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Background: Mast cell elimination through sialic acid 

immunoglobulin-like lectin 6 (Siglec-6) is a promising, yet 

minimally explored strategy for diseases characterized by mast 

cell overactivity or overproduction.

Objective: We combined nanotechnology with cell-free protein 

synthesis to develop a therapeutic strategy (anti–Sig6- 

NPmidoFab) for selectively eliminating mast cells.

Methods: Nanocarriers are loaded with the protein kinase 

inhibitor midostaurin and conjugated with cell-free protein 

synthesis-enabled clickable, synthetically dimerized anti–Siglec-6 

antibody fragments to selectively target Siglec-6–expressing mast 

cells.

Results: Using human mast cell lines and primary human mast 

cells as well as a Siglec-6 knock-in mouse model and a 

humanized mast cell malignancy mouse model, we 

demonstrated selective elimination of Siglec-6–positive mast 

cells with reduced off-target effects on Siglec-6–negative cells.

Conclusion: This approach offers new treatment strategies for 

malignant and nonmalignant mast cell–mediated disease with 

potential for broad application. (J Allergy Clin Immunol 

2026;■■■:■■■-■■■.)

Key words: Nanotherapy, Siglec-6, cell-free protein synthesis, mast 
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The prevalence of mast cell malignancies such as mastocytosis 

is estimated to be 1 or 2 per 10,000, although they are likely 

underdiagnosed because of their rarity and nonspecific symp

toms.1 Mastocytosis typically presents with urticaria pigmentosa, 

flushing, diarrhea, and/or tachycardia. It can be classified as either 

cutaneous mastocytosis or systemic mastocytosis, with prognosis 

ranging from indolent to rapidly deteriorating, the latter being 

associated with high rates of mortality.2-4 This rare disease can 

be devastating. The estimated disability-adjusted life year per 

100,000 inhabitants of indolent systemic mastocytosis is 89 to 

168, on par with that of leukemia, lymphoma, and psoriasis.5

Mast cell malignancies are driven by aberrant mast cell 

behavior and excessive proliferation. Over 90% of systemic 

mastocytosis cases are associated with a gain-of-function D816V 

mutation in exon 17 of the cytoplasmic domain of the KIT 

receptor (CD117), resulting in constitutive signaling. KIT is a 

tyrosine kinase receptor activated by stem cell factor, which leads 

to mast cell proliferation and survival.6,7

The current standard of treatment relies on tyrosine kinase 

inhibitors (TKIs), most of which have some degree of off-target 

effects. Midostaurin (Rydapt; Novartis Pharmaceuticals) is a 

small-molecule multiple TKI that in 2017 was the first drug of its 

kind approved for treating systemic mastocytosis.2,8,9 Although 

effective, midostaurin has broad kinase inhibitory activity, lead

ing to several adverse effects, such as lymphocytopenia.2,10,11 It 

also has low aqueous solubility and poor bioavailability and 

must be dosed orally.12 In more recent years, other small- 

molecule drugs have been investigated on the basis of the binding 

and targeting strategy of midostaurin. Imatinib is the first selec

tive TKI to be approved but depends on the wild-type form of 

KIT for binding.13 Avapritinib (Ayvakit; Blueprint Medicines) 

and bezuclastinib are more recent TKI variations designed to 

have more selective activity against the mutant D816V form of 

KIT.8,14,15

New treatments that are mutation agnostic with minimal off- 

target effects and favorable bioavailability are needed to achieve 

mast cell inhibition or elimination. Here, we introduce a platform 

for making targeting molecules that enables a cell-selective 

therapeutic construct. The platform relies on cell-free protein 

synthesis (CFPS), which involves isolating transcription and 

translation machinery from Escherichia coli in the form of a crude 

extract to express desired proteins.16-26 CFPS allows de novo pro

duction of antibody fragments (Fabs) capable of synthetic dimer

ization (sd) and click chemistry conjugation (azido-modified, 

synthetically dimerized fragment antigen-binding antibodies 

[azido-sdFabs]).27-30 These targeting molecules can then be con

jugated to the surface of poly(ethylene glycol)-block- 

poly(propylene sulfide) (PEG-b-PPS) nanoparticles (NPs) shown 
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to improve bioavailability and the nanocarrier can be loaded with 

a drug payload, such as midostaurin, for cell-selective 

delivery.31-35

We next considered a cell type for proof-of-concept testing of 

this construct. We chose malignant mast cells for this purpose, 

examining mast cell surface markers on which to base azido- 

sdFab specificity for nanocarrier targeting. Anti-KIT antibodies 

have been shown to have antiproliferative effects on normal mast 

cells but depend on a normally functioning KIT receptor, so they 

likely will not alter malignant mast cell survival and prolifera

tion.36 KIT is also expressed on several other cell types, including 

sperm cell progenitors, hair follicle pigment cells, hematopoietic 

stem cells, megakaryocytes, and primed CD81 T cells. Adverse 

effects reported from KIT targeting include neutropenia, 

decreased sperm counts, and skin and hair depigmentation.37-45 

As a promising alternative, we looked to a family of inhibitory im

munoreceptors known as sialic acid–binding immunoglobulin- 

like lectins (Siglecs) to identify a mast cell selective target. 

Siglec-3, -6, -7, -8, and -9 are expressed on human mast cells.46-50 

Mast cells share Siglec-3 (CD33) expression with several 

myeloid-derived immune cell types, Siglec-8 expression with eo

sinophils, and Siglec-9 with several myeloid- and lymphoid- 

derived immune cells.51 Antibody–drug conjugates targeting 

Siglec-3 and Siglec-8 have shown promise in promoting malig

nant mast cell death.52-55 Mast cells share Siglec-6 expression 

with placental trophoblasts, which are only present during preg

nancy.46,56 Recent data have also found evidence of Siglec-6 

expression with some hematologic malignancies and possibly 

memory B cells.57 Anti–Siglec-6 antibodies have shown promise 

in promoting mast cell inhibition and depletion through antibody- 

dependent cellular phagocytosis and were well tolerated in a 

phase 1 trial.58,59 We selected Siglec-6 as a target and modeled 

our azido-sdFabs after an anti–Siglec-6 antibody known to be 

rapidly internalized for more efficient payload delivery.58

Overall, we sought to develop a therapeutic construct, NPFab, 

for cell-selective delivery of a drug payload. We formulated the 

construct for the treatment of mast cell malignancies (anti–Sig6- 

NPmidoFab) for proof-of-concept testing. In our anti–Sig6- 

NPmidoFab formulation, midostaurin is loaded into PEG-b-PPS 

nanocarriers, which are then conjugated with CFPS-enabled anti– 

Siglec-6 azido-sdFab fragments for a mutation agnostic, mast 

cell–targeted, cytotoxic nanotherapy. In several relevant disease 

models, including a Siglec-6 knock-in (KI) mouse model, we 

show enhanced and selective elimination of mast cells by anti– 

Sig6-NPmidoFabs loaded with midostaurin compared to mid

ostaurin alone, thus offering a safer, cell-targeted therapeutic 

approach potentially involving a range of drug payload delivery 

strategies for the treatment of mast cell malignancies and other 

mast cell–mediated diseases.

METHODS
Deidentified human skin samples were obtained under an 

institutional review board waiver (STU00218089). All protocols 

involving murine models were approved by Northwestern Uni

versity’s institutional animal care and use committee. Detailed 

methods are provided in the Methods section in this article’s 

Online Repository available at www.jacionline.org.

RESULTS

Design and assembly of Siglec-6–targeting 

molecules
By using CFPS, we overcome challenges of existing ap

proaches for nanocarrier targeting, which rely on full-length 

antibodies or digested fragments of the antigen-binding region 

(Fabs). The large size of full-length antibodies poses binding-site 

limitations because moderate and high densities can compromise 

NP integrity as a result of steric stress and destabilization by the 

larger protein. Digestion of Fab fragments are often incomplete, 

rely on denaturing conditions, and leave limited chemistries for 

NP conjugation. The use of CFPS enables production of Fab 

fragments designed to include a leucine zipper motif for reliable 

assembly of Fab fragments through synthetic dimerization (sd) 

and to permit incorporation of a noncanonical amino acid for 

click chemistry conjugation.60,61 We also express Fabs under 

oxidizing conditions to further support assembly by disulfide 

bond formation. By using a recoded E coli strain where one of 

the stop codons (TAG) has been freed up by genome engineer

ing,16,30 we can include a TAG codon for incorporation of 

azido-modified phenylalanine, which provides the azide click 

handle for conjugation between the targeting molecule and NP. 

Click chemistry is a conjugation reaction that occurs between 

an azide and an alkyne, forming a covalent bond, and is known 

for its efficiency and bio-orthogonality.27-29 The resulting mole

cule is a clickable, synthetically dimerized Fab (azido-sdFab).

Anti–Siglec-6 azido-sdFabs are designed on the basis of the 

sequence of a commercially available anti–Siglec-6 antibody that 

is rapidly internalized.58 They are encoded as separate heavy- 

chain and light-chain constructs on two separate plasmids. The 

constructs include (1) downstream complementary leucine zipper 

heterodimer domains (LZA and LZB) for synthetic dimerization, 

(2) affinity tags on the heavy chain for purification and analysis, 

and (3) a TAG codon for noncanonical azido-modified phenylal

anine incorporation on the light chain to enable click chemistry 

conjugation. The opposing position of the affinity tag and TAG 

codon ensures that only assembled Fabs will be present on the 

Abbreviations used

Azido-sdFab: Azido-modified, synthetically dimerized frag

ment antigen-binding antibody

CD45: Leukocyte common antigen

CFPS: Cell-free protein synthesis

Cpa3: Carboxypeptidase A3

DBCO: Dibenzocyclooctyne

DSPE: 1,2-Distearoyl-sn-glycero-3- 

phosphoethanolamine

Fab: Antibody fragment

KI: Knock in

LUVA: Immortalized human mast cell line from Labora

tory of University of Virginia

NP: Nanoparticle

PEG: Polyethylene glycol

PEG-b-PPS: PEG-block-poly(propylene sulfide)

ROSA D816V: ROSA cells with mutated KIT

ROSA WT: ROSA cells with wild-type KIT

sd: Synthetically dimerized

Sig6-targeted NPs: Empty Siglec-6–targeted micelles without drug 

payload

Siglec: Sialic acid immunoglobulin-like lectin

TKI: Tyrosine kinase inhibitor
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NP surface after purification and conjugation (Fig 1, A, and see 

Table E1 in the Online Repository available at www.jacionline. 

org). Two designs were made. The mouse azido-sdFab encodes 

the mouse kappa constant region for the light chain and mouse 

IgG2a constant region for the heavy chain. The chimeric azido- 

sdFab encodes human kappa constant region for the light chain 

and the human IgG1 constant region for the heavy chain. Con

structs were expressed by CFPS (Fig 1, B) and visualized on a 

gel after incorporation of fluorescent lysine (FluoroTect) and 

before purification. The predominant band indicative of fully 

assembled product is visible at ;70 kDa along with smaller bands 

representing unassembled heavy and light chains. Some unassem

bled components are to be expected, but the predominant product 

is the fully assembled Fab fragment (Fig 1, C). Residual fluores

cent dye in the figures can be seen as smeared lanes, as is typical 

with the FluoroTect technology.

In vitro binding of anti–Siglec-6 azido-sdFabs
To confirm expression and assembly leads to functional azido- 

sdFabs capable of binding Siglec-6 in vitro, a bead-based Alpha

LISA assay was used to detect binding. AlphaLISA is an 

in-solution ELISA that allows for high-throughput analysis of pro

tein interactions.61 A cotitration was performed where commer

cially produced Siglec-6 containing an Fc tag associates with 

protein A donor beads and anti–Siglec-6 azido-sdFab expressed 

by CFPS associate with anti–flag acceptor beads. Successful bind

ing is determined by the emission of light resulting from an energy 

transfer between donor and acceptor beads when brought in close 

proximity through interactions of their associated binding partners. 

Typically, signal is highest at some optimal concentration and de

creases as concentrations move away from the central optimum. 

At higher concentrations, this is due to the Hook effect; at lower 

concentrations, this is due to insufficient material. The pattern 

observed on the cotitration heat maps indicates successful binding 

of both mouse and chimeric azido-sdFab to Siglec-6 (Fig 1, D).

Cross-reactivity of anti–Siglec-6 azido-sdFabs with 

other selected Siglecs
To verify that anti–Siglec-6 azido-sdFabs are specific to Siglec- 

6 and do not have cross-reactivity with other Siglecs expressed by 

mast cells, a similar AlphaLISA cotitration, narrowed to the 

optimal concentration for visualizing binding interactions, was 

performed with commercially produced Siglec-6, Siglec-8, and 

Siglec-3 (CD33). Siglec-8 and Siglec-3 were chosen as repre

sentatives of narrowly and broadly expressed Siglecs, respec

tively, that also share expression with mast cells. Successful 

binding was observed for azido-sdFabs against Siglec-6 (Fig 2), 

but not for Siglec-8 or Siglec-3, as indicated by signal levels 

near background when at least one binding partner was absent. 

This indicates that azido-sdFabs recognize Siglec-6 without off- 

target cross-reactivity with other mast cell–specific Siglecs, 

consistent with the binding patterns of the original mouse anti- 

human Siglec-6 monoclonal antibody from which the azido- 

sdFabs were based.

Preparation of anti–Sig6-NPmidoFabs
We prepared PEG-b-PPS micelle nanocarriers, which are 

small (typically 10-50 nm), monolayered nanocarriers loaded 

with or without midostaurin. 1,2-Distearoyl-sn-glycero-3- 

phosphoethanolamine–polyethylene glycol–dibenzocyclooctyne 

(DSPE-PEG-DBCO) is an amphiphilic polymer that contains a 

strained alkyne and was incorporated into PEG-b-PPS micelles to 

prepare them for click chemistry conjugation to azido-sdFabs. 

DSPE-PEG2K-DBCO was successfully incorporated into the 

assembled nanocarrier structure without compromising particle 

size and homogeneity. Size measurements were consistently in a 

range of 18 to 25 nm with relatively low polydispersity, regardless 

of the weight percentage of DBCO-labeled molecules incorpo

rated (0.5, 2, and 4 wt%; data not shown). Loading of midostaurin 

was verified by UV-Vis spectroscopy. Drug encapsulation was 

consistent across DSPE-PEG-DBCO compositions (see Table E2

in the Online Repository available at www.jacionline.org).

PEG-b-PPS micelles were then incubated with anti–Siglec-6 

azido-sdFabs for click chemistry conjugation. To determine 

conjugation efficiency, micelles were incubated with fluores

cently labeled azide to quantify the amount of unreacted DBCO. 

The conjugation efficiency, or percentage of available sites 

conjugated to the azido-sdFabs, is approximately 94% for PEG- 

b-PPS micelles composed of 0.5 wt% DSPE-PEG2K-DBCO and 

81% for micelles composed of 2 wt% DSPE-PEG2K-DBCO 

(data not shown). The 0.5 wt% particles were used for further 

experiments. Purification and removal of unreacted azido-sdFabs 

was verified by free fluorescently labeled DBCO.

Anti–Sig6-NPmidoFabs reduce the viability of 

human mast cells and cell lines
To evaluate mast cell elimination in vitro, we utilized a human 

mast cell line capable of IgE-mediated degranulation (ROSA 

WT), a transfected version of this cell line bearing the most com

mon mutation associated with mastocytosis (ROSA D816V),62 an 

immortalized human mast cell line (LUVA),63 and normal primary 

human mast cells from skin.64,65 We performed cell viability MTT 

[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] 

assays after incubating human mast cell lines and primary human 

mast cells overnight with PEG-b-PPS micelles conjugated to 

anti–Siglec-6 azido-sdFabs that were or were not loaded with mid

ostaurin. Anti–Sig6-NPmidoFabs loaded with midostaurin showed 

comparable mast cell killing to that of free midostaurin, while Si

glec-6–targeted micelles without drug payload (empty Sig6- 

targeted NPs) had little to no effect. ROSA WT cell lines and 

ROSA D816V cells displayed approximately the same receptive

ness to free drug and the targeted nanotherapy (Fig 3, A and B). 

However, LUVA cells and primary human mast cells both dis

played enhanced killing by anti–Sig6-NPmidoFabs compared to 

free midostaurin (P < .0001 for both), demonstrating a half- 

maximal inhibitory concentration of 0.6047 μg/mL in LUVA cells 

and 0.4178 μg/mL in human primary mast cells (Fig 3, C and D).

Differential Siglec-6 receptor density may account for the 

differing sensitivity of these cell lines to the targeted nanotherapy. 

While each of these mast cell lines is capable of degranulation, it 

is not uncommon for modified or immortalized cell lines to have 

altered protein expression leading to artifacts unique to cell 

culture experiments.56,66,67 We utilized Quantum Simply Cellular 

beads to quantify Siglec-6 receptor density by flow cytometry.46

Both ROSA cell lines express the lowest amount of Siglec-6, 

comparable to each other—around 5,000 receptors per cell. In 

comparison, LUVA cells expressed around 12,000 receptors per 

cell (see Fig E1 in the Online Repository available at www. 
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jacionline.org). In a previous characterization of Siglec-6 on pri

mary human skin mast cells, we observed about 100,000 receptors 

per cell.46 Receptor expression was sampled from 3 time points 

between different passages, and the number of Siglec-6 receptors 

was stable for each cell type.

Generation of a Siglec-6 KI mouse model
Because there is no mouse ortholog of Siglec-6, a Siglec-6 KI 

mouse model was generated by using a similar strategy to that 

previously deployed to generate Siglec-8 mast cell–KI mice.68

Transgenic mice expressing human SIGLEC6 cDNA in a Cre- 

inducible manner (SIGLEC6LSL) were crossed with strains 

expressing Cre under control of the promoter for the mast cell pro

tease carboxypeptidase A3 (Cpa3). This achieves mast cell– 

selective expression of Siglec-6 and provides an in vivo model 

(Siglec6Cpa3) for assessing the effect of targeting Siglec-6 on 

mast cells (Fig 4, A, and see Fig E2 in the Online Repository avail

able at www.jacionline.org). In this mouse model, nearly all mast 

cells express Siglec-6 at a density of about 100,000 receptors per 

cell, which is comparable to that observed on primary human skin 

mast cells. Very weak Siglec-6 signal is detected in a subset of 

CD11b1 and Ly6G1 cells, which may indicate Siglec-6 expres

sion in a small number of neutrophils as well (Fig 4, B). At base

line, no differences are observed between Siglec-6 KI, Siglec-8 

KI, or C57BL/6 mice in mast cell responses in a passive systemic 

anaphylaxis model or mast cell numbers (see Fig E3 in the Online 

Repository).

Anti–Sig6-NPmidoFabs selectively eliminate mast 

cells in Siglec-6 KI mice
To evaluate selective mast cell elimination in vivo, Siglec-6 KI 

mice were administered anti–Sig6-NPmidoFabs via intraperito

neal injection (Fig 5, A). Leukocyte common antigen (CD45)- 

positive cells from peritoneal lavage samples were detected and 

analyzed by flow cytometry. To identify mast cell–specific elim

ination, CD451 cells were gated by a combination of Siglec-6, 
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KIT, and FcεRIα expression. CD451 cells without a mast cell 

marker were used to quantify off-target, non–mast cell toxicity. 

We observed very strong (95.5%) elimination of mast cells by 

anti–Sig6-NPmidoFabs compared to free midostaurin or 

midostaurin-loaded nanocarriers without Siglec-6 targeting (un

targeted midostaurin NPs) (46.9%, P 5 .005 and 57.2%, P 5 

.04, respectively), and no elimination with empty Siglec-6 tar

geted nanocarriers (empty Sig6-targeted NPs) (P 5 .93) (Fig 5, 

B). We also saw a reduction in non–mast cell toxicity among other 

CD451 cells by anti–Sig6-NPmidoFabs (4.8% off-target elimina

tion) compared to free drug (26.0%, P 5 .0002) or untargeted 

midostaurin NPs (18.1%, P 5 .006) (Fig 5, C). Additionally, we 

found that levels of the mucosal mast cell protease mMCP-1 

were significantly reduced in the small intestine by 48 hours after 

administration of the anti–Sig6-NPmidoFabs, indicating that 

mast cells were likewise depleted in tissues (see Fig E4 in the On

line Repository available at www.jacionline.org). No significant 

alterations of intestinal mMCP-1 levels resulted from treatment 

with free midostaurin, untargeted midostaurin-loaded nanocar

riers, or empty Siglec-6–targeted nanocarriers. We similarly 

observed selective elimination of Siglec-61 mast cells with 

preservation of CD451Siglec-62 cells in a small pilot study 

with a humanized mast cell malignancy mouse model, where 

NSG-SGM3 mice were engrafted with ROSA D816V cells and 

treated with anti–Sig6-NPmidoFabs or free midostaurin (see 

Fig E5 in the Online Repository).

DISCUSSION
Here we introduce a therapeutic construct, NPFab, enabled by 

the application of a CFPS platform for generating clickable, 

synthetically dimerizing Fab fragments (azido-sdFabs), which 

endow cell targeting capability to nanocarriers. To our knowl

edge, the combination of features deployed by our platform has 

not been produced in a single protein before. We base our azido- 

sdFab specificity on an antibody known to be rapidly internalized, 

thereby enabling intracellular delivery of the drug payload.58 By 

using midostaurin as the payload and using anti–Siglec-6 azido- 

sdFabs to selectively target mast cells, we generate a formulation, 

anti–Sig6-NPmidoFab, as a potential strategy to selectively 

deliver drug payloads into mast cells while also showing that 

the construct without payload has no detectable effect on mast 
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FIG 3. Cell viability assays of anti–Sig6-NPmidoFab–treated human mast cell lines and primary human mast 

cells. Higher absorbance values correlate to greater cell viability and populations. Anti–Sig6-NPmidoFab 

elimination of (A) ROSA D816V and (B) ROSA WT cells was comparable to that of free midostaurin. Alter

natively, anti–Sig6-NPmidoFab elimination of (C) LUVA cells and (D) primary human skin mast cells, which 

have higher Siglec-6 receptor density, was more effective to that of free midostaurin. Empty Siglec-6–tar

geted micelles without drug payload (empty Sig6-targeted NPs) have little to no effect. Significance deter

mined by 2-way ANOVA with multiple comparisons; n 5 3. *P < .05, ****P < .001. Half-maximal inhibitory 

concentration (IC50) values for anti-Sig6-NPmidoFabs vs free drug were, respectively, 0.92 vs 0.85 μg/mL 
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FIG 4. Characterization of Siglec-6 KI mouse model. SIGLEC6LSL refers to mouse strain in which human SI

GLEC6 cDNA is present but transcriptionally inactive, as it requires Cre expression to remove floxed STOP 

cassette. SIGLEC6Cpa3 refers to mouse in which human SIGLEC6 is present and Cre recombinase is ex

pressed under control of mast cell–selective Cpa3 promoter, leading to mast cell–selective Siglec-6 expres

sion. (A) Analysis of cell-surface expression of Siglec-6 on mouse leukocytes according to marker 

expression. Mouse leukocytes from SIGLEC6LSL and SIGLEC6Cpa3 mice were stained for cell type markers 

CD3, CD19, CD11c, CD11b, Ly6G, FcεRIα, and Kit. Siglec-6 expression in cells bearing indicated marker is 

compared to Siglec-61 population in same sample (total Siglec-61). Histograms are representative of 

data from 3 SIGLEC6LSL and 3 SIGLEC6Cpa3 mice. (B) Quantification of Siglec-6 receptor expression on 

mouse mast cells using flow cytometry quantification beads. Histogram demonstrates representative 

data from 3 SIGLEC6Cpa3 mice. Antibody binding capacities (ABC) of quantification bead populations are 
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Cpa3, Cre expression driven by carboxypeptidase A3 promoter (permitting Siglec-6 expression); FMO, 

fluorescence-minus-one staining control; LSL, loxP-STOP-loxP cassette preventing Siglec-6 expression.
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cell viability. We also demonstrate selective elimination of mast 

cells with reduced off-target effects in several relevant disease 

models, including a Siglec-6 KI mouse model. Thus, this 

construct overcomes the off-target effects of the current standard 

of care, TKIs. These findings provide proof of concept for the po

tential use of anti–Sig6-NPmidoFab in the treatment of mast cell 

malignancies, including mastocytosis and mast cell leukemia.

Optimization of the construct is needed for it to be ready for 

human use. The mouse–human chimeric azido-sdFab retained 

binding affinity for Siglec-6 compared to its fully mouse 

counterpart—presumably in the nanomolar range, according to 

studies correlating flow cytometry antibody performance and 

formal affinity studies.69 However, ideally, azido-sdFabs would 

be completely humanized before use in human patients.70 Also, 

the half-life of related therapeutics with PEG-b-PPS have been re

ported to range from days to weeks.31,71,72 Further iterations 

would need to optimize PEG-b-PPS morphology for stability, 

particularly because vesicles have been shown to be more stable 

in vivo.73 Optimizing azido-sdFab packing while preserving par

ticle integrity would also lead to a more effective construct. 

Finally, an intravenous route of administration would be desired 

for ease of patient use. All of these parameters would heavily in

fluence biodistribution and half-life of the therapeutic 

construct.74,75 We demonstrate mast cell depletion in different tis

sue compartments, but formal biodistribution, time course, and 

dose–response testing, as well as further characterization of bind

ing affinity and off-target effects, would best follow construct 

optimization. Existing studies have shown that inhibition of 

anaphylaxis is a functional consequence of mast cell depletion, 

but confirmatory functional testing would also be needed once 

the construct is optimized to better characterize its effects.58

In our models, the observation that human mast cells and cell 

lines with higher density of surface Siglec-6 expression has 

increased sensitivity to the therapeutic construct leads to several 

interesting potential conclusions. First, it supports a Siglec-6– 

directed mechanism of drug delivery. Second, it emphasizes the 

dependence of the therapeutic construct, in its current form, on 

Siglec-6 expression. Fortunately, Siglec-6 expression has been 

shown to be stable and consistent at ;100,000 receptors per mast 

cell across human samples and is similar between allergic and 

nonallergic patients and patients with and without systemic 

mastocytosis.46,67

While we formulated anti–Sig6-NPmidoFab with a payload 

effective for mast cell malignancies, the construct has the potential 

to be used for nonmalignant mast cell–mediated disease as well. 

Alternative cargoes such as Bruton TKIs, which have shown 

efficacy in preventing anaphylaxis, could be loaded into the 

nanocarrier for improved mast cell–selective delivery.76,77 Also, 

although targeting mast cells would be sufficient to treat 

chronic spontaneous urticaria and mastocytosis, broadening the 
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FIG 5. Anti–Sig6-NPmidoFabs more effectively eliminate mast cells with reduced off-target effects in 

Siglec-6 KI mice. (A) Mice received 3.132 μg dose of midostaurin whether administered as free drug or 

loaded into nanocarrier. Dose of empty NPs was normalized to particle polymer concentration. After treat

ment, peritoneal lavage samples from Siglec-6 KI mice were taken and analyzed by flow cytometry. (B) Mast 

cells were effectively eliminated by anti–Sig6-NPmidoFabs (purple bar). Current standard free midostaurin 

(mido) (yellow bar) and untargeted midostaurin-loaded NPs (untargeted mido NPs) (pink bar) both per

formed similarly but were 7- to 8-fold less effective at depleting mast cells than anti–Sig6-NPmidoFabs. 

Empty anti–Siglec-6–targeted NPs without midostaurin (empty Sig6-targeted NPs) and PBS vehicle both 
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NPmidoFabs were 4- to 5-fold less than free mido and untargeted mido NPs. Statistical analysis was con

ducted by 2-way ANOVA with multiple comparisons; n 5 3, *P < .05, **P < .01, ***P < .005, ****P < .001.
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azido-sdFab specificity to also target eosinophils and basophils 

would allow the construct to also be used to treat other chronic 

allergic diseases.78,79 Given recent findings of Siglec-6 expression 

on some hematologic malignancies, this targeted nanocarrier 

formulation may also be useful in the treatment of chronic lympho

cytic leukemia, chronic myeloid leukemia, and acute myeloid 

leukemia if delivering a different chemotherapeutic payload.57,67,80

Future NPFab formulations could offer new treatments for a 

wide range of disorders simply by swapping the cargo and/or 

azido-sdFab binding specificity. Because of the modularity of the 

azido-sdFab CFPS platform, this therapeutic construct could 

conceivably be used to deliver a desired payload to any cell with 

a surface marker that could be targeted by an antibody, which would 

extensively broaden the potential applications of this technology.
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Key messages

● A novel cell-free protein synthesis platform enables the 

production of specialized targeting molecules which are 

azido-modified, synthetically dimerized Fab fragments 

that can be conjugated to the surface of NPs.

● There is no mouse ortholog for Siglec-6, so a KI mouse 

model with mast cell–selective Siglec-6 expression is 

introduced.

● Formulating the azido-sdFabs into a therapeutic 

construct where NPs are targeted to Siglec-6 and loaded 

with midostaurin (anti–Sig6-NPmidoFab) achieves selec

tive mast cell elimination and reduced off-target effects 

in human mast cell lines, primary human mast cells, 

and mouse models, offering a new strategy for treating 

mast cell malignancies with the potential for broad 

application.
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