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Introduction

Dendritic cells (DCs) play a central role in both innate and
adaptive immune response. They are equipped with a variety
of dynamically regulated pathogen-recognition receptors.
While toll-like receptors have been recognized as ancient evo-
lutionary pathogen receptors,[1] recent findings indicate that C-
type lectins also play an important role in pathogen recogni-
tion and uptake.[2,3] The DC-specific intercellular adhesion mol-
ecule (ICAM) grabbing nonintegrin (DC-SIGN; CD209) is a re-
cently identified C-type lectin involved in several types of DC
interactions. DC-SIGN, exclusively expressed in DCs, is a type II
transmembrane protein containing a mannose-binding domain
that forms the ligand-binding site.[4, 5] In the past few years,
several studies highlighted the extraordinary pathogen-recog-
nition capabilities of DC-SIGN. In addition to high-affinity bind-
ing to human immunodeficiency virus (HIV-1) envelope glyco-
protein gp120,[6] DC-SIGN has been shown to mediate binding
to several other viruses[7–11] and microorganisms.[12–17]

Although significant information on the structure of DC-
SIGN is already available,[18,19] it remains largely obscure how
this receptor is capable of efficiently recognizing such a large
range of microorganisms. Recent in vitro biochemical experi-
ments indicated that binding of DC-SIGN to hepatitis C virus
glycoprotein E2 is enhanced by the formation of dimers and
tetramers.[10,20] Using immuno electron microscopy (EM), we

have recently shown that DC-SIGN organizes in well-defined
microdomains on the cell surface of immature DCs (imDCs).[21]

Furthermore, we showed that this type of arrangement is cru-
cial for binding HIV-1 particles in situ.[21] These observations

DC-SIGN, a C-type lectin exclusively expressed on dendritic cells
(DCs), plays an important role in pathogen recognition by bind-
ing with high affinity to a large variety of microorganisms.
Recent experimental evidence points to a direct relation between
the function of DC-SIGN as a viral receptor and its spatial ar-
rangement on the plasma membrane. We have investigated the
nanoscale organization of fluorescently labeled DC-SIGN on
intact isolated DCs by means of near-field scanning optical mi-
croscopy (NSOM) combined with single-molecule detection. Fluo-
rescence spots of different intensity and size have been directly
visualized by optical means with a spatial resolution of less than
100 nm. Intensity- and size-distribution histograms of the DC-
SIGN fluorescent spots confirm that approximately 80% of the re-
ceptors are organized in nanosized domains randomly distributed

on the cell membrane. Intensity–size correlation analysis revealed
remarkable heterogeneity in the molecular packing density of the
domains. Furthermore, we have mapped the intermolecular or-
ganization within a dense cluster by means of sequential NSOM
imaging combined with discrete single-molecule photobleaching.
In this way we have determined the spatial coordinates of 13 dif-
ferent individual dyes, with a localization accuracy of 6 nm. Our
experimental observations are all consistent with an arrange-
ment of DC-SIGN designed to maximize its chances of binding to
a wide range of microorganisms. Our data also illustrate the po-
tential of NSOM as an ultrasensitive, high-resolution technique to
probe nanometer-scale organization of molecules on the cell
membrane.
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imply that the function of DC-SIGN as a viral receptor is greatly
influenced by its nonrandom arrangement on the cell mem-
brane, which prompted us to perform a detailed investigation
of the spatial organization of DC-SIGN using an ultrasensitive
fluorescence imaging technique capable of nanometer-scale
resolution.
To date, fluorescence microscopy remains the most widely

used technique to investigate the organization of receptor
molecules at the cell surface; its applicability is enhanced by
the use of autofluorescent proteins (XFP) in living cells.[22,23]

Unfortunately, due to diffraction-limited resolution, confocal
and epifluorescence microscopy are not suitable to probe the
nanoscale organization of membrane components at physio-
logically relevant packing densities. Recent approaches in opti-
cal microscopy to break this diffraction limit include near-field
microscopy,[24] stimulated emission depletion,[25] saturated
structured illumination,[26] and single-molecule fluorescence
photoactivation and photobleaching.[27] Each of these tech-
niques has its specific advantages in terms of increased lateral
and/or axial resolution but also has downsides with regard to
technical complexity and/or limited application to a broad
range of biological problems. Therefore, continuous efforts are
focused on the improvement of existing methods and devel-
opment of new techniques to bring the benefits of fluores-
cence microscopy to ultrahigh-resolution biological imaging.
Near-field scanning optical microscopy (NSOM) is a lensless

optical imaging technique that provides simultaneous optical
and topographic lateral resolution beyond the diffraction limit
of light.[24,28–30] The technique is based on local excitation of
the sample with a subwavelength light source that is raster-
scanned over the surface. The lateral resolution is limited to
the dimension of the aperture (typically ca. 70 nm), while the
axial resolution is defined by the diffraction of the evanescent
field emanating from the aperture (<50 nm), which results in
an overall reduction of the illumination volume of more than
100-fold below the diffraction limit. As such, the technique is
particularly suitable for investigating the distribution of mem-
brane components on the cell surface in aqueous solutions

with nanometer precision and single-molecule detection sensi-
tivity.[28, 30] Herein, we report on the application of NSOM com-
bined with single-molecule detection (SMD) to investigate the
spatial arrangement of receptor molecules on the membrane
of intact DCs. We confirm the organization of DC-SIGN in clus-
ters typically 180 nm in size. By means of SMD we have built
up intensity distributions of all fluorescent spots and thus de-
rived the relative number of proteins that are monomeric
versus clustered in domains. Finally, we used single-molecule
photobleaching in combination with a near-field-imaging, sub-
tractive-fit method to investigate the intermolecular organiza-
tion of DC-SIGN clusters. Our results are consistent with the
notion that DC-SIGN clustering is necessary to enhance patho-
gen binding. Our experimental approach can be equally ap-
plied to many other membrane proteins and lipid domains
and thus contribute to the understanding of the current
model for the nanoscale organization of the cellular mem-
brane.

Results and Discussion

High-Resolution Imaging of DC-SIGN

Typical fluorescence measurements on an imDC expressing
DC-SIGN at the cell surface are shown in Figures 1B and C. The
typical structure of the imDC, with numerous and extended
fine dendrites, is clearly observed in the confocal image shown
in Figure 1B. The high fluorescence intensity results from the
high expression level of DC-SIGN and a considerable contribu-
tion from cell autofluorescence. The smallest visible features
have a diffraction-limited size of about 350 nm. From the con-
focal image, it is hard to distinguish isolated components on
the cell surface. By contrast, the high-resolution near-field
image (Figure 1C) shows the distribution of DC-SIGN in greater
detail. Figure 1C is a combined topograph (gray) and near-
field image (color) of the frame highlighted in Figure 1B. The
height of the dendrite regions varies from 10 nm to approxi-
mately 3 mm, as determined from the topographic image, and

Figure 1. A) Schematic depiction of the single-molecule-sensitive confocal/NSOM setup (see the Experimental Section for details). B) Confocal image
(20J20 mm2) of a DC stretched on fibronectin-coated glass expressing DC-SIGN on the membrane. C) Combined topograph (gray) and near-field fluorescence
image (color) of the frame highlighted in (B) (12J7 mm2). In both (B) and (C), the fluorescence signal is color-coded according to the detected polarization
(red for 08 and green for 908). To illustrate the single-molecule detection sensitivity of the setup, we have slightly enlarged and rescaled the intensity of two
individual molecules in the image [shown in circles in (C)] . Individual molecules are identified by their unique dipole emission (i.e. red and green color
coding). The yellow color of most fluorescent spots results from additive emission of multiple molecules with random in-plane orientation (combination of
red and green) in one spot.
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this also shows that the cell is nicely stretched on the substrate
without indications of filopodia/microvilli features. As observed
in Figure 1C, fluorescence spots decorate the dendrite regions
as well as the cell body in an apparently random fashion. The
smallest near-field fluorescent spot is about 100 nm in size,
comparable to the size of the probe aperture. In addition, the
shallow penetration depth of the evanescent field guarantees
exclusive excitation of the cell surface and thereby suppresses
the large contribution of the cytoplasm fluorescence. Due to
the small illumination volume of the probe, closely packed
molecules are spatially resolved. As can be clearly seen in Fig-
ure 1C, the fluorescence spots differ in brightness, size, and
emission polarization. These findings confirm and extend our
previous observations that DC-SIGN is not randomly distribut-
ed as individual molecules but rather clustered in domains.[21]

It also demonstrates that NSOM is equally capable (as com-
pared to EM) to resolve the static heterogeneity of the cell
membrane with high resolution. Moreover, as a surface-scan-
ning technique, NSOM is able to follow the cell topology and
thereby exclude any possible artifacts due to membrane struc-
ture or folding, in contrast to EM, which is exclusively a two-di-
mensional (2D) technique.
To show that clustering of DC-SIGN is not an artifact due to

the drying procedure, we also studied the organization of DC-
SIGN on imDCs and intermediate DCs by immuno-EM, using
similar sample preparation to that described herein. While in-
termediate DCs showed a random distribution of DC-SIGN on
the membrane, imDCs exhibited a clustered type of DC-SIGN
organization.[21] These observations rule out sample prepara-
tion and/or drying as the source of DC-SIGN aggregation. This
result is also consistent with NSOM experiments on fixed cells
kept in fixative solution showing similar DC-SIGN clustering on
imDCs.[30] Furthermore, experiments were performed with cells
stretched on both fibronectin and poly-l-lysine substrates, and
no substrate-dependent differences in the distribution of DC-
SIGN were observed.

DC-SIGN is Organized in Nanometer-Sized Domains

To study the spatial organization of DC-SIGN in detail, we ex-
amined the fluorescence intensity and physical size of each in-
dividual spot using a semiautomated approach. The total
photon count rate from a spot is directly related to the
number of Cy5 dye molecules and thus to the number of DC-
SIGN molecules. To analyze the fluorescence intensity, we inte-
grate all photon counts within a contour of about 15% of the
peak intensity of a given spot, subtract the background from a
similar area in the vicinity of that spot, and finally divide by
the total fluorescence acquisition time of the spot (see the Ex-
perimental Section for details). All spot intensities are collected
in the histogram shown in Figure 2A. The spot intensities
range from less than 5 kcounts s�1 to 1000 kcounts s�1; this
result indicates a large spread in the number of Cy5 dye mole-
cules per spot. The low-intensity part of the total histogram is
expanded in the inset of Figure 2A, which also includes the
distribution of intensities that solely correspond to single-mol-
ecule spots (see the Experimental Section). The peak of the

single-molecule intensity histogram (ca. 7 kcounts s�1) was
then used to normalize the total intensity distribution in terms
of the number of Cy5 molecules. The overall intensity distribu-
tion peaks at about 3.5 Cy5 molecules with an average value
of about 30 Cy5 molecules. Considering an antibody–DC-SIGN
binding efficiency of 0.5–1 and antibody labeling efficiency of
about 3 Cy5 molecules per secondary antibody, as determined
from independent single-molecule antibody experiments (data
not shown), these results indicate that the average number of
DC-SIGN molecules in a cluster is about 5–10. Moreover, the
overall intensity distribution demonstrates that as much as
80% of DC-SIGN is clustered on the membrane, and each clus-
ter hosts from a few to several tens of DC-SIGN molecules.
Clustering of DC-SIGN was observed in all analyzed images (20
independent NSOM measurements over seven representative
cells), and similar variability in terms of cluster intensity was
obtained. These results are also in agreement with previously
obtained TEM data on imDCs.[21]

To obtain further proof of the organization of DC-SIGN in
clusters, we measured the size (full width at half maximum,
FWHM) of all fluorescent spots. The resulting size distribution
is shown in Figure 2B. A separate histogram containing only
the FWHM of single-molecule spots is also shown (inset). The
single-molecule histogram peaks at about 100 nm, consistent
with the probe aperture size and clearly separate from the
peak of the main size distribution. Since in NSOM the mea-
sured sizes result from a convolution between the probe aper-
ture and the real size of the clusters, a deconvolution algo-
rithm was applied by assuming, for simplicity, a Gaussian
probe response centered at 100 nm. After deconvolution with

Figure 2. A) Intensity distribution of all measured spots at an excitation in-
tensity of 150 Wcm�2. The inset shows an enlargement of the lowest intensi-
ty values of the distribution (<40 kcounts s�1), together with the intensity of
single-molecule spots (shaded histogram). The lower axis of the enlarged
distribution and upper graded bar of the main intensity distribution corre-
spond to the number of Cy5 molecules. B) Size distribution of all measured
spots. The inset shows the size of 19 single-molecule spots.
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the probe aperture size, the spot sizes range from less than 10
up to 500 nm, with a mean value of about 185 nm. Taken to-
gether, both intensity and size analysis confirm that DC-SIGN is
confined in nanometer-sized domains.
We note that the cluster sizes determined here are similar to

those obtained by TEM[21] but slightly larger than those ob-
tained by NSOM in aqueous solutions.[30] We believe that the
small differences may be due to sample preparation (dry
versus liquid). We cannot rule out that some individual DC-
SIGN molecules in the vicinity of a cluster might be brought
even closer (beyond our NSOM resolution) on cell drying and
thus result in a larger measured size. On the other hand, the
intensities obtained under both dry and liquid conditions are
similar to each other, with an average of 30 and 25 fluorescent
dye molecules per domain, respectively, which validates our
main conclusion of DC-SIGN clustering on imDCs.
In vitro biochemical studies showed that DC-SIGN forms

multimers.[20] These oligomers contain fewer molecules than
the average number of DC-SIGN molecules per spot that we
observed in our experiments. Although oligomerization of DC-
SIGN at the cell surface might occur, it seems improbable that
the observed clusters are exclusively due to oligomerization. In
fact, the physical size and intensity of the clusters are more
consistent with a higher level of organization in which recruit-
ment of proteins to specific areas of the cell membrane in-
creases the local concentration of DC-SIGN. As was recently
shown, an increase in the local concentration of DC-SIGN likely
serves to facilitate cell–pathogen binding, as intermediate DCs
with a random distribution of individual DC-SIGN molecules on
their surface showed impaired binding to viruslike particles
and reduced HIV transmission to peripheral blood mononu-
clear cells.[21]

DC-SIGN Domains are Distributed Randomly on the
Membrane

To investigate the distribution pattern of the domains on the
cell surface, nearest neighbor distribution (NND) analysis was
performed (see the Experimental Section). The area covered by
domains represents about 8% of the total cell surface, which
results in an average density of about 2.53 domainsmm�2. The
NND between domains was measured and included in the dis-
tribution shown in Figure 3A. The distribution peaks at about
400 nm with a tail that extends up to 1.4 mm. The measure-
ments were compared to a calculated NND of randomly dis-
tributed spots (Poisson) using the experimental domain densi-
ty (solid line in Figure 3A). The overall shapes of the two distri-
butions are similar, especially the tail of the distribution. The
differences in shape between the experimentally obtained dis-
tribution and the simulated fitting for short intercluster distan-
ces are caused by the finite size of the domains, which impose
a minimum on the experimentally measurable intercluster dis-
tances (ca. 200 nm, as shown in Figure 2B). The similar shapes
of the two distributions strongly suggest a random distribu-
tion.
To conclusively rule out a possible nonrandom spatial distri-

bution of the domains, we correlated the number of Cy5 mole-

cules within a domain with the mutual domain separation (see
Figure 3B). An apparent correlation emerges from the shape of
the correlation plot, that is, large intensity values correlate
with shorter interdomain distances and vice versa. To test the
validity of this observation, we performed simulations by as-
signing random (x,y) coordinates to the experimentally mea-
sured domains and determining their intercluster separations.
The overall simulated correlation plot is superimposed in Fig-
ure 3B. The similar shapes of the two correlation plots confirm
our notion that DC-SIGN domains are randomly distributed on
the membrane. The large wings in both intensity and interdo-
main distance in fact result from the large number of occur-
rences at about 400 nm and approximately 3.5 Cy5 molecules,
respectively.

Heterogeneity in the Molecular Packing Density of DC-SIGN
Domains

To study the molecular packing density of DC-SIGN in each
domain, we performed correlation analysis between all fluores-
cent spot sizes and their respective intensities. The correlation
plot is shown in Figure 4A. The vertical axis corresponds to the
corrected size of each individual domain after deconvolution
of the spot size with the NSOM probe response, and the hori-
zontal axis corresponds to the number of Cy5 molecules per
domain, as derived from Figure 2A. The presence of on aver-
age about 30 Cy5 molecules together with the average spot
size of about 185 nm corresponds to a Cy5 density 1 of about
1000 Cy5 moleculesmm�2. The solid line in Figure 4A is plotted
along all spots exhibiting this average density. A one-to-one re-
lationship between size and intensity would indicate a con-
stant molecular packing density within the domains, as expect-
ed for proteins existing in higher order oligomeric states and

Figure 3. A) Interdomain distance distribution obtained by NND analysis of
all measured fluorescence spots. The black solid line indicates a Poisson
(random) distribution for a domain density of 2.53 domainsmm�2. B) Correla-
tion between domain intensity (given as number of Cy5 molecules) and in-
terdomain separation for measured and simulated data.
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observed for other transmembrane receptors investigated with
the same technique (unpublished data). However, the molecu-
lar packing density of the DC-SIGN domains is remarkably het-
erogeneous, with physically large clusters containing only tens
of Cy5 molecules, that is, low packing density (above the solid
line in Figure 4A), and physically small clusters containing hun-
dreds of Cy5 molecules, that is, high packing density (below
the solid line).
To enquire into the molecular proximity of DC-SIGN within

the domains, we calculated the average intermolecular dis-
tance r between Cy5 molecules in each domain using the rela-
tion r~1/ ACHTUNGTRENNUNG(211/2) under the assumption of random distribution.
The histogram in Figure 4B shows the average Cy5 intermolec-
ular distance for all measured domains. The peak and average
values of the distribution correspond to 12 and 22 nm, respec-
tively. Clearly there is a maximum packing density of the Cy5
dye molecules dictated by their own size, the attached anti-
bodies (ca. 10 nm), and the physical size of the DC-SIGN pro-
teins. Although the use of antibody labeling precludes exact
determination of the DC-SIGN intermolecular distances, it
serves to accurately map the spatial organization of DC-SIGN
and infer the distribution of DC-SIGN in the cluster. In fact, the
shape of the distribution shown in Figure 4A also reflects or-
ganization of the antibody, and thus of DC-SIGN, in clusters,
while the peak of the distribution agrees well with the physical
size of the antibody. On the other hand, quantitative determi-
nation of antibody distances is difficult, since variations in Cy5
antibody labeling efficiency might occur. Similarly, owing to
their physical size, the antibodies might spatially hinder each
other if the proteins are too densely packed. Both effects
could result in an under- or overestimation of the number of

proteins involved in each cluster. Similar uncertainty is also ob-
tained with EM. The use of autofluorescent proteins directly
tagged to DC-SIGN in combination with NSOM should allow
truly quantitative analysis of the stoichiometry of the clusters.
Unfortunately, to date XFP labeling of DCs as nondividing pri-
mary cells remains a challenge.
Note that although NSOM provides greater resolution, the

physical size of the domains is ultimately limited by the convo-
lution with the NSOM probe size. Thus, the possibility always
exists that small clusters, or even monomers, located at distan-
ces shorter than about 100 nm would be observed as larger
clusters, which would shift the observed size distribution to
higher values than is actually the case. Nevertheless, we be-
lieve from our data that the probability of the occurrence of
smaller clusters at a higher packing density is rather low, since
the fitting of the NND distribution to a Poisson (random) distri-
bution has a peak value at about 300 nm. In any case, the exis-
tence of smaller clusters will not alter the main observation
drawn from Figure 4, since the packing heterogeneity is mainly
due to the large variation in the number of DC-SIGN units in
each cluster and to a lesser extent caused by variations in the
physical size of the clusters and their mutual proximity.
While the size of the domains is centered around 185 nm,

the significant variation in the number of molecules in each
domain, well beyond a purely random distribution (Poisson),
reflects a large spread in Cy5 and thus in DC-SIGN in each clus-
ter. Remarkably, the DC-SIGN domains are similar in size to
most viruses (40–500 nm). If one relates the well-known capa-
bility of DC-SIGN to effectively bind to pathogens[6–17] and the
already demonstrated importance of DC-SIGN clustering for
virus binding,[21] our data strongly suggest a direct relationship
between cluster size and the capacity of DC-SIGN for virus
binding. That is, the large spread in DC-SIGN density per clus-
ter may serve to maximize the chances of the DC binding to a
large variety of viruses having different binding affinities.
Along these lines, we have performed simulations to predict
the capacity of pathogens of different sizes to establish inter-
actions with either individual or clustered proteins. Interesting-
ly, we found that particles with diameters in the range of most
viruses known to bind to DC-SIGN (40–200 nm) bind with
higher probability to clusters than to randomly distributed DC-
SIGN. Furthermore, simulations of different cluster densities
support the hypothesis that heterogeneity is beneficial for
maximizing the chances of DC-SIGN binding to different patho-
gens (unpublished data).

Mapping the Intermolecular Organization of a Cluster

To directly assess the intermolecular organization of DC-SIGN,
we performed sequential near-field fluorescence imaging in
combination with single-molecule photobleaching. Recently,
single-molecule confocal imaging has been applied to localize
two identical dye molecules separated by 10–20 nm and im-
mobilized on a background-free surface.[31] Since NSOM pro-
vides greater resolution and background suppression than
confocal microscopy, we reckoned that a larger number of
identical molecules could be spatially mapped with similar ac-

Figure 4. A) Correlation between the corrected spot size and intensity in
terms of number of Cy5 molecules. Each point in the graph corresponds to
one measured spot. The gray line shows the average molecular packing
density. The sketch (inset) illustrates four types of domain packing: top left
has a low packing density, while bottom right has a high packing density.
The remaining two domains have similar packing density but are different in
size and intensity. B) Intermolecular distance distribution r within domains
under the assumption of random Cy5 ordering. The average intermolecular
distance is about 22 nm.
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curacy on the membrane of intact cells. As a proof of principle,
Figure 5 shows three representative near-field images of a DC-
SIGN cluster obtained at different moments in time. Two DC-
SIGN clusters are clearly observed in frame 1. While performing
sequential imaging over the same area, photobleaching of Cy5
occurs and reduces the total fluorescence of the domain.
Hence, frame 13 shows a discrete number of single-molecule
fluorescent spots until finally only two Cy5 molecules are pres-
ent in frame 22. To retrieve the spatial coordinates of individual
molecules within a cluster, the following procedure was used.
The (x,y) positions of single-molecule spots in the last frame
(Fn) were determined by a 2D Gaussian fitting. The accuracy of
localization of the single-molecule spots is 6 nm, limited by the
signal-to-background ratio under our excitation conditions (ca.
500 Wcm�2). The pixel-by-pixel intensity of frame Fn�1 was
then subtracted from that of frame Fn. In doing so, we took
special care to use the simultaneously obtained and corre-
sponding topographic images to correct for any drift during
the measurements. From the resultant subtracted near-field
optical images, the (x,y) positions of new individual molecules
were retrieved. The procedure was repeated as long as individ-
ual molecules and their coordinates could be discriminated
from the subtracted near-field images. Following this proce-
dure, the (x,y) positions of 13 distinct single-molecule spots
within a region of approximately 1 mm2 could be recovered
(Figure 5, rightmost frame).
Distance analysis between adjacent Cy5 dye molecules in

the cluster afforded a value of about 40�6 nm, which is
within the range of the estimated intermolecular distances
shown in Figure 4B, although it is an overestimation of the
actual distance due to initial prebleaching. As observed from
the reconstructed image, it appears that the Cy5 signal is dis-
tributed in small bunches rather than randomly. This type of
organization most probably reflects the antibody distribution
within the cluster. Further experiments using this approach in
combination with XFP labeling should reveal the exact inter-
molecular organization of DC-SIGN.
Due to the diffraction-limited resolution of far-field microsco-

py, single-molecule experiments on cell membranes can be
performed only after reducing the concentration of the fluores-
cently labeled proteins to typically less than 1 mole-
culemm�2.[32] In our case, the increased resolution of NSOM en-
abled discrimination of individual molecules at much higher

density (cluster in Figure 5), a
convincing demonstration that
the technique is ideally suited
for the study of supramolecular
complexes and/or protein oligo-
merization at physiologically rel-
evant packing densities.
In essence, our experiments

show the static heterogeneity of
clustering by providing snap-
shots that map at a given
moment the entire process of
formation and degradation of
domains and provide informa-

tion on all possible situations. On the other hand, clustering
should be a rather dynamic process, that is, clusters may
change in size and density. If domain formation is a diffusion-
assisted process, we should have observed in our static images
some evidence of it, that is, the presence of “lower” intensity
domains closer to “higher” intensity domains. However, we
were not able to find such a correlation. As the organization of
the DC-SIGN domains is random with no clear evidence for dif-
fusion-assisted cluster growth, our data suggest that the DC-
SIGN clusters may be targeted to the cell membrane in a pre-
assembled way. One possible mechanism for this would be
that intact DC-SIGN–raft clusters are delivered to the surface of
imDC by means of transport vesicles from the trans-Golgi net-
work.[33] Along these lines, biochemical data, copatching ex-
periments, and ligand-binding essays in the presence or ab-
sence of methyl-b-cyclodextrin have indicated that about 50%
of the total DC-SIGN population is raft-associated.[21] Dynamic
high-resolution experiments performed with NSOM on living
cell membranes should reveal whether preassembly or diffu-
sion-assisted growth of DC-SIGN clusters takes place on imDCs.
Along these lines, we recently showed that NSOM can operate
in liquid environments without compromising resolution or
sensitivity.[30] Currently we are extending the use of the tech-
nique to live imaging of XFP-labeled cells.

Conclusions

We have focused on the nanoscale organization of DC-SIGN on
the membrane of immature DCs using high-resolution fluores-
cence microscopy combined with single-molecule detection
sensitivity. Our experiments demonstrate the unique advant-
age of NSOM relative to confocal and electron microscopy
when applied to densely packed systems on intact cells. The
small illumination volume of NSOM allowed discrimination of
isolated fluorescent spots of Cy5-labeled DC-SIGN on the sur-
face of imDCs. By taking advantage of the single-molecule de-
tection sensitivity of the setup, photon-count histograms of all
fluorescent spots were built and related to the total number of
fluorescent molecules contained in a given domain. Finally, by
combining sequential NSOM imaging with discrete single-mol-
ecule photobleaching we were able to look inside an other-
wise nonresolvable cluster and gain information on its inter-
molecular organization.

Figure 5. Selected near-field images over the same area taken at different moments in time (frames 1, 13, and 22);
two exemplary domains (A and B) are highlighted. Scan area is 2J2 mm (256J256 pixels) at 5 ms per pixel acquis-
ition time and 0.5 kWcm�2 excitation intensity. As an example, frame 22 shows two single-molecule fluorescence
spots for which the center of mass has been determined with a precision of 6 nm. The rightmost grid shows the
partial spatial reconstruction of domain A.
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We have confirmed that more than 80% of the DC-SIGN pro-
teins are organized in nanometer-sized domains. While the
domain size matches the sizes of most viruses, the large heter-
ogeneity in the molecular packing density of the domains may
serve to maximize the chances of DC binding to a large variety
of viruses having different binding affinities to DC-SIGN. It re-
mains to be investigated how DC-SIGN is recruited to these re-
gions and how the cell regulates the organization of DC-SIGN.
Along these lines, we have performed experiments using the
actin-disrupting agent cytochalasin D as well as the cholester-
ol-extracting agent methyl-b-cyclodextrin to test the influence
of the cortical actin cytoskeleton and of lipid-raft integrity, re-
spectively, but did not observe changes in DC-SIGN clustering
on immature DCs.[21] Since there is increasing evidence that
several pathogens exploit lipid platforms as docking sites to
enter host cells,[34] we are currently employing high-resolution
NSOM under liquid conditions to shed light on the raft hypoth-
esis and provide quantitative information on the static and
possibly dynamic compartmentalization of the cell membrane.

Experimental Section

Sample Preparation: imDCs were cultured from healthy human
blood monocytes in the presence of IL-4 and GM-CSF, 500 and
800 UmL�1, respectively (Schering-Plough, Brussels, Belgium). After
6 d of culture, flow-cytometry analysis showed low levels of CD14
and CD83, moderate levels of CD86, and high levels of MHC class I
and II, consistent with the phenotype of imDCs. Obtained DCs
were stretched on a fibronectin-coated glass cover slip for 1 h at
37 8C and fixed with 1% paraformaldehyde in phosphate-buffered
saline (PBS) for 20 min. The specimens were rinsed in two washing
steps with PBS and PBA (PBS containing 0.5% bovine serum albu-
min and 0.01% sodium azide). The cells were then incubated with
homemade primary monoclonal antibodies (mAbs) AZN-D1 in PBA
(10 mgmL�1, 25 min). After two washing steps with PBA, a second
incubation was performed with goat anti-mouse Cy5 (Jackson
Immuno Research), 1:125 in PBA for 25 min, to allow fluorescence
detection of the anti-DC-SIGN antibody. Antibody labeling efficien-
cy as given by the manufacturer is 2–4 Cy5 molecules per anti-
body. Samples were subsequently post-fixed in 2% paraformalde-
hyde, dehydrated by subsequent incubations in 30, 50, 70, and
100% pure ethanol and finally critical-point dried.

High-Resolution, Single-Molecule Imaging of DC-SIGN: Cells were
imaged with a combined confocal/near-field optical microscope
with single-molecule detection sensitivity, as schematically shown
in Figure 1A. Cy5-labeled DC-SIGN were excited either confocally
or in near-field mode by using the 647 nm line of an Ar+/Kr+ ion
laser (CW, Spectra-Physics). In confocal mode, incoming circularly
polarized light is reflected by a dichroic mirror (650 DRLP Omega
Optical Inc. , Brattleboro VT) and focused onto the sample by an
oil-immersion objective (Olympus, 64J , 1.4 N.A.) with a typical in-
tensity of 150 Wcm�2. In the NSOM mode the excitation light is
coupled into an Al-coated tapered fiber probe (single mode, l=
633 nm, Cunz, Frankfurt). The probe is kept within 10 nm of the
sample by means of shear-force feedback providing simultaneously
a topographic map of the sample surface.[28,30] A flippable mirror
mount (Newfocus Inc.) enables switching between the two excita-
tion modes. On the detection side, the collected light is appropri-
ately filtered (665AELP, Omega Optical Inc. , Brattleboro VT) and the
fluorescence separated into two orthogonal polarization compo-

nents (denoted the 0 and 908 components) by a broadband beam
splitter (400–700 nm, Newport, Fountain Valley CA). Finally, the
signal is focused onto two avalanche photodiodes (APDs, SPCM-
100, EG&G, Quebec).
Individual cells were selected by bright-field illumination and sub-
sequently imaged in confocal mode. Selected regions were then
investigated by NSOM, with typical scanning speeds of 3–6 mms�1,
depending on the surface roughness. The cell height in the den-
drite region varied from tens of nanometers to a few micrometers,
as derived from the shear-force signal. All data were acquired with
the same near-field probe with an aperture size of about 100 nm,
as determined from EM images. Presented data are based on
seven representative cells and 20 different near-field scans.

Image Analysis : Near-field images were analyzed in a semiautomat-
ed fashion using custom-written software based on Labview (Na-
tional Instruments, TX). In total, 1200 fluorescent spots were inves-
tigated in terms of their intensity, physical size, absolute position
on the plasma membrane, and relative position with respect to
each other. All spots were selected manually from the raw NSOM
images. The intensity of each spot IT (kcounts s

�1) was determined
as IT= (Is�Ib)/t, where Is is the sum of all photon counts within a
contour of about 15% of the peak intensity level of a given spot, Ib
the cell background from a similar area in the immediate vicinity
of the spot, and t the total acquisition time of the fluorescent spot.
The intensities were then related to the photon count rate detect-
ed from single Cy5 molecules, as inferred from spots exhibiting
clear single-molecule signatures such as discrete bleaching, blink-
ing, and unique dipole emission. Note that this method of obtain-
ing the average intensity per spot assumes a random organization
of DC-SIGN within the cluster. The size of each individual spot was
determined by fitting the measured intensity profile with a 2D
Gaussian function. The spot size was defined as the full width at
half maximum (FWHM) of the fit. This approach works well as long
as the spots are rather rounded and will be less accurate for irregu-
larly shaped domains. However, from our NSOM images this is a
good approximation, since the large patches are much less fre-
quent and fall out of the main size distribution shown in Figure 2B.
The positions of all spots on the cell membrane were determined
by combining the near-field optical and topographic images, there-
by allowing us to include in our data analysis only membrane-asso-
ciated proteins. The simultaneously obtained topographic images
were also used to exclude potential artifacts due to the structure
of the cell membrane, such as steep cell edges or membrane fold-
ing. Mutual spot distances were examined by means of nearest-
neighbor distance (NND) analysis, where the (x,y) position of each
spot was determined from the peak position of a Gaussian fit to
the intensity profile.
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