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Abstract

Biodegradable microspheres (MS) consisting of poly(d,l-lactide-co-glycolide) (PLGA) represent a promising alternative to conventional
adjuvants. The adjustable pulsatile release of encapsulated material from such MS offers the potential to mimic the priming and boosting
injections of conventional immunization regimens. In this paper, we demonstrate that MS can serve as antigen reservoirs in antigen presenting
cells (APC), so that antigen is presented for extended periods of time (up to 9 days). In particular, we could show by measurement of IFN-�
production that encapsulated peptides were presented to cytotoxic T lymphocytes (CTL) by mouse and human macrophages as well as
by human dendritic cells in vitro for a longer time period as compared to soluble peptides. The extended antigen presentation may thus
improve the CTL response in vivo. These results may be of paramount importance in cancer vaccination therapy since MS may serve as
antigen reservoirs to extend the presentation time by APC used to boost the patient’s immune response to tumor antigens.
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1. Introduction

Biodegradable microspheres (MS) prepared from
poly(d,l-lactide-co-glycolide) (PLGA) and poly(d,l-lactide)
(PLA) have been used for quite some time as injectable
drug delivery systems. The adjustable degradation rate of
these biodegradable MS provides an efficient means to
control and prolong the release of encapsulated compounds
[1]. Therefore, PLGA/PLA MS are of particular interest as
technology platforms for new vaccines, as they offer pro-
longed and pulsatile release of encapsulated antigens. The
prolonged and pulsatile release of antigen from MS may
mimic the priming and boosting injections of conventional
immunization schedules. It has indeed been shown in nu-
merous examples, that a sustained, robust immune response
is achieved with antigens microencapsulated in biodegrad-
able MS [2–8]. Therefore, the use of MS represents a
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very attractive approach for vaccine development because
it would reduce the number of injections a person will be
subjected to and would increase vaccine coverage in coun-
tries where the dropout rate for successive immunizations
is high.

A further possible exploitation of the characteristics of
biodegradable MS is their use as antigen reservoirs in anti-
gen presenting cells (APC), such as to furnish antigen for
presentation for an extended period of time. This strategy
appears particularly attractive in cancer vaccination therapy
in which APC are pulsed with antigen to boost the patient’s
immune response to tumors [9]. It can be predicted that
while pulsing of APC with soluble antigen would lead to
a limited temporal presentation of the MHC-peptide com-
plex due to its intrinsic dissociation rate and turnover, the
MS pulsed APC could benefit from a longer antigen pres-
ence and a constant re-furnishment of MHC complexes. We
show in this report that long persistence of antigen presenta-
tion is, in fact, achieved when professional APC are loaded
with cytotoxic T lymphocyte (CTL) epitopes encapsulated
in MS.
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2. Materials and methods

2.1. Antigens

Three synthetic CTL epitopes were used, the H-2Kd-
restricted peptide (SYIPSAEKI) derived from the cir-
cumsporozoite (CS) protein of Plasmodium berghei,
PbCS245–253 (Pb) [10], the HLA A2.01 restricted peptide
(YLNKIQNSL) derived from the CS protein of Plasmod-
ium falciparum, strain NF54, PfCS334–342 (Pf) [11], and
the HLA A2.01 restricted peptide (GILGFVFTL) derived
from the influenza matrix protein, MP58–66 [12] (Flu).

2.2. Antigen microencapsulation and microspheres

The peptides Pb, Pf, and Flu were microencapsulated in
PLGA 50:50 (Resomer RG502, Boehringer Ingelheim, D)
by spray-drying as previously described [1]. The peptide
loading of the resulting MS (MS-Pb, MS-Pf, and MS-Flu)
was 2, 4.8, and 3.2 �g/mg MS, respectively. Their diame-
ter varied between 1 and 10 �m. These antigen loaded MS
are capable of releasing their contents in a pulsatile pat-
tern [1]. Empty MS (MSe) were prepared using the same
polymer.

2.3. Murine APC

Murine RAW macrophages (cell line 264) were grown in
complete Dulbecco’s modified Eagle’s medium (cDMEM):
DMEM (GIBCO BRL, Life Technologies Inc., Paisley,
United Kingdom), 5% heat inactivated fetal calf serum
(FCS, Seromed® Biochrom KG, Berlin, Germany), 2 mM
l-glutamine, and 10 mM HEPES. Bone marrow-derived
macrophages (BMM) were prepared from BALB/c mouse
tibias and femurs as described elsewhere [13]. Briefly,
medulla cells from two legs were cultivated 9–12 days on
low adherence Petri dishes (Biocon, Dortmund, Germany)
in 100 ml of cytokine enriched medium: 50% cDMEM,
20% horse serum, 30% L929 conditioned medium. After
this time, floating cells were removed. Adherent cells were
detached by cell scraping after 15 min of incubation at 4 ◦C
and washed. Cells were seeded at 5 × 105 cells per well in
24 well plates for 6 h permitting cell spreading prior to the
peptide presentation assay.

2.4. Human APC

2.4.1. Macrophages
PBMC were prepared from fresh blood by Ficoll-Paque

(Pharmacia LKB, Uppsala, Sweden) density centrifugation
and cultivated 7 days in a Petri dish (Biocon) at 106 cells/ml
in DMEM, 10% human AB serum, 10 mM HEPES, 2 mM
l-glutamine, 1 mM sodium pyruvate, and 1% of a mixture of
non-essential amino acids. Non-adherent cells were removed
and remaining cells detached with a plunger after incubation

for 15 min at 4 ◦C. Cells were seeded at 6 × 104 cells per
well in 48 well plates and cultured for 4 h prior to peptide
presentation assay.

2.4.2. Dendritic cells
Monocytes were isolated from fresh blood by Ficoll-Paque

density centrifugation and CD14+ magnetic sorting and
cultured for 5 days in GM–CSF (50 ng/ml, Leukomax,
Roche, Basel, Switzerland) and IL-4 (1000 U/ml, R&D
Systems, Abingdon, United Kingdom) for differentiation
to immature DCs as previously described [14]. DCs were
seeded at 106 cells per well in 24 well plates prior to peptide
presentation assay.

2.5. CTL

The murine PbCS.C7 CD8+ CTL clone specific for the
Pb epitope was cultured in cDMEM supplemented with
30 IU/ml IL-2 (EL-4 cell culture supernatant) and 50 �M
2-mercaptoethanol and was periodically re-stimulated with
peptide pulsed APC as previously described [10]. Human
CTL clones, specific for Flu (kindly provided by Dr. Danila
Valmori) or Pf were cultured in 96-well round bottom plates
in Iscove’s Modified Dulbecco’s Medium supplemented
with 10% human AB serum (Blutspendedienst SRK, Bern,
Switzerland), 10 mM HEPES, 1 mM sodium pyruvate, 1%
non-essential amino acids, 1% penicilline/streptomycin
(GIBCO BRL Life Technologies, Paisley, UK), 10 �g/ml
Ciproxin (Bayer AG, Leverkusen, Germany), and 150 IU/ml
hu-IL2 (GlaxoSmithKline, Thoerishaus, Switzerland). CTLs
were periodically re-stimulated (every 3–4 weeks) with
1 �g/ml phytohemagglutinin (Sigma) in presence of irradi-
ated allogeneic PBMC. These three CD8+ clones produce
IFN-� upon activation.

2.6. Kinetics of antigen presentation

In all cases, APC were cultured overnight in the presence
of 1 �M soluble or encapsulated peptide in a volume adapted
to the well size and allowing optimal phagocytosis of the
MS (0.5 ml for the RAW cell line and murine macrophages
in 24 well plates, 170 �l for human macrophages in 48 well
plates, and 1 ml for DCs in 24 well plates). Free MS were
eliminated from the macrophage monolayer by extensive
washing. To assure that the antigen presentation kinetics
observed with antigen-loaded MS was not due to peptide
release from MS remaining free in culture after washing,
we confirmed by visual inspection that the washed cultures
did not reveal free MS in the culture medium. This was
accomplished by culturing cells in large wells to facilitate
washing and at a cell density allowing the formation of
monolayers and optimal MS uptake. Moreover, the periph-
ery of culture wells was systematically cleared from free
MS by aspiration. Given that a 10 to 100-fold decrease in
antigen concentration drastically diminished or abolished
antigen recognition by CTLs (data not shown) it seems
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safe to assume that residual MS that might have remained
in culture medium after washing can not account for the
prolonged antigen presentation observed for MS.

In addition, RAW cells were irradiated before the last
wash to inhibit their growth. Since DCs are not adherent,
they were separated from non-phagocytosed MS by label-
ing them with a mouse anti-CD44 antibody (clone B-F24,
Diaclone, Besançon, France) plus anti-mouse Ig magnetic
beads (Goat anti-mouse Microbeads) followed by the pas-
sage through a magnetic column (Minimacs, Miltenyi, Ber-
gish Gladbach, Germany). DCs were then seeded in round
bottom well plates (about 3 × 104 DCs per well).

Fig. 1. Time course of presentation of MS-encapsulated or soluble antigen by murine macrophages. RAW cells (A) or BMM (B) were incubated overnight
with a concentration of 1 �M Pb antigen in the form of encapsulated Pb (MS-Pb), soluble Pb (soluble Pb), or for controls, empty MS with soluble
Pb (soluble Pb + MSe) and without antigen ± MSe in 24 well plates. After extensive washing, the presentation capacity of the various preparations
was evaluated over time by adding H–2Kd/PbCS245–253 specific CTLs at indicated days after antigen pulsing and collecting the supernatant for IFN-�
measurement after 24 h of co-culture. Results represent the mean percentages of the responses obtained at time point zero (to) as described in Section
2. The mean percentages were determined from 3 to 9 experiments.

CTLs were added (1 million/ml for murine cultures, 1000
and 4000 CTLs in 150 �l to human macrophage and DC
cultures, respectively) at various time points. Co-culture su-
pernatants were collected after 24 h and stored at −20 ◦C
before IFN-� evaluation.

2.7. Measurement of IFN-γ production

Murine IFN-� was determined as described by Migliorini
et al. [15] and human IFN-� by the human IFN-� ELISA
kit (Mabtech, Stockholm, Sweden) following manufacturer
instructions. The absorbance of the standard dilutions were
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fitted using a non-linear regression program and the resulting
equation used to determine the international units (IU/ml)
for murine IFN-� or pg/ml for human IFN-� in supernatants.
Some values of murine IFN-� production are expressed as
percentage of the value obtained at time zero which corre-
sponds to the time-point of addition of CTLs immediately
after the washing of pulsed APC. Values represent the av-
erage of replicate supernatants obtained from duplicate or
triplicate cultures.

3. Results

3.1. Kinetics of antigen presentation by murine
macrophages

It is known that MS can release embedded antigen over
prolonged periods of time. It has also been established
that MS are efficiently taken up by macrophages. Here, we
wanted to determine whether the uptake of antigen-loaded
MS would result in a prolonged antigen presentation by APC
to specific T cells. For this purpose, murine macrophages,
from the RAW cell line and derived from bone-marrow
(BMM), were incubated overnight with MS loaded with the
PbCS245–253 epitope from the circumsporozoite protein of
Plasmodium berghei (MS-Pb). Subsequently, after careful
and extensive washing, the antigen presentation capacity of
MS loaded macrophages was determined over a period of
several days. To this end, H-2Kd-restricted CTLs specific
for PbCS245–253 were added at the time points indicated in

Fig. 2. Time course of presentation of MS encapsulated or soluble peptide antigen by human macrophages. Human macrophages were incubated overnight
with encapsulated (MS-Pf) or soluble (soluble Pf) Pf at a concentration of 1 �M, empty MS (MSe) or without antigen as controls in 48 well plates. After
extensive washing, the presentation capacity of the various preparations was evaluated over time by adding HLA-A0201/PfCS334–342 specific CTLs at
the time indicated and collecting the supernatant for IFN-� measurement after 24 h of co-culture. Each value represents the mean of duplicate cultures
minus the value of controls (no antigen ± MSe). Results are representative of two experiments.

Fig. 1A and B. As a control, soluble antigen, empty MS or
a mixture of empty MS and soluble antigen were tested in
parallel. As observed, MS loaded macrophages can present
the antigen at much later times than the soluble preparation.
At time zero, the presentation, as measured by the level of
IFN-� produced, was equal for the two peptide preparations.

In the case of soluble antigen, reduction of IFN-� produc-
tion over time follows first-order kinetics with t1/2 values
equal to 5.4 h (RAW) and 12.2 h (BMM) which should cor-
respond to disappearance of the peptide-MHC class I com-
plex from the cell surface as previously described [16].

In the case of MS, the process seems to be more complex
and, minimally, is composed of two different patterns. On
the first day, IFN-� reduction was similar to that obtained
with the soluble peptide. This was most likely due to the
antigen burst release from MS during the first few hours, as
generally observed for such systems. Subsequently, a sec-
ond phase of more sustained IFN-� production (at least 5
days) was noted, particularly with BMM. This sustained
IFN-� production must be ascribed to continuous supply of
antigenic complexes on the APC surface, due to prolonged
antigen release from ingested MS.

3.2. Kinetics of antigen presentation by human
macrophages and dendritic cells

A third series of experiments were designed to determine
the presentation capacity of human macrophages or den-
dritic cells (DCs), two examples of professional APC. To this
end, macrophages were cultured in the presence of soluble
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antigen, empty MS, or antigen loaded MS and the kinetics
of antigen presentation were investigated in a similar fash-
ion as for murine macrophages. As shown in Fig. 2, while
the presentation of soluble antigen by macrophages dimin-
ished with time with a half-life of 18.6 h, the presentation of
antigen loaded MS remained almost constant over 7 days.

Compared to macrophages, DCs have been described as
highly superior APC with respect to activation of naı̈ve T
cells [9]. For this reason, the efficacy and duration of DC
mediated presentation of MS was established. Since DCs are
non-adherent, non-phagocytosed MS were separated from
DCs via positive selection of cells on magnetic columns,

Fig. 3. Time course of presentation of MS encapsulated or soluble antigen by human DCs. Human DCs were incubated overnight with encapsulated
(MS-Flu or MS-Pf) or soluble (soluble Pf or Flu) antigen (1 �M), empty MS (MSe) or without antigen in 24 well plates. Free MS were removed. The
presentation capacity of the various preparations was evaluated over time by adding HLA-A0201/MP58–66 specific CTLs (A) and HLA-A0201/PfCS334–342
specific CTLs (B) after indicated days and collecting the supernatant for IFN-� measurement after 24 h of co-culture. Each value represents the mean of
duplicate cultures minus the value of controls (no antigen ± MSe). Results are representative of two experiments.

which requires an abundant surface antigen. Among the
tested antigen (CD13, CD33, CD44, and HLA DR), we
obtained the best recovery of DCs using a CD44 specific
antibody. CD44 is implicated in DC adhesion, and some
anti-CD44 mAb can provoke DC aggregation and matura-
tion [17]. However, the separation step using anti-CD44 la-
beling did not modify the presentation capacity of DCs and
did not affect DC viability (results not shown). As depicted
in Fig. 3, antigen presentation of two different peptides by
MS loaded DCs is less constant over time than that of MS
loaded macrophages but it is clearly superior to that observed
with soluble antigen.
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4. Discussion

Numerous studies have demonstrated that a sustained im-
mune response can be obtained when antigens are encapsu-
lated into PLGA/PLA microspheres2–8. The activation of a
specific and prolonged immune response following a single
injection of MS is probably due to the protracted release
properties of biodegradable MS. Moreover, MS of a diam-
eter below 10 �m can be readily taken up by phagocytic
cells which we indeed noted to occur when murine or hu-
man macrophages as well as human monocyte-derived DCs
were incubated with PLGA–MS in vitro. The presentation
and processing of peptides from MS-bound proteins requires
the function of the proteasome [18,19] suggesting that MS
themselves or MS bound material reaches the cytoplasm of
APC. Endocytosed PLGA–MS have been found in APC in
endosomal compartments as well as in the cytoplasm, but
irrespective of their localization, the pulsatile release of pep-
tides would guarantee a prolonged supply of peptides. This
is most likely the rationale for the key finding of this study,
namely, that charging professional APC with peptides in an
MS encapsulated form leads to a presentation of MHC class
I–antigen complexes over an extended period (up to nine
days). The long duration of presentation is a major advan-
tage over external loading with soluble peptides which is
associated with a short half life of antigen presentation due
to the cellular turnover of MHC class I molecules and com-
plexes on the cell surface and the lack of peptide supply from
cellular stores. In the DC-based tumor vaccination trials re-
ported to date, external loading with synthetic peptides has
been performed in most cases but the clinical efficacy was
low. A recent systematic analysis in the mouse model sug-
gests that the rapid loss of externally loaded peptides from
DCs contributes to this failure [20]. Loading autologous DCs
with peptides in an MS encapsulated form is therefore likely
to greatly improve DC-based vaccination in particular since
PLGA–MS does not negatively affect survival and pheno-
typic maturation of DCs [21] (Y. Men, unpublished data).
Since biodegradable PLGA–MS are approved and in use
as clinical drug delivery systems, the loading of DCs with
tumor epitopes in PLGA–MS encapsulated form deserves
to be further developed and tested in tumor vaccination
trials.
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