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Given the role of myeloid cells in T cell activation and in the antitumor
response, targeting checkpoint molecules expressed on this popula-
tion represents a promising strategy to augment antitumor immunity.
However, myeloid checkpoints that can be effectively used as immu-
notherapy targets are still lacking. Here, we demonstrate the thera-
peutic potential of targeting the myeloid receptors Siglec-7 and Siglec-
9 in vivo. By using a humanized immunocompetent murine model, we
demonstrate that human Siglec-7 and Siglec-9, in addition to the mu-
rine homolog Siglec-E, inhibit the endogenous antitumor immune re-
sponse, as well as the response to tumor-targeting and immune
checkpoint inhibiting antibodies in vivo. The impact of these Siglecs on
tumor progression is highly dependent on the anatomical distribution
of the tumor and, as a consequence, the local tumor microenviron-
ment, as tumors with a more immune-suppressive tumor microenvi-
ronment are less sensitive to Siglec perturbation. Finally, to assess the
potential of these two receptors as targets for immunotherapy, we
developed Fc engineered blocking antibodies to Siglec-7 and Siglec-9
and demonstrate that Siglec-7 and Siglec-9 blockade can significantly
reduce tumor burden in vivo, demonstrating the therapeutic potential
of targeting these two receptors.
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Immune checkpoint modulators have been a major breakthrough
in cancer therapy, starting with the approval of ipilimumab in

2011. Currently, there are seven Food and Drug Administration-
approved immune checkpoint inhibitors (ICIs), all of them tar-
geting the PD-1/PD-L1 axis or CTLA-4 on T cells (1–4). Despite
the clinical success of these therapies, only about 25% of patients
across all tumor indications respond to ICIs, suggesting that there
are additional mechanisms that are important in driving antitumor
immunity (5, 6). This limited efficacy underscores the importance
of better understanding the mechanisms underlying the antitumor
immune response, and the mechanisms that mediate response to
ICIs, as well as identifying additional pathways to modulate it.
Given the pivotal role of myeloid cells in antitumor response

in general and in T cell activation in particular, checkpoint mole-
cules expressed on myeloid cells have emerged as potential ther-
apeutic targets to promote antitumor immunity (7–11). Because of
their immune-inhibitory nature, the family of Siglec (sialic acid-
binding immunoglobulin-type lectins) receptors has been of par-
ticular interest for their potential as immune-modulatory targets
(12–16). Siglecs are inhibitory receptors expressed almost exclusively
on immune cells. They interact with sialoglycans, sialylated glycans
that are expressed by most mammalian cells and are considered a
marker of “self.” The Siglec-sialoglycan axis is therefore an inhibitory
pathway that protects the body from autoimmunity (17, 18). Up-
regulation of sialoglycan expression, however, is commonly found
on various tumor types (12, 13, 19, 20), and numerous studies have
indicated that their interaction with Siglecs can inhibit immune cell
activity, thus contributing to an immunosuppressive tumor micro-
environment (TME) (21, 22). Thus, targeting Siglecs represents a
promising therapeutic strategy to augment antitumor immunity.

In humans, the family of Siglec receptors comprises 15 members
that vary in their expression pattern among the different immune
cell types and in their specificity for sialic acid containing ligands.
Based on sequence similarity, they can be divided into conserved
Siglecs (Siglec-1, -2, -4, and -15), and rapidly evolving CD33-related
Siglecs (CD33 or Siglec-3, Siglec-5, -6, -7, -8, -9, -10, -11, -12, -14, and
-16) (17). In contrast to conserved Siglecs, CD33-related Siglecs do
not have clear mammalian orthologs and exhibit a broader ex-
pression across the myeloid and lymphoid compartments (23).
The CD33-related Siglec-7 and Siglec-9 are of particular interest
in the context of tumor immunotherapy, as a variety of human
cancers express ligands for both of these Siglecs, and recent evi-
dence suggests that engagement of these two receptors attenuates
both myeloid and lymphoid antitumor responses (12, 24–28). Siglec-7
and Siglec-9 are closely related: they share ∼98% amino acid se-
quence similarity, show a similar expression pattern across immune
cells, and have similar ligand affinity (29). However, most of our
mechanistic understanding of how these two Siglecs contribute to
tumor progression comes from in vitro studies that lack the com-
plexity of cellular and morphological diversity, and the interplay of
soluble and cellular immune mediators found in vivo (24, 27, 30, 31).
Additionally, the limited number of in vivo studies rely on the use of
mouse models with mixed genetic backgrounds and have resulted in
confounding and inconsistent conclusions (12, 13). Thus, the data
reported to date fails to provide a comprehensive model of how
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Siglec-7 and Siglec-9 contribute to tumor progression, and in vivo
evidence of their benefit in promoting antitumor immunity when
targeted with therapeutic antibodies.
In this study, we investigated the impact of Siglec-7 and Siglec-9

on tumor progression using a humanized immunocompetent mu-
rine model, and investigated their potential role as therapeutic
targets to promote antitumor immunity. Our data demonstrate
that Siglec-7 and Siglec-9 inhibit the endogenous antitumor immune
response, as well as the response to tumor-targeting and checkpoint-
targeting antibodies in vivo. Using Fc-engineered anti–Siglec-7 and
anti–Siglec-9 blocking antibodies, we show reduced tumor burden,
thus demonstrating the therapeutic potential of targeting these two
Siglecs to augment the antitumor immune response.

Results
Siglec-E Is Expressed in the TME. Siglec-E is the murine functional
homolog of Siglec-9, while Siglec-7 does not have a known murine
homolog (20). To determine if Siglec-E is able to inhibit the an-
titumor immune response by engaging ligands on tumor cells, we
assessed the presence of Siglec-E ligands on murine tumor cell
lines and the expression of Siglec-E on tumor-infiltrating leukocytes
(TILs) of murine syngeneic tumors. To address the former, we an-
alyzed the binding of a soluble Fc-fusion of Siglec-E (Siglec-E–Fc) to
well-established and widely used murine tumor cell lines: B16F10
melanoma (B16), MC38 colon carcinoma, EL4 lymphoma, and ID8
ovarian carcinoma. All tested cell lines were found to express Siglec-
E ligands and were able to bind Siglec-E (Fig. 1A). Next, we eval-
uated whether Siglec-E is expressed on TILs. We found that Siglec-E

is primarily expressed on infiltrating neutrophils, macrophages,
and dendritic cells (DCs) in both B16 and MC38 tumor model
systems. Lower expression was observed on CD4+ T cells and CD8+

T cells, with FoxP3+ CD4+ T cells expressing higher levels of Siglec-
E than FoxP3−CD4+ T cells, suggesting that Siglec-E expression on
regulatory T cells (Tregs) could be important for its role in sup-
pressing the adaptive immune response to tumors (Fig. 1B). Col-
lectively, these data demonstrate prominent expression of the
inhibitory Siglec-E on both innate and adaptive immune cells within
the TME, as well as the presence of Siglec-E ligands on the surface
of murine tumor cells, together facilitating the interaction between
tumor and immune cells to promote tumor growth.

Generation of Mouse Models: Siglec-E Knockout and Humanized
Siglec7+/9+/Siglec-E Knockout Mice. To study the contribution of
Siglec-E to the immune response against the tumor, we generated
an isogenic mouse model lacking this receptor (Siglec-E knockout
[KO] mice). The Siglec-E KO mouse line was generated by de-
leting an 11-bp segment at the 3′ end of exon 3 of the Siglec-E
gene in C57BL/6 mice, leading to a premature termination codon
(Fig. 1C). We verified the lack of Siglec-E expression in this new
mouse by flow cytometry: while naïve WT C57BL/6 mice express
Siglec-E on neutrophils, inflammatory monocytes, macrophages,
and DCs, Siglec-E KO mice lacked expression of the receptor in
all tested immune populations (Fig. 1D). These mice develop nor-
mally, are fertile, and do not show evidence of any spontaneous
pathology from loss of Siglec-E.

BA
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D

Fig. 1. Characterization of Siglec-E expression in the tumor microenvironment and validation of a Siglec-E KO mouse model. (A) Surface expression of Siglec-
E ligands on murine tumor cell lines. Cells were incubated with a Siglec-E Fc chimera (mouse IgG), followed by PE-conjugated anti-mouse IgG secondary
antibody. Panel shows a representative experiment (n = 3). (B) Expression of Siglec-E on immune populations infiltrated into B16 subcutaneous tumors (Left)
or MC38 subcutaneous tumors (Right) in WT C57BL/6 mice. Graph shows median fluorescence intensity (MFI) of Siglec-E, each circle represents one mouse.
Data are displayed as mean ± SEM. Panel shows a representative experiment (n = 2). (C) Siglec-E KO mouse line generation. Briefly, an 11-bp segment at the 3′
end of exon 3 of the Siglec-E gene was deleted, thereby introducing a premature termination codon. (D) Validation of Siglec-E KO mice: surface expression of
Siglec-E on immune populations of WT C57BL/6 mice (black) or Siglec-E KO mice (red) compared to an unstained control (dashed line). Panel shows a rep-
resentative mouse (n > 9).

2 of 10 | PNAS Ibarlucea-Benitez et al.
https://doi.org/10.1073/pnas.2107424118 Siglecs-7/9 function as inhibitory immune checkpoints in vivo and can be targeted to

enhance therapeutic antitumor immunity

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
3,

 2
02

1 

https://doi.org/10.1073/pnas.2107424118


www.manaraa.com

In order to evaluate the role of the human Siglec-7 and Siglec-
9 in tumor progression and their potential as therapeutic targets
to improve antitumor immunity, we next generated an isogenic
mouse model humanized for these two Siglecs on the Siglec-E KO
background. First, we generated a mouse line carrying the human
Siglec-7 and Siglec-9 under their human regulatory elements on
a C57BL/6 background by introducing a 90-Kbp BAC transgene
encoding both genes into C57BL/6 embryos (Siglec-7/9 mice)
(Fig. 2A). Next, we crossed the resulting Siglec-7/9 transgenic
mouse to the Siglec-E KOmouse strain described above to generate
a humanized mouse model for Siglec-7/9 that lacks the mouse ho-
molog Siglec-E (Siglec-7/9/Siglec-E KO mice). We evaluated the
expression pattern of Siglec-7 and Siglec-9 on different immune
populations in the humanized mice and compared it with the ex-
pression of these Siglecs in humans. Similar to the pattern found on
human immune cells (SI Appendix, Fig. S1), both Siglec-7 and
Siglec-9 are expressed on neutrophils, monocytes, macrophages,
DCs, NK cells, and to a lesser extent on T cells in the Siglec-7/9/
Siglec-E KO mice (Fig. 2 B and C). We further validated the
Siglec-7/9/Siglec-E KO mouse line by evaluating the expression
of Siglecs-7 and -9 on TILs. Previous studies have shown that Siglecs-
7 and -9 are expressed on TILs in a variety of human tumors (13).
We assessed the expression of Siglecs-7 and 9 on TILs in Siglec-7/9/
Siglec-E KO mice inoculated with B16 or MC38 solid tumors and

observed that they are mostly expressed on infiltrating macro-
phages and neutrophils, and to a lesser extent on DCs, mono-
cytes, NK cells, and T cells (Fig. 2D and SI Appendix, Fig. S2A).
A recent study showed that Siglec-7 and Siglec-9 expression is el-
evated on peripheral blood T cells of cancer patients, compared to
peripheral blood T cells of healthy donors (13). As in humans, we
found that the Siglec-7/9/Siglec-E KO mouse line up-regulates
Siglecs-7 and -9 on peripheral blood T cells of tumor-bearing
mice, as compared to naïve mice (SI Appendix, Fig. S2 B and C).
Importantly, the well-established murine tumor cell lines B16,
MC38, EL4, and ID8 express ligands for either Siglec-7 or Siglec-9,
which allowed us to use these syngeneic tumor models in our hu-
manized murine model to evaluate the role of Siglec-7 and Siglec-9
in tumor progression (SI Appendix, Fig. S2D). Our data demon-
strate that these mice recapitulate the expression pattern of the
human Siglec-7 and Siglec-9 on peripheral blood mononuclear cells
(PBMCs) as well as on TILs, and validate the use of this mouse line
to study these two human receptors as therapeutic targets for
immune therapy.

Siglec-E Absence Protects Mice from Tumor Challenge and Expression
of Siglec-7 and Siglec-9 Reverses This Phenotype and Potentiates Tumor
Growth. We next evaluated the impact of Siglec-E on tumor pro-
gression in several syngeneic mouse tumor models. We inoculated

A
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Fig. 2. Characterization of the Siglec-7/9/Siglec-E KO mouse model. (A) Generation of the Siglec-7/9/Siglec-E KO mouse strain: A BAC DNA fragment that
contains the ORF of Siglec-7 and Siglec-9 and their regulatory elements was inserted into the genome of WT C57BL/6 mice to generate a mouse line expressing
human Siglec-7 and Siglec-9 (Siglec-7/9 mice). This mouse line was then crossed to Siglec-E KO mice to generate the humanized Siglec-7/9/Siglec-E KO mouse
line. (B) Surface expression of Siglec-7 (Upper) or Siglec-9 (Lower) on immune populations of WT C57BL/6 mice (black) or Siglec-7/9/Siglec-E KO mice (blue),
compared to an unstained control (dashed line). Panel shows a representative mouse (n > 9). (C) Table summarizes expression patterns of Siglecs: Siglec-E on
WT C57BL/6 mice (first column), Siglec-7 and Siglec-9 on Siglec-7/9/Siglec-E KO mice (Center) and Siglec-7 and Siglec-9 on human PBMCs (Right) based on MFI.
(−, no expression; +, MFI brighter than control and <104; ++, MFI between 104 and 105; +++, MFI brighter than 105). (D) Expression of Siglec-7 (Left) or Siglec-9
(Right) on immune populations infiltrated into B16 solid tumors inoculated to Siglec-7/9/Siglec-E KO mice. Graph shows MFI of Siglec-7 or Siglec-9 as indicated,
each circle represents one mouse. Data are displayed as mean ± SEM. Panel shows a representative experiment (n = 2).
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WT C57BL/6 and Siglec-E KO mice with B16 (intravenously),
B16 (subcutaneously), MC38 (subcutaneously), EL4 (intrave-
nously), or ID8 (intraperitoneally) tumor cells and monitored tu-
mor growth and survival. We found that there was no statistically
significant difference in tumor growth or overall survival in most of
the tumor models tested (SI Appendix, Fig. S3), which contrasts
with previous studies (12). However, we observed a significant re-
duction in tumor burden in Siglec-E KO mice compared with WT
C57BL/6 mice in the B16 lung colonization model. In this experi-
mental setup, B16 cells are injected intravenously, lungs are excised
14 d postinoculation, and metastatic foci are quantified (Fig. 3 A
and B). Overall, these findings indicate that Siglec-E has a more
restricted impact on tumor progression than previously reported
and that its influence is tissue specific. To investigate the role of
Siglec-7 and Siglec-9 in tumor progression, we compared lung
colonization in Siglec-7/9/Siglec-E KO mice to WT C57BL/6 and
Siglec-E KO mice using the B16 lung metastasis model. Tumor
burden in the lungs of Siglec-7/9/Siglec-E KO mice was increased
compared to Siglec-E KO mice (although that increase did not
reach statistical significance), and was comparable to that of WT
C57BL/6 mice, suggesting that introducing Siglecs-7/9 can com-
pensate for the absence of Siglec-E (Fig. 3 A and B).
To further dissect the role of Siglec-E in tumor progression

and to determine the impact of tumor-expressed Siglec ligand
density, we modified the B16 tumor line to increase the expression
of ligands for Siglec-E, Siglec-7, and Siglec-9. Up-regulation of Siglec
ligands is common during cancer progression, primarily in epi-
thelial cancers refractory to immunotherapies (32). The carbo-
hydrate Sialyl-Lewis A (sLeA) is a ligand of Siglec-E, Siglec-7,
and Siglec-9 (SI Appendix, Fig. S4A), and its synthesis is partially
catalyzed by the enzyme fucosyltransferase III (FUT3), which is
not expressed in mice. We previously reported the development
of a B16-FUT3 cell line, in which B16 cells were transduced to
express human FUT3 and thereby sLeA (33). We inoculated WT
C57BL/6, Siglec-E KO, and Siglec-7/9/Siglec-E KO mice with
B16-FUT3 cells intravenously, and 14 d later evaluated lung col-
onization by counting lung metastatic foci. The number of meta-
static foci in the lungs of Siglec-E KOmice was significantly reduced
compared to WT C57BL/6 and to Siglec-7/9/Siglec-E KO mice
(Fig. 3 B and C) and more pronounced with B16-FUT3 cells than
with B16 cells, suggesting that elevated expression of Siglec ligands,
such as sLeA, on tumor cells attenuates the antitumor immune re-
sponse through interaction with Siglecs. To determine the generality
of this observation, we compared tumor progression for two other
sLeA-expressing tumor models: the lymphoma cell line EL4-FUT3
(33) and the pancreatic tumor cell line FC1242-FUT3-β3GalT5 (34).
In contrast to the B16-FUT3 line, we did not observe a signifi-
cant difference in survival or tumor growth between WT C57BL/
6 mice and Siglec-E KO mice in either of the two tumor models
(SI Appendix, Fig. S4B), again demonstrating that the contribu-
tion of Siglec-E is dictated by the tissue and specific TME.

The TME Dictates the Extent of Contribution of Siglec-E to Tumor
Progression. In order to focus exclusively on how the difference
in the tumor location and its anatomic microenvironment impact
the role of Siglec-E on tumor progression, we implanted the same
tumor cell line, B16-FUT3, through different routes: subcutane-
ously, intravenously, or through the spleen to induce subcutaneous
solid tumors, lung tumors, or liver tumors, respectively. While the
absence of Siglec-E leads to a significant reduction in tumor burden
in the lung colonization model, it does not impact tumor growth
when tumors are subcutaneous or in the liver (Fig. 3 A–C and SI
Appendix, Fig. S5A). We hypothesized that different levels of Siglec-
E expression on specific immune populations in the different tissues
might contribute to the differential contribution of Siglec-E to tumor
progression. Analysis of Siglec-E expression on TILs in the different
tumor locations revealed that in subcutaneous and liver tumors,
macrophages demonstrate the highest Siglec-E expression, while in

lung tumors neutrophils show the highest Siglec-E levels (Fig. 3D
and SI Appendix, Fig. S5B). Thus, the dominant expression of
Siglec-E on macrophages in subcutaneous and liver tumors might
reflect a more immunosuppressive—and thus less-responsive TME—
than that of lung tumors. These data demonstrate that contribution of
Siglec-E to inhibiting the antitumor immune response is highly de-
pendent on its anatomic location and the specific cellular populations
found in the TME.

Siglecs Inhibit the Response to Tumor-Targeting Antibodies. Since
the absence of Siglec-E enhances the endogenous antitumor immune
response in some tumors, we next examined its impact on response
to tumor-targeting antibodies. We also investigated whether intro-
ducing Siglec-7 and Siglec-9 would be able to reverse any protective
phenotype observed in Siglec-E KO mice. WT C57BL/6, Siglec-E
KO, and Siglec-7/9/Siglec-E KO mice were inoculated subcutane-
ously with B16 cells (an experimental setup in which Siglec-E does
not alter tumor development), and treated with either the antibody
TA99, which targets the tumor antigen gp75 expressed on B16 cells,
or with an isotype control (Fig. 3E). In control mice (treated with a
mIgG2a isotype control), there was no statistically significant
difference in tumor growth kinetics among the three mouse
strains (WT C57BL/6, Siglec-E KO, or Siglec-7/9/Siglec-E KO).
Similarly, we did not observe statistically significant differences
in tumor growth kinetics between isotype-treated WT C57BL/6 mice
and anti-gp75–treated WT C57BL/6 mice, or between isotype-
treated Siglec-7/9/Siglec-E KO mice and anti-gp75–treated Siglec-
7/9/Siglec-E KO mice. In contrast, Siglec-E KO mice treated with
anti-gp75 developed significantly smaller tumors than Siglec-E KO
mice treated with an isotype control, suggesting that Siglec-E
dampens the response to tumor-targeting antibodies (Fig. 3 E–G).
Taken together, our findings demonstrate in a fully congenic mouse
background that Siglec-7 and Siglec-9, similarly to Siglec-E, can
inhibit the endogenous antitumor immune response as well as the
response to antibody therapy that targets tumor antigens.

Siglec-E Inhibits the Response to Checkpoint Therapy. Similarly to
the PD-1 pathway, Siglec-E generates an inhibitory signal on im-
mune cells upon engagement by tumor cells. While PD-1 is mostly
expressed on CD8+ T cells, Siglec-E is primarily expressed on
myeloid cells. Therefore, we determined whether the absence of
Siglec-E could synergize with T cell checkpoint blockade. WT
and Siglec-E KO mice were inoculated subcutaneously with MC38
tumor cells and treated with an anti-CTLA4 antibody once tumors
became palpable. While anti-CTLA4 treatment alone was not suf-
ficient to significantly reduce tumor growth in WT C57BL/6 mice
compared with isotype-treatedWTC57BL/6 mice, the lack of Siglec-
E increased the efficacy anti–CTLA-4 treatment, as Siglec-E KO
mice treated with anti-CTLA4 developed significantly smaller tu-
mors than isotype-treated Siglec-E KO mice (Fig. 4 A and B). Since
MC38 tumors are highly sensitive to PD-1 blockade and are rejected
when treated with anti–PD-1 antibodies, we used B16 and B16-
FUT3 solid tumors to test the response of Siglec-E KOmice to PD-1
blockade. Once B16 or B16-FUT3 tumors are palpable, they are
refractory to single-agent therapy (35, 36). However, we observed
that combining anti–PD-1 with the tumor-targeting anti-gp75 anti-
body significantly reduced B16 tumor growth in WT C57BL/6 mice
compared to isotype control-treated mice. Interestingly, Siglec-E KO
mice demonstrated an even more robust response than WT C57BL/
6 mice to combination therapy, with all Siglec-E KO mice showing
significantly reduced tumor growth (Fig. 4 C andD). A similar effect
was observed when mice were inoculated with cells that express
higher levels of Siglec ligands, B16-FUT3 (Fig. 4E). Siglec-E KO
mice that received a combination of anti–PD-1 and anti-sLeA
antibodies developed significantly smaller tumors than isotype-
treated Siglec-E KO mice. In contrast, WT C57BL6 mice did not
respond to this treatment and developed tumors with similar
growth kinetics as isotype-treated WT C57BL/6 mice (Fig. 4 E and
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F). Collectively, these results indicate that targeting Siglec-E can
synergize with checkpoint blockade to enhance antitumor responses.

Siglec-7– and Siglec-9–Targeting Antibodies Reduce Tumor Burden.
Having determined that perturbation of Siglec-E could augment
antitumor immunotherapy, we next assessed whether antibodies
blocking Siglecs-7 and -9 can be used to reduce tumor burden. We
selected anti–Siglec-7 and anti–Siglec-9 antibodies previously dem-
onstrated to efficiently block these receptors (37, 38) and modified
their Fc regions to prevent engagement of Fcγ receptors (FcγRs)
and thus reduce the likelihood of depletion of Siglec-expressing
immune cells. The variable region of each antibody was cloned into a
mouse IgG1-D265A Fc backbone, which lacks detectable FcγR
binding (39). To confirm that the Fc engineered and expressed an-
tibodies retain their blocking activity, we analyzed the binding of
soluble Siglec-7 or Siglec-9 to B16-FUT3 cells in the presence of
increasing concentrations of each of the candidate antibodies

(Fig. 5A). Antibody clones 1E8 (anti–Siglec-7) and mAbA (anti–
Siglec-9) were selected based on their ability to block Siglecs-7/9 from
binding to B16-FUT3 cells (Fig. 5B).
We next evaluated the effect of the two blocking antibodies on

tumor progression in the B16-FUT3 lung colonization model.
Siglec-7/9/Siglec-E KO were inoculated intravenously with B16-
FUT3 cells and treated with either a combination of anti–Siglec-7
and anti–Siglec-9 antibodies or with isotype-matched control anti-
bodies. Fourteen days after tumor cell inoculation, lungs were har-
vested and assessed for presence of surface metastatic foci (Fig. 5C).
Siglec-7/9/Siglec-E KO mice that received anti–Siglec-7 and
anti–Siglec-9 antibodies showed significantly lower tumor burden
than mice that received isotype-control antibodies, although the
reduction in tumor burden did not reach the low number of
metastatic foci observed in Siglec-E KO mice that served as
control. (Fig. 5D). Altogether, our data show that targeting the
human Siglec-7 and Siglec-9 with blocking antibodies is a promising

A B

C D

FE

G

Fig. 3. Siglec-E absence protects mice from tumor challenge and expression of Siglec-7 and Siglec-9 reverses this phenotype and potentiates tumor growth.
(A) Illustration of the experimental design. Mice were inoculated intravenously with 1 × 106 B16 cells or 0.5 × 106 B16-FUT3 cells. Fourteen days after in-
oculation, mice were killed, lungs were harvested and fixed, and metastatic foci were counted. (B) Number of B16 (Left) or B16-FUT3 (Right) metastatic foci in
the lungs of WT C57BL/6 (black), Siglec-E KO (red) or Siglec-7/9/Siglec-E KO (blue) mice. Each circle represents an individual mouse. Graph shows a repre-
sentative experiment (n = 3 experiments). Data are displayed as mean ± SEM. (C) Representative images of lungs excised from the indicated mouse strains
14 d postinoculation with B16-FUT3 cells. (D) Relative Siglec-E expression between neutrophils and macrophages in WT C57BL/6 mice, presented as Siglec-E
MFI ratio in B16-FUT3 tumors located in different organs (subcutaneous, liver or lungs). (E) Illustration of the experimental design. Mice were inoculated
subcutaneously (s.c.) with 0.2 × 106 B16 cells, and treated with 200 μg of anti-gp75 antibody or an isotype-matched control on the indicated days (arrow).
Tumor volume was measured twice weekly using a digital caliper. (F) Tumor growth of B16 cells in WT C57BL/6 (black), Siglec-E KO (red), or Siglec7/9/Siglec-E
KO mice (blue). Solid lines represent groups treated with anti-gp75 antibody, while dashed faint lines represent groups treated with an isotype control.
Average sizes of primary tumors ± SEM are presented in cubic millimeters (mm3; n = 5 to 9 mice per group). (G) Tumor growth curves of individual mice from
(F). *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.0001; ns, nonsignificant (one-way ANOVA).

Ibarlucea-Benitez et al. PNAS | 5 of 10
Siglecs-7/9 function as inhibitory immune checkpoints in vivo and can be targeted to
enhance therapeutic antitumor immunity

https://doi.org/10.1073/pnas.2107424118

IM
M
U
N
O
LO

G
Y
A
N
D

IN
FL
A
M
M
A
TI
O
N

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
3,

 2
02

1 

https://doi.org/10.1073/pnas.2107424118


www.manaraa.com

strategy to enhance antitumor immunity and reduce tumor burden
(Fig. 6).

Discussion
The emergence of ICIs has been a major milestone for cancer
treatment. The groundbreaking success of this type of therapy
highlights the therapeutic potential of targeting immune modula-
tors to treat cancer. However, the limited efficacy of these treat-
ments for the majority of patients indicates the large unmet need
for novel therapeutics targeting immune regulatory pathways and
highlights the necessity to develop new strategies to manipulate
them. The family of Siglec receptors represents a promising route to
further release the brakes of the immune system beyond targeting
the PD-1/PD-L1 and CTLA4 pathways. Here, we describe the role
of Siglec-7 and Siglec-9 in tumor progression and propose to use
these receptors as immune modulatory targets for cancer therapy.
Our studies were facilitated through the use of a mouse model that
recapitulates the expression pattern of Siglec-7 and Siglec-9 in
humans while lacking expression of the murine counterpart, Siglec-
E, on a syngenic C57BL/6 background.
Previous in vivo studies on the impact of Siglec-9 and its murine

homolog Siglec-E on tumor progression have relied on the use of
mixed background murine models and have generated contra-
dictory results (12). Based on these studies, it was proposed that
Siglec-E and Siglec-9 have a dualistic function: inhibiting immune
response during early tumorigenesis, while promoting antitumor im-
munity once tumors are established. However, the authors used a
Siglec-E KOmouse model that was generated in a 129/Sv background

and then backcrossed to a C57BL/6 background, which might
explain this confounding result. By using mouse models gener-
ated in a fully C57BL/6 background, we were able to show that
their impact on tumor progression is more dependent on the an-
atomic site of the tumor and its immediate TME than previously
described. In contrast to these prior studies, we did not observe a
significant difference in tumor progression between WT and
Siglec-E KO mice in all solid tumor models tested, including B16
and MC38, as well as in lymphoma and ovarian tumor models.
However, Siglec-E KO mice did exhibit reduced tumor burden in
a B16 lung colonization model compared to WT mice, and ex-
pression of Siglec-7 and Siglec-9 reversed this protective phenotype.
Increasing the density of Siglec ligands on the surface of B16 cells
(B16-FUT3) increased the tumorigenic potential of these cells (33)
and also made them more sensitive to absence of Siglec-E. This
supports the hypothesis that these tumor cells are able to evade
immune attack by engaging Siglecs on immune cells.
Despite the enhanced phenotype observed in the B16-FUT3

lung colonization experimental setup, most of the tumor models
that we tested were not sensitive to the deletion of Siglec-E, in-
cluding the tumor cell lines EL4-FUT3 and FC1242-FUT3-β3GalT5
that also have higher expression of the Siglec-E ligand sLeA. These
findings suggest that not only the density of Siglec ligands on tumor
cells, but also the anatomical location of the tumor and therefore the
TME dictate the contribution of Siglecs to tumor development.
Comparison of Siglec-E expression levels between tumors that
are sensitive and tumors that are refractory to lack of Siglec-E
revealed that the latter show predominant Siglec-E expression

A B

C D

E F

Fig. 4. Siglec-E inhibits the response to checkpoint therapy. (A, C, and E) Illustration of the experimental design. WT C57BL/6 mice (black) or Siglec-E KO mice
(red) were inoculated with 2 × 106 MC38 (A and B), 0.2 × 106 B16 (C and D), or 0.2 × 106 B16-FUT3 (E and F) tumor cells. Once tumors reached a volume larger
than 30 mm3, mice were treated with an anti-CTLA4 antibody (A and B), a combination of anti–PD-1 + anti-gp75 antibodies (C and D), a combination of
anti–PD-1 + anti-sLeA antibodies (E and F), or with an isotype-matched control. Two hundred micrograms of each antibody were inoculated intraperitoneally
every 3 d after treatment onset (arrows). Tumor volume was measured twice weekly using a digital caliper. (B, D, and F, Left) Tumor growth of MC38, B16, and
B16-FUT3 cells, respectively, in WT C57BL/6 (black) or Siglec-E KO (red) mice. Solid lines represent groups treated with the indicated therapeutic antibodies,
while dashed faint lines represent groups treated with an isotype control. Average sizes of primary tumors ± SEM are presented in cubic millimeters (mm3)
(n = 6 to 7 mice per group). (B, D, and F, Right) Tumor growth curves of individual mice from for each tumor model. *P < 0.05; **P < 0.01; ***P < 0.005;
****P < 0.0001; ns, nonsignificant (one-way ANOVA). Tumor volumes are shown in cubic millimeters (mm3).
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on macrophages, while in the former neutrophils are the immune
population with the highest Siglec-E expression. The higher ex-
pression of Siglec-E on macrophages might reflect a more immu-
nosuppressive TME, where additional tumor-promoting factors
compensate for the lack of Siglec-E. Like macrophages, neutro-
phils can have antitumor or protumor functions. In the context of
the lung, previous studies have showed that neutrophils can have
an antitumor effect by inhibiting lung colonization (40). However,
in vitro studies suggest that neutrophil activation and thus antitu-
mor activity can be inhibited by engagement of Siglec-9 by sialy-
lated tumor-associated ligands (12). Thus, lack of Siglec-E, Siglec-
7, and Siglec-9 expression in our mouse model might allow en-
hanced neutrophil activation and thus protective activity against
lung colonization. For tumor models where Siglec-E did not
significantly affect tumor growth, we did find that the absence of
Siglec-E allowed for a more robust response to tumor-targeting
and checkpoint-targeting antibodies. Altogether, these data in-
dicate that targeting Siglecs, either alone or in combination with
other antibody therapies, represents a promising strategy to in-
crease antitumor immunity.
Antibodies targeting Siglecs have traditionally been designed

to deplete specific immune cells and thereby treat certain con-
ditions. For example, Inotuzumab (anti–Siglec-2) for B cell acute

lymphocytic leukemia, Gemtuzumab (anti–Siglec-3) for acute mye-
loid leukemia, and Lirentelimab (anti–Siglec-8) for eosinophilic gas-
tritis (41, 42). However, the use of anti-Siglec antibodies to modulate
the response of immune cells rather than depleting them, is a ther-
apeutic strategy deserving of further investigation. Currently, just one
such antibody is being evaluated in clinical trials, an anti–Siglec-15
antibody (NC318) that reverses T cell suppression by blocking the
interaction between macrophages and T cells (14). Similarly, there
are several preclinical studies on blocking Siglec-7 and Siglec-9 anti-
bodies that have shown promising in vitro data (37, 38, 43). However,
the lack of mouse models that faithfully recapitulate the human ex-
pression patterns of Siglec-7 and Siglec-9, while lacking expression of
the mouse homolog Siglec-E, has hindered progress on evaluating the
antitumor effect of these antibodies in vivo. Here, we developed
a Siglec-7/9/Siglec-E KO mouse model that allows testing the ther-
apeutic potential of anti–Sigec-7– and anti–Siglec-9–targeting anti-
bodies. We screened several anti–Siglec-7 and anti–Siglec-9 antibody
clones for their ability to block the interaction between Siglecs-7 and
-9 and their ligands on tumor cells, and selected the clones with the
highest blocking activity. Both the Fab and the Fc portion of an
antibody contribute to its blocking activity: the former by preventing
interaction of the receptor with its ligand, and the latter by pre-
venting engagement of effector cells through their FcγRs. Therefore,

BA

C D

E

Fig. 5. Siglec-7– and Siglec-9–targeting antibodies reduce tumor burden in mice. (A) Illustration of the experimental design to evaluate the blocking ability
of different Siglec-7 and Siglec-9 antibody clones. Siglec-7–Fc or Siglec-9–Fc chimeras (hIgG) were preincubated with anti–Siglec-7 or anti–Siglec-9 antibodies
(with a mIgG1 D265A Fc), respectively, followed by incubation with B16-FUT3 cells (that express high density of Siglec ligands, SiA). Binding of Siglecs to tumor
cells was detected by a fluorescently labeled anti-human IgG antibody that bound to the Fc of the Siglec-Fc chimeras. (B) Binding of Siglec-7–Fc (Left) or Siglec-
9–Fc (Right) chimeras to B16-FUT3 cells in the presence of increasing concentrations of anti–Siglec-7 (Left) or anti–Siglec-9 (Right) antibodies. (C) Illustration of
experimental design. Mice were inoculated intravenously with B16-FUT3 cells and treated with a combination of anti–Siglec-7 + anti–Siglec-9 antibodies or an
isotype-matched control on days 1, 4, 7, and 11 (arrows). On day 14 mice were killed, lungs were excised and fixed, and the number of lung metastatic foci was
counted. (D) Number of B16-FUT3 metastatic foci in the lungs of Siglec-7/9/Siglec-E KO mice that received an isotype control (blue), or a combination of
anti–Siglec-7 + anti–Siglec-9 antibodies (orange). Siglec-E KO mice that received an isotype control (red) served as control. Each circle represents an individual
mouse. Graph shows a representative experiment (n = 2 experiments). Data are displayed as mean ± SEM **P < 0.01; ***P < 0.005 (one-way ANOVA). (E)
Representative images of lungs excised from the indicated mouse groups 14 d postinoculation with B16-FUT3 cells.
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we engineered both Siglec-7 and Siglec-9 antibodies to block FcγRs
binding by introducing a point mutation in their Fc region. By using
these engineered antibodies, we were able to significantly reduce
tumor burden in Siglec-7/9/Siglec-E KO mice. Previous in vitro
studies have shown that engagement of Siglec-9 by a cancer-specific
mucin induces a tumor-associated macrophage (TAM) phenotype
on Siglec-9–expressing macrophages, and that this phenotypic
change can be rescued by blockade of Siglec-9 (26). Together with
our in vivo data, this suggests that anti–Siglec-7 and Siglec-9
antibodies function by preventing polarization of macrophages
into TAMs and thus reprogramming the immune-suppressive TME.
However, it does not rule out the possibility that other immune
populations are also involved in the therapeutic antitumor activity
of these antibodies. Altogether, our findings show that Siglec-7 and
Siglec-9 can inhibit the antitumor immune response and demon-
strate that targeting these human Siglecs is a promising therapeutic
strategy to enhance antitumor immunity.

Materials and Methods
Mice. WT C57BL/6 mice were purchased from The Jackson Laboratories. All
studies were performed on 8- to 12-wk old age- and sex-matched female and
male mice. All in vivo experiments were performed in compliance with
federal laws and institutional guidelines and have been approved by The
Rockefeller University Institutional Animal Care and Use Committee. Trans-
genic mice were bred and maintained at the Comparative Bioscience Center
at The Rockefeller University.

Generation of Siglec-E KO Mice. To create Siglec-E KO mice, several CRISPR
guides were designed targeting exons 2 and 3. Based on testing in mouse
embryonic stem cells, a CRISPR target sequence was identified on exon 3
(TGAGTCAGCTCCTTGATAGATGG; PAM underlined) that yielded optimal
cleavage efficiency with the desired frame shift mutation pattern by the
Cas9 endonuclease (Rockefeller University Gene Targeting Facility). This
guide was subsequently delivered as a RNP complex (crRNA+tracrRNA+Cas9
protein) into mouse zygote via zygote injection. G0 mice were screened by
DNA sequence and two separate genetic mutations were identified, a 4-bp
and an 11-bp deletion, both resulting in a frame shift creating an early
termination codon after amino acid 249 of the protein. Individual mutant
founders (G0) were subsequently crossed to C57BL/6 mice and the G1
progeny were screened to identify presence of individual genetic events. For
ease of PCR screening, we chose to use the mouse line containing only the
11-bp deletion and conducted characterization experiments screening for
lack of Siglec-E expression. Siglec-E KO mice were maintained on the C57BL/6
genetic background.

Generation of Siglec-7/9 Siglec-E KO Transgenic Mice. Transgenic mice carrying
both the human transgenes for SIGLEC7 and SIGLEC9 were made using a
genomic DNA isolated from a human blood DNA library (CTD-2330A5, Cal-
Tech BAC library D; Thermofisher). The linearized BAC DNA was micro-
injected into the pronuclei of fertilized oocytes from C57BL/6 mice.
Transgenic founders were then crossed and maintained on C57BL/6 mouse
background to propagate the line and analyzed for correct tissue expression
of the Siglec-7 and Siglec-9 proteins. The Siglec-7/9 mice were then mated
with Siglec-E KO mice to obtain Siglec-7/9 Siglec-E KO mice.

Cell Lines. B16F10, MC38, ID8, and EL4 cells were obtained from ATCC.
FC1242-FUT3, β3GalT5 cells were provided by Danielle Engle, Salk Institute
for Biological Studies, San Diego, CA, and from David Tuveson, Cold Spring
Harbor Laboratory, Cold Spring Harbor, NY. B16-FUT3 and EL4-FUT3 cells
were generated as previously described (33). All cell lines were maintained in
Dulbecco’s minimum essential medium (Life Technologies) supplemented
with 10% fetal bovine serum (Life Technologies), 100 U/mL of penicillin, and
100 μg/mL of streptomycin (Life Technologies).

Antibody Engineering and Expression. The variable heavy and light regions of
anti–Siglec-7 (clone 1E8) and anti–Siglec-9 (clone mAbA) antibodies (de-
scribed in patents WO/2017/040301Al, and WO/2017/153433Al, respectively)
were synthesized (IDT) and subcloned into mammalian expression vectors
with a mouse IgG1 heavy chain containing a D265A point mutation, or a
mouse κ-light chain, as previously described (33, 44). Expression plasmids for
anti–PD-1 (clone RMP1-14, mIgG1 D265A) and anti-sLeA (clone 5B1, mIgG2a)
antibodies were previously generated in the laboratory (33, 45). Plasmid
sequences were validated by direct sequencing (Genewiz).

Expi293F cells were used to generate antibodies. Briefly, Expi293F cells
were maintained in Expi293 Expression Medium (Thermo Fisher Scientific,
cat# A1435101), and transfected with heavy-chain and light-chain constructs
using an ExpiFectamine 293 Transfection Kit (Thermo Fisher Scientific, cat#
A14525). Seven days after transfection, supernatants were collected,
centrifuged, and filtered. Clarified supernatants were incubated with Pro-
tein G Sepharose 4 Fast Flow (GE Healthcare) overnight. The next day Pro-
tein G beads were washed with PBS, bound antibodies were eluted using IgG
elution buffer (Thermo Fisher Scientific, cat# 21009), dialyzed in PBS, and
sterile-filtered, as previously described (33, 46). Anti-gp75 (clone TA99) and
anti–CTLA-4 (clone UC10-4F10-11) antibodies were purchased from BioXCell
(cat# BE0151 and BE0032, respectively).

Tissue Processing and Flow Cytometry.
Surface expression of Siglec ligands on murine tumor cell lines. Expression was
assessed using Fc chimeras of Siglec-E, Siglec-7, or Siglec-9 (R&D Systems, cat#
5806-SL-050, 1138-SL-050, and 1139-SL-050, respectively). Tumor cells (1 ×
106) were incubated with 1 μg of Fc-Siglec fusion protein, followed by
R-Phycoerythrin–conjugated secondary antibodies against mouse IgG for

Fig. 6. Proposed model. Siglec-7 and Siglec-9 can inhibit the endogenous antitumor immune response as well as the response to tumor-targeting and
checkpoint-targeting antibodies. Blockade of Siglec-7 and Siglec-9 releases this inhibition and enhances antitumor immunity.
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Siglec-E-Fc (Jackson ImmunoResearch cat# 715-116-151), or against human
IgG for Siglec-7-Fc and Siglec-9-Fc (Jackson ImmunoResearch cat# 709-116-
149). Baseline staining was obtained using PBS followed by the fluorescently
labeled secondary antibody.
Characterization of Siglec-E, Siglec-7, or Siglec-9 expression in transgenic mice.
Peripheral blood (for T cell, B cell, NK cell, neutrophil, and monocyte stain-
ing), spleen (for DC staining), and bone marrow cells (for macrophage staining)
were collected. Spleens were homogenized by mechanical shearing and passed
through a 70-μm strainer (Corning) to obtain a single-cell suspension. For
intratumoral analysis, subcutaneous tumors were surgically resected, and pro-
cessed using a tumor dissociation Kit (Miltenyi Biotec). For analysis of lung and
liver tumors, lungs and livers were harvested and processed using a lung dis-
sociation kit and a liver dissociation kit, respectively, following the manufac-
turer’s instructions (Miltenyi Biotec). After lysis of red blood cells (RBC lysis
buffer; BioLegend), single-cell suspensions were labeled with the LIVE/DEAD
Fixable Aqua (ThermoFisher) and resuspended in PBS containing 0.5% (wt/vol)
BSA and 5 mM EDTA. Cells were then stained with antibodies against surface
markers. FoxP3 staining was performed using the FOXP3 Fix/Perm buffer set
(BioLegend) following the manufacturer’s instructions.
Characterization of Siglec-7 or Siglec-9 expression in humans. Leukocyte packs
(buffy coats) were purchased from the New York Blood Center and mono-
nuclear cells or neutrophils were isolated by Ficoll gradient centrifugation.
CD14+ monocytes were purified using CD14 microbeads (Miltenyi Biotech) and
subsequently incubated with 100 ng/mL granulocyte-macrophage colony-
stimulating factor and 100 ng/mL interleukin-4 to differentiate them into
DCs. To isolate macrophages, PBMCs were allowed to adhere to a Petri dish
and unbound cells were washed off with PBS. Macrophages attached to the
Petri dish were stained 6 d postisolation. Cell populations were defined by the
following markers: T cells (human: CD3+; mouse CD3+), CD4+ Tregs (mouse
CD3+CD4+CD8−FoxP3+), CD4+ Thelper (mouse CD3+CD4+CD8−FoxP3−), B cells (hu-
man: CD19+; mouse: CD19+), NK cells (human: CD16+CD56+CD3−; mouse:
NK1.1+), neutrophils (human: CD16+; mouse: CD11b+Gr1+SSChighF4/80−), mono-
cytes (human: CD14+CD16+/−; mouse: CD11b+Gr1−F4/80−CD11c−), macrophages
(human: CD14+CD68+; mouse: CD11b+F4/80+MHCII+), and DCs (human HLA-
DR+BDCA1+CD209+CD3−CD14−CD19−CD59−; mouse: CD11b+CD11c+MHCII+F4/80−).
Samples were collected on an Attune NxT flow cytometer (ThermoFisher) using
Attune NxT software v3.1.2 and analyzed using FlowJo (v10.6) software.

Tumor Challenge and Antibody Treatments. For the B16 and B16-FUT3 lung
colonization models 1 × 106 cells or 0.5 × 106 cells per mouse, respectively,
were inoculated intravenously into the lateral tail vein in 200 μL PBS. Mice
were randomized and for the B16-FUT3 model mice received intraperitoneal
injections of 200 μg of anti−Siglec-7 and 200 μg of anti−Siglec-9 antibodies or
isotype-matched IgGs on days 1, 4, 7, and 11 after tumor inoculation. On day
14 lungs were harvested and analyzed for the presence of surface metastatic
foci using a dissecting microscope. For the B16 and B16-FUT3 solid tumor
models, 0.2 × 106 cells per mouse were inoculated subcutaneously and tumor
volumes were measured biweekly using an electronic caliper. Tumor volumes
are reported as volume (mm3) and were calculated using the formula (L12 ×
L2)/2, where L1 is the shortest diameter and L2 is the longest diameter (33). For
treatment with anti-gp75, mice received intraperitoneal injections of 200 μg of
antibody every 3 d starting on day 1 after tumor implantation. Nonengrafted
tumors were removed from the quantification. For treatment with either anti-
gp75 + anti−PD-1, or anti-gp75 + anti-sLeA, once tumors reached a volume
larger than 30 mm3 mice received intraperitoneal injections of 200 μg of each

antibody. For the B16-FUT3 liver metastasis model, 0.5 × 106 cells per mouse
were inoculated into the spleen, and the spleen was subsequently removed.
Livers were harvested on day 12 and analyzed for the presence of surface
metastatic foci using a dissecting microscope. For the EL4 and EL4-FUT3 lym-
phoma models, 0.5 ×106 cells per mouse were inoculated intravenously into
the lateral tail vein in 200 μL PBS and overall survival was assessed daily. For
the MC38 solid tumor model, 2 × 106 cells per mouse were inoculated sub-
cutaneously and tumor volumes were measured biweekly using an electronic
caliper. Once tumors reached a volume larger than 30 mm3, mice were ran-
domized and received intraperitoneal injections of 200 μg of anti−CTLA-4 or
isotype-matched IgGs. For the ID8 ovarian tumor model 10 × 106 cells per
mouse were inoculated intraperitoneally and survival was assessed daily. For
the FC1242-FUT3-β3GalT5 solid tumor model 0.1 × 106 cells per mouse were
inoculated subcutaneously and tumor volumes were measured biweekly using
an electronic caliper.

ELISA. Binding of Siglec-E, Siglec-7, or Siglec-9 to sLeA (CA19-9) was detected by
ELISA. High-binding 96-well microtiter plates (Nunc) were coated with 100 U of
sLeA (Biorbyt Cat# orb82223) and incubated overnight at 4 °C. The next day
plates were blocked for 1 h with PBS/2% chicken albumin (Sigma cat# A5503)
and then incubated for 1 h with serially diluted Fc chimeras of Siglec-E, Siglec-7,
or Siglec-9 (R&D Systems). Fc chimeras of CD19 (mouse IgG, 9730-CD-050) or
CTLA-4 (human IgG, R&D Systems cat# 434-CT/CF) were used as negative con-
trols. Finally, plates were incubated for 1 h with HRP-conjugated anti-mouse
IgG or anti-human IgG antibodies (Jackson ImmunoResearch cat# 115-035-146,
or cat# 109-035-088, respectively). Detection was performed using a TMB Per-
oxidase Substrate Kit (SeraCare, cat# 50-76-00) and reactions stopped with the
addition of 2 M phosphoric acid. Absorbance was measured at 450 nm using a
SpectraMax Plus spectrophotometer (Molecular Devices). Background absor-
bance of negative controls was subtracted from experimental samples and
duplicate wells were then averaged (33).

Statistics. An unpaired two-tailed t test was used when two groups were
being compared. One-way ANOVA with Bonferroni’s post hoc test was used
when more than two groups were compared. For survival rates, statistical
differences between groups were analyzed by comparing Kaplan−Meier
curves using the log-rank test (33). GraphPad Prism software was used for all
statistical analysis. P values of ≤0.05 were considered to be statistically sig-
nificant (indicated as *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ***P ≤ 0.0001).

Data Availability. All study data are included in the article and SI Appendix.
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