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ABSTRACT  Toll-like receptor 3 (TLR3) is an innate immune receptor that rec-
ognizes double-stranded RNA (dsRNA) and induces inflammation in immune 
and normal cells to initiate anti-microbial responses. TLR3 acts also as a death 
receptor only in cancer cells but not in their normal counterparts, making it an 
attractive target for cancer therapies. To date, all of the TLR3-activating dsR-
NAs used at preclinical or clinical stages have major drawbacks such as struc-
tural heterogeneity, toxicity, and lack of specificity and/or efficacy. We con-
ducted the discovery process of a new family of TLR3 agonists that are chemi-
cally manufactured on solid-phase support and perfectly defined in terms of 
sequence and size. A stepwise discovery process was performed leading to 
the identification of TL-532, a 70 base pair dsRNA that is potent without trans-
fection reagent and is highly specific for TLR3 without activating other innate 
nucleic sensors such as RIG-I/MDA5, TLR7, TLR8, and TLR9. TL-532 induces 
inflammation in murine RAW264.7 myeloid macrophages, in human NCI-H292 
lung cancer cells, and it promotes immunogenic apoptosis in tumor cells in 
vitro and ex vivo without toxicity towards normal primary cells. In conclusion, 
we identified a novel TLR3 agonist called TL-532 that has promising anticancer 
properties. 
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INTRODUCTION 
Toll-like receptors (TLRs) are immune receptors that rec-
ognize pathogen-associated molecular patterns and are 
essential for generating anti-microbial immune responses. 
Among them, TLR3 senses endosomal double-stranded 
RNA (dsRNA) and is expressed in a variety of cell types in-
cluding epithelial and immune cells [1, 2], and cancer cells 
of several histotypes [3]. Initiation of the signal transduc-
tion by TLR3 requires dimerization of its ectodomains fol-
lowing interaction with dsRNA in endolysosomes [4, 5]. 

TLR3 is an attractive target for cancer therapies [6]. It 
behaves as an immunomodulator of the tumor microenvi-

ronment [7], acting through cancer cells, peritumoral tis-
sues, and immune cells by inducing Th-1 responses [8-11]. 
TLR3 signaling results in NF-κB, MAPK, IRF3/7 transcription 
factors activation leading to proinflammatory cytokines 
secretion, including type I interferon and chemokines [12] 
which recruit and activate immune cells [13]. In addition, 
TLR3 acts directly as a death receptor [14] in cancer cells of 
various origins including breast [15], melanoma [16], meso-
thelioma [17], head and neck [18], prostate [19], renal car-
cinoma [20], colon [21], oral, and lung cancer cells [3].  

Numerous clinical trials have confirmed the ability of 
TLR3 agonists to promote antitumor activity (reviewed in 
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Abbreviations:  
dsRNA – double-stranded RNA, 
HMW – high molecular weight, 
hIL – human interleukin,  
KO – knockout,  
LPS – lipopolysaccharide,  
mTNFα – murine TNFα, 
PMo – primary monocytes, 
TLR – Toll-like receptor,  
wt – wild type. 
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[6]). In most preclinical and epidemiological studies, high 
TLR3 expression and/or activation is associated with a fa-
vorable prognosis, including in bladder cancer [22], meso-
thelioma [17], NSCLC [23], HCC [2], and breast cancer car-
cinoma [24].  

To date, no TLR3 agonists have reached market ap-
proval in the treatment of cancer due to systemic toxicity 
[25], limited efficacy [6], lack of structural homogeneity [26, 
27], and most importantly lack of TLR3 specificity. Indeed, 
molecules such as poly(I:C) and its derivatives, initially con-
sidered to be specific for TLR3, are now known to also acti-
vate cytosolic sensors, notably MDA5 and RIG-I [28, 29].  

For cancer therapy, the ideal TLR3 agonist should trig-
ger immunogenic tumor cell apoptosis and stimulate mye-
loid cells, thereby inducing anti-tumor immune response [6, 
30]. In this study, we performed a rational design of a new 
family of TLR3-specific agonists that are chemically synthe-
sized on solid-phase support, fully defined in terms of se-
quence and size, and active without requiring transfection 
agents. The discovery process addressed various parame-
ters including length [31, 32] and composition [33]. For 
biological screening, the activity of the ligands was tested 
on both NCI-H292 human lung cancer cells and on 
RAW264.7 murine macrophages. 

Within this new family, TL-532 strikes the best balance 
between inflammatory cancer cell death and cytokine in-
duction in the myeloid cell model. In addition, TL-532 activ-
ity is strictly dependent on TLR3, induces immunogenic 
caspase-mediated apoptosis of cancer cells and shows no 
toxicity towards primary normal cells. Overall, these results 
indicate that TL-532 is a promising molecule for future an-
ticancer therapeutic strategies targeting TLR3. 

 

RESULTS 
Rational design of TLR3 agonists 
We synthesized 59 dsRNA sequences (Supplementary Ta-
bles S1 and S2) and tested their capacity to induce mTNFα 
secretion by RAW264.7s and apoptosis or hIL-6 secretion 
by NCI-H292s. Poly(I:C) high molecular weight (HMW) and 
poly(A:U) HMW were used as controls of TLR3 activation 
[28]. 

First, 44 random 50 base pairs (bp)-long dsRNA se-
quences (TL-1 to TL-54 in Supplementary Table S1) with 
increasing inosine content were generated. Three addi-
tional 50 bp dsRNAs were designed, two homopolymers 
Poly(I:C) (TL-411) and Poly(A:U) (TL-412), and a random 
Poly(A:U-U:A) sequence (TL-413). We confirmed that mi-
gration on native PAGE showed only one main band at the 
expected size, unlike heterogenous Poly(A:U) HMW (see 
Supplementary Table S1, Fig. 1C, and Supplementary Fig. 
S1A). When added at 10 µg/mL to RAW264.7s, only TL-412 
Poly(A:U) induced mTNFα secretion (Fig. 1A), while TL-413 
Poly(A:U-U:A) had no effect showing that induction of 
mTNFα secretion does indeed depend on nucleotide se-
quence. However, when added at 50 µg/mL to NCI-H292s, 
none of the tested sequences including TL-412 reduced cell 
viability (Fig. 1B) or induced hIL-6 secretion (Supplemen-
tary Fig. S1B).  

Given the known relationship between dsRNA length 
and TLR3 activation [32], we next increased the length of 
the Poly(A:U) homopolymer from 50 bp (TL-412) to 70 bp 
(TL-432) and 90 bp (TL-452). We again confirmed that mi-
gration on native PAGE showed one main band at the ex-
pected size (Fig. 1C and Supplementary Fig. S1C). While 
increasing the size of poly(A:U) did not affect mTNFα secre-
tion by RAW264.7s (Fig. 1D), induction of cell death, apop-
tosis, and hIL-6 secretion were now observed in NCI-H292s 
(Figs. 1E-F and Supplementary Fig. S1D).  

Knowing that Poly(I:C) HMW is a strong but non-
specific activator of TLR3, while Poly(A:U) HMW is a TLR3-
specific agonist but with limited potency [28], we hypothe-
sized that juxtaposing (I:C) and (A:U) blocks in 70 bp dsR-
NAs could combine the properties of both. We designed 
three chimeric molecules, dubbed TL-532, TL-533, and TL-
534 (Supplementary Table S2 and Fig. 2A), in addition to a 
70 bp Poly(I:C) (TL-535). Native PAGE electrophoresis 
showed that all molecules migrated as single bands of the 
expected sizes (Supplementary Fig. S2A). While the four 
novel 70 bp dsRNAs (TL-532 to TL-535) were more effective 
than TL-432 in reducing NCI-H292 cell viability (Fig. 2C and 
Supplementary Fig. S2C), only TL-532 and TL-533, which 
contain a Poly(A:U) track of at least 35 bp, induced higher 
level of inflammation compared to TL-432 and retained the 
ability to trigger the highest mTNFα secretion by 
RAW264.7s contrary to TL-534 and TL-535 (Fig. 2B and 
Supplementary Fig. S2B). To refine the relationship be-
tween Poly(A:U) and Poly(I:C) track length on biological 
response, we tested five additional ligands that are 70 bp 
TL-532 derivatives made of progressive replacement of 
(A:U) by (I:C) (TL-537 to TL-541) (Fig. 2D). We observed 
that a 70 bp dsRNA containing at least a 30 bp block of 
Poly(A:U) was necessary and sufficient to trigger both in-
flammatory cell death (i.e., accompanied by hIL-6 secre-
tion) of NCI-H292s and mTNFα secretion by RAW264.7s 
(Figs. 2E-H). Again, all effects disappeared in RAW264.7s 
when (I:C) greatly outnumbered (A:U) (TL-540 and TL-541) 
(Fig. 2E). Remarkably, the lack of activity of a 70 bp dsRNA 
with a random distribution of A-U-I-C nucleotides on both 
strands (TL-536) confirmed the importance of the (A:U) 
track for activation (Figs. 2E-H).   

Overall, our results indicate that chimeric 70 bp dsRNAs 
made of (I:C) and (A:U) blocks must contain Poly(A:U) 
tracks longer than 30 bp to efficiently trigger both myeloid 
cell activation and inflammatory apoptosis in epithelial 
cancer cells. Based on these data, we selected TL-532 for 
further study, and decided to abandon TL-533 as this latter 
faced hurdles for reproducible manufacturing on solid-
phase support. 

 
TL-532 is a dsRNA with a defined sequence and size 
We verified the purity and quality of TL-532 preparations 
by confirming the identity of both strands by LC/MS. We 
then confirmed the high annealed duplex purity above 95% 
by Size Exclusion Chromatography (Figs. 3A-C). Conse-
quently, TL-532 duplex migrated as one single homogenous 
band in native PAGE (Fig. 3D). The dsRNA nature of TL-532 
was   also   confirmed   by  its   complete  sensitivity  to  the  
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FIGURE 1: Poly(A:U) 50 bp TL-412 increases mTNFα secretion by RAW264.7 wt cells, while Poly(A:U) 70 bp TL-432 and 90 bp TL-452 trigger biological re-
sponses in both RAW264.7 wt and NCI-H292 wt cells. (A, D) Activation of myeloid cells by TLR3-ligands was determined on RAW264.7 cells treated with the 
different molecules at 10 µg/mL for 24 hours. The concentration of mTNFα was measured by ELISA. (B, E, F) Activation of tumor cells by TLR3-ligands was 
determined on NCI-H292 cells treated with the different molecules at 50 µg/mL for 24 hours. Cell viability was measured with MTS assay and expressed as 
percentage of untreated cells (B, F). Apoptosis was measured with AnnexinV-Glo assay and expressed as fold increase of untreated cells (E). (A) Among 47 
tested 50 bp dsRNAs, only the Poly(A:U) (TL-412) induces mTNFα secretion by RAW264.7 wt cells. (B) None of the tested 50 bp dsRNAs reduces cell viability in 
NCI-H292 wt. (C) Schematic representation of a subset of dsRNA ligands, showing their sizes and compositions. TL-413, made of a random sequence containing 
A-U nucleotides, is represented in square. (D) Increasing the size of Poly(A:U) from 50 to 70 or 90 bp does not increase mTNFα secretion by RAW264.7 wt cells. 
(E, F) Increasing the size of Poly(A:U) from 50 to 70 or 90 bp triggers apoptosis and reduces cell viability in NCI-H292 wt. Data are representative of one (B) or 
at least two (A) independent assays or are the means of three independent assays (D-F). Results are expressed as mean ± SD. Unpaired Student’s t-test: * = 
p<0.05; ** = p<0.01; *** = p<0.001; ns: not significant. Unpaired Student’s t-test values are compared to Mock condition unless otherwise stated. 
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FIGURE 2: TL-532 induces the best biological balance between inflammation in RAW264.7 wt cells and tumor inflammatory cell death in NCI-H292 wt cells. 
(A, D) Schematic representation of the 70 bp dsRNAs showing their differing (A:U) and (I:C) bp content. (B, E) Activation of myeloid cells by TLR3-ligands was 
determined on RAW264.7 cells treated with the different molecules at 10 µg/mL for 24 hours. The concentration of mTNFα was measured by ELISA. (C, F, G, H) 
Activation of tumor cells by TLR3-ligands was determined on NCI-H292 cells treated with the different molecules at 500 µg/ml (C), 100 µg/ml (F, G), or 10 
µg/ml (H) for 24 hours. Cell viability was measured with MTS assay and expressed as percentage of untreated cells (C, G). Apoptosis was measured with An-
nexinV-Glo assay and expressed as fold increase of untreated cells (F). The concentration of hIL-6 was measured by ELISA (H). (B, C) Among the tested mole-
cules, TL-532 and TL-533 induce the highest biological responses in both RAW264.7 wt and NCI-H292 wt cells. (E) Increasing (I:C) bp content reduces RAW264.7 
wt cells activation. TL-536 is inactive in RAW264.7 wt, unlike TL-532. (F-H) Increasing (I:C) bp content does not impact the induction of apoptosis, viability 
reduction, and hIL-6 secretion in NCI-H292 wt cells except for TL-540, which induces less hIL-6 secretion comparatively. TL-536 is barely active in NCI-H292 wt 
cells, contrary to the TL-532. Data are the representative (C) or are the mean of three independent experiments (B, E-H). Results are expressed as mean ± SD. 
Unpaired Student’s t-test: * = p<0.05; ** = p<0.01; *** = p<0.001; ns: not significant. Unpaired Student’s t-test values are compared to Mock condition unless 
otherwise stated. 
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dsRNA-specific RNAse III digestion as well as by melting 
curve analysis showing a single peak around 56°C (Figs. 3E-
F), contrary to the heterogeneous profile of the Poly(A:U) 
HMW. TL-532 possessed an approximate four hours half-
life in human serum (Fig. 3G) that is slightly lower than the 
estimated half-life of Poly(A:U) HMW (about five hours). 
SPRi analysis demonstrated that the affinity of TL-532 for 
the TLR3 Extra Cellular Domain is high (about 5 nM) at pH = 
5.5 (Fig. 3H), corresponding to the acidic environment of 
endosomes where TLR3 signals [5, 31]. 

These experiments demonstrate that TL-532 is a dsRNA 
of 70 bp having a strong affinity for its TLR3 cellular target. 

 
TL-532 is a specific TLR3 agonist and does not activate 
other nucleic-acid sensors 
We used several in vitro assays to demonstrate TL-532 
specificity for TLR3. First, TL-532 activated HEK293 cells 
overexpressing hTLR3 (Supplementary Fig. S3A) as did the 
two positive controls Poly(I:C) HMW and Poly(A:U) HMW, 
but not the parental cell line that does not express hTLR3 
(Fig. 4A).  

Second, we determined whether TL-532 could activate 
endosomal TLR7 or TLR9 in RAMOS human B cells defective 
for MyD88, the adaptator for these two receptors. As RA-
MOS cell line is known to express TLR3 [34] and this knock-
down (Kd) MyD88 model was validated by others [35], we 
confirmed the expression of TLR7 and TLR9 in the RAMOS 
wt and MyD88-Kd (Supplementary Fig.S3B-S3D). TL-532 
activated NF-κB at similar levels in both RAMOS wild type 
(wt) human B cells and their MyD88-Kd derivatives, while 
CL264 (TLR7 agonist) and ODN2006 (TLR9 agonist) were 
only active in the wt cells (Fig. 4B), demonstrating that TL-
532 does not activate these two receptors. Moreover, we 
showed that TL-532-induced biological response is abol-
ished in RAMOS wt cells in presence of the H+ V-ATPase 
inhibitor Bafilomycin A1, an inhibitor of endosomal TLRs 
recognizing RNA including TLR3 [17, 36], reinforcing that 
TL-532 mainly activates TLR3 in this cell line (Supplemen-
tary Fig. S5A).  

Third, we checked whether TL-532 could activate TLR8 
using HEK293s overexpressing hTLR8 (HEK hTLR8) as con-
firmed by Western Blot (Fig. 4C and Supplementary Fig. 
S3C). As expected, while positive controls (R848, TL8-506, 
and ssRNA LyoVec) activated NF-κB in HEK-hTLR8s but not 
in wt cells, TL-532 did not activate TLR8 in HEK-hTLR8s as 
did the negative controls lipopolysaccharide (LPS) and 
CL264.  

Finally, we next evaluated whether TL-532 activates the 
cytosolic sensors RIG-I and MDA5. Therefore, RAW264.7s 
were pretreated with pan-cathepsin inhibitor Z-FA-FMK [5] 
or H+ V-ATPase inhibitor Bafilomycin A1 [36], two drugs 
that inhibit endosomal TLR signaling (Supplementary Figs. 
S5B and S5C). As expected, LPS-induced mTNFα secretion 
was not inhibited by these drugs, demonstrating that 
MyD88-dependent cytoplasmic transduction signaling 
pathway was not disrupted. On the contrary, Z-FA-FMK and 
Bafilomycin A1 inhibited the activity of TL-532, demon-
strating that TL-532 is strictly dependent on endosomal 
signaling where TLR3 initiates its transduction signaling 

pathway [5], and does not activate cytosolic sensors. RIG-
I/MDA5 activation was also studied in A549 wt human epi-
thelial lung cancer cells (Fig. 4D) that express very low lev-
els of TLR3 (Supplementary Fig. S4A), but express RIG-I and 
MDA5 (Supplementary Fig. S4B) at similar levels compared 
to the NCI-H292 and at higher levels compared to the THP-
1 control cells [14, 37]. TL-532 did not activate the ISRE 
reporter gene in wt cells unlike LyoVec-transfected 
Poly(I:C) HMW and pppRNA positive controls (ligands for 
MDA5 and RIG-I, respectively). These controls induced a 
strong biological response in A549s wt, but not in A549s 
lacking MAVS (the adaptor protein for RIG-I and MDA5); 
the lack of expression in this model was confirmed by oth-
ers [38]. A549 cells do not express TLR4 and were not acti-
vated by LPS. STING activation was similar in A549 wt and 
MAVS knockout (KO), showing that MAVS-independent 
signaling pathways are functional and behave the same in 
the two cell lines. These data show that TL-532 does not 
activate MAVS-dependent cytosolic sensors. 

All together, these experiments demonstrate that TL-
532 activity proceeds exclusively through TLR3 and does 
not depend on TLR7, TLR8, TLR9, RIG-I, or MDA-5. 

 
TL-532 induces TLR3-dependent inflammatory and immu-
nological cell death in NCI-H292 cancer cell, and anti-
tumoral soluble factors secretion in RAW264.7 cells  
Wt and TLR3 KO NCI-H292 cells were used to further char-
acterize the direct anti-tumor effect of TL-532 (Supplemen-
tary Fig. S4C). TL-532, Poly(A:U) HMW, and Poly(I:C) HMW 
induced dose-dependent inflammatory cell death in NCI-
H292 wt cells, that was abolished in NCI-H292 TLR3 KO 
cells, confirming the strict requirement for TLR3 in this cell 
line (Figs. 5A-C) [14]. Reduced cell viability (≥30%) was also 
observed in two other cancer cell lines (Supplementary Figs. 
S6A-B). NCI-H292 wt cell death occurred through apoptosis, 
as shown by the Annexin V Glo assay and Annexin V/PI 
staining (Fig. 5A and Supplementary Figs. S6C-D). The 
apoptotic nature of cell death induced by TL-532 is con-
firmed by the complete absence of death after pretreat-
ment with the pan-caspase inhibitor Z-VAD-FMK (whose 
efficacy was demonstrated by inhibiting caspase3/7 activa-
tion – see Supplementary Fig. S7), leading to a complete 
loss of AnnexinV+ Pi+ cell staining (Fig. 5D). The fact that 
NCI-H292 wt cells express low RIP3 protein levels [3] must 
explain the absence of necroptosis participation in this cell 
death, even when caspase-8 is compromised [14, 39]. In 
NCI-H292 wt cells, TL-532-induced apoptosis displays the 
hallmarks of immunogenic cell death [40], as shown by the 
early release of ATP (four hours post-treatment) and late 
release of HMGB1 (24 hours post-treatment; Figs. 5E-F). As 
shown in Supplementary Figs. 8A-B, a single TL-532 treat-
ment at 500 µg/mL for 24 hours was performed on ex vivo 
thick sections of fresh melanoma metastasis tumors from 
patients to conserve the tissue architecture and stroma. 
Under these conditions, pathologist found a significant 
increase of apoptotic bodies counts (2.5 fold) that corre-
lated with both a significant decrease of tumor prolifera-
tion  (Ki67+ staining)  and a disruption  of  the  tumor tissue.  
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FIGURE 3: TL-532 is a well-defined dsRNA molecule. (A-B) Characterization of the sense strand 5’-rI(10)-rA(50)-rI(10)-3’ and the antisense strand 5’-rC(10)-
rU(50)-rC(10)-3’ identities was performed by LC/MS. (C) The purity of the duplex RNA 5’-rI(10)-rA(50)-rI(10)-3’ annealed with 5’-rC(10)-rU(50)-rC(10)-3’ was 
evaluated by native SEC. (D) TL-532 70bp dsRNA was evaluated for its native gel profile in an 6% PAGE gel. 1 µg of each dsRNAs was deposited before visualiza-
tion using bromide ethidium. (E) The double stranded RNA nature of TL-532 was evaluated by RNAse III limited digestion. 1 μg of each dsRNA was digested 
with 1 unit of RNAse III at 37°C for 10 min and deposited in a 6% native PAGE gel, before visualization using bromide ethidium. (F) The melting curve of TL-532 
was evaluated using a Q-PCR melting curve program as described in Material and Methods section. (G) The half-life of TL-532 was evaluated in human serum. 2 
μg of each dsRNA was incubated for increasing time in 50% human serum at 37°C and deposited in 2.5% agarose gel, before visualization using bromide ethidi-
um. % = percentage of band intensity over the unincubated condition (0h). (H) Binding affinity of TL-532 to TLR3 Extra Cellular Domain (ECD) was determined 
by SPRi at pH=5.5. Data are representative of at least two (G) or three independent assays (A-F, H). Legend: LC/MS = Liquid Chromatography Mass Spectrome-
try; SEC = Size Exclusion Chromatography; SPRi = Surface Plasmon Resonance imaging. 
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FIGURE 4: TL-532 is a specific agonist of TLR3 and does not activate TLR7-8-9, RIG-I, and MDA5. All the wt and modified cell lines used are 
stably transfected with either SEAP-reporter gene under control of NF-κB promoter or Lucia-reporter gene under control of ISRE promotor. 
(A) To confirm the capacity of TL-532 to activate TLR3, wild-type HEK293-Dual, that do not express TLRs (HEK293 wt), and its re-expressed 
human TLR3 counterpart (HEK293 hTLR3), were treated with 100 µg/mL of the indicated TLR3-ligand for 24 hours. NF-κB activation was 
measured with SEAP reporter gene assay and expressed as fold increase of untreated cells. (B) In order to analyze TL-532 specificity with 
regards to the TLR7 and TLR9, TL-532 activity was compared in RAMOS wt versus RAMOS MyD88 KD (the common adaptor of all TLRs except 
for TLR3 that signals only through TRIF). Cells were treated with 10 µg/mL of TLR7-ligand (CL264), 5 µg/mL of TLR9-ligand (ODN2006), 10 
µg/mL of TL-532, and 0.1 μg/mL of TNFα for 24 hours. NF-κB activation was measured with SEAP reporter gene assay and expressed as the 
percentage of SEAP over their relative TNFα activation. (C) To analyze TL-532 specificity with regards to the TLR8, HEK293-Blue wt was re-
expressed with human TLR8 (HEK293 hTLR8). Cells were treated with the three TLR8-ligands R848 at 1 µg/mL - TL8-506 at 1 µg/mL - ssRNA 
Lyovec at 5 µg/mL, TL-532 at 2000 µg/mL, TLR4-ligand LPS at 0.1 µg/mL, TLR7-ligand CL-264 at 5 µg/mL, and 0.1 μg/mL of TNFα for 24 hours. 
NF-κB activation was measured with SEAP reporter gene assay and expressed as the percentage of SEAP over their relative TNFα activation. 
(D) To determine the TL-532 specificity with regards to MAVS-dependent cytosolic dsRNA helicases sensors RIG-I and MDA5, wild-type A549 
cell line (A549 wt), known to express cytosolic sensors but weak TLR3 protein, has been knocked-out for the MAVS adaptor (A549 MAVS 
KO). Cells were treated with either 0.1 µg/mL of MDA5-ligand (Poly(I:C) HMW Lyovec – Poly(I:C)lyo), 1 µg/mL of RIG-ligand (pppRNA Lyovec - 
pppRNAlyo), 2000 µg/mL of TL-532, 30 µg/mL of STING-ligand (2’3’cGAMP), 0.1 µg/mL of TLR4-ligand (LPS), and 1000 IU/mL of IFNα for 24 
hours. ISRE activation was measured with Lucia reporter gene assay and expressed as the percentage of Lucia over their relative IFNα activa-
tion. Data are the mean of three independent experiments. Results are expressed as mean ± SD. Unpaired Student’s t-test: * = p<0.05; ** = 
p<0.01; *** = p<0.001; ns: not significant. 
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FIGURE 5: TL-532 induces both TLR3-dependent inflammatory/immunogenic cell death by apoptosis in NCI-H292 wt cancer cells and mRANTES/mIP10 se-
cretion in RAW264.7 wt. (A-C) NCI-H292 wt cells and/or its TLR3 KO counterpart were treated with TLR3-ligands at indicated doses for 24 hours. TLR3-agonist 
activity was determined: by the fold apoptosis compared to untreated cell lines using AnnexinV-Glo assay (A), Cell viability by MTS assay (B), and cytokine 
secretion by hIL6-ELISA (C). (D) The apoptotic nature of cell death in NCI-H292 wt cells was determined by adding or not the pan-caspase inhibitor Z-VAD-FMK 
(20 µM for 2 hours) prior to TL-532 treatment at 100 µg/mL for 6 hours. Percentage of AnnexinV+/Pi+ cells was analyzed by flow cytometry. (E-F) In vitro im-
munogenic cell death was determined in NCI-H292 cells by quantifying the following biomarkers in cell culture supernatant: ATP at 4 hours post-treatment 
using ATP-Glo assay (E) and HMGB1 by ELISA at 24h hours post treatment, expressed as the percentage of released HMGB1 compared to the total amount of 
intracellular HMGB1 (F). (G-H) RAW264.7 wt cells were pretreated with the pan-cathepsin inhibitor Z-FA-FMK (50 μM for 48hr) before treatment with 500 
µg/mL of Poly(I:C) HMW and Poly(A:U) HMW and TL-532, and with 1 µg/mL of LPS, for 24 hours. The concentration of mRANTES (G) and mIP10 (H) was meas-
ured by ELISA. Data are the mean of three independent assays (A-H). Results are expressed as mean ± 95% confidence interval (A, B, C, E, G, H). Results are 
expressed as mean ± SD (D, F). Unpaired Student’s t-test: * = p<0.05; ** = p<0.01; *** = p<0.001; ns: not significant. 
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This demonstrates the anti-tumoral activity of TL-532 as a 
monotherapy on fresh ex vivo samples.  

Lastly, RAW264.7 wt cells were shown to secrete in-
flammatory factors such as IFNβ, IFNλ, mIP10 (CXCL10), 
and mRANTES (CCL5) under TL-532 treatment as efficiently 
as did Poly(A:U) HMW (Fig. 6). These cyto-
kines/chemokines have been described to be associated 
with efficient antitumor immunity [41-43]. In contrast to 
the Poly(I:C) HMW known to activate RIG-I/MDA5 in addi-
tion to TLR3 in myeloid cells [28], the TLR3-specific 
Poly(A:U) HMW [28] and TL-532 cytokine secretion of 
mRANTES and mIP10 was abolished after Z-FA-FMK pre-
treatment (Figs. 5G-H), reinforcing the involvement of TLR3 
in this TL-532-induced antitumor profile. 

Altogether, these results show that TL-532 induces 
TLR3-mediated inflammation in both myeloid and cancer 
cells, and TLR3-mediated immunogenic cell death through 
apoptosis in cancer cells. 

 
TL-532-induced apoptosis is specific to cancer cells 
We next compared TL-532-induced apoptosis in two cancer 
cell lines and in corresponding primary cell lines: NCI-H292 
wt pulmonary cancer cells vs. primary bronchial cells 
(HBEpCs) (Figs. 7A-B) and acute myeloid leukemia cells 
(U937 wt) vs. primary monocytes (PMo; Figs. 7C-D). The 
median toxic dose (TD50) of TL-532 on HBEpCs could not 
be reached. Consequently, comparison of TD25 to 25% 
maximum effective concentration (EC25) in NCI-H292s 
(4,000 vs. 2 µg/mL, respectively) revealed a 2000-fold dif-
ference of sensitivity between cancer and primary cells (Fig. 
7A). In contrast to normal cells, tumor cell death occurred 
through apoptosis (Fig. 7B). A 140-fold sensitivity differ-
ence was observed when comparing the TD50 of TL-532 in 
PMos vs. its EC50 in U937s (8,000 vs. 57 µg/mL, respective-
ly; Fig.7C). Again, tumor cell death occurred through apop-
tosis (Fig. 7D) in a TLR3 dependent manner as shown using 
Bafilomycin A1 (Supplementary Fig. S9). 

Lack of toxicity was confirmed in HUVECs and PHHs 
(Supplementary Figs. S10A-B). These results indicate that 
TL-532 possesses anti-tumor effects and optimal tolerance 
in normal cells. 
 
DISCUSSION 
In the present study, we identified a new family of TLR3 
agonists that activates myeloid cells, triggers the secretion 
of pro-inflammatory cytokines in both myeloid and cancer 
cells, and induces apoptosis specifically in cancer cells. 
These novel molecules are TLR3-specific agonists that do 
not activate other RNA sensors. They induce both inflam-
matory apoptosis in cancer cells and activation of myeloid 
cells, and therefore represent useful tools to explore the 
role of TLR3 in cancer therapy. They do not require trans-
fection agents, are chemically manufactured on solid-
phase support, can be produced at large scale, and are 
perfectly defined in terms of sequence and size. 

The screening based on inflammation and cell death 
highlighted that both length [4, 32] and sequence [33] are 
crucial for TLR3-dependent effects in RAW264.7 macro-
phages and in NCI-H292 epithelial lung cancer cells. Sur-

prisingly, this stepwise approach revealed discrepancy be-
tween myeloid cell activation and apoptosis induction in 
cancer cells. (i) Among all 50 bp molecules tested, only 
homopolymeric poly(A:U) induced inflammation in 
RAW264.7s. Heteropolymeric poly(A:U-U:A) of the same 
length and base composition failed to activate RAW264.7s, 
demonstrating that dsRNA sequence impacts cellular re-
sponse. (ii) Increasing the poly(A:U) sequence up to 70 bp 
correlated with increased apoptotic cell death in NCI-
H292s without increasing potency in RAW264.7s. Random 
70 bp sequences showed no activity. (iii) Further addition 
of homopolymeric Poly(I:C) blocks at the extremities of the 
70 bp molecules was crucial for increasing inflammation in 
RAW264.7s and cell death in NCI-H292s. This rational dis-
covery process led to the identification of TL-532 as lead 
molecule. While progressive replacement of (A:U) by (I:C) 
initially retained activity in the two cell lines, all effect dis-
appeared in the RAW264.7 cells when (I:C) outnumbered 
(A:U), without interfering with NCI-H292 activation. These 
results clearly demonstrate that dsRNA of 70 bp must con-
tain a minimal (A:U) content to be fully active. Moreover, 
these observations pave the way to better understand the 
different biological responses to improve TLR3 activation. 

These differences in dsRNA activity could be related to 
TLR3 biology. TLR3 activation requires two steps. First, 
dsRNA is recognized by various uptake receptors including 
scavenger receptor class-A, Raftlin, or CD14, in a cell type-

FIGURE 6: TL-532 and Poly(A:U) HMW induce the same profile of 
inflammation in RAW264.7 wt cells. RAW264.7 wt cells were 
treated with 500 µg/mL of Poly(A:U) HMW and TL-532 for 24 
hours. The concentration of murine soluble factors was measured 
by Multiplex immunoassay. Results are expressed in fold increase 
compared to the Mock condition. Data are representative of two 
independent assays. LIF is a biomarker of TGFβ secretion; IL27 is a 
biomarker of IFNλ secretion. 



S. Thierry et al. (2023)  TL-532, a new specific TLR3 agonist to fight cancer 

 
 

OPEN ACCESS | www.microbialcell.com 126 Microbial Cell | JUNE 2023 | Vol. 10 No. 6 

dependent and in a dsRNA length- and composition-
dependent manner [1, 26, 44]. Second, dsRNA internaliza-
tion occurs by endocytosis into TLR3+ endosomes to acti-
vate TLR3 [5, 45] with a minimal length of about 46 bp to 
support the homodimerization of at least two TLR3 recep-
tors [4, 31], and dsRNA length has been shown to impact 
endolysosomal routing [32]. In this context, we hypothe-
size that length and (I:C) content of our molecules may 
positively influence both cellular entry and subcellular lo-
calization to deliver more material in TLR3+ endolysosomes. 
In fact, previous observations on TLR9 ligands have 
demonstrated differences in endosomal trafficking in early 
vs. late endosomes according to their structural features 
[46]. These findings may explain the different biological 
responses observed between the myeloid and the epitheli-

al cancer cells in our hands. It may also explain why the 70 
bp TL-532 containing (I:C) blocks has greater efficacy com-
pared to its parental Poly(A:U) 70 bp molecule. 

Our in vitro data clearly demonstrate that TL-532 in-
duces TLR3-specific immunogenic cancer cell death via 
caspase-mediated apoptosis, and reduces tumor cell viabil-
ity at similar level compared to Poly(A:U) HMW [15, 24] in 
all the tested cancer cells, while it is well tolerated in pri-
mary human cells leading to a wide therapeutic index. Alt-
hough participation of necroptosis was not demonstrated 
in our experiments using TL-532, we cannot exclude an 
implication of this cell death in cancer cells that would ex-
press high levels of RIP3, a key protein responsible for 
necroptosis induction [39]. A direct TLR3-mediated cancer 
cell death is expected to be instrumental to get an anti-

FIGURE 7: TL-532 induces apoptotic cell death in cancer cells but not in normal primary cell counterparts. Cell viability - expressed in per-
centage of untreated cells - was determined by MTS assay (A, C), and apoptosis - expressed in fold increase compared to the mock control - 
was determined using AnnexinV-Glo assays (B, D), after a 24 hr of dose escalation treatments of TL-532. (A-B) TL-532 induces apoptosis and 
reduces viability specifically in NCI-H292 wt lung cancer cells but not in the normal Human Bronchial Epithelial Primary Cells (HBEpCs). (C-D) 
TL-532 induces apoptosis and reduces viability specifically in U937 wt histiocytic lymphoma cancer cells but not in normal Primary Human 
Monocytes (PMo). All data are the means of three independent assays. Results are expressed as mean ± 95% confidence interval. 
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tumor response in humans as suggested by Salaun et al. 
[24]. These authors demonstrated in a retrospective clini-
cal study that systemic administration of Poly(A:U) was 
associated with a significant decrease relapse in TLR3-
positives but not in TLR3-negative primary cancers. In this 
context, new studies are needed to better understand the 
link between TLR3-induced cancer cell death and immune 
system activation. Resistance to TLR3-induced apoptosis in 
primary cells has been previously attributed to two molec-
ular brakes, cIAP and cFLIP [3, 14], that are often released 
during tumorigenesis. In addition to the biological re-
sponses of TL-532 in cancer and normal cells, we also 
demonstrate that TL-532 induces anti-tumor cyto-
kines/chemokines secretion in a TLR3-dependent manner 
in RAW264.7 cells. This response was similar to the results 
obtained with the Poly(A:U) HMW, which is a well-known 
TLR3 agonist that activates myeloid cells [13, 28]. Poly(A:U) 
HMW is a mixture of dsRNA and ssRNA of various lenght 
(150 to 8,000 bases pairs) leading to variable activity from 
batch-to-batch. This variation represents a hurdle to eluci-
date the role of TLR3 in chronic diseases and limits its po-
tential clinical applications. Unlike Poly(A:U) HMW, the 
short 70 bp dsRNA TL-532 is chemically synthesized on 
solid-phase support in a reproducible manner which is an 
indispensable prerequisite to comply with GMPs (Good 
Manufacturing Practice) standards, and can be used as a 
true TLR3 agonist tool to deeply decipher the TLR3 path-
way in oncology translational research. Regarding the ca-
pacity of TL-532 to induce TLR3-dependent inflammation 
and specific tumor-cell death, further animal studies will be 
necessary to confirm our in vitro observations. 

Unlike TL-532, clinically tested Poly(I:C) derivatives such 
as Rintatolimod [27], Poly-ICLC [29, 47], and BO-112 [30] 
have ill-defined structure and size; the latter two are non-
TLR3 specific cell death inducers and activate MDA5 among 
others, contributing to systemic toxicity [48]. Moreover, 
and in contrast to our results that show more than 100-
fold differential sensitivity between normal and cancer 
cells, Besch et al. [49] reported that in vitro transfected 
poly(I:C) activates RIG-I and MDA5, leading to low dose 
toxicity. Rintatolimod (Poly(I:C12U)) is considered as an 
inducer of inflammation acting mainly through TLR3 [50, 
51] but has not been reported to induce tumor cell death. 
Other TLR3 agonists are currently being evaluated at the 
preclinical stage. Recently, Koerner et al. showed that 
PLGA-particles carrying Riboxxim have adjuvant effects and 
induce tumor regression in syngenic murine cancer models 
expressing OVA when Riboxxim and the corresponding 
antigen are encapsulated together [37]. Riboxxol and its 
derivative Riboxxim are dsRNAs of 50 and 100 bp, respec-
tively, made of randomly added rG and rI [52]. However, 
Riboxxol and its derivative Riboxxim contain an uncapped 
triphosphate moiety at the 5’end that is responsible for 
activating RIG-I in addition to TLR3 [37, 52]. In fact, system-
ic administration of RIG-I agonists may be associated with 
adverse events in human [53], and route of administration 
and doses of such compounds should be carefully evaluat-
ed to prevent unwanted activation of this cytosolic sensor. 
ARNAX is also a well-defined TLR3-specific agonist [54]. It is 

a sODN-140mers dsRNA, with RNA sequence chosen from 
the measle virus genome, and it is able to activate TLR3 
without inducing inflammation. ARNAX with Tumor Associ-
ated Antigens (TAA) in combination with anti-PD-L1 anti-
body induces anti-tumor immunity and enhances tumor 
remission in mouse models [55]. It has not been reported if 
ARNAX induces direct cancer cell death. Lastly, Hyun Ko et 
al. [56] developed NexaVant (NVT), a novel dsRNA-based 
TLR3 agonist of 424 base pairs chosen from Chinese sac-
brood virus (CSBV) genome as an effective vaccine adju-
vant. 

In conclusion, and in a growing field of innate immune 
agonists development in oncology, we conducted the ra-
tional design of a new family of perfectly defined TLR3 ag-
onists. The identified lead molecule TL-532 is a dsRNA of 70 
bp that has unique sequence and size, is manufacturable 
on solid-phase support and has strong affinity for its cellu-
lar target. TL-532 induces both in vitro specific cancer cell 
apoptosis without inducing toxicity in primary normal cells 
and in vitro RAW264.7 myeloid cell activation. Thus, TL-532 
represents a novel tool to decipher TLR3 function, with 
potential to improve clinical landscape to fight cancer. 
 
MATERIALS AND METHODS 
Cell culture 
Human non-small cell lung cancer NCI-H292 wt (Cat. CRL-
1848; RRID: CVCL_0455), murine macrophage RAW264.7 wt 
(Cat. TIB-71; RRID:CVCL_0493), human histiocytic lymphoma 
U937 wt (Cat. CRL-1593.2; RRID:CVCL_0007), human pharyn-
geal carcinoma Detroit-562 wt (Cat. CCL-138; 
RRID:CVCL_1171), monocyte THP-1 wt (Cat. TIB-202; 
RRID:CVCL_0006) cells were purchased from ATCC (LGC 
Standards, France). TLR3-Knockout (TLR3 KO) NCI-H292 cells 
were generated and kindly provided by Pr. Lebecque (CRCL, 
Lyon, France). Human renal carcinoma TUHR14TKB wt (Cat. 
RCB1383; RRID:CVCL_5953) was purchased from RIKEN BioRe-
source Center (Japan). NCI-H292 wt and TLR3 KO cells were 
grown in RPMI-1640 medium (Gibco, Thermo Fischer Scien-
tific) supplemented with 10% decomplemented FBS, NaPy 1 
mM (Gibco), 100U/mL penicillin/streptomycin (Gibco), and 2 
mM Glutamine (Gibco). RAW264.7 cells were grown in DMEM 
media (Gibco) supplemented with 10% decomplemented FBS 
and 100 U/mL penicillin/streptomycin. U937 and THP-1 cells 
were grown in RPMI-1640 media (Gibco) supplemented with 
10% decomplemented FBS and 100 U/mL penicil-
lin/streptomycin. Detroit-562 cells were grown in DMEM me-
dia (Gibco) supplemented with 10% decomplemented FBS and 
1% glutamine. TUHR14TKB cells were grown in RPMI-1640 
media (Gibco) supplemented with 10% decomplemented FBS 
and 1% glutamine. HEK293-Dual (NF/IL8) wt (Cat. hkd-nullni) 
and hTLR3 (Cat. hkd-htlr3ni), HEK293-Blue wt (Cat. hkd-null1) 
and hTLR8 (Cat. hkd-htlr8), A549-Dual wt (Cat. a549d-nfis) and 
MAVS KO (Cat. a549d-komavs) (A549-Dual MAVS KO model 
was validated by others [38]), and RAMOS-Blue wt (Cat. rms-
sp) and MyD88 Knockdown (MyD88 KD) (Cat. rms-kdmyd) 
(RAMOS-Blue MyD88 KD model was validated by others [35]) 
were purchased from Invivogen (France) and were grown 
according to the manufacturer’s recommendations. These cell 
lines are known to express TLR3 [5, 18, 20, 34, 57] unlike 
HEK293-Dual [5], A549-Dual [58] and NCI-H292 KO (Supple-
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mentary Fig. S4C). RAMOS-Blue cells are known to express 
TLR7 and 9 in addition to TLR3, but does not express TLR8 
(Technical Support Invivogen). 

Human Bronchial Epithelial cells HBEpCs (Cell Applications, 
CA, USA) and Human Umbilical Vein Endothelial Cells (HU-
VECS; LGC Standards) were grown according to the manufac-
turer’s recommendations. Human Primary Monocytes (PMo) 
were provided from EFS (Lyon, France) and were grown in 
RPMI-1640 supplemented with decomplemented 10% human 
serum (NeoBiotech, Nanterre, France), 100 IU/mL penicil-
lin/streptomycin, and NaPy 1 mM. Primary Human Hepato-
cytes (PHH) were obtained from INSERM U1052 (Lyon, France) 
and were grown as described previously [59]. All cells were 
platted 24 hours before treatment at the following densities: 
104, 3x104, or 5x105 NCI-H292 wt and TLR3 KO cells in 96-wells, 
48-wells, or 6-wells respectively; 5x104 RAW264.7 cells in 96-
wells; 2.5x104 U937 cells in 96-wells; 1.2x104 Detroit-562 cells 
in 96-wells; 0.75x104 TUHR14TKB cells in 96-wells; 2.5x104 or 
5x105 HEK293-Dual wt and hTLR3 cells in 96-wells or 6-wells 
respectively; 2x104 HEK293-Blue wt and hTLR8 cells in 96-
wells; 2.5x104 or 5x105 A549-Dual wt and MAVS KO cells in 96-
wells or 6-wells respectively; 105 RAMOS-Blue wt and Kd-
MyD88 cells in 96-wells; 104 HBEpCs in 96-wells; 7-10x104 
PMo in 96-wells; 7x104 HUVECS in 96-wells; 1.25x105 PHH in 
96-wells. 

 
Reagents 
Poly(I:C) High Molecular Weight (HMW), Poly(A:U) HMW, 
Poly(I:C) HMW LyoVec, pppRNA LyoVec, LPS, 2’3’cGAMP, 
CL264, ODN2006, TL8-506, ssRNA40 LyoVec, and Bafilomycin 
A1 were purchased from InvivoGen. Human TNFα was pur-
chased from PeproTech (NJ, USA). Universal IFNα was pur-
chased from PBL Assay Science (NJ, USA). Z-FA-FMK was pur-
chased from Sigma-Aldrich (MO, USA). Z-VAD-FMK was pur-
chased from R&D Systems (MN, USA). RNAse III was pur-
chased from Thermo Fischer. Human serums were purchased 
from NeoBiotech (France). 

Synthesis of dsRNAs was performed by different manufac-
turers: IDT (IA, USA), Horizon Discovery (UK), or NittoAVECIA 
(CA, USA). A 45 grams batch of TL-532 was synthesized by 
NittoAVECIA under non-GMP standards. Lyophilized powders 
were resuspended using apyrogenic, nuclease-free, sterile 
NaCl 0.9% (InvivoGen). All dsRNAs were used without trans-
fection reagents unless otherwise stated. NaCl 0.9% was used 
as the Mock condition for all experiments unless stated differ-
ently in the text. 

 
Gel electrophoresis 
Nucleic acids were resolved in TBE 1x PAGE gel (Sigma-Aldrich), 
or in TAE 1x agarose gel (Sigma-Aldrich). Single- and double-
stranded RNA ladders were purchased from Thermo Fisher 
Scientific and NEB (MA, USA). Nucleic acid staining was per-
formed with 1 μg/mL ethidium bromide (Sigma-Aldrich). Im-
age acquisition and relative band intensity measurement were 
performed using a Gel Doc XR+ (Bio-Rad, CA, USA) driven by 
Image Lab software version 6.1.  
 
Spectrophotometric and luminescence readings 
All colorimetric and luminescence assays were performed 
using a Tecan Infinite M200 PRO microplate reader (Tecan, 
Switzerland). Concentrations of human IL-6 (hIL-6), murine 
TNFα (mTNFα), murine RANTES (mRANTES CCL5), and murine 

IP10 (mIP10 CXCL10) in cell culture supernatants were meas-
ured using an ELISA cytokine enzyme immunoassay (Bio-
Legend, CA, USA) and recorded at 450 nm. Detection of SEAP 
in cell culture supernatant by QUANTI-Blue (recorded at 620 
nm) and/or detection of Lucia in cell supernatant by QUANTI-
Luc (recorded using luminescence) were performed according 
to the manufacturer’s recommendations (InvivoGen). Early 
ATP release (4 hr after treatment, recorded using lumines-
cence) was measured in the cell culture supernatant using the 
CellTiter-Glo Luminescent Cell Viability Assay (Promega, WI, 
USA). HMGB1 release (24 hr after treatment, recorded at 450 
nm) was measured in cell culture supernatants by ELISA (IBL, 
Germany). All readings were performed following the manu-
facturers’ recommendations. 

 
Mouse Multiplex Immunoassay 
Mouse Multiplex Immunoassay was performed on cell culture 
supernatant using the Procartaplex Multiplex Assay 
Mix&Match 31-plex, and recorded using the Luminex Bioplex 
MAGPIX according to the manufacturer’s recommendations 
(Thermo Fischer Scientific). 

 
Quantification of cell survival and apoptosis 
MTS cell survival was measured using the CellTiter 96 Aqueous 
Assay reagent (Promega, WI, USA). LDH Release was measured 
using the CytoTox 96 Non-Radioactive reagent (Promega). 
Plates were recorded at 490 nm and 690 nm (plate back-
ground). Cell survival was measured using Red Neutral staining 
as described previously [59]. Plates were recorded at 540 nm. 
Apoptosis was measured with the RealTime-Glo Annexin V 
Apoptosis Assay (Promega) or with AnnexinV-FITC and propid-
ium iodide (PI) (BioLegend) before flow cytometry analysis 
(FACSCalibur, BD, NJ, USA) driven by BD CellQuest software 
(BD). All assays were performed according to manufacturers’ 
instructions. 

 
Western blotting 
Western blotting was performed as described in Bonnin et al. 
[2], with the following modifications. Proteins were trans-
ferred onto PVDF membranes using semi-dry Trans-Blot appa-
ratus (Bio-Rad), anti-actin was from MP (clone C4, France ; 
RRID:AB_2335127), anti-hTLR3 (clone D10F10; 
RRID:AB_10829166 ;  MA, USA), anti-hTLR7 ( clone D7 ; 
RRID:AB_10692895), anti-hTLR8 (clone D3Z6J ; 
RRID:AB_2797755), anti-hTLR9 (clone D9M9H ; 
RRID:AB_2798290), anti-RIG-I (clone D14G6 ; 
RRID:AB_2269233), anti-MDA5 (clone D74E4 ; 
RRID:AB_10694490) were from Cell Signaling, and secondary 
Goat anti-Rabbit HRP (RRID:AB_430833) conjugate and sec-
ondary Goat anti-Mouse HRP (RRID:AB_430834) conjugate 
were from Promega. Image acquisition and relative band in-
tensity measurement were performed using a Chemi Doc XR+ 
apparatus (Bio-Rad) driven by Image Lab software version 6.1.  

 
Liquid Chromatography-Mass Spectrometry (LC/MS)  
2 μL of each RNA strand (1 mg/mL in water) were injected into 
an Agilent 1260 Infinity II with Agilent SQ MSD LIMS 2344. 
Mobile phase A was prepared with 2.0% 1,1,1,3,3,3-
Hexafluoro-2-propanol and 0.2% hexylamine in water. Mobile 
phase B was prepared with 50% acetonitrile and 50% metha-
nol. Gradient %A over %B was applied (0min 90%A; 20min 
65%A; 35min 56%A; 36min 50%A; 37min 90%A; 42min 90%A) 
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at a flow rate of 0.3 mL/min. For MS (Avecia), an Agilent single 
quad system or equivalent was used and recorded in negative 
ion mode. 

 
Size Exclusion Chromatography (SEC) 
10 μL of duplex TL-532 (1 mg/mL in PBS) was injected into an 
Agilent 1200 Infinity LIMS 2048. Mobile phase was 3X PBS at a 
flow rate of 0.7 mL/min for 20 min at isocratic gradient. 

 
Melting curve analysis 
1 μg of dsRNA were added in 1X Universal SYBR Supermix (Bio-
Rad) and subjected to melting curve analysis (temperature 
decreasing by 5°C every 5 seconds before acquisition, from 95 
to 25°C) using a CFX Connect Real-Time System (Bio-Rad). 

 
Surface Plasmon Resonance imaging (SPRi) 
All buffers were treated with DEPC. Surface plasmon reso-
nance imaging (SPRi) experiments were performed using the 
OpenPlex instrument from Horiba. Biochips, glass prism coat-
ed with a gold thin layer from Horiba were treated with car-
boxylated K-One surface chemistry from Kimialys (Paris, 
France). Surfaces were activated using EDC/NHS (EDC: 0.4 M 
N-[3-Dimethyl-aminopropyl]-N-ethylcarbodiimide hydrochlo-
ride; NHS: 0.1 M N-Hydroxysuccinimide, Cytiva) for 15 min 
prior to the immobilization of the amine-modified nucleic 
acids (TL-532 and a 40-base pair DNA, dsDNA). TL-532 and the 
dsDNA were diluted in the immobilization buffer provided by 
Kimialys to 50 µM and 40 µM, respectively, and spotted on the 
surface in a microarray format for 15 min. The biochips were 
then placed directly in the SPRi instrument under a continuous 
flow of the running buffer (Pipes-buffered saline (PiBS) [20 

mM Pipes, 150 mM NaCl, pH 5.5]) at a flow rate of 50 l/min. 
1 M ethanolamine-HCl, pH 8.5 (Cytiva) was injected to block 
remaining active carboxyl groups for 10 min. TLR3 protein 
(R&D Systems) diluted in the running buffer at concentrations 
ranging from 0 to 50 nM was injected over the biochip surface 
for 180 s or 240 s and left to dissociate for 20 min. The surface 
was regenerated after each injection with a PiBS buffer at pH 
7.5. To confirm the repeatability, measurements were per-
formed on three different biochips. 

The obtained data were analysed to extract the affinity 
(KD). The background signals were subtracted from the signal 
recorded at the TL-532 and dsDNA spots. The maximum re-
sponse, measured at equilibrium (at the end of the association 
step), were plotted in the form of a Langmuir binding isotherm 
and fitted to determine KD. KD was calculated independently 
for each spot.  

 
TL-532 activity in freshly resected human tumors cultured ex-
vivo 
Informed consent was obtained from patient with vaginal 
metastasis with bladder invasion from melanoma. Tumor 
samples were obtained from Trans-Urethral Resection Bladder 
Tumors (TURBT). Freshly resected tumors were sliced in sec-
tions of 250 μm using a vibratome (Thermo Scientific Microm 
HM650V). Tumors sections were cultured in 1 ml of synthetic 
BEC-GM medium (Cell Applications), either in presence of TL-
532 (500 μg/ml) or NaCl 0.9% for 24-48h at 37°C and 5% CO2, 
before being fixed in 4% formalin and embedded in paraffin. 
Paraffin sections of 4 μm were generated for morphological 
staining (Hematoxylin-Phloxine-Saffron) and pathological ana-
lyzes. Apoptotic bodies were quantified from the whole sam-

ple area (25-35mm2). TLR3 (Promokine, Rabbit Polyclonal 
Antibody, Cat. PKAB7183643) and Ki67 (Roche, Rabbit Mono-
clonal Antibody clone 30-9, Cat. 790-4286; RRID: AB_2631262) 
immunohistochemistry staining were performed as described 
in [2, 3]. 

 
Statistics 
All statistics were performed using GraphPad Prism 9 software 
(GraphPad Prism, CA, USA; RRID:SCR_002798). As mentioned 
in each figure, statistics were performed using either two-
tailed unpaired or paired t-tests and was defined significant 
(*=p<0.05 **=p<0.01 ***=p<0.001; ns=not significant); or 
confident interval 95%.  

 
AUTHOR CONTRIBUTION 
ST: Conceptualization, methodology, validation, formal 
analysis, investigation, writing original draft – review & 
editing. SM: Methodology, validation, formal analysis, in-
vestigation. AB: Validation, formal analysis, investigation. 
LD: Formal analysis, investigation. CP: Formal analysis, in-
vestigation. NV: Formal analysis, investigation. SO: Formal 
analysis, investigation, resources. MS: Formal analysis, 
investigation. SC: Formal analysis, investigation. MBJ: For-
mal analysis, investigation. MC: Resources. BW: Writing 
original draft – review & editing, supervision, project ad-
ministration. MB: Conceptualization, methodology, valida-
tion, formal analysis, investigation, writing original draft – 
review & editing, supervision. 
 
ACKNOWLEDGMENTS 
We thank Centre Léon Bérard (Lyon, France) for providing 
access to ex vivo and flow cytometry facilities. We also 
thank the “Centre de Ressources Biologiques Tissu-
Tumorothèque Est, CRB des HCL”, for providing us ex vivo 
human samples. We thank Jean Pierre Abastado for critical 
review of the manuscript. 

 

SUPPLEMENTAL MATERIAL 
All supplemental data for this article are available online at 
www.microbialcell.com. 
 

CONFLICT OF INTEREST 
ST, SM, AB, LD, CP, NV, SO, MS, SC, MBJ, BW, and MB are 
employees of TOLLYS SAS company (Lyon, France). A pa-
tent was filled in 2019 (Bonnin M. & Thierry S., 
WO2019/211492 A1, “TLR3 LIGANDS THAT ACTIVATE BOTH 
EPITHELIAL AND MYELOID CELLS”). 
 

COPYRIGHT 
© 2023 Thierry et al. This is an open-access article released 
under the terms of the Creative Commons Attribution (CC 
BY) license, which allows the unrestricted use, distribution, 
and reproduction in any medium, provided the original 
author and source are acknowledged. 

 
 
 
 

http://www.microbialcell.com/


S. Thierry et al. (2023)  TL-532, a new specific TLR3 agonist to fight cancer 

 
 

OPEN ACCESS | www.microbialcell.com 130 Microbial Cell | JUNE 2023 | Vol. 10 No. 6 

Please cite this article as: Sylvain Thierry, Sarah Maadadi, Aurore 
Berton, Laura Dimier, Clémence Perret, Nelly Vey, Saïd Our-fali, 
Mathilde Saccas, Solène Caron, Mathilde Boucard-Jourdin, Marc 
Colombel, Bettina Werle and Marc Bonnin (2023). TL-532, a novel 
specific Toll-like receptor 3 agonist rationally designed for target-
ing cancers: discovery process and biological characterization. 
Microbial Cell 10(6): 117-132. doi: 10.15698/mic2023.06.797  

 
 
 
 
 

 

 
REFERENCES
1. Tatematsu M, Seya T, Matsumoto M (2014). Beyond dsRNA: Toll-
like receptor 3 signalling in RNA-induced immune responses. Biochem 
J 458(2): 195-201. doi: 10.1042/BJ20131492 

2. Bonnin M, Fares N, Testoni B, Estornes Y, Weber K, Vanbervliet B, 
Lefrancois L, Garcia A, Kfoury A, Pez F, Coste I, Saintigny P, Viari A, 
Lang K, Guey B, Hervieu V, Bancel B, Bartoch B, Durantel D, Renno T, 
Merle P, Lebecque S (2019). Toll-like receptor 3 downregulation is an 
escape mechanism from apoptosis during hepatocarcinogenesis. J 
Hepatol 71(4): 763-772. doi: 10.1016/j.jhep.2019.05.031 

3. Alkurdi L, Virard F, Vanbervliet B, Weber K, Toscano F, Bonnin M, Le 
Stang N, Lantuejoul S, Micheau O, Renno T, Lebecque S, Estornes Y 
(2018). Release of c-FLIP brake selectively sensitizes human cancer 
cells to TLR3-mediated apoptosis. Cell Death Dis 9(9): 874. doi: 
10.1038/s41419-018-0850-0 

4. Botos I, Liu L, Wang Y, Segal DM, Davies DR (2009). The toll-like 
receptor 3:dsRNA signaling complex. Biochim Biophys Acta 1789(9-
10): 667-674. doi: 10.1016/j.bbagrm.2009.06.005 

5. Toscano F, Estornes Y, Virard F, Garcia-Cattaneo A, Pierrot A, 
Vanbervliet B, Bonnin M, Ciancanelli MJ, Zhang SY, Funami K, Seya T, 
Matsumoto M, Pin JJ, Casanova JL, Renno T, Lebecque S (2013). 
Cleaved/associated TLR3 represents the primary form of the signaling 
receptor. J Immunol 190(2): 764-773. doi: 10.4049/jimmunol.1202173 

6. Le Naour J, Galluzzi L, Zitvogel L, Kroemer G, Vacchelli E (2020). Trial 
watch: TLR3 agonists in cancer therapy. Oncoimmunology 9(1): 
1771143. doi: 10.1080/2162402X.2020.1771143 

7. Muthuswamy R, Wang L, Pitteroff J, Gingrich JR, Kalinski P (2015). 
Combination of IFNalpha and poly-I:C reprograms bladder cancer 
microenvironment for enhanced CTL attraction. J Immunother Cancer 
3: 6. doi: 10.1186/s40425-015-0050-8 

8. Matsumoto M, Takeda Y, Seya T (2020). Targeting Toll-like receptor 
3 in dendritic cells for cancer immunotherapy. Expert Opin Biol Ther 
20(8): 937-946. doi: 10.1080/14712598.2020.1749260 

9. Budhu A, Forgues M, Ye QH, Jia HL, He P, Zanetti KA, Kammula US, 
Chen Y, Qin LX, Tang ZY, Wang XW (2006). Prediction of venous me-
tastases, recurrence, and prognosis in hepatocellular carcinoma based 
on a unique immune response signature of the liver microenviron-
ment. Cancer Cell 10(2): 99-111. doi: 10.1016/j.ccr.2006.06.016 

10. Tomasicchio M, Semple L, Esmail A, Meldau R, Randall P, Pooran A, 
Davids M, Cairncross L, Anderson D, Downs J, Malherbe F, Novitzky N, 
Panieri E, Oelofse S, Londt R, Naiker T, Dheda K (2019). An autologous 
dendritic cell vaccine polarizes a Th-1 response which is tumoricidal to 
patient-derived breast cancer cells. Cancer Immunol Immunother 
68(1): 71-83. doi: 10.1007/s00262-018-2238-5 

11. Chew V, Tow C, Teo M, Wong HL, Chan J, Gehring A, Loh M, Bolze 
A, Quek R, Lee VK, Lee KH, Abastado JP, Toh HC, Nardin A (2010). 
Inflammatory tumour microenvironment is associated with superior 
survival in hepatocellular carcinoma patients. J Hepatol 52(3): 370-
379. doi: 10.1016/j.jhep.2009.07.013 

12. Kawai T, Akira S (2008). Toll-like receptor and RIG-I-like receptor 
signaling. Ann N Y Acad Sci 1143: 1-20. doi: 10.1196/annals.1443.020 

13. Roselli E, Araya P, Nunez NG, Gatti G, Graziano F, Sedlik C, 
Benaroch P, Piaggio E, Maccioni M (2019). TLR3 Activation of Intra-
tumoral CD103(+) Dendritic Cells Modifies the Tumor Infiltrate Confer-
ring Anti-tumor Immunity. Front Immunol 10: 503. doi: 
10.3389/fimmu.2019.00503 

14. Estornes Y, Toscano F, Virard F, Jacquemin G, Pierrot A, 
Vanbervliet B, Bonnin M, Lalaoui N, Mercier-Gouy P, Pacheco Y, Sa-
laun B, Renno T, Micheau O, Lebecque S (2012). dsRNA induces apop-
tosis through an atypical death complex associating TLR3 to caspase-8. 
Cell Death Differ 19(9): 1482-1494. doi: 10.1038/cdd.2012.22 

15. Salaun B, Coste I, Rissoan MC, Lebecque SJ, Renno T (2006). TLR3 
can directly trigger apoptosis in human cancer cells. J Immunol 176(8): 
4894-4901. doi: 10.4049/jimmunol.176.8.4894 

16. Salaun B, Lebecque S, Matikainen S, Rimoldi D, Romero P (2007). 
Toll-like receptor 3 expressed by melanoma cells as a target for thera-
py? Clin Cancer Res 13(15 Pt 1): 4565-4574. doi: 10.1158/1078-
0432.CCR-07-0274 

17. Vanbervliet-Defrance B, Delaunay T, Daunizeau T, Kepenekian V, 
Glehen O, Weber K, Estornes Y, Ziverec A, Djemal L, Delphin M, 
Lantuejoul S, Passot G, Gregoire M, Micheau O, Blanquart C, Renno T, 
Fonteneau JF, Lebecque S, Mahtouk K (2020). Cisplatin unleashes Toll-
like receptor 3-mediated apoptosis through the downregulation of c-
FLIP in malignant mesothelioma. Cancer Lett 472: 29-39. doi: 
10.1016/j.canlet.2019.12.016 

18. Rydberg C, Mansson A, Uddman R, Riesbeck K, Cardell LO (2009). 
Toll-like receptor agonists induce inflammation and cell death in a 
model of head and neck squamous cell carcinomas. Immunology 
128(1 Suppl): e600-611. doi: 10.1111/j.1365-2567.2008.03041.x 

19. Harashima N, Inao T, Imamura R, Okano S, Suda T, Harada M 
(2012). Roles of the PI3K/Akt pathway and autophagy in TLR3 signal-
ing-induced apoptosis and growth arrest of human prostate cancer 
cells. Cancer Immunol Immunother 61(5): 667-676. doi: 
10.1007/s00262-011-1132-1 

20. Morikawa T, Sugiyama A, Kume H, Ota S, Kashima T, Tomita K, 
Kitamura T, Kodama T, Fukayama M, Aburatani H (2007). Identifica-
tion of Toll-like receptor 3 as a potential therapeutic target in clear 
cell renal cell carcinoma. Clin Cancer Res 13(19): 5703-5709. doi: 
10.1158/1078-0432.CCR-07-0603 

21. Taura M, Fukuda R, Suico MA, Eguma A, Koga T, Shuto T, Sato T, 
Morino-Koga S, Kai H (2010). TLR3 induction by anticancer drugs po-
tentiates poly I:C-induced tumor cell apoptosis. Cancer Sci 101(7): 
1610-1617. doi: 10.1111/j.1349-7006.2010.01567.x 

22. Ayari C, Besancon M, Bergeron A, LaRue H, Bussieres V, Fradet Y 
(2016). Poly(I:C) potentiates Bacillus Calmette-Guerin immunotherapy 
for bladder cancer. Cancer Immunol Immunother 65(2): 223-234. doi: 
10.1007/s00262-015-1789-y 

23. Bianchi F, Alexiadis S, Camisaschi C, Truini M, Centonze G, Milione 
M, Balsari A, Tagliabue E, Sfondrini L (2020). TLR3 Expression Induces 
Apoptosis in Human Non-Small-Cell Lung Cancer. Int J Mol Sci 21(4): 
1440. doi: 10.3390/ijms21041440 

24. Salaun B, Zitvogel L, Asselin-Paturel C, Morel Y, Chemin K, Dubois 
C, Massacrier C, Conforti R, Chenard MP, Sabourin JC, Goubar A, Leb-



S. Thierry et al. (2023)  TL-532, a new specific TLR3 agonist to fight cancer 

 
 

OPEN ACCESS | www.microbialcell.com 131 Microbial Cell | JUNE 2023 | Vol. 10 No. 6 

ecque S, Pierres M, Rimoldi D, Romero P, Andre F (2011). TLR3 as a 
biomarker for the therapeutic efficacy of double-stranded RNA in 
breast cancer. Cancer Res 71(5): 1607-1614. doi: 10.1158/0008-
5472.CAN-10-3490 

25. Lampkin BC, Levine AS, Levy H, Krivit W, Hammond D (1985). 
Phase II trial of poly(I,C)-LC, an interferon inducer, in the treatment of 
children with acute leukemia and neuroblastoma: a report from the 
Children's Cancer Study Group. J Biol Response Mod 4(5): 531-537. 
PMID: 2416884 

26. Mian MF, Ahmed AN, Rad M, Babaian A, Bowdish D, Ashkar AA 
(2013). Length of dsRNA (poly I:C) drives distinct innate immune re-
sponses, depending on the cell type. J Leukoc Biol 94(5): 1025-1036. 
doi: 10.1189/jlb.0312125 

27. Mitchell WM (2016). Efficacy of rintatolimod in the treatment of 
chronic fatigue syndrome/myalgic encephalomyelitis (CFS/ME). Expert 
Rev Clin Pharmacol 9(6): 755-770. doi: 
10.1586/17512433.2016.1172960 

28. Perrot I, Deauvieau F, Massacrier C, Hughes N, Garrone P, Durand 
I, Demaria O, Viaud N, Gauthier L, Blery M, Bonnefoy-Berard N, Morel 
Y, Tschopp J, Alexopoulou L, Trinchieri G, Paturel C, Caux C (2010). 
TLR3 and Rig-like receptor on myeloid dendritic cells and Rig-like re-
ceptor on human NK cells are both mandatory for production of IFN-
gamma in response to double-stranded RNA. J Immunol 185(4): 2080-
2088. doi: 10.4049/jimmunol.1000532 

29. Sultan H, Salazar AM, Celis E (2020). Poly-ICLC, a multi-functional 
immune modulator for treating cancer. Semin Immunol 49: 101414. 
doi: 10.1016/j.smim.2020.101414 

30. Aznar MA, Planelles L, Perez-Olivares M, Molina C, Garasa S, Etxe-
berria I, Perez G, Rodriguez I, Bolanos E, Lopez-Casas P, Rodriguez-Ruiz 
ME, Perez-Gracia JL, Marquez-Rodas I, Teijeira A, Quintero M, Melero 
I (2019). Immunotherapeutic effects of intratumoral nanoplexed poly 
I:C. J Immunother Cancer 7(1): 116. doi: 10.1186/s40425-019-0568-2 

31. Leonard JN, Ghirlando R, Askins J, Bell JK, Margulies DH, Davies DR, 
Segal DM (2008). The TLR3 signaling complex forms by cooperative 
receptor dimerization. Proc Natl Acad Sci U S A 105(1): 258-263. doi: 
10.1073/pnas.0710779105 

32. Jelinek I, Leonard JN, Price GE, Brown KN, Meyer-Manlapat A, 
Goldsmith PK, Wang Y, Venzon D, Epstein SL, Segal DM (2011). TLR3-
specific double-stranded RNA oligonucleotide adjuvants induce den-
dritic cell cross-presentation, CTL responses, and antiviral protection. J 
Immunol 186(4): 2422-2429. doi: 10.4049/jimmunol.1002845 

33. Liao JY, Thakur SA, Zalinger ZB, Gerrish KE, Imani F (2011). Inosine-
containing RNA is a novel innate immune recognition element and 
reduces RSV infection. PLoS One 6(10): e26463. doi: 
10.1371/journal.pone.0026463 

34. Weber C, Muller C, Podszuweit A, Montino C, Vollmer J, Forsbach 
A (2012). Toll-like receptor (TLR) 3 immune modulation by unformu-
lated small interfering RNA or DNA and the role of CD14 (in TLR-
mediated effects). Immunology 136(1): 64-77. doi: 10.1111/j.1365-
2567.2012.03559.x 

35. Lange S, Sand LGL, Bell M, Patil SL, Langfitt D, Gottschalk S (2021). 
A Chimeric GM-CSF/IL18 Receptor to Sustain CAR T-cell Function. 
Cancer Discov 11(7): 1661-1671. doi: 10.1158/2159-8290.CD-20-0896 

36. de Bouteiller O, Merck E, Hasan UA, Hubac S, Benguigui B, Trinchi-
eri G, Bates EE, Caux C (2005). Recognition of double-stranded RNA by 
human toll-like receptor 3 and downstream receptor signaling re-
quires multimerization and an acidic pH. J Biol Chem 280(46): 38133-
38145. doi: 10.1074/jbc.M507163200 

37. Koerner J, Horvath D, Herrmann VL, MacKerracher A, Gander B, 
Yagita H, Rohayem J, Groettrup M (2021). PLGA-particle vaccine carry-
ing TLR3/RIG-I ligand Riboxxim synergizes with immune checkpoint 

blockade for effective anti-cancer immunotherapy. Nat Commun 
12(1): 2935. doi: 10.1038/s41467-021-23244-3 

38. Vedagiri D, Gupta D, Mishra A, Krishna G, Bhaskar M, Sah V, Basu 
A, Nayak D, Kalia M, Valiya Veettil M, Harshan KH (2021). Retinoic 
Acid-Inducible Gene I-Like Receptors Activate Snail To Limit RNA Viral 
Infections. J Virol 95(21): e0121621. doi: 10.1128/JVI.01216-21 

39. Grootjans S, Vanden Berghe T, Vandenabeele P (2017). Initiation 
and execution mechanisms of necroptosis: an overview. Cell Death 
Differ 24(7): 1184-1195. doi: 10.1038/cdd.2017.65 

40. Galluzzi L, Buque A, Kepp O, Zitvogel L, Kroemer G (2017). Immu-
nogenic cell death in cancer and infectious disease. Nat Rev Immunol 
17(2): 97-111. doi: 10.1038/nri.2016.107 

41. Harlin H, Meng Y, Peterson AC, Zha Y, Tretiakova M, Slingluff C, 
McKee M, Gajewski TF (2009). Chemokine expression in melanoma 
metastases associated with CD8+ T-cell recruitment. Cancer Res 69(7): 
3077-3085. doi: 10.1158/0008-5472.CAN-08-2281 

42. Zumwalt TJ, Arnold M, Goel A, Boland CR (2015). Active secretion 
of CXCL10 and CCL5 from colorectal cancer microenvironments asso-
ciates with GranzymeB+ CD8+ T-cell infiltration. Oncotarget 6(5): 
2981-2991. doi: 10.18632/oncotarget.3205 

43. Lazear HM, Schoggins JW, Diamond MS (2019). Shared and Dis-
tinct Functions of Type I and Type III Interferons. Immunity 50(4): 907-
923. doi: 10.1016/j.immuni.2019.03.025 

44. Okahira S, Nishikawa F, Nishikawa S, Akazawa T, Seya T, Matsumo-
to M (2005). Interferon-beta induction through toll-like receptor 3 
depends on double-stranded RNA structure. DNA Cell Biol 24(10): 
614-623. doi: 10.1089/dna.2005.24.614 

45. Itoh K, Watanabe A, Funami K, Seya T, Matsumoto M (2008). The 
clathrin-mediated endocytic pathway participates in dsRNA-induced 
IFN-beta production. J Immunol 181(8): 5522-5529. doi: 
10.4049/jimmunol.181.8.5522 

46. Chuang YC, Tseng JC, Huang LR, Huang CM, Huang CF, Chuang TH 
(2020). Adjuvant Effect of Toll-Like Receptor 9 Activation on Cancer 
Immunotherapy Using Checkpoint Blockade. Front Immunol 11: 1075. 
doi: 10.3389/fimmu.2020.01075 

47. Aravantinou M, Frank I, Hallor M, Singer R, Tharinger H, Kenney J, 
Gettie A, Grasperge B, Blanchard J, Salazar A, Piatak M, Jr., Lifson JD, 
Robbiani M, Derby N (2016). PolyICLC Exerts Pro- and Anti-HIV Effects 
on the DC-T Cell Milieu In Vitro and In Vivo. PLoS One 11(9): 
e0161730. doi: 10.1371/journal.pone.0161730 

48. Wu Y, Wu X, Wu L, Wang X, Liu Z (2017). The anticancer functions 
of RIG-I-like receptors, RIG-I and MDA5, and their applications in can-
cer therapy. Transl Res 190: 51-60. doi: 10.1016/j.trsl.2017.08.004 

49. Besch R, Poeck H, Hohenauer T, Senft D, Hacker G, Berking C, 
Hornung V, Endres S, Ruzicka T, Rothenfusser S, Hartmann G (2009). 
Proapoptotic signaling induced by RIG-I and MDA-5 results in type I 
interferon-independent apoptosis in human melanoma cells. J Clin 
Invest 119(8): 2399-2411. doi: 10.1172/JCI37155 

50. Trumpfheller C, Caskey M, Nchinda G, Longhi MP, Mizenina O, 
Huang Y, Schlesinger SJ, Colonna M, Steinman RM (2008). The micro-
bial mimic poly IC induces durable and protective CD4+ T cell immuni-
ty together with a dendritic cell targeted vaccine. Proc Natl Acad Sci U 
S A 105(7): 2574-2579. doi: 10.1073/pnas.0711976105 

51. Jasani B, Navabi H, Adams M (2009). Ampligen: a potential toll-like 
3 receptor adjuvant for immunotherapy of cancer. Vaccine 27(25-26): 
3401-3404. doi: 10.1016/j.vaccine.2009.01.071 

52. Royahem, Jacques (2015). Patent WO2015091578A1. Double-
stranded polyc:poly(g/i) rna for immunostimulation and cancer treat-
ment. 



S. Thierry et al. (2023)  TL-532, a new specific TLR3 agonist to fight cancer 

 
 

OPEN ACCESS | www.microbialcell.com 132 Microbial Cell | JUNE 2023 | Vol. 10 No. 6 

53. Agarwal K, Afdhal N, Coffin C, Fung S, Dusheiko G, Foster G, 
Elkhashab M, Tam E, Ramji A, Iyer R, Kennedy P (2020). LBP04 - Liver 
toxicity in the Phase 2 Catalyst 206 trial of Inarigivir 400 mg daily add-
ed to a nucleoside in HBV EAg negative patients. J Hepatol 73 (Suppl 
1): S125. doi: 10.1016/S0168-8278(20)30766-2 

54. Matsumoto M, Tatematsu M, Nishikawa F, Azuma M, Ishii N, 
Morii-Sakai A, Shime H, Seya T (2015). Defined TLR3-specific adjuvant 
that induces NK and CTL activation without significant cytokine pro-
duction in vivo. Nat Commun 6: 6280. doi: 10.1038/ncomms7280 

55. Takeda Y, Kataoka K, Yamagishi J, Ogawa S, Seya T, Matsumoto M 
(2017). A TLR3-Specific Adjuvant Relieves Innate Resistance to PD-L1 
Blockade without Cytokine Toxicity in Tumor Vaccine Immunotherapy. 
Cell Rep 19(9): 1874-1887. doi: 10.1016/j.celrep.2017.05.015 

56. Ko KH, Cha SB, Lee SH, Bae HS, Ham CS, Lee MG, Kim DH, Han SH 
(2023). A novel defined TLR3 agonist as an effective vaccine adjuvant. 
Front Immunol 14 : 1075291. doi: 10.3389/fimmu.2023.1075291 

57. Zainol MIB, Kawasaki T, Monwan W, Murase M, Sueyoshi T, Kawai 
T (2019). Innate immune responses through Toll-like receptor 3 re-
quire human-antigen-R-mediated Atp6v0d2 mRNA stabilization. Sci 
Rep 9(1): 20406. doi: 10.1038/s41598-019-56914-w 

58. Tissari J, Siren J, Meri S, Julkunen I, Matikainen S (2005). IFN-alpha 
enhances TLR3-mediated antiviral cytokine expression in human en-
dothelial and epithelial cells by up-regulating TLR3 expression. J Im-
munol 174(7): 4289-4294. doi: 10.4049/jimmunol.174.7.4289 

59. Lucifora J, Bonnin M, Aillot L, Fusil F, Maadadi S, Dimier L, Michelet 
M, Floriot O, Ollivier A, Rivoire M, Ait-Goughoulte M, Daffis S, Fletcher 
SP, Salvetti A, Cosset FL, Zoulim F, Durantel D (2018). Direct antiviral 
properties of TLR ligands against HBV replication in immune-
competent hepatocytes. Sci Rep 8(1): 5390. doi: 10.1038/s41598-018-
23525-w

 

 


