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Lymph nodes are important peripheral immune organs in
which numerous important immune responses occur. During
the process of lymphatic metastasis, lymph nodes are also sites
through which tumor cells must pass. Therefore, it is essential
to develop a drug delivery system that can specifically transfer
immunostimulatory medicine into lymph nodes to block
lymphatic metastasis. Here, we developed a nucleic acid drug
delivery system containing cationic agarose (C-agarose) and
CpG oligodeoxynucleotides. C-agarose has a high affinity for
Siglec-1 on the surface of lymph node sinus macrophages,
which have a high specificity for targeting lymph nodes. Subcu-
taneous implantation of C-agarose+CpG gel caused the accu-
mulation of CpG in the lymph node sinus macrophages and
generated antitumor immune responses in the lymph node.
C-agarose+CpG gel treatment decreased the metastasis size in
the tumor-draining lymph node (TDLN) and lung metastatic
nodules and suppressed tumor growth in both a mouse 4T1
breast cancer model and a B16F10 melanoma model. On this
basis, this study proposes a nonsurgical invasive lymph node
targeting immunotherapy concept that may provide a new
approach for antitumor metastasis.
Received 13 October 2018; accepted 17 April 2019;
https://doi.org/10.1016/j.omtn.2019.04.016.

Correspondence: Junfeng Zhang, State Key Laboratory of Analytical Chemistry for
Life Sciences and Collaborative Innovation Center of Chemistry for Life Sciences,
State Key Laboratory of Pharmaceutical Biotechnology, School of Life Sciences,
Nanjing University, Nanjing 210023, P.R. China
E-mail: jfzhang@nju.edu.cn
Correspondence: Zhen Huang, State Key Laboratory of Analytical Chemistry for
Life Sciences and Collaborative Innovation Center of Chemistry for Life Sciences,
State Key Laboratory of Pharmaceutical Biotechnology, School of Life Sciences,
Nanjing University, Nanjing 210023, P.R. China
E-mail: zhenhuang@nju.edu.cn
INTRODUCTION
Cancer metastasis, the dissociation of malignant cells from the pri-
mary tumor tissue to initiate the growth of a secondary tumor at a
distant site, is the main cause of death in cancer patients.1,2 A lot
of clinical data have indicated that lymphatic metastasis is an early
event and the primary route of most solid tumor metastasis,
including melanoma and breast cancer.3,4 The existence of tumor
cells in the tumor-draining lymph node (TDLN) is important evi-
dence for tumor staging and prognosis.5,6 Therefore, blocking the
spreading of tumor cells via lymphatic vessels may substantially pro-
long the life cycle of cancer patients. Current strategies for managing
lymphatic metastasis include lymph node dissection and radiation
therapy, which are accompanied by pain, lymphedema, and joint
movement disorders that may influence the life quality of patients,
and remaining microscopic metastasis may lead to tumor recur-
rence.7,8 Meanwhile, therapeutic reagents such as chemotherapy
drugs and biological agents have difficulty accessing the metastatic
lymph nodes when administered systemically.9 Thus, developing
novel approaches to target delivery of therapeutic reagents to
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metastatic lymph nodes may prevent tumor metastasis and, conse-
quently, reduce mortality.

As peripheral lymphoid organs, lymph nodes are filled with immune
cells that act as filters to trap germs, viruses, tumor cells, and foreign
particles.5 During the progression of lymphatic metastasis, primary
tumors secrete large amounts of immunomodulatory molecules
that establish the immunological suppression in TDLNs and provide
a favorable environment for tumor cell proliferation.10,11 Theoreti-
cally, strategies based on destroying immunological tolerance and
restoring antitumor immunity in lymph nodes can achieve the goal
of preventing tumors from spreading via lymphatic vessels.

Lymph node sinus macrophages, localized in the subcapsular sinus
(SCS) and medulla of lymph nodes and expressing Siglec-1
(CD169), can present antigens and activate natural killer (NK) cells
and cytotoxic T lymphocytes (CTLs).12–14 Moreover, the density of
lymph node Siglec-1+ macrophages is positively associated with a
good prognosis for patients with various types of cancer.15–18 Thus,
lymph node sinus macrophages play a key role in antitumor immune
responses. CpG oligodeoxynucleotides (CpG ODNs) are short single-
stranded synthetic DNA molecules that contain unmethylated CpG
motifs that can be detected by Toll-like receptor 9 (TLR9) and finally
lead to a protective immune response.19 Therefore, CpG ODNs are
currently being evaluated for anticancer immunotherapy.20 However,
prolonged and high-dose systemic administration of free CpG may
seriously interfere with the body’s immune homeostasis, leading to
severe side effects, including immune cell exhaustion, destruction of
lymphoid follicles, liver damage, and exacerbation of autoimmune
diseases.21 To reduce these adverse effects, activating immune cell
uthor(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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subsets in specific organs by a drug delivery system containing CpG
ODNs should be adopted to ensure an antitumor effect and avoid un-
wanted interferences with normal physiological functions. In our pre-
vious studies, we observed that cationic agarose (C-agarose) hydrogel
had a high affinity for lymph node sinus macrophages.22 Therefore, a
nucleic acid drug delivery system based on C-agarose hydrogel and
CpG oligonucleotides was used to target lymph node sinus macro-
phages and reactivate antitumor immune responses in lymph nodes
in this study. The inhibitory effect on tumor metastasis was further
evaluated in mouse models of breast cancer and melanoma.

RESULTS
Biodistribution of C-agarose+CpG Hydrogel in 4T1 Tumor-

Bearing Mice

The levels of CpG in different mouse tissues were examined 1 week
after gel implantation. Compared with that resulting from the injec-
tion of agarose+CpG, the administration of C-agarose+CpG greatly
enhanced the accumulation of CpG in the lymph nodes and spleen
and reduced the deposition of nucleic acid in other tissues (Figure 1A).
The CpG levels in different types of cells from the lymph node were
examined by both immunofluorescence staining and flow cytometry.
T cells (CD3+) and its subsets (CD4+, CD8+), B cells (B220+), den-
dritic cells (CD11c+), and NK cells (CD49b+) were Siglec-1� cells
(Figure S1A). As shown in Figures 1B and S1B, C-agarose could spe-
cifically deliver CpG into Siglec-1+ macrophages rather than
Siglec-1� cells. Flow cytometry also indicated that Cy3-CpG accumu-
lated in Siglec-1+ macrophages, but not in Siglec-1� cells (Figures 1C
and S1C). To further determine the cellular CpG level, Siglec-1+ mac-
rophages were purified from the lymph nodes, and other cells during
the isolation process were collected and designated as non-Siglec-1+

macrophages. Consistent with the immunofluorescence results,
CpG was accumulated in Siglec-1+ macrophages rather than in
non-Siglec-1+ macrophages (Figure 1D).

In Vitro Transfection of the C-agarose+CpG Complex

Cy3-labeled CpG was applied to examine the transfection efficiency
of C-agarose+CpG in Siglec-1+ macrophages. Compared with that
of naked CpG-treated cells, C-agarose greatly enhanced the cellular
uptake of CpG, and its transfection efficiency was comparable to
that of Lipofectamine 2000-treated cells (Figures 1E and 1F). As the
Siglec-1 molecule can bind with sialic acid and galactose is an impor-
tant component of sialic acid, we applied Siglec-1 small interfering
RNA (siRNA) and plasmid encoding Siglec-1 to examine the role
of Siglec-1 in the cellular uptake of the C-agarose+CpG complex.
Western blot results demonstrated that Siglec-1 expression was
reduced in Siglec-1+ macrophages treated with Siglec-1 siRNA (Fig-
ure S2A); meanwhile, the transfection of plasmid-encoding Siglec-1
could further increase Siglec-1 expression (Figure S2C). Neither
Siglec-1 siRNA nor Siglec-1 plasmid treatment affected the viability
of Siglec-1+ macrophages (Figures S2B and S2D). Both the results
of microscopical images and the flow cytometer data indicated that
Siglec-1 siRNA pretreatment could reduce the transfection efficiency
of C-agarose+CpG complex, and overexpression of Siglec-1 could
enhance the cellular uptake of CpG (Figures 1G and 1H). We also
applied a Siglec-1 antibody to block Siglec-1 molecules on the surface
of macrophages. However, the blockade of antibody did not signifi-
cantly reduce the transfection efficiency of C-agarose+CpG complex
(Figure S3). It is possible that the binding site of Siglec-1 to the C-
agarose+CpG complex could not be fully blocked by the antibody.
As either upregulation or downregulation of Siglec-1 could enhance
or reduce the cellular uptake of CpG, we believe that C-agarose might
promote CpG transfer into Siglec-1+ macrophages via Siglec-1-medi-
ated endocytosis.

CpGTreatmentActivatedSiglec-1+Macrophages andEnhanced

the Tumoricidal Effect of Lymph Node Cells

To examine the influence of CpG stimulation on Siglec-1+ macro-
phages and the subsequent composition of lymphocyte subpopula-
tion, we performed transcriptome sequencing to elucidate
the mRNA expression profiles of CpG-activated Siglec-1+ macro-
phages. The cytokine genes whose mRNAs were differentially
expressed were selected and shown in Figure 2A. The ELISA
results demonstrated that interferon-g (IFN-g), interleukin-10
(IL-10), chemokine (C-X-C motif) ligand 4 (CXCL4), and chemo-
kine (C-C motif) ligand 5 (CCL5) could not be detected or were
unchanged in the supernatant from Siglec-1+ macrophages, while
IL-1a, IL-1b, CXCL9, CXCL10, and TNF-a showed the same
change trends as those observes in the transcriptome sequencing
data (Figure 2B). We also examined the mRNA level of classical
macrophage phenotype markers (M1, Tnf-a, Nos2, Mhc II; M2,
Arg1, Mgl1, Mgl2, and Ym1) in Siglec-1+ macrophages with CpG
treatment. Lipo+CpG transfection significantly increased the
mRNA level of Tnf-a, Nos2, and Mhc II, but showed no influence
on the mRNA level of M2 markers (Arg1, Mgl1, Mgl2, and Ym1)
(Figure S4).

Lymph node cells were co-cultured with Siglec-1+ macrophages with
different treatments. Flow cytometry analysis demonstrated that
CpG-treated Siglec-1+ macrophages could increase the ratio of
CD4+ T cells, CD8+ T cells (CTLs), dendritic cells (DCs; CD11c+

cells), and NK cells (CD49b+ cells) but showed no influence on the
proportion of macrophages (F4/80+ cells) and B cells (B220+ cells)
(Figures 2C and 2D). Moreover, cytokine levels of IL-2, IFN-g, and
granzyme B were significantly increased in the supernatant from
co-culture system containing CpG-treated Siglec-1+ macrophages
and lymph node cells (Figure 2E). As IL-2, IFN-g, and granzyme B
could not be detected in the supernatant from CpG-treated
Siglec-1+ macrophage alone (Figure 2B), the cytokines (IL-2, IFN-g,
and granzyme B) in the co-culture system may be secreted by lymph
node cells rather than Siglec-1+ macrophages. As there was no signif-
icant difference between the viability of lymph node cells treated with
the medium from Lipo+CpG-transfected Siglec-1+ macrophages and
that of lymph node cells treated with themedium from Lipo+m-ODN
(mismatched oligodeoxynucleotide)-transfected Siglec-1+ macro-
phages (Figure S5), the co-culture experiments indicated that lymph
node cells activated by CpG-treated Siglec-1+ macrophages could
effectively decrease the viabilities of 4T1 and B16F10 tumor cells
(Figure 2F).
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Figure 1. Biodistribution of CpG by C-agarose Gel and Cell Transfection Assay

(A) The levels of CpG in different organs from 4T1 tumor-bearing mice were examined 1 week after naked agarose+Cy3-CpG or C-agarose+Cy3-CpG gel administration.

(B) Frozen sections of TDLN from tumor-bearing mice treated with C-agarose+Cy3-CpG gel implantation were stained with a Siglec-1 antibody (red, Cy3-CpG;

green, Siglec-1; blue, DAPI nuclear staining). Scale bar, 100 mm for 100� or 20 mm for 400�. (C) Lymph node cells from tumor-bearing mice treated with

agarose+Cy3-CpG or C-agarose+Cy3-CpG were examined by flow cytometry. (D) The levels of CpG in Siglec-1+ macrophages and Siglec-1� cells were quantified by

fluorescence intensity. (E and F) In vitro results of C-agarose+CpG transfection into lymph node sinus macrophages were examined by confocal microscopy (E) and

quantified by a flow cytometer (F). Siglec1 siRNA, mismatched siRNA (m-siRNA), control plasmid, or Siglec-1 plasmid was transfected into Siglec-1+ macrophages via

Lipofectamine 2000 48 h before the addition of C-agarose+Cy3-CpG complex. Fluorescence images (G) and flow cytometry (H) results of above treated Siglec-1+

macrophages (G and H) (red, Cy3-CpG; blue, DAPI nuclear staining). Scale bar, 100 mm (E and G). n = 10 mice per group. Data are representative results from five

independent experiments and are expressed as the mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001. Lipo, Lipofectamine 2000; MF, macrophages; TDLN, tumor-

draining lymph node.

Molecular Therapy: Nucleic Acids

652 Molecular Therapy: Nucleic Acids Vol. 16 June 2019



Figure 2. CpG Treatment Led to the Activation of Lymph Node Sinus Macrophages and Enhanced the Ability of Tumor-Killing Cells in Lymph Nodes

(A) The heatmap of the differentially expressed cytokines between the control group and CpG-treated group is shown. (B) Levels of cytokines (IFN-g, IL-1a, IL-1b, IL-10,

CXCL4, CXCL9, CXCL10, CCL5, TNF-a, IL-2, and granzyme B) were examined in the supernatant from lymph node sinus macrophages treated with CpG or mis-

matched oligonucleotide (m-ODN). (C) Flow cytometry was performed to examine the ratio of lymph node cells after co-culture with CpG-treated lymph node sinus

macrophages and (D) the data was quentified. (E) Cytokine levels were examined in the supernatant from the co-culture system containing lymph node cells and CpG-

treated lymph node sinus macrophages. The abilities of lymph node cells from the above-mentioned co-culture system to kill 4T1 cells and B16F10 tumor cells were

examined by a CCK8 assay. n = 10 mice per group. Data are representative results from five independent experiments and are expressed as the mean ± SEM. *p < 0.05,

**p < 0.01, and ***p < 0.001 (B and D); *p < 0.05, **p < 0.01, and ***p < 0.001 compared to the control (F). MF, macrophage; ST, supernatant; NS, not significant; n.d.,

not detected.
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C-agarose+CpG Treatment Suppressed Both Tumor Growth

and Metastasis

As CpG-pretreated lymph node cells could inhibit tumor cell growth
in vitro, the antitumor ability of C-agarose+CpG was evaluated in
both 4T1 and B16F10 tumor models. Subcutaneous injection of
C-agarose+CpG hydrogel could inhibit lymph metastasis and reduce
the number of lung metastatic nodules in both tumor models based
on macroscopic observations (Figures 3A, 3B, 4A, and 4B) and his-
topathological examination (Figures 3D, 3E, 4D, and 4E). Interest-
ingly, implantation of C-agarose+CpG hydrogel could also reduce
the tumor size and weight (Figures 3B, 3C, 4B, and 4C). Survival
analysis revealed that C-agarose+CpG hydrogel treatment prolonged
the lifespans of both 4T1 and B16F10 tumor-bearing mice (Figures
3F and 4F).

The Stimulating Effect of C-agarose+CpG Hydrogel on TDLN

Environment

To better understand how immune cells localized in TDLN play a role
in inhibiting tumor metastasis, we also examined the cell population
and cytokine expression profiles in lymph nodes from tumor-bearing
mice with different treatments. As shown in Figures 5A, 5B, 6A, and
6B, the proportion of CD4+ T cells, CD8+ T cells (CTLs), DCs
(CD11c+ cells), and NK cells (CD49b+ cells) in lymph nodes from
mice administered C-agarose+CpG treatment were significantly
Molecular Therapy: Nucleic Acids Vol. 16 June 2019 653
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Figure 3. Antitumor Effects of C-agarose+CpG on a Murine 4T1 Breast Cancer Model

(A andB) Representative images of (A) TDLN, (B) lungs, and tumors excised from 4T1 tumor-bearingmice administered different treatments. Scale bar, 0.5 cm for (A) or 1 cm for

(B). (C) The isolated tumors from mice were weighed. (D) Lymph node (100�; scale bar, 100 mm) and lung (20�; scale bar, 500 mm) sections from mice administered different

treatments were stained with H&E. (E) Numbers of tumor nodules in the lung tissues from tumor-bearing mice. (F) Survival curves of tumor-bearing mice under different

treatments at 35 days after model establishment. n = 10 mice per group. Data are representative results from five independent experiments and are expressed as the mean ±

SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 (C and E); *p < 0.05 compared to the control (F). m-ODN, mismatched oligonucleotide; TDLN, tumor-draining lymph node.
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increased, whereas the percentages of macrophages and B cells was
not significant changed (Figures S6 and S7). Furthermore, cytokines
from TDLN, including IL-1a, IL-1b, TNF-a, CXCL9, CXCL10,
IL-2, IFN-g, and granzyme B, whichmay be responsible for activating
lymph node cells or killing tumor cells were increased in mice treated
with C-agarose+CpG (Figures 5C and 6C).
654 Molecular Therapy: Nucleic Acids Vol. 16 June 2019
Splenectomy Showed No Influence on the Antitumor Growth or

Metastatic Activity of C-agarose+CpG Hydrogel

As CpG mainly accumulated in the spleen and lymph nodes, we
performed splenectomy to evaluate the potential role of the
spleen in C-agarose+CpG hydrogel-mediated antitumor activity.
C-agarose+CpG treatment could inhibit lymph node and lung



Figure 4. Antitumor Effects of C-agarose+CpG on a

Murine B16F10 Melanoma Model

(A and B) Representative images of (A) TDLN, (B) lungs,

and tumors excised from B16F10 tumor-bearing mice

administered different treatments. Scale bar, 0.25 cm for

(A) or 1 cm for (B). (C) The isolated tumors from mice were

weighed. (D) Lymph node (100�; scale bar, 100 mm) and

lung (20�; scale bar, 500 mm) sections from mice

administered different treatments were stained with H&E.

(E) Numbers of tumor nodules in the lung tissues from

tumor-bearing mice. (F) Survival curves of tumor-bearing

mice under different treatments at 60 days after model

establishment. n = 10 mice per group. Data are repre-

sentative results from five independent experiments and

are expressed as the mean ± SEM. *p < 0.05, **p < 0.01,

and ***p < 0.001 (C and E); *p < 0.05 compared to the

control (F). m-ODN, mismatched oligonucleotide; TDLN,

tumor-draining lymph node.
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metastasis (Figures 7A–7C and 7E), suppress tumor growth (Figures
7B and 7D), and prolong the life cycle of tumor-bearing mice (Fig-
ure 7F) in both shame-operated and splenectomized mice. As shown
in Figures 7A–7F, no significant improvement or exacerbation was
observed in splenectomized mice following C-agarose+CpG hydrogel
treatment.

DISCUSSION
In this study, we applied a C-agarose hydrogel to deliver a CpG oligo-
nucleotide to lymph node sinus macrophages to reverse the immune
tolerance state in the TDLN, which ultimately led to the inhibition of
tumor metastasis and growth.

We demonstrated that subcutaneous injection of C-agarose+CpG led
to the accumulation of CpG in splenic marginal zone regional macro-
phages and lymph node sinus macrophages.22 The high expression of
Siglec-1 is observed in both types of macrophages. The present study
also indicated that C-agarose+CpG complex preferred to enter into
Siglec-1+ cells rather than Siglec-1� cells. Moreover, Siglec-1 siRNA
and Siglec-1 plasmid pretransfection obviously affect C-agarose+CpG
Molecular T
transfection. All these evidences suggest that
the Siglec-1+ macrophage-targeting ability of
C-agarose+CpG is closely related to the interac-
tion between Siglec-1 and the carrier itself.
Siglec-1 preferentially recognizes sialic acid
linkage with glycans, including galactose.23,24

As agarose is composed of galactose, and the
positively charged C-agarose binds to the nega-
tively charged sialic acid on the cell surface, it is
possible that Siglec-1 mistakes the formed com-
plex for glycan-linked sialic acid, which leads to
the phagocytosis of the C-agarose+CpG com-
plex. Combined with the previous data showing
that the deletion of infiltrated subcutaneous
macrophage around the implanted gel abolished
the accumulation of oligonucleotide in Siglec-1+ macrophages, we
speculate that C-agarose delivered the oligonucleotide into Siglec-1+

macrophages in the following way:22 when the hydrogel was im-
planted subcutaneously, the surrounding tissue macrophages were re-
cruited to the injection site, infiltrated into the gel, and phagocytized
the oligonucleotide-containing gel. The immunological effect of the
positively charged carrier itself and the loading CpG may activate
these invaded macrophages. It has been reported that activated tissue
macrophages do not die at their original location but rather migrate to
nearby drainage lymph nodes.25 In the lymph nodes, the dead tissue
macrophages may release C-agarose+CpG nano-complex, which may
be directly ingested by sinus macrophages or enter the circulation sys-
tem and be captured by the splenic marginal zone regional macro-
phages due to their high affinity with C-agarose.

As a potent activator of TLR9, CpG oligonucleotides have been widely
used as a cancer immunotherapeutic reagent in clinical trials.26,27

Previous studies indicated that the combination of CpG and
blockers targeting the IL-10 signaling pathway could reverse the
M2-like tumor-associated macrophages (TAMs) to a classical M1
herapy: Nucleic Acids Vol. 16 June 2019 655
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Figure 6. C-agarose+CpG Treatments Change the

Ratio of Immune Cell Subsets and Cytokine Levels in

the TDLN from a Murine B16F10 Melanoma Model

(A) Lymph node cells were stained with PE-CD4 (CD4+

T cells), APC-CD8 (CD8+ T cells), APC-CD11c (DCs), or

PE-CD49b (NK cells) and examined by flow cytometry. (B)

The ratio of CD4+T cells, CD8+T cells, DCs, and NK cells.

(C) The homogenates of lymph node were harvested to

determine the levels of IL-1a, IL-1b, TNF-a, CXCL9,

CXCL10, IL-2, IFN-g, and granzyme B by ELISA, n = 10

mice per group. Data are representative results from five

independent experiments and are expressed as the

mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001. m-

ODN, mismatched oligonucleotide; TDLN, tumor-draining

lymph node.

www.moleculartherapy.org
phenotype.28,29 CpG treatment could activate TAMs and restore their
ability to secrete IL-12, thus exerting tumoricidal activities against
tumor cells.19,30 SCS macrophages, a subset of lymph node sinus mac-
rophages, are localized at the first line of incoming lymphatic fluid
and are easily accessible by invading pathogens.10,31,32 It has been
demonstrated that microbe infection or immunostimulant treatment
enables lymph node sinus macrophages to secrete several cytokines
Figure 5. C-agarose+CpG Treatments Change the Ratio of Immune Cell Subsets and Cytokine Levels

(A) Lymph node cells were stained with PE-CD4 (CD4+ T cells), APC-CD8 (CD8+ T cells), APC-CD11c (DCs), or PE

ratio of CD4+ T cells, CD8+ T cells, DCs, and NK cells. (C) The homogenates of lymph nodes were harvested to de

IL-2, IFN-g, and granzyme B by ELISA. n = 10 mice per group. Data are representative results from five indepen

*p < 0.05, **p < 0.01, and ***p < 0.001. m-ODN, mismatched oligonucleotide; TDLN, tumor-draining lymph no

Molecular
(IL-1a, IL-1b, IL-12, CXCL9, CXCL10, and
TNF-a).32–39 CpG stimulation led to the
increased expression of several M1-related cyto-
kines (IL-1a, IL-1b, CXCL9, CXCL10, and
TNF-a) and mRNA levels of M1 markers
(increased the mRNA level of Tnf-a, Nos2, and
Mhc II) in lymph node sinus macrophages.
However, the levels of M1-related cytokine
(IL-12) and M2 markers (Arg1, Mgl1, Mgl2, and
Ym1) were not changed after CpG treatment.
Therefore, the activation of lymph node sinus
macrophages could not be simply considered as
the transition of macrophages from M2 pheno-
type to M1 phenotype.

Previous studies indicated that lymph node sinus
macrophages could promote the proliferation
and activation of different immune cells via
transferring antigens to DC cells, ultimately lead-
ing to the expansion and activation of CTL and
NK cells.15,40–42 Consistent with previous re-
ports, CpG-stimulated lymph node sinus macro-
phages could increase the ratio of DC cells, CTL
cells, and NK cells both in vitro and in the lymph
node from tumor-bearing mice. Moreover, these
characteristic cytokines (IL-2, IFN-g, and granzyme B) closely related
to CTL and NK cells were also upregulated in the supernatant from
lymphocytes co-cultured with sinus macrophages.13,43 There may
be several ways via which lymph node sinus macrophages positively
affect immune cell subsets. First, CpG-treated Siglec-1+ macrophages
can activate lymphocytes in a classical antigen-presenting manner.
Second, these upregulated cytokines (IL-1a, IL-1b, and TNF-a)
in the TDLN from a Murine 4T1 Breast Cancer Model

-CD49b (NK cells) and examined by flow cytometry. (B) The

termine the levels of IL-1a, IL-1b, TNF-a, CXCL9, CXCL10,

dent experiments and are expressed as the mean ± SEM.

de.
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may enhance NK cells and CTL responses.32,34 Third, CXCL9/
CXCL10 can induce the migration of peripheric NK cells and CTL
cells into lymph nodes.35 Finally, Siglec-1 might function as a costi-
mulatory molecule and activate NK cells and CTL cells via physical
interaction.44 Therefore, CpG-treated sinus macrophages induce the
expansion and activation of NK cells and CTL cells and elevate the
levels of tumoricidal cytokines, which generates an unviable environ-
ment for migratory tumor cells and blocks the lymphatic metastasis
route. Our data confirmed that C-agarose+CpG treatment greatly
decreased the metastasis size in the tumor-draining node and the
number of lung metastatic nodules. Moreover, these activated im-
mune cell subsets and related cytokines may leave the peripheral
lymphoid tissue and enter the external blood, ultimately leading to
the suppression of primary tumor growth. Additionally, splenectomy
did not affect the antitumor growth or metastasis activity of
C-agarose+CpG hydrogel. It is possible that C-agarose+CpG hydro-
gel-induced immune responses in lymph nodes were strong enough
to suppress primary tumor growth and metastasis.

In conclusion, we herein constructed a nucleic acid drug delivery sys-
tem containing C-agarose and CpG that specifically delivered CpG to
lymph node sinus macrophages and generated antitumor immune
responses, which prevented primary tumor growth and metastasis
to distant sites. This TLR activator-based, lymph node sinus macro-
phage-activated therapeutic approach may be valuable for cancer
immunotherapy.

MATERIALS AND METHODS
Reagents and Synthesis of Materials

The CpG 1668 oligodeoxynucleotide (50-TCCATGACGTTCC
TGATGCT-30) and corresponding mismatch oligonucleotide
(m-ODN, 50-TCCATGAGGTTCCTGATGCT-30), in which all nu-
cleotides were modified with phosphorothioate, were synthesized
by Thermo Fisher Scientific (Waltham, MA, USA). Cyanine 3-labeled
CpG (Cy3-CpG) was used to investigate cell transfection and tissue
biodistribution. Agarose (D-1 LE) was obtained from Takara
Biomedical Technology (Beijing, China). N, N0-carbonyldiimidazole
(CDI) and other chemical reagents were purchased from Sangon
Biotech (Shanghai, China). C-agarose was synthesized by linking
ethylenediamine with the hydroxyl groups of agarose using a CDI
activation protocol according to a previous report.45 The ratio of
ethylenediamine introduced into the agarose was examined by
elemental analysis of nitrogen (CHN-O-Rapid, Hanau, Germany),
and the 5.25%-modified agarose was used for the following studies.
Figure 7. Influence of Splenectomy on the Antitumor Activity of C-agarose+Cp

(A and B) After a sham operation or splenectomy, mice were inoculated with tumor cells

gel. Representative images of (A) TDLN, (B) lungs, and tumors from 4T1 or B16F10 tum

Lymph node (100�; scale bar, 100 mm) and lung (20�; scale bar, 500 mm) sections from t

isolated tumors frommice were weighed. (E) Numbers of tumor nodules in the lung tissue

treatments at 35 days (4T1 breast cancermodel) or 60 days (B16F10melanomamodel) a

(the comparison between splenectomized mice with C-agarose+CpG treatment and

comparison between splenectomized mice with C-agarose+CpG treatment and sham

representative results from five independent experiments and are expressed as the mea
Preparation of C-agarose+CpG Solution and C-Agarose

Hydrogel Containing CpG

Various amounts of C-agarose were completely dissolved in saline af-
ter being heated to 100�C for 15 min to obtain different concentra-
tions of C-agarose solvent. For cell transfection, a C-agarose+CpG
solution containing 1 mg/mL CpG was prepared by mixing a volume
of CpG saline solution (4 mg/mL) with 3 volumes of C-agarose saline
solution (4 mg/mL). For gelation in vivo, the C-agarose+CpG hydro-
gel containing 0.5 mg/mL CpG was obtained by the addition of CpG
to the heated 1.5% (w/v) C-agarose solution. Then, the C-agarose
solution was cooled down to 45�C and injected into tumor-bearing
mice via subcutaneous administration.

Cell Isolation and Treatment

4T1 cells (a type of murine mammary carcinoma cell line, ATCC,
Manassas, VA, USA) and B16F10 cells (a type of mouse melanoma
cell line, ATCC) were cultured in RPMI-1640 medium and DMEM
medium (Thermo Fisher Scientific) containing 10% fetal calf serum
(FCS), respectively. To isolate Siglec-1+ macrophages, lymph nodes
were isolated from mice and used to prepare a single-cell suspension.
Siglec-1+ macrophages were collected from the single-cell suspension
using a PE-labeled anti-Siglec-1 antibody and anti-PE microbeads
(Miltenyi Biotec, Bergisch Gladbach, Germany). Flow cytometry
analysis and trypan blue staining indicated that both the purity and
viability of Siglec-1+ macrophages were higher than 90%.

Siglec-1+ macrophages were seeded in 6-well plates and cultured in
RPMI-1640 medium (Thermo Fisher Scientific) with 10% FCS before
treatments. Then, the culture medium was removed, and Siglec-1+

macrophages were washed once with PBS. Next, 1 mL of Opti-
MEM containing 4 mg of naked Cy3-CpG or C-agarose+CpG complex
(also containing 4 mg of Cy3-CpG) was added to the wells to incubate
at 37�C for 6 h. Lipofectamine 2000 was used as a positive control
reagent. To examine the role of Siglec-1 in the cellular uptake of
the C-agarose+CpG complex in Siglec-1+ macrophages, 100 pmol
siRNAs targeting Siglec-1 or corresponding control siRNAs (mis-
matched siRNA [m-siRNA]), control plasmid, or 4 mg Siglec-1
plasmid (vector, pECMV-MCS-FLAG; Fenghui Bio, Changsha,
China) were transfected into Siglec-1+macrophages 48 h before the in-
cubation with C-agarose+CpG complex. The siRNA sequences are
shown in Table S1. The expression level of Siglec-1 in macrophages
treated with siRNA or plasmid was examined bywestern blot 48 h after
transfection. Moreover, a Siglec-1 antibody (#MCA884, Bio-Rad,
10 mg/mL) was incubated with Siglec-1+ macrophages for 12 h before
G

and then subcutaneously injected with C-agarose+m-ODN gel or C-agarose+CpG

or-bearing mice administered different treatments are shown. Scale bar, 1 cm. (C)

umor-bearingmice administered different treatments were stained with H&E. (D) The

s from tumor-bearing mice. (F) Survival curves of tumor-bearing mice under different

fter model establishment. *p < 0.05, **p < 0.01, and ***p < 0.001 (D and E); *p < 0.05

splenectomized mice with C-agarose+m-ODN treatment); NS, not significant (the

-operated mice with C-agarose+CpG treatment); n = 10 mice per group. Data are

n ± SEM. m-ODN, mismatched oligonucleotide; TDLN, tumor-draining lymph node.
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the addition of C-agarose+CpG complex. The viability of Siglec-1+

macrophages with different treatments was examined 48 h after trans-
fection with siRNA or plasmid by a CCK8 kit (Dojindo Laboratories,
Kumamoto, Japan). The transfection efficiency was monitored by
a Nikon confocal microscope (C2+, Nikon, Tokyo, Japan) and
quantified by a flow cytometer (BD Biosciences, San Jose, CA, USA)
24 h after the addition of C-agarose+CpG complex.

The above differentially treated Siglec-1+ macrophages were collected
to extract RNA for transcriptome sequencing (Novogene Bioinfor-
matics Technology, Beijing, China) and real-time qPCR, and the
supernatant was harvested to determine the concentrations of
cytokines (IFN-g, IL-1a, IL-1b, IL-10, CXCL4, CXCL9, CXCL10,
CCL5, TNF-a, IL-2, and granzyme B) using ELISA kits 24 h after
transfection (R&D Systems, Minneapolis, MN, USA). Moreover, a
5*106 lymph node single-cell suspension was added to wells contain-
ing 1*106 CpG-treated Siglec-1+ macrophages 24 h after transfection.
After 4 days of co-culture, the supernatant was harvested to examine
the level of cytokines (IL-2, IFN-g, and granzyme B), and the sus-
pended lymph node single-cell suspension was collected for flow
cytometry analysis. The viability of lymph node cells with different
treatment was determined by a CCK8 kit. Cell co-culture experiments
were applied to examine the tumoricidal activity of activated lymph
node cells. In brief, 104 4T1 cells or B16F10 cells in 100 mL of culture
medium were co-cultured with a different number of the above
mentioned-stimulated lymph node cells in 96-well plates for 24 h.
A CCK8 kit was utilized to determine the viability of tumor cells.
The viability of tumor cells with different treatments was calculated
according to the following formula: Cell viability (%) = ([As � Al]/
[Ac � Ab])*100% (As, sample absorbance of the co-culture system
containing various number of lymph node cells and tumor cells;
Al, sample absorbance of the culture system containing correspond-
ing number of lymph node cells with different treatment; Ac, sample
absorbance of the culture system containing corresponding number
of tumor cells without any treatment; Ab, sample absorbance of the
culture medium).

Tumor Model Establishment and Treatment

Female BALB/c and C57BL/6J mice (8 weeks old) with the same
background were obtained from the Experimental Animal Center
of Nanjing Medical School (Nanjing, China). Experimental mice
were housed in a specific pathogen-free (SPF) environment in a
ventilated, temperature-controlled room (23�C) with a 12 h light/
12 h dark cycle. All animal procedures were performed in accor-
dance with the Guidance Suggestions for the Care and Use of
Laboratory Animals, formulated by the Ministry of Science and
Technology of China, and approved by the Animal Care Ethics
Committee of Nanjing University. Mice received a sham operation
or a splenectomy according to a previous report 1 week prior to tu-
mor cell implantation.46

4T1 cells (1� 107 cells/mL, 100 mL) were injected into the abdominal
mammary gland of normal, sham-operated, or splenectomized
BALB/c mice to construct a mouse breast cancer model, and
660 Molecular Therapy: Nucleic Acids Vol. 16 June 2019
B16F10 cells (5 � 106 cells/mL, 20 mL) were injected subcutaneously
into the soles of normal, sham-operated, or splenectomized C57BL/6J
mice to establish a murine melanoma cancer model. C-agarose gel
containing CpG (5 mg CpG/kg body weight) was injected subcutane-
ously into the area near the tumor site every week from week 1 to
week 3 in 4T1 tumor-bearing mice or from week 1 to week 6 in
B16F10 tumor-bearing mice after tumor implantation. Mice treated
with saline were used as a control, and mice infected with naked
CpG, C-agarose, and C-agarose+m-ODN were used for therapeutic
effect comparison. 4T1 tumor-bearing mice were sacrificed on day
25, and B16F10 tumor-bearing mice were sacrificed on day 45; their
tumors were harvested for macroscopic observation and weight anal-
ysis. For survival analysis, 4T1 tumor-bearing mice were killed on day
35, and B16F10 tumor-bearing mice were sacrificed on day 60.
Inguinal lymph node in 4T1 tumor-bearing mice and popliteal lymph
node in B16F10 tumor-bearing mice on the side of tumor were
excised as TDLNs. TDLNs and lungs in both tumor models were
excised and subjected to macroscopic observation and histopatholog-
ical examination. Lymph nodes were used for further flow cytometry
analysis and cytokine determination.

Tissue-Distribution Assay for CpG

Agarose or C-agarose hydrogel containing Cy3-CpG at the volume
of 200 mL were injected into 4T1 tumor-bearing mice subcutane-
ously at a dose of 5 mg CpG/kg body weight. Mice were sacrificed
1 week after gel implantation and various organs, including the
heart, liver, spleen, lung, kidney, lymph node, brain, and muscle
near the injection site, and the tumors were harvested. Siglec-1+

macrophages were isolated by magnetic beads, and other cells
collected during the isolation process were used as non-Siglec-1+

macrophages. Cy3-CpG in different tissues and cells was extracted
according to a previous report, and the amount was quantified via
examining the fluorescence degree at 568 nm.47 To assay the cellular
localization of CpG, lymph nodes were frozen, sectioned, and incu-
bated with a primary rat anti-mouse Siglec-1 (#MCA884, Bio-Rad,
1:200), CD3 (#ab56313, Abcam, 1:100), CD4 (#100425, Biolegend,
1:50), CD8 (#100801, Biolegend, 1:50), B220 (#103225, Biolegend,
1:50), CD11c (#97585, Cell Signaling Technology, 1:200), or
CD49b (#108902, Biolegend, 1:50) antibody followed by a secondary
donkey anti-rat Alexa 488 antibody (# A-21208, Thermo Fisher,
1 mg/mL) or donkey anti-rabbit Alexa 488 antibody (# A-21206,
Thermo Fisher, 1 mg/mL). Then, nuclei were stained with DAPI
(Sigma-Aldrich, St. Louis, MO, USA), and the sections were imaged
by a Nikon C2+ confocal microscope.

Flow Cytometry Analysis

The lymph node single-cell suspension was blocked in 100 mL of 1%
BSA for 30 min on ice, incubated with anti-Siglec-1 (#142417,
Biolegend, 10 mg/mL), anti-CD3 (#100235, Biolegend, 5 mg/mL),
anti-CD4 (#100411, Biolegend, 2.5 mg/mL), anti-CD8 (#100711, Bio-
legend, 2.5 mg/mL), anti-CD11c (#117309, Biolegend, 2.5 mg/mL),
anti-CD49b (#108909, Biolegend, 2.5 mg/mL), anti-F4/80 (#123115,
Biolegend, 2.5 mg/mL), and anti-B220 (#103211, Biolegend,
2.5 mg/mL) and then analyzed on a flow cytometer (BD Biosciences).
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Western Blotting Assay

Proteins extracted from cell lysate were separated with SDS-PAGE
(10% polyacrylamide gels) and then transferred onto the polyvinyli-
dine difluoride (PVDF) membranes. The membranes were blocked
by 5% skimmed milk (room temperature; 1 h) and then incubated
with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody
(ab8245, Abcam, 1:10,000) andmouse Siglec-1 antibody (#MAB5610,
R&D Systems, 1 mg/mL) (4�C; overnight); the membrane was incu-
bated with anti-rat immunoglobulin G (IgG), horseradish peroxidase
(HRP)-linked antibody (#7077, Cell Signaling Technology, 1:1,000) at
room temperature (1 h). After rinsing with PBST (PBS with 0.1%
Tween-20) five times, positive signals were detected using Super-
SignalWest Pico PLUS chemiluminescent substrate (Thermo Fisher
Scientific, USA) and scanned using a Tanon 4200SF chemilumines-
cent imaging system (Tanon, Shanghai, China).

mRNA Quantification

Quantitative real-time PCRwas carried out on a 7300 sequence detec-
tion system (Applied Biosystems) with LightCyclerFastStart DNA
Master SYBR Green I (Roche Diagnostics, Indianapolis, IN, USA)
to examine the mRNA levels, according to the protocol provided by
the manufacturer. b-actin was used as internal control for gene
mRNA levels. The gene qRT-PCR primers were synthesized by Life
Technologies, and the primer sequences are shown in Table S1.

Statistical Analysis

Results are expressed as the mean ± SEM. Data were statistically
analyzed using Prism software (GraphPad Software, La Jolla, CA,
USA) and assessed for normality or homogeneity of variance. Signif-
icant differences between two groups were evaluated by two-tailed
Student’s t test. Differences between multiple groups were compared
using one-way ANOVA with Dunnett’s tests or, if appropriate, using
one-way ANOVA with post-hoc Bonferroni correction. The survival
curves were analyzed by the Kaplan-Meyer log-rank test. The differ-
ence was considered significant when p < 0.05; NS, not significant.
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