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ASN is 1.29 [95% confidence interval
(CI) of 1.15 to 1.57] and that East Asians re-
ceived 20.2% (95% CI of 13.4 to 27.1%) more
Neandertal sequence in the second pulse (10).
We note that additional unexplored models may
provide a better fit to the data, and refining de-
mographic models of hominin evolution is an
important area for future work.

The collection of surviving Neandertal lineages
that we identified allows us to search for sig-
natures of adaptive introgression (15, 16). First,
we used introgressed variants that exhibit large
allele frequency differences between Europeans
and East Asians (FST > 0.40, P < 0.001 by sim-
ulation) (10) to identify four significantly dif-
ferentiated regions (Fig. 4 and table S10) (10).
Introgressed haplotypes in two of these regions
span genes that play important roles in the in-
tegumentary system: BNC2 on chromosome 9
and POU2F3 on chromosome 11. BNC2 encodes
a zinc finger protein expressed in keratinocytes
and other tissues (17) and has been associated
with skin pigmentation levels in Europeans (18).
The adaptive haplotype has a frequency of ~70%
in Europeans and is completely absent in East
Asians (Fig. 2B). POU2F3 is a homeobox tran-
scription factor expressed in the epidermis and
mediates keratinocyte proliferation and differen-
tiation (19, 20). The adaptive haplotype in East
Asians has a frequency of ~66% and is found at
less than 1% frequency in Europeans (Fig. 2B).
No coding introgressed variants were found in
BNC2 or POU2F3, although several highly dif-
ferentiated introgressed variants were located in
functional noncoding elements (21) (Fig. 2B),
suggesting that modern humans acquired adap-
tive regulatory sequences at these loci. We also
searched for shared signatures of adaptive in-
trogression between East Asians and Europeans,

identifying six distinct regions that have intro-
gressed haplotype frequencies greater than 40%
in both populations (Fig. 4 and table S11) (P <
10−4 by simulation) (10). One of these regions
lies in the type II cluster of keratin genes on 12q13
(table S11), further suggesting that Neandertals
provided modern humans with adaptive varia-
tion for skin phenotypes. In total, 8 of the 10 can-
didate introgressed regions overlap protein-coding
genes (Fig. 4).

This study shows that the fragmented rem-
nants of the Neandertal genome carried in the
DNA of modern humans can be robustly identi-
fied, allowing, in aggregate, substantial amounts
of Neandertal sequence to be recovered. In prin-
ciple, our approach can be used in the absence
of an archaic reference sequence, potentially al-
lowing the discovery and characterization of pre-
viously unknown hominins that interbred with
modern humans (22–24). This fossil-free par-
adigm of sequencing archaic genomes holds
considerable promise for revealing insights into
hominin evolution, the population genetics char-
acteristics of archaic hominins, how introgres-
sion has influenced extant patterns of human
genomic diversity, and narrowing the search for
genetic changes that endow distinctly human
phenotypes.
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Molecular Editing of Cellular
Responses by the High-Affinity
Receptor for IgE
Ryo Suzuki,1 Sarah Leach,1 Wenhua Liu,2 Evelyn Ralston,2 Jörg Scheffel,1 Weiguo Zhang,3

Clifford A. Lowell,4 Juan Rivera1*

Cellular responses elicited by cell surface receptors differ according to stimulus strength. We investigated
how the high-affinity receptor for immunoglobulin E (IgE) modulates the response of mast cells to a
high- or low-affinity stimulus. Both high- and low-affinity stimuli elicited similar receptor phosphorylation;
however, differences were observed in receptor cluster size, mobility, distribution, and the cells’ effector
responses. Low-affinity stimulation increased receptor association with the Src family kinase Fgr and shifted
signals from the adapter LAT1 to the related adapter LAT2. LAT1-dependent calcium signals required for
mast cell degranulation were dampened, but the role of LAT2 in chemokine production was enhanced,
altering immune cell recruitment at the site of inflammation. These findings uncover how receptor
discrimination of stimulus strength can be interpreted as distinct in vivo outcomes.

It has long been recognized that there are
many subtleties in how receptors function to
determine a cell’s response. For example,

vegetative growth of the yeast Saccharomyces
cerevisiae is elicited by low pheromone concen-
trations recognized by the pheromone receptor

Ste2, whereas intermediate and high pheromone
concentrations sensed by this receptor lead to
chemotropic growth or mating, respectively (1).
Mathematical modeling suggests that yeast trans-
late pheromone concentration as the duration of
the transmitted signal (2).

We explored how the high-affinity immuno-
globulin E (IgE) receptor FceRI discriminates
high- from low-affinity stimulation to modulate
the mast cells’ effector responses. Engagement
of FceRI on mast cells and basophils is central
to allergic responses (3, 4). Allergic individuals
may produce IgE antibodies to offending aller-
gens (a term used for allergy-inducing antigens).
These IgE antibodies bind [via their crystallizable
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Fig. 1. Mast cell responses differ following DNP or 2NP stimula-
tion of FceRI. (A) Degranulation (as measured by b-hexosaminidase
release) of wild-type (WT) BMMCs after stimulation with indicated
concentrations of DNP or 2NP. ***P < 0.001; two-way analysis of
variance (ANOVA). (B) Leukotriene B4 (LTB4) secretion from BMMCs
induced by treatment with 2NP (3000 ng/ml) is less than that with
DNP (30 ng/ml). **P < 0.01, ***P < 0.001; one-way ANOVA. (C)
Tumor necrosis factor–a (TNFa), interleukin-6 (IL6), and IL13 are
similarly affected at the concentrations of DNP and 2NP indicated
in (B). *P < 0.05, **P < 0.01, ***P < 0.001; one-way ANOVA. (D)
Release of CCL2, CCL3, and CCL4 is increased after stimulation
with 2NP relative to DNP [conditions as in (B)]. **P < 0.01, ***P <
0.001; one-way ANOVA. Data were collected from four to eight in-
dividual experiments.

Fig. 2. Characteristics of FceRI clusters differ with
2NP or DNP stimulation of BMMCs. (A) Kymographs
of a mast cell labeled with Alexa Fluor 568–labeled IgE
(as an FceRI marker) as captured by TIRF microscopy.
Static view of IgE-FceRI microcluster dynamics (trajectory)
captured upon cell contact with DNP or 2NP imbedded
in a planar supported lipid bilayer (see supplementary
materials) is shown in two dimensions (x and y) of move-
ment. Movement of receptors clusters with time (t) is also
shown. Sequential image sections for 0.5 to 450 s are
shown in chronological order. Scale bars, 5 mm. (B) The
average number of IgE-FceRI clusters on DNP- or 2NP-
imbedded planar supported lipid bilayer is different.
Red bars are means T SE from 24 individual cells. ***P <
0.001, Student’s t test. (C) Average area of IgE-FceRI clus-
ters on DNP- or 2NP-imbedded planar supported lipid bi-
layers differs. Red bars are means T SE from 24 individual
cells. ***P < 0.001, Student’s t test. (D) Cumulative prob-
ability distribution of the diffusion coefficient of individual
FceRI clusters at any given time from analysis of 7835 to
11,198 FceRI clusters on 24 different cells for DNP and
2NP. (E) Tyrosine phosphorylation with IgE-FceRI micro-
clusters in DNP- or 2NP-treated cells as determined by
intracellular staining with antibodies to phosphotyrosine.
Fluorescence intensity in cross section (white dotted line)
is shown. Localization was analyzed for more than 40 cells
in each condition. Scale bars, 5 mm. *P < 0.05, **P < 0.01,
***P < 0.001; one-way ANOVA. Data are representative
of at least three independent experiments.
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fragment (Fc)] to FceRI with high affinity, with the
half-life of IgE bound to FceRI measured in
days (5). Interaction of antigen with FceRI-bound

antigen-specific IgE clusters the individual recep-
tors (6, 7); this step is required for generation of
intracellular signals that cause mast cells and

basophils to release allergic mediators (3, 8). The
antigen-binding (Fab) portion of FceRI-bound
IgE antibodies may differ in their affinity for the
antigen [as seen in allergic individuals (9)], pre-
sumably affecting the duration of the transmitted
signal and subsequent outcome. Whether FceRI
functionally distinguishes differences in the affin-
ity of IgE antibody and antigen interactions is not
clear. To investigate this, we used two previously
described antigens (10): dinitrophenyl-caproate-Fab
(DNP, high affinity) and 2-nitrophenyl-caproate-
Fab (2NP, low affinity). These differ in their relative
affinities for binding to FceRI-boundDNP-specific
IgE by approximately three orders of magni-
tude. In bone marrow–derived mouse mast cells
(BMMCs) (11), FceRI phosphorylation was sim-
ilar with approximately 100 times as much 2NP
(3000 ng/ml) as DNP (30 ng/ml) (fig. S1A); the
kinetics of FceRI phosphorylation were un-
altered at these concentrations (fig. S1B). How-
ever, cellular responses differed as 2NP elicited
less than 20% of the DNP-induced degranulation
response (Fig. 1A) at 3000 ng/ml and 30 ng/ml,
respectively, and showed reduced leukotriene
B4 (Fig. 1B) and cytokine production (Fig. 1C)
but enhanced chemokine production (Fig. 1D).
DNP- and 2NP-induced responses required the
presence of DNP-specific IgE (fig. S2, A and B),
and 2NP treatment had no effect on responses
initiated through ovalbumin (OVA)–specific IgE
(fig. S2, C and D).

To explore the differences in DNP- and 2NP-
induced FceRI clustering, we used total internal
reflection fluorescence (TIRF) microscopy to
study DNP-specific IgE-bearing mast cells after
their contact with either a DNP- or 2NP-imbedded
planar supported lipid bilayer, while maintaining
equal receptor phosphorylation and differences
in mast cell degranulation (fig. S3, A and B).
Exposure to DNP resulted in highly mobile re-
ceptor clusters that moved from the cell periphery
toward the cell center to form a synapse-like lo-
calization as described for the T cell receptor
(12, 13) (movie S1). In contrast, treatment with
2NP revealed slower movement of receptor
clusters and a diffuse distribution with a loosely
organized synapse-like structure at the cell cen-
ter (movie S2). Analysis of receptor cluster move-
mentwith time (Fig. 2A) revealed greater numbers
of receptor clusters at the periphery in 2NP-
treated cells. The total number of clusters formed
at any given time was greater upon DNP treatment
(Fig. 2B), but the area occupied by these clusters
was larger after 2NP treatment (Fig. 2C). The
relative mobility of receptor clusters in cells treated
with 2NP was on average one-third that of clus-
ters formed by DNP treatment (Fig. 2D). Phos-
photyrosine (a hallmark of intracellular signaling)
was localized with both DNP- and 2NP-formed
receptor clusters, although stronger colocalization
was evident after 2NP treatment (Fig. 2E). These
findings demonstrate that the FceRI clusters in-
duced by DNP or 2NP differ spatiotemporally.

We explored whether differences in the spatio-
temporal behavior of receptor clustering by DNP

Fig. 3. Distinct molecular signals are induced in 2NP-treated BMMCs: Enhanced role for Fgr
and LAT2. (A) Phosphorylation of the FceRI (ITAMg Y47) in WT, syk−/−, fyn−/−, and lyn−/− BMMCs
after DNP (30 ng/ml) or 2NP (3000 ng/ml) treatment. Relative increase is normalized to the control
(CTL) for WT. (B) Kinetics of LAT1 and LAT2 phosphorylation detected by Western blot differ in cells
treated with DNP or 2NP. Relative increase is normalized to DNP (0 min). (C) Single cell analysis of
BMMC calcium responses in the absence or presence of extracellular Ca (–[Ca2+]o; +[Ca

2+]o) as indi-
cated. Fluorescence intensity of a single cell with time (more than 300 cells were monitored in total)
was measured and shown as the “calcium response” normalized to the baseline fluorescence. Single cells,
solid colored lines; averaged responses, black line with open circles. (D) Localization of the LAT2-RFP
(green) in lat2−/− BMMCs with Alexa Fluor 647–conjugated IgE (red, marking FceRI) after DNP or 2NP
treatment. Images were captured by TIRF microscopy at 120 or 300 s. Fluorescence intensities of IgE-FceRI
microclusters and LAT2-RFP are shown in the graphs. Colocalization was analyzed in 15 to 30 cells for
each condition. ***P < 0.001, Student’s t test. Scale bar, 5 mm. (E) Fluorescence intensities of Lyn-YFP
(green), Fgr-RFP (white), IgE-FceRI microclusters (cyan) in BMMCs derived from fgr−/− hck−/− lyn−/−

mice treated with DNP or 2NP for 60 or 120 s. Mean fluorescence intensity was measured from at least
50 cells for each condition. ***P < 0.001, Student’s t test. Scale bar, 5 mm. (F) CCL2 secretion by BMMCs
from the indicated mice. *P < 0.05, **P < 0.01, ***P < 0.001; one-way ANOVA. Data are means T SE
from at least four individual experiments.
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or 2NP were translated into changes in FceRI-
generated intracellular signals. Analysis of the
phosphorylation of FceRIg at Tyr47 (Y47) showed
increased phosphorylation at this site (Fig. 3A)
after cell treatment with 2NP, relative to DNP,
and the increased phosphorylation was not de-
pendent on Syk, Fyn, or Lyn; however, Lyn de-
ficiency reduced the overall phosphorylation of
FceRI for both stimuli (14). In contrast, phos-
phorylation of Syk on the activation loop tyrosines
(Y519 and Y520), a marker of its activity, was
reduced with 2NP treatment (fig. S4A). The
adapter molecule LAT1 (linker for activation of
T cells–1) is a target of Syk and scaffolds multi-
ple signaling molecules at the plasma membrane,
including the phospholipases PLCg1 and PLCg2,
whose activity is essential for initiating release
of calcium from intracellular stores. Phosphoryl-
ation of LAT1 (Fig. 3B) and of PLCg1 and PLCg2
(fig. S4B) was greater in DNP-treated cells than
in 2NP-treated cells. Calcium mobilization, a key
regulator of degranulation (15), from intracellu-
lar or extracellular sources was also greater upon
DNP treatment (Fig. 3C), consistent with the bet-
ter degranulation of DNP-treated cells relative to
2NP-treated cells. Phosphorylation of the LAT1-
related adapter LAT2 was increased (Fig. 3B) in
2NP-treated mast cells. Greater colocalization of
LAT2 with FceRI was observed in 2NP-treated
cells relative to DNP-treated cells (movies S3
and S4), and these differences (as determined

by fluorescence intensity) were quantifiable (Fig.
3D). Thus, the differences in FceRI clustering
by DNP or 2NP alter the balance of molecular
signaling, dampening some (i.e., LAT1 and PLCg
phosphorylation) but enhancing others (i.e., LAT2
phosphorylation).

Although the absence of Lyn in mast cells
caused decreased phosphorylation of FceRIg
on Y47 (Fig. 3A), phosphorylation at this site
was greater in 2NP-treated cells relative to DNP-
treated cells, which suggested the possible phos-
phorylation of FceRI by another tyrosine kinase
after 2NP treatment. FceRI phosphorylation was
completely inhibited by the Src family kinase
selective inhibitor 4-amino-5-(4-chlorophenyl)-
7-(t-butyl)pyrazolo[3,4-d]pyrimidine (also known
as AG1879 or PP2) (fig. S5A). Multiple Src fam-
ily kinases are expressed in mast cells includ-
ing Fgr, Fyn, Hck, Lyn, and Yes, although Yes
is seemingly restricted to transformed mast cell
lines (16). Hck deficiency in mast cells results
in enhanced FceRI phosphorylation, and Fyn
does not contribute to FceRI phosphorylation
(17, 18), but recent work has suggested that Fgr
can associate with FceRI (19) (fig. S5B) and
contribute to its function. In mast cells derived
from fgr−/− hck−/− lyn−/− mice, we found no phos-
phorylation of FceRI, LAT1, or LAT2 (fig. S5C).
Reconstitution of these cells with a retrovirus
encoding Hck also failed to restore phosphoryl-
ation of the aforementioned molecules. How-

ever, retroviral reconstitution with Fgr restored the
phosphorylation of FceRI, LAT1, and LAT2, even
in the absence of Lyn. Phosphorylation of LAT2
was increased relative to LAT1 (fig. S5C). Local-
ization of FceRI with Fgr or Lyn in cells recon-
stituted with both proteins revealed increased
colocalization of Fgr in 2NP-treated cells relative
to DNP-treated cells but no significant change in
Lyn colocalization with FceRI (movies S5 and S6).
The amount of Fgr associated with FceRI (as de-
termined by fluorescence intensity) in 2NP-treated
cells was more than twice that in DNP-treated cells
(Fig. 3E). Thus, differences in FceRI clustering re-
sult in changes in the balance of receptor-associated
kinases and subsequent downstream signaling.
To determine whether Fgr or LAT2 contributed
to the enhanced chemokine response observed
after 2NP stimulation, we analyzed the chemokine
(C-C motif ) ligand 2 (CCL2) response of Fgr- or
LAT2-deficient mast cells after treatment with
DNP or 2NP. Fgr or LAT2 deficiency impaired
CCL2 secretion in response to both DNP and 2NP
(Fig. 3F). Conversely, overexpression of Fgr en-
hanced production of CCL2 in response to both
DNP and 2NP (Fig. 3F). Fgr or LAT2 deficiency
enhanced 2NP-induced mast cell degranulation
(fig. S5D), demonstrating negative regulatory con-
trol of this response.

Subtle changes in cell signaling may have
consequences in vivo. To test this, we used a pas-
sive cutaneous anaphylaxis (PCA) model, which

Fig. 4. Immune cell recruitment at the site of in-
flammation differs in mice treated with DNP or
2NP after passive cutaneous anaphylaxis (PCA).
(A) Fluorescence-activated cell sorter identification
of cell types recruited to the site of inflammation.
Monocytes or macrophages and neutrophils were
identified as Gr-1+ (hi) CD11c– CD11b+ F4/80+ (in-
termediate) neutrophil [7/4]+ Ly-6G– and Gr-1+ (hi)
CD11c– CD11b+ F4/80+ (intermediate) neutrophil
[7/4]+ Ly-6G+, respectively. Data are means T SE from
at least six individual experiments. *P < 0.05; one-
way ANOVA. (B and C) Whole-mount ear tissue im-
munostaining after PCA reaction reveals differential
immune cell recruitment after DNP or 2NP treatment.
Mast cells (red) are located along blood vessel (white);
degranulation was observed under DNP challenge
(middle panel). Total number of neutrophils [green
in (B)] or monocyte or macrophages [green in (C)]
in random images from six to eight ears per group
were counted and normalized per 0.005 mm3. Data
are means T SE. **P < 0.01, ***P < 0.001; one-way
ANOVA. One representative image of at least three
independent experiments is shown for (B) and (C).
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provides a localized assessment of mast cell re-
sponses, maintaining the factor of 100 times the
2NP concentration relative to that of DNP. At
30 min after exposure to DNP or 2NP, vascular
permeability as measured by extravasation of
Evans blue dye (see supplementary materials) was
significantly higher in DNP- than 2NP-treated
mice (fig. S6A). Consistent with this result, more
mast cells were degranulated in animals treated
with DNP. Ear swelling was significantly differ-
ent 30 min after DNP or 2NP treatment but nar-
rowed with time (fig. S6B), and the increase in
the thickness of the dermis was similar at 3 hours
after stimulation (fig. S6C). Immune cell infiltra-
tion was similarly increased in animals exposed
to DNP or 2NP (fig. S6D). By 12 hours after
stimulation, the thickness of the dermis returned
to that of control mice (fig. S6E) but immune cell
infiltrates were still elevated relative to control mice
(fig. S6F). Given that an inflammatory response
was initiated by either DNP or 2NP, we explored
the cell types involved. Gr-1+ CD11c– CD11b+

cells were distinguished on the basis of the mye-
loid marker 7/4 [Ly-6B.2, which is somewhat
more highly expressed by recently generated in-
flammatory macrophages (20)] from neutrophils
as marked by Ly-6G (Fig. 4A). Exposure to DNP
caused increased numbers of neutrophils relative
to inflammatory macrophages, whereas this ratio
was reversed in animals treated with 2NP, con-
sistent with the increased secretion of monocyte-

or macrophage-attracting chemokines, such as
CCL2, CCL3, and CCL4, after treatment of mast
cells with 2NP (Fig. 1D). Whole-mount immuno-
histochemical analysis of the skin also revealed
these differences (Fig. 4, B and C), and skin mast
cells from 2NP-treated mice produced greater
amounts of CCL2 than did those in the skin of
DNP-treated mice (fig. S7). Thus, low-affinity
stimulation of FceRI results in an inflammatory
response marked by a shift in the monocyte or
macrophage/neutrophil ratio.

Collectively, our findings demonstrate that
differences in the affinity of antigen and anti-
body interactions are discriminated by receptors
through qualitative changes in molecular signals
resulting in distinct outcomes. This discrimina-
tory ability of receptors may extend beyond the
immune system.
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Cell Surface ABP1-TMK
Auxin-Sensing Complex Activates
ROP GTPase Signaling
Tongda Xu,1,2,3 Ning Dai,4* Jisheng Chen,1 Shingo Nagawa,1,3 Min Cao,2 Hongjiang Li,1,5,6

Zimin Zhou,2 Xu Chen,5,6 Riet De Rycke,5 Hana Rakusová,5,6 Wuyi Wang,3,7† Alan M. Jones,8

Jiří Friml,5,6,9 Sara E. Patterson,7 Anthony B. Bleecker,4‡ Zhenbiao Yang1,3,10§

Auxin-binding protein 1 (ABP1) was discovered nearly 40 years ago and was shown to be
essential for plant development and morphogenesis, but its mode of action remains unclear.
Here, we report that the plasma membrane–localized transmembrane kinase (TMK) receptor–like
kinases interact with ABP1 and transduce auxin signal to activate plasma membrane–associated
ROPs [Rho-like guanosine triphosphatases (GTPase) from plants], leading to changes in the
cytoskeleton and the shape of leaf pavement cells in Arabidopsis. The interaction between ABP1
and TMK at the cell surface is induced by auxin and requires ABP1 sensing of auxin. These findings
show that TMK proteins and ABP1 form a cell surface auxin perception complex that activates
ROP signaling pathways, regulating nontranscriptional cytoplasmic responses and associated
fundamental processes.

Auxin regulates nearly all aspects of plant
development and behavior and impinges
on a great variety of responses involving

cell polarization, expansion, division and differen-
tiation. Exactly how this small-molecule hormone
achieves this multitude of diverse roles is largely
unexplained, although it may be perceived by
multiple functionally distinct auxin perception
and signaling systems (1–6). Members of the nu-

clear TIR1/AFB F-box protein auxin receptor
and AUX/ IAA co-receptor families modulate
nuclear gene transcription in response to various
auxin concentrations (1–4).

Independently of the TIR1 family, auxin-
binding protein 1 (ABP1) was proposed to per-
ceive extracellular auxin to regulate a plethora of
plasma membrane or cytoplasmic responses not
necessarily involving gene transcription (6–18).

ABP1 may also coordinate with the TIR1/AFB
pathway to regulate gene transcription (16, 19).
ABP1 is essential for early embryogenesis, root
development, leaf expansion, cell morphogen-
esis, and subcellular distribution of PIN auxin
transporters (6, 8, 9, 12, 13, 15–18, 20, 21). ABP1
is required for the auxin-dependent activation
of ROPs [Rho-like guanosine triphosphatases
(GTPases) from plants] at the plasma membrane,
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Materials and Methods 

General Reagents 

Mouse anti DNP-specific IgE (H1 DNP-ε-26.82) was produced as described (21).  Briefly, DNP- 

and 2-nitrophenyl (2NP)-conjugated Fab fragments of bovine IgG were prepared by conjugation 

of the εNH2-caproate derivative of either DNP or 2NP hapten to Fab fragments and the 

conjugated product was purified by gel-filtration and dialysis (10).  All the antigens used in this 

study were conjugates at a ratio of 4, DNP or 2NP, to 1 Fab fragment. Octyl -D-

glucopyranoside, pepstatin A, hydroxytamoxyfen were from Sigma-Aldrich.  Ovalbumin (OVA) 

was from InvivoGen.  Mouse anti OVA-specific IgE was from AbD Serotec.  PP2 was from 

EMD Millipore.  Imatinib was from Selleckchem.  Fluo-4 AM, and Fura Red AM were from 

Molecular Probes.  Murine IL-3 and SCF were from PeproTech.  FBS and RPMI 1640 were 

from Invitrogen.  

 

Mice, BMMC cultures, IgE sensitization, and cell activation 

Bone marrow was isolated from femurs of sex and age-matched (8- to 12-wk-old) wild type 

(WT), lyn
–/–

, fyn
–/–

, and RosaCreERT2-Syk 
floxed/floxed

 mice that were maintained and used in 

accordance with National Institutes of Health guidelines and the animal study proposal approved 

by the institutional animal care and use committee of NIAMS, NIH.  Bone marrow from 

previously described lat2
-/-

 and lat1
-/-

lat2
-/-

 mice (22) was used as well as bone marrow from lyn
-

/-
fgr

-/-
hck

-/-
 mice (23).  BMMCs were cultured as previously described (24).  Mature syk

-/-
 

BMMC were generated by hydroxytamoxifen (2 M)-treatment of the bone marrow cultures 

from RosaCreERT2-Syk 
floxed/floxed

 mice. Cultures were monitored by FACScan (Becton 

Dickinson) for surface expression of Fc RI and used for experiments when >95% of
 
the cells 

were Fc RI
+
.  Conditions for IgE sensitization and for cell activation were previously described 

(24). 
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Gene modification of BMMCs 

For ectopic expressions of genes, retrovirus gene transduction was performed as previously 

described (25).  Viral supernatants were produced by transfecting the packaging cells Plat-E with 

Fgr or Hck in the pMX vector using Lipofectamine 2000 (Invitrogen). Cells were also mock-

transfected with pMX empty vector as a negative control.  After infection, cells were washed and 

allowed to grow in IL-3- and SCF-containing medium for 2 days (as above) before initiating 

selection of transduced cells with 3 μg/ml puromycin (Invitrogen). Following two weeks of 

selection, cells were analyzed for Fc RI expression and used when >95% of the cells expressed 

this receptor. 

For transient gene transfection, Nucleofection (Amaxa) of BMMCs was performed 

according to the manufacturer's
 
instructions with minor modification.  After BMMCs were 

washed
 
twice in PBS, 5 x 10

6
 cells were resuspended in

 
100 µl of mouse macrophage 

nucleofection solution (Amaxa).  Fluorescent protein conjugated-target protein vectors (5 g) 

were added per 5 x 10
6
 cells, and the samples were

 
transferred into certified cuvettes (Amaxa) 

and transfected
 
by nucleofection program (Y-001). 

 

Measurement of degranulation, cytokine, chemokine, and leukotrienes 

Degranulation was determined by the release of the granule enzyme, -hexosaminidase as 

previously described (24).  Degranulation is expressed as the percent of total cellular -

hexosaminidase in the supernatant.  Cytokine and chemokine release was measured from BMMC 

(2x10
6 

cells) stimulated with DNP or 2NP for 3h. Release of TNF- -6, IL-13, CCL2, CCL3 

and CCL4 was determined by Bio-Plex Pro cytokine assays (BioRAD).  For leukotriene (LTB4) 

production, cells were stimulated with the indicated concentrations of antigen for 30 min at 37
o
C 

in Hepes-BSA buffer containing 10 g/ml indomethacin (Sigma Aldrich).  The amount of LTB4 

in the supernatants was measured using a competitive ELISA (R&D Systems). 

To measure CCL2 production in tissue mast cells, frozen sections of Passive Cutaneous 

Anaphylaxis (PCA)-treated tissue were fixed with 4% paraformaldehyde solution and blocked 
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with PBS supplemented with 7.5% Blokhen II (Aves Lab. Inc) for 1 hr.  Sections were incubated 

with FITC conjugated anti-CCL2 (Novus Biologicals) or FITC conjugated isotype control 

(Novus Biologicals) for overnight at 4
o
C.  The sections were washed with PBS supplemented 

with 0.1% Tween 20 and subsequently stained with Texas Red conjugated-avidin for mast cell 

detection.  After washing in PBS, tissue slides were embedded in mounting media (Vector 

Laboratories, Inc.) and imaged on a Zeiss LSM 780 microscope (Carl Zeiss).  Fluorescence 

intensity measurements of CCL2 in mast cells were performed as a region of interest by MIPAV 

software. 

 

Immunoprecipitation and immunoblotting 

For Ag stimulation, BMMCs were sensitized at 37°C for 3 hrs with 1µg/ml IgE in RPMI without 

cytokines.  Cells were washed and stimulated at 37°C with DNP (30 ng/ml) or 2NP (3000 

ng/mL) in Tyrode’s buffer (135 mM NaCl, 5 mM KCl, 20 mM Hepes, 5.6 mM glucose, 1 mM 

MgCl2, 1.8 mM CaCl2, 0.05% BSA, pH 7.4). Stimulation time varied with the type of 

experiment as indicated.  Cell lysates were prepared by incubation of 20 × 10
6
 cells in 1ml of 

BSS buffer containing 1.0% NP-40 and 60 mM Octyl -D-glucopyranoside on ice for 15 min 

essentially as described (24). Lysates were clarified by microcentrifugation for 10 min at 

maximum speed at 4°C, and supernatants collected.  For immunoprecipitation of IgE-bound 

Fc RI, cells were solubilized in lysis buffer (0.5% Triton X-100, 50 mM Tris-HCl (pH 7.6), 150 

mM NaCl, 5 mM EDTA, 1 mM Na3VO4, 5 mM Na4P2O7, 5 mM atin A, 1x 

proteinase inhibitor cocktail (Roche)) for 15 min at 4°C.  Supernatants were incubated with goat 

anti-mouse IgE (SouthernBiotech) for 1 hr at 4°C followed by incubation with protein A 

Sepharose beads (GE Healthcare) for 1 hr at 4°C.  Beads were washed three times with lysis 

buffer and boiled in SDS-PAGE sample buffer (reducing or non-reducing as indicated) for 5 

min.  Immunoblotting was as previously described (24, 25).  Antibodies used in immunoblotting 

were obtained from various suppliers: Anti-phospho PLC 1 (Y783), anti-phospho PLC 2 

(Y759), anti-phospho Syk (Y519 and Y520), anti-phospho-LAT (Y191) antibody (which 
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recognizes phosphorylated LAT1 annd LAT2 (26)) were purchased from Cell Signaling 

Technology.  Anti-phosphotyrosine 4G10 antibody was from Upstate Biotechnology.  Anti-Fgr 

antibody, anti-LAT2 antibody, anti-PLC 1 antibody, anti-PLC 2 antibody were from Santa Cruz 

Biotechnology.  Monoclonal mouse anti-Fc RI  (clone: JRK) and monoclonal mouse anti-

phospho Fc RI  Y47 (clone: -pY
47

) was previously described (27-29).   

 

Measurement of changes in intracellular Ca
2+

 and Ca
2+

 influx 

The procedure for Ca
2+

 fluorometry on cell populations was previously described (24).  For 

single cell analysis, two Ca
2+

 indicator dyes, Fluo-4 AM/Fura Red AM (Molecular Probes), were 

used.  BMMCs were loaded with Fluo-4 AM (2 μM) and Fura Red AM (10 μM) for 30 min at 

37°C.  The cells were rinsed three times with Tyrodes buffer.  A Zeiss LSM-510 META 

confocal microscope with a 488-nm wavelength light from an argon laser was used for ratio-

metric measurements. The fluorescence of Fluo-4 and Fura Red was detected through a band 

pass filter (505-530 nm) and a long pass filter (>560 nm), respectively.  Calcium responses are 

reported as the ratio of Fluo-4 to Fura Red normalized as a fold increase relative to unstimulated 

cells.  Fluorescence images were collected every 5 sec, and the intensity of fluorescence was 

quantified using Zeiss LSM-510 META software. 

 

Constructs and Site-specific Mutagenesis 

Monomeric versions of fluorescent protein vector (YFP or RFP as indicated) were purchased 

from Evrogen.  Fluorescent proteins were attached to the C termini of mouse Lyn, LAT2, or Fgr.  

The cDNA encoding mouse wild type Fgr or Hck were cloned into pMX-puro vector.  All the 

constructs were verified by nucleotide sequencing. 

 

Preparation of antigen-containing planar supported lipid bilayers and calculation of antigen 

density 
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Planar supported lipid bilayers were prepared essentially as previously described (13, 30, 31).  

Briefly, Ni-NTA containing lipid bilayers were prepared using 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC; Avanti Polar Lipids) and 1,2-Dioleoyl-sn-Glycero-3-[N(5-Amino-1-

Carboxypentyl) Imino-diacetic Acid]-Succinyl (Nickel Salt) (DOGS-Ni-NTA; Avanti Polar 

Lipids) in a 90% DOPC to 10% DOGS-Ni-NTA ratio. Ni-NTA-containing unilamellar vesicles 

were formed by sonication of the mixed lipids and clarified by ultracentrifugation and filtering. 

Glass coverslips were cleaned using Nanostrip (Cyantek) and dried.  Supported lipid bilayers 

were prepared from 0.1 mM lipid unilamellar vesicles on freshly cleaned glass coverslips.  The 

soluble antigens DNP-Fab or 2NP-Fab were conjugated to the 12-tandem histidine peptide 

(ASTGTASACTSGASSTGSHHHHHHHHHHHH; Anaspec) through the cysteine residue using 

LC-SMCC (succinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxy-(6-amidocaproate)) 

cross linker (Thermo Fisher Scientific) following manufacturer’s protocol.  The antigen-peptide 

conjugates were attached to the Ni-NTA containing lipid bilayer by incubating antigen-peptide 

conjugates with the bilayer for 30 min at room temperature followed by washing.  The density of 

DNP or 2NP molecules on the bilayer was determined by coating the prepared DNP-Fab or 2NP-

Fab containing supported lipid bilayers onto 5 m diameter silica beads (Bangs Laboratories Inc.) 

using FITC-conjugated monoclonal antibodies to DNP or bovine IgG in flow cytometric 

analysis. The fluorescence intensity observed was normalized by Quantum
TM

 FITC MESF 

calibration beads (Bangs Laboratories Inc.) according to the manufacturers’ instructions and the 

number of DNP or 2NP molecules was calculated.  The density of DNP or 2NP was 

approximately 200 and 2000 molecules/ m
2
, respectively.  These numbers are consistent with 

numbers derived from measurement of only the Fab fragments conjugated to each antigen 

multiplied by the average haptenation number for DNP or 2NP.  These Ag densities also 

provided similar levels of Fc RI phosphorylation and functioned identically to soluble antigen in 

eliciting normal and poor degranulation for DNP and 2NP, respectively.  The antigen-containing 

planar supported lipid bilayers were then used for TIRF imaging.  For single IgE-Fc RI cluster 

tracking experiment, IgE was labeled with Alexa Fluor 568 or 647 (as indicated) according to the 
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manufacturers’ (Invitrogen) instructions with the modification that all the Alexa Fluor-labeled 

IgE used in this study was used at a ratio of Alexa Fluor dye to IgE molecule of 0.8~1.2 mol 

dye/mol IgE molecule. 

 

Total internal reflection fluorescence (TIRF) microscopy  

Cells were placed on planar supported lipid bilayers containing DNP or 2NP antigen prepared 

essentially as described (31) with some minor modifications.  TIRF image sequences were 

acquired at 37°C in an environmental chamber surrounding a Leica DMI6000 microscope-based 

TIRF system (Leica Microsystems Inc., Buffalo Grove, IL), using an Andor 512 x 512 EMCCD 

camera (Andor Technology, South Windsor, CT), and a Leica 63 × 1.45 N.A. or Leica 100 × 1.4 

N.A. objective lenses.  Acquisition was controlled by Leica AF7000 fluorescence software, 

which automatically adjusts the excitation beam angle to excite fluorophores at the same depth in 

each channel.  The exposure time was 100 msec unless otherwise indicated.  Four diode lasers 

(405 nm, 488 nm, 561 nm, 633 nm) were used for the experiments.  TIRF images were analyzed 

by Imaris (Bitplane AG, Zurich, Switzerland), ImageJ (NIH, Bethesda, MD.; freely available at 

rsbweb.nih.gov/ij/), MIPAV (Medical Image Processing, Analysis, and Visualization, NIH, 

Bethesda, MD.; freely available at http://mipav.cit.nih.gov), Matlab (Mathworks, Natick, MA) 

software, as indicated.  Quantitative colocalization analyses were performed by using the 

orthogonal regression algorithms implemented in MIPAV software.  Background subtraction 

was performed before co-localization analysis.  Co-localization was denoted as a Pearson's 

correlation coefficient. The cluster detection, number of clusters, and cluster size measurements 

were performed in MATLAB 7.11with a customized program.  This program first uses an edge 

filter to make particle edges brighter, improving detection sensitivity, especially for dim objects. 

Next the watershed segmentation algorithm is used to detect the clusters, with the step size 

between adjacent thresholds set as three times the standard deviation of the image brightness.  

The program analyzes one image out of every 10 frames in each series in order to calculate the 

average of the cluster number and size.  The analysis for single cluster mean square displacement 
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(MSD), diffusion coefficient, and cumulative probability were performed with the cell tracking 

software created by Drs. D. Blair and E. Dufresne (http://physics.georgetown.edu/matlab/).  In 

brief, single cluster tracking and analysis was performed using Matlab (Mathworks) code based 

on available tracking algorithms.  The resulting trajectories were visually inspected and 

occasional errors in tracking were manually corrected.  The positions of the diffraction-limited 

spots in the trajectories were refined using a 2D Gaussian fit.  Mean square displacements were 

calculated from positional coordinates as described (31).  Briefly, short-range diffusion 

coefficients were calculated from linear fits (Eq.1) to mean-square displacement data of 

individual trajectories from the first four data points and plotted in the cumulative distribution 

graph. To further identify the type of the motion, the mean square displacement (MSD) vs. time 

plot was fitted with functions for normal diffusion, directed motion with diffusion, and confined 

motion:  

 

<r
2
> =  4Dt     (Eq. 1) 

<r
2
> = 4Dt+ (Vt)

2    
(Eq. 2) 

<r
2
> ~=  <rC

2
>/3*[1- exp(-12Dt/<rC

2
> )] (Eq. 3) 

 

The fitting equations are obtained from the articles describing single-particle tracking (32-34). 

<r
2
> is the MSD, D is the diffusion coefficient, and <rC

2
>  is the size of confinement. The 

confined motion (Eq.3) yielded the best fit for both DNP and 2NP -stimulated clusters. The 

average of the square of correlation coefficient for DNP and 2NP, a parameter to quantify the 

goodness of the curve fit was 0.97±0.042 and 0.99±0.004, respectively.  DNP clusters showed a 

significantly large diffusion coefficient (0.0087±0.0025) as compared to 2NP clusters 

(0.0032±0.0005) (p<0.0001).  Thus, DNP clusters are more dynamic with a higher diffusion 

coefficient and thus can more easily escape confinement.  

 

Passive Cutaneous Anaphylaxis (PCA) 
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Following isoflurane-induced anesthesia, mice were passively sensitized by means of 

intradermal injection of 75 ng of DNP–specific IgE in 30 μL of normal saline (0.9% NaCl) in 

both ears.  After 24 hrs, mice were challenged with DNP (1 g) - or 2NP (100 g) -antigen in 

200 μL of normal saline by retro-orbital injection.  Normal saline without Ag were used as a 

control.  Ear thickness was measured and recorded before and after retro-orbital injection with 

antigen using a dial thickness gauge (Mitutoyo).  Mice were euthanized 3 or 12 hrs after 

challenge, and ear pinnae were collected for histologic and flow cytometric analysis. 

To measure mast cell-induced vascular permeability, mice were challenged with the antigens 

dissolved in 0.5% Evans blue.  After 30 min, the mice were euthanized and the ears were 

collected and minced and incubated in formamide for 1 hour at 55
0
C to extract the Evans blue 

dye. The amount of dye was measured by absorbance at 620 nm. 

 

Flow Cytometry 

Flow cytometric analysis for single-cell suspensions from mouse ears was done on a FACSVerse 

(BD Biosciences, San Jose, CA).  Ears were split in dorsal and ventral halves and exposed to 

trypsinization for 10 minutes at 37°C (0.15% Trypsin-EDTA, Invitrogen).  Ears were then 

transferred to 20% FBS in RPMI1640.  Epidermal sheets were removed, minced, and dissociated 

by pipetting.  The remaining dermal tissue was minced and digested for 15 min at 37°C with 

gentle shaking in a solution of 0.05% DNase I (Roche) and 0.2 U/mL Liberase TL (Roche).  

Both epidermal and dermal cells were filtered through 70-μm cell strainers (BD Biosciences, 

Schwechat, Austria) and washed in 1X PBS.  Single-cell suspensions from both epidermis and 

dermis were incubated on ice for at least 15 min with Fc block (clone 2.4G2, BioXCell, West 

Lebanon, NH) to reduce non-specific binding to Fc receptors.  Analysis was restricted to viable 

cells, which were identified by LIVE/DEAD® Fixable Violet or Aqua Dead Cell Stain Kit 

(Invitrogen).  Same numbers of events were observed and analyzed in each experiments.  Data 

acquisition was performed with the BD FACSuite software (BD Biosciences) and analyzed with 

FlowJo software (Treestar Inc., Ashland, OR).  The following antibodies were used for flow 
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cytometric analysis: anti-CD11b-Alexa Fluor 488 (clone M1/70, BioLegend), anti-

Neutrophil[7/4]-PE (Abcam), anti-Ly-6G/Ly-6C (Gr-1)-PerCP-Cy5.5 (clone RB6-8C5, 

BioLegend), anti-CD11c-PE-Cy7 (clone N418, eBioscience), anti-F4/80-Alexa Fluor 647 (clone 

CI:A3-1, BioLegend), anti-Ly-6G-FITC (clone 1A8, BioLegend), anti-CD11b-V450 (clone 

M1/70, BD Pharmigen), anti-Neutrophil [7/4]-FITC (Abcam).  Myeloid cell subpopulations were 

distinguished based on an initial Gr-1
+
 or Gr-1

-
 gate.  A CD11b

+
 CD11c

+
 double-positive gate 

was set on Gr-1
-
, live cells to identify dendritic cells.  From the Gr-1

+
 gate, neutrophil [7/4]

-
 cells 

expressing both F4/80 and CD11b were identified as macrophages.  Monocytes and neutrophils 

were initially identified as Gr-1
+
 (hi) and CD11c

-
.  Monocytes were further characterized as 

CD11b
+
 F4/80

+
 (intermediate), while neutrophils were CD11b

+
 F4/80

+
 (low).  The identities of 

the populations were confirmed by examining Ly-6G and neutrophil [7/4] expression of Gr-1
+
 

(hi) CD11c
-
 CD11b

+
 F4/80

+
 cells.  Gr-1

+
 (hi) CD11c

-
 CD11b

+
 F4/80

+
 (intermediate) cells 

expressed neutrophil [7/4] and were Ly-6G
-
.  The Gr-1

+
 (hi) CD11c

-
 CD11b

+
 F4/80

+
 (low) cells 

also expressed neutrophil [7/4], but were Ly-6G
+
.   

 

Histology and Immunohistochemistry 

Tissue samples were collected at the end of each in vivo experiment and placed in 4% formalin 

solution (Sigma-Aldrich).  Embedding, sectioning, hematoxylin and eosin stainig, Masson's 

trichrome, and toluidine blue staining were done by American Histo Labs Inc (Gaithersburg, 

MD).  Whole-mount immunohistochemical analysis of ear skin was performed as previously 

described (28).  Mice were euthanized and their ears were dissected and separated into dorsal and 

ventral sheets. The cartilage-free sheets were fixed in 1.0% paraformaldehyde at 4°C overnight 

and then blocked with blocking buffer (1x PBS supplemented with 0.1% Triton X-100 and 1.0% 

BSA).  Samples were incubated with various antibodies overnight (28) at 4°C. After washing in 

blocking buffer, samples were embedded in Fluoromount G mounting media (SouthernBiotech) 

and imaged on a Zeiss LSM780 microscope (Carl Zeiss).  The following antibodies were used 

for whole-mount immunohistochemical analysis: FITC-conjugated Ly-6G (clone 1A8, BD 



 10 

Biosciences), Alexa Fluor 488 conjugated MOMA-2 (AbD Serotec), APC-conjugated anti-CD31 

(BD Pharmingen), Texas Red-conjugated Avidin.  

 

Statistical Analysis 

Results were analysed using GraphPad Prism (GraphPad Software Inc, California, USA).  The 

statistical significance of differences between groups was determined by unpaired, two-tailed 

Student’s t-tests or by One-way Analysis of Variance (ANOVA) as appropriate.  Two-way 

ANOVA was used to examine the overall dose-effects of antigen affinity on degranulation and 

the effect of antigen affinity on ear swelling.  Differences were considered significant
 
if the P 

value was ≤ 0.05 with the confidence
 
intervals of 95%.  All results are shown as mean

 
± SEM of 

at least 3 independent experiments. 
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Fig. S1. BMMCs show similar Fc RI phosphorylation but not the same  degranulation in 

response to DNP- or 2NP-treatment. (A) Dose-response of Fc RI phosphorylation (under non-

reducing (NR) conditions) in BMMCs after DNP- or 2NP-treatment reveals similar 

phosphorylation and 30 and 3000 ng/ml, respectively.  (B) Kinetics of Fc RI phosphorylation 

(NR conditions) induced by DNP (30 ng/ml) and 100-fold higher concentration of 2NP antigen 

(3000 ng/ml) is similar. Data in (A) and (B) is representative of 6 individual experiments. 
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Fig. S2.  2NP-induced BMMC responses requires DNP-specific IgE and 2NP-treatment 

does not alter mast cell degranulation or CCL2 production induced by OVA/anti-OVA 

specific IgE-stimulation of Fc RI.  Cells were sensitized with DNP-specific IgE or OVA-

specific IgE and challenged either DNP (30 ng/ml), 2NP (3000 ng/ml), OVA (10 g/ml), or anti-

IgE (5 g/ml).  Degranulation (A) or CCL2 production (B) was measured.  Cells were sensitized 

with OVA-specific IgE alone and subsequently challenged with OVA alone or OVA and 2NP 

simultaneously at the indicated concentrations and degranulation (C) or CCL2 production (D) 

was measured.  NS=not significant, **p<0.01, *** p<0.001, one-way ANOVA.  Data was from 

at least 3 individual experiments. 
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Fig. S3.  DNP or 2NP antigens imbedded in planar supported lipid bilayers behave 

similarly to soluble antigens eliciting similar Fc RI phosphorylation but different mast cell 

degranulation responses.  (A) Kinetics of Fc RI phosphorylation induced by DNP- or 2NP-

coated planer supported lipid bilayers used to stimulate WT BMMCs. Fc RI was 

immunoprecipitated from mast cells and resolved proteins were immunoblotted with antibodies 

to phospho-tyrosine (under non-reducing conditions). Data is representative of 3 individual 

experiments.  (B) Degranulation as measured by the release of -hexosaminidase from DNP- or 

2NP-coated planer supported lipid bilayer stimulated WT mast cells. Data is mean ± SE from at 

least 4 individual experiments.  **p<0.01, *** p<0.001, one-way ANOVA.  
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Fig. S4.  Phosphorylation of Syk, PLC 1, and PLC 2 is reduced in 2NP-treated BMMCs 

relative to DNP-treated cells. (A) Kinetics of Syk (Y519 and Y520) phosphorylation following 

DNP- or 2NP-treatment of BMMCs.  (B) Kinetics of PLC 1 (Y783) and PLC 2 (Y759) 

phosphorylation as in (A).  Fold increase is normalized to DNP (0 min). 
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Fig. S5.  The residual Fc RI phosphorylation seen in the absence of Lyn is SrcPTK 

dependent: Src PTK Fgr co-immunoprecipitates with Fc RI and contributes to its 

phosphorylation.  Fgr and LAT2 negatively regulate mast cell degranulation.  (A) Lyn-null 

(lyn
-/-

) BMMCs were incubated with the Src kinase selective inhibitor PP2 and imatinib (which 

inhibits Kit) for 30 min (at indicated concentrations) followed by stimulation with 2NP for 1 

min.  Cells were lysed and processed for immunoblotting.  2NP-induced tyrosine 

phosphorylation of Fc RI  Y47 in lyn
-
/
-
 BMMCs was suppressed by the Src kinase inhibitor, 
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PP2, but not imatinib.  (B)  Immunoprecipitation of Fc RI from WT BMMCs (left) or from fgr
-/-

hck
-/-

lyn
-/-

 BMMCs expressing Fgr or a Mock vector control (right) after DNP- or 2NP-treatment 

reveals co-immunoprecipitation of Fgr.  Resolved proteins were immunoblotted with antibodies 

to Fgr.  Data shown is representative of 3 individual experiments.  (C) Phosphorylation of Fc RI 

(p - or 2NP-treatment (1 min) in cells 

expressing Fgr, Hck, or control (CTL) vector (mock transfected) relative to fgr
-/-

hck
-/-

lyn
-/-

 or WT 

cells.  Fold increase normalized to WT CTL.  (D) Loss of Fgr or LAT2 enhanced 2NP-induced 

degranulation responses of mast cells relative to 2NP-treated WT cells.  *p<0.05, *** p<0.001, 

one-way ANOVA.  Data was collected from 3 individual experiments. 
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Fig. S6.  Treatment of mice with DNP or 2NP in a passive cutaneous anaphylaxis model 

elicits an inflammatory response.  (A) Vascular permeability following passive cutaneous 

anaphylaxis (PCA) in WT mice treated with DNP or 2NP is increased as measured by Evan’s 

blue dye extravasation in ear tissue.  Mice were locally injected (intradermal) with 75 ng of anti-

DNP IgE into the ears.  After 24 hrs, a systemic injection (retro-orbital) with 1 g DNP or 100 g 

2NP in 5.0% w/v Evans blue dye was done. After 30 min, mice were euthanized and ears were 

collected and Evans blue dye was extracted from ear tissue. Samples were measured for dye 
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content at 620 nm.  *** p<0.001, one-way ANOVA.  For visualization of tissue mast cells, ear 

sections were obtained from DNP- or 2NP -injected or saline-injected ears (as a negative control) 

at 3 hrs post-challenge.  Ear sections were stained with Toluidine blue. Enlarged mast cell 

images are shown in insets.  Representative images are shown, six to eight ears were analyzed 

per group.  Bar = 50 µm.  (B) Changes in ear swelling after retro-orbital injection of DNP or 2NP 

into mice 24 hrs after the localized intradermal ear injection with anti-DNP IgE.  No ear swelling 

was observed in the normal saline injected ears (CTL).  Significant difference in ear swelling 

between DNP- or 2NP-treated mice was observed 30min after injection. ***p<0.001, two-way 

ANOVA.  (C) Quantitation of dermal thickness in Masson’s trichrome stained ear sections 3 hrs 

post-injection with indicated antigen.  Ear sections were stained with Masson’s trichrome.  

Double-headed white arrows delineate thickness of dermis.  Representative images are shown for 

each with six to eight ears analyzed per group.  ** p<0.01, one-way ANOVA.  Bar = 50 µm.  (D) 

Quantitation of cell infiltration at 3 hrs after DNP- or 2NP-injection.  Representative images of 

H&E-stained ear sections from DNP- or 2NP- injected WT mice at 3 hrs.  Six to eight ears were 

analyzed per group.  * p<0.05, one-way ANOVA. Bar = 50 µm.  (E) Quantitation of dermal 

thickness in Masson’s trichrome stained ear sections as in (C), 12 hrs post-injection.  No 

significant difference was observed in dermal thickness.  Six to eight ears were analyzed per 

group.  NS = not significance, Bar = 50 µm.  (F) Quantitation of cell infiltration as in (D) 12 hrs 

post DNP- or- 2NP injection.  Representative images of H&E-stained ear sections are shown.  

Six to eight ears were analyzed per group.  *** p<0.001, one-way ANOVA. Bar = 50 µm. 
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Fig. S7.  CCL2 production is significantly elevated after passive cutaneous anaphylaxis 

(PCA) in the mast cells of 2NP-treated relative to DNP-treated mice.  Quantitation of CCL2 

fluorescence intensities in ear tissue mast cells after control (normal saline), DNP- or 2NP- 

challenge in PCA as performed by double-labeled immunohistochemistry.  Images from whole 

mount tissue were randomly taken from six to eight ears per group.  Data is mean ± SE from an 

analysis of more than 100 cells from control-, DNP-, or 2NP-challenged mice. *** p<0.001 one-

way ANOVA. 
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Movie S1. Real-time TIRF movie showing the mobility of an individual IgE-Fc RI microcluster 

as labeled with Alexa Fluor 568-conjugated IgE on WT BMMCs placed on planar supported 

lipid bilayers containing DNP.  The display rate is 30 frames per sec.  Lines in movie show the 

trajectories of IgE-Fc RI microclusters. 

 

Movie S2. Real-time TIRF movie showing the mobility of an individual IgE-Fc RI microcluster 

as labeled with Alexa Fluor 568-conjugated IgE on WT BMMCs placed on planar supported 

lipid bilayers containing 2NP.  The display rate is 30 frames per sec.  Lines in movie show the 

trajectories of IgE-Fc RI microclusters. 

 

Movie S3. Real-time TIRF movie showing the co-localization of IgE-Fc RI microclusters with 

LAT2-RFP expressed in lat2
-/-

 BMMCs.  Cells were placed on planar supported lipid bilayers 

containing DNP.  LAT2 (Green), Alexa Fluor 647-conjugated IgE (Red), and merge (Yellow) 

images are shown in the movies.  Movies show 1.0 sec intervals with a display rate of 30 frames 

per sec. 

 

Movie S4. Real-time TIRF movie showing the co-localization of IgE-Fc RI microclusters with 

LAT2-RFP expressed in lat2
-/-

 BMMCs.  Cells were placed on planar supported lipid bilayers 

containing 2NP.  LAT2 (Green), Alexa Fluor 647-conjugated IgE (Red), and merge (Yellow) 

images are shown in the movies.  Movies show 1.0 sec intervals with a display rate of 30 frames 

per sec. 

 

Movie S5. Real-time TIRF movie showing the distribution and co-localization of IgE-Fc RI 

microclusters with Lyn-YFP and Fgr-RFP in fgr
-/-

hck
-/-

lyn
-/-

 BMMCs.  Cells were placed on 

planar supported lipid bilayers containing DNP.  Alexa Fluor 647-conjugated IgE (Cyan), Lyn 

(Green), and Fgr (Red) images are shown in the movies.  Movies show 1.0 sec intervals with a 

display rate of 20 frames per sec. 
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Movie S6. Real-time TIRF movie showing the distribution and co-localization of IgE-Fc RI 

microclusters with Lyn-YFP and Fgr-RFP in fgr
-/-

hck
-/-

lyn
-/-

 BMMCs.  Cells were placed on 

planar supported lipid bilayers containing 2NP.  Alexa Fluor 647-conjugated IgE (Cyan), Lyn 

(Green), and Fgr (Red) images are shown in the movies.  Movies show 1.0 sec intervals with a 

display rate of 20 frames per sec. 
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