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ABSTRACT Antigen presentation by dendritic cells (DCs) stimulates naive CD4� T cells,
triggering T cell activation and the adaptive arm of the immune response. Newly
synthesized major histocompatibility complex class II (MHC-II) molecules accumulate
at MHC-II-enriched endosomal compartments and are transported to the plasma
membrane of DCs after binding to antigenic peptides to enable antigen presenta-
tion. In DCs, MHC-II molecules are included in tetraspanin-enriched microdomains
(TEMs). However, the role of tetraspanin CD9 in these processes remains largely un-
defined. Here, we show that CD9 regulates the T cell-stimulatory capacity of granulo-
cyte-macrophage colony-stimulating factor (GM-CSF)-dependent bone marrow-derived
DCs (BMDCs), without affecting antigen presentation by fms-like tyrosine kinase 3 li-
gand (Flt3L)-dependent BMDCs. CD9 knockout (KO) GM-CSF-dependent BMDCs,
which resemble monocyte-derived DCs (MoDCs), induce lower levels of T cell ac-
tivation than wild-type DCs, and this effect is related to a reduction in MHC-II
surface expression in CD9-deficient MoDCs. Importantly, MHC-II targeting to the
plasma membrane is largely impaired in immature CD9 KO MoDCs, in which
MHC-II remains arrested in acidic intracellular compartments enriched in LAMP-1
(lysosome-associated membrane protein 1), and MHC-II internalization is also
blocked. Moreover, CD9 participates in MHC-II trafficking in mature MoDCs, regu-
lating its endocytosis and recycling. Our results demonstrate that the tetraspanin
CD9 specifically regulates antigenic presentation in MoDCs through the regula-
tion of MHC-II intracellular trafficking.
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Dendritic cells (DCs) are the most efficient antigen (Ag)-presenting cells (APCs) to
stimulate naive CD4� T cells, leading to the initiation of the adaptive immune

response. Ag presentation involves the internalization and processing of exogenous
Ags to produce immunogenic peptides that bind to major histocompatibility complex
class II (MHC-II) molecules. Newly synthesized MHC-II molecules are targeted to MHC-
II-enriched endosomal compartments (MIICs), where they couple to antigenic peptides
(1, 2). The accessory molecules class II-associated invariant chain (Ii) and DM (HLA-DM
in humans [mouse homolog, H2-DM]) control the assembly of MHC-II molecules and
MHC-II-restricted Ag processing (2, 3). DM interacts with MHC-II molecules at the MIIC
(4), which displays acidic pH (5) and is enriched in conventional late endocytic markers,
such as LAMP-1 (lysosome-associated membrane protein 1) (6). MIIC also includes
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resident proteases, such as cathepsins or GILT (gamma interferon [IFN-�]-induced
lysosomal thiol reductase) (7, 8), which are responsible for Ag proteolytic processing
following Ag uptake by different routes depending on the APC (9).

After their final assembly at MIICs, stable peptide-bound MHC-II complexes egress to
the DC surface. In maturing DCs, peptide–MHC-II complexes are transported to the
plasma membrane by tubular extensions that emanate from MIICs (10–12). The forma-
tion of these MHC-II-enriched membrane tubules requires microtubules and microtubule-
based motors such as dynein and kinesin (13–15), as well as cholesterol and lipid rafts
(16–18). Once at the plasma membrane, peptide–MHC-II complexes are actively endo-
cytosed and are recycled back to the cell surface. Endocytosis is partially due to the
presence of a conserved dileucine motif in the cytoplasmic region of the MHC-II � chain
(19), which could drive its internalization in a clathrin- and dynamin-independent
manner (20). In immature DCs, MHC-II endocytosis and sorting at endosomes and
multivesicular bodies (MVB) can be regulated through ubiquitination by the ubiquitin
E3 ligase MARCH-I (21–25). Upon DC maturation, MARCH-I expression is downregu-
lated, resulting in less-efficient MHC-II ubiquitination, and this would allow the steep
increase in MHC-II presence at the cell surface (22, 25). However, other studies did not
confirm the role of ubiquitination in peptide-bound MHC-II endocytosis (21, 23, 26). The
precise mechanisms that regulate MHC-II internalization and recycling therefore remain
undefined. Endocytosed molecules can be recycled from early endosomes (27, 28) or can
be sorted into the luminal vesicles of MVB and then either be targeted for degradation by
fusion with lysosomes (25) or sorted into exosomes (29). MHC-II molecules that have been
internalized from the plasma membrane to early endosomes can bind to antigenic peptides
generated in less-acidic and proteolytic compartments, through proteolysis by the protea-
some, by autophagosomes, or by endosome resident proteases (30–33). Therefore, MHC-II
surface expression levels result from the balance between postsynthesis plasma membrane
targeting and endocytosis for recycling or degradation.

Tetraspanins are membrane proteins responsible for the organization of membrane
macrocomplexes called tetraspanin-enriched microdomains (TEMs). Tetraspanins inter-
act with other members of the superfamily, other transmembrane receptors, lipids,
signaling molecules, and cytoskeletal components (34, 35). They modulate the function
of their associated membrane partners, playing important roles in a wide variety of
physiological and pathological processes (36–39). TEMs regulate Ag recognition and
presentation and T cell activation and proliferation, as well as leukocyte extravasation
(40). These microdomains contain several immune receptors, such as the T cell receptor
(TCR) in T cells, the B cell receptor (BCR) in B cells, and pattern recognition receptors
and MHC-II in APCs (38). Several tetraspanins associate with MHC-I and MHC-II at the
surface of APCs (41–43). Tetraspanins CD63 and CD82 participate in Ag processing.
They are both present in MIIC, interacting with MHC-II and other HLA molecules (41, 42,
44). Ag presentation can also be modulated by several tetraspanins. DCs from
CD151�/�, CD37�/�, and Tssc6�/� single knockout and CD37�/� Tssc6�/� double
knockout mice induce hyperstimulation of T cells (45, 46). CD81 is important for DC
cross-presentation of bacterial Ag to cytotoxic T cells (47). CD63 downregulation in
human B lymphocytes enhances CD4� T lymphocyte activation (48). In DCs, whereas
CD151 regulates T cell costimulation (46), CD37 interacts with MHC-II (49), limiting
MHC-dependent Ag presentation (46, 50).

In DCs, according to one report, CD9 seems to mediate MHC-II clustering (51);
however, other reports did not observe any effect on MHC-II multimerization (52).
Therefore, the role of CD9 in the regulation of MHC-II expression and Ag presentation
by DCs remains controversial. In this study, we demonstrated that CD9 is important for
the T cell-stimulatory capacity of monocyte-derived DCs (MoDCs), through the regula-
tion of MHC-II intracellular trafficking and expression at the cell surface.

RESULTS
CD9-deficient MoDCs display impaired T cell-stimulatory capacity. To investi-

gate the role of CD9 during Ag presentation, we compared the levels of T cell-
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stimulatory activity of wild-type (WT) and CD9 knockout (KO) DCs, using Ag-specific
CD4� T cells. First, we used granulocyte-macrophage colony-stimulating factor (GM-
CSF)-dependent bone marrow-derived DCs (BMDCs), which were characterized as
CD11c� MHC-II� Ly6G/Ly6C�. Lipopolysaccharide (LPS)-matured BMDCs were pulsed
with MHC-II-restricted ovalbumin (OVA) peptide and cocultured with naive OVA-
specific OT-II CD4� T cells. CD9 KO DCs induced lower T cell activation than WT DCs, as
measured by membrane expression levels of the T cell activation receptor CD25 (Fig.
1A). Accordingly, CD9 KO BMDCs induced less T cell proliferation than WT DCs (Fig. 1B).
The percentage of OT-II T cells expressing IFN-� was also significantly diminished after
stimulation with CD9 KO DCs compared to T cells activated with WT DCs (Fig. 1C). The
stimulatory potential of CD9 KO DCs was further investigated in vivo. OVA peptide-
loaded WT or CD9 KO BMDCs were subcutaneously injected into WT mice, and OT-II
CD4� T cells labeled with cell violet tracer were intravenously transferred into the
recipient mice 24 h later. After 2 and 4 days, respectively, activation and proliferation
of adoptively transferred T cells were analyzed in draining lymph nodes by flow
cytometry. Similarly to the in vitro results, CD9 KO BMDCs displayed a lower T cell-
stimulatory potential than WT DCs, as revealed by the lower CD25 expression levels
(Fig. 1D) and the reduced cell proliferation of transferred OT-II T cells (Fig. 1E). Since
GM-CSF-dependent BMDCs were previously characterized as resembling inflammatory
MoDCs (53, 54), we also investigated the role of CD9 for Ag presentation by fms-like
tyrosine kinase 3 ligand (Flt3L)-dependent conventional DCs. BMDCs were generated in
the presence of the Flt3 ligand, which is necessary for development of DCs (54), and WT
or CD9 KO OVA peptide-loaded CD11c� B220� Flt3L-dependent conventional DCs
were subcutaneously injected into WT mice. OT-II CD4� T cells labeled with cell violet
tracer were intravenously transferred 24 h later into the recipient mice, and prolifera-
tion of adoptively transferred T cells was analyzed in draining lymph nodes by flow
cytometry after 4 days. Unexpectedly, CD9 deficiency in Flt3L DCs did not affect T cell
proliferation in vivo (Fig. 1F), suggesting that CD9 might play different roles in different
DC subpopulations. Together, our results show that the absence of CD9 expression led
to impaired Ag-specific CD4� T cell responses specifically in GM-CSF-dependent BMDCs
both in vitro and in vivo. Since these cells were previously described to resemble MoDCs
(53, 54), we use that term here to refer to GM-CSF-dependent BMDCs.

To determine whether CD9 could be involved in the regulation of other MoDC
functions, we assessed the effect of CD9 deficiency on DC migration. Migration of CD9
KO MoDCs was not affected during in vitro chemotaxis to CCL21 (Fig. 1G). CD9 KO DCs
expressed levels of the chemokine receptor CCR7, which drives CCL21 migration, that
were similar to those seen with WT DCs (see Fig. S1A in the supplemental material). In
addition, no differences were found in terms of expression of the adhesion molecule
ICAM-1 or of the integrins CD49d and CD11b in MoDCs and splenic DCs of the two
genotypes (Fig. S1B to F). We next investigated whether the absence of CD9 could
affect the presence of different DC subpopulations in lymphoid organs. We found that
the absolute numbers and the proportions of plasmacytoid DCs (CD11c� B220� cells)
and conventional DCs (CD11c� B220� cells) in the spleen, lymph nodes, and thymus
were similar in CD9 KO and WT mice (Fig. S1G and data not shown). Flt3L-dependent
WT and CD9 KO BMDCs also displayed similar levels of in vitro differentiation (data not
shown). Moreover, assessment of DC migration in vivo using the fluorescein isothio-
cyanate (FITC)-skin painting assay showed similar percentages of FITC� CD11c� cells in
skin-draining lymph nodes from CD9 KO and WT mice (Fig. 1H). Hence, CD9 deficiency
in DCs did not affect their in vitro or in vivo migratory responses.

CD9 deficiency in MoDCs does not affect IS formation. During Ag presentation,
T cells form stable cell-cell contacts with DCs that are known as immunological
synapses (IS). The IS structure is highly organized, with specific redistribution of
receptors, such as the TCR/CD3 at the T cell side and MHC-II and costimulatory
molecules at the APC side, as well as accumulation of adhesion molecules and cyto-
skeleton components (55–57). At the T cell side, CD9 is important for integrin-mediated
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FIG 1 MoDC stimulatory capacity is dependent on CD9 expression. (A to C) LPS-matured WT or CD9 KO
GM-CSF-dependent BMDCs were loaded with OVA peptide and cocultured with naive CD4� OT-II T cells.
After 72 h, T cell activation and proliferation were analyzed by flow cytometry. (A) CD25 membrane
expression in CD4� T cells. MFI, mean fluorescence intensity. (B) Percentages of proliferated T cells. (C)
Percentages of IFN-�� CD4� T cells. Data are means � standard errors of the means (SEM) of results from
three independent experiments analyzed by Student’s t test (A and C) or two-way ANOVA with Bonferroni’s
post hoc multiple-comparison test (B). (D and E) LPS-matured OVA peptide-loaded WT or CD9 KO
GM-CSF-dependent BMDCs were subcutaneously injected into WT mice, and 24 h later, OT-II CD4� T cells
labeled with cell violet tracer were intravenously transferred into the recipient mice. After a further 2 and
4 days, respectively, activation and proliferation of adoptively transferred CD4� T cells were analyzed in the
draining lymph nodes by flow cytometry. (D) CD25 membrane expression in CD4� T cells. (E) Percentages
of T cells. Data represent mean fold changes � SEM from two independent experiments analyzed by
Student’s t test (D) and means � SEM from one experiment representative of four with n � 5 mice per
genotype analyzed by two-way ANOVA with Bonferroni’s post hoc multiple-comparison test (E). (F)
Experiments similar to those described for panel E were performed using LPS-matured OVA peptide-loaded
WT or CD9 KO CD11c� B220� Flt3L-dependent conventional BMDCs. Data represent means � SEM of
percentages of T cells from one experiment representative of three with n � 5 mice per genotype analyzed
as described for panel E. (G) LPS-matured MoDCs were allowed to migrate toward CCL21 in a Transwell
migration assay, and the percentage of cells at the lower chamber was measured by flow cytometry. Data
are means � SEM of results from four independent experiments. (H) In vivo migration of skin DCs to
inguinal lymph nodes was measured by flow cytometry after FITC-painting sensitization of the abdominal
skin of mice. Data are means � SEM of percentages of FITC� CD11c� cells from two independent
experiments. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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signaling at the IS, regulating T cell activation (58). We investigated whether CD9 could
also be important for the IS organization at the APC side. Conjugation of naive OT-II
CD4� T cells with LPS-matured OVA-loaded WT or CD9 KO DCs was analyzed by
time-lapse confocal microscopy. No differences were observed either in the total
percentage of conjugates or in the duration of short-lived (�20 min), medium-lived (20
to 30 min), and long-lived (�30 min) T cell-APC contacts (Fig. 2A and B). DC adhesion
to T cells appeared unaffected by CD9 deficiency during IS formation, since the results
with respect to relocalization to the IS of the adhesion molecule ICAM-1 (Fig. 2C) or of
F-actin (Fig. 2D) were similar in WT and CD9 KO DCs conjugated with OT-II CD4� T cells.

In agreement with the reduced T cell-stimulatory capacity of CD9-deficient DCs,
CD4� T cells conjugated with CD9 KO DCs exhibited significantly lower CD3 redistri-
bution to the IS than those conjugated with WT DCs (Fig. 2E). CD9-deficient DCs also
induced an impaired translocation of the microtubule-organizing center (MTOC) in T
cells, which displayed an increased MTOC distance from the APC surface (Fig. 2F). These
results further indicate the importance of CD9 for Ag presentation by MoDCs but also
indicate that this phenotype is not related to a regulation of IS formation on the APC
side.

FIG 2 CD9 in MoDCs does not modulate IS formation. (A and B) CD4� OT-II T cells and WT and CD9 KO
LPS-matured OVA-loaded MoDCs were labeled with different cell dyes, allowed to form cell-cell conju-
gates, and then monitored by time-lapse confocal microscopy. (A) Percentages of cell-cell contacts. (B)
Duration of cell-cell contacts. Data from two independent experiments are shown as means � SEM (A)
or with each symbol representing an individual cell-cell conjugate (n � 150) (B). (C to F) LPS-matured
OVA-loaded WT or CD9 KO MoDCs were cocultured with naive CD4� OT-II T cells for 5 min, plated onto
PLL-coated coverslips for 30 min, and then fixed and permeabilized. Cells were stained for antibodies
against ICAM-1 (C), CD3 (E), or tubulin (F) or with phalloidin to detect F-actin (D) and were analyzed by
confocal microscopy. Protein relocalization to T cell-DC contacts was determined by analyzing the
fluorescence intensity signal at the cell-cell contact with respect to the fluorescence intensity signal at
the rest of cell membranes, using the Synapsemeasures plug-in in ImageJ. Data were pooled from three
independent experiments and analyzed by Student’s t test. In panels C to E, each symbol represents an
individual cell-cell conjugate and horizontal bars indicate the means (for panel C, n � 250; for panel D,
n � 150; for panel E, n � 300). In panel F, data are shown as means � SEM (n � 200). ***, P � 0.001.
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MHC-II surface expression is impaired in CD9 KO MoDCs. Proper Ag presentation
depends on the expression of MHC-II and costimulatory molecules by DCs (59). CD9 KO
DCs exhibited normal expression levels of costimulatory molecules CD86, CD80, and
CD40 both before and after LPS maturation (Fig. 3A; see also Fig. S1H to J). The
proportions of CD11c� DCs were also similar for WT and CD9 KO DCs, which displayed
levels of 92.3% (immature WT), 93.4% (immature CD9 KO), 92.4% (mature WT), and
93.5% (mature CD9 KO) (Fig. 3A). Interestingly, immature CD9 KO MoDCs showed

FIG 3 CD9 modulates MHC-II surface expression in MoDCs. (A) Immature and LPS-matured WT and CD9 KO MoDCs were stained for CD86,
CD11c, and MHC-II antibodies and analyzed by flow cytometry. Charts present immature (left) or LPS-matured (center) WT (black) and CD9
KO (red) DCs, with CD86 and CD11c immunolabeling as dot plots (top) and histograms of MHC-II immunolabeling (bottom). Cells labeled
with isotype control antibodies are in gray. The graph (right) shows the mean fold change � SEM of results from four independent
experiments analyzed by one-way ANOVA with Tukey’s post hoc multiple-comparison test. (B) LPS-matured WT and CD9KO MoDCs were
incubated with different concentrations of biotinylated OVA peptides (pOVA) for 1 h at 4°C, washed, stained for CD11c antibody and
fluorescence-coupled streptavidin, and analyzed by flow cytometry. Data represent mean fold changes � SEM of results from three
independent experiments analyzed by one-way ANOVA with Tukey’s post hoc multiple-comparison test. (C) Immature and LPS-matured
WT and CD9 KO MoDCs stained for CD11c and MHC-II antibodies were fixed, permeabilized, and analyzed as described for panel A. (D)
Whole-cell lysates from immature and LPS-matured WT and CD9 KO MoDCs were analyzed for MHC-II expression after immunoblotting.
Tubulin was used as a loading control. Blots shown (top) are from a representative experiment. The graph (bottom) shows the mean fold
changes � SEM of the MHC-II/tubulin signal ratio from three independent experiments analyzed by one-way ANOVA with Tukey’s post
hoc multiple-comparison test. (E) Immature (top) and LPS-matured (bottom) WT and CD9 KO MoDCs were treated with 12.5 �g/ml of
cycloheximide (CHX) for different times at 37°C and washed, and whole-cell lysates were analyzed for MHC-II expression after
immunoblotting. ERM was used as a loading control. WT and CD9 KO blots belonged to the same membrane; the middle irrelevant lanes
were removed. The blots shown are from one experiment representative of two. *, P � 0.05; ***, P � 0.001; ns, not significant.
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reduced MHC-II surface expression levels compared to WT cells (Fig. 3A). MHC-II levels
increased upon maturation with LPS as expected, but the diminished surface expres-
sion remained in the absence of CD9 (Fig. 3A). In agreement with the reduction in
surface MHC-II levels, mature CD9 KO MoDCs showed less binding of biotinylated OVA
peptides than WT controls (Fig. 3B). However, the total amounts of MHC-II in the two
genotypes were similar in either immature or LPS-matured cells, as detected by flow
cytometry of permeabilized cells (Fig. 3C) and by immunoblotting of whole-cell lysates
(Fig. 3D). Moreover, treatment of WT and CD9 KO DCs with cycloheximide (CHX) to
inhibit protein synthesis showed that the levels of MHC-II turnover were similar in
immature or mature cells (Fig. 3E). These results suggest that the reduced MHC-II
surface expression observed in CD9 KO MoDCs was not related to impairment in
protein synthesis or degradation.

CD9 regulates MHC-II egress from acidic compartments in immature MoDCs. To
study MHC-II intracellular localization in the absence of CD9, we incubated the DCs with
biotinylated-MHC-II antibodies coupled to the pHrodo red avidin probe. This pH-
sensitive dye allows visualization of the conjugated antibody in acidic compartments,
since it is nonfluorescent in neutral pH and fluoresces as the pH decreases. Immature
CD9 KO MoDCs showed an increased number of pHrodo� vesicles, as well as an
increase in pHrodo fluorescence intensity, in comparison with immature WT DCs (Fig.
4A), indicating that MHC-II accumulation in acidic compartments is enhanced in the
absence of the tetraspanin. However, no such differences were observed in LPS-
matured WT and CD9 KO MoDCs (Fig. 4B).

To further investigate the subcellular localization of MHC-II in CD9-deficient imma-
ture DCs, cells were plated onto poly-L-lysine (PLL)-coated coverslips for 30 min, fixed,
permeabilized, stained with antibodies against MHC-II and markers of different intra-
cellular vesicles, and analyzed by confocal microscopy. We quantified MHC-II colocal-
ization with EEA-1 (early endosomal antigen 1), which is a marker of early endosomes,
HGS/HRS (hepatocyte growth factor-regulated tyrosine kinase substrate) and CD63,
markers of MVB, and LAMP-1, a marker of late endocytic vesicles such as the MIIC.
Quantification was performed by measuring the amount of MHC-II fluorescent signal
that coincided with the fluorescent signal of each of the different intracellular markers
used (Mander’s coefficient) and the correlative variation between the two signals
(Pearson’s coefficient). No differences were observed between WT and CD9 KO imma-
ture DCs regarding the partial colocalization of MHC-II with EEA1 (Fig. S2A), HGS/HRS
(Fig. S2B), or CD63 (Fig. S2C). Moreover, the total amounts of EEA1, HGS/HRS, or CD63
were similar between WT and CD9 KO immature DCs (Fig. S2D to F). Interestingly, in
agreement with the enhanced accumulation in acidic compartments, CD9 deletion in
immature MoDCs induced an increase in MHC-II colocalization with LAMP-1 (Fig. 4C),
suggesting that CD9 specifically regulates MHC-II localization at the MIIC. However, CD9
did not affect the total amount of LAMP-1 or the lysosomal content measured with
Lysotracker Red, a freely permeable cellular dye that selectively accumulates at cellular
compartments with low internal pH (Fig. S2G and H), indicating that the MIIC compo-
sition was not affected by CD9 deficiency.

MIIC displays acidic pH (5), and both MHC-II peptide loading and MHC-II degradation
induced by the fusion of MIIC with lysosomes are pH dependent. These processes can
be inhibited by treatment with ammonium chloride (NH4Cl) (60), which dissipates the
pH gradient across acidic vesicles. Treatment of WT and CD9 KO DCs with NH4Cl slightly
enhanced surface and total MHC-II levels in immature cells from both genotypes (Fig.
S3A and B). However, the reduction in MHC-II surface levels with respect to WT cells was
still observed in the absence of CD9, with no differences in the total levels of the
protein (Fig. S3A and B), indicating that MHC-II surface regulation by CD9 is indepen-
dent of MIIC acidification. To analyze whether CD9 could regulate antigen proteolytic
processing, immature WT and CD9 KO DCs were incubated for different times with
DQ-OVA, a self-quenched full-length OVA conjugated with a pH-insensitive fluorescent
dye that exhibits fluorescence only upon degradation. Analysis of the fluorescence
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FIG 4 MHC-II egress from acidic compartments in immature MoDCs depends on CD9 expression. (A and
B) Immature and LPS-matured WT and CD9 KO MoDCs were incubated with anti-MHC-II antibodies
coupled to pHrodo red avidin for 1 h at 4°C, washed, and then incubated for an additional hour at 37°C.
Cells were fixed and analyzed by confocal microscopy. Graphs show the number of pHrodo� spots/cell
(top) and the pHrodo fluorescence intensity (bottom). Data are means � SEM of results from three
independent experiments analyzed by Student’s t test. Representative images from immature WT (top)
and CD9 KO (bottom) DCs are maximal projections of confocal stacks and show the pHrodo signal (red)
either alone or merged with bright-field and nuclei (blue) channels. Bars, 10 �m. (C) Immature WT (top)
and CD9 KO (bottom) MoDCs were plated onto PLL-coated coverslips, fixed, permeabilized, stained with
antibodies against MHC-II (green) and LAMP-1 (red), and analyzed by confocal microscopy. Nuclei are in
blue; one single confocal stack is shown. Bar, 10 �m. Graphs show the quantification of LAMP-1–MHC-II
colocalization in three-dimensional (3D) stack confocal microscopy images by the use of Pearson’s (left
graph) and Mander’s (right graph) coefficients. Data are means � SEM of results from three independent
experiments (n � 130 cells) analyzed by Student’s t test. (D) LPS-matured WT (top) and CD9 KO (bottom)
MoDCs were analyzed as described for panel C. Data are means � SEM of results from three independent
experiments (n � 40 cells). *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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derived from DQ-OVA intracellular processing showed no differences in the percent-
ages of fluorescent WT and CD9 KO immature cells (Fig. S3C), indicating that Ag
processing was unaffected in the CD9 KO DCs.

In agreement with the normal accumulation of MHC-II at the MIIC in CD9-deleted
LPS-matured MoDCs (Fig. 4B), MHC-II colocalization with LAMP-1 was similar to that
seen in WT cells (Fig. 4D). We also studied MHC-II colocalization with EEA1, HGS/HRS,
and CD63, but no significant differences were observed between CD9 KO and WT
mature DCs (Fig. S2A to C). The total amount of these proteins or of the lysosomal
content in CD9 KO mature DCs was also comparable to that seen with WT cells (Fig. S2D
to H). Treatment with NH4Cl did not affect the CD9 KO phenotype in mature DCs, which
still displayed reduced surface MHC-II expression and similar levels of total MHC-II (Fig.
S3D and E). Therefore, CD9 regulation of MHC-II surface expression in mature MoDCs
seems to depend on a different mechanism.

CD9 regulates MHC-II internalization and recycling in mature MoDCs. Once at
the plasma membrane, MHC-II molecules are actively endocytosed (9). Therefore, we
have investigated the role of CD9 in MHC-II internalization. After binding of
biotinylated-MHC-II antibodies at 4°C, MoDCs were incubated for different times at 37°C
to allow antibody internalization, and then the surface levels of MHC-II were measured
by flow cytometry. Interestingly, deficiency in CD9 abolished MHC-II endocytosis in
both immature MoDCs (Fig. 5A) and LPS-matured MoDCs (Fig. 5B), indicating that CD9
is essential for this process. In addition, to directly follow the internalization of MHC-II
molecules, we covalently tagged biotin to the plasma membrane of mature DCs and
then followed the transport of MHC-II molecules by biochemical approaches (protocol
adapted from reference 21). After DC biotinylation at 4°C, cells were incubated for
different times at 37°C to allow protein internalization. The remaining surface biotin
was removed by washing the cells with MESNA (sodium 2-mercaptoethane sulfonic
acid); the cells were then lysed, and MHC-II molecules were immunoprecipitated.
Internalized biotinylated MHC-II proteins were visualized by immunoblotting after
membrane incubation with streptavidin-horseradish peroxidase (HRP). Figure 5C shows
that acidic washing with MESNA efficiently removed noninternalized biotin in cells kept
at 4°C (Fig. 5C; compare 0 with 0 �MESNA). Incubation of LPS-matured WT DCs at 37°C
allowed MHC-II internalization, with increasing amounts of intracellular biotinylated
MHC-II proteins (Fig. 5C, WT �LPS �MESNA). In contrast, MHC-II internalization was
greatly impaired in the absence of CD9 (Fig. 5C, CD9 KO �LPS �MESNA), confirming
that CD9 is important for MHC-II internalization in mature MoDCs.

To investigate the mechanism by which CD9 regulates MHC-II endocytosis, we
analyzed MHC-II ubiquitination, which has been suggested to drive MHC-II internaliza-
tion (22, 25) and sorting to MVB (22, 26). WT and CD9 KO immature or LPS-matured
MoDCs were first treated with MG132, which mainly blocks ubiquitin-dependent
sorting of membrane proteins at MVB (61), although it can also inhibit lysosomal
proteases (62). After MG132 treatment, CD9 KO immature or mature DCs still exhibited
reduced MHC-II surface expression in comparison with WT cells, with no differences in
the total levels of the protein (Fig. S4A and B). Next, we directly assessed MHC-II
ubiquitination by immunoprecipitating MHC-II and probing the membrane with anti-
ubiquitin antibody. The amounts of ubiquitinated MHC-II molecules in CD9 KO and WT
DCs were similar (Fig. S4C). Moreover, no differences were observed in the mRNA levels
of the ubiquitin ligase MARCH-I in immature WT and CD9 KO BMDCs (Fig. S4D). These
results indicate that the role of CD9 in the regulation of MHCII endocytosis is indepen-
dent of MHC-II ubiquitination.

Most of the MHC-II molecules in immature DCs are targeted for degradation,
whereas many proteins in mature DCs efficiently recycle back to the cell surface (2, 9,
21). We therefore investigated whether CD9 could regulate MHC-II recycling in mature
MoDCs, using a biotinylation assay. After biotinylation at 4°C, incubation at 37°C, and
removal of surface biotin by MESNA washing, the cells were further incubated at 37°C
for different times to allow protein recycling to the plasma membrane. Then, surface
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FIG 5 CD9 regulates MHC-II internalization and recycling in mature MoDCs. (A and B) Immature (A) and
LPS-matured (B) WT and CD9 KO MoDCs were incubated with biotinylated MHC-II antibodies for 1 h at 4°C,
washed, and incubated for different times at 37°C, and then MHC-II surface expression was detected by flow
cytometry after streptavidin labeling in CD11c� cells. Data represent mean fold changes � SEM of results
from three independent experiments performed in triplicate and were analyzed by two-way ANOVA with
Bonferroni’s post hoc multiple-comparison test. (C and D) Measurement of MHC-II internalization (C) and
recycling (D) in mature WT and CD9 KO MoDCs by cell biotinylation assay. After incubation with biotin (blue
in the schemes) at 4°C, cells were kept at 37°C (internalization), and the remaining surface biotins were
removed by MESNA washing. (D) For recycling experiments, cells were further incubated for different times
at 37°C (recycling), and surface biotins removed by MESNA washing. Cell lysates were immunoprecipitated
with an anti-MHC-II antibody (M5/114), and biotinylated proteins were detected after membrane incuba-
tion with streptavidin-HRP (StrepHRP). Membranes were reprobed with MHC-II antibody for loading

(Continued on next page)
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biotins were removed from the cell surface by MESNA washing, cells were lysed, MHC-II
molecules were immunoprecipitated, and biotinylated MHC-II proteins were visualized
with streptavidin-HRP blotting. In LPS-matured WT DCs, the amount of intracellular
biotinylated MHC-II proteins decreased with the duration of incubation, showing that
MHC-II molecules had been recycled back to the plasma membrane and that the biotins
were washed away by the acidic treatment (Fig. 5D, WT � LPS � MESNA). Data were
quantified by representing the amount of internalized MHC-II reappearing at the cell
surface (recycled MHC-II). In CD9 KO cells kept at 4°C (0 min; no recycling allowed),
smaller amounts of biotinylated MHC-II were detected (Fig. 5D; compare WT and CD9
KO at 0 min). This is in agreement with the reduction in protein internalization observed
in the absence of CD9. Strikingly, CD9 deficiency prevented MHC-II recycling (Fig. 5D,
CD9 KO �LPS �MESNA). Together, our results show that CD9 is important for both
MHC-II internalization and recycling.

DISCUSSION

In this study, we showed that deficiency in tetraspanin CD9 impairs the T cell-
stimulatory capacity of GM-CSF-dependent BMDCs both in vitro and in vivo without
affecting the DC migratory response. Unexpectedly, we showed that CD9 deficiency did
not affect Ag presentation by Flt3L-dependent conventional BMDCs. Recently, it has
been suggested that BMDC cultures generated with GM-CSF are heterogeneous,
containing CD11c� MHC-II� conventional DCs and monocyte-derived macrophages
(63). GM-CSF-dependent BMDCs resemble monocyte-derived DCs (MoDCs), which con-
stitute specialized inflammatory DCs, although monocytes can also be precursors of
different DC subsets under steady-state conditions (53, 54). The role of CD9 in MHC-II
expression and Ag presentation has been a matter of debate. Upon DC maturation,
recruitment of the peptide–MHC-II complex to membrane microdomains, such as lipid
rafts (64) and TEMs (65), was suggested to be important for Ag presentation and
subsequent T cell activation (66). TEMs include Ii-associated MHC-II molecules, HLA-DR,
HLA-DM, and MHC-II loaded with restricted antigenic peptide repertoires (65, 67).
Previous work also suggested that CD9 regulates MHC-II clustering at the DC surface,
enhancing the T cell-stimulatory capacity of APCs (51); however, others could not
detect differences in the formation of I-A/I-E multimers in CD9 KO BMDCs (52).
Importantly, our report provides new clues that help to clarify this controversy; CD9
regulates Ag presentation by specific DC subsets.

The mechanism by which CD9 specifically modulates the function of MoDCs (GM-
CSF-dependent BMDCs) involves the control of MHC-II surface expression, with no
changes in the expression of costimulatory molecules. Interestingly, plasmacytoid DCs,
which have limited T cell-stimulatory potential and reduced MHC-II surface expression
in comparison to conventional DCs (68), display no CD9 surface expression (69). Our
results clearly indicate that, in both immature and mature MoDCs, CD9 regulates MHC-II
intracellular trafficking. The absence of the tetraspanin limits MHC-II surface expression
without affecting the formation of the IS between DC and Ag-specific T cells. IS
formation depends on specific Ag recognition by T cells and on cell-cell adhesion
driven by the interaction between adhesion receptors and integrins (70–72). Although
the absence of CD9 in MoDCs did not alter the expression of adhesion molecules or the
IS formation, it significantly impaired CD4� T cell activation, suggesting that CD9
regulates Ag presentation. This effect does not seem to be related to an impairment of
MHC-II coupling to antigenic peptides, since it was previously shown that CD9 knock-
down in DC does not affect MHC-II peptide loading (44). In this regard, we did not

FIG 5 Legend (Continued)
measurement. The blots shown are from representative experiments. (C) Only a fractional amount from
cells incubated at 4°C in the absence of MESNA (0 min) was loaded. The graph shows the biotinylated
MHC-II/total MHC-II signal ratio. The graph shows data determined as follows: [1 � (biotinylated MHC-II/
total MHC-II signal ratio)]. Data represent mean fold changes � SEM of results from four (C) and three (D)
independent experiments analyzed by two-way ANOVA with Bonferroni’s post hoc multiple-comparison
test. **, P � 0.01; ***, P � 0.001.
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observe differences in Ag proteolytic processing in CD9 KO MoDCs. The decrease in
MHC-II surface expression observed in CD9-deficient DCs could also be related to an
increase in MHC-II sorting into exosomes. Indeed, MHC-II colocalizes with CD9 in MVB
of mature DCs, and MHC-II sorting into exosomes involves detergent-resistant mem-
branes (73). However, we did not observe significant differences in the total expression
levels of MHC-II or in the turnover of the protein, suggesting that CD9 regulation of
MHC-II surface expression is related neither to an increase in MHC-II secretion through
sorting into exosomes nor to an increase in protein degradation.

Importantly, our data show that CD9 deletion in immature MoDCs triggers MHC-II
accumulation in acidic intracellular compartments. The MIIC, which displays acidic pH
and is enriched in LAMP-1 (5, 6), contains luminal vesicles that dynamically form and
disappear as a result of retrofusion with the limiting outer membrane (8). MHC-II and
HLA-DM can be detected on both membranes (8). These molecules associate with
tetraspanins CD63 and CD82 on both MIIC subdomains (41, 42, 44), with CD63 stably
interacting with MHC-II and CD82 with HLA-DM (44). CD63 regulates peptide-loaded
MHC-II surface expression and could act as a cochaperone (44). We have investigated
the colocalization of MHC-II with different markers of intracellular vesicles. Although no
differences of colocalization with CD63 were observed in the absence of CD9, MHC-II
colocalization with LAMP-1, which is enriched at the MIIC limiting membrane (8), was
significantly increased. Egress of peptide–MHC-II complexes from MIIC to the cell
surface involves tubular membrane extensions in maturing DCs (10–12). In immature
DCs, this process remains largely undefined. Our results indicate that CD9 is an
important regulator of MHC-II transport from MIIC to the surface of immature MoDCs.
In DCs, surface exposure of peptide–MHC-II molecules is transient, due to rapid
internalization and sorting to intracellular compartments (2). Importantly, CD9 defi-
ciency abolishes MHC-II internalization in immature MoDCs. Together, our results
suggest that CD9 is important for MHC-II trafficking; in its absence, MHC-II molecules
are not transported properly to the surface of immature MoDCs, remaining arrested at
the MIIC, and endocytosis of the MHC-II molecules that can reach the membrane in a
CD9-independent process is prevented.

Upon maturation, MHC-II surface expression is greatly increased (59, 74). Our results
show that both genotypes of LPS-matured MoDCs upregulated MHC-II, but a reduced
level of MHC-II surface expression was still observed in the absence of CD9. Unlike
immature cells, mature CD9 KO MoDCs did not show any significant difference in
MHC-II accumulation at LAMP-1� acidic compartments. During DC maturation, MHC-II
trafficking is tightly regulated, and DCs mostly use newly synthesized molecules to
present antigens (75). MHC-II molecules synthesized before activation, when they are
mainly bound to self-peptides, are mostly targeted for degradation to prevent auto-
immunity (2). Our results therefore indicate that, in mature MoDCs, CD9 does not
regulate egress of MHC-II molecules from the MIIC to the plasma membrane, which
would mainly occur through a CD9-independent mechanism. In mature DCs, while
endocytosis of peptide–MHC-II complexes is similar to that seen in immature cells,
recycling is highly stimulated by activation, contributing to increases in the levels of
surface MHC-II (21). We have measured MHC-II internalization in mature MoDCs, and,
similarly to what we had observed in immature MoDCs, CD9 KO blocks MHC-II endo-
cytosis. Interestingly, CD9 deficiency greatly impairs MHC-II recycling in mature MoDCs.
Taken together, our results suggest that in mature MoDCs, CD9 is essential for MHC-II
trafficking from the surface to endosomes and back to the surface. The amount of
surface MHC-II in mature CD9 KO MoDCs might be the consequence of egress from
MIIC to the plasma membrane driven by a CD9-independent mechanism, which would
be increased upon maturation of DCs.

Several tetraspanins regulate the intracellular trafficking of their molecular partners,
controlling expression at the plasma membrane or sorting into intracellular vesicles (76,
77). Our results show that CD9 controls different steps of MHC-II intracellular trafficking
in MoDCs, regulating egress from MIIC to the surface in immature cells, internalization
in immature and mature MoDCs, and recycling in mature cells. This work provides new
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insights into the regulation of the presence of peptide–MHC-II complexes at the MoDC
surface which could be applied to boost the efficiency of antigen presentation or to
impair the presentation of self-antigens involved in autoimmunity.

MATERIALS AND METHODS
Mice. CD9�/� mice were described previously (78). Experiments were performed using CD9�/� mice

in a C57BL/6 genetic background, and wild-type (WT) mice were littermates that were sex and age
matched. OT-II transgenic mice express a TCR specific for OVA peptide 323–339. Mice were housed under
specific-pathogen-free conditions at the Centro Nacional de Investigaciones Cardiovasculares, and the
experiments were approved by the Centro Nacional de Investigaciones Cardiovasculares Ethical Com-
mittee for Animal Welfare and by the Spanish Ministry of Agriculture, Food and the Environment. Animal
procedures conformed to European Union directive 2010/63EU and recommendation 2007/526/EC
regarding the protection of animals used for experimental and other scientific purposes, enforced in
Spanish law under Real Decreto 1201/2005.

Generation of BMDCs. Bone marrow-derived DCs (BMDCs) were obtained from bone marrow cell
suspensions after culture on nontreated cell culture dishes in complete RPMI 1640 medium supple-
mented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 mg/ml penicillin, 100 mg/ml
streptomycin, 50 mM 2-mercaptoethanol (2-ME), and either 20 ng/ml GM-CSF or 100 ng/ml Flt3L
(PeproTech, London, United Kingdom). Cells were collected at days 8 and 9, and BMDCs were charac-
terized using antibodies against CD11c, MHC-II, CD11b, B220, CD80, CD86, and Ly6G/Ly6C. Maturation
was induced after overnight incubation with LPS from Escherichia coli O111:B4 (Sigma-Aldrich) (1 �g/ml).

T cell stimulation assays. Naive CD4� OT-II T cells were isolated by negative selection in an
autoMACS Pro separator (Miltenyi Biotec) according to the manufacturer’s instructions. Selected cells
were �95% CD4� V�2�. For in vitro T cell stimulation, naive OT-II cells were labeled with CellTrace
carboxyfluorescein succinimidyl ester (CFSE) cell proliferation probe (Molecular Probes) (0.5 �M) and
cocultured for 72 h with LPS-matured BMDCs loaded with the OVA peptide (Genscript) (10 �g/ml) in a
10:1 T cell/DC ratio. T cells were analyzed for cell activation by measurement of CD25 surface expression
and for proliferation by CFSE dilution assay. Additionally, IFN-� expression was analyzed after restimu-
lation with phorbol myristate acetate (PMA) and ionomycin (Sigma) during 6 h in the presence of BD
GolgiPlug (BD Biosciences) to block cytokine secretion. Cells were stained for detection of IFN-�
expression after fixation and permeabilization using a BD Cytofix/Cytoperm kit (BD Biosciences).

For in vivo T cell stimulation assays, LPS-matured OVA peptide-loaded WT or CD9 KO BMDCs were
subcutaneously injected in the footpads of recipient C57BL/6 mice. CellTrace violet (Thermofisher)-
labeled OT-II T cells were intravenously transferred 24 h later into the recipient mice. After a further 2 and
4 days, respectively, activation and proliferation of adoptively transferred T cells were analyzed in
popliteal draining lymph nodes.

Cell migration assays. In vitro Transwell migration assays were performed in Transwell plates
(CoStar; Corning), in which DCs were seeded into the upper chamber with different concentrations of
CCL21 (R&D Systems) at the lower chamber. After 2 h, the presence of DCs in the lower chamber was
analyzed by flow cytometry to determine the percentage of migrated cells.

In vivo cell migration was assessed by FITC-skin sensitization migration assay. Abdominal skin of mice
was painted with 1% FITC (Sigma-Aldrich) diluted in acetone and dibutyl phtalate. After 24 h, inguinal
lymph nodes were collected and analyzed by flow cytometry to detect the presence of FITC� CD11c�

cells.
Flow cytometry. Cells were stained with appropriate primary antibodies followed by species-

matching secondary antibodies. For detection of intracellular proteins, cells were fixed and permeabil-
ized using a BD Cytofix/Cytoperm kit. Data were acquired with a FACSCanto II flow cytometer (BD) and
were then analyzed with BD FACSDiva (BD) or FlowJo software (FlowJo LLC). The antibodies used were
as follows: anti-MHC-II (I-A/I-E, clone M5/114) and CD16/CD32 (2.4G2) from Tonbo; allophycocyanin-
conjugated MHC-II and biotin-conjugated CCR7 antibodies from eBiosciences; and biotin-conjugated
anti-CD9, ICAM-1, Mac-1, MHC-II, VLA-4, CD80, CD86, and CD40, phycoerythrin (PE)-conjugated anti-
CD11c and CD4, FITC-conjugated anti-MHC-II, V�2, and B220, and allophycocyanin-conjugated anti-Gr1,
CD25, IFN-�, and streptavidin-peridinin chlorophyll protein (PerCP) antibodies from BD Biosciences.

For quantification of binding to MHC-II, biotin-labeled OVA peptides (323–339; AnaSpec) were
incubated for 1 h at 4°C. For quantification of antigen processing, DCs were incubated with 45 �g of
DQ-OVA (Invitrogen) for different times, washed, and analyzed by flow cytometry. Lysotracker Red
(Invitrogen) was added to cells according to the manufacturer’s protocol. Cells were incubated with
different concentrations of ammonium chloride (NH4Cl; Sigma) for 1 h at 37°C or MG132 (Sigma) for 4 h
at 37°C. For the fluorescence-activated cell sorter (FACS)-based internalization assay, cells were incubated
for 30 min at 37°C in incomplete medium and then incubated with biotinylated MHC-II antibodies (BD
Biosciences) (10 �g/ml) for 1 h at 4°C, washed, and incubated for different times at 37°C. After washing,
cells were labeled with LIVE/DEAD fixable stain (Invitrogen), incubated with Fc block (Tonbo) for 15 min,
and incubated with antibodies against CD11c and MHC-II. To visualize intracellular proteins, cells were
fixed and permeabilized using a BD Cytofix/Cytoperm kit before immune staining was performed with
EEA1, HGS/HRS, CD63, or LAMP-1 antibodies.

Fluorescence confocal microscopy. For analysis of T cell-APC cognate interactions, DCs were mixed
with OT-II CD4� T cells (1:1) previously labeled with the cell tracer CMAC (7-amino-4-chloro-
methylcoumarin). For measurement of live T cell-APC interactions, DCs labeled with DiO or DiD lipophilic
tracers (Invitrogen) were resuspended in Hanks balanced salt solution (HBSS) (Lonza)–2% FBS–20 mM
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HEPES (Lonza) and were plated onto poly-L-lysine (PLL; Sigma)-coated 35-mm-diameter culture dishes
(MatTek) for at least 15 min at 37°C. OT-II T cells labeled with CMAC and the Dil lipophilic tracer
(Invitrogen) were resuspended in HBSS–2% FBS–20 mM HEPES and were added to DCs at the micro-
scope, which was fully covered by an acrylic box to allow time-lapse confocal microscopy acquisition at
37°C and 5% CO2.

For analysis of MHC-II accumulation in acidic compartments, pHrodo red avidin (Invitrogen) was
coupled to biotin-conjugated MHC-II (I-A/I-E) antibodies for 1 h at 4°C in live imaging solution (Invitro-
gen) with 1% bovine serum albumin (BSA). DCs plated onto coverslips were incubated with the
antibody-pHrodo conjugate solution for 1 h at 37°C, washed, and fixed.

For immunostaining, cells were plated onto PLL-coated coverslips (20 �g/ml), incubated for 30 min
at 37°C, fixed in 4% paraformaldehyde (PFA), permeabilized in phosphate-buffered saline (PBS)– 0.1%
Triton X-100 for 5 min when appropriate, stained with appropriate primary antibodies followed by
species-matching secondary antibodies, incubated with DAPI (4=,6-diamidino-2-phenylindole), and
mounted in Prolong antifade medium (Invitrogen). The antibodies used were as follows: CD63 and EEA1
(Santa Cruz); Alexa Fluor 488-conjugated �-tubulin (Sigma); HGS/HRS (Cell Signaling); and biotin-
conjugated ICAM-1, FITC-conjugated or biotin-conjugated MHC-II, and Alexa Fluor 647-conjugated
LAMP-1 and CD3 (BD Pharmingen). Phalloidins (Alexa Fluor 488-phalloidin and Alexa Fluor 647-
phalloidin) were from Invitrogen.

Confocal images were obtained with a Leica TCS-SP5 confocal scanning laser unit attached to an
inverted epifluorescence DMI6000B microscope fitted with an HCX PL APO lambda blue 63�/1.4-
numerical-aperture (NA) oil immersion objective, using Las-AF acquisition software (Leica Microsystems),
or, alternatively, with a Zeiss LSM700 confocal scanning laser unit attached to an inverted epifluores-
cence microscope (Observer.Z1) fitted with a Pan APO Chromat 63�/1.4-NA oil immersion objective,
using ZEN 2009 acquisition software (Carl Zeiss Microscopy GmbH). Images were analyzed with Leica
LAS-AF, Metamorph (Molecular Devices), or ImageJ (NIH).

Quantification of protein relocalization to the IS was performed with the Synapsemeasure plug-in in
Image J as described previously (79). For the quantification, briefly, background signal was subtracted
from all other measurements, and the fluorescence intensity signals were measured in selected regions
with similar areas. For the analysis of protein accumulation at the T cell side of the IS, the level of signal
accumulation at the T cell-APC contact zone (IS) was determined relative to accumulation at the rest of
the T cell surface, while in the analysis of protein accumulation at the APC side of the IS, signal
accumulation at the IS was related to the accumulation seen on the rest of the APC surface. In the charts,
each dot corresponds to a T cell-APC conjugate.

Measurements of protein colocalization (Pearson’s and Mander’s coefficients) were performed using
Imaris (Bitplane), analyzing three-dimensional stack confocal microscopy images. The signals inside the
nucleus were excluded from the analyses.

Cell biotinylation, immunoprecipitation, and immunoblotting. The cell biotinylation assay was
adapted from the method described by Cho and collaborators (21). For internalization analysis, cells
were washed in ice-cold HBSS, biotinylated with EZ-Link sulfo-NHS-SS-biotin {(sulfosuccinimidyl-2-
[biotinamido]ethyl-1,3-dithiopropionate)} (Invitrogen) (1 mg/ml) for 30 min at 4°C, washed in HBSS, and
incubated in growth medium for different times at 37°C to allow protein internalization. Cells were then
washed in HBSS and incubated for 15 min at 4°C with 100 mM sodium 2-mercaptoethane sulfonic acid
(MESNA; Sigma) mixed with 50 mM Tris-HCl (pH 8.6), 100 mM NaCl, 1 mM EDTA, and 0.2% BSA (to remove
noninternalized biotin). Cells were washed again in HBSS, incubated with 120 mM iodoacetamide
(Sigma), washed, and lysed with a mixture of 1% Triton X, 1 mM CaCl2, 1 mM MgCl2, and PBS containing
protease inhibitors. For measurement of MHC-II recycling, after cell biotinylation, cells were incubated 30
min at 37°C to allow protein internalization. Cells were then incubated with MESNA to remove
noninternalized biotin, washed, and incubated in growth medium for different times to allow protein
recycling. Cells were then treated as described for the internalization protocol.

For the analysis of MHC-II ubiquitination, cells were lysed with a mixture of 1% Triton X, 25 mM
N-ethylmaleimide, 10 mM iodoacetamide, and PBS containing protease inhibitors. Cell lysates were
immunoprecipitated with antibodies against MHC-II (I-A/I-E, M5/114 clone) coupled to Dynabeads–
protein G (Life Technologies) for 18 h at 4°C. After washing, beads were resuspended in Laemmli buffer
and separated by SDS-PAGE. For internalization and recycling assays, biotinylated proteins were revealed
using a Fujifilm LAS-4000 system after membrane incubation with streptavidin-HRP (Invitrogen). For
ubiquitination assay, membranes were probed with antiubiquitin antibody (P4D1; Enzo Lifescience).
Membranes were reprobed with anti-MHC-II (I-A/I-E, M5/114 clone) and peroxidase-conjugated second-
ary antibody. Band intensities were quantified using ImageGauge (Fujifilm), and results were normalized
to the total protein expression.

For immunoblotting of whole-cell lysates, cells were lysed with a mixture of 1% Triton X-100, 1 mM
CaCl2, 1 mM MgCl2, and PBS containing protease inhibitors. Cells were treated with 12.5 �g/ml of
cycloheximide (CHX) for different times at 37°C, washed, and then lysed. Membranes were revealed after
incubation with MHC-II (I-A/I-E, clone M5/114), �-tubulin (Sigma), or ezrin, radixin, and moesin (ERM)
(kindly provided by H. Furthmayr, Stanford University, USA) (90:3) and peroxidase-conjugated secondary
antibodies. Band intensities were quantified, and results were normalized with respect to the tubulin or
ERM intensity signals.

RNA isolation, mRNA reverse transcription, and quantitative real-time PCR. Total RNA was
extracted with an RNeasy minikit (Qiagen). Purity and concentration were measured in a NanoDrop 1000
spectrophotometer (Thermo Scientific). cDNA was synthesized using a High Capacity cDNA reverse
transcription kit (Applied Biosystems). Quantitative PCR was performed with SYBR green PCR master mix
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(Applied Biosystems) and the following corresponding primers: for MARCH-I, 5=-AAGAGAGCCCACTCAT
CACACC-3= (forward) and 5=-ATCTGGAGCTTTTCCCACTTCC-3= (reverse); for �-actin, 5=-CAGAAGGAGATT
ACTGCTCTGGCT-3= (forward) and 5=-TACTCCTGCTTGCTGATCCACATC-3= (reverse); and for Ywhaz (ty-
rosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta), 5=-CGTTGTAGGAGCCC
GTAGGTCAT-3= (forward) and 5=-CGTTGTAGGAGCCCGTAGGTCAT-3= (reverse). Data were acquired and
analyzed using an ABI Prism 7900HT sequence detection system (Applied Biosystems) and Biogazelle
QBasePlus software (Biogazelle). �-Actin and Ywhaz genes were used as endogenous controls for
presentation of relative mRNA levels.

Statistical analysis. All statistical analyses were performed with GraphPad Prism (GraphPad Software
Inc.). P values were calculated using the two-tailed Student’s t test or one-way or two-way analysis of
variance (ANOVA) with Bonferroni’s or Tukey’s post hoc multiple-comparison test, as appropriate.
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