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CARBOHYDRATE BINDING RECEPTORS IN

LEUKOCYTE MIGRATION AND ACTIVATION

By Michael L. Patnode

ABSTRACT

The addition of sulfate to glycan structures can regulate their ability to serve as ligands
for glycan-binding proteins. While sulfate groups present on the monosaccharides
glucosamine, uronate, N-acetylglucosamine, and N-acetylgalactosamine are recognized
by defined receptors that mediate important functions, the functional significance of
galactose-6-O-sulfate (Gal6S) is not known. However, in vitro studies using synthetic
glycans and sulfotransferase overexpression suggest that Gal6S is a recognition
determinant for the lymphocyte homing receptor, L-selectin. Additionally, glycan array
studies have implicated Gal6S as a recognition determinant for the inhibitory sialic acid-
binding receptor, Siglec-F. Only two sulfotransferases have been shown to generate
Gal6S, namely keratan sulfate galactose 6-O-sulfotransferase (KSGal6ST) and
chondroitin 6-O-sulfotransferase-1 (C6ST-1). I have used mice deficient in KSGal6ST
and C6ST-1 to test whether Gal6S contributes to ligand recognition by L-selectin and
Siglec-F in vivo.

First, I establish that KSGal6ST is selectively expressed in lymph node high
endothelial venules (HEVs), and generates Gal6S-containing glycans in lymph nodes,

including 6,6’-disulfo-3’sLN (Siac2—3[6S]Galp1—4[6S]GlcNAc) in HEVs.



Nevertheless, short-term homing of lymphocytes to lymph nodes is normal in KSGal6ST-
deficient mice, indicating that the Gal6S-containing structures I detected do not
contribute to L-selectin ligand recognition in this setting.

Next, I characterize Siglec-F ligand expression on leukocyte populations and find that
this expression is largely restricted to cell types also expressing Siglec-F, namely
eosinophils, neutrophils, and alveolar macrophages. I also demonstrate the presence of
Siglec-F ligand activity in bronchoalveolar lavage fluid fractions containing polymeric
secreted mucins. Surprisingly, none of the ligands I describe are diminished in mice
lacking KSGal6ST and C6ST-1, arguing against the prevailing view that Gal6S is a
critical recognition determinant for this receptor. These results refine our understanding
of the biological ligands for L-selectin and Siglec-F, and introduce a mouse model for
investigating the functions of Gal6S in other contexts.

Lastly, I explore the mechanisms controlling eosinophil accumulation in response to
parasitic nematodes in vitro and in vivo. My studies reveal that sensing and synthesis of
leukotriene By is required for normal eosinophil accumulation in response to M.
brasiliensis. Thus, nematodes induce leukotriene production in eosinophils, and this

mediator is subsequently required to amplify eosinophil accumulation.
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CHAPTER 1

Structure and Function of L-selectin Ligands



The Selectin Family and Leukocyte Homing

P-selectin, E-selectin, and L-selectin, constitute a three-member family of type-1
transmembrane carbohydrate-binding receptors. The genes encoding these receptors
(SELP, SELE, and SELL) are found adjacent to one another on chromosome 1. These
genes have a high degree of amino acid sequence homology, suggesting that they arose as
a result of gene duplication events (Watson et al., 1990). The general structural features
of selectins are well conserved across vertebrate species (Sun et al., 2010). These features
consist of an N-terminal C-type lectin domain (Kogelberg and Feizi, 2001), an epidermal
growth factor-like domain, and up to ten short consensus repeats, which have homology
to complement-binding proteins (Kirkitadze and Barlow, 2001). Selectins also contain an
extracellular, membrane-proximal cleavage region. In L-selectin, this is a site of
activation-dependent proteolysis mediated by ADAM-17 and at least one other protease
(Scheller et al., 2011). The relatively short cytoplasmic domains of these receptors
suggest that they have limited interactions with proteins in the cytosol. However, there is
evidence that L-selectin can transmit signals upon ligand binding, and the pathways
involved are currently under investigation (Zarbock and Ley, 2009). P-selectin is
expressed in platelets and is the primary component of Weibel-Palade bodies in
endothelial cells (Lowenstein et al., 2005). Activation of endothelial cells by a number of
diverse stimuli causes these granules to rapidly fuse with the plasma membrane,
generating high densities of P-selectin on vessel walls. E-selectin expression is also
induced in endothelial cells following activation, but in this case selectin expression is
regulated at the level of transcription (Hartwell and Wagner, 1999). L-selectin, in contrast

to E- and P- selectin, is constitutively expressed on nearly all circulating leukocytes, as
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well as human cytotrophoblasts (Genbacev et al., 2003), and is not typically found in
endothelial cells.

Leukocytes must exit the bloodstream and enter into tissues to perform a variety of
functions important in homeostasis and immune responses (Butcher and Picker, 1996).
This process is known as leukocyte recruitment and involves a multi-step cascade of
molecular interactions (Ley et al., 2007). In inflamed vascular beds, P- and E-selectin
bind the carbohydrate structure sLex (Sia a2—3 Gal $1—4 [Fuc al—3] GIcNAc),
which is presented by the glycoprotein PSGL-1 located at the tips of leukocyte microvilli
(Zarbock and Ley, 2009). The relatively weak affinity of this binding interaction,
combined with the shear force of blood flow, causes leukocytes to roll along the walls of
blood vessels. Leukocyte rolling enables the recognition of chemokines, such as IL-8,
which are secreted by innate immune cells and subsequently presented on luminal
endothelial heparan sulfate proteoglycans (HSPGs). Chemokines activate leukocytes
through chemokine receptors, which are seven-pass transmembrane G-protein-coupled
receptors (GPCRs). Inside-out chemokine signaling induces conformational changes in
integrins, such as LFA-1 and VLA-4, and the binding of these activated integrins to
immunoglobulin (Ig) superfamily receptors including ICAM-1 and VCAM-1 results in
firm arrest on the vessel wall. Finally, events that are not yet fully understood mediate the
passage of leukocytes between or directly through endothelial cells and into the tissue.

The process of lymphocyte homing to secondary lymphoid organs brings circulating
naive T- and B cells into contact with antigens to generate immune responses. In the
presence of microbial products or other danger signals, dendritic cells in peripheral

tissues cells exhibit increased expression of CCR7 and migrate into draining lymphatic
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vessels, carrying associated antigens (Girard et al., 2012). The flow of lymph transports
these cells, along with soluble antigens, to peripheral lymph nodes. In contrast, antigen
delivery to Peyer’s patches occurs through the transcytosis of luminal contents by M cells
in the intestinal epithelium (Fujkuyama et al., 2012). Specialized compartments within
secondary lymphoid organs accommodate the important cell-cell interactions responsible
for antigen driven T cell activation, cytokine secretion, and proliferation, as well as B cell
class switching and affinity maturation (Cyster, 2003). The entry of T and B cells into
lymph nodes and Peyer’s patches is critically dependent on their interactions with
specialized post-capillary blood vessels known as high endothelial venules (HEVs)
(Girard et al., 2012). HEVs are characterized by their plump endothelial cells, which
contain extensive ER and golgi networks (Girard and Springer, 1995). The homing
cascade is exemplified in lymph node HEVs, where tethering and rolling mediated by L-
selectin reduces lymphocyte velocity by roughly 10 fold relative to the flow of blood.
Lymphocyte rolling in Peyer’s patches and mesenteric lymph nodes is also mediated by
04p7 integrin, expressed on lymphocytes. This receptor binds to MAdCAM-1 on HEVs
and allows a fraction of lymphocytes (~50% in Peyer’s patches and ~15% in mesenteric
lymph nodes) to enter the tissue independent of L-selectin binding (Gorfu et al., 2009).
The chemokine CCL21 is highly expressed in HEVs and presented by HSPGs on the
luminal surface. Within seconds of tethering, signaling through CCR7 on leukocytes
activates LFA-1, resulting in high affinity binding to ICAM-1 and ICAM-2 on the
endothelium. Transendothelial migration in lymph nodes likely involves an extracellular
lysophospholipase known as autotaxin, which is secreted into the vessel lumen by HEVss

(Kanda et al., 2008; Zhang et al., 2012). This enzyme catalyzes the conversion of LPC
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into LPA, enhancing lymphocyte motility through one or more LPA receptors that remain
to be identified. Thus, the expression of a battery of adhesion molecules and secreted
proteins by HEVs is critical for immune surveillance and the development of nascent

immune reésponses.

Ligands for L-selectin

Several mucin scaffolds expressed by HEVs have been identified as ligands for L-
selectin, including GlyCAM-1, CD34, endomucin, podocalyxin, and nepmucin (Rosen,
2004). These ligands present terminal oligosaccharides that are bound by L-selectin. The
best characterized of these glycans is 6-sulfo-sLex (Sia a2—3 Gal $1—4 [Fuc
a1—3][6S]GlcNAc) (Hemmerich et al., 1995; Mitsuoka et al., 1998). Antibodies
recognizing this structure stain HEVs in human and mouse lymph nodes, and block L-
selectin function (Arata-Kawai et al., 2011; Hirakawa et al., 2010; Mitsuoka et al., 1998).
Accordingly, structures consistent with 6-sulfo-sLex have been detected on human CD34
by mass spectrometry (Hernandez Mir et al., 2009; Satomaa et al., 2002). The critical
contributions of fucose and sialic acid to the 6-sulfo-sLex binding determinant have been
demonstrated using mice deficient in a3-fucosyltransferases (FucT-IV and FucT-VII)
(Homeister et al., 2001) or a.3-sialyltransferases (ST3Gal-IV and ST3Gal-VI) (Yang et
al., 2012). Similarly, mice lacking the core 2 (Core2GlcNAcT) and core 1 extension
(B3GIcNACT-3) enzymes have established the importance of 6-sulfo-sLex capping
groups on each of these O-glycan arms, and revealed that N-glycans capped with 6-sulfo-

sLex also contribute to lymphocyte homing (Mitoma et al., 2007). Importantly, 6-sulfo-
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sLex carries the sulfate modification N-acetylglucosamine-6-O-sulfate (GIcNAc6S),
which is required for optimal binding by L-selectin (Rosen, 2004).

The attachment of sulfate esters to biomolecules is essential for development,
survival, and reproduction in animals (Borghei et al., 2006; Bulow and Hobert, 2006).
The diverse functions of carbohydrate sulfation reflect the diverse glycan substrates to
which sulfate can be added (Khoo and Yu, 2010). Precise positioning of sulfate on these
glycans can determine whether they serve as ligands for one or more glycan binding
proteins. Heparan sulfate proteoglycans (HSPGs) provide a clear demonstration of these
principles, since they carry long carbohydrate chains with variable sulfate modifications,
including N-acetylglucosamine-6-O-sulfate, N-acetylglucosamine-3-O-sulfate,
glucosamine-N-sulfate, and uronate-2-O-sulfate (Bishop et al., 2007). The creation of
these sulfate modifications by distinct sulfotransferases dictates the binding of HSPGs to
numerous growth factors, apolipoproteins and lipases, cell adhesion molecules, and
extracellular matrix components (Bishop et al., 2007). Sulfate modifications on smaller
glycans carried by glycoproteins and glycolipids also serve important functions. N-
acetylgalactosamine-4-O-sulfate, which caps N-glycan chains on several glycoprotein
hormones, is required for their recognition by the macrophage mannose receptor and
efficient clearance from the circulation (Baenziger, 2003). Galactose-3-O-sulfate (Gal3S)
is present on the glycolipids seminolipid and sulfatide, and is essential for
spermatogenesis and normal myelin function (Honke et al., 2004). As mentioned above,
GlcNAc-6-O-sulfate is an important component of the ligands recognized by L-selectin.
In contrast, the functions of galactose-6-O-sulfate (Gal6S) have not been established.

However, this modification has been implicated as a binding determinant for several
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immunologically relevant receptors (Bochner et al., 2005; Campanero-Rhodes et al.,
2006; Tateno et al., 2005; Tateno et al., 2010) including L-selectin.

Carbohydrate sulfation is dictated by the expression of sulfotransferases, enzymes
that catalyze the transfer of sulfate from the universal donor 3’-phospho-adenosine-5’-
phosphosulfate (PAPS) to specific hydroxyl or amino groups on nascent glycans in the
Golgi network (Grunwell and Bertozzi, 2002). The galactose-/N-acetylgalactosamine-/N-
acetylglucosamine-6-O-sulfotransferases constitute a highly related family of 7 enzymes,
with diverse expression patterns and physiological functions (Fukuda et al., 2001). Two
N-acetylglucosamine-6-O-sulfotransferases, GIcNAc6ST-1 (encoded by the gene Chst2)
and GIcNAc6ST-2 (encoded by the gene Chst4), generate nearly all of the 6-sulfo-sLex
in HEVs (Kawashima et al., 2005; Uchimura et al., 2005). Furthermore, GIcNAc6ST-
1/GlcNAc6ST-2 double knockout (GlcNAc6ST1/2 DKO) mice exhibit a 75% decrease in
lymphocyte homing to peripheral lymph nodes (Kawashima et al., 2005; Uchimura et al.,
2005). Interestingly, the residual homing in these mice is L-selectin-dependent and,

therefore, indicates the presence of alternative recognition determinants.

Evidence for Galactose-6-O-Sulfate as a Binding Determinant for L-selectin

Several lines of evidence have suggested that Gal6S contributes to L-selectin-dependent
lymphocyte homing. Firstly, Gal6S and GIcNAc6S were found in approximately equal
abundance on mouse GlyCAM-1 and CD34 by anion exchange chromatography of
monosaccharides released by mild acid hydrolysis (Bistrup et al., 1999; Hemmerich et al.,
1994). Based on structural analysis of the O-glycans of GlyCAM-1, Hemmerich et al.

proposed the existence of 6’-sulfo-sLex (Sia a2—3 [6S]Gal f1—4 [Fuc
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a1—3]GIcNAc), as well as 6-sulfo sLex (Hemmerich et al., 1995). However, with
respect to the former structure, it has subsequently been appreciated that the addition of
sulfate to the 6-O position of galactose (Gal) and the addition of a3 linked fucose on
GlcNACc appear to be mutually exclusive within the same N-acetyllactosamine (LacNAc,
Gal f1—4 GIcNAc) unit in vivo (Hiraoka et al., 2007; Homeister et al., 2001; Torii et al.,
2000). Indeed, 6’-sulfo-sLex was not found in GlyCAM-1 O-glycans analyzed by HPLC,
although Gal6S was present at the termini of core 1 and core 2 arms (Hiraoka et al., 2007,
Kawashima et al., 2005). The artificial addition of sulfate to the 6-O position of Gal
within sLex only marginally enhances (Koenig et al., 1997), and can even inhibit, the
binding of sLex to L-selectin-Fc fusion proteins (Galustian et al., 1997; Yoshino et al.,
1997). However, Gal6S has been implicated as a binding determinant for L-selectin when
present on structures other than sLex. When lactose (Gal f1—4 Glc) neoglycolipids were
synthesized with sulfate on the 6-O position of Gal, they exhibited binding to L-selectin-
Fc and L-selectin-expressing Jurkat T cells (Bruehl et al., 2000). Furthermore, 6,6’-
disulfo-lactose ([6S]Gal p1—4 [6S]Glc) showed even more binding in these assays than
either singly sulfated lactose, and also preferentially inhibited the binding of L-selectin-
Fc to GlyCAM-1 (Bertozzi et al., 1995). These observations raise the possibility that
fucose and Gal6S in distinct LacNAc units can cooperate with GIcNAc6S for recognition
by L-selectin.

Additional evidence implicating Gal6S as a binding determinant for L-selectin has
come from studies of keratan sulfate galactose-6-O-sulfotransferase (KSGal6ST, encoded
by the gene Chstl). Biochemical characterization of this sulfotransferase has established

that it catalyzes 6-O sulfation of Gal in keratan sulfate (KS) chains (Fukuta et al., 1997),
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which consist of repeating 6-sulfo-LacNAc (Gal f1—4 [6S] GlcNAc) units intermittently
modified with Gal6S (Bulow and Hobert, 2006). However, in vitro studies have shown
that KSGal6ST is also capable of modifying Gal in small sialylated lactosamine
oligosaccharides, such as 3’sLN (Sia a2—3 Gal §1—4 GlcNAc) (Torii et al., 2000),
which are present on the O-glycans of mucins expressed by HEVs. Indeed, it was
previously demonstrated that KSGal6ST can add sulfate to GlyCAM-1 when both of
these genes, along with FucT-VII and Core2GlcNACT, are transiently overexpressed in
COS-7 cells (Bistrup et al., 1999). Furthermore, this form of GlyCAM-1 was a superior
substratum for lymphocyte rolling when compared to GlyCAM-1 produced without
KSGal6ST overexpression (Tangemann et al., 1999). Similarly, transient overexpression
of KSGal6ST, CD34, FucT-VII, and Core2GIcNAcT in CHO cells resulted in increased
cell-surface binding of L-selectin-Fc relative to cells not overexpressing KSGal6ST
(Bistrup et al., 1999). Intriguingly, KSGal6ST and GIcNAc6ST-2 had synergistic effects
on L-selectin binding in this study, reminiscent of the synergy between Gal6S and
GlcNACc6S within lactose neoglycolipids (Bruehl et al., 2000). Finally, stable
overexpression of KSGal6ST, along with FucT-VII, in an endothelial cell monolayer
increased its ability to support the rolling of L-selectin-expressing lymphoma cells (Li et
al., 2001). All of these studies were performed with expression of FucT-VII,
demonstrating that Gal6S can contribute to L-selectin ligand activity even in the presence
of a3 linked fucose on GlcNAc. Additionally, KSGal6ST was at least as effective as
either GIcNAc6ST-1 or GIcNAc6ST-2 in generating L-selectin ligand activity. However,
the effects of Gal6S appear to depend on the exact experimental conditions, since another

study found that transient overexpression of KSGal6ST in CHO cells stably expressing
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CD34, FucT-VII, and GIcNAc6ST-1, actually reduced their ability to support lymphocyte
rolling (Hiraoka et al., 2007).

Aside from KSGal6ST, only one other sulfotransferase has been shown to generate
Gal6S, namely Chondroitin 6-O-sulfotransferase-1 (C6ST-1, encoded by the gene Chst3).
This sulfotransferase is less likely to participate in generating L-selectin ligands for
several reasons. C6ST-1 exhibits five-fold more GalNAc-6-O-sulfotransferase activity
than Gal-6-O-sulfotransferase activity in vitro (Habuchi et al., 1996), and it has been
shown to function in the synthesis of chondroitin sulfate, but not KS in vivo (Uchimura et
al., 2002). Furthermore, C6ST-1 catalyzes 6-O sulfation of Gal on small sialylated
oligosaccharides almost 100-fold slower than it does on extended KS chains, whereas
KSGal6ST has the opposite preference (Habuchi et al., 1997). Most pertinently, C6ST-1-
deficient mice do not exhibit defects in lymphocyte homing (Uchimura et al., 2002).
KSGal6ST, in contrast to C6ST-1, has not been previously investigated with respect to its

capacity to generate Gal6S in vivo or its functional contribution to lymphocyte homing.

In the following chapter I describe my efforts to determine whether Gal6S contributes

to ligand recognition by L-selectin in vivo, taking advantage of mice deficient in

KSGal6ST and C6ST-1.
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CHAPTER 2

KSGal6ST Generates Galactose-6-O-Sulfate in
High Endothelial Venules But Does Not Contribute to

L-selectin Dependent Lymphocyte Homing

11



SUMMARY

Here, we establish that KSGal6ST is selectively expressed in high endothelial venules
(HEVs) in lymph nodes and Peyer’s patches. We also determine by mass spectrometry,
that KSGal6ST generates Gal6S on several classes of O-glycans in peripheral lymph
nodes. Furthermore, KSGal6ST but not C6ST-1 is required for the generation of the
Gal6S-containing glycan, 6,6’-disulfo-3’sLN (Sia a2—3 [6S] Gal f1—4 [6S] GIcNAc)
or a closely related structure in lymph node HEVs. Nevertheless, L-selectin-dependent
short-term homing of lymphocytes is normal in KSGal6ST-deficient mice, indicating that
the Gal6S-containing structures we detected do not contribute to L-selectin ligand
recognition in this setting. These results refine our understanding of the biological ligands
for L-selectin and introduce a mouse model for investigating the functions of Gal6S in

other contexts.

RESULTS

Generation of KSGal6ST-deficient mice

In order to the study the functions of KSGal6ST in vivo, we obtained heterozygous mice
carrying a targeted allele of Chst/ from the National Institutes of Health Knockout
Mouse Project. The targeted allele contains the E. coli K-12 LacZ gene and a neomycin
resistance cassette, which replace the single protein coding region of Chst/ (Fig. 1A)
(Valenzuela et al., 2003). We intercrossed mice heterozygous for this allele (Chst]™"
mice) to produce homozygous mice (Chst/” mice). Seven litters from Chstl ™ x Chstl™”
crosses yielded in total 12 Chstl™*, 26 Chst™”, and 12 ChstI™" pups, consistent with the

expected Mendelian frequencies. We observed no gross physical or behavioral
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abnormalities in ChstI”" mice, except that male siblings housed together seemed
particularly prone to fighting. Since Chst/ is highly expressed in the cerebral cortex
(www.biogps.org, GeneAtlas MOE430 probeset 1449147 at, GeneAtlas U133 A probeset
205567 _at) (Su et al., 2004), we performed reverse transcriptase PCR on total RNA from
whole forebrain and verified the absence of Chst] transcripts in ChstI”" animals (Fig.
1B).

Chstl is also expressed in the eye (Su et al., 2004), along with KS chains containing
Gal6S (Bhavanandan and Meyer, 1967). Furthermore, KS is a known substrate for
KSGal6ST (Fukuta et al., 1997), although this enzyme has not previously been shown to
generate Gal6S in vivo. To determine whether KSGal6ST deficiency in ChstI” mice
affects the sulfation pattern of KS, we isolated KS from whole eyes and performed HPLC
analysis. We detected the Gal6S-containing oligosaccharides, (6S)GIcNAc $1—3
(6S)Gal p1—4 (6S)GIcNAc f1—3 Gal and (6S)Gal B1—4 (6S)GlcNAc, in KS from wild
type mice (Fig. 2). However, these species were not detectable in KS from Chst/”" mice,

indicating the loss of KSGal6ST enzymatic activity in this tissue.

KSGal6ST is selectively expressed in HEV's

Since Chstl”" (hereafter, KSGal6ST KO) mice express the LacZ gene under the control
of the Chstl promoter, we were able to use f-galactosidase activity as a surrogate for
KSGal6ST expression. We performed whole mount X-Gal staining on organs from
KSGal6ST KO mice and found expression in the brain, optic nerve and eye, lung,
glomeruli of the kidney, and the thymus (Fig. 3A). KSGal6ST expression was also

present in peripheral lymph nodes (PLN), mesenteric lymph nodes (MLN), and Peyer’s
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patches, most prominently in branched structures resembling blood vessels (Fig. 3B).
Diffuse X-Gal staining was also seen in B cell follicles in Peyer’s patches. Similar
staining patterns were observed in ChstI ™" animals, whereas expression was not
detectable in salivary gland, stomach, liver, heart, skeletal muscle, skin, ovary, or testes
from either KSGal6ST KO or ChstI " mice (data not shown). As expected, we did not
observe X-Gal staining in any tissue from wild type mice (Fig. 3A).

The branched X-Gal" structures in lymph nodes and Peyer’s patches, coupled with
the evidence that Gal6S can serve as a recognition determinant for L-selectin in vitro,
prompted us to determine whether KSGal6ST was selectively expressed in HEVs. We
performed immunofluorescence on tissue sections from X-Gal-stained KSGal6ST KO
lymphoid organs using the endothelial cell marker CD31 and the HEV-specific antibody
MECA-79, which has an absolute requirement for GIcNAc6S in the context of an
extended core 1 O-glycan (Gal p1—4 [6S]GIcNAc f1—3 Gal f1—3 GalNAc) (Yeh et
al., 2001). We found strong KSGal6ST expression in MECA-79" HEV's from PLN and
MLN, whereas other CD31" vessels in these tissues expressed KSGal6ST only weakly
(Fig. 3C). In Peyer’s patches, we also found selective expression of KSGal6ST in HEVs,

as identified by CD31 expression and plump endothelial morphology.

KSGal6ST generates Gal6S on O-glycans in peripheral lymph nodes

To determine whether KSGal6ST expression in lymph nodes is required to synthesize
Gal6S, we performed a structural analysis of sulfated glycans in lymph nodes using mass
spectrometry (MS). O-glycans were released from whole PLN extracts, permethylated,

and the sulfated fractions were analyzed by MS as described previously (Khoo and Yu,
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2010). In wild type PLN, direct MALDI-MS mapping in negative ion mode revealed the
presence of both mono- and di-sulfated O-glycan structures, the three most abundant
being the simple non-, mono- and di-Neu5Gc-sialylated Core 2 structures. NanoESI-MS
analysis of di-sulfated structures from wild type mice showed that both sulfates were
preserved to give doubly charged [M-2H]* molecular ions (Fig. 4A). As noted
previously, the second sulfate was readily lost via MALDI in source fragmentation (Yu et
al., 2009), which resulted in monosulfated species carrying an additional free OH group
(Fig. 4C). Interestingly, structures that were extended with additional LacNAc units were
mostly found in the di-sulfated fraction.

To validate the identity of these sulfated O-glycan structures and to define the precise
location of sulfates, the same samples were further subjected to nanoLC-nanoESI-
MS/MS analysis in negative ion mode, with each of the major components detected by
MALDI-MS selected for nanoESI-HCD-MS/MS. Assignment of the sulfated residues
was facilitated by diagnostic ions that were established using similar analyses of synthetic
standards (Fig. 4B). In wild type mice, MS/MS on the mono-sulfated, mono-sialylated
Core 2 structures clearly demonstrated that Gal3S, Gal6S, and GIcNAc6S were present,
as indicated by their diagnostic ions (Fig. 4C). The ions for terminal Gal3S (m/z 153,
181) were not observed in di-sialylated Core 2 structures, consistent with this
modification being precluded by a3 linked sialic acid on both arms. In the mono-sulfated,
di-sialylated structures, only the ions derived from GIcNAc6S were detected, whereas in
the di-sulfated, di-sialylated structures, additional ions at m/z 167 and 269 indicated that
internal Gal6S was also present (data not shown). Likewise, in the di-sulfated mono-

sialylated structures, ions indicative of internal Gal6S were found, along with the
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additional presence of m/z 253 and 283 derived from terminal Gal6S (Fig. 4C). The
paucity of 6,6’-disulfated structures suggested that terminal sialylation of LacNAc units
is favored over sulfation of Gal when GIcNACc6S is present. Thus, for the most abundant
sulfated O-glycans, LacNAc units on the 6-arm were most often modified with
GIcNACc6S and extended to 6-sulfo-3’sLN, while sialylated Gal6S was preferentially
found on the 3-arm. LacNAc units modified with GIcNAc6S could be further
fucosylated, and indeed we confirmed the presence of a structure consistent with 6-sulfo-
sLex by MS/MS (data not shown).

Previous biochemical analysis of GlyCAM-1 O-glycans has demonstrated that the
abundance of Gal6S-containing structures is substantially increased in GIcNAc6ST1/2
DKO mice (Kawashima et al., 2005). Therefore, we chose not to analyze KSGal6ST KO
mice but instead to use the GIcNAc6ST1/2 DKO background to address whether
KSGal6ST was required for the generation of Gal6S-containing O-glycans in lymph
nodes. We intercrossed GIctNAc6ST1/2 DKO mice (hereafter, DKO mice) with
KSGal6ST KO mice to produce GIcNAc6ST-1/GIcNAc6ST-2/KSGal6ST triple knockout
mice (hereafter, TKO mice). These mice were born at the expected Mendelian ratio and
were healthy and fertile with no gross physical or behavioral abnormalities. By MS and
MS/MS analyses, as described above, we found that the MALDI MS profile and ion
intensity for the simple Core 2 O-glycans was similar between wild type and DKO mice
(Fig. 4C). However, the diagnostic fragment ions attributed to GIcNAc6S (m/z 234, 195)
were undetectable in DKO mice, while the 33 A ion at m/z 167 derived from Gal6S was
the most abundant ion within the low mass region in each of the structures we examined.

Thus, an increase in Gal6S in the PLN of DKO mice appears to have maintained the
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overall amount of sulfated O-glycans, but prevented most additional LacNAc extension
and fucosylation, giving rise to a much simpler MS profile. In agreement with previous
biochemical analyses of GlyCAM-1 O-glycans (Hiraoka et al., 2007; Kawashima et al.,
2005), 6’-sulfo-sLex was not found in wild type or DKO samples. From these data, we
surmise that a considerable level of 6-sulfo-3'sLN is generated in wild type mice, which
can then be converted to 6-sulfo-sLex, whereas additional sulfate on the 6-O position of
Gal in 6-sulfo-LN or 6-sulfo-3'sLN is not favored. In DKO mice this competitive
inhibition may be alleviated, leading to the observed increase in Gal6S concomitant with
reduced LacNAc extension along with reduced a3 linked fucose. Importantly, in PLN
from TKO mice, m/z 167 derived from Gal6S was not detected in any of the structures
we analyzed (Fig. 4C). In fact, minimal levels of sulfated O-glycans were present, and
MS/MS on the residual sulfated core 2 structures clearly showed that the remaining

sulfate was a terminal Gal3S.

KSGal6ST generates sialylated, 6,6’-disulfated glycans in lymph node HEVs

As reviewed above, 6,6’-disulfo-lactose neoglycolipids are recognized by L-selectin
(Bruehl et al., 2000). In addition, a previous analysis of GlyCAM-1 O-glycans was
consistent with the presence of 6,6’-disulfo-sLex (Sia a2—3 [6S]Gal f1—4 [Fuc
a1—3][6S]GlcNAc) and 6,6’-disulfo-3’sLN (Sia a2—3 [6S]Gal f1—4 [6S]GIcNAc) in
lymph nodes (Hemmerich et al., 1995). However, we were unable to detect 6,6’-
disulfated structures in total lymph node O-glycans by MS. In order to determine whether
these structures were expressed specifically in HEVs, we took advantage of monoclonal

antibodies that were generated by immunizing mice with synthetic 6,6’-disulfo-sLex
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glycolipids (Mitsuoka et al., 1998). We characterized the glycan specificity of these
antibodies by ELISA using a series of synthetic glycolipids coated onto plastic wells and
found that G270-2 (isotype IgM) bound the 6,6’-disulfo-sLex immunogen as well as 6,6’-
disulfo-3’sLN (Fig. 5A). G270-2 binding exhibited an absolute requirement for Gal6S
and was reduced by ~80% in the absence of either 6-O sulfation of GIcNAc or sialic acid.
Using G270-2, we then proceeded to determine whether 6,6’-disulfo-3’sLLN, or a
structural analogue, was present in lymphoid tissues. In PLN and MLN from wild type
mice, G270-2 reacted with nearly all HEVs, although the staining was unevenly
distributed among endothelial cells (Fig. 5B,C). In Peyer’s patches, G270-2 reactivity
was not observed in CD31" vessels (Fig. 6B). Instead, it was present in B cell follicles
where it partially colocalized with the germinal center marker GL7 (Fig. 6C). We next
investigated the structural requirements for G270-2 staining. Sialidase treatment of tissue
sections reduced G270-2 staining of HEVs to background levels (Fig. 5B). Furthermore,
(G270-2 staining was completely absent in lymph nodes of GIctNAc6ST1/2 DKO mice
(Fig. 5C). Staining was also reduced to control levels in lymph nodes from KSGal6ST
KO mice (Fig. 6A). In contrast, we found no differences in G270-2 staining between
C6ST-1 KO mice and wild type mice. As expected, MECA-79 staining in HEV's was not
altered in the absence of either KSGal6ST or C6ST-1. In agreement with our findings in
HEVs, G270-2 staining in germinal centers was reduced to control levels by sialidase
treatment and absent in KSGal6ST KO as well as GIcNAc6ST1/2 DKO mice (Fig. 6B,C,

data not shown).
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KSGal6ST does not contribute to L-selectin ligand expression or lymphocyte
homing

We next addressed whether the Gal6S-containing structures we detected using MS and
G270-2 contribute to L-selectin ligand activity in vivo. To directly detect L-selectin
ligands, we first stained lymphoid organs with an L-selectin-Fc fusion protein. HEVs
were identified by their CD31 expression and plump endothelial cells. L-selectin-Fc
staining of HEVs was comparable in wild type and KSGal6ST KO mice (Fig. 7A).
Consistent with previous findings (Kawashima et al., 2005; Uchimura et al., 2005),
GIcNAc6ST1/2 DKO mice showed very weak, abluminal staining of HEVs (Fig. 7A).
Mice deficient in L-selectin ligands exhibit a reduction in the number of lymphocytes and
a decreased percentage of B cells in lymph nodes (Homeister et al., 2001; Kawashima et
al., 2005; Mitoma et al., 2007; Uchimura et al., 2005; Yang et al., 2012). We observed no
difference in the number of total lymphocytes in blood or lymphoid organs from
KSGal6ST KO mice relative to wild type mice (Fig. 7B). There were small but
significant decreases in B cells (3-10%) in PLN and MLN, as well as small increases in T
cells (10%) in PLN, from KSGal6ST KO mice. However, these changes were also seen
in peripheral blood, consistent with systemic effects on these populations.

Since L-selectin-Fc staining and lymphoid organ cellularity may not reveal subtle
defects in L-selectin ligand activity, we evaluated short-term lymphocyte homing in
KSGal6ST KO mice. We injected a 1:1 mixture of wild type and L-selectin KO donor
splenocytes into the caudal vein of wild type and KSGal6ST KO recipient mice and
measured the percentage of donor cells present in lymphoid organs after one hour. In

agreement with previous findings (Arbones et al., 1994), L-selectin KO cells were 97%,
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84%, and 30% inhibited in their ability to home to PLN, MLN, and Peyer’s patches (p
values between 0.01 and 0.0001) (Fig. 8A). We did not observe any defects in the
homing of wild type splenocytes to lymph nodes in KSGal6ST KO mice. We did find a
33% increase in the percentage of wild type donor cells in Peyer’s patches (p<0.0005)
and a 24% increase in spleens (p<0.05) from KSGal6ST KO mice. However, similar
increases in L-selectin KO donor cells were observed and thus this effect does not appear
to reflect changes in L-selectin-dependent homing.

Previous work has demonstrated that GIcNAc6ST1/2 DKO mice exhibit residual L-
selectin-dependent homing to PLN and MLN. To address whether KSGal6ST contributes
to this ligand activity, we used TKO mice deficient in KSGal6ST, as well as
GIcNACc6ST-1 and GIcNAc6ST-2. Although the absence of GIcNAc6ST-1 and
GIcNACc6ST-2 reduced homing by 71% in PLN (p<0.0001) and 31% in MLN (p<0.005),
consistent with previous findings (Kawashima et al., 2005; Uchimura et al., 2005), there
was no further reduction in the absence of KSGal6ST (Fig. 8B). Instead, we found a 35%
increase (p<0.005) in L-selectin-dependent homing to PLN in TKO mice. This increase

was not observed in MLN.
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Figure I. Generation of KSGal6ST KO mice

(A) Schematic of the Chstl locus and the BAC targeting vector created by Regeneron Inc., which replaces the entire
protein-coding region of Chstl with the LacZ and neomycin phosphotransferase (neo) genes. Boxes represent
protein-coding regions of exons.Arrows represent transcriptional start sites. Arrowheads represent loxP sites. Xs
denote regions of homologous recombination. Scale bar represents | kb (kilobase). (B) PCR products generated with
primers specific for Chstl (206bp product) and Hprt (252bp product) using five-fold serial dilutions of cDNA from
WT (wild type) or KSGal6ST KO mouse cortex as a template. No products were observed when RT (reverse
transcriptase) was omitted from the cDNA synthesis reaction.
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Figure 2
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Figure 2. Keratan sulfate analysis in KSGal6ST KO mice

Keratanase digestion

Keratanase Il digestion

Reversed-phase ion-pair chromatography analysis of ocular KS from eyes of wild type (WT) and KSGal6ST KO mice.
Standard substances were eluted at the peak positions indicated by arrows. Elution profiles around the peak positions
of (6S)GIcNAc B123 (6S)Gal B1—>4 (6S)GIcNAc B1—3 Gal and (6S)Gal 3124 (6S)GIcNAc are magnified in insets.

Peaks indicated by asterisks were not identified.
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Figure 3
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Figure 3. KSGal6ST expression in HEVs

(A), (B) Tissues from WT (wild type) or KSGal6ST KO mice analyzed for -galactosidase activity using X-Gal (blue).
(C) Bright field images (top) of cryostat-cut sections of lymphoid organs from KSGal6ST KO mice stained with X-Gal
(blue). Fluorescent images (bottom) of the same sections stained with MECA-79 (green), anti-CD31 (red), and DAPI
(blue). Insets show HEVs magnified 3x.Arrowheads highlight examples of vessels with weak X-Gal staining. Scale bar
represents 100 um and applies to adjacent images. Isotype matched control antibodies were used to establish
background fluorescence. PLN, peripheral lymph node; MLN, mesenteric lymph node.
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Figure 4
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Figure 4. MS analyses of sulfated O-glycans in lymph nodes of KSGal6ST KO mice

(A) NanoLC-nanoESI-MS spectrum for WT di-sulfated permethylated O-glycan fractions (summed over a period of
elution time for the major signals). Both sulfates were preserved under nanoESI-MS to give doubly charged [M-2H]*
molecular ions. (B) Spectra for a panel of sulfated LacNAc standards analyzed to establish the diagnostic ions
produced under nanoESI HCD MS/MS fragmentation. The singly charged low mass ions at m/z 195 and 234 were
reproducibly detected for all internal GIcNAc6S-containing glycans. In contrast, the *°A ion at m/z 167 was detected
for Gal6S-containing glycans, which could be distinguished from terminal Gal3S by the ions at m/z 153 and 181 (not
shown). (C) Spectra of the di-sulfated O-glycan fractions from WT, GIcNAc6ST-1/-2 DKO, and GIcNAc6ST-1/-
2/KSGal6ST TKO lymph nodes analyzed in negative ion mode by MALDI-MS (left). The di-sulfated O-glycans were
prone to losing a sulfite by in source fragmentation to produce [M-H]- molecular ions carrying one sulfate and one
free OH group. Low mass regions of the nanoESI HCD MS/MS spectra (right) of mono- and di-sulfated mono-
sialylated core 2 structures from WT, DKO and TKO lymph nodes, annotated with diagnostic ions for sulfated
structures (see B).Additional ions at m/z 253 (E ion) and 283 (B ion) were indicative of terminal sulfated Gal whilst
m/z 269 (D ion) was derived from an internal sulfated Gal, as illustrated. The full spectra of each (data not shown)
carried other neutral loss ions and non-reducing terminal fragment ions, which supported the assigned overall
structures but did not allow differentiating the positions of sulfates. Assignment of the major peaks for all spectra is as
annotated using the standard cartoon symbols.WT, wild type; DKO, double KO; TKO, triple KO.
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Figure 5
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Figure 5. Sialylated 6,6’-disulfated glycans in HEVs

(A) Reactivity of G270-2 as determined by ELISA using 5 ng immobilized neoglycolipids per well. (B) Cryostat-cut
serial sections of PLN from WT mice treated with sialidase or buffer alone (ctrl.), then stained with anti-CD31 (green),
G270-2 (red), and DAPI (blue). (C) Cryostat-cut sections of PLN from WT and GIcNAc6ST-1/-2 DKO mice stained as
in (B).All scale bars represent 100 pm and apply to adjacent images. Isotype matched control antibodies were used to
establish background fluorescence. PLN, peripheral lymph node; MLN, mesenteric lymph node; WT, wild type; DKO,
double KO.
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Figure 6
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Figure 6. Sialylated 6,6’-disulfated glycans in KSGal6ST KO mice

(A) Cryostat-cut sections of PLN and MLN from WT, C6ST-1 KO, and KSGal6ST KO mice stained with MECA-79
(green), G270-2 (red), and DAPI (blue). (B) Cryostat-cut serial sections of Peyer’s patches from WT mice treated with
neuraminidase or buffer alone (ctrl.), and then stained with anti-CD31 (green), G270-2 (red), and DAPI (blue).
Arrowheads highlight examples of CD31* vessels. (C) Cryostat-cut sections of Peyer’s patches from WT and
KSGal6ST KO mice stained with GL7 (green), G270-2 (red), and DAPI (blue).All scale bars represent 100 um and
apply to adjacent images. Isotype matched control antibodies were used to establish background fluorescence. PLN,
peripheral lymph node; MLN, mesenteric lymph node; WT, wild type; DKO, double KO.
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Figure 7
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Figure 7. L-selectin ligand expression and lymphocyte numbers in KSGal6ST KO mice

(A) Cryostat-cut sections of PLN and MLN from WT, KSGalé6ST KO, and GIcNAc6ST-1/-2 DKO mice stained with
anti-CD31 (green), L-selectin-Fc (red), and DAPI (blue). Background fluorescence was established by staining separate
sections with L-selectin-Fc in the presence of 10 mM EDTA. Scale bar represents 100 um and applies to adjacent
images. (B) Total numbers (top) and percentages (bottom) of CD3e* T cells and B220* B cells in peripheral blood and
lymphoid organs from WT (n = 4) and KSGal6ST KO (n = 3) mice. For MLN, n = 5 for WT, and n = 6 for KSGal6ST
KO (p = 0.14). Differences between mouse genotypes are not significant unless otherwise noted. PLN, peripheral
lymph node; MLN, mesenteric lymph node; PP, Peyer’s patches; SPLN, spleen; PB, peripheral blood; WT, wild type; NS,
not significant; *, p<0.05; **, p<0.005; ***, p<0.0005.
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Figure 8
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Figure 8. Lymphocyte homing in KSGalé6ST KO mice

(GICNAC6ST-1)  (GICNAC6ST-1)
(GICNAC6ST-2)  (GICNAC6ST-2)
(KSGal6ST)

(A) Short-term lymphocyte homing to PLN, MLN, Peyer’s Patches and Spleens of WT (n = 11) and KSGalé6ST KO (n =
I5) mice. Pooled results from three independent experiments are shown. (B) Short-term homing of splenocytes to
PLN and MLN of WT (n = 6), GIcNAc6ST-1/-2 DKO (n = 7), and GIcNAc6ST-1/-2/KSGal6ST TKO (n = 8) mice. Pooled
results from two independent experiments are shown. Differences between mouse genotypes are not significant
unless otherwise noted. Homing of L-selectin KO splenocytes was significantly reduced relative to wild type spleno-
cytes in all cases, except in homing to the spleen, where it was significantly enhanced (p values between 0.0l and
0.0001). Homing of WT splenocytes to PLN (p<0.0001) and MLN (p<0.005) was significantly reduced in DKO
recipients relative to WT recipients. PLN, peripheral lymph node; MLN, mesenteric lymph node; PP, Peyer’s patches;
SPLN, spleen; PB, peripheral blood; WT, wild type; DKO, double KO; TKO, triple KO; NS, not significant; *, p<0.05; **,

p<0.005; ***, p<0.0005.
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DISCUSSION

Our characterization of G270-2 staining points to the presence of 6,6’-disulfo-3’sLN, or a
structural analogue, in lymph node HEVs. Indeed, our previous analysis of GlyCAM-1
O-glycans was consistent with the existence of this structure (Hemmerich et al., 1995).
Studies using chemically synthesized glycans implicated 6,6 -disulfated structures in L-
selectin recognition (Bertozzi et al., 1995; Bruehl et al., 2000). We found that G270-2
staining, though unchanged in C6ST-1 KO mice, was completely absent in KSGal6ST
KO mice, providing in vivo confirmation of the Gal-6-O-sulfotransferase activity of
KSGal6ST. Additionally, we established that KSGal6ST was required for the generation
of all Gal6S-containing O-glycans that we detected by mass spectrometry in
GIcNAc6ST1/2 DKO PLN. Nevertheless, KSGal6ST KO mice did not exhibit a
detectable deficiency in short-term lymphocyte homing. Thus, we conclude that the
(G270-2 epitope and the broader class of glycans generated by KSGal6ST are dispensable
for L-selectin function in this setting. We were unable to confirm the absence of Gal6S
on N-glycans in KSGal6ST-deficient mice, because our N-glycan profiles were not of
sufficient quality. Furthermore, recombinant C6ST-1 has Gal-6-O-sulfotransferase
activity toward desulfated corneal KS chains and, to a much lesser extent, small
sialylated lactosamine structures (Habuchi et al., 1997). Thus, it is possible that C6ST-1
generates Gal6S on KS proteoglycans, N-glycans, or other glycans not included in our
mass spectrometry analysis. However, a previous characterization of C6ST-1 KO mice
found that this enzyme does not contribute to short-term homing (Uchimura et al., 2002).
In addition, we generated KSGal6ST/C6ST-1 DKO mice and found no changes in

homing compared to wild type mice (data not shown), eliminating the possibility that
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C6ST-1 makes compensatory contributions to lymphocyte homing in the absence of
KSGal6ST. We consider the existence of an undescribed Gal-6-O-sulfotransferase
unlikely, given the high degree of sequence similarity among the known members of the
GlcNAc-, Gal-, GalNAc-6-O-sulfotransferase subfamily of sulfotransferases (Fukuda et
al., 2001). Thus, we conclude that Gal6S does not contribute to L-selectin ligand activity
during normal lymphocyte homing.

We also show that KSGal6ST does not contribute to the residual lymphocyte homing
in GIcNAc6ST1/2 DKO mice. A previous analysis of GlyCAM-1 O-glycans revealed
small amounts of GIcNAc6S on core 2 glycans in DKO mice (Kawashima et al., 2005),
which could be responsible for the residual homing in both DKO and TKO mice. Our
mass spectrometry analysis is consistent with this result, since we detected low levels of
6-sulfo-3’sLN on core 2 glycans in PLN of TKO mice. GIcNAc6ST-4 (Chst7) may be
involved in generating these structures, since it is expressed in HEVs (Kawashima et al.,
2005). However, we and others have recently shown that injection of an antibody that
recognizes 6-sulfo-sLex on both O- and N-glycans fails to reduce residual homing to
lymph nodes in DKO mice, indicating that the low level of 6-sulfo-sLex does not account
for the residual ligand activity (Arata-Kawai et al., 2011; Hirakawa et al., 2010). The
remaining ligands are likely to involve structures related to sLex, since injection of
soluble E-selectin, which binds to sLex, blocks the residual lymphocyte homing to DKO
PLN (Uchimura et al., 2005). Furthermore, sLex is sufficient for L-selectin-Fc binding
(Foxall et al., 1992) and is surmised to be sufficient for L-selectin-dependent rolling on
endothelial ligands in vitro (Li et al., 2001; Tangemann et al., 1999). Based on these

observations, the simplest explanation for the residual lymphocyte homing to PLN in
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DKO and TKO mice is that it involves suboptimal binding of L-selectin to structures that
terminate in sLex lacking sulfation, as previously proposed (Kawashima et al., 2005).

Although the functions of Gal6S in HEVs are still unclear, we show that L-selectin-
dependent homing to PLN is increased by 35% in TKO mice relative to DKO mice.
These data are consistent with the possibility that this sulfate modification negatively
regulates lymphocyte homing in some circumstances. Recombinant FucT-IV and FucT-
VII cannot act on 6’-sulfo-3’sLN (Homeister et al., 2001), and recombinant KSGal6ST
cannot act on sLex (Torii et al., 2000). Consistent with these findings, 6’-sulfo-sLex was
not detected in HPLC analyses of GlyCAM-1 O-glycans (Hiraoka et al., 2007,
Kawashima et al., 2005) or in the present MS analysis of total PLN O-glycans.
Furthermore, CHO cell monolayers stably expressing CD34, FucT-VII, and GIcNAc6ST-
1 have a reduced capacity to support lymphocyte rolling upon transient overexpression of
KSGal6ST (Hiraoka et al., 2007). Thus, it has been proposed that the addition of sulfate
to the 6-O position of Gal precludes the generation of L-selectin ligands by inhibiting the
addition of a3 linked fucose on GlcNAc (Hiraoka et al., 2007). Since sLex is plausibly
responsible for the residual homing in DKO mice, as discussed above, KSGal6ST
deficiency may enhance this residual homing by allowing increased generation of sLex
structures. Future studies examining the levels of sLex in TKO mice should address this
hypothesis.

In contrast to our observations comparing DKO mice to TKO mice, we did not find
that the absence of KSGal6ST alone enhances L-selectin-dependent homing. Multiple
factors could account for this discrepancy. First, Gal6S appears to be less abundant in

WT PLN than in DKO PLN, as suggested by a previous analysis of GlyCAM-1 O-
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glycans (Kawashima et al., 2005) and our current MS analysis of PLN O-glycans. This
effect is likely due to the increased availability of the sulfate donor PAPS in DKO mice,
as previously proposed (Kawashima et al., 2005). The low abundance of Gal6S in wild
type HEVs may result in a negligible increase in sLex structures in KSGal6ST KO mice
and, hence, insignificant effects on homing. A second possibility is that 6-sulfo-sLex in
wild type HEVs makes the predominant contribution to L-selectin ligand activity such
that additional sLex generated in the absence of Gal6S does not appreciably increase
homing. Regardless of the mechanisms underlying these differential effects of Gal6S on
homing, it will be important to determine whether KSGal6ST influences leukocyte
trafficking in other settings. For example, HEVs can develop during many chronic
inflammatory diseases including rheumatoid arthritis, psoriasis, and ulcerative colitis
(Drayton et al., 2006). Moreover, HEV-like vessels are induced in mouse models of
chronic inflammation and tertiary lymphoid organ formation. The LacZ reporter allele
and the monoclonal antibody G270-2 described in this report provide tools for
determining whether KSGal6ST and 6,6’-disulfo-sLN are expressed in the HEV-like
vessels at these ectopic lymphoid sites.

Our survey of KSGal6ST expression highlights several other tissues where Gal6S
could have important functions. The intensity of X-Gal staining was strongest in the
brain, which is in agreement with previously observed transcript levels in mice and
humans. It has been shown that GIcNAc6ST-1 is required for 6-O sulfation of GIcNAc
on KS in the mouse central nervous system (Zhang et al., 2006). Furthermore, these
studies demonstrated that GIcNAc6ST-1 deficiency impairs glial scar formation and

enhances neurite outgrowth after traumatic injury. Experiments using KSGal6ST KO
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mice can address similar questions with respect to Gal6S in the brain. KS is also critical
for normal corneal morphology and function, as evidenced by humans with mutations in
the GIcNAc-6-O-sulfotransferase gene CHST6 (c-GlcNAc6ST) (Akama et al., 2000), and
mice with a targeted deletion in Chst5 (i-GIcNAc6ST) (Hayashida et al., 2006).
Furthermore, the monoclonal antibody 5D4, which recognizes a Gal6S-containing
epitope within KS (Mehmet et al., 1986), stains the cornea (Hayashida et al., 2006) and
retina (Ng and Streilein, 2001). Although we were unable to detect KSGal6ST expression
in the cornea, we did detect strong expression in the retina and optic nerve. Our HPLC
analysis establishes that KSGal6ST is required for generating Gal6S within ocular KS.
Thus, KSGal6ST KO mice will be useful in determining whether this modification
contributes to KS function in the eye.

We found KSGal6ST expression in the glomeruli of the kidney. The core protein of
the KS proteoglycan lumican is expressed in the glomerular endothelial cell coat (Friden
et al., 2011). Therefore, KSGal6ST may participate in sulfating KS chains on this
proteoglycan scaffold. Additionally, the cell-surface mucin podocalyxin is expressed in
foot processes of podocytes in the glomeruli (Nielsen and McNagny, 2009). Podocalyxin
is required for the formation of the slit diaphragms through which blood plasma is filtered
before entering the urinary space. The negative charge of podocalyxin, imparted by its
sulfation and sialylation, is thought to be important for its function (Dekan et al., 1991).
Accordingly, mice with a mutation in the sialic acid biosynthesis enzyme, GNE, do not
form slit diaphragms and die from renal failure soon after birth (Galeano et al., 2007).

Although we observed no gross morphological differences in glomeruli from KSGal6ST
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KO mice, it remains to be determined whether KSGal6ST contributes to the sulfation of
podocalyxin and affects its function in glomerular filtration.

We also found KSGal6ST expression as well as G270-2 reactivity in germinal centers
of Peyer’s patches and MLN. This staining has the same structural requirements as in
HEVs and thus indicates the presence of 6,6’-disulfo-3’sLLN, or a structural analogue. B
cells express CD22, a member of the Siglec family that is known to negatively regulate B
cell activation (Walker and Smith, 2008). Sialic acid on the 6-O position of Gal is
required for CD22 binding (Paulson et al., 2012). Therefore, it is plausible that
KSGal6ST impedes the generation of CD22 ligands by competing with a6
sialyltransferases. It will be of interest to examine KSGal6ST KO mice in this context.

Sulfate serves as a recognition determinant for many immunological receptors. These
include C-type lectins such as L-selectin, P-selectin, and the macrophage mannose
receptor, as well as Siglecs such as Siglec-7, Siglec-9, and CD22 (Campanero-Rhodes et
al., 2006; Kimura et al., 2007; Miyazaki et al., 2012). Screening of lectins using the
Consortium for Functional Glycomics (CFG) glycan array has suggested the importance
of Gal6S in ligands for several receptors on innate immune cells. Siglec-8, a sialic acid-
binding lectin expressed on human eosinophils, binds 6’sulfo-sLex and 6’sulfo-3’sLN
with remarkable specificity and shows an absolute requirement for sulfate on the 6-O
position of Gal (Bochner et al., 2005). Similar experiments using Siglec-F have
demonstrated that this Siglec also recognizes these structures (see chapters 3 and 4).
Furthermore, ligands have been detected in the lung where we found strong expression of
KSGal6ST. Human Siglec-7 and Siglec-5 and murine Siglec-E bind 6’sulfo-sLex, but

these Siglecs also bind to glycans lacking Gal6S (Tateno et al., 2005). The C-type lectin,
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langerin preferentially binds to 6’-sulfo-lactosamine on the glycan array, and also binds
CHO cells transfected with KSGal6ST (Tateno et al., 2010). KSGal6ST expression in the
lung could potentially generate structures recognized by resident dendritic cells, which
express langerin. KSGal6ST KO mice provide a valuable tool for determining whether

these receptors recognize Gal6S-containing structures in vivo.

FUTURE PROSPECTS

Many important aspects of leukocyte entry into secondary lymphoid organs remain to be
elucidated. Although Gal6S does not appear to contribute to L-selectin-dependent
lymphocyte homing, this modification is expressed in HEVs and may function in aspects
of lymphocyte entry that have not been as thoroughly investigated.

The direct visualization of lymphocytes in the process of transendothelial migration
across HEVs was paramount in identifying these vessels as gateways to the lymph node
stroma (Gowans and Knight, 1964). Yet, after more than a half-century of study, the
molecules involved in this process are not completely understood (Ley et al., 2007). Once
lymphocytes have firmly adhered to the surface of the HEVs, it seems likely that specific
signals are necessary to a) guide them to a designated entrance, b) stimulate them to step
inside, and c) to make sure they close the door behind them. In inflamed vasculature,
neutrophils transmigrate rapidly, even traveling directly through the cytoplasm of
endothelial cells. Excessive leukocyte recruitment in delicate tissues such as the lung is
associated with vascular leakage, and can even be fatal (Bhattacharya and Matthay,

2013). Indeed, neutrophils are required for lung edema in mouse models of acute
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respiratory distress syndrome. Transmigration of leukocytes across the blood-brain
barrier in mouse models of multiple sclerosis has been associated with increased vascular
permeability (Daneman, 2012). In contrast, staggering numbers of lymphocytes
constitutively cross HEVs without evidence of vascular leakage. Advances in intra-vital
imaging have revealed that lymphocytes often crawl along the vessel wall before
inserting themselves between endothelial cells where other lymphocytes have recently
entered (Bajenoff et al., 2006). It remains to be demonstrated whether this migration is
induced by chemokines, or by LPA produced locally as a result of autotaxin bound to
lymphocyte or endothelial surfaces (Kanda et al., 2008; Zhang et al., 2012). The
subsequent events that mediate the opening and closing of the endothelial junctions are
not well understood. Studies of inflamed endothelium suggest that homotypic binding of
JAMs or CD99 could act as a zipper between leukocytes and endothelial cells (Ley et al.,
2007). The strong expression of KSGal6ST in HEVs and kidney glomeruli may reflect
specialized functions for Gal6S in regulating vascular permeability. Future studies
exploring how HEV integrity is maintained in the face of sustained lymphocyte influx
could provide new insights into the breakdown of endothelial barriers during disease.
Lymph nodes undergo dramatic expansions in size during immune responses (Liao
and Ruddle, 2006). It has been demonstrated that the sphingosine-1-phosphate receptor
S1P; binds to CD69 and is internalized in response to inflammatory cytokines. This
inhibits egress and increases the number of lymphocytes in lymph nodes, directly
contributing to an increase in size (Shiow et al., 2006). On the other hand, there are
additional changes in lymph node architecture that do not appear to be the direct result of

lymphocyte accumulation (Liao and Ruddle, 2006). Shortly after immunization or
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infection, HEVs in lymph nodes regress to a rudimentary state. They lose their
characteristic plumpness and cease to express several HEV-specific genes including
GIcNACc6ST-2, FucT-VII, and GlyCAM-1. Following this HEV atrophy, blood and
lymph vessels undergo extensive elaboration and remodeling, and HEV characteristics
return. Activation of the lymphotoxin receptor LTBR on endothelial cells is required for
these processes, and the additional signals involved are the subject of current research. As
the immune response subsides, the lymph node returns to normal size. However, it is
conceivable lymph node remodeling makes results in lasting changes to the vascular
architecture, which could affect the entry of lymphocytes through HEVs, as well as that
of dendritic cells and antigen though lymphatic vessels. Thus, a history of remodeling
could increase the efficiency of lymphocyte interactions in lymph nodes draining certain
tissues that are prone to infection or inflammation. Such a system would provide unique
evolutionary advantages, as well as opportunities to manipulate immune responses. There
appear to be very few LacNAc units carrying Gal6S in HEVs under homeostatic
conditions, which may explain why this modification is dispensable for constitutive
lymphocyte homing. However, the abundance of such structures might increase as a
result of lymph node remodeling during infection or immunization. If these structures are
elevated in lymph nodes with prior exposure to antigen, or if they are present in tertiary
lymphoid organs, further studies of the ability of KSGal6ST to contribute to lymphocyte

homing under these special circumstances would be warranted.
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MATERIALS AND METHODS

Mice

Chst]”" mice were generated by Regeneron Pharmaceuticals Inc. and the trans-NIH
Knockout Mouse Project (KOMP) using published protocols (Valenzuela et al., 2003).
Detailed information about the targeting construct is available on the Velocigene website
(http://www.velocigene.com/komp/detail/10172). Briefly, upon recombination with the
BAC targeting vector, a cassette containing the promoterless E. coli K12 LacZ gene and
the neomycin phosphotransferase gene was introduced in place of the entire protein-
coding region of Chstl. C57TBL/6NTac embryonic stem (ES) cells were screened for the
loss of one wild type copy of Chstl using Tagman quantitative PCR. Targeted ES cells
were injected into BALB/c blastocysts, and the resulting chimeric offspring were bred
until germline transmission was achieved. Mice deficient in GIcNAc6ST-1, GIcNAc6ST-
2, and L-selectin have been described previously (Arbones et al., 1994; Uchimura et al.,
2005). L-selectin KO mice were genotyped by FACS analysis of peripheral blood
leukocytes stained with FITC-anti-mouse L-selectin (clone MEL-14, eBioscience).
Sulfotransferase-deficient mice were genotyped by PCR as previously described
(Uchimura et al., 2005). Primers specific for the genes Chstl (5°-
CCTCTGCAACCACAACTCTC-3’, 5’>-GCCTTCCAAGAACATTGCAT-3’), Chst2 (5°-
AAGCCTACAGGTGGTGCGAA-3’, 5’-CAGGACTGTTAACCCGCTCA-3’), Chst3
(5’-ATGCATCTCTCTTGTCCCTGA-3’, 5’-CACATACAGGTCGCATAGCAA-3’),
Chst4 (5’-GTAGCTCTCTTCATCCATATGTTCG-3’, 5°-
CGTTTCCAAATGCTGCCCTAGCAC-3’), and LacZ (5°-

GTCTGTCCTAGCTTCCTCACTG-3’) were obtained from IDT. Alternate primers were
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use to detect the Chst2™" allele (5-GCCAAAAGTGATCACCTCGT-3"), Chst3™" allele
(5’~AGGGCTATGTCTCACTGCCA-3) and Chst4™ allele (5°-
GGCTGTGCTGCTGGTGAAAGTCAT-3’) in combination with a primer specific for the
neomycin phosphotransferase gene (5~ AGCGTTGGCTACCCGTGATA-3"). C57BL/6J
mice were obtained from Jackson Laboratories. All procedures involving animals were
approved by the University California San Francisco Institutional Animal Care and Use
Committee, and carried out in accordance with the guidelines established by the National

Institutes of Health.

Reverse transcriptase PCR

Mouse forebrain was homogenized by sonication in RLT buffer (Qiagen). Total RNA
was extracted using RNeasy mini kit (Qiagen) according to manufacturer’s instructions.
cDNA was synthesized using superscript III reverse transcriptase (Invitrogen) according
to manufacturer’s instructions. PCR was performed as above using primers specific for
Chstl (5°-TTGGCAGCCGAGGCTTGTCG-3’, 5’-TGCCGTACCAAAGCCGCCAG-3’)
and Hprt (5’-TTGCTGGTGAAAAGGACCTCTCG-3’, 5’-

CCACAGGACTAGAACACCTGCTAA-3).

Preparation and structural analysis of ocular keratan sulfate

Ocular KS was isolated and analyzed as described previously for heparan sulfate
(Hosono-Fukao et al., 2011) with slight modifications. Adult mouse eyes (~50 mg) were
suspended in 2 mL 0.2 N NaOH and incubated at room temperature overnight. The

samples were neutralized with 4 N HCI and then treated with DNase I and RNase A (0.04

Chapter 2 39



mg/ml each) (Roche) in 50 mM Tris-HCI, pH 8.0, 10 mM MgCl, for 3 hours at 37° C,
followed by treatment with actinase E (0.08 mg/ml) (Kaken Pharmaceutical Co., Ltd.,
Tokyo, Japan) at 50° C overnight. Samples were heated to inactivate enzymes,
centrifuged at 5,000 x g and 4° C for 10 minutes, and the supernatant was collected and
mixed with an equal volume of 50 mM Tris-HCI, pH 7.2. The keratan sulfate was
purified by DEAE-Sepharose column chromatography. The oligosaccharide compositions
of the keratan sulfate after digestion with keratanase or keratanase Il overnight were
determined by reversed-phase ion-pair chromatography with post-column fluorescent
labeling. Gal6S-containing oligosaccharide components were identified using authentic
sulfated oligosaccharide markers and digestion products released from bovine corneal
keratan sulfate by the action of endo-f3-galactosidase or keratanase. Keratan sulfate from
bovine cornea, endo-f-galactosidase (Escherichia freundii), keratanase (Pseudomonas
sp.), and keratanase II (Bacillus sp. Ks 36) were purchased from Seikagaku, Tokyo,

Japan.

X-Gal and immunofluorescence staining

For X-Gal staining, tissues were fixed, washed, and stained with X-Gal staining solutions
(Millipore) according to manufacturer’s instructions, with incubation in X-Gal overnight.
Tissues not stained with X-Gal were fixed in 4% PFA for 1 hour, then incubated in 30%
sucrose overnight. All tissues were embedded in OCT compound (Sakura Finetek) and
frozen by immersion in 2-methylbutane chilled in liquid nitrogen. Tissues were sectioned
at 5 um thickness in a cryostat and then fixed in -20° C acetone for 10 minutes. For

sialidase experiments, sections were treated with 50 mU/mL Arthrobacter ureafaciens
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sialidase (Roche Applied Sciences) in pH 5.0 acetate buffer at 37° C for 1 hour. Sections
were blocked with 3% BSA and 5% normal sera from mouse, rat, goat, or donkey
(Sigma), depending on the experiment. MECA-79 (BioLegend), biotin-MECA-79
(BioLegend), CD31 (Goat pAb, R&D Systems), biotin-CD31 (clone 390, eBioscience),
human L-selectin-IgG (R&D Systems), and GL7 (eBioscience) were incubated with
sections at 1 to 5 ug/mL for 1 hour. G270-2 was incubated with sections at 10 ug/mL for
6 hours. Nonspecific rat IgM (clone eBRM, eBioscience), biotin-rat [gM (clone eBRM,
eBioscience), mouse IgM (clone 11E10, eBioscience), and goat IgG (Invitrogen) were
used to establish background fluorescence. For L-selectin-Fc staining, background
fluorescence was established using control sections stained in the presence of 10 mM
EDTA. Secondary reagents, Cy3-goat anti-rat IgM, Cy2-goat anti-rat IgG, Cy2-
streptavidin, and Cy3-streptavidin were obtained from Jackson ImmunoResearch and
incubated with sections at 1 ug/mL for 30 minutes. All antibodies were diluted in
Dulbecco’s PBS (D-PBS) with 3% BSA. All sections were incubated with DAPI
(Invitrogen) at 0.5 ug/mL in PBS for 5 minutes to label nuclei. Images were acquired
using a Nikon Optiphot microscope equipped with an AxioCam HR at fixed exposure.

Multi-channel images were created and processed in parallel using Photoshop software

(Adobe).

Mass spectrometry analysis
O-glycan samples were prepared from whole PLN lysates, permethylated and
fractionated into non-, mono- and di-sulfated fractions for MALDI-MS analyses as

described previously (Khoo and Yu, 2010; Yu et al., 2009). NanoLC-MS/MS analyses of
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the permethylated, sulfated glycans were performed on a nanoACQUITY UPLC System
(Waters) coupled to an LTQ-Orbitrap Velos hybrid mass spectrometer (Thermo
Scientific) using the same nanoL.C conditions and MS acquisition method as described
previously (Shibata et al., 2012). NanoLC-MS/MS of the disulfated glycans was
additionally carried out on a homemade nanoL.C system comprised of a 50 pm x 4 cm
homemade polystyrene-divinylbenzene (PS-DVB) monolithic trap column and a 20 pm x
4 m homemade PS-DVB grafted open tubular analytical column coupled to the same
LTQ-Orbitrap Velos MS system. For this nanoLC system, sample was dissolved in 25%
acetonitrile and separated at a constant flow rate of 150 nl/minute, with a linear gradient
of 10—40% acetonitrile (with 1 mM ammonium bicarbonate) over 30 minutes, then
increased to 80% acetonitrile over 5 minutes and held isocratically for another 10
minutes. The eluent was interfaced to the nanospray source based on the liquid junction
configuration consisting of an uncoated emitter and a high voltage electrode. For each
data-dependent acquisition cycle, the full scan MS spectrum (m/z 500-2000) was
acquired in the Orbitrap at 60,000 resolution (at m/z 400) with automatic gain control
(AGC) target value of 5 x 10°. A target precursor inclusion list was applied to precede
further selection of five most intense ions with intensity threshold of 300 counts for both
collision induced dissociation (CID) and higher energy C-trap dissociation (HCD). The
AGC target value and normalized collision energy applied for CID and HCD experiments
were set as 20,000, 45% and 100,000, 100%, respectively. All MS/MS data were

interpreted manually.
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Generation of the monoclonal antibody G270-2

(G270-2 was generated as described previously (Mitsuoka et al., 1998). Briefly, 6,6’-
disulfo-sLex glycolipids were adsorbed to Salmonella minnesota strain R595 and
administered to Balb/c mice by repeated intraperitoneal injection. Splenocytes were
harvested and fused with the mouse myeloma P3/X63-Ag8U1, and clones were screened
for reactivity to the immunogen. The specificity of G270-2 was determined by ELISA

using immobilized glycolipids as described previously (Mitsuoka et al., 1998).

Lymphocyte homing assay

Short-term lymphocyte homing assays were carried out as described previously (Arbones
et al., 1994) with slight modifications. Briefly, spleens from 10-12 week-old C57BL/6
wild type or L-selectin KO mice were mechanically dissociated with a syringe plunger
and a 70 um cell strainer (BD Biosciences). Erythrocytes were lysed using ammonium
chloride buffer (150 mM NH4Cl, 10 mM KHCO3;, 100 uM EDTA). Splenocytes of one
genotype were incubated with 2uM CFDA-SE (Invitrogen), while splenocytes of the
other genotype were incubated with luM CMTMR (Invitrogen), for 25 minutes in RPMI-
1640 medium containing 0.2% FBS. Differentially labeled wild type and L-selectin KO
splenocytes were washed with RPMI-1640 containing 2% FBS and combined in equal
numbers. A 200 uL aliquot containing 20x10° total cells was injected into the lateral
caudal vein of each age-matched (8-10 week old), sex-matched wild type, KSGal6ST
KO, GIcNAc6ST1/2 DKO, or TKO mouse. After one hour, inguinal, axillary, and
brachial lymph nodes, all mesenteric lymph nodes, all Peyer’s patches, and spleens were

collected. Lymph nodes were dispersed using ground glass microscope slides. Peyer’s
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patches and spleens were mechanically dispersed using cell strainers, as above. Splenic
erythrocytes were lysed using ammonium chloride buffer. All cell suspensions were
filtered through 100 um nylon mesh (ELKO Filtering Co.), and analyzed using a BD
FACSort cytometer equipped with CellQuest software (BD). Further analysis was carried
out using FlowJo software (Treestar Inc.). The frequencies of wild type and KO donor
splenocytes relative to recipient cells in lymphoid organs were determined and
normalized using the ratio of wild type to KO cells injected, as determined by FACS

analysis.

Flow cytometry analysis of blood and lymphoid organs

Blood (200 pL) was collected through the right ventricle into 5 mM EDTA, and then
treated with ammonium chloride buffer to lyse erythrocytes. Lymphoid organs were
collected and dissociated as described above. Cell numbers were determined using
CountBright counting beads (Invitrogen) according to manufacturer’s instructions.
Separate aliquots of cells were incubated with 10 ug/mL anti-mouse CD16/32 (clone 93,
eBioscience) and then stained with 5 ug/mL FITC-anti-mouse CD3¢ (clone 145-2C11,
BioLegend) and APC-anti-mouse B220 (clone RA3-6B2, BioLegend). Viability was
determined by adding 50 uL/mL 7AAD solution (BD Pharmingen). Cells were analyzed

using the instrumentation and software described above.
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Statistical analysis
All graphical data were plotted as means plus the standard error mean using Prism 5
software (GraphPad Software, La Jolla, CA). Student’s #-test was used to evaluate the

statistical significance of differences between groups.
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The Siglec Family and Inhibitory Receptor Signaling
Siglecs (sialic acid-binding immunoglobulin-like lectins) are a family of type-I
transmembrane carbohydrate-binding receptors primarily expressed on circulating and
tissue-resident leukocytes (Crocker et al., 2007; Varki and Angata, 2006). All Siglecs
possess an extracellular N-terminal V-set Immunoglobulin (Ig) domain that recognizes
sialic acid. However, each Siglec has a distinct binding profile with preferences for the
linkage of sialic acid together with features of the underlying glycan. Siglecs also contain
a variable number of extracellular C2-set Ig domains, which are important in determining
whether the ligand-binding domain can interact with the glycocalyx of the Siglec-
expressing cell (Crocker et al., 2007). The cytoplasmic domains of most Siglecs contain
immunoreceptor tyrosine-based inhibition motifs (ITIMs) (with the consensus amino acid
sequence I/V/L/S-X-Y-X-X-L/V), which can recruit inhibitory phosphatases to the
signaling complexes generated by activating receptors. Many Siglecs also contain an
ITIM-like region (with the consensus amino acid sequence D/E-Y-X-E-I/V-K/R), which
can affect the recruitment of phosphatases in some circumstances (Crocker et al., 2007).
Five members of the Siglec family, sialoadhesin, CD22, MAG, Siglec-15, and CD33
are well conserved among mammals. In contrast, the CD33-related (CD33r) Siglecs are
rapidly evolving, and there are no clear orthologs between mice and humans, with the
exceptions of Siglec-G and Siglec-10. Thus, the CD33r Siglecs have been assigned the
letters E through H in mice and the numbers 5 through 14 in humans. Most myeloid, NK,
and B cells express at least one CD33r Siglec, but these receptors are absent from T cells
in most cases. The strikingly restricted expression patterns of several Siglecs have led to

their use as markers of specific cell populations. Sialoadhesin identifies subsets of
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macrophages in the marginal zone of the spleen, marginal sinus of lymph nodes, bone
marrow, liver, and lung (Klaas and Crocker, 2012). Siglec-H is a widely used marker for
plasmacytoid dendritic cells (Blasius et al., 2006). Both Siglec-F in mice and Siglec-8 in
humans are relatively specific markers for eosinophils (Zhang et al., 2004). Interestingly,
Siglec-6 is found specifically on syncytiotrophoblasts and cytotrophoblasts in the
placenta, providing a rare example of a non-hematopoietic Siglec (Winn et al., 2009). In
most cases, the functional consequences of this highly selective Siglec expression are not
understood.

A major mechanism of leukocyte activation involves the ligation of cell-surface
receptors that contain or associate with cytoplasmic immunoreceptor tyrosine-based
activation motifs (ITAMs). These receptors include the T cell receptor, B cell receptor, a
subset of Ig Fc receptors, and C-type lectin receptors such as Dectin-1 and NKG2D on
myeloid and NK cells, respectively (Humphrey et al., 2005; Kerrigan and Brown, 2011).
Clustering or conformational changes in these receptors leads to phosphorylation of
tyrosine residues in associated ITAMs by src-family kinases, which initiates subsequent
downstream signaling events. ITAM signaling in lymphocytes is tightly controlled by
ITIM-containing inhibitory receptors (Daeron et al., 2008). When ITIM-containing
receptors enter the local membrane domains of activating signaling complexes, tyrosines
in the ITIM become phosphorylated. This promotes the recruitment of the tyrosine
phosphatases SHP-1 and SHP-2, or the inositol phosphatase SHIP, which offset the
activity of kinases and limit activation. Inhibitory receptors including CTLA4, FcyRIIB,

PirB, CD22, and Ly49 family members, are critical for regulating lymphocyte activation
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(Daeron et al., 2008). However, the importance of inhibitory receptors on macrophages,
neutrophils, and eosinophils is not well established.

Eosinophils are circulating leukocytes that typically make up < 3% of leukocytes in
blood (for a review of eosinophil functions see chapter 5). Eosinophil activation is
mediated by cell surface receptors including cytokine receptors, Fc receptors, integrins,
and C-type lectins (Hogan et al., 2008). These receptors trigger the release of a multitude
of cytokines, eicosanoids, and granule proteins. Since these products can have
detrimental effects on host physiology, eosinophil activation is likely to be restricted by
inhibitory cell surface receptors similar to those that dampen lymphocyte activation
(Ravetch and Lanier, 2000). Although no receptor has been conclusively demonstrated to
serve this function in vivo, several candidate inhibitory receptors have been identified on
eosinophils (Munitz et al., 2006; Munitz et al., 2008; Notris et al., 2007), including
Siglec-F and Siglec-8.

Siglec-F is expressed by eosinophil precursors in mouse bone marrow and is
constitutively present on mature eosinophils (Voehringer et al., 2007; Zhang et al., 2004).
The level of Siglec-F on the eosinophil cell surface increases during allergic
inflammation and upon migration into tissues (Voehringer et al., 2007; Zhang et al.,
2007). Apart from eosinophils, only alveolar macrophages (Stevens et al., 2007)
prominently express Siglec-F, although weak expression has been detected on peripheral
blood neutrophils and on T cells during in vitro activation (Zhang et al., 2007). The
consequences of ligand recognition by Siglec-F are still unclear. However, this receptor
has been shown to promote apoptosis in eosinophils upon antibody cross-linking (Zhang

et al., 2007; Zimmermann et al., 2008). Additionally, intravenous injection of either intact
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antibodies or F(ab’), fragments directed against Siglec-F markedly depletes eosinophils
from blood and tissues (Song et al., 2009a; Song et al., 2009b; Zimmermann et al., 2008).
This effect is plausibly due to Siglec-F cross-linking and induction of apoptosis. In
agreement with this interpretation, Siglec-F KO mice show systemic increases in
eosinophil numbers during ovalbumin-induced lung inflammation, and a decrease in the
number of apoptotic cells in the lung (Cho et al., 2010; Zhang et al., 2007). Thus, it has
been proposed that ligands for Siglec-F may be important for dampening eosinophil
accumulation during inflammation (Bochner, 2009).

Although the human genome does not contain an ortholog of Siglec-F, Siglec-8 is
believed to represent a functional paralog based on several common features (Bochner,
2009). Siglec-8 is highly expressed on human eosinophils, although, unlike Siglec-F, it is
found on basophils and mast cells but not on alveolar macrophages or neutrophils. In
addition, antibody-mediated cross-linking of Siglec-8 induces eosinophil apoptosis
(Nutku et al., 2003). This effect is accompanied by caspase cleavage, and is paradoxically
potentiated by the eosinophil survival factors, IL-5 and GM-CSF. An inhibitor of reactive
oxygen species production blunts eosinophil apoptosis, suggesting that mitochondrial-
mediated apoptosis is also involved (Nutku et al., 2005). Siglec-9, present on human
neutrophils, has also been shown to induce apoptosis with similar requirements for
caspase activation and reactive oxygen species (von Gunten et al., 2005). The proximal
signaling mechanisms by which these Siglecs activate apoptosis are not known. Various
cell lines transfected with Siglec-7 or Siglec-9 do not exhibit apoptosis upon antibody-
mediated cross-linking but, instead have reductions in activation-induced responses

ranging from signaling through the TCR or FceR, to the production of prostaglandins
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(Avril et al., 2004; Ikehara et al., 2004; Miyazaki et al., 2012). In cord blood-derived
mast cells, antibodies against Siglec-8 impair calcium signaling and prostaglandin release
in response to FceR cross-linking (Yokoi et al., 2008). These instances involving
inhibition of ITAM-mediated activation suggest direct parallels to other ITIM-containing
receptors (Turner and Kinet, 1999). However, recruitment of phosphatases by Siglec-8
has not been reported in any cell type.

Studies in mice have shed light on the functions of other CD33r Siglecs, including
Siglec-G and Siglec-E. Siglec-G is expressed on peritoneal B1 cells, which are important
for T cell-independent antibody responses, as well as the production of natural antibody
(Fagarasan and Honjo, 2000). Siglec-G KO mice exhibit dramatic expansion the B1 cell
population and have higher titers of serum IgM (Hoffmann et al., 2007). Additionally,
Siglec-G and Siglec-10 have been shown to interact with CD24 to repress inflammatory
signaling in response to cellular damage signals such as heat shock proteins (Chen et al.,
2009). It has been proposed that the abundant O-glycans on CD24 mediate Siglec-
recognition in this system. However, the carbohydrate-dependence of this interaction
remains to be tested (Varki, 2009). Siglec-G was also recently shown to inhibit cytosolic
RNA sensing in B cells during vesicular stomatitis virus infection, acting though a novel
mechanism that involves ubiquitin-mediated degradation of RIG-I (Chen et al., 2013).
Siglec-E is expressed on several myeloid lineages including macrophages, neutrophils,
eosinophils, and monocytes. Mice deficient in Siglec-E have exaggerated responses to
LPS-induced lung inflammation (McMillan et al., 2013). The target of Siglec inhibition
in this model is CD11b/B2 (Mac-1) integrin signaling, which is necessary for the

recruitment of neutrophils to the lung. Despite these advances, the functions of Siglec-F
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and many other CD33r Siglecs have remained elusive, in part, because endogenous

ligands for these receptors have not been identified.

Ligands for the CD33-Related Siglecs

Sialic acid is a 9-carbon a-keto sugar widely expressed in animals of deuterostome
lineage, including vertebrates and some invertebrates such as echinoderms. Sialic acid is
the most heterogeneous of all of the monosaccharides and can be modified with hydroxyl,
acetyl, methyl, sulfate, and phosphate groups to generate over 50 variations (Cohen and
Varki, 2010). Most sialic acids begin as Neu5Ac, which is formed from N-
acetylmannosamine-6-O-phosphate in the cytoplasm by the enzyme glucosamine (UDP-
N-acetyl)-2-epimerase/N-acetylmannosamine kinase (GNE). NeuSAc is then transported
into the nucleus where is it converted into the nucleotide sugar, CMP-Neu5Ac. Sialic
acid is typically transferred from CMP-Neu5SAc to the termini of N- and O-glycans and
glycolipids. This is accomplished by a large family of sialyltransferases, comprised of 20
members in mammals (Takashima, 2008). Sialic acid is recognized by a wealth of
eukaryotic and prokaryotic glycan-binding proteins, from C-type lectins to bacterial
adhesins (Schauer, 2009). Although Siglecs are found on leukocytes, which are
intimately involved in immune defense against microbes, it has been argued that host-
derived ligands represent the major constraints on Siglec evolution (Klaas and Crocker,
2012). This is because sialic acid is rare outside the deuterostomes, with many bacterial
and fungal species lacking the genes required for its biosynthesis (Cohen and Varki,
2010). In the case of several bacteria that synthesize sialic acid, it is plausible that this

feature was acquired due to the advantage it provides in subverting host immunity (Varki
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and Gagneux, 2012). For example, the sialylated capsular polysaccharide of group B
Streptococcus engages Siglec-9 on human neutrophils and inhibits oxidative burst,
granule protease release, and bacterial killing (Carlin et al., 2009). Since the majority of
research on CD33r ligands has focused on endogenous ligands, the following discussion
is restricted to this class.

A Siglec on a given cell can bind glycoproteins and glycolipids on the surface of that
same cell (referred to as cis-ligands) or on another cell (referred to as trans-ligands). The
clearest example of cis-ligand recognition is provided by CD22. This Siglec is restricted
in its expression to mature B cells, and is not part of the rapidly evolving CD33r
subfamily. Several cell surface molecules on B cells serve as ligands for CD22, including
the BCR and CD45. Notably, CD22 itself is modified with glycans that can be recognized
by adjacent CD22 molecules on the same cell (Han et al., 2005). Importantly, CD22
exhibits sialic acid-dependent redistribution to sites of B cell-B cell or B cell-T cell
contact, indicating that homo- and heterotypic trans interactions can also take place
(Collins et al., 2004). CD24 likely serves as a cis-ligand for Siglec-G and Siglec-10,
although the glycans that mediate this interaction remain to be defined (Chen et al.,
2009). Siglecs can bind secreted ligands including mucins (Belisle et al., 2010; Ishida et
al., 2008; Ohta et al., 2010; Toda et al., 2008), and the acute phase protein a.1-acid
glycoprotein (Gunnarsson et al., 2007). Aside from these examples, endogenous ligands
for Siglecs remain largely uncharacterized at the biochemical level (Varki, 2009).

Investigations of the glycan-binding specificities of CD33r Siglecs have been
advanced in large part through the use of neoglycoconjugates. These molecules consist of

chemically or enzymatically synthesized glycans attached to lipid, protein, or

Chapter 3 53



polyacryllamide carriers. Currently, the most recent platforms for screening
neoglycoconjugates are so-called glycan arrays (Blixt et al., 2004). In a typical glycan
array experiment to probe the specificity of a Siglec, a Siglec-Fc fusion protein labeled
with a fluorophore is reacted with a glass slide upon which hundreds of distinct glycan
structures have been printed. The most recent version of the array produced by the
Consortium for Functional Glycomics includes 610 structures, ranging from single
monosaccharides to triantennary N-glycans made up of 36 units
(http://www.functionalglycomics.org/static/consortium/resources/resourcecoreh8.shtml).
The fluorescent intensity at each printed spot is used as a read-out of the binding
interaction between a discrete glycan structure and the Siglec or other glycan-binding
protein of interest. However, there are significant caveats associated with interpreting
glycans array data. First, the number of structures represented, though large, does not
approach the diversity of glycan determinants found in mammalian cells, which likely
exceeds 3000 (Cummings, 2009). Second, the density and presentation of glycans on the
array may be variably affected by properties of a given glycan structure, such as charge,
and hydrophobicity (Blixt et al., 2004). Third, this approach represents a reduction to
pure carbohydrate-protein interactions that does not take into account the potential
contributions of the protein or lipid scaffolds that are present in endogenous ligands for
glycan-binding proteins (Blixt et al., 2004). Despite these caveats, glycans arrays have
been widely used to probe the binding specificity of mammalian lectins including the
Siglecs.

CD22 provides a clear example of concordance between glycan array results and

other experimental data. CD22-Fc binds with high selectivity to a2,6-sialylated LacNAc
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structures on glycan arrays. This result is consistent with reported defects in the binding
of CD22 to T and B cells in mice lacking a.2,6-sialyltransferases (Walker and Smith,
2008). Furthermore, a.2,6-sialyltransferase-deficient mice have a similar immunological
phenotype when compared to mice expressing a mutated form of CD22 that cannot bind
sialic acid. However, glycan array results obtained using other Siglecs have been more
difficult to interpret. Siglec-9 was found to bind 6-sulfo-sLex using glycan arrays,
whereas Siglec-7 bound this structure weakly (Campanero-Rhodes et al., 2006).
However, an endothelial cell line transfected with the GIcNAc-6-O-sulfotransferase,
GIcNACc6ST-1, bound more strongly to Siglec-7 than Siglec-9 (Miyazaki et al., 2012).
This binding could be blocked using antibodies against 6-sulfo-sLex and 6-sulfo-
LacNAc, demonstrating that it was highly specific. Moreover, Siglecs-E, -F, -8, -7, and -5
have all been shown to recognize Gal6S-containing structures on glycan arrays, raising
the concern that some of these binding interactions may be artificial. As described below,
the high selectivity of Siglec-8 and Siglec F for glycans modified with Gal6S has led to
great interest in determining whether the endogenous ligands for these receptors require

this structural feature.

Evidence for Galactose-6-O-Sulfate as a Binding-Determinant for Siglec-F

Putative endogenous ligands for Siglec-F were first revealed indirectly through the use of
sialylated glycans linked to polyacryllamide (PAA) scaffolds (Tateno et al., 2005).
Eosinophils do not bind these glycans unless the eosinophils are first treated with
sialidase, suggesting that the ligand-binding site of Siglec-F is occupied by cis-ligands, as

is the case for CD22 and several other Siglecs (Varki and Angata, 2006). Direct detection
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of Siglec-F ligands has since been achieved using a fusion protein consisting of the
extracellular domain of Siglec-F fused to the Fc portion of human IgG (Siglec-F-Fc).
Immunohistochemical staining of mouse lung sections with Siglec-F-Fc revealed sialic-
acid dependent ligands on airway epithelial cells and luminal contents, as well as on
mononuclear cells in alveolar spaces (Zhang et al., 2007). Furthermore, Siglec-F-Fc
staining in these regions increases dramatically during allergic lung inflammation.
However, the identities of the ligand-expressing cells and the basis for the increase in
ligands during inflammation have not been determined.

Although endogenous ligands have yet to be biochemically defined, experiments
using PAA-linked glycans have established that Siglec-F prefers a2,3-linked sialic acid
residues (Angata et al., 2001). Consistent with this specificity, Siglec-F-Fc staining of
airway epithelium and alveolar cells is blocked by the lectin MAA (which recognizes
a2,3 linked sialic acids), and is absent in mice lacking the a2,3 sialyltransferase ST3Gal3
(Guo et al., 2011). Additionally, Siglec-F-Fc specificity has been probed using the CFG
glycan array. These experiments revealed a striking preference for 6’-sulfo-sLex (Sia
a2—3 [6S]Gal p1—4 [Fuc aa1—=3][6S]GIcNAc) and 6’-sulfo-3’sLN (Sia a2—3 [6S]Gal
p1—4 GlcNAc) with no reactivity to the same structures lacking Gal6S (Tateno et al.,
2005). Siglec-F-Fc also binds neoglycolipids containing 6’-sulfo-sLex, 6’-sulfo-3’sLLN,
and 6,6’-sulfo-sLex (Sia a2—3 [6S]Gal p1—4 [Fuc a1—=3][6S]GIcNAc), but not sLex
(Sia a2—3 Gal f1—4 [Fuc a1—3]GIcNAc) or 6-sulfo-sLex (Sia a2—3 Gal p1—4 [Fuc
a1—3][6S]GlcNAc) (Campanero-Rhodes et al., 2006) (www.functionalglycomics.org,
primscreen_3253). Furthermore, eosinophils bind to 6’-sulfo-sLex and not 6-sulfo-sLex

coupled to PAA, and this effect can be completely inhibited with an antibody to Siglec-F
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(Tateno et al., 2005). An antibody that recognizes 6’-sulfo-sLex stains mouse airway
epithelium (Kiwamoto et al., 2013), although this antibody also binds other glycans
(www.functionalglycomics.org, primscreen 3255). Taken together, this evidence points
to Gal6S as a recognition element for Siglec-F. As reviewed in chapter 2, we recently
demonstrated that KGal6ST generates Gal6S in vivo on ocular KS, as well as on glycans
in lymph nodes, including 6,6’-disulfo-3’sLN in high endothelial venules (Patnode et al.,
2013). Furthermore, KSGal6ST transcripts are present in the lung (Tateno et al., 2010),
and KSGal6ST protein has recently been detected in airway epithelium by
immunohistochemistry (Guo et al., 2011). Thus, this enzyme is a strong candidate for
controlling endogenous Siglec-F ligand synthesis in the lung.

The strongest case for convergent evolution of Siglec-F and Siglec-8 comes from
analyses of Siglec-8 binding specificity. Siglec-8 recognizes glycans containing Gal6S,
such as 6’sulfo-sLex, 6,6’-disulfo-sLex, and 6’-sulfo-3’sLLN, with even greater selectivity
than Siglec-F (Bochner et al., 2005; Campanero-Rhodes et al., 2006; Rapoport et al.,
2006) (www.functionalglycomics.org, primscreen_3249). Furthermore, polyvalent
6’sulfo-sLex-PAA conjugates induce apoptosis when incubated with human eosinophils
(Hudson et al., 2009). Although ligands for Siglec-8 and the cell types expressing them
have not been identified, such studies could potentially be guided by the characterization

of ligands for Siglec-F in mice.

In the following chapter, I describe my investigation of the expression pattern of these

ligands, and address whether their synthesis requires the only known Gal-6-O-

sulfotransferases KSGal6ST and C6ST-1.
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Galactose-6-O-Sulfotransferases Are Not Required for the

Generation of Siglec-F Ligands on Leukocytes or in Lung Tissue
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SUMMARY

We have used mice deficient in both KSGal6ST and C6ST-1 to determine whether these
sulfotransferases are required for the generation of Siglec-F ligands. First, we
characterize ligand expression on leukocyte populations and find that this expression is
largely restricted to cell types also expressing Siglec-F, namely eosinophils, neutrophils,
and alveolar macrophages. We also detect Siglec-F ligand activity in bronchoalveolar
lavage fluid fractions containing polymeric secreted mucins, including MUCS5B.
Consistent with these observations, ligands in the lung increase dramatically during
infection with the parasitic nematode, N. brasiliensis, which is known to induce
eosinophil accumulation and mucus production. Surprisingly, none of the ligands we
describe are diminished in mice lacking KSGal6ST and C6ST-1, indicating that neither
of the known galactose-6-O-sulfotransferases is required for ligand synthesis.
Furthermore, Gal6S is undetectable in eosinophil and lung tissue O-glycans analyzed by
mass spectroscopy. These results establish that ligands for Siglec-F are present on several
cell types that are relevant during allergic lung inflammation and argue against the

prevailing view that Gal6S is a critical recognition determinant for this receptor.

RESULTS

Siglec-F ligands in blood are largely restricted to eosinophils and neutrophils

To determine the expression pattern of Siglec-F ligands among leukocyte subsets in
peripheral blood, we performed multi-parameter flow cytometry using a Siglec-F-Fc
fusion protein with the Fc region derived from human IgG;. Siglec-E-Fc and CD22-Fc

were used to assess the selectivity of Siglec-F-Fc staining. Human IgG did not stain any
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of the leukocyte populations examined. We used IL4-GFP reporter mice to identify
eosinophils and basophils, based on the selective expression of GFP in these cell
populations (Mohrs et al., 2001; Voehringer et al., 2004). We simultaneously stained
blood cells with antibodies specific for markers of the major leukocyte lineages; CD3¢
for T cells, CD19 for B cells, NK1.1 for NK cells, DX5 for basophils and NK cells, Ly-
6G for neutrophils, and Ly-6C for classical monocytes.

Siglec-F-Fc stained > 99% of peripheral blood eosinophils (MFI, 2680) (Fig. 9A).
This staining was completely dependent on sialic acid, since sialidase treatment of the
cells reduced the signal to background. The percentage of neutrophils that stained with
Siglec-F-Fc was variable, but was consistently between 60% and 90% (MFI, 2081). Up to
20% of neutrophils were resistant to sialidase treatment, perhaps indicating the
expression of a resistant form of sialic acid (Corfield et al., 1992). Notably, neutrophils
also express Siglec-F, albeit at lower levels than eosinophils (Zhang et al., 2007). We
confirmed that this expression was specific, based on its absence in Siglec-F KO mice
(Fig. 9B). Weaker and more variable Siglec-F-Fc staining was observed on < 5% of
monocytes (MFI, 959) and < 40% of NK (MFI, 1004) cells, whereas staining was not
detected on basophils, T cells, and B cells (Fig. 9A). In contrast to the highly restricted
expression pattern of Siglec-F ligands, Siglec-E-Fc stained all leukocyte subsets
examined, except B cells (Fig. 9A). CD22-Fc recognized B cells and T cells as
previously reported (Torres et al., 1992), but did not detectably react with eosinophils,

neutrophils, basophils, monocytes, or NK cells (Fig. 9A).
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Alveolar macrophages and type II alveolar epithelial cells express Siglec-F ligands
Since Siglec-F-Fc is reported to stain epithelial cells in the airways and mononuclear
cells in alveoli (Zhang et al., 2007), we sought to determine the identities of the reactive
cell types. We stained lung sections with Siglec-F-Fc, and simultaneously stained for
sialoadhesin to mark macrophages (Ducreux et al., 2009) and pro-SP-C to mark type II
alveolar epithelial cells (AEC) (Zhou et al., 1996) (Fig. 10A). Staining was detected in >
95% of alveolar macrophages. Thus, like eosinophils and neutrophils, these cells express
both Siglec-F and Siglec-F ligands. In contrast, Siglec-F-Fc staining was not detected on
sialoadhesin” peribronchiolar or perivascular macrophages (Fig. 10A), and these
populations do not express Siglec-F as determined by immunostaining (data not shown).
It was conceivable that the pattern of Siglec-F-Fc staining on leukocytes could be
explained by the capture of soluble polyvalent ligands by Siglec-F, which would then be
recognized by Siglec-F-Fc. However, Siglec-F-Fc staining of eosinophils, and alveolar
macrophages was similar between Siglec-F KO and wild type mice, ruling out this
possibility (Figure 10C). Neutrophil staining was also clearly present in Siglec-F KO
mice, although the percentage of positive cells was variable between mice, as discussed
above.

We also found that Siglec-F-Fc stained > 95% of type-II alveolar epithelial cells (Fig.
10A). At high magnification, the reactivity in these cells was punctate and often polarized
toward the alveolar space, but it did not co-localize with granules containing pro-SP-C.
We observed Siglec-F-Fc staining of the airway epithelium, as has been reported (Zhang
et al., 2007), and we found that it was largely restricted to the luminal surface of the

epithelial cells. Staining was not observed when Siglec-E-Fc or CD22-Fc was used,
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although these reagents clearly stained cells in lymph node tissue sections (data not
shown). Siglec-F-Fc staining in the lung was reduced to the level of background when
sections were pretreated with sialidase. When we simultaneously stained for Siglec-F
ligands, macrophages, and type I AEC, every Siglec-F-Fc' cell was either sialoadhesin”,
pro-SP-C”, or exhibited a morphology consistent with airway epithelium (Figure 10B).
Thus, alveolar macrophages, type II epithelial cells, and airway epithelial cells constitute

the major classes of Siglec F ligand-expressing cells in normal lung.

Siglec-F ligands are present in mucin-containing fractions of bronchoalveolar lavage
fluid

Mucins are excellent candidates for Siglec ligands due to their abundant sialylated O-
glycans (Thornton et al., 2008). Additionally, Siglec-F-Fc stains the apical surface of the
airway epithelium as well as material in the lumen, where mucins are present (Zhang et
al., 2007). To determine whether polymeric secreted mucins are recognized by Siglec-F,
we followed methods to separate high molecular weight mucins from other proteins in
airway secretions (Thornton et al., 2001). We concentrated mouse bronchoalveolar
lavage (BAL) fluid by lyophilization and then solubilized this material in guanidine
before fractionating the components by Sepharose CL-2B gel chromatography. The bulk
of proteins, as monitored by OD 280, eluted in the internal volume of the column
(fractions 8-12) (Fig. 11). We assayed fractions for Siglec ligands and MUCS5B by
ELISA. MUCSB, which forms complexes of 2 to 50 million Daltons, was enriched in the
void volume and the adjacent fractions, consistent with previous findings (Thornton et

al., 2001). Siglec-F ligand activity was also highly enriched in these fractions. Siglec-F-
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Fc reactivity was completely eliminated by sialidase treatment. Neither CD22-Fc nor

human IgG was reactive with any fraction.

Siglec-F ligand expression increases during parasitic worm infection

Siglec-F ligand activity in airway epithelium and unidentified peribronchiolar
mononuclear cells was found to increase during ova-induced inflammation in mice
(Zhang et al., 2007). From our findings above, the accumulation of eosinophils and
secreted mucins that accompany allergic lung inflammation could potentially account for
this increase. To determine whether eosinophils express Siglec-F ligands in the lung
during inflammation, we infected mice with the nematode, N. brasiliensis. This parasitic
worm travels from the subcutaneous injection site through the vasculature to the lung
(Camberis et al., 2003). It then migrates through the alveoli and ascends the airways
before it enters the gastrointestinal tract. Mice were infected with N. brasiliensis larvae
and, after nine days, the lungs were collected, sectioned, and stained.

During infection with this parasite, the airway epithelium thickens and there is
increased mucus production and eosinophil accumulation (Coffman et al., 1989; Tomita
et al., 2000). Compared to uninfected lung, the airway epithelium showed increased
Siglec-F-Fc staining, which was present in the cytoplasm of epithelial cells as well as on
the apical surface (Fig. 12A). To identify eosinophils, we used an antibody to eosinophil
major basic protein (¢eMBP), a component of the primary granules in these cells (Hogan
et al., 2008). As expected, many of the infiltrating cells were eMBP" eosinophils, and >

95% of these cells stained with Siglec-F-Fc (Fig. 12B).
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Gal-6-O-sulfotransferases are not required for the generation of Siglec-F ligands
As noted above, Siglec-F exhibits striking specificity for glycans containing Gal6S.
Therefore, we wanted to determine whether the ligands described above required the
action of the two known Gal6STs. We crossed KSGal6ST KO mice with C6ST-1 KO
mice to generate KSGal6ST/C6ST-1 double knock out mice (hereafter, DKO mice).
These mice exhibited no gross physical or behavior abnormalities.

We first performed Siglec-F-Fc staining in peripheral blood from wild type and DKO
mice. We found that Siglec-F-Fc staining was unchanged in eosinophils and neutrophils
from DKO mice compared to that of wild-type cells (Fig. 13A). There were reductions in
the percentages of monocytes (< 30%) and NK cells (< 50%) that stained with Siglec-F-
Fc, but this result likely reflects mouse-to-mouse variation in the percentages of cells in
these populations (see Fig. 9A). Next, we found that increased epithelial and eosinophil
Siglec-F-Fc staining during N. brasiliensis infection was unchanged in Siglec-F-Fc DKO
mice (Fig. 13B). Furthermore, lung tissue sections and found that staining was unchanged
in alveolar macrophages, type Il cells, and airway epithelial cells in the absence of
Gal6STs (Fig. 14A). When we titrated the concentration of Siglec-F-Fc to the limit of
detection, there was still no difference in staining between wild type and DKO mice (data
not shown). Finally, we determined whether Siglec-F ligands in BAL fluid required
Gal6STs. Fractionated BAL fluid from wild type and DKO mice contained similar
amounts of MUCS5B in the void volume (Fig. 14B). Consistent with the epithelial staining
we observed in tissue sections from DKO mice, Siglec-F-Fc reactivity in these fractions

was independent of both KSGal6ST and C6ST-1.
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Mass spectrometry analysis of sulfated glycans in eosinophils

The presence of Siglec-F-Fc staining in mice deficient in the only known Gal6STs
suggested that binding determinants other than Gal6S were responsible for the highly
specific pattern of Siglec-F ligand expression. To determine whether Gal6S was present
on cells that express Siglec-F ligands, we carried out structural analyses of sulfated
glycans by mass spectrometry (MS). To collect large numbers of peripheral blood
eosinophils, we used mice constitutively expressing the eosinophil growth factor IL-5
under the control of the mouse CD30 regulatory regions (Lee et al., 1997). We verified
that eosinophils from these mice expressed Siglec-F ligands, comparable to those of wild-
type eosinophils (Fig. 15A). We then isolated 120x10° peripheral blood leukocytes,
which contained 83% eosinophils, with the remaining cells being predominantly
lymphocytes. N- and O-glycans were released from this sample, permethylated, and
fractionated using liquid chromatography, as described previously (Patnode et al., 2013).
Sulfated fractions were analyzed by MALDI-MS with major components selected for
ESI-MS/MS. The only sulfated glycans that we detected were simple core 2 O-glycans
capped with 02,3 linked NeuSAc (Fig. 15B). Importantly, when we selected these
structures for MS/MS analysis, Gal6S was not present. However, we did detect an ion
indicative of sulfated N-acetylneurmainic acid (m/z 269) with the sulfate present on the

glycerol side-chain.
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Figure 9
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Figure 9. Siglec-F ligand expression in peripheral blood leukocytes

(A) Flow cytometry analysis of leukocyte subsets stained with Siglec-F-Fc, Siglec-E-Fc, and CD22-Fc (red histograms).
Staining after sialidase treatment (black histograms) and staining with human IgG (grey histograms) are shown. (B)
Flow cytometry analysis of Siglec-F expression on leukocytes from wild type (black histograms) or Siglec-F KO mice
(grey histograms). Eos, eosinophils; Neut, neutrophils; Baso, basophils; Mono, classical monocytes; NK, natural killer
cells;T, T cells; B, B cells; Alv Mac, alveolar macrophages.
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Figure 10
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Figure 10. Siglec-F ligand expression in resident lung cells

(A) Cryostat-cut serial sections of lungs from WT mice stained with Siglec-F-Fc, Siglec-E-Fc, or CD22-Fc (green);
anti-sialoadhesin (red); anti-proSP-C (blue); and DAPI (white). Siglec-F-Fc staining after neuraminidase treatment is also
shown. (B) A low power view of the same section in (A).Arrows mark type Il alveolar epithelial cells. Arrowheads
mark alveolar macrophages. The asterisk marks airway epithelium. (C) Flow cytometry analysis of Siglec-F ligand
staining of leukocytes from wild type (red histograms) or Siglec-F KO (blue histograms) mice. Sialidase treatment
eliminated staining on cells from both Siglec-F KO (grey histograms) and wild type mice (not shown).
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Figure 11.Siglec-F ligands in bronchoalveolar lavage fluid

(A) Fractions of bronchoalveolar lavage fluid assayed by ELISA using Siglec-F-Fc (green filled circles), or anti-MUC5B
(red filled squares).Total protein was determined by measuring absorbance at 280 nm (black dotted line). No signal
was observed when wells were reacted with CD22-Fc (grey open squares), human IgG (grey open triangles), or
treated with neuraminidase before incubation with Siglec-F-Fc (grey open circles).
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Figure 12
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Figure 12. Siglec-F ligand expression during N. brasiliensis infection

(A) Cryostat-cut serial sections of lungs from N. brasiliensis infected or uninfected mice. Sections were treated with
neuraminidase or buffer alone, then stained with Siglec-F-Fc (green), anti-CD| |b (red), and DAPI (blue). (B) Separate
images of the same lung sections from (A), treated with neuraminidase or buffer alone, then stained with Siglec-F-Fc,
Siglec-E-Fc, or CD22-Fc (green); anti-eMBP (red); anti-proSP-C (blue); and DAPI (white).
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Figure 13
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Figure 13. Siglec-F ligand expression in leukocytes from KSGal6ST/C6ST-1 DKO mice

(A) Flow cytometry analysis of leukocyte subsets stained with Siglec-F-Fc (red histograms). Staining after neuramini-
dase treatment (black histograms) and staining with human IgG (grey histograms) are shown. (B) Cryostat-cut sections
of lungs from N. brasiliensis infected mice. Sections were stained with Siglec-F-Fc (green), anti-eMBP (red), anti-proSP-C
(blue), and DAPI (white). Low power (top) and high power (bottom) fields are shown.WT, wild type; DKO,
KSGal6ST/C6ST-1 double knock out; Eos, eosinophils; Neut, neutrophils; Mono, classical monocytes; NK, natural killer
cells.
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Figure 14
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Figure 14. Siglec-F ligand expression lungs of KSGal6ST/C6ST-1 DKO mice

(A) Cryostat-cut serial sections of lungs from WT or DKO mice stained with Siglec-F-Fc (green), anti-sialoadhesin
(red), anti-proSP-C (blue), and DAPI (white). (B) Siglec-F-Fc reactivity (left) in bronchoalveolar lavage fluid fractions
from WT (green filled circles) and DKO mice (blue filled squares), assayed by ELISA. Signal was eliminated by
neuraminidase treatment (grey open circles, grey open squares). Anti-MUCS5B reactivity (right) in bronchoalveolar
lavage fluid fractions from WT (red filled circles) and DKO mice (blue filled squares), assayed by ELISA. Isotype control
signal was minimal (grey open circles, grey open squares). Total protein was determined by measuring absorbance at
280 nm for wild type (black dotted line) and DKO mice (black dashed line).
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Figure |5
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Figure 15. MS analysis of sulfated O-glycans in eosinophils
(A) Flow cytometry analysis of Siglec-F-Fc staining of IL-5 transgenic eosinophils (red histogram). Staining after
neuraminidase treatment (black histogram) and staining with human IgG (grey histogram) are shown. (B) Low mass
regions of the nanoESI HCD and CID MS/MS spectra of mono-sulfated di-sialylated (left) and mono-sulfated mono-
sialylated (right) structures from IL-5 transgenic eosinophils. Assignment of the major peaks for all spectra is as
annotated using the standard cartoon symbols.
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DISCUSSION

Here, we demonstrate that the cell types known to express Siglec-F, namely eosinophils,
neutrophils, and alveolar macrophages, correspondingly express ligands for this receptor
on their surface. This selective expression pattern cannot be explained by presentation of
a soluble polyvalent ligand via Siglec-F or by Siglec-F itself functioning as a ligand,
since we did not detect changes in ligand expression in Siglec-F KO mice. 6’-sulfo-sLex
coupled to PAA has been shown to bind mouse eosinophils only after sialidase treatment,
suggesting that the ligand-binding site of Siglec-F is occupied by cis-ligands (Tateno et
al., 2005). Our findings represent the first direct demonstration of Siglec F ligands on
mouse eosinophils. It remains to be seen whether the ligands we detected on neutrophils
and alveolar macrophages also serve as cis-ligands for Siglec-F. As has been shown for
CD22, cis-ligands can also act in trans when cells come into contact with one another,
and these contacts appear to have functional significance in T cell-B cell interactions
(Walker and Smith, 2008). Thus, ligand expression on eosinophils, neutrophils, and
alveolar macrophages may indicate that important bi-directional trans-interactions occur
between these cell types.

We have also demonstrated that Siglec-F ligands are present in high-molecular
weight fractions of mouse BAL fluid. These fractions contain polymeric secreted mucins
in humans (Thornton et al., 2001), and we verified that MUCS5B was present. Mucins are
highly sialylated glycoproteins with numerous O-glycans, and they have been shown to
serve as ligands for carbohydrate-binding proteins. For example, mucins constitute
functional ligands for L-selectin (Rosen, 2004; Thomas et al., 2009), CLEC-2 (Suzuki-

Inoue et al., 2011), and galectins (Guzman-Aranguez and Argueso, 2010; Rhodes et al.,
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2008; Sakuishi et al., 2011). Additionally, mucins have also been implicated as ligands
for a number of Siglecs, including sialoadhesin, CD22, CD33, MAG, and Siglec-9
(Belisle et al., 2010; Ishida et al., 2008; Nath et al., 1999; Ohta et al., 2010; Swanson et
al., 2007; Toda et al., 2008). We detected Siglec-F ligands on the apical membranes of
airway epithelial cells but rarely in the cytoplasm, which is consistent with the
localization of MUCS5B in healthy mouse airways (Roy et al., 2011). Additionally, there
was a marked increase in ligands during worm infection, and a portion of these was
associated with the apical cytoplasm and cell surface of epithelial cells where secreted
mucins are abundant (Tomita et al., 2000). However, we have not ruled out the possibility
that membrane-bound ligands (mucins or otherwise) are also present on airway epithelial
cells. Further studies with mice deficient in specific mucin genes should allow definitive
identification of the high MW ligands we have observed in BAL fluid. We also found
punctate Siglec-F-Fc staining in Type-II AECs. Like mucin-producing cells, Type-II
AECs are highly secretory, releasing surfactant from lamellar granules into the alveoli
(Whitsett et al., 2010). It is possible that these cells secrete ligands into the air spaces,
which could account for the activity we detected in low molecular weight fractions of
BAL fluid.

Dramatic increases in Siglec-F ligand expression are observed during ovalbumin-
induced allergic lung inflammation (Zhang et al., 2007). We have extended this
observation to inflammation that develops in response to the parasitic nematode, N.
brasiliensis. Eosinophil accumulation and increased mucus production are features of
both of these models (Carvalho et al., 2006). Given that we detected ligands on

eosinophils and in mucin-containing fractions of BAL fluid, these sources likely
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contribute to the increased Siglec-F-Fc staining. Eosinophils and neutrophils are known
to migrate across the airway and alveolar epithelium during inflammation (Tam et al.,
2011), and alveolar macrophages reside in the alveolar lumen. Siglec-F is thought to
function as an inhibitory that dampens activation or promotes apoptosis upon ligand
binding (see Chapter 3). Thus, ligands secreted by airway epithelial cells, and potentially
by type-II AECs, could function to regulate the activation or survival of all three of these
cell types in the luminal spaces of the lung.

There is also potential for Siglec-F-mediated interactions, both homotypic and
heterotypic, between eosinophils, neutrophils, and alveolar macrophages during
inflammation. We observed many examples of apparent cell-cell contact between these
cell types in the inflamed lung. Alveolar macrophages are known to phagocytose
granulocytes (Vandivier et al., 2006). An intriguing possibility is that Siglec-F ligation by
cell surface ligands limits activation of both the granulocyte and the alveolar macrophage
during this process. Siglec-F is also an endocytic receptor (Tateno et al., 2007) and may
be directly involved in the uptake of these cells. Siglec-F-deficient mice exhibit general
signs of enhanced allergic lung inflammation, such as increased airway smooth muscle
thickness and systemic increases in eosinophil numbers (Cho et al., 2010; Zhang et al.,
2007). Investigation of this phenotype has focused on effects intrinsic to eosinophils;
however future studies should include the potential functions of Siglec-F on alveolar
macrophages and neutrophils as well.

Screening with glycan arrays has implicated Gal6S as a recognition determinant for
Siglec-F (Tateno et al., 2005). However, we found that the two known Gal6STs are not

required for the generation of Siglec-F ligands. Although we cannot rule out the
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possibility that another Gal6ST exists, we consider this unlikely due to the high degree of
sequence similarity among the known GlcNAc-, Gal-, and GalNAc-6-O-sulfotransferases
(Fukuda et al., 2001). Additionally, we have recently shown that KSGal6ST is required
for generating a variety of Gal6S-containing glycans in the eye and lymph node (Patnode
et al., 2013). Finally, we did not detect Gal6S in our analysis of eosinophil O-glycans,
although we did detect sulfo-Neu5Ac. Therefore, we conclude that Gal6S is not required
to generate any of the classes of Siglec-F ligands that we detected by histology and flow
cytometry. Glycan array studies have revealed that several other Siglecs and C-type
lectins bind to glycans containing Gal6S, including Siglec-E, Siglec-8, Siglec-7, Siglec-5,
and Langerin (Campanero-Rhodes et al., 2006; Redelinghuys et al., 2011; Tateno et al.,
2010) (www.functionalglycomics.org, primscreen_3891). In view of the present findings
with Siglec-F, caution is advised in drawing conclusions about the involvement of Gal6S
in the biological ligands for these receptors.

The selectivity of Siglec-F-Fc staining among leukocytes is likely based on the
presence of a highly specific terminal glycan. The structural definition of this sialylated
glycan remains an important area for future work. Interestingly, sulfo-Neu5Ac with the
sulfate moiety on the C-7, C-8, or C-9 position of the glycerol side chain was the only
sulfated monosaccharide we detected in glycans isolated from a sample containing large
numbers of mouse eosinophils. Sialic acid is the most heterogeneous monosaccharide
with over 50 variants, including the sulfated forms (varki cold spring harbor). Sulfo-sialic
acid has been detected in sea urchin, mouse, rat, and human tissues (Bulai et al., 2003;
Kitazume et al., 1996; Morimoto et al., 2001; Yamakawa et al., 2007). However, the

functions of this modification and the enzymes responsible for its synthesis are not
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known. Although our eosinophil preparation contained contaminating lymphocytes, we
did not detect sulfo-sialic acids in a parallel analysis of total lymph node glycans,
suggesting that this structure is not present on B cells or T cells (Patnode et al., 2013).
Interestingly, we also detected sulfo-Neu5Ac in whole lung glycans. It will be of great
interest to examine alveolar macrophages and neutrophils to determine whether the

presence of sulfo-sialic acid correlates with Siglec-F ligand expression.

FUTURE PROSPECTS

Important questions remain unanswered with respect to the basic functions of many
CD33r Siglecs. Siglec-F is an attractive prototype for future studies due to the selective
expression of this receptor and its ligands.

It has yet to be determined whether Siglec-F can regulate activation signals received
by eosinophils. Studies using synthetic bifunctional ligands that simultaneously engage
the BCR and CD22 or Siglec-G have demonstrated that co-ligation is important for
inhibiting cellular activation (Courtney et al., 2009; Duong et al., 2010). In these studies,
a polyvalent acrylamide carrier was modified with both nitrophenol (NP) groups (serving
as BCR ligands) and a2,6-linked sialyl-LacNAc glycans (serving as ligands for CD22
and Siglec-G) (Duong et al., 2010). The presence of sialic acid on the carrier resulted in
increased CD22 phosphorylation and association with SHP-1. This correlated with
reduced phosphorylation of the BCR co-receptor CD19 and the membrane-associated
activating kinase Akt, as well as reduced calcium flux. Strikingly, injection of the
bifunctional arcylamide carrier into mice resulted in impaired antibody production

compared to a carrier modified with NP alone, and this effect was dependent on CD22
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and Siglec-G expression. Similar experiments using a.2,3-linked sialyl-LacNAc glycans
together with NP also demonstrated inhibitory effects of Siglec-ligands on B cell
activation, though the inhibitory receptor that mediates these effects was not determined
(Courtney et al., 2009).

These data raise the possibility that co-ligation of Siglec-F and activating receptors on
eosinophils could be important for dampening eosinophil activation. Although
eosinophils express few ITAM-containing receptors, FcyRII and FcaR1 are present on
this cell type and mediate the recognition of IgG and IgA coated targets (Hogan et al.,
2008). Simultaneous cross-linking of these receptors and Siglec-F could be the basis of a
control mechanism to limit activation. Eosinophils from IL-5"¢ mice provide a ready
source of primary cells to perform biochemical assays to determine the conditions
required for Siglec-F ITIM phosphorylation and the identities of the phosphatases that
may associate with these sequences.. With detailed knowledge of Siglec-F signaling
outcomes, efforts could then be directed at assessing which classes of leukocyte- and
lung epithelial-derived ligands are biologically relevant. Finally, purification of the
actual biological ligands using a Siglec-F-Fc affinity matrix, followed by glycan
profiling of these ligands by mass spectrometry, could generate a list of candidate
binding determinants for this receptor.

Investigations of Siglec-F function have focused on immune responses against
helminths and allergens. However, eosinophil accumulation is also a feature of infections
with some respiratory RNA viruses, such as respiratory syncytial virus (RSV) (Rosenberg
et al., 2009). Eosinophils express several RNases, including eosinophil-derived

neurotoxin and eosinophil cationic protein, which has led to speculation that this cell type
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contributes to host defense against RNA viruses. Siglec-G has been shown to negatively
regulate the cytoplasmic viral RNA sensor RIG-I during infection with vesicular
stomatitis virus (VSV) and sendai virus (Chen et al., 2013). This results in significantly
enhanced IFN-a and -p production and resistance to infection in Siglecg”” mice. One
possible explanation for this effect is that VSV has co-opted Siglec-G signaling to inhibit
viral detection. It has been proposed that glycans on the viral envelope could serve as
ligands for Siglec-G to inhibit the production of anti-viral cytokines, but this possibility
has not yet been tested. Eosinophils are permissive hosts for several RNA viruses
including RSV, and lentiviruses (Rosenberg et al., 2009). The RSV attachment
glycoprotein (G) is highly O-glycosylated and sialylated, therefore, it could also be
modified with inhibitory Siglec ligands (Barretto et al., 2003). Eosinophils express
receptors involved in viral detection, including toll-like receptors 7, 8, and 9 (Shamri et
al., 2011). It will be important to investigate whether Siglec-F mediates inhibitory effects
on interferon production in eosinophils, and whether RNA viruses have co-opted this

pathway.

MATERIALS AND METHODS

Mice

Mice deficient in KSGal6ST (Patnode et al., 2013), C6ST-1 (Uchimura et al., 2002), and
Siglec-F (Zhang et al., 2007), as well as 4get mice (Mohrs et al., 2001) and IL5
transgenic mice (Lee et al., 1997) have been described previously . KSGal6ST and C6ST-
1 mice were genotyped by PCR as described previously and Siglec-F, 4get, and IL5

transgenic mice were genotyped by FACS of peripheral blood leukocytes stained with 1
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ug/mL PE rat anti-mouse Siglec-F (BD Pharmingen). C57BL/6J mice were obtained
from Jackson Laboratories. All procedures involving animals were approved by the
University California San Francisco Institutional Animal Care and Use Committee, and
carried out in accordance with the guidelines established by the National Institutes of

Health.

Flow cytometry

Blood (500 pL) from wild type or IL-5 transgenic mice was collected through the right
ventricle into 5 mM EDTA in PBS, and then treated with ammonium chloride buffer (150
mM NH4CI, 10 mM KHCO3, 100 uM EDTA) to lyse erythrocytes. Alveolar
macrophages were collected by bronchoalveolar lavage with PBS. Cells were then treated
with 50 mU/mL Arthrobacter ureafaciens sialidase (Roche Applied Sciences) in HBSS at
37° C for 1 h. Vibrio cholerae sialidase at 50 mU/mL in HBSS also eliminated Siglec-F-
Fc and Siglec-E-Fc staining, but not CD22-Fc staining. Sialidase treatment did not affect
the viability of the cells, or the binding of the antibodies we used. Cells were incubated
with 10 ug/mL anti-mouse CD16/32 (clone 93, eBioscience) to block Fc receptors. To
measure Siglec-F expression, cells were incubated with 1 ug/mL PE rat anti-mouse
Siglec-F. Siglec-F-Fc, Siglec-E-Fc, and CD22-Fc were generated previously
(Redelinghuys et al., 2011). Individual Siglec-Fc proteins or human IgG (Invitrogen) was
incubated at 1.5 ug/mL with biotin goat-anti-human IgG at 0.75 ug/mL and APC
streptavidin at 0.375 ug/mL for 1 h, then added to cells on ice for 1 h. Cells from 4get
mice were then stained with an antibody cocktail containing 1 ug/mL PE anti-mouse Ly-

6G, PerCP-Cy5.5 anti-mouse Ly6C, PE-Cy7 anti-mouse CD3¢, APC-Cy7 anti-mouse
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CDl11b, or a separate antibody cocktail containing 1 ug/mL PE anti-mouse NK1.1,
PerCP-Cy5.5 anti-mouse CD19, PE-Cy7 anti-mouse DXS5, APC-Cy7 anti-mouse CD3¢
for 30 min. For experiments with WT and C6ST-1/KSGal6ST DKO blood, cells were
stained with an antibody cocktail containing 1 ug/mL FITC anti-mouse Ly-6G, PE anti-
mouse NK1.1, PerCP-Cy5.5 anti-mouse Ly6C, PE-Cy7 anti-mouse F4/80, and APC-Cy7
anti-mouse CD11b with eosinophils identified as CD11b", NK1.1°, Ly-6C", Ly-6G*",
F4/80", SSC™¢", All antibodies were from Biolegend unless otherwise stated. Viability
was determined by adding 50 uL/mL 7AAD solution (BD Pharmingen) or 0.5 pg/mL
DAPI. Cells were analyzed using a FACSort cytometer equipped with CellQuest software
or an LSRII equipped with FACSDiva software. All cytometers and acquisition software
were manufactured by BD. Further analysis was carried out using FlowJo software
(Treestar Inc.). Mean fluorescence intensity (MFI) values represent the geometric mean
after subtraction of the MFI for an identical population stained with isotype control

antibody.

Immunofluorescence

The left lobe of the lung was perfused with PBS, collected, and fixed in 2% PFA in PBS
for 1 h, then incubated in 30% sucrose overnight at 4° C. Lungs were inflated with 50%
OCT compound (Sakura Finetek) in PBS and embedded in OCT compound then frozen
by immersion in 2-methylbutane chilled in liquid nitrogen. Tissues were sectioned at 5
um thickness in a cryostat and then fixed in -20° C acetone for 10 min. For sialidase
experiments, sections were treated with 50 mU/mL Arthrobacter ureafaciens sialidase

(Roche Applied Sciences) in HBSS buffer at 37° C for 1 h. Sections were blocked for 1h
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with 5% normal sera from mouse and goat (Sigma-Aldrich) diluted in 0.5% casein
solution (Perkin Elmer) according to manufacturer’s instructions. Antibodies against
sialoadhesin (clone SER4, BioLegend), proSP-C (Millipore), eMBP (Denzler et al.,
2000), CD11b (clone 390, eBioscience), 1 ug/mL for 1 h. Nonspecific rat [gG1
(eBioscience) was used to establish background fluorescence. Siglec-F-Fc, Siglec-E-Fc,
CD22-Fc, and human IgG were incubated with sections at 1 ug/mL for 24 hrs. Secondary
reagents, biotin goat anti-rat light chain, Cy3 goat anti-rabbit IgG, biotin goat anti-human
IgG, and APC streptavidin were obtained from Jackson ImmunoResearch and incubated
with sections at 1 ug/mL for 30 min. For sialoadhesin and eMBP staining, HRP
streptavidin and FITC tyramide (Perkin Elmer) were used according to manufacturer’s
instructions. All antibodies were diluted in 0.5% casein solution. All sections were
incubated with DAPI (Invitrogen) at 0.5 ug/mL in PBS for 5 min to label nuclei. Images
were acquired using a Nikon Optiphot microscope equipped with an AxioCam HR at
fixed exposure. Multi-channel images were created and processed in parallel using

Photoshop software (Adobe).

Parasitic worm infection

Parasite infections were carried out as previously described (Camberis et al., 2003).
Briefly, mice were anesthetized using isofluorane and injected subcutaneously at the base
of the tail with 500 N. brasiliensis L3 larvae. Mice were maintained on water containing

2 g/L neomycin sulfate, 100 mg/L polymixin B for 5 days, and sacrificed after 9 days.
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BAL fluid fractionation and ELISA

BAL fluid fractionation was carried out as described previously (Thornton et al., 2001)
with minor modifications. Briefly, BAL was performed using water, and BAL fluid from
5 mice was pooled and lyophilized. Samples were resuspended in 0.5 mL 4M guanidine
chloride and spun at 20,000 x g for 30 min to remove debris. A 18 cm x 1 cm column of
Sepharose CL-2B (Sigma-Aldrich) was equilibrated with 4M guanidine chloride and
calibrated using blue dextran. BAL fluid samples were applied to the column and a model
2110 fraction collector (BioRad) was calibrated to collect 1 mL fractions. The absorbance
of each fraction was measured at 280 nm using a SmartSpec 3000 (BioRad). For ELISAs,
12 uL aliquots of fractions were coated onto Immulon-2HB plates over night, incubated
in 50 mM acetate buffer, pH 5.5 at 37° C for 1 h with or without 50 mU/mL Arthrobacter
ureafaciens sialidase, then blocked with 3% BSA 1h. Siglec-F-Fc, Siglec-E-Fc, CD22-
Fc, or human IgG was incubated at 2 ug/mL with biotin goat-anti-human IgG at 1 ug/mL
and AP-streptavidin at 0.5 ug/mL for 1 h, then added to wells for 1 h. Plates were washed
and developed with PNPP in 10% diethanolamine pH 9.8 with 0.5 mM MgCl,. Optical

density at 405 nm was measured using a model 680 microplate reader (BioRad).

Mass Spectrometry

O-glycan samples were prepared from 120x10° peripheral blood leukocytes (83%
eosinophils) from IL-5 transgenic mice. Samples were lyophilized then processed as
described previously (Patnode et al., 2013). Briefly, glycans were isolated,
permethylated, and fractionated into non-, mono- and di-sulfated fractions for MALDI-

MS. NanoLC-MS/MS analyses of the permethylated sulfated glycans were performed on
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a nanoACQUITY UPLC System (Waters) coupled to an LTQ-Orbitrap Velos hybrid
mass spectrometer (Thermo Scientific). Additionally, the eluent from a nanoLC system
was interfaced to the nanospray source and the full scan MS spectrum (m/z 500-2000)

was acquired in the Orbitrap. All MS/MS data were interpreted manually.
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Eosinophil-Parasite Interactions

It has long been appreciated that eosinophil accumulation is a defining feature of the
stereotyped immune response that takes place during infection with multicellular
endoparasites (Klion and Nutman, 2004). Although eosinophils normally make up only
1-2% of granulocytes in peripheral blood, they can increase ~10 fold when hosts carry
large helminth burdens. Furthermore, in peripheral tissues such as the lung, eosinophils
can increase by ~1000 fold during worm infection (Voehringer et al., 2004). The
localization of eosinophils around worms in tissues, such as the liver and intestine,
suggests some level of interaction with parasites. Indeed, electron micrographs show
eosinophil membranes closely juxtaposed to helminth cuticle or tegument (Klion and
Nutman, 2004). Eosinophilia also correlates with resistance to reinfection with
Shistosoma species following anti-helminth treatment. Thus, it was proposed as early as
the 1930’s that eosinophils contribute to host defense against helminths. Data supporting
this hypothesis are provided by in vitro experiments in which eosinophils are incubated
with parasitic nematodes or trematodes in the presence of anti-parasite antibody
(Butterworth et al., 1975; Kazura and Grove, 1978). In these assays, eosinophil Fc-
receptors stimulate irreversible adhesion to antibody-coated worms. Adhesion can also
take place via complement receptors if active complement components are present in the
culture (Ramalho-Pinto et al., 1978). Neutrophils participate in similar interactions with
antibody- or complement-coated worms, consistent with their expression of receptors for
Fc and complement (Dean et al., 1974). These assays provide striking images that suggest
a clear function for eosinophils and neutrophils in attacking invading parasites (Glauert et

al., 1978).
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The most abundant proteins stored in eosinophil primary granules are eosinophil
major basic protein, eosinophil peroxidase, eosinophil derived neurotoxin, and eosinophil
cationic protein (Hogan et al., 2008). As their names suggest, these proteins are largely
restricted to eosinophils and highly charged, due to their many arginine residues. Purified
eosinophil granule products have been shown to decrease helminth survival when added
to various larval stages in culture (Butterworth et al., 1979). Importantly, the adhesion of
eosinophils to worms via Fc receptors or complement receptors results in the release of
eosinophil granule products onto the nematode surface, and visible malformations in the
cuticle or tegument (Glauert et al., 1978). However, at the time these studies were carried
out, there were no available tools for determining whether adhesion to worms is strictly
required for killing. Indeed, the addition of the calcium ionophore A23187 to eosinophil-
helminth cultures resulted in larval killing in the absence of adhesion (David et al., 1980).
Thus, the Ig-stimulated release of eosinophil products into the culture medium could
contribute to larval death in these assays. Similar experiments using related free-living
nematodes have not been reported, although these worms would presumably be more
susceptible to killing due to the lack of mechanisms for evading eosinophil adhesion and
toxicity.

The availability of eosinophil-deficient mice has allowed direct assessments of the
contributions of eosinophils to helminth clearance (Klion and Nutman, 2004). The most
widely used of these strains contains a targeted deletion in a palindromic, high-affinity
binding site for the transcription factor GATA-1, which sits 500bp upstream of the Gatal
start site (Yu et al., 2002). Although mice deficient in Gatal die in utero due to a block in

erythropoiesis (Fujiwara et al., 1996), mice without the double GATA-1 binding site
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(AdblGatal mice) exhibit a selective loss of the eosinophil lineage. Surprisingly, parasite
burden in AdblGatal mice is increased in only a few models of helminth infection (Klion
and Nutman, 2004), and in most of these models the effects are modest. There are
divergent findings as to whether eosinophils exert these effects during primary or
secondary challenges. Furthermore, there have been reports of reduced parasite numbers
in the absence of eosinophils, which suggests that these cells are actually important for
the success of certain pathogens (Fabre et al., 2009; Gebreselassie et al., 2012).

The limited evidence that eosinophils eliminate broad classes of helminths during
infection has spurred investigations into other potential functions of this leukocyte.
Eosinophils are found in adipose tissue, where they skew tissue macrophages toward an
alternatively activated phenotype (Wu et al., 2011). Furthermore, the loss of eosinophils
alters energy balance during infection with the nematode parasite, N. brasiliensis.
Eosinophil-deficient mice have defects in plasma cell survival (Chu et al., 2011). This is
thought to be due to the production of the plasma cell survival factors APRIL and IL-6 by
eosinophils in the bone marrow. Asthma and allergy are inflammatory diseases that have
many features in common with immune responses that take place during helminth
infection (Allen and Maizels, 2011). Allergens and helminth antigens both give rise to T
helper 2 cells, which orchestrate the immune response by producing a number of
important cytokines. These include IL-4, which is responsible for inducing IgE class
switching; IL-13, which contributes to tissue remodeling; and IL-5, which promotes the
generation and survival of eosinophils. Although there is controversy about the
contributions of eosinophils to disease processes in asthma and allergy (Lee and Lee,

2005), eosinophils have been shown to promote collagen deposition and mucus
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production in multiple models of allergic lung inflammation (Fulkerson et al., 2006). In
addition, eosinophil-deficient mice have reduced skin fibrosis in a model of atopic
dermatitis (Oyoshi et al., 2012a). Investigations into the diverse functions of eosinophils
in parasitic infections and allergic diseases are ongoing. Since eosinophil function
appears to vary depending on the tissue environment, future studies would benefit greatly
from a more complete understanding of the factors responsible for eosinophil recruitment

and accumulation.

Eosinophil Recruitment and Survival

Eosinophil survival is profoundly influenced by IL-5, a member of the type-I family of
cytokines (Kouro and Takatsu, 2009). The /L5 gene is highly conserved in mammals and
resides in a gene cluster containing the functionally-related cytokines /L4 and I/L13. IL5
signals as a homodimer, binding to and assembling the multi-subunit IL5 receptor
(IL5R), expressed on the surfaces of eosinophils and peritoneal B1 cells (Dyer et al.,
2011). This receptor is comprised of the IL5Ra chain and a common f chain (f3¢) that is
shared with the IL3R and GMCSFR (Broughton et al., 2012). Recognition of IL-5 causes
trans-phosphorylation of receptor-associated JAK1 and JAK2, leading to phosphorylation
and nuclear translocation of STAT proteins, principally STATS. IL-5 is produced by Th2
cells as well as subsets of innate lymphoid cells during helminth infection and allergen
challenge. Through experiments using neutralizing IL-5 antibodies and mice with
deletions in /L5 or IL5Ra, it is clear that this cytokine is critical for eosinophil
accumulation during inflammation. In addition, ectopic expression of IL-5 under the

control of the CD3d gene in mice (/5" mice) results in massive accumulation of
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eosinophils in the blood, spleen, liver, and other tissues (Lee et al., 1997). Eosinophils
develop normally in the absence of IL-5, most likely due to compensation by other
cytokines that signal through the 3 chain (Kopf et al., 1996). Although IL-5 can
stimulate eosinophil migration in vitro (Yamaguchi et al., 1988), the administration of
this cytokine alone is not sufficient to induce eosinophil accumulation in lung (Yang et
al., 2003). Thus, there has been interest in determining what signals attract eosinophils
into tissues during immune responses.

Eotaxin-1 and eotaxin-2 are CC chemokines encoded by the genes CCL/ 1 and
CCL24, respectively (Hogan et al., 2008). These molecules signal through CCR3, a
GPCR that is expressed on most eosinophils, but is also found on Th2 cells and mast cells
(Dyer et al., 2011; Pease, 2006). A third chemokine, CCL26, can also signal through
CCR3, but is 10-fold less potent than eotaxin-1, and does not appear to contribute to
eosinophil recruitment (Fulkerson et al., 2006; Kitaura et al., 1999; Shinkai et al., 1999).
Mice deficient in CCR3 have defective eosinophil accumulation in models of chronic
allergic inflammation induced by sensitization and challenge with Aspirgillus fumigatus
extract (Fulkerson et al., 2006). CCL/1”" mice exhibit defects in eosinophil accumulation
after injection of the filiarial nematode Brugia malayi, and this effect is associated with
increased worm survival (Simons et al., 2005). Eosinophil accumulation in the small
intestine is ~50% reduced in the absence of eotaxin-1 during Trichuris muris or
Trichenella spiralis infection (Dixon et al., 2006). However, CCR3 is also important in
regulating basal numbers of eosinophils in the skin and intestine, which could confound
studies using mice genetically deficient in the eotaxins or CCR3 from birth (Ma et al.,

2002; Matthews et al., 1998). Eosinophil recruitment is intact in CCR3™" mice during V.
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brasiliensis infection (Knott et al., 2009), and in CCLI1”" mice after peritoneal injection
of Sephadex beads or thiolglycolate (Yang et al., 1998). Thus, there must be additional
factors that contribute to eosinophil recruitment in certain settings.

Leukotrienes are eicosanoid lipid mediators produced primarily by myeloid
leukocytes during inflammation (Haeggstrom and Wetterholm, 2002). Leukotriene
synthesis is initiated by cellular activation, which results in recruitment of phospholipase
A, to the plasma membrane. This enzyme generates arachadonic acid (AA) by cleaving
polyunsaturated fatty acids from the polar headgroups of membrane phospholipids
including phosphatidyl choline, phosphatidyl ethanolamine, and phosphatidylinsositides
(Fig. 16A). As a second consequence of leukocyte activation, 5-lipoxygenase (5-LO,
encoded by the gene Alox5) translocates to the nuclear membrane and associates with 5-
LO Associating Protein (FLAP) and AA to generate the unstable epoxide intermediate
leukotriene A4 (LTA4). Cells genetically deficient in 4/ox35, or treated with inhibitors of
FLAP (such as the compound MK886) or 5-LO (such as the compound zileuton), do not
produce detectable leukotrienes (Bell et al., 1992; Chen et al., 1994; Rouzer et al., 1990).
Two classes of leukotrienes are synthesized from LTA4, namely LTB, and the cysteinyl
leukotrienes (cysLTs) LTC4, LTD4 and LTE,4. Both classes of leukotrienes share a 20-
carbon backbone containing three conjugated double bonds and a carboxylate group at
the C1 position (Fig 1B). LTBy4 is generated by LTA4 hydrolase (LTA4H), which opens
the epoxide ring and creates a unique hydroxyl group at position C12. The CysLT LTC,
is produced when LTAy is covalently modified with glutathione on C6 by the enzyme
LTC, synthase (LTC4S). The glutathione peptide can then be hydrolyzed to a cys-gly

dipeptide to produce LTDy, or a single cysteine residue to produce LTE4. Although many
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cell types express LTA4H and LTCA4S, leukotriene production is largely restricted to
myeloid cells by virtue of the myeloid cell-specific expression pattern of 5-LO.

Four GPCRs that selectively recognize leukotrienes have been described in humans
(Fig. 16B) (Kanaoka and Boyce, 2004; Tager and Luster, 2003). All of these receptors
are seven-pass transmembrane proteins that require Gaio to signal in leukocytes, however
they can also signal though G, when transfected into cell lines. CysLTR1 and CysLTR2
are expressed on many stromal and hematopoietic cells types in mice and humans.
CysLTs are abundantly produced by human and mouse mast cells, eosinophils, and
alveolar macrophages (Kanaoka and Boyce, 2004). Eosinophil-derived cysLTs were
shown to be important for collagen deposition in the skin in a mouse model of atopic
dermatitis (Oyoshi et al., 2012a). An inhibitor of CysLTR1, known as montelukast (trade
name, Singulair) is widely used as an oral anti-inflammatory treatment for asthma and
allergic rhinitis (Horwitz et al., 1998). In asthma, montelukast directly inhibits
contraction in airway smooth muscle cells, which express CysLTRI1. There are also
effects on eosinophil recruitment in asthma patients that may be due to eosinophil
expression of CysLTR1.

LTB4R1 is highly expressed on human and mouse neutrophils and eosinophils, and
provokes robust chemotaxis (Tager and Luster, 2003). In contrast, LTB4R2 is widely
expressed in humans, whereas it is not highly expressed in most mouse tissues. In mice
deficient in LTB4R1, thioglycolate-induced eosinophil accumulation into the peritoneum
is reduced by 60% (Tager et al., 2000). In a model of chitin induced lung inflammation,
eosinophil accumulation in the lung is reduced by 85% in LTB4RI1”" mice (Reese et al.,

2007). In both of these models, it is not yet clear whether this receptor is required on

Chapter 5 92



eosinophils or on an accessory cell type. However, it is established that lung
macrophages attract eosinophils through the production of LTB4 (Reese et al., 2007).
During Strongyloides stercoralis infection, treatment of mice with MK886 results in
fewer eosinophils in the BAL fluid, peritoneum, and blood (Machado et al., 2005). A
concomitant decrease in IL-5 production is also observed, making interpretation of this
result difficult. Human eosinophils express LTA4H and have been shown to produce
LTB4, in response to the calcium ionophore A23187 (Condliffe et al., 1998; Haeggstrom
and Wetterholm, 2002; Henderson et al., 1984). Importantly, the concomitant expression
of leukotriene receptors and enzymes involved in leukotriene synthesis in a single cell

type raises the possibility of homotypic cell-cell communication.

Evidence for Leukotriene-Driven Amplification of Granulocyte Recruitment

LTB4 makes major contributions to leukocyte accumulation in many inflammatory
diseases, including rheumatoid arthritis, asthma, pancreatitis, and inflammatory bowel
disease (Peters-Golden and Henderson, 2007). Mouse neutrophils can release LTBy, after
triggering of cell surface receptors for Ig, C5a, TNFa, LPS, or formyl-Met-Leu-Phe
(fMLF) peptides (Condliffe et al., 1998; Sadik et al., 2012). In contrast, signals such as
IL-8, CCL3, CXCL2, IL1p, and PAF do not induce detectable leukotriene production by
this leukocyte (Afonso et al., 2012). Recent studies have demonstrated that fMLF induces
neutrophils to produce LTB4 in quantities sufficient to attract neighboring neutrophils
(Afonso et al., 2012). In these experiments, neutrophils deficient in formyl peptide
receptor 1 (Fprl) were mixed with wild type cells, and the population was stimulated

with fMLF. Strikingly, Fpri™”" cells migrated toward the source of fMLF, and this effect
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was dependent on leukotriene production in wild type cells. Thus, a leukotriene gradient
created by wild type cells can compensate for the inability of neighboring cells to detect a
primary chemoattractant. Furthermore, the migration of leukotriene-deficient neutrophils
toward fMLF is defective compared to wild type cells, which could indicate that cell-cell
communication is involved. However, cell polarization assays carried out at low
neutrophil densities suggested that autocrine leukotriene signaling takes place in response
to fMLF, whereby each neutrophil releases leukotrienes that bind to receptors on that
same cell to enhance polarization. Therefore, it is possible that leukotrienes act primarily
as autocrine factors for wild type neutrophils that are migrating toward fMLF. At higher
cell density, increased leukotriene-dependent and leukotriene-independent cell
polarization was observed. Thus, paracrine signaling between neutrophils likely
contributes to polarization in this case, but the identity of the leukotriene-independent
signal is not clear. It is difficult to perform under-agarose migration assays at limiting cell
densities to dissect out the contributions of paracrine signaling. Additionally, since these
migration assays are performed with the chemotactic source at a fixed distance from the
target cells, they do not establish whether LTB4 amplification increases the recruitment
range of fMLF. Despite these caveats, this system provides clear evidence that
leukotrienes can enhance chemotaxis in response to an existing gradient of
chemoattractant. Although there are many non-chemotactic receptors that trigger
leukotriene production, stimuli that induce migration in a strictly leukotriene-dependent
fashion have not been reported.

Amplification by leukotriene synthesis predicts accelerating leukocyte accumulation

over time. Observations in living mice using two-photon microscopy are consistent with
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this type of behavior (Chtanova et al., 2008). When Toxoplasma gondii is introduced into
the skin of mice, parasites are found in subcapsular sinus macrophages in draining lymph
nodes after 4 hours. Neutrophils also accumulate in the lymph node subcapsular sinus,
and these cells periodically undergo coordinated mass migration over distances > 50 um
and speeds of up to 10 um/min toward 7. gondii. Neither the initiating events nor the
factors that attract neutrophils have been determined for this system. However, is has
been proposed that there is communication between migrating neutrophils in this setting.
Additionally, neutrophils migrate > 200 um at speeds of up to 6 um/min toward sterile,
heat-induced necrotic foci in the liver (McDonald et al., 2010). This phenomenon has
been shown to involve fMLF receptor, presumably due to the recognition of
mitochondrial fMLF peptides. Although the evidence suggests that fMLF induces
leukotriene production, the possibility that leukotrienes contribute to cell migration in this
context was not addressed.

Neutrophils are required for the development of disease in the K/BxN serum transfer
model of arthritis (Sadik et al., 2011). In this model, antibodies against glucose-6-
phosphate isomerase are transferred into mice, resulting in immune complex deposition
in the joint synovium and inflammatory cell activation and recruitment. The trafficking of
neutrophils into the joints in this model does not take place in the absence of LTB4R1
(Kim et al., 2006). Transfer experiments demonstrated that LTB4R1 is required on
neutrophils, but only for initiation of inflammation, after which LTB4R1-deficient
neutrophils rely on CCR1 and CXCR?2 for their recruitment (Sadik et al., 2011).
Intriguingly, neutrophil expression of 5-LO is also required for neutrophil recruitment

into the joint, and for disease progression (Chen et al., 2006). Both 5-LO and the
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complement component 5a receptor 1 (C5aR1) must be co-expressed in neutrophils to
initiate recruitment. Co-expression of FcyRIII and the pro-inflammatory cytokine IL-1b is
required in neutrophils at later stages of the response (Sadik et al., 2012). Thus, a multi-
step cascade of lipids, cytokines, and chemokines controls neutrophil accumulation in the
joint in this model of arthritis. It is proposed that complement deposition and release of
C5a initially stimulates production of LTBy in rare tissue neutrophils. Leukotriene
production draws in more neutrophils, which produce IL-1b after binding to Ig deposited
in the joint. This cytokine induces the secretion of chemokine ligands for CCR1 by
synovial stromal cells, as well as CXCR2 ligands by neutrophils themselves. Chemokine
expression results in recruitment of more neutrophils expressing these receptors, and the
establishment of robust inflammation. It is not yet known whether leukotrienes diffuse
across the endothelium to effect neutrophil recruitment out of the blood, or function
primarily to guide neutrophils in tissues. Nonetheless, these studies provide a clear
example of LTB4-mediated communication between neutrophils present at a focus of

inflammation and neutrophils undergoing recruitment.

In the following chapter, I describe a novel experimental system that allows

investigation of leukotriene-dependent communication in eosinophils and neutrophils in

the context of parasitic worm infection.
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Figure 16
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Expression in Humans Expression in Mice

CYS LTRI Bronchial smooth muscle, mcinocytes/ma'cr?phages, Monocytes/macrophages, fibroblasts
mast cells, eosinophils, CD34* hematopoietic
progenitors, neutrophils

CYS LTR2 Monocytes/macrophages, mast cells, eosinophils, Monocytes/macrophages, cardiac Purkinje cells,
cardiac Purkinje cells, pheochromocytes and fibroblasts, endothelial cells
ganglion cells in adrenal medulla, bronchial and
coronary smooth muscle

LTB4RI Neutrophils, eosinophils (low levels on other Neutrophils, eosinophils, T cells, (low levels on
leukocyte populations) other leukocyte populations)

LT B4 R2 Broad expression (highest in liver, ovary, and Not determined (not detected in neutrophils,
blood leukocytes) macrophages, or T cells)

Figure 16. Leukotriene synthesis and leukotriene receptor expression

(A) Leukotriene synthesis pathway with enzymes represented as grey boxes. Lipid products are represented as white
ovals, and their structures are depicted on the right. Leukotriene receptors are represented as seven colored bars.
Notable inhibitors and the points at which they act in this pathway are shown in dark red. (B) Expression patterns of
the four leukotriene receptors. Both human and mouse expression is shown, with emphasis on hematopoietic
populations.
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SUMMARY

Here, we show that mouse eosinophils migrate toward diverse nematode species in three-
dimensional culture. These include the mammalian parasite Nippostrongylus brasiliensis,
the insect parasite Heterorhabditis bacteriophora, and the free-living nematode
Caenorhabditis elegans. Using an axenic culture system for C. elegans, we establish that
this migration takes place in the absence of bacterial products. Furthermore, the response
requires leukotriene synthesis in eosinophils, as well as expression of the leukotriene
receptor LTB4R 1. Mouse and human neutrophils also migrate toward nematodes in a
leukotriene-dependent manner. Eosinophils also accumulate around C. elegans larvae
deposited in mouse lung via intravenous injection. This response is independent of
bacterial products, TLR4, MyD88, CCR3, and complement component 3. In contrast,
mice deficient in leukotriene synthesis or LTB4R1 have dramatic reductions in the
number of eosinophils in lung tissue after injection of C. elegans. Leukotriene synthesis
is also required for normal eosinophil accumulation during infection with N. brasiliensis.
These results establish that conserved nematode signals induce leukotriene production in

eosinophils, and this mediator is then required for futher eosinophil accumulation.

RESULTS

Eosinophils Migrate en Mass toward Diverse Nematode Species in Vitro

To determine whether live nematodes directly attract eosinophils, we mixed C. elegans
dauer larvae, H. bacteriophora infective juvenile larvae, or N. brasiliensis L3 larvae with
eosinophils in a three-dimensional (3D) Matrigel matrix. This assay differs from typical

under-agarose migrations assays (Nelson et al., 1975), since worms and eosinophils are
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distributed randomly throughout the gel at the start of the culture. Eosinophils were
obtained by culturing mouse bone marrow progenitors in IL-5 for two weeks as
previously described (Dyer et al., 2008). This method allowed for the generation of ~25 x
10° eosinophils per mouse from wild type or genetically targeted mouse strains. We
verified by flow cytometry that eosinophils obtained in this fashion were > 98% Siglec-
F'/Ly-6G" (Fig. 17A). Additionally, > 90% these cells possessed the multi-lobed nuclei
and acidophilic granules characteristic of eosinophils, with the remainder comprised of
large mononuclear cells. Within one hour of mixing eosinophils and nematodes,
eosinophils had accumulated in large numbers around all three species (Fig. 17B). We
also verified that eosinophils isolated from the blood of IL-5"¢ mice (Lee et al., 1997)
accumulated around worms. Eosinophils failed to accumulate around agarose (Fig. 17B),
chitin, or Teflon beads, indicating that a general response to foreign surfaces did not
account for this effect. In addition to providing novel evidence that worm recognition can
involve factors that are conserved across nematode species, C. elegans presented a
number of distinct technical advantages in this assay. These included the availability of
fluorescent strains, methods for growth in the absence of bacterial products, and a low
likelihood of evolved mechanisms for immune evasion. Therefore, we proceeded to use
this free-living nematode as a model for parasitic nematodes, verifying our most
important results using N. brasiliensis, a bonafide mammalian parasite.

Eosinophil accumulation could be the result of either directed migration towards
nematodes, or random migration accompanied by retention on or near the nematode
surface. To distinguish these possibilities, we performed time-lapse imaging of

eosinophils mixed with C. elegans dauer larvae over the course of two hours (Fig. 17C).
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Eosinophils migrated en mass over distances of up to 300 um toward C. elegans. This
migration was directed toward specific points along the length of the nematode (Fig.
17C), but these points differed between individual worms. Therefore, it did not appear
that a single anatomical structure was responsible for inducing migration.

To quantitatively measure eosinophil migration, we performed co-cultures with
yellow fluorescent C. elegans dauer larvae and red fluorescent eosinophils. We then used
confocal microscopy to collect 3D images, and used image analysis software to calculate
the volume of red fluorescence signal that was in contact with each nematode after one
hour (Fig 18A,B). Many nematodes, including the three species we examined, feed on
bacteria at some point in their life cycle. We performed our migration assays using the
non-feeding dauer larval stage, and we washed the worms extensively until LPS was
undetectable by Limulus amoebocyte lysate testing in worm supernatants. Since free,
soluble bacterial contaminants would be distributed evenly at the start of 3D culture, it is
unlikely that these would be responsible for the directed migration we observed.
However, the possibility existed that bacterial products bound to worms or released from
worms could be responsible. To conclusively determine whether bacterial products were
required for eosinophil migration, we grew C. elegans for several generations in axenic
liquid culture, which has been demonstrated to eliminate detectable bacterial products
(Rao et al., 2005). There was no difference in eosinophil accumulation around C. elegans
grown in non-axenic or axenic culture (Fig 18C).

The secretion of a worm-derived chemoattractant would be predicted to attract
eosinophils to a source of secretion, such as the mouth or anus of a worm. The

observation that eosinophils accumulated at a seemingly random point on the surface of
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each nematode suggested, instead, that eosinophils themselves might be the source of
chemoattractants that attracted neighboring cells. To test this possibility, we incubated C.
elegans with decreasing densities of eosinophils, and measured the accumulation after
one hour. At high densities, as expected, the volume of eosinophils that accumulated
correlated with the number of eosinophils present (Fig 18D). However, at low densities
(< 3x10° cells/mL) there was no evident eosinophil migration toward worms (Fig 18E).
An eosinophil-independent chemoattractant produced by a worm would be expected to
attract the eosinophils within the vicinity, irrespective of cell density. These data establish
that a threshold density is required for accumulation around nematodes, and suggest that

signaling between eosinophils is involved.

Mass Migration Requires Amplification via Dual Sensing and Synthesis of
Leukotrienes

We suspected that eosinophils migration toward nematodes was mediated by soluble,
eosinophil-derived chemotactic factors. Since such factors would be likely to signal
through GPRCs, we first tested whether Gayp proteins were important in eosinophil
migration towards C. elegans. We incubated eosinophils with pertussis toxin to block
Gauy signaling and found that this treatment completely abolished eosinophil
accumulation (Fig 18F). Next, we mixed differentially labeled pertussis toxin-treated and
control eosinophils together, and observed their migration using time-lapse imaging.
While control cells migrated robustly toward C. elegans, pertussis toxin-treated
eosinophils failed to migrate toward the same larvae, demonstrating that the effect of

pertussis toxin treatment was eosinophil-intrinsic (Fig 18G).
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Neutrophils have been shown to attract other neutrophils in cell culture (Afonso et al.,
2012) and in mouse models of arthritis (Sadik et al., 2011). In these systems, migration is
mediated by neutrophil-derived LTB,4 (see chapter 5). We tested whether leukotriene
synthesis was required for eosinophil migration in response to C. elegans by performing
our migration assay in the presence of MK886, which inhibits FLAP and the production
of leukotrienes (See Chapter 5). There was a dose-dependent reduction in the
accumulation of eosinophils around C. elegans in the presence of MK886 (Fig. 19A),
with an ICs (~0.5 uM) comparable to that observed for inhibition of neutrophil
leukotriene production (~0.1 uM) (Rouzer et al., 1990). We also tested whether genetic
deficiency in Alox35, the gene encoding 5-LO (see Chapter 5), altered migration. Bone
marrow-derived eosinophils from Alox5” mice were impaired by > 10-fold in their
ability to accumulate around C. elegans after 2 hours (Fig. 19B). To determine whether
paracrine leukotriene signaling accounts for the migration of eosinophils toward
nematodes, we incubated fluorescently-labeled wild type (15%), fluorescently-labeled
Alox5" (15%), and unlabeled wild type (70%) eosinophils. Importantly, the migration of
Alox5" eosinophils was rescued in the presence of wild type eosinophils (Fig. 19C). This
experiment ruled out the possibility that Alox5” eosinophils have general defects in cell
migration. Additionally, eosinophil accumulation in response to the rodent parasite N.
brasiliensis was reduced >10-fold in the absence of leukotrienes (Fig. 19D). Since
perturbations of 5-LO function affect both LTB,4 and CysLT pathways (see chapter 5), we
wanted to determine which leukotrienes were involved in the response to nematodes.
Although eosinophils are known to produce CysLTs upon activation (Kanaoka and

Boyce, 2004), we found that the CysLTR1 antagonist montelukast failed to alter
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eosinophil behavior (Fig. 19E). We next assessed the migratory capacity of bone marrow-
derived eosinophils lacking Ltb4r1, a receptor that has been implicated in eosinophil
migration (Reese et al., 2007; Tager et al., 2000). There was a > 10 fold reduction in
eosinophil accumulation in eosinophils from Ltb4r1”" mice (Fig. 19F). Taking together,
these findings indicate that eosinophil migration toward nematodes in this system
requires both the synthesis and sensing of LTBa.

Neutrophils often accumulate in tissues during early stages of parasite infection
(Makepeace et al., 2012). The known involvement of LTB4 in PMN migration in vitro
and in vivo (see Chapter 5) prompted us to test whether neutrophils would respond to
nematodes in this system. We neutrophils from human peripheral blood and found that
they migrated toward C. elegans in 3D culture (Fig. 20A), as did human eosinophils (Fig.
20B). The migration of human neutrophils was completely inhibited by the addition of
MKS886. Neutrophils have been shown to produce LTB, in response to Fc receptor
engagement (Sadik et al., 2012). Therefore, we predicted that IgG-coated beads would
induce migration phenomena similar to that observed with nematodes. Mouse neutrophils
accumulated around IgG-coated beads but not [gM coated beads, whereas eosinophils did
not accumulate around antibody-coated beads at all (Fig. 20C). This may be due to the
expression of FcyRI and FcyRIII on neutrophils but not eosinophils (Hogan et al., 2008).
It is not yet clear whether this response involves the release of leukotrienes. Furthermore,
it will be important to identify stimuli that induce leukotriene production by eosinophils
but not neutrophils. Nonetheless, these results are consistent with the notion that
leukotriene production and mass migration of granulocytes can be triggered by diverse

primary stimuli.
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Leukotrienes Are Important for Eosinophil Accumulation in the Lung in Response
to Nematodes

Leukotrienes are known to be important for eosinophil accumulation in a number of
settings (reviewed in Chapter 5). However, we wanted to specifically address whether
eosinophil-derived leukotrienes were involved in eosinophil accumulation in response to
nematodes. First, we generated a model of eosinophil accumulation in response to C.
elegans. We found that live C. elegans dauer larvae became trapped in the capillaries of
the lung after intravenous injection. The worms ruptured these vessels, causing focal
hemorrhage, as well as eosinophil and neutrophil accumulation (Fig. 21A). This effect
was apparent in both C57BL/6 (Fig. 21B) and BALB/c mice (Fig. 21G). To quantify
eosinophils after nematode injection, we digested perfused lungs with collagenase and
analyzed cells expressing Siglec-F by FACS. Eosinophils were rare (< 20 x10° cells)
before and even 12 hours after nematode injection (Fig. 21B). By 24 hours, the number of
eosinophils in the lung increased 10-fold, after which the number slowly returned to
baseline over the course of 2 weeks (Fig. 21C). Helminth infections typically induce
alternative macrophage activation, characterized by the increased expression of several
macrophage gene products, including arginase-1 (Argl). Using arginase-1-YFP reporter
mice (Reese et al., 2007), we found significantly increased alternative activation of
macrophages 24 hours after C. elegans injection (Fig. 21D). Live C. elegans L3 larvae
grown in axenic culture induced similar levels of eosinophil recruitment, indicating that
this response was independent of bacterial products (Fig. 21E). MyD88 is required for
detection of bacterial products by all toll-like receptors, with the exception of TLR4,

which can signal through the adaptor TRIF (Song and Lee, 2012). To determine whether
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these receptors were involved in the response to nematodes, we used Myd88” mice and
mice with an inactivating mutation in the TLR4 (7. Ir4”7% mice) (Fig. 21F). After C.
elegans injection, eosinophil accumulation was indistinguishable in these two mutant
strains compared to wild-type mice. CCR3 and the eotaxins function to recruit
eosinophils to tissues in several settings (reviewed in Chapter 5). Additionally, C3-
dependent complement deposition can mediate interactions between eosinophils and
helminths (Ramalho-Pinto et al., 1978). Eosinophil accumulation in Cer3” and C37" mice
did not differ from that in wild-type mice (Fig. 21G). In contrast, the number of
eosinophils that accumulated in the lung 24 hours after C. elegans injection was
decreased by 70% in Alox5”" mice (Fig. 22A). This decrease was not due to systemic
affects on eosinophils, since Alox5” mice had normal numbers of eosinophils in
peripheral blood at the same time point (Fig. 22B). Interestingly, the number of
neutrophils in the lung was not affected (Fig. 22C). In Ltb4rl “ mice, eosinophil
accumulation in the lung was 55% reduced (Fig. 22D), and the number of neutrophils
was also modestly but significantly reduced (Fig. 22E). This discrepancy with the Alox5™"
phenotype may indicate that there is a variable window during which neutrophil
accumulation is affected by LTB4. To determine whether leukotrienes were also
important for eosinophil accumulation in response to a parasitic nematode species, we
infected Alox5"" mice with the N. brasiliensis (as described in Chapter 4). Leukotriene
deficiency resulted in an 80% reduction in the number of eosinophils in the lung 9 days
after N. brasiliensis infection (Fig. 22F). There was no significant difference between the
number of peripheral blood eosinophils in wild type and 4lox5” mice at this time point

(Fig. 22G).
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Figure 17
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Figure 17. Eosinophil migration in response to nematodes

(A) Flow cytometry and cytospin analysis of bone marrow-derived eosinophils. Staining with antibodies against Siglec-F
and Ly-6G (blue histograms), and hematoxylin/eosin (far right) is shown. Grey histograms show isotype control
staining. The arrowhead marks a contaminating non-eosinophil. (B) Dark field dissection scope images of eosinophils
(white dots) cultured with nematodes (white ribbons). Low power images (top) show eosinophil accumulation after |
hour. High power images (bottom) show nematodes before and after eosinophil accumulation. Agarose beads are not
visible. (C) Images taken from a DIC time-lapse movie of eosinophils migrating toward a C. elegans dauer larva.
Eosinophils did not migrate toward the particulate material in the top right. Scale bar represents 50 pm.
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Figure 18
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Figure 18. Evidence for paracrine signaling in eosinophil migration towards nematodes

(A\) Strategy for quantifying eosinophil accumulation around fluorescent nematodes. 3D matrix is depicted in a
side-view. Green and red symbols represent nematodes and eosinophils, respectively. Only worms within 100 pm of
the coverslip were imaged. (B) An example of a 3D eosinophil volume calculation using Imaris software. The raw image
(left) and artificial volume (right) are shown. Scale bar represents 50 pm. (C) Eosinophil volumes surrounding individual
C. elegans dauer larvae. Monoxenic worms grown on E. coli and compared worms grown in axenic culture. (D)
Eosinophil accumulation after 2 hours as a function of eosinophil density. The dotted line represents linear proportion-
ality with an x intercept at the origin. (E) Image demonstrating a lack of accumulation when eosinophil are cultured at
a density of 3 x 10¢ cells/mL. (F) Control and pertussis toxin-treated eosinophil accumulation around C. elegans dauer
larvae after 2 hrs of culture. (G) Images taken from a fluorescent time-lapse movie of control (green) and pertussis
toxin-treated (red) eosinophils migrating toward a C. elegans dauer larva (blue). The worm is shown at 0 min (left) and
after 50 min (right) of the culture.The abundant unlabeled wild-type eosinophils are invisible.
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Figure 19

A B

Eosinophil Volume (x10¢ um?)
N
1
Eosinophil Volume (x108 um?)

0 —r—rrr —rr—r——rr 0

L]
0.1 1 10 100 Alox5**  Alox5"
[MK886] (uM)

O

N. brasiliensis

a 2.5
13
3
¢ 2.0
= U1 T
2 15
5
o
> 1.04
-
[-%
2 o054
&
0.0 Y
Alox5**  Alox5™"
530000 00.0g0 030025 00,000
70% Unlabeled Eos
15% Alox5~- Eos
15% Alox5-’- Eos
C. elegans
T *] o 37
: d
T T < T
x 24 = 2 -
3 ]
5 5
S 2
_g. 14 E 1 -
£ e
& 2
w
0 L L] L]
DMSO  Montelukast Ltb4r1*"*  Ltb4r1”-

Figure 19. Involvement of leukotrienes in eosinophil migration towards nematodes

(A) Eosinophil accumulation in response to C. elegans dauer larvae in the presence of MK886 at the indicated final
concentrations. The IC, for this experiment was ~0.5 pM. (B) Accumulation of wild type and Alox5" eosinophils in
response to C. elegans dauer larvae. (C) Images taken from a fluorescent time-lapse movie of wild type (green) and
Alox5" (red) eosinophils migrating toward a C. elegans dauer larva (blue).The worm is shown at 0 min (left) and after
25 min (right) of the culture.The abundant unlabeled wild type eosinophils are invisible. (D) Accumulation of wild type
and Alox5" eosinophils in response to N. brasiliensis L3 larvae.All scale bars represent 50 um. (E) Eosinophil accumula-
tion in response to C. elegans dauer larvae in the presence of |0uM Montelukast,a CysLTR| antagonist. (F) Accumula-
tion of wild type and Ltb4r/" eosinophils in response to C. elegans dauer larvae.
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Figure 20
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Figure 20. Human leukocyte migration toward nematodes

(A) Human neutrophil accumulation in response to C. elegans dauer larvae in the presence of MK886. (B) Control and
pertussis toxin-treated human eosinophil accumulation around C. elegans dauer larvae. (C) Images showing mouse
neutrophil accumulation around IgG,-coated but not IgM-coated agarose beads after 2 hours. Beads are visible as faint
red circles. Scale bar represents 50 pm.
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Figure 21
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Figure 21. Eosinophil accumulation in the lung in response to nematodes

(A) Micrographs of the entire left lung lobe (top, left) 24 hours after intravenous injection of 500 C. elegans dauer
larvae. DAPI staining reveals multiple inflammatory foci. The high power view (right) of the boxed region shows a larva
surrounded by inflammatory cells, including EMBP* eosinophils. Non-specific fluorescence of the larva is demonstrated
in the 1gG control stain (left, bottom). (B,C) Flow cytometry analysis of eosinophil accumulation in the lung at various
time points after injection of C. elegans dauer larvae or saline. (D) Flow cytometry analysis of alternatively activated
macrophages in the lung 24 hours after injection of C. elegans dauer larvae or saline. (E) Flow cytometry analysis of
eosinophils in the lung 24 hours after injection of axenic C. elegans L3 larvae or conventionally cultured dauer larvae.
(FG) Flow cytometry analysis of eosinophil accumulation in the lungs of TIr4?'?H, Myd88+, Ccr3*,and C3* mice after
injection of C. elegans dauer larvae or saline. In all experiments, differences between saline and C.elegans groups are
significant except 6 hours, 12 hours, and 12 days after injection. Differences between wild type and knock out or
mutant mice are not significant.
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Figure 22
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Figure 22. Involvement of leukotrienes in eosinophil accumulation in the lung

(A) Flow cytometry analysis of eosinophil accumulation in the lungs of Alox5” and wild-type mice 24 hours after
injection of C. elegans dauer larvae or saline. (B) Flow cytometry analysis of eosinophil numbers in the blood of Alox5*
and wild-type mice 24 hours after injection of C. elegans dauer larvae or saline. (C) Flow cytometry analysis of
neutrophil accumulation in the lungs of Alox5" and wild-type mice 24 hours after injection of C. elegans dauer larvae or
saline. (D) Flow cytometry analysis of eosinophil accumulation in the lungs of Ltb4rI* and wild-type mice 24 hours
after injection of C. elegans dauer larvae or saline. (E) Flow cytometry analysis of neutrophil accumulation in the lungs
of Ltb4rI* and wild-type mice 24 hours after injection of C. elegans dauer larvae or saline. (F) Flow cytometry analysis
of eosinophil accumulation in the lungs of Alox5” and wild-type mice 9 days after infection N. brasiliensis L3 larvae.
Numbers of eosinophils in uninfected mouse lung are shown for comparison, but are from a different experiment. (G)
Flow cytometry analysis of eosinophil accumulation in the blood of Alox5” and wild-type mice 9 days after infection N.
brasiliensis L3 larvae. Numbers of eosinophils in uninfected mouse blood are shown for comparison, but are from a
different experiment (B). Differences between groups are not significant unless otherwise noted. Differences between
saline and C.elegans groups are significant in wild type mice. *, p < 0.05; **, p < 0.005.

Chapter 6 112



Figure 23
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Figure 23. A model for leukotriene-driven migration in response to nematodes

Chance interactions between eosinophils and nematodes, requiring contact or close proximity, are followed by
eosinophil adhesion and spreading on the surface of the worm. Unknown worm-derived signals (green circles) activate
eosinophils, resulting in the release of LTB, (red circles) that attract neighboring eosinophils. As more eosinophils are
drawn into contact or close proximity with the worm surface, LTB, production accelerates and the worm is eventually
encapsulated by eosinophils.
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DISCUSSION
Here we report that the migration of mouse eosinophils toward nematodes in a 3D matrix
requires eosinophil-derived leukotrienes and LTB4R1. Although eosinophils have been
shown to produce LTB4, this property differs across animal species, and human
eosinophils produce considerably more cysLTs than LTB4 when stimulated with calcium
ionophores (Sun et al., 1991). Thus, while it is widely appreciated that eosinophils are a
major source of cysLTs during inflammation, the possibility that they are a source of
LTB4 during helminth infection has not been investigated (Tager and Luster, 2003).
Eosinophil migrate toward cysLTs in vitro in transwell assays (Spada et al., 1994).
However, thus far there is no experimental to support that cysLT receptors on eosinophils
mediate chemotaxis in vivo, since mice deficient in cysLTs do not have defects in
eosinophil recruitment to the skin in a model of atopic dermatitis (Oyoshi et al., 2012a).
Instead, this study suggests that eosinophil-derived cysLTs contribute to tissue
remodeling by stimulating fibroblasts to secrete collagen and by promoting keratinocyte
proliferation. We have demonstrated the CysLTR1 antagonist, montelukast, failed to alter
eosinophil migration towards worms, arguing against the involvement of cysLTs. Given
the evidence that LTBy is sufficient to promote eosinophil and neutrophil recruitment in
transwell assays (Spada et al., 1994; Tager et al., 2000), the simplest explanation for our
results is that secretion of LTB4, is responsible for amplification of eosinophil migration
toward nematodes in vitro (see Fig 23 for a diagram of this model).

Neutrophils can stimulate the migration of neighboring neutrophils through a
migration-dependent multi-signal relay, wherein the detection of the chemoattractant

peptide fMLF induces leukotriene LTB4 secretion (Afonso et al., 2012). Migration
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towards LTB4, in turn, draws cells into regions of higher fMLF concentration, resulting in
amplified LTB4 production. This behavior is distinct from the single-signal relay that
takes place in the slime mold Dictyostelium discoideum (McCann et al., 2012). In D.
discoideum cells, detection of cAMP at the leading edge induces secretion of cAMP at
the rear, such that the signal can be propagated for millimeters. Since this propagation is
independent of the initiating stimulus, migration toward the source is not required.
Although we have not directly addressed whether signal relay takes place in granulocytes
in response to nematodes, we favor a model that is distinct from previous models, for the
following reasons.

First, the recruitment range of the migration we observed is far shorter (~300 um)
than that observed for D. discoideum cells, suggesting that single-signal relay is not
operating efficiently, if it occurs at all in this setting. Second, even leukocytes that are
very close to worms fail to migrate in the absence of leukotrienes. This suggests that the
factor that initiates leukotriene synthesis is not chemotactic, in contrast to fMLF (Afonso
et al., 2012). Third, we observed that mass migration dissipates when nematodes abruptly
crawl away from the focus of leukocyte accumulation. This suggests that the presence of
the nematode is required, not just to initiate the response, but also to sustain the
generation of leukotrienes by leukocytes. If the factors that initiate leukotriene synthesis
were secreted, they must be extremely short lived to be consistent with these
observations. Lastly, we observed leukocyte spreading on the nematode surface, which
resulted in adhesion sufficient to allow crawling worms to carry attached leukocytes for
hundreds of micrometers. Future studies could be aimed at testing medium that is

conditioned by parasitic worms to look for evidence of secreted factors that can induce
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leukotriene secretion. An alternative possibility consistent with our findings is that an
adhesive interaction triggers LTB4 synthesis and secretion by the adherent eosinophils. If
contact is required, the implications are intriguing. The surface area of a worm is
necessarily proportional to its size, whereas secreted factors could vary with respect to a
number of parameters. Thus, surface-dependent activation of eosinophils could represent
a means for ensuring that enough leukocytes are recruited to encapsulate the entire worm,
and for suspending additional leukocyte recruitment only once this is achieved.
Additionally, given the rapid speed of worm migration (~500 wm/sec) relative to
leukocyte migration (~10 um/min), a contact dependent signal would be the most reliable
reporter of the worm’s immediate presence. Conclusive evidence for either contact-
dependent or proximity-dependent initiation awaits identification of the factor that is
recognized by leukocytes.

One aspect that differentiates our studies of granulocyte-nematode interactions from
those carried out previously is the use of 3D Matrigel and collagen gels. Although we
observed adhesion and spreading of eosinophils on nematode surfaces in agarose gels, we
did not observe mass migration in this matrix. While it is true that optimal stiffness of the
3D matrix was critical for leukocyte migration, no concentration of agarose (over a range
from 20 to 100%) was successful. This may reflect differences in the ability adhesion
receptors on eosinophils to bind to these substrates. Consistent with this interpretation,
eosinophils derived from bone marrow from (2 integrin-deficient mice failed to migrate
towards worms in Matrigel. Alternatively, it is possible that the properties of Matrigel
and collagen stabilize an LTB,4 gradient to promote optimal migration. Such a gradient

could potentially be detected by staining with an antibody against LTB4. There could also
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be additional factors present in these matrices that contribute to eosinophil activation, or
factors in agarose that interfere with worm recognition. This issue will need to be
addressed using pure preparations of other extracellular matrices.

Our data highlight the ability of both eosinophils and neutrophils to produce and
respond to LTBy. This raises questions about the mechanisms that account for their
apparent autonomy in response to different stimuli. Eosinophils are rare during most
bacterial infections where neutrophils are abundant (Makepeace et al., 2012). Conversely,
huge numbers of eosinophils are present during later stages of parasite infection and
allergic responses, while neutrophils are scarce. Furthermore, we found that leukotrienes
were dispensable for the 2-fold increase in neutrophils that occurs after injection of C.
elegans. 1t is likely that cell survival represents an important control point for modulating
the numbers of these granulocytes in tissues, since separate cytokines appear to promote
these lineages (IL5 for eosinophils, G-CSF for neutrophils) (Borregaard, 2010). It is also
possible that cell-type specific recruitment factors operate in situations where one cell
type is dominant. Both eosinophils and neutrophils accumulate during the early stages of
some fungal infections, and many helminth infections (Makepeace et al., 2012). Thus,
these granulocytes may have complementary functions of during acute inflammation that
make common recruitment factors advantageous.

Our experiments in the lung have not directly demonstrated that there is impaired
migration in the absence of leukotrienes. The effects of leukotrienes on survival or
activation of leukocytes, rather than migration, could be contributing to eosinophil
accumulation. There do not appear to be systemic affects on eosinophils, since normal

numbers of eosinophils are present in blood from Alox5” mice. However, it is possible
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that leukotrienes promote eosinophil survival in peripheral tissues. Antigen specific T
cells were shown to traffic to the skin in a leukotriene-dependent fashion during atopic
dermatitis (Oyoshi et al., 2012b). Thus, Th2 cells expressing IL-5 could be defective in
trafficking to the lung in the absence of leukotrienes. It will be important to measure T
cell recruitment and IL-5 production in Alox5” mice during N. brasiliensis infection.
Experiments using two-photon microscopy are in progress to test whether leukotrienes
affect recruitment out of the blood or localization within lung tissue in response to
worms.

We show that leukotrienes are important for eosinophil accumulation in the lung in
response to nematodes, but the cellular source of these mediators remains to be identified.
Macrophages isolated from mouse lung release LTB, and attract eosinophils across
transwell membranes in a leukotriene-dependent fashion (Reese et al., 2007). In addition,
we have shown that neutrophils produce leukotrienes in response to nematodes in vitro.
Nevertheless, based on our experiments in vitro, we favor the hypothesis that eosinophils
encountering nematodes in the lung secrete LTB, in sufficient quantities to attract other
eosinophils to the site of accumulation (Fig 6). There are currently no reported
conditional alleles of Alox5 that would allow for cell-type specific deletion of this gene.
Furthermore, there are no reported eosinophil-specific recombinase alleles, for
manipulating genes in eosinophils only. In order to determine whether eosinophil-derived
leukotrienes contribute to eosinophil accumulation in the lung in response to worms, we
are performing experiments with chimeric mice. These mice have been lethally irradiated
and reconstituted with bone-marrow that will give rise to only wild type eosinophils or

only Alox5” eosinophils, whereas wild type representatives of other leukocytes will be
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present. Eosinophil accumulation will then be measured in these mice after injection with
C. elegans or infection with N. brasiliensis. An important caveat to this approach is that
half of all other leukocyte populations in both sets of mice are deficient in leukotrienes as
well. Nonetheless, these mice provide a tool to address the contributions of eosinophil
Alox5 to their recruitment to lung. Additionally, wild type and 4lox5” eosinophils will be
transferred into Alox5”" recipients to determine whether eosinophil-derived leukotrienes
are sufficient to induce eosinophil recruitment.

This study establishes that eosinophils respond to diverse nematode species, which
may indicate the recognition of conserved features of nematodes. Eosinophils also
migrated towards Sephadex beads, which suggests that there are carbohydrate-binding
receptors on these cells that can also induce leukotriene production. Sign-R1, Sign-R3,
and Langerin are candidates for the recognition of Sephadex, since they have all been
shown to mediate uptake of FITC-dextran (Takahara et al., 2004). Glycans differ
significantly between nematodes and mammals (Paschinger et al., 2008), thus glycans
could represent a molecular target for identification of foreign animal tissues by the
immune system. Furthermore, the interactions between the C. elegans cuticle and several
species of bacteria are highly dependent on nematode glycosylation. Our in vitro assay is
amenable to genetic screens in C. elegans, aimed at characterizing the genes in
nematodes required for triggering eosinophil accumulation. Since collagenase digestion
effectively releases individual eosinophil-coated worms from the 3D matrix, large
numbers of worms can be simultaneously screened in the same gel volume. Uncoated
(mutant) worms can then be isolated by differential centrifugation, and retested before

being expanded and frozen. When coupled with the ability of C. elegans to induce
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immune responses in mice, this model provides a powerful methodology for generating
and testing candidate nematode factors that could contribute to eosinophil accumulation

in the lung.

MATERIALS AND METHODS

Mice

YARG(ArgI™™) (Reese et al., 2007), Tlr4"7* (Dumont and Barrois, 1976), Myd88”
(Adachi et al., 1998), Ccr3” (Humbles et al., 2002), C3” (Wessels et al., 1995), Alox5™"
(Chen et al., 1994), Lth4r1” (Tager et al., 2000), and 1/5"¢ (Lee et al., 1997) mice have
been described previously. All strains were used on the C57BL/6J background except
Cer3”, which was maintained on the BALB/c background. Wild type C57BL/6J and
BALB/cJ mice were obtained from the Jackson Laboratory. All procedures involving
animals were approved by the University California San Francisco Institutional Animal
Care and Use Committee, and carried out in accordance with the guidelines established

by the National Institutes of Health.

Nematodes

C. elegans carrying the daf-2(el370), rmIs126[unc-54p.:Q0.:YFP] alleles were obtained
from the CGC, and crossed to generate a daf-2(el370); rmls126[unc-54p::Q0::YFP]
strain. C. elegans dauer larvae were generated by culturing synchronized L1 daf-2(el370)
mutants at 27° C for 4 days in sealed petri dishes, then collecting larvae from the sides
and lids of the dishes. Dauer larvae were > 99% pure based on body morphology and an

absence of pharyngeal pumping (Golden and Riddle, 1984). For axenic culture, mCeHR
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medium was prepared as described previously (Rao et al., 2005). Axenic cultures were
routinely tested for sterility by culture on brain heart infusion agar plates (BD
Bioscience) at 30° C and 37° C. Additionally, LPS was not detectable by Limulus
amoebocyte lysate testing (Pyrotell) in axenic cultures or in supernatants of C. elegans
dauer larvae after washing (as described below). H. bacteriophora infective juveniles
were generated from RET16 Photorhabdus luminescens cultures, as described previously
(Hallem et al., 2007). N. brasiliensis infection was performed as described previously
(Camberis et al., 2003). Briefly, mice were anesthetized using isofluorane and injected
subcutaneously at the base of the tail with 500 N. brasiliensis L3 larvae. Mice were
maintained on water containing 2 g/L neomycin sulfate, 100 mg/L polymixin B for 5
days, and sacrificed after 9 days. For administration of C. elegans, 500 live dauer larvae

were injected into the caudal tail vein in 150 uL 0.01% BSA in saline.

Three-Dimensional culture of leukocytes and nematodes

Nematodes were washed by six rounds of suspension in 1.5 mL wash buffer (0.01% BSA
in 0.9% NaCl), 5 seconds centrifugation at ~1000 x g, and aspiration of supernatant.
Nematodes were suspended at a concentration of 600/mL in Matrigel w/o phenol red (BD
Biosciences) or 1 mg/mL collagen (Invitrogen) and kept on ice. Eosinophils were
cultured from bone marrow of wild type, Alox5”, or Ltb4r1”" mice and incubated in 1

uM CMTMR or CFSE in RPMI containing 2% FBS for 25 min at 37° C. Cells were
washed and some samples were treated with 250 ng/mL B. pertussis toxin for 1 hour,
then washed with RPMI-1640. Other samples were treated with various concentrations of

MKS886 for 10 minutes before being mixed with worms without washing. Eosinophils
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were bone marrow cultures, as described previously (Dyer et al., 2008). Briefly, bone
marrow from femurs and tibiae from two mice per group were flushed with RPMI and
treated with water to lyse erythrocytes. Cells were then cultured in the presence of
recombinant SCF and FIt3L for 4 days, and subsequently cultured in the presence of
recombinant IL-5 and collected after 10 additional days. Eosinophils were washed and
resuspended at various cell densities in 0.1% BSA in RPMI-1640 (RPMI) w/o phenol
red. Eosinophils and nematodes were mixed in 1:1 ratio, and loaded into 6-lane or 18-

well chamber imaging slides (Ibidi), and cultured at 37° C.

Time-lapse imaging and quantification of leukocyte migration

All images were acquired using a microscope setup that has been described previously
(Gilden et al., 2012). Briefly, three lasers (Argon 488 nm, Krypton 568 nm, Indium
gallium nitride 406 nm) were connected to a spinning disk confocal scan-head (CSU-10b,
Yokogawa Corporation, Kanazawa, Japan; modified by Solamere Technology Group,
Salt Lake City, UT), which was connected directly to a motorized, inverted microscope
(Zeiss Axiovert 200M inverted fluorescence microscope, Carl Zeiss Inc., Thornwood,
NJ). Emission light was passed through an automated filter wheel (FW-1000, Applied
Scientific Instruments, Eugene, OR) and detected by an intensified charge-coupled device
(ICCD) camera (XR-Mega-10EX S-30, Stanford Photonics, Palo Alto, CA). Images were
collected through a 10x fluor 0,5 NA and 20x fluor air objectives. For time-lapse
imaging, cultures were maintained at 37° C on a heated stage and imaged starting roughly
thirty minutes after the start of the culture. For endpoint leukocyte accumulation assays,

we acquired image volumes for all nematodes within 100 um from the bottom of the
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imaging slide from three wells (4-7 worms per well) per condition. Images were analyzed
using Imaris (BitPlane) software. Volumes representing the accumulated leukocytes were
generated in parallel by applying a single, manually set intensity and volume threshold to
all worms from all wells. Accumulations of cells that were not in contact with the surface

of the worm were rare and not included in the volume measurement.

Flow cytometry assays for leukocyte recruitment

Mice were sacrificed and all right lobes of lungs were collected. Lungs were injected
with digestion buffer consisting of 0.2 mU/mL Liberase DL (Roche Applied Sciences)
and 10 pg/mL DNase (Sigma) in HBSS (without Ca*"/Mg*"). Lungs were minced using
razor blades and incubated with digestion buffer for 25 min at 37° C. Digestion was
stopped by adding EDTA to 10 mM and 2% FBS in RPMI, and tissue was crushed onto
70 um cell strainers (BD Biosciences). Cells were treated with ammonium chloride
buffer (150 mM NH4Cl, 10 mM KHCO3, 100 uM EDTA) to lyse erythrocytes. Cells
were incubated with 10 ug/mL anti-mouse CD16/32 (clone 93, eBioscience) to block Fc
receptors, before staining with PE anti-Siglec-F (E50, BD Pharmingen) and APC anti-Ly-
6G (1A8, Biolegend). Viability was determined by adding 50 pL/mL 7AAD solution (BD
Pharmingen) or 0.5 pg/mL DAPI. Cells were analyzed using a FACSort cytometer (BD)
equipped with CellQuest software (BD). Further analysis was carried out using FlowJo

software (Treestar Inc.).
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Statistical analysis
All graphical data were plotted as means plus the standard error mean using Prism 5
software (GraphPad Software, La Jolla, CA). Student’s #-test was used to evaluate the

statistical significance of differences between groups.
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CONCLUSION

The studies outlined in this dissertation have established that the galactose-6-O-
sulfotransferase, KSGal6ST is expressed in several interesting anatomical locations in
mice, including the brain, kidney glomeruli, lung, and germinal centers in lymph nodes
and Peyer’s patches. My characterization of the KSGal6ST KO mouse provides a tool for
investigating the functions of this enzyme at these sites. [ have also demonstrated that
KSGal6ST is expressed in HEVs, where it is required for the generation of several
Gal6S-containing glycans. These glycans do not contribute to short-term L-selectin-
dependent homing to lymph nodes. However, it remains to be investigated whether they
serve as ligands for L-selectin in lymphoid organs during immune responses, or in
tertiary lymphoid structures that develop at sites of chronic inflammation.

I have also characterized the expression pattern of ligands for Siglec-F. In leukocytes,
these ligands are largely restricted to the cell types that express Siglec-F, suggesting that
they carry out important functions as cis-ligands. These ligands may also participate in
interactions between these cell types as trans-ligands. Siglec-F ligands are present in
airway epithelial cells and in mucin-containing fractions of BAL fluid. Since mucins are
highly sialylated glycoproteins, it is possible that they are recognized by Siglec-F-
expressing leukocytes that enter the airways during lung inflammation. The outcome of
Siglec-F signaling upon recognition of leukocyte or mucin ligands represents an
attractive area for future studies. None of the Siglec-F ligands I describe are dependent on
the two known galactose-6-O-sulfotransferases KSGal6ST and C6ST-1. Additionally,
eosinophils express very few sulfated O-glycans, with the predominant structures

containing sulfo-sialic acids, which are not likely to constitute Siglec ligands. However,
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the restricted expression pattern of Siglec-F ligands raises the possibility that a unique
sialylated glycan structure exists on these cell types. The identification of such a structure
awaits further research.

Lastly, I have uncovered a novel mechanism of eosinophil accumulation in response
to nematodes. Recognition of a factor that appears to be conserved across nematode
species results in leukotriene B4 production by eosinophils and neutrophils. The release
of this lipid mediator causes rapid migration of surrounding leukocytes, which
accumulate on the surface of the worm. This may represent a strategy for encapsulating
invading parasitic organisms. The selection of C. elegans as a model nematode parasite
has facilitated biological imaging and allowed me to separate out the effects of bacteria-
and nematode-derived factors on leukocyte behavior. This system also opens the door to

genetic dissection of the immunogenic properties of nematodes.
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