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dynamic epigenetic regulation
of host immunity
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Wuxi, China, 2Joint Primate Research Center for Chronic Diseases, Institute of Zoology of Guangdong
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Background: COVID-19 vaccines are crucial for reducing the threat and burden

of the pandemic on global public health, yet the epigenetic, especially RNA

editing in response to the vaccines remains unelucidated.

Results: Our current study performed an epitranscriptomic analysis of RNA-Seq

data of 260 blood samples from 102 healthy and SARS-CoV-2 naïve individuals

receiving different doses of the COVID-19 vaccine and revealed dynamic,

transcriptome-wide adenosine to inosine (A-to-I) RNA editing changes in

response to COVID-19 vaccines (RNA editing in response to COVID-19

vaccines). 5592 differential RNA editing (DRE) sites in 1820 genes were

identified, with most of them showing up-regulated RNA editing and

correlated with increased expression of edited genes. These deferentially

edited genes were primarily involved in immune- and virus-related gene

functions and pathways. Differential ADAR expression probably contributed to

RNA editing in response to COVID-19 vaccines. One of the most significant DRE

in RNA editing in response to COVID-19 vaccines was in apolipoprotein L6

(APOL6) 3’ UTR, which positively correlated with its up-regulated expression. In

addition, recoded key antiviral and immune-related proteins such as IFI30 and

GBP1 recoded by missense editing was observed as an essential component of

RNA editing in response to COVID-19 vaccines. Furthermore, both RNA editing in

response to COVID-19 vaccines and its functions dynamically depended on the

number of vaccine doses.

Conclusion: Our results thus underscored the potential impact of blood RNA

editing in response to COVID-19 vaccines on the host’s molecular

immune system.
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Introduction

SARS-CoV-2 emerged in late 2019 and caused a global

pandemic of coronavirus disease 2019 (COVID-19), posing

serious threats to human health and society (1). COVID-19

vaccines are crucial to prevent severe disease and death caused by

SARS-CoV-2. Vaccines could induce a robust immune response,

triggering the production of antibodies and memory cells that can

recognize and act on the virus (2, 3). However, COVID-19 vaccines

could also pose immune-related challenges, such as the risk of

allergic reactions (4, 5), vaccine breakthrough infections (6, 7), and

waning immunity over time (8, 9). These challenges require further

research and monitoring to ensure the safety and efficacy of the

vaccines. Additionally, individuals with different immune

conditions may respond differently to COVID-19 vaccines. The

underlying regulatory mechanism involved in the immune response

to COVID-19 vaccines requires further investigation.

Adenines to inosine (A-to-I) RNA editing, mediated by

adenosine deaminase acting on RNA (ADARs), is one of the

most widespread post-transcriptional epigenetic RNA

modifications (10) and is recognized as A-to-G transitions during

translation (11, 12). A-to-I RNA editing and ADARs play a key role

in host antiviral activities by acting on the negative-strand RNA of

SARS-CoV-2 during the viral replication (1, 13–17). Additionally,

emerging studies have shown that SARS-CoV-2 infection changes

the A-to-I RNA editing level, which could further affect the

evolution of SARS-CoV-2 and the immune response (18–20).

Nevertheless, it remains to be elucidated whether and how RNA

editing plays a role in the immune response to COVID-19 vaccines.

In the current study, we performed a transcriptome-wide

analysis of the blood A-to-I RNA editing profiles of individuals

vaccinated with COVID-19 vaccines to investigate RNA editing

response to COVID-19 vaccines (RNA editing in response to

COVID-19 vaccines). By identifying substantial RNA editing in

response to COVID-19 vaccines, our results linked A-to-I RNA

editing to the immune response to COVID-19 vaccines.
Materials and methods

RNA-Seq reads download and processing

To explore RNA editing in response to COVID-19 vaccines,

RNA-Seq raw data was downloaded from the European Nucleotide

Archive (ENA) (https://www.ebi.ac.uk/ena). The dataset

(PRJNA821445) contained 260 blood samples from 102 adults

who received one, two, and three doses of COVID-19 vaccines (2).

By using a pipeline described in our previous study, the

FASTQC was used for quality control of sequencing reads (21).

Reads that passed quality control were mapped to the human

genome (UCSC hg38) using RNA STAR (version 2.7.0e) (22).

Then, the output BAM files were filtered by SAMtools (version

1.9) to remove multi-mapped and duplicated reads (23). Finally,

GATK (version 4.1.3) was used to conduct base quality score

recalibration (24).
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Single nucleotide variants (SNVs) were called from the BAM

files using VarScan (version 2.4.3) (25), and annotated using the

Ensembl Variant Effect Predictor (VEP) (26). Only variants that

met the following criteria were retained: base quality ≥ 25, total

sequencing depth ≥ 10, alternative allele depth ≥ 2, and alternative

allele frequency (AAF) ≥ 1%. SNVs that met the following criteria

were removed unless annotated as known RNA editing sites in the

REDIportal V2.0 database (27): 1) located in homopolymer runs ≥ 5

nucleotides (nt) or simple repeats; 2) located in mitochondrial

DNA; 3) located within 6 nt from splice junctions; 4) located

within 1 nt from RNA insertion-deletion (INDEL); 5) within 4%

to the ends of reads; 6) annotated as known variants in the dbSNP

database Build 142; 7) more than 90% of samples had an AAF equal

to 100% or between 40% and 60%; with an editing level < 5% in both

the control and COVID-19 vaccines groups.
Gene expression quantification

The Rsubread package of the R language was used to calculate

pseudo counts of the RNA expression (28) and normalized gene

expression levels (transcript per million, TPM).
Protein structure prediction of missense
RNA editing variants

Protein structure prediction was performed using the DDMut

online tool (https://biosig.lab.uq.edu.au/ddmut/) to evaluate the

impact of the missense changes on the edited protein (29).
Prediction of RNA secondary structure

RNA secondary structure prediction was performed using the

RNAfold Web Server online tool (http://rna.tbi.univie.ac.at/cgi-bin/

RNAWebSuite/RNAfold.cgi) to evaluate the impact of the 3’ UTR

DRE changes on the edited gene.
Function enrichment analysis

Gene ontology (GO) and Kyoko Encyclopedia of Genes and

Genomes (KEGG) analysis were performed on the DAVID online

platform (https://david.ncifcrf.gov/tools.jsp), and Enrichr (https://

maayanlab.cloud/Enrichr/) (30). Items with a false discovery rate

(FDR) < 0.05 were considered significant.
Statistical analysis

RNA editing levels between V0 and COVID-19 vaccine groups

were compared using the general linear model (GLM), and
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empirical P-values (PGLM) were calculated using the likelihood ratio

test. Frequency data were analyzed using Fisher’s exact test. The

correlation between RNA editing and gene expression levels was

analyzed using the Spearman correlation method, and the

correlation coefficient (r) and P-values were calculated accordingly.
Results

A-to-I RNA editing in blood sampled from
COVID-19 vaccine recipients

A total of 94573 high-confidence A-to-I RNA editing sites were

observed in 5723 genes in all recipients’ blood (Figure 1A). The editing

levels of these sites ranged from1% to 100%, andwerewidely observed

across all chromosomes. Among these RNA editing sites, 92440

(97.7%) were shared by two groups, 158 (0.2%) and 1975 (2.1%)

sites were uniquely detected in control (V0) and COVID-19 vaccines

groups, respectively (Figure1B).As for editedgenes,5623 (98.2%)were

shared, 15 (0.3%) and 85 (1.5%) genes were uniquely edited in V0 and

COVID-19 vaccines groups, respectively (Figure 1C). The functional

categories of these RNA editing sites included 73227 (77.4%) intronic
Frontiers in Immunology 03
variants, 13351 (14.1%) 3’ -untranslated region (3’UTR) variants, and

1228 (1.3%) missense variants (Figure 1D). Sorts intolerant from

tolerant (SIFT) analysis predicted that 361 (29.4%) of these missense

variants might have a potential functional impact on the encoded

protein (Figure 1E). 61.6% of these edited sites overlapped with Alu

repetitive elements (Figure 1F).
Temporal dynamics of RNA editing in
response to COVID-19 vaccines

RNA editing was compared among the V0 group and

vaccination groups that received three different doses of vaccine

(V1, V2A, and V3A, as described in the original study). The results

showed that ADAR expression and the average editing level, as well

as the number of edited genes and editing sites, increased with

vaccine doses, especially in V2A and V3A (Figures 2A–D). Among

these RNA editing sites, 5592 differential RNA editing (DRE) sites

were observed in 1820 genes across all chromosomes (Figure 2E,

Supplementary Table S1). The functional categories of these DRE

sites included 1828 (32.7%) 3’ UTR variants, 3004 (53.7%) intronic

variants, and 219 (3.9%) non-coding transcript exonic variants
FIGURE 1

A-to-I RNA editing in response to COVID-19 vaccines identified from blood transcriptome cohort. (A) Circos plot of transcription gene expression
(the outer circle) and A-to-I RNA editing sites (the inner circle) in the human brain. (B, C) The A-to-I RNA editing sites (B) and genes (C) of the two
groups. (D) Functional types of variants resulted from A-to-I RNA editing. (E) About 29.4% of nonsynonymous variants are predicted by SIFT as
possibly deleterious to the encoded proteins. (F) Most RNA editing sites are in Alu repetitive elements.
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1413704
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Jin et al. 10.3389/fimmu.2024.1413704
(Figure 2F). Further analysis identified a subset of these DRE sites

with their editing levels positively correlated with ADAR expression

(|r| > 0.3, p < 0.05) (Figure 2G). A total of 1785 (98.1%) DRE genes

contained two or more edited sites (Supplementary Table S2). The
Frontiers in Immunology 04
top ten genes ranked by the number of A-to-I RNA editing sites are

shown in Supplementary Table S3. The top three genes were

nicotinamide phosphoribosyltransferase (NAMPT), ring finger

protein 213 (RNF213), and slingshot protein phosphatase 2 (SSH2).
FIGURE 2

DRE A-to-I RNA editing in response to COVID-19 vaccines identified from blood transcriptome of three different doses of vaccination. (A–D) The ADAR
expression and the average A-to-I RNA editing levels, as well as the number of edited genes and sites in four groups of individuals with different doses of
vaccination (V0, V1, V2A, and V3A). (E) The Manhattan plot of DRE among the four groups. (F) The functional categories of DRE sites among the four
groups. (G) The correlation between ADAR and the editing levels of individual DRE sites. (H, I) The items are shown for (H) biological processes and (I)
the KEGG pathway in DRE genes in groups of different doses compared to V0. *P < 0.05; **P < 0.01; ***P < 0.001, ****P < 0.0001.
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RNA editing in response to COVID-19
vaccines was mainly immune- and
virus-related

Gene function enrichment showed that the differential blood

RNA editing in response to COVID-19 vaccines was mainly

involved in immune- and virus-related biological processes such

as neutrophil activation involved in immune response, neutrophil-

mediated immunity, neutrophil degranulation, and regulation of

viral genome replication (Figure 2H); and KEGG pathways such as

Yersinia infection, Hepatitis B, Human immunodeficiency virus 1

infection and Chemokine signaling pathway (Figure 2I).
Recoded essential immune genes by
missense RNA editing in response to
COVID-19 vaccines

We then focused on missense RNA editing, which recodes the

amino acid sequence of encoded proteins. 196 missense DRE sites

in 140 genes were observed, with 27.55% predicted by SIFT to be

deleterious or possibly deleterious to the encoded proteins

(Figure 3A). Among the edited genes with the top ten missense

DRE variants (Supplementary Table S4), two immune-related genes

were observed, including IFI30 lysosomal thiol reductase (IFI30)
Frontiers in Immunology 05
and guanylate-binding protein 1 (GBP1). The missense RNA

editing level of IFI30 (IFI30:chr19:18177741, p.T223A) was

significantly up-regulated (Figure 3B), whereas the GBP1

missense editing (GBP1:chr1:89057096, p.S305G) was significantly

down-regulated (Figure 3C), with the expression of both genes

increased during COVID-19 vaccines (Figures 3D, E). The

substitution of serine (S) with glycine (G) at codon 305 of GBP1

was predicted to result in profound changes in its protein structure

by DDMut (https://biosig.lab.uq.edu.au/ddmut/) (Figure 3F).
3’ UTR RNA editing regulation in response
to COVID-19 vaccines could contribute to
gene expression

3’ UTR editing has been reported to potentially be involved in

regulating the expression of edited RNA. A total of 1828 3’ UTR

DRE sites in 535 genes, with 152 (8.3%) predicted to cis-regulate 92

edited genes (Figure 4A, Supplementary Table S5), and 205 (38.3%)

edited genes found differentially expressed (Figure 4B,

Supplementary Table S6). The top ten 3’ UTR variants in our

results are displayed in Supplementary Table S7. One of the most

extensively differential editing was found in the apolipoproteins L6

(APOL6) gene. Both the RNA editing (APOL6:chr22:35660551, and

APOL6:chr22:35660499) and gene expression levels of APOL6
FIGURE 3

Missense DRE in IFI30 and GBP1. (A) About 27.55% of missense variants are predicted by SIFT as possibly deleterious to the encoded proteins.
(B, C) The site editing levels of IFI30:chr19:18177741 (B) and GBP1:chr1:89057096 (C). (D, E) The gene expression levels of IFI30 (D) and GBP1 (E).
(F) Prediction of spatial structure of GBP1 protein. **P < 0.01; ***P < 0.001, ****P < 0.0001.
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significantly increased upon COVID-19 vaccines (Figures 4C–E).

APOL6 3’ UTR editing showed a strong positive correlation with its

gene expression (Figures 4F, G).

As shown in Figure 2G, multiple editing sites in the cathepsin S

(CTSS) 3’ UTR also showed strong correlations with ADAR
Frontiers in Immunology 06
expression. The results showed that both the RNA editing (CTSS:

chr1:150732177, and CTSS:chr1:150732184) and gene expression

levels of CTSS significantly increased upon COVID-19 vaccination

(Figures 4H–J). CTSS 3’ UTR editing showed a strong positive

correlation with its gene expression (Figures 4K, L) similar to that in
FIGURE 4

DRE in APOL6 3’ UTR and its potential cis-regulatory effects. (A) The Venn diagram of 3’ UTR DRE genes and cis-regulated genes. (B) The Venn diagram
of 3’ UTR DRE genes and DEGs. (C–E) APOL6:chr22:35660499/35660551 editing level (C, D) and gene expression level (E). (F, G) Correlation of
cis-regulated APOL6 gene expression level and editing sites (APOL6:chr22:35660499/35660551). (H–J) CTSS:chr1:150732177/150732184 RNA editing
level (H, I) and gene expression level (J). (K, L) Correlation of cis-regulated CTSS gene expression level and editing sites (CTSS:chr1:150732177/
150732184). (M, N) The RNA secondary structure at the WT (M) and edited (N) of CTSS:chr1:150732177/150732184. ***P < 0.001, ****P < 0.0001.
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APOL6. In addition, prediction of RNA secondary structure showed

that both CTSS editing sites could significantly alter their RNA

secondary structure (Figures 4M, N), which may contribute to the

changes in CTSS expression.
RNA editing in response to COVID-19
vaccines might influence RBP
binding activity

To evaluate the potential effect of RNA editing on RBP binding,

the RBPmap database was used to predict RBP binding sites that

overlapped with DRE sites. The results in Figure 5 showed the top

RBPs ranked by their number of predicted overlapping DRE sites,

with the top three as RNA-binding protein 45 (RBM45),

heterogeneous nuclear ribonucleoprotein A0 (HNRNPA0), and

heterogeneous nuclear ribonucleoprotein D-like (HNRNPDL).
RNA editing in response to COVID-19
vaccines could be dose-dependent

The three dose groups of COVID-19 vaccines were then

compared to the V0 group separately to analyze DRE in

individual dose groups (Figure 6A). Among the DRE sites in

individual dose groups, 79 were shared by three vaccine dose

groups, with 318, 1128, and 2024 exclusively found in V1, V2A,

and V3A, respectively. As for genes differentially edited in

individual dose groups, 181 were shared by the three vaccine dose

groups, whereas 43, 151, and 497 were differentially edited

exclusively in V1, V2A, and V3A, respectively (Figure 6B).

Notably, such DRE in individual dose groups were found in

several anti-viral- and immune-related genes, such as
Frontiers in Immunology 07
mitochondrial antiviral signaling protein (MAVS:chr20:3868756)

and interleukin 1 receptor-associated kinase 4 (IRAK4 :

chr12:43787946) (Figures 6C, D) in V1, eukaryotic translation

initiation factor 2 alpha kinase 2 (EIF2AK2:chr2:37100517/

37100873/37100899) (Figures 6E–G) in V2A, and interleukin 6

receptor (IL6R:chr1:154445948) and interferon-stimulated

exonuclease gene 20 (ISG20:chr15:88642697) (Figures 6H, I)

in V3A.

GO, and KEGG analysis was then performed to explore the

biological function of such DRE in individual dose groups. In line

with the results of overall DRE across the whole vaccination regime,

DRE in different individual dose groups was also found to be mainly

related to immune response and viral infections (Figures 7A–F).

Notably, a set of gene functions and pathways, such as neutrophil-

mediated immunity and defense response to virus, showed

enrichment scores increasing with the number of vaccine doses,

especially in V2A and V3A.
Discussion

The underlying epigenetic changes and mechanisms related to

RNA editing in response to COVID-19 vaccines remained largely

unclear before our studies (31). By systematically investigating

blood A-to-I RNA editing in response to COVID-19 vaccines, our

results thus suggested a potentially important role of A-to-I RNA

editing in regulating the immune response to COVID-19 vaccines.

Compared with V0, our results showed that ADAR expression

and the average level of A-to-I RNA editing increased with doses

during vaccination (Figure 2), pointing to enhanced RNA editing

activity, an essential component of the anti-viral innate immune

system. Vaccinated individuals could have enhanced immunity

against COVID-19, which could also be in part attributed to the
FIGURE 5

Differential RNA editing in response to COVID-19 vaccines might affect RBP binding sites. (A) Wordcloud plot of RBPs with binding sites overlapped
with COVID-19 vaccines-associated DRE. (B) Top ten frequent RBPs with binding sites overlapped with differential RNA editing in response to
COVID-19 vaccines.
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higher level of ADAR and RNA editing activity. Previous studies

have shown that ADAR can inhibit hepatitis C virus (HCV) viral

RNA replication by editing viral RNA during the virus replication

(32). In addition to such direct anti-viral effects through RNA

editing, ADAR might also influence the HCV viral cycle in an

editing-independent manner by suppressing PKR activation

(33, 34) and promoting up-regulated expression of anti-viral

microRNAs (35). Emerging studies also reported that ADAR

could modulate the immune response by editing host RNA

during SARS-CoV-2 infection (20). Therefore, our results of RNA

editing in response to COVID-19 vaccines showed a consistent role

of ADAR-mediated A-to-I RNA editing in modulating the host’s

immunity against SARS-CoV-2 infection. Moreover, individuals

receiving more COVID-19 vaccine doses showed a higher immune

response, in line with a higher level of RNA editing response that

was also mainly related to immune and viral biological processes

and pathways. Future research will further explore the underlying

mechanism of specific editing events in the host’s antiviral

immunity and their potential importance in the treatment and

prevention of SARS-CoV-2 infections.
Frontiers in Immunology 08
Missense RNA editing alters the amino acid sequences,

potentially increasing protein diversity or affecting protein

structure, stability, and functions (15). In our study, IFI30 is a

very significant missense DRE gene (Supplementary Table S4).

IFI30 encodes a crucial enzyme involved in antigen processing

and presentation. Its expression could be induced by interferons,

signaling molecules released by infected cells to alert neighboring

cells of the presence of antigens (36). Additionally, IFI30 is

associated with an enhanced immune and inflammatory response

mediated by leukocytes and can regulate the IL6-STAT6 pathway

(37). Increased IFI30 expression has been shown to enhance the

ability of immune cells to eliminate various cancers by promoting

the antigen presentation process (38–40). Recent studies have

highlighted the therapeutic potential of targeting IFI30 in anti-

tumor strategies, suggesting that modulating its expression or

activity could regulate the immune response against tumor cells

(37, 41). Moreover, IFI30 plays an important role in the initiation of

CD4 and CD8 T-cell responses against viral peptides and exerts its

antiviral effect by inhibiting cathepsin L activity of SARS-CoV,

Ebola virus, and Lassa virus (42). In addition, GBP1 encodes a
FIGURE 6

Dose-specific A-to-I RNA editing in response to COVID-19 vaccines. (A, B) The Venn diagram of four groups of DRE genes (A) and sites (B).
(C, D) The RNA editing levels of MAVS (chr20:3868756) (C) and IRAK4 (chr12:43787946) (D) in V1. (E, G) The RNA editing levels of EIF2AK2
(chr2:37100517/37100873/37100899) in V2A. (H, I) The RNA editing levels of IL6R:chr1:154445948 (H) and ISG20:chr15:88642697 (I) in V3A.
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guanylate-binding protein that plays a key role in inflammatory

pyroptosis and is involved in innate immunity against a diverse

range of bacterial, viral, and protozoan pathogens (43, 44). Our

analysis further suggested that these missense RNA editing events

could exert their biological effects by altering the structure and

function of the encoded proteins or cis-regulating the edited mRNA

expression. Our findings thus pointed to a potentially important

role of these missense editing in acting against viral infections by

enhancing host immune and proinflammatory responses during

COVID-19 vaccines.

Among the 3’ UTR DRE variants, the hyper-edited APOL6 gene

was one of the genes that exhibited the most significant differential

RNA editing (Supplementary Table S7). Studies have revealed that

APOL6 can inhibit the replication of certain viruses, such as

coxsackie B virus and poliovirus (45), and its expression was

significantly up-regulated in association with HIV-associated

neurocognitive disorders (46). Furthermore, APOL6 are strongly

upregulated upon inflammation via the Janus kinase (JAK)-signal

transducer and activator of transcription (STAT) pathway, which are

important signaling pathways involved in immune responses (47).

Additionally, studies have shown that APOL6 is upregulated in

immunotherapy responders, and enhances the efficacy of anti-
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tumor immunotherapy by promoting tumor cell apoptosis,

necrosis, and pyroptosis pathways (48, 49). Therefore, our findings

in APOL6 3’ UTR RNA editing were in line with the role of the gene

in both antiviral defense and immune regulation. The CTSS gene was

previously reported as a target of ADAR (50), strongly associated

with type I IFN signature (51), and pivotal inMHC-II antigen loading

and production of autoantibodies (52). Consistent with previous

studies, elevated RNA editing levels of specific adenosines within

CTSS 3’ UTR Alu elements correlate with increased CTSS expression

(51). Moreover, the RNA editing levels of CTSS also significantly

increased with vaccine dose (Figures 4H, I), and the changed editing

sites also performed noticeable RNA structural alterations

(Figures 4M, N). Therefore, the RNA secondary structure changes

associated with RNA editing could also increased with vaccine doses.

These findings underscore the potential vaccine dose-dependent

RNA structure-specific editing and warranted future study on its

functional implications.

Our results also indicate the possible involvement of RBP in the

biological effects of RNA editing response to COVID-19 vaccines.

NUPL2, also known as CG1, is required for the export of mRNAs

containing poly(A) tails from the nucleus into the cytoplasm and

could participate in the docking of viral Vpr at the nuclear envelope
FIGURE 7

Functional relevance of differential RNA editing in response to COVID-19 vaccines in different individual dose groups. (A, B) The biological process
(A) and KEGG pathways (B) of one-dose vaccination in response to one-dose vaccination. (C, D) The biological process (C) and KEGG pathways
(D) of two-dose vaccination in response to two-dose vaccination. (E, F) The biological process (E) and KEGG pathways (F) of DRE in response to
three-dose vaccination.
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during HIV-1 infection (53). SART3 encoded an RNA-binding

nuclear protein, which is found to be an important cellular factor

for HIV-1 gene expression and viral replication. It also is transiently

associated with U6 and U4/U6 snRNPs during the recycling phase

of the spliceosome cycle and is involved in the regulation of mRNA

splicing (54). Our findings thus warrant further experimental

analysis of the actual biological impact of RBP binding in RNA

editing response to COVID-19 vaccines.

While RNA transcription precedes RNA editing, it is well-

established that RNA editing is a post-transcriptional modification

mechanism that can dynamically modulate RNA stability, alternative

splicing patterns, and even translation efficiency (55–57). These

processes can significantly impact gene expression profiles in

response to external stimuli such as vaccination. Specifically, RNA

editing by ADAR enzymes can alter the sequence of transcripts by

converting A to I, which are interpreted as G during translation. This

editing process is known to affect the functional diversity of RNA

molecules and consequently influence the expression of immune-

regulatory genes. Furthermore, the temporal relationship between

RNA transcription and editing underscores the dynamic nature of

cellular responses to vaccine dosage. Changes in editing patterns may

reflect adaptive responses of immune cells, where alterations in RNA

editing profiles could fine-tune immune gene expression to optimize

immune responses.

In conclusion, our study systematically investigated blood A-to-

I RNA editing and revealed its dynamic response to COVID-19

vaccines. Our findings linked RNA editing with the immune

response and antiviral effects of COVID-19 vaccines.
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