
Tumor-Associated Macrophages Are Predominant Carriers of
Cyclodextrin-Based Nanoparticles into Gliomas

Darya Alizadeh, MS1, Leying Zhang, PhD1, Jungyeon Hwang, PhD2, Thomas Schluep,
ScD2, and Behnam Badie, MD1
1 Division of Neurosurgery, City of Hope National Cancer Center, 1500 East Duarte Road, Duarte,
CA 91010
2 Calando Pharmaceuticals, 129 N. Hill Ave, Suite 104, Pasadena, CA 91107

Abstract
The goal of this study was to evaluate the mechanism of cyclodextrin-based nanoparticle (CDP-NP)
uptake into a murine glioma model. Using mixed in vitro culture systems, we demonstrated that CDP-
NP was preferentially taken up by BV2 and N9 microglia (MG) cells as compared to GL261 glioma
cells. Fluorescent microscopy and flow cytometry analysis of intracranial (i.c.) GL261 gliomas
confirmed these findings and demonstrated a predominant CDP-NP uptake by macrophages (MP)
and MG within and around the tumor site. Interestingly, in mice bearing bilateral i.c. tumor, MG and
MP carrying CDP-NP were able to migrate to the contralateral tumors. In conclusion, these studies
better characterize the cellular distribution of CDP-NP in i.c. tumors and demonstrate that MP and
MG could potentially be used as nanoparticle drug carriers into malignant brain tumors.
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Introduction
Treatment of malignant brain tumors continues to challenge scientists and clinicians alike.
Location of these tumors within the central nervous system (CNS), which is considered a
“privileged” organ, can prevent the penetration of chemotherapeutic agents through the blood-
brain barrier (BBB) (1). Furthermore, recently-developed targeted macromolecules are unable
to effectively penetrate through tight junctions that constitute an intact and otherwise healthy
BBB. As a result, new drug delivery technologies are being developed to circumvent this
obstacle (2,3).

Use of nanoparticles (NPs) as drug carriers has received significant attention recently (4).
Polymer based NPs have many advantages such as high systemic bioavailability, attenuation
of early drug degradation, less toxicity, and high solubility. Complex macromolecules can be
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designed to carry not only therapeutic drugs, but also ligands that could preferentially bind and
target specific receptors on tumor cells. It is thought that extravasation of these molecules
through an abnormal tumor vasculature, in addition to specific surface ligands, can potentially
lead to higher local drug concentrations and uptake in tumors. Although this hypothesis has
been proven to be correct in a number of tumor models (5), penetration of these macromolecules
through an intact BBB could hinder their uptake by tumors located in the CNS. To overcome
this limitation, nanoparticles are either covered by tumor specific ligands or delivered directly
into the CNS using convention-enhanced or bulk-flow delivery techniques (4,6). Another
delivery technique that has not been as well studied is the uptake and transport of nanoparticles
by tumor stromal cells such as tumor-associated macrophages (TAMs).

In contrast to traditionally accepted notion that the BBB restricts penetration of inflammatory
cells into the CNS, it is now believed that continuous surveillance of CNS tissue is taking place
by both resident microglia (MG) and migrating lymphocytes (7). Furthermore, under
pathological conditions, such as inflammation, autoimmune diseases, and cancers, immune-
competent cells and monocytes can readily cross the disrupted BBB to participate in repair or
exacerbate injury (8).

Arising from both resident brain MG and circulating monocytes, TAMs represent a significant
component of inflammatory response to gliomas (9–12). In CNS inflammatory conditions,
activated MG and MP release pro-inflammatory cytokines and become capable of phagocytosis
and antigen presentation (8). Several studies have also confirmed an intact MP phagocytic
function in gliomas (13,14). These findings suggest that TAMs are still capable of phagocytosis
and could potentially be employed as nanoparticle carriers into brain tumors.

In this study we characterized the uptake and distribution of cyclodextrin-based NP (CDP-NP)
into glioma models. Although the pharmacokinetics and biodistribution of this polymer
conjugated to camptothecin has been studied in systemic cancer(15), little information is
available about its uptake by intracranial (i.c.) tumors. Considering the phagocytic properties
of MG and MP, we hypothesized that TAM could act as carriers of NP into intracranial tumors.
Here, we report efficient CDP-NP uptake by MG in vitro and by TAM in vivo. Furthermore,
i.c. injections of CDP-NP resulted in polymer uptake by TAM and their migration into the
circulation and even distant tumor sites within the CNS. Efficient uptake of CDP-NP by TAM
and their distribution to multifocal tumors supports the use of TAM as NP carriers for treatment
of malignant brain tumors.

Materials and Methods
Cell Culture and Tumor Model

Mouse microglia BV2, and N9 cell lines were obtained from ATCC. GL261, murine glioma
cell line, was stably transfected with firefly luciferase and eGFP expression vectors and positive
clones (GL261-ffluci and GL261-eGFP) were selected using zeocin (1mg/ml) and G418,
respectively incubated in DMEM supplemented with 10% fetal bovine serum (FBS), penicillin
(100 U/ml), and streptomycin (100 μg/ml). All cell lines were cultured at 37°C in a humidified
5% CO2 atmosphere.

Animal studies were approved by the City of Hope Research Animal Care Committee. All
animals were housed and handled in accordance with humane guidelines implemented by this
committee. Intracranial tumor implantation was performed as described previously with
modifications (16). GL261-ffluci or GL261-eGFP cells were harvested by trypsinization,
counted, and resuspended in 0.1 M PBS. C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME,
USA) weighing 15–25 g were anesthetized by intraperitoneal (i.p.) administration of ketamine
(132mg/kg) and xylazine (8.8mg/kg), and immobilized in a stereotactic head frame. Through
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a small burr hole, 3 μl of PBS containing 1 × 105 tumor cells was injected unilaterally or
bilaterally at the coronal suture, 1 mm lateral to the midline and 3 mm deep into the frontal
lobes, using a Hamilton syringe (Fisher Scientific, Pittsburgh, PA, USA).

Synthesis of CDP-Rhodamine Nanoparticles
A linear, beta-cyclodextrin-based polymer containing free thiol groups (CDP-SH) was
prepared as previously described (17). CDP-SH (100 mg, 0.022 mmol) was dissolved in nano
pure water (2 ml). Rhodamine Red® C2 maleimide (Invitrogen, Carlsbad, CA) (15 mg, 0.022
mmol) in DMSO (1 mL) was added to the polymer solution and stirred for 4 h. N-
ethylmaleimide (28 mg, 0.22 mmol) was then added and stirred for additional ½ h. The mixture
was diluted with nano pure water to the volume of 60 ml. The solution was dialyzed using
25,000 molecular weight cutoff MWCO membrane (Spectra/Por 7, Spectrum Labs, Rancho
Dominguez, CA) for 24 h. It was filtered through 0.2 μm filters (Nalgene, Rochester, NY) and
lyophilized to yield purple solid (78mg, 67% Yield). Particle size and zeta potential was
measured on a Zeta PALS instrument (Brookhaven Instrument Corporation, Holtsville, NY).
Particle size of CDP-Rhodamine in water was 69.7 nm. Zeta potential of CDP-Rhodamine in
40 mM HEPES at pH 7.4 was measured to be 3.91 ± 0.57 mV.

Biophotonic Tumor Imaging
Tumor-bearing animals were injected with luciferin (4.29 mg/mouse) and anesthetized animals
were imaged with the Xenogen IVIS In Vivo Imaging System (Xenogen, Palo Alto, CA, USA).
Luciferase activity was analyzed using Living Image Software (Xenogen, Palo Alto, CA, USA)
to quantify tumor region flux (photons per second) and to confirm tumor growth before animals
were used for in vivo studies.

Optical imaging
Animals bearing two-week old GL261-eGFP gliomas were injected intravenously (through
tail vein) (i.v., 100mg/kg) or intratumorally (i.t., 1mg/kg) with CDP-NP conjugated with
Rhodamine. Twenty-four hours later, anesthetized mice were perfused with ice-cold PBS
followed by paraformaldehyde (4%). Brains were harvested, sectioned into 100 micron-thick
slices with a Vibratome (Vibratome, St. Louis, MO, USA), and imaged using a Leica Z16
Macrofluar Fluorescent Macroscope (Leica Microsystems Inc., Bannockburn, IL, USA). Ten
micron slides were also imaged using a Zeiss LSM 510 Meta inverted 2-photon confocal
microscope (Leica Microsystems Inc., Bannockburn, IL, USA) with 20x and 63x objective
lens.

Flow Cytometry
Mice bearing two-week old tumors were given i.v. (100mg/kg) or i.t. (1mg/kg) injections of
Rhodamine-conjugated CPD-NP. At various time intervals, animals were euthanized and
tumors, spleen, and blood samples were harvested for flow cytometry. Cell suspensions from
normal brain (NB), GL261ffluci tumors, and spleen were forced through a 40 μm filter. Spleen
and blood samples were incubated in Gey’s buffer (pH 7.2) for 10 min. All samples were
washed twice, and resuspended in 0.1 M PBS containing 1% FBS and 2mM EDTA (18). All
antibodies (Abs) and isotype controls were purchased from BD Biosciences (San Jose, CA,
USA) or eBiosciences (San Diego, CA, USA). Fluorescein isothiocyanate (FITC) conjugated
anti-mouse CD11b (clone M1/70) and Allophycocyanin (APC)-conjugated anti-mouse CD45
(clone 30-F11) Abs were used at a dilution of 1:300 and 1:400, respectively. Samples were
incubated with the appropriate primary Ab or isotype controls for 1 h at 4°C. Cells were then
washed and isolated using the MoFlo fluorescence cell sorter (BDIS, San Jose, CA, USA).
Lasers used were one Argon laser set at 488 nm excitation for FITC collection (530/30 filter),
one krypton laser set at 647 nm excitation for APC collection (680/30 filter), and a second
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krypton laser set at 568 nm excitation for collection of Rhodamine Red (600/30 filter). FlowJo
8.5.3 software was used for data analysis. Tumor-associated cells labeled as CD45hi/
CD11b+ were designated as MP, CD45low/CD11b+ as MG, and CD45+/CD11b− as
lymphocytes as described before (18).

Results
CDP-NP synthesis and characterization

A linear, cyclodextrin-based polymer (CDP) was fluorescently labeled by covalently attaching
rhodamine through a maleimide linker and quenching any remaining unreacted free sulfhydryl
groups with N-ethylmaleimide. The resulting polymer conjugate self-assembled to
nanoparticles (CDP-NP) with similar characteristics to IT-101, a CDP conjugate with
camptothecin currently in clinical development (Table 1). Important characteristics of CDP-
NP are a particle size between 10 nm and 100 nm, near neutral surface charge (zeta potential
< ± 10 mV), and high water solubility (> 100 mg/mL).

CDP-NP internalization by microglia and glioma cell lines
In order to compare the efficacy of CDP-NP uptake by glioma and MG, mixed culture of
GL261-eGFP and BV2 cells were incubated with CDP-NP (0.1mg/ml) for 0, 6, 12, or 48 h.
Samples were collected at the end of each time-point and analyzed by flow cytometry (Figure
1). CDP-NP appeared to be internalized by both cell types, but the uptake rate as measured by
both CDP-NP-positive cells (Figure 1A) and mean fluorescent intensity (Figure 1B) appeared
to be higher in BV2 MG cells. By 48 h, however, 90% of each cell type was positive for CDP-
NP. Fluorescent microscopy confirmed that CDP-NP was in fact internalized by cells and not
bound to cell membrane (Figure 1C). Similar observations were made with N9 MG cell line
(data not shown).

CDP-NP uptake by intracranial gliomas
To assess CDP-NP uptake by gliomas, mice bearing intracranial GL261-eGFP gliomas were
injected i.v. with CDP-NPs. Twenty-four hours later, brains were harvested and imaged by
fluorescent microscopy. In normal mice, Rhodamine signal was only visible along the
perivascular spaces and choroid plexus (not shown). But in tumor-bearing animals, CDP-NPs
were also visualized within and at the edges of the tumors (Figure 2A). Interestingly, high-
power images showed that most of the CDP-NP internalization appeared to be by non-glioma
cells located at the tumor edge (Figure 2B). CDP-NP uptake by tumor-associated cells may
have been due to migration of NP-positive circulating cells into tumors, NP extravasation
through blood-tumor barrier and subsequent uptake by resident stromal cells, or both processes.
To understand this mechanism, we studied the phenotypes of CDP-NP-positive cells by flow
cytometry.

Microglia and macrophage uptake of CDP-Rho particles in vivo
To determine which cell types preferentially internalized CDP-NP in vivo, mice bearing two-
week old i.c. tumors were injected with CDP-NP i.v. (100mg/kg) or i.t. (1mg/kg). Flow
cytometry was used to analyze CDP-NP uptake by four cell populations discussed in the
methods section (Figure 3). Irrespective of route of administration, CDP-NP uptake appeared
to be more pronounced by TAM (MG and MP) as these cells accounted for approximately 60–
80% of NP-positive cells in i.c. gliomas (Figure 4 A and B). Interestingly, MG appeared to be
as active as MP in CDP-NP uptake, and as expected, internalized CDP-NP more efficiently
when the particles were injected directly into tumors as compared to systemically (Figure 4 C
and D). In addition, mice injected i.v. demonstrated stable levels of CDP-NP-positive MP and
MG over four days (Figure 4C). Conversely, i.t. injected mice showed a decrease in the level
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of both cell populations that was most pronounced for the MP on day 4 (Figure 4D). Since
CDP-NP-positive MP was detected in blood and spleen (not shown) after i.t. injection, it
suggests possible trafficking of MP in and out of the brain. Overall, these findings validate the
in vitro observations and suggest that the phagocytic properties of MG and MP (as part of their
innate immune function) may be intact and responsible for efficient CDP-NP uptake in this
glioma model.

To further elucidate the migratory properties of CPD-NP-positive cells in this model, blood
(Figure 5) and spleen (not shown) samples were also analyzed by flow cytometry. As expected,
a significant population of CPD-NP-positive cells was detected in each organ after i.v.
injections. The distribution of these cells was not dependent on their CD11b expression,
suggesting that both lymphocytes and monocytes were equally capable of carrying the NP.
Interestingly following i.t. injections, the majority of CPD-NP-positive cells expressed high
levels of CD11b even after 4 days (Figure 5). Because very few lymphocytes (CD45+) were
NP-positive in i.t. injected group, this observation indicates that the NP-positive cells were
monocytic cells that originated from the tumor tissue and not circulating monocytes that took
up extravasated CDP-NP. These results, once again, demonstrate the monocytes’ ability to
uptake and carry NP to and from brain tumors. Whether similar migratory properties were
present in the CNS was studied next.

Migration of CDP-NP positive cells in the CNS
In order to determine if the MG/MP population can migrate within the CNS, mice bearing
bilateral GL261 tumors were generated and injected i.t. unilaterally. Tumor samples were
removed from injected (ipsilateral) and contralateral hemispheres and studied for CDP-NP
uptake (Figure 6). Consistent with the previous experiments, TAM accounted for most of the
CDP-NP-positive cells even seven days after CDP-NP injections. Interestingly, within 24 h of
i.t. injection, approximately 75% of MG cells and 50% of MP in the contralateral tumor were
found to be CDP-NP-positive suggesting their migration within the CNS. Strong contralateral
TAM labeling was less likely due to CDP-NP extravasation into CNS or intravascular space
because: 1) The proportion of nonspecific labeling of tumor-associated cells due to leakage of
CDP-NP at the time of injection (zero-time) was minimal when only 15–20% of cells were
NP-positive (Figure 6), and 2) Although uptake of extravasated CDP-NP by circulating
monocytes (prior to migration to the contralateral tumor) could partially account for NP-
positive TAM, this is unlikely because only 10% of circulating monocytes were NP-positive
at day 4 after i.t. injections (Figure 4D). Thus, these results strongly suggest that both MG and
MP are capable of migration within the CNS and could potentially carry NP to distant tumor
sites.

Discussion
Nanoparticle-mediated drug delivery is receiving increasing attention for treatment of cancer
(19). Drugs bound to NPs may be resistant to first-time metabolism and excretion or
deactivation by tumor cells. Furthermore, it has been suggested that because of their size, NPs
effectively pass through tumor microvessels, thus leading to higher intratumoral
concentrations. Although it is generally assumed that NPs are taken up by tumor cells, their
cellular biodistribution in brain tumors has not been studies in detail. Moreover, presence of
the BBB may provide another obstacle for their effective uptake and distribution in CNS
tumors. To address these issues, we evaluated the cellular biodistribution of CDP-NPs in an
i.c. glioma model. The CDP-NPs are currently being studied as camptothecin carriers in human
trials (15,20). In order to be able to detect CDP-NPs in vivo, we attached the fluorescent label
rhodamine instead of camptothecin to the same parent polymer. This substitution resulted in
nanoparticles with similar key characteristics such as particle size, surface charge and
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solubility, making it a good if not a perfect model system. Here we demonstrate several
interesting observations that may apply to other NP delivery systems: First, irrespective of
route of administration (i.v. vs. i.c.), CDP-NPs were more efficiently taken up by TAM (MP
and MG) than tumor cells. Second, TAMs not only phagocytized NPs but also were able to
migrate into the circulation after local i.c. CDP-NP injections. And finally, NP-positive TAMs
distributed to distant tumors within the CNS after local i.c. delivery (Figure 6). Overall, these
results support further investigation into the application of TAMs as NP carriers for treatment
of malignant brain tumors.

Although, the exact biological function of TAM in malignant brain tumors is still unclear,
studies have suggested both pro and anti-neoplastic phenotypes (21). In support of an intact
MG/MP innate immune function, depletion of MG/MP from tumor models has been shown to
result in tumor progression in mouse GL261 gliomas (22). Others have also demonstrated that
TAMs are capable of phagocytosis suggesting an active innate function. Hussain et al.
demonstrated active phagocytosis of beads by MP isolated from fresh GBM samples ex vivo
(13). Similarly, Nickles et al showed phagocytosis of apoptotic glioma cells by activated MP
in vitro (14). Our findings also suggest that TAM can efficiently phagocytize foreign particles,
possibly indicating an intact pro-inflammatory function. Other studies, however, have
suggested that TAM’s innate function may be suppressed in gliomas. TAMs in rodent gliomas
are more resistant to toll-like receptor (TLR) activation as compared to MG and MP in normal
brains; perhaps due to the local immunosuppressive micro-environment (23). Indeed, exposure
to tumor-derived factors such as IL-4, IL-10, hyaluronic acid, TGF-β, M-CSF, is believed to
induce TAMs to differentiate into “alternatively activated” MP (also known as M2 MP) in
other tumor models (24). M2 cells are thought to contribute to tumor progression and invasion
by secreting growth, angiogenic, and immunosuppressive factors (25–28). Although these
observations have been mainly reported in non-glial tumors such as breast and lung cancers,
recent studies suggest that similar mechanisms may be present in malignant gliomas (29,30).
Using immunohistochemistry, Komohara et al. reported strong expression of M2 markers,
CD163 and CD204, on MG/MP in high-grade gliomas (29). Additionally, recent gene
expression analysis of tumor specimens have demonstrated upregulation of genes associated
with M2 cells (30). Overall, these findings suggest that although TAMs can phagocytize NPs
and can be activated outside of tumor microenvironment, they appear to have M2
characteristics in vivo, lack effective antineoplastic functions and may even support glioma
growth (31,32). Despite an unclear biological role in gliomas, the ability of TAMs to uptake
NPs can be exploited to develop therapeutic approaches to increase the anti-neoplastic
functions of TAMs for better treatment of brain tumors.

Although early studies demonstrated active uptake of iron NP by gliomas (33), the exact
cellular distribution of NP within tumors was not addressed until recently. When assessing
quantum dots for intra-operative glioma localization, Jackson et al. noted that the majority of
NP were in fact taken up by TAMs (34). In a similar study evaluating uptake dynamics of
CLIO-Cy5.5 (NPs containing a superparamagnetic iron oxide core coated with Cy5.5-labeled
dextran), Trehin et al. noted that nearly 21% of the NP were engulfed by TAMs following i.v.
injections (35). In the case of CDP-NP, the current study also highlights the significant
contribution of TAMs in NP uptake and delivery into brain tumors. This information can be
important when designing NP-based treatments for brain tumors in several ways: First, NP
uptake by TAMs may allow for selective modulation and stimulation of these cells in gliomas,
potentially enhancing their antitumor innate function. For example, NPs can be developed to
activate TAMs through either engaging TLR receptors (36), or suppressing the inhibitory
pathways (such as Stat3) that have been proposed to play a role in tumor immune evasion
(37,38). Second, there may be variability in TAM infiltration and function between glioma
models and human tumors, thus leading to inconsistent findings when animal NP uptake and
function studies are extrapolated to human trials. Furthermore, the role of NP shuttling by
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TAMs is unknown for other types of cancers where free NPs in plasma may play a larger role
in their biodistribution. Third, efficient uptake of NPs, in general, by TAMs and circulating
monocytes can result in rapid NP clearance, consequently decreasing their biodistribution into
tumors. Because CDP-NP serum concentrations were not measured in this study, the
contribution of NP shuttling to the overall CDP-NP bio-availability can not be deduced in this
study. Previous human studies with similar CDP-NPs, however, have shown the presence of
large circulating pools of free CDP-NP in plasma, indicating that both cell-associated and free
NP may circulate for extended periods of time within the vascular space (39). Finally,
monocytes have been reported to have defects in base excision repair mechanisms and are more
sensitive to methylating agents such as temozolomide and cisplatin which are commonly used
for glioma therapy (40). Therefore, when NPs are used for delivery of cytotoxic agents,
selective depletion of monocytes may exacerbate immunosuppression in patients with brain
tumors. Although this may be a limitation when CDP-NP are being used to brain cancer therapy,
the same approach may be useful for depletion of monocytes in the treatment of non-neoplastic
inflammatory conditions such as encephalitis or radiation-induced inflammation (41).

The ability of TAMs to migrate in and out of i.c. tumors and to circulate and distribute to other
tumors within the CNS, highlights another potential application of NP for treatment of
malignant brain tumors. In contrast to previously held notion that the brain is an “immune
privileged” organ, there is now evidence demonstrating intact afferent and efferent immune
pathways in normal and inflamed CNS tissue (7). Migration of MP and monocytes into brain
tissue has also been demonstrated previously (42), Valable et al. were able to noninvasively
image migration of labeled monocytes and MP into i.c. gliomas after their systemic
administration (42). Although these authors could not image MP migration within the CNS by
MRI, our findings in bilateral tumors strongly suggest that TAMs could potentially migrate
between multiple i.c. tumors (Figure 6). This latter finding suggests that TAMs can be used to
carry NPs into invasive or multifocal brain tumors.

In summary, we have reported efficient CDP-NP uptake by MG and MP in gliomas.
Furthermore, i.c. injections of CDP-NP resulted in efficient polymer uptake by TAM and their
migration into the circulation and even distant tumor sites within the CNS. These findings
further support the use of TAM as NP carriers for treatment of malignant brain tumors. Future
studies will focus on the use of NP for immune modulation of TAMs in brain tumor models.

Abbreviations

BBB Blood Brain Barrier

CDP-NP Cyclodextrin-based Nanoparticle

CNS Central Nervous System

i.c Intracranial

i.t Intratumoral

i.v Intravenous

MP Macrophage

MG Microglia

NP Nanoparticle

TAMs Tumor-associated macrophages
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Figure 1. In vitro uptake of CDP-NP by microglia and glioma cells
CDP-NP internalization was assessed by flow cytometry (A and B) and confocal microscopy
(C) in a mixed BV-2 and GL261-eGFP culture system incubated with CDP-NP (0.1 mg/ml).
As determined by proportion of positive cells (A), and mean fluorescent intensity (B), BV2
microglia were more efficient in CDP-NP uptake as compared to GL261 glioma cells
(Representative data ± SD from one of two separate experiments is shown, n=3 for each time-
point). Fluorescent microscopy (C) confirmed that CDP-NPs (red particles) were internalized
(and not surface bound) by both BV-2 and GL261-eGFP cells (green cells).
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Figure 2. CDP-NP uptake by intracranial gliomas
Mice bearing intracranial GL261-eGFP gliomas were injected intravenously (i.v. 100mg/Kg)
with CDP-NP (100mg/kg). Twenty-four h later, brains were harvested and imaged. A:
Superimposed light and fluorescent microscopy images of the tumor-bearing brain
demonstrating CDP-NP uptake (red fluorescent) by portions (yellow) of the tumor (green). B:
High-power confocal microscopy showing that most of the CDP-NP uptake occurred by non-
glial cells at the edge of the tumor (green fluorescent). Cell nuclei were stained with DAPI
(63x objective).
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Figure 3. CDP-NPs are predominantly internalized by tumor-associated leukocytes
Flow cytometry was performed to identify CDP-NP-positive cells following intravenous (i.v.,
100 mg/kg) or intratumoral (i.t., 1 mg/kg) injections. Representative dot plots demonstrating
that the majority of CDP-NP uptake occurred by tumor macrophages (MP, CD45hi/CD11b+),
microglia (MG,CD45low/CD11b+), and lymphocytes (CD45+/CD11b−). Representative
histograms of two separate experiments are shown (n=3 animals/group).
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Figure 4. Quantification of CDP-NP uptake by tumor-associated leukocytes
The percentage of CDP-NP-positive cells by cell type (left panel) and the proportion of each
cell type that internalized CDP-NPs (right panel) was determined after tumor-bearing animals
were injected with NPs intravenously (i.v., 100mg/kg) or intratumorally (i.t., 1 mg/kg).
Irrespective of route of administration, tumor-associated microglia (MG, CD45low/CD11b+)
and macrophages (MP, CD45hi/CD11b+) accounted for most CDP-NP uptake (A and B).
Furthermore, MG appeared to be as active as MP in CDP-NP uptake, but internalized CDP-
NP more efficiently when the particles were injected directly into tumors as compared to
systemically (C and D). Data is summarized as mean percent of Rhodamine-positive cells ±
SD. Representative data of two separate experiments is shown (n=3 animals/group).
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Figure 5. CDP-NP uptake in blood
Flow cytometry was performed to identify CDP-NP-positive cells following intravenous (i.v.,
100 mg/kg) or intratumoral (i.t., 1 mg/kg) injections. Representative dot plots (A and B)
demonstrating significant uptake of CDP-NP by circulating leukocytes after i.v. (A) and by
monocytes after i.t. (B) injections. (C, D) Graphs representative of percent NP- positive cells
in the blood. Blood CD45+CD11b+high NP positive were highest among the circulating
luekocytes after intravenous (C) and intratumoral injections (D). Circulating monocytes
(CD45+/CD11bhigh), accounted for the majority of NP-positive cells irrespective of route of
administration. Data is summarized as mean percent of Rhodamine-positive cells ± SD.
Representative data of two separate experiments is shown (n=3 animals/group).
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Figure 6. Migration of CDP-NP positive cells in the CNS
Mice bearing bilateral GL261 tumors received unilateral intratumoral (i.t. 1 mg/Kg) injections
of CDP-NP (1 mg/kg). Tumor samples ipsilateral and contralateral to the injection site were
removed and studied for CDP-NP uptake by flow cytometry. CDP-NP-positive Tumor-
associated microglia (CD45low/CD11b+) and macrophages (CD45hi/CD11b+) were detected
even after injection of NPs into the opposite hemisphere. Data is summarized as mean percent
of Rhodamine-positive cells ± SD. Representative data of two separate experiments is shown
(n=3 animals/group).
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Table 1

Physico-chemical characteristics of CDP-Rhodamine nanoparticles compared to IT-101, a CDP-conjugate with
camptothecin currently in clinical development.

Parameter CDP polymer CDP-CPT (IT-101) CDP-Rhodamine

MW, PDI 67 kDa, 2.1 67 kDa, 2.1 67 kDa, 2.1

Camptothecin n/a 9.2% w/w n/a

Free Camptothecin n/a 0.01% n/a

Rhodamine n/a n/a 10% w/w

Free Rhodamine n/a n/a None detected

Particle size 8 nm 36 nm 69.7 nm

Zeta potential n/a − 1.81 +/− 0.79 mV 3.91 +/− 0.57 mV

Solubility >100 mg/mL >100 mg/mL >100 mg/mL
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