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In this study, we elucidate the Fe&RI-mediated Ag uptake and presentation mechanisms of dendritic cells (DC). We found that
FceRI-bound IgE, after polyvalent but not after monovalent ligation, is efficiently internalized into acidic, proteolytic compart-
ments, degraded, and delivered into organelles containing MHC class Il, HLA-DM, and lysosomal proteins. To follow the fate of
the fragmented ligand, we sought to interfere with invariant chain (li) degradation, a process critical for peptide loading of nascent
MHC class Il molecules. We found DC to express cathepsin (Cat) S, a cysteine protease involved in li processing by B cells.
Exposure of DC to a specific, active-site inhibitor of Cat S resulted in the loss of anti-Cat S immunoreactivity, led to the appearance
of an N-terminal li remnant, and decreased the export of newly synthesized MHC class Il to the DC surface. Furthermore,
inactivation of Cat S as well as blockade of protein neosynthesis by cycloheximide strongly reduced IgE&RI-mediated Ag
presentation by DC. Thus, multimeric ligands of F&RI, instead of being delivered into a recycling MHC class Il pathway, are
channeled efficiently into MIIC (MHC class Il compartment)-like organelles of DC, in which Cat S-dependent li processing and
peptide loading of newly synthesized MHC class Il molecules occur. This IgE/leRI-dependent signaling pathway in DC may be
a particularly effective route for immunization and a promising target for interfering with the early steps of allergen
presentation. The Journal of Immunology,1998, 161: 2731-2739.

endritic cells (DCY are specialized APC that can acquire in their nonselective fluid-phase (macro)pinocytotic capacity (5—

exogenous proteins/pathogens at peripheral sites and mi#). They may, therefore, rely on the expression of selective Ag

grate/recirculate to lymphatic organs, where they displaybinding and uptake receptors to present the relevant determinants
Ag-derived peptides for T cell recognition (1). DC surface recep-in quantities needed to ensure vigorous T cell responses. Among
tors for enhanced Ag uptake have been identified and, ideally, magthers, the high affinity IgE receptor (&Rl) is a candidate pattern
promote the capacity of these cells to discriminate between darrecognition and Ag uptake moiety expressed by DC of the skin
gerous non-self and harmless self (2). The mannose receptor- affide., epidermal Langerhans cells (8, 9) and dermal DC (10)) and
FcyRIl-mediated Ag uptake by cytokine-stimulated human mono-DC circulating in the peripheral blood (PB-DC) (11). In fact, we
cyte-derived DC are the interiorization pathways best investigatethave found previously that targeting of allergen-IgE complexes to
to date (3, 4). The nature and functionality of Ag uptake receptord-ceRI-bearing PB-DC results in a much stronger allergen-specific
used by virgin human DC (i.e., DC that have not been exposed td@ cell response than that elicited following DC exposure to aller-
robust activation stimuli) are less well characterized. Freshly isogen in the absence of IgE (11). To unravel the biologic role of this
lated, virgin tissue DC are clearly inferior to monocyte-derived DC Ag presentation mechanism and, perhaps, to define the targets for
possible interference strategies, we investigated the cellular and
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Materials and Methods

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby maddackrtisemenin accordance Abs and reagents

with 18 U.S.C. Section 1734 solely to indicate this fact. Chimeric (human Fc/mouse Fab) IgE anti-4-hydroxy-3-nitrophenacetyl
1 This work was supported, in part, by grants from Austrian Science Foundation(dgE’ IgE anti-NP) was from Serotec (Oxford, U.K.). Biotinylation and PE
(S06702-MED) and from Novartis, Basel, Switzerland. labeling of clgE (clgE biot, cIgE PE) were performed according to standard
2 Address correspondence and reprint requests to Dr. Dieter Maurer, Division oprotocols. Purified, monoclonal human myeloma IgG1, IgG2, 1gG3, 19gG4,
Immunology, Allergy and Infectious Diseases, Department of Dermatology, Univer-|gA2, and polyclonal human serum IgG were from Chemicon (Temecula,
sity of Vienna Medical School, Waehringer Guertel 18-20, A-1090 Vienna, Austria. CA). The mouse anti-FeRla mAb 15-1 has been described (8). mAbs used
E-mail address: Dieter.Maurer@akh-wien.ac.at for immunodepletion experiments included anti-CD3, anti-CD11b, anti-
3 Abbreviations used in this paper: DC, dendritic cell; aa, amino acid; BCR, B cell CD16, anti-CD19, anti-CD34, and anti-CD56 (all IgG1; Immunotech, Mar-
receptor; biot, biotin; Cat, cathepsin; CHX, cycloheximide; clgE, chimeric human seille, France). Fab fragments of the anti-IgE mAb (IgG1, clone B3102ES;
Fc/mouse Fab immunoglobulin E anti-4-hydroxy-3-nitrophenacetyl; CLIP, class Il- Southern Biotechnology, Birmingham, AL) were prepared using a kit (Im-
associated invariant peptide; li, invariant cha_un; LAMP, Iysosome—ass_omated MeMmunoPure IgG1 Fab and F(3 Preparation Kit; Pierce, Rockford, IL)
brane protein; LHVS,N-morpholinurea-leucine-homophenylalanine-vinylsulfone- following the manufacturer's recommendations. FITC-conjugated mouse

phenyl; Ly, lymphocyte-depleted; MFC, mean fluorescence channel; MIIC, major - .
histocompatibility complex class Il compartment; NP, 4-hydroxy-3-nitrophenacetyl; mAbs used were clone CR3/43 recognizing fhehain of HLA-DR, HLA-

PB-DC, dendritic cells circulating in peripheral blood; PE, phycoerythrin; PercP, DP, and HLA-DQ (Boehringer Mannheim, Mannheim, Germany); clone
peridinine chlorophyll protein; SA, streptavidin; TCC, T cell clone; TRITC, tetra- L243 recognizing HLA-DRY/B, and anti-CD3 (Leu4; both from Becton
methylrhodamine isothiocyanate. Dickinson, Mountain View, CA), anti-CD11b (Immunotech), anti-CD20
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(Leul6; Becton Dickinson), anti-CD54 (PharMingen, Hamburg, Germa-PB-DC were stained with anti-HLA-DR FITC, VICY1 FITC, LN-2 PE,
ny), mAb VICY1 recognizing the N terminus of invariant chain (li, CD74; anti-ICAM-1 FITC, and anti-B7-2 PE. Permeabilization of PB-DC was
kindly provided by Dr. O Majdic, University of Vienna Medical School, performed using a kit (Fix & Perm; An der Grub, Kaumberg, Austria),
Austria), anti-LAMP-1 (CD107a), and anti-LAMP-2 (CD107b; both from according to the manufacturer's recommendations. Cellular fluorescence
PharMingen). PE-conjugated mAbs included mAb LN-2 (directed againstand light scatter parameters were analyzed on a FACScan (Becton Dick-
the li C terminus) and 1T2.2 (anti-CD86; both from PharMingen). Strepta-inson). Within the Ly PBMC population, PB-DC were gated as HLA-
vidin PE (SA-PE) and anti-HLA-DR PerCP were from Becton Dickinson. DRM"CD11b" cells, monocytes as HLA-DRCD118"9", and basophils as
Affinity-purified rabbit F(ab), anti-human IgE was purchased from Central HLA-DR ~CD11b", as previously described (11). The specific reactivity of
Laboratory of The Netherlands Red Cross Blood Transfusion Serviceviotinylated clgE or human Ig and of FITC- or PE-labeled mAbs with a
(CLB; Amsterdam, The Netherlands). The generation of affinity-purified given cell type was expressed as tknean fluorescence channel number
rabbit anti-cathepsin (Cat) S Abs has been previously reported (12). Th@A-MFC; biotinylated clgE/human Ig, MFC of the SA-PE reactivity in the
rabbit anti-HLA-DMB (R.DMB/c) Abs were kindly provided by Dr. P. presence of the biotinylated Ab minus the MFC in its absence; FITC/PE-
Cresswell (Yale University School of Medicine, New Haven, CT). Affin- labeled mAbs, MFC of the reactivity of the FITC/PE-labeled mAb minus
ity-purified rhodamine (TRITC)-conjugated and unlabeled mouse';fab  MFC of the reactivity of an isotype- and fluorochrome-matched control mAb).
specific goat F(al),, goat IgG (HtL)-specific donkey F(ab), TRITC, and The percentage of clgE-PE internalized by HLAPRCD11b PB-DC was
FITC-labeled goat F(dp, anti-rabbit IgG (H+-L) were from Jackson calculated using the formula: specific PE reactivity of DC upon acid stripping
ImmunoResearch (West Grove, PA). Control mAbs were FITC- or PE-divided by the specific PE reactivity of non-acid-exposed DC multiplied by
labeled mouse IgG1, 1gG2a, and 1gG2b (Becton Dickinson). The Cat SL00. Statistical significancies were determined using the paired Stutiests
inhibitor N-morpholinurea-leucine-homophenylalanine-vinylsulfone-phe- andp values 0f<0.05 were considered to be statistically significant.

nyl (LHVS; generous gift of Dr. J. T. Palmer, Arris Pharmaceuticals, South

San Francisco, CA) was dissolved at 10 mM in DMSO. Bafilomycin A1 Confocal laser microscopy

and cycloheximide (CHX) were from Calbiochem (La Jolla, CA). » N .
y ( ) ( ) Atotal of 1 to 2 10° purified PB-DC was mounted onto individual fields

Cell preparations and lines of adhesion slides (Bio-Rad, Richmond, CA) and exposed sequentially to
clgE, mouse anti-IgE Fab, TRITC-conjugated goat F{abanti-mouse
E~-mononuclear cells (EPBMC; 2—4 x 10 cells per donor) from  F(ab),, and donkey F(al, anti-goat IgG (each 1@.g/ml, 30 min at 4°C).
healthy individuals and birch pollen-allergic patients (as defined by clinicalsjides were then overlayered with £€#@Mg?*-containing HBSS and cul-
criteria, skin prick test, and radioallergosorbent test) were prepared byyred in a humidified atmosphere at 37°C, 5% C®fter the indicated
Ficoll-Hypaque (Pharmacia, Uppsala, Sweden) density-gradient centrifuculture periods, cells were fixed in 3% paraformaldehyde (Fluka Chemie
gation of heparinized venous blood, followed by depletion of SRBC-bind-AG, Buchs, Switzerland)/Ga/Mg>*-free PBS, washed, and quenched by
ing (E') T lymphocytes. Thereafter, residual T cells, monocytes/basophilsyashing with 50 mM NHCI/PBS. For immunofluorescence-based staining
NK cells, B, and progenitor cells were labeled with anti-CD3, anti-CD11b, of Cytop]asmic Ags, cells were permeab”ized with 0.3% Saponin (S|gma’
anti-CD16/CD56, anti-CD19, and anti-CD34 mAbs £8/ml each), re- St Louis, MO)/PBS, washed, and preincubated with 10% mouse serum/
spectively, allowed to bind anti-mouse IgG1-coated paramagnetic particle$0% goat serum for 30 min at 4°C. Thereafter, cells were exposed to
(MACS; Milteny Biotec, Bergisch-Gladbach, Germany) and, finally, were FITC-labeled anti-HLA-DR (clone CR3/43, diluted 1/10), anti-LAMP-1/2
depleted using a magnet (MiniMACS; Milteny Biotec). Non-bead-bound (diluted 1/5), or isotype-matched control mAbs &/ml), or were incu-
cells were recovered by two sequential washing steps. This procedure tyfyated with rabbit anti-HLA-DNB (diluted 1/1000) or control rabbit serum
ically yielded 2 to 4x 10° cells, 90 to 95% of which displayed an HLA-  for 30 min at 4°C. All Ab dilutions and the washing buffer were supple-
DR"", CD3", CD20, and CD14"°" immunophenotype and, thus, fulfill  mented with 0.1% saponin. After two washings, the binding of rabbit Abs
the phenotypic criteria of PB-DC (11). The great majority of these cellswas detected by an incubation step with FITC-labeled goat'J(ainti-
bound monomeric clgE and reacted with the ané#fee mAb 15-1. The rabbit 1gG (H+L) (10 ug/ml). After rinsing with PBS/saponin and em-
remaining non-DC population consisted of T cells, B cellssfC ba-  bedding in Fluoprep medium (BioMerieux, Marcy L'Etoile, France), slides
sophils (together<2% of the total cell population), and some as yet un- were examined using a confocal laser-scanning microscope system (LSM
identified cells. In certain experiments, the anti-CD11b mAb was omitted410; Zeiss, Oberkochen, Germany) fitted with lasers emitting light at 488
from the mAb mixture to obtain a lymphocyte-depleted cell population and 543 nm for the excitation of FITC and TRITC, respectively. Images
(Ly PBMC) that contains not only HLA-DR"CD11b DC, but also  corresponding to fluorescence signals originating frompvbsections of
HLA-DR"CD11b" monocytes and FeRl"HLA-DR~CD11b" basophils. individual cells were acquired. To demonstrate the relative positional dis-
T cells were procured from the'EPBMC fraction by NHCI-mediated  tribution of FITC- and TRITC-labeled Ags, the images collected in the two
lysis of SRBC and were purified by anti-HLA-DR-, anti-CD16-, anti- channels were merged.
CD19-, anti-CD20-, anti-CD56-based immunomagnetic depletion.

. Western blot analysis
Flow-cytometry analysis

L . . Native or clgE/anti-IgE Fab-bound PB-DC were either kept on ice or cul-
To release in vivo bound IgE molecules, isolated cells were subjected 1§,req at 37°C in the presence of the indicated agents before their solubi-
Ia})cuc acid treatment (13). LyPBMC (5 X 10°in 50 pl) were stained at  |ization in Tris lysis buffer (20 mM, pH 8.2) containing 1% Nonidet P-40
4°C with biotinylated cIgE, I9G1-4, or IgA (each 1@/ml), and exposed  (gjgma), 140 mM NaCl, 2 mM EDTA, 1 mM iodoacetamide, 1 mM PMSF,
to anti-CD11b FITC and anti-HLA-DR PerCP (gg/ml each). Cell sur-  anrotinin, and leupeptin (both 1@g/ml; all from Sigma). Lysates were
face-bound biotin groups were visualized by SA-PEugIml). Aliquots of et on ice for 30 min, reacted with SDS sample buffer, and analyzed by
cell samples were preincubated for 30 min with purified mAb 15-1 (50mmunoblotting, as previously described (14). Briefly, aliquots of lysates
pg/ml) or human 1gG (20Qug/ml) before staining. In all other experi- \ere submitted to 7 to 15% SDS-PAGE and blotted onto Hybond-P nitro-
ments, isolated acid-stripped cells were allowed to rest for 30 min at 37°Gg|iyjose membranes (Amersham Life Science, Buckinghamshire, U.K.).
before thglr further processing. In one experimental proto_col, ClgE biot-\embranes were blocked with 10% dry milk/0.1% Tween-20 (Sigma)/
loaded Ly PBMC, ?lther left untreated or exposze+d to anti-IgE Fab (10 pgs for at least 6 h. Thereafter, membranes were exposed to mAbs against
ug/ml, 30 min at ‘t C), were dispensed in“TéMg -containing HBSS  the Ii N terminus (VICY1), CD45 (mAb MEM-28; kindly provided by Dr.
and cultured at 37°C in the presence of anti-lgE Faboor goat’R(abti- v/ Horejsi, Academy of Natural Sciences, Prague, Czech Republic), Cat D
mouse F(al), (10 ug/ml each). After the indicated 37°C culture periods, (Transduction Laboratories, Lexington, KY), or rabbit anti-Cat S Abs. The
samples were placed on ice until the final time point of each experimen inding of peroxidase-conjugated rabbit anti-human IgE (Accurate Chem-
was reached and, thereafter, exposed to anti-CD11b FITC, anti-HLA-DR¢4i5 & Scientific, Westbury, NY), goat anti-mouse Ig (1:40,000), or goat
PerCP, and SA-PE. I;or_mternallzatlon studies, CIgE-PE-loade®BMC ot raphit Ig (1:50,000; both from Bio-Rad) was detected using ECLplus
were cultured at 37°C in the presence or absence of IgE-specific rabbfieye|oping solution (Amersham). Films were digitalized by high resolution
F(ab), (30 uwg/ml) and, after the indicated culture periods, were placed ONscanning (S-12; UMAX Technologies, Fremont, CA), and integrated band

ice until the last sample was harvested. An aliquot of each sample wagensities were expressed as relative OD values using the VistaScan soft-
subjected to acid elution of cell surfaceeRt-bound clgE PE. Thereafter, e package (UMAX Technologies).

all samples were exposed to anti-CD11b FITC and anti-HLA-DR PerCP

mADbs and analyzed by flow cytometry. Purified PB-DC were either kept °”Ag-specific T cell proliferation

ice or cultured at 37°C for 4 to 12 h in granulocyte-macrophage CSF (100

U/ml; Novartis, Basel, Switzerland)-supplemented, serum-free UltraCul-Lactic acid-exposed, purified PB-DC from atopic individuals were used as
ture medium (BioWhittaker, Walkersville, MD), and then analyzed by im- stimulator cells and dispensed into 96-well round-bottom microtiter plates
munostaining or Western blotting (see below). Intact and/or permeabilized1-2 x 10%well; Costar, Cambridge, MA). AutologouBet vI-specific T
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cell clones (TCC) were established and characterized by techniques di preincubation:
scribed previously (15). TCCs used in this study included GZ11 M (peptide none
specificity Bet v 1, amino acids (aa) 82-93) and GZ15R (aa 119-125); ant-FesRle
HR1217, HR2131, and HR2149 (aa 142-156); RR10/5 (aa 34-48) i WeigE Oy
RR161/Ill (aa 76-90), and RR4R (aa 142—156); and HPR 17/Il, HPR31/Il, gt Oig&t i

HPR 49/ll, and HPR 77 (aa 142-156). Before the DC-TCCX(5L0* IgG E:ggg =
cells/well) coculture, PB-DC were subjected to either of two experimental none Ilgm
protocols. In the first experimental group, PB-DC were expose@ foat laG @igA
37°C to 5 nM LHVS or medium before their exposure tquéi/ml NP- " i
specific IgE and/or the indicated concentrations of NP-coupled recombi none ~
nant birch pollen allergerBet v1 (Mayerhofer, Linz, Austria) (16). LHVS TS P ST 500 750
remained in the culture medium throughout the subsequent DC-TCC co AMFC AMFC

culture period. In the second experimental group, DC were cultured ir D.Lio0o0
solvent- or CHX (5ug/ml)-conditioned medium for a totaf & h at37°C.
After the initial 2-h incubation period, cultures were substituted with NP-
specific IgE (1ug/ml final concentration). DC were allowed to bind IgE for
30 min and then exposed tBet v1-NP at the indicated final concentra-
tions. After a 2.5-h Ag pulse, non-DC-bound culture additives were re-
moved by several washings. DC-TCC cocultures and the appropriate cor
trols were supplemented with stimulatory anti-CD28 mAbs (Leu28, 0.5 —@—clgE biot/anti-IgE Fab  GAM F(ab')p
rg/ml; Becton Dickinson) to correct for the CHX-induced inhibition of

costimulatory molecule expression of DC. All proliferation assays were I i - I . I i i ' i
performed in granulocyte-macrophage CSF (100 U/ml)-supplemented se 0 10 iy aﬁﬂsg_c (min) 10 20
rum-free UltraCulture medium. DC-TCC cocultures were incubated for 100
48 h before pulsing with 0.Ci [*H]thymidine (Amersham) per well for -0 medium E [ —0— medum F
additional 16 h. Incorporation of the radionucleotide was measured by -@- antiIgE Fab’), —@—ant-igE Flabl),
liquid scintillation spectroscopy. Background counts of controls (DC, DC .—-——O\_.__.==Q
plus Ag, TCC, DC plus TCC, TCC plus Ag, or anti-CD28 mAbs) were
always <500 cpm. The results are expressed as the mean cpBD)
obtained in duplicate cultures.
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Results
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In a first series of experiments, we investigated the Ig isotype- . ) ) o

and the IgG subtype-binding capacity of PB-DC (HLA- FIGURE 1. I_gE is the isotype preferentially bound and ||g_at|on-depen-
DRMINCD11b Ly “PBMC (11); referred to as DC thoughout this Idegtly 'gtema“ffd dby bfg%zmtang&éga but not othgr 'g LS.Ot.ypTS O(rj
work) and monocytes. As shown in Figurd,1DC avidly bind 9G subtypes bind to PB-DC. Lip were exposed lo biotinylate

. : - o monomeric clgE (solid bars), 1IgG1-4 (open and shaded bars), or IgA
monomeric IgE, but display no or only negligible affinity to the atched bars) with or without preexposure to an angRfe mAb or

other isotypes/subtypes. TheeRt dependency of IgE binding by  purified human I1gG. The specific SA-PE fluorescence of PB-DC (HLA-
DC was confirmed by the ability of a mouse antieRta mAb DRMI"CD11b~; A) and monocytes (HLA-DRCD11b"; B) is given on the
(mAb 15-1) to prevent the IgE loading of DC. In contrast, mono- x-axis. C and D, Cross-linking-induced disappearance of surfaceRfc
cytes bound IgE less efficiently than the other monomeric Ig iso-bound IgE on DC. LyPBMC were exposed at 4°C to cIgE biot (open
types/IgG subtypes tested (IgG3, IgGllgG4 >> IgA, 1gG2 > symbols) or to clgE biot, followed by anti-IgE Fab (closed circles). Cells
IgE, Fig. 1B). To study the fate of R&RI-bound IgE, DC were Were then culturt_ad for the indicatgd time pe_riods at 372@)63)' in the
monitored for surface-bound IgE upon exposure to monomeridresence of medlum alone (open C|rcles)_, anti-lgE Fab (open diamonds), or
(mouse anti-IgE Fab) and multimeric (anti-IgE Fab, followed by goat F(ab), anti-mouse F(a, (closed circles). DCQ) were gated as

o . . described above, and basophiB) (vere identified as HLA-DRCD11b"
mouse F(ab,-specific goat F(al),) ligands. Figure € shows cells. The specific cell surface-bound SA-PE fluorescence is given on the

that, at 37°C, cross-linking led to a rapid and almost Completey-axis.EandF, Multimerization of FeRI-bound IgE results in rapid and
disappearance of DC surface-bound IgE, whereas monomeric lisfiicient internalization of receptor-ligand complexes.BBMC were ex-
gands of IgE hardly affected the amount of IgE at the plasmégposed to clgE-PE and cultured for the indicated time periods at 32°C (
membrane. Basophils of the same donor and in the same expesixis) in the presence of medium alone (open squares and circles) or affin-
ment bound IgE 10-fold more efficiently than DC, but showed only ity-purified rabbit F(ab), anti-human IgE (closed squares and circles).
modest down-regulation of this molecule upon polyvalent IigationA”qUOtS of individual samples were subjected to lactic acid elution of
(Fig. 1D). To determine whether the disappearance of surfacesurface-bound cige-PE (squares). Thaxes give the specific cIgE-PE
bound IgE moieties was due to preferential internalization or shed€activity €) or the calculated percentage of internalized clgE-Pjag a

- . - - function of the elapsed time-axis).
ding of receptor-ligand complexes, DC were acid stripped and la-
beled with defined concentrations of IgE-PE. Following culture at
37°C in medium alone or in the presence of a multimeric ligand,
they were again exposed to lactic acid to dissociate IgE-PE fronand kinetics of FeRI-bound IgE. As demonstrated in Figurg,1
surface-bound FeRl. Figure E shows that in the presence, but not multimerization of DC-bound IgE-IgE receptor complexes results
in the absence, of a multimeric ligand, the fluorescent moietiesn their effective &70%) and rapid (6- to 7-min,,, on the cell
become rapidly resistant to acid elution, indicating that the recepsurface) internalization. Virtually no uptake was seen in the ab-
tor-ligand complexes had moved to an intracellular location. Mul-sence of the cross-linking agent (Figz)1
timerization of IgE had no effect on the amount of the total cell- In a next set of experiments, we used TRITC-labeled secondary
associated PE fluorescence, reflecting the detectability of this dyAbs to follow the cytoplasmic route of IgE-IgE receptor complexes by
irrespective of its membraneous or intracellular localization (Fig.confocal laser-scanning microscopy. These experiments revealed that
1E). Based on the ratio of lactic acid-resistant and total cell-assolgE-FceRI complexes on purified DC, while restricted to the cell sur-
ciated PE fluorescence, we calculated the internalization efficacface when the cells were kept on ice, progressively accumulated in
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FIGURE 2. IgE-FceRlI complexes are effi-
ciently internalized and progressively accumulate
in distinctive cytosolic DC compartments. Purified
DC were mounted onto slides and subjected to the
TRITC-based IgE-labeling, FERI cross-linking
regimen, as described Materials and Methods
Cells were either fixed immediately after the la- |
beling procedure or incubated at 37°C for the in-
dicated periods before fixation and analysis by
confocal laser-scanning microscopy. Overlay ex-
posures of TRITC fluorescence (red) and trans-
mission light images are shown. No TRITC fluo-
rescence could be measured when the IgE-loading
step and/or the anti-IlgE Fab incubation was/were
omitted or when Fab fragments of an irrelevant
mAb rather than of the anti-IgE reagent were used |
(not shown).

vesicular intracellular compartments after the DC had been shifted tpound did not interfere with the rate of &Rl-mediated internal-
37°C (Fig. 2). We observed pronounced patching, capping, and partig@ation of IgE (two independent experiments, data not shown), it
internalization at 5 min and, thereafter, the continuous translocation afid inhibit the loss of intact IgE and the appearance of IgE frag-
the complexes to certain distinctive cytosolic DC organelles that occuments (Fig. 3). Altogether, these results demonstrate that_¥fc

in a perinuclear location as well as adjacent to the cell membranen DC can efficiently and rapidly direct multimeric ligands into

Little or no fluorescent material remained on the cell surface. subcellular acidic compartments containing the machinery for pro-
L . . ) tein degradation.

Multimeric proteinaceous ligands of BRI are subject to To identify the nature of the vesicles in which protein Ags or

acidification-dependent degradation and selective targeting into fragments thereof accumulate after their internalization vieRIFc

lysosomal, MIIC-like compartments of DC DC were subjected to immunofluorescence double-labeling proce-

We then studied, by Western blotting, the fate okRcligands  dures and analyzed by confocal laser microscopy. IgéRFcom-

upon internalization. Lysates of IgE-loaded DC that had been culplexes on purified DC were cross-linked with secondary Abs con-
tured in the presence or absence of an anti-lgE-directed crosg-gated to a pH-stable fluorescent dye (TRITC), washed, and
linking agent were blotted, and membranes were probed for anticultured for 40 min at 37°C. Cells were then permeabilized and
IgE reactivity. As shown in Figure& the lysates of DC that had stained with Abs recognizing HLA-DR, HLA-DI@, or LAMP-1

been consecutively reacted with clgE/anti-IgE and, then, were extCD107a) and LAMP-2 (CD107b). As shown in Figure 4, the in-
posed to goat anti-mouse F(Rpprogressively lost the anti-lgE- tracellular vesicles that are accessible for IgEFccomplexes in
reactive 180-kDa band (representative experiment,5). No de-  DC stained prominently for HLA-DR and HLA-DIg, and were,
crease in the amount of intact IgE was seen in the absence of tta least partly, positive for LAMP-2. These data demonstrate that
cross-linking stimulus (Fig. 8), and the 180-kDa anti-IgE reac- Ags taken up via FeRI on DC are preferentially targeted to com-
tivity was still discernible even after a 12-h culture period (not partments that display the same antigenic profile as the lysosomal/
shown). When the amount of DC-bound IgE was adjusted to théate endosomal MIIC previously identified in immature DC and
total cellular content of CD45 at any given time point, it appearedvarious other APC (18-21). In fact, li degradation and the loading
that intact IgE (180 kDa) had &20-mint,,, upon cross-linking  of antigenic peptides onto class Il molecules have been shown to
(Fig. 3B). In two of five experiments, the fast disappearance ki-take place in these organelles (21).

netics was followed by a slower phase, during which anti-IgE-
reactive moieties with m.w. characteristics of free IgE heavy
chains emerged (Fig. 3 and B). To investigate whether inter- In view of the critical role of Cat S in li processing by EBV-
nalized IgE is subject to acidification-dependent proteolysis, DCtransformed human B cells (22) and murine splenocytes (23), we
were exposed to bafilomycin Al, a drug that affects lysosomakearched for the presence of this cysteine protease in DC. Using
function by increasing the lysosomal pH (17). While this com- affinity-purified rabbit anti-Cat S Abs and Western blotting, we

Expression and function of Cat S in dendritic cells
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with the further finding that the total cellular content of HLA-DR
was essentially unaffected by LHVS suggests that, in the absence
PC of functionally intact Cat S, DC accumulate HLA class Il mole-
: cules in an intracellular location. Since the inhibitory effect of
Ll 1l I'EERE CHX on HLA-DR synthesis could not be enhanced by the addition
of LHVS, it appears that de novo synthesized rather than preex-
Mr isting HLA class Il molecules require Cat S-mediated, lysosomal
(kD) 97.5— li degradation for their efficient transport to the cell surface. In line
with previous findings in human B cells (22), the functional inac-
69 — B N tivation of Cat S in DC led to the accumulation of intracellular,

d A anti-N terminus-reactive li. These moieties apparently represent
newly synthesized li, since the LHVS-induced effect was not ob-
served in the presence of CHX. In contrast, the culture-induced
surface expression of mAb LN-2 (anti-li C terminus)-reactive, in-

£ anHgE Fab } —_— tact li was not changed significantly by LHVS (FigB) It is not
—#—anti-IgE Fab/GaM F(ab’)z yet clear whether these LN-2-reactive li moieties are MHC class Il
—O— anti-IgE Fab }?&75 kD af associated. In DC, such complexes have been shown to exist
—e— anti-IgE Fab/GaM F(ab'), J fragment and to undergo li degradation after their internalization from the
cell surface (25). In contrast to the profound effects on HLA-DR
6 " 4 B B and li expression, the inhibition of Cat S activity did not impair the
time at 37°C (min) culture-induced up-regulation of the costimulatory molecules B7-2
and ICAM-1 (Fig. B).
The molecular nature of the LHVS-inducible anti-li-reactive

IgE/anti-IgE Fab + + + +
aM F(ab')2 - - -
Bafilomycin A1 - - - .
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FIGURE 3. Acidification-dependent degradation of dRi-bound li-

gands upon internalizatios, Purified DC from three donors were pooled, s . . . . .
loaded with clgE/anti-IgE Fab, and cultured at 37°C for the indicated pe-mOIetIeS was investigated by Western blotting using a mAb di

riods in the presence or absence of Bafilomycin Alufll) and/or goat rected against the N terminus of li. Purified PB-DC (a,”,d B cells)
F(ab), anti-mouse F(a,. Lysates corresponding to 08 1C° purified ~ €XPress the p33 (Fig.B and, to a !esser extent, p41 li isoforms
DC were subjected to anti-Igi3] and anti-CD45 Western blotting (not  (Visible after prolonged exposure time only; data not shown). DC
shown). clgE (250 ng) was applied as a positive control (BCRatios of  culture in LHVS- but not in solvent-conditioned medium led to the
integrated densities of the 180-kDa (squares) and the 70- to 75-kDa (cirappearance and pronounced accumulation of an N-terminal li
cles) anti-lgE-reactive bands over the anti-CD45 reactivity were deterphreakdown intermediate of approximately 13 kDa both at early (4
mined for any given time point. The ratios calculated for DC cultured inthey ‘data not shown) and later time points of the culture (12 h, Fig.
presence (closed symbols) or absence (open symbols) of the IgE-directegry \yhile the steady state level of the li p33 was not influenced
Cross.'“nk'ng agentare given on theais as.af“ncnon O.f th.e elapsed time by LHVS. These findings demonstrate that Cat S is essential for
(x-axis). The positions of m.w. markers (in kDa) are indicated atlefte . .
marginsof A complete li degradation by DC and, thus, perhaps for the proper
' li-dependent Ag presentation.

detected anti-Cat S-reactive, 28-kDa moieties in lysates prepare'assemial role of (;at S-mediated li p'rocessing for conventional
from freshly isolated DC (Fig. &). Bands of identical and also 2nd receptor-mediated Ag presentation by DC
different m.w. were identified in EBV-transformed human B cells To explore the relative contribution of the li-dependent vs the Ii-
(Fig. 5A). Short-term culture of DC in the presence of 5 nM LHVS, independent pathway for ERI-mediated Ag presentation, we
a specific and irreversible active-site inhibitor of Cat S (22—-24),used NP-conjugated recombinant birch pollen allergé3et(rv
but not in solvent-conditioned medium only, resulted in a completel-NP) as well as synthetiBet v1 peptides as model Ags, NP-
loss of the DC- and in a reduction of the B cell-expressed 28-kDaspecific IgE, and HLA-DR-restricted T cell clones (TCC) to assess
anti-Cat S reactivity (Fig. A). (Control experiments revealed a peptide presentation by purified, autologous DC (11, Béx.v1
43-kDa anti-Cat D immunoreactivity that was not sensitive to peptides, which bind to cell surface-expressed HLA-DR and, con-
LHVS in either of the two cell types (data not shown).) The otherceivably, are presentated in an li-independent manner, were added
anti-Cat S immunoreactive moieties of B cells were not reduced byo DC-T cell cocultures with or without LHVS. As exemplified in
LHVS treatment. The inhibitor-induced loss of Cat S is not due toFigure 6A, DC can present synthetic peptides in a largely Cat S-
toxic effects since culture in the presence of this compound afindependent fashion (mean inhibition of peptide-induced TCC pro-
fected neither DC viability (data not shown) nor the level of CD45 liferation by LHVS: 4.1 + 16.1%; seven independent experi-
expression by these cells (FigAb The further observation thatthe ments). Expectedly, IL-2-stimulated TCC proliferation was not
exposure of DC lysates to even high concentrations of LHVS didaffected by LHVS treatment. In striking contrast, functionally ac-
not alter the level of anti-Cat S immunoreactivity (not shown) tive Cat S was essential for the optimal presentation of epitopes
demonstrated that this inhibitor does not interfere with the immu-generated from intact protein (FigB When DC were exposed to
nodetection of Cat S. One may therefore assume that LHVS ndbigh Ag concentrations (12g/ml), the blockade of Cat S activity
only blocks the function, but also leads to the elimination of Cat Sresulted in proliferative TCC responses that were reduced drasti-
in viable DC. cally, albeit not entirely abrogated (mean inhibition: 63%, results
To search for the effect(s) of Cat S on the trafficking of MHC obtained with six TCC from three donors recognizing five different
class ll-related gene products at the cellular level, purified DCBet v1 epitopes, i.e., aa 34—48, 76-90, 82-93 (Fi), 18129,
were exposed to either LHVS or solvent only and analyzed for celll42—156). This indicates that, in the presence of saturating Ag
surface and total cellular HLA-DR as well as cytoplasmic andconcentrations, DC can load MHC class Il in a Cat S-dependent
surface li expression. As shown in FigurB,5he elimination of  and, perhaps, also Cat S-independent fashion. Figieds® dem-
Cat S activity resulted in a significantly decreased culture-inducednstrates that, at lower Ag concentrations (100 ng/ml), significant
HLA-DR surface expression by DC. This observation combinedpeptide-specific TCC responses occur selectively in the presence
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FIGURE 4. FceRI delivers ligands into MIIC-like
vesicles of DC. Purified DC were mounted onto glass
slides, and FeRI-bound IgE was cross-linked with
TRITC-labeled secondary Abs, as describeMaterials
and Methods After 40 min at 37°C, DC were perme-
abilized and exposed to FITC-labeled mAbs recognizing
HLA class Il B-chain A-D) or LAMP-2 (H-J), or to
rabbit anti-HLA-DMB, followed by FITC-conjugated
goat anti-rabbit IgG E—G). The TRITC- and FITC-de-
rived light emission of corresponding individual cells is
depicted inB, E, H, andC, F, |, respectively. To dem-
onstrate the relative positional distribution of the mate-
rial internalized via FeRI (TRITC, red) and the various
FITC (green)-labeled Ags, the images collected in the
two channels were merged,(D, G, andJ). The (sub-)
cellular areas in which the TRITC and the FITC fluores-
cence are colocalized appear in yellow. As visualized,
the intracellular vesicles that are accessible for IgE/
FceRl complexes stain for MHC class Il Agé\(D) and
HLA-DM B (G), and are, in part, LAMP-2 (J). Anti-
LAMP-1 immunostaining revealed a similar reactivity
and colocalization with TRITC-derived signals, as seen
with anti-LAMP-2 immunostaining (not shown). No
FITC signals were obtained when FITC-labeled, isotype-
matched control mAbs were used instead of the anti-
MHC class Il or anti-LAMP-2 mAbs, or when the anti-
HLA-DM B Abs were omitted or substituted for by
control rabbit serum (not shown).

of NP-specific IgE. This IgE-dependent Ag presentation was alence or absence of CHX. These experiments showed tk&l+c
most entirely abolished (inhibition 80-90%) when the Cat S ac-dependent Ag presentation indeed critically depends on protein
tivity of DC was eliminated (Fig. B, one of three experiments neosynthesis (Fig.®). Thus, uptake via FRlI results in the sort-
with TCC recognizingBet v1 aa 82-93, 118-129, and 142-156). ing of Ags into DC compartments, where nascent class |l mole-
In Western blotting experiments, we addressed whether Cat Sules acquire peptides in a Cat S-dependent manner.

plays a major role in the proteolysis dBet v1-NP taken up via

FceRI and found that the anBet v1-reactive material disappeared

within a 4-h incubation period whether or not Cat S activity was piscyssion

inhibited (data not shown). This finding supports the notion that ] )
Cat S has no exclusive function during the earliest steps of exogSeIectlve Ag targeting may profoundly affect the occurrence, the

enous protein degradation. However, the possibility cannot béluantity, and, perhaps also, the quality of Ag-specific T cell re-
ruled out that Cat S activity is of relevance for the liberation of SPOnses. Ag uptake receptors known to date include lectin recep-
certain peptides from partially digested Ags. Based on our obsertors, €.g., the macrophage mannose receptor (4, 26) and DEC-205
vations that FeRI-mediated Ag presentation depends on Cat S(27), as well as members of the Ig supergene family, i.e., the B cell
activity and that ongoing protein production was required forreceptor (BCR) (28, 29), RRI (30, 31), FeRII (3, 31, 32), ILT3
LHVS-induced li accumulation, we reasoned thatedepen-  (33), and FeRI (11, 16). The possibility that some of these recep-
dent Ag delivery could result in the peptide loading of newly syn- tors can acquire a special function when expressed by DC is ex-
thesized MHC class Il. To explore this possibility, IgE-loaded and,emplified by our finding that DC- rather than basophil-expressed
for control purposes, nonloaded DC were Ag pulsed in the presFceRI can be efficiently internalized. This may be due to the fact
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EBV-B PB-DC A 10° 10 Medium A - Medium B -} Medium C;105
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Mr -- -— ante 1 } _._ILgHEVaSn(iVNPpIus _’_gﬁimiwpplus
(kD) CD4s C £10*
104 4
39 =— £ g
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- - i 3
28 = M cathepsinS 10
103
7
[ solvent B il
5 6 - LHVS Bet v1 L2 1o 100 101 sx10°2 5x1071 5x100
g .| monx 2 8293 Bet v1-NP (ug/ mi) :
§. W CHX plus LHVS FIGURE 6. FceRI/IgE-mediated Ag presentation by DC requires Cat
g 4 S-dependent li processing and protein neosynthAsismdB, Purified DC
2 were precultured fio2 h in thepresence (closed symbols) or absence of 5
3 23 nM LHVS (open symbols) before their exposure to synthetic peptides
g spanning aa 82-93 @et v1 (0.2 wg/ml), to IL-2 (20 U/ml) @), or to the
5 21 indicated concentrations d@get v1-NP B) with (circles, solid lines) or
£ 1 without IgE anti-NP (squares, fine lines). Thereafter, autologous responder
El cells (TCC GZ11 M, specificity: aa 82-93 &et v1) were added, and
0 [®H]thymidine uptake was measuregddxis: mean cpmt SD).C, Purified
HLA-DR HLA-DR liN-lerm liC-term B7-2 ICAM-1 DC were precultured in the presence (closed symbols) or absence (open
surbce  ftotal cytoplasm surface surface suriace symbols) of 5ug/ml CHX, exposed to IgE anti-NP (circles, solid lines) or
EBV-B PB-T PB-DC c medium only (squares, fine lines), and pulsed for 2.5 h with the indicated
M P —_— concentrations oBet v1-NP. After removal of non-DC-bound Ag, autol-
(D) - m cD45 ogousBet v1 aa 142-156-specific TCC (clones HPR 77, HPR 49/2, and
cus HPR31/2) cells were added and cultures were processed,As in
44— Ex
30— - 20
21— B fg dant high and low affinity IgG receptors. Prolonged expression of
olas ﬁ} 4 8 EE FceRI-bound monomeric IgE should enable DC to acquire and
aC1h - - =-SL continuously display Ag-specific memory receptors and, thus, to

G ) d function of Cat S in D& on of efficiently interact with Ags/pathogens both within the circulation
FIGURE 5. Expression and function of Cat S in D&, Expression of 54 qenending on their migratory properties, within the tissue.

Cat S and LHVS-induced loss of anti-Cat S immunoreactivity in DC. Ly- =y ¢ ther demonstrate that the critical signal to internalize an-
sates of DC either noncultured (N) or cultured for 12 h in the presence of. ; NN 9 :
5 nM LHVS (LHVS) or solvent (S) were subjected to anti-Cat S and tigenic moieties in an IgE-dependent manner is conferred by the

anti-CD45 Western blotting. For control purposes, lysates of EBV-trans/Ad’S ability to cross-link FeRI. Thus, the decision to take up and,
formed B cells (EBV-B) that had been subjected to the same culture proconsequently, to present Ags in an IgE-dependent fashion is made
tocol were analyzed in parallel. Results are representative of four indeperdn the basis of whether or not Ags/pathogens carry repetitive
dent experimentsB, Inactivation of Cat S in DC impairs the export of and/or multiple different IgE epitopes. We have also found that
HLA-DR complexes and leads to the accumulation of cytoplasmic Ii moi- FceRI-mediated internalization results in the proteolysis of the li-
eties. Purified DC were cultured for 12 h at 37°C in the presence of solvengand and the sorting of the resulting fragments into lysosome-
(open bars), 5 nM LHVS (hatched bars), i@/ml CHX (grey bars), or  re|ated vesicles that display the same antigenic profile (HLA=PR
CHX plus LHVS (closed bars). A fraction of the purified DC population HLA-DM *, LAMP*) as the MIICs previously identified in vari-
was kept on ice for the determination of baseline Ag expression. Intact cells ' .
were analyzed for cell surface HLA-DR, li (C terminus), B7-2, and ous types of AF’C ,(18_21)' Rl e,Xpressed by DC IS,Compo,sed, of
4n Fe&Rla-chain linked to a pair of immunotyrosine activation

ICAM-1 expression. Permeabilized DC were used to measure the tot ] ] ; -
cellular HLA-DR and |i expression. Data are presented as the megp) ~ Motif-bearing FeRlIy-chains (11). It, thus, has a structural design

culture-induced change in Ag expression for each condition (LHVS vsSimilar to that of the BCR complex containing the immunotyrosine
solvent,n = 4; CHX vs LHVS plus CHX,n = 3) relative to the baseline activation motif-bearing moleculesdgand 1g3. As opposed to the
value obtained with the DC, which were kept on i€.The blockade of ~BCR, which apparently requires dgfor being channeled to or-
Cat S activity results in the appearance and accumulation of a 13-kDganelles, where peptide loading of nascent MHC class Il occurs
N-terminal li intermediate. Purified DC were either kept on ie€) (r (34), the molecules directing ERI to these compartments have
cultured in the presence of LHVS (L) or solvent _(S_), Iysed_, and sgbjectec&,et to be clarified. Conceivably, ERly and Igx, but not Ig3, will

to Western blotting using the mAb VICY1 recognizing the li N terminus or associate with common but yet unknown adaptor molecules that

an anti-CD45 mAb. For control purposes, lysates of PB-T and EBV-B were . s . .
. purp ys8 . allow their trafficking to MIICs and/or prevent their entry into
analyzed in parallel. Results are representative of four independent exper-

iments. The positions of m.w. markers (in kDa) are indicated atléfte recycling enQosomes. . . .
marginsof A andC. The cysteine protease Cat S critically contributes to li degrada-

tion to class ll-associated invariant peptide (CLIP) and, thus, to the
formation of peptide-bound MHC class Il dimers in B cells (22).
that DC express Rkl complexes that differ in subunit composi- We have now demonstrated that human DC express Cat S and
tion from those encountered on basophils (11). We further showequire this enzyme for optimal presentation of protein allergens
that DC display affinity for monomeric IgE, but are largely unable taken up by fluid-phase and receptor-mediated endocytosis. Expo-
to bind monomeric IgA or 1gG. Thus, Ags/pathogens againstsure of DC to the active-site Cat S inhibitor LHVS significantly
which IgE responses have been mounted may be preferentiallgecreased the surface export of newly synthesized HLA-DR and
retargeted to DC, whereas IgG-defined Ags may be predominantlied to the intracellular accumulation of N-terminal li fragments
trapped by monocytic cells and other cell types that display abunwith migratory properties similar to those of the LHVS-inducible
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li remnants previously detected in human B cells (22). As a predymphoid tissues, respectively (6, 7). It is feasible that PB-DC as
dicted Cat S cleavage site in li is located in closest proximity to thewell as epidermal Langerhans cells at peripheral sites bind and
N terminus of CLIP, the 13-kDa li intermediate in DC most likely internalize Ag/pathogen in an ERI/IgE-dependent manner and,
contains the abluminal localization/retention signal as well as thaipon homing to lymphoid tissues, fulfill their T cell-priming ca-
peptide competitor CLIP (22, 35-37). This LHVS-mediated effectpacity. The harsh proteolytic conditions operative in theRde
in DC occurs at inhibitor concentrations that do not interfere withdependent internalization pathway may allow the efficient libera-
the expression and function of other cathepsins (22-24; data ndion not only of previously recognized, but also of cryptic peptides
shown). Another observation was that LHVS not merely inhibited of IgE-defined Ags, thus widening the repertoire of allergen/patho-
Cat S function, but further led to a disappearance of DC-expressegen-specific T cells. This could be of particular importance for
anti-Cat S immunoreactivity. We have evidence that LHVS doesatopy since multiple Ags of the house dust mite, a major source of
not interfere with the detection of Cat S by polyclonal Abs and, allergen in atopic dermatitis and asthma, have revealed to be pro-
therefore, assume that enhanced lysosomal degradation of andigases and, thus, are presumably resistant to rapid endosomal deg-
decreased autocatalytic activation of procathepsin S by LHVSradation (44). Similarly, a common biochemical feature of food
bound Cat S is/are responsible for the observed phenomenon. allergens is their remarkable resistance to protease destruction
In preliminary experiments, we have comparatively analyzed(45). In a scenario of limited IL-12 production by APC, as has
the effects of the multiple cysteine/serine protease inhibitor leubeen demonstrated in atopy (46),eR¢-dependent allergen deg-
peptin and of the Cat S-specific compound LHVS, and found bothradation and presentation may amplify and widen allergen-specific
substances to display a similar inhibitory potency for Ag presen-Th2 cell responses (47) and even induce IgE-specific Th responses.
tation by PB-DC (data not shown). Together with the observationsThese T cells may be able to provide help for any B cell that
of nonaltered li degradation/Ag presentation by bone marrow-deinternalizes and presents IgE in a CD23-dependent manner as well
rived APC of Cat D'/~ (23) and Cat L/~ mice (38), this finding  as for IgE-specific B cells, resulting in the occurrence of anti-IgE-
suggests that Cat S, rather than other leupeptin-sensitive proteaseiected immune responses frequently observed in atopy (48).
appears to be the most potent catalyst of complete li degradation in
DC. Thus, the observation that protein-pulsed DC require Cat $\CKnowledgments
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