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ABSTRACT
Toll-like receptor (TLR) 7 agonists are effective in topical application for the immunotherapy of skin
cancers, but their performance for the systemic treatment of solid tumors is limited by the development
of TLR tolerance. In this study, we describe a novel strategy to overcome TLR tolerance and enhance TLR7-
dependent antitumor immune responses through reprogramming of TLR signaling pathways. The
sensitivity of TLR7 signaling in dendritic cells (DC) was increased by prior stimulation with the dsRNA poly
(I:C) that mimics virally induced immune activation. Timing of the stimulations was important, as
sequential stimulation with poly(I:C) and the TLR7 agonist R848 interspaced by 24 h induced higher MAPK
and NFkB signaling in DC than the simultaneous application of the same ligands. DC activated by
sequential poly(I:C)/R848 stimulation efficiently induced Th1 differentiation and primed NK-cell and
cytotoxic T-cell responses. We have developed a treatment regimen taking advantage of TLR7 reprogram-
ming that cured over 80% of large immunogenic tumors in mice by the action of NK cells and cytotoxic T
cells. These results have direct implications for the use of these clinically established ligands in the
immunotherapy of cancer.

Abbreviations: BMDC, bone marrow-derived dendritic cell; CTL, cytotoxic T lymphocyte; DC, dendritic cell; dsRNA,
double-stranded RNA; IFN, interferon; IRF-3, IFN regulatory factor 3; MDA-5, melanoma differentiation-associated
protein 5; NK cell, natural killer cells; poly(I:C), polyinosinic:polycytidylic acid; PRR, pattern-recognition receptor;
RIG-I, retinoic acid-inducible gene I; RLR, RIG-I-like receptor; TLR, Toll-like receptor; TNF, tumor-necrosis factor
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Introduction

Breaking tolerance toward tumor tissue by promoting cytotoxic
T-cell and natural killer (NK) cell responses is the main goal of
cancer immunotherapy.1 Stimulation of pattern-recognition
receptors (PRR) induces maturation and activation of dendritic
cells (DC), leading to secretion of pro-inflammatory cytokines
such as IL-12 and type-I interferons, which are important for
the effector functions of T and NK cells.2,3 In this respect,
nucleotide-sensing PRR such as toll-like receptor (TLR)3,
TLR7, and RIG-I-like receptors (RLR) are of special interest for
cancer therapy due to their potent stimulation of these cyto-
kines.4 Indeed, synthetic agonists for the RNA-sensing TLR7
are now an approved treatment for certain skin cancers and in
clinical development for other malignancies.5–7 Ligands target-
ing the RLR, RIG-I, and MDA-5 are also currently under
development for cancer immunotherapy.4,8,9 To transmit intra-
cellular signaling, RLR and TLR employ different adaptor
molecules; RLR utilize MAVS,10 whereas TLR are coupled to
MyD88 with the exception of TLR3, which exclusively signals
via the adaptor TRIF.11 Due to the different pathways triggered,

cross-talk of receptor families can lead to enhanced immune
responses.12 The combination of poly(I:C), a ligand for TLR3
and MDA-5,13,14 and TLR7 ligands can synergistically enhance
secretion of IL-12,15 which is a potent inducer of antitumor
immune responses in preclinical studies.16

We have recently demonstrated that poly(I:C) exposure, which
mimics the immune response induced by viral infection, globally
reprograms PRR pathways within 24 h, leading to a sensitization
of TLR7 and simultaneously to a block in RLR signaling.17 These
findings highlight the importance of the timing and sequence of
PRR stimulation for immunotherapeutic strategies. Indeed, we
found earlier that repetitive stimulation of the TLR7 pathway led
to unresponsiveness to TLR7 ligands and other MyD88-depen-
dent agonists.18 Im-portantly, it was possible to circumvent this
tolerance by well-timed applications of TLR7 agonists and thus
improve the efficacy of antitumor therapy.18 Whether the reprog-
ramming of PRR signaling pathways seen following viral expo-
sure can affect NK and effector T-cell responses, and whether this
phenomenon and the associated enhancement of TLR7 signaling
can be harnessed for tumor therapy is currently unknown. Here,
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we investigated whether TLR7-targeted cancer immunother-
apy can be further improved by timing-dependent combina-
tion strategies employing poly(I:C) to take advantage of
TLR reprogramming and facilitate crosstalk of MyD88-
dependent and independent agonists.

Results

Sequential stimulation of MyD88-independent and
MyD88-dependent signaling pathways enhances
immune activation

To study the impact of timing on combined activation of
MyD88-independent and MyD88-dependent PRR, we com-
pared cytokine production induced by the simultaneous appli-
cation of the ligands poly(I:C) (MDA5/TLR3) and R848
(TLR7) with a sequential stimulation by the two ligands.
Freshly isolated murine bone marrow cells, which comprise of
a mixture of myeloid cells that are responsive to PRR stimula-
tion, were stimulated twice at an interval of 24 h with poly(I:C),
R848, or a sequential combination of the two stimuli. Stimula-
tion with poly(I:C) alone did not result in strong cytokine
secretion in these cells, as previously shown17 (Fig. 1A). A sin-
gle application of the TLR7 ligand R848 led to clear production
of the cytokines TNF-a, IL-12p40, IL-12p70, and IL-6, whereas
a second stimulation with R848 24 h later resulted in much
decreased cytokine levels. We have previously demonstrated
that this block in cytokine secretion is due to a state of tolerance
that lasts for several days after TLR7 stimulation.18 As expected,
the simultaneous application of poly(I:C) and R848 at a single
time point led to higher cytokine production in bone marrow
cells than stimulation with R848 alone. However, stimulation
of bone marrow cells with first poly(I:C) followed by R848 24 h
later consistently resulted in even higher production of the
cytokines IL-12p40, IL-12p70, and TNF-a (Fig. 1A). Interest-
ingly, this was not the case for IL-6. We observed a similar
effect in BMDC: The secretion of these cytokines was increased
when BMDC were stimulated sequentially with poly(I:C) and
R848, compared to BMDC activated simultaneously with the
two ligands or to stimulation with the single agents (Fig. 1A).
Of note, sequential stimulation with the inverse sequence, R848
followed by poly(I:C), did not result in changes in cytokine
secretion compared to poly(I:C) alone (not shown).

To determine the phenotype of BMDC stimulated with
poly(I:C) and R848, we examined surface expression of the
activation. Increased expression of CD40, CD69, and MHC-I
markers was observed in BMDC treated with combinations of
poly(I:C) and R848, with the highest expression after sequen-
tial activation (Fig. 1B). In contrast, CD80, CD86, and MHC-
II surface expression was not significantly altered (Fig. S1A).
Interestingly, although CCL2 chemokine secretion was
enhanced by sequential stimulation, other DC migration-asso-
ciated markers such as CCR7 and CXCR4 were not upregu-
lated by stimulation by PRR agonists (Fig. S1B and C). In
summary, we demonstrate that stimulation of a MyD88-inde-
pendent pathway followed by stimulation of a MyD88-depen-
dent pathway leads to stronger DC activation than two
stimulations with a single ligand or simultaneous stimulation
with both ligands.

Sequential PRR activation of BMDC enhances intracellular
signaling

To investigate the intracellular mechanisms leading to enhanced
cytokine secretion following sequential PRR activation, we per-
formed qRT-PCR analysis of BMDC stimulated twice with
poly(I:C), R848, or a combination of the two at a 24 h interval.
Il-6 transcripts were increased in BMDC treated with the
combination of poly(I:C) and R848 independently of the timing
of stimulation. Expression of the il-12a transcript, which codes
for the p35 subunit of IL-12, was induced by R848 stimulation,
but not further increased by prestimulation with poly(I:C)
(Fig. 2A). In contrast, il-12b transcripts, that encode the p40 sub-
unit of IL-12, were expressed at significantly higher levels in
BMDC treated sequentially with poly(I:C) and R848 than in all
other conditions. Indeed, several studies have proposed that regu-
lation of IL-12 production occurs at the level of the p40 subunit
(reviewed in19).

The expression of the TLR7 receptor itself was not altered by
poly(I:C) stimulation (data not shown). We next examined
whether the signaling pathway of TLR7 was affected in BMDC
by the timing of poly(I:C) administration. We found that phos-
phorylation of the NFkB subunit p65 as well as of MAP kinases
downstream of TLR7 was greatly increased and prolonged in
cells that were treated with poly(I:C) prior to stimulation with
R848 (Fig. 2B). Interestingly, simultaneous stimulation with
poly(I:C) did not increase the target phosphorylation induced
by R848. Furthermore, a first stimulation with R848 24 h prior
to the second stimulation with either R848 or with the simulta-
neous poly(I:C)/R848 combination led to a complete block in
TLR7 pathway activation as indicated by the lack of phosphory-
lated p65 and MAP kinases. Taken together, our results show
that the enhanced cytokine secretion induced by sequential
stimulation with poly(I:C) and R848 is associated with
increased activation of the TLR7 signaling pathway, as shown
by the phospho-patterns of intracellular signaling proteins.

Sequential PRR stimulation increases activation of effector
T cells and NK cells by DC

An important function of DC is to instruct T cells and NK cells in
order to prime effective immune responses.2,3 In a first set of
experiments, we assessed the bystander activation exerted by PRR-
activated DC on lymphocytes, as this antigen-independent DC
function supports TCR signaling and influences the migratory pat-
terns of lymphocytes.20,21 To this end, BMDC were activated by
different ligand sequences and co-cultured with splenocytes from
naive mice. BMDC that had been stimulated simultaneously by
poly(I:C) and R848 induced high expression of the activation
marker CD69 on T cells, but BMDC stimulated sequentially with
these ligands at a 24 h interval showed the highest capacity to
induce CD69 expression on both CD4C and CD8C T cells
(Fig. 3A). A similar effect was seen when BMDC were co-cultured
with purified NK cells: BMDC sequentially activated with poly(I:
C) and R848 induced the highest phenotypic activation of NK cells
(Fig. 3B). We also examined the effect of BMDC stimulation on
the function of effector lymphocytes. We observed that sequen-
tially stimulated BMDC co-cultured with either splenocytes or
purified NK cells induced the highest secretion of IFNg (Fig. 3C),
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which is an important mediator for the antitumor activity of both
NK cells and effector T cells.

Sequential injections of TLR3/MDA5 and TLR7 ligands
increase NK cell priming in vivo

To examine whether the sequence of application of poly(I:C)
and R848 impacts the priming of NK cells, naive mice were

injected twice with poly(I:C), R848, or a combination of the
two ligands at a 24 h interval, at a well-established dosage for
tumor therapy.18,22 The simultaneous application of poly(I:C)
and R848 was highly toxic at the concentrations used and was
thus excluded from in vivo experimentation. Although all
sequences tested led to upregulation of the activation marker
CD69 on splenic NK1.1C cells, the highest upregulation was
clearly observed following the sequential injection of poly(I:C)

Figure 1. Sequential PRR stimulation with poly(I:C) and R848 enhances activation of immune cells. (A) Cytokine levels in supernatants of bone marrow cells or BMDC stim-
ulated with combinations of poly(I:C) and R848 at a 24 h interval were measured by ELISA 18 h after the second stimulation. Mean C SEM of triplicates are shown. (B)
Expression of CD40, CD69, and MHC-I on CD11cC BMDC stimulated as in (A). Mean fluorescence intensities (MFI) C SEM of quadruples are shown. Data are representative
of at least three independent experiments.
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and R848 (Fig. 4A). Furthermore, we demonstrated that
sequential poly(I:C)/R848 treatment of mice led to an increased
proportion of IFNgC NK cells in the spleen (Fig. 4B). We also
observed higher serum levels of IFNg 4 h and 8 h after the sec-
ond injection (Fig. 4C). This rapid and potent increase in circu-
lating IFNg may result from the elevated secretion by NK cells
and/or bystander-activated T cells. In summary, we have shown
that sequential poly(I:C)/R848 treatment led to a higher
immune activation of DC and NK cells than other application
sequences.

Sequential PRR activation induces higher cytotoxic T-cell
responses and Th1-cell differentiation

We next assessed the efficiency of sequential PRR stimula-
tion for the generation of specific T-cell immunity. To
assess the capacity of poly(I:C)/R848-stimulated DC to
prime adaptive immune responses, ovalbumin (OVA)-spe-
cific CD8C and CD4C cells derived from the TCR-trans-
genic OT-I and OT-II mice, respectively, were co-cultured
with PRR-stimulated and OVA-pulsed BMDC. BMDC stim-
ulated with the sequential poly(I:C)/R848 combination eli-
cited the highest conversion toward IFNg-producing CD8C

T cells and the highest levels of secreted IFNg (Fig. 5A).
We then analyzed the T helper cell polarization induced by
BMDC that were activated by sequential PRR stimulation

and pulsed with OVA. We observed that these DC effi-
ciently polarized naive OT-II cells into IFNgC Th1 cells.
Low numbers of IL-17C cells and no IL-4C cells were
detected (Fig. 5B). The total levels of IFNg secreted by Th1
cells were highest when DC were activated by sequential
poly(I:C)/R848 stimulation.

To investigate whether sequential PRR stimulation induces
the priming of antigen-specific CTL in vivo, we performed a
cytotoxicity assay. Mice were immunized with OVA together
with poly(I:C) or R848 followed by a second injection of poly
(I:C) or R848 24 h later. One week later, specific killing of OVA
peptide-loaded target cells was assessed in vivo. Although all
PRR ligand sequences tested led to specific lysis of target cells,
sequential PRR activation most efficiently induced OVA-spe-
cific killing (Fig. 5C). We further observed increased frequen-
cies of SIINFEKL-reactive CD8C T cells by pentamer staining
of splenocytes from mice that were immunized with a combi-
nation of OVA and sequential injections of poly(I:C) and R848
(Fig. 5D). In light of the combined in vivo and in vitro data pre-
sented here, we would argue that the enhanced killing of target
cells (Fig. 5C) is mediated by a combination of increased fre-
quencies and augmented effector function of specific T cells. In
conclusion, sequential application of poly(I:C) and R848 leads
to enhanced antigen-specific T-cell responses, which encour-
aged us to assess the efficacy of sequential PRR stimulation in a
mouse model of cancer.

Figure 2. Sequential PRR stimulation of BMDC enhances cytokine mRNA expression and NFkB and MAP kinase signaling. (A) Il-6, Il-12a, and Il-12b mRNA expression 4 and
8 h after the second stimulation in BMDC stimulated as in Fig. 1. Mean C SEM of four to eight independent experiments are shown. (B) Immunoblot analysis of p65 and
MAPK in BMDC stimulated with combinations of poly(I:C) and R848, at 0, 20 and 40 min, after the second stimulation. Individual blots are indicated by rectangles and are
representative of three independent experiments. �p< 0.05; ��p< 0.01; ���p< 0.001, and ����p< 0.0001, compared to the sequential PRR stimulation; one-way ANOVA,
Dunetts post-test.
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Sequential injections of TLR3/MDA5 and TLR7 ligands are
more efficient than single agents for the treatment of
established tumors

Mice bearing large established tumors (43 § 9 mm2) were
treated with injections of poly(I:C), R848, or their sequential
combination on two consecutive days. The treatment cycle was
repeated twice at 5 d intervals to circumvent the occurrence of
TLR7 tolerance18. R848 treatment and single injections of poly

(I:C) only partly reduced tumor growth (Fig. 6A and B).
Repeated poly(I:C) treatment stabilized disease for the duration
of therapy, but all tumors resumed growth after the end of
treatment (Fig. 6A and B). In contrast, sequential therapy with
poly(I:C)/R848 led to a durable antitumor response; complete
tumor regression was achieved in 80% of mice (Fig. 6A). The
small residual tumors measured after three cycles of sequential
therapy consisted only of scar tissue. However, large established
B16F10 tumors were far less susceptible to PRR-targeted

Figure 3. Sequential PRR stimulation of BMDC increases activation of effector T cells and NK cells. (A) Expression of CD69 on CD4C and CD8C splenocytes added to
sequentially stimulated BMDC 1.5 h after the second stimulation and cocultured for 24 h. Representative histograms and MFI C SEM of quadruples are shown. (B) Expres-
sion of CD69 on purified NK cells co-cultured with BMDC as in (A). (C) IFNg levels in supernatants of splenocytes and purified NK cells co-cultured with BMDC as in (A)
and (B). (D) Experimental protocol for the stimulation of BMDC and co-culture with splenocytes or purified NK cells. MFI C SEM of quadruples are shown. Data are repre-
sentative of two independent experiments.
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therapy with only modest effects on tumor growth by sequen-
tial therapy and repeated poly(I:C) administration (Fig. S2),
suggesting that PRR-targeted therapy is most efficient in
tumors readily accessible to immune control. To determine
which immune cell subsets were essential for the success of
poly(I:C)/R848 therapy in the CT26 model, we depleted CD4C,
CD8C, and NK cells in tumor-bearing mice before and during
sequential therapy. We observed a complete loss of therapeutic

efficacy in mice treated with CD8C-depleting antibodies. Inter-
estingly, NK-cell depletion strongly inhibited therapeutic effi-
cacy during the first week of treatment but not at later time
points. CD4C cell depletion only marginally affected therapy.
Thus, the alternating application of MyD88-independent and
MyD88-dependent ligands enhances the efficacy of antitumor
therapy with PRR agonists. This effect relies mainly on the
action of cytotoxic T cells and at early stages on NK cells.

Discussion

In spite of their efficacy for generating both innate and adaptive
responses, there are to date few RLR and TLR agonists that are
clinically approved or under clinical evaluation for cancer
immunotherapy.4,7 In this study, we show how two of these
established agents can be combined to enhance effector
immune responses in order to improve anticancer therapy. By
targeting different receptor pathways with the right timing and
sequence, we have achieved higher activation of innate and
adaptive immunity, resulting in over 80% cure rate of immuno-
genic murine tumors.

The simultaneous activation of multiple PRR pathways has
been employed to facilitate IL-12 secretion and enhance CD4C

Th1-cell polarization,15,23 and has been assessed for antitumor
activity.24–26 Here, we show that the sequential triggering first
of a MyD88-independent pathway, and then of a MyD88-
dependent pathway, leads to even higher Th1 responses than
synergy relying on simultaneous stimulation, but with a differ-
ent mechanism: We have demonstrated earlier that the viral
activation of RLR reprograms the TLR7 receptor pathway and
renders this pathway more sensitive to subsequent stimuli in a
type I IFN-dependent manner.17 A similar IFN-dependent
reprogramming phenomenon has been described for NOD
receptors following viral infection.27 This contrasts with the
synergy achieved by simultaneous activation of PRR pathways,
which seems to be independent of type-I interferon.15,27,28 We
have shown that the IFN-dependent TLR7 sensitization was
mimicked by stimulation with poly(I:C) and was maximal after
8 to 24 h,17 whereas synergistic poly(I:C)/TLR7 stimulation
showed maximal efficiency when ligands were given 4 h
apart.15,28 We thus propose that PRR synergy and PRR reprog-
ramming are independent and complementary phenomena to
reinforce anti-viral responses by triggering Th1-type immunity.

The sequential stimulation with poly(I:C) and R848 proved
to be much more effective for the treatment of model CT26
tumors than repeated stimulation with the single ligands. In
our tumor model, the simultaneous injection of poly(I:C) and
R848 at the doses used for sequential stimulation was highly
toxic. A careful dose reduction of these ligands may allow safe
simultaneous application,26 but dose reduction may also
impede the antitumor effect. In our model, applying poly(I:C)
only once every 5 d instead of twice rendered this monotherapy
nearly ineffective, indicating that dose reduction to limit toxic-
ity can also limit therapeutic success. Applying lower doses of
poly(I:C) more frequently may induce a state of receptor toler-
ance and thus also limit treatment efficacy. Poly(I:C) has how-
ever shown dose-limiting toxicity in animal models as well as
in clinical trials, and the reduction of poly(I:C) doses is there-
fore advised for patient safety.22,29-32 The sequential application

Figure 4. Sequential application of PRR ligands enhances NK-cell activation and
IFNg production in vivo. (A) Expression of CD69 on NK1.1C/CD3¡ splenic NK cells
isolated from mice 4 h after two applications of poly(I:C) (100 mg i.p.), R848 (25 mg
s.c.) or a combination of both at a 24 h interval. MFI C SEM of four to five mice/
group are shown. (B) Percentage of IFNgC splenic NK cells from mice treated as in
(A). Mean C SEM of 9 to 10 mice/group are shown. (C) Serum IFNg levels in mice
treated as in (A), 4 or 8 h after the second injection. Mean C SEM of four to five
mice are shown. �p< 0.05 and ���p< 0.001 compared to the sequential PRR stim-
ulation; one-way ANOVA, Dunetts post-test.
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Figure 5. Sequential PRR activation induces higher cytotoxic T-cell responses and Th1 cell differentiation. (A) Percentage of IFNgC CD8C T cells and secreted IFNg in 3d
co-cultures of OT-I cells with antigen-pulsed BMDC stimulated as in Fig. 3A. Representative histograms and mean percentageC SEM of quintuplicates are shown. (B) Total
numbers of IFNg, IL-4, and IL-17-expressing CD4C T cells and secreted IFNg in 4-d co-cultures of OT-II T cells with BMDC stimulated as in (A). MeanC SEM of sextuplicates
are shown. Data are representative of at least three independent experiments. (C) Specific lysis of target cells in mice immunized s.c. with different combinations of
poly(I:C) and R848 together with OVA. Representative histograms show the percentage of antigen-pulsed target (CFSElo) and control (CFSEhigh) cells. Specific lysis for indi-
vidual mice (n D 3–6) is shown. ���p < 0.001 and ����p < 0.0001 compared to the sequential PRR stimulation; one-way ANOVA, Dunnetts post-test. (D) Frequencies of
OVA-specific CD8C T cells in individual mice (nD 3 to 4) immunized as in (C). �p � 0.05 compared to the sequential PRR stimulation; one-way ANOVA, Dunnetts post-test.
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of poly(I:C)/R848 may therefore allow better therapeutic effi-
cacy with lower doses of poly(I:C) by sensitizing the TLR7
receptor pathway.

In addition to the enhanced activation of immune effector
cells and reduced toxicity, the sequential combination of poly(I:
C) and TLR7 agonists may have further advantages for immu-
notherapy. In lung cancer, TLR7 stimulation was shown to
exert net tumor-promoting capacities such as enhanced tumor
growth and resistance to chemotherapy, due to TLR expression
by tumor cells.33,34 It is possible that the pro-apoptotic and
autophagic effects of poly(I:C)8,35–37 may counterbalance this
property of TLR7 agonists, thus resulting in a net antitumoral
effect mediated by immune cells.

The antitumoral functions of TLR7 ligands rely on their
ability to activate NK cells and cytotoxic T-cell responses.38–41

Furthermore, TLR ligands interfere with the migration of regu-
latory T cells into tumors42 and block the suppressive function
of myeloid-derived suppressor cells.43 Poly(I:C) is also known
to induce protective T-cell and NK-cell responses against

tumors. We have demonstrated here that CD8C T cells and, in
the early stage of tumor growth, NK cells were decisive factors
for the therapeutic success of sequential poly(I:C)/R848 ther-
apy. It is well-known that NK cells, like T cells, require acces-
sory cells to develop their effector functions; in particular, the
effect of either poly(I:C) or R848 on NK-cell activation is
largely dependent on DC support.3 Indeed, we have shown that
sequential stimulation of DC enhanced both NK-cell and cyto-
toxic T-cell function more than stimulation with single ligands
or simultaneous activation.

The ablation of CD8C cells abolished the therapeutic effect of
sequential poly(I:C)/R848 therapy in CT26 tumors, indicating a
dominant role for cytotoxic T cells in this model. In contrast, large
B16F10 tumors, classically considered poorly immunogenic due
to low MHC-I expression,44 were only mildly affected by sequen-
tial therapy or monotherapy with poly(I:C) or R848. This suggests
that for tumors with low mutational loads that lack neoantigens,
or for tumors that are poorly T cell-inflamed, PRR-targeted ther-
apy may need to be combined with other approaches targeting

Figure 6. Sequential injections of TLR3/MDA5 and TLR7 ligands are more efficient than single agents for the treatment of established tumors. Growth of CT26 tumors in
mice treated with combinations of poly(I:C) and R848 on two consecutive days, repeated twice (arrows). (A) Tumor size is shown for individual mice. (B) Mean C SEM of
tumor size (n D 5) are shown. Data are representative of three independent experiments. (C) Tumor size for mice treated as in (A) combined with immune cell depletion.
Mean C SEM of tumor size (n D 5) are shown. �p < 0.05; ��p < 0.01; ���p < 0.001; and ����p < 0.0001, compared to the sequential PRR stimulation; two-way ANOVA,
Bonferroni post-test.
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the T-cell repertoire, such as vaccination or checkpoint block-
ade45. We have shown here that sequential therapy in combina-
tion with a model antigen can efficiently prime antigen-reactive
cytotoxic T cells de novo, highlighting the applicability of a cancer
vaccine enhanced by sequential PRR stimulation.

In conclusion, we demonstrate for the first time that the
sequential combination of two clinically established PRR
ligands for non-overlapping signaling pathways can be safely
administered to tumor-bearing mice leading to remarkable
cure rates in immunogenic tumors. These findings provide a
seminal contribution to the development of PRR-targeted anti-
cancer therapies, underscoring the importance of well-timed
stimulation of different receptor families for maximal efficacy
and safety.

Materials and methods

Mice and reagents

Wild-type C57BL/6J and BALB/cJ mice were purchased from
Janvier Labs (Le Genest-St-Isle, France). TCR transgenic OT-I
and OT-II mice were from Charles River (Sulzfeld, Germany).
All experiments were performed on a C57BL/6 background
unless indicated otherwise. Mice were maintained under spe-
cific pathogen-free conditions and used at 6¡14 weeks of age.
All procedures were approved by the local regulatory agency.
Poly(I:C) (low molecular weight), EndoFit Ovalbumin and
OVA257–264 (SIINFEKL) peptide were from Invivogen (Tou-
louse, France). Resiquimod (R848) was obtained from Enzo
Life Sciences (New York, NY).

Generation of bone-marrow derived DC (BMDC) and
lymphocyte isolation

Myeloid BMDC were generated as described previously.17

Microbead-based kits were used to isolate NK cells (STEM-
CELL Technologies; British Columbia, Canada) or CD8C OT-I
and CD4C OT-II T cells (Miltenyi Biotec; Bergisch Gladbach,
Germany) from mouse spleens. Purity of isolated cells was rou-
tinely 85¡95%.

Immune cell activation in culture

0.5–10 £ 105 bone marrow cells or BMDC were stimulated for
24 h with 200 mg/mL poly(I:C) or 0.1 mg/mL R848 in RPMI
complete medium containing 10% fetal calf medium, 2 mmol/L
L-glutamine, 100 mg/mL streptomycin and 1 IU/mL penicillin.
After washing, BMDC were restimulated with poly(I:C) or
R848 for additional 16¡18 h and analyzed by flow cytometry
or ELISA. The concentrations of PRR ligands were established
earlier17,18 and did not lead to signs of toxicity in myeloid cells.
For co-culture experiments, BMDC were activated as above,
but for the second stimulation, ligands were added in Opti-
MEM (Life Technologies, Invitrogen) with or without OVA
(1 mg/mL) for 1.5 h. Medium was replaced to avoid PRR
ligand-mediated toxicity on lymphocytes and 2 £ 105 spleno-
cytes or 1 £ 105 NK, CD8C OT-I or CD4C OT-II cells were
added and co-cultured for the indicated time. For IFNg stain-
ing, OT-I and OT-II cells were re-stimulated after 3¡4 d with

ionomycin (1mg/mL, Serva Electrophoresis, Mannheim,
Germany) and PMA (30 ng/mL, Invitrogen) in the presence of
brefeldin-A (1 mg/mL, Amresco, Solon, OH) for 3 h.

Flow cytometry and ELISA

For flow cytometry, cells were stained with anti-mouse CD3
(17A2), CD8a (53-6.7), CD4C (RM4-5 CD8C (53-6.7), ), CD19
(6D5), NK1.1 (eBR2a), CD11b (M1/70), CD11c (N418), CD69
(H1.2F3), IFNg (XMG1.2), IL-4 (11B11), and IL-17A (TC11-
18H10.1) antibodies from BioLegend (San Diego, CA) and
anti-mouse CD40 (1C10) and MHC Class I H-2Kb antibodies
(AF6-88.5.5.3) from Miltenyi Biotec. For intracellular cytokine
staining, cells were additionally treated with BD Cytofix/Cyto-
perm (Becton Dickinson, San Diego, CA) and specificity of
staining was routinely confirmed with antibody isotype con-
trols. Analyses were performed on an MACSQuant Flow
Cytometer (Miltenyi Biotec) using FlowJo software (FLOWJO,
Ashland, OR). Cytokine levels in cell culture supernatants or
murine serum were quantified by ELISA (BD Biosciences and
BioLegend, San Diego, CA).

Serum cytokines and in vivo NK-cell activation

Mice were injected with combinations of 200 mg poly(I:C) i.p.
and 25 mg R848 s.c. at a 24 h interval. Serum cytokines and
splenic NK-cell activation were measured at the indicated times.
To assess IFNg secretion by NK cells, splenocytes were isolated
4 h after the last injection and incubated for additional 4 h in
RPMI complete medium containing 1 mg/mL of brefeldin-A.

Immunoblot analyses and quantitative real-time PCR

BMDC (2 £ 106) were stimulated twice with combinations of
PRR agonists at a 24 h interval. Cells were lysed at different
time points, and Western blots and qRT-PCR were performed
as described previously.17 Following primary and labeled sec-
ondary antibodies were used: anti-b-actin (8H10D10), anti-
phospho-p38 (D3F9), anti-p38 (D13E1), anti-phospho-JNK
(G9), anti-JNK (56G8), anti-phospho-p65 (93H1), anti-p65
(L8F6 or D14E12), anti-phospho-ERK1/2 (D13.14.4E), anti-
ERK1/2 (3A7), and goat anti-rabbit IgG (HCL) DyLightTM 680
Conjugate (Cell Signaling Technologies, Danvers, MA),
IRDye� 800CW goat-anti-mouse antibody (LI-COR, Inc., Lin-
coln, NE). Following primers were used (all from Eurogentec,
Seraing, Belgium): il-12a: 50-ttctsgacaagggcatgctg-30 (forward),
50-gcagagtctcgccattatga-30 (reverse); il-12b: 50-accctgaccat-
cactgtcaa-30 (forward), 50-gtggagcagcagatgtgagt-30 (reverse);
il-6: 50-tgcaagagacttccatccag-30 (forward), 50-tgaagtctcctctccg-
gact-30 (reverse); Gapdh: 50-caaagtggagattgttgcca-30 (forward),
50-gccttgactgtgccgttgaa-30 (reverse).

In vivo cytotoxicity assay

Mice were immunized s.c. with OVA (50 mg/mouse) admixed
with either poly(I:C) (50 mg/mouse) or R848 (25 mg/mouse).
Twenty-four h later a second injection of poly(I:C) or R848 s.c.
was administered at the same site. One week later, splenocytes
from untreated mice were labeled with 0.5 mM or 5 mM CFSE
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(BioLegend). CFSElow-labeled cells were loaded with 1 mg/mL
OVA257–264 (SIINFEKL) peptide and coinjected with CFSEhigh

cells at a 1:1 ratio. After 18 h, splenocytes were analyzed by
flow cytometry. Specific lysis was calculated using the following
formula: specific killing (% ) D 1 ¡ [ (percentage of CFSElow/
CFSEhigh cells in immunized animal)/( (percentage of CFSElow/
CFSEhigh cells in control animal)] £ 100. For the detection of
ovalbumin-specific cytotoxic T cells, mice were immunized as
for the in vivo cytotoxicity assay. One week later, the draining
lymph nodes were isolated and nodal cells were analyzed for
the presence of CD8C/CD19- ovalbumin-reactive T cells with
the H2Kb-SIINFEKL pentamer according to the manufacturer’s
protocol (ProImmune, Oxford, UK).

Tumor induction

BALB/c and C57BL/6 mice were inoculated respectively with
2.5 £ 105 CT26 or 2.5 £ 105 B16F10 tumor cells s.c. (ATCC,
LGC Standards, Wesel, Germany) and treatment was started with
poly(I:C) (200 mg i.p.) or R848 (10 mg s.c., contralaterally to the
tumor) when tumors reached an average size of 35¡45 mm2.
Tumor size is expressed as the product of the perpendicular diam-
eters (mm2). Mice were killed when they reached one of the crite-
ria set by the local regulatory agency and the last measured value
was included in calculation of the mean for remaining time
points. For immune cell depletion, mice were injected i.p. with
250 mg rat anti-mouse CD8a, CD4C or control IgG2b (clones
2.43, GK1.5 and LTF-2; BioXcell, West Lebanon, NH), or 50 mg
anti-asialo GM1 Ab (eBioscience, San Diego, CA) at days 10, 13,
17, and 21 after tumor induction. Target cell depletion was con-
firmed by flow cytometry.

Statistics

Statistical significance was evaluated using a two-tailed Student’s
test and ANOVA with Dunnetts or Bonferroni post-tests for
multiple statistical comparisons as appropriate. pvalues < 0.05
were considered as significant. Analyses were performed with
GraphPad Prism 6 software (GraphPad Softwares Inc., CA, USA).
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