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Human sialic acid– binding immunoglobulin-like lectin 14
(Siglec-14) is a glycan-recognition protein that is expressed on
myeloid cells, recognizes bacterial pathogens, and elicits pro-
inflammatory responses. Although Siglec-14 is a transmem-
brane protein, a soluble form of Siglec-14 is also present in
human blood. However, the mechanism that generates soluble
Siglec-14 and what role this protein form may play remain
unknown. Here, investigating the generation and function of
soluble Siglec-14, we found that soluble Siglec-14 is derived
from an alternatively spliced mRNA that retains intron 5, con-
taining a termination codon and thus preventing the translation
of exon 6, which encodes Siglec-14’s transmembrane domain.
We also note that the translated segment in intron 5 encodes
a unique C-terminal 7-amino acid extension, which allowed
the specific antibody-mediated detection of this isoform in
human blood. Moreover, soluble Siglec-14 dose-dependently
suppressed pro-inflammatory responses of myeloid cells that
expressed membrane-bound Siglec-14, likely by interfering
with the interaction between membrane-bound Siglec-14 and
Toll-like receptor 2 on the cell surface. We also found that
intron 5 contains a G-rich segment that assumes an RNA ter-
tiary structure called a G-quadruplex, which may regulate the
efficiency of intron 5 splicing. Taken together, we propose
that soluble Siglec-14 suppresses pro-inflammatory responses
triggered by membrane-bound Siglec-14.

Integral membrane proteins are sometimes found in a solu-
ble form. Many examples of soluble receptors have been re-
ported that contribute to the fine-tuning of cellular responses

(1). For example, soluble interleukin-6 (IL-6)3 receptor is gen-
erated by both alternative splicing and proteolysis, binds IL-6,
and either agonizes or antagonizes IL-6 function (2). Soluble
forms of the receptor of advanced glycation end-product are
also produced by both alternative splicing and proteolysis and
function as decoy receptors (3). These soluble receptors not
only represent a mechanism to fine-tune biological responses
but are, in some cases, also useful as biomarkers of clinical con-
ditions (4 –6).

Siglecs are a family of sialic acid-recognition proteins
expressed primarily on leukocytes that have regulatory roles in
the fine-tuning of leukocyte activities (7–10). The involvement
of Siglecs in various diseases (including infectious diseases, can-
cer, and chronic diseases) has been reported, and therapeutic
agents targeting Siglecs are being developed (11, 12). Although
Siglecs are type 1 transmembrane proteins, soluble forms of
Siglecs have also been reported (13). Recent studies have shown
that the soluble form of Siglec-9 is produced by dental pulp
stem cells and shows anti-inflammatory effects by regulating
the polarization of macrophages (14 –16). Thus, soluble Siglecs
may also contribute to the fine regulation of immune cell
activities.

Siglec-14 is expressed on myeloid cells, associates with signal
adapter protein DNAX activating protein of 12 kDa (DAP12),
and transduces immune cell-activating signals through the
spleen tyrosine kinase (17). Genes encoding human Siglec-14
and its inhibitory counterpart Siglec-5 (SIGLEC14 and SIGLEC5,
respectively) are located in tandem on chromosome 19. Recombi-
nation between SIGLEC14 and SIGLEC5 at the high-homology
region (5�UTR through exon 3) yields an allele that encodes a
SIGLEC14–SIGLEC5 fusion gene (encoding a protein identical to
Siglec-5), which does not produce Siglec-14 protein (18). We pre-
viously demonstrated that this SIGLEC14-null allele is common
(allele frequency �0.05) in all human populations tested, and its
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frequency is particularly high in East Asia (exceeding 0.5) (18). We
have also reported that homozygous SIGLEC14-null patients with
chronic obstructive pulmonary disease (COPD) are less prone to
exacerbation (i.e. an acute worsening of disease symptoms, often
caused by microbial airway infection) (19). In a previous study, we
found that the soluble form of Siglec-14 is present in sera from
COPD patients who have at least one functional SIGLEC14 allele
(19). Furthermore, soluble Siglec-14 (sSiglec-14) was recently
reported to be a potential early plasma biomarker of bronchopul-
monary dysplasia (20), a condition affecting premature infants,
and is accompanied by lung inflammation (21, 22). We hypothe-
sized that sSiglec-14 may represent a negative feedback mecha-
nism that regulates myeloid pro-inflammatory responses elicited
by the engagement of membrane-bound Siglec-14 (mSiglec-14).
For example, activation of myeloid cells is known to up-reg-
ulate several proteases that cleave membrane proteins (e.g. a
disintegrin and metalloproteinase domain-containing pro-
tein (ADAM)10 and ADAM17 (23)) that “shed” these mem-
brane proteins. If mSiglec-14 is proteolytically cleaved, this
will uncouple the ligand recognition (extracellular) and sig-
nal transduction (intracellular) functions of the protein, pos-
sibly terminating the pro-inflammatory signal elicited by
mSiglec-14. In addition, the shed extracellular domain of
Siglec-14 may influence myeloid cell differentiation, in a
similar manner as reported for soluble Siglec-9 (14 –16).

To test these hypotheses, we investigated the generation
mechanism of sSiglec-14, and we explored its potential func-
tions. In this paper, we demonstrate that sSiglec-14 is a product
of alternative splicing. The alternative splicing may be influ-
enced by the presence of an RNA G-quadruplex structure in
intron 5 of SIGLEC14 pre-mRNA. We also show that sSiglec-14
has anti-inflammatory properties through interference with the
cis-interaction between mSiglec-14 and Toll-like receptor 2
(TLR2), a pattern recognition receptor recognizing bacterial
lipoproteins. The possible biological implications of these find-
ings will be discussed.

Results

Alternative mRNA splicing generates sSiglec-14

A soluble form of Siglec-14 may be generated by proteolysis
of a membrane-bound form of Siglec-14 or by alternative
mRNA splicing. To test whether proteolysis explains the gen-
eration of sSiglec-14, we first cultured Siglec-14/THP-1 cells
that overexpress mSiglec-14 cDNA and tested whether sSi-
glec-14 is detected in the culture supernatant. By sandwich
ELISA using a detection antibody that is specific to the third
Ig-like domain of Siglec-14 (clone 40-1 (18, 19)), we detected a
very low level of sSiglec-14 in the culture supernatant of Siglec-
14/THP-1 (Fig. 1A). In contrast, the culture supernatant of
U937 cells, which express lower levels of mSiglec-14 as com-
pared with Siglec-14/THP-1 (Fig. 1B), contained higher levels
of sSiglec-14 (Fig. 1A). These results prompted us to adopt an
alternative hypothesis that sSiglec-14 is produced by alternative
mRNA splicing, rather than by proteolysis of mSiglec-14.

To test this hypothesis, we performed 3�-rapid amplification
of cDNA ends (3�RACE) of SIGLEC14 using human bone mar-
row first-strand cDNA library (Fig. 2A). Sequencing of the
obtained cDNA clones revealed that some clones represented a
fully spliced form, whereas others retained intron 5 (or both
introns 5 and 6). The splice variants containing intron 5 encode
sSiglec-14, as intron 5 contains an in-frame stop codon that
prevents the translation of exon 6 encoding the transmembrane
domain (Fig. 3).

We analyzed the relative abundances of splice variants
with or without intron 5 by RT-PCR using the same human
bone marrow first-strand cDNA library as template and the
primers that flank intron 5 and found that the relative abun-
dances of mRNA that was spliced (mSiglec-14) versus
unspliced (sSiglec-14) were similar, whereas the former
appeared to be somewhat more abundant (Fig. 2B). Quanti-
tative PCR using combinations of primers and probe that
specifically identify the mRNA isoforms with or without
intron 5 confirmed this observation (Fig. 2C).

Figure 1. Production of soluble Siglec-14 is not proportional to the expression level of membrane-bound Siglec-14. A, ELISA of soluble Siglec-14
produced by FLAG-Siglec-14/THP-1 and U937 cell lines. Siglec-14 –specific mouse mAb (clone 40-1) was used for detection. B, expression levels of membrane-
bound Siglec-14 on FLAG-Siglec-14/THP-1 and U937 cell lines. Solid line, cells stained with anti-Siglec-14 antibody (clone 40-1); gray-shaded area, cells stained
with control mouse antibody.
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sSiglec-14 has a unique C-terminal peptide segment

To demonstrate that the alternative splicing indeed accounts
for sSiglec-14, we prepared a rabbit polyclonal antibody that
recognizes a C-terminal heptapeptide that is unique to the
sSiglec-14 generated by alternative splicing and used it in Western
blotting (Fig. 4A). The data verified that the antibody is specific
to sSiglec-14 with C-terminal heptapeptide. We used this anti-
body in sandwich ELISA (Fig. 4B) and found that sSiglec-14
with the C-terminal heptapeptide is indeed present in human
serum. The concentration of sSiglec-14 with C-terminal hepta-
peptide in the human serum sample (a mixture of sera from
multiple donors) was calculated to be 8.08 � 0.35 ng/ml, which
is lower than the concentration of total sSiglec-14 quantified by
ELISA using the antibody (clone 40-1) that recognizes Siglec-14
regardless of the C-terminal peptide (29.1 � 1.9 ng/ml). This
result implies that sSiglec-14 undergoes gradual proteolysis
from the C terminus and becomes undetectable by the poly-
clonal antibody, or the proteolytic cleavage of mSiglec-14 also
contributes to the generation of sSiglec-14 in vivo. The results
of the ELISA of U937 cell culture supernatant (sSiglec-14 with
heptapeptide: 2.34 � 0.06 ng/ml; total sSiglec-14: 2.48 � 0.04

ng/ml) implies that the former mechanism likely contributes to
the lower-than-expected concentration of sSiglec-14 with hep-
tapeptide in human sera.

sSiglec-14 suppresses pro-inflammatory responses of cells that
express mSiglec-14

We have previously shown that the expression of Siglec-14
on THP-1 cells enhances pro-inflammatory responses elicited
by nontypeable Haemophilus influenzae (NTHi) (19). To test
whether sSiglec-14 has a role in the regulation of myeloid cell
inflammatory responses, we prepared recombinant N-terminal
His6-tagged sSiglec-14, and we stimulated Siglec-14/THP-1
cells with NTHi in the presence or absence of the recombinant
sSiglec-14. As shown in Fig. 5A, recombinant sSiglec-14 sup-
pressed IL-8 response in a dose-dependent manner. In addi-
tion, the production of several other cytokines and chemokines,
chosen from genes that are specifically up-regulated in Siglec-
14/THP-1 cells by NTHi stimulation (24), were also suppressed
by recombinant sSiglec-14 (Fig. 6).

We attempted to identify the structural element of sSiglec-14
that is required for its anti-inflammatory activity by introduc-
ing a mutation at the arginine residue that is required for sialic
acid recognition (R119A) or by truncating the C-terminal hep-
tapeptide (�C). Both variants suppressed IL-8 production to
similar extents as the native form (Fig. 5B). This result implies
that neither C-terminal heptapeptide nor sialic acid recogni-
tion is essential for the anti-inflammatory effect of sSiglec-14.

sSiglec-14 interferes with the interaction between mSiglec-14
and TLR2

As sSiglec-14 also suppressed the production of some cyto-
kines/chemokines spontaneously produced at low levels in the
absence of NTHi (Fig. 6), we hypothesized the following: 1)
interaction between mSiglec-14 and a cis-ligand, likely a pat-
tern-recognition receptor, triggers low-level production of
cytokines/chemokines by Siglec-14/THP-1 in the absence of
microbial stimulation, and 2) sSiglec-14, by interfering with the
interaction between mSiglec-14 and the cis-ligand, cancels the
enhanced production of cytokines/chemokines. To detect how
sSiglec-14 suppresses production of pro-inflammatory cyto-
kines/chemokines by Siglec-14/THP-1 cells, we sought to iden-
tify a protein that interacts with mSiglec-14 by a proximity
labeling method (25). As shown in Fig. 7, biotin labels were
introduced into many proteins in an mSiglec-14 – dependent
manner by proximity labeling, and biotinylated proteins were
successfully enriched by streptavidin affinity purification. The
proteins obtained by streptavidin affinity purification were ana-
lyzed by proteomics using LC-MS2. By applying a few screening
criteria, we identified several proteins as cis-ligand candidates
of mSiglec-14 (Table S1).

One of the cis-ligand candidates of mSiglec-14 was TLR2,
a pattern recognition receptor that recognizes NTHi-associ-
ated lipoprotein and induces pro-inflammatory responses (26,
27). We therefore tested by co-immunoprecipitation whether
TLR2 is interacting with mSiglec-14. As shown in Fig. 8A, TLR2
was indeed co-immunoprecipitated with mSiglec-14, verifying
their interaction under steady state. We therefore tested
whether the cis-interaction between mSiglec-14 and TLR2

Figure 2. Human bone marrow cells produce alternatively spliced mRNA
encoding soluble Siglec-14. Human bone marrow first-strand cDNA library
(A–C) and first-strand cDNA prepared from U937 cells (C) were used as tem-
plates. A, agarose gel electrophoresis of 3�RACE PCR products obtained using
a gene-specific primer (annealing to exon 5) and a universal primer. Products
of nested PCR (second round) were separated by agarose gel electrophoresis.
B, agarose gel electrophoresis of RT-PCR products with the primer pair flank-
ing intron 5. C, relative abundances of membrane-bound (solid bars) and sol-
uble (open bars) SIGLEC14 mRNA isoforms, normalized against ACTB mRNA.
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explains the enhanced cytokine/chemokine production by
Siglec-14/THP-1 cells. For this, we stimulated Siglec-14/THP-1
cells with N-palmitoyl-S-(2,3-bis(palmitoyloxy)propyl)cystei-
nyl-seryl-lysyl-lysyl-lysyl-lysine (Pam3CSK4), a specific agonist
of the TLR1/2 heterodimer. Pam3CSK4 elicited IL-8 production
to a similar extent as NTHi, which was suppressed by sSiglec-14
(Fig. 8B). We confirmed that a blocking antibody against TLR2
suppressed the Pam3CSK4-induced production of IL-8 and
found that the addition of sSiglec-14 further suppressed IL-8
production to some extent (Fig. 8C; the anti-TLR2 antibody was
used at nonsaturating concentration). Taken together, these
results support our model that sSiglec-14 blocks production of
pro-inflammatory cytokines/chemokines by interfering with
the cis-interaction between mSiglec-14 and TLR2.

Intron 5 of mRNA splice variant encoding sSiglec-14 contains a
G-quadruplex structure

To understand why the splice variant retaining intron 5 is
relatively abundant, we sought a conserved element in intron 5
of primate SIGLEC14. As shown in Fig. 9A, intron 5 of
SIGLEC14 contains a well-conserved guanosine (G)-rich seg-
ment, which could form a higher-order structure known as a
G-quadruplex (G4) (28). On the one hand, DNA G4-forming
sequences are preferentially enriched in telomeric and pro-
moter regions, which are involved in telomere elongation and
transcription regulations (29, 30). On the other hand, RNA
G4 –forming sequences have been demonstrated to modulate

protein translation (31, 32) and alternative splicing (33, 34).
Although the G-rich segment in SIGLEC14 intron 5 does
not conform to a canonical G-quadruplex–forming sequence
(GGGX2– 4GGGX2– 4GGGX2– 4GGG) (35, 36), it still has the
potential to form G4 structures because of the high density of
guanosines. To test our hypothesis, we first performed far-UV
CD analysis of the 27-nucleotide RNA corresponding to the
conserved region in intron 5. As shown in Fig. 9B, the addition
of 50 mM KCl induced significant changes in the far-UV CD
spectrum of the 27-nucleotide RNA with strong positive and
negative absorbance peaks at 264 and 240 nm, respectively,
which is characteristic of all-parallel propeller-type G4 topol-
ogy (36, 37). The spectral features closely resembled a well-
characterized RNA G4 motif within the 5�-UTR of NRAS (31).
Further titration of KCl up to 200 mM did not generate addi-
tional spectral changes, indicating efficient K� uptake for
G-tetrad coordination with 50 mM KCl. The 27-nucleotide
RNA G4 motif is thermally stable, with an apparent melting
temperature of 54.5 °C (Fig. 9C).

To further characterize the nature of nucleotide pairing
within the 27-nucleotide RNA, we employed one-dimensional
proton NMR spectroscopy (Fig. 9D). Well-resolved imino pro-
ton resonances were observed at 10 –14 ppm, corresponding to
hydrogen-bonded imino protons of guanosine (G) and uridine
(U) residues. The imino protons engaged in Watson-Crick pair-
ing tend to exhibit chemical shifts in the range of 12–15 ppm.

Figure 3. Sequence of soluble Siglec-14 cDNA and its translation. C-terminal heptapeptide unique to the soluble Siglec-14 synthesized from the alterna-
tively spliced mRNA retaining intron 5 is shown in red. Stop codon in the intron 5-spliced form (encoding membrane-bound Siglec-14) is underlined. G-rich
segment in intron 5 is shown in orange and underlined, and perfect inverted repeats flanking exon 5/intron 5 junction are shown in blue and underlined.
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Only two resonances were observed in the Watson-Crick pair-
ing region. Those involved in Hoogsteen pairing (typically seen
in G4s) tend to be up-field–shifted to the range of 10 –12 ppm
(36, 38). More than 10 resolved resonances were observed in
this region, in line with the expectation that the 27-nucleotide
RNA sequence forms an ordered G4 structure.

Collectively, our spectroscopic analyses supported the ability
of the 27-nucleotide RNA to form a G4 structure that is likely to
be in an all-parallel topology, which is thermally stable under
physiological conditions.

G-rich segment in intron 5 of SIGLEC14 pre-mRNA suppresses
splicing of the intron

To test whether the G-rich segment in intron 5 of SIGLEC14
pre-mRNA negatively regulates the splicing of the intron, we
prepared a “mini-gene” construct that contains intron 5 (con-
sisting of exons 1–5 � intron 5 � exons 6 –7 of SIGLEC14;
designated Sig14�I5/pcDNA) and its variant that lacks the
G-rich 27-nucleotide segment (Sig14�I5�27/pcDNA), and we
evaluated the splicing efficiencies of intron 5 in transiently
transfected 293T cells by quantitative PCR. The deletion of the
G-rich 27-nucleotide segment in intron 5 indeed enhanced

the efficiency of the intron 5 excision from pre-mRNA (�CT
for the spliced versus unspliced isoforms in the following:
Sig14�I5/pcDNA-transfected HEK293T cells, 4.33 � 0.29;
Sig14�I5�27/pcDNA-transfected HEK293T cells, 3.92 � 0.43;
seven biological replications; Fig. 10). Although the difference
in the intron 5 splicing efficiencies between these two con-
structs was statistically significant (p � 0.0016, paired t test),
the difference in �CT values for the two constructs was small
(0.41 cycles on average, which translates to 20.41, �1.3 times
difference in splicing efficiency). These results imply that the
G-rich segment in intron 5 suppresses the splicing of intron 5,
although the effect of this element alone may be relatively small.

Discussion

In this study, we demonstrated that alternative splicing gen-
erates sSiglec-14, and a sSiglec-14 isoform with a unique C-ter-
minal heptapeptide is detectable in human sera. Several previ-
ous studies have reported the presence of alternatively spliced
SIGLEC mRNA that encodes soluble forms (39 –41), but the
presence of corresponding protein has not been verified. Con-
versely, although the presence of soluble forms of Siglecs in
human blood or cell culture supernatant has been reported (13,

Figure 4. Specificity of rabbit polyclonal antibody toward C-terminal heptapeptide of soluble Siglec-14. A, N-terminal His6-tagged recombinant soluble
Siglec-14 proteins (full-length, C-terminally truncated (�C), or with R119A mutation) were subjected to nonreducing SDS-PAGE/Western blotting and stained
with mouse mAb clone 40-1 (pan-Siglec-14 antibody; left panel) or with rabbit polyclonal antibody against soluble Siglec-14 C-terminal heptapeptide that is
unique to the isoform generated by alternative mRNA splicing (right panel). Filled and open arrowheads indicate monomer and dimers of soluble Siglec-14,
respectively. B, ELISA standard curves (capture: mouse mAb, clone 194128; detection: clone 40-1 (left panel) or rabbit polyclonal antibody against C-terminal
heptapeptide (right panel)) for the standard proteins, N-terminal His6-tagged soluble Siglec-14 (solid circle), and N-terminal His6-tagged and C-terminal
truncated soluble Siglec-14 (open circle). Error bars represent standard deviation of technical triplicates.
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14), these studies did not reveal the mechanism that generates
these forms. Our study, to the best of our knowledge, is the first
to demonstrate the connection between alternative splicing
and soluble Siglec and to reveal the nature of any endogenous
soluble Siglec present in human blood.

We demonstrated that sSiglec-14 suppresses pro-inflamma-
tory cytokine production by interfering with the interaction
between mSiglec-14 and TLR2. Our finding implies that sSi-
glec-14 is a mechanism employed by the innate immune system
to fine-tune the inflammatory responses involving mSiglec-14,
in addition to the antagonism by the membrane-bound
Siglec-5, the inhibitory counterpart of mSiglec-14 (17–19, 42,
43). It was reported that Siglec-5 is down-regulated, whereas
Siglec-14 is up-regulated, by lipopolysaccharide stimulation of
neutrophils (43), implying the presence of a feed-forward loop
that enhances myeloid inflammatory responses. Thus, it is
tempting to speculate that the switching of Siglec-14 isoform
from membrane-bound to soluble form through alternative
splicing may function as a negative feedback mechanism to
quell the inflammatory responses that could damage host tis-
sues if uncontrolled. However, thus far we have not been able to
identify a stimulus that robustly tips the balance between intron
5 spliced (membrane-bound) versus unspliced (soluble) forms
of SIGLEC14 mRNA. Thus, the biological regulation afforded
by sSiglec-14 is not yet fully understood.

Interactions between Siglecs and TLRs were previously
reported (44). The authors of the previous study demonstrated
that recombinant Siglec-5 and Siglec-9 can affinity-capture var-
ious TLRs from THP-1 cell lysate, whereas Siglec-14 was not
included in the study. They demonstrated that NEU1, an

endogenous sialidase, negatively regulates the interaction
between mouse Siglec-E (ortholog of human Siglec-9) and
TLR4. In contrast, our data (Fig. 5B) showed that sialic acid
binding-deficient sSiglec-14 (R119A) still interferes with the
interaction between mSiglec-14 and TLR2. Taken together, we
tentatively conclude that the sialic acid dependence of the
interaction between Siglec and its cis-ligand may differ,
depending on the pair and the context.

Although the anti-inflammatory function of soluble Siglec-9
has been reported (14 –16), these studies have not revealed the
origin of soluble Siglec-9 (by alternative splicing or proteolysis)
or its mechanism of action (by coordination/competition with
membrane-bound Siglec-9 or by another mechanism). These
studies primarily employed a recombinant soluble Siglec-9
fused with human IgG Fc as a surrogate of native soluble
Siglec-9 in functional assays. Detailed analysis of the molecular
form of natural soluble Siglec-9 may afford a deeper under-
standing of the mechanism of action. Likewise, a paper report-
ing the anti-inflammatory effect of “soluble Siglec-5” through
engagement of P-selectin glycoprotein ligand-1 (PSGL-1) (45)
also relied on recombinant proteins that are artificially made
multivalent. Our previous study (19) demonstrated that soluble
Siglec-5 detected by commercial sandwich ELISAs (13) may
actually represent sSiglec-14, as neither Siglec-5 nor Siglec-14
was detected in the sera of SIGLEC14-null donors. The rele-
vance of soluble Siglec-5 and Siglec-9 in homeostatic regulation
of the immune system in vivo may deserve further investigation.
Regardless, it is worth emphasizing that the studies by others
indicated the possible utility of soluble Siglecs in translational
research.

Regarding the suppression of pro-inflammatory cytokine
production by sSiglec-14, we demonstrated one mechanism
(inhibition of cis-interaction between mSiglec-14 and TLR2)
that explains the observed phenomenon. Nevertheless, given
that various proteins were biotin-labeled by proximity labeling
pivoted on mSiglec-14 (Table S1), it is possible that the inter-
actions between mSiglec-14 and other membrane proteins may
also contribute to the suppression of inflammatory responses.
In addition, sSiglec-14 may modulate myeloid cell functions
other than inflammatory cytokine production. In addition to
the experiments reported under “Results,” we also tested some
hypotheses regarding the functions of sSiglec-14. For example,
we investigated whether sSiglec-14 has bactericidal activity
toward NTHi and observed neither direct killing nor enhance-
ment of complement-mediated killing of NTHi by sSiglec-14
(Fig. 11). We also tested whether sSiglec-14 influences the
polarization of macrophages (as reported for soluble Siglec-9),
by adding recombinant sSiglec-14 in the in vitro differentiation
system of human CD14� monocytes to macrophages in the
presence of macrophage colony-stimulatory factor. Analysis of
the transcriptome by DNA microarray did not reveal any sig-
nificant and consistent changes in the transcriptome that sug-
gests the influence of sSiglec-14 on macrophage polarization
(Table S2). Although it is beyond the scope of this study, further
investigation may shed light on other aspects and the mecha-
nisms by which sSiglec-14 modulates myeloid cell functions.

The concentration of sSiglec-14 required for half-maximal
inhibition of IL-8 production was estimated to be about 2

Figure 5. Soluble Siglec-14 inhibits production of IL-8 by myeloid cells
expressing membrane-bound Siglec-14 upon NTHi stimulation. A, effect
of soluble Siglec-14 on IL-8 production by Siglec-14/THP-1 (solid circle) stim-
ulated with NTHi. EV/THP-1 (open circle) was used as a control. Error bars rep-
resent standard deviation of biological triplicates. B, roles of C-terminal hep-
tapeptide and essential arginine residue (Arg-119) on the anti-inflammatory
properties of soluble Siglec-14. Experiments were repeated nine times (bio-
logical nonuplicates), and each value is plotted. Error bars represent standard
deviation. The dataset was analyzed by one-way ANOVA to test the differ-
ences among groups, and post hoc pairwise mean comparison was con-
ducted using Bonferroni’s multiple comparisons test. ****, adjusted p 	
0.0001; ns, not significant (adjusted p � 0.05).
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�g/ml (Fig. 5A), which is much higher than we observed in
human serum (�30 ng/ml in this study or �100 ng/ml in our
previous study (19)); thus, we speculate that a local concentra-
tion of sSiglec-14 at the site of inflammation, in which myeloid
cells accumulate, may attain biologically meaningful concen-
trations. Alternatively, the anti-inflammatory function of sSi-
glec-14 may require a special microenvironment, such as that
found in granuloma tissue containing Mycobacterium tubercu-
losis. We noted that the concentrations of soluble Siglec-9 in
the culture supernatant of dental pulp stem cells (�600 pg/ml
(14)) and in human sera (below the detection limit in three
normal donor sera samples (13)) are much lower than those of
sSiglec-14 present in U937 culture supernatant and in human
serum.

The alternative splicing of SIGLEC14 mRNA is likely influ-
enced by the presence of an RNA G4 structure in intron 5 of the
pre-mRNA (Fig. 10). However, the effect of removal of the
G4-forming segment from intron 5 appeared to be rather small

(splicing efficiency increased by �1.3 times). In this regard, we
noticed that there is a perfect inverted repeat (13 nucleotides)
flanking the exon 5/intron 5 junction (marked with blue font
and underlined in Fig. 3), which lies upstream of the G4-form-
ing segment. Thus, although the effect of G4 alone may be
small, the combination of G4 and the inverted repeat, along
with RNA-binding proteins that regulate RNA splicing, may
ultimately explain alternative splicing of SIGLEC14 pre-mRNA.
Studies on the alternative splicing of myelin-associated glycopro-
tein (MAG), a Siglec expressed exclusively in the nervous system,
demonstrated that the regulation of alternative splicing of MAG is
complex, requiring heterogeneous nuclear ribonucleoprotein A1
(hnRNP A1), a cytoplasmic isoform of quaking I that modifies the
stability of hnRNP A1, and an RNA tertiary structure on MAG
pre-mRNA to which hnRNP A1 binds (46–48). These studies also
imply that 293T may not be the ideal system to study the effect of
G4 because of the lack of an RNA-binding protein that regulates
SIGLEC14 alternative splicing. Although it also falls outside of the

Figure 6. Soluble Siglec-14 inhibits production of various cytokines and chemokines by myeloid cells expressing membrane-bound Siglec-14 upon
NTHi stimulation. Analyte measured is indicated at the top of each panel. Blue asterisks represent the values below the range of calibration curve; red asterisks
represent those above the range of calibration curve. Error bars represent standard deviation of technical triplicates.
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focus of this study, identification of an RNA-binding protein that
binds to the exon 5/intron 5 junction of SIGLEC14 pre-mRNA
may ultimately reveal the mechanism of alternative splicing.

In summary, our study demonstrated that alternative splic-
ing contributes to the generation of sSiglec-14, and sSiglec-14
manifests its anti-inflammatory properties by interfering with
the cis-interaction between mSiglec-14 and TLR2. The alterna-
tive splicing of SIGLEC14 mRNA is likely influenced by the
presence of an RNA G-quadruplex structure in intron 5 of the
pre-mRNA. Whether soluble Siglec-14 has any translational
value requires further investigation.

Experimental procedures

Cell lines and culture

U937 human histiocytic lymphoma cell line (CRL-1593.2;
American Type Culture Collection), the THP-1 acute mono-
cytic leukemia cell line (obtained from Human Science
Research Resources Bank, Osaka, Japan; now part of the JCRB
Cell Bank at the National Institutes of Biomedical Innovation,
Health and Nutrition, Japan), and their derivatives were main-
tained in RPMI 1640 medium supplemented with 10% fetal
bovine serum (FBS) and penicillin/streptomycin (pen/strep).
Siglec-14/THP-1 (a THP-1 sub-line expressing Siglec-14) and
EV/THP-1 (a THP-1 sub-line transformed with an empty vector)
were prepared as described (18). THP-1 cells expressing N-termi-
nally FLAG-tagged membrane-bound Siglec-14 (FLAG-Siglec-
14/THP-1) were prepared as described below. We obtained 293T
cells from the American Type Culture Collection (CRL-3216) and
maintained them in Dulbecco’s modified Eagle’s medium supple-
mented with 10% FBS and pen/strep.

Primers and DNA polymerase for PCR

Sequences of the primers used are listed in Table S3. Phusion
High-Fidelity DNA polymerase (New England Biolabs) was
used for PCRs unless otherwise stated.

3�-Rapid amplification of cDNA end (3�RACE) for SIGLEC14
mRNA

Human Bone Marrow Marathon-Ready cDNA (Clontech/
Takara) was used as a template to amplify the 3� end of
SIGLEC14 mRNA, as instructed in the protocol provided by the
manufacturer. Sequences of gene-specific primers (S14e5-2
and -3) used for the amplification are listed in Table S3. These
gene-specific primers were designed based on the exon 5
sequence of SIGLEC14, as SIGLEC14 and SIGLEC5 mRNA
show �99% sequence identity at exons 1–3, and the exon 4 of
SIGLEC14 is short.

Determination of the relative abundance of mRNA variants by
quantitative PCR

The abundance of mRNA splice variants encoding mem-
brane-bound versus soluble Siglec-14 was analyzed by real-time
quantitative PCR (RT-qPCR). In brief, total RNA was purified
with a RNeasy Plus mini kit (Qiagen) in combination with
RNase-Free DNase (Qiagen), and it was reverse-transcribed to
cDNA with SuperScript III First-Strand Synthesis Super Mix
(ThermoFisher Scientific). FastStart Universal Probe Master
Mix (Roche Applied Science) was used for the amplification
and detection of SIGLEC14 cDNA in a two-step quantitative
PCR using a StepOnePlus Real-Time PCR System (Thermo-
Fisher Scientific). Sequences of the primers and probes used are
listed in Table S3.

Production of rabbit polyclonal antibody that recognizes
C-terminal segment of sSiglec-14

Synthetic peptide corresponding to the C terminus of
sSiglec-14 (sequence: C-SELQDRC; C at the N terminus was
added for conjugation) was synthesized, conjugated to keyhole
limpet hemocyanin, and used for the immunization of two rab-
bits (GenScript). The blood was collected from one of the rab-
bits after the third immunization, and the antibody fraction

Figure 7. Proximity labeling of Siglec-14 cis-ligands on FLAG-Siglec-14/THP-1 cells. A, FLAG-Siglec-14/THP-1 cells were biotin-labeled with horseradish
peroxidase-conjugated anti-FLAG antibody and biotin tyramide, and biotinylated proteins were purified from cell lysate with streptavidin beads. Cell lysates
(Lysate) and eluates from streptavidin beads (Eluate) were subjected to SDS-PAGE/Western blotting and probed with streptavidin-HRP. B, streptavidin bead-
purified proteins were subjected to SDS-PAGE/silver staining. EV/THP-1 was used as a negative control.
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that recognized the peptide was purified by affinity purification
using a column of agarose beads on which the antigen peptide
was immobilized. Specificity of this antibody to sSiglec-14 with
C-terminal 7-amino acid extension was verified by ELISA and
Western blotting (Fig. 4).

Production of N-terminal His6-tagged sSiglec-14 expression
construct

Sequences of the primers used are listed in Table S3. The
cDNA of sSiglec-14 was amplified by nested PCR using the
first-strand cDNA from U937 as a template and the primers
“Siglec-14 Forward” and “Siglec-14 Reverse” in the first round
and “Siglec-14 expr Xba1” and “Siglec-14 Sol R Hind3” in the
second round. The PCR product was digested with XbaI and
HindIII and cloned to XbaI–HindIII sites of pcDNA3.1(
).
This plasmid was used as a template to PCR-amplify cDNA
segment lacking signal peptide-coding sequence and stop
codon, using the primers “Sig14 dSP IBA42 Sac2” and “Sig14
dTerm IBC42 R XhoI,” and cloned to SacII–XhoI sites of

pEXPR-IBA42 vector (IBA). The resulting construct encoded a
recombinant protein consisting of BM40 signal peptide and
His6 tag at the N terminus, followed by sSiglec-14 (without
native signal peptide) and a C-terminal Strep tag. The construct
devoid of the C-terminal Strep tag was prepared by PCR ampli-
fication of the necessary segment using “pEXPR-IBA Seq F” and
“Siglec-14 Sol R Hind3,” followed by digestion with XbaI and
HindIII and cloning to XbaI–HindIII sites of pcDNA3.1(
).
The resulting construct encodes a protein consisting of N-ter-
minal BM40 signal peptide and His6 tag, followed by sSiglec-14
(without native signal peptide). Expression constructs for
mutant sSiglec-14 proteins were prepared using this construct
as a template, appropriate primers designed using on-line soft-
ware (see Table S3 for sequences), and Q5 site-directed
mutagenesis kit (New England Biolabs). All plasmids were
sequence-verified.

Production of recombinant N-terminal His6-tagged sSiglec-14
protein

The constructs prepared as above were transfected into
Expi293F cells (ThermoFisher Scientific), as instructed by the
manufacturer. The culture supernatant was collected at the 5th
and 8th day post-transfection by centrifugation, and His6-
tagged sSiglec-14 protein was purified using nickel-nitrilotri-
acetic acid–agarose resin (Agarose Bead Technologies), in
accordance with the manufacturer’s instructions. The purified
proteins were analyzed for the presence of endotoxin using an
E-TOXATE Kit (Sigma) and were consistently found to contain
very low levels of endotoxin (	100 EU/mg protein).

NTHi culture

NTHi strain L-378 (BCRC 17029) was obtained from the
Bioresource Collection and Research Center (Hsin-Chu, Tai-
wan). NTHi was cultured in HTM broth at 37 °C and harvested
by centrifugation (2,000 � g for 15 min) when the culture
reached A600 � 0.3. The bacteria were washed once with PBS
and fixed in 1% formaldehyde/PBS, adjusted at 1 � 109 cells/ml,
and kept at 
20 °C until use.

Stimulation of THP-1 pro-inflammatory responses with NTHi
or Pam3CSK4

THP-1 cells were suspended in Macrophage-SFM (Thermo-
Fisher Scientific) at 1 � 106 cells/ml and preincubated for 1 h
with recombinant N-terminal His6-tagged sSiglec-14 (up to 20
�g/ml), with or without anti-human TLR2-blocking antibody
(maba2-htlr2, Invivogen, 2 �g/ml) or control antibody (maba2-
ctrl, Invivogen, 2 �g/ml), as indicated. NTHi (at multiplicity of
infection � 10) or Pam3CSK4 (tlrl-pms, Invivogen; at 300
ng/ml) was added to the cells, which were further incubated in
a CO2 incubator for 24 h. Culture supernatant was collected by
centrifugation (800 � g for 3 min), and the concentration of
IL-8 was determined using BD OptEIA Human IL-8 ELISA Set
(BD Biosciences) after appropriate dilution (100 –1,000 times)
with Assay Diluent (BD Biosciences).

Concentration of various chemokines and cytokines (includ-
ing CC chemokine ligand 2 (CCL2), CCL20, CXC chemokine
ligand 1 (CXCL1), CXCL2, IL-1�, IL-8, IL-10, IL-23, and tumor
necrosis factor-�) in the culture supernatant were also mea-

Figure 8. Soluble Siglec-14 blocks the cooperation between membrane-
bound Siglec-14 and TLR2. A, co-immunoprecipitation (IP) of membrane-
bound Siglec-14 and TLR2. B, effect of soluble Siglec-14 on IL-8 production by
Siglec-14/THP-1 stimulated with Pam3CSK4, a TLR1/2 agonist. Experiments
were repeated nine times (biological nonuplicates), and each value is plotted.
Error bars represent standard deviation. The dataset was analyzed by one-way
ANOVA to test the differences among groups, and post hoc pairwise mean
comparison was conducted using Bonferroni’s multiple comparisons test.
****, adjusted p 	 0.0001. C, effect of soluble Siglec-14 and anti-TLR2 blocking
antibody on IL-8 production by Siglec-14/THP-1 stimulated with Pam3CSK4.
Experiments were repeated nine times (biological nonuplicates), and each
value is plotted. Error bars represent standard deviation. The dataset was ana-
lyzed by two-way ANOVA to test the differences among groups, and post hoc
pairwise mean comparison was conducted using Bonferroni’s multiple com-
parisons test. ****, adjusted p 	 0.0001; ***, 0.01 	 Adjusted p 	 0.001.
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sured in parallel using custom-made Magnetic Luminex
Screening Assays (R&D Systems), in accordance with the pro-
tocol provided by the manufacturer. Quantification of these
soluble factors was performed by using a Bio-Plex MAGPIX
Multiplex Reader (Bio-Rad) and Luminex xPONENT4.2 for
MAGPIX software (Bio-Rad).

Preparation of THP-1 cells expressing N-terminally
FLAG-tagged Siglec-14 (FLAG-Siglec-14/THP-1)

Sequences of the primers used are listed in Table S3. The
cDNA encoding mSiglec-14 was amplified by PCR using
Siglec-14/pcDNA (17) as a template and “Hind3 hSig14-dSP
Fwd” and “Not1 hSig14 Rev” as primers, digested with HindIII
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and NotI, and subcloned to HindIII-NotI sites of p3�FLAG-
CMV9 (Sigma). This construct encodes a protein consisting of
preprotrypsin signal peptide (MSALLILALVGAAVA) and a
triple FLAG tag (DYKDHDGDYKDHDIDYKDDDK) followed
by mSiglec-14 without native signal peptide (amino acids
17–396). The cDNA of N-terminally FLAG-tagged mSiglec-14
was amplified using this construct as a template and primers
“Xho1 PPT Fwd” and “p3�FLAG Seq Rev” (annealing to the
downstream of ORF), digested with XhoI and NotI, and cloned
to XhoI-NotI sites of pMSCVpuro (Clontech/Takara). The
plasmid was designated FLAG-Siglec-14/pMSCVpuro. All
plasmids were sequence-verified.

Recombinant amphotropic retroviral particles were pre-
pared by transient transfection of PLAT-A packaging cell line
(49) with the FLAG-Siglec-14/pMSCVpuro transfer vector,
and the supernatant containing recombinant virus particles
was collected. THP-1 cells were infected with the recombinant
virus particles in the presence of RetroNectin (Takara) and cul-

tured with medium containing puromycin (1 �g/ml) for 7
days to select transduced cells. The cells were designated as
FLAG-Siglec-14/THP-1.

Proximity biotin labeling and identification of
Siglec-14-interacting proteins

Proximity biotin labeling and identification of proteins in-
teracting with mSiglec-14 were performed by applying the
method previously described (25). FLAG-Siglec-14/THP-1
cells (5 � 106 cells) were incubated with 5 �g of anti-FLAG
M2–peroxidase antibody (A8592, Sigma) on ice for 30 min and
washed twice with PBS. Cells were suspended in PBS contain-
ing biotin-tyramide (10 �M) and hydrogen peroxide (10 mM)
and incubated for 5 min at room temperature. Cells were
washed three times with PBS and lysed in 500 �l of cell lysis
buffer containing protease inhibitor (Roche Applied Science).
Biotinylated proteins were purified with 200 �l of Dynabeads
MyOne Streptavidin C1 paramagnetic beads (ThermoFisher
Scientific), eluted with 50 �l of SDS-PAGE sample buffer, and
subjected to brief SDS-PAGE. The gel area containing proteins
was excised, in-gel trypsin– digested, and subjected to LC-cou-
pled tandem MS for protein identification using a TLQ-Or-
bitrap Velos mass spectrometer (ThermoFisher Scientific), as
described previously (25).

Figure 9. Intron 5 of SIGLEC14 pre-mRNA contains an RNA G-quadruplex structure. A, alignment of primate SIGLEC14 intron 5 sequences. Stop codon is
marked with a blue box, and the conserved G-rich segment is marked with a red box. Abbreviations in the panel represent the following species: Callithrix
jacchus, common marmoset (C_jacchus); Chlorocebus sabaeus, green monkey (C_sabaeus); Homo sapiens, human (H_sapiens); Macaca fascicularis, crab-eating
macaque (M_fascicularis); Macaca mulatta, rhesus macaque (M_mulatta); Nomascus leucogenys, Northern white-cheeked gibbon (N_leucogenys); Papio anubis,
olive baboon (P_anubis); Pongo abelii, orangutan (P_abelii); Rhinopithecus roxellana, golden snub-nosed monkey (R_roxellana); Saimiri boliviensis, black-capped
squirrel monkey (S_boliviensis). B, far-UV CD spectra of the 27-nucleotide RNA corresponding to the conserved segment in intron 5 of SIGLEC14, in the presence
of various concentrations of KCl as indicated. C, thermal unfolding of the 27-nucleotide RNA monitored by far-UV CD spectroscopy. Full CD spectra are
color-ramped from blue to red corresponding to sample temperatures from 20 to 75 °C. Inset, CD signal at 265 nm as a function of temperature, which is fitted
to a two-state unfolding model with the melting temperature indicated. D, 1H NMR spectrum of the 27-nucleotide RNA in 100 mM KCl. The spectrum was
collected at 303 K using a 600 MHz NMR spectrometer. The imino proton region is expanded with signals corresponding to Watson-Crick (12–14 ppm) and
Hoogsteen (10 –12 ppm) pairings indicated above. The presence of multiple well-resolved imino proton resonances in the Hoogsteen pairing region are
indicative of the presence of a G-quadruplex structure.

Figure 10. G-rich segment in intron 5 of SIGLEC14 pre-mRNA suppresses
splicing of the intron. Differentials in the threshold cycle (�CT) between
spliced (membrane-bound) versus unspliced (soluble) SIGLEC14 mRNA iso-
forms in 293T cells transfected with Sig14�I5/pcDNA (mini-gene construct
with intron 5) or with Sig14�I5�27/pcDNA (mini-gene construct with intron
5 but lacking 27-nucleotide G-rich segment) were analyzed by quantitative
RT-PCR. Each data point represents a mean of two to three technical repli-
cates (i.e. two to three wells each of 293T cells were transfected with either
Sig14�I5/pcDNA or Sig14�I5�27/pcDNA in parallel;, �CT for mRNA isoforms
were analyzed by qRT-PCR for each well, and mean �CT was calculated for
each construct). The experiments were repeated seven times. The dataset
was analyzed by paired t test. **, p 	 0.01.

Figure 11. Soluble Siglec-14 lacks bactericidal activity against NTHi. A,
direct bactericidal activity assay in the presence or absence of soluble
Siglec-14 (6 biological replicates). B, complement-mediated bactericidal
activity assay in the presence or absence of soluble Siglec-14 (three biological
replicates). Experiments were performed as described under “Experimental
procedures.” No statistically significant difference (by Student’s t test) in bac-
terial counts between soluble Siglec-14 –supplemented and control groups
was observed.
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Acquired data were analyzed using MaxQuant version
1.6.0.1 (50), and the proteins that were identified only as post-
translationally modified forms, identified in the reversed data-
base, or considered possible contaminants were excluded from
the list. Subsequently, the proteins that fulfilled all the following
criteria were selected (Table S1): 1) proteins whose abundance
in the sample purified from labeled FLAG-Siglec-14/THP-1
was 10 times or more than from labeled EV/THP-1; 2) proteins
identified with three or more unique peptides; and 3) proteins
that are known or predicted to be membrane proteins. The MS
proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE (51) partner repository with the
dataset identifier PXD009748.

Co-immunoprecipitation of mSiglec-14 with TLR2

Siglec-14/THP-1 cells (8 � 106 cells) were washed twice with
10 ml of PBS and cross-linked with 3,3�-dithiobis(sulfosuccin-
imidyl propionate) (ThermoFisher Scientific) at room temper-
ature for 30 min. The reaction was quenched with 40 �l of 1 M

Tris-HCl buffer (pH 7.5) at room temperature for 15 min. The
cells were lysed in 1 ml of lysis buffer (150 mM NaCl, 1% Nonidet
P-40, and 50 mM Tris-HCl (pH 8.0)). Cell lysate (0.75 mg) was
subjected to immunoprecipitation with biotinylated anti-
Siglec-5/14 antibody (6 �g; clone 194128; R&D Systems) and
Dynabeads MyOne Streptavidin C1 beads (30 �l) at 4 °C over-
night. Beads were washed twice with 500 �l of PBS containing
0.1% Tween 20 (PBST) and boiled in 40 �l of 1� SDS-PAGE
Sample Buffer (Bio-Rad) supplemented with 100 mM DTT at
100 °C for 5 min. The supernatant after the removal of magnetic
beads was subjected to SDS-PAGE using the Laemmli buffer
system. Proteins were transferred to polyvinylfluoride mem-
brane (PolyScreen PVDF Hybridization Transfer Membrane;
PerkinElmer Life Sciences) by semi-dry blotting using Towbin
buffer (15 V, 60 min). The membrane was blocked with 3%
(w/v) BSA in 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, and 0.1%
Tween 20 (TBST), probed with goat anti-TLR2 polyclonal anti-
body (AF2616, R&D Systems) overnight at 4 °C, followed by
peroxidase-conjugated donkey anti-rabbit antibody (705-035-
147, Jackson ImmunoResearch) at room temperature for 1 h
and further with Western Lightning ECL Pro (PerkinElmer Life
Sciences). Protein bands were visualized with an ImageQuant
LAS4000 Mini Biomolecular Imager (GE Healthcare).

Far-UV CD spectroscopy of synthetic 27-nucleotide RNA

Synthetic 27-nucleotide RNA (5�-GGUUGGUGGGAGG-
GACUGAGGCCUGGU-3�) corresponding to the conserved
region in intron 5 of Siglec-14 was generated by solid-phase
synthesis (GenScript; purity � 93% by HPLC). The 27-nucleo-
tide RNA was dissolved at 10 �M in 10 mM Tris-HCl buffer (pH
7.4) and annealed by heating to 95 °C followed by overnight
cooling. Native CD spectra in the presence of 0, 50, 100, 150,
and 200 mM KCl were obtained at 20 °C using a temperature-
controlled CD spectrometer (model J-815, Jasco, Japan) as
described previously (52). The thermal stability of the RNA
tertiary structure was assessed by collecting CD spectra
between 20 and 75 °C. The sample was buffered in 10 mM Tris-
HCl buffer (pH 7.4) with 100 mM KCl.

NMR spectroscopy of synthetic 27-nucleotide RNA

The same synthetic 27-nucleotide RNA was dissolved at 137
�M in 10 mM Tris-HCl (pH 7.4) containing 100 mM KCl and
10% D2O. The one-dimensional 1H NMR spectra of the syn-
thetic 27-nucleotide RNA were collected at 293, 298, and 303 K
using an AVANCE III 600 NMR spectrometer (Bruker, Ger-
many) equipped with a TCI cryogenic probe head. Water sup-
pression was achieved using a WATERGATE pulse program as
described previously (52, 53).

Preparation of mini-gene constructs for SIGLEC14 containing
intron 5

Sequences of the primers used are listed in Table S3. A mini-
gene construct consisting of SIGLEC14 exons 1–5, intron 5,
and exons 6 –7 was prepared by nested PCR using first-strand
cDNA from U937 cells and nested primer sets (first PCR:
Siglec-14 Forward � Siglec-14 1st R; second PCR: HsSig14
XhoI Nhe1-F � HsSig14 ER5h-R). The PCR product was
digested with XhoI and EcoRV and cloned to XhoI–EcoRV sites
of pcDNA3.1(
). The construct was designated “Sig14�I5/
pcDNA.” Its variant that lacks G-rich 27-nucleotide was pre-
pared using Q5 site-directed mutagenesis kit with primers S14
d27nt F and S14 d27nt R, and designated “Sig14�I5�27/
pcDNA.” These constructs were transfected to 293T cells using
Lipofectamine 2000 (ThermoFisher Scientific) according to the
manufacturer’s instructions. Total RNA was extracted 48 h
post-transfection and subjected to isoform-specific RT-qPCR,
as described above.

Bactericidal assays

Direct bactericidal assay—Freshly cultured NTHi (1 � 106

cells) was mixed with 1 �M (�38 �g/ml) recombinant
sSiglec-14 in 200 �l of HTM broth and incubated at 37 °C for
2 h. The mixture was serially diluted with HTM broth, spread
onto Chocolate agar plates, and incubated overnight at 37 °C.
Colonies were counted manually.

Complement-mediated bactericidal assay—Freshly cultured
NTHi (200 cells) in 180 �l of Hanks’ balanced salt solution
(Ca2� and Mg2�) was mixed with 20 �l of baby rabbit comple-
ment (Pel-Freez Biologicals). Recombinant sSiglec-14 protein
(10 �g/ml) was introduced into the mixture and incubated at
37 °C for 30 min. The mixture was spread onto Chocolate agar
plates and incubated overnight at 37 °C. Colonies were counted
manually.

In vitro macrophage differentiation and transcriptome
analysis

Human monocytes (5 � 106 cells, purchased from Zen-Bio)
were differentiated in the presence of human macrophage col-
ony stimulatory factor (100 ng/ml, R&D Systems) in RPMI 1640
medium containing 10% FBS and pen/strep for 7 days. Recom-
binant sSiglec-14 (1 �g/ml) was introduced at day 7, and the
cells were further cultured for 24 h. Total RNA was extracted
with RNeasy Plus mini kit (Qiagen), and subjected to gene
expression analysis.

Affymetrix GeneChip assays were performed by the
Affymetrix Gene Expression Service Lab supported by Aca-
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demia Sinica. Total RNA (300 ng) was used for the serial syn-
theses of double-stranded cDNA and biotin-labeled antisense
complementary RNA (cRNA) by in vitro transcription, fol-
lowed by cRNA fragmentation, in accordance with the manufa-
cturer’s instructions (GeneChip Expression Analysis Technical
Manual revision 5, Affymetrix). Labeled and fragmented cRNA
(11 �g) was hybridized to GeneChip Human Genome U133
Plus 2.0 (Affymetrix) at 45 °C for 16.5 h. The chip was washed
and stained with Fluidic Station-450 and was scanned with
Affymetrix GeneChip Scanner 7G.
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