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To study the relation between the form of an Ag and the response to it, we compared presentation in vitro with hen egg lysozyme
(HEL)-specific T cells from TCR transgenic mice of free HEL and liposome-encapsulated HEL by different APC. HEL-specific
splenic B cells or bone marrow-derived dendritic cells were incubated with free HEL or HEL-containing liposomes targeted by
Ab to either surface lg, the Fc receptor, or MHC class | and Il molecules. Ag presentation by HEL-specific B cells was at least
100-fold more efficient for HEL in surface Ig-targeted liposomes than free HEL taken up by the same receptor or HEL in liposomes
targeted to class | or Il molecules. Ag presentation by dendritic cells from Fc receptor-targeted vesicles was augmented 1,000—
10,000-fold compared with free Ag or nontargeted liposomes, but presentation was also efficient when Ag was targeted to class |
or Il molecules. These results indicate that Ag-specific B cells and dendritic cells can be equally efficient in stimulating IL-2
production by Ag-specific T cells from unimmunized TCR transgenic mice when the Ag is multivalent and taken up by appropriate
receptors. In contrast to B cells, which require engagement of surface Ig for optimal presentation, dendritic cells may present Ag
by means of several different cell surface molecules.The Journal of Immunology,1998, 161: 6059—-6067.

Ag-specific surface Ig (1). When Ags bear repeating de-such are considered critical for the induction of immune responses

terminants expressed at high density they can also acti(7). Lacking true Ag-specific receptors, immature dendritic cells
vate specific B cells and may lead to differentiation and Ab pro-can acquire Ags by fluid phase endocytosis and present them to T
duction in a T-independent manner. Multivalent Ag determinantscells (8-10). This raises the question as to how an Ag is “per-
have_ peen shown to_be critical for stimulation of surfac_e_lg of ceived” by the dendritic cells in peripheral tissues, i.e., by what
specific B cells, both in response to haptens coupled to lipid VeSmechanisms Ag uptake induces the initiation of dendritic cell mi-
icles (liposomes) in the pioneering studies of Kinsky's group (2) gration to secondary lymphoid organs (11) and up-regulation of
and to membrane Ags of certain bacteria and viruses, in a T-iNgogimylatory molecules (12, 13), which are events implicated in

dependent manner (3). B ceII§ can also take up and p.resent. naturation of dendritic cells and necessary for their interaction
dependent Ags encapsulated in liposomes (4) or associated with.

) . . ) . ith T cells. Dendritic cells express “pattern recognition recep-
particles (5). Thus, surface Ig is responsible for both signaling anqv P P 9 P

A ; ors” (14), with affinity for repeating determinants, such as man-
Ag acquisition. Although it has been reported that soluble hen eg%os I( rc)>u S reser?t on mgn bgcteria (9, 15). These receptors
lysozyme (HELY binding to surface Ig up-regulates costimulatory y! groups, p y ' ) P

molecules on B cells (6), the potential role of Ag multivalence in clearly augment the efficiency of dendritic cells as APC for T cell

activation of Ag-specific B cells with respect to their efficiency as stlmula_tlon, but the relative roles of Ag acqwsmon_vs signals
APC for naive T cells has not been evaluated. transmitted py these receptgrs have _not been determined. Another
strategy available for dendritic cells is to use the products of ac-
_ ' ' ' quired immunity to recognize microorganisms expressing anti-
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B cells acquire Ag for presentation to T cells primarily via  Dendritic cells are thought to be the most efficient APC and as
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Table I. Monoclonal Abs used in this study on Superdex 200 columns (Pharmacia). Monoclonal IgG1 and IgG2a anti-
DNP Abs were produced from hybridoma cells kindly provided by Zelig
Eshhar (Weizmann Institute of Science, Rehovot, Israel). All anti-DNP

Antibody Target Isotype Reference/Source Abs were purified on protein G-Sepharose (Pharmacia). Ab 7.6 is an anti-Id
265.5 DNP IgG1 Immunotech (20) specific for HH10, the anti-HEL Ab expressed by the transgenic B
U7.6.3 DNP 1gG1 Z. Eshhar, unpublished Ccells used in this study. Other Abs were provided by the groups that pub-
U7.27.7 DNP IgG2a Z. Eshhar, unpublished lished them or by the American Type Culture Collection (Manassas, VA).
7.6 (anti-ld) HEL-specific Ab (HH10) 1gG2a¢ 20 .

B1232 HLABandC 1gG2ax 50 Liposomes

H 100.5/28 H-2K a1 domain lgG2ak 51 Liposomes (80umol with respect to lipids) were made from 65% (mol/

H 39.352.4 H-2 IE lgG2a, « 52 mol) dimyristoyl phosphatidylcholine and 34.5% cholesterol (both from
10-2-16  H-2 1A 19G2a, k 52 Sigma) and 0.5% DNP-caproylphosphatidylethanolamine (Molecular
2.4G2 FoRIl, FeyRIIl Rat 1gG2b 53 Probes, Eugene, OR). Liposomes were formed by exposing lipids evapo-

rated from chloroform/methanol (9:1 v/v) to an aqueous solution contain-
In this study we used HEL-containing liposomes with repeatinging HEL (Sigma) (10 mg/ml; 70QwM) and 10 mM carboxyfluorescein

hapten determinants on their surfaces. Results presented in thi§F) (Molecular Probes) in PBS. For some experiments, liposomes of the
indicate that B cells t ic f ti-HEL f |came composition were made in CF/PBS or PBS alone. Following repeated
paper indicate tha cells transgenic for an anti- suriace gcycles of freezing and thawing, liposomes were formed by extrusion (Ex-

presented Ag much more efficiently when the protein was encapyuder; Lipex Biomembranes, Vancouver, British Columbia, Canaday) (26)
sulated in liposomes targeted to surface Ig than when HEL waghrough polycarbonate filters of 200-nm pore size (Corning Costar, One-
free in solution. HEL encapsulated in liposomes opsonized by Ig@nta, NY) at 45°C, followed by gel filtration over Sepharose 4B columns

. - harmacia) to eliminate unencapsulated solute. Lipid vesicles were ster-
Abs to the hapten is taken up and efficiently presented to T cells b ized by filtration through 0.4%um filters (Gelman, Ann Arbor, Ml). Dif-

dendritic C_ells V_ia lg FcR (FyRIl and/or FoyRIlI), while HEL 'n ferent HEL concentrations in lipid vesicles were obtained by dilution of
nonopsonized liposomes was taken up and presented inefficientlyhis stock solution. HEL levels were confirmed by fluorescence of dilutions
However, our results indicate that other cell surface molecules off free and liposome-entrapped CF with reference to the stock solution of

dendritic cells, namely class | and class I MHC molecules, alsdEL and CF used for liposome preparation. Usé®f-labeled HEL has
._confirmed that the fraction of encapsulated CF accurately reflects passive

permit efficient presentation Ong in targeted liposomes. This is NyEL entrapment (4). The internal volume of the liposomes used is about
contrast to the reduced capacity of these same molecules to serye x 108 liters, so at 70QuM Ag used, each liposome contains about

an Ag-presenting function when B cells are used as APC. Thes&750 HEL molecules.
results underline the different strategies of exclusive uptake by
cells of ligands corresponding to the specificity of their surface |
as compared with less fastidious uptake by dendritic cells of parA schematic of the liposomes, the PA-anti-DNP conjugate, and the protein

ticulate Ags with which they come into contact by means of a moreA-binding Ab that are used to target determinants other than the FcR is
presented in Fig. A. Direct opsonization of the same liposomes by anti-

gBI'ests of Ag presentation

varied group of cell surface molecules. DNP Abs, used to target the FcR, is presented in By Tenty thousand
(or as specified) B or dendritic cells were distributed in wells of 96-well

Materials and Methods flat-bottom microtiter plates (Costar, Cambridge, MA) in RPMI 1640 sup-

Mice plemented with 5% FCS, % 10 ®> M 2-ME, glutamine, and antibiotics.

Tenfold dilutions from the above stock solutions of free HEL or DNP
CBA/J mice transgenic for rearranged IgM and IgD Abs with variable liposomes containing HEL were added to the wells together with the PA-
regions derived from an Ab (HH10) with high affinity for HEL (19) were anti-DNP conjugate and/or Abs at a final concentration @gfml. In some
generated (20) using plasmids provided by A. Basten (Centenary Institutegxperiments, a washing step separated the exposure of cells to Ag and Abs
Newtown, New South Wales, Australia). Characteristics of other trans-or liposomes. Cells and Ags were incubated overnight at 37°C in a total
genic lines made with these plasmids have been reported in detail (21yolume of 100ul, after which 20,000 T cells from transgenic or normal
TCR transgenic mice (22), which express the same TCR as the 3A9 hymice were added and incubated for an additional 48 h in a total volume of
bridoma (23), specific for the immunodominant HEL peptide 46—61 in the110 ul. At this time, the concentration of IL-2 in supernatant fluids was
context of H-2 I-A, were kindly provided by M. Davis (Stanford Univer- determined by adding them to IL-2-dependent CTLL cells (10,000 cells/
sity, Palo Alto, CA). Transgenic mice were maintained as heterozygotesvell). Following a 16-h incubation, proliferation of CTLL was assessed by
backcrossed to CBA/J mice (IFFA-CREDO, L’Arbresle, France) and iden-measurement of radiolabeled thymidine incorporation into DNA at the end
tified, by an ELISA for serum IgM anti-HEL for Ig transgenic mice (20) or of an additional 8-h incubation in the presence of @G [*H]thymidine.
by FACS analysis of TCR transgenic mice, as those in which a majority ofFor studies of T cell proliferation, dendritic cells were irradiated (2000
peripheral blood CD4 cells express 8.2, the family of the gene used for rads) before Ag addition andHl]Jthymidine incorporation by T cells during
construction of the strain (22). Mice used were between 6 and 12 wk of agean 8-h period measured following 96-h exposure to APC. All points are the
Cell means of duplicate determinations.

ells

Dendritic cells were obtained from femur bone marrow of normal CBA/J
mice cultured in Iscove’s modified Dulbecco’s medium with 10% FCS, Dendritic cells or B cells were incubated on ice with unlabeled or fluores-

antibiotics, 2x 10~° M 2-ME, glutamine, and supernatants from NIH3T3 cein-modified Abs (5ug/ml), the PA-anti-DNP conjugate (mg/ml),

cells supplemented with 10—20 ng/ml murine granulocyte macrophageand/or fluorescent or nonfluorescent liposomes corresponding to an HEL
CSF (24). After 3 days of culture, cells were diluted 1:1 in the same me-concentration of 100 nM before fixation. Analyses were performed on a
dium, and, after an additional 4—6 days of culture, plastic nonadherenEFACScan using Lysis Il and CellQuest software (Becton Dickinson, Moun-

cells were used as APC. At this time, the majority of these had immaturdain View, CA).

dendritic cell morphology. B cells were purified by treatment of spleen

cells with Abs to Thy-1, CD4 and CD8, and rabbit complement. T cells Results

g:?cr?t;:dsg?)an were purified by passage over nylon wool columns, agy nresentation by B cells is maximal for multivalent ligands
' targeted to surface Ig
Antibodies

Flow cytofluorometry

Ag presentation to transgenic T cells was evaluated using B cells
Abs used are described in Table I. The protein A-anti-DNP (PA-anti-DNP)from anti-HEL transgenic or nontransgenic CBA/J mice as APC

conjugateras prepared b{) Z%valer(lt coupling r?f Fab fr.ﬁgmems Of) therig. 2). HEL was either free in solution or encapsulated in hapten-
mouse IgG1l anti-DNP mA 5.5 (Immunotech, Marseille, France) to . . . K
equimolar quantities of protein A (Pharmacia, Piscataway, NJ), modifiecpearmg liposomes. B cells from nontransgenic mice were unable to

with N-succinimidyl-6-maleimido caproate (Sigma, St. Louis, MO). The Present Ag in either free or lipid vesicle-encapsulated form at HEL
product was separated from multimeric conjugates and noncoupled specieoncentrations below 100 nM (1/g/ml; Fig. 2A). As expected,
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72 Proteln A binding Ab FIGURE 2. Advantage of multivalent Ag for presentation of HEL by
transgenic B cells to transgenic T cells. Twenty thousand purified B cells
“  anti-DNP Ab from normal mice A) or mice transgenic for anti-HEL IgB) were incu-

- bated overnight with various concentrations of HEL free in solution or
encapsulated in DNP-bearing liposomes in the presence of a PA-anti-DNP
—=——= FcyR Fab conjugate (p.g/ml), together with an anti-ld Ab specific for the trans-
other cell genic B cell receptor or an isotype-matched control Ab specific for HLA,
surface at 5 pg/ml. Twenty thousand T cells from mice transgenic for an HEL-
molecules specific TCR were then added. The results correspond to proliferation of
CTLL cells incubated in supernatants from duplicate wells obtained after
an additional 48-h incubation of APC and T cells. These are data from an
experiment representative of five performed.

HEL concentration (nM)

FIGURE 1. Schematic of the DNP-bearing liposome-Ab complexes
used in this studyA, Targeting determinants other than the FcR with a
PA-anti-DNP conjugate and protein A-binding Als. Targeting the FcR
by direct opsonization of the same liposomes with anti-DNP Abs.

cules due to the cross-linking of surface Ig, and/or an increased
quantity of HEL in liposomes associated with the cells. Two series
of experiments were performed to attempt to differentiate these
possibilities.

B cells from anti-HEL Ig transgenic mice efficiently presented sol- To determine the effects of cross-linking of surface Ig, we in-
uble HEL at concentrations as low as 10 pM (Fi@)2HEL en- cubated B cells in the cold with medium alone or with different
capsulated in liposomes was only slightly more efficiently pre-concentrations of free HEL and then washed the cells. We then
sented by these transgenic mice than by nontransgenic mice in thiecubated them with the 7.6 anti-Id alone; with the 7.6 anti-Id and
absence of a cell-targeting Ab. Since HEL-specific B cells pre-PA-anti-DNP complexes; or with the 7.6 anti-ld, PA-anti-DNP,
sented free HEL at 100-fold lower concentrations, this indicatesand a fixed concentration of empty DNP-bearing liposomes over-
that maximal leakage of HEL from lipid vesicles did not exceed night before the addition of transgenic T cells. The results are
1% of the encapsulated Ag. Anti-hapten Fab coupled to protein Apresented in Fig. 3. Responses to B cells incubated with HEL and
permitted targeting liposomes to surface IgM and IgD of Ig trans-then washed were comparable with responses without a washing
genic mice via the protein A binding anti-ld Ab 7.6 (20). In this step (data not shown). When cells were subsequently incubated
situation, HEL in liposomes was presented at concentrations thawvith the 7.6 anti-ld a marked response was noted at an Ag con-
never exceeded 1 pM HEL, a concentration 100-fold less than thatentration 100-fold lower than for cells incubated by Ag alone.
required for presentation of free HEL directly taken up by the This response was slightly increased by the addition of the PA-
HEL-specific surface Ig and 100,000-fold less than free HEL oranti-DNP complex and was not further increased when DNP-bear-
HEL in liposomes taken up by nonspecific B cells (Fig).2The ing empty liposomes were added. No increased response was seen
increased presentation of HEL in ligand-bearing liposomes, a$or liposomes in the presence of a control Ab, and no response at
compared with a monovalent HEL bound to the same receptorall seen for empty anti-ld targeted liposomes in the absence of free
could be related to increased delivery of the HEL into specializedHEL. Thus, a fixed Ag dose was presented more efficiently when
intracellular compartments, up-regulation of costimulatory mole-the surface Ig to which it bound was cross-linked. However, when
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molecule was not presented, since this Ab is present in excess
during the experiment and blocks recognition of theHAEL
peptide complex recognized by the TCR. Ag targeted to M-@K

I-EX was presented with the same efficiency whether transgenic or
nontransgenic B cells were used (data not shown). Thus, the ad-
vantage for Ag presentation for HEL in liposomes targeted to sur-
face Ilg may not be explained only by increased Ag binding.

Ag presentation by dendritic cells when multivalent Ags are
targeted to the IgG FcR

Dendritic cells are known to be excellent APC and are also known
to have active fluid phase endocytosis (10). This endocytic activity
is presumably related to the APC function, but few studies have
compared presentation of Ag taken up by fluid phase or receptor-
mediated processes. Dendritic cells were incubated with HEL or
DNP-bearing liposomes in the absence of cell-targeting Abs or in

[3H] Thymidine incorporation, cpm x10-3

=

HEL concentration (nM)

—&— Free HEL the presence of IgG1 or IgG2a monoclonal anti-DNP Abs, together

HEL-Liposomes with HEL-specific T cells. Results for IgG1 are presented in Fig.

—e— -+ anti-idiotype 5A. Neither free HEL nor lipid vesicle-encapsulated HEL incu-
+ PA-anti-DNP bated with an irrelevant Ab were presented at concentrations be-

Froe HEL - low 10 nM. This minimum concentration is similar to those of
published results for the presentation of free HEL by splenic den-

—+— + anti-idiotype dritic cells to HEL-specific T hybridomas (27). In the presence of
_y_ -+ antidiotype IgG1 or IgG2a ant?-DNP Ab, DNP-pearing liposome-encapsulated

+ PA-anti-DNP HEL was as efficient for T cell stimulation at 10 pM, at least

+ anti-idiotype 1000-fold less than free HEL or nontargeted lipid vesicles. The

—h—  +PA-anti-DNP anti-DNP Abs had no effect when HEL-containing liposomes were
+ empty Liposomes made without DNP on their membranes, or when DNP-bearing
o i NP liposomes were made without encapsulated HEL (data not shown).
+ empty Liposomes The 1gG FcR dependence of presentation mediated by the anti-

o ~ DNP Ab was shown by the absence of efficient presentation in the
FIGURE 3. Effects of cross-linking surface Ig on Ag presentation. Presence of Fab (or F(8, data not shown) fragments of the IgG1

Twenty thousand B cells were incubated in the cold in medium alone o L . . . )
with various concentrations of free HEL, washed, and then incubated over'—o‘b and by inhibition of presentation of liposomes incubated with

night with the 7.6 anti-Id alone (.g/ml), with the 7.6 anti-ld and PA- IgG1 (or IgG_2a, not shown) by prein(_:ubation with _the_ antifRc
anti-DNP Fab conjugate (Bg/ml), or with the 7.6 anti-Id, PA-anti-DNP AP 2.4G2 (Fig. B). In parallel experiments, HEL in liposomes

Fab conjugate and a concentration of empty DNP-bearing liposomes iderfPSonized by intact anti-DNP Abs was not presented by B cells
tical to the number of liposomes sufiicient to attain a concentration of 10(data not shown), consistent with the inability of the B cell isoform

nM HEL, if the liposomes had contained Ag. Twenty thousand HEL-spe-of the FCR to take up Ag (28).
cific T cells were then added. The results correspond to proliferation of The ability of the anti-DNP Abs to mediate liposome-encapsu-
CTLL cells incubated in supernatants from duplicate wells obtained afteated Ag presentation by dendritic cells correlated with liposome
an ad'ditional 48-h incub_ation of APC and T cells. These are data from O§inding to the cells. This depended on multivalent interaction with
experiment representative of three performed. the Abs (Fig. £). Binding of fluorescence-labeled anti-DNP Abs
was low in the absence of DNP-bearing liposomes. Their binding
increased markedly in the presence of nonfluorescent DNP lipo-
targeted liposomes contained Ag the response was at plateau levelsmes. The binding and presentation mediated by the 265.5 IgG1
for Ag concentrations 100 times lower. Since induction of co- Ab was similar to that of U7.6.3, an independently derived mono-
stimulation induced by cross-linking of surface Ig would be ex- clonal IgG1 anti-DNP Ab (data not shown). Similar patterns of
pected to be the same under conditions in which empty oibinding were seen when we used nonfluorescent anti-DNP Abs
HEL-containing liposomes were used, our results may be exand DNP-bearing fluorescent liposomes (data not shown). Inhibi-
plained by a surface Ig-signaling-dependent modification of HELtion by 2.4G2 of binding of liposomes to the cells mediated by
presentation. IgG1 and IgG2a Abs (Fig. 5) correlated with inhibition of Ag
To evaluate the effects of the quantity of cell-associated Ag angresentation via those isotypes (data not shown). Since Ab 2.4G2
the context in which it is perceived, we compared liposomes taris specific for FgR 1l/1ll (29), all of the FcR-mediated binding and
geted to surface Ig by an anti-Id with protein A-binding Abs spe- presentation are due to targeting to one or both of these receptors.
cific for other cell surface determinants. These were incubated witffhe homologue of the high affinity (CD64) Ig FcR reported to be
transgenic B cells in the presence of DNP-bearing liposomes angdresent on dendritic cells from human blood (30, 31) consequently
PA-anti-DNP. Incubation with HEL in liposomes targeted to either does not appear to participate in the uptake of Ag by mouse dendritic
the MHC class Il I-E molecule not involved in peptide presenta- cells derived from bone marrow under these culture conditions.
tion for this TCR or to the class | H-2Kmolecule also augmented . o ) o )
HEL presentation by 100-fold, i.e., to the same level as that Ob_Ag presentation by dendritic cells is also efr|C|e_nt for multivalent
served for free HEL taken up via surface Ig, but at least 100_f0|dllgands targeted to several cell surface determinants other than
less efficient than Ag in liposomes targeted to surface Ig (A, 4 the FcR
while differences in binding of liposomes to these different deter-The above results indicate that the FcR can play a role for dendritic
minants were minor (Fig.B). Ag targeted by an Ab to the 1A  cells analogous to that of surface Ig for B cells. In contrast to the
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FIGURE 4. Multivalent Ag targeting to surface Ig of transgenic B cells generates the most efficient stimulus for IL-2 production by A, ¢alisfied

B cells from mice transgenic for anti-HEL Ig were incubated overnight with various concentrations of HEL, free in solution or encapsulated irribiNP-bea
liposomes together with an anti-Id Ab specific for the transgenic B cell receptor, or isotype-matched Abs specific fol4B:2lkA¥, or control HLA

(5 ng/ml), in the presence of the PA-anti-DNP Fab conjugatg.gfml). Transgenic T cells were added and assayed as in Fig. 2. These data are from a
representative experiment of thrdés.FACS profiles of purified transgenic B cells from the above mice alone (open silhouettes) or with DNP-bearing CF
containing liposomes (Lipo-DNP CF) in the presence of a PA-anti-DNP Fab conjugate and the Abs specific for the molecules indicBtefiles for

3000 cells are presented. The figures within the FACS profiles refer to the percentage of cells positive for the fixation of the liposomes and the me;
fluorescence of that population.

situation for B cells, increased Ag presentation by dendritic cellswith a more efficient Ag presentation by each cell, thus reducing
was also seen when the PA-anti-DNP conjugate was used for tathe number of APC required. The number of dendritic cells nec-
geting together with anti-class | (H-#Kor Il (I-E*) Abs (Fig. @B); essary for the stimulation of IL-2 production by transgenic T cells
a separate experiment targeting44g presented in Fig.& As for was evaluated as a function of the mode of Ag acquisition. Vari-
the situation with B cells, Ag presentation was not seen when theable numbers of irradiated dendritic cells were incubated with 10
restricting 1-A molecule was targeted (FigBp The anti-FgR nM free or 1 nM liposome-encapsulated Ag targeted by intact or
Ab 2.4G2 did not inhibit presentation of Ag delivered in the pres- Fab fragments of an IgG1 anti-DNP Ab. As few as 1000 dendritic
ence of protein A-bearing Abs (data not shown). Thus, dendriticcells generated a plateau level of IL-2 production when the FcR
cells are not efficient APC for HEL present free in solution or in was targeted, whereas 10 times more dendritic cells were required
neutral liposomes at biologically relevant concentratiord 50 for plateau stimulation of T cells at a 10-fold higher concentration
ng/ml) but may present Ag to T cells about as efficiently as Ag-of free Ag. Dendritic cells incubated under conditions of optimal
specific B cells (15-150 pg/ml), provided that the Ag makes mul-Ag stimulation but in the absence of transgenic T cells failed to
tivalent contact with the cell. The same class | and Il moleculesproduce any factor capable of stimulatirifi]thymidine incorpo-
that were inefficient for Ag presentation when expressed on B cellsation by CTLL cells (Fig. A).
were more efficient when dendritic cells were targeted. The production of IL-2 and the subsequent proliferation of T
cells may be dissociated, if, for example, the amount of IL-2 pro-
) ) ] ) duced is insufficient to support proliferation, or if the T cell is
IL-2 production by transgenic T cells correlates with their incompletely activated and does not up-regulate IL-2 receptors.
proliferation However, our results demonstrate that the optimal conditions for
We asked whether the more efficient Ag presentation by dendritiénduction of IL-2 production by responding transgenic T cells
cells for FcR targeted as compared with nontargeted Ag correlatedorrelated with conditions for optimal stimulation of their directly
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FIGURE 5. Efficiency of the IgG FcR for presentation of liposome-encapsulated Ag by dendritic £ell§,000 dendritic cells obtained after culture

of bone marrow for 7 days in the presence of granulocyte macrophage-CSF were incubated overnight with various concentrations of HEL, free in soluti
or encapsulated in DNP-bearing liposomes in the presence of anti-DNP Ab of the IgG1 isotype, or a control Ab specific for iHighdt B cells were

added and assays were performed as described in Fig. 2. These are data from a representative experiment of more than 10 for IgG1 ai] free HEL
Dendritic cells as above were incubated overnight with various concentrations of HEL encapsulated in DNP-bearing liposomes with anti-DNP Abs of th
1gG1 or IgG2a isotype, with anti-DNP Abs of the IgG1 isotype in the presence of the anti-FcR Ab 2.4G2 or in the presence of a Fab fragment of the IgG
anti-DNP Ab. Data are representative of three experim&htSACS profiles of dendritic cells alone, with FITC-labeled Abs to DNRuBmI) alone, with
DNP-bearing nonfluorescent liposomes (sufficient to contain 100 nM HEL) in the presence of FITC-labeled IgG1 or IgG2a DNP-specifigAh (5

to opsonize these liposomes, or with these liposomes and Abs together with the anti-FcR Ab 2.4@2r{R0Profiles for 3000 cells are presented. Data

are representative of three analyses. The open silhouettes represent celldedpoe ells and FITC-modified anti-Id, as controhiddle and right).
Percentage of positive cells and mean fluorescence are indicated as for Fig. 3.

measured JH]thymidine incorporation after a period of culture and which contain multiple copies of Ag behind the barrier of a

extended to 4 days (FigBjJ. membrane or capsule. In the present experiments, each liposome
expresses more than 1500 DNP molecules, permitting a high den-
Discussion sity of targeting ligands, based on DNP binding by intact anti-DNP

We compared the presentation of soluble and liposome-encaps@PS to dendritic cells or by PA-anti-DNP conjugates to other de-
lated Ag by dendritic and B cells. DNP-bearing liposomes weret€rminants on B cells or dendritic cells.

opsonized by anti-DNP Abs for studies of interaction with Fc re-  Differences in stimulation of Ag-specific T cells will depend on
ceptors (Fig. B). Alternatively, the use of these liposomes with the consequences of interaction between Ag, or the liposome in
PA-anti-DNP Fab conjugates permitted intact protein A_bindingwhich it is entrapped, and the particular APC surface molecule to
Abs to be oriented correctly toward other target molecules (Figwhich the Ag is targeted. These will be determined by 1) the den-
1A) while simultaneously blocking association with Fc receptorssity of the target molecules; 2) the signals generated by binding of
(32). Liposomes of the type used in this study are consequenthpg to the receptor; 3) the rate and extent of their endocytosis; 4)
models for infectious agents, which may interact with any of athe quantity of the Ag delivered; and 5) the intracellular fate of the
number of cell surface determinants via multivalent ligands (13),Ag, including degradation and access to class |l molecules. Intact
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FIGURE 6. Multivalent targeting to several different dendritic cell sur- flGure 7. IL-2 production by transgenic T cells correlates with their
face molecules results in efficient T cell production of IL&.Dendritic profiferation. A, Various numbers of dendritic cells were incubated as in
cells were incubated overnight with various concentrations of HEL, free i”Fig. 4, except that they were irradiated (2000 rads) before exposure to Ag.
soIl_Jtion or encapsglated in DNP—bearing Iipospmes together with an |9GJThey were incubated with HEL or HEL-containing, DNP-bearing lipo-
anti-DNP Ab, or with a PA-anti-DNP Fab conjugate and 19G2a Abs spe-gomes at various concentrations together with IgG1 anti-DNP Ab or a Fab
cific for H-2K*, I'Ek' I_'Ak' or control HLA. Transgenic T cells were added  agment of that Ab. T cells were not added to one series of dendritic cells
and assayed as in Fig. 2. Data from two representative experiments of foyge pated with liposomes and intact Ab. IL-2 production was evaluated by
performed are presenteB, As in A, except that the control consists of he incorporation of H]thymidine by CTLL cells starting at 48 h after
HEL liposomes and the PA-anti-DNP Fab conjugate incubated in the abagition of T cells B, For studies of proliferationH]thymidine incorpo-

sence of a targeting Ab. ration by T cells (or of dendritic cells incubated alone) was measured
directly after 96 h of exposure to APC.

monovalent Ag has been shown to be able to permit transgenic B

cells to stimulate transgenic T cells bearing the same TCR as those

used in the present study, at comparable Ag concentrations (6, 22ther experiments we have studied Ag presentation to T hybrid-
This monovalent form of Ag presentation by B cells is shown in omas specific for the 46—61 determinant, which requires extensive
the short term in vitro studies performed here to be much lesgrocessing for presentation and is associated primarily with newly
efficient for stimulation than the same quantity of Ag bound to synthesized class Il molecules, as well as T hybridomas specific
surface Ig that is subsequently cross-linked by Ab or empty lipo-for peripheral peptides included within the sequence of HEL,
somes. This difference for the same target molecule and APC iw/hich are presented by recycling class Il molecules. These results
consistent with modulation of signals that are transmitted by surindicate that HEL in liposomes behaves like free HEL when taken
face Ig as a consequence of cross-linking, as has already beemp by fluid phase endocytosis and shares the markedly enhanced
demonstrated in studies in which mutated Igr g8 molecules  presentation of HEL when targeted to surface Ig, whatever the
associated with surface Ig on B cells were transfected into mypeptide specificity of the hybridontaThere is thus no evidence
eloma or lymphoma cells (33, 34). However, cross-linking of sur-that a specialized processing compartment is required for release
face Ig in the presence of a fixed amount of bound free HELof liposome-entrapped Ag.

increased Ag presentation to a much lesser extent than when lipo- It has been estimated that fewer than 300 HEL peptidectin-
somes bound to surface Ig contained HEL (Fig. 3). HEL is pasplexes may activate class IlI- plus peptide-specific T cell hybrid-
sively entrapped within the aqueous spaces of these liposomes anthas (39), whereas about 1 HEL molecule in 750 taken up by fluid
presumably behaves like free HEL when released in cells. This iphase endocytosis by lymphoma cells generated-agsociated

in contrast to experiments in which Ags have been covalently happeptides recognized by a hybridoma with the same TCR as that
ten modified for binding to anti-hapten surface Ig (35, 36) or di- expressed by our TCR transgenic T cells (40). Although naive
rectly bound to anti-Ag Abs for targeting purposes. These may
alter Ag processing, or result in modification of their presentation,s F. Forquet, N. Barois, P. Machy, J. Trucy, V. S. Zimmermann, L. Leserman, and J.
depending on the site on the Ag to which the Ab binds (37, 38). InDavoust.Submitted for publication.
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transgenic T cells are reported to require a somewhat higher nunphenotype (44). The respective roles of different dendritic cell sur-
ber of class Il-peptide complexes for IL-2 production than primedface molecules in Ag presentation in vivo remain to be tested.
T cells or hybridomas (41), the efficiency of class Il association of B cells derived from mice in which the class ll-associated in-
Ag taken up by a receptor on APC may permit this level of peptidevariant chain has been deleted cannot present class ll-restricted
binding to be achieved at low external Ag concentrations, as sugAg, while dendritic cells from the same mice present these Ags
gested by the present studies. The efficiency of this process withormally (24). These results indicate that Ag-processing pathways
also depend on the form of the Ag. Each liposome used here coref dendritic and B cells differ. Recent studies indicate that cross-
tains hundreds of HEL molecules, so that surface Ig targeted blinking of surface Ig may alter intracellular transport of class |l
anti-Id will internalize much more Ag than the two HEL molecules molecules and increase its association with endosomal compart-
in free form taken up by the same receptor. Thus, the internalizaments to which Ag is transported by surface Ig (45, 46). The ex-
tion of Ag in monovalent form could be considered as an “ana-periments reported here suggest that Ags targeted to surface Ig on
logue” event, with the Ag dose internalized linearly with increas- B cells are efficiently presented as a consequence of alteration of
ing numbers of receptors engaged, whereas internalization dfansport induced by Ig cross-linking. The FcR serves a similar
multivalent Ag is a “quantal” event, in which one or only a few role on dendritic cells, but its participation appears less predomi-
liposomes may contain sufficient Ag to induce a response, if denant for dendritic cells than that of surface Ig for B cells. The
livered into a suitable compartment. This is an appropriate refunction of dendritic cells as “sentinels” exposes them to infection
sponse in nature, in which quanta of Ag will normally be containedby humerous microorganisms. This parasitism of APC is useful for
within infectious organisms. However, this sensitivity is manifest host defense, provided that the act of entering the dendritic cell
only in the context of cross-linking of surface Ig. Indeed, targetingresults in T cell activation. The capacity of dendritic cells to
of liposomes and the same PA-anti-DNP conjugates t§ bE  present Ags that cross-link molecules, including MHC class | and
H-2K¥, of which the density of expression on B cells is comparablell molecules that are not nominal cell surface Ag receptors, may
with that of surface Ig, resulted in Ag presentation to a level notcounter the potential use of these molecules as receptors by mi-
greater than that seen for the uptake of soluble HEL by anti-HELcroorganisms. While the presence of immunoreceptor tyrosine-as-
surface lg. This strongly suggests that binding of Ag to these molsociated motifs in molecules associated with both surface Ig on B
ecules does not result in signaling that permits up-regulation ofells and the FcR of dendritic cells suggests common downstream
costimulatory molecules and access of Ag to class Il-containingoathways potentially responsible for both efficient presentation and
compartments. The recent development of Abs specific for HELactivation (47), the mechanisms permitting Ag presentation or
peptide-IA conjugates (40, 42) will permit quantification of the activation via other molecules on dendritic cells remain to be
actual I-A< association of Ag presented in monovalent or multi- determined.
valent forms targeted to different cell surface molecules. The question as to whether B cells can initiate immune re-
Several studies have emphasized the endocytic capacities sponses, or are better or worse as APC for T cells than dendritic
dendritic cells (9, 10). The liposomes we use are small enough teells, has been long posed. Early studies indicating that B cells
be taken up by fluid phase endocytosis. Free HEL and nontargeteginnot initiate responses are based on experiments in which sur-
liposome-encapsulated HEL were presented by dendritic cell§ace Ig is not stimulated at all, as when exogenous or constitutive
equally well at equivalent Ag concentrations, ruling out any pro-peptides are presented (48, 49). Subsequent studies indicated that
tective effect of the liposome membranes with respect to Ag prothis presentation defect could be partially overcome by monova-
cessing. The presentation by dendritic cells of Ag associated withent Ag (22). In the present study the efficiency of Ag presentation
phagocytosis of micrometer-sized latex particles has been showpy B cells the surface Ig of which was targeted by multivalent Ag
to be orders of magnitude more efficient than uptake of the samwas further augmented by orders of magnitude. Furthermore, our
Ag in solution (43). Nonrecognition of the 200 nm DNP-bearing data indicate that contact with multivalent Ag may be as important
neutral liposomes used here in the absence of a targeting ligaf@r Ag presentation by dendritic cells as it is for Ag-specific B
permitted an unambiguous evaluation of the role of defined recepeells. Thus, these results suggest that when access to Ag is assured,
tors in the uptake process. These lipid vesicles could be used tg-specific B cells and dendritic cells may have equivalent capac-
bind intact anti-DNP Ab, resulting in Ag presentation by IgG FcR- ity for Ag presentation to Ag-specific CD4T cells. In fact, pre-
bearing dendritic cells. Stimulation of Ag-specific T cells by lipo- sentation of Ag from relevant pathogens may be a cooperative
some-encapsulated HEL targeted to the FcR of dendritic cells byprocess between B cells and dendritic cells under physiologic con-
anti-DNP Abs required 1000-fold less Ag than when the cells wereditions, since by secreting Ab into the circulation, B cells can
exposed to free HEL or nonopsonized liposomes containing HELpermit dendritic cells to identify Ag via their Fc receptors. The
Ag delivered by liposomes opsonized by PA-anti-DNP conjugategequirement that Ab pre-exist to promote processes that augment
in the presence of Abs specific for class | or nonrestricting class Iproduction of Abs of equivalent specificity does not necessarily
molecules on dendritic cells also resulted in presentation of Agpose a dilemma because of the neonatal availability of I9G Ab of
resulting in IL-2 production at low Ag concentrations. This con- maternal origin, as also suggested by others (31). Maternal Ab will
trasts with the reduced efficacy of Ag presentation from liposomegermit dendritic cells to present environmental Ags, increasing the
targeted via class | and Il molecules on B cells, as compared wittirequency of Ag-specific T cells and compensating for the rarity of
surface Ig-targeted liposomes. The fact that we targeted identic#g-specific B cells.
class | and Il molecules on B and dendritic cells rules out any
possible effects of the affinity of receptor-ligand interactions on
processing of the liposome-encapsulated Ag. On the other handAcknowledgments
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