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Abstract
The pulmonary inflammatory response is a tightly regulated multicellular process
geared towards protecting the host from invading organisms, yet chronic and exuberant
inflammation is a hallmark of many pulmonary diseases including lung cancer, chronic
obstructive pulmonary disease (COPD), and asthma. Neutrophils and macrophages are
consistently identified as key effector cells in most pulmonary inflammatory diseases. As
a result, there has been great effort directed towards understanding the roles of these
leukocytes in the context of debilitating lung diseases. In the work presented here, we
have focused on the development of molecular imaging based on Positron Emission
Tomography (PET) that may facilitate noninvasive evaluation and monitoring of
leukocytes in the lung.
| first explored the use of 2'-deoxy-2'-[*®F]fluoro-D-glucose (FDG)-PET with
compartmental model analysis to probe lung neutrophil metabolic activity. The difficulty
with this approach in small animal applications is the requirement for measuring the
blood input function during the PET scan, traditionally obtained by invasive means.
Therefore, | have: 1) established a noninvasive method for deriving the blood input
function directly from gated, dynamic PET images; and 2) determined the feasibility and
accuracy of measuring neutrophil metabolic activity with FDG-PET by three-
compartment model analysis with an image-derived input function in a mouse model of
acute pulmonary inflammation. Based on estimates of the model parameters, the net
FDG uptake (K;) was estimated in lungs following bacteria challenge and was found to
be 2.24 times higher compared to controls. Importantly, the mean lung K; value

computed here was not significantly different from previously reported lung values



computed from input functions obtained by physical arterial sampling, validating our
noninvasive approach.

The second strategy was based on the peptide N-cinnamoyl-F-(D)L-F-(D)L-F
(cFLFLF), which was previously reported to be an antagonist to the neutrophil formyl
peptide receptor (FPR). We demonstrated that the bioavailability and blood clearance
properties of the peptide ligand could be improved by polyethyleneglycol (PEG)
conjugation without adversely affecting its binding affinity or neutrophil stimulatory
properties. In vivo PET imaging was conducted in mice and the results of these studies
demonstrated that this modified peptide has excellent potential for monitoring
neutrophilic inflammation in the lungs and may be valuable in evaluating future ant-
inflammatory therapies.

In addition to neutrophils, there is also much incentive to develop noninvasive
molecular imaging agents that target macrophages. Macrophages, which play an
important role promoting inflammatory disorders of the lung, consistently have been
shown to exhibit predominantly a M2-like phenotype which can facilitate the growth and
spread of lung tumors. The final chapter of this dissertation documents my attempts to
target tumor-associated macrophages (TAMSs) using liposomes surface-coated with a
mannose ligand.  This liposome modification has been shown to improve M2
macrophage recognition and internalization via mannose receptor-mediated endocytosis
but has not been studied as a macrophage targeting agent for PET imaging applications.
Initial studies conducted by us in vitro confirmed that mannosylated (Mans)-liposomes
were significantly taken up more by M2 (IL4/13-stimulated) bone marrow-derived

macrophages following incubation compared to M1 (LPS/IFN-y-stimulated) cells. In



iii
vivo PET imaging studies were conducted in a mouse model of chemically-induced lung
cancer and revealed that Mans-liposomes exhibited a 7-fold higher uptake in tumor tissue
compared to normal lung tissue 6 h after intravenous injection. Subsequent ex vivo lung
biodistribution and confocal microscopy studies confirmed uptake of Mans-liposomes by
TAMs. Finally, co-injection studies revealed that Mans-liposomes exhibited the highest

tumor contrast relative to normal lung tissue at the time point studied compared to plain

or PEGylated liposomes.
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Figure 2-1. A representative saturation curve of cFLFLF-PEG-**Cu specifically bound to
human neutrophils. Binding affinity was computed to be 17.71 nM. Binding data have
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excess cold compound and is estimated to contribute to 20% - 30% of total binding. .... 48
Figure 2-2. Stimulation of the neutrophil oxidative burst by cFLFLF-PEG-Cu and fMLF
as detected by luminol-enhanced chemiluminescence. The results are reported as peak
chemiluminescence as a percentage of TNF-primed and fMLF-stimulated (10° M)
control. cFLFLF-PEG-Cu demonstrated no agonist activity towards neutrophils (EC50
value not computable), while fMLF-stimulated neutrophil superoxide release with an
EC50 of 3.7 x 107 M. Data are reported as mean + SEM for at least 2 independent
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Figure 2-3. Tissue and organ accumulation of cFLFLF-PEG-**Cu at 18 h after injection
in control and K. pneumoniae-challenged mice, expressed as %ID/g of tissue. Mean

lung radioactivity is 3.8 times greater in infected lungs than in control lungs (*P < 0.05).

Figure 2-4. Examples of CT and PET images of control and K. pneumoniae-challenged
mice. PET images were obtained 18 h after i.v. injection of cFLFLF-PEG-**Cu. Both
transverse (top row) and coronal (bottom row) images are shown. In mice administered
K. pneumoniae, there is extensive attenuation in lungs on CT scans, compared with
controls. PET scans revealed that K. pneumoniae-challenged mice had visually more
tracer uptake in lung tissue than did controls, as was quantified by ROI analysis. H =
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Figure 2-5. Myeloperoxidase activity in lung homogenates, expressed as change in
optical density per minute per milligram of tissue. Myeloperoxidase activity measured in
K. pneumoniae-challenged lungs was approximately 6-fold higher than that measured in
control lungs (*P < 0.05). AOD = change in optical density..........c.cccovrvvrrerenirenesinnnnns 52
Figure 2-6. 18 h following injection of cFLFLF-PEG-*Cu, SUVs measured in K.
pneumoniae-challenged lungs were 5.8 times greater in than in control lungs (*P <
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Figure 2-7. Immunohistochemical staining of neutrophils (stained with a rat anti-mouse
IgG [MCAT771G; Serotec]) and macrophages (stained with anti MAC-2 1gG [ACL8942P;
Accurate]) in lung tissue excised from a control and a K. pneumoniae-challenged mouse
(42 hr post administration). Immunostained cells appear dark brown. Control lungs
revealed no neutrophils (A) or macrophages (B), only normal alveolar wall structure.
Infected lungs had significant neutrophil accumulation (C), with very little macrophage
infiltration (D, indicated by arrows). (Magnification, X400.) .........cccccevereneninieninenene 54
Figure 3-1. A schematic diagram of liposomes. DOTA-containing plain (left) and Man;
(right) liposomes allow for remote loading of the PET imaging agent, ®*Cu. The mean
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Figure 3-2. A representative photomicrograph of a lung section stained with H&E 24
weeks after iINjection of Urethane. ... 75
Figure 3-3. Representative IHC staining of F4/80 in lung tissue from a urethane-treated
mouse 24 weeks after treatment. As shown in (A), a moderate number of F4/80"
macrophages have infiltrated the tumor border, with very few localized within the tumor
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in the peritumoral compartment compared to histologically normal lung (*P < 0.05) (B).

Figure 3-4. Macrophage M2 polarization in lungs of a urethane-treated mouse 25 weeks
after treatment. The H&E image shows a tumor boundary (T) with moderate immune cell
infiltration in the stroma (A). Immunofluorescence staining of the tumor stroma outlined
in the H&E image by the black dashed box is shown in (B). At the edge of the tumor
(indicated by dashed white line), the majority of macrophages identified by F4/80 (red)
also stain for CD206 (green) indicating M2 polarization. ...........ccccoeoveverivenenieseeneeeenn 77
Figure 3-5. Based on a simple threshold, we estimated that 94% of F4/80" cells (Red) co-
express the mannose receptor (CD206, green), as indicated by blue circles. Yellow
circles indicate (F4/80", CD206") cells. This finding is consistent with other studies that
have shown significant M2-polarization of TAMs during a similar phase post urethane
UL 110 01T SO TP PP PTPRTPPI 79
Figure 3-6. Con A-induced agglutination assay of Mans and plain liposomes. 10 pL of
Con-A (25 pg) was added to 100 pL of plain (gray triangles) or Mans (black squares)
liposomes and absorbance at 360 nm was measured as a function of time. The addition
of Con-A to Mans-liposomes resulted in a 10-fold increase in solution turbidity,
signifying the presence of mannose residues on these liposomes. In contrast, no change
in turbidity was observed for plain HPOSOMES. ........ccceviiiiiiiiiiiee e 80
Figure 3-7. An elution profile of ®*Cu and DiO following a 1 h liposome incubation
period with ®*Cu and 2-hydroxyquinoline. The profile was constructed by collecting the
eluate in 100 pL aliquots and measuring the radioactivity and fluorescence. Co-

localization of the peaks indicates that ®*Cu-liposome loading was successful. .............. 81
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Figure 3-8. Expression of CD206 (mannose receptor) measured by flow cytometry (A)
and Western blot analysis (B). Flow data represent average of three trials. Error bars
indicate standard deviations. *P < 0.05 vs. 1L-4/13-stimulated cells. ............cccccvrrrnnnne. 82
Figure 3-9. Association of DiO-labeled plain and Mans-liposomes with M@(LPS/IFN-y)
and M@(IL-4/13) measured by flow cytometry. Cells were incubated with either
liposome type for 90 min after which cell-associated DiO fluorescence was measured.
(A) Representative fluorescence histograms of M@(LPS/IFN-y) and M@(IL-4/13)
following incubation with either plain (black histograms) or Mans liposomes (red
histograms). Non-liposome incubated cells (gray histograms) are shown for reference.
(B) Geometric MFI values and standard deviation of DiO fluorescence of all replicates (n
= 3) are shown. As assessed by the two-tailed Student's t-test, Mans-liposomes were
associated with M@(IL-4/13) significantly more than M@(LPS/IFN-y). Likewise,
compared to plain liposomes, Mans-liposomes were more strongly associated with
M@(IL-4/13) (P < 0.05, FOr DOth). .....c.veeeeeeeeeeeeeeeeeeeeeee e eeeee e 83
Figure 3-10. Blood clearance curves of Mans-Liposomes (black curve) and plain
Liposomes (gray curve) measured in normal mice are shown. Liposomes were i.v.
injected and the blood was withdrawn at different time intervals. Sample radioactivity
concentrations were normalized by the injected dose and multiplied by 7.3% of the body
weight to approximate the %ID in blood as shown in Eq. 1. Values shown are the mean
of three experiments. Error bars represent standard deviation of the mean..................... 84
Figure 3-11. Representative spin echo MR images of a saline (top) and urethane-injected
(bottom) mouse 24 weeks following treatment. These scans were acquired approximately

30 min after gadolinium injection. Lungs tumors, as indicated by yellow arrows, are
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xii
clearly visible in the urethane-treated mouse. In contrast, no lung tumors are detected in
the SaliNe-treated MOUSE. ........couiii ettt nbe e 85
Figure 3-12. Representative in vivo images showing a lung tumor on coronal MRI (A)
with enhanced ®*Cu-labeled Mans-liposome uptake on PET 6 h after i.v. injection (B).
PET-MR image registration (C) verifies tumor localization of the PET signal. Ex vivo
fluorescence image of the lung was obtained to assess DiO distribution. A photo shows
the tumor (D) which exhibited higher DiO accumulation compared to non-tumor lung
areas. Ex vivo PET maximum intensity projection image (F) showed focal ®*Cu signal in
the area of the lung spatially corresponding to the tumor shown in the photograph. ....... 86
Figure 3-13. In vivo PET quantification of ®*Cu-Man;-liposome uptake measured in
tumor and lung tissue at 6 h post injection. MRI-guided ROIs were drawn over tumors
and areas in the lungs without visible tumor mass. The radioactivity concentration
measured in tumors was corrected for PVE using a look-up table approach. RC-corrected
%4Cu-Mans-liposome uptake (%ID/pL) was 9.6 + 2.5 in tumor lesions compared to 1.4 +
0.6 in normal lung tissue (*P < 0.05). ...ooiiiiiiiiiiieee e 87
Figure 3-14. Confocal fluorescence microscopy revealed internalization of DiO-labeled
Mans-liposomes (green) by F4/80" macrophages (red) within the tumor stroma 6 h after
i.v. liposome injection. Cell nuclei are stained with DAPI (blue). (A) A co-localized
confocal image shows the intracellular localization of Mans-liposomes within TAMS.
The enlarged view of the cell indicated by the yellow arrow is shown in (B), clearly
shows a clustered distribution of liposomes consistent with storage in macrophage
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Xiii
Figure 3-15. Excitation (A) and emission (B) spectra for each fluorescent dye used for
the analysis of liposome uptake by TAMs by confocal microscopy. DiO and DiD are the
fluorescent dyes used to label liposomes. DAPI is used to visualize cell nuclei and
TRITC is the dye conjugated to the secondary antibody used for staining the anti-mouse
F4/80 primary antiDOOY..........covoiiiiieiiiee s 90
Figure 3-16. A preliminary well plate study demonstrating that DiO and DiD
fluorescence associated with different liposome types can be detected separately. The top
row shows that DiO-labeled Mans-liposomes could be imaged apart from DiD using an
excitation and emission filter pair of 500 nm and 540 nm, respectively. Likewise, the
bottom row shows that DiD-labeled plain liposome could be imaged apart from DiO
using an excitation and emission filter pair of 605 nm and 640 nm, respectively. This
studied confirms that following their co-injection, liposomes can be imaged separately
allowing their biodistribution to be uniquely tracked. .............ccociviiiiiiiiiiee 91
Figure 3-17. Representative photos and fluorescent images from the liposome co-
injection study. Images of excised lungs 6 h after the co-injection of Manz and plain
liposomes (A) and Mans and PEG liposomes (B). Strong fluorescence signal associated
with Mans- and plain liposomes is localized to lung tumors (identified by white arrows on
the photo). However, compared to Mans-liposomes, plain liposomes exhibit a higher
background signal. PEG liposomes show a diffuse lung distribution and consequently
poor tumor contrast likely due to their enhanced blood circulation time. .............c......... 92
Figure 3-18. Tumor-to-tissue ratios measured from fluorescence images of harvested
organs following the co-injection of Mansz and plain liposomes (A) and Man; and PEG

liposomes (B). Mans-liposomes exhibited a higher tumor-to-remote lung and tumor-to-
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Xiv
spleen ratio compared to plain liposomes, while tumor-to-liver ratios were comparable.
Mans-liposomes also exhibited a high tumor-to-remote lung ratio following co-injection
with PEG liposomes, likely due to the slow rate of blood clearance of PEG liposomes.
PEG liposomes also showed a reduced tumor-to-liver ratio, consistent with a lower rate
Of capture DY the RES. ... 93
Figure 3-19. Confocal images of lung tumor stroma following liposome co-injection.
Following their co-injection, Manz and plain liposomes, indicated by green and yellow
fluorescence, respectively, were both internalized by F4/80" cells (A). Similarly, Mans-
and PEG liposomes were also internalized by F4/80" cells following their co-injection
(B). The spatial distribution of each dye within a given F4/80" cell appears to be
identical, suggesting entry into cells by common surface receptors...........cccocevvvviereenne. 94
Figure 6-1. Transaxial view of attenuation-corrected phantom images reconstructed with
a) FBP and b) MAP and the recovery coefficient curves generated from them (c). ...... 110
Figure 6-2. Transverse FDG PET images of a mouse heart reconstructed using a OSEM-
MAP with cardiac gating, b OSEM-MAP without cardiac gating, ¢ FBP with cardiac
gating, and d FBP without gating. Common line profiles through the LVBP are shown
below each image. Only cardiac-gated, OSEM-MAP reconstructions produced images
that allowed accurate measurement of blood radioactivity concentration in the LVBP. 111
Figure 6-3. Representative IDIFs, derived from a common LVBP ROI drawn on PET
images shown in panels (a), (c), and (d) of the previous figure are shown. The square
and circular boxes, which represent manually sampled blood activity concentrations
taken at 43 and 56 minutes respectively, are only in close agreement with activity

concentrations of the IDIF derived from the OSEM-MAP reconstructed, cardiac-gated
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image (solid gray line). The IDIF derived from the non-gated, FBP reconstructed image
(black dotted line) suffered the highest amount of spillover contamination. ................. 113
Figure 6-4. Bland-Altman plot showing the agreement between image-derived (corrected
for attenuation and PV effects) and physically sampled blood radioactivity concentrations
in five mice. The mean difference was -0.06 uCi/mL (solid line) and the lower and upper
limits of agreement (dashed lines) were -0.22 and 0.34, respectively.........c.cccccevvnnnnne. 114
Figure 8-1. Dose dependent increases in M2 macrophage uptake of DiO-labeled plain
(w) and mannosylated () liposomes. The uptake of DiO-labeled liposomes was
calculated as the geometric mean of fluorescence in the green channel after the

background fluorescence was SUDLFACIEd. ..........oveiiereeie s 119
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Problem Statement

The pulmonary inflammatory response is a highly coordinated multicellular
process geared towards combating infection and injury. This response, which involves
the activation and mobilization of a variety of cell types from the circulation to the site of
injury, ultimately promotes the repair process. Although it is critical to survival, an
inflammatory response that becomes dysregulated can lead to persistent accumulation
and activation of leukocytes, which is believed to be a key factor in the pathogenesis of a
wide variety of diseases that affect the airways of the lungs. Neutrophils, a class of white
blood cells, are often recruited to sites of infection. Because the presence of neutrophils
and their secretory markers have been strongly linked to the pathogenesis of a number of
important disease processes such as COPD and cystic fibrosis[1-4], there has been great
effort aimed at understanding the role and behavior of these cells in the context of
debilitating lung diseases.

For the majority of pulmonary diseases, the ability to image the neutrophil
response in the lung is an important goal to better understand cellular mechanisms that
contribute to normal and disease states as well as for assessing future anti-inflammatory
therapies. However, the lung parenchyma is not a site which is easily accessible, making
the quantification and monitoring of inflammatory cell behavior a significant challenge.
Traditional imaging approaches for evaluating pulmonary function or anatomy do little to
detect or quantify the inflammatory component. Current clinical procedures for assessing
neutrophilic lung inflammation include collecting cells by bronchoalveolar lavage,
obtaining lung biopsies, and tracking neutrophils previously labeled with a Single Photon

Emission Computed Tomography (SPECT) [5, 6] or Positron Emission Tomography



22

(PET) [7] radioisotope following intravenous injection. However, each of these
procedures possesses significant limitations and none possess all of the desirable
characteristics of being noninvasive, easily repeatable, and able to assess neutrophil
distribution and activity on a whole-lung level. For this dissertation | explored two
different noninvasive, molecular imaging strategies for monitoring lung neutrophilic
inflammation based on PET imaging in mice. Chapter 1 explores the use of 2'-deoxy-2'-
[*®F]fluoro-D-glucose (FDG)-PET with compartmental model based on an image-derived
blood input function for assessing neutrophil metabolic rate of glucose uptake: a
surrogate marker for neutrophil activation. Chapter 2 explores a copper-64 (**Cu) labeled
peptide for targeting surface receptors over-expressed on infiltrated neutrophils.
Macrophages are another leukocyte that play a critical role in the pathophysiology
of many pulmonary diseases. Macrophage numbers are markedly increased in the lung
and alveolar space of patients with COPD [8, 9] and CF [10, 11]. Furthermore, recent
evidence has emerged strongly linking macrophages of the M2 subtype to lung tumor
progression in preclinical as well as in human studies based on immunohistochemical
analyses [12-15]. Therefore, the ability to effectively and specifically label macrophages
in the lungs using a targeted nanoparticle agent could facilitate preclinical studies
investigating the role of these cells in pulmonary disease progression over time as well as
monitoring the effects of new anti-macrophage therapies. Our approach, described in
Chapter 3, is to surface coat liposomes with a carbohydrate ligand and compare their

uptake to plain liposomes by macrophages in vitro and in vivo.
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CHAPTER 1

The Application of FDG-PET for Quantifying

Neutrophil Metabolic Activity in the Lung



24

1.1 INTRODUCTION

Despite numerous studies that have identified neutrophils as the most abundant
inflammatory cell type present in the airways and lung parenchyma of patients with
COPD and CF, we currently lack reliable imaging probes capable of monitoring the
presence and activity of these cells in situ. Current techniques used in the preclinical
setting include bronchoalveolar lavage (BAL), which is a terminal procedure allowing
sampling of cells in the airway, and imaging of neutrophils radiolabeled with **In or
%™Tc and monitored by gamma-scintigraphy [16, 17]. In general, techniques using in
vitro labeling of white blood cells suffer the disadvantage of lengthy, laborious, and
potentially hazardous labeling procedures. Additionally, such procedures may induce
neutrophil activation which may consequently alter their biodistribution and function
upon administration. PET imaging of the radioactive glucose analog FDG is a valuable
diagnostic procedure in clinical oncology, yet is being increasingly investigated as a
probe for neutrophil metabolic activity in the lung [1, 18-21]. FDG is well-suited for
tracking neutrophil metabolic activation due to the heightened glucose consumption
exhibited by neutrophils when undergoing reactive oxygen species production [22-24].
This elevated demand for glucose forms the basis for probing neutrophil activation by
FDG-PET. Prior in vivo animal studies have demonstrated the uptake of FDG by
neutrophils in models ranging from pneumonia [21, 25, 26] to pancreatitis-induced lung

injury [23] to sepsis-induced lung injury [24].
Computing the net uptake rate of FDG by three-compartmental model analysis is
the gold standard technique for quantitative measurement of glucose utilization by FDG-

PET [21, 27]. The major disadvantage of this technique is the requirement for
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measurement of the blood input function which is defined as the serial measurement of
FDG activity concentration in the blood over the entire scan duration. It is a significant
challenge to obtain the input function in mice due to the limited blood volume and the
required surgical insertion of an arterial catheter. There have been a variety of
approaches taken to obtain the input function in mice including invasive arterial
sampling, noninvasive estimation from dynamic PET images, and various combinations
thereof [28-35]. The purpose of this study is to demonstrate that the blood input function
can be accurately and noninvasively measured from PET images. Finally, using a mouse
model of acute pulmonary inflammation, we evaluated the feasibility and accuracy of
measuring neutrophil metabolic activity with FDG-PET by three-compartment model

analysis with an image-derived input function (IDIF).
1.2 EXPERIMENTAL DESIGN AND METHODS

1.2.1 Experimental Animals

Twelve male C57BL/6 mice (8-10 weeks old) were used in this study. The
induction of bacterial pneumonia is based on a previously reported protocol [36].
Briefly, Klebsiella pneumoniae (strain 43816, serotype 2) was grown overnight and then
subcultured for 2 hours to log phase growth. After rinsing, bacteria were diluted in sterile
normal saline for inoculation. Six mice were inoculated by oropharyngeal aspiration of
50 pL of bacterial suspension (approximately 3 x 10° colony-forming units) under light
inhalational anesthesia.  Mice showed signs of moderate illness 18-36 hr after
inoculation, when imaging was performed. Non-infected (saline-injected) mice (n = 6)

served as controls.
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1.2.2 PET and CT Imaging Protocol

Imaging was performed 24 hr following bacterial (or saline) induction. Following
the insertion of a tail-vein catheter, ECG surface electrodes (Blue Sensor, Ambu Inc.,
Glen Burnie, MD) were placed on both forepaws and the left hindpaw. Anesthetized (1-
2% isoflurane in oxygen) mice were placed in the prone position on a custom designed
portable tray designed to reproducibly mount on both the CT and PET scanners,
facilitating accurate image co-registration. Sixty-minute dynamic PET scans were
performed. Data acquisition was initiated a few seconds before the injection of 18-20
MBq (486-540 pCi) FDG via the catheter. FDG was administered over a span of about
30 seconds and the catheter line was immediately flushed with 100 pL of saline to clear
the line and maximize FDG activity administered to the mouse. All mice were fasted 4 h
prior to FDG administration.

Physiological monitoring was performed with a Small Animal Instruments, Inc.,
model 1025L for PET (SAIl, Inc., Stony Brook, NY). This device was used for
monitoring heart rate, respiration, and core body temperature (rectal probe) and also to
generate time-stamped signals for each positron annihilation event marking its location
within the cardiac cycle which allows retrospective reordering of the PET data into heart-
cycle based time-bins. Following the PET scan, mice were immediately transported to
the CT scanner [37], where a 10-minute whole-body CT scan was acquired to assist in
guiding lung ROI boundaries on fused PET images and correcting the PET data for

photon attenuation [38].

1.2.3 Image Reconstruction

PET images were reconstructed from list mode data which were divided into 23
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dynamic frames: eleven 8 s frames, one 12 s frame, two 1 minute frames, one 3 min
frame, and eight 6 min frames. Each frame was further divided into three segments each
representing a unique portion of the cardiac cycle. All PET images were reconstructed
using Ordered-Subset Expectation Maximization (OSEM) algorithm with 2 iterations and
12 subsets followed by Maximum A Posteriori (MAP) algorithm (18 iterations). The
reconstructed image was composed of 95 axial slices of thickness 0.79 mm with an in-
plane voxel dimension of 0.4 mm x 0.4 mm (128 x 128 pixels).

CT images were reconstructed with a 3D filtered back-projection algorithm using
COBRA software (Exxim, Inc., Pleasanton, CA). The CT reconstructed pixel size was
0.15 mm x 0.15 mm x 0.15 mm on a 320 x 320 x 384 image matrix, but was down-
sampled to match the spatial resolution of PET upon image co-registration. CT-based
attenuation correction was performed using the PET scanner software (microPET

Manager, Siemens Preclinical Solutions).

1.2.4 Data Analysis

Whole-lung tissue time-activity curves (TACs) were measured from CT-drawn
lung ROIs which were transferred to co-registered PET images. In order to cover the
entire lung field, all transverse slices containing lungs were analyzed for each mouse.
IDIFs were measured by manually drawing small circular ROIs on contiguous transverse
planes of the PET image in the area corresponding to the left ventricle (LV) blood pool
when the cardiac phase was near end-diastole. These ROIs were copied to all dynamic
frames and the process was repeated on two to three transverse slices in which the LV
cavity was visible. An average blood TAC was computed from each slice. To correct for

partial volume effects in the LV blood pool, the average blood TAC was boosted by a



28

pre-determined recovery coefficient of 0.92 [39] to yield the IDIF. See Appendix A for
additional details on the derivation and accuracy of the IDIF.

The net rate of FDG uptake (K;) in lung tissue, which is linearly related to the
local glucose metabolic rate, was determined by fitting experimental PET-derived time-
activity data to a two-tissue, three-compartment model (Figure 1-1) [40, 41]. This model
was created to mathematically describe the movement and trapping of FDG in tissue.
Using nonlinear regression, the time-course of tracer within the tissue (C(t)) and the

concurrent tracer concentration in the blood (Cy(t)) was fitted to the model solution:

Cu(t)= K (ks + K, —a)e™ + (@, —ky —k,)e ™ |®C, 1)+ BV XC, (1) Eq 1
)

where

ty1 =%(k2 kg Ky £y (kg + kg +k,)2 —dkok,) EQ.2
® is the convolution operator, BV is the estimated blood volume component, t is time,
and ky (mL g min™), ko (min™), ks (min™), and k4 (min™) values represent the rate
constants for FDG forward transport, reverse transport, phosphorylation, and
dephosphorylation, respectively. The net rate of glucose uptake in the tissue of interest,
also known as the net influx constant (K;), was computed from the individual rate
constant parameters as follows:

Ks

Eq.3.
k, +Kj a

K;(mLbloodx mL tissue ™" xmin™") =k,
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Figure 1-1. Two-tissue-three-compartment model of FDG
kinetics. The ky (ml min™ mI™), k, (min™), ks (min™), and
ks (min) values represent the rate constants for FDG
forward transport, reverse transport, phosphorylation, and
dephosphorylation, respectively.

uptake within the lungs,
selective slices from
PET  images  were
transformed into parametric images of local K;. Voxel-wise K; values were computed by
Patlak analysis, which is based on the assumption that the ratio of tracer concentration in
tissue to that in blood increases linearly when plotted as a function of the integrated blood
radioactivity concentration normalized to the blood radioactivity measured at the
midpoint of each frame [42]. To estimate K;, linear regression was performed beginning
at 15 minutes post FDG injection to allow time for tracer equilibration between the blood

and tissue compartments.

1.2.5 Immunohistochemical Analysis

Immunohistochemical analysis was performed on harvested lung tissue to assess
the relative distribution of neutrophils compared to macrophages in the lungs of control
versus K. pneumoniae-challenged mice (25 h post administration). Prior to lung removal,
the pulmonary circulation was flushed with saline via the right ventricle to eliminate non-
adherent white blood cells. Lungs were then inflated with formalin to distend the
alveolar spaces uniformly. The trachea was cannulated and 10% phosphate-buffered
formalin infused at a pressure of 25 cm H,0. After fixation, the lung was dissected
coronally in the plane of the mainstem bronchus. Adjacent histological sections (3 pm

thick) were specifically stained for either neutrophils with a monoclonal rat anti-mouse
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neutrophil 1gG (MCA771G; Serotec) or for macrophages with anti MAC-2 1gG
(ACL8942P; Accurate). Stained tissues were observed under a Microphot-FXA

microscope (Tokyo, Japan).

1.2.6 Statistical Analysis
Group data are expressed as the mean + standard deviation. Student's t-test was
used to compare results among groups. Statistical significance was set at P< 0.05.

Sigma-Stat v2.0 (SPSS, Inc, Chicago, IL) was used for statistical testing.
1.3 RESULTS

1.3.1 Compartmental Modeling and Whole-Lung K;

An example of a lung TAC and the associated compartmental model fit from a
control animal is shown in Figure 1-2. This figure demonstrates that the model output
fits the experimental lung data well. Whole-lung FDG influx constant (Kj) was
significantly higher in the group of mice administered K. pneumoniae compared to
controls. The mean whole-lung K; for control mice was (5.1 + 1.2) x 10 vs. (11.4 + 2.0)
x 10° min? for the K. pneumoniae-challenged mice (P = 0.0003) shown as gray
diamonds in Figure 1-3. Within each group, individual whole-lung lung K; values are

shown (black diamonds).
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Figure 1-2. A representative plot showing a lung tissue TAC from a control
animal and the associated compartment model fit (R> = 0.92). Modeling
produced good fits to the observed data.
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Figure 1-3. Whole-lung K; values for control and K. pneumoniae-challenged mice
calculated from three-compartment model analysis (see Data Analysis). The black
diamonds represent lung K; values of individual mice while the gray diamonds
represent the average of the group. *P < 0.05 compared with the non-infected control

group.
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1.3.2 Parametric Lung Maps

Representative parametric K; maps of lungs from a control mouse and a K.
pneumoniae-challenged mouse are shown in Figure 1-4A. Voxel-wise K; values were
computed by Patlak analysis using the image-derived blood input function. Segmented
lung boundaries were identified and manually outlined on co-registered CT images.
Hyper-intense regions are clearly visualized on the K; parametric maps of the K.
pneumoniae infected mice. The K. pneumoniae-challenged mouse clearly demonstrates
the spatially heterogeneous nature of the lung disease model. Figure 1-4B shows the
result of Patlak analysis performed on a single voxel (indicate by arrow) as well as all
lung field voxels of a K. pneumoniae-challenged mouse. This comparison serves to
highlight the dramatic spatial heterogeneity in lung FDG uptake that can occur after K.
pneumonia administration, which may not be fully appreciated when whole-lung K;

values are computed.

1.3.3 Immunohistochemistry

Immunohistochemical staining of lung tissue from a control mouse revealed
normal alveolar wall structure with very few infiltrated neutrophils (Figure 1-5A) or
macrophages (Figure 1-5B). In contrast, the K. pneumoniae infected mouse (euthanized
25 h post K. pneumoniae challenge) had significant lung neutrophil burden (Figure 1-5C),

with very little macrophage infiltration (Figure 1-5D), as indicated by arrowheads.

1.4 DISCUSSION
In this work we established a method to quantitatively assess pulmonary FDG
uptake in mice by compartmental modeling using an IDIF (see Appendix A for details on

the IDIF). Because many lung diseases can be spatially heterogeneous, this assessment
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was made at both the regional level (whole-lung K;) and voxel level. The drawback of
voxel-wise analysis is the increased amount of noise when measuring a TAC from a
single voxel compared to a TAC measured from all the voxels in the lung field. This
increase in noise may lead to inaccuracies in the numerical identification of the kinetic
parameters being estimated when fitting data to a compartmental model. We found that
Patlak analysis to be better suited for estimating K; at the voxel level because it relies on

a simple graphical transformation of the time-activity data to directly compute K.

Figure 1-5. Immunohistochemical staining of neutrophils (stained with a rat anti-
mouse 1gG) and macrophages (stained with anti MAC-2 IgG) in lung tissue excised
from a control and a K. pneumoniae infected mouse (42 hr post challenge).
Immunostained cells appear dark brown. Control lungs revealed no neutrophils (A) or
macrophages (B), only normal alveolar wall structure. Infected lungs had significant
neutrophil accumulation (C), with very little macrophage infiltration (D, indicated by
arrowheads). (Magnification, x400.)
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In comparing whole-lung K; values to voxel-wise K; values for K. pneumoniae-
challenged mice shown in Figure 1-4A, there appears to be a discrepancy. This can be
attributed to the fact that Patlak analysis was done on select axial slices that best
highlighted lung inflammation, thus skewing the apparent average lung K; value
compared to whole-lung Kj values estimated from the three-compartment model. This is
demonstrated in Figure 1-4B which shows the result of Patlak analysis performed on a
single voxel (indicated by arrow) and all voxels contained in the lung field. The K; value
computed for the single voxel, which is located in an area corresponding to intense FDG
uptake, is significantly elevated compared to the Patlak-derived whole-lung K;, leading to
the skewing effect described above. The average K; value for the control lung (Figure
1-3) derived from multiple slices averaged over six mice is comparable to the average
that can be inferred from a single slice in the voxel-wise Patlak plot (Figure 1-4A).

The biggest concern regarding the use of FDG for monitoring activated
neutrophils is the specificity of the PET imaging signal. There have been some previous
studies conducted to help clarify this question. One particular study chemically depleted
neutrophils in mice and measured lung FDG uptake following a subsequent inflammatory
challenge [21]. Results from this study showed that when neutrophils are depleted the
magnitude of FDG sequestration is reduced in the endotoxin-challenged lung. This
finding is consistent with the hypothesis that neutrophils, likely due to their increased
metabolic demand during respiratory burst, are the dominant cell type responsible for
FDG uptake. Our immunohistochemical analysis, which revealed that neutrophils are the
predominant cell infiltrating the lung interstitium and alveoli at the time point studied,

supports this hypothesis.
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15 CONCLUSION

Compartmental modeling is considered the gold standard technique for
quantifying FDG uptake by activated neutrophils in the lung. The primary goal of
establishing a completely noninvasive method of deriving the blood input function from
mice to allow three-compartment modeling of FDG tissue kinetics was accomplished in
this study. Using this IDIF, we measured a significantly higher net FDG uptake rate in
the lungs following bacterial challenge compared to control lungs. Furthermore, the
mean lung K; values computed here were not significantly different from previously
reported values for mice of similar age and background strain computed from input
functions obtained by arterial sampling. To better elucidate the spatial distribution of
inflammatory activity, PET data can be transformed into parametric maps of local K;
using the IDIF with Patlak analysis. FDG-PET is already widely used for cancer
detection and assessing response to treatment. In the context of inflammatory lung
diseases, this imaging method may be useful for surveillance of neutrophil activation and

its noninvasive nature makes it more accessible for use in the preclinical setting.



CHAPTER 2

Evaluation of a Novel Neutrophil-Specific

Peptide for PET Imaging
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2.1 INTRODUCTION

Imaging with PET following injection of FDG provides a sensitive index of
pulmonary neutrophil metabolic activity in vivo. However, the use of FDG to probe
neutrophil metabolic activity in the lungs will always incur uptake by other immune cells,
lung parenchymal cells, and normal tissue such as myocardium, potentially leading to
false interpretations. To address this problem, we focused on developing an alternative
neutrophil imaging approach based on the peptide N-cinnamoyl-F-(D)L-F-(D)L-F
(CFLFLF), which was previously reported as an antagonist to the neutrophil formyl
peptide receptor (FPR) with a high binding affinity (K4 = 2 nM) [43]. However, due to
its high hydrophobicity it demonstrated relatively poor target-to-background ratios
compared to peptide agonists in imaging focal sites of infection in rabbits [44]. To
overcome this problem we modified the peptide by conjugating it with a PEG (molecular
weight = 3.4 kD) moiety to enhance its hydrophilicity and improve blood circulation time
[36]. To facilitate PET imaging, the PEG was terminated with DOTA to allow chelation
of the PET agent ®*Cu. In this chapter, we conducted in vitro studies to characterize the
binding affinity and agonistic properties of this modified peptide towards neutrophils.
Once we demonstrated the peptide had the desired in vitro properties, in vivo PET

imaging was performed in a mouse model of pulmonary inflammation.
2.2 EXPERIMENTAL DESIGN AND METHODS

2.2.1 Materials
All chemicals obtained commercially were of analytical grade and used without
further purification. ®*Cu-CuCl, was purchased from lIsotrace, Inc. The peptide N-

cinnamoyl-phe-(D)-Leu-phe-(D)-Leu-phe-lys-CONH, (CFLFLFKCONHy) was
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synthesized via solid-phase Fmoc method by Biomolecular Research Facility at the
University of Virginia, and the structure was confirmed by matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) mass spectroscopy. Bifunctional t-
butoxycarbonyl-protected PEG-succinimidyl ester (t-Boc-PEG-NHS; molecular weight,
3.4 kD) was obtained from Laysan Bio, Inc. 2,2',2",2"-(1,4,7,10-Tetraazacyclododecane-
1,4,7,10-tetrayl)tetraacetic acid (DOTA) was obtained from Macrocyclics, Inc. N-
hydroxysulfosuccinimide and 1-ethyl-3-[3-(dimethylamino)-propyl] carbodiimide were
purchased from Pierce. All other chemical reagents and solvents were obtained from
Sigma-Aldrich. Semipreparative reversed-phase (RP) high-performance liquid
chromatography (HPLC) was performed on a Varian system equipped with an ultraviolet
detector and a Bioscan Flow Count Radio-HPLC detector with an Apollo C18 RP column
(5 um, 250 x 10 mm). The mobile phase changed from 40% Solvent A (0.1%
trifluoroacetic acid in 80% water) and 60% Solvent B (0.1% trifluoroacetic acid in 80%
aqueous acetonitrile) to 100% solvent B at 30 min at a flow rate 3 mL/min. MALDI-
TOF mass spectroscopy analysis was performed on samples of peptide products at W.M.
Keck biomedical mass spectrometry laboratory at the University of Virginia, and the data
were obtained on a Bruker Daltonics system.

Human tumor necrosis factor-a (TNF-o) was procured from PeproTech, and N-
formyl-methionine-leucine-phenylalanine (fMLF) was purchased from Sigma. Aliquots
of both samples were taken (TNF-a, 10 U/mL, and fMLP, 10 mM) and stored at -20°C.
For every assay the solutions were thawed to ambient temperature and freshly diluted
with hepatic arterial (HA) buffer before use. Multiscreen high-throughput screening

(HTS) with glass fiber filter (FC) 96-well plates, type C, with 1.2-um glass filters were
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purchased from Millipore. Filtration from 96-well plates was performed under vacuum
on Brandel filtration device. The membranes from each well were collected by punching
with the Millipore Multiscreen punching instrument. The radioactivity from ®Cu-bound
ligand was measured with either Minaxi (Packard), Autogamma 5000 series (Packard), or
Wallac 1420 Wizard (Perkin-Elmer) y-counters. Radioactivity was measured for 1 min

per sample and was not corrected for radioactivity decay.

2.2.2 Synthesis and Radiolabeling

cFLFLFK-PEG-t-Boc was prepared by incubating a mixture of cFLFLFK(NH>)
(10 mg, 10.6 umol) dissolved in 2 mL of acetonitrile and t-Boc-PEG-NHS(30 mg, 8.8
umol) dissolved in 2 mL of sodium borate buffer (0.1N, pH 8.5) overnight at 4°C.
Removal of volatiles under reduced pressure using rotary evaporator afforded a residue
which was dissolved in 2 mL of trifluoroacetic acid and left at room temperature for 2 h
to remove t-Boc protecting group. Concentration of the mixture under reduced pressure
followed by reconstitution in 50% actontrile:water (2.0 mL) yielded stock solution. This
solution was subjected to multiple injections (~5-6) on semipreparative RP-HPLC to
collect fractions containing pure cFLFLFK-PEG-NH; (retention time, 18.4 min.). The
fractions were concentrated under reduced pressure to yield pure sample, which was
further characterized by MALDI-TOF mass spectroscopy. cFLFLFK-PEG-NH,  (16.5
mg, 3.8 umol) was dissolved in 1 mL of H,O and the pH was adjusted to 8.5 with 0.1N
NaOH. To this solution was added DOTA-NHS (19 pumol in 20 uL of water), prepared
according to a previously reported method [45]. The mixture was incubated overnight at
4°C. The solution was subjected to HPLC purification (retention time 16.8 min.) to yield

pure CFLFLF-PEG-DOTA(7.6 mg, 43%).
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The radiolabeling was accomplished by addition of 7.4-29.6 MBq (200-800 uCi)
of **CuCl, to 5-20pg of cFLFLF-PEG-DOTA in 0.1N ammonium acetate (pH 5.5) buffer,
and the mixture was incubated at 40°C for 30 min. The mixture was injected as is for
RPHPLC purification. The column eluate was monitored by UV absorbance at 215 nm
and with a y-detector. The collected product eluted at 17.2 min with a radiochemical
yield higher than 95% and the specific activity of 1.1 x 10° MBg/mmol (yield > 90%).
Pure fractions were concentrated under reduced pressure. The radiolabeled peptide was
further characterized by comparing its chromatographic properties with non-radioactive
copper labeled compound synthesized independently using copper chloride in the same
process.

To test for compound stability, we incubated the compound in serum at 37°C for
1, 3, and 6 h. After incubation, we monitored the compound with HPLC. To determine
the partition coefficient of the PEGylated and non-PEGylated compound, we dissolved
about 350 kBq of cFLFLF-PEG7s-DOTA-*Cu (or cFLFLF-DOTA-*Cu) in 500 pL of
water and mixed the solution with 500 pL of octanol in an Eppendorf microcentrifuge
tube. The tube was sonicated for 10 min and then was centrifuged at 4,000 rpm for 5 min
(Fisher Scientific Marathon Micro-A). Radioactivity was measured in 100 pL aliquots of

both octanol and water layers in triplicate.

2.2.3 In Vitro Assays

Receptor Binding. Human neutrophils were prepared from normal heparinized
(10 U/mL) venous blood by a 1-step Ficoll-Hypaque separation procedure [46, 47],
yielding approximately 98% neutrophils; greater than 95% viable as determined with

trypan blue containing less than 50 pg-mL™ of endotoxin. After separation, neutrophils
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were washed with Hanks' balanced salt solution with heparin (10 U/mL) 3 times. After
the third wash, neutrophils were resuspended in Hanks’ balanced salt solution
supplemented with 0.1% human albumin (Bayer Healthcare). Neutrophil experiments
were completed in HA Buffer.

Freshly isolated human neutrophils (4 x 10° cells/mL) were treated with 10 U/mL
of TNF-a 20 min before binding studies and transferred to a 96-well plate (Multiscreen
HTS FC [Millipore] 1.2-um glass filter type C, 50.0 pL, ~ 2 x 10° cells per well).
Saturation assays were carried out using eight different concentrations of cFLFLF-PEG-
%Cu (specific activity: 32.9 MBq [0.89 uCi]/mmol) ranging from 0.001 to 100 nM.
Neutrophils were incubated with the radioligand at 25°C for 90 minutes to obtain total
binding. After incubation, 96-well plates were filtered rapidly under vacuum using a
Brandel filtration device (Brandel Inc.), washed three times with cold Tris-Mg buffer (-
5°C, 10mM, 150 pL each time per well) to remove the unbound radioligand, and dried
under a vacuum. The membranes from each well were collected by Millipore
multiscreen punching instrument (Billerica, MA). The bound radioactivity remaining on
the membranes was measured in a y-counter. Specific binding was calculated as the
difference between total binding and nonspecific binding. Non-specific binding was
assessed using the highest concentration of radiolabeled ligand used in the binding
experiment following pre-incubation with cold compound (100 uM of cFLFLF-PEG-Cu).
Binding parameters (Kq and Bnax Values) were calculated using PRISM 4.0 (GraphPad).

Superoxide Production Assay. We used a luminol-enhanced chemiluminescence
assay to assess the biological activity of cFLFLF-PEG-copper and fMLP towards human

neutrophils. This is a standard assay for measuring the mobilization of myeloperoxidase
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and the formation of reactive oxygen intermediates important in the ability of neutrophils
to kill microbes [48]. Purified neutrophils (2 x 10%/ml) were first primed with TNF-o. (10
U/ml) and incubated in a water bath (37°C) for 15 min. Following priming, aliquots of
the neutrophils were transferred to a microtitre plate (white-walled clear bottom 96 well
tissue culture plates) containing luminol (100 uM) and cFLFLF-PEG-Cu or fMLF
ranging from 0.0001-10 pM. Peak stimulated chemiluminescence was determined with a
Victor 1420 Multilabel Counter set for chemiluminescence mode using Wallac
Workstation software. Sigmoidal dose-response curves for fMLP and cFLFLF-PEG-Cu
stimulation of PMN oxidative activity were fit using PRISM 4.0 (GraphPad). Median
effective concentrations (EC50) were derived from concentration-response curves using
PRISM software. Based on this data we compared the relative agonist potency (EC50) of

CFLFLF-PEG-Cu to fMLF on neutrophil oxidative activity.

2.2.4 In Vivo Assays

Lung Inflammation Model. Klebsiella pneumoniae strain 43816, serotype 2
(American Type Culture Collection), was grown in trypticase soy broth (TSB) overnight,
then subcultured for 2 h to log-phase growth. Following extensive rinsing, bacteria were
diluted in sterile normal saline for inoculation. C57BL/6 mice (male, 8-10 weeks old;
Charles River) were inoculated by oropharyngeal aspiration of 50 pL of bacterial
suspension (approximately 3 x 10° colony-forming units) under light inhalational
anesthesia with methoxyflurane. The size of the inoculum was quantitated by plating
serial dilutions on MacConkey agar plates and counting colony-forming units after
overnight incubation. Mice showed signs of moderate illness 18-36 h after inoculation,

when imaging was performed.
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Organ Distribution and Pharmacokinetics. Distribution of radioactivity in the
body was determined in both control (n = 4) and K. pneumoniae-challenged (n = 6) mice
18 h post injection of cFLFLF-PEG-**Cu. After taking a single blood sample from the
tail vein, mice were euthanized by deep halothane anesthesia. The pulmonary circulation
was flushed with 3 mL of sterile normal saline via the right ventricle and the following
organs and tissues were removed and washed: heart, lungs, muscle, bone, liver, kidney,
spleen, small intestine, and stomach. The dissected tissues were placed in a pre-weighed
vial and later assayed in a gamma well counter. The measured radioactivity for each
sample was decay corrected back to the time of tracer injection. Biodistribution values
are expressed as a percentage of the injected activity (%ID) and normalized for body and
organ/tissue mass [49].

Blood kinetics of cFLFLF-PEG-**Cu was studied in three control mice.
Approximately 50 pL of blood from the contralateral tail vein was collected in capillary
tubes at 5, 15, 30, 60, 120, and 180 minutes after tracer injection (0.37 — 0.74 MBq). The
capillary tubes were placed in a vial that was weighed beforehand and afterward.
Activity in each blood sample was measured in a y-counter, normalized for injected dose
and animal body weight, and expressed as %I1D/g of blood.

Myeloperoxidase Analysis.  To estimate the number of intrapulmonary
neutrophils, myeloperoxidase assays were performed. Immediately after being imaged,
mice were euthanized by deep halothane anesthesia and their pulmonary circulation
flushed with 3 mL of sterile normal saline via the right ventricle. The lungs were
removed and snap frozen at -80°C until later assayed. Lungs were weighed and placed in

homogenization buffer (hexadecyltrimethylammonium bromide) and homogenized,
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followed by sonication and centrifugation. Five microliters of supernatant was added to
the assay buffer (o-dianisidine hydrochloride in potassium phosphate) in a 96-well plate,
and optical density kinetic measurements at a wavelength of 490 nm were made using a
pQuant (Bio-Tek Instruments, Inc) spectrophotometer. Myeloperoxidase activity is
reported as a change in optical density (OD)/min/mg of lung tissue.

Lung Immunohistochemistry Staining. Immunohistochemical analysis was
performed on harvested lung tissue 42 h post K. pneumoniae challenge, matching the
time point of imaging post infection (24 h plus an additional 18 h of tracer clearance
time). Immunohistochemistry was used to assess the relative amount and distribution of
neutrophils compared to macrophages in the lungs of control versus infected mice.
Before removal of the lungs, the pulmonary circulation was flushed with saline via the
right ventricle to eliminate nonadherent white blood cells. The lungs were then inflated
with formalin to distend the alveolar spaces uniformly. The trachea was cannulated, and
10% phosphate-buffered formalin was infused at a pressure of 25 cm of H,0. After
fixation, the lung was dissected coronally in the plane of the mainstem bronchus.
Adjacent histological sections (3 pm thick) were specifically stained for either
neutrophils with a monoclonal rat anti-mouse neutrophil IgG (MCA771G; Serotec) or for
macrophages with anti-MAC-2 IgG (ACL8942P; Accurate). Stained cells were observed

under a light microscope (Microphot; Nikon, LRI Instruments AB).

2.2.5 PET/CT Study
Imaging Protocol. Twenty-four hours after administration of K. pneumoniae,
CFLFLF-PEG-%Cu (3.7-5.5 MBq [(100 ~ 150 pCi]) in 200 pL of saline was injected via

the tail vein. Lung SUVs were measured at several time points post injection and fit to a
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monoexponential curve, allowing for the calculation of ligand clearance in the control
and infected lungs. This analysis was necessary in order to estimate the time window
post injection for which the signal difference between control and infected lungs is
maximized.

Animals were placed in a custom imaging tray which permitted reproducible
positioning relative to the scanners and allowed anesthesia (1% - 2% isoflurane in
oxygen) to be delivered throughout the imaging. Micro-X-ray computed tomography
[50] images were acquired using a scanner developed in-house. After CT acquisition,
mice were transported to the Focus 120 PET scanner and scanned for approximately 25
min. CT images were reconstructed with a 3-dimensional filtered back-projection
algorithm using the COBRA software (Exxim, Inc.). The reconstructed pixel size was
0.15 x 0.15 x 0.15 mm on a 320 x 320 x 384 image matrix. PET data were reconstructed
using OSEM-MAP algorithm with 12 subsets and 2 iterations followed by MAP
algorithm (18 iterations) using MicroPET Manager (Siemens). The reconstructed pixel
size was 0.28 x 0.28 x 0.79 mm on a 128 x 128 x 95 image matrix. All PET images were
corrected for decay but not attenuation.

Image Analysis. PET and CT images were co-registered using ASIPRO
(Siemens) and a transformation matrix previously obtained with an imaging phantom. To
quantify the accumulation of the tracer in lungs, ROI analysis was performed. CT images
were used to visualize lung boundaries and guide the placement of lung ROIs, which
were drawn manually. 10 £ 2 contiguous transaxial lung ROIs were drawn to cover the
entire lung field. Lung ROIs were transferred to the PET images and the mean activity

per milliliter of lung tissue was determined. SUVSs, defined as product of the mean lung
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ROI activity and the animal body weight divided by the injected dose, were computed.

2.2.6 Data Analysis

Group data are expressed as the mean + SD. The Student t-test was used to
determine differences in SUV, %ID, and myeloperoxidase assay results among mice
administered K. pneumoniae and normal control mice. A P value less than 0.05 was
considered statistically significant. Sigma-Stat, version 3.0 (SPSS, Inc) was used for
statistical calculations.
2.3 RESULTS
2.3.1 Peptide Synthesis and Radiolabeling

The desired cFLFLF-PEG-DOTA peptide containing a PEG linker was
synthesized in a straightforward manner using a standard synthesis protocol of activating
the carboxylic acid group  on t-Boc protected-PEG with N-
hydroxysuccinamidederivatization.  Deprotection of t-Boc on PEG linker with
trifluoroacetic acid afforded a PEGylated peptide with free NH,, which was further
acylated with an N-hydroxylated-carboxy derivative of DOTA. At each step the
intermediates were purified by RP HPLC and the compounds were characterized by
MALDI-TOF mass analysis. The average molecular weight distribution of cFLFLFK-
PEG-NH, was centered at 4.3 kD and major m/z peaks were observed at 4240, 4284,
4372, and 4416. The average calculated mass was 4331. Analysis of cFLFLFK-PEG-
DOTA by MALDI-TOF revealed an average molecular weight distribution centered at
4.8 kD and major m/z peaks were observed at 4644, 4688, 4776, and 4820. The average
calculated mass was 4718. Finally, cFLFLFK-PEG-DOTA-copper revealed an average

molecular weight distribution of about 4.8 kD and major m/z peaks were observed at
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4692, 4736, 4778, and 4794. The average calculated mass was 4782, which is in strong
agreement with experimental values.

The final radiolabeled cFLFLF-PEG-*Cu ligand exhibited a pure single peak by
RPHPLC chromotography, and its radio purity was assigned to be more than 95%. The
radiolabeled compound was compared with its nonradioactive counterpart for additional
confirmation of the structure. HPLC analysis yielded no free **Cu ions or radioligand

fragments when testing the
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Figure 2-2. Stimulation of the neutrophil oxidative burst by cFLFLF-PEG-Cu and
fMLF as detected by luminol-enhanced chemiluminescence. The results are reported as
peak chemiluminescence as a percentage of TNF-primed and fMLF-stimulated (10° M)
control. cFLFLF-PEG-Cu demonstrated no agonist activity towards neutrophils (EC50
value not computable), while fMLF-stimulated neutrophil superoxide release with an
EC50 of 3.7 x 107 M. Data are reported as mean + SEM for at least 2 independent
measurements.

value of 17.7 nM was computed. In stimulation assays, cFLFLF-PEG-**Cu showed
minimal agonist activity as assessed by neutrophil superoxide production at all
concentrations studied, whereas fMLF exhibited agonist activity with an EC50 of 5.1 x

10" M (Figure 2-2).

2.3.3 In Vivo Assays

Blood Kinetics. The clearance of cFLFLF-PEG-*Cu in blood followed a
monoexponential elimination pattern. The mean biological half-life of the peptide was
estimated to be 55 + 8 min.

Organ Distribution. Excised tissue concentrations of radio tracer (%ID) at 18 h

after injection in controls and mice administered K. pneumoniae are shown in Figure 2-3.
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Figure 2-3. Tissue and organ accumulation of cFLFLF-PEG-®*Cu at 18 h after
injection in control and K. pneumoniae-challenged mice, expressed as %ID/g of tissue.
Mean lung radioactivity is 3.8 times greater in infected lungs than in control lungs (*P
< 0.05).

For K. pneumoniae-challenged mice, the highest mean concentrations were found in the
liver, kidney, and small intestine. The following organs (or tissue) demonstrated
statistically significant differences in mean %ID values between control and infected
mice as determined by Student t test: heart, lungs, liver, kidney, small intestine, stomach,
and blood. Muscle, bone, and spleen did not exhibit statistically significant differences at
the time point studied. The mean ratio of radioactivity in the infected to control lungs
was 3.8.

Imaging Results. The imaging properties of cFLFLF-PEG-**Cu were studied in
control (n = 4) and K. pneumoniae-challenged mice (n = 6) mice. To establish the
optimal time for imaging after ligand injection, the rate of washout in control and
infected lungs was computed. Serial PET imaging revealed a half-life of 4.8 £ 0.7 h and
10.3 £ 2.9 h in control lungs and infected lungs, respectively. From these clearance half-
lives, the optimal imaging time window post injection was determined to be between 14

and 20 h.



Figure 2-4. Examples of CT and PET images of control and K. pneumoniae-
challenged mice. PET images were obtained 18 h after i.v. injection of
CFLFLF-PEG-%*Cu. Both transverse (top row) and coronal (bottom row)
images are shown. In mice administered K. pneumoniae, there is extensive
attenuation in lungs on CT scans, compared with controls. PET scans
revealed that K. pneumoniae-challenged mice had visually more tracer uptake
in lung tissue than did controls, as was quantified by ROI analysis. H =
heart; L = liver.

o1
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Therefore, the 18 h time point was chosen out of convenience. Figure 2-4 shows
representative CT and PET images of cFLFLF-PEG-**Cu 18 h after injection. These
images show significant tracer accumulation in the lungs of the K. pneumoniae-
challenged mouse, compared with the control mouse. Average lung SUVs for K.
pneumoniae-challenged and control mice were 0.142 + 0.054 and 0.028 = 0.003,
respectively (*P < 0.003), as shown in Figure 2-6. High liver uptake was observed in the
PET images regardless of whether lung infection was present. The mean lung SUV ratio
in infected versus control mice was approximately 5.8.

Myeloperoxidase Analysis. Myeloperoxidase values measured in excised lung

tissue (after imaging) revealed significantly elevated enzyme activity K. pneumoniae-

challenged mice
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Figure 2-5. Myeloperoxidase activity in lung
0.78 £ 0.17 and 0.12 + homogenates, expressed as change in optical density per
minute per milligram of tissue. Myeloperoxidase activity
0.05, respectively (*P < measured in K. pneumoniae-challenged lungs was
approximately 6-fold higher than that measured in control
0.005), as shown in lungs (*P <0.05). AOD = change in optical density.
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Figure 2-5. The ratio of
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o 012
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SUV ratio measured from  Figure 2-6. 18 h following injection of cFLFLF-PEG-
_ %4Cu, SUVs measured in K. pneumoniae-challenged lungs
PET images of the same were 5.8 times greater in than in control lungs (*P <

0.005).
mice (Figure 2-6).

Immunohistochemistry Staining. Immunohistochemical staining of lung tissue from a
control mouse revealed very few neutrophils (Figure 2-7A) or macrophages (Figure
2-7B), and normal alveolar wall structure. In contrast, the K. pneumoniae-challenged
mouse (euthanized 42 h after administration) had a significant lung neutrophil burden
(Figure 2-7C), with very low numbers of macrophages (Figure 2-7D, indicated by
arrowheads).
24 DISCUSSION

Because the presence of neutrophils and their secretory markers have been
strongly linked to the pathogenesis of a number of important pulmonary disease
processes, there has been great effort aimed at understanding the role and behavior of
these cells in the context of debilitating lung diseases. Initial attempts for tracking

leukocytes in vivo with PET imaging utilized in vitro cell labeling with FDG. However,
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Figure 2-7. Immun mical staining of neutrophils (stained with a rat anti-mouse
IgG [MCAT771G; Serotec]) and macrophages (stained with anti MAC-2 IgG
[ACL8942P; Accurate]) in lung tissue excised from a control and a K. pneumoniae-
challenged mouse (42 hr post administration). Immunostained cells appear dark brown.
Control lungs revealed no neutrophils (A) or macrophages (B), only normal alveolar
wall structure. Infected lungs had significant neutrophil accumulation (C), with very
little macrophage infiltration (D, indicated by arrows). (Magnification, x400.)

this technique suffers from low and variable labeling efficiency and the short half-life of
FDG eliminates the prospect of next-day imaging [51]. Chemotactic peptide receptor
agonists have been used successfully in numerous animal studies [52, 53]; however, they
are not ideal inflammation imaging agents due to their potential stimulatory effects on
leukocytes. Our approach circumvents these problems by relying on in vivo leukocyte
labeling with the longer-lived positron emitter, ®*Cu. The peptide cFLFLF, which has
been previously shown to have a high binding affinity towards the neutrophil FPR, does

not induce neutrophil activation as do other high-affinity chemotactic peptide analogs
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[43]. Through in vitro studies, we demonstrated that the peptide cFLFLF can be coupled
with a PEG moiety for the purpose of enhancing its hydrophilicity without significantly
altering its high binding affinity towards the neutrophil FPR. Importantly, the compound
showed no biologic activity towards neutrophils as demonstrated by superoxide
stimulation assays [36].

SUV measurements derived from in vivo PET images revealed that the
localization of the peptide was significantly higher in the lungs of K. pneumoniae-
challenged mice as compared to control mice 18 h after injection. We performed
myeloperoxidase assays on post-imaged lung tissue to show that this increased signal was
primarily due to infiltrating neutrophils responding to the bacteria. Myeloperoxidase
analysis confirmed an increased leukocyte infiltration in the bacteria-challenged lungs
compared to normal lungs; the magnitude of which correlated well with our SUV
measurements. However, because myeloperoxidase is an enzyme that is not exclusively
found in neutrophils, we sought additional evidence. Using immunohistochemical
analysis, we assessed the relative amounts of neutrophils versus macrophages in both
control and infected lungs. From this analysis it was clear that neutrophils were the
predominant cell type infiltrating the infected lungs at the 42 h time point after K.

pneumoniae administration, with significantly fewer macrophages present.

2.5 CONCLUSION

We have demonstrated that the pharmacokinetic properties of the peptide ligand
cFLFLF can be improved by PEG conjugation without adversely affecting its binding
affinity or stimulatory properties towards neutrophils. Furthermore, we demonstrated

using a mouse model of pneumonia that imaging of acute neutrophilic inflammation can
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be achieved with this modified peptide and that the mechanism by which the compound
accumulates in the lung appears to be through binding to receptors on infiltrated
neutrophils. On the basis of our in vitro binding and stimulation assays and our in vivo
PET imaging results, this peptide appears to be a promising new radiopharmaceutical for

quantitatively monitoring neutrophilic lung inflammation.



CHAPTER 3

Liposome PET Imaging of Macrophages in

Inflammatory Lung Diseases

S7



58

3.1 INTRODUCTION

Macrophages participate centrally in many pulmonary diseases. In addition to their
elevated presence in the lung and alveolar space of patients with COPD [8, 9] and CF
[10, 11], recent evidence has emerged strongly linking macrophages to many of the
physiological processes necessary for the development and progression of lung tumors
[54, 55]. Enhancing cell survival, promoting tissue remodeling, angiogenesis, and
suppressing the antitumor adaptive immune response are all pro-tumor functions in which
macrophages have established roles [54-57]. In animal model studies, the depletion or
blockade of tumor-associated macrophages (TAMS) into the tumor microenvironment
(TME) has been shown to inhibit tumor growth and reduce tumor vessel density [58-60].
Clinical data have revealed that in many human tumors, including lung, breast, skin, and
prostate, a high density of TAMs, specifically of the M2-polarized subtype, correlates
with cancer invasion and decreased survival times [14, 55, 61-63]. While it is evident
that TAMs represent a unique target for cancer therapies, it appears that the macrophage
subtype determines whether they facilitate (M2 subtype) or impede (M1 subtype) tumor
growth.

As a result of these observations, methods for monitoring TAMS in vivo are
currently being explored to help better understand their role in lung tumor promotion and
for assessing macrophage-targeted therapies in the preclinical arena. Molecular imaging
using agents targeted to TAMs offers a noninvasive method for monitoring TAM content
in the microenvironment and may allow efficient monitoring of response to anti-
inflammatory therapy. Recently, a dextran-coated Magnetofluorescent nanoparticle

decorated with the amino acid glycine (CLIO-gly) was reported to selectively label
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TAMs in vivo [64]. Using fluorescence molecular tomography (FMT) and magnetic
resonance imaging (MRI), the authors showed enhanced uptake of the agent within
tumors of various murine cancer models. Histological analysis of tumor tissue post-
imaging confirmed the presence of a large infiltrate of M2 macrophages that co-localized
with the in vivo CLIO-gly fluorescent signal. Furthermore, it was shown that the agent
could successfully track the depletion of macrophages at the border of implanted tumors
following the administration of liposomal clodronate, validating its use for monitoring
TAM depletion following anti-TAM therapy [65].

Another recently developed TAM imaging probe known as poly(l-glutamic acid)-
Gd-chelated p-aminobenzyl-diethylenetriaminepentaacetic acid (PG-Gd-NIR813) was
reported that can also be tracked by MRI and FMT [62]. Initially thought to target
necrotic areas of tumor tissue, it was later discovered to label TAMs upon reporting a
reduced signal following macrophage depletion. Using FMT it was shown that tumor-
bearing mice pre-treated with a macrophage-depleting agent reduced the tumor uptake of
PG-Gd-NIR813 sevenfold compared to tumor-bearing mice that did not receive the
depletion drug. Subsequent fluorescence microscopy revealed signal co-localization of
PG-Gd-NIR813 fluorescence with newly infiltrated macrophages in subcutaneously
injected tumors, providing further evidence of TAM selectivity.

While the mechanism of uptake of CLIO-gly and PG-Gd-NIR813 by TAMs is
currently undetermined, there have been other efforts to construct "targeted” liposomes
bearing surface carbohydrate residues to interact with specific TAM surface receptors.
Surface scavenger receptors, such as the mannose receptor (CD206) over-expressed on

TAMs of both human and mouse origins, represent a viable target [66-69]. The mannose
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receptor is important for the clearance of mannose-bearing serum glycoproteins released
at sites of inflammation and is known to bind mannose residues on the surface of
potentially pathogenic viruses, fungi, and bacteria enabling them to be neutralized by
phagocytic engulfment [70, 71]. Liposomes are naturally recognized by phagocytic cells
of the reticuloendothelial system (RES) and can deliver biologically active drugs in their
aqueous core or lipid bilayer. Recent work has shown that the inclusion of mannosylated
phospholipids in the bilayer membrane enhances liposome uptake by peritoneal
macrophages in vivo by mannose receptor-mediated endocytosis [72, 73]. The goal of
this chapter is to develop a PET imaging strategy for targeting TAMs in the lung with
mannosylated liposomes. The ability to selectively deliver nanoparticles to TAMs could
allow us to detect and quantify their presence, determine and possibly reverse their

subtype, and provide a means of delivering select agents to the TME.

3.2 EXPERIMENTAL DESIGN AND METHODS

3.2.1 Animal Model

Our mouse model is based on one reported by Blackwell, et al. [74]. Female FVB
mice (Jackson Laboratory, n = 6) aged 6-8 weeks received weekly intraperitoneal (i.p.)
injections of 1 mg urethane/g body weight dissolved in sterile 0.9% NaCl. Another group
of 3 mice received saline i.p. injections and served as controls. Beginning at 20 weeks
after the initial urethane injection, mice were imaged by MRI to verify lung tumor
presence and were considered ready for PET imaging when at least one lung tumor
reached a size of approximately 1.5 mm in diameter. The mechanism of lung tumor

induction in mice by urethane injection is discussed in Appendix B.
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Prior to conducting studies in vivo, we characterized macrophage infiltration at
the tumor border in the urethane-FVB mouse model. Twenty-four weeks after urethane
treatment, lungs from a representative mouse were harvested en bloc and inflated with
formalin through the trachea. After formalin fixation, the lungs were embedded in
paraffin, cut into 2 um slices, and hematoxylin and eosin (H&E)-stained. Slides were
digitized using an Aperio ScanScope scanner and the images were examined for tumors.

To evaluate TAM density relative to macrophage density in normal lung, we
immunostained lung sections with rat anti-mouse F4/80 monoclonal antibody
(AbDSerotec). We chose F4/80 because it is a well-known, highly restricted macrophage
molecule in mice [75]. For this study, lungs from four representative urethane-treated
mice were harvested and prepared as described above. To estimate macrophage density,
regions of interest (ROIs) were drawn on digitized images in areas corresponding to
stroma and normal lung tissue. Within each ROI, the total number of macrophages was
manually counted to estimate macrophage density (M@ per square millimeter).
Approximately ten ROIs were drawn in each compartment and the average density was
computed.

Finally, we used confocal microscopy to estimate the percentage of F4/80" cells
that over-express mannose receptor (CD206), a marker highly expressed on M2
macrophages and minimally expressed on M1 macrophages [76]. Lungs from two
representative mice were harvested 24 weeks following the initial urethane injection.
After the lungs were inflated with 1.5 mL of Optimum Cutting Temperature (OCT,;
Fisher Scientific) through the trachea, the whole lung was snap frozen in liquid nitrogen,

embedded into a frozen block, and cryosectioned in a coronal orientation. Frozen lung
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tissue sections were fixed and incubated with rat anti-mouse F4/80 (AbDSerotec) and
rabbit anti-mouse CD206 (AbDSerotec). After primary antibody incubation, sections
were treated with Alexa Fluor 594-conjugated goat anti-rat 1gG and Alexa Fluor 488-
conjugated goat anti-rabbit IgG. Cell nuclei were visualized by 4',6-diamidino-2-
phenylindole (DAPI). Confocal images of tumor regions were captured using a
fluorescence microscope (Carl Zeiss LSM 700). To estimate the percentage cells within
the tumor stroma that co-express F4/80 and CD206, a simple threshold based on staining

intensity was applied to several images spanning different tumor regions across two mice.

3.2.2 Liposome Preparation and Characterization

Our liposomes were composed of 18.8 mg/mL of L-a-Phosphatidylcholine, 4.2
mg/mL of cholesterol, and 0.025 mg/mL of the lipophilic fluorescent probe 3,3-
Dioctadecyloxacarbocyanine Perchlorate (DiO, Aex = 484 nm, Aem = 501 nm, Molecular
Probes, USA). DiO was included to permit detection by flow cytometry or ex vivo
confocal microscopy. The liposomes were made using dehydration-rehydration: the
lipids and DiO were first dissolved in chloroform in a round bottom flask. The solvent in
the flask was then evaporated using a Bichi (RE-121) rotary evaporator (Flawil,
Switzerland) under vacuum for four hours. Evaporation produces a thin lipid film which
could then be hydrated by a 10 mM solution of chelating agent 1,4,7,10-tetra-
azacyclododecane-1,4,7,10-tetraacetic acid (DOTA) in 10 mM4-(2-Hydroxyethyl)-1-
Piperazine-Ethanesulfonic Acid (HEPES) buffer containing 150 mM NaCl with adjusted
pH of 4 for 2 hours at 37°C and overnight at 4°C. The milky solution of liposomes was
freeze-thawed 5 times using a dry ice and acetone bath and the solution was extruded

consecutively 20 times through 1 um, 600 nm, 400 nm and 200 nm polycarbonate
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membrane filters using a Lipex extruder connected to high pressure nitrogen cylinder.
The non-encapsulated DOTA was separated from DOTA encapsulated liposomes by
dialysis using a Slide-A-Lyzer G2 dialysis cassette with a molecular weight cut-off of
10,000 against five-2 liters of HEPES buffer containing 150 mM NaCl with adjusted pH
of 7.4.

Mannosylated DOTA encapsulated liposomes (Mans-liposomes) were prepared as
described above with the inclusion of neoglycolipids synthesized from mannotriose
(Man3) and dipalmitoylphosphatidylethanolamine (DPPE) by reductive amination. The
mannosylated phospholipid was added at a 1:20 Manz-DDPE to phosphatidylcholine
(PC) molar ratio and dissolved in chloroform. The mean particle diameter was verified
by a laser light scattering particle size analyzer (LS-900, Otsuka Electronics). A
schematic diagram of plain and Mans-liposomes is shown in Figure 3-1. These
liposomes were manufactured to our specification by Encapsula NanoSciences

(Nashville, TN).

The surface availability of mannose residues on Mans-liposomes was verified by
measuring changes in UV absorption after the addition of the mannose-binding lectin
Concanavalin-A (Con-A) [77]. For this study, 1 pL of plain or Mans-liposomes was
diluted in 100 pL of 10mMHepes buffer (pH 7.6) containing 150 mM NaCl and 0.5 mM
CaCland loaded into cuvettes. Liposome aggregation was measured by the time-
dependent increase in turbidity following the addition of 25 pg of Con-A as measured by

absorbance at 360 nm using a spectrophotometer.

3.2.3 ®Cu Labeling
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A technique known as remote loading was used to radiolabel DOTA-containing
liposomes with copper-64 (**Cu), a positron-emitting radionuclide for PET imaging with
a radioactive half-life of 12.7 h [78]. Remote loading utilizes the lipophilic transporter
hydroxyquinoline to ferry **Cu to the liposome interior where it is re-chelated into a more
stable complex with the encapsulated DOTA. Following this re-chelation,
hydroxyquinoline shuttles back across the bilayer to repeat the process while the
hydrophilic **Cu-DOTA complex remains trapped within the liposome interior.

To confirm successful liposome radiolabeling, the ®*Cu-liposome solution was
passed through a size exclusion chromatography (SEC) column to determine if the
liposomes eluted in the same fractions as **Cu. 10 pL of HEPES buffer containing 150
mM NaCl and 0.314 mM hydroxyquinoline was added to an Eppendorf tube containing
10 pL of radioactive ®*Cu solution (45.8 UCi starting radioactivity). After a brief
incubation period, 10 puL of DiO-labeled Mans-liposomes was added. Following a 1 h
incubation period at room temperature, the ®*Cu-liposome solution was passed through a
Sephadex G-25 SEC column (GE Healthcare). The goal of using SEC was to determine
the amount of ®**Cu that was entrapped within liposomes versus the amount of **Cu that
was not liposome associated. Using HEPES buffer as the eluent, 2 mL of the eluate was
collected in individual Eppendorf tubes in 100 pL aliquots. The radioactivity of each
tube was measured and automatically decay-corrected using a y-counter (Wallac 2480
Wizard, Perkin Elmer Life Sciences, Waltham, MA). Immediately following the
radioactivity measurement, the collected fractions were transferred to a 96-well plate to
measure liposome-associated DiO fluorescence using an IVIS Spectrum Scanner (Caliper

Life Sciences, Hamilton, MA).**Cu radioactivity and DiO fluorescence were plotted
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together for each fraction collected (approximately 20) to determine if co-elution

occurred.

3.2.4 Culture of Murine BMDM

To create primary macrophage cultures that mimic physiological and surface
marker characteristics of macrophage phenotypes observed in vivo, bone marrow (BM)
was flushed from the cavities of femurs and tibiae of FVB mice 8-12 weeks of age. The
cell suspension was filtered using a 70-mm filter mesh, centrifuged at 500 x g, and re-
suspended in 1 mL of MACS buffer (comprising phosphate buffered saline (PBS)
supplemented with 1% bovine serum albumin (BSA) and 2 mM
ethylenediaminetetraacetic acid (EDTA)). At this time, four 10 cm polystyrene Petri
plates were prepared each containing 8 mL of complete media consisting of a-Minimum
Essential Medium (a-MEM; Gibco) supplemented with 10% heat-inactivated fetal bovine
serum, 10% CMG14-12 cell conditioned medium (as a source of macrophage-colony
stimulating factor (M-CSF)), and 1% pen/strep(complete a-MEM). The cell suspension
was then pipetted onto these Petri dishes in equal volumes and cultured at 37 °C with 5%
CO; in a humidified chamber for 4 days. This protocol resulted in a population of cells
of which 95% were positive for the mature macrophage marker F4/80, consistent with
other reported results [79].

Following the 4 day incubation, adherent cells were treated for 10 min at 37°C
with 1 mL of typsin (Gibco) diluted 1:10 in PBS. Recovered cells were counted using a
hemacytometer and re-plated in 60 mm Petri dishes with 3 mL complete a-MEM at a
density of 1.0 x 10° cells per well. Twenty four hours after re-plating, the dishes were

divided into two treatment groups. The first group was stimulated with mouse
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recombinant interferon-y (IFN-y; PeproTech, Rocky Hill, NJ) and lipopolysaccharide
(LPS; Sigma-Aldrich) at a concentration of 20 ng/mL and 100 ng/mL, respectively. The
second group was stimulated with mouse recombinant interleukin-4 (IL-4; PeproTech,
Rocky Hill, NJ) plus IL-13 (PeproTech) at a concentration of 20 ng/mL each [80]. The
treatment period for both groups was 24 h. Cells continuously exposed to complete
media only were also studied for their mannose receptor expression. In vitro stimulation
of murine BM-derived macrophages with IL-4 and 1L-13 has been shown to induce M2a
or wound healing macrophages similar to those observed in the TME [81-83]. Along
with the low production of proinflammatory cytokines, Mz2-polarized cells are
characterized by abundant levels of mannose receptor [84-87]. Therefore, we used
Western blot analysis and flow cytometric analysis to assess mannose receptor expression

to verify M2 polarization after cytokine treatment.

3.2.5 Evaluation of Liposome Uptake by M@ In Vitro

Uptake of liposomes by macrophages was evaluated by flow cytometry
(FACSCalibur, BD Biosciences). M@(IL-4/13) and M@(LPS/IFN-y) were incubated
with either Mans or plain liposomes at a concentration of 960 nmol phospholipid per mL
of PBS at 37°C for 90 min. This concentration was established based on a previous
titration study discussed in Appendix C. Cells that were incubated with PBS served as
negative controls. Following incubation, the cells were washed three times in MACS
buffer to remove non-associated liposomes and detached from the Petri dish with No-
Zyme solution (Sigma). To measure cell surface mannose receptor expression, cells were
first incubated with an anti-Fc receptor mAb for 60 minutes on ice to block non-specific

binding of antibody to the mouse Fcy domain. Following the block, cells were incubated
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for 20 min with rat anti-mouse CD206 directly conjugated to Alexa Fluor 647
(AbDSerotec). The cells were then fixed with Cytofix (BD Biosciences) and transferred
to flow tubes. Two-color flow cytometry was performed with 10,000 events acquired per
sample. The fluorescent amplifiers of the FL-1 and FL-4 detector filters were adjusted to
ensure that the negative cell population appeared in the first logarithmic decade.
Compensation for spectral overlap was not required due to sufficient separation between
the fluorescent emission profiles. All experiments were done in triplicate.

FlowJo (TreeStar Inc.) was used to analyze the raw flow data. Macrophages were
identified by their light scattering properties. Using negative controls, cellular
autofluorescence in both channels was determined by manually defining a gate that
maximally included 1% of autofluorescent cells. Only cells exhibiting a fluorescence
intensity above this gate were included in the analysis. CD206 expression was quantified
in each treatment group as the geometric mean fluorescence intensity (MFI) of positive
cells. Similarly, the geometric MFI of DiO fluorescence associated with M@(1L-4/13)

and M@(LPS/IFN-y) following liposome incubation was measured.

3.2.6 In Vivo Studies of Liposome Distribution and Uptake by M@

To determine the blood half-life of radiolabeled Manz and plain liposomes,
repetitive tail-vein bleeds (about 50 pL of blood per sample) were performed at 5 and 30
min, and 1.5, 3, 6, and 18 h after intravenous (i.v.) injection in 6 normal FVB mice.
Administered liposome dose was 1.9 umol total phospholipid labeled with1.85 — 2.8
MBq (50-75uCi) of ®*Cu in a total volume of 160 pL. The radioactivity of each sample
was measured using a y-counter calibrated for %%Cu energy. In order to estimate how

much radioactivity was in the total blood volume at each time point, we assumed that the
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total mass of blood in the mouse is equal to 7.3 % of the body mass [88]. From this we
estimated the percentage of the injected dose in total blood mass (%ID+gpm) at each time

point by the following:

(%)wwxoms
%IDTBM — sample

) Eqg. 4
uCip |

where UCisamples samptes HClip, and BW represents the radioactivity measured in the blood
sample, the mass of the blood sample, the radioactivity of the injected dose (ID), and the
body weight of the mouse, respectively.

Twenty four weeks after urethane treatment, lung tumor-bearing mice were i.v.
injected with ®Cu-labeled Mans-liposomesvia the lateral tail vein. Each mouse received
1.9 pmol total phospholipid labeled with14.8 - 18.5 MBq (400-500 pCi) of *Cu for a
total volume of 160 pL. Mice were imaged using a Focus 120 small animal PET scanner
(Siemens Molecular Imaging Inc., Knoxville, TN). During the 40 min PET acquisition,
anesthesia was maintained using 1.25% isoflurane in O, inhaled through a nose cone.
Heart rate, respiration, and rectal temperature were monitored using a fiber optic system
(Small Animal Imaging Inc., Stony Brook, NY). PET data were reconstructed using
OSEM algorithm with 2 iterations and 12 subsets followed by MAP algorithm (18
iterations). The reconstructed image, which was not corrected for attenuation, was
composed of 95 axial slices of thickness 0.79 mm with an in-plane voxel dimension of
0.4 mm x 0.4 mm (128 x 128 pixels). To determine the optimal time point after i.v.
liposome injection for imaging, a preliminary study was conducted in which tumor to

normal lung uptake ratios were computed on serial scans acquired over 18h in 4 mice.
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Immediately after the PET scan, mice were maintained under anesthesia and
imaged by MRI to anatomically localize the PET signal and to identify lung and tumor
boundaries on the PET scans. MR imaging was performed on a 4.7 T MRI system
(Varian, Inc., Palo Alto, CA) using a custom-built radiofrequency (RF) coil (Doty
Scientific, Columbia, SC). Anesthesia induction and physiological monitoring was the
same as previously described for PET imaging. Mice were imaged using a cardiac and
respiratory gated multi-slice, spin-echo pulse sequence developed in our lab with the
following parameters: field of view = 25.6 mm, effective matrix = 128 x 128, slice
thickness = 0.6 mm, TR = 168 ms, TE = 11 ms, number of averages = 4, number of slices
= 10, and number of interleaves = 4. The total scan time was 6-8 minutes per interleave,
depending on the heart rate and breathing rate. T1-weighted MR images were acquired
15 min after intramuscular administration of Gadolinium-DTPA (Magnevist; Bayer
Schering Pharma, Berlin, Germany) at a dose of 50umol/kg body weight. Four 10-slice
interleaved stacks were acquired to cover the entire lung field. To facilitate PET-MRI
co-registration, a custom-designed multi-modality fusion phantom was previously
scanned to determine the rigid-body transformation matrix for fusing subsequent mouse
data sets.

Using AMIDE software [89], Mans-liposome uptake in tumor and remote lung
tissue, liver, and muscle was quantified with PET using co-registered, resolution-matched
MR images to guide the size and location of PET ROIs. For lung tumors, ROIs were
carefully drawn around the tumor perimeter in each slice for which the tumor was visible.
The percent injected activity per puL (%ID/uL) was computed for each tissue type by

dividing the ROI-derived tissue tracer concentration by the radioactivity of the injected
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dose. Due to their small size, ROI-derived radioactivity concentration measurements in
lung tumors suffer from partial volume effects (PVE) and as a result they will
underestimate the true tumor uptake value. PVE are especially significant when the
diameter of the tumor is less than twice the spatial resolution of the PET scanner, which
is approximately 1.7 mm full-width at half-maximum (FWHM) at 0.5 cm from the center
of the field of view for the scanner used in this study [90]. Therefore, we chose to
employ a simple correction method based on a phantom experiment. This method
consists of multiplying the ROI-derived uptake concentration measured in the tumor by a
correction factor called the recovery coefficient (RC). The RC is obtained by
determining the fraction of the radioactivity concentration recovered within various-sized
rods a previously-imaged PET hot-rod phantom containing a known radioactivity
concentration. Based on these measurements, we constructed a look-up table that allows
an RC value to be estimated based on the diameter of the object (tumor). Using MRI, we
measured the average diameter for each lung tumor and assigned to it an RC value that
was used to correct the ROI-derived radioactivity concentration. ROIs drawn in other
tissues such as liver and normal lung were larger than twice the FWHM and therefore

were not considered affected by PVE.

3.2.7 ExVivo Tissue Imaging

Immediately following imaging, the animals were euthanized and the lungs, liver,
and spleen were harvested. The lungs were inflated with 1.5 mL of formalin through the
trachea, which was then tied off with a suture. Tissues were washed and rescanned by
PET with the same parameters and acquisition time described above. The primary

motivation for acquiring ex vivo PET scans was to image the lungs without the presence
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of signal contamination originating from the liver. Fluorescence imaging of the
harvested organs was also performed using the IVIS Spectrum to examine the tissue
distribution of DiO and its correlation with ®*Cu. For DiO fluorescence imaging, we used
an excitation filter centered at 500 nm and an emission filter centered at 540 nm. The
lamp level was set to high, binning to medium, field of view to 6.4-12.3 cm depending
on object size, f number to 2, and exposure time to 0.5-1 s such that no saturation
occurred in the image.

Two representative mice that were administered Mans-liposomes were chosen for
further analysis by confocal fluorescence microscopy. For this study, lungs were
harvested after in vivo imaging and inflated with 1.5 mL of Optimal Cutting Temperature
(OCT) via the trachea and snap frozen in liquid nitrogen. The lung tissue was then
mounted in OCT embedding compound and stored at -80°C until cut into 4 um slices.
Tumor-positive frozen tissue sections were fixed and incubated with rat anti-mouse F4/80
followed by Alexa Fluor 594-conjugated goat anti-rat 1gG. For visualization of cell
nuclei, slides were counterstained with DAPI. Each fluorophore was carefully selected to
minimize spectral overlap and potential bleed-through artifacts. Immunofluorescent
staining of frozen lung tissue was done by IHC Tech (Boulder, CO). All slides were

analyzed using a Zeiss LSM 700 confocal scanning microscope.

3.2.8 Co-injection Study

Even though the incorporation of mannotriose into liposome formulations has
been shown to enhance macrophage uptake over plain liposomes both in vitro and in vivo
[72, 91, 92], we set out to determine the significance of liposome mannosylation for

targeting TAMSs in vivo in our urethane animal model. The first study, intended to
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address the importance of liposome mannosylation in mediating uptake by TAMs,
involved the co-injection of Mans and plain liposomes (as shown in Figure 3-1) into lung
tumor-bearing mice. The second study was identical to the first, with the exception that
the plain liposomes were prepared with the inclusion of polyethyleneglycol (PEG)-
bearing lipids at a molar ratio of 1:20 with respect to PC. The intent of this study is to
find out what property is more critical for TAM targeting in vivo by IV injection: the
inclusion of PEG which promotes long blood circulation time and retention at the tumor

site due to the Enhanced Permeability and Retention (EPR) effect, or the inclusion of
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Figure 3-1. A schematic diagram of liposomes. DOTA-containing plain (left) and Mans
(right) liposomes allow for remote loading of the PET imaging agent, ®*Cu. The mean
liposome diameter was 200 nm.
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mannose which may mediate enhanced liposome recognition and endocytosis. In order
to independently detect each liposome type based on fluorescence, Mans-liposomes were
prepared and labeled with DiO as described in 3.2.2. However, plain liposomes (with
and without PEG) were labeled with a red-shifted lipophilic dye (1,1’-Dioctadecyl-
3,3,3”,3’-Tetramethylindodicarbocyanine (DiD), Aex = 648 nm, Aem = 670 nm, Molecular
Probes, USA) whose excitation/emission profile was non-overlapping with DiO.

For these in vivo studies, each mouse was tail-vein injected with 1.9 pmol total
phospholipid (approximately 80 uL) of each liposome type plus 80 pL of HEPES buffer
for a total injected volume of 240 pL. Six hours after injection, the mice were euthanized
and their lungs, liver, and spleen were harvested. Lungs were inflated with 1.5 mL of
OCT via the trachea and carefully arranged on black construction paper along with the
liver and spleen. Fluorescent images were acquired using the IVIS Spectrum system.
ROIs were manually drawn around the isolated organs using the Living Image 4.0
software package (Xenogen Corp., Alameda, CA). The radiant efficiency for DiO and
DiD, defined as the emission light detected (photons/sec/cm?/str) normalized by the
illumination power density (uW/cm?), was measured for each ROI. Tumor-to-remote
lung, tumor-to-liver, and tumor-to-spleen ratios were computed in mice co-injected with
Mans-liposomes and plain liposomes (n = 2 mice) and Mans-liposomes and PEG
liposomes (n = 2 mice).

In addition to whole lung ex vivo fluorescence imaging, we also investigated
liposome uptake by TAMs at the cellular level. Immediately after imaging, lungs were
snap frozen and stored at -80°C until cut into 4 pum slices. Select tumor-positive tissue

sections were further stained with DAPI and rat anti-mouse F4/80 followed by TRITC-
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conjugated goat anti-rat 1gG. Confocal microscopy was used to examine the relative
presence of Mans vs. plain liposomes and Mans vs. plain PEG liposomes within TAMs.

The excitation and emission profiles for each fluorescent dye are shown in Figure 3-15.

3.2.9 Statistical Analysis

For comparison of the expression of CD206and liposome association by
macrophage treatment groups in vitro, a two-tailed unpaired Student’s t-test was used for
evaluating statistical significance. All data shown are representative of at least 3
independent experiments. The same statistical test was also used to compare tumor to
remote lung liposome uptake measured from PET images and macrophage densities in
different tissue compartments measured from immunohistochemistry images. P values

were considered to be statistically significant when less than 0.05.
3.3 RESULTS

3.3.1 Validation of Urethane Model

Twenty-four weeks after urethane treatment, lung tumors were clearly visible on
H&E-stained tissue as shown in Figure 3-2. The majority of tumors were located on the
lung pleural surface, an observation consistent with other studies [93]. Quantification of
F4/80" cells on immunohistochemistry images revealed that tumor stroma had a seven-
fold higher macrophage density compared to remote lung (673 £ 196 vs. 89 + 29
M@/mm?, Figure 3-3). It is interesting to note that there was no statistically significant
difference between remote lung macrophage density in tumor-bearing mice (89 = 29 M@

/mm?) and macrophage density in normal tissue in a saline-treated mouse (85 + 29 M@
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/mm?). This result suggests that lung
tumors do not influence macrophage
density in remote lung compared to
that of normal lung in aged-matched,
saline-treated mice.

Figure 3-4 shows two
contiguous lung sections stained in
two different ways. The first section

(Figure 3-4A) was H&E stained

which allowed clear identification of ~ Figure 3-2. A representative p)hotomicrograph
of a lung section stained with H&E 24 weeks
tumor and immune cell infiltration in ~ after injection of urethane.
the surrounding stroma. The second section underwent double-immunofluorescence
staining to allow simultaneous visualization of F4/80 and CD206 expression in H&E-
confirmed tumor areas. Individual color channels of the confocal image, spatially
corresponding to the area in the H&E-stained image indicated by the black dashed box,
are shown in Figure 3-4B. Consistent with immunohistochemical analysis, there was
moderate accumulation of F4/80" macrophages at the tumor border and significantly
fewer macrophages within the tumor. At the border of the tumor (indicated by the dashed
white line), the majority of F4/80" macrophages (red) also stain positive for CD206

(green), signifying an M2 macrophage phenotype consistent with other reported studies

based on a similar urethane model [67, 94].
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Figure 3-3. Representative IHC staining of F4/80 in lung tissue from a urethane-
treated mouse 24 weeks after treatment. As shown in (A), a moderate number of
F4/80" macrophages have infiltrated the tumor border, with very few localized within
the tumor mass. Quantification of IHC images revealed a seven-fold increase in
F4/80" cell density in the peritumoral compartment compared to histologically normal
lung (*P < 0.05) (B).
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F4/80 Co-localization

Figure 3-4. Macrophage M2 polarization in lungs of a urethane-treated mouse
25 weeks after treatment. The H&E image shows a tumor boundary (T) with
moderate immune cell infiltration in the stroma (A). Immunofluorescence
staining of the tumor stroma outlined in the H&E image by the black dashed
box is shown in (B). At the edge of the tumor (indicated by dashed white line),
the majority of macrophages identified by F4/80 (red) also stain for CD206
(green) indicating M2 polarization.
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To estimate the percentage of F4/80" cells that co-express CD206, we used a
thresholding technique based on staining intensity. Figure 3-5 shows an example image
for which thresholding was applied. On both red (F4/80) and green (CD206) channels,
cells were identified with circles and the percent of F4/807/CD206" cells was computed.
After pooling together the results from all images, we estimate that 94% of F4/80" also
stain for CD206, indicating that a great majority of macrophages in the tumor stroma are

M2-like (Figure 3-5).

3.3.2 Liposome Characterization

Successful conjugation of Man; with DPPE (Manz-DPPE) was confirmed by
MALDI-TOF mass spectrometry. The m/z spectrum demonstrated a strong peak of
1180.6 for the protonated molecule consistent with the theoretical mass value of 1180.7.
As determined by laser light scattering, liposomes exhibited a Gaussian size distribution
with the peak of the Gaussian curve aligning with the pore size of the membrane (200
nm). The majority of the extruded population was between 180 and 220 nm.

The plant lectin Con A was used to assess the presence of mannose residues on
the liposome surface. Con A is a carbohydrate-binding lectin that binds to accessible
mannose molecules resulting in an increase in the mean particle size and solution
turbidity. The addition of Con A resulted in 10-fold increase in solution turbidity
compared to pre-Con A levels in the formulation containing Mans-liposomes (Figure
3-6). Solution turbidity upon addition of Con A indicates that mannose surface ligands
were freely accessible to the lectin. In contrast, no absorbance changes were observed

with plain liposomes.
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The remote labeling of liposomes by the PET radionuclide **Cu was verified by
SEC. The chromatography profile, shown in Figure 3-7, revealed that the peak of ®‘Cu
elution aligned with the peak of fluorescence (DiO) elution, confirming that ®Cu was
entrapped in the liposomes upon exiting the column. The elution of free **Cu alone

occurred much later when passed through the column separately. Nearly 100% of the

DAPI CD206

F4/80 | Merged

Figure 3-5. Based on a simple threshold, we estimated that 94% of F4/80"
cells (Red) co-express the mannose receptor (CD206, green), as indicated
by blue circles. Yellow circles indicate (F4/80°, CD206") cells. This
finding is consistent with other studies that have shown significant M2-
polarization of TAMSs during a similar phase post urethane treatment.
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starting radioactivity was recovered in the void volume and was associated with the

liposome fractions.

3.3.3 In Vitro Liposome Uptake

Along with the low production of proinflammatory cytokines, M2 macrophages
are characterized by abundant levels of mannose receptor [84-87]. Therefore, prior to
examining liposome uptake by M@(LPS/IFN-y) and M@(IL-4/13), we first measured
mannose receptor expression (CD206) in these treatment groups. As shown in Figure
3-8A and Figure 3-8B, CD206 expression was upregulated on M@(1L-4/13) compared to
M@(LPS/IFN-y) and M@(M-CSF) as measured by flow cytometry and Western blotting,
respectively. A reduction in CD206 expression by M@(LPS/IFN-y) compared to M@ (M-

CSF) is consistent with other studies that have shown IFN-y stimulation to have a
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Figure 3-6. Con A-induced agglutination assay of Manz and plain liposomes. 10 pL of
Con-A (25 pg) was added to 100 pL of plain (gray triangles) or Mans (black squares)
liposomes and absorbance at 360 nm was measured as a function of time. The addition of
Con-A to Mans-liposomes resulted in a 10-fold increase in solution turbidity, signifying
the presence of mannose residues on these liposomes. In contrast, no change in turbidity
was observed for plain liposomes.
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mannose receptor-reducing effect on macrophages in vitro[95].

The uptake of plain and Mans-liposomes by M@(LPS/IFN-y) and M@(IL-4/13) as
assessed by flow cytometry is shown in Figure 3-9. Following identification based on
scatter properties, macrophages were analyzed for DiO fluorescence. Fluorescence
histograms of M@(LPS/IFN-y) and M@(IL-4/13) following a 90 min incubation with
either DiO-labeled plain or Mans liposomes are shown in Figure 3-9A. These histograms
show that Mans-liposomes were more strongly associated with macrophages of both
stimulation groups compared to plain liposomes. However, quantification of the flow
cytometry data revealed a significant 1.9-fold higher association of Mans-liposomes with

M@(IL-4/13) compared to M@(LPS/IFN-y) (P< 0.05, Figure 3-9B). This enhanced

2.0 E-02 K 7 E-05
) >

~ 4 +=°*Cu Elution | 6E05 D
O 16E02 _ _ o
= -=DiO Elution °ES 5
- 4E-05 &

_é 1.2 E-02 - L1l
= 3E-05 @
5 O
8 8.0 E-03 2 E-05 qc)
O O
o 1E-05 O
@ 4.0 E-03 o
nd OE+00 O
-

-3.5 E-18 ‘ -1 E-05 LL

0 0.5 1 1.5 2
Elution Volume (mL)

Figure 3-7. An elution profile of ®*Cu and DiO following a 1 h liposome incubation period
with ®*Cu and 2-hydroxyquinoline. The profile was constructed by collecting the eluate in
100 pL aliquots and measuring the radioactivity and fluorescence. Co-localization of the
peaks indicates that ®*Cu-liposome loading was successful.
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Figure 3-8. Expression of CD206 (mannose receptor) measured by flow cytometry
(A) and Western blot analysis (B). Flow data represent average of three trials. Error
bars indicate standard deviations. *P < 0.05 vs. IL-4/13-stimulated cells.

association is likely due to receptor recognition of liposome mannotriose and subsequent

mannose receptor-mediated endocytosis.

3.3.4 In Vivo Studies

The blood clearance of */Cu labeled liposomes was studied in normal healthy
FVB mice after administration of 10 MBq of radiolabeled liposomes through the lateral
tail vein. As shown in Figure 3-10, the blood clearance of both liposomes followed a
monoexponential decay with half-lives of 0.33 and 0.23 h for Mans-liposomes and plain
liposomes, respectively. This result is consistent with previously published work which

measured a blood half-life of less than 30 min for liposomes of similar size and
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Figure 3-9.  Association of DiO-labeled plain and Mans-liposomes with
M@(LPS/IFN-y) and M@(IL-4/13) measured by flow cytometry. Cells were
incubated with either liposome type for 90 min after which cell-associated DiO
fluorescence was measured. (A) Representative fluorescence histograms of
M@(LPS/IFN-y) and M@(IL-4/13) following incubation with either plain (black
histograms) or Mans liposomes (red histograms). Non-liposome incubated cells
(gray histograms) are shown for reference. (B) Geometric MFI values and standard
deviation of DiO fluorescence of all replicates (n = 3) are shown. As assessed by the
two-tailed Student's t-test, Mans-liposomes were associated with M@(IL-4/13)
significantly more than M@(LPS/IFN-y). Likewise, compared to plain liposomes,
Mans-liposomes were more strongly associated with M@(IL-4/13) (P < 0.05, for
both).
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composition (PC and cholesterol) [110].

Urethane-treated mice were imaged by MRI starting at 16 weeks to verify the
presence of lung tumors. Examples of coronally acquired spin echo images 30 min after
gadolinium injection of a urethane and saline-treated mouse are shown in Figure 3-11.
Several tumors are clearly visible in the lungs of the urethane-treated mouse, which are
easily detected relative to normal lung tissue which is nearly void of signal. In contrast,
the saline-treated mouse has no detectable lung tumors.

To assess in vivo TAM targeting, **Cu-labled Mans-liposomes were i.v. injected
into lung tumor-confirmed mice (n = 6). PET imaging was performed 6 h following
injection. This time point was chosen because it resulted in the highest ®*Cu signal ratio

between tumor tissue and remote lung while still maintaining sufficiently high
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Figure 3-10. Blood clearance curves of Mans-Liposomes (black curve) and plain
Liposomes (gray curve) measured in normal mice are shown. Liposomes were i.v.
injected and the blood was withdrawn at different time intervals. Sample radioactivity
concentrations were normalized by the injected dose and multiplied by 7.3% of the
body weight to approximate the %ID in blood as shown in Eg. 1. Values shown are the
mean of three experiments. Error bars represent standard deviation of the mean.
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Figure 3-11. Representative spin echo MR images of a saline (top) and urethane-
injected (bottom) mouse 24 weeks following treatment. These scans were acquired
approximately 30 min after gadolinium injection. Lungs tumors, as indicated by
yellow arrows, are clearly visible in the urethane-treated mouse. In contrast, no lung
tumors are detected in the saline-treated mouse.
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radioactivity counts. Furthermore, after 6 h approximately 1% of the injected dose
remains in the blood circulation, minimizing potential signal contamination from ®Cu-
Mans-liposomes that may reside in the vasculature.

Figure 3-12A shows a coronally-acquired MRI revealing a tumor in the right lung
(white arrow) and a PET image (Figure 3-12B) showing the distribution of Mans-
liposomes 6 h post injection. Fused data sets (Figure 3-12C) confirm high tumor
localization of the PET signal compared to normal lung tissue. Following the in vivo
scans, the lungs were excised and imaged by PET without the spillover from the nearby
liver. The distribution of DiO-labeled liposomes within the excised lung was evaluated
by fluorescence imaging acquired using the IVIS Spectrum. This information could not

be obtained in vivo due to limited tissue penetration and photon scattering. A photo of

Figure 3-12. Representative in vivo images showing a lung tumor on coronal MRI (A)
with enhanced ®*Cu-labeled Mans-liposome uptake on PET 6 h after i.v. injection (B).
PET-MR image registration (C) verifies tumor localization of the PET signal. Ex vivo
fluorescence image of the lung was obtained to assess DiO distribution. A photo shows
the tumor (D) which exhibited higher DiO accumulation compared to non-tumor lung
areas. Ex vivo PET maximum intensity projection image (F) showed focal **Cu signal
in the area of the lung spatially corresponding to the tumor shown in the photograph.



the excised lung clearly
shows the tumor (arrow,
Figure 3-12D) as well as
several other smaller
tumors. The
fluorescence image
overlaid on the photo
reveals a strong DiO-
fluorescent signal within
the tumor and minimal
accumulation in  non-

tumor areas of the lung
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Figure 3-13. In vivo PET quantification of ®Cu-Mans-
liposome uptake measured in tumor and lung tissue at 6 h
post injection. MRI-guided ROIs were drawn over tumors
and areas in the lungs without visible tumor mass. The
radioactivity concentration measured in tumors was
corrected for PVE using a look-up table approach. RC-
corrected ®*Cu-Mans-liposome uptake (%ID/pL) was 9.6 +
2.5 in tumor lesions compared to 1.4 £ 0.6 in normal lung
tissue (*P < 0.05).

(Figure 3-12E). Ex vivo PET maximum intensity projection image, shown in Figure

3-12F, shows focal ®*Cu signal in the area of the lung spatially corresponding to the

tumor and the fluorescence signal as shown in Figure 3-12, D-E.

The average diameter of lung tumors measured across all mice studied ranged

from 1.25 mm to 2.65 mm. Based on our look-up table approach, this corresponded to

RC values ranging from 0.32 to 0.72. As shown in Figure 3-13, the PV-corrected uptake

of ®**Cu-labeled Mans-liposomes in lung tumors was 9.62 + 2.49 %ID/uL at 6 h post

injection. In contrast, uptake in normal lung tissue was significantly lower (1.4 + 0.6

%ID/uL) resulting in a tumor-to-normal lung ratio of 6.7.
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Figure 3-14. Confocal fluorescence microscopy revealed internalization of DiO-labeled
Mans-liposomes (green) by F4/80" macrophages (red) within the tumor stroma 6 h after
i.v. liposome injection. Cell nuclei are stained with DAPI (blue). (A) A co-localized
confocal image shows the intracellular localization of Mans-liposomes within TAMs. The
enlarged view of the cell indicated by the yellow arrow is shown in (B), clearly shows a
clustered distribution of liposomes consistent with storage in macrophage endosomal
structures.

Following PET imaging, the dual-labeled Mans-liposome permitted a detailed
assessment of cellular distribution by confocal fluorescence microscopy within lung
tumor tissue. As shown in Figure 3-14A, significant DiO fluorescence was associated
with F4/80-positive cells (TAMs). (In this image, the tumor was not captured in the field
of view but was located immediately to the right.) Furthermore, this fluorescence was
not limited to the circumference of TAMSs, but rather was clustered within them as clearly
seen on the enlarged view of the TAM (Figure 3-14B) indicated by the yellow arrow.
This clustered distribution of DiO fluorescence is consistent with liposome entrapment in
endosomal structures, signifying that tumor enhanced in vivo PET signals were the result

ofMans-liposome-labeled TAMs.
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3.3.5 Co-injection Results

In order to accurately assess liposome lung distribution following co-injection, we
first demonstrated that the fluorescence associated with each liposome type could be
separated detected. As shown in Figure 3-16, the fluorescent dye DiO could be excited
and detected apart from DiD using an excitation and emission filter pair of 500 nm and
540 nm, respectively. Conversely, DID could be detected apart from DiO using an
excitation and emission filter pair of 605 nm and 640 nm, respectively. This was
expected based on their non-overlapping excitation and emission spectra (Figure 3-15).

Representative ex vivo fluorescence images of lungs 6 h after the co-injection of
Mans and plain liposomes as well as Manz and PEG liposomes are shown in Figure
3-17A, and Figure 3-17B, respectively. From these images it was clearly evident that
Mans and plain liposomes strongly localized at lung tumors, however, Man3 liposomes
exhibited a lower background signal in non-tumor lung tissue. PEG liposomes showed a
diffuse lung distribution and consequently poor tumor contrast likely due to their
enhanced blood circulation time. To examine uptake in various tissues, we computed
uptake ratios between the tumor and remote lung, tumor and liver, and tumor and spleen
for each liposome type based on the fluorescence images. Tissue ratios were computed
to avoid potential biases in the excitation of the fluorescent dyes as well as to avoid
biases due to differences in signal attenuation in animal tissues. As shown in Figure
3-18A, Mans-liposomes exhibited a higher tumor-to-remote lung and tumor-to-spleen
ratio compared to plain liposomes. However, the tumor-to-liver ratio was comparable.
Mans-liposomes also exhibited a high tumor-to-remote lung ratio when co-injected with

PEG liposomes. PEG liposomes exhibited the lowest tumor-to-remote lung ratio of the 3
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Figure 3-15. Excitation (A) and emission (B) spectra for each fluorescent dye used for
the analysis of liposome uptake by TAMs by confocal microscopy. DiO and DiD are
the fluorescent dyes used to label liposomes. DAPI is used to visualize cell nuclei and
TRITC is the dye conjugated to the secondary antibody used for staining the anti-mouse

F4/80 primary antibody.
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liposomes studied. This is likely due to the slow rate of blood clearance of these
liposomes which results in a strong background signal, particularly in the well-
vascularized tissue of the lung. PEG liposomes also showed a reduced tumor-to-liver

ratio, consistent with a lower rate of capture by the reticuloendothelial system.
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Figure 3-16. A preliminary well plate study demonstrating that DiO and DiD
fluorescence associated with different liposome types can be detected separately. The
top row shows that DiO-labeled Mans-liposomes could be imaged apart from DiD using
an excitation and emission filter pair of 500 nm and 540 nm, respectively. Likewise, the
bottom row shows that DiD-labeled plain liposome could be imaged apart from DiO
using an excitation and emission filter pair of 605 nm and 640 nm, respectively. This
studied confirms that following their co-injection, liposomes can be imaged separately

allowing their biodistribution to be uniquely tracked.

Finally, we used confocal microscopy to visualize liposome uptake by TAMs at
the cellular level. As shown in Figure 3-19A, Mans and plain liposomes, indicated by
green and yellow fluorescence, respectively, were both internalized by F4/80" cells upon
their co-injection. Similarly, there appeared to be equal uptake by F4/80" cells of Mans
and PEG liposomes following their co-injection (Figure 3-19B). This result is

unexpected considering the ex vivo images of the PEG liposome lung distribution showed
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no evidence of accumulation within tumor areas. Based on this study, it appears that
localization of PEG liposomes within TAMs may occur and that tumor contrast on
whole-lung fluorescent images might have been improved by allowing its blood
clearance to reach levels comparable to Mans-liposomes. Finally, it is also interesting
that for both co-injection studies, DiO and DiD fluorescence within a given macrophage

appears to be localized to common endosomes.

A Man; liposomes Plain liposomes
Photo (DiO Flourescence) ... (DiD Fluorescence)

B Man; liposomes PEG liposomes
Photo

DiO Flourescence (DID Fluorescence) .

[ 20
1
ot
|10
[ o:
u fpromicy

Figure 3-17. Representative photos and quorescent |mages from the I|posome co-
injection study. Images of excised lungs 6 h after the co-injection of Mans and plain
liposomes (A) and Mans and PEG liposomes (B). Strong fluorescence signal associated
with Mans- and plain liposomes is localized to lung tumors (identified by white arrows
on the photo). However, compared to Mans-liposomes, plain liposomes exhibit a higher
background signal. PEG liposomes show a diffuse lung distribution and consequently
poor tumor contrast likely due to their enhanced blood circulation time.
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Figure 3-18. Tumor-to-tissue ratios measured from fluorescence images of
harvested organs following the co-injection of Manz and plain liposomes (A) and
Mans and PEG liposomes (B). Mans-liposomes exhibited a higher tumor-to-remote
lung and tumor-to-spleen ratio compared to plain liposomes, while tumor-to-liver
ratios were comparable. Mans-liposomes also exhibited a high tumor-to-remote
lung ratio following co-injection with PEG liposomes, likely due to the slow rate of
blood clearance of PEG liposomes. PEG liposomes also showed a reduced tumor-
to-liver ratio, consistent with a lower rate of capture by the RES.
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Figure 3-19. Confocal images of lung tumor stroma following liposome co-injection.
Following their co-injection, Mans and plain liposomes, indicated by green and yellow
fluorescence, respectively, were both internalized by F4/80" cells (A). Similarly,
Mans- and PEG liposomes were also internalized by F4/80" cells following their co-
injection (B). The spatial distribution of each dye within a given F4/80" cell appears
to be identical, suggesting entry into cells by common surface receptors.
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3.4 DISCUSSION

Recent evidence has highlighted the role of macrophages, particularly of the M2
subtype, in the malignant progression of lung tumors. This recognition has spurred
considerable effort to establish techniques to quantitatively monitor TAMs through
noninvasive imaging. It has been previously shown that incorporating mannosylated
phospholipids into liposomes improves targeting to peritoneal macrophages in vivo by
receptor-mediated endocytosis [72, 73]. This approach for monitoring TAMs by PET
imaging has two significant advantages over fluorescently-labeled iron oxide
nanoparticles designed for detection by MRI and optical techniques. First, the targeted
liposomes are radiolabeled and thus are able to be tracked using PET imaging, which
possesses a higher intrinsic sensitivity (10 to 10 mol/L for PET compared to 10 to 10"
> mol/L for MRI). Second, liposomes provide a flexible platform for delivering both
hydrophobic and hydrophilic cargo. For this study the aqueous interior core of liposomes
was utilized to encapsulate a hydrophilic chelating agent to allow for remote labeling of
the PET radionuclide, ®*Cu. This compartment of the liposome also could be used to
encapsulate a wide array of hydrophilic drugs including cytotoxic agents that abolish
TAMs through apoptosis or immunomodulatory agents that could trigger their reversal
from a pro-tumoralM2 phenotype to a tumoricidalM1 phenotype. For example, it was
recently shown that the cytokine IFN-y induced human TAMs to switch from
immunosuppressive to immunostimulatory phenotype [96].

Results from our in vitro studies revealed a significantly higher association of
Mangs-liposomes with M@(IL-4/13) compared with plain liposomes. Furthermore,

M@(IL-4/13) exhibited significantly higher uptake of Mans-liposomes compared to
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M@(LPS/IFN-y), correlating with CD206 expression on these cells. Interestingly,
M@(LPS/IFN-y) exhibited a preference for Mans-liposomes over plain liposomes in spite
of their low expression of CD206. This result may be explained by a study that found
that IFN-y enhances mannose receptor-mediated phagocytosis, despite its effects on
surface mannose receptor down-regulation [95]. More studies are needed to determine
what receptors are responsible for the uptake of Mans-liposomes by M@(LPS/IFN-y) and
also if this uptake behavior occurs in vivo.

By PET imaging, we showed that Mans-liposomes exhibited enhanced signal in
regions corresponding with lung tumors compared to areas of remote lung at 6 h post
injection. Using a look-up table approach, we estimated the RC value for each tumor
studied in order to correct for PVE due to their small size. We acknowledge some
limitations to this approach. First, we did not account for radioactivity "spill-in" of
surrounding tissue into tumor ROIs. We believe that the size of the lesion is the primary
determinant of the RC, with background activity influencing it only to a small degree.
This has been demonstrated by other groups with phantom experiments [97].
Furthermore, as shown by in vivo and ex vivo PET images of the same lung, ROI-derived
radioactivity concentrations of lung tumors were not significantly affected by their
proximity to the liver. Another limitation of this approach is that we do not account for
respiratory motion which can cause image blurring particularly in the thoracic region.
Studies in mice have shown that non-respiratory gated PET imaging can lead to
significant tumor standardized uptake value (SUV) underestimations depending on lesion
size [98]. However, a gated PET acquisition typically suffers from a reduced signal-to-

noise ratio compared to a non-gated one and because of this we chose not to employ it.
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With regard to lung distribution, there were distinct differences between Mans and
plain-liposomes following their co-injection. The fluorescence signal of plain liposomes
was significantly higher than that of Mans-liposomesin areas of lung absent of visible
tumors. This finding is likely not due to tissue autofluorescence because DiD excitation
occurs within a range of wavelengths where tissue autofluorescence is minimal. A
possible explanation for the elevated remote lung signal is a delayed lung clearance of
plain liposomes compared to Mans-liposomes. However, this is not likely since their
measured blood clearance half-lives were nearly identical. Another possible explanation
for this behavior could be due to an increased uptake of plain liposomes by resident
alveolar macrophages. While this explanation is not consistent with other studies that
have demonstrated enhanced targeting to alveolar macrophages by mannose-coated
liposomes after intratracheal administration in rats [91] and i.v. administration in mice
[99], it is unknown if lung tumors influence the phagocytic behavior of these cells.
Lastly, the compliment system is a major dominant factor in the clearance of liposomes
[100]. Additional studies would be needed to determine whether plain liposomes more
efficiently activate complement, which could promote better recognition by alveolar
macrophages and lead to higher lung sequestration. A flow cytometry study could be
designed to help determine if lung resident macrophages are responsible for uptake or if
the delayed clearance of plain liposomes is due to mechanisms not related to cellular
uptake.

Our results obtained from confocal microscopy verified that macrophages were
responsible for the elevated fluorescence signal observed within the areas of lung tumors

on whole-lung fluorescent images. However, the cellular uptake patterns of Manz and
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plain liposomes were unexpected. The clustered distribution of DiO and DiD
fluorescence within a given TAM appeared to be co-localized, suggesting that the
inclusion of mannose ligand did not mediate better liposome recognition and subsequent
macrophage internalization relative to plain liposomes despite a great majority of these
cells being CD206". Confocal microscopy images also revealed that PEG liposomes
were internalized by TAMs, a finding that was disguised on whole-lung fluorescence
images due to their slow rate of clearance from the blood and prominent signal
throughout the lung. These findings are significant because they indicate that Mans-
liposomes, which are rapidly cleared from the blood relative to PEG liposomes, are able
to target lung TAMs and that a slow rate of blood clearance is not required for targeting
these cells. Rapid blood clearance and effective targeting are attractive properties of
Mans-liposomes and highlight their potential use as TAM imaging and/or delivery agents.
Our data show that Mans-liposomesnot only demonstrated targeting of TAMs, but also
rapid clearance in normal lung which is critical for achieving high tumor contrast by PET

imaging.

3.5 CONCLUSION

TAMs represent a unique opportunity to impede tumor progression. Their
influence on tumor growth has been shown by numerous groups to be dependent on their
differentiation state. In this chapter we demonstrated the successful targeting of
mannosylated liposomes to TAMs in a mouse model of pulmonary adenocarcinoma.
Confocal microscopy verified liposome internalization by TAMs implicating that focal
%Cu accumulation in areas of lung tumors observed on PET images was due to TAM-

mediated uptake of the targeted liposomes. Although co-injection studies revealed that
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plain and PEG liposomes are both internalized by TAMs, Mans-liposomes exhibited the
highest tumor to remote lung ratios on whole-lung fluorescent images, implicating it as a

promising agent for imaging TAMs in the setting of lung cancer.



100

4 DISSERATION CONCLUSIONS

Inflammation, both local and systemic, is a hallmark of many important
pulmonary diseases and has become a potential therapeutic target. However, the
mechanisms that underlie persistent inflammation remain unclear and we currently lack
sensitive measurement techniques that can directly report on leukocyte trafficking in the
lung. Traditional imaging techniques can provide information regarding lung anatomy
and function, but can give no information on inflammatory processes or can they monitor
the activity of infiltrated leukocytes. The development of molecular imaging probes that
recognize specific molecular markers on leukocytes or report on their activation state is
an important goal and is an area of active research. For this dissertation | explored two
different noninvasive, molecular imaging strategies for monitoring lung neutrophilic
inflammation based on positron emission tomography imaging in mice.

Having first established a noninvasive method for deriving the blood input function
in mice directly from gated PET images [39], | explored three-compartment model
analysis of lung FDG uptake to quantitatively assess neutrophil metabolic activity in a
mouse model of acute lung inflammation. The appeal of this method lies in its
noninvasive and quantitative approach in measuring pulmonary FDG uptake by
neutrophils in mice: a surrogate marker for neutrophil activation. In this model, I
measured a 2.24-fold increase in FDG uptake (Kj) in the lungs compared to non-infected
controls. Importantly, the mean lung K; values computed here were not significantly
different from previously reported lung values for mice of similar age and background
strain computed from input functions obtained by arterial sampling. Finally, utilizing the

same image-derived blood input function, selective slices of the PET image data were



101

transformed into parametric maps of local K; which provided spatial information
regarding local neutrophilic inflammation not obtained when lung image analysis is
performed on a regional level.

Because the PET-measured FDG signal may be the result of uptake by malignant
cells as well as other cell types found in the lung, we also explored an alternative imaging
method for neutrophil monitoring based on the peptide cFLFLF. This peptide was
previously reported to be an antagonist to the neutrophil FPR, yet its development was
stalled due to poor imaging characteristics. We demonstrated that the bioavailability and
blood clearance properties of the peptide ligand could be improved by PEG conjugation
without adversely affecting its binding affinity or stimulatory properties towards the FPR
on neutrophils. Quantification of PET images 18 h after peptide intravenous injection in
K. pneumoniae-challenged and control mice yielded average lung SUVs of 0.142 + 0.054
and 0.028 £ 0.003, respectively (P < 0.003). Our results suggest that this peptide may be
suited to image neutrophils in vivo and could play an important role in evaluating future
ant-inflammatory therapeutics designed to inhibit lung neutrophil recruitment and/or
function in the preclinical setting. Furthermore, because **Cu is a PET radionuclide with
a moderate rate of radioactive decay, we posit that this peptide may have translational
potential to humans.

In addition to neutrophils, macrophages participate centrally in many common lung
diseases ranging from COPD to acute respiratory distress syndrome. Furthermore, recent
studies have emerged identifying macrophages as critical components in the growth and
spread of lung tumors. Chapter 3 of this dissertation examined the targeting of TAMs

using liposomes surface coated with a mannose ligand. This liposome modification has
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been shown to improve recognition by M2 macrophages and cellular entry by mannose
receptor-mediated endocytosis but has not been studied as a macrophage targeting agent
for PET imaging. Initial studies conducted in vitro confirmed that Mans-liposomes were
taken up nearly 2-fold higher by M2 (IL4/13-stimulated) bone marrow-derived
macrophages compared to M1 (LPS/IFN-y-stimulated) cells. Furthermore, using flow
cytometry we showed that IL4/13-stimulated cells exhibited the highest levels of
mannose receptor (CD206), which correlated well with Western blotting. In vivo studies
were conducted using a urethane-induced lung tumor mouse model. In vivo PET imaging
with radiolabeled Mans-liposomes revealed high tumor localization of Mans-liposomes 6
h following intravenous injection. PET image quantification revealed that Mans-
liposomes had an increased accumulation in tumor tissue compared to normal lung tissue
(9.62 £ 249 vs. 1.4 = 0.6 %ID/uL, P < 0.05), strongly correlating with the relative
densities of F4/80" macrophages estimated in these tissues by immunohistochemistry.
Subsequent ex vivo lung biodistribution and confocal microscopy studies confirmed
uptake of Mans-liposomes by TAMs. Liposome co-injection studies revealed that Mans-
liposomes exhibited the highest tumor contrast relative to normal lung tissue at the time
point studied. This contrast appears to be due to rapid clearance of Mans-liposomes in
normal lung as confocal analysis of tissue at lung tumor boundaries revealed near

equivalent uptake of both Mans-liposomes and plain liposomes by common TAMs.
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5 FUTURE RESEARCH

Utilizing a mouse model of acute lung inflammation, we demonstrated significant
lung accumulation of the modified peptide cFLFLF in vivo relative to normal lungs [36].
However, these studies do not definitively show that the enhanced accumulation of the
intravenously-injected peptide in inflamed lung tissue measured from the PET images is a
result of binding to infiltrated neutrophils. Recently, our research group published on the
successful labeling of the peptide with the near infrared fluorophore, Cyanine 7 [101].
Using this peptide labeling strategy, a flow cytometry-based study could be conducted to
quantify the association of the peptide with various leukocyte populations including
neutrophils and macrophages that are present in the lung after K. pneumonia-challenge.
Additionally, a future study could incorporate a scrambled version of the peptide to
address neutrophil specificity. Both in vitro neutrophil binding studies as well as in vivo
imaging studies could be carried with the scrambled and unaltered peptide for
comparison.

For the inflammatory lung model used in this study, the optimum imaging time was
determined to be 18 h. However, the stability of the ®*Cu label to the peptide over time
has yet to be studied. The biodistribution data shown in Figure 2-3 shows high
concentrations of radioactivity in the liver, kidney, and small intestine. These organs are
not typically sites of neutrophil clearance; therefore more studies are needed to determine
the proportion of radioactivity that is neutrophil-bound versus that which is free **Cu.

In Chapter 3, successful targeting of Mans-liposomes to TAMSs in vivo was
demonstrated by PET and fluorescence imaging, providing a proof of concept for the use

of these nanoparticles to image and/or potentially delivery therapeutic drugs to this
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macrophage population. Although limited in scope, our liposome co-injection data
suggests that plain and PEG liposomes target TAMs with equal efficiency to Mans-
liposomes. To rule out the possibility that the uptake of plain and PEG liposomes by
TAMs was influenced by the presence of Mans-liposomes, plain and PEG liposomes
could be injected separately. Furthermore, an experiment could be easily conducted
where Mans-liposome internalization by TAMs is studied following their co-injection
with excess amounts of free mannose. This study would be useful for assessing the role
of the macrophage mannose-receptor in mediating Mans-liposome uptake in vivo.

It is likely that through modifications of their physical properties, Mans-liposomes
can achieve a higher binding affinity for the mannose receptor, thus facilitating better
recognition and internalization by TAMs. The liposomes used in this study were
composed of PC, a neutral lipid. However, liposome composition can be modified to
achieve more efficient targeting in certain cases. For example, more efficient lung
retention and macrophage phagocytosis has been shown to be achieved with the inclusion
of the negatively charged phosphatidylserine (PS). A disadvantage of constructing
liposomes with PS is a reduction in liposome stability in the presence of serum [102]. In
addition to composition, liposome size also plays a role in lung retention [103]. Although
larger liposomes achieve higher lung retention, this must be balanced against the size
limitation for which particles can achieve extravazation into tumor interstitium and the
rate of which they are cleared from the blood.

Liposomes with an increased surface density of the mannosylated phospholipid
may show an improved affinity towards the mannose receptor, but the consequence of

such a design in vivo is unknown. It is likely that the limiting factor for targeting lung
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TAMSs by i.v. injection is not due to TAM recognition but rather the number of liposomes
that can extravagate into the tumor before being significantly removed from the blood by
hepatic Kupffer cells.

As a result of the observation that PEG liposomes are internalized by TAMs, a
potential liposome construct is to tether mannose structures to the distal end of PEG.
Such a design may offer two attractive properties: effective mannose-receptor recognition
and a prolonged circulation time by limiting binding of serum complement proteins
[104]. A longer blood circulation time may increase the opportunity for liposomes
administered systemically to leak out of the vascular compartment and interact with
TAMs via the EPR effect. However, depending on the uptake mechanism, protecting
liposomes from being captured by liver Kupffer cells through PEGylation may also
impair efficient uptake by TAMs. Furthermore, some studies have shown that
PEGylation of liposomes does not improve lung retention times, therefore this strategy
must be carefully considered [105].

Another factor that strongly dictates liposome blood clearance and tissue
distribution is the route of administration. The tail vein was chosen as the route of
liposome administration in this study because it allowed liposomes to flow through the
lung capillary bed before encountering the liver. However, the intravenous route will
always be limited by rapid liver uptake and destruction by serum components. Liposome
delivery through the airways is a potential route that may improve lung retention times.
Studies have demonstrated successful delivery of mannosylated liposomes to alveolar
macrophages in rats via intratracheal delivery [92]. However, it is currently unknown if

successful TAM targeting can be achieved by this route of delivery.
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One of the major advantages of liposomes is that they can function as a drug
delivery vehicle in addition to an imaging agent. The liposome mediated intracellular
delivery of clodronate has been shown to effectively deplete macrophages associated
with a variety of tumor models [59]. A future study could compare the efficiency of
TAM depletion of clodronate-encapsulated plain vs. Mans-liposomes in the urethane lung
tumor model. Lung tumor growth rates in each group could be tracked over time using

MRI.
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6 APPENDIX A: Image-Derived Input Function Validation
The purpose of this study is to demonstrate that the blood input function, required
for the quantification of FDG uptake by compartmental modeling, can be accurately and
noninvasively measured from OSEM-MAP reconstructed, cardiac-gated PET images.
We validate this by comparing FDG blood radioactivity concentrations measured by left
ventricular blood pool (LVBP) ROIs to physical blood samples taken during PET
scanning. Additionally, we measured the FDG influx rate (K;) in myocardial tissue and
compared it to reported K; values in literature which were computed based on physically-
sampled input functions in mice of similar age and background strain.
Materials and Methods
PV effects in PET lead to quantitative under-estimations of the regional
concentrations of radioactivity in reconstructed images and corresponding errors in
compartmental model kinetic parameters. Because of the relatively small dimension of
the murine ventricle, radioactivity measurements in the LVBP suffer from PV effects. To
estimate the magnitude of the PV effect in the LVBP and in the myocardium, a Jaszczak
Micro Deluxe hot rod phantom (Data Spectrum Corporation, Hillsborough, North
Carolina) with interior rods of various diameters (1.2, 1.6, 2.4, 3.2, 4.0, 4.8 mm) was
filled with a known concentration of FDG. PET was acquired and an image of the
phantom was reconstructed using OSEM-MAP algorithm. For comparative purposes, we
also reconstructed the image using Filtered Back-Projection (FBP) reconstruction. In
both reconstructions, the images were subjected to a CT-based attenuation correction.
The average ROI-derived radioactivity concentrations measured for the different sized

rods were divided by the true activity concentration to obtain a recovery coefficient (RC)
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curve spanning the range of rod sizes. A unique RC curve was generated for each
reconstruction type. RCs for the LVBP and myocardium were estimated from the RC
curves and applied to time-activity curve measurements.

Five non-fasted C57/BL6 mice (25-30 g) were used in this study. PET and CT
images were acquired and reconstructed using the same protocols described in 1.2.2 and
1.2.3, respectively. Circular ROIs approximately 3 pixels (1.2 mm) in diameter were
manually drawn on contiguous transverse planes in the area corresponding to the LVBP
in which the LV cavity was visible. These ROIs, which were drawn on the last time
frame, were projected onto all previous time frames to obtain blood pool TACs. Finally,
the TAC measured from each slice was averaged together to yield the IDIF. Cardiac
gating permitted the drawing of LVBP ROIs when the phase of the cardiac cycle was at
near-diastole, thus minimizing contamination into the LVBP by spillover of radioactivity
from the surrounding myocardium. To correct for PV effects in the LVBP, the IDIF was
boosted by the RC value estimated from the RC curve (Figure 6-1).

Physical blood samples were obtained at 43 and 56 minutes post FDG
administration via a small incision in the distal tail while the animal was being PET
scanned. Approximately 40 puL of blood was collected in a pre-weighed capillary tube
for each time point. Excessive bleeding was prevented by applying gentle pressure for
approximately 1 min. Each blood sample was weighed using an analytical balance and
the associated radioactivity counted in a well counter previously used to calibrate the
PET scanner. Radioactivity concentrations (in uCi/g) of each blood sample were
determined by dividing the decay-corrected radioactivity measured in the well counter by

the net weight of the blood in the capillary tube. Bland-Altman analysis was used to
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assess the agreement between image-derived and sampled blood radioactivity
concentrations [106].

To further validate the accuracy of the IDIF, the net FDG influx constant (K;) was
computed in the myocardium by kinetic analysis. Kinetic transport rate constants of FDG
uptake (K1, ko, and ks) in the myocardium were estimated by the three-compartment FDG
model using non-linear regression as discussed in 1.2.4. From these estimated rate
constants, K; was computed (based on Eq. 3) in the heart and compared to values
obtained by physical blood sampling previously reported in the literature.

Results

Figure 6-1 shows OSEM-MAP and FBP reconstructed PET images of the hot rod
phantom and the RC curves derived from them. From these curves and a previously
obtained MRI measurement of 3.3 £ 0.2 mm for the internal LV diameter, an RC value of
0.92 was determined from the LVBP for OSEM-MAP based reconstructions. This
measurement is in close agreement with a previously published value measured by
ultrasound in mice of the same age and background strain [107]. The value of the RC
correction factor was expected to approach unity because the diameter of the mouse LV
chamber is approximately twice the FWHM spatial resolution of the Focus 120 PET
scanner [108, 109]. Other studies have demonstrated peak signal recoveries of 86% for
spherical structures that are twice the FWHM, consistent with our findings [109]. The
RC for the myocardium at end diastole was estimated to be 0.28 (based on a thickness of
0.9 £ 0.1 mm previously measured by MRI). For FBP reconstructions, the RC for the LV

cavity was estimated to be 0.57.
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Figure 6-1. Transaxial view of attenuation-corrected phantom images
reconstructed with a) FBP and b) MAP and the recovery coefficient curves
generated from them (c).

Representative OSEM-MAP and FBP reconstructed PET images of a mouse heart
with and without cardiac gating are shown in Figure 6-2. Each image shown is the last
frame of the dynamic PET scan. OSEM-MAP reconstructed images (panels (a) and (b))
clearly show a reduced amount of contamination in the LVBP compared to the same data

reconstructed with FBP (panels (c) and (d)) regardless of whether cardiac gating was
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Figure 6-2. Transverse FDG PET images of a mouse heart reconstructed
using a OSEM-MAP with cardiac gating, b OSEM-MAP without cardiac
gating, ¢ FBP with cardiac gating, and d FBP without gating. Common
line profiles through the LVBP are shown below each image. Only
cardiac-gated, OSEM-MAP reconstructions produced images that allowed
accurate measurement of blood radioactivity concentration in the LVBP.
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employed. Qualitatively, line profiles through the heart show a higher myocardium-to-
LVBP contrast for OSEM-MAP reconstructed images compared to FBP.

LVBP radioactivity concentrations are dependent on both image reconstruction
algorithm and whether cardiac gating is employed. Cardiac-gated images show an
improved contrast between the blood pool and the myocardium compared to non-gated
images. Images reconstructed by FBP appear to be noisier than the corresponding
OSEM-MAP reconstructed images despite the fact that both images have the same
resolution. Only cardiac-gated OSEM-MAP reconstructed images allowed accurate
measurement of LVBP radioactivity concentrations.

Figure 6-3 shows IDIFs derived from the PET images shown in panels (a), (c),
and (d) of the previous figure. The IDIF measured from the image reconstructed with
FBP (black curve) shows significant spillover contamination compared to the IDIF
derived from the OSEM-MAP reconstructed image (gray curve) using common LVBP
ROIs. The IDIF derived from the non-gated FBP reconstruction shows the greatest
amount of spillover (dotted black line). The peaks of the three curves are similar in
magnitude due to the application of the RC and a lack of spillover contamination in the
LVBP at early time points. The square and circle symbols, which represent the
radioactivity concentrations of sampled blood taken at 43 and 56 min respectively, are
only in close agreement with activity concentrations of the IDIF derived from the OSEM-
MAP reconstructed, cardiac-gated image.

The Bland-Altman graph shown in Figure 6-4 serves to assess the agreement
between PET image-derived and physically sampled blood radioactivity concentrations.

Bland-Altman analysis revealed a mean difference of 0.06 pCi/mL, which is
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Figure 6-3. Representative IDIFs, derived from a common LVBP ROI drawn on PET
images shown in panels (a), (c), and (d) of the previous figure are shown. The square and
circular boxes, which represent manually sampled blood activity concentrations taken at
43 and 56 minutes respectively, are only in close agreement with activity concentrations
of the IDIF derived from the OSEM-MAP reconstructed, cardiac-gated image (solid gray
line). The IDIF derived from the non-gated, FBP reconstructed image (black dotted line)
suffered the highest amount of spillover contamination.

approximately 1% of the average of all measured values, and a precision of 0.14 uCi/mL
(standard deviation of differences). None of the data points fell beyond the lower or
upper limits of agreement, which were -0.22 and 0.34, respectively. As determined by
the paired t-test, image-derived blood radioactivity concentration values were not
significantly different from sampled blood values (P = 0.97).

As a final step of validation, we compared the mean FDG influx constant (K;) in
the myocardium computed from an IDIF to a published value of K; in the same tissue
computed using an input function constructed from arterial blood samples. The mean K;
for myocardial tissue measured here was 0.11 + 0.03 which is in close agreement with the
published value of 0.14 = 0.06 [29]. Using the Student's t-test, we determined the

difference between K; values to be non-significant (P = 0.19).
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Figure 6-4. Bland-Altman plot showing the agreement between image-derived (corrected
for attenuation and PV effects) and physically sampled blood radioactivity concentrations
in five mice. The mean difference was -0.06 uCi/mL (solid line) and the lower and upper
limits of agreement (dashed lines) were -0.22 and 0.34, respectively.

Conclusion

Employing cardiac gating and a high-resolution iterative reconstruction algorithm
(OSEM-MAP) improves PET image quality, reduces PV effects, and minimizes spillover
contamination from the myocardium to the LVBP compared to non-gated, FBP
reconstructed images. We validated the ability to accurately measure blood pool
radioactivity concentrations from the left ventricle in a normal mouse using image-
derived techniques. Bland-Altman analysis revealed a negligible systematic bias between
image-derived and physically sampled blood radioactivity concentrations for five mice
studied. Furthermore, we showed that the FDG influx constant in the myocardium
computed using three-compartment modeling based on an IDIF was not statistically

different from reported values obtained with a physically sampled input function. This
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imaging method may be useful for surveillance of neutrophil activation in the context of
inflammatory lung diseases and its noninvasive nature makes it more accessible for use in

the preclinical setting.
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7 APPENDIX B: Mechanism of Lung Tumor Induction by Urethane

Murine lung tumor models induced by injections of constituents of tobacco smoke
have proven to be useful because of their reproducibility, histological similarity with
human lung adenocarcinoma (AC), and realistic tumor progression. Urethane has been
extensively used to model multistage human lung carcinogenesis in A/J and FVB mice
[74, 110, 111]. In the A/J urethane model, lung tumors proceed through hyperplastic and
adenoma stages, ultimately developing into AC with similar molecular and histologic
features seen in human AC, especially those found in never-smokers [112]. Also, as
commonly seen with human AC, these lung tumors arise from alveolar type Il epithelial
cells [112]. An attractive benefit of the A/J and FVB mouse-urethane models is that lung
tumor induction occurs in about half the time of the cigarette smoking model [113].
Furthermore, through depletion studies, macrophages have been shown to promote lung
tumorigenesis, influence mean tumor diameter, and contribute to the local expansion of
tumor-associated blood vessels in the FVB-urethane model [15].

Previously published work has shown that lung carcinogenesis in the urethane
(ethyl carbamate, EC) model is mediated by itsbioconversion into vinyl carbamate (VC)
by the cytochrome P450 enzyme CYP2E1 [114, 115]. VC is susceptible to chemical
oxidation leading to the formation of VC epoxide, a strong mutagenic and carcinogenic
species capable of modifying DNA and producing mutations [116]. An alternative
enzymatic pathway exists in which EC is broken down into ammonia, carbon dioxide,
and ethanol by the enzyme carboxylesterase. Carboxylesterase competes with CYP2E1
in the bioconversion of EC to either its potentially toxic form or its harmless metabolites.

The relative rates of activity and concentrations of carboxylesterase and CYP2EL in the
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lung tissue are most likely the major determinants of the host's susceptibility to urethane-
induced tumorigenesis.

Inbred strains of mice exhibit differing susceptibilities to formation of lung tumors
induced by carcinogens including EC. Susceptible mouse strains such as A/J and FVB
have elevated levels of CYP2EL in their lungs compared to C57BL/6 mice and have been
shown to develop significanly more lung tumors as a result of EC treatment. A recent
study showed a significant reduction in urethane-induced lung tumor formation in
CYP2E1-knockout mice compared to wildtype controls [117]. Other work demonstrated
that a chemical inhibitor of the CYP2E1 enzyme resulted in fewer EC-induced mutations
and lung tumors [115]. In addition to lungs, other tissues such as skin and lymphoid
tissue develop tumors after EC treatment. However, a latent period of about 1 year is
required for tumor development, presumably due to lower levels of CYP2EL in these
tissues. In our studies, we found that 100% of mice treated with EC developed lung
tumors by 20 weeks. Upon necrosy, tumors were not found in any other organ. In

contrast, no lung tumors were detected out to 24 weeks in saline-injected mice.
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8 APPENDIX C: Liposome Titration

Prior to examining liposome uptake by BM-derived M@ monolayers, a titration
study was first performed to determine the optimal liposome concentration that
approached the saturation level, but was slightly below it. As fully described in 3.2.4,
BM-derived macrophages were seeded into 60 mm Petri dishes at a density of 1 x 10°
cells per plate and stimulated with IL-4 and IL-13 to generate an Mz2-polarized
phenotype. Cells stimulated with these cytokines were anticipated to exhibit the highest
uptake of Mans-liposomes due to their over-expression of mannose receptor, which was
desired for this titration study. Following the cytokine stimulation period, the cells were
washed and incubated with 0, 2.4, 24, 48, 240, 480, or 960 nmoles of lipid per mL of
either Man; or plain liposomes for 90 min at 37° C. The range of liposome
concentrations and the incubation time was chosen was based on a similar study that
measured mannosylated liposome uptake by mouser peritoneal macrophages [77]. After
the incubation time, the medium was pipetted-off and the cells were washed three times
with cold PBS. The adherent cells were dislodged with trypsin and washed an additional
three times with MACS buffer before fixation by Cytofix (BD Biosciences). Cell-
associated DiO was measured by flow cytometry. As shown in Figure 8-1, the mean
fluorescence intensity of cell-associated DiO quickly reached a plateau for plain
liposomes. In contrast, Mans-liposomes did not exhibit this plateau behavior and were
found to be associated with the cells in about 2 to 4-fold greater amounts compared to
plain liposomes. The liposome concentration that yielded the greatest difference in

uptake between Mans and plain liposomes was of 960 nmoles of lipid per mL: the highest
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concentration tested. Because it resulted in the greatest signal separation, this liposome

concentration was used for all future in vitro uptake studies.
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Figure 8-1. Dose dependent increases in M2 macrophage uptake of DiO-labeled
plain (m) and mannosylated (¢) liposomes. The uptake of DiO-labeled liposomes was
calculated as the geometric mean of fluorescence in the green channel after the
background fluorescence was subtracted.
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