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Abstract: Most eukaryotic cells maintain a large disparity in lipid compositions between the cytosolic and
external leaflets of the plasma membrane (PM) bilayer. This lipid asymmetry is maintained by energy-consuming
flippase enzymes that selectively drive phospholipids into the cytosolic leaflet, often against large concentration
gradients. Scramblases, activated by intracellular Ca?* or apoptotic signaling, shuttle phospholipids down their
concentration gradient to release lipid asymmetry. Such scrambling is typically evidenced by exposure of
phosphatidylserine (PS) to the external leaflet and is associated with many physiological processes, most notably
blood clotting and cell death, but also activation of immune cells. Here, we show that both PS and
phosphatidylethanolamine (PE) appear on the PM external leaflet following immune receptor-mediated activation
of mast cells. We also observe similar effects in T cells. Importantly, in contrast to wholesale release of PM
asymmetry induced by calcium ionophores or apoptosis, we show that scrambling in activated immune cells is
focal, with small, stable regions of surface exposed PS. These scrambled foci are calcium dependent, have
lower lipid packing than their surrounding outer leaflet, and are reversible. These observations of local, transient
scrambling during physiological activation of healthy immune cells suggest important roles for the lateral and
transbilayer organization of membrane lipids.

Introduction

Membranes are involved in nearly all aspects of cellular physiology, with their functions determined by the
composition and organization of their constituent lipids and proteins. A ubiquitous feature of eukaryote plasma
membranes (PM) is a highly disparate distribution of lipids between the two leaflets of the bilayer, termed lipid
asymmetry [1]. The outer (exoplasmic) leaflet is generally enriched in choline-headgroup lipids with relatively
saturated acyl chains [1, 2]. The inner (cytoplasmic) leaflet of PM is composed of lipids with negatively charged
headgroups (phosphatidylserine (PS) and phosphatidic acid (PA)), amine headgroup phosphatidylethanolamine
(PE), and phosphoinositides (Pl and PIPs). The high concentration of anionic phospholipids (PLs) in the PM
inner leaflet contributes to recruitment of membrane-proximal signaling proteins, which can interact with the
cytoplasmic leaflet via electrostatic interactions with polybasic protein domains [3-5]. These electrostatic protein-
lipid interactions can regulate signaling pathways that control cell physiology [4]. Further, it was recently shown
that the distinct compositions of the two bilayer leaflets produce distinct biophysical properties, with unsaturated-
lipid-rich inner leaflets being less tightly packed and more fluid (i.e. diffusive) than the more saturated outer
leaflets [2, 6]. Lipid asymmetry also produces other biophysical effects: e.g. asymmetric membranes can be
stiffer than counterparts with identical lipid compositions but symmetric distributions [7]. This effect has been
attributed to leaflet stresses resulting from imbalanced total abundance of phospholipids between leaflets [8, 9],
termed differential stress.

Building and maintaining lipid asymmetry is energetically expensive, requiring ATP-dependent transport of
billions of phospholipids against sharp concentration gradients [10]. Specific transmembrane protein transporters
termed flippases (often P4-ATPases) sustain the transbilayer gradient of phospholipids, constitutively
translocating them against a concentration gradient [11]. Lipid channels called scramblases rapidly redistribute
phospholipids down their concentration gradient in an ATP-independent and apparently weakly selective manner
to release membrane asymmetry [12]. This process can be reported by externalization of PS onto the exoplasmic
leaflet, using fluorescent PS-binding probes like AnnexinV (AnxV) or LactadherinC2 (LactC2) [13, 14]. In
apoptosis, the caspase-activated scramblase Xk-related protein 8 (XKR8) is activated to shuttle PS across the
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whole PM, apparently fully destroying PM asymmetry [15-17]. Several family members of the/transmembrane
protein 16 (TMEM16) family (most notably TMEM16F) are Ca?*-activated lipid channeIst)\‘iv Sich also translocate
PS to the outer leaflet in various cellular contexts [18-20]. While these proteins have been extensively implicated
in cellular function and disease, the physiological roles of steady-state membrane asymmetry and its regulated
release remain poorly understood. In this context, it has been shown that lipid scrambling affects the biophysical
properties of membrane leaflets [21]. PM outer leaflets become less tightly packed, consistent with their gaining
lipids with unsaturated acyl chains from the inner leaflet. Further, the overall properties (e.g. lipid packing,
permeability, and/or stiffness) of the scrambled PM bilayer appear to be distinct from a steady-state asymmetric

one [21].

Historically, most research into lipid asymmetry focused on apoptosis and other forms of cell death, where its
release exposes PS on the outer leaflet, marking dead cells for clearance by macrophages [18, 22, 23]. More
recently, it has become clear that lipid scrambling also occurs during physiological processes in healthy cells.
Regulated PM scrambling has been reported in cell-cell fusion [24-28], release of extracellular vesicles [29, 30],
blood clotting [20, 23] and immune cells signaling [31-34]. These effects can have critical consequences, as
scramblase deficiency leads to Scott syndrome, a blood coagulation disorder characterized by impaired
membrane scrambling during platelet activation. Scrambling is also important for repairing plasma membrane
damage by bacterial pore-forming agents: TMEM16F-mediated lipid scrambling increases PM membrane fluidity
after damage and promotes membrane blebbing and shedding of extracellular vesicles containing damaged
lipids, supporting PM repair and cell survival [35]. Finally, exposure of PE has been implicated in cell division,
regulating the final steps of cytokinesis [36].

Lipid scrambling (evidenced by PS exposure) upon activation of signaling through stimulation of cell surface
immune receptors has been reported in multiple immune cell types, including T cells [31], B cells [32], neutrophils
[33], monocytes [37], natural killer cells [38], and mast cells [34]. The specific functions and mechanisms by
which this lipid redistribution is implicated in functional immune signal remain poorly understood. In T cells,
scrambling through TMEM16F may reduce the electrostatic potential of the inner PM leaflet, potentially
enhancing T cell receptor (TCR) phosphorylation [39] via electrostatic protein-membrane interactions. In support
of this hypothesis, reducing expression of TMEM16F eliminates PM scrambling and decreases TCR
phosphorylation, halting signal amplification [39]. In notable contrast, others have shown that TMEM16F
terminates, rather than amplifies TCR signaling, to avoid T cell exhaustion [40]. Thus, while TMEM16F-mediated
PM scrambling has important effects on immune cell signaling, the precise effects remain unresolved.

Here, we use fluorescence microscopy to characterize membrane changes during receptor-mediated activation
of mast and T cells. We find that activated immune cells exhibit a distinct mode of PM scrambling from apoptotic
scrambling, characterized by distinct foci of externalized PS and PE that persist for 1-2 h before resolving back
into an asymmetric state. These foci are dependent on extracellular calcium and exhibit decreased lipid packing
compared to their surrounding PM. These observations reveal that immune cell activation induces localized and
transient lipid scrambling that locally change the biophysical properties of the PM outer leaflet. These effects are
notably distinct from wholesale PM scrambling, prompting hypotheses about the physiological functions of lipid
asymmetry and its regulated release.

Results

There have been extensive observations of PS scrambling induced by apoptosis or calcium ionophores [16, 18,
20]. We reproduced these findings in rat basophilic leukemia (RBL) cells, by imaging recombinant PS probes
binding to the external leaflet of the PM after staurosporine treatment to induce apoptosis or ionophore to
increase cytosolic [Ca?*]. Staurosporine treatment for 4 h induced major changes to cell morphology, including
membrane blebbing, consistent with apoptosis. As expected, these cells stained brightly with AnxV, a calcium-
dependent PS-binding protein (Fig 1A, top) and with recombinant LactC2, a calcium-independent and
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monomeric probe for surface-exposed PS (Fig 1B, left). Treating RBL cells with A23187 to inereasecytosolic

. . . . DOI: 10.1039/D4FD00205A
calcium also produced extensive PS exposure across the entire cell surface (Fig 1A-B).

Antigen-induced activation of mast cells produces focal PM scrambling

RBL cells are a popular model for mast cell signaling because their signaling can be activated by physiologically
relevant stimuli. Namely, these cells bind IgE antibodies via the antibody receptor FceRI on their PMs. Addition
of specific multivalent antigens crosslinks the receptor, inducing a cascade of signals that ultimately lead to
calcium mobilization, degranulation, and cytokine secretion [41]. Here, we used a classical approach to activate
RBL cells by priming with IgE against the hapten dinitrophenol (DNP) and then treating with the multivalent
antigen DNP-BSA. This treatment induced phosphorylation of Linker for Activation of T-cells (LAT) and
extracellular signal-regulated kinase (ERK), as expected of mast cell activation (Fig 1C). As increased cytosolic
calcium is a central feature of immune cell activation [42], we hypothesized that it may also activate lipid
scrambling, similar to calcium ionophore treatment. Indeed, flow cytometry revealed that RBL activation leads to
increased staining with externally applied AnxV (Fig 1D), similar to previous reports [34]; however, AnxV staining
of activated RBLs was substantially lower (more than an order of magnitude) than ionophore-induced scrambling,
suggesting a distinct form of scrambling. Using confocal microscopy to visualize externalized PS (via AnxV) on
activated RBLs, we found PS staining in bright, stable foci (Fig 1E, bottom). Similar foci were also observed with
LactC2 (Fig 1B, right). The contrast between activation- and apoptosis/ionomycin-induced scrambling can be
quantified via the fraction of the PM surface labeled with the PS-binding probe (Fig 1F, LactC2 was used for this
quantification because it is monomeric). Resting cells had essentially undetectable LactC2 binding (consistent
with minimal PS exposure), while apoptotic and ionophore-treated cells had PS exposed over the entire PM
outer leaflet. In contrast, activated RBL cells showed external PS labeling over ~20% of the PM surface (Fig 1F).
The PS-positive foci also contained externalized phosphatidylethanolamine (PE), as revealed by co-labeling of
AnxV-positive foci with the PE-binding probe duramycin (Fig 1G).
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Figure 1: Antigen-mediated activation of mast cells induces focal scrambling. (A) Top: Apoptosis induction in RBL-2H3 cells by
staurosporine leads to wholesale loss of PM asymmetry, reported by staining with AnnexinV-AF647 (AnxV). Bottom: similar whole-
cell scrambling is induced by treatment with the calcium ionophore A23187. Left panel shows the fluorescent signal intensity inverted
(see note below at end of this figure legend), and right panel is an image with the brightfield (gray scale) and fluorescence (magenta
pseudocolor) merged. (B) Similar effects are observed by staining with the monomeric PS probe LactC2. Antigen activation results in
focal exposure of PS as observed by LactC2 punctae (arrowheads, right). (C) RBL activation induced by treating anti-DNP IgE primed
cells with the crosslinking antigen DNP-BSA. Western blotting reveals the phosphorylation of ERK and LAT expected of antigen-
mediated activation. (D) Flow cytometry comparison of AnxV staining intensity between non-activated, activated (for 30 min), and
ionophore scrambled (after 5 min) RBL cells. (E) RBL cells primed with anti-DNP IgE (IgE-AF555) show focal scrambling. Activation
(by DNP-BSA) produced foci of AnxV binding on the PM (arrow heads), indicative of exposed PS. IgE-555 shown as a fiducial marker
to visualize the PM. In the inverted merged images, PM (marked by IgE-555) is magenta, and AnxV is green. (F) Quantification of the
fraction of the RBL PM surface positive for PS-probe LactC2. Dots represent individual cells with cells from independent repeats shown
in different shades (N>2). (G) Simultaneous staining for PE (duramycin-PEG-GFP, left) and PS (AnxV-647, middle) on RBL cells
following antigen activation shows colocalization (black, right) of the two probes on the outer PM leaflet. Note: in all fluorescence
images in this figure, the inverse of the signal is shown for better contrast on screens and paper. Darker pixels represent higher fluorescent
signal. In E and G, merged pseudocolored images are shown on the right.

Since other immune cells use similar calcium-mediated signaling during their activation, we hypothesized that
they may also locally scramble their PMs. To test this prediction, we used a well-established method of activating


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fd00205a

Page 50f 13

Faraday Discussions

Jurkat T-cells by plating them onto coverslips coated with an anti-CD3 (TCR) antibody (OKT3}){48}; cactivation
was evidenced by phosphorylation of LAT and ERK (Fig 2A), as in mast cells (Fig 1C). As'in“ativated RBL cells,
total internal reflection fluorescence (TIRF) microscopy showed bright foci of AnxV staining on the basal (i.e.
OKT3-contacting) surface of activated Jurkat cells, revealing local sites of PS scrambling (Fig 2B). Interestingly,
a more coverslip-distal plane imaged by epifluorescence had minimal AnxV staining (Fig 2B, right), suggesting

that scrambling only occurred on the cell surface that was transducing the activating signal.

These findings reveal that immune-receptor mediated activation of mast and T cells causes focal release of PM
asymmetry evidenced by scrambling of major inner leaflet phospholipids.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Figure 2: Activation of T cells induces focal scrambling. (A) Jurkat activation induced by treating cells with anti-CD3. Western
blotting reveals the phosphorylation of ERK and LAT expected of antigen-mediated activation. (B) Jurkat T cells exhibit focal PM
scrambling when activated by an anti-CD3 (i.e. OKT3) coated glass surface. Foci are visible on the basal PM imaged in TIRF, whereas
no PS exposure is observed on the cell PM mid-plane. All fluorescence images in this figure are inverted, with darker pixels representing
more fluorescent signal.

Scrambled foci have reduced lipid packing

It was previously shown that outer leaflets of scrambled PMs have lower lipid packing than outer leaflets of
asymmetric PMs of cells at steady-state [2]; similar effects were reported in apoptotic cells [44, 45]. Thus, we
hypothesized that the PS-positive foci produced during immune cell activation would also have lower lipid
packing. We measured lipid packing in the exoplasmic PM leaflet by imaging fluorescence emission lifetime of
the polarity-sensitive probe Di-4-ANEPPDHQ (Di4), a widely used proxy for lipid packing [2, 21, 46, 47].
Wholesale PM scrambling by ionomycin or apoptosis reduced outer leaflet lipid packing, evidenced by greatly
reduced Di4 lifetimes (Fig 3A-B). This effect is consistent with the introduction of unsaturated lipids from the
inner leaflet. Di4 lifetime was also notably reduced in activated RBL cells, but the magnitude of the reduction
was much smaller than for ionophore or apoptosis treatments (Fig 3A). This effect was due to foci of reduced
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Di4 lifetime, with the remainder of the PM remaining similar to resting cells (Fig 3B). Thisieffectocould be
quantified by measuring Di4 lifetime along the cell periphery: in both resting and ionopth)(r)é-lf)rleOaz?éD F(%)&)IZSC),ST\lfetime
was generally homogeneous whereas the PM of activated cells alternated between a ‘resting-like’ bulk and
‘scrambled-like’ foci (Fig 3C). This lateral heterogeneity, summarized as the range in measured lifetime values,
was significantly greater in activated cells than either resting or fully scrambled (Fig 3D). We confirmed that these
foci of lower lipid packing were sites of PS scrambling by their co-staining with the PS marker LactC2 (Fig 3E).
Thus, immune cell activation produced focal PM regions with externalized inner leaflet lipids and reduced lipid

packing.
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Figure 3: Scrambled foci have reduced lipid packing. (A) Measurement of PM outer leaflet packing via Di4 fluorescence lifetime
imaging (FLIM) in mast cells. Scrambling by apoptosis or ionophore dramatically reduces outer leaflet packing, while activation has a
smaller but nevertheless prominent effect. Dots represent mean lifetime values from individual cells. (B) Representative Di4
fluorescence lifetime imaging microscopy (FLIM) images show that activated RBL cells have foci of reduced lipid packing (arrows).
Ionophore and apoptotic cell PMs have a uniformly lower lifetime (e.g. are less packed). (C) Di4 lifetime profiles of resting (shades of
red), activated (green), and ionophore-scrambled cells (blue) illustrate PM packing changes along the surface, with activated mast cells
exhibiting regions of lower lipid packing within a bulk PM whose packing is similar to resting cells. Representative PM line traces are
taken from the boxed region of the confocal FLIM images shown on right. (D) The lateral heterogeneity in lipid packing is greater in
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activated mast cells than either resting or fully scrambling. (E) Foci of lower lipid packing revealed by Di4 lifetimevare/colocalized with
foci of externalized PS (LactC2 staining, black). Di4 lifetime and LactC2 intensity along the membrane suefatelis tHet oo ¥hdicated
by the arrow are shown on the right.

Activation-induced scrambling requires external calcium and is reversible

We hypothesized that scrambled foci produced during immune cell activation result from the transient increases
in cytosolic calcium that are a hallmark of immune signaling [48]. Calcium fluxes during signaling may be
sufficient to activate the non-apoptotic scramblase TMEM16F, which is gated by cytosolic calcium [18, 20]. To
evaluate this possibility, we treated cells without external calcium and imaged scrambling by external LactC2.
As expected, the absence of external calcium completely blocked scrambling by the ionophore A23187 (Fig 4A,
left). Similarly, absence of external calcium significantly reduced the frequency of LactC2-positive foci in
activated RBLs (Fig 4A, right). Quantification of this effect revealed that lack of external calcium reduced LactC2-
positive PM area by ~50%. Further chelation of cytosolic calcium by BAPTA-AM did not have a notable effect,
suggesting that extracellular calcium is a major mediator of this effect (Fig 4B).

Finally, we hypothesized that since activation-induced PM scrambling was occurring in healthy cells undergoing
physiological signaling, it would be reversed after the activating stimulus was resolved. To test reversibility, we
imaged PS exposure in RBL cells by staining with LactC2 at various time points after inducing activation. We
observed that PS puncta peaked within 15 min after activation and plateaued at that level for ~1.5 h before
reversing back to steady-state levels by ~4 h (i.e. almost no detectable staining, Fig 4C).
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Figure 4: Calcium dependence and kinetics of scrambling in activated mast cells. (A-B) PS externalization due to ionophore
treatment (ionomycin, A) or antigen activation (B) in RBL-2H3 cells is dependent on external calcium, as visualized by LactC2 binding.
Cells treated in calcium-free buffer had minimal PS externalization in both conditions. (A) Left columns shows LactC2-mCherry
binding, right shows a merge with LactC2 fluorescence and brightfield. (B) Left column shows LactC2-mClover binding, middle column
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shows IgE-555 as a fiducial marker to visualize the PM, right, shows merged LactC2 (green) and IgE (magentagy cotecalization of
external PS (LactC2) and the PM marker (IgE-555) are shown as black. (C) Quantification of PM surfacéfraéfigd PosithA® for'staining
by the PS-probe LactC2. Absence of extracellular calcium reduced scrambling by ~50% and further chelation of intracellular calcium
(by BAPTA-AM) had only a minimal additional effect. Dots represent individual cells with different shapes representing cells from
independent repeats (N > 2). (D) Temporal profile of the PS-probe positive PM surface fraction after antigen-mediated RBL activation.
PS externalization peaked by ~15 min after antigen addition and remained stable for ~1.5 h, before gradually returning to completely
asymmetric by ~4 h.

Discussion

The release of steady-state lipid asymmetry, i.e. lipid scrambling, has been implicated in several physiological
contexts, most notably apoptosis [15-17] and blood clotting [20, 23], but also cell-cell fusion [24-28] and immune
signaling [31-34]. Here, we report that activation of immune cells produces reversible, calcium-dependent
scrambling of the PM, distinguished by local foci of surface-exposed PS, PE, and possibly other inner leaflet
phospholipids (Fig 2,5). Observations of low lipid packing in these foci (Fig 2) are consistent with these findings,
as inner leaflet lipid classes like PS and PE are typically more unsaturated than outer leaflet lipids [2, 49, 50],
thus their scrambling would introduce unsaturated lipids into the typically tightly packed outer leaflet [2].

The calcium-dependence of the scrambled foci (Fig 4A-B) leads us to speculate that they are mediated by
calcium-induced activation of members of the scramblase TMEM16 family [18] by calcium mobilized during
immune activation. Namely, engagement of antigen receptors leads to phosphorylation and consequent
activation of phospholipase C, resulting in production of inositol-1,4,5-trisphosphate (IP3). IP3 in turn activates
the ER-resident IP3 Receptor (IP3R) to trigger release of Ca?* from ER stores (Fig 5). This ER Ca?* release
often triggers further store-operated Ca?* entry (SOCE) through PM channels, an often-necessary Ca?* influx
pathway in immune cells in response to antigen receptor engagement [48]. As extracellular Ca?* is required for
formation of scrambled foci, SOCE is its likely mechanism.

receptor

0 store-operated
clustering

calcium entry Ca2+ activated localized

lipid scrambling

signaling{

Figure 5: Schematic of hypothesized cellular mechanism of lipid scrambling downstream of immune activation. Engagement of
immune receptors activates calcium mobilization through IP3 and SOCE. The resulting increase in intracellular calcium activates PM
resident scramblases to locally release lipid asymmetry.

Unlike lipid scrambling associated with cell death (e.g. apoptosis), the scrambled foci we report are reversible
(Fig 4C). However, the foci are long-lived, persisting notably longer than either receptor proximal signaling (i.e.
phosphorylation of LAT) and even the more distal signaling of ERK phosphorylation (e.g. Fig 1C). How this
scrambling is resolved is unclear. Non-exclusive possibilities include flippase-mediated rectification of
asymmetry and/or shedding or endocytosis of scrambled membrane regions. Another mystery is why the
scrambled lipids persist as foci for >1 h, contrary to the expectation that fast lipid diffusion would quickly eliminate
local heterogeneity. It is possible that fast scrambling rates locally outcompete diffusion and enzyme-mediated
flipping, producing local structure. A non-exclusive alternative is that scrambled regions are somehow isolated
from the rest of the PM.
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Most importantly, the cellular consequences of this local scrambling are yet unknown. We speculateithat the
major changes in local membrane properties (lipid packing, charge, perhaps protein compogitiory ii’these foci
regulate signaling at the PM. These mechanisms remain to be resolved in future work.

Materials and methods

Cell lines and culture conditions: RBL-2H3 and Jurkat were purchased from ATCC. RBL-2H3 were cultured in
EMEM medium supplemented with 10% FBS (Genesee) and 100 U/ml penicillin and 100 ug/ml streptomycin
(Gibco), while Jurkat cells were cultured in RPMI medium supplemented with 10% FBS (Genesee) and 100 U/ml
penicillin and 100 pug/ml streptomycin (Gibco). Cells were routinely checked for mycoplasma using an ATCC
mycoplasma detection kit. Activation and ionophore treatments were performed with reagents diluted in Tyrode’s
buffer - 135 mM NaCl, 5mM KCI, 1.8 mM CaCl,, 1 mM MgCl,, 5.6 mM Glucose, 20 mM HEPES) (pH 7.4) or
Ca?*-free Tyrode’s buffer.

Fluorescence lifetime imaging (FLIM) and other microscopy: Cells were incubated with 1 pg/mL Di-4-
ANEPPDHQ (Di4, ThermoFisher D36802) at 4°C for 10 min in Tyrode’s buffer. Cells were briefly washed twice
in the same buffer at ambient temperature before imaging at room temperature using a Leica SP8 confocal
microscope with white light laser and TCSPC capabilities with Falcon software. We acquired images using 63x
water-immersion objective with 485 nm excitation and emission of 550-800 nm. To prevent any contaminating
signal from internalization of the dye, all images were acquired within 20 minutes of staining. The data was fit to
two lifetimes with an exponential reconvolution fit and we report the calculated mean intensity-weighted lifetime.
For LactC2 imaging, recombinant LactC2-mCherry was added and images were collected with 587 nm excitation
and 760 nm emission. All confocal imaging was performed using Leica SP8 confocal microscope using 63x water
immersion objective. Total internal reflection fluorescence (TIRF) microscopy was performed using Leica DMi8
Thunder Imager and 63x oil-immersion objective.

Apoptosis and ionophore-treatment scrambling induction: Apoptosis was induced by incubating cells in full
medium with 1 yM staurosporine (STS) (S6942, Sigma-Aldrich) for 4 hours at 37°C. Calcium ionophores A23187
(Cayman Chemical Company, 11016) and ionomycin (Thermo Scientific, J60628) were used to elevate
intracellular [Ca?*] and induce PM scrambling — both were freshly dissolved in DMSO and used with a final
concentration of 3 yM in Tyrode’s buffer for 15 minutes at 37°C.

Immune cell activation by receptor crosslinking: To induce RBL-2H3 activation, cells were first primed with 1
ug/mL monoclonal anti-dinitrophenyl mouse IgE (D8406, Sigma-Aldrich) in full medium. Then cells were
activated by treating with 1 pg/mL 2,4-dinitrophenylated Bovine Serum Albumin (DNP-BSA) (Invitrogen, A23018)
dissolved in PBS as a crosslinking antigen. Activation was performed in Tyrode’s buffer or Ca2*-free Tyrode’s
buffer (Fig. 3A-B). To label the plasma membrane, the IgE was labeled with AlexaFluor-555 using the Alexa
Fluor 555 Antibody Labeling Kit (A20187, Thermo Scientific), with the degree of labeling determined to be 3.9
labels per antibody. Jurkat T cells were activated by plating onto a glass coverslip surface coated with
monoclonal anti-human CD3 antibody (OKT-3, 317301, BioLegend). Coverslip glass surface was incubated with
5 ug/mL of OKT-3 in PBS for 30 minutes at 37°C prior to imaging [43].

Calcium-chelation/quenching: BAPTA-AM (B6769 Thermo Scientific) was used to chelate intracellular Ca?*.
BAPTA-AM was freshly dissolved in DMSO and used at final concentration of 10 uM in Ca?*-free Tyrode’s buffer.
Cells were pre-treated with BAPTA-AM for 5 minutes before activation and chelator was also present during
DNP-BSA antigen activation of RBL-2H3 cells.

Lipid-specific probes: PS-specific probe Annexin V conjugated with Alexa Fluor 647 (AnxV-647) was purchased
from Thermo Scientific (A13204). LactadherinC2-mClover construct was expressed and purified in-house, using
Co-NTA Agarose purification resin (31405, Cube Biotech) and reconstituted in 20 mM HEPES and 150 mM
NaCl, pH 7.4 buffer. The expression plasmid was a gift from S. Grinstein (Hospital for Sick Children, Toronto,
Canada). The PE-specific probe duramycin-PEG-GFP [51] was incubated for 30 minutes with RBL cells during
DNP-BSA-mediated FceRI activation at final concentration of 10 ug/mL in Tyrode’s buffer. Purified recombinant
probe was a generous gift from Ming Zhao (University of Wisconsin-Madison).

Western blot: All primary antibodies were used in 1:1000, all secondary — 1:10000, diluted in 5% BSA in TBS-T
blocking buffer. Primary antibodies: anti-ERK1/ERK2 (E.657.8) (Invitrogen, MA5-15227), anti-phospho-
ERK1/ERK2 (Tyr204) (B.742.5) (Invitrogen, MA-15174), anti-LAT (phospho Y200) antibody [EP983(2)Y]
(Abcam, ab68139), anti-LAT (E3U6J) (Cell Signaling, 45533S), anti-Calnexin (Abcam, ab22595). Secondary
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antibodies: anti-rabbit IgG, HRP linked antibody (Cell Signaling, 7074S), anti-mouse 1gG, HRP:linkedrantibody
(Cell Signaling, 7076). DOI: 10.1039/D4FD00205A

Flow cytometry: RBL cells were first primed with 1 pg/mL monoclonal anti-dinitrophenyl mouse IgE (D8406,
Sigma-Aldrich) in full medium at 37°C for 1 hr. Then cells were activated by treating with 1 yg/mL DNP-BSA in
Tyrode’s buffer for 15 min at 37°C. A parallel set of cells was incubated with ionomycin in Tyrode’s buffer for 15
min at 37°C. AnxV-488 was added to the cells for 5 min before performing flow cytometry on a LSR Fortessa.
Viable cells were gated on forward- and side-scatter, and the AnxV intensity was plotted as a histogram of viable
cells.
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