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USMB-shMincle: a virus-free gene therapy
for blocking M1/M2 polarization
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Mincle is essential for tumor-associated macrophage (TAM)-
driven cancer progression and represents a potential immuno-
therapeutic target for cancer. Nevertheless, the lack of a specific
inhibitor has largely limited its clinical translation. Here, we
successfully developed a gene therapeutic strategy for silencing
Mincle in a virus-free and tumor-specificmanner by combining
RNA interference technology with an ultrasound-microbub-
ble-mediated gene transfer system (USMB). We identified a
small hairpin RNA (shRNA) sequence shMincle that can silence
not only Mincle expression but also the protumoral effector
production in mouse bone marrow- and human THP-1-
derived macrophages in the cancer setting in vitro. By using
our well-established USMB system (USMB-shMincle), the
shMincle-expressing plasmids were delivered in a tissue-spe-
cific manner into xenografts of human lung carcinoma A549
and melanoma A375 in vivo. Encouragingly, we found that
USMB-shMincle effectively inhibited the protumoral pheno-
types of TAMs as well as the progression of both A549 and
A375 xenografts in a dose-dependent manner in mice without
significant side effects. Mechanistically, we identified that
USMB-shMincle markedly enhanced the anticancer M1 pheno-
type of TAMs in the A549 and A375 xenografts by blocking the
protumoral Mincle/Syk/nuclear factor kB (NF-kB) signaling
axis. Thus, USMB-shMincle may represent a clinically translat-
able novel and safe gene therapeutic approach for cancer
treatment.

INTRODUCTION
Cancer is one of the top leading causes of death worldwide. However,
ineffective treatments due to severe side effects, drug resistance,
recurrence, and metastasis are the main difficulties encountered dur-
ing clinical cancer treatment. Increasing evidence has shown that
tumor microenvironment (TME) plays a vital role in tumor develop-
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ment and progression. Therefore, targeting TME is a promising
approach for cancer treatment. In the past decade, a number of
cell-based immunotherapeutic approaches, including chimeric anti-
gen receptor (CAR) T cells and natural killer (NK) cells, have shown
considerable progress in clinical trials.1,2 Meanwhile, our recent
studies also demonstrated that TME is essential for tumor growth, in-
vasion, and metastasis via increasing angiogenesis and matrix metal-
loprotease (MMP) production and restricting NK cell cancer-killing
activities.3 These studies suggest that targeting TME may represent
a safe and effective therapeutic strategy for cancer.

Tumor-associated macrophages (TAMs) are a type of predominant
tumor-infiltrating leukocytes. Their role has been identified to be pro-
motion of cancer progression via immunomodulation. Thus, the
blockade of TAM activation and function is an important therapeutic
strategy for TME-based anticancer therapy. The function of C-Type
Lectin Domain Family 4 Member E (Clec4e, also called Mincle) in
macrophages has attracted mounting attention recently. For example,
Mincle was found to play an important role in inflammation-related
diseases, such as acute renal inflammation and subarachnoid hemor-
rhage.4,5 Unexpectedly, its potential role in TAMs is still largely unex-
plored. It has been demonstrated that deletion of Mincle markedly
suppressed pancreatic tumorigenesis in a mouse model by enhancing
Author(s).
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immunogenicity of the inflammatory TME including TAMs.6 In
addition, our previous study discovered that Mincle is essential for
maintaining the protumoral activities of TAMs by suppressing the
M1 phenotypes in two syngeneic mouse models with murine mela-
noma B16F10 and lung carcinoma LLC.7 These findings suggested
that Mincle is a pivotal gene for TAM-driven disease progression
and a novel immunotherapeutic target for human cancer. Neverthe-
less, there is still no specific Mincle inhibitor available, which pre-
cludes its clinical transition.

Here, we successfully developed a novel virus-free gene therapy,
USMB-shMincle, for tumor-specifically targeting Mincle by
combining RNA interference (RNAi) technology with an ultra-
sound-microbubble (USMB)-mediated delivery system. Different
from viral vectors, USMB-mediated delivery results in less safety
and controllability concern in the clinical application of cancer treat-
ment. Compared with non-viral systems, viral vectors have higher
immunogenicity and genotoxicity, which can affect treatment effi-
ciency.8 For example, lentivirus-mediated gene therapy integrates
therapeutic DNA sequences into the host genome, while USMB-
mediated RNAi as a non-viral gene therapy is more controllable in
treatment time and dosage.9

In this study, we further optimize the USMB-shMincle system for tar-
geting both mouse and human Mincle-expressing TAMs in vitro and
in vivo. The translational potential and safety of the modified system
were evaluated by using two human xenograft cancermodels with inva-
sive melanoma A375 and lung cancer A549. Encouragingly, USMB-
shMincle treatment not only dose-dependently blocked theM1/M2 po-
larization but also reduced the production of TAM-mediated protu-
moral effectors in the human xenografts in vivo. This pre-clinical study
provides important rationales for further developing USMB-shMincle
as a novel and safe therapeutic strategy for human cancers.

RESULTS
Screening for a universal shRNA that silences both human and

mouse Mincle

To develop a clinical translatable therapeutic strategy, we first de-
signed three small interfering RNAs (siRNAs) according to the
conserved sequences of murine and human Mincle mRNA for
achieving universal Mince knockdown (Table S1). The silencing effi-
ciencies of these siRNAs were tested on mouse macrophage cell line
RAW264.7 and THP-1-derived human macrophages. In essence,
both siMincle #2 and #3 effectively silenced Mincle expression in can-
cer secretome-primed macrophage cell lines RAW264.7 and THP-1,
under stimulation with cancer conditional medium (CM), as revealed
by real-time PCR andwestern blot analyses (Figures 1A–1D). Interest-
ingly, siMincle #3 in general achieved the largest suppressive effects on
Mincle transcription in mouse primary cultured bone marrow-
derived macrophages (BMDMs) and both RAW264.7 and THP-1
macrophage cell lines under lipopolysaccharide (LPS) stimulation
compared with the other two siMincle sequences (Figure S1). As
siMincle #3 effectively inhibited both human and mouse Mincle
expression at both the mRNA and protein levels, it was converted to
a small hairpin RNA (shRNA) sequence and cloned into an expression
plasmid as shMincle for further investigation (Figures 1E and 1F).

shMincle effectively inhibits protumoral activities of

macrophage in vitro

We confirmed further that shMincle was able to suppress the expres-
sion of Mincle under stimulations of LPS or CM, as the siMincle #3
siRNA in vitro (Figures 2A and S2). More importantly, we observed
that shMincle effectively inhibited not only Mincle expression but
also interleukin 6 (IL-6) production in the CM-induced THP-1 and
RAW264.7macrophages in a dose-dependentmanner in vitro (Figures
2B–2G).Notably, IL-6 is a key protumoral cytokine, whose production
is regulated by theMincle/Syk/nuclear factor kB (NF-kB) signaling cir-
cuit in TAMs,7 suggesting that shMincle effectively inhibits this protu-
moral axis and may produce anti-cancer effects in vivo.

USMB-shMincle effectively inhibits cancer progression in

human xenografts

To assess its therapeutic effects in vivo, shMincle was tumor-specifically
delivered into two xenograft mouse models bearing human lung carci-
noma (A549) and melanoma (A375) with our well-established USMB
system.10–12 In brief, when tumor sizes reached 50 mm3 after cancer
cell inoculation, the human xenograft-bearing mice were randomized
and treated with empty vector (EV) or various dosages of shMincle
(50mg, 100mg, and 200mg/mouse)mixedwithmicrobubble delivery re-
agent at 1:1 ratio every 5 days via tail vein injection. Encouragingly,
USMB-shMincle effectively inhibited the progression of both human
lung carcinomaandmelanoma in vivo. Inmoredetail, the growth of hu-
man lung carcinoma A549 xenografts was dose-dependently sup-
pressed by USMB-shMincle compared to the control group, whereas
no significant effects were found on the mice treated with EV
(USMB-EV, Figures 3A–3C). Interestingly, the expression of Mincle
in TAMs was largely repressed at the dosages of 100 mg/mouse and
above in theTME(Figure 3D). In addition,USMB-shMincle also signif-
icantly inhibited the growth of human melanoma A375 xenografts in
mice, with a marked reduction of Mincle-expressing TAMs (Figures
4A–4D). It is noteworthy that the groups receiving high dosages of
USMB-shMincle (200 mg/mouse) showed 60% and 75% regression of
A375 and A549 xenografts compared to their USMB-EV controls, sug-
gesting that USMB-shMinclemay represent an effective gene therapeu-
tic approach for human cancer.

USMB-shMincle is a safe anticancer gene therapy

Importantly, we evaluated the safety of USMB-shMincle therapy by
evaluating its potential cytotoxic effects on the important organs of
the treated A375- and A549-bearing mice. By conducting histological
evaluation with hematoxylin and eosin (H&E) stain, we observed no
significant damage in the heart, liver, kidney, and spleen of the
USMB-shMincle-treated mice compared to the control groups (Fig-
ures 5A and S3). More specifically, we also examined the potential
side effects of USMB-shMincle by enzymatic method through
enzyme-linked immunosorbent assay (ELISA). Our data suggested
that there were no significant increments of the serum levels of tis-
sue-specific enzymes including alanine aminotransferase (ALT),
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Figure 1. Screening for universal shMincle sequences in human and mouse macrophages

Knockdown efficiencies of three designed sequences against Mincle in (A and B) murine macrophage RAW264.7 and (C and D) human macrophage phorbol 12-myristate

13-acetate (PMA)-stimulated THP-1 under cancer secretome stimulation in vitro. siMincle #3 showed the best silencing for Mincle in both human and murine macrophages.

(E and F) Map of constructed shMincle plasmid using si#3 and pSUPER.puro vector. Data represent mean ± SEM of 3 independent in vitro experiments. Statistical analysis

based on ordinary one-way ANOVA. ****p < 0.0001, ***p < 0.001, **p < 0.01 versus NC; ####p < 0.0001, ###p < 0.001 versus NC+CM.

Molecular Therapy: Oncolytics
aspartate aminotransferase (AST), lactate dehydrogenase (LDH),
myeloperoxidase (MPO), creatinine, and troponin-1 (Tn-1) in the
USMB-shMincle-treated mice compared to the untreated and EV
controls (Figures 5B–5G and S3), highlighting that USMB-shMincle
is a safe gene therapy for cancer treatment.
28 Molecular Therapy: Oncolytics Vol. 23 December 2021
USMB-shMincle enhances M1 TAMs by blocking the Mincle/

Syk/NF-kB axis

We recently identified that the novel Mincle/Syk/NF-kB circuit
is important for promoting the protumoral activities of TAMs
by facilitating their M1/M2 transition, which can be blocked
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Figure 2. shMincle effectively inhibits Mincle expression in human macrophages

(A) shMincle effectively inhibited Mincle expression in human macrophage THP-1 cells upon both LPS and CM stimulation. (B–G) shMincle blocks Mincle and downstream

IL-6 expression in a dose-dependent manner in human THP-1 and murine RAW264.7 macrophages. Data represent mean ± SEM of 3 independent in vitro experiments.

Statistical analysis based on ordinary one-way or two-way ANOVA. ####p < 0.0001, ###p < 0.001, ##p < 0.01, #p < 0.05 versus EV; @@@@p < 0.0001, @@@p < 0.001,

@@p < 0.01, @p < 0.05 versus 5 nM shMincle; ^^p < 0.01 versus 20 nM shMincle.
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by targeting Mincle.7 Consistently, we found that USMB-
shMincle effectively suppressed the M1/M2 transition in A549
and A375 xenografts, as shown by the dose-dependently
enhanced M1 but suppressed M2 phenotypes and functions
without change in total TAM number in the treated xenografts
(Figures 6A–6C, S4, S5, S6, and S7). It should be noted that the
same inhibitory effect on M1/M2 polarization was also detected
in the immunocompetent mouse models with syngeneic lung
carcinoma LLC and melanoma B16F10 in vivo (Figures S8 and
S9). Additionally, USMB-shMincle not only substantially blocked
the Mincle/Syk/NF-kB circuit and its key protumoral cytokine
IL-6 (Figures 6E and 6F, S5, and S10) but also greatly reduced
the production of invasive and metastatic effectors CXCR4 and
MMP-13 (Figure 7) in the shMincle xenografts at both mRNA
and protein levels in vivo. Our results demonstrated that
USMB-shMincle significantly inhibited the malignant progres-
sion of human melanoma and lung carcinoma in mouse xeno-
graft models by blocking M1/M2 transition and protumoral
effector production in a tumor-specific manner. Thus, USMB-
shMincle may represent as an effective and safe virus-free
gene therapy for human cancers.

DISCUSSION
In our previous studies, we discovered that Mincle is highly expressed
in TAMs and has an essential role in promoting the protumoral activ-
ities of TME via a novel Mincle/Syk/NF-kB signaling circuit.7 Never-
theless, there is still no specific Mincle inhibitor available worldwide,
which greatly restricts its potential for clinical translation. Here, we
Molecular Therapy: Oncolytics Vol. 23 December 2021 29

http://www.moleculartherapy.org


A B

C

D

Figure 3. USMB-shMincle effectively blocks the growth of human non-small-cell lung carcinoma (NSCLC) xenografts in vivo

Mice were inoculated with 1� 106 human lung cancer A549 cells subcutaneously and then received USMB-mediated tumor-specific delivery with 100 mL of mixture with EV

(USMB-EV) or shMincle plasmid (50 mg, 100 mg, and 200 mg/mouse; USMB-shMincle) every 5 days as treatment. (A–C) Imaging of A549 human lung cancer-bearing mice

and tumors, tumor weight, and tumor size. (D) Mincle expression in TAMs was highly suppressed in 100-mg and 200-mg dosages of USMB-shMincle treatment. Data

represent mean ± SEM of 5mice/group. Statistical analysis based on ordinary one-way ANOVA. ****p < 0.0001, ***p < 0.001 versus Control; ####p < 0.0001, ###p < 0.001,

#p < 0.05 versus EV-USMB; @@@@p < 0.0001, @@@p < 0.001, @@p < 0.01 versus 50 mg shMincle; ^p < 0.05 versus 100 mg shMincle. Scale bars, 100 mm.
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established a virus-free gene therapy, USMB-shMincle, as a novel
Mincle inhibitor and successfully demonstrated its anticancer effi-
ciency and safety in two xenograft nude mousemodels of humanmel-
30 Molecular Therapy: Oncolytics Vol. 23 December 2021
anoma and lung carcinoma. This work evidently demonstrated that
USMB-shMincle may represent a potential anticancer gene therapy
for human cancers.
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Figure 4. USMB-shMincle effectively blocks the

growth of human melanoma xenografts in vivo

Mice were inoculated with 1 � 106 human melanoma

A375 cells subcutaneously and then received 100 mL of

USMB mixture with EV or shMincle plasmid (50 mg,

100 mg, and 200 mg/mouse) every 5 days as treatment.

(A–C) Imaging of A375 human melanoma-bearing mice

and tumors, tumor weight, and tumor size. (D) Mincle

expression in TAMs was highly suppressed under USMB-

shMincle treatment. Data represent mean ± SEM of 5

mice/group. Statistical analysis based on ordinary one-

way ANOVA. ####p < 0.0001, ###p < 0.001, ##p < 0.01

versus EV; @p < 0.05 versus 50 mg shMincle. Scale bars,

100 mm.
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The role of Mincle was initially reported in primary immunity to mi-
croorganisms and inflammation. In 2009, Yamasaki et al. reported
that Mincle senses damaged cells and Mincle�/� macrophages have
defects in cytokine and chemokine production under pathogenic
fungal infection.13 The classic activation pathway of Mincle is to
cross-link the tyrosine activation motif ITAM subunit FcRg after
binding to ligands such as LPS and trehalose-6,60-dimycolate
(TDM),14 which recruits Syk through phosphorylation and causes
the CARD9-MALT1-BCL10 complex to activate the NF-kB pathway
and release cytokines.15,16 These series of reactions invoke immune
cell infiltration6 and activation.17 In addition, Mincle�/� bone
marrow-derived cells lose their ability in dynamic balance of pro-
and anti-inflammatory cytokines, which affects cytotoxicity CD4+

T cell function such as interferon (IFN)-g production.18 Glycolipid-
stimulatedM1 polarization is another important immunomodulation
in phagocytosis.19 Moreover, increasing evidence has indicated that
Mincle functions in diseases including acute kidney injury and can-
cers. In acute kidney injury, Mincle is essential for maintaining M1
phenotype of macrophages, which promotes cisplatin-induced renal
inflammation.4 On the other hand, Mincle is an important immunor-
egulator in cancer immunity. In 2016, Seifert et al. discovered that
Mincle binds to the endogenous ligand SAP130 released during cell
necrosis, which increases the infiltration of M2-type TAMs and
myeloid-derived suppressor cells (MDSCs) and inhibits cytotoxic
T cell function as well.6 Gene therapy targeting Mincle in TAMs pro-
vides new ideas for cancer immunotherapy. Unexpectedly, we uncov-
Molecular Th
ered a therapeutic effect of USMB-shMincle in
blocking the M1/M2 transition. Importantly,
M2 TAMs promote angiogenesis,20–23 immu-
nosuppressive environment, as well as genera-
tion of CD31-positive vessels during cancer
development.24 Similarly, higher vascular endo-
thelial growth factor (VEGF) expression was
also observed to be correlated with increased
M2 TAM infiltration in bladder cancer.25 Our
newly invented USMB-shMincle may represent
a potential immunotherapeutic strategy for
eliminating M2 production in cancer. Un-
doubtedly, TAMs have complex regulation
mechanisms. Apart from the Mincle signaling pathway, uptake of
extracellular oncogenic protein KRASG12D26 and apoptotic tumor
cell-derived microRNAs (miRNAs),27 hedgehog signaling activa-
tion,28 and a high level of bcl-2 expression29 also can affect TAM po-
larization. However, the interaction between the Mincle signaling
pathway and other regulatory mechanisms is still unclear and needs
further exploration.

Gene therapy is one of the potential solutions for cancer; however,
safety concerns for the use of viruses still greatly limit its clinical
application.30 For example, an early clinical trial showed insertional
oncogenesis in 4 patients who received retrovirus-mediated gene
therapy of X-linked SCID, which led to serious adverse effects.31

Although the latest self-inactivating lentiviral vectors have largely
reduced the risks of mutagenesis, neighboring genes are still acti-
vated in some studies when viruses with strong promoters and
enhancer elements are used.32 In consequence, we combined RNAi
with our well-established USMB gene transfer system, which has
been studied intensively in kidney disease models.10–12 As shRNA
regulates gene expression at the transcriptional level without
affecting the genome and USMB delivers the shMincle in a tumor-
specific manner, we detected no off-target effects on important or-
gans of the cancer host. These encouraging findings suggest that
our newly invented USMB-shMincle is a safe therapeutic strategy
for cancer. For treatment durability, direct genetic knockout has a
longer-term therapeutic effect. In a recent phase I clinical trial, the
erapy: Oncolytics Vol. 23 December 2021 31
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Figure 5. USMB-shMincle is a safe gene therapy without side effects

Serum samples and tissue sections from melanoma- and lung cancer-bearing mice were collected for safety evaluation of USMB-shMincle. (A) H&E staining of tissues from

A549 human lung cancer-bearing mice. ALT (B), AST (C), LDH (D), MPO (E), creatinine (F), and Tn-1 (G) in serum samples were analyzed by ELISA. Data represent mean ±

SEM of 5 mice/group. Scale bars, 100 mm.
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Figure 6. USMB-shMincle markedly inhibits M1/M2 transition of TAMs in vivo

(A–D) USMB-shMincle dramatically increased the M1 phenotype (iNOS) but decreased M2 phenotype (CD206) and the protumoral effector IL-6 in TAMs. (E and F) USMB-

shMincle inhibited the production of Mincle/Syk/NF-kB downstream effector IL-6, detected in the A549 xenograft by western blot and real-time PCR. Data represent mean ±

SEM of 5 mice/group. Statistical analysis based on ordinary one-way ANOVA. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05 versus CTL; ####p < 0.0001, ###p < 0.001,

##p < 0.01, #p < 0.05 versus EV. Scale bars, 100 mm.
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Figure 7. USMB-shMincle significantly suppresses production of invasion and metastasis efforts in TME in vivo

Interestingly, USMB-shMincle significantly inhibited the production of CXCR4 and MMP-13, important effectors for promoting cancer invasion and metastasis, in the human

xenografts of lung carcinoma A549 (A–C) and melanoma A375 (D–F) in vivo. Data represent mean ± SEM of 5 mice/group. Statistical analysis based on ordinary one-way

ANOVA. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05 versus CTL; ####p < 0.0001, ###p < 0.001, ##p < 0.01, #p < 0.05 versus USMB-EV; @@@p < 0.001, @@p < 0.01

versus 50 mg USMB-shMincle.
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adoptive transfer of CRISPR-Cas9-engineered T cells that knocked
out T cell receptor (TCR)a, TCRb, and programmed cell death pro-
tein 1 (PD-1) could exist in patients for up to 9 months.33 In com-
parison, inclisiran is a long-acting RNAi agent that provides inhibi-
tion on its target PCSK9 for more than 6 months.34 We have
detected that the USMB-mediated RNAi can significantly inhibit
gene expression at day 7 after the first treatment, and the gene sup-
pression could last at least 2 weeks in vivo in previous studies.11,35

Similarly, shRNA-mediated gene inhibition will last several weeks
in vitro.36 Nevertheless, infiltration of TAMs into the TME is highly
dynamic during cancer progression in vivo; we optimized the dosing
to ensure the gene suppression effect according to our previous
34 Molecular Therapy: Oncolytics Vol. 23 December 2021
study.9 Therefore, the optimized dosing schedule effectively achieved
70% knockdown efficiency in vivo similar to the lentiviral vectors.37

Basically, USMB-shRNA is a non-viral cancer therapeutic strategy
that provides competitive knockdown efficiency and higher safety
and flexibility.

Additionally, we found that USMB-shMincle significantly inhibited
CXCR4 and MMP-13 expression in both human melanoma and
lung cancer mouse models. The high expression of MMP-13 has
been reported to be commonly upregulated in most of the cancer mi-
croenvironments,38 and increased stromal MMP-13 is important for
promoting cancer invasion and angiogenesis.39,40 In addition, CXCR4
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has a role in cancer metastasis via activating the mitogen-activated
protein kinase (MAPK) pathway.41 Increased expression of CXCR4
in stromal cells and TME is also related to epithelial-mesenchymal
transition and drug resistance.42 The unexpected inhibitory effects
of USMB-shMincle in the protumoral activities of TME should be
investigated further, which may represent important information
for its translational development.

The therapeutic principle of USMB-mediated gene transfer is to
destroy the structure of the microbubble while effectively bringing
the shRNA molecules carried by the microbubble into nearby cells.43

Currently, some engineered microbubbles with pH/temperature-
responsive and gas-generating features are expected to improve
the targeting efficiency in cancer treatment.44,45 However, USMB-
mediated gene transfer does rely on ultrasound when targeting
tumor sites, which focuses on localized drug delivery. This is a
potential limitation for its use in the treatment of metastatic
cancer, while USMB-mediated co-delivery of shRNA and chemo-
therapeutic drugs may provide a feasible way to apply the USMB-
mediated treatment in aggressive and refractory cancers.46 This
highly targeted therapy also has many advantages, including that it
does not affect the function of other organs. In immunotherapy, it
targeted suppression of immune cells in TME without changing
the baseline levels.

In summary, we successfully applied USMB-shMincle to develop a
novel Mincle-targeted cancer immunotherapy in human invasive
melanoma and lung cancer. Unexpectedly, we uncovered that the
USMB-shMincle gene therapy also inhibits the M2 TAM-induced
angiogenic and anti-apoptotic functions, which are important mech-
anisms that contribute to cancer progression mediated by TAMs.
Thus, this pre-clinical study laid the foundation for Mincle-targeted
cancer immunotherapy via USMB-shMincle.
MATERIALS AND METHODS
Animals

Nude mice and C57BL/6 mice (male, 8–10 week old) were purchased
from the Chinese University of Hong Kong Laboratory Animal Ser-
vices Centre. All experimental procedures were approved by the An-
imal Ethics Experimental Committee of the Chinese University of
Hong Kong.
Cancer cell culture

HumanA375 and A549 andmouse LLC and B16F10 cancer cells were
cultured in DMEM and DMEM/F12 medium (Life Technologies),
respectively, with 10% heat-inactivated fetal bovine serum (FBS)
and 1% penicillin and streptomycin in 5% CO2 at 37�C as in previous
studies.37 Cell lines were free of mycoplasma by culture with the anti-
microbial reagent Normocin (InvivoGen) 2 weeks prior to experi-
ments. To collect CM, the cell culture medium was removed at 80%
cell confluence, and cancer cells were cultured with serum-free me-
dium for 24 h after washing with PBS. CMs from cancer cell lines
were collected and filtered with a 0.2-mm membrane sterile filter.
Primary culture of BMDMs

For primary culture of BMDMs, bone marrow cells were harvested
from 8- to 10-week old C57BL/6J mice as in previous studies.4,47,48

In brief, bone marrow cells were harvested from femur and tibia via
fine dissection. Red blood cells were lysed, and the remaining bone
marrow cells were cultured in DMEM/F12 medium with 10% heat-
inactivated FBS, 1% penicillin and streptomycin, and 50 ng/mL
macrophage colony-stimulating factor (M-CSF) (Invitrogen) in 5%
CO2 at 37�C. BMDMs were harvested after 7 days of M-CSF-medi-
ated macrophage differentiation. For in vitro knockdown assays,
50 nM of nonsense control (NC) or siMincle #1–3 was transfected
into BMDMs with Lipofectamine RNAiMAX (Invitrogen) 24 h prior
to experiments.48 In addition, different dosages of shMincle plasmids
(5 nM, 20 nM, and 50 nM) were also used to perform USMB-
shMincle therapy as previously described.7,10
Western blot analysis

Protein from cultured cells and tumor tissues was extracted with ra-
dioimmunoprecipitation assay (RIPA) lysis buffer.Western blot anal-
ysis was performed as previously described.3,12 In brief, after nonspe-
cific binding was blocked with 5% bovine serum albumin (BSA),
membranes were incubated overnight at 4�C with primary antibodies
against glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (sc-
32233, Santa Cruz), Mincle (sc-390806, Santa Cruz), IL-6 (sc-
32296, Santa Cruz), MMP13 (sc-30073, Santa Cruz), and CXCR4
(AB1848, Chemicon) and IRDye800-conjugated secondary anti-
bodies (Rockland Immunochemicals). Signals were detected by the
Odyssey imaging system (LI-COR Biosciences), and results were
further quantified by ImageJ. The ratio of protein expression level
was normalized against GAPDH expression.
Real-time PCR analysis

Messenger RNA expression was quantified by real-time PCR using
SYBR Green Supermix (Life Technologies, Carlsbad, CA, USA)
with primers as previously described3,47,49 and shown in Table S2.
The relative expression of detected genes was normalized against in-
ternal control GAPDH and calculated by the 2�DDCt method.
Ultrasound microbubble-mediated gene transfer

The xenograft mouse models were induced by subcutaneous inocula-
tion with 1 � 106 A375 or A549 cells in the back of 8-week-old male
or female C57BL/6J mice. For tumor-specific Mincle knockdown
in vivo, eight mice for each group were treated with pSUPER.puro
EV or shMincle recombinant plasmid via ultrasound microbubble-
mediated gene transfer according to a modified protocol from our
previous studies.7,10 In brief, each mouse was intravenously injected
with 100 mL of mixed microbubble (SonoVue, Bracco Suisse,
Switzerland) solution containing 100 mg of EV or shMincle and
immediately treated with an ultrasound transducer (Therasonic, Elec-
tro Medical Supplies, Wantage, UK) directly placed on the skin of the
back against the tumor with an output of 1MHz at 2W/cm2 for a total
of 5 min. To maintain the transgene expression levels, the mice were
transfected with EV or shMincle plasmid every 5 days and sacrificed
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on day 21 and day 23 in the A375 human melanoma mouse model
and the A549 human lung cancer mouse model, respectively.
Histology and immunofluorescence

Formalin-fixed paraffin-embedded (FFPE) tissue sections (5-mmthick-
ness) of heart, liver, kidney, and spleen tissues from tumor-bearing
nude mice were prepared and stained with H&E staining. Immunoflu-
orescence was performed on fresh tissue sections (5-mm thickness)
frommouse tumors and spleen tissues stained with antibodies against
Mincle, IL-6, inducible nitric oxide synthase (iNOS) (sc-7271, Santa
Cruz), and CD206 (sc-58986, Santa Cruz) conjugated with secondary
antibody (Alexa 546 and Alexa 488) as previously described.48,49
Enzyme-linked immunosorbent assay

Serum samples from tumor-bearing mice were collected to detect
cytotoxicity indicators with an ELISA kit as previously described.37

ALT (TR71121, Thermo Scientific), AST (TR70121, Thermo Scienti-
fic), LDH (J2380, Promega), MPO (EMMPO, Life Technologies),
creatinine (ab65340, Abcam), and Tn-1 (NBP3-00484, Novus) were
measured according to the instructions of the manufacturers.
Statistical analysis

Statistical analysis was performed in GraphPad Prism 5 (GraphPad
Software, La Jolla, CA, USA). All data are presented as mean ±

SEM. Statistical significance was determined by p < 0.05 in one-way
or two-way ANOVA.
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