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T Cells Induce Extended Class || MHC Compartments in
Dendritic Cells in a Toll-Like Receptor-Dependent Manner*

Marianne Boes,* Nicolas Bertho,* Jan Cerny!*® Marjolein Op den Brouw,*
Tomas Kirchhausen* and Hidde Ploegt*

Interaction of Ag-loaded dendritic cells with Ag-specific CD4 T cells induces the formation of long tubular class || MHC-positive
compartments that polarize toward the T cell. We show involvement of a Toll-like receptor-mediated signal in this unusual form
of intracellular class Il MHC trafficking. First, wild-type dendritic cells loaded with LPS-free Ag failed to show formation of class
Il-positive tubules upon Ag-specific T cell engagement, but did so upon supplementation of the Ag with low concentrations of LPS.
Second, Ag-loaded myeloid differentiation factor 88 -deficient dendritic cells failed to form these tubules upon interaction with T
cells, regardless of the presence of LPS. Finally, inclusion of a cell-permeable peptide that blocks TNFR-associated factor 6
function, downstream of myeloid differentiation factor 88, blocked T cell-dependent tubulation. A Toll-like receptor-dependent
signal is thus required to allow Ag-loaded dendritic cells to respond to T cell contact by formation of extended endosomal
compartments. This activation does not result in massive translocation of class Il MHC molecules to the cell surfaceThe Journal

of Immunology, 2003, 171: 4081-4088.

he activation of naive T cells obligately requires the in-
volvement of professional APCs, foremost among which

are dendritic cells (DCs).2 DCs express high levels of
class || MHC products as well as the costimulatory molecules that
render them potent activators of naive T cells. Having captured Ag
at peripheral sites, DCs move to a draining lymph node where they
encounter naive T cells. Somewhere between the point of Ag ac-
quisition and the encounter with T cells in the lymph node, Ag is
processed and the resulting peptides are loaded onto class Il mol-
ecules. An inflammatory stimulus appears essential either for the
acquisition of antigenic peptide by class II molecules or for their
translocation from endosomal structures to the plasma membrane
(1, 2). The display of class Il-peptide complexes on the plasma
membrane is required to activate CD4 T cells.

Using gene-targeted mice that express an |-AP-green fluorescent
protein (GFP) fusion protein in place of I-AP molecules, we have
visualized the transport of class || moleculesin live bone marrow-
derived DCs (3). In immature/intermediate DCs, class II| MHC
GFP molecules are found predominantly in internal vesiclesand in
short tubular compartments (~4 pm in length) which mediate con-
stitutive delivery of class Il molecules to the cell surface. Using a
retroviral approach to express class |1-GFP molecules, Chow et al.
(4) showed that upon exposure of DCs to 0.1 wg/ml LPS, these
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short tubules fuse with the plasma membrane and deliver class Il
molecules to the cell surface. We examined the rearrangement of
class Il MHC trafficking in Ag-loaded DCs confronted with Ag-
specific T cells. Only when Ag-specific T cells were added to
Ag-loaded DCs did we observe the rearrangement of endosomal
class |1-positive compartments into much longer tubular structures
(average, ~20 um in length) (3). In the current study, we focus on
the priming signalsin DCs to generate endosomal tubulation rather
than the role of such endosomal tubules to deliver class |1 mole-
cules to the cell surface. In our analyses, we quantitated numerous
DCIT cell conjugates after engagement of Ag-specific T cells by
analysis of still images rather than movies.

Although we used highly purified preparations of hen egg ly-
sozyme and OVA as Ags for these initial experiments (3), the
presence of low concentrations of contaminating endotoxin is
likely. Even these low levels of endotoxin may deliver asignal to
the DC that would then allow them to respond by tubulation to-
ward the T cell with which it interacts. To study the effect of LPS
on endosomal tubulation upon Ag-specific T cell contact, three
approaches were taken. First, we extracted egg white from the
sterile interior of chicken eggs as a source of LPS-free Ag. We
show that LPS-free egg white fails to evoke tubulation and that
addition of low concentrations of LPS restores the ability of this
crude Ag preparation to induce tubule formation, but without mas-
sive translocation of class II MHC molecules to the cell surface.

Second, we generated |-A°-GFP mice deficient in the myeloid
differentiation factor 88 (MyD88), an adaptor molecule recruited
to the cytoplasmic tail of Toll-like receptors (TLR) 2—-6 and 9 as
well as IL-1 and IL-18 receptors upon their ligation (5-9). In the
absence of MyD88, cells are defective in their response to LPS and
CpG and, as we show here, fail to respond to Ag-specific T cells
by tubulation.

Third, MyD88 may have rolesin DC development as well asin
their TLR-mediated activation, but to distinguish these two aspects
is not always straightforward. TNFR-associated factor 6 (TRAF6)
transmits signals from activated TLR and is positioned down-
stream of MyD88 but TRAF6 has no apparent role in DC devel-
opment (10, 11). When we treated wild-type (WT)-I-AP-GFP DCs
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with a cell permeable peptide that inhibits TRAF6 signaling (12),
endosomal tubulation was impaired. Together, our data show a
requirement for a microbial signal as a prerequisite for DCs to
show polarized tubulation of endosomal membranes toward an in-
teracting naive CD4 T cell.

Materials and M ethods
Mice

I-AP-GFP knockin mice have been described previously (3). MyD88 ™/~
mice were kindly provided by S. Akira (8). I-AP-GFP mice were crossed
with MyD88~/~ mice to generate 1-AP-GFP-expressing mice deficient in
MyD88. Genotyping for the MyD88 mutation was performed as described
elsawhere (8). Mice were housed in a barrier facility and studies were
performed according to institutional guidelines for animal use and care.

Pulse-chase analysis and immunoprecipitations

Pulse-chase experiments and immunoprecipitations were performed as de-
scribed previously (3, 13). Briefly, bone marrow cultures were pulsed for
45 min with 0.5 wCi/ml [**S]methionine/cysteine (New England Nuclear)
and chased in complete DMEM for 3 h. After each chase point, cells were
lysed in Nonidet P-40 lysis buffer (pH 7.4) supplemented with 1% SDS.
Class Il molecules were recovered by immunoprecipitation with the N22
Ab, a reagent that captures properly folded and assembled class || mole-
cules (N22 was a gift from R. M. Steinman, Rockefeller University, New
York, NY). Immunoprecipitates were recovered using Formalin- fixed
staphylococcal A, washed four times with washing buffer (0.5% Nonidet
P-40, 50 mM Tris-HCI (pH 7.4), 150 mM NaCl, and 5 mM EDTA), re-
suspended in sample buffer containing 5% 2-ME, either boiled or kept on
ice for 5 min, and analyzed by SDS-PAGE.

Flow cytometry

DCs were characterized by expression of CD11c, with a PE-conjugated
mAb to CD11c. Location of class Il molecules was measured by analysis
of the ratio of surface-exposed class |1 with a PE-conjugated mAb specific
for 1-AP vs I-AP-GFP, which visualizes all class 11 molecules irrespective
of their location. Activation of DCs was measured with PE-conjugated
mADb to the costimulatory molecule CD86. All fluorochrome-conjugated
Abs were obtained from BD Biosciences (Mountain View, CA).

Cell preparation and culture

DCs were generated as described previously (3, 13). In short, cells were
flushed from the bone marrow cavity with PBS/2.5% FCS. Cells were
plated at 1 X 10° cells’well in 2 ml of DMEM/25 mM HEPES/10% FCS
without phenol red and 10 ng/ml GM-CSF (PeproTech, Rocky Hill, NJ)
and 1 ng/ml IL-4 (Roche Molecular Biochemicas, Somerville, NJ). Cellswere
cultured on 25-mm circular coverdips, with changes of media every second
day; nonadherent cells were removed by gentle washing on days 2 and 4.

Real-time imaging of MHC class I1-GFP in bone marrow DCs

Day 5 bone marrow DCs were used for imaging. For discrimination of
early and late endocytic compartments, DCs were incubated with 25 ug/ml
transferrin (Tf) Alexa Fluor 594 (early endosomes; Molecular Probes, Eu-
gene, OR) or 25 ug/ml lysotracker Alexa Fluor 594 (late endosomes; Mo-
lecular Probes) for 30 min at 37°C in DMEM without serum and washed
three times. Images were captured with an inverted Zeiss 200M microscope
equipped with a X63 objective (1.4ANA PlanApo) and a spinning wheel
confocal head (PerkinEImer, Wellesley, MA). Cells were kept in a 37°C
open perfusion temperature-controlled chamber (20/20 Technology, Wil-
mington, NC). Slidebook (Intelligent Imaging Innovation, Denver, CO)
was used for image acquisition and data processing.

Ag presentation in real time

DCs seeded at a concentration of 1 X 10%coverslip were incubated with 20
uwM OVA (Roche Molecular Biochemicals) or the equivalent amount of
OVA in the form of crude egg white (extracted from fresh eggs; crude egg
white consists for 54% of OVA (14)) for 4 h to induce display of Ag-
derived peptides on class || molecules. DCs were then washed three times
with media. Freshly isolated OVA-specific OTIl T cells were obtained
from lymph nodes from OTII-transgenic mice. T cells (1 X 105 were
labeled with the nuclear dye Hoechst 33258 (Molecular Probes), washed,
and added to each coverslip containing DCs. T cells were brought into
contact with DCs by a 1-min centrifugation step at 1200 rpm at room
temperature. Confocal microscopy analysis was done within 1 and 2 h after
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T cell addition. Images were collected in a double-blind fashion and ana-
lyzed for tubulation on a separate occasion by two individuals.

Peptides

A TRAF6-binding peptide fused with the hydrophobic sequence (AAVALL
PAVLLALLAP) from Kapos fibroblast growth factor signal sequence
(L-T6DP-1) was prepared as described elsewhere (12). The TRAF6-bind-
ing decoy peptide, AAVALLPAVLLALLAP-RKIPTEDEY TDRPSQPST,
and a control peptide that has its TRAF6-binding sequence scrambled:
AAVALLPAVLLALLAP-RKIEYPETDTDRPSQPST (signal sequence in
italics and the TRAF6-binding motif and its scrambled version are under-
lined) were synthesized on an Advanced ChemTech 40 channel peptide
synthesizer using standard F-moc chemistry. The molecular mass of each
peptide was confirmed by matrix-assisted laser desorption ionization time-
of-flight mass spectrometry. DCs at a concentration of 1 X 10%coverdip
were pretreated with decoy TRAF6 peptide or with control peptide (20
uM, 1 h, 37°C) before following the “Ag presentation in real-time” pro-
tocol above.

Satistical analysis

An unpaired two-tailed t test was used for statistical analysis. Vaues of p
below 0.05 are considered significant and are given in the figure legends.

Results
Two-signal requirement for DCs to induce tubulation of class Il
MHC compartments upon addition of naive CD4 T cells

To explore the notion that DCs may need an adjuvant-like signal
to alow T cell-dependent tubulation (2, 15), we prepared OVA
devoid of LPS or other microbial signatures in the following man-
ner. We extracted egg white directly from the sterile interior of
fresh chicken eggs. Egg white consists of 54% (w/v) OVA (14),
and this crude preparation, appropriately diluted, was used as Ag.
Hereafter, crystaline OVA will be referred to as OVA and egg
white extracts will be referred to as crude egg white. In contrast to
commercia preparations of crystalline OVA, inclusion of crude
egg white failed to activate DCs, as judged by alack of increasein
surface expression of class || MHC and CD86 after overnight cul-
ture (20 uM normalized OVA; Fig. 1). We estimate that the batch
of crystalline OVA we used contains ~1 ng/ml LPS. By compar-
ing T cell stimulation obtained with OVA and crude egg white to
which increasing concentrations of LPS had been added, we ob-
tained equivalent up-regulation of CD69 on naive OTII cells (TCR
transgenic, I-AP restricted, OVA specific) at 1 ng/ml added LPSin
crude egg white as compared with OVA (data not shown).

To visualize the intracellular distribution of class Il MHC mol-
ecules, we made use of homozygous I-AP-GFP knockin mice, in
which all 1-AP molecules are replaced by 1-AP fused at the C ter-
minus of the B-chain with GFP. Such animals are phenotypically
normal with respect to their immune system. We generated DCs by
culture of bone marrow cells with GM-CSF and IL-4 (3). DCs are
generally cultured in plastic tissue culture dishes, but for confocal
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FIGURE 1. Activation of DCs by uptake of OVA, but not by uptake of
crude egg white or in the absence of Ag. DCs were allowed to endocytose
OVA and crude egg white (calculated OV A concentration for both, 20 nM)
or were left untreated and were cultured for 24 h (37°C). Activation status
of DCs was analyzed the next day with flow cytometry by cell surface
staining for CD86 and |-AP.
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microscopy, cells must be examined on glass coverslips. We com-
pared DCs cultured on glass coverdips with DCs maintained in
plastic tissue culture dishes by staining for CD11c and CD86 and
detected no significant differences in numbers or marker profiles of
CD11c/class | double-positive cells. At day 5 of culture, approx-
imately one-third of the cells expressed class Il GFP, of which
80-90% expressed the DC marker CD11c and were therefore con-
sidered DCs. The magjority of DCs, whether grown on plastic or
glass, exhibited low levels of CD86 (data not shown).

In bone-marrow-derived DCs generated from 1-AP-GFP mice
and loaded with the appropriate Ag, we observed a dramatic re-
arrangement of endosomal compartments in response to T cells
specific for that Ag (3). Tubules were classified according to their
direction toward the T cell in each DC/T cell conjugate; those
tubules that extend directly toward the interacting T cell are clas-
sified as “1,” tubules with a vector in the direction of, but not
directly pointing at the T cell are classified as “2,” and tubules
pointing away from the interacting T cell are classified as “3” (3).
An example of a DCIT cell conjugate devoid of tubules, hence
scored negative for categories 1, 2, and 3, is shown in Fig. 2A.

Can Ag devoid of LPS contamination induce tubulation of class
I MHC compartments? We treated WT-I-AP-GFP DCs either with
OVA or with crude egg white for 4 h, then washed them and
exposed these DCsto naive OTII T cells. Within minutes of T cell
addition, OV A-treated DCs exhibited polarized tubulation of their
class I1-GFP-positive compartments as reported previously (3). In
contrast, in DCs exposed to crude egg white, the occurrence and
length of tubulation was much reduced, yielding few projections

A

FIGURE 2. Requirement for LPS to induce class
I1-positive tubules upon interaction of Ag-loaded
DCs with Ag-specific T cells. A, DCs were left un-
treated or were allowed to endocytose crude egg
white (20 uM OVA equivaent), LPS (1 ng/ml), and
crude egg white (20 uM OVA equivaent) supple-
mented with LPS (1 ng/ml) or OVA (20 uM) for 4 h
at 37°C, were washed twice, and naive OTII T cells,
labeled with Hoechst 33258, were added. Represen-
tative images of DC/T cell conjugates of crude egg B
white-treated DCs (left) and crude egg white plus
LPS-treated DCs (right) are shown. B, Tubule di-
rection was determined relative to the interacting T
cellsin category 1, 2, or 3 as shown in the diagram.
For each treatment of DCs, at least 39 DC/T cell
conjugates were analyzed for the presence of tubu-
lating class |1-positive compartments. The percent-
age of tubulating DCsin the DC/T conjugates of the
various treatments are shown (left). Of the DC/T

conjugates that contain tubulating DCs, the length 1004
and direction of the tubules were measured. Shown
is the mean length of the tubules in categories 1, 2, 3 751
and 3 (see diagram) with SEM. -
8 50-
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=
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that were short and random in their direction. Representative con-
jugates are shown in Fig. 2A. When DCs were treated with crude
egg white supplemented with 1 ng/ml LPS for 4 h, the extent of
tubulation of endosomal class || compartments was similar to that
seen in DCstreated with OVA (Fig. 2B and Table1). Increased Ag
concentrations correlate with longer class |1-positive tubules (3).
Treatment of DCs with 1 ng/ml LPS in the absence of OVA in-
duced only few, short class Il-positive tubules. DCs therefore re-
quireasignal, likely delivered in the form of some microbial prod-
uct, to allow the DCs to rearrange their endosomal apparatus in
response to an Ag-specific T cell. Of note, when DCs were treated
with 1 ug/ml LPS, many tubules devel oped, with an average length of
4 wm in random directions (data not shown; Refs. 4 and 16).

Normal development of bone marrow-derived DCs from MyD88-
deficient mice

To examine the role of MyD88 in the activation of DCs, we com-
pared the behavior of class Il molecules in DCs from WT and
MyD88 '~ mice. We crossed the 1-AP-GFP knockin mutation
onto the MyD88~/~ background and generated DCs by culture of
bone marrow in the presence of 1L-4 and GM-CSF from WT class
II-GFP (WT-I-AP-GFP hereafter) and MyD88 '~ [-AP-GFP
(MyD-I-AP-GFP hereafter) mice (3, 13). For both WT and
MyD88-deficient cultures, many clusters of 1-AP-GFP-positive
cells were present at day 5 of culture, 90% of which expressed the
DC marker CD11c (Fig. 3A). As assessed by both surface staining
and GFP levels, we observe a moderately reduced expression of
I-AP in a subpopulation of CD11c-positive cells from the MyD-I-
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Table I. Tubule length upon Ag-specific T cell contact®

Tubule Length (um)

Category Egg white LPS Egg white/LPS Ova
1 6.3*+086(n=29) 33x042(n=12) 129+ 13(n=33) 13.0x13(n=32)
2 34+040(n=273) 30x028(n=17) 7.4+ 080 (n=11) 70x23(n=9)
3 57x13(n=5) 37x037(n=15) 55*0.96 (n=13) 5.7+ 0.85(n = 10)

2 Number of DC/T conjugates analyzed, respectively: 67, 61, 39, and 41.

AP-GFP DCs (Fig. 3B). Thus, the generation of DCs from bone
Marrow Precursors in vitro is mostly normal in MyD-1-AP-GFP
cells.

Normal endosomal localization of class | MHC molecules in
MyD-I-AP-GFP DCs

In professional APCs, at steady state, class I MHC molecules
reside predominantly in endosoma compartments. Bone marrow-
derived DCs were alowed to endocytose Alexa-labeled Tf, which
localizes to early and recycling endosomes, and were then exam-
ined by confocal microscopy. In both WT-1-AP-GFP and MyD-I-
AP-GFP DCs, little or no colocalization of class II-GFP and Tf-
Alexa is seen (data not shown), consistent with the known
distributions of class Il MHC and the Tf receptor (3, 17-20). To
determine the location of class II MHC molecules in the endoso-
mal pathway of WT-I-AP-GFP and MyD-I-A°-GFP DCs, cells
were allowed to endocytose Alexa-lysotracker (data not shown). In

GFP-positive cells, al lysotracker-labeled compartments were also
class I11-GFP positive, with only small quantities of class II-GFP
outside of endosoma compartments. We conclude that the local-
ization of class Il MHC molecules in the MyD88 ™/~ cells is in-
distinguishable from that in WT.

Normal peptide loading on class Il molecules in MyD88-
deficient DCs

Normal levels of surface expression of class |l molecules at steady
state do not necessarily imply that peptide loading of class Il mol-
ecules occurs normally in APCs (21, 22). To exclude aberrationsin
biosynthesis and peptide loading of class Il molecules in
MyD88/~ APCs, we analyzed the rate of intracellular transport
and peptide acquisition by pulse-chase analysis and examination of
the SDS resistance of class II MHC molecules. Freshly isolated
spleen cells and cultured bone marrow-derived DCs were obtained
from WT and MyD88~/~ mice. We then examined maturation and
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-
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FIGURE 4. Norma endocytic capacity in DCs in the absence of
MyD88. WT and MyD88~/~ DCs were allowed to endocytose fluorescein-
conjugated OVA (5 ng/ml, 30 min, 37°C). Cells were then washed and
stained with conjugated Ab to CD11c and analyzed by flow cytometry. The
percentage of cells in the upper right quadrant is indicated in the plots.

peptide acquisition of newly synthesized class II complexes (Fig.
3, C and D) as judged by the presence of SDS-stable dimers. Low
levels of stable dimer formation were seen in freshly extracted

FIGURE 5. Requirement for a MyD88-dependent
signa to induce class Il-positive tubules upon inter-
action of Ag-loaded DCs with Ag-specific T cells.
DCs cultured from WT-I-AP-GFP and MyD-I-AP-
GFP bone marrow were alowed to endocytose OVA
for 4 h (20 uM, 37°C), were washed twice, and naive
OTIl T cells, labeled with Hoechst 33258, were
added. Confocal microscopy was done between 1 and
2hof T cell addition. Representative images of DC/T
cell conjugates of WT-I-AP-GFP DCs (left) and
MyD-1-AP-GFP DCs (right) are shown. B, For WT
DCs, 35 DC/T conjugates with naive OTIl T cells
were analyzed; for MyD88~/~ DCs, 57 DC/T conju-
gates were analyzed. The percentage of tubulating
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bone marrow and after day 3 of culture, the levels of stable class
Il MHC dimers increased (data not shown). At no time did we
observe differences in stable dimer formation between WT and
MyD88 '~ APCs. Thus, the absence of MyD88 does not affect
class Il biosynthesis and peptide acquisition, as assessed by this
method.

Abnormal rearrangement of endosomes upon T cell engagement
of MyD-1-A°-GFP DCs

Is MyD88 required in DCs to generate tubular endosomes that
polarize toward an interacting T cell? We studied the fate of class
I1-containing compartments in DCs upon contact with naive CD4
T cellsas described previously (3). First, we determined the uptake
of fluorescein-conjugated OVA by WT and MyD88 '~ DCsas a
measure of their endocytic capacity (Fig. 4). We obtained similar
numbers of CD11c* cells from WT and MyD88 ™/~ bone marrow
cultures (Fig. 4, top panels) and found that their ability to endo-
cytose OVA was indistinguishable (Fig. 4, bottom panels). Thus,
the MyD88 deficiency does not affect endocytosis of soluble OVA
in bone marrow-derived DCs.

Does MyD88 have a role in the formation of class Il MHC-
positive tubules induced by Ag-specific T cell ligation (3)? Bone
marrow-derived DCs from WT and MyD88~/~ mice were pulsed

MyD88-/-

DCs in the DC/T conjugates for WT-I-A°-GFP and 0 WT
MyD-I-AP-GFP are shown (left). Of the DC/T conju-
gates that contain tubulating DCs, the length and di- mmm MyD88-/-
rection of the tubules were measured. Shown is the
mean length of the tubules in categories 1, 2, and 3
(see diagram) with SEM.
100+ 30+ p<0.001
=
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Table Il. Tubule length upon Ag-specific T cell contact®
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Table I1l. Tubule length upon Ag-specific T cell contact®

Tubule Length (um)

Tubule Length (um)

Category WT MyD88 ™/~ Category TRAF6 scrambled TRAF6 decoy
1 222*+27(n=22) 44 +078(n=7) 1 13.7 = 1.1 (n = 50) 6.6 £ 1.1 (n= 16)
2 158+ 38(n=9) 39059 (nh=7) 2 86+ 17(n=12) 43+ 0.70(n=6)
3 66*16(n=7) 40*+065(n=9) 3 41+ 0.77 (n=12) 3.7x0.64 (n=10)

2 Number of DC/T conjugates analyzed, respectively: 35 and 57.

with OVA (20 uM) for 4 h and excess Ag was removed by wash-
ing. Naive OTII T cells were added and randomly selected DC/T
cell conjugates were analyzed immediately by time-lapse confocal
microscopy. We recorded the presence, number, and orientation of
these tubules relative to the interacting T cells.

For WT-1-AP-GFP DCs, tubulation was readily apparent upon
contact with Ag-specific T cells. In the presented image, tubulation
was bipolar, directed toward both interacting T cells (Fig. 5A, left).
In contrast, in the MyD-I-AP-GFP DC/T cell conjugates, no such
tubulation of class Il-positive compartments occurred (Fig. 5A,
right). Of 57 MyD88~'~ DC/T cell conjugates analyzed, the over-
all average length of tubules was 4 um, whereas in the WT DCs,
the average length of category 1, 2 and 3 tubules was 22.2, 15.8,

A

scrambled

FIGURE 6. Signaing through TRAF6 is required
to induce class |1-positive tubules upon interaction of
Ag-loaded DCs with Ag-specific T cells. A, DCs cul-
tured from WT-I-AP-GFP bone marrow were pre-
treated with cell-permeable peptide containing either
a decoy sequence for TRAF6 or a scrambled se-
quence (see Materials and Methods; 20 uM, 1 h,
37°C) before addition of OVA for 4 h (20 uM, 37°C).
DCs were washed twice and naive OTII T cells, la-
beled with Hoechst 33258, were added. Confocal mi-
croscopy was done between 1 and 2 h after T cell B
addition. Representative images of DC/T cell conju-
gates of scrambled peptide-treated WT-1-AP-GFP
DCs (left) and TRAF6 decoy peptide-treated WT-I-
AP-GFP DCs (right) are shown. B, We analyzed 59
DCIT conjugates of scrambled peptide-treated DCs
and 47 DCIT conjugates of TRAF6 decoy peptide-
treated DCs. The percentage of tubulating DCsin the
DCIT conjugates for scrambled peptide and TRAF6
decoy peptide-treated DCs are shown (left). Of the
DCIT conjugates that contain tubulating DCs, the
length and direction of the tubules were measured.
Shown is the mean length of the tubules in categories

1, 2, and 3 (see diagram) with SEM. 1007

tubulating DCs (%)

2 Number of DC/T conjugates analyzed, respectively: 59 and 47.

and 6.6 um, respectively (Fig. 5B and Table I1). The few tubula-
tions observed in MyD88 '~ DCswere of no preferred orientation
and were of much reduced length, perhaps similar to the tubules
observed in DCs in the absence of Ag (3, 4, 16). A quantitation of
the tubule length, orientation, and frequency is given in Table Il.
Thus, DCs require MyD88 for rapid induction of tubular class
I1-positive compartments induced by Ag-specific T cell ligation.

TRAF6 signaling requirement for class I1-positive tubule
formation

Ligation of TLR with microbial products results in recruitment of
MyD88 to the cytoplasmic region of a TLR. The bound MyD88
then recruits IL-1R-associated kinase to the receptor, which upon

TRAF6 decoy

3 scrambled control
mmm TRAF6 decoy

tubule length (um)
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activation is released from the receptor complex and binds and
activates TRAF6 for stimulation of the 1kB kinase complex, mi-
togen-activated protein kinase (9), and possibly other kinases as
well. The phenotype of TRAF6-deficient mice shows that TRAF6
is essential for cellular responses to LPS and IL-1 (10, 23). Cell-
permeable peptides that can form a complex with TRAF6 have
been used successfully as decoys to inhibit TRAF6 signaling (12).

Can DCs in which TRAF6 signaling is inhibited still induce
tubulation of class I MHC compartments? We synthesized a cell-
permeable TRAF6 decoy and a scrambled control peptide (Fig. 6A;
Ref. 12) and pretreated WT-1-AP-GFP DCs with peptide (20 uM,
1hat 37°C) before addition of crystalline OVA. DCswere allowed
to endocytose OVA for 4 h and then washed and exposed to naive
OTIl T cells. In WT-I-AP-GFP cells treated with a peptide in
which the TRAF6-binding sequence is scrambled, contacts be-
tween T cells and DCs result in pronounced tubulation of class
I1-positive compartments toward the T cell. In DC/T cell conju-
gates treated with the TRAF6 decoy peptide, no such tubulation of
class I1-positive compartments occurred (Fig. 6B). On average, the
tubule length for TRAF6 decoy-treated DCs was 4.9 um, whereas
in the experiment shown for the control peptide-treated DCs, the
average lengths of category 1, 2, and 3 tubules were 13.7, 8.6, and
4.1 um, respectively (Fig. 6B and Table I11). Thus, DCs require a
priming event through TLR ligation to induce class Il-positive tu-
bular endosomes upon interaction with Ag-specific T cells, yet
such activation does not entaill massive translocation of class Il
MHC molecules to the cell surface.

Discussion

When DCs mature, peptide-loaded class | MHC molecules are
transported from endosomal compartments to the plasma mem-
brane for display to CD4 T cells. Under inflammatory circum-
stances, Ag-experienced DCs activate naive CD4 T cellsand astep
crucial for induction of the adaptive immune response. A thorough
understanding of the activation requirements of DCs that lead to
translocation of class II MHC molecules to the plasma membrane
in DCs s thus essential. We studied here the DC priming require-
ments to undergo endosomal rearrangements to form T cell polar-
ized tubular structures.

Using bone marrow-derived DCs from 1-AP-GFP knockin ani-
mals, we showed that Ag-loaded DCs interact with Ag-specific
naive T cells and rearrange their class Il-positive endosomal com-
partments into tubular structures of considerable length. This tu-
bulation was seen in the absence of added L PS and was strictly Ag
dependent. Still, LPS contamination of commercial Agsis awell-
known occurrence and raises the question whether this mode of
tubulation is dependent only on an Ag-specific encounter with an
appropriate T cell, or whether an additional factor (e.g., a TLR-
delivered signal) is required that may prime DCs for this behavior.

As asource of LPS-free Ag, we used crude egg white extracted
directly from a chicken egg and compared it with OVA obtained
commercialy. Treatment with OVA resulted in prominent tubula-
tion upon interaction with Ag-specific T cells, but treatment with
crude egg white did not. Addition of LPS (1 ng/ml) to crude egg
white restored tubulation to the same extent as that observed when
treated with commercial OVA. Of note, at this concentration of
added LPS, no massive translocation of class II molecules to the
cell surface occurs.

The presence of LPS is detected by DCs through ligation of
TLR4, which uses the adapter molecule MyD88 and TRAF6 for
signal transduction to the nucleus (24). MyD88~/~ DCs consis-
tently failed to respond to an Ag-specific encounter by tubulation,
even though synthesis and maturation of class II MHC molecules
occur normally, and surface expression of class || MHC molecules
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in immature DCs is affected only very dlightly, if at al. A 1-h
treatment of WT-I-AP-GFP DCs with cell-permeable inhibitory
peptide to TRAF6 aso prevented Ag-specific T cell ligation-in-
duced tubulation. These results are fully consistent with those
shown for the comparison between endotoxin-free Ag and the
commercially available Ag preparation. We may thus consider tu-
bulation a sign of activation of DCs, a state apparently distinct
from that provoked by exposure to a high concentration of LPSin
the absence of T cells or Ag.

All experiments described here involve TLR signaling as a pre-
requisite for the development of tubular endosomes and were an-
alyzed for DC/T cell conjugates. Tubular class |1-positive endo-
somes depend on the correct combination of Ag and T cell
specificity (3). The majority of these tubules are T cell directed,
but we observe the occurrence of occasional T cell-independent
tubulation as well. Indeed, T cell-independent tubulation of endo-
somal compartments was described before, after treatment of the
DCs at concentrations of LPS of 100 ng/ml or higher (4, 16). The
tubular endosomes observed were ~5 um in length or less (4, 16).
Under our experimental conditions, we established the involve-
ment of contaminating amounts of LPS (in the order of 1 ng/ml)
present in the Ag in the formation of T cell-polarized endosomal
tubulation. Tubular endosomes described here may originate from
the same source as the LPS-induced tubules. Their polarization
toward Ag-specific T cells and their length indicates a role in the
transport of peptide-loaded class II MHC molecules to the site of
T cell contact.

Signaling events initiated by TLR ligation involve initiation of
transcription of genes that encode costimulatory products such as
CD86, CD80, and CD40 and of inflammatory cytokine genes such
as TNF-a and IFN-vy (25). MyD88 ™/~ cells are unable to produce
IL-12 and TNF-« upon ligation of TLR 2, 4, and 9 (25-27). Bone
marrow-derived MyD88 '~ DCs are defective in class || MHC-
restricted presentation, as demonstrated by their reduced ability to
activate naive CD4 T cells after exposure to heat-killed and dried
Mycaobacterium tuberculosis (24). In vitro, MyD88 is dispensable
in activation of Ag-specific or alogeneic T cells by DCsin 3-day
coculture experiments (28), which at first sight appears at variance
with our data, that show a MyD88 requirement for the formation
of tubular endosomes. After 3 days of coculture of DCs with T
cellsin vitro, sufficient quantities of peptide-loaded class || MHC
will likely have reached the cell surface and the MyD88 require-
ment may no longer be critical.

LPS activates DCs in vitro via TLR4 in a manner that is mostly
dependent on MyD88 ', yet can be bypassed (26, 28, 29). This
bypass requires high doses of LPS (between 0.1 and 1 upg/ml) (4,
13), far more than the LPS concentration necessary and sufficient
for tubulation. Concentrations of LPSin the 0.1-1 ug/ml range are
used to generate mature DCs from less mature precursors, a pro-
cess accompanied by massive translocation of class II MHC mol-
ecules to the cell surface (4, 13). Whether such concentrations
resembl e those encountered in the course of an infection in vivo is
not known.

Based on the results presented here, we should like to propose
atwo-signal model for DC activation that may not require massive
translocation of class || MHC moleculesto the surface of DCs. The
priming of DCs occurs when low amounts of microbial signatures
are present, which may be in the physiological range during the
pathogenic insult. Such priming may aso be sufficient to render
DCs responsive to appropriate chemokine gradients and allow
them to migrate to draining lymph nodes (30). After priming, the
DC retains the mgjority of its loaded class II MHC molecules
sequestered in endosomes. Only little class I MHC needs to be
delivered to the cell surface to allow the initial engagement of an
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Ag-specific T cell. Upon arrival of DCsin adraining lymph node,
rapid transport of further class Il MHC molecules to the plasma
membrane may occur via sustained tubulation. DCs reguire a mi-
crobial priming signal to IL-12 p70 production after ligation of cell
surface CD40 (31). Immature DCs express very little CD40, but
display CD40 within hours of microbial stimulation. Moreover,
naive Ag-specific T cells express CD40 ligand only following
TCR stimulation (32). In the experiments described here, we used
naive T cells and therefore the extended endosomes are unlikely to
be the consequence of a CD40-CD40 ligand-mediated signaling
cascade.

Having encountered an Ag-specific T cell, tubulation may be
beneficia for the contacting Ag-specific T cell to experience seria
triggering of its T cell receptors (33-36). Activation of anaive T
cell requires prolonged interaction with an APC and presumably
sustained delivery of class I molecules to the site of contact be-
tween DCs and T cells. Nonetheless, we have yet to demonstrate
that class Il MHC molecules contained in these long tubules are in
fact delivered to the cell surface. The technical limitations of total
internal reflection fluorescence microscopy restrict a direct obser-
vation of fusion events to those that occur at the interface of the
cell and the coverslip on which it is grown. This limitation not-
withstanding, a state of DC activation may be defined that requires
the two types of signal discussed above: a microbia signature and
aT cell-dependent event. Imaging of DCs in lymph node in situ,
with circulation and lymphatic drainage intact, will be required to
establish whether the behavior of DCs, as seen here in vitro, ap-
plies equally to DCs in vivo.
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