as wetting or adhesion (14), and fabrication
of microelectromechanical systems (15)
and sensors (16)].
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Cytoplasmic Tail-Dependent Localization of
CD1b Antigen-Presenting Molecules to MIICs
Masahiko Sugita, Robin M. Jackman, Elly van Donselaar,

Samuel M. Behar, Rick A. Rogers, Peter J. Peters,
Michael B. Brenner, Steven A. Porcelli*

CD1 proteins have been implicated as antigen-presenting molecules for T cell-mediated
immune responses, but their intracellular localization and trafficking remain uncharac-
terized. CD1b, a member of this family that presents microbial lipid antigens of exog-
enous origin, was found to localize to endocytic compartments that included the same
specialized subset of endosomes in which major histocompatibility complex (MHC)
class Il molecules are proposed to bind endocytosed antigens. Unlike MHC class i
molecules, which traffic to antigen-loading endosomal compartments [MHC class ||
compartments (MIICs)] primarily as a consequence of their association with the invariant
chain, localization of CD1b to these compartments was dependent on a tyrosine-based

motif in its own cytoplasmic tail.

Non-MHC encoded CD1 molecules have
been implicated as a family of B,-microglobu-
lin—associated nonpolymorphic polypeptides
that function in antigen presentation. Identi-
fication of a T cell line that recognizes my-
colic acid, a complex fatty acid from the my-
cobacterial cell wall, in a CDI1b-restricted
fashion (1) and the subsequent derivation of
two other CD1b-restricted T cell lines that
recognize lipoarabinomannan from Mycobac-
terium leprae demonstrate the capability of
CD1b to present exogenously derived micro-
bial lipid antigens (2). These CD1b-restricted
lipid and glycolipid antigens appear to require
intracellular processing in acidic compart-
ments, as do peptide antigens presented by
MHC class II molecules (I, 2). Thus, it is
proposed that CD1b molecules, despite their
MHC class [-like protein structure (3), might
traffic to endocytic compartments, including
those in which MHC class 11 molecules en-
counter endocytosed antigens.

As was consistent with this hypothesis,
CD1b induced on peripheral blood monocytes
by stimulation with granulocyte-macrophage
colony-stimulating factor (GM-CSF) and in-
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terleukin-4 (IL-4) (1) was found by immuno-
fluorescence microscopy not only on the cell
surface, but also in peripherally distributed
vesicles into which Texas Red-conjugated
ovalbumin was endocytosed (Fig. 1). Double
labeling of CD1b™ monocytes with antibodies
against lysosome-associated membrane pro-
tein 1 (LAMP-1, a marker of late endosomes
and lysosomes) showed that most CD1b* en-
docytic vesicles coexpressed this protein (4).
Furthermore, most CD1b* vesicles in mono-
cytes, as well as in a CD1b-transfected human
B cell line (CIR/CD1b) (1) stained with an-
tibodies to MHC class II molecules (4). This
profile was characteristic of the recently de-
scribed MHC class II compartment (MIIC) of
specialized or “professional” antigen-present-
ing cells, which is the proposed site at which
newly synthesized MHC class 11 molecules
accumulate and acquire exogenous peptide
antigens (5-7).

Previous studies using electron microscopy
have identified MIICs morphologically as
electron-dense structures, characterized by ex-
tensive membrane invaginations producing
either a multivesicular or multilamellar ap-
pearance (5-7). Immunogold-labeled trans-
mission eléctron microscopy of ultrathin
cryosections of GM-CSF- and IL-4-stimu-
lated monocytes revealed expression of
CD1b in MHC class II-positive dense mul-
tilamellar organelles (Fig. 2A), which were -
characteristic of MIICs previously observed
in mononuclear phagocytes (8). As was
consistent with the localization of CD1b in
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MIICs, these CD1b* multilamellar com-
partments were also positive for LAMP-1
(9) and for human leukocyte antigen DM
(HLA-DM) (Fig. 2B), which has been
found to be mainly expressed in MIICs in
human cells (7). CD1b was also found to be
strongly colocalized with MHC class Il mol-
ecules by immunogold labeling in electron-
dense multivesicular compartments of C1R/
CD1b cells (Fig. 2E). These compartments
were also positive for HLA-DM and
LAMP-1 (9) and were morphologically
consistent with MIICs previously defined
in human B cell lines (5).

In addition, CD1b was found in plasma
membrane—coated pits and coated vesicles
and in early endosomes in CD1b* monocytes
and CIR/CDI1b cells (Fig. 2, C through E).
Despite the coexpression of CD1b and MHC

Fig. 1. Detection of CD1b in
MHC class I-enriched endo-
cytic compartments. Endocytic
compartments of GM-CSF-
and IL-4 —stimulated monocytes
were labeled with endocytosed
Texas Red-conjugated ovalbu-
min (ova.) for 45 min as de-
scribed (20). The cells were
subsequently fixed with 3.7%
paraformaldehyde, permeabil-
ized in 0.1% digitonin, and

CD1b (FITC)

class II molecules on the cell surface, these
CD1b* coated vesicles and early endosomes
lacked coexpression of MHC class I mole-
cules (Fig. 2, D and E), which suggests a much
more pronounced internalization from the
cell surface for CD1b than for MHC class 11
molecules. These observations led us to focus
on the role of the cytoplasmic domain of
CDI1b in its localization to endocytic com-
partments, as the amino acid sequence of this
domain (Met-Arg-Arg-Arg-Ser-Tyr-Gln-Asn-
Ile-Pro) contains a YXXZ sequence (Y, ty-
rosine; X, any amino acid; and Z, a hydropho-
bic amino acid; the sequence corresponding to
the motif is in italics) (10). This motif has
been identified in many proteins that are
predominantly found in the endocytic system
and is known to cause rapid internalization of
proteins from the cell surface (11, 12) as well

Texas Red-ova.

stained with the 4A7.6 antibody to CD1b (27), followed by incubation with fluorescein isothiocyanate
(FITC)-conjugated antibody to mouse immunoglobulin. CD1b staining (left) and endocytosed Texas
Red-ova. staining (right) are shown in the same cell, and representative double-labeled vesicles are

indicated by arrows. Scale bars, 2.5 um.

Fig. 2. Immunoelectron micrographs of thin cryosections of GM-CSF- and
IL-4—stimulated CD1b* monocytes [(A) through (C)] and C1R/CD1b cells [(D)
and (B)] (22). (A) Expression of CD1b (small gold particles, indicated by
arrowheads) in MHC class Il (large gold}-positive multilamellar compart-
ments (MIICs). (B) Colocalization of CD1b (small gold, indicated by arrow-
heads) with HLA-DM (large gold) in multilamellar structures. (C) Presence of
CD1b in a coated vesicle (inset, indicated by arrow) and in early endosomes
(e) as well as on the plasma membrane (p). (D) Expression of CD1b (small
gold) in a coated pit (arrowhead) and a coated vesicle (arrow) that lack the
coexpression of MHC class Il molecules (large gold). (E) Expression of CD1b
(small gold) in an MHC class Il (large gold)-positive multivesicular compart-
ment (arrow) and in an early endosome (e) that lacks the coexpression of
MHC class Il molecules. Coexpression of CD1b and MHC class Il molecules
on the plasma membrane (p) is also seen. Scale bars, 200 nm.
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as direct targeting to endosomes from the
trans-Golgi network (TGN) (13). Thus, we
deleted the COOH-terminal seven amino
acids, including the tyrosine-based motif,
leaving a stretch of two basic amino acids to
confer stable membrane insertion (14). An
antibody internalization assay (15) with HeLa
transfectant cells stably expressing either
wild-type CD1b [full-length CD1b (CDI1b-
FL)] or truncated CDI1b [tail-deleted CD1b
(CD1b-TD)] showed that almost all the anti-
body-labeled CD1b-FL molecules on the cell
surface were internalized from the cell surface
during the 45-min chase period, whereas a
substantial fraction of labeled CD1b-TD mol-
ecules remained on the cell surface even after
the chase period, as indicated by the clear
visualization of the edges of cells (Fig. 3A).
Thus, truncation of the cytoplasmic tail with
deletion of the tyrosine-based motif resulted
in impaired internalization of CD1b from the
cell surface.

We also observed a difference between
CD1b-FL and CD1b-TD in steady-state in-
tracellular localization. As shown in
CD1b* monocytes (Fig. 1) and in Hela
transfectants (Fig. 3B, left), CD1b-FL was
prominent in peripherally distributed vesi-
cles. In contrast, labeling of permeabilized
HeLa cells expressing CD1b-TD with anti-
body to CD1b revealed homogenous stain-
ing over the cell that is characteristic of
strong cell-surface staining, with a small
amount of visible punctate staining con-
fined to the central part of the cell (Fig. 3B,



right). These centrally located vesicles were
identified as terminal lysosomes (4) to
which proteins are generally transported via
degradative pathways. Thus, without the
influence of its cytoplasmic tail, CD1b was
largely redistributed from the endocytic sys-
tem to the plasma membrane.

Because the strong plasma-membrane
CD1b staining of the CD1b-TD transfectants
may have masked a substantial amount of
intracellular staining, we used confocal mi-
croscopy (16) to examine the intracellular
distribution of the full-length and tail-deleted
forms of CD1b in optical sections of trans-
fected Hela cells. Cells expressing either
CD1b-FL or CD1b-TD were supertransfected
with HLA-DMa and -DMB, and double la-
beling with antibodies to CD1b and HLA-
DM was performed. HLA-DM was found in
numerous peripherally distributed vesicles in
both CDI1b-FL-expressing and CD1b-TD-
expressing cells (green vesicles in Fig. 4, B and
E). However, whereas most of the CD1b-FL-
expressing vesicles (red vesicles in Fig. 4A)
were observed to coexpress HLA-DM (yellow
vesicles in Fig. 4C), CD1b-TD was found
intracellularly only in a relatively small num-
ber of vesicles at the central part of the cell
(red vesicles in Fig. 4D; also see Fig. 3B,
right). Colocalization analysis with HLA-DM
revealed that only a limited number of CD1b-
TD* vesicles coexpressed HLA-DM (yellow
vesicles in Fig. 4F), whereas most peripherally
distributed vesicles expressed HLA-DM alone
(green vesicles in Fig. 4F), and some centrally
distributed vesicles expressed CD1b alone
(red vesicles in Fig. 4F). Thus, the cytoplas-
mic domain of CD1b markedly enhanced its
localization in transfected HeLa cells to the
same intracellular compartments as HLA-
DM, a molecule that is expressed almost ex-
clusively in the MIIC:s of professional antigen-
presenting cells (7, 11). Although these stud-
ies identify the tyrosine-based motif as impor-

A

0 min chase

CD1b-FL

CD1b-TD

tant to the intracellular trafficking of CD1b,
further studies will be needed to determine if
this signal is by itself sufficient to direct en-
docytic localization or if other signals also
contribute.

Trafficking of HLA-DM to MIICs has re-
cently been shown to be mediated by a ty-
rosine-based motif in the cytoplasmic domain
of HLA-DM (11) that is similar to that in
the cytoplasmic domain of CD1b, as is con-
sistent with the proposed role of this motif in
the trafficking of CD1b to MIICs. In addition,
the prominent localization of CD1b in coated
pits (Fig. 2, C and D) underscored the role of
the YXXZ motif in internalization of CD1b
into the endocytic system, because this motif
has been shown to mediate interaction with
clathrin-associated protein complexes (17).
Although the predominant route taken by

CD1b

CD1b-FL
HLA-DM

CD1b-TD
HLA-DM

C________________________________________________________________________________________ REPORTS|

CD1b to the MIIC has not yet been defined,
our results suggest a YXXZ motif-mediated
recycling pathway by which CD1 is endocy-
tosed at the plasma membrane and subse-
quently delivered to the MIIC. The use of
such a pathway may be crucial for CDI1b,
whose de novo synthesis appears to be slower
than that of MHC molecules (3, 18). The
YXXZ sequence is found in neither MHC
class II o nor B chains, whose trafficking to
MIIC:s is predominantly mediated by other
sequences within the associated invariant
chain that specify sorting of MHC class 11
molecules from the TGN to endocytic com-
partments (19). Thus, we propose that the
targeting of CD1b to MIICs by a YXXZ cyto-
plasmic tail motif is a mechanism for control-
ling the intracellular trafficking and distribu-
tion of an antigen-presenting molecule.

CD1b + DM

45 min chase

Fig. 4. Cytoplasmic tai-mediated transport of CD1b to HLA-DM-containing vesicles. HeLa CD1b-FL
cells (upper panels) and HeLLa CD1b-TD cells (lower panels) were transiently transfected with HLA-DMa
and -DMB (23), and double labeling with the 4A7.6 antibody [detected with indocarbocyanine-
conjugated goat anti-mouse IgG (red)] and antibody to HLA-DMB [detected with FITC-conjugated goat
anti-rabbit IgG (green)] (23) was performed. Fluorescent confocal images of either CD1b-FL* (A) or
CD1b-TD* (D) vesicles (red) and HLA-DM™* vesicles (green) (B and E), as well as vesicles expressing
both CD1b and HLA-DM (yellow) (C and F) are shown. Scale bars, 5 pm.

CD1b-FL CD1b-TD

Fig. 3. Comparison of internalization from the cell surface and steady-state local-
ization between CD1b-FL and CD1b-TD (74). (A) HelLa cells expressing either
CD1b-FL (upper panels) or CD1b-TD (lower panels) were grown on cover slips and
incubated with the CD1b-specific 4A7.6 antibody at 0°C for 15 min to label CD1b
molecules expressed on the cell surface. Subsequently, the cells were incubated
in regular media at 37°C for either O or 45 min and were fixed, permeabilized, and
stained with FITC-conjugated antibodies to mouse immunoglobulin. (B) Hela cells
expressing either CD1b-FL (left) or CD1b-TD (right), grown on cover slips, were
fixed, permeabilized, and stained with the 4A7.6 antibody. Scale bars, 5 pm.
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Immunostimulatory DNA Sequences Necessary
for Effective Intradermal Gene Immunization
Yukio Sato, Mark Roman, Helen Tighe, Delphine Lee,

Maripat Corr, Minh-Duc Nguyen, Gregg J. Silverman,
Martin Lotz, Dennis A. Carson, Eyal Raz*

Vaccination with naked DNA elicits cellular and humoral immune responses that have a
T helper cell type 1 bias. However, plasmid vectors expressing large amounts of gene
product do not necessarily induce immune responses to the encoded antigens. Instead,
the immunogenicity of plasmid DNA (pDNA) requires short immunostimulatory DNA
sequences (ISS) that contain a CpG dinucleotide in a particular base context. Human
monocytes transfected with pDNA or double-stranded oligonucleotides containing the
ISS, but not those transfected with ISS-deficient pDNA or oligonucleotides, transcribed
large amounts of interferon-«, interferon-B, and interleukin-12. Although ISS are nec-
essary for gene vaccination, they down-regulate gene expression and thus may interfere
with gene replacement therapy by inducing proinflammatory cytokines.

Intramuscular (1) or intradermal (2) ad-
ministration of pDNA expression vectors
causes intracellular synthesis of the encoded
proteins and induction of long-lasting cel-
lular and humoral immune responses. Re-
cently, we reported that mice injected or
scratched intradermally with expression
vectors encoding B-galactosidase (B-Gal)
and containing a bacterial ampicillin resis-
tance gene (ampR) produced a strong anti-
body response to B-Gal (3). However, sub-
sequent experiments showed that mice in-
jected intradermally with a similar expres-
sion vector containing the kanamycin
resistance gene (kanR) instead of ampR gen-
erated a weak antibody response to B-Gal
(Fig. 1 and Table 1). These results were
unexpected, because we had always detect-
ed higher B-Gal activity in cells transfected
with the kanR-based vector (pKCB) that
encodes B-Gal, pKCB-Z (615.4 pg of B-Gal
per well), than in cells transfected with the
ampR-based vectors, pACB-Z and pACS-Z,
encoding B-Gal (254.9 pg of B-Gal per well
and 113.3 pg per well, respectively) (4).
To test the hypothesis that the ampR
sequence may up-regulate the immune re-
sponse to B-Gal in gene-vaccinated mice,
we injected animals with pKCB-Z together
with pDNA for either the ampR or kanR
gene. The coadministration of pKCB-Z with
vectors containing the ampR gene (pACB or
pUC19) restored the antibody response to
B-Gal to approximately the level induced by
pACB-Z (Table 1). The immune stimula-
tion was dose-related because coadministra-
tion of 100 pg of pUC19 induced a larger
specific antibody response than coadminis-
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tration of 5 pg of pUC19. In contrast, co-
administration of pKCB-Z with the pKCB
vector did not result in any significant en-
hancement of the antibody response to
B-Gal (Table 1). The intradermal gene vac-
cination of mice with pKCB-Z did not in-
duce a significant cytolytic T lymphocyte
(CTL) response to 3-Gal, as compared with
the vigorous CTL response induced by
pACB-Z (Fig. 2A). However, the coinjec-
tion of pKCB-Z with pACB or with pUC19
restored the CTL response to B-Gal to ap-
proximately the level observed in mice im-
munized with pACB-Z (Fig. 2A).

One of the main features of intradermal
gene vaccination with naked pDNA is the
induction of a T helper cell type 1 (Ty1)
response to the gene product (3, 5). This
response is characterized by the production
of a distinctive cytokine profile [interleu-
kin-2 (IL-2), tumor necrosis factor—@3
(TNF-B), and, mainly, interferon-y (IFN-
v)] by antigen-stimulated CD4 T cells (6).
The CD4 splenocytes from pACB-Z-immu-
nized mice generated large amounts of
IFN-vy and small amounts of IL-4 (Fig. 2, C
and D, respectively), whereas cells from
pKCB-Z-immunized mice produced only
trace amounts of these cytokines. However,
the production of IFN-y could be restored
in pKCB-Z-immunized mice by coinjection
with the ampR-containing vectors, pACB
and pUC19 (Fig. 2C). B

Palindromic, single-stranded immuno-
stimulatory DNA  sequences (ISS) have
been reported to induce production of IFN-
a, IFN-B, and IFN-y from mouse spleno-
cytes and human peripheral lymphocytes
and to enhance natural killer cell activity.
These ISS include the following CpG-con-
taining hexamers: 5'-GACGTC-3’, 5'-AG-
CGCT-3’, and 5'-AACGTT-3' (7). Two
repeats of 5'-AACGTT-3' were in the ampR





