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Abstract: Delivery of antigenic protein to the cytosol of antigen-presenting cells (APCs), such
as macrophages (M®) and dendritic cells (DCs), is required for an efficient CD8 T-cell-mediated
immune response. We have previously shown that co-encapsulation of antigenic protein inside
pH-sensitive liposomes with listeriolysin O (LLO), a pore-forming protein of Listeria monocyto-
genes, generates efficient major histocompatibility complex class | (MHC I)-restricted immune
responses both in vitro and in vivo. In this study, we sought to analyze the relative efficiency of
LLO-mediated cytosolic delivery of liposomal antigen in two important APCs, macrophages and
dendritic cells, by examining the sequential steps involved in antigen presentation to T-cells in
cultured mouse bone marrow-derived M®ds (BMM®s) and DCs (BMDCs). BMM®s overall
presented liposomal antigen better than BMDCs at a given concentration of liposomal antigen
incubated with cells, and the trend was also observed after the presentation was normalized by
the uptake of antigen. When soluble antigen was directly introduced into the cytosol, however,
BMDCs presented the antigen more efficiently than BMM®s. In addition, when the APCs were
externally loaded with the antigenic peptide of the protein, BMDCs displayed a higher level of
cell surface MHC I—peptide complexes and presented the peptide more efficiently than BMM®s.
These results combined together suggest that LLO-mediated release of liposomal antigen from
the endosomal/lysosomal compartment may be more pronounced in BMM®s than in BMDCs,
and further implicates differential activity of LLO and varying efficiency of LLO-mediated
endosomal escape in different antigen-presenting cell types.
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troduction or treatment of a number of disease states, including viral
A strong antigen-specific cytotoxic T lymphocyte (CTL) infection, cancer, and certain types of bacterial infectidn.

response is considered to be critical in the prevention and/
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In priming CTLs, antigen-presenting cells (APCs) play a of the endosomal/lysosomal compartm&di€ It was dem-
crucial role by processing and presenting epitopes derivedonstrated that pH-sensitive liposomes containing purified
from cytosolic antigen to CD8 T-cells in a major histo- LLO (LLO-liposomes) and ovalbumin (OVA) efficiently
compatibility complex | (MHC 1)-dependent manrer. induced MHC I-restricted OVA-specific antigen presentation
Typically, exogenously administered proteins do not in vitro in an LLO-dependent manner, and a robust OVA-
efficiently enter the cytosol because of poor permeability specific CTL responsé vivo that was clearly augmented
across the plasma membrane and endosomal/lysosomaby LLO.12:13
membrané.Instead, after uptake by cells through endocy-  Although a strong antigen-specific CTL response was
tosis, they are typically degraded in the endosomal/lysosomalobserved using LLO-liposome-mediated antigen delivery
compartment and thus presented predominantly in a MHC vivo, little is known about the relative contribution from
lI-restricted manner. In contrast, antigenic protein within the different types of APCs to the presentation of antigen
cytosol is processed into peptide fragments, which are encapsulated in LLO-liposomes. We sought to address this
subsequently transported into the endoplasmic reticulum (ER)issue by first investigating vitro the relative efficiency of
where they bind to MHC | molecules, and are then displayed antigen delivery and presentation by two major APCs, DCs
on the cell surface as peptid®HC | complexes. Thus, and Mds. DCs are reported to be highly efficient at capturing
induction of an efficient MHC I-dependent immune response antigen, and are the only APC reported to be capable of
requires augmented delivery of antigenic protein to the activating a naive T-cefi’'® M®s can efficiently present
cytosol of APCS 11 antigen to T-cells, are highly efficient at capturing liposomal
We have previously reported an approach designed forantigen, and may also cross-present antigen to ICs
such enhanced cytosolic delivery of exogenous protein by »iv0.1%2°Some studies have compared DCs an@$vusing
combining liposomes with a strategy that is based on the assays that require high costimulatory activity to the T-cells,
endosome-perforating (endosomolytic) mechanism used bywhile we assessed antigen presentation in this study using a
Listeria monocytogend&M) to invade the cytosol of a host  well-establishedh vitro assay that generates readout signals
cell 1213 After binding and internalization via the endosomal/ independent of the costimulatory activity??
lysosomal pathway, LM secretes LLO, a 58 kDa protein that  LLO-liposome-mediated delivery of antigen to the cytosol,
forms pores within the endosomal/lysosomal membrane, leading to MHC I-dependent presentation, involves a se-
enabling escape of the bacterium into the cytd$alLO guence of complex steps. In the first step, the liposomal
has been shown to have optimal activity at the acidified pH formulation binds to the cell surface and enters the cell via
endocytosis. In the second step, LLO and antigen are released
(5) Germain, R. N. MHC-dependent antigen processing and peptide from the destabilized liposomes in the endosomal/lysosomal
presentation, providing ligands for T lymphocyte activatiGell
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Immunol. Re. 1999 172, 49-66. 1994 730, 15-25.
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proteins delivered to dendritic cells via pH-sensitive liposomes for amateurs and professionalgends Cell Biol.1998 8, 231—
induce primary cytotoxic T lymphocyte responses in vifraExp. 237.

Med. 1992 175 609-612. (19) Papahadjopoulos, D.; Allen, T. M.; Gabizon, A.; Mayhew, E.;
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(12) Lee, K. D.; Oh, Y. K.; Portnoy, D. A.; Swanson, J. A. Delivery  (20) Harshyne, L. A.; Watkins, S. C.; Gambotto, A.; Barratt-Boyes,
of macromolecules into cytosol using liposomes containing S. M. Dendritic cells acquire antigens from live cells for cross-
hemolysin fromListeria monocytogened. Biol. Chem1996 271, presentation to CTLJ. Immunol.2001, 166, 3717-3723.
7249-7252. (21) Harding, C. V. Techniques for studying phagocytic processing

(13) Mandal, M.; Lee, K. D. Listeriolysin O-liposome-mediated of bacteria for class | or Il MHC-restricted antigen recognition
cytosolic delivery of macromolecule antigen in vivo, enhancement by T lymphocytesMethods Cell Biol1994 45, 313—-326.
of antigen-specific cytotoxic T lymphocyte frequency, activity, (22) Rock, K. L.; Rothstein, L.; Gamble, S. Generation of class | MHC-
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acidic pH compartment and the antigen is released into the Cell culture media were obtained from Gibco (Grand
cytosol of the APC upon formation of the pore by LLO. In Island, NY) unless specified. Dendritic cell media (DCM)
the third step, the antigen released into the cytosol is consisted of 10% FBS, 1 mM sodium pyruvate, 2 mM
processed into peptide fragments, transported into the en-glutamine, 10Q:g/mL streptomycin, 100 units/mL penicillin,
doplasmic reticulum (ER), and loaded onto MHC | mol- and 5x 10°® M j3-2-mercaptoethanol (Sigma, St. Louis,
ecules. Finally, in the fourth step, the antigen-derived MO), 10 ng/mL GM-CSF (Peprotech), and 10 ng/mL IL-4
peptides complexed with MHC | molecules are presented (Peprotech) in RPMI-1640. ACK lysis buffer consisted of
on the surface of the APC to be recognized by cognate 0.15 M ammonium chloride, 10 mM potassium bicarbonate,
T-cells. and 0.1 mM EDTA (Sigma) at pH 7.2. PDE buffer consisted
In this study, we assessed the efficiency and differences,of C&" and Mg*-free PBS containing 3 mM EDTA
between BMMPs and BMDCs, in the uptake of the (Sigma).
liposomal formulation (step 1), processing of antigenic ~OVA peptide SIINFEKL (amino acids 257264) was
protein in the cytosol (step 3), and presentation of peptide synthesized by Research Genetics, dissolved in PBS, and
antigen to T-cells (step 4). As we investigated the overall stored at—80 °C in aliquots until it was used. All other
extent of antigen presentation, along with our investigation chemicals were obtained from Fisher Scientific unless
of steps 1, 3, and 4, we were able to assess the relative rat@therwise noted.
of step 2, endosomal escape into cytosol, iPsland DCs. Purification of LLO. Recombinant LLO was purified
Our results demonstrate the relative efficiency for each stepfrom Escherichia colistrain BL21(DE3) transformed with
is dependent on the cell types. BMB4, as compared with  the pET29b vector expressing LLO with a C-terminal six-
BMDCs, are more efficient in acquiring liposomal antigen histidine tag as previously describ&dlhe protein yield was
as well as in overall presentation of liposomal antigen to measured using the BCA assay (Pierce, Rockford, IL), and
T-cells per antigen uptake. However, BMDCs are more protein purity was analyzed using SBBAGE. Hemolytic
efficient in presenting cytosolic antigenic protein directly activity was measured using the sheep red blood cell-based
introduced by trituration as well as antigenic peptide loaded hemolysis assay as previously describéd.
externally. These results suggest that that LLO-mediated Preparation of OVA/LLO and Horseradish Peroxidase
delivery of protein into cytosol, defined as delivery of the (HRP) Liposomes. OVA/LLO or HRP liposomes were
antigen from the endosome per unit antigen uptake, is moreprepared with phosphatidylethanolamine (PE) (Avanti, Ala-
efficient in BMM®s than in BMDCs. The data also indicate baster, AL) and cholesterylhemisuccinate (CHEMS) (Sigma)
that LLO may have preferential activity in the endosomal/ in a 2:1 molar ratio using the thin film method as previously
lysosomal compartment of BMs as compared to BMDCs.  described? Briefly, OVA (Sigma) and LLO were encapsu-
lated inside liposomes at 20 and 0.25 mg/mL, respectively,
. and HRP (Sigma) was encapsulated in liposomes at 3 mg/
Materials and Methods mL. Unencapsulated protein was removed by purification
Animals, Cell Lines, Media, and ReagentsC57BL/6J on a Sepharose CL-4B column (Amersham Pharmacia,
mice (female, 46 weeks old; Jackson Laboratories) used Uppsala, Sweden). The amount of encapsulated protein was
in this study were handled according to the Institutional determined by SDSPAGE and densitometry. The size of
Guidelines. OVA peptide SIINFEKL-specific CD8T-cell liposomes was measured by quasi-elastic light scattering
hybridoma [CD8 OVA T1.3, H-2Krestricted, from C.  using a particle sizer (Zetasizer, Nicomp). The concentration
Harding (Case Western Reserve University, Cleveland, OH)] of phosphate was determined using the method of Batflett.
was maintained in complete Dulbecco’s minimal essential  Generation of BMDCs. A well-established method for
medium (DMEM)?' Hybridomas producing monoclonal  culturing BMDCs was used with minor modificatioffs’
antibodies (mAbs) NLDC-145, specific for DEC-205, and Bone marrow cells (BMCs) were collected from the long
25-D1.16, specific for the H-2Kk-SIINFEKL complex, were  hones of mice. The cells were pipetted to form a single cell
gifts from R. M. Steinman (Rockefeller University, New  suspension, and cell debris was removed by gentle centrifu-
York, NY) and R. N. Germain (National Institutes of Health, ~gation. Red blood cells were removed by treating BMCs with
Bethesda, MD), respectivel§>*Both cell lines were grown  ACK lysis buffer, and cells were washed three times with
in RPMI-1640 with 10% fetal bovine serum (FBS). RPMI-1640 complete. Then BMCs were resuspended in

(23) Inaba, K.; Swiggard, W. J.; Inaba, M.; Meltzer, J.; Mirza, A.; (25) Bartlett, G. RJ. Biol. Chem.1959 234, 466—468.
Sasagawa, T.; Nussenzweig, M. C.; Steinman, R. M. Tissue (26) Inaba, K.; Inaba, M.; Romani, N.; Aya, H.; Deguchi, M.; Ikehara,

distribution of the DEC-205 protein that is detected by the S.; Muramatsu, S.; Steinman, R. M. Generation of large numbers
monoclonal antibody NLDC-145. |. Expression on dendritic cells of dendritic cells from mouse bone marrow cultures supplemented
and other subsets of mouse leukocy@sll. Immunol 1995 163, with granulocyte/macrophage colony-stimulating factbrExp.
148-156. Med 1992 176, 1693-1702.

(24) Porgador, A.; Yewdell, J. W.; Deng, Y.; Bennink, J. R.; Germain, (27) Fields, R. C.; Shimizu, K.; Mule, J. J. Murine dendritic cells pulsed
R. N. Localization, quantitation, and in situ detection of specific with whole tumor lysates mediate potent antitumor immune
peptide-MHC class | complexes using a monoclonal antibody. responses in vitro and in viv@roc. Natl. Acad. Sci. U.S.A998
Immunity1997, 6, 715-726. 95, 9482-9487.
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DCM and plated at a density of & 1C° cells/mL per well somal HRP in serum-free media for 3 h, washed extensively,
in a 24-well plate, and cultured at 3T in 5% CQ. On and chased fol h in serum-containing medium. Cells were
days 2 and 4, the medium was replenished by removing 50%harvested with PDE buffer, washed, treated with lysis buffer
of the DCM from the well and adding 1 mL of fresh DCM. (PBS Triton X-100, 2%, v/v), and kept frozen &80 °C
On day 5 or 6, loosely adherent cells were harvested by until they were analyzed. HRP uptake was assessed using
gentle flushing of the wells, collected by centrifugation, and the 1 Step Turbo TMB assay kit (TMB assay) (Pierce).
resuspended in RPMI-1640 complete at a density-5 X Trituration of Antigen. Protein was introduced directly
10° cells/mL. BMDCs were purified over a 14.5% (w/v) into the cytosol by trituration to assess the efficiency of APCs
metrizamide (ICN Biomedicals) gradient, washed exten- in processing and presenting cytosolic antig&f.APCs
sively, resuspended in DCM, and plated at a density f 1  were harvested and pelleted by centrifugation in a 15 mL
10 cells/mL per well in a 24-well plate. conical tube; the supernatant was decanted, and the pellet
Generation of BMM ®s. Macrophages were grown as was gently tapped. Then a 20Q solution of serum-free
described by Racoosin and SwangbBriefly, bone marrow media containing OVA (50 mg/mL) and HRP (20 mg/mL)
cells were flushed from the long bones of mice and were was added to the pellet, immediately followed by pipeting
cultured in DMEM containing 20% fetal calf serum and 30% the suspension for 30 cycles with a 200 tip, with the tip
L-cell-conditioned media. On day 6, cells were harvested touching the bottom of the tube. Cells were washed
with PDE buffer, suspended in complete DMEM, and plated extensively to remove unloaded protein and counted. Antigen
at a density of 1x 10° cells/mL per well in a 24-well plate.  presentation was assessedadt@ hchase using the antigen
Characterization of BMDC and BMM ®. The panel of presentation assay. Antigen uptake was assessed by monitor-
primary antibodies used to characterize APCs consisted ofing HRP using the TMB assay.
anti-B7-2, anti-MHC II, anti-CD11c (BD PharMingen), and ~ Detection of MHC |—SIINFEKL Complexes. APCs
anti-DEC-205%%27 APCs were stained with Ag of primary ~ were pulsed with the SIINFEKL peptide f& h at 4°C,
antibody in PBS containing 2% BSAfd h at 4°C, and washed, and harvested with PDE buffer. The level of cell
then cells were washed and incubated with the correspondingsurface MHC +SIINFEKL complexes was measured using
secondary antibody (BD PharMingen) for 45 min at@. a quantitative and a functional assay. Cell surface MHC
Cells were washed and analyzed using a FACSCalibur flow | —=SIINFEKL complexes were assessed by staining peptide-
cytometer, and data were analyzed using CELLQuest soft- pulsed cells with the 25-D1.16 mAb, incubated with second-
ware (Becton-Dickinson). ary antibody, and analyzed by flow cytometry. The functional
Antigen Presentation Assay.The antigen presentation effect of MHC I=SIINFEKL complexes was measured using
assay was performed essentially as described in the previoughe antigen presentation assay as described above.
reports with minor modification¥13210n the day of the Calculation of the Efficiency Ratio. The efficiency ratio
experiment, APCs were washed to remove serum-containingwas calculated by dividing antigen presentation by antigen
media and pulsed with liposomal antigen diluted in serum- uptake per ceft*
free media for 3 h. The APCs were washed, chased in serum-
containing media for 3 h, and then harvested by incubation Results
with PDE buffer for 20 min at #C. Cells were washed, Characterization of BMM ®s and BMDCs. To investi-
fixed with 1% paraformaldehyde (Sigma), and treated with gate and compare the efficiencies of antigen delivery by
0.2 M lysine (Sigma), followed by extensive washing. APCs LLO-liposomes to two major APCs, BMHts and BMDCs,
were enumerated and plated at a density of 20° cells/ it is necessary to grow these two cell types in large numbers.
well in a 96-well plate, followed by addition of % 1C° The phenotypes of the cultured BMM and BMDCs were
OVA-specific CD8 T-cells (CD8 OVA T1.3) to the well, characterized and compared by flow cytometry monitoring
and the plate was incubated for 24 h at°€7in 5% CQ. of differential expression of the cell type-dependent surface
The supernatant was collected, and IL-2 levels were mea-markers established for BMDCs: CD11c, DEC-205, MHC
sured by an enzyme-linked immunosorbent assay (ELISA) Il, and B7.2262”BMDC culture used for this study exhibited
using anti-murine IL-2 capture and biotinylated detection a unimodal distribution for CD11c expression. BMDCs
antibodies (BD PharMingen). This IL-2 ELISA-based antigen exhibited a bimodal distribution for DEC-205 and MHC Il
presentation assay used for this study eliminates any directwith one population expressing a high level of receptor and
IL-2 contribution from the APCs, which truly reports only
the OVA peptide presentation by the APCs not the APC (29) Hollenbeck, P. J. Products of endocytosis and autophagy are
activation or costimulation. retrieved from axons by regulated retrograde organelle transport.
Liposome Uptake Study.APCs were pulsed with lipo- J. Cell Biol. 1993 121, 305-315.
somal HRP as described for OVA/LLO-liposomes with (30) Clarke, M. S.; McNeil, P. L. Syringe loading introduces macro-

minor modifications. Briefly, APCs were pulsed with lipo- molecules into living mammalian cell cytosdl. Cell Sci.1992
y P P 102 (Part 3), 533-541.

(31) Oh, Y. K.; Harding, C. V.; Swanson, J. A. The efficiency of

(28) Racoosin, E. L.; Swanson, J. A. Macrophage colony-stimulating antigen delivery from macrophage phagosomes into cytoplasm
factor (rM-CSF) stimulates pinocytosis in bone marrow-derived for MHC class I-restricted antigen presentatidMaccine 1997,
macrophages]. Exp. Med.1989 170, 1635-1648. 15, 511-518.
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Figure 1. Flow cytometry analysis of APCs. (a) BMDCs and
(b) BMM®s were incubated with primary detection antibody
to CD11C, DEC-205, MHC Il, and B7.2. Cells were washed,
treated with the corresponding secondary antibodies labeled
with FITC or PE, and then analyzed by flow cytometry. The
data shown with dotted lines represent nonspecific staining
patterns by fluorophore-labeled secondary antibodies only,
and the data shown with solid lines represent specific staining
by primary detection antibodies followed by the secondary
antibodies.
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Figure 2. MHC class I-restricted presentation of liposomal
antigen by APCs. BMDCs (solid bars) and BMM®s (striped
bars) were pulsed with liposomes containing OVA and LLO
for 3 h. (a) After a 3 h chase, APCs were washed, fixed, and
incubated with CD8 OVAT1.3 cells for 24 h. The supernatant
was collected, and the amount of IL-2 was measured by an
ELISA. (b) Close-up of antigen presentation by BMDCs (data
shown in the solid bars in panel a). Data are representative
of three independent experiments and are normalized for 1
x 108 cells (n = 2 for all BMM® data points; n = 3 for all
BMDC data points, except n = 2 for an OVA concentration of
6.25 ug/mL).

the BMM®s were a cell population that was quite homo-
geneous and free of contamination by other cells exhibiting
BMDC characteristics.

LLO-Liposome-Mediated Antigen Presentation by BM-
DCs and BMM®s. Utilizing the cultured BMDCs and
BMM ds, as characterized above, we first tested the overall
efficiency of LLO-liposomes in mediating cytosolic delivery
of antigen. To compare the relative ability of BMDCs and
BMM ®s to present OVA encapsulated in LLO-liposomes,
a well-establisheh vitro antigen presentation assay utilizing
an OVA peptide-specific CD8 T-cell line (OVA T1.3) was
used?! This T-cell line recognizes SIINFEKL, an eight-
amino acid peptide fragment derived from OVA, complexed
and presented on MHC | molecules (H3Kby APCs.
Recognition and engagement of the MHE SIINFEKL
complex by the T-cell receptor leads to secretion of IL-2 by
the OVA T1.3 cells. The quantity of IL-2 secreted in this
assay is used as readout of the amount of OVA introduced
into the cytosol of APCs and the extent of antigen presenta-

the other population with no detectable expression of tion via the cytosolic pathway. BMK#s exhibited a dose-
receptor. BMDCs also appeared to exhibit a broad distribu- dependent response for IL-2 production that saturated at 25
tion for B7.2 with a major population expressing a low level ug/mL liposomal OVA, beyond which the level of IL-2
of B7.2 and the other expressing a comparatively higher level detected in this assay either plateaued or was depressed

of B7.2 (Figure la). In contrast, the cultured BN

(Figure 2a). BMDCs also exhibited a dose response, de-

exhibited unimodal high levels of expression of B7.2 but no pendent on the concentration of liposomal OVA incubated
significant or detectable expression for CD11c, DEC-205, with cells (Figure 2a,b). Both APCs when treated with a zero
and MHC Il (Figure 1b). The data suggested that BMDCs concentration of LLO-liposomal OVA produced no detect-
cultured for this study indeed possess DC characteristics butable level of IL-2 in this assay. Overall, at a given incubation
were a rather heterogeneous population in comparison, whileconcentration of LLO-liposomal OVA, BMbs exhibited
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Figure 4. MHC class | presentation of trituration-loaded

Lipid (umolar) cytosolic antigen by BMDCs and BMM®s. BMDCs (solid bars)
Figure 3. Liposomal uptake by APCs. BMDCs (solid bars) and BMM®s (striped bars) were loaded with OVA and HRP
and BMM®s (striped bars) were pulsed with liposomes by trituration. (a) After a 2 h chase, APCs were washed, fixed,
Containing HRP for 3 h. After a 3 h Chase, APCs were and incubated with CD8 OVAT1.3 for 24 h. The Supernatant
extensively washed, treated with lysis buffer, and frozen at was collected, and the amount of IL-2 was measured by an
—80 °C, and the amount of cell-associated HRP was mea- ELISA. (b) Cells were collected, treated with lysis buffer,
sured using the TMB assay. Data are normalized for 1 x 108 frozen at —80 °C, and tested for HRP activity using the TMB
cells and are representative of two independent experiments. assay. () Antigen presentation was normalized by the amount

of HRP loaded and expressed as an efficiency ratio. All data

more OVA peptide-MHC | presentation than BMDCs. Both ~ are normalized for 1 x 10° cells.
APCs did not exhibit detectable antigen presentation when
treated with OVA-containing, pH-sensitive liposomes without
co-encapsulated LLO (data not shown). The data suggeste
that a difference in the efficiency of liposomal antigen
presentation exists between the two APCs, and the differ-

g?i‘?er;sigeoduliﬁrfg(ﬁr? ?Agﬁﬁ?ggé?ﬂ?;hﬁ] rtilgt;\vlvze:\fg: é\;—,\sncy been previously employed successfully by others to introduce
T ' " macromolecules into the cytosol for mechanistic manipula-
Uptake of Liposomes by BMDCs and BMM®Ds (Step o, of cytosolic event&® The extent of antigen presentation
1). As the overall difference in the antigen presentation , 1_celis after trituration loading of soluble OVA was higher
efficiency between BMDCs and BMMs was detected, we i, BMDCs than in BMM®s (Figure 4a). The amount of
then investigated the mechanism for the difference by hotein loaded into cells during the trituration loading, as
examining each stage in the multistep process of antigenpgnitored by cell-loaded HRP after trituration, was also
pre.sentation. We first hypothesized, as cellular uptake is higher in BMDCs than in BMMPs (Figure 4b). Therefore,
typically dependent on cell type, that the foremost 0bvious i |eyel of antigen presentation per cell had to be normalized
step determining the overall difference in the antigen p witration loading of protein per cell to measure the
presentation is simply the differential capacity of binding etficiency per protein antigen introduced directly into the
and uptake of the liposomal formulation, which would dictate cytosol, and the data shown in Figure 4c suggest that BMDCs
the overall extent of presentation at a given concentration presented cytosolic antigen more efficiently than BKBS!
of liposomal antigen incubated with a particular cell type. oyen after the normalization (Figure 4c).
To test this hypothesis, BMDCs and BMM were pulsed Antigen Presentation by the Two APCs Loaded Ex-
with liposomes con_taining HRP as a probe fqr '_che liposome- ternally with the SIINFEKL Peptide (Step 4). We then
encapsulated protein. BMils and BMDCs exhibited adose- v nothesized that the differences in presentation between
dependent binding and uptake as monitored by the amountgyipcs and BMMbs could be in part a function of the cell
of cell-associated liposomal HRP (Figure 3). BMM had g\, 1tace expression level of MHC | molecules. To determine
a higher level of HRP activity per cell than BMDCs at each he |eyel of MHC | expression on the cell types, cells were
liposomal HRP concentration incubated with the cells. pulsed with varying concentrations of the SIINFEKL peptide
As we determined the overall presentation in the previous at 4 °C, limiting receptor turnover and internalization;
section and the uptake previously, the overall presentationafterward, the cells were stained with a monoclonal antibody
per unit cellular uptake of antigen calculated as the ratio of (mAb 25-D1.16) that recognizes and binds to the MHC
IL-2 presentation to uptake was greater in BN (130~ |—SIINFEKL complex?* The mean fluorescence intensity
600 pg of IL2imol of uptake) than in BMDCs (3090 pg  (MFI) of 25-D1.16 staining for BMDCs was approximately
of IL2/umol of uptake). This suggested that the differences 3-fold higher than that for BMNbs (Figure 5a) when cells
in the overall presentation of liposomal antigen could be were incubated with a saturating concentration of the
partially explained but not entirely by the uptake differences S|INFEKL peptide, suggesting that the total number of
between the BMMPs and the BMDCs. This result points to  S|INFEKL—MHC | complexes formed on the surface of
the possibility that the differences in the efficiency of BMDCs was greater than that found on BMPS. The data
presentation of liposomal antigen are due to differences in shown are from experiments using one saturating concentra-
steps 2-4. tion of the SIINFEKL peptide, which was determined
Processing of Soluble Antigen in the Cytosol of the  experimentally using escalating concentrations of peptides
APCs (Step 3).Next, we tested the relative efficiency of (data not shown).

BMDCs and BMM®s in processing and presenting protein
ntigen that is already present in the cytosol. To test this,
VA and HRP were co-introduced directly into the cytosol

of the two APCs by temporary physical disruption of the

plasma membrane integrity by trituration; this method has
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Figure 5. Detection of SINFEKL—MHC | complexes on the
surface of BMDCs and BMM®s. BMDCs (solid bars) and
BMM®s (striped bars) were pulsed with the SIINFEKL peptide
for 3 h at 4 °C. (a) BMDCs and BMM®s were stained with
primary antibody 25-D1.16, specific to the SINFEKL—MHC |
complex, washed, treated with secondary antibody conjugated
to FITC, and analyzed by flow cytometry. The mean fluores-
cence intensities (MFIs) of 25-D1.16 staining for BMDCs and
BMM®s after incubation with a saturating concentration of
the SIINFEKL peptide (1 uM) are shown. (b) BMDCs and
BMMd®s were washed, fixed, and incubated with CD8 OVAT1.3
for 24 h. The supernatant was collected, and the amount of
IL-2 was measured by an ELISA. Data are normalized for 1
x 106 cells.

We then assessed whether the differences in the numbe
of SIINFEKL—MHC | complexes formed on the APC
surface had a functional correlation to the level of IL-2
secretion by the OVA T1.3 cells that was used in the previous
experiment described above. BMb4 and BMDCs were
pulsed with varying concentrations of the SIINFEKL peptide,

function of the relative number of SIINFEKEMHC |
complexes presented on BMDCs and BMId after deliv-
ery?22 The data showed that BMfils presented LLO-
liposomal antigen more efficiently than BMDCs (Figure 2a).
We then hypothesized that the higher overall level of antigen
presentation by BMMPs versus that of BMDCs is simply
due to a greater uptake of liposomal antigen by B¥d
Gursel et af? reported a similar trend in liposomal antigen
uptake between spleen-derived DCs and@$/using cationic
liposomes. When the liposomal binding and uptake, step 1,
was monitored, BMMPs were indeed more efficient than
BMDCs at “ingesting” liposomes via endocytosis/phagocy-
tosis. When the presentation of antigen was normalized by
the antigen uptake for the two cell types, BMMg still
exhibited a higher efficiency ratio. This suggested the strong
possibility that in addition to the higher level of antigen
uptake by BMMbs relative to BMDCs, the difference in
efficiency of liposomal presentation lies in the differences
in efficiency of steps 24 after the antigen uptake.

As it is difficult to determine directly the efficiency of
LLO-mediated release of internalized liposomal antigen into
the cytosol (step 2), we compared the downstream events
by investigating the relative efficiency of BMiis and
BMDCs in processing and presenting cytosolic antigen by
directly loading the cytosol of these APCs by trituration with
known amounts of antigen. The results showed that BMDCs
were approximately 3-fold more efficient than BMP&
when antigen was introduced by trituration (Figure 4c).
Assuming that the other steps had the same efficiency in
the two APCs, the result from the trituration experiment
suggested that BMDCs would present liposomal antigen
approximately 3-fold more efficiently than BM{is if equal
amounts of antigen were delivered to the cytosol via the
endosomal-to-cytosol pathway. This result pointed to two
possibilities in steps 3 and 4: the antigen processing
efficiency combined with loading of MHC | molecules with
the processed peptides is more efficient in BMDCs, and/or

as described above, and tested for their ability to presentthe capacity, i.e., the number of peptiddHC | molecules,
the antigenic peptide to T-cells using the antigen presentationis higher in BMDCs than in BMMDs.
assay. APCs exhibited a dose-dependent response over the To determine the significance of each possibility, we tested

range of SIINFEKL peptide concentrations that were used
(Figure 5b). BMDCs exhibited a higher level of presentation
of the peptide to T-cells than the BM®#k, which was in
agreement with the flow cytometry analysis using the 25-
D1.16 mAb of SIINFEKL-MHC | complexes on the APCs.

Discussion

A series of complex steps are involved in the delivery of
liposomal antigen to APCs and their presentation by the
APCs. We assessed three key steps along the pathway i
this investigation to determine the limiting steps that control
the efficiency of LLO-liposomal antigen delivery and
presentation by the two major APCs, DCs an@h/

First, we compared cultured murine BMDCs and BN
in terms of the overall extent of antigen presentation using
an assay that does not require a contribution from costimu-
latory molecules, thus allowing the comparison of the

80 MOLECULAR PHARMACEUTICS VOL. 2, NO. 1

the latter by monitoring how differences in the level of
peptide-loadable MHC | expression between the two APCs
affected the level of antigen presentation by these cells. The
MHC | molecules on the two APCs were incubated with
known concentrations of the SIINFEKL peptide, and the
level of the SIINFEKL-MHC | complex that formed was
assessed by two independent and complementary methods.
It was observed that BMDCs exhibited a higher level of
MHC | expression, which could be loaded with saturating
rconcentrations of the peptide, than BMM (Figure 5a).
Accordingly, this higher level of expression was also
translated to an increased efficiency of presentation of peptide

(32) Gursel, I.; Gursel, M.; Ishii, K. J.; Klinman, D. M. Sterically
stabilized cationic liposomes improve the uptake and immuno-
stimulatory activity of CpG oligonucleotides. Immunol.2001,

167, 3324-3328.
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to T-cells (Figure 5b). This suggests that BMDCs, in of liposomal OVA to spleen-derived murine DCs. One
comparison with BMMDs, exhibit a higher efficiency in  possibility for the discrepancy between our data and their
presenting cytosolic antigen when the antigen is delivered data, if it exists, is also that spleen-derived DCs may be
into the cytosol, in part, due to a higher level of MHC | functionally different from BMDCs. It is well-established
expression. This result, however, does not exclude thethat there are different subsets of DCs with different functions
possibility that the capacity of antigen processing by pro- or levels of functiort’3* On a case-by-case basis, it is
teasome into peptides and their transport to ER may also bedifficult to directly compare results, which may necessitate
greater in BMDCs than in BMPs. The peptide loading comparison side by side or a better understanding of the
experiment in conjunction with the trituration study, in toto, effect of culture conditions on DC function.
supports the hypothesis that both steps 3 and 4 are more With those caveats in mind, our results strongly support
efficient in BMDCs than in BMMDs. the hypothesis that the LLO activity in the endosomal
In the experiments addressing the steps involved in antigencompartment varies in different cell types, although the
presentation, we investigated and compared steps 1, 3, and@MDCs used in our study may not be as homogeneous and
4 in the two APCs. The results show that antigen uptake is as well-defined as one would hope. Our results also correlate
more efficient in BMM®Ds than in BMDCs, but that alone  with the observation that LM cells are predominantly retained
cannot explain the higher overall efficiency of antigen within the phagosomal compartment of human DCs and seem
presentation of LLO-liposomal antigen by BM®%, as the not to invade the cytosol efficienfly and with the report
antigen presentation per unit uptake by BMI is still that DCs located in the Peyer’s Patch of rat intestine were a
higher than that by BMDCs. As the antigen processing and target of LM, but not permissive for replicative infection of
presentation of antigenic protein once present in the cytosol,LM.* One could argue that the lower LLO activity in the
on the contrary, were determined in our study to be more DC phagosome may be related to regulationLédteria
efficient in BMDCs than in BMMDs, the efficiency of pathogenesis within the context of its interaction with the
antigen release from the internalized LLO-liposomes into the immune system. However, there are other reports describing
cytosol, step 2, must be significantly higher in BN than the invasion of LM and LLO-expressing. coli into the
in BMDCs. Therefore, we conclude that the difference in cytosol of BMDCs?":% The idea of inefficient cytosolic
the overall efficiency of liposomal antigen presentation is invasion of LM into DCs is further complicated by the recent
due to cell type-dependent differences in LLO-mediated demonstration that CD1#cDCs are required for generation
release of antigen from the endosomal/lysosomal compart-of a CD8+ T-cell response toward LME As discussed
ment, as well as due partially to the documented differencesabove, it is entirely possible that LLO-mediated escape is
in the uptake of liposomal antigen by the two cell types. dependent upon specific characteristics of the DC population,
This is the first report to compare the efficiency of delivery
of protein using antigen entrapped in LLO-containing lipo- (33) Machy, P; Serre,. K.; Leser.man, L. Class I-restrieted presentation
somes, head to head, in two different APCs. The cytosolic ~ °f €0genous antigen acquired by,feceptor-mediated endocy-

. . S . tosis is regulated in dendritic cell&ur. J. Immunol.200Q 30,
delivery was monitored by a well-establishiaditro antigen 848857 g g

presentation assay, and the two antigen-presenting cell typesaa) iy, v. J. Dendritic cell subsets and lineages, and their functions
were derived from murine bone marrow progenitor cells. Our in innate and adaptive immunitgell 2001, 106, 259-262.
results indicate that LLO delivered via liposomes mediates (35) Kolb-Maurer, A.; Gentscheyv, |.; Fries, H. W.; Fiedler, F.; Brocker,
antigen escape more efficiently in BM® than in BMDCs. E. B.; Kampgen, E.; Goebel, Wisteria monocytogeneisfected
We propose that the difference is due to cell type-dependent Ihm“mﬁz ;g(;‘(?%téc 3%%”&3%%;“ and host cell resporstect.
activity of LLO, which in turn implies the pe§S|b|I|ty that (36) Pron. B.. Boumaila, C.. Jaubert, F.. Berche, P.: Milon, G.:
monocytogenemay also escape more efficiently from the Geissmann, F.; Gaillard, J. L. Dendritic cells are early cellular
endosomal/lysosomal compartment of BM¥ than from targets ofListeria monocytogenesfter intestinal delivery and are
that of BMDCs. involved in bacterial spread in the ho€ell. Microbiol. 2001, 3,
The results reported here, however, should be taken with 331-340.
some caveats particularly because of the difficulty of (37) Radford,K.J.;Higgins, D. E.; Pasquini, S.; Cheadle, E. J.; Carta,
culturing of DCs consistently and homogeneously despite L Jackson, A. M.; Lemoine, N. R.; Vassaux, G. A recombinant
lar advances in this field in recent vé&tsis not E. coli vaccine tq pr.omote MHC _Class |-dependent antigen
speetacu . y presentation, application to cancer immunotherapgne Ther.
straightforward to directly compare results from our study 2002 9, 1455-1463.
with those from other previous reports due to the variation (3g) Paschen, A.; Dittmar, K. E.; Grenningloh, R.; Rohde, M.;
in methods used to isolate and culture DCs. Variations in Schadendorf, D.; Domann, E.; Chakraborty, T.; Weiss, S. Human
methods include species origin, precursor origin, length of dendritic cells infected by.isteria monocytogenesduction of
culture, and cytokine stimulation. In some cases, these maturatiop, requirements for phagolysosomal escape and antigen
variables have been shown to have a dramatic effect on the__ Presentation capacitfeur. J. Immunol 2000 30, 3447-3456.
functional activities of DC. Machy et &.demonstrated that (39) Jung, S.; Unutmaz, D.; Wong, P; Sano, G.; De los Santos, K.;
. Sparwasser, T.; Wu, S.; Vuthoori, S.; Ko, K.; Zavala, F.; etal. In
day 12 BMDCs, but not day 5 BMDCs, could present antigen vivo depletion of CD11t dendritic cells abrogates priming of

entrapped in Fe receptor-targeted liposomes. In another CD8" T cells by exogenous cell-associated antigémsnunity
study, Nair et al® demonstrated a relatively efficient delivery 2002 17, 211-220.
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which calls for further investigation using DC cultures under
controlled conditions.

Future studies correlating LLO-dependent delivery with
endolysosomal characteristics in different APCs and cell

The potential sources of cell type-dependent variation of types may yield clues about the subsets of cells preferred

LLO activity include the composition of the endosomal/

by LM if one adopts a simplistic view of LLO being the

lysosomal compartment, such as the cholesterol content inprimary factor in the endosomal escape of LM. The LLO-
the endosomal membrane, and its rate of acidification. Both |jgsomal system will be beneficial, in addition to being a

pH-sensitive liposomes and LLO have optimal activity at
the acidified pH of the early-to-late lysosomal compart-
ment!64%41The composition of cholesterol of the endosomal/
lysosomal compartment is also not well defined and could
vary depending on cell type, which may affect the activity
of LLO.4243

(40) Straubinger, R. M. pH-sensitive liposomes for delivery of
macromolecules into cytoplasm of cultured cellethods Enzy-
mol. 1993 221, 361-376.

(41) Glomski, I. J.; Gedde, M. M.; Tsang, A. W.; Swanson, J. A.;
Portnoy, D. A. TheListeria monocytogenelemolysin has an
acidic pH optimum to compartmentalize activity and prevent
damage to infected host cell3. Cell Biol. 2002 156, 1029~
1038.

(42) Maxfield, F. R.; Wustner, D. Intracellular cholesterol transport.
J. Clin. Invest.2002 110, 891—-898.

(43) Rossjohn, J.; Feil, S. C.; McKinstry, W. J.; Tweten, R. K.; Parker,
M. W. Structure of a cholesterol-binding, thiol-activated cytolysin
and a model of its membrane for@ell 1997, 89, 685-692.
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viable vaccine formulation for CTL generation, by providing

a means of studying the influence and mechanism of LLO-

mediated endosomal disruption; LLO can be studied alone
or in combination with other pathogenic determinants, such

as phospholipases, that may also facilitate the escape of LM.
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