% acetoni-
trile at 0 min to 5% water 95% acetonitrile at 20 min at a
flow rate of 1 ml/min).

Cellular tracer uptake study

For in vitro cellular uptake experiments under different
pH values in supplemented DMEM pH was adjusted
with NaHCO; or HCI (Carl-Roth, Karlsruhe, Germany).
For the basic cell culture media was adjusted to a pH
of 7.6, for the neutral cell culture to a pH of 7.0 and for
the acidic cell culture to a pH of 6.4 (determined after
24 h at 37 °C in a 5% CO, atmosphere). 5x 10° B16F10
or MC38 tumor cells were suspended in acidic, neutral,
and basic media. 0.1 MBq of the radiopharmaceuticals
["®FIFDG-4MBA, ['®F]FDG-BA or ['®F]FDG was added
to each sample. Cells were then incubated at 37 °C, 5%
CO, for 20 min and kept in suspension by shaking once.
After washing with PBS 2 x 10° cells were transferred into
3 mL polystyrene tubes (revvity, Hamburg, Germany)
and measured via Wizard2 automated y-counter (Perkin
Elmer, Rodgau, Germany) at an energy window of 350 to
650 keV.

Mice

Female C57BL/6JRj mice, were purchased from Janvier.
All mice were housed in the animal facility (TARC) of
the University Medical Center Mainz. All animal studies
were approved by the competent governmental agency
Landesuntersuchungsamt Rheinland-Pfalz (G21-1-099)
and were performed according to the local regulations.
Animals were used at an age of 6—8 weeks and main-
tained in individually ventilated cages with standard
rodent pellet food and water or 200 mM NaHCO; water
(starting 10 days prior tumor cell inoculation). Group
sizes were 4—5 animals. The group size for the ['°F] gly-
cosylamine distribution in naive mice compared to ['F]
FDG (Fig. 4) were 3 animals.

Tumor cell lines and subcutaneous tumor induction

The B16F10 cell line used is a mouse skin malignant
melanoma cell line and MC38 originates from a mouse
colon carcinoma (Institute of Immunology University
Medical Center, Johannes Gutenberg University Mainz
original ATCC). Both were maintained in Dulbecco’s
modified Eagle’s medium (ThermoFisher Scientific,
Germany) containing 10% heat-inactivated fetal bovine
serum (FBS), 2 mM L-glutamine, 1% penicillin and strep-
tomycin (all from ThermoFisher Scientific, Dreieich,
Germany). Tumor cells were taken from the log phase of
in vitro growth (70% confluence), cells were trypsinized
(Carl Roth, Karlsruhe, Germany), washed in PBS (Sigma-
Aldrich, Darmstadt, Germany) resuspended in 0.9%
NaCl solution (B. Braun, Melungen, Germany). 100 pL of
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tumor-cells were transferred subcutaneously into the left
(B16; 2x 10° cells/mouse) and right (MC38: 1 x 10° cells/
mouse) flank of the mice.
Tumor volume was calculated using the following for-
mula: V=0,5xL x W.2
L=longest diameter;
diameter.

W =shortest perpendicular

PET

For insertion of a venous catheter into the tail vein, tracer
injection and subsequent PET measurement, mice were
anesthetized with 2% isoflurane evaporated in oxygen at
a flow rate of 0.5 L/min (Abbott, Wiesbaden, Germany).
After tracer injection the catheter was flushed with
100 pl of saline solution. In total, ~5 MBq PET-tracer dis-
solved in 100 pL 0.9% NaCl solution (B. Braun, Melsun-
gen, Germany) was injected intravenously. Whole body
PET scans were performed 45 min after injection of ['°F]
FDG-4MBA, ["F]JFDG-BA or ["®F]FDG using a dedi-
cated Focus 120 small-animal PET scanner over 12 min
under anesthesia on a temperature-controlled bed (Con-
corde Microsystems/Siemens Preclinical ~Solutions,
Knoxville, USA). PET image reconstruction was per-
formed on a microPET Acquisition Workplace V02.3200
with OSEM3D without scatter or attenuation correction.
The reconstructed voxel size was 0.432x0.432x0.796
mm?®, Volumes of interest were drawn manually (PMOD
4.3, Bruker, Ettlingen, Germany) and the percentages
of injected dose per cubic centimetre (%ID/cm?) values
were calculated as follows: mean activity in VOI/(injected
activity-10°)/100.

Biodistribution
After the final PET scans, all animals were sacrificed by
cervical dislocation under deep anaesthesia, and blood,
organs (heart, liver, spleen and kidney) were collected.
After dissection, organ weight was determined, and
radioactivity was measured by y-counting (Wallac 1480
WIZARD 3” Gamma Counter; PerkinElmer, Waltham,
Massachusetts, USA) using an energy window between
350 and 650 keV. For quantification, a standardized ali-
quot of the injected radiotracer was added to the mea-
surement. The biodistribution results for each organ
(B16-tumor, MC38-tumor, heart, liver, spleen, kidney,
blood) are expressed as the percentage of the overall
injected dose per g (%ID/g).

Ex vivo pH measurement in tumors with unisense
microelectrode system

pH-microelectrodes for ex vivo pH measurement of
tumors was purchased from Unisense A/S (Aarhus,
Denmark). The signals were acquired by a microsen-
sor multimeter (Unisense, Aarhus, Denmark) interfaced
with a computer to record data (60-80 subsequent
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measurements). Tumor-bearing animals were euthanized
on day 14 after tumor inoculation, B16 and MC38 tumors
were dissected, and the pH was determined directly with
the unisense microelectrode system.

Statistics

All data were analyzed and plotted using GraphPad
Prism 10 software. Statistical analyses were performed by
using two-sided T-tests or the Tukey’s post-hoc test after
One-way ANOVA as indicated. Values of P<0.05 were
considered significant. Descriptive statistics report arith-
metic means and standard deviations.

Results

Synthesis of ['°FIFDG-4MBA and release of condensed ['°F]
FDG monitored by "H nuclear magnetic resonance (NMR)
Hemiaminal-FDG formation using 4-MBA and [°F]
FDG under acidic conditions (formic acid) results in [*°F]
FDG-4MBA, which could be isolated in 66% yield by pre-
parative HPLC (Supplemental Fig. 1).

Under physiological, slightly basic pH (pH 7.4) the
decaying time, at which 50% glycosylamine hydrolysis
occurs is 3 h (Fig. 1A). Mimicking the pH conditions of
a slightly acidic TME (pH 6.9), a shortening to 1 h was
found (Fig. 1B). This means that at pH 7.4 two thirds
of [F]EDG are still present at 110 min (the half-life of
F-18) as a condensed ['’FJFDG complex, whereas at pH
6.9 only one third remains. This is even more pronounced
at pH 6.5, where 50% of [\’F]FDG is released after 45 min
and almost 80% after 110 min (Fig. 1C). Figure 1D shows
the stability of the hemiaminals as a function of the pH
value. At pH 7.4 there is twice as much bound [’F]FDG
as at pH 6.5 after 1 h. After 2 h, this becomes even more
significant: At pH 7.4 there is about three times more
[YFIFDG hemiaminal compared to pH 6.5.

Synthesis of ['®F] glycosylamines and in vitro stability
["®FIFDG-4MBA and [*®F]JFDG-BA could be eluted
at 6—8 min from the preparative C18 column whereas
unconjugated free ['®F]JFDG elutes at 2—4 min (Fig. 2A,
B). The average radiochemical conversion, based on
integration of HPLC peaks, amounted to 69+ 7% at ['°F]
FDG-4MBA (n=5) and 64+4% [*FIFDG-BA (n=4).
Preparation and purification of [**F]JFDG-4-phenylben-
zylamine was not pursued in this study due to the insuf-
ficient solubility of 4-phenylbenzylamine and the low
product yields.

To confirm the purity of ["*F]JFDG-4MBA and ['*F]
FDG-BA for following experiments, both products were
injected into an analytical HPLC system. The chro-
matogram showed high purity (<90%) of both products
(tg=8 min) and no free ['*F]FDG (Fig. 2C, D). ['*F]FDG-
4MBA and [®F]FDG-BA were eluted in buffers with
increasing acidity and were injected at intervals of 30 min
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Fig. 1 Hydrolysis of ['°FIFDG-4MBA. Time dependent release studies of ['°FIFDG-4MBA monitored by TH nuclear magnetic resonance (NMR) spectros-

copy at different pH values

into the analytical HPLC system. ["*F]JFDG-4MBA and
[8F]FDG-BA eluted in a sodium-bicarbonate-buffer (pH
8.3) showed little glycosylamine hydrolysis over more
than one hour with FDG release below 15% and 10%
(Fig. 2E, F). Hydrolysis of the ["*F]JFDG-heminaminals
at pH 6.00 and pH 6.88 was markedly faster and more
pronounced for ['®F]JFDG-4MBA in comparison to ['F]
FDG-BA (Fig. 2G-]).

To investigate the stability of ['*F]JFDG-4MBA, we
quantified as a test for clinical trials, we quantified the
stability of ['®F]JFDG-4MBA in human serum compared
to serum-free buffer. Stability assay in 75% human serum
at 37 °C demonstrated only little FDG release below 10%
over 2 h similar to the FDG release in normal saline (Sup-
plemental Fig. 2).

Tumor cell uptake of ['®F] glycosylamines under acidic
culture conditions in vitro

Both cell lines showed a pH dependent enrichment of
['F]FDG-4MBA and ['®F]FDG-BA (Fig. 3A-D), whereas

unmodified ['®F]FDG did not show a pH dependent
uptake (Fig. 3E, F).

We measured no significant difference in the cellu-
lar uptake of ["*F][FDG-BA between 6.4 and 7.0 in a pH
range corresponding to the TME in vivo (Fig. 3C, D).
These data indicate that ["*F]FDG-4MBA is similar to
the already described ['*F]JFDG-BA [6] suited to deter-
mine pH changes in a range of 7.0 to 7.6 (Fig. 3C, D) and
also indicates that the pH optimum for hydrolysis of [**F]
FDG-4MBA further extents to even lower pH values.

['8F] glycosylamines distribution in naive mice compared
to ['®FIFDG

Uptake in the heart for ['*F]JFDG was 6.6% ID/g (+0.87),
for ['"8F]JFDG-4MBA 2.1% ID/g (+0.31) and for [**F]FDG-
BA 1,4% ID/g (+0.13). Uptake into liver was 1,43% ID/g
(+0,87) for ['*F]FDG, 1.58% ID/g (+0.76) for ['*F]FDG-
4MBA and 1,09% ID/g (0.3) for ['*F]JFDG-BA (Fig. 4).
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Fig. 2 Synthesis of ['8FIFDG-4MBA and ['®F]FDG-BA and stability at different pH. Synthesis of ['®FIFDG-4MBA and ['®F]FDG-BA were carried out in one-
step Elysia-Raytest synchron module by incubation of ['®FIFDG with 4MBA (A) or BA (B). The synthesized glycosylamines were purified using a preparative
HPLC system. Data show representative analytical chromatograms of ['8FIFDG-4MBA and ['®F]FDG-BA. (C and D) pH dependent hydrolysis of ['8FIFDG-
4MBA and ['®FIFDG-BA at pH 8, pH 6.88 and 6.0 and was measured at intervals of 30 min by analytical HPLC (E—1J)

TME pH in the two in vivo tumor model

The mean tumor volume of the B16 tumors was
134,6+5,98 mm? (n=4) and the mean tumor volume of
the MC38 tumors was 136,3 + 8,41 mm? (n=4).

B16 tumors had a pH of 6.2 (£0.32) and MC38
tumors had a pH of 6.7 (£0.09). In mice fed with alka-
lized water also intratumoral pH was higher in both B16
melanomas (pH 7.2+0.16) and MC38 adenocarcinomas
(pH 7.5+£0.11). Unpaired T-Test between both tumors
remained significant both for normal and alkalized drink-
ing water (Fig. 5).

PET imaging of tumors with different pH in the TME

['8F]JEDG as a marker of glucose metabolism showed no
differences in ['®F]FDG uptake between B16 (6.61 +3.4%
ID/cm®) and MC38 (7.30+1.40% ID/cm®) in the two
tumor model at tumors with similar volumes (B16: 604
mm?, MC38: 652 mm?; Fig. 6A, B). Ex vivo biodistribu-
tion analysis confirmed the non-invasive in vivo ['F]

FDG-PET imaging results, as we determined similar
[®FJEDG uptake in B16 (8.7+1.7% ID/g) and MC38
(8.1+1.98% ID/g) tumors, from the same mice (Fig. 6C).
Therefore, in line with the in vitro results no major dif-
ferences between the tumors regarding FDG uptake are
present. To investigate whether it is possible to discrimi-
nate differences in acidity in the TME we compared ['°F]
FDG-4MBA and ["*F]JFDG-BA in the two tumor model.
[ F]JFDG-4MBA showed a significantly higher uptake
in B16 tumors (5.6+1.1% ID/cm?®) compared to MC38
tumors (4.0+0.4% ID/cm?®) (Fig. 6D, E). Again, ex vivo
biodistribution analysis confirmed ['*F]JFDG-4MBA PET
imaging results, as we determined a significantly higher
[F]FDG-4MBA uptake in B16 tumors (5.6+0.9% ID/g)
compared to MC38 tumors (3,7+0.9% ID/g) (Fig. 6F).
In contrast, tumors displayed also uptake of [**F]JFDG-
BA, but no differences in acidity levels in the TME was
shown by ['®FJFDG-BA uptake (B16: 4.3+0.8% ID/
cm?® and MC38: 4.4+0.5% ID/cm?) (Fig. 6G, H). Ex vivo
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Fig. 3 Cellular uptake of ['®FIFDG-4MBA and ['®FIFDG-BA under different pH values. (A-F) tumor cells (B16 and MC38) were cultured under increasing
acidity of the cell culture medium from 7.6 to 6.4. Tumor cells were processed with the same level of activity of ['8FIFDG-4MBA (A-B) or ['®F]FDG-BA (C-D)
and as a control for a pH independent cellular uptake ['®FIFDG (E-F) was used

biodistribution of tumor-bearing mice after application
of ['"8F]JFDG-BA again confirmed the non-invasive imag-
ing data of B16 (4.9+0.76% ID/g) and MC38 (4.7 +0.98%
ID/g) (Fig. 61).

['®FIFDG-4MBA uptake after alkalinization of the TME

[F]FDG-4MBA uptake in B16 tumors from sodium
bicarbonate treated mice (2.7+0.7% ID/cm®) was lower
when compared to B16 tumors from non-sodium
bicarbonate treated control mice (5.6+1.1% ID/cm?
Fig. 6E) and was similar to unspecific uptake in the heart
(Fig. 7A-C; 6D-F). Ex vivo biodistribution analysis of the
experimental mice confirmed the non-invasive in vivo
['F]JFDG-4MBA PET imaging results (['*F]JFDG-4MBA
uptake in sodium bicarbonate-treated mice:2.2+0.5%

ID/g; in non-treated animals: 5.64+0.9% ID/g) (Fig. 7C;
6F).

Discussion

Several techniques, many of them based on MR imaging,
have been developed for visualizing acidic interstitial pH
in vivo [9]. While these techniques have yielded impor-
tant insights, they are often limited by long scan time,
poor spatial resolution, low signal-to-noise, and require-
ment for administering high doses of probe, potentially
altering systemic pH. In contrast, positron emission
tomography (PET) has the potential to overcome some
of these limitations, owing to its relatively high spatial
resolution, ability to inject tracer doses of radiophar-
maceuticals, and relative ease of clinical translation.
As such, there is a growing interest in PET imaging of
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Fig. 4 ['®FIFDG-4MBA and ['®FIFDG-BA distribution in naive mice compared to ['8FIFDG. ["®FIFDG-4MBA, ['®FIFDG-BA and ['®FIFDG distribution shown
by PET 45 min p.i. Images from representative single mice are depicted for ['®FIFDG-4MBA (A), [18F]FDG-BA (B) and ['®FIFDG (C). Ex vivo biodistribution
after PET imaging shows lower uptake to the heart of ["8FIFDG-4MBA and [18F]FDG-BA compared to [.'8FIFDG and similar liver and spleen uptake (D)
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Fig. 5 Tumor microenvironment pH. (A) The pH value in the TME of the
B16 melanoma (left mouse flank) and the MC38 adenocarcinoma (right
flank) on day 14 after tumor cell transfer was determined using a unisense
pH electrode system in mice receiving normal drinking water (A) or bicar-
bonate drinking water (B)

acidic interstitial pH, and a few examples have been
reported, including methods based on charge trapping
of labelled radiopharmaceuticals or pH-dependent inser-
tion of engineered peptides into cell membranes [10,
11]. The pH-dependent hydrolysis of glycosylamines has
been described and measured for a wide range of gly-
cosylamines more than 70 years ago. In these studies,
the authors were also able to show that hydrolysis can
be attributed to a limited pH range and display varying
pH optima [12, 13]. Flavell et. al. showed that a nucleo-
philic acid-labile substitution of an amine to ['*F]FDG
results in an imaging agent for measuring intratumoral
pH values [6]. These ["®F]JFDG hemiaminals function
via a two-step mechanism in which the acid-labile [*3F]
FDG-[nucleophilic substituent] decomposes to form the
common radiotracer ['®F]FDG, which is subsequently
accumulated by glucose-affinity cells. For our study we
chose hemiaminals by their pKa with values above 9.
Direct comparison of hydrolysis rates is difficult to obtain
and might be influenced by numerous factors like e.g.
protonation fraction in the respective in vivo conditions
and resonance effects of the benzyl. Thus, a systematic
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Fig.6 ["8FIFDG, ['8FIFDG-4MBA and ['®FIFDG-BA PET in tumor bearing mice. Mice received B16 and MC38 tumor cells and imaged on days 12 after tumor
cell transfer. ['8FIFDG, ["®FIFDG-4MBA and ['8FIFDG-BA uptake in the TME of B16 and MC38 tumors were quantified by PET imaging and biodistribution.
Images from single mice are depicted in (A, D, G). Tumor uptake from ['®FIFDG (B), ['®FIFDG-4MBA (E), ['®FIFDG-BA (F) was measured from volumes of
interests manually drawn over tumors and heart and confirmed by biodistribution (CF ). Box plots show the median with 25th and 75th interquartile
range (IQR) and whiskers indicate 1.5xQR. Data in were analyzed using Tukey's post hoc test after One-way ANOVA

in vitro/in vivo evaluation lays the foundation on further
development steps. Due to the poor solubility, the diffi-
cult synthesis of ['®F]JFDG-4-phenylbenzylamine (['°F]
FDG-4PBA) and the poor yield of this radiopharma-
ceutical, we decided to use 4-methoxybenzylamine as
an amine, which has sterically good properties for fast
enough hydrolyzation at slightly acidic pH values. In con-
trast to 4PBA, 4MBA is more soluble in water and our
data obtained in this study show that it is well suited to

visualize small pH differences both in vitro and in vivo.
In comparison benzylamine is also very soluble in water
and the synthesis also provides high yields of ["*F]FDG-
BA. With the slightly larger substitute the resulting radio-
tracer [®*F]JFDG-4MBA showed similarities with [**F]
FDG-BA. However, in vitro and in vivo hydrolysis fur-
ther increased with lower pH values and thus [**F]JFDG-
4MBA demonstrated better capacity to differentiate the
small differences between low acidic MC38 tumors and
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Fig.7 ['8FIFDG-4MBA PET after alkalinization of the TME. Mice received bicarbonate or control water and received B16 and MC38 tumor-cells. Mice were
imaged on day 12 after cell transfer. ['®F]FDG-4MBA uptake in B16 and MC38 tumors was quantified by PET imaging and biodistribution. Images from a
representative mouse are depicted in (A). ['®FIFDG-4MBA PET analysis (B) and biodistribution results (C). Box plots show the median with 25th and 75th

interquartile range (IQR) and whiskers indicate 1.5 xIQR

high acidic B16 tumors compared to ['*F]JFDG-BA. In
the initial stage of gycosylamine hydrolysis, reversible
protonation occurs, wherein the pKa value of the nitro-
gen plays a crucial role. Ideally, this pKa value should
align with the slightly acidic pH of the TME to facilitate
protonation, allowing for subsequent cleavage of the
radiopharmaceutical into free ['**F][FDG and the amine.
Nevertheless, since hydrolysis is not only dependent
on pK value of the hemiaminal chemical modifications
are difficult to predict. Our experiments indicate that a
broader pH optimum for ['F][FDG-4MBA exists when
compared to ['®F]JFDG-BA, meaning that this radiophar-
maceutical might be more suitable for imaging small pH
differences in vivo. Generally, measuring pH values in
vivo is associated with many difficulties such as complex
and dynamic intra-tumoral processes and a certain level
of inhomogeneity in every tumor. Therefore, a clear gold
standard of pH measuring cannot be expected. Neverthe-
less, the consistently measured pH differences in both
tumors are reasonable evidence of the reported uptake
mechanism. Data have shown that by determining the
acidity of the TME, predictions can be made about the
aggressiveness of tumor growth, metastatic behavior and
the migration and differentiation of immune cells [14, 15].
An alternative option to glycosylamines are small poly-
mers that are degraded under acidic conditions. These
are used in new therapeutic approaches to trigger the
release of drugs as soon as the drug carrier has reached
the slightly acidic tumor environment or after the drug

carrier has been taken up by the cells, which leads to the
localization of the polymer in the acidic endosomes and
lysosomes. The uptake mechanisms of pH sensitive pH
tracers vary, for example in regard of the role of tumor
cell membrane function. For example, !C-labeled bicar-
bonate is hypothesized to be converted to [''C]CO, in
an acidic environment and then diffuses across the cell
membrane [16]. Peptides have been reported to change
their conjugation towards alpha helices in acidic envi-
ronment, that then is inserted into cell membranes [11].
Using Glycosylamines in the form of [**F]JFDG-hemiami-
nal the underlying mechanism of pH imaging is hydroly-
sis in the tumor environment, and the tumor cell is then
accumulating [®F]FDG by an active transport mecha-
nism followed by intracellular trapping. The hydrolysis
is a complex reaction where different parameters play a
role. We have confirmed the hypothesis that this reac-
tion is well suited to image pH differences. Comparing
two slightly different hemiaminals [**F]JFDG-4MBA had
a broader range of optimal pH compared to [**F]JFDG-
BA both in vitro and in vivo. However, cardiac uptake of
[ F]FDG-4MBA was also higher than for ["*F][FDG-BA.
This might be explained by an acidic environment also in
the mouse heart [17]. Since the pH value of the TME can
have a decisive influence on the functionality of immu-
notherapies, such an imaging method might add a tool
to gain mechanistic insight of pH effects during immune
therapies.
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Conclusion

Glycosylamine based PET tracers display a high potential
as pH imaging probes and in particular ["*F]JFDG-4MBA
is a promising tracer to discriminate different acidic
tumors.
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