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Abstract

Macrophages within the tumor microenvironment (TAMs) have been shown to play a major role in 

the growth and spread of many types of cancer. Cancer cells produce cytokines that cause 

macrophages to express scavenger receptors (e.g. the mannose receptor) and factors that facilitate 

tissue and blood vessel growth, suppress T cell mediated anti-tumor activity, and express enzymes 

that can break down the extracellular matrix, thereby promoting metastasis. We have designed a 

mannosylated liposome (MAN-LIPs) and show that it accumulates in TAMs in a mouse model of 

pulmonary adenocarcinoma. These liposomes are loaded with 64Cu to allow tracking by PET 

imaging, and contain a fluorescent dye in the lipid bilayer permitting subsequent fluorescence 

microscopy. We injected these liposomes into a mouse model of lung cancer. In vivo PET images 

were acquired 6 h after injection followed by the imaging of select excised organs. MAN-LIPs 

accumulated in TAMs and exhibited little accumulation in remote lung areas. MAN-LIPs are a 

promising new vehicle for the delivery of imaging agents to lung TAMs. In addition to imaging, 

MAN-LIPs hold the potential for delivery of therapeutic agents to the tumor microenvironment.
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1. Introduction

Macrophages participate centrally in many pulmonary diseases. In addition to their elevated 

presence in the lungs of COPD [1] and CF [2] patients, evidence has emerged linking 

macrophages to the development/progression of lung tumors [3,4]. Enhancing cell survival, 

promoting tissue remodeling, angiogenesis, and suppressing the antitumor adaptive immune 

response are all protumor functions of tumor associated macrophages (TAMs) [3–6]. In 

animal studies, the depletion or blockade of TAMs into the tumor microenvironment (TME) 

has been shown to inhibit tumor growth and reduce tumor vessel density [7–9]. Clinical data 

have shown that TAMs are present in high density in many human tumors, including lung, 

breast, skin, and prostate. Furthermore, their presence and density correlates with cancer 

invasion and decreased patient survival time [4,10,11]. The macrophage (MØ) subtype 

strongly influences its interaction with the tumor. The M2 subtype is found to facilitate 

tumor growth, while the M1 subtype impedes it, although exceptions to this generalization 

have been reported. TAMs represent a unique target for cancer therapies.

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. Molecular imaging using agents targeted to TAMs offers a 

noninvasive and quantitative method for assessing the presence and density of these cells. 

Some progress has been made in this area. A dextran-coated magneto-fluorescent 

nanoparticle decorated with the amino acid glycine (CLIO-gly) was reported to accumulate 

in TAMs [12]. It also was shown that the agent could successfully track the depletion of 

TAMs following the administration of liposomal clodronate [13]. Another agent, poly(L-

glutamic acid)-Gd-chelated p-aminobenzyl-diethylenetriaminepentaacetic acid (PG-Gd-

NIR813), was reported to label TAMs in vivo [14]. The mechanism of uptake of CLIO-gly 

and PG-Gd-NIR813 by TAMs is currently undetermined.

Liposomes have certain advantages over the solid core particles previously used, such as the 

ability to deliver imaging agents or biologically active drugs in their aqueous core or lipid 

bilayer. The coating of the liposomes can be designed to target a known surface receptor on 

TAMs increasing the prospect of cell uptake. TAMs have been shown in numerous human 

and mouse studies to overexpress surface scavenger receptors, such as the mannose receptor 

(CD206) [15–17], which is important for the clearance of mannose-bearing serum 

glycoproteins released at sites of inflammation and viruses, fungi, and bacteria [18,19]. We 

report herein a mannosylated liposome loaded with 64Cu for PET imaging of TAMs in a 

mouse model of lung cancer.

2. Materials and methods

2.1. Animal model

All experiments were carried out under protocols approved by the Institutional Animal Care 

and Use Committee. Our mouse model is based on one reported by Blackwell’s group [20]. 

Female FVB mice (Jackson Laboratory, n = 6) aged 6e8 weeks received weekly 

intraperitoneal (IP) injections of 1 mg urethane/g body weight dissolved in sterile 0.9% 

NaCl. Control mice (n = 3) received saline IP injections. Twenty weeks after the initial 
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urethane injection, MRI was used to verify lung tumor presence. PET imaging was 

performed when at least one lung tumor reached 1.5 mm in diameter.

Prior to in vivo studies, 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 µm slices, and 

hematoxylin and eosin (H&E)-stained. Slides were digitized and examined for tumors.

To evaluate TAM density relative to macrophage density in normal lung, we immunostained 

lung sections (n = 4 urethane-treated mice) with rat anti-mouse F4/80 monoclonal antibody 

(AbDSerotec). F4/80 is a well-known, highly specific macrophage molecule in mice [21]. To 

estimate macrophage density, regions of interest (ROIs) were drawn in areas corresponding 

to stroma and normal lung. Macrophages were counted in areas of known size and 

macrophage density (MØ per square millimeter) was calculated. 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 positive cells that 

overexpress CD206. Lungs (n = 2 mice, 24 weeks post-urethane) were harvested and 

inflated with 1.5 mL of Optimum Cutting Temperature (OCT; Fisher Scientific) through the 

trachea. The lungs were snap-frozen in liquid nitrogen, frozen into a block, and 

cryosectioned coronally. Frozen lung tissue sections were fixed and incubated with rat anti-

mouse F4/80 and rabbit anti-mouse CD206 (AbDSerotec). After primary antibody 

incubation, sections were treated with Alexa Fluor 594-conjugated goat anti-rat IgG 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 of cells within 

the tumor stroma that coexpress F4/80 and CD206, thresholding was applied to several 

images spanning different tumor regions across two mice.

2.2. Liposome preparation and characterization

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′-Dio-

ctadecyloxacarbocyanine Perchlorate (DiO, λex = 484 nm, λem = 501 nm, Molecular 

Probes, USA). The liposomes were made using dehydrationerehydration: the lipids and DiO 

were dissolved in chloroform, the solvent was evaporated, and the resultant thin-film 

hydrated with a 10 mM solution of chelating agent 1,4,7,10-tetra-

azacyclododecane-1,4,7,10-tetraacetic acid (DOTA) in 10 mM 4-(2-Hydroxyethyl)-1-

Piperazine-Ethanesulfonic Acid (HEPES) buffer with 150 mM NaCl and a pH of 4 for 2 h at 

37 °C and overnight at 4 °C. The liposome solution was freeze-thawed 5 times and then 

extruded consecutively 20 times through 1 µm, 600 nm, 400 nm and 200 nm polycarbonate 

membrane filters using a Lipex extruder with high-pressure nitrogen. The non-encapsulated 

DOTA was removed by dialysis using a Slide-A-Lyzer G2 dialysis cassette with a molecular 

weight cut-off of 10,000 against five-2 L of HEPES buffer containing 150 mM NaCl (pH 

7.4).
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Mannosylated DOTA encapsulated liposomes (MAN-LIPs) were prepared as described 

above with the inclusion of neoglycolipids synthesized from mannotriose and 

dipalmitoylphosphatidylethanolamine (DPPE) by reductive amination (manufactured to our 

specification by Encapsula NanoSciences, Nashville, TN). The mannosylated phospholipid 

was added at a 1:20 MANeDPPE 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 MAN-LIPs is in 

Fig. 1.

2.3. 64Cu labeling

Remote loading was used to radiolabel DOTA-containing liposomes with the PET probe 
64Cu (t1/2 12.7 h), by utilizing the lipophilic transporter hydroxyquinoline to ferry 64Cu to 

the liposome interior where it is more tightly chelated by the encapsulated DOTA [22]. 

Copper loading of the liposomes was confirmed using size exclusion chromatography (SEC) 

column to determine if the DiO labeled liposomes eluted in the same fractions as the 

radioactive 64Cu.

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 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 × g, and resuspended in 1 mL of MACS 

buffer (phosphate buffered saline (PBS) supplemented with 1% bovine serum albumin 

(BSA) and 2 mM ethylenediaminetetraacetic acid). Four 10 cm polystyrene Petri plates were 

prepared with 8 mL complete media: α-Minimum Essential Medium (α-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 α-MEM). The cell suspension was pipetted onto these Petri dishes 

and cultured 4 days at 37 °C with 5% CO2 in a humidified chamber. This resulted in cells 

that were 95% positive for F4/80, consistent with other reported results [23]. After the 4 day 

incubation, adherent cells were treated for 10 min at 37 °C with 1 mL of trypsin (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 α-MEM at a density of 1.0 × 106 cells per well. 24 

h after re-plating, the dishes were divided and treated for 24 h hours with either mouse 

recombinant interferon-g (IFN-g; PeproTech, Rocky Hill, NJ, 20 ng/mL) and 

lipopolysaccharide (LPS; SigmaeAldrich, 100 ng/mL) resulting in M1-like macrophages 

(M1–MØ), or mouse recombinant interleukin-4 (IL-4; PeproTech, Rocky Hill, NJ) plus 

IL-13 (PeproTech) at a concentration of 20 ng/mL each [24], resulting in M2-like 

macrophages (M2–MØ). In vitro stimulation of murine BM-derived macrophages with IL-4 

and IL-13 has been shown to induce M2a or wound healing macrophages similar to TAMs 

[25]. Therefore, we used Western blot and flow cytometric analysis to assess mannose 

receptor expression to verify M2 polarization after cytokine treatment.
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2.5. Evaluation of liposome uptake by MØ in vitro

Uptake of liposomes by macrophages was evaluated by flow cytometry (FACS-Calibur, BD 

Biosciences). M2–MØ and M1–MØ were incubated with either MAN or plain liposomes at 

a concentration of 960 nmol phospholipid per mL of PBS at 37 °C for 90 min. 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 incubated with anti-Fc receptor mAb for 60 min on ice to block non-

specific binding of anti-body to the mouse Fcγ domain, then were incubated for 20 min with 

rat anti-mouse CD206 directly conjugated to Alexa Fluor 647 (AbD Serotec). 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 M2–MØ and M1–MØ following liposome incubation 

was measured.

2.6. In vivo studies of liposome distribution and uptake by MØ

To determine the blood half-life of radiolabeled MAN and plain liposomes, repetitive 

tailevein bleeds (about 50 µL of blood per sample) were performed at 5 and 30 min, and 1.5, 

3, 6, and 18 h after intravenous (IV) injection in 6 normal FVB mice. Liposome dose was 

1.9 µmol total phospholipid labeled with 50–75 µCi (1.85–2.8 MBq) of 64Cu in a total 

volume of 160 µL. The radioactivity of each sample was measured using a γ-counter 

calibrated for 64Cu energy. In order to estimate how much radioactivity was in the total 

blood volume at each time point, we used a value of 7.3% of the body mass for total blood 

mass [26]. From this we calculated the percentage of the injected dose in total blood mass 

(%IDTBM) at each time point using:

%IDTBM =

μCisample
gsample

× BW × 0.073

μCiID
(1)

where µCisample, gsample, µCiID, 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.
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24 weeks after urethane treatment, lung tumor bearing mice were IV injected with 64Cu-

labeled MAN-LIPs via the lateral tail vein. Each mouse received 1.9 µmol total phospholipid 

labeled with 400–500 µCi (14.8e18.5 MBq) of 64Cu for a total volume of 160 µL. Mice were 

imaged using a Focus 120 PET scanner (Siemens, Knoxville, TN). During the 40 min PET 

acquisition, anesthesia was maintained using 1.25% isoflurane in O2 inhaled through a nose 

cone. Heart rate, respiration, and rectal temperature were monitored (SAII, 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 (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 × 0.4 mm (128 × 128 pixels). To determine the optimal time point 

after IV liposome injection for imaging, a preliminary study was conducted in which tumor 

to normal lung uptake ratios were computed on serial scans acquired over 18 h in 4 mice.

Immediately after the PET scan, MR images were acquired on a 4.7 T MRI system (Varian, 

Inc., Palo Alto, CA) to identify lung and tumor boundaries on the PET scans. MRI used a 

cardiac and respiratory gated multi-slice, spin-echo sequence developed in our lab with the 

following parameters: field of view = 25.6 mm, effective matrix = 128 × 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, Gadolinium-DTPA (Magnevist; Bayer Schering Pharma, Berlin, 

Germany) was injected at a dose of 50 µmol/kg body weight in the hind leg muscle. The 

total scan time was 6–8 min per interleave, depending on the heart rate and breathing rate. 

Four 10-slice inter-leaved stacks were acquired to cover the entire lung field. To facilitate 

PET–MRI co-registration, a custom-designed multi-modality fusion phantom was scanned 

to determine the rigid-body transformation matrix for fusing subsequent mouse data sets.

Using AMIDE software [27], MAN-LIP 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 for each slice in which the tumor was visible. The percent 

injected activity per µL (%ID/µL) was computed for each tissue type by dividing the ROI-

derived tissue tracer concentration by the radioactivity of the injected dose. Due to their 

small size, ROI-derived radioactivity concentration measurements in lung tumors suffer 

from partial volume effects (PVE). We corrected for PVE by multiplying the ROI-derived 

uptake concentration measured in the tumor by a recovery coefficient (RC) that was 

obtained using a hot-rod phantom containing a known radioactivity concentration. The 

phantom images allowed us to construct 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.

2.7. Ex vivo 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 
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vivo PET scans was to image the lungs without the presence 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 
64Cu. 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 MAN-LIPs 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 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 mm 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 IgG. 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.

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 [28–30], we set 

out to determine the significance of liposome mannosylation for targeting TAMs in vivo in 

our urethane animal model. The first study, intended to address the importance of liposome 

mannosylation in mediating uptake by TAMs, involved the co-injection of MAN and plain 

liposomes (Fig. 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 effect, or the inclusion of 

mannose which may mediate enhanced liposome recognition and endocytosis. In order to 

independently detect each liposome type based on fluorescence, MAN-LIPs were prepared 

and labeled with DiO. However, plain liposomes (with and without PEG) were labeled with 

a red-shifted lipophilic dye (1,1′-Dioctadecyl-3,3,3′ ,3′-Tet-ramethylindodicarbocyanine 

(DiD), λex = 648 nm, λem = 670 nm, Molecular Probes, USA) whose excitation/emission 

profile did not overlap with DiO.

For these in vivo studies, each mouse was tailevein injected with 1.9 µmol total phospholipid 

(approximately 80 µL) of each liposome type plus 80 mL of HEPES buffer for a total 

injected volume of 240 µL. 6 h 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. Radiant efficiency for 

DiO and DiD, defined as the emission light detected (photons/sec/cm2/str) normalized by the 
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illumination power density (µW/cm2) was measured using the Living Image 4.0 (Xenogen 

Corp., Alameda, CA). Tumor-to-remote lung, tumor-to-liver, and tumor-to-spleen ratios 

were computed in mice co-injected with MAN-LIPs and plain liposomes (n = 2) and MAN-

LIPs and PEG liposomes (n = 2).

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 µm slices. Select tumor-positive tissue sections were further 

stained with DAPI and rat anti-mouse F4/80 followed by TRITC-conjugated goat anti-rat 

IgG. Confocal microscopy was used to examine the relative presence of MAN versus plain 

liposomes and MAN versus plain PEG liposomes within TAMs.

2.9. Statistical analysis

For comparison of the expression of CD206 and 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. Results

3.1. Validation of urethane model

Twenty-four weeks after urethane treatment, lung tumors were clearly visible on H&E-

stained tissue. The majority of tumors were located on the lung pleural surface, an 

observation consistent with other studies [31]. Quantification of F4/80-positive cells on 

immunohistochemistry images revealed that tumor stroma had a seven-fold higher 

macrophage density compared to remote lung (673 ± 196 vs. 89 ± 29 MØ/mm2). It is 

interesting to note that there was no statistically significant difference between remote lung 

macrophage density in tumor-bearing mice (89 ± 29 MØ/mm2) and macrophage density in 

lung tissue of saline-treated mice (85 ± 29 MØ/mm2). 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.

Fig. 2 shows two contiguous lung sections stained in two different ways. The first section 

(Fig. 2A) was H&E stained which allowed clear identification of tumor and immune cell 

infiltration in 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 Fig. 2B. 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 positive macrophages (red) also stain positive for CD206 
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(green), signifying an M2 macrophage phenotype consistent with other reported studies 

based on a similar urethane model [16,32].

To estimate the percentage of F4/80-positive cells that co-express CD206, we used a 

thresholding technique based on staining intensity. For both the red (F4/80) and the green 

(CD206) channels, cells were identified and the percent of cells that were positive for both 

F4/80-positive and CD206-positive 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.

3.2. Liposome characterization

Successful conjugation of MAN with DPPE (MANeDPPE) was confirmed by MALDI-TOF 

mass spectrometry. The m/z spectrum demonstrated a strong peak at 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 remote labeling of liposomes by the PET radionuclide 64Cu was verified by SEC. The 

chromatography profile revealed that the peak of 64Cu elution aligned with the peak of 

fluorescence (DiO) elution, confirming that 64Cu was entrapped in the liposomes upon 

exiting the column. The elution of free 64Cu alone occurred much later when passed through 

the column separately. Nearly 100% of the starting radioactivity was recovered in the void 

volume and was associated with the liposome fractions.

3.3. In vivo liposome uptake

We measured mannose receptor expression in the cultured macrophages. CD206 expression 

was upregulated on M2–MØ compared to M1–MØ as measured by flow cytometry and 

Western blotting, respectively. The uptake of plain and MAN-LIPs by M1–MØ and M2–MØ 

was assessed by flow cytometry. Following identification based on scatter properties, 

macrophages were analyzed for DiO fluorescence. Fluorescence histograms of M1–MØ and 

M2–MØ following a 90 min incubation with either DiO-labeled plain or MAN liposomes 

showed that MAN-LIPs 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 MANeLIPs with M2–

MØ compared to M1–MØ (P < 0.05). This enhanced association is likely due to receptor 

recognition of liposome mannotriose and subsequent mannose receptor-mediated 

endocytosis.

3.4. In vivo studies

The blood clearance of 64Cu labeled liposomes was studied in normal healthy FVB mice 

after administration of 10 MBq of radio-labeled liposomes through the lateral tail vein. The 

blood clearance of both liposomes followed a monoexponential decay with half-lives of 0.33 

and 0.23 h for MAN-LIPs and plain liposomes, respectively. This result is consistent with 

previously published work which measured a blood half-life of less than 30 min for 
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liposomes of similar size and composition (PC and cholesterol) [33]. Examples of coronally 

acquired spin-echo MRI of a urethane and saline-treated mouse are shown in Fig. 3. 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, 64Cu-labled MAN-LIPs were IV 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 64Cu signal ratio between tumor tissue and 

remote lung while still maintaining sufficiently high radioactivity counts. Furthermore, after 

6 h approximately 1% of the injected dose remains in the blood circulation, minimizing 

potential signal contamination from 64Cu-MAN-LIPs that may reside in the vasculature.

Fig. 4A shows a coronal MRI revealing a tumor in the right lung (white arrow) and a PET 

image (Fig. 4B) showing the distribution of MAN-LIPs 6 h post injection. Fused data sets 

(Fig. 4C) 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 the excised lung clearly shows the tumor (arrow, Fig. 4D) 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 (Fig. 4E). Ex vivo PET maximum intensity projection image, shown in Fig. 4F, 

shows focal 64Cu signal in the area of the lung spatially corresponding to the tumor and the 

fluorescence signal as shown in Fig. 4D–E.

The average diameter of lung tumors measured across all mice studied ranged from 1.25 mm 

to 2.65 mm. This corresponded to RC values of 0.32–0.72. The PV-corrected uptake of 
64Cu-labeled MAN-LIPs in lung tumors was 9.62 ± 2.49 %ID/µL at 6 h post injection. In 

contrast, uptake in normal lung tissue was significantly lower (1.4 ± 0.6 %ID/µL) resulting 

in a tumor-to-normal lung ratio of 6.7.

Following PET imaging, the dual-labeled MAN-liposome permitted a detailed assessment of 

cellular distribution by confocal fluorescence microscopy within lung tumor tissue. As 

shown in Fig. 5A, 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 TAMs, but rather was clustered within them as clearly seen on the enlarged 

view of the TAM (Fig. 5B) 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 of MAN-liposome-labeled TAMs.

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 separately 
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detected. Using our equipment, 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.

Representative ex vivo fluorescence images of lungs 6 h after the co-injection of MAN and 

plain liposomes as well as MAN and PEG liposomes are shown in Fig. 6A, and 6B, 

respectively. From these images it was clearly evident that MAN and plain liposomes 

strongly localized at lung tumors. However, MAN 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 Fig. 7A, MAN-LIPs exhibited a higher tumor-to-remote lung 

(4.6) and tumor-to-spleen (3.7) ratio compared to plain liposomes. However, the tumor-to-

liver ratio was comparable (0.8). MAN-LIPs also exhibited a high tumor-to-remote lung 

ratio (1.4) when co-injected with PEG liposomes. PEG liposomes exhibited the lowest 

tumor-to-remote lung ratio (0.9) of the three 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. For the MAN-LIPs, the tumor-to-

remote lung ratio was 2.4 times larger than plain, and 4.9 times higher than PEG liposomes. 

This is largely due to the rapid clearance of the MAN-LIPs from normal lung. The uptake by 

TAMs and rapid clearance from normal surrounding tissue is an important property for using 

the MAN-LIPs as a TAMs imaging agent.

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 

[28,34]. 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 can be 

tracked using PET imaging, which possesses a higher intrinsic sensitivity (10−8 to 10−9 

mol/L for PET compared to 10−3 to 10−5 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, 64Cu. 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 
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could trigger their reversal from a pro-tumoral M2 phenotype to a tumoricidal M1 

phenotype. For example, it was recently shown that the cytokine IFN-γ induced human 

TAMs to switch from immunosuppressive to immunostimulatory phenotype [35].

Results from our in vitro studies revealed a significantly higher association of MAN-LIPs 

with M2–MØ compared with plain liposomes. Furthermore, M2–MØ exhibited significantly 

higher uptake of MAN-LIPs compared to M1–MØ, correlating with CD206 expression on 

these cells. Interestingly, M1–MØ exhibited a preference for MAN-LIPs over plain 

liposomes in spite of their low expression of CD206. This result may be explained by a 

study that found that IFN-γ enhances mannose receptor-mediated phagocytosis, despite its 

effects on surface mannose receptor down-regulation [36]. More studies are needed to 

determine what receptors are responsible for the uptake of MAN-LIPs by M1–MØ and also 

if this uptake behavior occurs in vivo.

PET images showed enhanced MAN-LIPs signal in regions corresponding with lung tumors 

compared to areas of remote lung at 6 h post injection. Due to the small size of the lung 

tumors, we used a look-up table approach to estimate the RC value for each lung tumor in 

order to correct for PVE. 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 [37]. 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 

respiratory gated the PET images which can result in 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 underestimations depending on lesion 

size [38]. 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.

There were distinct differences between MAN and plain-liposomes in lung distribution 

following their co-injection. The fluorescence signal of plain liposomes was significantly 

higher than that of MAN-LIPs in 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 

MAN-LIPs. 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 [29] 

and IV administration in mice [39], it is unknown if lung tumors influence the phagocytic 

behavior of these cells. Lastly, the complement system is a major factor in the clearance of 

liposomes [40]. 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 
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designed to help determine if lung resident macrophages are responsible for uptake or if the 

delayed lung 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. Microscopy revealed that all three liposome types were internalized by 

TAMs. The whole-lung fluorescence images of PEG-LIPs did not reveal high TME to 

background contrast due to the slow rate of clearance of these liposomes from the blood and 

prominent signal throughout the lung. These findings are significant because they indicate 

that MAN-LIPs, 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 MAN-

LIPs and highlight their potential use as TAM imaging and/or delivery agents. Our data 

show that MAN-LIPs not only demonstrated targeting of TAMs, but also rapid clearance in 

normal lung which is critical for achieving high tumor contrast by PET imaging.

5. Conclusions

The influence of TAMs on tumor growth has been shown by numerous groups to be 

dependent on their differentiation state. In this paper we demonstrated the successful 

targeting of mannosylated liposomes to TAMs in a mouse model of pulmonary adeno-

carcinoma. Confocal microscopy verified that the PET signal was due to liposome 

internalization by TAMs. Although co-injection studies revealed that plain and PEG 

liposomes are both internalized by TAMs, MAN-LIPs exhibited the highest tumor to remote 

lung ratios on whole-lung fluorescent images showing that it is a promising agent for the 

localized delivery of imaging and potentially other agents to the tumor microenvironment.
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Fig. 1. 
A schematic diagram of liposomes. DOTA-containing plain (left) and Man3 (right) 

liposomes allow for remote loading of the PET imaging agent, 64Cu. The mean liposome 

diameter was 200 nm.
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Fig. 2. 
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.(For interpretation of the references to colour in this 

figure legend,the reader is referred to the web version of this article.)
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Fig. 3. 
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. 

(For interpretation of the references to colour in this figure legend, the reader is referred to 

the web version of this article.)
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Fig. 4. 
Representative in vivo images showing a lung tumor on coronal MRI (A) with enhanced 
64Cu-labeled Man3-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 64Cu signal in the area of the lung 

spatially corresponding to the tumor shown in the photograph.
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Fig. 5. 
Confocal fluorescence microscopy revealed internalization of DiO-labeled Man3-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 Man3-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 lysosomal structures. (For interpretation 

of the references to colour in this figure legend,the reader is referred to the web version of 

this article.)
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Fig. 6. 
Representative photos and fluorescent images from the liposome co-injection study. Images 

of excised lungs 6 h after the co-injection of Man3 and plain liposomes (A) and Man3 and 

PEG liposomes (B). Strong fluorescence signal associated with Man3 and plain liposomes is 

localized to lung tumors (identified by white arrows on the photo). However, compared to 

Man3-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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Fig. 7. 
Tumor-to-tissue ratios measured from fluorescence images of harvested organs following the 

co-injection of MAN and plain liposomes (A) and MAN and PEG lipo-somes (B). MAN-

LIPs exhibited a higher tumor-to-remote lung and tumor-to-spleen ratio compared to plain 

liposomes, while tumor-to-liver ratios were comparable. MAN-liposomes also exhibited a 

high tumor-to-remote lung ratio following co-injection with PEG liposomes, likely due to 
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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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