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Multistep IgE Mast Cell Desensitization Is a Dose- and
Time-Dependent Process Partially Regulated by SHIP-1

Ather Adnan,*" Shree Acharya,* Leila A. Alenazy,"";t Leticia de las Vecillas,**

Pedro Giavina Bianchi,’ Matthieu Picard," Lucia Calbache-Gil,"*

Salvador Romero-Pinedo,”** Ana Clara Abadia-Molina,”** William Kerr, "

Chiara Pedicone,” Jun Nagai,* Eleanor Hollers,* Daniel Dwyer,* and Mariana Castells*

Multistep mast cell desensitization blocks the release of mediators following IgE crosslinking with increasing doses of Ag. Although
its in vivo application has led to the safe reintroduction of drugs and foods in IgE-sensitized patients at risk for anaphylaxis, the
mechanisms of the inhibitory process have remained elusive. We sought to investigate the kinetics, membrane, and cytoskeletal
changes and to identify molecular targets. IgE-sensitized wild-type murine (WT) and FceRIa humanized (h) bone marrow mast cells
were activated and desensitized with DNP, nitrophenyl, dust mites, and peanut Ags. The movements of membrane receptors, FceRl/
IgE/Ag, actin, and tubulin and the phosphorylation of Syk, Lyn, P38-MAPK, and SHIP-1 were assessed. Silencing SHIP-1 protein
was used to dissect the SHIP-1 role. Multistep IgE desensitization of WT and transgenic human bone marrow mast cells blocked the
release of 3-hexosaminidase in an Ag-specific fashion and prevented actin and tubulin movements. Desensitization was regulated by
the initial Ag dose, number of doses, and time between doses. FceRI, IgE, Ags, and surface receptors were not internalized during
desensitization. Phosphorylation of Syk, Lyn, p38 MAPK, and SHIP-1 increased in a dose-response manner during activation; in
contrast, only SHIP-1 phosphorylation increased in early desensitization. SHIP-1 phosphatase function had no impact on
desensitization, but silencing SHIP-1 increased (3-hexoxaminidase release, preventing desensitization. Multistep IgE mast cell
desensitization is a dose- and time-regulated process that blocks P-hexosaminidase, impacting membrane and cytoskeletal
movements. Signal transduction is uncoupled, favoring early phosphorylation of SHIP-1. Silencing SHIP-1 impairs desensitization

without implicating its phosphatase function.

ultistep IgE desensitization is achieved by dividing an

activating Ag dose into multiple suboptimal doses and

delivering the suboptimal doses sequentially at fixed
time intervals, which blocks cell activation and inhibits the release
of mediators, making mast cells refractory to optimal Ag (1-3).
Mimicking this in vitro inhibitory process, human desensitization
protocols have protected patients allergic to antibiotics, chemother-
apy, mAbs, and other drugs and foods when reintroduced to their
IgE-sensitizing allergens, preventing anaphylaxis and increasing
their life expectancy and quality of life (4-9). Despite the proven
safety and efficacy in thousands of highly allergic patients,
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breakthrough reactions and anaphylaxis are unpredictable,
occurring in 25% of desensitization protocols, making the pro-
cedures high risk and hampering universal application (10).
The perception that desensitization protocols remain empiric
has spurred an impetus for a better understanding of the under-
lying inhibitory mechanisms and the pursuit of molecular
targets.

IgE mast cell activation is a complex and well-studied process initi-
ated by crosslinking of IgE-sensitized FceRI receptors by multimeric
Ags, which induces intracellular signaling and the acute and delayed
release of inflammatory mediators (11, 12).
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710 MULTISTEP MAST CELL IgE DESENSITIZATION: ROLE OF SHIP-1

Phosphorylation of the 3- and +y-chain immunoreceptor tyrosine-
based activation motifs (ITAMs) provides docking for upstream
molecular players, leading to downstream signal transmission by
second messengers, mobilization of intracellular calcium with extra-
cellular calcium influx, and cytoskeletal movements led by actin and
tubulin, whereas FceRI-IgE—Ag complexes are internalized (13, 14).
We and others have shown that this well-orchestrated machinery is
halted by desensitization. Bone marrow—derived mast cells (BMMCs)
sensitized with DNP-IGE and desensitized to an optimal dose of DNP
administered as 11 sequential suboptimal doses cannot mobilize
calcium, do not release granule mediators, do not generate PGs
and leukotrienes from membrane arachidonic acid, and do not
produce cytokines (3, 15). Although models of basophil IgE
desensitization have provided some insight (16), how mast cells
engage in this inhibitory pathway is poorly understood.

The fundamental questions of what amount of Ag can start the
desensitization process, how to increase the doses without inducing
signal transduction, and the time requirements have not been defined.
Intriguingly, signal transduction is impaired during the final steps of
desensitization when optimal Ag is reached, indicating that the initial
steps have diverted activation partners. Although Syk phosphorylation
is required to initiate signal transduction, recent data suggest that
phosphatases such as SH2-containing inositol phosphatase 1 (SHIP-1)
associate with the FceRI-IgE—Ag complex and compete with Syk
when Ag doses are delivered in quick sequence in contrast to more
prolonged times (17-19). Quick Ag delivery leads to SHIP-1 activa-
tion and inhibitory signaling, indicating that the time between doses
can dictate outcomes. This is consistent with the notion that the prop-
agation of signal requires kinetic proofreading with enough receptor/
ligand dwell time to generate activated receptor complexes that can
progress to distal responses.

Rapidly dissociating ligands are less effective at generating distal
responses. Whether SHIP interferes with signal propagation by
reducing activation time is not known. The generation of signaling
membrane domains with activation partners has been demonstrated,
but the membrane arrangements during desensitization have not
been defined (21), and the potential participation of immunoreceptor
tyrosine-based inhibition motifs bearing inhibitory receptors such as
gp49B1, which associate with phosphatases SHP-1, SHP-2, and
SHIP-1 and dephosphorylate FceRI ITAMs, is not known (22, 23).
Although internalization of FceRI-IgE—Ag complexes is not
required for signal transduction at low Ag (13), it remains contro-
versial whether internalization can initiate desensitization and if
tubulin and actin can provide cytoskeletal support to the inhibitory
state (1, 2). Here, we reproduce an in vitro model of IgE activation
and desensitization (3, 15) using wild-type murine (WT mBMMCs)
and FceRlIa-chain humanized mast cells (transgenic [Tg] hBMMCs)
and provide the initial effective dose, dose progression, and time
intervals for optimal Ag-specific desensitization, including inhalant
and food allergens. We follow surface membrane and intracytoplas-
mic changes, including actin and tubulin movements and phosphory-
lation of Syk, Lyn, p38-MAPK, and SHIP-1, to assess the
uncoupling of signal transduction. We show enhanced SHIP-1 phos-
phorylation during the early steps of desensitization, not associated
with its phosphatase function. By silencing SHIP-1, desensitization
is impaired, uncovering the first molecular target of multistep IgE
desensitization.

Materials and Methods
Mice
Male WT BALB/c 8-12-wk-old mice were purchased from The Jackson

Laboratory (Bar Harbor, ME). Tg BALB/c mice expressing the human
FceRla (gift from Jean-Pierre Kinet, Beth Isracl Deaconess Medical Center,

Boston, MA) (24, 25) were bred at the Dana-Farber Cancer Institute Animal
Resource Facility. Briefly, male mFceRIa™™ mice carrying the transgene
encoding hFceRI were bred to females as described previously (26). Mice
were euthanized by CO, asphyxiation.

Mast cell cultures

Tg BMMCs carrying the a-chain of the high-affinity IgE receptor FceRI
(Tg hBMMCoa) and murine BMMCs (mBMMCs) were harvested from
8—12-wk-old WT murine femurs and cultured for 4-16 wk in RPMI 1640
medium supplemented with 10% FBS, 2 mM L-glutamine, 1% penicillin-
streptomycin, 0.1 mM MEM nonessential amino acids (all from Sigma-
Aldrich), and 10 ng/ml of IL-3 (3). IL-3 was obtained from supernatants of
293T cells expressing murine IL-3 (27) and from commercial sources (R&D
Systems and PeproTech). All animal work was approved by the Dana-Farber
Cancer Institute Animal Care and Use Committee (IACUC 2016N000552).
WT mBMMCs (4 X 10° cells/ml) were sensitized with anti-DNP IgE (clone
SPE-7; Sigma-Aldrich) at 1 pg/ml (0.25 pg/10° cells/ml) overnight at 37°C.
Tg hBMMCs were incubated overnight with anti-nitrophenyl (anti-NP) IgE
0.5 mg/lO6 cells/ml, clone JW8/1; Bio-Rad Laboratories) at 37°C or with
concentrated human serum diluted at 20% in RPMI (4 x 10° cells/ml) for
18-24 h at 37°C. Cells were then washed twice and resuspended at 1 x 10°
cells/S0 !l RPMI without IL-3 and distributed into tubes at 37°C for activa-
tion or desensitization. WT mBMMCs (50 wl/tube containing either 0.5 x 10°
or 1 x 10°® mBMMCs) were challenged with 50 pl of DNP-human serum
albumin (DNP-HSA) and Tg hBMMCs with NP-BSA (Sigma-Aldrich) at
20 pg/pl or 200 pg/pl (1 ng, 10 ng) and, for control, with 50 wl of HSA or
BSA at 20 pg/pl or 200 pg/l (1 ng, 10 ng) or with dust mites and peanut
allergens and, after 10 min in 37°C, placed on ice.

LAD? cells

LAD2 cells were obtained from the National Institutes of Health (28) and cul-
tured at 1 x 10® in StemPro34 serum-free medium with the StemPro media sup-
plement (catalog no. 10639011; Life Technologies), L-glutamine (catalog no.
G7513; Sigma-Aldrich), penicillin-streptomycin, and recombinant human stem
cell factor (100 ng/ml, catalog no. 300-07; PeproTech). Cells were sensi-
tized with human myeloma plasma IgE (Athens Research and Technol-
ogy) at 5 pwg/ml overnight at 37°C with 5% CO,. Cells were then washed
once with sterile HBSS and resuspended in warmed StemPro34 media (Life
Technologies) (supplemented with StemPro nutrient supplement; Life Tech-
nologies), 2 mM L-glutamine (Sigma-Aldrich), 100 ng/ml recombinant human
stem cell factor (PeproTech), 1% penicillin-streptomycin) at a concentration
of 0.5 x 10° cells/ml and used in activation and desensitization experiments
at 1 x 10° cells/ml.

Human serum

Informed consent was obtained from human subjects (institutional review
board approval no. 2020P002043). Sera from one dust mite allergic individual
(donor 1) and one peanut and dust mite allergic individual (donor 2) were con-
centrated by centrifugation at 4000 X g for 1 h in 100 kDa centrifugal filter
units (Merck Millipore) and stored at —20°C and used for sensitization of Tg
hBMMCa. Donors 1 and 2 had positive skin test results, and serum allergen-
specific IgE titers were determined by ImmunoCAP (Phadia). After concentra-
tion, donor 1 total IgE was 1127 ng/ml, and donor 2 total IgE was 545 ng/ml.
Before concentration, donor 1 had Dermatophagoides pteronyssinus (Der p or
Dp)-specific IgE of 40 kUA/L, and donor 2 had a Der p-specific IgE of
1.64 KUA/L and a peanut- specific IgE of 18.4 kU/L.

Mast cell activation

Dermatophagoides pteronyssinus and peanut. Tg hBMMCs were stimulated
with Der p extract 30,000 AU/ml (Hollister-Stier, Spokane, WA) and/or
peanut extract (1 pg/ml) (Greer, Lenoir, NC) in RPMI. Tg hBMMCs were
activated as described for WT mBMMCs (Fig. 1A, Supplemental Fig. 1,
and Supplemental Tables I-1V).

DNP and NP. WT mBMMCs (50 pl/tube containing either 1 x 10° or 0.5 X
10° BMMCs) were challenged with 50 pl of DNP-HSA and Tg
hBMMCs with 4-hydroxy-3-NP-BSA (Sigma-Aldrich) at 20 pg/pl or
200 pg/pl (1 ng, 10 ng, respectively). A negative control, 50 wl of culture
medium + 50 wl of HSA or BSA at 20 pg/pl or 200 pg/pl (1 ng, 10 ng,
respectively), was used. After incubation for 10 min at 37°C, cells were
placed on ice. For dose—response experiments, Ags were diluted in RPMI
1640 culture medium. Dose—response experiments were performed by add-
ing 50 pl of varying Ag dilutions to 50 pl of cell suspension for 10 min at
37°C before the suspension was placed on ice.
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Mast cell desensitization

Dermatophagoides pteronyssinus and peanut. Tg hBMMCa were desen-
sitized to Der p and peanut Ags in incremental steps using the protocols
described in Fig. 1A, Supplemental Fig. 1, and Supplemental Tables
I-1V and based on a previously established protocol (15). For desensiti-
zation experiments with Der p and peanut Ags (Fig. 2B, 2C), the
11-step protocol in Supplemental Fig. 1A was used. Fig. 2A, 2B, and 2C
used serum from donor 2, whereas experiments for Fig. 2D, 2E, and 2F
used serum from donor 1. The target dose for activation in Fig. 2D, 2E,
and 2F was 2.5 AU/ml. The protocols for experiments in Fig. 2D and 2E
involved varying the number of total steps to achieve desensitization
(Supplemental Fig. 1, Supplemental Tables I and II). The starting concen-
tration of 0.02 AU/ml (Fig. 2D, 2F) was based on a dose-response curve
showing that 0.02 AU/ml did not elicit significant activation (Fig. 2A) and
was similar to 0.01 AU/ml (Fig. 2E). The protocol for Fig. 2D-2F is the
eight-step protocol (Supplemental Fig. 1, Supplemental Table II) (i.e., the
fold increase 2X protocol; Supplemental Fig. 1, Supplemental Table I).
Stated Os show unstimulated cells. For specificity experiments, cells were
sensitized with donor 2 serum (dust mite and peanut allergic) and desensi-
tized to Der p Ag and challenged with peanut Ag or desensitized to peanut
Ag and challenged with Der p Ag.

DNP and NP. WT mBMMCs or Tg hBMMC (50 pl/tube containing either
0.5 x 10° or 1 X 10° mBMMCs) were stimulated with increasing concentra-
tions of DNP-HSA at 10-min intervals at 37°C in 11 incremental doses, start-
ing at 1 pg and reaching 1 ng (or 10 ng) as previously described (7)
(Supplemental Table I), and placed on ice. The same method was used for
anti-NP IgE sensitization (0.5 mg/10° cells/ml) and activation with 10 ng
(20 pg/ml) of NP-BSA or control BSA at 10 ng (20 pg/ml) for 10 min. For
desensitization, the above protocol of 11 incremental doses was used (starting
dose 10 pg, targeting 10 ng total). The total time was 110 min for desensitiza-
tion. Cell viability was assessed by trypan blue dye exclusion.

Eleven-step activation and desensitization. For experiments evaluating acti-
vation, 11 tubes were used, each containing 50 wl/tube of either 0.5 x 10° or
1 x 10° mBMMCs. Each tube received a single dose of Ag in 50 pl, repre-
senting each of the 11 steps. Cells were incubated at 37°C for 10 min, placed
on ice, and processed for B-hexosaminidase release assay or flow cytometry.
For experiments evaluating each step of the desensitization, 11 tubes were
used (50 pl/tube containing either 0.5 x 10° or 1 X 10° mBMM(Cs), the first
tube received one dose only, the second tube received two doses (the first
dose and, 10 min later, the second dose), and each tube received one more
dose than the previous tube up to the last tube, which received 11 doses added
sequentially at 10-min intervals at 37°C for a total of 110 min.
3a-Aminocholestane. For selected experiments, mBMMCs were activated
and desensitized in the presence of 3a-aminocholestane (3AC), a selective
inhibitor of SHIP-1, to block phosphatase activity. The 1 X 10° cells condition
was incubated with 10 uM, 15 uM, or 20 M of 3AC at 37°C (17). After
30 min, cells were washed and resuspended with 50 wl medium and activated
or desensitized with 1 ng DNP-HSA or 1 ng HSA control. LAD2 cells were
used to assess the effect of 3AC in activation and desensitization of human
mast cells. A concentration of 15 pM 3AC or vehicle (200 proof ethanol) was
added to 1.5 x 10° cells and incubated for 30 min at 37°C. The cells were
washed with sterile HBSS, resuspended in warmed StemPro34 media (prepared
as above), and split into three tubes (0.5 million cells in 50 pl) for control, acti-
vation, and desensitization conditions. A quantity of 2 pl of lysosomal-
associated membrane protein 1 (LAMP-1) Ab (clone H4A3; BioLegend, San
Diego, CA) was added to each tube to assess activation and desensitization. The
control cells then received 50 wl of warmed media with a final BSA dose of
1 pg. The activation cells received SOl of warmed media with a final goat
anti-human myeloma IgE (polyclonal human; Chemicon) dose of 1 pg.
Control and activation conditions were kept at 37°C for 10 min before being
placed on ice. The desensitization group was given anti-IgE in warmed media
through 11 steps of 10-min incubations each at 37°C for a final dose of 1 pg
anti-IgE in 50 pl of warmed media (dose increments match Supplemental
Table I, with the only change being the final dose of 1 pg). After the final
desensitization step, cells were washed, resuspended in FACS buffer, and
collected on the FACSCanto II flow cytometer. Percentage degranulation
was reported for the activation and desensitization groups on the basis of
gating around 1% of LAMP-1-positive cells in the control condition.
Calcium ionophore. Calcium ionophore (A23187; Sigma-Aldrich) was added
to the cell suspension to reach a total volume of 100 .l and a concentration of
8 uM. BMMCs were then activated or desensitized, and (3-hexosaminidase
was quantified.

f-Hexosaminidase release assay. Activated or desensitized BMMCs were
placed on ice, then centrifuged, and cell pellets were lysed by resuspension
in culture medium containing 0.5% Triton X-100. B-Hexosaminidase release
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was assessed by a kinetic microplate ELISA reader (Molecular Devices, Sunny-
vale, CA), and percentage release was calculated as described previously (3).

Western blot analysis

Primary Abs used, including SHIP-1 (catalog no. 2728; Cell Signaling
Technology); phospho-SHIP-1 (Tyr1020) Ab (catalog no. 3941; Cell
Signaling Technology); phospho-Src/Lyn (Tyr416) Ab (catalog no. 2101;
Cell Signaling Technology); phospho-Syk (Tyr525/526) Ab (catalog no.
2711; Cell Signaling Technology); phospho-p38 MAPK (Thr180/Tyr182)
Ab (catalog no. 9211; Cell Signaling Technology); B-actin Ab (catalog no.
4967; Cell Signaling Technology), and goat anti-rabbit IgG-HRP conjugate
(catalog no. 1706515; Bio-Rad Laboratories) BMMCs (1 X 10° cells/condition),
were lysed on ice for 20 min in radioimmunoprecipitation assay lysis buffer
(100-120 pl/1 x 10° cells). Radioimmunoprecipitation assay lysis buffer
(Santa Cruz Biotechnology) was supplemented with 4 mM PMSF 10 pl/ml
protease inhibitor mixture, 2 mM sodium orthovanadate, and 10 pl/ml phos-
phatase inhibitor cocktails A and B (Roche, Santa Cruz Biotechnology). Protein
lysates were resuspended with LDS sample buffer 4x (Novex) containing 2.5%
2-ME heated at 70°C for 10 min, and proteins were separated by NuPAGE
4-12% Bis-Tris gels and transferred to a polyvinylidene difluoride membrane
or subjected to SDS-PAGE on a 4-12% polyacrylamide gel and transferred to
a nitrocellulose membrane (Invitrogen). Membranes were blocked with 3% non-
fat dry milk for 1 h at room temperature and probed with primary Abs (1:500
SHIP-1, 1:1,000 p-SHIP-1, 1:500 p-Src/Lyn, 1:300 p-Syk, 1:20,000 p-p38
MAPK, and 1:100,000 B-actin) in 3% BSA/nonfat dry milk overnight at 4°C,
washed, and probed with 1:2,000 HRP-conjugated goat anti-rabbit IgG for
4-6 h at room temperature. Signal detection was performed with SuperSignal
West Pico Chemiluminescent Substrate (Pierce) and exposed to film. Densitome-
try and relative expression of bands was quantified using ImageJ software.

Microscopy

Light microscopy with toluidine blue staining. The cytoplasmic and granu-
lar morphology of 4—6-wk-old mature WT mBMMCs and 6—8-wk-old mature
Tg hBMMCs was assessed by toluidine blue in previously sensitized cells
with anti-DNP IgE and anti-NP IgE, which were activated or desensitized
with 1 ng and 10 ng of DNP-HSA or NP-BSA and negative control HSA or
BSA. After desensitization or activation, cells were washed and resuspended
in cold PBS, transferred onto poly-L-lysine-coated round coverslips for 20 min
at 4°C, and fixed with 4% paraformaldehyde in PBS for 10 min at 4°C. After
three PBS washes, cells were mounted using an aqueous mounting medium
(15% w/v polyvinyl alcohol, 33% v/v glycerol, 0.1% azide).

Fluorescence microscopy. mBMMCs sensitized with anti-DNP IgE (1 pg/ml)
were challenged and desensitized with DyLight Fluor 649-conjugated DNP
(23) in a dark room using 500,000 cells/condition. Because of detection limi-
tations, DNP was 5 ng (10 pg/ml), and the desensitization protocol was
adjusted at 5X concentrations (Supplemental Table I). Cells were desensitized with
11 steps starting at 5 pg and targeting 5 ng. After activation or desensitization, cells
were placed on ice and centrifuged to remove the supematant. Cells were washed
twice and resuspended in 200 pl cold PBS plus 200 wl of paraformaldehyde 4%
during 15 min at room temperature, washed twice with cold PBS, and resuspended
in 400 pl of PBS. A quantity of 200 pl (250,000 cells) was transferred to a
12-mm round coverslip for cytospin (10 min at 500 rpm). Coverslips were then
transferred to a 24-well plate, cell side facing up, and 500 pl of blocking buffer
(10% BSA) was added to each well for 30 min at room temperature. After wash-
ing, cells were incubated for 12 h with 5 pl of each Ab (PE anti-mouse LAMP-1
[02 mg/ml], red; FITC anti-mouse c¢-Kit [0.5 mg/ml], green; mouse Fc block
purified rat anti-mouse CD16/CD32 [0.5 mg/ml]) in 500 pl of PBS and
then washed twice with ice-cold PBS. Images were collected using a KEY-
ENCE BZ-X700 fluorescence microscope (Keyences Corporation).

Actin and tubulin confocal microscopy. After activation or desensitization, WT
BMMCs were washed and transferred onto poly-D-lysine (Sigma-Aldrich)-
coated chamber slides (Nunc) for 20 min at 4°C. For F-actin staining, cells
were fixed with BD Cytofix/Cytoperm solution (BD Biosciences) for
20 min, washed three times with 0.05% PBS-saponin (Merck), incubated
with phalloidin-tetramethylrhodamine isothiocyanate following supplier instruc-
tions (Sigma-Aldrich) in 0.05% PBS-saponin for 40 min at 4°C, and washed
twice with 0.02% PBS-saponin and PBS. For a-tubulin staining, cells were
washed and incubated with 0.2% PBS-Tween 20 (Acros Organics) with 5%
goat serum (Sigma-Aldrich) and purified rat anti-mouse CD16/CD32 (BD
Biosciences). Then, cells were washed with 0.2% PBS-Tween 20 and incu-
bated with anti-a-tubulin (B5-1-2; Sigma-Aldrich) and Alexa Fluor 488
goat anti-mouse IgG (Invitrogen) Ab in 0.2% PBS-Tween 20 containing
1% BSA. Slides were washed twice with 0.2% PBS-Tween 20 and PBS,
and coverslips with DAPI mounting medium were added (Vector Laboratories).
A 63X objective on a Nikon Al microscope was used, and the fluorescence
intensity was measured as mean Gray value of maximum-projection images
using ImageJ software. Four experiments were done as described previously
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(29), and 75-100 BMMCs per condition were analyzed. B-Hexosaminidase
was assessed for each condition to validate activation and desensitization.

Flow cytometry

Mast cell activation was assessed by measuring LAMP-1 (CD107a) surface
expression. LAMP-1 (CD107a) surface expression on Tg hBMMCa was deter-
mined by adding 5 pwg/ml APC anti-mouse CD107a (clone 1D4B; BioLe-
gend) or 5 pg/ml allophycocyanin rat IgGla, k (isotype control, BioLegend)
to 50 pnl of BMMC suspension before activation or desensitization
(Supplemental Table IT). Tg hBMMCa were placed on ice 10 min after stim-
ulation and washed with ice-cold FACS buffer (PBS 1X containing 0.5%
BSA and 0.1% sodium azide). Cells were then washed with ice-cold FACS
buffer and stained for 30 min on ice: for Tg hBMMCs, 2.5 pg/ml PE anti-
human IgE (clone MHE-18; BioLegend) or 2.5 pg/ml PE mouse IgG1, k
(isotype control; BioLegend) and 10 pwg/ml FITC anti-human FceRla
(clone AER-37; BioLegend) or 10 pwg/ml FITC mouse IgG2b, k (isotype
control, BioLegend); for WT mBMMCs, 5 pg/ml APC anti-mouse
CD107a (clone 1D4B; BioLegend) or 5 pg/ml APC rat IgGla, k (isotype
control; BioLegend), 5 pg/ml FITC anti-mouse IgE (clone RME-1; BioLegend)
or 5 pg/ml FITC rat IgG1, k (isotype control; BioLegend) and 2 pg/ml PE
anti-mouse FceRla (clone MAR-1; BioLegend) or 2 pg/ml PE anti-mouse
LILRB4 (clone H1.1) or 2 pg/ml PE Armenian hamster IgG (isotype control;
BioLegend). Activated, desensitized, or HSA-treated mBMMCs were first
washed and resuspended in ice-cold 1x PBS containing 0.5% BSA and 0.05%
sodium azide (FACS buffer) and then incubated for 10 min on ice (4°C)
with either anti-FcyRI/IT mAb (eBioscience) or 1 pg/ml anti-mouse CD16/32
(TruStain fcX, FeyRIII; BioLegend) to block Fcy receptors. Cells were then

A Antigen:

DNP-HSA/BSA

Final

Concentration in Concentration

e D N W e WD
(pg/uL)
1 0 1 1 0.02 1 4
2 10 1 5 0.1 5 4
3 20 1 5 02 5 4
4 30 1 10 04 10 4
5 40 1 10 0.6 10 4
6 50 2 10 0.9 20 5
7 60 2 20 1.5 40 5
8 70 4 20 27 80 5
9 80 8 20 4.7 160 5
10 90 16 20 7.5 320 5
11 100 17.5 20 9.6 350 5
sllelps :nl\g S Ing 50 ul

*added to 50 uL BMMCs; ** after dose added to cell suspension

= N [ & o
e o o o o

B-hexosaminidase release (%)O

o

washed with ice-cold FACS buffer and incubated on ice with FITC anti-mouse
FceRla Ab clone MAR-1 0.5 mg/ml, Brilliant Violet 510 anti-mouse CD117
(c-Kit) Ab clone 2B8 0.2 mg/ml, PerCP/cyanine 5.5 anti-ERK1/2 phos-
pho-Thr202/Tyr204 Ab clone 6B8B69 (BioLegend), PE mouse anti-SHIP-1
clone 32/SHIP-1 0.2 mg/ml (BD Biosciences), rabbit anti-Syk (tyrosine pro-
tein kinase SYK, spleen tyrosine kinase) (Pacific Blue) clone D3Z1E 2 mg/ml
(US Biological Life Sciences), and allophycocyanin phospho-Syk (Tyr348)
mAb (clone mochlct) 5 pl (0.06 pg)/test (eBioscience), or with the recom-
mended isotype controls (FITC Armenian hamster IgG isotype control Ab,
clone HTK888, 0.5 mg/ml), Brilliant Violet 510 rat IgG2b, k isotype con-
trol Ab (clone RTK4530, 0.2 mg/ml), PerCP/cyanine 5.5 mouse 1gG2a, k isotype
control Ab (clone MOPC-173, 0.2 mg/ml) (BioLegend), PE mouse IgG1, k iso-
type control (clone MOPC-21, 0.2 mg/ml) (BD Biosciences), mouse IgG1 k iso-
type control (clone P3.6.2.8.1, 0.2 mg/ml), APC (eBioscience) for 30 min at 4°C.
Samples were read on a BD FACSCanto (BD Biosciences) or BD LSR Fortessa
(BD Biosciences) flow cytometer using FACSDiva acquisition software, and data
were analyzed in FlowJo analysis software (BD Biosciences, Ashland, OR).

SHIP-1 knockdown with siRNA

Prior to sensitization, BMMCs were electroporated with an Amaxa Nucleofector
1T according to the manufacturer’s instructions (Amaxa; Lonza). BMMCs were
divided into four groups: nonelectroporated (NE), blank electroporation (B),
electroporation with anti-SHIP-1 siRNA (S) (anti-SHIP1 siRNA 7), or electro-
poration with scrambled negative control siRNA (NC). The anti-SHIP1 siRNA
used was against mouse inositol polyphosphate-5-phosphatase D (Mm_Inpp5d_7
FlexiTube siRNA) with detected transcripts: NM_001110192 (4937 bp),
NM_001110193 (4757 bp), NM_010566 (4940 bp). For all groups, 1.2 x 10°
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FIGURE 1. Desensitization of mBMMCs induces significantly less B-hexosaminidase and maintains granule integrity. (A) Desensitization protocol adapted

from Sancho-Serra et al. (3). After overnight sensitization with anti-DNP IgE, 11 doses of DNP-HSA were delivered sequentially to 1 x 10° BMMCs at 10-min
intervals until the target dose of 1 ng for DNP-HSA was reached. For activation and HSA control, single doses were delivered to 1 x 10° BMMCs in separate
tubes. (B) WT mBMMCs were sensitized with anti-DNP IgE (1 mg/ml). Clockwise from the top left: activated (Act) with 1 ng DNP-HSA; desensitized (Desens)
to 1 ng DNP-HSA; treated with 1 ng HSA or untreated (resting). Representative images of # = 6 independent experiments with toluidine blue at X100 magnifica-
tion. (C) WT mBMMCs were sensitized with 0.25 g anti-DNP IgE (per 10° cells/ml). The percentage of B-hexosaminidase release was calculated at each step of
the 11 steps of the desensitization and corresponding activation doses. For desensitization, each step represents an additional number of doses delivered every 10
min up to 11 doses in 110 min, and for activation, each step is a single dose. The positive control was cells activated with a single 1-ng DNP-HSA dose (Act), and
the negative control was 1 ng HSA, and processed at 10 and 110 min. Mean with SEM of » = 5 independent experiments. **p < 0.01 , ***#p < 0.0001.
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BMMCs were resuspended in 92 pl of Nucleofector solution kit T. The remain-
ing 8 wl varied, depending on the group: group NE received 8 .l of Nucleofec-
tor solution, group B received 8 .l of Nucleofector solution, group S received 8
Wl of 1 nM anti-SHIP1 siRNA (catalog no. SI04919726; QIAGEN), and group
NC received 8 pl of 1 nM AllStars negative control siRNA (catalog no.
S103650318; QIAGEN). Cells were electroporated using program T-030, except
NE cells, incubated for 5 d for maximal SHIP-1 knockdown, and flow
cytometry, Western blot, or B-hexosaminidase release assays were per-
formed as described above.

Deletion of SHIP-1 in Cre SHIP-1 fl/fl BMMCs

Cells were isolated and cultured from bone marrow from Cre SHIP-1 fI/fl mice
(gift of William Kerr laboratory, SUNY Upstate Medical University, Syracuse,
NY) as per WT BMMC protocol in RPMI medium with 10% FBS in 10 ng/ml
IL-3 for 4 wk. Mature Cre SHIP1 fI/fl BMMCs were incubated with TatCre
recombinase (MilliporeSigma) to catalyze the site-specific deletion of SHIP-1
between the two flox sites. A total of 3 million SHP-1 Cre” BMMCs were
split into two wells of 1.5 ml media (R10/supplemented RPMI, 1% penicillin-
streptomycin, 10 ng/ml rmIL3) each, with 2.7 uM TatCre recombinase (EMD
Millipore) added to one well. After 24-h incubation at 37°C, the cells were
collected, washed with HBSS, and resuspended in 1.5 ml of warmed media. Cells
were then sensitized with 1 pg/ml anti-DNP IgE (clone SPE-7; Sigma-Aldrich)
for 48 h at 37°C before they were collected, washed with HBSS, resuspended in
warmed media, and split into tubes for activation, desensitization, and control
groups (as described previously; Supplemental Table I). A quantity of 2 pl
LAMP-1 was added to each sample for the duration of activation, control, or
desensitization. After 10 min on ice, cells were fixed, permeabilized, and stained
intracellularly for SHIP-1.

Statistical analysis

GraphPad Prism 8.0 software was used to perform all statistical tests (GraphPad
Software, La Jolla, CA). For all experiments, groups were analyzed using
unpaired, two-tailed Student ¢ tests, where *p < 0.05, **p < 0.01, and
##%kp < 0.001 were used to determine statistical significance. The data
shown in all graphs are represented as mean + SEM.
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Results
Rapid IgE desensitization inhibits -hexosaminidase release while
preserving granule integrity in mouse BMMCs

We reproduced the Sancho-Serra et al. and Morales et al. (3, 15) pro-
tocol for IgE activation and desensitization of BMMCs with 11 doses
of DNP-HAS starting at a concentration of 0.02 ng/ml (Fig. 1A-C).
Activated cells received one dose of Ag at each step, whereas desensi-
tized cells received the summation of previous steps (Fig. 1A). Desen-
sitized cells remained fully granulated after receiving the target dose
of 1 ng in 11 steps, whereas activated cells with the same dose pre-
sented extensive degranulation with empty cytoplasm (Fig. 1B). With
the first seven doses of activation and desensitization, whereas 9.1%
of the target dose was delivered, the percentage of 3-hexosaminidase
release was not different from the control HSA/BSA (Fig. 1C). From
steps 8 to 11, activated cells presented an incremental dose response,
whereas desensitized cells remained insensitive to the increments
in cumulative doses, indicating uncoupling of signal transduction
(Fig. 1C). Suboptimal sequential Ag doses added during the first
seven desensitization steps segregated crosslinked FceRI receptors
from activation partners. We next examined inhibitory signals gener-
ated by changing the starting dose, the interval time between doses,
and the dose increase at each step.

Transgene hBMMCa desensitization with dust mites and peanut
allergens is specific and depends on the starting dose, rate of allergen
increases, and time between doses

To provide evidence of the universal application of desensitization,
we used Tg hBMMCs sensitized with human allergic serum and
activated with dust mites and peanut allergens. A dose—response release
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FIGURE 2. Desensitization of Tg hBMMCa is Ag specific and depends on starting Ag dose, rate of dose increases, and time between steps. Percentage
B-hexosaminidase release was calculated in Tg hHBMMCa sensitized with serum from a dust mite and peanut allergic donor (A—C) or a dust mite allergic donor
(D-F) and activated with Der p or peanut allergens (Supplemental Fig. 1 and Supplemental Tables I-1V) at 10-min intervals (A—E) or variable time intervals (F).
(A) Single dose—response activation for Der p allergen with optimal plateau doses. (B) Activation and desensitization to peanut (target dose 1 pg/ml) and Der
p (target dose 10 AU/ml) allergens. (C) Der p desensitized hHBMMCa stimulated with an activating dose of peanut, and peanut desensitized hHBMMCa stimu-
lated with an activating dose of Der p to show specificity. (D) Desensitization to Der p 2.5 AU/ml with varying starting concentrations (Supplemental Fig. 1,
Supplemental Table II). (E) Desensitization to Der p 2.5 AU/ml with varying concentration increases per step (Supplemental Fig. 1, Supplemental Table I).
(F) Desensitization to Der p 2.5 AU/ml with varying time intervals between steps (Supplemental Figure 1, Supplemental Table III). I AU = 0.0025 pg/ml or
2.5 ng/ml of Derp 1. Mean with SD of four independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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of B-hexosaminidase was seen in Tg hBMMCs sensitized with human
dust mite allergic serum when activated with Der p with an optimal
activation at 2.5 AU/ml and a plateau at 10 AU/ml (Fig. 2A). Tg
hBMMCs were then sensitized with human serum containing dust
mites and peanut IgE and activated and desensitized with dust mites
and peanut Ags (Supplemental Fig. 1). Desensitization to Der p and
to peanut allergens in 11 doses significantly inhibited 3-hexosamini-
dase release (Fig. 2B) as compared with activation. Specific desensi-
tization was shown because Tg hBMMCs desensitized to dust mites
partially inhibited 3-hexosaminidase release when activated by peanut
allergen and Tg hBMMCs desensitized to peanut partially inhibited
activation by dust mite allergens (Fig. 2C). Dust mite Ag Der p was
used to establish the optimal starting dose, dose increments, and time
between doses (Supplemental Tables [-IV). Maximal inhibition of
B-hexosaminidase release was observed when the starting concentra-
tion was 100 times lower than the target concentration (Fig. 2D),
with twofold or less increases per step (Fig. 2E) and when doses
were delivered at least 10 min apart (Fig. 2F). We then assessed
the dynamic membrane changes associated with desensitization by
following LAMP-1 and membrane receptors.

Reverse surface expression of LAMP-1, hFceRlw, and higE during
activation and desensitization

LAMP-1 is translocated from the cytoplasm to the surface membrane
during activation and is associated with the release of granule media-
tors (30). We followed LAMP-1 to assess the dynamic membrane

MULTISTEP MAST CELL IgE DESENSITIZATION: ROLE OF SHIP-1

changes associated with desensitization. LAMP-1 translocation to the
membrane was maximal with 2.5 AU/ml delivered as a single activat-
ing dose (Fig. 3A, 3D, lower right panel) and was negligible in cells
desensitized to Der p starting at 0.02 AU/ml and reaching 2.5 AU/ml
(Fig. 3A, 3D, upper right panel). Increased translocation was seen
with increasing starting doses (Fig. 3A), mirroring the release of
B-hexosaminidase (Fig. 2D). In contrast, the surface expression of
IgE (Fig. 3B) and FceRla (Fig. 3C) decreased maximally with activa-
tion, indicating internalization, and minimally with desensitization,
indicating surface membrane retention. Cells desensitized with a start-
ing concentration of 0.02 AU/ml (1% of target) and a target dose of
2.5 AU/ml did not express LAMP-1 and remained hIgE/hFceRla
positive, in contrast to cells activated with 2.5 AU/ml, which
expressed LAMP-1 and became hlgE/hFceRIa negative (Fig. 3D and
3E, upper right panel for desensitization and lower right panel for
activation). Starting desensitization at a concentration of 0.16 AU/ml
(6.4% of target concentration) induced partial expression of LAMP-1
and a reduction in the surface expression of FceRI and IgE (Fig. 3D
and 3E, lower left panels), indicating internalization and a decrease in
desensitization. The reverse movements of LAMP-1, higE, and FceRI
during activation and desensitization to the same target dose were
consistent with a dynamic association with divergent downstream
partners induced by cumulative doses during desensitization versus
single doses during activation. To assess the impact of desensitization,
we looked at its specificity, the potential depletion of mediators, and
membrane receptor changes.
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Desensitized mBMMCs are refractory to activation and cannot
internalize Ags and surface receptors but are not depleted of granule
mediators

We looked at the movements of activating receptors such as KIT,
which has been shown to amplify IgE-mediated signals (31), and
inhibitory receptors such as gp49B and PDL-1, which have been
shown to compete with [gE-mediated signals (22) to assess membrane
changes beyond FceRI. gp49B1, PDL-1, and KIT were internalized
during activation (Fig. 4A) but remained at the cell surface during
desensitization, in contrast to LAMP-1 but similar to the fate of IgE
and FceRI (Fig. 3A-3C), indicating that membrane changes during
desensitization extended beyond Ag/IgE/FceRI aggregates. Desensi-
tized cells challenged with an optimal Ag dose remained hypores-
ponsive (Fig. 4B), indicating a prolonged inhibitory state, which
was not due to the depletion of mediators, because the response to
calcium ionophore A23187 was intact (Fig. 4C). Calcium ionophore
A23187 complexes with extracellular calcium and allows intracellu-
lar entry, bypassing membrane receptors, through a non-IgE associ-
ated mechanism (32). To follow simultaneous membrane changes
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during desensitization, fluorescent labels were used (Fig. 4D and 4E).
LAMP-1 (red) was detected at the cell surface of activated cells, but
not on desensitized cells, and KIT (green) was detected in desensitized
and resting cells, but not on activated cells (Fig. 4E). DNP-BSA Ag
(purple) was internalized during activation but remained at the cell sur-
face in desensitized and resting cells. These opposite changes correlated
with changes observed with toluidine blue showing extensive degran-
ulation in activated cells, but not in desensitized cells (Fig. 4D), and
with the inhibition of (3-hexosaminidase release during desensitization
(Fig. 4F). Because membrane changes and the release of mediators
depend on actin and tubulin movements, we analyzed the impact of
desensitization on actin and tubulin protein polymerization.

Tubulin and actin movements are limited in desensitized mBMMCs

FceRI activation by multimeric Ags induces an increase in microtu-
bule structures of a- and B-tubulin heterodimers and the disassem-
bly of the cortical F-actin rings (33, 34). We observed the formation
of cortical aB-tubulin microtubules in activated cells, which was
significantly inhibited in desensitized cells as compared with resting
and HSA-activated cells (Fig. 5A, 5C). Concomitant disassembly of
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FIGURE 4. Desensitization prevents internalization of Ags and surface receptors KIT, gp49B1, and PDL1 and does not deplete mediators in mBMMCs.
WT mBMMCs were sensitized with anti-DNP IgE and activated or desensitized with DNP-HAS. (A) Quantitative surface expression (geometric mean fluores-
cence intensity [gMFI]) of LAMP-1, FceRI, PDL1, GP49B1/LILRB4, and KIT was measured by flow cytometry after activation and desensitization to 1 ng
DNP-HSA. NC, negative control (HSA). (B) LAMP-1 expression (gMFI) after activation or desensitization and after desensitized mBMMCs were challenged
with an additional dose of 1 ng DNP-HSA. (C) Percentage B-hexosaminidase (3-hex) release after mBMMCs were desensitized and treated with either 1 ng of
DNP-HSA or calcium ionophore (Cal). (D) Light microscopy of Tg hBMMCs. Anti-NP IgE-sensitized Tg hBMMCs were activated (Act) or desensitized (Des)
with 10 ng of NP-BSA (adapted from Fig. 1A for Ag dose x10) or treated with HSA and stained with toluidine blue (original magnification X63). (E) Fluores-
cence microscopy of mBMMCs sensitized with anti-DNP IgE and activated (Act) and desensitized (Desens) with 5 ng of DyLight Fluor 649-conjugated DNP or
HSA. Color legend: red, PE anti-mouse LAMP-1; green, FITC anti-mouse c-Kit; purple, DyLight Fluor 649-conjugated DNP (original magnification x40).
(F) Percentage (3-hexosaminidase released after activation or desensitization with 10 ng NP-BSA or 10 ng HSA. *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 5. «-Tubulin and F-actin move-
ments are halted during desensitization of
mBMMCs. (A and B), Confocal images of
mBMMCs stained with anti-tubulin (green)
(A) or with Rh-Phalloidin (red) (B) for
F-actin detection. High magnification at
right. Scale bars, 50 pym. % B-Hex, %
-hexosaminidase; Act, activated mBMMCs;
Desens, desensitized mBMMCs; HSA, con-
trol IgE-sensitized mBMMCs; R, resting
mBMMCs. Representative pictures of one
of two independent experiments. (C) Quan-
tification of a-tubulin and (D) F-actin
staining by confocal microscopy, analyzed
using ImageJ software. Values indicate
mean + SEM (n = 75-100). *p < 0.05,
##%p < 0.001. Representative data of one
of two independent experiments.
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cortical F-actin occurred during activation, which was significantly
inhibited during desensitization as compared with resting and HSA-
activated cells (Fig. 5B, 5D). Desensitization promoted the stabilization
of the cytoskeleton, limiting the movements of actin and tubulin with-
out significant disassembly of F-actin and little formation of microtu-
bules, likely contributing to membrane reorganization, which has been
previously described and attributed to aberrant actin remodeling (1).
Because activation-induced cytoskeletal changes associate with FceRI-
induced signal transduction, we investigated the activation and phos-
phorylation of Syk, p38-MAPK, and SHIP-1 proteins.

Phosphorylation of Syk, Lyn, p38-MAPK, and SHIP-1 is increased
in activated mBMM(Cs and decreased in desensitized mBMMCs

Aggregation of FceRI receptors with optimal Ag results in upstream
phosphorylation of B- and «y-chain ITAMSs, Lyn activation, docking
and phosphorylation of Syk through its two SH2 domains, and acti-
vation of enzymes and adapter molecules, leading to extracellular
calcium influx and mediator release. Downstream events include the
phosphorylation of p38-MAPK, which regulates nuclear transcrip-
tion factors and the generation of cytokines (12, 35). Syk phosphor-
ylation was found to be dose dependent following single activation
doses of DNP-HSA (Fig. 6A). In contrast, when delivering the tar-
get dose in sequential increments in desensitization, decreased Syk
and p38-MAPK phosphorylation was seen (Fig. 6B). DNP-HSA-
activated mBMMCs had high Syk and p38-MAPK phosphorylation,
which was significantly reduced in desensitized and HSA-activated
cells (Fig. 6C, 6D), suggesting the downstream uncoupling of signal
transduction. Surprisingly, SHIP-1, which has been shown to coun-
teract Syk activation (36), was less phosphorylated in desensitization
than in activation (Fig. 6E, 6F). To further understand these changes,
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we looked at the dynamic changes at each of the 11 steps of desensi-
tization and corresponding activation doses.

Enhanced phosphorylation of SHIP-1 in the early steps of desensiti-
zation. The phosphorylation of Syk, Lyn, p38-MAPK, and SHIP-1
increased with increasing activating doses, which correlated with the
observed increases in [3-hexosaminidase release (Fig. 7A and Fig. 1A).
In contrast, during desensitization, phosphorylation of SHIP-1
was significantly enhanced in the first four steps (Fig. 7B, 7C, and
Supplemental Fig. 3A, 3B), whereas Lyn, Syk, and p38-MAPK had
no significant increase in phosphorylation. Early phosphorylation of
SHIP-1 when (-hexosaminidase release was absent (Fig. 1A) was
intriguing, implicating SHIP in the uncoupling of activation signals
through an unknown interaction of one of its motifs (18). The
NPXY domain functions include protein—protein associations
with adaptor proteins, the cytoskeleton, actin, and tubulin, among
others (37). To further understand the role of SHIP-1 in desensiti-
zation, we blocked its phosphatase function and silenced the
protein.

Desensitization does not depend on SHIP-1 phosphatase function and
is impaired by SHIP-1 protein silencing. The phosphatase activity of
SHIP-1 depletes membrane lipids of phosphatidylinositol (3,4,5)-
trisphosphate and prevents the activation of BTK, Akt/PKB, and the
influx of extracellular calcium necessary for signal transduction. We
wanted to explore if SHIP-1 phosphatase activity could be affected by
early SHIP-1 phosphorylation (18) and used 3AC, a cell-permeable
steroidal compound that inhibits SHIP-1 catalytic polyphosphatase
activity, at doses that have previously been shown not to be cytotoxic
(17). Desensitization was not significantly inhibited by the lack
of SHIP-1 phosphatase function (Fig. 8A, 8B) in mouse BMMCs
or human LAD2 cells, prompting a further look at other SHIP-1
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Increased phosphorylation of Syk, p-38-MAPK, and SHIP-1 following activation and decreased phosphorylation following desensitization of

mBMMCs. (A) Flow cytometry of phospho-Syk (p-Syk) expression for sensitized and permeabilized mBMMCs challenged with increasing doses of DNP-HSA
after gating on FceRla and c-Kit (CD117) double-positive cells (Supplemental Fig. 2). (B) Flow cytometry of p-Syk and p-Erk (p38 MAPK/ERK) in permeabi-
lized mBMMCs activated (Act) or desensitized (Desens) with 1 ng DNP-HSA or with 1 ng HSA. (C) Flow cytometry density plots of p-Syk versus p-Erk (p38
MAPK/ERK) in activation (Act), desensitization (Desens), and HSA-treated BMMCs. (D) Relative median fluorescence intensity (rMFI) of p-Syk (APC) and
p-Erk (p38 MAPK/ERK) PerCP-cyanine 5.5 expression in activated (Act), desensitized (Desens), and control (HSA) BMMCs. n = 7 and n = 4 experiments,
respectively, are shown as mean with SEM. *p < 0.05, **p < 0.01, ***p < 0.001. (E) Western blot showing SHIP-1 phosphorylation (p-SHIP-1) in BMMCs
after activation (Act) and desensitization (Desens) with 1 ng DNP-HSA and challenge with 1 ng HSA. Representative of » = 3 experiments. (F) Relative expression
of p-SHIP-1 from (E), n = 3, for activation (Act), desensitization (Desens), and HSA-treated BMMCs.

functions through the silencing of SHIP-1 protein using siRNA.
siRNA was able to efficiently silence SHIP-1 protein (Fig. 8C, 8D).
Activation of BMMCs lacking SHIP-1 was increased as previously
reported for SHIP-1-knockout mast cells, although it did not reach

total significance between cells transfected with control siRNA and
cells transfected with anti-SHIP-1 siRNA (p = 0.08) (Fig. 8E) (18).
In contrast, cells lacking SHIP-1 had no significant decrease in
B-hexosaminidase after desensitization (Fig. 8E, 8F). Because
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FIGURE 7. Differential phosphorylation of SHIP-1 during activation and
early steps of desensitization. (A) mBMMCs were sensitized and activated
with single doses of DNP-HSA up to 1 ng with 11 total steps (protocol in
Fig. 1A) or (B) desensitized with incremental doses of DNP-HSA up to 1 ng
total in 11 steps (protocol in Fig. 1A). For activation, each tube received one
single dose, and for desensitization, each tube received one more dose than
the previous one, up to 11 doses in tube 11, at 10 min each dose (110 min
total). mBMMCs were activated with one dose of 1 ng DNP-HSA (Act) and
with 1 ng HSA. Phosphorylated proteins p-SHIP-1, p-Syk, p-Src/Lyn, and
p-Erk (p38 MAPK) were assessed by Western blot analysis probing during
each of the steps. (C) Steps 1 to 4, 5 to 8, and 9 to 11 (B and Supplemental
Fig. 3 A and B) were analyzed for the relative expression of p-SHIP-1 and
p-Src/Lyn by densitometry. n = 3 experiments where *p < 0.05.

Desensitization Steps

SHIP-1 protein was significantly decreased, as shown in Fig. 8C and
8D in cells electroporated with anti-SHIP-1 siRNA, the lack of
SHIP-1 protein was associated with a decrease in desensitization
and lack of inhibitory mechanisms, leading to the increase in
B-hexosaminidaserelease. We confirmed these results using Cre
SHIP-1 flox/flox BMMCs, which were floxed with Tat and pre-
sented efficient SHIP-deletion (Supplemental Fig. 4), with signifi-
cant decrease in SHIP-1 protein. Cells lacking SHIP-1 protein
had increased activation and were inefficient at blocking 3-hexosa-
minidase release during desensitization (Fig. 8G, 8H), indicating that
SHIP-1 had a central role in multistep desensitization.

Discussion

This study confirms and extends the notion that mast cell IgE multi-
step desensitization generates and promotes inhibitory signals initiated
by FceRI crosslinking with suboptimal Ag, which requires SHIP-1.
Membrane and cytoskeletal movements are blocked (Figs. 4 and 5),

and interference in the phosphorylation of upstream targets leads to
uncoupling from downstream events (Figs. 6 and 7). Ag—IgE—FceRI
complexes are not internalized as well as membrane receptors KIT,
PDL-1, and gp49 (Fig. 4), indicating a structural membrane resistance
to outside-in movements, likely due to segregated Ag-specific inhibi-
tory domains, excluding activation partners.

The conditions for multistep desensitization established in this
study are independent of allergen and IgE specificity and likely
applicable to all inhalant, food, and drug allergens. Desensitization
to DNP, NP, dust mites, and peanut Ags is achieved when the start-
ing dose is 1/100 the target dose and doubling suboptimal doses are
delivered at 10-min intervals (Figs. 1C, 2B, and 2D-2F) until reach-
ing the target dose. When over 9% of the target dose is delivered in
seven steps (Fig. 1C), cells become refractory to activating doses,
preserving intact granules (Fig. 1B). Starting at higher doses,
decreasing the number of steps and the time interval leads to signifi-
cant increases in (3-hexosaminidase release, with progressive loss of
desensitization. No depletion of mediators occurs during desensitiza-
tion (Fig. 4C), indicating a lack of mediator leakage induced by subop-
timal Ag. Desensitized cells cannot be activated with optimal allergen,
indicating a dynamic prolonged inhibitory state (Fig. 4B). Significant
cross-desensitization is not observed (Fig. 2C), indicating that global
cell unresponsiveness is not generated; hence, in a patient allergic to
both dust mites and peanut allergens, anaphylaxis after peanut inges-
tion would be expected while desensitized to dust mites (38).

Because earlier reports had implicated SHIP-1 in the control of
mast cell activation and FceRI signaling (36, 39), we explored its role
by looking at its phosphorylation, we blocked its enzymatic phospha-
tase activity, and we knocked down its protein expression using two
different techniques. SHIP-1 tyrosine phosphorylation increased with
single activating doses along with the phosphorylation of Lyn, Syk,
and p38-MAPK (Fig. 7A) and with the release of B-hexosaminidase,
indicating that SHIP-1 tyrosine phosphorylation is associated with a
decrease in its phosphatase activity, as others have shown (40). In
contrast, SHIP-1 phosphorylation was seen in early desensitization
when sequential suboptimal Ag doses were delivered at steps 1 to 4
(Fig. 7B), when there was no release of 3-hexosaminidase and when
Syk, Lyn, and p38-MAPK were not phosphorylated, indicating a
divergent inhibitory function. Blocking its phosphatase activity with
3AC in mouse BMMCs and human LAD2 cells did not abrogate
desensitization, indicating that the phosphatase function was not
required, regardless of the mast cell origin (Fig. 8A, 8B). To assess
nonphosphatase inhibitory functions, we silenced SHIP-1 protein with
siRNA and CreSHIP-1 fi/fil BMMCs and were able to significantly
lift the block on the inhibition of (3-hexosaminidase release, providing
evidence of desensitization interference (Fig. 8E-8H). Because the
initial steps of desensitization provided suboptimal Ag, we hypothe-
size that inhibitory iITAMs (41) with monophosphorylated tyrosines
are generated in the 3- and -y-chains of the crosslinked FceRI, becom-
ing docking sites for SHIP-1, which contains one SH2 domain, and
excluding Syk with two SH2 domains (37). Progressive engagement
of the iITAMs by SHIP-1 with increasing suboptimal doses in the
first four steps induced transient tyrosine phosphorylation of SHIP-1,
allowing interactions with inhibitory partners and likely creating Ag-
specific membrane segregated domains. The amino terminal SHIP-1
SH2 domain can bind to phosphotyrosine residues on ITAMs and
immunoreceptor tyrosine-based inhibition motifs, and gp49B1 (37)
could be recruited by phosphorylated SHIP-1, protecting desensitized
FceRI aggregates from activating partners. B- and vy-chain iITAM
would generate membrane proximal traps for SHIP-1, modifying the
membrane arrangements around crosslinked FceRI and changing the
configuration of CRAC calcium channels, preventing extracellular
calcium entry. Phosphorylated SHIP-1 could bind actin and tubulin,
preventing polymerization. At optimal Ag doses, the segregated,
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desensitized FceRI would remain unavailable to restore dual phos-
phorylation of 3- and y-ITAMs and could not engage Syk and
other activation partners.

In this model, the complex choreography of desensitization involves
a skewing to inhibitory signals initiated by suboptimal Ag, which gener-
ate ilTAMs and favor the docking of SHIP-1 over Syk through engage-
ment of single SH2 domains. Removing SHIP-1 protein decreased
the inhibitory function of desensitization, indicating the need for
structurally intact protein because its phosphatase activity was not
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involved. Multiple suboptimal Ag doses below 10% of the optimal
dose would saturate all FceRI iITAMs sensitized with the specific
desensitizing Ag, and a minimal time of 10 min between doses
would allow rearrangement of the membrane and segregation of
crosslinked FceRI from activation partners. Membrane segregation of
desensitized FceRI would allow nondesensitized Ags to access the
activation machinery (Fig. 2C).

This study provides evidence that SHIP-1 is required for desensi-
tization and that the initiation of inhibitory signals is upstream and
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independent of its phosphatase function. Many questions remain
unanswered, including which inhibitory partners are activated by
SHIP-1 during desensitization, how desensitized and crosslinked
are FceRI segregated, and how segregation is maintained to pre-
clude specific activation signaling. Although this study does not
provide evidence of the generation of iITAMs, it provides evidence
of SHIP-1 involvement, opening the field for a targeted approach to
the inhibitory mechanisms underlying multistep desensitizations.
SHIP-1 is shown to participate in the delicate balance between activa-
tion and desensitization, and interventions promoting SHIP-1 activa-
tion would enhance the inhibitory state and help design safer human
protocols. Uncovering SHIP-1 as a player in multistep IgE desensiti-
zation provides insight into a “biological brake” of mast cell activa-
tion and anaphylaxis with therapeutic potential.
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