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Abstract: With advancement in antibody engineering, the development and characterization of new cancer-specific
molecular targets are in the forefront of this PET-antibody combination “revolution”. Overexpression of CD146 in
different types of tumors, including breast tumor, has been associated with tumor progression and poor prognosis.
Non-invasive detection of CD146 with a monoclonal antibody may provide a noninvasive diagnostic tool with high
specificity and accountability. Methods: Herein, we have developed a CD146-specific monoclonal antibody (YY146),
radiolabeled it with ®2Mn and 8°Zr and identified its capability in acting as a non-invasive imaging agent that specific
targets CD146 in different murine breast cancer models. CD146 expression was first screened in different breast
tumor cell lines through Western Blot and confirmed its binding ability to YY146 using Flow Cytometry. Serial immu-
noPET images were carried out after intravenous administration of 52Mn or 8Zr labeled YY146. In addition, we also
performed in vivo fluorescence imaging in animals injected with YY146 conjugated with Cy5.5. Results: Western Blot
results show that MDA-MB-435 cell line had greater levels of CD146 expression when compared to the other cell
lines investigated. Flow cytometry confirmed binding ability of YY146. PET images revealed well correlated uptake
between tumor uptake and CD146 expression levels, confirmed by biodistribution studies and fluorescence imag-
ing. Conclusion: PET imaging, for up to 7 days, of mice bearing three different breast tumors were carried out and
revealed radiotracer uptake in tumors that strongly (r> = 0.98, P < 0.01), correlated with CD146 expression levels,
as confirmed by in vitro and ex vivo studies.
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Introduction motherapeutic agents [3, 4]. Unfortunately,
around 10-15% of all breast tumor types are
TNBC and patients tend to have a poorer out-
come when compared to those with positive
markers [5]. In this context, the identification

and evaluation of other breast cancer tumor

In the clinical settings, breast cancer can
be distinguished between different subtypes,
each with its own prognostic value and man-
agement. These subtypes refer to the presen-

ce of estrogen receptor (ER) and progesterone
receptor (PR) expression, as well as overexpre-
ssion of HER-2/Neu and those tumors which
do not express either are commonly referred
to as triple-negative breast cancer (TNBC) [1,
2]. Differential therapeutic regimen is used ac-
cording to the expression of these three mark-
ers. While ER, PR and HER-2/Neu expressing
tumors can be treated with specific inhibitors,
little options are found for TNBC patients, whi-
ch end up being treated with unspecific che-

markers are warranted and can have impor-
tant implications in TNBC diagnosis and thera-
py. As such, preclinical studies on the identifi-
cation of novel targets and its in vivo non-inva-
sive detection in the tumor tissue is of upmost
importance and can potentially contribute for
the development of therapeutic antibodies [6].

Overexpression of CD146, also referred to as
melanoma cell adhesion molecule (MCAM, M-
CAM and MUC18), have been described for
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many types of cancer, including breast cancer
[7]. It has been demonstrated that, in breast
tumors, CD146 is involved in the induction
of epithelial-to-mesenchymal transition (EMT)
[8-11], a developmental process [12] frequent-
ly involved in cancer dissemination. CD146 has
also been associated with poor prognosis and
tumor aggressiveness in breast cancer [13-15].
In addition, CD146 correlates with tumors of
higher grade, especially on receptor specific
negative breast cancer subtypes, such as TNBC
[8, 11, 14] and CD146 downregulation is asso-
ciated with less aggressive phenotypes [14].
With that in mind, CD146 shows promise as a
useful marker for predicting disease progres-
sion and treatment response in breast cancer
patients and could be a potential target for
TNBC theranostics.

Herein, we aimed at identifying CD146 expres-
sion levels of different breast cancer tumor cell
lines, including those derived from TNBC and
evaluate the ability of using that target for
immunoPET imaging using an anti-CD146
monoclonal antibody (YY146) radiolabeled
with %2Mn in orthotopic tumors. In parallel, to
dive in the possibilities of applications of
YY146 in breast cancer, we have also per-
formed PET imaging on breast cancer xeno-
grafts using YY146 radiolabeled with 8Zr and
optical imaging with YY146 conjugated with a
fluorescent dye.

Methods
Cancer cell lines and animal models

Four human breast cancer cell lines including
MDA-MB-231 (HTB26), SKBR-3 (HTB30), MCF-
7 (HTB22) and MDA-MB-435 (HTB-129) were
used (ATCC; Manassas, VA, USA). Cells were
grown in a humidified incubator at 37°C with
5% CO, using Dulbecco's Modified Eagle
Medium (DMEM) for MDA-MB-231 and MDA-
MB-435 cells. Eagle’s Minimum Essential Me-
dium (EMEM) for MCF-7 cells and McCoy’s 5A
Medium for SKBR3 cells with proper supple-
mentation. Cells were used for studies at ~70%
confluence.

All animal studies were conducted under the
approval of the University of Wisconsin Institu-
tional Animal Care and Use Committee. To gen-
erate tumors, cells were resuspended in 100
uL 1:1 of PBS and Matrigel (BD Biosciences) at
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a concentration of 1 x 108 cells/mL. Orthotopic
breast tumor was induced with injection of
MDA-MB-231, MDA-MB-435 or MCF-7 cells
into the mammary fat pad [16] of four-to-five
week old female athymic nude mice (Envigo,
WI, USA). Xenograft breast tumor was induced
with the injection of MDA-MB-435 or MCF-7
into the right flank of female athymic nude
mice (Envigo, WI) and in vivo experiments were
carried out approximately 3 weeks after.

Tracer generation (radiolabeling with *>Mn and
897Zr and conjugation with Cy5.5)

52Mn and anti-CD146 production and purifica-
tion was carried out as previously reported [17,
18]. For radiolabeling of YY146 with 52Mn,
YY146 was first conjugated with the chelator
p-SCN-Bn-DOTA (DOTA; Macrocyclics, Dallas,
TX, USA) according to previously described pro-
cedure (pH ~8.5 adjusted with 0.1 M Na,CO,,
and a YY146:DOTA molar ratio of 1:25, 2 hours
at room temperature) [19]. PD-10 columns (GE
Healthcare, Aurora, OH, USA) were used to puri-
fy DOTA-YY146 from unconjugated DOTA.

For radiolabeling with 52Mn, 150-200-ug of
DOTA-YY146, in 0.1 M sodium acetate buffer
(pH 4.5) was added to 74-148 MBq (2-4 mCi) of
52Mn (0.1 M HCL) and let react for 30 min at
37°C. 52Mn-DOTA-YY146 was purified using
PD-10 with PBS as mobile phase. For radiola-
beling with 8Zr, deferoxamine (Df) was first
conjugated to YY146 using protocols describ-
ed previously [20]. YY146-Df radiolabeling was
carried out in 0.5 M HEPES buffer, at final pH
of 7.0 for 1 h at 37°C with approximately 120
MBgq (~3 mCi) of 8°Zr-oxalate followed by purifi-
cation with PD-10 columns.

YY146 or IgG was conjugated with Cy5.5 NHS
ester (Abcam) at a molar ratio of 1:20 in a car-
bonate-bicarbonate buffer (pH 9.2) for 2 h.
Cy5.5-YY146 was then purified using PD-10
column with PBS as mobile phase.

Flow cytometry and Western blot

Western blot was carried out to determine
presence of CD146 protein, following standard
procedure. Mouse anti-CD146 (Santa Cruz
Biotech Inc., Dallas, TX) and rabbit anti-B-actin
(LI-COR Biosciences) were used as primary
antibodies. IRDye-680LT-labeled donkey anti-
mouse (1:2000) and IRDye-800CW-labeled
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donkey (1:3000) anti-rabbit were used as sec-
ondary antibodies (LI-COR Biosciences). Fluo-
rescent immunocomplexes were acquired on
Odyssey® CLx Infrared Imaging System (LI-
COR Biosciences) and analyzed with Image
Studio Lite (LI-COR Biosciences).

Flow cytometry was employed to investigate
the CD146-immunoreactivity of YY146 and
DOTA-YY146 in different cell lines. For that,
cells were were incubated with 5 pg/mL or 25
ug/mL of YY146 and DOTA-YY146 antibodies
(30 min, RT). After washing three times, cells
were then incubated with FITC-labeled goat
anti-mouse IgG (5 pg/mL) for 30 min at RT.
Experiment was carried out in a MACSQuant10
cytometer and analyzed in FlowJo software
(Tree Star, Inc.).

PET imaging and ex vivo biodistribution studies

1-3 MBqg of 52Mn-DOTA-YY146 was intraven-
ously injected in mice bearing MDA-MB-231,
MDA-MB-435 and MCF-7 orthotopic tumors.
PET scans were acquired (60 million coinci-
dence events) with an Inveon PET/CT scanner
(Siemens). Serial PET scans were acquired at
4,24,48, 72,96, 120 and 168 h post-injection
(p.i.). Similarly, for imaging with 8°Zr-Df-YY146,
mice bearing MDA-MB-435 or MCF-7 xeno-
grafts were injected with 5-10 MBq 8°Zr-Df-
YY146 per mouse via tail vein. Imaging was
performed at 4, 6, 12, 24, 48 ,72, 96 and 120
h p.i. Images were reconstructed using Inveon
Acquisition Workplace (Siemens). regions-of-
interest (ROI), expressed as percent injected
dose per gram of tissue (%ID/g) were drawn in
an Inveon Research Workspace (Siemens).
After the last scan, animals were euthanized
and major organs were harvested and mea-
sured in a gamma counter (PerkinElmer).

In vivo and ex vivo fluorescence imaging

Cy5.5-YY146 was intravenously injected into
MDA-MB-435 and MCF-7 xenograft models (n =
3) at a dose of approximately 50 ug per animal.
The animals were anesthetized by 2% isoflu-
rane and placed in a prone position on an IVIS
Spectrum imager. Fluorescence imaging was
collected at 6, 24, 48, 72, 96, 120, 144 and
168 h p.i. using a Living Image 4.0 software,
under an excitation wavelength of 675 nm and
emission wavelength of 720 nm. The mice were
euthanized after the final imaging time point
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and tumor and major organs including heart,
lung, liver, spleen, pancreas, stomach, intes-
tine, kidney, bladder, muscle, bone and brain
were harvested for ex vivo imaging. As a non-
specific control, a separate cohort of animals
were injected with Cy5.5-1gG and in vivo and
ex vivo imaging were carried out in the same
manner as described above.

Immunofluorescence staining

CD146 expression was further evaluated in ex-
cised tumor tissue samples through immuno-
fluorescence staining according to previously
described procedure for frozen samples [18,
21, 22]. Samples were also co-stained for
CD31, a vasculature marker. YY146 (10 pg/
mL) and rat anti-mouse CD31 antibody (BD
Biosciences) were used as primary antibodies
and AlexaFluor488-labeled goat anti-mouse
IgG (Invitrogen) and Cy3-labeled donkey anti-
rat 18G (The Jackson Laboratory), as second-
aries. Images were acquired with w a Nikon
Digital Eclipse C1 plus microscope.

Statistical analysis

GraphPad Prism 5.03 was used for quantita-
tive data analysis. Results are presented as
mean * SD. For statistical analysis, unpaired
Student’s t test, and statistical was used and
significance was considered to have p values
of 0.05 or less. All groups had a minimum of
three subjects (n > 3).

Results
In vitro assays

We first aimed at identifying CD146 expres-
sion levels in different breast cancer cell lines,
derived from both receptors expressing and
TNBC tumors. Data from western blot analy-
sis (Figure 1A and 1B) demonstrate a strong
band around 130 kDa, which indicates pres-
ence of CD146 protein in at least three out of
four cell lines investigated. The expression lev-
els for the cells tested were MDA-MB-435 >
MDA-MB-231 > SKBR3 > MCF-7 (MDA-MB-435
presented highest expression and MCF-7 low-
est expression). In order to evaluate if our trac-
er could differentiate and accumulate differ-
ently in tumor tissue according to CD146 ex-
pression, we have selected MDA-MB-435 cell
line as our high-expression cell line, MDA-MB-
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Figure 1. In vitro CD146 expression in human breast cancer cells. A. Western blot displayed bands around 130 kDa
consistent with CD146 (113 kDa). B. Quantification of Western blot findings. Expression levels of CD146 for differ-
ent cell lines followed the order MDA-MB-435 > MDA-MB-231 > SKBR-3 > MCF-7. *Red rectangle identifies TNBC
cellline. C. Fluorescence histogram from Flow cytometry of different cell lines and immunoreactivity of YY146 bound

and unbound to chelator.

231 as our medium expression level cell line
and MCF-7 as our low CD146 expression cell
line for future in vivo studies. Noteworthy, we
selected two TNBC-derived cancer cell lines
(MDA-MB-435 and MDA-MB-231). We also
confirmed this trend through flow cytometry
(Figure 1C), in which histograms showed fluo-
rescence signals corresponding to CD146 ex-
pression levels similarly as found for Western
Blot. Importantly, flow cytometry confirmed th-
at CD146-avidity of YY146 was not affected by
the presence of DOTA chelator. Of note, we
have previously reported that the conjugation
of YY146 with Df did not affect its binding abil-
ity [20].

Radiolabeling studies

To establish a radiolabeling protocol, we first
evaluated the time of incubation and optimal
amount of antibody per mCi of activity that
would allow good radiolabeling yields. Results
of radiolabeling study are presented in Figure
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S1, in which different amounts of antibody per
mCi of isotope were tested and labeling yields
were calculated as a function of incubation
time using iTLC. Rapid and high-yield labeling
was observed for all the concentrations test-
ed that reached above 95% labeling yield after
60 min incubation. We then selected 250 pg/
mCi to be used in our standard procedures. Of
note, herein we found similar results to findings
from our group in previously published reports
of YY146 labeling studies with 8Zr [20, 21].

PET imaging and biodistribution studies

After intravenous administration of 52Mn-
DOTA-YY146 in mice bearing MDA-MB-435,
MDA-MB-231 or MCF-7 orthotopic tumors, seri-
al PET images were acquired at different time
points for up to 7 days (Figure 2A). In accor-
dance to in vitro findings, PET imaging revealed
that tumors in MDA-MB-435 and MDA-MB-
231 tumor-bearing mice were clearly visualized
since 24 h p.i. onward. However, MDA-MB-435
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Figure 2. PET imaging results. A. Serial maximum intensity projection (MIP) PET Images at different time points after
injection of 2Mn-DOTA-YY146 in mice bearing MDA-MB-435, MDA-MB-231, or MCF-7 tumors. Green dashed circles
refer to the location of orthotopic tumors. *Red rectangle identifies TNBC cell line. B. Time Activity Curves calculated
from PET imaging ROI analysis of the aforementioned groups.

tumor bearing mice had the highest tumor
accumulation among the other tested groups,
tumor uptake increased over time and reach a
maximum of 10.2 + 0.5 %ID/g at 120 h p.i.
(Figure 2B). For the MDA-MB-231 tumor bear-
ing mice group, the tumor reached its highest
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at 120 h p.i., 7.8 £ 0.9 %ID/g with significantly
lower uptake when compared to MDA-MB-435
group starting from 48 h p.i. time point (Figure
3A). MCF-7 tumor bearing mice had near back-
ground tumor uptake in vivo, with its highest at
2.8 + 0.6 %ID/g at 24 h p.i. MCF-7 group had

Am J Cancer Res 2021;11(4):1586-1599
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Figure 3. PET ROl analysis and biodistribution data. Direct comparison of (A) Tumor uptake, (B) Tumor-to-muscle, and
(C) Tumor-to-blood ratios based on the quantitative data obtained from the analysis of PET images. *P < 0.05. (D)
Ex vivo gamma counting biodistribution at 168 h post-injection of 2Mn-DOTA-YY146 in mice bearing MDA-MB-435,

MDA-MB-231 or MCF-7 tumors.

significantly lower tumor uptake when com-
pared to the other two groups since 24 h p.i.
onward. A direct comparison between tumor
uptake can be seen at Figures 4B, 5. Tumor
uptake in MDA-MB-435 tumor bearing mice
was significantly higher than that of MCF-7
tumor group since 24 h p.i. and significantly
higher than MDA-MB-231 group starting at 48
h p.i. In addition, direct comparisons of tumor-
to-muscle (Figure 3B) and tumor-to-blood
(Figure 3C) ratios were calculated. In both
cases, the ratios for MDA-MB-435 implanted
group is significantly higher than MCF-7 group
starting from day 2 p.i. and MDA-MB-231
implanted mice from 120 h p.i. Of note, tumor-
to-blood ratios reached its highest value of 3.8
+ 0.8 %ID/g at 168 h p.i.,, 2.6 + 0.2 at 129 h
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%ID/g p.i. and 1.1 + 0.2 %ID/g at 168 h p.i.
in MDA-MB-435, MDA-MB-231 and MCF-7 tu-
mors respectively. More importantly, tumor-to-
muscle ratios reached unprecedented high
values in the triple-negative breast cancer cell
lines, with values of 19.3 + 2.2 and 13.4 + 3.1
%ID/g for MDA-MB-435 and MDA-MB-231, re-
spectively.

Altogether, those results demonstrated the
ability of 52Mn-DOTA-YY146 in differentiating
CD146 expression levels in vivo. The tracer
cleared from the circulation in a similar man-
ner in all groups investigated. Liver was found
to be the off-target organ with the highest
uptake among all groups, with uptakes that
peaked at 4 h p.i. at 10.3 + 0.7 %ID/g, 10.1 +

Am J Cancer Res 2021;11(4):1586-1599
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Figure 4. 8Zr-Df-YY146 PET imaging and ROI analysis of PET images in MDA-MB-435 and MCF-7 subcutaneous
xenograft models. A. MIP PET images indicating that the tumor radioactivity uptake of MDA-MB-435 gradually in-
creased, while the MCF-7 tumor was close to the background. The white circle depicts tumor area. *Red rectangle
identifies TNBC cell line. B. ROl analysis of PET images showed tumor peak uptake of 8Zr-Df-YY146 in MDA-MB-435
was 14.05 * 3.04 %ID/g at 120 h p.i., while in the MCF-7 model was only 4.65 + 1.20 %ID/g (n = 4, P < 0.05). The
radioactive uptake of the blood, liver and kidney showed a gradual decrease trend (P > 0.05).

1.6 %ID/g and 7.3 + 2.2 %ID/g for MDA-MB- ed tracer clearance kinetics. Relatively impor-
435, MDA-MB-231 and MCF-7 groups respec- tant signal in bone tissue was observed in all
tively, which corresponds to the antibody-bas- the studied groups, which usually indicates
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Figure 5. Near infra-red fluorescence imaging results. A. Serial in vivo fluorescence of MB-435 and MCF-7 tumor
bearing animals injected with YY146-Cy5.5 or IgG-Cy5.5. Tumors are indicated by yellow circles. B. Ex vivo imaging
of animals after tumors were harvested as well as main organs confirmed the results of in vivo imaging.

certain metal-chelate instability. However, free ent pharmacokinetic profile and typically do
manganese has been shown to have a differ- not accumulate in the bones [23]. Herein, a
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direct interaction between the bone and DOTA-
bound manganese might account for this bone
accumulation, but further studies are warrant-
ed. Nonetheless, the use of 2Mn is still war-
ranted for longer-term scanning, or its use in
novel triple coincidence PET cameras. We also
observed some uptake in lymph nodes, which
could be explained by the fact that CD146 is
also expressed on endothelial cells, such as
the high endothelial venules in lymph nodes
[24]. Ex vivo biodistribution studies confirmed
in vitro and in vivo PET findings (Figure S2),
and tumor uptake followed the MDA-MB-435 >
MDA-MB-231 > MCF-7 trend at 13.7 + 1.8
%ID/g, 9.6 + 4.0 %ID/g and 3.0 + 0.3 %ID/g
respectively.

Inspired by the previous results and the fact
that the 2Mn is still a relatively novel PET iso-
tope, we have decided to investigate differen-
tial tumor uptake of YY146 by radiolabeling it
with a different and more commonly used iso-
tope, 89Zr. Since 8Zr has a half-life (78.4 h) that
allows PET imaging of similar time points as
52Mn, we were able to make a direct compari-
son between 52Mn and 8°Zr labeled YY146. In
those studies, we selected the cell lines with
highest and lowest CD146 expression and
tumor uptake in previous studies, MDA-MB-
435 and MCF-7, respectively. The maximum
intensity projection (MIP) images of animals
injected with 89Zr-Df-YY146 showed similar pat-
tern as that observed from the animals inject-
ed with 52Mn-DOTA-YY146, in which tumor up-
take is clearly visualized in MDA-MB-435 tu-
mor-bearing mice after 24 h p.i. (Figure 4A).
Tumor uptake in MDA-MB-435 tumor bearing
mice increased gradually with time and peak-
ed at 14.2 + 3.8 %ID/g (n = 3) at 120 h p.i,,
while MCF-7 tumor uptake was close to back-
ground at all time points, with a maximum
uptake of 4.85 + 1.20 %ID/g also at 120 h p.i.
(Figure 4B). Uptake in MDA-MB-435 tumors
were significantly higher (P < 0.05) than up-
take in MCF-7 tumors starting from 12 h p.i.
until the end of the study. Furthermore, uptake
in non-target organs such as heart, liver, and
kidney (Figure 4B) gradually decreased over
time, and there was no statistical difference
between the two groups (P > 0.05).

Of note, biodistribution of ®2Mn-DOTA-YY146
was very similar to that of 8Zr-Df-YY146, and
no uptake differences in the blood pool, liver
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and bone was found between the groups at all
time points investigated, except that of liver at
4 h p.i. (Figure S3). More importantly, tumor
uptake in MDA-MB-435 tumor bearing mice
was also not different between the two in-
jected probes (Figure S4A). However, in MCF-7
tumors, even though the uptake was signifi-
cantly lower than that of MDA-MB-435 tumors
in both groups, the group injected with 8°Zr-Df-
YY146 had significantly higher tumor uptake
from 48 h p.i. onward than the group injected
with 52Mn-DOTA-YY146 (Figure S4B), probably
due to differences in EPR effect of subcutane-
ous vs orthotopic xenografts.

Fluorescence imaging

In vivo fluorescence imaging was performed at
6, 24, 48, 72, 96, 120, 144 and 168 hours
after administration of YY146 conjugated with
Cyb.5 (Figure 5A). A separate cohort of MDA-
MB-435 tumor bearing animals were injected
with I1gG-Cy5.5 as a control group. Results
were compatible with findings from PET imag-
es, in which tumor uptake gradually increased
over time and tumor uptake in MDA-MB-435
tumor bearing mice was significantly higher
than that found for MCF-7 tumor bearing mice
(Figure S5). In addition, uptake in MDA-MB-435
tumors were significantly higher than tumor
uptake in animals injected with 1gG-Cy5.5. Of
note, tumor uptake of MDA-MB-435 tumors in
animals injected with 1gG-Cy5.5 was similar to
that found for MCF-7 tumors injected with
YY146-Cy5.5, mostly due to EPR effect. Also
corroborate by findings from PET, uptake in the
liver fluorescence decreased with time, and
there was no significant difference among the
groups. At the last time point of imaging (168 h
p.i.), mice were euthanized and tumors and
main organs were harvested for ex vivo fluores-
cence imaging (Figure 5B). The tumor fluores-
cence uptake level was consistent with in vivo
imaging. Fluorescence mainly remained in the
liver and stomach, indicating that the antibody
may be excreted mainly through the liver and
digestive system (Figure S5).

Immunofluorescence staining

Immunofluorescence staining of tumor sec-
tions confirmed in vitro studies findings and
were in accordance with findings from PET
(Figure 6). Tissue sections of different tumors
were co-stained for CD146 and CD31 (vascula-
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Figure 6. Immunofluorescence staining data. CD146/CD31 immunofluorescence staining of different human breast
cancer tumors. CD146 staining (green channel) was more prominent in MDA-MB-435 tumors. The overlap between
CD146 and CD31 (red channel) can also be seen. Scale bar: 20 um. *Red rectangle identifies TNBC cell line.

ture). In animals implanted with MDA-MB-435
cells, very high CD146 signal is seen over the
entire sample, while MDA-MB-231 and MCF-7
tissue sections showed medium and minimal
staining of CD146, respectively. CD31 staining
identifies similar vasculature among samples.

Discussion

Approximately 1 in 8 women (around 12%) in
the United States will be diagnosed with an
invasive form of breast cancer over the course
of her lifetime. Last year alone, more than
320,000 new cases of breast cancer were
expected to be diagnosed in the U.S., of which
more than 80% with an invasive form of the
disease [25]. Worldwide, the estimated inci-
dence of breast cancer per year is more than 2
million new cases making breast cancer the
second most incident tumor among women.
Among those cases, more than 200,000 (10-
15%) new cases annually will be of triple nega-
tive breast cancer, characterized by aggressive
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behavior, metastatic spread and poor survival
rates. Those characteristics are due primarily
to the fact that, at the time of diagnosis, tu-
mors are already larger with positive axillary
lymph node and poorer Nottingham prognostic
index [26]. In addition, TNBC is intrinsically het-
erogeneous in its molecular, immunological
and clinical behavior, contributing to different
clinical outcomes. After years without break-
throughs in TNBC treatment or diagnosis, the
scientific community has undertaken a great
effort in understanding the different molecular
profiles and to discover new molecular targets
for TNBC [27-29]. Recent advances have been
made with the inclusion of PARP inhibitors and
checkpoint inhibitors, and other potential pre-
dictive and prognostic biomarkers have been
found [26, 30]. However, cytotoxic chemo-
therapy is still the primary therapeutic agent
against TNBC and a comprehensive classifica-
tion of TNBC with specific molecular pheno-
types has yet to be defined. In this context,
identifying practical immune-molecular TNBC
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signatures would be highly desirable for accu-
rate targeted diagnosis, patient stratification,
personalized therapy and overall disease man-
agement [31].

In breast cancer, CD146 overexpression is
associated with poor prognosis, hormonal
treatment resistance and with a tumor of high-
er grade. Most recently, it has been shown that
CD146 is found in around 11% of all primary
breast cancer tissues and its predominantly
present in the medullary and triple-negative
subtypes [32]. Our group has previously devel-
oped an anti-human CD146-targeting mono-
clonal antibody, YY146, and successfully dem-
onstrated its ability, in vivo, of targeting CD146
in a variety of tumor models [18, 19, 21]. In
this study, we aimed at validating CD146 as a
target for noninvasive diagnosis and stratifica-
tion of TNBC and to evaluate its potential as a
therapeutic target. To the best of our knowl-
edge, this is the first time a CD146 target im-
munoPET probe is used for in vivo diagnosis
and stratification of TNBC.

Herein, small animal ImmunoPET imaging fol-
lowed by ex vivo biodistribution studies were
carried out in orthotopic breast tumors, includ-
ing of cell lines derived from TNBC. After delin-
eating CD146 expression of different cell
lines, in vivo tumor accumulation of the tracer
according to CD146 expression levels was
investigated in different breast cancer cell
lines (MDA-MB-435, MDA-MB-231 and MCF-7),
including at least one of TNBC. In accordance
with in vitro data, PET imaging demonstrated a
good correlation between CD146 expression
levels and tumor uptake, in which the TNBC cell
lines had higher expression levels and tracer
tumor accumulation than that of MCF-7 cell
line. Furthermore, the different levels of ex-
pression among the CD146 expressing cell
lines was clearly delineated through PET imag-
ing and resulted in excellent differential tu-
mor-to-muscle ratios of 19.3 + 2.2 for MDA-
MB-435 tumor bearing mice and 13.4 + 3.1
for animals with MDA-MB-231 tumors. Tracer
uptake in MCF-7 tumors only reached a tumor-
to-muscle ratio of 5.6 + 1.5, confirming further
the correlation between 52Mn-DOTA-YY146 up-
take and CD146 expression.

Nuclear medicine has been facing great need
for long-lived PET radiometals due to the ad-
vancement of antibody-based cancer thera-
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peutics and the need for companion diagnos-
tics [33, 34]. 52Mn is a radioisotope with inter-
esting decay characteristics (t, , = 5.59 d, §*
= 29.6%, Eﬁave = 0.24 MeV) and have been
increasingly used in the recent years because
of its use in PET/MRI techniques. When com-
pared to other commonly used isotopes, such
as %*Cu or 8Zr, 52Mn can offer advantages in
immunoPET-based studies in which longer stu-
dy time-points (up to 3 weeks) are needed.
Furthermore, when used as a companion diag-
nostic tool, for example together with the use
of long-lived nuclides such as *"’Lu, the entire
course of treatment can be evaluated with
52Mn PET [23]. In addition, because of its high
amount of coincident high energy gammas,
52Mn is uniquely suited for third-gamma coinci-
dence PET [35]. Our group have previously
demonstrated the production, purification and
labeling procedures of ®2Mn and its application
in immunoPET imaging [23]. Herein, we also
demonstrate the ability in using ®°Mn as a PET
isotope with an appropriate half-life that mat-
ches antibody pharmacokinetics in vivo, with
the animals being monitored for up to 7 days.
Most importantly, since the tumor uptake
peaked at 120 h p.i., it was critical to use an
isotope with a larger half-life than the most
commonly used 4Cu or ®8Ga. Notably, we found
no significantly different pharmacokinetics
between 2Mn-DOTA-YY146 and 8°Zr-Df-YY146
as demonstrated by PET images and ROI
calculations.

To demonstrate even further the application
possibilities of YY146, we conjugated it with
a near-infrared fluorescence-emitting dye to
allow for optical imaging. When compared to
other imaging techniques, optical imaging can
have several advantages including versatility,
sensitivity, great spatial resolution and has
become a widely used tool in all pre-clinical
studies [36]. Fluorescence imaging corroborat-
ed findings from PET and differential CD146
expression directly correlated with tracer up-
take. Even though neoadjuvant therapy is the
gold standard for TNBC treatment, surgical
treatment with breast preservation has been
proposed [37]. In this context, real-time near
infra-red Fluorescence (NIRF) imaging with a
target specific probe such as YY146-Cy5.5 can
be complimentary to PET imaging findings in
the clinical setting and used for surgical mar-
gins identification and tumor resection assess-
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ment. We have also performed imaging with
IgG and results indicated tracer specificity and
tumor uptake in high CD146 expressing cell
line was similar to that of low expressing one.
Specificity, in situ CD146 expression and its
differential tumor uptake was further demon-
strated by ex vivo immunofluorescence stain-
ing of tumor tissue. Taken together, our data
reveal the ability of our radiolabeled probe in
identifying different CD146 expression levels
in vivo and its potential as an imaging agent
targeting TNBC. This can have important im-
plications in TNBC management such as diag-
nosis, stratification, staging and identification
of patients who will most likely respond to
CD146-targeted therapies.

Conclusion

We have evaluated and characterized the abili-
ty of 52Mn-labeled YY146, a specific antibody
targeting human CD146 to act as a CD146-
specific breast tumor imaging agent, with capa-
bility of delineating different CD146 expres-
sions. PET imaging, for up to 7 days, of mice
bearing three different breast tumors were car-
ried out and revealed radiotracer uptake in
tumors that strongly (r? = 0.98, P < 0.01) cor-
related with CD146 expression levels, as con-
firmed by in vitro and ex vivo studies. Herein,
we confirmed the ability of using YY146 as in
vivo targeting agent for non-invasive imaging
(PET and NIRF) in breast cancer models. Since
overexpression of CD146 has been identified in
a diverse range of tumors and most specifically
triple negative breast cancer, we expect this
radiolabeled antibody to hold a significant role
in TNBC diagnosis, patient stratification and
treatment response monitoring.
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Figure S1. Radiolabeling study. A. Thin-layer chromatography at 60 min of incubation time. B. 2Mn labeling yields
as a function of incubation time and concentration of DOTA-YY146 per mCi of 2Mn.
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Figure S2. PET ROI analysis and biodistribution data. (A) Tumor-to-muscle and (B) Tumor-to-blood ratios based on
the quantitative data obtained from analysis of PET images. *P < 0.05. (C) Ex vivo gamma counting biodistribution
at 120 h post-injection of 8Zr-Df-YY146 in mice bearing MDA-MB-435 or MCF-7 tumors.
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Figure S3. Direct comparison of tracer uptake between YY146 radiolabeled with 2Mn or 8Zr. Comparison between
uptake in (A) Blood Pool, (B) Liver and (C) Bone after administration of 2Mn-DOTA-YY146 or 8°Zr-Df-YY146 in animals
bearing MDA-MB-435 tumors.
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Figure S4. Differential uptake in the tumor. Comparison between tumor uptake of animals bearing (A) MDA-MB-435
and (B) MCF-7 tumors after administration of >Mn-DOTA-YY146 or #9Zr-Df-YY146.
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Figure S5. Semi-quantitative data from IVIS Imaging. A. In vivo ROl analysis of tumor uptake showing significantly
higher tumor uptake in the MDA-MB-435 tumor bearing mice injected with Cy5.5-YY146 than all the other groups
starting from 24 h p.i. until the end of the study. B. Ex Vivo ROl analysis of different organ uptakes among different
groups. *P < 0.05.
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