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Abstract

Siglecs (sialic acid-binding, immunoglobulin [Ig]-like lectins) are a family of single-pass

transmembrane cell surface proteins found predominantly on leukocytes. Their unique structural

characteristics include an N-terminal carbohydrate-binding (“lectin”) domain that binds sialic acid,

followed by a variable number of Ig-like domains, hence these structures are a subset of the Ig

gene superfamily. Another unique feature of Siglecs is that most, but not all, possess so-called

immunoreceptor tyrosine-based inhibitory motifs (“ITIMs”) in their cytoplasmic domains,

suggesting that these molecules function in an inhibitory capacity. Siglec-8, the eighth member

identified at the time, was discovered as part of an effort initiated almost a decade ago to identify

novel human eosinophil and mast cell proteins. Since that time, its selective expression on human

eosinophils and mast cells has been confirmed. On eosinophils, Siglec-8 engagement results in

apoptosis, whereas on mast cells, inhibition of FcεRI-dependent mediator release, without

apoptosis, is seen. It has subsequently been determined that the closest functional paralog in the

mouse is Siglec-F, selectively expressed by eosinophils but not expressed on mast cells. Despite

only modest homology, both Siglec-8 and Siglec-F preferentially recognize a sulfated glycan

ligand closely related to sialyl Lewis X, a common ligand for the selectin family of adhesion

molecules. Murine experiments in normal, Siglec-F-deficient mice and hypereosinophilic mice

have resulted in similar conclusions that Siglec-F, like Siglec-8, plays a distinctive and important

role in regulating eosinophil accumulation and survival in vivo. Given the resurgent interest in

eosinophil-directed therapies for a variety of disorders, plus its unique additional ability to also

target the mast cell, therapies focusing on Siglec-8 could some day prove to be a useful adjunct to

our current armamentarium for the treatment of asthma, allergies and related disorders where

overproduction and overactivity of eosinophils and mast cells is occurring.

Introduction

Acute and chronic allergic inflammatory responses share a number of characteristic

biochemical and cellular features. Many of these features resemble those found in non-

allergic diseases such as nasal polyposis and eosinophilic esophagitis where evidence of

selective accumulation and activation of mast cells and eosinophils is also seen [1,2]. From a
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pathophysiologic standpoint, processes selectively regulating eosinophil and mast cell-

related activities, including hematopoiesis and cell trafficking, accumulation, survival,

activation and apoptosis, contribute to their inflammatory activities [3,4]. Strategies

designed to interrupt each of these events are being used as therapeutic agents or are being

developed, and range from small molecule receptor antagonists to biologicals capable of

neutralizing IgE, cytokines and other proteins [5]. Despite some unanswered questions [6-8],

work continues to focus on the central role of the eosinophil and the mast cell in a number of

allergic, hematologic and inflammatory conditions. Efforts to complete the description of the

eosinophil surface phenotype and understand unique IgE receptor signaling cascades are

quite advanced [4,9], and such work should lead to the discovery of cell type-specific

markers for identification of mast cells and eosinophils as well as the development of agents

designed to selectively antagonize the biology of these cells. Monoclonal antibodies such as

omalizumab [7] and mepolizumab [10], reslizumab [11] and MEDI-563 [12] are recent

examples of such efforts, and additional ongoing targets that are selective for eosinophils

and mast cells include the chemokine receptor CCR3 and the prostaglandin D2 receptor

CRTh2 [5].

Another therapeutic approach focuses on activation of inhibitory or death receptors on cells

by using agonist antibodies or small molecules for their selective engagement and

subsequent downregulation of cell function and/or survival. For example, FAS, TGF-β and

corticosteroids are effective in inducing eosinophil apoptosis and serve to counteract

survival signals encountered by these same cells such as IL-5, GM-CSF and others [4], yet

they lack cell specificity and the degree of safety one would want for use in a chronic

disease such as asthma. For the mast cell, targeting IgE and its receptor has been shown to

be clinically effective and at least in murine systems, regulation of IgE binding may alter

mast cell survival [13]. The ability to develop antibodies and small molecules that could

engage inhibitory receptors such as FcγRII (CD32) might also result in inhibitory responses,

especially if selectively targeted to mast cells [14].

Experiments dating back a decade or longer to identify novel surface markers selectively

expressed on eosinophils and mast cells were undertaken with the hope that this would lead

to the development of new cell type-specific targets for therapy. This review will discuss the

effort that led to the discovery of Siglec-8, and its closest function mouse paralog, Siglec-F.

After a brief review of the Siglec receptor family, Siglec-8 and Siglec-F function on human

eosinophils, and Siglec-8 function on mast cells, will be covered, followed by a discussion

of their shared glycan ligands and known in vivo biology.

Siglecs

The term Siglecs, which stands for sialic acid-binding immunoglobulin-like lectins (lectins

being structures that bind carbohydrates), was coined in 1998 [15] to describe a subset of the

immunoglobulin (Ig) gene superfamily that differed from other Ig members mainly at the

outermost and innermost ends of the molecule. By definition, the domain of Siglecs found at

the most membrane-distal extracellular location (N-terminus) uniquely binds different forms

of sialic acid, while the membrane-proximal cytoplasmic domains usually, but not always,

contain certain conserved amino acid sequences found in other groups of inhibitory

receptors that are referred to as immunoreceptor tyrosine-based inhibitory motifs, or ITIMs.

Siglecs are also considered Type I, or single pass, transmembrane surface proteins, which is

not to be confused with the fact that Siglecs also belong to the I-type or immunoglobulin-

like lectin family. There are now 14 known human Siglecs, and each possesses a

characteristic number of Ig-like domains varying in number from two to seventeen, but most

commonly two to four as do those of the CD33 (Siglec-3) subfamily including Siglec-8 and
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Siglec-F (see Figure 1). For detailed recent general reviews on Siglecs, the reader is referred

to other recent publications [16-22].

Discovery and characteristic features of Siglec-8

Siglec-8 was originally discovered from a human eosinophil cDNA library prepared from a

patient of this author with hypereosinophilic syndrome. A leading technology at that time

involved purifying mRNA and then focusing on mRNA that contained so-called expressed

sequence tags, which meant it was a subset of mRNA that contained a unique sequence

targeting the mRNA to ribosomes, and hence was destined for translation into protein. This

material could be isolated, amplified and then randomly sequenced. Using this approach in

collaborations with industry collaborators, a total of about 10,000 such sequenced eosinophil

mRNAs were entered into a database and then searched for homology to known mRNA

sequences as well as ones that had been described but had unknown function. In this

eosinophil cDNA library was an mRNA sequence predicting for a protein that had

homology to CD33, also known as Siglec-3, which was found predominantly on

myelomonocytic cells and used as a marker and target for certain hematopoietic

malignancies [23,24]. Additional investigation revealed that indeed this mRNA encoded for

a mature protein designated by us as SAF-2 (for sialoadhesin family member 2), but also

reported by another laboratory using the same starting eosinophil material and ultimately

named Siglec-8, as the eighth known member of the Siglec family at the time [25,26].

Additional investigations by a third laboratory led to the discovery of an alternatively

spliced form, which is now known to be the predominant form in which there are two

putative inhibitory motifs in the cytoplasmic domain [27,28]. Additional independent work

using a comparative transcriptome approach has confirmed the highly selective nature of

Siglec-8 expression by eosinophils [29]. When monoclonal antibodies to the extracellular

region of Siglec-8 were generated, prominent and selective expression of Siglec-8 on human

eosinophils was confirmed [25,26], but, somewhat surprisingly, Siglec-8 was also found to

be expressed on human mast cells and to a weak but consistent degree on human basophils

[25].

Siglec-8 contains two ITIM-like cytoplasmic domains conserved in other inhibitory and

immune receptors (Figure 1). Receptors with these structures after ligation or crosslinking

typically recruit inhibitory phosphatases such as src-homology domain containing tyrosine

phosphatase-1 (SHP-1), which are felt to mediate a variety of downstream effects including

inhibition of proliferation, inhibition of secretion, and even cell death [20]. It is interesting to

note that unlike other cell surface receptors and activation markers normally used to

distinguish eosinophils from neutrophils and other cells, such as CCR3, CD9 and CD49d,

Siglec-8 appears to be a very late terminal differentiation antigen and once expressed surface

levels remain extremely stable [3,25,30]. Evidence for this includes the fact that flow

cytometric evaluation of blood and bronchoalveolar lavage eosinophils show similar levels

of Siglec-8 surface expression (unpublished observations). Activation of eosinophils in vitro

with a variety of substances known to induce eosinophil activation and resulting in up-

regulation and down-regulation of other cell surface markers fail to affect Siglec-8 surface

protein expression [25]. To date, none of the eosinophilic cell lines, including those derived

from HL60 and others, express Siglec-8, further evidence of the concept that this is a late

differentiation antigen ([25] and unpublished observations]. However, nothing is known

about regulation of Siglec-8 expression at the genetic level, nor has there been any reports

regarding the promoter region of Siglec-8. The gene itself is located on chromosome 19q13

in a region associated with many other CD33-related Siglecs [31], suggesting that Siglec-8

evolved through gene duplication. Ongoing studies [32] are exploring the possibility that

single nucleotide polymorphisms in and around the Siglec-8 gene might influence
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expression and/or function of the molecule and thus be associated with eosinophilic or

allergic disease phenotypes.

Function of Siglec-8 on human eosinophils and mast cells

When initially exploring function of Siglec-8, one of the limitations in the field of Siglec

biology was a lack of knowledge regarding natural carbohydrate-containing glycan ligands.

To obviate this, most laboratories resorted to the use of antibodies as artificial ligands. Our

initial approach to studying Siglec-8 function has followed this same paradigm. Incubation

of human eosinophils under Siglec-8 antibody crosslinking conditions resulted in

pronounced cell death that was mediated through apoptosis rather than necrosis [33].

Mechanistic studies implicated both caspases and reactive oxygen species generation

resulting in mitochondrial injury in this cell death, and a paradigm emerged that engagement

of Siglec-8 activates the apoptotic pathway involving generation of reactive oxygen species

leading to downstream mitochondrial dysfunction and caspase cleavage before apoptotic

death ensues [34,35].

One of the initially confusing observations regarding Siglec-8-induced cell death was that

unlike most other eosinophil death pathways that can be overridden by counterbalanced

survival signals such as those provided by the cytokines IL-5 and GM-CSF, Siglec-8-

induced death was enhanced by these cytokines in that cells would die even more readily

with even less of a Siglec-8 engagement signal [33]. These results were subsequently

confirmed in eosinophils primed in vivo following allergen bronchoprovocation, and primed

cells no longer used caspases in the apoptosis process, instead relying exclusively on

reactive oxygen species generation and mitochondrial injury [36]. Overall, these data

suggest that activated eosinophils might be particularly susceptible to pharmacologic

approaches that engage Siglec-8 [22].

As mentioned above, Siglec-8 was originally discovered based on efforts to discover new

eosinophil surface proteins, but it quickly became clear that mast cells also express Siglec-8

[25]. Subsequent studies using in vitro methods to generate mast cells from CD34+

progenitors showed that Siglec-8 is not expressed on early precursors but appears on the cell

surface at about the same time as do other mast cell markers such as intracellular histamine

and surface FcεRI [37]. Additional work showed, for reasons that are still not entirely clear,

that mast cells do not undergo apoptosis when Siglec-8 is crosslinked, nor does this enhance

apoptosis when cells are forced to undergo apoptosis through other pathways [38,39].

Instead, crosslinking of Siglec-8 results in profound inhibition of IgE receptor-triggered

histamine and prostaglandin D2 release, but interestingly not the release of other newly

formed mediators such as cytokines [38]. Based on parallel studies with both human mast

cells and Siglec-8-transfected RBL cells, crosslinking of Siglec-8 inhibits IgE receptor-

induced calcium flux responses [38], reminiscent of other mast cell responses that are

inhibited by engagement of ITIM-containing surface receptors [14,40]. Transfected cells

were used to show the requirement of the ITIM domain by showing that the introduction of

a point mutation into the membrane proximal ITIM tyrosine residue resulted in complete

elimination of this inhibitory biology [38], as has been observed for Siglec-7 and Siglec-9 in

transfected cells [41,42]. Ongoing work is beginning to explore Siglec biology on human

basophils but these cells tend to express higher levels of Siglecs other than Siglec-8; indeed,

mast cells most prominently express Siglec-6 and basophils prominently express Siglec-5

and others, and it is therefore possible that other approaches involving Siglecs may prove to

be useful strategies for inhibiting biological responses of these cells too [21,43-45].

While our studies using monoclonal antibodies to Siglec-8 were ongoing, another group

discovered that intravenous immunoglobulin (IVIG) preparations that are used commercially
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contain autoantibodies to Siglec-8 at a high enough titer so as to also induce eosinophil

apoptosis in vitro, especially in cytokine-primed cells [46]. The in vivo relevance of this

concept remains somewhat controversial, as recent reports would suggest that administration

of IVIG does not routinely lead to an acute eosinopenia [47,48], but these preparations of

IVIG were not specifically tested for their titers of Siglec-8 antibody, which can vary from

lot to lot and brand to brand (unpublished observations). Nevertheless, it is tempting to

speculate that the varied efficacy of IVIG used to treat patients with hypereosinophilic and

mast cell-associated disorders could be due to differences in titers of anti-Siglec-8

antibodies, as indeed there have been favorable reports of the use of IVIG in conditions such

as chronic urticaria and Churg-Strauss syndrome [49,50].

Ligands for Siglec-8

By definition, Siglecs bind sialic acid, but it turns out that the conformation of these sialic

acids are extremely critical in determining which sialylated structures bind to which Siglecs.

In general, CD33-related Siglecs, including Siglec-8, tend to recognize α2,3-linked sialic

acid, while other Siglecs prefer α2,6-linked or α2,8-linked sialic acid [16,20]. A major

advance in the field of glycobiology devoted to understanding glycan-lectin binding

occurred with the development of glycan binding arrays. One of the best examples of this is

the glycan array developed by the NIH-funded Consortium for Functional Glycomics

(http://www.functionalglycomics.org/static/consortium/resources/resourcecoreh8.shtml)

whereby hundreds of carbohydrate structures have been covalently coupled to a slide in a

way that allows rapid screening of carbohydrate binding of suspected lectins [51-53]. Using

this approach, we discovered that Siglec-8 very specifically recognizes 6′ sulfated sialyl

Lewis X (6′-sulfo-sLex or NeuAcα2-3Galβ1-4(Fucα1-3)(6-O-sulfo)GlcNAc) [54]. Sialyl

Lewis X, a known ligand for E-, P- and L-selectin [55], does not bind Siglec-8 but instead

absolutely requires the presence of the sulfate on the 6 position of the galactose residue.

Despite this subtle difference, there are very few structures screened by the Consortium for

Functional Glycomics that selectively recognize 6′-sulfo-sLex, although Siglec-7 and a few

other lectins did bind to varying degrees. In preliminary studies, incubation of whole human

blood with a polyacrylamide polymer decorated with 6′-sulfo-sLex resulted in binding to

eosinophils that was Siglec-8-dependent. In contrast, no detectable binding to any other

leukocyte subtype was detected, including monocytes and lymphocytes that express Siglec-7

[56]. Efforts are underway to determine where this glycan might be expressed in tissues in

vivo, and which enzymes might be required for its synthesis, and the exact nature of the

glycoprotein(s) or glycolipid(s) that display this complex sulfated sugar (see below).

Expression and function of Siglec-F

With the discovery of Siglec-8, efforts were initiated to discover its counterpart in the

mouse, where systems would be more amenable to in vivo manipulation for exploring its

biology. There are only about half as many Siglecs in mice compared to humans [21] (note

that by nomenclature agreement, those unique to the mouse are lettered rather than

numbered [15]), and based on structural homology alone, there was no clear mouse ortholog

of Siglec-8. Therefore, different strategies were needed to determine which Siglecs were

most prominently expressed by mouse eosinophils. Using IL-5 transgenic mice and

Northern blotting, Siglec-E, -F and -G were all expressed at the mRNA level in mouse

eosinophils, but patterns of expression were markedly increased in IL-5 transgenic mice

only for Siglec-F and Siglec-G [57]. Ultimately, it was not until antibodies were generated

that this issue was completely resolved, and in it is now clear that Siglec-G is expressed on

B lymphocytes [58] while Siglec-F is most prominently expressed by mouse eosinophils

[59-61]. This was somewhat unexpected based on sequence homology alone, since Siglec-F

more closely resembles human Siglec-5, which is not expressed by human eosinophils
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[57,62]. Other differences were subsequently found among patterns of cellular surface

expression of Siglec-F and Siglec-8. Siglec-F is not expressed on mouse mast cells and

instead is expressed on a wider range of cells including alveolar macrophages and at very

low levels on T cells and neutrophils, none of which in humans express Siglec-8; and unlike

Siglec-8, surface levels of Siglec-F on eosinophils and other cells increase during allergic

inflammatory responses [21,62-64]. Based on these original reports, Siglec-F has emerged

as a reliable distinguishing marker of eosinophils among granulocytes in the mouse [65-69].

Despite these structural and cellular differences, it is remarkable that Siglec-F, like Siglec-8,

has evolved to selectively recognize 6′-sulfo-sLex [61]. Therefore, because of its preferential

expression on eosinophils and preference for binding the same ligand, Siglec-F and Siglec-8

are best thought of as functionally convergent paralogs. Subsequent studies by Zhang et al.

successfully deleted the Siglec-F gene from mice [63]. While these mice are phenotypically

normal, when put into allergen sensitization and provocation models of asthma they display

a more pronounced bone marrow, blood and tissue eosinophilia due to reduced rates of

apoptosis; changes in airways hyperreactivity did not reach statistical significance [63].

Studies of normal mice that have undergone allergen sensitization and provocation revealed

that administration of a Siglec-F antibody markedly reduced circulating eosinophil numbers

but did not affect airways hyperreactivity [70]. Other studies revealed that systemic

administration of two different types of Siglec-F antibodies led to profound depletion of

circulating and tissue eosinophils [71]. These models included normal mice, IL-5 transgenic

mice and a mouse model of hypereosinophilic syndrome/chronic eosinophilic leukemia. The

effect of the Siglec-F antibody was specific in that no change in mast cell or alveolar

macrophage numbers were seen, and no changes in blood counts other than eosinophil

numbers was seen in any of the hypereosinophilia models or even in normal mice [71]. It

appears that the reduction in eosinophil numbers in vivo was due to apoptosis based on ex

vivo studies with blood samples from Siglec-F-treated mice, as well as studies in which

eosinophils from IL-5 transgenic mice were exposed to Siglec-F antibody in vitro and

characteristic changes indicative of apoptosis were seen [71]. So while not a perfect replica

of the human Siglec-8 expression pattern, these mice data do provide some proof of concept

that targeting an eosinophil-selective Siglec can have profound effects on eosinophil

numbers in both blood and tissues.

Finally, besides its effect on eosinophil survival, studies looking at cell surface trafficking of

Siglec-F after binding antibody or artificial glycan ligands revealed that Siglec-F undergoes

internalization via a process that, like apoptosis, is dependent on the cytoplasmic ITIM

domain [72]. These investigators also demonstrated that Siglec-F endocytosis differed from

pathways involved in Siglec-2 (CD22) internalization in that Siglec-F internalization was

independent of clathrin and dynamin and resulted in its movement into lysosomes. Whether

this is true of Siglec-8, and whether this influences its biology in eosinophils, is not known.

Tissue ligands for Siglec-8 and Siglec-F

The exact biochemical identity of natural tissue ligands for Siglec-8 and Siglec-F remains

unknown. However, immunohistochemical approaches to find glycan ligands in mouse lung

utilizing Siglec-F Ig fusion protein [63,73] and Siglec-8 Ig fusion protein [73] (which, as

mentioned above should both attach to 6′-sulfo-sLex) found constitutive and selective

binding to airway epithelial cells, and binding to epithelium and lung mononuclear cells

increased following OVA sensitization and challenge ([63] and see Figure 2). Based on this,

along with the occurrence of sulfated sLex-like structures made by airway cells, bronchial

(and perhaps mononuclear cell) mucins have been suggested as candidate ligands for Siglec-

F and Siglec-8 [63]. Indeed, a recent report documented the ability of mucins to engage

other Siglecs on monocytes and induce apoptosis [74]. Given the endogenous and inducible

expression of Siglec-8 and Siglec-F ligands on airway epithelium, it is possible that
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eosinophils entering the airway may engage such ligands and have their tissue lifespan

reduced via apoptosis, and as such this could represent a novel pathway for selectively

clearing the airway of unwanted eosinophils. Further studies are needed to fully characterize

these endogenous ligands.

Indeed, work is underway to purify and chemically characterize ligands of Siglec-F and

Siglec-8. Also underway are studies to determine whether enzymes required for synthesis of

6′-sulfo-sLex co-localize to the epithelium. These enzymes would include keratin sulfate

galactose 6-O sulfotransferase (KSGal6ST), also referred to as carbohydrate sulfotransferase

1 (CHST-1), which would be required to introduce the sulfate residue on the galactose, and

α2,3-sialyltransferases that add the terminal sialic acid to the galactose. Ongoing studies

using immunohistochemistry, RT-PCR and mice deficient in each specific enzyme should

help determine their tissue localization, expression levels and functional contribution under

normal and inflammatory conditions.

Conclusions

Engagement of Siglec-8 and its closest functional paralog in the mouse, Siglec-F, on

eosinophils in vitro and in vivo result in profound and selective apoptosis. Although Siglec-F

is not found on mouse mast cells, on human mast cells Siglec-8 ligation in vitro results in

inhibition of degranulation. Given the more unique combination of selective anti-eosinophil

and anti-mast cell mediator release biology, targeting a molecule like Siglec-8 could provide

therapeutic advantages for conditions such as asthma beyond those seen by targeting just the

eosinophil or the mast cell alone. Theoretically, pharmacological strategies that could be

used to exploit this may include IVIG, monoclonal antibodies or glycomimetics based on 6′-
sulfo-sLex that act as artificial glycan ligands. Hopefully such efforts will also some day

help to further our understanding of the role of the eosinophil and the mast cell in a variety

of diseases including asthma.
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Figure 1.

Structural characteristics of human Siglec-3 (CD33), human Siglec-8 and mouse Siglec-F.

V-shaped N-terminal structures indicate the arginine-containing V-set domains with lectin

activity; these are then followed by varying numbers of C2-type Ig repeat domains. For the

cytoplasmic portions of each Siglec, the closed and open circles represent ITIM and ITIM-

like motifs, respectively.

Bochner Page 12

Clin Exp Allergy. Author manuscript; available in PMC 2010 March 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 2.

Siglec-F and sialylated Siglec-F ligands are up-regulated upon OVA challenge. (A) Serial

sections of frozen lung from WT OVA-sensitized and -challenged mice were stained with

antibodies against MBP (left panel, reddish brown color is positive) or Siglec-F (right panel,

blue color is positive). Only the inflamed lungs were positive, as shown. (B) Recombinant

soluble Siglec-F-Fc was used to probe for Siglec-F ligands in the lungs from OVA-

sensitized and -challenged (OVA) or OVA-sensitized and PBS-challenged (No OVA) mice.

Positive staining appears a dark reddish-brown color. The arginine-mutated R114A Siglec-

F-Fc was used as a negative control, as it is deficient in sialylated ligand binding. Results

shown are typical of n = 4 for each group and representative of 2 experiments. (C) Higher-

magnification photomicrograph of an OVA-sensitized and -challenged lung section, probed

with Siglec-F-Fc. Bronchiolar cells of the lung epithelia (white arrowheads) and

mononuclear cells in the lung parenchyma (black arrowheads) were positive for Siglec-F

ligands. For panels A-C, a 10x/0.25 DPlan dry objective lens was used to visualize images,

and an Olympus BH2 camera was used to capture them. (D) Surface area of the Siglec-F

ligand–positive bronchiolar epithelia. Mouse lungs were immunostained with Siglec-F-Fc

and the area of bronchial epithelial Siglec-F-Fc immunostaining was quantitated by image

analysis, with results expressed in squared micrometer/micrometer length of the basement

membrane of the bronchus. WT mice challenged with OVA had a significant increase in

levels of Siglec-F-Fc epithelial immunostaining compared with control non–OVA-

challenged WT mice. (E) Mouse lungs were immunostained with Siglec-F-Fc, and the

number of positive peribronchial cells quantitated was by image analysis. WT mice

challenged with OVA had a significant increase in the numbers of peribronchial Siglec-F-

Fc–positive cells compared with control non–OVA-challenged WT mice. (D-E) ***P < .

001. Each error bar represents the standard error of the mean (SEM). Reproduced with

permission from [63].
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