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Introduction

Standard of care for epithelial ovarian 
cancer patients includes surgical resec-
tion and chemotherapy with non-specific 
cytotoxic drugs such as cisplatin and 
paclitaxol.1 Targeted chemotherapy with 
the anti-angiogenic drug bevacizumab has 
shown limited potential with accompany-
ing adverse side effects.2,3 These multiple 
approaches have not improved the five-
year survival rate for ovarian cancer over 
the past 30 y, which remains below 50% 
overall and significantly lower for late 
stage disease.4 New therapeutic approaches 
are badly needed and a promising poten-
tial approach is found in immunotherapy. 

However, the immunosuppressive ovarian 
cancer microenvironment must be over-
come for successful immunotherapy.

An abundant cell population in ovar-
ian cancer ascites is tumor-associated 
macrophages (TAMs).5-8 This cell type 
is M2-polarized and is strongly immu-
nosuppressive. TAMs are characterized 
by high expression of immunosuppres-
sive and pro-angiogenic molecules such 
as IL-10 and VEGF-A.8 They are posi-
tive for CD11b and express low levels of 
MHC-II and co-stimulatory molecules 
such as CD86.5,9 These cells secrete high 
levels of immunosuppressive effector mol-
ecules arginase-1 and IDO.10,11 TAMs 
are deficient in antigen presentation, 

suppress tumor antigen-specific cytotoxic 
CD8+ T cell proliferation and function, 
and recruit CD25+Foxp3+ T regulatory 
cells (T-regs) to the tumor microenviron-
ment.5-7 TAMs also recruit naïve T cells 
and drive their differentiation into T-regs. 
High TAM frequency is correlated with 
poor patient prognosis.5,6

Attenuated pathogens and pathogen-
derived constituents are strong immu-
nostimulants that have the potential to 
impact tumor-mediated immunosuppres-
sion. Listeria monocytogenes is a Gram-
positive, facultative intracellular bacteria. 
Listeria has shown promise as an anti-
tumor immunotherapeutic platform due 
to its potent induction of both innate and 
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A principal mechanism by which tumors evade immune-mediated elimination is through immunosuppression. Pre-
vious approaches to tumor immunotherapy have focused on modifying the immunosuppressive environment with 
immune checkpoint inhibitors, cytokine therapy, and other modalities with the intent to generate t-cell based anti-
tumor immunity. we hypothesized that transformation of the suppressive ovarian cancer microenvironment could be 
achieved by introduction of the attenuated ΔactA/ΔinlB strain of Listeria monocytogenes. ΔactA/ΔinlB introduced into 
the microenvironment of the aggressive iD8-Defb29/Vegf-A murine ovarian carcinoma is preferentially phagocytosed by 
tumor-associated macrophages (tAMs) and reprograms that population from one of suppression to immunostimulation. 
tAMs in the peritoneum upregulated their co-stimulatory molecules CD80 and CD86, increased transcription of inflam-
matory cytokines, and downregulated transcription of suppressive effector molecules. surprisingly, therapeutic benefit 
was not mediated by t- or NK-cell activity. ΔactA/ΔinlB-induced repolarization of tAMs activated direct tumor cell lysis 
via Nos2 production of nitric oxide. Modulation of the immunosuppressive nature of the iD8-Defb29/Vegf-A microenvi-
ronment, specifically by reprogramming of the tAM suppressive population from M2 to M1 polarization, is critical for our 
observed immune-mediated survival benefit.
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adaptive immune responses and its capac-
ity to express human tumor-associated 
antigens (TAA). Listeria vaccines are 
currently in clinical trials for a variety of 
cancers including lung, pancreatic, cervi-
cal, liver, mesothelioma, and ovarian.12,13 
Listeria cancer vaccines are rendered safe 
by attenuation through deletion of viru-
lence factors such as ActA and Internalin 
B (ΔactA/ΔinlB).14 The ΔactA/ΔinlB 
strain has reduced capacity to invade non-
phagocytic cells, essentially targeting it to 
antigen-presenting cells. Once taken up 
by phagocytic cells, this strain can escape 
the phagosome into the cytoplasm where 
it can effectively secrete antigen to be pre-
sented on MHC class-I to prime CD8+ 
T cell responses.15

Listeria strains engineered to express 
tumor-associated antigens have shown 
efficacy in pre-clinical tumor mod-
els.14,16-19 Treatment with Listeria induces 
production of inflammatory cytokines 

that activate natural killer (NK) cells 
and increase their anti-tumor cytolytic 
capacity.12,18 Listeria can effectively induce 
TAA-specific CD4+ and CD8+ T cells 
that cause regression of primary and 
metastatic disease and protect mice from 
re-challenge, demonstrating that TAA-
expressing Listeria can establish systemic 
anti-tumor immunity.18 Initial NK cell- 
and CD8+ T cell-mediated tumor cell 
death following treatment releases tumor 
antigen and can lead to epitope spread-
ing, which has been shown to generate 
CD8+ T cells that are specific for tumor 
antigen not expressed by the Listeria vac-
cine.17,18 Such epitope spreading is crucial 
for long-lived tumor immunity.17

While the bulk of the Listeria cancer 
immunotherapy literature has focused 
on eliciting anti-tumor adaptive immu-
nity, little focus has been directed to the 
modulation of the innate, immunosup-
pressive populations present in the tumor 

microenvironment. Previous work has 
shown that “re-educating” TAMs in the 
ID8 ovarian cancer model via adenoviral-
mediated inhibition of NF-κB can re-
polarize these cells to more of a classical 
M1 macrophage phenotype expressing 
high levels of Il-12 and MHC-II, and low 
levels of Il-10 and arginase-1. This manip-
ulation of TAMs in the tumor microen-
vironment led to an in vivo anti-tumor 
immune response mediated by recruit-
ment and cytotoxic activity of NK cells, 
and by macrophage direct killing of tumor 
cells.9 While adenoviral-mediated inhibi-
tion of NF-κB that is specifically targeted 
to ovarian cancer TAMs is unfeasible as 
a clinical application, the ΔactA/ΔinlB 
strain of Listeria monocytogenes may be 
uniquely adaptable for this purpose as its 
vastly reduced capacity to invade non-
phagocytic cells may restrict it to this pop-
ulation whereby it can potently stimulate 
innate immunity.14 It is our hypothesis that 
treatment of ovarian cancer with attenu-
ated ΔactA/ΔinlB Listeria monocytogenes 
(Lm) will target the immunosuppressive 
tumor-associated macrophage population 
in the microenvironment and re-polarize 
these cells to a pro-inflammatory phe-
notype. We tested this hypothesis in the 
aggressive ID8-Defb29/Vegf-A model.20,21

Results

Treatment of ID8-Defb29/Vegf-A 
ovarian tumors with Lm improves 
survival

Weekly intraperitoneal (IP) treatment 
(Fig. 1A) of ID8-Defb29/Vegf-A tumor-
bearing mice with 10 million CFU of the 
live-attenuated Lm improved survival of 
C57BL/6 mice (Fig. 1B). This treatment 
was dependent on the presence of live Lm 
in the tumor microenvironment, as intra-
venous (IV) treatment with live or intra-
peritoneal (IP) treatment with heat-killed 
Lm did not improve survival as compared 
with untreated mice (Fig. 1B). Survival 
of mice treated intraperitoneally with live 
Lm differed significantly from untreated, 
IV-treated, and heat-killed treated groups 
to a similar degree (Fig. 1B; P value < 
0.001 for all three). Although heat killing 
of Lm may potentially denature immuno-
genic proteins, rendering them inert, the 

Figure 1. Lm improves survival in ovarian cancer-bearing mice. (A) schematic of treatment regi-
men. After challenge with 2 x 106 iD8-Defb29/Vegf-A, mice were injected iP with 107 CFu of Lm 
weekly until death beginning on day 3 post-challenge. (B) C57BL/6J mice (n = 8-12 per group) were 
tumor-challenged and left untreated (solid black), treated with 107 Lm injected iP (dashed black), 
treated with 107 Lm injected iV (solid gray), or treated with 107 heat-killed Lm injected iP (dashed 
gray). P value between untreated, Lm iV, and heat-killed Lm > 0.05, n.s. P value between Lm iP and 
other three groups all < 0.001.
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process does not affect Lipoteichoic acid 
(LTA), CpG DNA, and many other bac-
terial products, indicating that treatment 
with toll-like receptor (TLR) agonists 
alone does not confer survival.

Lm preferentially accumulates  
in CD11b+ tumor-associated macro-
phages in ascites

As previously described, the predomi-
nant myeloid cell population in ID8 tumor 
ascites are tumor-associated macrophages 
(TAMs) that can be identified by the 
CD11b surface marker and immunosup-
pressive phenotype.9,22 Therefore, CD11b 
was used for phenotyping and cell-sorting 
purposes. In the hyper-aggressive ID8-
Defb29/Vegf-A model, CD11b+ TAMs 
cells comprise approximately 20% of the 
total cells in the ascites (Fig. 2A). By label-
ing Lm with CFSE prior to IP injection, 
we were able to determine which cell pop-
ulations in the peritoneum of tumor-bear-
ing mice were targeted for Lm uptake by 
our treatment (Fig. 2B). While gating on 
CFSE-positive cells revealed that approxi-
mated 50% of these cells were CD11b+, it 
was this population that exhibited a sig-
nificantly higher fluorescence intensity 
for CFSE labeling, leading us to conclude 
that Lm preferentially accumulated in this 
population (Fig. 2C).

The CD11b- population that was posi-
tive for Lm uptake was CD45- (Fig. S1A–
C). A significant percentage of ascites cells 
in this model are tumor cells, which can 
be phagocytic, and are likely the cells com-
prising this sizable CFSE+CD11b-CD45- 
population. To investigate any direct 
growth inhibitory effects of Lm on the 
tumor cell population, we performed 
growth assays with increasing MOI of Lm 
and observed no adverse effects on ID8-
Defb29/Vegf-A cell growth with Lm infec-
tion up to a MOI of 10 (Fig. S1D).

Lm invasion upregulates co-stim-
ulatory markers on CD11b+ TAMs 
and reprograms their transcription  
of immune effector molecules

Exposure of bulk ascites cells to Lm ex 
vivo allows for observation of any pheno-
typic changes on those cells while control-
ling for migration of any new cells. The 
CD11b+ cells, in which we previously 
showed that Lm preferentially accumulate, 
upregulate their surface expression of co-
stimulatory molecules CD80 and C86 in 

response to Lm exposure (Fig. 3A). Again 
utilizing CFSE-labeling of Lm before 
treatment, we were able to distinguish 
CD11b+ cells that had phagocytosed Lm 
(CFSE+) and those that had not (CFSE-). 
This enabled us to observe a pronounced 
bystander effect in CD11b+ cells within 
the same cultures whereby CD11b+CFSE+ 
cells had markedly higher expression of 
CD80 and CD86, but CD11b+CFSE- cells 
still had expression significantly elevated 
above that seen in untreated controls, 
likely in response to paracrine signaling. 
As expected, CD80 and CD86 expression 
were low on these cells from untreated 
cultures (Fig. 3A). We observed similar 
results in vivo where CD11b+ cells that had 
phagocytosed CFSE-labeled Lm displayed 
high levels of CD80. Again, there was a 
bystander effect where CD11b+CFSE- 
cells in the ascites of Lm-treated mice 
exhibited elevated CD80 expression when 
compared with untreated mice (Fig. 3B). 
Additionally, CD11b+ TAMs exhibited 
drastically increased MHC class II presen-
tation following Lm treatment (Fig. S1E).

Interestingly, the majority of untreated 
CD11b+ TAMs also stain positive for 
CD11c expression (Fig. S2A). However, 
these cells downregulate CD11c in 
response to Lm to the degree that the 
majority of TAMs no longer express any 
CD11c (Fig. S2B–D). Recently reported 
data indicate that CD11c is downregu-
lated in response to activation via TLR 
signaling.23 We believe that the loss of 
CD11c that we observe in CD11b+ TAMs 
is another indicator of their activation, 
consistent with the reported literature and 
other markers enumerated above.

CD11b+ TAMs alter their transcription 
of immunosuppressive effector molecules 
in response to exposure to Lm. These cells 
downregulate transcription of transform-
ing growth factor-β (Tgf-β), indoleamine 
2,3-dioxygenase (Ido), the immune check-
point B7 family ligand member V-domain 
Ig suppressor of T cell activation (VISTA), 
arginase-1 (Arg1), TNF ligand superfam-
ily member 11 (RANKL), and matrix 
metallopeptidase 7 (Mmp7) (Fig. 4A).24

TAMs exposed to Lm increase their 
transcription of inflammatory cytokines 
tumor-necrosis factor α (Tnf-α), inter-
leukin-1 β (Il-1β), interleukin-6 (Il-6), 
and interleukin-12 (Il-12p35), and the 

chemokine Cxcl10, all by many fold 
(Fig. 4B). Secretion of these effector mol-
ecules was confirmed by Luminex array in 
supernatants of ex vivo cultures and in the 
ascites serum of mice 16 h post-treatment 
(Fig. 4C and D). With the exception of 
Il-1β levels in vivo (P value = 0.10), all 
cytokines reached statistical significance 
both ex vivo and in vivo. In addition to 
CD11b+ TAM-produced cytokines, we 
also observed significant increases in 
interferon gamma (Ifn-γ) levels, indi-
cating activation of peritoneal-resident 
CD4+ T cells, CD8+ T cells, and NK cells 
(Fig. 4C and D). Exposure of CD11b+ 
TAMs to Lm caused these cells to increase 
cell surface expression of co-stimulatory 
molecules, downregulate suppressive 
immune effector molecule transcription, 
and upregulate pro-inflammatory cyto-
kine and chemokine transcription.

Lm exposure reverses suppressive  
phenotype of CD11b+ TAMs

In addition to the increases we observed 
in the expression of cell surface co-stimu-
latory molecules and immunomodulatory 
cytokines and chemokines in CD11b+ 
TAMs, we sought to determine any 
change in their function after Lm treat-
ment in a T cell suppression assay. It is 
well established that TAMs isolated from 
the ascites of tumor-bearing mice suppress 
the production of Ifn-γ from bulk sple-
nocyte cultures that were stimulated with 
anti-CD3 (Fig. 5).25

In contrast, CD11b+ TAMs that had 
been exposed to Lm prior to co-culture 
did not suppress Ifn-γ secretion (P value 
< 0.001) and, in fact, Ifn-γ levels reached 
the same level as control wells containing 
only splenocytes and anti-CD3, with no 
significant difference between the two 
groups. Additionally, Lm-treated CD11b+ 
TAMs on their own were able to induce 
the production of Ifn-γ from splenocyte 
cultures even in the absence of activating 
anti-CD3, likely as a result of their inflam-
matory cytokine production. This assay 
demonstrates that Lm exposure abrogates 
the functional suppressive phenotype of 
CD11b+ TAMs.

Lm treatment induces an increase in 
anti-tumorigenic chemokine abundance 
in mouse ascites and subsequent recruit-
ment of effector cell types



www.landesbioscience.com oncoimmunology e28926-4

Figure 2. For figure legend, see opposite page. 
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Due to the increased production of 
inflammatory cytokines from CD11b+ 
TAMs in the tumor microenvironment as 
a response to Lm, we sought to determine 
changes in chemokines that might recruit 
new effector cells into the peritoneum that 
could augment the anti-tumor immune 
response we had observed (Fig. 1B). In 
addition to the Cxcl10 that is produced by 
the Lm-treated TAMs (Fig. 4B), we also 
assessed levels of the T cell chemoattrac-
tant Ccl5 (RANTES) and myeloid cell 
chemoattractants Ccl2 (MCP-1), Ccl3 
(MIP-1α), and Ccl4 (MIP-1β). All five 
chemokines were increased in the ascites 
of mice that received Lm when compared 
with untreated mice (Fig. 6A). Next, we 
assessed whether there was a concomitant 
increase in abundance of effector cell sub-
sets in the ascites post-Lm administration. 
Indeed, we observed significant increases 
in CD8+ T cells (Fig. 6B), CD4+ T cells 
(Fig. 6C), CD11b+Gr-1hi neutrophils, 
and CD11b+Gr-1lo monocyte/macro-
phages (Fig. 6D) in ascites following Lm 
treatment. Given that CD11b+Gr-1+ cells 
migrate to the peritoneum after Lm treat-
ment in the context of a massive inflam-
matory response, we believe these cells to 
be newly activated neutrophils and mac-
rophages/monocytes and not myeloid-
derived suppressor cells (MDSCs), 
although this may be a possibility.

We hypothesized that this increased 
trafficking of effector cell subsets into the 
tumor microenvironment induced by Lm 
treatment might be responsible for the 
increased survival in these treated mice. 
However, tumor-challenged mice depleted 
of CD8+ or CD4+ T cells and treated with 
Lm still exhibited significantly improved 
survival when compared with CD8- or 
CD4-depleted mice that were not treated 
with Lm (Fig. 7A and B). While Lm treat-
ment drastically alters the milieu of immu-
nomodulatory molecules and recruitment 
of effector cell subsets into the tumor 
microenvironment, it does not appear that 
the function of these effector cell subsets is 

required for the overall survival increase in 
response to treatment.

Survival efficacy depends on the pres-
ence of reprogrammed CD11b+ TAMs  
in tumor microenvironment and induc-
tion of direct tumor cell lysis by CD11b+ 
cells

Given that Lm treatment still con-
ferred a significant survival benefit in 
the absence of CD8+ T cells (Fig. 7A), 
CD4+ T cells (Fig. 7B), and even NK cells 
(Fig. 7C), we next investigated treatment 
efficacy in NOD/scid/Il2R-γ−/− (NSG) 
mice lacking adaptive immunity, but 
that still have TAMs that polarize to an 
activated M1 phenotype in response to 
Lm treatment (Fig. S3). Surprisingly, Lm 
treatment still improved survival in NSG 
mice (Fig. 7D; P value < 0.001). Due to 
the absence of any direct growth-inhibi-
tory effect on ID8-Defb29/Vegf-A cells by 
Lm (Fig. S1D) and the observation that 
treated NSG mice lacking T, B, and NK 
cells still exhibited improved survival, we 
next investigated whether the anti-tumor 
response elicited by Lm-based treatment 
in this model is due to activated CD11b+ 
TAMs and a direct lytic effect on tumor 
cells. CD11b+ TAMs, the predominant 
innate cell population in the ascites of 
tumor-bearing mice, are known to per-
form anti-tumor effector function via 
nitric oxide (NO) secretion upon repo-
larization from M2 to M1.9,22 We iso-
lated this population from tumor ascites 
and found that, in addition to changes in 
expression of co-stimulatory markers and 
immune effector molecules indicative of a 
switch from M2 to M1 phenotype, these 
cells also upregulated their transcription 
of inducible nitric oxide synthase (Nos2) 
upwards of 2500-fold in response to Lm 
uptake (Fig. 7E). This was associated 
with a significant increase in measur-
able nitric oxide in the media of ascites 
cells cultured ex vivo (Fig. 7E). We next 
determined whether exposure to Lm and 
subsequent production of NO could have 
a direct anti-tumor lytic effect on tumor 
cells and if this was the mechanism for 

the improved survival in Lm-treated NSG 
and WT mice. Indeed, CD11b+ TAMs 
exposed to Lm were able to directly kill 
ID8-Defb29/Vegf-A tumor cells whereas 
untreated CD11b+ TAMs displayed mini-
mal killing ability (Fig. 7F). This tumor 
cell lysis was abrogated when the selec-
tive iNOS inhibitor L-nil was added to 
culture medium, leading us to conclude 
that direct anti-tumor effector function 
of reprogrammed CD11b+ TAMs was 
dependent on nitric oxide production via 
Nos2.22

Discussion

Ovarian cancer currently has dismal 
five-year survival and is one of the most 
commonly occurring epithelial cancers.4 
The most abundant myeloid population 
in the ovarian tumor ascites is the CD11b+ 
tumor-associated macrophage that exhib-
its immunosuppressive activity.5-8 Here, 
we demonstrate that treatment with the 
attenuated ΔactA/ΔinlB strain of Listeria 
monocytogenes preferentially targets this 
cell population and repolarizes them 
from an immunosuppressive M2 pheno-
type to an immunostimulatory, classical 
M1 phenotype that triggers therapeutic 
antitumor immunity. CD11b+ TAMs 
that phagocytose Lm upregulate co-stim-
ulatory molecules CD80 and CD86, as 
well as MHC class II. They downregu-
late transcription of immunosuppressive 
effector molecules including Tgf-β, argi-
nase-1, and Ido. They upregulate tran-
scription of pro-inflammatory cytokines 
Tnf-α, Il-1β, Il-6, and Il-12. In addition 
to changes in expression of immune effec-
tor molecules on a transcriptional level, 
we have shown that Lm can reverse the 
ability of this CD11b+ TAM population 
to suppress T cell function and, in fact, to 
become immunostimulatory. Lm-treated, 
repolarized TAMs also become directly 
tumoricidal through iNOS-mediated pro-
duction of nitric oxide. We believe this 
demonstrates that Lm treatment is a viable 

Figure 2 (See previous page). Lm injected peritoneally preferentially accumulates in CD11b+ tumor-associated macrophages. (A) cells from ascites 
were harvested from mice (n = 4) bearing iD8-Defb29/Vegf-A tumors on day 35 and assessed for percentage of CD45+ (left panel) and percentage of 
CD11b+ out of CD45+ pre-gated (right panel). ~20% of total cells in peritoneum of tumor-bearing mice are CD11b+. (B) ascites cells of day 35 tumor-
bearing mice injected with 1 × 107 CFse-labeled Lm were harvested 16 h post-injection and assayed by FACs for in vivo cell tracking. Bottom left panel 
are gated on CFse+ cells. (C) CFse-labeled Lm accumulate in both CD11b+ and CD11b- cells in peritoneum, but mean fluorescence in CD11b+ subset is 
significantly higher (P value < 0.001).
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Figure 3. For figure legend, see opposite page. 
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method to repolarize suppressive tumor-
associated macrophages in the ovarian 
cancer microenvironment.

There is a body of literature describ-
ing a tumor necrosis factor and induc-
ible nitric oxide synthase-producing 
dendritic cell population in mice derived 
from Gr-1+ monocytes following infec-
tion with L. monocytogenes that mediates 
host innate immune defense.26 So-called 
TIP-DCs bear a resemblance to the repo-
larized tumor-associated macrophages 
described above. However, as noted by 

others, these TIP-DCs have no obvious 
distinction from classically activated M1 
macrophages.27 Initial work identifying 
TIP-DCs was performed on splenocytes 
48 h following L. monocytogenes infection, 
outside of a cancer context. Given that 
our work presents data on macrophage 
polarization markers 16 h post-Lm treat-
ment on cells harvested from peritoneal 
ascites of an ovarian serous carcinoma, 
and that CD11b+ TAMs in our model lose 
CD11c expression following Lm treatment 
(Fig. S2), we feel comfortable in classifying 

our studies as pertaining to tumor-associ-
ated macrophages and not TIP-DCs. We 
do, however, acknowledge that the CD11b 
marker used in our phenotyping may be 
expressed by multiple subsets of immune 
cells that expand during tumor growth, 
including TAMs, granulocytic and mono-
cytic myeloid-derived suppressor cells 
(MDSCs), and dendritic cells. CD11b was 
used in lieu of the classical macrophage 
marker F4/80, as F4/80 has been shown 
to be downregulated on macrophages 
in response to Ifn-γ, which is induced 

Figure 3 (See previous page). treatment with Lm increases presentation of costimulatory molecules on CD11b+ tAMs. (A) ascites from day 35 iD8-
Defb29/Vegf-A-bearing mice (n = 4) were harvested and treated with CFse-labeled Lm at a Moi of 1 or left untreated. CD80 (left panel) and CD86 (right 
panel) increase significantly in CD45+CD11b+ tAMs that have phagocytosed Lm when compared with CD45+CD11b+ tAMs from the same ex vivo cultures 
that were negative for CFse or were left untreated. (B) similar results to (A) were observed in vivo with CD80 utilizing CFse-Lm tracking. Bottom left 
panel: untreated CD45+CD11b+ tAMs (dashed line), treated CD45+CD11b+CFse- tAMs (solid black), and treated CD45+CD11b+CFse+ tAMs (dotted black) 
representative histograms are shown. Bottom right panel: CD80 mean fluorescence is quantified from multiple in vivo replicates (n = 5).

Figure 4. Phagocytosis of Lm by CD11b+ tAMs induces transcriptional changes indicative of M2 to M1 repolarization. (A, B) ascites of tumor-bearing 
mice (n = 4) were harvested and plated in culture overnight and either left untreated or exposed to Lm at a Moi of 1. 16 h later, CD11b+ cells were sorted 
and rNA was isolated for qrt-PCr analysis of immunosuppressive immune effector molecules (A) and immunostimulatory cytokines and Cxcl10 (B). 
(C) Quantification of cytokine concentrations in supernatant of ex vivo ascites cultures exposed to Lm overnight (n = 4). (D) quantification of cytokine 
concentrations in serum of ascites of day 35 tumor-bearing mice 16 h following treatment with 107 CFu Lm (n = 4).
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in our model following Lm treatment  
(Fig. 4C and D).28 In short, there is cur-
rently no cell surface marker that can 
definitively distinguish between the 
myriad suppressive innate immune cell 
populations occurring in cancer. We feel, 
however, that the context of our model—
ovarian ascites—and the T cell suppres-
sion and tumor cell lysis functional assays 
presented here support our assertion of 
CD11b+ tumor-associated macrophages 
that alter their polarization from M2 to 
M1.

Our results show that Lm has a pro-
found immunomodulatory effect on the 
tumor microenvironment in increasing 
the abundance of pro-inflammatory cyto-
kines and chemokines and the recruit-
ment of immune effector cell subsets that 
have known positive influences on anti-
tumor immunity.9,14,16,18,19,21,22 However, it 
is surprising that survival studies deplet-
ing CD4+ T cells, CD8+ T cells, and NK 
cells have shown that no effector cell pop-
ulation alone is critical for our observed 
treatment efficacy. In fact, it appears that 
reprogramming of tumor-associated mac-
rophages and induction of their direct 
anti-tumor lytic function via nitric oxide 
is the mechanism underlying the survival 
benefit of the treatment. This is not the 
first evidence in which tumor regression 
has been shown to be mediated exclusively 
by innate immunity. In the KPS model of 

murine pancreatic adenocarcinoma, one 
group demonstrated that CD-40 agonist-
mediated ‘reeducation’ of tumor-associated 
macrophages induced their direct tumori-
cidal activity, resulting in tumor regression 
that was not dependent upon CD8+ or 
CD4+ T cells.29 We believe that our data 
reports the first instance that this phenom-
enon—anti-tumor immunity mediated 
solely by innate immune mechanisms—
may be present in ovarian cancer, as well. 
While the pancreatic study did not define 
a mechanism underlying TAM effec-
tor function, it is tantalizing to speculate 
that it requires the same Nos2-mediated 
production of nitric oxide described here. 
This study and ours support the pursuit of 
therapeutic strategies that target the innate 
suppressive populations within the tumor 
microenvironment.

Others have shown that repolarization 
of tumor-associated macrophages from M2 
to M1 confers a survival advantage in the 
ID8 ovarian model that is predicated on a 
dual mechanism: induction of direct mac-
rophage tumoricidal activity and increased 
NK cell activity that is dependent on repo-
larized macrophage-produced Il-12.9 Such 
mechanisms depended on Stat1 activation 
in TAMs. Macrophages are known to be the 
dominant innate immune responder and to 
activate Stat1 in response to L. monocyto-
genes infection.30 Stat1 is a potent transcrip-
tional activator of Il-12, MHC class II, and 

iNOS. Indeed, we see induction of all three 
in CD11b+ TAMs after exposure to Lm in 
what is a feasible approach to targeting this 
population for immunotherapy.9 It is plau-
sible to hypothesize that repolarization of 
TAMs by Lm may depend in part on acti-
vation of the Stat1 signaling pathway.

While other groups have shown a causal 
relationship between L. monocytogenes vac-
cines, Il-12 production, and NK cell activ-
ity in anti-tumor immunity, neither Il-12 
nor NK cells are critical in the ovarian 
treatment model described in this study 
as both Il-12p35−/− and NK1.1-depleted 
mice exhibited significant survival 
increase in response to treatment (Fig. S4; 
Fig. 7C).12,18 While we do not discount 
that there is an anti-tumor contribution 
from other effector cell types, it appears 
that the iNOS-mediated tumoricidal activ-
ity of repolarized TAMs in our model is so 
robust that it alone can confer a survival 
benefit even in the absence of NK- and 
CD8+ T cells (Fig. 7D).

We present data here elucidating the 
repolarization of immunosuppressive 
tumor-associated macrophages from M2 
to M1 phenotype and subsequent survival 
advantage conferred by treatment with the 
ΔactA/ΔinlB strain of Listeria monocyto-
genes in an aggressive ovarian carcinoma 
model. ΔactA/ΔinlB vaccines have demon-
strated success as tumor immunotherapies 
in their ability to induce antigen-specific 
anti-tumor CD8+ T cell responses through 
expression of human tumor-associated anti-
gens in both pre-clinical mouse models and 
ongoing human clinical trials. The strain of 
Lm currently being used clinically, human 
mesothelin-expressing CRS-207, is admin-
istered intravenously.12 Patients receive the 
Lm vaccine prior to receiving standard of 
care chemotherapy, and research is also in 
development to combine CRS-207 with 
GVAX, radiation, and immune check-
point inhibitors. In lieu of our data eluci-
dating the effect of Lm on myeloid cells 
and the nitric oxide response, treatment 
options that activate myeloid cells locally 
in the tumor microenvironment either to 
induce their direct lytic function against 
tumor cells or as radiosensitizers via nitric 
oxide might become attractive additional 
strategies to augment intravenous Lm 
vaccination focused on eliciting CD8+ T 
cell responses. This previously described 

Figure  5. exposure to Lm reverses suppressive phenotype of CD11b+ tAMs in t cell suppres-
sion assay. Ascites of tumor-bearing mice (n = 4) were harvested and plated in culture overnight 
and either left untreated or exposed to Lm at a Moi of 1. CD11b+ cells were sorted out and 105 
were plated with 106 bulk splenocytes from naïve C57BL/6J mice with or without anti-CD3ε. 
supernatants were harvested for ifn-γ eLisA after 72 h.
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induction of adaptive anti-tumor immu-
nity and the under-investigated but equally 
significant modulation of immunosup-
pressive innate cell function described here 
present Listeria vaccines as a powerful and 
multifaceted anti-tumor immunotherapeu-
tic platform in ovarian cancer.

Materials and Methods

Mice
C57BL/6J (01C55) were purchased 

from the National Cancer Institute. 
Il-12p35−/− (002692), and NOD/scid/
IL2Rγ−/− (005557) mice were purchased 
from The Jackson Laboratory. All mouse 
studies were performed in accordance with 

the Institutional Animal Care and Use 
Committee of Dartmouth.

Cell lines
ID8-Defb29/Vegf-A orthotopic peri-

toneal tumors were established in mice 
as described previously.20 Briefly, ID8-
Defb29/Vegf-A cells were cultured in com-
plete media (RPMI supplemented with 
10% FBS, penicillin/streptomycin, and 
sodium pyruvate), then harvested, washed 
in phosphate-buffered saline (PBS), and 
injected in 200 μL of PBS at 1 × 107 cells/
mL to establish tumors.

Listeria treatment of tumor-bearing 
mice

The ΔactA/ΔinlB Listeria 
monocytogenes strain is based on wild-
type L. monocytogenes strain 10403S and 

is deleted of both ActA and Internalin B 
virulence factors as previously described.14 
Heat-killed Lm was generated by heating 
bacterial suspensions at 80 °C for 1 h. 
C57BL/6J mice were intraperitoneally (IP) 
injected with 2 × 106 ID8-Defb29/Vegf-A 
and were treated IP with 200 μL Lm at  
5 × 107 CFU/mL in phosphate-buffered 
saline (PBS) beginning on day 3 and 
repeated on a weekly basis thereafter (day 
10, 17, etc). For analysis of Lm-invaded 
cells in the peritoneal tumor ascites, 
ID8-Defb29/Vegf-A tumors were estab-
lished for 35 d, then were treated IP with 
1 × 107 CFU Lm labeled with CFSE. Lm 
were incubated in PBS with 10 μM CFSE 
(Biolegend) for 10 min at 37 °C in the 

Figure 6. Lm treatment of tumor-bearing mice induces accumulation of chemoattractants in peritoneum and subsequent recruitment of immune effec-
tor cells. (A) Mice bearing iD8-Defb29/Vegf-A tumors for 35 d were injected with 107 CFu Lm. 16 h later ascites serum was harvested for quantification of 
chemokine levels. (B-D) ascites cells were harvested from day 35 iD8-Defb29/Vegf-A-bearing mice 16 h post-Lm treatment and assessed for changes in 
numbers of CD45+CD3ε+CD8+ t cells (B), CD45+CD3ε+CD4+ t cells (C), CD45+CD11b+Gr-1hi neutrophils, and CD45+CD11b+Gr-1lo monocytes/macrophages 
(D). Data for treated mice appear as light gray bars and untreated mice as dark gray bars for all four panels.
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Figure 7. Lm treatment improves survival in immunocompromised mice that is dependent on direct macrophage tumoricidal action. (A–C) survival of 
mice challenged with iD8-Defb29/Vegf-A and treated with weekly Lm treatments is not dependent on CD8+ t cells (A), CD4+ t cells (B), or NK cells (C). 
(D) NsG mice treated with Lm have improved survival: P value < 0.001. (E) ascites of tumor-bearing mice (n = 4) were harvested and plated in culture 
and either left untreated or exposed to Lm at a Moi of 1. 16 h later, CD11b+ cells were sorted and rNA was isolated for qrt-PCr analysis of Nos2 expres-
sion. supernatants from same cultures were assayed with Griess reagent for functional validation of Nos2 activity by CD11b+ tAMs. (F) CD11b+ cells as 
harvested in (E) were co-cultured with 51Cr-pulsed iD8-Defb29/Vegf-A cells at an effector-target ratio of 10:1 overnight with or without the selective iNos 
inhibitor L-nil and assayed after 16 h for tumor target cell Chromium release.
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dark then washed twice and resuspended 
in PBS prior to injection.

Antibodies and flow cytometry
Anti-mouse antibodies were specific for 

CD45 (30-F11), CD11c (N418), MHC-II 
(M5/114.15.2), CD3ε (145–2C11), CD8β 
(YTS156.7.7), CD80 (16–10A1), CD86 
(GL-1), CD11b (M1/70), CD4 (GK1.5), 
and Gr-1 (RB6–8C5) from Biolegend 
and CD16/CD32 (93) from eBioscience. 
Red blood cells were removed from asci-
tes samples using lysis buffer of 150 mM 
NH

4
Cl, 10 mM KHCO

3
, and 0.5 mM 

EDTA. Flow cytometry was performed on 
a FACS-Canto system (BD Biosciences) 
or MACSQuant analyzer (Miltenyi). 
Data were analyzed using FlowJo software 
version 8.7.

T-cell suppression assay
Suppression assay was performed as 

described previously.25 Briefly, ascites were 
harvested from day 35 tumor-bearing 
C57BL/6J mice and red blood cells were 
removed using lysis buffer. Ascites cells 
were plated in bulk immediately after 
harvest in complete media either with-
out Lm or at a multiplicity of infection 
(MOI) of 1. Following overnight culture 
of 16 h, cells were harvested and sorted for 
CD11b+ cells using magnetic MicroBeads 
according to manufacturers protocol 
(Miltenyi). Lm treatment was done on 
bulk cells and CD11b sorting performed 
after in order to more closely approximate 
in vivo conditions.

Co-cultures of 2 × 105 CD11b+ cells 
with 1 × 106 bulk responder splenocytes 
from naïve C57BL/6J were stimulated 
with 1 μg of anti-CD3 (145–2C11) in 
96-well round-bottomed plates in 200 μL 
of culture media. Culture supernatants 
were collected after 72 h and analyzed for 
Ifn-γ production using the mouse Ifn-γ 
ELISA MAX™ Deluxe kit according 
to manufacturer’s protocol (Biolegend, 
430804).

mRNA expression analysis
Ascites cells were harvested, left 

untreated or Lm-treated at a MOI of 
1, and sorted for CD11b as in the sup-
pression assay. RNA was extracted from 
CD11b+ cells using the RNeasy kit 
(Qiagen, 74104). cDNA was synthesized 
using iScriptTM cDNA synthesis kit (Bio-
Rad, 170-8891). q-PCR was performed on 
a CFX96TM Real-Time PCR Detection 

System (Bio-Rad) using iQTM SYBR® 
Green Supermix (Bio-Rad, 170-8882) 
with primers at a concentration of 0.5 μM 
in final volume of 20 μL. Cycling param-
eters and primer sequences are available in 
Figure S5. mRNA transcript fold-change 
was calculated using the ΔΔCT method 
with all samples normalized to mouse 
Gapdh.31

Cytokine assay
For in vivo cytokine data, ascites were 

harvested from mice 16 h post-treatment 
with 1 × 107 CFU Lm and serum was 
harvested. For ex vivo cytokine results, 
ascites were harvested from day 35 mice, 
red blood cells were removed with lysis 
buffer, and cells were plated for 16 h in 
complete media with or without Lm 
at a MOI of 1. Cytokines were quanti-
fied using mouse 32plex Luminex assay 
(MPXMCYTO70KPMX32, Millipore).

Chromium-51 release macrophage 
killing assay

Ascites were harvested as in the sup-
pression assay and cultured for 4 h with Lm 
at a MOI of 1 before sorting with CD11b 
magnetic beads (Miltenyi). CD11b+ cells 
were plated at 105 cells/well in round-
bottomed 96-well plates (Costar) in 200 
μL of complete media with 104 ID8-
Defb29/Vegf-A target cells pulsed with 
51Cr (NEZ030005MC, Perkin Elmer). 
Co-cultures were incubated at 37 °C for 
16 h and then supernatants were harvested 
and read on a Wizard 1470 Automatic 
Gamma Counter (PerkinElmer). The 
selective iNOS inhibitor L-nil was used at 
a concentration of 500 μM in indicated 
samples.

Lymphocyte depletion
C57BL/6J mice were injected with 

mAbs depleting CD4 (clone GK1.5) and 
CD8 (clone 2.43) that were produced as 
bioreactor supernatants and administered 
IP in doses of 250 μg one day prior to Lm 
treatment and then once weekly for the 
duration of survival studies. Depleting 
anti-NK1.1 (clone PK136) was produced 
similarly and administered IP in doses of 
200 μg for four treatments on days –2, 0, 
2, and day 9 relative to tumor challenge. 
Greater than 95% depletion of target 
cell populations was confirmed by flow 
cytometry (Fig. S6).

Statistics

Unless noted otherwise, all experi-
ments were repeated at least 2 times and 
results were similar between repeats. 
Experiments used between 4 and 12 mice 
per group. Figures denote statistical sig-
nificance of P < 0.05 as *, P < 0.01 as **, 
and P < 0.001 as ***. A P value < 0.05 was 
considered to be statistically significant. 
Data for bar graphs was calculated using 
the unpaired Student t test. Error bars 
represent standard error of the mean from 
independent samples assayed within the 
represented experiments. Survival experi-
ments utilized the Log-rank Mantel-Cox 
test for survival analysis. Statistical anal-
ysis was done with Graph Pad Prism 4 
software.
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