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Certain pathogenic bacteria are known to modulate the innate
immune response by decorating themselves with sialic acids, which
can engage the myelomonocytic lineage inhibitory receptor Siglec-9,
thereby evading immunosurveillance. We hypothesized that the
well-known up-regulation of sialoglycoconjugates by tumors might
similarly modulate interactions with innate immune cells. Supporting
this hypothesis, Siglec-9–expressing myelomonocytic cells found in
human tumor samples were accompanied by a strong up-regulation
of Siglec-9 ligands. Blockade of Siglec-9 enhanced neutrophil activity
against tumor cells in vitro. To investigate the function of inhibitory
myelomonocytic Siglecs in vivo we studied mouse Siglec-E, the mu-
rine functional equivalent of Siglec-9. Siglec-E–deficient mice showed
increased in vivo killing of tumor cells, and this effect was reversed
by transgenic Siglec-9 expression in myelomonocytic cells. Siglec-E–
deficient mice also showed enhanced immunosurveillance of autol-
ogous tumors. However, once tumors were established, they grew
faster in Siglec-E–deficient mice. In keeping with this, Siglec-E–defi-
cient macrophages showed a propensity toward a tumor-promoting
M2 polarization, indicating a secondary role of CD33-related Siglecs
in limiting cancer-promoting inflammation and tumor growth. Thus,
we define a previously unidentified impact of inhibitory myelomo-
nocytic Siglecs in cancer biology, with distinct roles that reflect the
dual function of myelomonocytic cells in cancer progression. In keep-
ing with this, a human polymorphism that reduced Siglec-9 binding
to carcinomas was associated with improved early survival in non–
small-cell lung cancer patients, which suggests that Siglec-9 might
be therapeutically targeted within the right time frame and stage
of disease.
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Bacterial pathogens use several means to evade the innate im-
mune system, including secretion of toxins that kill leukocytes

(1) or up-regulation of host self-associated molecular patterns, such
as sialic acids (Sias) (2). Sias on bacteria engage receptors like
myelomonocytic Siglec-9, resulting in inhibition of antibacterial
responses in vitro and in vivo (3–5). Siglecs are Sia-binding Ig-like
proteins prominently expressed on leukocytes (6–9). They are di-
vided into two groups based on homology and conservation (6).
Siglecs-1, -2, -4, and -15 have mammalian orthologs, whereas the
CD33-related Siglecs (CD33rSiglecs) undergo rapid evolution due
to selection pressure by pathogens (6, 9). Thus, there are some-
times no clear orthologs of CD33rSiglecs, but there are functionally
equivalent homologs. For example, human Siglec-9 and mouse
Siglec-E are found on cells of the myelomonocytic lineage and
have similar functional properties. However, Siglec-9 expression in
humans is broader and also found on NK cells and certain subtypes
of T cells (6). As mentioned before, most such CD33rSiglecs
transmit inhibitory signals into immune cells, thus functioning as

receptors for self-associated glycans that help to keep resting im-
mune cells in a quiescent state (2).
Elimination of early tumor cells by the immune system, including

NK cells, lymphocytes, and myelomonocytic cells, is mediated by
a process called cancer immunosurveillance (10). During malignant
progression, tumor cells can escape immunosurveillance (10). Im-
portantly, in tumors that have escaped, immune cells can instead
facilitate cancer progression via chronic inflammation (11–13).
Myelomonocytic cells, including neutrophils and monocytes/mac-
rophages, can be either antitumor or protumor mediators,
depending on the phase of cancer progression and microenviron-
ment. Whereas polarization to M1 macrophages enhances tumor
cell clearance, polarization to an M2 phenotype supports cancer
progression (12, 14). Similarly, neutrophils can have either tumor-
arresting or tumor-promoting functions (15–19).
One classic hallmark of malignant transformation is the up-

regulation of sialylation (20–22). The resulting hypersialylated
tumor cells can signal within the tumor microenvironment via
interaction with Sia-binding lectins, such as selectins, expressed
on leukocytes, platelets, and endothelial cells during cancer
progression (23).Moreover, tumors formed in immune-deficient
mice tend to have lower sialylation compared with those from
WT mice, suggesting that immunoediting selects for increased
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tumor sialylation (24). Hypersialylation of tumor cells can also
inhibit complement activation via factor H recruitment (25–27).
However, the effect on myelomonocytic innate immune cells has
not been fully studied.Whereas interactions ofCD33rSiglecs and
up-regulation of tumor-associated Siglec ligands were very re-
cently analyzed in NK cell-mediated killing (28, 29), the role of
Siglec-9 on myelomonocytic cells has not yet been tested in vivo
or in cancer patients.
We hypothesized that hypersialylated tumor cells inhibit the

innate immune system by engaging the predominant Siglec on
myelomonocytic cells, Siglec-9, similar to what was recently shown
for pathogenic bacteria, such as group B Streptococci, in vitro (4)
and in a mouse model in vivo by taking advantage of Siglec-E–
deficient mice (5). We therefore analyzed the role of myelomo-
nocytic Siglecs during cancer progression in different mouse and in
vitro models. Our results support a paradigm whereby tumor cell
ligands for Siglec-9 exert dualistic effects on innate immune cells of
the myelomonocytic lineage, depending on the phase of cancer
progression and the corresponding microenvironment.

Results
Ligands for Inhibitory Myelomonocytic Siglec-9 are Up-Regulated
in Human Carcinomas. We hypothesized that the known increase
in tumor-cell-surface–sialylated glycans can act as ligands for in-
hibitory Siglecs on myelomonocytic cells. To probe for such
ligands, we analyzed the binding of a recombinant soluble Fc
chimeric protein of Siglec-9 (Siglec-9–Fc) to human carcinoma
cell lines. To determine if binding was specifically dependent on
Sias, we used an R120K mutant of Siglec-9–Fc that is specifically

devoid of the ability to bind Sia-containing ligands (30) or in situ
ligand modification via periodate oxidation of the diol at position
C8-C9 of the Sia side chain (31). Using these approaches, we
observed strong Sia-dependent binding of Siglec-9–Fc to carci-
noma cell lines tested (Fig. 1A and SI Appendix, Fig. S1A). We
also tested for ligands of Siglec-5 and Siglec-7. Siglec-7–Fc also
bound in a Sia-dependent manner to some carcinoma cell lines
(SI Appendix, Fig. S1B).
We further analyzed the binding of Siglec-9–Fc as well as the

infiltration of Siglec-9–positive immune cells in histological sec-
tions of human cancer samples. Similar positive results were
obtained in colorectal, breast, ovarian, prostate, and non–small-cell
lung cancers (Fig. 1B and SI Appendix, Fig. S1 C–G). There was
also a strong expression of Siglec-9 ligands detected by Siglec-9–Fc
staining in the tumor stroma. In comparison, normal tissue from
the ovary or colon did not show an accumulation of stromal ligands
(SI Appendix, Fig. S1 H and I). Most of the tumor-infiltrating
myelomonocytic cells in primary tumors from patients with co-
lorectal cancer were Siglec-9–positive (SI Appendix, Fig. S1J).

Ligands for Siglec-9 on Tumor Cells Inhibit Neutrophil Activation.
To analyze Siglec–tumor interactions, we incubated human neu-
trophils with Siglec-9-ligand–positive carcinoma cells and analyzed
the distribution of Siglec-9 on the neutrophil surface. Siglec-9 was
found to be circumferentially present but accumulated at contact
points with the carcinoma cells, suggesting Siglec-9 interactions
with ligands (Fig. 2A and SI Appendix, Fig. S2A), whereas other
glycosylated neutrophil proteins, including CD45, did not cluster
(SI Appendix, Fig. S2B). We further found enhanced recruitment of
Src homology region 2 domain containing phosphatase-1 (SHP1)
to Siglec-9 only in the presence of LS180 or A549 tumor cells,
indicating phosphorylation of the intracellular domain of Siglec-9
and a transmission of intracellular inhibitory signals (Fig. 2B).
Neutrophil activation was analyzed by measurement of extracel-
lular reactive oxygen species (ROS), when neutrophils were in
contact with tumor cells. We found lower levels of ROS being
produced within the tumor–neutrophil coculture compared with
neutrophils alone, which were presumably slightly activated due to
the isolation process (SI Appendix, Fig. S2C). Moreover, blocking
neutrophil Siglec-9 with an antibody specific for the Sia-binding
domain (clone 191240) gave enhanced neutrophil activation com-
pared with an antibody that binds outside of the sialic acid-binding
area (clone E10-286, SI Appendix, Fig. S2C). Finally, we observed
increased tumor cell killing and apoptosis (increased cleaved cas-
pase 3 levels) in tumor cells coincubated with neutrophils with

Fig. 1. Ligands for Siglec-9 are up-regulated in human carcinomas. (A)
LS180 (colorectal cancer, CRC) and A549 (NSCLC) cell lines were probed for
Siglec-9 ligands using hSiglec-9–Fc chimera (red line) against control (R120K,
blue line) or second reagent alone (solid gray). Histograms are shown. (B)
Expression of Siglec-9 ligands and Siglec-9 receptor in human carcinomas,
CRC, prostate, breast, and NSCLC cancer using Siglec-9–Fc chimera or anti–
Siglec-9 antibody, respectively. R120K–Siglec-9–Fc chimera and mouse IgG
isotype were negative controls. (Magnification, 200×.)

Fig. 2. Binding of tumor cell surface ligands to Siglec-9 inhibits neutrophil
activation. (A) Staining of Siglec-9 on polymorphonuclear leukocytes [neu-
trophils, polymorphonuclear cells (PMN)] before or after coincubation with
LS180 tumor cells [carboxyfluorescein succinimidyl ester (CSFE), green]. (Scale
bar, 20 μm.) (B) Immunoprecipitation of Siglec-9 and immunostaining for
SHP1 from coincubation of neutrophils with LS180 or A549 cells. The heavy
chain of the anti–Siglec-9 antibody was used as a loading control. (C) CFSE-
labeled LS180 after 4 and 6 h coculture with neutrophils at different effector
to target (E:T) ratios. Survival was measured by counting fluorescent tumor
cells and normalized to the number of tumor cells not coincubated with
neutrophils (n = 3). **P < 0.01.
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blocked Siglec-9, in comparison with control IgG or nonblocking
antibody (Fig. 2C and SI Appendix, Fig. S2D). These findings
demonstrate that neutrophil activation can be inhibited by in-
teraction of sialylated tumor-associated ligands with Siglec-9 and
that blocking of engagement of Siglec-9 by Sia-dependent ligands
restores neutrophil activation against tumor cells.

Engagement of Murine Siglec-E Inhibits Tumoricidal Neutrophil
Activity in Vivo. We next asked if the presence of Siglec ligands
on tumor cells and within the microenvironment could in-
fluence neutrophil-mediated tumor cell killing in vivo. The
main CD33rSiglec on myelomonocytic cells and the functionally
equivalent homolog of Siglec-9 in mice is Siglec-E (although com-
pared with human Siglec-9 there is no Siglec-E expression on NK
cells or T cells in mice) (32). To study the function of inhibitory
Siglec-E, we used Siglec-E null (SigE−/−) mice, together with
syngeneic murine tumor cell lines MC38 and LLC, which both
bind to chimeric Siglec-E–Fc (SI Appendix, Fig. S3 A and B).
Although the impact of neutrophils on circulating tumor cells is

debated (16, 17), recent evidence suggests that neutrophils can play
a role in restricting lung colonization (18). Thus, we reasoned that i.v.
injected MC38-GFP cells could be analyzed for their immediate in-
teraction with neutrophils in the pulmonary vasculature. Compared
with WT controls, SigE−/− mice had a markedly lower incidence of
lung nodules and GFP-positive MC38 tumor cells 21 d after i.v. in-
jection, suggesting a reduced survival of i.v. injected MC38 cells in
SigE−/−mice (Fig. 3 A and B and SI Appendix, Fig. S3C). This obser-
vationwas repeatedwith syngeneicLLCcarcinomacells (Fig. 3C).We
then analyzed the number of GFP-positive foci over time. A decrease
in the number ofGFP-positive tumor cell foci was observed in SigE−/−

mice as early as 3 h after i.v. injection, suggesting an early enhanced
immunosurveillance by SigE−/− cells (Fig. 3D). We further observed
a strong physical association of Siglec-E–positive neutrophils with
MC38-GFP cells 3 h after i.v. injection (Fig. 3E and SI Appendix Fig.
S3 D and E). No difference in recruitment of NK cells or T cells was
observed betweenSigE−/−mice andWTcontrols (SIAppendix, Fig. S3
F–I). Depletion of neutrophils before administration of MC38-GFP
cells led to a significant increase in GFP-positive foci 6 h after i.v. in-
jection of MC38-GFP cells in SigE−/−mice (Fig. 3F) and to a signifi-
cant increase in thenumberof tumornodules at 21d (SIAppendix,Fig.
S3J). In contrast, depletion of monocytes/macrophages by clodronate
liposomes had no effect on the number of GFP-positive foci 6 h after
i.v. injection of MC38-GFP cells (SI Appendix, Fig. S3K).
To further analyze the interaction of tumor cells and SigE−/−

neutrophils, we performed coculture of SigE−/− or WT bone-
marrow–derived neutrophils with MC38 and LLC cells and found
decreased survival of tumor cells in the presence of SigE−/−

neutrophils (Fig. 3 G and H and SI Appendix, Fig. S3L). Pre-
activation of neutrophils with phorbol 12-myristate 13-acetate
(PMA) led to a higher production of ROS in SigE−/− neutrophils
(Fig. 3I). We also found an increased expression of apoptosis
inducing TNF-related apoptosis inducing ligand (TRAIL) and
FasL on the surface of SigE−/− neutrophils after coculture with
MC38 cells (SI Appendix, Fig. S3 M and N), indicating that the
observed apoptosis was rather induced through cell–cell signal-
ing via TRAIL and FasL, and not ROS.

Absence of Myelomonocytic Siglecs Enhances Cancer Immunosurveillance
in a Carcinogen-Induced Tumor Model. We next wanted to test if this
Siglec-ligand interaction could influence tumor immunosurveillance
in an autologous tumor model using s.c. injection of the carcinogen
3-methylcholanthrene (MCA). The resulting sarcomas indeed
appeared later in SigE−/− mice compared with WT littermate con-
trol mice (Fig. 4A). A reduced dose of MCA also showed a delayed
tumor development in SigE−/− mice, although the difference was
not as strong (SI Appendix, Fig. S4A). Surprisingly, although the
tumors developed later in SigE−/− mice, once they appeared they
started to grow faster, and average tumors after 18 wk were larger

in the SigE−/− mice compared with WT controls (Fig. 4B). We
analyzed the infiltration of neutrophils and macrophages and
macrophage polarization in the s.c. MCA tumors by flow cytometry,
finding a significant increase of polarization toward M2 in SigE−/−

mice (SI Appendix, Fig. S4B). Although Siglec-E–Fc chimeras
strongly bound to MCA sarcoma cells, there was no difference
between genotypes (SI Appendix, Fig. S4C), suggesting that en-
gagement of Siglec-E is not the only factor that selects for hyper-
sialylation in this model.

Siglec Engagement Inhibits M2 Polarization and Tumor Growth. The
enhanced growth of established MCA tumors in SigE−/− mice
prompted us to further investigate the role of Siglec-E on tumor
growth and on tumor-infiltrating macrophages. We studied s.c.
administered syngeneic MC38, LLC, and B16F1 cells and found
that tumors grew faster in SigE−/− than in WT mice (Fig. 4C and
SI Appendix, Fig. S4 D and E). There was an up-regulation of
infiltration of Siglec-E–positive cells in tumors over time in WT
mice, indicating an important role of inflammation-supported
tumor growth by Siglec-E–positive cells (SI Appendix, Fig. S4F).
Overall there was no significant difference in leukocyte in-
filtration (cells positive for panleukocyte marker CD45) into the
tumors from either genotype (SI Appendix, Fig. S4G). Most
of the Siglec-E–positive cells in s.c. MC38 tumors in WT mice
were macrophages (SI Appendix, Fig. S4H). Analysis of sub-
populations of tumor-infiltrating leukocytes showed an increased
infiltration of tumor growth-promoting CD11b+ (Mac-1, marker
for myelomonocytic cells), F4/80+ (marker for mouse macro-
phages), and CD206+ (macrophage mannose receptor, marker

Fig. 3. Deficiency of Siglec-E enhances neutrophil activation and tumor cell
killing in vivo. (A) Macroscopic lung nodules in the left lobe of SigE−/− and
WT mice i.v. injected with MC38-GFP cells after 21 d (n = 9–10). (B) H&E of
lung sections from SigE−/− and WT. (200×) (C) Number of lung nodules in
SigE−/− or WT 21 d after i.v. injection of LLC cells (n = 7–8). (D) Survival of
MC38-GFP cells in lungs of SigE−/− and WT from GFP-positive foci per view
field (400×) (n = 3 mice per time point). Analyzed by two-way ANOVA, post
hoc Bonferroni correction for overall effect, and Fisher’s least significant
difference test for single time points. (E) Immunofluorescence image of
MC38-GFP cells 3 h after i.v. injection in lungs of WT mice. (Scale bar, 20 μm.)
(F) Depletion of neutrophils in SigE−/− and WT mice with anti-Ly6G antibody
(1A8). GFP-positive foci in lungs counted 6 h postinjection (control, IgG 2A3;
n = 4–5). (G) Survival of MC38-GFP by counting fluorescent cells after co-
culture with bone-marrow–derived neutrophils (BMDN) fromWT and SigE−/−

mice (n = 3). (H) Measurement of cleaved caspase 3 after coincubation with
BMDNs from WT and SigE−/− mice (n = 3). (I) Extracellular ROS by BMDNs
from SigE−/− or WT mice and cocultured with MC38 cells in the presence of
PMA (1 μg/mL, n = 3). *P < 0.05, **P < 0.01, and ***P < 0.001.
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for M2 polarization) macrophages in SigE−/− mice (Fig. 4D).
Depletion of macrophages by clodronate liposomes at phases
when the difference between the two genotypes usually appeared
reduced the enhanced tumor growth in SigE−/− mice (Fig. 4E),
whereas in accordance with low numbers of infiltrating neu-
trophils into s.c. MC38 tumors (SI Appendix, Fig. S4I), depletion
of neutrophils with the neutrophil-specific anti-Ly6G antibody
1A8 had no effect (SI Appendix, Fig. S4J). In keeping with the
proangiogenic function of M2 macrophages, increased angio-
genesis was also found in s.c. tumors of SigE−/− mice (Fig. 4F).
To further analyze the function of Siglec-E on macrophage polar-

ization, we studied resident peritoneal macrophages, which express
not high, but detectable levels of Siglec-E (SI Appendix, Fig. S5A).
Bone-marrow–derived macrophages were not used, because they ex-
press minimal amounts of Siglec-E (SI Appendix, Fig. S5A, 32).When
cocultured with MC38 tumor cells for 2 d, peritoneal macrophages
from Siglec-E–deficient mice showed more CD206 and less CCR2
(marker forM1 polarization) expression thanmacrophages fromWT
control mice (SI Appendix, Fig. S5 B and C), suggesting a skewing of
tumor-associated SigE−/−macrophages to an M2 phenotype. Macro-
phages not coincubated with tumor cells showed similar amounts of
M1andM2markers (SIAppendix, Fig. S5B andC). To investigate the
impact of Siglec-9 tumor cell interactions on human macrophage
polarization, we differentiated monocytes from human peripheral
blood into macrophages. As published previously (6–8), we
found multiple inhibitory CD33rSiglecs on such macrophages
(SI Appendix, Fig. S6A). Functional blocking of macrophage
Siglec-9 with an antibody that blocks Sia recognition increased the
number of CD11b+ CD206+ positive macrophages (M2) in tumor
cocultures. However, the addition of the antibody alone did not
change the expression level of CD206 (SI Appendix, Fig. S6 B and
C). This finding shows that sialylated ligands on tumor cells mediate
the effect observed. Further studies are more difficult, due to the
redundancy of inhibitory Siglecs on human monocytes and
macrophages.

Transgenic Expression of Siglec-9 on Myelomonocytic Cells Reverses
Effects of Siglec-E Deficiency. To further examine the function of
inhibitory Siglecs on myelomonocytic cells, we transgenically
expressed human Siglec-9 under the LysM promoter, which
expresses Siglec-9 exclusively in myelomonocytic cells (33), and
bred these mice into the SigE−/− background (SI Appendix, Fig.

S7A). Siglec-9 was expressed in up to 95% of myelomonocytic
cells in peripheral blood as determined by flow cytometry
(SI Appendix, Fig. S7B). Siglec-9–Fc protein also bound to MC38
cells in a Sia-dependent manner (Fig. 5A). Transgenic mice that
express human Siglec-9 instead of Siglec-E showed a strong in-
crease in the ability to form lung nodules, comparable to that
seen in WT mice (Fig. 5 B and C). The replacement of Siglec-E
by expression of Siglec-9 in LysM+myelomonocytic cells also led to
reversal of s.c. MC38 tumor growth to the slow-growing WT level,
thus confirming that inhibitory Siglecs in myelomonocytic cells can
decrease tumor growth in the s.c. model (Fig. 5D). Myelomonocytic
cells (CD11b+) that infiltrated tumors in Siglec-9 transgenic mice
were Siglec-9–positive (SI Appendix, Fig. S7C). We also observed
a reduction in M2-polarized macrophages (F4/80+ CD206+) from
mice with transgenic expression of Siglec-9 in LysM-positive cells
compared with SigE−/− mice (SI Appendix, Fig. S7 D and E). Al-
though we found more macrophages infiltrating the s.c. MC38
tumors in SigE−/− (F4/80+ of CD45+), no significant differences of
the percentage of leukocytes (CD45+) and neutrophils (Ly6G+)
were seen between genotypes (SI Appendix, Fig. S7 F–H).

Naturally Occurring Siglec-9 Polymorphism Influences Early Survival
of Patients with Non–Small-Cell Lung Cancer. Because we found
a significant role of myelomonocytic Siglecs in cancer initiation
and progression, we wondered if there is a functional importance
in cancer patients. Human Siglec-9 has a known K131Q (A391C)
polymorphism (rs16988910) that reduces binding to Sia-con-
taining ligands (34). We used this chimeric Fc protein to ask
whether this polymorphism reduced binding to carcinoma cell
lines. Some cell lines showed a complete abrogation to the point
seen with the synthetic R120K mutant, and others showed a re-
duced binding (Fig. 6 A and B and SI Appendix, Fig. S8). Binding
of α2–6-sialyl-lactose-polyacrylamide or α2–3-sialyl-N-acetyl-
lactosamine-polyacrylamide to K131Q–Siglec-9–Fc was clearly
reduced compared with Siglec-9–Fc (Fig. 6 C and D). Ac-
cordingly, analysis on a sialoglycan microarray showed a re-
duced binding of K131Q–Siglec-9–Fc protein to all Siglec-9
target structures (SI Appendix, Figs. S9 and S10).

Fig. 4. M2-polarized macrophages support tumor growth in Siglec-E–
deficient mice. (A) Appearance of tumors in SigE−/− and WT mice after s.c.
injection of 100 μg MCA (n = 10). Analyzed by Logrank test. (B) Mass of
developed tumors at 18 wk after injection of 100 μg MCA (n = 5–6). *P <
0.05. (C) Growth curve of s.c. injected MC38 cells (n = 6–8) into littermate WT
or SigE−/− mice. (D) Flow cytometry, CD11b+ F4/80+ CD206+ M2-polarized
macrophages in s.c. MC38 tumors at day 18. (E) Growth curve of s.c. MC38
tumors in WT or SigE−/− mice treated with clodoronate liposomes versus
control liposomes 8 d later (n = 8–9). (F) MC38 tumors from SigE−/− and
WT mice stained for CD31. Analyzed using ImageJ software, n = 5. *P < 0.05,
**P < 0.01, and ***P < 0.001.

Fig. 5. Expression of human Siglec-9 in myelomonocytic cells reverses the
phenotype of Siglec-E–deficient mice. (A) Flow cytometry, Siglec-9–Fc chimera
binding to MC38 cells (red). IO4

−was used as a control (blue, secondary reagent:
gray). (B) Tumor nodules in the left lobe 21 d after i.v. injection of MC38 cells
into SigE−/−, WT, and SigE−/−HS9 mice (n = 6–9; HS9, expression of human
Siglec-9 under in cells expressing LysM-Cre). (C) H&E images (200×) of tumors
from SigE−/− and SigE−/−HS9 mice. (D) Growth curves of s.c. MC38 tumors in
SigE−/−, SigE−/−HS9, and WT mice (n = 7–8) *P < 0.05, ***P < 0.001.
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To investigate the role of this polymorphism in patients we
analyzed patients with non–small-cell lung cancer (NSCLC). We
studied both cancer risk and survival in a group of NSCLC
patients and controls with African ancestry, because the allele is
only present in this population (for baseline characteristics of
studied subjects, see SI Appendix, Tables S1 and S2). Although
risk of NSCLC was not significantly associated with rs16988910
genotype variation after adjustment for covariates, early survival
(<2 y) was significantly improved in minor allele carriers (A/C or
C/C) compared with A/A cases, adjusting for age, sex, cigarette
pack years, and stage at diagnosis [hazard ratio, HR(95% con-
fidence interval, CI) = 0.66(0.44, 0.97), P = 0.035; Table 1]. After
2 y the difference was lost, and overall survival was not signifi-
cantly different among rs16988910 genotypes (Table 1). We also
noted that patients with the A391C (K131Q) polymorphism had
a significantly increased risk of emphysema compared with
patients with the major allele only after adjusting for covariates
[odds ratio, OR(95% CI) = 1.49(1.05, 2.11), P value = 0.027;
SI Appendix, Table S3], presumably due to a loss of inhibition of
neutrophil cells in lung tissue and increased production or re-
lease of proteases. Overall, our data indicate that diminished
recognition of sialoglycan ligands by Siglec-9 in humans is as-
sociated with better initial control of tumor growth, an effect that
is lost once the tumor progresses.

Discussion
Immune cells can either inhibit or support cancer, depending on
the microenvironment and phase of disease progression (10, 13).
The impact of innate immune cells also depends on the mouse
model used. Here we describe a previously unidentified dualistic
function of inhibitory CD33rSiglecs on myelomonocytic cells in
modulating cancer progression, depending on the microenvi-
ronment and model used (Fig. 6E). Similar to certain pathogenic
bacteria that subvert innate immunity by engaging inhibitory
CD33rSiglecs (3–5), we show that the sialic acid-dependent
binding of tumor-associated ligands to Siglec-9 and -E can inhibit
neutrophils and increase lung colonization in an experimental
metastasis assay. As previously mentioned, prior work has shown
that neutrophils can either exert protumor or antitumor activity
(35). Although antitumor neutrophils were previously implicated

in limiting cancer progression, including dissemination to the
lung (15, 18), other studies also suggested a supporting role in
organ colonization (16, 17, 19). Thus, the function of neutrophils
during experimental organ colonization and cancer progression
may depend on the exact context and microenvironment as well
as the model used. Nevertheless, our data show that inhibitory
Siglecs expressed on such cells can modulate the final outcome.
In contrast to the facilitating effects of Siglec-E/-9 on lung

colonization in the i.v. model and on the appearance of s.c. MCA
tumors, inhibitory Siglecs are shown to be involved in restricting
the polarization of macrophages toward a tumor-promoting
M2 phenotype during s.c. tumor growth. This suggests that Sia-
dependent ligands can inhibit tumor-associated inflammation,
which would support tumor growth (Fig. 6E). Tumor-promoting
macrophages can support cancer progression by suppressing
antitumor immune responses and inducing angiogenesis (36–38).
We show here in a model of s.c. tumor growth that Siglec-E
deficiency leads to increased presence of M2 macrophages,
which in turn enhanced the growth of tumors. Depletion of
macrophages reversed the effect seen in SigE−/− mice (Fig. 4).
One possible explanation for the expansion of M2 macrophages
in our s.c. tumor models is that ligands of Siglec-E could directly
inhibit the formation of tumor-promoting M2 macrophages and
reprogram them toward an antitumor phenotype. In support
of this hypothesis, in vitro coculture experiments show an up-
regulation of M2 markers when Siglecs were absent or blocked
by antibodies. However, the increased number of macrophages
found in s.c. tumors of SigE−/− mice also suggests that recruitment
or local proliferation could also be involved in vivo.
The dualistic effect of myelomonocytic Siglecs on cancer

progression might be a matter of kinetics: neutrophils are re-
cruited first and disappear over time, whereas macrophages in-
filtrate and accumulate later. Early analysis of s.c. tumors after
injection of tumor cells is difficult, but in the i.v. model, the
tumor must escape neutrophils in the blood. Thus, to survive
neutrophil-mediated destruction (in metastasis or during early
tumorigenesis in the MCA model), tumors are selected to up-
regulate Siglec-E ligands. At later time points, Siglec-E ligands
could induce M1 macrophages, but possibly because the tumor is
already at a large size, this does not lead to rejection. Moreover,
there is precedence for Siglecs to have different activities in
different cell types. For example, Siglec-8 induces apoptosis in
eosinophils but modifies Fc receptor signaling without inducing
apoptosis in mast cells (39). Siglec-7 can promote expression of
inflammatory cytokines in monocytes but not in NK or T cells
(40). Our findings with Siglec-9 could be related to complex
evolutionary pressures on this molecule (9).
Other recent analysis of Siglec-9 in cancer focused on activation

of tumor cells via Siglec-9 ligands, such as mucin 1 (41, 42). Pre-
vious analysis also identified Siglec-7 and -9 ligands present in
colorectal cancer and also found a role for those Siglecs in the
generation of tumor-associated macrophages (43). Moreover,
inhibitory Siglecs, including Siglec-7 and, in a minor fraction,
Siglec-9, are expressed on NK cells (6, 44). In this regard, in
a recent study, Hudak et al. (29) introduced synthetic sialogly-
coconjugates into the surface of cell lines, and the resulting in-
creased sialylation lead to an inhibition of NK cell activation
against these cell lines in vitro. Another recent paper (28) shows
that interactions between Siglec-7/9 receptors and native tumor

Fig. 6. Siglec-9 polymorphism reduces binding to tumor-associated ligands. (A)
Flowcytometry,meanfluorescence intensity (MFI)ofSiglec-9–FcchimeraorK131Q–
Siglec–Fc chimera binding to LS180 and (B) A549 cell lines (n = 6). *P < 0.05, **P ;<
0.01. (CandD), BindingofNeu5Acα2–6-Lactose-polyacrylamide (C) orNeu5Acα2–3-
N-actyl-lactosamine-polyacrylamide (D) to different Siglec-9–Fc chimeras. (E) Sum-
maryoffindings. Inhibitionof immunosurveillancebymyelomonocyticcells (Left)or
inhibition of M2 polarization (Right) via CD33r inhibitory Siglecs.

Table 1. Mortality risk associated with rs16988910 in NSCLC patients, dichotomized by
follow-up time

Follow-up interval HR (95% CI) P value Test of proportional hazards (P value)

< 2 y 0.66 (0.44, 0.97) 0.035 0.209
≥ 2 y 0.97 (0.64, 1.46) 0.888 0.286

Adjusted for age, sex, cigarette pack years, and stage.
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cell ligands can influence NK cell-dependent tumor immuno-
surveillance. This study nicely complements our current work
and emphasizes that NK cell–Siglec interactions might play
a role in the human situation (mice do not have a major ex-
pression of Siglecs on NK cells). Moreover, Siglec-9 is also
expressed on a subgroup of CD8 T cells (45), although at a low
level (46).
We present here for the first time to our knowledge combined

in vitro and in vivo data that myelomonocytic CD33rSiglecs are
involved in modulating cancer progression in a dualistic fashion.
An association with survival of NSCLC patients corroborates
these findings and suggests that blocking Siglec-9 at the right time
points during treatment could be a potential therapeutic approach.

Methods
Murine Models. SigE−/− mice were described previously (32) and provided by
Paul Crocker, College of Life Sciences, University of Dundee, Dundee, United
Kingdom. The cDNA of human Siglec-9 were cloned into a vector that
expresses a loxP-flanked GFP under the minimal chicken beta-actin (CAG)
promoter with a subsequent stop codon upstream and electroporated into
S129/Sv embryonic stem cells. Mice were backcrossed into a SigE−/− C57BL/6
background for >10 generations and crossed with SigE−/− LysM-Cre–
expressing mice. Upon expression of Cre recombinase under the promoter of

LysM in myelomoncytic cells the GFP and the stop codon were removed, and
human Siglec-9 was expressed. All animal experiments were performed in
accordance with the Institutional Animal Care and Use Committee of
University of California, San Diego.

Analysis of A391C Polymorphism in Patients with NSCLC. Data for phenotype–
genotype analyses came from multiple case-control studies evaluating risk of
lung cancer associated with genetic variability among individuals in Detroit
(47). Population-based lung cancer cases were identified through the Met-
ropolitan Detroit Cancer Surveillance System, a participant in National
Cancer Institute’s Surveillance, Epidemiology and End Results (SEER) pro-
gram. DNA was acquired at the Karmanos Cancer Institute at Wayne State
University, Detroit in accordance with institutional review board approval.
Genomic DNA from patients with NSCLC (n = 332) and age-, race-, and sex-
matched controls (n = 367) were genotyped for the A391C (rs16988910)
polymorphism of Siglec-9 at the Applied Genomics Technology Center at the
Karmanos Cancer Institute.
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