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ABSTRACT
Purpose The aim of this study was to investigate the induc-
tion of antigen-specific T cell activation and cell cycle modu-
lation by a poly-DL-lactide/glycolide (PLGA) nanoparticle
(NP)-primed CD11b+Gr-1high subset isolated from mouse
bone marrow.
Methods PLGA NPs containing the ovalbumin (OVA) anti-
gen were prepared using the double emulsion and solvent
evaporation method, and protein release rate and cell viability
were determined. The Lin2¯CD11b+Gr-1highLy6clow (Gr-
1high) subset was sorted from the bone marrow of C57BL/
6 J mice by fluorescence-activated cell sorting (FACS) and
co-cultured with OT-I CD8+ splenic T cells. Proliferation of
OT-I CD8+ T cells was monitored, and cell cycles were de-
termined by 5-bromo-2′-deoxyuridine (BrdU) labeling.
Results Treatment of Gr-1high cells with PLGA/OVA NPs
upregulated expression of the SIINFEKL-H2Kb complex in
the context ofMHC I. Co-cultures of OT-I CD8+ T cells with
the PLGA/OVA NP-primed Gr-1high cells induced the pro-
liferation of T cells in vitro and modulated cell division and
morphology. Treatment of Gr-1high cells with PLGA/OVA
NPs also induced cell apoptosis and necrosis.
Conclusion This study demonstrated the function of
PLGA/OVA NPs in the activation of OT-I CD8+ T cells
and the capability of cross-presentation via the Gr-1high poly-
morphonuclear subset from mouse bone marrow.
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ABBREVIATIONS
7-
AAD

7-amino-actinomycin D

ACK ammonium-chloride-potassium
BrdU bromo-deoxyuridine
CFSE 5-(and-6)-carboxyfluorescein diacetate, succinimidyl

ester
CTL cytotoxic T lymphocyte
MHC major histocompatibility complex
NPs nanoparticles
OVA ovalbumin
PLGA poly(lactide-co-glycolide)
PMN polymorphonuclear neutrophils

INTRODUCTION

The development of effective cancer vaccines for the genera-
tion of cellular immunity is important for protecting the host
against cancers. Dendritic cells are considered the most pow-
erful antigen presenting cells (APCs) in anti-tumor immune
responses by presenting the tumor antigens to the CD8+ T
cells in cancer immunotherapy. Previous studies have shown
that stimulation of T cell receptor (TCR) by antigen present-
ing cells expressing the cognate antigen in the context of
MHC I is able to activate antigen-specific effector CD8+ T
cells and induce cellular division and expansion (1). Therefore,
these processes have been targeted by several groups in
vaccine-based cancer therapy to boost the anti-tumor re-
sponse by activation of antigen-specific cytotoxic T cells,
which are critical for the generation of antitumor immune
responses and the development of effective cancer vaccines
(2, 3).

Nanoparticles (NPs) made from biodegradable polymers,
such as poly-DL-lactide/glycolide (PLGA), emerged as an in-
teresting drug delivery system not only in the field of pharma-
ceutical sciences but also in vaccine development for the
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enhancement of adaptive immunity (4, 5). In an attempt to
modulate the adaptive immune system, strategies in vaccine
research have been developed by engineering the biomaterials
such that antigens can be delivered through specific cellular
pathways (6). In nanoparticle-based vaccine delivery, the par-
ticles were utilized as carriers to deliver antigens to the antigen
presenting cells (APCs) to trigger the antigen-specific T cell
response (7–10). Major scientific efforts on antigen delivery
and presentation in the past few years have been made by
targeting dendritic cells, B cells, and macrophages or the my-
eloid subsets employing polymeric nanoparticles for cancer
immunotherapy (7, 11, 12). Dendritic cells (DCs), the special-
ized antigen presenting cells that play pivotal roles in the ini-
tiation and modulation of antigen-specific immune responses,
have received the most attention as the major target cells for
antigen delivery, processing, and presentation to induce pro-
tective immunity through theMHC class I or class II pathways
(13, 14).

Polymorphonuclear neutrophils (PMN) are the first-line of
defense against infective agents. Gr-1 is a granulocyte differ-
entiation antigen expressed in the myeloid linage, including
granulocytes (15). The Gr-1high subset of PMNs can migrate
from peripheral tissues to the inflammatory sites, phagocytose
and clear infective pathogens. Despite their relatively high
phagocytic capability, these cells have been largely ignored
in regard to their roles in antigen presentation due to the lack
of expression of major histocompatibility complex (MHC)
class II antigens and costimulatory molecules such as CD80
or CD86. Although dendritic cells are recognized as the most
effective antigen presenting cells for cross presentation
(16–18), recent studies have demonstrated the capability of
granulocytic neutrophils to cross-prime T cells in vivo (19). In
our previous studies, we have also demonstrated the infiltra-
tion of leukocytes to the vaccine adjuvant-injection sites to
uptake antigens (20). These data raised the potential target
of bone marrow granulocytes in nanoparticle-based vaccine
delivery for the induction of antigen-specific activation of
CD8+ T cells. In this study, we evaluated the interactions of
polymeric nanoparticles and granulocytes, particularly the
CD11b+Gr-1high myeloid subset in mouse bone marrow, to
potentially activate antigen-specific CD8+ T cells.

Following antigen activation, T cells undergoing cell divi-
sion can be analyzed by dilution of carboxyfluorescein
diacetate succinimidyl ester (CFSE), a commonly used immu-
nological method to determine cell proliferation both in vitro
and in vivo (21, 22). DNA synthesis in the proliferating cells can
also be detected by the use of bromo-deoxyuridine (BrdU) (23,
24). a thymidine analog that can be incorporated into DNA of
the cells undergoing S (DNA synthesis) phase to replace thy-
midine. Cells incorporating BrdU can then be detected with
anti-BrdU fluorescent antibodies and analyzed by flow cytom-
etry. The combination of BrdU with 7-amino-actinomycin D
(7-AAD) staining allows for determination of cell cycle kinetics

and analysis of cells that are actively synthesizing DNA in their
cell cycle position, such as G0/1, S, or G2/M phases (25).

In this study, we aimed to explore whether CD11b+Gr-
1high cells are able to acquire soluble antigens from biodegrad-
able PLGA/OVANPs to activate an antigen-specific CD8+T
cell response and potentially upregulate OVA peptide (257–
264) SIINFEKL-MHC I-H2Kb complexes. The results ob-
tained in this study demonstrated that the PLGA/OVA NP-
primed CD11b+Gr-1high subset from mouse bone marrow
was capable of activating and inducing proliferation of OT-I
CD8+ T cells. These data demonstrated explicitly the roles of
polymeric nanoparticles containing soluble antigens in trig-
gering the innate immune system and inducing adaptive im-
munity in the context of MHC class I via the CD11b+Gr-1high

subset from the bone marrow.

MATERIALS AND METHODS

Materials

Copolymers of DL-lactide and glycolide (PDLG 5004A;
PLGA) (50:50) with MWs of 44,000 kg/mol were kindly pro-
vided by Purac (Gorinchem, The Netherlands). The BrdU
staining buffer set and 7-AAD viability staining solution were
purchased from eBioscience (San Diego, CA). DNase (grade
II, bovine pancreatic DNase I) was obtained from Roche Mo-
lecular Systems Inc. (Branchburg, NJ). The culture medium
was obtained from Hyclone (Logan, Utah). Granulocyte-
macrophage colony-stimulating factor (GM-CSF) was pur-
chased f rom Peprotech (Rocky Hi l l , NJ ) . Mos t
fluorochrome-conjugated monoclonal antibodies and their
matched isotype controls were purchased from eBioscience
(San Diego, CA) or Biolegend (San Diego, CA).

Preparation and Characterization of PLGA/OVA
Nanoparticles (NPs)

Preparation of the poly(lactic-co-glycolic acid) (PLGA) nano-
particles (NPs) employing the w/o/w double emulsion and
solvent evaporation method was performed similarly to the
previously described method (26). Briefly, 20 mg ovalbumin
(OVA) was dissolved in 500 μl 2% polyvinyl alcohol (PVA)
and mixed with 4.5 ml methylene chloride containing 180 mg
of PLDG 5004A (Purasorb) . The dispers ion was
ultrasonicated for 60 s with a Branson Sonifier 450 (Danbury,
CT), and 2.5 ml of this dispersion was added to 12.5 ml 2%
PVA aqueous solution and homogenized by ultrasonication
again for 120 s. The emulsion was then mechanically stirred
for 16 h to evaporate off the organic solvent, followed by
centrifugation at 12,000 rpm for 10 min with a Beckman J2-
21 centrifuge and lyophilized. Samples were kept at −20°C
before use. The PLGA/OVA NPs were examined with a
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Hitachi S-4800 scanning electron microscope operated at
15 kV.

The mean particle size, the polydispersity index (PDI), and
the zeta potential of the PLGA NPs were determined by the
quasi-elastic light scattering technique using a Zetasizer Nano
ZS (Malvern Instruments Ltd., UK). All data reported are the
means of at least three determinations of each preparation.

Animals

C57BL/6 J mice and transgenic OT-I mice, aged 6 to
10 weeks, were used in this study. The OT-I CD8+ T cells
recognize the OVA peptide presented by MHC class-I mole-
cules. All animal experiments were performed in accordance

with the guidelines of and approved by the Animal Care and
Use Committee of our university.

Protein Content in PLGA/OVA NPs and In Vitro Release
of Ovalbumin

The content of ovalbumin (OVA) in PLGA/OVA NPs was
analyzed by placing 10 mg PLGA/OVA NPs in 1 ml 5%
sodium dodecyl sulfate (SDS) in 0.1 N NaOH, according to
the established method (27, 28). The protein amount in the
supernatant was determined 16 h later by spectrophotometry
at 562 nm using the bicinchoninic acid (BCA) protein assay kit
(Pierce). The encapsulation efficiency and loading percentage
were determined based on the following equations (29):

Encapsulation efficiency ¼ amount of OVA in NPs=initial amount of OVA addedð Þ � 100%
Loading % ¼ amount of OVA entrapped in NPs=total amount of NPsð Þ � 100 %

The in vitro accumulative release of ovalbumin (OVA) from
PLGA/OVA NPs was determined by placing 10 mg
PLGA/OVA NPs in 0.5 ml PBS in a 37°C shaking water
bath. At pre-determined time intervals, the tubes were centri-
fuged for 10 min at 10,000 rpm, and the supernatant was
collected for a protein assay, followed by replacement with
fresh buffer of the same volume into the sample tubes.

Viability Assay with 3-(4,5-dimethylthiazol-2-yl)
-2,5-diphenyltetrazolium Bromide (MTT)

To determine the dose of PLGA NPs, with or without OVA,
for the in vitro studies, the viability of primary cells after treat-
ment with PLGA NPs was assessed using the 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
as previously described (30, 31). Briefly, bone marrow cells
freshly isolated from the femurs and tibiae of C57BL/6 J mice
were suspended at 1×106/ml in complete RPMImedium, and
100 μl cells were plated in U-bottomed 96-well plates, followed
by treatment with various amounts of PLGANPs for 24 h. Cells
were centrifuged and reacted with 20 μl MTT (5 mg/ml) for
2 h, followed by addition of 150 μl dimethyl sulfoxide (DMSO)
and incubation for 5min to dissolve the formazan product. The
plates were read at 570 nm with a BioTek Powere Wave XS
microplate spectrophotometer (Winooski, VT 05404). Cells
treated with PBS served as the 100% viable control. The
experiments were performed in triplicate.

Isolation of Lin2¯CD11b+Gr-1high Cells from Bone
Marrow and Wright-Giemsa Staining

C57BL/6 J mice were sacrificed after anesthetization with
isoflurane. Single cell suspensions from bone marrow were

prepared by flushing cells out of the femurs and tibiae of 6-
to 10-week old C57BL/6 J mice. Red blood cells were lysed
with ammonium chloride–potassium ACK lysing buffer (32).
Myeloid CD11b+Gr-1+ cells were enriched by negative selec-
tion with BioMag® goat anti-rat IgG (Qiagen) and anti-
mouse Lineage 2 antibody cocktail (CD3/CD19/B220/
Ter119/NK1.1) (33) and stained with fluorochrome-
conjugated rat anti-mouse antibodies, including Lineage 2
(CD3/CD19/B220/Ter119/NK1.1)-PE, CD11b-PerCP-
Cy5.5, Gr-1-FITC, and Ly6C-efluo450, then washed with
PBS. The Lin2¯CD11b+Gr-1highLy6clow (Gr-1high) cells were
sorted with a FACSAriaIII cell sorter (BD Biosciences) and
cultured in complete RPMI 1640 medium containing 10%
fetal bovine serum (FBS), 50 μM 2-mercaptoethanol,
25 mM HEPES, penicillin G (100 U/mL)/streptomycin
100 μg/mL, and 5 ng/ml GM-CSF.

To examine the morphology of the sorted cells, the
Lin2¯CD11b+Gr-1highLy6clow (Gr-1high) cells were centri-
fuged with a Cytopsin4 (Thermo Scientific) at 1000 rpm for
3 min and collected with silane-coated glass microslides,
followed by Wright-Giemsa staining (WG-16, Sigma-Aldrich)
and examination with a Zeiss Axio Imager A1 microscope.

Examination of the Uptake of PLGANPs by theGr-1high

Cells by Microscopy

The sorted Gr-1high cells were treated with PBS or 100 μg/ml
PLGA-OVANPs/PBS and incubated in complete RPMIme-
dium containing 5 ng/ml GM-CSF at 37°C. Cells were har-
vested 24 h later, re-suspended at 5×105 cells/ml in PBS, and
cytospun at 1000 rpm for 3 min with a Cytospin4 (Thermo
Scientific). Cells were then fixed with methanol and stained
with Wright-Giemsa stain, followed by washes with water.
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The slides were dried and mounted with DPX mounting me-
dium and examined with a Zeiss Axio Imager A1 microscope.

Generation of Bone Marrow-Derived Dendritic Cells

Bone marrow derived dendritic cells (BMDCs) were prepared
as previously described (20, 34, 35). Briefly, bone marrow cells
were collected by flushing cells from femurs and tibias of
C57BL/6mice. Red blood cells were depleted with ACK lysis
buffer (0.15 M NH4Cl, 1.0 mM KHCO3, 0.1 mM
Na2EDTA) (36). Cells were cultured in the multi-well plates
in the complete RPMI 1640 medium, supplemented with re-
combinant mGM-CSF and mIL-4, and the medium was re-
placed every 2 days. The non-adherent cells were collected on
day 6 and were used in subsequent experiments.

Preparation of CD8+ T Cells from the Spleen of OT-I
Mice

Murine splenocytes were freshly isolated from transgenic
MHC class I-restricted TCR (OT-I) mice, and single cell sus-
pensions were prepared. Red blood cells were removed by the
ACK (ammonium-chloride-potassium) lysing buffer, washed
with PBS, and enriched by incubation at 4°C for 30 min with
antibody cocktails containing I-A/I-E (M5/114.15.2), Ter-
119, B220 (RA3-6B2), CD11b (M1/70), Gr-1 (RB6-8C5),
CD44 (IM7.81), CD4 (GK1.5), and CD19 (1D3). Cells were
washed again with PBS/1% fetal bovine serum (FBS) and
incubated with BioMag® goat anti-rat IgG (Qiagen)
microbeads at 4°C for 20min according to themanufacturer’s
instructions, followed by magnetic separation with a Miltenyi
magnetic separation stand. The unadsorbed cells were collect-
ed. The purity of the enriched CD8+ T cells was 81.8%, as
assessed by flow cytometric analysis.

Labeling of TCRVβ5
+CD8+ T Cells with 5-(and-6)

-carboxyfluorescein Diacetate (CFSE) and Proliferation
In Vitro

The Lin2¯CD11b+Gr-1highLy-6Clow (Gr-1high) cells were
treated with PBS, 10 μg/ml OVA, PLGA NPs (100 μg/ml),
or PLGA/OVA NPs (100 μg/ml) and incubated at 37°C for
16 h. The CD8+ cells that were enriched by depletion of
unwanted cells, on the other hand, were labeled with 5 μM
5-(and-6)-carboxyfluorescein diacetate, succinimidyl ester
(CFSE) for 10 min according to the established protocol (37)
and washed with PBS/1% FBS. Activation of antigen-specific
T cells was tracked in vitro by co-culturing NP-primed Gr-1high

cells with CFSE-labeled CD8+ T cells for 72 h, followed by
cytometric analysis of proliferation and expression of CD25
and CD69 in TCRVβ5

+CD8+ T cells using a FACSVerse
flow cytometer (BD Biosciences).

Examination of the Morphology of Activated T Cells

To examine the effect of NP treatment on the morphology of
TCRVα2+CD8+ cells, cells were harvested at the end of co-
culture at 72 h and sorted with a BD FACSAriaIII sorter,
cytospun onto glass slides, stained with Wright-Giemsa stain,
and examined with a Zeiss Axio Imager A1 microscope.

Comparison of the Effect of APCs on the Proliferation
of OT-I CD8+ T Cells In Vitro

To compare the in vitro proliferation of OT-I CD8+ T cells
induced by the antigen presenting cells, either day 6 BMDCs
or freshly sorted Gr-1high cells (1×105/well) were co-cultured
at 1:1 in the 96-well plates with CFSE-labeled CD8+ T cells,
negatively selected from spleen of the OT-I mouse, followed
by treatment with PBS, OVA (10 μg/ml OVA), PLGA NPs
(100 μg/ml), or PLGA/OVA NPs (100 ug/ml PLGA/OVA,
containing 10 μg/ml OVA). Cells were harvested 72 h later
and the division of TCRVβ5+CD8+ T cells were analyzed by
flow cytometry.

BrdU Labeling and 7-Amino-Actinomycin D (7-AAD)
Staining

To monitor the activation effect of PLGA/OVA NPs on the
expansion of antigen-specific T cells via Gr-1high cells, the co-
cultured cells were labeled with bromodeoxyuridine (BrdU),
followed by staining the cellular DNA with 7-amino-
actinomycin D (7AAD). Proliferating T cells were then ana-
lyzed with a BD FACSVerse flow cytometer and separated
into G1, S, and G2/M subpopulations. To examine the effect
of PLGA/OVA NP-primed antigen presenting cells (APCs)
on proliferating OT-I CD8+ T cells, the Gr-1high cells were
isolated and treated for 16 h with PBS, 10 μg/ml OVA,
100 μg/PLGA NPs, or 100 μg/ml PLGA/OVA NPs and
co-cultured for 48 h with CD8+ T cells enriched from the
spleen of naive OT-I mice by negative selection, followed by
addition of 10 μM BrdU in the culture medium. Cells were
further cultured for 24 h at 37°C, harvested, and stained with
fluorochrome-conjugated antibodies, including FITC-anti-
mouse TCRVα2 (B20.1), APC-Cy7-anti-mouse CD8α (53-
6.7), and PE-Cy7-anti-mouse CD3ε (17A2). After staining
for 20 min at 4°C, cells were fixed for 20 min with 2% para-
formaldehyde/PBS, washed with 1% FBS/PBS, and perme-
abilized for 15 min with 200 μl 0.1% Triton X-100 (Sigma).
Cells were then treated with DNase I (300 μg/ml), incubated
at 37°C for 1 h, and stained with APC-conjugated anti-BrdU
(BU20A). Next, the addition of 200 μl 0.1% Triton X-100
containing 100 μg/ml RNase A and 5 μg/ml 7-AAD oc-
curred, followed by analysis with a BD FACSVerse cytometer.
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Analysis of Apoptosis and Necrosis After Treatment
with the PLGA NPs

The Lin2¯CD11b+Gr-1highLy-6Clow (Gr-1high) subpopula-
tion was sorted from the bone marrow of C57BL/6 J mice
with a BD FACSAriaIII sorter. Cells were plated in 96-well
round-bottom microplates at 1 × 105/well and incubated
overnight in complete RPMI 1640 medium containing
5 ng/ml GM-CSF and co-cultured with OT-I CD8+ T cells
(1 × 105/well), followed by treatment with PBS, 10 μg/ml
OVA, 100 μg/ml PLGA NPs, or 100 μg/ml PLGA/OVA
NPs (containing 5 μg/mlOVA) at 37°C. Cells were harvest-
ed at 24, 36, 48, 60, and 72 h, washed with PBS, and stained
with FITC-conjugated anti-Gr-1 mAb. After a 20 min in-
cubation at room temperature, cells were resuspended in
1× Annexin V binding buffer containing Annexin V-PE
and incubated for 20 min. Cells were then washed with 1×
Annexin V binding buffer, centrifuged, and stained with 7-
Aminoactinomycin D (7-AAD) for 5 min, then analyzed
with a FACSVerse cytometer (BD Biosciences).

RESULTS

Scanning Electron Microscopy (SEM) Images of PLGA
Nanoparticles

PLGA NPs containing the ovalbumin (OVA) antigen were
prepared by the double emulsion-solvent evaporation method
as previously described (26). and their morphology is shown in
Fig. 1, illustrating that most polymeric nanoparticles are
spherical in shape with a diameter of less than one μm (Fig. 1).

Characterization of PLGA Nanoparticles

The mean particle size of PLGA NPs and PLGA/OVA
NPs, as determined by dynamic light scattering, are 610.5
± 11.7 nm and 690±7.1 nm, respectively, and the poly-
dispersity indices (PDI) are 0.21± 0.04 and 0.17± 0.02,
respect ive ly . Zeta potent ia ls of PLGA NPs and
PLGA/OVA NPs, on the other hand, were determined
to be −26.1± 1.2 nm and −30.5± 0.5 mV, respectively.
The encapsulation and loading percentage (the weight
percentage of OVA) in the PLGA/OVA NPs, on the other
hand, were determined to be 52.7±1.6 and 5.28±0.1%,
respectively.

Cumulative Release of OVA from PLGA/OVA NPs

The in vitro release of protein from the OVA-loaded
PLGA NPs was performed at 37°C in PBS using the
Pierce BCA protein assay kit (Thermo Scientific). The
cumulative release curve illustrated a typical sustained

release profile of the protein from the polymeric matrix.
The initial burst release of proteins occurred within the
first 12 h and then leveled off after 120 h, with a maxi-
mum release of approximately 60% (Fig. 2).

Determination of the Optimal Dose of Polymeric NPs
for the In Vitro Experiment Using the MTT Assay

The potential cytotoxic effect of PLGA NPs was evaluated
in mouse bone marrow cells using the 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) as-
say. Figure 3 shows the concentration-dependent cell via-
bility after treatment with the PLGA and PLGA/OVA
NPs. Both PLGA and PLGA/OVA NPs elicit insignifi-
cant cytotoxic effects below 100 μg/ml, this dose was
therefore used in the following in vitro experiments. Treat-
ment of cells with PLGA NPs above 300 μg/ml signifi-
cantly reduced the survival rate.

Fig. 1 Scanning electron micrograph of PLGA/OVA NPs, exhibiting the
spherical shape and a mean diameter of approximately 690 nm. Scale bar
= 1 μm.

Fig. 2 The cumulative release profile of ovalbumin (OVA) from PLGA/OVA
nanoparticles at 37°C. The data are presented as means ± standard error
mean (SEM) of three experiments with triplicate samples.
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Cytometric Analysis of Surface Phenotypes
and Microscopic Examination of Morphology of Gr-1high

Cells After Sorting by FACS

The Lin2¯CD11b+Gr-1highLy-6Clow (Gr-1high) granulocytes
(Fig. 4) were sorted from mouse bone marrow and placed at
a density of 106/ml in complete RPMI-1640 medium supple-
mented with 5 ng/ml GM-CSF and were treated with or
without PLGA/OVA NPs (100 μg/ml) followed by incuba-
tion at 37°C for 24 h and photography under the microscope
with a Canon EOS 600D camera.

Figure 5 illustrates the extensive ingestion of PLGANPs by
the Gr-1high cells and internalization into vesicles (Fig. 5b), in
contrast to the untreated PBS control cells (Fig. 5a). These
data demonstrate the highly phagocytic capabilities of Gr-
1high cells.

Proliferation of OT-I CD8+ T Cells and Upregulation
of the SIINFEKL-MHC I-H2Kb Complex After
Co-Culture with PLGA/OVA NP-primed Gr-1high Cells

Dye dilution assays have been widely used to analyze the pro-
liferation of activated T cells (37). To examine the effect of
PLGA/OVA NP-primed Gr-1high cells on the activation of
CD8+ T cells, negatively selected OT-I CD8+ T cells were
labeled with 5 μM CFSE tracking dye and co-cultured for
72 h with Gr-1high cells, pre-treated overnight with PBS,
10 μg/ml OVA, 100 μg/ml PLGA NPs, or 100 μg/ml
PLGA/OVA NPs, and analyzed by flow cytometry.
Figure 6 shows the proliferation of activated OT-I CD8+ T
cells after co-culture with PLGA/OVA NP-primed Gr-1high

cells (Fig. 6a), and the activated T cells undergo proliferation
and display enhanced light scattering parameters such as
FSC-A, FSC-H, and FSC-W (Fig. 6a) compared to the PBS
control (Fig. 6b), suggesting enlarged cell size and activation of
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Fig. 3 TheMTT viability assay. The percentages of viable cells after treatment
with PLGA or PLGA/OVA NPs for 24 h. Freshly isolated bone marrow cells
were treated in 96-well microplates with various doses of PLGA or
PLGA/OVA NPs for 24 h, followed by reaction with 20 μl of MTT solution
(5 mg/ml) for 2 h. The formazan product was dissolved with dimethyl sulfox-
ide (DMSO), and the absorbance was read at 570 nm. Data are presented as
means ± standard error mean (SEM) of three experiments with triplicate
wells. *Indicates a statistically significant difference from the PBS-treated
control group (*, P<0.05, one-way ANOVA).

Fig. 4 The Gr-1high (Lin2¯CD11b+Gr-1highLy-6Clo) cells were isolated from
bone marrow of tibiae and femurs of mice, stained with fluorochrome-
conjugated antibodies against Lin2 (CD3/CD19/NK1.1/B220/Ter119),
CD11b, Ly-6C, and Gr-1, and sorted with a BD FACS Aria III sorter. The
morphology of the sorted Gr-1high cells, after staining withWright-Giemsa stain,
was observed with a Zeiss Axio Imager A1 microscope. Scale bar = 10 μm.

Fig. 5 Ingestion of PLGA/OVA NPs by Gr-1high cells after 24 h of incubation,
resulting in formation of invagination vesicles. Gr-1high cells were sorted from
bone marrow of femurs and tibiae of naive C57BL/6 J mice and treated with
either (a) PBS or (b) PLGA/OVA NPs, incubated for 24 h at 37°C, and
photographed using a Axiovert 200 M inverted microscope equipped with
digital camera.
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OT-I CD8+ T cells after co-culture with PLGA/OVA NP-
primed Gr-1high cells. Almost all FSC-W+ cells exhibit en-
hanced FSC-A/FSC-H light scattering signals and cell

division. Co-culture with Gr-1high cells also upregulated the
expression of activation markers, such as CD25 and CD69, in
OT-I CD8+ T cells (Fig. 6c).
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Fig. 6 Flow cytometric analysis of
activated OT-I CD8+ Tcells. Two-
parameter flow cytometric analysis
was displayed, showing the
proliferation and division of CFSE-
labeled OT-I CD8+ cells (a) co-
cultured with PLGA/OVA-NP-
primed Gr-1high cells or (b) in PBS.
(c) Upregulation of the expression
of CD25 and CD69 in OT-I CD8+

Tcells after co-culture with Gr-1high

cells pretreated with PBS, OVA,
PLGA NPs, or PLGA/OVA NPs. (d)
Upregulation of expression of
SIINFEKL-H-2Kb of MHC I
complex on CD11b+Gr-1high cells,
detected with 25-D1.16 mAb, after
treatment with PLGA/OVA NPs for
48 h, compared to other control
groups.
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Treatment of Gr-1high cells with PLGA/OVANPs resulted
in upregulation of the SIINFEKL-H2Kb complex when de-
tected with 25-D1.16, the monoclonal antibody reacting with
the OVA-derived peptide (257–264; SIINFEKL) bound to
H-2Kb of MHC class I (Fig. 6d). These data showed that
treatment of Gr-1high cells with PLGA/OVA NPs induced
cross-presentation of H-2Kb binding OVA(257–264)-peptide
(SIINFEKL) in contrast to other control groups (Fig. 6d).

Comparison of In Vitro Proliferation of OT-I CD8+ T
Cells, After Co-Culture with Nanoparticles Treated
BMDCs or Gr-1high Subset

To compare T cell activation and proliferation induced by
the PLGA/OVA NPs-treated antigen presentating cells
(APCs), either day 6 BMDCs or Lin2¯CD11b+Gr-1high-

Ly-6Clow (Gr-1high) cells were co-cultured with CFSE-
labeled OT-I CD8+ T cells, followed by treatment with
PBS, OVA, PLGA NPs, or PLGA/OVA NPs. Cells were
harvested 72 h later and analyzed with a BD FACSVerse.
Day 6 BMDCs appear to exhibit a higher antigen presen-
tation capability than that of the Gr-1high subset from
bone marrow, leading to a higher T cell proliferation
(59.9% vs. 40.6%) (Fig. 7).

Microscopic Examination of Activated OT-I CD8+ T
Cells, After Co-Culture with the PLGA/OVA
NP-primed Gr-1high Cells

Gr-1high cells were sorted by FACS, pre-treated with or
without PLGA/OVA NPs, and incubated at 37°C for
16 h, followed by co-culture for 24 h with CD8+TCRVα2

+

T cells. Cells were sorted again by FACS, cytospun with a
Cytospin4 slide centrifuge onto the glass slides, and stained

with Wright-Giemsa stain (Sigma-Aldrich), followed by ob-
servation with a Zeiss Axio Imager A1 microscope. Figure
8 shows the gating scheme and morphology of OT-I CD8+

T cells after co-culture with Gr-1high cells treated with ei-
ther PBS (Fig. 8a) or 100 μg/ml PLGA/OVA NPs
(Fig. 8b). Activated OT-I CD8+ T cells, following activa-
tion by the PLGA/OVA NP-primed Gr-1high cells, exhibit
a larger size with larger nuclei and thicker enclosure of
cytoplasm compared to the PBS control cells.

Analysis of Cell Cycles by BrdU Labeling

The thymidine analog 5-bromo-2′-deoxyuridine (BrdU) has
been used to determine the turnover rate of T cells and B
cells, where cells containing BrdU can be detected in vitro
using flow cytometry after staining with fluorochrome-
labeled anti-BrdU antibody (38). The sorted Gr-1high cells
were treated with PBS, 10 μg/ml OVA, 100 μg/ml PLGA
NPs, or 100 μg/ml PLGA/OVA NPs and co-cultured for
48 h with the negatively selected OT-I CD8+ T cells,
followed by treatment with 10 μM BrdU for another
24 h. Cells were then stained with 7-AAD and anti-
BrdU-APC antibody, followed by flow cytometric analysis.
Figure 9 showed that the percentages of CD3+CD8+ T
cells in the S and G2/M phases of the cell cycle in the
PLGA/OVA NP-treated group are 40.1 and 7.378%, re-
spectively, which are considerably higher than those of the
control groups treated with PBS, OVA, or PLGA NPs
(Fig. 9). These data illustrate immunomodulation of
PLGA/OVA NPs on cell division of CD3+CD8+ T cells
via the Gr-1high subset.

Induction of Gr-1high Cell Apoptosis and Necrosis
by PLGA/OVA NPs

To determine if PLGA/OVA NP treatment induces cell
death of antigen presenting cells (APCs) and effector T
cells, sorted Gr-1high cells were pre-treated with PLGA/
OVA NPs for 16 h and co-cultured with negatively selected
OT-I CD8+ cells for 24, 36, 48, 60, and 72 h, followed by
staining with CD8-APC-Cy7, Gr-1-APC, Annexin V-PE,
and 7-AAD and analysis with a BD FACSVerse cytometer
(BD Bioscience). Figure 10a shows the gating scheme for
Gr-1high and OT-I CD8+ T cells in the co-culture. The
percentages of apoptotic/necrotic cells in the OT-I CD8+

T population were relatively reduced due to the prolifera-
tion of CD8+ T cells, activated by the Gr-1high subset
(Fig. 10b). The percentages of necrotic/late apoptotic cell
death in OT-I CD8+TCRVα2+ T cells were 31.3, 22.6,
26.8, and 31.7% at 36, 48, 60, and 72 h after co-culture,
respectively, in the PLGA/OVA NP-treated group, which
are significantly less than those values for the PBS control

BMDCs

Gr-1high
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Fig. 7 In vitroOT-1 CD8+ Tcell proliferation. Day 6 bone marrow-derived
dendritic cells (BMDCs) or freshly sorted Gr-1high subset were co-cultured at
1:1 in the 96-well plates with CFSE-labeled OT-I CD8+ Tcells, followed by
treatment with PBS, OVA, PLGA NPs, or PLGA/OVA NPs. Cells were har-
vested 72 h later and analyzed by flow cytometry.
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cells, showing 60.9, 61.6, 76.6, and 63.4%, respectively
(Fig. 10b).

On the other hand, Gr-1high cells undergo significant pro-
grammed cell death, including early apoptosis and necrosis,
upon treatment with PLGA/OVA NPs. Figure 10c illustrates
a significantly higher frequency of time-dependent apoptotic
and necrotic cell death in the Gr-1high population in the

PLGA/OVA NPs-treated group compared to the PBS con-
trol group (Fig. 10c). The degree of apoptosis and necrosis was
shown to depend on the time of exposure to the NPs. Micro-
scopic examination after staining Gr-1high cells with Wright-
Giemsa stain illustrated the apoptotic/necrotic cell morphol-
ogy upon ingestion of the PLGA/OVA NPs (Fig. 10d). These
data demonstrate that ingestion of PLGA/OVA NPs induced

Fig. 8 Morphology of OT-I CD8+ Tcells activated by PLGA/OVA NP-primed Gr-1high cells in vitro. The sorted Gr-1high cells were treated with (a) PBS or (b)
PLGA/OVA NPs for 16 h and co-cultured with OT-I CD8+ Tcells for 72 h. The OT-I CD8+ TCRVα2+ Tcells were then sorted by FACS, cytospun, and stained
with Wright-Giemsa stain, followed by examination with a Zeiss Axio Imager A1 fluorescence microscope.
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time-dependent programmed cell death in the Gr-1high subset
and promoted proliferation of antigen-specific OT-I CD8+

cells.

DISCUSSION

Activation of antigen-specific CD8+ T cell response plays im-
portant roles in the development of cancer immunotherapy
and cancer-based vaccination. During the past few years of
studies on nanoparticle-based antigen delivery, dendritic cells
(DCs) received the most attention and have been considered
the most potent antigen presenting cells for the induction of
adaptive immunity; these cells therefore have become the ma-
jor targets in most studies on anti-tumor immunotherapy and
in the development of cancer vaccines to control immunity
(39–42). The roles of polymorphonuclear neutrophils
(PMN), the first line of defense against infective agents, in
antigen delivery have unfortunately been largely ignored.
The CD11b+Gr-1high subset of cells from mouse bone mar-
row were employed in this study to examine the capability of
antigen presentation in nanoparticle-based vaccination to ac-
tivate CD8+ T cells in OT-I mice that exhibit a higher sensi-
tivity to antigen stimulation due to the involvement of selective

expansion of clones with higher affinity T cell receptors
(TCRs). PLGA-NPs, which have been extensively investigated
in recent years for delivery of soluble antigens for stimulation
of antigen-specific cellular response against cancer, were
employed in this study as a carrier to target the CD11b+Gr-
1high subset from mouse bone marrow for the induction of
MHC class I-mediated T cell activation.

The forward light scattering signal width (FSC-W), a pa-
rameter previously used to discriminate cell doublets, has been
shown to be associated with proliferation of activated humanT
cells (43). Activation of T cells can be characterized by an
increase in the forward light scattering signal width (FSC-W),
a cytometric parameter used to discriminate cell doublets. Fig-
ure 6 shows that co-culture with PLGA/OVANP-primed Gr-
1high cells induced the activation and in vitro proliferation of
OT-I CD8+ T cells (Fig. 6a), in contrast to the PBS control
group (Fig. 6b), resulting in an increase of the scattering signals
of FSC-A, FSC-H, and FSC-W (Fig. 6a) and upregulation of
the activation markers and expression of the SIINFEKL-
MHC I-H2Kb complex (Figs. 6c–d). Consequently, all prolif-
erating cells are FSC-W+. These results were further con-
firmed by microscopic examination of the morphological
changes of OT-I CD8+ T cells, whereas the OT-I CD8+ T
cells activated by PLGA/OVA NP-primed Gr-1high cells

Fig. 9 Cell cycle analysis by staining OT-I CD8+ cells with 7-AAD and anti-BrdU antibody, followed by flow cytometric analysis. The sorted Gr-1high cells were
treated with PBS, 10 μg/ml OVA, 100 μg/ml PLGANPs, or 100 μg/ml PLGA/OVANPs for 16 h, and co-cultured for 48 h with negatively selected OT-I CD8+ T
cells. Cells were then treated with 10 μM BrdU and incubated for another 24 h, stained with 7-AAD and anti-BrdU-APC antibody, and analyzed by flow
cytometry, as described in Materials and Methods.
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exhibited relatively abundant cytoplasm and enlarged large
nuclei (Fig. 8b), compared to cells in the resting stage, which
show the nucleus surrounded by a thin enclosure of cytoplasm
in the PBS control (Fig. 8a). In parallel, the activation of OT-I
CD8+ T cells also induces cells to synthesize DNA and pro-
motes entrance into the S and G2/M phases (Fig. 9).

Temporal analysis of treatment with PLGA/OVA NPs
showed the induction of programmed cell death, such as ap-
optosis and necrosis, in Gr-1high cells after ingestion of poly-
meric NPs (Fig. 10c), whereas CD8+ T cells undergo extensive
proliferation after co-culture with the Gr-1high subset
(Fig. 10b). As a result, the degree of cell death was relatively
reduced in the T cell population in the PLGA NPs/OVA-
treated group, compared to the untreated PBS control. These
data not only illustrate that PLGA/OVA NPs are able to
activate antigen-specific CD8+ T cells mediated by the bone
marrow Gr-1high subset but also showed exposure time-
dependent cell apoptosis and necrosis in PLGA/OVA NP-
treated Gr-1high cells.

Data presented in this study demonstrate that
PLGA/OVA NP-primed Gr-1high cells are able to activate

OT-I CD8+ T cells, suggesting that the Gr-1high poly-
morphonuclear subset may serve as antigen presenting
cells (APCs) in nanoparticle-based vaccination. The re-
sults obtained in this study raise the potential of
employing PLGA/OVA NPs as the vaccine adjuvant,
targeting the bone marrow Gr-1high subset and possibly
also including the blood polymorphonuclear cells, the
most abundant leukocytes in the peripheral circulation,
to induce a cellular immune response.

CONCLUSIONS

The development of effective vaccine delivery is crucial-
ly important in vaccine-based cancer therapy, and bio-
degradable nanoparticles have emerged as a promising
approach to enhance cellular immunity in immunization
strategies. We have demonstrated in this study the fea-
s ib i l i ty of employing PLGA/OVA NPs-treated
CD11b+Gr-1high subset in the murine bone marrow
for cross-presentation of exogenous antigens and

Fig. 10 Induction of apoptosis and necrosis in the co-culture of PLGA/OVA NP-primed Gr-1high cells and OT-I CD8+ Tcells after incubation for 24, 36, 48, 60,
and 72 h. Cells were stained with CD8-APC-Cy7, Gr-1-APC, Annexin V-PE, and 7-AAD, and analyzed by flow cytometry. (a), The gating scheme of
CD11b+Gr-1high cells and OT-I CD8+ T cells in the co-culture. (b–c), Flow cytometric analysis of apoptosis and necrosis of OT-I CD8+ T cells
(b) and Gr-1high cells (c) in the co-culture. (d), Photomicrographs showing the morphology of CD11b+Gr-1high cells at 24, 48, and 72 h after
treatment with PLGA/OVA NPs.
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activation of antigen-specific CD8+ T cell activation in
vitro, promoting the ensuing proliferation and cell cycle

modulation, and induction of programmed cell death of
the APCs.

Fig. 10 (continued)
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