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Comparing MRI and histopathology, this study aims to comprehensively explore
the potential application of '8F-trifluoromethylated D-cysteine (S-['8F]CF3-D-CYS) in
evaluating glioma by using orthotopic C6 glioma models. Sprague-Dawley (SD)
rats (n = 9) were implanted with C6 glioma cells. Tumor growth was monitored
every week by multiparameter MRI [including dynamic contrast-enhanced MRI
(DCE-MRI)], ["®FIFDG, S-['8F]CF3-D-CYS, and ['®FJFDOPA PET imaging. Repeated
scans of the same rat with the two or three ['8F]-labeled radiotracers were
investigated. Initial regions of interest were manually delineated on ToWI| and
set on the same level of PET images, and tumor-to-normal brain uptake ratios
(TNRs) were calculated to semiquantitatively assess the tracer accumulation in the
tumor. The tumor volume in PET and histopathology was calculated. HE and Ki67
immunohistochemical staining were further performed. The correlations between the
uptake of S-['8F]CF3-D-CYS and Ki67 were analyzed. Dynamic S-['8F]CF3-D-CYS
PET imaging showed tumor uptake rapidly reached a peak, maintained plateau
during 10-30min after injection, then decreased slowly. Compared with ['8F]FDG and
['8FIFDOPA PET imaging, S-['F]CF3-D-CYS PET demonstrated the highest TNRs
(P < 0.05). There were no significant differences in the tumor volume measured on
S-['8F]CF3-D-CYS PET or HE specimen. Furthermore, our results showed that the
uptake of S-['8F]CF3-D-CYS was significantly positively correlated with tumor Ki67,
and the poor accumulated S-['8F]CF3-D-CYS was consistent with tumor hemorrhage.
There was no significant correlation between the S-['8F]CF3-D-CYS uptakes and the
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FIGURE 5 | (A-C) Representative S-['8FJCF3-D-CYS PET images (A), the corresponding Ki67 staining image (B), and the corresponding uptake values and Ki67
index for regions a—e in Panel A (C) (a—e in Panels A-C: different tissue regions; tissue regions marked by the same letters in different corresponding images are
considered as the same ones). (D) Correlation analysis between tumor S-['8F]CF3-D-CYS uptake values of different regions (such as marked tissue regions a—e in the
Panel A) in several rat models (represented by mean TNRs) and the corresponding Ki67 labeling index. (E-I) The representative SWI-MRI image (E), HE images of the
whole-brain section and the high-magnification view (F), S-['®F]CF3-D-CYS PET image (G), ['®F]FDG PET image (H), and ['®FJFDOPA PET image (1) on the
corresponding section of the same C6 glioma model (* in E: the tumor region with blood; * in G: the tumor region with low S-['®F]CF3-D-CYS uptake).

FIGURE 6 | (A,C) Representative DCE-MRI analysis results and corresponding K" maps. (B,D) Correlation analysis results between K@ values and
corresponding tumor S-['®F]CF3-D-CYS uptakes (represented by mean TNRs) (right arrows: tumors).

Correlation With Blood Brain Barrier and
Capillary Permeability

All the tumors were vividly enhanced on T; enhanced imaging,
which indicated that C6 glioma did disrupt the blood-brain

barrier (BBB). DCE-MRI analysis and concentration-time curve
results (Figures 6A,C) showed that K™ values in the tumors
(such as ROIs 1-2 in Figure 6A) were higher than those of
the contralateral normal brain parenchyma (such as ROI 4
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in Figure 6A), indicating that C6 glioma had higher capillary
permeability than the normal brain parenchyma. Figure 6B
shows that the positive correlation between the S-['8F]CF;3-D-
CYS uptake values and the corresponding K" values in these
tumor area (n = 12, R2 = 0.59, P < 0.01). However, there was
an exception that there was no significant difference between the
K" values of tumors and that of contralateral normal brain
tissues (Figure 6C). Even so, the corresponding S-['8F]CF;5-D-
CYS uptakes of different ROIs in the tumor were still varied
and higher than the contralateral normal parenchyma. Figure 6D
showed that, in this kind of tumor, there was no significant
correlation between S-['3F]CF3-D-CYS uptakes and K" values
(n =6, P > 0.05). Thus, the correlations between S-['®F]CF3-D-
CYS uptakes and K" values were still debatable, and the tumor
uptake of S-['8F]CF5-D-CYS was not necessary to depend on the
degree of capillary permeability.

DISCUSSION

In this study, we successfully further explored and evaluated
the application of a new sulfur-containing amino acid PET
tracer (S-['8F]CF5-D-CYS) for evaluating glioma in orthotopic
C6 glioma models. For S-['®F]CF;-D-CYS PET imaging, there
was relatively high tumor uptake and low normal brain uptake.
Compared with ["®F]JFDG and ['®F]JFDOPA PET imaging, S-
['®F]CF3-D-CYS PET imaging had the highest TNRs, which was
an advantage for tumor boundary delineation. The tumor volume
in S-['8F]CF;-D-CYS PET imaging was close to the pathological
size. Besides, we proved that S-['®F]CF;-D-CYS PET imaging
could reflect the tumor hemorrhage and was significantly
correlated with tumor cell proliferation. Furthermore, our results
suggested that the uptake of S-['8F]CF;-D-CYS was independent
of capillary permeability.

The dynamic PET scan of the glioma showed that the
optimal imaging period for S-[!8F]CF3-D-CYS PET was 10-
30 min after trace injection. In detail, the TACs demonstrated
that the accumulation of S-['3F]CF3-D-CYS in brain tumors was
quick (within 10min) and lasted for a long period (for 2h),
which makes the PET acquisition time of S-['3F]CF;-D-CYS
flexible. Furthermore, our study showed that the uptake of S-
['8F]CF3-D-CYS in the normal brain was relatively low, and it
provided a good imaging contrast. Compared with ['8F]FDG
and ["®F]JFDOPA PET imaging, S-['®F]CF;-D-CYS PET imaging
had the highest mean TNRs; it was possible to clearly define the
C6 glioma boundary (26). Besides, compared with [18F]EDG,
our study showed that S-['F]CF;-D-CYS PET imaging could
detect tumors in a week after orthotopic xenograft and even
could delineate the tumor contour. This was a valuable finding,
which has, on the other side, proven that the S-['8F]CF;5-D-
CYS PET imaging had high sensitivity in detecting gliomas. In
addition, the tumor volume measured on S-['3F]CF3-D-CYS
PET had high accordance with the pathological findings. Thus,
S-['8F]CF5-D-CYS PET might serve as a valuable modality for
glioma boundary delineation.

It is undeniable that the accumulation of S-['®F]CF3-D-CYS
in the tumor area was variable, in which we inferred that the

uneven uptake of S-['8F]CF3-D-CYS might indicate or reflect the
tumor heterogeneity. We verified our inference in two aspects.
On the one hand, our results showed that there was a significant
positive correlation between S-['8F]CF;-D-CYS uptakes and the
Ki67 labeling index. The higher the S-['8F]CF;-D-CYS uptakes
were, the higher the tumor cell proliferation was. These findings
are consistent with previous reports that ['!C]-MET uptake
correlated with the proliferative Ki67 index (27-29). On the
other hand, we found that the tumor hemorrhage region, which
was confirmed by SWI-MRI and histopathology, had a pretty
low S-['8F]CF3;-D-CYS uptake. Tumor cell proliferation rate
and tumor with hemorrhage were thought to be related to
tumor heterogeneity (12, 13). As a result, S-['F]CF3-D-CYS
is a promising candidate for evaluating glioma and reflecting
tumor heterogeneity.

Interestingly, we explored whether S-['8F]CF5-D-CYS
accumulation is dependent on BBB breakdown and capillary
permeability. K" is a measure of capillary permeability
obtained using DCE-MR perfusion. The negative correlation
between S-[!3F]CF;-D-CYS uptake and K" values including
all cases showed that S-['8F]CF3-D-CYS uptake is independent
on the degree of capillary permeability. However, we noticed
that when the tumor has high capillary permeability, the uptake
of S-['F]CF3-D-CYS uptake was significantly correlated to the
extent of capillary permeability, which we speculated that the
increased capillary permeability might increase passive diffusion,
which would help S-['8F]CF5-D-CYS enter and accumulate in
the tumor area. Those results are in line with earlier studies
reporting that AA transport into brain tumors is not dependent
on, but may be intensified by, breakdown in the BBB (30, 31).
Consequently, S-['®F]CF;-D-CYS PET imaging has another
advantage over MRI in imaging tumors with intact BBB.

Going even further, the expression of some AA transporters,
particularly the system L subtype LAT-1, system ASC subtype
ASCT-2, and so on, is increased in malignant lesions (32, 33). In
addition, our previous work (16) has identified that the cellular
uptake of S-[1®F]CF3-D-CYS in C6 cells mainly relied on the
systems L (without the presence of Na+) and ASC (in the
presence of Na+). Thus, we reasonably deduce that LAT-1 can
transport S-['8F]CF3-D-CYS in the absence of Na+, and ASCT-
2 is likely one of the transporters for uptake of S-['3F]CF;-D-
CYS in vitro. These two transporters may play some roles in
vivo as well. However, the transport mechanism of S-['8F]CFs-
D-CYS is not clear yet. The final and precise conclusions with the
tumor uptake mechanism of S-['8F]CF;3-D-CYS still need to be
further studied. Western blot or mass spectrometry to quantify
transporter proteins needs to be further explored.

There are some comparative advantages of S-['®F]CF;-D-CYS
over common clinical PET agents in imaging glioma. First, as
D-isomers of PET enantiopure tracers, S-['8F]CF;-D-CYS,
familiar with previous studies such as 3-[18F]ﬂuoro-a-methy1-
D-tyrosine (D-['3F]JFAMT) and (D)-'®F-fluoromethyltyrosine
(D-'8F-FMT), has some properties compared with their
corresponding L-amino acids (16, 34, 35). For instance, D-
isomers are characterized by fast clearance from the blood
and kidney, thus low radiation burden, since D-amino acids
rarely are used for the biological activity of mammals and there
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is rare accumulation in normal tissues. In this study, unlike
the high uptake of ["F]JFDG in the normal brain, there is
an extremely low uptake of S-['8F]CF3-D-CYS in the normal
brain. Therefore, it is easier to detect early tumors and more
distinct to delineate tumor boundary for S-['8F]CF;3-D-CYS PET
imaging due to higher TNRs. Second, in our study, compared
with ["8F]JFDOPA, the TNRs of S-[!8F]CF;3-D-CYS are higher,
which is more suitable for depicting the tumor boundaries.
Moreover, unlike the physiological uptake of ['*F]JFDOPA in
striatum that mimics the tumor infiltration (6), there is no such
observation for S-['8F]CF3-D-CYS PET imaging. For example, as
is shown in Figure 4A, the tumor size depicted by ['*F[FDOPA
was larger than that contoured by S-['*F]CF;-D-CYS. It is
because the high uptake in the basal ganglia of [!3F]JFDOPA
confused the boundary contour of gliomas transplanted in the
caudate nucleus. Third, compared with ['8F]-FET, S-['8F]CF;-
D-CYS is more suitable for discriminating metabolically active
tumors from the vessels because the ['*F]-FET has a longer
retention time in the blood pool than S-[18F]CF;3-D-CYS (15).
Fourth, S-[!3F]CF;-D-CYS seems to have similar potential in
differentiating between tumor and inflammation compared to
I8E_FBPA (16, 36). However, the D-isomer of '®F-FBPA was
unsuitable for tumor PET probe as recently reported by Hirai
et al. (37). Lastly, contrary to 3'-deoxy-3'-['8F]fluorothymidine
(['8F]-FLT, a thymine nucleoside radiotracer not an AA,
which indicates the proliferative state of cells), whose uptake
is facilitated by BBB breakdown (15, 38), the uptake of S-
['®F]CF;-D-CYS is independent of BBB breakdown, which
lead a more extensive imaging range of various gliomas for
S-['8F]CF5-D-CYS PET imaging.

However, one of the limitations of this study is the lack
of autoradiographic imaging that can provide the precise
comparison with histology. There could also be slow
defluorination or bone intake of S-[*®F]CF5-D-CYS, which may
influence image quality. Even so, the superiority of S-['8F]CF;-
D-CYS PET imaging in conjunction with multiparametric MRI
during the long process of struggling against glioma should not
be overlooked. Additional investigations are warranted in the
future to improve its stability in vivo and optimize image effect.

In  summary, our study evaluated a new !SF-
trifluoromethylated D-cysteine, S-['®F]JCF;-D-CYS, as a
promising brain tumor PET tracer referred from previous
research. The S-['F]CF;-D-CYS PET imaging exhibited high
tumor uptake and clear tumor boundaries, which were the
clearest compared with those that ['®F]FDG and ['8F]FDOPA
PET imaging depicted in our study. The uptake of S-['8F]CF;-
D-CYS reflected tumoral heterogeneity and was independent
of the degree of capillary permeability. In conclusion, in
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