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Abstract

Immature dendritic cells (DCs) capture exogenous Ags in the periphery for eventual processing in
endolysosomes. Upon maturation by TLR agonists, DCs deliver peptide-loaded class I MHC
molecules from these compartments to the cell surface via long tubular structures (endolysosomal
tubules). The nature and rules that govern the movement of these DC compartments are unknown.
In this study, we demonstrate that the tubules contain multiple proteins including the class Il MHC
molecules and LAMP1, a lysosomal resident protein, as well as CD63 and CD82, members of the
tetraspanin family. Endolysosomal tubules can be stained with acidotropic dyes, indicating that they
are extensions of lysosomes. However, the proper trafficking of class I MHC molecules themselves
is not necessary for endolysosomal tubule formation. DCs lacking MyD88 can also form
endolysosomal tubules, demonstrating that MyD88-dependent TLR activation is not necessary for
the formation of this compartment. Endolysosomal tubules in DCs exhibit dynamic and saltatory
movement, including bidirectional travel. Measured velocities are consistent with motor-based
movement along microtubules. Indeed, nocodazole causes the collapse of endolysosomal tubules. In
addition to its association with microtubules, endolysosomal tubules follow the plus ends of
microtubules as visualized in primary DCs expressing end binding protein 1 (EB1)-enhanced GFP.
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Dendritic cells (DCs)3 are potent APCs of the immune system (1). They reside in peripheral
tissues and sample their environment. Upon exposure to pathogens, DCs ingest
microorganisms and place them in intracellular compartments termed phagosomes for
trafficking to endolysosomal compartments (2). Pathogen-derived products are brought to
lysosomal compartments for eventual degradation by proteases, a tightly regulated process in
DCs (3,4). In this compartment, class II MHC molecules interact with other members of the
Ag processing machinery and are loaded with peptides (5).

To sample relevant peptides, the biosynthetic pathway of class II| MHC molecules must
intersect phagosomes in the endocytic pathway. Phagosomal maturation is not a default
pathway, but rather the nature of this membrane compartment is determined by its content
(6). We have shown selective recruitment of class Il MHC molecules and CD63, a member of
the tetraspanin super-family, to phagosomes containing the pathogenic yeast Cryptococcus
neoformans (CN) (7). Peptide-loaded class 11 MHC molecules translocate from endosomal
compartments to the cell surface by long endolysosomal tubules to engage Ag-specific T cells
(8,9). The signals required for this rearrangement are delivered by TLR ligands (6,10). The
engagement of TLRs by pathogens or pathogen-derived material causes DCs to undergo a
transformation that includes down-regulation of its endocytic capacity, locomotion toward
regional lymph nodes, and translocation of peptide-loaded class Il MHC molecules to the cell
surface (11).

Other molecules are associated with class I MHC molecules in the endocytic pathway and
may affect the quality and kinetics of Ag presentation. These include HLA-DM, the invariant
chain, CD63, and CD82 (12-15). Both CD63 and CD82, members of the tetraspanin
superfamily, are expressed in professional APCs including DCs (16). Although their exact
function is currently unknown, many important characteristics of these molecules have been
described. CD63 is found on the secretory granules of cells derived from the hemopoietic
lineage, including the crystalloid granule membrane of eosinophils (17), the azurophilic
granules of neutrophils (18), and granules of platelets (19,20). An Ab against CD63 inhibited
IgE-mediated histamine release, suggesting a role for CD63 in mast cell biology (21). In APCs,
CD63 and another lysosomal membrane protein, LAMP1 (lysosomal-associated membrane
protein), are both recruited to yeast-containing phagosomes (7). CD63 requires acidification
of the phagosome for recruitment, while LAMP1 does not (7). Class Il MHC molecules
associated with the CD63 and/or CD82 display a more restricted repertoire of peptides, and
these resulting class I1 MHC molecules are more potent in their ability to stimulate T cells
(14). Understanding the mechanisms underlying the trafficking of tetraspanins and their
association with class Il MHC molecules may yield additional insight into Ag processing and
presentation.

The intracellular events of Ag processing and presentation and the locomotion of DCs to
regional lymph nodes both require dynamic rearrangements of the cytoskeleton, in particular
microtubules as well as other structures including podosomes (22). Immature DCs display
actin-rich podosomes that require Wiskott-Aldrich syndrome protein, Cdc42, Rac, and Rho,
whereas mature DCs lose podosomes (22,23). Polarization of the actin cytoskeleton is required
for the formation of the immunological synapse (24,25). Remodeling of the microtubule
network in LPS-exposed DCs, however, is not fully understood. Tools for observing these
structures in real time are now available; monomeric tubulin fused to a fluorescent protein
allows the visualization of the microtubule network and its association with other structures
over time (26). The dynamic microtubule compartment in activated DCs and its relationship

3Abbreviations used in this paper: DC, dendritic cells; CN, Cryptococcus neoformans; BM, bone marrow, BMDC, BM-derived DC;
EBL1, end binding protein 1; eGFP, enhanced GFP; ER, endoplasmic reticulum; LAMP1, lysosomal-associated membrane protein 1;
mRFP1, monomeric red fluorescent protein 1; YFP, yellow fluorescent protein.
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to vesicle trafficking as well as Ag presentation has yet to be examined. Microtubule assembly
in cultured cell lines and Xenopus oocytes shows dynamic instability with progressive growth
and shrinking at the plus ends (27). A family of proteins, including CLIP-170 and end binding
protein 1 (EB1), binds to the plus ends of microtubules and mediates this process (28,29).
Monitoring of the polymerizing end of microtubules can be examined by observation of the
plus end binding protein, EB1 fused to GFP (30). Again, APCs have yet to be evaluated using
this tool.

Activation of DCs with LPS transforms class I MHC* compartments from intracellular
endosomes into long endolysosomal tubules that move toward the cell surface (8-10,31,32).
The molecular mechanism of this movement is incompletely understood, as static images
obtained by electron microscopy allow the conclusion that multivesicular bodies transfer into
tubules by inference, yet no such transformations have been examined in live primary DCs.
After activation with LPS, class I MHC molecules translocate mostly to the cell surface.
Although class Il MHC molecules have been shown to exhibit this behavior, it is unclear
whether this mode of intracellular trafficking is used by other constituents of the endolysosomal
compartment. Many of the relevant experiments were conducted at the very high
concentrations of LPS used to achieve maximum activation. Whether lower, more
physiological doses of LPS evoke qualitatively and quantitatively similar responses is not clear
(8,32).

In this study we examine live primary DCs by using spinning disk confocal microscopy to
observe the long class 11 MHC-containing tubules that are dynamic in nature. Although first
identified based on the presence of class I MHC-enhanced GFP (eGFP), nothing is known
about the presence and behavior of other molecules of immunological interest. Primary DCs
expressing fluorescent versions of class Il MHC, CD63, CD82, and LAMP1 show that multiple
membrane proteins from the endolysosomal compartment are present in these tubular
structures. Endolysosomal tubules can be visualized by using an acidotropic probe or by use
of a pinocytosed Ag. The formation of these compartments upon LPS activation does not
require the proper trafficking of class Il MHC molecules. Finally, we show that these
endolysosomal tubules require intact microtubules and can track polymerizing microtubules
during centrifugal movement.

Materials and Methods

Plasmids and constructs

The cDNA for mouse CD63 fused to the 5’ end of the cDNA encoding monomeric red
fluorescent protein 1 (mRFP1) was inserted into the pHAGE lentiviral vector using ubiquitin
C as the heterologous promoter as described (7). A BALB/c mouse cDNA library generated
using the manufacturer’s instructions (Qiagen) was used to amplify a cDNA encoding CD82
by using the following primers: 5-GAAGATCTATGGGCGCAGGCTGTGTCAAA-3’
(Bglll at the 5") and 5-CCGCTCGAGTCAGTACTTGGGGACCTTGCT-3' (Xhol at the 3’).
The PCR product was cloned into pGEM-T (Promega) and sequenced. The cDNA encoding
mRFP1 was inserted into the CD82 vector at the 3’ end in-frame to generate CD82-mRFP1
cDNA. The cDNA for LAMP1-GFP was a gift from Maggie So (Oregon Health and Science
University, Portland, OR) and Ira Mellman (Yale University, New Haven, CT). Yellow
fluorescent protein (YFP)-tubulin was obtained from Clontech. EB1-GFP was a gift from
Jennifer Tirnauer (University of Connecticut, Farmington, CT) and Tim Mitchison (Harvard
Medical School, Boston, MA). The cDNAs for all fluorescent fusion proteins were subcloned
into pHAGE for lentiviral production.

We first validated by biochemical means the behavior of the CD63-mRFP1 and CD82-mRFP1
fusion proteins. The CD63-mRFP1 is known to proceed through the biosynthetic pathway with
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kinetics similar to that of untagged tetraspanins. Also, the subcellular distribution of CD63-
mRFP1 overlapped completely with its untagged human counterpart (7). For CD82-mRFP1
we have performed biochemical experiments demonstrating that the fusion protein properly
traffics through the biosynthetic pathway and, as expected, is also modified with complex-type
oligosaccharides (data not shown). For class Il MHC we have demonstrated normal levels of
expression of the class Il MHC-eGFP fusion protein (note that the fusion protein is expressed
under its own promoter because it is a gene replacement model) (8). The fusion proteins
LAMP1-GFP, EB1-GFP and YFP-tubulin have been evaluated and validated by others (33—
35).

Reagents

LPS from Escherichia coli serotype 026:B6 (L3755), nocodazole (M1404), and cytochalasin
D (C8273) was purchased from Sigma-Aldrich. LysoTracker Green DND-26, LysoTracker
Red DND-99, and OVA Alexa Fluor 647 (catalog no. 034784) were from Molecular Probes/
Invitrogen Life Technologies.

Mouse strains

C57BL/6 mice were purchased from The Jackson Laboratory. Class Il MHC-eGFP knock-in
mice, class Il MHC-eGFP mice lacking the invariant chain, and class Il MHC-eGFP
MyD88~~ mice have been previously described (8,10,36).

Bone marrow (BM) cultures

Mice were sacrificed according to approved protocols and BM cells were seeded using 6
x10° cells per 200 pl on 8-well LabTek 11 chambered coverglass wells (Nalge Nunc) (7). RPMI
1640 medium (Invitrogen Life Technologies) containing 10% FCS, 10 ng/ml recombinant
mouse GM-CSF (Peprotech), and 1 ng/ml recombinant mouse 1L-4 were replaced every 48 h.

Lentivirus preparation

HEK?293T cells were transfected with 1.5 pg each of tat-, rev-, gag/pol-, and vesicular
stomatitis virus G protein (VSV-G)-encoding plasmids and 24 g of the pHAGE containing
the fusion protein of interest by using TRANS-IT transfection reagent (Mirus) according to
manufacturer’s specifications. Supernatants were collected at 24, 36, 48, and 60 h
posttransfection, pooled, and concentrated by centrifugation at 16,500 rpm for 2 h in a SW-28
rotor (Beckman Coulter). Viral pellets were resuspended in 800 pl of medium.

Lentiviral transduction of BM cultures

A concentrated lentivirus encoding the desired gene of interest was added (volume 0.5-10 pl)
to BM cultures (final volume 500 pl) 24 h after the plating of cells. After 12 h of infection, the
medium was replaced with fresh medium. BM-derived DCs (BMDCs) were used at days 4-6.
Despite exposure to lentivirus, DC cultures did not show signs of overt activation (data not
shown).

Yeast

Live CN H99 (clinical isolate) cells were used for this study and obtained as a gift from E.
Mylonakis (Massachusetts General Hospital, Boston, MA).

Image acquisition

Images were acquired using a spinning disk confocal microscope and a 3-W water-cooled laser
with an acoustic-optic tunable filter (Prairie Technologies). The system incorporated a Nikon
TE2000-U inverted microscope using a Nikon x 100 magnification, 1.4 numerical aperture,
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differential interference contrast oil lens. Nikon type A immersion oil was used (Nikon). Cells
were maintained at 37°C with 5% supplemental CO5 in room air using a Solent Scientific
chamber that fully enclosed the microscope stage area. The Hamamatsu Orca ER camera
(model no. C4742-95-12ERG) and Metamorph software (Molecular Devices) were used for
acquisition. The fluorochromes used in this study included mRFP1, eGFP, and Alexa Fluor
647 (Invitrogen Life Technologies).

Individual images were processed using Metamorph software to false color the image. Optimal
contrast was achieved by adjusting the gray levels for the entire image. Images were
subsequently cropped in Adobe Photoshop and figures were constructed in Adobe Illustrator.
A Volocity (version 3.7) restoration module with the iterative restoration algorithm was used
for deconvolution (30 iterations at 99.5% confidence level). Three-dimensional images were
generated using the Volocity visualization module.

LPS alone induces tubule formation in primary BMDCs

Observation of live primary DCs by confocal microscopy demonstrated that long tubular
endosomal structures are formed after LPS treatment (8,9). These tubular endosomal structures
appear to be responsible for the transport of class Il MHC molecules from the endosomal
compartment to the cell surface (8,9). Although LPS is sufficient to provoke tubule formation,
an Ag-specific and T cell-dependent component may further contribute and would likely be of
benefit for productive DC-T cell interactions in secondary lymphoid organs (10,31). We sought
to identify the optimal time and amount of exposure to LPS for the generation of tubular
compartments. Primary BMDCs from mice expressing class 1| MHC-eGFP were exposed
initially to 100 ng/ml LPS. At various time points, 200 cells were observed and scored for the
presence of class II MHC* tubules as defined by the identification of multiple tubular
compartments of at least 5 um in length. The number of cells that possess these tubular
compartments increases over time. After 6 h of exposure, 32% of the cells contain
endolysosomal tubules (Fig. 1A). Following overnight (17 h) exposure to LPS, the cells showed
significantly fewer tubular compartments because most of the cells became activated fully as
demonstrated by the increased surface expression of class II MHC-eGFP (data not shown).

To determine the optimal amount of LPS needed to induce these tubular compartments, graded
amounts of LPS were added for 2 h to the primary BMDC cultures from mice expressing class
II MHC-eGFP. A dose-dependent increase in the number of cells with class 11 MHC* tubular
structures was seen. Twenty-six percent of DCs exposed to 100 ng/ml LPS were shown to
possess endolysosomal tubules, with a concentration of 1 ng/ml already yielding a prominent
response compared with untreated cells (Fig. 1B). A representative image of a DC with class
I1 MHC* tubules is shown in Fig. 1C. Details of the tubular compartment can be seen in Fig.
1D.

With the optimal dose and time of LPS exposure defined for primary mouse BMDCs, we sought
to identify other proteins present in class 11 MHC* tubules. Both CD63 and CD82 associate
with class I MHC molecules, although the endosomal compartments containing these
molecules only partially overlap in primary DCs (12). To determine whether CD63* and
CD82* compartments are capable of forming tubular compartments, primary BMDCs were
transduced with lentivirus encoding either CD63-mRFP1 or CD82-mRFP1. On day 4 of
BMDC cultures, 100 ng/ml LPS was added and cells were observed by confocal microscopy
2 h later. Both CD63* and CD82* compartments exhibited endolysosomal tubulation in
response to LPS stimulation (Fig. 1C). Both CD63 and CD82 are therefore present in these
tubular compartments.
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1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Vyas et al.

Page 6

Because CD63 (also known as LAMP-3) is found in lysosomal compartments (37), we
determined whether additional lysosomal membrane proteins could be found in these tubules.
We expressed LAMP1-eGFP in BMDCs and, upon exposure to LPS, the LAMP1*
compartments readily tubulated (Fig. 1C, far right panel). A magnification of these
endolysosomal tubules can be seen in Fig. 1D. The tubular compartments evoked by exposure
of BMDCs to LPS thus contain at least the following four membrane proteins: class I MHC
molecules, CD63, CD82, and LAMPL.

CD63, CD82, class Il MHC, and LAMP1 colocalize in tubular compartments upon exposure

to LPS

To determine whether these endolysosomal proteins are present in the same tubule or whether
these compartments are heterogeneous, primary BMDCs expressing different pairs of these
four endolysosomal proteins were stimulated with LPS and observed by confocal microscopy.
BMDCs expressing both CD63 and class |1 MHC molecules form tubules upon LPS exposure
(Fig. 2A). The merged image demonstrated that the tubules were superimposable (lower two
panels) with complete colocalization of CD63 and class Il MHC molecules. Likewise, CD82-
mMRFP1 expressed in BMDCs from class Il MHC-eGFP mice demonstrated a similar overlap
(Fig. 2B). The merged images show overlapping pixels, indicating that these two signals come
from the same compartment within the limit of resolution. To investigate whether LAMP1 and
CD63 are found in the same tubular structures, primary BMDCs from C57BL/6 mice were
infected with two different lentiviruses expressing CD63-mRFP1 and LAMP1-eGFP,
respectively. Tubular endosomes in these cells contain both CD63 and LAMP1 (Fig. 2C).

Lysotracker colocalizes with CD63 and class Il MHC molecules in LPS-induced
endolysosomal tubules

Lysosomal compartments may be labeled with intravital dyes to identify their subcellular
location in living cells. One such commonly used marker is the acidotropic dye LysoTracker
(38). We examined whether tubular compartments could also be marked with LysoTracker.
CD63-mRFP1-expressing BMDCs were exposed to 50 nM LysoTracker Green DND-26,
incubated for 30 min, and washed twice in normal medium. Cells were then exposed to 100
ng/ml LPS and observed by confocal microscopy. CD63 and LysoTracker labeling overlap in
BMDCs (Fig. 3A). Again, these endolysosomal tubules are dynamic compartments capable of
significant movement. To determine whether the LysoTracker and CD63 signals remained
coincident over time, time-lapse imaging was performed on these double-positive
compartments. Although significant movement was observed, these tubular compartments
maintained both LysoTracker and CD63 positivity throughout the time period imaged (Fig.
3B). It is worth noting that these tubules demonstrated differential intensity of CD63 and
LysoTracker staining within a given tubular compartment, implying that these compartments
are not uniform in composition or perhaps microenvironment over their entire length.

Given that class Il MHC molecules and CD63 colocalized in endolysosomal tubules, it seemed
reasonable to predict that LysoTracker Red DND-99 and class 11 MHC molecules would
colocalize. Indeed, the tubular compartments formed upon LPS stimulation demonstrate both
LysoTracker staining and class Il MHC molecules (Fig. 3C). LysoTracker staining of the
endolysosomal tubules shows that this compartment retains its acidic microenvironment.

Soluble Ag appears in CD63-mRFPI* tubules

Immature DCs pinocytose soluble Ags (39). These proteins are then transported through the
endocytic pathway to endolysosomal compartments. Given that the intralysosomal milieu in
immature DCs is about pH 5.4, OVA does not readily degrade under these conditions (4) and,
thus, fluorescently labeled OVA may be used to track the fate of this model Ag. BMDCs
expressing CD63-mRFP1 were incubated with 50 nM fluorescent OV A and observed over
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time. Within 15-30 min the majority of the OVA signal overlapped with that of CD63 (Fig.
3D). When exposed to LPS, these DCs developed endolysosomal tubules containing both
CD63 and fluorescently tagged OVA. Serial images from single cells over time demonstrated
the persistence of colocalization of both CD63 and fluorescent OVA in these dynamic tubular
compartments. The signal among different tubules varied in intensity, however, with respect
to both OVA and CD63 (Fig. 3E).

LPS-induced endolysosomal tubules form in the absence of functional class Il MHC

molecules

Because BMDCs express abundant class 1| MHC molecules, we explored whether class 11
MHC products might coordinate the formation of these tubular compartments. The mere
presence of class || MHC proteins has been recognized to induce the formation of specialized
class 11" compartments in a human embryonal kidney cell line (40). We thus examined whether
perturbations in the class 11 MHC biosynthetic compartment affect the cell’s ability to form
endolysosomal tubules. The chaperone invariant chain is required for proper folding and
subsequent trafficking of the class I MHC molecules from the endoplasmic reticulum (ER) to
the endolysosomal compartment. Targeted deletion of the invariant chain results in the
biosynthetic arrest of the class Il MHC a- and B-chains within the ER (41). To determine
whether the loss of class Il MHC molecules in the endocytic pathway would affect the
formation of tubules, we made use of mice expressing class I MHC-eGFP (I-A, but not I-E),
but lacking an invariant chain (36). As expected, the distribution of the class Il MHC-eGFP
signal differed significantly from that of wild-type mice. We observed a reticular pattern
consistent with ER retention of the I-AP B-chains fused with eGFP (Fig. 4A). BMDCs derived
from these mice were transduced with CD63-mRFP1-encoding lentivirus and stimulated with
LPS to induce endolysosomal tubule formation. Before stimulation, intra-cellular CD63 was
found in a vesicular pattern, suggesting that disruption of the class Il MHC biosynthetic
pathway did not disrupt the proper trafficking of this tetraspanin. When LPS was added, tubular
compartments containing CD63-mRFP1 were clearly seen (Fig. 4B). However, these
compartments do not include class 11 MHC molecules. These data suggest that LPS induces
endolysosomal tubule formation in the absence of a proper complement of class || MHC
molecules. ER-retained class Il MHC molecules and, by inference, the ER do not contribute
to tubule formation.

DCs lacking MyD88 form tubular compartments upon exposure to the fungal pathogen CN

TLR-dependent signaling permits Ag-loaded DCs to form endolysosomal tubules that deliver
class Il MHC molecules to the cell surface (9,10,42,43). MyD88 serves as a major signaling
adaptor protein for most of the TLRs (44). In DCs expressing class 1| MHC-eGFP but lacking
MyD88, the TLR4 ligand, LPS, plus an Ag failed to induce the formation of tubular
compartments (10). These results indicate that signals provided by TLR4 are required for the
efficient formation of endolysosomal tubules, although no other TLR ligands were examined.
We wished to extend these observations to determine whether MyD88-dependent TLR
signaling is required for the formation of tubular compartments or whether DCs could form
endolysosomal tubules using other TLR signaling pathways upon exposure to whole
pathogens.

CN is a pathogenic fungus with a complex cell wall structure (45). Although incompletely
characterized, the surface of CN engages at least TLR2 and TLR4 (46,47). To determine
whether DCs lacking MyD88~/~ can form endosomal tubules by stimulation with whole CN,
BMDCs from mice expressing class Il MHC-eGFP and lacking MyD88/~ were transduced to
express CD63-mRFP1 and exposed to CN. The fungal pathogen evoked many tubular
compartments in DCs after 2 h of exposure. These tubules contained both class Il MHC
molecules and CD63 (Fig. 5). Moreover, after 4 h the majority of the DCs demonstrated surface
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translocation of class 1| MHC molecules, indicating proper maturation of the DCs (data not
shown). These results demonstrate that DCs lacking MyD88 retained the capacity to form
endosomal tubules.

Saltatory and bidirectional movements of endolysosomal tubules

We observed that these tubules are not static but rather quite dynamic compartments that
demonstrate significant movement over time. As an example, BMDCs expressing CD63-
mRFP1 are shown in Fig. 6A. Serially acquired frames for the same cell show that the tips of
the tubules move in a saltatory fashion instead of in a smooth, continuous movement. Similar
results were seen with class Il MHC containing tubular endosomes (data not shown). To define
better this process, two tubules from a DC expressing CD63-mRFP1 were used to determine
their velocity. The absolute velocities ranged from 0 to 1.5 um/s (Fig. 6B). The tubular
compartments appeared to move independently of one another, as demonstrated by
nonoverlapping velocity curves.

Using LPS-stimulated DCs expressing CD63-mRFP1, we observed that some tubular
endolysosomal compartments moved with centripetal motion while most of the tubular
compartments moved with centrifugal motion (Fig. 6C). To ensure that these tubular
compartments are not an artifact of cell spreading on the coverslip, primary BMDCs expressing
CD63-mRFP1 were stimulated with LPS and optical sections in the z dimension were acquired
using confocal microscopy. The data were integrated into a three-dimensional image that
clearly shows tubules in the x, y, and z dimensions (Fig. 6D).

Endolysosomal tubules associate with microtubules

Endolysosomal tubules have characteristics of locomotion similar to those displayed by
compartments that use motor proteins on microtubule tracts. In addition, in fixed DCs from
class 11 MHC-eGFP knock-in mice the class 1" tubules to a large extent colocalized with
microtubules (8). Electron microscopy and immunofluorescence analyses on fixed samples
fail to capture the dynamics of endolysosomal tubules and their functional interdependence
with the cytoskeleton. To determine in living cells whether microtubules are associated with
endolysosomal tubules, we transduced DCs to express YFP-tubulin and CD63-mRFP1. Both
tubulin monomers and microtubules were present in DCs (Fig. 7A). Imaging of CD63 in the
same cell shows the presence of endolysosomal tubules. The merged image shows close
apposition of these signals, suggesting that these two structures may be physically associated.
To determine the extent of overlap, the isolated image of the tubule was subjected to statistical
analysis. Of the 6,942 pixels used in the analysis, 19% showed intensity >1 SD above the
background intensity. Using selected YFP-tubulin and CD63-mRFP1 pixel values, there is
significant overlap with a Pearson’s correlation value of 0.912. Using time-lapse imaging, these
associations remain close throughout the time imaged (data not shown).

Microtubule disruption by nocodazole leads to collapse of class Il MHC* tubular
compartments

Although microtubules and CD63 tubules occupy the same pixels in our image analysis, it did
not demonstrate functional interdependence. The radial extension of lysosomes uses a
microtubule-associated motor in macrophage cell lines (48). To determine whether the
maintenance of endolysosomal tubules in live DCs required intact microtubules, LPS-
stimulated cells from class Il MHC-eGFP were treated with 10 uM nocodazole, a microtubule-
destabilizing agent. The treatment of living cells perturbs cellular architecture in a way similar
to that observed in samples prepared for immunofluorescence. However, live cell imaging
permits the visualization of a single cell over time to determine the kinetics of response.
Immediately before the addition of nocodazole, long class Il MHC-eGFP tubular endosomes
are seen. Shortly after the addition of nocodazole there is near complete collapse of these
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tubules without a change in the overall fluorescence signal and shape of the same cell. Changes
to the overall cellular architecture can be seen after 15 min (data not shown). Disruption of the
microtubules thus causes the collapse of the endosomal class 11* tubules. In contrast, the
addition of cytochalasin D (actin fiber-destabilizing agent) did not affect the architecture of
the tubular compartments but did affect the overall cellular architecture after 15 minutes (data
not shown). Microtubules thus serve as important scaffolds for endolysosomal tubules.

CD63-mRFP1 tubules follow EB1-eGFP

Mobilization of DCs from tissues to regional lymph nodes requires significant rearrangement
of the cytoskeleton for locomotion. Microtubules are also required for proper trafficking of
class I MHC molecules from the endosomal compartment to the cell surface. Microtubules
exhibit dynamic instability with their plus ends either polymerizing or depolymerizing. We
used EB1-GFP to label the positive end of microtubules and determined whether
endolysosomal tubules move along polymerizing microtubules. BMDCs from C57BL/6 mice
were transduced with lentiviruses encoding either CD63-mRFP1 or EB1-eGFP and then
stimulated with LPS. In these cells, the distribution of EB1 was either diffusely cytoplasmic
or had the appearance of “comets” that appeared to move centrifugally (Fig. 7C). This
appearance was similar to EB1 movement from the microtubule organizing center in other cell
types (30). In DCs, EB1-eGFP was localized to the leading edge of the endolysosomal tubules
labeled by CD63-mRFP1, suggesting that these compartments use polymerizing microtubule
tracks to deliver material to the cell surface (Fig. 7, C and D). Time-lapse imaging clearly
visualizes the relative positions of EB1-eGFP and CD63-mRFP1. Endolysosomal tubules
therefore use polymerizing microtubules for their movement.

Discussion

DCs possess sophisticated machinery to detect pathogens. Upon exposure to TLR ligands such
as LPS, immature DCs transform to mature DCs capable of activating naive T cells. This
program includes the enhanced degradation of protein Ags into peptides suitable for loading
onto class 11 MHC molecules present in the endocytic compartment. Peptide-loaded class 11
MHC molecules are then transported from the endolysosomal compartments to the cell surface.
Instead of discrete vesicular fusion with the cell surface, many class Il MHC* compartments
form long tubules that appear to serve as the mode of transport to the cell surface in DCs (8,
9,42,43). Inf this study we show for the first time that these endolysosomal tubules contain
additional molecules of immunological relevance, including the tetraspanins CD63 and CD82.
The lysosomal resident protein LAMP1 is also found in these compartments. This study extends
our knowledge of this dynamic compartment in that we used live cell imaging of fluorescently
tagged proteins in the endocytic pathway. Using these tools, we demonstrate that multiple
proteins in the endocytic pathway can be found within the same tubule (Fig. 8). We have also
shown that these endolysosomal tubules are dynamic and display saltatory, bidirectional
movement. These tubules remain acidic, as demonstrated by the inclusion of the LysoTracker
dye. Finally, we demonstrate that these tubules have a functional dependence on microtubule
tracts and can use polymerizing microtubules, as determined by the use of EB1-GFP in
conjunction with simultaneous imaging of endolysosomal tubules and components of the
cytoskeleton. Although our model suggests a role for kinesin and dynein in the movement of
endolysosomal tubules, direct evidence of such interdependence remains to be determined (Fig.
8).

In the merged images of various proteins, endolysosomal tubules are not entirely uniform but
rather show patchy staining with an occasional predominance of one membrane protein over
another. These tubular compartments may therefore not represent a uniform mix of membrane
proteins but rather consist of specific subdomains of proteins within the tubular compartment.
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Tetraspanins such as CD63 and CD82 may contribute to the specific organization of
membranes in endolysosomal tubules similar to that seen in immunological synapses.
Currently, the resolution limits of our instrumentation preclude us from defining such domains
more accurately.

The role of the ER in the formation of endolysosomal tubules remains poorly understood. The
addition of soluble CpG DNA to DCs permits the labeling of highly motile tubular
compartments that label also with OVA, indicating their endolysosomal origin (49). TLR9
interacts with CpG in these compartments, yet the receptor remains sensitive to
endoglycosidase H, indicating a failure of the receptor to traverse the Golgi. This observation
may imply direct delivery from the ER to the endolysosomal tubules. Our data do not support
a model where ER-retained polypeptides directly interact with tubular endolysosomal
compartments. In our system, the retention of class Il MHC polypeptides in the ER, as seen in
DCs from mice that lack an invariant chain, did not prevent the formation of endolysosomal
tubules. It remains possible that different signaling pathways are implicated in endolysosomal
tubule formation and function, respectively.

Tubulation of the class Il MHC compartment can be induced in an Ag-dependent, T cell-
specific manner (8). The endolysosomal tubules described previously were all long and
appeared directional upon coincubation with Ag-specific T cells. The observation that LPS
alone is sufficient to induce the formation of such tubular compartments does not necessarily
conflict with these data. Indeed, agonists such as LPS appear sufficient to evoke tubulation in
a time- and dose-dependent manner, but the lengths of the tubular compartments appeared to
be shorter and more randomly distributed than the tubules in the previous study (10). Ag-
specific and T cell-dependent tubulation also appear to require the engagement of adhesion
molecules such as LFA-1 and LFA-2 (10).

The use of primary DCs that express fluorescently tagged proteins avoids the possible
confounding factors of established cell lines or the use of cell lines of different histological
origin, each of which may display unique specializations with respect to the architecture and
dynamics of the endolysosomal compartment. Live cell imaging further allows us to observe
discrete movements of these tubular compartments themselves and in relation to other
molecules, including those of the cytoskeleton. Time-lapse imaging showed endolysosomal
tubules that had both centripetal and centrifugal motion. These images are reminiscent of those
seen for Rab21, a small GTPase in the endocytic pathway thought to be a regulator of integrin
traffic (50). It is noteworthy that CD63 also associates with members of the integrin family
(51). Whether Rab21 and CD63 are found in the same subcellular domains remains to be
determined.

The requirement for intact microtubules and the use of polymerizing microtubules show active
delivery of endolysosomal proteins to the cell surface. The Rab family of GTPases appears to
be essential for the regulation of intracellular membrane traffic in mammalian cells (52). In
cultured cell lines, Rab7 associates with endolysosomal vesicles and regulates motor protein
recruitment (53,54). Active Rab7, in turn, interacts with RILP (Rab7-inter-acting lysosomal
protein) (55). This protein complex bridges phagolysosomes with dynein-dynactin, a
microtubule-associated motor complex (56). The estimates of the observed velocities
suggested microtubule-associated movement of endolysosomal tubules. The use of YFP-
tubulin and EB1-GFP confirmed the critical role of microtubules in this type of trafficking.
Our microscopy analysis demonstrated that EB1* microtubules are involved in the trafficking
of endosomal tubular compartments. Whether polymerizing microtubules are the preferred
route of delivery to the cell surface remains to be determined.
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Our results showed that the machinery responsible for the formation of tubular compartments
appeared to be intact in cells lacking MyD88. Signaling through TLRs can occur in an MyD88-
dependent and MyD88-independent manner (57). Indeed, LPS-induced maturation of DCs uses
the MyD88-inde-pendent pathways, whereas MyD88 is important for LPS-induced production
of inflammatory cytokines (58). Previous studies from our laboratory have shown that LPS
requires the presence of MyD88 for Ag-specific, T cell-induced endolysosomal tubulation in
DCs expressing class Il MHC-eGFP, although an intact microorganism, a more physiologic
substrate, has not been tested for TLR activation. CN alone was sufficient to cause
endolysosomal tubulation in primary DCs from MyD88~/~ mice. The capacity of the
endolysosomal compartments to form tubules thus remained intact in cells that lack MyD88.
We also observed that cells that had not phagocytosed CN still displayed endolysosomal
tubules, indicating that perhaps the signal did not initiate from a phagosome but rather may be
an as yet unidentified soluble factor derived from CN.

In immature DCs, constituents of the endolysosomal compartment showed a typical vesicular
pattern. Upon exposure to pathogen or factors derived from them, these stimuli promote the
transformation of vesicular compartments into long tubular compartments (8,9,42,43). These
tubules deliver class I MHC molecules and other proteins to the cell surface. Other proteins
present in these tubules are either short lived on the cell surface or are retrieved rapidly by
endocytosis. Because migration from the tissues to the regional lymph node is an early step
after DC activation in the periphery, it seems plausible that the movement of intracellular
proteins to the cell surface would likewise use rearrangements of the cytoskeleton. Pathogens
that focus on disruption of the cytoskeleton may affect both the locomotion of DCs and the
translocation of endolysosomal proteins to the cell surface, thus effectively subverting the
immune response.
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FIGURE 1.

LPS induces endolysosomal tubules in primary BMDCs in a time- and dose-dependent manner.
A, Using a fixed concentration of LPS (100 ng/ml), BMDCs from mice expressing class 1l
MHC-eGFP were exposed for varying times and cells were scored for the presence or absence
of tubular compartments. B, BMDCs from class Il MHC-eGFP knock-in mice were exposed
to graded amounts of LPS for 2 h. Five hundred cells were scored for the presence or absence
of endolysosomal tubules at each indicated dose of LPS. C, BMDCs expressing endolysosomal
proteins of class Il MHC-eGFP, CD63-mRFP1, CD82-mRFP1, and LAMP1-eGFP
demonstrated tubule formation. D, Magnification of the tubular compartments in each
delineated area is shown. Scale bars represent 5 pm.
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FIGURE 2.

CD63,CD82, class Il MHC, and LAMP1 colocalize in endolysosomal tubules of LPS-activated
BMDCs. BMDCs from class Il MHC-eGFP were transduced with lentivirus encoding either
CD63-mRFP1 (column A) or CD82-mRFP1 (column B) and stimulated with 100 ng/ml LPS
to induce the formation of endolysosomal tubular compartments. Individual images show
endolysosomal tubules composed of CD63 or CD82 (both red) and the class Il compartment
(green). Merged images are shown in the third row from the top. Magnification of the region
of the cell demonstrating tubular compartments is shown in the bottom panel of each column.
B6 BMDCs were transduced with lentiviruses expressing either CD63-mRFP1 or LAMP1-
eGFP and exposed to 100 ng/ml LPS for 2 h before imaging (column C). Cells expressing both
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CD63 (red) and LAMP1 (green) were imaged. The merged image is shown in the third

panel from the top and magnification of the tubules is seen in the bottom panel. Scale bars
represent 5 pm.
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FIGURE 3.

Endolysosomal tubules colocalize with LysoTracker and soluble Ag. A, BMDCs expressing
CD63-mRFP1 were loaded with 50 nM LysoTracker Green DND-26 (green) for 30 min and
then washed twice in PBS. The cells were stimulated with 100 ng/ml LPS, and cells with
endolysosomal tubules were imaged. Tubular compartments can be visualized using both
CD63-mRFP1 and LysoTracker as evidenced by the merged image and the magnification of
these structures. B, The endolysosomal tubules showed dynamic movement with
heterogeneous staining of both signals over time. Images were obtained every two seconds.
The arrows indicate the dynamic movement and heterogeneity of the endolysosomal tubules.
C, Using LysoTracker Red DND-99 (red) and BMDCs from class Il MHC-eGFP DCs, the
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colocalization of class Il MHC and LysoTracker in tubular endosomes is seen. BMDCs
expressing CD63-mRFP1 were incubated with 50 nM of OVA-Alexa Fluor 647 for 30 min
before the addition of 100 ng/ml LPS and imaged 2 h later. D, Cells with endolysosomal tubules
showed colocalization of CD63 and OVA (merged images and magnified image). E, Serial
images were obtained every 2 s to demonstrate the dynamic behavior of the endolysosomal
tubules containing CD63 and OVA-Alexa 647. Arrows denote one representative
endolysosomal tubule.
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FIGURE 4.

Endolysosomal tubules do not require the proper trafficking of class I MHC molecules.
BMDCs derived from mice expressing class Il MHC-eGFP but lacking an invariant chain
(1i"") were transduced to express CD63-mRFP1. A, In the absence of LPS, CD63 was found
in its normal vesicular compartment whereas class Il MHC was found in a reticular pattern
suggestive of ER retention. B, After LPS stimulation, the CD63 compartment formed
endolysosomal tubules, but no class II MHC tubules were seen in the endolysosomal tubules.
Scale bars represent 5 um.
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Class II MHC

FIGURE 5.

Endolysosomal tubule formation occurs in BMDCs lacking MyD88. BMDCs derived from
mice expressing class 1| MHC-eGFP but lacking MyD88 were transduced to express CD63-
mMRFP1. After stimulation with the pathogenic yeast CN, endolysosomal tubular compartments
that contain both class 11 MHC and CD63 are seen. Scale bars represent 5 pum.
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FIGURE 6.

Endolysosomal tubular compartments demonstrate saltatory and bidirectional movement in
primary BMDCs. A, BMDCs expressing CD63- mRFP1 were exposed to 100 ng/ml LPS for
2 h and imaged using confocal microscopy. Two endolysosomal tubules (arrows) exhibit
dynamic behavior with saltatory movements (time listed in seconds after the first picture (far
left) shown). B, The velocity of the tips of endolysosomal tubules was determined by examining
sequential frames captured at 1-s intervals in a time-lapse movie using Metamorph software.
C, Some tubular compartments show both centripetal and centrifugal motion. LPS-stimulated
CD63-mRFP1 expressing BMDCs with prominent endolysosomal tubules were visualized
every 1.5s. Two tubules (identified with two different arrows) show these types of movements.
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The tubule identified with the filled arrowhead moved away from the centroid of the cell while
the tubule identified with the double bar arrowhead showed movement toward the centroid of
the cell. LPS-activated BMDCs expressing CD63-mRFP1 were imaged using 0.2-pum z steps.
D, The resulting set of images was deconvoluted using the iterative restoration algorithm in
Volocity and images were integrated to develop a three-dimensional model (left). Cross-
sectional image in yz demonstrating the location of endolysosomal tubular compartments is
seen at the top of the three-dimensional model and xz is seen to the left of the model. Higher
magnification of this image false colored is shown on the right. Scale bars represent 5 pm.
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FIGURE 7.

Endolysosomal tubules colocalize with polymerizing microtubules, and nocodazole disrupts
tubules in class 11 MHC-eGFP-expressing DCs. A, BMDCs were transduced to express YFP-
tubulin and CD63-mRFP1. After LPS stimulation, cells that formed endolysosomal tubules
were imaged as shown. B, Administration of 10 uM nocodazole to class II| MHC-eGFP
tubulating cells; serial images at the times indicated are shown. Nocodazole administration
was arbitrarily assigned the value of 0 s (t = 0'00"). C, LPS-stimulated BMDCs expressing
CD63-mRFP1 and EB1-eGFP were imaged. CD63™ tubules are in close apposition to EB1
“comets.” D, Over time, the CD63 tubules (long arrow) followed the EB1 path (short arrows).
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FIGURE 8.

Model of endolysosomal tubules and interdependence with microtubules. Endolysosomal
tubules express CD63, class || MHC, CD82, and LAMP1 membrane proteins. Endolysosomal
tubules use motor proteins associated with microtubules for bidirectional movement and follow
the polymerizing microtubules as determined by the tracking of EB1-GFP. Although kinesin
and dynein may serve as the motor proteins, no direct interaction was shown in this study.
Endolysosomal tubules do not appear to be associated closely with actin. Class || MHC
molecules are delivered to the cell surface by this mechanism (9). Whether CD63, CD82, and/
or LAMP1 is delivered to the cell surface using endolysosomal tubules remains to be
determined.
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