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Mast cells and dendritic cells form synapses that
facilitate antigen transfer for T cell activation
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Mast cells (MCs) produce soluble mediators such as histamine and prostaglandins that are known to influence dendritic
cell (DC) function by stimulating maturation and antigen processing. Whether direct cell-cell interactions are important
in modulating MC/DC function is unclear. In this paper, we show that direct contact between MCs and DCs occurs and
plays an important role in modulating the immune response. Activation of MCs through FceRI cross-linking triggers the
formation of stable cell-cell interactions with immature DCs that are reminiscent of the immunological synapse. Direct
cellular contact differentially regulates the secreted cytokine profile, indicating that MC modulation of DC populations is
influenced by the nature of their inferaction. Synapse formation requires integrin engagement and facilitates the transfer
of internalized MC-specific antigen from MCs to DCs. The transferred material is ultimately processed and presented by
DCs and can activate T cells. The physiological outcomes of the MC-DC synapse suggest a new role for intercellular

crosstalk in defining the immune response.

Introduction

Immune system function requires a complex network of inter-
cellular communication between distinct cell types, involving
both soluble mediators and direct cell-cell contacts. For ex-
ample, upon activation, mast cells (MCs) secrete a variety of
cytokines, chemokines, prostaglandins, and other inflammatory
mediators that are known to regulate the function of other im-
mune cells (Caron et al., 2001b; Skokos et al., 2003; Suto et al.,
2006; Dawicki et al., 2010). Furthermore, physical interactions
between dendritic cells (DCs) and immune cells other than clas-
sical T lymphocytes (i.e., neutrophils/DCs, NK [natural killer]
cells/DCs, and NK-T cells/DCs) are being discovered, thus
broadening the repertoire of DC-interacting partners contribut-
ing to the establishment of an immune response (Yang et al.,
2000; van Gisbergen et al., 2005¢; Valentin-Torres et al., 2012).

Recognized as sentinels of the immune system, DCs and
MCs (Lozewicz et al., 1990; Leslie, 2007) localize to similar
peripheral tissues (skin and mucosae) and serve immunoregula-
tory and effector functions, respectively. MCs express the high
affinity IgE receptor, FceRI, and are best known for their role in
allergy and asthma. However, MCs also express receptors capa-
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ble of recognizing pathogens (such as Toll-like receptors) and
have been implicated in many physiological responses, includ-
ing rheumatoid arthritis, arteriosclerosis, and cancer (Leslie,
2007). Recently, members of our group have demonstrated that
MCs form a synapse in response to an antigen-presenting bi-
layer (Carroll-Portillo et al., 2010; Spendier et al., 2010) and can
interact with DCs (Carroll-Portillo et al., 2012). It is becoming
clear that MCs play a more complex role in the overall immune
response than previously recognized. Immature DCs (imDCs)
reside in the tissue, capturing and processing antigen for devel-
opment of tolerance or disease response. There are several DC
subsets (myeloid DCs, Langerhans cells, plasmacytoid DCs,
dermal DCs, etc.) with phenotypic differences, increasing the
functional complexity of these cells (Shortman and Liu, 2002).
Upon stimulation with non—self-antigen or inflammatory cyto-
kines, DCs begin maturation and traffic to the draining lymph
node. Within the lymph node, DCs present captured antigen to
T cell populations, stimulating proliferation and subsequent im-
mune responses (Morva et al., 2012; Dalod et al., 2014).

As MCs and DCs reside in close proximity at environmen-
tal interfaces, their capacity for crosstalk has been documented
(Allam et al., 2008; Dawicki et al., 2010; Dudeck et al., 2011).
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In particular, MC-derived soluble factors have been shown to
affect DC functions such as activation, migration to lymph
nodes, and Th2 polarization (Caron et al., 2001a; Mazzoni et
al., 2006; Suto et al., 2006; Shelburne et al., 2009; Dawicki et
al., 2010; Reuter et al., 2010; de Vries et al., 2011). Communi-
cation between MCs and DCs has also been shown to regulate
other lymphocytes including T cells and B cells (Skokos et al.,
2003; Mazzoni et al., 2006; de Vries et al., 2011; Dudeck et
al., 2011). Supernatants from activated MCs initiate both mouse
and human DC maturation, increase CCL21 chemotaxis to the
draining lymph nodes, and result in generation of Th2-promot-
ing DCs as well as a Th2 centric immune response (Caron et al.,
2001a; Kitawaki et al., 2006; Mazzoni et al., 2006). MC cyto-
kines, such as TNF and granulocyte macrophage colony-stim-
ulating factor, recruit DCs to sites of infection and increase the
longevity of imDCs contributing to allograft tolerance (Suto et
al., 2006; Shelburne et al., 2009; Reuter et al., 2010; de Vries
et al., 2011). Although a physical MC-DC interaction has been
predicted (Kitawaki et al., 2006; Dudeck et al., 2011), formal
demonstration of direct cellular contact between MCs and DCs
has been lacking. Furthermore, the mechanisms that underlie
MC-DC contact and the physiological outcomes of such inter-
actions remain poorly defined.

In this study, we have combined live-cell imaging tech-
niques with immunological and biochemical assays to unravel
the mechanisms and dynamics of MC-DC interplay. We show
that MCs and DCs form synapses that are dependent on MC
activation and integrin engagement. These direct interactions
stimulate changes in the secretion profile of select cytokines.
We also find that MC-DC synapse formation facilitates trans-
fer of endosomal contents, including antigen and membrane,
from activated MCs (actMCs) to imDCs. Furthermore, DCs
are capable of processing and presenting the transferred an-
tigen that ultimately results in the activation of T cells. To-
gether, these results demonstrate that there is a complex
interplay between soluble cues and intercellular crosstalk that
fine-tunes the immune response.

Results

Direct contact of MCs and DCs is
observed in tissue

MCs and DCs are known to localize to the same tissues. We
used immunohistochemistry (IHC) to assess whether MCs and
DCs are found within close proximity in human tissue. 5-um
sections of normal human colon, intestine, lung, skin, and ton-
sil were each obtained from five different donors and labeled
to detect MCs (Fig. 1 A, tryptase, brown; Walls et al., 1990)
and DCs (Fig. 1 A, DC-SIGN, pink; Bergman et al., 2004; van
Gisbergen et al., 2005a,c). Labeling of tonsil tissue served as
the control, and negative controls were run with all IHC reac-
tions (Fig. S1). IHC revealed that it is common to find MCs
and DCs in close proximity (Fig. 1 A, arrows). To quantify the
potential for cell-cell contacts, we determined the percentage
of MCs that were immediately adjacent to a DC and found
this value to be consistently high across all donors and tissue
types (Fig. 1 B). It should be noted that in addition to DCs,
there are other cells that express DC-SIGN, such as alveolar
macrophages (Soilleux et al., 2002). However, within the mul-
tiple subsets of DCs, DC-SIGN™* DCs have been detected in the
dermal layer of the skin (Geijtenbeek et al., 2000), intestine
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(Jameson et al., 2002), colon (Soilleux et al., 2002), and lung
(de Witte et al., 2008), thus motivating the use of this marker in
the THC experiments. These results confirm that MCs and DCs
are found within close proximity and suggest that direct MC—
DC interactions could occur in vivo.

MC-DC interactions alter cytokine
production

As immune modulators, both MCs and DCs are capable of
secreting a wide variety of cytokines to stimulate or repress
immune responses. To determine whether direct cell-cell inter-
actions might influence cellular responses, cytokine secretion
was measured using ELISA. MCs and imDCs were co-incu-
bated to allow for either direct or indirect (with transwell sep-
aration) interactions. To activate MCs, FceRI signaling was
initiated by the addition of the multivalent antigen, DNP-BSA,
which cross-links the DNP-specific IgE bound to the receptor.
Supernatants from 2- and 12-h co-cultures were collected for
ELISAs. Of the cytokines tested (IL1ra, MIP1a, MCP-1, IL-4,
IL-6, IL-10, IL-12, TNF, and TIMP-1), IL-1ra, MIPla, and
MCP-1 showed consistent changes during the co-incubation
(Fig. 2). We found several different modes by which direct MC—
DC contact can modulate cytokine responses. IL-1ra secretion
by DCs is significantly up-regulated only when DCs were al-
lowed to be in direct contact with actMCs (Fig. 2, left, com-
pare DC with DC+actMC). On the other hand, MCP-1 secreted
by actMCs was down-regulated when MCs and DCs were
not in contact, but direct MC-DC interaction prevented this
down-regulation (Fig. 2, top right, compare DC+actMC with
DC+actMC_TW). MIPa secretion by actMCs was down-regu-
lated in the presence of DCs, but direct MC-DC interaction de-
layed this down-regulation (Fig. 2, center, compare 2 h and 12 h
DC+actMC). We note that TNF consistently increased with
activation of MCs as expected (Fig. 2, bottom, right graph).
These data indicate that cytokine production by MCs and DCs
is differentially regulated depending on whether direct cellular
interaction occurs. We postulate that the formation of cell—cell
contacts alters cell signaling, likely through activation of ad-
hesion molecules, and leads to changes in the quality and the
timing of the cytokine response.

MC-DC interactions depend on MC
activation and induce MC polarization

The THC experiments suggest the potential for direct contact
between MCs and DCs in vivo, whereas the cytokine mea-
surements show that direct contact alters the cellular response.
However, the nature and dynamics of these cellular interactions
remained to be determined. We, therefore, performed in vitro
microscopy to examine the spatiotemporal relationship of the
direct MC-DC interaction. In these experiments, imDCs were
plated first and allowed to adhere to the coverslip. Then, MCs
that were primed with fluorescently labeled a-DNP IgE were
washed and added to the chamber to be monitored over time
(Fig. 3 A). MCs were activated by addition of DNP-BSA.
Cross-linking of IgE-bound FceRI stimulates multiple signaling
pathways (Gilfillan and Tkaczyk, 2006; Yamashita et al., 2007)
and, ultimately, results in endocytosis of the receptors.

In the unactivated state, the MCs primarily remain in sus-
pension, and interactions with imDCs are short lived (Fig. 3 A,
top row; and Video 1). Activation of MCs resulted in longer lived
MC-DC contacts (Fig. 3 A, bottom row; and Videos 2 and 3).
Fig. 3 B demonstrates the increase in duration of MC-DC inter-
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Figure 1. MCs and DCs are found in close proximity in human fissue. (A) Representative immunohistochemical labeling of MCs (tryptase, brown) and
DCs (DC-SIGN, pink) in 5-pm-thick tissue sections from human donors for normal colon, small intestine, lung, and skin. Boxed regions are enlarged to
demonstrate where cells are likely in contact (brown and pink pixels are immediately adjacent, indicated by arrows). Images are brightness and contrast
enhanced. Bars, 50 pm. (B) Bar graph indicating the percentage of MCs in contact with DCs within each type of tissue from each donor tested. Values
are means from 10 fields of view for each tissue from each donor. Total numbers of MCs counted for each donor—used to calculate the percentages—are

immediately below the bar they represent. Error bars are SEM.

actions when MCs are activated. Examination of MC-DC behav-
ior in Video 1 showed only brief interactions, with 27 MC-DC
contacts ranging in duration from 4-48 s (mean of 11 + 1.8 s).
In comparison, actMC-DC interactions in Video 2 persisted as
long as 490 s (mean of 243 + 68.3 s), with many contacts continu-
ing beyond the time series (Fig. 3 B). A typical example of act-

MCs behavior in the presence of imDCs can be seen in Fig. 3 A
(bottom row; and Video 3), where an actMC (labeled with Alexa
Fluor [AF] 488-IgE, green) maintains contact with a DC for >3
min. The cell—cell interactions were often accompanied by an ac-
cumulation of fluorescent IgE at the contact site (Fig. 3 A, bottom
row). This behavior was consistently observed across many inde-
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Figure 2. DC interactions with actMCs alter cytokine secretion. ELISA results for supernatants from BMMC-imDC experiments at 2 and/or 12 h comparing
secretion of IL-1ra, MIP-Ta, MCP-1, and TNF under different conditions were plotted. Results are representative of data from >3 independent experiments
for each cytokine tested. Samples are as follows: DC, DCs alone; DC+DNP, DCs with DNP-BSA; MC, MC alone; actMC, MCs activated with DNP-BSA;
DC+MC, co-culture of MC and DCs; DC+actMC, co-culture of DNP-BSA activated MCs and DCs; DC+MC_TW, DCs and MCs separated by a transwell;
and DC+actMC_TW, activated MCs separated from DCs by a transwell. Bonferroni’s multiple comparison tests were performed to determine significance.
P-value is relative to the number of asterisks (*, P < 0.01; *** P <0.001; **** P < 0.0001). For IL-Tra, changes are compared with DC sample and for
MIP-1a, and MCP-1 changes are compared with actMC sample. (bottom right) TNF secretion shows the expected increase with MC activation and is not

altered by DC interactions. Error bars are SEM.

pendent experiments (n = 3—20 independent preparations) using
three types of MCs: bone marrow—derived MC (BMMC), perito-
neal-derived MC (PMC), and the MC/9 cell line (Fig. S2). Itisin-
teresting to note that although the MC/9 cell line did not respond
to cross-linking with the typical release of granular contents (no
measureable B-hexosaminidase release; unpublished data), the
vesicle accumulation and enhanced cell—cell contacts were sim-
ilar to BMMCs and PMC:s. In addition, the MC/9 cells formed a
uropod-like structure upon activation that was readily observed
in 13% of the cells imaged (173 cells analyzed; Video 4).

To confirm that the observed cell-cell contacts were a
result of changes in MC-DC interaction strength, we directly
measured the adhesion force between the cell types using sin-
gle cell force spectroscopy. In these experiments, imDCs were
plated on the coverslip surface and a tipless atomic force mi-
croscopy (AFM) cantilever coated with concanavalin A was
used to pick up individual MCs and bring them into contact
with a single imDC adhering to the coverslip (Fig. 3 C and Fig.
S3). After 5 s of contact, the MC/9 cell was withdrawn and
the force necessary to separate the cells was measured. The
detachment force necessary to separate actMCs from imDCs is
approximately twofold higher compared with unactivated MCs
(Fig. 3, D and E; and Fig. S3). Similar force measurements
between actMCs and fibroblasts (Fig. 3 E) showed no enhanced
interaction, confirming that the interactions between actMCs
and DCs are specific. These results are consistent with the
more prolonged interactions observed by confocal microscopy
(Fig. 3, A and B) and suggest a role for adhesion molecules in
facilitating the MC-DC interactions.

The observations that, in the presence of imDCs, MC
endosomes are less dispersed and appear to accumulate at the
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contact site (Fig. 4 A) suggested “polarization” of the MCs
and formation of a cellular synapse. We confirmed that the
aggregated receptor was internalized by incubating the cells
with low pH buffer (Fig. S4). Exposure to low pH buffer, or
“acid stripping,” will remove surface exposed IgE. Because
acid stripping did not remove the accumulation of IgE-FceRI,
these structures are internalized vesicles, as expected with
cross-linked IgE-FceRI (Wilson et al., 2004; Fattakhova et
al., 2006; Cleyrat et al., 2013). To determine whether the act-
MCs are indeed polarized during their interactions with the
imDCs, we examined their cytoskeletal reorganization in rela-
tion to the cell-cell contact site. For these experiments, MCs
were activated in the presence of imDCs, and samples were
fixed and stained for actin and tubulin (Fig. 4 B). We con-
sistently observed the localization of the microtubule-orga-
nizing center (MTOC) proximal to the largest accumulation
of IgE-containing vesicles, confirming that the MCs become
polarized upon engagement with imDCs. This polarization
(defined as the presence of IgE-containing vesicle aggregation
that is also aligned with the MTOC) was observed in 58%
of the actMCs, as calculated from the fixed MC-DC sam-
ples. A decrease in F-actin is also observed when the polar-
ized endosomes are close to the membrane (Fig. 4 B). The
MTOC alignment and displacement of actin are maintained
even after MC-DC contact is lost (Fig. S5). Alignment of the
MTOC and rearrangement of actin are both consistent with
the cytoskeletal architecture reported for T cell-DC synapses
(Martin-Cofreces et al., 2011; Smoligovets et al., 2012; Angus
and Griffiths, 2013). Collectively, these results indicate that
MCs and DCs interact through formation of a synapse that is
regulated by MC activation.
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Figure 3. Activation of MCs in the presence of imDCs leads to increased MC-DC interactions. (A) Typical interaction between either resting (fop row) or
activated (bottom row) BMMCs and imDCs. (top row) Movements of two separate unactivated BMMCs (represented by either asterisks or plus signs) are
tracked along a DC. (bottom row) ActMCs can maintain contact with imDCs for extended periods and demonstrate polarized accumulation of IgE (AF488,
green). (B) Duration of MC-DC inferactions observed in Video 1 (unactivated, 27 contacts) and Video 2 (activated, 9 contacts). (C) Cartoon demonstrating
the singlecell adhesion measurement setup where MCs are first attached to a tipless AFM cantilever then brought into contact with the imDC. (D) Single
representative force—distance (F-D) curves of the interaction of an unactivated versus activated MC (MC/9) interacting with an imDC out of five indepen-
dent experiments. In total, n > 21 MC-DC contacts and n > 120 F-D curves per condition were measured. From these single curves, the work (area under
the curve) and Fo, (maximum force to baseline) are quantified. (E) The force in nanonewtons needed to detach unactivated or activated MC/9 MCs from
imDCs (unactivated: n = 21 DC-MC contacts in five experiments; activated: n = 43 DC-MC contacts in six experiments) or mouse embryonic fibroblasts
(MEF; unactivated: n = 19 DC-MC contacts in two experiments; activated: n = 20 contacts in two experiments). ***, P < 0.001 (by Mann-Whitney
test). Values are means + SEM.
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Figure 4. ActMCs polarize when in the presence of imDCs. (A) Maximum projection images of BMMCs primed with fluorescent «-DNP IgE (white) and
activated with DNP-BSA. Internalized, cross-linked IgE-FceRI of activated BMMCs alone is dispersed throughout the cell (top); however, direct contact of
activated BMMCs with imDCs results in accumulation of IgE-containing vesicles (bottom). Overlays are differential interference contrast from single Z-slice
of same cells. (B) Single planes of confocal Z-stack images of fixed cell labeling of either unactivated (top row) or activated (bottom row) BMMC-DC
interactions. ActMCs demonstrate depletion of actin at the site of endosome aggregation near the membrane (box, Activated, actin image), as well as
positioning of the MTOC to the side of endosome aggregation (Activated, tubulin image). 58% of actMCs show the polarized phenotype, i.e., demon-
strate accumulation of endosomes proximal to the MTOC (33 cells counted across three independent experiments). All images are brightness and con-

trast enhanced. Bars, 10 pm.

In addition to stimulation of signaling pathways for immune
modulation, synapses between immune cells have been re-
ported to provide a mechanism of material transfer between
cells (Martin-Céfreces et al., 2011; Angus and Griffiths, 2013;
Choudhuri et al., 2014). We observed that direct contact between
actMCs and imDCs results in transfer of endocytosed AF555-
IgE—FceRI from the MC to the DC (Fig. 5 A). Material transfer
was observed in 80% of DCs analyzed from fixed actMC—-imDC
samples. This material transfer was rapid, occurring within 30
min of MC activation. Direct contact was required for material
transfer, as transfer was not detected in DCs that were separated
from actMCs by a transwell (unpublished data). To characterize
the mechanism of material transfer, we transfected MCs with
glycosylphosphatidylinositol (GPI)-GFP (a membrane marker)
or CD9-GFP (an exosome marker) and examined material trans-
fer from actMCs to imDCs. Although cells expressing GPI-GFP
transferred endosomal contents as expected, these complexes
did not contain GPI-GFP (Fig. 5 B, top; and Video 5). CD9-GFP,
on the other hand, colocalized with the polarized vesicles and
cotransferred with fluorescent IgE to imDCs (Fig. 5 B, bottom;
and Video 6). The transferred MC endosomal contents in imDCs
also colocalized with the early endosomal marker, EEA1, indi-
cating that transferred material moves through the DC endoso-
mal pathway at least to some extent (Fig. 5 C).

FceRI activation has been shown to up-regulate VLA-4 affin-
ity in MCs (Hernandez-Hansen et al., 2004), and VLA-4 and
LFA-1 have been shown to be important in a variety of contacts
between different immune cell types as well as to modulate MC—
DC intercellular communication (Chigaev et al., 2007; Sadhu et
al., 2007; Dudeck et al., 2010; Otsuka et al., 2011; Springer and
Dustin, 2012). However, it is still not known whether integrins
are required for MC-DC interactions or material transfer.

We disrupted integrin activity by preincubation of MCs
with the small molecule inhibitors LDV (VLA-4) or Zyn (LFA-
1; Chigaev et al., 2011a,b). LDV was derived from the LDV
sequence within the VLA-4-binding region of fibrinogen and
has been shown to block interaction with VCAM-1 (Chigaev
et al., 2001), whereas Zyn is an o/f [-like allosteric f2 integrin
antagonist compound (Shimaoka and Springer, 2003; Chigaev
et al., 2015). Although inhibitor treatment was not sufficient to
completely abrogate cell contacts, MC polarization was dramat-
ically reduced from 58% to 6.7% with LFA-1 inhibition and to
16% with VLA-4 inhibition (Fig. 6 A). Consistent with this, the
small molecule inhibitors also reduced the number of DCs con-
taining transferred material, from 80% of DCs showing material
transfer in untreated samples to 46% and 33% showing trans-
fer with Zyn or LDV treatment, respectively (Fig. 6 A). The
requirement for integrin engagement for synapse stability was
further demonstrated by single-cell force spectroscopy measure-
ments. In the presence of either the small molecule inhibitors
or an antibody cocktail that blocks VLA-4 and LFA-1 binding,
adhesion between the cells was decreased to levels similar for
unactivated MCs and imDCs (Fig. 6 B). We also treated cells
with the Src Family kinase inhibitor PP2. PP2 prevents FceRI
phosphorylation and, therefore, any downstream signaling that
would up-regulate integrin affinity, but it does not interfere with
receptor cross-linking or internalization (Andrews et al., 2008).
Pretreatment with PP2 completely blocked the increase in cell—
cell adhesion when MCs were activated (Fig. 6 B). These re-
sults demonstrate that cell adhesion mediated by integrins is
important for the efficient formation of the MC-DC synapse.
To test whether integrins simply act to mediate cell—cell con-
tact, we subjected MC-DCs to centrifugation to force cell—cell
proximity/interaction. In this assay, MC activation also lead to
an increase in material transfer (27.4 + 5.7% with actMCs com-
pared with 10.4 + 4.3% with unactivated MCs). We note the
increased background of material transfer when compared with
the experiments with DCs plated on glass in which transfer was
not observed for unactivated MCs. Inhibition of VLA-4 by LDV
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Figure 5. Activated MCs transfer internalized IgE—FceRI to DCs through direct contact. (A) Maximum projection image from a confocal Z stack of a typical
example of material transfer between an activated BMMC labeled with AF555-IgE (red) in contact with two immature BMDCs (seen in 36 of 45 cells
counted across three independent experiments). Cells are fixed and labeled for actin (green) and nuclei (blue). Arrows indicate multiple occurrences of
material transfer to each DC. The inset shows the actin labeling for the actMC, demonstrating actin clearance at the site of IgE-FceRI accumulation. Image
contrast in the red channel is enhanced to visualize the material transfer (puncta in the DCs) that is much lower in intensity than the MC-localized IgE. (B,
top) The membrane marker GPI-GFP (green) transiently expressed in transfected BMMCs does not transfer to imDCs with the IgE-containing vesicles (red
puncta). (bottom) When transiently expressed in transfected BMMCs, the endosomal marker, CD9 (green) does colocalize with the IgE-containing vesicles
(red), both within the MCs and in those that have been transferred to the imDCs. White, boxed regions are enlarged and channel separated to the right of
each merged image. Consistent results were acquired from two independent transfection experiments for each marker. (C) Representative images (from six
independent experiments) of fixed labeling of actMCs co-incubated with imDCs. Cells were fixed after the indicated time and demonstrate colocalization
of transferred material (IgE, red) with early endosomal compartments (EEAT, green), in the DCs (white boxes in merged image). The 10-min images (left)
show an actMC in contact with a DC. The 30-min images (right) do not contain a MC, presumably because the interaction was lost by 30 min. All images

were brightness and contrast enhanced. Bars, 10 pm.

treatment still blocked material transfer (6.9 + 3.4%) even when
MCs and DCs were forcibly conjugated through centrifugation,
demonstrating that signaling through integrins is required for
efficient material transfer between MCs and DCs.

MC transfer of antigen to DCs leads to T
cell activation

A key function of DCs is to capture antigen in peripheral tis-
sues, process it, and then migrate to draining lymph nodes for
presentation to T cells, leading to activation of the T cell re-
sponse. Because we have now observed that antigen captured
by MCs can be transferred to imDCs via direct intercellular
contact, we sought to determine whether the transferred antigen
is processed and presented by DCs. One indication of antigen
presentation by DCs is their ability to activate T cells. OTII
mice are a well-established model system in which the T cells

express receptors specific to ovalbumin (OVA) peptide (Barn-
den et al., 1998). Using DNP-OVA to activate MCs provides a
system to assess whether MC—DC material transfer results in
DC antigen processing leading to T cell activation.

First, a-DNP-IgE—primed MC/9 MCs were activated by
DNP-OVA cross-linker for 15 min, washed to remove unbound
DNP-OVA, and added to imDCs. After 1 h of actMC-imDC
preincubation, OTII T cells were added to the co-culture. For
these experiments, 100 ng/ml Escherichia coli lipopolysaccha-
ride (LPS) was added concurrently with T cells to facilitate DC
maturation and T cell co-stimulation. The level of CD25 (IL2
receptor, o subunit) was quantified with flow cytometry to mea-
sure the level of T cell activation (Fig. 7; Depper et al., 1985). At
16 h after co-culture, the T cells displayed a significant up-reg-
ulation of CD25 when in the presence of OVA-DNP actMCs
and DCs (Fig. 7 E, 27.9%). This up-regulation is dependent on
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Figure 6. MC-DC synapse formation requires infegrin engagement. (A) Representative images of functional blocking with small molecule inhibitors for
VLA-4 (LDV) and/or LFA-1 (Zyn) disrupts trafficking and polarization of actMC endosomes. Tubulin, white; IgE-FceRI, red; actin, green. Insets are of actin
staining (for the MC located below and to the right of each inset) to demonstrate when actin clearance occurred. Values below images indicate the percent-
ages of BMMC demonstrating polarization or the percentages of imDCs demonstrating material transfer (error is the 95% confidence interval). All images
are brightness and contrast enhanced. Bars, 10 pm. (B) The force in nanonewtons needed to detach actMCs from imDCs under different integrin blocking
conditions (Unactivated: n = 21 DC-MC contacts in five experiments; activated: n = 43 contacts in six experiments; anti-integrin antibodies [Abs]: n = 30
contacts in two experiments; Zyn+LDV: n = 24 contacts in three experiments; PP2: n = 19 contacts in two experiments). ***, P < 0.001 (by Mann-Whit-

ney test). Error bars are SEM.

antigen concentration, as a 10-fold decrease in concentration of
OVA-DNP results in decreased CD25 up-regulation (Fig. 7 F,
7.2%). CD25 up-regulation was not seen in the absence of MC
activation (Fig. 7 A, 1.9%) or when addition of only the super-
natant from the actMC wash was added (Fig. 7 B, 1%). Fur-
thermore, activation of MCs by DNP-BSA, which leads to MC
polarization and material transfer (Fig. 4 and Fig. 5), did not
induce CD25 up-regulation in OTII T cells (Fig. 7 D, 1.7%),
confirming that up-regulation is antigen specific and not merely
caused by cytokine release. There are studies that in vitro act-
MCs can express major histocompatibility class II (Grabbe et
al., 1997; Kambayashi et al., 2009) and that direct interactions
occur between MCs and T cells (Hershko and Rivera, 2010;
Mekori and Hershko, 2012). However, DNP-OVA activation of
MCs followed by direct co-incubation with OTII T cells (no

DCs present) did not lead to detectable CD25 up-regulation
(Fig. 7 C, 0.4%), consistent with the lack of costimulatory mol-
ecules on MCs needed to activate naive T cells directly (Kam-
bayashi et al., 2009). These results demonstrate that material
taken up by actMCs and subsequently transferred to DCs can
then be processed by the DCs and presented to T cells, leading
to productive T cell activation.

Although MC regulation of DC function, especially in the con-
text of bacterial pathogens, has been well studied (Caron et al.,
2001a,b; Skokos et al., 2003; Jawdat et al., 2004; Mazzoni et al.,
2006; Suto et al., 2006; Shelburne et al., 2009; Dawicki et al.,
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Figure 7. MC transfer of OVA antigen to DCs
results in T cell activation. MC/9 MCs were ac-
tivated and incubated with DCs to facilitate an-
tigen transfer. After 1 h of transfer, cells were
spun down and co-cultured with 100 ng/ml
LPS and T cells for 16 h. Cells were harvested
and analyzed using flow cytometry. T cells
(IgE=/CD11¢7/CD3*/CD4*) were assessed
for CD25 up-regulation. (A) T cells co-cul-
tured with MCs not primed with IgE but in the
presence of DNP-OVA and DCs. (B) T cells
co-cultured with DCs in the presence of media
from IgE-DNP-OVA-activated MCs (no MCs
present). (C) T cells co-cultured with IgE-DNP-
OVA-activated MCs. (D) T cells co-cultured
with DNP-BSA-activated MCs and DCs. (E) T
cells cocultured with 100 pg/ml DNP-OVA-
activated MCs and DCs. (F) T cells co-cultured
with 10 pg/ml DNP-OVA-activated MCs and
DCs. (G) T cells activated by DCs directly pre-
senting OVA antigen. (H) T cells alone. Shown
is one representative experiment of two.
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2010; Reuter et al., 2010; de Vries et al., 2011; Dudeck et al.,
2011), the potential significance of direct contact between MCs
and DCs is less understood. Here, we demonstrate that these
intimate interactions occur throughout the tissues of the body
and likely play a role in development of immune responses.
Furthermore, we describe two physiological consequences of
the MC-DC synapse: modulation of cytokine production and
the transfer of antigens to DCs for subsequent T cell activation.

Although phenotypic changes were not visible during in
vitro co-incubation of unactivated MCs and imDCs, activation
of IgE-primed MCs through FceRI cross-linking resulted in
MC polarization with subsequent transfer of MC internalized
material to DCs, all of which is contact dependent and requires
integrin engagement. Cellular polarization is a hallmark of im-
mune synapses and includes receptor and cytoskeletal reorga-
nization (Dustin et al., 2010; Angus and Griffiths, 2013; Xie et
al., 2013), both seen in the actMC—imDC synapse. Specifically,
the polarization of IgE-containing endosomes within activated
MCs and subsequent material transfer phenotypically resem-
bles delivery of secretory granules in the cytotoxic T-lympho-
cyte immunological synapse (Xie et al., 2013). Recent evidence
has also shown that exosome delivery of major histocompat-
ibility molecules from T cells to B cells facilitates B cell sig-
naling (Choudhuri et al., 2014). Thus, direct synapse facilitated
transfer of cellular material—including actMC—-imDC interac-
tions shown in our study—may be a generalized mechanism
to regulate immune responses.

Consistent with synapse formation, we also showed that
MC-DC interactions became longer lived upon MC activation.
This prolonged contact was caused by stronger cell—cell interac-

tions and required integrin activity, as confirmed by single-cell
force spectroscopy measurements. Integrins are key to many
cellular interactions including those formed between immune
cells. For example, T cell-DC synapses (Hosseini et al., 2009;
Springer and Dustin, 2012), NK target cell adhesion (Hoffmann
et al., 2011), and DC—neutrophil interactions (van Gisbergen et
al., 2005b) have all been shown to be dependent on integrins.
The force needed to detach MCs from DC after 5 s of contact
increased from ~1 nN to ~2 nN when MCs were activated and
inhibition of integrins decreased the force to unactivated lev-
els. Our interaction values agree well with those found in other
integrin-dependent cell-cell interactions. Similar interaction
strengths of ~1 nN were found for B cell-T cell contacts in
the absence of antigen (Hosseini et al., 2009), and background
interaction values of ~1 nN were found for NK cells binding to
cells not expressing the adhesion molecule CD48 (Hoffmann et
al., 2011). When CD48 was expressed, the interaction strength
increased to ~3 nN within 2 min of contact (Hoffmann et al.,
2011). B cell-T cell interaction strength increased with even
more time: at 15 min T-B cell interaction strength was 4 nN
and reached a maximum of ~14 nN after 30 min (Hosseini et
al., 2009). We note that actMC and imDC have the ability to
form tighter adhesion more rapidly than the other cell systems
because we saw increased adhesion after only 5 s. The rapid
increase in interaction force between actMC—imDC may be
caused by the preactivation of the MC, which has been shown
to up-regulate integrin affinity, before interaction with DC. This
is in contrast to B, T, or NK target cell interactions in which the
binding of adhesion molecules depends on an activation signal.
The increased adhesion strength of actMCs was not observed
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when interacting with fibroblast cells, confirming that the in-
teractions between actMCs and DCs are specific. Collectively,
these data show that integrin signaling is a common pathway
used by immune cells to mediate cell-cell communication.

Although the exact mechanism of antigen transfer to
DCs remains to be determined, we have shown that it is not
merely through trogocytosis. Within minutes of cross-linking,
antigen—IgE—FceRI complexes are rapidly removed from the
plasma membrane (Wilson et al., 2004; Fattakhova et al., 2006;
Cleyrat et al., 2013). Furthermore, expression of the membrane
marker, GFP-GPI, showed that actMC plasma membrane was
not transferred with the antigen-containing vesicles. On the
other hand, we did observe high colocalization of the exosome
marker, CD9-GFP, with IgE-endosomal material, both in MCs
and after transfer to DCs. It is therefore tempting to hypothesize
that material transfer occurs through an exosome-dependent
mechanism. The material transfer between actMCs and imDCs
requires direct contact to occur between the two cell types.
When separated by a transwell, actMCs are not polarized, and
antigen-bearing IgE is not found in DCs. Additionally, disrup-
tion of integrins VLA-4 or LFA-1 by small molecule inhibitors
reduced MC polarization and material transfer. We also demon-
strated that integrin signaling plays a role in material transfer
because integrin inhibition reduced MC-DC material transfer
even when MC-DC contacts were forced by centrifugation. The
BMMCs in these experiments were neither incubated with nor
do they express IL-4, a cytokine associated with constitutive
secretion of exosomes (Dustin et al., 2010; Angus and Griffiths,
2013), which indicates that the specific actMC—-imDC interac-
tion is responsible for triggering material transfer. Polarization
of internalized material at the contact site also appears to orient
material transfer, as seen in Video 6, where transfer occurs rap-
idly at the actMC—imDC synapse. Transferred material is found
within DC endosomal compartments as indicated by colocaliza-
tion with the early endosomal marker, EEA1. Although it is IgE
that is fluorescently labeled and visualized in our experiments,
it is likely that the entire antigen—IgE—-FceRI complex is trans-
ferred. Previous work has demonstrated that IgE remains asso-
ciated with the FceRI a-subunit to well within the lysosomal
pathway (Clark and Brugge, 1995).

Finally, we have demonstrated that actMC—imDC synapse
formation can regulate the immune response at two levels. First,
examination of cytokine production in response to direct contact
between imDCs and actMCs demonstrated that direct contact al-
ters secretion of certain cytokines, namely IL-1ra, MCP-1, and
MIP-1a. Soluble mediators are the primary output of MCs upon
FceRI cross-linking, many of which affect DC function (Maz-
zoni et al., 2006; Suto et al., 2006; Shelburne et al., 2009). In
previous studies demonstrating influence of actMC byproducts
on DCs, bacterial stimulants such as lipopolysaccharide were
used in conjunction with FceRI cross-linking antigen to activate
MCs, thus resulting in increased production of inflammatory
mediators. In our cytokine assays, MC secretion of TNF consis-
tently increased upon activation, demonstrating that MC degran-
ulation was occurring normally under all conditions. Therefore,
our observed changes in cytokine production are in response
to MC-DC contact rather than altered degranulation. Second,
antigen transfer from actMCs to imDCs has a functional con-
sequence: DCs can process and present antigen originally taken
up by MCs, leading to T cell activation. Although our assays use
a saturating concentration of IgE recognizing a single antigen,
in vivo MCs are decorated with a variety of antigen-specific IgE
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molecules. Internalization and polarization of a subset of the
IgE-bound receptors upon antigen recognition, with subsequent
transfer of antigen from MCs to neighboring imDCs, represents
a mechanism to enhance the ability of DCs to acquire and pres-
ent the particular activating antigen. Our data suggest a novel
method of antigen sampling in vivo via MC uptake of antigen
and transfer to DCs for subsequent activation of T cells and may
represent a mechanism of propagating MC-centric pathological
conditions such as asthma and allergy. Further insights into the
mechanisms and outcomes of intercellular crosstalk will be crit-
ical to our understanding of the immune response.

Materials and methods

Animals and cells

8-wk-old female C57/BL6 mice were purchased from The Jackson Lab-
oratory and used for purification of BMMCs and bone marrow—derived
DCs (BMDCs) following approved protocols. OTII transgenic animals
were also obtained from The Jackson Laboratory. Cells were derived
from the femurs as previously described (Kawakami et al., 2006). In
brief, bone marrow was flushed from femurs with either BMMC media
(RPMI 1640, 20% FCS, 2 mM L-glutamine, 0.1 mM MEM nonessen-
tial amino acids, penicillin/streptomycin, 50 uM B-mercaptoethanol,
and 10 mM Hepes) or BMDC media (RPMI 1640, 10% FCS, penicil-
lin/streptomycin, 2 mM L-glutamine, and 50 uM p-mercaptoethanol).
BMMCs were cultivated for 6 wk in BMMC media supplemented with
30 ng/ml recombinant murine IL-3 (Akron Biotech) and 50 ng/ml re-
combinant murine stem cell factor (PeproTech), and BMDCs were cul-
tivated in BMDC media supplemented with granulocyte macrophage
colony-stimulating factor rich supernatant from B7H1-GM Hybridoma
cell line (gift from T.M. Laufer, University of Pennsylvania and Phil-
adelphia Veterans Affairs Medical Center, Philadelphia, PA) for 6 d
and then used in experiments on days 7-9. MC/9 cells were purchased
from ATCC and maintained in recommended media (RPMI 1640,
10% FBS, penicillin/streptomycin, 10% rat T-stim [Thermo Fisher
Scientific], 2 mM L-glutamine, and 0.05 mM p-mercaptoethanol).
PMCs were derived from the peritoneal cavity of C57/BL6 mice as
previously described (Dudeck et al., 2011). In brief, peritoneal lavage
was performed with PBS, and cells were cultured in BMMC media
supplemented with recombinant murine IL-3 and recombinant murine
stem cell factor as described for BMMC. After 2 d, nonadherent cells
were carefully removed, and fresh culture medium was added. PMCs
were used after 8 d of culture.

ELISA

BMDCs were plated at 10° cells/well in 12- and 6-well plates and al-
lowed to adhere overnight. BMMCs were primed with 1 ug/ml a-DNP
IgE (Liu et al., 1980) overnight and exchanged to BMDC media (thus
removing unbound IgE) at 10° cells/ml the day of the experiment before
addition to BMDCs at 1:1 ratio. MC activation was accomplished with
the addition of 0.2 pg/ml DNP-BSA (Life Technologies). Supernatants
from 2- and 12-h time points were assayed for TNF, IL-12, IL-4, IL-10,
IL-13, IL-6 (eBioscience), IL-1ra (R&D Systems), MIP1a (SABiosci-
ences), TIMP-1 (RayBiotech), PGE2, and MCP-1 (BioLegend).

IHC

5-um sections of donor tissue mounted onto positive slides were ob-
tained from the Human Tissue Repository at the University of New
Mexico following protocol approval. Slides were deparaffinized
through three changes of xylene and through graded alcohols to water.
Sections were treated with 3% H,0, to inactivate the endogenous per-
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oxidase activity, and antigen retrieval was accomplished by immersing
slides in 10 mM citrate solution, pH 6.0, and boiling them for 10 min
at 120°C (20-25 p.s.i.) in a Decloaking Chamber (Biocare Medical).
Slides were then cooled in buffer for 20 min and rinsed in three changes
of deionized water and PBS. Nonspecific binding was minimized by
incubating the sections with normal horse serum, in PBS, for 30 min.
Labeling of sections was performed using PicTure Double Staining
kit (Life Technologies). In brief, sections were incubated overnight
at 4°C with primary antibodies for CD209 (rabbit anti-human DC-
SIGN; LIFESPAN Biosciences) or MC tryptase (mouse monoclonal
anti-human; Dako) and washed. After incubation with the polymer
secondary antibodies provided with the kit (goat anti-mouse IgG-HRP
polymer conjugate and goat anti-rabbit IgG-AP polymer conjugate),
sections were developed with the chromogenic substrates, DAB and
Fast Red, rinsed with deionized water and PBS, counterstained with
hematoxylin, dehydrated through graded alcohols, and permounted
with ClearMount (Life Technologies). Imaging was performed on an
upright microscope (Axioskop 2 MOT; Carl Zeiss) with a 40x oil ob-
jective and digital color camera (AxioCam; Carl Zeiss). Images where
acquired with SlideBook Image Acquisition software (3i Intelligent
Imaging Innovations) and processed in ImageJ (National Institutes of
Health; Abramoff et al., 2004). Quantitation of contacts was performed
by visually assessing the number of MCs (Fig. 1 A, brown) that were
immediately adjacent to DC (Fig. 1 A, pink) pixels. 10 fields of view
were assessed for each tissue tested, and all MCs were counted to cal-
culate the percentage of MCs in contact with DC.

Live-cell imaging and treatment with inhibitors

Conjugation of a-DNP IgE (Liu et al., 1980) to NHS-ester-AF647,
555, or 488 (Life Technologies) was performed at a 1:1 ratio as de-
scribed in the product manual. BMDCs were seeded into Labtek 8-well
chambers (Thermo Fisher Scientific), and BMMCs were preincubated
overnight with 1 pug/ml a-DNP IgE. Before assays, BMMCs were
pelleted to remove any free IgE and exchanged into BMDC media.
Small molecule inhibitors LDV and Zyn were used to block VLA-4 and
LFA-1 interactions (respectively, gifted by A. Chigaev, The University
of New Mexico, Albuquerque, NM; Morelli et al., 2004; Sadhu et al.,
2007). IgE-labeled BMMCs and BMDCs were pretreated with vehicle
(DMSO) or 1 uyM LDV and/or Zyn for 30 min in BMDC media and
combined at a 1:1 ratio, and BMMCs were activated with 0.2 pg/ml
DNP-BSA (Life Technologies). Confocal microscopy was performed
using a microscope (LSM 510META; Carl Zeiss) with a 63x, 1.2 NA
water objective. An objective heater (Bioptechs) was used to maintain
sample temperature at ~37°C.

AFM adhesion measurements

AFM experiments were performed on a Catalyst BioScope AFM
(Bruker) mounted on an inverted microscope (TCS SP5 II; Leica)
with a 40x, 0.85 NA air objective at 37°C. Images were taken with
a brightfield camera (ORCA-05G; Hamamatsu Photonics), and data
were exported from the BioScope Catalyst by the NanoScope Version
8.15 software and further analyzed in MATLAB (MathWorks). Origin
8.1 (OriginLab) and Prism (GraphPad Software) were used for fitting
and statistics. Immature BMDCs were seeded sparsely on a Willco dish
and allowed to adhere for >12 h before experiments. For experiments,
MC/9 cells were incubated with AF555 a-DNP IgE overnight. MC/9
cells were then added to BMDC:s in either an unactivated or activated
state. For activation, MCs were incubated with 0.2 pg/ml DNP-BSA
for 15 min and then washed before addition. A single MC/9 was picked
up by gently compressing it between a concanavalin A (Sigma-Al-
drich)—coated tipless NP-O (Bruker) AFM cantilever and the glass,
applying a ~5-nN contact force. After letting it adhere for 5 min, the

MC/9 cell was brought into contact with flat parts of an imBMDC,
applying a 2 nN contact force for 5 s with approach and retract veloc-
ities of 10 pm/s. Detachment forces and work were determined after
baseline correction of (F-D) curves with a macro in MATLAB (te Riet
et al., 2014). Blocking experiments were performed with a mixture of
antibodies to LFA-1 (rat monoclonal; Life Technologies) and VLA-4
(rat monoclonal; EMD Millipore), with small molecule inhibitors (as
described in live cell imaging) or with the Src-family tyrosine kinase
inhibitor PP2 (Life Technologies).

Fixed cell immunofluorescence

To visualize the MTOC and actin structure of MCs, fixed immuno-
cytochemistry was performed as follows. BMDCs were seeded onto
coverslips, and BMMCs were preincubated with AF555 o-DNP IgE
overnight. Before experiments, BMMCs were washed, exchanged
to BMDC media, and added to BMDCs at a 1:1 ratio. Activation of
samples was accomplished with addition of DNP-BSA for 30 min. All
samples were fixed with 4% paraformaldehyde, permeabilized with
0.5% Triton X-100, and labeled with AF488 phalloidin (Life Technolo-
gies), DAPI, and o-f-tubulin AF647 (rabbit monoclonal; Cell Signaling
Technology). Fixed immunocytochemistry for localization of 3 was
performed. BMMCs labeled with AF555 a-DNP IgE were activated
and incubated with BMDCs at 37°C, 5% CO, for 30 min. Samples
were fixed with 4% paraformaldehyde, permeabilized with 0.5% Triton
X-100, incubated with a-p3 (goat polyclonal; Santa Cruz Biotechnol-
ogy, Inc.) followed by incubation with an AF647-conjugated secondary
(donkey; Life Technologies). Coverslips were mounted using ProLong
Gold (Life Technologies) and imaged with laser-scanning confocal mi-
croscopy (LSM 510META; Carl Zeiss) and 63x, 1.4 NA oil objective.

Transfection

BMMCs were transfected with either GPI-GFP or CD9-GFP expres-
sion plasmids (both are the pEGFP backbone with cytomegalovirus
promoter; gifted by J. Gillette, The University of New Mexico, Al-
buquerque, NM) using the Amaxa Nucleofector (program T-30) and
Solution T (Lonza). Transfected cells were allowed to recover for >6 h
before use in live-cell imaging experiments.

Quantitation of material transfer and cellular polarization

To determine DCs that contained material transferred from activated
MCs in each condition, confocal Z stacks from at least three indepen-
dent experiments were assessed for the presence of fluorescent-IgE in
DC populations. As transferred material was small and punctate in na-
ture, the channel for IgE label was brightness and contrast enhanced to
ensure that these spots were not overlooked. For quantitation of cellu-
lar polarization and material transfer, three conditions were examined
(untreated, LDV treated, and Zyn treated). MCs were pretreated with
1 uM LDV or 1 uM Zyn for 30 min before addition to DCs. Samples
were fixed after activation and stained for microtubules and confocal Z
stacks (on >10 fields of view for each condition) were assessed. Imag-
ing was performed using a microscope (LSM 510META) with a 63x,
1.4 NA oil objective. Stacks were opened in ImageJ] (Abramoff et al.,
2004), converted to maximal intensity Z projections, and analyzed for
the presence of IgE accumulation on one side of the cell as well as
localization of the MTOC internal to that accumulation. Only cells that
demonstrated both characteristics were counted as polarized. The mul-
tinomial coefficient and 95% confidence interval for each condition are
calculated independently for each treatment (Fig. 4 D).

Forced MC-DC interaction assay
MC/9 cells and BMDCs were grown as described. Before the assay,
MC/9 cells were incubated with AF488-1gE for 3—4 h and then washed
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and transferred to BMDC media at a concentration of 10° cells/500 pl.
Samples included unactivated, activated, LDV treated (1 uM, 30 min
pretreatment), and DMSO control. MCs were activated with 0.2 pg/ml
DNP-BSA for 10 min. BMDC were removed from plates and kept at
a concentration of 10° cells/S00 ul. BMDC were then added to MC/9
samples and centrifuged for 3 min at 400 g and then maintained at
37°C for 30 min. At the end of incubation, paraformaldehyde was
added to a final concentration of 4% and allowed to incubate for 15
min. Samples were washed with PBS, stained with AF647-a-CD11c
(Armenian hamster monoclonal; eBioscience) for 30 min to label
DCs, washed again with PBS, and mounted with ProLong Gold (Life
Technologies). Confocal imaging was performed (LSM 510META,
63x, 1.4 NA oil objective), and the percentage of DCs demonstrating
uptake of AF488-IgE was quantitated for all conditions tested with
>190 cells counted per sample.

T cell activation and proliferation assay

MC/9 cells and BMDCs were generated as described in Animals and
cells. For T cell activation, MC/9 cells, incubated overnight with 1 pg/ml
a-DNP IgE, were activated with 100 pg/ml DNP-OVA for 15 min and
subsequently washed three times with fresh media. Washed, activated
MC/9 was then co-cultured with BMDCs for 1 h at 37C, 5% CO,. OTII
transgenic T cells were isolated from spleen and lymph nodes of OTII Tg
animals using the pan-T cell Miltenyi kit (Miltenyi Biotec) and added
to MC-DCs along with 100 ng/ml LPS (Sigma-Aldrich). Final cell ratio
was 1:2:2 MC/DC/T cell. Cells were harvested at 16 h after co-culture
and analyzed using flow cytometry using Fortessa (BD). T cells were
identified using IgE AF647, CD11c-PERCPCY5.5 (Armenian hamster
monoclonal), CD3-PECY7 (rat monoclonal; BD), and CD4-PECY7
(rat monoclonal; BioLegend) using an IgE"CD11c¢"CD3*CD4* gate.
Activated T cells were identified as CD25PE" (eBioscience). Analyses
were performed using FlowJo (Tree Star).

Online supplemental material

Fig. S1 shows IHC controls. Fig. S2 shows the formation of MC-DC
interactions for three types of MCs. Fig. S3 contains further description
of the single-cell force spectroscopy experiments. Fig. S4 demonstrates
the acid stripping experiment. Fig. S5 contains further examples of
MC polarization. Video 1 demonstrates the brief interactions between
unactivated MCs and DCs. Videos 2 and 3 show the increased inter-
action time between actMCs and DCs as well as the aggregation of
IgE-containing vesicles to the contact site. Video 4 shows the forma-
tion of a uropod by actMC/9 cells. Video 5 shows that GPI-GFP is not
transferred during BMMC and DC interactions. In Video 6, cotransfer
of CD9-GFP with fluorescent IgE to the DC can be seen. Online sup-
plemental material is available at http://www.jcb.org/cgi/content/full/
jcb.201412074/DC1. Additional data are available in the JCB Data-
Viewer at http://dx.doi.org/10.1083/jcb.201412074.dv.
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