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Rapid, directed transport of DC-SIGN clusters in the
plasma membrane
Ping Liu,1* Violetta Weinreb,1* Marc Ridilla,1*† Laurie Betts,1‡ Pratik Patel,1§

Aravinda M. de Silva,2 Nancy L. Thompson,3 Ken Jacobson1,4||

C-type lectins, including dendritic cell–specific intercellular adhesion molecule-3–grabbing nonintegrin (DC-SIGN),
are all-purpose pathogen receptors that exist in nanoclusters in plasma membranes of dendritic cells. A small frac-
tion of these clusters, obvious from the videos, can undergo rapid, directed transport in the plane of the plasma
membrane at average speeds of more than 1 mm/s in both dendritic cells and MX DC-SIGN murine fibroblasts ectop-
ically expressing DC-SIGN. Surprisingly, instantaneous speeds can be considerably greater. In MX DC-SIGN cells, many
cluster trajectories are colinear with microtubules that reside close to the ventral membrane, and the microtubule-
depolymerizing drug, nocodazole, markedly reduced the areal density of directed movement trajectories, suggest-
ing a microtubule motor–driven transport mechanism; by contrast, latrunculin A, which affects the actin network,
did not depress this movement. Rapid, retrograde movement of DC-SIGN may be an efficient mechanism for
bringing bound pathogen on the leading edge and projections of dendritic cells to the perinuclear region for inter-
nalization and processing. Dengue virus bound to DC-SIGN on dendritic projections was rapidly transported toward
the cell center. The existence of this movement within the plasma membrane points to an unexpected lateral trans-
port mechanism in mammalian cells and challenges our current concepts of cortex-membrane interactions.
INTRODUCTION
Directed plasma membrane transport, as opposed to random lateral
diffusion, occurs in the plasma membrane in a number of contexts.
For example, directed cell-surface movement of membrane proteins
or their ligands is found for the capping of surface receptors (1),
surfing of viruses [(2–6); reviewed in the study of Burckhardt and
Greber (7)], and neuronal growth cones (8). In most of these exam-
ples, speeds on the order of 1 mm/min (~0.02 nm/s) are measured, and
the directed transport is actin-based. One exception occurs in the mem-
branes of growth cones, where occasional very rapid, anterograde
transport is thought to be driven by an unspecified myosin motor
(9, 10) in conjunction with actin. The most prominent example of
much more rapid, directed motion on the cell surface is intraflagellar
transport (11–13), where transport of TRPV (transient receptor poten-
tial vanilloid) channels in the membranes of cilia occurs with velocities
exceeding 1 mm/s (14). This movement is associated with ciliary mi-
crotubules (MTs). This movement was presaged by the finding that
in gliding motility of Chlamydomonas, polystyrene microspheres are
driven along flagellar membranes by putative non-dynein mechano-
chemical MT motors (15). In a more recent work, MT-dependent
GABAA (g-aminobutyric acid type A) receptor transport in nerve
growth cone membranes exhibited instantaneous velocities ranging
from 0.2 to 1.5 mm/s with an average of 0.3 mm/s, considering stall
times (16). This fast, directed surface motion is to be contrasted to
rapid intracellular vesicular movement, which usually involves MTs
(17). Again, exceptions do exist where actin and not MTs are in-
volved (18).

C-type lectins serve as all-purpose receptors on the surface of im-
mune cells for many pathogens ranging from HIV, Ebola virus,
dengue virus (DENV), and Zika virus to yeasts (19). One important
C-type lectin, dendritic cell–specific intercellular adhesion molecule–
grabbing nonintegrin (DC-SIGN), exists in nanodomains (20) in
the plasma membrane of dendritic cells and when ectopically expressed
in murine fibroblasts (21, 22). Previously, we showed that, very occa-
sionally, surface DC-SIGN clusters in dendritic cells would be trans-
ported in a directed retrograde fashion at high speeds of ~1000 nm/s
(21). Using advanced tracking technology and total internal reflec-
tance fluorescence (TIRF) microscopy in which hundreds of clusters
can be tracked on a single cell, we were able to investigate this phe-
nomenon in more detail, demonstrating that a small but significant
fraction of DC-SIGN clusters undergoes rapid, directed transport in
the plane of the plasma membrane at speeds in both dendritic cells
and murine fibroblasts transfected with human DC-SIGN. MTs are
strongly implicated in the mechanism, but the dynein inhibitor,
ciliobrevin, has no demonstrable effect, suggesting that either this
motor is not involved or it operates in a protected cortical environ-
ment largely impervious to inhibitors. How this rapid transport occurs
challenges our current concepts of how lateral movement in the mem-
brane is regulated by actin cortex-membrane interactions because the
plasma membrane is underlain by a closely apposed subjacent mem-
brane skeleton meshwork that would seem to prevent this rapid, di-
rected movement (23).

Dendritic cells must transport pathogens they encounter on their
leading margins and dendritic projections toward the perinuclear zone
for subsequent internalization and processing. We show that DC-
SIGN clusters on projections are rapidly and preferentially transported
toward the cell center in the plasma membranes of both NIH 3T3
cells expressing DC-SIGN and dendritic cells and that DENV bound
to DC-SIGN in dendritic cell projections undergoes similar rapid,
predominantly retrograde transport. This unusual mode of plasma
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membrane transport could provide a mechanism for moving patho-
gens from attachment to perinuclear processing sites that is much
more efficient than diffusion.
RESULTS
Observation of monocyte-derived dendritic cells (MDDCs) or DC-
SIGN–expressing NIH 3T3 cells (MX DC-SIGN cells) by TIRF mi-
croscopy revealed multiple modes of diffusion exhibited by DC-SIGN
clusters, labeled with fluorescent anti–DC-SIGN antibody Fab frag-
ments, on the cell surface, including a small “superdiffusive” fraction
undergoing apparently directed, nearly linear motion. This is seen in
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video S1, where a number of DC-SIGN (red) trajectories are shown,
some of which are quite long, sometimes reaching 6 mm; when fluo-
rescently labeled DENVs are added, they are seen to be colocalized
and transported along with DC-SIGN (overlay trajectories shown
as yellow). Figure 1 and video S2 show more of these DC-SIGN tracks,
a number of which colocalized with proximal MTs just inside the cell.

To explore this phenomenon, video recordings of ventral cell
surfaces were collected using TIRF microscopy and analyzed using
u-track software (24, 25). These motions met the criteria for super-
diffusion and the embedded moment scaling spectrum (MSS) anal-
ysis (26, 27) used in u-track. Representative distributions of MSS
slopes for superdiffusive, Brownian, and subdiffusive motions for
DC-SIGN clusters in MX DC-SIGN cells and for DC-SIGN clusters
in MDDCs are given in fig. S1.

However, anomalous superdiffusion can encompass a variety of
processes, including Levy flights and random diffusion superimposed
on a flow as well as highly linear and rapid, directed movements that
we are most interested in. Therefore, as described in Materials and
Methods, we subjected the data to further classification into those that
were quite linear and therefore most likely undergoing highly directed
transport using the TrackMate module in ImageJ (28). In addition, we
further filtered tracks to those longer than 2 mm. Figure 2 shows rep-
resentative point-to-point (“instantaneous”) velocities calculated by
TrackMate as a function of time (position along the track) for MX
DC-SIGN (Fig. 2A, bottom) and MDDC (Fig. 2B, bottom); top panels
show the actual trajectories. Note both the points of very small velocity
and pauses as well as the intermittent very high instantaneous veloci-
ties, especially in dendritic cells; because of this, TrackMate velocities
were spot-checked manually. Table 1 gives the mean track length, mean
velocity along the trajectory contour, end-to-end velocity, and number
of trajectories analyzed for both MX DC-SIGN and MDDC. Under
native conditions, the mean contour velocity of the defined directed
Fig. 1. Trajectories of DC-SIGN clusters and labeled MTs. (A) Fluorescence micro-
graph of ensconsin microtubule-binding domain (EMBD)–3XGFP–labeled MTs (green)
in an MX DC-SIGN cell. Note that, to adequately visualize the internal MTs proximate
to the ventral surface, we used “dirty TIRF”. GFP, green fluorescent protein. (B) Highly
linear trajectories of DC-SIGN clusters exhibiting directed motion collected over the
course of 400 s (red). (C) Some of the Brownian (light blue) and subdiffusive (dark
blue) trajectories extracted with u-track from this video record. (D) Most directed
trajectories are colinear with observable MTs. Trajectories shown were produced
from the u-track analysis of a fluorescence video with DCN46-Fab labeling of
DC-SIGN, as described in Materials and Methods.
Fig. 2. Instantaneous velocities of representative DC-SIGN trajectories. MX DC-SIGN cells (A) and dendritic cells (B). Top panels show the actual trajectories from
which the instantaneous velocities were extracted using TrackMate analysis. Bottom panels show the instantaneous velocities measured along each trajectory. Because
of the high instantaneous velocities in MDDC, portions of the track velocities plots were double-checked manually.
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transport clusters was 3.9 ± 0.050 mm/s (SEM) on MDDCs (367 tracks)
and 2.2 ± 0.050 mm/s (SEM) on MX DC-SIGN cells (348 tracks). As
expected, the corresponding end-to-end velocities are lower (~2.5 mm/s
for dendritic cells versus ~1 mm/s for MX DC-SIGN cells). These speeds
are consistent with the vectorial movement of sensory receptors on the
surface of cilia, associated with the intraflagellar transport mechanism
(14). Whereas some tracks are considerably longer (Fig. 1 and videos
S1 and S2), the mean trajectory length for both dendritic and MX DC-
SIGN cells is ~3 mm (Table 1).

Because TIRF microscopy has a penetration depth of ~100 nm,
we validated that the motions we observed were occurring within the
plasma membrane, as opposed to being just inside the cell. First, in
three-dimensional imaging of fixed cells, there is no significant amount
of DC-SIGN evident just inside the cell (21). Second, all experiments
with MX DC-SIGN were conducted in the presence of the inhibitor of
clathrin-mediated endocytosis, chlorpromazine (cells were pretreated
with 15 mM for 30 min before staining DC-SIGN and observation)
(29–35). We found that the dynamin GTPase (guanosine triphosphatase)
inhibitor, dynasore, was not effective in inhibiting cluster internaliza-
tion. Under these conditions, exposure of fluorescently labeled cells
to the cell-impermeant collisional quencher, potassium iodide (KI),
quenches all DC-SIGN fluorescence due to antibody labeling at its
extracellular neck region in fixed MX DC-SIGN and dendritic cells
(Fig. 3, A and B, respectively). Using Stern-Volmer plots (36), we ver-
ified that Alexa Fluor 488 and Calcium Orange AM could be collision-
ally quenched in solution by KI. In live MX DC-SIGN cells visualized
by TIRF microscopy, KI also quenches surface fluorescence (Fig. 3C,
top, and video S3). Furthermore, immediately after KI quenching,
an extremely small amount of DC-SIGN fluorescence is seen either in
TIRF or epifluorescent images, and as would be expected, u-track failed
to detect any entities that could be tracked, a further indication that
clusters were on the cell surface. Figure 3C (bottom) shows a positive
control in which we deliberately permitted entry of anti–DC-SIGN Fab
fragments into the cell by incubating at 37°C for over 30 min and by
not adding chlorpromazine. In this case, internal fluorescence is not
quenched either in TIRF or epifluorescence microscopy, indicating
that iodide membrane permeability is so low as to not permit sufficient
internal concentrations of iodide that it could quench the fluorophores.
We performed another control experiment, in which MX DC-SIGN
cells were loaded with Calcium Orange AM. KI was then added at a
final concentration of 300 mM, and it did not quench the cytosolic
Calcium Orange (fig. S2). For these reasons, we believe that the mea-
sured DC-SIGN lateral transport occurs in the plasma membrane
and not inside the cell. However, because dendritic cells are very sen-
Liu et al., Sci. Adv. 2017;3 : eaao1616 8 November 2017
sitive to chlorpromazine with the result that few cells remained af-
ter treatment, observations on them were limited to 15 min with no
chlorpromazine present. The same experiments with KI were then
conducted to verify that DC-SIGN remained on the cell surface.

What drives this motion? MTs are implicated for the following
reasons: First, directed DC-SIGN trajectories are colinear with MTs
(Fig. 1 and video S2), and the reach of many of these trajectories is
quite long (Fig. 1 and videos S1 and S2), again suggesting MT involve-
ment. We then treated MX DC-SIGN cells with 50 mM nocodazole for
30 min. Under these conditions, MTs qualitatively appeared to be de-
polymerized when viewed by confocal microscopy, but some remnant
MTs appeared in live cell “dirty TIRF”microscopy (fig. S3). Immuno-
fluorescence indicates that some of these MTs are acetylated, suggest-
ing that they are stable (37, 38) in MX DC-SIGN (fig. S3C) and in DC
and resistant to nocodazole. Although this treatment did not great-
ly alter the speed or trajectory length for directed DC-SIGN clusters
(Table 1), the number of directed trajectories, normalized for ventral
cell-surface area [that is, density of directed (>2 mm) trajectories], was
significantly reduced (Fig. 4), consistent with an MT-associated effect.
Because the combination of chlorpromazine and the cytoskeletal inhib-
itor often caused cells to round and detach, the inhibitor experiments
were done with cells attached to fibronectin (FN)–coated substrates
(Materials and Methods).

We also explored the effect of cortical actin as a determinant of the
directed transport observation using latrunculin A to disrupt the actin
cytoskeleton. Because higher concentrations of latrunculin A and lon-
ger incubation times that disrupted cell morphology could make the
interpretation of the analysis problematic (39), we performed the ex-
periments at a latrunculin A concentration where cell morphology
was mainly preserved; this concentration was determined by titration
of the latrunculin A effect (fig. S4). We found that treatment with
latrunculin A at 400 nM for 15 min did not significantly affect directed
transport in terms of cluster speed and trajectory length (Table 1), but
the density of these tracks (Fig. 4) was modestly increased; these re-
sults are consistent with an MT-dependent effect.

To further investigate the nature of this behavior, we explored the
hypothesis that DC-SIGN linkage to a putative MT motor occurs via
its cytoplasmic N-terminal domain. A plausible candidate MT motor
is dynein because movements, at least, in MDDC are predominantly
retrograde. Therefore, the dynein inhibitor ciliobrevin at both 7
and 50 mM was applied. Under these conditions, we confirmed that
ciliobrevin was most active at 50 mM by examining the inhibition of
motions of organelles labeled by LysoTracker Red (videos S4 and
S5). However, this inhibitor is less active in serum (40), and we found
Table 1. Mean values of parameters characterizing longer (>2 mm), directed transport trajectories of DC-SIGN clusters in native MX DC-SIGN cells and
dendritic cells and drug-treated MX DC-SIGN cells.
Cell

Length of tracks

(mm ± SEM)

Contour velocity
(mm/s ± SEM)
End-to-end velocity
(mm/s ± SEM)
Number of tracks
Dendritic cells
 3.1 ± 0.060
 3.9 ± 0.050
 2.4 ± 0.070
 367
MX DC-SIGN
 2.8 ± 0.10
 2.2 ± 0.050
 0.97 ± 0.040
 348
Nocodazole
 2.2 ± 0.070
 2.9 ± 0.090
 0.91 ± 0.070
 45
Latrunculin A
 2.7 ± 0.10
 2.0 ± 0.050
 1.0 ± 0.050
 119
Ciliobrevin
 2.3 ± 0.040
 3.5 ± 0.14
 1.5 ± 0.11
 80
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that in serum, the combination of ciliobrevin and chlorpromazine
was toxic to the cell. Because of this information, we performed the
experiments without chlorpromazine in serum-free medium for
periods of <15 min. During this period, we confirmed that DC-SIGN
clusters remained on the surface. However, for the possible reasons
discussed below, the effect of ciliobrevin was not significant.

DC-SIGN functions in capture and endocytosis of a number of
varied microbial pathogens, including DENV. One hypothesis is that
rapid, retrograde transport of DC-SIGN clusters is used to quickly move
pathogens from the leading edge and dendritic projections of dendritic
cells to the perinuclear zone for subsequent internalization. Dendritic
projections (as well as lamellar regions) from MDDC (Fig. 5A, left)
exhibit a strong signal from SiR-tubulin–labeled MT (41), indicating
an abundance of MTs. This is also shown in an immunofluorescence
confocal image and accompanying DIC image of an MDDC in the
three right panels. Similar distributions for MTs in dendritic cells were
reported earlier (42). Instantaneous velocities of DC-SIGN clusters on
projections measured from kymographs (Fig. 5B) yield a mean of 3.9 ±
0.50 mm/s, and long-range velocities, including stall times, are roughly
1.6 mm/s. Presumably, in these regions, putative MT motors have a
greater likelihood to attach to both MTs and DC-SIGN. The motion
of DC-SIGN clusters is bidirectional, but flux in the retrograde di-
rection is 3.6-fold greater, as estimated from the kymographic data
(Fig. 5B and video S6). This suggests that although most of the MTs
Fig. 4. Box and whisker plots of the areal density of longer (>2 mm), directed
DC-SIGN tracks in MX DC-SIGN cells with and without cytoskeletal inhibitors
and in dendritic cells. Chlorpromazine (CPZ)–treated cells, representing the DC-
SIGN tracks on control MX DC-SIGN cells without additional drug treatments. No-
codazole, latrunculin A (Lat A), and ciliobrevin data sets were collected on MX
DC-SIGN cells treated with CPZ and additional drugs, correspondingly, as indicated.
The MDDC data set was collected on primary dendritic cells without drug treatment
and is shown for reference. P values were obtained from the standard Student’s t test.
*P = 0.11 (between CPZ and ciliobrevin), **P = 0.016 (between CPZ and Lat A), ***P =
0.0016 (between CPZ and nocodazole).
Fig. 3. Evidence that labeled DC-SIGN is on the surface. (A) KI quenches DC-SIGN fluorescence on MX DC-SIGN cells (left, before KI; right, after KI). MX DC-SIGN cells
were fixed with 4% paraformaldehyde and labeled with DCN46–Alexa Fluor 647 monoclonal antibody (mAb). The after-KI image was taken 2 min after adding KI at a
final concentration of 300 mM. (B) KI quenches DC-SIGN fluorescence on primary dendritic cells (left, before KI; right, after KI). Dendritic cells were fixed and labeled with
DCN46–Alexa Fluor 647 mAb. The after-KI image was taken 1 min after adding KI at a final concentration of 300 mM. Images for (A) and (B) were taken on a confocal
microscope. (C) KI quenches DC-SIGN fluorescence on live MX DC-SIGN cells, as visualized by TIRF microscopy [top row: left, before KI; middle, after KI; right, epifluo-
rescence (epi) image]; by contrast, when we deliberately permitted entry of anti–DC-SIGN Fab fragments into the cell by incubating at 37°C for more than 30 min and
by not adding chlorpromazine (bottom row), internal fluorescence was not quenched either in TIRF (middle) or epifluorescence (right) microscopy. Video S3 shows
another example of the total quenching process.
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are oriented with their plus ends pointed toward the cell edge, a few
noncentrosomal MTs may have their plus ends oriented toward the
cell center (43, 44).

To measure the effect of DENV attachment on directed DC-SIGN
cluster velocity, we exposed dendritic cells and MX DC-SIGN fibro-
blasts expressing DC-SIGN to fluorescently labeled DENV. When
Liu et al., Sci. Adv. 2017;3 : eaao1616 8 November 2017
DENV binds to projections on MDDCs, it also undergoes rapid, di-
rected transport (Fig. 5C and video S7). This transport is also presum-
ably mediated by DC-SIGN; Fig. 5D shows a dendritic projection on
an MDDC and the colocalization of DENV and DC-SIGN clusters
(arrows) (video S1 shows that DENV associated with DC-SIGN may
undergo rapid and lengthy directed transport in MX DC-SIGN cells).
The velocities in the dendritic projections are also bidirectional and
average around 1.4 mm/s (table S1). Instantaneous velocities can reach
the 2- to 3-mm/s range again (table S1).
DISCUSSION
C-type lectins serve as all-purpose pathogen receptors in dendritic and
other cells (19), and one particular C-type lectin, DC-SIGN, exists in
nanoclusters in the plasma membrane of dendritic cells and when ec-
topically expressed in murine fibroblasts (21, 22). A small but signif-
icant fraction of these clusters undergoes rapid, directed transport in
the plane of the plasma membrane at speeds up to and exceeding
1 mm/s in both dendritic cells and MX DC-SIGN cells ectopically ex-
pressing DC-SIGN. There are few precedents for this rapid movement,
the most prominent being intraflagellar transport (11–13), as discussed
in Introduction. We believe that clusters of DC-SIGN are in the cell
membrane, as opposed to just inside the cell, because imaging was
carried out using TIRF microscopy in the presence of endocytosis in-
hibitors and because an impermeable quencher removed all of the
DC-SIGN fluorescence.

Imaging of DC-SIGN clusters in cells expressing a fluorescent con-
struct containing the MT-binding domain of ensconsin demonstrated
that many cluster trajectories are coincident with MTs. Recent electron
microscopy studies demonstrate that some MTs are present in close prox-
imity to the plasma membrane (45). Moreover, the MT-depolymerizing
drug nocodazole, but not latrunculin A, which disrupts F-actin, sup-
presses a fraction of clusters undergoing rapid, directed movement,
further implicating MTs in this phenomenon. Because cluster speeds
are very rapid, a probable candidate for driving this motion is the
motor dynein, but the dynein inhibitor, ciliobrevin, does not reduce
the directed movement. However, at this juncture, contributions by a
member(s) of the extensive kinesin family cannot be ruled out.

Although actin-based virus transport, as exemplified by nonen-
veloped human papilloma virus, occurs along actin-rich protrusions
(4), this phenomenon is distinct from our observations: It appears
to rely on cortical actin retrograde flow, which is on the order of 1 to
4 mm/min and can be perturbed by cytochalasin D and jasplakinolide
and by the myosin II inhibitor blebbistatin but not by nocodazole. By
contrast, the directed transport of DC-SIGN clusters is well over an
order of magnitude faster and is perturbed by nocodazole and, if any-
thing, is enhanced by latrunculin A treatment in terms of the fraction
long, directed trajectories.

The rapid, directed movement of DC-SIGN clusters in the plane of
the plasma membrane challenges our current concepts of how lateral
movement in the membrane is regulated by cortical membrane in-
teractions. In particular, the plasma membrane is thought to be un-
derlain by a subjacent membrane skeleton meshwork (23, 46) that
compartmentalizes lateral diffusion into fast intracompartmental
diffusion and slower long-range intercompartmental diffusion; this
model begs the question of how a motor connected to the DC-SIGN
platform can “slice” through this meshwork to power the velocities
we observe. There are two extreme possibilities. First, the meshwork
could be dissociated from the plasma membrane in thin channels in
Fig. 5. DC-SIGN motion along projections of MX DC-SIGN cells and movement
of DENV along projection in MDDC. (A) Fluorescence micrograph of silicon rhodamine
(SiR)–tubulin–labeled MTs (two left panels, red), which extend into dendritic projec-
tions (white arrows) of MDDCs (leftmost), as imaged in dirty TIRF (that is, the inci-
dent angle was reduced until MT labels were excited); the three right panels show
an anti-tubulin confocal image of an MDDC [left, immunofluorescence; middle, dif-
ferential interference contrast (DIC) image; right, merged image]. (B and C) Both
DC-SIGN and DENV bound to projections undergo rapid, predominantly retrograde
transport. (B) Kymographs showing significantly greater flux of DC-SIGN clusters in
the retrograde direction in projections in MX DC-SIGN cells. Selected retrograde and
anterograde motions and stalls are highlighted in magenta, cyan, and green, respec-
tively. (C) DENV bound to projections in an MDDC also undergoes rapid, primarily
retrograde directed transport. One selected DENV trajectory along a projection of
more than ~12.5 s is highlighted in red. (D) Confocal microscopy (see the Supple-
mentary Materials) demonstrates that DENV colocalized with DC-SIGN on the den-
dritic projections of an MDDC (white arrows); right panels show inset in the left panel
magnified to show colocalization of DC-SIGN and DENV on filopodial-like dendritic
tips. Magenta indicates DC-SIGN staining, and DC-SIGN was labeled with DCN46–
Alexa Fluor 647 mAb. Green represents labeled DENV, and DENV was directly con-
jugated with Alexa Fluor 488.
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which MTs coupled to the motor, its adaptors, and the DC-SIGN clus-
ters would reside (fig. S5). Alternatively, the cortex could be separated
such that an MT proximate to the plasma membrane could be inserted.
These possibilities have been recognized by Jaqaman et al. (25) in their
studies of the linear diffusion of the CD36 receptor. Rapid, MT motor–
powered movement of surface clusters would occur in these channels.
Our hypothesis is that MTs in this location are in fact in a protected status
partly owing to the fact that they are embedded in the cortical actin.
In addition, a significant fraction of the MTs is acetylated and resistant
to depolymerization. This could explain why MT-depolymerizing
agents do not have a complete inhibitory effect. Moreover, application
of latrunculin A actually increased mean cluster densities somewhat,
perhaps because the embedding cortex is loosened.

Second, meshwork connections are dynamic, opening and closing
in accordance with thermal energy. Hopping from one compartment
to another regulates plasma membrane protein lateral diffusion, likely
using these thermally activated breaks. The long-range mesoscale dif-
fusion coefficient D is given by KBT/f, where f is the effective frictional
coefficient. This frictional coefficient specifies the drag force on the
diffusing protein approximated by the Saffman-Delbrück expression
and later modifications (47, 48). However, this drag force on the mi-
crometer scale is on the order of hundreths of a piconewton, much
less than the force generated by MT motors (5 to 7 pN) (49–51).
Moreover, Sako and Kusumi (52) have shown that the transferrin re-
ceptor can be dragged through membranes using a laser trap with a
force as weak as 0.25 pN. Thus, an MT motor could easily drive the
cluster through the labile membrane skeleton fence.

What function might this rapid, retrograde movement serve?
Dendritic projections and the leading margin of patrolling dendritic
cells recruited to wounds are first to encounter pathogens, and trans-
epithelial dendrites penetrate tight junctions in gut (53) and airway
(54) epithelia to sample luminal pathogens (55). Thus, the rapid, pre-
dominantly retrograde movement of DC-SIGN clusters that we have
measured could be an efficient mechanism to bring bound pathogens
to the perinuclear region for internalization and processing, as previ-
ously hypothesized (21). Making this hypothesis attractive, bound
DENV undergoes rapid, retrograde transport toward the cell center
on MT-containing projections of MX DC-SIGN cells and on dendritic
processes in MDDCs. It has been shown that MT-containing dendritic
projections enhance particle capture by dendritic cells (42). We previ-
ously suggested that directed transport of DC-SIGN clusters could be
constitutive or cargo-actuated (21); our present work suggests that
a constitutive mechanism does exist, assuming that Fab fragments do
not activate transport. We conclude that this novel aspect of the trans-
port of plasma membrane components suggests new functions for
directed lateral mobility and indicates that revision of our concepts of
cell-surface dynamic structure may be required.
MATERIALS AND METHODS
Cells, reagents, and labeling
Human MDDCs were prepared, as previously described (21, 34, 56).
Briefly, isolated monocytes were seeded on 35-mm glass-bottom
FluoroDish (World Precision Instruments) and cultured in RPMI
1640 medium containing 10% fetal bovine serum, human interleukin-4
(500 U/ml; PeproTech), and human granulocyte-macrophage colony-
stimulating factor (800 U/ml; PeproTech) for a week until the cells
differentiated into immature dendritic cells. MX DC-SIGN cells were
obtained from the National Institutes of Health (NIH) AIDS Research
Liu et al., Sci. Adv. 2017;3 : eaao1616 8 November 2017
and Reference Reagent Program, Division of AIDS, National Institute
of Allergy and Infectious Diseases [NIH 3T3/MX DC-SIGN (catalog
no. 9947) from L. Wu and V. N. KewalRamani (57)]. For live cell im-
aging of MX DC-SIGN cells on the TIRF microscope, cells were pre-
treated with 15 mM chlorpromazine for 30 min before staining and
observation. For the inhibitor studies on MX DC-SIGN cells, the com-
bination of chlorpromazine and the inhibitor often made the cells
round to various extents. To ensure a more spread state, cells were plated
on FN-coated substrates; human plasma FN (10 mg/ml; Sigma-Aldrich)
was deposited in a 400-ml drop on 20-mm circular coverslips and in-
cubated overnight at 4°C on a rocker plate, after which the coverslips
were washed extensively with phosphate-buffered saline before plating
cells. The quality of the FN coverage was checked using TIRF micros-
copy by doping the deposited human FN with 1 to 5% Hi-Lite Green
bovine FN (Cytoskeleton). Cells were measured within 25 min after
excess Fab label was removed by washing.

Cell-surface DC-SIGN was labeled with Fab fragments made
from DCN46 mAb (BD Biosciences) and directly conjugated with
Alexa Fluor dyes (Molecular Probes). DCN46 binds to the neck do-
main of DC-SIGN, so it does not interfere with pathogens binding to
the carbohydrate recognition domain of DC-SIGN and rapidly inter-
nalize after binding to DC-SIGN (58). DENV was purified as de-
scribed elsewhere (59) and was conjugated with Alexa Fluor dyes
(Molecular Probes). MTs in live cells were labeled by either transfect-
ing the cells with the EMBD-3×GFP (a gift fromW. Bement, Addgene
plasmid #26741) (60) or with SiR-tubulin (Spirochrome SA) (41). MTs
in fixed cells were labeled with primary anti-tubulin antibody (Santa
Cruz Biotechnology) followed by goat-anti mouse Alexa Fluor 488
conjugate immunoglobulin G (Molecular Probes); anti-acetyl tubulin
(6-11B-1) was a gift from S. Rogers at the University of North Carolina
at Chapel Hill. For the KI quenching experiments, cell-surface DC-
SIGN was labeled with DCN46 directly conjugated with Alexa Fluor
647 (Molecular Probes). Calcium Orange AM was obtained from Mo-
lecular Probes. For the imaging of colocalization of DC-SIGN with
DENV onMDDC protrusions, MDDCs were labeled with DCN46 mAb
directly conjugated with Alexa Fluor 647 for 10 min at 37°C, and puri-
fied DENV directly conjugated with Alexa Fluor 488 was added to the
cells for subsequent colocalization imaging. All other reagents were
purchased from Sigma-Aldrich.

Microscopes and imaging
All TIRF imaging was done on an Olympus IX83 inverted scope equipped
with a UAPON 100× [numerical aperture (NA) 1.49] or a 150× (NA
1.49) oil immersion objective and imaged using a Hamamatsu ImagEM
charge-coupled device camera. During video recording, cells were im-
mersed in phenol red–free RPMI 1640 medium at 37°C and 5% CO2 in
a Tokai Hit environmental chamber, and videos were recorded at a
frequency of 25 Hz for single-color imaging or 12.5 Hz for two-color
recording. In some cases, with the MX DC-SIGN cells, CO2 was not
used for the short term of the experiment (<30 min), but then, it was
confirmed that pH was maintained using a high-resolution pH paper.
Typically, HiLo (dirty TIRF) illumination was used to find cells. For
each cell, to optimize visualization and detection of clusters, several
factors were adjusted: evanescent wave penetration (because the dis-
tance of the ventral surface from the substrate varied), TIRF laser in-
tensity, and image contrast. After each optimization step, the focus
was readjusted.

All confocal imaging was carried out on an Olympus FluoView
FV1200 laser scanning microscope equipped with a 60× (NA 1.35)
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oil immersion objective, and live cell imaging was done in an environ-
mental heating chamber. For the MT imaging, the cells were fixed
with 4% paraformaldehyde for 20 min at room temperature, then per-
meabilized with permeabilization buffer (Alfa Aesar), and stained as
described above. A multicoated dichroic mirror (DM450/488/559/
635) was used to separate excitation laser lines, and images were taken
sequentially for each channel to minimize cross-talk.

KI, a collisional quencher of fluorescence that is impermeable,
was added to cells labeled for DC-SIGN to distinguish surface from
internal DC-SIGN fluorescence. The ability of KI to dynamically
quench both Alexa Fluor 488 and Calcium Orange AM was tested by
titratingmicromolar concentrations of the fluorophores with increasing
concentrations of KI and measuring the decreasing fluorescence inten-
sity in a NanoDrop 3300 Fluorospectrometer. Collision quenching was
indicated by a linear plot of the ratios of initial fluorescence to quenched
fluorescence versus the concentration of quencher (36). The quencher
was added at a final concentration of 300mMto cells on themicroscope
stage, andmovieswere taken continuously before and after addingKI to
record the loss of emission. The solutions of KIwere tested on fixed cells
to verify that the quencher was working properly. We found that KI
stock solution (about 3 to 5M), which was stored for a relatively longer
time (turned yellowish due to oxidation after a couple weeks), quenched
fluorescence more efficiently than did freshly prepared KI solutions.
Quenched cells were checked for hypertonic lysis, but the morphology
was not changed appreciably and nor did the cells take up trypan blue.
The experiment in which we attempted to quench cytosolic Calcium
Orange AM is described in fig. S2.

Data analysis
Particle tracking and motion analysis were carried out using u-track
2.1.3 (Harvard Medical School) with MATLAB R2013a (MathWorks).
Briefly, a series of TIFF files with one file per time point were opened
in u-track using the “movieSelectorGUI.m” function. The “single-
particles” tracking application was selected, and all three processing
steps of the analysis workflow were enabled. The “Gaussian Mixture
Model Fitting”method was selected for the Detection-processing step;
“Brownian + Directed motion models” Cost functions and Kalman Filter
Functions were selected for the Tracking step, and the “motion analysis”
method was selected for the Track Analysis step. All other settings were
left at their defaults. Resultant tracks were always overlaid on the ana-
lyzed images and visually inspected for accuracy.

Motion classification and analysis
Briefly, u-track used a trajectory classification scheme employed by
Ewers et al. (26) based on an earlier work of Ferrari et al. (27). Mo-
ments (mm), where m is the order of the moment and ranges from 0
to 6, were calculated for a generalized displacement equation as a func-
tion of lag time (tau). A plot of log [mm (tau)] versus log tau yields am as
the slope and log(4 Dm) as the y intercept, where Dm is the generalized
diffusion coefficient. The plot of am versus m is the MSS. For strongly
self-similar processes, the curves are linear, where SMSS is the slope. In
this analysis, SMSS = 0.5 is the random, Brownian diffusion; SMSS < 0.5 is
anomalous subdiffusion; and SMSS > 0.5 is anomalous superdiffusion.
Because of the linearity of the MSS for strongly self-similar processes,
this procedure affords less error in fitting, and a clearer distinction be-
tween motion types is possible (26). For example, classification as super-
diffusive by u-track is based on comparison of a trajectory’s MSS slope
with a preexisting set of slopes resulting from simulations of the same
trajectory duration.
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Trajectories and motion analysis results consisting of motion clas-
sification (for example, superdiffusive) and generalized diffusion co-
efficient for each track were exported from “*result.mat” files using
MATLAB “diary” commands. Microsoft Excel was used to merge data
sets from ≥3 cells and extract superdiffusive trajectory data for statis-
tical analysis. The MSS slope thresholds for trajectory durations of
20 to 500 time points can be found within the source code of u-track’s
“trackMSSAnalysis.m” function. Plots were generated, and Kruskal-Wallis
nonparametric one-way analysis of variance (ANOVA) with Dunn’s
multiple-comparison posttest was performed using GraphPad Prism
version 6.01 for Windows (GraphPad Software; www.graphpad.com).

Of the many motion types exhibited, we were most interested in
analyzing those clusters, which, in the movies, appeared to rapidly move
or dart across portions of the cell surface and were most likely motor-
driven, as opposed to, for example, those that were diffusing with an
underlying flow. To accomplish this, we used the TrackMate module
of ImageJ. Images were opened in ImageJ and converted to 8 bit. A cell
of interest was chosen using the selection tool, and TrackMate was ap-
plied under the following conditions: The DoG (Difference of Gaussian)
detector was selected; “Blob” diameter was set to be 0.5 mm, and the
threshold setting depended on the image. The simple LAP (Linear As-
signment Problem) tracker was used with a linking max distance of
0.4 mm and a gap closing max distance of 0.4 mm, with a maximum
gap closing frame of 1. Only tracks longer than 2 mm were counted.
The trajectories were then characterized by the intrinsic parameters:
mean speed in micrometers per second, calculated as the average of
the point-to-point velocities, and trajectory length in micrometers. The
mean velocity calculated as the contour length per duration of the trajec-
tory was similar to the average of point-to-point velocities. For compar-
ison, the velocity calculated as the end-to-end distance of the trajectory
per duration of the trajectory was also calculated. The number of tra-
jectories meeting the >2 mm criterion was then counted for each cell.

Because cells in control and experiment status may have different
areas in contact with substrate, we then normalized the number of tra-
jectories to an area of 1000 mm2 to obtain a trajectory areal density. The
effect of the inhibitor on trajectory density could then be ascertained.

Statistical analysis
We performed the standard Student’s t test to compare the difference
in areal density of tracks on different sets of samples, assuming equal
variances in a one-tailed test.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/11/eaao1616/DC1
video S1. Fluorescence video of DC-SIGN clusters exhibiting long, highly directed excursions.
video S2. Fluorescence video of EMBD-labeled MTs (green, left) in an MX DC-SIGN cell (red,
middle) with superimposed trajectories of DC-SIGN clusters exhibiting highly directed,
superdiffusive motion (right).
video S3. Quenching of DC-SIGN fluorescence by KI in a TIRF video of MX DC-SIGN cells (to
accompany Fig. 3C).
video S4. Effect of ciliobrevin on lysosmal transport.
video S5. Effect of ciliobrevin on lysosmal transport.
video S6. DC-SIGN–directed transport in MX DC-SIGN dendritic projections favors the
retrograde direction (to accompany Fig. 5).
video S7. When DENV binds to projections on MDDCs, it also undergoes rapid, directed
transport.
fig. S1. MSS analysis results for DC-SIGN clusters.
fig. S2. KI (300 mM) does not quench Calcium Orange AM inside the cells.
fig. S3. Effect of nocodazole on MT status in MX DC-SIGN cells.
fig. S4. Effect of latrunculin A on actin filament status.
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fig. S5. Conceptualization of a ventral MT occupying a channel within the actin cortex with a
putative MT motor driving the directed motion of DC-SIGN.
table S1. Maximum instantaneous and average (including stall time) speeds of selected DENV
trajectories in the MDDC projection shown in Fig. 5D and video S5.
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