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Post-transcriptional regulation is involved in the regulation of many inflammatory genes. Zinc finger protein 36 (ZFP36) family proteins are RNA-binding proteins involved in messenger RNA (mRNA) metabolism pathways. The ZFP36 family is composed of ZFP36 (also known as tristetraprolin, TTP), ZFP36L1, ZFP36L2, and ZFP36L3 (only in rodents). The ZFP36 family proteins contain two tandemly repeated CCCH-type zinc-finger motifs, bind to adenine uridine-rich elements in the 3’-untranslated regions (3’ UTR) of specific mRNA, and lead to target mRNA decay. Although the ZFP36 family members are structurally similar, they are known to play distinct functions and regulate different target mRNAs, probably due to their cell-type-specific expression patterns. For instance, ZFP36 has been well-known to function as an anti-inflammatory modulator in murine models of systemic inflammatory diseases by down-regulating the production of various pro-inflammatory cytokines, including TNF-α. Meanwhile, ZFP36L1 is required for the maintenance of the marginal-zone B cell compartment. Recently, we found that ZFP36L2 reduces the expression of Ikzf2 (encoding HELIOS) and suppresses regulatory T cell function. This review summarizes the current understanding of the post-transcriptional regulation of immunological responses and inflammatory diseases by RNA-binding ZFP36 family proteins.
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Introduction

For many years, the importance of post-transcriptional regulation of mRNAs has not been fully recognized in the immune system. However, with the advance in functional analyses of RNA-binding proteins (RBPs), the importance of post-transcriptional regulation in immune system regulation has come to the fore. RBPs are critical effectors of gene expression of many genes and form regulatory networks to maintain cell homeostasis. RBPs recognize target RNA with the RNA-recognition domain (1). RBPs also have binding domains with other proteins, and these interactions enable them to fulfill their regulatory functions (2).

Recent analyses have shown that RBPs are remarkably involved in regulating various cell type-specific functions (3). Among RBPs, ZFP36 family proteins including ZFP36, known as tristetraprolin (TTP), are characterized by the presence of one or more CCCH-type zinc finger domain(s) that contain three cysteines (C) and one histidine (H) residues. ZFP36 family proteins bind to adenylate-uridylate-rich elements (AREs) in the 3’-untranslated region (3’ UTR) of a target mRNA, leading to the decay of the mRNA (4). Although the ZFP36 family members are structurally similar, they play different roles and regulate different target mRNAs, probably due to their cell type-specific expression patterns (5). For instance, ZFP36 plays a significant role in regulating immune responses and inflammatory diseases by inhibiting the production of various inflammatory cytokines such as TNF-α in macrophages (6).

ZFP36L1 is known to be required for the maintenance of the marginal zone B cell compartment by limiting the expression of the transcription factors such as Kruppel-like factor 2 (KLF2) and interferon regulatory factor 8 (IRF8) (7). We have recently reported that ZFP36L2 down-regulates the expression of Ikzf2 (encoding HELIOS) and suppresses the function of induced regulatory T cells (iTregs) (8). In this review, we discuss our current understanding of post-transcriptional regulation in immune responses by RNA-binding ZFP36 family proteins. We also discuss the control of those protein expressions as potential therapeutic strategies for human inflammatory diseases.



RNA-Binding Proteins Are Involved in Post-Transcriptional Regulation

RBPs recognize cis-elements or specific structures in the 5’ UTR, 3’ UTR, or intron of mRNA at each step of RNA metabolism (9). Adenylate-uridylate-rich elements (AU-rich elements; AREs) characterized by AUUUA nucleotide repeats are present in the 3’ UTRs of many cytokines, chemokines, and proto-oncogenes (3), and ARE-binding RBPs, including ZFP36, human antigen R (HuR)/ELAVL1, AU-rich RNA binding factor 1 (AUF1), T-cell interleukin-1 (TIA-1)/TIA-associated protein (TIAR), and KH-type splicing regulatory protein (KSRP), regulate the degradation and translation of target mRNA (3). In contrast, several other RBPs such as Roquin, regulatory RNase (Regnase), and AT-rich interactive domain-containing protein 5a (Arid5a) recognize the stem-loop structure of the 3’ UTR (3). Thus, RBPs can interact with specific RNA sequences and structures and interact with them to regulate target mRNAs positively or negatively (3).



ZFP36 Family Members Are Critical for Post-Transcriptional Regulation

ZFP36 family is composed of three proteins (ZFP36 (TTP), ZFP36L1, and ZFP36L2) in humans and most other mammals, while the fourth subtype, ZFP36L3, is expressed in the yolk sac and placenta of rodents (10). The ZFP36 family members are known to have three essential domains: An N-terminal nuclear export sequence (NES), a central tandem Cys-Cys-Cys-His (CCCH) zinc finger domain, and a C-terminal CNOT1 binding domain (9). Although ZFP36 family members are structurally similar to each other, each ZFP36 family member is thought to have different functions, as it has been shown in both immune and non-immune cells that each ZFP36 family member is expressed in different cell-type and is differently controlled upon stimulation (8, 11).

Among ZFP36 family members, the molecular mechanisms of the post-transcriptional regulation are most intensively investigated for ZFP36 (9). The C-terminal motif of ZFP36 binds directly to the central domain of CNOT1, which is the core subunit of the CCR4-NOT complex, and the ZFP36-CCR4-NOT complex plays a crucial role in ZFP36-mediated deadenylation of target mRNAs (12). The deadenylation is thought to be important for rapid mRNA degradation and to be induced in small nests of the cytoplasm (called processing bodies) containing many enzymes (13). Under stress conditions, ZFP36-bound mRNAs are recruited to stress granules, and the translation repressor, TIA-1, prevents translation in stress granules (14). In addition, ZFP36 has been shown to facilitate the degradation of selected mRNAs by transporting them from stress granules to processing bodies (15, 16). Taken together, although the precise mechanism of mRNA turnover by ZFP36 is still unclear, various factors such as the CCR4-NOT complex seem to be essential for the regulation of ZFP36-mediated decay of mRNAs (Figure 1).




Figure 1 | Typical post-transcriptional regulation by ZFP36. When LPS activates TLR4, the downstream NF-κB kinase (IKK) complexes (IKKγ, IKKα, IKKβ) are activated. Subsequently, IκBα is phosphorylated and degraded. The released NF-κB migrates to the nucleus and activates the expression of genes such as TNF. ZFP36 binds to the ARE in the 3’ UTR of Tnf mRNA and promotes the decay of the target mRNA by recruiting the CCR4-CAF1-CNOT1 complex. ZFP36 binds directly to the central domain of CNOT1, the core subunit of the CCR4-NOT complex. Conversely, the binding of stabilizing proteins such as human antigen R (HuR) that compete with destabilizing factors inhibits ARE-mediated RNA degradation. p38 MAPK activates MK2, which phosphorylates two serine residues of ZFP36 (S60 and S186 in humans, S52 and S178 in mice). Dual-specificity phosphatase DUSP1 dephosphorylates p38 MAPK. Phosphorylation of ZFP36 promotes its binding to 14-3-3 proteins, resulting in stabilization of target mRNAs. Serine/threonine PP2A dephosphorylates ZFP36 and releases 14-3-3 proteins from ZFP36.





Regulation of the Expression and Function of ZFP36

With respect to the molecular mechanisms to regulate ZFP36 expression, it has been shown that ZFP36 autoregulates its expression via interaction with AREs in 3’ UTR of its mRNA (17). Experimental deletion of ARE from Zfp36 mRNA has been shown to free ZFP36 from autoinhibition or repression by other ARE-binding proteins and increase the abundance of ZFP36 (18). Regarding the second mechanism to regulate ZFP36 function, phosphorylation is reported to be involved in the stabilization and inactivation of ZFP36. ZFP36 is phosphorylated by multiple kinases such as ERK, p38 MAPK, JNK, and AKT (19). MAPK-activated protein kinase 2 (MK2) is activated by p38 MAPK and phosphorylates ZFP36 at two serine residues (S60 and S186 in humans, and S52 and S178 in mice) (20, 21). Phosphorylated ZFP36 is more stable than unphosphorylated ZFP36, and the phosphorylated ZFP36 accumulates until p38 MAPK activity is reduced (22, 23). Moreover, the phosphorylation of ZFP36 promotes its binding to 14-3-3 proteins, and the resultant ZFP36-14-3-3 complex does not recruit the CNOT deadenylase complex (21, 22). Therefore, phosphorylated ZFP36 seems to lose its ability to degrade mRNA.

Dual-specificity phosphatase 1 (DUSP1) is known to dephosphorylate and inactivate MAPK superfamily members such as JNKs, p38a, and p38b MAPKs, and then DUSP1 and ZFP36 cooperate to regulate inflammation (23). The loss of DUSP1 leads to ZFP36 phosphorylation and accumulation of inactive ZFP36, and the production of TNF-α and IL-10 is enhanced in Dusp1-deficient bone marrow-derived macrophages (23). Moreover, protein phosphatase 2A (PP2A) activation has been shown to induce dephosphorylation and activation of ZFP36 (21).

In terms of the other mechanisms preventing ZFP36 function, HuR competes with ZFP36 for the AREs in the 3’ UTR of Il6 mRNA and stabilizes it (24). In addition, ZFP36 is polyubiquitinated by TNF receptor-associated factor 2 (TRAF2), and the polyubiquitination appears to be specifically necessary for its function for JNK activation (25). These studies suggest that multiple mechanisms in immune responses regulate the expression and function of ZFP36, and various kinases affect the activation and stability of ZFP36 in response to different environmental cues (Figure 1).



ZFP36 Controls Various Immune Responses

It is well known that mRNAs encoding cytokines such as TNF-α have short half-lives and decay via AREs (26). ZFP36 down-regulates TNF-α production by directly binding to the ARE in the 3’ UTR of Tnf mRNA and promoting Tnf mRNA decay by recruiting the CCR4-NOT deadenylase complex (6). Meanwhile, ZFP36 expression is induced by TNF-α-mediated signaling. Thus, ZFP36 acts as one component of a negative feedback loop that regulates TNF-α production by destabilizing Tnf mRNA (27). In accordance with this finding, ZFP36-deficient mice develop a complex syndrome of inflammatory arthritis, dermatitis, cachexia, autoimmunity, and bone marrow hyperplasia, which resemble the phenotypes due to excessive TNF-α production in vivo just like the phenomena observed in TNF-transgenic mice (28, 29).

Not only TNF-α but also IL-6 is well-known to be a multifunctional pro-inflammatory cytokine that plays a critical role in various diseases, and its expression is tightly regulated at both the transcriptional and post-transcriptional levels (4). There are five AREs in the 3’ UTR of murine Il6 mRNA, and ZFP36 is shown to bind to ARE2, ARE3, and ARE4 in the 3’ UTR region to promote Il6 mRNA degradation (30).

Surprisingly, the mRNA of IL-10, which is one of the representative anti-inflammatory cytokines, was also identified as a target of ZFP36. Consistent with studies regarding TNF-α and IL-6, Il10 mRNA degradation was induced by the binding of ZFP36 to ARE in its 3’ UTR (31). Furthermore, IL-10 induces the ZFP36 expression in macrophages by activating STAT3 (32). Thus, IL-10-mediated ZFP36 induction seems a part of the negative feedback loop to regulate IL-10 production to terminate anti-inflammatory signals. Interestingly, Schaljo et al. have reported that IL-10 reduces TNF-α expression in LPS-activated bone marrow-derived murine macrophages in part through the induction of ZFP36 (33). Together, it is suggested that ZFP36-mediated post-transcriptional regulatory mechanisms control both the initiation and resolution of inflammatory responses in multiple mechanisms.

With respect to the roles of ZFP36 in T cell-mediated immune responses, Moore et al. have recently shown that using a lymphocytic choriomeningitis virus (LCMV) infection model, virus-specific expansion and recession of T cells is accelerated, and LCMV clearance is enhanced by the absence of ZFP36 (34), suggesting that ZFP36 restrains T cells and slows down the immune responses.

Taken together, ZFP36 regulates immune responses in various immune cells through many mechanisms.



The Roles of ZFP36L1 and ZFP36L2 in Immune Responses

Similar to ZFP36, ZFP36L1 interacts with AREs in the 3’ UTR of mRNAs to attenuate the expression of the corresponding genes (35). Regarding the role of ZFP36L1 in post-transcriptional regulation, it has recently been demonstrated that ZFP36L1 expressed in B cells has an essential function in maintaining a population of marginal zone B cells by limiting the expression of KLF2 and IRF8 (7). Although the precise roles of ZFP36L1 in germinal center responses and immune memory remain unclear, it has been reported that ZFP36L1 expressed in B cells promotes the migration of antibody-secreting cells from secondary lymphoid organs to survival niches in the bone marrow by restricting the expression of G protein-coupled receptor kinase 2 (GRK2) and integrin chains α4 and β1, facilitating the long-term establishment of antibody-secreting cells (36).

In developing B cells, because the expression of recombination activating gene 2 (RAG2) protein is restricted to the G0-G1 phase of the cell cycle (37–39), quiescence is essential for promoting variable-diversity-joining (VDJ) recombination. Recently, Galloway et al. have shown that in developing B cells, both ZFP36L1 and ZFP36L2 are important for maintaining quiescence before expressing pre-B cell receptor (pre-BCR) and for the re-establishment of quiescence after expansion by the pre-BCR (40). Importantly, double-deficiency of ZFP36L1 and ZFP36L2 in T-cell lineage in mice causes the arrest of thymopoiesis at the double-negative stage and develops T cell acute lymphoblastic leukemia (T-ALL) due to aberrant activation of Notch signaling (41). In contrast, the single deletion of ZFP36L1 or ZFP36L2 in T-cell lineage does not result in T-ALL (41). These findings suggest that ZFP36L1 and ZFP36L2 play both redundant and non-redundant roles in lymphocyte differentiation.

How ZFP36L2 alters the function of T cells is not fully understood yet. We have recently shown that ZFP36L2 is highly expressed in naive CD4+ T cells, and ZFP36L2 expression in CD4+ T cells is rapidly reduced by the stimulation via the T cell receptor (8). In addition, we found that ZFP36L2 expression levels in iTregs are significantly lower than those in naive CD4+ T cells (8). Moreover, we found that ZFP36L2 directly binds to AREs in 3’ UTR of Ikzf2 mRNA, resulting in its degradation of Ikzf2 mRNA and down-regulation of iTreg function (Figure 2) (8). These results indicate that ZFP36L2 also promotes post-transcriptional regulation of immune responses and regulates immune cell function.




Figure 2 | Suppression of HELIOS expression by ZFP36L2. ZFP36L2 is highly expressed in naïve CD4+ T cells and can degrade Ikzf2 mRNAs by binding ARE in the 3’ UTR. Upon TCR stimulation, ZFP36L2 expression is rapidly reduced. Consequently, the transcribed Ikzf2 mRNA is stabilized, HELIOS is firmly produced, CD4+ T cells differentiate and mature into iTregs possessing sufficient suppressive capacity.





Clinical Implication of ZFP36 Family Proteins in Human Inflammatory Diseases

Genome-wide association studies (GWAS) have highlighted the association of ZFP36 family members with pathogenic mechanisms in various autoimmune diseases. Twenty-eight single-nucleotide polymorphisms (SNPs) in the ZFP36 gene were found in patients with autoimmune disorders such as rheumatoid arthritis (RA), psoriasis, multiple sclerosis (MS), and juvenile idiopathic arthritis (JIA) (42).

Interestingly, one SNP called ZFP36*8 variant has been shown to be significantly associated with RA in African Americans (42). Suzuki et al. have reported that compared with AA/AG genotypes, GG genotype in ZFP36 promoter region SNP, in which promoter activity is lower than that with AA/AG genotypes, is associated with age at onset, duration, disease progression, and infliximab usage in Japanese RA patients (43).

It is not yet clear how ZFP36 is involved in the pathogenesis of human diseases.　It has been reported that ZFP36 is highly expressed in synovial tissues of RA patients and inflamed mucosal tissues of inflammatory bowel disease (IBD) (44–46). In the rheumatoid synovium, ZFP36 is detected in macrophages, vascular endothelial cells, and fibroblasts (45). Interestingly, ZFP36/TNF gene expression ratio in synovial tissues correlates inversely with CRP (44). These findings suggest that inappropriate TTP production in response to increased TNF-α may be one factor that contributes to the pathogenesis of RA.

GWAS have also revealed that the ZFP36L1 region is significantly associated with RA, JIA, Crohn’s disease, celiac disease, and type 1 diabetes (47, 48). In addition, ZFP36L2 is identified as a susceptibility gene of MS, and its expression is decreased in MS patients compared to healthy subjects (49). Similarly, gene expression levels of ZFP36L2 in peripheral blood mononuclear cells are significantly lower in SLE patients than those in healthy controls (50). Therefore, the variants of ZFP36, ZFP36L1, and ZFP36L2 or dysregulation of those expressions may be involved in developing various inflammatory diseases in humans.

Regarding the association with allergic diseases, a comprehensive transcriptome analysis has shown that ZFP36 expression in peripheral blood leucocytes is lower in persistent asthma children than in healthy children (51), suggesting that the reduction of ZFP36 gene expression may be associated with asthma in children. Moreover, Leigh et al. have reported that budesonide inhalation induces various gene expressions including ZFP36 in bronchial tissues and whole blood cells in healthy subjects (52), indicating that inhaled corticosteroids may provide anti-inflammatory effects by inducing ZFP36 expression in both immune cells and non-immune cells. On the other hand, the expression of ZFP36L1 in bronchoalveolar lavage cells is higher in patients with steroid-resistant asthma than that in patients with steroid-sensitive asthma (53). Hansel et al. have reported that ZFP36L2 expression in peripheral blood CD4+ T cells is significantly higher in severe asthma patients than in mild asthma patients (54). Although further studies are required, these findings suggest that ZFP36 family proteins in immune cells and bronchial structural cells may contribute to the development of allergic airway inflammation and the sensitivity to inhaled corticosteroids.



Clinical Potential of ZFP36 Family Proteins in Inflammatory Diseases

The forced expression of ZFP36 family proteins in peripheral tissues or immune cells could be novel therapeutic approaches for inflammatory diseases in humans (55). It has been reported that adenoviral overexpression of ZFP36 results in protection against bone loss and reduced inflammatory cell infiltration in experimental periodontitis in rats (56). Consistent with these findings, ZFP36-delta ARE mice, in which the stability of ZFP36 mRNA is enhanced by the deletion of a 136-base instability motif in the 3’ UTR of ZFP36 mRNA, show the increased levels of ZFP36 expression in tissues (57) and are protected from anti-type II collagen antibody-induced arthritis, imiquimod-induced dermatitis, and experimental autoimmune encephalomyelitis (57). These findings suggest that sustained ZFP36 expression or activation is helpful in developing therapeutic strategies against inflammatory diseases.

As discussed in this review, the p38 MAPK pathway inactivates ZFP36 via the phosphorylation of two serine residues in mice and humans (20), while ZFP36 is dephosphorylated and activated by PP2A (58). Importantly, Ross et al. have reported that in vivo administration of PP2A agonists such as COG1410 (an apolipoprotein E peptide mimetic) or AAL(s) (a lipid derivative of the immunosuppressant FTY720 (Fingolimod)) activates ZFP36 through the dephosphorylation and ameliorates experimental murine arthritis models (45). Although the precise roles of ZFP36L2 in T cell function and inflammatory diseases remain to be elucidated, we have reported that ZFP36L2 reduces HELIOS expression in iTregs and suppresses iTreg function (Figure 2) (8). Thus, the reduction of ZFP36L2 expression in iTregs could be an attractive strategy for developing adoptive antigen-specific iTreg therapy.



Concluding Remarks

RBPs, including ZFP36 family proteins, are essential for post-transcriptional regulation in RNA metabolism. Recent studies have uncovered that gene polymorphism of ZFP36 family members is associated with various autoimmune diseases and that the dysregulation of stabilization or inactivation by phosphorylation of ZFP36 family proteins could be involved in the pathogenesis of inflammatory diseases. However, it remains to be elucidated if there is functional redundancy and interaction among these family molecules for post-transcriptional regulation of immune responses. Therefore, a better understanding of the post-transcriptional processes mediated by each of the ZFP36 family members will be necessary to develop a novel therapeutic strategy for chronic inflammatory diseases.
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In recent years, more and more studies have shown that early pathogenic bacterial infection in invertebrates can enhance immunity and significantly reduce mortality when reinfected with the same pathogen. There are mechanisms to explain this phenomenon, but they are relatively few. In addition, dose-dependent primary infection is also associated with increased immunity. In the present study, the initial infection dose and mortality of abalone Haliotis diversicolor after reinfection with Vibrio harveyi were recorded, and the mechanism of immune enhancement was investigated by the transcriptomic response of abalone after two successive stimuli with V. harveyi. Priming with different concentrations of pathogen can enhance immunity; however, higher concentration is not always better. Compared with the first exposure, more genes were up-regulated after the second exposure. Among the commonly expressed genes, the immune related genes were significantly or persistently highly expressed after two infections and included pattern recognition receptors as well as immune effectors, such as toll-like receptors, perlucin 4, scavenger receptor class B-like protein, cytochrome P450 1B1-like, glutathione S-transferase 6, lysozyme and so on; in addition, these immune-related genes were mainly distributed in the pathways related to phagocytosis and calcium signaling. Among the specifically expressed genes, compared with the first infection, more genes were involved in the immune, metabolic and digestive pathways after the second infection, which would be more conducive to preventing the invasion of pathogens. This study outlined the mechanism of immune enhancement in abalone after secondary infection at the global molecular level, which is helpful for a comprehensive understanding of the mechanism of immune priming in invertebrates.
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Introduction

More and more studies have shown that the innate immune system has a memory similar to the adaptive immune system, which endows the organism with a stronger and more effective resistance to reinfection, and can be found in a variety of organisms (1, 2). This characteristic is found in plants (3), bacteria (4, 5) and viruses (6). And, this phenomenon is defined in different terms depending on the species studied, for example “trained immunity” in vertebrates (7–9), “immune priming” in invertebrates (10, 11) and “Systemic Acquired Resistance” (SAR) in plants (12, 13). Based on molecular, immunological and evolutionary arguments, Netea et al. (9) proposed that innate immune memory is a primitive form of immune memory, while adaptive immune memory is an advanced form of immune memory. It is necessary to develop an immune memory as it is of great advantage in improving the organism’s survival rate in an unfavorable environment.

Invertebrates include a wide variety of species, accounting for more than 95% of the animal kingdom (14). Invertebrate immunology has attracted more and more attention, and with the further study of invertebrate immune priming, some mechanisms have been identified. It is generally believed that improved resistance after reinfection is mainly related to the up-regulated expression of pattern recognition receptors (PRRs) and the enhancement of phagocytic activity. For example, fibrinogen-related proteins (FREPs) were over represented in the Vector Snail following a secondary challenge (15). Following re-exposure to the pathogen, C-lectins and peptidoglycan recognition protein-S1 were up-regulated in scallop (16, 17). Increased phagocytosis was found in silkworm (18), Drosophila (19) and Pacific oyster (20) after homologous exposure. In addition, other mechanisms such as DNA synthesis (21) and RNA methylation (22) have also been used to explain immune priming. Moreover, initial priming doses can affect the immune priming outcome. A positive correlation between increased resistance and priming dose was found in Galleria mellonella larvae (23). However, immune priming is not universal. Immune memory failed to be detected in damselflies (24) and ants (25).

Abalone is an important economic shellfish in China, and plays a pivotal role in the aquaculture of marine shellfish. Compared with 2018, production in 2019 increased by 9.85%; the annual growth rate far exceeds that of other farmed shellfish. Although abalone farming is generally on the rise in China, the frequent occurrence of disease has seriously affected the rapid development of abalone aquaculture. The cultivation and promotion of new varieties of abalone have promoted the revitalization and development of the abalone breeding industry to a certain extent, but diseases still occur from time to time 3–5 years after the breeding of new varieties. Vibrio harveyi is a Gram-negative bacterium, which is widely distributed in various waters and has high pathogenicity in abalone. In previous studies, we confirmed that improved survival rate could be obtained during re-infection when Haliotis diversicolor was primed with V. harveyi. However, it is not clear whether the initial priming dose is associated with increased resistance in re-infection. Although mechanisms of immune priming at the cytological level have been studied in abalone (26), molecular studies have not been reported. To fully understand the basis of innate immune memory generation, a global molecular approach is needed. The development of high-throughput sequencing technology has accelerated the study of non-model organisms and made it possible to investigate immune priming mechanisms at the overall molecular level.

In order to determine whether different infection doses affect resistance and address the mechanism of immune enhancement after abalone secondary infection, in this study, two different experiments were conducted. In the first experiment, H. diversicolor were exposed to different concentrations of V. harveyi in the first infection. However, the same concentration was used in the second infection to detect the relationship between the infection dose and immune resistance via survival rate changes. In the second experiment, we examined the alterations in mRNA expression of immune-related genes during one and two infections of abalone, respectively, using a transcriptomic approach. In this study, we hoped to understand the mechanism of improved immunity during re-infection.



Materials and Methods


Abalone and Microbes

The abalone (mean shell length 41.35 ± 0.23 mm) used in this study were obtained from our aquaculture base in Jieyang, Guangdong Province, China. The animals were acclimated in experimental barrels with continuous oxygenation and a flow-through sea water supply for 2 weeks. Filtered seawater and salinity were maintained at 28°C and 30, respectively.

V. harveyi isolated from the hepatopancreas of moribund abalone, was used in these experiments. The bacteria were incubated in LB medium at 28°C for 20 h, and harvested by centrifugation at 7,000 × g at 25°C for 5 min. The pellet was resuspended in sterile sea water (SSW) which was filtered using a 0.2 μm Millipore filter, and the final concentration was adjusted according to experimental requirements.



Immune Challenge and Sample Collection

For observation of immune priming, the abalone received two immune challenges in total. A schematic diagram of the experimental design is shown in Figure 1. For the primary immune challenge, abalone were divided into five treatment groups designated as V3, V4, V5, V6 and V7, and were injected with 50 μL of different concentrations of V. harveyi as follows: 1.42 × 103 CFU mL-1, 1.42 × 104 CFU mL-1, 1.42 × 105 CFU mL-1, 1.42 × 106 CFU mL-1 and 1.42 × 107 CFU mL-1, respectively. Abalone in a control group received an injection of 50 μL SSW as a control (designated the V0 group). Fifteen days later, the secondary immune challenge was performed. Five treatment groups designated as V3 + 6, V4 + 6, V5 + 6, V6 + 6 and V7 + 6, corresponding to the five primary immune challenge groups were each injected with 50 μL V. harveyi at a concentration of 1.58 × 106 CFU mL-1 for the secondary immune challenge. In addition, the SSW group was divided into two subgroups, designated as V0 + 0 (receiving an injection of 50 μL SSW) and V0 + 6 (receiving an injection of 50 μL V. harveyi at the concentration of 1.58 × 106 CFU mL-1). During the first injection, 360 abalone were used in each group. During the second infection, 90 abalone in each group were used for mortality monitoring, and at least 30 abalone were used in each of the sampling groups. All experiments were performed in triplicate with abalone in 500 L plastic tanks. In these experiments, dead animals were removed in a timely manner to avoid affecting the water quality.




Figure 1 | Schematic diagram of the experimental design. Each experiment consisted of two successive infection challenges. For the primary immune challenge, abalone from the same batch were injected with either sterile sea water (SSW, group V0) or different concentrations of V. harveyi: 1.42 × 103 CFU mL-1, 1.42 × 104 CFU mL-1, 1.42 × 105 CFU mL-1, 1.42 × 106 CFU mL-1 and 1.42 × 107 CFU mL-1, designated as V3, V4, V5, V6 and V7, respectively. Fifteen days later, the five treatment groups and the V0 group received an injection of V. harveyi at a concentration of 1.58 × 106 CFU mL-1 (designated as V3 + 6, V4 + 6, V5 + 6, V6 + 6 V7 + 6 and V0 + 6). The V0 group was also injected with SSW as a control for the secondary infection (V0 + 0). During each experimental infection, mortalities were monitored daily post-challenge. The abalone hepatopancreases were sampled 12 h after the second stimulation in the V0 + 0, V0 + 6 and V6 + 6 groups, and named C12, L12 and LL12 groups, respectively. Gene expression levels in the hepatopancreas were then analyzed by transcriptomics.



To study the correlation between initial infection dose and degree of protection, daily mortality rates in each group were monitored. To study the molecular mechanism of immune priming, the hepatopancreases of live abalone were randomly sampled at the time point of 12 h after the second stimulation from the V0 + 0, V0 + 6 and V6 + 6 groups, and were named the C12, L12 and LL12 groups, respectively. A total of nine abalone were sacrificed in each group, and three hepatopancreases from each replicate were pooled together as one sample. These samples were immediately frozen in liquid nitrogen and stored separately at -80°C for subsequent transcriptome sequencing. The survival rate was calculated with a Kaplan-Meier estimate followed by a log-rank test in SPSS 25. Significant differences were set at P < 0.05.



RNA Extraction, Library Construction, and Sequencing

Total RNA was extracted using the TRIzol kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. Total RNA samples were then digested with DNase I (Ambion, Thermo Scientific, Waltham, MA, USA) to remove potential genomic DNA contamination. RNA degradation and contamination were monitored in 1% agarose gels. RNA quantity and integrity were measured using a NanoDrop 2000 spectrophotometer (ThermoFisher Scientific, Wilmington, DE, USA) and an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA), respectively. The resultant RNA samples were then used for RNA-seq.

The poly (A) mRNA was enriched using poly-T oligo-attached magnetic beads (Dynabeads; Invitrogen, Carlsbad, CA, USA) and then cleaved into fragments in the NEB proprietary fragmentation buffer. Following first strand and complementary strand synthesis, the resultant RNA was ligated with sequencing adapters. Then PCR amplification was performed to generate the RNA-seq library. The library preparations were sequenced on an Illumina Novaseq 6000 platform (Illumina, San Diego, CA, USA) and 150 bp paired-end reads were generated.



Bioinformatics Analysis

Clean reads were obtained from the raw reads (149,598,910, 148,942,646 and 165,147,008 reads in C12, L12 and LL12 groups, respectively) by removing adapter reads, unknown reads (with ‘N’ ratios > 10%), low quality reads (with quality value ≤ 20) and short reads (with length < 30 bp). After this processing, 148,180,604, 147,780,808 and 163,874,166 clean reads were obtained from the C12, L12 and LL12 groups, respectively (Table 1). The resultant reads were then assembled into a transcriptome using Trinity software with default settings (27). BlastX was used to obtain functional annotation of all expressed genes, by comparing with six databases, including the NCBI nonredundant protein (NR), Swiss-Prot, Protein family (Pfam), Gene Ontology (GO), Cluster of Orthologous Groups (COG) and Kyoto Encyclopedia of Genes and Genome (KEGG) databases, with a cut-off E-value of < 10-5. GO annotations were analyzed with the Blast2GO program (28) utilizing default parameters. After treatment, the mapping rates ranged from 56.34% to 59.68% for all groups (Table 1). The expression abundance of H. diversicolor was calculated using RSEM software (29) and gene expression levels were measured using the FPKM (Fragments Per Kilobase of transcript per Million fragments) method. Differentially expressed genes (DEGs) in the different groups were detected using the DESeq package (30). Significant differential expression was defined by setting absolute log2Flodchange > 1 and FDR (false discovery rate) p-value (q-value) < 0.05 as the threshold. Finally, the obtained DEGs were included in the GO and KEGG enrichment analysis, based on the Hypergeometric distribution model.


Table 1 | Summary of the transcriptome assembly.





Gene Expression Validation

Twelve DEGs, including toll-like receptor (TLR), TLR2, TLR8, scavenger receptor class B-like protein (SR‐BI), X-box binding protein (XBP), cathepsin B (CatB), tumor necrosis factor ligand superfamily member 6-like (TNFSF6), legumain (Lgmn), Zinc transporter ZIP10 (ZIP10), peptidoglycan-recognition protein SC2 isoform X1 (PGRP-SC2), pannexin 5 (Px5) and tumor necrosis factor ligand superfamily member 6 isoform X2 (TNFSF6-X2) were selected to validate Illumina sequencing data by real-time qRT-PCR analysis, and qPCR was performed on different individuals exposed to the same conditions. All primers were acquired with Primer Premier 5.0 based on the reference transcriptome sequences and β-actin was selected as the reference gene (Table 2). RNA preparation was carried out as above. The first strand cDNA was synthesized from approximately 1 μg of total RNA using the PrimeScript™ RT Reagent Kit (Takara, Dalian, China) in a 20 μL reaction system following the manufacturer’s protocol. The qRT-PCR amplifications were performed with a LightCycler® 480 system (Roche Biochemicals, Indianapolis, IN, USA) using TB Green® Premix Ex Taq™ II (Takara, Dalian, China) in a 10 μL reaction system. The thermal cycling parameters were 95°C for 30 s, followed by 40 cycles of 95°C for 5 s and 60°C for 30 s. Three biological replicates and three technical replicates were included in these experiments and the data were obtained using the 2−ΔΔCT method (31). The data were expressed as the mean ± SD (n = 3).


Table 2 | Sequences of the primers used in this study.






Results


Survival Rates After First and Second Challenge With V. harveyi

To investigate the relationship between immune protection and initial dose of infection, two consecutive V. harveyi infection experiments were performed. In this study, five different concentrations of V. harveyi diluents were used. After the first immune stimulation, the survival rate decreased with increased infection concentration (Figure 2A). Among them, the survival rate in the V6 group was 48.9%. Thus, a bacterial concentration of 106 CFU mL-1 was selected for the second infection experiment. After the second infection, the log-rank test showed that the survival rates in all groups receiving the first immune stimulation were significantly higher than that in group V0 + 6 (Figure 2B), but there were no significant differences among groups V3 + 6, V4 + 6, V5 + 6, V6 + 6 and V7 + 6 (P < 0.05). This implies that, the previous infection protected the abalone against a secondary infection. However, there was no positive correlation between immune protection and the initial dose of infection, as group V7+6 did not have the highest survival rate.




Figure 2 | Kaplan-Meier survival curves for abalone after two consecutive infections with V. harveyi. (A) Kaplan-Meier survival curves were generated from abalone following a first injection with V. harveyi at concentrations of either 1.42 × 103 CFU mL-1 (V3), 1.42 × 104 CFU mL-1 (V4), 1.42 × 105 CFU mL-1 (V5), 1.42 × 106 CFU mL-1 (V6) or 1.42 × 107 CFU mL-1 (V7), or with SSW as control (V0). A total of 360 abalone were used in each group (120 per tank). Mortalities were monitored for nine days after infection. Different letter labels next to the graph lines indicate statistically significant differences among treatments (p < 0.05, log-rank test, n = 360). (B) Kaplan-Meier survival curves were generated from abalone primed by injection with V. harveyi at five different concentrations, or with SSW, followed by a second injection with V. harveyi at 1.58 × 106 CFU mL-1 (V3 + 6, V4 + 6, V5 + 6, V6 + 6 V7 + 6 and V0 + 6) or with a second SSW injection as control (V0 + 0). A total of 90 abalone were used in each group (30 per tank). Mortalities were monitored for nine days after infection. Different letter labels next to the graph lines indicate statistically significant differences among treatments (p < 0.05, log-rank test, n = 90).





Analysis of Sequenced Data Quality

Nine cDNA libraries were constructed for Illumina sequencing and the data processing results are summarized in Table 1. After assembly, the length of these transcripts ranged from 201 to 16,691 bp with an average length of 885 bp, and the N50 length was 1,311 bp. The values of the Q30 were all > 95.9% and the GC percentage of the clean reads in the nine libraries ranged from 45.30% to 46.60%, suggesting a good assembled quality and sufficient for subsequent analysis. Raw sequencing data were archived under the accession ID SRR13931757-SRR13931765 in the NCBI Sequence Read Archive.



Cluster Analysis and Pairwise Comparisons

In order to comprehensively understand the distribution of different genes, a hierarchical cluster analysis was performed for all DEGs (Supplementary File 1). As shown in Figure 3A, the stimulus group sample, including L12 and LL12, formed one cluster, and were then grouped with C12. When compared with C12, 1092 DEGs were identified in L12 (289 up-regulated and 803 down-regulated genes) and 1,035 DEGs were identified in LL12 (415 up-regulated and 620 down-regulated genes). In addition, 304 DEGs were detected between L12 and LL12, including 226 up-regulated and 78 down-regulated genes (Figure 3B).




Figure 3 | Overview of the expression analysis for C12, L12 and LL12. (A) Hierarchical clustering heat map constructed based on DEGs. Each row represents a group, each column represents a DEG. The expression level of each DEG is shown as the log10(FPKM) value. Red and blue gradients indicate increased and decreased transcript abundance, respectively. (B) Number of DEGs in the different groups. (C) Venn diagram showing the number of commonly and uniquely expressed genes among different groups.





Venn Analysis of Expressed Genes Among Different Groups

In order to better study the DEGs, a Venn diagram was constructed base on unigenes of different groups, and 7 clusters (CLs) were generated (Figure 3C). CL1 showed co-expressed genes in all groups. CL2, CL3 and CL4 showed co-expressed genes between groups. CL5, CL6 and CL7 showed specific expressed genes in each group. DEGs were identified in CL1, CL2, CL3 and CL4. A total of 1174 DEGs were identified in CL1 and they were further studied (Supplementary File 2). In CL2, four nonimmune related DEGs were identified. Thirty DEGs were generated in CL3; however, only one was an immune-related gene; thus, no further analysis was performed. Finally, no DEGs were found in CL4.



Patterns of DEGs in CL1

The DEGs in CL1 from two consecutive V. harveyi infections were divided into 6 subclusters based on a K-means clustering algorithm. As shown in Figure 4A, similar patterns in gene expression were clustered together. In subcluster 1 and 4, genes were continuously down-regulated after the first and second infection. In subcluster 6, genes decreased after the first infection and increased after the second infection; however, the expression level was lower than that in the control group. Subcluster 2 and 5 represented a class of genes that were persistently highly expressed. In subcluster 3, genes were down-regulated after one infection; however, in the second infection, the expression level increased and exceeded the control group. In view of the expression pattern, the genes in subclasses 2, 3 and 5 appeared to be the most promising possible sources of immune priming, and they were analyzed in depth.




Figure 4 | Analysis of differentially expressed genes. (A) Patterns of DEGs in CL1 by K-means clustering analysis. The lines represent the expression tendency of DEGs. The number of genes represented by each pattern is shown above the graphs. (B) The DEGs involved in the PRRs; (C) The DEGs involved in the immune-related KEGG. (D) The DEGs involved in the immune effectors. The heatmap shows log10 (FPKM) values of DEGs among different groups.





Immune Priming Related Genes in CL1

PRRs can bind to pathogen-associated molecular patterns (PAMPs) and are thought to be able to establish immunological memory. Eight PRRs were identified as up-regulated after the second immune challenge, including perlucin 4, C1q domain containing protein 2, scavenger receptor class B-like protein, deleted in malignant brain tumors 1 protein-like, TLR, TLR2, TLR3 and TLR8 (Figure 4B). Some immune-related pathways including the calcium signaling pathway and pathways associated with pathogen clearance (lysosome, phagosome, peroxisome, and Fc gamma R-mediated phagocytosis) were also activated when subjected to a continuous stimulus (Figure 4C). In addition, some immune effector factors including cytochrome P450 1B1-like, glutathione S-transferase 6, monomeric sarcosine oxidase, low affinity immunoglobulin epsilon Fc receptor, and lysozyme were also increased in the second infection (Figure 4D).



Pathway Analysis of CL6 and CL7

All genes collected in CL6 and CL7 were subjected to pathway analysis, respectively. As shown in Figure 5, six categories of the pathways were divided into metabolism, genetic information processing, environmental information processing, cellular processes, organismal systems and human diseases. There were different gene numbers within the same pathway in CL6 and CL7. Some pathways such as carbohydrate metabolism, lipid metabolism, signal transduction, digestive system and immune system had more gene members in CL7 than in CL6. Furthermore, immune-related pathways were analyzed in depth. As shown in Table 3, some pathways associated with pathogen clearance had more gene numbers in CL7 than in CL6, such as lysosome, phagosome, ubiquitin-mediated proteolysis, and autophagy-animal. Other signaling pathways such as the Ras signaling pathway, NOD-like receptor signaling pathway, MAPK signaling pathway, Toll-like receptor signaling pathway and Calcium signaling pathway also showed consistent results.




Figure 5 | Pathway analysis of CL6 and CL7. (A) Pathways constituted in CL6; (B) Pathways constituted in CL7. The number of genes belonging to each pathway are labeled on the right of the bar.




Table 3 | Gene numbers in the immune-related pathways in CL6 and CL7.





Validation of RNA-Seq Data by qPCR

In order to evaluate the accuracy of the RNA-seq results, 12 genes including TLR, TLR2, TLR8, SR-BI, XBP, CatB, TNFSF6, Lgmn, ZIP10, PGRP-SC2, Px5 and TNFSF6-x2 from DEG libraries were analyzed by qRT-PCR. Fold changes were compared with the DEG analysis results. As shown in Figure 6, the expression trends of selective genes by qRT-PCR were consistent with the DEG analysis results, and the Spearman’s correlation was 0.875 (p value < 0.001), which indicated the reliability of the transcriptome data.




Figure 6 | Quantitative RT-PCR validation of 12 genes that are differentially expressed after two successive infections. The x-axis is the gene name and the y-axis represents the fold change in gene expression compared to the control. Data are represented as mean ± SD for three biological replicates.






Discussion

It was reported that immune priming was related to exposure dose and time post priming (2), only certain concentrations were able to induce a primed response, and low dose may lead to less obvious effects (23, 32). In the present study, the abalone were first injected with five different concentrations of V. harveyi diluents, which conferred the infected abalone with higher immune protection during subsequent re-exposure. We observed that different initial infection doses of V. harveyi provided different levels of protection; i.e., priming with the lowest initial infection dose provided the lowest immune protection, although the highest initial infection dose did not provide the highest immune protection (minimal immune protection was observed after priming with 1.42 × 103 CFU mL-1 of V. harveyi, but 1.42 × 107 CFU mL-1 did not offer maximum immune protection). Although enhanced immune protection has been found in many invertebrates, persistent immune protection time varied according to the invertebrate and pathogen examined (33–35). In mollusks, infection with V. anguillarum can offer Chlamys farreri immune protection for up to one week (17, 36). In Biomphalaria glabrata, immunological memory to Schistosoma mansoni was maintained for the rest of the animal’s lifespan (37, 38). In poly(I:C) primed Crassostrea gigas, resistance to Ostreid herpesvirus 1 (OsHV-1) could last for more than 5 months (39); and this protection was even transmitted to offspring (40, 41). In the current study, the time interval between priming and re-exposure was 15 days. Whether enhanced immune protection can last for longer time periods requires further research. However, in other species of abalone, it was reported that improved antibacterial response was induced within 25 days after injection of V. fluvialis in H. discus hannai (42). The appearance of a natural resistant population of the European abalone indicated that immune priming of abalone has strong plasticity, and functions within and across generations (26).

Previous studies have suggested that the formation of immune memory is related to the diversity of PRRs, the synergistic interactions between receptors and the expression level of receptors (43). In this study, PRRs in CL1 including perlucin 4, C1q domain containing protein 2, scavenger receptor class B-like protein, deleted in malignant brain tumors 1 protein-like, and 4 TLRs showed increased expression after re-exposure to V. harveyi. C1q domain containing proteins can bind to LPS, PGN, polyI:C, beta-glucan, mannan, and yeast-glycan, giving them a broader bacterial agglutinating spectrum, and powerful function in the recognition strategy. In addition, they can act as opsonins to enhance phagocytic activity (44–46). Scavenger receptors (SRs) are major endocytic receptors that can bind Gram-negative and Gram-positive bacteria to promote hemocyte phagocytosis (47, 48). Perlucin is a typical C-type lectin, which can directly agglutinate bacterial pathogens to restrict their spread in plasma, and is involved in regulating the innate immunity by regulating phagocytosis and AMP expression (49). Toll and toll-like receptors are involved in pathogen recognition in plants, invertebrates and vertebrates (50). In Drosophila, the toll pathway was reported to regulate hemocyte proliferation (51), antimicrobial peptide expression (52), and initiate a systemic response in which hemocytes are mobilized and activated (53); more importantly, specific immune priming requires the toll pathway (19). In mollusks, a number of TLRs have been identified in various species, including hard clam (54), mussels (55, 56) and oysters (57, 58). TLRs were highly expressed in molluscan hemocytes and the TLR pathway was suggested to play a central role in initiating the cellular response to infection (59). It has been reported that TLR signaling is involved in enhanced immune protection of oysters against pathogen re-infection (60). In this study, the increased expression of PRRs suggested their contribution to improved immune protection during the re-exposure of abalone. Moreover, synergistic interactions may exist between different PRRs to enhance pathogen clearance.

In invertebrates, cellular immune responses are performed by hemocytes. Phagocytosis is the core defense mechanism for hemocytes to eliminate external invaders (14, 61). Many studies have shown that phagocytosis is necessary for the evaluation of immune memory in invertebrates. Studies have reported that specific primed immune responses of Drosophila (19) and silkworm (18, 62) were dependent on phagocytes. In mollusks, the total hemocyte count and phagocytic activity were increased after secondary infection in snails (63), scallop (36) and oysters (20, 64). In the present study, we demonstrated the importance of phagocytosis from a molecular perspective, as some genes in CL1 involved in lysosome, phagosome, endocytosis and Fc gamma R-mediated phagocytosis had higher expression levels in secondary infection. In addition, among the specifically expressed genes, CL7 contained more gene annotations to phagocytosis-related pathways than CL6. In oyster, sequencing results also showed that Fc gamma-mediated phagocytosis and ubiquitin-mediated proteolysis were significantly enriched, and phagocytosis was suggested to have a key role in second immune protection (60). In addition, the activation of immune-related pathways in CL4 also plays an important role in pathogen clearance (Supplementary File 3). With the exception of the classical immune-related pathway, some genes involved in the calcium signaling pathway were also significantly up-regulated in the present study. Calcium signaling is critical for diverse biological processes including fertilization, differentiation, proliferation and gene transcription (65). Calcium signaling also plays a vital role in immune function (66). Weavers et al. (67) demonstrated that calcium bursts mediate molecular memory generated by corpse engulfment by Drosophila macrophages. In addition, C1q domain containing proteins, scavenger receptors and perlucin functionally promote phagocytosis. Thus, it can be speculated that phagocytosis plays an important role in preventing re-infection of the same pathogen in abalone.

Effector factors are the most basic molecules, and are the main agents involved in the elimination of pathogens. Of these factors, antimicrobial peptides (AMPs) constitute the first line of host defense against pathogen infection, and are crucial components of the innate immune system in mollusks (68). To date, several types of AMPs have been identified and characterized from mollusks, including mytilins, myticins, mytimycins, mytimacins, defensins, big defensins, histones, lysozymes, abhisin and molluscidin (69–75). In marine mollusks, AMPs can bind the bacterial membrane directly and kill the invading bacterial pathogens by membrane disruption (76). In this study, only lysozyme in CL1 was found to be notably up-regulated in secondary infection. This may have been due to the sampling time points, as not all AMPs transcripts were increased 12 h after pathogen infection (77–79). However, AMPs are only effectors of the immune response and have a spectrum of antimicrobial characteristics, which can be induced indiscriminately, and the AMP transcripts quickly return to the baseline state after infection (19). Therefore, the AMPs are considered unable to establish a primed response (1, 18). We also found that a range of immune effectors associated with detoxification and antioxidant stress in CL1 were significantly increased during re-infection, including cytochrome P450 1B1-like, glutathione S-transferase 6 and small heat shock protein (80–82). Our sequencing results showed that the enhanced immune protection after secondary infection was not only due to the role of AMPs, but also involves the synergistic effect of multiple immune effectors.

In mammals, there is increasing evidence that trained immunity involves metabolic regulation such as glycolysis, oxidative phosphorylation, fatty acid and amino acid metabolism, which endows innate immune cells with the ability to respond more strongly to a second stimulus (83). Glycolysis, an alternative form of glucose metabolism, can produce ATP faster and it is thought to play a key role in immunity (84). Induction of glycolysis has recently been shown to be crucial for the initiation of trained immunity in human volunteers after BCG vaccination (85). Epigenetic modification also plays an important role in the establishment of innate immune memory. Several metabolites of glycolysis and the TCA cycle are also co-factors for epigenetic enzymes (86). Fatty acids can activate innate immune pathways, amino acids are the basic chemical building blocks during biogenesis, lipid metabolism and amino acid metabolism, and were proved to be necessary for the induction of innate immune memory (83, 87). In this study, we also found that many genes involved in glycolysis, fatty acid and amino acid metabolism were significantly up-regulated in CL1 (Supplementary File 4), and more genes were found in CL7 than in CL6 (Figure 5; Supplementary File 5). This suggested that metabolic pathways also played a role in abalone immune priming. In addition, it was found that innate memory in macrophages could polarize other neighboring cells in ways that drive antibacterial, Th17 and M1 responses (88). This suggested that intercellular signal transduction played an important role in bacterial clearance in re-infections. The results in Table 3 and Figure 5 also demonstrated this, as more genes were annotated to signal transduction in CL7.

In summary, in the present study we demonstrated that an infection enhanced abalone immunity to secondary infection with the same pathogen, although this protection was not linearly correlated with the initial infection dose. Comparative transcriptome analysis has improved our understanding of the mechanism of enhanced immune protection in abalone. Increased immunity in abalone was due to the synergistic effect of the recognition of a variety of pattern recognition receptors, phagocytosis of hemocytes, detoxification and anti-oxidation of immune effectors, the enhancement of metabolism, and so on. The study on the mechanism of immune protection enhancement of abalone carried out in this study will enrich the content of invertebrate immunology, and contribute to a deeper understanding of the diversity of invertebrate immune priming mechanisms and the evolutionary process of the invertebrate immune system.
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Pathogen sensing via pattern recognition receptors triggers massive reprogramming of macrophage gene expression. While the signaling cascades and transcription factors that activate these responses are well-known, the role of post-transcriptional RNA processing in modulating innate immune gene expression remains understudied. Given their crucial role in regulating pre-mRNA splicing and other RNA processing steps, we hypothesized that members of the SR/hnRNP protein families regulate innate immune gene expression in distinct ways. We analyzed steady state gene expression and alternatively spliced isoform production in ten SR/hnRNP knockdown RAW 264.7 macrophage-like cell lines following infection with the bacterial pathogen Salmonella enterica serovar Typhimurium (Salmonella). We identified thousands of transcripts whose abundance is increased or decreased by SR/hnRNP knockdown in macrophages. Notably, we observed that SR and hnRNP proteins influence expression of different genes in uninfected versus Salmonella-infected macrophages, suggesting functionalization of these proteins upon pathogen sensing. Likewise, we found that knockdown of SR/hnRNPs promoted differential isoform usage (DIU) for thousands of macrophage transcripts and that these alternative splicing changes were distinct in uninfected and Salmonella-infected macrophages. Finally, having observed a surprising degree of similarity between the differentially expressed genes (DEGs) and DIUs in hnRNP K and U knockdown macrophages, we found that hnRNP K and U knockdown macrophages are both more restrictive to Vesicular Stomatitis Virus (VSV), while hnRNP K knockdown macrophages are more permissive to Salmonella Typhimurium. Based on these findings, we conclude that many innate immune genes evolved to rely on one or more SR/hnRNPs to ensure the proper magnitude of their induction, supporting a model wherein pre-mRNA splicing is critical for regulating innate immune gene expression and controlling infection outcomes in macrophages ex vivo.
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Introduction

When innate immune cells like macrophages sense pathogens, they undergo dramatic gene expression reprogramming and upregulate thousands of genes. Proper regulation of the timing and magnitude of innate immune gene induction is critical to ensure that the immune system is adequately stimulated to fend off microbial invaders without risking deleterious outcomes associated with hyperinflammation (1–3). While there has been great interest in the mechanisms of pathogen sensing and signaling events that activate transcription following an inflammatory signal, much less is known about how RNA processing steps downstream of transcription influence innate immune gene expression outcomes.

Consistent with the current “transcription-focused” paradigm of innate immune gene expression, research has categorized innate immune genes into primary and secondary response genes (4, 5). Primary, or early response genes, are readily induced upon activation of pathogen sensing cascades. Many of these transcripts reach maximal abundance as soon as 30 minutes post-pathogen sensing (6, 7). Secondary response genes require the activation of a transcription factor or expression of a cytokine before they can be maximally induced. The timing and induction of primary and secondary response genes relies on a number of tightly regulated mechanisms, including but not limited to, cooperative binding of transcription factors (8, 9), nucleosome occupancy and histone modification at promoters (10, 11), signal-dependent interactions between transcription factor subunits (12, 13), and selective interaction with the transcriptional elongation machinery (14).

Following this carefully orchestrated transcriptional activation, innate immune transcripts, like most eukaryotic transcripts, are subject to post-transcriptional regulation at the level of pre-mRNA splicing, cleavage and polyadenylation, mRNA export, and nonsense mediated decay. Pre-mRNA splicing is increasingly appreciated as an important regulatory node in cells undergoing stress or responding to extracellular triggers, including exposure to vitamins and metal ions (15), heat shock (16–18), and UV damage (19, 20). Specifically, there is growing interest in how RNA processing modulates innate immune gene expression and infection outcomes. Both Salmonella enterica and Listeria monocytogenes infection promote widespread 3’UTR shortening and exon inclusion in primary human macrophages (21) and alternative splicing and nonsense mediated decay play important roles in balancing isoform abundance of key antiviral innate immune molecules like Oas1g (22). Important kinetic studies of gene expression in Lipid A (a component of lipopolysaccharide)-treated primary murine macrophages showed that intron removal and release of processed innate immune transcripts from chromatin can be significantly delayed relative to onset of a gene’s transcription (6, 7). While these findings argue that post-transcriptional regulatory mechanisms play a key role in controlling the timing and abundance of translation-competent immune mRNAs, we still know very little about the mechanisms that drive this regulation and the specific macrophage factors involved.

Extracellular signal transduction provides one potential mechanism through which splicing factors may be regulated during the innate immune response. Several studies have demonstrated that differential phosphorylation of SR family members triggers distinct splicing changes in cells responding to heat-shock (16–18). SR (serine-arginine rich) proteins direct the spliceosome to particular regions of a pre-mRNA by binding conserved sequences called exonic splicing enhancers or silencers. SR proteins are considered “activators” of gene expression and generally promote exon inclusion. Conversely, heterogenous nuclear ribonucleoproteins (hnRNPs) typically work to repress splicing by binding conserved sequences within introns. SR and hnRNP proteins often work cooperatively and antagonistically to control pre-mRNA splicing decisions. Recent global phosphoproteomics studies revealed that proteins involved in mRNA processing, including a number of SR and hnRNPs, are among the most differentially phosphorylated proteins in macrophages following infection with a bacterial (23, 24) or fungal pathogen (25). These findings motivated our interest to identify gene expression and alternative splicing changes dictated by SR and hnRNP family members in macrophages and to compare how these events change following infection with a bacterial pathogen.

To begin investigating how splicing regulatory proteins dictate gene expression and alternative splicing changes during the macrophage innate immune response, we took an unbiased approach and knocked down expression of ten members of the SR/hnRNP families of splicing regulatory factors. We infected these knockdown cell lines with Salmonella enterica serovar Typhimurium (Salmonella) and measured differentially expressed genes (DEGs) and differential isoform usage (DIU) in steady state RNA at a key early innate immune time point (4h post-infection). Our analysis found that these SR/hnRNPs regulate the abundance or splicing of many different cohorts of genes. Curiously, genes whose abundance changed in SR/hnRNP knockdowns (DEGs) were not also subject to differential isoform usage. While the reliance of innate immune transcripts on SR/hnRNPs did not correlate with induction level, gene length, or exon/intron number, we did observe that many primary response genes are hyperinduced in Salmonella-infected SR/hnRNP knockdown macrophages, suggesting a role for splicing regulatory proteins in repressing the early innate immune response. Together, our data implicate splicing proteins in fine-tuning the magnitude of innate immune gene induction and highlight an underappreciated role for RNA binding proteins in controlling intracellular infection outcomes.



Materials and Methods


Cell Lines and Bacterial Strains

RAW 264.7 macrophages (ATCC) (originally isolated from male BALB/c mice) were cultured at 37°C with a humidified atmosphere of 5% CO2 in DMEM (Thermo Fisher) with 10% FBS (Sigma Aldrich) 0.5% HEPES (Thermo Fisher). For knockdown cell lines, RAW 264.7 macrophages were transduced with a pSICO-shRNA construct designed to target an exon or 3’UTR of an SR or hnRNP gene of interest. Knockdown macrophages were drug selected (hygromycin; Invitrogen) alongside a scramble (SCR) untargeted control. Each SR knockdown cell line was derived at the same time, as were the hnRNP cell lines. Knockdown efficiency of each factor was validated by RT-qPCR using exonic primer sets and the most efficient knockdown cell line (from 6 different knockdown constructs) was used for RNA-seq. The two most efficient knockdown cell lines were used for validation in Figures 3 and 4.



S. Typhimurium Infections

Infections with Salmonella enterica serovar Typhimurium were conducted by plating RAW 264.7 macrophages on tissue-cultured treated 12-well dishes at 7.5 x105 and incubated overnight. Overnight cultures of S. Typhimurium were diluted 1:20 in LB broth containing 0.3M NaCl and grown until they reached an OD600 of 0.9. Unless specified, cell lines at a confluency of 80% were infected with the S. Typhimurium strains at an MOI (multiplicity of infection) of 10 for 30 minutes in Hank’s buffered salt solution (HBSS). Infected monolayers were spun for 10 minutes at 1,000rpm, washed twice in HBSS containing 100μg/ml of gentamycin, and refreshed with media plus gentamicin (10 μg/ml). After removal of supernatant, cells were lysed in Trizol (Thermo Fisher) for RNA collection and cDNA was analyzed using RT-qPCR. For colony forming units (CFUs), RAW 264.7 macrophages were plated on tissue-cultured treated 24-well dishes at 5 x105. Overnight cultures of S. Typhimurium were diluted to OD600 of 1.0 and cell lines at a confluency of 80% were infected at an MOI of 10 (as above). After removal of supernatant, cells were washed 2X in Phosphate-Buffered Saline (PBS). Cell were lysed in 1ml of PBS+1%TritonX100 + 0.01%SDS. Serial dilutions of the lysed cells were made in PBS and plated in duplicate on LB plates and incubated at 37°C overnight.



RNA-Seq

The RNA-Seq experiment was made up of 60 samples: biological triplicate of SCR uninfected, SCR Salmonella-infected, each knockdown uninfected, and each Salmonella-infected knockdown. RNA-Seq and library preparation was performed by Texas A&M AgriLife Genomics and Bioinformatics Service. Samples were sequenced on Illumina 4000 using 2 × 150-bp paired-end reads. Raw reads were filtered and trimmed and Fastq data was mapped to the Mus musculus Reference genome (RefSeq) using CLC Genomics Workbench 8.0.1. Differential expression analyses were performed using CLC Genomics Workbench. Relative transcript expression was calculated by counting Reads Per Kilobase of exon model per Million mapped reads (RPKM). statistical significance was determined by the EDGE test via CLC Genomics Workbench. Differentially expressed genes (DEGs) were selected as those with p value threshold < 0.05.



Gene Ontology (GO) Ingenuity Pathway Analysis and Hierarchical Clustering

To determine the most affected pathways in control versus knockdown RAW 264.7 macrophages, canonical pathway analysis was conducted using Ingenuity Pathway Analysis software from QIAGEN Bioinformatics. Genes that were differentially expressed with a p value < 0.05 from our RNA-SEQ analysis were used as input from uninfected and Salmonella Typhimurium infected cells. Hierarchical clustering was done in Cluster3 (3.0) with complete linkage, absolute correlation (centered) parameters and visualized using Java TreeView.



Scatter Plots and Correlation Analysis

For (p<0.05) differentially expressed genes, fold change was plotted to compare to coding sequence length which is identified by CLC Genomics Workbench to be equal to the total length of all exons (not all transcripts). Exon number and intron number were identified by CLC Genomics Workbench to be the number of exons/introns based on the mRNA annotations of the reference genome. Total gene length was calculated using “chromosome region start” and “chromosome region end” which are determined by CLC Genomics Workbench and the reference sequence to be the start position and end position of the annotated gene. Pearson Correlation was calculated using the values described above.



RNA Isolation and RT-qPCR Analysis

For transcript analysis, cells were harvested in Trizol and RNA was isolated using Direct-zol RNA Miniprep kits (Zymo Research) with 1 hr DNase treatment. cDNA was synthesized with iScript cDNA Synthesis Kit (Bio-Rad). RT-qPCR was performed using Power-Up SYBR Green Master Mix (Thermo Fisher) using a Quant Studio Flex 6 (Applied Biosystems). Averages of the raw values were normalized to average values for the same sample with the control gene, Actb. To analyze fold induction, the average of the treated sample was divided by the untreated SCR control sample, which was set at 1.



Alternative Splicing Analysis

Alternative splicing events were analyzed using Modeling Alternative Junction Inclusion Quantification (MAJIQ) and VOILA (a visualization package) with the default parameters (26). Briefly, uniquely mapped, junction-spanning reads were used by MAJIQ to construct splice graphs for transcripts by using the RefSeq annotation supplemented with de-novo detected junctions. Here, de-novo refers to junctions that were not in the RefSeq transcriptome database but had sufficient evidence in the RNA-Seq data. The resulting gene splice graphs were analyzed for all identified local splice variations (LSVs). For every junction in each LSV, MAJIQ then quantified expected percent spliced in (PSI) value in control and knockdown samples and expected change in PSI (dPSI) between control and knockdown samples. Results from VOILA were then filtered for high confidence changing LSVs (whereby one or more junctions had at least a 95% probability of expected dPSI of at least an absolute value of 10 PSI units between control and knockdown) and candidate changing LSVs (95% probability, 10% dPSI). For these high confidence results (ΔPSI 10%), the events were further categorized as single exon cassette, multi-exon cassette, alternative 5′ and/or 3′ splice site, or intron-retention.



RBP Finder

For each gene, the canonical (longest) isoform of the gene (5’ and 3’ UTRs, plus CDS) as annotated by Ensembl [Mouse (GRCm38.p6)] was queried for SR/hnRNP motifs as defined by RBPmap. Stringency level was set on “High” and the Conservation Filter was applied. In cases where multiple motifs were listed, only a single “consensus” motif was chosen (27).



VSV Infection

7x105 RAW cells were seeded in 12-well plates 16h before infection. Cells were infected with VSV-GFP virus at multiplicity of infection (MOI) of 1 in serum-free DMEM (HyClone SH30022.01). After 1h of incubation with media containing virus, supernatant was removed, and fresh DMEM plus 10% FBS was added to each well. At indicated times post infection, cells were harvested with Trizol and prepared for RNA isolation.



Quantitation and Statistical Analysis

Statistical analysis of data was performed using GraphPad Prism software. Two-tailed unpaired Student’s t tests were used for statistical analyses, and unless otherwise noted, all results are representative of at least three biological experiments [mean ± STDEV (n = 3 per group)].




Results


SR and hnRNPs Regulate the Abundance of Distinct Sets of Transcripts in Uninfected and Salmonella-Infected Macrophages

To understand how splicing regulatory proteins shape global innate immune gene expression, we prioritized factors most likely to play a privileged role in the macrophage innate immune response. Two recent publications identified a number of splicing factors that were differentially phosphorylated during infection with the intracellular bacterial pathogen Mycobacterium tuberculosis in a murine macrophage-like cell line (RAW 264.7) (24) or in primary mouse macrophages (23). Based on these proteomics data (Figure S1A), we selected SRSF1, SRSF2, SRSF6, SRSF7, SRSF9, hnRNP C, hnRNP F, hnRNP K, hnRNP M, and hnRNP U for transcriptomics analysis. To begin, we generated RAW 264.7 cell lines in which each factor was stably knocked down via expression of an shRNA construct targeting an exon or the 3’UTR for each factor, with regions chosen to ensure that all protein coding isoforms of each factor would be targeted by the shRNA. Overall, six shRNA hairpins were tested for each SR/hnRNP and the two cell lines with the best knockdown efficiency were chosen for subsequent analysis. Interestingly, overall knockdown efficiency varied between factors, with only about 50% knockdown efficiency achieved for hnRNP C, hnRNP K, hnRNP U, SRSF1 and SRSF7 and 70-90% knockdown achieved for SRSF2, SRSF6, SRSF9, hnRNP F and hnRNP M  (Figure 1A). We predict that variation in knockdown efficiency reflects the macrophage’s ability to tolerate loss of each of these factors and likely correlates with the cell’s reliance on each for maturation of essential housekeeping genes. The major risk of incomplete knockdown is missing phenotypes (false negatives), as opposed to reporting a false positive phenotype. Therefore, we concluded that these knockdown cell lines were sufficient to identify SR/hnRNP-sensitive innate immune genes and carried out our analysis with the caveat of differential knockdown efficiency in mind.




Figure 1 | RNA-Seq reveals distinct hnRNP- and SRSF-dependent regulons in uninfected and Salmonella-infected RAW 264.7 macrophages. (A) Knockdown efficiency for each SR and hnRNP factor as measured by RT-qPCR. Data is shown as hnRNP/SRSF expression, relative to Actb, compared to SCR control cells. Ratios are the mean of 3 biological replicates and error bars show standard deviation. (B) Schematic representation of transcription factor activation downstream of Salmonella Typhimurium sensing by TLR4. (C) (Top) Overlap of differentially expressed genes (DEGs) between uninfected and Salmonella-infected RAW 264.7 macrophages (4h post-infection; MOI = 10) via Venn Diagram. (Bottom) Heatmaps of up and down-regulated DEGs from uninfected macrophages (UN). The values of the same genes in Salmonella-infected macrophages are shown below, with “blank spots” indicating DEGs that are not significantly changed in Salmonella-infected SR/hnRNP knockdown cell lines (+SAL). Orange represents genes downregulated in knockdown vs. SCR; purple represents genes upregulated in knockdown vs. SCR (colorbar shown below). DEGs were defined as having a statistically significant fold-change relative to SCR; p<0.05. (D) Relative gene expression of Id2 over Actb in uninfected (UN) and Salmonella-infected (+SAL) SRSF1 and SRSF2 knockdown macrophage cell lines. (E) As in (D) but for Bnip3 expression in SRSF9 knockdown macrophages. (F) As in (D) but for Hpgd in hnRNP C and hnRNP U knockdown macrophages. For D-F RT-qPCRs, values are the mean of 3 biological replicates and error bars indicate standard deviation. *p < 0.05; **p < 0.01; ***p < 0.001; n.s, not statistically significant (p > 0.05). (B) was created using Biorender.



To induce macrophage innate immune gene expression, we infected each of the RAW 264.7 knockdown cell lines alongside two scramble shRNA hairpin-expressing (SCR) control cell lines with Salmonella enterica serovar Typhimurium at an MOI of 10. Salmonella is a gram-negative bacterium that triggers TLR4 sensing of Salmonella lipopolysaccharide (LPS). TLR4 signaling is unique amongst TLRs in that it activates two major innate immune transcription factor regulons: NFκB downstream of the MyD88 adapter protein, which activates expression of many pro-inflammatory cytokines and chemokines, and IRF3 downstream of the adapter TRIF (28), which turns on a type I interferon response characterized by Ifnb and interferon stimulated gene (ISG) expression (Figure 1B). We predicted that Salmonella infection, which triggers a physiologically-relevant macrophage response, would enable appreciation of even subtle contributions of SR/hnRNPs, while still allowing comparison between our findings and previous studies that focused on the dynamics of NFκB/IRF3 gene expression following direct delivery of LPS (6, 29). We collected total RNA from uninfected and Salmonella-infected macrophages at 4h post-infection and performed bulk RNA sequencing via an Illumina HiSeq 4000 sequencer (150bp; paired-end reads). An average of ~60.2 million raw sequencing reads were generated from three biological replicates (20 million reads per sample) of each knockdown (both in uninfected and Salmonella-infected conditions).

To determine if knockdown of SR and hnRNP proteins affected expression of different transcripts in uninfected vs. Salmonella-infected macrophages, we first identified transcripts whose expression was significantly altered (p<0.05; up- or down-regulated) in knockdown cell lines relative to controls. We deemed these “Differentially Expressed Genes” or DEGs. Venn diagrams were generated to visualize differences and overlap between affected genes in uninfected (UN) and Salmonella-infected (+SAL) macrophages (Figure 1C and Supplementary Table 1). About 1/3 of DEGs had altered expression in both uninfected and Salmonella-infected splicing factor knockdown cell lines (compared to SCR controls). This means that in the absence of any single splicing factor queried, about two-thirds of DEGs are unique to either condition (UN or +SAL) (Figure 1C, Venn diagrams). On average, expression of between 200-400 genes was altered in an SR or hnRNP knockdown cell line in either condition at this 4h time point. One notable exception, hnRNP F knockdown, altered the abundance of 1943 genes in uninfected macrophages and 732 genes in Salmonella-infected macrophages (Supplementary Table 1 contains all gene expression changes p<0.05). It is possible that the strength of this phenotype could be due in part to the high knockdown efficiency of hnRNP F (Figure 1A).

As expected, many of the DEGs in Salmonella-infected cells were not represented amongst the uninfected DEGs (Figure 1C, Venn Diagrams). Most innate immune genes including cytokines, chemokines, and antimicrobial mediators are dramatically upregulated upon pathogen sensing and these genes are either expressed at very low levels or not at all in uninfected macrophages. However, we were surprised to find that many genes involved in basic cellular homeostasis and metabolism whose expression was impacted by loss of SR/hnRNPs in uninfected (UN) macrophages were not as impacted in the context of Salmonella infection (+SAL) (Figure 1C, heatmap comparisons).

To begin to understand why many housekeeping genes are sensitive to loss of SR/hnRNPs in uninfected but not Salmonella-infected macrophages, we cross-referenced uninfected SR/hnRNP-sensitive genes against all downregulated genes in SCR control macrophages at 4h-post Salmonella-infection (Supplementary Table 1). We found that 365 genes were downregulated 2-fold or more (p<0.05) in SCR control macrophages at 4h post-Salmonella infection (Supplementary Table 1). Many of these genes (e.g. Lhfpl2, Bhlhe41, Hyal1, and Tbc1d2) have previously been reported as differentially expressed in M1 vs. M2 macrophages and their downregulation likely represents M1 polarization that occurs following Salmonella infection (30). Surprisingly, only a handful of these downregulated genes were among the SR/hnRNP-sensitive genes in uninfected macrophages (Figure S1B). To directly test whether SR/hnRNP-sensitive genes in uninfected macrophages are less abundant in Salmonella-infected cells, we performed RT-qPCR on a set of genes (Bnip3, Id2, Hpgd), which encode proteins involved in regulating cell death, transcription, and prostaglandin metabolism. Consistent with our RNA-seq data, we observed SR/hnRNP-dependent changes in Bnip3, Id2, and Hpgd abundance only in uninfected macrophages (Figures 1D–F, UN). We measured no detectable change in the abundance of these transcripts in uninfected vs. infected SCR control macrophages. Overall, we observed that no more than 6.3% of uninfected DEGs were downregulated upon Salmonella infection (Figure S1B), supporting our initial hypothesis that SR proteins and hnRNPs are functionalized such that they influence expression of distinct genes in uninfected and Salmonella-infected macrophages, and this includes genes that are constitutively expressed in both conditions.



SR and hnRNPs Contribute to Activation and Repression of Genes in Innate Immune-Related Pathways in Salmonella-Infected Macrophages

As another measure of how SR/hnRNPs differentially influence gene expression in uninfected vs. Salmonella-infected macrophages, we performed Ingenuity Pathway Analysis (IPA) (Qiagen) to identify pathways enriched for SR/hnRNP-sensitive DEGs. In uninfected macrophages, we observed significant enrichment for DEGs in pathways related to translation initiation, mTOR signaling, and phagosomal maturation (Figure 2A, uninfected and Supplementary Table 1 for full list). This finding is consistent with our previous analysis of hnRNP M-sensitive genes in uninfected macrophages (31) and the well-characterized role for splicing in controlling translation outcomes via ribosomal protein gene processing (32–34). We also performed IPA for the aforementioned 365 genes that are downregulated (>2-fold down) upon Salmonella infection in control macrophages described above and saw no overlap between these pathways and those enriched for SR/hnRNP-sensitive DEGs (Figure S2A). This too supports our conclusion that SR/hnRNP regulated genes are not globally downregulated upon infection.




Figure 2 | Pathways enriched for SR/hnRNP-dependent DEGs differ between uninfected and Salmonella-infected macrophages. (A) Canonical Ingenuity pathway analysis (IPA) of functional cellular pathways enriched for differentially expressed genes (DEGs) in uninfected (UN) and Salmonella-infected (+SAL) SR and hnRNP knockdown RAW 264.7 macrophages. Pathways enriched in eight or more knockdown cell lines in at least one condition are shown. Statistical enrichment is expressed as [-log (p-value)]. (B) Network diagrams showing DEGs from the IPA category “eIF4 and p70S6K Signaling” from each SR/hnRNP knockdown cell line in uninfected and Salmonella infected RAW 264.7 macrophages. Only SR/hnRNPs that showed DEG enrichment for the eIF4 pathway are shown. (C) As in (B) but for DEGs in Salmonella-infected SR/hnRNP knockdown cell lines in the IPA category “Role of Pattern Recognition Receptors in Recognition of Bacteria and Viruses.” (D) As in (B) but for the IPA category “Communication between Innate and Adaptive Immune Cells.” Purple lines connect SR or hnRNPs with target genes whose expression is upregulated in knockdown vs. SCR control macrophages. Orange lines connect SR or hnRNPs with target genes whose expression is downregulated in knockdown vs. SCR control macrophages. Cut-off for inclusion in the IPA was p < 0.05 for differential expression between knockdown and SCR cells.



Major pathways enriched for SR/hnRNP DEGs in Salmonella-infected macrophages are generally related to innate immune responses and macrophage activation, including “Role of Pattern Recognition Receptors (PRRs) in Recognition of Bacteria and Viruses,” “Communication between Innate and Adaptive Immune Cells”, and “Granulocyte Adhesion and Diapedesis” (Figure 2A, +Salmonella). Consistent with our observation that many DEGs identified in uninfected macrophages “lose reliance” on SR/hnRNPs upon Salmonella-infection, the only pathway that was significantly enriched for DEGs in both conditions was the translation/mTOR related pathway “Regulation of eIF4 p70S6K,” which remained significantly enriched for DEGs in SRSF6, SRSF9, and hnRNP F in Salmonella-infected macrophages (Figure 2B). We observed that while many transcripts had altered abundance in both SR and hnRNP knockdown macrophages, loss of SRs generally led to lower abundance (orange lines) while loss of hnRNPs led to higher abundance (purple lines). This same trend was evident for genes in innate immune pathways (Figures 2C, D). Interestingly, this gene-level analysis highlighted hnRNP-specific regulation of a diverse set of critical immune genes, including the potent anti-inflammatory mediator IL-10, members of the TNF superfamily (Tnfsf12, Tnfsf10, Tnfsf9), factors involved in the type I interferon response (Ddx58 (RIG-I), Ifih1, Oas1b, Oas2, Ifnb1, Oas3, Irf3), as well as components of the complement cascade (C3, C3ar1) and the inflammasome (Casp1, Nlrp3) (Figure 2C). Together, these analyses suggest that proper gene expression levels in macrophages are maintained by balancing the activities of activating SR proteins and repressive hnRNPs.

To take a closer look at how SR/hnRNP knockdown impacts the macrophage transcriptome during Salmonella infection, we quantified the number of transcripts whose abundance was increased or decreased in the absence of each SR or hnRNP, compared to a SCR control (p<0.05). As visualized in Figures 3A–E (SRs) and 4A–E (hnRNPs), we found that each SR and hnRNP queried can act as either a positive or negative regulator of gene expression To identify the most impacted DEGs, we generated heatmaps that show the top 10 most up and down DEGs (p<0.05) in each Salmonella-infected SR/hnRNP knockdown macrophage cell line compared to SCR (Figures 3A–E and 4A–E). We then annotated innate immune-responsive genes by virtue of their being up- or down-regulated in control macrophages in response to Salmonella infection (+/- 2.0 fold in SCR SAL vs. SCR UN; bolded genes in heatmaps). These heatmaps show clear hyper- or hypo-induction of many critical innate immune genes in SR/hnRNP knockdown macrophages (Figures 3A–E and 4A–E). We validated the expression of a representative “top 10” DEG by RT-qPCR (Figures 3A–E and 4A–E) using two different knockdown cell lines for each SR/hnRNP (efficiency of each knockdown at the RNA level, and protein level (when antibodies were readily accessible) is shown in Figures S3A–E and S4A–E).




Figure 3 | Knockdown of SR family members causes both up- and down-regulation of gene expression in Salmonella-infected macrophages. (A) On left, heatmap represents all up- and down-regulated genes in SRSF1 knockdown RAW 264.7 macrophages relative to SCR control at 4h post-Salmonella infection (p<0.05). Numbers next to heatmap indicate the total number of up- (purple) or down- (orange) regulated genes in SRSF1 knockdown cell lines vs. SCR. Zoom in represents the top 10 up- and down-regulated genes. Genes whose expression is up- or down-regulated by virtue of Salmonella-infection itself (i.e. innate immune regulated genes) according to analysis of Salmonella-infected SCR vs. uninfected SCR cells are bolded. Box indicates gene chosen for RT-qPCR validation. On right, RT-qPCR validation of a representative DEG (Mx1) in two SRSF1 knockdown cell lines vs. SCR control cells (data shown relative to Actb). (B) As in (A) but for SRSF2; RT-qPCR of Zbp1. (C) As in (A) but for SRSF6; RT-qPCR of Nfatc1; (D) As in (A) but for SRSF7; RT-qPCR of Apol9b; (E) As in (A) but for SRSF9; RT-qPCR of Tnfsf15. (F) Venn diagram of DEGs common to one or more SR knockdown cell line (p<0.05). The 11 genes whose expression is impacted by loss of all five SRSF proteins are highlighted. (G) Percentage of all genes induced at 4h post-Salmonella infection (>2.0-fold) that are differentially expressed in each SRSF knockdown macrophage cell line (p<0.05). For all RT-qPCRs, values are the mean of 2 or 3 biological replicates and error bars indicate standard deviation. *p < 0.05; **p < 0.01; ***p < 0.001.






Figure 4 | Knockdown of hnRNP family members causes up- and down-regulation of gene expression in Salmonella-infected macrophages. (A) On left, heatmap represents all up- and down-regulated genes in hnRNP C knockdown macrophages relative to SCR control at 4h post-Salmonella infection (p<0.05). Numbers next to heatmap indicate the total number of up- (purple) or down- (orange) regulated genes in hnRNP C knockdown cell lines vs. SCR. Zoom in represents the top 10 up- and down-regulated genes. Genes whose expression is up- or down-regulated by virtue of Salmonella-infection itself (i.e. innate immune regulated genes) according to analysis of Salmonella-infected SCR vs. uninfected SCR cells are bolded. Box indicates gene chosen for RT-qPCR validation. On right, RT-qPCR validation of a representative DEG (Nos2) in two knockdown cell lines vs. a SCR control (data shown relative to Actb). (B) As in (A) but for hnRNP F; RT-qPCR of Mx1. (C) As in (A) but for hnRNP K; RT-qPCR of Mx1. (D) As in (A) but for hnRNP M; RT-qPCR of Sema7; (E) As in (A) but for hnRNP U; RT-qPCR of Gbp2; (F) Venn diagram of DEGs common to one or more hnRNP knockdown cell line (p<0.05). A subset of the 104 genes whose expression was impacted by loss of all five hnRNP proteins are highlighted. (G) Percentage of all genes induced at 4h post-Salmonella infection (>2.0-fold) that are differentially expressed in each hnRNP knockdown macrophage cell line (p<0.05). For all RT-qPCRs values are the mean of 2 or 3 biological replicates and error bars indicate standard deviation. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.



Several interesting trends emerge from these data. First, we found that knockdown of SR and hnRNPs impacts expression of innate immune genes from distinct transcriptional regulons: NFκB (e.g. Plau, Olr1, Csf2, Csf3) and IRF3 (e.g. Ifit1, Ifit3, Apol9a/b, Mx1). Second, by creating Venn diagrams to identify common DEGs, we found that the hnRNPs queried share more DEGs than do the SRs (Figures 3F and 4F; 104 vs. 11). This result echoes previous global analyses of hnRNP A1, A2/B1, F, H1, M, and U targets in human 293T cells, which described considerable cooperation between hnRNP family members (35). Third, we discovered that certain genes, particularly those categorized as ISGs (36–38), including the viral restriction factors Mx1, Ifit1, Ifit3, and Oasl2, and the cytosolic DNA sensor Zbp1, show altered abundance in multiple SR/hnRNP knockdown cell lines. Lastly, we found that loss of either SR proteins (Figure 3G) or hnRNPs (Figure 4G) is more likely to impact steady state levels of genes that are upregulated (>2-fold) at 4h post-Salmonella infection  than those that are downregulated (>2-fold).



SR/hnRNP-Mediated Alternative Splicing Events Are Not Common in DEGs

Data presented so far generally argue against a global up- or down-regulation of pre-mRNA splicing in Salmonella-infected macrophages and instead support a model whereby individual SRs and hnRNPs dictate RNA processing decisions for particular transcripts. While SR and hnRNP proteins have been implicated in many steps of gene expression and RNA processing, from chromatin remodeling and transcription to mRNA export and stability (39–42), the main way that SR and hnRNPs shape the steady state transcriptome is by influencing pre-mRNA splicing decisions. To begin to appreciate how SR and hnRNPs mediate specific alternative splicing events in murine macrophages and determine whether these events are changed during Salmonella infection, we employed an algorithm to identify and quantify local splicing variations (LSV) called Modeling Alternative Junction Inclusion Quantification (MAJIQ) (26). MAJIQ allows identification, quantification, and visualization of diverse LSVs, including alternative 5′ or 3′ splice site usage, exon skipping, and intron retention across different experimental conditions.

Using MAJIQ, we quantified LSVs that were significantly changed in SR/hnRNP knockdown cells in both uninfected and Salmonella-infected conditions (4h post-infection), generating a large dataset of SR/hnRNP-dependent alternative splicing changes (probability [∣delta PSI∣, ≥10%] >95%) (Supplementary Table 1). We observed all types of alternative splicing changes, with the majority of changes categorized as exon skipping events (>7000 total exon skipping events in UN or +SAL vs. >1600 intron retention, alternative 5’ and 3’SS events in UN or +SAL), consistent with the canonical roles of SR and hnRNPs in enhancing or repressing exon inclusion (Figure 5A) (43–45). There were no dramatic differences between the overall number of LSVs between different SR/hnRNPs nor major differences in the number of LSVs in uninfected compared to Salmonella-infected macrophages (Figure 5A). HnRNP F knockdown macrophages stood out as a notable exception, whereby there were about one-quarter as many LSVs identified in Salmonella-infected macrophages vs. uninfected (Figure 5A).




Figure 5 | Local splicing variations are abundant in SR/hnRNP knockdown macrophages, but they do not preferentially occur in SR/hnRNP-dependent differentially expressed genes. (A) Quantitation of intron retention, exon skipping, alternative 3’ and 5’ splice site events in uninfected and Salmonella-infected SR and hnRNP knockdown macrophages (probability [∣delta PSI∣, ≥10%], >95%). PSI is defined as “Percent Spliced In” and indicates the abundance of a particular alternatively spliced isoform. ΔPSI indicates the abundance of an isoform in knockdown vs. SCR macrophage cell lines. (B) (left) VOILA output, based on RNA-seq reads, of affected exons in a representative gene (Senp7) in SRSF1 knockdown or SCR RAW 264.7 cells infected with Salmonella. (right) Violin plots depicting the ΔPSI of the SRSF1-dependent local splicing variations of Senp7. Violin plot colors correspond to the events depicted in the gene schematic on the left. (C) As in (B) but for SRSF2 and Nrb1. (D) As in (B) but for SRSF6 and CD37. (E) As in (B) but for SRSF7 and Wnk1. (F) As in (B) but for SRSF9 and E2f1. (G) As in (B) but for hnRNP C and Emsy. (H) As in (B) but for hnRNP F and Il2rg. (I) As in (B) but for hnRNP K and E2f1. (J) As in (B) but for hnRNP M and Unqln1. (K) As in (B) but for hnRNP U and Trim3.



Recent work from the Baltimore lab showed that innate immune transcripts are frequently regulated by alternative splicing events whereby poison exons introduce premature stop codons that target transcripts to nonsense mediated decay (22). To determine whether alternative splicing events could be contributing to differential gene expression in SR/hnRNP knockdown macrophages, we compared our lists of DEGs and genes with DIU in both conditions and visualized the overlap by generating Venn diagrams. Surprisingly, we observed that only a small fraction of SR/hnRNP-dependent DEGs were also subject to DIU (i.e. few transcripts were impacted at levels of both steady state abundance and alternative splicing) (Figure S5A). These trends were the same in uninfected and Salmonella-infected SR/hnRNP knockdown macrophages (Figures S5A, B). In line with this finding, we observed little to no enrichment for SR/hnRNP-dependent alternative splicing events in genes related to innate immune pathways via IPA. In fact, no pathway was enriched for genes with DIU more than -log(p-value) = 5 (Supplementary Table 1), suggesting that SR/hnRNP-dependent alternative splicing changes in macrophages do not generally occur in functionally related genes from any particular pathway. Other studies have also found a lack of overlap between steady state transcript level changes and alternative splicing events in Salmonella-infected human monocytes (21) as well as in influenza-infected A549 cells (46).

To gain additional insight into how SRs and hnRNPs influence macrophage biology during infection, we next looked at the most significant DIUs in each Salmonella-infected knockdown cell line using a more stringent isoform expression cut-off (probability [∣delta PSI∣, ≥20%] >95%). As supported by our pathway analysis, these genes fall into a variety of functional categories, including protein modification, intracellular trafficking, chromatin remodeling and transcription, and chromosome biology (Figure S5D). Notably, there are no obvious candidates for genes likely to globally alter the innate immune transcriptome, save for Ikbke (inhibitor of nuclear factor kappa-B kinase subunit epsilon), which is subject to intron retention in hnRNP F knockdown cells. A representative DIU in an innate immune-related gene (>20% delta PSI) is shown for each SR/hnRNP knockdown cell line (Figures 5B–K). Several of these splicing variations influence the protein coding capacity of their targets, with changes to the balance of exon skipping events in SRSF knockdowns (Senp7 in SRSF1, Figure 5B; Nrb1 in SRSF2, Figure 5C; Cd37 in SRSF6, Figure 5D; and Wnk1 in SRSF7, Figure 5E) and hnRNP knockdowns (Emsy in hnRNP C, Figure 5G; Il2rg in hnRNP F, Figure 5H; and Ubqln1 in hnRNP M, Figure 5J). Interestingly, while most DIUs were detected in both uninfected and Salmonella-infected SR/hnRNP knockdown macrophages, changes in SRSF2 dependent-changes to Nrb1, SRSF9-dependent changes to E2f1, hnRNP C-dependent changes to Emsy, hnRNP K-dependent changes to E2f1 hnRNP K, and hnRNP U-dependent changes to Trim3 were only found in +SAL samples (Figures 5C, F, G, I, K) (Supplementary Table 1). Together, these data suggest that while SR/hnRNPs do not control macrophage transcript abundance via changes to alternative splicing, these factors can mediate distinct alternative splicing events in uninfected vs. Salmonella-infected macrophages.



A Gene’s Induction Level, Length, and Number of Exons/Introns Do Not Correlate With a Transcript’s Reliance on SR/hnRNPs for Proper Induction During Salmonella Infection

Having observed a lack of correlation between DEGs and DIU in each splicing factor knockdown cell line, we wanted to see if we could identify anything common to SR/hnRNP-sensitive innate immune genes. We hypothesized that genes whose expression is the most upregulated in response to Salmonella infection could be more sensitive to loss of SR/hnRNPs, perhaps via a need to sequester rate-limiting spliceosome components. To address this possibility, we first ranked all genes induced in SCR control macrophages at 4h post-Salmonella infection (Figure 6A). We observed dramatic upregulation of hundreds of macrophage genes at this early time point, with some inflammatory mediators like Il1a and Il1b upregulated approximately 1500-fold. We then generated another heatmap to visualize how the expression of each of these top 100 Salmonella-induced genes was impacted by SR/hnRNP knockdown. We observed no clear correlation between level of induction/expression level and whether or not a transcript was differentially regulated by loss of an SR/hnRNP. This is clearly evidenced by the heatmap itself, whereby DEGs induced 1000-fold and DEGs induced 5-fold in control cells were similarly impacted, both in terms of the number of SR/hnRNPs they were affected by and the magnitude of their expression change (Figure 6B; top vs. bottom genes). We can also see this outcome in RT-qPCR experiments, in which we measured how loss of SR/hnRNPs impacted expression of Il1a (500-1000 average fold-change in SCR controls; Figure 6C), Nos2 (Nitric oxide synthase) (20-60 average fold-change; Figure 6D), and Mx1 (MX Dynamin Like GTPase 1) (10-15 average fold-change; Figure 6E). Each of these representative innate immune genes responds to loss of particular SRs and hnRNPs in completely different ways. For example, loss of hnRNP M causes hyper-induction of Mx1, but does not affect Il1a levels. Loss of hnRNP C causes hyper-induction of Il1a but does not impact Nos2 or Mx1 abundance. Using the computational prediction software RBPmap (27), we successfully identified one or more binding sites for each of the SR/hnRNPs that impacted Il1a, Nos2, and/or Mx1 expression (Figures S6A–C). While this analysis is merely correlative, it does begin to support a model whereby exonic and intronic splicing enhancers/silencers are enriched in innate immune transcripts that rely on particular SR/hnRNPs for proper expression levels.




Figure 6 | Level of induction upon Salmonella infection, gene length, and number of introns/exons do not positively correlate with a gene’s reliance on SR/hnRNPs to maintain proper expression levels. (A) Heatmap of the top 100 genes induced at 4h post-Salmonella infection in SCR control RAW 264.7 macrophages. Data shown as fold change in SCR cells + Salmonella vs. SCR cells uninfected. (B) Heatmap of up- or down-regulation (fold change) of each induced gene conferred by hnRNP or SRSF knockdown. Purple genes are upregulated in SR/hnRNP knockdowns relative to SCR; Orange genes are downregulated in SR/hnRNP knockdowns. (C) RT-qPCR of Il1a abundance relative to Actb in Salmonella-infected SRSF and hnRNP knockdown macrophages (shown as fold change relative to uninfected for each cell line). (D) As in (C) but for Nos2. (E) As in (C) but for Mx1. (F) Scatter plot depicting correlation of the fold change of each DEG vs. coding sequence (CDS) length in Salmonella-infected hnRNP (top) and SRSF (bottom) knockdown macrophages. (G) as in (F) but comparison of DEG fold change vs. exon length. (H) As in (F) but comparison of DEG fold change vs. intron length. (I) As in (F) but comparison of DEG fold change vs. number of exons in a DEG. Genes included in analysis were differentially expressed (p < 0.05) in each knockdown compared to SCR controls. Y-axes were made all the same to facilitate comparison between multiple knockdown cell lines. For all RT-qPCRs values are the mean of 2 or 3 biological replicates and error bars indicate standard deviation. *p < 0.05; **p < 0.01; ***p < 0.001.



To examine if other attributes of a gene influenced whether its expression was altered by loss of an SR/hnRNP, we conducted Pearson’s correlation tests to determine the relationship between differential expression (p<0.05) and gene length (Figure 6F), exon length (total exonic sequence, or sum of all exon nucleotides) (Figure 6G), intron length (total intronic sequence, or sum of all intron nucleotides) (Figure 6H), and number of exons (Figure 6I and Supplementary Table 1). We observed little to no correlation between any of these gene attributes and the degree to which a gene’s expression was altered in the hnRNP and SR knockdown cell lines, with all tests generating Pearson correlation coefficients close to zero. Thus, it is likely that additional features, for example the presence or absence of specific binding sites/consensus sequences or misregulation of an upstream transcription or chromatin factor, dictate whether an innate immune transcript is sensitive to loss of a particular SR/hnRNP.



SR/hnRNP Knockdown Leads to Hyper-Induction of Early-Induced Innate Immune Genes

With no apparent correlation between various gene architecture attributes and SR/hnRNP reliance, we looked to see if we could correlate an innate immune gene’s reliance on SR/hnRNPs for proper induction with the dynamics of its transcriptional activation as previously described by other studies (6, 7, 10). One commonly used categorization of innate immune genes is into primary and secondary response genes. Of the 53 LPS-driven primary response genes annotated by (10), 35 of them were more abundant in one or more SR/hnRNP knockdown cell line (Figure 7A, top heatmap; Supplementary Table 1). This suggests a role for factors like hnRNP C, K, M, U and SR6 in repressing the expression of primary response genes at the 4h time point we interrogated. A repressive role for these same factors was less evident for secondary response genes, which were mostly downregulated in the absence of the SR/hnRNPs (save for hnRNP M and SRSF6) (Figure 7A, bottom heatmap; Supplementary Table 1). This analysis begins to suggest that primary response genes may be particularly reliant on pre-mRNA splicing to control the proper magnitude of their induction than are secondary response genes, which rely on multiple additional layers of regulation.




Figure 7 | Many primary response and early induced innate immune genes are repressed by SR/hnRNPs. (A) Fold change of SR/hnRNP DEGs in Salmonella-infected RAW 264.7 macrophages compared to SCR controls for genes categorized as primary (top) and secondary (bottom) response genes according to 10. 35/53 primary response genes are upregulated by loss of one or more SR/hnRNPs at 4h post-Salmonella infection. (B) Fold change of SR/hnRNP DEGs in Salmonella-infected RAW 264.7 macrophages compared to SCR controls with Lipid A-induced genes categorized on basis of induction kinetics as defined by 6. Percentages on right indicate the number of genes in each category that are differentially expressed (up- or down-regulated) by loss of one or more SR/hnRNP. (left) Blue curves are schematic representations of the induction kinetics of each Group (A1, A2, B, C, D, E, and F) over a 120-minute time course following Lipid A treatment. Adapted from 6.



We next looked at our data in a different way, leveraging macrophage gene categories as defined by (6). This study divided RefSeq genes exceeding 400bp in length into 12 clusters based on their pattern of transcript levels in three cellular compartments (chromatin, nucleoplasm, cytoplasm) in primary macrophages over a time-course of Lipid A treatment (Figure S7A and Supplementary Table 1). Resorting our own data into these groups, we found that the vast majority of genes we identified as SR/hnRNP-sensitive in Salmonella-infected RAW 264.7 macrophages fell into Groups 1-3 (Figure S7A and Supplementary Table 1), which are composed mainly of Lipid A-induced genes. This supports our hypothesis that SR/hnRNPs play a specific role in controlling macrophage genes that are activated upon pathogen sensing.

To gain additional insight into how different categories of induced genes respond to SR/hnRNP knockdown, we re-sorted our data again, this time using a more detailed grouping of macrophage induced genes from Bhatt et al. These groups of genes (A1-F; Figure 7B and Supplementary Table 1) were defined on basis of when chromatin-associated RNA-seq reads for each gene reach peak levels following Lipid A treatment: Group A1 peaks at 15 min, A2 at 30 min, B at 60 min, C and D levels peaked around 30 min and then were sustained through 2h, and Groups E and F steadily increased over the 2h time-course (represented schematically in Figure 7B). One interesting trend that emerged from this data is that the majority of SR/hnRNP-sensitive genes in Groups A1-C were hyper-induced (68.8% of Group A1 genes were upregulated in one or more knockdown macrophage cell line vs. SCR; 41.3% in Group A2 and 54.1% in Group C). This suggests that LPS-activated genes expressed via a transcriptional “burst” are uniquely sensitive to repression from SR/hnRNPs, in particular hnRNP C, hnRNP K, hnRNP M, hnRNP U, SRSF2, 6, and 7. We also found that genes in Group C were disproportionately impacted by loss of hnRNP M, with nearly half of all genes in the category (40/98) upregulated in hnRNP M knockdown macrophages at 4h post-Salmonella infection, including the chemokine receptor Ccrl2, the regulator of NFκB Nfkbiz, and the repressor of JAK/STAT signaling Socs3.



hnRNP U and hnRNP K Play a Role in the Control of Intracellular Viral and Bacterial Replication

Lastly, we wanted to test whether we could use DEG and/or DIU profiles of SR/hnRNP knockdown macrophages to predict if a particular knockdown cell line would be better or worse at restricting pathogen replication. We began by applying a simple hierarchical clustering algorithm to calculate similarities in DEG profiles between knockdowns (Cluster 3.0). We found significant similarity between genes affected by loss of hnRNP K and hnRNP U (and to a lesser extent, hnRNP C) in uninfected cells (correlation between K/U: 0.78; correlation between C/K/U: 0.69). Previous studies have shown that hnRNP K binds strongly to poly C stretches of RNA (47, 48) and hnRNP U preferentially binds CUGUGGAU and UGUAUUG motifs (35). At the amino acid level, hnRNP K and U proteins are only 31% similar in mice (EMBOSS Stretcher Pairwise Sequence Alignment). While their consensus binding motifs argue against their recognizing overlapping sequences, there is evidence from high-throughput studies in humans and mice that hnRNP K and U proteins immunopurify (49) and cofractionate (50, 51) together.

To determine if hnRNP K and U knockdown RAW 264.7 cell lines may be phenotypically similar, we identified several clusters of up- and down-regulated genes common to both cell lines. Two clusters of upregulated genes are highlighted in Figure 8A. Interestingly, Cluster 1 contains mostly ISGs (Ifi202b, Bst2, Irf7, Ifitm3, Isg15, Ifi44l, Oasl1) while Cluster 2 is enriched for a diverse group of kinases (Dmpk, Ripk3), regulators of GTPase activity (Gng10, Rgs16, Fgd2), and mitochondrial related factors (Pmaip1, Ucp2). Differential expression of ISGs in uninfected hnRNP K and U knockdown cell lines is notable because it suggests that loss of these factors somehow activates macrophages to upregulate type I interferon stimulated genes (see model in Figure 1B). This basal ISG phenotype can also be appreciated by looking at RNA-seq reads via the Integrated Genome Viewer (Broad), whereby Isg15, Ifi44i, and Apol9a are expressed at 2-3-fold higher than SCR controls in both hnRNP K and hnRNP U knockdown uninfected macrophages, but Actb showed no difference in expression (Figure 8B). We confirmed this high basal ISG phenotype via RT-qPCR in both hnRNP K and U knockdown cell lines for several representative ISGs: Irf7 (Figure 8C), Isg15 (Figure 8D), Ifi44l (Figure 8E), and Trex1 (Figure 8F).




Figure 8 | Loss of hnRNP K and hnRNP U affects similar DEGs and DIU and impacts the ability of RAW 264.7 macrophages to control viral replication. (A) Hierarchical clustering of up- and down-regulated DEGs in uninfected macrophages (SR/hnRNP knockdown vs. SCR). Zoom-ins of clusters of interest (1 and 2) are shown to the right. Correlation of Cluster 1 is 0.84; Cluster 2 is 0.76. To allow for better visualization of DEGs, the scale is set at -3 to +3. (B) IGV tracks showing RNA-seq reads for Irf7, Isg15, Ifi44l, and Apol9a in hnRNP K and hnRNP U compared to SCR control reads. Actb is included as a representative unaffected control gene. (C) RT-qPCR validation of Irf7 basal expression in hnRNP U and K knockdown cell lines vs. SCR controls. Data is displayed as Irf7/Actb. (D) As in (C) but for Isg15. (E) as in (C) but for Ifi44l. (F) as in (C) but for Trex1. (G) As in (A) but for Salmonella-infected macrophages. Correlation of Cluster 3 is 0.75; Cluster 4 is 0.78; Cluster 5 is 0.72. (H) Overlap of DIUs and DEGs in uninfected and Salmonella-infected hnRNP K and U knockdown macrophages. (I) Vesicular Stomatitis Virus (VSV) replication (as measured by RT-qPCR of the VSVM gene relative to Actb) in hnRNP K and hnRNP U knockdown macrophages compared to SCR controls (VSV MOI = 1) at 4, 8, and 12h post-infection. (J) as in (I) but for VSVG. For all RT-qPCRs, values are the mean of 3 biological replicates and error bars indicate standard deviation. *p < 0.05; **p < 0.01.



While the profiles of SR/hnRNP-sensitive genes change dramatically upon Salmonella infection, we still observe significant correlation between genes impacted by loss of hnRNP K and hnRNP U (Figure 8G) (correlation between K/U: 0.79; correlation between C/K/U: 0.76). Interestingly, upon Salmonella infection, several of the Cluster 1 ISGs actually became less abundant relative to SCR controls (Figure 8G; Oasl2, Ddx58, Isg15, Usp18; +SAL Cluster 3), highlighting dysregulation of specific type I interferon genes in the absence of hnRNP K and U. Cluster 2 DEGs, on the other hand, were more abundant in both uninfected and Salmonella-infected hnRNP K and U knockdown macrophages (Figure 8G; +SAL Clusters 4 and 5). Overlap between hnRNP K and U DEGs and DIUs is illustrated by Venn diagrams that show that one-third of total DEGs are shared and three-fourths of DIUs (Figure 8H).

A major role for interferon stimulated genes is controlling viral replication through a variety of restriction mechanisms [e.g. limit viral entry, inhibit replication of the viral genome, interfere with host cell translation, etc. (36)]. Thus, we asked whether viral replication was impacted at early infection time points in hnRNP K and U knockdown cell lines compared to SCR controls. We infected SCR, hnRNP K and hnRNP U knockdown RAW 264.7 macrophages with vesicular stomatitis virus (VSV) at a MOI of 1 and measured viral replication over a 12h time course by quantifying expression of two viral genes, VSV-G and VSV-M by RT-qPCR. VSV is a single-stranded, enveloped RNA virus that can replicate and elicit robust gene expression changes in RAW 264.7 cells (52). Remarkably, we observed almost no replication of VSV in either hnRNP knockdown cell line at any time point (Figures 8I, J). A similar hyper-restriction phenotype was recently reported for hnRNP K knockdown A549 cell lines infected with influenza virus by (46). Thompson et al. attribute this phenotype to hnRNP K-dependent alternative splicing of a number of genes required for viral replication. Notably, we detect DIUs for several of the same genes (Setd5, Arhgap12, Gpbp1, and Eri2) (Supplementary Table 1), suggesting that hnRNP K’s role in viral infection is conserved between mice and humans and may, in part, be mediated by the same alternative splicing events.

Lastly, we wanted to determine whether loss of hnRNP K or U impacted the outcome of Salmonella infection. We infected SCR, hnRNP K knockdown, and hnRNP U knockdown RAW 264.7 cell lines with an overnight culture of Salmonella (53) at an MOI of 10 and measured colony forming units (CFUs) at 2h (a measure of internalization) and 20h (a measure of intracellular replication) post-infection. We observed an almost two-fold increase in Salmonella replication in hnRNP K knockdown macrophages relative to SCR controls, but no apparent difference attributable to loss of hnRNP U (Figure 9A). Leveraging our transcriptomics and alternative splicing analysis, we looked to see if we could identify changes that were unique to hnRNP K. We observed that hnRNP K knockdown in RAW 264.7 macrophages preferentially impacted alternative splicing events of genes involved in RhoA and Cdc42 signaling (Figure 9B, top). These top enriched categories were very different from those in hnRNP U, which showed enrichment for DIUs in genes involved in cholesterol biosynthesis (Figure 9B, bottom). RhoA and Cdc42 are Rho GTPases that co-ordinate cytoskeletal dynamics (54). We detected differential isoform usage for several transcripts involved in these pathways including Arhgap30, Arhgap1, and Baiap2 (Figure 9C). In fact, the intron retention event in Arhgap30 is the one of the most abundant DIUs in hnRNP K knockdown macrophages (E(ΔPSI) 0.376) (Supplementary Table 1). This DIU is predicted to decrease the relative abundance of protein coding-competent Arhgap30 mRNA in the cell, while events in Arhgap1 and Baiap2 are predicted to change the amino acid sequence of the protein isoform. Our finding that Salmonella can replicate more efficiently in the presence of these alternative splicing changes is consistent with work showing that actin polymerization is critical for stabilization of the Salmonella-containing vacuole and replication of intravacuolar Salmonella in cells like macrophages (55, 56). These data suggest that hnRNP K may impact actin dynamics through alternative splicing of Arhgap30, Arhgap1, and Baiap2. Furthermore, our results argue that individual splicing factors can contribute to innate immune and infection outcomes in unique ways and demonstrate that together, transcriptomics and alternative splicing analysis has the potential to identify host factors that regulate the host-pathogen interface.




Figure 9 | hnRNP K regulates Salmonella replication and controls alternative splicing of genes involved in RhoA/Rac1-mediated reorganization of the actin cytoskeleton. (A) Colony forming units represented as fold replication (20h time point relative to 2h time point) in hnRNP K and hnRNP U knockdown RAW 264.7 macrophages infected with Salmonella Typhimurium (MOI = 10) (B) Ingenuity Pathway Analysis of hnRNP K (top) and hnRNP U (bottom) knockdown macrophages at 4h post-Salmonella infection. Pathways shown are unique to hnRNP K or hnRNP U cells and enrichment is shown as -log(p-value). (C) Local splicing variations identified in three genes related to Cdc42-mediated reorganization of the actin cytoskeleton: Arhgap30, Arhgap1, and Baiap2. Color of splicing events in the gene schematic corresponds to the colors in the violin plots (showing EΔPSI). (D) Model of the potential mechanisms through which SR and hnRNP family members could impact innate immune gene expression in macrophages. For all RT-qPCRs values are the mean of 2 or 3 biological replicates and error bars indicate standard deviation.*p < 0.05; n.s. is not statistically significant.






Discussion

Our study illustrates the diverse effects the SR/hnRNP family splicing factors have on the macrophage transcriptome both in uninfected macrophages and in cells infected with the gram-negative bacterial pathogen Salmonella Typhimurium. While implicating SR and hnRNPs in regulating gene expression is not remarkable, the degree to which each of the splicing factors queried impacts distinct gene regulons in each of these conditions is unexpected. Overall, we found that over 70% of the genes induced as part of the macrophage innate immune response (>2-fold at 4h post-infection) are hyper- or hypo-induced in the absence of one or more of the SR/hnRNPs we investigated. This work highlights a critical role for splicing regulatory proteins in controlling the magnitude of innate immune gene induction and calls for a rethinking of how the innate immune response is post-transcriptionally regulated.

One critical lingering question raised by these studies relates to the mechanism(s) through which genes are up or down regulated in SR/hnRNP knockdown RAW 264.7 macrophages. While our analysis did identify DIU in transcripts encoding several transcription factors in the IRF, STAT, and NFκB families (Irf1, Irf5, Irf7, Irf9, and Stat1), our data does not generally support a model whereby loss of a particular SR/hnRNP results in mis-splicing or functional alteration of a master regulator of a shared transcriptional regulon. Likewise, although individual cases likely exist, our data does not support a role for SR/hnRNPs in globally regulating innate immune transcript abundance via differential inclusion of poison exons (as DIU was not enriched in DEGs). Indeed, the most overlap between DIU and DEG we observed was for hnRNP F and even that was only 10% (Figure S5). Thus, the question remains: how do individual SR/hnRNPs activate and/or repress induction of innate immune genes? Several mechanisms are likely and are by no means mutually exclusive (Figure 9D). The first possible mechanism driving at least some of these changes is direct binding of SR/hnRNPs to target pre-mRNAs to promote or inhibit constitutive intron removal. Second, certain SRs and hnRNPs could contribute to transcriptional changes by interacting with RNA polymerase and/or other factors at the chromatin level. Indeed, to promote co-transcriptional splicing, some SR proteins interact with the CTD of RNA polymerase II (57–59) and some SR proteins have been shown to interact with histones (60). Third, SR/hnRNPs may alter innate immune gene expression by interacting with components of innate immune signaling cascades themselves, such as pathogen recognition receptors or downstream kinases/transcription factors. Such a mechanism was recently described for hnRNPA2B1, which controls initiation of the type I IFN response in part via interactions with the kinase TBK1 and its substrate IRF3 (61). Lastly, although our data does not provide strong support for such a model, it is possible that loss of SR/hnRNPs alters the abundance or function of innate immune transcription factors themselves at either the RNA or protein level. Implicating one or more of these mechanisms will require detailed follow-up analysis on individual SR/hnRNPs. Identifying the direct RNA and protein binding targets of these splicing factors in uninfected and Salmonella-infected macrophages will certainly help inform on these mechanisms, as will defining the subcellular localization of these RNA-binding proteins in the two conditions.

Previous work from our lab found hnRNP M knockdown leads to hyper-induction of a number of innate immune transcripts following inflammatory triggers, which suggests that slowing/inhibiting pre-mRNA maturation may be involved. Specifically, our earlier work found that overexpression of hnRNP M promotes accumulation of intron-containing Il6 pre-mRNAs, while loss of hnRNP M increases removal of Il6 intron 3 (31). From these findings we concluded that by repressing constitutive intron removal in Il6, hnRNP M slows early or spurious transcriptional activation of this pro-inflammatory cytokine. It is possible that other SR and hnRNPs work in the same way, by contributing to specific constitutive intron removal events that can fine-tune the kinetics of transcript maturation and influence steady state RNA levels. Such a model would predict increased levels of reads from particular introns in DEGs. Although we do not see evidence for this in our RNA-seq data, this is not particularly surprising given the low abundance of intron-containing pre-mRNAs relative to mRNAs. Indeed, an important caveat of these studies is that they were carried out at a single time point following Salmonella infection. While we chose this time point to maximize mRNA transcript accumulation, we may have inadvertently minimized our ability to detect transient accumulation of unprocessed transcript intermediates. Kinetic transcriptome analysis from the Black and Smale labs demonstrates that for most transcripts, pre-mRNA splicing of innate immune transcripts occurs co-transcriptionally but accumulation of nascent pre-mRNA at the chromatin level is generally not evident at time points following 15-30 minutes, except in select cases with especially long transcripts on which splicing catalysis is delayed (6, 7). Thus, it is possible that for many of our transcripts of interest, the most important contribution of SR/hnRNP proteins to constitutive and/or alternative splicing occurs during that early transcriptional burst, minutes after pathogen sensing. Thus, future attempts to elucidate the complexities of post-transcriptional control of inflammatory gene induction will want to broaden their scope to include additional early time points following macrophage activation.

At the onset of this study, we hypothesized that because SRSF1, 2, 6, 7, 9 and hnRNP C, F, K, M, and U have been shown to be differentially phosphorylated during bacterial and fungal infection of macrophages (23–25), they would impact distinct gene regulons in uninfected vs. Salmonella-infected cell lines. Several studies have linked environmental changes to post-translational modification (PTM) of splicing factors. For example, dephosphorylation of SRSF10 by the phosphatase PP1 represses splicing and limits gene expression in HeLa cells following heat shock (18, 20, 62). Additionally, arginine methylation of hnRNPA1/B2 triggers its export to the cytoplasm where it activates TBK1/IRF3 signaling following infection with a DNA virus (61). Recent work from the Lynch lab showed that hnRNP K is redistributed in the nucleus during influenza infection, becoming enriched in nuclear speckles (46). Indeed, subcellular redistribution is a common trait of SR/hnRNPs during infection (63, 64) and many viruses themselves require RNA binding proteins for the maintenance and processing of their genomes. Future studies designed to investigate how pathogen sensing influences post-translational modification of SR and hnRNPs will provide important insights into how splicing factors are functionalized during the macrophage innate immune response as well as in response to cellular stresses in general.
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Development of lymphocytes is precisely regulated by various mechanisms. In addition to transcriptional rates, post-transcriptional regulation of mRNA abundance contributes to differentiation of lymphocytes. mRNA decay is a post-transcriptional mechanism controlling mRNA abundance. The carbon catabolite repression 4 (CCR4)-negative on TATA-less (NOT) complex controls mRNA longevity by catalyzing mRNA deadenylation, which is the rate-limiting step in the mRNA decay pathway. mRNA decay, regulated by the CCR4-NOT complex, is required for differentiation of pro-B to pre-B cells and V(D)J recombination in pro-B cells. In this process, it is likely that the RNA-binding proteins, ZFP36 ring finger protein like 1 and 2, recruit the CCR4-NOT complex to specific target mRNAs, thereby inducing cell quiescence of pro-B cells. A recent study showed that the CCR4-NOT complex participates in positive selection of thymocytes. Mechanistically, the CCR4-NOT deadenylase complex inhibits abnormal apoptosis by reducing the expression level of mRNAs encoding pro-apoptotic proteins, which are otherwise up-regulated during positive selection. We discuss mechanisms regulating CCR4-NOT complex-dependent mRNA decay in lymphocyte development and selection.
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Introduction

Pleiotropic mechanisms control cytoplasmic mRNA abundance. Besides transcriptional regulation, post-transcriptional mechanisms are critical for controlling the level of cytoplasmic mRNA. mRNA decay is a post-transcriptional mechanism for reducing mRNA abundance. One major role of mRNA decay systems is to control homeostatic turnover and quality of mRNA. In addition, mRNA decay pathways actively regulate mRNA abundance, which is necessary to maintain and alter mRNA quantity in response to physiological signals. Many studies have suggested that active regulation of mRNA decay mechanisms must be critical for immune regulation and homeostasis (1–14). In this review, we focus on functions of the mRNA decay system regulated by the carbon catabolite repression 4 (CCR4)-negative on TATA-less (NOT) deadenylase complex in early lymphocyte development.



mRNA Decay Mechanisms

Functionally, mRNA decay comprises two classes. The first is the mRNA decay system required for RNA surveillance to prevent generation of potentially toxic proteins (15). Nonsense-mediated mRNA decay (NMD) is an mRNA quality control pathway that degrades aberrant mRNAs with premature termination codons (16–18). In addition, No-go decay and No-stop decay pathways lead to mRNA decay in cases of ribosome stalling due to accidental blockades of translation and failure of termination, respectively (19).

The second class is the mRNA decay system that actively regulates amounts of mRNA encoding functional proteins. Exonuclease and endonuclease mRNA decay pathways mainly contribute to this “active” mRNA decay (14, 16, 20). In addition, some recent studies have proposed involvement of the NMD mechanism in regulation of mRNAs encoding full-length proteins during embryonic development and tissue-specific cell differentiation (18, 21).



Initiation Of The mRNA Decay Pathway By Deadenylation

The exonuclease pathway of mRNA decay is initiated by removing polyA tails from mRNAs (16, 20). Following deadenylation of polyA tails, the 5’ cap structure of deadenylated mRNAs is removed by recruiting the decapping complex (Dcp1/Dcp2). Then 5’-3’ exoribonuclease 1 and 2 degrade decapped mRNAs from their 5′ ends.

Deadenylation of mRNA is the rate-limiting step for the exonuclease pathway. At present, three deadenylases have been reported: carbon catabolite repressor 4-negative on the TATA (CCR4-NOT) complex, polyA nuclease 2 (Pan2)-Pan3, and polyA-specific ribonuclease (PARN) (16, 20). A previous study suggested that cytoplasmic deadenylase activity of the CCR4-NOT complex predominated (22). In contrast, PAN2/3 trims relatively long tails of polyA (above 150 nt) and exerts minimal influence on the transcriptome.

In humans and mice, The CCR4-NOT complex is composed of eight protein subunits (23–25). CCR4-NOT transcription complex subunit 1 (CNOT1) serves as a scaffold to assemble the other subunits and recruits RNA-binding proteins (26–28). Two subunits, CNOT6/6L and CNOT7/8, have deadenylase activity (29–32). Other CNOT subunits (CNOT2, 3, 9,10, and 11) lack deadenylase activity and may regulate catalytic functions of the complex (6, 33, 34). Individual deletion of CNOT2, CNOT3 and CNOT10 destabilized the complex and caused degradation of other subunits (6, 33, 34). Thus, these CNOT subunits evidently also contribute to the integrity of the whole CCR4-NOT complex. In addition, CNOT2 and CNOT3 form a heterodimer that recruits RNA-binding proteins to the CCR4-NOT complex (35, 36). Moreover, in vitro reconstitution experiments showed that the CNOT2-CNOT3 heterodimer maximizes the deadenylase activity and poly (A) selectivity of the CCR4-NOT complex (37).

Ablation of genes encoding individual subunits of the CCR4-NOT complex revealed its roles in various physiological functions. For instance, CNOT3 is required for postnatal liver functions (38), pancreatic β cell function and identity (39), maintaining cardiac homeostasis (40), and bone resorption (41). CNOT7, a catalytic subunit, has non-redundant functions in spermatogenesis (42, 43). In addition, some studies showed a requirement of deadenylation induced by the CCR4-NOT complex in early lymphocyte development (3, 4, 6).



Functions Of The Ccr4-Not Complex In Lymphocyte Development

Early B cell differentiation has been widely studied (44, 45). Pro-B cells derived from common progenitor cells differentiate into pre-B cells and subsequently immature B cells. In the transition of pro-B cells to pre-B cells, generation of the immunoglobulin (Ig) μ heavy chain assembled from variable (VH), diversity (DH), and joining (JH) gene segments in pro-B cells is essential. Together with surrogate light chains, Igμ heavy chains form a precursor B cell receptor (pre-BCR). Pre-BCR signaling terminates the V(D)J recombination and induces rapid proliferation. After quiescence is re-established by later signaling from pre-BCR, recombination of light chains occurs for further differentiation of pre-B cells into immature B cells.

In B cell development, CNOT3 protein is up-regulated during differentiation from pro-B cells to pre-B cells (3). Two studies reported a requirement for CNOT3 in B cell development (3, 4). Inoue et al. (3) showed that B cell-specific deletion of Cnot3 in mice with Mbl1-Cre deleter resulted in a severe reduction of pre-B cell differentiation thereafter. Moreover, rearrangements resulting from joining of distal variable gene segments of the Ig heavy chain (Igh) gene (VH) to its diversity and joining (DH JH) gene segments were impaired, although the proximal VH to DH JH rearrangement and DH to JH rearrangement were not affected. Mechanistically, the CCR4-NOT complex mediates deadenylation of Trp53 mRNA coding p53 protein, reducing its transcript level in pro-B cells. Cnot3 deletion caused up-regulation of p53, thereby causing an increase in the expression level of pro-apoptotic genes regulated by p53. Interestingly, deletion of the p53 gene partially rescued the defect of pro-B cell differentiation due to the CNOT3 deficiency, but it did not rescue the failure of the distal VH to DH JH rearrangement. Thus, CCR4-NOT complex-mediated RNA decay ensures gene rearrangement in pro-B cells through p53-independent mechanisms and prevents abnormal apoptosis in both p53-dependent and independent mechanisms during the pro-B cell to pre-B cell transition (Figure 1).




Figure 1 | Early lymphocyte development regulated by the CCR4-NOT complex. The CCR4-NOT complex is required for differentiation of pro-B cells to pre-B cells and positive selection of DP thymocytes. ZFP36L1 and ZFP36L2 (ZFP36L1/2) regulate the pro-B cell to pre-B cell transition and β-selection of the DN3 thymocyte stage. Involvement of the CCR4-NOT complex in β selection has not been verified yet. Some differentiation stages were omitted for simplicity. CLP, common lymphoid progenitor; DN, CD4 CD8 double negative thymocyte; DP, CD4 CD8 double positive thymocyte; SP, CD4 or CD8 single positive thymocytes.



Yang et al. also reported a defect in the transition from pro-B cells to pre-B cells due to deletion of the Cnot3 gene (4). Because Cnot3-deletion throughout the body causes embryonic lethality, the tamoxifen-inducible Cre-driver mouse strain in addition to Mbl1-Cre mice was used. Even though both mouse lines showed pro-B cell arrest, the effect was more severe in the Cnot3 deletion in Mbl1-Cre. This difference seems to be due to genotoxic stress from excess nuclear accumulation of CRE protein, driven by the Mbl1-promoter. Notably, CNOT3 interacts with Early B-cell factor 1 (EBF1), which is critical for establishing B cell lineages. Mutation of a histidine residue in the DNA-binding domain (DBD) of EBF1 abolished its binding to CNOT3. Moreover, transduction of DBD mutant protein rescued the differentiation defect of EBF1-deficient B progenitors less efficiently in vitro compared to wild-type protein, suggesting that the interaction between CNOT3 and EBF1 is critical for B cell differentiation. Thus, the CCR4-NOT complex may function in both mRNA decay and transcription in pro-B cell differentiation. However, it is still not clear whether these two events are coupled and whether they influence each other.

Early development of conventional T cells occurs in the thymus (46). Briefly, T cell progenitors from bone marrow differentiate into CD4–CD8– (DN) thymocytes. In the DN thymocyte stage, recombination of TCRβ chain genes and their selection occurs. DN thymocytes then differentiate into CD4+CD8+ (DP) thymocytes. After completing TCRα chain recombination, DP thymocytes undergo positive selection to test the quality and specificity of the TCR αβ complex. Positively selected DP thymocytes differentiate into CD4 or CD8 single-positive (SP) cells. In the process of positive selection, DP and SP thymocytes are further separated by expression levels of surface CD3 and CD69 (47). Before positive selection, DP thymocytes express low levels of CD69 and CD3. During positive selection, CD3 and CD69 expression are up-regulated by TCR signaling. After completion, the expression level of CD3 persists, but surface CD69 expression is down-regulated.

A recent study revealed the activity of the CCR4-NOT complex in positive selection (Figure 1). In thymic T cell development, some protein subunits of the CCR4-NOT complex (CNOT1, 2, 3 and 6) are up-regulated in the transition from DN thymocytes to DP thymocytes (6). T-cell-specific deletion of the murine Cnot3 gene by the CD4-Cre deleter caused a severe developmental defect of CD4 and CD8SP thymocytes in the thymus. Specifically, the Cnot3 deletion caused a severe reduction of CD69hiCD3hi cells and CD69loCD3hi cells, but did not influence pre-selected CD69loCD3int thymocytes, suggesting that the CCR4-NOT complex is required during positive selection. mRNAs encoding pro-apoptotic molecules, DAB2-interacting protein (DAB2IP) (48) and BCL2-binding component 3 (BBC3) (49), were up-regulated and their polyA tails were elongated in Cnot3-deficient thymocytes during the course of positive selection. Moreover, transduction of anti-apoptotic Bcl-2 protein into Cnot3-deficient bone marrow progenitor cells rescued the developmental defect of thymocytes caused by Cnot3-deletion. Thus, by trimming their polyA tails, the CCR4-NOT complex promotes degradation of mRNAs encoding these pro-apoptotic proteins, which are up-regulated during positive selection. This regulation by the CCR4-NOT complex is necessary to prevent abnormal apoptosis during positive selection. Interestingly, up-regulation of Dab2ip resulting from Cnot3 deletion occurred in the CD69loCD3int and CD69hiCD3hi stages, but not in the CD69loCD3hi stage. In contrast, Bbc3 was up-regulated from the CD69hiCD3hi stage in the absence of CNOT3. Thus, the CCR4-NOT complex may prevent thymocyte apoptosis during two distinct stages of positive selection via two different mechanisms.



Upstream Events Leading To Ccr4-Not-Mediated Rna Degradation

Several mechanisms reportedly trigger RNA decay by recruiting the CCR4-NOT complex to target mRNAs (Figure 2). ZFP36 family proteins, including ZFP36, ZFP36 ring finger protein-like (ZFP36L) 1 and ZFP36L2, bind to specific sequences in 3’ untranslated regions (UTRs) of mRNAs (50, 51). The CCR4-NOT complex is recruited by ZFP36L1 and ZFP36L2 (28), and initiates deadenlyation of mRNAs bound to ZFP36L1 and ZFP36L2, thereby promoting decay of targeted mRNAs. B cell-specific deletion of both Zfp36l1 and Zfp36l2 genes caused a severe reduction of cellularity from the pre-B cell stage onward (5). Furthermore, Igμ chain expression in pro-B and early pre-B cells was reduced in these mutant mice. Thus, ZFP36L1 or ZFP36L2 is required for differentiation of pro-B cells into pre-B cells and recombination of Igh in early B cells (Figure 1). Notably, phenotypes of these mutant mice were quite similar to those of B-cell-specific Cnot3-deficient mouse lines. Transcriptome analysis of late pre-B cells in Zfp36l1 and Zfp36l2 doubly-deficient mice showed an increase in the expression level of several cell-cycle related genes. Consistently, cell cycle analysis showed that pro-B cells in S phase were significantly increased and that those in G0 phase were severely reduced by depletion of ZFP36L1 and ZFP36L2. Progression of V(D)J recombination requires cellular quiescence because expression of RAG2 protein is restricted to G0 and G1 phase (52–55). Thus, ZFP36L1 and ZFP36L2 redundantly suppress cell cycle progression in early B cell stages via degradation of mRNAs encoding cell cycle-related genes, which may be required to promote V(D)J recombination. Putative target mRNAs of ZFP36L1 were upregulated in Cnot3-deficient pro-B cells (3). In addition, as described, CNOT3 deficiency resulted in failure of V(D)J recombination in pro-B cells in a p53-independent manner (3). Overall, these findings suggest that ZFP36L1 or ZFP36L2 recruits the CCR4-NOT complex and leads to degradation of mRNAs encoding cell cycle-promoting genes, thereby regulating cell cycle entry and exit to promote progression of V(D)J recombination. Because Zfp36l1 and Zfp36l2 genes are expressed throughout B cell development, there may be up-stream events activating ZFP36L1 and ZFP36L2, or promoting recruitment to their target mRNAs.




Figure 2 | Active RNA decay pathways mediated by the CCR4-NOT complex. The CCR4-NOT complex can be recruited by RNA binding proteins (RBP), miRNA-Ago2 complex, and YTHDF2 bound to N6-methyladeonsine, which is generated by the METTL3 and METTL14 methyltransferase complexes. The CCR4-NOT complex deadenylates polyA tails of recruited mRNAs. After deadenylation, 5’-decapping enzymes are recruited and eliminate the cap structure. Finally, 5’-exonucleases (Xrn1 and 2) causes degradation of target mRNAs.



In addition to B cell development, ZFP36L1 and ZFP36L2 regulate early T cell differentiation. As in B cells, Zfp36l1 and Zfp36l2 genes are expressed throughout thymocyte development. Mice in which both ZFP36L1 and ZFP36L2 were depleted in early T cell progenitors developed T cell acute lymphoblastic leukemia (56). Importantly, V(D)J recombination of TCRβ gene was defective in DN thymocytes of these doubly-deficient mice. Thus, DN thymocytes in mutant mice by-pass the β-selection checkpoint without expression of TCRβ and are converted into T lymphoblasts. Mechanistically, the ZFP36L1- and ZFP36L2-dependent RNA decay pathway appeared to inhibit up-regulation of genes involved in DNA damage-response and cell proliferation (57). This suppression appeared crucial to induce cellular quiescence required for V(D)J recombination in DN thymocytes. Considering that V(D)J recombination occurs in both DN thymocytes and pro-B cell stages, functions of ZFP36L1 and ZFP36L2 may be similar in these two cell types (Figure 1). Although this may imply a requirement for CCR4-NOT complex-dependent RNA decay in the DN stages, involvement of the CCR4-NOT complex in V(D)J recombination of DN thymocytes has not been addressed yet.

Roquin family proteins, ROQUIN-1 and ROQUIN-2, can also recruit the CCR4-NOT complex in the 3’-UTRs of target mRNAs (58). T cell-specific deletion of both Rc3h1 and Rc3h2 (encoding ROQUIN-1 and ROQUIN-2, respectively) genes resulted in enhanced helper T cell activation and follicular helper T cell differentiation with spontaneous inflammation (10). Puzzlingly, these phenotypes have not been observed in T-cell-specific Cnot3-deficient mice. However, because T-cell-specific deletion of Cnot3 severely impaired mature T cell development in the thymus, the phenotype that characterized the later T cell stage needs to be clarified. Alternatively, other mRNA decay systems may function downstream of these ROQUIN family proteins.

Among epigenetic modifications of mRNA, the N6-methyl adenosine (m6A) modification in RNA is intensively studied (59, 60). The m6A modification is recognized by the YT521-B homology domain-containing family 2 that recruits the CCR4-NOT complex (61) (Figure 2). Thus, m6A modification can lead to CCR4-NOT complex-mediated RNA decay. The N6-methylation of adenosine is catalyzed by methyl transferase (METTL) 3 and METTL14 complexes (62). CD4-Cre-mediated deletion of the Mettl3 gene suppressed homeostatic proliferation of peripheral CD4-positive T cells under lymphopenic conditions (63). Socs mRNA degradation induced by interleukin 7-signaling, which is required for proliferation and differentiation of naïve T cells, was impaired in these mice. Notably, again, the link between m6A modification and CCR4-NOT complex-mediated mRNA decay is still obscure in T cells because of the severe reduction of mature naive T cells in T cell-specific Cnot3-deficient mice.

miRNAs form complexes with Argonaute family proteins on their target sequences (64, 65). The miRNA- Argonaute family complex recruits the CCR4-NOT complex or the PAN2-PAN3 complex, leading to degradation of target mRNAs (64, 65). Conditional depletion of Dicer, an enzyme critical for miRNA generation (66) in early B cells inhibited the transition of pro-B to pre-B cells, suggesting a requirement of miRNA for this differentiation stage (67). This phenotype is similar to that in mice deficient for CNOT3. However, the Dicer deficiency did not impair the V(D)J recombination reaction, whereas generation of an antibody repertoire was disturbed (67). Thus, the miRNA-CCR4-NOT complex axis in early B cells still needs to be clarified.

Although deletion of the Dicer gene in early thymocytes by the Lck-Cre deleter caused a severe reduction in cellularity of thymocytes, the percentage of each thymocyte fraction was not affected (68). Moreover, Dicer deletion by CD4-Cre showed normal thymocyte number and percentages of thymocyte subsets (69). Overall, miRNA-dependent mRNA decay through recruitment of the CCR4-NOT complex might not be essential for early thymocyte development and selection.



Concluding Remarks

Rapid, simultaneous and dynamic transcription of several mRNAs occurs during cell differentiation for generation of functional proteins. In addition, protein abundance must be precisely regulated to avoid deleterious cellular consequences. Regulation of mRNA levels should be an efficient way to control protein expression levels because one mRNA molecule generates about 3000 protein molecules on average in mammalian cells (70). However, once proteins are produced, RNA decay mechanisms should be less effective than direct protein degradation for regulating protein levels. Accordingly, it is likely that RNA decay-dependent regulation of protein concentrations by the CCR4-NOT complex is most effective when cells receive signals initiating production of large numbers of mRNA transcripts, such as during lymphocyte development.

It is likely that ZFP36L family proteins recruit the CCR4-NOT complex to suppress cell-cycle-related genes and DNA damage-responsive genes during early lymphocyte differentiation. In contrast, upstream events of CCR4-NOT complex-dependent regulation of thymic positive selection remain unknown. Moreover, possible upstream mechanisms of the CCR4-NOT complex, i.e., ROQUIN family, m6A modification, are necessary to regulate differentiation and functions of lymphocytes in later differentiation stages. Therefore, it is also important to address whether CCR4-NOT complex-induced RNA decay controls these lymphocyte differentiation and functions.

Finally, given that recent studies on human disease progression and onset by dysregulation of RNA decay systems (71–74), understanding RNA decay mechanisms would be beneficial for developing therapies and preventive measures against such diseases.
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Regulated changes in mRNA stability are critical drivers of gene expression adaptations to immunological cues. mRNA stability is controlled mainly by RNA-binding proteins (RBPs) which can directly cleave mRNA but more often act as adaptors for the recruitment of the RNA-degradation machinery. One of the most prominent RBPs with regulatory roles in the immune system is tristetraprolin (TTP). TTP targets mainly inflammation-associated mRNAs for degradation and is indispensable for the resolution of inflammation as well as the maintenance of immune homeostasis. Recent advances in the transcriptome-wide knowledge of mRNA expression and decay rates together with TTP binding sites in the target mRNAs revealed important limitations in our understanding of molecular mechanisms of TTP action. Such orthogonal analyses lead to the discovery that TTP binding destabilizes some bound mRNAs but not others in the same cell. Moreover, comparisons of various immune cells indicated that an mRNA can be destabilized by TTP in one cell type while it remains stable in a different cell linage despite the presence of TTP. The action of TTP extends from mRNA destabilization to inhibition of translation in a subset of targets. This article will discuss these unexpected context-dependent functions and their implications for the regulation of immune responses. Attention will be also payed to new insights into the role of TTP in physiology and tissue homeostasis.
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Introduction

It is now well accepted that regulation of mRNA stability by RNA-binding proteins (RBPs) is indispensable for healthy immune responses. RBPs orchestrate the immune system by modulating gene expression through mRNA destabilization or stabilization, or by controlling translation (1–3). Although this basic knowledge is established, many important questions remain unresolved. These include mechanistic explanations of the phenotype caused by an RBP deletion in mice and the selective functions of RBPs in specific cell types despite ubiquitous expression. Improved models of the molecular mechanisms of RBP action are needed to answer the open questions. These models will likely abandon the linear schemes in which RBP binding to a target mRNA inevitably results in a canonical consequence, e.g. mRNA decay. The aim of this review is to provide a framework for updated models of RBP action in immune responses.

The history of mRNA decay research, both at the level of mechanisms and functions, is tightly connected to the immune system. The first evidence that selective mRNA degradation is driven by a cis-acting element was reported for the mRNA encoding the granulocyte/monocyte growth factor GM-CSF (4). This study established that an adenylate-uridylate-rich element (AU-rich element; ARE) in the 3’ untranslated region (3’ UTR) of the GM-CSF mRNA (encoded by the CSF2 gene) confers mRNA instability if introduced into the 3’ UTR of a stable mRNA. The autonomous effect of AREs on mRNA stability has been subsequently documented for many other mRNAs. The key role of ARE-dependent mRNA decay in vivo was revealed by the deletion of the ARE in the mouse Tnf gene which resulted in a spontaneous development of gut and joint inflammation (5). However, genome sequencing and transcriptome-wide mRNA stability assays indicated that the initial model of an autonomous function of 3’ UTR-located AREs in mRNA destabilization was too simple. Approximately 20% of human genes contain AREs in their 3’ UTRs, yet most of the corresponding mRNAs are stable (6, 7). The medium half-life of mRNA in human HepG3 cells is approximately 10 h with mRNAs of metabolic genes having on average the highest half-lives (6). In comparison, inflammation-associated mRNAs belong to those with the shortest average half-lives. For illustration, the decay rate of TNF mRNA is in the range of 20 – 40 min, depending on the cell type and stimulus (8, 9). Although inflammation-induced mRNAs are enriched in AREs, it is now accepted that the presence of an ARE is not sufficient to destabilize the mRNA. Hence, new and more comprehensive models of regulation of mRNA decay by cis-acting elements are needed.



Mechanisms of RBP-Driven Changes in mRNA Stability

mRNA-destabilizing RBPs bind and facilitate the target mRNA degradation in two ways, depending on the properties of the particular RBP (1, 2, 10, 11). One class of RBPs possesses an endonuclease activity which allows the RBP to cleave the target mRNA and generate ends devoid of the 5’ m7G cap and the 3’ poly(A) tail. These unprotected ends serve as substrates for exonucleases which process the mRNA in 3’ – 5’ direction via the exosome and 5’ - 3’ direction via XRN1 (12, 13). The best characterized endonucleolytic RBP relevant for the immune system is Regnase-1 (gene name Zc3h12a) which destabilizes mRNAs of transcription factors and cytokines such as Icos, Ox40, c-Rel, IL-2 and IL-6 (14). Regnase-1-deficient mice show severe systemic inflammation associated with T and B cell activation. The phenotype is largely recapitulated by a T cell-specific deletion (14). The second class of RBPs destabilize the target mRNA by promoting the recruitment of the CCR4-NOT deadenylase and the DCP1/DCP2-containing decapping complexes (15, 16). A number of RBPs in this class are known to regulate the immune system. Tristetraprolin (TTP), as one of the most prominent members, will be described in detail below. Other well characterized members are Roquin-1 (gene name Rc3h1), Roquin-2 (Rc3h2), Zfp36l1, Zfp36l2 and Auf1. The Roquin proteins redundantly target the mRNAs of Icos and Ox40 to control T cell activation. Deletion of both Roquin-1 and Roquin-2 genes specifically in CD4 T cells results in an autoimmune phenotype resembling systemic lupus erythematosus while deletion of the single genes remains without severe consequences (17). The proteins Zfp36l1 and Zfp36l2 are members of the TTP family but, in contrast to TTP, have more pleotropic functions as demonstrated by embryonic or postnatal lethality of the respective knockouts in mice (18, 19). Zfp36l1 and Zfp36l2 are involved in the regulation of immune system in multiple ways. They control the expression of proliferative cell cycle regulators during B and T cell development: double deletion of Zfp36l1 and Zfp36l2 in T cells results in lymphopenia and malignant transformation of immature CD8 T cells while similar deletion in pro-B cells causes a block in B cell development owing to a failure in entering quiescence hence genome safeguarding prior to VDJ recombination (20, 21). The protein Auf1 exhibits anti-inflammatory functions by promoting the degradation of cytokine mRNAs as revealed by the hypersensitivity of Auf1-deficient mice to endotoxic shock (22). Auf1 has been subsequently found to regulate many other processes in addition to immune responses including telomere maintenance and muscle regeneration (23, 24).

mRNA-stabilizing RBPs are less well understood and their functions are more pleiotropic as compared to the destabilizing RBPs such as TTP. The general opinion is that mRNA-stabilizing RBPs act by preventing the destabilizing proteins from binding to the target. As a consequence, the target mRNAs are more stable and/or more efficiently translated. mRNA-stabilizing RBPs regulating immune responses include HuR (gene name Elavl1) and Arid5a. Deletion of HuR or Arid5a in mice resulted in increased resistance to experimental autoimmune encephalomyelitis (25, 26). Furthermore, HuR is required for antibody production by B cells (27). HuR is involved in regulation of other processes including liver metabolism, cell proliferation and cancer (28–30).



RNA Binding of RBPs Controlling mRNA Stability

RBPs bind to RNA through interactions of their RNA-binding domains with specific sequences or defined structural elements in the target mRNA. The most frequent RNA-binding domain in the immunoregulatory RBPs is the C3H1 (Cys-Cys-Cys-His) zinc finger domain present for example in TTP, Zfp36l1 and Zfp36l2 (2, 31). Regnase and Roquin contain a C3H1 zinc finger and an additional RNA-binding domain: a PIN domain and a ROQ domain, respectively (32, 33). Auf1 and HuR bind to RNA through the RNA recognition motif (RRM) domains which occur in 2 or 3 repeats in these proteins (34, 35). Arid5a interacts with RNA via an ARID domain which is known to recognize DNA in other ARID domain-containing proteins (26, 36).

The target site in the RNA is defined by the RNA-binding domain. The C3H1 zinc finger present in TTP, Zfp36l1 and Zfp36l2 binds preferentially to AREs with the core sequence UAUUUAU although divergent target sites have been identified as well (9, 21, 37). A preference for AU-rich sequences shows also the ARID domain of Arid5a (26). The RRM domain of Auf1 recognizes U- and GU-rich stretches and, albeit less frequently, AREs (38). The RRM motif of HuR prefers U-rich sequences (9, 39, 40). The preference of these binding domains for AREs or U-rich sequences reflects the unstructured nature of such sequences: AREs and U-rich sequences in general do not adopt a secondary structure. In contrast, Regnase and Roquin bind to RNAs exhibiting stem-loop folds with the loop part formed by three bases with a pyrimidine–purine–pyrimidine sequence while the stem is more variable both in length (5 – 8 bases in each half of the stem) and sequence (41, 42).

Transcriptome-wide binding assays revealed that most of these RBPs bind frequently to 3’ UTR and, unexpectedly, introns (9, 21, 38–40). Binding to introns regulates splicing in case of HuR (40, 43). However, it appears that functional interactions are largely confined to elements located in the 3’ UTRs as intronic binding in general does not result in changes in stability or splicing of the transcript.



The TTP Protein Family: Evolutionary Conserved RBPs With Diverse Functions From Yeast to Mammals

TTP contains an RNA-binding domain formed by a characteristic tandem C3H1 zinc finger in the middle part and protein-protein interaction domains at the N- and C-termini (31). The tandem zinc finger and the overall domain structure are conserved in similar RBPs from yeast to plants and mammals hence these RBPs constitute the TTP protein family (44). Interestingly, no TTP protein members are found in birds despite their presence in reptiles (44). Although all these proteins facilitate mRNA degradation their functions in cells and/or organisms are diverse. For example, the yeast TTP family member Cth2 regulates mRNA stability upon iron deficiency while the Xenopus TTP proteins act during embryonic development and the C. elegans homologues are required for meiosis and oocyte production (45–47). Humans contain three TTP family members (Zfp36, Zfp36l1 and Zfp36l2) and mice express the Zfp36l3 member in addition. Much of what we now know about the functions of the TTP protein family has been learned from knockouts in mice carried out by the Blackshear laboratory. Deletion of Zfp36l1 (also known as BRF1 and TIS11b) is embryonic lethal because of failure in umbilical circulation resulting from absent fusion of the allantois with the chorion (18). Mice lacking Zfp36l2 (also known as BRF2 and TIS11D) die within a few weeks after birth due to a marked deficiency in hematopoiesis (19). Zfp36l3 is a paternally imprinted X chromosome gene which is likely involved in regulation of iron metabolism in the placenta; Zfp36l3 deletion results in decreased neonatal survival rates without obvious morphological aberrances in surviving offspring (48).



TTP: a TTP Family Member With Unique Selectivity for the Regulation of Immune Responses

TTP (Zfp36) is an outstanding member of the TTP family as its function is remarkably specific and related to the regulation of immune responses. TTP knockout in mice results in systemic inflammation characterized by arthritis, dermatitis, conjunctivitis and cachexia (49). This so called TTP deficiency syndrome develops within approximately 8 weeks of birth and progressively worsens leading to death of most animals at around 6-8 months of age. TTP-deficient mice do not show any developmental abnormalities or health defects at birth; the mice are not fertile presumably owing to their poor health (49). The TTP deficiency syndrome was shown to be dependent on TNF signaling and mechanistically explained by increased stability of Tnf mRNA (49, 50). Subsequent studies established that the inflammatory disease of TTP-deficient mice is caused, albeit to variable extent, by increased stability of other cytokine and chemokine mRNAs as well, notably Il23, Ccl3, Il1a and Il1b mRNAs (51–53).

Given this multiple evidence for its indispensable role in the immune system, it comes with no surprise that TTP has become one of the best studied RBPs. However, many important questions remain open. For example, it is not well understood which cell types drive the inflammatory disease in TTP-deficient mice. Mice bearing LysM-Cre-mediated TTP deletion in the myeloid compartment are healthy which is unexpected given that myeloid cells are cells with arguably the highest TTP expression (54, 55). Although these mice exhibit lethal hypersensitivity to endotoxic shock, the absence of a spontaneous inflammation suggests that deletion of TTP in myeloid cells alone is not sufficient to cause the TTP deficiency syndrome. Similarly, mice with CD11c-Cre-driven deletion of TTP in dendritic cells remain without a spontaneous phenotype (56). Surprisingly, systemic inflammation arises upon deletion of TTP in keratinocytes (56). The inflammatory disease in these mice develops from psoriasis-like focal skin lesions containing neutrophilic infiltrates, indicating that persistent local inflammation can become systemic with time. The model of keratinocyte-specific TTP deletion suggests that TTP expression is particularly critical in barrier tissues, i.e. tissues constantly exposed to environmental cues. However, it is remarkable that the full-body TTP knockout mice remain without pathology in the intestinal or lung epithelium, i.e. the most prominent mucosal barriers. The absence of mucosal inflammation in TTP-deficient mice suggests that TTP has more complex roles in these tissues. Such functional complexity is supported by findings showing that the lack of intestinal pathology in TTP knockout mice is associated with a local expansion of regulatory T cells (57). Moreover, Villin-Cre-driven TTP deletion in intestinal epithelial cells increases the resistance against dextran sulfate-induced colitis suggesting, that the lack of TTP might enhance the robustness of the intestinal barrier (58). Although the mechanism is yet to be determined, the improved mucosal barrier might be caused by accelerated tissue regeneration since these mice exhibit higher numbers of Goblet cells. These findings suggest that the absence of TTP augments proliferation signals that are commonly associated with inflammatory conditions. In agreement, skin inflammation caused by TTP deficiency in keratinocytes promotes tumorigenesis that appears to be causally associated with overproduction of the growth factor amphiregulin (59). Consistently, amphiregulin mRNA is a TTP target. However, TTP deficiency can cause increased cell numbers also by means of decreased apoptosis as shown for TTP-deficient neutrophils: neutrophils devoid of TTP express higher levels of the TTP target Mcl1 mRNA which codes for an anti-apoptotic factor particularly relevant for neutrophils (60). Interestingly, this effect pertains only to immunostimulated (e.g. pathogen-engaged) neutrophils, not to the circulating dormant neutrophil pool.

Cumulatively, the available animal models of TTP deficiency clearly indicate that the major function of TTP is to control the immune response. Although TTP restricts cell numbers in some cases, this function is also largely related to control of inflammation: (i) by ameliorating inflammation TTP prevents the expression of inflammation-associated growth factors or anti-apoptotic proteins, (ii) TTP directly targets the mRNAs of several inflammation-associated growth or anti-apoptotic factors. More studies directly investigating cells from tissues are needed to complete our understanding of TTP effects in vivo.



mRNA Destabilization by TTP

TTP promotes mRNA decay through the recruitment of the CCR4-NOT deadenylase and the DCP1/DCP2 decapping complexes to the bound target. The N- and C-termini of TTP represent the protein-protein interaction domains in this process. The CCR4-NOT deadenylase complex interacts with the N- and C-terminal domains with the CNOT1 subunit being directly involved in binding to TTP (61–64). The DCP1 and DCP2 decapping protein complexes interact with the N-terminal TTP domain (62). Following decapping and deadenylation, the target mRNA is degraded through the 5′-3′ exonuclease Xrn1 and the 3′-5′ exonuclease of the exosome, respectively. The identification of these interactions suggested that TTP-mediated mRNA degradation is governed by a protein recruitment cascade. However, this model does not explain why many TTP-bound RNAs (including mRNAs and introns) are stable as shown by more recent studies (9, 65–67). The surprising findings of these studies delineate that the process of mRNA destabilization by TTP is more complex and dependent on yet unidentified regulatory mechanisms.



TTP Binding to RNA

Both zinc finger domains are required for interaction of TTP with RNA as mutation of either of them abrogates RNA binding (68). Moreover, mutation of the first zinc finger in the TTP locus in mice phenocopied the complete TTP deletion (69). This was a significant finding as it definitively proved that the function of TTP is entirely dependent on its RNA binding activity. Initial characterization of the motif recognized by TTP focused on the TNF mRNA, the first known TTP target: the motif is a 9-mer with the sequence UUAUUUAUU which is repeated several times in the TNF 3’ UTR (37, 70). Subsequent analysis of RNAs enriched in RNA immunoprecipitation assays suggested that TTP binds to AREs also in other target mRNAs (71). A precise genome-wide mapping of target sequences was generated by several CLIP-Seq (cross-linking immunoprecipitation-high-throughput sequencing) studies employing immune cells. Although these nucleotide resolution analyses confirmed the preference of TTP for the UAUUUAU sequence, they also provided several unexpected findings (9, 65–67). The studies showed that TTP binds also to sites that were divergent from the canonical TTP binding sequence as visualized in the searchable TTP Atlas (https://ttp-atlas.univie.ac.at) (9). Moreover, TTP binding was not limited to 3’ UTRs but was detected at sites located in 5’ UTRs, coding sequences and introns as well (Figure 1). Particularly striking was the high incidence of TTP binding to introns. Although the number of identified intronic binding sites was dependent on the CLIP-Seq method, the peak finding algorithm and experimental cell system, the studies convincingly established that TTP interacts with pre-mRNA in addition to mRNA. This finding implies that TTP can engage RNA interactions in the nucleus. The biological significance of the intronic binding remains to be determined as no effects on splicing or stability of the intron-bound RNA has so far been observed (9). Given the high frequency of TTP binding to introns it is possible that introns act as sponge to titrate away TTP molecules. This mechanism was reported for circular RNAs that function as sponge molecules for micro RNAs (72, 73). Similar to intronic binding, it is currently unclear whether interactions of TTP with 5’ UTRs or coding sequences entail changes in RNA processing.




Figure 1 | Position of TTP binding sites identified in reported CLIP-Seq experiments employing immune cells. (A) CLIP-Seq experiment carried out using bone marrow-derived macrophages isolated from wild type mice (i.e. expressing solely endogenous TTP). Cells were stimulated for 3 h with LPS prior to CLIP-Seq which was based on thiouridine (4sU)-mediated crosslinking allowing crosslinking with 365 nm UV, i.e. mild conditions [(9)]. (B) CLIP-Seq experiment performed using immortalized bone marrow-derived macrophages isolated from TTP knockout mice and engineered to express doxycycline-inducible TTP. Cells were treated with doxycycline and stimulated for 1 h with LPS prior to CLIP-Seq [(65)]. (C) CLIP-Seq experiment carried out using bone marrow-derived macrophages isolated from mice expressing V5-tagged TTP from the endogenous locus (knock-in mice). Cells were stimulated for 4 h with LPS prior to CLIP-Seq [(67)]. (D) CLIP-Seq experiment carried out using CD4+ T cells from wild type mice [(i.e. expressing solely endogenous TTP)]. CD4+ T cells were polarized under Th1 conditions prior to CLIP-Seq [(66)]. 3’ UTR, 3’ untranslated region; 5’ UTR, 5’ untranslated region; CDS, coding sequence; ORF, open reading frame; ncRNA, non-coding RNA; DOX, doxycycline.



The CLIP-Seq data show that functional TTP bindings sites are located in 3' UTR. Remarkably, binding of TTP to 3’ UTR does not always cause destabilization of the target mRNA, as revealed in recent studies. This enigmatic and probably significant property of TTP is discussed further below.



Regulation of TTP

TTP function is regulated in multiple ways with many of them remaining poorly understood. Moreover, it is likely that some key regulatory events are still not known. Comprehensive knowledge about the regulation of TTP is critical for our understanding of the remarkably selective function of TTP in the immune system and for the control of inflammation in general. TTP is regulated at the level of transcription, mRNA stability, protein stability and by posttranslational modifications (31, 74–76). As far as we can say, all these mechanisms are critical for the appropriate extent, timing and selectivity of TTP-driven mRNA degradation. They act in concert to allow the immune system launching an efficient but not exaggerated inflammatory response.

TTP mRNA levels are low under steady state conditions but dramatically induced in response to inflammatory stimuli which are mostly associated with stress signaling. The increase in TTP mRNA levels is achieved mostly by transcriptional induction and to some extent also through mRNA stabilization. As an immediate early gene, TTP is transcriptionally activated rapidly after stimulation. The activation signals include growth factors, cytokines such as TNF, IL-4, IL-10, or IFN-γ, and bacterial products e.g. LPS (50, 77–80). The transcription factors involved in the transcriptional upregulation were characterized in few instances: IFNs, IL-10 and IL-4 drive TTP expression through STAT1, STAT3 and STAT6, respectively (78–80). STAT1 employs a GAS (Gamma interferon activation site) element which is conserved in the TTP promoter in mice and humans (78). This GAS element is likely involved also in response to IL-4 and IL-10. The activating signals often synergize to achieve maximal induction of TTP (78, 79).

Stabilization of TTP mRNA by p38 MAPK signaling contributes to induction of TTP expression (81). TTP mRNA contains AREs which interact with TTP protein suggesting that autoregulation is the mechanism underlying the low TTP mRNA stability. TTP mRNA is indeed moderately more stable in TTP knock-in mice expressing the zinc finger-inactivated mutant (69).

A central aspect of the regulation of TTP levels in cells is the control of TTP protein stability. TTP is continuously degraded in a proteasome-dependent way which appears to proceed without ubiquitination and is likely to involve the intrinsically unfolded N- and/or C-terminal domains (82, 83). The mechanism of this important process is not resolved and its elucidation would significantly advance our understanding of protein degradation in general. TTP protein stability increases by orders of magnitude upon phosphorylation of S52 and S178 (in mouse coordinates) (82, 84). Phosphorylation of these two residues is brought about by MK2, a kinase that is activated by p38 MAPK. Although the p38 MAPK/MK2-driven phosphorylation of S52 and S178 increases TTP protein stability and thereby positively regulates TTP levels, it inhibits the mRNA-destabilization activity of TTP. This phosphorylation-dependent TTP inhibition probably results from a combination of several processes: (i) S52 and S178 phosphorylation causes association of TTP with 14-3-3 proteins thereby preventing relocation of TTP to stress granules and processing bodies, (ii) 14-3-3 protein binding promotes export of TTP from the nucleus, (iii) S52 and S178 phosphorylation decreases association of TTP with the CCR4-NOT deadenylase, and (iv) MK2-dependent TTP phosphorylation diminishes TTP binding to RNA (85–88). Although the mechanistic details of the function of S52 and S178 phosphorylation are not fully understood, the biological consequences have been convincingly revealed by generation of double knock-in mice bearing S52A and S178A mutations in the TTP locus (89). These mice are unable to express high TTP protein levels, consistent with a rapid TTP protein degradation. Nevertheless, the mice are protected against LPS-induced systemic inflammation indicating that the S52A/S178A mutant acts as hyperactive TTP in vivo. The double knock-in mouse confirmed the previously proposed model of TTP function according to which p38 MAPK leads to accumulation of inactive (i.e. phosphorylated) TTP in the initial phase of inflammation. Later, i.e. in the resolution phase of inflammation, the gradual decrease of p38 MAPK activity releases TTP from its inhibited state thereby facilitating degradation of TTP target mRNAs (9, 55). In parallel, the diminishing phosphorylation accelerates proteasomal degradation of TTP rendering the cells responsive to a new inflammatory stimulus.

TTP contains more than 30 phosphorylation sites out of which only S52 and S178 have been functionally annotated in cells and animals (90). A recent quest for a better understanding of TTP phosphorylation has revealed MK2-dependent phosphorylation of T84, S85, T250, and S316 out of which the phosphorylation of S316 is the most robust one (91). Notably, S316 phosphorylation in not involved in regulation of TTP protein stability; instead, it appears to regulate interactions of TTP with the translation inhibition proteins (91). It will be exciting to see the progress in functional characterization of other phosphorylation sites as they likely impinge on TTP in unexpected ways.



To Degrade or Not to Degrade the Bound mRNA?

Transcriptome-wide mRNA stability studies coupled to CLIP-Seq analyses revealed that, surprisingly, TTP does not always cause degradation of the bound target. This has been convincingly demonstrated by employing bone marrow-derived macrophages expressing solely endogenous TTP (9). The study showed that 71% of mRNAs bound by TTP in their 3’ UTR are stable. A similar conclusion was drawn from CLIP-Seq and mRNA stability assays in HEK293 cells overexpressing TTP (92). These observations were supported by other CLIP-Seq studies employing primary cells (i.e. cells not overexpressing TTP) although the evidence was indirect as it was based on differential expression analysis (RNA-Seq) but not on transcriptome-wide mRNA stability assessments (66, 67). These unexpected results indicate that a more complex model of TTP action needs to be developed. The model will probably involve proteins acting in cis with TTP which prevent recruitment of the RNA degradation machinery to stable transcripts or facilitate such recruitment to unstable transcripts (Figure 2). This new concept could also involve yet uncharacterized TTP phosphorylation events; in this scenario a particular phosphorylation (activating or inactivating) would occur only on certain target mRNAs and/or subcellular locations. The advanced concept of TTP function might also consider a recently reported hypothesis that TTP stabilizes mRNA under certain circumstances: The dramatic induction of TTP following an inflammatory stimulus was proposed to generate a pool of free TTP that sequesters the RNA degradation machinery thereby preventing mRNA decay, but a direct evidence for this hypothesis was not provided (93).




Figure 2 | Model of functional and silent binding of TTP to mRNA. Model of possible mechanisms explaining how mRNA-bound TTP destabilizes some mRNAs but not others.



Related to the question of whether TTP destabilizes or not a specific subset of bound mRNAs are ribosome profiling data showing that TTP can affect mRNA stability but also inhibit translation (65–67). Particularly conclusive were studies employing primary macrophages and T cells, i.e. experimental systems expressing solely endogenous and naturally regulated TTP (66, 67). All these studies revealed transcript-selective effects of TTP on translation: some TTP target mRNAs were less abundant at polysomes while others were not depleted from polysomes. Negative regulation of translation has been also implicated in control of inflammatory gene expression in tumor-associated macrophages (94). All these data are consistent with an updated model of TTP function in which cis-acting and transcript-specific RBPs determine the final consequence of TTP binding to the target mRNA (Figure 2). This updated model is supported by the finding that TTP binds to the cytoplasmic poly(A)-binding protein and that such interactions are required for inhibition of translation by TTP in primary macrophages (67). The model will become more complex once data on tissue/cell type-specific functions of TTP are included. First data on biologically relevant cell type-specific effects of TTP have only recently become available: The mRNA coding for the IL-1β cytokine (Il1b mRNA) is destabilized by TTP in bone marrow-derived dendritic cells but not in bone marrow-derived macrophages despite strong binding to TTP (53). The regulation of Il1b expression by TTP is important in vivo as TTP-deficient mice show higher Il1b mRNA levels in several tissues. Moreover, genetic inactivation of IL-1 signaling in TTP-deficient animals ameliorates the TTP deficiency syndrome (53).

The extent of cell type-specific regulation of TTP activity can be indirectly estimated from a number of RNA-seq studies comparing mRNA levels in wild-type versus TTP knockout cells. For example, the levels of Tnf mRNA, the bona fide TTP target, are comparable in wild-type and TTP-deficient T cells, suggesting that TTP does not target Tnf mRNA for degradation in T cells in contrast to most other cell types (66). Similarly, Il6 mRNA, which is known to be bound and destabilized by TTP in bone marrow-derived macrophages (BMDMs) (55), is more highly expressed also in TTP-deficient dendritic cells (upon 3 h or 6 h LPS stimulation) and T cells (upon 4 h activation) but not in peritoneal neutrophils (53, 60). Reported RNA-seq expression data for selected TTP targets in primary immune cells (BMDMs, BMDCs, peritoneal neutrophils and T cells) from wild-type and TTP-deficient mice are summarized in Table 1. These data convincingly visualize that a comparison of mRNA levels does not provide a definitive information about the destabilization of a particular mRNA by TTP since indirect (possibly cell type-specific) effects of transcription can mask differences in mRNA stability. A good example is Il6 mRNA in T cells: while a short (4 h) activation results in 50% higher Il6 mRNA levels in TTP-deficient T cells as compared to controls, consistent with Il6 mRNA being destabilized by TTP, a 3-day activation causes TTP-deficient T cells to express 15% less Il6 mRNA than the control cells [Table 1 and (66)]. Thus, mRNA stability assays combined, whenever possible, with TTP binding analyses are required when defining a TTP target in a given cell type. A combination of transcriptome-wide mRNA stability and TTP binding assays has been so far reported only for BMDMs so that a comprehensive TTP target collection (searchable at https://ttp-atlas.univie.ac.at/) is available only for this cell type (9). Future studies should include transcriptome-wide mRNA stability analyses in other cell types.


Table 1 | Expression data (FPKMs or counts) of selected TTP targets in different immune cell types from wild type and TTP-KO mice.



In summary, these findings implicate that cell type-specific RBPs act together with TTP to stabilize or destabilize select TTP targets. Comprehensive biochemical studies including reconstitution assays are needed to precisely determine the underlying mechanisms. The results of these studies will be relevant for the entire TTP family, as the functional versus silent binding to target mRNA is important also for Zfp36l1 and Zfp36l2 (21, 95).



Outlook

Despite more than 25 years of research, TTP continues to represent an important and fruitful model for studies on RBPs in general and on the regulation of immune responses by RBPs in particular. Technological progress in recent years and advanced animal models were instrumental for the identification of novel regulatory facets and functional consequences of TTP which fundamentally improved our understating of physiological and pathological inflammation. Most of these new findings remain mechanistically poorly defined and represent challenging topics for future research. This will include analyses of TTP-containing protein complexes and yet uncharacterized phosphorylation sites which will help addressing the mechanism of functional versus silent binding of TTP to RNA. An underexplored area are tissue- and cell type-specific functions of TTP in vivo to answer the still incompletely understood phenotype of TTP-deficient mice. Finally, an attractive avenue is the exploitation of TTP and mRNA decay in therapy of inflammatory diseases and cancer.
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B cells and T cells are key players in the defence against infections and malignancies. To exert their function, B cells and T cells differentiate into effector and memory cells. Tight regulation of these differentiation processes is key to prevent their malfunction, which can result in life-threatening disease. Lymphocyte differentiation relies on the appropriate timing and dosage of regulatory molecules, and post-transcriptional gene regulation (PTR) is a key player herein. PTR includes the regulation through RNA-binding proteins (RBPs), which control the fate of RNA and its translation into proteins. To date, a comprehensive overview of the RBP expression throughout lymphocyte differentiation is lacking. Using transcriptome and proteome analyses, we here catalogued the RBP expression for human B cells and T cells. We observed that even though the overall RBP expression is conserved, the relative RBP expression is distinct between B cells and T cells. Differentiation into effector and memory cells alters the RBP expression, resulting into preferential expression of different classes of RBPs. For instance, whereas naive T cells express high levels of translation-regulating RBPs, effector T cells preferentially express RBPs that modulate mRNA stability. Lastly, we found that cytotoxic CD8+ and CD4+ T cells express a common RBP repertoire. Combined, our study reveals a cell type-specific and differentiation-dependent RBP expression landscape in human lymphocytes, which will help unravel the role of RBPs in lymphocyte function.
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Introduction

B cells and T cells are essential to eradicate microbial infections and malignant cells. Upon antigen recognition through their receptors, B cells produce antibodies and T cells produce cytokines and chemokines, respectively. Cytotoxic T cells also acquire the capacity to kill target cells. The critical contribution of these lymphocyte subsets to anti-microbial and anti-tumor responses was evidenced by the discovery of genetic mutations in humans that result in immune dysfunction in response to infections (1). Similarly, effective T cell responses are key for tumor immunosurveillance (2).

Importantly, tight regulation of B cell and T cell effector function is key for effective clearance of infections. The aberrant production of antibodies by B cells, and the overproduction of effector molecules by T cells has been correlated with several autoimmune disorders, including systemic lupus erythematosus, rheumatoid arthritis and multiple sclerosis (3–6). Likewise, patients suffering from severe disease upon COVID-19 infection developed auto-antibodies against type-I interferons (7), and an excess cytokine production in COVID-19 patients can result in organ dysfunction (8). Conversely, in chronic HIV infections or in tumors, T cells gradually lose their capacity to produce effector cytokines and to kill target cells (9, 10). These findings combined highlight the necessity to fine-tune the effector function of B cells and T cells.

To perform their effector function, B cells and T cells need to undergo an intricate process of differentiation. B cells differentiate into antibody-producing plasmablasts in germinal centers (GC), and upon pathogen clearance into long-lived memory B cells. Likewise, upon T cell priming, T cells differentiate into effector T cells, and upon pathogen clearance are maintained as memory T cells to ensure long-term production from recurring infections. In the past decennia, important insights have been obtained how B cells and T cell differentiate. In particular, the role of transcription factors and of metabolic regulators was extensively studied (11–14).

For appropriate lymphocyte differentiation, the regulators of differentiation processes must be produced at the right time and the right amount. In fact, gene dosage of transcription factors was shown to be key for B cell and T cell differentiation (15–18). This fine-tuning of gene expression is - at least in part - regulated by post-transcriptional events governed by RNA-binding proteins (RBPs) and non-coding RNAs (19, 20). RBPs control a plethora of processes. They orchestrate RNA splicing, RNA polyadenylation and the subsequent export from the nucleus to the cytoplasm (21, 22). RBPs can also modify the RNA (23). Furthermore, RBPs control mRNA localization, translation and stability. For instance, the RBPs ZFP36L1 and ZFP36L2 induce quiescence in developing B cells to allow for efficient B cell receptor rearrangement (24). ZFP36L1 is also required for the maintenance of the marginal-zone B cell compartment (25). For germinal center B cells that undergo cell cycle progression and affinity maturation, the expression of the RBP PTBP1 is key (26). In thymocytes, ZFP36L1 and ZFP36L2 dampen the DNA-damage response, which promotes their differentiation into mature T cells (27). In the periphery, Roquin suppresses T helper cell differentiation (28, 29). Also m6A modifications are important for T helper cell differentiation, as evidenced in mice lacking the methyltransferase METTL3 in T cells (30).

Not only T cell differentiation, but also T cell effector function is tightly regulated by RBPs. Genetic ablation of the RBP Regnase-1 reprogrammed CD8+ T cells into long-lived effector CD8+ T cells, resulting in increased tumour control (31). In a patient, a nonsense-mutation in ROQUIN-1 resulted in hyperinflammation, including hypercytokinemia in T cells and monocytes (32). Another example is ZFP36L2, which blocks the cytokine production in memory CD8+ T cells from pre-formed mRNA in the absence of activation signals, thereby preventing aberrant production of effector molecules (33).

Even though these examples clearly highlight the importance of RBPs in regulating gene expression in lymphocytes, studies have thus far only addressed the contribution of individual RBPs. The overall expression profile of RBPs in primary human B cells and T cells is not well-documented yet critical for our understanding of regulation of gene expression in lymphocytes.

In this study, we combined lists of previously experimentally defined and computationally predicted RBPs to generate a list of putative RBPs. As a proxy for RBP expression, we catalogued the mRNA and protein expression of these putative RBPs in primary human B cells and T cells. We observed clear differences of RBP expression levels between lymphocyte subsets. Furthermore, upon differentiation, the RBP expression profile significantly altered, which resulted in a shift of functional annotations of RBPs. Lastly, we identified an RBP signature that is specific for CD4+ T cells and CD8+ T cells with a high cytotoxic potential. In conclusion, RBP expression is lymphocyte-type specific and the RBP expression shows dynamic changes upon differentiation.



Results


RNA-Binding Proteins Are Abundantly Expressed in Human B and T Lymphocytes

To investigate the overall mRNA and protein expression of RBPs in human lymphocytes, we first generated a comprehensive list of putative RBPs. We included RBPs that were identified by RNA-interactome capture on multiple cell lines including, HEK293, HeLa-S3, MCF7, MCF10A, U2OS and Jurkat cells (34–36). This list was supplemented with computationally predicted RBPs based on the presence of a defined list of RNA-binding domains (RBDs) (36, 37). This compiled list resulted in 3233 unique putative RBPs (from here on defined as ‘RBPs’) (Figure 1A and Supplementary Table 1).




Figure 1 | Characterization of RNA-binding protein expression in human B and T lymphocytes. (A) Reference list of RNA binding proteins (RBPs) was generated by integrating experimentally validated RBPs (34–36) with computationally predicted RBPs based on the presence of a defined list of RNA-binding domains (36, 37). (B) RBPs that are detected in human lymphocytes at RNA level (left panel), at protein level (middle panel), and at both RNA and protein level (right panel). RNA: n=3-4 donors. Protein: 4 donors. (>0.1 TPM) (C) RNA abundance in transcript per kilobase per million (TPM) and protein abundance in protein copy number (CN) for all genes (gray) and RBPs (red) in human B cells and T cells. (D) Expression levels of RBPs detected at RNA level (left panel) and at protein level (right panel) was ranked according to expression levels. Names of the top 20 expressed RBPs are indicated. (E) Frequency of RNA-binding domains among the 2983 RBPs that were detected at RNA level. (F) Left panel: RBPs detected at RNA level in human B and T lymphocytes that are annotated for RNA splicing, stability, subcellular localization of RNA, RNA modification, and translation (dark blue), or for other processes (light blue). Right panel: Distribution of RBPs annotated for the five RNA-related processes as indicated. Each line depicts one RBP. TPM, Transcripts per kilobase per million; CN, Protein copy number.



To define the global RBP gene expression in human B and T lymphocytes, we compiled previously published RNA-sequencing (RNA-seq) data on human CD19+ B cell, CD4+ T cell and CD8+ T cell subsets that were isolated from the blood of 3-4 healthy human donors (38). On average, 12.5x106 reads per sample (range: 7.97x106-19.15x106 reads) could be mapped onto the human transcriptome. A total of 12,830 gene products (>0.1 TPM) were detected in all lymphocyte subsets combined. 2983 of the 3233 RBPs (92.3% of our reference list) were detected at the RNA level in human B and T lymphocytes (>0.1 TPM, Figure 1B and Supplementary Table 1), of which 2189 were identified in RNA-interactome capture studies and 794 were computationally predicted RBPs. The number of RBP transcripts in human B and T lymphocytes was similar to that of the epithelial cell line HeLa-S3 and the myelogenous leukemia cell line K562 cells, and overlapped for 90.1% [HeLa-S3: 2843 RBPs, K562: 2826 RBPs, Supplementary Figures 1A, B (39)].

To calculate the number of RBPs expressed at the protein level in B and T lymphocytes, we used previously published mass spectrometry (MS) data of B cell and T cell subsets of 4 donors (40) that were similarly prepared and selected as the ones in the RNA-seq dataset we used (38). In total, 9436 proteins were identified in all B cell and T cell subsets combined, of which 96.8% (9136 proteins) were also expressed at the RNA level (Supplementary Figure 1C). Overall, 2617 RBPs (80.9% of our reference list) were detected at the protein level (Figure 1B), and 2596 RBPs (80.2%) were detected at both RNA and protein level (Figure 1B). This high overlap corroborated with the overall high expression levels of RBPs (Figure 1C; p-value: 6.2e-12 for RNA and 2.1e-12 for protein). The top 20 expressed RBPs at RNA level included several ribosomal proteins (RPL3, RPL4, RPS3, RPS27), translation-related proteins (EEF1A1, EEF1G, EIF1) and splicing-related proteins DDX5 (41), SRSF5 (42), HNRNPA1 (43); Figure 1D). At the protein level, the top 20 expressed RBPs included the RNA stability-related protein [VIM (44)], the splicing-related protein HNRNPA2B1 (45), the ribosomal protein RPS27A, and the moonlighting RBPs ENO1 and GAPDH [Figure 1D (46, 47)].

We next determined which RNA-binding domains (RBDs) are present in the RBPs detected at the RNA level. Using previously reported RBDs [Supplementary Table 1 (36, 37)] and the protein families database [Pfam (48)], we detected a broad range of RBDs. (Supplementary Table 1). The top 20 RBDs included classical RBDs, such as the RNA-recognition motif (RRM; 5.8%, present in e.g. CELF2, CNOT4, ELAVL2, HNRNPLL and PABPC1) and the DEAD helicase motif (DEAD; 2.1%, present in e.g. DDX1, DDX10, DHX16). We also found a variety of zinc-finger protein domains, including the zinc-finger C2H2 (zf-C2H2; 3.2%, present in e.g. ZNF638, ZMAT3), zinc-finger metazoans (zf-met; 1.1%, present in e.g. ZFR2, TUT1), zinc-finger CCCH (zf-CCCH; 1.0%, present in e.g. ZFP36L1, RBM27, ZC3H10), zinc-finger CCHC (zf-CCHC; 0.5%, present in e.g. ZCRB1, CPSF4) and the zinc-finger Ran binding protein (zf-RanBP; 0.5%, present in e.g. RBM5, RBM10, Figure 1E). In addition, RBPs containing the top 20 RBDs were commonly identified using RNA-interactome capture studies (Supplementary Figure 1D). This included RBPs containing the zf-C2H2 domain, a known DNA-binding domain that has recently also been identified as a RNA binding domain (49, 50). 52.8% of the RBPs contained non-canonical RNA-binding domains (1574 RBPs; Figure 1E), which were by and large present in experimentally identified RBPs (Supplementary Figure 1D). These included ribosomal proteins (RPL18 and RPL5), the RNA processing molecule DUSP11, RNA splicing-related RBPs (AHNAK, PCF11, SNIP1, SCAF11, SNRNP40) and the exoribonuclease EXOSC3. A similar distribution of the top 20 RBDs was present in RBPs detected in HeLa-S3 and K562 cells (Supplementary Figure 1E), indicating that the RBD distribution is not a specific feature of lymphocytes.

RBPs regulate many processes, which includes RNA splicing, stability, subcellular localization of RNA, RNA modification, and translation (51). Using protein annotations from the human protein atlas database (52), we found that 1178 RBPs (41.7%) were annotated as regulators of at least one of these five RNA-related processes (Figure 1F, left panel), of which 24% were annotated for multiple RNA-related processes (Figure 1F, right panel). Combined, these data show that human lymphocytes express a wide variety of RBPs with a diverse set of RBDs.



Human B Cells and T Cells Have a Distinct RBP Signature

To determine whether and how RBP expression differed between B cells and T cells, we analyzed CD19+ B cells, CD4+ T cells, and CD8+ T cells separately in the RNA-seq and MS datasets employed in Figure 1. Overall, 2923 RBPs (97.0%) and 2551 RBPs (97.5%) were detected in all three subsets at the RNA and protein level, respectively (Supplementary Figures 2A, B and Supplementary Table 2). Only a few RBPs were detected in one specific cell type (Supplementary Figures 2A, B). B cells exclusively expressed members of the ribonuclease A super-family (RNASE1, RNASE2 and RNASE3) and the RBP DAZL. The RBPs RBM24 and PABPC3 were only detected in CD4+ T cells, and NCBPL2 and A1CF were specifically expressed in CD8+ T cells (Supplementary Table 2). At the protein level, 6 RBPs were specifically detected in CD19+ B cells, which included the ribonuclease RNASE7. The RBPs CPEB2, PAIB2B and TRMT44 were exclusively detected in CD4+ T cells, and the RBPs AICDA and HENMT1 were specifically detected in CD8+ T cells (Supplementary Table 2).

For the majority of RBPs detected in CD19+ B cells (85.1%, 2550 RBPs), CD4+ T cells (86.0%, 2571 RBPs) and CD8+ T cells (85.6%, 2560 RBPs) transcript and protein expression was co-detected (Supplementary Figure 2C). Only 425 RBPs, 386 RBPs and 400 RBPs, were only detected at the RNA level, and 22 RBPs, 31 RBPs and 32 RBPs at the protein level in CD19+ B cells, CD4+ T cells and CD8+ T cells, respectively (Supplementary Figure 2C and Supplementary Table 2). In line with the substantial overlap of RBPs co-detected at RNA and protein level, the correlation between the RNA and protein abundance for RBPs was high in CD19+ B cells (Pearson’s coefficient: 0.60), CD4+ T cells (Pearson’s coefficient: 0.60) and CD8+ T cells (0.61) compared to non-RBP genes (Pearson’s coefficients: 0.42-0.44, Supplementary Figure 2D).

We next questioned whether the global RBP expression differed between the three lymphocyte subsets. Principal Component Analysis (PCA) revealed that the RBP mRNA and protein expression alone separates B cells from T cells just as effectively as a PCA performed on all genes (Figure 2A and Supplementary Figure 2E). Differential expression (DE) analysis on all genes and protein, followed by filtering for RBPs, revealed clear differences between B cells and T cells. 695 and 644 DE RBPs (82.3% and 76.3% of the total DE RBPs) were found DE at the mRNA level between CD19+ B cells and CD4+ T cells, or CD8+ T cells, respectively (Figure 2B and Supplementary Table 2; LFC > 0.5; p-adjusted<0.01). CD4+ T cells and CD8+ T cells were more closely related, with only 68 DE RBPs (8.1% of all DE RBPs, Figure 2B and Supplementary Table 2). Of note, to prevent a bias towards DE genes with relatively low transcript abundance we utilized the lfcShrink function, which shrinks log2 fold change (LFC) values of genes with low counts [(53), see Methods]. RBP protein expression showed similar trends, with 40 and 24 DE RBPs between CD19+ B cells and CD4+ T cells or CD8+ T cells, respectively, and only 6 DE RBPs between CD4+ T cells and CD8+ T cells (Supplementary Figure 2F and Supplementary Table 2; LFC > 0.5; p-adjusted<0.05). 84.4% of the DE RBPs at protein level were also DE RBPs at RNA level (Supplementary Figure 2G). Indeed, unsupervised clustering of the DE RBPs clearly distinguished B cell- from T cell-associated RBP clusters (Figures 2C, D).




Figure 2 | Differential RBP expression between human B cells and T cells. (A) Principal component analysis (PCA) of RBP RNA (left panel) and protein (right panel) expression in CD19+ B cells, CD4+ T cells and CD8+ T cells (n=4 donors). Each dot depicts one specific B cell or T cell subset from each donor. (B) Volcano plots of all differentially expressed genes (gray) and of differentially expressed RBPs (DE RBPs) (red) between CD19+ B cells, CD4+ T cells and CD8+ T cells (LFC>0.5, P-adjusted<0.01). (C, D) Heatmap of unsupervised clustering of DE RBPs at RNA (C) or at protein level (D) in CD19+ B cells, CD4+ T cells and CD8+ T cells. Each column corresponds to one T/B cell differentiation subset of a donor (n=4 donors). (E) Log2 Fold Change (LFC) of RBP mRNA expression between CD19+ B cells and CD4+ T cells (y-axis) and between CD19+ B cells and CD8+ T cells (x-axis). Red dots depict RBPs that are significantly upregulated in B cells, and blue dots indicate RBPs significantly upregulated in CD4+ T cells and CD8+ (significant in both comparisons, LFC>0.5, P-adjusted<0.01). (F) Left panels: RBPs annotated for RNA splicing, stability, subcellular localization of RNA, RNA modification, and translation (dark colors) or for other processes (light colors) that are upregulated in CD19+ B cells (top row) or T cells (bottom row) as defined in (E) Middle panels: relative distribution between the 5 specific RBP classes. Right panels: Percentage of RBPs annotated for the indicated RNA-related biological processes.



To investigate the functional annotation of the DE RBPs, we focused on RBPs that were significantly higher expressed by either B cell or T cell populations (Figure 2E). We studied RBPs that are annotated regulators of RNA splicing, stability, subcellular localization of RNA, RNA modification, and translation, as defined by protein annotation from the human protein atlas database. Of note, although we focus on individual RNA processes, every known RNA-related function of each individual RBP was included in this analysis. We examined 107 (32.5%) of the B cell-associated RBPs and 49 (28.0%) of the T cell-associated RBPs (Figure 2F, left panel). The majority of these RBPs (B cell RBPs: 82.2%, T cell RBPs: 83.7%) were annotated for one function, and 17.8% and 16.3% for multiple functions for B cells and T cells, respectively (Figure 2F, middle panel). Interestingly, the relative distribution of RBPs annotated for these five RNA processes differed between B cells and T cells. Whereas 52.3% of RBPs in B cells were annotated for translation, this was only the case for 30.6% in T cells (Figure 2F, right panel). Conversely, only 17.8% was annotated for RNA splicing in B cells, but reached 30.6% in T cells (Figure 2F, right panel). In conclusion, the overt differential RBP expression between human B cells and T cells shown here possibly reflects a distinct distribution between different classes of RBPs.



RBP Expression Changes Upon B Cell Differentiation

Several B cell subsets can be found in the peripheral blood including naive B cells, memory B cells and plasmablasts (Figure 3A). Whereas plasmablasts produce vast quantities of antibodies and are short-lived, memory B cells are long-lived and for the most part quiescent (54). We found that the phenotypical differences between these three B cell subsets is echoed in their RBP expression profile. We identified 1308 DE RBPs at RNA level, and 96 DE RBPs at protein level between naive B cells, memory B cells and plasmablasts (Supplementary Figures 3A, B and Supplementary Table 3). 69.1% of the DE RBPs at protein level are detected also at the RNA level (Supplementary Figure 3C). In particular, although only 151 DE RBPs were found between naive and memory B cells, plasmablasts showed a distinct RBP profile, with 1185 and 891 DE RBPs between naive or memory B cells and plasmablasts, respectively (Supplementary Figure 3A and Supplementary Table 3). The top 20 DE RBPs at both the RNA and protein level spanned a wide range of abundance, and included RRM2, APOBEC3B, METTL5 and LGALS3 (Figures 3B, C and Supplementary Table 3). Hierarchical clustering of DE RBPs at RNA level revealed three clusters between B cell subsets (Figure 3D and Supplementary Table 3). 188 RBPs were highly expressed in plasmablasts (cluster 1), 541 RBPs were highly expressed in memory B cells (cluster 2) and cluster 3 with 579 RBPs were highly expressed in naive and memory B cells, respectively (cluster 3). Hierarchical clustering on protein levels revealed similar differential RBP expression patterns (Figure 3E). Within these three clusters of DE RBPs at the RNA level, we isolated RBPs annotated for RNA splicing, stability, subcellular localization of RNA, RNA modification, and translation. This included 67 (35.6%) RBPs in cluster 1, 204 (44.4%) RBPs in cluster 2, and 214 (37%) RBPs in cluster 3 (Figure 3F, left panel). Again, 75-78% of the RBPs was annotated for one function (Figure 3F, middle panel), and the prime annotation of RBPs was translation in all three clusters (Figure 3F, right panel). Interestingly, whereas RBPs annotated for RNA splicing were also abundant in naive and memory B cell subsets with 31.3% and 40.2%, respectively, plasmablasts (cluster 1) contained only 6.0% RBPs annotated for RNA splicing (Figure 3F, right panel). Instead, 44,8% of RBPs expressed in plasmablasts annotated for RNA transport (Figure 3F, right panel). STRING-analysis on splicing-related RBPS from cluster 3 (naive-memory B cells) revealed networks consisting of known splicing factors, such as the SR protein family members SRSF1, SRSF4, SRSF3, SRSF6, in addition to NUDT21 and HNRNPLL (Figure 3G). For transport-annotated RBPs from cluster 1 (plasmablast), the interaction networks included the RBP SLBP, which regulates mRNA export (55), and the RBP TST, which regulates the transport of ribosomal RNA [Figure 3H (56)].




Figure 3 | RBP expression alters upon B cell differentiation. (A) Diagram depicting the analysed CD19+ B cell subsets. (B, C) Expression levels of RBPs detected in B cells at RNA level (B) and at protein level (C), ranked according to expression levels. Red dots indicate the top 20 most differentially expressed RBPs, ranked on Log2 Fold Change). (D, E) Heatmap of unsupervised clustering of DE RBPs at mRNA (D) and at protein level (E) between naive CD19+ B cells, memory CD19+ B cells and plasmablasts. n=4 donors. (F) Left panels: RBPs annotated for RNA splicing, stability, subcellular localization of RNA, RNA modification, and translation (dark colors) or for other processes (light colors) in the three clusters defined in (D). Middle panels: relative distribution between the 5 specific RBP classes. Right panels: Percentage of RBPs annotated for the indicated RNA-related biological processes. (G, H) String analysis on splicing-related RBPs (G) identified in cluster 3 and on RNA transport-associated RBPs (H) identified in cluster 1. TPM, Transcripts per kilobase per million; CN, Protein copy number.



Gene Ontology (GO) analysis on the DE RBPs identified in cluster 2 and 3 showed a shared enrichment of GO-terms associated with various RNA-related processes, including RNA splicing, translation and RNA processing, while cluster 1 showed an enrichment of the GO-term associated with translation (Supplementary Figure 3D and Supplementary Table 7). Cluster 3 displayed a moderate enrichment for GO-terms related to RNA stability (3’-UTR-mediated mRNA, mRNA destabilization) and regulation of RNA splicing (mRNA splice site selection, positive regulation of RNA splicing, negative regulation of RNA splicing; Supplementary Figure 3D and Supplementary Table 7). In conclusion, the RBP expression differs between B cell subsets, and involves different types of post-transcriptional regulatory functions.



RBP Expression Changes Upon CD4+ T Cell Differentiation

Naive T cells (Tnaive) undergo differentiation into effector T cells, which are rarely found in the peripheral blood of healthy donors (57). Rather, central memory (Tcm) and effector memory (Tem) CD4+ T cell subsets, which develop during the course of infections, are present in the blood and differentially contribute to recall responses upon recurring infections [Figure 4A (58)]. Similar to B cells, we find RBPs differentially expressed in the CD4+ T cell subsets Tnaive, Tcm and Tem at RNA (n=774), and at protein level (n=115; Supplementary Figures 4A, B and Supplementary Table 4). 48% of the DE RBPs at protein level are detected also at the RNA level (Supplementary Figure 4C). The top 20 DE RBPs included RBPs such as, APOBEC3H and PAPBC3 (RNA level) and OASL and ANXA2 (protein level, Figures 4B, C and Supplementary Table 4).




Figure 4 | RBP expression alters upon CD4+ T cell differentiation. (A) Diagram depicting the analysed CD4+ T cell subsets. (B, C) Expression levels of RBPs detected at RNA (B) or protein level (C) in human CD4+ T cells ranked according to expression levels. Red dots indicate top 20 most differentially expressed RBPs based on Log2 Fold Change. (D, E) Unsupervised clustering of DE RBPs at RNA (D) or at protein level (E) between naive (Tnaive), central memory (Tcm) and effector memory (Tem) CD4+ T cells depicted in a heatmap. RNA: n=5 donors, protein: n=4 donors. (F) Left panels: RBPs annotated for RNA splicing, stability, subcellular localization of RNA, RNA modification, and translation (dark colors) or for other processes (light colors) in the three clusters defined in (D). Middle panels: relative distribution between the 5 indicated RBP classes. Right panels: Percentage of RBPs annotated for indicated RNA-related biological processes. (G, H) String analysis on translation-related RBPs (G) identified in cluster 3 and on RNA transport-associated RBPs (H) identified in cluster 2. TPM, Transcripts per kilobase per million; CN, Protein copy number.



Hierarchical clustering of the DE RBPs revealed three clusters (Figures 4D, E), with cluster 1 (Tnaive) containing 145 RBPs, cluster 2 (Tem) containing 366 RBPs, and cluster 3 (Tcm) containing 263 RBPs (Supplementary Table 4). This differential expression of RBPs was also apparent at the protein level (Figure 4E, 115 DE RBPs, Supplementary Table 4). To gain more insights into the biological processes of the RBPs in the different clusters, we performed Gene Ontology (GO) analysis (Supplementary Table 7). Whereas metabolic processes were enriched in all three clusters, cluster 2 and 3 were enriched for GO-terms associated with translation (translation initiation, cytoplasmic translation) and with RNA transport (Supplementary Figure 4D and Supplementary Table 7). Cluster 2 also showed a moderate enrichment for RBPs associated with regulation of RNA stability (RNA destabilization, 3’-UTR-mediated mRNA destabilization; Supplementary Figure 4D and Supplementary Table 7).

When we specifically isolated RBPs annotated for RNA splicing, stability, subcellular localization of RNA, RNA modification, and translation, we found that 103 (39.2%) RBPs of the DE RBPs belong to these 5 RBP classes in cluster 1, 148 RBPs in cluster 2 (40.4%) and 84 RBPs in cluster 3 (57.9%) (Figure 4F, left panels). Only a fraction of RBPs is associated with more than one of these functions (cluster 1: 17.5%, cluster 2: 26.4%, cluster 3: 25%; Figure 4F, middle panel). When CD4+ T cells differentiate, the relative distribution of functional RBP annotation alters. 83.3% of the RBPs associated with the 5 RBP classes were linked to translation in cluster 3 (Tcm), compared to 51.5% and 43.2% in cluster 1 (Tnaive) and cluster 2 (Tem), respectively (Figure 4F, right panels). Conversely, in cluster 2 (Tem), the percentage of RBPs annotated for RNA transport are with 41.2% primarily found in cluster 2 and much less so in cluster 2 and 3 with 15.5% and 13.1%, respectively (Figure 4F, right panels). STRING-analysis on the translation-related RBPs of cluster 3 revealed an enrichment of 53 ribosomal proteins and of other translation-associated RBPs, such as PABPC1, YBX1 and FAU (Figure 4G). The RNA-transport-related RBPs of cluster 2 included the mRNA export-associated RBPs DDX19B, SARNP, MAGOH and THOC2 (Figure 4H). Combined, our findings reveal that the RBP expression landscape changes throughout CD4+ T cell differentiation, which results in a relative enrichment of specific RBP classes in different CD4+ T cell subsets.



RBP Expression Changes Upon CD8+ T Cell Differentiation

We then focused on the CD8+ T cell differentiation subsets. Our dataset also included effector CD8+ T cells (Teff), which was included in the analysis, in addition to Tnaive, Tcm and Tem CD8+ T cell subsets (Figure 5A). 707 RBPs were differentially expressed at the RNA level between Tnaive, Tcm and Tem and Teff, and 115 RBPs at the protein level (Supplementary Figures 5A, B and Supplementary Table 5). 44.1% of DE RBPs at protein level were also detected at the RNA level (Supplementary Figure 5C). The top 20 DE RBPs included RBPs like JAKMIP1 and OASL (RNA level) and EIF4EBP3 and FLNB (protein level, Figures 5B, C and Supplementary Table 5). Hierarchical clustering of RBP expression resulted 3 clusters (Figure 5D). Cluster 1 contained 297 RBPs highly expressed in Tem and Teff CD8+ T cells (Figure 5B and Supplementary Table 5). Cluster 2 (176 RBPs) also included Tem an Teff CD8+ cells, and to a lesser extent in Tcm cells. Cluster 3 (234 RBPs) included primarily Tnaive cells, but also Tcm cells (Figure 5B and Supplementary Table 5). Similar clusters were identified at RBP protein level (Figure 5E, 177 DE RBPs, Supplementary Table 5).




Figure 5 | RBP expression alters upon CD8+ T cell differentiation. (A) Diagram depicting the analysed CD8+ T cell subsets. (B, C) Expression levels of RBPs detected at RNA (B) and at protein level (C) in human CD8+ T cells ranked according to expression levels. Red dots indicate top 20 most differentially expressed RBPs based on Log2 Fold Change. (D, E) Unsupervised clustering of DE RBPs at RNA (D) or protein level (E) between naive (Tnaive), central memory (Tcm), effector memory (Tem) and effector (Teff) CD8+ T cells depicted in a heatmap. n=4 donors. (F) Left panels: RBPs annotated for RNA splicing, stability, subcellular localization of RNA, RNA modification, and translation (dark colors) or for other processes (light colors) in the three clusters defined in (D). Middle panels: relative distribution between the 5 indicated RBP classes. Right panels: Percentage of RBPs annotated for indicated RNA-related biological processes. (G, H) String analysis on translation-related RBPs (G) identified in cluster 3 and on RNA transport-associated RBPs (H) identified in clusters 2 and 3. TPM, Transcripts per kilobase per million; CN, Protein copy number.



In CD8+ T cell subsets, 67 RBPs in cluster 1 (38.1%), 84 RBPs in cluster 2 (35.9%), and 143 RBPs in cluster 3 (48.1%) were annotated as regulators of RNA splicing, stability, subcellular localization of RNA, RNA modification, or translation (Figure 5F, left panels), with a minority of RBPs (20-28%) linked to multiple functions (Figure 5F, middle panels). We found that cluster 3 was relatively enriched for translation-associated RBPs (71.3%), compared to cluster 1 and cluster 2 with 34.5% and 44.8%, respectively (Figure 5F, right panels). Conversely, cluster 1 and 2 were enriched for RBPs associated with RNA transport (cluster 1: 43.3%, cluster 2: 46.4%), and this RBP class was 12.6% only minor in cluster 3 (Figure 5F, right panels). STRING-analysis on translation-associated RBPs from cluster 3 revealed the interaction network between 56 ribosomal proteins and 10 eukaryotic translation initiation factors (Figure 5G). The RNA-transport associated RBPs in cluster 2 and 3 included RBPs involved in RNA export (THOC5 (59) and SARNP (60), Figure 5H).

Gene Ontology (GO) analysis on the DE RBPs also showed in cluster 3 - in addition to catabolic processes - an enrichment of GO-terms associated with translation, i.e. cytoplasmic translation, translation initiation and positive regulation of translation (Supplementary Figure 5D and Supplementary Table 7). Cluster 1 displayed a moderate enrichment for GO-terms related to RNA stability (3’-UTR-mediated mRNA destabilization, regulation of mRNA stability, Supplementary Figure 5D and Supplementary Table 7). In conclusion, CD8+ T cells change their RBP expression landscape throughout differentiation, with specific RBP classes enriched in different CD8+ T cell subsets.



Specific RBP Expression Associates With T Cell Cytotoxicity

T cells can acquire cytotoxic function when they differentiate into effector cells. Importantly, whereas CD8+ T cells are generally classified as cytotoxic, not all CD8+ T cells display cytotoxic features (61–63). Conversely, a subset of human CD4+ T cells also shows cytolytic features (64–66). We therefore sought to identify RBPs that were associated with a high cytotoxic capacity in human CD8+ T cells and CD4+ T cells. As source of T cells, we used previously published single-cell RNA-seq (scRNA-seq) data on blood-derived human CD8+ and CD4+ T cells (67–69).

Because only memory and effector T cells can be cytotoxic, we excluded naive T cells from our analysis based on their high gene expression of CCR7, LEF1 and SELL (Supplementary Figures 6A–D). We then identified and integrated the expression of 8 cytotoxic genes (9) i.e. FGFBP2, GZMB, GZMH, PRF1, NKG7, CX3CR1, GNLY and ADGRG1 into a cytotoxic score (see Methods; Figure 6A and Supplementary Figures 6E, F). Dimensional reduction analysis revealed that CD8+ and CD4+ T cells with a low (bottom 10%) or high cytotoxic score (top 10%) form two distinct clusters (Figures 6B, C). High expression of ITGB1 in CD8+ and CD4+ T cells with a high cytotoxic score confirmed the selection for cytotoxic T cells [(61, 64), Figures 6D, E]. In addition, 16 RBPs were significantly upregulated in CD8+ T cells with a low cytotoxic score, whereas 36 RBPs were preferentially expressed in CD8+ T cells with a high cytotoxic score (Figure 6D and Supplementary Table 6; LFC>0.5; P-adjusted<0.01). Likewise, 87 RBPs and 41 RBPs were upregulated in CD4+ T cells with a low and with a high cytotoxic score, respectively (Figure 6E and Supplementary Table 6).




Figure 6 | Cytotoxic CD4+ and CD8+ T cells share an RBP expression profile. (A) Diagram indicating the cytotoxic gene signature shared by CD4+ T cells and CD8+ T cells as defined in Supplementary Figures 6E, F. (B, C) Uniform Manifold Approximation and Projection (UMAP) plot on non-naive CD8+ T cells (B) and CD4+ T cells (C) with a high (top 10%, red) or low (bottom 10%, green) cytotoxic score. (D, E) Volcano plot d DE RBPs (red) and other genes (gray) between non-naive CD8+ T cells (D) and CD4+ T cells (E). Blue dot depicts ITGB1. (F) Log2 Fold Change values for RBPs with a high or low cytotoxic score of non-naive CD4+ T cells (y-axis) and non-naive CD8+ T cells (x-axis). Red and green dots indicate DE RBPs associated with a high and low cytotoxic score in both T cell types (LFC>0.5 P-adjusted<0.05). (G, H) Violin plots depicting expression levels and expression density of selected RBPs in CD8+ T cells (G) or CD4+ T cells (H) with a high (top 10%), intermediate (10-90%) or low (bottom 10%) cytotoxic score.



Intriguingly, the differential RBP expression between CD8+ and CD4+ T cells with a low or high cytotoxic score was strikingly similar (Figure 6F). 13 RBPs were upregulated in CD8+ and CD4+ T cells with a low cytotoxic score (Figure 6F), which included 8 ribosomal proteins, e.g. RPL13A, RPL10 and RPL4 which are accessory to the translation regulation (70), and the translation initiation factor EEF1G (Figures 6G, H). 25 RBPs that were upregulated in both CD8+ and CD4+ T cells with a high cytotoxic score (Figure 6F) included cytidine deaminases APOBEC3G and APOBEC3C, the poly(G) binding protein ANXA2 (71), the viral dsRNA binder OASL (72) and the translational repressor PATL2 [Figures 6G, H (73)]. In summary, CD8+ and CD4+ T cells with a high cytotoxic potential express a specific set of RBPs.




Discussion

In this report, we catalogued the transcript and protein expression of putative RBPs in human B cells and T cells. We found that the overall expression pattern of RBPs is remarkably well conserved between lymphocytes and HeLa-S3 and K562 cells (>90% overlap), and >97% of the RBPs were co-detected in B cells, CD4+ and CD8+ T cells. Nonetheless, differential expression analysis of RBPs clearly distinguishes B cells from T cells. RBP expression also alters during differentiation. This finding suggests - similar to what is observed for transcription factors (15, 16) - that the relative abundance of RBPs defines the fate of RNA and of translation into proteins, and thus the differentiation status of lymphocyte subsets.

Intriguingly, the differential expression of RBPs upon lymphocyte differentiation resulted in a shift of functional annotations of the expressed RBPs. For instance, plasmablasts are enriched for RBPs annotated for RNA transport, a feature that may support their antibody producing function. Effector and effector memory type CD4+ and CD8+ T cells also showed a preference of RBPs annotated for RNA transport, albeit to a lesser extent. Conversely, central memory CD4+ T cells, and naive and central memory CD8+ T cells preferentially express RBPs that are annotated for translation regulation. Even though this finding may be counter-intuitive, it is important to note that quiescent naive or memory T cells continuously receive signals that drive their survival and their state of alertness for activation (74). Indeed, recent studies indicated a tight gene-specific regulation of translation in naive T cells (75–78), and the concept of translational preparedness of naive and memory T cells (75). It is therefore tempting to speculate that the enrichment for RBPs involved in translation regulation we find here contributes to the translation control in naive and memory T cells. Tem cells were also enriched for RBPs involved in RNA stability. This finding correlates with our previous observations that RNA stability is a key driver in defining the magnitude and duration of cytokine production in T cells and that the strength and type of signal a T cell receives defines the level of RNA stability (79–81). We therefore hypothesize that RBPs defining RNA stability are critical to modulate the T cell effector function and are therefore enriched in Tem cells.

Although significant differences in RBP mRNA expression were observed upon lymphocyte differentiation, these differences were not reflected to the same extent at the protein level. This discrepancy can be partially attributed to post-transcriptional regulation of RBPs as previously described (82). Secondly, quantitative proteomics analysis is less sensitive and may thus have a decreased ability to detect low abundance proteins (83). More in depth studies of specific DE RBPs will thus be required to determine whether the difference in RNA abundance is also echoed at the protein level.

Also, cytotoxic T cells display a unique RBP expression profile. Compared to non-cytotoxic T cells, cytotoxic T cells express lower mRNA levels of several ribosomal proteins. Whether the differences at the mRNA level for ribosomal proteins is also reflected at the protein level is still unknown. In addition, whether some of these ribosomal proteins display any transcript specificity, as was shown for RPL10A and RPS25 (70), remains to be defined. Interestingly, a T-cell specific loss of Rps26 did not affect overall translation rates, but rather increased p53 signalling, and thus resulted in cell death (84). A significant increase of p53 expression was also observed in HeLa cells upon knock down of 24 out of 80 ribosomal proteins and has been attributed to the accumulation of free ribosomal proteins in the nucleus (85, 86). This decreased viability will thus impede the study of at least a subset of ribosomal proteins in T cells.

Cytotoxic T cells also exhibited an increased expression of the mRNA cytidine deaminases APOBEC3C and APOBEC3G. Previous studies reported that APOBEC expression increases upon T cell activation (87), which was primarily associated with viral restriction (88). It is also conceivable that increased APOBEC expression is involved in regulating the fate of endogenous mRNAs in cytotoxic T cells. Interestingly, the specific RBP profile linked to cytotoxicity is shared by CD4+ T cells and CD8+ T cells, a feature which may point to a similar differentiation program towards cytotoxicity.

RNA-binding proteins are critical mediators in shaping lymphocyte differentiation and effector function (24–28, 30–33). The RBP expression catalogue we provide here should help to further dissect the role of RBPs in B cell and T cell differentiation and function. It is important to note that this RBP catalogue primarily serves as a resource, and thus as a starting point for uncovering the RBP-mediated regulation in lymphocyte differentiation. Indeed, whether alterations in the RBP signature during lymphocyte differentiation are the cause or consequence of differentiation is yet to be determined. Furthermore, RBP expression by itself cannot be interpreted as direct interaction of RBPs with RNA. In fact, RNA interactome capture in cell-cycle arrested U2OS cells revealed that increases in protein abundance of some RBPs did not result in increased RNA binding (89). In addition, the regulation of RBPs is highly context-dependent and is most likely variable between cell types (90). The recent development of novel RNA interactome capture methodologies will be instrumental in identifying the RBPs that truly interact with RNA in human lymphocytes (89, 91, 92).

RBP interactions with RNAs can be highly versatile and are subject to rapid changes upon extrinsic signals. For instance, the RBP ZFP36L2 is expressed to a similar extent in memory T cells and re-activated T cells, yet only blocks translation in resting memory T cells (33). Similarly, a large fraction of ribosomal proteins does not interact with ribosomal RNA. The mode of action of these non-ribosomal RNA binding ribosomal proteins (RPs) is to date enigmatic and requires further investigation. Lastly, in addition to classical RBPs, recent studies have revealed the presence of enigmatic RBPs, which are primarily annotated for other cellular, non-RNA binding related functions. This is exemplified by metabolic enzymes from the tricarboxylic acid (TCA) cycle (93–95). Their relative contribution to RNA regulation during lymphocyte differentiation and effector function is yet to be experimentally confirmed. Nonetheless, the role of RBPs in genetic diseases is becoming appreciated (96), and defining the RBP expression presented in the study presented here may contribute to deciphering dysregulated RBP expression and function also in immune-related diseases.



Material and Methods


Data Sets

Raw RNA-sequencing (RNA-seq) data were retrieved from the gene expression omnibus repository (GEO, NCBI) or from the European Nucleotide Archive (ENA). Data from CD19+ B cells and from B cell differentiation subsets (n=4 donors with 4 B cell populations each), from CD4+ T cells (n=3-4 donors with 7-8 CD4+ T cell populations each) and CD8+ T cells and respective differentiation subsets (n=4 donors with 4 CD8+ T cell populations each) were retrieved from Monaco et al. [(38); accession number: GSE107011)]. RNA-sequencing libraries from Monaco et al. (38) were composed of poly(A) enriched RNA. RNA seq data of CD4+ T cell subsets (n=5 donors with 3 CD4+ T cell populations each) were retrieved from Ranzani et al. [(97); PRJEB5468]. RNA-sequencing libraries from Ranzani et al. (97) consisted of poly(A) enriched RNA. RNA-seq data of HeLa-S3 cells and K562 cells were obtained from Martinez et al. [(39); GSE125218] and were comprised of RNA-sequencing libraries composed of poly(A) enriched RNA. Quantitative mass spectrometry (MS) data, consisting of imputed label-free quantification (LFQ) and protein copy numbers (CN), were retrieved from Rieckmann et al. (40) and encompassed CD19+ B cells, CD4+ and CD8+ T cells and their respective differentiation subsets (n=4 donors). Data sets were selected based on using near identical markers for selecting lymphocyte subsets: Lymphocyte subsets in the RNA-seq and MS data sets were prepared as follows: CD19+ B cells: naive (RNA-seq: CD27- IgD+, MS: CD27- Mitotracker-), memory (RNA-seq: CD27+ CD38- IgD-, MS: CD27+ CD38- Mitotracker-) and plasmablasts (RNA-seq: CD27+ CD38+ IgD-, MS: CD27+ CD38+ Mitotracker-); CD4+ T cells: naive (RNA-seq: CCR7+ CD45RA+ CD45RO-, MS: CCR7+ CD45RA+), memory (RNA-seq: CCR7+ CD45RA- CD45RO+, MS: CCR7+ CD45RA-), and effector memory (RNA-seq: CCR7- CD45RA- CD45RO+, MS: CCR7+ CD45RA-); CD8+ T cells: naive (CCR7+ CD45RA+), memory (CCR7+ CD45RA-), effector memory (CCR7- CD45RA-) and effector CD8+ T cells (CCR7- CD45RA+).

Single-cell RNA-sequencing (scRNA-seq) data of blood-derived CD4+ and CD8+ T cells were retrieved from the GEO repository: Zheng et al. (69); GSE98638, Guo et al. (67); GSE99254, Zhang et al. (68); GSE108989.



RBP Reference List

The list of annotated human RNA-binding proteins (RBPs) was created by aggregating published data of RNA interaction capture assays that were performed on HEK293, HeLa, MCF7, MCF10A, U2OS and Jurkat cells (34–36), which resulted in a list of 2356 RBPs. This list was supplemented with 977 computationally identified RBPs from Gerstberger et al. (37), and the EuRBP-DB (36), http://eurbpdb.syshospital.org/, accessed on 19-11-2019. This RBP list with 3333 proteins was manually curated to exclude histones (18 histones), possible contaminants (ITGA1 and ITGB1), and mitochondrial RBPs (80 RBPs), resulting in a list of 3233 RBPs.



RNA-Sequencing Analysis

RNA-sequencing reads were quasi-mapped using Salmon [version 1.0 (98)] onto the human coding transcriptome GRCh38 from Gencode (v36, May 2020). Of the CD4+ T cell, CD8+ T cell and CD19+ B cell samples retrieved from Monaco et al. (38), an average of 12.5 x 106 reads was quasi-mapped onto the human coding transcriptome. For the CD4+ T cell differentiation samples, retrieved from Ranzani et al. (97), an average of 11.4 x 106 reads was quasi-mapped onto the human coding transcriptome. Transcript-level estimates were imported and summarized to the gene-level by using the tximport function [tximport package, version 1.16.1 (99)]. To define the overall expression of RBPs subsets were grouped together as indicated. Differential gene expression analysis was performed on all detected genes using DESeq2 [version 1.28.1 (53)]. P-value was adjusted using the Bejamini-Hochberg procedure. Log2 fold change values were adjusted using the lfcShrink function, which is part of the DESeq2 package. Genes were considered differentially expressed with an absolute log2 fold change (LFC) >0.5 and a p-adjusted <0.01. RBPs that were differentially expressed were filtered from the list of differentially expressed genes. For differential gene expression analysis of total B cells, CD4+, and CD8+ T cells populations, we averaged the RNA-seq counts of differentiation subsets per donor. TPM (transcript per kilobase per million) counts were calculated by Salmon and used for plotting. Of note, TPM counts are corrected for library depth, library size, and transcript length, and thereby allow a fair comparison between populations. The number of detected RBPs per cell type, and the RBP expression rank were based on averaged TPM per cell type. Top 20 differentially expressed proteins were identified based on the log2 fold change values.



Single Cell RNA-Seq Data Analysis

ScRNA-seq datasets were analysed using Seurat [version 4.0.1 (100)]. Count matrices of (67–69) were filtered for “PTC”, corresponding to peripheral blood-derived CD8+ T cells (CD3+CD8+). To identify conventional blood-derived CD4+ T cells, count matrices of references (67–69) were filtered for “PTH” (CD3+CD4+CD25-) and “PTY” (CD3+CD4+CD25int). To correct for dataset specific effects from the three individual scRNA-seq datasets, we employed a published scRNA-seq data integration method (101). The inter-individual donor batch-effect was corrected using the vars.to.regress argument in SCTransform (Seurat v4). Unsupervised clustering was performed on Uniform Manifold Approximation and Project (UMAP) dimensional reduction using the top 30 principal components (PCs). Cells expressing high levels of naive T cell associated genes like CCR7, LEF1 and SELL (102, 103) were excluded from downstream analysis. Differential gene expression analysis was performed using the Model-based Analysis of Single-cell Transcriptomics (MAST) test (104). Genes were considered differentially expressed based on a p-adjusted < 0.05 and an absolute log2 fold change > 0.5.



Cytotoxic Score Calculation

The cytotoxic score of CD4+ T cells and CD8+ T cells was obtained from the scRNA-seq data by selecting for the top 7 most correlated (Pearson’s correlation) genes with FGFBP2 expression (9). (Supplementary Figures 6A, B). To obtain the cytotoxic score for each cell, a Z-score of expression for each of the 8 cytotoxic genes (FGFBP2, GZMB, GZMH, PRF1, NKG7, CX3CR1, GNLY and ADGRG1) was calculated for the whole dataset. Z-scores from all 8 genes were averaged per cell and served as the cytotoxic score. Cells with high (top 10%), intermediate (10-90%) or low (bottom 10%) cytotoxic score were selected and used for analysis.



Mass Spectrometry Analysis

Differential protein expression analysis was performed with Differential Enrichment analysis of Proteomics data (DEP) [version 1.12.0 (105)] using the imputed LFQ values. LFQ values of all detected proteins were used for differential protein expression analysis. Proteins were considered differentially expressed with a p-adjusted value < 0.05 and an absolute log2 fold change > 0.5. RBPs that were differentially expressed were filtered from the list of differentially expressed proteins. Protein abundance was presented in CN values and were filtered for expression levels (CN > 1). The number of RBPs detected among the different cell types was based on averaged CN values across cell types obtained from 4 donors. RBP rankings according to protein abundance was performed by using averaged CN values per cell type. The top 20 differentially expressed proteins were identified based on the log2 fold change values.



RBD Annotation

RNA-binding domain names were obtained from Gerstberger et al. (2014) and Liao et al. (2020). The existence of each RNA-binding domain was verified and updated based on information present in the protein families database [Pfam (48)] (Supplementary Table 1). Proteins containing RNA-binding domains were obtained from the PFAM database. When RBPs contained more than one RBD, each RBD was counted and included in the analysis. Human Protein Atlas annotations [HPA, https://www.proteinatlas.org on 28-03-2021 (52)] were used to classify proteins associated with RNA modification (keywords: “RNA AND Modification”), RNA splicing (keywords: “Spliceosome”), RNA stability (keywords: “RNA AND Stability”), RNA transport (keywords: “RNA AND Transport”), and Translation (keywords: “Translation”). Protein-protein association networks were generated using the STRING database [https://string-db.org/ (106)]. Gene ontology analysis was performed with the Panther database [version 16.0 (107)] on differentially expressed RBPs. A statistical overrepresentation test (Fisher’s exact with FDR multiple test correction) was performed with a reference list composed of all Homo Sapiens genes in the database. Overrepresented GO terms (FDR<0.05) were filtered for RNA-related functions. Full lists of overrepresented GO terms are provided in Supplementary Table 7.



Plots and Graphs

Plots and graphs were generated using ggplot2 [version 3.3 (108)]. Principal components analysis was performed using the plotPCA function from DESeq2 (53). Heatmaps were generated using the Pheatmap package [version 1.0.12 (109)] in R (version 4.0.3). Venn diagrams were generated using the Venn diagram tool from the University of Gent (accessed at http://bioinformatics.psb.ugent.be/webtools/Venn/).
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Toll-like receptors (TLRs) are canonical cell membrane receptors functioning to recognize pathogens and transduce signals to activate immune responses. It has been known that Toll3 in Pacific white shrimp Litopenaeus vannamei (LvToll3) plays a critical role in antiviral immunity by inducing the transcription of interferon regulatory factor (IRF), which mediates a signaling axis that is similar to the interferon system of vertebrates. However, the regulatory mechanism of the Toll3-IRF signaling is still unclear. In this study, a novel microRNA (miRNA) of miR-10 family, temporarily named as miR-10c, was identified from L. vannamei. miR-10c may play a nonnegligible regulatory role in shrimp immune responses since it was constitutively expressed in all detected tissues and transcriptionally induced by immune stimulation. Functional analysis validated that miR-10c could target LvToll3 to inhibit its expression, through which miR-10c blocked the nuclear translocation of IRF and facilitated white spot syndrome virus (WSSV) infection. To our knowledge, the present study revealed the first report of a Toll targeted by miRNA in crustaceans and provided a solid evidence base for supporting the role of LvToll3 in antiviral defense by activating IRF signaling in L. vannamei. Identification of the miR-10c/Toll3/IRF regulatory axis in shrimp provides new insights into the participation of miRNA in the regulation of immune responses and contributes to in-depth understanding of the mechanisms of Toll-induced immune responses in L. vannamei.
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Introduction

Tolls/Toll-like receptors (TLRs) are one of the most common pathogen sensors in metazoans, recognizing diverse pathogens such as Gram-positive and Gram-negative bacteria, RNA or DNA viruses, fungi, and other protozoans in the early stage of host immune response (1). After pathogen recognition, Tolls transduce signals into cells through various signal pathways to activate expression of a series of immune and inflammatory genes for the establishment of the immune activation state in the host (2). To date, there are 10 and 12 TLRs identified in humans and mice, respectively, in which TLR1, TLR2, TLR5, TLR6, and TLR10 are responsible for microbial lipid, polysaccharide, and protein recognition, while TLR3, TLR7, TLR8, and TLR9 are responsible for viral nucleic acid recognition (3, 4). In invertebrates, the number of Tolls/TLRs varies among different organisms. For example, Drosophila melanogaster has nine TLRs, while Caenorhabditis elegans has only one and Paracentrotus lividus has up to 222 TLRs in their genomes (5–7). Stimulation of TLRs results in the activation of different intracellular signaling cascades, generally leading to the activation of NF-κB and activating protein-1 (AP-1) in MyD88-dependent pathways and type I interferons (IFNs) in TRIF-dependent antiviral pathways (8, 9).

Litopenaeus vannamei is the major aquaculture shrimp in the world, the culture of which was threatened by various pathogens, such as Vibrio, white spot syndrome virus (WSSV), and Enterocytozoon hepatopenaei (EHP), which have caused tremendous economic losses (9, 10). More and more research attentions have focused on the regulation of the innate immune system of L. vannamei, which is also centered on the Toll receptor-mediated signaling. Among the identified L. vannamei Tolls, the Toll3, highly homologous to Drosophila Toll6, has been known to be transcriptionally induced by double-stranded RNA (dsRNA) and can facilitate the expression of interferon regulatory factor (IRF) and the downstream Vago 4/5 (11, 12). It has been known that the IRF-Vago-JAK/STAT regulatory axis plays an essential role in antiviral immunity in shrimp (13). These indicated that LvToll3 may also play a role in virus infection, which still lacks solid evidence so far.

MicroRNAs (miRNAs) are a sort of evolutionary conserved, small (18–26 nt), endogenous noncoding RNAs which transcribed from genomic clusters and involved in multiple biological processes by suppressing the target gene on posttranscriptional level (14). MiRNAs are initially transcribed as primary miRNAs (pri-miRNAs) by RNA polymerase II or III, processed into precursor miRNAs (pre-miRNA) by Drosha/DGCR8 complex in the nucleus, exported to the cytoplasm, and finally cleaved to mature miRNA by Direr complex (15, 16). After incorporating into a RNA-induced silencer complex (RISC), the mature miRNAs combine with target mRNAs and induce their cleavage through the imperfect complementary binding sites located in the 3′-untranslated region (3′-UTR) or open reading frame (ORF) (17, 18). Accumulating evidence proves that miRNAs play nonnegligible regulatory roles in innate immunity by adjusting enzyme activities, regulating apoptosis or phagocytosis, and modulating signal transduction in mammals (19, 20). Recent studies have shown that the miRNA system also plays an important role in regulation of shrimp immunity. For instance, the L. vannamei miR-1959 mediates an intrapathway regulatory feedback loop to positively enhance the activation of the dorsal pathway by targeting cactus (21). The miR-1 mediated the inhibitory signaling from the JAK-STAT pathway to the NF-κB signaling by targeting MyD88, the vital signal transducer of dorsal activation (22). In the current study, we identified a novel miRNA from miR-10 family in L. vannemei and unveiled its regulatory role in shrimp antiviral immunity via targeting LvToll3 and further regulating IRF expression. This study may enrich the knowledge on Toll-mediated signaling in crustaceans and provide new insights into the regulatory effects of miRNAs on immunity in invertebrates (23).



Materials and Methods


Shrimps

L. vannamei (~5 g) were obtained from an aquaculture farm in Zhuhai, China, acclimated at ~28°C in a recirculating water system filled with air-pumped seawater (5% salinity) and fed with 3% body weight artificial diet for two times each day. Five percent of reared shrimps were sampled randomly and detected by PCR to ensure free of WSSV and Vibrio parahaemolyticus.



Cloning of Mature miR-10c

miR-10c sequence was obtained from a small RNA transcriptome sequencing library and verified using stem-loop real-time RT-PCR following methods as previously reported (21). Briefly, total RNA was extracted from mixed tissues including gill, hepatopancreas, stomach, and muscle of L. vannamei using Trizol reagent (Ambion, Austin, TX, USA), and cDNA was then synthesized with stem-loop primer of miR-10c-RT (Table 1) using PrimeScript RT reagent kit (Takara, Japan). To verify the sequence of miR-10c, the mature miRNA sequence was cloned and sequenced with primers of miR-10c-IF and miR-10c-IR as previously described (24).


Table 1 | Primers and probes used in this study.





Quantitative Real-Time PCR

For expression analysis of miRNA, total RNA of different samples was extracted using Trizol reagent (Ambion), and cDNAs were synthesized using stem-loop primer of miR-10c-RT as mentioned above. Small nuclear RNA U6 was separately reversed using primers of U6-RT (Table 1) and set as internal control. For expression analysis of mRNA, total RNA of different samples were extracted using a RNeasy Plus Mini Kit (QIAGEN, Los Angeles, CA, USA), cDNAs were synthesized using a PrimeScript RRT Kit (Takara, Japan), and shrimp elongation factor 1-alpha (EF1α, GenBank Accession No. GU136229.1) gene was set as internal control. Quantitative real-time PCR (qRT-PCR) was performed on a LightCycler 480 System (Roche, Basel, Switzerland) using specific primers list in Table 1, and the qRT-PCR protocols and parameters were set as previously described (21). The expression levels of miRNA and mRNA were calculated using 2−ΔΔCt method after normalization to U6 and EF1α, respectively (25).



Northern Blot

After pre-electrophoresis of a 12% denaturing polyacrylamide gel at 200 V for 1 h, total RNAs (10 μg) isolated from different samples were separated at 200 V for 1 h and transferred onto a positively charged nylon membrane (Roche, USA) using a Trans-Blot SD Semi-Dry Transfer Cell system (Bio-Rad, Hercules, CA, USA). Separated RNAs were crosslinked to the membrane by UV (254 nm) and prehybridized at 68°C for 30 min using ULTRAhyb Ultrasensitive Hybridization Buffer (Ambion, USA), and hybridized overnight with miR-10c and U6 LNA probes (Exqion, Copenhagen, Denmark, Table 1) at a final concentration of 0.1 nM at 60°C, respectively. Membranes were blocked by DIG Wash and Block Buffer Set (Roche, USA) and incubated with 1:10,000 diluted Anti-Digoxigenin-AP, Fab fragments (Roche, USA). The signals were detected using CDP-Star (Roche, USA) chemiluminescent substrate and captured by Amersham Imager 600 (GE, Chicago, IL, USA).



In Situ Hybridization

The gill and hepatopancreas of healthy shrimps were fixed in 4% paraformaldehyde, dissolved by PBS (0.1 M, pH: 7.4) overnight and embedded in paraffin. The embedded tissues were cut into 5 μm thick paraffin slices and fixed onto silicified slides. In situ hybridization was performed using miRCURY LNA miRNA ISH optimization kit (Exqion, Denmark) according to the procedures mentioned previously (21). In brief, slides were deparaffinized in xylene and gradient-diluted ethanol solutions at room temperature (RT). The preprocessed slides were then incubated with proteinase-K (10 mg/ml) for 15 min at 37°C, washed with PBS, dehydrated in gradient-diluted ethanol solutions, and air dried for 15 min at RT. Dehydrated tissues were incubated with hybridization buffer containing 20 nM miR-10c probes, 5 nM U6 probes, or 20 nM scrambled miRNA probes (Exiqon, Denmark) for 1 h at 50°C in a humidifying chamber. Slides were then washed in SSC buffers at the hybridization temperature, blocked with a blocking solution for 15 min at RT, incubated with 1:500 diluted Anti-Digoxigenin-AP, Fab fragments (Roche, USA) for 1 h at RT, developed with NBT/BCIP (Roche, USA) substrate for 2 h at 30°C, counterstained with Nuclear Fast Red (Sigma, St. Louis, MO, USA) for 1 min at RT, and finally captured using a Leica DM4 light microscopy (Leica, Wetzlar, Germany).



Immune Challenge

After culturing to logarithmic phase, V. parahaemolticus was diluted to 105 colony forming unit (CFU) in 50 μl PBS. WSSV used in this study was prepared from moribund shrimps artificially infected with the preserved WSSV that was stored in −80°C in our lab. Virus stock was prepared freshly and quantified using absolute qRT-PCR and diluted to 106 copies in 50 μl PBS according to procedure as mentioned previously (26). Five micrograms of litopolysaccharide (LPS) or poly(I:C) was diluted in 50 μl PBS before use as the experimental inoculum.

Healthy shrimps were divided into several experimental groups and acclimated in independent recirculating water tank systems for 1 week before immune challenge. For expression pattern analysis of miR-10c after pathogen stimulation, shrimps were injected with 105 CFU of V. parahaemolticus, 106 copies of WSSV fresh extracted WSSV, 5 μg LPS, 5 μg poly(I:C), and PBS at the second abdominal segment. The gill and hepatopancreas were isolated from six randomly sampled shrimps in each group at 0, 4, 12, 24, 48, 72, and 96 h poststimulant injection. Total RNAs were then isolated, cDNAs were synthesized by stem loop primer, and expression of miR-10c was detected using qRT-PCR as described above.



Dual-Luciferase Reporter Assays

The wild-type 3′-UTR of LvToll3 was cloned using primers of Toll3-3′-AscIF/Toll3-3′-AscIR (Table 1) and inserted into pGLDr249, a dual-luciferase miRNA target expression vector constructed from pmirGLO vector (Promega, USA), after the ORF of luciferase to generate pGLDr249-Toll3 vector. Since both 5′ and 3′ end of miRNAs potentially dominant the target sites, the whole predicted target site of miR-10c in LvToll3 (5’ ACACGGCUGUAGUUUUACAAGG 3′) was mutated to complement sequence (5′ UGUGCCGACAUCAAAAAUGUUCC 3′) using primers of Toll3-3′-MutF/Toll3-3′-MutR (Table 1) and constructed into pGLDr-249 to generate pGLDr249-Toll3-Mut.

To verify the posttranscriptional inhibiting effects of miR-10c via the target site in 3′-UTR of LvToll3, Drosophilla (S2) cells were plated on a 96-well plate with 80% confluent and acclimated overnight at 28°C in Schneider’s insect medium (Sigma, USA) in the presence of 10% serum (Gibco, Waltham, MA, USA). For each well, 100 ng pGLDr249-Toll3 or pGLDr249-Toll3-Mut was cotransfected with 15 pmol miR-10c mimics or miR-NC (GenePharma, Shanghai, China) (final concentration of 100 nM) into S2 cells using FuGENE® HD Transfection Regent (Promega, USA). Cells were harvested and lysed at 48 h posttransfection, and the activity of luciferase was detected using Dual-Luciferase® Reporter Assay System (Promega, USA) according to the instruction of manufactures. Parallel with the luminescence detection, the protein levels of firefly and Renilla luciferases in the cell lysates were verified by Western blot using specific antibodies against firefly and Renilla luciferases (Abcam, USA), respectively.



miRNA Regulation and mRNA Knockdown In Vivo

To verify the posttranscriptional suppression of LvToll3 in vivo, L. vannamei were treated with chemosynthetic and cholesterol-modified miR-10c mimics (agomiR-10c) or miR-10c inhibitor (antagomiR-10c). Healthy shrimps were randomly divided into four groups (n = 40 in each group) and injected with agomiR-10c, agomiR-NC, antagomiR-10c, or antagomiR-NC at the second abdominal. Hemocytes and gills were pooled from 15 shrimps of each treatment at 48 h postinjection for the following transcriptional and proteomic analyses.

The expression of LvToll3 was inhibited by RNA interference via dsRNA injection in vivo. The dsRNAs targeting LvToll3 or green fluorescent protein (GFP, set as negative control) were synthesized in vitro using T7 RiboMAX™ Express RNAi system (Promega, USA). The template sequence of LvToll3 and GFP were cloned from the cDNA of L. vannamei and pAc5.1-GFP plasmid and incorporated with T7 RNA polymerase promoter at the 5′ end using primers of Toll3-dsF/Toll3-dsR and GFP-dsF/GFP-dsR (Table 1), respectively. The target-specific dsRNAs were annealed from two independently transcribed single-strand RNAs and then purified according to the manufacturer’s instruction. Two groups (n = 40) of healthy shrimps were intramuscularly injected with 5 μg LvToll3 and GFP dsRNA, respectively. At 48 h post-dsRNA injection, hemocytes and gills were sampled from 15 shrimps in each group for the following mRNA and protein analyses as described above.



Nuclear Localization Analysis of IRF

At 48 h post-miRNA or dsRNA injection, shrimps were challenged with poly(I:C) as mentioned above and 24 h later, samples were pooled and subjected to Western blot analysis. In brief, total nuclear protein of hemocyte and gill, dispersed through 200 mesh screen, was isolated using Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime, Haimen, China), and then quantified and diluted to equal concentration using BCA protein Assay kit (Beyotime, China). Protein samples were separated by SDS-PAGE and transferred onto a nitrocellulose membrane (GE, USA). After blocking, membrane was incubated with prepared rabbit anti-LvToll3 Ab (GL Biochem, Shanghai, China), and simultaneously, a parallel membrane was incubated with rabbit anti-HistoneH3 mAb (CST, Houston, TX, USA) as internal control. Another parallel membrane was incubated with rabbit anti-GAPDH antibody (Sigma, USA) to verify no contamination of cytoplasmic protein. The signals were detected using anti-rabbit IgG (H+L)-HRP Conjugate (Promega, USA), developed using SuperSignal West Femto (Thermo, USA) and captured by Amersham Imager 600 (GE, USA). The gray values of visualized Western blot signals were quantitated using Quantity one (Bio-Rad, USA) by Gauss model with different rolling disk sizes (5, 10, and 15).



Analysis of the Antiviral Function of miR-10c and LvToll3

To analyze the immune status of miR-10c, shrimps were injected with miRNA mimics and inhibitor as mentioned above. Gills were sampled from nine shrimps in each group at 48 h after injection. Total RNAs were isolated, cDNAs were synthesized, and then the transcription of immune-related genes, including Vagos, anti-lipopolysaccharide factors (ALF), and C-type lectins (CTL), were analyzed using qRT-PCR with specific primers (Table 1). The L. vannamei elongation factor 1-α (EF1-α) (GenBank Accession No.: GU136229) was set as internal control.

Shrimps (n = 50) were challenged with 106 copies of WSSV at 48 h after the injection of miR-10c mimics/inhibitor or LvToll3 dsRNA as mentioned above. The cumulative mortality was recorded days after WSSV challenge. Parallel experiments were performed to detect the WSSV copy number in muscle after the immune challenge. To verify the role of antiviral immunity of miR-10c, shrimps were coinjected with miRNA mimics and dsRNA and challenged with 106 copies of WSSV at 48 h postinjection. The cumulative mortality was recorded and parallel experiments were performed to detect the WSSV copy number in muscle. Total RNA of muscles was isolated and the WSSV copies were detected by relative qRT-PCR with the EF1-α as internal control.



Bioinformatics Analysis and Statistical Analysis

The target of miR-10c was predicted using RNAhybrid (https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid/submission.html) based on the mRNA transcriptome of L. vannamei with the parameter of hits per target of 3, energy threshold of −25, No G:C in seed, helix constraint from 2 to 8, max bulge loop length of 3, mas internal loop length of 3, and approximate p-value of 3utr_fly (27). The multiple sequence alignment of miR-10 homologs was performed using ClustalX 2.1, and the phylogenetic tree was constructed using MEGA 5.0. All data were presented as mean ± SD. The significance of difference between groups of numerical data was calculated using Student’s t-test. The cumulative mortalities were analyzed using GraphPad Prism 5.01 to generate the Kaplan-Meier plot (log rank χ2 test).




Results


miR-10c Identification

To investigate miRNA profiles of L. vannemei during the responses to virus, small RNAs were isolated from hemocytes at 4, 12, 24, and 48 h after the intramuscular injection of WSSV and the miRNA libraries were constructed and sequenced on the Illumina HiSeq 2000 sequencing platform. Two hundred eighty-eight differentially expressed miRNAs (DEmiRNAs) had been classified as a data set (Supplementary File 1). In this data set, the richness of a small RNA sequence (5′ ACCTTGTAGATCCGAACTTGTGT 3′), highly homologous to the miR-10a of Xenopus laevis and temporarily named Lva-miR-10c, was increased from 1,057 to 5,879 reads at 4 to 48 h post WSSV injection. The mature sequence of miR-10c was verified by the five identified base pairs using stem-loop RT-PCR. Generally, the cDNA of miR-10c was reverse transcribed by stem-loop primer of miR-10c-RT through the combination between its unpaired 7 nucleotides and the 3′ end of miR-10c (Figure 1A). After then, the stem-loop conjugated miR-10c was amplified by the identification primers of miR-10c-IF and miR-10-IR with partial complementation of the forward primer and complete complementation of the reverse primer. PCR products were purified through agarose gel electrophoresis (Figure 1B) and sequenced after cloning in Escherichia coli system. The accuracy of the cloning results was verified by the uncombined sequence in miR-10c (black box in Figure 1A). Northern blot further confirmed that miR-10c and its precursor were expressed in L. vannemei with the control of small nuclear RNA U6 (Figure 1C). Homology analysis demonstrated that miR-10c shared high homology with the miR-10/miR-10a family from vertebrates and invertebrates with 2 nt of difference at positions of 4 and 17 (Figure 1D), and it was named after Lva-miR-10b following the principles presented in Ambros’s study (28). The phylogenetic tree also revealed that miR-10c was located at the distinct evolutionary branch from the analyzed miR-10, miR-10a, and miR-10b (Figure 1E). These results suggested that miR-10c could be a novel identified miRNA from the miR-10 family of L. vannamei.




Figure 1 | Identification and homology analysis of Lva-miR-10c. (A) Schematic diagram of the verification of miR-10c by stem-loop RT-PCR. The mature miR-10c and stem-loop primer were marked in red and blue, respectively. The base pairs for identification were framed. (B) Electrophoresis of the stem-loop RT-PCR product. Lane 1, 20 bp DNA ladder; lane 2, the PCR product. (C) Northern blot analysis of miR-10c in total RNA of L. vannamei. Lane 1, miR-10c-specific probe; lane 2, scrambled probe; lane 3, U6-specific probe. (D) Multiple sequence alignment of miR-10 homologs. (E) Phylogenetic tree of miR-10 homologs. Sequences analyzed include L. vannamei miRNAs from GenBank: Lva-miR-10c (GenBank Accession No. MZ462071), Lva-miR-10a (MZ462069), and miR-10b (MZ462070) and other miRNAs from miRbase: Lva-miR-10, L. vannamei (miRbase Accession No. MIMAT0032193); Aga-miR-10, Anopheles gambiae (MIMAT0001497); Sko-mir-10, Saccoglossus kowalevskii (MIMAT0004419); Lgi-mir-10, Lottia gigantea (MIMAT0009563); Dpu-mir-10, Daphnia pulex (MIMAT0012636); Lmi-mir-10, Locusta migratoria (MIMAT0010144); Aga-mir-10, Anopheles gambiae (MIMAT0001497); Spu-mir-10 Strongylocentrotus purpuratus (MIMAT0009654); Bmo-mir-10, Bombyx mori (MIMAT0004195); Dme-miR-10, Drosophila melanogaster (MIMAT0000115); Oan-mir-10a, Ornithorhynchus anatinus (MIMAT0007122); Gga-mir-10a, Gallus gallus (MIMAT0007731); Cfa-mir-10a, Canis familiaris (MIMAT0006737); Hsa-miR-10a, Homo sapiens (MIMAT0000253); Xtr-mir-10a, Xenopus tropicalis (MIMAT0003557); Mmu-miR-10a, Mus musculus (MIMAT0000648); Bta-mir-10a, Bos taurus (MIMAT0003786); Rno-miR-10a, Rattus norvegicus (MIMAT0000782); Ggo-mir-10a, Gorilla gorilla (MIMAT0002486); and Xla-miR-10a, Xenopus laevis (MIMAT0046422).





The Distribution of miR-10c in L. vannamei

The expression level of miR-10c in 12 tissues of L. vannamei was detected by stem-loop qRT-PCR (Figure 2A). Results showed that miR-10c could be detected in all examined tissues, with the lowest expression level in hemocyte. The level of miR-10c in heart, pyloric cecum, gill, intestine, epithelium, stomach, hepatopancreas, and eyestalk was 2.75-, 4.71-, 5.98-, 8.77-, 10.13-, 14.94-, and 16.78-fold over that in hemocyte, respectively. MiR-10c was highly expressed in scape, muscle, and nerve, which was 22.63-, 39.95-, and 41.93-fold over that in hemocyte. The results were further verified by Northern blot (Figure 2B). Besides, results of in situ hybridization showed that the expression of miR-10c, mainly detected in cytoplasm, was visually higher in hepatopancreas than in gill (Figure 2C). As a positive control, the U6 RNA was mainly detected in the nucleus.




Figure 2 | MiR-10c distribution in L. vannamei tissues. (A) Expression of miR-10c in L. vannamei tissues detected by stem-loop qRT-PCR with U6 RNA as internal control. The expression level of miR-10c in hemocyte was set as baseline (1.0). (B) The tissue distribution of miR-10c analyzed by Northern blot. (C) In situ hybridization analysis of miR-10c in hepatopancreas and gill tissues. The signals of miR-10c (red arrows) and U6 RNA (green arrows) were colored dark blue and the nuclei were counterstained red by Nuclear Fast Red (black arrows).





Expression Profiles of miR-10c After Immune Stimulation

The expression profiles of miR-10c in gill and hepatopancreas were detected after the injection of WSSV, V. parahaemolticus, LPS, and poly(I:C) (Figures 3A, B). The expression of miR-10c was slightly and irregularly changed in both gill and hepatopancreas after PBS injection. Upon WSSV stimulation, compared with the PBS control at the same time points, miR-10c was significantly upregulated to 1.43-, 2.51-, 2.09-, 1.49-, 2.28-, and 2.71-fold at 4, 12, 24, 48, 72, and 96 h postinjection (hpi) in gill, respectively, while it was periodical upregulated in hepatopancreas with the two peaks of 2.88- and 2.46-fold at 48 and 96 hpi, respectively. Similar to WSSV, the viral mimic poly(I:C) significantly upregulated the expression of miR-10c in gill during the later period of stimulation, which reached to the peak of 2.03-fold at 96 hpi, however, it showed no solid activatory effect on miR-10c expression in hepatopancreas except a peak of 2.98-fold at 48 hpi. In response to V. parahaemolticus (Vpa) infection, the expression of miR-10c in gill and hepatopancreas were generally upregulated and showed diverse expression patterns. It was activated at the late stage in gill and the early stage in hepatopancreas after infection. After the stimulation with LPS, the major pathogen-associated molecular pattern (PAMP) of bacterial pathogens, expression of miR-10c was oscillatorily activated in gill with two peaks of 2.84- and 2.28-fold at 4 and 96 hpi, respectively, which differed from the prolonged activation in hepatopancreas. Similar expression profiles of miR-10c in gill after immune stimulation were verified by Northern blot, which were generally consistent with the results of stem-loop qRT-PCR as mentioned above (Figure 3C).




Figure 3 | The expression of miR-10c after immune stimulation. (A) Stem-loop qRT-PCR analysis of miR-10c expression in gill and hepatopancreas of PBS (negative control), WSSV, V. parahaemolticus (Vpa), LPS, and poly(I:C)-stimulated shrimp. The U6 RNA was used as internal control. Data are representative of three experiments and presented as means ± SD of four parallel detections. In each panel, the value at 0 h was set as the baseline (1.0). Each bar represents the mean ± SD (n = 4), *p < 0.05, **p < 0.01, and ns > 0.05 by one-way ANOVA with Dunnett’s post-hoc test compared with 0 h. (B) Northern blot analysis of miR-10c expression after stimulations in gill. The expression level of miR-10c was detected at 0, 4, 12, 24, 48, 72, and 96 h postinjection of PBS, WSSV, V. parahaemolticus (Vpa), LPS, and poly(I:C).





Target Identification of miR-10c

To reveal the regulatory role of miR-10c in immunity, 3′-UTR sequence of many reported genes (Supplementary File 2) that play regulatory role in the antiviral immunity of L. vannaemi was gathered and formatted as a target database to screen the target site of miR-10c. Results demonstrated that miR-10c was incompletely complementary with the 3′-UTR of LvToll3 mRNA (Figure 4A). Dual-luciferase reporter assays proved that miR-10c suppressed the expression level of firefly luciferase, the ORF of which was suffixed with the wild-type 3′-UTR of LvToll3, by 44.8% (Figure 4B). Western blot also showed that the protein level of firefly luciferase in the dual-luciferase reporter assay was significantly decreased compared with the control (Figure 4C). In contrast, both miR-10c and miR-NC mimics showed no effects on the expression of luciferase suffixed with the miR-10c target mutated 3′-UTR of LvToll3 (Toll3-Mut). To validate the suppression of LvToll3 by miR-10c, shrimp were treated with miR-10c mimics or inhibitor and the expression of LvToll3 was analyzed. As the results demonstrated (Figures 4D, E), although the mRNA level of LvToll3 showed no obvious change after treatment with miR-10c mimics/inhibitor both in hemocyte and gill, the protein level of LvToll3 was significantly decreased by 46.5% and 44.0% compared with the control mimics (agomiR-NC) in hemocyte, and increased by 48.9% and 54.7% compared with the control inhibitor (antagomiR-NC) in hemocyte and gill, respectively. These results confirmed that miR-10c could target the LvToll3 gene at posttranscriptional level. To further investigate the correlationship between miR-10c and LvToll3, the protein level of LvToll3 in gill was detected using Western blot after immune stimulation (Supplementary Figure S1). Results showed that expression of LvToll3 was gradually decreased after the PBS injection, which was generally contrary the expression trend of miR-10c (Figure 3). However, the expression of LvToll3 was gradually increased after WSSV injection and showed a similar expression trend with that of miR-10c. The opposite expression trend of miR-10c and LvToll3 was only observed at 96 h after the injection of V. parahaemolyticus. These imply that the expression of LvToll3 may be regulated by diverse factors more than miR-10c.




Figure 4 | Target identification of miR-10c. (A) Scheme of the predicted target site of miR-10c in the 3′-UTR of LvToll3. (B) Dual-luciferase reporter assay analysis of the inhibitory effect of miR-10c mimics and its control on the 3′-UTR of LvToll3 and miR-10c binding site-mutated 3′-UTR of LvToll3 (Toll3-Mut). Each bar represents the mean ± SD (n = 8), **p < 0.01 and *p > 0.05 by two-tailed unpaired Student’s t-test. (C) Western blot analysis of the protein level of firefly and Rellina luciferases in the cell lysates of the dual-luciferase reporter assay. (D) qRT-PCR analysis of the effects of miR-10c mimics (agomiR-10c) and inhibitor (antagomiR-10c) on mRNA level of LvToll3 in hemocyte and gill. Each bar represents the mean ± SD (n = 4), ns > 0.05 by two-tailed unpaired Student’s t-test. (E) Western blot analysis of the protein level of LvToll3 in hemocyte and gill after treatment with miR-10c mimics and inhibitor in shrimp. The protein level of LvToll3 protein bands were normalized to those of the internal control Histone H3. Each bar is mean ± SD of three independent quantification of the electrophoretic bands, **p < 0.01 by two-tailed unpaired Student’s t-test.





Regulatory Effects of miR-10c on the Function of IRF

It had been corroborated that LvToll3 could facilitate the transcription of IRF, a transcription factor with a critical role in antiviral immunity of L. vannamei (11). In this study, the relationship between LvToll3 and IRF was further investigated in vivo. Shrimps were injected with dsRNA-GFP and dsRNA-Toll3, and 48 h later were further stimulated with poly(I:C). Compared with that in the control group, expression of LvToll3 was significantly downregulated by 61.9% and 73.1% in hemocyte and gill, respectively (Figure 5A). After knockdown of LvToll3 and stimulation of poly(I:C), total nuclear protein was isolated from hemocytes and gills and the protein level of IRF was analyzed by Western blot. Results demonstrated that the level of nuclear-translocated IRF, normalized to the nuclear internal control of Histone H3, was significantly decreased by 60.2% and 68.2% in hemocyte and gill compared with the control, respectively (Figure 5B). Consistently, the nuclear-translocated IRF was decreased by 44.0% and 80.0% after the treatment of miR-10c mimics in hemocyte and gill compared with the control, respectively (Figure 5C). By contrast, the nuclear-translocated IRF was increased by 18.5% and 189.7% after the inhibition of miR-10c in hemocyte and gill, respectively. These results elucidate that miR-10c may attenuate the transcriptional regulatory function of IRF by targeting LvToll3.




Figure 5 | IRF nuclear-translocation regulated by LvToll3 and miR-10c. (A) qRT-PCR analysis of the knockdown efficiency of LvToll3. Values in the dsRNA-GFP control group were set as the baseline (1.0). Each bar represents the mean ± SD (n = 4), **p < 0.01 by two-tailed unpaired Student’s t-test. (B, C) Western blot analysis of the nuclear translocation of IRF after treatment with miR-10c mimics/inhibitor in vivo. The gray values of IRF (41.0 kDa) bands were normalized to those of the nuclear internal control of Histone H3 (15.4 kDa). GAPDH (35.5 kDa) protein was detected to verify no contamination of cytoplasmic protein. Each bar is mean ± SD of three independent quantification of the electrophoretic bands, **p < 0.01 by two-tailed unpaired Student’s t-test.



The NF-κB pathways are important signaling channels downstream of many Tolls/TLRs in animals. We further explored the regulatory relationship between miR-10c and dorsal, a NF-κB family member in shrimp (Supplementary Figure S2). After dorsal silencing in shrimp (Supplementary Figure 2A), expression of miR-10c did not change significantly (Supplementary Figure 2B). The miR-10c mimics and inhibitors could not affect expression of Dorsal in vivo as well (Supplementary Figure 3C). These were consistent with a previous study that Dorsal could not be a downstream transcription factor of LvToll3 in shrimp (12).



Roles of miR-10c and LvToll3 in Antiviral Immunity

The above results indicated a regulatory cascade of miR-10c/Toll3/IRF in shrimp. The role of miR-10c and LvToll3 in antiviral immunity was further investigated in vivo. The expression of IRF, vago 4/5, and a set of canonical immune effector genes in gill were detected by qRT-PCR. Results demonstrated that the expression of IRF, Vago4/5, ALF2, ALF3, ALF5, CTL2, and CTL5 was decreased by treatment with miR-10c mimics and increased by the inhibition of miR-10c (Figure 6A). Notably, it had been validated that the transcription of Vago4/5 can be activated by IRF in L. vannamei (13). The effects of miR-10c on the transcription of IRF and Vago4/5 may indicate that miR-10c could suppress the regulatory cascade mediated by IRF.




Figure 6 | The roles of miR-10c in antiviral immunity. (A) qRT-PCR analysis of effects on mRNA level of immune-related genes in gill regulated by miR-10c. Values in the agomiR-10c group were set as the baseline (1.0). Each bar represents the mean ± SD (n = 4), **p < 0.01 and *p < 0.05 by two-tailed unpaired Student’s t-test. (B) Cumulative mortality of miR-10c mimics/inhibitor-treated shrimps after WSSV infection. Data were recorded every 4 h and **p < 0.01 and *p < 0.05 by Kaplan-Meier log-rank χ2 tests. (C) Relative viral copy numbers in muscle analyzed by qRT-PCR with the DNA of EF1-α gene as the internal control. The value in agomiR-10c-treated group at 3 days was set as baseline (1.0). Each bar represents the mean ± SD (n = 4), **p < 0.01 by two-tailed unpaired Student’s t-test.



The role of miR-10c in antiviral immunity was further investigated (Figures 6B, C). Comparing with the control mimics, miR-10c mimics significantly increased the cumulative mortality of the WSSV-infected shrimp by 37.9% at 7 days postinfection (dpi) and elevated the virus loads in muscle by 148.4% and 698.6% at 3 and 5 dpi, respectively. On the contrary, comparing with the control inhibitor, miR-10c inhibitor alleviated the virulence of WSSV and decreased the cumulative mortality by 28.1% at 7 dpi and reduced the virus loads in muscle by 79.8% and 80.8% at 3 and 5 dpi, respectively. Consistent with these, after the knockdown of LvToll3, the cumulative mortality was significantly increased by 60% at 9 dpi and the virus loads in muscle were elevated by 339.2% and 914.4% at 3 and 5 dpi compared with GFP control, respectively(Figures 7A, B).




Figure 7 | Validation of LvToll3-mediated antiviral immunity regulated by miR-10c. (A) Cumulative mortality of LvToll3-knockdown shrimps after WSSV infection. Data were recorded every 4 h and **p < 0.01 by Kaplan-Meier log-rank χ2 tests. (B) Relative viral copy numbers in muscle were analyzed by qRT-PCR with the DNA of EF1-α gene as the internal control. The value in agomiR-10c treated group at 3 days was set as baseline (1.0). Each bar represents the mean ± SD (n = 4), **p < 0.01 by two-tailed unpaired Student’s t-test. (C) Cumulative mortality of dsRNA- and miRNA mimic-coinjected shrimps after WSSV infection. Data were recorded every 4 h and **p < 0.01 and ns > 0.05 by Kaplan-Meier log-rank χ2 tests. (D) Relative viral copy numbers in muscle analyzed by qRT-PCR with the DNA of EF1-α gene as the internal control. The value in LvToll3 dsRNA and miR-10c mimic-coinjected group at 3 days was set as baseline (1.0). Each bar represents the mean ± SD (n = 4), **p < 0.01 by two-tailed unpaired Student’s t-test.





miR-10c Regulates the Antiviral Immunity of Shrimp Through Targeting LvToll3

To investigate whether the attenuation of shrimp antiviral immunity by LvmiR-10c is mediated by LvToll3 (Figures 7C, D), dsRNA and miRNA mimics were coinjected into shrimp, which were further challenged with WSSV. Results demonstrated that in the control GFP dsRNA-treated group, the cumulative mortality was increased by 54.5% after miR-10c mimic treatment compared with the mimic control. Accordingly, the virus load in muscle was increased by 119.2% and 242.8% at 3 and 5 dpi in the miR-10c mimic treatment group, respectively. In contrast, in the LvToll3-silenced group, there was no significant change of the cumulative mortality of shrimp after miR-10c mimic treatment compared with the mimic control. Although the virus load in the Toll3-dsRNA/miR-10c mimics together-treated shrimp was slightly increased by 18.5% and 10.2% at 3 and 5 dpi compared with the control, respectively, there was no statistically difference between the control and experimental groups. These suggested that LvToll3 is essential for the role of LvmiR-10c in antiviral immunity.




Discussion

At present, more than 23,365 known miRNAs and 481 novel miRNA candidates have been reported in L. vannamei in total, several of which are known or predicted to be involved in virus infection, cold or heat adaption, ER stress, and hypoxia stimulation (29–31). Three miR-10 family members have been unveiled in L. vannamei (32). Based on the constructed L. vannamei miRNA libraries, the current study identified a novel sequence high homologous to miR-10 and miR-10a from other organisms. The two unconserved bases compared with other miR-10 homologs imply that miR-10c is a novel miRNA, which was further confirmed by stem-loop PCR, in situ hybridization, and in particular Northern blot, a gold standard for identification of miRNAs. Because the whole genome data of L. vannamei are incomplete currently (33), the genomic location of miR-10c has not been determined. In addition, it has been reported that the miRNAs in shrimp could undergo posttranscriptional edition (34). It is worthy of further study to investigate whether miR-10c is also a posttranscriptionally edited product of other miR-10 family members.

Toll/TLRs are a group of most important pattern recognition receptors (PRRs) that recognize invading pathogens to trigger innate immune response in both vertebrates and invertebrates (35, 36). So far, there are nine Toll receptors, named as Toll1–9 in chronological order of identification, found in L. vannamei genome. Toll4 had been extensively studied as an important recognition receptor to sense WSSV infection and transduce signals to activate nuclear translocation and phosphorylation of dorsal, ultimately activating the antiviral response in shrimp (37). It has also been reported that expression of Toll1 responded to the V. alginolyticus stimulation, and LvToll2 but not LvToll3 could significantly activate the promoters of NF-κB signaling pathway downstream AMP genes in S2 cells (12). The current study also demonstrated that there was no regulatory relationship between dorsal and miR-10c, suggesting that dorsal could not be a downstream transcription factor of the miR-10c-Toll3 signaling. A recent study showed that the L. vannamei Toll3 facilitated the transcription of IRF and its regulatory target genes Vago4/5 (11, 12). The IRF/Vago/JAK-STAT axis in shrimp is known to be similar to the interferon system of mammals and also play essential role in antiviral response (10). The connection of LvToll3 with IRF may indicate its involvement in regulation of this regulatory axis. However, the roles of LvToll3 in IRF pathway activation as well as in immune responses against WSSV infection are still unclear. This study further showed that silencing of LvToll3 in vivo significantly downregulated the protein level of IRF, confirming the regulatory effect of LvToll3 on the IRF pathway. Furthermore, the LvToll3-silenced shrimp were highly susceptible to WSSV infection compared with the control. These indicated that LvToll3 could enhance the antiviral immunity of shrimp via being involved in activation of the IRF/Vago/JAK-STAT axis.

In mammals, the miR-10 family consists of a series of well-studied miRNAs that have attracted more and more attentions because of their conservation and genomic position within the Hox clusters of developmental regulators (38, 39). The miR-10 family members are known to be implicated in development of various species, including mammals, fly, and worm, through targeting Hox genes (40). Some studies have found that miR-10 family members are de-regulated and play critical regulatory role in the progression of several types of cancers, which is generally related to Hox genes (30, 41). Although several shrimp Hox genes have been identified (Supplementary File 3), the localization of the Hox cluster in L. vannamei genome has not been determined because of the incomplement of the now available genomic data. The relationship between miR-10c functions and the shrimp Hox cluster is worthy of further investigation.

In contrast with that in other biological processes, the involvement of the miR-10 family in immunity was only concerned in few researches. In mice, the miR-10a targets Prdm1 gene to suppress the production of IL-10 in CD4+ T cells, playing important roles in regulation of intestinal homeostasis and in pathogenesis of autoimmune diseases (42). The parasites Taenia solium and T. crassiceps produce an abundance of miR-10-5p, which is important for establishment of immunosuppressive mechanisms in the host by acting on host cells to regulate expression of proinflammatory cytokines in macrophages M(IFN-γ) and anti-inflammatory cytokines in macrophages M(IL-4) (43). As the novel identified miRNA, miR-10c has a base different from known miR-10 and miR-10a in the seed region, and its targeting genes may be different from those of miR-10. The current study identified LvToll3 as a target of miR-10c, suggesting its involvement in innate immune responses. We showed that miR-10c could directly downregulate the expression of LvToll3 and also significantly influence the nuclear translocation of IRF. These indicated that miR-10c was involved in the regulation of the IRF/Vago/JAK-STAT regulatory axis and may play a role in immune response against virus infection. The supporting evidence was from the qPCR results showing that miR-10c exerted regulatory effects on expression of immune effector genes, such as several AMPs and C-type lectins with antiviral activities. More importantly, miR-10c could also regulate the expression of IRF and Vago 4/5, the central components of the IRF/Vago/JAK-STAT axis (13, 23), confirming the important role of miR-10c in the LvToll3-IRF signaling cascade. Further analyses demonstrated that miR-10c could promote WSSV infection in shrimp, which was consistent with the result of LvToll3 silencing in vivo. However, compared with the control, the effects of miR-10c on WSSV infection were abolished by silencing of LvToll3. These confirmed that miR-10c could negatively regulate the antiviral response in shrimp by targeting LvToll3. To further explore the role of miR-10c in immunity, other target genes of miR-10c require to be identified. In addition, it has been reported that the L. vannmei miR-10a could be annexed by WSSV to directly target the 5′-UTRs of vp26, vp28, and wssv102 genes of WSSV to enhance the translocation of viral proteins (44). To further explore the role of miR-10c in WSSV infection, whether miR-10c could target WSSV genes is also worth in-depth investigations.

Taken together, the current study identified a novel miR-10 family member in L. vannamei, a target of which was determined as Toll3 receptor. Through modulating the Toll3-IRF signaling, miR-10c could play a role in maintenance of immune homeostasis to avoid overactivation of immune responses. However, miR-10c also attenuated the antiviral defense to promote WSSV infection, which could contribute to the pathogenesis of white spot syndrome, thus may serve as a potential target for preventing WSSV infection.
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Innate immunity is the frontline of defense against infections and tissue damage. It is a fast and semi-specific response involving a myriad of processes essential for protecting the organism. These reactions promote the clearance of danger by activating, among others, an inflammatory response, the complement cascade and by recruiting the adaptive immunity. Any disequilibrium in this functional balance can lead to either inflammation-mediated tissue damage or defense inefficiency. A dynamic and coordinated gene expression program lies at the heart of the innate immune response. This expression program varies depending on the cell-type and the specific danger signal encountered by the cell and involves multiple layers of regulation. While these are achieved mainly via transcriptional control of gene expression, numerous post-transcriptional regulatory pathways involving RNA-binding proteins (RBPs) and other effectors play a critical role in its fine-tuning. Alternative splicing, translational control and mRNA stability have been shown to be tightly regulated during the innate immune response and participate in modulating gene expression in a global or gene specific manner. More recently, microRNAs assisting RBPs and post-transcriptional modification of RNA bases are also emerging as essential players of the innate immune process. In this review, we highlight the numerous roles played by specific RNA-binding effectors in mediating post-transcriptional control of gene expression to shape innate immunity.
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1 Introduction

Host’s defense mechanisms form a complex interplay between molecular and cellular actors and require a plethora of processes to detect and eliminate pathogens or damage, such as loss of tissue integrity, irritants, or cancer. While infection or damage generally occur at barrier sites (at the interface between internal and external milieu), local cells are prone to rapidly sense any tissue dysregulation and to send signals of danger that initiate the innate arm of immune responses. Local cellular sensors include epithelial cells, stromal cells and fibroblasts, whose role will be essential when being the initial target of infection (in case of strictly intracellular pathogens) or injury (1–4). In addition, resident immune cells, such as macrophages and dendritic cells (DC), if not directly affected, will be able to detect microbial components within the environment, or capture damaged cellular material leading to their subsequent activation (5). Sensing of damage leads to a cascade of events that generate a local inflammation, thus allowing the recruitment of circulating innate cells (e.g. neutrophils or circulating monocytes/macrophages), phagocytosis of infected/damaged cells and antigen presentation to T- and B- lymphocytes, the adaptive arm of immune response. In that regard, innate immune responses are crucial for the generation of a robust, antigen-specific adaptive response, and the maintenance of memory (6, 7).

At the molecular level, innate responses thus start with the recognition of danger. This is allowed by the expression of a set of receptors, called Pattern Recognition Receptors (PRRs), each being specific for classes of molecules known as Pathogen Associated Molecular Patterns (PAMPs) or Damage Associated Molecular Pattern (DAMPs) (8). Essentially all cells express a set of PRRs, the most common families being Toll-like receptors (TLRs), RIG-I-like receptors (RLRs), NOD-like receptors (NLRs) or cGAS (9). PRRs can be discriminated according to their specificity (e.g. double-stranded (ds) or single-stranded (ss) RNA, dsDNA, peptides…), or their location (e.g. cytosol, mitochondria, extracellular domains). Upon ligand binding, each family of PRRs recruits a specific adaptor such as myeloid differentiation primary response 88 (MyD88), mitochondrial antiviral signaling protein (MAVS) or stimulator of interferon genes (STING) for TLRs, RLRs or cGAS, respectively (Figure 1A). This initiates a signaling cascade, mostly involving IRF3/7, MAPK and NFκB pathways, ultimately leading to the expression of type I and III IFN (10, 11) and/or the secretion of cytokines, that orchestrate the various events happening during the inflammation process (12, 13), or chemokines, that will attract immune cells to the affected tissue. Depending on many parameters such as the nature of the activating signals or the timing, cytokines produced are either pro-inflammatory (e.g. TNF-α, IL-6, IL-1β, etc…), or anti-inflammatory (e.g. IL-4, IL-10, IL-13, IFN-α, etc…) (14, 15), even though this dichotomy has been shown to be realistically less simple (16).




Figure 1 | RNA binding PRRs and their regulation (A) Innate immune signaling pathways triggered by RNA binding PRRs. Interaction of endosomal TLRs (TLR3, TLR7 and TLR8), cytosolic RLRs (RIG-I and MDA5) and cGAS with different RNA substrates activates IRF3/7 and NFκkB pathway in TRIF/MyD88, MAVS and STING dependent manner, respectively. This activation leads to an induction of ISGs (IFN stimulated genes) as a part of the type I IFN response. On the other hand, NLRs (e.g. NLPRP1/3) promote apoptosis speck-like protein (ASC)/caspase-mediated signaling. Caspase-dependent cleavage of Gasdermin-D (GSDM-D) and maturation of pro-IL-1β and pro-IL-18 lead to pyroptosis and inflammation, respectively. All these pathways contribute to developing cellular innate immunity and counteracting the effect of different pathogens. While LGP2 can positively (+) and negatively (–) regulate RIG-I and MDA5 pathways, LysRS inhibits the cGAS-STING pathway (9, 64, 75–77). (B) RNA sensing by non-PRR RBPs. Upon dsRNA binding, ZNFX1 driven type I IFN response via MAVS leads to the expression of ISGs: RIG-I and MDA5, which autoregulate their expression by a positive feedback loop. In addition, La, an autoantigen, could promote RIG-I induction upon viral RNA binding. Sensing of dsRNA structures containing stem-loops 1 and 2 (SL1 and SL2) within SARS-CoV-2 5’UTR by prenylated OAS1 promotes RNase L mediated degradation of the viral RNA and hence displays negative effect (–) on SARS-CoV-2. Ro60 interaction with Alu RNA elicits innate immunity by positively regulating TLR7 signaling. ZBP1 interaction with viral or host Z-RNA activates NLRP3 signaling by positively regulating RIPK3, which encourages the NLPRP3 pathway directly or via caspases. These pathways (along with MLKL mediated necroptosis) lead to PANoptosis or inflammatory cell death (78–85).



Altogether, innate immunity plays an essential role during immune responses: guardian of tissue integrity, local cells act as a communication platform to detect, alert and, at least partially, eliminate infection or damage. However, the complex underlying program of innate responses has to be tightly regulated to avoid any hazardous effect. Indeed, overexpression of inflammatory components can damage the host (e.g. intolerance, auto-immunity), whereas their under-expression leads to an inefficient defense strategy (17, 18). This highlights the necessity of a rapid and efficient innate response, balanced with appropriate transcriptional and post-transcriptional regulations that finely tune the underlying gene expression program. While transcriptional regulation clearly plays a major role during inflammation and has been widely studied as a model for cell stimulation (19, 20), post-transcriptional control more recently emerged as indispensable to properly tune the innate response (21–23).

RNA-Binding Proteins (RBPs) are key effectors of post-transcriptional regulatory processes (24–26) by targeting specific sequences, structures or post-transcriptional chemical modifications occurring on RNA bases, such as N6-methyladenosine (m6A). Altogether, RBPs act at all steps of the life of RNAs: pre-RNA processing (5’ RNA capping, splicing, polyadenylation and base editing), mRNA transport, ribosome biogenesis, translation, and finally RNA decay (27–29). In line with this, recent system-wide analyses have revealed the importance of the RNA binding proteome (RBPome) during viral infections (30, 31) and activation of cells of the innate immune system (32). More recently, the global analysis of RNA–protein interactome has shown that a third of the RBPome is remodeled upon SARS-COV-2 infection in human cells, highlighting the importance of targeting RBPs for therapeutic strategies against COVID-19 (33, 34).

Here, we review the multiple roles played by RBPs in shaping the innate immune response, from pathogen and danger detection to the regulation of signal transduction and effector functions.



2 Technical Approaches to Study RBPs

Advances in mass-spectrometry and high-throughput sequencing have substantially increased the list of cellular proteins which are known to interact with RNAs and allowed, for many of them, to identify their precise RNA binding sites. Depending on the biological questions to be addressed, RBP’s studies can be performed via RNA-centric or protein-centric methods (35). One way to capture protein/RNA interactions is through cross-linking, which creates a covalent bond between the RNA molecule and its associated protein. Different RNA-Protein cross-linking methods exist, each with its own benefits and limitations. In order to identify proteins that interact directly with RNA, irradiation of cells with ultraviolet (UV) light (254nm) is the most commonly used approach, since it irreversibly cross-links amino acid residues to nucleic-acids, without inducing protein-protein covalent bonds. Additionally, the covalent bond created between the amino-acids and RNA bases can provide information related to precise binding site at single-nucleotide resolution (36). However, the efficiency of UV-crosslinking can differ depending on the nature of the amino acids involved in the interaction with RNA bases (37). Furthermore, RBPs that bind to dsRNA structures have been shown to cross-link poorly when exposed to UV radiation due to low accessibility of the RNA bases to the amino acids residues involved in RNA binding (38, 39). Finally, the overall efficiency of RNA/protein cross-linking induced by 254nm UV light is relatively low (5%) (40, 41) and UV light does not penetrate complex tissues or liquid cultures very efficiently, thus limiting its use to cell monolayers or requiring dissociation of the tissue prior to UV irradiation (42). Some of the drawbacks of classical 254nm UV cross-linking can be overcome by the use of photoreactive ribonucleoside analogs 4-thiouridine (4SU), or 6-thioguanosine (6-SG). These ribonucleoside analogs are fed to cultured cells, incorporate into nascent transcripts and allow more efficient cross-linking of RNA to proteins following irradiation with long-wavelength UV light (365nm) that also penetrates samples more efficiently than the commonly used short-wavelength UVs (28). Moreover, this method, known as Photoactivatable-Ribonucleoside-Enhanced Crosslinking (PAR-CL), is also able to score the transitions from thymidine (T) to cytidine (C) that occur at cross-linking sites upon reverse-transcription, which are used to identify precisely the RBP binding sites (43). Methylene blue can be an efficient alternative to UV irradiation when studying dsRBPs. It intercalates between RNA bases of a dsRNA structure and allow efficient dsRBP/RNA crosslinking through visible light, thus overcoming the poor cross-linking activity of UV (38, 44). Formaldehyde can also be used to cross-link single-strand and double-strand RBPs to their RNA targets (39, 45–48). It also has the advantage to be reversible upon incubation of samples at high temperature, which can facilitate RNA recovery and downstream processing such as reverse-transcription. However, formaldehyde cross-linking is not restricted to RNA/proteins but also generates covalent bonds between proteins. As a consequence, ribonucleoprotein complexes can be cross-linked together, therefore making it impossible to discriminate between direct RBPs and non-RBPs that interact indirectly with RNA. Nevertheless, this drawback has been useful in determining the target sites of closely related RNP complexes such as different sub-types of the exon-junction complex (49).

Upon cross-linking, RNA-centric protocols rely on the purification of poly(A) mRNAs (corresponding to protein coding RNAs) (50), total RNA (that gives information on all RNAs including mRNAs and non-coding RNAs such as ribosomal RNA and microRNAs among other) (51), or specific RNA species (52). The RNA purification step is then followed by the identification and quantification of RBPs that were bound to the purified RNAs by mass spectrometry or western-blotting (53). Variations of these protocols combined with purification of poly(A) mRNAs with partial protease treatment have also enabled the characterization of the protein domains that are involved in RNA recognition (54). Altogether, these protocols have allowed the unbiased identification of RBPs in a wide-variety of organisms and biological contexts, but also of new types of RNA recognition domains within RBPs (55, 56). They have also been used to characterize the dynamics of RBP binding to RNA during a wide range of physiological and pathological processes (31, 32). For instance, comparison of the RBPome between resting and LPS-stimulated macrophages uncovered 91 RBPs not previously annotated to interact with RNA. Among identified RBPs, many displayed changes in their RNA-binding capacity upon LPS-stimulation (32). These include the HSP90 co-chaperone P23, which interacts with the mRNA coding for Kinesin 15 (KIF15) (32, 57). Upon macrophage activation, P23 binding to Kif15 mRNA decreases, leading to mRNA destabilization and down-regulation of KIF15 protein abundance, which stimulates macrophage migration (57).

In contrast to RNA-centric approaches, protein centric methods rely on the immuno-purification of a specific RNA-binding protein upon cross-linking (also known as cross-linking immuno-purification or CLIP) followed by RNA-sequencing in order to identify the RNA species bound to the RBP of interest. One can access to the precise RNA sequence where the RBP is binding by coupling immuno-purification with a RNase treatment and small-RNA sequencing (58). Several protocols exist, relying on UV or formaldehyde cross-linking, that allow either the characterization of the RNA-binding sites of isolated RBPs or protein complexes with RNA-binding capacity. Among these protocols, those relying on short and long wave UV crosslinking [such as iCLIP (59), eCLIP (60) and PAR-CLIP (43)] are largely the most frequently used in the literature thanks to their single-nucleotide resolution, availability of commercial kits for sample preparation and development of many data analysis pipelines [some with intuitive graphic user interfaces (61)] that facilitate processing of the sequencing results for non-experts. Furthermore, UV-based CLIP-seq protocols [specifically eCLIP (60)] concentrate most of the efforts made by the Encyclopedia of DNA Elements (ENCODE) project to provide large-scale characterization of the RNA binding sites of hundreds of RBPs in a robust and reproducible manner, providing the scientific community with homogeneous datasets that can be compared across different RBPs and cell types (62). More recently, a CLIP-seq protocol using short laser pulses of UV-light through different time lengths has been able to uncover the in vitro kinetics of binding and dissociation of the RBP DAZL to a thousands of RNA targets (e.g. Thbs1 transcript) in a transcriptome-wide manner (63). Once applied to other RBPs, such a protocol could greatly improve our understanding of the biological roles of RBPs and the regulation of their binding and functional activity on their target RNAs.

Altogether, RNA-centric and protein-centric protocols have greatly participated in our understanding of RBPs and their functional role in a myriad of different cellular processes including the innate immune response.



3 RNA Sensing by Canonical PRRs and Other RBPs

While RNAs are essential components of cellular functions, they can also generate protective immune responses as it has been largely described following infection with RNA viruses (e.g. Influenza, SARS, Hepatitis, Measles, etc.). Although sensing of foreign RNA leads to a substantial and rapid antiviral response, it must be tightly controlled in order to avoid hazardous effects [for extensive review, see (64)]. Similarly, inappropriate host RNA recognition can also occur during several processes such as apoptosis (65) or cancer progression (66), leading to uncontrolled immune responses and/or auto-immunity. The capacity to discriminate between host and foreign RNAs is therefore essential to avoid unsuitable immune responses. PRRs that are specific for RNA components are well-known actors of innate immunity, especially in response to viral infections. They represent, as such, prototypic RBPs. However, several non-canonical PRR RBPs have been recently shown to participate in the sensing and/or regulation of RNA sensing and to have a significant role in modulating innate immunity, as examined below.


3.1 RNA Sensing by Canonical PRRs

Foreign RNAs can display specific features that distinguish them from endogenous RNAs and allow them to trigger an immune response through sensing by PRRs. These features can be linked to their structure, nucleotide composition and chemical modifications, or their subcellular location.

TLR3 was the first PRR described to interact with foreign RNA (67). Among all TLRs, TLR3, TLR7 and TLR8 are able to recognize RNA substrates under different forms: TLR3 can recognize long dsRNAs, as well as short dsRNAs and structured ssRNAs (>35bp) (68, 69), while TLR7 and TLR8 rely on leucine-rich repeats to detect GU-rich ssRNA species (70) but also by-products of ssRNA degradation including endogenous microRNAs and exogenous siRNAs (71–73). TLR3/7/8 are transmembrane proteins localized within endosomal compartments. RNA sensing through these TLRs therefore requires uptake and endocytosis of extracellular RNAs which generally occurs during viral infection or phagocytosis of necrotic/apoptotic cells (67, 74). This allows a spatial compartmentalization of RNA-binding to TLRs, to avoid any activation by host cell RNAs. Upon activation of TLRs, Toll/IL-1 receptor (TIR) domain-containing adaptor inducing interferon-β (TRIF)-dependent pathway is activated, leading to the phosphorylation of transcription factors such as IFN regulatory factor 3 (IRF3) and IRF7 and their subsequent nuclear translocation. IRF3/7 thus turn on the antiviral response in infected host cells, through specific transactivation of type I IFN genes (see Figure 1A). In addition, both TLR7 and TLR8 contain two binding sites that synergize to induce TLR dimerization and activation. One binding site is for small ligands (including guanosine for TLR7 and uridine for TLR8) and one for short oligonucleotides (73, 86). For TLR8, the generation of those specific ligands requires both the endolysosomal endonucleases RNase T2 and RNase 2, each cleaving ssRNA upstream and downstream of uridines, respectively, to generate free uridine and short RNA oligonucleotides (71, 87). For TLR7, the source of guanosine and short nucleotides required for its activation are less well-characterized. RNAse T2 is seemingly required for activation of TLR7 in macrophages (88) and crystallography studies suggest that successive U-containing ssRNA sequences are required for full binding to TLR7 (89). Studies in macrophages moreover suggested that accumulation of nucleosides in the lysosomal compartment upon inactivation of the lysosomal transmembrane protein SLC29A3 (a nucleoside transporter from lysosomes to the cytoplasm) leads to TLR7 activation following phagocytosis of necrotic cells (90). Interestingly, in monocytes, macrophages, and dendritic cells, the accumulation of nucleosides within lysosomes is responsible for inflammatory disorders like histiocytosis, further emphasizing the importance of a tight control of RNA mediated TLR activation (91).

Unlike TLRs, whose expression depends on TLR subtype and cellular subset, retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs) are expressed in most cell types. Located in the cytosol, members of the RLR family include RIG-I, the melanoma differentiation-associated protein 5 (MDA5) and the laboratory of genetics and physiology 2 (LGP2) factors. All three RLRs share a central ATP-dependent helicase domain and a carboxy-terminal domain (CTD), both domains displaying RNA-binding activity. RIG-I and MDA5, but not LGP2, have two additional caspase activation and recruitment domains (CARDs) that are essential for downstream signal transduction through MAVS, upon RNA binding. RIG-I recognizes short dsRNA structures bearing a triphosphate or diphosphate group at their 5’ end (5’-PPP or 5’-PP) (92–94) and lacking a methyl group at the 2’-O position of the 5’ terminal nucleotide (95). These structural features, present in many viral RNAs, but generally absent in endogenous cytosolic RNAs, allow RIG-I to discriminate between self and non-self RNAs. MDA5 on the other hand preferentially binds long dsRNAs molecules (including the synthetic poly(I:C) molecule), as shown by several reports (96–98).

However as opposed to RIG-I, the molecular determinants of MDA5 binding to foreign RNAs are less well understood. The presence of higher order RNA structures (combination of single-stranded and double-stranded RNA structures) appears to be important (97), as well as AU-rich sequences, although not specifically under the form of RNA duplex structures (99). Upon recognition of its target RNA, MDA5 oligomerizes into filaments in a cooperative manner and the CARDs domains allow the nucleation of MAVS leading to its activation (100). Interestingly, the ATP hydrolysis activity of MDA5 is stimulated by dsRNA binding and favors the dissociation of MDA5 at a rate that is inversely proportional to the length of the dsRNA substrate. This could explain the length requirement for dsRNAs to trigger MDA5-dependent signaling (101). Finally, the third member of the RLR family, LGP2, displays RNA-binding activity but lacks the CARDs domains required for downstream signal transduction. LGP2 recently emerged as both a positive and a negative regulator of RIG-I and MDA5 activities [for a recent review, see (75)], as supported by the fact that LGP2 deficient mice display disparate susceptibility to infection with RNA viruses (see Figure 1A) (102).

Finally, inflammasome-forming nucleotide-binding domain leucine-rich repeat (NLR) proteins are a group of cytosolic PRRs that assemble inflammasome in response to PAMP and DAMPs. Briefly, inflammatory ligand recognition by NLR leads to the recruitment of the apoptosis speck-like protein (ASC) adaptor, allowing the activation of caspase-1. Caspase-1 dependent cleavage of both Gasdermin-D and pro-IL-1β or pro-IL-18, further induces cell death by pyroptosis or inflammation, respectively [Figure 1A, for a review, see (103)]. NLRs may rely on other PRRs and RBPs to trigger inflammasome activation and, for some of them, direct ligands remain to be characterized. For example, NLRP1 (nucleotide-binding domain leucine-rich repeat protein 1), was one of the first inflammasome-forming PRRs to be identified but its role in pathogen defense and its direct ligands were poorly understood. However, a recent report has shown that human NLRP1 can bind both dsDNA and dsRNA through its leucine-rich repeat domain, but only long dsRNAs [including poly(I:C)] are able to trigger NLRP1 activation (104). Interestingly, in several cell lines and primary cells tested (including primary human epidermal keratinocytes and immortalized human HBEC3-KT bronchial epithelial cells), the sensing of poly(I:C) or infection with Semliki Forest Virus (a positive-strand RNA virus) and its effect on cell viability are fully dependent on NLRP1 expression thus suggesting a non-redundant role of this NLR in sensing dsRNA and triggering activation of the inflammasome (104).



3.2 RNA Sensing and Regulation of PRR Activity by Non-PRR RBPs

PRRs are receptors of host defense mechanism that identify pathogens by sensing specific patterns (9). In addition to the layer that relies on canonical RNA-binding PRRs, numerous RBPs, that are not necessarily specific to immune cells, can interact with a large variety of RNAs in order to directly trigger an innate immune response or modulate the activity of canonical PRRs (see Figure 1B).

ZNFX1 (zinc finger NFX1-type containing 1) is a member of the helicase superfamily 1 (SF1) localized in the outer membrane of the mitochondria. Similar to RIG-I and MDA5, ZNFX1 can bind viral dsRNAs and interacts with MAVS, in order to promote IFN expression and IFN-stimulated genes (ISGs) (see Figure 1B) (78). However, ZNFX1 appears as an early sensor of dsRNA: as opposed to RIG-I and MDA5 whose expression and mitochondrial translocation is induced only following viral infection, ZNFX1 is constitutively localized within mitochondria and its expression, further increased by viral infection, reaches a peak much earlier than RIG-I and MDA5. ZNFX1 has further been shown to enhance the expression of RLRs, therefore priming the subsequent antiviral defense (78). As a consequence, mice deficient for ZNF1X show increased susceptibility to viral infection (78) and those results have been recently confirmed in human with biallelic ZNFX1 deficiencies (105). Thus, ZNFX1 is seen as an early sensor for viral RNAs able to trigger a rapid antiviral response in two different manners: directly through IFN signaling pathway and indirectly through RLRs activation. Interestingly, deficiencies in ZNFX1 are also associated with uncontrolled inflammation following viral infection, in both humans and mice. Although the underlying mechanisms will need further investigation, it highlights the importance of a timely tune innate response, allowing proper elimination of viral spread, while preventing over inflammation. Another recent study involving an ISGs expression screening, has revealed that OAS1 (2’-5’-Oligoadenylate Synthetase 1), a dsRNA sensor, is able to inhibit SARS-CoV-2 through the action of RNase L (see Figure 1B) (80). Indeed, by performing iCLIP against OAS1, infection by SARS-CoV-2 was shown to enhance the RNA-binding activity of OAS1, which interacts primarily with highly structured host RNAs (e.g. snoRNAs, lncRNAs, intronic regions of mRNAs) as well as with specific stem loops (SL1 and SL2) located withing the first 54 nucleotides of the 5’UTR of all positive-sense SARS-CoV-2 RNAs (80, 106). Importantly, the sensing of SARS-CoV-2 RNAs is dependent on the C-terminal prenylation of OAS1 (addition of hydrophobic molecules) (80), that leads at its translocation to membranous viral replicative organelles (107). The binding of SARS-CoV-2 dsRNAs by OAS1 activates RNase L, which in turn initiates the cleavage of viral and host RNAs harboring single-stranded UpU and UpA motifs (108).

In addition to dsRNA sensing in the cytoplasm, RBPs that are non-canonical PRRs can also act as sensors within the nucleus and potentiate robust immune responses. For instance, a nuclear matrix protein hnRNP U (also known as SAFA for scaffold attachment factor A) directly binds nuclear viral RNAs from DNA and RNA viruses (109). The infection of mouse Bone Marrow-Derived macrophages (BMDMs) by HSV-1, a DNA virus, or by Vesicular Stomatitis Virus (VSV), a ssRNA virus, induced their recognition by hnRNP U in the nucleus. This sensing triggers its oligomerization, inducing its interaction with chromatin remodelers such as the DNA topoisomerase 1 (TOP1) and SWI/SNF-related matrix-associated actin-dependent regulator of chromatin subfamily A member 5 (SMARCA5). This further activates distal and proximal enhancers of type I IFN and other host defense genes (e.g. Oasl1, IL-15, CXCL10, Irf1), therefore promoting robust antiviral responses (109). Thus, with its dual function as a viral RNA sensor and a transcriptional regulator, hnRNP U in the nucleus is an advantage against virus evasion strategy.

More recently, the role of the DEAD-box (Asp-Glu-Ala-Asp motif) or DEAH-box (Asp-Glu-Ala-His motif) helicase proteins during innate immune sensing has emerged in the literature [for a more detailed review, see (110)], with promising contribution in treatment of infectious diseases. They are categorized into two groups, based on their activity: (i) those which directly act as RNA sensors, independently of PRRs such as DDX1 or DHX9, and (ii) those which act as co-sensors of RLRs and NLRs, thus improving their activation such as DDX3 or DDX60. For instance, the first category involves proteins able to bind dsRNA. This is exemplified by DDX1, DHX9 and DHX33 that have been shown to directly interact with poly(I:C) or dsRNA from viruses such as Influenza A or reovirus, in myeloid DCs (111, 112). Thus, sensing by DDX1, DHX9 or DHX33 directly induces the production of IFN-α/β and/or pro-inflammatory cytokines responses, via MAVS (DHX9, DHX33) or TRIF (DDX1), independently of canonical PRRs. In addition, DHX9 (in murine intestinal cells) and DHX33 (in THP-1 macrophages cell line) are able to sense RNA and trigger NLRP9 and NLRP3 inflammasome, respectively (113, 114). The second category includes co-sensors such as DDX3 or DDX60. While DDX3 can directly associate with poly(I:C), it also form a complex with MAVS and RLRs to potentiate type I IFN responses, following stimulation (115). Similarly DDX60 interacts with RLRs to promote their downstream signaling (116).

Similarly, viral RNAs sensing are also modulated by several autoantigens such as La/SS-B (La). La has been recently shown to directly bind RIG-I once bound to a viral dsRNA (79), resulting in strengthened interaction between RIG-I and its RNA ligand and eventually empowered RIG-I-mediated type I and type III IFN production. In addition, La also promotes the activation of MAVS, a mitochondrial-associated adaptor downstream of RIG-I (79) (Figure 1B). Indeed, RNA recognition results in RIG-I exposing its activator CARD domains, which in turn binds the CARD domain of MAVS (117). The activation of MAVS leads to the formation of a complex with two other proteins (CARD9 and BCL-10) that eventually turn on the NFκB signaling pathway (118). Therefore, upon infection, La reinforces the activation of MAVS through RIG-I and empowers the immune response. By contrast, Ro60, another viral RNA binding autoantigen, is known to negatively regulate the inflammatory response by buffering the recognition of viral RNAs by RNA sensors. Ro60 is a component of a ribonucleoprotein complex that targets misfolded cellular RNAs (potentially foreign RNAs) for destruction, thus slowing down their detection by immune RNA sensors and delaying the alarm signal (81).

In addition to directly sensing or potentiating detection of viral RNAs, RBPs also modulate immune responses through the direct recognition of endogenous RNAs (119–122). This is for example the case for Alu transposable elements (TEs), which account for over 10% of the human genome (123, 124). Alu elements belong to the Short interspersed nuclear element (SINE) family of transposable elements (125). They are primate specific repeat sequences of around 280bp long, that can be found in intergenic regions but also embedded within introns and exons of protein coding genes and expressed together with the gene in which they are integrated. Functional Alu elements can be transcribed from their own promoter by RNA polymerase III and depend on the reverse transcriptase activity of the ORFp2 protein from LINE-1 elements to reverse transcribe and integrate into new genomic loci (125). Transcribed Alu elements can bind several cellular RBPs such as Ro60, which negatively regulates their abundance (81). In Hela cells, infection with adenovirus type 5 and herpes simplex virus type 1 have been described to activate RNA polymerase III-dependent transcription of Alu TEs (122, 126). Alu TE are also strongly transcribed upon exposure to type I IFN and pro-inflammatory cytokines, both from their own promoter and as part of induced gene transcripts with embedded Alu elements (127). Interestingly, the high abundance of Alu transcripts induced upon IFN exposure has been shown to saturate Ro60 and allow their recognition by TLR7, to further amplify the IFN response through classical signaling pathways (MAPK, NFκB) (81, 128) (Figure 1B). In line with this, auto-antibodies bound to Ro60-Alu RNA/protein complexes have been detected in the blood of Sjögren’s Syndrome patients and have been proposed to mediate TLR7-dependent signaling in B cells (upon endosomal uptake), leading to their aberrant activation and production of inflammatory cytokines (81). Ro60 can therefore play a dual role in restricting Alu abundance to limit their recognition by PRRs under physiological conditions, while also being responsible for inducing a pathological innate immune response in the context of an autoimmune disease.

In addition to Alu RNAs transcribed from their own promoter, Alu elements embedded within mRNAs can act as scaffolds for the recruitment of RBPs in the context of innate immunity. Many cellular transcripts harbor two or more embedded Alu copies in inverted orientation (Alu inverted repeat, AIR) mostly located in their 3’UTRs (129). AIRs can base-pair with each other and the closer the inverted Alu sequences are, the more frequently they tend to base-pair with each other (39). The resulting dsRNA structure has been shown to form Z-RNA (a left handed dsRNA helix with Z-conformation) (130) that is recognized by the Zα domain of ADAR1 (131) and Z-DNA binding protein 1 (ZBP1) (83) with different outcomes. ZBP1 is a sensor for viral as well as endogenous Z-RNAs, promoting NLRP3 inflammasome and pyroptosis via Receptor Interacting Protein Kinase 3 (RIPK3) (83–85). More recently, ZBP1 has also been shown to induce PANoptosis, a form of inflammatory cells death, through a large multi-protein complex named AIM2 PANoptosome (Figure 1B) (82). By contrast, ADAR1 appears more like a guardian of homeostasis, by limiting inflammation. Indeed, ADAR1 binding to Z-RNA mediates adenosine to inosine conversion (also known as A-to-I editing) within the dsRNA structure (132). A-to-I editing disrupts the continuity in the dsRNA structure avoiding its recognition by the dsRNA sensors MDA5 and PKR. Interestingly, gain of function mutations in MDA5 associated with human immune disorders such as Aicardi-Goutières syndrome, have been shown to render MDA5 more tolerant to the irregular AIRs dsRNA structures generated upon ADAR1 A-to-I editing and inducing an aberrant antiviral response (133). Similarly, a recent study has shown that ADAR1 could act as a negative regulator of ZBP1 mediated PANoptosis (134). Those results suggest that the specificity of MDA5 and ZBP1 in recognizing its RNA substrates is under strong selection to maintain a trade-off between efficient pathogen recognition and self-tolerance.

Another strategy to regulate immune responses through PRRs sensing is to physically mask host RNAs with RBPs. For instance, under physiological context, a host-derived RNA called 5S ribosomal RNA pseudogene 141 (RNA5SP141) is present in the nucleus. When RNA5SP141 translocates into the cytoplasm, it recruits different RBPs such as ribosomal protein L5 (RPL5) and mitochondrial ribosomal protein L18 (MRPL18), avoiding unwanted activation of the immune system by PRRs. Some DNA viruses [e.g. herpes simplex virus 1 (HSV-1), Epstein-Barr virus (EBV) and influenza A virus (IAV)] have been shown to disrupt the nucleus membrane and to induce a global downregulation of host proteins’ synthesis. This leads to increased availability of RNA5SP141 in the cytoplasm and its unmasking from the RBPs (135). RIG-I thus recognizes the RBP-free RNA5SP141, inducing type I IFN stimulation and antiviral immunity. This study shows how RBPs protect host RNAs from PRR recognition and highlights a mechanism used by the host to induce PRR activation during infection by DNA viruses.

Finally, dsRNA or ssRNA are not the only molecules recognized by RBPs. RNAs can base-pair with DNA during different physiological processes (e.g. DNA transcription, DNA replication, dsDNA break repairs) or as intermediates of replication for certain viruses and endogenous retroelements (e.g. retroviruses, hepadnaviruses and LINE-1 retroelements). Viral RNA : DNA hybrids have been shown in mouse bone marrow-derived conventional DCs (cDCs) and human Peripheral Blood Mononuclear Cells (PBMCs), but not in BMDMs, to be recognized by TLR9, leading to the production of pro-inflammatory cytokines, such as IL-6 and IFN, in a Myd88-dependent manner (136). Similarly, the cyclic GMP-AMP synthase (cGAS), classically seen as a DNA sensor that activates inflammatory response via its adaptor STING (137) can also detect RNA : DNA hybrids and induce STING activation leading to IFN-β and ISG expression (138). However, this property appears highly regulated, probably to prevent over-inflammation following infection, or unwanted immune responses during biological processes involving RNA : DNA hybrid intermediates. Indeed, the Lysyl tRNA synthetase (LysRS), a component of the cytosolic multi-tRNA synthetase complex (MSC) involved in mRNA translation (139–141), has recently been shown to directly interact with RNA : DNA hybrids and compete with cGAS to delay STING activation and downstream type I IFN response (142). In addition to competing with cGAS, binding of LysRS to RNA : DNA hybrids leads to LysRS-dependent production of diadenosine tetraphosphate (Ap4A), which is able to directly bind STING and prevent its interaction with 2’3’-cyclic GMP-AMP (cGAMP) and decreases downstream production of type I IFN (see Figure 1A) (142).

Altogether, RBPs are important players in the direct recognition and/or modulation of the recognition of foreign RNAs and in triggering a robust innate response against a wide-range of pathogens.




4 Role of RBPs in RNA Processing During Innate Immunity


4.1 Mechanisms of Alternative Splicing

In eukaryotes, protein-coding genes contain sequences that are found in mature mRNAs (exons) and sequences that are removed during mRNA maturation (introns) through a process called splicing and catalyzed by the spliceosome (143–145). By skipping or retaining specific exonic sequences, pre-mRNA splicing can create various RNA isoforms from a single transcription unit in a process known as alternative splicing. The spliceosome is a megadalton machinery composed of small nuclear RNAs (snRNAs) and proteins that associate to form small nuclear ribonucleoprotein particles (snRNPs termed as U1, U2, U4, U5, and U6) (146). Each intron has specific conserved sequences, the splice donor site that defines the 5’ exon/intron junction, the splice acceptor site that defines the 3’ intron/exon junction and the branch site that is essential during the first step of the splicing reaction. These sequences are recognized by snRNPs that assemble in a chronological order to perform two transesterification reactions that lead to the cleavage and release of the intron, while performing phosphodiester bonds to ligate the exons (146). Selection of the splice donor and acceptor sites can be modulated by surrounding cis-acting sequences, such as exonic and intronic splicing enhancers or silencers, that recruit RBPs including serine/arginine-rich family of nuclear phosphoproteins (SR proteins) and heterogeneous nuclear ribonucleoproteins (hnRNPs) [for a short review, see (147)]. Differential recognition of splice donor and acceptor sites leads to the process of alternative splicing, creating multiple transcript isoforms with different coding sequences or alternative 5’UTRs. Alternative-splicing plays a critical role in numerous cellular processes such as the establishment of cell identity or sex selection (148, 149). In the context of immunity, alternative splicing has been shown to play an important role in the differentiation, homeostasis, and regulation of immune cells (150–153). Importantly, it appears as a major regulator of inflammation in innate immune cells. For instance, in mouse macrophages isolated from the lung at different time-point following intra-tracheal injection of LPS, global changes in alternative splicing were observed at the pic of the inflammatory response. In that context, genes involved in cellular metabolism and chemotactism were shown to be highly regulated by alternative splicing. Moreover, alternative splicing appears to regulate different set of pre-mRNA in recruited macrophages (mostly pro-inflammatory) as compared to resident macrophages, likely explaining their different metabolic requirement (154). Similarly, in monocyte derived macrophages obtained from human blood, bacterial infection is associated with global changes in mRNA isoform usage, with increased cassette exon inclusion (155). Finally, numerous important immune molecules transcripts downstream of PRR signaling (e.g. MyD88, IL-1 receptor-associated kinase (IRAK)), and even some TLR mRNA themselves also see their expression regulated by alternative splicing to give rise to protein isoforms with differential biological activities (156–158). However, although alternative splicing is mainly modulated by RBPs such as SR and hnRNP proteins, their role in the context of innate immunity is still poorly understood at the molecular level.



4.2 Alternative Splicing of PRRs and Their Downstream Signaling Factors

As the key contact between the noxious molecule and the host cells, PRRs and their downstream factors, represent a central hub of regulation. Alternative splicing has been shown to regulate activation and/or functions of those receptors, in order to control the intensity of immune responses and their shutdown upon clearance of infection or damage, as well as to prevent inappropriate inflammatory responses and autoimmunity.

While PRRs play an essential role during innate immunity by sensing specific patterns and alarming the immune system, their activity needs to be downregulated upon activation, to avoid over-inflammation. In line with this, alternative splicing appears as an important mechanism to limit PRR signaling. For example, LPS recognition by TLR4 requires TLR4 interaction with Myeloid Differentiation Factor 2 (MD-2) and the subsequent signaling cascade will lead to the expression of an MD-2 spliced isoform (MD-2s) that will inhibit TLR4 signaling (158). In vivo, delivery of MD-2s in the lung substantially decreases LPS-induced inflammation (159). Such a negative feedback loop has also been observed for TLR3, which recognizes dsRNA. In human astrocytes cell lines, TLR3 activation leads to type I IFN production that, in turn, induces the expression of an alternative spliced TLR3 isoform that acts as a negative regulator of TLR3 downstream signaling pathways (160).

In a different context, alternative splicing has been shown to regulate the relative production of membrane-bound and soluble forms of immune receptors, with opposite effect on inflammation. This is the case for Siglec-14, a glycan recognition protein that can elicit pro-inflammatory responses, in response to bacterial pathogens. Siglec-14 is classically paired with Siglec-5, that acts as an inhibitory receptor for bacterial pathogens, providing a first level of regulation in pro-inflammatory processes (161). Thus, in LPS-stimulated neutrophils, Siglec-14 has been found to be up-regulated and Siglec-5 down-regulated, suggesting a positive feed-back loop that increases myeloid inflammatory responses (162). As an additional layer of regulation, it has been found that a soluble form of Siglec-14 (sSiglec14) is able to interfere with the interaction between TLR2 and the membrane-bound form of Siglec-14 (mSiglec-14), in myeloid cells (163). The soluble form of Siglec14 is due to the retention of intron 5 during pre-mRNA splicing, which contains a C-terminal hexapeptide before the translation termination codon (164). While sSiglec14 is involved in the suppression of pro-inflammatory cytokines production (164), these results suggest a negative feedback mechanism regulating the myeloid pro-inflammatory responses elicited by the engagement of mSiglec-14. Thus, the switching between sSiglec-14 and mSiglec-14 might be used by the innate system to control a potential unwanted inflammatory response that could damage the host tissues.

In addition to PRRs, the activity of immune receptor’s adaptors such as MyD88 or TRIF has been shown to be dynamically modulated through alternative splicing (165). The cytoplasmic portion of most of the TLRs shows high similarities with the interleukin-1 (IL-1) receptors family and is thus called the TIR domain, for Toll/IL-1 receptor (165). TIR domain thus serves as a platform to recruit TIR domain-containing adapter, such as MyD88 (166). Upon stimulation, MyD88 recruits IL-1 receptor-associated kinase (IRAK), a serine/threonine kinase, also containing a TIR domain. IRAK is then activated by phosphorylation and interacts with TRAF6. Altogether, this signaling cascade leads to the activation of MAPK and NFκB signaling pathways that are crucial for completion of innate immune response (165). Thus, the regulation of TLR’s adaptors are critical for the control of immune defense. Interestingly, a MyD88 splice variant (MyD88s) induced upon LPS activation in monocytes codes for a protein isoform that lacks the IRAK-interacting domain, thus acting as a dominant negative by preventing IRAK phosphorylation and downstream NFκB activation to inhibit the LPS induced signaling pathway (167, 168). In resting cells, MyD88s alternative splicing is regulated by SF3A, SF3B and EFTUD2 that specifically inhibits the generation of the MyD88s isoform (lacking the IRAK-interacting domain), thus ensuring a robust initial innate response (see Figure 2A) (169, 173). Interestingly, in macrophages, SF3A knockdown preferentially affects splicing events related to innate immunity, such as the TLR signaling pathway, highly suggesting a more global role of this splicing factor in controlling the intensity of inflammation (170).




Figure 2 | RBP mediated regulation of innate immune functions by alternative splicing. (A) The smaller isoform (myD88s) of TLR4 signaling adaptor myD88 inhibits the production of cytokines (such as TNF-α and IL-6) by inhibiting myD88L mediated phosphorylation of IRAK. However, SF3A/3B and EFTUD2, in complexes with other snRNPs, reduce the production of myD88s to maintain cytokine expression (169, 170). (B) hnRNP M represses the splicing of IL-6 mRNA. However, innate immune activation in infected macrophages leads to phosphorylation of hnRNP M and relieves this splicing suppression (171). (C) ZFR facilitates correct splicing of mH2A1 transcript by exon inclusion which prevents the formation of an aberrantly spliced isoform. mH2A1 protein, which ILF2/3 possibly regulates, further promotes IFN-β mRNA expression to enhance type I IFN response (172).





4.3 ISG Control by RBP-Mediated Alternative Splicing

In the case of a viral infection, the innate immune system reacts by disrupting the functions and pathways vital for the pathogen’s life cycle. Once PRRs are activated by viral components, antiviral cytokines are produced. Among the earliest cytokines to be produced are type I IFNs (e.g., IFN-β, IFN-α, etc.) that trigger the JAK/STAT signaling pathway in order to induce expression of ISGs (174). These ISGs (e.g., IFIT1-3) generally act as antiviral effectors that control viral replication and spread (175, 176). Modulating ISG expression is critical to manage an efficient defense against pathogens while preventing detrimental adverse immune effects. RNA splicing is one way among others to ensure the proper timing and intensity of ISG expression. Splicing regulation involves one or more splicing factors acting like a regulatory node, as illustrated by heterogeneous nuclear RiboNucleoProteins (hnRNPs) (177). hnRNPs are complexes comprising typical RNA-binding and modular proteins mostly present in the nucleus (178). Using UV cross-linking followed by oligo(dT) purification of RNAs, about 20 species of hnRNPs have been identified (hnRNP A-U) (179). These ‘RNA scaffolds’ play various roles associated with the fate of the RNA such as the regulation of splicing or the transcriptional responses to DNA damage (180–183). It has been recently shown that a loss of hnRNP M results in overproduction of several innate immune transcripts such as antimicrobial factors as well as ISGs (171). In early stages of macrophage activation, the splicing factor hnRNP M associates with nascent IL-6 mRNA and slows down its initial ramping, acting probably as a safeguard of the inflammatory response. Once the macrophage is fully activated, hnRNP M is phosphorylated (downstream of the TLR pathway) and is then released from mRNA transcripts, promoting their splicing and full maturation (see Figure 2B) (171). Zinc finger RNA-binding protein, ZFR, is another example of alternative splicing regulation that has been shown to suppress the IFN response by regulating ISGs splicing (172). ZFR contains double-stranded RNA binding motifs as well as several Cys-Cys-His-His (CCHH) zinc finger domains (184). This zinc finger protein has been shown to prevent aberrant splicing of the histone variant macroH2A1 (mH2A1), which in turn binds and represses IFN-β activation and ISG expression (see Figure 2C) (172). Although the precise mechanisms of both ZFR impact on mH2A1 splicing and mH2A1 negative effect on type I IFN responses still remain to be determined, it again highlights the high level of regulation underlying type I IFN-responses.



4.4 Specialized Splicing in Non-Canonical Nuclear Bodies During Inflammation

The nucleus is highly organized into membrane-less structures called nuclear bodies. Different nuclear bodies have been described, endowed with specific proteins and RNA composition, and functional specificity. One example of such sub-nuclear compartments are Cajal Bodies (CB), that act as an organizer of spliceosomal small nuclear ribonucleoproteins (snRNP) biogenesis (185). On a mechanistic point of view, Coilin, a multivalent scaffold protein, has been shown to interact with small nuclear RNAs (snRNAs), targeting them to CB to achieve snRNP assembly (186, 187). Coilin interacts with U snRNPs and with a CB component called survival of motoneurons (SMN) in order to participate in the formation and integrity of CB themselves (188). In an inflammation context such as LPS-activated macrophages, Coilin interacts with higher affinity to SMN, leading to snRNA release and CB destabilization (Figure 3). Simultaneously, Tat-activating regulatory DNA-binding protein-43 (TDP-43), a highly conserved hnRNP involved in RNA processing (e.g. splicing, trafficking, etc…), becomes ubiquitinylated, decreases its binding to SMN and competitively recruits snRNAs and other components from spliceosomal snRNPs creating a novel sub-nuclear body different from CBs (189). TDP-43 also binds cytokine IL-6 and IL-10 pre-mRNAs in a sequence-specific manner (through short GC-rich palindromic repeats separated by a short spacer with a conserved ‘ACU’ sequence located in intron 2 of IL-6 and intron 1 of IL-10), thereby favoring their splicing within the sub-nuclear body dubbed InSAC (which stands for Interleukin-6 and -10 Splicing Activating Compartment) (see in Figure 3) (189). By hijacking components from CBs and controlling the distribution of subnuclear compartments, TDP-43 functions as a scaffold protein within InSACs, which become a specific cytokine pre-mRNA splicing compartment and an important effector of the immune response during inflammation (190).




Figure 3 | Nuclear bodies for splicing. In a physiological context, Cajal Body (CB) recruits snRNAs and snRNPs for maturation. Coilin interacts with SMN with low affinity (represented by blue stars). In infection context, Coilin strongly interacts with SMN (represented by red stars), and TDP-43 hijacks snRNAs and stabilizes InSAC (a sub-nuclear body favoring the splicing of IL-6 and IL-10). Simultaneously, TDP-43 recruits cytokine transcripts through their putative stem loop (SL) into InSAC and promotes their splicing (189, 190).





4.5 Polyadenylation

Most mRNAs, with the exception of those coding for canonical histones, bear a 3’ poly(A) tail added during the maturation of mRNA, in a process called polyadenylation. Polyadenylation is a co-transcriptional process involving the recognition of a cleavage/polyadenylation site (typically “AAUAAA” in a GU or U-rich context) in the nascent pre-mRNA, followed by endonucleolytic cleavage of the pre-mRNA (35 nt downstream of the cleavage/polyadenylation signal) and addition of a poly(A) sequence (50-250 nt long) at the 3’ end of the cleavage site (191). An estimated 80% of mammalian genes contain multiple cleavage/polyadenylation sites generally leading to transcript isoforms with alternative 3’ untranslated regions (3’UTRs) (192). Use of alternative polyadenylation (APA) sites is a dynamic process regulated by the abundance of the RNA-binding proteins involved in the polyadenylation process itself or by other RBPs, such as HuR, that can bind close to the cleavage/polyadenylation site and block its recognition (193). Ultimately, 3’UTR is the target of several RBP and/or antisense RNAs that regulate mRNA destiny. Modifications of mRNA 3’UTRs have thus important consequences on mRNA sub-cellular localization, translation efficiency or stability (194).

APA has been shown to also play an important role in innate immunity. For example, the sequencing of the human genome in 2001 helped to reveal that most TLRs have between two and four predicted APA sites (195). In line with this, several subsequent studies could underline that infected or inflamed macrophages display rapid and extensive changes in APA leading to a global shortening of 3’UTRs (155, 196). In LPS stimulated macrophages (BMDM and RAW 264.7 mouse cell line), this has been explained by the expression of Cstf-64, a 64kDa Cleavage stimulatory factor, that likely contributes to alternative polyadenylation of numerous genes associated with a global change in their expression (197). Similarly, macrophages derived from human blood monocytes infected by Salmonella typhimurium or Listeria monocytogenes show a near universal shift toward usage of more upstream polyadenylation sites, leading to shorter 3’UTR in genes where longer 3’UTR are targeted by miRNA negative regulation (155). Altogether, those observations argue for a role of 3’UTR shortening in the escape from immune repression, allowing a rapid establishment of innate immune responses. Consistent with this, infection of primary human monocyte derived macrophages and mouse peritoneal macrophages with VSV leads to a gradual shortening of 3’UTRs through the use of proximal cleavage/polyadenylation sites. From 2 to 16 hours post infection, mRNA displaying altered APA are enriched in immune-related Gene Ontology categories and this is accompanied by increased levels of several innate-related proteins such as RIG-1, RIPK1 (a kinase involved in host defense) (198) or DDX3Y (a RNA helicase involved in type I IFN production) (199). In line with this, down-regulation of different RBPs involved in 3’ mRNA processing prior to infection with VSV, promoted virus replication. Although it remains to be determined whether certain RBPs involved in 3’UTR processing are themselves regulated by APA and how viral infection modifies their expression/activity, this further validates the hypothesis about the important role of APA in regulating innate immunity (196). By contrast, Jia et al. study interestingly highlights a picture that is likely more sophisticated, where the impact of 3’ UTR shortening does not necessarily correlate with increased protein output. Indeed, while APA usage leads to stabilization and increased translation of several mRNAs, other immune-related mRNAs were negatively impacted by the viral induction of 3’UTR shortening, including Fos, SOS1 [a negative regulator of TLR signaling (200)], TNFRSF10D [a TRAIL-receptor with a truncated death domain (201)], CASP6, PPSB1, N4BP1 [a suppressor of cytokine response (202)], (196). Although more extensive analysis should be performed in relevant models, the impact of APA and 3’UTR shortening in the context of infection overall appears as an additional regulator of protein output with a putative role in the interplay between positive and negative regulators of innate responses.




5 Translational Control During Innate Immunity


5.1 mRNA Translation Process

Once matured, mRNAs are transported from the nucleus to the cytoplasm, where they can recruit specific initiation factors and ribosomes to undergo translation. The control of this step plays a critical role in most cellular processes as it provides a rapid response to endogenous and exogenous cues without requiring de novo transcription. Furthermore, translational control is versatile as it can be exerted on a global scale or restricted to specific mRNA species. The translation process itself can be split into four phases: initiation, elongation, termination and ribosome recycling. Translation initiation is commonly assumed to be the rate limiting and the most regulated step of the process. However, the advent of high-throughput sequencing and protocols such as ribosome profiling (203), which allows to map the position of individual ribosomes across all expressed transcripts at a single-nucleotide resolution, has uncovered many additional layers of regulation taking place during elongation and termination of translation. Altogether, mRNA translation can thus be regulated by RBPs through multiple mechanisms involving binding to either specific RNA sequences or structures found in the 5’UTR, coding sequence, 3’UTR or poly(A) tail of cellular and viral RNAs, or as a consequence of the detection of non-self RNAs.



5.2 Individual RBP-Mediated Translation Silencing

The nucleolysin TIA-1 (TIA1 Cytotoxic Granule Associated RNA Binding Protein) and its closely related homologue TIAR are both RBPs containing three RNA Recognition Motif (RRM) domains in their N-terminal (204–206). In response to stress-induced phosphorylation of the translation initiation factor eIF2α, these proteins participate in the assembly of membrane-less cytosolic structures called stress granules (SGs). In cooperation with other RBPs, TIA-1 binds and sequesters untranslated mRNAs into the SGs, away from ribosomes (207). This occurs in five steps: (i) phosphorylation of eIF2α results in abortive initiation complexes preventing ribosome elongation and resulting in the formation of 48S messenger RiboNucleoParticle (mRNPs); (ii) free 48S mRNP are aggregated by factors such as TIAR or TIA-1, initiating SG nucleation; (iii) secondary aggregation where mRNA transcripts bind to multiple proteins forming microscopically visible SGs; (iv) integration and signaling in which proteins that lack RNA-binding domains (RBDs), such as TIA-1 binding proteins (e.g. SRC3, FAST or PMR1), bind in a ‘piggyback’ manner proteins involved in SGs assembly; (v) mRNA triage: SGs are organized into compartments. In each compartment, transcripts are specifically selected for decay or stabilized for further export and integration into polysomes, or stored (208). In LPS-activated macrophages, it has been shown that TIA-1 and TIAR bind U-rich motifs of mRNAs and selectively induce the silencing of TNF-α translation, while other cytokines such as IL-1β or IL-6, are largely unaffected (209, 210). Similarly, activated macrophages from TIA-1–/– mice were shown to produce significantly more TNF-α as compared to macrophages from wild type mice (210). Although the direct link between TIA-dependent silencing of TNF-α and stress granules has not been formally shown in that cellular context, several lines of evidence suggest that TNF-α silencing is linked to a stress response. By contrast, stimulation of the integrated stress pathway, a cytoprotective response that regulates cellular homeostasis, can prevent the production of IL-1β in LPS-activated macrophages. Indeed, incubation of murine macrophages with Arsenic, a known inducer of eIF2α phosphorylation and stress granule formation, after LPS activation or bacterial infection, results in a decreased production of IL-1β. Mechanistically, this decrease is explained by the formation of stress granules, through the interaction of IL-1β mRNA with TIA-1/TIAR, that eventually leads to IL-1β mRNA degradation (211).

Altogether, these studies suggest that TIA-1 and TIAR constitute specific translational silencers regulating the cellular response to environmental stress. The fact that, depending on the environmental context, such a stress-response targets specific cytokine-encoding mRNAs, further suggests the existence of additional elements of specificity, as exampled in non-immune cellular context (212).



5.3 GAIT Complex-Mediated Translational Regulation

RBP-containing protein complexes such as the IFN-γ-activated inhibitor of translation (GAIT) complex play an important role in regulating transcript-specific translation during innate immunity (213).

GAIT is a heterotetrameric complex formed by the glutamyl-prolyl tRNA synthetase (known as EPRS), heterogeneous nuclear ribonucleoprotein Q (known as hnRNP Q or NSAP1), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and the ribosomal protein L13a [also known as uL13 in the new ribosomal protein naming system (214)]. Assembly of the GAIT complex in response to IFN-γ exposure occurs in two distinct stages that are temporally regulated (see Figure 4). The first stage, which occurs within 8 hours from IFN-γ exposure, is triggered by the phosphorylation of EPRS mediated by several kinases (e.g. CDK5, p35, mTORC1) (217, 218). This induces its release from the tRNA synthetase complex (MSC) and its interaction with hnRNP Q to form a ‘pre-GAIT complex’ that is not functional. The second stage occurs after 12-24h of IFN-γ exposure, when ribosomal protein uL13 is phosphorylated, and triggers its release from the 60S ribosomal subunit. uL13 then binds GAPDH and the ‘pre-GAIT complex’ formed by EPRS and hnRNP Q to generate a functional heterotetrameric GAIT complex (215, 219). Once functional, the GAIT complex becomes competent for binding transcripts containing specific RNA stem-loops in their 3’UTRs sequence (i.e. GAIT elements), that are present in numerous pro-inflammatory mRNAs. GAIT complex likewise represses their translation through a direct interaction between uL13 from the GAIT complex and the translation initiation factor eIF4G, which inhibits the association of eIF4G and eIF3 (217, 220). uL13 deficiency, however, does not impair ribosome assembly in general or its global translation capacity, highlighting a non-essential role for uL13 as a regulator of specific mRNA translation (221).




Figure 4 | Translational control of VEGF-A mRNA. 1-8 hr post-IFN-γ induction, phosphorylation mediated release of EPRS from MSC followed by its association with hnRNP Q forms an inactive pre-GAIT (IFN-γ activated inhibitor of translation) complex. This complex joins uL13, released from the 60S ribosomal subunit, and GAPDH to form the heterotetrameric GAIT complex at 12-24hr. This functional GAIT complex suppresses the translation of many cellular transcripts including VEGF-A mRNA by blocking the interaction between eIF4G and eIF3 upon binding to a stem-loop RNA structure at 3’UTR called as GAIT element (213, 215). The hypoxic stimulus-based regulation: the binding of the HILDA (hypoxia-induced hnRNP L - DRBP76 - hnRNP A2/B1) complex adjacent to the GAIT element under hypoxia prevents the binding of the GAIT complex and restores VEGF-A translation (213, 215, 216).



Macrophage specific knockout of uL13 in mice has shown that translational control driven by the GAIT complex is an important player in the resolution of inflammation (219, 222, 223). Indeed, many cellular transcripts involved in the inflammatory response contain GAIT elements in their 3’UTR and are translationally regulated by the GAIT complex following stimulation with IFN-γ. These include transcripts coding for chemokines, chemokine receptors (219) and cytokines (222).

Similarly, treatment of human monocytic U937 cell line with IFN-γ induces strong expression of vascular endothelial growth factor A (VEGF-A that promotes angiogenesis during inflammation) mRNA after 8 and 24 hours. However, while VEGF-A protein levels are increased 8 hours post IFN-γ treatment, its level returns to baseline at 24 hours. Indeed, VEGF-A translation is repressed by the GAIT complex via the binding of GAIT to its GAIT element (224). Conversely, VEGF-A mRNA is positively regulated by the HILDA ribonucleoprotein complex composed of the RBPs, hnRNP L, DRBP76 (or ILF3, a dsRBP), and hnRNP A2/B1 that promotes angiogenesis under hypoxia conditions (216, 225). Interestingly, the GAIT element located in the 3’UTR of VEGF-A is in vicinity of an RNA binding site for HILDA complex (Figure 4). Binding of the GAIT or HILDA complex is mutually exclusive and results in a conformational switch of the RNA that impedes binding of the other complex (216, 225). This conformational switch, dependent on normoxic or hypoxia cell condition, enables efficient VEGF-A regulation and tissue oxygenation following inflammation, through translational control. Altogether, this process highlight a translation-dependent mechanism by which monocytes/macrophages can handle conflicted clues in complex environment such as inflammation (216).



5.4 Viral RNA Translation Control

Many ISGs with RNA-binding capacity (i.e. ISG-RBPs) boost immune response by restricting viral replication through the regulation of mRNA translation (either self or foreign mRNA), some acting on bulk translation while other targeting specific transcripts (226, 227). Among these, the best characterized is the dsRNA-activated protein kinase (PKR). PKR contains two dsRBDs that recognizes dsRNA structures longer than 30 nucleotides through its N-terminal end, which are an abundant replication intermediate for RNA viruses (228). Binding of dsRNA by PKR induces homodimerization and autophosphorylation of PKR C-terminal kinase domain, leading to its activation. One major target of PKR is the translation initiation factor eIF2α, which becomes phosphorylated upon PKR activation. Phosphorylated eIF2α cannot be recycled and is no longer able to form a ternary complex with the initiating Met-tRNA and a molecule of GTP. This results in a global inhibition of translation initiation affecting both cap-dependent and most forms of IRES-dependent translation (IRES for internal ribosome entry site, an RNA element often located in 5’ UTR that allows translation initiation in a cap-independent manner). However, certain cellular mRNAs are selectively translated in the presence of high levels of phosphorylated eIF2α and many viruses are able to overcome this arrest (229). Additionally, PKR is also present in stress granules containing stalled 48S ribosomes (Figure 5A). The activation of the stress granule localized PKR contributes to amplifying the innate immunity without the need for viral dsRNA pattern recognition (231) highlighting another antiviral mechanism of PKR. In line with this, PARP12, an ISG-RBP phosphorylated by PKR, has been shown to localize into SGs and p62/SQSTM1 containing structures (an adaptor protein involved in innate signaling and autophagy). Regulated by type I IFN during LPS stimulation, PARP12 contributes to the cellular antiviral response by increasing the SG-mediated translational silencing of viral and cellular RNAs. PARP12 contains five Cys-Cys-Cys-His (CCCH) zinc finger domains, the N-terminal one being essential for its subcellular location and function (235, 236). ISG20, another ISG-RBP, contains an RNase I domain and displays antiviral activities (237). ISG20 is upregulated by the three types of IFN and appears to perturb both viral mRNA translation and stability either directly, or via host factors (238). At the opposite of PARP12, ISG20 has been shown to specifically inhibit translation of a large number of non-self RNAs but not that of host mRNAs, participating in the discrimination between self and non-self substrates, however its mechanism of action still remains elusive (239). This is also the case for ZAP, a zinc-finger antiviral protein, also known as ZC3HAV1 that promotes translational repression of spliced viral mRNAs, by binding specific ZAP responsive element present in target viral RNAs. Once bound to viral RNAs, ZAP disrupts the interaction between the translational initiation factors (eIF4G, eIF4A) and the viral mRNAs, leading to their translational silencing (240, 241). ZAP also participates in maintaining the integrity of stress granules which could potentially be linked to its ability to restrict virus infection (230). More recently, the long isoform of ZAP has been shown to be essential for limiting translation of viral RNAs (242). At the opposite of the short isoform, the long isoform of ZAP contains a PARP domain and a CaaX motif (amino acids “CVIS”) at its C-terminus. Because ZAP is known to lead to degradation or translational inhibition by binding CpG dinucleotides in viral RNAs (243), CpG-enriched viruses have been used to highlight the antiviral activity of ZAP RBP. First, it has been shown that not only the N-terminal RBD, but also the C-terminal PARP domain both contribute to the restriction of CpG-enriched HIV-1. Second, the presence of the well-conserved CVIS sequence of the CaaX box mediates S-farnesylation (addition of a hydrophobic group). This post-transcriptional modification combined with the presence of the PARP domain are required for a full antiviral activity, through the recruitment of important co-factors such as TRIM25 and KHNYN proteins and the localization of ZAP into intracellular membranes. The subcellular distribution of this RBP has been shown to be critical for the antiviral restriction of both CpG-enriched HIV-1 and SARS-CoV-2 viruses (242).




Figure 5 | Translational control by ISG-RBPs. (A) Upon viral infection, several ISGs (such as PKR, ZAP and IFIT1) suppress viral and/or cellular translation by recognizing different RNA sequences or structures and targeting important initiation and elongation factors. With PARP12, PKR and ZAP also participate in stress granule mediated antiviral response (227, 230–232). (B) 2’O methylation of cellular mRNAs recruits CMTR1 that inhibits IFIT1 mediated translation repression (233, 234).



RBPs can also recognize specific RNA patterns carried by some viruses in order to restrict their translation. For example, IFIT1 (interferon-induced protein with tetratricopeptide repeats 1), induced by IFN-α/β upon viral infection, binds a triphosphate group on the 5’ terminal of viral RNAs (PPP-RNA) (244) in a sequence-independent manner and form a complex with IFIT2 and IFIT3 (and other proteins from IFIT family) to physically sequester the viral RNA and limit the assembly of viral particles (see Figure 5A) (245, 246). IFIT1 also interacts with eIF3 thereby blocking its association with the ternary complex (eIF2-GTP-Met-itRNA) to further inhibit translation of viral RNAs (247). In addition, the lack of 2’-O methylation of viral RNAs increases the interaction with IFIT1 and therefore raises the translational silencing (248). However, host mRNAs lacking 2’-O-methylation can also be targeted by IFIT1-mediated silencing. Interestingly, one way to circumvent this issue is mediated by CMTR1, another ISG also known as ISG95. CMTR1 is responsible for the catalysis of 2’O-methylation, which prevents IFIT1-mediated repression, especially for some ISG transcripts (see Figure 5B) (233). By doing so, CMTR1 promotes ISG protein expression in response to type I IFN. This example underlines the complex relation between (viral and host) RNA and RBPs and the requirement of several layers of regulation to optimize the antiviral response induced by the infection.

Altogether, a broad panel of RBPs exists, that regulate RNA dynamics through the modulation of translation. Their molecular and functional structure are divergent but they all converge into shaping the intensity and the efficiency of the innate immune response in time and space.




6 mRNA Stability


6.1 mRNA Decay Process

The number of proteins synthesized from any given mRNA molecule is defined by its translation and degradation rates (249, 250). In eukaryotes, for most cellular transcripts, decay involves deadenylation and/or decapping. Deadenylation of the mRNA 3’ end is mainly dependent on the CCR4-NOT complex among other deadenylases (251, 252), while decapping at the 5’ end is performed by the mRNA decapping complex Dcp2-Dcp1 (253, 254). Each of these events is followed by exonucleolytic degradation from one or the other transcript extremity: from 5’ to 3’ by the exonuclease Xrn1 (255) and from 3’ to 5’ by the RNA exosome complex (256). Degradation of mRNAs by decapping complexes is thought to occur in cytoplasmic processing bodies (P-bodies) that are cytosolic membraneless structures composed of aggregates of proteins involved in RNA metabolism (including the decapping complex and Xrn1 among many others) and untranslated mRNAs (257). However, this model has been challenged in the past few years by studies indicating that P-bodies can be sites of mRNA storage and “triage” before resuming translation or being degraded (258, 259). Furthermore, growing evidence points to a close link between mRNA translation and degradation, which can occur simultaneously, outside of P-bodies (249, 260–263). Finally, endonuclease-associated mRNA decay can also occur, initiated by internal cleavage and followed by bidirectional exonuclease degradation (264). However this mechanism is not involved in bulk mRNA degradation and is usually restricted to a subset of mRNAs with specific features.

RNA-seq technology combined with metabolic labeling of nascent mRNA transcripts allows to measure transcriptome-wide mRNA degradation rates in different conditions (e.g. LPS, TNF-α in myeloid cells or fibroblast) (265–267). Even in the absence of metabolic labeling, recent mathematical models are able to estimate with accuracy mRNA degradation rates from total RNA-seq datasets (268, 269). These analyses showed that in cells stimulated with LPS or TNF-α, the raise of mRNA levels induced by pro-inflammatory stimuli is mainly due to a global increase at the transcriptional level, with a globally constant mRNA degradation rate (265, 266). However, following LPS stimulation of DCs, a small set of mRNA show a rapid increase in their degradation rate, following an initial increase in their translation, thus affecting their cellular level within the first 3 hours after stimulation. Interestingly, most of the concerned mRNA were immediate-early genes (e.g. Fos, Jun, Egr1, Tristetraprolin) suggesting that, in the context of a rapid and transient response, the rate of the mRNA decay is an important parameter controlling mRNA output (266).

Rapid mRNA degradation mechanisms are essential for shaping the innate immune responses and the binding by RBPs to transcripts happens in a sequence or structure dependent manner. The most widely targeted cis-elements are AU-rich elements (AREs), with RBPs stimulating the deadenylation of mRNA (270).



6.2 ARE-Mediated Regulation

ARE usually consists in several clusters of the AUUUA pentamer or UUAUUUA(U/A)(U/A) nonamer sequence located in the 3’UTR of protein-coding transcripts (271). Their sequence is specifically recognized by ARE-binding proteins that can compete against each-other for ARE binding and thus, depending on the relative expression of ARE-binding proteins as well as the nucleotide context in proximity of a given ARE, these elements can either lead to transcript destabilization (272), translational control (273) or stabilization (274) [for a review, see (275)]. Historically, AU-rich elements were discovered as cis-acting elements responsible for inducing mRNA degradation of transcripts coding for inflammatory mediators (276). Indeed, it has been shown that early and transient mRNA transcripts induced after LPS or TNF-α stimulation in macrophages are enriched in AREs in their 3’UTRs, which is in line with the essential control of the immune response duration by rapid mRNA decay (277, 278). Consequently, ARE-mediated regulation affects many pro- or anti-inflammatory cytokines such as IL−2, TNF-α, IL−1β or Granulocyte Macrophages Colony Stimulating Factor (GM−CSF) (279). Their AU-rich sequence are recognized by over 20 different ARE-binding proteins with different roles in regulating mRNA metabolism (24, 279).

One of the most well-known examples of ARE binding proteins involved in inflammatory process is Tristetraprolin (TTP, a Cys-Cys-Cys-His (CCCH) zinc finger protein). It has been identified in various organisms from human to yeast (280–282) and has been shown to bind to the ARE contained within the 3’UTR of targeted mRNAs via its zinc finger domain. Well known targets are mRNAs displaying high turnover rates such as cytokines and growth factors (283–285). Mechanistically, TTP recruits the CNOT1 subunit of the CCR4-NOT complex (286), leading to deadenylation which accelerates degradation of the target mRNA. In addition to inducing deadenylation, TTP has also been described to stimulate mRNA-decay by decapping through the involvement of decapping proteins (Dcp1/2) (see Figure 6A) (292). TTP is therefore highly controlled to maintain a proper innate response intensity and duration. In mouse BMDMs (Bone Marrow-Derived macrophages), TTP expression is ubiquitous and low in resting conditions but, during the first hours of inflammation, TTP is phosphorylated by MK2 and further sequestered by 14-3-3 proteins (293, 294), therefore leading to pro-inflammatory cytokines mRNAs stabilization and accumulation (see Figure 6A) (295). Following this, TTP expression is empowered both transcriptionally and post-transcriptionally by inflammatory stimuli [as described upon activation of TLR4 (296, 297)] leading to the destabilization of several inflammation-associated mRNAs, such as TNF-α (283, 298, 299). By alternating between sequestration and release, TTP is able to regulate the stability of important inflammation-related mRNAs in a temporal manner.




Figure 6 | RBPs mediated regulation of mRNA stability. (A) TTP facilitates TNF-α mRNA decay by binding to an AU-rich element (ARE) followed by recruitment of decapping enzymes DCP1/2 and CCR4-NOT deadenylating complex at 5’ and 3’end respectively. Conversely, in mice BMDM, LPS mediated activation of MK2 kinase suppresses this process by phosphorylating TTP followed by its sequestration by 14-3-3 protein, which results in TNF-α mRNA stabilization (287–289). (B, C) Roquin and Regnase-1 promote decay of several inflammatory mRNAs by binding to stem-loop structures present near the 3’end. For example, Roquin facilitates deadenylation via CCR4-NOT complex and decapping via Rck/Edc4 by binding to a constitutive decay element (CDE) located in the 3’UTR of TNF-α mRNA. Whereas, Regnase-1, in cooperation with Upf1, leads to endonucleolytic cleavage of IL-6 mRNA by recognizing a specific stem-loop (SL). This process is inhibited by Arid-5a protein (64, 290, 291).





6.3 Non ARE-Mediated Regulation

Non ARE-mediated regulation refers to mRNA regulation (decay or stabilization) by RBPs, through the recognition of specific sequences and RNA structures in the 3’UTR of targeted mRNAs, that are not ARE. For example, Constitutive Decay Element (CDE) relates to a decay through deadenylation, that is mediated by a 3’UTR conserved sequence with a stem-loop structure specifically recognized by Roquin and Roquin2 (300–302).

Non ARE-mediated regulation thus further regulates RNA stability of pro- and anti-inflammatory elements. For example, in addition to an ARE element in its 3’UTR, TNF-α encoding mRNA contains a non-ARE CDE that tightly regulate its expression, and overall prevent excessive TNF-α production in inflamed macrophages (300). Following macrophages (mouse RAW 264.7 cell line and BMDMs) stimulation by LPS, the CDE (which corresponds to a conserved 37 nucleotide long RNA stem-loop structure) is recognized by Roquin and Roquin2 (see Figure 6B). Roquin proteins actively recruit the CCR4-Caf1-Not deadenylase complex (a major multi-subunit complex responsible for the deadenylation of a large number of eukaryotic transcripts) through their C-terminal domain, which mediates deadenylation of the TNF-α mRNA and its accelerated clearance (301). Within this complex, Caf1a was identified as the factor directly responsible for deadenylation, since expression of a dominant-negative mutant of Caf1a, completely abolished Roquin mediated mRNA decay of CDE-containing mRNAs (301). The binding of a decapping enzyme Edc 4 (enhancer of mRNA decapping protein 4) and the RNA helicase Rckat 5’end also contributes to this mRNA degradation process. In addition to TNF-α transcripts, conserved CDEs were identified in more than 50 other cellular transcripts, enriched in T cell differentiation, nucleic acids metabolism and transcription factor functions, suggesting a wider role of Roquin proteins and their CDE target elements in modulating immune responses (301). In addition to AREs and CDEs, embryo deadenylation element (EDEN)-like sequences (rich in uridine–purine dinucleotides) present in immune related transcripts such as TNF-α and c-fos where they are scattered throughout the mRNA, are recognized by CUG-BP1 (CUG triplet repeat RNA-binding protein 1, also known as CELF1). In this case, CUG-BP1 is able to directly recruit the PARN deadenylase to induce target mRNA decay (303). Multiple mRNA decay pathways implicating different cis-acting RNA elements, specific adaptor proteins and leading to the recruitment of different effector proteins or complexes are responsible for modulating the stability of hundreds of transcripts during the inflammatory response. Some transcripts, such as those coding for TNF-α contain multiple different cis-acting RNA elements responsible for inducing mRNA destabilisation, allowing for complex regulatory networks responding to multiple inputs.



6.4 Translation-Dependent mRNA Decay

mRNA degradation can be strongly interconnected to other processes such as translation. For example, mRNA quality control pathways, such as nonsense-mediated decay (NMD), no-go decay (NGD) and non-stop decay (NSD) also rely on translation to induce degradation of aberrant mRNAs [for a review see (263)]. However, accumulating evidence indicates that functional mRNAs can be degraded co-translationally, and therefore the rate of translation can influence their degradation rate (262). Other mRNA degradation pathways such as the one mediated by microRNAs have been shown to occur co-translationally and in some cases to depend on target mRNA translation to trigger degradation (304–306). Finally, some target-specific mRNA degradation pathways driven by RBPs have been shown to require mRNA translation in order to license for degradation.

This is illustrated by Regnase-1 (also known as MCPIP1 or ZC3H12A), a RBP recognizing specific stem loop in 3’UTR and harboring an endoribonucleolytic activity thought to act as a negative regulator of pro-inflammatory processes (Figure 6C). Regnase-1-deficient mice develop severe immune disorder and mostly die around 12 weeks old (307) [for an extensive review, see (308)]. In peritoneal macrophages from mice deficient for Regnase-1, TLR-stimulation induces increased levels of IL-6 and IL-12p40 secretion, while TNF-α remains unaffected (307). In line with this, stimulation of human monocytes derived macrophages with IL-1β induces Regnase-1 expression that will, in turn, shorten IL-1β mRNA half life (309). In both studies, the function of Regnase-1 has been linked to its ability to bind RNA stem-loops in the 3’UTR of target mRNAs and induce their rapid degradation through a putative amino-terminal nuclease domain (290). Interestingly, Regnase-1 not only plays its role of anti-inflammatory regulator in myeloid cells, but also in epithelial cells by exerting RNase activity towards the IL-8 mRNA, that stimulates immune cell migration and phagocytosis (310). More recently, Mino et al. could show that Regnase-1 mediated decay occurred in a translation-dependent manner. In this process, the stem-loop RNA structure is first recognized by Regnase-1 prior to the pioneer round of translation. However, this interaction alone is not sufficient for Regnase-1 to induce mRNA cleavage and decay. Instead, during the first round of mRNA translation, translation termination recruits the RNA helicase Upf1 to Regnase-1 which stimulates its RNA-helicase activity leading to unwinding of the stem-loop structure bound by Regnase-1 and allowing target mRNA cleavage (311). Remarkably, Regnase-1 and Roquin share multiple target sites in several transcripts, although not all [as shown for TNF-α whose decay depend on Roquin but not Regnase-1 (301, 307)]. This observation led to the conclusion that Regnase-1 and Roquin could, to some extent, act in concert for a spatio-temporal regulation of common immune-related genes. Indeed, Regnase-1 mediated mRNA decay occurs in the ribosome/endoplasmic reticulum and is translation-dependent, likely playing a role during the early acute phase of immune response. By contrast, Roquin is mainly localized within stress granule, targeting translationally inactive mRNA, in line with a role during the late phase of immune response (290).

MicroRNAs (miRNAs or miR) are other important modulators of mRNA decay and translation by interacting with the 3’UTR of the target transcripts. miRNAs are short (22 to 25 nt long) noncoding RNAs that regulate gene expression in numerous cellular processes. By targeting the 3’UTR of protein coding transcripts, they might directly regulate expression of about 60% of all mammalian genes (312, 313). miRNAs act by guiding the RNA-induced silencing complex (RISC) to interact with mRNAs, inducing translational repression followed by mRNA decay (314). miRNAs have been shown to be critical regulators of immune responses (315, 316). For instance, in hepatocytes, miR-122 is able to repress expression of several kinases involved in STAT3 phosphorylation and promote antiviral immunity by repressing STAT3 signaling pathway (317). Similarly, miR-155 is an important regulator of the innate and adaptive immune response. Its expression is induced in response to pathogen infection and several inflammatory stimuli, and repressed in response to anti-inflammatory cytokines (316, 318). Finally, it has been shown that ISGs have more conserved miRNA target sites in their 3’UTRs than all other cellular mRNAs and are therefore more prone to regulation by the RISC complex (319). Interestingly, infection with viruses or synthetic ligands that activate an antiviral response result in a global inhibition of RISC that removes the negative effect of miRNAs on ISG transcripts to improve their expression and potentiate the antiviral response (319). Furthermore, in some contexts such as during Poxvirus infection, the host miRNA activity is ablated by the viral machinery to avoid direct translation silencing of its own transcripts (320). This action probably outweighs the costs of any possible increase of ISG toxicity. In addition to a direct role of miRNAs in the cell in which they were produced, horizontal transfer of miRNAs through specific vesicles such as exosomes might be a key factor in inflammatory response (321). For example, after binge or chronic alcohol consumption, the number of exosomes containing miR-122 drastically increases in circulation. They are transferred from hepatocytes to monocytes, sensitizing them to the inflammatory response (322). Similarly, alcohol-exposed monocytes communicate with naive monocytes via the release of extracellular vesicles containing high levels of miR-27a. These miR-27a cargos lead naive monocytes to differentiate into M2 macrophages (an alternative group of macrophages) (323). Furthermore, macrophages are not the only cell-type sensitive to horizontal transfer of miRNAs during innate responses. This process can also occurs between DCs (324) or between T cells and DCs (325). miRNAs, by binding RNAs, regulating their expression, and being the communication support between immune cells, participate in modulating immune response in quantitative and qualitative ways.



6.5 Stabilization of RNA

Some RBPs, instead of promoting mRNA degradation, increase the stability of both cellular and viral mRNA, either by direct competition for mRNA binding with RBPs involved in mRNA degradation, or indirectly through the regulation of factors involved in mRNA decay. For example, the RBP Arid-5a is exported from the nucleus to the cytoplasm during LPS-mediated macrophage activation. Cytoplasmic Arid-5a thus promotes mRNA stabilization of cytokines such as IL-6, by suppressing the function of Upf1, which is essential for Regnase-1-mediated mRNA decay function (see Figure 6C) (326). Notably, these cytokines (e.g. IL-6 mRNA) can also be stabilized through the inactivation of miRNAs. Indeed, IL-6 mRNA can be targeted by miR-26 family members for degradation. However, miR-26 family members can be inactivated by TUT4 (Terminal uridylyltransferase 4, also called zcchc11), a ribonucleotidyltransferase (327) which adds uridine residues to the 3’ ends of miRNAs, thereby inactivating them. Inactivation of miR-26, that act as inhibitors of IL-6 translation and, thus indirectly promoting IL-6 mRNA stability (328).

Another example of RBP-mediated stability relates to HuR, an ubiquitously expressed RNA binding protein, (also known as ELAV-like protein 1), which is known as one of the most important AU-rich element (ARE)-containing mRNA stabilizing proteins (329). This RBP contains three RNA recognition motifs (RRMs) called RRM1-to-3. RRM1 & RRM2 domains bind to U/AU-rich RNA (330), whereas the RRM3 domain is able to interact with poly(A) tails of HuR’s mRNA targets (331). HuR positively regulates antiviral responses by stabilizing diverse mRNAs in response to RLR or cGAS stimulation, including IFN-β (332), ISGs and regulators of host defense mechanism (332, 333). For example, following RLR stimulation, Polo-like kinase 2 (PLK2), regulates the nuclear translocation of IRF3. HuR has been found to stabilize the mRNA coding for PLK2 (334), increasing PLK2 levels and therefore assisting IRF3 transit into the nucleus in order to activate the transcription of IFNs and ISGs [for extensive review about IRF, see (335)]. Interestingly, HuR mode of action appears to be closely linked to its subcellular localization, that itself depends on the cell type, and the cellular context (e.g. naive versus activated cells). Initial studies performed in HEK293 cells, by combining data from different experimental systems such as PAR-CLIP, and whole-transcript expression profiling, have shown that HuR is involved in coupling pre-mRNA processing and mRNA stability, highlighting an important role of HuR within the nucleus through its binding at intronic sequences (336). However, further analysis using THP-1 cells (that, in their naive state, shared HuR properties observed in HEK293 cells) revealed that HuR dramatically modifies its binding properties upon activation. Indeed, cGAMP stimulation was associated with an accumulation of HuR in the cytoplasm, and a concomitant enrichment in cellular transcript 3’UTR binding (333). Those results underline a dynamic network in which RBP tightly regulate the complex changes that occur during immune activation.

RBP-mediated RNA stabilization is also important in the mechanism of action of specific therapeutic regiments or, by contrast, during viral immune escape. For example, under DNA-methyltransferase inhibitors (DNMTis) cancer therapy, myelodysplastic syndrome (MDS) or acute myeloid leukemia (AML) patients are treated with decitabine or azacitidine. This induces the expression of dsRNAs from endogenous retroviruses (ERVs), that are normally silenced by epigenetic regulation. ERVs are in turn recognized by a specific PRR, MDA5, that stimulates an immune response, leading to the death of the cancer cell. Concomitantly, STAU1, which contains multiple dsRBDs, has been shown to cooperate with a long non coding RNA, TINCR, to binds ERV transcripts. The STAU1-TINCR-ERV complex stabilizes ERV transcripts and is required to promote the expected immune response and cell death (337). Therefore, by mediating the efficiency of the DNMTis treatments, levels of STAU1 and TINCR are important indicators of patient receiving DNMTis treatment. Following the same principle, STAU1 has been found to bind and stabilize infectious bursal disease virus (IBDV) dsRNAs, although with a different outcome. Indeed, as opposed to the previous example, binding of STAU1 allows IBDV to escape its recognition by MDA5 and favoring IBDV replication and escape from host antiviral response (i.e. IFN response) (338).

In combination, all these RBPs participate in a regulatory network that finely tune inflammation by controlling the fate of diverse mRNAs. RBPs deploy mRNA decay and/or stability mechanisms to maintain immune homeostasis. This is allowed through a timely regulation of RBP activity during immune responses. Indeed, RBPs participate in the positive regulation of rapid pro-inflammatory processes at the onset of immune response and, conversely, appear to play an even more important role in shutting down or reducing inflammation at later time points, thus preventing detrimental tissue damage. Interestingly, this tight regulation appears often regulated by the subcellular localization of RBPs, with RBP harboring different function depending on their local interacting environment. As the mechanisms behind these interactions are still not fully characterized, it will be important to further investigate the different roles and molecular mechanisms by which RBPs regulate mRNA stability during the course of innate immune responses.




7 Epitranscriptomics

In analogy to the epigenetics field, epitranscriptomics involves a biochemical modification of the ribonucleotide sequence. This field of RNA modification has been recently recognized as an important layer in post-transcriptional regulation of gene expression. The source of this emergence comes from the technical advances in the detection and mapping of chemically modified bases (339, 340). Transfer RNA (tRNAs) are the most modified RNA species, with up to 25% of their bases being post-transcriptionally modified (341, 342). tRNAs but also rRNA, snRNA, lncRNA, miRNA or mRNA, among others, can bear such modifications (341–343). These modifications can be simple methylations but also complex multistep transformation with incorporation of low-molecular-weight metabolites (341). A large number of modifications have thus been identified in coding and non-coding RNAs. While m6A is the most common mRNA reversible post-transcriptional modification (344), alternative reversible methylation can also occur on the carbon of the fifth position on cytosine (5-methylcytidine or m5C) or on the nitrogen of the first position on adenine (N1-methyladenosine or m1A). Other types of RNA modifications such as Cytidine-to-Uracil or Adenine-to-Inosine RNA editing (C-to-U or A-to-I, respectively) can lead to changes in the secondary structure of the edited RNA (345) and in the protein sequence encoded by the mRNAs in case of editing events taking place within the coding sequence (346). Pseudouridine, a C5-glycoside isomer of uridine, is necessary to support proper secondary and tertiary structures of rRNAs and tRNAs, thus affecting mRNA translation (347). Mechanistically, most of these RNA modifications involve writer and reader proteins. Others, such as m6A and m1A, can involve additional eraser proteins allowing reversible and dynamic modifications (348). The writers are the RNA-modifying enzymes able to catalyze the transfer of the chemical group on the ribonucleotide targets (e.g. methyltransferase), while the eraser proteins can reverse the modifications by specifically removing the chemical groups from the RNA targets. Finally, the readers are the RNA-binding proteins able to specifically bind the RNA bases bearing the chemical modification (see Figure 7A) (342, 358).




Figure 7 | RBPs mediated epitranscriptomic regulation of innate immunity. (A) m6A modifications, elicited by methyltransferases (METTL3, METTL14 and WTAP), are read by YTH domain-containing proteins (YTHDF1-3, YTHDC 1-2) and reversed by the erasers (FTO and ALKBH5) to dynamically control the gene expression at the post-transcriptional level (349–351). (B) Recognition of endogenous dsRNAs by RNA sensors (e.g. RIG-I, MDA5 and OAS1) induces an innate immune response. However, A-to-I mediated base editing mediated by adenosine deaminase ADAR1 inhibits this process (352–354). (C) YTHDF3 promotes FOXO3 mRNA translation by binding the 5’UTR and circularizing the mRNA. The requirement of m6A for YTHDF3 recruitment has not been elucidated yet (355). (D) On the left, hnRNPA2B1 interacts with FTO, a m6A demethylase, to remove the m6A modifications from hnRNPA2B1 mRNA targets. Thus, these mRNAs, important for the antiviral response, are retained into the nucleus. On the right, when viral DNA is sensed by hnRNPA2B1, the interaction with FTO is disrupted and hnRNPA2B1 targets, containing more m6A modifications, are exported to the cytoplasm to be translated and to activate an efficient antiviral response (356, 357).



It is now well recognized that epitranscriptomics affects several molecular processes. In the immune system, while epitranscriptomics appears important during hematopoietic stem cell differentiation (359), it is currently viewed as a major mechanism that allows self- and non-self dsRNAs discrimination during innate responses (348, 360). Indeed, while dsRNA is a feature found in numerous viruses, endogenous dsRNAs are also found in healthy cells, originating from transcription of endogenous retroviruses, mitochondrial transcripts, or inverted-Alu repeat sequences (353, 361). This raises an important challenge for innate receptors (e.g. RIG-I or MDA5), since they need to discriminate between self and non-self dsRNA molecules. While evolutionary elimination of dsRNA sequences within cellular mRNAs has been observed, which should limit innate immune activation against host RNAs, dsRNAs remain frequent in pre-mRNAs (362). One way to circumvent this issue is through modification of dsRNAs in order to prevent their recognition by PRRs and downstream type I IFN responses. Such a mechanism is well illustrated by the Aicardi Goutieres Syndrom, an inflammatory disorder affecting mainly the brain and the skin and associated with aberrant type I IFN production. Aicardi Goutieres Syndrom is associated with mutations in ADAR1, a dsRNA specific adenosine deaminase responsible for the most common cellular RNA editing through hydrolytic deanylation of Adenosine to Inosine (A-I editing) (363, 364). In line with this, ADAR1 deficient human monocytes derived macrophages leads to increased RLR signaling and pro-inflammatory cytokines (e.g. IFNs, IL-1, IL-6) production.

Through A-I editing, ADAR1 appears to modify host dsRNAs, preventing their recognition by dsRNA innate sensors. Accordingly, mutant mice carrying an ADAR1 protein that is editing deficient (ADAR1E861A/E861A) are embryonically lethal, and present over-activation of IFNs and dsRNA-sensing pathways. This deregulated innate responses are due to a lack of A-I editing in ADAR1 ADAR1E861A/E861A embryos, as further shown by a decrease in A-I editing in a vast majority of RNA targets. Moreover, the phenotype of ADAR1 ADAR1E861A/E861A  can be rescued by a concurrent deletion of MDA5 (352). Similarly ADAR1-/- mice are embryonically lethal and this phenotype can be rescued by crossing ADAR1-/- to MAVS-/- mice (348). In those double knock-out mice, the aberrant type I IFN response induced by ADAR deficiency is prevented by inhibiting the RLR pathway (348, 352). Likewise, ADAR1 deficiency confers A549 human lung epithelial cell lines with a lethal phenotype and MAVS ablation partially restores ADAR1-/- cells’ survival. However, in this cell type, full rescue of ADAR1-/- lethality is obtained by an additional ablation of RNase L, an ISG induced upon dsRNA sensing that leads to translation arrest by cleaving rRNAs and mRNAs (see section RNA Sensing and Regulation of PRR Activity by Non-PRR RBPs). ADAR1 appears as an essential protein in protecting host dsRNA from innate recognition, thus preventing aberrant innate responses against self (see Figure 7B) (348).

Altogether, these results led to the elegant hypothesis that editing of host RNAs by ADAR1 could prevent their recognition by innate sensors (e.g. RLR, RNase L) while viral RNAs, which are not edited, would trigger robust innate responses (348). However, in some contexts of infection, several studies have described ADAR1 as a proviral factor. This is notably the case following infection with Vesicular Stomatitis Virus (VSV) (365), Zika virus (366), HIV (367), HCV (364) or Measles Virus (368). One major mechanism by which ADAR1 promotes viral replication is through inhibition of PKR. As mentioned earlier (section Viral RNA Translation Control), PKR is an IFN-inducible protein that, following dsRNA recognition, phosphorylates eIF2α, favors the formation of stress granules, and acts as a major inhibitor of global translation (for both cellular and viral mRNAs). ADAR1 mediated inhibition of PKR occurs in a editing-dependent or -independent way, and mostly requires direct interactions between ADAR1 and PKR (353, 369). ADAR1 is thus seen as an important inhibitor of self-recognition in homeostatic conditions, to prevent auto-immune disorder, but paradoxically might, in some context, favor viral replication following infection. Finally, two distinct isoforms have recently been described for ADAR1, a cytoplasmic isoform (p150) and a nuclear one (p110), endowed with pro- and anti-viral properties, respectively (370). This suggest additional levels for ADAR1 regulation, and further studies will be required to fully comprehend the overall impact of ADAR1 activity in homeostatic condition or following infection.

Other RNA modification mechanisms have been described, that allow induction of innate responses specifically towards viral RNAs, while protecting host RNA recognition by innate sensors. For example, PKR is able to recognize short stem loops in a 5’ triphosphate dependent manner, knowing that 5’ triphosphate are mostly present in viral or bacterial transcript (369). Likewise in DCs, RNA from bacteria that is devoid of nucleoside modifications, induces strong activation of TLR3, TLR7 and TLR8, while host RNAs carrying modified nucleosides (m5c, m6A, m5U, s2U or pseudo-uridine) induce little or no stimulation (371). Similarly, the presence of m6A modifications in host circular RNAs inhibits their recognition by PRR while unmodified circular RNAs, present mostly in viral genomes, are known to activate RIG-I leading to downstream stimulation of IFN gene expression (372). The latter example also emphasize the importance of nucleoside modification readers. Indeed, YTHDF2 reader allows the discrimination between host versus foreign circular RNAs through the binding and the sequestration of m6A containing host circular RNAs (372). m6A modification can have additional impact during innate immune responses, favoring the expression of important immune players. Thus, it has been shown in DCs that methyltransferase-like 3 (METTL3), a well know writer of m6A modification (373), catalyzes the m6A modification of membrane co-stimulatory molecules, CD40, CD80 and a TLR signaling adaptor Tirap, during DC maturation. These modifications are read by YTHDF1, which promotes their translation by associating with translation initiation factors. m6A modifications thus lead to an increase of DC activation and function, promoting T-cell activation (360, 371, 374, 375),. YTHDF3, another reader of m6A in RNAs has been shown to bind and promote translation of the transcription factor forkhead box protein O3 (FOXO3) RNA, a negative regulator of ISGs expression (355). By binding to the 5’UTR of FOXO3 transcript, YTHDF3 cooperates with PABP1 and eIF4G2 to stimulate its translation (see Figure 7C). Although YTHDF3 recognizes m6A modified RNA targets to regulate their translation, its recruitment to FOXO3 mRNAs appears independent of METTL3 mediated m6A addition. Nevertheless, the interaction depends on the hydrophobic pocket of YTHDF3 that is essential for m6A recognition thus suggesting that other methyltransferases could be involved in m6A addition on FOXO3 transcripts. Alternatively, YTHDF3 could interact with FOXO3 transcripts in a m6A-independent manner, or recognise other types of methylated bases (such as m1A). Thus, YTHDF3 participates indirectly to the negative control of antiviral responses by promoting translation of ISG inhibitors to limit the risk of unnecessary inflammation (355). Similarly, upon viral infections, the nuclear RNA-helicase DDX46 has been shown to recruit the m6A demethylase protein ALKBH5 to the MAVS, Trif3 and Trif6 mRNAs inducing their nuclear retention to avoid their translation and prevent prolonged activation of the antiviral response (376). Dynamic m6A modification is also involved in the antiviral response against DNA viruses. For instance, the viral DNA sensor hnRNPA2B1, in addition to its role in inducing the IFN signaling pathway, has been shown to interact with mRNAs coding for many innate immunity factors such as cGAS, STING and IFI16 (an ISG) (356, 357). In the absence of infection, hnRNPA2B1 interacts with the m6A demethylase FTO to remove m6A from hnRNPA2B1 targets and induce their nuclear retention. Upon viral DNA sensing, the interaction between FTO and hnRNPA2B1 is disrupted, leading to increase m6A levels in hnRNPA2B1 target transcripts, therefore allowing their efficient nuclear export and translation to improve the antiviral response (Figure 7D).

Taken together, these results suggest that epitranscriptomics is a strategy used to prevent autoimmunity and balance the risk between an aberrant induction of innate response and self-tolerance (353, 362). However, more investigations are required to precisely apprehend the complex interplay between self-RNA and viral-RNA modifications, since factors involved in self-RNA disguise are not necessarily detrimental for viral RNA (and vice versa), suggesting that each of these factors is involved in several cellular mechanisms.



8 Conclusions and Perspectives

Through their capacity to interact with specific RNA sequences, structural features or chemical modifications, RBPs orchestrate all steps of RNA metabolism from its synthesis, maturation and functional role, to its eventual decay. In the context of innate immunity, RBPs play multiple roles, acting at the first line of defense through their capacity to sense non-self RNAs and induce an immune response, being involved in the activation and effector functions of innate immune cells by finely tuning the amplitude and temporal control of gene expression, and finally acting as key effectors of the antiviral response through their capacity to destroy foreign RNAs. The activity of RBPs is tightly regulated by numerous mechanisms that include control of their subcellular localization, competition with other RBPs for their RNA substrate, or post-translational modifications that modulate their activity. Working in a collaborative network with signal transducers, epigenetic modifiers, and canonical trans-acting factors, RBPs play important roles in developing a global and complex gene regulatory network. Illustrating their importance in finely tuning the innate immune response, numerous human pathologies, such as autoimmune diseases, are associated to mutations in genes coding for RBPs [for a review see (377)]. Technical developments such as the RNA interactome capture (RIC) (31) and CLIP-seq have facilitated the functional identification of new RBPs and the characterization of their exact RNA binding sites. To date, more than 1000 human encoded proteins have been shown to display RNA-binding capacity (378) and the precise RNA target sites for several hundreds of these RBPs have been mapped (62). Nevertheless, we are still far from understanding precisely the numerous roles of RBPs and their mechanisms of action in the context of innate immunity. The rapid development of efficient gene editing technologies coupled with new protocols to quantitatively monitor gene expression at multiple levels (transcription and degradation rates, splicing and translation) in bulk and single-cells, as well as methods to quantitatively assess the binding dynamics of RBPs in single-molecule or transcriptome-wide assays opens the door for new and exciting discoveries in the field of RBPs and innate immunity.
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The four isoforms of the RNA-binding protein hnRNPD/AUF1 have been proposed to limit the use of inflammatory mRNAs in innate immune cells. Mice engineered to lack AUF1s in all tissues are sensitive to acute inflammatory assaults; however, they also manifest complex degenerations obscuring assessment of AUF1s’ roles in innate immune cells. Here, we restricted a debilitating AUF1 mutation to the mouse myeloid lineage and performed disease-oriented phenotypic analyses to assess the requirement of AUF1s in variable contexts of innate immune reactivity. Contrary to the whole-body mutants, the myeloid mutants of AUF1s did not show differences in their susceptibility to cytokine storms occurring during endotoxemia; neither in type-I cell-mediated reactions driving intestinal inflammation by chemical irritants. Instead, they were resistant to allergic airway inflammation and displayed reductions in inflammatory infiltrates and an altered T-helper balance. The ex-vivo analysis of macrophages revealed that the loss of AUF1s had a minimal effect on their proinflammatory gene expression. Moreover, AUF1s were dispensable for the classical polarization of cultured macrophages by LPS & IFNγ correlating with the unchanged response of mutant mice to systemic and intestinal inflammation. Notably, AUF1s were also dispensable for the alternative polarization of macrophages by IL4, TGFβ and IL10, known to be engaged in allergic reactions. In contrast, they were required to switch proinflammatory macrophages towards a pro-angiogenic phenotype induced by adenosine receptor signals. Congruent to this, the myeloid mutants of AUF1 displayed lower levels of vascular remodeling factors in exudates from allergen exposed lungs; were unable to support the growth and inflammatory infiltration of transplanted melanoma tumors; and failed to vascularize inert grafts unless supplemented with angiogenic factors. Mechanistically, adenosine receptor signals enhanced the association of AUF1s with the Vegfa, Il12b, and Tnf mRNAs to differentially regulate and facilitate the pro-angiogenic switch. Our data collectively demonstrates that AUF1s do not act as general anti-inflammatory factors in innate immune cells but have more specialized roles in regulons allowing specific innate immune cell transitions to support tissue infiltration and remodeling processes.
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Introduction

Heterogeneous nuclear ribonucleoprotein D (hnRNP D), commonly known as AU-rich element-binding factor 1 (AUF1), is an RNA-binding protein (RBP) presented in eukaryotic cells as four protein isoform members (p37, p40, p42 & p47) (1). These arise from the alternative splicing of a single pre-mRNA transcript and share two non-identical RNA-recognition motifs and a glutamine rich sequence proximal to their C-terminus. All AUF1 members can bind RNA as monomers or oligomers and localize in nuclear and cytoplasmic compartments, albeit to a variable extent (1–3).

As their name implies, AUF1 members were amongst the first RBPs identified biochemically to bind to regulatory RNA elements rich in Adenylate/Uridylate motifs (AU-Rich Elements, AREs) (4). Such elements are commonly found in the untranslated termini of mRNAs encoding immune regulators, growth signalers, and death controllers (5). Furthermore, early findings in macrophage cell lines suggested AUF1 members are post-translationally modified by immune signals to promote the degradation of pro-inflammatory mRNAs such as those encoding TNF, IL-1β, IL-3, IL-6, IL-10, GM-CSF (6–8), iNOS (9), and the NFkB regulators (10). As such, they were predicted to act in concert to other RBPs active in innate immune cells (e.g. Zfp36, Regnase-1, Roquins 1&2, TIA-1), which impede the use of inflammatory mRNAs, and whose genetic ablation in mice predisposes to acute and chronic inflammatory pathologies (4, 11–14).

Indeed, the first reports on mice deficient in AUF1s demonstrated their increased susceptibility to acute inflammatory assaults and spontaneous dermatitis upon aging (15, 16). The appearance of these phenotypes correlated to augmentations in elicited cytokine storms connecting to the increased stability of related mRNAs in immune cells. However, subsequent reports revealed these inflammatory occurrences were not due to bona fide aberrations in inflammation control. Instead, they seem to be triggered by tissue degenerations resulting either from their premature senescence due to involvement of AUF1 in telomere maintenance (17); or from distortion of critical developmental programs organized by AUF1 (affecting e.g. growth, myogenesis and muscle regeneration) (18–20). Notably, the fundamental roles of AUF1 in controlling aging or development were linked to the activation of key mRNAs, thus deviating from the original supposition of its action as an instructor of ARE-mediated suppression (15, 20).

Indeed, it is now clear that AUF1 members can both positively and negatively affect mRNA stability, initiation of translation, editing and even transcription (21). Comprehensive studies assessing the interactions of AUF1s revealed a relaxed stringency in their affinities for AU- to U- and GU-rich motifs (22). These studies also showed that AUF1 members do not bind only to coding but also non-coding RNAs to aid their maturation, target-loading, and function (23). The current biochemical and molecular information on AUF1s point to an indirect modus operandi in RNA regulation which entails changes in local RNA structures, cooperative binding with other RBPs and miRNAs or competition with other trans-factors (14, 21).

Still, the original findings connecting AUF1s to ARE-containing inflammatory mRNAs suggest their cell-intrinsic involvement in the regulation of innate immunity. In that context, the complex molecular activities of AUF1s could contribute to the outstanding functional heterogeneity of innate immune cells which arises due to plasticity in response to the ever-changing signals of inflamed tissues. For example, macrophages adapt to varying microenvironments and acquire a spectrum of functional phenotypes to support host defense to infection and tissue damage, different types of T-helper mediated immunity, homeostasis, and tissue vascularization and regeneration (24–27). However, the complexity of aberrations observed in whole-body AUF1 knockouts precludes judgment on the direct involvement of AUF on innate immune responses.

In this report, we identified contexts of inflammatory reactions where innate immunity was affected by the dysfunction of AUF1s. To do so, we employed a mouse system where the expression of all of AUF1 isoforms was explicitly debilitated in the myeloid lineage. Using a disease-oriented phenotypic approach, we demonstrate that AUF1s do not act as general deactivators of inflammatory responses. Instead, they are required for specific contexts of cellular immunity; and for specialized phenotypic transitions of innate immune cells, which in turn support such inflammatory contexts.



Results


The Susceptibility of Mice With a Germline Deletion of hnRNPD’s Exons 3 and 4 Differs From The Susceptibility of Mice With a Myeloid Deletion

Our original strategy entailed targeting exons 3 and 4 of the hnRNPD gene to debilitate the RRMs present in all four AUF1 isoforms. Mutant hnRNPDflx3,4/flx3,4 mice containing functional hnRNPD alleles amenable to loxP-mediated recombination (Figure S1A), were derived via gene-targeting manipulations of embryonic stem cells, germline removal of antibiotic selection cassettes and inbreeding to a C57Bl6/J background for 12 generations. To generate a mutant hnRNPDΔx3,4 allele, we crossed hnRNPDflx3,4/+ mice to a mouse line expressing germline-active Cre recombinase. Subsequently, hnRNPDΔx3,4/+ mice were intercrossed to yield homozygous hnRNPDΔx3,4/Δx3,4 mice. Examination of the F2 progenies at post-natal day 10 (P10) revealed a skew in mendelian segregation relating to a 30% loss in the hnRNPDΔx3,4/Δx3,4 genotype (Figure S1B). However, hnRNPDΔx3,4/Δx3,4 embryos were properly detected till the embryonic day E14.5, suggesting that their post-natal loss was not due to early embryonic lethality. Moreover, the majority of hnRNPDΔx3,4/Δx3,4 mice identified post birth displayed a delay in weight gain (Figure S1C), and 50% succumbed during the two months of age (Figure S1D). The remaining that survived to adulthood displayed fertility issues and perished progressively past the 6-months of age. The analyses of AUF1-encoding mRNAs and proteins in extracts from hnRNPD+/+, and hnRNPDΔx3,4/Δx3,4 mouse embryonic fibroblasts (MEFs) indicated the near-complete loss of all isoforms (Figure 1A). Thus, the genetic removal of exons 3 and 4 did not yield an RRM deficient mutein but instead led to the diminished synthesis of AUF1s.




Figure 1 | Whole-body and myeloid mutants of AUF1s differ in their responses to endotoxemia. Detection of hnRNPD mRNAs containing exons (x) 3 to 6 via qRT-PCR; and of AUF1 protein isoforms via immunoblots in extracts from (A) hnRNPD+/+, and hnRNPDΔx3,4/Δx3,4 mouse embryonic fibroblasts (MEFs); and (B) bone-marrow derived (BMDM) and thioglycolate-elicited peritoneal macrophages from control and LysMCre+hnRNPDflx3,4/flx3,4 (M-Δx3,4) mice. Bar graphs show mean fold change values ( ± SD) relative to the corresponding controls. Representative immunoblots indicate signals detected by an anti-AUF1 antibody or GAPDH (G) for quantitation. (C) Body temperature measurements of control and hnRNPDΔx3,4/Δx3,4 mice at the indicated time-points post the intraperitoneal administration of the indicated does of LPS. (D) Body temperature and Survival measurements of control and M-Δx3,4 mice at the indicated time-points post the intraperitoneal administration of the indicated doses of LPS. Line graphs depict mean temperature values ( ± SD); or Kaplan-Maier percentile cumulative survival. n denotes number of mice per group. (E) Detection of inflammatory mediators in the sera from control, whole body (n=5/genotype) and myeloid mutant mice (n=8-9/genotype) 90mins post administration of 4mg/Kg LPS. Scatter plots indicate individual and mean protein values (line) as detected via cytometric bead arrays. For graphs in (A, C–E) (*,**,****) denote p values ≤ 0.05, ≤ 0.01 or 0.00001 respectively as determined via One-Way ANOVA.



To identify whether AUF1s have specific functions in innate immune cells, we restricted the Δx3,4 mutation in the mouse myeloid linage via crossing the hnRNPDflx3,4/flx3,4 mice to a LysMCre+ line. Contrary to whole-body mutants, LysMCre+ hnRNPDflx3,4/flx3,4 mice (termed hereafter as M-hnRNPDΔx3,4 or M-Δx3,4 mice) appeared phenotypically normal through a 12-month observation period. As in the case of hnRNPDΔx3,4/Δx3,4 MEFs, the reduction of AUF1 proteins in M-hnRNPDΔx3,4 mice was verified in bone marrow-derived (BMDMs), thioglycolate-elicited peritoneal (TEMPs) macrophages and peritoneal Gr1+ polymorphonuclear cells (PMNs) but not in other myeloid derivatives like e.g. Siglec-F+ peritoneal eosinophils (Figure 1B and Figure S1E).

Published data on obligatory AUF1 deficient mice demonstrated their increased susceptibility to the systemic administration of lipopolysaccharides (LPS; endotoxins) from Gram-negative bacteria. LPS activates the canonical TLR4 pathway in immune and non-immune cells triggering an excessive cytokine storm (15). This leads to a variety of cytokine-induced danger signals in tissues and changes in physiology. Depending on the LPS dose, such changes range from hypothermia to systemic organ failure and lethality. To test whether our mutant mice responded to endotoxemia in an exaggerated manner, we challenged them first with a low dose of LPS (4mg/kg) and monitored changes in body temperature. In hnRNPD+/+ mice, this dose elicited a temperature drop till the 4th hour post treatment which then recovered by the 6th hour (Figure 1C). Under the same conditions, the hypothermic response of hnRNPDΔx3,4/Δx3,4 mice verified their enhanced susceptibility. The drop in their body temperature was not transient but continued past the 4th hour leading to a moribund state which necessitated the termination of the experiment. Surprisingly, the hypothermic response of M-hnRNPDΔx3,4 mice to the same treatment was as transient as in the case of their control and of hnRNPD+/+ mice (Figure 1D). Similarly, the susceptibility of M-hnRNPDΔx3,4 mice to higher doses of LPS prolonging hypothermia (12mg/kg) or leading to sub-lethality (20mg/kg) was comparable to that of their corresponding controls (Figure 1D).

The different response of the whole-body to the myeloid mutants could reflect changes in the spectrum of inflammatory mediators elicited by LPS. To address this, we measured 10 prototypical mediators in the sera of all mice challenged with the low dose of LPS for 90mins (Figure 1E). Eight of these mediators (TNF, IL6, IL12b, IL1β, IL10, and the chemokines CCL2, 17&22) were detected in a similar range between the different control groups; whereas two (TGFβ1 & CXCL1) showed intergroup variations and were thus excluded from further comparisons.

In our analysis we noted selective quantitative differences between the mutants. hnRNPDΔx3,4/Δx3,4 mice possessed higher pro-inflammatory IL1β, whereas this was not observed in M-hnRNPDΔx3,4 mice. The secretion of IL1β is elicited by inflammasomes which can sense signals from degenerating tissues (28, 29). Given the previous foreground on AUF1s control over senescent or homeostatic programs (17), the exacerbated response of the whole-body mutants to LPS might be a secondary consequence of inflammatory tissue degenerations enhanced by the loss of such programs in afflicted tissues.

Notably, the sera from the challenged M-hnRNPDΔx3,4 mice revealed augmentations in pro-inflammatory TNF and IL12b. The mRNAs encoding these cytokines are subject to ARE-mediated control, and their augmented presence connects to the enhanced LPS-response of mouse mutants lacking other ARE-BPs like Zfp36/TTP, TIA1, or Elavl1/HuR (4, 11). Unlike those mutants, the M-hnRNPDΔx3,4 mice did not display an exacerbated response to LPS despite the presence of higher TNF and IL12b; whereas the quantity of these cytokines was not altered in hnRNPDΔx3,4/Δx3,4 mice. These observations may be taken to suggest that (a) AUF1s have a more limited role upon the secretion of TNF and IL12b which may be masked by the pleiotropic events underlying the response of the whole-body knockouts, and (b) the activities of TNF and IL12b in our myeloid mutants could be compensated due to the effects of AUF1s’ loss upon other myeloid-derived effectors or inhibitors acting downstream of these cytokines.



Myeloid AUF1 Is Dispensable for Pro-Inflammatory and Type I Immune Reactions Facilitating the Development of Chemically-Induced Intestinal Inflammation

The invariable, yet puzzling, systemic response of our myeloid AUF1 mutants to endotoxin prompted us to screen them for more restricted, cell-mediated and organ specific inflammatory responses. We started with two well-established models of intestinal inflammation elicited by chemical irritants. In the first model, inflammation in the colon is induced by the addition of dextran sodium sulfate (DSS) in the drinking water of mice for 7 days (30). This disrupts the colonic epithelial barrier allowing entry of commensal bacterial antigens and activation of underlying innate immune cells. The inflammatory stimulus is subsequently removed to allow for the resolution of inflammation and the restitution of the epithelium. Clinical symptoms (i.e. weight loss, diarrhea and bloody stools) were monitored daily for 15 days after the initial exposure to DSS, with endoscopic evaluation of the colon on day 8 and histological assessment on days 3, 6 and 13 representing the initiation, peak and restitution phases, respectively. The evaluation of the clinical and endoscopic parameters revealed that the disease activity of the M-hnRNPDΔx3,4 mice, was indistinguishable from that in the controls (Figures 2A, B). Similarly, the histological assessment verified that the inflammatory, degenerative and restitution phases in the afflicted colons progressed invariably between mutant and control groups (Figure 2C). To test whether M-hnRNPDΔx3,4 mice could be differentiated via the cytokine variations we detected in their LPS response, we sought for disturbances in IL1β, TNF, IL6 & IL10 that are commonly engaged in systemic and mucosal inflammation. However, we failed to detect any statistical differences in the secretion of these cytokines by colonic explants isolated from mice on the 13th day of the challenge (Figure S2). In the second model, colitis was induced by the haptenating agent 2,4,6-trinitrobenzene sulfonic acid (TNBS). This model is more complex because it relies on Type I adaptive immune responses encompassing the functions of Th1 T-helper subsets (31). Yet, innate immunity is paramount in this model as some form of clinical disease can occur even in the absence of lymphocytes. For the model, TNBS in ethanol was administered intrarectally in mice 7 days after a peripheral skin pre-sensitization, whereas a parallel group received only the ethanol vehicle (32). Weight changes were monitored for 5 days after administration of TNBS (Figure 2D), with parallel endoscopic evaluation on day 3 (Figure 2E) followed by histopathology at day 5 (Figure 2F). The kinetics of weight loss and recovery, the endoscopic scoring and the histological analysis of afflicted colonic tissue were nearly identical in control and M-hnRNPDΔx3,4 mice (Figure 2E).




Figure 2 | The ablation of AUF1 functions in myeloid cells does not affect the initiation nor the progression of chemically-induced intestinal inflammation. (A) Macroscopic Disease Activity Index (DAI) of control and M-Δx3,4 mice after treated with DSS for seven days. Line graphs depict mean values ( ± SD; nl=20-28/group/genotype). (B) Representative photographs (left) and Scores (right) derived from the endoscopic evaluation of control and M-Δx3,4 colons on the 8th day of the DSS protocol. (C) Left. Histology of colonic tissue (left) from control and M-Δx3,4 mice on days 3, 6 and 13 of the DSS protocol. Shown are representative photomicrographs of paraffin-embedded sections stained with H&E. Such sections were used for the evaluation of mean histological scores (Right) from 8-11 mice/genotype/timepoint). (D) Whole body-weight measurements of control and M-Δx3,4 mice sensitized with TNBS and challenged intrarectally either with ethanol vehicle or TNBS. Line graphs depict mean weight values ( ± SD) from n=5-9 mice/group/genotype (E) Representative photographs (left) and Scores (right) derived from the endoscopic evaluation of control and M-Δx3,4 colons from mice treated with ethanol vehicle (n=5/genotype) on TNBS (n=9-10/genotype) for 3 days. (F) Left. Histology of colonic tissue (left) from control and M-Δx3,4 mice on day 5 of the TNBS protocol. Shown are representative photomicrographs of paraffin-embedded sections stained with H&E. Such sections were used for the evaluation of mean histological scores (Right) from Vehicle treated (n=5/genotype), on TNBS treated (n=9-10/genotype) mice. For (B–F), Scatter plots indicate individual and mean protein values (line). The lack of statistical significance was tested via One-Way ANOVA.



Collectively our data indicate that myeloid AUF1s are dispensable for the proinflammatory and Type I cell-mediated immune reactions which facilitate intestinal inflammation in models of chemically-induced colitis.



Myeloid AUF1 Is Required for the Development of Allergic Airway Inflammation

Next, we screened for changes in Type II cell-mediated responses such as those observed in allergy and hypersensitivity reactions (33). To do so we explored an animal model of human asthma where lung inflammation is elicited post the systemic sensitization of mice to Ovalbumin (OVA) and subsequent to a local challenge with aerosolized OVA. This leads to a skewed Th2 response, the production of OVA-specific IgE, the elicitation of eosinophilic lung inflammation, and airway obstruction. In this model, immunoregulatory innate immune cells promote the recruitment of eosinophils and lymphocytes; and sustain the Th2 feedback loop while counteracting pro-inflammatory, neutrophilic and Th1 responses.

Relative to mice challenged with PBS, both Control and M-hnRNPDΔx3,4 mice challenged with OVA mounted the allergic response. However, the lungs of challenged M-hnRNPDΔx3,4 mice displayed less peribronchial (PBI) and perivascular (PVI) inflammation, reduced fibrosis, and decreased bronchial mucus metaplasia relative to the lungs of control mice (Figures 3A, B). This correlated with a significant reduction in OVA-specific IgE in the sera of M-hnRNPDΔx3,4 mice (Figure 3C) and a dramatic decrease in cells infiltrating their Bronchioalveolar Fluid (BALF; Figure 3D). Flow cytometric analysis of BALF exudates from the M-hnRNPDΔx3,4 lungs revealed that this numeric reduction was not only restricted to eosinophils but extended to all central myeloid and lymphoid infiltrates (Figure 3E and Figure S3).




Figure 3 | The ablation of AUF1s functions in myeloid cells attenuates the development of allergic-airway inflammation. (A) Representative histology of lung tissue from control and M-Δx3,4 mice at the endpoint of treatment with aerosolized Ovalbumin (OVA). Photomicrographs of paraffin-embedded sections stained with Hematoxylin & Eosin (H&E) for the generic assessment of pathological features of peribronchial and perivascular inflammation in mice treated either with OVA or PBS vehicle; as well as Masson trichrome for fibrosis and Periodic Acid Schiff (PAS) for bronchial mucus metaplasia in OVA challenged mice. Scale bar corresponds to 50μm. (B) Estimation of Perivascular (PVI) and Peribronchial (PVI) Inflammation Score in Control and M-Δx3,4 mice. Scatter plots indicate individual values and means (lines) derived from the scoring of H&E stained sections derived from n=17-22 mice/genotype. (C) Quantitation of total anti-OVA IgE in the sera of control and M-Δx3,4 mice challenged with OVA or PBS vehicle. Scatter plots indicate individual values and means (lines) as assessed via ELISA of sera from n=11 mice/genotype. (D) Endpoint quantitation of total cell numbers in BALF from Control and M-Δx3,4 mice treated with OVA. Scatter plots indicate individual values and means (lines) as assessed via coulter counting of BALFs from n=15-17 mice/genotype. (E) Absolute quantitation of distinct cellular subsets in the BALF of Control and M-Δx3,4 mice treated with OVA. Scatter plots indicate individual values and means (lines) as assessed via the flow cytometric analysis of BALFs from n=8 mice/genotypeanalyzed via the gating strategy indicated in Figure S3. (F) Detection of T-helper lymphokines in the BALFs from control and M-Δx3,4 mice challenged with OVA or PBS vehicle. Scatter plots indicate individual and mean protein values (line) as detected via cytometric bead arrays. For graphs in (B–F) (ns, *, **, ***, ****) denote p values > 0.05, ≤0.05, ≤0.001, ≤0.0001, ≤0.00001 respectively as determined via One-Way ANOVA.



The assessment of BALFs for T-helper 2 lymphokines (Figure 3F) revealed a significant reduction of IL-4 in the lungs of challenged M-hnRNPDΔx3,4 mice whereas other lymphokines engaged in the allergic response were either augmented (e.g. IL-5, IL-13) or remained unchanged (e.g. IL-9). However, we detected significant elevations in the Th1-lymphokine IFNγ and of pro-inflammatory TNF. Together, our data indicate that the loss of AUF1s functions in myeloid cells restricts the progression of allergic airway infiltration and skews T-helper functions.



AUF1 Is Dispensable for Macrophage Activation and Central Polarization Programs

The resistance of M-hnRNPDΔx3,4 mice to allergic airway inflammation as opposed to their normotypic response to endotoxemia and colitis, suggested that in innate cells, AUF1 does not act as an anti-inflammatory factor. Instead it appears to be engaged in signal-induced programs balancing cell-mediated immune reactions.

To gain further insight into this, we focused our subsequent analyses on macrophages as a prototypical innate-immune subset. Given the prior connection of AUF1s to pro-inflammatory control, we sought for comprehensive changes in RNA expression incurred by the loss of this RBP in macrophages activated by the predominant TLR4 ligand -i.e., LPS- for 4hrs. We decided to assess only mature mRNAs associated with the response without considering immature, fragmented and non-coding RNAs. To do so, we used 3′ end sequencing of transcripts (Quantseq) and performed our analysis on transcript rather than on gene level. Our search for changes (with a log2 Fold Change of 1 and p value<0.05) between the profiles of M-hnRNPDΔx3,4 and control BMDMs showed an unexpectedly small number of differentially expressed transcripts (424 transcripts corresponding to 204 genes) (Figure 4A and Table S1). Moreover, 2/3 of the transcripts appeared as downregulated in AUF1-deficient macrophages (Figure 4B), contrasting the original hypothesis on AUF1s’ as primary decay-promoting factors. By inspecting the dataset for changes in hnRNPD RNAs we verified the reduction of three RNA isoforms; and in three RNAs derived from Nonsense-mediated decay (NMD) (Figures 4A, C). Notably, the RNAs of other isoforms including that of the larger p45 (Figure 4C) were poorly expressed in macrophages suggesting the predominance of the p37, p40 & p42 isoforms in these cells.




Figure 4 | Macrophages lacking AUF1 functions display minimal changes in their activation programs and properly acquire M1- and M2a- like phenotypes in vitro. (A) Volcano plot depicting the distribution of the adjusted P values (-Log10 (adjusted P value) and the fold changes (Log2 FC) of mRNA transcripts differing between control and M-Δx3,4 BMDMs treated with LPS for 4hrs and analyzed via 3’end sequencing. Significantly upregulated and downregulated transcripts are indicated by color. (B) Heatmap depicting the extend of significant changes in the levels of transcripts differing between 3 samples of LPS treated control and M-Δx3,4 BMDMs. (C) Quantitation of hnRNPD RNA isoforms as derived from sequencing analyses of activated control and M-Δx3,4 BMDMs. Bar graphs depict mean values of Transcripts Per Kilobase Million (TPKM) of ENSEMBL annotated RNAs for the p37,40,42 & 45 isoforms of AUF1; other protein coding fragments (PF); retained intron transcripts (RI); or RNAs yielded via NMD. (*) asterisks denote statistical significance as per the bioinformatic analyses of the datasets. (D) Functional classification of differential expressed transcripts as identified via Webgestalt (2019). Bubble plots indicate the enrichment scores and overlap of the functional categories. (E) Quantitation of total hnRNPD mRNA in Control and M-Δx3,4 BMDMs (n=5) in a resting state (M0), following exposure to LPS+INFγ, or IL4. Bar graphs denote mean fold changes (FC ± SD) in exon 3 containing mRNAs relative to resting control values (CM0) as assessed via qRT-PCR. (F) Quantitation of factors marking the classical or the alternative polarization of macrophages in control and M-Δx3,4 BMDMs (n=10) either in a resting state (M0), following exposure to LPS+IFNγ, or IL4. Bar graphs denote mean values ( ± SD) of secreted proteins assessed via Cytometric bead arrays; or mean fold changes (FC) in mRNAs relative to resting control values (CM0) as assessed via qRT-PCR. In all bar graphs, (*, ****) denote p values ≤0.05 or ≤0.00001 respectively as determined via unpaired Student’s t-test.



To explore further the biological consequences of these differences in macrophage activation, we performed functional analysis using WebGestalt (2019). Ten weighted terms were identified as significant with an FDR<0.05 (Figure 4D). As expected, the term “negative regulation of gene expression” was significantly enriched in the dataset and included RNA regulators involved in nuclear and cytoplasmic events besides hnRNPD (e.g. Elavl1, Eif4a3, hnRNPs A2/B1 & U, Pum1). This implied that AUF1s may act in the apex of several regulons for RNA control. However, these regulons did not connect to changes in cytokines. Rather they connected to (a) metabolic changes such as those relating to nitrogen containing biomolecules or ATP; (b) negative effects of stress in protein modification or use and (c) extracellular signals transmitted by biotic stimuli such as those produced by the same or other cells.

We postulated that AUF1s may regulate innate immune responses depending upon signal-induced changes in cellular metabolism as in those inducing the wide spectrum of polarized macrophage phenotypes. Extremes of this spectrum can be elicited in vitro through different signaling combinations supporting either the classical pro-inflammatory phenotype (M1-like); or a multitude of alternative phenotypes (M2-like; M2a,b,c,d) (34). M1-like macrophages are driven by Toll-like receptor (TLR) and interferon signals and use Nitric Oxide Synthase 2 (NOS2) to metabolize arginine to nitric oxide (NO) which can be further metabolized to downstream reactive nitrogen species. Functionally, they mount pro-inflammatory type-I and Type III immune responses against bacteria, intracellular pathogens, and tumor cells and support pathologic tissue damage like in sepsis and IBD and cellular transformation if uncontrolled. Differently, the major subset of M2 macrophages is driven by IL-4 (and/or IL13; M2a) and use Arginase 1 (ARG1) to hydrolyze arginine to urea and ornithine for the support of polyamine and proline synthesis. Functionally, M2 macrophages inhibit M1-like pro-inflammatory responses, promote vascular remodeling, tissue regeneration and helminth control; but also support pathologic Type II immune responses (e.g., as in allergy), tumor vascularization and growth (35, 36).

In response to signals promoting a classical M1 phenotype (i.e., LPS+IFNγ) the total levels of hnRNPD transcripts were reduced (Figure 4E). Still, M1 polarized M-hnRNPDΔx3,4 BMDMs secreted TNF, IL6, IL12, IL10 and expressed the Nos2 and several chemokine mRNAs at levels comparable to control macrophages and only under the specific signaling regime (Figure 4F and Figure S4). Intriguingly, and in response to the M2-promoting cytokine IL-4, hnRNPD transcripts were also reduced (Figure 4E); and M-hnRNPDΔx3,4 BMDMs elevated properly the characteristic Arg1, Mrc1, Retnla/Fizz1, Chi3l3/Ym1 mRNAs whereas M1 markers remained silent (Figure 4F and Figure S4).

Together, our ex vivo data indicate that AUF1s may not be required to establish central macrophage activation and M1 or M2a-like polarization programs. However, their connection to regulatory catabolic programs may be linked instead to their requirement for transition between programs occurring in other polarization settings.



AUF1s Is Required for the Adenosine-Induced Transition of Pro-Inflammatory Macrophages Towards a Pro-Angiogenic Phenotype

In vivo, M1- and M2- like macrophages co-exist in inflammatory settings, and their plasticity allows them to switch their phenotype in response to microenvironment derived cues. Apart from the highly polarized macrophages induced by LPS ± IFNγ or IL4, several different alternative subsets have been described in vitro. These subsets presumably mimic phenotypes switching in response to particular tissue signals that block one phenotype for another to occur (25, 37). For example, when LPS-primed macrophages are exposed to the combination of homeostatic TGFβ and anti-inflammatory IL10 they “deactivate” proinflammatory mediators and acquire an M2-like identity (also known as M2c) (38). In response to TGFβ and IL10, the expression of hnRNPD mRNAs was as low as in the case of macrophages treated with LPS; still, LPS-activated M-hnRNPDΔx3,4 BMDMs reduced their secretion of TNF, IL-6 and IL-12 while upregulating the M2-associated mRNAs of Arg1, Chi3l3 and Retnla (Figure 5A) in a manner similar to control macrophages.




Figure 5 | Macrophages lacking AUF1s functions show defects in their transitions in response to adenosine receptor signals but not in response to TGFβ and IL10. Quantitation of factors marking the classical or the alternative polarization of macrophages as well as detection of hnRNPD expression in response to (A) the combination of TGFβ+IL10 and; (B) adenosine A2A receptor agonist (CGS) in LPS-activated control and M-hnRNPDΔx3,4 BMDMs (n=10). Bar graphs denote mean values ( ± SD) of secreted proteins assessed via Cytometric bead arrays; or mean fold changes (FC) in mRNAs relative to resting control values (CM0) as assessed via qRT-PCR. (C) Detection of hnRNPD, Vegfa and Thbs1 mRNAs in BALF cells from OVA-treated samples (n=5-6) relative to untreated (PBS) values as assessed via q RT-PCR. (D) Quantitation of Adora2a and Adora2b mRNAs in control and M-hnRNPDΔx3,4 BMDMs (n=10) in response to the indicated signals. Bar graphs denote mean values ( ± SD) or mean fold changes (FC) in mRNAs relative to resting control values (CM0) as assessed via qRT-PCR (*, **, ***, ****) denote p values ≤0.05, ≤0.001, ≤0.0001, ≤0.00001 respectively as determined via unpaired Student’s t-test.



Another macrophage switching effect is observed, when the M1 macrophages are exposed to purinergic signals stimulated by adenosines (described loosely as M2d) (39). Adenosines bind to A2A receptors to suppress pro-inflammatory mediators while enhancing the expression of M2 markers; but also augment the expression of vascular remodeling factors like VEGFα and one of its downstream regulators, Thrombospondin-1 encoded by the Thbs1 mRNA (40, 41). To explore the response of LPS-activated macrophages to adenosines, we used the specific adenosine A2A receptor agonist, CGS-21680 (CGS). In control BMDMs primed with LPS, CGS suppressed the expression of TNF, IL-12b and IL10 but not of M1-related chemokines; induced the secretion of VEGF and the expression Arg1, Chil3l3, Retnla and the Thbs1 mRNAs; and -strikingly- augmented the expression of hnRNPD transcripts (Figure 5B and Figure S5). On the contrary, M-hnRNPDΔx3,4 BMDMs exposed to LPS+CGS failed to downregulate specifically TNF and IL12 and were unable to augment properly VEGFα and the, Thbs1 and Arg1 mRNAs (Figure 5B and Figure S5).

The compromised expression of VEGFα & Thrombospondin as opposed to the enhanced TNF by M-hnRNPDΔx3,4 BMDMs suggested that AUF1s may be involved in the macrophage specific support of vascular permeability of inflamed tissues. Indeed, we noted that the reduction of hnRNPD expressing cells in the BALF of OVA challenged M-hnRNPDΔx3,4 mice related to comparable reductions in the Vegfa and Thbs1 mRNAs (Figure 5C).

Three pieces of evidence suggested that AUF1s control selective transcripts rather than adenosine receptor signaling. First, the induction of Chil3l3 and Retnla mRNAs and the reduction of secreted IL10 in M-hnRNPDΔx3,4 BMDMs were comparable to those in control macrophages (Figure 5B) Second, the expression of the Adora2a mRNA encoding the A2A receptor was enhanced 150-fold in both control and AUF1 lacking macrophages exposed LPS+CGS and 50-fold in those treated with LPS whereas it was only minimally affected by other macrophage signals (Figure 5D). Similarly, the loss of AUF1s did not affect the macrophage expression of Adora2b mRNA encoding the A2B receptor that may act synergistically to A2A and which was exclusively enhanced 5-fold by LPS+CGS (Figure 5D). Finally, the examination of downstream PKA activity which is commonly activated by LPS and LPS+CGS signals was not significantly altered by the loss of AUF1s (Figure S6).

These data indicate that AUF1s are required downstream of adenosine signalers to control specific transcripts during the switch of pro-inflammatory macrophages to those supporting vascular remodeling.



The Loss of AUF1s in Myeloid Cells Inhibits Neo-Vascularization and Immune Infiltration of Tumors

M2-like pro-angiogenic macrophages usually appear as tumor-associated infiltrates (TAMs) to support tumor angiogenesis and growth (42). To connect the functions of myeloid AUF1s to tumor growth we used the model of B16 melanoma tumors transplanted subcutaneously in the flanks of syngeneic mice. Contrary to tumors in control mice, the tumors in M-hnRNPDΔx3,4 mice grew to smaller volumes at the endpoint (Figure 6A), posing difficulties in their comparative evaluation of vessel density. In an effort to gain insight on tumor vascularization, we selected whose volume was proximal to the lower range of control tumor volumes compare their vessel density as marked by endothelial marker, CD31 (PECAM). As shown in Figure 6B, a reducing trend in the number of CD31+ vessels were observed in the tumors from M-hnRNPDΔx3,4 mice but their low number precluded statistical validation. To gain indirect insight we assessed the inflammatory infiltration of all tumors following dissociation and analyses of their immune infiltrates via flow cytometry. The percentage of total immune CD45+ tumor infiltrates in M-hnRNPDΔx3,4 mice was reduced 4-fold relative those in the tumors of control mice indicating a possible defect in tumor vasculature impeding immune infiltration (Figure 6C). We also noted reductions amongst the myeloid CD45+ cells expressing high levels of Gr1+ which includes neutrophils and myeloid-derived suppressive cells; and on CD11b+ Gr1 negative subsets suggesting limitations in the general myeloid influx.




Figure 6 | The ablation of AUF1 functions in myeloid cells attenuates tumor infiltration and the vascularization of inert grafts. (A) Endpoint quantitation of subcutaneous B16F0 tumor sizes of control and M-hnRNPDΔx3,4 mice. Scatter plots indicate individual values and means (lines) of tumor volumes, n=10 mice/per genotype. Colored circles indicate samples that were selected for the analysis in tumor vessels density. (B) Graphs (left) denote mean values ( ± SD) of blood vessels per mm2 of midline section of B16 tumor following immunofluorescent staining of midline with endothelial marker CD31 and counterstained via DAPI as indicated in the representative photomicrographs (right). (C) Quantification of the percentage of live total CD45+ cells and subgated myeloid cells detected via CD11b/Gr-1 expression infiltrating B16-tumors of control and M-hnRNPDΔx3,4 mice as analyzed via flow cytometry analysis. Representative dot plots (right) and scatter plots (left) depicting individual values and means (lines) from n=11 mice/per genotype. (D) Endomucin staining patterns of midline sections of engraphed sponges (left) and quantitation of microvessel density in sponges from control and M-hnRNPDΔx3,4 mice 14 days post administration of PBS or recombinant VEGF. Graphs denote mean values ( ± SD) of blood vessels per mm2 of midline sponge section of n=6 mice/genotype. In all graphs (*, **, ***) denote p values ≤0.05, ≤0.001 or ≤0.0001 respectively as determined via unpaired students t-test (on A) or One-Way ANOVA (B–D).



To get a direct answer as to whether the loss of AUF1s in myeloid cells limits their effect on blood vessels, we exploited an in vivo angiogenic model measuring neovascularization directly (43). In this model, inert biomaterials in a sponge-like form were engrafted subcutaneously in the flanks of mice and were injected either with PBS or recombinant VEGFα every 2 days. At the 14th day sponges were excised and processed for the immunohistochemical enumeration of blood vessels using the endothelial marker endomucin. As demonstrated in Figure 6D, the vessel density of PBS-treated sponges engrafted in M-hnRNPDΔx3,4 mice was nearly half of those in the grafts of control mice. In contrast, the VEGFα-treated sponges possessed an equally elevated blood vessel density in both the grafts in control and mutant mice.



Divergent AUF1-Mediated Control Upon Its Macrophage Targets

Our analysis on macrophages suggested that AUF1s may affect a transcript specific regulon to facilitate the functional switch from the pro-inflammatory to the pro-angiogenic state. To gain insight on how AUF1s modulate such transcripts, we focused on those that appear as most affected by the loss of AUF1s’ functions, namely the Tnf, Il12b, Vegfa and Thbs1 mRNAs (44). First, we immunoprecipitated AUF1-containing RNPs (RIP) from cytoplasmic extracts of resting, LPS or LPS+CGS treated BMDMs for 4hrs using a specific antibody recognizing all four AUF1 isoforms. To estimate background, we performed parallel immunoprecipitations with an isotype-matched antibody. The efficiency of the RIP was monitored using immunoblots for the AUF1 proteins as antibody-bound (e.g. Figure S7A). Subsequently, the RNA content of the RNPs was analyzed via qRT-PCR and values were normalized to the levels of expression of each mRNA (Figure 7A). Enrichments above 2-fold were considered as significant. This analysis demonstrated that AUF1:RNPs associate only with the Vegfa mRNA in resting macrophages; with the Tnf mRNA in LPS stimulated macrophages; and most strongly with the Il12b, Vegfa and Tnf mRNAs in adenosine-stimulated macrophages. In contrast we did not observe associations with the Ccl2 mRNA which we used as a relevant control; neither with the Thbs1 mRNA indicating that its reduction could be due to the loss of eliciting VEGF (45).




Figure 7 | Adenosines promote the binding of AUF1 upon selective transcripts leading to their differential control. (A) qRT-PCR detection of selected mRNAs tested to IP with anti-AUF1 in control BMDMs activated with LPS or LPS+CGS compared to untreated (M0). Enrichment of each mRNA in AUF1-IP samples compared with its abundance in IgG-IPs and normalized to mRNA expression levels. Enrichments above two-fold were considered significant. (B) Expression levels of mRNAs bound by AUF1 were measured in extracts from BMDMs activated with LPS or LPS+CGS. (C) The half-lives (t1/2) of Tnf, Il-12b and Vegf mRNA were quantified by measuring the time required for reducing transcript levels to 50% of their original abundance after adding actinomycin as in Figure S7B. Graphs depict mean values ± SD. Note that half-lives in Il-12b mRNAs under LPS or under LPS+CGS in the mutants lack variation since they exceed monitoring times and as such were assigned a common maximal value. In all cases, data were analyzed by two tailed, unpaired Student’s t test. *p ≤ 0.05, **p ≤ 0.01 ***p ≤ 0.001, ****p ≤ 0.0001.



Further comparison of the levels of these mRNAs in extracts from Control BMDMs revealed that CGS suppressed the LPS-induced expression of the Il12b mRNA whilst augmenting that of the Vegfa mRNA; yet it failed do so in M-hnRNPDΔx3,4 macrophages (Figure 7B). These data correlated to the differences we observed in the secretion of IL12b and VEGF by these cells (Figure 5B). Notably, and in contrast to its protein (Figure 5B), the Tnf mRNA was properly suppressed by CGS in both control and M-hnRNPDΔx3,4 BMDMs (Figure 7B). We postulate that AUF1s either control the translation of the Tnf mRNA or the post-translational release of the TNF protein.

The analysis of the decay of these mRNAs following the arrest of their transcription by Actinomycin D was most revealing (Figures 7C, S7B). CGS had a potent destabilizing effect upon the il12b mRNA which was ablated in the absence of AUF1s. In contrast the decay of the Vegfa mRNA was not affected by the loss of AUF1s suggesting that AUF1s are required for its nuclear synthesis as promoted by CGS. Finally, the decay of the Tnf mRNA was not affected neither by the loss of AUF1s nor by CGS. Taken together these data indicate that AUF1s are involved in various transcript specific RNPs that respond to adenosine signaling which independently promote mRNA decay (e.g. Il12b mRNA), nuclear synthesis (e.g. Vegfa mRNA) or translation (e.g. Tnf mRNA).




Discussion

In this study, we sought for changes to inflammatory responses caused by the loss of AUF1s in innate immune cells. To abrogate the functions of all protein-coding AUF1 isoforms in the mouse, we used gene targeting to render two exons 3 and 4 of the murine hnRNPD gene as conditionally removable. Hypothetically, this removal could lead to splicing events joining exons 1 or 2 to exon 5 and the synthesis of RRM-inactive AUF1 muteins. Instead, removing exons 3 and 4 reduced the expression of all coding RNA and proteins to near undetectable values. This effect was not due to aberrations imposed by our targeting strategy on the hnRNPD locus since mice carrying the non-recombined, loxP-flanked, alleles expressed the AUF1 proteins appropriately. Instead, we hypothesize that the diminution of hnRNPD transcripts could result from their decay as incorrectly spliced variants similar to hnRNPD variants degraded by Nonsense-mediated-decay (46).

The gross phenotypic characteristics of our germline hnRNPDΔx3,4 mice resembled those of whole body hnRNPD null mice; as did their enhanced sensitivity to endotoxemia. In contrast, in mice where Δx3,4 mutation was restricted in descendants of the myeloid lineage and mostly monocytes, macrophages, and polymorphonuclear cells did not phenocopy the endotoxic response of whole-body mutants. It is, therefore, likely that the enhanced endotoxic response of whole-body mutants does not pertain to dysfunctions within inflammatory cells but rather from enhanced tissue degenerations imposed by AUF1’s control over cellular senescence or development (17). This is supported further by the high levels of serum IL1β observed in endotoxic hnRNPDΔx3,4 and hnRNPD null mice [Figure 1E & (17)]. The secretion of IL1β is elicited via inflammasomes which are in turn activated by danger and senescent signals. Moreover, the activation of inflammasomes can support a specialized form of cell death called pyroptosis which can feedback to enhance the damaging response (28, 29).

In our analysis, we did not find any evidence for impediments in the differentiation of macrophages and polymorphonuclear cells in the myeloid mutants of AUF1s. Although we cannot exclude such a possibility, the proper response of these mice to endotoxemia, which requires emergency hematopoiesis (47, 48) supports the notion that AUF1s may not be essential for the ontogeny of myeloid descendants. On the other hand, our analyses on the sera of LPS-challenged myeloid mutants revealed counteracting augmentations (e.g. in pro-inflammatory TNF & IL12b that could result in altered cellular reactivities. To reveal such activities, we selected to challenge myeloid mutants for Type I or Type II cell-mediated reactions controlled either by pro-inflammatory or immunoregulatory circuits. For the assessment of pro-inflammatory and Type I cellular reactions we chose challenges inducing intestinal inflammation. The lamina propria underlying the intestinal epithelium contains many phagocytic macrophages supporting local homeostasis and microbiome balance (49). In Inflammatory Bowel Diseases (IBD), neutrophils and monocytes/macrophages are massively recruited from the blood to the lamina propria. Neutrophils have differential roles in IBD (50); whereas macrophages become polarized towards an “M1-like” state which uncontrollably release inflammatory cytokines, promote intestinal barrier damage, enhance Th1 and Th17 T-cell responses (51) and cannot be counteracted by anti-inflammatory “M2-like” macrophages expressing and responding to IL10 and TGFβ or primed by regulatory T-cell subsets (52). Currently, there is sufficient evidence on the dysfunction of “ARE-binding proteins” in supporting IBD (30). Moreover, a connection between mutations in the human hnRNPD gene and Crohn’s Disease has been revealed from studies on monozygotic twins (53). In light of the above, the indifferent response of the myeloid AUF1 mutants to DSS and TNBS induced colitis was exceptionally noteworthy. These results should be interpreted cautiously concerning human disease since these chemical models mimic only some of its aspects. However, they provide first proof of the dispensability of AUF1s in the functioning of proinflammatory macrophages in chronic intestinal inflammation.

The combination of our data on endotoxemia and colitis suggests that AUF1s have redundant roles in the activation and cytokine-induced deactivation of classical “M1-like” macrophages. This redundancy was also apparent in our ex vivo assays. Our holistic analyses on LPS stimulated macrophages revealed only specialized changes in mRNAs devoid of alterations in cytokine mRNAs. Moreover, the loss of AUF1 functions did not debilitate the end polarization of “M1-like” macrophages via LPS and IFNγ; neither did their transition towards a deactivated “M2c-like” phenotypes by IL10 and TGFβ. These contradict earlier studies in human and mouse cell lines pointing to AUF1s control over the use of pro-inflammatory mRNAs by these signals. We hypothesize that methodological differences and the use of transformed cellular settings account for this contradiction.

Unlike the responses in endotoxemia and intestinal inflammation, allergic airway inflammation entails more complex innate immune reactivities. Several studies demonstrated a positive correlation between the presence of macrophages and enhanced eosinophilic inflammation using allergic models in mouse and humans (54, 55). These studies have already revealed the active role of alternatively activated macrophages -particularly those induced by IL4 and/or IL13 - in the exacerbation of Th2/Th9-driven inflammation (56). The fact that myeloid AUF1 mutants display a strong reduction in allergic airway inflammation and IL4 in their BALF could connect to the loss of such “M2-like” functionalities. To that end, we were surprised to find that cultured macrophages lacking AUF1 could be properly polarized towards an “M2a-like” phenotype by IL-4. Arguably, the augmented presence of IFNγ in the BALF of allergen challenged myeloid AUF1 mutants could connect to an enhanced Th1 response supported by innate cells expressing high levels of IL12. These responses could have an opposing effect upon eosinophilic inflammation favoring neutrophil infiltration. However, such a switch was not detected in our mutants. Instead, all types of infiltrates were diminished in the allergen exposed myeloid AUF1 mutants. Such a phenotype could arise from aberrations in vascular remodeling, as exemplified in allergen exposed mice treated with anti-VEGF antibodies (57). Increased expression of VEGF is a common feature in the BALF of asthmatic patients, whereas its overexpression in the murine lung induces an asthma-like phenotype with features including vascular remodeling, mucus metaplasia, and augmented Th2 inflammation. VEGF is produced by infiltrating cells and the resident tissue, which includes alveolar macrophages and required for the infiltration of inflammatory cells in allergic airway inflammation (58).

The reduced number of VEGF-expressing infiltrates in the BALF of our myeloid mutants posits that their defective infiltrating response to allergen relates to defects in vascular permeability promoted by specialized alternative macrophage subsets. Since our focus was on immunocellular events, we did not look for changes in the responses of lung endothelia. However, our hypothesis was further supported by our tumor data, where the positive effect of M2-like, pro-angiogenic tumor-associated macrophages (TAMs) is well established (59). The myeloid loss of AUF1 compromised the growth of transplanted B16 melanomas correlating with reduced infiltration of TAMs (and TILs; data not shown)-despite the fact that tumor cells can produce part of the VEGF required for their vascularization. The poor growth of tumors in the setting of myeloid AUF1 deficiency prohibited the proper statistical evaluation of impediments in their vascularization or remodeling. However, these became apparent in the myeloid mutants failing to vascularize an inert graft; and the rescuing response of exogenously added VEGF. Moreover, we hypothesize that the defective VEGF response of myeloid-AUF1 mutants may also connect to their invariable susceptibility to LPS despite the presence of high TNF and IL12b. Vascular permeability and leakiness are critical events in endotoxemia, and VEGF blockade has a beneficial effect against it (60, 61).

Our in vivo observations correlate with the inability of AUF1 lacking macrophages to switch towards a pro-angiogenic phenotype (denoted by some as M2d) at least by adenosine receptor signals. Extracellularly, adenosines are generated by the surface enzymes CD73 and CD39. They transmit their signals through the surface G-coupled A2AR receptors and the cAMP/CEBP pathway (62). The importance of CD73 and CD39 activities against lung injury and for tumor growth is well documented. The lack of these enzymes -and hence of adenosines- provides susceptibility to allergic airway inflammation (63) and adenosine signaling has emerged as therapeutic target (64, 65). Concerning their functions in macrophages, adenosines were originally identified anti-inflammatory agents. It was later shown that they can promote the switch of activated macrophages towards an angiogenic phenotype expressing VEGF and independently of IL4 signaling (40), hence connecting to the in vivo functions of adenosine-generating enzymes. Our study connects the deranged activities of adenosine-induced pro-angiogenic macrophages incurred by the loss of AUF1s to the susceptibility of the mutant mice to airway and tumor infiltration. The full characterization of such cells in a disease setting and at a single cell level is currently lacking. However, their future identification holds promise for their exploitation in disease treatment via cellular ablation or addition strategies.

In macrophages, the expression of AUF1s was augmented by the agonistic activation of A2AR; and is needed to suppress TNF and IL12 whilst supporting the de novo expression of VEGF and Thrombospondin indicating the complex involvement of AUF1-controlled regulons in the pro-angiogenic switch. Notably, other “M2-like” mRNAs (e.g. Il10, Retnla, Chi3l3) were regulated by A2AR signals but independently of AUF1s. Moreover, TLRs and A2ARs signals remained unaffected by the loss of AUF1s. These suggested that AUF1s act in a transcript-selective fashion and downstream of A2AR signaling. Indeed, and to the limits of our analysis on pre-defined marker RNAs, only the Tnf, Vegfa and Il12b mRNAs were identified to associate with AUF1-containing ribonucleocomplexes. Most intriguingly, the type of regulation imposed by AUF1 on these mRNAs indicated three different types of regulons for RNA control: activation of mRNA biogenesis (Vegfa), activation of protein synthesis or release (Tnf) and mRNA degradation (Il12b). Given the pleiotropy AUF1s molecular activities on RNAs this is not so unprecedented. However, the confinement of its activities in selective cellular subsets -like in the case of pro-angiogenic macrophages- is noteworthy; especially considering propositions on its functional overlap with other factors (e.g. Zfp36/TTP and Elavl1/HuR) whose immune mutations have more profound effects (4, 11). Our genomic data revealed changes in RBP transcripts affected by the loss of AUF1s. Such changes could have functional consequences in the control of AUF1-regulons; or compensate for AUF1s loss in specific cellular contexts. Irrespective however of the cross-relationships affecting RNAs, the paradigm of AUF1 indicates that RBPs may control the selective diversification of cellular subtypes rather than affect RNA use in all.



Materials and Methods


Mice and Study Approvals

The targeting of the hnRNPD locus in murine ES cells was performed by Regeneron Pharmaceuticals using their proprietary Velocigene recombineering technology (66). Modifications included the flanking of exons 3 and 4 with loxP sites; the inclusion of and FRT-flanked neomycin resistance gene for selection proximal to the loxP of exon 3. These ES cells were integrated onto blastocysts from C57Bl6/J mice. Derivative mice where then crossed to mice expressing a germline encoded Flipase gene to remove the neomycin cassette and yield mice containing the hnRNPDflx3,4 allele. To generate a mutant hnRNPDΔx3,4 allele, hnRNPDflx3,4/+ mice were crossed to a mouse line expressing germline-active Cre recombinase (67). Subsequently, hnRNPDΔx3,4/+ mice were intercrossed to yield homozygous hnRNPDΔx3,4/Δx3,4 mice. For the myeloid restriction of the mutation hnRNPDflx3,4/flx3,4 mice were crossed to the LysM-MCre+ line. All mouse lines were maintained in a C57BL/6J background and in the animal facilities of the Biomedical Sciences Research Center (BSRC) “Alexander Fleming” under specific-pathogen free conditions. All experiments were performed with 8 to 16 weeks old mice and in accordance to the recommendations of the BSRC’s Institutional Committee for Protocol Evaluation, the Veterinary Authorities of the Prefecture of Attika, the national legislation and the European Union Directive 63/2010. Protocols were approved by the Veterinary Authorities of the Prefecture of Attika (licenses # 4376/2014, 262781-22/04/2020, 26497-13/01/2020, 6197-21/11/2017, 4401-5/7/2016, 2823-13/06/2018, 531-13/2/2019, 26488-13/01/2020).



LPS-Induced Endotoxemia

Mice 6- to 8-week-old were injected intraperitoneally (i.p.) with the indicated amount of LPS (LPS from Salmonella enterica serotype enteritidis; Sigma-Aldich, L6011). Core body temperature and survival were monitored through a period of 7 days to determine mice sensitivity to endotoxemia. For measurement of inflammatory mediators, hnRNPDΔx3,4/Δx3,4 and hnRNPDΔx3,4 mice were injected i.p. with LPS at 4mg/kg of body weight. Sera were collected 90 minutes later by cardiac puncture and cytokines were quantified using LEGENDplex™ Mouse Th Macrophage Panel (Biolegend, Cat. No.740846).



DSS Induced Colitis

Mice 6- to 8-week-old were fed ad libitum for one cycle with water containing 2% (wt/vol) DSS (MW 40,000 kDa; MP Biomedicals Inc.) for 7 days followed by 8 days with regular water without DSS (68). Mice were monitored daily for changes in body weight, stool consistency and rectal bleeding. These values were used to calculate the Disease Activity Index (DAI). Endoscopy was performed using Coloview endoscopic system (Karl Storz, Germany) at day 8. Colonic inflammation was scored according to MEICS (Murine Endoscopic Index of Colitis Severity) as described (69). Mice were sacrificed at indicated time points or at the end of the protocol for the isolation of colonic tissue. Histological scoring was performed on hematoxylin and eosin (H&E) stained colon sections as previously described (70). Scores of inflammation and epithelial damage were summed to produce the overall histological score. All histological assessments were performed in a blinded fashion, by two independent investigators.



TNBS Induced Colitis

Mice 6- to 8-week-old were pre-sensitized applying TNBS solution (1% w/v in acetone and olive oil solution 4:1) epidermally at day -7. On day 0, mice were inoculated intra-rectally with 100μl TNBS solution (2.5% w/v in absolute ethanol). Weight loss was daily monitored from day 0 to 4. Endoscopy was performed the 3rd day when severe symptoms peaked as described above (32).



Allergic Airway Inflammation

Airway inflammation was induced by ovalbumin (OVA-sensitization) as previously described (54). Briefly, sex matched mice were pre-sensitized on days 0 and 15 via intraperitoneal injection of 10μg chicken egg-derived OVA (Sigma Aldich, A5503) mixed with 1mg of aluminum hydroxide (Alum) as an adjuvant dissolved in 300 μl phosphate buffered saline (PBS) on day 0 and 15. Subsequently, mice inhaled 1% OVA aerosol for 30 min/day from day 21 to 25. At the end point, bronchoalveolar lavage fluid (BALF) was collected from the lungs by gently washing airway lumina with 0.5 mM EDTA in PBS via a tracheal cannula. BALF cells were analyzed by flow cytometry (strategy of analysis is presented in Figure S3), while supernatants were used for cytokines analysis using the LEGENDplex™ Mouse Th Cytokine Panel (Biolegend, 741044). To determine the effectiveness of the immunization, anti-OVA IgE levels were measured in the serum of PBS and OVA challenged mice using Anti-Ovalbumin IgE Elisa Kit (Cayman, 500840), according to the manufacturer’s instructions. Lungs were collected, fixed in 10% formalin (VWR, 9713.500) and proceeded for histopathological examination. General morphology and inflammation were examined in H&E, Periodic acid Schiff (PAS)-H&E, and Trichrome Masson stained lung sections. Perivascular (PVI) and peribronchiolar (PBI) inflammation were assessed using a four-tier score system (0=none, 1=mild, 2=moderate, 3=severe, 4=tissue destruction) with an increment of 0.5 if the inflammation fell between two integers.



B16 Tumor Model

Mice were injected subcutaneously in the flank with 106 B16-F0 melanoma cells in 100ul PBS. Tumors were grown for 14 days. Post-mortem volume was determined using all 3 dimensions (m1×m2×m3×π/6). To prepare Single cell suspensions, tumor tissues were gently removed, cut into small pieces and incubated with 50 μg/ml Collagenase/Dispase (Roche, 10269638001) and 200 Units/ml DNAse I (Sigma-Aldrich, D5025) in RPMI 1640 (Gibco, 31870025) for 30 min at 37°C. Enzymatic dissociation was stopped with 10% FBS. Cells were washed with PBS and stained with the anti-mCD45, anti-mCD11, anti-mGr1, anti-mCD3 and anti-CD45R/B220 flow cytometry antibodies to identify immune subsets infiltrated in tumors. FACS analysis strategy is presented in Fig 6B.



Subcutaneous Angiogenesis Assay

Growth factor induced angiogenesis assay was performed as described previously (43). Briefly, subcutaneously implanted sponges of 1 cm3 size were injected with 100μl of either PBS alone (as negative control) or PBS containing 10 ng/ml-1 VEGF (VEGF 164, R&D,493-MV), every 2 days. Sponges were excised, and paraffin embedded after 14 days.



Histological Analysis and Immunohistochemistry

For immunohistochemistry, all tissues were embedded in paraffin blocks. Thick sections (4μm) of embedded colon and lung tissues were stained with H&E. PAS staining and Masson trichrome were performed with standard protocols to determine fibrosis and mucus secretion in lung tissues. Blood vessels were identified by immunofluorescence staining using primary antibody against Endomucin antibody [santa cruz, sc65498/V.7C7.1] followed by secondary anti-rat 546 Alexa (A11081) and vessel density was calculated as the number of blood vessels per mm2 of sponge section area using ImageJ software. Representative images were obtained on a Nikon ECLIPSE E200 microscope with a Nikon Digital Sight DS-5M digital camera.



Cell Isolation and Culture

Bone Marrow Derived Macrophages (BMDMs) were isolated from tibiae and femora of 6-8 week-old mice. Isolation was performed as previously described by Warren and Vogel (1985) and then differentiated to Bone Marrow Derived Macrophages in RPMI 1640 medium (Gibco, 31870-025) supplemented with 5% FBS (Gibco, 31870-025), 1% penicillin/streptomycin (Gibco, 15140122), 1% L-glutamine (Gibco, 25030024) and 10% L-medium (produced by L929 cells) incubated for 10 days at 37°C with 5% CO2. Exudate macrophages, neutrophils and eosinophils were isolated from mice 48 or 72 hours upon intraperitoneal injection of 1 ml Brewer thioglycollate medium (4%; Becton-Dickinson).



Cell Treatments

BMDMs were activated with LPS (100 ng/ml, Salmonella enterica enteritidis; Sigma L6011), IFN-γ (10 ng/ml, Peprotech 315-05), IL-4 (10ng/ml, Peprotech 214-14), CGS (10μM, Sigma, 21680), IL-10 (10ng/ml, Peprotech, 210-10) and/or TGFβ1 (10 ng/ml, Cell-signaling, 231LC) for 24 hours.



Flow Cytometry Analysis and Sorting

For surface Single cell suspensions were prepared from either in vivo or in vitro experiments. For surface antigens, staining was performed using standard procedures. Antibodies were from BD Biosciences CD11b (M1/70); CD34 (RAM34); CD4 (H129.19); CD8 (H129.19), siclecF (E50-2440); eBioscience (F4/80), (CD16/32 (93), ScaI (D7), Biolegend GR1 (RB6-865), CD11C (N418); CD3e (145-2C11), CD206 (CO68C2), CCR3 (144505), Zombie NIR; B220 (RA3-6B2), Lin (mouse lineage panel, BD Pharmigen-559971). Cell viability was assessed by Propidium Iodide Staining. Cells were detected using FACSCantoII flow cytometer. Data were analyzed using FACSDIVA (V.6; BD Biosciences) and V10; Treestar, FlowJo).



Immunoblotting and ELISAs

The cells were lysed in ice-cold lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.25% SDS, 10% Glycerol, 1% NP-40 and one tablet of complete protease inhibitors) for 15 min on ice. Lysates were analyzed on SDS-polyacrylamide gels (SDS-PAGE; 12-14%), along with protein molecular weight markers (Nippon MWP03, Fermentas, Thermo Scientific, SM0431) and blotted onto nitrocellulose membrane (GE Healthcare). After blocking with 5% milk in TBS-Tween 20 buffer, membranes were incubated with primary and HRP-conjugated secondary antibodies (Biotech, anti-rabbit HRP 1030-05 or anti-mouse HRP 4050-05) signals were visualized by enhanced chemiluminescence (ECL, GE Healthcare) using films or a ChemiDocTMXRS+ System with Image LabTM software. Primary antibodies used: anti-AUF1 (milipore, 07-260) and anti-GAPDH (Ambion, 6C5). Cell culture Supernatants or serum were analyzed via specific ELISA kits of TNFa, IL-10, IL-6, VEGF, IL12 (Peprotech 900-K54, 900-K53, 900-K50, 900-K99), IL-1b (Thermo-Fisher, 88-7013-88), Anti-Ovalbumin IgE (Cayman 500840) or cytometric bead-based assay panels following manufacturer’s instructions Legendplex Panels (Biolegend, Cat. No.741044 and 740846). Protein levels were normalized to cell number using crystal violet staining.



Ribonucleoprotein Immunoprecipitation

BMDMs were stimulated with LPS or LPS and CGS for 4 hours. Cells were harvested and lysed in 300μl lysis buffer containing 100 mM KCl, 25 mM EDTA, 5 mM MgCl2, 10 mM HEPES, 0.5% NP40, 2 mM DTT, 0.2%, protease inhibitors cocktails, Vanadyl Ribonucleoside Complex (Invitrogen) and 100 U/ml RNAse OUT (Invitrogen). A small quantity of samples was kept aside as Input (total cytosolic) for Western Blot analysis and for total cytosolic RNA (RNA-input). Antibody uncoated beads (protein G), (Dynabeads™ Protein G Immunoprecipitation kit, ThermoFisher), were washed and maintained in 600 µl of NT-2 buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM MgCl2, and 0.05% NP40). For IP, 400 µl of cell lysate were loaded onto the beads and incubated overnight on a rotary at 4°C. Subsequently, beads were washed four times with NT-2 buffer, one of which contained 0.7M urea and finally resuspended in NT2 buffer. Fifteen microliters of the total volume of samples were removed for immunoblot verification while the remaining volume was used for RNA isolation via TRI reagent. For immunoblotting, polyclonal anti-AUF1 antibody (Millipore 07-260) and a IP conformation-specific secondary antibody (anti-mouse IgG -HRP-conjugated Veriblot for IP Detection Reagent, Abcam, ab131366) were used.



RNA Stability Assay

Stability of the mRNAs of interest was assessed by the addition of RNA polymerase II inhibitor, actinomycin D (10 μg/ml, Sigma) into cell culture for a period of 240 min. Total RNA was isolated at the indicated time points using TRI reagent and quantified using qRT-PCR. The half-live of transcripts was calculated using a fitted exponential curve. High undetermined values are arbitrarily defined.



RNA Isolation and Analysis

Total RNAs were extracted from cells using TRI Reagent (MRC, TR 118) according to the manufacturer’s protocol. For cDNA synthesis 0.5-2μg of total RNA was reverse transcribed using MMLV-RT (Promega, M1705) and Oligo dT (NEB, S1316S) at 37°C for 1h. qRT-PCR was performed using EvaGreen SsoFast mix (Bio-Rad, Hercules, CA, USA, 172-5201) on a RotorGene 6000 machine (Corbett Research, Qiagen). Relative mRNA expression was normalized to β2-microglobulin (B2M) and calculated as the difference between the test values and the control values assigned as 1, using Bio-Rad RelQuant (Bio-Rad). Primers are listed in Supplementary Materials.



Sequencing Analysis and Bioinformatics

RNA Total RNA in expansion phase was collected using TRI Reagent (Invitrogen, Life technologies). RNA was extracted according to the manufacturer’s instructions and resuspended in 30μls of nuclease free water. Total RNA was quantitated using the NanoDrop ND1000 Spectrophotometer. Samples were diluted accordingly to a mean concentration of approximately 150 ng/μl, on an area of 235.0 and their quality assessed on a Bioanalyzer (Agilent Technologies) using the Agilent RNA 6000 Nano Kit reagents and protocol (Agilent Technologies). Sequencing libraries were prepared by using the QuantSeq 3’ mRNA-Seq Library Prep Kit FWD (QuantSeq-LEXOGEN™, Vienna, Austria) and RNA-seq libraries were sequenced on an Ion Proton PI™ V2 chips, an IIon Proton™ System. Library preparation and alignment strategies are provided in Supplementary Material. Mapped sequences Quant-Seq BAM files were analyzed on a transcript level base with the Bioconductor package metaseqR2 (71) v.1.3.14 which has built-in support for Quant-Seq data. Differential expression analysis for the contrasts MΔχ3,4 versus Control was performed using DESeq2, edgeR, NOISeq, limma, NBPSeq, ABSSeq and DSS algorithms and a combined meta-analysis procedure by the PANDORA algorithm implemented in metaseqR2. 3’ UTR areas (and their corresponding transcripts) presenting a PANDORA p-value less than 0.05 and an absolute fold change (for each contrast) greater than 1 in log2 scale were considered as differentially expressed. Categorical enrichment analysis of differentially expressed transcripts was implemented with WebGestaltR6 version 0.4.4 R package. The method that was used was the Over-Representation Analysis (ORA) against the Biological Process functional database of Gene Ontology and Kyoto Encyclopedia of Genes Genomes (KEGG) pathways and the terms retrieved were identified at a significance level of FDR ≤ 0.05. Multiple testing adjustment was carried out with the Benjamini-Hochberg procedure. All data extracted from sequencing datasets and gene sets were plotted in R (v.4.1.0) using ggplot27 (v.3.3.5) package. Z-scores were calculated as a derivative of the normalized counts.



Statistics

Statistical analysis was performed on Graphpad Prism 6.01 (Graphpad Software). Statistical significance was determined using unpaired Student’s t-test or One Way Anova when comparing three or more groups. Survival analysis was performed using Kaplan-Meier statistics. Results with a P-value 0.05 considered to be statistically significant.
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Post-transcriptional gene regulation by RNA-binding proteins (RBPs) is important in the prevention of inflammatory and autoimmune diseases. With respect to T cell activation and differentiation, the RBPs Roquin-1/2 and Regnase-1 play pivotal roles by inducing degradation and/or translational silencing of target mRNAs. These targets encode important proinflammatory mediators and thus Roquin and Regnase-1 functions dampen cellular programs that can lead to inflammation and autoimmune disease. Recent findings demonstrate direct physical interaction of both RBPs. Here, we propose that cooperativity of trans-acting factors may be more generally used to reinforce the regulatory impact on selected targets and promote specific cell fate decisions. We develop this concept for Roquin and Regnase-1 function in resting and activated T cells and discuss the involvement in autoimmunity as well as how the therapeutic potential can be used in anti-tumor therapies.
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Introduction

In response to infections, our immune system first involves innate and then adaptive immune cells to clear pathogens. Lymphocytes recognize foreign structures derived from pathogens through their antigen receptors. One main purpose of antigen receptor signal transduction is to elicit specific changes in gene expression, which turn on selective differentiation programs. This is, for example, true for mature T cells recognizing antigen on antigen-presenting cells (APCs) in secondary lymphoid organs. As part of the adaptive immune response, T cells reprogram their metabolism, enter and progress in the cell cycle and commit to differentiation programs that lead to specific effector or memory functions. T cell receptor (TCR) signal transduction causes epigenetic changes and induces de novo transcription of mRNAs, whose expression can subsequently be controlled by numerous post-transcriptional regulatory mechanisms (1, 2). Transcription factors typically recognize DNA cis-elements in promoter regions of coding genes and recruit RNA polymerase II to initiate transcription from downstream transcription start sites. Similar to transcription factors recognizing DNA cis-elements of individual or composite binding sites, RNA-binding proteins (RBPs) are trans-acting factors recognizing cis-elements, which are mainly localized in 5’ or 3’-untranslated regions (UTR) of mRNAs, but can also be found in introns or in coding sequences. Again, such cis-element can be composed of binding sites for one or even several RBPs to function as a regulatory unit. The site-specific recognition then induces RBP-dependent types of post-transcriptional gene regulation. Prominent cis-elements for RBPs are adenylate-uridylate rich elements (AREs) or stem-loop (SL) structures (3–6). Besides RBPs, miRNAs are also important trans-acting factors involved in post-transcriptional gene regulation. miRNAs are a class of short (~22 nt) non-coding RNAs that, together with Argonaute (Ago) proteins, form the so-called miRISC complex, which recognizes sequence-specific sites in the 3´-UTR of their target mRNAs via base-pairing (7). Post-transcriptional regulation can affect nuclear pre-mRNAs and regulate processing, modification and export of mRNAs. On mature mRNAs in the cytoplasm, post-transcriptional regulation can have stabilizing effects or induce degradation as well as enhance or inhibit protein translation (8, 9). Dysregulation of gene expression in lymphocytes can cause inappropriate immune responses and lead to the development of autoimmunity or immunodeficiencies (10).



Cooperativity of Transcription Factors in Response to T Cell Activation

Decades of research focusing on the regulation of transcription in T lymphocytes have uncovered a high degree of cooperation between transcription factors. For example, induced transcription of the gene encoding the cytokine interleukin (IL)-2 requires TCR engagement and costimulation, since the Il2 gene contains a composite cis-element in the promoter. This cis-element requires the coinciding binding of NFAT, AP-1 and NF-κB, which are induced only during productive activation of T cells through both signals (11, 12). In fact, T cells can become anergic or exhausted if TCR stimulation triggers NFAT-dependent gene expression programs in the absence of AP-1 (13–16). In T cells, a physical interaction on composite DNA cis-elements has been observed for NFAT and AP-1 during productive T cell activation (17). On the other hand, alternative ternary complex formation of NFAT and Foxp3 was observed during Treg differentiation and function (18).

These well-investigated examples on the regulation of transcription illustrate how a limited set of trans-acting factors can, by engaging in a few different combinatorial activities that have been selected in evolution, allow for a number of fine-tuned, alternative and even opposing cell fate decisions.



Cooperativity of Trans-Acting Factors Involved in Post-Transcriptional Gene Regulation

Cooperativity in gene regulation can be observed when two or more factors function together and depend on each other to reach full regulatory impact. The main types of cooperativity in post-transcriptional gene regulation are: Physical cooperativity between different RBPs binding to the same cis-element where either both RBPs bind to the RNA of the cis-element at the same or at different binding sites or by forming a complex in which just one RBP binds directly to the RNA (Figure 1A), functional cooperativity by binding to different cis-elements on the same mRNA molecule (Figure 1B), or cooperativity due to changes in binding site accessibility, meaning that one trans-acting factor induces a redistribution within different conformational states of an RNA, thereby facilitating the access to binding sites for other trans-acting factors (Figure 1C) (19–25).




Figure 1 | Mechanisms of cooperative post-transcriptional gene regulation of mRNAs. Cooperativity of RBPs can occur by binding of two trans-acting factors to the same cis-element (A), to different cis-elements (B) on the same mRNA molecule or when the binding of one trans-acting factor induces a structural re-arrangement in the mRNA, which allows the access and binding of the second (C).



In the past, studies in the field of post-transcriptional gene regulation typically focused on the monocausal regulation performed by a single trans-acting factor recognizing a defined cis-element. However, based on the circumstantial evidence listed below we propose that cooperativity is an important aspect of post-transcriptional gene regulation, in general and in T cells.

1. The mRNAs of key proteins involved in cell fate decisions (e.g. regulators of transcription and signal transduction) are often unstable, contain long 3’-UTRs with multiple binding sites for several different trans-acting factors and show regulation by overlapping sets of post-transcriptional regulators. In line with this, T cell activation results in expression of transcripts with shorter 3´-UTRs due to usage of upstream polyadenylation sites, pointing to activation-dependent regulation due to altered 3´-UTR binding sites (26–28).

2. The high number of approximately 1200 canonical RBPs harboring a defined RNA-binding domain (RBD) and non-canonical RBPs without defined RBDs in human or mouse primary CD4+ T cells suggests an unexplored complexity of post-transcriptional gene regulation (29).

3. A recent study in human cell lines estimated an average of 22,000 3’UTR-located binding sites for each RBP (22), supporting the idea that most 3’ UTRs provide binding sites for several RBPs and/or miRNAs. The inducible T cell co-stimulator (ICOS), which encodes a costimulatory receptor that is essential for T cell help to B cells during the germinal center reaction, is a good example for a transcript regulated by different trans-acting factors. It responded to regulation by Roquin, Regnase-1, miRNAs and Wtap/m6A during the activation of murine T cells (29, 30).

Further evidence for the importance of cooperative post-transcriptional gene regulation in T cells comes from miRNA studies describing that several miRNAs which bind simultaneously to the same target mRNA molecule exerted stronger repression of the target mRNA than independent actions of each miRNA. In T cells, such functional cooperativity of miR-99a and miR-150 was involved in the repression of the mTOR mRNA promoting the conversion into iTreg cells (31).

Moreover, several publications have involved the Roquin-1 protein in physical or functional interactions with other post-transcriptional regulators of ICOS mRNA (32–34). Roquin was proposed to engage in physical interactions with Ago2 and miR-146a and thereby enable profound regulation of ICOS (33). A physical interaction of Roquin-1 with Nufip2 was identified in a siRNA screen for Roquin-1 cofactors and Nufip2 was shown to strengthen RNA-binding of Roquin-1 to tandem SL structures in vitro (32). More recently, overexpression of Celf1 or Igf2bp3 proteins were suggested to counteract Roquin-mediated repression of ICOS (29). Although these examples suggest intriguing cooperations, it is still unclear how the reported effects can be explained mechanistically. Moreover, the proposed interactions have not been substantiated by genetic proof in vivo.

In this review, we will focus on the RBP Roquin-1 and its interaction with Regnase-1, in which we showcase the importance of cooperativity of RBPs in T cells.



Similarities in Roquin-1 and Regnase-1 Functions

Several recent papers have addressed a potential functional interdependence of Roquin and Regnase RBPs. Roquin-1, its redundantly-functioning paralog Roquin-2, as well as Regnase-1 are important regulators of T cell activation and differentiation (35–40). These proteins exhibit striking similarities in the following aspects:

1.) In addition to the ROQ RNA-binding domain (RBD) that specifies the binding of Roquin-1 and Roquin-2 to RNA (33, 41–44) and the PIN domain that enables Regnase-1 endoribonuclease function (45), all proteins harbor one CCCH zinc finger (46).

2.) Roquin-1, Roquin-2 and Regnase-1 are all cleaved by the paracaspase MALT1 in response to TCR stimulation (36, 38).

3.) Roquin-1, Roquin-2 and Regnase-1 have an overlapping set of mRNA targets including Icos, cRel, Il6, Nfkbid and also Zc3h12a, the Regnase-1 encoding mRNA (36, 38, 45, 47).

4.) Global mapping of binding sites of overexpressed Regnase-1 crosslinked to cellular mRNAs revealed comparable sequence determinants of Roquin-recognized SLs as defined by the constitutive decay element (CDE)  (3, 47).

5.) Roquin-1 and Regnase-1 have been found to induce post-transcriptional repression through rapid mRNA degradation as well as translational silencing (3, 38, 45, 48–50).

6.) Mice with T cell-specific deletions of the Roquin-1/2 encoding genes, Rc3h1 and Rc3h2 (DKO), or the Regnase-1 encoding gene Zc3h12a (KO) develop comparable phenotypes characterized by spontaneous activation of CD4+ and CD8+ T cells and accumulation of Tfh and GC B cells (30, 38, 40).

7.) Mice harboring a single point mutation in the Rc3h1 gene that exchanges methionine 199 to arginine (M199R) in the Roquin-1 protein develop a severe systemic lupus erythematosus-like (SLE-like) phenotype, showing deregulation of the immune system and production of anti-nuclear antibodies (ANAs), a phenotype which can be also found in the Regnase-1 KO mouse (38, 39, 45).

This striking resemblance in Roquin-1 and Regnase-1 protein functions as well as mouse model phenotypes led to the hypothesis that these two proteins may have a cooperative function. Indeed, initial data with reporter assays using overexpressed RBPs showed impaired regulation of a CDE-containing TNF 3´-UTR fragment in the absence of one or the other, supporting the idea of cooperativity (36).



Discrepancies and Challenges of Roquin and Regnase-1 Functional Interdependence

The proposed concept of cooperation (36, 51) has been questioned (46, 47), since Roquin and Regnase-1 RBPs also exhibit extensive differences:

On the mechanistic level, Roquin has been found to mediate degradation of its target mRNAs through the recruitment of the deadenylation machinery (3, 52) or through interactions with enhancers of decapping (50, 53). Regnase-1 harbors an intrinsic endonuclease activity, which requires Upf1 function and other factors involved in nonsense-mediated decay (NMD) (47, 54). Cellular localization studies revealed a close association of Regnase-1 with the ER and co-fractionation with translating ribosomes. Due to target expression kinetics, Regnase-1 was proposed to selectively regulate translationally active mRNAs in the early phase after LPS stimulation of fibroblasts. In contrast, Roquin localizes in P bodies and induces mRNA decay rather in fractions of polysome gradients that contain translationally inactive mRNAs and in the late phase of the innate immune response (47). These differences have led to the concept of an entirely compartmentalized function in which Roquin-1 and Regnase-1 regulate an overlapping set of target mRNAs via a common SL at different times, in different subcellular locations and through different mechanisms (46, 47).

A first approach of genetically combining the sanroque alleles with conditional ablation of Regnase-1 encoding alleles in T cells suggested non-redundant functions of both RBPs (55), however, this study did not discriminate T cell-intrinsic against known contributions of T cell-extrinsic functions of Roquin-1 (30, 56). The notion of more distinct functions was further supported by genetic inactivation of Regnase-1 in adoptively transferred tumor-antigen-specific cytotoxic T cells. In these experiments, Regnase-1 was shown to be a key regulator of T cell survival and metabolism. The inactivation of Regnase-1 encoding alleles by sgRNA/Cas9 targeting resulted in a profound improvement of anti-tumor responses (57, 58), while aspects of CD8+ T cell biology had not been studied for Roquin-1, yet.



Cooperative Functions of Roquin and Regnase-1 in T Cells

Addressing the controversy about cooperativity or compartmentalization, the existence and importance of cooperative functions of Roquin-1 and Regnase-1 proteins in T cells has received strong support from our recent study, especially through reconstitution and complementation assays, the definition of structure/function-relationships and through the genetic disruption of physical interaction (30).


Reconstitution and Functional Complementation

Reconstitution experiments overexpressing Roquin-1 or Regnase-1 in Roquin-1/2 DKO or Regnase-1 KO CD4+ T cells confirmed cooperative functions, since in the absence of Regnase-1, Roquin-1 showed a partial impairment in the ability to suppress ICOS expression and vice versa Regnase-1 overexpression did not downregulate ICOS in Roquin-deficient T cells (30). Also the regulation of endogenous Regnase-1 expression fully depended on cooperation, since ectopic Regnase-1 expression in Roquin-deficient T cells did not affect expression of Zc3h12a mRNA and Regnase-1 protein. Correspondingly, Regnase-1 protein was highly upregulated in Roquin-1/2 DKO T cells, reflecting that despite high endogenous Regnase-1 expression, the protein cannot complement for the loss of Roquin-1 and Roquin-2 function (30, 36). On the other hand, overexpression of other Regnase family members i.e. Regnase-2, Regnase-3 and Regnase-4 in Regnase-1 KO cells suppressed ICOS expression equally well and complemented for Regnase-1 loss-of-function. While the mRNAs encoding for ICOS and even more for Regnase-1 were cooperatively regulated, the Tnfrsf4 mRNA encoding for Ox40 was not. Intriguingly, the MALT1-cleavage fragment of Roquin-1 (aa1-510), which was shown to be inactive in the regulation of the Tnfrsf4 mRNA, retained a residual function to cooperatively repress ICOS or Zc3h12a mRNA in reconstitution experiments (3, 30, 36, 53).



The Molecular Basis of Cooperation

A prerequisite for cooperativity is colocalization and proximity within the cell. Behrens et al., therefore confirmed colocalization of Roquin-1 and Regnase-1 in P bodies, verified their proximity via NanoBret assays and proved formation of a stable binary protein complex at a submicromolar affinity (KD=417nM) using Biacore measurements. Finally, a CDE-like SL (nt 194–212) of the Zc3h12a mRNA (59) was specifically bound by Roquin-1 and increasing Regnase-1 levels induced a supershift, indicating the formation of a ternary complex and cooperative binding of both RBPs on the same SL. Of note, whether Regnase-1 also binds to the RNA or only to Roquin-1 without directly contacting the RNA is not clear, yet. For interaction and cooperative target regulation with Regnase-1, the HEPN-ROQ domains of Roquin-1 were sufficient. The introduction of mutations on the surface of the ROQ domain defined the interaction surface, and intriguingly, the amino acid M199 was part of this binding site. Accordingly, mutations that impaired interaction of Roquin-1 and Regnase-1 also reduced the suppression of the cooperatively regulated targets ICOS and Zc3h12a in in vitro reconstitution experiments (30). However, a full mechanistic understanding how cooperative regulation of target mRNAs by Roquin and Regnase-1 is achieved, remains elusive and has to be part of future studies.



Genetic Proof of Cooperative Regulation

The final proof of concept was achieved by the generation of mice harboring mutations, which were shown to interfere with Roquin-1 and Regnase-1 cooperation in in vitro studies. These mice developed a severe autoimmune phenotype with an increase in activated CD4+ and CD8+ T cells, accumulation of Tfh and GC B cells as well as the production of ANAs and showed a striking resemblance with sanroque mice (30). The interaction of Roquin and Regnase-1 in the repression of cooperative targets therefore proved to be essential for the prevention of autoimmune disease.




Perspectives

The advantage of two trans-acting factors cooperating is to focus an enhanced regulatory impact on a defined set of targets. We think that in such a cooperation Roquin rather contributes the specificity of RNA-binding, while Regnase-1 may exert the strong post-transcriptional repression.

Cooperativity of two trans-acting factors depends on the respective expression levels and post-translational regulations as well as on the hierarchies of affinities and binding properties of interactions. Knowing and integrating these determinants may allow us to understand cooperative regulation of specific targets but not of others. From in vitro binding studies it appears that the RBD containing protein fragment of Roquin-1 has a higher affinity for CDE-like elements than the Regnase-1 fragment, whose binding was much more sensitive to nonspecific competitor RNA (30). An assessment of quantitative aspects in primary T cells and, considering heterogeneity, favorably on the single cell level, is challenging. However, these considerations can inspire novel approaches and help us to adjust the directions of future research. Future studies should for example focus on cis-element-encoded features, which define a cooperative target. Which other targets show cooperative regulation? By which post-transcriptional mechanism do Roquin and Regnase-1 suppress expression of their cooperatively regulated targets? Does it involve mechanisms of deadenylation or decapping which have been involved in Roquin-mediated target regulation (3, 50, 52), does it employ endonucleolytic cleavage, a main function of Regnase-1 (45)? Or can cooperative targets also be translationally silenced, a recently involved function that was ascribed to Roquin as well as Regnase-1 for certain targets (48, 49)? Does ternary complex formation of Roquin and Regnase-1 on RNA recruit effector molecules from individual or all of these mechanisms or even enable new interactions? It is likely that cooperative target regulation does not involve a prototypic Roquin-dependent post-transcriptional mechanism, since the amino-terminal MALT1 cleavage product of Roquin-1 (aa1-510) is sufficient to repress Zc3h12a/Regnase-1 and is also partially active to repress ICOS (30).

One intriguing aspect of Roquin/Regnase-1 cooperation is that, on the one hand, this mechanism controls T cell activity, and on the other hand, it is prominently involved in the repression of the Zc3h12a mRNA, which encodes the Regnase-1 protein itself. Thereby, this RBP interaction prevents autoimmunity but at the same time precisely adjusts Regnase-1 expression, which may also confer an evolutionary advantage potentially related to the toxicity that can be observed in overexpression studies of Regnase-1 (48, 60).

An important consideration is the kinetics of cooperation before, during and after TCR signal transduction (Figure 2). A recent report has now uncovered a previously unrecognized constitutive MALT1 protease activity, which is dampened through MALT1 interactions with TRAF6 through a so-far elusive mechanism. In this study the absence of TRAF6 or mutations in MALT1 impairing the interaction with TRAF6, enhanced the T cell activation independent protease activity of MALT1 and caused flagrant autoimmunity in mice (61). Reflecting constitutive MALT1 activity, Roquin-1 and Roquin-2 exhibit more constitutive cleavage by MALT1 than Regnase-1 in naive mature T cells (30). These findings lead to the question whether already naive T cells require Roquin cooperation with Regnase-1 to prevent autoimmunity. In line with this, Regnase-1 protein strongly increased prior to T cell activation, if Roquin function was genetically inactivated in naive T cells (30). Therefore, negative autoregulation of Regnase-1 levels as well as regulation of other cooperatively regulated targets are likely to occur prior to TCR-dependent activation of T cells, when Roquin expression levels are moderate and both, full-length as well as the truncated proteins are present, and only low levels of Regnase-1 full-length protein are expressed.




Figure 2 | Summary of MALT1 protease function, Roquin-1 and Regnase-1 protein levels and types of target regulations in the different states of CD4+ T cells.



During TCR activation, when Roquin protein levels increase (30, 32), but are subject to MALT1 cleavage, no regulation of Roquin “only” targets occurs, for which the abundance of full-length Roquin is mandatory. In contrast, even in the absence of full-length Roquin the Zc3h12a mRNA could be suppressed by the Roquin-1 (aa1-510) MALT1 cleavage fragment when low amounts of induced and newly synthesized full-length Regnase-1 become available. This might reflect an important safe-guard mechanism which protects cells from overshooting Regnase-1 levels. Finally, upon removal of TCR signals, when Roquin and Regnase-1 re-appear in their full-length forms, they can switch off expression of cooperatively as well as Roquin and Regnase-1 independently regulated targets, efficiently stopping expression of pro-inflammatory mediators by several different modes of repression (30).

The trans-acting factors Roquin-1 and Regnase-1 were recently shown to be promising targets for therapeutic approaches. Despite experimental differences of either employing sgRNA-mediated inactivation of Regnase-1 or Roquin-1 or introducing point mutations, which disrupt the interaction of both RBPs, all studies report increased proliferation and persistence of the tumor-antigen-specific CD8+ T cells or CAR T cells in the tumor as well as efficient inhibition of tumor growth (30, 57, 58, 62). It is currently not clear whether these beneficial effects result from several different contributions from Roquin and Regnase-1 loss-of-function in addition to or only from cooperative regulation of targets. Importantly, inactivation of either Roquin-1 and Roquin-2 or Regnase-1 in T cells showed a similar enhancement but gradually different impacts on glycolysis and oxidative phosphorylation or on the proliferation and persistence of T cells as well as their effector functions (30). Moreover, the effect of Regnase-1 inactivation was specifically attributed to survival and proliferation, which depended on BATF expression (57). Consistent with such function, BATF3 was recently shown to prevent contraction in the pool-size of activated and differentiated effector CD8+ T cells as well as to be important for the development of memory (63). In contrast, gene editing to inactivate Roquin-1 boosted the proliferation of tumor-antigen-specific CD8+ T cells in a similar tumor setting, but this effect specifically required expression of the Roquin target IRF4 (36, 62). Determining the phenotype of tumor-antigen-specific CD8+ T cells with impaired Roquin-1/Regnase-1 interaction in the tumor we found that these cells showed greatly reduced expression of the exhaustion markers CD101, PD1 and Tox (30). Although, we have not yet identified or verified the cooperatively post-transcriptionally regulated targets that cause this phenotype, a very recent publication now presented an exciting connection of these findings: CAR T cells were shown to acquire enhanced functions in respect to expansion, persistence and memory formation through retroviral overexpression of BATF. Intriguingly, the physical interaction of BATF with the IRF4 transcription factor was essential for the improvement of anti-tumor responses and prevention of exhaustion in the tumor-specific CAR T cells (64). Together, these findings point at very promising new targets for improving immunotherapies. They also suggest cooperative gene regulation as a concept that can be exploited to achieve higher efficacy of adoptive T cell therapies, which is urgently needed to improve and expand treatment options for cancer patients.
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Type I interferons (IFN-I) play crucial roles in antiviral immune responses through inducing multiple antiviral interferon stimulated genes (ISGs). RNA modifications are emerging as critical post-transcriptional regulators of gene expression programs, which affect diverse biological processes. 2’-O-methylation (Nm) is one of the most common types of RNA modifications found in several kinds of RNA. However, the function and underlying mechanism of Nm modification in regulating viral infection and innate immunity are largely unknown. Here we found that 2’-O-methyladenosine (Am) on poly A+ RNA was increased in virus infected-macrophages. Functional screening identified RNA 2’-O-methyltransferase Fibrillarin (FBL) in facilitating viral infection. Down-regulation of FBL inhibited viral infection through blocking virus entry into macrophages. Furthermore, knockdown of FBL could reduce viral entry by increasing ISGs expression through IFN-I signaling. These results indicated that FBL-mediated Nm modifications of RNA may avoid the innate immune recognition, thereby maintain immune homeostasis. Once FBL is down-regulated, the decreased Nm modifications of RNA in macrophages may act as “non-self” RNA and be recognized by RNA sensor interferon induced with helicase C domain 1 (MDA5), leading to innate immune activation by inducing the expression of IFN-I and ISGs. Therefore, our finding reveals a new role of FBL and its mediated RNA Nm modifications in facilitating viral infection and inhibiting innate immune response, adding mechanistic insight to the RNA modifications in infection and immunity.
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Introduction

Innate immune response plays an essential role in host defenses against viral infection. Innate immune cells express kinds of pattern recognition receptors (PRRs) to identify pathogen associated molecular patterns (PAMPs) from the invading viruses, such as “non-self” viral RNAs and DNAs, which can activate the host innate immune response for the elimination of invading virus (1–3). The inducible IFN-I plays key role in establishing and modulating host defense against viral infection through inducing the expression of interferon stimulated genes (ISGs) via Janus kinase (JAK)-signal transducer and activator of transcription (STAT) signaling pathway (1, 3). In the interaction between viruses and the host, the immune cells can regulate gene expressions in response to the pathogen infection at multiple epigenetic levels, including histone modifications, DNA modifications, RNA modifications, and non-coding RNAs, etc. (4–6). Among those epigenetic modifiers, RNA modifications in regulating immunity and infection attract much attention (7), while most studies mainly focused on N6-methyladenosine (m6A) (8–11). We previously revealed that m6A RNA modification–mediated down-regulation of the α-ketoglutarate dehydrogenase-itaconate pathway and cellular metabolism rewiring inhibit viral replication in macrophages (8). However, whether other types of RNA modifications also participate in viral infection or innate immunity remains largely unknown.

RNA 2’-O methylation (Nm) is one of the most common types of RNA modifications that are found in ribosomal RNAs (rRNAs), transfer RNAs, small nucleolar RNAs and also in messenger RNAs (mRNAs) (6). Nm modifications are formed in 2’-OH group of RNA riboses and respectively named as 2’-O-methyladenosine (Am), 2’-O-methylguanosine (Gm), 2’-O-methylcytidine (Cm) and 2’-O-methyluridine (Um). Nm endows nucleotides with greater hydrophobicity and affects RNA molecules in a variety of ways including the structure, stability and interaction of RNA, so as to regulate various cellular processes such as translation (6, 12–14). Research on the biological functions of Nm became possible until high-throughput sequencing methods of Nm residues have been developed, especially for low abundant mRNA (15, 16). The Nm modifications of mRNA 5’cap, precisely on the first and sometimes second cap-proximal nucleotides, are shown to serve as a “self-RNA” signal to prevent PRRs from recognizing self mRNA (17, 18). 2’-O-methylation sequencing (Nm-Seq) confirm that Nm modifications are present not only in the 5’cap of the mRNA, but also in the interior of some mRNAs (15). However, the physiological functions of Nm modifications in immune cells are still unknown.

Fibrillarin (FBL) is a 34 kDa nucleolar RNA 2’-O-methyltransferase and a highly conserved protein, which is located in the dense fibrillar component of the nucleolus (19). FBL mainly catalyzes Nm modifications on rRNA under the guidance of BOX C/D small nucleolar RNAs (snoRNAs) (19). Previous studies on FBL mainly focused on tumors. For instance, FBL contributes to tumorigenesis and is associated with poor survival in patients with breast cancer (20). Targeting FBL shows great potential correlation to an improved survival rate at low expression in breast cancer patients and association with p53, due to its pivotal role in ribosome biogenesis (21). Besides, FBL knockdown enhances the resistance in C. elegans against bacterial pathogens independent of the major innate immunity mediators (22). FBL also contributes to the long-distance transport of plant viruses in plants (23, 24). However, whether FBL-catalyzed Nm modifications regulate innate immunity is unclear.

By functional screening of eight RNA 2’-O-methyltransferases, in this study we found that FBL inhibits innate immune response by suppressing the expression of IFN-I and ISGs in macrophages, which can promote virus entry into macrophages to facilitate viral infection.



Materials and Methods


Mice and Cells

C57BL/6 mice (6-8 weeks old) were from Institute of Laboratory Animal Science, Chinese Academy of Medical Sciences (Beijing). The interferon-α/β receptor 1 (IFNAR1)-deficient (Ifnar1-/-) mice (6-8 weeks old) were obtained from Jackson Laboratory. All mice were bred and maintained under specific-pathogen-free conditions. All animal experiments were performed according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals, with the approval of the Animals Care and Use Committees of the Institute of Laboratory Animal Sciences of Chinese Academy of Medical Sciences (ACUC-A01-2021-040).

Mouse peritoneal macrophages were obtained as previously described (8, 25). The RAW264.7, A549 and HEK293T cell lines were obtained from American Type Culture Collection (ATCC) and cultured as required. We generated FBL-knockdown RAW264.7 cells by a CRISPR-Cas9 gene-editing system with short guide RNA sequence-containing plasmid targeting specific sequences in the genome (5’-GGAGGTCGAGGTCGAGGCGG-3’ and 5’-GCTGCCAGCTTGGAGCGGAA-3’). We used PCR followed by sequencing and immunoblotting to determine the knockdown efficiency. MAVS-/- A549 cells and MDA5-/- A549 cells were also generated by a CRISPR-Cas9 approach.



Plasmids, Reagents, and Pathogens

FBL full-length sequences were obtained from mouse peritoneal macrophage cDNA and then cloned into pcDNA™4/myc-His A. Vesicular Stomatitis Virus (VSV) and herpes simplex virus type 1 (HSV-1) viruses were used as described previously (25).

Adenosine (132283), 2’-O-Methyladenosine (591363), Cytidine (119085), 2’-O-Methylcytidine (391517), Guanosine (979688), 2’-O-Methylguanosine hydrate (329290), Uridine (399796), 6-chloropurine riboside (455573), 2’-O-Methyluridine (488001) were obtained from J&K Scientific Ltd.



Western Blot

These assays were performed as described previously (8). VSV-G (ab183497) antibody was obtained from Abcam. FBL (16021-1-AP), Beta Actin (66009-1-Ig) antibodies were from Proteintech. Myc-tag (2278S), RIG-I (3743S), STAT1 (14994S), P-STAT1 (9167S), IRF3 (4302S), P-IRF3 (4947S) antibodies were from Cell Signal Technology. GAPDH (M171-3) antibody was obtained from MBL International Corporation.



RNA Extraction and Quantitative RT-PCR

Total RNA was extracted by TRIZOL reagent (Invitrogen) according to the manufacturer’s instructions. RNA was reversed-transcribed using the Reverse Transcription System from Toyobo (FSQ 301). Then cDNA was amplified by real-time PCR and analyzed as described previously (8). The primer sequences for qPCR analysis are listed in Supplementary Table 1.



Transfection

RAW264.7 and A549 cells were transfected with Lipofectamine™ 3000 Transfection Reagent (L3000015, Thermo) or LipoMax DNA Transfection Reagent (32012, SUDGEN) for 48 h according to the manufacturer’s instructions.



RNA Interference

Small interfering RNAs (siRNAs) were transfected into the mouse peritoneal macrophages and A549 cell lines with Lipofectamine™ RNAiMAX Transfection Reagent (13778150, Thermo) for 48 h following the manufacturer’s instructions. After 48h, the cells were harvested or infected with virus for corresponding hours. siRNAs were designed and synthesized by RiboBio (Supplementary Table 2). The efficiency of interference was determined by qPCR or Western blot.



Construction of Inducible Fbl Knockout (Fbl-iKO) RAW 264.7 Cells

RAW264.7 cells with inducible expression of Cas9 by Cre-loxP system (iKO RAW264.7 cell) were conducted. In these cells, genome was inserted with Cas9 sequence and before cas9 sequence there was transcriptional termination sequences with LoxP sites at both ends (Supplementary Figure 4D). When iKO RAW264.7 cells were infected with lentivirus expressing Cyclization Recombination Enzyme (Cre), Cas9 expression was then induced by Cre. We constructed Fbl-iKO RAW264.7 cells which stably expressed Fbl sgRNA based on above iKO RAW264.7 cells. When Fbl-iKO cell line was infected with this lentivirus, Cas9 expression first induced and then the transient knockout of Fbl with Fbl sgRNA induced.



ELISA

The concentrations of IFN-β and IFN-α in the supernatants were determined with VeriKine Mouse IFN Beta ELISA Kit (42400, PBL Interferon Source) and VeriKine Mouse IFN Alpha ELISA Kit (42120, PBL Interferon Source) according to the manufacturer’s instructions.



Virus Binding and Entry Assays

For virus-binding assays, mouse peritoneal macrophages were transfected with the indicated siRNAs for 48 h and then infected with VSV (MOI=3) for 30min on the ice. Cells were washed 6 times with ice-cold PBS supplemented with 2% bovine serum albumin to remove unbound virions. Then cells were lysed and RNA was extracted. Bound virions were quantified as viral RNA (vRNA) levels via qRT–PCR. For virus-entry assays, mouse peritoneal macrophages transfected with the indicated siRNAs for 48 h and then infected with VSV (MOI=3) for 30min in 4°C. After 6 washes with ice-cold PBS and 2% BSA, pre-warmed 37°C medium supplemented with 2% FBS and 15 mM NH4Cl was added to cells. Cells were incubated at 37°C for 1 h to allow the virus to enter cells. Then cells were chilled on ice and incubated with 500 ng/ml proteinase K in PBS at 4 °C for 2h to remove residual plasma-membrane-bound virions. After 6 additional washes with ice-cold PBS and 2% bovine serum albumin. Then cells were lysed and RNA was extracted. And vRNA levels were quantified via qRT–PCR.



Poly A+ RNA Purification

Poly A+ RNA was purified from total RNA with polyA tail purification using Dynabeads™ mRNA Purification Kit (61006, Thermo). The remaining rRNAs were further removed using NEB Next® rRNA Depletion Kit (E6310L) from New England BioLabs (NEB).



Relative Quantification of RNA Modifications by LC-HRMS

1~2ug isolated mRNA or total RNA were digested into single nucleosides by 1U nuclease P1 (N8630, Sigma) in 50 μl buffer containing 10mM ammonium acetate, pH 5.3 at 37°C for 12 h, followed by 42°C for 12 h, then mixed with 2 μl 1M ammonium bicarbonate, pH8.3, added 1U Bacterial Alkaline Phosphatase (18011015, Thermo) in a final reaction volume of 100 μl adjusted with water, and incubated at 37°C for 12 h. 100ul chloroform was added to the reaction solution, 80ul supernatant was extracted by centrifugation after vortexing, and 20ul 6-chloropurine riboside (50ug/ml) was added and mixed. High performance liquid chromatography (HPLC) was modified slightly of the published procedures (26). Briefly, the nucleosides were separated with Hypersil GOLD aQ 3-µm column (150-mm length × 2.1-mm inner diameter, pore size 120 Å, particle size 3 µm, Thermo), and then detected by Triple TOF 5600 Mass Spectrometer (AB SCIEX) or Orbitrap Fusion Tribrid Mass Spectrometer (Thermo). The column was equilibrated to 37°C with 0.1% formic acid in HPLC-grade water at a flow rate of 0.4 ml/min for at least 20 min. 10μl of the solution was injected into LC-MS. Mobile phase A was 0.1% formic acid aqueous solution and mobile phase B was 0.1% formic acid acetonitrile solution. The solvent gradient was described in Supplementary Table 3. The chromatographic profiles were obtained by high resolution mass spectrum with full scan mode.



2’-O-Methylation Sequencing

2’-O-methylation sequencing (Nm-Seq) was performed by CloudSeq Biotech Inc. (Shanghai, China) by following the published procedures with slight modification (15). Briefly, the RNA samples were fragmented at 95°C for 5 min with RNA Fragmentation Reagents (Thermo). RNA fragments were 3’-end repaired using Antarctic phosphatase (NEB) at 37°C for 30 min. Then, repaired RNA samples were oxidized/eliminated using 10 mM NaIO4 (Sigma) in 200 mM lysine-HCl buffer (pH 8.5, Sigma-Aldrich) in a total volume of 40 µl at 37°C for 30 min. The reaction was quenched by ethylene glycol, samples were further dephosphorylated by Shrimp Alkaline Phosphatase (NEB) at 37°C for 30 min. Eight cycles of oxidation-elimination-dephosphorylation were performed. A final round of oxidation/elimination reaction was performed, excluding dephosphorylation. Then, purified RNA samples were 5’phosphorylated by T4 polynucleotide kinase 3’ phosphatase minus (NEB) at 37 °C for 60 min. Libraries were constructed from treated RNA fragments and untreated input fragments using NEBNext Small RNA Library Prep Set for Illumina (NEB). Sequencing was carried out on Illumina HiSeq4000 according to the manufacturer’s instructions.

Raw data was generated after sequencing, image analysis, base calling and quality filtering on Illumina HiSeq4000 sequencer. Firstly, Q30 was used to perform quality control. After adaptor-trimming and low quality reads removing by cutadapt (v1.9.1) software (27), high quality clean reads were generated. Then these clean reads were aligned to reference genome (mm10) using bowtie2 (v2.2.4) software (28) with end-to-end mode. Raw 2’-O-methylation counts and coverage counts were calculated by bedtools (v2.24) software and in-house scripts, then 2’-O-methylation-ratio (defined as: count/coverage) and 2’-O-methylation-fc (defined as: 2’-O-methylation-ratio/Input-2’-O-methylation-ratio) were also calculated. 2’-O-methylation sites were annotated with gene information by bedtools software. And the 2’-O-methylation sites were visualized in IGV (v2.64) software (29). Sequence motifs on Nm peaks were identified by HOMER (30).



RNA High Throughput Sequencing

Briefly, total RNA was used for removing the rRNAs with NEBNext rRNA Depletion Kit (NEB) following the manufacturer’s instructions. RNA libraries were constructed by using NEBNext® Ultra™ II Directional RNA Library Prep Kit (NEB) according to the manufacturer’s instructions. RNA high throughput sequencing (RNA-Seq) was performed by Cloud-Seq Biotech (Shanghai, China). Two independent biological replicates were performed for RNA-seq.



Statistical Analysis

Data are expressed as the mean ± standard error of the mean (SEM) from at least three independent triplicated experiments. The number of individuals and repeated experiments are stated in each figure legend. All data was analyzed using the GraphPad Prism software version 8.4.2. The statistical significance of comparisons between two groups was determined with Two-tailed unpaired Student’s t test. The relative gene expression data was acquired using the 2ΔΔCT method. P-value: ns, P >0.05; *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001.




Results


Increased Am Modification on Poly A+ RNA in Macrophages Upon Viral Infection

In order to identify RNA modifications that regulate virus infection or innate immunity, we used high resolution mass spectrometry to observe the changed types of RNA modifications in RAW264.7 macrophages induced by VSV infection. To prevent rRNA modifications from interfering with the detection of low RNA modification level on mRNA, we optimized the poly A+ RNA purification method by adding a rRNA removal step, and the rRNA residue in this optimized method was much lower than the traditional purification method of Oligo dT beads (Figure 1A). We found that the level of Am was increased on poly A+ RNA of RAW264.7 macrophages after VSV infection, while Am level in total RNA remained unchanged after VSV infection (Figures 1B, C and Supplementary Figures 1A, B).




Figure 1 | Increased Am modification on poly A+ RNA in macrophages upon viral infection. (A) Determination of poly A+ RNA purity through RT-qPCR with primers specific to 18S rRNA and Actb. Total, total RNA; Oligo dT, poly A+ purified by Oligo dT beads; Poly A+ depleting rRNA, poly A+ purified by Oligo dT beads and rRNA depleting kit (n=6); (B) Quantification of the Am/A ratio in poly A+ RNA of RAW264.7 cells with or without VSV infection (n=3). 0h, RNA from RAW264.7 cells; 6h, RNA from RAW264.7 cells infected with VSV (MOI=1) for 6 h; (C) Quantification of the Am/A ratio in total RNA of RAW264.7 cells with or without VSV infection (n=3). 0h, RNA from RAW264.7 cells; 6h, RNA from RAW264.7 cells infected with VSV (MOI=1) for 6 h; (D) GO terms of MF, CC, BP for Nm-methylated transcripts of RAW264.7 at the steady state; MF, Molecular function; CC, Cell Compartment; BP, Biological process; (E) Metagene profile of Nm sites distribution along a normalized mRNA transcript; (F) Sequence logo of enriched motifs behind Nm sites identified by HOMER; (G) KEGG pathway enrichment for Nm up-regulated genes after viral infection. UI, poly A+ RNA from RAW264.7 cells; VSV, poly A+ RNA from RAW264.7 cells infected with VSV (MOI=1) for 6 h. All data are mean ± SEM of biologically independent samples.ns, not significant, **P < 0.01, two-tailed unpaired Student’s t test.



Am is one type of Nm modifications. To provide functional insights into whether mRNAs carrying Nm modification in macrophages are linked to antiviral innate immunity, we performed transcriptome-wide Nm-seq on the poly A+ RNA of RAW264.7 macrophages with or without VSV infection. We identified 6808 Nm sites (fold change (FC)≥4), 5643 of which had a minimal Nm-seq count of ten reads. Next, Gene Ontology (GO) analyses of these methylated genes were performed and showed that the significantly enriched methylated genes were as follows: translation and RNA process for molecular function (MF); extracellular exosome, nucleus and cytoplasm for cell compartment (CC); RNA and nucleotide binding, protein binding for biological process (BP) (Figure 1D and Supplementary Table 4). The most dramatic BP was binding, especially binding of RNA and nucleotide, suggesting that mRNA Nm modifications might play an important role in the nucleus, including RNA splicing and processing. Most of the Nm peaks were apparently positioned in coding DNA sequence (CDS), which was consistent with the other reported Nm-seq result (15) (Figure 1E). An unbiased search for common motifs enriched in segments around Nm peak summits was performed. The most significantly enriched motifs were slightly changed after VSV infection (Figure 1F), which may be due to the differences in the relative abundance of different RNAs before and after viral infection. Interestingly, we found that the Nm modifications are changed on the mRNA of a large number of genes related to viral infection (Figure 1G  and Supplementary Table 5). These results of GO and KEGG analysis suggested that Nm RNA modifications may be involved in regulating virus infection and antiviral innate immunity.



Functional Screening Identifies RNA 2’-O-Methyltransferase FBL to Facilitate Viral Infection

Then we focused on identifying which RNA 2’-O-methyltransferase may participate in regulating viral infection. Through performing functional screening of eight Nm associated enzymes (FTSJ1, FTSJ2, FTSJ3, FBL, CMTR1, CMTR2, MRM1, MRM3) via siRNAs-mediated knockdown, we found that knockdown of FBL inhibited VSV infection of mouse peritoneal macrophages, down-regulation of FTSJ1 promoted VSV infection in mouse peritoneal macrophages, and the effects of different siRNA of other enzymes were inconsistent or had no significant effects on VSV infection (Figure 2A and Supplementary Figures 2A, B). FBL is an essential nucleolar protein that participates in pre-rRNA methylation and processing, and also is an extremely well-conserved protein during the evolution from archaea to human (19). We found that FBL was the highest expressed RNA 2’-O-methyltransferase in mouse peritoneal macrophages (Supplementary Figure 3A). We retrieved gene expression omnibus (GEO) dataset GDS4185 which contains FBL mRNA expression data of isolated CD4+ T cells and CD19+ B cells from the blood of Systemic Lupus Erythematosus (SLE) patients and healthy controls. We found that FBL expressions in CD19+ B cells and CD4+ T cells of SLE patients were lower than that of healthy controls (Supplementary Figures 3B, C), suggesting that FBL may play an immunomodulatory role. FBL was reported that mainly catalyzes Nm modifications on rRNA under the guidance of BOX C/D snoRNAs (19). However, whether FBL regulates immune response is largely unknown. This inspired us to investigate the role of FBL in infection and innate immunity.




Figure 2 | RNA 2′-O-methyltransferase FBL facilitates viral infection. (A) RT-qPCR of VSV RNA in mouse peritoneal macrophages transfected with the indicated siRNAs for 48 h and then infected with VSV (MOI=3) for 10 h (n=3); (B) Western blot of VSV-G protein in mouse peritoneal macrophages transfected with the indicated siRNAs for 48 h and then infected with VSV (MOI=3) for 0, 4, 7, 10 h (n=3); (C) VSV titers by median tissue culture infectious dose (TCID50) assay in supernatants of peritoneal macrophages transfected with the indicated siRNAs for 48 h and then infected with VSV for 12 h (n=3); (D) Fluorescence microscopy images of mouse peritoneal macrophages transfected with the indicated siRNAs for 48 h and then infected with GFP-VSV (MOI=5) for 8 h. Scale bar, 100 μm (n=3); (E) RT-qPCR of VSV RNA in WT and Fbl+/- RAW264.7 cells infected with GFP-VSV for 8 h (n=4); (F) Western blot of VSV-G levels in WT and Fbl+/- RAW264.7 cells infected with GFP-VSV for 0, 4, 8, 12 h (n=3); (G) Fluorescence microscopy images of WT and Fbl+/- RAW264.7 cells infected with GFP-VSV for 8 h. Scale bar, 100 μm (n=3); (H) VSV titers by TCID50 assay in supernatants of WT and Fbl+/- RAW264.7 cells infected with GFP-VSV for 12 h (n=3); (I) Fluorescence microscopy images of WT and Fbl-iKO RAW264.7 cells infected with GFP-VSV for 16 h. Scale bar, 100 μm (n=3); (J) RT-qPCR of VSV RNA in WT and Fbl-iKO RAW264.7 cells infected with GFP-VSV for 8 h (n=3); (K) qRT-PCR of HSV-1 RNA in mouse peritoneal macrophages transfected with the indicated siRNAs for 48 h and then infected with HSV-1 for 10 h (n=4); (L) Western blot of VSV-G protein in A549 cells transfected with the indicated siRNAs (siFBL-1 and siFBL-2) for 48 h and then infected with VSV (MOI=0.5) for 8 h (n=3); (M) Western blot of VSV-G protein in A549 cells transfected with empty vector or FBL expression vector for 48 h and then infected with VSV (MOI=0.5) for 8 h (n=3). All data are mean ± SEM of biologically independent samples. *P < 0.05, **P < 0.01, ***P < 0.001, two-tailed unpaired Student’s t test.



Furthermore, we observed that siRNA-mediated knockdown of FBL decreased VSV protein expression and VSV titers in cell supernatant (Figures 2B–D). Because FBL deficiency induces lethality (31), FBL knockout monoclonal cell lines and Fbl-/- mice cannot be obtained. We generated FBL-knockdown RAW264.7 cells by CRISPR-Cas9 gene-editing systems (Supplementary Figures 4A–C), and these Fbl+/- RAW264.7 cells also showed decreased intracellular virus production upon infection of recombinant green fluorescent protein-expressing VSV (GFP-VSV) (Figures 2E–H). We further verified that FBL promoted VSV infection by Fbl-iKO RAW264.7 cells (Figures 2I, J; Supplementary Figures 4D–F). Besides, knockdown of FBL significantly inhibited the infection of DNA virus HSV-1 in mouse peritoneal macrophages (Figure 2K), in addition to RNA virus VSV. Consistently, knockdown of FBL inhibited VSV infection while overexpression of FBL facilitated VSV infection in human A549 cells (Figures 2L, M). These results demonstrate that FBL facilitates viral infection.



FBL Facilitates VSV Entry Into Macrophages at the Early Stage of Infection

IFN-I and ISGs play important roles in antiviral innate immunity. However, the mRNA and protein expressions of IFN-α and IFN-β, as well as the activation of IFN-I signaling pathway in FBL-knockdown mouse peritoneal macrophages were not increased than that in the control cells during VSV infection (Figures 3A–C). Besides, we found that FBL knockdown did not affect the viability of mouse peritoneal macrophages (Figures 3D, E). FBL knockdown significantly inhibited the VSV protein expression in the early stage of infection (Figure 3C). Therefore, we hypothesize that FBL may affect the early stages of the VSV life cycle. To test this idea, we performed VSV binding and entry assays in mouse peritoneal macrophages and found that FBL knockdown did not affect VSV binding, but inhibited VSV entry into mouse peritoneal macrophages (Figures 3F, G).




Figure 3 | FBL facilitates VSV entry into macrophages at the early stage of infection. (A) qRT-PCR of Ifnα4 mRNA and ELISA of IFNα4 protein level in mouse peritoneal macrophages transfected with the indicated siRNAs for 48 h and then infected with VSV for 10 h (n=3); (B) qRT-PCR of Ifnb1 mRNA and ELISA of IFNβ protein level in mouse peritoneal macrophages transfected with the indicated siRNAs for 48 h and then infected with VSV for 10 h (n=3); (C) Western blot of innate signaling activation in mouse peritoneal macrophages transfected with the indicated siRNAs for 48 h and then infected with VSV for 0, 4, 7, 10 h; (D) Mouse peritoneal macrophages were transfected with the indicated siRNAs for 48 h then to test cell activity and cytotoxicity by fluorescence microscopy images. Scale bar, 100 μm (n=4); (E) Calcein/PI cell activity and cytotoxicity assay kit to test cell survival (n=4, repeated four times); (F) Mouse peritoneal macrophages transfected with the indicated siRNAs for 48 h and then infected with VSV for 30 min on the ice, then bound virions were quantified as viral RNA (vRNA) levels via qRT-PCR (n=4); (G) Mouse peritoneal macrophages transfected with the indicated siRNAs for 48 h and then infected with VSV for 30min in 4°C (n=4). After removal of unbound virus, the temperature was increased to 37°C for 1 h to allow internalization. Then quantify vRNA levels via qRT–PCR. Data are mean ± SEM of biologically independent samples. ns, not significant, *P < 0.05, **P < 0.01, two-tailed unpaired Student’s t test.





FBL Inhibits the Expression of ISGs in Macrophages Under Steady State

It was reported that low density lipoprotein receptor (LDLR) and other members of this receptor family serve as VSV receptors on host cells (32, 33). We found that knockdown of FBL did not influence the expression of LDLR (Figure 4A). Therefore, FBL-promoted VSV entry into macrophages in the early stage of VSV infection was not due to the regulation of LDLR expression in macrophages.




Figure 4 | FBL inhibits the expression of ISGs in macrophages. (A) qRT-PCR analysis of Ldlr mRNA in mouse peritoneal macrophages transfected with the indicated siRNAs for 48 h (n=3); (B) Hotmap showing normalized transcript expression levels of immune-associated genes in WT and Fbl+/- RAW264.7 cells (n=3); (C) qRT-PCR analysis of Ifi44, Oas2, Ifit3, Ddx58, Ddx60, Oasl1, Bst2, Ifit1 mRNA in WT and Fbl+/- RAW264.7 cells (n=3); (D) qRT-PCR analysis of Ifi44, Oas2, Ifit3, Ddx58, Ddx60, Oasl1, Bst2, Ifit1 mRNA in mouse peritoneal macrophages transfected with the indicated siRNAs for 48 h (n=3). Data are mean ± SEM of biologically independent samples. ns, not significant, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, two-tailed unpaired Student’s t test.



In order to investigate the underlying mechanism of FBL in facilitating VSV entry into macrophages, we performed RNA-seq and found that mRNA expressions of many ISGs were up-regulated in Fbl+/- RAW264.7 cells at the steady state without viral infection (Figure 4B and Supplementary Table 6). Quantitative reverse transcription PCR (qRT-PCR) analysis also confirmed that the mRNA expressions of Ifi44, Oas2, Ifit3, Ddx58, Ddx60, Oasl1, Bst2, Ifit1 were up-regulated in Fbl+/- RAW264.7 cells (Figure 4C). Besides, siRNA-mediated knockdown of FBL in mouse peritoneal macrophages also increased the expressions of above ISGs at the steady state (Figure 4D).

Therefore, FBL may act as an immunosuppressive factor under physiological conditions. FBL knockdown leads to increased expression of antiviral immune genes, thus inhibiting VSV entry into the “antiviral primed-macrophages”.



Knockdown of FBL Reduces Viral Entry by Increasing ISGs Expression Through IFN-I Signaling

IFN-I induces the expression of ISGs through interferon-α/β receptor (IFNAR)-JAK-STAT signaling pathway (1, 3). Whether FBL regulates these antiviral immune genes through IFN-I signaling? In Ifnar1-/- mouse macrophages, knockdown of FBL could not promote ISGs expression (Figure 5A). Meanwhile, we found that FBL knockdown did not affect VSV entry into Ifnar1-/- mouse peritoneal macrophages anymore (Figure 5B). Besides, down-regulation of FBL did not regulate the expression of ISGs directly in macrophages when stimulated with enough IFN-β (Supplementary Figures 5A, B). Thus, FBL facilitates VSV entry into macrophages depending on the impairment of IFN-I signaling pathway.




Figure 5 | Knockdown of FBL reduces viral entry by increasing ISGs expression through IFN-I signaling. (A) qRT-PCR analysis of Ifi44, Oas2, Ifit3 mRNA in Ifnar1-/- mouse peritoneal macrophages transfected with the indicated siRNAs for 48 h (n=3); (B) VSV RNA levels in Ifnar1-/- peritoneal macrophages transfected with the indicated siRNAs for 48 h and then infected with VSV for 30 min in 4°C. After removal of unbound virus, the temperature was increased to 37°C to allow internalization. Then quantify VSV RNA levels via qRT-PCR (n=4). Data are mean ± SEM of biologically independent samples. ns, not significant, two-tailed unpaired Student’s t test.





FBL-Mediated RNA 2’-O Methylation Suppresses Innate Immune Activation and IFN-I Expression

FBL usually catalyzes the formation of Nm modifications on rRNA under the guidance of BOX C/D snoRNAs (6). A recent study reported that FBL and two box C/D snoRNAs (U51 and U32A) lead to Nm modification in the protein-coding region of peroxidasin (Pxdn) mRNA (13). This enlightened us that FBL may facilitate VSV entry by catalyzing Nm modification on poly A+ mRNA and rRNA broadly. We further proved this hypothesis by finding that the levels of Am modification were decreased on poly A+ RNA of Fbl+/- RAW264.7 macrophages compared to wide type cells (Figure 6A). As rRNA is the most abundant type of RNA (80 to 85% of total RNA). We also measured Nm modifications in total RNA, and found that the levels of Am, Gm were decreased on total RNA of Fbl+/- RAW264.7 macrophages compared to wide type macrophages (Figure 6B). While overexpression of mouse FBL led to increased Nm levels in Fbl+/- RAW264.7 cells (Figure 6C). These results showed that FBL catalyzes the formation of Nm modifications directly.




Figure 6 | FBL-mediated RNA 2’-O methylation suppresses IFN-I expression and signaling in macrophages. (A) Quantification of the Am/A ratio in poly A+ RNA of WT and Fbl+/- RAW264.7 cells (n=3); (B) Quantification of the Am/A and Gm/G ratio in total RNA of WT and Fbl+/- RAW264.7 cells (n=5); (C) Quantification of the Am/A, Cm/C, Gm/G ratio in total RNA of Fbl+/- RAW264.7 cells transfected with empty vector and vector encoding mouse FBL for 30 h (n=5); (D) qRT-PCR analysis of Ifnb1 mRNA in WT and Fbl+/- RAW264.7 cells (n=3); (E) qRT-PCR analysis of Ifnb1 mRNA in mouse peritoneal macrophages transfected with the indicated siRNAs for 48 h (n=3); (F) Western blot of interferon signaling in WT and Fbl+/- RAW264.7 cells; (G) Western blot of interferon signaling in mouse peritoneal macrophages transfected with the indicated siRNAs for 48 h; (H) qRT-PCR analysis of IFNB1, IFIT1, OAS2, BST2, ISG15, MX1 mRNA in MAVS+/+ and MAVS-/- A549 cells transfected with the indicated siRNAs for 48 h (n=4). All data are mean ± SEM of biologically independent samples. ns, not significant, *P<0.05, **P<0.01, ***P < 0.001, ****P<0.0001, two-tailed unpaired Student’s t test.



Nm modification of capped mRNA has been reported as a molecular signature for the distinction of self and nonself mRNA by RNA sensor MDA5 (17, 18). Specifically, West Nile virus mutant (E218A) that lacks 2’-O-methyltransferase activity was recognized and attenuated in wild-type primary cells and mice, but was pathogenic in the absence of IFN-I signaling (17). The induction of IFN-I by coronavirus mutants lacking 2’-O-methyltransferase was dependent on the cytoplasmic RNA sensor MDA5 (18). Based on the relationship between FBL and Nm, we speculated that the lower Nm modification levels on host self RNA of the FBL knockdown macrophages could be recognized as “non-self” RNA by PRRs, so as to activate the innate immune response and subsequently amplify the downstream signals of IFN-I in macrophages. Then, our results showed that both the mRNA expressions of IFN-β and anti-viral immune signaling activation were increased in FBL knockdown macrophages (Figures 6D–G). Besides, in MAVS-deficient A549 cells, down-regulation of FBL did not increase the expression of IFN-I and ISGs compared with that in wild-type A549 cells (Figure 6H). These imply that the sensor upstream of MAVS might initiate the IFN-I signal in FBL-deficient cells.



FBL Deficiency Increases IFN-I Signaling and ISGs Expression Through RNA Sensor MDA5

Based on the blocking effect of MAVS in FBL-mediated suppression of IFN-I signaling and ISGs expression, we next explored the RNA sensor RIG-I and MDA5, respectively. We found that down-regulation of FBL still inhibited VSV entry into Rig-i-/- mouse peritoneal macrophages (Figure 7A). While, knockdown of FBL did not affect VSV entry process in MDA5-/- A549 cells (Figure 7B). Besides, knockdown of FBL could not inhibit the expression of ISGs any longer when loss of MDA5 rather than RIG-I under steady state (Figures 7C, D).




Figure 7 | FBL deficiency increases IFN-I signaling and ISGs expression via RNA sensor MDA5 (A) VSV RNA levels in Rig-i-/- mouse peritoneal macrophages transfected with the indicated siRNAs for 48 h and then infected with VSV for 30 min in 4°C. After removal of unbound virus, the temperature was increased to 37 °C to allow internalization. Then quantify VSV RNA levels via qRT-PCR (n=4); (B) VSV RNA levels in MDA5-/- A549 cells transfected with the indicated siRNAs for 48 h and then infected with VSV for 30 min in 4°C. After removal of unbound virus, the temperature was increased to 37 °C to allow internalization. Then quantify VSV RNA levels via qRT-PCR (n=5); (C) qRT-PCR analysis of Fbl, Ifnb1, Ifit3, Ifi44, Mda5, Oas2 mRNA in Rig-i-/- mouse peritoneal macrophages transfected with the indicated siRNAs for 48 h (n=3); (D) qRT-PCR analysis of FBL, IFNB1, IFIT1, OAS2, BST2, MX1 mRNA in MDA5-/- A549 cells transfected with the indicated siRNAs for 48 h (n=6). Data are mean ± SEM of biologically independent samples. ns, not significant, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, two-tailed unpaired Student’s t test.



Taken together, our results indicate that FBL directly catalyzes the formation of Nm RNA modifications. Lower expression of FBL leads to decreased Nm modification levels on host RNA, which may be recognized as “non-self” RNAs by MDA5, thus promoting the expression of IFN-I at the steady state, and then induces the expression of antiviral ISGs, such as IFIT1, OAS2, IFIT3 and so on. This “Primed immune activated state” in macrophages, upon FBL is inhibited during viral infection, contributes to blockade of the viral entry (Figure 8).




Figure 8 | A proposed model for FBL-mediated RNA 2’-O methylation in promoting viral entry into macrophages by inhibiting MDA5-mediated IFN-I and ISGs expression. FBL directly catalyzes the formation of Nm RNA modifications. When FBL is expressed at a low level, the RNA with decreased Nm modification levels may be recognized as “non-self” RNAs by MDA5, which promotes the expression of IFN-I at the steady state, and then induces the expression of antiviral ISGs, such as IFIT1, OAS2, IFIT3 and so on. This “Primed immune activated state” in macrophages, upon FBL is inhibited in response to viral infection, contributes to blockade of the viral entry.






Discussion

Viruses use host factors to complete the life cycles. Multiple host proteins inhibit the viral infection process by targeting different stages of the viral life cycle (34). RNA modifications regulate gene expressions to effect immunity and infection (7). We previously revealed that m6A RNA modification inhibits viral replication through down-regulating the α-ketoglutarate dehydrogenase-itaconate pathway and reprogramming cellular metabolism (8). Here we found that Nm RNA modification and RNA 2’-O-methyltransferase FBL also regulate viral infection.

FBL affects ribosome heterogeneity by regulating ribose methylation of rRNA to regulate translation, and plays an important role in the process of cell proliferation, senescence, tumor genesis and development (35). It has been reported that FBL regulates bacterial infection, independent of the p38 MAPK pathway, autophagy, or ubiquitin-proteasome (22). FBL is related to human diseases. The GEO dataset GDS4185 shows that FBL expressions in CD19+ B cells and CD4+ T cells of SLE patients are lower than that of healthy controls. Besides, FBL is highly expressed in a variety of tumors and has potential as a therapeutic target for tumors (21). Whether the abnormal expression of FBL in SLE and various tumors related to its immunosuppressive function need further investigations.

We wonder which process of VSV life cycle (that is binding, entry, uncoating, biosynthesis, assembly maturation and release) that FBL takes effect. In the VSV entry assay (Figure 3G), the low-temperature conditions (VSV could not undergo the normal process of life cycle) inhibited the VSV’s life cycle and only allowed VSV to enter mouse peritoneal macrophages slowly. However, under normal culture condition (37°C) (Figure 2), when VSV infected mouse macrophages, VSV could rapidly proliferate in the cells. Firstly, VSV binding analysis proved that FBL did not affect VSV binding to the macrophages. Secondly, the entry experiment showed that FBL affected VSV entry process. Therefore, fewer viruses can enter FBL-knockdown macrophages in the initial stage of infection.

In FBL-deficient immune cells, which PRR misidentifies self RNA with reduced Nm modifications as “non-self” RNA to activate the immune signaling pathway still needs further investigations. For RNA-sensing in the cytoplasm, RIG-I monitors the uncapped 5’-ends of RNA molecules (36). The carboxy-terminal domain (CTD) has a pocket binding specifically to 5’-PPP or 5’-PP groups and also contacts the unmethylated 2’-O group of the first nucleotide (36). Besides, 5’-Capped mRNA with Nm modifications could not be sensed by MDA5 (17, 18). In MAVS-deficient A549 cells, down-regulation of FBL cannot increase the expression of IFN-I and ISGs, implying that the RNA sensor upstream of MAVS might account for the activation of IFN-I signal in FBL-deficient macrophages. Our results further showed that MDA5 is the RNA sensor responsible for the activation of IFN signal induced by FBL deficiency.

Our results reveal that FBL inhibits the expression of IFN-I and ISGs by suppressing the innate immune activation, which promotes virus entry and further viral infection in macrophages. In sum, we propose the following working model of FBL in viral infection and immunity. FBL directly catalyzes the formation of Nm RNA modifications. When FBL is at low expression level, the reduced Nm modification may be recognized as “non-self” RNA by MDA5, which activates innate immune response and promotes the IFN-I expression thus widely increasing the expression of antiviral ISGs, such as IFIT1, OAS2, IFIT3 and so on. Our findings also indicate the possible role of FBL in homeostasis maintenance by preventing autoinflammation. This study may provide a potential target for the control of infectious diseases and autoimmune diseases.
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Supplementary Figure 1
 | 
Increased Am modification levls on poly A+ RNA in macrophages upon viral infection (A) Quantification of the Am/G, Am/C and Am/U ratio in poly A+ RNA of RAW264.7 cells with or without VSV infection (n=3); (B) Quantification of the Am/G, Am/C and Am/U ratio in total RNA of RAW264.7 cells with or without VSV infection (n=3). 0h, RNA from RAW264.7 cells; 6h, RNA from RAW264.7 cells infected with VSV (MOI=1) for 6 h. All data are mean ± SEM of biologically independent samples. ns, not significant, *P<0.05, **P<0.01, two-tailed unpaired Student's t test.





Supplementary Figure 2
 | 
RNAi screening of RNA 2′-O-methyltransferases in regulation of viral infection in macrophages (A) qRT-PCR of VSV RNA in mouse peritoneal macrophages transfected with the corresponding siRNA for 48h then infected with VSV (MOI=3) for 10 h (n=3). (B) qRT-PCR analysis mRNA expressions of Ftsj1, Ftsj2, Ftsj3, Fbl, Cmtr1, Cmtr2, Mrm1, Mrm3 in mouse peritoneal macrophages transfected with the corresponding siRNA for 48 h (n =3). All data are mean ± SEM of biologically independent samples. **P<0.01, ***P<0.001, ****P<0.0001, two-tailed unpaired Student’s t test.





Supplementary Figure 3
 | 
Expression of FBL in mouse macrophages and human disease (A) qRT-PCR analysis mRNA expressions of Ftsj1, Ftsj2, Ftsj3, Fbl, Cmtr1, Cmtr2, Mrm1, Mrm3 in mouse peritoneal macrophages under steady state (n=3). Data are mean ± SEM of biologically independent samples; (B) FBL and FTSJ1 expression levels in CD19+ B cells of SLE patients (n=9) and healthy controls(n=14). Data are mean ± SEM resourced from GEO dataset GDS4185; (C) FBL and FTSJ1 expression levels in CD4+ T cells of SLE patients (n=9) and healthy controls (n=14). Data are mean ± SEM resourced from GEO dataset GDS4185. ns, not significant, *P<0.05, **P<0.01, two-tailed unpaired Student's t test.





Supplementary Figure 4
 | 
RNA 2′-O-methyltransferase FBL facilitates viral infection (A) CRISPR/Cas9 strategy used to knockout the second to fifth exon of Fbl in mouse macrophage cell line; (B) Verification of FBL deletion in Fbl+/-
 RAW264.7 cells by PCR followed by DNA gel electrophoresis; (C) Verification of FBL deletion in Fbl+/-
 RAW264.7 cells by Western blot; (D) Schematic diagram of the gene elements driving the expression of Cas9; (E) RT-qPCR of FBL sgRNA in WT (n=3) and Fbl-iKO RAW264.7 cells (n=5); (F) Western blot of FBL levels in WT and Fbl-iKO RAW264.7 cells. All data are mean ± SEM of biologically independent samples. **P<0.01, two-tailed unpaired Student's t test. 





Supplementary Figure 5
 | 
RNA 2′-O-methyltransferase FBL does not regulate the expression of ISGs directly  (A) qRT-PCR analysis of Ifi44, Oas2, Ifit3, Ddx58, Ddx60, Oasl1, Bst2, Ifit1 mRNA in mouse peritoneal macrophages transfected with the indicated siRNAs for 48 h (n=3), then treated with 500pg/ml IFNβ for 4 h; (B) qRT-PCR analysis of Ifi44, Oas2, Ifit3, Ddx58, Ddx60, Oasl1, Bst2, Ifit1 mRNA in WT and Fbl+/-
 RAW264.7 cells (n=9) stimulated with 500pg/ml IFNβ for 4 h. Data are mean ± SEM of biologically independent samples. ns, not significant, *P<0.05, **P<0.01, ****P<0.0001, two-tailed unpaired Student's t test.





Supplementary Table 1
 | 
Primers used for qRT-PCR.





Supplementary Table 2
 | 
siRNA sequences used for RNA interference.





Supplementary Table 3
 | 
Gradient elution procedure.





Supplementary Table 4
 | 
Methylated_sites in mRNA of RAW264.7 cells.





Supplementary Table 5
 | 
Up-regulated Nm sites after VSV infection.





Supplementary Table 6
 | 
mRNA Expression Profiling in Fbl+/+
 and Fbl+/-
 RAW264.7 cells.
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pathway ID Description CL6 numbers CL7 numbers
map04142 Lysosome 9 13
map04210 Apoptosis 7 1
map04510 Focal adhesion 7 10
map04145 Phagosome 10 10
map04014 Ras signaling pathway 4 9
map04621 NOD-like receptor signaling pathway 3 8
map04010 MAPK signaling pathway 3 7
map04120 Ubiquitin mediated proteolysis 6 7
map04620 Toll-like receptor signaling pathway 1 6
map04020 Calcium signaling pathway 2 6
map04140 Autophagy - animal 2 6
map04670 Leukocyte transendothelial migration 4 6
map04068 FoxO signaling pathway 0 5
map04750 Inflammatory mediator regulation of TRP channels 3 5
map04610 Complement and coagulation cascades 0 4
map04146 Peroxisome 1 4
map04150 mTOR signaling pathway 1 4
map04664 Fc epsilon Rl signaling pathway 0 3
map04650 Natural killer cell mediated cytotoxicity 1 3
map04666 Fc gamma R-mediated phagocytosis 2 2
map04062 Chemokine signaling pathway 2 2
map04144 Endocytosis 9 5
map04151 PI3K-Akt signaling pathway 7 4
map04390 Hippo signaling pathway 6 5
map04024 CAMP signaling pathway 7 6
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Sample Raw reads (x10°) Raw bases Clean reads Clean bases Q20 Q30 GC content Mapped reads Mapped ratio

(x10%) (x10%) (x10%) (%) (%) (%) (x10°%) (%)
c12_1 44.55 67.26 44.08 65.43 98.82 95.98 45.64 25.86 58.67
C12_2 51.53 77.81 51.04 75.54 98.88 96.15 46.09 29.82 58.42
Cc12_3 53.52 80.82 53.07 78.82 98.95 96.35 46.60 31.67 59.68
L12_1 46.74 70.58 46.31 68.90 98.86 96.13 46.30 26.09 56.34
L12_2 50.08 75.62 49.72 73.88 98.99 96.45 45.30 29.00 58.33
L12_3 52.12 78.71 51.76 76.99 98.93 96.28 45.76 29.86 57.69
LL12_1 556.36 83.59 54.93 81.58 98.93 96.27 45.85 32.55 59.26
LL12 2 56.45 85.24 56.03 83.13 98.98 96.44 46.13 32.18 57.43

LL12_3 53.34 80.55 5291 78.53 9896 96.41 46.30 30.12 56.93
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Primer Primer sequence (5’-3’)
B-actin-F CCGTGACCTTACAGACTACCT
B-actin-R TACCAGCGGATTCCATAC
TLR-F CCTCAAAGAACGGTCCCA
TLR-R CGTCAGGCAGAGCGAAA
TLR8-F CCACCAGCGAGACTTTGC
TLR8-R CTGTGCGGAACTCCATCA
SR-BI-F CTATTCTTACAGGGAGCATCG
SR-BI-R CGCTGAAACTCAAACCACC
TLR2-F ACACAAAGCAAGGGTCAA
TLR2-R TCAACAGCGTGGAGGAT
XBP-F AGAGGGGCGTATTCAGA
XBP-R GCCATTGGTCGGGTGTA
CatB-F GTGGAAGGCTGGTAGAAACG
CatB-R CATTGATGTCCTTTACACCCA
TNFSF6-F CCAGACACCGCTGAGAATG
TNFSF6-R GGACAATCAATACCGCAAATA
Lgmn-F ATGGACAAGGTGCGAAAG
Lgmn-R CCCTCCTGACAATCTCAAACT
ZIP10-F GGCAAGCAAGAACCAAG
ZIP10-R CCATTTCCCCTATGACCTG
PGRP-SC2-F CCTCATTCCATCAGCCATCT
PGRP-SC2-R CCTATCCTGTCCCAGCCAC
Px5-F CCGAAAGAATACGACAAGG
Px5-R GATGACCCAACGGTAGAAG
TNFSF6-X2-F GGGCGGATTGACTTTGC
TNFSF6-X2-R ATTCGGTTGTCTTGGATGTT
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Data are extracted from reported RNA-seq experiments; BMDM, reference (%); BMDC, reference (53); peritoneal neutrophil, (60): reference, T cels; reference (56).
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