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Abstract 

Polyinosinic-polycytidylic acid (PIC) is a potent dsRNA adjuvant useful in intranasal influenza 

vaccination. In mice, the intensity and duration of immune responses to PIC correlated with the double-

stranded chain length. A rational method to avoid PIC chain extension in PIC production is to use 

multiple short poly(I) molecules and one long poly(C) molecule for PIC assembly. In this study, we 

elucidate that a newly developed uPIC100-400 molecule comprising multiple 0.1 kb poly(I) molecules 

and one 0.4 kb poly(C) molecule effectively enhanced the immune responses in mice, by preventing 

the challenged viral propagation and inducing hemagglutinin-specific IgA, after intranasal 

A(H1N1)pdm09 influenza vaccination. Reduced intraperitoneal toxicity of PIC prepared with multiple 

short poly(I) molecules in mice indicates the widened effective range of uPIC100-400 as an adjuvant. 

In contrast to uPIC100-400, the PIC molecule comprising multiple 0.05 kb poly(I) molecules failed to 

elicit mouse mucosal immunity. These results were consistent with TLR3 response but not RIG-I-like 

receptor response in the cell assays, which suggests that the adjuvant effect of PIC in mouse intranasal 

immunization depends on TLR3 signaling. In conclusion, the double-stranded PIC with reduced 

toxicity developed in this study would contribute to the development of PIC-adjuvanted vaccines. 
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Introduction 

Polyinosinic-polycytidylic acid (PIC) molecule is an artificial dsRNA composed of poly(I) and 

poly(C) that forms a double strand by complementary base-pairing through hydrogen bonds 

(Chamberlin and Patterson, 1965). This particular homopolymeric dsRNA strongly induces innate 

immune response in animals (Hilleman et al., 1971), by serving as an adjuvant in prophylactic 

vaccination against infectious diseases, e.g. influenza (Ichinohe et al., 2010; Ichinohe et al., 2005; 

Perez-Giron et al., 2014), Ebola virus disease (Phoolcharoen et al., 2011), AIDS (Billeskov et al., 

2017), leishmaniasis (Sanchez et al., 2017), bovine respiratory disease (Prysliak and Perez-Casal, 

2016), porcine reproductive and respiratory syndrome (Zhang et al., 2013), and Salmonid alphavirus 

disease (Thim et al., 2012). Especially in intranasal vaccination, PIC is a valuable adjuvant for 

activation of mucosal immunity in the respiratory tract, improving protection via enhanced dendritic 

cell function and T cell immunity (Ichinohe et al., 2005; Takaki et al., 2018). The application of PIC 

as an adjuvant for cancer therapeutic vaccines (Forte et al., 2012; Kano et al., 2016; Seya et al., 2013; 

Zhao et al., 2019) and a preconditioning agent for brain surgery, with the purpose of inducing tolerance 

to subsequent ischemia-reperfusion injury, are under study (Gesuete et al., 2012; Li et al., 2015). 

However, many reports also showed that high-dose or short-term repeated administration of PIC 

exacerbated some disease symptoms in animal models (Aavani et al., 2015; Graber et al., 2018; Harris 

et al., 2013; Kanaya et al., 2014; Stowell et al., 2009). Most of these reports did not provide 

information on the nucleotide length of the double-stranded molecules (NLDS) of PIC used in their 

studies. 

Strengths and durations of immune responses to PIC in mammals are dependent on its NLDS 

(Field et al., 1970; Machida et al., 1976). In particular, longer NLDS with sedimentation coefficients 

(S) between 4.2 S and 21.2 S elicit more potent and prolonged immunological responses (Machida et 

al., 1976). These S values were associated with the NLDS of 0.1–12.7 kbp (Studier, 1965). 

Furthermore, two PICs with different NLDS elicited distinct innate immune responses in myeloid cells 

and fibroblasts (Mian et al., 2013). The duration of the action of PIC is usually short because PIC is 
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easily degraded by ubiquitous RNases in body fluids and blood upon administration to animals (de 

Clercq, 1979). Therefore, we hypothesized that by using PICs with NLDS within a specific length 

range and administration of an appropriate dose through an effective route would potentially suppress 

adverse immune responses caused by some PICs. 

However, the NLDS of PIC could not be simply modified by changing the length of poly(I) and 

poly(C) molecules. Theoretically, annealing of poly(I) and poly(C) molecules of the same length under 

appropriate conditions would yield a NLDS of the same length to both molecules. However, in practice, 

multiple poly(I) and poly(C) molecules form one stable double-stranded molecule in a daisy chain. 

The extended NLDS reaches 5 to 10 times the theoretical NLDS (Hamilton, 1971; Machida et al., 

1976). This daisy chained PIC is not easily shortened to its theoretical length even if re-annealing is 

performed by gentle cooling after heating the sample (Hamilton, 1971; Nakano et al., 2018). Although 

excessive heating during annealing yields PIC with shortened NLDS, the obtained PIC is an assembly 

with the mixture of cleaved poly(I) and poly(C) molecules during the excessive heating. This shortened 

PIC still has limitations regarding the reproducibility of NLDS during production, and storage stability, 

presumably caused by nicks in the poly(C) strand (Nakano et al., 2018). 

In a previous study, we provided a solution to overcome these problems that originated during the 

PIC production, by constructing a PIC double strand with intact poly(C) and nicked poly(I) strands. 

Pilot-scale production of PIC with this unevenly nicked double-stranded structure was achieved by 

annealing multiple short poly (I) molecules into a single poly (C) molecule. The newly developed PIC, 

uPIC100-400, demonstrated better storage stability than the corresponding evenly structured PIC and 

the length of this new PIC was also reproducible (Nakano et al., 2018). To our knowledge, this method 

is the only one that can generate physico-chemically stable NLDS with reproducibility between 

production lots. 

PIC is recognized in mammals by two independent signaling pathways of the innate immunity, 

resulting in the production of type I interferon (IFN) and proinflammatory cytokines (Takeuchi and 

Akira, 2009). One is the TLR3–TICAM-1(TRIF) pathway that initiates signaling from TLR3 

(Matsumoto et al., 2002; Oshiumi et al., 2003). TLR3 signaling, which starts in the endosomes, is 
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detected in a wide range of cells, including conventional dendritic cells, macrophages, neural cells, 

fibroblasts, and epithelial cells (Matsumoto and Seya, 2008). The second one is special a RNA helicase 

(RLRs)–MAVS pathway that is functionally ubiquitous in various types of cells and initiates signaling 

in the cytoplasm via dsRNA-captured retinoic acid inducible gene I (RIG-I) and melanoma 

differentiation associated gene 5 (MDA5) products (Kato et al., 2006; Kawai et al., 2005; Yoneyama 

et al., 2004). The sensitivity of TLR3 and RLR signaling is regulated independently (Hotz et al., 2015), 

and innate immune responses derived from these signaling are different (Seya et al., 2013; Seya et al., 

2019; Takeuchi and Akira, 2009). 

Moreover, poly(I) and poly(C) molecules that constitute poly(I) and poly(C) strands of the PIC 

double strand influence immune responses against PIC depending on the nucleotide length. A previous 

study reported that PIC comprising 0.6 kb poly(I) and 0.07 kb poly(C) or larger molecules rendered 

cells 100% resistant to vesicular stomatitis virus infection upon intravenous injection in New Zealand 

White rabbits. However, when PIC was composed of 0.6 kb poly(C) and 0.2 kb poly(I) molecules, the 

cells were 20–50% resistant to the virus (Tytell et al., 1970). Furthermore, the length requirement for 

inducing a type I IFN response in human L and rabbit kidney cells was more stringent for poly(I) than 

for the poly(C) molecules (Stewart and De Clercq, 1974). Recent studies using human TLR3-

expressing reporter cells and PICs assembled with poly(I) and poly(C) molecules of some lengths 

indicated that recognition of PICs by human TLR3 was reduced by 75% when shortening either 

molecule to 30 bases (Okahira et al., 2005). Thus, the effects of both poly(I) and poly(C) lengths of 

PIC on the innate immune response remain controversial.  

In this study, we investigated the effect of poly(I) and poly(C) length on the immune response in 

mice by administering PICs assembled with poly(I) and poly(C) molecules of varying molecule 

lengths as adjuvants during intranasal influenza vaccination. We demonstrated the effect of poly(I) 

length of PIC on the innate immune response. Specifically, a successful activity and also expanded 

effective range of PIC as adjuvant were obtained after intranasal influenza vaccination of mice with 

PIC structures of uneven lengths. 



Nakano 

6 
 

Materials and Methods 

PICs and reagents 

PICs used in this study are listed in Table 1. Preparation and purification methods of these PICs 

were previously described in detail (Nakano et al., 2018). Briefly, poly(I) and poly(C) molecules of 

various lengths were enzymatically synthesized without a template by polynucleotide phosphorylase 

(PNPase) from IDP and CDP, respectively. The desired nucleotide lengths of both poly(I) and poly(C) 

molecules were obtained by adjusting the endpoint of the PNPase reaction and monitoring their lengths. 

PIC was prepared by annealing poly(I) to poly(C), either by mixing them at 20–25°C (Field et al., 

1967) or by mixing and cooling the mix to 20–25°C after heating to 60–70°C (Hamilton, 1971; 

Torrence, 1981). The mixture ratio of poly(I) to poly(C) was 52:48, according to the absorbance at 260 

nm (OD260), as determined on the basis of a reduction in the OD260 due to decreasing the sum of base 

and base pair after mixing poly(I) and poly(C) (Chamberlin and Patterson, 1965). The average 

nucleotide length of poly(I), poly(C), and PIC molecules was determined by size exclusion 

chromatography (SEC), as previously described (Nakano et al., 2018). The long-chain PIC was 

purchased from GE Healthcare Life Sciences (Buckinghamshire, England). Chloroquine was obtained 

from Wako Pure Chemical Corp. (Tokyo, Japan). Human serum was provided by Lonza Japan Ltd. 

(Tokyo, Japan) 

 

Mice, vaccine, and virus 

Female BALB/c mice of 6 to 8-week postnatal age, purchased from Japan SLC (Hamamatsu, 

Shizuoka, Japan), were used for vaccination studies. Mice were kept under specific-pathogen-free 

conditions in the animal facility at National Institute of Infectious Diseases (Tokyo, Japan). Mouse-

adapted influenza virus A/Narita/1/09 (H1N1)pdm09 used in this study was propagated in the allantoic 

cavities of 10- to 11-day-old fertile chicken eggs for 2 days at 37 °C (Ainai et al., 2015). Split-virus 

vaccine prepared from A/California/7/09 (X-179A) (H1N1)pdm09, a reassortant vaccine strain derived 
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from A/California/7/09 (H1N1)pdm09 virus, was kindly provided by the Research Foundation for 

Microbial Disease of Osaka University (BIKEN, Kanonji, Kagawa, Japan). 

 

The melting temperature analysis 

The melting temperature (Tm) was determined from the temperature dissociation curve of OD260, 

which was measured using a TMSPC-1 system (SHIMADZU, Kyoto, Japan). Sample preparation was 

performed by dissolving RNAs in PBS (pH 7.4) and adjusting the concentration to 0.5 OD260 units. 

 

Cell culture experiments 

Evaluation of the human TLR3, mouse TLR3, and mouse RLRs responses were performed by 

using the HEK-BlueTM hTLR3, the HEK-BlueTM mTLR3, and the C57/WT MEF Cell Systems 

(InvivoGen, CA, USA), respectively, at the recommended conditions. The human lung fibroblast 

MRC-5 cell line (RCB0218) (Billiau et al., 1977), obtained from the RIKEN BRC through the National 

Bio-Resource Project of the MEXT, was used for testing the innate immune response. Cell cultures 

were maintained at 37°C in 5% CO2, using DMEM supplemented with 10% fetal bovine serum (FBS), 

and the corresponding antibiotics for the different cell systems. Collagen-coated plates were used for 

culturing the HEK-BlueTM hTLR3 and the HEK-BlueTM mTLR3 cell systems. In our experiments, the 

cells were grown to pre-confluency on 12-well plates, washed three times with serum-free DMEM, 

and finally incubated with 1 mL of the same washing solution just before PIC addition. A total of 0.1 

µg of PIC naked form was added to each well containing the HEK-BlueTM hTLR3 or the HEK-BlueTM 

mTLR3 cells. In the experiments containing C57/WT MEFs and MRC-5 cells, 50 μL of the liposomal 

PIC mixture prepared with 1 µg of PIC and a cationic liposome LyoVecTM (InvivoGen) were added to 

each well unless otherwise noted. For untransfected control cells, 50 μL of a liposomal mixture 

prepared with saline and LyoVecTM was added to each well. After incubation for 2 h, 0.1 mL of low-

IgG FBS (Life Technologies Japan, Tokyo, Japan) was added to each well, and the culture continued 

for 20 h unless otherwise noted. In the experiments with the HEK-BlueTM hTLR3, HEK-BlueTM 
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mTLR3, and C57/WT MEF cells, the levels of secreted alkaline phosphatase (SEAP) induced by the 

corresponding signaling pathways were determined using QUANTI-BlueTM (InvivoGen). The IFN-β 

concentration in the MRC-5 culture was determined using the human-IFN-β ELISA Kit (Kamakura 

Techno-Science, Kanagawa, Japan). Cell viability was measured by using the Premix WST-1 Cell 

Proliferation Assay System (Takara-Bio, Shiga, Japan). 

 

A focused-DNA microarray analysis 

MRC-5 cells were cultured in 60-mm dishes for DNA microarray analysis. Culture conditions 

were the same as those for 12-well plates; however, the volumes of culture media and liposomal 

mixture were increased 5-fold. Total RNA was isolated from MRC-5 cells cultured 24 h after 

transfection with PIC, using RNeasy Mini Kit (Qiagen, Hilden, Germany). A focused DNA microarray 

analysis using GenopalTM Human Innate Immunity Chip (Mitsubishi Chemical, Tokyo, Japan) was 

performed by a contract research organization (Kurabo Industries, Osaka, Japan). 

 

Intranasal influenza vaccination and influenza virus challenge study in mice 

Mice were vaccinated twice at a 3-week interval with 10–100 ng hemagglutinin (HA) of split-

virus vaccine with or without PICs. Intranasal vaccination was performed by administration of 5 µL 

vaccine solution into each nostril (total 10 µL per mouse). Subcutaneous vaccination was performed 

by injecting 100 µL of split-virus vaccine solution into the dorsal part of the cervical region. All mice 

were challenged with mouse-adapted A/Narita/1/09 (H1N1)pdm09 virus, 2 weeks after the last 

vaccination. Infection was performed by administering 2 µL of a suspension containing the virus in 

each nostril (total 4 µL, 40,000 plaque-forming units [PFUs] per mouse). At 3 days post-infection, all 

mice were sacrificed, and serum and nasal wash samples were collected for determination of antibody 

levels and virus titers. Nasal wash samples were obtained from mice by washing the nasal cavities of 

the isolated upper heads with 1 mL of PBS containing 0.1% bovine serum albumin and antibiotics. 

Vaccinations and viral infections were performed under anesthesia. 
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The virus titers of nasal washes were measured according to the method previously described 

(Tobita, 1975). Briefly, 200 µL aliquots of serial 10-fold dilutions of the nasal wash fluid were 

inoculated into MDCK cells in six-well plates. After 1 h of incubation, 2 mL of agar medium was 

overlaid into each well. The number of plaques in each well was counted after 2 days in cell culture. 

HA-specific nasal IgA and serum IgG antibody levels were determined by ELISA as previously 

described (Asahi et al., 2002). Standards for HA-specific IgA and IgG antibody titrations were 

prepared from the nasal washes and sera collected from mice intranasally hyper-immunized with HA 

vaccine in the presence of long-chain PIC (GE Healthcare Life Sciences) and expressed in the same 

arbitrary units (160-unit). 

Animal studies were performed in strict accordance with the Guidelines for Proper Conduct of 

Animal Experiments of the Scientific Council of Japan. All animal experiments were conducted in 

strict compliance with animal husbandry and welfare regulations in biosafety level two animal 

facilities, according to the guidelines of the Animal Care and Use Committee of the National Institute 

of Infectious Diseases. 

 

Single-dose toxicity studies in mice 

Single-dose toxicity studies were performed by Research Institute for Animal Science 

Biochemistry and Toxicology (RIAS, Kanagawa, Japan), a contract research organization. Male 

Crlj:CDl (ICR) mice at postnatal age of 6 weeks, purchased from Charles River Laboratories Japan 

(Yokohama, Japan), were used. These mice were kept in a temperature and humidity-controlled 

environment under a 12 h light–dark cycle with free access to food and water in the barrier facilities 

at RIAS. Mice were intraperitoneally injected with 20 mL/kg of PICs dissolved in sterile saline 

solution with gamma sterilized 25G x 1 needle (n = 5/group). Each mouse received PIC solution 

according to its body weight. Mice were observed for appearance and behavior twice a day, and body 

weight and food consumption were measured once a day for 7 days. Surviving animals were 

euthanized by carbon dioxide gas and necropsied on the last day. 
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These animal studies were performed in strict accordance with the Guidelines for Proper Conduct 

of Animal Experiments of the Scientific Council of Japan. All experimental design and procedures 

were approved as by the Animal Care and Use Committee of RIAS and performed in strict compliance 

with the Animal Experiments Regulations of RIAS (authorization No. 12-086 and 12-137). 

 

PIC digestion with serum 

A total of 10 µl of human serum (Lonza Japan, Tokyo, Japan) diluted to one tenth was added to 

90 µl of 0.1 mg/ml PICs solution dissolved in PBS (pH 7.4), then incubated for 5 min at 37 °C. RNase 

activity in each reaction mixture was inactivated by Phenol/Chloroform extraction. The length 

distribution of PICs in the aqueous layer was analyzed by agarose gel electrophoresis. 

 

Statistical analysis 

Statistical analysis for cell culture and single-dose toxicity studies were performed using SPSS 

Statics statistical software (SPSS Inc., IL, USA). One-way analysis of variance (ANOVA) was applied 

to compare means among groups. Post-hoc pairwise comparisons were conducted using Tukey's test. 

The LD50 of PICs in mice were estimated by logistic regression. Statistical analysis for vaccination 

studies was performed using GraphPad Prism statistical software (GraphPad Software Inc., CA, USA). 

Viral titers were compared using Kruskal-Wallis tests with Dunn’s multiple comparison tests, and 

antibody response results were compared using one-way ANOVA with Bonferroni’s multiple 

comparison tests. Data were considered statistically significant if the p-values were less than 0.05. 
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Results 

Effect of nucleotide length of poly(I) and poly(C) molecules on TLR3 recognition 

The uneven-structured PIC in this paper refers to a PIC molecule that is composed by one poly(C) 

molecule with the same nucleotide length to the target NLDS and multiple poly(I) molecules with 

shorter nucleotide lengths than that of the poly(C) molecule, unless otherwise specified. A 

representative uneven-structured of PIC is uPIC100-400, which is assembled by annealing four poly(I) 

molecules of 0.1 kb to one poly(C) molecule of 0.4 kb. The structural differences between uPIC100-

400 and PIC400-400CA, a conventional structured PIC which has the same dsRNA average length, 

are illustrated (Fig. 1). In order to investigate whether the length of the poly(I) molecule influenced 

the PIC immunological activity, the TLR3 signaling response was evaluated using human TLR3 

reporter cells. TLR3 signaling was prominent in cells treated with PIC molecules comprising poly(I) 

molecules of 0.07 kb–0.4 kb and a poly(C) molecule of 0.4 kb, or PIC molecules comprising poly(I) 

molecules of 0.4 kb and a poly(C) molecule of 0.05 kb–0.1 kb (p < 0.001). Intensity of the TLR3 

signaling of these PICs was not significantly different from that of PIC400-400CA, except for uPIC70-

400, which was composed by poly(I) molecules of 0.07 kb. On the other hand, no significant TLR3 

signaling response was generated by addition of uPIC50-400 composed of 0.05 kb poly(I) molecules 

(Fig. 2A). The same results were also observed in the mouse TLR3 reporter cell assay (Fig. 2B). These 

results indicated that the decrease of TLR3 signaling was characteristic of PIC molecules comprised 

of poly(I) molecule with 0.07 kb or less. 

 

Effect of nucleotide length of poly(I) and poly(C) molecules on RLRs recognition 

RLR response to PIC was evaluated using C57/WT MEF reporter cells. The SEAP production, 

resulting from the sum of RIG-I and MDA5 signals, was significantly increased after transfection of 

the cells with PIC using cationic liposomes. There was no significant difference in SEAP induction 

rate of PIC-transfected cells with poly(I) molecule of 0.05 kb–0.4 kb (Fig. 3). 
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The response of RNA helicases was also evaluated using the human lung fibroblast cell line MRC-

5. IFN-β production was only observed in response to transfection of the MRC-5 cells with PIC by 

using cationic liposomes. Naked PIC did not induce IFN-β production of MRC-5 cells even when the 

amount of PIC increased by 100-fold in our experimental conditions (Fig. 4). No significant difference 

in the effects of PICs assembled with poly(I) and poly(C) molecules of different lengths on IFN-β 

production was observed in the PIC-transfected MRC-5 culture. 

 

Effect of PIC poly(I) and poly(C) nucleotide length on the expression of genes related to innate 

immunity 

Considering that PIC molecules undergo RNase enzymatic cleavage at the phosphodiester bond 

of both poly(I) and poly(C) strands leading to small oligoribonucleotides during and after intracellular 

entry, a mix of ssRNA and dsRNA fragments was generated. This heterogenous mix of 

oligoribonucleotides might have caused differences in the innate immunity response. To rule out this 

speculation, we investigated the expression of the genes involved in innate immunity after MRC-5 

cells were transfected with PIC by using a focused DNA microarray. Alterations in the gene expression 

of MRC-5 cells at 24 h post-transfection with PIC are shown in scatter plots (Fig. 5). In PIC400-

400CA-transfected cells, expression of 166 out of 199 studied genes were up-regulated with a 

significant difference of > 3 standard deviation in a comparative analysis against untransfected cells. 

Expression of none of the analyzed genes was significantly down-regulated (Fig. 5A). Among the up-

regulated genes, gene expression of RIG-I (DDX58, 72 fold), MDA5 (IFIH1, 98 fold), IFN-β (IFNB1, 

173 fold), IFN-inducible proteins (10–1000 fold), and some inflammatory chemokines such as CCL5 

(534 fold) and cytokines as IL-6 (238 fold) were significantly affected. Remarkably, TLR3 gene 

expression was up-regulated by 173-fold. Gene up-regulation, in fold changes, after transfection of 

cells with PIC400-400CA was highly correlated to that with uPIC100-400 (R2 = 0.964), uPIC50-400 

(R2 = 0.978), or ruPIC400-50 (R2 = 0.967) (Fig. 5B–D). The similarity of gene responses between all 

the experimental conditions at 24 h after transfection of cells with PIC raised a question about the 
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possibility of convergent gene responses at late stages of cell death resulting from necrosis. To rule out 

this possibility, DNA microarray was also investigated in cells cultured for 4 h after PIC transfection, 

when the IFN-β production first appeared (Supplementary Fig. S1). The gene expression was 

compared among the cells transfected with two lots of PIC400-400CA and two lots of uPIC50-400 

and untransfected cells. Correlation of gene expressions between untransfected and PIC-transfected 

cells after 4 h in culture was R2 = 0.867 ± 0.014 (n = 4), which was higher than after 24 h culture with 

R2 = 0.454 ± 0.006 (n = 4); however, it was lower than that of gene expression after 4 h of PIC 

production from both sources (R2 = 0.968 ± 0.010; n = 2), and that between PIC400-400CA and 

uPIC50-400 (R2 = 0.975 ± 0.012; n = 4). These results indicated that the gene responses were generated 

in PIC-transfected fresh cells, but no significant difference on gene expression between PIC400-

400CA-transfected and uPIC50-400-transfected fresh cells. Therefore, the similarity in genetic 

responses between the cells cultured for 24 h after transfected by PICs did not result from convergent 

gene responses at a late stages of cell death. As a conclusion, the PIC biological effect on human 

fibroblast cells after transfection was not affected by the length of PIC poly(I) and poly(C) molecules 

at least between 0.05 kb and 0.4 kb. 

 

Evaluation of PICs as vaccine adjuvant for an intranasal A(H1N1)pdm09 influenza vaccine in mice 

In order to investigate the in vivo efficacy of the uneven-structured PIC as an intranasal vaccine 

adjuvant, uPIC100-400 and uPIC50-400 were evaluated using the mouse model of intranasal influenza 

vaccination. The titer of challenged A(H1N1)pdm09 influenza virus collected from nasal washes of 

mice which received two intranasal doses of long-chain PIC-adjuvanted vaccine was significantly 

suppressed to 1/1000, compared to that of mice which received two intranasal doses of PIC-free 

vaccine (Fig. 6A). No significant suppression of the virus titer was observed in the groups 

subcutaneously vaccinated with the same amount of A(H1N1)pdm09 influenza antigen with or without 

PICs (Fig. 6B). These results confirmed those obtained in previous reports which examined long-chain 

PIC as adjuvants of intranasal influenza vaccination (Ichinohe et al., 2010; Ichinohe et al., 2005). In a 
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concurrent evaluation, significant suppression of the challenged A(H1N1)pdm09 influenza virus 

expansion was also observed after both intranasal vaccination supplemented with 10 µg of PIC400-

400CA and 10 µg of uPIC100-400 (Fig. 6A). Both molecules, PIC400-400CA and uPIC100-400, 

suppressed further the challenged virus expansion in a dose-dependent manner at the same level, which 

indicated that the adjuvant activity of PIC was not affected by the shortening of the poly(I) molecules 

to 0.1 kb. The lower adjuvant activity of both PIC400-400CA and uPIC100-400, compared to that of 

the long-chain PIC, was probably caused by shorter NLDS. On the other hand, the uPIC50-400-

adjuvanted vaccine did not suppress the challenged virus expansion, indicating a critical difference in 

the in vivo adjuvant activity between uPIC100-400 and uPIC50-400. 

The responses of the HA-specific IgA levels in nasal washes and the HA-specific IgG levels in 

serum were ambiguous, as shown in Fig. 6A. However, both antibody responses were clearly detected 

in the additional experiment in which the dose of the HA antigen was increased to 100 ng. Both the 

IgA and IgG responses were significantly increased in the mouse group receiving the intranasal 

vaccination supplemented with 10 µg of the long-chain PIC and 20 µg of uPIC100-400, and were 

correlated to the reductions of virus titer in the nasal wash (Fig. 6C). 

 

Single-dose toxicity of PICs in mice 

Single-dose toxicities in mice were examined for the four structures of PIC molecule with 

different lengths of poly(I) molecules (Table 2). It is known that PIC is relatively nontoxic to animals 

by intranasal administration, and the intraperitoneal toxicity data were used instead to discuss the 

effective dose of intranasal PIC administration compared to acute toxicity (Field, 1973). Therefore, we 

conducted mouse intraperitoneal administration studies to evaluate signs of immunological toxicity. 

Mice receiving 100 mg/kg of long-chain PIC administration (a control group) experienced severe 

weight loss, piloerection, perianal dirt, necrosis of the tail tip, decreased locomotor activity, and 

blepharoptosis. Acute toxicity was not observed, but three out of five mice died between days 1 and 4. 

In the concurrent study, mice administered with 100 mg/kg of PIC400-400CA evidenced the same 
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symptoms to the group receiving the long-chain PIC administration, except for decreased locomotor 

activity. One out of five mice died at day 4. On the other hand, mice administrated with 100 mg/kg of 

uPIC200-400CA, uPIC100-400, or uPIC50-400 only showed transient weight loss, and either 

piloerection or perianal dirt. No deaths were observed in these groups. Transient weight loss after PIC 

administration decreased in the following order: uPIC50-400, uPIC100-400, uPIC200-400CA, and 

PIC400-400CA (Supplementary Fig. S2), suggesting a decrease in immunological toxicity due to the 

shortened poly(I) molecules. Also, an intraperitoneal administration study was conducted with 

increasing concentrations of the four PICs (Table 2). In the case of PIC400-400CA, all 5 mice died in 

the group receiving 200 mg/kg. On the other hand, the same mortality rate was observed in mice 

injected with double amount of uPIC200-400CA and uPIC100-400, 400 mg/kg administration, 

compared to 200 mg/kg. The intraperitoneal toxicity of uPIC50-400 was minimal among the PICs 

tested, and the mortality rate at doses of 200 mg/kg and 400 mg/kg were 0/5 and 2/5, respectively. The 

intraperitoneal LD50 of PIC400-400CA, uPIC200-400CA, uPIC100-400, and uPIC50-400 were 

estimated at 120 mg/kg (p < 0.05), 190 mg/kg (p < 0.001), 210 mg/kg (p < 0.001), and 280 mg/kg (p 

< 0.234), respectively, by logistic regression. The LD50 of the long-chain PIC was not determined by 

logistic regression, but it was estimated to be less than 100 mg/kg. 
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Discussion 

We have demonstrated that the uneven structure of uPIC100-400 was appropriate as an adjuvant 

of intranasal A(H1N1)pdm09-inactivated influenza vaccine to use in mice challenge studies. 

Administration of uPIC100-400 exhibited a significant enhancement of immune response equivalent 

to that elicited by the conventional PIC400-400CA structure. On the other hand, the other tested 

uneven-structured uPIC50-400 molecules failed to enhance the immune response of mice in the 

concurrent studies. These results indicated that the structural requirement on the length of poly(I) 

molecules was 0.1 kb or more to enhance the efficacy of intranasal influenza vaccination. An 

equivalent adjuvant activity between uPIC100-400 and PIC400-400CA, as a difference to that of 

uPIC50-400 which was inferior, was observed in mice receiving intranasal vaccination according to 

the TLR3 reporter cell experiments, but in disagreement with the results derived from the RLRs 

reporter cell experiments. These results suggested no or slight involvement of RLRs in the adjuvant 

effect of naked PIC in mouse intranasal influenza vaccination. 

Double increase in mice intraperitoneal LD0 and LD50 by going from PIC400-400CA to uPIC100-

400 and an equivalent adjuvant activity in intranasal influenza vaccination suggested double expansion 

on the effective range of uPIC100-400 to PIC400-400CA. The structural difference between uPIC100-

400 and PIC400-400CA was the length of composed poly(I) molecule in the double strand. 

Biodegradation of PIC in serum showed uPIC100-400 strands primarily forming shorter fragments 

than PIC400-400CA molecules, followed by random digestion; meanwhile, the fragments derived 

from uPIC50-400 were much shorter than those of uPIC100-400 (Supplementary Fig. S3). Based on 

the fact that the major RNase activity in serum was about 100 times more active against poly(C) than 

poly(I) molecules (de Clercq, 1979), the nicks in poly(I) strand may be preferentially breakage points 

of PIC in vivo. The prompt fragmentations of uPIC100-400 and uPIC50-400 by RNases presumably 

resulted in reduced toxicity due to shorter period of innate immune stimulation. 
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A focused DNA microarray analysis of human fibroblast MRC-5 cells revealed that the difference 

of structure in uPIC100-400, uPIC50-400, and ruPIC400-50 did not influence the expression of the 

genes involved in innate immunity after transfection. In other words, an equal gene response after 

delivering PIC molecules with different nicks in both strands with varying poly(I) and poly(C) 

molecule lengths in cells indicated that nicks in the strands did not influence the quality of innate 

immune response. Importantly, TLR3 gene was involved in the significant up-regulation of genes after 

cells were transfected with PIC using LyoVecTM (Invivogen), which suggested that the TLR3 signaling 

was generated during such delivery. The equivalency in TLR3 gene up-regulation by uPIC50-400 and 

by the other PICs suggested that uPIC50-400 could initiate TLR3 signaling if delivered into cells. This 

conjecture was supported by the results that IFN-β production by the uPIC50-400-transfected cells 

was partially inhibited by chloroquine, an endosomal TLR3 inhibitor (Supplementary Fig. S4). The 

dose-dependent inhibition rate by chloroquine was similar to that of transfection with uPIC100-400, 

and was in accordance with the dose-dependent inhibition of long-chain PIC-induced IFN-β mRNA 

expression obtained in human corneal epithelial cells (Kumar et al., 2006). It was found that uPIC50-

400 exerted strong adjuvant activity in intranasal A(H1N1)pdm09-inactivated influenza vaccination in 

mice when it was conjugated to cationic rod shape gold nanoparticles (Tazaki et al., 2018), possibly 

by delivering the PIC molecules to certain cells located in the nasal cavity, that evoked successful 

TLR3 signaling. 

Adjuvant activities of both uPIC100-400 and PIC400-400CA in intranasal A (H1N1)pdm09-

inactivated influenza vaccination in mice were inferior to those of long-chain PIC molecules. However, 

dose-dependent efficacy was observed in both uPIC100-400 and PIC400-400CA, and it was 

demonstrated that using double the amount of uPIC100-400 could overcome the low efficacy against 

the long-chain PIC. Double or higher amount of uPIC100-400 is probably acceptable in terms of 

toxicity, based on toxicity results of intraperitoneal experiments in mice. Also, increase of uPIC100-

400 concentration to 25 mg/ml or more can be still mixed with the vaccine without significantly 

affecting the viscosity of PIC solution. However, high viscosity of long-chain PIC at concentrations 

above 5 mg/mL prevents to its use.  
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The decreased TLR3 signaling observed with uPIC50-400 was probably not due to a reduced 

binding force between strands of the uPIC50-400 double strand, because ruPIC400-50, which has the 

opposite length for both poly(I) and poly(C) molecules, had a lower Tm value than uPIC50-400 but 

induced equivalent TLR3 signaling to PIC400-400CA. These results indicate no relationship between 

the Tm values and the induction of TLR3 signaling. Nicks in the poly(I) strand of uPIC50-400 at short 

intervals resulted in shortened fragmentation of the double strand by RNase treatment (Supplementary 

Fig. S3), which may be the reason for the lack of TLR3 signaling induction. 
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Conclusion 

In summary, using uneven molecular structures of the PIC strands is the key to reduce 

immunological toxicity of PICs after administration. The uPIC100-400 exhibited an adjuvant activity 

equivalent to the conventional PIC400-400CA in mouse intranasal influenza vaccination, and 

approximately half intraperitoneal toxicity, which indicated a double effective range of uPIC100-400. 

To confirm the efficacy of uPIC100-400 during intranasal vaccination and to eliminate potential 

adverse events, further in vivo studies are required. 
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Figure Legends 

 

Fig. 1: Double-stranded structure of PIC400-400CA, uPIC100-400 and uPIC50-400 molecules 

Nucleotide length distributions of PIC molecules and pre-annealed components were displayed 

in line plots. Schematic molecule structures were attached below the plots. (A) Representative 

PIC400-400CA (bold line) and pre-annealed components, i.e., 0.4 kb poly(I) (gray line) and 0.4 

kb poly(C) (solid line). (B) Representative uPIC100-400 (bold line) and pre-annealed components, 

i.e., 0.1 kb poly(I) (gray line) and 0.4 kb poly(C) (solid line). (C) Representative uPIC50-400 

(bold line) and pre-annealed components, i.e., 0.05 kb poly(I) (gray line) and 0.4 kb poly(C) (solid 

line). 

 

Fig. 2: Effect of PIC structure on the TLR3 signaling response 

Relative intensities of human (A) and mouse (B) TLR3 responses by the corresponding HEK-

BlueTM TLR3 cells plotted against the SEAP activity. Bars and error bars are the averages and 

SEM, respectively, of three samples. Significant responses with respect to saline are marked at 

the top of the bars, and the significant differences with respect to PIC400-400CA are marked with 

a line (**p < 0.01, ***p < 0.001). 

 

Fig. 3: Effect of PIC structure on the RLR signaling response 

Relative intensities of mouse RLR response in C57/WT MEF cells plotted against SEAP activity. 

Bars and error bars are the averages and SEM, respectively, of three samples. Significant 

responses with respect to saline are marked at the top of the bars (***p < 0.001). 

 

Fig. 4: Effect of PIC structure on the IFN-β induction in human MRC-5 fibroblasts 

Two groups were studied, one with cell cultures transfected with 1 µg/mL of PICs using LyoVecTM 

(Lipid complex), and a second group transfected with 100 µg/mL of naked PIC molecules (Naked). 
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Bars and error bars are the averages and SEM, respectively, of three samples. Significant 

responses with respect to saline in each group are marked at the top of the bars (***p < 0.001). 

 

Fig. 5: Responses of the genes involved in innate immunity after delivery of PICs into human 

MRC-5 fibroblasts 

Scatter plot of logarithmic gene expression after 24 h of transfection with PIC400-400CA against 

untransfected cells (A), PIC400-400CA against uPIC100-400 (B), PIC400-400CA against 

uPIC50-400 (C), and PIC400-400CA against ruPIC400-50 (D). R-squared is the correlation 

coefficient of the curve. 

 

Fig. 6: Evaluation of PIC in mouse intranasal A(H1N1) pdm09 influenza vaccination and virus 

challenge 

Mice were vaccinated twice by intranasal (A) (C) or subcutaneous administration (B) of the PIC, 

which composition is shown in the figure, and challenged with A/Narita/1/09 (H1N1) pdm09 

virus. Virus titers and HA-specific IgA levels in nasal washes, and HA-specific IgG levels in 

serum were plotted. Bars and error bars are the averages and SD, respectively, of six samples. 

Significant responses with respect to the PIC-free HA vaccine are marked at the top of bars (*p < 

0.05, ***p < 0.001). 

 

 

Supplementary Fig. S1: Gene expression related to innate immunity after transfection of human 

MRC-5 fibroblasts with PIC 

Representative scatter plot of the logarithmic gene expression values at 4 h after transfection of 

PIC400-400CA against untransfected cells (A), PIC400-400CA against uPIC50-400 (B). R-

squared is the correlation coefficient of the curve. 
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Supplementary Fig. S2: Time course of the mouse body weight after receiving one 

intraperitoneal injection of 100 mg/kg PICs  

Plots and error bars are the average and SD, respectively, of survived mice in each group. 

 

Supplementary Fig. S3: Picture of agarose gel electrophoresis of PICs after incubation with or 

without serum 

Lanes 1–8 correspond to the PICs assembled by mixing poly(I) and poly(C) molecules, as shown 

in the table. The positive mark of the heat & cool treatment in the table means that the PICs were 

heated to 60 °C for 5 minutes after mixing of poly(I) and poly(C) molecules. Serum 

concentrations of digested PICs are shown in the table. 

 

Supplementary Fig. S4: Inhibition of the IFN-β production by chloroquine in human MRC-5 

fibroblasts 

Filter sterilized chloroquine solution was added to wells at the final concentration shown in the 

figure, followed by PIC transfection. The uPIC100-400 and uPIC50-400 transfected cells, 

together with the PIC non-transfected cells are indicated in black, gray, and white bars, 

respectively. Bars and error bars are the averages and SEM, respectively, of two samples. 
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TABLE 1: Structure and characteristics of the evaluated PIC molecules 
 

 
Test material 

Nucleotide length of RNA molecules 

Heat treatment 
for NLDS 

adjustment‡ 

Tm 
[°C] 

Storage stability 
in PBS at 25 °C 

[Month]¥  

 
References 

Average length* Length distribution† 

poly(I) 
[kb] 

poly(C) 
[kb] 

PIC 
[kbp] 

poly(I) poly(C) PIC 

long-chain PIC§ nc nc > 2  nc nc nc nc 63  nt 

(Nakano et 
al., 2018) 

PIC400-400CA 0.4 0.4 0.4 1.6 1.5 2.0 Long  63 < 1  

uPIC200-400CA 0.2 0.4 0.4 1.6 1.6 1.9 Long  63 nt 

uPIC130-400 0.13 0.4 0.4 1.4 1.5 1.8 Quick  62 nt 

uPIC100-400 0.1 0.4 0.4 1.5 1.6 1.8 Quick  62 > 4 

uPIC70-400 0.07 0.4 0.4 1.6 1.5 1.8 Quick  60 nt 

uPIC50-400 0.05 0.4 0.4 1.4 1.5 1.7 untreated 59 nt 

ruPIC400-100 0.4 0.1 0.5 1.6 1.5 1.9 Moderate 61 nt 

ruPIC400-50 0.4 0.05 0.4 1.6 1.7 1.9 Moderate 58 nt 
* The number average nucleotide length determined by size exclusion chromatography. 
† Determined by the ratio of the weight average nucleotide length to the number average nucleotide length. 
‡ Cooling to 30 °C at a constant rate of 2 °C / h after heating to 70 °C (Long), cooling to 30 °C for approximately 1 h after heating to 70 °C 

(Moderate), cooling to 30 °C for approximately half an hour after heating to 60 °C (Quick). 
  ¥ Determined by decreasing of the NLDS of PIC. 

§ Commercial product. 
nt: not tested. 
nc: not clear. 
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TABLE 2: Toxicity of single intraperitoneal administration of PIC molecules in mice 
 

Test material Survivals / Total  

100 mg/kg 200 mg/kg 400 mg/kg 

long-chain PIC  2/5A 

nt B 
 

nt 
 

nt 

PIC400-400CA 4/5 A 
2/5B 

 
0/5B 

 
nt 

uPIC200-400CA 5/5A 2/5B 0/5B 

uPIC100-400 5/5A 3/5B 0/5B 

uPIC50-400 5/5 A 5/5B 4/5B 

The intraperitoneal single-dose toxicity study was conducted in two parts, studies (A) and (B). 
nt: not tested. 
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Nakano, et al., Double-stranded structure of the polyinosinic-polycytidylic acid molecule to elicit TLR3 signaling and adjuvant 
activity in murine intranasal A(H1N1)pdm09 influenza vaccination
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