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There is a constant need for improved adjuvants to augment the induction of immune responses against tumor-associated anti-
gens (TAA) during immunotherapy. Previous studies have established that listeriolysin O (LLO), a cholesterol-dependent cytoly-
sin derived from Listeria monocytogenes, exhibits multifaceted effects to boost the stimulation of immune responses to a variety
of antigens. However, the direct ability of LLO as an adjuvant and whether it acts as a pathogen-associated molecular pattern
(PAMP) have not been demonstrated. In this paper, we show that a detoxified, nonhemolytic form of LLO (dtLLO) is an effective
adjuvant in tumor immunotherapy and may activate innate and cellular immune responses by acting as a PAMP. Our investiga-
tion of the adjuvant activity demonstrates that dtLLO, either fused to or administered as a mixture with a human papillomavirus
type 16 (HPV-16) E7 recombinant protein, can augment antitumor immune responses and facilitate tumor eradication. Further
mechanistic studies using bone marrow-derived dendritic cells suggest that dtLLO acts as a PAMP by stimulating production of
proinflammatory cytokines and inducing maturation of antigen-presenting cells (APC). We propose that dtLLO is an effective
adjuvant for tumor immunotherapy, and likely for other therapeutic settings.

The Gram-positive facultative intracellular pathogen Listeria
monocytogenes expresses a highly conserved pore-forming

toxin known as listeriolysin O (LLO). LLO is a member of a large
family of cholesterol-dependent cytolysins (CDCs) found in sev-
eral bacterial pathogens (1). In L. monocytogenes, LLO is the pri-
mary virulence factor and is essential for its pathogenesis (2). Dur-
ing intracellular infection, the pore-forming activity of LLO
allows L. monocytogenes to escape from phagocytic or endocytic
vacuoles into the host cell cytosol, where the bacteria are able to
multiply proficiently (3, 4). CDCs have no known protein recep-
tors, although cholesterol is a prerequisite for membrane pore
formation. However, LLO and other CDCs are potent signaling
molecules that trigger a variety of cellular responses. Stimulation
of cells with LLO results in a multifaceted response involving pro-
duction of cytokines (5), influx of calcium signaling (6), epige-
netic modifications (7), alteration of immunosuppression (8, 9),
and induction of apoptosis in T lymphocytes and dendritic cells
(10). It has been suggested that the mechanism of signaling by
LLO and other bacterial cytolysins is through their ability to act as
pathogen-associated molecular patterns (PAMPs) and to interact
with pathogen recognition receptors (PRRs) such as Toll-like re-
ceptor 4 (TLR4) (11).

In accordance with the PAMP hypothesis, LLO has been re-
ported to improve antigen presentation in the context of major
histocompatibility complex (MHC) class I molecules and to en-
hance T cell-mediated immune responses when genetically fused
to (12–14), mixed with (15), or conjugated to (16) antigens. The
adjuvant properties of LLO have been demonstrated not only in
the context of L. monocytogenes (17) but also in various vaccine
platforms, such as modified vaccinia virus Ankara (MVA) or plas-
mid DNA (pDNA), and as a protein carrier for anti-idiotypic im-
mune therapy of non-Hodgkin’s lymphoma (12, 13, 17–20), sug-
gesting broad applicability in immunotherapeutic strategies.
Although there are sufficient data supporting LLO as a potent

immune activator, how it exerts these effects is unknown. A direct
measure of PAMP-like activity by LLO in cellular assays or in vivo
is not feasible due to the toxicity associated with its pore-forming,
cytolytic activity. To overcome this obstacle, we constructed a de-
toxified, nonhemolytic form of LLO (dtLLO), with mutations in
three amino acids that are crucial for its binding to cholesterol
(21), and then tested its ability to act as an adjuvant to the human
papillomavirus type 16 (HPV-16) E7 protein in a mouse model of
HPV-associated cancer (22). The study presented here demon-
strates that dtLLO is a novel protein adjuvant in cancer immuno-
therapy that can be administered as either a dtLLO-antigen fusion
protein or a mixture with HPV-16 E7 protein. Furthermore, we
provide evidence that this adjuvant effect is due to dtLLO stimu-
lating the synthesis of proinflammatory cytokines and inducing
maturation of antigen-presenting cells (APC) in a PAMP-like
manner.

MATERIALS AND METHODS
Mice and cell lines. Six- to 8-week-old C57BL/6 mice were purchased
from Charles River Laboratories (Wilmington, MA). The Tlr4�/� strain
B6.B10ScN-tlr4lps-del/JthJ was purchased from Jackson Laboratories. The
C57BL/6-syngeneic TC-1 tumor cell line is immortalized with HPV-16 E6
and E7 and transformed with the c-Ha-ras oncogene (22). TC-1 tumor
cells express low levels of E6 and E7 and are highly tumorigenic. TC-1 cells
were grown in RPMI 1640 medium with 10% fetal calf serum (FCS), 2
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mM L-glutamine, 100 U/ml penicillin, 100 �g/ml streptomycin, 100 mM
nonessential amino acids, 1 mM sodium pyruvate, and 50 mM 2-mercap-
toethanol (2-ME) at 37°C with 5% CO2.

Construction of dtLLO, E7, and dtLLO-E7 expression vectors. The
hly gene that encodes LLO was amplified from L. monocytogenes 10403s by
PCR and cloned into the pET29b plasmid by use of the NdeI and BamHI
restriction sites upstream of a region encoding an in-frame C-terminal
6�His tag. The cholesterol binding domain (CBD) was modified by site-
directed mutagenesis using the primers indicated below. An internal NheI
restriction site in the hly gene was utilized for cloning of the mutated
C-terminal region containing the CBD. Briefly, separate PCRs amplified
two overlapping segments containing the mutated CBD. One PCR ampli-
fied the fragment between the NheI site (bold letters) in the hly gene and
the CBD by using primers DTLLOF1 (GCTAGCTCATTTCACATCGT)
and DTLLOR1 (TCTTGCAGCTTCCCAAGCTAAACCAGTCGCTTCT
TTAGCGTAAACATTAATATT), which introduced mutations into the
CBD (represented by underlined regions). The fragment between the
CBD and the BamHI site (bold letters) was amplified in another PCR by
using primers DTLLOF2 (GAAGCGACTGGTTTAGCTTGGGAAGCTG
CAAGAACGGTAATTGATGACCGGAAC) and DTLLOR2 (GGATCCT
TATTAGTGGTGGTGGTGGTGGTGTTCGATTGG), which introduced
the same mutations into the CBD. These 2 PCR products were annealed,
and the product was used as the template in a PCR using primers DTL-
LOF1 and DTLLOR2. The fragment between the NheI and BamHI sites in
the pET29b-LLO plasmid, containing the original CBD sequence, was
replaced with the resulting overlapping PCR fragment containing the mu-
tated CBD sequence.

To create a dtLLO-E7 fusion protein expression plasmid, the C-termi-
nal region of dtLLO was joined to E7 by splicing by overlap extension PCR
(SOE PCR) using the following primers: DTLLOF1 (GCTAGCTCATTT
CACATCGT), DTLLO-E7R (CATGCAATGTAGGTGTATCTCCATGT
TCGATTGGATTATCTACTTTATTAC), DTLLOE7F (GTAATAAAGT
AGATAATCCAATCGAACATGGAGATACACCTACATTGCATG), and
E7-His R (CTCACTCGAGGTGGTGGTGGTGGTGGTGTGGTTTGTG
AGAACAGATGG). The DNA fragment containing the C-terminal region
of dtLLO fused to E7 was cloned into the pET29b-DTLLO plasmid at the
NheI and XhoI restriction sites (indicated in bold) to create pET29b-
dtLLOE7 (23).

Purification of dtLLO, E7, and dtLLO-E7 proteins. For animal stud-
ies, pET29b constructs encoding E7, dtLLO, and dtLLO-E7 were trans-
formed into Escherichia coli BL21(DE3) and grown in LB selection me-
dium containing kanamycin. For in vitro mechanistic studies, the same
constructs were transformed into the BL21(DE3) IpxM strain, which has
greatly reduced lipopolysaccharide (LPS) pyrogenicity, prior to purifica-
tion (24). All purified proteins contained a histidine motif at the amino
terminus to allow for purification over a Ni-nitrilotriacetic acid (Ni-NTA)
column (Qiagen) according to the manufacturer’s instructions. The pu-
rity of each protein preparation was verified by SDS-PAGE followed by
Coomassie blue staining. Subsequently, contaminating endotoxins were
removed from each purified protein preparation by use of a Norgen Pro-
teospin endotoxin removal maxikit per the manufacturer’s instructions
(Norgen Biotek Corporation). Endotoxin removal was confirmed by
Western blotting with anti-LPS core antibody (HyCult Biotechnology).

Assay of hemolytic activity. The hemolytic activity of dtLLO was ex-
amined using sheep red blood cells (SRBC) as described previously (25).
Briefly, purified preparations of dtLLO and wild-type LLO (LLO WT)
were diluted 10-fold in phosphate-buffered saline (PBS)– cysteine acidic
buffer (pH 5.5) or neutral PBS (7.4). After activation for 30 min, PBS-
washed intact SRBC were added to a series of LLO WT or dtLLO dilutions.
Following incubation at 37°C for 45 min, samples were centrifuged and
supernatants were analyzed for hemoglobin absorption at 570 nm. The
number of hemolytic units was defined as the dilution of the sample at
which 50% of the SRBC had been lysed.

Tumor regression study. All animal experiments were performed ac-
cording to the guidelines of the Institutional Animal Care and Use Com-

mittee of the University of Pennsylvania. TC-1 tumor cells (2 � 105) were
injected subcutaneously (s.c.) into the flanks of C57BL/6 mice (8 mice/
group) on day 0. After tumors were allowed to establish for 3 days, protein
vaccines were administered s.c. as follows: 50 �g of E7, 200 �g of LLO, 250
�g of LLO-E7, or 50 �g of E7 plus 200 �g of dtLLO per mouse. Mice were
immunized again on day 10, and tumor growth was observed every 3 days
by use of calipers spanning the shortest and longest surface diameters. The
mean of these two measurements was calculated as the mean tumor di-
ameter in millimeters (W). Tumors with a diameter of �3 mm could not
be measured and were classified as a tumor-free size. Mice were sacrificed
when the tumor diameter reached �20 mm. Data are shown as tumor
volumes, calculated as 0.5 � W3, and also as percentages of tumor-free
mice for each vaccine group at various time points after tumor challenge.

Intracellular cytokine production by E7-specific CTLs. C57BL/6
mice were immunized s.c. with E7, dtLLO, dtLLO plus E7, or dtLLO-E7
and boosted 7 days later. Splenocytes were harvested 9 days after the boost
and processed for E7-specific intracellular cytokine staining. Briefly, 106

splenocytes were stimulated with an E7-specific cytotoxic T lymphocyte
(CTL) epitope peptide (5 �g/ml) plus interleukin-2 (IL-2) (5 U/ml),
along with GolgiStop, for 5 h. Subsequent to stimulation, cells were pro-
cessed for four-color flow cytometry by staining initially for CD8 (anti-
body 53-6.7 conjugated to fluorescein isothiocyanate [FITC]), CD62L-
selectin (CD62L) (MEL-14 antibody conjugated to allophycocyanin), and
CD11b (peridinin chlorophyll protein [PerCP]-Cy5.5-conjugated anti-
body). Cells were then fixed and permeabilized, followed by intracellular
staining for gamma interferon (IFN-�) (phycoerythrin [PE]-conjugated
antibody). Analysis was performed using a FACSCalibur flow cytometer
with CellQuest software (Becton, Dickinson, Mountain View, CA).

E7-specific TILs. C57BL/6 mice were immunized s.c. with E7, dtLLO,
dtLLO plus E7, or dtLLO-E7 and boosted 7 days later. Three-color flow
cytometry for CD8 (FITC-conjugated 53-6.7 antibody), CD62L (allophy-
cocyanin-conjugated MEL-14 antibody), and PE-conjugated E7 H-2Db

tetramer was performed using a FACSCalibur flow cytometer with Cell-
Quest software (Becton, Dickinson, Mountain View, CA). Splenocytes
and tumor-infiltrating lymphocytes (TILs) were harvested 9 days after the
boost and were stained at room temperature with H-2Db tetramers loaded
with the E7 peptide (RAHYNIVTF). Tumors were manually separated,
and TILs were isolated from whole-tumor preparations as described pre-
viously (17). Tetramers were provided by the National Institute of Allergy
and Infectious Diseases Tetramer Core Facility. The tetramers were used
at a 1/200 dilution. Cells were analyzed as described above, comparing
tetramer� CD8� CD62Llow cells generated by vaccine immunization.

Quantitative PCR (qPCR) analysis of proinflammatory cytokines
and costimulatory markers. Bone marrow-derived dendritic cells (BMDCs)
were isolated as described below for all in vitro mechanistic studies.
Briefly, femurs from 6-week-old mice were mechanically cleared of all
muscle tissue and subjected to three sequential 5-min washes in 70%
ethanol, followed by immersion in PBS. Subsequently, bone marrow was
extracted, and the cells were collected in Dulbecco’s modified Eagle’s me-
dium 10 (DMEM-10) and cultured in 100-cm dishes with 20 ng/ml of
granulocyte-macrophage colony-stimulating factor (GM-CSF) and 50
ng/ml of mouse IL-4. The medium was replaced every 3 days, and BMDCs
were collected on day 7 for immediate stimulation or freezing. Subse-
quently, 2.5 � 106 BMDCs in 1 ml of DMEM-10 were stimulated with
vehicle control or with a series of experimental conditions for 2 h at 37°C.
For a positive control, 15 ng of LPS or 50 �g of poly(I-C) was added to
either C57BL/6-derived BMDCs or tlr4�/� BMDCs, respectively. The
stimulatory potential of dtLLO was assayed by adding BL21(DE3) IpxM-
purified dtLLO protein (50, 25, or 12.5 �g) to BMDCs. After treatment,
RNA was extracted from the BMDCs by use of an RNeasy RNA extraction
kit (Qiagen, Valencia, CA) and converted to cDNA by use of a high-
capacity reverse transcriptase kit (Applied Biosystems, Carlsbad, CA).
Primer sets specific for mouse CD40, MHC II, IL-12 (p35), and tumor
necrosis factor alpha (TNF-�) were purchased from SABiosciences and
employed to determine stimulation by dtLLO and LPS.

Wallecha et al.

78 cvi.asm.org Clinical and Vaccine Immunology

http://cvi.asm.org


Polymyxin B pretreatment, heat inactivation, and proteinase K
treatment. The contribution of endotoxin to each stimulation condition
was controlled by several strategies. A specific inhibitor of LPS pyrogenic-
ity, polymyxin B (20 �g), was incubated with either dtLLO or LPS for 30
min at room temperature prior to addition of the stimulant to cells. To
determine whether natively folded dtLLO was responsible for the ob-
served stimulation, samples containing either dtLLO or LPS were heat
inactivated by boiling for 30 min. Subsequently, samples were allowed to
equilibrate to room temperature before addition to BMDCs. Addition-
ally, pretreatment with proteinase K was employed as a strategy to elimi-
nate any protein-associated stimulation by treatment with dtLLO and
LPS. Briefly, samples were pretreated with 20 �g of proteinase K and
incubated at 56°C for 15 min, followed by 5 min at 95°C to inactivate the
enzyme.

Statistical analysis. One-tailed Student’s t test or the nonparametric
Wilcoxon signed-rank test was performed to compare E7 vaccination to ei-
ther dtLLO-plus-E7 or dtLLO-E7 vaccination for all data, using GraphPad
Prism, version 4.0a, for Macintosh (GraphPad, San Diego, CA). Significant P
values for all comparisons are depicted in figures as follows: *, P � 0.05; **,
P � 0.01; and ***, P � 0.001. Nonsignificant P values are depicted by “n.s.”

RESULTS
Construction and purification of dtLLO, E7, and dtLLO-E7 pro-
tein vaccines. In order to properly assay the mechanism of LLO as
an adjuvant, we created dtLLO. Detoxification was accomplished
by introducing point mutations for three selected amino acids
important for binding of LLO to cholesterol and for eventual
membrane pore formation (21). The three targeted amino acids
(underlined) present in the cholesterol binding domain of LLO
(483ECTGLAWEWWR493) were modified in the sequence
483EATGLAWEAAR493 by point mutations introduced into the
DNA sequence by PCR. The mutated hly gene was cloned into the
pET29b expression vector, and the presence of point mutations
was verified by sequence analysis. The pET29b expression system
was utilized for the production and purification of all proteins,
including HPV-16 E7, dtLLO, and the fusion protein dtLLO-E7.
Each protein (E7, dtLLO, and dtLLO-E7) was successfully ex-
pressed and purified, as indicated by SDS-PAGE analysis followed
by Coomassie blue staining (Fig. 1A). The absence of the LPS
endotoxin in each preparation was verified by Western blotting
using anti-LPS antibody. As indicated, LPS contamination was
undetectable in the purified E7, dtLLO, and dtLLO-E7 protein
preparations (Fig. 1B).

To verify that dtLLO is nonhemolytic, a hemolysis assay was
performed using sheep red blood cells as indicator cells (4). The
purified dtLLO protein was found to exhibit a very low hemolytic
activity at acidic pH (Fig. 1C) and no detectable activity at neutral
pH (data not shown). In contrast, wild-type LLO was highly he-
molytic at pH 5.5 (Fig. 1C) and retained 100% activity at neutral
pH (data not shown). Confirmation of the detoxified nature of
our dtLLO preparations allowed further studies to determine its
efficacy as an adjuvant in tumor immunotherapy.

dtLLO augments antitumor efficacy of E7-based protein vac-
cines. The efficacy of dtLLO as an adjuvant was investigated using
TC-1 cells, a mouse tumor model for HPV-16-associated cancer
that expresses the HPV-16 E6 and E7 oncoproteins. To determine
if dtLLO is an effective adjuvant in a protein vaccination strategy,
either fused to or mixed with E7, a tumor regression study was
performed using the TC-1 tumor model. Briefly, mice were im-
planted with TC-1 tumor cells s.c. in the hind flank and vaccinated
when tumors were palpable, on day 3, with purified preparations
of dtLLO and E7, either alone, mixed, or genetically fused. The

vaccinated mice were boosted on day 10 postimplantation, and
tumor volumes were measured throughout (Fig. 2A). Following
immunization, tumor burdens were significantly reduced in the
groups treated with dtLLO-E7 and dtLLO plus E7, and more than
50% of the mice were free of tumors at the completion of the
experiment, compared to 	16% in the E7-treated group (Fig. 2B
and C). On the other hand, immunization with dtLLO did not
result in tumor-free mice, but a significant delay in the progres-
sion of tumor growth was observed with each vaccination (Fig.
2A). As expected, naïve mice developed tumors and were sacri-
ficed by day 32 of the study. This study was repeated three times,
and the average number of tumor-free mice at the end of each
study is shown in Fig. 2C. These results suggest that dtLLO exhib-
its adjuvant effects when it is present as a fusion protein or mixed
along with tumor-associated antigens (TAA) in cancer immuno-
therapy.

FIG 1 Construction, purification, and characterization of a detoxified form of
listeriolysin O (dtLLO). (A) dtLLO protein, HPV-16 E7 protein, and a genetic
fusion protein of dtLLO and E7 were extracted from BL21(DE3) transfor-
mants after IPTG (isopropyl-
-D-thiogalactopyranoside) induction and then
purified using a Ni2� column. Each purified protein was then subjected to 4 to
12% SDS-PAGE analysis, and the gel was stained with Coomassie blue. Each
protein is visualized in its respective labeled lane. (B) Western blot analysis to
detect LPS contamination after endotoxin removal in protein preparations
from BL21(DE3) transformants. Briefly, endotoxin was removed from each
purified protein preparation by use of Norgen Proteospin endotoxin removal
columns, and subsequently, proteins or LPS (20 ng; positive control) was
subjected to 4 to 12% SDS-PAGE analysis. After transfer to a polyvinylidene
difluoride (PVDF) membrane, Western blot analysis with anti-LPS antibody
was performed to demonstrate removal of endotoxin from purified protein
preparations. (C) Detoxification of LLO by mutation of the cholesterol bind-
ing domain results in reduced hemolytic activity. Hemolytic activity of
dtLLO was determined using an SRBC lysis assay. Briefly, LLO WT and
dtLLO protein preparations were initially activated by incubation at an
acidic pH (1� PBS-cysteine buffer, pH 5.4) and subsequently were incu-
bated with sheep red blood cells. The number of hemolytic units was de-
termined by measuring released hemoglobin (optical density at 570 nm)
with each treatment.
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dtLLO augments E7-specific CD8 T cell responses in spleens
and tumors. Previous work has demonstrated that Listeria-based
vaccines expressing and secreting LLO-based fusion proteins are
able to facilitate regression of tumors due to the generation of
efficient tumor-specific CD8� T cell responses. Thus, we hypoth-
esized that the regression of established tumors induced by vacci-
nation with dtLLO-based vaccines would correlate with increased
stimulation of E7-specific CD8� T cell responses. To determine
the number of E7-specific IFN-�-expressing CD8� CD62Llow

cells in the spleen, intracellular cytokine staining was performed
with or without an E7-specific H-2b-restricted CTL peptide,
RAHYNIVTF, to induce IFN-� secretion. A �5-fold induction
(Fig. 3A) of E7-specific IFN-�� CD8� CD62Llow cells was de-
tected after vaccination with dtLLO-E7 or dtLLO plus E7 com-
pared to the naïve or dtLLO-vaccinated group, with a 3- to 7-fold
increase observed compared to the group vaccinated with E7
alone. These data suggest that the presence of dtLLO augments
E7-specific immune responses.

Additionally, E7-specific tetramer staining was performed on
the spleens and tumors of mice treated with different vaccines
(Fig. 3B). An increase in the percentage of CD8� CD62Llow E7-
tet� cells was detected in TILs of mice treated with dtLLO-E7 or
dtLLO plus E7 compared to the percentage for mice immunized
with E7 or dtLLO alone (Fig. 3B). This result suggests that dtLLO
not only enhances the induction of E7-specific T cells but also
increases the number of E7-specific TILs in the tumor microenvi-
ronment.

dtLLO promotes the expression of proinflammatory cyto-
kines in dendritic cells. Additionally, we investigated if dtLLO

promotes the synthesis of proinflammatory cytokines in mouse
BMDCs, similar to a PAMP. An upregulation in the transcription
of genes encoding proinflammatory cytokines such as TNF-�
(	90-fold) and IL-12 (	22-fold) in BMDCs was detected after
treatment with dtLLO (Fig. 4A and C). To reduce the contamina-
tion of endotoxin in the purified protein preparations of different
protein vaccines, such as the E7, dtLLO, and dtLLO-E7 vaccines,
we utilized an E. coli BL21 strain that lacks a myristoylated LPS due
to a mutation in the enzyme IpxM. The IpxM mutant BL21 strain
produces an LPS that has reduced pyrogenicity as measured by
activation and maturation of myeloid dendritic cells (DCs) (24).
In addition, the induction of cytokine mRNA by dtLLO was re-
fractory to pretreatment with polymyxin B, an inhibitor of LPS
pyrogenicity. The increase in proinflammatory cytokine tran-
scription induced by dtLLO was not due to the presence of con-
taminating LPS. Furthermore, the significant reductions in cyto-
kine secretion by BMDCs after inactivation of dtLLO with heat or
proteinase K suggest that a proteinaceous component is responsi-
ble for this activity (Fig. 4B and C). As a control PAMP, LPS-
induced cytokine stimulation was reduced 	3-fold in the pres-
ence of polymyxin B, but heat inactivation and proteinase K
treatment had minimal impacts (Fig. 4A to C).

Previously published reports have classified anthrolysin O and
other cytolysins expressed by Gram-positive bacteria as TLR4 ago-
nists (26). Thus, the role of the pattern recognition receptor TLR4
was addressed using tlr4�/� BMDCs. We observed that treatment
with either dtLLO or poly(I-C) resulted in the synthesis of both
IL-12 and TNF-� mRNAs in tlr4�/� BMDCs (Fig. 4D and E). As
expected, treatment with the TLR4 agonist LPS did not induce

FIG 2 dtLLO augments antitumor efficacy of E7 protein vaccination. (A) The ability of dtLLO alone to act as an adjuvant in tumor immunotherapy was
determined using the TC-1 tumor model. Mice (8/group) were implanted subcutaneously with 105 TC-1 tumor cells and subsequently vaccinated with protein
vaccines (dtLLO, E7, dtLLO-E7, and dtLLO plus E7). Tumor loads are depicted as the tumor volume for each treatment group throughout the course of the
experiment (P � 0.002 for the dtLLO and dtLLO-plus-E7 groups compared to the E7 group, using the nonparametric Wilcoxon signed-rank test). (B)
Representative tumor load study depicting the percentage of TC-1 tumor-free mice in each treatment group throughout the course of the experiment. (C) Mean
percentage of tumor-free mice around day 54 for each treatment group at the end of three separate tumor load studies.
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cytokine stimulation in tlr4�/� BMDCs (Fig. 4D and E). This
suggests the possibility that dtLLO can interact with another
TLR(s) or PRR to stimulate cytokine synthesis. It is worth noting
that the magnitudes of both IL-12 and TNF-� mRNA expression
in tlr4�/� BMDCs stimulated with dtLLO were substantially lower
than those observed in wild-type BMDCs. Importantly, however,
these experiments were not run in parallel, so the differences must
be interpreted with caution. Nevertheless, while our results
strongly suggest that dtLLO is capable of activating cytokine genes
through a TLR4-independent pathway, the possibility exists that
TLR4 is also involved.

Upregulation of CD40 and MHC II costimulatory molecules
by dtLLO. Since PAMPs are known to facilitate the maturation of
DCs, we also analyzed the ability of dtLLO to cause an upregula-
tion in the expression of costimulatory molecules such as CD40
and MHC II, which are markers of this maturation. In BMDCs
from wild-type mice, treatment with dtLLO resulted in an 	50-
fold increased synthesis of CD40 mRNA and an 	15-fold in-
creased synthesis of MHC II mRNA (Fig. 5A and B), comparable
to the levels induced by the LPS positive control. The dtLLO-
mediated increases in the synthesis of CD40 and MHC II in
BMDCs were significantly reduced after heating and proteinase K
treatment, again implicating activity by a protein-like component
for this effect.

Furthermore, we confirmed that dtLLO also upregulated co-
stimulatory markers in BMDCs from tlr4�/� mice, resulting in
	11-fold and 	4-fold increases in CD40 and MHC II expression,
respectively (Fig. 5C and D). The enhancement in CD40 as well as
MHC II expression in tlr4�/� BMDCs was completely abolished
after degradation of dtLLO by heating or proteinase K treatment.
The capacity of dtLLO to induce CD40 and MHC II mRNA ex-
pression in tlr4�/� BMDCs suggests that dtLLO is capable of in-
ducing DC maturation through a TLR4-independent pathway.
Again, however, the magnitudes of CD40 and MHC II mRNA
expression in tlr4�/� BMDCs stimulated with dtLLO were sub-
stantially lower than those observed in wild-type BMDCs. This
raises the possibility that TLR4-independent and TLR4-depen-
dent pathways may both be involved in dtLLO-induced dendritic
cell maturation.

DISCUSSION

The evidence reported in this investigation provides clear and di-
rect support for the hypothesis that a detoxified, nonhemolytic
form of LLO is a novel adjuvant and can act in a PAMP-like man-
ner to facilitate TAA-specific cancer immunotherapy. This study
showed that dtLLO used as a fusion and administered as a mixture
with the TAA E7 provided similar reductions in tumor volume
(Fig. 2). Even the administration of adjuvant dtLLO alone in a

FIG 3 dtLLO augments tumor-specific adaptive immune responses. (A) Augmentation of E7-specific T cell responses was measured in the spleen by intracellular
IFN-� staining. Splenocytes were harvested from mice in each treatment group from the tumor load study depicted in Fig. 2 and stimulated with IL-2 alone or
IL-2 along with an E7-specific CTL epitope peptide (RAHYNIVTF). Splenocytes were then processed for flow cytometric analysis of intracellular production of
IFN-�. Each dot plot depicts activated E7-specific CD8� T cells from a different treatment group as the percentage of total activated CD8� T cells in the spleen.
(B) Increased infiltration of E7-specific CD8� TILs into TC-1 tumors after dtLLO protein vaccination. Tumor-infiltrating lymphocytes were isolated from TC-1
tumors at the end of the experiment, pooled within the treatment group, and stained with a tetramer that recognizes E7-specific CTLs. (Bottom row) Tumor-
infiltrating E7-specific CTLs are depicted as the percentage of total tumor-infiltrating activated CD8� CD62Llow CD11b� E7 tetramer� cells for each treatment
group. (Top row) E7-specific CTLs in the spleens of mice from each treatment group.
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TC-1 tumor regression study caused a significant delay in tumor
progression, as depicted in Fig. 2A. The therapeutic antitumor
effects of dtLLO as an adjuvant can likely be attributed to the
augmentation of E7-specific CD8 T cell responses, as well as an
increased infiltration of E7-specific T cells into the tumor mi-
croenvironment. Since augmentation of E7-specific responses was
observed when E7 was fused to dtLLO or administered as a mix-
ture, this suggests that the ability of LLO to act as a PAMP is likely
responsible for facilitating these immune responses.

Different PAMPs in bacteria, such as CpG DNA, LPS, and
flagellin, are recognized by specific PRRs, such as TLRs, in various
cell types to activate an immunostimulatory cascade leading to the
release of proinflammatory cytokines such as TNF-� and IL-12.
The expression of these cytokines in BMDCs was stimulated by
dtLLO, indicating a possible interaction with a PRR(s) to promote
the secretion of these cytokines. Additionally, dtLLO stimulation
induced an upregulation on the surfaces of DCs of costimulatory
signals such as MHC II and CD40, which are markers of matura-
tion of these DCs. DCs play a key role in the initiation and instruc-
tion of adaptive immunity. Thus, our evidence suggests that
dtLLO acts in a PAMP-like manner to stimulate production of the

proinflammatory cytokines IL-12 and TNF-�, as well as to facili-
tate DC maturation. This is consistent with the previous finding
that L. monocytogenes-based vaccines expressing the LLO fusion
protein Lm-LLO-E7 cause rapid and effective phenotypic and
functional maturation of myeloid DCs (27). The enhancement of
DC maturation by LLO likely induces higher levels of in vitro T cell
proliferation and in vivo antitumor immunity.

Previously, all Gram-positive bacterial CDCs, such as LLO,
anthrolysin O, perfringolysin O, and streptolysin O, were reported
to act in a TLR4-dependent manner (26). However, our results
suggest that dtLLO can induce the expression of proinflammatory
cytokines and markers associated with DC maturation in the ab-
sence of TLR4. This observation supports a hypothesis in which
dtLLO PAMP activity is not exclusive to TLR4 and signals through
another, as yet unidentified PRR. Note that the levels of cytokine
mRNA induced by dtLLO as well as poly(I-C) (TLR3 agonist)
were significantly lower in tlr4�/� BMDCs than those induced by
dtLLO or LPS in wild-type BMDCs, suggesting that these cells
were possibly less conducive to stimulation of proinflammatory
cytokine mRNA production. Recently, a key virulence factor of
Streptococcus pneumoniae and another CDC, pneumolysin, were

FIG 4 dtLLO treatment of BMDCs stimulates induction of mRNAs for proinflammatory cytokines. (A) dtLLO treatment stimulates production of TNF-�
mRNA. dtLLO was purified from BL21(DE3) IpxM, followed by endotoxin removal. BMDCs were stimulated for 16 h with LPS, LPS pretreated with a specific
inhibitor of LPS signaling (polymyxin B [PMXB]), dtLLO, dtLLO pretreated with PMXB, or PMXB alone. After stimulation, cells were processed for RNA
isolation, cDNA conversion, and qPCR analysis with TNF-� primers. TNF-� mRNA production after stimulation is depicted in relation to TNF-� mRNA levels
in the untreated BMDC controls. (B and C) TNF-� expression by BMDCs with dtLLO stimulation is dependent on native, intact dtLLO. To determine if the
dtLLO protein was responsible for the signaling observed in panel A, the dtLLO protein was either heat denatured by boiling for 10 min (dtLLO-Heat) or treated
with proteinase K for 60 min (dtLLO-PK). BMDCs were subsequently stimulated with untreated dtLLO, dtLLO-Heat, dtLLO-PK, LPS alone, LPS-Heat, or
LPS-PK, followed by TNF-� (B) and IL-12 (C) qPCR analyses. (D and E) Signaling by dtLLO is independent of TLR4. BMDCs were isolated from tlr4�/� mice
and stimulated with dtLLO, dtLLO-Heat, or dtLLO-PK, in addition to poly(I-C) as a positive control and LPS as a negative control. After stimulation for 2 h, cells
were processed for qPCR analysis of TNF-� (D) and IL-12 (E) mRNA expression. **, P � 0.01; ***, P � 0.001.

Wallecha et al.

82 cvi.asm.org Clinical and Vaccine Immunology

http://cvi.asm.org


shown to promote DC maturation and cytokine secretion in a
TLR4-independent manner (28). The pore-forming Shigella toxin
porin has been shown to signal the TLR2-TLR6 complex (29). It
has also been suggested that seeligeriolysin O, a member of the
cholesterol-dependent cytolysins of Listeria seeligeri, induces acti-
vation of peritoneal macrophages to secrete IL-12 by a mechanism
involving both TLR2 and TLR4 (30).

As a Gram-positive pathogen, Listeria lacks LPS, and it there-
fore does not use this molecule to signal the innate immune sys-
tem through TLR4. Macrophages of Tlr4�/� mice express listerio-
cidal activity similar to that of wild-type macrophages, suggesting
that TLR4 signaling is possibly not essential for clearance of Liste-
ria (31). Other known PAMPs displayed by Listeria include the
TLR ligands peptidoglycan (TLR2), lipoteichoic acid (TLR2), un-
methylated CpG sequences (TLR9), and flagellin (TLR5), all of
which signal the cell through myeloid differentiation factor 88
(MyD88) (32). Identified bacterial protein PAMPs are relatively
rare. To our knowledge, flagellin, which binds to TLR5, is the only
identified L. monocytogenes protein PAMP (33). TLR5 and TLR7
are surprisingly absent on spleen and bone marrow-derived mu-
rine DCs (34, 35) and are thus unlikely to be the targets of LLO.
The only well-defined ligand for TLR9 is bacterial CpG DNA.
However, there is some evidence that it may bind non-nucleic acid
ligands (36). TLR9 is found not at the cell surface but in endo-
somal compartments, including phagosomes (37). Since LLO ex-
pression by L. monocytogenes is maximal in the phagosome, it may
interact with receptors or other proteins in this compartment.

Thus, future studies on the involvement of other PRRs that engage
LLO as a ligand are warranted.

In conclusion, the evidence presented in this study supports
the hypothesis that dtLLO is a novel adjuvant with PAMP-like
activity that augments both innate and adaptive immune re-
sponses. The ability of dtLLO to act as an adjuvant, as a fusion
partner, or mixed with other antigens makes it versatile and at-
tractive for application in the treatment of various malignant dis-
eases.
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