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Abstract

Background Cetuximab is an anti-epidermal growth fac-

tor receptor (EGFR) monoclonal antibody that prolongs

survival in the treatment for head and neck cancer (HNC),

but only in 10–20 % of patients. An immunological

mechanism of action such as natural killer (NK) cell–

mediated antibody-dependent cellular cytotoxicity (ADCC)

has been suggested. We investigated the effects of acti-

vating toll-like receptor (TLR)-8 to enhance activity of

cetuximab-stimulated, FccR-bearing cells.

Objective To determine the capability of TLR8-stimula-

tion to enhance the activation and function of NK cells and

dendritic cells (DC) in the presence of cetuximab-coated

HNC cells.

Methods Peripheral blood mononuclear cells (PBMC),

NK, DC, and CD8? T cells were isolated and analyzed

using 51Cr release ADCC, flow cytometry analysis, cyto-

kine ELISA, and EGFR853-861 tetramer staining.

Results TLR8 stimulation of unfractionated PBMC led

to enhanced cetuximab-mediated ADCC in healthy

donors (p \ 0.01) and HNC patients (p \ 0.001), which

was dependent on NK cells. Secretion of Th1 cytokines

TNFa (p \ 0.0001), IFNc (p \ 0.0001), and IL-12p40

(p \ 0.005) was increased. TLR8 stimulation of PBMC

augmented cetuximab-enhanced NK cell degranulation

(p \ 0.001). TLR8-stimulated NK cells enhanced DC

maturation markers CD80, CD83, and CD86 in co-culture

with cetuximab-treated HNC cells. TLR8 stimulation of

NK-DC co-cultures significantly increased DC priming of

EGFR-specific CD8? T cells in the presence of

cetuximab.

Discussion VTX-2337 and cetuximab combination

therapy can activate innate and adaptive anti-cancer

immune responses. Further investigation in human trials

will be important for determining the clinical benefit of

this combination and for determining biomarkers of

response.

Keywords Cetuximab � VTX-2337 � TLR8 � ADCC �
Head and neck cancer � Immunotherapy

Introduction

Cetuximab, a chimeric mouse/human epidermal growth

factor receptor (EGFR)-specific monoclonal antibody

(mAb), has been used therapeutically in multiple solid
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tumors including head and neck cancer (HNC) [1].

Although the anti-tumor effects of EGFR signaling

blockade have been demonstrated, there has been an

increasing understanding and recognition of the immu-

nological anti-tumor mechanisms of cetuximab therapy in

HNC [2, 3].

In a proposed HNC model, cetuximab binds to EGFR-

positive HNC cells via its Fv domains, while the Fc

portion binds Fcc receptors (FccR) on natural killer (NK)

cells, which leads to their activation and results in anti-

body-dependent cellular cytotoxicity (ADCC) of the HNC

tumor cell [4]. The degree of affinity of the Fc portion of

cetuximab to the NK cell Fc receptor, FccRIIIa, is

influenced by the FccRIIIa-158 V/F polymorphism and

explains the differential cytotoxicity effects seen among

donors in vitro [5]. This initial NK cell activation may

induce secondary adaptive immune responses through

dendritic cell (DC) cross-presentation and cytotoxic

T-lymphocyte (CTL) activation for sequential and syn-

ergistic anti-tumor effects [2, 6]. Cross-presentation by

licensed DC is vital for the cross-priming of anti-tumor

CTL, while immature DC propagate a tolerogenic

phenotype [7]. The limited efficacy of cetuximab has

motivated novel combination approaches to stimulate

anti-tumor immunity.

Toll-like receptors (TLRs) are primary sensors of

microbial invasion, and their activation results in initia-

tion of innate immunity and secondary stimulation of

adaptive immune responses via pro-stimulatory cytokine

secretion [8–10]. TLR7 and TLR8 agonists have been

studied in various cancer targets and have shown some

promising results [11–13]. TLR8 is endosomal and its

natural ligand is considered to be viral ssRNA [14, 15].

Recognition of a TLR8 agonist activates several immune

cells such as myeloid DC, monocytes, and macrophages

[16, 17]. These activated cells are stimulated to produce

Th1-polarizing cytokines such as TNFa, IFNc, IL-12, and

monocyte chemotactic protein 1 (MCP-1) and result in

further recruitment of immune cells to the tumor micro-

environment [8, 16]. The TLR8 selective agonist VTX-

2337 has recently been observed to stimulate secretion of

IL-12 and TNFa from monocytes and myeloid DC, IFNc
from NK cells, and enhance rituximab- and trastuzumab-

mediated ADCC [18]. However, the effect of VTX-2337

on DC maturation and function has not been fully

described.

Therefore, we evaluated VTX-2337, a synthetic TLR8

selective agonist, as an immune adjuvant in cetuximab-

mediated ADCC and cetuximab-mediated enhancement of

NK cell–induced DC maturation and CD8? T-cell

priming.

Methods

Cell lines and authentication

EGFR? HNC cell lines (UM-22B and PCI-15B) were

cultured in DMEM supplemented with 10 % FBS, peni-

cillin/streptomycin, and L-glutamine at 37 �C at 5 % CO2

atmosphere.

Antibodies and tetramer

Cetuximab (Erbitux, BMS Imclone, Princeton, NJ, USA)

was purchased from the University of Pittsburgh Hillman

Cancer Center Pharmacy. A human IgG1 isotype control

was purchased from Sigma Aldrich, St Louis, MO, USA.

The CD16-specific mAb 3G8 was obtained from BD Bio-

sciences (San Jose, CA, USA). The following fluorophore-

conjugated antibodies/molecules were used for staining for

flow cytometry: CD3-Alexa 405 was purchased from

Invitrogen (Carlsbad, CA, USA); CD16-PE-Cy7, granzyme

B-FITC, EpCAM-APC, CD11c-PE-Cy7, and CD86-PE

were purchased from Biolegend (San Diego, CA, USA);

CD56-APC, CD8-APC, CD80-FITC, CD83-PE, CD107a-

PE, HLA-A*0201-FITC, and 7-AAD were purchased from

BD Pharmingen (San Diego, CA, USA).

Cellular components

Whole blood or leukapheresis products from healthy

donors were purchased from the Western Pennsylvania

blood bank. HNC patient blood cells were obtained from

University Ear, Nose, and Throat Specialists at University

of Pittsburgh Medical Center. PBMC were separated using

a Ficoll-Hypaque gradient (Amersham Biosciences, Upp-

sala, Sweden). Enriched NK and CD8? T cells were

obtained from PBMC using EasySep negative selection kits

(Stemcell Technologies, Vancouver, BC, Canada) accord-

ing to the manufacturer’s protocols. Purity of more than

95 % was monitored using flow cytometry. DC were

generated from PBMC as previously described [19].

Briefly, PBMC were adhered to tissue culture flasks for

90 min and adherent cells were washed with PBS and

treated for 6 days with 1,000 IU/mL rhGM-CSF &

1,000 IU/mL rhIL-4 (R&D Systems Minneapolis, MN,

USA).

FccRIIIa expression and genotyping of effector PBMC

FccRIIIa-158 V/F genotype from donor PBMC was

determined using the quantitative PCR-based assay kit

from Applied Biosystems. Genomic DNA was extracted
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from PBMC using the DNeasy Kit (Qiagen). Five to 50 ng

of genomic DNA was used in PCR containing primers and

FAM-labeled probe specific for FccRIIIa along with 29

Taqman master mix (Applied Biosystems). The 96-well

optical plates (Perkin-Elmer) were run and analyzed for

allelic expression using an ABI prism 7700 sequence

detection system.

Cytotoxicity assays

51Chromium release assay was used to determine cyto-

toxicity as described [5]. In brief, a total of 1 9 106 HNC

cells, UM-22B or PCI-15B, were labeled with 25 lCi of

Na2
51CrO4 for 1 h at 37 �C. Cells were then washed twice

with RPMI 1640 medium and incubated with cetuximab

and either 250 nM VTX-2337 stimulated effector cells

(18 h) or untreated effector cells in RPMI at an

E:T = 50:1. After incubation for 4 h at 37 �C, a sample of

supernatant was counted on a Perkin-Elmer 96-well plate

gamma counter. Percentage cytotoxicity is calculated using

the formula [(experimental-spontaneous)/(maximum-spon-

taneous)] 9 100 %, where spontaneous was defined as

release from targets incubated with medium alone and

maximum was defined as release from targets lysed by 5 %

Triton X-100 (Sigma Aldrich). Enhancement of cytotox-

icity was considered to be >5 % increase in specific lysis.

Cytokine measurements

Cytokine concentrations in the supernatants of cytotoxicity

assays were determined using a multiplexed ELISA

(LuminexTM). A commercially validated kit (Invitrogen)

was used to measure the cytokine concentrations, and

standard calibration curve was used for quantification.

Flow cytometry

Stained cells prepared as published previously [5] were

analyzed with a Beckman Coulter EPICS XL flow

cytometer. Data were analyzed using the Summit 4.3

software (Beckman Coulter, Fullerton, CA, USA).

NK cell degranulation

For NK cell degranulation experiments, PBMC were

incubated with VTX-2337 (250 nM), or with media for

18 h. PBMC were then co-cultured with PCI-15B HNC

cells at 1:1 ratio with or without 10 lg/mL cetuximab for

4 h with brefeldin A (Imgenex) and anti-CD107a-PE or

PE-isotype control. PBMC were then harvested; stained

for CD3, CD56, and CD16; permeabilized using a com-

mercial kit (BD Pharmingen); and stained for intracel-

lular granzyme B. Upon analysis, events were gated for

lymphocytes, excluding doublets, that were CD3neg

CD56?CD16?granzyme B? and analyzed for %CD107a?.

DC maturation

Generated DC were harvested using trypsin-EDTA and

incubated in 1:1:1 co-culture with NK cells and PCI-15B

HNC cells for 48 h in IMDM supplemented with 10 %

FBS, L-glutamine, and penicillin/streptomycin. During this

time, the co-culture was incubated with media alone, VTX-

2337 (800 nM), cetuximab (10 lg/mL), or both. The cells

were then harvested with trypsin-EDTA and stained for

EpCAM-APC and CD11c-PE-Cy7, and separate sample

wells were stained for either CD80-FITC & CD86-PE, or

CD83-PE and analyzed by flow cytometry. Events were

gated for high side scatter cells, excluding doublets, that

were EpCAMnegCD11c? and analyzed for %CD80?,

%CD83?, and CD86 median FI.

CD8? T-cell in vitro stimulation

Autologous HLA-A*0201 CD8? T cells and DC were

harvested or generated, respectively. DC were matured in

the same conditions as stated in the previous paragraph.

CD8? T cells were then stimulated in vitro with these

differentially mature DC either once for 7 days or twice for

7 days each (14 days total). IL-2 (10 ng/mL) was included

in the media. At the end of the stimulation, CD8? T cells

were harvested and stained with CD3, CD8, 7-AAD, and

EGFR853-861 tetramer and analyzed by flow cytometry.

Events were gated for viable (7-AADneg) lymphocytes,

excluding doublets, that were CD3?CD8? and analyzed for

EGFR853-861 tetramer?/10,000 CD8? T cells.

Statistical analysis

All statistical analyses were performed with an alpha level

of 0.05. Experimental data with more than two comparison

groups were analyzed using repeated-measures ANOVA

with post hoc pairwise comparisons using Bonferroni

multiple comparison test. Two-group comparison was

performed using paired t test or Wilcoxon signed rank test

when the data distribution was visibly skewed.

Results

VTX-2337 enhances cetuximab-mediated cellular

cytotoxicity of HNC cells

To investigate the effect of TLR8 stimulation on specific

cetuximab-mediated ADCC, PBMC were isolated and

TLR8 stimulated with VTX-2337 (250 nM) or left
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untreated in RPMI for 18 h, washed, and subsequently used

in 51Cr release assays with or without cetuximab (10 lg/

mL) added to UM-22B as target HNC cells (E:T = 50:1).

Specific lysis was enhanced after incubating with cetux-

imab-coated HNC cells (p \ 0.05), as previously observed

[5].

TLR8 stimulation of PBMC did not statistically signif-

icantly enhance lysis of control IgG1 antibody-treated

target HNC cells (Fig. 1a). Importantly, TLR8-stimulated

PBMC produced significantly greater specific lysis of ce-

tuximab-coated UM-22B HNC cells than did untreated

PBMC (p \ 0.01; Fig. 1a); however, purified NK cells

treated with VTX-2337 did not show similar enhancement

in cetuximab-mediated ADCC, even at an E:T = 10:1. The

cetuximab-mediated cytotoxicity of these NK cells was

abolished upon treatment with anti-CD16 mAb 3G8

(Fig. 1b). Moreover, cetuximab-mediated cytotoxicity of

TLR8-stimulated PBMC was abolished upon treatment

with anti-CD16 mAb 3G8 (data not shown).

To further determine the extent to which NK cells were

responsible for the increased cetuximab-mediated ADCC

by TLR8-stimulated PBMC, whole PBMC were stimulated

for 18 h and a portion subsequently fractionated into

purified NK cells or NK-depleted PBMC. NK cells purified

after TLR8 stimulation at an E:T = 2.5:1 demonstrated

very similar specific lysis as whole PBMC at E:T = 50:1.

However, depletion of NK cells after TLR8 stimulation

significantly and nearly completely abrogated cytotoxicity

of cetuximab-coated HNC cells by TLR8-stimulated NK-

depleted PBMC (Fig. 1c; p \ 0.001). This was observed

even when E:T was escalated to 200:1 (data not shown).

VTX-2337 (250 and 500 nM)-treated HNC target cells in

the absence of PBMC did not manifest any measurable

lysis (data not shown).

To determine whether TLR8 stimulation also enhances

cetuximab-mediated ADCC in PBMC from HNC patients,

PBMC isolated from HNC patients were stimulated and

used as effectors with the E:T = 50:1. These tumor-

Fig. 1 TLR8 stimulation indirectly activates NK cells to enhance

cetuximab-mediated ADCC. a PBMC were incubated with TLR8

selective agonist VTX-2337 (250 nM) or with media for 18 h, then

co-cultured at E:T = 50:1 for 4 h with 51Cr-labeled UM-22B HNC

cells coated with control IgG1 or cetuximab. Under conditions of

TLR8 stimulation of PBMC followed by incubation with cetuximab-

coated HNC cells, enhanced ADCC was observed compared to

unstimulated PBMC against cetuximab-coated HNC cells (p \ 0.01).

b Purified NK cells were treated with VTX-2337 (250 nM) or media

for 18 h, then co-cultured with 51Cr-labeled UM-22B HNC cells for

4 h at an E:T = 10:1. VTX-2337 treatment did not significantly

influence NK cell cytotoxicity using control IgG1 or cetuximab-

coated HNC cells (p = 0.13). Blockage of FccRIIIa by 3G8 mAb

abolished ADCC activity of NK cells. c PBMC were stimulated with

VTX-2337 (250 nM) or media for 18 h, and then a portion of PBMC

were fractionated into purified NK cells or NK-depleted PBMC and

then assayed separately for ADCC activity. PBMC (E:T = 50:1) and

NK cells (E:T = 2.5:1) demonstrated similar levels of specific lysis,

while NK depletion abolished cytotoxicity of PBMC. d TLR8

stimulation enhanced cetuximab-mediated ADCC in PBMC from

treatment-naı̈ve HNC patients with active disease. TLR8 stimulation

treatment alone produced enhancement of ADCC in PBMC from

HNC patients (p \ 0.05), whereas TLR8 stimulation plus cetuximab

induced significantly greater ADCC activity of PBMC (p \ 0.001).

Cetuximab and control IgG1 antibodies were used at 10 lg/mL.

*p \ 0.05, **p \ 0.005, ***p \ 0.001
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bearing HNC patients had no prior treatment, including no

prior cetuximab.

Initially, the frequency of HNC patients demonstrating

detectable cetuximab-mediated ADCC was 30.1 % (8/26).

However, when the same patients’ PBMC were TLR8

stimulated and used in cetuximab ADCC assays, three

additional HNC patients demonstrated appreciable cetux-

imab-mediated ADCC. Thus, the overall cetuximab

response rate improved to 42.3 % (11/26) using a 5 %

enhancement of cytotoxicity as a positive response to

TLR8 stimulation.

Among the HNC patient PBMC enhanced by VTX-

2337, a pattern of increased specific lysis similar to HD

PBMC was observed. Importantly, TLR8-stimulated HNC

patient PBMC demonstrated greater specific killing of ce-

tuximab-treated target HNC cells than untreated PBMC

(p \ 0.001; Fig. 1d).

Cetuximab-mediated NK cell degranulation

is enhanced by TLR8 stimulation

To corroborate the mechanism of increased specific lysis,

PBMC were incubated with increasing concentrations of

VTX-2337 (250 and 500 nM) or RPMI for 18 h and co-

cultured with high EGFR expressing PCI-15B HNC cells at

1:1 ratio for 4 h with or without cetuximab. CD3neg

CD56?CD16?granzyme B? NK cells demonstrated

increased degranulation marker CD107a staining in ce-

tuximab-treated conditions (p \ 0.01). Indeed, TLR8

stimulation enhanced cetuximab-induced %CD107a? NK

cells in a dose-dependent manner (Fig. 2a–b).

Role of FccRIIIa-158 polymorphism in TLR8

enhancement of cetuximab-mediated ADCC

Previously, we demonstrated a strong correlation in ce-

tuximab-mediated cytotoxicity of HNC cells with

FccRIIIa 158 genotype (VV > VF > FF) [5]. Therefore,

TLR8-stimulated PBMC from donors of each FccRIIIa

genotype were used in ADCC assays. TLR8 stimulation

of PBMC enhanced cetuximab-mediated ADCC in all

genotypes (FF: p \ 0.001, VF: p \ 0.001, VV: p \ 0.05;

Fig. 3a). Following TLR8 stimulation, PBMC expressing

the low affinity FccRIIIa-158 FF genotype achieved a

level of lytic activity comparable to unstimulated PBMC

with FccRIIIa-158 VF genotype with a target of cetux-

imab-coated HNC cells (E:T = 50:1). This trend was also

observed in treated PBMC with FccRIIIa-158 VF geno-

type versus unstimulated FccRIIIa-158 VV PBMC

genotype (Fig. 3). With regards to cetuximab-mediated

ADCC enhancement, the response rate of PBMC to a

moderate dose of 250 nM VTX-2337 was 70 % (28/40)

and was similar across all 3 FccR IIIa-158 genotypes

(85.7 % for FF; 60 % for VF and 66.7 % for VV;

p = 0.368).

TLR8 stimulation enhances cytokine secretion

in supernatant from ADCC assays

Supernatants from TLR8-stimulated and untreated PBMC

wells were collected and analyzed by LuminexTM for

cytokines. Relevant Th1 cytokines were increased in trea-

ted conditions: TNFa (p \ 0.0001), IFNc (p \ 0.001), and

IL-12p40 (p \ 0.005; Fig. 4). A single HD demonstrated

an exaggerated enhancement of IL-12p40 level relative to

the other HD. Even when this data point was removed from

the data set, the difference in IL-12p40 between groups

remained significant (p \ 0.01).

TLR8 stimulation directly matures DC and enhances

cetuximab-mediated DC maturation

Monocyte-derived DC are known to express TLR8 [16].

Therefore, we assessed the ability of TLR8 stimulation by

VTX-2337 to directly mature DC as well as enhance ce-

tuximab-activated, NK cell-induced DC maturation. DC

were cultured with or without TLR8 stimulation (VTX-

2337, 800 nM, 48 h) and stained for the expression of co-

stimulatory molecules. TLR8 stimulation of DC alone (in

the absence of cetuximab or NK cells) enhanced %CD80?

(p = 0.0001), %CD83? (p \ 0.05), and CD86 median FI

(p \ 0.005; Fig. 5a).

Co-cultures of DC, NK cells, and PCI-15B HNC cells

were incubated with media, TLR8 agonist (VTX-2337,

800 nM, 48 h), cetuximab (10 lg/mL), or both. Of note,

PCI-15B HNC cells do not express an appreciable level of

TLR8 (supplementary figure 1). The DC from the co-cul-

tures were then stained for the expression of co-stimulatory

molecules (Fig. 5b). TLR8 stimulation alone significantly

enhanced %CD80? (p \ 0.01) and %CD83? (p \ 0.01),

although the absolute increase in each marker was modest.

Likewise, cetuximab treatment enhanced %CD80?

(p \ 0.01), %CD83? (p \ 0.001), and CD86 median FI

(p \ 0.05), but cetuximab failed to increase any of these

markers if either NK or PCI-15B HNC cells were absent

from the co-culture (data not shown). However, the addi-

tion of TLR8 stimulation to cetuximab treatment signifi-

cantly enhanced %CD80? (p \ 0.01) and %CD83?

(p \ 0.001) to a larger extent than either condition alone.

TLR8 stimulation promotes cetuximab-mediated DC

cross-priming of EGFR-specific CD8? T cells

To determine the functional significance of enhanced DC

maturation induced by TLR8 and FccR stimulation via

cetuximab-coated HNC cells, we performed in vitro

Cancer Immunol Immunother (2013) 62:1347–1357 1351
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Fig. 2 TLR8 stimulation

increases cetuximab-enhanced

NK cell degranulation in a dose-

dependent manner. a PBMC

were incubated with TLR8

selective agonist VTX-2337

(250 nM) or with media for

18 h, then co-cultured with PCI-

15B HNC cells (E:T = 1:1)

with or without cetuximab.

Cetuximab-coated PCI-15B

HNC cells increased

%CD107a?

CD3negCD56?CD16? NK cells

versus uncoated PCI-15B HNC

cells. TLR8 stimulation

markedly enhanced %CD107a?

NK cells (p \ 0.005) in a dose-

dependent manner in the

presence of cetuximab-coated

PCI-15B HNC cells. b For a

representative donor,

histograms represent

lymphocyte gated

CD3negCD56?CD16? cells.

Cetuximab was used at 10 lg/

mL, and IL-2 at 50 IU/mL.

*p \ 0.05, **p \ 0.01

Fig. 3 TLR8 stimulation enhances cetuximab-mediated ADCC of

HNC cells in all FccRIIIa-158 V/F genotypes. PBMC were incubated

with TLR8 selective agonist VTX-2337 (250 nM) or with media for

18 h and then co-cultured at E:T = 50:1 for 4 h with 51Cr labeled

UM-22B or PCI-15B HNC cells coated with cetuximab (10 lg/mL).

Genomic DNA was extracted from PBMC, and FccRIIIa-158 V/F

genotype was determined using a PCR SNP assay. TLR8 stimulation

of PBMC enhanced specific lysis of cetuximab-coated UM-22B and

PCI-15B HNC cell targets: FF (p \ 0.001), VF (p \ 0.001), VV

(p \ 0.05). *p \ 0.05, ***p \ 0.001 (C225:Cetuximab VTX:VTX-

2337)
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stimulation (IVS) of HLA-A*0201? CD8? T cells by

incubating CD8? T cells with autologous DC that had been

matured in the presence of NK cells and PCI-15B HNC

cells in the conditions mentioned above from the previous

experiments. After the first 7-day IVS, neither TLR8 nor

cetuximab stimulation alone significantly resulted in more

EGFR-tetramer staining. However, in combination, TLR8

and cetuximab stimulation resulted in an increased

Fig. 4 TLR8 stimulation of PBMC in presence of cetuximab-coated

HNC cells causes inflammatory cytokine secretion. PBMC were

incubated with TLR8 selective agonist VTX-2337 (250 nM) or media

for 18 h, then co-cultured at E:T = 50:1 for 4 h with cetuximab

(10 lg/mL)-coated UM-22B HNC cells. Supernatants were collected

from untreated control and TLR8-stimulated conditions. TNFa, IFNc,

and IL-12p40 secretion was significantly enhanced (p \ 0.0001,

p \ 0.0001, and p \ 0.005 respectively). Of note, IL-12p40 enhance-

ment was still significant when analyzed without the single high

outlier (p \ 0.01). **p \ 0.005, ***p \ 0.0001

Fig. 5 TLR8 stimulation directly matures DC and additively

enhances cetuximab-mediated DC maturation. a DC were incubated

with TLR8 selective agonist VTX-2337 (800 nM) or with media for

48 h. TLR8 stimulation increased DC expression of %CD80

(p \ 0.001), %CD83 (p \ 0.05), and CD86 median FI (p \ 0.005).

b DC were co-cultured with NK cells and PCI-15B HNC cells at 1:1:1

ratio. Cetuximab treatment alone enhanced DC maturation: %CD80

(p \ 0.01), %CD83 (p \ 0.001) and CD86 median FI (p \ 0.05), as

previously observed. TLR8 stimulation alone modestly enhanced DC

maturation: %CD80 (p \ 0.01), %CD83 (p \ 0.01). Addition of

TLR8 stimulation to cetuximab treatment additively enhances DC

maturation: %CD80 (p \ 0.01), %CD83 (0 \ 0.001). Cetuximab was

used at 10 lg/mL. *p \ 0.05, **p \ 0.01, ***p \ 0.005 (C225:Ce-

tuximab VTX:VTX-2337)
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proportion of EGFR-specific CD3?CD8? T cells

(p \ 0.05; Fig. 6). After the second 7-day IVS (day 14) the

same pattern was observed, and the EGFR-specific

CD3?CD8? T-cell frequency in the TLR8- and cetuximab-

stimulated condition was significantly greater than in the

untreated condition (p \ 0.05). However, neither TLR8

nor cetuximab stimulation alone significantly increased

EGFR-specific CD3?CD8? T cell frequency. NK cells

were necessary for VTX-2337 combined with cetuximab to

enhance DC cross-priming of EGFR-specific CD8? T cells

(supplementary figure 2).

Discussion

This is the first study to demonstrate that cetuximab-med-

iated ADCC can be enhanced in HNC patient PBMC upon

TLR8 stimulation by VTX-2337, which suggests that it

may be clinically possible to enhance the anti-tumor

response rate of cetuximab in HNC patients. We also

demonstrated that TLR8 stimulation is capable of

enhancing an acquired immune response in vitro by

inducing DC maturation directly and enhancing cetuximab-

mediated DC maturation in the presence of NK and HNC

cells. Significantly, these TLR8- and cetuximab-activated

NK cell matured DC were more capable of stimulating

EGFR-specific CD8? T cells in vitro.

TLR7/8 agonists have recently become an area of active

interest in cancer research. An early TLR7/8 agonist, im-

iquimod, has been approved by FDA as a topical agent for

the treatment for actinic keratosis and superficial basal cell

carcinoma [20, 21]. Recently, a novel class of synthetic

oligoribonucleotides, referred to as stabilized immune-

modulatory RNA (SIMRA) compounds, were described,

and these compounds serve as dual TLR7/8 agonists [22].

These SIMRA TLR7/8 agonists were shown to induce the

production of Th1-type cytokines/chemokines, including

IL-2, IL-12, IP-10, IFN-c, and TNFa [11, 23, 24]. How-

ever, although TLR7 and TLR8 detect very similar ligands,

their expression patterns and the cytokines they induced

have been demonstrated to differ [18]. Therefore, there has

been an increasing interest in developing and determining

the utility of specific agonists.

This preclinical study sought to investigate combination

immune therapy, using selective TLR8 stimulation to

enhance TA-specific cellular immune responses by cetux-

imab-activated lymphocytes. We investigated a selective,

potent TLR8 agonist, VTX-2337 [18], as an immune

adjuvant to demonstrate the augmentation of antibody-

Fig. 6 TLR8 stimulation enhances cetuximab-mediated induction of

EGFR-specific CD8? T cells during IVS by VTX-2337 treated DC.

a HLA-A*0201? DC were incubated with NK cells and PCI-15B HNC

cells at 1:1:1 ratio, then treated with media alone, VTX-2337

(800 nM), cetuximab (10 lg/mL), or cetuximab ? VTX-2337. There-

after, autologous CD8? T cells were incubated with DC treated using

each set of conditions for 7 days. A subset of CD8? T cells were

similarly re-stimulated for another 7 days (14 days total). DC incuba-

tion with CD8? T cells for 7 days increased EGFR853-861-specific

CD8? T cells in all DC treatment conditions versus unstimulated CD8?

T cells on day 0. After the first 7 day IVS, TLR8 stimulation and

cetuximab treatment individually enhanced EGFR853-861 CD8? T cell

frequency, and the combination additively increased the frequency of

EGFR853-861 CD8? T cells, whose enhancement was significant

relative to CD8? T cells incubated with untreated DC (p \ 0.05)

during the first round of IVS. A second 7-day IVS with each set of

DC conditions further increased EGFR853-861-specific CD8? T cells.

TLR8 stimulation or cetuximab treatment alone produced higher

EGFR853-861-specific CD8? T cells, but the combination of TLR8

stimulation and cetuximab significantly increased EGFR853-861-specific

CD8? T cells relative to untreated DC (p \ 0.05), and TLR8-

stimulated treated DC (p \ 0.05). b 7 day IVS using DC matured in

the aforementioned treatment conditions in the presence or absence of

NK cells. An increase in EGFR853-861-specific CD8? T cells was seen

when DC were matured in the presence of NK cells, but not when

NK cells were absent. *p \ 0.05

b
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dependent cell cytotoxicity (ADCC) against EGFR-posi-

tive cancer cells by NK cells from HNC patients in addition

to HD in the presence of cetuximab. We also pursued the

potential that this immune-mediated cytotoxicity serves to

promulgate the sequential adaptive immune responses by T

cells based on NK-DC cross talk. Recruitment and acti-

vation of CTLs by DC may serve to present the lysed tumor

epitopes through cross-presentation. Therefore, even a

modest increase in cetuximab-mediated cytotoxicity by

VTX-2337 may result in a synergistic improvement in the

overall immune-mediated anti-tumor effects.

Our findings that TLR8 agonist VTX-2337 enhances

cetuximab-mediated ADCC against EGFR-positive HNC

cells extend previous findings of VTX-2337 enhancing

mAb cytotoxic function against cancer from other sites

[18]. This effect is immune mediated since direct incuba-

tion of VTX-2337 in the absence of lymphocytes does not

show any measurable cytotoxic effects. Furthermore, the

enhancement of cytotoxicity was NK cell dependent since

NK cell depletion abolished lysis of cancer cells and

ADCC enhancement by TLR8-stimulation correlated with

increased degranulation marker CD107a expression on NK

cells. However, TLR8 stimulation of unfractionated PBMC

was needed to initiate this effect. This suggests that NK

cells were not directly activated by TLR8 stimulation, but

potentially activated by TLR8-stimulated monocytes or

mDC [22, 23]. This is corroborated by the observation by

Lu et al. that NK cells produce IFNc upon TLR8 stimu-

lation of PBMC, but the presence of blocking antibody for

IL-18 significantly decreases IFNc secretion [18]. This is

interesting because IL-18 is known to activate NK cell

IFNc production [25]. Secreted IL-12 also activates NK

cell IFNc production [26], and its secretion was observed

to be increased by VTX-2337 TLR8-stimulation by both

our study and that of Lu et al. Interestingly, Lu et al. also

showed that VTX-2337 directly enhances NK cell–medi-

ated ADCC with a high dose of 500 nM, but PBMC were

enhanced at a lower dose of 167 nM as well as 500 nM.

This may point to a dose-dependent direct NK cell acti-

vation by VTX-2337 or possibly activation of residual non-

NK cells after cell purification. At our dose of 250 nM,

VTX-2337 enhanced PBMC cytotoxicity and NK cell

cytotoxicity when isolated from PBMC after treatment, but

not in purified NK cells.

Enhancement in cetuximab-mediated ADCC by VTX-

2337 is not FccRIIIa-158 genotype specific since

enhancement is seen across all 3 FccRIIIa genotypes. This

is beneficial, since donors with NK cells expressing the

poor affinity FF genotype are potentially disadvantaged

due to the inherent poor ability to mount a crucial ADCC

innate immune response against HNC. Enhancing TAA-

targeted mAb therapy in FccRIIIa FF patients may improve

clinical outcomes, as FccRIIIa FF genotype has been

suggested to be associated with decreased disease-free

survival in B-cell lymphoma patients treated with ritux-

imab, cyclophosphamide, doxorubicin, vincristine, and

prednisone [27].

We noted that HNC patient PBMC demonstrated lower

levels of specific lysis than healthy donor PBMC, and we

attribute this to the immunosuppressed state of the HNC

patient PBMC. HNC patient PBMC can, according to our

findings, be stimulated by cetuximab and VTX-2337 to

perform enhanced ADCC against HNC cell targets. This

may be beneficial in extending cetuximab’s benefit to

those HNC patients who may not otherwise have derived

a clinical benefit from cetuximab therapy. Various

explanations have been brought forth to account for the

lack of response to cetuximab in some cancer patients.

Evidence points to the presence of immune regulatory

cells such as regulatory T cells, myeloid-derived sup-

pressor cells or tumor-associated macrophages in cancer

patients which are either increased in numbers or func-

tionally more able to negate the immune effects of

immunotherapy [28, 29]. These observations may explain

at least a portion of the lack of response to cetuximab

immunotherapy. Interestingly, TLR8 stimulation has been

reported to reverse regulatory T-cell function [30], which

may be key to overcoming the tolerogenic nature of the

tumor microenvironment. These are vital avenues to

explore the mechanistic pathway of TLR8 stimulation to

overcome some of these immune blockages to cetuximab

immunotherapy.

TLR8 stimulation in the context of cetuximab-treated

HNC is capable of enhancing an acquired immune

response through enhanced CD8? T-cell stimulation by DC

in vitro. The presence of a strong CD8? TA-specific

cytotoxic T-cell response has been associated with

improved clinical outcomes [31], and this in vitro obser-

vation suggests that addition of TLR8 stimulation to mAb

therapy may lead to a stronger CD8? cytotoxic T-cell

response and potentially subsequently to a more durable

anti-tumor response in patients treated with cetuximab

immunotherapy. It will be important to evaluate this ther-

apeutic combination in patients, and a phase I clinical trial

of VTX-2337 and cetuximab in combination to treat HNC

patients is underway. We recently reported that cetuximab

triggers NK:DC cross talk and TA-specific immunity in the

absence of adjuvant stimulation, as we used with VTX-

2337 ligation of TLR8 here. In some experiments using

donors likely devoid of substantial EGFR-specific precur-

sor CTL, cetuximab alone was insufficient to induce cross-

priming of EGFR-specific CTL (Fig. 6), in contrast to our

observations in other systems. However, it is likely that

TLR8 or other adjuvant stimulation can overcome vari-

ability in certain FccR IIIa genotype or low/absent baseline

CTL frequencies, explaining the lack of cross-presentation
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observed in some experiments presented here in the

absence of VTX-2337 [32].

In summary, we have demonstrated that the selective

TLR8 agonist VTX-2337 significantly enhances cetux-

imab-mediated ADCC and DC IVS of CD8? T cells in

HNC. The primary effectors for the increase in cytotoxicity

are NK cells. Predominant Th1 cytokines (TNF-a, IFN-c
and IL-12) are preferentially stimulated by VTX-2337 that

are likely immunologically beneficial in the tumor envi-

ronment. Furthermore, VTX-2337 TLR8 stimulation

enhances cetuximab-mediated DC maturation and cross-

priming of CD8? T cells.
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