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ABSTRACT
MicroRNA 155 (miR-155) plays important roles in the regulation of the development and functions of
a variety of immune cells. We previously revealed a vital role of miR-155 in regulating the function of
dendritic cells (DCs) in breast cancer. miR-155 deficiency in DCs impaired their maturation, migration,
cytokine production, and ability to activate T cells. In the current study, to exploit the therapeutic value of
miR-155 for breast cancer, we examined the impact of overexpression of miR-155 on antitumor responses
generated by DC vaccines. We boosted miR-155 expression in DCs by generating a miR-155 transgenic
mouse strain (miR-155tg) or using lentivirus transduction. DCs overexpressing miR-155 exhibited enhanced
functions in response to tumor antigens. UsingmiR-155 overexpressing DCs, we generated a DC vaccine and
found that the vaccine resulted in enhanced antitumor immunity against established breast cancers in mice,
demonstrated by increased effector T cells in the mice, suppressed tumor growth, and drastically reduced
lungmetastasis. Our current study suggests that in future DC vaccine development for breast cancer or other
solid tumors, introducing forced miR155 overexpression in DCs via various approaches such as viral
transduction or nanoparticle delivery, as well as including other adjuvant agents such as TLR ligands or
immune stimulating cytokines, may unleash the full therapeutic potential of the DC vaccines.
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Introduction

Cancer immunotherapy attempts to harness the power of the
immune system to target tumors. Effective antitumor immunity
requires the generation and persistence of functional tumor-
specific T cell responses. Dendritic cells (DCs) are professional
antigen-presenting cells (APCs) that drive T cell-mediated
immune responses. They capture and process antigens, migrate
into lymphoid organs, present antigens, express lymphocyte cost-
imulatory molecules, and secrete cytokines that initiate immune
responses. Thus, DCs are the major link between the innate and
adaptive immune responses. Recent reports show that DCs pulsed
with tumor lysates in vitro and in vivo drive increased therapeutic
antitumor immune responses after vaccination.1-3 Although the
use of DCs in immunotherapy holds promise for cancer treat-
ment, there are still obstacles that need to be overcome, such as
tumor microenvironment-mediated inhibition of DC maturation
leading to tumor escape from immune surveillance.4

MicroRNAs (miRNAs) are endogenous, small, noncoding
RNAs that regulate protein expression post-transcriptionally.
microRNA-155 (miR-155) was one of the first miRNAs shown
to play regulatory roles in the development and function of
multiple immune cells.5,6 It is derived from the noncoding

transcript of B-cell integration cluster (bic) and is essential for
normal B cell differentiation and antibody production.5-7 miR-
155 also regulates the differentiation of CD4+ T cells through
Th1, Th2, and Th17 pathways8-10 and affects the development of
regulatory T (Treg) cells.11 Furthermore, miR-155 is required for
CD8+ T cell responses to acute viral and bacterial challenges.12-15

Our previous studies and those from other groups have
shown that miR-155 deficiency in DCs inhibits DC matura-
tion, migration, subsequent T cell activation, and cytokine
production by directly targeting c-fos, Arg-2, SOCS-1 and
Jarid2 in DCs.6,16-18 We found that miR-155 expression is
increased during DC activation during the initiation of the
anti-tumor immune response against breast cancer; however,
cytokines, such as IL-10 and IL-6 in the tumor microenviron-
ment impair DC activation and thus blunt anti-tumor
immunity.16 In this study, we examine the impact of miR-
155 overexpression on DC vaccine-induced immune activa-
tion and test the feasibility of miR-155 overexpression as
a strategy to improve the antitumor potency of DC vaccines.
We show that miR-155 overexpressing DCs are highly effec-
tive in promoting functional activation of T cells and anti-
tumor activity against breast cancer.
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Results

miR-155-overexpressing bone marrow cells reduce tumor
growth and lung metastasis

We previously showed that host miR-155 deficiency promotes
breast cancer growth by impairing dendritic cell functions.16 In
order to examine the impact of miR-155 overexpression on
immune cell functions, we generated the first whole body miR-
155 transgenic (miR-155tg) mouse model (Fig. S1). There is no
obvious phenotype associated with miR-155 transgenic expres-
sion in healthy transgenic mice compared with wild type (WT)
mice, including growth curve, body weight, and organ weights
(data not shown). Compared to WT mice, miR-155tg mice have
more CD3+/CD4+ and CD3+/CD8+ T cells and fewer CD19+

B cells in the spleen; and while the transgenic mice have compar-
able total CD11c+ dendritic cells and F4/80+ macrophages in the
spleen, their splenic macrophages express higher levels of MHCII
(Fig. S2). To examine whether enhanced miR-155 expression in
immune cells could lead to improved anti-tumor immunity in
tumor-bearing mice, we performed a bone marrow transplanta-
tion (BMT) study. Lethally irradiated WT C57BL/6 mice were
reconstituted with either WT or miR-155tg bone marrow cells.
After 4 weeks, WT and miR-155tg chimeric mice (referred as
WT-BMT and miR-155tg-BMT hereafter, respectively) were
inoculated with EO771 breast cancer cells (Figure 1(a)). At the
endpoint of the experiment, miR-155 expression in bone marrow
cells was determined by qPCR, and there was an average ~10-fold

higher level of miR-155 expression in the bone marrow cells from
miR-155tg-BMT mice than those fromWT-BMT mice, confirm-
ing the successful bonemarrow reconstitution (Figure 1(b)). Mice
transplanted with miR-155tg bone marrow cells exhibited signifi-
cantly attenuated tumor growth (Figure 1(c,d)) and reduced lung
metastasis (Figure 1(e,f)).

miR-155-overexpressing bone marrow cells elicit
enhanced antitumor response

To investigate whether miR-155 overexpression in bonemarrow
cells affects antitumor immune responses, we analyzed immune
cells in the blood, spleen, and tumor-draining lymph nodes from
the mice in the aforementioned experiment by flow cytometry at
the endpoint (35 days after tumor cell inoculation). In the blood,
there was no difference in total T cells (Figure 2(a)), but there
were more CD8+ T cells and less CD4+ T cells in the miR-155tg-
BMT mice (Figure 2(b,c)). Furthermore, we found that both
spleens and tumor-draining lymph nodes contained significantly
more cells in the miR-155tg-BMT mice; particularly, compared
toWT-BMTmice, miR-155tg-BMTmice had significantly more
CD8+ T cells in the spleen (Figure 2(d,e)), indicating that there
was likely a more robust anti-tumor immune response in the
miR-155tg-BMT mice, both locally and, to some degree, sys-
temically. More importantly, we found that the numbers of
IFNγ-expressing CD8+ T cells were significantly increased in
the spleens and tumor-draining lymph nodes of miR-155tg-

Figure 1. miR-155-overexpressing bone marrow cells reduce tumor growth and lung metastasis. (a) Timeline of this experiment. Seven-week-old, female C57BL/6
mice received oral antibiotics for 2 weeks both prior to and after lethal irradiation and bone marrow transplantation with either WT or miR-155tg bone marrow.
4 weeks after BMT, 2 × 105 EO771 tumor cells were implanted into each of the 4th pair of mammary fat pads, tumor growth was monitored and the mice were
sacrificed 35 days after tumor inoculation. (b) miR-155 expression in bone marrow (BM) of all mice at the conclusion of the study to confirm successful bone marrow
transplant. Tumor growth over 35 days (c) and tumor weights (d) at sacrifice. Manual counting of lung surface metastases (e) and measured average size determined
using serial lung sections (f). Results are shown as means ± SEM (n = 10). *p < .05, **p < .01, ***p < .005.
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BMT mice (figure. 2(f,g); Fig. S3), suggesting that an increase of
cytotoxic T cells may be involved in the observed suppression of
EO771 tumor growth and metastasis.

miR-155 overexpression promotes dendritic cell
maturation and migration

DCs are central regulators of the adaptive immune response and
are necessary for T-cell-mediated cancer immunity. The DC-
mediated antitumor immunity relies on mature DCs that pro-
vide both tumor antigens and costimulatory signals to activate
T cells.4 We have previously discovered that miR-155 deficiency
in DCs impairs their maturation, migration, cytokine

production, and their ability to activate T cells.16 Here we deter-
mined how elevated miR-155 expression affects DC maturation.
In the bone marrow reconstitution model described above, we
found that there were significantly more CD11c+ DCs in the
tumors and tumor draining lymph nodes, while the CD11c+ cells
in the spleen exhibited a similar trend but the increase did not
reach statistical significance (Figure 3(a)) in miR-155tg-BMT
mice. These DCs also expressed much higher levels of matura-
tion markers (MHCII, CD40, CD80, and CD86) in the spleen,
tumor-draining lymph nodes, and tumors (Figure 3(b,c)). To
further determine whethermiR-155 overexpression directly pro-
motes DC maturation, we generated bone marrow-derived DCs
(BMDCs) fromWT andmiR-155tg mice (Fig. S4) andmeasured

Figure 2. miR155 overexpressing bone marrow cells elicit enhanced antitumor response. Total circulating T cells (a) and CD8+ (b) and CD4+ (c) T cells of WT or miR-
155tg BMT mice carrying EO771 breast tumor. (n = 5). Total cells, and CD8+ or CD4+ T cells in spleens (d) and tumor-draining lymph nodes (e). (n = 10). Absolute
numbers of active cytotoxic T cells (CD8+IFNγ+) in spleens (f) and tumor draining lymph nodes (g). (n = 5). Results are shown as means ± SEM (n = 5 or 10). *p < .05,
**p < .01, ***p < .005.
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MHC-II and costimulatorymarkers after pulsing these DCs with
tumor antigen (EO771 cell lysate and EO771-conditioned med-
ium, TuAg). Consistent with the in vivo results, we found higher
expression of MHC-II, CD80, and CD86 on miR-155tg BMDCs
than WT BMDCs (Figure 3(d)).

The binding of C-C chemokine receptor type 7 (CCR7) to
its ligands C-C motif chemokine ligands 19 and 21 (CCL19
and CCL21) is the driving force for DC migration toward
draining lymph nodes, which is an essential step for eliciting
T cell activation and expansion.19 We have previously
reported that miR-155 can manipulate CCR7 expression at
the epigenetic level.16 As expected, CCR7 expression was
found to be much higher on DCs in the tumor and tumor-
draining lymph nodes of miR-155tg-BMT mice (Figure 3(e)).
Consistently, CCR7 expression is drastically increased in both
tumor antigen-pulsed and naïve miR-155tg BMDCs in vitro
(Figure 3(f)). We next performed a trans-well migration assay,
and found that miR-155 overexpression promoted BMDC
migration in response to a gradient of CCL19 (Figure 3(g)).
Overall, these results suggest that overexpression of miR-155
in DCs challenged by tumor antigens promotes their matura-
tion and migration to the draining lymph nodes where they
encounter and activate T cells.

miR-155 overexpression enhances the capability of DCs
to activate T cells

To evaluate if miR-155 overexpression in DCs increases their
ability to stimulate T cell activation and proliferation, we co-
cultured tumor antigen-inexperienced splenic T cells from
healthy, WT mice with WT or miR-155tg BMDCs pulsed with
tumor antigens. miR-155tg BMDCs induced much stronger acti-
vation of CD4+ andCD8+ T cells in terms of CD69 expression and
intracellular IFN-γ production than WT BMDCs (Figure 4(a)).
Also, consistent with this result, miR-155 overexpression
enhanced the capacity of DCs to induce T cell expansion as
demonstrated by a CFSE proliferation assay (Figure 4(b); Fig. S5).

We further examined the capability of miR-155-
overexpressing DCs to activate T cells in vivo. Mice were immu-
nized with tumor-pulsed miR-155tg and WT BMDCs 1 day and
5 days after tumor cell implantation. Seven days after tumor cell
implantation, mice were sacrificed and tumors, spleens, and
tumor-draining lymph nodes were evaluated for T cell activation.
It was noted that the cellularity of tumor-draining lymph nodes
and spleens was increased in mice that had received miR-155tg
BMDCs (Figure 4(c)). When compared to mice immunized with
WT BMDCs, mice immunized with miR-155tg BMDCs exhibited
significantly more robust activation of CD4+ and CD8+ T cells in
tumors, spleens, and tumor-draining lymph nodes (Figure 4(d,e)).
Given the increased T cell activation in vivo and in vitro, this
change in the numbers of lymph node and spleen cells is likely due
to an augmented anti-tumor immune response initiated by the
introduction of mature miR-155tg DCs. Interestingly, both WT
and miR-155tg BMDC injections reduced total macrophages
(CD11b+F4/80+) and MDSCs (CD11b+Gr1+) in the tumors to
a similar level (Fig. S6).

In order to further confirm the findings that miR-155-
overexpressing DCs effectively enhance anti-tumor immune
responses, we also augmented miR-155 expression in DCs by

lentivirus-mediated overexpression. miR-155-overexpressing
BMDCs were generated by transduction using mouse bic lenti-
viruses previously generated in our laboratory.20 The transduction
efficiency was 20% ~ 40% and the overall miR-155 expression
level was increased by ~1.9-fold (Fig. S7). It was found that miR-
155 lentivirus-transduced BMDCs (LV-Bic DCs) exhibited higher
expression levels of DC maturation markers than control lenti-
virus-transduced BMDCs (LV-pWPI DCs) after being pulsed
with tumor lysates and conditioned medium (Figure 5(a); Fig.
S8). When these LV-Bic DCs were administered to EO771 tumor
cell inoculated mice after the tumor cells were injected for 24 h,
larger tumor-draining lymph nodes (Figure 5(b)) and improved
T cell activation (Figure 5(c)) were observed 48 h after LV-Bic DC
administration compared to those in LV-pWPIDC-injectedmice.
These results again indicate that a stronger early anti-tumor
immune response was elicited by miR-155-overexpressing DCs,
demonstrating enhanced effectiveness of this DC-based vaccine
even in the immune-suppressive microenvironment present in
the tumor-bearing mice.

miR-155 overexpression in DCs boosts antigen-specific
activation of T cells

To confirm that overexpression of miR-155 can enhance DC
antigen presentation and antigen-specific T cell activation, we
used ovalbumin (OVA) as a surrogate antigen to perform an
ELISpot assay. BMDCs from age-matched female WT C57Bl/6
or miR-155tg mice were treated with ovalbumin or/and EO771
tumor antigen (TuAg, a combination of EO771 cell conditioned
medium and cell lysate) for 24 h and were analyzed for DC
maturation/activation. It was found that miR-155tg BMDCs
were more mature/activated than WT BMDCs under either
OVA or TuAg alone or in combination (Figure 6(a)). Indeed,
when the treated DCs were co-cultured with OT-1 T cells, miR-
155tg DCs presented OVA-derived antigens more effectively to
OT-1 T cells and increased the frequency of activated CD8+

T cells (CD69+, or CD44+/CD62L−) (Figure 6(b); Fig. S9), indi-
cating miR-155tg DCs can process and present both OVA-
derived antigens and tumor antigens more effectively to T cells
than WT DCs. It is understandable that OVA-treated DCs
activate OT-1 T cells much more effectively than tumor anti-
gens-treated DCs. Furthermore, ELISpot assay showed that
OVA treated or TuAg + OVA treated miR-155tg DCs signifi-
cantly enhanced IFNγ+ T cells compared to OVA treated or
TuAg + OVA treated WT DCs, respectively (Figure 6(c)). In
addition, TuAg + OVA treated DCs are more effective in acti-
vating OT-1 T cells than OVA-treated DCs, suggesting that
tumor cell conditioned medium and lysate indeed enhanced
DC function.

miR-155 overexpression increases the efficacy of a
DC-based vaccine for breast cancer

To exploit miR-155 overexpression as a strategy to improve the
efficacy of DC-based vaccines against breast tumors, we injected
tumor-antigen pulsed BMDCs frommiR-155tg orWTmice into
mice bearing EO771 breast tumors twice a week for 3 weeks as
an anti-tumor DC vaccine (Figure 7(a)). A third control group
received only PBS injections of the same volume as the DC-
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Figure 3. miR155 overexpression increases dendritic cell frequency, maturation, and migration. (a) DC frequencies in the spleens, tumors and lymph nodes of tumor
bearing mice. (n = 5). (b, c) DC maturation of splenic, tumor and lymph node DCs was determined by MHCII, CD40, CD80, and CD86 staining. (n = 5). (d) miR155tg
and WT BMDCs were pulsed with tumor antigen (TuAg) and stained for maturation markers (MHCII, CD80, and CD86), and analyzed with flow cytometry. (n = 3). (e)
Frequencies of CCR7 highly expressed DCs (CCR7hi) in tumor and lymph node of WT or miR-155tg BMT mice. (n = 5). (f) CCR7 expression on WT and miR155tg BMDCs
with or without TuAg treatment. (n = 3). (g) WT and miR155tg DCs were pulsed with tumor material, then exposed to a CCL19 gradient. Migration in response to
CCL19 through a trans-well insert was quantified (left) and representative images were shown (right). (n = 3). Results are shown as means ± SEM. *p < .05, **p < .01,
***p < .005.
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containing injections. Vaccine therapy with miR-155tg BMDCs
significantly inhibited tumor growth (Figure 7(b)). To provide
more insights into the enhanced antitumor response, we exam-
ined effector T cells in mice receiving vaccine therapies. The
percentage of IFNγ-expressing CD8+ T cells in the spleens and

the tumors as well as the percentages of CD69+ cells in CD8+ or
CD4+ T cells in the tumors of miR-155tg BMDC-immunized
mice were significantly increased when compared to WT
BMDC-immunized mice (Figure 7(c)), pointing to an increased
systemic immune response.

Figure 4. miR155 overexpression enhances the capability of DCs to activate T cells. WT and miR155tg DCs were pulsed with tumor antigen, then co-cultured with
tumor antigen-inexperienced WT T cells. (a) After 48 hours of co-culture, T cells were stained for CD3, CD4, CD8, CD69, and IFNγ, then analyzed using flow cytometry.
(n = 3). (b) Some tumor antigen-inexperienced T cells were stained with CFSE prior to co-culture; after 120 hours of co-culture, T cell CFSE fluorescence was analyzed
using flow cytometry. The “Proliferation” tool in FlowJo was used to analyze the samples and assign the Proliferation Index. (n = 3). (c–e) Tumor-bearing WT mice
were s.c. injected twice with tumor antigen-pulsed WT or miR155tg DCs. Tumors, spleens, and tumor draining lymph nodes were then harvested, and dissociated to
a single cell suspension. Tumor-draining lymph node and spleen cellularity after tumor antigen pulsed DCs s.c. injections. (n = 6–8) (c). Activation of CD4+ (d) or CD8
+ (e) T cells was analyzed using CD45, CD3, CD4, CD8, and CD69 antibodies and flow cytometry. Results are shown as means ± SEM. (n = 3–8). *p < .05, **p < .01,
***p < .005.
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In another set of experiments, 4T1 breast cancer cells and
syngeneic Balb/c mice were used. Lentiviral transduction of
Balb/c BMDCs with either LV-pWPI or LV-Bic resulted in
41% and 35% transduction efficiency, respectively (Fig. S10A).
Expression levels of MHCII and CD86 were significantly
increased in BMDCs upon treatment with 4T1 cell conditioned
medium and lysates (Fig. S10B). To further test this result
in vivo, eight-week-old female Balb/c mice were inoculated
with 4T1 cells. To test the efficacy of the DC vaccine in
a more therapeutic setting, we started the vaccine treatment
when the tumors were established. On days 7, 10, 14, 17, 21
and 24 post-inoculation, tumor-pulsed BMDCs transduced with
either LV-pWPI or LV-bic were injected into the mice as DC
vaccines with a third group receiving PBS injections as a control
(Figure 7(d)). Compared to PBS, the miR155 lentivirus-
transduced DC vaccine significantly delayed tumor growth
(Figure 7(e)) and more drastically reduced tumor pulmonary
metastasis (Figure 7(f)), while the control lentivirus-transduced

DC vaccine did not have a significant impact. Moreover, as
assessed by flow cytometry, there were significantly more acti-
vated CD4+ and CD8+ T cells in the tumor draining lymph
nodes of miR155-overexpressing DC-vaccinated mice than in
those of PBS or control DC-vaccinated mice (Figure 7(g)).

Discussion

Immunization with DCs loaded with tumor antigens can
prime a tumor specific cytotoxic T lymphocyte (CTL)
response and induce antitumor immunity in experimental
animals.21-23 DC immunotherapy has already been introduced
clinically and has been proven feasible, safe, and effective in
some patients.24-26 Efficient induction of active CTLs is criti-
cal for successful anti-tumor immunotherapy.27 However,
further efforts are required to improve the immune response
elicited by DC-based vaccines.

Figure 5. Lentivirus-mediated miR155 overexpression enhances the capability of DCs to activate T cells. (a) BMDCs infected with LV-pWPI or LV-Bic were pulsed with
tumor material, stained for maturation markers (MHCII, CD80, and CD86), and analyzed with flow cytometry. (n = 3). (b) Tumor-bearing WT mice were s.c. injected
tumor-pulsed LV-pWPI or LV-Bic DCs. Tumor draining lymph nodes were weighed and total cells were counted using a glass slide hemocytometer. (n = 6). (c) Tumor
draining lymph nodes were then harvested, dissociated to a single cell suspension, and stained with CD3, CD4, CD8, CD69 or IFNγ antibodies. Stained cells were
analyzed by flow cytometry. (n = 5–6). Results are shown as means ± SEM. *p < .05, **p < .01, ***p < .005.
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miR-155 is a key regulator of the immune response
against solid tumors; it influences a variety of immune
cells involved in anti-tumor responses, including T cells,
natural killer cells, and myeloid cells, such as DCs and
MDSCs.14,28-32 We and others have previously shown that
expression of miR-155 in murine DCs is important for both
their maturation and function, as demonstrated by the
observation that miR-155-deficient mice display impaired

immune responses to pathogens and tumors.5,17 This is
due in part to reduced expression of CD40 and CD86
following TLR activation or exposure to the TME. The
DCs isolated from miR-155-deficient mice also have an
impaired ability to activate antigen-specific T cells. Dunand-
Sauthier et al. found that miR-155-induced repression of
Arg2 expression is critical for DCs to drive T cell activation
by controlling arginine availability in the extracellular

Figure 6. miR-155-overexpression in DCs boosts antigen-specific activation of T cells. (a) Day 8 WT and miR155tg BMDCs were pulsed with OVA whole protein
(500 µg/ml) with or without tumor antigen (TuAg, Conditioned medium + cell lysate) for 24 h, the maturation status of DC was determined by MHCII, CD40, CD80,
and CD86 expression using flow cytometry. (b) Above mentioned BMDCs treated by OVA and/or TuAg were co-cultured with T cells isolated from the spleen of OT-I
mouse for 24 h. T cells were harvested and antigen specific T cell activation was analyzed using flow cytometry by staining of CD69, CD44 and CD62L. (c) 1 × 104

antigen experienced T cells were transferred into IFNγ mAb pre-coated ELISpot plate for another 24 h, ELISpot assay was performed and IFNγ spots were counted
under a dissection microscope. Results are shown as means ± SEM. (n = 3). *p < .05, **p < .01, ***p < .005.
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Figure 7. miR155 overexpression enhances the efficacy of DC vaccine. (a) Timeline of the experiment of EO771 orthotopic breast cancer model. Seven-week-old,
female C57Bl/6 mice were inoculated with 2 × 105 EO771 cells in each of the 4th pair of mammary fat pads. Beginning on the following day for 3 weeks, mice
received twice-weekly s.c. injections of tumor-pulsed WT or miR155tg DCs; and mice were sacrificed 38 days after tumor implantation. (b) Tumor growth and tumor
weight at sacrifice. (n = 8–17). (c) T cell activation in spleens or tumors was determined by staining for CD3, CD4, CD8, CD69 and IFNγ on single cell suspensions and
performing flow cytometry. (n = 8–13). (d) Timeline of the experiment of 4T1 orthotopic breast cancer model. Balb/c mice were inoculated with 2 × 105 4T1 cells and
treated with DC vaccine with or without forced miR-155 expression by lentiviral transduction at indicated time points. (e) Tumor growth was monitored till Day 40
post-tumor inoculation. (n = 23–30). (f) Tumor pulmonary metastatic nodules were counted at the experimental end-point. (n = 13–15). (g) At the end-point, tumor
draining lymph nodes from the surviving mice were analyzed for activated T cells; the absolute numbers of activated T cells are shown. (n = 13–15). Results are
shown as means ± SEM. *p < .05, **p < .01, ***p < .005.

ONCOIMMUNOLOGY e1724761-9



environment.33 Our previous results revealed that miR-155
can upregulate CCR7 expression to promote DC
migration.16

To examine if increased miR-155 expression can enhance
DC functions and improve the efficacy of DC-based vaccines
for breast cancer, we developed a miR-155 transgenic mouse
model. Bone marrow transplantation followed by orthotopic
tumor implantation allowed for the comparison of the
responses of several immune cell types between WT and
miR-155tg immune systems. The results largely pointed to
an increase in systemic immune activation, especially DC
activation, as well as increased CD8+ T cell activity. It is
clear that miR-155 overexpression in bone marrow progeni-
tors drives DC differentiation, T cell activation, and cytokine
production by several cell types when challenged with tumor
antigens. In vitro assays showed that the expression of costi-
mulatory factors in DCs was increased upon exposure to
tumor materials. CCR7 expression was also increased in
DCs in agreement with our previous results obtained using
miR-155−/- animals. This increase in CCR7 expression
yielded an increase in the migratory response of DCs to
CCL19, a key cytokine produced by high endothelial venules
and T cell zones in lymph nodes to attract antigen-loaded
DCs. DC-induced T cell activation and proliferation were
significantly increased by DC overexpression of miR-155.
The injection of miR-155tg BMDCs into EO771 tumor-
bearing mice resulted in a more pronounced decrease in
systemic tumor-induced immune suppression than the intro-
duction of WT BMDCs. To confirm that overexpression of
miR-155 can enhance DC antigen presentation and antigen-
specific T cell activation, we used ovalbumin (OVA) as
a surrogate antigen to perform an ELISpot assay, our results
demonstrated that miR-155tg DCs can process and present
both OVA-derived antigens and tumor antigens to T cells
and antigen specifically activate OT-1 T cells more effectively
than WT DCs. Finally, implementation of a common DC
vaccination regimen in two orthotopic models of murine
breast cancer showed that DC miR-155 overexpression was
able to improve the vaccine’s capacity to slow primary tumor
growth and maintain anti-tumor immunity long after the last
vaccine injection had been administered. Our DC vaccine
regimen does not employ any additional maturation stimu-
lants, such as TLR4 ligands or TNF-α, because our objective
here was not to implement the maximally matured DC vac-
cine, but was instead to study the effects of miR-155 over-
expression on DC maturation and resulting anti-tumor
immunity. In further vaccine development, such additional
stimulatory agents could also be added. Taken together, these
data show that miR-155 overexpression enhances DC
maturation and migration, and that miR-155 overexpressed
DC-based vaccines induce a stronger systemic immune
response and more effectively suppress tumor growth and
metastasis in a murine model of breast cancer.

The murine breast cancer cell lines that we have chosen to
use are both considered representative models of TNBC. We
have chosen to investigate our immune therapy in the context
of TNBC largely for 2 reasons. First, TNBC is the molecular
subtype with the least number of treatment options, and the
highest mortality rate. Second, it has been shown that TNBC

may actually be more immunogenic than other subtypes,
rendering it more responsive to immune therapies.34

Although DC-based vaccines hold a great promise as
potent immune therapies for solid tumors including TNBC,
only one has been approved for clinical use, which is
Sipuleucel-T for prostate cancer.35 The reasons for the lower-
than-expectation outcome for these DC vaccines are multi-
fold; a major reason is that tumor-derived factors may disable
the injected DCs. For example, our previous study showed
that cytokines such as IL-10 and IL-6 produced and secreted
by tumor cells impair DC activation and functions by sup-
pressing miR-155 expression, while miR-155 plays a vital role
in DC functions by directly targeting c-fos, Arg-2, SOCS-1
and Jarid2.16 Our current study suggests that in future DC
vaccine development for breast cancer or other solid tumors,
introducing forced miR155 overexpression in DCs via various
approaches such as viral transduction or nanoparticle deliv-
ery, as well as including other adjuvant agents such as TLR
ligands or immune stimulating cytokines, may unleash the full
therapeutic potential of the DC vaccines.

Materials and methods

Mice

All animal experiments were approved by the Institutional
Animal Care and Use Committee (IACUC) at the University
of South Carolina. C57BL/6 and Balb/c mice, and OT-1
(C57BL/6-Tg(TcraTcrb)1100Mjb/J) mice were obtained from
Jackson Laboratories (Bar Harbor, Maine). A DNA fragment
consisting of a CMV promoter, the mouse Bic sequence, and
an SV40 late polyadenylation signal sequence was used for
generation of miR-155 transgenic mice on C57Bl/6 back-
ground by microinjection. Mice were maintained in patho-
gen-free conditions at the University of South Carolina
according to National Institutes of Health guidelines.

Bone marrow transplantation

BMT was conducted as described previously.36 Briefly, 20
recipient female WT mice were lethally irradiated (900 rad).
Bone marrow cells were harvested from WT and miR-155tg
donor mice by flushing the femurs and tibias with PBS sup-
plemented with 2% FBS. The flushed bone marrow cells were
resuspended in PBS, and 1 × 106 nucleated WT or miR-155tg
cells were injected retro-orbitally into 10 irradiated WT mice
within 6 h after irradiation, respectively.

Cell culture, tumor-conditioned medium, and tumor cell
lysate

EO771 tumor cells were expanded in high-glucose Dulbecco’s
modified eagle medium (DMEM, Gibco) supplemented with
10% fetal bovine serum (FBS, Gibco), 100 U/mL penicillin
(Sigma-Aldrich Corp), and 100 µg/mL streptomycin (Sigma-
Aldrich Corp) in a humidified, 5% CO2 incubator at 37°C.

EO771 cells were seeded at 5 × 106 cells per 75 cm2 bottle
and cultured to 70% confluence. All cells for all experiments
performed were counted using a glass slide hemocytometer.
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The medium was then removed, plates were rinsed once with
PBS, and serum-free DMEM was added. Cells were further
cultured for 48 h in this medium, the medium was then
collected, filtered through 0.45-μm filters, and further concen-
trated 25-fold using Centrifugal Filters with a 3-kD molecular
weight cutoff (Millipore, UFC900324).

Tumor cell lysate was obtained by culturing EO771 tumor
cells for 48 h in serum-free DMEM, rinsing once with PBS,
and then disrupting the cells with four freeze-thaw cycles in
liquid nitrogen and a 37°C water bath. The solution was then
centrifuged at 10,000 × g for 10 min to remove insoluble cell
fragments. The supernatant was referred to as cell lysate and
used as a source of soluble tumor antigens.

Orthotopic breast cancer model

A mouse orthotopic breast cancer model was established as pre-
viously described.37 Briefly, 2 × 105 EO771 or 4T1 cells suspended
in 20 μL PBS were implanted into each side of the 4th pair of
mammary fat pads of mice. The tumor size was monitored by
caliper measurement on indicated days. Tumor volume was cal-
culated according to the following formula: (short axis)2 × (long
axis)/2 ≈ volume. The volumes or weights of left and right tumors
from each mouse were averaged to present as one biological
replicate. At the experimental end point, mice were sacrificed,
and lungs, tumors, tumor-draining lymph nodes, and spleens
were removed, weighed, and processed for FACS or other
analyses.

Cell isolation from tissues

Cells from lymph nodes and spleens were isolated by mechanical
disruption. Tumor tissue was weighed then chopped into < 1 mm
fragments and enzymatically digested in the following mixture:
5 mL of RPMI 1640 medium supplemented with 10% FBS, 20 mg
Collagenase type IV, 10 µg Hyaluronidase, and 100 µg DNase
I. Digestion took place for 1 h at 37°C. Cells were thoroughly
rinsed with ice-cold PBS, then erythrocytes were lysed using red
blood cell lysing buffer (Sigma, St. Louis, MO) per manufacturer’s
instructions. Cell suspensions were passed through 70-μm cell
strainers then suspended in PBS.

For DC and T cell purification, 1 × 108 cells isolated as
described above were sequentially incubated with 20 μL PE-
conjugated CD11c or CD3 antibody, 100 μL PE selection cock-
tail, and 50 μL magnetic nanoparticles (EasySep™ Mouse PE
Positive Selection Kit), and then were separated using magnet
following manufacturer’s instructions. All cells for all experi-
ments performed were counted using a glass slide hemocyt-
ometer. In all samples, a purity of > 95% was achieved as
monitored by flow cytometry.

Generation of BMDCs and tumor antigen pulsing

Bone marrow cells were rinsed from mouse femurs and
tibiae in a laminar flow hood. Erythrocytes were depleted
using red blood cell lysing buffer (Sigma-Aldrich Corp.)
per manufacturer’s instructions. Bone fragments were fil-
tered from cells using 70-µm cell strainers. Resulting cells
were then cultured at a density of 1 × 106 cells/mL

(10 mL in 10-cm plates) in DC medium (RPMI 1640
medium supplemented with 10% FBS, penicillin/strepto-
mycin, 50 μM β-mercaptoethanol, 10–20 ng/mL recombi-
nant GM-CSF (rGM-CSF) and 10–20 ng/mL rIL-4
(BioAbChem Inc. Ladson, SC). 10 mL of fresh DC med-
ium was added on Day 3. After 8 days of culture, loosely
adherent cells were harvested by gentle pipetting. Each
preparation was confirmed to be > 90% positive for
CD11c. Resulting cells were suspended in control medium
(RPMI 1640 medium with 10% FBS and penicillin/strep-
tomycin) or treatment medium (Control medium with
20% (v/v) concentrated EO771 conditioned medium
(ECM) and 100 μg/mL of tumor lysate) at 0.5 × 106

cells/mL and cultured for 48 h. After pulsation, DCs
were collected in PBS with 3 mM EDTA for 10 min
at RT.

In vitro T cell activation and proliferation assays

Day 8 BMDCs were seeded at a density of 1 × 105 cells in
0.5 mL of either control or treatment medium in 24-well
plates for 48 h. Supernatant was then removed, and RPMI
1640 complete medium containing 1 × 106 MACS-purified
CD3+ T cells was added into each well. T cell proliferation
was determined by staining tumor antigen-inexperienced
splenic T cells with carboxyfluorescein succinimidyl ester
(CFSE), then co-culturing these cells with matured DCs for
5 days in complete RPMI-1640 medium supplemented with
20 U/mL recombinant mouse IL-2 (Biolegend). CFSE dilu-
tion through division was determined by flow cytometry.
CFSE-stained samples of T cells alone and unstained T cells
were used as representative negative and positive prolifera-
tion controls, respectively. The “Proliferation” tool in
FlowJo was used to analyze the samples and assign the
Proliferation Index.

To assess DC-induced T cell activation, DCs were gently
rinsed twice with PBS to remove residual treatment medium.
1–2 × 106 tumor antigen-inexperienced splenic T cells were
then added in 1 mL complete RPMI-1640 medium. The co-
culture was maintained in a 37°C, 5% CO2, humidified incu-
bator for 48 hours. T cells were then collected by rinsing the
wells and stained to determine cell surface expression of CD69
on all T cells and intracellular expression of IFNγ on CD8+

T cells for flow cytometry.

In vivo T cell activation

Twenty-four hours after tumor implantation, EO771 tumor-
conditioned medium and lysate-matured WT or miR-155tg
BMDCs were collected and 1 × 106 cells were injected sub-
cutaneously into the groins of tumor-bearing mice (5 × 105

DCs each injected into the left and right groin area). A second
DC injection was administered in the same manner four days
later. Mice were sacrificed seven days after tumor cell implan-
tation. Spleens, lymph nodes and tumors were collected and
processed for flow cytometric analysis of T cell activation and
other immunologically relevant parameters.
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Flow cytometry

Flow cytometry was performed as previously described.16

Briefly, single cell suspensions from various tissues were
depleted of erythrocytes. Surface staining was performed by
first blocking Fc receptors using anti-CD16/32 (Biolegend),
then incubating with fluorescein-conjugated antibodies
(Table S1) in staining buffer (PBS 2% FBS) for 30 min at 4°
C in the dark. Internal staining was performed for IFNγ using
eBioscience Cell Stimulation Cocktail (Thermo Fisher
Scientific) followed by BD fixation and permeabilization treat-
ment following manufacturer protocols. All samples were
rinsed with PBS twice before being analyzed using a BD
FACS Aria II flow cytometer and CXP software version 2.2
(BD Biosciences). Data were collected for 1 × 104 to 1 × 106

cells per sample.

Quantitative real-time PCR (qPCR) for mRNA and miR-155
expression

Tissue/cells were lysed in 700 μL Qiazol lysis reagent
(Qiagen), and tissue samples were homogenized. RNA was
extracted using Qiagen miRNeasy Mini Kits to allow for the
collection of microRNAs. cDNA was then synthesized using
1 μg RNA using Qiagen miScript II RT kits. qPCR was
performed in a Bio-Rad CFX96 thermocycler using iQ™
SYBR® Green Supermix (Bio-Rad). All primers used for
qPCR analysis of genes were synthesized by Integrated DNA
Technologies (Coralville, IA). The primer sequences are listed
in Supplemental Table S2. The relative amount of target
mRNA was determined using the comparative threshold
(Ct) method by normalizing target mRNA Ct values to
those of 18S RNA. qPCR run conditions were 95°C for
15 min followed by a repeated cycling of 94°C for 15 s, 55°C
for 30 sec, and 70°C for 30 s. Samples were run in duplicate.
miR-155 expression was measured using Qiagen miScript
SYBR Green PCR kits according to the manufacturer’s
instructions. Qiagen miScript Primers were purchased for
miR-155 and U6, for normalization.

In vitro DC migration

CCL19 (100 ng/mL, Biolegend) in serum-free RPMI-1640
medium was added to 24 well plates and allowed to equili-
brate overnight in a 37°C humidified, 5% CO2 incubator.
0.2 × 106 control and tumor antigen-pulsed DCs were seeded
into 8-μm pore size polystyrene trans-well inserts (Corning)
in serum-free RPMI-1640 and allowed to migrate for 3 h at
37°C. Trans-well inserts were then removed from the culture
plates and fixed in 4% paraformaldehyde for 20 min on ice.
Cells on the upper surface of the inserts were wiped away with
cotton swabs. Cells that had migrated to the underside of the
insert were stained with DAPI and counted. Each sample was
run in triplicate, and 10 fields were collected at 10× magnifica-
tion for each membrane using an EVOS FL Auto 2 System.
DAPI-stained cells were counted in each field using Image-
Pro Plus analysis software (Media Cybernetics,
Rockville, MD).

Antigen specific T cell activation and IFNγ ELISpot assay

Day 8 BMDCs were seeded at a density of 2 × 104 cells in 96-
well plate, with or without treatment using 500 μg/ml of OVA
(Ovalbumin, Sigma, A5503) and tumor antigen (ECM +
lysate). After 24 h, treatment media were removed and cells
were washed with PBS for 3 times. 1 × 105 MACS-purified
OT-I T cells from OT-1 mice in 200 μl of RPMI 1640 com-
plete medium were added and co-cultured with DCs (DC:T
cell = 1:5) for 24 h, then 1 × 104 T cells were transferred into
IFNγ mAb pre-coated ELISpot plate for another 24 h. IFNγ
producing T cells were detected using ELISpot kit according
to the manufacturer’s instructions (BD Biosciences, 551083).
Some OVA and tumor antigen treated DCs and DC-
cocultured T cells were analyzed by flow cytometry.

Lentiviral vector construction and lentiviral transduction

Briefly, a 419-bp DNA fragment containing mouse pre-miR-155
stem-loop (bic gene) was amplified by PCR from mouse geno-
mic cDNA. This fragment was then sub-cloned into the bi-
cistronic lentiviral vector pWPI; the resulting vector mediates
expression of both miR-155 and GFP. Verification of the miR-
155 overexpression construct was performed via DNA sequen-
cing. The mouse miR-155 overexpression plasmid, the packa-
ging plasmid pCMVΔR8.91, and the envelope plasmid pMD2.G
were co-transfected into HEK293T cells using ProFection®
mammalian transfection system (Promega) per the manufac-
turer’s instructions for viral production. The RetroNectin-
bound Virus Infection method was used to transfect BMDCs.
This involved the preloading of lentiviral solutions (MOI = 30)
onto RetroNectin-coated (60 µg/mL) plates. 5 × 105 cells in 1 mL
were seeded onto lentivirus pre-coated 24-well plates, which
were then centrifuged at 2,000 × g for 1 h at 25°C and incubated
at 37oC for 72 h.

DC vaccination

EO771 or 4T1 breast tumor cells (2 × 105 in 20 µL PBS) were
implanted into the 4th pair of mammary fat pads of 8 week-
old female C57BL/6 (total 41) or Balb/c (total 34) mice,
respectively. Corresponding tumor-conditioned medium and
lysate-matured bone marrow-derived DCs were removed
from culture dishes by incubating in PBS with 3 mM EDTA
for 10 min at RT. These DCs were then resuspended in PBS
and 1 × 106 cells were injected subcutaneously into the groins
of tumor-bearing mice (5 × 105 DCs each injected into the left
and right groin area). This DC harvesting and injection pro-
cedure was repeated every three to four days for a total of six
DC injections. Tumor volume was monitored until sacrifice.
At the endpoint of experiment, mice were sacrificed; tumors,
tumor-draining lymph nodes, spleens, and lungs were col-
lected for various analyses.

Statistics

Data were shown as mean ± standard error of mean (SEM)
whenever the mean was the primary value representative of
a sample group’s behavior. Multiple group comparison of
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means is accomplished using One-way ANOVA followed by
Tukey multiple comparison tests, while two group compar-
ison was accomplished using a two-tailed Student’s t test. All
such comparisons are performed using GraphPad Prism soft-
ware (Graphpad Software Inc.). Differences between propor-
tions were determined using a two tailed N-1 Chi-Square test.
p ≤ 0.05 was considered statistically significant for all tests.

Abbreviations

CSFE Carboxyfluorescein diacetate succinimidyl ester
DC Dendritic cell
miR-155 microRNA-155
miR-155−/- bic/miR-155 knockout
miR-155tg microRNA-155 transgenic
qPCR Quantitative real-time RT-PCR
TCM Tumor cell conditioned media
TME Tumor microenvironment
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