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ABSTRACT

The mammalian Siglec receptor sialoadhesin (Siglec1, CD169) confers innate immunity against the encapsulated pathogen group B

Streptococcus (GBS). Newborn lung macrophages have lower expression levels of sialoadhesin at birth compared with the postnatal

period, increasing their susceptibility to GBS infection. In this study, we investigate the mechanisms regulating sialoadhesin expression

in the newborn mouse lung. In both neonatal and adult mice, GBS lung infection reduced Siglec1 expression, potentially delaying

acquisition of immunity in neonates. Suppression of Siglec1 expression required interactions between sialic acid on the GBS capsule

and the inhibitory host receptor Siglec-E. The Siglec1 gene contains multiple STAT binding motifs, which could regulate expression of

sialoadhesin downstream of innate immune signals. Although GBS infection reduced STAT1 expression in the lungs of wild-type

newborn mice, we observed increased numbers of STAT1+ cells in Siglece�/� lungs. To test if innate immune activation could increase

sialoadhesin at birth, we first demonstrated that treatment of neonatal lung macrophages ex vivo with inflammatory activators

increased sialoadhesin expression. However, overcoming the low sialoadhesin expression at birth using in vivo prenatal exposures or

treatments with inflammatory stimuli were not successful. The suppression of sialoadhesin expression by GBS–Siglec-E engagement

may therefore contribute to disease pathogenesis in newborns and represent a challenging but potentially appealing therapeutic

opportunity to augment immunity at birth. ImmunoHorizons, 2024, 8: 384–396.

INTRODUCTION

Group B Streptococcus (GBS; Streptococcus agalactiae) remains
a leading neonatal pathogen (1). A frequent colonizer of the ma-
ternal birth canal, GBS causes ascending infections of newborn
infants around the time of delivery. GBS infection can present
with acute and sometimes fulminant pneumonia and sepsis or,
alternatively, a more indolent later-onset bacteremia and men-
ingitis (2). For incompletely understood reasons, serious GBS

infections occur primarily in newborns, then remain quite rare
in older infants, children, and healthy adults, with the excep-
tion of the elderly or those with chronic illness or immunosup-
pression (3). The unique susceptibility of newborns to GBS
infection suggests novel host�pathogen interactions between
the developing newborn immune system and specific bacterial
virulence factors.

Airway epithelial cells and resident immune cells protect
the lung against microbial pathogens (4). Alveolar macrophages
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are the primary immune cell within the lung, initially detecting
inhaled microbes and particles (5). For pathogen detection, al-
veolar macrophages express a variety of pattern recognition re-
ceptors that activate innate immune signaling pathways. Sialic
acid�binding Ig-like lectins, or Siglecs, are a family of important
cell surface membrane receptors on alveolar macrophages, me-
diating the detection of glycan molecules present on many mi-
crobial species (6). Interactions between the heavily sialylated
GBS capsule and immune cell Siglecs can drive both bacterial
killing and immune tolerance. The alveolar macrophage marker
Siglec-F (also known as Siglec5 and encoded by the Siglecf
gene) increases in the days following birth (7). Sialoadhesin, a
specific well-conserved mammalian Siglec receptor, coordinates
innate and adaptive immune defenses against GBS and other
sialylated bacterial pathogens (8). In contrast, human Siglec-9
and its murine homolog Siglec-E inhibit the innate immune re-
sponse upon binding similar glycan structures (9�11).

We previously demonstrated that the developmental regula-
tion of lung macrophage Siglec expression provides a window
of opportunity for persistent, severe GBS infection in newborn
mice (12). Although the inhibitory Siglec-E was expressed on
lung macrophages at all developmental time points, sialoadhe-
sin expression was low in newborns, increasing in the days
following birth. With macrophages expressing a protolerance
immune receptor (Siglec-E) without the receptor required for
bacterial killing (sialoadhesin), GBS uses its sialic acid capsule
to evade a robust innate immune response in newborn lungs.
These studies suggested influencing the developmental regula-
tion of sialoadhesin expression, and bacterial glycan detection
in newborns could represent a new therapeutic approach to
prevent serious infections.

Although sialoadhesin expression normally increases in the
days following delivery, more rapid elevation of expression
levels right at birth might be protective against neonatal GBS
infection. Alternatively, regulating GBS-mediated immune sup-
pression could prove equally advantageous. In this study, we
explore molecular mechanisms that regulate sialoadhesin ex-
pression in the newborn mouse lung. By using both in vivo and
ex vivo experimental models, we tested the host�pathogen
interaction mechanisms linked to Siglec expression and the
ability of specific mediators to influence receptor expression.
These data provide an important basis for therapeutic strategy
development and understanding of the basic mechanisms of
newborn immunity.

MATERIALS AND METHODS

Mice
All animal experiments were approved the University of Cali-
fornia, San Diego, and Stanford University institutional animal
care and use committees. Wild-type (WT) (C57BL/6) mice
were obtained from Envigo. Stat6�/� mice were provided by
Dr. Taylor Doherty, and Siglece�/� mice (9) (The Jackson Lab-
oratory, strain 032008) were provided by Dr. Ajit Varki.

Bacteria
The GBS strain COH1 (American Type Culture Collection,
BAA-1176), a highly encapsulated serotype III neonatal menin-
gitis isolate with established virulence in rodent models of
pneumonia, sepsis, and meningitis, was used for murine infec-
tions. GBS was propagated in Todd-Hewitt broth. We also
used the DneuA GBS mutant generated previously (13), which
carries an isogenic, in-frame allelic replacement mutation in
the neuA gene and lacks the terminal sialic acid of the capsule
side chain (14).

Pneumonia model
To prepare bacteria for inoculation, an overnight culture of
GBS in Todd-Hewitt broth was subcultured and grown to mid-
logarithmic phase (OD600 5 0.4). One milliliter of the subcul-
tured GBS was collected by centrifugation, washed with HBSS,
and resuspended in HBSS for inoculation. Adult and neonatal
mice, under light anesthesia with 3% isoflurane and spontane-
ously breathing, were infected with 28,000 CFU/g body weight
COH1 GBS via intranasal administration. Adult inoculations
were administered in 50 ml, whereas neonatal mice received
2 ml. Animals were monitored until they recovered from anes-
thesia. Survival was monitored for 21 d, and any animal show-
ing signs of severe disease was humanely euthanized.

Intraperitoneal injections
Timed pregnant dams were i.p. injected with either a vehicle
control, IFNa (2.5 mg), IFNg (1 mg), or rosiglitazone (0.1 mg or
0.5 mg). The treated dams were closely monitored for signs of
distress twice daily following injection for a total of 1 wk
following injection. After delivery, the neonates were also
observed for signs of distress or poor nursing.

Ex vivo cell culture and treatment
To test potential therapeutic agents ex vivo, postnatal day 2
(PND2) neonatal lungs were digested into single-cell suspen-
sions. Cells were plated at a density of 106 cells/well in a 12-
well plate and subsequently treated for 8, 14, or 38 h with LPS
(250 ng/ml), Pam3CSK4 (300 ng/ml), GM-CSF (10 ng/ml),
TNFa (10 ng/ml), or IFNg (10 ng/ml). Following treatment,
the cells were removed from culture and analyzed by flow
cytometry.

Flow cytometry
Following euthanasia and lung perfusion with PBS, the left
lobes of both adult and neonatal mice were digested in RPMI
containing 2 mg/ml of collagenase IV for 15 min. The resulting
single-cell suspension was passed through a 70-mm filter and
collected by centrifugation. Cells were stained with the follow-
ing Abs: CD45 (BD Biosciences), CD11b (BioLegend), CD11c
(BioLegend), CD64 (BioLegend), F4/80 (BioLegend), Siglec-F
(BD Biosciences), Gr-1 (BioLegend), MHC-II (BioLegend),
Siglec-E (BioLegend), and CD169/sialoadhesin (BioLegend)
for 30 min at 4�C. After staining, the cells were washed,
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resuspended in FACS buffer, and studied using a BD FACS-
Canto II. Data were analyzed using FlowJo software.

RNA extraction and cDNA synthesis
The cranial and accessory lobes of both adult and neonatal
lungs were snap frozen using ethanol and dry ice. For RNA ex-
traction, the lungs were homogenized in TRIzol. Isolated RNA
was then resuspended in molecular grade water for quantifica-
tion using a NanoDrop spectrophotometer. cDNA synthesis
was performed using a Superscript III Reverse Transcription
Kit (Invitrogen) according to the manufacturer�s protocol.

Real-time PCR
Real-time PCRs were performed using a Bio-Rad CFX96 Touch
Real-time System with gene-specific primers (IDT) and SYBR
Green (Bio-Rad Laboratories) detection. Each sample was mea-
sured in triplicate, and DCT values were calculated using Gapdh
as a control transcript for normalization. For comparison of
gene expression between samples and conditions, control sam-
ples were obtained from uninfected animals, and changes in ex-
pression were plotted using the 2�DDCT method. Each sample
replicate is presented in the graphs.

Transcription factor prediction and analysis of assay for
transposase-accessible chromatin with sequencing
(ATAC-seq) and chromatin immunoprecipitation
sequencing (ChIP-seq) data
To explore the genetic regulation and enhancer networks of
Siglec1 and Siglece, we used three different online databases:
the Immunological Genome Project (ImmGen) data browser
Enhancer Networks, ChIPBase version 2.0, and ConTra
version 3. Using ImmGen data browser Enhancer Networks, we
searched for Siglec1 and Siglece enhancer networks. ImmGen
provided open chromatin regions (OCRs) within the gene
locus, color-coded on the basis of the strength of correlation
between activity and expression. This approach identified
the transcription factors most likely to control these OCRs.
A ChIPBase Network search was also performed for both
Siglec1 and Siglece. This database searches for transcription
factor binding sites within 1 kb upstream and downstream
of the transcription start site, reporting the total number of
transcription factor binding sites. ConTra version 3 is similar
to ChIPBase but allows manual searching of specific tran-
scription factors and provides a visualization of binding sites
in both the promoter and gene regions. Previously published
ATAC-seq (15) and ChIP-seq data (16, 17) were visualized us-
ing the UCSC Genome Browser to compare OCRs and STAT
binding frequencies in and around the murine Siglec1 and
Siglece genes.

Immunofluorescence and confocal microscopy
The left lobes of both adult and neonatal mice were removed
and fixed in 4% paraformaldehyde for 1 h at room temperature.
Following fixation, the lungs were washed in PBS containing

Ca and Mg, processed through sucrose gradients, and frozen in
optimal cutting temperature compound for sectioning by the
UC San Diego Moores Cancer Center Histology Core. Each fro-
zen slide was briefly fixed in 2% paraformaldehyde for 20 min,
permeabilized with 0.1% Triton X-100 for 5 min, and blocked
with 5% donkey serum and 5% goat serum for 1 h at room tem-
perature. Slides were incubated with primary Abs (anti-CD68,
OriGene; anti-STAT1, Thermo Fisher) in 1% BSA and 0.1%
Triton X-100 overnight. Secondary anti-rat Alexa Fluor 488
and anti-rabbit Alexa Fluor 555 were used for detection along
with DRAQ5 (1 mm, Thermo Fisher) for staining of nuclei.
Slides were mounted in ProLong Gold (Life Technologies) and
cured overnight. Images were obtained using a Leica TCS-SPE
laser scanning confocal microscope. Z-stack image sets were
obtained using a 40× objective. Images were exported in Leica
LAS-X software, and resolution and size were set in Affinity
Photo for inclusion in figures. For quantification of anti-STAT1
fluorescence, images were imported into ImageJ. Total fluores-
cence in the STAT1 channel was measured for each image and
divided by the total nuclear fluorescence in the DRAQ5 channel
to normalize for cell number.

Statistics
Statistical analyses were performed using GraphPad Prism. Data
were primarily compared using the nonparametric Mann�
Whitney U test. For experiments depicting the fold change in
mRNA expression as measured by real-time PCR, the para-
metric two-tailed unpaired t test was used, comparing the DCT

values (between the gene of interest and the housekeeping gene
Gapdh). In the figures, p values <0.05 are considered statistically
significant and denoted with a single asterisk. p values <0.01 are
denoted with two asterisks, p values <0.005 are denoted with
three asterisks, and p values <0.001 are denoted with four
asterisks.

RESULTS

GBS inhibits sialoadhesin expression in infected lungs
Low levels of sialoadhesin expression at birth render newborn
mice susceptible to GBS pneumonia (12). However, sialoadhesin
expression increases during the postnatal period, providing
protection. The mechanisms by which GBS exposure regulates
Siglec receptor expression remain unclear. Using a newborn
mouse GBS pneumonia model, we collected whole-lung RNA
in a longitudinal time course within the first 24 h following
GBS infection. Control mice received sterile HBSS instillation.
Adult mice were also infected with GBS for comparison. In
both neonatal and adult mice, GBS infection coincided with re-
duced Siglec1 mRNA expression (which encodes sialoadhesin)
within hours postinfection (Fig. 1). Inhibition appeared tran-
sient because Siglec1 mRNA levels returned to baseline by 24 h
postinfection in both neonates and adults. By contrast, the ex-
pression of Siglece mRNA (which encodes Siglec-E/CD170, a
receptor that binds identical glycan structures as sialoadhesin
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but inhibits inflammatory signaling) remained unchanged upon
GBS infection. These findings suggested that GBS infection sup-
presses the expression of a key host glycan receptor essential
for immune protection.

We hypothesized that engagement of the GBS capsular
glycans with the inhibitory receptor Siglec-E reduces Siglec1 ex-
pression. To test this hypothesis, we infected neonatal WT and
Siglece�/� mice with GBS and measured sialoadhesin expres-
sion in alveolar macrophages by flow cytometry. Consistent
with the mRNA expression data, GBS infection resulted in a
decrease in sialoadhesin expression on the surface of neonatal
alveolar macrophages (Fig. 2A). However, in Siglece�/� mice,
GBS had no effect on sialoadhesin expression. In control neo-
natal mice, Siglec-E was undetected in a subpopulation of lung
macrophages. Following GBS infection, Siglec-E protein expres-
sion was increased on the cell surface of WT macrophages,
suggesting it potentially contributes to additional suppression
of the immune response and reduced bacterial killing.

Because both sialoadhesin and Siglec-E recognize glycans
with terminal sialic acids, we next tested the requirement of
GBS sialic acid for inhibiting Siglec1 expression by using the
DneuA GBS strain, which lacks a functional NeuA enzyme criti-
cal for incorporating sialic acid into the polysaccharide capsule
(14). Infection of both neonatal and adult mice with DneuA
GBS did not result in the same inhibition of Siglec1 expression
seen with WT GBS (Fig. 2B, 2C). These results indicated that
GBS sialic acid is necessary for suppressing Siglec1 expression.

The inflammatory response to DneuA GBS was also impacted.
In newborn mice infected with WT GBS, Il1b expression

increased 24 h postinfection (Fig. 2D). However, DneuA GBS
infection did not induce the same increase in cytokine expres-
sion. In contrast, in adult mice, DneuA GBS infection stimu-
lated a robust increase in Il1b after 6 h, suggesting that adult
lungs possess additional innate immune response mechanisms
that are independent of bacterial sialic acid recognition. Col-
lectively, these data emphasized the importance of Siglecs and
the recognition of bacterial sialic acid motifs in suppressing
receptor-mediated immune activation following GBS infection.

Potential interactions between Siglecs and STAT signaling
To better understand the potential molecular mechanisms regu-
lating sialoadhesin expression during GBS infection, we first ex-
amined promoter and enhancer regions within the murine
Siglec1 and Siglece genes (Fig. 3A�3C). Using ChIPBase version
2.0, ImmGen Enhancer Networks, and ConTra version 3, we
identified predicted binding sites for STAT1 and STAT6 in the
Siglec1 gene, consistent with prior studies (18�23). The low sia-
loadhesin expression in newborn macrophages could be due to
developmental differences in promoter and enhancer accessibil-
ity. We therefore examined ATAC-seq and ChIP-seq datasets
(Fig. 3D, 3E) generated from neonatal and adult alveolar macro-
phages after in vivo LPS treatment and bone marrow�derived
macrophages (BMDMs) treated in vitro with either IL-4 (to ex-
amine STAT6 binding) or IFNg (to examine STAT1 binding)
(15�17).

Although ATAC-seq and ChIP-seq peaks at the Siglec1 pro-
moter were similar across samples, distant regions upstream
and downstream of the Siglec1 gene contained more open
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chromatin peaks in adult alveolar macrophages compared with
neonatal cells (red boxes in Fig. 3D). Moreover, LPS exposure
increased open chromatin in several regions around the Siglec1
gene, suggesting that areas within the Siglec1 gene might be
less accessible in neonatal alveolar macrophages and that innate
immune activation could activate changes in chromatin struc-
ture. Differentially accessible regions bound STAT6 in BMDMs
but not STAT1. The promoter and upstream regions of Siglece
contained more chromatin accessibility peaks in neonatal alveo-
lar macrophages by ATAC-seq than in adult alveolar macro-
phages (Fig. 3E).

Expression of Stat1 and Stat6 mRNA was not statistically dif-
ferent between adult, juvenile (PND7), and neonatal (PND1) lung
samples (Fig. 4A). To test if STAT6 was required for sialoadhesin
expression, we measured sialoadhesin, Siglec-E, and Siglec-F
expression in adult Stat6�/� mice. Flow cytometry of alveolar
macrophages from Stat6�/� and WT adult mice did not detect
differences in expression of the three cell surface macrophage
Siglecs tested (Fig. 4B, 4C). Similarly, mRNA expression of
Siglece, Siglec1, Ifng, and Ifnb was not statistically different
between WT and Stat6�/� lungs (Fig. 4D). These data suggested
that STAT6 was not required for Siglec expression under basal
conditions.

We next tested if deletion of the inhibitory Siglec-E would
impact STAT1 expression in neonatal and adult lungs following
GBS infection. In control lungs without GBS infection, STAT1
expression was observed in cells throughout the adult lung, in-
cluding CD681 macrophages (Fig. 5A). Following GBS infec-
tion, additional STAT11 cells were visualized that expressed
low levels of CD68 or were CD68�, suggesting recruitment of
STAT11 inflammatory cells (Fig. 5B). In contrast, lungs from
adult Siglece�/� mice showed a higher number of cells express-
ing STAT1 both in basal conditions and following GBS infection
(Fig. 5D, 5E). Many of the STAT11 cells in Siglece�/� lungs af-
ter GBS infection exhibited low CD68 expression and had mor-
phology consistent with monocytes (Fig. 5E). Measuring STAT1
fluorescence (normalized to the number of cells in each image)
in Fig. 5C, 5F demonstrated the increased anti-STAT1 staining
following GBS infection in both WT and Siglece�/� lungs. In
WT neonatal lungs, STAT1 expression was detected at low lev-
els in multiple cell types (Fig. 5G). However, after GBS infec-
tion, the total anti-STAT1 staining decreased (Fig. 5H, 5I). In
neonatal Siglece�/� mice, GBS infection increased STAT1 ex-
pression, although perhaps to a lesser degree than observed in
adult Siglece�/� lungs (Fig. 5J�5L). These observations sug-
gested that Siglec-E may play a role in inhibiting STAT1
expression in the mouse lung and that, in the presence of
Siglec-E, GBS can suppress the immune response in neonates.

How these processes might also regulate sialoadhesin expres-
sion in the neonatal lung was not clear.

Modulation of sialoadhesin expression
To test how innate immune activation might regulate siaload-
hesin expression, we incubated freshly isolated cells from
PND2 lungs with individual innate immune activators or GM-
CSF, known to promote alveolar macrophage maturation.
Sialoadhesin expression was then measured in lung macrophages
by flow cytometry. As shown in Fig. 6B, 38 h of culture with
IFNg, LPS, or GM-CSF each increased sialoadhesin expression.
Because prenatal exposure to LPS leads to preterm delivery
and developmental abnormalities in mice (24�26), we first
tested if prenatal IFN could increase sialoadhesin expression in
newborn mice. Timed pregnant mice were injected with either
IFNa or IFNg on embryonic day 18, two days prior to delivery
(Fig. 6C). Both IFNs increased CD451 leukocytes in PND0
mouse lungs (Fig. 6D). Although IFNg increased the percentage
of CD11bHI/F4/80LO cells (likely neutrophils), IFNa increased
CD451 cells lacking both CD11b and F4/80, consistent with
lymphocytic influx. However, we did not detect increases in ei-
ther sialoadhesin or Siglec-F in PND0 lung macrophage popu-
lations following IFNa or IFNg exposure. Newborn mice
exposed to prenatal IFNa or IFNg also died soon after delivery,
preventing measurement of macrophage maturation or siaload-
hesin expression at later time points.

GM-CSF�stimulated alveolar macrophage differentiation re-
quires peroxisome proliferator-activated receptor g (PPARg)
(27). To test the ability of PPARg activation to promote siaload-
hesin expression at birth, we administered the PPARg agonist
rosiglitazone to embryonic day 18 pregnant mice. Prenatal rosi-
glitazone treatment increased the percentage of lung macro-
phages expressing both F4/80 and CD11b (Fig. 7A). Although
rosiglitazone increased Siglec-F expression in PND0 (newborn)
macrophages as measured by flow cytometry, we did not detect
increased sialoadhesin expression (Fig. 7B). When measured at
PND4, rosiglitazone reduced the number of lung macrophages
lacking either sialoadhesin or Siglec-F expression (Fig. 7C), sug-
gesting that although PPARg activation drives postnatal alveo-
lar macrophage maturation, prenatal rosiglitazone treatment
was not sufficient to significantly increase sialoadhesin expres-
sion in newborn lung macrophages, when it might provide pro-
tection against GBS acquired at birth.

DISCUSSION

Understanding how the newborn lung immune system detects
and responds to GBS is paramount to developing better thera-
pies and preventative approaches. In most cases, GBS infection

are shown. (B and C) Siglec1 (left panels) and Siglece (right panels) mRNA expression in neonatal (B) or adult (C) mice infected with either WT or

DneuA GBS measured by real-time PCR. Data are represented as fold change compared with uninfected control animals using Gapdh for normali-

zation. Samples were obtained and analyzed 0.5, 6, and 24 h following infection. (D) Il1b mRNA expression in neonatal (left panel) and adult (right

panel) C57BL/6 mice infected with either WT or DneuA GBS. Lung samples were obtained and analyzed 0.5, 6, and 24 h following infection. Il1b ex-

pression was measured by real-time PCR. *p<0.05 using unpaired two-tailed t test in comparing samples indicated by horizontal bars.
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occurs when newborns aspirate bacteria during passage
through the birth canal. The neonatal window of susceptibility
to GBS pneumonia appears to close rapidly, because older in-
fants and children rarely develop GBS lung infections. Building
on previous research demonstrating the developmental defi-
ciency of sialoadhesin expression in newborn alveolar macro-
phages, we show here that GBS infection in vivo suppresses
sialoadhesin expression in vivo via interactions between the

sialylated bacterial capsule and the inhibitory receptor Siglec-E.
Interestingly, GBS suppression of Siglec1 transcript levels (en-
coding sialoadhesin) by GBS occurred in both neonates and
adults. Presumably, the higher basal sialoadhesin expression in
adult macrophages prior to infection ensures adequate protec-
tion compared with the lower levels observed in neonatal
cells. Alternatively, adult lungs may possess additional host
protection mechanisms not available to neonates. Additional

Database TF predicted to bind Siglec1 TF predicted to bind Siglece

ChIPBase v2.0 Spi1, Rela, C/EBPα, C/EBPβ, AhR, Egr2, PPARγ,
IRF1, Ncor1, STAT1

Spi1, Rela, C/EBPα, C/EBPβ, Erg, Meis1, Rfx6

ImmGen Enhancer Networks E2f1, Bcl11b, Mef2c, Bcl, IRF1, STAT6 Elf1, Bcl, SpiB, Bcl11b, Maz, Nr2c1
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FIGURE 3. Predicted STAT binding within murine Siglec1 and Siglece promoters.

(A) Table showing the top results of transcription factors (TFs) predicted to bind the promoter regions of Siglec1 and Siglece from the ChIPBase

version 2.0 and ImmGen Enhancer Networks databases. (B) Comparison of the similar sequences predicted to bind STAT1 and STAT6 from JASPAR

CORE. (C) Predicted STAT6 binding sites in the murine Siglec1 and Siglece promoter regions (ConTra version 3). Conserved sequence regions are

identified within black lines and labeled with orange numerals. Predicted STAT6 binding sequences identified with orange bars. (D and E). ATAC-seq

and ChIP-seq data (15–17) showing open chromatin and STAT binding in alveolar macrophages (ATAC-seq) and BMDMs (ChIP-seq). For the ATAC-seq

datasets, alveolar macrophages were isolated from adult and PND4 C57BL/6 mice administered either intranasal PBS or LPS (0.1 mg/g body weight) 2 h

prior to isolation and cell sorting. ChIP-seq data were obtained from mouse BMDMs treated with either IL-4 (STAT6) or IFNg (STAT1) for 1 h prior to fix-

ation. Peaks were aligned within the UCSC Genome Browser. OCRs and STAT binding peaks are shown for Siglec1 (D) and Siglece (E).
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experiments could test how dynamic expression of Siglecs fol-
lowing infection contribute to lung immunity in adults. Inhibi-
tion of Siglec1 expression was also transient in both neonates
and adults, suggesting a dynamic and evolving interaction be-
tween pathogen and host.

Increasing sialoadhesin expression in newborn macrophages
could protect neonates against GBS infection. Sialoadhesin is
considered a downstream marker of chronic inflammation and
IFN activation in both experimental models and human im-
mune cells (8, 28�32). Although in vitro treatments with
GM-CSF, LPS, and IFNg were each successful in increasing
sialoadhesin expression in cultured neonatal mouse lung macro-
phages, we were not able to replicate these increases in vivo.
Not only did prenatal injection of either IFNa or IFNg fail to
increase sialoadhesin expression in P0 macrophages, but the
resulting inflammation led to neonatal death. More targeted
activation of the IFN signaling pathway, or its downstream
mediators, may be required in immature alveolar macrophages
to achieve successful upregulation of sialoadhesin at birth.

The fetal and neonatal lung microenvironment may actively
suppress sialoadhesin expression until the postnatal period,
making it challenging to induce upregulation at birth. Our ex-
amination of ATAC-seq and ChIP-seq data identified reduced

accessibility of several regions of the Siglec1 gene in neonatal al-
veolar macrophages, suggesting potential epigenetic silencing of
Siglec1 transcription during the perinatal period (15�17). The
Siglec1 promoter regions contain multiple predicted STAT
binding sites, but our experiments to test how STAT family
members might affect sialoadhesin expression did not yield
clear insights. Siglec expression in lung macrophages was not
significantly different in Stat6�/� mice. Additionally, although
Siglece�/� knockout adult mice had large increases in STAT1-
expressing cells with GBS infection, neonatal Siglece�/� lungs
did not show the same dramatic impact of Siglece deletion on
STAT1 expression, before or after infection. Therefore, our ex-
plorations aimed at regulating sialoadhesin expression around
the time of birth require further efforts.

The postnatal upregulation of sialoadhesin expression could
be part of the alveolar macrophage differentiation program that
occurs in mice within 3�4 d after birth (7, 33). GM-CSF and
downstream activation of PPARg are both required for normal al-
veolar macrophage differentiation, making them potential candi-
dates for increasing sialoadhesin expression (7, 33, 34).
However, fetal lung macrophages are also exposed to GM-
CSF (33), and our experiments activating PPARg with prena-
tal rosiglitazone failed to increase sialoadhesin expression.
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time PCR and represented as fold change
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Glycan�Siglec interactions regulate both macrophage differ-
entiation and immune tolerance during pregnancy (35, 36).
For example, increased levels of a2,3- and a2,6-sialic acid ap-
pear in the circulation of pregnant women, only to fall to
previous levels after delivery (37). At the fetal�maternal in-
terface, the binding of the secreted glycoprotein glycodelin-A
to Siglec-7 promotes monocyte differentiation into decidual
macrophages with an immune tolerant phenotype (38). Al-
though much of the recent research on glycan�receptor in-
teractions during fetal immune development has focused on
the placental microenvironment (39, 40), similar principles
of regulating immune suppression of immunity until after de-
livery may also apply to fetal lung macrophage development,
promoting the expression of Siglec-E but not sialoadhesin.

GBS appears to take advantage of glycan-driven promotion
of immune tolerance. Host glycans with terminal sialic acid
modifications can bind to Siglec receptors containing intracellular
inhibitory motifs, leading to recruitment of SHP phosphatases
and the inhibition of innate immune signaling (41�43). In at least

several GBS serotypes, the Siaa2,3Galb1,4GlcNAc structure
within the capsular polysaccharide is identical to the terminal
sialic acid structures found in host glycans, enabling them to
bind inhibitory Siglec receptors and prevent immune detection
and inflammation (8, 11, 44). GBS binding to human Siglec-9
(homolog of mouse Siglec-E) on neutrophils and platelets in-
hibits cellular antibacterial responses (10, 11). The poly-a2,8-Sia
capsules of Escherichia coli K1 and Neisseria meningitidis sero-
type B bind Siglec-11 in the CNS in an analogous manner, limiting
neural inflammation and immune response (45�47). By binding
to these inhibitory Siglec receptors, these bacteria inhibit immune
signaling and suppress the inflammatory response, avoiding
detection and facilitating colonization and invasive infection.

To counteract immune evasion, host sialoadhesin can bind
to the identical sialic acid motifs present in the GBS capsule as
does Siglec-E (and Siglec-9), but instead stimulates inflamma-
tion, bacterial phagocytosis, and killing (8, 48). Our data
showed that GBS can inhibit expression of sialoadhesin in vivo
through Siglec-E engagement. Although the impact appears
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FIGURE 5. STAT1 expression in WT and Siglece�/� lungs following GBS infection.

Lungs from adult (A–F) and neonatal (G–L) mice were fixed, sectioned, and immunostained for the macrophage marker CD68 (green) and STAT1

(red). DRAQ5 was used as a nuclear stain and shown in blue. All samples were obtained 24 h postinfection with GBS (B, E, H and K) or sterile saline
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transient, slowing the upregulation of sialoadhesin expression
in newborns even for just a few hours could allow devastating
bacterial spread, pneumonia, and sepsis. Delaying maturation of
innate immunity against GBS may be even more impactful in
the preterm infants who have a higher incidence rate of GBS
sepsis than term infants (1). Importantly, newborn mouse lungs
are in the saccular stage of development and similar to 30�32-wk

gestation humans. Future studies examining developmental
maturation of Siglec expression may need to include addi-
tional postnatal time points in mice and correlation with human
samples when available. The back-and-forth interactions be-
tween the GBS capsule and host pattern recognition receptors il-
lustrate the molecular mimicry used by GBS to avoid detection.
Although the potential causal role of sialoadhesin in autoimmune
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and autoinflammatory diseases is not fully understood, the ob-
served increase in sialoadhesin-positive immune cells in multiple
chronic inflammatory disease states (21, 49, 50) raises questions
about potential consequences detrimental to the host resulting
from our ever-evolving battle against microbial pathogens.
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