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Abstract
Vaccines able to stimulate CD8+T cells are crucial in controlling a broad range of infectious diseases
and tumors. To induce effective CD8+T cell responses, exogenous antigen has to be cross-presented
onto major histocompatibility complex (MHC) class I molecules by dendritic cells. Although particle
size has been recognized as a critical factor of vaccine design, it is unclear how the size of vaccine
carriers impacts the intracellular processing of exogenous antigen and cross-presentation onto MHC
class I molecules. In this study, by using polystyrene beads with narrowly defined sizes as model
antigen carriers, we demonstrate that particle size mediates the efficiency of cross-presentation of
exogenous antigens. By examining the intracellular trafficking, kinetics of phagosomal pH and
degradation of antigens bounded to beads, we illustrate the possible mechanisms attributed to the
profound effect of particle size on the efficiency of cross-presentation. Antigen bounded to 50 nm
beads was shuttled rapidly to an acidic environment within half an hour post-exposure to cells, leading
to its rapid and unregulated degradation and inefficient cross-presentation. In contrast, antigen
bounded to 500 nm and 3 μm beads remained in a more neutral environment, which preserved the
majority of antigens, leaving it available for the generation of peptides to be loaded onto MHC class
I molecules. We conclude that the size of antigen carriers plays a critical role in directing antigen to
the class I antigen presentation pathway. Our results, together with previous in vivo studies on the
effect of particle size on CD8+T cell responses, provide insight into the rational design of vaccines
for the stimulation of cell-mediated immunity.
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1. Introduction
Cytotoxic T lymphocyte (CTL) responses are crucial in the immunological control of tumors,
viral infections and immune surveillance [1,2]. Vaccines that generate antibody production
have been widely used in the past century, but the design of vaccines able to stimulate CTLs
remains a challenge. To initiate potent CTL responses, exogenously-delivered vaccines have
to be presented by dendritic cells (DCs) to CD8+T cells through a process called “cross-
presentation” [3–5].

Particulate antigen delivery systems have been shown to effectively cross-present antigens and
elicit potent CTL responses compared to soluble antigens [6–9]. Size has been recognized as
a critical factor of particulate vaccine carriers for the stimulation of CTLs. Early studies have
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observed that antigen delivered by iron oxide or latex microparticles (0.5–1.5 μm) resulted in
more effective cross-presentation than small (<0.5 μm) and large (10 μm) particles [6,8].
Recent studies, on the contrary, suggest that nanoparticles (40–50 nm) induce stronger
CD8+T cell responses than particles of other sizes [10–12]. These studies attributed the
profound effect of particle size on the immunogenecity of vaccines to the ability of particles
to access DEC-205+DCs, which were particularly adept at presenting extracellular antigen on
MHC class I to CD8+T cells. The discrepancy among previous studies indicates that the
enhanced uptake by relevant cell populations of different sizes of particulate antigen may not
be the sole factor attributed to the effectiveness of cross-presentation.

Cross-presentation requires the delivery of exogenous antigen through endosomes and
phagosomes where it is partially and controlledly degraded through specialized mechanisms
found in dendritic cells [13,14]. Antigen fragments are then exported to the cytosol where they
are further degraded by proteosomes into 8 or 9 amino acid peptides before being transported
into the lumen of the endoplasmic reticulum (ER) or ER–phagosomes and loaded onto MHC
class I molecules [15]. During this process, the initial degradation in phagosomes has to be
tightly controlled to prevent complete degradation of immunogenic peptides and to maximize
the array of antigenic peptides for potential recognition by CD8+T cells [13]. This precision
can be achieved by the accurate control of the composition and activities of lysosomal
proteases, and hence degradation of antigens. Phagosomal pH is one of the key factors in the
regulation of the composition and activities of lysosomal proteases and protein degradation
[14,16]. It has been shown that particulate antigens influence the function of phagocytic
antigen-presenting cells through effects on the intracellular trafficking of antigen [17,18].
Antigen prepared in large particles (~500 nm) are shuttled to early endosomal compartments
with a pH of 6.0, whereas small particles (<200 nm) are delivered to late endosomal/lysosomal
compartments with a pH of 4.5–5.0 [18]. Built upon these early observations, we hypothesize
that the size of particles would have significant impact on the profiles of phagosomal pH and
antigen degradation, and thus the efficiency of cross-presentation of exogenous antigen.

To test this hypothesis, we initially examine the effect of the size of particles on the efficiency
of cross-presentation in vitro, and then quantitatively measure the profiles of phagosomal pH
and antigen degradation exhibited by beads of varying sizes. We demonstrate that particles of
different sizes exhibit distinct kinetics of phagosomal pH, and thus varying kinetics and extent
of antigen degradation. These distinct mechanisms of intracellular antigen processing are
linked to the more efficient cross-presentation of antigen bound to microparticles than
nanoparticles.

2. Materials and methods
2.1. Cells

A dendritic cell line, DC2.4 (a gift from K.L. Rock, University of Massachusetts Medical
School) was maintained in RPMI 1640 supplemented with 10% fetal calf serum (FBS), 2 mM
L-glutamine, 10 mM HEPES, 50 μM 2-mercaptoethanol, and 100 units/ml penicillin and 100
μg/ml streptomycin. The B3Z T cell hybridoma (a gift from N. Shastri, University of California,
Berkeley), engineered to secrete β-galactosidase when its T-cell receptor engages the
OVA257–264:Kb complex, was maintained in RPMI 1640 supplemented with 10% fetal calf
serum (FBS), 2 mM L-glutamine, 10 mM HEPES, 50 μM 2-mercaptoethanol, 1 mM sodium
pyruvate and 100 units/ml penicillin and 100 μg/ml streptomycin. Cells were maintained at 37
°C under an atmosphere with 5% CO2.
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2.2. Antigen adsorption/conjugation to beads
Ovalbumin (OVA) was adsorbed to polystyrene beads (Polysciences) with diameters ranging
from 50 nm to 3 μm to initially explore a broad size range of particles. Beads were re-suspended
at 1 wt% in citrate buffer at pH 4.2. OVA was added for a final concentration of 1 mg/ml and
incubated at 4 °C for 24 h. Beads were extensively washed and re-suspended in phosphate-
buffered saline (PBS). The amount of protein adsorbed was determined by measuring the
concentration in the supernatant after adsorption. A control sample containing 1 mg/ml OVA
without beads was included to account for protein adsorption on the container walls.
Alternatively, OVA was covalently coupled to 3 μm, 500 nm or 50 nm carboxylated
polystyrene beads. Carboxylated beads allowed coupling of fluorescent proteins used for
different intracellular assays. Briefly, 1% w/v carboxylated beads were activated with 5 mM
N-hydroxysulfosuccinimide (sulfo-NHS) and 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDAC) for 2 h at room temperature. OVA was then added to the mixture to give
a final concentration of 1 mg/ml. The mixture was then incubated for an additional 1 h at room
temperature. The reaction was quenched for 30 min by adding glycine to a final concentration
of 100 mM. Particles were then washed by centrifugation and stored in a 1 mg/ml bovine serum
albumin (BSA) solution at 4 °C.

2.3. Cross-presentation assays
DC2.4 cells were seeded in triplicates at a density of 5 × 104 per well in 96-well round-bottomed
plates and incubated overnight. DC2.4 cells were loaded with beads to deliver an equivalent
of 100 μg/ml OVA and incubated with cells for 4 h. Cells were then washed three times with
PBS and co-incubated with 1 × 105 B3Z T cell hybridomas for 20–24 h in 200 μl of culture
media. For cross-presentation kinetics experiments, DC2.4 were fixed with 1%
paraformaldehyde (PFA) for 20 min at room temperature after incubation with beads for the
indicated time points, and washed with PBS before incubation with B3Z T cells. B3Z
stimulation was determined through detecting the reporter enzyme β-galactosidase by
replacing the medium with 150 μl lysis buffer containing 0.1 mM 2-mercaptoethanol, 9 mM
MgCl2, 0.1% Triton X-100, 0.15 mM chlorophenol red-β-D-galactopyranoside per well.
Following 90 min incubation, the absorbance at 570 nm (OD570) was measured using a
microplate reader (Molecular Devices).

For enzyme inhibition experiments, cells were incubated with antigens in medium containing
100 μM leupeptin and 10 μM pepstatin or 1 mM NH4Cl for 4 h. Cells were thenwashed with
PBS, fixed with 1% PFA for 20 min at room temperature, washed with PBS, and incubated
with B3Z T cells. T cell stimulation was then assayed as above.

2.4. Confocal microscopy analysis of intracellular distribution of particles
DC2.4 cells were cultured on round glass coverslips in a 24-well tissue culture dish at a density
of 5 × 105 cells/well. Cells were pulsed with 50 nm or 3 μm Fluoresbrite YG polystyrene beads
(Polysciences) for 30 min, washed three times with PBS, and incubated for the indicated time.
During the last 10 min of each incubation period, LysoTracker Red (Molecular Probes) was
added to a final concentration of 3 μM. Cells were then washed three times with PBS, fixed
with 4% PFA for 20 min at room temperature, washed three times with PBS, and mounted
with Vectashield Hardset Mounting Medium with 4′,6-diamidino-2-phenylindole (DAPI) to
label the cell nuclei (Vector Laboratories). Images were acquired with a Leica multiphoton
confocal microscope (Keck Microscopy Facility, University of Washington) using a 63×
objective.
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2.5. Phagocytosis measurement by flow cytometry
Phagocytosis was determined using polystyrene beads of various diameters adsorbed with
OVA–fluorescein isothiocyanate (OVA–FITC) conjugates (Molecular Probes). Cells were
incubated with increasing dilutions of beads for 4 h at 37 °C in complete medium. The cells
were washed three times with PBS and analyzed by flow cytometry. Phagocytosis was
quantified by determining the geometric mean of fluorescence of FITC using Flowjo (Treestar,
Inc.).

2.6. Measurement of phagosomal pH
Carboxylated polystyrene beads with diameters of 3 μm, 500 nm, and 50 nm (Polysciences)
were activated with sulfo-NHS and EDAC for 2 h and coupled with OVA–FITC (pH-sensitive)
and OVA–AlexaFluor647 (pH-insensitive) conjugates (Molecular Probes) for 1 h at room
temperature. The reaction was quenched with 100 mM glycine and extensively washed with
PBS and re-suspended in a 1 mg/ml BSA solution. Coupled beads were incubated with cells
at 37 °C for 30 min at a concentration of 100 μg/ml of OVA–FITC. Particles were removed
and cells were washed three times with PBS. The cells were then further incubated at 37 °C in
media for the indicated times and immediately analyzed by flow cytometry. The ratio of the
mean fluorescence intensity of the OVA–FITC and OVA–AlexaFluor647 probes for each
sample was determined (FL1/FL3 ratio). Values were calibrated against a standard curve
obtained by resuspending cells that were exposed to coupled beads for 2 h. Cells used for
obtaining calibration curves were fixed with 4% PFA, permeabilized with 0.1% Triton X-100,
incubated in citrate buffers with defined pH and immediately analyzed by flow cytometry. To
confirm that the decrease in OVA–FITC fluorescence observed at low pH was not due to the
loss of FITC from beads, low pH samples were neutralized after measurement with sodium
hydroxide and re-measured.

2.7. Measurement of phagosomal protein degradation
DQ OVA (Molecular Probes) is a self-quenched OVA conjugate that exhibits fluorescence
after proteolytic degradation. DQ OVA was coupled to activated polystyrene beads with
diameters of 50 nm, 500 nm, and 3 μm. Cells were incubated with beads for 30 min at 37 °C
and washed three times with PBS. They were further incubated for the indicated times and
analyzed by flow cytometry to quantify the fluorescence intensity of the DQ OVA. The
cumulative degradation was calculated as (MFIt – MFI0)/MFI0, where MFI denotes the mean
fluorescent intensity and the subscripts represent the time points, with MFI0 representing the
initial MFI after a 30 min incubation with beads.

2.8. Statistical analysis
The data shown are the average of at least two independent experiments. For antigen
presentation experiments, triplicate samples were performed and the averages were shown.
The error bars represent the standard deviation of the samples.

3. Results
3.1. The efficiency of cross-presentation is size-dependent

To examine the effect of particle size on the efficiency of cross-presentation, we initially
exposed a DC cell line, DC2.4, to OVA (a model antigen), adsorbed to polystyrene beads of
varying sizes (50 nm–3 μm). Antigen was initially adsorbed to beads because of the limited
availability of particles of varying sizes containing surface carboxylate groups for conjugation.
For all particle sizes, 100 μg/ml OVA in total was delivered. The magnitude of K.K. Tran, H.
Shen/Biomaterials 30 (2009) 1356–1362 cross-presentation differed depending on the size of
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particles; both large (1–3 μm) and small (50 nm) particles exhibited higher levels of cross-
presentation than intermediate particles (Fig. 1a).

To determine whether the difference in the efficiency of cross-presentation by beads of
different sizes was time-dependent, we examined the kinetics of cross-presentation by 3 μm,
500 nm, and 50 nm beads. DC2.4 cells were exposed to beads for various time points from 1
h to 8 h. Antigen coupled to 3 μm and 50 nm beads were consistently cross-presented at a
higher efficiency compared to 500 nm beads at all time points (Fig. 1b), demonstrating that
the kinetics of uptake or antigen presentation that may be associated with different particle
sizes do not lead to the observed size-dependency of cross-presentation.

Since particle size also affects the amount of antigen uptake by cells [19], the enhancement
observed can be attributed to both the efficiency of intracellular antigen processing and
presentation and the total amount of antigen taken up by cells. We titrated the amount of antigen
delivered for each particle size and examined their uptake by flow cytometry (Fig. 2a). When
100 μg/ml of antigen was delivered, antigen coupled to 50 nm and 200 nm beads were taken
up with far greater efficiency compared to larger beads (>200 nm); when 10 μg/ml of antigen
was delivered, equal levels of antigen were taken up by cells for the different particle sizes
(Fig. 2a). Therefore, to eliminate the effect of antigen uptake on the cross-presentation
efficiency, we re-examined the cross-presentation efficiency of 3 μm, 500 nm, and 50 nm beads
conjugated to OVA when 10 μg/ml of antigen was delivered. As illustrated in Fig. 2b, the cross-
presentation efficiencies of 3 μm and 500 nm beads are greater than those of 50 nm beads.
Experiments with beads adsorbed with OVA at this concentration also showed a size-dependent
response, with 3 μm beads eliciting the highest level of cross-presentation, followed by 500
nm and 50 nm beads (data not shown). These results suggest that intracellular antigen
processing may attribute to the difference in the efficiency of cross-presentation of particulate
antigen exhibited by beads of different sizes.

3.2. Phagosomal pH profiles are size-dependent
To quantitatively measure the pH experienced by varying sizes of beads, we adapted a
fluorescence ratiometric method to monitor phagosomal pH [13,20]. Polystyrene beads of
varying sizes were coupled to OVA–FITC (pH-sensitive) and OVA–AlexaFluor647 (pH-
insensitive) and incubated with cells. At given time points post-30 min pulse, the fluorescence
intensities of the two dyes were quantified using flowcytometry. The ratio of fluorescence
intensities between the two dyes (expressed as FL1/FL3 ratio) correlated with the pH in the
phagosomes. The absolute value of phagosomal pH was calibrated with a standard curve
established with permeabilized cellsimmersed in buffers of fixed pH(Fig. 3a). As shown in
Fig. 3b, the profiles of phagosomal pH are size-dependent. The pH of phagosomes containing
50 nm beads rapidly decreased to pH 5.0 at which it remained. The pH of phagosomes
containing 500 nm beads, however, remained at 6.0. The pH of phagosomes with 3 μm beads
initially was 6.0 as that of phagosomes containing 500 nm beads. Interestingly, the phagosomal
pH then gradually increased to 7.2 during the first 60 min at which it remained.

To confirm the pH profiles obtained above, we examined the intracellular localization of
particles of two size ranges. DCs were pulsed with either 3 μm or 50 nm fluorescent polystyrene
beads. After a 30 min incubation, 3 μm particles did not co-localize with lysosomes, which
exhibit an environment pH of 5.0 ± 0.5 [21], whereas a majority of 50 nm particles did (Fig.
3c). Even after 120 min incubation, 3 μm particles did not co-localize with lysosomes. In
contrast, 50 nm particles completely merged with lysosomes, indicating that all particles were
routed into lysosomes. In addition, 50 nm particles and lysosomes were concentrated on the
periphery of the cell nucleus (labeled blue by DAPI), a characteristic feature of late endosomal
and lysosomal compartments. These results are consistent with the phagosomal pH profiles
obtained for different particle sizes.
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3.3. Antigen degradation profiles in phagosomes are size-dependent
Our results strongly suggest that phagosomes containing particles of different sizes exhibit
significantly different pH profiles, which could potentially lead to variations in the degree of
protein degradation, and thus the magnitude of antigen cross-presentation. We next examined
the functional consequences of different phagosomal pH profiles by particles of various sizes.
We monitored the rate of antigen degradation by DQ OVA (Molecular Probes), a self-quenched
OVA conjugate that exhibits fluorescence after proteolytic degradation. As expected, antigen
bound to 50 nm beads showed the greatest degradation, while degradation was less evident for
antigen bound to both 500 nm and 3 μm beads (Fig. 4a).

To confirm that the observed degradation was largely due to the action of enzyme proteases
and not other non-specific mechanisms, the protease inhibitors, pepstatin and leupeptin, were
used to inhibit enzymatic activities [13]. As illustrated in Fig. 4b, the degradation of antigen
bound to 50 nm beads was not appreciable at the first 30-min pulse and a significant lower
level degradation was observed after 30-min pulse compared to untreated samples in Fig. 4a,
demonstrating that the degradation of antigen is mainly due to the activity of proteases. In
addition, NH4Cl, which prevents acidification of phagosomes, also reduced the degree of
degradation of antigen bound to 50 nm beads, as shown in Fig. 4c. Therefore, antigen bound
to 50 nm beads was routed to more acidic environments where majority of protein was
degraded, whereas antigen bound to 500 nm and 3 μm beads was exposed to more alkaline
environments where protein degradation was much less severe.

3.4. Efficiency of cross-presentation in the presence of protease inhibitors and NH4Cl
Lastly, we examined whether we could increase the efficiency of cross-presentation of antigen
bound to 50 nm beads by inhibiting the activities of proteases and increasing the phagosomal
pH by NH4Cl. As shown in Fig. 5, cross-presentation by 50 nm beads increased two- and three-
fold in the presence of leupeptin/pepstatin and NH4Cl, respectively. As for 3 μm and 500 nm
beads, the presence of protease inhibitors had little effect on the magnitude of cross-
presentation; however, the presence of NH4Cl enhanced cross-presentation of antigen on both
3 μm and 500 nm beads. Taken together, our results demonstrated that antigen bound to
particles of different sizes was exposed to different pH environment and thus subjected to
varying degrees of degradation by proteases, which resulted in size-dependent efficiencies of
cross-presentation.

4. Discussion
The current study has provided a mechanistic understanding of the size of particulate antigen
carriers on the efficiency of cross-presentation of exogenous antigens. Microparticles (>500
nm) demonstrated a higher efficiency in shuttling exogenous antigen to the cross-presentation
pathway than nanoparticles (<200 nm). This variation was attributed to the phagosomal pH
environment that particles of different sizes were exposed to. Nanoparticles were quickly
transported to an acidic environment with a pH of 5 while microparticles remained in a more
neutral environment, with a pH of 6.0 for 500 nm particles and a pH of 7.2 for 3 μm particles.
The different phagosomal pH profiles resulted in varying levels of antigen degradation, and
thus efficiency of cross-presentation.

The induction of CD8+T cell responses is critical for the immunological control of intracellular
pathogens and tumors. The discovery of the cross-presentation pathway in a critical population
of antigen presentation cells, DCs, offers a strategy for eliciting effective CD8+T cell responses
through exogenously-delivered antigen. However, the efficiency of cross-presentation is very
low for soluble antigens. Several studies have demonstrated that particulate antigens can be
more efficiently cross-presented onto MHC class I molecules, though the detailed mechanisms
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are still debated [6,8]. Currently, two major mechanisms are generally accepted. One is that
particulate antigen is phagocytosed, escape into cytosol and then utilize the classical antigen
presentation pathway to load onto MHC class I molecules. Another theory is that particulate
antigen is phagocytosed into ER–phagosomal compartments, exported into the cytosol,
selectively degraded by proteasomes into 8–9 amino acids and translocated back into the ER–
phagosomal compartment through the transporter associated with antigen processing (TAP),
and then loaded onto MHC class I molecules [22–24]. However, the existence of ER–
phagosomal compartments is being debated [25,26]. Nevertheless, the residence time and
degradative environment of exogenously-delivered antigen in phagosomes are critical for
preserving peptides available for loading onto MHC class I molecules [13,27].

Upon closure, phagosomes are not static but quickly fuse with other intracellular vesicles. In
general, they first fuse with early endosomes and late endosomes, and then lysosomes in a
process called phagosome maturation [28,29]. During this process, they acquire progressively
both the acidification machinery and the proteases characteristic of endocytic compartments,
which become adept in the degradation of proteins and pathogens [30]. It has been
demonstrated that DCs possess specialized endocytic mechanisms to control protein
degradation for efficient antigen presentation through the regulation of the pH environment in
phagosomes [13,14,31]. For example, lysosome acidification in immature DCs has been shown
to be inefficient due to limited recruitment of vacuolar-ATPase (v-ATPase) subunits [14].
Upon maturation, recruitment of the subunits is enhanced, resulting in increased acidification
and thus degradation of proteins into peptides for antigen presentation. In this study, we
demonstrate that an important physical feature of the particulate vaccine itself, particle size,
can alter antigen trafficking, processing, and cross-presentation efficiencies. Antigen bound to
50 nm beads was quickly routed to an environment with a pH of 5.0. In contrast, antigen bound
to 500 nm beads remained in phagosomes with a pH of 6.0, which corresponds to early
endosomes. Interestingly, phagosomes containing 3 μm beads initially exhibited a pH of 6.0
and increased to a pH of 7.2 within 30 min. The increase in pH may be due to the production
of reactive oxygen species which consume protons generated by v-ATPase, a unique
mechanism in DCs for controlled degradation of antigens as suggested by other studies [13].

Previously, several groups have reported that exacerbated antigen degradation by proteases in
phagosomes or lysosomes is detrimental to the cross-presentation of exogenous antigen, and
that elevated pH in phagosomes can protect antigen from complete degradation [13,32]. In
addition, Delamarre et al. have demonstrated that antigens more resistant to lysosomal
proteases result in greater immunogenicity in vivo [33]. Weak bases such as chloroquine and
NH4Cl, which inhibit phagosomal acidification, have been shown to enhance cross-
presentation in vivo, leading to effective CTL responses against viral infections [34]. The
results from our studies are consistent with the studies of other groups in that antigen bound
to microparticles experience more alkaline pH environments, reducing protein degradation,
and thus increasing the efficiency of cross-presentation. Antigen bound to 50 nm beads was
subjected to an acidic environment, where many lysosomal proteases were most active and
potentially destroyed peptides for loading onto MHC class I molecules. As a result, the
magnitude of cross-presentation was reduced. However, in a more neutral environment that
antigen bound to 3 μm beads experienced, a majority of lysosomal proteases were in general
not active. Consequently, more antigens were available for controlled degradation to generate
peptides with 8–9 amino acids for loading onto MHC class I molecules. Our studies provide
the first evidence that phagosomal pH regulates the variation of efficiency of cross-presentation
associated with particles of different sizes.

Based on our and previous studies regarding the effect of particle size on the induction of CTLs,
there exists a paradox for the design of vaccines to achieve optimal CTLs. The current study
suggests that microparticles can potentially generate higher levels of CTLs than nanoparticles
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in terms of intracellular antigen processing and presentation, whereas other studies have
demonstrated that nanoparticles may be superior to microparticles in terms of their ability to
efficiently access DC populations in vivo [10,11].

A possible approach to address this paradox is to carry out a detailed study on the accessibility
of varying sizes of particles to the DC population of interest through various routes of
administration, and then tune the chemistry of particles to direct their intracellular trafficking
for optimal antigen processing and presentation. Some studies have attempted this approach
by modifying nanoparticles to facilitate antigen escape from phagosomal compartments into
the cytosol for more efficient cross-presentation [7,35,36]. However, it is unclear whether the
facilitation of particles into the cytosol leads to more efficient cross-presentation than retaining
particles in a more neutral ER–phagosomal environment. Further studies are required to
address this issue.

5. Conclusions
In summary, the current study provides a mechanistic understanding on how the size of
particulate antigen carriers affects the efficiency of intracellular antigen processing and cross-
presentation. Microparticles (>500 nm) demonstrated a higher efficiency in shuttling
exogenous antigen to the cross-presentation pathway than nanoparticles (<200 nm).
Microparticles were shuttled to a more basic environment where antigen degradation was
limited. In contrast, nanoparticles were quickly transported to acidic, lysosomal compartments,
resulting in higher levels of antigen degradation. Thus, the phagosomal pH profiles exhibited
by different particle sizes contribute to the size-dependent cross-presentation efficiency.
Together with other previous studies, these findings will aid in more rational design of
particulate vaccine carriers and delivery strategies to stimulate effective CTLs for the control
of tumors and viral infections.
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Appendix

Appendix
Figures with essential color discrimination. Fig. 3C in this article is difficult to interpret in
black and white. The full colour images can be found in the online version, at doi:10.1016/
j.biomaterials. 2008.11.034.
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Fig. 1.
The effect of particle size on cross-presentation. (a) OVA was adsorbed on polystyrene beads
ranging from 50 nm to 3 μm and incubated with DC2.4 at a concentration of 100 μg/ml OVA.
The CD8+T cell responses were then assessed. Soluble OVA controls of 100 μg/ml were
included and induced negligible levels of T cell stimulation. (b) The kinetics of cross-
presentation of antigen adsorbed to 3 μm, 500 nm, and 50 nm was examined. Cells were
exposed to beads for the indicated time, fixed with 1% PFA, and incubated with T cells. The
amount of T cell stimulation was expressed as OD570.
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Fig. 2.
Cross-presentation with equivalent antigen uptake. (a) To account for antigen uptake in the
evaluation of CD8+T cell responses, OVA–FITC was conjugated onto polystyrene beads of
varying sizes and incubated with DC2.4 at varying concentrations. Uptake was assessed by
flow cytometry and quantified as the geometric mean fluorescence intensity of FITC. (b) OVA
conjugated to 3 μm, 500 nm, and 50 nm beads was delivered at a concentration of 10 μg/ml
and the CD8+T cell response was assessed.
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Fig. 3.
The effect of particle size on kinetics of phagosomal pH and intracellular localization. (a)
Phagosomal pH calibration curves determined by the ratio of OVA–FITC to OVA–
AlexaFluor647 (FL1/FL3) conjugated to 50 nm, 500 nm, and 3 μm polystyrene beads. (b)
Beads were delivered to cells at a concentration of 100 μg/ml OVA–FITC. The phagosomal
pH profiles of 50 nm, 500 nm, and 3 μm polystyrene beads were determined at varying time
points. (c) 3 μm and 50 nm fluorescent polystyrene beads (green) were incubated with DCs
for 30 min, washed, further incubated for either 30 or 120 min and examined by confocal
microscopy to determine the intracellular localization of beads. DCs were labeled with
LysoTracker Red (red) to label lysosomes and DAPI (blue) to label nuclei.
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Fig. 4.
The effect of particle size on the degradation of antigen. (a) DQ OVA was conjugated to 50
nm, 500 nm, and 3 μm polystyrene beads. DCs were pulsed with beads for 30 min and chased
for the indicated times. Cells were analyzed by flow cytometry to quantify the fluorescence of
the probe and plotted as the normalized, cumulative degradation of antigen. The experiment
was repeated in the presence of (b) 100 μM leupeptin/10 μM pepstatin mixture and (c) 1 mM
NH4Cl.
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Fig. 5.
Cross-presentation of particles of varying sizes in the presence of NH4Cl and enzyme
inhibitors. OVA was conjugated to 50 nm, 500 nm, and 3 μm polystyrene beads and incubated
with DCs at a concentration of 10 μg/ml in the presence of a mixture of 100 μM leupeptin/10
μM pepstatin, 1 mM NH4Cl, or media for 4 h. Cells were fixed with 1% PFA before incubation
with 1 × 105 B3Z T cells. CD8+T cell responses were assessed after 20–24 h incubation with
B3Z T cells. The CD8+T cell responses were normalized with the response in the absence of
NH4Cl and enzyme inhibitors.
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