
Enhanced and prolonged cross-presentation following endosomal

escape of exogenous antigens encapsulated in biodegradable
nanoparticles

Introduction

For effective control of tumours and pathogens by the

immune system, neoplastic and infected cells must be tar-

geted and destroyed by cytotoxic T lymphocytes (CTLs).

While major histocompatibility complex (MHC) class I

molecules conventionally present endogenous cytosolic

antigens, an alternative pathway, termed cross-presenta-

tion, allows the presentation of peptides derived from

exogenous antigens in the context of MHC class I.1–3 As

tumour antigens and pathogen-derived proteins are often

not endogenously produced by antigen-presenting cells

(APCs), this exogenous pathway is crucial for the genera-

tion of CD8+ CTL responses against these cell-associated

antigens.4,5 Enhancement of the targeting of exogenous

antigens to the cross-presentation pathway may help

develop effective vaccines against tumours, parasites,

intracellular bacteria and viruses.6,7

While dendritic cells (DCs) efficiently target internali-

zed proteins to the MHC class I presentation pathway, all

endocytic cells, including macrophages and in some cir-

cumstances B cells, can present low levels of exogenous
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Summary

CD8+ T-cell responses are critical in the immunological control of

tumours and infectious diseases. To prime CD8+ T cells against these

cell-associated antigens, exogenous antigens must be cross-presented by

professional antigen-presenting cells (APCs). While cross-presentation of

soluble antigens by dendritic cells is detectable in vivo, the efficiency

is low, limiting the clinical utility of protein-based vaccinations. To

enhance the efficiency of presentation, we generated nanoparticles from

a biodegradable polymer, poly(D,L-lactide-co-glycolide) (PLGA), to deliver

antigen into the major histocompatibility complex (MHC) class I antigen

presentation pathway. In primary mouse bone marrow-derived dendritic cells

(BMDCs), the MHC class I presentation of PLGA-encapsulated ovalbumin

(OVA) stimulated T cell interleukin-2 secretion at 1000-fold lower concentra-

tion than soluble antigen and 10-fold lower than antigen-coated latex beads.

The microparticles also served as an intracellular antigen reservoir, leading

to sustained MHC class I presentation of OVA for 72 hr, decreasing by only

20% after 96 hr, a time at which the presentation of soluble and latex bead-

associated antigens was undetectable. Cytosol extraction demonstrated that

antigen delivery via PLGA particles increased the amount of protein that

escaped from endosomes into the cytoplasm, thereby increasing the access of

exogenous antigen to the classic MHC class I loading pathway. These data

indicate that the unique properties of PLGA particle-mediated antigen deliv-

ery dramatically enhance and sustain exogenous antigen presentation by

MHC class I, potentially facilitating the clinical use of these particles in

vaccination.

Keywords: dendritic cells; antigen presentation/processing; vaccination

Abbreviations: DCs, dendritic cells; PLGA, poly(d,l-lactide-coglycolide); BMDCs, bone marrow-derived dendritic cells;
PVA, polyvinyl alcohol; SEM, scanning electron microscopy; ER, endoplasmic reticulum.
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antigens, making antigen internalization a prerequisite

for cross-presentation. The mechanism of antigen inter-

nalization, however, significantly influences the efficiency

of cross-presentation; soluble antigens internalized by

macropinocytosis are poorly presented, while particulate

antigens, which enter cells via phagocytosis, are presented

more efficiently by MHC class I molecules.8 Consequently,

more potent CTL responses are generated by particulate

antigen delivery systems than those following the loading

of soluble antigens.9

Previously, lipid particles, polymeric microparticles,

live recombinant vectors, and virus-like particles have

been utilized as artificial particulates to facilitate antigen

delivery. Biodegradable nano/microparticles generated

from poly(D,L-lactide-coglycolide) (PLGA) have recently

attracted substantial attention because of their clinically

proven biocompatibility.10,11 This material has been

extensively tested in clinical applications and is currently

used as a suture material and as part of other drug

delivery formulations12,13 and has recently been proposed

as a potential antigen delivery vehicle for DC-based

vaccines against pathogens and cancer.14 In addition to

facilitating the uptake of encapsulated materials, PLGA

particles also potentially protect nucleic acids, peptides,

and protein antigens contained within from extracellular

degradation, increasing delivery efficiency.15 As phago-

cytic substrate size can also affect the magnitude of

cross-presentation16 the ability to adjust PLGA particle

size makes this delivery method a promising candidate

technique for vaccinations. Anti-pathogen CD8+ CTL

responses have been successfully generated by direct

delivery of PLGA/antigenic peptide complexes by var-

ious routes; including oral, nasal and subcutaneous

delivery17–20 suggesting that PLGA particles can be taken

up in vivo and cross-presented by resident APC. Because

ex vivo generated dendritic cells are a logical cellular

adjuvant in vaccination strategies, recent studies have

also focused on the uptake21–23 and potential cross-

presentation of peptide antigens encapsulated in PLGA

microspheres by DC.24–26

However, a systematic attempt to follow the intracellu-

lar distribution, degradation, and cross-presentation of

native protein antigens delivered by PLGA particles has

not been undertaken, and the mechanism responsible for

PLGA-mediated delivery of exogenous antigen to the

MHC class I pathway of DC is poorly understood. Such

an understanding is critical if these reagents are to be

utilized as antigen delivery vehicles for DC-based therap-

ies dependent on the loading of whole protein antigens,

such as immunotherapy against solid tumours.27–29 An

antigen delivery study which traces the localization of

PLGA-associated antigens and directly compares cross-

presentation efficiency of these reagents verses other anti-

gen forms presently favoured to load DC, including

soluble antigen or non-biodegradable solid microparti-

cles30 would contribute significantly to our understanding

of PLGA-mediated cross-presentation. It would also aid

in determining whether these reagents can significantly

improve CD8+ responses to exogenous protein antigens,

a key to improving the potency of many DC-based can-

cer applications including therapeutic vaccination or

adoptive transfer of amplified antitumour T cells. Using

ovalbumin (OVA) as a model antigen, we report that

in both primary mouse bone marrow-derived DCs

(BMDCs) and the human dendritic cell-like cell line

(KG-1), antigens delivered by PLGA particles are inter-

nalized, processed and presented by the MHC class I

pathway by a mechanism not previously observed for

soluble or non-biodegradable particulate forms. We

provide biochemical evidence that antigens delivered by

PLGA particles are able to escape endosomal degradation

and reach the cytoplasm at a significantly higher level

than other antigen forms, and that these antigens are

presented on MHC class I more efficiently and for signi-

ficantly longer durations. Our results suggest that micro-

particle-associated antigens may circumvent the need for

cross-presentation; instead, they enter the classical class I

antigen presentation pathway directly following endocyto-

sis through endosomal escape mediated by the PLGA

particles.

Materials and methods

Cell lines

The human dendritic-like cell line KG-1,31 KG1.Kb and

PeCr2.Kb, which both stably express mouse MHC class I

H2-Kb32 and the B-cell lines C1R.Kb33 and T2.Kb34 were

cultured in Iscove’s modified Dulbecco’s medium med-

ium supplemented with 20% fetal bovine serum and 1%

penicillin/streptomycin (Invitrogen, Grand Island, NY) at

37� in a 5% CO2/air incubator. Mouse BMDCs were gen-

erated from female C57BL/6 mice (Jackson Laboratories,

Bar Harbor, ME) as described.35 Immature DC clusters,

obtained at day 4, were dislodged and replated for antigen

presentation studies.

Fabrication of PLGA microparticles

PLGA particles were fabricated using a modified double-

emulsion method.36 OVA (Sigma, St. Louis, MO), bovine

serum albumin (BSA; Sigma), or fluoroscin isothiocyanate

(FITC)–OVA (Molecular Probes, Eugene, OR) was dis-

solved in 200 ll phosphate-buffered saline (PBS) at 1%

or 5% (w/v). The aqueous protein solution was added to

10% (w/v) PLGA (Birmingham Polymers, Inc., Birming-

ham, AL) methylene chloride solution, and the resulting

solution was sonicated to produce a homogeneous emul-

sion. One percent polyvinyl alcohol (PVA, MW ¼
30 000–70 000, Sigma) was added to the emulsion and

� 2006 Blackwell Publishing Ltd, Immunology, 117, 78–88 79

Enhanced cross-presentation of antigens in PLGA nanoparticles



vortexed; this double emulsion was poured into a beaker

containing aqueous 0�3% PVA stirring at high speed. The

resulting particles were collected by centrifugation, rapidly

frozen and lyophilized. Particle size and morphology were

determined by scanning electron microscopy (SEM), and

the number of particles per given mass or volume was

determined by SEM or counting on a standard haemo-

cytometer. Equivalent antigen concentrations were used

for all presentation studies. Concentrations of antigen

encapsulated in PLGA particles were determined by first

dissolving the particles in a NaOH/sodium dodecyl sul-

phate solution and then subjecting these solutions to

standard 2 bicinchoninic acid (BCA) absorbance assays as

previously described.37 Protein concentrations identical to

those contained within particles were also conjugated to

the surface of 1�0 lm carboxylated latex beads according

to the manufacturer’s instructions (Polysciences, Inc.,

Warrington, PA) or to the surface of blank PLGA parti-

cles. Particle size and quantity were approximately equiv-

alent in all assays. This was accomplished by determining

the number of PLGA particles necessary to deliver a given

antigen dose and then matching that quantity with an

equal number of latex or blank PLGA beads to which

antigen had been passively adsorbed.

Uptake study

Mouse BMDCs were incubated in the presence of

PLGA/FITC–OVA, latex beads/FITC–OVA, or soluble

FITC–OVA for 3 hr at 37�. Cells were washed once in

cold PBS and separated from particles using an ISO-

LYMPH� gradient (Gallard-Schlesinger, Carle Place,

NY) by centrifugation at 400 g for 20 min at 20�. At

various timepoints (0, 24 and 48 hr), cells were

harvested to assay antigen uptake. After quenching un-

incorporated FITC signal with 0�4% trypan blue, uptake

was quantified as mean cell-associated fluorescence

intensity measured by flow cytometry on a FACSCali-

bur (BD Biosciences, San Jose, CA) and analysed with

WinMDI 2.8 (Joseph Trotter, Scripps Institute, La Jolla,

CA).

Class I antigen presentation of KG1.Kb by flow cytometry

KG1.Kb, C1R.Kb, PeCr2.Kb, and T2.Kb were incubated

with PLGA/OVA microparticles, latex bead-conjugated

OVA, empty microparticles coincubated with soluble

OVA, and soluble OVA alone for 16 hr. Following

extensive washing, cells were stained with Alexa 647-con-

jugated 25-D1.16 monoclonal antibody (mAb, the kind

gift of Dr J. Yewdell, National Institutes of Health, Beth-

esda, MD), which recognizes the SIINFEKL peptide

(OVA257)264) in association with Kb.38 Antigen presen-

tation was quantified by flow cytometry. Cell lines

incubated with PLGA/BSA microparticles, latex bead-

conjugated BSA, and soluble BSA served as negative

controls.

Immunofluorescence and confocal microscopy

For duration studies, bone marrow-derived immature

mouse DCs cells were fixed in 3�7% formaldehyde at

the indicated times after incubation with PLGA/FITC–

OVA, latex bead-conjugated FITC–OVA, or soluble

FITC–OVA. Cells were then prepared for indirect

immunofluorescence as previously described39 and were

visualized using differential interference contrast micro-

scopy on an Axiophot 2 fluorescence microscope (Zeiss,

Thornwood, NY). Digital images were acquired with a

CCD camera (Princeton Instruments, Trenton, NJ). For

studies confirming endosomal escape, FITC–OVA PLGA

particles were incubated with BM-derived DCs over-

night and washed extensively following a 30 minute

exposure to 50 nM LysoTracker Red (Molecular Probes,

Eugene, OR) according to the manufacturer’s instruc-

tions. Confocal images were acquired from live cells

utilizing a Leica DM IRE2 confocal microscope outfit-

ted with a heated stage. Single plane images of fluores-

cent markers and DIC outlines of the cells were

acquired to insure particle internalization and three-

dimensional images of whole cells were reconstructed

utilizing Leica software.

MHC class I antigen presentation by T hybridoma assay

MHC class I antigen presentation was also evaluated by

B3Z T hybridoma cells that produce IL-2 upon recog-

nition of OVA peptide (SIINFEKL) in association with

class I molecules.40 Immature mouse BMDCs were

incubated with varying concentrations of PLGA/OVA

particles, latex bead-conjugated OVA, or soluble OVA

for 3 hrs, followed by removal of excess antigen and

addition of 30 ng/ml lipopolysaccharide (LPS) for 18 hr

to induce DC maturation. After the indicated incuba-

tion time (T0 was immediately following removal of

excess antigen), B3Z T cells were added at an effector:

APC ratio of 1 : 1. Interleukin-2 (IL-2) content of the

culture supernatants, isolated after 6 hr incubation, was

assayed by IL-2 enzyme-linked immunosorbent assay

(ELISA) kit (BD Biosciences, Palo Alto, CA) according

to the manufacturer’s instructions.

Cytosol extraction

Cells were loaded with soluble FITC–OVA, latex bead-

conjugated FITC–OVA, or PLGA/FITC–OVA for 18 hr at

37�. Following extensive washing, cytosol extracts were

generated according to the method described by Yang

et al.41 The fluorescence contained within the cytosol was

determined by fluorometry.
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Results

PLGA microparticles enhance exogenous antigen
cross-presentation by DCs

To test the effect of PLGA encapsulation on antigen

internalization and presentation, we encapsulated OVA

or BSA into PLGA particles using the double-emulsion

method. PLGA microparticles containing OVA were

similar in terms of morphology and size to those con-

taining BSA; particles average size ranged from 500 nm

to 1 lm with a spherical morphology (Supplemental

Fig. 1).

We first sought to determine the effect of antigen

encapsulation into PLGA particles on the cross-presen-

tation efficiency of exogenous antigens. KG1.Kb, a

human dendritic-like cell line that stably expresses the

mouse MHC class I molecule H2-Kb, can cross-present

low levels of the SIINFEKL peptide (OVA257)264) in

association with MHC class I (Kb) which can be detec-

ted using 25-D1.16, a SIINFEKL-Kb complex specific

mAb.32 The cross-presentation of exogenous antigen

was detected as a shift in the fluorescence intensity of

samples incubated with OVA from the level seen when

incubated with an irrelevant protein (BSA). As 25-

D1.16 staining reached a plateau with increasing PLGA/

OVA concentration, potentially caused by saturation of

the phagocytic machinery, we titrated the amount of

antigen necessary to observe a shift in 25-D1.16 stain-

ing. The shift in 25-D1.16 staining of KG-1.Kb cells

incubated with OVA-containing particles was signifi-

cantly greater than that observed following incubation

with soluble OVA (Fig. 1). When encapsulated into

PLGA particles, 1000-fold lower OVA concentrations

were able to generate a similar level of class I presenta-

tion as soluble OVA. This increase is similar to the lev-

els of enhancement previously reported for antigens

solely conjugated on the surface of solid microspheres8

indicating the efficiency of release from PLGA micro-

spheres, which are only partially degraded at this point,

is very high. To confirm that antigen encapsulation in

the PLGA matrix, and not characteristics of the PLGA

polymer itself, was responsible for the observed increa-

ses in cross-presentation, a comparison of PLGA encap-

sulated OVA versus OVA adsorbed to the surface of an

otherwise identical particle was carried out. As shown

in Supplemental Fig. 2, the requirement for large quan-

tities of soluble OVA antigen (10 mg/ml – left panel)

to initiate cross-presentation in the KG-1 DC line is

overcome by the encapsulation of the antigen in PLGA

particles (100-fold less antigen – middle panel). The

same quantity of antigen passively adsorbed to the

surface of blank PLGA particles (right panel) is not

cross-presented, indicating that PLGA encapsulation

fundamentally alters antigen delivery.

Microparticle-encapsulated antigens generate potent
T-cell responses in vitro

To examine antigen-specific T-cell activation by anti-

gen-loaded DCs, we tested the ability of microparticle-

treated DCs to stimulate a CD8+ T-hybridoma cell line,

B3Z, which secretes IL-2 in response to stimulation

with the SIINFEKL-Kb complex. Mouse Kb BMDCs

were treated for 3 hr with either PLGA/OVA or soluble

OVA, then induced to mature with LPS. Encapsulation

of OVA into PLGA microparticles dramatically shifted

the dose–response curve for T-cell stimulation, and

required 1000-fold less antigen to achieve the same

level of presentation as soluble OVA (Fig. 2). To deter-

mine if the higher efficiency of presentation by antigen-

loaded microparticles was simply attributed to the

presence of a phagocytic substrate, we also examined

the presentation of latex bead-associated OVA. Cells

treated with OVA-containing PLGA particles displayed

enhanced B3Z stimulation over the levels seen after

treatment with OVA-coated latex beads (Fig. 2). Thus,

the presentation of antigens encapsulated into PLGA

particles was significantly more efficient than other par-

ticulate antigen forms, suggesting that PLGA micropar-

ticles may access the MHC class I presentation pathway

in a unique way. Control empty PLGA particles coated

with antigen behaved similarly to OVA-treated latex

beads (data not shown), indicating antigen encapsula-

tion in PLGA was critical to increased efficiency of

antigen presentation.

Figure 1. PLGA microparticles enhance exogenous antigen cross-

presentation by human DC-like KG-1.Kb cells. KG-1.Kb cells were

cocultured with PLGA/OVA particles (open diamonds) or soluble

OVA (open circles) at the concentrations indicated for 16 hr. The

amount of particles added was calculated to yield concentrations of

OVA equivalent to that of soluble OVA. Following extensive wash-

ing, cells were stained with Alexa 647-conjugated 25-D1�16 mAb,

which recognizes the SIINFEKL peptide (OVA257)264) in association

with Kb. The cross-presentation of exogenous antigen was detected

as a shift in the fluorescence intensity of samples incubated with

OVA from the level seen when incubated with an irrelevant protein

(BSA).
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PLGA/OVA particle-loaded B cells are able to
cross-present OVA

To determine whether the increases in MHC class I pres-

entation associated with PLGA/OVA particle delivery are

attributed to the escape of PLGA particle-associated anti-

gen from the phagosome to the cytosol, we examined the

class I presentation of PLGA/OVA particles in endocytic

but non-cross-presenting B cells. B cells do not present

soluble exogenous antigen in the context of MHC class I

unless antigen is directly introduced into the cytosol by

lipofection or delivered via linking to specific cell lig-

ands.42,43 Two B-cell lines, PeCr2 and C1R, stably trans-

fected with Kb to yield PeCr2.Kb and C1R.Kb, were

loaded with PLGA/OVA particles overnight and com-

pared to soluble OVA and OVA-coated latex beads to

determine if any could facilitate cross-presentation. MHC

class I expression was determined by the appearance of

the SIINFEKL-Kb complex at the cell surface by flow cyto-

metry. As shown in Fig. 3, the cross-priming competent

DC line KG1.Kb could cross-present low levels of soluble

or latex bead-associated OVA as expected; however, pres-

entation was significantly enhanced by inclusion of OVA

into microparticles. But, while neither B-cell line could

present soluble or latex bead-associated OVA on MHC

class I under these conditions, both were able to present

antigen in association with MHC class I if antigen was

delivered by PLGA particles, at levels comparable to the

DC line. These results suggest that, in B cells, exogenous

antigen delivered by PLGA particles must directly access

the cytosol to reach the MHC class I antigen processing

and presentation pathway, circumventing the conven-

tional cross-presentation mechanism.

OVA encapsulated into PLGA particles more
efficiently escapes from the endocytic compartment
to the cytosol

Our results in B cells indicate that antigens delivered

by PLGA particles are able to exit the phagocytic com-

partment, enter the cytosol and gain access the MHC

class I pathway. To biochemically confirm this, we

quantitated the entry of labelled antigens into the cyto-

plasm following internalization by the C1R B-cell and

KG-1 DC lines (Fig. 4a). Both cell types were incubated

for 18 hr with soluble FITC–OVA, latex bead-associated

FITC–OVA, and PLGA/FITC–OVA. We then extracted

the cytosol from these cells and measured the associ-

ated fluorescence by fluorometry. The amount of anti-

gen in the cytosol was normalized based on the

Figure 2. Microparticle-encapsulated antigens generate potent CD8+

T cell responses in vitro. Immature BMDCs from C57BL/6 mice were

incubated with varying concentrations of OVA-containing PLGA

particles (open diamonds), OVA-coated latex beads (solid squares),

and soluble OVA (open circles) for 3 hr followed by particle separ-

ation from cells to remove excess antigen. 30 ng/ml LPS was then

added for an additional 18 hr to induce DC maturation. After mat-

uration, B3Z T cells were added at an effector:APC ratio of 1 : 1.

The IL-2 content of culture supernatants, isolated after 6 hr incuba-

tion, was assayed by IL-2 ELISA. Results show the mean and SD of

triplicate measurements, and are representative of two different

experiments with DCs from different mice.

Figure 3. Cross-presentation by two B-cell lines (PeCr2.Kb and

C1R.Kb) and TAP-deficient T2.Kb cells in comparison to human

DC-like KG-1.Kb cells. Indicated cell lines were cocultured with latex

bead/OVA, PLGA/OVA particles, soluble OVA, or control latex

bead/BSA, PLGA/BSA particles, or soluble BSA for 16 hr. Following

extensive washing, cells were stained with Alexa 647-conjugated

25-D1�16 mAb, which recognizes the SIINFEKL peptide (OVA257)264)

in association with Kb. Blue histograms represent signal from BSA

and red for signal from OVA.
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amount of antigen initially added to cells. Cytosolic

antigen was extremely low in C1R B cells incubated

with either soluble FITC–OVA or latex bead-associated

FITC–OVA; small, but significant, levels could be detec-

ted in KG-1 cells. When antigen was given as PLGA

microparticles, however, the cytosolic antigen increased

greater than thirty-fold in both C1R and KG-1

(Fig. 4a). In both cell types, the increases in exogenous

antigen appearing in the cytosol mirrored increases in

the levels of cross-presentation previously observed for

the three antigen forms (Fig. 3). This result confirms

that encapsulation of antigen into PLGA particles

greatly enhances the delivery of antigen to the cytosol,

leading to improved class I antigen presentation in both

competent and non-competent cross-presenting cells.

To determine whether endosomal escape of PLGA

encapsulated antigen could be confirmed microscopic-

ally, additional experiments to visualize PLGA particles

no longer associated with the endo-lysosomal compart-

ment were also undertaken. Live murine BM-derived

DC were loaded with PLGA FITC–OVA microspheres,

washed extensively and stained for endolysosomal

localization with the acidotropic dye, LysoTracker Red.

LysoTracker Red selectively labels late endosomes and

lysosomes in live cells44 and has been used extensively

to track the fate of phagocytosed or endocytosed parti-

cles or bacteria.45 As shown in Fig. 4(b), while a large

number of fluorescent particles are contained within

discreet lysosomal vesicles in a confocal section of a

labeled cell (colocalized FITC and LysoTracker Red

signal – panel 3), a number of FITC(+) particles also

appear to have escaped the endolysosome and no longer

colocalize (arrows – panel 3). The result was confirmed

in 3-D confocal reconstructions of whole cells which

had incorporated FITC–OVA particles (Supplemental

Fig. 3), again showing particles no longer associated

with labeled lysosomes which presumably had escaped

to the cytosol.

Taken together, this combination of biochemical,

microscopic, and T-cell stimulatory data strongly suggest

that PLGA encapsulation leads to cytoplasmic delivery of

antigen in quantities not possible when antigen is in sol-

uble form or simply conjugated to the surface of other

artificial particulates.

Figure 4. (a) Endosomal escape of FITC–OVA after being phagocytosed as soluble form, coated onto latex beads, or encapsulated in PLGA parti-

cles. KG-1 cells (open bars) or C1R B cells (closed bars) were incubated with indicated antigen forms for 16 hr, followed by cytosol extraction

for fluorimetry assay. Percent in cytosol was calculated from total antigen initially added to cells. (b) Confocal images of murine BM-derived DC

showing endosomal escape of antigen. Left panel shows FITC–OVA PLGA particles, middle panel shows LysoTracker Red stained endosomal/

lysosomal compartments, right panel is overlay which includes a superimposed DIC image to outline the cell membrane. Arrows in overlay panel

show non-colocalized FITC microparticles.
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PLGA/OVA particle-induced MHC class I antigen
presentation is TAP-dependent

Internalized exogenous antigens can be loaded onto MHC

class I molecules either by an endosomal or cytosolic path-

way. The cytosolic pathway has been suggested as the pri-

mary pathway for efficient class I antigen presentation.46

The cytosolic pathway involves the transport of internalized

proteins into the cytosol and subsequent proteasomal pro-

teolysis. The resulting peptides must be reintroduced into

the ER or phagosomal lumen by the transporters associated

with antigen processing (TAP), a dimeric ATP-dependent

peptide channel, and loaded onto nascent MHC class I

molecules through the action of a TAP-associated load-

ing complex. In contrast, the endosomal pathway is TAP-

independent (reviewed in 47). Preliminary studies of

PLGA-mediated antigen delivery to DC derived from TAP-

deficient mice indicated that PLGA-encapsulated antigen

could be presented through both TAP-dependent and

TAP-independent pathways, depending on antigen dose

and DC loading conditions.48 To determine the TAP

dependency of the MHC class I antigen presentation of our

particular microparticles and loading conditions, we exam-

ined the presentation of PLGA-encapsulated OVA by

T2.Kb, a TAP-deficient human B cell line stably expressing

Kb (Fig. 3, bottom row). In contrast to the robust pres-

entation by the TAP-expressing C1R.Kb and PeCr2.Kb

lines, T2.Kb was unable to present PLGA/OVA-derived

SIINFEKL on MHC class I molecules. This result suggests

that the loading of MHC class I with PLGA/OVA-derived

SIINFEKL uses the classic, TAP-dependent cytosolic path-

way. This result is consistent with our previous results,

which indicated that increases in cross-presentation effi-

ciency are attributed to endosomal escape of antigen encap-

sulated in PLGA/OVA particles.

PLGA particles sustain the level of antigen inside DC

Another unique feature of PLGA particles is the slow

release of antigen in a continuous, sustained fashion.37

We examined whether this feature could maintain anti-

gen levels within DC for periods exceeding other anti-

gen forms, thus prolonging class I antigen presentation.

BM-derived murine immature DCs were pulsed with

fluorescently labelled soluble, latex bead-associated and

PLGA-encapsulated OVA for 3 hr and washed exten-

sively to remove unincorporated antigen. At indicated

time points postloading, cells were fixed and observed

microscopically or by flow cytometry to determine if

measurable antigen was still present (Fig. 5). Immedi-

ately following loading, substantial FITC–OVA was

readily detectable in cells incubated with each substrate

(Fig. 5 – top panels). At 24 hr and 48 hr after internal-

ization, however, the fluorescence in cells treated with

either soluble (Fig. 5, left) or latex bead-associated

FITC–OVA (Fig. 5, middle) were reduced (24 hr) and

virtually undetectable (48 hr). In contrast, DCs treated

with PLGA/FITC–OVA retained substantial fluorescence

that persisted for 48 hr after internalization (Fig. 5,

right).

PLGA microparticles prolong cross-presentation
by DC

Since sustained levels of OVA antigen were observed intra-

cellularly following PLGA-mediated antigen delivery to

DC, we also assessed the effect of this prolonged antigen

presence on the duration of cross-presentation. A time

course of MHC class I antigen presentation was evaluated

after exposure of mouse BMDCs to PLGA/OVA or sol-

uble and latex bead-associated OVA (Fig. 6). Presentation

was again assessed using IL-2 secretion by SIINFEKL-Kb-

specific B3Z T cells. The presentation of SIINFEKL by Kb

when antigen was loaded as either soluble OVA, OVA-

coated latex beads, or control synthetic SIINFEKL peptide

diminished rapidly with time. The magnitude of antigen

presentation was reduced to 50% of the initial responses

at 41, 53, and 67 hr for peptide, soluble OVA, and OVA-

coated latex beads, respectively. The presentation of

PLGA/OVA-derived SIINFEKL by Kb+ DCs, however,

remained constant for more than 72 hr, decreasing by

only 20% at 96 hr. Similar results were observed at lower

concentrations of OVA (25 lg/ml, data not shown).

These results indicate that PLGA particles serve as an

intracellular antigen reservoir capable of providing a

steady and prolonged source of protein antigen for APC,

increasing both the efficiency and duration of MHC class

I cross-presentation.

Discussion

In this study, we demonstrated that antigen encapsulation

into PLGA particles increased the efficiency of MHC class

I antigen presentation in cells both normally competent

for cross-presentation (DC) and those not (B cells), indi-

cating that PLGA microspheres deliver antigen by a

mechanism fundamentally different than that employed

for soluble antigen or antigen conjugated to non-degrad-

able beads. This dramatically improved T-cell stimulation

in vitro; compared to free soluble antigen, inclusion of

antigen into PLGA particles enhanced class I antigen

presentation by greater than twofold and greater than

1000-fold less antigen was required to achieve the same

magnitude of class I antigen presentation (Figs 1 and 2).

PLGA particles were also superior to antigen-conjugated

latex beads, indicating that the nature of the particle, not

just the presence of a phagocytic substrate, is critical to

cross-presentation efficiency (Figs 2–6). In addition, class

I antigen presentation mediated by PLGA particles persis-

ted much longer (> 4 days) than soluble antigen or anti-
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gen on non-degradable beads (Fig. 6) indicating this

method of antigen delivery could significantly improve

and prolong T-cell stimulation in vitro and in vivo.

A number of recent in vivo studies have indicated that

PLGA particles loaded with antigenic peptides or patho-

gen-associated proteins are capable of inducing robust,

specific CTL responses via various administration

routes.17–20,49 It is unclear, however, how PLGA particles

access the MHC class I antigen presentation pathway

of the host APC, although it has been documented that

Figure 5. PLGA particles sustain the level of antigen in DCs. Mouse BMDCs were cultured in mGM-CSF and mIL-4 for 4 days, and then were

exposed to PLGA/FITC–OVA, soluble FITC–OVA, and latex beads/FITC–OVA for three hrs. At various timepoints (0, 24 and 48 hr), cells were

harvested to assay antigen internalization and degradation by flow cytometry and fluorescence microscopy.
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particles are indeed taken up by resident DC or macroph-

ages at the various administration sites.21 Our results

indicate that PLGA particles may aid in both the uptake

and cross-presentation of antigen by DC or macrophages

in vivo, thus increasing T-cell stimulatory capacity and

CTL responses. Our results also provide strong evidence

that that the observed increases in cross-presentation effi-

ciency are due to the superior ability of the microparticles

to facilitate endosomal escape of antigen (Figs 3 and 4),

an ability not observed in other antigen forms. This bio-

chemical confirmation of endosomal escape bolsters pre-

vious reports utilizing fluorescent probes delivered by

PLGA microspheres to peritoneal macrophages or smooth

muscle cells,50,51 which indicated microscopically that

these probes did not colocalize with the endo/phagosome.

Furthermore, our results raise the possibility that this

increased delivery of antigen to the cytoplasm of any end-

ocytic cells may have in vivo implications, since any MHC

class II (+) cell could potentially exhibit heightened cross-

presentation capacity following PLGA-mediated antigen

delivery; a condition favourable in macrophages and DC

but undesirable in potentially tolerizing B cells.

Another unique feature of PLGA particles is their abil-

ity to release antigen in a sustained and pulsatile manner

for weeks to several months.37 In our study this feature

was exploited to provide a prolonged supply of intracellu-

lar antigens that lead to class I antigen presentation for

an extended time period (more than 4 days, Fig. 6). The

long duration of presentation is a major advantage of

PLGA particle-based delivery over soluble antigen, anti-

genic peptide alone or other particulate delivery systems,

which are associated with a short half-life of antigen pres-

entation due to the rapid cellular turnover of MHC class

I molecules and complexes on the cell surface and the

lack of antigen replenishment from cellular stores. A

recent study in a mouse model suggests the rapid turn-

over of externally loaded peptides critically limits the

clinical use of DC-based tumour vaccines52 and method-

ologies that prolonged antigen presentation by various

means has been shown to enhance T cell responses

in vitro and in vivo.53–56 This feature may be relevant to

the use of PLGA particles in a variety of clinical applica-

tions, particularly vaccination strategies, as PLGA micro-

spheres can be fabricated to incorporate specific release

characteristics by adjusting the loading of protein, com-

position of PLGA, or size of particles.57–59 Taken

together, these results indicate it may be possible to fine-

tune PLGA particle systems to provide optimal antigen

presentation, a key to increasing the potency of vaccines

against tumours and infectious agents.

One particularly promising clinical application of the

nanoparticle technologies is in improving DC-based

vaccination protocols for solid tumour immunotherapy.

A major current stumbling block in such therapies is

the efficient delivery of tumour-associated antigens to

DC prior to their utilization in vaccination.7,60 Cur-

rently, several sources have been used to load DCs

including whole cell lysates (soluble proteins), mRNA,

eluted tumour peptides, dissociated apoptotic/necrotic

cells, and tumour cells fused with DCs.61 The simplest

and most clinically relevant means is to load DC with

soluble proteins directly isolated from tumours. In this

way, the entire spectrum of tumour-associated proteins

are present, which is particularly useful in almost all

solid tumours outside melanoma, where few, if any,

tumour-specific proteins have been identified. However,

the cross-presentation of soluble proteins is known to

be less efficient than particulate forms in that high

concentrations of proteins are normally required.32,62

An alternative is to encapsulate whole tumour antigens

directly into PLGA microparticles. This technique can

be done rapidly and under sterile conditions, and

potentially maximizes both the spectrum of tumour

antigens present and the conversion of these antigens

to CTL-recognizable epitopes. Additional experiments to

determine the practicality of this methodology are

necessary, but success in developing this technology

could significantly simplify the disparate DC loading

strategies currently employed in the production of anti-

tumour vaccines.
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Supplementary material

The following supplementary material is available for this

article online:

Figure S1. A representative scanning electron micrograph

of PLGA particles loaded with OVA protein. Scale bar ¼
500 nm.

Figure S2. Encapsulation of antigen in PLGA particles is

necessary for efficient cross-presentation. The requirement

for large quantities of soluble OVA antigen (10 mg/ml –

left panel) to initiate cross-presentation in the KG-1 DC

line is overcome by the encapsulation of the antigen in

PLGA particles (100-fold less antigen – middle panel).

The same quantity of antigen passively adsorbed to the

surface of blank PLGA particles (right panel) is not cross-

presented, indicating that PLGA encapsulation funda-

mentally alters antigen delivery.

Figure S3. PLGA encapsulated antigens escape the endo-

somal/lysosomal compartments. Murine BM-derived DCs

loaded with PLGA/FITC–OVA particles were labelled and

visualized as described in Fig. 4(b). Z-stack images were

reconstructed to make a three-dimensional image that

confirmed the escape of PLGA particles from endo/lyso-

somes to the cytosol.

This material is available as part of the online article

from http://www.blackwell-synergy.com
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