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Introduction
Dendritic cells (DCs) are specialized antigen-presenting cells that
can initiate clonal expansion of antigen-specific T cells and drive
their differentiation into effector cells. To this end, DCs first need
to mature, which occurs in response to pathogens that trigger Toll-
like receptors (TLR). This optimizes the capacity of DCs to present
antigens in major histocompatibility complex (MHC) molecules
and thus enables them to trigger the T-cell antigen receptor (TCR),
which is essential for initiation of the T-cell response. However,
the T cell also requires so-called co-stimulatory signals for an
optimal response, which the DC can deliver upon its maturation
(Steinman et al., 2003). Important co-stimulatory ligands expressed
on mature DCs are the immunoglobulin family members CD80
and CD86, as well as the TNF family member CD70 (Goodwin et
al., 1993; Tesselaar et al., 1997). On the T-cell side, these ligands
bind respectively to CD28 and CD27, two transmembrane receptors
that enable clonal expansion of CD4+ and CD8+ T cells by
supporting cell division and survival. Co-stimulation by CD27 and
CD70 additionally promotes development of CD8+ T-cell helper-
and memory programming functions in CD4+ T cells (Hendriks et
al., 2003; Soares et al., 2007; Xiao et al., 2008).

CD70 is absent from resting cells and is transiently expressed at
the cell surface of B cells and conventional DCs upon immune
activation (Tesselaar et al., 2003a; Hendriks et al., 2005). Strict
control of CD70 expression is required to maintain T cell and B cell
homeostasis, as demonstrated by the phenotype of transgenic mice
with constitutive CD70 expression on B cells or DCs (Arens et al.,
2001; Keller et al., 2008). Chronic stimulation of CD27 in these
mice resulted in seemingly spontaneous conversion of naive T cells

into effector cells, which culminated in a lethal combined T- and B-
cell immunodeficiency (Tesselaar et al., 2003b). Transgenic CD70
expression on otherwise immature DCs also broke immunological
tolerance, which implies a risk for autoimmunity (Keller et al.,
2008). Strict control of CD70 expression apparently ensures that the
pro-survival input through CD27 signaling is limited and occurs
specifically upon immune activation.

In DCs, CD70 expression is regulated by the selective
transcription of CD70 mRNA in response to TLR and/or CD40
signaling (Tesselaar et al., 2003a; Sanchez et al., 2007). We have
shown that CD70 is also subject to specialized intracellular
trafficking. In maturing DCs, newly synthesized CD70 is
transported to MHC class II compartments (MIICs) (Keller et al.,
2007). These are late endosomal and/or lysosomal compartments
that, in professional antigen-presenting cells, contain MHC class II
molecules (Neefjes et al., 1990; Peters et al., 1991). In MIICs,
MHC class II is loaded with antigenic peptides derived from
extracellular sources (Rocha and Neefjes, 2008). MIICs are
essentially secretory lysosomes (Wubbolts et al., 1996) that upon
DC activation can transform into tubular structures (Boes et al.,
2002; Kleijmeer et al., 2001). We have observed that MIICs moved
toward the immune synapse that is formed when a DC makes
contact with an antigen-specific CD4+ T cell and simultaneously
delivered CD70 and MHC class II to the plasma membrane of the
DC at the immune synapse (Keller et al., 2007). We propose that
this process serves to spatially and temporally coordinate both
antigen presentation and co-stimulation.

We report here that the specific routing of CD70 to MIICs is
dictated by Ii (also known as CD74). Ii is widely known as the
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Summary
CD70 is a TNF-related transmembrane molecule expressed by mature dendritic cells (DCs), which present antigens to T cells via major
histocompatibility complex (MHC) molecules. In DCs, CD70 localizes with MHC class II molecules in late endosomal vesicles, known
as MHC class II compartments (MIICs). MIICs are transported to the immune synapse when a DC contacts an antigen-specific CD4+

T cell. Consequently, MHC class II and CD70 are simultaneously exposed to the T cell. Thereby, T-cell activation via the antigen
receptor and CD70-mediated co-stimulation are synchronized, apparently to optimize the proliferative response. We report here that
the invariant chain (Ii), a chaperone known to transport MHC class II to MIICs, performs a similar function for CD70. CD70 was
found to travel by default to the plasma membrane, whereas Ii coexpression directed it to late endosomes and/or lysosomes. In cells
containing the MHC class II presentation pathway, CD70 localized to MIICs. This localization relied on Ii, since transport of CD70
from the Golgi to MIICs was impeded in Ii-deficient DCs. Biophysical and biochemical studies revealed that CD70 and Ii participate
in an MHC-class-II-independent complex. Thus, Ii supports transport of both MHC class II and CD70 to MIICs and thereby
coordinates their delivery to CD4+ T cells.
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obligate chaperone of MHC class II molecules (Cresswell, 1994).
Ii pairs with MHC class II in the ER and directs it to MIICs by
virtue of unique sorting signals in its cytoplasmic tail (Bakke and
Dobberstein, 1990; Lotteau et al., 1990; Odorizzi et al., 1994). In
MIICs, Ii is degraded by resident proteolytic enzymes and MHC
class II is freed to bind antigenic peptides (Cresswell, 1994). By
determining the transport of MHC class II molecules, Ii directs
both MHC class II loading with antigenic peptides and its delivery
to CD4+ T cells (Bikoff et al., 1993; Viville et al., 1993). We here
describe a novel function for Ii in showing that it escorts CD70 to
MIICs. We demonstrate that CD70 and Ii form an MHC class II-
independent complex in the ER. In DCs that are genetically
deficient for Ii, CD70 can exit the ER, but fails to travel from the
Golgi to MIICs, indicating that Ii performs a critical role for CD70
routing to MIIC. Ii therefore performs a dual function: it directs
transport of CD70 as well as MHC class II to MIICs and thereby
allows their simultaneous delivery to the immunological synapse
that is formed between a DC and an antigen-specific CD4+ T cell.
In this way, T-cell activation via the TCR and T-cell co-stimulation
via CD27 are coordinated in time and space.

Results
Ii directs CD70 to late endosomes and/or lysosomes in
cells that lack the MHC class II presentation machinery
We previously observed that CD70 travels by default to the plasma
membrane in human HeLa cervix carcinoma cells that do not
express the MHC class II antigen presentation machinery. However,
CD70 was directed towards late endosomes and/or lysosomes
when CIITA was coexpressed (Keller et al., 2007). CIITA is a
master transcriptional regulator that directs the expression of a
multitude of proteins that are characteristic of professional antigen-
presenting cells, including Ii (Chang and Flavell, 1995), which we
tested for its potential involvement in CD70 transport. Both in
human and mouse, Ii occurs in several isoforms that arise from
alternative RNA splicing and alternative translation initiation
(Strubin et al., 1986; O’Sullivan et al., 1987). For human Ii
expression, we used a construct encoding the p33 Ii isoform (hIi-

p33) that was previously validated for human MHC class II
chaperone function (Nijenhuis and Neefjes, 1994) (see
supplementary material Table S1 for sequence). When murine
(m)CD70 was expressed alone in HeLa cells, most of the mCD70
molecules were present at the plasma membrane and absent from
late endosomes and/or lysomes, as marked by CD63 (Fig. 1A).
However, when hIi-p33 was coexpressed with CD70, a large
proportion of mCD70 molecules localized, with hIi-p33, in
intracellular compartments that were positive for CD63 (Fig. 1A).
The re-routing of mCD70 to CD63-containing compartments by
hIi-p33 can be further appreciated in the scatter plot analysis of the
same images (Fig. 1B). mCD70 (red) and CD63 (green) only
marginally colocalized in the absence of hIi-p33, as indicated by a
separation of the red and green fluorescence signals along the
horizontal and vertical axis of the scatter plot. In the presence of
hIi-p33, however, the majority of the mCD70 signals aligned with
the CD63 signals along the diagonal axis, indicating colocalization.
Both CD63 and CD70 also colocalized with hIi-p33 (blue). Human
(h)CD70 also relocated to a significant extent to CD63-positive
compartments in HeLa cells upon coexpression of hIi-p33, as
demonstrated using confocal laser scanning microscopy (CLSM;
supplementary material Fig. S1A) and associated scatter plot
analysis (supplementary material Fig. S1B). From these findings,
we conclude that Ii redirects CD70 from the default transport route
and targets it to late endosomes and/or lysosomes instead.

In cells endowed with the MHC class II presentation
pathway, CD70 and Ii colocalize in MIICs
Next, the human melanoma cell line Mel JuSo was employed as
model cell line, because it expresses all components of the MHC
class II antigen presentation pathway (Pieters et al., 1991). Upon
expression in Mel JuSo cells, a fusion protein of mCD70 and
monomeric red fluorescent protein (mRFP) localized to the plasma
membrane, but another fraction localized intracellularly. This
intracellular pool of mCD70–mRFP partially colocalized with
endogenous Ii in CD63-positive vesicles (Fig. 2A) as quantified by
scatter plot analysis (supplementary material Fig. S2). Unmodified
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Fig. 1. Localization of CD70 in HeLa cells that lack the MHC
class II antigen presentation pathway. (A)HeLa cells were
transfected to express murine (m)CD70 without (top panel) or with
(bottom panel) human (h)Ii, fixed, permeabilized and stained
sequentially with anti-CD63–FITC (green), rat anti-mCD70 (FR70)
and goat anti-rat Ig–Alexa Fluor 568 (red), mouse anti-human Ii
(Bu45) and goat anti-mouse Ig-Alexa Fluor 633 (far red, shown as
blue) and examined by CLSM. The merged images show signals
from all three channels and colocalization of mCD70, CD63 and hIi
appears white. Scale bars: 10m. Images are representative of data
obtained in two independent experiments (n>20). (B)Scatter plot
analysis of CD63, CD70 and Ii colocalization in HeLa cells. Images
from A were analyzed using the intensity correlation analysis
function of the WCIF plugin of ImageJ (www.uhnresearch.ca/wcif),
where the signal intensity of each channel was related to the other
channels and plotted in a 2D graph.
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human CD70 was similarly distributed with endogenous Ii in
CD63_containing compartments (supplementary material Fig. S3A).

To examine the subcellular localization of CD70 and endogenous
Ii in more detail, immuno-EM was performed on Mel JuSo cells
stably expressing unmodified mCD70. The images revealed the
characteristic morphology of MIICs, which is essentially a late
endosomal multivesicular body (Peters et al., 1991) (Fig. 2B).
Immuno-EM confirmed the CLSM analysis by revealing that
mCD70 resided at the plasma membrane, and in addition
colocalized with endogenous Ii in MIICs (Fig. 2B). The images
showed that mCD70 and Ii were enriched on the internal vesicles
of MIICs. Ii was labeled with an antibody to its cytoplasmic tail
that detects both intact Ii and lumenally degraded forms and its
localization was in agreement with previously published data
(Peters et al., 1995). As internal controls, the nucleus or

mitochondria did not show labeling for either mCD70 or Ii (Fig.
2B and data not shown). Further detailed analysis is provided in
supplementary material Fig. S3B.

Quantification of the immuno-EM data indicated that most
MIICs in Mel JuSo cells contained both mCD70 and Ii (Fig. 2C).
Detection of either molecule by immuno-EM has a sensitivity
threshold, which may explain why some single positive
compartments were observed (Fig. 2C). CD70 was also detected
in the Golgi (Fig. 2D), as noted before (Keller et al., 2007),
explaining the only partial colocalization of the vesicular
intracellular CD70 pool with CD63 (Fig. 2A). These data indicate
that CD70, in cells with a functional MHC class II system, is
routed to MIICs, where it colocalizes with endogenous Ii
molecules.

FRET studies indicate a physical interaction between
CD70 and Ii
To examine whether Ii and CD70 physically interact in living cells,
we performed FRET measurements. FRET is the transfer of energy
from a donor fluorophore to a suitable acceptor fluorophore, which
can be detected when the fluorophores are within an 80–100 Å
range (Förster, 1948). Any significant FRET signal is therefore
indicative of a physical interaction. Using EGFP as the donor
fluorophore and mRFP as the acceptor fluorophore, we have
previously demonstrated physical interactions between HLA-DR
and HLA-DM in the internal vesicles of MIICs (Zwart et al.,
2005). In the current study we fused EGFP to hIi-p33 as the donor
and mRFP to mCD70 as the acceptor fluorophore and these
chimeric proteins were expressed in HeLa cells. EGFP and mRFP
were appended to the C-terminus of hIi-p33 and mCD70,
respectively. Since both Ii and CD70 are type II transmembrane
molecules, this implies that the fluorophores are localized in the
lumen of the ER and MIICs and do not affect targeting signals
located at the cytosolic site. Fusion with mRFP did not influence
critical aspects of mCD70 trafficking, as outlined in Fig. 2.
Moreover, the hIi–EGFP chimera physically interacted with human
MHC class II and directed it to late endosomes and/or lysosomes,
indicating that the EGFP fusion permitted normal MHC class II
chaperone function of hIi-p33 (supplementary material Fig. S4A,B).

FRET experiments have to be extensively controlled (Zwart et
al., 2005). To correct for leak-through of donor signal into the
FRET channel and direct excitation of the acceptor fluorophore,
the mCD70–mRFP- and hIi–EGFP-expressing HeLa cells were
cocultured with control cells expressing histone 2B (H2B)–EGFP
or H2B–mRFP as internal controls (Fig. 3A, I, II). FRET between
hIi–EGFP and mCD70–mRFP was detected by CLSM as the
sensitized emission of mRFP following energy transfer from EGFP
(van Rheenen et al., 2004) (Fig. 3A, III). The sensitized emission
images were corrected for spectral leak-through of EGFP into the
mRFP channel and for indirect excitation of mRFP by the 488 nm
laser used for exciting EGFP, using the H2B-fluorophore proteins,
defining the remaining signal in the same sample as genuine FRET
(Fig. 3A, IV). FRET was related to the total fluorescence emitted
by the donor fluorophore to yield the donor FRET efficiency (ED;
Fig. 3A, V). ED is the most relevant factor, as it is independent of
donor fluorophore concentration. Fig. 3A, VI shows the distribution
of ED values of the pixels in panel V. Mean ED between CD70 and
Ii was 2%, well above the minimum detection limit (Zwart et al.,
2005). We excluded an effect of pH on FRET by exposing cells to
the lysosomotropic compound chloroquine for 2 minutes before
imaging (Zwart et al., 2005). ED was unaffected (Fig. 3B), excluding
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Fig. 2. Localization of CD70 in Mel JuSo cells that have the MHC class II
antigen presentation pathway. (A)Mel JuSo cells were transfected to express
mCD70–mRFP (red), fixed, permeabilized and stained sequentially with
mouse anti-human Ii (Bu45) and goat anti-mouse Ig–Alexa Fluor 647 (far red,
shown as blue) and with anti-CD63–FITC (green) and examined by CLSM.
The merged image shows signals from all three channels and colocalization of
mCD70, CD63 and Ii appears white (arrows). Scale bar: 10m. Inset shows
an enlarged view of the boxed region. Images are representative of two
independent experiments (n>30). See supplementary material Fig. S2 for pixel
analysis of these images. (B-D)Mel JuSo cells, stably expressing untagged
mCD70 were fixed and processed for immuno-EM. Sections were stained for
mCD70 with FR70 mAb (large gold particles) and for endogenous human Ii
with ICN1 polyclonal (small gold particles). MIICs (B) and Golgi structures
(D) were analyzed. Colocalization of CD70 and Ii within morphologically
defined MIICs was quantified (C) as the percentage of MIICs without CD70 or
Ii (negative), with Ii or CD70 only, or with CD70 and Ii. Data are from two
independent experiments (n>30). Scale bars: 200 nm (B), 250 nm (C). See
supplementary material Fig. S3B for further clarification of B.
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any direct effect of acidic pH in MIICs on fluorophore emission or
FRET.

Ii binds MHC class II in the ER and escorts it through the Golgi
complex to MIICs (Cresswell, 1994). We considered that Ii might
similarly bind CD70 in the ER. To synchronize transport of such

putative complexes, we treated cells with brefeldin A (BFA) to
accumulate newly synthesized proteins in the ER (Klausner et al.,
1992). Subsequently, BFA was removed and cells were cultured at
20°C. This allows protein egress from ER to the Golgi, but slows
down further transport to post-Golgi locations (de Graaf et al.,
2004). Under these conditions, ED between Ii–EGFP and CD70–
mRFP in the Golgi area was 8% (Fig. 3C,D). Taken together, these
FRET measurements suggest that Ii physically interacts with CD70,
which was particularly apparent in the Golgi area after synchronized
transport from the ER.

CD70 and Ii form a complex in the ER without MHC class II
Next, we studied whether CD70 and Ii formed a complex by
biochemical analysis. First, the intracellular transport of endogenous
Ii, MHC class II and their potential complex formation with mCD70
were studied in Mel JuSo cells stably expressing unmodified
mCD70 (Fig. 2B,C). These cells were left untreated or were
stimulated with IFN to enhance Ii expression. Parental Mel JuSo
cells were used as a control. Cells were metabolically pulse labeled
followed by different chase periods. CD70, MHC class II and Ii
were sequentially immunoprecipitated from the same lysates, and
half of the samples were treated with endoglycosidase H (Endo H)
to visualize transport of these glycoproteins out of the ER.

As expected, CD70 was expressed in the Mel JuSo CD70 cell
line, but not in parental Mel JuSo cells (Fig. 4A, band 1). CD70
remained Endo H sensitive throughout the chase, consistent with the
fact that mature CD70 at the cell surface still contains high mannose
N-linked glycans (results not shown). Molecular species in the
molecular mass range of 40–45 kDa were SDS-stable dimers of
CD70 (results not shown) and an undefined Endo-H-sensitive
glycoprotein (asterisk). In cells treated with IFN, an additional band
was present in the CD70 isolate (band 2) that ran at the same
position as a prominent molecular species present in the Ii isolate,
and likewise was Endo H sensitive (Fig. 4B, band 2). Bands 2, 3
and 4 in the Ii isolate were Ii species, as determined by re-
immunoprecipitation (supplementary material Fig. S5), in accordance
with the literature (e.g. Machamer and Cresswell, 1982). Ii (band 2)
was maturing during the chase, as indicated by the shift in molecular
mass (band 3) and the appearance of Endo-H-resistant species (in
supplementary material, compare Fig. S5B with E). In time, the Ii
signal diminished, consistent with Ii degradation upon arrival at the
MIIC (Neefjes and Ploegh, 1992; Cresswell, 1994). From early time
points onward, MHC class II was isolated with Ii, as was
demonstrated by re-immunoprecipitation of Ii (supplementary
material Fig. S5). CD70 comigrated with the MHC class II  chain,
before and after Endo H digestion, which hampered identification of
CD70 in the Ii and/or MHC class II isolates. This experiment
suggested complex formation between CD70 and Ii and indicated
that CD70 did not affect assembly and intracellular transport of the
MHC class II–Ii complex.

To examine the interaction of Ii with CD70 without involvement
of MHC class II and with potentially stronger CD70 and Ii signals,
we transiently coexpressed CD70 and Ii in HeLa cells. In this case,
we analyzed murine CD70 in the presence or absence of the murine
p31 (mIi–p31) or p41 Ii (mIi–p41) isoforms. Pulse–chase labeling
was performed as for Mel JuSo cells and CD70 and Ii were
immunoprecipitated in parallel from split cell lysates. From HeLa
cells expressing mCD70 alone, mCD70 was readily isolated (band
1) and its SDS-resistant dimer was also visible (Fig. 5). From the
HeLa cells that coexpressed either mIi–p31 or mIi–p41, mCD70
was isolated together with small amounts of these Ii species, as
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Fig. 3. FRET analysis to determine the physical interaction between CD70
and Ii. (A)HeLa cells were transfected to coexpress hIi–EGFP and mCD70–
mRFP (asterisks). Control cells expressing either H2B–EGFP or H2B–mRFP
were mixed into the same culture (arrowheads). All images are of the same
sample: panel I, hIi–EGFP and H2B–EGFP in the green channel; II, mCD70–
mRFP and H2B–mRFP in the red channel; III, the sensitized emission of
mRFP following its activation by EGFP; IV, the corrected FRET signal
between Ii–EGFP and mCD70–mRFP; V, the calculated donor FRET
efficiency (ED); and VI, the ED value of each pixel shown as a histogram. The
false color look-up table in V represents ED values from 0 to 0.25, equaling 0–
25% FRET efficiency. (B)Enlarged view of the mCD70-expressing cells
depicted in A, V. ED is shown before and after treatment of the sample for 2
minutes with chloroquine. (C)HeLa cells coexpressing hIi–EGFP and
mCD70–mRFP were treated with BFA and incubated at 20°C. All signals are
from the same sample. (D)ED values from many samples in different
experiments under conditions as in B,C, in which each data point represents
one cell. BFA, brefeldin A; CLQ, chloroquine. Significant differences were
determined with a two-tailed Student’s t-test (*P<0.05).
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identified by the parallel Ii immunoprecipitation (band 2, mIi–p31;
band 3, mIi–p41). The association between mCD70 and mIi–p31
or mIi–p41 was most apparent at the 0 hours chase time point,
remained detectable at the 1 and 2 hours chase time points and
later disappeared. Accordingly, the Ii immunoprecipitates show
that the Ii signal gradually diminished with time, in agreement
with degradation of Ii upon arrival at the MIIC. Conversely, some
mCD70 was present in the Ii isolates, as most clearly seen for mIi–
p31. Since HeLa cells do not express endogenous MHC class II,
these data indicate that mCD70 can form an MHC class II-
independent complex with either the p31 or the p41 isoform of
murine Ii in the ER, soon after biosynthesis.

Ii regulates transport of CD70 from the Golgi to the MIIC in
primary DCs
Next, we extended our observations from model cell lines to
primary DCs. To determine the impact of endogenous Ii on the
subcellular localization of endogenous CD70 we compared bone
marrow (BM)-derived DCs from wild-type (WT) mice and Ii-
deficient (Ii–/–) mice (Viville et al., 1993). To induce CD70
expression and to follow CD70 protein transport upon DC
maturation, DCs were stimulated with TLR ligand
lipopolysaccharide (LPS) for 5, 10 or 20 hours. Immunoblotting
confirmed CD70 protein expression in these DC preparations
(results not shown). To monitor localization of CD70, we used
LAMP1 as a marker for the late endosomal and/or lysosomal
MIICs (Vyas et al., 2007) and p115 as a marker for the Golgi
(Nakamura et al., 1997). Staining for MHC class II in serial
samples confirmed that the LAMP1-positive compartments were
MIICs (results not shown; see also supplementary material Fig.
S8). Pearson’s correlation coefficients were calculated for WT and
Ii–/– DCs for each time point, to quantify the correlations between
CD70–LAMP1 and CD70–Golgi signals.

The transmission images in Fig. 6A,B illustrate the
morphological changes that WT and Ii–/– DCs underwent upon
maturation by 20 hours of LPS stimulation. Staining for Ii

confirmed the WT (Fig. 6A) and Ii–/– (Fig. 6B) genotype of the
DCs. Ii resided at the nuclear envelope and the associated ER
network as well as in LAMP1-positive compartments (Fig. 6A and
results not shown). As described previously for activated primary
DCs (Villadangos et al., 2001), LAMP1-positive compartments
were highly concentrated in an area of the cell that also contained
the Golgi (Fig. 6A,B). In WT DCs that had been matured with LPS
for 5 hours, CD70 was not specifically enriched in Golgi or
LAMP1-positive vesicles, as determined by the average Pearson’s
correlation coefficients (r-values; Fig. 6D). Upon DC maturation
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Fig. 4. Biosynthesis and maturation of CD70, Ii and MHC class II in Mel JuSo cells. Parental Mel JuSo cells (MJ Ctrl) and Mel JuSo cells stably expressing
mCD70 (MJ CD70) were stimulated or not with IFN and subsequently pulse labeled with [35S]methionine and [35S]cysteine for 1 hour. Cells were harvested
directly after the pulse (0 hours), or after an additional 2 hours or 4 hours chase period. Sequential specific immunoprecipitation (IP) with antibodies to mCD70,
MHC class II and Ii was performed and samples were mock incubated or subjected to Endo-H treatment. Samples were resolved by SDS-PAGE under reducing
conditions on home-cast large 10-15% gradient gels. Relative mol mass (Mr, �10–3) is indicated by prestained NuPAGE mol mass markers. The position of CD70
(1) and Ii species (2,3,4) in the respective IPs are indicated, as well as MHC class II  and  chains. The asterisk indicates an undefined protein in the CD70 IP at
t0 of the chase. Ii species were defined in the Ii IP by reimmunoprecipitation, as shown in supplementary material Fig. S5.

Fig. 5. Murine p31 and p41 Ii associate with mCD70 at an early time point
after biosynthesis. HeLa cells were transfected to express mCD70 alone, or
together with either the p31 or the p41 isoform of murine Ii. Cells were pulse
labeled for 1 hour with a mixture of [35S]methionine and [35S]cysteine and
harvested following chase periods of 0, 1, 2 or 4 hours. Lysates were prepared,
divided, and mCD70 was immunoprecipitated with FR70 mAb from one half
and mIi-p31 or mIi-p41 were immunoprecipitated with S22 serum from the
other half of the same lysates (parallel IP). Samples were resolved by SDS-
PAGE as outlined for Fig. 4. The asterisks indicate isolates with an irrelevant
antibody. The arrowheads indicate the positions of mCD70 (1), mIi-p31 (2)
and mIi-p41 (3). The experiment was repeated with similar results.

Jo
ur

na
l o

f C
el

l S
ci

en
ce



for 10–20 hours, however, CD70 progressively relocated to
LAMP1-positive compartments (Fig. 6A, purple color in the
merged image), which was substantiated by scatter plot analyses
(Fig. 6C; supplementary material Fig. S6) and quantified as a

significant difference in the r-values for CD70–LAMP1 versus
CD70–Golgi signals at the 20 hours time point (Fig. 6D).
Importantly, the progressive relocation of CD70 towards LAMP1-
positive compartments upon DC maturation was impaired in Ii–/–

DCs. This was apparent from the primary CLSM data (Fig. 6B)
and associated scatter plot analyses (Fig. 6C; supplementary
material Fig. S6), as well as from the quantification of colocalization
that, in contrast to the WT situation, revealed no significant
difference between the r-values for CD70–Golgi and CD70–
LAMP1 at the 20 hours time point (Fig. 6D). Rather, the
quantitative analysis revealed a significant enrichment of CD70 in
the Golgi of Ii–/– DCs at the 5 and 10 hours time points. Since this
was not observed in WT DCs, these data indicate that CD70
transport was arrested in the Golgi due to Ii deficiency. We conclude
that in maturing DCs, CD70 does not need Ii to exit the ER, but
requires Ii to travel from the Golgi to the late endosomal and/or
lysosomal MIICs. At 20 hours, CD70 did not colocalize with
EEA1, a marker for early endosomes (supplementary material Fig.
S7), in accordance with our previous findings in Mel JuSo cells
(Keller et al., 2007).

To extend these findings, we studied spleen-derived DCs and
examined the dependence of CD70 transport on MHC class II,
making use of DCs from MHC class II deficient (MHC-II–/–) mice
(Cosgrove et al., 1991). Localization of CD70 was compared in
LPS-activated WT, Ii–/– and MHC-II–/– DCs. Staining for MHC
class II confirmed the genotype of the MHC-II–/– DCs
(supplementary material Fig. S8A). In WT DCs, MHC class II was
enriched in LAMP1-positive compartments (MIICs), as expected,
as was evident from the images, scatter plots and quantifications
(supplementary material Fig. S8A–C). In Ii–/– DCs, MHC class II
was not enriched in LAMP1-positive compartments and primarily
located at the nuclear envelope and ER network (supplementary
material Fig. S8A–C), in accordance with the described role of Ii
in ER exit of MHC class II (Marks et al., 1990). In MHC-II–/– DCs,
Ii was expressed, but also primarily localized to the nuclear
envelope and ER network (Fig. 7A).

As in BM-derived DCs, CD70 showed a much more pronounced
localization to LAMP1-positive compartments in WT DCs than in
Ii–/– DCs, as documented by CLSM (Fig. 7A), associated scatter
plot analyses (Fig. 7B) and quantification of colocalization (Fig.
7C). In Ii–/– DCs, CD70 signal instead was enriched in the Golgi,
as can be appreciated from the scatter plot analyses (Fig. 7B) and
was found to be significant by quantification of the colocalization
(Fig. 7C). In MHC-II–/– DCs, CD70 had a similar distribution as in
WT DCs: CD70 signal was significantly enriched in LAMP1-
positive structures (Fig. 7A–C). We conclude that Ii is required to
transport CD70 from the Golgi to MIICs and does so in an MHC
class II-independent fashion.

Discussion
We have shown previously that in activated conventional DCs,
newly synthesized CD70 is directed to MIICs. This allows for the
coordinated vesicular transport of both CD70 and MHC class II
molecules to the immunological synapse that is formed when a DC
contacts an antigen-specific CD4+ T cell. In this way, CD70–CD27
co-stimulation is temporally and spatially coordinated with MHC
class II antigen presentation and consequent TCR triggering (Keller
et al., 2007). Here, we reveal the molecular basis of this process:
CD70 is guided to MIICs by Ii, the chaperone protein that also
escorts MHC class II molecules to the same late endosomal and/or
lysosomal compartments. We demonstrate that CD70 and Ii form
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Fig. 6. Temporal analysis of Ii-guided CD70 transport in primary bone
marrow-derived DCs. BM-derived DCs from WT (A) or Ii–/– (B) mice were
matured with LPS for 5, 10 or 20 hours. Subsequently, cells were fixed,
permeabilized and stained with rat anti-mCD70 (FR70) and goat anti-rat Ig–
Alexa Fluor 568, in combination with rabbit anti-Ii (S22) and goat anti-rabbit
Ig–Alexa Fluor 647. After overnight blocking with 0.25% BSA in PBS,
samples were stained with rat anti-LAMP1 and goat anti-rat Ig–Alexa Fluor
488 in combination with mouse anti-mouse Golgi marker (p115) and goat anti-
mouse Ig–Alexa Fluor 405. (A,B)CLSM analysis. Colocalization of the Golgi
(green), CD70 (red) and LAMP1 (blue) signals is shown in the merged image.
Images are representative of two independent experiments (n>30). DIC,
differential interference contrast. Scale bars: 5m. (C)Scatter plot analysis of
CLSM images from A and B. CD70 versus LAMP1 signal distribution in WT
or Ii–/– DCs at 5 or 20 hours after LPS stimulation. (D)Pearson’s correlation
coefficients (r) from at least eight independent images per condition,
indicating the correlations between CD70–Golgi signals (gray) and CD70–
LAMP1 signals (black). Significant differences were determined with a two-
tailed Student’s t-test (*P≤0.05).

Jo
ur

na
l o

f C
el

l S
ci

en
ce



a physical complex that is MHC class II-independent and that Ii is
required to direct CD70 from the Golgi to late endosomal MIICs.

The chaperone function of Ii for MHC class II is documented in
detail (Cresswell, 1994; Jasanoff et al., 1998). In the ER, Ii forms
a homotrimer and interacts with three MHC class II 
heterodimers to form a nonameric complex. Di-leucine-based
motifs in the cytoplasmic tail of Ii subsequently direct the complex
to MIICs (Cresswell, 1994; Michelsen et al., 2005). This may
occur directly from the trans-Golgi network, but can also involve
routing via the plasma membrane (Bénaroch et al., 1995;
McCormick et al., 2005; Dugast et al., 2005). Ii also performs such
a chaperone function for CD1d (Kang and Cresswell, 2002;
Jayawardena-Wolf et al., 2001) and for the neonatal Fc receptor
(Ye et al., 2008), both of which are closely related to MHC

molecules. A chaperone function of Ii for CD70 is unusual in this
context, because the structure of TNF family members is distinct
from that of MHC-like molecules (Banner et al., 1993).

We show that Ii expression redirects CD70 transport in HeLa
cells from the cell surface towards lysosomes. However, genetic
evidence does not suffice to say that Ii acts as an actual chaperone
of CD70, since Ii (over)expression may alter endosome structure
and dynamics (e.g. Romagnoli et al., 1993). Therefore, we aimed
to establish whether Ii physically interacts with CD70, as is
expected for a chaperone. Our biochemical data indicate that CD70
and Ii form a complex that is independent of MHC class II.
Although the biochemistry and FRET data cannot provide
unambiguous evidence for a direct rather than indirect interaction
between CD70 and Ii, on the basis of their overall structural
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Fig. 7. Influence of Ii or MHC class II on CD70
transport in splenic DCs. Splenic DCs from WT, 
Ii–/– or MHC-II–/– mice were matured with LPS for 7
hours and stained using the same procedures as
described in Fig. 5. (A)CLSM analysis. The merged
image shows colocalization between the Golgi
apparatus (green), CD70 (red) and LAMP1 (blue).
Images are representative of two independent
experiments (n>25). DIC, differential interference
contrast image. Scale bars: 5m. (B)Scatter plot
analysis of CLSM images from A. CD70 versus
LAMP1 or Golgi signal distribution in WT, Ii–/– and
MHC–II–/– DCs. (C)Pearson’s correlation
coefficients (r) from six independent images per
condition, indicating the correlations between
CD70–Golgi and CD70–LAMP1 signals for WT, 
Ii–/– or MHC–II–/– DCs. Significant differences were
determined with a two-tailed Student’s t-test
(*P≤0.05).
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homology, it is plausible that CD70 and Ii interact directly: both
are type II transmembrane glycoproteins, with a cytoplasmic tail
of 22–28 amino acids and an extracellular (luminal) domain of
about 150 amino acids (Goodwin et al., 1993; Tesselaar et al.,
1997). Moreover, Ii is a trimer and CD70, like other TNF family
members, is most probably a trimer as well. However, the exact
mechanism of CD70–Ii interactions must be distinct from MHC
class II–Ii interactions, given the structural differences between
CD70 and MHC class II. In the case of the MHC class II 
heterodimer, the peptide binding groove binds the CLIP region of
Ii (Jasanoff et al., 1998). CD70 does not have an analogous CLIP-
binding region, as predicted from the crystal structure of TNF
(Banner et al., 1993) and related proteins.

In both human and mouse, Ii exists in different isoforms, which
are generated by alternative splicing, as well as by alternative
translation initiation (Strubin et al., 1986; O’Sullivan et al., 1987).
The p31 and p41 mouse isoforms used in this study arise from
alternative splicing of exon 6b that encodes a cysteine-rich luminal
domain (Koch et al., 1987a) (supplementary material Table S1). The
human Ii gene similarly encodes p35 and p43 isoforms that differ in
exon 6b. The human p33 isoform we have used here is endogenously
generated from p35 mRNA (isoform 2b, NP_004346.1) via an
alternative translation start site (see supplementary material Table
S1). This shortens the cytoplasmic tail and deletes the arginine-
based motif that contributes to its retention in the ER (Michelsen et
al., 2005). However, hIi-p33 had a predominant ER localization
when expressed alone in HeLa cells. CD70 coexpression released
part of the Ii pool from the ER (data not shown) and supported
transport to CD63-positive compartments (Fig. 1).

Co-immunoprecipitation experiments showed that mCD70
associates with both p31 and p41 isoforms of murine Ii in HeLa
cells. The exon 6b-encoded luminal domain that is uniquely
present in mIi-p41 is apparently not crucial for CD70–Ii
interaction, but the exact sites of interaction still have to be
determined. Since DCs express very low levels of CD70, it is
difficult to study the endogenous interactions between CD70 and
Ii. Even upon exogenous expression of CD70, we could visualize
CD70–Ii complexes only in biosynthetic labeling experiments,
but not by immunoblotting (results not shown). This is explained
by the fact that immunoblotting detects the total intracellular
pool of protein and does not focus on the newly synthesized one,
which is particularly important in this case, because Ii is degraded
upon arrival at the MIICs. In the same immunoblotting
experiments, we observed Ii in association with MHC class II.
Therefore, complexes between Ii and CD70 are more difficult to
isolate, possibly because detergent lysis results to some extent in
their dissociation.

We have demonstrated that CD70 forms a complex with mIi-
p31 or mIi-p41 early after biosynthesis upon coexpression in HeLa
cells. These complexes were endoglycosidase H sensitive (results
not shown) and therefore they were located in the ER. In Mel JuSo
cells, the increase in FRET signal between Ii and CD70 in the
Golgi after BFA pretreatment and release supports the scenario that
CD70 and Ii form a complex in the ER that moves through the
Golgi. The FRET signal between CD70–mRFP and Ii–GFP was
lower in MIICs than in the Golgi after BFA treatment. This suggests
that interactions between CD70 and Ii are lost upon arrival at
MIICs, probably because of degradation of Ii, analogous with the
situation for Ii–MHC class II complexes (Cresswell, 1994). The
biochemical pulse–chase experiments also suggest that Ii is lost
from CD70 upon its degradation in MIICs.

Our studies with WT and Ii–/– DCs showed that CD70 does not
require Ii to exit the ER and travel through the Golgi, but relies on
Ii for efficient transport from the Golgi to MIICs. In WT DCs (this
study) and in Mel JuSo cells (Keller et al., 2007) many CD70
molecules resided in the Golgi at steady state conditions, in line
with regulation of its intracellular transport at this site. In WT DCs,
we found no CD70 in early endosomes, suggesting that CD70–Ii
complexes predominantly travel directly from the Golgi to MIICs,
which is also the major route for MHC class II (Bénaroch et al.,
1995). This, however, does not exclude alternatives such as rapid
transfer over the plasma membrane by a minor fraction of
molecules. We found that in Ii–/– DCs, CD70 eventually did appear
in LAMP1-positive structures, but this trafficking was greatly
delayed compared with the WT situation, and still incomplete at
20 hours after DC stimulation. This suggests that an alternative,
yet significantly less efficient, Ii-independent route exists for CD70
to move to LAMP1-positive structures from the Golgi, possibly
via the cell surface. We did not find an enhanced cell surface
expression of CD70 in Ii–/– DCs as compared with WT DCs (results
not shown). Since in HeLa cells, CD70 traveled to the cell surface
in absence of Ii, this alludes to additional Ii-independent control
mechanisms of CD70 transport in professional antigen-presenting
cells that are currently undefined.

MIICs are multivesicular bodies, specialized endosomal
compartments that generally are composed of a limiting membrane
surrounding many internal vesicles (e.g. Peters et al., 1991). These
internal vesicles are formed by budding off from the limiting
membrane. The immuno-EM demonstrated CD70 and Ii primarily
on the internal vesicles of MIICs in Mel JuSo cells. The Ii that we
detected may be intact, or luminally degraded, since the antibody
used reacts with a cytoplasmic epitope. Previously, we showed
colocalization of CD70 and MHC class II at this location (Keller
et al., 2007). Sorting of MHC class II to internal vesicles of MIICs
is guided by its ubiquitylation (van Niel et al., 2006) and it will be
of interest to determine how this occurs for CD70. Multivesicular
bodies can mature into lysosomes, resulting in the degradation of
their protein cargo. However, the content of MIICs can also be
transported back to the plasma membrane, via mechanisms that are
only partially defined. For example, it has been observed that in
DCs, multivesicular MIICs can dramatically alter their morphology
upon activation, changing from vacuolar to long tubular organelles.
In this process, MHC class II relocates from the internal vesicles
to the limiting membrane of the tubules. Polarization of these
tubules towards antigen-specific T cells required a TLR and a TCR
signal, and vesicles derived from the tubules were suggested to
deliver MHC class II to the plasma membrane (Kleijmeer et al.,
2001; Boes et al., 2002; Boes et al., 2003; Chow et al., 2002). Like
MHC class II, CD70 may relocate from internal vesicles to the
limiting membrane of the MIICs during their morphological
transformation and thus be rescued from degradation. However,
also multivesicular MIICs are expected to travel towards the
synapse because of the orientation of the microtubular cytoskeleton,
before fusing with the plasma membrane (Wubbolts et al., 1996).
This scenario is more reminiscent of what we have observed thus
far studying DC–CD4+ T cell conjugates (Keller et al., 2007).
Upon exocytosis of such MIICs, the internal vesicles containing
CD70 and MHC class II may fuse back to the limiting membrane
of MIICs and then fuse with the plasma membrane of the DC. The
molecular details of this process are as yet obscure.

In conclusion, we define a novel target for the chaperone Ii that
is not an MHC family member, but the TNF family member CD70.
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Ii is essential for transport of CD70 to MIIC structures, which
brings the cell surface deposition of CD70 under the same cell
biological control as MHC class II molecules. As a consequence,
antigen-loaded MHC class II molecules will be delivered along
with CD70 at the immune synapse that is formed between an
antigen-specific CD4+ T cell and a DC, thus coordinating TCR
stimulation with CD27 co-stimulation.

Materials and Methods
Mice
Wild-type, Ii–/– (Viville et al., 1993) and MHC-II–/– (Cosgrove et al., 1991) mice in
a C57BL/6 background were used at 6- to 12-weeks of age. Experiments were
performed in agreement with national and institutional guidelines.

Antibodies
Monoclonal antibodies used were: mouse anti-human CD63, MEM-259; rat anti-
mouse CD70, FR70 (Oshima et al., 1998); mouse anti-human CD70, 2F2 (Hintzen
et al., 1994); mouse anti-human Ii, Bu45; mouse anti-human MHC class II DR,
1B5 (Neefjes et al., 1990); rat anti-mouse LAMP1, 1D4B; mouse anti-mouse p115
(BD Biosciences, catalog number 612260). Polyclonal rabbit sera used were: anti-
human Ii, ICN1 (Morton et al., 1995); anti-mouse Ii, S22 (Koch et al., 1987b); anti-
mouse MHC class II (I-Ab) JV2 (Bryant et al., 1999), anti-EEA1 (Abcam, ab2900).
For CLSM, MEM-259 was used as FITC conjugate, other antibodies were used as
purified immunoglobulin or serum and detected by secondary antibodies, conjugated
to fluorochromes (Molecular Probes), as indicated.

Cell isolation and culture
The human melanoma cell line Mel JuSo, the human cervix carcinoma cell line
HeLa and their stably transduced or transfected derivatives were grown in IMDM
(Gibco-BRL) supplemented with 8% FCS, penicillin and streptomycin. DCs were
generated from bone marrow as described previously (Naik et al., 2005). Briefly,
bone marrow cells were isolated and cultured for 8–10 days in the presence of
recombinant Flt3 ligand (generated in-house). For generation of splenic DC, mice
were injected subcutaneously with 4�106 Flt3 ligand-expressing B16 tumor cells,
spleens were isolated 12 days later and digested for 20 minutes at room temperature
with 1 mg/ml collagenase D (Roche) and 0.1 mg/ml DNAse (Roche). Cells were
passed through a 70 m cell filter (BD Biosciences) and DCs were isolated using
CD11c MACS beads (Miltenyi Biotec). DCs were matured by incubation with 1
g/ml LPS of Escherichia coli serotype 055:B5 (Sigma-Aldrich) in RPMI
supplemented with 10% FCS, penicillin, streptomycin and 50 M 2-mercaptoethanol.
DC viability was checked by light microscopy and Trypan Blue exclusion and was
over 90% in all experiments.

Constructs and gene transfer
The Mel JuSo cell line stably expressing murine (m)CD70 was generated by retroviral
transduction as described previously (Keller et al., 2007). Transient transfection of
Mel JuSo or HeLa cells with cDNA encoding mCD70 (Tesselaar et al., 1997),
human CD70 (Goodwin et al., 1993), human Ii-p33 (all in pcDNA3 expression
vector), or mouse Ii-p31 or Ii-p41 was performed using Fugene 6 Transfection
Reagent (Roche). For FRET experiments, constructs were used encoding
mCD70–mRFP and human (h)Ii-p33–EGFP. mCd70 cDNA was cloned into pmRFP-
N1 and Ii into pEGFP-N1 (Clontech). pmRFP-N1 was derived from pEGFP-N1 by
replacing the EGFP-coding sequence with the mRFP coding sequence using BamHI
and NotI sites. pcDNA3 expression constructs encoding histone 2B–GFP (H2B–GFP),
or –mRFP (H2B–mRFP) were used as controls for FRET experiments (van Rheenen
et al., 2004). The constructs pFM332.1pHbAPr1-neo with mouse p41 cDNA and
pFM338.1pHbAPr1-neo with mouse p31 cDNA were kindly provided by Frank
Momburg (German Cancer Research Institute, Heidelberg, Germany). The pHbAPr1-
neo plasmid contains the human  actin promoter and was used directly for
transfection into HeLa cells. All constructs were verified by nucleotide sequencing.

Confocal laser scanning microscopy
HeLa cells transfected with Ii and/or Cd70 cDNA were allowed to attach to glass
coverslips for 24 hours. DCs were allowed to attach for 1 hour to coverslips coated
with poly-L-lysine (Sigma Aldrich). Cells were washed in PBS containing 1 mM
MgCl2 and 1 mM CaCl2, fixed for 10 minutes with 3.7% paraformaldehyde in PBS,
permeabilized for 3 minutes with 0.1% Triton X-100 in PBS and blocked for 30
minutes using 1% BSA in PBS. Incubations were performed with antibodies diluted
in blocking buffer for 45 minutes, after which coverslips were washed and incubated
for 30 minutes with the appropriate secondary antibodies diluted in blocking buffer.
Coverslips were washed, mounted in Vectashield (Vector Laboratories) and viewed
under a Leica TCS NT CLSM microscope (Leica Microsystems). Images with two
fluorochromes were taken by simultaneous scanning, and images with three
fluorochromes were taken by sequential scanning. Antibody cross-reactivity was
excluded since non-specific combinations of primary and secondary antibodies did
not show any staining (data not shown). Pixel distribution scatter plots for

colocalization analysis (in which the signal intensity per pixel in every channel was
related to the other channels and plotted in a 2D graph) and Pearson’s correlation
coefficients were generated with the Intensity Correlation Analysis function of the
WCIF plugin of ImageJ (www.uhnresearch.ca/wcif).

Immuno-electron microscopy
Mel JuSo cells stably expressing mCD70 were fixed for 2 hours in a mixture of 2%
paraformaldehyde and 0.2% glutaraldehyde in 60 mM PIPES, 25 mM HEPES, 2
mM MgCl2, 10 mM EGTA, pH 6.9 and processed for ultrathin cryosectioning as
described previously (Calafat et al., 1997). For immunolabeling, the sections were
incubated for 10 minutes with 0.15 M glycine in PBS and for 10 minutes with 1%
BSA in PBS. Thereafter they were incubated with anti-Ii rabbit polyclonal
immunoglobulin ICN1 and 10 nm protein-A-conjugated colloidal gold (EM lab,
University of Utrecht) in 1% BSA in PBS. Next, sections were fixed in 1%
glutaraldehyde and blocked with glycine and BSA in PBS, incubated with anti-
mCD70 mAb FR70 for 1 hour, followed by rabbit anti-rat immunoglobulin adsorbed
against mouse immunoglobulin, followed by a 15-nm protein-A-conjugated gold
probe. Next, the cryosections were embedded in uranylacetate and methylcellulose
and examined with a Philips CM 10 electron microscope (FEI Eindhoven, The
Netherlands).

FRET imaging
HeLa cells were cultured on coverslips for 48 hours. At 24 hours prior to imaging,
cells were transfected to express Ii–EGFP and CD70–mRFP. Mel JuSo cells stably
transfected to express H2B–GFP or H2B–mRFP were added to the culture for leak-
through corrections and internal controls as described previously (Zwart et al.,
2005). For imaging, coverslips were placed in 2 ml bicarbonate-buffered saline (140
mM NaCl, 5 mM KCl2, 2 mM MgCl2, 1 mM CaCl2, 23 mM NaHCO3, 10 mM D-
glucose, 10 mM HEPES pH 7.3) and analyzed in a tissue culture chamber at 37°C,
5% CO2. FRET between EGFP and mRFP was determined by calculating the
sensitized emission (the mRFP emission upon EGFP excitation), using separately
acquired donor and acceptor images as described previously (van Rheenen et al.,
2004). In short, images were acquired on a DM-Ire2 inverted microscope fitted with
a TCS-SP2 scan head (Leica Microsystems). Three images were collected: EGFP
excited at 488 nm and detected at 495–550 nm; indirect mRFP excited at 488 nm
and detected at 580–650 nm and direct mRFP excited at 568 nm and detected at 580–
650 nm. Because of considerable overlap of the EGFP and mRFP spectra, mRFP
emission was corrected for leak-through of EGFP emission and for direct excitation
of mRFP during EGFP excitation. FRET was calculated from these data (Forster,
1948), with shade correction and smoothening of images. Sensitized emission
(FRET) was calculated using correction factors obtained from cells expressing either
GFP or mRFP alone, which were included for every image. The apparent donor
FRET efficiency (ED) was calculated by relating the FRET signal to the total
emission signal of the donor fluorophore, after which the ED image was overlaid
with a false color look up table. By this approach, differences in FRET efficiency
can be measured with an accuracy of 0.5% (Zwart et al., 2005). For graphic
representation, the ED was calculated for each pixel from the raw data files of the
represented cell and was exported to Microsoft Excel. In this program, the number
of pixels was related to the corresponding ED and plotted as a histogram. Brefeldin
A (GolgiPlug, BD Biosciences) was added to the cells for 6 hours, washed off, and
cells were subsequently incubated for 1 hour at 20°C. Where indicated, chloroquine
(200 M) was added to the cells for 2 minutes prior to imaging, to neutralize late
endosomes and/or lysosomes (Zwart et al., 2005 and results not shown).

Metabolic labeling and immunoprecipitation
For metabolic labeling, parental Mel JuSo cells and Mel JuSo cells stably expressing
mCD70 were plated at 0.75�106 cells per 10 cm dish. Mel JuSo mCD70 cells were
cultured in the presence or absence of 300 ng/ml IFN (Reprotech). Three dishes
were used for each cell population. After overnight culture, cells were starved in
methionine- and cysteine-free DMEM for 2 hours, and pulse labeled with
[35S]methionine and [35S]cysteine mixture (9 MBq per dish; NEN, Boston, MA) for
1 hour in the same medium. For the chase, cells were cultured for an additional 2 or
4 hours in complete DMEM medium, supplemented with unlabeled methionine and
cysteine (2.5 mM). At the harvesting time points, medium was removed, cells were
washed with PBS and lysed in immunoprecipitation (IP) buffer (10 mM Tris–HCl,
pH 7.8, 150 mM NaCl, 1 mM PMSF and Complete EDTA-free Protease Inhibitors
(Roche Molecular Biochemicals) with 1% Brij96 detergent. Lysates were cleared by
centrifugation for 15 minutes at 13,000 g and precleared extensively with protein-
G–Sepharose beads (Pharmacia) and irrelevant antibody. Next, specific IP was
performed with anti-mCD70 mAb FR70, followed by anti-MHC class II mAb 1B5
and anti-Ii mAb VIC-Y1, all in combination with Protein G beads. Following each
specific IP, mAb was cleared from the lysates by incubation with Protein-G beads.
HeLa cells were plated at 0.5�106 cells per 10 cm dish and transfected the next day
with mCd70 cDNA in the presence or absence of mIi-p31 or mIi-p41 cDNA. Four
dishes were used for each cell population. Cells were metabolically pulse–chase
labeled and lysed as outlined above. Lysates were precleared and split in equal parts.
Specific IP was performed from each part with either anti-mCD70 mAb FR70 or
anti-Ii serum S22 in combination with Protein-G beads. Immunoprecipitates were
taken up in reducing SDS sample buffer and samples were heated for 10 minutes at
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95°C prior to electrophoresis. For Endo-H treatment, immunoprecipitates were taken
up in 50 mM sodium citrate, pH 5.5, with 0.2% SDS and heated for 5 minutes at
55°C. Next, they were mock incubated or treated with 2 mU Endoglycosidase H
(Roche) overnight at 37°C. Concentrated reducing SDS sample buffer was added
and samples were heated for 10 minutes at 95°C. SDS-PAGE was performed on
home-cast large 10–15% gradient gels. The same prestained NuPAGE molecular
mass markers (See Blue Plus2, Invitrogen) were used for all gels. Gels were fixed,
washed in water, incubated in 1 M sodium salicylate pH 6 for 45 minutes, dried and
subjected to autoradiography. 

Reimmunoprecipitation
For reimmunoprecipitation from Ii IPs, protein-G–VICY1 bead isolates were taken
up in IP buffer with 1% Nonidet P40 and 1% SDS and heated for 5 minutes at 68°C.
Next, dithiothreitol was added to 2 mM and samples were incubated for 30 minutes
at 45°C, followed by addition of iodoacetamide to 20 mM and incubation for a
further 20 minutes at room temperature. Next, samples were diluted tenfold with IP
buffer containing 1% Nonidet P40, 100 g RNAse A was added as carrier protein,
Protein G beads were removed by centrifugation and the supernatant was subjected
first to non-specific IP with irrelevant mAb and then to specific IP with VICY1 anti-
human Ii mAb.
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