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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), BindingofNeu5Ac� 2–6-Lactose-polyacrylamide (C) orNeu5Ac� 2–3-
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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