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Abstract 

Fc receptors containing immunoreceptor tyrosine-based activation motifs (ITAMs) are critical 
components of the innate immune system that bridge adaptive antibody recognition to cellular 
effector responses. In allergic responses, the high-affinity IgE receptor, FcεRI, is activated when 
multivalent antigens crosslink receptor-bound IgE, yet the molecular mechanisms linking antigen 
structure to signaling output remain incompletely understood. Here, we compare two antigens 
presenting identical IgE-binding haptens but differing in geometry: the high-valency, 
heterogeneous DNP-BSA and the defined trivalent antigen DF3. We find that these ligands elicit 
distinct patterns of degranulation and FcεRI γ-chain phosphorylation, correlating with differences 
in the recruitment of the inhibitory lipid phosphatase SHIP1. Monte Carlo simulations predicted 
that each antigen generates receptor aggregates with distinct size, complexity, and inter-receptor 
spacing. Using direct stochastic optical reconstruction microscopy (dSTORM) and Bayesian 
Grouping of Localizations (BaGoL) analysis, we directly visualized the nanoscale aggregate 
geometry and found that DF3 induced smaller, more linear aggregates with tighter receptor 
spacing than DNP–BSA. Together, our results show that antigen properties, including size, 
valency, and epitope spacing, modulate FcεRI aggregate architecture and tune the balance of 
positive and negative signaling to ultimately shape mast cell outcomes. 
 
 
 
 
Statement of Significance 

Allergic immune responses are initiated when multivalent antigens aggregate IgE-bound FcεRI 
on mast cells, yet the relationship between antigen structure and signaling strength remains 
unclear. This study combines biochemical assays, Monte Carlo modeling, and super-resolution 
imaging to show that allergen properties, specifically valency and nanoscale epitope spacing, 
govern the geometry of FcεRI aggregates and the balance of activating and inhibitory signals. 
These findings establish a direct mechanistic link between antigen structure and immune 
receptor output, providing new insight into how physical antigen features encode mast cell 
responses. 
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Introduction  

Crosslinking of IgE-bound FcεRI by multivalent antigen initiates mast cell degranulation and the 
release of inflammatory mediators that underlie multiple immune responses, including allergy, 
asthma and anti-parasite immunity (1). FcεRI is a heterotetrametric complex consisting of an α-
subunit, a β-subunit and two disulfide-linked γ-subunits. The α-subunit binds circulating IgE with 
nanomolar affinity (2). Crosslinking of IgE-bound receptor by multivalent antigen leads to 
recruitment of Src Family Kinases (SFK) that phosphorylate the immunoreceptor tyrosine-based 
activation motifs (ITAMs) on the β and γ2 subunits. Signaling is then propagated by recruitment 
of SH2-containing downstream signaling molecules to phosphorylated ITAM tyrosines (3-6). The 
β-subunit is typically considered a negative regulator through SH2-mediated recruitment of 
phosphatases, such as SHIP1 (7-10), while the γ2 subunits primarily drive positive signaling 
through recruitment of Syk (5,6) which further transduces signaling via activation of the 
membrane scaffolding protein LAT (11,12). Although positive roles for the β-ITAM in Lyn and 
Syk binding have also been described (10). The antigens that IgE-FcεRI engages span more 
than six orders of magnitude in size, from surface arrays on helminths (13) to multivalent pollen 
proteins (14), food-derived peptides (15,16), and venom components (17). Despite decades of 
work, a central mechanistic question remains: how do the physical attributes of an antigen 
translate into a specific FcεRI signaling outcome? 

Previous studies have addressed this question using synthetic antigens to show that FcεRI 
signaling is sensitive to antigen valency, epitope spacing, size, affinity and dose (7,18-28). Baird 
and colleagues designed rigid DNA rulers to show that there is a strict dependence on antigen 
valency and size (20-22). Bivalent DNP-DNA triggered degranulation when the spacing was < 
5.5 nm but signaling was lost when the distance was increased to just 6.8 nm (22). Increasing 
the valency to three with a Y-shaped DNA structure supported degranulation out to 10.4 nm 
spacing (21), highlighting the impact of valency. However, β- and γ-ITAM phosphorylation was 
still found to decrease as distance increased. The authors concluded that Lyn-mediated ITAM 
phosphorylation is more efficient when receptors are in close proximity. Using the symmetrically 
arrayed T4 fibritin foldon, Mahajan et al. constructed a structurally defined trivalent antigen, 
termed DF3 (7). DF3 activation in both RBL-2H3 cells and bone-marrow–derived mast cells 
(BMMCs) displayed high-dose inhibition, where degranulation peaked at an optimal antigen 
concentration and then fell off as the dose was further increased. They found that high dose 
inhibition was a result of increased recruitment of phosphorylated SHIP1 to FcεRI aggregates 
compared to the optimal degranulation dose. Complementary work with engineered natural 
allergens is consistent with these findings. For example, Wilson and colleagues showed that 
progressive digestion of shrimp tropomyosin revealed a lower size limit (~60 aa) for productive 
signaling (18) that is a result of reducing high valency intact protein to monomeric peptides. 
Gieras et al generated myoglobin constructs bearing one to four Phl p 1 epitopes and showed 
valency-dependent severity of anaphylaxis (2,19). Notably, using negative stain electron 
microscopy, Gieras et al showed that the IgE-Phl p 1 immune complexes increased in 
complexity with epitope valency. While antigen multivalency is a well-accepted requirement for 
FcεRI activation, we and others have shown that monovalent ligand presented in a fluid 
supported lipid bilayer (SLB) can support mast cell secretion and cytokine production (24-26).  
Suzuki et al compared FcεRI signaling induced by low (NP)- and high (DNP)-affinity antigens 
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presented on a SLB and found that NP elicited reduced degranulation and cytokine production 
but had enhanced chemokine secretion (26). These differences were attributed to the ability of 
NP to preferentially recruit the SFK Fgr over Lyn and the scaffold NTAL over LAT.  Collectively, 
these studies establish that antigen properties act to tune FcεRI signaling by modulating the 
presence of positive and negative signaling molecules in the aggregate. 

To better understand the underlying mechanisms connecting antigen-induced aggregate 
organization to differential signaling, we compared the response of the model mast cell line Rat 
Basophilic Leukemia-2H3 (RBL) cells primed with DNP-specific IgE (29) to either multivalent 
DNP-BSA (valency ~ 14) or trivalent DF3. As might be expected, the higher-valency DNP-BSA 
was markedly more effective than DF3 at inducing FcεRI phosphorylation and mast cell 
degranulation. Unlike DNP-BSA, which showed a sustained degranulation across a broad range 
of doses, DF3 exhibited a bell-shaped dose-response curve characteristic of high-dose 
inhibition.  Notably, DNP-BSA triggers robust signaling even in the absence of Lyn kinase, 
whereas DF3 fails to support degranulation without Lyn. The ability of FcεRI aggregates to 
recruit SHIP1 was found to be greater with DF3 activation, contributing to the reduced signaling. 
Structural modeling of IgE-FcεRIα aggregation predicted that DF3 would form smaller, less 
complex aggregates than DNP-BSA.  These predictions were experimentally validated using 
dSTORM super-resolution imaging and a novel image analysis algorithm, Bayesian Grouping of 
Localizations (BaGoL) (30) to map the nanoscale organization of FcεRI aggregates. We found 
differences in the relative arrangement of DNP-BSA and DF3 aggregates, with DNP-BSA 
aggregates being larger and more complex than DF3 aggregates. Together, these results show 
that the structural properties of an antigen can directly influence mast cell signaling through 
spatial organization of FcεRI aggregate architecture.    

 
 
Materials and Methods 
 
Antibodies, Antigens, and Reagents  
Modified Eagle’s media (MEM) was purchased from Cytiva (SH30024.01). G418 Disulfate was 
obtained from Caisson Labs (G030-5GM). Heat inactivated FBS was from R&D Systems 
(S12450H). L-Glutamine (25030-081), Pen Strep (15140-122), and DNP-BSA (A23018) were 
purchased from Thermo Fisher Scientific. For unit conversion, 14 nM DNP-BSA is ~ 1 μg/mL. 
Custom DF3 peptide was synthesized by and purchased from Anaspec, as described in 
Mahajan et al (7). Anti-H1-DNP-ε-206 IgE was affinity-purified from ascites (Covance, Denver, 
PA) according to the methods of Liu et al (29). Alexa Fluor 647- (Thermo Fisher Scientific; A-
20006), and CF640R- (Biotium; 92108) labeled IgE were prepared using NHS Ester conjugation 
with a dye/protein ratio of 0.9 and 1.1, respectively. The antibodies used in this study include: 
anti-pY PY20/99 cocktail (Santa Cruz; sc-508, sc-7020), goat anti-mouse-HRP (Santa Cruz; sc-
2005), goat anti-rat IgE (Abnova; PAB29749), and biotinylated anti-HA Fab fragments (Roche; 
12158167001).  Fura-2 AM (F1221) and QDot 655 quantum dots (QD; Q10111MP, Q10121MP) 
were purchased from Thermo Fisher Scientific. HA-QD655 was conjugated as previously 
described (31). Live-cell RBL experiments were performed in modified Hank’s balanced salt 
solution (HBSS; 136.89 mM NaCl, 5.37 mM KCl, 0.74 mM KH2PO4, 0.70 mM Na2HPO4, 10 
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mM Hepes, 0.05% w/v BSA, 5.45 mM glucose, 0.88 mM MgSO4, 1.79 mM CaCl2, and 16.67 
mM NaHCO3).  

 
Quantification of DNP Epitope Number on Antigens 
A Nanodrop 2000C spectrophotometer was used to measure the absorbance of DNP-BSA at 
A280 and A360 (the Amax of DNP).  The molar concentration of BSA was calculated where MBSA 
= (A280-(A360*CFDNP))/εBSA, where εBSA = 43,824 cm-1M-1 is the extinction coefficient for BSA 
and CFDNP = 0.2915 is the correction factor for the contribution of DNP to the A280 reading.  
The molar concentration of DNP was calculated by MDNP = A360/εDNP, where εDNP = 17,500 cm-

1M-1. The degree of labelling was determined by the molar ratio = MDNP/MBSA and was calculated 
to be 14 DNP per BSA. 

 
Cell Culture 
RBL-2H3 (RBL-WT), RBL-HA-HL4.1-FAP-FceR1γ, and CRISPR-edited RBL-LynKO and RBL-
SHIP1KO cell lines (10,32-35) were cultured in MEM supplemented with 10% heat-inactivated 
fetal bovine serum, 1% penicillin/streptomycin, and 1% L-glutamine. RBL-HA-HL4.1-FAP-
FceR1γ cells were cultured with G418-disulfide. RBL-SHIP1KO cells were transfected with a 
pcDNA 3.1 SHIP1-mNG plasmid (10) by electroporation with an Amaxa Nucleofector II via 
program T-020 using Solution L (Lonza; VCA-1005) or Mirus Bio Ingenio (MIR-50114).  For live 
cell microscopy experiments, cells were primed with 1 μg/mL unconjugated or CF640R-IgE and 
incubated overnight in eight-well chambers (Cellvis; c8-1-n) at a density of 4x105 cells/well.  
High resolution dSTORM was performed on cells primed with 1 μg/mL Alexa Fluor 647-IgE and 
seeded at a density of 2x105/well in a 6 well tissue-culture plate (Greiner BioOne; 657-160) on 
25 mm round cover glass, #1.5H (Warner Instruments; 64-0715). Cells (5x106) were plated on 
100-mm tissue culture dishes and primed overnight with 0.5 μg/mL unconjugated IgE for 
western blot experiments. 
 
Monte Carlo Simulation of Antibody Aggregation 
Model preparation and creation: All-atom crystal structures are used to create space-filling 
models of IgE and antigens (7,36). IgE is made from multiple PDB structure files 1OAU (37), 
2VWE (38), 1O0V (39), 1F6A (2) and DF3 consists of 1RFO (7,40). The BSA structure is one 
chain of 3V03 (41). DNP-BSA binding sites: As DNP is grafted on BSA by bioconjugation to 
lysines, we select 14 lysines on the surface of BSA as haptens. Of these 14, 2 are selected as 
they are the two furthest apart, 1 is picked as approximately equally distant to the previous 2, 
and the remaining 11 lysines are picked randomly. All models are loaded into ChimeraX (42,43), 
converted to an isosurface and exported as OBJ. 
  
Monte Carlo Simulation: Initialization: The models of IgE and antigens created in the previous 
step are incorporated into a Monte Carlo simulation that simulates 2D diffusion on the 
membrane. IgE molecules are oriented with Fab arms pointing away from the membrane plane, 
and antigens are rotated so that a plane of 3 haptens is parallel to the membrane patch. For 
simulations of DF3, this means that all haptens are accessible to bind to IgE. For simulations of 
DNP-BSA, the hapten plane is made by the two lysines that are furthest apart, and the one that 
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is equally distant to them, thus enhancing accessibility of binding sites. We initialize 14 IgE 
molecules and 14 antigens randomly placed and rotated within a flat membrane patch 200 nm 
by 200 nm in size. Update step: At each step, molecules and aggregates translate on the 
membrane surface by randomly updating their 2-dimensional center of mass positions, drawing 
from a normal distribution with variance equal to 2Dt, where D is the diffusion coefficient and t is 
the time step (t=10 us). The value of the diffusion coefficient for free molecules is D=0.09 
um^2/s (23). For aggregates, the effective diffusion coefficient lowers according to D/n (7), 
where n is the number of IgEs in the aggregate. Rotations of the rigid molecules is also 
randomly drawn from a normal distribution, with possible values between zero and 360 degrees. 
Valid moves are those without molecular collisions and within the simulation boundaries. 
Binding and unbinding conditions: Binding between an antigen and IgE is possible if at least one 
of the antigen’s unbound haptens and one of the IgE’s unbound binding sites are within a 
certain threshold (1.7nm). If this condition is true, the two molecules bind. Unbinding occurs with 
a probability of 10−6 for each pair of bound binding sites at each step. Termination condition: 
Simulations are run until it reaches the maximum number of time steps or the system becomes 
unable to sample feasible states (1000 attempts in a single time step). Analysis: Positions and 
rotations of the molecules' center of mass are recorded at each time step. At the end of the 
simulation we compute: (a) aggregate size, as the number of IgE in an aggregate; (b) aggregate 
spread: as the average distance from an aggregate centroid and all IgE centers of mass within 
an aggregate, in nm; (c) distances between neighboring IgE, i.e., between IgEs centers of mass 
that are bound to the same antigen, in nm; (d) distance between centers of mass of antigen and 
bound IgE, in nm. 
 
Degranulation Assays 
Cells were primed with 1 μg/mL IgE and seeded at 2x105 cells/well in a 24 well plate overnight. 
Cells were washed twice with warm HBSS and stimulated with a dose course of DNP-BSA or 
DF3 in HBSS for 30 min at 37°C. Spontaneous granular release was measured in cells without 
antigen exposure, and total granular content was extracted with 1% Triton X-100 (Sigma 
Aldrich; T8787). The β-hexosaminidase released into the supernatant was detected by reaction 
with 4-Nitrophenyl N-acetyl-β-D-glucosaminide (Sigma Aldrich; N9376) in citrate buffer for 1 hr 
at 37°C. The reaction was stopped with glycine, and β-hexosaminidase concentration was 
measured by absorbance as 405 nm, as previously described (36). 
 
Fura-2 AM Calcium Assay 
Live cell calcium mobilization assays were performed as previously described (10). Briefly, cells 
were labeled with 2 μM Fura-2 AM in complete MEM media for 30 min at room temperature and 
washed with warm HBSS. At acquisition, multiple cells were centered in a field of view and ratio 
images were acquired at 35°C using an Olympus IX71 inverted microscope outfitted with a 
UPLANSAPO 60× NA1.2 water immersion objective coupled to an objective heater (Bioptechs). 
Cells were imaged for 5 min, with antigen added after 30 s of data acquisition. Ratiometric 
changes in cytosolic calcium were determined by alternating between 340 nm and 380 nm 
excitation at 1 Hz with a xenon arc lamp monochromator (Cairn Research OptoScan) and 
collecting the interleaved Fura-2 AM fluorescence emissions at 510 nm with an Andor iXon 887 
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EMCCD camera. A custom MATLAB script as described in (44) was used to analyze the 
ratiometric traces of individual cells for the lag time and rise height of calcium release. 
 
Immunoprecipitation and Western Blot Analysis 
Cells were washed with warm HBSS and stimulated as described. Cells were then rinsed in ice-
cold phosphate buffered saline (PBS) and lysed on ice for 30 min with NP-40 lysis buffer (150 
mM NaCl, 50 mM Tris-HCl, 1% NP-40) supplemented with 1% Halt Protease and Phosphatase 
inhibitors (Thermo Fisher Scientific; 78446). Whole cell lysates were cleared by centrifugation at 
13,000 x g for 20 min at 4°C. FcεRI was immunoprecipitated by first incubating lysates with the 
anti-IgE antibody on a rotator at room temperature (RT) for 1 hour, followed by affinity 
purification with Protein A/G PLUS-Agarose beads (Santa Cruz; sc-2003) at 4°C overnight with 
rotation. Immunoprecipitates were then washed via centrifugation (2500 x g for 3 minutes at 
4°C) three times with NP-40 lysis buffer supplemented with Halt Protease and Phosphatase 
inhibitors. Samples were boiled in 2x non-reducing sample buffer (Bio-Rad; 1658063). After 
centrifugation and removal of beads from boiled samples proteins were separated via SDS-
PAGE electrophoresis (4-20% gel; Bio-Rad; 4568093) and transferred to nitrocellulose 
membranes using the iBlot2 system (Life Technologies). Membranes were blocked for 30 min in 
3% BSA-0.1% Tween-20-tris buffered saline and probed overnight with primary antibodies at 
4°C. HRP-conjugated secondary antibody was used for detection and incubated with 
membranes for 1 hour at RT. Membranes were imaged on the Odyssey FC2 Imager (Li-COR 
Biosciences) after incubation with SuperSignal West Pico PLUS chemiluminescent substrate 
(Thermo Fisher Scientific; 34580).  Resulting densitometry images were analyzed with Image 
Studio Software. 
 
TIRF and BAMF Analysis 
RBL-SHIP1mNG cells were incubated overnight with 1 μg/mL IgE-CF640R.  Cells were washed 
with warm HBSS and treated with indicated antigen for 5 minutes at 37°C while imaging by total 
internal reflection fluorescence (TIRF). Data was acquired on an inverted IX83 Olympus 
microscope equipped with a 60×1.6X/1.5 NA oil-immersion objective (UPlanApo; Olympus) held 
at 37°C with a Bioptechs objective heater controller. The excitation source were a 640 nm/140 
mW and 488 nm/100mW diode laser (Olympus Soft Imaging Solution; #00026121, #00026125). 
Images were captured using a Hamamatsu ORCA-Fusion sCMOS camera (C14440) and 
Hamamatsu W-View Gemini image splitter (A12801-01). For simultaneous 2-color, live cell 
acquisition a filter set of Chroma single-bandpass 705/100 nm (394148) and a Semrock 520/28 
nm (FF02-520/28) were used with a Semrock single-edge standard epi-fluorescence dichroic 
beamsplitter (FF555-Di03). Images were acquired at 900 ms exposure time. As previously 
described (10), Bayesian Multiple-emitter Fitting (BAMF) analysis (45) was used to model the 
signal as either foreground (IgE or SHIP1-mNG) or background emitters.  The foreground 
images of the IgE were used to find borders of IgE aggregates. SHIP1-mNG localizations within 
the IgE aggregate borders were identified, and the recruited SHIP1-mNG signal intensity was 
reported versus the corresponding IgE aggregate intensity. 
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Kinetics of Immobilization Assay 
Single particle tracking to quantify FcεR1 immobilization in response to antigen binding was 
performed similar to that described in (46).  RBL-HA-HL4.1-FAP-FcεRIγ cells (32) were plated in 
8-well chambers and primed overnight with 0.5 μg/mL IgE.  Before imaging, cells were 
incubated for 10 min with 500 pM HA-QD655 in HBSS at 37°C and washed four times. Samples 
were imaged for 10 s prior to addition of antigen. Data was acquired on an Olympus IX71 
inverted microscope equipped with a 60× 1.2 N.A and Andor iXon 887 emCCD camera. Cells 
were maintained at 34-36°C using an objective heater (Bioptechs). Excitation was with a 
mercury-arc l using a 436/10 nm BP filter (Chroma) and emission was collected using 655/40 
nm filter (Chroma). Images were acquired at 20 frames per second. Analysis was performed as 
described (46). 
 
dSTORM Super Resolution Cell Fixation and Imaging 
RBL-WT cells were washed with warm HBSS, and stimulated at the indicated concentration of 
DNP-BSA or DF3 in HBSS for 5 min at 37°C. Cells were briefly washed with PBS and fixed in 
ice-cold 100% methanol (-20°C) for at least 30 min up to several days. Cells were rehydrated in 
PBS for 30 min after removal from methanol and subsequently washed with PBS three times. 
Sample were imaged the same day as rehydration using a standard dSTORM imaging buffer 
with an enzymatic oxygen scavenging system and primary thiol: 50 mM Tris-HCl, 10 mM NaCl, 
10% w/v glucose, 168.8 U/mL glucose oxidase (Sigma; G2133), 1404 U/mL catalase (Sigma; 
C9322), and 33.33 mM β-Mercapto-ethylamine hydrochloride (Sigma Aldrich; 30078), pH 8.5. 
Data was acquired using a custom-built microscope (38) equipped with a 1.35 NA silicone oil 
immersion objective and a sCMOS camera (C11440-22CU; Hamamatsu Photonics) (Olympus 
UPLSAPO100XS). A 647 nm laser was used for excitation (500 mW 2RU-VFL-P; MPB 
Communications Inc.) and emission was collected with a 708/75 nm filter (FF01-708/75-25; 
Semrock). A total of 100,000 frames were collected per cell with an exposure time of 50 ms per 
frame. Cells were registered in X, Y, and Z coordinates every 5,000 frames (47). 
 
dSTORM Image Reconstruction 
dSTORM images were analyzed and reconstructed with custom-built MATLAB functions that 
are available as part of the smite package (48) (https://github.com/lidkelab). Briefly, for each 
image frame, sub-regions were selected around local maxima that were above a threshold (200 
photons). Each sub-region was fit using a finite pixel Gaussian point spread function using a 
maximum likelihood estimator (49). Fitted results were rejected using a log-likelihood ratio test 
(50).  The fit precision was estimated using the Cramér-Rao lower-bound values for each 
parameter.  Blinking events that spanned multiple contiguous frames were found and connected 
using the cost matrix approach described in (51). The resulting coordinates were corrected for 
sample drift by minimizing pairwise distances as described in (52). 
 
BaGoL Emitter Fitting Method 
Coordinate data from dSTORM imaging was post-processed using the BaGoL (Bayesian 
Grouping of Localizations) algorithm which has been previously described (30). Briefly, the 
BaGoL grouping method is implemented in MATLAB as part of the smite single molecule 
analysis package(48). It functions to group coordinates from multiple blinking events into 
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estimates of the true number and locations of the underlying emitters. This process improves 
the precision of the estimate of the emitter locations and facilitates downstream analysis. The 
parameters for the BaGoL analysis used for this data set were: Length of burn-in chain 64,000; 
number of trials 16,000; ROI size 500 nm; SE adjust 5 nm; initial blinking distribution Xi [20,1]. 
 
DBSCAN Cluster Analysis 
Analysis of dSTORM FcεRI aggregation data was performed using the density-based DBSCAN 
algorithm implemented in MATLAB as part of smite single molecule analysis package 
(48,53,54). Parameters chosen were a maximal distance between neighboring cluster points of 
ε = 35 nm and a minimal cluster size of three observations. Cluster boundaries were produced 
with the MATLAB “boundary” function using a default methodology that produced contours 
halfway between a convex hull and a maximally compact surface enclosing the points. ROIs of 
size 3.0 μm × 3.0 μm (9.0 μm2) were selected from the set of images from which statistics for 
the circularity, nearest neighbor distance (NND), and area were collected per cluster. Circularity 
(sometimes known as compactness) is defined as (π*A) / p2; where A is the area of the cluster 
and p is the perimeter.  
 
Statistical Analysis 
Analysis of calcium data, single particle tracking and super-resolution images was performed 
using in-house MATLAB code as described above. All statistical tests for comparisons between 
groups was performed using Graphpad Prism version 10.3.0, with the exception of the Bernoulli 
Trial analysis that was performed in Microsoft Excel. 
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Results 

 

Comparison of DNP-BSA and DF3 structure 

We began by comparing the structural properties of trivalent DF3 and multivalent DNP-BSA. 
DNP-BSA is a commonly used allergen mimic known to induce a high degree of receptor 
crosslinking and robust mast cell responses (46, 47). DNP-BSA is, however, structurally ill-
defined. DNP is bioconjugated to surface exposed lysines for which DNP:BSA ratios of up to 
25:1 can be achieved and labeling is assumed to be Poisson distributed. Figure 1A shows the 
surface lysines available for DNP conjugation and demonstrates that hapten spacing can have a 
broad distribution, with a minimum of 1.2 nm for adjacent lysine residues and a maximum of 7.2 
nm. The DNP-BSA used here was determined to have an average valency of 14 (see Methods) 
and thus presents multiple binding permutations.  In contrast, DF3 is a structurally well-defined 
trivalent antigen with ~ 3.0 nm spacing between DNP haptens (Fig 1D).  
 
To understand how hapten spacing translates into crosslinked IgE/receptor proximity, we used a 
computational model to estimate the geometry of IgE-FceRI neighbors when bound to either 
antigen (Fig 1). This geometric model considers the orientation constraints imposed by binding 
of IgE to the FcεRI α-subunit at the cell membrane (7). Docking IgE to the farthest separated 
lysines on DNP-BSA results in a predicted IgE-to-IgE separation of 21.7 nm (Fig 1B-C), as 
measured from the center of mass of each IgE. However, IgE separation distances will likely 

 
Figure 1. Molecular models of DNP-BSA, DF3 and selected aggregates from 
Monte Carlo simulation. (A) DNP-BSA, with 14 surface Lys selected as 
possible DNP linking sites shown in yellow. (B-C) An IgE dimer crosslinked 
by DNP-BSA, top and side views. (D) DF3 with epitopes shown in yellow. (E-
F) An IgE trimer crosslinked by DF3, top and side views. Orange spheres in 
C,F represent the center of mass of IgE from which reported IgE-IgE 
distances were measured.  
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include smaller spacings because IgE binding is not limited to the DNP haptens at the extremes. 
DF3 as a trivalent antigen presents a less variable binding platform. Maximal IgE spacing is 
smaller with DF3, with separation of 15.2 nm, (Fig 1 E, F). Interestingly, the geometric model 
predicts that three IgE-FcεRI can simultaneously bind to DF3, but the receptors are organized 
asymmetrically around the antigen. Figure 1F demonstrates that two of the IgEs are at a 
maximal spacing of ~15 nm and the third is oriented such that the nearest neighbor is 8.5 nm 
away.  Even with this asymmetry, DF3 binding results in a more controlled distribution of 
receptor spacing permutations than presented by DNP-BSA. These modeling insights suggest 
that the two antigens will form aggregates of different structures.   

Antigen properties modulate FcεRI signaling outcomes 

We next tested whether the DNP-BSA and DF3 would trigger different signaling by examining 
the classic outcomes of degranulation and calcium response. Using RBL-2H3 cells primed with 
anti-DNP IgE (28), we observed the expected robust degranulation with DNP-BSA crosslinking 
(Figure 1A, gray bars), where the dose response curve is already maximal at 0.01 µg/mL (0.14 
nM) and the levels remain high as dose increases.  In contrast, DF3 produced degranulation 
with a bell-shaped dose curve (Fig 1B, gray bars) that peaks at 10 nM DF3. The observed high 
dose inhibition is consistent with our previous work that first characterized DF3 antigen (6).  The 
differences in cellular response became even more evident when we compared degranulation in 
cells lacking Lyn, the primary SFK in RBL cells. We recently showed that DNP-BSA can 
override the need for Lyn, as evidenced by the ability of DNP-BSA to induce degranulation and 
calcium response in RBL cells where Lyn was knocked out by CRISPR/Cas9 gene editing 
(RBL-LynKO;(10)). The ability of FcεRI to signal in the absence of Lyn was attributed to 
compensation by Lck and/or Src, two SFKs also expressed in RBL cells (see Figure S3 from 
(10)). Figure 1A confirms that the dose response for DNP-BSA is nearly the same for RBL-WT 
and RBL-LynKO cells.  Remarkably, DF3 was not able to support degranulation in RBL-LynKO 
cells at any dose (Fig 1B, red bars).  

One of the earliest signaling outcomes after FcεRI crosslinking, and a requirement for 
degranulation, is an increase in intracellular calcium levels (48). To understand if the loss of 
DF3-induced degranulation RBL-LynKO cells was a result of impaired signal initiation, we next 
tested the ability of DF3 to induce calcium flux in RBL-WT and RBL-LynKO cells. Cells were 
loaded with the Fura-2 calcium dye and imaged and quantified as described previously (36). We 
used this method previously to show that DNP-BSA invokes an effective calcium flux in both 
RBL-WT and RBL-LynKO cells, consistent with the observed robust degranulation (10).  The 
heatmaps in Figures 1C & D depict the Fura-2 ratio over time as cells are stimulated with DF3, 
where each row represents a single cell response.  Crosslinking with 10 nM DF3 in RBL-WT 
cells produced a robust calcium response (Fig 1C). In contrast, the response in RBL-LynKO cells 
with the same antigen and dose was barely detectable (Fig 1D) over unstimulated control cells 
(Figure S1), consistent with the inability of DF3 to induce degranulation in these cells (Fig 1B, 
red bars). Notably, only ~ 9% of RBL-LynKO cells recorded any detectable calcium response with 
10 nM DF3 activation, while DF3-activation of RBL-WT cells resulted in ~ 94% cellular response 
(Fig 1E). Comparing the magnitude and timing of the cells that did respond shows that RBL-
LynKO responses are significantly reduced in magnitude (Fig 1F) and slower to initiate (Fig 1G). 
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These results show that different antigens can evoke distinct signaling responses, verifying that 
mast cell outcomes can be tailored by the specific antigen. 

Antigen properties dictate FcεRIγ phosphorylation levels 

  
Figure 2.  DNP-BSA and DF3 induce differential mast cell outcomes. A,B) Degranulation results 
from RBL-WT or -LynKO cells. Cells were incubated overnight with 1.0 μg/mL IgE before 30 min of 
activation with DNP-BSA (A) or DF3 (B) at the listed concentrations. ‘Spot’ = spontaneous release with 
our antigen. Error bars represent SD of triplicates. n=9 wells across 3 replicate experiments. C,D) 
Calcium release in RBL-WT (C) or -LynKO (D) cells after antigen activation with 10 nM DF3.  Kymographs 
display the Fura-2 ratio over time on a heatmap, where each row represents single cell; n=104 and 
n=107, respectively. E) The percent of total cells which released detectable calcium after 10 nM DF3 
crosslinking, or prior to antigen addition, for both RBL-WT and -LynKO cells. Error bars display 95% 
confidence interval calculated by Bernoulli trial analysis. F,G) Quantification of the initial magnitude of 
calcium released (Rise Height, F) and the delay between antigen addition and calcium flux (Lag Time, 
G). ** p<0.01, *** p<0.001, **** p<0.0001, Two-way ANOVA with Sidak’s multiple comparison test.  
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We next sought to determine if antigens can differentially modulate the phosphorylation state of 
the receptor itself. We compared FcεRI γ-subunit phosphorylation across three cell lines RBL-
WT, cells lacking the positive regulator Lyn (RBL-LynKO) described above, and cells lacking the 
negative regulator SHIP1 (RBL-SHIP1KO, described in (10)). Cells were stimulated with either 
the optimal DF3 dose for degranulation (10 nM) or the closest DNP-BSA dose (14 nM, 1 µg/mL) 
for 8 min, then lysed and FcεRIγ phosphorylation was probed by western blot. The receptor 
complex was immunoprecipitated using an anti-IgE antibody and prepared under non-
denaturing conditions to retain an intact FcεRI γ-dimer that separates on the gel by 
phosphorylation state (25, 49). Figure 3A shows a representative western blot, probed for 
phosphotyrosine (pY), where the FcεRIγ phosphorylation pattern is seen as four bands (1-4 
possible phosphotyrosines per dimer; pY1, pY2, pY3, pY4). Notably, the total γ-pY signal for 
DF3 stimulation is consistently lower than that of DNP-BSA across all cell lines, and DF3 does 
not induce observable γ-pY banding in the RBL-LynKO.  Therefore, antigen properties directly 
influence the efficiency of receptor phosphorylation. Figure 3B provides further quantification of 

 
Figure 3. FcεRIγ phosphorylation is stronger and more complete with DNP-BSA than DF3. A) 
Whole cell lysates were collected from RBL-WT, -LynKO or -SHIP1KO cells at rest or after DNP-BSA 
(14nM) or DF3 (10nM) crosslinking for 8 min. Total tyrosine phosphorylation banding was visualized via 
western blotting. Low (top), medium (middle) and high (bottom) exposure images are shown to visualize 
conditions with lower phosphorylation levels. B) Densitometry quantification of immunoblots described 
in (A). Bars represent the percentage contribution of each γ-ITAM-dimer phosphorylation state to the 
total FcεRIγ activation profile. n=3 independent experiments, **** P < 0.0001, *** P < 0.001, Two-way 
ANOVA with Tukey’s multiple comparison’s test. 
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the γ-pY banding, revealing that DF3 also induces a less complete phosphorylation profile, not 
reaching the pY3 and pY4 levels to the same extent as DNP-BSA, in WT cells. Interestingly, the 
DF3-induced γ-pY distribution is shifted from predominately pY2 in WT cells to the more 
complete pY3/4 in SHIP1 knockout cells. Together with the results in Figure 2, we found that 
DF3 signaling is highly dependent on the presence of Lyn and SHIP1 in a way that was not 
observed for DNP-BSA. 

 
DF3-induced high dose inhibition is related to enhanced SHIP1 recruitment 

Mahajan et al. previously showed that the knockdown of SHIP1 using siRNA resulted in an 
increase in degranulation at all doses of DF3, but the high dose inhibition remained (6).  Here, 
we found that complete knockout of SHIP1 by CRISPR/Cas9 did not alter the DNP-BSA dose 
response (Fig 4A) yet abrogated the DF3 high-dose inhibition (Fig 4B). This result reveals that 
the activity of SHIP1 is more sensitive to DF3-induced aggregation than that of DNP-BSA. To 
understand if distinct antigens can modulate SHIP1 recruitment, we expressed SHIP1-mNG in 
RBL-SHIP1KO cells and quantified the recruitment of SHIP1-mNG to IgE-CF640R-labeled FcεRI 
aggregates. Cells were imaged using Total Internal Reflection Fluorescence (TIRF) microscopy 
after 5 min of crosslinking at the highest antigen dose (Fig 4C, D), in order to assess the point 
where DNP-BSA and DF3 show the most different outcome.  Figure 4E plots the IgE-CF640R 
intensity in an individual aggregate against the intensity of SHIP1-mNG recruited to that same 
aggregate, using the Bayesian Multiple-emitter Fitting (BAMF) method as described previously 
(10,45). At this high dose of antigen, the distribution of FcεRI aggregate intensities was similar 
between antigens, suggesting that aggregate size alone is not the explanation for the observed 
difference in SHIP1 recruitment. We found that the amount of SHIP1 recruited to DF3 
aggregates of any size (Fig 4E, blue) was consistently greater than that for comparably sized 
DNP-BSA aggregates (Fig 4E, red).  
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Figure 4. DF3-induced high-dose inhibition is a result of SHIP1 recruitment to FcεRI clusters. A,B) 
Degranulation results from RBL-WT or -SHIP1KO cells. Cells were incubated overnight with 1.0 μg/mL IgE before 
30 min of activation with DNP-BSA (A) or DF3 (B) at the listed concentrations. Error bars represent SD of 
triplicates. n=9 wells across 3 replicate experiments. ** p<0.01, *** p<0.001, **** p<0.0001, Two-way ANOVA 
with Sidak’s multiple comparison test.  C,D) Representative images of RBL-SHIP1KO cells reconstituted with 
SHIP1-mNG (green) and primed overnight with 1.0 μg/mL IgE-CF640R (magenta), acquired in TIRF.  Cells were 
maintained at 37°C during imaging and activated with 1400 nM DNP-BSA (C) or 1000 nM DF3 (D) for 5 minutes. 
E) Quantification of the amount of SHIP1-mNG recruited to individual FcεRI aggregates, plotted as the IgE-
CF640R intensity versus SHIP1-mNG intensity per aggregate (see BAMF Image Analysis). n= 6 cells/598 
aggregates (DF3) and 1088 aggregates (DNP-BSA). **** p<0.0001, Welch’s unpaired t-test comparing SHIP1-
mNG intensities and IgE intensities between antigenic conditions, respectively. 
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DNP-BSA and DF3 aggregates have similar aggregation kinetics 

We have shown so far that DNP-BSA and DF3 evoke dramatically different signaling outcomes 
that are associated with differential receptor phosphorylation and SHIP1 recruitment. However, 
the underlying biophysical mechanisms directing these differences were not yet clear.  We next 
considered whether the binding kinetics of the two antigens may differ. Previous work has 
suggested that the DNP epitopes on DNP-BSA are not immediately available and aggregation 
proceeds with a slower kinetics after antigen binding (55). In our own work, we have used single 
particle tracking (SPT) of quantum dot (QD)-IgE bound receptors to show that receptor diffusion 
is slowed rapidly upon DNP-BSA binding, and that this immobility is a result of receptor 
aggregation (23,46).  We performed similar SPT experiments, but now using RBL cells 
expressing an HA-tagged g-subunit (32). This allows for tracking of individual receptors, without 
modification of the IgE, by labeling FceRI g-subunits with QD-coupled anti-HA Fab fragments 
(31).  To capture the time course of immobilization, antigen was added at 10 s after the initiation 
of the time series and imaging continued to 50 s.  From these movies, we calculated the 
average diffusion coefficient over a 10-frame sliding window that estimates receptor diffusion 
before, during and after crosslinking (Fig 5).  Consistent with our previous work (23), we found 
that addition of 14 nM (1 µg/mL) DNP-BSA leads to rapid receptor immobilization, occurring with 
a rate constant t = 1.32 s.  10 nM DF3 rapidly induced receptor immobilization on a similar time 
scale (t = 1.69 s) as DNP-BSA.  Therefore, the observed signaling differences are not likely due 
to a difference in binding kinetics. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Geometric Modeling reveals differences in aggregates formed by DNP-BSA versus DF3 
 
Finding that the antigens form aggregates with similar kinetics, we postulated that it may be the 
nanoscale organization of the aggregates that direct the differential signaling.  To explore this 
possibility, we first used Monte Carlo simulations to estimate the geometry of IgE-FcεRI 

 
Figure 5. Antigen-induced immobilization kinetics.  Plot represents the change in diffusion 
coefficient over time.  Cells were treated with 10 nM DF3 or 14 nM DNP-BSA at 10 s after the 
start of the time series.  Each trace is an average of 8 individual cells.  Fits to obtain the rate 
constant are shown in solid lines.  
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aggregates. The model builds on the structures in Figure 1, with the IgE-FcεRIα orientation 
constrained on the cell surface and incorporates experimentally determined diffusion 
coefficients (23). The simulation begins with all receptors in the free (no antigen bound) state, 
and as the simulation progresses the transition to antigen bound (singleton) and the formation of 
aggregates (short linear chains or more complex, branching aggregates) is monitored (Fig 
6A,B).   Simulation results indicate that multi-valent DNP-BSA bound to bivalent IgE primarily 
generates short linear chains, but also induces a considerable fraction of complex aggregates 
(Fig. 6A). While trivalent DF3 also creates linear chains, complex aggregates are not prevalent  
(Fig. 6B). Figure 6C shows an example of a branched, complex aggregate formed by DNP-BSA. 
Figure 6D shows a linear chain of receptors crosslinked by DF3. We can measure aggregate 
size from the simulations by comparing either the number of receptors per aggregate (Fig. 6C) 

 
Figure 6: Aggregation dynamics in Monte Carlo simulation. (A-B) Types of aggregates that are 
formed during simulation of IgE-FcεRIα being crosslinked by DNP-BSA (A) or DF3 (B). Free (blue 
line) corresponds to no IgE bound. Singleton (pink line) is IgE bound to allergen, but not crosslinked 
to another receptor. Linear (green line) is crosslinked IgE forming a linear chain. Complex (purple 
line) is crosslinked IgE forming a branched aggregate structure. (C) Example complex aggregate 
from DNP-BSA crosslinking simulation (IgE (blue); FcεRIα (pink); antigen (green); binding site 
(yellow). (D) Example linear chain from DF3 crosslinking simulation.  (E) Aggregate occupancy at 
the end of the simulation, showing larger aggregates formed by DNP-BSA (red). (F) Distribution of 
aggregate spread, i.e., the average distance from the center of the aggregate to each IgE, 
indicating that DNP-BSA forms larger and more varied aggregates. 
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or the aggregate spread, (Fig. 6D). Our results show that, while both antigens have a peak size 
of 3 receptors per aggregate, DNP-BSA has the potential to generate larger aggregates (>5 
receptors) than DF3 (Fig. 6C). Consistent with this, the aggregate spread, measured from the 
center of mass of the aggregate, is significantly larger for DNP-BSA than DF3 (Fig. 6D).   
 
Signaling efficiency is correlated with aggregate geometry 

The Monte Carlo simulations suggested that DNP-BSA and DF3 form aggregates with distinct 
size and organization.  However, it has been challenging to experimentally quantify aggregate 
geometry on the plasma membrane due to their small size, which is typically below the 
diffraction limit of light. Super-resolution imaging, such as single molecule localization 
microscopy (SMLM) techniques, provides sub-diffraction information, but the repeated blinking 
of fluorophores has made it difficult to identify discrete single emitters (50, 51).  Recently, Fazel 
et al developed an analysis algorithm that increases the precision obtained in SMLM by 
grouping repeat localizations from the same emitter (29). This is achieved using a Bayesian 
inference method to perform a weighted average over all possible groupings, ultimately finding 
the most likely number and positions of the emitters that generated the observed localizations. 
This algorithm, termed Bayesian Grouping of Localizations (BaGoL), results in increased 
localization precision (here, the median ranged from 4.7 to 5.7 nm over all conditions) and 
enables the identification of individual emitters that can be used for further analysis (for 
complete description of workflow, see Fig. S2).  We used dSTORM imaging of IgE-AF647-
labeled FcεRI (36, 52) combined with BaGoL analysis to map the lateral organization of 
individual FcεRI aggregates. Figure 7A-C shows representative BaGoL images and DBSCAN 
(43) aggregate cluster contours for resting cells, DNP-BSA activated cells or DF3 activated 
cells. Signaling studies above compared the DF3 maximal dose to the closest DNP-BSA dose 
from our standard dose curve.  For super-resolution imaging of aggregates, we decided to 
compare 10 nM DF3, where signaling is maximal, with either 10 nM DNP-BSA to match the 
antigen dose or 2.15 nM DNP-BSA to have equivalent DNP haptens present. Notably, these two 
doses show similar degranulation to 14 nM DNP-BSA (Fig. S2). From the images, is it already 
apparent that the lateral receptor distribution is changed upon antigen binding, with DNP-BSA 
generating larger aggregates than DF3. The Hopkin’s statistic provides a statistical measure of 
clustering (56) and is calculated for each selected ROI. Plotting the Hopkin’s statistic in Figure 
7D for the post-BaGoL images confirms that receptors are nearly randomly distributed in resting 
cells (value ~ 0.5) and become aggregated (value > 0.5) after antigen binding. While each 
antigen did induce aggregation, the respective aggregate geometry was found to be different.  
DF3-induced aggregates were smaller in area compared to DNP-BSA (Fig 7E). Both DNP-BSA 
and DF3-created aggregates with a broad distribution of shapes, as measured by compactness, 
ranging from more linear (close to 0) to nearly round (close to 1) (Fig 7F). Yet, the DF3 
distribution is shifted towards lower values, indicating a prevalence of linear chains. Comparison 
of the number of receptors per aggregate showed that DNP-BSA aggregates contain more 
receptors than for DF3 (Fig 7G). Finally, we calculated the nearest neighbor distances (NND) 
between receptors within aggregates and found that the receptors are more closely packed in 
DF3 aggregates (Fig 7H). The most common NND for DF3 is 6.91 nm, while both DNP-BSA 
doses are shifted to ~8.5 nm. These results support the idea that FcεRI activation is sensitive to 
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nanoscale differences in aggregate geometry that is itself due to specific antigen structural 
properties.  

  
Figure 7. Nanoscale organization of FcεRI aggregates. A-C) Representative super-resolution 
images of resting (A), 10 nM DNP-BSA (B) and 10 nM DF3 (C) aggregates after 5 min of crosslinking. 
Top: Single cell images of BaGoL-collapsed dSTORM localizations. Scale bar, 1 µm. Bottom: 
Magnification of ROI (white box) in image above, where aggregates identified by DBSCAN are outlined 
in magenta contours. Scale bar, 50 nm. D-H) Quantification of aggregate properties from DBSCAN 
analysis. D) Hopkins Statistic indicates that receptors are nearly randomly distributed in resting cells 
(value ~0.5).  Aggregation is seen as the value increase towards 1, with DF3 showing less aggregation 
than DNP-BSA. Each dot represents the value from a single ROI.  E) Aggregate area is larger for DNP-
BSA crosslinking.  F) Measurement of aggregate compactness shows that DF3 aggregates are more 
linear in shape, with values closer to 0. G) DNP-BSA aggregates have more receptors than DF3 
aggregates.  H) Histogram of nearest neighbor distance (NND) shows that receptor-to-receptor spacing 
is closer in DF3 aggregates. Vertical lines indicate the mode for each condition: 6.91 nm for DF3, 8.51 
nm for 2.15 nM DNP-BSA, 8.67 nm for 10 nM DNP-BSA.  **** P < 0.0001, analyzed by One-way Anova 
with Kruskal-Wallis Test with Dunn’s multiple comparisons (D-H).  N = 3,271 aggregates for 2.15 nM 
DNP-BSA, 2,205 for 10 nM DNP-BSA and 6,932 for DF3 (E-G) or n = 52,527 calculated receptor 
spacings for 2.15 nM DNP-BSA, 46,529 for 10 nM DNP-BSA and 35,941 for DF3 (H), acquired over at 
least 10 cells for each condition. (D-G) The mean of each condition is indicated by a horizontal red bar. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 2, 2025. ; https://doi.org/10.1101/2023.08.04.552060doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.04.552060
http://creativecommons.org/licenses/by-nc-nd/4.0/


Discussion 

The multivalent structure of allergens is a key regulator of FcεRI clustering and signal initiation. 
Previous studies have examined how antigen valency and epitope spacing impacts mast cell 
signaling, with the general trend suggesting that higher valency antigen (3+ epitopes) and close 
hapten proximity (< 10 nm) produce a stronger activation response (18,21,26). In this study, we 
sought to better understand how the molecular mechanisms governing FcεRI signaling are 
tailored in response to specific structural properties of the antigen. We compared two antigens, 
DNP-BSA and DF3, that present the same DNP hapten but differ in size, valency and epitope 
spacing.  Modeling of each antigen bound to IgE-FcεRIα indicated that the spatial constraints of 
the antigen are translated into unique receptor aggregate geometry. Degranulation assays 
showed that each antigen evoked a distinct response, with DNP-BSA causing robust 
degranulation at all doses and DF3 exhibiting high-dose inhibition. Calcium signaling and FcεRI 
γ-phosphorylation patterns also differed between antigens.   
 
To understand the underlying mechanisms of the observed differential signaling, we altered the 
balance of positive and negative signaling by removing either Lyn or SHIP1 via CRISPR/Cas-9 
knockout. We found that DF3-induced degranulation is highly sensitive to the presence of Lyn 
and SHIP1, while DNP-BSA degranulation is largely unaltered in RBL-LynKO and -SHIP1KO cells. 
Despite the robust DNP-BSA-induced degranulation in the knockout cell lines, an influence of 
SHIP1 and Lyn was seen at the level of FcεRI γ-phosphorylation patterns. We showed 
previously that DNP-BSA crosslinking overcomes the loss of Lyn by recruiting a compensating 
SFK that can phosphorylate the γ-ITAM, albeit incompletely (10). We further showed that Syk 
can bind to γ-ITAMs dimers with mono-phosphorylated C-terminal tyrosines and further 
enhance ITAM phosphorylation in a feedforward manner, facilitating robust degranulation in the 
absence of Lyn (10,33). This flexibility in Syk-SH2 binding modes may explain how DF3 can 
elicit a degranulation response in RBL-WT cells even though the γ-phosphorylation profile is 
weak and incomplete.  On the other hand, we found here that DF3 cannot induce receptor 
phosphorylation in the RBL-LynKO cells at any dose, suggesting that DF3 aggregates cannot 
recruit other SFKs to the extent needed to overcome negative signaling. Consistent with a role 
for SHIP1 in high dose inhibition, DF3 aggregates were found to recruit more SHIP1 than DNP-
BSA aggregates at high dose. In addition, the DF3 degranulation profile changed from a bell-
shape response curve in WT cells to a threshold response (similar to that of DNP-BSA) in LynKO 
cells. These results show that the structure of antigens can create signaling environments that 
modulate the recruitment of positive and negative interaction partners. We have also shown 
previously that altering Syk dynamics can have dramatic effects on signaling outcomes (10,44). 
In that work, we showed that the presence of SHIP1 in the signalosome reduces the Syk-FcεRI 
interaction time, leading to reduced Syk and LAT phosphorylation (10). A similar mechanism 
may occur in the SHIP1-high DF3 aggregates and remains to be explored. Therefore, the 
combination of receptor phosphorylation states and the interplay between recruited signaling 
partners work together to tune outcomes.  
 
Geometric modeling of antigen-induced receptor crosslinking predicted that DNP-BSA and DF3 
would form aggregates of distinct geometry, with DF3 forming smaller, less complex aggregates 
than DNP-BSA. The simulations also measured differences in IgE-to-IgE spacing around each 
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antigen, with separations 8.5-15.2 nm for DF3 and 21.7 nm for the furthest hapten spacing on 
DNP-BSA, as shown in Figure 1. One limitation in the modeling is that the exact location of the 
haptens on BSA is not known because the labeling of the BSA amine groups is expected to be 
a Poisson distribution and can vary between BSA molecules. Therefore, while the randomly 
selected locations on BSA for the 14 DNPs does not incorporate all possible configurations, the 
modeling provides insight into the potential aggregate geometry.  
 
Previous studies have relied on the known valency and spacing of synthetic antigens to probe 
the connection between crosslinked receptor spacing and signaling. Here, we used dSTORM 
super-resolution imaging combined with BaGoL analysis to directly visualize the nanoscale 
organization of FcεRI aggregates.  Consistent with the Monte Carlo simulations, we found that 
DF3 aggregates are smaller than DNP-BSA aggregates.  Measurements of circularity also show 
that DF3 aggregates are shifted towards a more linear shape. This change in shape can be 
interpreted as a loss in complexity due to reduced branching as predicted by simulation. Our 
calculation of NND from the dSTORM imaging was also consistent with the modeling, with 
receptors in DF3 aggregates being more closely packed than for DNP-BSA. Previous work 
using rigid DNA rulers had found that optimal spacing between antigen epitopes (< 10 nm) acts 
to promote signaling (21). More recently, the use of DNA origami to present DNP with controlled 
valency and spacing concluded that hapten proximity (~ 6 nm) was more important than number 
of haptens present (27). We were, therefore, surprised to find that DF3 induced aggregates with 
closer receptors packing (mode of 6.91 nm) than DNP-BSA (mode of ~ 8.5 nm) but was not 
able to promote signaling as efficiently.  One explanation is that the receptors are within the 
minimal distance for signaling for each antigen and that mechanisms in addition to receptor 
spacing, such as aggregate size or complexity, are at play in regulating FcεRI signaling. 
 
There are multiple other factors that may contribute to differential signalosome formation.  One 
is that changes in the surrounding lipid environment can drive recruitment of PH-domain-
containing and palmitoylated/myristoylated proteins, such as SFKs. Multiple studies have shown 
that, after crosslinking, FcεRI associates with cholesterol-enriched, liquid-ordered membrane 
domains (57-61), supporting a role for ordered membrane domains in bringing Lyn to the 
receptor. The difference in receptor density within aggregates may coordinate the lipid 
environment, as evidenced by the interplay between protein condensates and lipid organization 
(62). The aggregate environment may also include or exclude signaling partners due to size or 
the effects of condensate formation (59,62-64). Along the same line, the smaller and less 
complex DF3 aggregates may enable easier phosphatase access, possibly explaining the 
reduction in γ-phosphorylation (64,65) in DF3 aggregates. Further work will be important to 
determine how membrane lipid organization and recruitment of other signaling partners may be 
influenced by antigen geometries to establish unique signaling platforms.  
 
In summary, we have combined biochemical assays with computational modeling and advanced 
imaging methods to connect the strength of FcεRI signaling with the nanoscale organization of 
receptor aggregates. While previous studies have found a direct relationship between closer 
antigen spacing and increased signaling, we found that the size and complexity of the 
aggregates formed also play a role in directing signaling. The use of super-resolution imaging 
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via fluorescently labeled IgE allowed for quantifying aggregate geometry without modification of 
the antigen. This approach opens the door to future studies of aggregates formed by natural 
allergens where antigen properties are not necessarily known or controllable.   
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