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Abstract

It is increasingly evident that tumor-associated macrophages (TAMS) play an important role in
tumor invasion, proliferation, and metastasis. While delivery of drugs, imaging agents and
vaccines to TAMs was achieved by exploiting membrane receptors on TAMs, the uptake by
normal macrophages remains an issue. In this communication, we report a PEG-sheddable,
mannose-modified nanoparticle platform that can efficiently target TAMSs via mannose-mannose
receptor recognition after acid-sensitive PEG shedding in the acidic tumor microenvironment,
while their uptake by normal macrophages in the mononuclear phagocyte system (MPS) organs
was significantly reduced due to effective PEG shielding at neutral pH. These nanoparticles have
the potential to target drugs of interest to TAMs, with decreased uptake by normal macrophages.
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Compelling evidence from clinical and preclinical studies indicate that tumor-associated
macrophages (TAMs) play an important role in tumor cell invasion, proliferation, survival,
and metastasis to local and distant sites.1=3 TAM infiltration has been shown to correlate
with cancer growth, metastasis, and poor prognosis in a variety of human carcinomas,
including breast, prostate, ovarian, and cervical cancers. ® Therefore, TAMs represent an
appealing target for cancer therapy. Elevated expression of membrane receptors such as
mannose receptors and scavenger receptors has been reported in TAMs, which were
exploited to facilitate the specific delivery of oligos, DNA, imaging agents, and vaccines to
TAMs by modifying the delivery systems with mannose derivatives,”- & anti-mannose
receptor nanobody? or galactose derivatives.19 Recently, Dreaden et al. demonstrated that
gold nanorods modified with macrolides, a class of structurally homologous antibiotics, also
showed high affinity to TAMs.11 In addition, it was reported that folate receptor-beta is
expressed by TAMs and constitutes a marker for M2 anti-inflammatory/regulatory
macrophages.12 13 Folate receptor-beta had been exploited to target toxins to TAMs.14: 15
However, these targeted drug delivery systems can be inevitably taken up by the normal
macrophages in the mononuclear phagocyte system (MPS) organs after intravenous (i.v.)
injection, because normal macrophages generally express similar membrane receptors as
TAMs.% 16 Given the important role of the normal macrophages in the innate and acquired

“Correspondence to: Zhengrong Cui, Ph.D. The University of Texas at Austin Dell Pediatric Research Institute 1400 Barbara Jordan
Blvd. Austin, Texas 78723 Tel: +1 512 495 4758 Fax: +1 512 471 7474 zhengrong.cui@austin.utexas.edu.

Supporting Information Available Synthesis and characterization of PLGA-FITC, O-stearoyl mannose, and PEG-hydrazone-C18
(PHC), preparation and characterization of nanoparticles, in vitro stability study (of nanoparticles), fluorescence intensities of
nanoparticles, in vitro cellular uptake, accumulation of nanoparticles in liver and spleen, and colocalization of nanoparticles with
TAMs. This material is available free of charge via the Internet at http://pubs.acs.org.


http://pubs.acs.org

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhu et al.

Page 2

immunity and homeostasis,16: 17 it would be beneficial to target a drug of interest to TAMS,
while avoiding or minimizing uptake by normal macrophages. In the present study, we
report a mannose-modified, PEG-sheddable nanoparticle platform that can be efficiently
taken up by TAMs via ligand-receptor recognition after acid-sensitive shedding of PEG in
the acidic tumor microenvironment, while showing decreased accumulation in MPS organs
due to successful PEG shielding in normal pH.

The nanoparticles were prepared with poly(lactic-co-glycolic acid) (PLGA), an FDA-
approved biodegradable and biocompatible polymer,18-20 following a previously reported
nanoprecipitation method (Fig. 1A).2! To quantify the in vitro uptake and to track the in vivo
fate of the nanoparticles, PLGA 752H was labeled with fluorescein isothiocyanate (FITC) to
give PLGA-FITC (Scheme S1 and Fig. S1 in the Supporting Information), which was
blended with unmodified PLGA 752H at a 5:95 weight ratio to prepare the nanoparticles.
Mannose was used as a ligand to target the nanoparticles to macrophages, because it was
reported that macrophages, especially M2 type macrophages (e.g., TAMS) overexpress
mannose receptors.® To this end, O-stearoyl mannose (M-C18) was synthesized (Fig. 1A,
Scheme S2 and Fig. S2 in the Supporting Information) and used to modify the nanoparticles.
For sheddable PEGylation in tumor tissues, an acid-sensitive amphiphile, which was
previously synthesized in our laboratory by conjugating polyethylene glycol (molecular
weight, 2000) (i.e., PEG2000) with stearic hydrazide (C18) using a hydrazone bond (PEG-
hydrazone-C18, PHC) (Scheme S3, Figs. S3 and S4 in the Supporting Information),22 was
used to modify the nanoparticles. An acid-insensitive counterpart of PHC was also
synthesized by conjugating PEG2000-amine with stearoyl chloride (C18) to form PEG-
amide-C18 (PAC), which was used as a control.23 When the nanoparticles are modified with
both M-C18 and PHC, the long flexible PEG chains are expected to shield the mannose and
prevent its interaction with mannose receptors on the surface of macrophages before
reaching tumors after i.v. injection. Once the nanoparticles passively accumulate in the
tumor tissues by the enhanced permeability and retention (EPR) effect, the acidic
extracellular tumor microenvironment (~ pH 6.8) is expected to catalyze the hydrolysis of
PHC,24 25 expose the mannose on the surface of the nanoparticles, and thus allow the
uptake of the nanoparticles by TAMs via mannose-mannose receptor recognition.

A nanoprecipitation method was used to prepare nanoparticles with various surface
modifications:2} unmodified PLGA nanoparticles (NP), M-C18-modified PLGA
nanoparticles (M-NP), acid-insensitive PAC- and M-C18-modified PLGA nanoparticles
(AI-M-NP), acid-sensitive PHC-modified PLGA nanoparticles (AS-NP) and acid-sensitive
PHC- and M-C18-modified PLGA nanoparticles (AS-M-NP) (Fig. 1B). All nanoparticles
were around 180 nm, with a negative zeta potential (Fig. 1B). Modification of NP with M-
C18 did not significantly affect the zeta potential of the nanoparticles (P > 0.05), while
modification with PHC or PAC significantly decreased the zeta potential by 35-40% (P <
0.01). The charge-shielding effect of PEG chains was reported when other nanoparticles or
polymers were PEGylated.25: 27 The acid-sensitive shedding of PEG from the nanoparticles
was monitored at pH 6.8 using an iodide staining method.28 As seen in Fig. 1C, Al-M-NP
did not show any significant PEG shedding even after 24 h of incubation at pH 6.8. In
contrast, AS-NP and AS-M-NP that were modified with the acid-sensitive PHC shedded
around 20% and 50% of the PEG after 2 h and 6 h of incubation at pH 6.8, about 100% after
24 h. The results of the acid-sensitive PEG shedding was in agreement with the acid-
sensitivity of PHC molecule.?2 Previously, we have shown that around 40% of PHC was
hydrolyzed after 6 h of incubation at pH 6.8, and an almost complete degradation was
observed after 24 h.22

The cellular uptake of the nanoparticles with different surface modifications was evaluated
using the murine J774A.1 macrophage cells.2%-31 Cells (2 x 10°) were incubated with
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various nanoparticles prepared with the PLGA-FITC (5% of total PLGA, w/w) for 1 h to
determine nanoparticle uptake by fluorescence spectrometry. As shown in Fig. 2A, there
was a significant increase in the uptake of the PLGA nanoparticles by the J774A.1 cells
when 0.4 mg of M-C18 was incorporated into the nanoparticles (P < 0.01). When the
amount of M-C18 increased to 1.2 mg, there was a 3.1-fold increase in the cellular uptake of
the nanoparticles. Further increasing the amount of M-C18 in the nanoparticles to more than
1.2 mg did not further increase the uptake (Fig. 2A). It is likely that the optimum ligand
density for mannose receptor-mediated cellular uptake was achieved when 1.2 mg of M-C18
was incorporated into the nanoparticle formulation. Therefore, the nanoparticle formulation
with 1.2 mg of M-C18 was used for further studies.

PEGylation is well recognized to decrease cellular uptake because the hydrophilic PEG
chains serve as a barrier, preventing interactions between nanoparticles and cells.32 33 The
effect of PEGylation on the cellular uptake was studied in the absence of M-C18
modification first. As seen in Fig. 2B, incorporation of 1.2 mg of PAC or PHC into the
nanoparticles significantly decreased the cellular uptake to 49.4% (P < 0.01) and 79.0% (P <
0.05), respectively. The ability for PAC and PHC to decrease the cellular uptake appeared to
be different, possibly because the PHC (MW2527.2) (Fig. S4 in the Supporting Information)
has slightly longer PEG chains than PAC (MW2279.2).23 Moreover, it is possible that the
PHC was incorporated into the nanoparticles to a less extent than PAC due to its relatively
higher hydrophilicity. Further increasing the amount of PAC in the formulation did not
further decrease the cellular uptake, indicating that 1.2 mg of PAC sufficiently covered the
nanoparticle surface and prevented the interaction between the nanoparticles and
macrophages. On the other hand, at least 3.6 mg of PHC was needed to effectively prevent
the uptake of the nanoparticles by macrophages (Fig. 2B). Therefore, for further studies, the
amounts of PAC and PHC that were incorporated into the nanoparticle formulations were
1.2 mg and 3.6 mg, respectively.

We then tested whether the PEGylation of the M-C18-modified nanoparticles (M-NP) can
effectively inhibit their uptake by macrophages and whether the acid-sensitive shedding of
PHC will restore the uptake of the nanoparticles by macrophages. As shown in Fig. 2C,
PEGylation of M-NP with PAC or PHC significantly decreased the cellular uptake by 75%
(Fig. 2B), indicating the mannose on the surface of the M-NP was shielded by the
hydrophilic PEG chains at neutral pH. The PEG has an average molecular weight of around
2000, which is much larger than that of mannose. Previously, PEG2000 had also been
reported to successfully shield a cell penetrating peptide (TAT) with a molecular weight of
1560.34 Preincubation of the nanoparticles at pH 6.8 significantly affected the uptake of the
nanoparticles by J774A.1 cells. For example, the uptake of AS-NP and AS-M-NP was
increased by 1.3-fold and 3.1-fold, respectively, whereas the uptake of the Al-M-NP was not
affected by preincubation at pH 6.8. It is likely that, after preincubation at pH 6.8 for 6 h, the
PEG chains were shedded from AS-M-NP, exposing the mannose for binding to the
mannose receptors on the surface of the macrophages.

To verify that the uptake of the mannose-modified nanoparticles by the J774A.1
macrophages was mediated by mannose-mannose receptor interaction, the uptakes of M-NP
and AS-M-NP by J774A.1 cells were evaluated when cells were preincubated with free
mannose to competitively inhibit the mannose receptors. As shown in Fig. 2D, preincubation
of J774A.1 cells with mannose (2 mg/ml for 45 min prior to the addition of the
nanoparticles) significantly decreased the uptake of M-NP, but not the uptake of AS-M-NP,
clearly demonstrating that the uptake of M-NP by J774A.1 cells was via mannose receptors
on J774A.1 cells and that the PEGylation of the M-NP (e.g., the AS-M-NP) shielded the M-
NP from being taken up by the macrophages. In addition, the uptake of the AS-M-NP that
were preincubated at pH 6.8 for 6 h to facilitate the shedding of the PEG chains was
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significantly inhibited by preincubating the cells with mannose (Fig. 2D), again indicating
that the acid-sensitive shedding of the PEG chains from the AS-M-NP exposed the mannose
on the AS-M-NP to interact with mannose receptors on the J774A.1 macrophages.

After confirming the in vitro stability of these nanoparticles in the presence of fetal bovine
serum (Table S1 in the Supporting Information), we injected the nanoparticles into healthy
C57BL/6 mice via the tail vein to examine whether the shielding of mannose by PEGylation
can effectively decrease the accumulation of the NP in major MPS organs such as liver and
spleen.35 All nanoparticle preparations have similar fluorescence intensities (Table S2 in the
Supporting Information). Mice were euthanized 6 h after the injection to collect the liver and
spleen for cryosectioning. As seen in Fig. 3, M-NP showed a significantly higher
accumulation than the unmodified NP in the liver and spleen, likely due to the presence of
liver Kupffer cells and splenic macrophages in these organs, which express high level of
mannose receptors.3% In fact, the mannosylated nanoparticles have been explored to target
the liver and spleen.37: 38 Al-M-NP and AS-M-NP showed a less extent of accumulation in
mouse liver and spleen, as compared to M-NP (Fig. 3), indicating that PEGylation of the
mannose-modified nanoparticles effectively shielded the mannose and reduced their uptake
in the MPS. The PEGylated nanoparticles (Al-M-NP and AS-M-NP) also showed less
accumulation in liver and spleen than the unmodified NP (Fig. 3), likely because the
hydrophilic PEG chains on them prevented the opsonization of nanoparticles during
circulations, and thus decreased their accumulation in the liver and spleen.32 Recently, an
antineoplastic agent Yondelis®? and a bisphosphonate clodronate?® were used to deplete
TAMs for cancer therapy, but they were also non-selectively cytotoxic to normal
macrophages.*1: 42

The accumulation of the nanoparticles in tumor tissues and their ability to target TAMS in
vivo were of major interest to us. To preliminarily examine whether our acid-sensitive PEG-
sheddable, mannose-modified nanoparticles (i.e., AS-M-NP) can target TAMSs, we
established B16-F10 mouse melanoma tumors subcutaneously in C57BL/6 mice. When
tumors reached 6-8 mm in diameter, mice were injected with the nanoparticles via the tail
vein. As controls, mice were also i.v. injected with sterile PBS, NP, AS-NP, or Al-M-NP.
Tumor tissues were collected 12 h after the injection, cryosectioned, and stained with
phycoerythrin (PE)-conjugated rat anti-mouse CD68 antibody as a marker of TAMs.*3 As
shown in Fig. 4, 12 h after i.v. injection, the PEGylated nanoparticles, including AS-NP, Al-
M-NP and AS-M-NP, showed a higher tumor accumulation than the unmodified NP, likely
because PEGylation decreased the opsonization of the nanoparticles, prolonged their
circulation, and favored tumor accumulation. Importantly, the localizations of these
PEGylated nanoparticles in the tumor tissues appeared to be different (Fig. 4). A clear
colocalization of the nanoparticles with TAMs (red) were observed in tumors in mice that
were injected with AS-M-NP, while very limited colocalization was observed in the tumors
in mice that were injected with AS-NP or Al-M-NP, indicating that both PEG shedding and
the exposure of mannose are necessary for targeting the nanoparticles to TAMs. Reversible
PEG shielding had been used to protect nanoparticles from elimination due to antibody
recognition, electrostatic interaction, and ligand-receptor recognition, while allowing the
specific interaction of the nanoparticles with the target cells after PEG shedding.3% 4446 To
the best of our knowledge, this is the first report that the acid-sensitive PEG shedding
strategy is used to specifically target TAMs. Our acid-sensitive PHC- and M-C18-modified
PLGA nanoparticles may represent a platform technology to target drugs such as the
previously used Yondelis and bisphosphonate clodronate to TAMSs, while decreasing or
minimizing the cytotoxicity of them to macrophages that are not tumor-associated. In
addition, TAMs are M2 type macrophages, which express a higher level of mannose
receptors than the M1 type macrophages.*’: 48 This differential expression of mannose
receptors by M1 and M2 macrophages will likely also help decrease the effect of drugs

Mol Pharm. Author manuscript; available in PMC 2014 September 03.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhu et al.

Page 5

carried by our AS-M-NP on normal macrophages. Finally, in the present study we used the
pan-macrophage marker CD68 to label TAMs following a recent publication by Kluza et
al.,*3 because we used the same tumor model (i.e., B16-F10 murine melonoma model in
C57BL/6 mice) as they did. In fact, CD68 has been used by others to stain TAMs as
well.43-51 |n future studies, we will use a marker or combination of markers to more
specifically stain TAMs.

In conclusion, we have developed a novel PEG-sheddable, mannose-modified PLGA
nanoparticle platform that can efficiently target TAMs after acid-sensitive PEG shedding in
the acidic tumor microenvironment, with decreased accumulation in MPS organs due to
successful PEG shielding in normal physiological pH (pH 7.4). This nanoparticle platform
may be used to carry drugs or macrophage modulatory agents to TAMs for tumor
therapeutic purposes. The strategy of conditional PEG shedding to expose TAM-specific
ligands on the nanoparticles may provide a useful tool to achieve targeted drug delivery to
TAMs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A B Characterization of nanoparticles

Particle size Zeta potential
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Figure 1.

A) Schematic illustration of the preparation of PLGA nanoparticle with various surface
modifications. B) Particle sizes and zeta potentials of the PLGA nanoparticles with various
modifications (n = 3). C) The percentage of PEG remaining on the surface of various
nanoparticles after up to 24 h of incubation in a pH 6.8 buffer (n = 3). (Abbreviations: NP,
PLGA-nanoparticles; M-NP, NP surface-modified with mannose (i.e., M-C18); AI-M-NP,
NP surface-modified with mannose and acid-insensitive PEG(2000) (i.e., PAC); AS-NP, NP
surface-modified acid-sensitive PEG(2000) (i.e., PHC); AS-M-NP, NP surface-modified
with mannose and acid-sensitive PEG(2000).
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Figure2.

Cellular uptake of the nanoparticles by J774A.1 murine macrophages in culture. A) The
effect of the amount of M-C18 in the nanoparticle formulation on the uptake of the
nanoparticles by J774A.1 cells (n = 6). J774A.1 cells (2 x 10°) were incubated with various
nanoparticles prepared with PLGA-FITC for 1 h before measuring the fluorescence
intensity. B) The effect of the amount of PAC or PHC in the nanoparticle formulations on
the cellular uptake of the nanoparticles (n = 6). C) The effect of PEGylation on the uptake of
M-NP and the effect of pre-incubation of the nanoparticles at pH 6.8 for 6 h on their uptake
by the J774A.1 cells (n = 5). D) The effect of pre-incubating the J774A.1 cells with mannose
on the uptake of the M-NP and AS-M-NP that were pre-incubated at pH 6.8 for 6 h to
facilitate the shedding of the PEG chains (n = 5). In A-B, all values were standardized to the
fluorescence intensity of the cells incubated with NP; in C and D, all values were
standardized to the fluorescence intensity of the M-NP. (* P < 0.01).
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Figure 3.

Liver and spleen accumulation of various nanoparticles 6 h after i.v. injection in tumor-free
mice. C57BL/6 mice (n = 3) were i.v. injected with AS-M-NP and euthanized 6 h later to
collect their liver and spleen, which were then cryosectioned, counterstained with DAPI
(blue) to examine the distribution of the FITC-labeled nanoparticles (green) under a
fluorescence microscope. As controls, mice were also i.v. injected with AI-M-NP, M-NP,
NP, or sterile PBS. Micrographs shown are representative images from 3 slides per mouse
(bar, 200 pm).
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Figure4.

Accumulation and distribution of nanoparticles in tumor tissue 12 h after i.v. injection into
B16-F10 tumor-bearing mice. C57BL/6 mice (female, 6-8 weeks, n = 3) were s.c. injected
with B16-F10 tumor cells (5 x 10°). When tumors reached 6-8 mm in diameter, mice were
i.v. injected with AS-M-NP. As controls, mice were also i.v. injected with Al-M-NP, AS-
NP, NP, and sterile PBS. Mice were euthanized 12 h later to collect tumor tissues, which
were cryosectioned, stained with PE-labeled rat anti-mouse CD68 antibody and then
examined under a fluorescence microscope to localize the FITC-labeled nanoparticles
(green) and macrophages (red). White arrow heads indicate the colocalization of the
nanoparticles with TAMs. (Inset in AS-M-NP: representative colocalization of the
nanoparticles with TAMs shown at a higher magnification). Micrographs shown are
representative images from 3 slides per mouse (bar = 200 pm).
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