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Dendritic cells (DCs) phagocytose large particles like bacteria at
sites of infection and progressively degrade them within maturing
phagosomes. Phagosomes in DCs are also signaling platforms for
pattern recognition receptors, such as Toll-like receptors (TLRs), and
sites for assembly of cargo-derived peptides with major histocom-
patibility complex class II (MHC-II) molecules. Although TLR signal-
ing from phagosomes stimulates presentation of phagocytosed
antigens, the mechanisms underlying this enhancement and the
cell surface delivery of MHC-II–peptide complexes from phago-
somes are not known. We show that in DCs, maturing phagosomes
extend numerous long tubules several hours after phagocytosis.
Tubule formation requires an intact microtubule and actin cytoskel-
eton and MyD88-dependent phagosomal TLR signaling, but not
phagolysosome formation or extensive proteolysis. In contrast to
the tubules that emerge from endolysosomes after uptake of sol-
uble ligands and TLR stimulation, the late-onset phagosomal
tubules are not essential for delivery of phagosome-derived
MHC-II–peptide complexes to the plasma membrane. Rather, tubu-
lation promotes MHC-II presentation by enabling maximal cargo
transfer among phagosomes that bear a TLR signature. Our data
show that phagosomal tubules in DCs are functionally distinct
from those that emerge from lysosomes and are unique adapta-
tions of the phagocytic machinery that facilitate cargo exchange
and antigen presentation among TLR-signaling phagosomes.
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Professional phagocytes take up large particles, such as bac-
teria, by phagocytosis and submit them to an increasingly

harsh environment during phagosome maturation (1). Phagocytes
concomitantly alert the immune system that an invader is present
via signaling programs initiated by pattern recognition receptors,
such as Toll-like receptors (TLRs) (2). Conventional dendritic
cells (DCs) also alter and optimize phagosome maturation and
TLR-signaling programs to preserve bacterial antigens for load-
ing onto MHC class I and class II (MHC-II) molecules and op-
timize cytokine secretion to stimulate and direct T-cell responses
to the invading agent (3, 4). DC presentation of soluble antigen is
facilitated by TLR-driven tubulation of lysosomes that harbor
MHC-II–peptide complexes and by consequent fusion of tubu-
lovesicular structures with the plasma membrane (5–7); however,
little is known about the mechanism by which signaling pathways
influence the formation or presentation of phagosome-derived
MHC-II–peptide complexes, key processes in the adaptive im-
munity to bacterial pathogens.
TLRs respond to microbial ligands at the plasma membrane and

in intracellular stores (8). TLR stimulation at the plasma mem-
brane, endosomes, or phagosomes elicits distinct signaling path-
ways via two sets of adaptors, TIRAP (or MAL)-MyD88 and
TRAM-TRIF (8, 9), which induce proinflammatory cytokine se-
cretion and other downstream responses. TLRs such as TLR2 and

TLR4 are recruited to macrophage and DC phagosomes at least
partly from an intracellular pool (10–13), and signal autonomously
from phagosomes independent of plasma membrane TLRs (11, 14,
15). Autonomous phagosomal signaling from TLRs or Fcγ
receptors enhances the degradation of phagocytosed proteins and
assembly of MHC-II with their derived peptides (14–16). Phag-
osomal TLR signaling has been proposed to also promote the
reorganization of phagosome-derived MHC-II-enriched compart-
ments (MIICs) to favor the delivery of MHC-II–peptide complexes
to the plasma membrane (17), analogous to TLR-stimulated for-
mation of tubules fromMIICs/lysosomes (18–20) that fuse with the
plasma membrane (7) and extend toward the immunologic synapse
with T cells (5). Tubules emerge from phagosomes in macrophages
shortly after phagocytosis and likely function in membrane recy-
cling during early phagosome maturation stages (21–23), but
tubules at later stages that might facilitate the presentation of
phagosome-derived MHC-II–peptide complexes have not been
reported previously. Moreover, a role for TLR signaling in for-
mation of phagosome-derived tubules has not been established.
Herein we show that in DCs, maturing phagosomes undergo

extensive tubulation up to several hours after phagocytosis, and that
tubulation requires TLR and MyD88 signaling and an intact actin
and microtubule cytoskeleton. Unlike lysosome tubulation, phago-
some tubulation is not essential for MHC-II–peptide transport to
the cell surface. Rather, it contributes to content exchange among
phagosomes that carry a TLR signature, and thereby enhances
presentation of phagocytosed antigens from potential pathogens.

Results
Tubules Emerge from Maturing Phagosomes in DCs. To investigate
phagosomal tubulation in DCs, we exploited latex beads coated
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with Texas red-conjugated ovalbumin (OVA) and lipopolysac-
charide (LPS; LPS/OVA-TxR) as phagocytic cargo (11, 24). Wild
type (WT) C57BL/6 bone marrow-derived DCs (BMDCs) were
pulsed with beads for 30 min, and the fate of phagocytosed OVA-
TxR was monitored by live cell microscopy at different chase
times. TxR-labeled tubules (referred to here as “phagotubules”)
emanated from phagosomes starting at 1 h of chase and peaked
in number and length by 2–3 h, when two to six phagotubules
emanated from each phagosome within ∼90% of cells during 60 s
of imaging (Fig. 1 A and B and Movies S1 and S2). Although the
few tubules observed at 1 h were short (<2 μm), most of the
tubules at 2–3 h were 6–8 μm long. Tubule formation from
phagosomes decreased by 6 h of chase. Similar TxR-labeled
tubules were observed in purified CD8+ and CD8− subsets from
CD11c+ splenic DCs after phagocytosis of LPS/OVA-TxR beads
(Fig. 1C and Fig. S1A). Thus, long phagotubules are prominent
features of phagosomes at a late stage of maturation in DCs, and
are distinguishable from the tubules that emanate from macro-
phage phagosomes early after phagocytosis (21, 22).

To test whether phagotubules form using a natural cargo, we
analyzed BMDCs by live cell microscopy following a pulse with
live Escherichia coli expressing EGFP (E. coli-EGFP). As with
latex beads, phagotubules emanated from fluorescent bacteria
after 2 h of chase (Fig. 1D and Movie S3). Thus, phagotubule
formation is a general physiological feature of late phagosomes
harboring LPS-coated particles in DCs. Subsequent experiments
were performed with latex beads at 2.5 h of chase.

Phagosome Tubulation Requires TLR4-MyD88 Signaling. Because
TLR signaling induces tubulation from endolysosomes in DCs
(6), we probed its role in phagotubule formation. As reported
previously (25, 26), pretreatment of WT BMDCs with IRAK-1/4
inhibitor (9) specifically inhibited MyD88-dependent signaling
(Fig. S1 B and C), whereas the TBK-1 inhibitor BX795, but not
IRAK-1/4 inhibitor, effectively impaired IRF3 phosphorylation
downstream of TRAM-TRIF (Fig. S1D). Inhibitors were then
added to WT BMDCs either 2 h before a 30-min pulse with LPS/
OVA-TxR beads (“pretreatment”) or at the time of the pulse
(“at pulse”) to block signaling from both the plasma membrane
and phagosomes, or at the start of a 2.5-h chase following the
pulse (“at chase”) to impede only phagosomal signaling. IRAK-
1/4 inhibitor impaired phagotubule formation by 84% for pre-
treatment, by 76% at pulse, and by 46% at chase (Fig. 2 A and B
and Movie S4), suggesting that optimal tubulation requires both
surface and phagosomal MyD88-dependent LPS signaling. Con-
sistently, phagotubules were detected in only 12 ± 3% of Myd88−/−

BMDCs (compared with 87.5 ± 4% of WT) that were stimulated
with LPS/OVA-TxR beads (Fig. 2 A and B and Movie S4). In
contrast, the addition of BX795 to WT DCs at any time did not
affect phagosome tubulation. Consistently, the addition of poly(I:C)
(which stimulates only the TRAM-TRIF pathway via TLR3) to the
LPS/OVA-TxR beads in IRAK-1/4 inhibitor-treated WT cells did
not rescue phagosome tubulation (Fig. S2A and Movie S5), al-
though it did restore IL-6 secretion (Fig. S2B). These data indicate
that tubule formation from phagosomes in response to LPS in DCs
requires signaling through the TLR4-MyD88 axis but not through
the TRAM-TRIF pathway, and can be uncoupled from proin-
flammatory cytokine secretion.

Phagosome Tubulation Requires Actin and Microtubule Integrity, but
Not Complete Phagolysosome Maturation. Because phagotubules
were detected by TxR released from LPS/OVA-TxR beads, we
tested whether their formation required phagosomal proteolysis,
a consequence of phagosome maturation (11, 16). DCs were
treated with 3-methyladenine (3-MA), an inhibitor of class III
phosphatidylinositol 3-kinases that disrupts early stages of phago-
some maturation and acquisition of proteolytic activity (27–30).
DCs pretreated with 3-MA generated 50 ± 7% fewer phago-
tubules than vehicle-treated cells, but treatment at the pulse or
during the chase had only a modest to insignificant effect (Fig. 2 C
and D and Movie S6). Thus, phagotubule formation was impaired
much less by 3-MA than by IRAK-1/4 inhibitor or by loss of
MyD88 expression, and likely in part reflects inefficient detection
owing to reduced TxR release from the beads. Pretreatment with
bafilomycin A1, an inhibitor of the proton vacuolar ATPase, also
had no effect on phagotubule formation (Fig. 2 C andD andMovie
S6). Nevertheless, 3-MA or bafilomycin A1 treatment substantially
impaired phagosomal proteolytic activity, measured as degradation
of bead-associated OVA (Fig. S3 A and B). In comparison, the
impairment of OVA proteolysis in IRAK-1/4 inhibitor-treated or
Myd88−/− or Tlr4−/− DCs was less pronounced (Fig. S3 A and B),
despite the dramatic effect on phagotubule formation (Fig. 2 A and
B). These observations suggest that tubulation is independent of
classical measures of phagosome maturation.
Consistent with the requirement for microtubules in forming

and stabilizing lysosomal tubules in DCs (31, 32) and for actin
dynamics in MHC-II transport to the plasma membrane (20),
phagotubules were nearly ablated when cells were treated at chase
with either nocodazole to depolymerize microtubules or latrunculin
B to destabilize actin (Fig. 2 C and D and Movie S6). Latrunculin

Fig. 1. Tubules emerge from phagosomes in DCs. WT BMDCs (A, B, and D)
or splenic CD8+ or CD8− DCs (C) were pulsed with LPS/OVA-TxR beads (A–C)
or E. coli-EGFP (D) for 30 min, chased as indicated, and analyzed by live cell
imaging. Arrowheads indicate phagotubules. (A) (Left) Tubules emerging
from phagosomes over 2 min were quantified per phagosome at each chase
time (10 cells per experiment, five independent experiments). The percent-
age of cells with the indicated average number of tubules/phagosome is
shown. (Right) Representative frames from movies at indicated chase times.
(Upper) Differential interference contrast (DIC) images emphasizing the
beads. (Middle) TxR fluorescence. (Lower) Magnified insets from boxed re-
gion of the middle row. (B) Frame sequence of a representative movie after
2.5 h of chase. (C) Frames from representative movies showing DIC and TxR
images after 2.5 h of chase. (D) Merged DIC and GFP fluorescence image
from a single frame (Left) and frame sequence of representative movie of
GFP fluorescence (Right) after a 2-h chase. (Scale bars: 2.6 μm.)
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treatment also led to the accumulation of TxR-labeled vesicles).
Nocodazole treatment also partially impaired OVA degradation
on OVA-TxR beads, as expected (33, 34), whereas latrunculin B
treatment did not (Fig. S3C). Thus, both actin and microtubule
dynamics are needed for phagotubule formation/stabilization,
but not substantially for phagolysosome maturation.

Phagosomal Tubulation Is Not Essential for Surface Delivery of MHC-
II–Peptide Complexes. To test whether phagotubules, like endoly-
sosome-derived tubules in DCs (5–7), are conduits for MHC-II
trafficking, we exposed MHC-II–EGFP–expressing BMDCs (5) to
LPS/OVA-TxR beads. TxR-labeled tubules overlapped with
tubules harboring MHC-II–EGFP by live cell microscopy (Fig. 3A
and Movie S7), indicating that MHC-II derived from phagosomes
is present on phagotubules. To test whether phagotubule forma-
tion correlated with MHC-II–peptide surface expression, we
pulsed cells with latex beads coated with recombinant Eα protein
and then quantified cell surface MHC-II/Eα peptide complexes
4 h later using flow cytometry with the YAe antibody (11, 35).
Typically, YAe labeled 25–30% of WT DCs after exposure to Eα
beads, but not to beads coated with BSA (Fig. 2 E and F). As
expected from their effects on proteolysis, both 3-MA and bafi-
lomycin A1 inhibited Eα presentation to background levels (Fig.
2E); the mean fluorescence intensity of positive cells was constant,
as shown previously (11, 30). In contrast, despite its profound
effects on phagotubule formation, IRAK-1/4 inhibitor added at

pulse or at chase reduced Eα presentation by only 25–30%, similar
to its effect on OVA degradation (Fig. S3 A and B). A comparable
moderate reduction was observed in Myd88−/− DCs (Fig. 2E)
despite an 88 ± 3% reduction in phagotubule formation (Fig. 2 A
and B). Furthermore, latrunculin and nocodazole treatments, both
of which nearly completely blocked phagotubule formation, also
had mild effects on Eα presentation (Fig. 2F), possibly attributable
to impaired proteolysis (Fig. S3C). These data show that MHC-II
presentation of phagosome-derived antigens can proceed to a
great extent in the absence of phagotubules.
To test whether phagotubules fuse with the plasma membrane,

we exploited total internal reflection fluorescence (TIRF) mi-
croscopy (36). DCs pulsed with LPS/OVA-TxR beads were im-
aged 2.5 h later by alternating TIRF (to visualize phagotubules
within 200 nm of the plasma membrane) with epifluorescence
microscopy (to detect all tubules) and confocal microscopy (to
visualize phagosomes). Whereas numerous tubules were detec-
ted by epifluorescence (green in Fig. 3 B and C and Movie S8),
only rare long tubules (>8 μm long) were observed near the
plasma membrane (red in Fig. 3 B and C and Movie S8). These
tubules often retracted without fusing with the plasma mem-
brane or losing their contents (Fig. 3C and Movie S8). In more
than 15 movies in which phagotubules were detected by TIRF,
we observed no obvious fusion events (indicated by flashes of
fluorescence followed by signal dissipation). In contrast, we
readily detected plasma membrane fusion of TxRed-labeled
tubulovesicular structures derived from endolysosomes at 2 h
after uptake of soluble LPS/OVA-TxR (Fig. S4), as described
previously (7). Thus, phagotubules are functionally distinct from
the tubules that emerge from endolysosomes, do not contact the
cell surface in DCs, and are not likely conduits for the cell sur-
face delivery of phagosome-derived MHC-II–peptide complexes.Fig. 2. Phagosome tubulation requires TLR4-MyD88 signaling and an intact

cytoskeleton and has a moderate impact on MHC-II-antigen presentation.
BMDCs from WT or Myd88−/− mice were untreated or pretreated, treated at
pulse or at chase with vehicle (DMSO) or inhibitors as indicated, and pulsed
with LPS/OVA-TxR beads, Eα beads, or LPS/BSA beads. (A–D) BMDCs pulsed
with LPS/OVA-TxR beads and treated as indicated were analyzed by live cell
imaging after a 2.5-h chase. (A and C) The percentage of DCs that showed
phagotubules during 2 min of analysis was calculated for 10 cells per exper-
iment, five independent experiments. (B and D) Frames from representative
movies of cells treated as indicated. (E and F) Cells treated as indicated, pulsed
with Eα beads (or LPS/BSA beads as a control), and chased for 4 h were labeled
for surface MHC-II:Eα52–68 by YAe antibody and analyzed by flow cytometry.
Shown are the percentages of positive cells. Error bars represent mean ± SD.

Fig. 3. Phagotubules contain MHC-II molecules, but do not fuse with the
plasma membrane. (A) WT MHC-II–GFP–expressing BMDCs were pulsed with
LPS/OVA-TxR beads (Upper) or E. coli-expressing mCherry (Lower), chased for
2.5 h, and analyzed by live cell imaging. Shown is a magnified region from
a frame of a representative movie (Upper) and a still image (Lower). Arrow-
heads indicate OVA-TxR or mCherry (red) onMHC-II–GFP–positive phagotubules
(green). (B and C) WT BMDCs were pulsed with LPS/OVA-TxR beads, chased for
2.5 h, and analyzed by live cell imaging using epifluorescence and confocal and
TIRF microscopy. (B) Shown are epifluorescence alone (green, Left), TIRF plane
(red, Center) and confocal (green, Center; note the beads), and merged
epifluorescence (green) and TIRF (red) images (Right) from a representative
movie. (C) Frame sequence of the same movie in the TIRF plane, cropped to
highlight the prominent phagotubule. The white arrowhead indicates the distal
end of the extending phagotubule; the green arrowhead, a reference point for
tubule extension and retraction over time. (Scale bars: 2.6 μm.)
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Phagosomal Tubules Favor Content Transfer Between Phagosomes.
Phagotubules often contact other phagosomes, as seen by live
cell imaging after phagocytosis of mixtures of LPS/OVA beads
conjugated to either TxR or Alexa Fluor 488 (AF488; Fig. 4A
and Movie S9). Thus, we considered whether the tubules poten-
tiate “cargo exchange” among phagosomes. One phagosome can
bear only one latex bead (16); thus, if content exchange occurs
after phagocytosis of multiple LPS-coated beads with different
labels, then phagosomes with one label will gradually acquire the
other label. A reduction in double-labeled phagosomes from cells
treated with agents that interfere with tubulation would support
a requirement for tubules in content exchange.
Accordingly, BMDCs were pulsed with beads coated with LPS/

OVA-AF647 (“red beads”), LPS/OVA-AF488 (“green beads”),
or both (Fig. S5A), such that ∼80% of cells phagocytosed both
red and green beads (Fig. S5B). Cells were then chased for dif-
ferent times, and phagosomes were isolated and analyzed by flow
cytometry (11, 16). Consistent with content exchange at late stages
of phagosome maturation, bicolored single phagosomes accu-
mulated during the chase, peaking at 23 ± 1% of phagosomes by
4 h (Fig. 5B, upper right quadrants on flow cytometry plots),
substantially later than phagosome fusion induced by over-
expression of constitutively active RAB5 (37), and correlating
with the kinetics of phagotubule formation. Bicolored phagosomes
reflected intracellular exchange before fractionation, because
only 4 ± 1% of phagosomes were bicolored when isolated from
BMDCs that had separately phagocytosed either red or green
beads, chased for 4 h, and mixed before fractionation (Fig. 4B,
mixing control). Bead degradation independent of phagocytosis,
evaluated by incubating beads in cell culture media at 37 °C in
parallel to the chase, was insignificant (1%; Fig. S5A). Even
more robust phagosome content exchange was observed using
freshly isolated splenic DCs (Fig. S5 E and F). These data in-
dicate that quantifiable content exchange occurs among LPS-
containing phagosomes within individual DCs.
We then assessed whether inhibitors of phagotubule formation

also block phagosome content exchange. None of the inhibitors
altered DC phagocytic activity (Fig. S5 B and C). Treatment with
protease inhibitors, 3-MA, or bafilomycin strongly inhibited
content transfer (Fig. 4 C and D), likely reflecting inhibition of
OVA degradation (Fig. S3 A and B) and consequent failure to
release bound fluorophores. IRAK-1/4 inhibitor, which moder-
ately affected OVA degradation but strongly inhibited tubule
formation (Fig. 2 and Fig. S3), reduced phagosome content ex-
change by >50%, even when added during the chase after
phagocytosis (Fig. 4 C and D). Consistently, phagosome content
exchange in Myd88−/− and Tlr4−/− DCs, in which phagotubule
formation was dramatically impaired, was reduced by 50 ± 1%
and 40 ± 1%, respectively, compared with WT DCs (Fig. 4 C and
D). Moreover, both actin and microtubule integrity were required
for optimal content transfer between phagosomes (Fig. 4 C and
D), as they were for tubulation (Fig. 2 C and D). The require-
ments for actin dynamics, microtubule integrity, and MyD88-
dependent signaling in tubule formation were more absolute than
in content exchange, indicating that some degree of transfer
occurs even in the absence of tubules. Nevertheless, these data
suggest that phagotubules facilitate MyD88-dependent content
transfer between phagosomes.

TLR-Dependent Phagosomal Cross-Talk Enhances MHC-II Presentation.
We next tested whether phagotubule-dependent phagosomal
cross-talk would enhance MHC-II presentation, perhaps by ex-
posing MHC-II molecules from multiple TLR signaling phag-
osomes to potential peptide sources. BMDCs were pulsed
simultaneously with two cohorts of beads, one cohort coated with
LPS, Eα, and OVA (Eα/ΟVA beads) and the other either un-
coated (not expected to activate TLRs) or coated with LPS and
OVA but not Eα (OVA beads) to further stimulate inter-
phagosomal exchange. DCs were left untreated or treated at
pulse with IRAK-1/4 inhibitor or at chase with nocodazole, both
of which prevent phagotubule formation (Fig. 2), and MHC-II:Eα

surface expression was detected by flow cytometry using YAe. In
DCs exposed to Eα/ΟVA beads and OVA beads, Eα pre-
sentation was significantly enhanced relative to DCs exposed to
Eα/OVA beads and uncoated beads (Fig. 5A). This enhancement
was not related to increased expression of MHC-II molecules or
the costimulatory molecule CD40 during the chase or to in-
creased phagocytic uptake (Fig. 5 B and C), and did not reflect
altered OVA proteolysis (16). Moreover, whereas Eα pre-
sentation was only mildly impaired by both inhibitors in cells
exposed to Eα/ΟVA beads and uncoated beads—consistent with
results shown in Fig. 2E—the inhibitors ablated the increased
presentation observed in cells exposed to additional OVA (LPS-
containing) beads (Fig. 5A).
To determine whether the enhanced MHC-II presentation by

additional LPS-containing beads led to an enhanced T-cell re-
sponse, we exploited OVA323–339-specific/I-A

b
–restricted OT-II

T cells and OVA as an antigen. DCs were pulsed with beads

Fig. 4. Phagotubules facilitate content transfer between LPS-containing
phagosomes. WT BMDCs pulsed with a 1:1 mixture of LPS/OVA-TxR or LPS/OVA-
647 beads and LPS/OVA-AF488 beads were chased as indicated. (A) DCs chased
for 2.5 h were analyzed by live cell imaging. (Left) DIC (Upper) and corre-
sponding immunofluorescence image (Lower) from a frame of a representative
movie. (Right) Magnification of the boxed region from a frame sequence of the
same movie. Arrowheads indicate green phagotubules that contact red phago-
somes (arrows). (B) DCs were chased as indicated, after which intact phago-
somes were isolated and analyzed by flow cytometry. (Left) Forward scatter
(FSC) and side scatter (SSC) plots showing a gated region (box) representing
single phagosomes. (Center) Dot plots of a gated region from each chase time
point in a representative of three experiments. The percentage of bicolored
phagosomes (upper right quadrant) is indicated in red. (Right) Mixing control.
Phagosomes were isolated from DCs pulsed with either LPS/OVA-AF488 beads
or LPS/OVA-AF647 beads alone, chased for 4 h, and then mixed before ho-
mogenization. (C and D) Untreated Myd88−/−, Tlr4−/−, or WT DCs or WT DCs
treated with vehicle or inhibitors as indicated were chased for 4 h, and isolated
phagosomes were analyzed by flow cytometry as in B. (C) The percentage of
phagosomes bearing both AF488 and AF647 labels was quantified (mean ± SD)
in five independent experiments. (D) Representative experiment.
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coated with LPS, OVA, and BSA (OVA/BSA beads) together
with either BSA beads (containing LPS but lacking OVA) or
uncoated beads, and then cocultured with OT-II cells. T-cell
activation, measured by CD69 expression and IL-2 secretion
(Fig. 5 D and E), and T-cell proliferation, measured by carboxy-
fluorescein succinimidyl ester (CFSE) dilution (Fig. 5F), were
significantly enhanced in cocultures with DCs pulsed with both
types of LPS-coated beads compared with DCs exposed to OVA/
BSA beads and uncoated beads. These data indicate that cross-
talk among TLR-signaling phagosomes that carry different cargo
enhances MHC-II presentation and T-cell responses.

Discussion
We have shown that in DCs, maturing phagosomes emit long
tubules that harbor luminal phagosome contents several hours

after phagocytosis. These late-onset tubules are distinct from
tubules previously shown to emanate from early phagosomes and
that function in recycling phagosomal membrane contents (22,
23). Tubule formation requires intact microtubules and actin
dynamics and MyD88-dependent TLR signaling, but not phago-
lysosome formation or extensive proteolysis. The late-onset
tubules are not as long as those that emerge from lysosomes after
TLR stimulation (5, 7) and, unlike the lysosomal tubules, they
are not essential for the delivery of phagosome-derived MHC-II–
peptide complexes to the plasma membrane. Rather, our data
suggest that they promote MHC-II presentation by facilitating
exchange of contents among distinct TLR-signaling phagosomes.
Our data suggest that phagotubules in DCs are functionally
distinct from those that emerge from lysosomes and are unique
adaptations of the DC phagocytic machinery.
Our data confirm earlier observations that phagosomal TLR

signaling stimulates proinflammatory cytokine secretion (10, 11)
and proteolytic activity (14), antigen processing (15), and MHC-
II presentation from phagosomes (11). However, whereas global
TLR signaling in DCs induces lysosomal tubulation that traffics
endolysosome-derived MHC-II–peptide complexes to the cell
surface (6, 7), we show that phagosomal TLR4 signaling stimulates
the formation of tubules that are not required for cell surface
access of phagosome-derived MHC-II–peptide complexes. Phago-
somal tubule formation and antigen presentation were uncoupled
using pharmacologic agents or gene targeting to block TLR sig-
naling (in which phagotubules did not form but antigen pre-
sentation was largely intact) or phagolysosomal fusion (in which
phagotubules were intact but antigen presentation was blocked).
Moreover, phagotubules were not observed to fuse with the plasma
membrane under conditions in which fusion of endolysosome-
derived tubules was readily apparent. These observations suggest
that phagosome-derived MHC-II–peptide complexes are delivered
to the plasma membrane by other means via vesicles or content
transfer to lysosomes, as also has been observed in the endolyso-
somal system (20, 38).
Phagosomal tubules formed with kinetics similar to that of

phagosomal TLR4 and MyD88 recruitment following phagocy-
tosis (10, 11), required MyD88 signaling through IRAK-1/4, and
did not require TRAM-TRIF signaling through TBK-1 and IRF3.
Moreover, TLR4 signaling events that stimulated phagotubule
formation were independent of those that led to proinflammatory
cytokine secretion, and were not substituted by signals downstream
of MyD88-independent TLR3. These findings indicate that tu-
bule formation from phagosomes is not the result of generalized
TLR signaling and occurs on phagosomes carrying specific mi-
crobial patterns, such as LPS, supporting the concept that phago-
somal contents elicit specific responses (39).
Relative to previously described endolysosomal tubules, phago-

somal tubules were shorter in length and delayed in appearance
relative to cargo uptake. Moreover, whereas lysosomal tubules
fuse with the plasma membrane and extend toward the immuno-
logic synapse (5, 7), phagosomal tubules were rarely detected near
the plasma membrane. Rather, the tubules often contacted other
phagosomes, correlating with content exchange among multiple
phagosomes within a DC. A mechanism of tubule-based content
exchange supports earlier observations that phagosome-derived
tubules in RAW cells contact lysosomes (21), and that lysosomal
tubules facilitate phagosome–lysosome fusion (40, 41). Although
fusion between Leishmania-containing phagosomes has been
previously observed in macrophages expressing a constitutively
active form of RAB5, and RAB5 regulates kiss-and-run fusion
between phagosomes and early endosomes (37), the events de-
scribed here occur much later during phagosome maturation, are
regulated by TLR signaling, and uniquely allow for exchange of
contents that require intraphagosomal hydrolysis for their release.
Efficient content exchange between phagosomes had the same
requirements as phagotubule formation, including MyD88- and
IRAK-1/4–dependent TLR signaling and intact microtubule and
actin networks. Thus, although it is possible that tubulation
and content exchange are distinct coregulated events, these data

Fig. 5. Content transfer among phagosomes enhances antigen presentation.
(A–C) WT BMDCs treated as indicated were pulsed with a 1:1 mixture of LPS/
Eα/OVA beads (Eα:OVA ratio on beads, 1:1) and either uncoated beads or LPS/
OVA beads. (A) DCs were chased for 4 h, labeled with YAe antibody, and
analyzed by flow cytometry. The percentage of YAe+ DCs is shown (mean ±
SD; four independent experiments). Values for populations receiving differ-
ent cohorts of beads and treated with IRAK-1/4 inhibitor or nocodazole were
not statistically different. (B) Cells were analyzed after the pulse by flow
cytometry for FSC and SSC relative to nonpulsed cells. The percentage of cells
that phagocytosed beads is indicated. (C) Representative flow cytometry
histograms of DCs surface-labeled for MHC-II and CD40 after a pulse and a 4-h
chase. (D–F) DCs pulsed with a 1:1 ratio of LPS/OVA/BSA beads (OVA:BSA at
the indicated ratios) and either uncoated or LPS/BSA-coated beads were
washed and cocultured with unlabeled (D and E) or CFSE-labeled (F) OT-II T
cells. D. OT-II T-cell activation after 16 h was measured by CD69 expression
(Left) or IL-2 secretion (Right; arbitrary units). Values are mean ± SD; n = 3. (E)
Representative flow cytometry plots showing CD69 expression (y-axis; shown
are percentages of CD69+ cells) on vβ5+ (x-axis) gated OT-II cells. (F) After 3 d
of coculture, T-cell proliferation was assessed by CFSE dilution on the gated
vβ5+ population. (Left) Division index; mean ± SD, n = 3. (Right) Represen-
tative flow cytometry histograms, with the percentages of vβ5+ cells within
each CFSE dilution population indicated.
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support the notion that the tubules are in part responsible for
content exchange.
What are the functional consequences of phagosome content

exchange? We found that MHC-II presentation of a fixed quantity
of phagocytosed antigen by DCs was enhanced by the presence of
additional phagosomes carrying a different antigen and a TLR
stimulus. The enhanced presentation in turn enhanced the activa-
tion and proliferation of naïve antigen-specific T cells. The addi-
tional signaling phagosomes did not alter antigen proteolysis or
generally increase cellular activation status in DCs, and although
we cannot exclude the possibility of other potential TLR-
dependent mechanisms, our data indicate that phagosomal cross-
talk correlates with, and is likely responsible for, the enhanced
MHC-II presentation. We speculate that content transfer be-
tween phagosomes engaged in TLR signaling favors the access of
cargo-derived peptides to a larger pool of MHC-II molecules.
This cross-talk may be of special importance during an infection,
and would prevent pathogen immune escape by maximizing the
presentation of MHC-II–peptide complexes from phagosomes
containing different arrays of pathogen-derived peptides and
MHC-II molecules.
Our results also suggest refinements to the concept of au-

tonomous phagosome signaling (14, 16). The exchange of con-
tents only among phagosomes that harbor a TLR ligand suggests

that although phagosomes that lack signaling ligands remain
isolated, those that bear signaling ligands might form an inter-
acting network that optimizes pathogen sensing and presentation
to the adaptive immune system.

Experimental Procedures
SI Experimental Procedures provides details on antibodies, pharmacologic
treatments, other reagents, mouse strains, cell culture, and procedures.

Mice and Cell Culture. Sex- and age-matched mice at 6–12 wk of age were
used in all experiments. The mice were housed and bred under pathogen-
free conditions in accordance with University of Pennsylvania Institutional
Animal Care and Use Committee-approved protocols.

Statistical Analyses. Statistical significance for experimental samples relative
to untreated WT control (unless stated otherwise) was determined using the
unpaired Student t test and ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001.
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