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The innate immune system represents the first line of defense against influenza viruses, which cause severe inflammation of the respiratory tract and are responsible for more than 650,000 deaths annually worldwide. mRNA vaccines are promising alternatives to traditional vaccine approaches due to their safe dosing, low-cost manufacturing, rapid development capability, and high efficacy. In this review, we provide our current understanding of the innate immune response that uses pattern recognition receptors to detect and respond to mRNA vaccination. We also provide an overview of mRNA vaccines, and discuss the future directions and challenges in advancing this promising therapeutic approach.
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Introduction

The innate immune system serves as the first line of host immune response against pathogens but also virus-based vaccines containing either attenuated or inactivated viruses to prevent infectious diseases. After vaccination, the innate immune system identifies and removes vaccinated cells while coordinating the adaptive immune responses in the form of antigen-specific reactions, thereby sustaining long-term protection from the viral infection. To rapidly detect and defend against the various viruses, the immune cells have evolved to acquire multiple pattern-recognition receptors (PRRs) such as Toll-like receptors (TLRs), retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs), and the nucleotide-binding oligomerization domain (NOD)-like receptor family proteins (NLRs) (1, 2). Through such receptors, the innate immune system is activated in a tightly regulated manner while retaining the adaptive immune response, but without excessive innate immune responses that can cause tissue damage and systemic inflammation, which are harmful to the host. In the present review, we discuss innate immune recognition, activation of inflammasome, and cytokine secretion in response to influenza virus infection and its mRNA vaccines. We also emphasize mRNA vaccines as promising tools for the prevention and control of influenza virus disease.



Brief History on Influenza Vaccines to Date

Influenza viruses cause some of the most virulent respiratory tract infections in humans. Seasonal influenza virus epidemics are estimated to lead to up to 290,000–650,000 deaths per year globally (3). Influenza viruses are enveloped, negative-sense, single-stranded RNA (ssRNA) viruses with a segmented genome. For instance, the influenza A virus (IAV) contains eight RNA segments encoding the RNA polymerase subunits [polymerase acidic protein (PA), polymerase basic protein 1 (PB1), polymerase basic protein 2 (PB2)], viral glycoproteins [hemagglutinin (HA), which facilitates viral entry; and neuraminidase (NA), which facilitates viral release], viral nucleoprotein (NP), matrix protein (M1), membrane protein (M2), and nonstructural protein 1 (NS1) (Figure 1A). IAV infects the cell through endosomal uptake and release, and the viral ribonucleoproteins (vRNPs) enter the nucleus for mRNA transcription and replication via a positive-sense complementary ribonucleoprotein (cRNP) intermediate. Viral mRNA is then converted into viral proteins in cytoplasm, which are complex into new virions and released from the cell (Figure 1B).




Figure 1 | Influenza A virus structure and replication. (A) The influenza A virus (IAV) genome comprises eight segmented, and single- and negative-stranded RNAs (vRNA). Each segment is encapsulated by a nucleoprotein (NP) and, mediated by the RNA polymerase, they form the viral ribonucleoprotein (vRNP) complex (PB1, PB2, PA, and NP), which is the essential unit for both transcription and replication. (B) Infecting vRNP is transported into the nucleus where viral transcription and replication occurs, followed by progeny vRNP production. After the progeny vRNP is exported to the cytoplasm, the virus is assembled. HA, haemagglutinin; M1, matrix protein; M2, membrane protein; NA, neuraminidase; NS1, nonstructural protein 1; PA, polymerase acidic protein; PB1, polymerase basic protein 1; PB2, polymerase basic protein 2.



There are four distinct types of seasonal influenza viruses: types A, B, C, and D. Types A and B influenza viruses are currently co-circulating in the human population and cause seasonal epidemics: the H1N1 and the H3N2 subtypes of IAVs, and two divergent lineages (Yamagata lineage and Vitoria lineage) of the influenza B viruses (IBVs) (4). Through the coordination of World Health Organization Global Influenza Surveillance Network, seasonal influenza virus vaccines are designed annually and the formulations contain the two IAV strains and two IBV strains; however, the efficacy of seasonal influenza virus vaccines varies greatly each influenza season (5). Upon seasonal influenza vaccine injection, innate immune cells, including macrophages and dendritic cells (DCs) that are present in the muscle, cause an increase in the release of chemokines, which leads to the recruitment of more immune cells from the blood into the site of vaccination. The differentiated DCs act as antigen-presenting cells and migrate to the lymph nodes leading to the activation of T- and B-cells for the production of antibodies (6) (Figure 2). However, the vaccines induce narrow and strain-specific immunity that require constant updating (almost every year) due to the high frequency of point mutations, which ultimately represents a complex, expensive, and time-consuming process. In addition, various strains of influenza viruses, including avian and swine, have acquired the ability to grow efficiently in humans across species barriers from animal reservoirs and to disseminate between populations, posing a serious threat to humans. In addition to seasonal epidemics, influenza pandemics occur once every few decades and are caused by the swine-origin H1N1 IAVs, which have never circulated, and can spread rapidly across the human population. The H1N1 influenza virus pandemic in 1918 killed approximately 40 million people globally (7). Since then, pandemics have been caused by H2N2 in 1957, H3N2 in 1968, and again by H1N1pdm09 in 2009 (8). Considering seasonal influenza virus vaccines induce strain-specific immunity, which may not offer strong protection against infection by a pandemic-causing influenza virus, there is a need to develop novel influenza vaccines that induce broad immunity that is not focused on the corresponding vaccine strain (9).




Figure 2 | Host immune response against mRNA vaccines. A self-amplifying RNA (saRNA) vaccine can be delivered in the form of virus-like RNA particles, in vitro transcribed RNA, and plasmid DNA. Dendritic cells (DCs) recognize saRNA in the muscle and the cells are differentiated. The differentiated DCs function as antigen-presenting cells and migrate to the lymph nodes leading to activation of T- and B-cells for antibody production.



Prior to the 1980s, inactivated and live-attenuated vaccines were established to protect humans against pathogenic microorganisms. Inactivated vaccines were manufactured by chemical or heat treatment, and live-attenuated vaccines were usually developed in animals or cell lines. The use of killed whole organism-based vaccines or live-attenuated vaccines had huge success in the reduction of viral infections including measles, mumps, rubella, and polio, and the eradication of smallpox infection (1). Despite the success, major concerns persist regarding conventional vaccination strategies. Infectious pathogens such as influenza virus are able to evade the adaptive immune response, and it is frequently difficult to develop live-attenuated or killed whole organism-based vaccines (10). In the case of the current influenza virus vaccine, the main challenge is its low effectiveness in the elderly (≥ 65 years old), who are more susceptible to influenza virus infection than children and adults (11). Such shortcomings of inactivated influenza virus vaccines are often attributed to mutations in surface antigens of the influenza virus. Other concerns regarding influenza virus live-attenuated vaccines include the potential to cause systemic inflammation and death, possibly due to back-mutations, acquisition of compensatory mutations, or recombination with circulating transmissible wild-type strains (12–14).

Generally, influenza virus infects the host via the nasal or oral cavities, where it makes the first contact with the respiratory epithelium, similar to live-attenuated influenza vaccines administered intranasally (15, 16). After infecting the respiratory epithelial cells, the virus or the intranasal influenza vaccine can induce both systemic and mucosal immune responses. The defense mechanisms of the innate immune cells, especially DCs, are a formidable barrier to the influenza virus. Particular immune systems exist at distinct mucosal surfaces to fighting invasion by influenza virus. The viral RNA that is present within infected cells is recognized as non-self by various pattern recognition receptors (PRRs), which leads to the release of proinflammatory cytokines, chemokines, and type I interferons (IFNs). Macrophages, pneumocytes, DCs, and plasmacytoid-DCs produce type I IFNs, which in turn stimulate the expression of IFN-stimulated genes (ISGs) in neighboring cells that induce antiviral states (17–19).

Unlike influenza virus infection or intranasal influenza vaccine, mRNA-based vaccines contain mRNAs that encode both the viral protein and immune-modulatory proteins as adjuvants, which enhance immunostimulatory properties. Upon mRNA entry into host cells, endosomal (e.g., TLR3, TLR7, and TLR8) and cytosolic innate immune sensors (e.g., RIG-I, PKR, NOD2, OAS, and MDA5) recognize mRNAs, including single-stranded RNA (ssRNA) and double-stranded RNA (dsRNA). Subsequently, the immune cells are activated and produce type I IFN and multiple inflammatory cytokines (20). However, single-stranded mRNAs in the vaccine are purified appropriately through in vitro transcription process to eliminate the interaction with innate immune sensors, which induce excessive secretion of type I IFN and its cellular dysfunction (20).

Furthermore, the adjuvant stimulates the innate immune response and drives antigen-specific T-cell responses without inducing systemic inflammation that could elicit severe side effects. In addition, injection site (e.g., subcutaneous, intramuscular, intradermal, and intravenous) and mRNA vaccine delivery formulations (e.g. lipid nanoparticle) influence the potency of the immune response (21). For instance, lipid nanoparticle carrier systems further protect mRNAs from nuclease, and can target delivery to lymphatics and promote protein translation in lymph nodes by intramuscular injection (20). In contrast to intranasal mRNA-mediated innate immune response, intramuscular mRNA will primarily be up taken by non-immune cells including local myocytes. Once in the lymph nodes, the lipid nanoparticle is eventually phagocytized by DCs, which consequently produce and present the antigen to T-cells to promote adaptive immune responses (22, 23). The capability of mRNA vaccines to induce the intracellular production of antigen proteins along with innate immune responses must prime both CD8+ and CD4+ T-cells to differentiate into effector and memory subsets for the protection from the infection (24).

The effective use of in vitro transcribed mRNA in mammals was first reported in 1990, with reporter gene mRNAs being injected into mice that induced the production of the target proteins (25). A subsequent study showed that administration of vasopressin-encoding mRNA in the hypothalamus could induce a physiological response in rats (26). However, such early promising results did not lead to significant investment for the development of mRNA vaccines because of anxieties associated with mRNA instability, severe innate immune responses, and ineffective in vivo delivery. Over the past decade, however, major technological innovations and investments in research have made mRNA a promising vaccination tool. The use of mRNA vaccines has several benefits over subunit, killed, and live-attenuated viruses. As mRNA is a non-infectious and non-integrating platform, there is no potential risk of infection or insertional mutagenesis. In addition, mRNA is degraded by normal cellular processes, and various modifications and delivery methods can modulate its half-life in vivo (27–29). Formulating mRNA into carrier molecules facilitates rapid uptake and expression in the cytoplasm, where it is stable and highly translatable (28, 30). Furthermore, mRNA vaccines have quick, inexpensive, and mountable manufacturing potential due to the high yield of in vitro transcription responses. Additionally, several elegant studies with non-human primate models of influenza mRNA vaccine have been carried out. After immunization of modified non-replicating mRNA encoding influenza H10 encapsulated in lipid nanoparticles in monkeys, protective levels of antibodies against hemagglutinin were dramatically increased, similar to observations following seasonal influenza vaccination in humans (31). Using a novel imaging technology (positron emission tomography–computed tomography, PET–CT), an mRNA vaccine labeled with a probe is trafficked to assess bio-distribution in monkeys, providing insights of the mechanisms of the innate and adaptive immune responses following vaccine administration on site and at the draining lymph node, which translates into protective immunity (32).



Innate Immunity to Influenza Viruses

The IAV is recognized as foreign by PRRs including TLRs, RLRs, and NLRs, which leads to programmed cell death, secretion of type I IFNs, and proinflammatory cytokines, which induce excessive inflammation.


TLR- and RLR-Associated Influenza Virus Recognition

TLR- and RLR-mediated signals for influenza viruses induce to the release of type I IFNs and stimulate the expression of ISGs by infected and nearby cells to induce an antiviral state (33–36). Moreover, TLR and RLR signals also induce the release of proinflammatory cytokines, such as interleukin (IL)-6 and IL-8 (37, 38).

TLR3 senses dsRNA in endosomes. Although the cells infected by influenza virus do not produce dsRNA, Tlr3−/− mice have a longer lifespan compared with wild-type mice after deadly influenza virus infection (38), suggesting that TLR3 recognizes an unidentified RNA structure following viral infection. Furthermore, Tlr3−/− mice produce normal antibodies, and CD4+ and CD8+ T-cell responses after influenza virus infection (33), suggesting that TLR3 is dispensable for generating T-cell immunity. In plasmacytoid-DCs, TLR7 recognizes the ssRNA genomes of influenza virus (34, 35). TLR7 signaling via adaptor myeloid differentiation primary response 88 (MYD88) leads to the activation of transcription factors including nuclear factor-κB (NF-κB) and IFN-regulatory factor 7 (IRF7), which induce the production of type I IFNs and proinflammatory cytokines (39–41).

RIG-I is a cytosolic PRR that generally recognizes 5’ppp-double-stranded RNA (dsRNA). RIG-I also senses the 5’ppp-viral ssRNA that is produced following influenza viral replication (42–44). After detection of influenza viral RNA, the helicase domain of RIG-I interacts to ATP, which facilitates conformational changes of the caspase-recruitment domains (CARD) to interact with signaling adaptor mitochondrial antiviral signaling protein (MAVS) for type I IFN production (45, 46).



Inflammasome-Mediated Response to Influenza Virus

NLRs have an important role in antiviral immune response, inflammatory response, and cytokine induction. Proinflammatory signaling induces the recruitment of immune cell, such as macrophages and neutrophils, to eliminate pathogens and pathogen-derived molecules. IL-1β and IL-18 are key proinflammatory cytokines and are important for the protection against IAV infection (16, 47–49). Secretion of IL-1β and IL-18 requires the proteolytic maturation of pro-IL-1β and pro-IL-18, respectively, that is mediated by inflammasomes. Inflammasomes are multiprotein complexes consisting of caspase-1, ASC, and PRRs, such as NOD–like receptor family protein 3 (NLRP3) (16, 47–49). Upon viral ligand sensing, PRRs induce self-oligomerization and binds to the inflammasome adaptor protein ASC, which is composed of an N-terminal pyrin domain (PYD) and a C-terminal CARD. ASC oligomerizes via homotypic interactions of the PYD domain and then binds to caspase-1 via the CARD for the inflammasome formation, which ultimately induces inflammatory cell death.

In macrophages, influenza virus-induced NLRP3 inflammasome activation requires the Z-DNA binding protein 1 (ZBP1) to form the ZBP1–NLRP3 inflammasome (50, 51). When replicating, IAV generates Z-RNAs, which are transformed versions of an RNA double helix, that are sensed by ZBP1 and bind to the receptor interacting serine/threonine kinase 3 (RIPK3) and caspase-8 to activate the ZBP1–NLRP3 inflammasome (50–52). Recently, it has been shown that caspase-6 facilitates RHIM-dependent binding of RIPK3 with ZBP1, promoting ZBP1-mediated NLRP3 inflammasome activation (53). In respiratory epithelial cells, MxA functions as an inflammasome sensor that recognizes influenza viral protein NP and induces the release of IL-1β and IL-18 in an NLRP3-independent manner (15, 16).

NLRP3 and MxA inflammasome activation has been shown to be an important innate immune defense against influenza virus. After influenza virus strain A/Puerto Rico/8/34 (PR8) infection, NLRP3 was found to be important for the migration of leukocytes into the lungs and to protect the host from infection (47, 49). During influenza virus infection in human MxA transgenic mice, rapid activation of the MxA inflammasome in the respiratory epithelium showed to suppress viral spreading from the bronchioles to the distal alveolar regions (16). The results of such studies suggest that optimal inflammasome activation is beneficial for the host; however, abnormal activation can cause to harmful outcomes.




Adaptive Immunity to Influenza Virus

Innate and adaptive immune responses significantly protects the host from influenza viruses and are important for the production of strong antibody responses. After influenza virus infection, the innate immune system is critical for recognizing and removing vaccinated cells while also coordinating an adaptive immunity through an antigen-specific antibody reaction and providing long-term protection from the viral infection.

Upon recognition of viral antigens and interaction with cognate CD4+ T-cells, naïve B-cells are activated (54). Some of the activated B-cells quickly differentiate into short-lived plasmablasts. Although other activated B-cells migrate to the follicles of secondary lymphoid tissues and undergo a germinal center reaction, the plasmablasts produce the first wave of virus-specific antibodies in humans. If plasmablasts are derived from memory B-cells, the numbers of plasmablasts peak in the periphery at about 7 days post-infection (55). A small number of activated B-cells, however, will only differentiate into long-lived plasma cells, which migrate and resides in the bone marrow to produce antibodies, which provide the long-term serum antibody level and are associated with the defense against pathogen infection and disease. Another portion of the primarily activated B-cells differentiate into memory B-cells (56, 57), which do not release antibodies and remain in the periphery for immune surveillance, but they are long-lived and can be reactivated to become plasmablasts during infection for the production of new antibodies and further memory B-cells (55). Overall, the adaptive immunity-derived antibody response to influenza virus infection is relatively broad and long-lived; however, influenza viruses can deviate from the adaptive immune responses over time owing to their high mutation rates and antigenic flexibility. Further studies of how natural viral infection induces long-lived immune responses are required for the development of next-generation influenza virus vaccines.



Conventional Seasonal Influenza Virus Vaccines

Seasonal influenza virus vaccines are produced using egg-, cell-, and protein-based technologies, and the entire processes typically take 6~8 months. Influenza vaccines against IAVs and IBVs were invented in the 1940s and such whole-virus inactivated vaccines were generated in embryonated chicken eggs that consisted of crudely purified whole virus inactivated with formalin and phenylmercuric nitrate (58, 59). In 2012, vaccine-containing cell-based virus emerged as an alternative method for producing inactivated and live-attenuated vaccines (60). The efficacy of trivalent inactivated and live-attenuated influenza vaccines is approximately 65% and 83% in adults and children, respectively (61). Live-attenuated influenza virus vaccines that are used are usually cold-adapted and temperature-sensitive, and efficiently replicate in the upper but not the lower respiratory tract (62–64). Collectively, such studies indicate that seasonal influenza virus vaccines present good protection against influenza virus infection.

However, there are also negative reports on such vaccines. A vaccine efficacy of 75% in adults declines suddenly in the elderly, who are more susceptible to influenza virus infection (65, 66). In addition, mismatches between vaccine and circulating strains sometimes occur and are generally associated to lower vaccine efficiency (67). Based on US virologic surveillance and US Influenza Vaccine Effectiveness (Flu VE) Network data, the estimated vaccine effectiveness (VE) against IAV or IBV decreased to 29% in all ages during the 2019–2020 influenza season (average VE in 2010–2018 was 44.1%) due to the spread of antigenically drifted IAV (H3N2), which has raised concerns about vaccine strain selection (68) (https://www.cdc.gov/flu/vaccines-work/past-seasons-estimates.html). Furthermore, the duration of protection is occasionally short (69, 70). To induce stronger, more sustained immune responses in the elderly, high-dose vaccines or advanced adjuvant vaccines including MF59 and AS03, have been tested. The doses in high-dose vaccines are 4-fold those in trivalent inactivated vaccines, which could induce higher amounts of antibodies than standard dose vaccines (71). MF59-adjuvanted seasonal vaccines have been licensed and marketed in more than 25 countries for the elderly population (72, 73). AS03-adjuvanted influenza virus vaccines are also under consideration for use in the elderly population (74).



Conventional Pandemic Influenza Virus Vaccines

IAVs are typically transmitted within one animal species but sometimes they can cross over and cause illness in another species. In the latter situation, more significant genetic changes are exhibited than in circulating human seasonal IAV. If the novel IAV is infectious and spreads easily in humans, it is considered an influenza virus pandemic. Because most of the human population has no or only limited natural immunity to novel influenza virus strains, pandemic IAV vaccine candidates have been developed using a range of production platforms. The inactivated split influenza virus vaccine platform with an adjuvant has advanced the furthest, and other platforms, including nucleic acid (DNA and mRNA), vector, recombinant protein (VLP; virus-like particle), and live virus are still under development (75). H5N1 avian influenza virus vaccine was the first U.S. FDA-approved vaccine for the human population because concerns were raised with regard to the potential of the highly pathogenic H5N1 virus to cause an influenza pandemic (76, 77).

One of the challenges in influenza pandemic management is the global vaccine production capacity within several months following the emergence of an outbreak. In the case of vaccines against H5N1 strains, the seed strains were generated using reverse genetics to remove the multi-basic cleavage site of the HA and to alter the backbone to that of a high-growth PR8 H1N1 strain, which exhibits relatively less pathogenicity (77). Such modifications facilitate the production of safer vaccine strains and at high quantities, because highly pathogenic IAVs frequently kill embryonated eggs, resulting in low production (77). A number of the H5N1 and H7N9 vaccines have been tested in humans and a high antigen dose or the use of an adjuvant is necessary to induce reliable hemagglutination inhibition titer (77, 78). A clinical trial of an H7N9 vaccine yielded an efficacy of approximately 60% despite the use of an adjuvant (79), indicating that adjuvants and multiple vaccinations are required for achieving sufficient vaccine efficiency.



Messenger RNA Vaccine Strategies Against Influenza Virus

mRNA vaccines are extensively characterized by experimental approaches that improve mRNA stability and delivery, and protein production. Such approaches involves the development of nanoparticle transport techniques that stabilize mRNA, enhance cellular uptake, and improve biological availability when mRNA enters the cell. A clear advantage of mRNA vaccines is that it does not need to enter the nucleus to promote antigen expression.


Self-Amplifying mRNA Vaccines Against Influenza Virus

A self-amplifying RNA (saRNA) vaccine can be carried in the form of plasmid DNA, virus-like RNA particles, and in vitro transcribed RNA (80) (Figure 3). DNA plasmid-based saRNA vaccines combine the advantages of a more stable DNA nucleic acid product with greater levels of antigen expression. saRNA vaccines have elicited strong immune responses in preclinical models (81). saRNA vaccines are derived from the genome backbone of an alphavirus, in which the genes encoding the viral RNA replication machinery are intact (82).




Figure 3 | Obtaining antigen expression by self-amplifying RNA vaccination. Three routes for the delivery of self-amplifying RNA (saRNA) are shown. These include: 1) virus-like RNA particles that deliver saRNA to the cytoplasm by receptor-mediated endocytosis, 2) direct delivery of in vitro transcribed replicon saRNA to cells either in saline or in synthetic formulations, and 3) plasmid DNA carrying replicase genes and the transgene into the nucleus, where it is transcribed, generating replicon saRNA, which is then transported to the cytoplasm. The three saRNA vaccination routes finally generate messenger RNA (mRNA), which is translated via ribosomes to produce vaccine antigen.



There are several reports on the use of saRNA vaccines against influenza virus. Immunization with 10 mg of saRNA vaccine encoding PR8 H1N1 IAV HA produced antibody responses and protection from lethal homologous viral challenge in mice (83). Another study showed development of saRNA vaccines where the A/California/07/2009 (H1N1) or A/Shanghai/2/2013 (H7N9) IAV HA-encoding saRNA was formulated in lipid nanoparticles, and small doses induced protective levels of hemagglutination inhibition titers after two intramuscular injections in mice (84). Consistent with this finding, another group showed that intramuscular administration of 0.1 or 0.2 mg of PR8 H1N1 IAV NP, M1, or combined NP+M1 self-amplifying RNA-lipid nanoparticle vaccines resulted in strong antigen-specific T-cell responses and protection from homologous viral infection (85). IAV HA and NP replicon RNA complexed with chitosan-containing lipid nanoparticles or polyethylenimine (PEI) has elicited T- and B-cell immune responses in mice after subcutaneous delivery (86, 87). A recent study revealed a delivery platform consisting of a chemically modified, ionizable dendrimer complexed into lipid nanoparticles. Using this platform, intramuscular delivery of RNA replicons encoding A/WSN/33 (H1N1) IAV HA successfully protected mice against lethal homologous virus challenge (88). A more recent study showed a direct comparison of the immune response and protective efficacy after self-replicating mRNA and non-replicating mRNA immunization in mice (80). Animals were intramuscularly immunized two times with increasing doses of PR8 H1N1 IAV HA-encoding unformulated self-replicating mRNA or unmodified non-replicating mRNA and challenged eight weeks after the first vaccination. Both platforms induced protection against infection with the homologous influenza virus (80).



Non-Replicating Influenza Virus mRNA Vaccines

Non-replicating mRNA vaccines can be made with the incorporation of various modified nucleosides, and much effort has been invested in the development of directly injectable non-replicating mRNA vaccines. There are several studies of non-replicating mRNA vaccines against influenza virus. Administration of IAV NP-encoding mRNA complexed in liposomes induced cytotoxic T-cell responses in mice (89). Intradermally immunized mice, ferrets, and pigs with various IAV HA-, NP-, and NA-encoding RNActive vaccines produced protective immune responses after a single immunization (90). Intravenous immunizations in mice using PR8 H1N1 IAV HA-encoding unmodified mRNA-lipid complexes showed elevation of T-cell activation after administration of a single dose (91). Together, it will be important to determine if and how these findings translate to clinical trials and vaccination.




Innate Immunity to mRNA Vaccines

The innate immune system acts as the first line of host immune response against mRNA vaccination. During an mRNA vaccination, the mRNA can be recognized by various PRRs, including TLRs, RLRs, and NLRs, for the production of IFNs and proinflammatory cytokines. Prototypically, IFNs and proinflammatory cytokines are largely beneficial to the host and trigger induction of IFN-inducible genes and the infiltration of immune cells to remove vaccinated cells. However, dysregulated IFNs and proinflammatory cytokines drive inhibition of efficacy of mRNA vaccines, detrimental systemic hyperinflammation, and tissue damage. Therefore, appropriate purification of in vitro transcribed mRNA is critical for maximizing immunogen production and avoiding undesired innate immune activation.

TLR3 senses dsRNA longer than 45 base pairs and those derived from ssRNA forming secondary structures or from viral replication intermediates. TLR7 can recognize both dsRNA and ssRNA, whereas TLR8 only senses ssRNA (92). The activation of TLR7 can stimulate antigen presentation, cytokine release, and induce B-cell responses (93). In particular, RIG-I senses ssRNA and dsRNA bearing a 5′-triphosphate and stimulates IFN production (44, 94).

mRNA vaccine-derived IFN production via RNA sensors is dependent on the quality of in vitro transcribed mRNA, the delivery vehicle, and the administration route. Recognition of in vitro transcribed mRNA contaminated with dsRNA cause rapid type I IFN induction, which upregulates the expression and activation of protein kinase R (PKR) and 2′-5′-oligoadenylate synthetase (OAS). This leads to the inhibition of translation and the degradation of cellular mRNA, ribosomal RNA, and in vitro transcribed mRNA (95–97) (Figure 4). Contaminating dsRNA can be efficiently removed from in vitro transcribed mRNA by chromatographic methods including reverse-phase fast protein liquid chromatography or high-performance liquid chromatography. Purification by these methods has been shown to increase antigen protein production from in vitro transcribed mRNA by up to about 1000-fold in human DCs (97). In addition to dsRNA contaminants, single-stranded mRNA molecules are recognized as a PAMP and detected by TLR7 and TLR8, resulting in type I IFN production and decreased antigen protein production from in vitro transcribed mRNA (98–100).




Figure 4 | Dysregulated innate immunity prevents mRNA vaccine efficacy Upon mRNA vaccination, incoming self-amplifying RNA (saRNA) is recognized by the Toll-like receptor (TLR) 3, TLR7, and retinoic acid-inducible gene I (RIG-I), which promotes their downstream signaling and consequent production of type I interferon (IFN). Recognition of in vitro transcribed mRNA contaminated with dsRNA causes rapid type I IFN production, which induces the expression and activation of protein kinase R (PKR) and 2′-5′-oligoadenylate synthetase (OAS). This will inhibit the translation and induce the degradation of cellular mRNA, ribosomal RNA, and in vitro transcribed mRNA. EIF2a, eukaryotic initiation factor 2a; IFNAR, interferon-alpha receptor.



Given that reducing type I IFN signaling is critical for mRNA vaccine strategy, several studies revealed the development of modified mRNA that reduced type I IFN signaling. Incorporation of naturally occurring chemically modified nucleosides, including pseudouridine and 1-methylpseudouridine, prevented the activation of TLR7, TLR8, and other innate immune sensors, thereby reducing type I IFN signaling (27, 101–104). Another study also showed that nucleoside-modified mRNA translated better compared with that of unmodified mRNA in vitro, especially in primary DCs, and in vivo in mice (27, 103). Together, the balance between mRNA vaccines and the innate immune response is critical for potential vaccine approaches; this balance must be finely controlled to reduce excessive innate immune responses while retaining maximal immunogen production in DCs.

Note, that while the inflammasome-dependent release of IL-1b and IL-18 triggers further production in DCs for the induction of influenza virus-specific CD8+ T-cell priming (49, 105), whether in vitro transcribed mRNA can be recognized by inflammasome sensors remains largely unknown. Future studies are needed to fully examine the factors required for the inflammasome-driven adaptive immune response.



mRNA-Based Influenza Virus Vaccine Development

mRNA vaccines have lately attracted substantial attention, involved massive academic and industrial investment, and biotechnology companies have succeeded in raising capital for the development of innovative RNA vaccines. The first directly injectable influenza RNA vaccine against H10N8 and H7N9 was developed by scientists at Moderna Therapeutics (USA), who demonstrated that it was possible to induce protective immunogenicity with acceptable tolerability profiles (106, 107). For the first human seasonal influenza virus RNA vaccine trial, CureVac AG company (Germany) developed a sequence-engineered mRNA-lipid nanoparticle strategy that enables an extraordinary level of in vivo protein translation without the use of modified nucleosides (29). Using this strategy, a recent study demonstrated that a single intramuscular immunization with 10 μg of A/Netherlands/602/2009 (H1N1) HA-encoding mRNA-lipid nanoparticles induce hemagglutination inhibition titers in the protective range (≥1:40) in non-human primates. Moreover, inoculation of a second dose effectively boosted immune responses and resulted in hemagglutination inhibition titers ≥1:160 for over 1 year in all vaccinated animals (108). CureVac AG scientists provided evidence that two immunizations with mRNA-lipid nanoparticles encoding for HA from A/Hong Kong/4801/2014 (H3N2) induced stronger T- and B-cell immune responses than the licensed MF59-adjuvanted trivalent inactivated IAV vaccine.



Limitations of mRNA Vaccine

mRNA vaccine-associated hypersensitivity reactions are not often observed. Similarly, severe acute-onset, presumably immunoglobulin-E (IgE)- or immunoglobulin-G (IgG)-mediated, and complement-mediated anaphylactic or severe delayed-onset T-cell-mediated systemic responses are considered very rare. Hypersensitivity to the active antigen of the vaccine can also be developed. Acute hypersensitivity responses following vaccination include self-limited local side effects and systemic responses can range from urticaria/angioedema to full-scale anaphylaxis with multisystem involvement (109).

Anaphylaxis is a rare life-threatening allergic reaction that usually occurs within minutes to hours after vaccination (109). Anaphylaxis induced by vaccines is generally rare. The coronavirus disease 2019 (COVID-19) pandemic highlighted the need for robust vaccine production via mRNA vaccines derived in lipid nanoparticles. Unexpectedly, there are fewer serious allergic reactions due to public vaccines and, as a result, there are considerable public concerns centered on atopic individuals. Previous research on the immune mechanism of vaccine-related anaphylaxis has focused on the presence of gelatin, latex, and egg proteins, and more recently on polysorbate 80, a widely used surfactant present in many vaccines (110). However, all of the above-mentioned excipients were not included in the Pfizer-BioNTech COVID-19 mRNA vaccine and no cases of anaphylaxis were observed in large-scale phase 2/3 clinical trials; thus, these events are unexpected (111, 112). Hence, occurrence of anaphylaxis upon initial exposure to the COVID-19 vaccine refers to pre-existing antibody-mediated immunity (allergy) or a pseudo-allergic reaction unrelated to previous exposure.

Anaphylaxis associated with known allergens is best understood through the classical paradigm of crosslinked IgE bound to fragment crystallizable region (Fc) ϵ receptors of mast cells and basophils, but nonclassical pathways including antibody-dependent activation of complement or IgG-associated mast cell/granulocyte/platelet/basophil-mediated mast cell/granulocyte/platelet/basophil activation via Fcγ receptors has been described in animal models and in human allergic responses to drugs (113–117). Unfortunately, information on the potential use of vaccines for testing to confirm the pathological etiology or predict reactivity risk remain scarce.

A rapid and thorough study-based evaluation of patients who have experienced anaphylactic vaccine reactions and prospective clinical trials in individuals at risk are requested to address these concerns during the public health crisis.



Conclusions and Future Research Directions

We have highlighted the innate immune system response during IAV mRNA vaccination. Optimal innate immune sensing and inflammatory cytokine release are essential for T- and B-cell immune responses. However, excessive host innate immune responses possibly lead to cytokine storms and/or tissue damage (118, 119), inhibiting the efficacy of influenza virus mRNA vaccines. Therefore, mRNA-induced innate immunity must be controlled to reduce excessive inflammation while retaining antibody production.

Over the past decade, there has been a clear breakthrough in the field of influenza virus mRNA vaccines, demonstrating proof-of-concept in both preclinical and clinical settings (20). However, reducing the innate immune sensing of mRNA and maximizing translatability of the promising animal data to humans remains challenging. Further clinical trials examining the long-term safety and immunogenicity are required to evaluate the impact of RNA vaccines on the influenza virus vaccine field.

Currently, the COVID-19 pandemic continues to spread globally, urgently requiring effective vaccines to fight it. FDA-approved mRNA vaccines are greatly effective in working-age adults at preventing SARS-CoV-2 infection, with the vaccines attenuating the viral RNA load, risk of febrile symptoms, and duration of illness among those who have breakthrough infection despite vaccination (120). The future of mRNA vaccine field is potential, and the clinical data and resources provided by the associated companies and other academic institutions are likely to significantly build on and strengthen basic research into mRNA-based vaccines.



Author Contributions

SL and J-HR conceived the outline of the manuscript. SL and J-HR. wrote the manuscript. SL and J-HR critically revised and approved the final version of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This research was supported in part by grants-in-aid from the Ministry of Education, Culture, Sports, Science, and Technology of Japan (19K16665 to SL).



Acknowledgments

We apologize to our colleagues in the field whose work could not be cited due to space limitations. We thank all the members of the Biorchestra corporation for their comments and suggestions.



References

1. Zhang, C, Maruggi, G, Shan, H, and Li, J. Advances in mRNA Vaccines for Infectious Diseases. Front Immunol (2019) 10:594. doi: 10.3389/fimmu.2019.00594

2. Iwasaki, A, and Pillai, PS. Innate Immunity to Influenza Virus Infection. Nat Rev Immunol (2014) 14(5):315–28. doi: 10.1038/nri3665

3. Iuliano, AD, Roguski, KM, Chang, HH, Muscatello, DJ, Palekar, R, Tempia, S, et al. Estimates of Global Seasonal Influenza-Associated Respiratory Mortality: A Modelling Study. Lancet (2018) 391(10127):1285–300. doi: 10.1016/S0140-6736(17)33293-2

4. Segaloff, H, Melidou, A, Adlhoch, C, Pereyaslov, D, Robesyn, E, Penttinen, P, et al. Co-Circulation of Influenza A(H1N1)pdm09 and Influenza A(H3N2) Viruses, World Health Organization (WHO) European Region, October 2018 to February 2019. Euro Surveill (2019) 24(9):1900125. doi: 10.2807/1560-7917.ES.2019.24.9.1900125

5. Gerdil, C. The Annual Production Cycle for Influenza Vaccine. Vaccine (2003) 21(16):1776–9. doi: 10.1016/s0264-410x(03)00071-9

6. Seubert, A, Monaci, E, Pizza, M, O’Hagan, DT, and Wack, A. The Adjuvants Aluminum Hydroxide and MF59 Induce Monocyte and Granulocyte Chemoattractants and Enhance Monocyte Differentiation Toward Dendritic Cells. J Immunol (2008) 180(8):5402–12. doi: 10.4049/jimmunol.180.8.5402

7. Johnson, NP, and Mueller, J. Updating the Accounts: Global Mortality of the 1918-1920 “Spanish” Influenza Pandemic. Bull Hist Med (2002) 76(1):105–15. doi: 10.1353/bhm.2002.0022

8. Palese, P, and Wang, TT. Why do Influenza Virus Subtypes Die Out? A Hypothesis.  mBio (2011) 2(5):e00150–11. doi: 10.1128/mBio.00150-11

9. Ross, TM. Universal Influenza Vaccine Approaches Using Full-Length or Head-Only Hemagglutinin Proteins. J Infect Dis (2019) 219(Suppl_1):S57–61. doi: 10.1093/infdis/jiz004

10. Rodrigues, CMC, Pinto, MV, Sadarangani, M, and Plotkin, SA. Whither Vaccines? J Infect (2017) 74 Suppl 1:S2–9. doi: 10.1016/S0163-4453(17)30184-6

11. Russell, K, Chung, JR, Monto, AS, Martin, ET, Belongia, EA, McLean, HQ, et al. Influenza Vaccine Effectiveness in Older Adults Compared With Younger Adults Over Five Seasons. Vaccine (2018) 36(10):1272–8. doi: 10.1016/j.vaccine.2018.01.045

12. Belshe, RB, Edwards, KM, Vesikari, T, Black, SV, Walker, RE, Hultquist, M, et al. Live-Attenuated Versus Inactivated Influenza Vaccine in Infants and Young Children. N Engl J Med (2007) 356(7):685–96. doi: 10.1056/NEJMoa065368

13. Li, B, Fang, L, Xu, Z, Liu, S, Gao, J, Jiang, Y, et al. Recombination in Vaccine and Circulating Strains of Porcine Reproductive and Respiratory Syndrome Viruses. Emerg Infect Dis (2009) 15(12):2032–5. doi: 10.3201/eid1512.090390

14. Zhou, B, Meliopoulos, VA, Wang, W, Lin, X, Stucker, KM, Halpin, RA, et al. Reversion of Cold-Adapted Live-Attenuated Influenza Vaccine Into a Pathogenic Virus. J Virol (2016) 90(19):8454–63. doi: 10.1128/JVI.00163-16

15. Lee, S, Hirohama, M, Noguchi, M, Nagata, K, and Kawaguchi, A. Influenza A Virus Infection Triggers Pyroptosis and Apoptosis of Respiratory Epithelial Cells Through the Type I Interferon Signaling Pathway in a Mutually Exclusive Manner. J Virol (2018) 92(14):e00396–18. doi: 10.1128/JVI.00396-18

16. Lee, S, Ishitsuka, A, Noguchi, M, Hirohama, M, Fujiyasu, Y, Petric, PP, et al. Influenza Restriction Factor Mxa Functions as Inflammasome Sensor in the Respiratory Epithelium. Sci Immunol (2019) 4(40):eaau4643. doi: 10.1126/sciimmunol.aau4643

17. Högner, K, Wolff, T, Pleschka, S, Plog, S, Gruber, AD, Kalinke, U, et al. Macrophage-Expressed IFN-β Contributes to Apoptotic Alveolar Epithelial Cell Injury in Severe Influenza Virus Pneumonia. PloS Pathog (2013) 9(2):e1003188. doi: 10.1371/journal.ppat.1003188

18. Kallfass, C, Lienenklaus, S, Weiss, S, and Staeheli, P. Visualizing the Beta Interferon Response in Mice During Infection With Influenza A Viruses Expressing or Lacking Nonstructural Protein 1. J Virol (2013) 87(12):6925–30. doi: 10.1128/JVI.00283-13

19. Jewell, NA, Vaghefi, N, Mertz, SE, Akter, P, Peebles, RS Jr., Bakaletz, LO, et al. Differential Type I Interferon Induction by Respiratory Syncytial Virus and Influenza a Virus In Vivo. J Virol (2007) 81(18):9790–800. doi: 10.1128/JVI.00530-07

20. Pardi, N, Hogan, MJ, Porter, FW, and Weissman, D. mRNA Vaccines - a New Era in Vaccinology. Nat Rev Drug Discov (2018) 17(4):261–79. doi: 10.1038/nrd.2017.243

21. Heine, A, Juranek, S, and Brossart, P. Clinical and Immunological Effects of mRNA Vaccines in Malignant Diseases. Mol Cancer (2021) 20(1):52. doi: 10.1186/s12943-021-01339-1

22. Pardi, N, Parkhouse, K, Kirkpatrick, E, McMahon, M, Zost, SJ, Mui, BL, et al. Nucleoside-Modified Mrna Immunization Elicits Influenza Virus Hemagglutinin Stalk-Specific Antibodies. Nat Commun (2018) 9(1):3361. doi: 10.1038/s41467-018-05482-0

23. Sacks, D, Baxter, B, Campbell, BCV, Carpenter, JS, Cognard, C, Dippel, D, et al. Multisociety Consensus Quality Improvement Revised Consensus Statement for Endovascular Therapy of Acute Ischemic Stroke. Int J Stroke (2018) 13(6):612–32. doi: 10.1177/1747493018778713

24. Teijaro, JR, and Farber, DL. COVID-19 Vaccines: Modes of Immune Activation and Future Challenges. Nat Rev Immunol (2021) 21(4):195–7. doi: 10.1038/s41577-021-00526-x

25. Wolff, JA, Malone, RW, Williams, P, Chong, W, Acsadi, G, Jani, A, et al. Direct Gene Transfer Into Mouse Muscle In Vivo. Science (1990) 247(4949 Pt 1):1465–8. doi: 10.1126/science.1690918

26. Jirikowski, GF, Sanna, PP, Maciejewski-Lenoir, D, and Bloom, FE. Reversal of Diabetes Insipidus in Brattleboro Rats: Intrahypothalamic Injection of Vasopressin mRNA. Science (1992) 255(5047):996–8. doi: 10.1126/science.1546298

27. Karikó, K, Muramatsu, H, Welsh, FA, Ludwig, J, Kato, H, Akira, S, et al. Incorporation of Pseudouridine Into mRNA Yields Superior Nonimmunogenic Vector With Increased Translational Capacity and Biological Stability. Mol Ther (2008) 16(11):1833–40. doi: 10.1038/mt.2008.200

28. Guan, S, and Rosenecker, J. Nanotechnologies in Delivery of mRNA Therapeutics Using Nonviral Vector-Based Delivery Systems. Gene Ther (2017) 24(3):133–43. doi: 10.1038/gt.2017.5

29. Thess, A, Grund, S, Mui, BL, Hope, MJ, Baumhof, P, Fotin-Mleczek, M, et al. Sequence-Engineered mRNA Without Chemical Nucleoside Modifications Enables an Effective Protein Therapy in Large Animals. Mol Ther (2015) 23(9):1456–64. doi: 10.1038/mt.2015.103

30. Kauffman, KJ, Webber, MJ, and Anderson, DG. Materials for Non-Viral Intracellular Delivery of Messenger RNA Therapeutics. J Control Release (2016) 240:227–34. doi: 10.1016/j.jconrel.2015.12.032

31. Lindgren, G, Ols, S, Liang, F, Thompson, EA, Lin, A, Hellgren, F, et al. Induction of Robust B Cell Responses After Influenza Mrna Vaccination Is Accompanied by Circulating Hemagglutinin-Specific ICOS+ PD-1+ CXCR3+ T Follicular Helper Cells. Front Immunol (2017) 8:1539. doi: 10.3389/fimmu.2017.01539

32. Lindsay, KE, Bhosle, SM, Zurla, C, Beyersdorf, J, Rogers, KA, Vanover, D, et al. Visualization of Early Events in mRNA Vaccine Delivery in Non-Human Primates via PET-CT and Near-Infrared Imaging. Nat BioMed Eng (2019) 3(5):371–80. doi: 10.1038/s41551-019-0378-3

33. Heer, AK, Shamshiev, A, Donda, A, Uematsu, S, Akira, S, Kopf, M, et al. TLR Signaling Fine-Tunes Anti-Influenza B Cell Responses Without Regulating Effector T Cell Responses. J Immunol (2007) 178(4):2182–91. doi: 10.4049/jimmunol.178.4.2182

34. Lund, JM, Alexopoulou, L, Sato, A, Karow, M, Adams, NC, Gale, NW, et al. Recognition Of Single-Stranded RNA Viruses by Toll-Like Receptor 7. Proc Natl Acad Sci USA (2004) 101(15):5598–603. doi: 10.1073/pnas.0400937101

35. Diebold, SS, Kaisho, T, Hemmi, H, Akira, S, and Reis e Sousa, C. Innate Antiviral Responses by Means of TLR7-Mediated Recognition of Single-Stranded RNA. Science (2004) 303(5663):1529–31. doi: 10.1126/science.1093616

36. Kato, H, Sato, S, Yoneyama, M, Yamamoto, M, Uematsu, S, Matsui, K, et al. Cell Type-Specific Involvement of RIG-I in Antiviral Response. Immunity (2005) 23(1):19–28. doi: 10.1016/j.immuni.2005.04.010

37. Wang, JP, Bowen, GN, Padden, C, Cerny, A, Finberg, RW, Newburger, PE, et al. Toll-Like Receptor-Mediated Activation of Neutrophils by Influenza A Virus. Blood (2008) 112(5):2028–34. doi: 10.1182/blood-2008-01-132860

38. Le Goffic, R, Balloy, V, Lagranderie, M, Alexopoulou, L, Escriou, N, Flavell, R, et al. Detrimental Contribution of the Toll-Like Receptor (TLR)3 to Influenza A Virus-Induced Acute Pneumonia. PloS Pathog (2006) 2(6):e53. doi: 10.1371/journal.ppat.0020053

39. Sasai, M, Linehan, MM, and Iwasaki, A. Bifurcation of Toll-Like Receptor 9 Signaling by Adaptor Protein 3. Science (2010) 329(5998):1530–4. doi: 10.1126/science.1187029

40. Honda, K, Ohba, Y, Yanai, H, Negishi, H, Mizutani, T, Takaoka, A, et al. Spatiotemporal Regulation of MyD88-IRF-7 Signalling for Robust Type-I Interferon Induction. Nature (2005) 434(7036):1035–40. doi: 10.1038/nature03547

41. Lande, R, Gregorio, J, Facchinetti, V, Chatterjee, B, Wang, YH, Homey, B, et al. Plasmacytoid Dendritic Cells Sense Self-DNA Coupled With Antimicrobial Peptide. Nature (2007) 449(7162):564–9. doi: 10.1038/nature06116

42. Pichlmair, A, Schulz, O, Tan, CP, Näslund, TI, Liljeström, P, Weber, F, et al. RIG-I-Mediated Antiviral Responses to Single-Stranded RNA Bearing 5’-Phosphates. Science (2006) 314(5801):997–1001. doi: 10.1126/science.1132998

43. Hornung, V, Ellegast, J, Kim, S, Brzózka, K, Jung, A, Kato, H, et al. 5’-Triphosphate RNA Is the Ligand for RIG-I. Science (2006) 314(5801):994–7. doi: 10.1126/science.1132505

44. Rehwinkel, J, Tan, CP, Goubau, D, Schulz, O, Pichlmair, A, Bier, K, et al. RIG-I Detects Viral Genomic RNA During Negative-Strand RNA Virus Infection. Cell (2010) 140(3):397–408. doi: 10.1016/j.cell.2010.01.020

45. Jiang, F, Ramanathan, A, Miller, MT, Tang, GQ, Gale, M Jr., Patel, SS, et al. Structural Basis of RNA Recognition and Activation by Innate Immune Receptor RIG-I. Nature (2011) 479(7373):423–7. doi: 10.1038/nature10537

46. Kowalinski, E, Lunardi, T, McCarthy, AA, Louber, J, Brunel, J, Grigorov, B, et al. Structural Basis for the Activation of Innate Immune Pattern-Recognition Receptor RIG-I By Viral RNA. Cell (2011) 147(2):423–35. doi: 10.1016/j.cell.2011.09.039

47. Thomas, PG, Dash, P, Aldridge, JR Jr., Ellebedy, AH, Reynolds, C, Funk, AJ, et al. The Intracellular Sensor NLRP3 Mediates Key Innate and Healing Responses to Influenza A Virus Via The Regulation of Caspase-1. Immunity (2009) 30(4):566–75. doi: 10.1016/j.immuni.2009.02.006

48. Allen, IC, Scull, MA, Moore, CB, Holl, EK, McElvania-TeKippe, E, Taxman, DJ, et al. The NLRP3 Inflammasome Mediates In Vivo Innate Immunity to Influenza A Virus Through Recognition of Viral RNA. Immunity (2009) 30(4):556–65. doi: 10.1016/j.immuni.2009.02.005

49. Ichinohe, T, Lee, HK, Ogura, Y, Flavell, R, and Iwasaki, A. Inflammasome Recognition of Influenza Virus Is Essential for Adaptive Immune Responses. J Exp Med (2009) 206(1):79–87. doi: 10.1084/jem.20081667

50. Kuriakose, T, Man, SM, Malireddi, RK, Karki, R, Kesavardhana, S, Place, DE, et al. ZBP1/DAI Is An Innate Sensor of Influenza Virus Triggering the NLRP3 Inflammasome and Programmed Cell Death Pathways. Sci Immunol (2016) 1(2):aag2045. doi: 10.1126/sciimmunol.aag2045

51. Kesavardhana, S, Kuriakose, T, Guy, CS, Samir, P, Malireddi, RKS, Mishra, A, et al. ZBP1/DAI Ubiquitination and Sensing of Influenza Vrnps Activate Programmed Cell Death. J Exp Med (2017) 214(8):2217–29. doi: 10.1084/jem.20170550

52. Zhang, T, Yin, C, Boyd, DF, Quarato, G, Ingram, JP, Shubina, M, et al. Influenza Virus Z-RNAs Induce ZBP1-Mediated Necroptosis. Cell (2020) 180(6):1115–29.e13. doi: 10.1016/j.cell.2020.02.050

53. Zheng, M, Karki, R, Vogel, P, and Kanneganti, TD. Caspase-6 Is a Key Regulator of Innate Immunity, Inflammasome Activation, and Host Defense. Cell (2020) 181(3):674–87.e13. doi: 10.1016/j.cell.2020.03.040

54. Hufford, MM, Kim, TS, Sun, J, and Braciale, TJ. The Effector T Cell Response to Influenza Infection. Curr Top Microbiol Immunol (2015) 386:423–55. doi: 10.1007/82_2014_397

55. Wrammert, J, Smith, K, Miller, J, Langley, WA, Kokko, K, Larsen, C, et al. Rapid Cloning of High-Affinity Human Monoclonal Antibodies Against Influenza Virus. Nature (2008) 453(7195):667–71. doi: 10.1038/nature06890

56. Ellebedy, AH, Jackson, KJ, Kissick, HT, Nakaya, HI, Davis, CW, Roskin, KM, et al. Defining Antigen-Specific Plasmablast and Memory B Cell Subsets in Human Blood After Viral Infection Or Vaccination. Nat Immunol (2016) 17(10):1226–34. doi: 10.1038/ni.3533

57. Lau, D, Lan, LY, Andrews, SF, Henry, C, Rojas, KT, Neu, KE, et al. Low CD21 Expression Defines A Population of Recent Germinal Center Graduates Primed For Plasma Cell Differentiation. Sci Immunol (2017) 2(7):eaai8153. doi: 10.1126/sciimmunol.aai8153

58. Salk, JE, Pearson, HE, Brown, PN, and Francis, T. Protective Effect of Vaccination Against Induced Influenza B. J Clin Invest (1945) 24(4):547–53. doi: 10.1172/JCI101634

59. Francis, T, Salk, JE, Pearson, HE, and Brown, PN. Protective Effect of Vaccination Against Induced Influenza a. J Clin Invest (1945) 24(4):536–46. doi: 10.1172/JCI101633

60. Audsley, JM, and Tannock, GA. Cell-Based Influenza Vaccines: Progress to Date. Drugs (2008) 68(11):1483–91. doi: 10.2165/00003495-200868110-00002

61. Tricco, AC, Chit, A, Soobiah, C, Hallett, D, Meier, G, Chen, MH, et al. Comparing Influenza Vaccine Efficacy Against Mismatched and Matched Strains: A Systematic Review and Meta-Analysis. BMC Med (2013) 11:153. doi: 10.1186/1741-7015-11-153

62. Jin, H, and Subbarao, K. Live-Attenuated Influenza Vaccine. Curr Top Microbiol Immunol (2015) 386:181–204. doi: 10.1007/82_2014_410

63. Maassab, HF. Adaptation and Growth Characteristics of Influenza Virus at 25 Degrees C. Nature (1967) 213(5076):612–4. doi: 10.1038/213612a0

64. Alexandrova, GI, Budilovsky, GN, Koval, TA, Polezhaev, FI, Garmashova, LM, Ghendon Yu, Z, et al. Study of Live Recombinant Cold-Adapted Influenza Bivalent Vaccine of Type A For Use in Children: An Epidemiological Control Trial. Vaccine (1986) 4(2):114–8. doi: 10.1016/0264-410x(86)90049-6

65. Beyer, WE, McElhaney, J, Smith, DJ, Monto, AS, Nguyen-Van-Tam, JS, and Osterhaus, AD. Cochrane Re-Arranged: Support for Policies to Vaccinate Elderly People Against Influenza. Vaccine (2013) 31(50):6030–3. doi: 10.1016/j.vaccine.2013.09.063

66. Ohmit, SE, Petrie, JG, Malosh, RE, Cowling, BJ, Thompson, MG, Shay, DK, et al. Influenza Vaccine Effectiveness in the Community and the Household. Clin Infect Dis (2013) 56(10):1363–9. doi: 10.1093/cid/cit060

67. de Jong, JC, Beyer, WE, Palache, AM, Rimmelzwaan, GF, and Osterhaus, AD. Mismatch Between the 1997/1998 Influenza Vaccine and the Major Epidemic A(H3N2) Virus Strain as the Cause of an Inadequate Vaccine-Induced Antibody Response to This Strain in the Elderly. J Med Virol (2000) 61(1):94–9. doi: 10.1002/(SICI)1096-9071(200005)61:1<94::AID-JMV15>3.0.CO;2-C

68. Flannery, B, Kondor, RJG, Chung, JR, Gaglani, M, Reis, M, Zimmerman, RK, et al. Spread of Antigenically Drifted Influenza A(H3N2) Viruses and Vaccine Effectiveness in the United States During the 2018-2019 Season. J Infect Dis (2020) 221(1):8–15. doi: 10.1093/infdis/jiz543

69. Kissling, E, Valenciano, M, Larrauri, A, Oroszi, B, Cohen, JM, Nunes, B, et al. Low and Decreasing Vaccine Effectiveness Against Influenza A(H3) in 2011/12 Among Vaccination Target Groups In Europe: Results From The I-MOVE Multicentre Case-Control Study. Euro Surveill (2013) 18(5):20390. doi: 10.2807/ese.18.05.20390-en

70. Clark, A, Potter, CW, Jennings, R, Nicholl, JP, Langrick, AF, Schild, GC, et al. A Comparison of Live and Inactivated Influenza A (H1N1) Virus Vaccines. 2. Long-Term Immunity. J Hyg (Lond) (1983) 90(3):361–70. doi: 10.1017/s0022172400028990

71. DiazGranados, CA, Dunning, AJ, Kimmel, M, Kirby, D, Treanor, J, Collins, A, et al. Efficacy of High-Dose Versus Standard-Dose Influenza Vaccine in Older Adults. N Engl J Med (2014) 371(7):635–45. doi: 10.1056/NEJMoa1315727

72. O’Hagan, DT, Ott, GS, Nest, GV, Rappuoli, R, and Giudice, GD. The History of MF59(®) Adjuvant: A Phoenix That Arose From the Ashes. Expert Rev Vaccines (2013) 12(1):13–30. doi: 10.1586/erv.12.140

73. Del Giudice, G, and Rappuoli, R. Inactivated and Adjuvanted Influenza Vaccines. Curr Top Microbiol Immunol (2015) 386:151–80. doi: 10.1007/82_2014_406

74. Ledgerwood, JE. AS03-Adjuvanted Influenza Vaccine in Elderly People. Lancet Infect Dis (2013) 13(6):466–7. doi: 10.1016/S1473-3099(13)70038-0

75. Wei, CJ, Crank, MC, Shiver, J, Graham, BS, Mascola, JR, and Nabel, GJ. Next-Generation Influenza Vaccines: Opportunities and Challenges. Nat Rev Drug Discovery (2020) 19(4):239–52. doi: 10.1038/s41573-019-0056-x

76. Kistner, O, Howard, MK, Spruth, M, Wodal, W, Brühl, P, Gerencer, M, et al. Cell Culture (Vero) Derived Whole Virus (H5N1) Vaccine Based on Wild-Type Virus Strain Induces Cross-Protective Immune Responses. Vaccine (2007) 25(32):6028–36. doi: 10.1016/j.vaccine.2007.05.013

77. Baz, M, Luke, CJ, Cheng, X, Jin, H, and Subbarao, K. H5N1 Vaccines in Humans. Virus Res (2013) 178(1):78–98. doi: 10.1016/j.virusres.2013.05.006

78. Belshe, RB, Frey, SE, Graham, IL, Anderson, EL, Jackson, LA, Spearman, P, et al. Immunogenicity of Avian Influenza A/Anhui/01/2005(H5N1) Vaccine With MF59 Adjuvant: A Randomized Clinical Trial. Jama (2014) 312(14):1420–8. doi: 10.1001/jama.2014.12609

79. Mulligan, MJ, Bernstein, DI, Winokur, P, Rupp, R, Anderson, E, Rouphael, N, et al. Serological Responses to an Avian Influenza A/H7N9 Vaccine Mixed at the Point-Of-Use With MF59 Adjuvant: A Randomized Clinical Trial. Jama (2014) 312(14):1409–19. doi: 10.1001/jama.2014.12854

80. Vogel, AB, Lambert, L, Kinnear, E, Busse, D, Erbar, S, Reuter, KC, et al. Self-Amplifying RNA Vaccines Give Equivalent Protection Against Influenza to mRNA Vaccines But at Much Lower Doses. Mol Ther (2018) 26(2):446–55. doi: 10.1016/j.ymthe.2017.11.017

81. Berglund, P, Smerdou, C, Fleeton, MN, Tubulekas, I, and Liljeström, P. Enhancing Immune Responses Using Suicidal DNA Vaccines. Nat Biotechnol (1998) 16(6):562–5. doi: 10.1038/nbt0698-562

82. Zhou, X, Berglund, P, Zhao, H, Liljeström, P, and Jondal, M. Generation of Cytotoxic and Humoral Immune Responses by Nonreplicative Recombinant Semliki Forest Virus. Proc Natl Acad Sci USA (1995) 92(7):3009–13. doi: 10.1073/pnas.92.7.3009

83. Fleeton, MN, Chen, M, Berglund, P, Rhodes, G, Parker, SE, Murphy, M, et al. Self-Replicative RNA Vaccines Elicit Protection Against Influenza A Virus, Respiratory Syncytial Virus, and a Tickborne Encephalitis Virus. J Infect Dis (2001) 183(9):1395–8. doi: 10.1086/319857

84. Hekele, A, Bertholet, S, Archer, J, Gibson, DG, Palladino, G, Brito, LA, et al. Rapidly Produced SAM(®) Vaccine Against H7N9 Influenza Is Immunogenic in Mice. Emerg Microbes Infect (2013) 2(8):e52. doi: 10.1038/emi.2013.54

85. Magini, D, Giovani, C, Mangiavacchi, S, Maccari, S, Cecchi, R, Ulmer, JB, et al. Self-Amplifying Mrna Vaccines Expressing Multiple Conserved Influenza Antigens Confer Protection Against Homologous and Heterosubtypic Viral Challenge. PloS One (2016) 11(8):e0161193. doi: 10.1371/journal.pone.0161193

86. McCullough, KC, Bassi, I, Milona, P, Suter, R, Thomann-Harwood, L, Englezou, P, et al. Self-Replicating Replicon-RNA Delivery to Dendritic Cells by Chitosan-Nanoparticles for Translation In Vitro And In Vivo. Mol Ther Nucleic Acids (2014) 3(7):e173. doi: 10.1038/mtna.2014.24

87. Démoulins, T, Milona, P, Englezou, PC, Ebensen, T, Schulze, K, Suter, R, et al. Polyethylenimine-Based Polyplex Delivery of Self-Replicating RNA Vaccines. Nanomedicine (2016) 12(3):711–22. doi: 10.1016/j.nano.2015.11.001

88. Chahal, JS, Khan, OF, Cooper, CL, McPartlan, JS, Tsosie, JK, Tilley, LD, et al. Dendrimer-RNA Nanoparticles Generate Protective Immunity Against Lethal Ebola, H1N1 Influenza, and Toxoplasma Gondii Challenges With a Single Dose. Proc Natl Acad Sci USA (2016) 113(35):E5250. doi: 10.1073/pnas.1612792113

89. Martinon, F, Krishnan, S, Lenzen, G, Magné, R, Gomard, E, Guillet, JG, et al. Induction of Virus-Specific Cytotoxic T Lymphocytes In Vivo by Liposome-Entrapped mRNA. Eur J Immunol (1993) 23(7):1719–22. doi: 10.1002/eji.1830230749

90. Kallen, KJ, Heidenreich, R, Schnee, M, Petsch, B, Schlake, T, Thess, A, et al. A Novel, Disruptive Vaccination Technology: Self-Adjuvanted Rnactive(®) Vaccines. Hum Vaccin Immunother (2013) 9(10):2263–76. doi: 10.4161/hv.25181

91. Kranz, LM, Diken, M, Haas, H, Kreiter, S, Loquai, C, Reuter, KC, et al. Systemic RNA Delivery to Dendritic Cells Exploits Antiviral Defence for Cancer Immunotherapy. Nature (2016) 534(7607):396–401. doi: 10.1038/nature18300

92. Ablasser, A, Poeck, H, Anz, D, Berger, M, Schlee, M, Kim, S, et al. Selection of Molecular Structure and Delivery of RNA Oligonucleotides to Activate TLR7 Versus TLR8 and to Induce High Amounts of IL-12p70 in Primary Human Monocytes. J Immunol (2009) 182(11):6824–33. doi: 10.4049/jimmunol.0803001

93. Hua, Z, and Hou, B. TLR Signaling in B-Cell Development and Activation. Cell Mol Immunol (2013) 10(2):103–6. doi: 10.1038/cmi.2012.61

94. Goubau, D, Schlee, M, Deddouche, S, Pruijssers, AJ, Zillinger, T, Goldeck, M, et al. Antiviral Immunity Via RIG-I-Mediated Recognition of RNA Bearing 5’-Diphosphates. Nature (2014) 514(7522):372–5. doi: 10.1038/nature13590

95. Karikó, K, Muramatsu, H, Ludwig, J, and Weissman, D. Generating the Optimal mRNA for Therapy: HPLC Purification Eliminates Immune Activation and Improves Translation of Nucleoside-Modified, Protein-Encoding mRNA. Nucleic Acids Res (2011) 39(21):e142. doi: 10.1093/nar/gkr695

96. de Haro, C, Méndez, R, and Santoyo, J. The eIF-2alpha Kinases and the Control of Protein Synthesis. FASEB J (1996) 10(12):1378–87. doi: 10.1096/fasebj.10.12.8903508

97. Liang, SL, Quirk, D, and Zhou, A. RNase L: Its Biological Roles and Regulation. IUBMB Life (2006) 58(9):508–14. doi: 10.1080/15216540600838232

98. Zhang, Z, Ohto, U, Shibata, T, Krayukhina, E, Taoka, M, Yamauchi, Y, et al. Structural Analysis Reveals That Toll-Like Receptor 7 Is a Dual Receptor for Guanosine and Single-Stranded RNA. Immunity (2016) 45(4):737–48. doi: 10.1016/j.immuni.2016.09.011

99. Tanji, H, Ohto, U, Shibata, T, Taoka, M, Yamauchi, Y, Isobe, T, et al. Toll-Like Receptor 8 Senses Degradation Products of Single-Stranded RNA. Nat Struct Mol Biol (2015) 22(2):109–15. doi: 10.1038/nsmb.2943

100. Isaacs, A, Cox, RA, and Rotem, Z. Foreign Nucleic Acids as the Stimulus to Make Interferon. Lancet (1963) 2(7299):113–6. doi: 10.1016/s0140-6736(63)92585-6

101. Schwartz, S, Bernstein, DA, Mumbach, MR, Jovanovic, M, Herbst, RH, León-Ricardo, BX, et al. Transcriptome-Wide Mapping Reveals Widespread Dynamic-Regulated Pseudouridylation of ncRNA and mRNA. Cell (2014) 159(1):148–62. doi: 10.1016/j.cell.2014.08.028

102. Carlile, TM, Rojas-Duran, MF, Zinshteyn, B, Shin, H, Bartoli, KM, and Gilbert, WV. Pseudouridine Profiling Reveals Regulated Mrna Pseudouridylation in Yeast and Human Cells. Nature (2014) 515(7525):143–6. doi: 10.1038/nature13802

103. Andries, O, Mc Cafferty, S, De Smedt, SC, Weiss, R, Sanders, NN, and Kitada, T. N(1)-Methylpseudouridine-Incorporated mRNA Outperforms Pseudouridine-Incorporated mRNA by Providing Enhanced Protein Expression and Reduced Immunogenicity in Mammalian Cell Lines and Mice. J Control Release (2015) 217:337–44. doi: 10.1016/j.jconrel.2015.08.051

104. Karikó, K, Buckstein, M, Ni, H, and Weissman, D. Suppression of RNA Recognition by Toll-Like Receptors: The Impact of Nucleoside Modification and the Evolutionary Origin of RNA. Immunity (2005) 23(2):165–75. doi: 10.1016/j.immuni.2005.06.008

105. Pang, IK, Ichinohe, T, and Iwasaki, A. IL-1r Signaling in Dendritic Cells Replaces Pattern-Recognition Receptors in Promoting CD8+ T Cell Responses to Influenza A Virus. Nat Immunol (2013) 14(3):246–53. doi: 10.1038/ni.2514

106. Bahl, K, Senn, JJ, Yuzhakov, O, Bulychev, A, Brito, LA, Hassett, KJ, et al. Preclinical and Clinical Demonstration of Immunogenicity by mRNA Vaccines Against H10N8 and H7N9 Influenza Viruses. Mol Ther (2017) 25(6):1316–27. doi: 10.1016/j.ymthe.2017.03.035

107. Feldman, RA, Fuhr, R, Smolenov, I, Mick Ribeiro, A, Panther, L, Watson, M, et al. mRNA Vaccines Against H10N8 and H7N9 Influenza Viruses of Pandemic Potential Are Immunogenic and Well Tolerated in Healthy Adults in Phase 1 Randomized Clinical Trials. Vaccine (2019) 37(25):3326–34. doi: 10.1016/j.vaccine.2019.04.074

108. Lutz, J, Lazzaro, S, Habbeddine, M, Schmidt, KE, Baumhof, P, Mui, BL, et al. Unmodified mRNA in LNPs Constitutes a Competitive Technology for Prophylactic Vaccines. NPJ Vaccines (2017) 2:29. doi: 10.1038/s41541-017-0032-6

109. McNeil, MM, and DeStefano, F. Vaccine-Associated Hypersensitivity. J Allergy Clin Immunol (2018) 141(2):463–72. doi: 10.1016/j.jaci.2017.12.971

110. Stone, CA Jr., Rukasin, CRF, Beachkofsky, TM, and Phillips, EJ. Immune-Mediated Adverse Reactions to Vaccines. Br J Clin Pharmacol (2019) 85(12):2694–706. doi: 10.1111/bcp.14112

111. Polack, FP, Thomas, SJ, Kitchin, N, Absalon, J, Gurtman, A, Lockhart, S, et al. Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine. N Engl J Med (2020) 383(27):2603–15. doi: 10.1056/NEJMoa2034577

112. Baden, LR, El Sahly, HM, Essink, B, Kotloff, K, Frey, S, Novak, R, et al. Efficacy and Safety of the mRNA-1273 SARS-CoV-2 Vaccine. N Engl J Med (2021) 384(5):403–16. doi: 10.1056/NEJMoa2035389

113. Finkelman, FD, Khodoun, MV, and Strait, R. Human IgE-Independent Systemic Anaphylaxis. J Allergy Clin Immunol (2016) 137(6):1674–80. doi: 10.1016/j.jaci.2016.02.015

114. Jimenez-Rodriguez, TW, Garcia-Neuer, M, Alenazy, LA, and Castells, M. Anaphylaxis in the 21st Century: Phenotypes, Endotypes, and Biomarkers. J Asthma Allergy (2018) 11:121–42. doi: 10.2147/JAA.S159411

115. Jönsson, F, de Chaisemartin, L, Granger, V, Gouel-Chéron, A, Gillis, CM, Zhu, Q, et al. An IgG-Induced Neutrophil Activation Pathway Contributes to Human Drug-Induced Anaphylaxis. Sci Transl Med (2019) 11(500):eaat1479. doi: 10.1126/scitranslmed.aat1479

116. Balbino, B, Herviou, P, Godon, O, Stackowicz, J, Goff, OR, Iannascoli, B, et al. The Anti-IgE mAb Omalizumab Induces Adverse Reactions by Engaging Fcγ Receptors. J Clin Invest (2020) 130(3):1330–5. doi: 10.1172/JCI129697

117. Beutier, H, Hechler, B, Godon, O, Wang, Y, Gillis, CM, de Chaisemartin, L, et al. Platelets Expressing IgG Receptor Fcγriia/CD32A Determine the Severity of Experimental Anaphylaxis. Sci Immunol (2018) 3(22):eaan5997. doi: 10.1126/sciimmunol.aan5997

118. Karki, R, Sharma, BR, Tuladhar, S, Williams, EP, Zalduondo, L, Samir, P, et al. Synergism of TNF-α and IFN-γ Triggers Inflammatory Cell Death, Tissue Damage, and Mortality in SARS-CoV-2 Infection and Cytokine Shock Syndromes. Cell (2021) 184(1):149–68.e17. doi: 10.1016/j.cell.2020.11.025

119. Lee, S, Channappanavar, R, and Kanneganti, TD. Coronaviruses: Innate Immunity, Inflammasome Activation, Inflammatory Cell Death, and Cytokines. Trends Immunol (2020) 41(12):1083–99. doi: 10.1016/j.it.2020.10.005

120. Thompson, MG, Burgess, JL, Naleway, AL, Tyner, H, Yoon, SK, Meece, J, et al. Prevention and Attenuation of Covid-19 With the BNT162b2 and mRNA-1273 Vaccines. N Engl J Med (2021) 385:320–9. doi: 10.1056/NEJMoa2107058



Author Disclaimer: The content is solely the responsibility of the authors and does not necessarily represent the official views of the National Institutes of Health.


Conflict of Interest: Author J-HR was employed by company Biorchestra Co.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Lee and Ryu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu.2021.710647_cover.jpg
, frontiers
in Immunology

Influenza Viruses: Innate Immunity
and mRNA Vaccines





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Influenza Viruses: Innate Immunity and mRNA Vaccines

      

        		

          Introduction

        



        		

          Brief History on Influenza Vaccines to Date

        



        		

          Innate Immunity to Influenza Viruses

        

          		

            TLR- and RLR-Associated Influenza Virus Recognition

          



          		

            Inflammasome-Mediated Response to Influenza Virus

          



        



        



        		

          Adaptive Immunity to Influenza Virus

        



        		

          Conventional Seasonal Influenza Virus Vaccines

        



        		

          Conventional Pandemic Influenza Virus Vaccines

        



        		

          Messenger RNA Vaccine Strategies Against Influenza Virus

        

          		

            Self-Amplifying mRNA Vaccines Against Influenza Virus

          



          		

            Non-Replicating Influenza Virus mRNA Vaccines

          



        



        



        		

          Innate Immunity to mRNA Vaccines

        



        		

          mRNA-Based Influenza Virus Vaccine Development

        



        		

          Limitations of mRNA Vaccine

        



        		

          Conclusions and Future Research Directions

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-12-710647-g004.jpg
DT a—_—

#0 B T

00 0 49 @,
A
w’aﬂ i

il

3
ﬁ g;s \ann 250
L Fosl

Type | IFNs —>onst





OEBPS/Images/fimmu-12-710647-g002.jpg
Muscle

/
!

: H
| Virus-derived | l
\ saRNA

Blood vessel





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-12-710647-g001.jpg
One

Viral RNA polymerase

Influenza A virus

Virus budding

Cytoplasm
mowes JIIT

4 Viral protein
transport

Viral protein
translation

200

T mRNA export

mRNA

Transciption






OEBPS/Images/fimmu-12-710647-g003.jpg
UNA plasmia-

Virus-derived
saRNA saRNA based saRNA
Cytoplasm
" Nucleus
ﬂi@
1

7 mRNA (transgene) ViV Y

1 eranschplmn

e AT DN
formation Ttonty ansgene)
0 "1 o0
e 08

o
Vaccine antigen
(immunogenicity)






