
Macrophages as a Potential Tumor-Microenvironment Target for 
Noninvasive Imaging of Early Response to Anticancer Therapy

Qizhen Cao1,2, Xinrui Yan2, Kai Chen2, Qian Huang1, Marites P. Melancon1, Gabriel Lopez3, 
Zhen Cheng2,*, and Chun Li1,4,*

1Department of Cancer Systems Imaging, The University of Texas MD Anderson Cancer Center, 
Houston, TX. United States

2Molecular Imaging Program at Stanford, Department of Radiology and Bio-X Program, Stanford 
University School of Medicine, Stanford, CA. United States

3Department of Experimental Therapeutics, The University of Texas MD Anderson Cancer 
Center, Houston, TX. United States

4Experimental Therapeutics Program, The University of Texas Graduate School of Biomedical 
Sciences at Houston, Houston, TX. United States

Abstract

As a result of therapy-induced apoptosis, peripheral blood monocytes are recruited to tumors, 

where they become tumor-associated macrophages (TAMs). To date, few studies have investigated 

noninvasive molecular imaging for assessment of macrophage infiltration in response to therapy-

induced apoptosis. Here, noninvasive assessment of changes in tumor accumulation of TAMs was 

proposed as a new way to measure early tumor response to anticancer therapy. Three different 

nanoparticles, QD710-Dendron quantum dots (QD710-D), Ferumoxytol, and PG-Gd-NIR813, 

were used for near-infrared fluorescence imaging, T2-weighted magnetic resonance imaging, and 

dual optical/T1-weighted MR imaging, respectively, in the MDA-MB-435 tumor model. 

Treatment with Abraxane induced tumor apoptosis and infiltrating macrophages. In spite of 

markedly different physicochemical properties among the nanoparticles, in vivo imaging revealed 

increased uptake of all three nanoparticles in Abraxane-treated tumors compared with untreated 

tumors. Moreover, imaging visualized increased uptake of QD710-D in MDA-MB-435 tumors but 

not in drug-resistant MDA-MB-435R tumors grown in the mice treated with Abraxane. Our results 

suggest that infiltration of macrophages due to chemotherapy-induced apoptosis was partially 

responsible for increased nanoparticle uptake in treated tumors. Noninvasive imaging techniques 
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in conjunction with systemic administration of imageable nanoparticles that are taken up by 

macrophages are a potentially useful tool for assessing early treatment response.
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Imaging

1. Introduction

The tumor microenvironment contributes to tumor initiation, progression, metastasis, and 

resistance to therapy. Macrophages are found in all tissue types including tumors. Their 

origin is bone marrow with an intermediary step in their continuum of differentiation as 

peripheral blood monocytes. Young monocytes are capable of inducing inflammation due to 

their ability to secrete various cytokines, as they mature/differentiate in tissues, they adjust 

to the environment. In tumors, tumor-associated macrophages (TAMs) primarily exhibit the 

M2 phenotype. Referred to as alternatively activated macrophages, these TAMs are believed 

to contribute to tumor growth and progression and to promote tumor cell survival, 

proliferation, and dissemination [1, 2]. In many cancers, high macrophage infiltration 

correlates with poor outcome [3-5].

Historically, studies examining tissue and cellular responses to chemotherapy and radiation 

therapy predominantly focused on the eradication of proliferating malignant cells. However, 

increasing evidence suggests that these treatments also significantly alter the tumor 

microenvironment, particularly with respect to tumor-infiltrating immune cells, including 

TAMs. Most chemotherapeutic agents kill cancer cells by inducing apoptosis [6-8]. Recent 

studies have shown that cells undergoing apoptosis express specific “eat me” signals (e.g. 

phosphatidylserine) that facilitate recognition and ingestion by macrophages [9, 10]. As a 

result, both chemotherapy and radiation therapy have been shown to result in tumor 

infiltration of macrophages [11-14].

Given the recruitment of TAMs in response to apoptosis, assessment of TAMs has been 

considered as a new way to measure early tumor response to anticancer therapy. At present, 

the gold standard for the assessment of TAMs is immunohistochemical and histological 

examination of excised tumor specimens. Such techniques, however, are limited in the 

assessment of TAM infiltration over time and cannot be used when biopsy samples are not 

available.

We hypothesized that TAMs could be imaged noninvasively to monitor early tumor response 

to anticancer therapy. Specifically, since TAMs are phagocytes and very efficient at 

internalizing particles, we hypothesized that TAMs could be imaged by using nanoparticles 

that would be readily phagocytosed or internalized. To test this hypothesis, we used three 

different nanoparticles with markedly different physicochemical properties and had 

previously been evaluated for selective visualization of TAMs in cancer: QD710-Dendron 

quantum dots (QD710-D), Ferumoxytol, and PG-Gd-NIR813 (Fig. 1) [15-17]. QD710-D is a 

new type of dendron-coated InP/ZnS core/shell QD. The core size of QD710-D is about 5 
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nm in diameter, with a hydrodynamic diameter of about 11.8 nm. QD710-D emit a 

fluorescent signal in the near-infrared (NIR) region, have high chemical stability and 

photostability in biological media, and exhibit low systemic toxicity [18]. Ferumoxytol is an 

ultrasmall superparamagnetic iron oxide nanoparticle approved by the US Food and Drug 

Administration (FDA) as an iron supplement for intravenous treatment of iron deficiency in 

patients [19-21]. Ferumoxytol is composed of superparamagnetic iron oxide and 

polyglucose sorbitol carboxymethyl ether coated on its surface. It has a mean hydrodynamic 

diameter of 30 nm and displays a prolonged blood pool circulation time [22-24]. 

Ferumoxytol has also been evaluated as a contrast agent for T2-weighted magnetic 

resonance imaging (MRI) [25-28]. PG-Gd-NIR813 is a dual magneto-optical imaging probe 

consisting of poly(L-glutamic-acid) (PG) conjugated with DTPA-Gd and a NIR fluorescence 

(NIRF) dye NIR813. PG-Gd has been shown to be an excellent blood-pool MRI agent in 

both mice and rhesus monkeys for T1-weighted MR imaging [29]. PG-Gd-NIR813 has also 

been shown to accumulate in macrophages of solid tumors [17, 30].

2. Materials and methods

2.1. Chemicals and reagents

Abraxane (10% paclitaxel and 90% human serum albumin) was purchased from Abraxis 

Oncology (Bridgewater, NJ). The kits for the MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) cell proliferation assay and 

terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay were 

purchased from Promega (Madison, WI). QD710-Dendron quantum dots (QD710-D) was 

provided by NN-Labs (Fayetteville, AR). Ferumoxytol (Feraheme) was purchased from 

AMAG Pharmaceuticals Inc. (Waltham, MA). PG-Gd-NIR813 was synthesized as reported 

before [17]. Rat anti-mouse CD169 antibody was purchased from AbD Serotec (Raleigh, 

NC). FITC-labeled rat anti-mouse CD11b antibody was purchased from BD Biosciences 

(San Jose, CA). Alexa Fluor 594-conjugated goat anti-rat secondary antibody was purchased 

from Invitrogen Molecular Probes (Grand Island, NY). Mounting medium with DAPI was 

purchased from Vector Laboratories (Burlingame, CA). FITC-labeled anti-CD45, PE-labeled 

anti-CD11b, eFluor660-labeled anti-CD169, Percp.Cy5.5-labeled anti-F4/80, and fixable 

viability dye eFluor780 used for flow cytometry experiments were purchased from 

eBioscience (San Diego, CA). Isoflurane was purchased from Abbott Laboratories (Abbott 

Park, IN). D-luciferin was purchased from Biosynth International, Inc. (Itasca, IL).

2.2. Cell lines

Human MDA-MB-435 (M4A4) breast carcinoma cells were purchased from the American 

Type Culture Collection (Manassas, VA) and were reconfirmed with Short Tandem Repeat 

(STR) DNA fingerprinting method by the Characterized Cell Line Core Facility of The 

University of Texas MD Anderson Cancer Center when the cells were used in this study. The 

MDA-MB-435 cells were maintained in Leibovitz's L-15 medium (Invitrogen) 

supplemented with 10% fetal bovine serum at 37°C.

The resistant subline MDA-MB-435R was generated in our laboratory by continuous 

exposure of MDA-MB-435 cells to paclitaxel. Briefly, the parent MDA-MB-435 cells were 
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exposed to increasing concentrations of paclitaxel, from 1 nM to 25 nM, and the cells were 

maintained in continuous culture with 25 nM paclitaxel for 30 days.

Mouse RAW264.7 macrophages were purchased from American Type Culture Collection 

and maintained in Dulbecco's modified Eagle's medium (Invitrogen) supplemented with 

10% fetal bovine serum at 37°C and 5% CO2. The cells were used within 6 months after 

receipt.

2.3. Tracking of cellular uptake of QD710-D in vitro

RAW264.7 murine macrophages and MDA-MB-435 human breast cancer cells (1×105 cells 

for each cell line) were separately seeded in cell culture petri dishes for 24 h. Then, QD710-

D was added (final concentration, 1 nM), and cells were incubated for 1 h or 20 h. After the 

washing steps, the cells were stained with FITC-labeled rat anti-mouse CD11b antibody. All 

fluorescence images were acquired under the same conditions and displayed under the same 

color scale using a Zeiss fluorescence microscope (Zeiss Axio Observer.Zl, Carl Zeiss 

MicroImaging GmbH, Gȍttingen, Germany).

2.4. Tracking of cellular uptake of Ferumoxytol by Prussian blue staining

RAW264.7 murine macrophages and MDA-MB-435 human breast cancer cells (1×105 cells 

for each cell line) were separately seeded in cell culture petri dishes for 24 h. Then, 

Ferumoxytol was added (final concentration, 200 μg/ml), and cells were incubated for 1 h or 

24 h. After the washing steps, the cells were fixed with a 1% paraformaldehyde and stained 

with Prussian blue staining kit (Ocean Nanotech, CA). Images were acquired by a Zeiss 

microscope.

2.5. Tracking of cellular uptake of PG-Gd-NIR813 by T1-weighted MRI

RAW264.7 murine macrophages and MDA-MB-435 human breast cancer cells (5×106 cells 

for each cell line) were separately seeded in cell culture dishes for 24 h. Then, PG-Gd-

NIR813 was added (final concentration, 25 μM Gd) [31], and cells were incubated for 1 h or 

24 h. After the washing steps, the cells were collected in 200 μl Eppendorf tubes and mixed 

with 1% Agarose (BD, Franklin lakes, NJ). After the agarose solidified, T1-weighted MRI 

was acquired on a 7.0-Tesla Bruker Biospec scanner (Fremont, CA).

2.6. Animal models

All animal experiments were performed in compliance with the guidelines for the care and 

use of research animals established by Stanford University's Animal Studies Committee and 

The University of Texas MD Anderson Cancer Center. Female athymic nude mice (nu/nu) 

were purchased from Harlan (Indianapolis, IN) at 6-8 weeks of age. MDA-MB-435 human 

breast cancer cells were harvested and washed with sterile phosphate-buffered saline (PBS), 

suspended and adjusted the cell concentration to 5×107 cells/ml in PBS. Viable cells (5×106) 

in PBS (100 μl) were inoculated into the mammary fat pad or subcutaneously into the 

shoulder. Tumor growth was monitored by digital caliper with measuring perpendicular 

diameters of the tumor. The tumor volume was estimated by the following formula: tumor 

volume = a × (b2)/2, where a and b are the tumor length and width, respectively, in 

millimeters.
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2.7. Treatment of mice with MDA-MB-435 breast tumors

When mice bearing MDA-MB-435 tumors grew around 100–150 mm3, mice were randomly 

divided into two groups (n = 8 per group). Mice in group 1 were not treated and served as a 

control. Mice in group 2 received 5 daily intravenous injections of Abraxane at an equivalent 

paclitaxel dose of 30 mg/kg per injection. The mouse body weight and tumor volume were 

measured every 3 days before animals were euthanized.

In a separate study, MDA-MB-435 tumor-bearing mice were randomly divided into two 

groups (n = 5 per group). Mice in group 1 were not treated and served as a control. Mice in 

group 2 received a single intravenous injection of Abraxane at an equivalent paclitaxel dose 

of 30 mg/kg. The mouse body weight and tumor volume were measured every 3 days before 

animals were euthanized.

2.8. In vivo NIRF optical imaging with QD710-D

Mice bearing subcutaneous MDA-MB-435 tumors were used in the in vivo imaging studies 

with QD710-D. Mice were either not treated or treated with an intravenous injection of 

Abraxane at an equivalent paclitaxel dose of 30 mg/kg (n = 3/group). Three days later, mice 

in the untreated control and treatment groups were anesthetized with 1%–2% isoflurane in 

O2 and injected intravenously with QD710-D (200 pmol/mouse). Two-dimensional NIRF 

images were acquired at various time points after injection using a Xenogen IVIS-200 

optical in vivo imaging system (Caliper Life Sciences, Hopkinton, MA).

To compare response to treatment between chemosensitive and chemoresistant tumor cells, 

each mouse was inoculated in the mammary fat pads with the parent MDA-MB-435 cells on 

one side and the resistant MDA-MB-435R cells on the contralateral side. When the tumor 

size reached 150 mm3, mice were either not treated or treated with an intravenously 

injection of Abraxane at an equivalent paclitaxel dose of 30 mg/kg. Three days later, 

QD710-D were injected intravenously and NIRF images acquired as described in the 

preceding paragraph.

2.9. In vivo T2-weighted MR imaging with Ferumoxytol

Mice bearing MDA-MB-435 tumors were either not treated or treated with Abraxane at a 

single equivalent paclitaxel dose of 30 mg/kg. Three days later, Ferumoxytol was injected 

through the tail vein (50 mg equivalent Fe/kg of mouse). T2-weighted fast spin-echo images 

were acquired on a 7.0-Tesla Bruker Biospec scanner before and at 1 h and 24 h after 

contrast agent injection, with the following parameters: TE, 38 ms; TR, 1800 ms; thickness, 

0.75 mm; FOV, 4 × 3 cm; NEX, 4.0; Matrix, 256 × 192; and echo train length (RATE 

factor), 8.

2.10. In vivo T1-weighted MR/NIRF optical imaging with PG-Gd-NIR813

Three days after Abraxane treatment (single dose, 30 mg/kg equivalent paclitaxel), PG-Gd-

NIR813 was injected through the tail vein (0.2 mmol Gd/kg, 14.4 μmol NIR813/kg of 

mouse). Mice in Abraxane-treated and untreated groups were imaged at multiple time points 

using the IVIS-200 system, and T1-weighted MR imaging. T1-weighted images were 

acquired on a 7.0-Tesla Bruker Biospec scanner (Fremont, CA) before and at 1 h, 24 h, and 
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48 h after contrast agent injection. The following acquisition parameters were used: TE 

(echo time), 9.5 ms; TR (repetition time), 900 ms; thickness, 0.75 mm; FOV (field of view), 

4 × 3 cm; NEX (number of excitations), 2; and Matrix, 256 × 192.

2.11. TUNEL staining

Tissue slices (10 μm thick) were stained for TUNEL according to the manufacturer-provided 

protocol. After staining, slides were mounted with DAPI-containing medium, and 

fluorescent images were obtained under a fluorescence microscope. For the double staining 

of TUNEL and macrophage marker CD169 on tumor tissue, slides were blocked with 10% 

goat serum in PBS for 15 min at room temperature after TUNEL staining and then incubated 

with rat anti-mouse CD169 antibody (1:100) for 1 h at room temperature. After being 

washed three times for 5 min with PBS, slides were incubated with Alexa Fluor 594-

conjugated goat anti-rat secondary antibody (1:2000) for 0.5 h at room temperature, and 

sections were washed with PBS three times for 5 min. After staining, slides were mounted 

with Vectashield DAPI-containing mounting medium and examined under a fluorescence 

microscope.

2.12. Flow cytometric analysis

To prepare single-cell suspensions for flow cytometry, harvested tumor tissues were cut into 

small fragments and digested with 0.25% collagenase type I (Life Technologies), 0.02% 

hyaluronidase (Sigma Roche) and 0.01% DNase I (Sigma Roche) in RPMI-1640 containing 

10% FBS for 1 h at 37°C in water bath while shaking. Next, cell suspensions were passed 

through 100-micron cell strainers to remove aggregates, single-cell suspensions were 

counted, and viability was determined by trypan blue dye. Single-cell suspensions were 

incubated with FITC-labeled CD45, PE-labeled CD11b, eFluor660-labeled CD169, and 

fixable viability dye eFluor780 for 30 min on ice. Cells were washed twice with PBS, and 

then fixed with 1% paraformaldehyde. These tumor tissue single-cell samples were detected 

with LSR Fortessa X-20 Analyzer (BD Biosciences), and the data were analyzed with 

FlowJo software (Treestar).

2.13. Statistical analysis

Statistical significance was determined by one-way ANOVA. P values < 0.05 were 

considered statistically significant.

3. Results

3.1. Abraxane treatment delayed tumor growth and caused apoptotic cell death in MDA-
MB-435 tumors

Five daily doses of Abraxane at an equivalent paclitaxel dose of 30 mg/kg per dose 

significantly delayed the growth of orthotopic MDA-MB-435 breast tumors compared with 

the growth of the untreated tumors at each time point from days 5 to 22 after initiation of 

treatment (P < 0.001 for each time point) (Fig. 2A). A single dose of Abraxane at an 

equivalent paclitaxel dose of 30 mg/kg also significantly delayed tumor growth compared 

with the growth of the untreated tumors (P < 0.05 for each time point from days 4 to 16 after 

injection) (Fig. 2B).
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TUNEL assay showed that a single dose of Abraxane at 30 mg/kg markedly increased the 

apoptotic response in MDA-MB-435 tumors at 5 days after treatment compared with the 

untreated control (Fig. 2C). The apoptotic cells showed nuclear shrinkage, nuclear 

fragmentation, and chromatin condensation (Supplementary Fig. S1). To evaluate whether 

Abraxane-induced apoptosis correlated with the number of infiltrating TAMs, MDA-

MB-435 tumors from untreated and single-dose Abraxane-treated mice were double-stained 

for TUNEL (green) and activated macrophage marker CD169 (red). As shown in Figure 2C, 

most TAMs were distributed in the tumor region with patches of apoptotic cells. On the 

basis of these results, the single-dose treatment regimen was used in the subsequent imaging 

studies.

3.2. Macrophages but not tumor cells internalized nanoparticles in vitro

After incubation with QD710-D nanoparticles for 20 h, RAW264.7 mouse macrophages 

exhibited a strong fluorescent signal. In contrast, MDA-MB-435 breast cancer cells did not 

take up QD710-D under the same conditions (Fig. 3A). Similar data were observed after 1 h 

of incubation (data not shown). Moreover, RAW264.7 macrophages but not MDA-MB-435 

cells showed uptake of Ferumoxytol at 1 h and 24 h after incubation (Fig. 3B). T1-weighted 

MRI showed a significant increase in the MR signal for RAW264.7 macrophages incubated 

with PG-Gd-NIR813 for 1 h and 24 h, whereas no change in MR signal was observed for 

MDA-MB-435 breast cancer cells incubated with PG-Gd-NIR813 for the same time periods 

(Fig. 3C, 3D).

To address whether different macrophage phenotypes could take up nanoparticles, TAMs 

isolated from MDA-MB-435 tumor tissues [32] were exposed to interferon-γ / 

lipopolysaccharide to induce M1-polarized TAMs, and to interleukin-4 to induce M2-

polarized TAMs. Both M1 and M2 TAMs effectively took up Ferumoxytol nanoparticles 

(Supplementary Fig. S2). Similarly, both M1- and M2-polarized bone marrow-derived 

macrophages (BMDMs) effectively phagocytosed Ferumoxytol nanoparticles 

(Supplementary Fig. S3). Taken together, macrophages could efficiently take up 

nanoparticles independent of their functional states.

3.3. Noninvasive optical imaging and MRI indicated increased uptake of nanoparticles in 
tumors of Abraxane-treated mice

Figure 4A shows representative NIRF optical images of mice at 4 h after intravenous 

injection of QD710-D. The uptake of QD710-D in MDA-MB-435 tumors was much higher 

in mice treated with Abraxane than in untreated mice. Quantitative analysis of fluorescence 

signal intensity confirmed that MDA-MB-435 tumors from Abraxane-treated mice had 

significantly higher QD710-D uptake than did MDA-MB-435 tumors from untreated mice at 

all-time points analyzed after QDs injection (P < 0.01) (Fig. 4B).

Ex vivo NIRF optical imaging performed 4 h after injection showed similar uptake of 

QD710-D in untreated and treated mice for all major organs but significantly higher uptake 

of QD710-D in tumors from Abraxane-treated mice than in tumors from untreated mice 

(Supplementary Fig. S4). In both treated and untreated mice, QD710-D exhibited relatively 

high uptake in the liver, kidney, skin, and tumor. Interestingly, the uptake of QD710-D in the 
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spleen was relatively low. A previous study showed that QD710-D could be cleared through 

the renal system, which helps explain the relatively high uptake of the nanoparticles 

observed in the kidney [18]. The optical signal from the skin could be attributed to 

nonspecific accumulation of QD710-D nanoparticles in the skin, similar to what was 

observed by Sykes et al. [33] with another quantum dot nanoparticle system.

We next investigated whether Ferumoxytol, a T2-MRI contrast agent, could also detect 

changes after Abraxane treatment. In Abraxane-treated mice, all MDA-MB-435 tumors 

showed significant enhancement on T2-weighted MR imaging at 1 h and 24 h after injection 

of Ferumoxytol compared with images acquired before the injection of the contrast agent. 

However, in untreated mice, MDA-MB-435 tumors did not show significant enhancement 

after Ferumoxytol injection compared with images acquired before Ferumoxytol (Fig. 4C). 

Significantly lower T2 signal intensity was observed in tumors of Abraxane-treated mice 

than in tumors from untreated control mice at either 1 h or 24 h after Ferumoxytol injection 

(Fig. 4D).

The dual-modality optical/MR imaging probe PG-Gd-NIR813 was used to evaluate the 

macrophage infiltration and response to treatment. NIRF optical imaging of mice with 

MDA-MB-435 tumors showed that PG-Gd-NIR813 had higher uptake in Abraxane-treated 

tumors than in untreated tumors at 48 h after contrast agent injection (Fig. 5A). Quantitative 

analysis of images showed a significantly higher tumor-to-muscle fluorescence intensity 

ratio in the Abraxane-treated mice (4.99 ± 0.66) than in the untreated mice (3.03 ± 0.06) at 

48 h after contrast agent injection (P < 0.01) (Fig. 5B). These data were confirmed by ex 
vivo NIRF optical imaging of major organs and tumors taken from both untreated and 

Abraxane-treated mice at 48 h after intravenous injection of PG-Gd-NIR813 (Supplementary 

Fig. S5A). Quantitative analysis showed that there was significantly higher uptake of PG-

Gd-NIR813 in Abraxane-treated tumors than in untreated tumors (Supplementary Fig. S5B). 

T1-weighted MR images with PG-Gd-NIR813 showed a distribution pattern similar to that 

observed with optical imaging (Fig. 5C). Before (prescan) and at 1 h after contrast agent 

injection, no difference was seen in tumor T1-weighted signal intensity between tumors 

from untreated and Abraxane-treated mice. However, at 24 h and 48 h after contrast agent 

injection, signal intensity was significantly higher in tumors from Abraxane-treated mice 

than in tumors from untreated mice (P < 0.05) (Fig. 5D).

3.4. Abraxane treatment resulted in increased infiltration of macrophages in MDA-MB-435 
tumors

Tumor tissues staining with CD11b antibody showed increased infiltration of leukocytes into 

tumors of Abraxane-treated mice (Fig. 6A). Moreover, some CD11b-positive cells co-

localized with fluorescent signal from QD710-D in tumor tissue (Fig. 6B). Since 

macrophages possess the phagocytic function in CD11b+ cell population, these data suggest 

that QD710-D was taken up by TAMs.

To further confirm TAMs uptaking of nanoparticles, tumors from both Abraxane-treated and 

untreated mice that received intravenous injection of QD710-D were analyzed by flow 

cytometry. Results showed that there was significantly higher CD45+ myeloid cells 

infiltrated into tumor tissue of Abraxane-treated MDA-MB435 tumors than tumors from the 
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untreated mice (Fig. 6C, 6D) (P < 0.001) and that there was significantly higher infiltration 

of CD45+CD169+ macrophages in Abraxane-treated tumors than in tumors from the 

untreated group (Fig. 6C, 6E) (P < 0.01). Moreover, QD710-D co-localized with CD169+ 

macrophages in the tumors from both treated and untreated groups: 96.5% ± 2.7% and 

98.2% ± 0.5% of QDs were co-localized to CD169+ cells in the treated and untreated 

tumors, respectively (Fig. 6C, 6F), suggesting that QDs in the tumors were mostly taken up 

by TAMs.

3.5. Abraxane treatment resulted in more macrophage infiltration and higher nanoparticle 
accumulation in drug-sensitive MDA-MB-435 tumors than in drug-resistant MDA-MB-435R 
tumors

In vitro cell proliferation study showed that MDA-MB-435R cells were more resistant to 

paclitaxel treatment than were parental MDA-MB-435 cells after 72 h and 96 h of 

continuous incubation (Supplementary Fig. S6).

Flow cytometry analysis of parent MDA-MB-435 and resistant MDA-MB-435R tumors 

grown in female nude mice showed that there was significantly increased cell death in the 

parent MDA-MB-435 tumors treated with Abraxane than in untreated tumors (Fig. 7A, 7C) 

(P < 0.05). However, treatment with Abraxane at the same dose did not cause cell death in 

the resistant MDA-MB-435R tumors (Fig. 7B, 7C). In addition, for MDA-MB-435 tumors, 

significantly higher CD45+ myeloid cells, CD11b+ leukocytes, and F4/80+ macrophages 

infiltrated into the tumor tissue of Abraxane-treated mice than into the tumor tissue of 

untreated mice (Fig. 7A, 7D) (P < 0.001). In contrast, for resistant MDA-MB-435R tumors, 

there were significantly lower CD45+ myeloid cell and CD11b+ leukocyte subpopulations in 

tumors from Abraxane-treated mice than in tumors from untreated mice (Fig. 7B, 7D) (P < 

0.05). There were no differences in population of F4/80+ macrophages between MDA-

MB-435R tumors of Abraxane-treated mice and untreated mice (Fig. 7D). Moreover, there 

were significantly higher CD45+ myeloid cells, CD11b+ leukocytes, and F4/80+ 

macrophages in Abraxane- sensitive MDA-MB-435– tumors than in Abraxane-

resistantMDA-MB-435R tumors (Fig. 7D) (P < 0.001). These results indicated that there 

were more macrophages infiltrating into chemotherapy-sensitive MDA-MB-435 tumors than 

into chemotherapy-resistant MDA-MB-435R tumors.

In vivo optical images acquired after injection of QD710-D showed that after Abraxane 

treatment, MDA-MB-435 tumors but not resistant MDA-MB-435R tumors displayed a 

strong fluorescence signal (Fig. 8A). Quantitative analysis of signal intensity confirmed that 

in MDA-MB-435 tumors, the intensity of the fluorescence signal from QD710-D was 

significantly greater in tumors from Abraxane-treated mice than in tumors from untreated 

mice (P < 0.01). However, in resistant MDA-MB-435R tumors, there were no differences 

between Abraxane-treated and untreated tumors (Fig. 8B).

4. Discussion

In this study, we tested the hypothesis that tumor infiltration by macrophages in response to 

therapy-induced apoptosis can be monitored with noninvasive imaging of nanoparticles that 

are readily taken up by macrophages. Using noninvasive optical imaging and MRI, we found 
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that three different types of nanoparticles with different chemical compositions showed 

significantly higher uptake in Abraxane-treated tumors than in untreated tumors (Fig. 4, 5). 

Several lines of evidence support the idea that these intensity enhancements can be 

attributed, at least in part, to increased infiltration of TAMs to tumors after therapy. First, in 
vitro studies showed that all three types of nanoparticles were taken up by macrophages but 

not by MDA-MB-435 cells (Fig. 3). Second, ex vivo studies of macrophage 

immunofluorescence staining of tumor tissues and flow cytometry of single-cell suspensions 

from dissected tumor tissues confirmed increased infiltration of CD11b+ and CD169+ 

macrophages in the tumors responding to Abraxane therapy, and QDs were almost 

completely co-localized with CD169+ macrophages in both treated and untreated tumors 

(Fig. 6). Third, treatment-induced apoptosis coincided with increased infiltration of 

macrophages, which were co-localized with apoptotic cells (Fig. 2). Finally, only the 

Abraxane-sensitive MDA-MB-435 tumors but not the Abraxane-resistant MDA-MB-435R 

tumors showed increased tumor uptake of QD710-D QDs after Abraxane treatment (Fig. 8). 

Flow cytometry analysis of single-cell suspensions from dissected tumors confirmed 

significantly increased population of F4/80+ macrophages in the MDA-MB-435 tumors but 

not in the MDA-MB-435R tumors between Abraxane-treated mice and untreated control 

(Fig. 7). Taken together, these data support the idea that chemotherapy-induced apoptosis 

resulted in increased tumor infiltration by macrophages, which are known to assist in the 

clearance of cellular debris. Change in the population of TAMs that had taken up 

nanoparticles was then visualized after therapy. These data indicate that it is feasible to 

monitor changes of tumor microenvironment by using imageable nanoparticles as a 

surrogate for the assessment of early apoptotic response.

Macrophages originate from blood monocytes, which differentiate into two distinct 

subtypes: classic M1 and alternative M2 macrophages. TAMs resemble M2-macrophages in 

that they mostly exhibit pro-tumoral functions [34-36]. Most of the studies to date have 

indicated a strong correlation between the presence of TAMs and poor outcome [4, 37-39]. 

Since both M1 and M2 macrophages possess a phagocytic function, imageable nanoparticles 

used in the current study could not distinguish M1 and M2 subtypes. However, since both 

M1- and M2-polarized TAMs and BMDMs effectively took up Ferumoxytol nanoparticles 

(Supplemental Fig. S2&S3), we conclude that the signal enhancement observed in our 

imaging studies was mainly a result of increased numbers of TAMs rather than increased 

uptake efficiency by each macrophage cell. Our findings indicate that a large influx of 

macrophages into the tumor could be seen early after initiation of treatment. However, the 

exact nature of these newly recruited macrophages remains to be defined. Also, the potential 

impact of these newly recruited TAMs on long-term tumor regression/progression after 

therapy is not known. If an increase in newly infiltrated TAMs correlates with poor outcome, 

it would be beneficial to test the combination of TAM-ablation therapy and apoptosis-

inducing agents. In such a scenario, noninvasive imaging studies that reveal the timing and 

extent of tumor infiltration of macrophages would be valuable in guiding the planning of an 

optimized treatment schedule.

A limitation of this study is that we did not examine the possible role of changes in 

microvessel density (MVD) resulting from chemotherapy that may affect tumor uptake of 

nanoparticles. Previous studies have shown that tumors with high angiogenic activity (i.e. 
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higher MVD) had higher intratumoral deposition of nanoparticles [40, 41]. Nevertheless, we 

note that in the MDA-MB-435 model, treatment with paclitaxel in fact decreased tumor 

MVD [42, 43]. These findings argue against the possibility that increased tumor uptake of 

nanoparticles was a result of increased angiogenic blood vessels, and further support the 

notion that increased number of TAMs infiltrating tumor bed was a main factor of increased 

tumor uptake of nanoparticles after paclitaxel chemotherapy. Clearly, further studies are 

needed to clarify the relative roles of apoptosis/TAMs and altered blood perfusion on 

increased imaging signals from nanoparticles after chemotherapy. Because most 

nanoparticles have high background signal in the liver, the method reported in this work 

might not be suitable for imaging response of liver cancer or liver metastasis to treatments. 

Another limitation of this study is that we did not examine uptake of nanoparticles in human 

tumor-associated macrophages from human tumor tissues. Availability of such data should 

further strengthen the translational potential of nanoparticle-based imaging agents.

To facilitate deeper understanding of the complex roles of macrophages in cancer 

progression and response to therapy, it is necessary to develop and validate clinically 

translatable noninvasive imaging techniques for tracking the migration, tumor homing 

capabilities, and fate of macrophages [44]. Several imaging probes have been evaluated for 

selective visualization of TAMs in cancer, including superparamagnetic iron oxide 

nanoparticles for T2-weighted MR imaging [25], gadolinium-based contrast agents for T1-

weighted MR imaging [17], NIRF probes for optical imaging [15, 45, 46], and radiotracers 

for positron emission tomography imaging [47]. Appropriate physicochemical properties of 

nanoparticles promoted macrophage uptake and befitted as imageable nanoparticles [48-50]. 

The identification of a particular nanoparticle system for further development for clinical use 

is likely governed by a number of economic and regulatory issues and requires further 

improvements in sensitivity and selectivity [51].

Monitoring therapy response using imaging methods is an important component of 

personalized medicine. Positron emission tomography (PET) and single photon emission 

computed tomography (SPECT) with appropriate radiotracers can be used to assess changes 

associated with metabolic activity (e.g.,18F-FDG [52]), cell proliferation (e.g., 18F-FLT 

[53]), tumor hypoxia [54], and other functional measures [55]. Magnetic resonance imaging 

(MRI) that measures water relaxation, diffusion, and exchange can provide data related to 

the breakdown of macromolecules, loss of membrane integrity, change in cell size, and 

change in water content during cell death [56, 57]. Dynamic contrast-enhanced ultrasound 

(DCE-US) has been proposed for monitoring therapy-induced changes in blood perfusion 

[58]. Quantitative ultrasound (QUS) has been demonstrated to be capable of detecting cell 

death [59]. Imaging apoptotic cell death with visualizable nanoparticles on the basis of 

increased tumor infiltration of macrophages would be a useful addition to the toolbox of 

imaging techniques for early assessment of treatment response.

5. Conclusion

Tumor infiltrating macrophage changes due to chemotherapy-induced apoptosis can partly 

reflect the tumor early response to therapy, which can be monitored by non-invasive 

molecular imaging with suitable nanoparticles.
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Figure 1. 
Structure and character of three nanoparticles: (A) QD710-Dendron, (B) PG-Gd-NIR813, 

and (C) Ferumoxytol. (D) Characteristics of these three nanoparticles.
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Figure 2. 
Effect of Abraxane on mice bearing MDA-MB-435 breast tumors. (A) Growth curves of 

MDA-MB-435 tumors treated with 5 daily doses of Abraxane or untreated control. Day 0 

indicates the day that the first of the 5 daily doses was administered. (mean ± SE, n = 8/

group). (B) Growth curves of MDA-MB-435 tumors treated with 1 dose of Abraxane or 

untreated control. Day 0 indicates the day that Abraxane was administered. (mean ± SE, n = 

5/group). (C) Staining for the apoptosis marker TUNEL (green) and the activated 

macrophage marker CD169 (red) in untreated and Abraxane-treated MDA-MB-435 tumors 

(DAPI nuclear stain, blue) (original magnification ×100; scale bar, 100 μm).
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Figure 3. 
Macrophages, but not tumor cells, internalized nanoparticles in vitro. (A) QD710-D uptake 

after QD710-D incubation with RAW264.7 macrophages or MDA-MB-435 tumor cells for 

20 h (original magnification ×600; scale bar, 20 μm). (B) Ferumoxytol uptake was evaluated 

by Prussian blue staining after Ferumoxytol incubation with RAW264.7 macrophages or 

MDA-MB-435 tumor cells for 1 h and 24 h (original magnification ×400; scale bar, 20 μm). 

(C) PG-Gd-NIR 813 uptake was assessed by T1-weighted MRI after PG-Gd-NIR 813 

incubation with RAW264.7 macrophages or MDA-MB-435 tumor cells for 1 h and 24 h. (D) 

Quantitative analysis of T1-weighted MRI signals intensity of PG-Gd-NIR 813 uptakes by 

RAW264.7 macrophages or MDA-MB-435 tumor cells at 1 h and 24 h. (*** P < 0.001)
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Figure 4. 
Administration of tumor-associated macrophages (TAMs) after Abraxane treatment could be 

monitored by nanoparticle-based imaging. (A) Representative NIRF images of Abraxane-

treated and untreated MDA-MB-435 tumor–bearing mice 4 h after intravenous injection of 

QD710-D. (B) Quantitative analysis of QD710-D signal (photons/second) in untreated and 

Abraxane-treated tumors at 1, 2, 4, 18, and 24 h after administration of QD710-D (**P < 

0.01). (C) T2-weighted MR imaging with Ferumoxytol for assessment of TAMs in MDA-

MB-435 tumor after Abraxane treatment. T2-weighted MR images of MDA-MB-435 tumor 

before and 1 and 24 h after injection of Ferumoxytol. (D) Quantitative analysis of T2-

weighted MRI signal intensity in tumors before and at 1 and 24 h after injection of 

Ferumoxytol. The signals were normalized to those of the prescan images acquired from 

untreated control mice (** P < 0.01). Arrows: tumor. (mean ± SD; n = 3/group).
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Figure 5. 
MR/NIRF optical imaging with PG-Gd-NIR813 for assessment of TAMs in MDA-MB-435 

tumors after Abraxane treatment. (A) NIRF optical imaging of untreated and Abraxane-

treated MDA-MB-435 tumors 48 h after injection of PG-Gd-NIR813. Arrows: tumor. (B) 

Quantitative analysis of photon flux ratio between tumor and muscle from NIR optical 

images acquired at 48 h after injection of PG-Gd-NIR813. (C) MR images of MDA-MB-435 

tumors before and 1, 24, and 48 h after injection of PG-Gd-NIR813. (D) Quantitative 

analysis of T1-weighted MRI signals intensity in tumors before and at 1, 24, and 48 h after 

injection of PG-Gd-NIR813. * P < 0.05; ** P < 0.01. All data are expressed as mean ± SD 

(n = 3/group).
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Figure 6. 
Tumor microenvironment cell population. (A) Tumor infiltrating leukocytes detected by 

marker CD11b (green, original magnification ×100; scale bar, 100 μm). (B) FITC-CD11b 

staining showing the co-localization of QD710-D in leukocytes of MDA-MB-435 tumor 

tissue (original magnification ×600; scale bar, 20 μm). (C) Flow cytometry of dissected 

single cells from MDA-MB-435 tumor tissue showed significantly higher CD45+ myeloid 

cells; CD45+CD169+ macrophages infiltrated into tumor tissue of the Abraxane-treated 

group compared with the untreated group. (D) Quantity analysis of infiltrating CD45+ 

myeloid cells in tumor tissue single cells (*** P < 0.001). (E) CD45+CD169+ macrophages 

were the main part of these infiltrated myeloid cells and were significantly higher in the 

Abraxane-treated group than in the untreated group (** P < 0.01). (F) QD710-D 

nanoparticles had good co-localization with CD169-positive macrophages (mean ± SD; n = 

4/group).
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Figure 7. 
Flow cytometry analysis the tumor infiltrating immune cells on parent wild-type MDA-

MB-435 and resistant MDA-MB-435R tumors. (A) Untreated or Abraxane-treated MDA-

MB-435 wild-type tumor tissues were dissected into single-cell suspensions and assessed by 

flow cytometry with fixable viability dye eFluor780, FITC-labeled CD45, PE-labeled 

CD11b, and Percp.Cy5.5-labeled F4/80. (B) Untreated or Abraxane-treated resistant MDA-

MB-435R tumor tissues were dissected into single-cell suspensions and assessed by flow 

cytometry with fixable viability dye eFluor780, FITC-labeled CD45, PE-labeled CD11b, 

and Percp.Cy5.5-labeled F4/80. (C) Quantity data of negative cell population with fixable 

viability dye eFluor780 channel showed that there was significantly increased cell death of 

wild-type MDA-MB-435 tumors treated with Abraxane compared with untreated tumors (* 

P < 0.05), but there were no differences in the cell death ratio in resistant MDA-MB-435R 

tumors between the Abraxane-treated and untreated groups. (D) Cell population quantity 

data of immunized cell infiltrated into tumor tissue showed that there were significantly 

higher numbers of CD45+ myeloid cells, CD11b+ leukocytes, and F4/80+ macrophages 

infiltrated into tumor tissue in the Abraxane-treated group than in the untreated group for 

wild-type MDA-MB-435 tumors (*** P < 0.001). However, there was a significantly lower 

populations of CD45+ myeloid cells and CD11b+ leukocytes in the Abraxane-treated group 

than in the untreated group for resistant MDA-MB-435R tumors (* P < 0.05), and there were 
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no differences in F4/80+ macrophage of Abraxane-treated group compared with the 

untreated group for resistant MDA-MB-435R tumors. Moreover, there were significantly 

lower populations of CD45+ myeloid cells, CD11b+ leukocytes, and F4/80+ macrophages in 

Abraxane-treated resistant MDA-MB-435R tumors than in Abraxane-treated wild-type 

MDA-MB-435 tumors (### P < 0.001), (mean ± SD; n = 4/group).

Cao et al. Page 23

Biomaterials. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
Accumulation of QD710-D in parental MDA-MB-435 and Abraxane-resistant MDA-

MB-435R tumors with and without Abraxane treatment. (A) Representative optical images 

at 4 h after QD710-D injection in mice with MDA-MB-435 and MDA-MB-435R tumors 

untreated and treated with Abraxane. Yellow arrow, wild-type MDA-MB-435 tumor; red 

arrow, Abraxane-resistant MDA-MB-435R tumor. (B) Quantitative analysis of tumor-to-

muscle intensity ratio of optical images (** P < 0.01, * P < 0.05); Abraxane-treated tumors 

compared with control tumors (### P < 0.001); Abraxane-treated resistant MDA-MB-435R 

tumors compared with Abraxane-treated wild-type MDA-MB-435 tumors (mean ± SD; n = 

4/group).

MM435: MDA-MB-435; MM435R: MDA-MB-435R.
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