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ABSTRACT
Cumulative evidence indicates that the sialyltransferase
ST6Gal-1 and the sialyl-glycans, which it constructs, are
functionally pleiotropic. Expression of the ST6Gal-1
gene is mediated by six distinct promoter/regulatory
regions, and we hypothesized that these promoters
may be used differentially to produce ST6Gal-1 for dif-
ferent biologic purposes. To examine this hypothesis,
we compared a mouse with a complete deficiency in
ST6Gal-1 (Siat1 null) with another mouse that we
have created previously with a disruption only in the
P1 promoter (Siat1�P1). We noted previously greater
neutrophilic inflammation associated with ST6Gal-1
deficiency. Here, we report that ST6Gal-1-deficient
mice also have significantly elevated eosinophilic
responses. Upon i.p. thioglycollate elicitation, eosin-
ophils accounted for over 20% of the total perito-
neal inflammatory cell pool in ST6Gal-1-deficient an-
imals, which was threefold greater than in corre-
sponding wild-type animals. A principal feature of
allergic respiratory inflammation is pulmonary eo-
sinophilia, we evaluated the role of ST6Gal-1 in aller-
gic lung inflammation. Using OVA and ABPA experi-
mental models of allergic airways, we showed that
ST6Gal-1 deficiency led to greater airway inflamma-
tion characterized by excessive airway eosinophilia.
The severity of airway inflammation was similar be-
tween Siat1�P1 and Siat1 null mice, indicating a role
for P1-generated ST6Gal-1 in regulating eosinophilic
inflammation. Colony-forming assays suggested
greater IL-5-dependent eosinophil progenitor num-

bers in the marrow of ST6Gal-1-deficient animals.
Moreover, allergen provocation of wild-type mice
led to a significant reduction in P1-mediated
ST6Gal-1 mRNA and accompanied decline in circu-
latory ST6Gal-1 levels. Taken together, the data im-
plicate ST6Gal-1 as a participant in regulating not
only Th1 but also Th2 responses, and ST6Gal-1 defi-
ciency can lead to the development of more severe
allergic inflammation with excessive eosinophil
production. J. Leukoc. Biol. 87: 000–000; 2010.

Introduction
Sialic acid-containing glycans contribute to diverse aspects of
the immune and inflammation repertoire and in the mainte-
nance of blood homeostasis. Construction of the sialic acid
linkages is mediated by a family of 18 distinct sialyltransferases.
Experimental inactivation of sialyltransferases showed that
ST3Gal-IV mediates leukocyte arrest during inflammation [1],
and ST3Gal-I is a dominant modifier contributing to variability
in von Willebrand disease [2, 3] and in regulating CD8� T
lymphocyte homeostasis [4]. The contribution of the sialyl-
transferase ST6Gal-1 in humoral immunity is well-established.
The interaction of its cognate �2,6-sialyl catalytic product with the
B cell complex accessory molecule CD22 (Siglec-2) contributes to
B cell activation, differentiation, and maturation [5–8]. A role for
the �2,6-sialyl ligands constructed by ST6Gal-1 in the homing
of leukocytes to the bone marrow has also been suggested [7].
Sialylation of the integrin �1 subunit by ST6Gal-1 has also
been implicated in macrophage and tumor cell adhesiveness
[9]. Recent studies from our laboratory have revealed an unex-
pected role of hepatically produced ST6Gal-1 in regulating
inflammation, circulating neutrophil homeostasis, and replen-
ishing granulocyte numbers [10]. Together, these advances
have underscored the idea that ST6Gal-1 and the sialyl-glycan
structures that it constructs have multiple biologic roles that
differ depending on the cells that express the sialyltransferase.

The notion of ST6Gal-1 pleiotropy was prompted by early ob-
servations that transcription of the ST6Gal-1 gene originates from
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six physically distinct promoter/initiation sites, resulting in dra-
matically varied levels of ST6Gal-1 in different tissues [11, 12].
For example, four distinct promoters are sequentially recruited
for ST6Gal-1 expression during B cell activation and differentia-
tion [12]. In contrast, specifically ablating the P1 promoter while
leaving the remaining promoters intact [13] resulted in a normal
humoral response but in an exaggerated acute neutrophilic re-
sponse coupled with an expanded capacity for granulopoiesis and
greater sensitivity to G-CSF [10]. Furthermore, the severity of the
inflammation in the P1-ablated mouse (Siat1�P1) was equivalent
to that displayed by the totally ST6Gal-1-deficient mouse (Siat1
null). This observation indicated that the pool of ST6Gal-1 rele-
vant to the regulation of granulopoiesis and recruitment of gran-
ulocytes in acute inflammation was generated from P1-mediated
transcription of the ST6Gal-1 gene.

Asthma is a disease of chronic inflammation of the airway
marked by episodic acute exacerbations leading to airway ob-
struction and reversible variable airflow limitations. The princi-
ple features of allergic respiratory inflammation associated
with asthma are pulmonary eosinophilia, airway hyper-respon-
siveness, excessive airway mucus production, elevated serum
IgE, and in chronic disease settings, airway remodeling
marked by collagen deposition and increases in airway smooth
muscle mass. The onset and progression of asthma are medi-
ated by Th2 inflammatory responses orchestrated principally
by the production of cytokines such as IL-4, IL-5, IL-9, and IL-
13. The balance among Th1, Th2, Th17, and regulatory T
cells in the early phases of allergen exposure may skew individ-
uals toward an allergic response, a neutrophil-predominant
response, or tolerance. The cellular infiltrates associated with
allergic pulmonary inflammation are believed to be principle
contributors leading to airway obstruction and lung dysfunc-
tion. Pulmonary eosinophilia in asthma was noted, even in the
earliest studies [14], and the number of airway eosinophils was
associated directly with disease severity (reviewed in refs. [15,
16]). Moreover, reduction of airway eosinophils of asthma pa-
tients is one of the most reliable indicators of successful treat-
ment of allergen-induced asthma exacerbations [17]. Selective
release of eosinophil-derived products, such as cytotoxic (e.g.,
eosinophil peroxidase and major basic protein-1 and -2) and
bronchoactive (leukotrienes) compounds, mediates many as-
pects of asthma pathology [18–21]. Eosinophil-independent
mechanisms exist, and allergen-induced pathologies can de-
velop independently of eosinophil recruitment [19, 22, 23].
Recent studies have also established the connection of eo-
sinophils with the induction and perpetuation of the lung
Th2 response driving allergic inflammation [24]. Ablation
of the eosinophil-specific sialic acid-binding lectin, Siglec-F,
resulted in increased lung eosinophil infiltration upon aller-
gen challenge [25].

Therefore, we asked whether ST6Gal-1 influences eosino-
philic allergic lung inflammation. We found that ST6Gal-1 de-
ficiency endows an animal with an unexpected overabundance
of eosinophils in elicited inflammation. In experimental mod-
els of allergic airway inflammation, Siat1�P1 and Siat1 null
mice exhibited more severe acute eosinophilic pulmonary in-
flammation when provoked with allergen compared with wild-
type mice with a more pronounced Th2 profile. Further, in

wild-type animals, elicitation of acute allergic airway inflamma-
tion resulted in depression of P1-mediated ST6Gal-1 expres-
sion in the liver and a corresponding depression of secreted
ST6Gal-1 in systemic circulation. Together, the data point to a
contribution ST6Gal-1 production in eosinophilia and also re-
veal an unexpected potential role for ST6Gal-1-mediated sialyl-
glycans as regulators of allergic lung inflammation.

MATERIALS AND METHODS

Animals and inflammation models
Generation of the Siat1�P1 mouse by gene-targeted deletion of the P1 pro-
moter of Siat1 was described previously [13]. Siat1�P1 mice were backcrossed
11 successive generations into the C57BL/6 background. Siat1 null animals [5]
were obtained originally from the Consortium for Functional Glycomics, and
they have been backcrossed more than six generations into C57BL/6. For all
experiments reported here, age- and sex-matched (typically 55- to 70-day-old)
C57BL/6 animals were used as wild-type controls. To elicit acute peritonitis, 1
mL 4% w/v thioglycollate (Brewer’s yeast thioglycollate, Becton Dickinson Mi-
crobiology, Baltimore, MD, USA) solution in PBS was administered i.p. into
each recipient animals. At indicated time-points after thioglycollate challenge,
animals were killed by CO2 asphyxiation, and cells were recovered by perito-
neal lavage with 6 mL ice-cold PBS. Typically, peritoneal lavage is free of red
coloration, indicating the lack of RBC contamination.

For induction of allergic airway inflammation by OVA, mice were sensi-
tized by two i.p. injections of 20 �g OVA (grade IV, Sigma Chemical Co.,
St. Louis, MO, USA) bound to 2.25 mg Imject Alum [Al(OH)3-Mg(OH)2

(Pierce, Rockford, IL, USA)] in 100 �l saline on Days 0 and 14. Mice were
challenged on Days 24–27 by 20-min inhalations of an aerosol generated
by nebulization of a 1% OVA solution prepared in saline. Peripheral blood
was obtained (typically at approximately 50 �l) by retro-orbital venous
plexus sampling in polypropylene tubes containing EDTA, and mice were
killed by i.p. injection of 1 ml Avertin (2.5 gr 2,2,2, Tribromethanol, 5 ml
2-methyl-2-butanol in 200 ml distilled water) on Day 29.

ABPA was performed as described in Hogaboam et al. [26]. Briefly, mice
received a total of 10 �g Aspergillus fumigatus antigens dissolved in 0.2 ml
IFA (Sigma Chemical Co.), distributed equally between an i.p. and a s.c.
injection. Two weeks later, and for 3 subsequent weeks, mice received a
total of 20 �g A. fumigatus antigen, dissolved in normal saline, by i.n. instal-
lation. One week after the third i.n. challenge, each mouse received 5.0 �

106 live A. fumigatus conidia suspended in 30 �l 0.1% Tween-80 via the in-
tratracheal route. Seven days after peripheral blood was obtained by retro-
orbital, venous plexus sampling in polypropylene tubes containing EDTA
and mice were killed by i.p. injection of 1 ml Avertin.

In both allergy models, BAL was performed. The thoracic cavity was
opened, and the trachea was exposed. The trachea was cannulated with a
22-gauge i.v. catheter. PBS (750 �L) was injected and withdrawn from the
lung two times using a tuberculin syringe. A white blood cell count of
BALF was assessed using a hemocytometer. Cells were then cytocentrifuged
onto clean glass slides and stained with the Hema 3� stain set (Fisher Sci-
entific, Pittsburgh, PA, USA), and cell differential counts were obtained.
BALF was centrifuged, the supernatant was used for cytokine analysis, and
the cells were used for flow cytometry and apoptosis assay. After BAL, lungs
were excised and fixed in 10% formaldehyde in PBS. Lungs were then em-
bedded in paraffin, sectioned, and stained with H&E. Lung pathology was
evaluated by a pulmonary pathologist blinded to the identity of the slides.

All animal studies presented here have been approved by the Institutional
Animal Care and Use Committee of Roswell Park Cancer Institute (Buffalo,
NY, USA). Unless otherwise stated, all data here are presented as the mean �

sd. Statistical significance was assessed by a two-sided Student’s t-test.

Flow cytometry and histopathology
Immunofluorescent staining and flow cytometric analysis of inflammatory cell
subsets of BAL and peritoneal cells were performed as follows. Cells
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(0.5–2�106) were washed in PBS containing 0.5% BSA and 0.02% sodium
azide. FcR sites were blocked by incubation with goat serum (Gibco, Grand
Island, NY, USA) and anti-CD16/32 (Fc�RIII/II) Fc Block for 10–15 min at
room temperature. Blocked samples were incubated for 30 min on ice with
combinations of fluorescently labeled antibodies anti-Ly6G (1A8), anti-CD4
(L3T4), anti-CD8a (Ly-2), anti-CD11c, anti-CD45R/B220, and CCR3 (R&D
Systems, Minneapolis MN, USA). Flow cytometric analysis was performed
using a FACScan flow cytometer (Becton Dickinson Immunocytometry
Systems, Franklin Lakes, NY, USA) and the WinList software package.
Unless otherwise stated, all immunoreagents for flow cytometry were
from BD PharMingen (San Diego, CA, USA). Pulmonary acute inflam-
mation was evaluated histologically by a trained pulmonary pathologist
(P.N.B).

Colony-forming, apoptosis, cytokine, and ST6Gal-1
quantitation
For colony-forming cell assays, a total of 7.5 � 105 bone marrow-nucleated
cells in a volume of 0.1 ml was plated in 0.9 ml methylcellulose media
(MethoCult 3234, Stem Cell Technologies, Vancouver, BC, Canada), sup-
plemented with 20 ng/ml mouse rIL-5 (R&D Systems), and placed in a hu-
midified incubator with 5% CO2 at 37°C. Colonies containing at least 50
cells were counted 7 days after incubation. The number of colonies/105-
nucleated bone marrow cells was calculated. To assay for cell viability,
BALF cells were assayed using an Annexin V:FITC apoptosis detection kit
(BD PharMingen), according to the manufacturer’s instructions. For cyto-
kine assays, BALF supernatant (200 �l) or plasma (50 �l) was subjected to
Luminex 100 multiplex assays using a capture bead system developed by
Luminex Corp. (Austin, TX, USA). To determine serum Ig levels, OVA
(Sigma Chemical Co.) was coated onto ELISA plates at a concentration of
3 �g/ml in coating buffer (0.05 M boric acid in PBS, pH 9·5). Plates were
blocked with PBS containing 3% BSA. Serial twofold dilutions of serum
(1:200) and BALF (1:20) were prepared in PBS containing 0.05%
Tween-20 and allowed to bind to the plate. Mouse Ig was detected by using
alkaline phosphatase-conjugated goat anti-mouse second-step reagents spe-
cific for IgE, IgG1, IgG2a, or IgG3 (Southern Biotechnology, Birmingham,
AL, USA). Alkaline phosphatase was detected with 1 mg/ml P-nitrophe-
nylphosphate (Sigma Chemical Co.) in 10 mM diethanolamine buffer
(Sigma Chemical Co.), and colorimetric changes were read at a wave-
length of 405 nm. The reactive titer was determined as the reciprocal of
the dilution, yielding a 0.100 absorbance value over the preimmune se-
rum and BAL sample. Comparisons between groups were performed by
using a one-way ANOVA with a multiple comparison post-test (Dunnett
test).

Sialyltransferase assays were carried out under incubation conditions as de-
scribed previously [13, 27, 28]. For the measurement of ST6Gal-1 activity, 10
�l serum was incubated with CMP-3[H]NeuNAc and monitored for the trans-
fer of 3[H]NeuNAc to an exogenously supplied acceptor compound,
Gal�4GlcNAc�-o-Bn, or alternatively, GalNAc�4GlcNAc�-o-Bn—the latter has
been shown to be a more efficient and more specific acceptor for ST6Gal-1
(E. V. Chandrasekaran, K. L. Matta, unpublished observations). 3[H]NeuNAc,
transferred from CMP-NeuNAc, was measured after recovery and separation of
acceptor and 3[H]-sialylated acceptor compounds from unreacted CMP-
3[H]NeuNAc and free 3[H]NeuNAc by C18 reverse-phase chromatography.
3[H] was quantified by scintillation counting. Liver ST6Gal-1 mRNA was deter-
mined by real-time RT-PCR. Total RNA was isolated using TRIzol (Invitrogen,
Carlsbad, CA, USA), and cDNA was synthesized from 1 �g RNA using the
iScript RT kit (Bio-Rad, Hercules, CA, USA), according to the manufacturer’s
instructions. Real-time PCR reactions, using iQ SYBR-Green Supermix (Bio-
Rad), were performed on the My iQ Single-Color Real-Time PCR detection
system (Bio-Rad). Primer pairs for each mRNA, available on request, were de-
signed based on sequence information deposited in GenBank. Relative mRNA
levels are derived from �Ct, the difference of the Ct value of the target mRNA
and the Ct value for RPL32, a ribosomal protein mRNA used as a reference
standard.

RESULTS

Abundant eosinophil counts in thioglycollate-elicited
peritonitis in ST6Gal-1-deficient animals
Previously, we reported that ST6Gal-1 deficiency results in
overly exaggerated neutrophilic peritonitis [10]. Upon more
careful examination, the recruited inflammatory cells in thio-
glycollate-elicited acute peritonitis also had a surprisingly
abundant population of recruited eosinophils, which are dis-
tinguished clearly by their eosin staining in cytospin prepara-
tions (Fig. 1A). We also used flow cytometry and two cell sur-
face markers, CCR3 and Ly6G, which together distinguish two
populations of granulocytes: the CCR3neg:Ly6Ghi and the
CCR3hi:Ly6Glo populations, neutrophils and eosinophils, re-
spectively. Photomicroscopic examination of Wright’s stained
leukocytes recovered by cell sorting confirmed the identities of
these granulocytes (Fig. 1B).

Twenty-four hours after thioglycollate challenge, eosinophils
comprised up to 20% of the total peritoneal cellular milieu in
Siat1�P1 and in Siat1 null animals, which was in threefold ex-
cess in comparison with the similarly challenged C57BL/6
(wild-type) animals that have a normal ST6Gal-1 profile (Fig.
1C). Excess peritoneal eosinophilia was similar between Siat1
null, with an absolute ST6Gal-1 deficiency, and Siat1�P1, with
only a limited ST6Gal-1 deficiency by inactivation of the P1
promoter. Consistent with our earlier observations, the overall
total peritoneal infiltrate at 24 h after thioglycollate challenge
was 1.5- to 1.7-fold, elevated in Siat1�P1 and Siat1 null when
compared with wild-type animals. Excess peritoneal eosino-
philia in the ST6Gal-1-deficient animals persisted into 48 h
and 72 h after thioglycollate challenge (data not shown).

Unexpected prevalence of eosinophils was also observed at
baseline in the peritoneum of ST6Gal-1-deficient animals. With-
out thioglycollate elicitation, the peritoneal cavity lavage con-
tained up to 2.2% eosinophils in the Siat1�P1 mice, compared
with 1.25% eosinophils in wild-type animals (Fig. 1C). Eosinophils
in the peritoneal lavage at baseline were confirmed by visual ex-
amination of cytospin preparations (data not shown). The major-
ity of the lavage cells from both genotypes at baseline was F4/
80pos cells, with low forward- and side-scatter patterns (presum-
ably macrophage); Ly6Ghi:CCR3neg neutrophils were not present
in lavage at baseline (data not shown). Together, these observa-
tions suggest a greater propensity for eosinophilia in ST6Gal-1
deficiency. However, there was no difference in resting circula-
tory levels of major hematopoietic cell types, including granulo-
cytes, monocytes, and B and T cells among wild-type, Siat1�P1,
and Siat1 null animals (data shown in Supplemental Fig. 1). This
observation recapitulates the hematology phenotype for the Siat1
null animals reported by the Consortium for Functional Glycom-
ics and available for public access by the web (www.
functionalglycomics.org).

More severe acute pulmonary allergic inflammation is
associated with ST6Gal-1 deficiency
Eosinophil recruitment is typically associated with Th2 immune
responses associated with diseases, such as in allergic asthma. At
baseline, wild-type, Siat1�P1, and Siat1 null animals had normal
lung histology and were generally free of significant inflammatory
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infiltrates (data not shown). When animals were subjected to the
OVA model of acute allergic airway challenge, the resultant pul-
monary inflammation was generally more severe in ST6Gal-1-defi-
cient compared with wild-type animals. Representative photomi-
crographs of lung sections from wild-type and Siat1�P1 mice sub-
jected to the OVA protocol (Fig. 2, A and B) showed mixed
mononuclear and polymorphonuclear composition.

The ABPA model of allergic airway was also used in inde-
pendent experiments to confirm that ST6Gal-1 insufficiency
led to excessive acute allergic inflammation. In the ABPA
model, much greater severity of inflammation was observed in
the Siat1�P1 than in identically treated wild-type mice, as illus-
trated by representative photomicrographs of wild-type and
Siat1�P1 subjected to the ABPA protocol (Fig. 2, C and D).
Irrespective of the allergen used, only the ST6Gal-1-deficient
mice, but none among the wild-type mice, show the most se-

vere level of acute inflammation, demonstrating inflammatory
cells in most or all bronchovascular bundles, infiltration of
bronchial epithelium and lumens, spilling of inflammatory
cells out of the bronchovascular bundles into adjacent paren-
chyma, and patchy pleural and septal involvement.

Inflammatory infiltrate in the BALF was used as a quanti-
tative metric for the degree of allergic pulmonary inflamma-
tion. As shown in Figure 3A, Siat1 null and Siat1�P1 mice
responded with almost twofold excess BALF cell infiltration
than wild-type mice when subjected to OVA provocation.
The degree of excess BALF cell infiltration was identical
between Siat1�P1 and Siat1 null animals. Excess inflamma-
tory cell infiltration into BAL by ST6Gal-1-deficient mice
occurred as well in the aspergillosis model (ABPA), and 1.7-
fold more cells were recovered in the BALF of Siat1�P1
mice compared with wild-type mice after the ABPA protocol

Figure 1. Elevated peritoneal eosinophil abundance in ST6Gal-1-deficient animals. Peritoneal lavage was recovered from Siat1�P1 mice 24 h after
challenge with thioglycollate i.p., as stated in Materials and Methods, immobilized on glass slides by cytospin, and stained by Hema 3� (A).
(B) FACS analysis of the elicited peritoneal cells using FITC-anti-CCR3 and PE-Ly6G, where the fractions labeled A and B, representing Ly6Ghi:
CCR3neg and Ly6Glo:CCR3hi populations, were flow-sorted and visualized by cytospin. (C) Cells from peritoneal lavage of wild-type (WT, open
bars), Siat1�P1 (�P1, hatched bars), or Siat1 null (Null, shaded bars) were assessed for total cell numbers by hemocytometer and for eosinophil
(Eos) numbers by FACS and by visual evaluation of stained cytospin preparations. Peritoneal lavage was harvested at baseline (0 h, without thiogly-
collate treatment) and at 24 h after thioglycollate elicitation. The numbers above each bar represent the number of animals used for each deter-
mination. Statistical significant differences between wild-type and mutant animals are denoted by * (P�0.01) or ** (P�0.002).
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(data not shown). Eosinophils were the principal cells in
the BALF of mice undergoing allergic acute airway re-
sponse. Interestingly, eosinophils comprised �75% of the
cells recovered in the lavage fluid (Fig. 3B), suggesting simi-
lar Th2 immune responses in both animals. Macrophage/
monocyte, DCs, lymphocytes, and a small population of
neutrophils were also present.

ST6Gal-1 deficiency is associated with a more
pronounced Th2 response
ELISA profiling of circulatory Ig showed more pronounced
elevation of sera IgE, IgG1, and IgG3 in the ST6Gal-1-defi-

cient animals, compared with wild-type animals undergoing
OVA-challenged acute allergic pulmonary inflammation
(Fig. 4A). Statistically significant differences were observed
in IgE, IgG1, and IgG3 Ig subtypes between OVA-treated
wild-type and Siat1�P1 animals, suggesting an elevated Th2
response in the ST6Gal-1-deficient animals. An elevated Th2
response in ST6Gal-1-deficient animals was recapitulated by
serum cytokine analysis, which showed statistically signifi-
cant differences in circulatory IL-5 and IL-13 between OVA-
treated wild-type and Siat1�P1 mice, with the IL-4 level be-
low our detection limits in all cases (Fig. 4B). Circulatory
IL-6 levels were elevated in the Siat1�P1 mice at baseline

WT- OVA WT- ABPA

P1- ABPA

A B

D

P1- OVA

C

Figure 2. H&E histologic evaluation of animals undergoing acute allergic pulmonary inflam-
mation. Representative views of lung sections from wild-type and Siat1�P1 mice undergoing
OVA-provoked acute allergic pulmonary inflammation are shown in A and B, respectively. (C
and D, respectively) Representative lung sections from wild-type and Siat1�P1 mice subjected
to the experimental ABPA protocol. (A–D) Micrographs using the 4� objective; insets using
a �40 objective.

Figure 3. Elevated eosinophil presence in the BAL of
ST6Gal-1-deficient mice. BALF was recovered from
wild-type, Siat1�P1, or Siat1 null animals undergoing
acute OVA-provoked allergic pulmonary inflamma-
tion. (A) Total cell content, expressed as BAL cells/
animal, as determined on a coulter counter. n is the
number of animals used for each respective data
point. (B) BAL cell composition of wild-type (open
bars) and Siat1�P1 (hatched bars), as determined by
FACS analysis and outlined in Materials and Meth-
ods. The data shown are the mean of four to five
wild-type and four to six Siat1�P1 animals. **, Indi-
cates statistical significance of P � 0.003. neu, Neu-
trophil; mac, macrophage.
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when compared with wild-type animals, consistent with the
proinflammatory tendencies associated with ST6Gal-1 defi-
ciency. OVA challenge did not alter serum IL-6 levels signif-
icantly in the Siat1�P1 mice.

Elevated eosinophil counts associated with increased
eosinophil precursors but not extended longevity
Increased eosinophil production and extended longevity of the
eosinophils are two mechanisms that may contribute to the more
severe pulmonary eosinophilic inflammation in the ST6Gal-defi-
cient animals. To ascertain if the elevated pulmonary eosinophil
count is the result of delayed cell death, eosinophils from the
BALF of OVA-provoked wild-type and Siat1�P1 mice were sub-
jected to Annexin-PI analysis to determine the proportion of
dying cells. As summarized in Figure 5A, the percentage of
Annexin-Vpos-PIneg cells and the Annexin-Vpos-PIpos cells
were identical in Siat1�P1 cells and wild-type cell popula-

tions, and roughly one-third of the BALF eosinophils
showed Annexin-V reactivity.

As a comparative gauge for the eosinopoietic capacity between
wild-type and Siat1�P1 mice, we measured bone marrow eosino-
phil progenitor numbers by CFU assays in the presence of IL-5
(CFU-eo) [29, 30]. The results, shown in Figure 5B, demon-
strated statistically significant elevation of CFU-eo in marrow of
Siat1�P1 compared with wild-type animals, suggesting a more
robust eosinopoietic capacity that is contributing to more severe
pulmonary eosinophilia in these animals upon allergen provoca-
tion.

Suppression of ST6Gal-1 in liver and in systemic
circulation during acute pulmonary allergic
inflammation
We have shown that animals with hampered hepatic produc-
tion of the ST6Gal-1 have excessive eosinophil and neutro-
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rest         OVA rest       OVA
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rest         OVA rest       OVA

rest       OVArest          OVA

IL-5 IL-13

IL-4 IL-6

rest         OVA rest       OVA

rest       OVArest       OVArest          OVArest          OVA

B IL-5 IL-13

IL-4 IL-6

Figure 4. Serum Ig and cytokine
profiles of OVA-challenged wild-
type and Siat1�P1 animals. Pro-
files of IgE, IgG1, IgG2a, and
IgG3 (A) and IL-4, IL-5, IL-6,
and IL-13 (B) in sera of animals
undergoing OVA-provoked aller-
gic airway were determined as
outlined in Materials and Meth-
ods. End-point titer for corre-
sponding serum IgE, IgG1,
IgG2a, and IgG3 was zero in rest-
ing (rest) animals in all cases
(data not shown). For cytokine
assays (B), shaded areas show the
lower assayable limit for each
cytokine. n � 4 for all three ge-
notypes; *, indicates statistical
significance of P � 0.05.
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philic response to acute inflammatory challenges, and we have
hypothesized that liver-derived ST6Gal-1 can inversely regulate
the magnitude of the inflammatory response. This hypothesis
predicts that wild-type animals depress their endogenous liver
ST6Gal-1 production when required to undergo acute pulmo-
nary inflammation.

Much of the ST6Gal-1 in systemic circulation originates
from the liver. Therefore, circulatory ST6Gal-1 activity can be
an accurate monitor of hepatic ST6Gal-1 levels. As shown
clearly in Figure 6A, wild-type animals, mounting an allergen-
dependent airway response, had a nearly 70% decrease in cir-
culatory ST6Gal-1 activity when compared with the blood of

wild-type animals at baseline. Depressed circulatory ST6Gal-1
was observed in OVA and ABPA models of allergic airway. In
contrast to wild-type animals, Siat1�P1 animals had the ex-
pected low sera ST6Gal-1 levels at baseline, and the levels did
not change strikingly or significantly upon allergen-provoked
inflammation.

To demonstrate directly depression of hepatic ST6Gal-1 expres-
sion, livers were harvested from animals at baseline or during
allergen-provoked acute airway inflammation using the OVA or
ABPS model. As shown in Figure 6B, wild-type animals sup-
pressed their hepatic ST6Gal-1 mRNA levels by 	50% during
allergen provocation. The Siat1�P1 mice, with an inactivated he-

Figure 5. Apoptotic profiles of BAL eosinophils (A)
and estimation of eosinophil precursor level cells in
bone marrow at baseline (B). Cells from BAL of wild-
type (open bar, n�5) and Siat1�P1 (hatched bars,
n�5) were assayed for viability as described in Materi-
als and Methods. In FACS analysis, granulocytes were
gated based on their forward-scatter and side-scatter,
and the percentage of different fractions in the gated
region was measured (A). Colony-forming cell assay
was performed on bone marrow cells as outlined in
Materials and Methods. Colonies were counted, and
total CFU in 105-nucleated bone marrow cells was
calculated for WT (open bar, n�7) and Siat1�P1
(hatched bar, n�7). **, Indicates statistical signifi-
cance between WT and Siat1�P1, P � 0.0003 (B).

Figure 6. ST6Gal-1 profiles of animals undergoing
OVA or ABPA models of allergic pulmonary inflamma-
tion. (A) Serum sialyltransferase activity profiles: Serum
was harvested from wild-type and Siat1�P1 mice at rest
(base) or undergoing OVA or ABPA protocols of aller-
gic airway inflammation and tested for sialyltransferase
activity as described in Materials and Methods. Shown is
the 3[H] incorporation into the synthetic acceptor sub-
strate from 30 Ci/mmol CMP-3[H]NeuNAc by 10 �l
serum after 2 h incubation at 37°C. The numbers im-
mediately beneath the abscissa indicate the number of
animals comprising each data bar. Statistical signifi-
cance is reached (P�0.01) for wild-type undergoing
OVA or ABPA when compared with baseline (*) and
also for the difference between wild-type and Siat1�P1
upon OVA provocation. (B) Real-time RT-PCR analysis
of liver ST6Gal-1 mRNA in wild-type and Siat1�P1 mice
at rest (baseline) or undergoing the OVA protocol.
Open bars represent wild-type (n�3), and hatched or
shaded bars represent Siat1�P1 mice (n�3). Statistical
significance was reached (P� 0.05) for wild-type upon
OVA provocation compared with baseline.
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patic promoter P1, had low hepatic ST6Gal-1 mRNA even at
baseline. The level of hepatic ST6Gal-1 mRNA was not changed
in Siat1�P1 animals after airway provocation with allergen.

DISCUSSION

Previously, we have provided the first in vivo evidence for a
role of ST6Gal-1 in acute neutrophilic inflammation and in
regulating replenishment of neutrophil numbers [10]. The
current study demonstrates that ST6Gal-1 may also serve as a
regulator in the maintenance of eosinophil numbers. To pur-
sue this hypothesis, we first examined the peritoneum, a tissue
regarded as an in vivo reservoir for eosinophils [31]. We
showed that unstimulated ST6Gal-1-deficient animals have a
twofold increase in the peritoneal eosinophil population com-
pared with wild-type mice. i.p. thioglycollate elicitation aug-
mented the concentration and proportion of peritoneal eosin-
ophils significantly in ST6Gal-1-deficient versus wild-type mice,
and mice with ST6Gal-1 deficiency also developed more severe
acute pulmonary allergic inflammation, dominated by excess
airway eosinophils. The severity of allergic inflammation was
similar between Siat1�P1 and Siat1 null mice in the OVA and
Aspergillus allergic models, indicating a role for the P1 pro-
moter in regulating not only neutrophilic but also eosinophilic
inflammation. Although it is clear that ST6Gal-1 deficiency
resulted in overproduction of inflammatory leukocytes during
inflammation, baseline circulatory blood leukocyte counts were
surprisingly within normal range despite the ST6Gal-1-defi-
cient animals having more myeloid progenitors in the bone
marrow. The lack of an overt phenotype in the absence of
challenge probably reflects additional compensatory mecha-
nisms for baseline homeostasis. However, during an inflamma-
tory response, ST6Gal-1 contributes by fine-tuning the rate of
inflammatory cell production. It is noteworthy that ablation of
Siglec-F, a sialic acid-binding receptor restricted to eosinophils,
also generated a similar phenotype of increased lung eosino-
phil infiltration in the allergen-challenge model [25]. Siglec-F
is a CD33rSiglec, expressed not only on mature, circulating
mouse eosinophils but also on some myeloid precursors in the
bone marrow [32, 33]. However, important differences exist
between the two systems. The excess airway eosinophilia in the
Siglec-F null model may be explained, at least in part, by de-
layed resolution of lung eosinophilia and reduced peribron-
chial cell apoptosis. In contrast, we could not demonstrate al-
tered apoptosis in our ST6Gal-1-deficient models. Rather, the
exaggerated lung eosinophilia in ST6Gal-1-deficient mice is
apparently driven by an enhanced ability to produce eosino-
phils, an idea that is supported by the finding of greater eosin-
ophil progenitor numbers in the bone marrow of these ani-
mals. The idea of elevated capacity for inflammatory cell pro-
duction is bolstered further by our previous observation that
Siat1�P1 mice harbor greater numbers of proliferative level
myeloid cells in the bone marrow of Siat1�P1 compared with
wild-type animals [10]. Moreover, the �2,6-sialyl structures con-
structed by ST6Gal-1 are not the preferred ligand for Siglec-F,
which has shown a binding preference for �2,3-linked sialic
acids [33, 34]. The data strongly suggest multiple mechanisms
for sialic acid ligands in governing eosinophilic responses and

that the phenotypes generated by ST6Gal-1 deficiency and Si-
glec-F deficiency result from separate pathways regulating in-
nate inflammatory cell homeostasis.

Among the six known ST6Gal-1 gene promoters, ablation of
the P1 promoter alone was sufficient to achieve the magnitude
of an eosinophilic response equivalent to that observed in the
completely ST6Gal-1 null mouse. These observations further
bolster the idea of ST6Gal-1 having multiple physiologic func-
tions, and the synthesis of the ST6Gal-1 for the different roles
is regulated by the six known promoters of the ST6Gal-1 gene.
The precise mechanism through which ST6Gal-1 drives excess
Th1 and Th2 inflammation is currently under investigation. P1
use is apparently restricted to the liver, where it mediates ele-
vated hepatic ST6Gal-1 expression during the acute-phase re-
sponse [35–37]. P1-mediated ST6Gal-1 mRNA was not de-
tected in wild-type bone marrow cells or in granulocyte popu-
lations, despite the highly sensitive RT-PCR approaches that
were used [10]. A role for liver-produced ST6Gal-1 in this pro-
cess is supported further by our observation that wild-type ani-
mals depressed their liver ST6Gal-1 mRNA level and the re-
lease of ST6Gal-1 into system circulation while experiencing
acute page inflammation. Taken together, our data indicate
that the pool of ST6Gal-1 produced by the P1 promoter is
largely responsible in regulating neutrophilic and eosinophilic
inflammation. We have focused on the Siat1�P1 mouse, as the
P1 promoter lesion in the Siat1�P1 mouse was sufficient to
reproduce the full extent of excess eosinophilic inflammation
observed in the globally ST6Gal-1 null mouse.

Although it is known that the Siat1�P1 mouse [13] does not
share the attenuated humoral response phenotype of the Siat1
null animal [5], the marked elevation of all Igs in the
Siat1�P1 compared with the wild-type mouse upon OVA chal-
lenge was unexpected. A number of scenarios may explain the
more robust cytokine antibody response in the Siat1�P1
mouse. First, allergen-provoked Siat1�P1 mice may have in-
creased recruitment of signaling cells, as reflected in the gen-
erally more severe mixed-type pulmonary inflammation. In-
creased recovery of DCs and macrophages in the BALF was
also observed (Fig. 3). Increased macrophage recruitment by
the Siat1�P1 mouse was also noted in the thioglycollate model
of peritonitis [10]. A second possibility is that the DCs in the
ST6Gal-1-deficient background may be more active and have
better ability to present antigen. The state of cell-surface sialy-
lation of DCs is already known to contribute to the develop-
ment of the Th1 proinflammatory response, and enzymatic
desialylation of DC surface increased gene expression of spe-
cific cytokines and induced a higher proliferative response of
T lymphocytes [38, 39]. A third possibility is that DCs in a
ST6Gal-1-deficient environment may traffic more efficiently
from the lung to draining lymph nodes to more effectively
stimulate a robust antibody response. Indeed, ST6Gal-1-medi-
ated sialylation of �1 integrins has been shown to alter inte-
grin-mediated cell migration and cell-adhesive properties of
tumor cells and macrophage [40–43]. Whatever the mechanis-
tic explanation, the robust overall response upon allergen
challenge strongly suggests that the relevance of the pool of
ST6Gal-1 generated from the P1-mediated transcription of
the ST6Gal-1 gene extends beyond regulation of inflamma-
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tory cell numbers, and it further predicts more severe
pathologic consequences for the Siat1�P1 animals. This hy-
pothesis is currently under investigation using chronic in-
flammation models.

ST6Gal-1, like other glycosyltransferases, is synthesized as a
type II transmembrane protein, with the C terminus catalytic
domain preceded by a stem region, a membrane-spanning re-
gion, and the cytosolic N terminus [44]. In the native form,
ST6Gal-1 is localized in the Golgi, where it participates in the
assembly of sialyl-glycoconjugates transiting the secretory appa-
ratus. Thus, based on the canonical understanding of the pro-
cess of glycosylation, the effect of liver ST6Gal-1 on inflamma-
tion should be mediated via the serum sialyl-glycoproteins of
hepatic origin that it constructs. Many of the serum glycopro-
teins of hepatic origin, such as haptoglobin and �1-acid glyco-
protein, are not only heavily modified by �2,6-sialic acid struc-
tures constructed by ST6Gal-1 but also have known roles in
regulation of host immunity and inflammation [45–47]. How-
ever, this mechanism is contra-indicated by the earlier observa-
tion that the pattern of serum glycoprotein sialylation was un-
changed in the Siat1�P1 animals [13]. Nevertheless, the possi-
bility of an altered Siat1�P1 serum glycoprotein, present only
as a minor component of the overall serum glycoprotein mi-
lieu, has yet to be ruled out definitively. An alternative but un-
conventional explanation is that inflammatory regulation is
mediated, not by the secreted serum glycoproteins but directly
by the ST6Gal-1 released into circulation. The intact catalytic
domain of ST6Gal-1 can be liberated proteolytically by the
�-site amyloid precursor protein-cleaving enzyme 1 [48] and
released into systemic circulation. It has been generally re-
garded that the circulatory ST6Gal-1 pool is a byproduct from
metabolic inefficiency and without physiologic function, al-
though early studies have pointed to an association between
serum ST6Gal-1 levels and inflammatory status [37, 49]. Here,
we showed that acute pulmonary inflammation is also accom-
panied by lowered levels of hepatic ST6Gal-1 mRNA and de-
pression of circulatory levels of ST6Gal-1 (Fig. 6). The idea of
a novel, noncanonical pathway for ST6Gal-1, i.e., the ability of
circulating sialyltransferases to act at sites distal from their bio-
synthetic origin, is bolstered by our recent observations that
hematopoietic stem and progenitor cells can recruit extrinsi-
cally supplied ST6Gal-1 in constructing their cell surface sialyl-
glycans, and ex vivo growth of bone marrow cells in semi-solid
media in the presence of IL-3 and G-CSF can be repressed sig-
nificantly upon addition of recombinant ST6Gal-1 (M. Na-
sirikenari, Mark B. Jones, J. T. Y. Lau, unpublished observa-
tions). The existence of such a noncanonical extrinsic pathway
for ST6Gal-1 action, however, is beyond the scope of this
present work and will be addressed in a separate manuscript.
Whatever the precise mechanism of ST6Gal-1 action, the cur-
rent data point to the contribution of hepatically derived
ST6Gal-1 to the development and management of inflamma-
tory numbers. This hypothesis makes the prediction that ani-
mals overexpressing hepatic ST6Gal-1 will have attenuated in-
flammatory cell numbers upon challenge, which is currently
being tested by the construction of a transgenic mouse overex-
pressing hepatic ST6Gal-1.
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