





Figure 12. Dual SPECT/CT and near-infrared fluorescence optical imaging of
EL4 lymphoma apoptosis with **!In-labeled annexin A5-CCPM. The mice in the
control group (top) were injected intravenously only with **!In-labeled annexin
A5-CCPM. The mice in the chemotherapy group (bottom) received an
intravenous injection of ***In-labeled annexin A5-CCPM 24 h after treatment with
cyclophosphamide 25 mg/kg by intraperitoneal (i.p.) injection and etoposide 19
mg/kg by i.p. injection. (A) Representative SPECT/CT images. (B)
Representative fluorescence molecular tomographic images. (C) Representative
autoradiographs of excised tumors. (D) Fluorescence images of the same slides
used in autoradiographic studies. (E and F) Immunohistochemical staining with
caspase-3 (brown) of the same slides used in autoradiographic studies. All
images were acquired 48 h after injection of *In-labeled annexin A5-CCPM.
Bar, 50 pm.
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Figure 13. Fluorescence microscopy of EL4 lymphoma from mice treated with
chemotherapy. The tumor sections were subjected to TUNEL staining (red).
Signal from Cy7 loaded annexin A5-CCPM was pseudocolored green and cell
nuclei were stained with DAPI (blue). Scale bar: 50 pum.
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The biodistribution data (Fig. 14A) were generally in concordance with
the imaging result (Fig. 12): there was relatively high accumulation in the liver
and spleen. Spleens of the mice treated with chemotherapy showed significantly
higher uptake of *In-labeled annexin A5-CCPM than spleens in the control
group (P <0.001), probably owing to cyclophosphamide-induced apoptosis of
this tissue (83). At 48 h after injection, **!In-labeled annexin A5-CCPM showed
significantly higher uptake in the tumors of the treated mice (8.01 %ID/g) than in
the tumors of the untreated mice (3.2 %ID/g) (P <0.001) (Fig. 14A). The tumor-
to-blood ratios were 2.2 in the untreated group versus 4.1 in the chemotherapy-
treated group, and the tumor-to-muscle ratios were 14.8 in the untreated group
versus 38.8 in the chemotherapy-treated group. ***In-labeled annexin A5-CCPM
(8.01 %ID/g) also showed significantly higher uptake in the tumors of the treated
mice than *™Tc-HYNIC annexin A5 (4.14 %ID/g) and *‘!In-labeled CCPM
(2.81 %ID/g) (P <0.001) (Fig. 14B). The biodistribution was also determined by
analysis of fluorescence signal intensities of the resected tissues (Fig. 15),
which were consistent with the data obtained by the radioactivity count method

(Fig. 14A).
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Figure 17. Fluorescence microscopy of 38C13 lymphoma from mice treated with
chemotherapy. The tumor sections were subjected to TUNEL staining (green).
Signal from Cy7 loaded annexin A5-CCPM was pseudocolored red and cell
nuclei were counterstained with DAPI (blue). Scale bar: 20 um.

~57 ~



The biodistribution data (Fig. 18) were consistent with imaging study (Fig.
16). At 48 h after injection, **In-labeled annexin A5-CCPM showed significantly
higher uptake in the tumor of the treated mice (4.84 %ID/g) as compared to the
untreated mice (0.49 %ID/g) (p <0.001) (Fig. 18). The tumor-to-blood ratios
increased from 0.2 in control group to 2.8 in chemotherapy group, and the
tumor-to-muscle ratios increased from 4.6 to 22.7. In the meantime, there was

relatively high uptake of 'In-labeled annexin A5-CCPM in the livers and

spleens.
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Figure 18. Biodistribution in mice bearing 38C13 lymphoma 48 h after the
administration of ***In-labeled annexin A5-CCPM. The mice in the chemotherapy
group were injected with **In-labeled annexin A5-CCPM intravenously 24 h
after administration of cyclophosphamide (black). The mice in the control group
were injected only with **In-labeled annexin A5-CCPM (white). Data obtained
using the radioactivity count method plotted as percentage of injected dose per
gram of tissue (%ID/g). All the data are expressed as mean + standard deviation.
* Indicates statistically significant change in values with P <0.001.
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9. 9L Gliosarcoma Tumor Apoptosis Model

The treatment of cyclophosphamide also can induce 9L gliosarcoma
tumor apoptosis in mice (12). This model was used to further investigate the
potential of **In-labeled annexin A5-CCPM for imaging tumor apoptosis. Figure
19 compares PSPECT and FMT optical images of mice without treatment and
mice treated with cyclophosphamide 48 h after administration of ***In-labeled
annexin A5-CCPM. The apoptotic tumors were clearly visualized in the mice
bearing 9L gliosarcoma tumor after treatment of cyclophosphamide (Figs. 19A
and 19B). In contrast, there was no detectable uptake in the tumors of the
untreated mice (Figs. 19A and 19B). Intratumoral distribution of ***In-labeled
annexin A5-CCPM was shown in both autoradiographic images (Fig. 19C) and
fluorescence optical images (Fig. 19D) of tumor sections. In comparison with
control group, chemotherapy group exhibited relatively high radioactivity and
fluorescent signal intensity in their tumor sections, which confirmed there was
relatively high uptake in apoptotic tumors. Furthermore, *'In-labeled annexin

A5-CCPM co-localized with apoptotic areas stained with TUNEL (Fig. 20).
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Figure 19. Dual SPECT/CT and near-infrared fluorescence optical imaging of 9L
gliosarcoma tumor apoptosis with **'In-labeled annexin A5-CCPM. The mice in
the control group (top) were injected intravenously only with *in-labeled
annexin A5-CCPM. The mice in the chemotherapy group (bottom) received an
intravenous injection of *!In-labeled annexin A5-CCPM 24 h after treatment with
cyclophosphamide 100 mg/kg by intraperitoneal injection. (A) Representative
SPECT/CT images. (B) Representative fluorescence molecular tomographic
images. (C) Representative autoradiographs of excised tumors. (D)
Fluorescence images of the same slides used in autoradiographic studies. All
images were acquired 48 h after injection of *'In-labeled annexin A5-CCPM.
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Figure 20. Fluorescence microscopy of 9L gliosarcoma tumor from mice treated
with chemotherapy. The tumor sections were subjected to TUNEL staining
(green). Signal from Cy7 loaded annexin A5-CCPM was pseudocolored red and
cell nuclei were stained with DAPI (blue). Scale bar: 20 um.
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The biodistribution data (Fig. 21) generally confirmed the imaging result
(Fig. 19). At 48 h after injection, **In-labeled annexin A5-CCPM exhibited
significantly higher uptake in the tumors of the chemotherapy group (6.41 %ID/qg)
than in the tumors of the control group (2.91 %ID/g) (P <0.001) (Fig. 21). The
tumor-to-blood ratios were 1.9 in the control group versus 3.2 in the
chemotherapy group, and the tumor-to-muscle ratios were 7.9 in the control
group versus 18.2 in the chemotherapy group. Similarly, there was significantly
higher uptake of **In-labeled annexin A5-CCPM in spleens of the mice treated
with cyclophosphamide than in spleens of the control mice (P <0.001) (Fig. 21).

That is probably because cyclophosphamide induced spleen apoptosis (83).

*
25 - i
20 - B Chemotherapy
O Control
@ 15 -
% *
Q 10 - |—l
5 i IT
welllnnee N _F
O & & O N O & e
> @ & L& & 0 & NS NP
O 0 B AP @ N @ o oS
Q" X VR & \’%\p@ & & Q¥ QO g

Figure 21. Biodistribution in mice bearing 9L gliosarcoma tumor 48 h after the
administration of ***In-labeled annexin A5-CCPM. The mice in the chemotherapy
group were injected with **In-labeled annexin A5-CCPM intravenously 24 h
after administration of cyclophosphamide (black). The mice in the control group
were injected only with **In-labeled annexin A5-CCPM (white). Data obtained
using the radioactivity count method plotted as percentage of injected dose per
gram of tissue (%ID/g). All the data are expressed as mean + standard deviation.
* Indicates statistically significant change in values with P <0.001.
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10.MDA-MB-468 Breast Tumor Apoptosis Model

As previously described by Ke Shi (13), MDA-MB-468 breast tumor could
be induced apoptosis by treatment of poly (L-glutamic acid)-paclitaxel and
cetuximab. In order to further evaluate the potential application of **!In-labeled
annexin A5-CCPM for imaging drug-induced tumor apoptosis, this model was
also applied in this study. Figure 22 compares uSPECT and FMT optical images
of mice without and with chemotherapy 48 h after administration of ***In-labeled
annexin A5-CCPM. The apoptotic tumors were readily visualized in the mice
bearing MDA-MB-468 breast tumor after chemotherapy, while the tumors in the
untreated mice were not detected (Figs. 22A and 22B). Both autoradiographic
images (Fig. 22C) and fluorescence optical images (Fig. 22D) of tumor sections
showed Intratumoral distribution of '‘!In-labeled annexin A5-CCPM. Tumor
sections from chemotherapy group exhibited higher radioactivity and fluorescent
signal intensity than tumor sections from control group, which was generally in
concordance with results of the whole-body scanning. Moreover,
immunohistochemical analysis confirmed co-localization of **!In-labeled annexin

A5-CCPM and apoptotic areas stained with TUNEL (Fig. 23).
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Figure 22. Dual SPECT/CT and near-infrared fluorescence optical imaging of
MDA-MB-468 tumor apoptosis with ***In-labeled annexin A5-CCPM. The mice in
the chemotherapy group (bottom) received an intravenous injection of **in-
labeled annexin A5-CCPM after treatment with poly(L-glutamic)-paclitaxel
conjugate (100 mg eq. paclitaxel’lkg by intravenous injection; day 1) and
cetuximab (1 mg/mouse by intraperitoneal injection; day 4). The mice in the
control group (top) were injected intravenously only with **!In-labeled annexin
A5-CCPM. (A) Representative SPECT/CT images. (B) Representative
fluorescence  molecular  tomographic  images. (C) Representative
autoradiographs of excised tumors. (D) Fluorescence images of the same slides
used in autoradiographic studies. All images were acquired 48 h after injection of
1n-labeled annexin A5-CCPM.
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Figure 23. Fluorescence microscopy of MDA-MB-468 breast tumor from mice
treated with chemotherapy. The tumor sections were subjected to TUNEL
staining (red). Signal from Cy7 loaded annexin A5-CCPM was pseudocolored
green and cell nuclei were stained with DAPI (blue).
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11.Hepatic Apoptosis Model

Anti-Fas antibody, which binds to hepatic Fas receptors, can be used to
induce massive apoptosis of hepatocytes in mice within a few hours, mimicking
fulminant hepatitis (14). In histological analysis (Fig. 24E), hepatocytes in the
liver treated with anti-Fas antibody exhibited pyknosis of nuclei and
condensation of the cytoplasm, which are typical features of apoptotic cell death.
It demonstrated that anti-Fas antibody, Jo2, could rapidly induce massive
apoptosis in the liver of mice, mimicking fulminant hepatitis. As shown in Figures
24A and 24B, ™In-labeled annexin A5-CCPM exhibited significantly high
accumulation in the apoptotic liver treated with anti-Fas antibody. In contrast,
low signals were detected in healthy livers of untreated mice after injection of
"n-labeled annexin A5-CCPM and in apoptotic livers of treated mice after
injection of *!In-labeled plain CCPM (Figs. 24A and 24B). Both
autoradiographic images (Fig. 24C) and fluorescence optical images (Fig. 24D)
of hepatic sections also showed there was relatively high signal intensity in the
apoptotic liver after administration of **!In-labeled annexin A5-CCPM.

The biodistribution data further confirmed the imaging results. The uptake
values of In-labeled annexin A5-CCPM in apoptotic liver (35 %ID/g) was 2
times higher than its uptake value in healthy liver (10 %ID/g) (P <0.001) (Fig.
25). In addition, **In-labeled annexin A5-CCPM (35 %ID/g) also showed 3 times
higher uptake in apoptotic liver than **!In-labeled plain CCPM (7.8 %ID/g) (P

<0.001) (Fig. 25).
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Figure 24. Dual SPECT/CT and near-infrared fluorescence optical imaging of
hepatic apoptosis with **In-labeled annexin A5-CCPM. The mice received
intravenous injection of *!In-labeled annexin A5-CCPM 2 h after treatment with
anti-Fas antibody 10 ug/mouse (left) or PBS (middle) by intravenous injection.
The mice were injected intravenously with **In-labeled plain CCPM 2 h after
anti-Fas antibody treatment (right). (A) Representative SPECT/CT images. (B)
Representative fluorescence molecular tomographic images. (C) Representative
autoradiographs of excised tumors. (D) Fluorescence images of the same slides
used in autoradiographic studies. (E) H&E staining of the same slides used in
autoradiographic studies. All images were acquired 3 h after injection of *!In-
labeled nanoparticles.
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Figure 25. Biodistribution in hepatic apoptosis model 3 h after the administration
of *in-labeled annexin A5-CCPM or **In-labeled CCPM. The mice received
intravenous injection of **In-labeled annexin A5-CCPM 2 h after treatment with
anti-Fas antibody (black) or PBS (gray) by intravenous injection. The mice were
injected intravenously with *!In-labeled plain CCPM 2 h after anti-Fas antibody
treatment (white). Data obtained using the radioactivity count method plotted as
percentage of injected dose per gram of tissue (%ID/g). All the data are
expressed as mean + standard deviation. * Indicates statistically significant
change in values with P <0.001.
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12.Inflammation Model

Turpentine can be used as a stimulus to trigger a series of inflammation
reactions by intramuscular injection, such as migration of granulocytes to the
injured tissues, and clearance of apoptotic granulocytes through PS-specific
recognition by monocytes (15). In Figures 26A and 26B, the right thigh abscess
was readily visualized by both nuclear and optical imaging after intravenous
administration of **In-labeled annexin A5-CCPM, whereas the left control thigh

was not detected.

SPECT/CT

Figure 26. Dual SPECT/CT and near-infrared fluorescence optical imaging of
inflammation with 'In-labeled annexin A5-CCPM. The mice received
intravenous injection of *!In-labeled annexin A5-CCPM 24 h after treatment with
turpentine or PBS 100 uL/mouse by intramuscular injection. (A) Representative
SPECT/CT images. (B) Representative fluorescence molecular tomographic
images. All images were acquired 48 h after injection of *!In-labeled annexin
A5-CCPM.
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Autoradiographic, fluorescence optical and histological images of muscle
sections confirmed the intensely focal zones of ***In-labeled annexin A5-CCPM
co-localized to the inflammatory areas with infiltration of granulocytes and less

monocytes adjacent to abscess cavities (Figs. 27A-27C).

Figure 27. Autoradiography, optical imaging and immunohistochemical analysisi
of muscle section with **!In-labeled annexin A5-CCPM. The mice received
intravenous injection of **!In-labeled annexin A5-CCPM 24 h after treatment with
turpentine or PBS 100 uL/mouse by intramuscular injection. (A) Representative
autoradiographs of excised tumors. (B) Fluorescence images of the same slides
used in autoradiographic studies. (C) H&E staining of the same slides used in
autoradiographic studies. All images were acquired 48 h after injection of ***In-
labeled annexin A5-CCPM.
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Biodistribution data showed a general concordance with the imaging
results, with the uptake value of 4.9 (%ID/g) in the thigh abscess after injection
of **In-labeled annexin A5-CCPM, as compared to the values of 0.6 (%ID/g) in
the healthy thigh after injection of In-labeled annexin A5-CCPM and 2.3
(%ID/g) in the thigh abscess after injection of ***In-labeled plain CCPM (p<0.001)
(Fig. 28). Interestingly, **In-labeled CCPM also exhibited higher uptake in the

thigh abscess (2.3 %ID/g) than in the health thigh (0.4 %ID/g) (p<0.001) (Fig.

28).
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Figure 28. Thigh uptake of *!In-labeled annexin A5-CCPM and *!In-labeled
CCPM in mice treated with turpentine or PBS. Data obtained using the
radioactivity count method plotted as percentage of injected dose per gram of
tissue (%ID/g). All the data are expressed as mean * standard deviation. *
Indicates statistically significant change in values with P <0.001.
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DISCUSSION

In this study, we found that injection of **!In-labeled annexin A5-CCPM
allowed ready visualization of drug-induced apoptosis with both SPECT and
near-infrared fluorescence imaging in 6 different apoptosis models. Moreover,
"n-labeled annexin A5-CCPM permitted detection of apoptotic cells at the
microscopic level by optical imaging.

Apoptosis is a dynamic process in which newly generated apoptotic cells
are rapidly removed by phagocytic macrophages (146). Therefore, there is a
short "time window" during which apoptotic cells display their characteristic
features such as externalization of Phosphatidylserine to the outer leaflet of cell
membrane. Generally, the time from initiation of apoptosis to completion occurs
as quickly as 2 - 3 h. Furthermore, the peak apoptotic activity after therapy
varies from treatment to treatment and from patient to patient. Thus, it is critical
that apoptosis is captured at its peak or over a prolonged period during which
apoptotic responses exists to maximize the detection sensitivity when using PS-
binding ligands. Currently, ®™Tc-labeled annexin A5 is widely used in detection
of apoptosis. Owing to its short blood half-life (<7 min) (13), it has been
suggested that an imaging protocol using multiple separate injections of *™Tc-
labeled annexin A5 and multiple radionuclide scans could be used to assess
peak apoptotic activity. Such a protocol, however, may be difficult to implement
in larger-scale trials, because there probably is blocking interference between

repetitive doses of annexin A5. It has been reported that annexin A5 can
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strongly bind to 3 PS molecules on the cell surface with a nanomolar affinity
(147). Thus, it is possible that the previous injection of annexin A5 may still tie
up PS on the cell surface and thereby compromise the ability of the later dose to
bind. We hypothesized that modulation of the pharmacokinetics of annexin A5
through the use of long-circulating nanoparticles would permit single injection of
this tracer to monitor apoptotic process over a prolonged period of time, avoiding
an imaging protocol with multiple injections. On the other hand, due to short
circulation time in vivo, **™Tc-labeled annexin A5 exhibits limited exposure time
and penetration into tumor mass, which compromise its sensitivity. Therefore,
the introduction of long-circulating nanoparticles permits annexin Ab5-
nanoparticles to penetrate deep and increase its uptake in apoptotic tissues. In
this study, annexin A5 was conjugated to the surface of polyethylene glycol-
coated CCPM. Although introduction of annexin A5 molecules to CCPM resulted
in significant reduction in the blood half-life of the resulting annexin A5-CCPM as
compared to the unmodified CCPM (Table 6), the mean half-life of 12.5 h was
still much longer than that of annexin A5. We found that while conventional
¥MTc-HYNIC annexin A5 showed an uptake value of 4.14 %ID/g in EL4
lymphoma of the treated mice, *In-labeled annexin A5-CCPM showed an
uptake value of 8.01 %ID/g, indicating that prolonging the blood half of annexin
A5 could lead to increased uptake of the radiotracer in apoptotic tumors. The
increased tumor uptake of **In-labeled annexin A5-CCPM was not a result of
increased permeability and retention effect, because **!In-labeled CCPM, which

had longer blood half life than annexin A5-CCPM, displayed only 2.81 %ID/g in
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the treated tumors (Fig. 14B). Taken together, our data support the notion that
increasing the half-life of annexin A5 improved the level of uptake signal in
apoptotic tissues and was superior for noninvasive detection of apoptotic cells.
The introduction of CCPM nanoparticles to annexin A5 also may improve
uptake of annexin A5 in apoptotic tissues through multivalent effect. The overall
strength of nanoparticle binding to target cells depends on both the affinity of the
ligand-target interaction and the number of targeting ligands present on the
nanoparticle surface. Nanoparticles containing multiple targeting ligands can
provide multivalent binding to cell surface receptors (148). Multivalent effect has
advantages over monovalency for binding interactions and can increase the
avidity of interaction of ligands to their target receptor. Using multivalent
targeting systems, including dimers, tetramers, and multimers, has been
reported as a successful strategy for enhancing the avidity and/or biological
functions of peptides, proteins, and antibodies (149-153). This approach is
particularly useful for ligands that have a weak affinity to their target receptors in
their monomer form. For example, trastuzumab, an engineered antibody for
Her2+ breast cancer therapy, was increased in potency up to 25 times through
conjugation to liposomes (154). In our study, each annexin A5-CCPM
nanoparticle contained approximately 40 annexin A5 molecules on the surface.
Thus, the repertoire of annexin A5 was greatly expanded due to multiple,
simultaneous interactions between the surface of the nanoparticle and the
surface of the apoptotic cell. The in vitro studies of binding to apoptotic cells

showed that 'In-labeled annexin A5-CCPM displayed higher detection
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sensitivity with radioactivity binding assay than monomeric FITC-annexin A5 with
flow cytometry assay, possibly as a result of increased binding avidity (Fig. 11).
Similarly, CCPM nanopatrticles conjugated with multiple peptides also showed
multivalent effect in our previously published study (155). The surface plasmon
resonance (SPR) sensorgrams of this peptide-conjugated CCPM failed to fit into
the standard 1:1 or 1:2 binding models, indicating that the binding kinetics
between receptor and peptide-conjugated CCPM were complex. The complex
binding profile probably was induced by the multivalent nature of this
nanoparticle. (Reprinted with the permission of (155))

In addition to prolonged circulation time and multivalent effect, the
enhanced permeability and retention (EPR) effect of CCPM nanopatrticles also
benefit uptake of this imaging tracer in apoptotic areas, which is a form of
selective targeted delivery termed as passive targeting. The blood vessels in
some disease areas (such as tumors, inflammations, and infarcted areas) are
irregular in shape, dilated, leaky or defective, and the endothelial cells are poorly
aligned. Also, the perivascular cells and the basement membrane are frequently
absent in the vascular wall. Therefore, long-circulation colloidal particles can
slowly accumulate in pathological sites with affected and leaky vasculature,
which is termed as EPR effect (156-160). It strongly depends on the cutoff size
of blood vessel wall in disease areas (161, 162). Because the usual size of a
polymeric micelle is 10-80 nm, this passive manner of delivery without specific
binding to cellular targets has been demonstrated highly effective for polymeric

micelles (158). It has been repeatedly shown that polymeric micellar
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nanocarriers, such as adriamycin better accumulate in targeted disease areas
than in non-target tissues, thus minimizing the undesired drug toxicity towards
normal tissue (158, 163). Recently, a number of micellar drugs are in
development based on this mechanism and the EPR effect is becoming a
golden standard of drug design. Importantly, the EPR effect is a molecular
weight-dependent phenomenon and functions for molecules or particles larger
than 60 kDa, which is the threshold of renal clearance. It does not apply to low-
molecular-weight drugs like annexin A5 (160). Therefore, annexin A5 was
conjugated to CCPM in this study, which also acted as a secondary uptake
mechanism following EPR-based primary accumulation for better targeting.
Annexin A5 derivatives labeled with fluorescent dyes for optical imaging
or radioisotopes for nuclear imaging have been reported for detection of
apoptosis in preclinical and clinical studies, respectively (14, 15, 22, 23, 78, 80-
84, 86, 102, 164). However, it is highly desirable that an imaging probe
combining a radioisotope and a near-infrared fluorescent dye be available for
dual nuclear and optical imaging (165). Nuclear imaging (e.g. PET/CT,
SPECT/CT), an established clinical imaging modality, offers excellent sensitivity
and covers the whole body. However, nuclear imaging techniques are limited by
high cost, radiation exposure and relatively poor spatial resolution. Optical
imaging techniques have the potential to offer real-time, high-resolution images
of tissues as long as they are accessible with near-infrared light. Such real-time
imaging techniques particularly play an important role when studying organs in

motion, like the beating heart. Moreover, real-time imaging of spontaneous or
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therapy-induced apoptosis could facilitate and speed up clinical decision.
Furthermore, the fluorescent signal from the imaging probes permits ex vivo
analysis of excised tissues and validation of its binding to the molecular targets
in vivo. Since no imaging modality is perfect, the combination of 2 or more
imaging techniques can therefore offer synergistic advantages over 1 modality
alone in providing valuable diagnostic information. To date, several nanoparticle-
based multimodal imaging probes have been developed and applied for
multimodality functional imaging in living animals (166, 167). These multimodal
imaging systems have shown great promise in preclinical drug development and
biomedical research. In this study, Cy-7 dye was entrapped in the core of CCPM
and radioisotope chelator DTPA was conjugated on the surface of CCPM. Each
micellar nanoparticle was loaded with multiple Cy7 dye molecules and **In ions,
providing a huge boost in signal intensity. As shown in both nuclear and optical
imaging, '*!In-labeled annexin A5-CCPM potentially can be used to locate
apoptosis by whole-body nuclear and optical imaging. Histologically, ***In-
labeled annexin A5-CCPM revealed apoptotic areas in whole-body scanning
consistent with autoradiographic and fluorescent findings of tumor sections.
(Reprinted with the permission of (155))

Apoptosis occurs during the normal development and continues
throughout the whole life. Abnormal apoptosis, especially too much apoptosis,
can lead to disorders of normal tissues, such as myocardial diseases,
neurodegenerative diseases, autoimmune diseases, and rejection of

transplanted organs (liver, heart, lung, kidney) (1, 20-28). Therefore, imaging
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apoptosis has broader applications other than the monitoring of drug-induced
tumor apoptosis (168). It is necessary to demonstrate that apoptosis in all types
of tissues can be visualized by our imaging tracer. In this study, our data showed
that *!In-labeled annexin A5-CCPM had a great potential for imaging apoptosis
not only in 4 different tumor apoptosis models, also in hepatic apoptosis and
inflammation models. In 2 tumor apoptosis models, We observed that **!In-
labeled annexin A5-CCPM preferentially localized at the regions of splenic and
intramedullary apoptotic injury induced by intraperitoneal injection of
cyclophosphamide (Figs. 14A and 21) - a finding that is consistent with the
previous reports (83, 144). In addition, recent studies suggest that localization of
annexin A5 does not appear to be entirely specific for apoptosis. Expression of
PS also occurs with nonlethal cell injury prior to the irreversible changes such as
DNA breakdown (169, 170). Early identifying expression of PS in injured cells
may be helpful to defining tissues at risk of cell death and applying therapeutic
recovery. Annexin A5 is also able to binds to necrotic cells, because of exposure
of PS located in the inner leaflet of the highly permeable cell membrane of
necrotic cells (99).

Since inflammation is associated with a host of diseases, detection of
inflammation is critical to diagnosis and treatment (171-176). The possibility of
diagnosing inflammatory processes in the early stage may allow for prevention
of diseases and early therapeutic intervention. Several Imaging techniques have
been developed for diagnosis of inflammation, such as ultrasound, CT, MRI,

PET, and SPECT. Nuclear medicine imaging procedures play an important role
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in the assessment of inflammatory diseases. Currently, only a few agents are
used for imaging inflammation in clinic, such as ®*F-FDG, %*"Tc-labeled
bisphosphonates, *™Tc or *'!In-labeled white blood cells, and radio-labeled
protein (IgG, albumin). The accumulation of these agents in the site of
inflammation is generally based on two different mechanisms (177). One is
specific uptake by inflammatory tissue as a result of increased activities or
specific cells associated with inflammation, such as *®F-FDG and **"Tc-labeled
bisphosphonates. The other is unspecific accumulation in inflammatory sites
because of enhanced vascular permeability. We hypothesize that the
combination of these two mechanisms might make imaging more sensitive and
specific. It has been reported that radio-labeled annexin A5 can be used to
identify macrophages in the site of inflammation in vivo. In our study, CCPM
nanoparticles displayed higher uptake in inflammatory muscle than in healthy
muscle (Fig. 28), probably because of enhanced permeability of blood vessels.
Our design takes advantages of these two mechanisms to increase the uptake
of this nano-tracer in the site of inflammation and thus improve sensitivity of
diagnosis.

In ex vivo studies, apoptotic cells in tissue sections are generally detected
using transmission electron microscopy (TEM) or microscopy incorporated with
immunostaining such as H&E and TUNEL (9). Among these assays, TEM is
considered a golden standard to confirm apoptosis, because of irrefutable
categorization of an apoptotic cell containing certain ultrastructural

morphological characteristics (9, 34). However, because the morphological
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changes generally occur in the later phase of apoptosis, apoptotic cells in the
early phase will not be detected with these methods. Additionally, TEM is high
cost, time expenditure, and only allows visualization of a small region at a time.
Similarly, H&E assay is also based on the morphological changes of apoptotic
cells. However, these changes rapidly occur in the later phase of apoptosis and
the fragments are quickly phagocytized so that considerable apoptosis may
occur in some tissues before it is histologically apparent and cells are in early
phase of apoptosis will not be detected (9). Due to the ability to detect DNA
degradation that occurs in a later phase of apoptosis, TUNEL is not suitable for
cells in the early phase of apoptosis, neither (9, 35). Taken together, regarding
the mechanisms of these three assays mentioned above, their main
disadvantage is limitation to the early phase of apoptosis. Therefore, it is very
desirable to develop a non-invasive imaging tracer that can early and accurately
detect occurance of apoptosis. This imaging tracer needs to be specifically
designed on events that occur in the early phase of apoptosis. Externalized PS
on the outer plasma membrane of apoptotic cells in the early phase of apoptosis
is considered an optimal marker, which allows for early detection apoptosis via
annexin A5 (41-44). This assay is sensitive (can detect a single apoptotic cell),
fast, inexpensive and easy-to-use (9). Thus, we developed annexin A5-
functionalized tracer for imaging apoptosis in this study. Immunohistochemical
analysis demonstrated a high correlation between localization of **!In-labeled
annexin A5-CCPM with sites of apoptosis as confirmed by staining with TUNEL,

H&E and anti-caspase 3 antibody. To sum up, *In-labeled annexin A5-CCPM
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has a great potential to early capture occurrence of apoptosis instead of
conventional histological methods, which is critical and can result in improved
patient outcomes.

Though this **In-labeled annexin A5-CCPM showed a great potential in
the application of imaging apoptosis in mice, there is still a long way to go if we
translate it into clinic. It is necessary to perform further studies to investigate it,
including toxicity, stability, clearance, and efficacy. First, toxicity is considered
one of the most important properties in the development of new medicines.
There are thousands of medicines that can’t get the approval from FDA because
of high toxicity. Therefore, a series of toxicity studies are supposed to be
conducted in the near future. Secondly, there are many evidences that core-
cross-linked polymeric micelles are relatively stable, especially when they are
coated with PEG shells. Both autoradiography and optical imaging of tumor
sections demonstrated that radioactivity signal co-localized with fluorescence
signal, indicating that CCPM was stable at 48 h post-injection in vivo. However,
the long-term stability still needs to be elucidated. In addition to toxicity and
stability, clearance also needs to be considered. It is well known that size of
nanomedicines generally ranges from 10nm to 1000nm, which is over the
threshold of renal clearance. Most of nanomedicines are hardly excreted through
kidney, resulting in accumulation in the bodies for a long period. Therefore, it is
highly desired to develop degradable nanomedicines for future clinical
application. In the past few years, a variety of degradable nanomedicines have

been reported and showed a great potential in drug delivery. Our group is also
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working on that area. Now we have synthesized the second generation of CCPM
and made it easily degradable in human body. Our studies demonstrated that
the second generation of CCPM still kept advantages of first generation. In the
future, we will conjugate targeting ligands like annexin A5 to new CCPM for
imaging apoptosis.

To the end, we envision the following clinical scenario: A patient with a
suspected abnormal apoptosis lesion will be intravenously administered with a
single dose of our imaging tracer dual-labeled with radionuclide and optical
fluorophore. Initially the localization of abnormal apoptotic areas will be
visualized by whole-body nuclear scanning (SPECT/CT). Subsequently, the
optical imaging guidance will be applied during surgery procedure to accurately
remove the abnormal mass. In the meantime, the optical imaging guided
biopsies could be performed which will be aided by real-time fiber optical
confocal microscopy imaging “from the tip of the needle” to minimize the false-

negative biopsies.
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CONCLUSIONS

In this study, we evaluated the potential application of *''In-labeled
annexin A5-conjugated polymeric micelles for multimodal detection of drug-
induced apoptosis. In 6 different apoptosis models, apoptosis was readily
visualized with *!In-labeled annexin A5-CCPM using both SPECT and near-
infrared fluorescence imaging. Moreover, annexin A5-CCPM permitted early
detection of apoptotic cells at the microscopic level by optical imaging for a more

complimentary diagnosis.
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