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Targeted delivery of immune-stimulating
bispecific RNA, inducing apoptosis
and anti-tumor immunity in cancer cells

Tony Rady,1,2,5 Stéphane Erb,3,4 Safia Deddouche-Grass,2 Renaud Morales,2 Guilhem Chaubet,1

Sarah Cianférani,3,4 Nicolas Basse,2,* and Alain Wagner1,6,*
SUMMARY

Double-stranded RNAs (dsRNA)-based strategies appeared as promising therapies to induce an inflamma-
tion in the tumor microenvironment. However, currently described systems generally lack active target-
ing of tissues, and their clinical translation is thus limited to intratumoral injection. Herein, we developed
an antibody-siRNA-50triphosphate conjugate with multiple modes of action, combining cell surface
EphA2-specific internalization, leading to a simultaneous gene silencing and activation of the receptor ret-
inoic acid-inducible gene I (RIG-I). Recognition of cytosolic siRNA-50triphosphate by RIG-I triggers the
expression of interferons and pro-inflammatory cytokines, inducing an inflammation of the tumor environ-
ment and activating neighboring immune cells. In addition, these RIG-I-specific effects synergized with
siRNA-mediated PLK1 silencing to promote cancer cell death by apoptosis. Altogether, such immune-stim-
ulating antibody-RNA conjugate opens a novel modality to overcome some limitations encountered by
dsRNA molecules currently in clinical trials.

INTRODUCTION

Exploiting the immune system to induce a tumor regression is among themost recent and innovative approaches to fight cancer.1 It has been

made possible by pioneering new therapeutic modalities, such as cellular therapies,2 bispecific antibodies,3 or small molecules drugs that

promotes a localized inflammation in the tumor microenvironment.4 Recently, another promising therapeutic strategy to induce an immune

response based on using double-stranded RNAs (dsRNA) able to activate ubiquitous proteins called pattern-recognition receptors (PRR) with

a high degree of selectivity and of sensitivity was described.5

In particular, MK-4621 is a synthetic dsRNA that was administered intratumorally to patients with advanced tumors. This oligonucleotide

selectively activates the PRR retinoic acid-inducible gene I (RIG-I), a cytosolic sensor that detects the presence of short,6 blunt-ended,7 and

base-paired dsRNA8 ending with either a 50triphosphate (50-ppp)9 or a 50diphosphate group.10 Upon binding, RIG-I undergoes conforma-

tional changes allowing the interaction with themitochondrial antiviral-signaling protein (MAVS), which initiates a signaling cascade activating

both NF-kB and inteferon regulatory factors (IRF) 3/7 pathways, leading to pro-inflammatory cytokines and type-I interferon (IFN) secretion,

respectively (Figure 1).11–13 However, this drug candidate only showed a moderate efficiency to induce a tumor regression, highlighting the

necessity to enhance its potency.14

Stronger therapeutic effects were reached by targeting multiple PRRs simultaneously, BO-112,15 a polymeric dsRNA mimic not only acti-

vating RIG-I, but also TLR3 andMDA5. While this candidate elicited good results in clinical phase II,16 it was also administered intratumorally.

There are currently major challenges for the clinical implementation of intratumoral injections of immunotherapies, such as the injectability.

Indeed, choosing the tumor sites or even the needle used can impact the clinical trial. Thus, clinical translation of these promising therapies

can be hamperedby their inefficient delivery. To overcome this limitation, a novel approach eliciting better biodistribution properties is highly

required to allow the selective delivery of immune-stimulating dsRNAs to tumors.

In this context, we envisioned to build an immune-stimulating antibody-RNA conjugate (ARC) able to specifically target cancer cell and

acting via a multispecific mode of action while allowing intravenous administration to patients.

Regarding tumor homing, we selected an antibody binding to EphA2, a trans-membrane tyrosine kinase receptor overexpressed in several

cancers and associated with shorter overall survival in patients.17 In healthy tissues, and upon binding to its ligands, EphA2 is phosphorylated,
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Figure 1. Schematic dual mode of action of antibody-siRNA-50ppp conjugate

If delivered in the cytosol, the siRNA-50ppp can be recognized by RIG-I, leading to the activation of both IRF 3/7 (1) andNF-kB (2) signaling pathways, respectively

inducing cancer-selective apoptosis, and activating anti-tumor immunity. Concomitantly, the same construct can be loaded in RISC, guiding it to a sequence-

complementary mRNA, triggering its degradation (3). In our postulate, silencing PLK1 could lead to the apoptosis by cell-cycle arrest while enhancing MAVS-

mediated production of interferon (4).
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internalized, and rapidly degraded. However, in cancer cells, this protein-ligand interaction is limited, leading to an accumulation of EphA2 at

the plasma membrane and resulting in oncogenic signaling.18 To address this issue, EphA2 can then be rapidly internalized and degraded

upon monoclonal antibody binding, preventing its recycling at the cell surface, while maximizing the intracellular concentration of antibody

conjugates.19 Therefore, antibodies targeting EphA2 appears as a compelling carrier for drug19–21 or oligonucleotide delivery.22

For our multi-specific approach, as the first target, we selected RIG-I, which activation results in the apoptosis of the cancer cell and stim-

ulates the immune system by promoting innate and adaptive immune responses against tumors. In addition, the IFN produced upon RIG-I

activation also drives a positive feedback loop increasing RIG-I expression level, thus amplifying the response. As the second target, we

reasoned that it should ideally potentiate RIG-I’s signaling in order to enhance the antitumoral efficacy of the molecule. As RIG-I activation

is independent of the dsRNA sequence, siRNA-50-ppp combining both RIG-I activation with the silencing of key proteins via the siRNA-medi-

ated degradation of their coding mRNA, were previously designed.23 To include such silencing activity in our system, we selected Polo-like

kinase 1 (PLK1), a protein known as an early trigger for G2/M transition and as a negative regulator of the RIG-I pathway.24,25 Thus, its knock-

down would combine both a G2/M arrest—promoting p53-mediated apoptosis—,26 with an enhanced IFN production upon RIG-I activa-

tion.24 While there are already PLK1 inhibitors in clinical trials, we hypothesized that the dual targeting of RIG-I- and PLK1 by one single siRNA

molecule—coined siPLK1-50-ppp RNA—would create an effective synergy to induce a strong immune response and tumor regression, while

avoiding combinatorial strategies (Figure 1).
2 iScience 27, 109068, March 15, 2024



Figure 2. Synthesis scheme and representative analysis of antibody-siRNA conjugate by native SEC-MS

(A) Synthesis of mAb-siRNA-50ppp 1 and (B) deconvoluted spectra of mAb-siPLK1-50ppp 1 by native SEC-MS, showing an average degree of conjugation of 1.3.

D1 and D2 stand for one and two dsRNA conjugated to the antibody, respectively, with expected D1 being 160,467 Da and expected D2 being 173,769, the

naked antibody was discarded during the SEC purification.
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RESULTS

Synthesis of the mAb-siPLK1-50ppp conjugate

ThemAb-siPLK-50ppp conjugate 1 was synthesized in a two-step process relying on straightforward lysine conjugation and click chemistry, as

previously described by our laboratory.27 Briefly, an acyl fluoride first allows the incorporation of an azide group onto the antibody before its

derivatization by bio-orthogonal reaction with a strained-alkyne-modified siRNA (Figures 2A and S1).28 Modification of 30-amino-RNA was

conducted using a short bicyclo[6.1.0]nonyne (BCN)-PEG6 activated by a pentafluorophenyl ester in basic conditions for 4 h at 25�C. The re-

sulting RNA strand was then hybridized with its complementary strand to afford BCN-siRNA. The latter was then conjugated to the azide-

modified anti-EphA2-antibody at 25�C for 24 h, and both unconjugated antibody and the excess of siRNA were removed by size-exclusion

chromatography (Figure S3), yielding the desired mAb-siPLK-50ppp 1 with 41% isolated yield. It should be noted that, in this case, the RIG-I

ligand possesses the linker on the 30 end of the complementary strand, as it was previously shown that RIG-I tolerates non-ribonucleoside

modification up to a PEG550.29

Regarding the conjugation of the RNA to the antibody, we observed that the click reaction must be conducted after the hybridization with

the complementary strand to obtain dsRNA conjugates exclusively. Indeed, when the conjugation was performed before the hybridization,

the latter step never reached completion, yielding a mixture of double-stranded and single-stranded ARC (Figures 2B and S4). It should be

noticed that only 50-diphosphate siPLK1 adducts could be detected by native mass spectrometry (MS), due to g-phosphate fragmentation

upon analysis, a common feature of ribonucleotides MS analysis.30–32

Intracellular trafficking study by immunofluorescence

In order to investigate the mechanism of delivery, an immunofluorescence study of the intracellular trafficking was engaged by confocal mi-

croscopy, allowing to follow independently both the antibody and the siRNA. Accordingly, A549 cells were incubated for different time point

with a dual-labeled ARC, composed of a Cy3-labeled siRNA conjugated to a Cy5-labeled EphA2-antibody. A fast, antigen-dependent inter-

nalization was observed for both dyes after 1 h of incubation at 100 nM (Figures 3A and 3B). As expected, the two dyes were colocalized (Fig-

ure S5, Pearson’s coefficient = 0.74), suggesting that, at this time point, both biomolecules were still linked and reached lysosomes.

After 4hof incubation,a separationof the twobiomoleculeswasobserved (FigureS5, Pearson’s coefficient=0.18).Weobserved that this result

was in line with the degradation of the EphA2 antibody within 4 h (Figure S6) due to EphA2’s biology. Regarding the cytosolic delivery, while the

vastmajorityof intracellular siRNAs colocalizedwithendo/lysosomes (Pearson’s coefficient at 1 h=0.60, at 4 h=0.50), a significant portionwas still

found in the cytosol (Figure 3H). Although both the exact structure of the siRNA that escaped the endosome and the release mechanism itself

remain elusive, we hypothesized that the cytosol concentration of siRNAmay be sufficient to both activate RIG-I knockdown PLK1.

Characterization of RIG-I signaling activity upon mAb-siPLK1-50ppp 1 treatment

To evaluate mAb-siPLK1-50ppp 1 activity in vitro, we used the EphA2-positive A549-Dual cell line, engineered to express two reporter genes

for both RIG-I signaling pathways (i.e., NF-kB and IRF 3/7). These reporter genes code for an alkaline phosphatase and a luciferase,
iScience 27, 109068, March 15, 2024 3



Figure 3. Antibody-siRNA conjugate first colocalize with lysosomes, then siRNA is released in the cytosol

Immunofluorescence pictures obtained from a dual-labeled ARC after 1 h of incubation (A–D, upper line) and 4 h of incubation (E–H, bottom line). Cy5 (red) was

conjugated to the antibody’s lysines, Cy3 (yellow) was placed at the 50-end of the siRNA, Lysoview 488 (green, white for the merged pictures) was used to label

endo/lysosomes. Pearson’s correlation coefficient graphs are provided in the supplemental information in Figure S5.
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respectively, whose activities can be quantified to validate RIG-I activation. A RIG-I knock-out (KO) cell linewas also used to further validate the

RIG-I-dependency.33

siPLK1, with or without the 50ppp moiety, were used either as linker-siRNAs and transfected or conjugated antibodies for all biological

experiments performed in this study. Each system was then incubated to A549-Dual and RIG-I KO cell lines for 72 h at 40 nM (Figure 4,

see complete figures in Figures S7 and S8). When comparing the activity of 50-ppp siRNAs with its non-triphosphorylated analogue, we

observed that only the former was able to activate both reporter genes in a RIG-I-dependent manner. As expected, transfecting a siPLK1

RNA did not have any influence on RIG-I activation, confirming that the activation of RIG-I is independent of the RNA sequence and rely

on the presence of a 50 triphosphate. After mAb-siPLK1-50ppp 1 treatment, we observed an activation of both IRF and NF-kB signaling path-

ways in a dose-dependent manner. No activity could be seen on RIG-I KO cell line, confirming the RIG-I-specific effect, nor using trastuzumab

(aHER2 mAb, recycling antigen) as a control ARC, suggesting that the effect on RIG-I might be due to EphA2’s biology. In another set of ex-

periments, the cells were first pre-treated with naked anti-EphA2 antibody to induce saturation of EphA2. Following mAb-siPLK1-50ppp 1

treatment, a decrease in RIG-I activation was observed, demonstrating that the activation was EphA2-dependent (Figure S9). In addition

to the immunofluorescence data, these results confirmed that our mAb-siRNA-50ppp 1 was indeed able to deliver siRNA inside cells in an

effective manner and that the latter could be recognized by RIG-I.
mAb-siPLK1-50ppp 1 simultaneously activates RIG-I and silences PLK1

RIG-I is described to be overexpressed upon activation,34–36 to confirm this molecular mechanism, its level of expression was measured by

western-blot after 72 h of treatment with either 40 nM of mAb-siPLK1-50ppp 1 or transfected with 40 nM of siPLK1-50ppp (Figure S10). In com-

parison with non-treated cells, a 31-fold increase of RIG-I expression was observed with both treatments (Figure 4C), thus confirming the pre-

vious RIG-I activation assays. In order to evaluate the dual RIG-I/PLK1 activity, PLK1 expression level was also measured (Figure 4C). As ex-

pected, the transfection of siPLK1-50-ppp could silence about 85% of total PLK1 when compared to untreated cells. The silencing efficiency of

the non-triphosphorylated siPLK1 RNAwas >95% in the same conditions, this result means that the presence of the triphosphate group has a

minimal influence on the silencing efficiency. Under the tested conditions, treatment with mAb-siRNA-50ppp 1 could silence about 32% of

total PLK1, demonstrating that the ARC could perform silencing by RNA interference concomitantly with RIG-I activation. The gene silencing

efficiency is, however, lower when the siRNA is delivered by mAb-siPLK1-50ppp 1, as compared to siRNA lipofection, which is in contrast with

the similar efficiencies observed for RIG-I activation. We believe that this difference could be due to the higher amount of cytosolic RNA

required to achieve a siRNA effect compared to that needed for RIG-I activation.

As PLK1 knockdown should induce a cell-cycle arrest in theG2/Mphase,26 a cell cycle analysis was performed and the proportion of cells in

G2/M phase was quantified by flow cytometry (Figures 4D and S11). 11.6% of non-treated cells were at this phase. A scrambled siRNA control

with the 50triphosphate moiety (siRNA-50-ppp) gave comparable results, demonstrating that RIG-I activation does not have any influence on

the cell cycle. In agreement with the PLK1 expression level following siRNA-mediated knockdown, we determined that 20.4% of the cells were

in G2/M phase after transfection of siPLK1 (50OH or 50ppp), and 15.3% upon mAb-siPLK1-50ppp 1 treatment.
4 iScience 27, 109068, March 15, 2024



Figure 4. Simultaneous activation of RIG-I and silencing of PLK1 mediated by mAb-siPLK1-50ppp 1 on A549-Dual

siPLK1-50ppp was delivered by either RNAiMAX or EphA2-antibody.

(A) RIG-I-dependent activation of the IRF pathway (N = 6, triplicates).

(B) RIG-I-dependent activation of the NF-kB pathway (N = 6, triplicates). Dual activity of the siPLK1-50ppp delivered by either RNAiMAX or EphA2-antibody

regarding RIG-I/PLK1 expression levels or cell-cycle arrest.

(C) Western-blot on RIG-I, PLK1, and GAPDH, showing a simultaneous PLK1 knockdown and RIG-I activation, 72 h after incubation at 40 nM.

(D) Proportion of cells in G2/M phase analyzed by FACS after 24 h of incubation at 40 nM (N = 2, triplicates). Data are presented as meanG SD. Significancy was

assessed by comparing treated cells with non-treated cells, ns = non-significant, *** = p < 0.0005, **** = p < 0.00005).
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mAb-siPLK1-50ppp 1 induces cancer cell’s death by apoptosis and decreases cell proliferation

In order to study further the implication of this dual mode of action for immuno-oncology therapeutic purposes, assays probing cell

apoptosis were performed. A WST-1 assay was performed, and after 96 h, we observed a significant decrease in cell viability using both

the linker-siPLK1-50ppp and ARC 1 (Figure S12). Induction of apoptosis by the exposition of phosphatidyl serine and activation of caspase

3/7 was measured using a live-imaging system and profluorescent markers for 96 h.

Regarding the effects of the siRNAs alone, transfections of siPLK1 and siPLK1-50-ppp strongly induced apoptosis according to both read-

outs in A549-Dual cells within 24 h (Figures 5A and S13). This effect is undoubtedly explained by the cell mortality induced by RIG-I-mediated

activation and siPLK1-mediated cell-cycle arrest. Unexpectedly, transfection of scrambled versions of these siRNAs also revealed an inhibitory

effect on cell proliferation, especially when bearing a 50 triphosphate end able to activate RIG-I.Wedid not observe any effect on PLK1 protein

using this exact sequence nor any activity using a WST-1 assay, but it is still possible that the siRNA could elicit unexpected off-target effects

on other proteins leading to decreased proliferation.

After conjugating the siRNAs to our anti-EphA2-antibody, we repeated these experiments with the resulting conjugates (Figure 5B,

video S1). As a negative control, unconjugated anti-EphA2 antibody (yellow line) did not have any influence on the apoptosis nor

the confluence of cells. Control siRNAs conjugates (green lines) did not significantly reduce cell confluence over time on both cell

lines, showing that the activation on RIG-I alone is not sufficiently potent to induce cell death. In contrast, active siPLK1 (blue lines)

drastically decreased cell confluence, showing that most of the killing effect was due to PLK1 silencing. In addition, activation of

RIG-I by mAb-siPLK1-50ppp 1 led to an even greater mortality compared to mAb-siPLK1, suggesting a synergistic effect between

RIG-I and PLK1. Overall, while ARCs were less deadly than transfected siRNAs, they were still found to possess potency in the nano-

molar range.
iScience 27, 109068, March 15, 2024 5
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Figure 5. mAb-siPLK1-50ppp induces A549-Dual cell death by apoptosis and activates PBMCs to promote anti-tumor inflammation

A549-Dual confluence over time after treatments with transfected siRNAs (A) or ARCs (B for A549 cells alone, C for a mixture of A549/PBMC: 1/5). One picture of

A549 cells was taken every 2 h for 4 days, PBMC were excluded by the software because of the difference of size between A549 and PBMC, N = 2 with two

different donors of PBMCs—(D) Cytokine quantification after mAb-siRNA-50ppp 1 treatment for 24 h at 100 nM to the A549/PBMC mixture. Data are

presented as mean G SD. Significancy was assessed by comparing the secreted cytokine obtained from mAb-siRNA-50ppp 1 compared to the non-treated

mixture of cells (ns = non-significant, * = p < 0.05, ** = p < 0.005, *** = p < 0.0005, **** = p < 0.00005), N = 1, triplicates.
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mAb-siPLK1-50ppp 1 activates PBMCs to perform cancer cell killing

So far, mAb-siPLK1-50ppp 1 proved to simultaneously activate RIG-I and silence PLK1, thus inducing a cell-cycle arrest and the A549 cells’

death by apoptosis. As part of the immunogenic cell death (ICD), mAb-siPLK1-50ppp 1 proved to be able to release calreticulin (CALR)

from treated cells.

In order to determinewhether our ARCs could recruit immune cells and induce RIG-I-dependent ICD, experiments with primary peripheral

blood mononuclear cells (PBMCs) were conducted under the same conditions. Co-culture experiments with A549 cells and PBMCs (ratio

A549/PBMC 1:5) were performed using two different PBMCs donors. Due to the size difference between the PBMC and A549 cells, we

were able to monitor selectively the cancer cells by excluding much smaller PBMCs.

It appeared that the cell’s confluence was more reduced by RIG-I-activating ARCs (Figure 5C, light green and light blue lines) than by the

other ARCs (i.e., not active on RIG-I; dark green and dark blue lines), suggesting that activation of RIG-I appeared more impacting than

silencing PLK1 in presence of PBMCs. Furthermore, the cell confluence is significantly reduced when compared to the previous experiment

(Figure 5B), suggesting that PBMCs could have been activated in a RIG-I-dependent manner by mAb-siPLK1-50ppp 1 to perform cancer cell

killing. Surprisingly, RIG-I activating ARCs showed similar results regarding cell proliferation on both RIG-I positive and RIG-I KO cell lines

(Figure S14). This suggests that ARCs might be able to interact with PBMCs, presumably via Fcg receptors internalization, leading to RIG-I

activation in PBMCs.

In order to confirm RIG-I specific activation of PBMC and to further characterize the immune response induced by mAb-siPLK1-50ppp 1, a

panel of cytokines were quantified by flow cytometry and compared to non-treated cells (Figures 5D and S15; Table S1). As expected, mAb-

siPLK1-50ppp 1 led to the secretion of high levels of IFN-g (30-fold) and TNF-a (8-fold), highlighting the activation of both IRF-3/7 and NF-kB

pathways, respectively. Regarding immune cell recruitment, high levels of IL-2 (3-fold), IL-6 (6-fold), and IL-12 (20-fold) were observed, showing

that T cells and dendritic cells were activated by mAb-siPLK1-50ppp 1, and the absence of IL-10 is in line with these results. Finally, IP-10 was

also highly secreted (7-fold), and its effect on immune cell attraction to cancer cells can clearly be observed on video S2. Overall, this secre-

tomic analysis appeared in line with our previous observations that mAb-siPLK1-50ppp 1 could induce a pro-inflammatory response.

mAb-siPLK1-50ppp 1 induces the release of calreticulin in A549 cells

RIG-I activation is also described to induce the release of damage-associated molecular patterns (DAMPs), such as CALR, that are able to

activate PBMCs.37 DAMPs are intracellular molecules that are released in the extracellular environment following an inflammatory stress.38

Thesemolecules can then activate neighboring immune cells, which in turn can kill cancer cells, amechanism named ICD.37,39 As an additional

readout to the secretion of IP-10, which is considered as a marker for ICD, we thus sought to evaluate whether mAb-siPLK1-50ppp 1 could

induce DAMPs release.
6 iScience 27, 109068, March 15, 2024



Figure 6. mAb-siPLK1-50ppp can induce immunogenic cell death

CALR exposition after 48 h of incubation at 100 nM, indicating a possible release of damage-associatedmolecular patterns (N = 2, triplicates). Data are presented

as meanG SD. Significancy was assessed by comparing treated cells with non-treated cells (ns = non-significant, * = p < 0.05, ** = p < 0.005, *** = p < 0.0005).
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To do so, the presence of CALR on the cell surface was assessed by flow cytometry on A549-Dual cells following treatment with either

siRNAs or mAb-siPLK1-50ppp 1 (Figure S15). The proportion of live cells with external CALR was measured, using an AF488-labeled anti-

CALR antibody and by labeling dead cells using 7-AAD (Figure 6). As expected, the proportion of CALR+ live cells in non-treated cells

(�2.1%) or following transfection of control siRNA was very low (�1.4%). However, 50-ppp siRNA-transfected cells showed a significant expo-

sition of CALR (�6.6%), confirming that RIG-I activation could release DAMPs. Transfecting the cells with siPLK1 increased this proportion

evenmore significantly (�12.7%), and the presence of a triphosphatemoiety on the RNA highlighted a combined effect between PLK1 knock-

down and RIG-I activation (�17.9%).mAb-siPLK1-50ppp 1 led to 7.9%, suggesting that it could also induce the exposition of CALR, though to a

lesser degree. Taken together, these results suggest that, in addition to the apoptosis, mAb-siPLK1-50ppp 1 is also able to induce a slight ICD

on cancer cells.

DISCUSSION

Taken together, these results have demonstrated that a dual targeting of RIG-I and PLK1 with an antibody-siRNA conjugate was achievable to

induce tumoral cell death as well as immune cell activation. To date, only a few immune stimulating antibody conjugate have been described

using either TLR740 or TLR941 agonists, but never targeting RIG-I using an antibody-siRNA conjugate.

The antibody targeting EphA2 used for tumor specific delivery induced an efficient internalization, as we observed a cytosolic release of

the siRNA as evidenced by immunofluorescence studies and functional assays. Indeed, we observed a complete degradation of the antibody

within 4 h, which was in lines with the decrease in Pearson’s coefficient between the antibody and the siRNA at the same time point. However,

the majority of the siRNA remained trapped in endo/lysosome, in accordance with numerous studies, thus limiting the efficiency of the de-

livery.42,43 Meanwhile, the decreased colocalization with lysosomes suggests that some siRNA molecules have escaped this organelle and

reached the cytosol at the same time. Although not verified, we presume that the structure of the released molecule could be a lysine-

linker-siRNA conjugate resulting from the complete antibody degradation, which should not impede the siRNA’s machinery nor the recog-

nition by RIG-I.

While most siRNA molecules are usually delivered using stabilized molecules, the challenge with RIG-I is that it requires non-protected

sequences, thus endosomal trapping is likely to degrade the RNA. A very limited number of molecules are still able to escape the endosome

though, as observed by the numerous FDA-approved tri-GalNAc-siRNA conjugates internalizing by receptor-mediated endocytosis.44 Such

endosomal escape mechanism has been also reported in antibody-mediated delivery studies using non-protected RNA.44,45 As we hypoth-

esized that similar endosomal escape could be obtained to observe an effect, maximizing the amount of RNA in the lysosomes by targeting a

non-recycling antigen wasmandatory. Although there is no definitive proof of themechanism of siRNA endosome escape, many studies have

been devoted to it.46 Dowdy hypothesized that spontaneous, short-lived, small breaches of the endosomal lipid bilayer, which repeatedly

occur over time, allow the entry into the cytoplasmproximal to the RNA therapeutic and in proximity to the breach. Alternatively, fusion events
iScience 27, 109068, March 15, 2024 7
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between endosomes, multivesicular bodies, and lysosomes potentially generate a temporary breach of the lipid bilayer, allowing RNA ther-

apeutics to leak into the cytoplasm.47 Hence, despite that most of the siRNAmay have been degraded in the lysosome, we believe that ARC

was efficient due to a combination of factors, such as the high sensitivity of RIG-I and the ideal endocytic properties of EphA2. Indeed, we did

not observe any activity with a HER2-targeting ARC, suggesting that the drug delivery of ARC can be highly sensitive to the endocytic prop-

erties of the targeted antigen, even though we cannot exclude that the expression level difference partially explain our results. Nevertheless,

as 50ppp-dsRNA is an extremely potent RIG-I agonist, one of the key advantages of targeting RIG-I is that a minimal cytosolic delivery of the

agonist will induce a self-amplifying signaling loop with high sensitivity. This fact is supported by mAb-siPLK1-50ppp 1, which proved to be

efficient to activate RIG-I and silencing PLK1 in the low nanomolar range, leading to a cell-cycle arrest to the G2/M phase and activation of

RIG-I signaling pathway. Cancer cell death was also assessed via this bispecific activity, promoting secretion of CXCL10 and the migration of

CALR from the endoplasmic reticulum to the plasma membrane.

Moreover, killing assays with primary immune cells indicated that mAb-siPLK1-50ppp 1 could induce a Th1 immune response in vitro in a

RIG-I-dependent manner and leading to the secretion of numerous pro-inflammatory cytokines and chemokines. Unexpectedly, co-culture

experiments with RIG-I KO cancer cells showed thatmAb-siPLK1-50ppp 1 was able to activate PBMCs and perform cancer cell killing, suggest-

ing a distinct mechanism of action than previous, relying solely on PBMCs activation. AsmAb-siPLK1-50ppp 1 contains an effective Fc-part, we

hypothesize that this conjugate could have been internalized in PBMC, presumably via FcgR-mediated internalization or pinocytosis, leading

to the release of the bispecific siRNA in PBMCs.

As siRNA can be recognized by TLRs in the endosomes, we observed that mAb-siPLK1 (lacking the triphosphate moiety) was inducing a

strong secretion of pro-inflammatory cytokines on PBMCs only, which cannot be attributed to RIG-I (Table S1; Figure S15). We believe this

might be due to TLR7/8 activation, PBMCs being more sensitive to pathogen-associated molecular patterns than endothelial cells. Such

finding would support an EphA2-independent internalization in endosomes in PBMCs. Satisfyingly, the RIG-I-activating conjugate was almost

systematically a stronger inducer of cytokine secretion than mAb-siPLK1, suggesting that some of the effect on PBMCs is not mediated to

TLRs but is likely to be attributed to RIG-I.

Overall, this study demonstrates the potential of ARC for immuno-oncology purposes by expanding the scope of drugswith immune-stim-

ulating RNAs. We have demonstrated that it was possible to observe an activity, even with a non-optimized construct, showing the therapeu-

tic potential of such approach if optimized siRNAs are used. One possibility to circumvent the low stability of RNAmolecules while keeping an

active targeting may be to use antibody-coated lipid nanoparticles.

Antibody-siRNA conjugates are still a recent modality, however, similar approaches have been used for a variety of indication and very

recently a first-in-class ARC has recently entered clinical phase I for myotonic dystrophy type 1,48 confirming the therapeutic potential of

such modality.

Limitations of the study

The main limitation of the study is that we were not able to determine what was the exact mechanism of endosomal escape. Such findings

would be important for futures studies and highly beneficial to the field of antibody-oligonucleotide conjugates. Another limit of the study is

the expected low plasma stability of the construct due to lack of RNA protecting groups.
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

EphA2 mAb Internal (Sanofi) N/A

mouse mAb anti-GAPDH invitrogen MA5-15738; RRID: AB_10977387

mouse mAb anti-PLK1 Abcam ab17056: RRID: AB_443612

rabbit mAb anti-RIG-I Cell Signal 3743S: RRID: AB_2269233

goat mAb anti-human-Fc Merck I2136: RRID: AB_260147

AF488-tagged anti-CALR mAb Abcam ab196158: RRID: AB_2943095

Biological samples

Frozen human PBMCs isolated from fresh

whole blood

Etablissement francais du sang (EFS) N/A

Chemicals, peptides, and recombinant proteins

Hoechst 33342 ThermoFisher 62249

Lysoview 488 Biotium 70067

RNAiMAX Thermo Fisher Scientific 13778075

7-AAD Miltenyi Biotec 130-111-568

Resiquimod Invivogen tlrl-r848

Hexaethylene glycol Merck 259268-5G

Potassium iodide Merck 221945-5G

Silver(I) oxide Merck 226831-1G

p-Toluenesulfonyl chloride Merck T35955-250G

Sodium azide Merck 71289-50G

tert-Butyl acrylate Merck 327182-100ML

Potassium tert-butoxide Merck 156671-25G

Palladium, 10% on carbon, Type 487 Alfa Aesar 11438700

(1R,8S,9S)-bicyclo[6.1.0]non-4-yn-9-ylmethyl

(4-nitrophenyl) carbonate

In-house N/A

Lithium hydroxide Merck 920312-100G

Pentafluorophenol Thermo Fisher 11453047

N-(3-Dimethylaminopropyl)-

N0-ethylcarbodiimide

Merck 39391-10ML

Tetramethylfluoroformamidinium

hexafluorophosphate

Merck 8510900005

4-Azidobenzoic acid TCI A0930

Critical commercial assays

Quanti-LucTM Gold Invivogen rep-qlcg5

Quanti-BlueTM invivogen rep-qbs

WST-1 assay Merck 11644807001

MultiCyt Cell Cycle Screening Kit Sartorius Custom order

Incucyte Caspase 3/7 Green dye Sartorius 4440

Incucyte Annexin V Red dye Sartorius 4641

iQue Qbeads personalized PlexScreen Sartorius Custom order

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

A549-Dual InvivoGen a549d-nfis

A549-Dual RIG-I KO InvivoGen a549d-korigi

Oligonucleotides

siPLK1 (antisense strand,

UAUUUAAGGAGGGUGAUCU)

Eurogentec Custom order

siPLK1 (sense strand, (5’ppp)-

AGAUCACCCUCCUUAAAUA)

Eurogentec Custom order

siPLK1 scrambled (antisense strand,

UUCUCCGAACGUGUCACGU)

Eurogentec Custom order

siPLK1 scrambled (sense strand, (5’ppp)-

ACGUGACACGUUCGGAGAA)

Eurogentec Custom order

siRNA control 5’ppp Invitrogen tlrl-3prnalv-100

siRNA control Invitrogen tlrl-3prnac-100

Software and algorithms

FlowJo FlowJo https://www.flowjo.com/solutions/flowjo

iQue ForeCyt Sartorius https://www.sartorius.com/en/products/flow-

cytometry/flow-cytometry-software

Prism 9.0.0 GraphPad https://www.graphpad.com/

Incucyte S3 Sartorius https://www.sartorius.com/en/products/live-

cell-imaging-analysis/live-cell-analysis-

software/incucyte-s3-software-v2018b

ImageJ ImageJ https://imagej.nih.gov/ij/download.html
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RESOURCE AVAILABILITY

Lead contact

Lead contact: Further information and reasonable requests for resources and reagents should be directed to the lead contact, Alain Wagner

(alwag@unistra.fr).
Materials availability

There are restrictions to the availability of EphA2 antibody and related conjugates due to being an internal asset.
Data and code availability

� All data reported in this paper will be shared by the lead contact (alwag@unistra.fr) upon request.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact (alwag@unistra.fr)

upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture

A549-Dual and A549-Dual RIG-I KO (InvivoGen, Ref. a549d-nfis or a549d-korigi, San Diego, California, U.S.A.) were culturedwith high glucose

Dulbecco’s Modified Eagles Medium containing 1% GlutaMAX� (DMEM, Gibco�, ThermoFisher, Ref. 10566016) and supplemented with

10 mg/mL Blasticidin (InvivoGen, Ref. ant-bl-05), 100 mg/mL Zeocin (InvivoGen, Ref. ant-zn-05), 10% v/v heat inactivated Fetal Bovine Serum

(FBS, Gibco�, ThermoFisher, Ref. 10099141). Proliferative cultures were incubated at 37�C in a humidified 5% CO2 incubator and subculture

carried out twice a week by washing the cell monolayers with DPBS followed by addition of accutase solution (Gibco�, ThermoFisher,

Ref. A1110501) and incubation at 37�C until the cells detached. Accutase was inactivated by the addition of growth medium before seeding

1.0.106 cells into fresh T175 or T75 flasks. Cell numbers and viability were assessed by Trypan Blue staining (Thermo Fisher Scientific,

Ref. T10282) using Countess 2 (Invitrogen, Ref. AMQAX1000).
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Cell culture for confocal microscopy

For confocal microscopy experiments, A549-Dual cells were cultured in high glucose DMEM without phenol red (Gibco�, ThermoFisher,

Ref. 31053028) supplemented with 1% GlutaMAX� (DMEM, Gibco�, ThermoFisher, Ref. 10566016) and supplemented with 10 mg/mL Blas-

ticidin (InvivoGen, Ref. ant-bl-05), 100 mg/mL Zeocin (InvivoGen, Ref. ant-zn-05), 10% v/v heat inactivated Fetal Bovine Serum (FBS, Gibco�,

ThermoFisher, Ref. 10099141).
METHOD DETAILS

All reagents were obtained from commercial sources and used without prior purifications. Dry solvents were obtained from Merck. All reac-

tions were carried out under an atmosphere of argon in flame-dried glassware with magnetic stirring. Analytical thin layer chromatography

(TLC) was performed using plates cut fromglass sheets (silica gel SIL-G,Macherey-Nagel, Ref. 809013). Visualization was achieved under a 254

or 365 nm UV light and by immersion in an appropriate staining solution. Column chromatography was carried out as ‘‘Flash Chromatog-

raphy’’ using silica gel G-80, G-40, G-25, G-12 or G-4 (40-63 mm) from Buchi on a Buchi Reveleris X2.

NMR:1H and 13C NMR spectra were recorded at 23�C on Bruker Advance III - 400 MHz / 500 MHz spectrometers. Recorded shifts are

reported in parts per million (d) and calibrated using residual nondeuterated solvent. Data are represented as follows: chemical shift, multi-

plicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad, app = apparent), coupling constant (J, Hz), integration and

assignment for 1H NMR data.

Analytical LC-MS analyses were carried out on Waters 2695 separations module equipped with Waters 2487 UV detector, Waters Acquity

QDa mass detector and CORTECS, 2.7 mm, C18, 50 x 4.6 mm column. The flow rate was 1 mL/min and the solvent system was composed as

follows: solvent A: 0.05% TFA in water; solvent B: acetonitrile. The gradient run was: 0 to 5min. – 5% to 95% B; 5 to 6 min. – 95% B; 6 to 7 min. –

5% B. Mass detector was operated in positive MS Scan mode with 600�C probe temperature, 1.5 kV capillary voltage and 10 V cone voltage.

High resolution mass spectra (HRMS) were obtained using an Agilent Q-TOF 6520.

IR spectra were recorded in a Thermo-Nicolet FT/IR-380 spectrometer. Spectra were interpreted with OMNIC 9 software and are reporter

in cm-1. The abbreviations used are w (weak), m (medium), s (strong).

Concentrations of protein or RNA solutions in DPBS (calcium and magnesium free, Merck, Ref. D8537-6X500ML) were determined by UV

absorbance using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Illkirch, France) at 280 nm for proteins and 260 nm for RNA using

their respective molar extinction coefficient. The concentration of antibody conjugates was measured using a BCA Protein Assay Kit (Thermo

Fisher Scientific, Illkirch, France, Ref. 23225).

Size Exclusion Chromatography hyphenated to non-denaturingMass Spectrometry (SEC-non denaturingMS): An ACQUITY UPLCH-class

system (Waters, Manchester, UK) comprising a quaternary solvent manager, a sample manager cooled at 10�C, a column oven maintained at

room temperature and an UV detector operating at 280 nm and 214 nm was coupled to the Synapt G2 HDMS mass spectrometer (Waters,

Manchester, UK). A quantity comprised between 10 to 20 mg of sample were loaded on the ACQUITY UPLC Protein BEH SEC column (2.13

150mm, 1.7 mmparticle size, 200 Å pore size fromWaters,Manchester, UK) using an isocratic elution of 100mMammonium acetate (NH4OAc)

at pH 6.9 and at a flow rate of 0.100 mL/min over 6.0 minutes. The Synapt G2 HDMS was operated in positive mode with a capillary voltage of

3.0 kV while sample cone and pressure in the interface region were set to 180 V and 6 mbar, respectively Acquisitions were performed in

1,000–10,000 m/z range with a 1.5 s scan time. The mass spectrometer was calibrated using singly charged ions produced by a 2 g/L solution

of cesium iodide (Acros organics, Thermo Fisher Scientific,Waltham,MAUSA) in 2-propanol/water (50/50 v/v). NativeMS data interpretations

were performed using UniDec software.

RNA sequences (5’ to 3’):

siPLK1 antisense (Eurogentec): UAUUUAAGGAGGGUGAUCU

siPLK1 sense (Eurogentec): ppp-AGAUCACCCUCCUUAAAUA

siPLK1 scrambled antisense (Eurogentec): UUCUCCGAACGUGUCACGU

siPLK1 scrambled sense (Eurogentec): ACGUGACACGUUCGGAGAA

siRNA control antisense (Invitrogen, tlrl-3prnalv-100 or tlrl-3prnac-100): ppp-GCAUGCGACCUCUGUUUGA

siRNA control sense (Invitrogen, tlrl-3prnalv-100 or tlrl-3prnac-100): CGUACGCUGGAGACAAACU

RNAs were purchased HPLC-purified from Eurogentec or Invitrogen. Every step using RNA were carried out under a PSM cleaned with

ethanol and RNaseZap. Upon reception, tubes were centrifuged, then RNAs were suspended in DEPC-treated water to 100 mM (for biological

assays) or 1 mM (for conjugation).
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Chemical syntheses

17-hydroxy-3,6,9,12,15-pentaoxaheptadecyl 4-methylbenzenesulfonate 1

To a solution of dried (1 h, 70�C, rotavap) hexaethylene glycol (1 equiv., 20 g, 70.8 mmol) in dichloromethane (320 mL) at 0�C were added KI

(0.2 equiv., 2,35 g, 14.2 mmol) and Ag2O (1.5 equiv., 24,6 g, 106 mmol). Tosyl chloride (1.05 equiv., 14.2 g, 74,4 mmol) was then added portion

wise and the reaction mixture was stirred at 0�C for 30 minutes. The mixture was then filtered through a pad of Celite, washed with THF

(100 mL) and concentrated in vacuo. The crude material was purified by silica gel flash chromatography (Cyclohexane/EtOAc 85/15 to

EtOAc 100% in 5 minutes, then EtOAc 100% for 5 minutes, then EtOAc/MeOH 100/0 to EtOAc/MeOH 95/5 in 20 minutes) to give the title

compound 1 as a clear yellow oil (19.3 g, 63%).
1H NMR (400 MHz, CDCl3, d ppm): 7.78 (d, J = 8.2 Hz, 2H), 7.32 (d, J = 8.0 Hz, 2H), 4.14(t, J = 4.8 Hz, 2H), 3.72–3.53 (m, 22H), 2.94 (s, 1H,

(OH)), 2.43 (s, 3H).
13C NMR (100 MHz, CDCl3, d ppm): 144.8, 133.1, 129.8 (2C), 128.0 (2C), 72.5, 70.7-70.4, 69.7, 68.7, 61.7, 21.6.

17-azido-3,6,9,12,15-pentaoxaheptadecan-1-ol 2

To a solution of 17-hydroxy-3,6,9,12,15-pentaoxaheptadecyl 4-methylbenzenesulfonate 1 (1 equiv., 19.3 g, 44.2 mmol) in DMF (50 mL) was

added NaN3 (1.5 equiv., 4.31 g, 2.33 mL, 66.3 mmol). The reaction was stirred at 50�C overnight under argon atmosphere. After evaporation,

400 mL of dichloromethane were added and the solution was washed with water (1 x 300 mL) then brine (3 x 300 mL). Aqueous layers were

combined and washed with dichloromethane (1 x 200 mL) and organic layers were combined, washed with brine (1 x 300 mL), dried over

MgSO4, filtered and concentrated in vacuo to afford the title compound 2 as a yellow oil (11.4 g, 37.13 mmol, 84%) which is used without

further purifications.
1H NMR (400 MHz, CDCl3, d ppm): 3.71 – 3.70 (m, 2H), 3.69 – 3.60 (m, 18H), 3.60-3.58 (m, 2H), 3.37 (t, J = 5.1 Hz, 2H), 2.98 (s, 1H (OH)).
13C NMR (100 MHz, CDCl3, d ppm): 72.5, 70.7 – 70.6 (7C), 70.4, 70.0, 61.7, 50.7.

tert-butyl 1-azido-3,6,9,12,15,18-hexaoxahenicosan-21-oate 3

To a solution of 17-azido-3,6,9,12,15-pentaoxaheptadecan-1-ol 2 (1 equiv., 10.5 g, 34.2 mmol) in THF (100 mL, concentration = 0.3 mol/L) at

0�C was added tert-butyl acrylate (1.3 equiv., 5.69 g, 6.45 mL, 44.4 mmol). Freshly sublimated potassium tert-butoxide (0.1 equiv., 0.383 g,

3.42 mmol) was then added portion wise at 0�C and the reaction mixture was stirred at room temperature for 8 h. After concentration, an

aqueous solution of NaH2PO4 (1M, 100 mL) was added and the mixture was extracted with EtOAc (3 x 200 mL). The combined organic layers
14 iScience 27, 109068, March 15, 2024
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were washed with brine (1 x 200 mL) and dried over MgSO4, filtered and concentrated in vacuo. The crudematerial was purified by flash chro-

matography (Cyclohexane/EtOAc 8/2 to EtOAc 100% in 30 minutes) to afford the title compound 3 as a yellow oil (7 g, 16.07 mmol, 47%).
1H NMR (400 MHz, CDCl3, d ppm): 3.72 - 3.56 (m, 24H), 3.38 (t, 2H), 2.49 (t, 2H), 1.44 (s, 9H).
13C NMR (100 MHz, CDCl3, d ppm): 171.0, 70.7 – 70.4, 70.1, 66.9, 50.7, 36.3, 28.1 (3C).

tert-butyl 1-amino-3,6,9,12,15,18-hexaoxahenicosan-21-oate 4

To a solution of tert-butyl 1-azido-3,6,9,12,15,18-hexaoxahenicosan-21-oate 3 (1 equiv., 1.5 g, 3.44 mmol) in degased methanol (80 mL, con-

centration under 50 mM) was added Pd/C (1 mol%, 36.7 mg, 34.4 mmol). The atmosphere was flushed with argon then replaced by H2 and the

mixture was stirred at room temperature overnight. Themixturewas filtered through a pad of Celite and concentrated in vacuo. The crudewas

purified by silica gel flash chromatography (DCM 100% to DCM/MeOH/NH4OH 9/0.9/0.1 in 30 minutes) to afford the title compound 4 as a

yellow oil (1 g, 2.44 mmol, 71%).
1H NMR (400MHz, CDCl3, d ppm): 3.71 – 3.68 (m, 2H), 3.66 – 3.57 (m, 20H), 3.53 – 3.51 (m, 2H), 2.88 – 2.85 (t, 2H), 2.51 – 2.47 (t, 2H), 1.84 (s,

2H (NH2)), 1.43 (s, 9H).
13C NMR (100 MHz, CDCl3, d ppm): 170.9, 80.5, 73.1, 70.6 – 70.3, 66.9, 50.7, 41.7, 36.3, 28.1 (3C).

tert-butyl 1-(bicyclo[6.1.0]non-4-yn-9-yl)-3-oxo-2,7,10,13,16,19,22-heptaoxa-4-azapentacosan-25-oate 5

To a solution of (1R,8S,9S)-bicyclo[6.1.0]non-4-yn-9-ylmethyl (4-nitrophenyl) carbonate (1 equiv., 350mg, 1.11mmol) in DMF (3 mL) was added

a solution of tert-butyl 1-amino-3,6,9,12,15,18-hexaoxahenicosan-21-oate 4 (1.1 equiv., 500 mg, 1.22 mmol) and triethylamine (3 equiv.,

336 mg, 0.463 mL, 3.33 mmol) in DMF (3 mL). The mixture was stirred overnight at room temperature under argon atmosphere. After concen-

tration, a solution of NaH2PO4 (1M, 100 mL) was added and the mixture was extracted with EtOAc (3 x 100 mL). The combined organic layers

were washed with brine (100 mL), dried over MgSO4 and concentrated in vacuo. The residue was purified by flash chromatography to afford

the title compound 5 as a colorless oil (500 mg, 0.94 mmol, 77%).
1H NMR (400 MHz, CDCl3, d ppm): 5.24 (s, 1H, (NH)), 4.13 (d, 2H), 3.64- 3.51 (m, 24H), 3.35 (m, 2H), 2.50 – 2.47 (t, 2H), 2.28 – 2.21 (m, 6H),

1.59 – 1.56 (m, 2H), 1.43 (s, 9H), 1.35 (t, 1H), 0.95 – 0.90 (t, 2H).
13C NMR (100 MHz, CDCl3, d ppm): 170.9, 98.8, 80.5, 70.6 – 70.1 (6C), 66.9, 62.7, 40.8, 36.3, 29.1, 28.1, 21.5, 20.1, 17.8.

1-[({bicyclo[6.1.0]non-4-yn-9-ylmethoxy}carbonyl)amino] 3,6,9,12,15,18-hexaoxahenicosan-21-oic acid 6

To a solution of tert-butyl 1-(bicyclo[6.1.0]non-4-yn-9-yl)-3-oxo-2,7,10,13,16,19,22-heptaoxa-4-azapentacosan-25-oate 5 (1 equiv., 500 mg,

0.854 mmol) in MeOH/H2O 1/1 (10 mL) was added LiOH (10 equiv., 204 mg, 8.54 mmol). The reaction was stirred at room temperature over-

night under argon atmosphere. After concentration, a solution of NaH2PO4 (1M, 50 mL) was added and the mixture was extracted with DCM

(4 x 75 mL). The combined organic layers were washed with brine (75 mL), dried over MgSO4 and concentrated in vacuo to afford the title

compound 6 as a yellowish oil (400 mg, 0.75 mmol, 88%).
1H NMR (400 MHz, CDCl3, d ppm): 5.35 (s, 1H (NH)), 4.14 (d, 2H), 3.79 – 3.76 (m, 2H), 3.67 – 3.64 (m, 20H), 3.57 – 3.54 (t, 2H), 3.35 (m, 2H),

2.62 – 2.59 (t, 2H), 2.29 – 2.19 (m, 6H), 1.58 (m, 2H), 1.37 – 1.33 (m, 1H), 0.96 – 0.91 (t, 2H).
13C NMR (100 MHz, CDCl3, d ppm): 170.7, 98.9, 80.4, 70.6 – 70.2 (6C), 67.0, 62.8, 40.7, 36.4, 29.0, 21.5, 20.1, 17.8.

perfluorophenyl 1-((1R,8S,9s)-bicyclo[6.1.0]non-4-yn-9-yl)-3-oxo-2,7,10,13,16,19,22-heptaoxa-4-azapentacosan-25-oate 7

To a solution of 1-[({bicyclo[6.1.0]non-4-yn-9-ylmethoxy}carbonyl)amino] 3,6,9,12,15,18-hexaoxahenicosan-21-oic acid 6 (1 equiv., 650 mg,

1.23 mmol) and EDCI (2 equiv., 381 mg, 0.434 mL, 2.45 mmol) in dichloromethane (15 mL) was added pentafluorophenol (2 equiv.,

451 mg, 0.257 mL, 2.45 mmol). The reaction mixture was stirred at room temperature for 4 hours under argon atmosphere. After concentra-

tion, the crude was dissolved in EtOAc (75 mL), washed with aqueous solutions of HCl (0.1 M, 75 mL) and saturated NaHCO3 (2 x 75 mL). The

combined organic layers were washed with brine (75 mL), dried over MgSO4 and concentrated in vacuo. The residue was purified by flash

chromatography (Cyclohexane/EtOAc 5/5 to EtOAc 100% in 20 minutes then EtOAc 100% to EtOAc/MeOH 95/5 in 10 minutes) to afford

BCN-PEG6-PFP 7 as a colorless oil (550 mg, 64%).
1HNMR (400MHz,CDCl3, dppm): 5.19 (s, 1H (NH)), 4.06 (d, 2H), 3.82 – 3.80 (t, 2H), 3.59 – 3.56 (m, 20H), 3.50 – 3.48 (t, 2H), 3.31 (m, 2H), 2.89 –

2.87 (t, 2H), 2.22 – 2.13 (m, 6H), 1.53 – 1.50 (m, 2H), 1.30 – 1.27 (m, 1H), 1.21 – 1.18 (m, 2H), 0.89 – 0.85 (m, 2H).
13C NMR (100 MHz, CDCl3, d ppm): 170.7, 98.8, 70.7 – 70.5 (4C), 70.3, 70.1, 66.1, 62.7, 53.4, 40.8, 34.4, 29.1, 21.4, 20.1, 17.8.
19F NMR (400 MHz, CDCl3, d ppm): -157.55, -157.95, -162.33.

4-azidobenzoyl fluoride 8

The compound was synthesized from an adapted protocol, using TFFH instead of cyanuric fluoride.[1] TFFH (1.5 equiv., 242 mg, 0.919 mmol)

and 4-azidobenzoic acid (1 equiv., 100 mg, 0.613 mmol) were dissolved in acetonitrile (5 mL) and DIPEA (1 equiv., 79.2 mg, 0.101 mL,

0.613 mmol) was added. Themixture was stirred at room temperature for 3 hours in the dark. The reaction mixture was poured onto ice water

(20 mL) and diluted with diethyl ether (50 mL). The aqueous layer was discarded, and the organic layer was washed with water (2 x 10 mL) and

brine (10mL). The organic layer was dried overMgSO4, filtered and concentrated under reduced pressure to provide the crude residue, which

was purified by silica pad (Cyclohexane) and lyophilized to afford the title compound 8 (64.8 mg, 0.392 mmol, 64 %) as a yellow solid.
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Synthesis of BCN-siRNA conjugates

One aliquot of 3’-amino-RNA (1 equiv., 5 mM in RNase-free water) was diluted in RNase-free borate buffer (0.1 M, pH = 8.0) to 1.67 mM and

BCN-PEG6-PFP (50 equiv., 100 mM in DMSO) was added. The solution was topped-up with DMSO to 20% v/v. The mixture was incubated at

25�C for 4 hours under nitrogen atmosphere. An aqueous solution of LiClO4 (3 M, 20 mL) was added and acetone cooled at -20�C was added

(three times the total volume). Themixture was left at -20�C for 1 h to allow the oligonucleotide’s precipitation. Themixture was centrifugated

at 15000 g for 12min and the supernatant was thrown away. This RNA precipitation step was done onemore time. 3’-BCN-asRNAwas dried in

a speedvac and then dissolved in RNase-free PBS 1X (100 mL) and the concentration was measured by spectrophotometry using Nanodrop at

260 nm. Yield was between 55 and 84% depending on carefulness and scale.

To the solution of 3’-BCN-asRNA (1 equiv.) was added a solution of the complementary RNA strand (1.5 equiv. in RNase-free PBS 1X) and

the solution was incubated at 65�C for 5 min, then the temperature was cooled from 65�C to 25�C over 15 min. BCN-siRNA was directly used

for bioconjugation to antibody-N3 without further purification.

mAb-N3 synthesis

To a solution of EphA2-antibody (1 equiv., 5 mg/ml in DPBS 1X, pH 7.4) was added azidobenzoyl fluoride (3 equiv., 20 mM in DMSO, fresh

solution) and the mixture was incubated at 37�C for 30 min. Excess of reagent was removed by gel filtration chromatography using Bio-spin

P-30 columns (Bio-Rad, Hercules, U.S.A.) pre-equilibrated with DPBS 1X (pH 7.4) to give a solution of mAb-N3 (average yield 90%). The con-

centration was measured by spectrophotometry using Nanodrop at 280 nm and DoC was determined by SEC-ESI-MS.

mAb-siRNA synthesis

To a solution of mAb-N3 (1 equiv., 10 mg/mL in DPBS 1x pH = 7.4) was added BCN-modified siRNAs (3 equiv., as a 100 mM solution in RNAse-

free water) and the reaction mixture was incubated at 25�C for 24 hours.

The mixture was purified by size exclusion chromatography (Akta, Superdex 200 10/300 GL Increase, DPBS 1X as eluent). This method is

efficient to separate the conjugated antibody from the naked one, therefore eliminating DoC 0 and free siRNAs. Fractions containing the

product were concentrated by centrifugation (Vivaspin 500 mL, 50 kDa MWCO, 12 minutes, 15 000 g) and filtered through centrifuge tube

filters (Corning� Costar� Spin-X�, 0.22 mm, 1 minute, 15 000 g). Average yield was between 30 and 40%. Protein concentration was deter-

mined by BCA assay, and 25 mg of conjugate were deglycosylated with Remove-iT� Endo S (New England Biolabs, Ipswich, U.S.A.,

Ref. P0741L) at 37�C for 2 hours before SEC-ESI-MS analysis.

Dual-labelled-mAb-siRNA conjugate synthesis for confocal microscopy

To a solution of mAb-N3 (1 equiv., 10 mg/mL in DPBS 1x (pH 7.4)) was added Cy3-BCN-siRNAs (3 equiv., as a 100 mM solution in RNAse-free

water) and the reaction mixture was incubated at 25�C for 24 hours.

After purification by SEC to discard of unconjugated antibody, Cy5-NHS ester (3 equiv., 16 h, DPBS 1X) was added to the purified mAb-

siRNA. The use of Sulfo-Cy5 led to high aggregation of the final conjugate. Excess of reagent was removed by gel filtration chromatography

using Bio-spin P-30 columns (Bio-Rad, Hercules, U.S.A.) pre-equilibrated with DPBS 1X (pH 7.4) to afford the dual-labelled antibody (yield 12%

over two steps). Prior to biological assay, the conjugate was filtered through centrifuge tube filters (Corning� Costar� Spin-X�, 0.22 mm,

1 minute, 15 000 g) for sterilization. Protein concentration was determined by BCA assay.

Biological assays

Cell culture for confocal microscopy

The day before experiment, A549-Dual cells (4000 cells/well, 25 mL) were plated in a 384-well flat-bottomedblack plate suitable formicroscopy

in DMEMcompletemediumwithout phenol red. Conjugates were diluted to 1 mM inOpti-MEM (Thermo Fisher Scientific, Ref. 31985062), and

cells were then treated with 100 nM of conjugates. After 1 h and 4 h, cells were washed with DPBS 1X, resuspended in DMEM complete me-

diumwithout phenol red, and labelledwith 5 mg/mLHoechst 33342 (ThermoFisher, Ref. 62249) and Lysoview 488 (Biotium, Ref. 70067, dilution

1/1000 in complete medium) 30 minutes before the reading. After these 30 minutes, cells were washed with DPBS 1X and pictures were taken

on a Zeiss LSM800. Images were analyzed by ImageJ, background and colors were normalized and Pearson’s correlation coefficient was

determined with the plugin coloc 2.

RIG-I activation assays and viability assay

The day before experiments, 10,000 A549-Dual or A549-Dual RIG-I KO cells were plated in a flat-bottomed transparent 96-well plate in 90 mL

DMEM completemedium. Antibodies were diluted to 400 nM in Opti-MEM (Thermo Fisher Scientific, Ref. 31985062). All siRNAs were diluted

to 400 nM in Opti-MEM containing LipofectamineTM RNAiMAX (Thermo Fisher Scientific, Ref. 13778075) for 5 minutes according to manu-

facturer’s protocol. Then, 10 mL of these solutions were added to cells.

For EphA2-dependent internalization assay, cells were pre-incubated with increasing concentration of the naked antibody for 1 hours in

order to degrade surface-EphA2, then washed with DPBS 1X before adding the antibody-siRNA conjugates for 72 h.

Luciferase assay (Quanti-LucTM Gold, Invivogen, Ref. rep-qlcg5) was performed in a 96-well flat-bottomed white plate according to the

manufacturer’s protocol.
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SEAP assay (Quanti-BlueTM, invivogen, Ref. rep-qbs) was performed in a 96-well flat-bottomed transparent plate according to the man-

ufacturer’s protocol.

WST-1 assay (Roche, Merck, Ref. 11644807001) was performed according to the manufacturers’ protocol.

Western-blot

The day before experiment, A549-Dual cells (400,000 cells/well, 1.8 mL of DMEM complete medium) were plated in a flat-bottomed trans-

parent 6-well plate. All compounds were diluted to 400 nM with Opti-MEM and 200 mL of these solutions were added to the wells, and cells

were incubated for 72h.

Cells werewashedwithDPBS, harvested using a scrapper, then 200 mL of freshly preparedRIPAbuffer (containing 50mMTris-HCl pH= 7.4,

150mMNaCl, 1%NP-40, 1 mMPMSF, protease and phosphatase inhibitor cocktail 1X (Thermo Fisher Scientific, Ref. 78442)) was added. Cells

were then sonicated (3 x 10 sec), centrifugated at 13,000 g for 10 min and let rest for 15 min over ice.

Total protein level of the supernatant was measured by BCA assay (BSA 1 mg/mL as standard) and 50 mg of cell proteins were loaded in a

4-15% precast Stain-Free SDS-PAGE gel (Bio-Rad, Ref. 4568084, 200V, 40 min, weight marker All Blue standard). Gels were then transferred

into nitrocellulose membranes (Bio-Rad, Ref. 1704158) using Trans-Blot Turbo Transfer System (Bio-Rad). Membranes were put in a box con-

taining 10mL of blocking buffer (5%milk in TBS-T 1X (Tris-base 20mM, 13,6mMNaCl, pH adjustedwithHCl to 7.6, tween 20 0.1%) for 1h. After

washing with TBS-T 1X (3 x 5 min), 10 mL of primary antibodies solution (mouse mAb anti-PLK1 (Abcam, Ref. ab17056), rabbit pAb anti-RIG-I

(Cell Signal, Ref. 3743S), both at 1 mg/mL (dilution 1/1000) in TBS-T 1X containing 5% BSA) was added overnight at 4�C. For internalization
assay, goat mAb anti-human-Fc (Merck, Ref. I2136) was used in the same conditions.

After washing with TBS-T 1X (3 x 5 min), 10 mL of primary antibody solution (mouse mAb anti-GAPDH (invitrogen, Ref. MA5-15738)

at 1 mg/mL (dilution 1/1000) in TBS-T 1X containing 5% BSA) was added for 45 minutes at room temperature. After washing with TBS-T 1X

(3 x 5 min), 10 mL of secondary antibodies solution (donkey mAb anti-mouse and horse mAb anti-rabbit, both HRP conjugates, at 0.2 mg/

mL (dilution 1/5000) in TBS-T 1X containing 5% BSA) were added for 2 hours at room temperature. After washing with TBS-T 1X (3 x

5 min), nitrocellulose membrane was revealed with SuperSignal (Thermo Fisher Scientific, Ref., 34580) according to manufacturer’s protocol

and ChemiDoc (Bio-Rad). Blots were quantified using Image Lab (Bio-Rad) and results were normalized to GAPDH.

Cell cycle study

The day before experiments, 10,000 A549-Dual cells were plated in a flat-bottomed transparent 96-well plate in 90 mL DMEM complete me-

dium. Nocodazole (500 nM in Opti-MEM) was used as a G2/M synchronizer product to place cytometry gates. Antibodies were diluted to

400 nM in Opti-MEM (Thermo Fisher Scientific, Ref. 31985062). All siRNAs were diluted to 400 nM in Opti-MEM containing

LipofectamineTM RNAiMAX (Thermo Fisher Scientific, Ref. 13778075) for 5 minutes according to manufacturer’s protocol. Then, 10 mL of

these solutions were added to cells before performing the assay after 24h of incubation.

After 24 h of incubation, cells were washed with DPBS 1X (50 mL/well) and accutase was added (50 mL/well) to detach cells. After 5 min of

incubation at 37�C, the plate was shaken to detach cells. 20 mL of each well was transferred into a V-bottomed black 96-well plate and 20 mL of

MultiCyt Cell Cycle Screening Kit (Sartorius, diluted in FACS buffer, 1:50) was added to each well. After incubation in the dark for 1 hour at

room temperature, data were collected with an iQue Screener PLUS using the given template and ForeCyt software.

Calreticulin exposition assay

The day before experiments, 10,000 A549-Dual cells were plated in a flat-bottomed transparent 96-well plate in 90 mL DMEM complete me-

dium. Antibodies were diluted to 1 mM in Opti-MEM (Thermo Fisher Scientific, Ref. 31985062). All siRNAs were diluted to 1 mM in Opti-MEM

containing LipofectamineTM RNAiMAX (Thermo Fisher Scientific, Ref. 13778075) for 5 minutes according to manufacturer’s protocol. Then,

10 mL of these solutions were added to cells before performing the assay after 48 h of incubation.

Cells were washed with DPBS 1X (50 mL/well) and detached using accutase (50 mL/well) and incubated for 10 min at 37�C. Cells were then

transferred into a 96-well V-bottomed black plate, centrifuged (200 g, 5 min), and washed once with FACS buffer (PBS, 2% BSA, 10 mMEDTA,

centrifuge 200 g, 5 min). Cells were resuspended in FACS buffer, and AF488-tagged anti-CALR mAb (Abcam, Ref. ab196158, dilution 1/100,

50 mL) was added and incubated for 30minutes at 4�C in the dark. Cells werewashedwith FACSbuffer (200 g, 5min) and resuspended in FACS

buffer (100 mL). Then, 1 mL of 7-AAD (Miltenyi Biotec, Ref. 130-111-568) was added in each well. Data were collected with Miltenyi Biotec’s

MACS Quant 10 and data were analyzed with FlowJo software.

Killing assays

In prevision of co-culture experiments with PBMCs, A549-Dual or A549-Dual RIG-I KO cells were cultured in RPMI 1640 containing 1%

GlutaMAXTM (GibcoTM, ThermoFisher, Ref. 61870036) and supplemented with 10 mg/mL Blasticidin (InvivoGen, Ref. ant-bl-05),

100 mg/mL Zeocin (InvivoGen, Ref. ant-zn-05), 10% v/v heat inactivated Fetal Bovine Serum (FBS, GibcoTM, ThermoFisher, Ref. 10099141).

The day before experiment, A549 cells (2500 cells/well, 50 mL in RPMI 1640 complete medium) were plated on a 96-well flat-bottomed black

plate suitable for microscopy. The same day, PBMCs were thawed, washed twice with DPBS 1X (centrifuged at 300 g for 8 min) and incubated

overnight in RPMI 1640 complete medium.
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The next day, PBMCs were washed one more time and counted just before seeding in the A549 cell-containing plates (25 mL, ratio A549/

PBMC = 1/5). Antibodies or Resiquimod (TLR7/8 agonist, Invivogen, Ref. tlrl-r848) were added (25 mL, RPMI 1640) to each well, and Incucyte

Caspase 3/7 Green dye (Sartorius, Ref. 4440) and Incucyte Annexin V Red dye (Sartorius, Ref. 4641) were added according to manufacturer’s

protocol. Cells were incubated in Incucyte S3 Live Cell Imaging System (Sartorius). Images were taken every 2 hours for 4 days and analyzed

using Incucyte’s software. The supernatant of each plate was used for cytokine quantification.

Cytokine quantification

Each cytokine was quantified using iQue Qbeads personalized PlexScreen (Sartorius) according to manufacturer’s protocol D (one-wash

protocol + standard curves). Rapidly, 10 mL of supernatant were transferred to a black V-bottomed 96-well plate, and 10 mL of Qbeads

were added for 1 h at room temperature. Following this incubation, 10 mL of secondary antibodies were added for 2 hours at room temper-

ature, and then the cytokines were quantified using IQue Screener PLUS using the given template and ForeCyt software.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using the GraphPad Prism Software version 9.0.0. All the values for the in vitro experiments were done are

presented as meanG SD from one of at least three separate experiments. Significant differences (p value) were discriminated by applying a

two-tailed, unpaired Student’s t test assuming a normal distribution. p values are indicated in the corresponding figures.
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