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Summary

Immune-checkpoint blockade antibodies have been approved for the

treatment of cancer. However, poorly immunogenic tumours are less

responsive to such therapies. Agonistic anti-Toll-like receptor 4 (TLR4)

monoclonal antibodies (mAbs) activate only cell-surface TLR4; in con-

trast, lipopolysaccharide (LPS) activates both TLR4 and intracellular

inflammatory caspases. In this study, we investigated the adjuvant activity

of an anti-TLR4 mAb in T-cell-mediated antitumour immunity. The anti-

TLR4 mAb induced the activation of antigen-specific T-cells in adoptive

transfer studies. The growth of ovalbumin (OVA)-expressing tumours was

significantly suppressed by administration of OVA and the anti-TLR4

mAb in combination, but not individually. The antitumour effect of anti-

PD-1 mAb was enhanced in mice administered with OVA plus the anti-

TLR4 mAb. The OVA-specific IFN-c-producing CD8 T-cells were induced

by administration of OVA and the anti-TLR4 mAb. The suppression of

tumour growth was diminished by depletion of CD8, but not CD4,

T-cells. The inflammatory response to the anti-TLR4 mAb was of signifi-

cantly lesser magnitude than that to LPS, as assessed by NF-jB activation

and production of TNF-a, IL-6 and IL-1b. Administration of LPS (at a

dose that elicited levels of proinflammatory cytokines comparable to those

by the anti-TLR4 mAb) plus OVA induced no or less-marked activation

of OVA-specific T-cells and failed to suppress tumour growth in mice. In

conclusion, the agonistic anti-TLR4 mAb induces potent CD8 T-cell-de-

pendent antitumour immunity and an inflammatory response of lesser

magnitude than does LPS. The agonistic anti-TLR4 mAb has potential as

an adjuvant for use in vaccines against cancer.

Keywords: antibodies; immunotherapy; inflammasome; Toll-like receptors;

tumour immunology.

Introduction

Cancer immunotherapy in addition to surgery, radiother-

apy and chemotherapy has to date failed to show clinical

efficacy.1 However, immune-checkpoint blockade is

reportedly efficacious in patients with cancer,2–5 and inhi-

bitory antibodies (Abs) against PD-1, PD-L1 and CTLA-4

are approved for the treatment of a growing list of can-

cers.6,7 However, only about 30% of patients with cancer

benefit from immune-checkpoint blockade; the exact pro-

portion depends on the cancer type.6,8 The efficacy of

immune-checkpoint blockade is reportedly associated

with the immunogenicity of the tumour.4,9–11 Tumours

with low immunogenicity tend to be less responsive to

immune-checkpoint blockade therapy because of the

small number of tumour-infiltrating T-cells.4,5,10,12 Thus,

patients with low-immunogenicity tumours are unlikely

to benefit from immune-checkpoint-blocking Abs because

Abbreviations: Ab, antibody; Ag, antigen; APC , allophycocyanin; ANOVA, analysis of variance; BMM, bone marrow-derived
macrophage; CFSE, 5- (and 6-)carboxyfluorescein diacetate succinimidyl ester; LPS, lipopolysaccharide; OVA , ovalbumin; PE,
phycoerythrin; PRR, pathogen recognition receptor; TLR, Toll-like receptor
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antitumour immunity is not stimulated and/or due to the

immune-evasion mechanism(s) of the tumours.6,13,14

Therefore, boosting the host immune response to the

tumour would enhance the cytotoxic effect of immune-

checkpoint blockade therapy.13,15,16

In contrast to immune-checkpoint blockade, cancer

vaccines comprising tumour-associated or -specific anti-

gens (Ags) prime and/or activate antitumour immune

cells, such as cytotoxic T-cells.15,16 However, administra-

tion of a vaccine containing only a protein or peptide Ag

does not stimulate antitumour immunity.17 Ag presenta-

tion under non-inflammatory conditions fails to elicit an

adaptive immune response and can induce tolerance to

the Ag.18,19 The activation of innate immunity is required

for the induction of Ag-specific acquired immunity.20,21

Immune adjuvants have been reported to enhance the

immune responses elicited by cancer vaccines.15,21

The activation of pathogen recognition receptors

(PRRs) in response to pathogens stimulates innate, and

subsequently adaptive, immunity.22 Therefore, activators

of PRRs show promise as adjuvants.20,21 Toll-like receptor

4 (TLR4), the first TLR identified, is highly expressed in

Ag-presenting cells, such as dendritic cells and macro-

phages.23,24 Lipopolysaccharide (LPS), a component of

the cell walls of Gram-negative bacteria, is a potent acti-

vator of TLR4 and is an endotoxin.25,26 Upon binding of

LPS, TLR4—in conjunction with the accessory molecules

MD-2, CD14 and LPS-binding protein—activates NF-jB,
leading to the production of proinflammatory cytokines,

interferons and lipid mediators.27–31 Activation of TLR4

in dendritic cells enhances Ag-specific priming of lym-

phocytes due to upregulation of MHC and co-stimulatory

molecules.22,24,32,33 Therefore, the efficacy of LPS deriva-

tives as adjuvants in vaccines against infectious diseases

and various types of cancer has been evaluated.21,34 How-

ever, the clinical application of LPS is hampered by its

potent proinflammatory activity; this problem can be

overcome by the development of detoxified LPS deriva-

tives. For instance, monophosphoryl lipid A, the hexa-

acylated di-glucosamine of which lacks one of the two

phosphate groups, was clinically approved as an adjuvant

for a vaccine against cervical cancer.35 LPS is recognized

intracellularly by the inflammatory caspases 4/5/11 in a

TLR4-independent manner.36,37 Activation of inflamma-

tory caspases causes activation of the inflammasome,

resulting in an excessive inflammatory response.

We produced an agonistic anti-TLR4 monoclonal anti-

body (mAb) that binds to and activates cell-surface TLR4,

but not intracellular inflammatory caspases.38,39 Adminis-

tration of the agonistic anti-TLR4 mAb with a protein Ag

markedly enhanced the production of Ag-specific IgG.33

These findings led us to hypothesize that the agonistic

anti-TLR4 mAb would enhance tumour immunogenicity,

thereby augmenting tumour-specific T-cell responses. In

this study, we showed that the agonistic anti-TLR4 mAb

enhances the induction of Ag-specific T-cells, resulting in

the suppression of tumour growth in mice, but exerts a

far less intense inflammatory reaction than did LPS.

Materials and methods

Reagents and Abs

Lipopolysaccharide (Escherichia coli O:111) was purchased

from Wako Pure Chemical Industries (Osaka, Japan). The

mouse anti-mouse TLR4/MD-2 agonistic mAb

(UT12)38,39 was purified from conditioned serum-free

medium (Hybridoma-SFM; Thermo Fisher Scientific,

Waltham, MA) used to culture hybridomas.32 Rat anti-

mouse CD4 (GK1�5), CD8 (YTS 169�4�2�1) and PD-1

(RMP1-14) mAbs were purified from ascitic fluid of mice

with severe combined immunodeficiency by caprylic acid

precipitation followed by diethylaminomethyl ion-ex-

change chromatography.26 Pam3CSK4 and low-molecu-

lar-weight poly(I:C) were from InvivoGen (San Diego,

CA). Transfection grade linear polyethylenimine

hydrochloride (MW 40 000) was from Polysciences (War-

rington, PA). The other primary and secondary Abs were

as follows: fluorescein isothiocyanate-CD4 (GK1�5), allo-
phycocyanin (APC)-CD4 (GK1�5), APC-CD8a (53-6�7),
phycoerythrin (PE)-CD44 (IM7), PE-CD45�1 (A20), PE-

IFN-c (XMG1�2) and horseradish peroxidase-goat anti-rat

IgG (minimal cross-reactivity) Ab (BioLegend, San Diego,

CA); PE-H-2Kb (AF6-88�5�5�3; eBioscience, San Diego,

CA); caspase-11 (17D9) rat mAb, GAPDH (14C10) rabbit

mAb, horseradish peroxidase-goat anti-rabbit IgG Ab

(Cell Signaling Technology, Danvers, MA); mouse IL-1b/
IL-1F2 Ab (Clone 166926; R&D systems, Minneapolis,

MN); and horseradish peroxidase-goat anti-mouse IgG

Ab (Jackson ImmunoResearch Laboratories, West Grove,

PA). Ovalbumin (OVA) and thiazolyl blue tetrazolium

bromide were obtained from Sigma-Aldrich (St Louis,

MO). The OVA257–264 (SIINFEKL) and OVA323–339

(ISQAVHAAHAEINEAGR) peptides were synthesized by

MBL (Nagoya, Japan). The 123count eBeadsTM counting

beads and permeabilization buffer were purchased from

Thermo Fisher Scientific. Brefeldin A was obtained from

LKT Laboratories (St Paul, MN). The Immobilon-P

membrane was from Millipore (Bedford, MA), and the

Chemi-Lumi One Super chemiluminescence kit was from

Nacalai Tesque (Kyoto, Japan).

Mice

C57BL/6N mice were purchased from Japan SLC (Hama-

matsu, Japan) and CLEA Japan (Tokyo, Japan). OT-I

(Ly5�1-congenic) and OT-II T-cell receptor-transgenic

mice were gifts from Dr Ishii (Tohoku University, Sendai,

Japan), and were used as sources of CD8 and CD4 T-cells

responsive to OVA257–264 and OVA323–339 in the context
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of H-2Kb and I-Ab, respectively.40,41 An OT-II mouse

strain congenic for Ly5�1 was generated in our labora-

tory.32 The mice were bred and maintained under specific

pathogen-free conditions according to the Guidelines for

Animal Experimentation of Tohoku University. The study

protocol was approved by the Institutional Animal Care

and Use Committee of Tohoku University.

Cells

EG7 cells42 were purchased from the American Type Cul-

ture Collection (Rockville, MD). EL4 and B16F10 cells

were purchased from the Cell Resource Center for

Biomedical Research, Institute of Development, Aging

and Cancer, Tohoku University (Sendai, Japan). MC38-

transfected cells secreting OVA were generated previ-

ously.32 Ba/F3-transfected cells carrying the mouse TLR4/

MD-2/NF-jB reporter gene were generated previously,24

and were maintained in RPMI-1640 medium supple-

mented with 10% fetal calf serum, penicillin (100 U/ml)

and streptomycin (100 lg/ml); Ba/F3 cells were main-

tained in medium containing murine IL-3. Bone marrow-

derived macrophages (BMMs) were prepared from the

bone marrow cells of C57BL/6N mice using the condi-

tioned medium of L929 cells, as described previously.24

The cells were incubated at 37° in a humidified CO2

incubator. B16F10 cells were transfected with the OVA/

pCAGGS3 expression construct32 using Lipofectamine�

2000 reagent and established by G418 selection. The

resulting B16F10-transfected cells express OVA intracellu-

larly in a stable manner due to deletion of the signal

sequence comprising amino acids 18–143.

Cell staining and flow cytometry

Cells were stained and subjected to flow cytometry using

the CytoFLEX instrument (Beckman Coulter Life

Sciences, Brea, CA), as described previously.43 Data were

analysed using FlowJo software (Tree Star, Ashland, OR).

123count eBeadsTM counting beads were used in some

experiments to enumerate cells.

Adoptive transfer

Ly5�1+ OT-I or OT-II spleen cells were labelled with 5 lM
5- (and 6-)carboxyfluorescein diacetate succinimidyl ester

(CFSE) in phosphate-buffered saline (PBS) containing

0�1% bovine serum albumin as described previously,44

and 1–2 9 107 labelled cells were injected i.v. into

C57BL/6N (Ly5�2+) mice. The following day, the mice

were immunized i.p. with OVA and the anti-TLR4 mAb

or LPS in PBS. Two–three days after immunization, the

proliferation of spleen OT-I CD8 and OT-II CD4 T-cells

was assayed by fluorescence-activated cell sorting based

on the intensity of CFSE fluorescence.

Tumour challenge and treatments

EG7, B16F10-cOVA or parental tumour cells (3 9 105)

were injected s.c. into the right flanks of the mice, which

were 1 day later injected s.c. with OVA (100 lg), the

anti-TLR4 mAb (3 lg), or both. Tumour volumes were

measured three times per week using digital calipers, and

were calculated using the following formula: tumour vol-

ume (mm3) = (long diameter) 9 (short diame-

ter)2 9 0�5. Mice were killed when the tumour volume

reached > 1500 mm3. In some experiments, LPS was

injected instead of the anti-TLR4 mAb. To deplete CD4

and CD8 T-cells, mice were injected i.v. with an anti-

CD4 or -CD8 mAb (100 lg) on day �3, and i.p. on days

�1 and 6. MC38-OVA tumour cells (5 9 105) were

injected s.c. into the right flanks of the mice. One day

later, the mice were injected s.c. with OVA plus the anti-

TLR4 mAb or vehicle, and then injected i.p. with the

anti-PD-1 mAb (RMP1-14, 100 lg) or vehicle on days 6

and 9.

To analyse IFN-c-secreting T-cells, mice were immu-

nized i.p. with the anti-TLR4 mAb (UT12, 3 lg) or OVA
(100 lg) in sterile PBS. On day 7, spleen cells (6 9 106)

were stimulated with OVA257–264 (1 lg/ml) or OVA323–339

(10 lg/ml) in 2 ml culture medium in a 12-well plate for

2 hr, and subsequently incubated with brefeldin A

(10 lg/ml) for a further 6 hr. Next, the cells were fixed

in 4% paraformaldehyde in PBS on ice for 30 min, and

intracellularly stained using permeabilization buffer.

To analyse systemic inflammation, the mice were

injected i.p. with the anti-TLR4 mAb (UT12) or LPS in

250 ll PBS, and their plasma was collected at 1 and 3 hr

for measuring TNF-a and IL-6 levels. For IL-1b, the mice

were primed with i.v. injection of poly(I:C) (200 lg) for

21 hr, and then injected i.p. with the anti-TLR4 mAb or

LPS. Plasma samples were collected at 2 and 6 hr.

Stimulation of cells

Bone marrow-derived macrophages (5 9 104) were inoc-

ulated into 96-well plates, incubated overnight in 200 ll
culture medium, and stimulated with the anti-TLR4 mAb

or LPS for 24 hr to assay TNF-a and IL-6 production.

For IL-1b ELISA, BMMs (5 9 104) were incubated over-

night in 100 ll culture medium in 96-well plates and

primed with the Pam3CSK4, anti-TLR4 mAb or LPS for

4 hr. The primed cells were washed once with PBS and

transfected with anti-TLR4 mAb or LPS using 2 lg
polyethylenimine diluted in Opti-MEM in 100 ll culture
medium for 20 hr.

For Western blot analyses, BMMs (5 9 105) were pla-

ted onto 24-well plates, incubated overnight in 1 ml cul-

ture medium, and stimulated with the anti-TLR4 mAb or

LPS. Additionally, cells (5 9 105) were incubated over-

night in 24-well plates containing 1 ml culture medium
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and then primed for 4 hr with Pam3CSK4. The primed

cells were washed once and transfected with anti-TLR4

mAb or LPS using 10 lg polyethylenimine in 250 ll fresh
culture medium. The culture supernatants and whole-cell

lysates were prepared as described previously,27 and sub-

jected to Western blot.

ELISA

The TNF-a, IL-6 and IL-1b concentrations in culture

supernatant and serum were determined using the Mouse

TNF-a ELISA MAXTM Standard, Mouse IL-6 ELISA

Ready-SET-Go! kit (eBioscience) and IL-1b Mouse

Uncoated ELISA kit (Thermo Fisher Scientific), according

to the manufacturer’s instructions. Absorbance values

were read using a MultiskanTM FC Microplate Photometer

(Thermo Fisher Scientific).

Western blot

Proteins were resolved on sodium dodecyl sulphate–poly-
acrylamide gel electrophoresis and transferred onto an

Immobilon-P membrane as described previously.27 Blot-

ted membranes were probed with primary mAbs and

horseradish peroxidase-conjugated secondary Ab

described above. The immunoreactive protein was

exposed on X-ray film using a Chemi-Lumi One Super

chemiluminescence kit.

NF-jB reporter assay

Ba/F3-transfected cells (2 9 104) carrying the mouse

TLR4/MD-2/NF-jB reporter gene were stimulated with

LPS for 5–6 hr in 96-well round-bottom plates, and luci-

ferase activity was assayed as described previously.45

Statistical analyses

The statistical significance of differences between two

groups was assessed by Student’s t-test using Prism ver-

sion 6�07 for WindowsTM (GraphPad Software, San Diego,

CA). Differences among three or more groups were evalu-

ated by one-way analysis of variance (ANOVA) with the

Tukey post hoc test or by two-way ANOVA with the

Tukey or Sidak post hoc tests.

Results

The agonistic-TLR4 mAb facilitates induction of Ag-
specific T-cells

Pathogen-derived or synthetic agonists for PRRs exert

adjuvant effects on innate and adaptive immunity.20,21

Previously, we showed that the agonistic-TLR4 mAb

induces the production of Ag-specific IgG in mice.33 This

finding prompted us to investigate the adjuvant activity

of the anti-TLR4 mAb for T-cell-mediated antitumour

immunity. We assayed the effect of the anti-TLR4 mAb

on the activation of Ag-specific T-cells in vivo using OT-I

OVA-specific T-cell receptor-transgenic mice in which

CD8 T-cells recognize the OVA257–264 peptide in the con-

text of H-2Kb40 (Fig. 1a). According to flow cytometry

analysis, immunization with OVA and the anti-TLR4

mAb in combination, but not individually, significantly

induced proliferation of OT-I CD8 T-cells, resulting in an

increased number of Ag-specific CD8 T-cells in the

spleen. We performed a similar adoptive transfer study

using OT-II T-cell transgenic mice in which CD4 T-cells

recognize OVA323–339 in the context of I-Ab41 (Fig. 1b).

Two–three days after immunization, the proliferation and

absolute number of OVA-specific Ly5�1+ OT-II CD4 T-

cells were induced by OVA, and significantly enhanced by

co-administration of the anti-TLR4 mAb. In contrast,

injection of the anti-TLR4 mAb alone did not influence

the proliferation of OVA-specific OT-II CD4 T-cells.

These results indicate that co-administration of the ago-

nistic-TLR4 mAb and the Ag results in enhanced induc-

tion of Ag-specific CD4 and CD8 T-cells.

Inhibition of tumour growth in vivo by immunization
with Ag and the anti-TLR4 mAb

We next investigated whether immunization with Ag and

the anti-TLR4 mAb activates Ag-specific antitumour

immunity and suppresses tumour growth in vivo. To

assess the efficacy of the prophylactic regimen, the mice

were twice immunized s.c. with OVA and the anti-TLR4

mAb, and EG7 cells derived from H-2Kb-positive EL4 thy-

moma cells and expressing OVA were inoculated s.c. into

their backs (Fig. 2a). Tumour growth was significantly

retarded in mice injected with OVA and the anti-TLR4

mAb compared with the vehicle control. We next investi-

gated the therapeutic efficacy of OVA and the anti-TLR4

mAb. One day after inoculation of EG7 tumour cells, the

mice were injected s.c. around the site of tumour inocula-

tion with OVA, the anti-TLR4 Ab, or both (Fig. 2b,c).

The growth of EG7 tumours was slowed slightly by OVA.

Co-administration of OVA and the anti-TLR4 mAb

resulted in significant suppression of tumour growth com-

pared with administration of OVA alone. In contrast,

injection of the anti-TLR4 mAb did not impact the

growth of EG7 tumours compared with the vehicle con-

trol. Moreover, immunization with OVA and the anti-

TLR4 mAb did not inhibit the growth of EL4 (OVA-nega-

tive) tumours (Fig. 2d). We also investigated the thera-

peutic efficacy of OVA and the anti-TLR4 mAb in mice

with H-2-negative B16F10 melanoma, which expresses

OVA lacking a signal peptide (B16F10-cOVA; Fig. 2e).

Whereas immunization with OVA or the anti-TLR4 mAb

alone did not affect tumour growth, co-administration of
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OVA and the anti-TLR4 mAb significantly suppressed the

growth of B16F10-cOVA tumours. Moreover, this antitu-

mour effect was not observed in mice with parental

B16F10 tumours, which are negative for OVA (Fig. 2f).

These findings suggest that OVA and the anti-TLR4 mAb

in combination exert an antitumour effect in vivo.
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Figure 1. The anti-Toll-like receptor 4 (TLR4) monoclonal antibody (mAb) enhances the proliferation of antigen (Ag)-specific T-cells in vivo. 5-

Carboxyfluorescein diacetate succinimidyl ester (CFSE)-labelled Ly5�1+ (a) OT-I or (b) OT-II spleen cells were adoptively transferred into

C57BL/6N (Ly5�2+) mice (n = 3 per group). On the following day, transferred mice were immunized with vehicle, (a) 100 lg or (b) 10 lg oval-

bumin (OVA), 3 lg of the anti-TLR4 mAb, or both. (a) Two or (b) 3 days after immunization, spleen cells were subjected to FACS analysis to

evaluate the proliferation of OT-I and OT-II T-cells based on the intensity of CFSE fluorescence. Representative histograms and dot plots are

shown. The absolute numbers of (a) Ly5�1+CD8+ OT-I and (b) Ly5�1+CD4+ OT-II T-cells in the spleen, and the percentages of (a) CFSElow

Ly5�1+CD8+ OT-I and (b) Ly5�1+CD4+ OT-I T-cells are shown as means � SEMs. One-way ANOVA with the Tukey post hoc test;

****P < 0�0001. Data are representative of three independent experiments.
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Increased therapeutic efficacy of the anti-PD-1 mAb
by immunization with Ag and the anti-TLR4 mAb

As the co-administration of OVA plus the anti-TLR4

mAb suppressed tumour growth in single therapy, we

next investigated whether it enhances antitumour activity

of anti-PD-1 mAb when treated in combination with

OVA plus the anti-TLR4 mAb. We used OVA-expressing

MC38 tumour cells, which are responsive to anti-PD-1

mAbs. One day after inoculation with MC38-OVA

tumour cells, the mice were injected s.c. with OVA plus

the anti-TLR4 Ab, and then injected twice i.p. with anti-

PD-1 mAb (Fig. 3). Immunization with OVA plus the

anti-TLR4 mAb significantly suppressed tumour growth,

but the efficacy was weaker than that with anti-PD-1

mAb single therapy. However, OVA/TLR4 mAb com-

bined with the anti-PD-1 mAb enhanced the therapeutic

efficacy and suppressed tumour growth significantly com-

pared with the effects with individual single therapies.

Immunization with OVA and the anti-TLR4 mAb
induces activation of Ag-specific CD8 T-cells

To determine the mechanism underlying the antitumour

effect of OVA plus the anti-TLR4 mAb, we investigated

the activation status of CD4 and CD8 T-cells by deter-

mining their expression of CD44, a marker of activation,

by flow cytometry (Fig. 4a). In contrast to OVA, the

anti-TLR4 mAb induced polyclonal activation of CD4

and CD8 T-cells independently of OVA injection. Next,

we investigated production of IFN-c, an important medi-

ator of antitumour immunity (Fig. 4b). Ex vivo stimula-

tion with OVA257–264 increased the number of IFN-c-
producing CD8 T-cells following immunization with

OVA and the anti-TLR4 mAb in combination, but not

individually. In addition, the number of IFN-c-producing
CD4 T-cells showed an increasing trend following re-

stimulation of spleen cells from mice harbouring OVA323–339

that were administered OVA and the anti-TLR4 mAb;
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Figure 2. The anti-Toll-like receptor 4 (TLR4) agonistic monoclonal antibody (mAb) suppresses tumour growth. C57BL/6N mice (n = 4–6 per

group) were inoculated s.c. on the back with (a–c) EG7-OVA, (d) EL4, (e) B16F10-cOVA or (f) B16F10 (3 9 105); (a) 21 and 7 days prior to or

(b–f) 1 day after inoculation, they were injected s.c. with vehicle (phosphate-buffered saline; PBS), ovalbumin (OVA; 100 lg), the anti-TLR4

mAb (3 lg), or the indicated combinations. Tumour volumes are shown as means � SEMs. Two-way ANOVA with the Sidak (a, c, d, f) or

Tukey (b, e) post hoc test; *P < 0�05, **P < 0�01, ***P < 0�01, ****P < 0�0001 (versus PBS); ††P < 0�01, †††P < 0�001, ††††P < 0�0001 (versus

OVA). Data are representative of two or three independent experiments.
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however, the impact on the number of CD4 T-cells was

milder than that on the number of CD8 T-cells.

Because adoptive transfer activated OVA-specific CD4

and CD8 T-cells following co-administration of OVA and

the anti-TLR4 mAb, we investigated the contributions of

CD4 and CD8 T-cells to OVA/anti-TLR4 mAb-induced

antitumour immunity in mice with EG7 tumours. An

anti-CD4 or -CD8 mAb was administered repeatedly to

the mice before and after inoculation of EG7 tumour cells

and immunization with OVA and the anti-TLR4 mAb.

This procedure resulted in the near-total depletion of

CD4 and CD8 T-cells from the peripheral blood (Fig. 5a).

The suppression of tumour growth by OVA/anti-TLR4

mAb was reduced to the level of the control by depletion

of CD8, but not CD4, T-cells (Fig. 5b). Therefore, activa-

tion of OVA-specific CD8 T-cells is responsible for the

antitumour effect of OVA/anti-TLR4 mAb.

The anti-TLR4 mAb induces a more potent immune
response and less marked inflammation than does
LPS

Lipopolysaccharide and its derivatives have been used as

the basis of small-molecule adjuvants;21,34,35 however,

their clinical use is hampered by the potent inflammatory

response. Therefore, we compared the inflammatory reac-

tions to the anti-TLR4 mAb and LPS in vivo and in vitro.

Activation of NF-jB was significantly induced by both

stimulants in a reporter assay using Ba/F3 cells stably

expressing TLR4 and MD-2 (Fig. 6a). Additionally,

TNF-a and IL-6 secretion by BMMs was significantly

increased by the anti-TLR4 mAb and LPS (Fig. 6b,c).

However, the proinflammatory effect of the anti-TLR4

mAb at 1–10 lg/ml was lesser than or comparable to that

of 10–100 ng/ml LPS. We next determined the TNF-a
and IL-6 levels in the peripheral blood of mice after i.p.

injection of LPS or the anti-TLR4 mAb (3 lg; Fig. 6d,e).
Consistent with the in vitro findings, the TNF-a and IL-6

levels in mice administered the anti-TLR4 mAb were sim-

ilar to those after i.p. injection of 0�03 and 0�1 lg LPS,

respectively. Therefore, the proinflammatory effect of the

anti-TLR4 mAb is of lesser magnitude than that of LPS

in vivo.

Next, we compared the ability of the anti-TLR4 mAb

and LPS to induce Ag-specific immunity. In adoptive

OT-I and -II T-cell transfer experiments (Fig. 7a,b), the

anti-TLR4 mAb (3 lg) significantly induced the prolifera-

tion of OT-I CD8 and OT-II CD4 T-cells in vivo. In con-

trast, injection of 1–3 lg LPS exerted no and a mild

effect on the proliferation of OVA-induced OT-I CD8

and OT-II CD4 T-cells, respectively. In contrast to the

anti-TLR4 mAb (3 lg), LPS (0�1 lg) did not exert an

effect on tumour growth, irrespective of the presence of

OVA (Fig. 7c). Therefore, the anti-TLR4 mAb is a potent

adjuvant for Ag-specific tumour immunity, and induces

an inflammatory reaction of lesser magnitude compared

with LPS.

The anti-TLR4 mAb stimulates expression, but not
cleavage, of pro-IL-1b

To investigate further the mechanism underlying the

decreased magnitude of inflammatory reaction induced

by anti-TLR4 mAb, we focused on the proinflammatory

cytokine IL-1b, which is activated by non-canonical

inflammasomes consisting of the cytoplasmic LPS sensor,

caspase-11. BMMs were primed with the anti-TLR4 mAb

or LPS, and then transfected with the identical stimulants

using polyethyleneimine. IL-1b was secreted into the cul-

ture medium after priming and transfection with LPS,

but not with the anti-TLR4 mAb (Fig. 8a). Next, we

engaged the TLR2 ligand, Pam3CSK4. Pam3CSK4-primed

BMMs were transfected with the anti-TLR4 mAb or LPS

to exclude the impact of the anti-TLR4 mAb and LPS on

the priming phase. ELISA and Western blot analyses of

the culture media revealed that the secretion of IL-1b was

significantly stimulated by the transfection of LPS, but

not by anti-TLR4 mAb (Fig. 8b,c). We investigated the

expression levels of pro-IL-1b and caspase-11 in primed

cells to elucidate the impact of the anti-TLR4 mAb and

LPS on the priming phase. Like LPS stimulation, the

anti-TLR4 mAb induced the expression of pro-IL-1b and

caspase-11. However, 1 and 10 lg of anti-TLR4 mAbs

induced a lower magnitude than that induced by 0�01
and 0�1 lg LPS, showing a clear contrast to the impact
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**P < 0�01, ****P < 0�0001. Data are representative of three inde-

pendent experiments.
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Similar results were obtained from three independent experiments.
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on the activation phase, but a similar impact on the acti-

vation of NF-jB and induction of TNF-a and IL-6. Fol-

lowing these in vitro experiments, we determined the

plasma levels of IL-1b in mice administered with 1 lg
LPS and 3 lg anti-TLR4 mAb (Fig. 8e). Whereas LPS

increased plasma IL-1b levels in unprimed mice, such

levels were undetectable in mice primed with poly(I:C)

and then challenged with the anti-TLR4-mAb. These

results suggest that the lower magnitude of inflammatory

reaction of the anti-TLR4 mAb could, in part, be

accounted for by the differing impact on non-canonical

inflammasomes, as compared with that with LPS.

Discussion

Immune-checkpoint blockade is a novel therapy for

cancer,5–7 but its response rate and/or therapeutic efficacy

need to be improved.6,15,16 In this study, we showed that

an agonistic anti-TLR4 mAb induces tumour-specific

immune responses in mice immunized with a tumour-

specific Ag, which enhanced the therapeutic efficacy of

the anti-PD-1 mAb. Moreover, the anti-TLR4 mAb

induced more potent antitumour immunity and an

inflammatory response of lesser magnitude compared

with LPS. In contrast to LPS, the anti-TLR4 mAb did not

induce Il-1b activation. These findings will facilitate the

development of novel Ab-based immune adjuvants.

In EG7 tumour-bearing mice, the anti-TLR4 mAb in

combination with OVA, but not the mAb alone, inhibited

tumour growth in vivo. This result is consistent with the

induction of OVA-specific T-cell activation in vivo follow-

ing adoptive transfer. In addition, depletion of CD8

T-cells eliminated the antitumour immune response in

EG7-bearing mice. The induction of IFN-c-producing
CD8 T-cells by co-administration of OVA and anti-TLR4

mAb suggests that the effect is mediated by CD8 T-cells.

In addition, CD4 T-cells were activated by co-administra-

tion of OVA and the anti-TLR4 mAb; however, the acti-

vation of Ag-specific CD4 T-cells was not required for

the antitumour effect of the anti-TLR4 mAb because

depletion of CD4 T-cells did not impact the suppression

of tumour growth in EG7-bearing mice. Previously, we

showed that immunization with an anti-TLR4 mAb

enhances Ag-specific IgG production.33 Therefore, activa-

tion of Ag-specific CD4 T-cells may contribute to the

induction of humoral, rather than cellular, immunity,

which is mediated primarily by Ag-specific CD8 T-cells.

The OVA/TLR4 mAb combination suppressed the

growth of B16F10-cOVA tumours in mice. B16 mela-

noma expressed H-2Kb in the presence, but not the

absence, of IFN-c stimulation (Fig. S1).46 The IFN-c pro-

duced by Ag-specific CD8 T-cells in OVA/anti-TLR4

mAb-immunized mice may have induced H-2Kb in

B16F10 tumour cells in vivo. This possibility suggests that

OVA/anti-TLR4 mAb therapy may be effective against

some MHC I-negative tumours. Indeed, B16F10 tumours

can be eradicated by cytotoxic CD8 T-cells in vivo.46

Whereas EG7 and MC38 cells secrete OVA extracellu-

larly, B16F10 cells retain OVA intracellularly because the

transfected OVA lacks a signal peptide. The subcellular

(a) (b)Peripheral blood

lgG

lgG

***
****

****
****

****

****
****

****
****

**

9·4%

9·7%

15

10

5

0

11% 0·9%

17%0·7%

αCD4

αCD4

αCD8

αCD8
lgG

αCD4

αCD8

A
P

C
-C

D
8

P
er

ce
nt

ag
e 

(%
)

15

1500

PBS

EG7-OVA

1000

500

0

10

5

0
P

er
ce

nt
ag

e 
(%

)

FITC-CD4
CD8 T cellsCD4 T cells

0 7
Time (days)

14

αTLR4/OVA + lgG

αTLR4/OVA + αCD8

αTLR4/OVA + αCD4

Tu
m

or
 v

ol
um

e 
(m

m
3 )

g

9·4%

9·7%

11%

0·7

0·9%

17%%

Figure 5. The antitumour effect of the anti-Toll-like receptor 4 (TLR4) monoclonal antibody (mAb) is mediated by CD8 T-cells in vivo. C57BL/

6N mice (n = 5 per group) were inoculated s.c. on the back with EG7-OVA (3 9 105), and on the following day they were injected s.c. with

vehicle (phosphate-buffered saline; PBS) or the combination of ovalbumin (OVA; 100 lg) and the anti-TLR4 mAb (3 lg). In mice immunized

with OVA and the anti-TLR4 mAb, an anti-CD4 (GK1�5), -CD8 (YTS169�4�2�1) or rat isotype control mAb (100 lg) was injected i.v. on day �2

and i.p. on days �1 and 6. (a) On day 6, the percentages of CD4 and CD8 T-cells in the peripheral blood were analysed by FACS and are shown

as the means � SEMs of five mice per group. One-way ANOVA with the Tukey post hoc test; **P < 0�01, ***P < 0�001, ****P < 0�0001. (b)
Tumour volumes are shown as means � SEMs. Two-way ANOVA with the Tukey post hoc test; ****P < 0�0001 (versus PBS). Data are represen-

tative of two independent experiments.
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distribution of the tumour Ag targeted by the mAb seems

not to be critical if it contains MHC-I-restricted peptides,

such as OVA257–264. We used OVA as a model tumour

Ag in mice; however, this approach is unlikely to be feasi-

ble in the clinic. Rather, peptide immunogens are com-

monly used to activate tumour-specific immune

responses.17 However, peptide-vaccine therapy has failed

to show clinical efficacy, despite its safety and tolerability

in patients with cancer.15–17,35 Thus, most tumour Ags

expressed exclusively or preferentially by tumours, but

not normal tissues, are likely not suitable targets for

tumour vaccine therapy.15–17 The application of next-gen-

eration sequencing and bioinformatics has shown that

neoantigens produced by mutations in individual

tumours are targets of antitumour immunity.15,47

Neoantigen-derived peptides show promise for adjuvant

therapy. In clinical trials, neoantigen-based vaccines eli-

cited robust and polyfunctional T-cell responses in

patients with melanoma.48–50 Adjuvants such as our

agonistic anti-TLR4 mAb could be used to enhance the

tumour-specific immune response.

Immune-checkpoint therapy using anti-PD-1 and

CTLA-4 mAbs is effective in patients with highly

immunogenic tumours.4,9,10 The mutation burden of a

tumour may be predictive of its response to immune-

checkpoint blockade therapy.4,10 In addition, microsatel-

lite-instable and mismatch repair-deficient tumours are

responsive to immune-checkpoint blockade, likely because

they frequently express neoantigens.9,11 However, poorly

immunogenic tumours may be resistant to immune-

checkpoint blockade because of the small number of

tumour-infiltrating T-cells in the tumour microenviron-

ment.5,12,13,51 Such poorly immunogenic tumours could

be targets of tumour vaccine therapy using an anti-TLR4

mAb. The induction of tumour-specific CD8 T-cells may

enhance the response rate and therapeutic efficacy of

immune-checkpoint inhibitors. Recently, we showed that

administration of an anti-TLR4 mAb to mice in the
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Figure 6. The agonistic anti-Toll-like receptor 4 (TLR4) monoclonal antibody (mAb) induces an inflammatory reaction of lesser magnitude than

does lipopolysaccharide (LPS). (a) Mouse TLR4/MD-2-expressing Ba/F3-transfected cells carrying NF-jB-responsive luciferase reporter genes were
stimulated with the anti-TLR4 mAb or LPS at the indicated concentrations for 5–7 hr. Luciferase activities are shown as mean � SD fold

increases of triplicate cultures compared with non-stimulated cells. One-way ANOVA with the Tukey post hoc test; *P < 0�05, **P < 0�01,
***P < 0�001, ****P < 0�0001 (versus the control). Data are representative of three independent experiments. (b, c) Bone marrow-derived macro-

phages (BMMs) were stimulated with the anti-TLR4 mAb or LPS at the indicated concentrations for 24 hr. The concentrations of (b) TNF-a
and (c) IL-6 in the culture supernatants were evaluated by ELISA. One-way ANOVA with the Tukey post hoc test; **P < 0�01, ***P < 0�001,
****P < 0�0001 (versus the control). Data are means � SDs of triplicate cultures and are representative of three independent experiments. (d, e)

The mice (n = 3 per group) were administered the anti-TLR4 mAb or LPS i.p. One or three hours later, plasma was collected, and the concen-

trations of (d) TNF-a and (e) IL-6 were determined by ELISA. Two-way ANOVA with the Tukey post hoc test; ****P < 0�0001 (versus the anti-

TLR4 mAb). Data are means � SEMs of two independent experiments.
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(3 lg), or LPS (0�1 lg) with OVA (100 lg). Tumour volumes are shown as means � SEMs. Two-way ANOVA with the Tukey post hoc test;

*P < 0�05, ***P < 0�001 (versus OVA); †P < 0�05 (versus OVA/LPS). Data are representative of two independent experiments.
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absence of Ag induces immunosuppressive myeloid-

derived suppressor cells with high PD-L1 expression.32

Therefore, the efficacy of combinations of an anti-TLR4

mAb and checkpoint inhibitors, particularly an anti-PD-1

or -PD-L1 mAb, is of interest. We showed that the OVA/

TLR4 mAb combination enhances the efficacy of single

therapy anti-PD-1 mAb in MC38-OVA-bearing mice. In

this study, we found that the suppression of tumour

growth by the OVA/TLR4 mAb single therapy appears to

be weaker in MC38-OVA-bearing mice, as compared with
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that observed in EG7- and B16F10-cOVA-bearing mice.

This observation may be explained by the higher

immunogenicity of MC38 than that of EL4 and B16F10

tumours. Without boosting the immune responses by the

anti-TLR4 mAb, inherent tumour-specific cytotoxic lym-

phocytes might be stimulated to a certain extent in the

MC38-bearing mice. Peptide vaccines could be used not

only for therapeutic purposes but also to prevent cancer

in high-risk patients and those who have undergone sur-

gery to prevent tumour progression and/or recurrence.16

Use of an anti-TLR4 mAb may enhance the preventive

effect of such vaccines; indeed, monophosphoryl lipid A

reportedly prevents human papilloma virus-induced cer-

vical carcinoma.35

Some inflammation is necessary for the induction of

Ag-specific adaptive immunity.18–21 However, an exces-

sive inflammatory response is detrimental to the patient

and should be avoided. The inflammatory response to

LPS hampers the development of LPS-based adjuvants.

LPS reportedly induces inflammation in a TLR4-indepen-

dent manner.36,37 Similar to TLR4 and its associated fac-

tor MD-2, lipid A is recognized by the intracellular LPS

sensors caspase-4 and -11 in humans and mice, respec-

tively, resulting in inflammasome activation.52,53 In con-

trast, the anti-TLR4 agonistic mAb activates TLR4, but

not caspases, because of its high specificity and inability

to penetrate the cell membrane. The secretion of IL-1b is

controlled by TLR-dependent priming followed by -inde-

pendent cleavage.36,37 The latter step, which is stimulated

by non-canonical inflammasomes,52,53 represents an obvi-

ous difference in the point of action between LPS and

the anti-TLR4 mAb. In clear contrast to the action of

LPS, the anti-TLR4 mAb did not stimulate cleavage of

pro-IL-1b in macrophages. Furthermore, the priming

effects on pro-IL-1b and caspase-11 were slightly lower in

magnitude than the effects of LPS as shown in produc-

tion of TNF-a and IL-6. In line with these in vitro find-

ings, IL-1b production was undetectable in mice injected

with the anti-TLR4 mAb, whereas LPS stimulated pro-

duction. Injection of low-dose LPS induced levels of

inflammatory cytokines (TNF-a, IL-6 and IL-1b), compa-

rable to or higher than those induced by the anti-TLR4

mAb, which failed to activate OVA-specific CD8 T-cells

after adoptive transfer in vivo. In addition, LPS at a

dosage comparable to that of the anti-TLR4 mAb did not

suppress tumour growth in EG7-bearing mice. The acti-

vation of TLR4, but not inflammatory caspases, by the

anti-TLR4 mAb may explain the less intense inflamma-

tory reaction. These findings suggest that activation of

TLR4 alone is sufficient to activate Ag-specific CD8 T-

cells. Theoretically, higher dosages of LPS or its deriva-

tives could induce tumour-specific T-cells and eradicate

the tumours by strengthening TLR4 stimulation. How-

ever, in these situations, host toxicity would be likely to

impede clinical development.

In conclusion, we showed that an agonistic anti-TLR4

mAb induces more potent CD8 T-cell-dependent antitu-

mour immunity, and an inflammatory reaction of lesser

magnitude, than does LPS. These findings will facilitate

the development of novel antitumour Ab adjuvants to

enhance the response rate and therapeutic efficacy of

immune-checkpoint blockade and/or to prevent tumour

progression and recurrence in high-risk patients and

those who have undergone surgery.
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