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Expression of HLA-DO (DO) in cells that express HLA-DM (DM) results in an altered repertoire of MHC class II/peptide
complexes, indicating that DO modulates DM function. Human and murine B cells and thymic epithelial cells express DO, while
monocytes/macrophages do not. Monocyte-derived dendritic cells (DC) also have been found to be DO-negative, leading to the
assumption that DC do not express DO. In this study, we report that, in fact, certain types of human primary DC express DO.
These include Langerhans cells (LC) and some subtypes of circulating blood DC. Specifically, the majority of BDCA-3� DC, a
small subset of uncertain function, are DO�, while smaller proportions of CD11c�, BDCA-1� (myeloid) DC, at most a minority
of CD123�/BDCA-2� (plasmacytoid) DC, and no detectable CD16� (myeloid) DC, express DO. Immunohistochemistry of human
tonsil sections demonstrates that tonsillar interdigitating DC are also DO�. In a subset of immature LC with higher DO expres-
sion, an increased fraction of surface DR molecules carry CLIP peptides, indicating that DO functions as a DM inhibitor in these
cells. LC expression of DO is down-regulated by maturation stimuli. DM levels also decrease under these conditions, but the
DM:DO ratio generally increases. In the myeloid cell types tested, DO expression correlates with levels of DO�, but not DO�,
implying that modulation of DO� regulates DO dimer abundance in these cells. The range of APC types shown to express DO
suggests a broader role for DO in immune function than previously appreciated. The Journal of Immunology, 2006, 176: 3536–3547.

T he recognition of antigenic peptides bound to class II
MHC molecules by TCRs expressed on CD4� T cells is
critical for immune responses to pathogens and tumors.

Several molecules regulate the formation of stable class II MHC/
peptide complexes and their expression on the cell surface (re-
viewed in Ref. 1). Invariant chain (Ii)4 directs class II molecules
from the endoplasmic reticulum (ER) to late endocytic peptide-
loading compartments (here referred to as MIIC) and occupies the
peptide-binding groove of the class II molecule, generally prevent-
ing peptide loading before MIIC localization. In MIIC, proteases
successively degrade Ii until a series of nested peptides termed
CLIP remains. The nonclassical class II MHC molecule DM acts
on CLIP/class II MHC complexes to catalyze CLIP release and

stabilize empty class II molecules. DM also serves as a peptide
editor, likely by releasing peptides from class II MHC until a stable
peptide/MHC complex is formed. In the absence of DM, most
class II alleles accumulate at the cell surface with CLIP still bound.

HLA-DO, another nonclassical class II MHC molecule, associ-
ates tightly with DM in the ER and localizes to MIIC in a DM-
dependent manner (2). Investigations of overexpression of DO in
transfected cells and transgenic mice argue that DO inhibits the
function of DM (3, 4); evidence from human B cells supports this
conclusion (5, 6). In vitro studies with purified molecules indicate
that the inhibition is pH-dependent and is reduced at pH �6.0
(7–9). DO expression alters the repertoire of peptides bound to
class II MHC molecules, presumably through modulating DM
function (10, 11).

Class II MHC, DM, and Ii are constitutively expressed in all
professional APC, but expression of DO dimer has been reported
only in B cells and thymic epithelial cells (12–14). Naive and
memory B cells express more DO and a lower DM:DO ratio than
germinal center B cells (5, 6, 15). High DO expression correlates
with increased CLIP surface expression in B cells (5, 6). Down-
regulation of DO in germinal center B cells has been proposed to
contribute to their enhanced ability to present Ag to T
cells (5, 6, 15).

Examination of DO expression in human dendritic cells (DC)
has been limited, with the exception of monocyte-derived DC,
which have been found to lack DO expression (4, 5, 16). In the
course of studying the class II MHC pathway in Langerhans cells
(LC) derived from CD34� hematomopoietic stem cells, we dis-
covered that these cells express DO dimers. This finding led us to
examine DO expression in several different types of human pri-
mary APC. We find that certain types of primary human DC ex-
press DO, that DO functions to inhibit DM in these cells, and that
DO expression is regulated by differentiation and activation.
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Materials and Methods
Cells

Primary human monocytes were isolated from PBMC as described previ-
ously (17). For some experiments, purified monocytes were stimulated
with 800 U/ml GM-CSF (R&D Systems) or 100 U/ml IFN-� (Roche) for
24 h for analysis of RNA and 48 h for protein analysis, or for 20 h with 400
U/ml IL-10 (R&D Systems) for protein analysis.

Immature monocyte-derived DC were derived from purified monocytes
by culture with GM-CSF and IL-4 as described elsewhere (17), and ma-
tured on day 7 by addition of 800 U/ml GM-CSF, 500 U/ml IL-4 (R&D
Systems), and 10 ng/ml TNF-� (R&D Systems). Monocyte-derived mac-
rophages were derived by incubation of purified monocytes with 800 U/ml
GM-CSF (R&D Systems) for 7 days and the adherent cells were harvested
(18). Monocyte-derived LC were derived by incubation of purified mono-
cytes with 800 U/ml GM-CSF, 1000 U/ml IL-4, and 10 ng/ml TGF-� for
5 days (19).

G-CSF-mobilized peripheral blood CD34� progenitors were purchased
from BioWhittaker or obtained through the National Heart, Lung, and
Blood Institute, Programs of Excellence in Gene Therapy Hematopoietic
Cell Processing Core (PEGT-HCPC), courtesy of Dr. S. Heimfeld (Fred
Hutchinson Cancer Research Center, Seattle, WA). LC were derived as
described (20, 21). To generate mature LC (mLC), purified immature LC
(iLC) clusters were disaggregated by pipetting and seeded at 1.6 � 105

cells/ml in X-VIVO 15 containing 10% FBS, 200 ng/ml trimeric CD40L
(CD40LT; Amgen), and 1500 IU of GM-CSF/ml for 2 days. In some ex-
periments, 1 �g/ml LPS (Sigma-Aldrich) or 10 ng/ml TNF-� (PeproTech
or R&D Systems) was added instead of CD40L.

For some experiments, iLC and mLC were enriched by positive selec-
tion of cells labeled with anti-CD1a-PE or anti-CD83-PE, respectively,
followed by anti-PE microbeads (Miltenyi Biotec), per manufacturer’s di-
rections. Purity was assessed by flow cytometry (anti-CD1a or -CD83) and
was �70%.

Tonsillar B cells were purified from tonsils, obtained with Stanford IRB
approval from patients undergoing tonsillectomies. B cells were purified
with RosetteSep B cell enrichment reagent (StemCell Technologies) per
manufacturer’s instructions. Cells were �90% pure by flow cytometry
(anti-CD19).

The B lymphoblastoid cell lines (B-LCLs) Raji, 8.1.6, 6.1.6, and 5.2.4
were cultured in RPMI 1640 medium (Invitrogen Life Technologies) sup-
plemented with 10% FBS (HyClone Laboratories) and 2 mM L-glutamine
(Invitrogen Life Technologies). 8.1.6 carries a hemizygous deletion in the
MHC II region between the DMB and DRA genes (22). 6.1.6 has lost
expression of all coregulated class II genes, due to mutation of a class II
transcription factor (23). 5.2.4 harbors a homozygous deletion in the MHC,
affecting DOB genes (24).

Antibodies

The following Abs were used for flow cytometry. For some experiments,
anti-DR (L243) and anti-CLIP-loaded class II molecules (CerCLIP) fol-
lowed by FITC-labeled goat F(ab�)2 anti-mouse IgG (Caltag Laboratories)
were used. Anti-DR-FITC, anti-CD1a-FITC and -PE, and anti-
CD83-allophycocyanin and the appropriate isotype controls were pur-
chased from Caltag Laboratories. Purified IgG2b was purchased from
Caltag Laboratories, and purified anti-DO (DOB.L1) was purchased from
BD Pharmingen. The following directly conjugated Abs and the appropri-
ate isotype controls were purchased from BD Pharmingen: anti-DO-FITC
and -PE (clone DOB.L1), anti-DR-PerCP, anti-CD83-FITC, -PE, and -al-
lophycocyanin, anti-CD11c-allophycocyanin, anti-CLIP-FITC (clone Cer-
CLIP), and anti-DM-PE. The lin 1 cocktail (CD3, CD14, CD16, CD19,
CD20, CD56)-FITC and the custom lin 2 cocktail (CD3, CD14, CD19,
CD20, CD56)-FITC were obtained from BD Biosciences. Anti-BDCA-1-
allophycocyanin, anti-BDCA-2-FITC and -allophycocyanin, anti-BDCA-
3-FITC and -allophycocyanin, and anti-CD123-allophycocyanin were pur-
chased from Miltenyi Biotec. The dimer-specific anti-DO mAb,
Mags.DO5-FITC, was a gift from L. Denzin (Cornell University, New
York, NY), and IgG1-FITC purchased from Caltag Laboratories was used
as an isotype control.

The following DM- and DO-specific Abs were gifts: 5C1 (DM�; J.
Trowsdale, University of Cambridge, Cambridge, U.K.), 47GS4 (DM�; S.
Pierce, Northwestern University, Chicago, IL), K571 (DO�; L. Karlsson,
R. W. Johnson Pharmaceutical Research Institute, San Diego, CA),
Mags.DO2 (DO dimer; L. Denzin), and an antiserum specific for DO� (J.
Thibodeau, University of Montreal, Montreal, Canada). DOB.L1 (DO�)
was purchased from BD Pharmingen and we have previously described the
antisera SU36 (DM; Ref. 25), SU46 (DO�; Ref. 26), and SU66 (DO�; Ref.

17). The anti-calnexin Ab, AF8 (27), was a gift from M. Brenner (Harvard
University, Cambridge, MA).

Flow cytometric staining of human blood DC

Peripheral blood samples collected from healthy donors in Vacutainer
tubes containing sodium heparin were obtained from the Stanford Blood
Center. A total of 250 �l of whole blood was stained as described (28) with
some modifications. Briefly, blood was incubated with mAb specific for lin
1 cocktail (CD3, CD14, CD16, CD19, CD20, CD56)-FITC or, for identi-
fication of CD16� DC, the custom lin 2 cocktail (CD3, CD14, CD19,
CD20, CD56)-FITC and/or HLA-DR, and an Ab specific for either
BDCA-1, BDCA-2, BDCA-3, CD11c, CD16, or CD123 for 30 min at room
temperature (rt). A total of 2 ml of FACS Lysing Solution (BD Bio-
sciences) was added to lyse erythrocytes and fix leukocytes. The samples
were stored at �80oC until further processing.

Before intracellular staining, the samples were thawed and pelleted. The
pellet was washed once with wash buffer (PBS � 0.5% BSA (Sigma-
Aldrich) � 0.1% sodium azide (Sigma-Aldrich)), and incubated with 500
�l of FACS Permeabilizing Solution 2 (BD Biosciences) for 10 min at rt.
Cell pellets were then incubated with 1 �g of either purified DOB.L1 or
purified IgG2b for 30 min at rt. After washing, samples were incubated
with DOB.L1-PE for 30 min at rt, washed, and resuspended in 200–300 �l
of 1% paraformaldehyde. The samples preincubated with DOB.L1 fol-
lowed by staining with DOB.L1-PE served as a negative control, since
staining with the isotype control (IgG2b-PE) was higher than staining with
DOB.L1-PE even on B cell controls (data not shown). Samples (500,000
events each) were analyzed with a FACSCalibur flow cytometer (BD Bio-
sciences). Compensation was performed with CaliBRITE beads and the
FACScomp program (BD Biosciences). DC were defined as cells within an
expanded lymphocyte gate defined by forward and side scatter that were
lin-negative, DR� (see below and Ref. 28). Data analyses were performed
using CellQuest or CellQuest Pro Software (BD Biosciences).

Flow cytometric staining of LC

Before surface staining, harvested LC were incubated with blocking buffer
(PBS � 5% human AB serum (Gemini Bio-Products) � 5% goat serum
(Caltag Laboratories)) for 15 min. on ice. The cells were then incubated for
30 min on ice with Ab to surface markers (CD1a, CD83, DR, CLIP/class
II) diluted in blocking buffer, washed with PBS � 0.2% BSA (Sigma-
Aldrich), and, where appropriate, incubated with secondary Ab and washed
again. DO and DM staining was performed after permeabilizing cells that
had been surface stained. Cells were incubated for 20 min with BD Bio-
sciences Fix/Perm and washed twice with BD Biosciences Perm solution.
Nonspecific binding was blocked by incubating the cells for 15 min with
5% human AB serum � 5% goat serum diluted in BD Biosciences Perm
solution. Cells were then stained with anti-DM or anti-DO, or the appro-
priate isotype controls for 1 h, washed twice with BD Perm solution, and
analyzed using a FACScan or a FACSCalibur flow cytometer (BD Bio-
sciences). In some cases, instead of an isotype control, cells were prein-
cubated with purified DOB.L1 before staining with anti-DO-FITC or -PE.
Staining for DO was performed both with the �-chain-specific mAb
DOB.L1 and the heterodimer-specific mAb Mags.DO5, with equivalent
results, showing that staining with DOB.L1 in these cells indicates the
amount of DO dimer present. LC were gated by forward and side scatter,
using a gate that overlapped with all but a minor population of CD1a� cells
that are not differentiated LC (21). Data analyses were performed using
CellQuest or CellQuest Pro Software (BD Biosciences).

Immunohistochemistry

Normal human skin was obtained from the Human Tissue Research Center
(HTRC) at the University of California Los Angeles (UCLA) School of
Medicine with Institutional Review Board approval. Biopsy specimens
were embedded in OCT medium (Ames) and snap-frozen in liquid nitro-
gen. Sections (3- to 5-mm thick) were acetone-fixed and kept frozen until
use. Double immunofluorescence was performed by serially incubating
cryostat tissue sections with mouse anti-human mAbs of different isotypes
(DCGM4 (anti-Langerin, IgG1; Immunotech/Beckman Coulter) or
NA1/34 (anti-CD1a, IgG2a; DakoCytomation) and DOB.L1 (anti-HLA-
DO, IgG2b; BD Biosciences)), followed by incubation with isotype-spe-
cific, fluorochrome Alexa 488-, or Alexa 568-labeled goat anti-mouse Ab
(Molecular Probes/Invitrogen Life Technologies). No staining was de-
tected after incubation with isotype-matched irrelevant Ab. Sections were
examined using a Leica-TCS-SP inverted confocal laser-scanning micro-
scope outfitted with krypton and argon lasers at the Carol Moss Spivak Cell
Imaging Facility in the UCLA Brain Research Institute. Sections were
illuminated with 488 and 568 nm of light after filtering through an acoustic
optical device. Images decorated with Alexa 488 or Alexa 568 (Molecular
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Probes) were recorded simultaneously through separate optical detectors
with a 530-nm band-pass filter and a 590-nm long-pass filter, respectively.
Pairs of images were superimposed for colocalization analysis.

We obtained samples of uninflamed palatine tonsils from patients un-
dergoing tonsillectomy with approval obtained from the review board of
the Faculty Division, Rikshospitalet, University Hospital (Oslo, Norway).
Samples were embedded in OCT (Tissue-Tek; Miles Laboratories) and
snap-frozen in liquid nitrogen. Cryosections were cut at 4 �m, dried at rt,
and acetone-fixed for 10 min. Multicolor immunofluorescence stainings
were performed as described (29). Briefly, anti-DO (DOB.L1, IgG2b, 10
�g/ml) was mixed with either anti-CD11c (KB90, IgG1, 1/10; gift from K.
Pulford, John Radcliffe Hospital, Oxford, U.K.), anti-CD19 (HD37, IgG1,
1/10), or anti-CD68 (EBM11, IgG1, 1/400) (both from DakoCytomation)
and incubated on sections for 1 h, followed by biotinylated goat anti-mouse
IgG2b (10 �g/ml; Southern Biotechnology Associates) for 1.5 h, and fi-
nally Cy3-labeled goat anti-mouse IgG1 (2 �g/ml; Southern Biotechnology
Associates) mixed with Cy2-streptavidin (1 �g/ml; Amersham Bio-
sciences) for 30 min. In all staining experiments, irrelevant isotype- and
concentration-matched primary mAbs served as negative controls.

Real-time RT-PCR

RNA was isolated, reverse-transcribed, and real-time PCR was performed,
as described (17). To determine relative quantity, control cDNA made from
Raji cell total RNA was used to generate a standard curve. Relative quan-
tities of the gene of interest were determined for unknown samples by
comparison with this standard curve, and normalized to GAPDH quanti-
ties. Fold changes in expression after LC maturation were determined by
dividing the normalized quantity of the gene of interest from mLC by the
normalized quantity of the gene of interest from iLC. All real-time RT-
PCR experiments were performed three or more times.

Immunoblotting, metabolic labeling, and immunoprecipitation

Cells were harvested and lysed in 50 mM Tris-HCL (pH 7.5), 150 mM
NaCl, 1% Nonidet P-40, 1 mM MnCl2, 1 mM CaCl2, or 10 mM Tris-HCl
(pH 7.5), 150 mM NaCl, 1% Nonidet P-40, plus protease inhibitors. Un-
extracted material was pelleted, and the amount of protein in the superna-
tant was quantitated by Bradford assay and normalized between samples.
For Western blots, samples were boiled in 2� Laemmli SDS-PAGE sam-
ple buffer with 2-ME, run on 12% SDS-PAGE gels, and transferred to
polyvinylidene difluoride membranes (Immobilon P; Millipore). Mem-
branes were blocked overnight at 4°C in 100 mM Tris-HCl (pH 7.7), 200
mM NaCl, 1% casein (Hammerstein grade; ICN Pharmaceuticals), 0.05%
Tween 20, and 0.05% NaN3, followed by incubation with the appropriate
Ab diluted in blocking buffer. After washing in TBS � 0.05% Tween 20,
HRP-conjugated secondary Ab (donkey anti-rabbit Ig, Amersham Bio-
sciences; or goat anti-mouse Ig; Caltag Laboratories) were added in TBS-
Tween containing 5% nonfat dry milk. Following additional washes, ECL

substrate was added (Renaissance; PerkinElmer), and the blots were ex-
posed to film (Hyperfilm ECL; Amersham Biosciences).

For metabolic labeling and immunoprecipitation, 1 � 106 LC were
washed twice in methionine-cysteine free RPMI 1640 (Cellgro; Mediatech)
containing 10% dialyzed FBS and 2 mM glutamine (starvation medium) to
remove unlabeled methionine and cysteine. Cells were then starved for
2.5 h at 37oC in 10 ml of starvation medium, and labeled in 2 ml of
starvation medium containing 300 �Ci [35S]methionine and cysteine-la-
beling mix (PerkinElmer) for 2.5 h at 37°C. Cells were then washed twice
in complete RPMI medium (RPMI 1640 with 10% BCS � 2 mM glu-
tamine) to remove excess free radiolabel. Labeled pellets were either fro-
zen at �80°C until use or lysed in lysis buffer (50 mM Tris-Cl (pH 7.5),
150 mM NaCl, 1% Nonidet P-40, containing freshly added protease in-
hibitors (COMPLETE protease inhibitor; Roche). After rotation for 1 h at
4oC, lysates were spun at 13,000 rpm for 15 min at 4°C to remove nuclear
and cellular debris. Spun lysates were subjected to at least three rounds of
preclearing by incubation with normal mouse serum and heat-killed Strep
A cells (Pansorbin; Calbiochem). Cell lysates were then normalized for
radioactivity incorporation. Mock immunoprecipitations were done with
40 �l of uncoated protein A-Sepharose (PAS) beads. To immunoprecipi-
tate DO, 40 �l of anti-DO� mAb DOB.L1- (BD Pharmingen) coated PAS
beads were used. To immunoprecipitate DM, 40 �l anti-DM� mAb
47G.S4-coated PAS beads were used. Immunoprecipitated material was
dissociated from the beads by boiling for 10 min in denaturation buffer (25
mM Tris (pH 7.5), 150 mM NaCl, and 1%SDS) and reimmunoprecipitated
by overnight incubation with DOB.L1- or 47G.S4-coated PAS beads to
isolate DO� or DM� single chains. DO-cleared normalized lysates were
also used to immunoprecipitate calnexin as a control. All the beads were
then boiled in Laemmli sample loading buffer and run on 12% reducing
SDS-PAGE gels. Gels were dried under vacuum and subjected to phosphor
imager analysis.

Quantification of DM and DO by ELISA

mAb 5C1 (for DM) and DOB.L1 (for DO) were immobilized on ELISA
plates. The plates were incubated with 2% BSA in PBS for 2h at 37°C to
block nonspecific binding of cell lysate proteins, and washed three times
with PBS-T (PBS � 0.05% Tween 20). Titrated amounts of cell lysate
from B cell lines and LC were prepared in PBS � 0.01% IGEPAL and
incubated with the immobilized Abs for 1 h at 37°C. After washing with
PBS-T, the plates were incubated with SU36 (1/250) for DM, and
Mags.DO2 (1/100) for DO. After washing three times with PBS � T, the
plates were incubated with peroxidase-labeled secondary mAb (1/1000) for
1 h at 37°C. After washing, the plates were developed using the colori-
metric substrate ABTS and the absorbance at 405 nm was measured with
a 96-well plate reader Wallac 1420 workstation (Wallac).

Table I. Expression of DO in myeloid APC and precursors

Cell Typea

RNAb Proteinc

DOA DOB DO� Western DO� Western DO FACS

Monocyte Low Low Pos Neg Neg
m � GM-CSF Pos Low Pos Neg Ndd

m � IFN-� Pos Pos Pos Neg Nd
m � IL-10 Nd Nd Low Neg Nd
Macrophage Pos Low Pos Neg Nd
i mDC Pos Low Pos Neg Nd
m mDC Pos Low Pos Neg Nd
CD34� stem cell Pos Low Nd Nd Neg
iLC Pos Pos Pos Pos Pos
mLC Pos Pos Pos Pos Pos

a Primary human cells used include, in this order: primary human monocytes, monocytes stimulated with GM-CSF (m �
GM-CSF), IFN-� (m � IFN-�), or IL-10 (m � IL-10), monocyte-derived macrophages, immature monocyte-derived DC,
TNF-�-matured monocyte-derived DC, CD34� stem cells, CD34� stem cell-derived iLC, and CD40L-matured CD34� stem
cell-derived LC. All results are representative of at least three experiments with cells from different donors.

b Relative expression of DOA and DOB transcripts was determined by real time RT-PCR. Low indicates transcript levels
above levels found in the DO�- and DO�-deficient cell lines 6.1.6 and 5.2.4, respectively, but, on average, �0.1-fold of the
levels expressed by the B cell line Raji. Positive indicates transcript levels �0.1-fold of the levels expressed by the B cell line
Raji.

c Expression of DO� and DO� protein was determined by immunoblotting. In addition, cellular DO levels were measured
by flow cytometry using the DO dimer-specific Ab Mags.DO5 or the DO�-specific Ab DOB.L1. Results are representative of
the majority of samples tested for each cell type.

d Nd, Not done.
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Statistics

Paired and unpaired t tests were performed to determine statistical signif-
icance of differences. Statistical analyses were performed using GraphPad
Prism (GraphPad Software).

Results
Expression of DO in primary myeloid APC

We detected RNA and protein for DO �- and �-chains in CD34�

stem cell-derived cultures of iLC and mLC (Table I and Fig. 1, A
and B). Intracellular staining with the conformationally sensitive
mAb, Mags.DO5, indicated that the monomeric chains form het-
erodimers (Fig. 1C). The level of staining observed is a conserva-
tive estimate, because we set the threshold for nonspecific staining
of cells as the level of labeled anti-DO Ab bound, after blockade
with unlabeled anti-DO Ab. Double staining with the anti-DO
mAb and the LC markers CD1a and CD83 for iLC and mLC,
respectively, demonstrated that only the LC within the cultures
(20–40% of total nonadherent cells) express DO heterodimers
(data not shown). CD34� stem cells themselves express DOA
RNA, but only negligible levels of DOB RNA and no detectable
DO dimer by flow cytometry (Table I).

To determine whether DO expression varies in a donor-depen-
dent manner, we compared iLC cultures derived from progenitor
cells from 10 different donors. By flow cytometry, the mean flu-
orescence intensity (MFI) of DO staining varied between donors

by as much as 10-fold with a median MFI of 5.29, and the per-
centage of DO� iLC varied between donors by as much as 12-fold,
with a median of 40% (data not shown). Fig. 1C shows two ex-
amples with varied DO expression. The variation in the percentage
of DO� LC from different donors is substantially higher than the
variation in the percentage of DO� LC (maximum 3.4-fold) in
different cultures derived from stem cells from the same donor
(data not shown). Thus, iLC cells from all donors examined ex-
pressed DO dimers, but there are donor-dependent differences in
the level of DO expression.

To further assess expression of DO in primary human APC, we
examined a panel of cells, including blood monocytes, monocyte-
derived macrophages, monocyte-derived DC, and monocyte-de-
rived LC (Table I). We find DO� RNA and/or protein in all of
these cells, but DO� protein is not detectable by immunoblotting
in any of them. We also tested whether monocyte expression of
DO could be induced by factors known to affect monocyte acti-
vation. GM-CSF treatment, which we have shown increases mono-
cyte expression of class II MHC, DM, and Ii (17), increases ex-
pression of DO� RNA and protein levels, but does not affect DO�
expression (Ref. 17 and Table I). IFN-� treatment of monocytes
leads to increased RNA and protein levels of DO� and increased
levels of DO� RNA; however, DO� protein is not detected by
immunoblot (Table I). IL-10 treatment of monocytes does not in-
duce DO� protein expression (Table I), nor does the combination

FIGURE 1. In vitro-derived LC express DO. A, Real-time RT-PCR of DOA (top) and DOB (bottom) mRNA expressed by iLC. Relative mean quantities,
normalized to GAPDH expression, are shown (see Materials and Methods). RNA from B-LCL 5.2.4 and 6.1.6 are negative controls for DOB and DOA,
respectively. Results from 1 donor (experiment), representative of 17 experiments (8 donors), are shown. B, LC protein expression of DO� and DO� by
immunoblotting with polyclonal antisera specific for DO� and mAb DOB.L1, respectively. Results are representative of 6 donors. C, DO expression by
iLC, determined by flow cytometry using the anti-DO mAb, MagsDO5, and anti-CD1a. Results are from 2 of 10 donors. D, DO dimer expression in cell
lysates (40 �g of protein) from enriched iLC, B-LCL 8.1.6 and 6.1.6 (negative control), and primary tonsillar B cells, determined by ELISA.
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of GM-CSF, IL-4, and TGF�, which has been reported to stimulate
monocyte differentiation into Langerhans type DC (Ref. 19; data
not shown) Taken together, our results argue that DO induction is
blocked in monocytes and monocyte derivatives and requires
CD34� stem cells and/or the specific mixture of cytokines that
differentiate them toward LC. Expression of DO� correlates with
expression of DO heterodimers, implying that DOB modulation is
a mechanism of regulating DO protein levels.

To gauge LC expression of DO relative to other DO-expressing
APC, we compared the level of DO expressed by enriched LC (see
Materials and Methods) to that expressed by B-LCL, a model of
activated B cells, and primary tonsillar B cells, which are a mix of
resting and activated B cells. We measured DO levels in 40 �g
of protein from the different cell types (Fig. 1D). Protein from
enriched iLC contains similar levels of DO as B-LCL 8.1.6, but
significantly lower levels than comparable amounts of protein
from primary B cells ( p � 0.02).

Normal human skin LC express HLA-DO

To determine whether LC found in situ also express DO, we ex-
amined normal skin sections for DO� LC. Sections were stained
with Abs to CD1a or langerin to identify DC (CD1a�) and LC
(CD1a� and langerin�), and DO. As shown in Fig. 2, DO staining
colocalizes with CD1a and langerin staining in the skin. Some LC
in the epidermis and some CD1a� DC in the superior dermis ex-
press DO. These data corroborate our findings with in vitro-de-
rived LC.

Subset-specific expression of DO in human blood DC

To determine whether other types of primary human DC express
DO, we tested freshly isolated circulating DC. To identify these
DC, we stained whole blood with a FITC-labeled mixture of mAbs
to T cells, monocytes, neutrophils, B cells, and NK cells (lin 1:
anti-CD3, -CD14, -CD16, -CD19, -CD20, -CD56) and with an
anti-DR mAb conjugated to PerCP. To allow assessment of
CD16� DC (see below), we also used a lineage cocktail (lin2)
lacking anti-CD16. We defined DC in a standard manner, as those
cells that fall within an expanded lymphocyte gate by forward and
side scatter, are lin-negative, and express high surface levels of DR
(Fig. 3A and Ref. 28). Intracellular staining for DO showed that
DO� DC are present in 17 of 17 donors examined, but represent a
minority of the total (lin1�) DC: 10.6–31.3% of lin 1�, DR� cells

are DO� with a median of 19.5% (Fig. 3B, histogram, and data not
shown). In addition, the level of DO expression is quite variable
across donors, with a range in MFI of 16.7–74.03 and a median of
36.2. In samples from some donors, we compared the frequency of
DO� DC and the level of DO expression in DO� DC to the fre-
quency of circulating DO� B cells and their level of DO expres-
sion. The proportion of DO� DC varied from 11 to 28% in four
donors, while 76–85% of circulating B cells in these donors ex-
pressed DO (data not shown). We found that the DO� DC express
on average 50% of the level of DO per cell (based on MFI) as B
cells (not shown). This is consistent with the reduced levels of DO
in in vitro-derived LC compared to primary B cells (Fig. 1D).

Given the heterogeneity of circulating DC, we were interested in
whether DC subtypes differ in DO expression. The two major sub-
sets of blood DC are myeloid DC, which stimulate Th1 responses
to bacterial infection and plasmacytoid DC, which produce large
amounts of type I IFN in response to viruses (reviewed in Refs. 30
and 31). We used a mAb specific for the integrin CD11c to delin-
eate myeloid (CD11c�) and plasmacytoid (CD11c�) DC. A frac-
tion of both CD11c� and CD11c� (lin1�) DC are DO� (Fig. 3B).
However, a greater percentage of CD11c� DC express DO com-
pared with CD11c� DC (mean of 31.5% vs 12.1%, n � 4, p �
0.007). We also identified plasmacytoid DC by their expression of
two different cell surface markers, CD123 and BDCA-2. Using
these markers (Fig. 3C), we find a minor percentage of plasmacy-
toid (lin1�) DC (CD123� or BDCA-2�) express DO: 5.1–17% of
the CD123� DC with a median of 11.6%, n � 4; 1.5–19.2% of the
BDCA-2� DC with a median of 7.6%, n � 11. Further, in the
small percentage of plasmacytoid DC that express DO, the level of
expression of DO per cell is lower than myeloid DC; the median
MFI of DO� plasmacytoid compared to myeloid DC is 38.2 vs
52.4, p � 0.009.

Myeloid (CD11c�) DC can be further differentiated into
CD1c�/BDCA-1�, BDCA-3�, and CD16� DC (32). BDCA-1 is
expressed on a large population of CD11cbright DC that have the
highest allostimulatory capacity of the blood DC subsets (32).
BDCA-3� DC constitute a small subpopulation that express re-
duced levels of CD11c, and lack expression of CD2 and several
FcRs (33). The subset of DC-expressing CD16 (Fc�RIII) (34) ex-
presses low levels of CD14, and may comprise the same popula-
tion as “CD16� monocytes” (35, 36). We examined DO expres-
sion in each of these subsets (Fig. 3D). CD16� (lin 2�) DC do not

FIGURE 2. Normal skin LC express DO. Immunohis-
tochemistry of normal human skin sections using Abs spe-
cific for DO (green, left) and either CD1a (bottom) or
Langerin (top) (red, center) to detect DC (CD1a�, Lan-
gerin�) and LC (CD1a�, Langerin�). Colocalization is
indicated by yellow staining (right). The white dotted line
indicates the margin between the epidermis (top) and the
dermis (bottom). The stratum corneum shows autofluores-
cence. Original magnification, �400.
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express DO (the percentage of DO�, CD16� DC �2%, n � 4). A
small percentage of the CD1c�/BDCA-1� (lin1�) DC are DO�

(8.3–21%, median 16%, n � 4), whereas the majority of
BDCA-3� (lin1�) DC are DO� (65–93%, median 84%, n � 13).
Taken altogether, these results indicate that there is a hierarchy of
DO expression in circulating DC subsets with BDCA-3 � BDCA-
1 � BDCA-2 � CD16.

Expression of HLA-DO by tonsillar DC

To evaluate whether DC in secondary lymphoid tissue express DO,
we examined human tonsillar tissue DC. Tonsillar DC are resident
cells that are mostly blood-derived and can be subtyped as inter-
digitating DC, plasmacytoid DC, and germinal center DC (37). We
used mAbs specific for DO and CD11c to stain tonsillar tissue. We
chose to focus on the CD11c� interdigitating DC as they can be
identified by their high expression of CD11c and distinct morphol-
ogy. In addition, they may be related to blood myeloid DC, which
express more DO than CD11c� blood plasmacytoid DC (Fig. 3).
As controls, we stained with mAb to CD68, which is largely mac-
rophage-specific in situ (29), and CD19, which is specific for B
cells. We found that CD11c and DO staining colocalize (Fig. 4,
upper right), and the double-labeled cells have morphology con-

sistent with DC. In contrast, we see limited colocalization between
CD68 and DO staining, indicating that most tonsillar macro-
phages, like in vitro monocyte-derived macrophages, do not ex-
press DO (Fig. 4, upper left). Consistent with published reports (5,
6), germinal center B cells (centrocytes/blasts) express less DO
than B cells in the mantle zone (Fig. 4, lower left). Thus, DO in
tonsils is found in B cells and DC, but not macrophages, similar to
results with cell lines and circulating cells.

Functional assessment of DO expression in LC

The only known function of DO is to modulate peptide exchange
by DM. Therefore to address the function of DO in LC, it was
important to evaluate their DM expression. In Fig. 5A, we show
that iLC express significantly higher levels of DM than primary
tonsillar B cells ( p � 0.001). Inhibition of DM function by DO can
be seen as an increase in cell surface CLIP bound to class II MHC
(referred to as CLIP/class II levels) and in the ratio of surface
CLIP/class II to total surface DR expression (referred to as
CLIP:DR ratio, which normalizes for differences in DR surface
expression) (8). Relative to B-LCL, iLC express more DM and
comparable DO levels, implying they have a high DM:DO ratio
and predicting low expression of surface CLIP/class II and a low

FIGURE 3. Human blood DC express HLA-DO. Flow cytometric analyses of DC subsets in whole blood. A, DC were defined as cells within an
expanded lymphocyte gate defined by forward and side scatter parameters (R1) and lin�, DR� (R2). Cells were stained with lin 1 cocktail (mAb to CD3,
CD14, CD16, CD19, CD20, CD56) or, for CD16� DC, lin 2 cocktail (CD3, CD14, CD19, CD20, CD56), DR, DO) and CD11c (B), CD123 or BDCA-2
(C), or BDCA-1 or BDCA-3 or CD16 (D) and analyzed by flow cytometry. The upper dot plots in B–D show staining with purified anti-DO followed by
PE-labeled anti-DO as a negative control; the lower plots show cells labeled with purified IgG2b followed by PE-labeled anti-DO. B, The dot plots show
DO expression by CD11c� vs CD11c� DC. The histogram plot shows DO expression on all DC, defined as lin1�, DR�. The shaded histogram is staining
with purified anti-DO followed by PE-labeled anti-DO, and the open histogram is staining with purified IgG2b followed by PE-labeled anti-DO. Results
from 1 of 4 donors examined are shown. C and D, Expression of DO by plasmacytoid (C) and myeloid (D) blood DC subsets. Each plot shows cells from
1 donor; 4 were examined for BDCA-1, CD16, and CD123, 11 for BDCA-2, and 13 for BDCA-3. The plots are from different donors, with the exception
of BDCA-1 and CD16.
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CLIP:DR ratio. Staining with an anti-CLIP Ab is only slightly
higher than isotype control on iLC (MFI of 0.65–3.85, mean of
1.65, n � 12, one example is shown in Fig. 5B). CLIP:DR ratios
vary from 0.6 to 7.2% with a median of 1.9%, which is comparable
to B-LCL 8.1.6 supertransfected with HLA-DM (26).

Despite the overall low surface CLIP/class II expression levels
on these in vitro-derived LC, we were interested in whether higher
DO was associated with higher CLIP:DR ratios, consistent with an
inhibitory effect of DO on DM. Therefore, we compared the LC
expressing the highest DO levels with the LC expressing the low-
est DO levels from the same donor. Gating on CD1ahighDOhigh vs
CD1ahighDOlow iLC (Fig. 6A) and then assessing surface CLIP/
class II levels, we found that the DOhigh LC express higher levels
of surface CLIP/class II compared with DOlow LC. The DOhigh

cells also express higher levels of surface DR; yet despite this, the
surface CLIP:DR ratio is higher in the DOhigh LC compared with
the DOlow LC in four donors ( p � 0.022, Fig. 6C). These results
imply that DO inhibits DM function in iLC. Notably, the DOhigh

LC also express higher levels of DM compared with DOlow LC.
However the DM:DO ratio is higher in DOlow expressing cells
than in DOhigh expressing cells ( p � 0.013, Fig. 6D). Thus, the
DM:DO ratio correlates with the CLIP:DR ratio in LC.

A similar analysis of DMhigh vs DMlow expressing LC (Fig. 6B)
shows that DMhigh LC express higher levels of surface DR, com-
parable levels of surface CLIP/class II, and thus lower CLIP:DR
ratios than DMlow LC ( p � 0.036, Fig. 6C). This is despite slightly
higher DO expression by the DMhigh LC. These results are con-
sistent with the known ability of increased DM to decrease the
surface CLIP:DR ratio.

To corroborate these findings, we examined LC that express
HLA-DR3 or -DR4 with a mAb that specifically recognizes DR3/

CLIP and DR4/CLIP complexes (38) and mAbs that specifically
recognize DR3/non-CLIP endogenous peptides or DR4/non-CLIP
endogenous peptides (39, 40). The staining with these Ab on iLC
from four independent donors (data not shown) showed a consis-
tent and statistically significant increase in the ratio (by MFI) of
DR/CLIP to DR/non-CLIP complexes at the surface of DOhigh

compared with DOlow cells ( p � 0.006). Taken together, our data
argue that DO inhibits DM function in in vitro-derived iLC and
appears to modulate the expression of other endogenous peptides
as well.

Maturation leads to decreased expression of DO and DM in LC,
but increased DM:DO ratio

Activation of DO-expressing naive B cells and their differentiation
into germinal center B cells results in down-modulation of DM and
DO expression, but with a greater effect on DO such that the
DM:DO ratio increases (5, 6). To determine whether similar
changes are associated with maturation of LC, we stimulated iLC
with trimers of CD40L and measured the effects on levels of DO
and DM protein by intracellular flow cytometric analysis, ELISA,
and semiquantitative Western blot. In 16 of 17 experiments (nine
donors), the MFI of DO staining either decreases following mat-
uration with CD40L or is unchanged (Fig. 7A). On average, there
is a significant decrease in DO expression in mLC compared with
iLC ( p � 0.0019). In addition, the percentage of DO� cells sig-
nificantly decreases in mLC relative to iLC (mean 33%
CD1a�DO� iLC vs 19% CD83�DO� mLC, p � 0.004; data not
shown). DO ELISA and Western blot analyses using titrated
amounts of whole cell lysate from enriched iLC and mLC show a
similar trend of decreased levels of DO in mLC compared to iLC
(Fig. 7A). Flow cytometric analyses demonstrate that DM protein

FIGURE 4. Human tonsillar DC, but not macrophages, express DO.
Immunohistochemistry of human tonsil sections, using Abs specific for DO
detected by Cy2 (green)-labeled secondary reagent or an isotype control,
and either CD11c, CD68, or CD19 to detect DC, macrophages, or B cells,
respectively, detected by Cy3(red)-labeled secondary Ab. Colocalization is
indicated by yellow staining. GC, germinal center.

FIGURE 5. iLC express high levels of DM and low levels of surface
CLIP/class II. A, DM expression in cell lysates (20 �g of protein) from
enriched iLC, B-LCL Raji, 8.1.6, and 6.1.6 (negative control), and primary
tonsillar B cells, determined by ELISA. B, Flow cytometric analyses of
iLC, using CerCLIP, mAb to CLIP/class II (left), and L243, mAb to DR
dimer (right), shown in open histograms. The shaded histograms are stain-
ing with isotype controls. LC were gated by size and CD1a expression. One
example, representative of 12 analyses (seven donors), is shown.
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levels also decrease in the majority of experiments (7 of 10 from
five donors), while in the remainder, DM levels increase slightly
following maturation (Fig. 7B). On average, there is a significant
decrease in DM expression in mLC compared with iLC ( p �
0.03). DM ELISA and immunoblot analyses of titrated amounts of
whole cell lysates also show decreased DM levels in mLC vs iLC
(Fig. 7B). Although both DM and DO expression decrease follow-
ing exposure of LC to maturation stimuli, the ratio of DM:DO
expression modestly increases in 7 of 10 experiments (five do-
nors), with a decrease in two cultures from the same donor and no
change in one (Fig. 7C). Overall, there is an increase in the
DM:DO ratio upon maturation of iLC ( p � 0.03).

The observed changes in the DM:DO ratio following LC mat-
uration suggest that the CLIP:DR ratio will also be affected as we
have shown that DO inhibits DM function in LC. We examined the
relationship of these two parameters in six cultures (four donors)
(Fig. 7D). Upon maturation, surface DR substantially increased in
all experiments, regardless of donor, as expected (data not shown).
The fold change in the DM:DO ratio predicted the change in the
CLIP:DR ratio in all but one case (square symbol). This outlier
may express a class II allele with low affinity for CLIP.

The mechanism of maturation induced down-regulation of DM
and DO expression in LC

To explore the mechanism of DO and DM down-regulation following
LC maturation, we asked whether new synthesis of DO and DM is
altered by maturation. We conducted biosynthetic labeling and im-
munoprecipitation analyses and found a decrease in the amount of

nascent DM� and DO� in mLC compared to iLC (Fig. 8A). This
finding suggested that one mechanism for maturation-induced de-
creases might be decreased levels of DO and DM RNA. Therefore,
we measured these levels in iLC and mLC by real-time RT-PCR.
Maturation with CD40L results in consistent down-regulation of DO�
mRNA, but not of DO� mRNA levels in LC (Fig. 8B; p � 7 � 10-13

and p � 0.182, respectively). In fact, diverse maturation stimuli,
including LPS, TNF-�, and manipulation alone (mock), result in
significantly decreased levels of DO� mRNA (Fig. 8C; p � 0.04
(mock), p � 0.012 (LPS), p � 0.008 (TNF-�)). Maturation with
CD40L also significantly decreases DM� and DM� mRNA levels
(Fig. 8B; p �0.0001 and p � 0.0001, respectively). Taken together
with our data on expression of DO in various myeloid APC and their
precursors (Table I), these results implicate modulation of DOB
transcript levels as one mechanism for the regulation of DO protein
expression in APC and precursors.

Discussion
In this study, we demonstrate that primary human DC express DO.
This result is in contrast to the current paradigm that DO expres-
sion is limited to B cells and thymic epithelial cells. The conclu-
sion that DC do not express DO was based on findings from mono-
cyte-derived DC that express DO�, but DO�, and thus no DO
dimer (Refs. 5 and 14; Table I). We have measured DO expression
by multiparameter flow cytometry, real-time RT-PCR, immuno-
blotting, and immunohistochemistry. We find DO expression in
LC, tonsillar interdigitating DC, and subsets of circulating DC.

FIGURE 6. DOhigh LC express a higher ratio of surface CLIP/class II to DR than DOlow LC. Flow cytometric analyses of iLC with mAb to 1) CD1a,
DO, and CLIP or 2) CD1a, DO, DM, and DR. The highest and lowest DO (A) or DM (B) expressing iLC were gated as shown and CLIP, DR, and DM
(A) or DO (B) expression in these populations was analyzed. Results from one of four donors with similar results are shown. C, The ratio of cell surface
CLIP/class II to DR expressed by iLC, based on the MFI for each staining for each population in A and B. D, The ratio of DM:DO expression by iLC,
based on the MFI for each staining for each population in A and B.
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Together, these results provide strong evidence that the tissue dis-
tribution of DO is broader than was previously appreciated and
extends to certain subsets of primary human DC.

Human myeloid DC that express DO include in vitro-derived
LC, LC in normal skin, circulating BDCA-3� DC, a subset of
BDCA-1� DC, and tonsillar interdigitating DC. However, not all
human myeloid lineage DC are DO�. Monocyte-derived DC, both
interstitial-like (generated with GM-CSF and IL-4) and LC-like
(generated with GM-CSF, IL-4, and TGF�), lack DO expression.
In addition, CD16� DC, which may be equivalent to CD16�

monocytes (35, 36), are DO-negative. Thus, monocyte-derivatives
do not express DO even after in vitro differentiation into DC.
Monocytes have been shown in mice to give rise to DC (41);
whether these in vivo-derived DC also lack DO expression re-
mains to be tested.

Notably, and in contrast to other circulating DC subtypes, the
BDCA-3� human blood DC subset is more uniformly DO� in all
donors examined. BDCA-3� DC are a small fraction of total blood
DC (2.7 � 1.4%, Ref. 32). Because of their low frequency, they
have not been extensively studied, and their function is unknown.
BDCA-3� DC express higher levels of CD40 and DEC-205 than
other circulating DC subsets, lack expression of CD2, FcRs, and
CD80, and express low levels of CD86 and Ig-like transcripts
(ILT) (32). They also express high levels of CD62L, suggesting

that they migrate from the blood into the lymph node (32).
BDCA-3 expression can be induced on other subsets of blood DC
(BDCA-1�/CD1c� and CD123�) after culture in vitro, raising the
possibility that BDCA-3� cells are related to these other subsets
(33). In addition, monocyte-derived DC matured in the presence of
IL-10 up-regulate BDCA-3 expression, but differ from circulating
BDCA-3 cells by being ILThigh (42). Recently, nectin-like protein
2 (Necl2), a molecule expressed uniquely on human BDCA-3�

blood DC, was found on a rare subset of mouse CD8�� DC sug-
gesting that this subset may be the murine equivalent of human
BDCA-3� DC (43). Interestingly, CD8�� murine splenic DC ex-
press more H2-O than CD8�� DC (50).

Our finding that blood myeloid DC express more DO than blood
plasmacytoid DC argues for DC lineage-specific differences in DO
expression, as do the similar differences observed in DO expres-
sion in these DC subtypes in the mouse (50). Alternatively, the
lack of DO expression by blood plasmacytoid DC could reflect the
differentiation state of these cells. Blood plasmacytoid DC are
thought to be DC precursors, which may contribute to their low
DO expression, as we find that other DC precursors (CD34� stem
cells) also do not express DO.

In addition to subset-specific differences, we see variability in
the proportion of DO� cells within a given DC subset. DO ex-
pression is dependent upon DM expression; in the absence of DM,

FIGURE 7. Maturation of LC decreases steady state levels of DO and DM leading to an increase in the DM to DO ratio. A and B, left panels, DO levels
(A) or DM levels (B) in iLC and mLC, determined by flow cytometric analysis of cells stained with Abs specific for CD1a (iLC) or CD83 (mLC) and DO
or DM. The change in MFI of staining is shown; each stem cell donor is represented by a unique symbol type. Middle panel, DO (A) or DM (B) levels
in CD1a or CD83 enriched LC, determined by ELISA from the indicated amount of protein from cell lysates. Results are from two donors of three tested
with similar results. Right panel, DO (A) or DM (B) levels in the indicated amount of protein from lysates of CD1a or CD83 enriched LC, as determined
by immunoblot using mAb DOB.L1 (A) or 5C1 (B). Results are from one donor of two tested with similar results. C, The ratio of DM to DO expression
in iLC vs mLC as determined by flow cytometric analysis in A and B is shown. The DM:DO ratios (left) and the fold change in DM:DO ratio between
iLC and mLC (right) are shown. D, iLC and mLC were stained with Abs to CD1a or CD83, DO, DM, CLIP, and DR. The fold changes in the ratio of
DM:DO (left) and cell surface CLIP/class II to DR (right) staining between iLC and mLC is shown based on the MFI of each staining. There is a significant
decrease in the CLIP:DR ratio in mLC compared with iLC only if we remove the one case in which the CLIP:DR ratio increased following maturation (p �
0.0039).
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DO fails to exit the ER (2). Thus, high DO expression may be
linked to high DM expression. For example, in three of three do-
nors tested, the BDCA3� subset has higher DM expression com-
pared with BDCA-2� DC (data not shown). In CD34� stem cell-
derived LC, we also observe that high DO expression is correlated
with high DM and DR expression. Characterization of the differ-
ences between the DO� and DO� DC within each DC subset may
reveal additional heterogeneity within these populations.

We also find evidence that DC expression of DO varies in a
donor-dependent fashion in LC cultures. However, here the vari-
ability does not appear to correlate with DM protein expression or
DO RNA level (data not shown), suggesting that differences in
posttranslational regulation of DO may play a role. For blood DC,
there is also variability in the percentage of DO� DC between
different donors, perhaps reflecting differences in the relative rep-
resentation of different DC subsets or polymorphisms affecting DO
levels directly. Interestingly, donor-to-donor variability in DO ex-
pression has been observed in acute myeloid leukemia blasts;
DO:DM ratio correlated with CLIP:DR ratio in these cells, and
patients with more DR�/CLIP� blasts had significantly shorter
disease-free survival (44). Whether DO expression in the blasts
reflected variations in DO expression in all DO� cells in the pa-
tients or reflected alterations unique to the acute myeloid leukemia
blasts was not reported.

DO expression is also regulated by exposure to maturation stim-
uli in the LC culture system, where CD40L, TNF-�, and LPS

induce a dramatic decrease in DOB RNA and nascent DO� protein
levels. In addition, incubation of iLC with PHA-stimulated allo-
geneic PBMC leads to reduced DO levels in six of six cases; in five
of six cases DM:DO ratios increase (data not shown). These results
suggest that maturation of iLC most often leads to decreased ex-
pression of DM and DO, but modest elevation of the DM:DO ratio.
This finding is similar to what has been found for primary human
B cells, where treatment with anti-IgM or PMA decreases DO and
DM expression (45). In vivo, naive B cells express more DO and
DM than germinal center B cells, but germinal center B cells have
a higher DM:DO ratio compared with naive B cells (5, 6). How-
ever, in contrast to what we find in LC, the decrease in DM and
DO expression in germinal center B cells relative to naive B cells
does not correspond with a decrease in mRNA levels (14). Thus,
it appears that distinct mechanisms are responsible for regulation
of DO expression in DC compared to B cells.

Our finding that IFN-�-treated primary human monocytes up-
regulate expression of DOA and DOB RNA without evidence of
appreciable DO protein provides further support for both transcrip-
tional and posttranscriptional regulatory mechanisms for DO ex-
pression. In LC, down-regulation of DO expression following mat-
uration appears to be due to dramatic reduction in DOB message
levels, without a change in DOA mRNA levels. This discoordinate
regulation of DO� and DO� expression has been seen in a variety
of settings (46, 47). The function of differential regulation of DO�

FIGURE 8. Maturation decreases DM�, DM�, and DO�, but not DO�, transcript levels in LC and decreases synthesis of DO� and DM�. A, SDS-PAGE
analyses of immunoprecipitated DO� (using mAb DOB.L1) and DM� (mAb 47G.S4) from [35S]methionine pulse-labeled iLC and mLC. Calnexin was
immunoprecipitated as a control. Data are representative of five experiments testing iLC and mLC from three donors. B, Fold change in expression, in
CD40L-matured LC compared with iLC, of DMA, DMB, DOA, and DOB mRNA, determined by real-time RT-PCR. The relative quantity of each transcript
was determined after normalization to the quantity of GAPDH RNA. The median-fold change is indicated by a bar. C, The mean fold change � SEM in
expression of DOA and DOB mRNA in mLC compared with iLC, determined by real-time RT-PCR. RNA was harvested from iLC and mLC matured for
2 days with manipulation alone (mock), LPS, TNF-�, or CD40L. The relative quantity of each transcript was determined after normalization to the quantity
of GAPDH RNA.
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and DO� is not clear, but evokes the possibility that the �-chain
may have a distinct role and partner, independent of DO�.

The ratios of surface CLIP:DR are lower on GC B cells than on
naive B cells consistent with the increase in DM:DO ratio in GC
B cells compared with naive B cells (5, 6). Our data reveal a
tendency for mLC to express a lower CLIP:DR ratio compared
with iLC. iLC, generated in vitro, express very low ratios of sur-
face CLIP:DR, most likely because of their high levels of DM
relative to DO. This provides less of a window in which to observe
differences in the CLIP:DR ratio following maturation. Assays to
delineate the peptide repertoire may be more sensitive to activa-
tion-induced changes in these cells. It also will be interesting to
determine whether there are kinetic effects on DM and DO ex-
pression following LC maturation.

We find that DO inhibits DM function in LC; DOhigh cells ex-
press a higher ratio of surface CLIP:DR than DOlow LC. DM lo-
calization, expression level, and activity, as well as the pH of the
peptide-loading compartments, regulate the function of DM in DC.
Both DM expression and specific activity were reported to be de-
creased following LPS-induced maturation of immature mono-
cyte-derived DC (16). In LC, we find that DM levels decrease in
most cases following maturation, but we find no evidence that
similar amounts of DM isolated from iLC and mLC exhibit dif-
ferent activity (T. Burster, data not shown).

How might expression of DO influence Ag presentation func-
tion in DC? By inhibiting DM, DO may function to broaden the
repertoire of peptides presented by DC (10, 11). This possibility
can be tested by comparing the peptides bound to class II MHC
molecules isolated from DOhigh vs DOlow expressing LC. DO also
may constrain Ag presentation by DC until they are mature/acti-
vated. Our finding that DO levels are decreased following matu-
ration indicates that DO expression is highest in immature DC,
which are poor APC, but the specific contribution of DO to this is
unknown. Studies of ectopic DO expression in mouse and human
DC found increased surface CLIP/DR levels and modulation of Ag
presentation consistent with DM inhibition (3, 4). However, these
studies do not elucidate the physiologic contribution of DO in DC,
where DO is regulated by endogenous signals.

The finding that DO is expressed by iLC helps focus models on
functions common to iLC, naive and memory B cells, and thymic
epithelia. One attractive possibility is a role in the maintenance of
self tolerance, as previously proposed (48). In this model, the abil-
ity of DM to narrow the surface MHC/peptide repertoire is inhib-
ited by DO in cells that present self-peptides. The MHC/peptide
repertoire used to initiate or maintain tolerance is expanded and
crypticity is reduced. Interestingly, a recent analysis of PBMC
from patients with systemic lupus erythematosus, insulin-depen-
dent diabetes mellitus, rheumatoid arthritis, or multiple sclerosis
and their first-degree relatives revealed increased expression of
DMB compared with healthy controls (49). One can speculate that
this may readjust the DM:DO balance in DO-expressing APC in
favor of presentation of immunodominant self-peptides, thereby
increasing susceptibility to a break in self tolerance.
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