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Background and Methods

The SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2) Omicron (B.1.1.529) variant is the antigenically most distinct variant to date. As the heavily mutated spike protein enables neutralization escape, we studied serum-neutralizing activities of naïve and vaccinated individuals after Omicron BA.1 or BA.2 sub-lineage infections in live virus neutralization tests with Omicron BA.1, Omicron BA.2, wildtype (WT, B1.1), and Delta (B.1.617.2) strains. Serum samples obtained after WT infections and three-dose mRNA vaccinations with and without prior infection were included as controls.



Results

Primary BA.1 infections yielded reduced neutralizing antibody levels against WT, Delta, and Omicron BA.2, while samples from BA.2-infected individuals showed almost no cross-neutralization against the other variants. Serum neutralization of Omicron BA.1 and BA.2 variants was detectable after three-dose mRNA vaccinations, but with reduced titers. Vaccination-breakthrough infections with either Omicron BA.1 or BA.2, however, generated equal cross-neutralizing antibody levels against all SARS-CoV-2 variants tested.



Conclusions

Our study demonstrates that although Omicron variants are able to enhance cross-neutralizing antibody levels in pre-immune individuals, primary infections with BA.1 or BA.2 induced mostly variant-specific neutralizing antibodies, emphasizing the differently shaped humoral immunity induced by the two Omicron variants. These data thus contribute substantially to the understanding of antibody responses induced by primary Omicron infections or multiple exposures to different SARS-CoV-2 variants and are of particular importance for developing vaccination strategies in the light of future emerging variants.





Keywords: SARS-CoV-2, SARS-CoV-2 variant of concern, Omicron sub-lineages, SARS-CoV-2 neutralization, immune escape



Introduction

The SARS-CoV-2 (severe acute respiratory syndrome coronavirus) Omicron (B.1.1.529) variant of concern (VOC) is now prevalent in large parts of the world. It has been divided into several lineages [BA.1 to BA.5, their descendants and BA.1/BA.2 recombinant forms1 (1)], which are characterized by a heavily mutated spike protein, leading to substantial escape from antibodies induced by previous infections and/or vaccinations [reviewed in (2–5)]. The rapid increase in Omicron BA.2 infections, which has recently replaced BA.1 as the dominant variant2 (6), indicates that it is more transmissible than BA.1 (7) and/or may escape antibody-mediated immunity, potentially including the protection gained from Omicron BA.1 infections (8, 9).

The data reported so far yielded a heterogeneous picture with respect to the degree of cross-neutralization between Omicron and pre-Omicron variants, with most studies using samples from pre-immune, i.e. vaccinated and/or convalescent, individuals (10–17). Here, we determined neutralizing antibody titers in serum samples collected after primary as well as vaccination-breakthrough infections with Omicron variants BA.1 or BA.2. Using live virus assays with an ancestral wildtype (WT) strain and three VOCs (Delta, Omicron BA.1, Omicron BA.2), we found that infections with Omicron variants boostered cross-neutralizing antibodies in pre-immune individuals. Primary infections with one of the Omicron sub-lineages, however, induced mainly variant-specific neutralizing antibodies; particularly BA.2 infections generated a sub-lineage-specific neutralization pattern.



Methods


Human Serum Samples

Serum samples were collected from non-vaccinated patients hospitalized after a SARS-CoV-2 WT infection between March and November 2020 (before the emergence of VOCs) (Table S1). Samples from non-vaccinated individuals with primary SARS-CoV-2 Omicron infections were collected at primary health-care centers between January and April 2022, and identification of SARS-CoV-2 infection was based on PCR testing. Omicron-infected patients developed various symptoms including fever, cough, headache, rhinitis, sore throat, muscle or body aches, fatigue, diarrhea, and hoarseness. According to the family physicians, none of the patients suffered from an underlying immune deficiency, and no particular pre-existing conditions were reported. Samples from vaccinated and/or SARS-CoV-2 infected individuals were sent to the diagnostic laboratory of the Center for Virology, Medical University of Vienna, Austria. Individuals were regularly tested by SARS-CoV-2 PCR and/or lateral flow assays under the COVID-19-mass-testing program in Austria, which excluded additional SARS-CoV-2 infections.



Cell Lines

Vero E6 cells (ECACC #85020206) were from the European Collection of Authenticated Cell Cultures (ECACC), and VeroE6-TMPRSS2 cells were kindly provided by Anna Ohradanova-Repic. Both cell lines were cultured in Dulbecco’s Modified Eagle Medium (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) containing 10% Fetal Bovine Serum (Capricorn Scientific GmbH, Ebsdorfergrund, Germany) and 1% Penicillin-Streptomycin-Glutamine (Gibco, Thermo Fisher Scientific) at 37°C and 5% CO2. The cell lines were tested negative for mycoplasma contamination by the MycoAlertTM Mycoplasma Detection Kit (Lonza Group Ltd, Basel, Switzerland) in regular intervals.



SARS-CoV-2 Isolates

SARS-CoV-2 strains were isolated from nasopharyngeal swabs from COVID-19 patients using either Vero E6 cells (WT D614G and Delta) or VeroE6-TMPRSS2 cells (both Omicron variants) (18–20). The sequences of the strains were determined by next generation sequencing and uploaded to the GISAID database (WT, B.1.1 with the D614G mutation: EPI_ISL_438123; Delta, B.1.617.2-like, sub-lineage AY.122: EPI_ISL_4172121; Omicron, B.1.1.529+BA.*, sub-lineage BA.1.17: EPI_ISL_9110894; Omicron, B.1.1.529+BA.*, sub-lineage BA.2.9: EPI_ISL_11110193. Pango lineages were determined with Pango v.4.0.6, Pango-data v1.6.) (18–20).



Omicron BA.1 and BA.2 Variant Identification

Identification of Omicron BA.1 and BA.2 variants was performed with nasopharyngeal swabs obtained from 19 patients (n=8, primary Omicron infection; n=11, Omicron vaccination breakthrough infections) using the mutation assay VirSNiP SARS-CoV-2 Spike S371L S373P (TIB MOLBIOL, Berlin, Germany). Characteristic melting peaks for the mutations S371LS373P and S371FS373P indicated an infection with Omicron BA.1 and BA.2, respectively.



Neutralization Assays

The live virus neutralization test (NT) was performed as described previously (18–20). Two-fold serial dilutions of heat-inactivated serum samples were incubated with 50–100 TCID50 SARS-CoV-2 for one hour at 37°C before the mixtures were added to Vero E6 cells. After three to five days at 37°C, NT titers were expressed as the reciprocal of the serum dilution required for prevention of virus-induced cytopathic effects (CPE), which was assessed by microscopy and validated by two different operators. At least one negative and two positive human polyclonal samples were included as controls in each assay. NT titers of serum samples ≥10 were considered positive.



Statistical Analyses

Statistical analysis was performed with GraphPad Prism 9.3.1. The Mann-Whitney test was used for pairwise comparisons. The Kruskal-Wallis test followed by Dunn´s multiple comparison was used for analyzing four groups. P values < 0.05 were considered significant.




Results

We analyzed the neutralizing capacity of serum samples obtained after primary Omicron BA.1 and BA.2 infections as well as after mRNA-vaccination-breakthrough infections with both Omicron variants against a WT strain (isolated early in the pandemic with the D614G mutation) and the three variants of concern Delta, Omicron BA.1, and Omicron BA.2 in live virus neutralization assays (see Methods). As controls, we included samples from hospitalized patients obtained after primary WT infections as well as from individuals after three doses of an mRNA vaccine with and without prior SARS-CoV-2 infection. The characteristics of these cohorts are summarized in Table 1 and Tables S1, S2.


Table 1 | Demographics of study cohorts and sampling time points.



Serum samples from vaccinees collected one and three months after the third dose of an mRNA vaccine efficiently cross-neutralized the two Omicron variants (Figure 1A and Table 2). Neutralization titers were significantly lower than for WT (Figure 1A and Table 2), but there was no significant difference between BA.1 and BA.2 neutralization (Mann-Whitney test, p > 0.05). We also detected Omicron cross-neutralization in serum samples from individuals who had a WT infection before being vaccinated three times (Figure 1B and Table 2).




Figure 1 | Neutralizing antibody titers against an ancestral wildtype (WT) strain and three variants of concern (Delta, Omicron BA.1, and Omicron BA.2) in post-vaccination and post-infection serum samples. (A) Serum samples from individuals who had received three doses of an mRNA vaccine collected one month and three months after the last vaccination (n=15). (B) Serum samples from individuals who were infected with a WT strain, followed by three doses of an mRNA vaccine collected three weeks after the last vaccination (n=9). (C) Serum samples from individuals who were infected with a WT strain collected three weeks and seven months after infection (n=11). (D) Serum samples obtained from individuals who had a primary infection with Omicron BA.1 collected one month after infection (n=22). (E) Serum samples obtained from individuals who had a primary infection with Omicron BA.2 collected one month after infection (n=21). (F) Serum samples from individuals who were infected with an Omicron variant and had previously been vaccinated collected one month after infection (Omicron breakthrough infections, n=43). Horizontal dotted lines show the cut-off, dots individual sera, and red lines median titers. Black asterisks indicate significant differences to WT (D614G). The Kruskal-Wallis test with Dunn’s post-hoc test was used for significance testing (*, p < 0.05; **, p < 0.01; ***, p <0.001; ****, p < 0.0001). Significant differences between Omicron BA.1 and BA.2 neutralization titers are indicated by red asterisks (Mann-Whitney test; ***, p < 0.001). WT, wildtype strain (B.1.1) with the D614G substitution; Delta, Delta VOC (B.1.617.2-like, sub-lineage AY.122); O_BA.1, Omicron (B.1.1.529) sub-lineage BA.1 VOC; O_BA.2, Omicron sub-lineage BA.2 VOC; NT, neutralization test.




Table 2 | Serum-neutralization titers of cohorts analyzed in this study.



Samples from individuals after primary infections with WT, Omicron BA.1, or Omicron BA.2 neutralized the heterologous strains to much lesser extents than the homologous virus (Figures 1C–E and Table 2). Neutralization titers against Omicron BA.1 and BA.2 variants were significantly reduced in samples obtained three weeks and seven months after infection with an ancestral WT strain (Figure 1C). Omicron BA.1-convalescents developed only very low levels of WT- and Delta VOC-neutralizing antibodies; 18/22 samples were below the cut-off (Figure 1D). Even BA.2 neutralization titers were significantly lower in sera of this group (Figure 1D). In contrast, samples from Omicron BA.2 convalescents exhibited almost no cross-neutralization of any other virus strain tested (Figure 1E). However, all samples from individuals after an Omicron infection who had been previously vaccinated (Omicron-breakthrough infection) were able to neutralize the Omicron BA.1 and BA.2 sub-lineages as efficiently as the WT and Delta viruses (Figure 1F and Table 2). Stratification of the Omicron-breakthrough infections according to the infecting sub-lineage revealed similar neutralization patterns of sera after Omicron BA.1 or BA.2 infection (Figure S1).



Discussion

In this study, we provide a direct comparison of (cross)-neutralizing antibody responses after primary Omicron BA.1 and BA.2 infections. Consistent with the antigenic distance between Omicron BA.1 and BA.2 VOCs from pre-Omicron strains as well as from each other (8, 9, 16), we show that neutralizing antibodies present in serum samples from patients with primary Omicron infection are highly variant specific. While samples from individuals after primary BA.1 infection exhibited some cross-neutralization of BA.2 (Figure 1D), as reported by others (17, 21), samples from primary BA.2-infected individuals showed almost no cross-neutralizing activities against any other variant tested (Figure 1E). Similar results were obtained in neutralization assays performed with Omicron BA.1 and BA.2 post-infection serum samples from hamsters, with the highest levels of neutralizing antibodies against the homologous strain (22). In agreement with our results, BA.1 post-infection samples yielded stronger cross-neutralization of BA.2 than did BA.2 post-infection sera with BA.1.

The mutations in the Omicron spike proteins strongly affect their antigenicity in comparison to pre-Omicron variants (23, 24), as indicated by a substantial resistance to neutralizing antibodies induced by prior SARS-CoV-2 infections and/or vaccinations (Figures 1A–C) [reviewed in (2–5)]. The considerable antigenic differences between the Omicron BA.1 and BA.2 spikes in the receptor-binding domain (RBD) and the N-terminal domain (23, 24) (as illustrated in Figure 2), the major targets of neutralizing antibodies, offer an explanation for the sub-lineage-specific neutralization profiles observed after primary BA.1 or BA.2 infections (Figures 1D, E). Consistent with our data, primary Omicron infections elicited RBD-specific B cells with only narrow specificity for these variants (14).




Figure 2 | Structural representation of mutations present in Omicron BA.1 and BA.2 sub-lineages. (A, B) Cartoon representation of one monomer of the spike protein (side view) combined with a semi-transparent surface representation of the trimeric spike in its RBD-up-conformation [PDB 7KRR, (25)]. The three protomers are colored in red, grey, and bright orange. The S1 subunit is colored blue in the single protomer, with the RBD highlighted in red and the NTD highlighted in purple. S2 is colored in orange. The black spheres indicate the mutations present in sub-lineages BA.1 (A) and BA.2 (B). The structures were generated with PyMol (https://pymol.org). (C) Venn diagram illustrating the BA.1 and BA.2 sub-lineage-specific and shared mutations, colored according to the regions highlighted in panels A and B. The grey underlines indicate mutations present in the Delta variant. RBD, Receptor-binding domain; NTD, N-terminal domain; S1, Subunit 1; S2, Subunit 2.



Multiple exposures to pre-Omicron-SARS-CoV-2, via three mRNA vaccinations (Figure 1A) or mixed infection-vaccination scenarios (Figure 1B), led to high titers with efficient neutralization of both Omicron variants. These data are in agreement with other studies that suggested an increase in the magnitude as well as the breadth of neutralizing antibody responses by repeated exposure to the original antigen (26–35). Previous data (36) suggest that a three-dose vaccination regimen enhances the breadth of antibody responses in that memory B cells are also formed against conserved epitopes. These are typically of lower immunogenicity than the more strain-specific and immunodominant epitopes, which is why repeated exposures may be needed for broader variant neutralization.

The Omicron NT titers, however, were lower in these cohorts than against pre-Omicron variants (Figures 1A, B) and a fast waning of neutralizing antibodies was observed (Figure 1A). In contrast, vaccination-breakthrough infections with Omicron induced similarly high levels of neutralizing antibodies against all variants tested (Figure 1F) (9, 13, 14, 37), thus leading to a strong expansion of neutralization breadth. Apparently, an adequate number of conserved epitopes for neutralizing antibodies are present in the spike proteins of Omicron and pre-Omicron variants, suggesting that Omicron-adapted vaccines might increase the effectiveness of booster immunizations.

A limitation of our study is the relatively small sample size. However, due to increasing SARS-CoV-2 immunity in the human population, it is difficult to find unvaccinated persons who have only been exposed to a single Omicron variant, which is why previous studies were performed with hamster post-Omicron infection samples (8, 22, 38). In addition, we focused on the neutralizing activities of antibodies, but also interactions with Fc receptors might be involved in protection independent of the neutralizing potency of antibodies (39).

In summary, the highly variant-specific neutralization profiles obtained with the two Omicron sub-lineages BA.1 and BA.2 in naïve individuals underscore the antigenic distance between the two variants. The rapid emergence of further immune-escape variants (Omicron BA.4 and BA.5), which have been associated with a resurgence of SARS-CoV-2 infections in South Africa (40, 41), highlights the importance of global variant surveillance and antigenic characterization to estimate the impact of the continuing SARS-CoV-2 evolution on the ongoing pandemic (42).
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1https://www.who.int/en/activities/tracking-SARS-CoV-2-variants

2https://www.who.int/publications/m/item/weekly-epidemiological-update-on-covid-19---22-march-2022.
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Detecting severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) needs human samples, which inevitably contain trace human DNA and RNA. Sequence similarity may cause invalid detection results; however, there is still a lack of gene similarity analysis of SARS-CoV-2 and humans. All publicly reported complete genome assemblies in the Entrez genome database were collected for multiple sequence alignment, similarity and phylogenetic analysis. The complete genomes showed high similarity (>99.88% sequence identity). Phylogenetic analysis divided these viruses into three major clades with significant geographic group effects. Viruses from the United States showed considerable variability. Sequence similarity analysis revealed that SARS-CoV-2 has 612 similar sequences with the human genome and 100 similar sequences with the human transcriptome. The sequence characteristics and genome distribution of these similar sequences were confirmed. The sequence similarity and evolutionary mutations provide indispensable references for dynamic updates of SARS-CoV-2 detection primers and methods.
Keywords: coronavirus, SARS-CoV-2 detection, mutation, COVID-19, coronavirus-COVID-19
INTRODUCTION
SARS-CoV-2 was first reported in December 2019 (McDonald 2021) and has spread rapidly worldwide, bringing severe social and economic problems to many countries (Biskanaki, Rallis et al., 2020; Miller, Becker et al., 2020; Castro, Kim et al., 2021). By June 2021, the SARS-CoV-2 pandemic had swollen to more than 170 million confirmed cases with a mortality rate of 2–3.4% (Yan et al., 2020a; Szcześniak, Gładka et al., 2021). High genetic infectivity, a large percent of asymptomatic cases and variability were major drivers of the epidemic (He, Qin et al., 2020; Wei, Geng et al., 2020). The reproduction number (R0) of SARS-CoV-2 was calculated to be 5.34 times higher than in SARS-CoV (3.1/0.58), and its latency was longer (Abdelrahman, Li et al., 2020). Generally, one infected patient can cause up to 5.7 further confirmed cases (Yan et al., 2020b; Kucharski, Russell et al., 2020; Wu, Leung et al., 2020). In addition, the infection of medical staff causes enormous losses of medical resources (Rongqing, Li et al., 2020; Liu, Ouyang et al., 2021), which worsens the pandemic. As a positive-sense (+) ssRNA-enveloped virus, the genome of SARS-CoV-2 is highly variable, and many mutant strains have been reported from different countries (including N501Y, D614G) (Leung, Shum et al., 2021; Mohammad, Alshawaf et al., 2021; Odeyale et al., 2021).
Viral mutations can affect the detection of SARS-CoV-2 (Peñarrubia, Ruiz et al., 2020; Dong, Wang et al., 2021; Hasan, Hossain et al., 2021). Currently, mainstream detection methods are based on the specificity of SARS-CoV-2 sequences. However, the specificity of commonly used detection primers for SARS-CoV-2 variants of concern remains unclear. The coronavirus genome is a single-stranded, positive-sense RNA ranging from 26 to 32 kilobases. SARS-CoV-2, severe acute respiratory syndrome (SARS) coronavirus and the Middle East respiratory syndrome (MERS) coronavirus are potentially lethal to humans among various coronaviruses (Drosten, Günther et al., 2003; Rota, Oberste et al., 2003; Zumla, Hui et al., 2015). From November 2002 to July 2003, SARS-CoV-1 coronavirus was responsible for more than 8000 cumulative infections (Prompetchara, Ketloy et al., 2020) and 774 deaths (9.6%) in 37 countries (Peiris, Yuen et al., 2003). MERS coronavirus has caused 2494 infections (Jiang, Xia et al., 2020) and 858 known deaths (35%) since September 2012 (https://www.who.int/emergencies/mers-cov/en/). The prevalence and lethality of coronaviruses pose a significant threat to human beings. Novel viral mutations could cause the failure of virus detection and the invalidity of vaccines. Gene sequence alignment of SARS-CoV-2 and humans is still absent in previous studies.
Mastering viral gene signatures and trends in genetic changes are necessary and ongoing efforts to maintain the dynamic update of viral detection methods and avoid viral detection escape. Although there were 998,314 nucleotide sequences related to SARS-CoV-2 in the NCBI Virus database by 01 November 2021 (https://www.ncbi.nlm.nih.gov/sars-cov-2/), only 92 sequences are recorded in the genomic form. We report the genetic relationship of 92 available genomes of SARS-CoV-2. The distribution of mutation sites was determined by multiple sequence alignments and constructed an evolutionary tree. The similarity of SARS-CoV-2 and human genes was quantified. This study provides essential information about the evolution and detection of SARS-CoV-2 from a new perspective.
MATERIALS AND METHODS
Data sources
This study analyzed all the SARS-CoV-2 genome assemblies publicly available in the Entrez genome databases by 01 November 2021 (https://www.ncbi.nlm.nih.gov/genome). By searching for " Severe acute respiratory syndrome coronavirus 2″, we collected 92 complete genome sequences. The related data were downloaded from GenBank (https://www.ncbi.nlm.nih.gov/genbank/). Information on viruses, such as genome size, GC, accession, CDS, release date, GenBank FTP resources, etc., are present in Supplementary Table S1.
Genome analysis and comparison
ClustalW software (version 2.0.10) was used for sequence alignment, using the slow alignment setting. Similar sequences between SARS-CoV-2 and the human genome were searched using BLASTN, with the human genome assembly GRCh38.p13 as reference (Annotation Release 109.20200228) and MN908947.3 as a query. Word size (7), match/mismatch score (1, −1), and Gap costs (1,2) were used as parameters. The E value is 25, excluding repeated sequences.
Phylogenetic analysis
Phylogenetic analysis of the complete SARS-CoV-2 genomes was conducted using MEGA software (version 7.0.14) with 1000 bootstrap replicates, employing the Fast Minimum Evolution method.
Statistical analysis
Statistical analysis was conducted using SPSS 17.0 software (SPSS, Chicago, United States). The t-test was applied while comparing groups. The significance level was set at p < 0.05. GraphPad Prism 5 was used to generate graphics.
RESULTS
Sources and distribution of complete SARS-CoV-2 genomes
Although many viral sequences have been reported, they are all presented as gene segments rather than genomic data. We collected 92 SARS-CoV-2 genome assemblies reported publicly in the Entrez genome database by 01 November 2021. All the genome sequences were complete, ranging from 29782 to 29903 nt in length. The related information is presented in Supplementary Table S1, including genome accession number, GC%, CDS, release date and GenBank resources.
These genome samples came from 9 countries. However, 60% were from China, 31% were from the United States, and only 9.8% were from other countries (Figure 1A). These countries are scattered around the world without apparent aggregation. Although a few countries are geographically contiguous, due to the barrier of mountains and rivers, the exchange of travelers is mainly dependent on airports (Figure 1B). The complete genome MN908947.3 from Wuhan city, first reported in March 2020, served as a reference. The sequences of these genomes are highly similar, and the sequence identity is higher than 99.88% (Figure 2A). The number of mutation sites was 0–12, with an average of 3.41.
[image: Figure 1]FIGURE 1 | The proportion (A) and geographic locations (B) of 92 full-length sequenced SARS-CoV-2 genome assemblies.
[image: Figure 2]FIGURE 2 | Sequence alignment of 92 full-length SARS-CoV-2 genomes. The first reported genome (MN908947.3) in Wuhan city was used as a reference. The bar on the right represents the total number of mutated bases for each genome. The bottom line converged all the mutation sites of 92 SARS-CoV-2 genomes.
Sequence alignment revealed the mutation frequency of SARS-CoV-2 genomes
It is worth noting that there were 299 mutation sites in these genomes in total, with an average of one mutation site per 100 nt. The largest sequence stretch without recorded mutations was ∼1000 nt. To clarify the landscape of individual genes, we performed a statistical analysis of the number and frequency of mutation sites for each gene (Figure 3). ORF1a and ORF1b contain 16 nonstructural proteins. As expected, ORF1a and ORF1b had the largest number of mutation sites as the longest sequences. However, their mutation frequency (mismatch/100 nt) was not high. By contrast, ORF10 and ORF8 had the first and second highest mutation frequencies, but the number of mutation sites was lower due to the short length. Analysis of the coding region also showed no mutations in ORF6, ORF7a and ORF7b (Figure 1B), indicating highly conserved. Secondly, structural protein membrane (M) and spike (S) also had lower mutation rates. S-protein contains receptor binding domain mediating viral invasion into host cells (Hoffmann, Kleine-Weber et al., 2020). Finally, mutations outside those genes are equally of concern, as there are unknown genes with unidentified functions, and all genes are subject to dynamic evolution. For example, ORF3d was identified and characterized by Nelson et al. as a novel overlapping gene in SARS-CoV-2 (Nelson, Ardern et al., 2020).
[image: Figure 3]FIGURE 3 | The landscape of gene mutations in the analyzed SARS-CoV-2 genomes. (A) The number of mismatched base pairs in each gene. (B) Mismatch rate in each gene.
Phylogenetic analysis revealed the evolutionary relationship of SARS-CoV-2 genomes
Based on differences in genome sequences, we performed phylogenetic analysis of the SARS-CoV-2 genomes. The results showed three genomes (MT163716.1/USA/WA3-UW1/2020, MT126808.1 BRA/SP02/2020 and MT066156.1/ITA/INMI1/2020) formed independent branches (Figure 4). The remaining 89 genomes formed three major clades. Clade 1 contained only four genomes, and each of them was from a different country. Clade 2 contained 25 genomes, all from the United States CDC-Cruise A. Clade 3 contained the largest number of genomes, with 60 genomes from five countries. This evidence reveals the relationship and genetic distances between different mutant viruses.
[image: Figure 4]FIGURE 4 | Phylogenetic analysis of full-length SARS-CoV-2 genomes.
Characterization of sequence similarity of SARS-CoV-2 and human
For SARS-CoV-2 detection, RNA needs to be reverse transcribed into DNA for sequencing, so foreign RNA/DNA could cause interference (Figure 5A). It has been reported that host (human) readings were mixed in the results of SARS-CoV-2 detection using patients’ bronchoalveolar lavage fluid samples or re-cultured viruses (Lu, Zhao et al., 2020). Since SARS-CoV-2 detection is mainly based on human samples, human genes are the primary interference source. After filtering the low complexity regions, we identified 612 similar sequences between SARS-CoV-2 and the human genome. The loci of these sequences are equally distributed in each chromosome, except for fewer on chromosomes Y, 22, 19, and 11 (Figure 6A). The similar sequences ranges in length from 33 to 212 nt, with an average sequence length of 77.9 nt and a median of 75 nt. The average sequence identity is 72.55%. The length of the consistent sequences ranges from 31 to 132 nt, with an average sequence length of 55.4 nt and a median of 53 nt (Figure 6B). The average gap rate was calculated to be 2.68%. These sequences are distributed in both the plus and minus strands at a ratio close to 1:1 (Figure 6C).
[image: Figure 5]FIGURE 5 | (A) SARS-CoV-2 sampling and processing flow. (B) Distribution of similar sequences between the SARS-CoV-2 genome and human genome/transcriptome.
[image: Figure 6]FIGURE 6 | Sequence characteristics of similar loci between the SARS-CoV-2 and human genomes. (A) Distribution of similar sequences in the human chromosome. (B) Length of similar and consensus sequences. (C) The proportion of identity and gap. (D) Distribution of similar sequences in sense and antisense strands.
Notably, there were fewer similar sites in the human transcriptome than in the human genome (100 < 612), but their characteristics were consistent. The sequence similarity was close (72 vs. 71%) and the gap ratios were 3% for both (Figure 7). This result suggested that SARS-CoV-2 shares more sequence similarity with the human genome than with the transcriptome, indicating that admixed human DNA is more likely to affect the virus detection results and that there may be less interference from reverse transcription of human RNA.
[image: Figure 7]FIGURE 7 | Sequence characteristics of similar loci between the SARS-CoV-2 genome and human transcriptome. (A) Length of similar and consensus sequences. (B) The proportion of identity and gap.
We conducted enrichment analysis for genes where the similar sites were located. GO analysis enriched three significant terms: integral component of Golgi membrane (GO:0030173), vesicle-mediated transport to the plasma membrane (GO:0098876) and ubiquitin ligase complex (GO:0000151) respectively (p < 0.01). In contrast, KEGG analysis only obtained one pathway: estrogen signaling pathway (p < 0.01) (Supplementary Table S2). The results showed that these genes are not closely related.
DISCUSSION
Previous studies revealed that several viral mutations of SARS-CoV-2 may affect related detection and treatment strategies. Starr et al. showed that a single amino acid mutation in the receptor-binding domain (RBD) of SARS-CoV-2 entirely blocked the binding of the REGN-COV2 antibody (Starr, Greaney et al., 2021). Many mutants (E484K, N501Y and K417N) resulted in a more substantial loss of neutralizing activity of antibodies (Collier, De Marco et al., 2021; Tegally, Wilkinson et al., 2021; Wang, Schmidt et al., 2021). Specific mutants (E484K, T95I, del142-144, and D614G) were confirmed to cause vaccine breakthrough infections (Hacisuleyman, Hale et al., 2021). Multiple antibody combinations effectively protected against SARS-CoV-2 immune escape brought about by single-site mutations (Ku, Xie et al., 2021). However, not all mutations increase the risk of viral escape. For example, the D614G spike mutation increases SARS-CoV-2 susceptibility to neutralization by monoclonal antibodies and convalescent sera (Weissman, Alameh et al., 2021). The studies of the above mutants help us understand the challenges brought by virus mutation, but their objects are parts of the genome. Unlike previous studies on single amino acid or single-gene mutations, this study focuses on complete genome sequences, providing a landscape of SARS-CoV-2 genome mutations.
This study reports the alignment results and phylogenetic analysis of the existing complete SARS-CoV-2 genome sequences. Similarity analysis of SARS-CoV-2 and human whole genome/transcriptome sequences uncovered hundreds of similar sites. These results provide important information for SARS-CoV-2 detection and potential gene recombination possibilities.
Mutations are frequent in the genome of SARS-CoV-2, with an average of one mutation per 100 nt. However, base deletions are uncommon. Phylogenetic analysis indicated that except for the relatively unique genomes USA/WA3-UW1/2020, BRA/SP02/2020 and ITA/INMI1/2020 (MT163716.1, MT126808.1 and MT066156.1), the other SARS-CoV-2 genomes were divided into three clades. MT163716.1, MT126808.1 and MT066156.1 are from different countries, forming three separate branches at the base of the evolutionary tree. Clade Ⅰ includes four genomes from different countries and is at a certain evolutionary distance between them. Finally, clades Ⅱ and Ⅲ comprise most of the other genomes (including 25 and 60). From the base of the evolutionary tree (MT163716.1) to the three clades, all clades contain genomes from the United States. Based on current data, the genomes from the United States span the largest evolutionary distance. The virus similarity in each country is higher, indicating that the impact of travel restrictions is significant.
Subsequently, we analyzed similar sequences between the SARS-CoV-2 genome and the human genome/transcriptome. The analysis showed that SARS-CoV-2 has 612 similar sites to the human genome and 100 similar sites to the human transcriptome. We found that ∼70% of the similar sequences were completely identical and may influence detection primers. If the detection targets include these similar sites, the similar fragments may interfere with the Q-PCR results. The change of virus sequence may change the target site of detection, so it is necessary to carry out a genome-wide sequence comparison. Some commonly used SARS-CoV-2 detection primers are consistent with some human genes. For example, forward primer 1 ab: CCCTGTGGTTTACACTAA is consistent with the chromosome sequence 44831798 CCTGTGGGTTTACACT 44831814 of Homo sapiens isolate CHM13 chromosome 6 (sequence ID: NC_060930.1). The complementary fragments have the possibility of a mismatch in the PCR process. As viral genes mutate, the corresponding detection primers change. The detection targets need to avoid similar fragments to eliminate the interference caused by mismatches. Therefore, we believe that these sequences have the potential to interfere with viral detection and are not suitable as detection targets. Whether these similar viral sequences affect the expression or inheritance of human genes requires further investigation.
Our results suggest that the genomes of SARS-CoV-2 and humans contain many short similar sequences, with a sequence identity of ∼70%. The average length is 55.4 nt, long enough to contain detection primers. Thus, these sequences may cause interference in the process of virus detection. Although no recombination has been reported, sequence similarity provides a basis for recombination, and this inference may change if mixed sequences are identified.
SARS-CoV-2 has profoundly affected human society for several years. In turn, the rapid multiplication that comes with the pandemic accelerated its genetic variation. It is reported that SARS-CoV-2 could spread among animals, including pet cats and dogs (Chandler, Bevins et al., 2021; Dileepan, Di et al., 2021; Doerksen, Lu et al., 2021), and the wide range of hosts will increase its survivability. Gene interaction between virus and hosts is worth our vigilance, and the knowledge of sequence similarity is necessary to rule out spurious results to improve assay accuracy.
CONCLUSION
This work investigates the geographical distribution, mutational characteristics and phylogenetic relationship of complete SARS-CoV-2 genomes. Several hundred similar gene sequences of SARS-CoV-2 and humans with high concordance were identified. The sequence length (median 75 nt) and sequence identity (72.55%) may potentially interfere with the binding of primers and templates in virus detection. Although SARS-CoV-2 genomic integration has not been reported, the risk of recombination through endogenous transposons warrants vigilance. The interference of these similar sequences with virus detection requires excellent attention, and the interaction and influence on human genes require further investigation.
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Class 1 and 2 monoclonal antibodies inhibit SARS-CoV-2 entry by blocking the interaction of the viral receptor-binding domain with angiotensin-converting enzyme 2 (ACE2), while class 3 antibodies target a highly conserved epitope outside the ACE2 binding site. We aimed to investigate the plasticity of the spike protein by propagating wild-type SARS-CoV-2 in the presence of class 3 antibody S309. After 12 weeks, we obtained a viral strain that was completely resistant to inhibition by S309, due to successively evolving amino acid exchanges R346S and P337L located in the paratope of S309. The antibody lost affinity to receptor-binding domains carrying P337L or both amino acid exchanges, while ACE2 binding was not affected. The resistant strain replicated efficiently in human CaCo-2 cells and was more susceptible to inhibition of fusion than the original strain. Overall, SARS-CoV-2 escaped inhibition by class 3 antibody S309 through a slow, but targeted evolution enabling immune escape and altering cell entry. This immune-driven enhancement of infectivity and pathogenicity could play an important role in the future evolution of SARS-CoV-2, which is under increasing immunological pressure from vaccination and previous infections.
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Introduction

A growing number of monoclonal antibodies has been approved for the prophylactic and therapeutic use in people at risk for a severe course of coronavirus disease 2019 (COVID-19). Class 1 and class 2 (e.g. Regeneron) antibodies are blocking the interaction with angiotensin-converting enzyme type 2 (ACE2) by binding to the ‘up’ and ‘up and down’ conformation of the viral receptor-binding domain (RBD); class 3 (e.g. S309) is neutralizing by binding to a strongly conserved epitope outside the receptor-binding motif (RBM); and class 4 antibodies (e.g. CR3022) bind to a cryptic epitope of the RBD and do not interfere with ACE2 binding (1–3).

Up to date, five SARS-CoV-2 variants of concern (VOCs) have emerged. While wild-type (WT) strains and VOC Alpha are susceptible to all monoclonal antibodies, VOCs Beta and Gamma have accumulated amino acid exchanges K417N, E484K, and N501Y, which impair the neutralizing activity of class 1 and 2 antibodies (4). Class 3 antibodies, however, are still active because they bind to a more conserved cross-neutralizing site (4, 5). VOC Delta is more infectious because it binds to low levels of ACE2 (6), while VOC Omicron is a true immune escape variant that is no longer neutralized by most monoclonal antibodies (7, 8).

In vitro, SARS-CoV-2 escape mutants occurred in the presence of single neutralizing class 1 or class 2 antibodies, but not with a non-competing antibody cocktail (9). We aimed to study the plasticity of the viral spike protein in the presence of class 3 antibody S309. This antibody was detected in a patient infected with SARS-CoV in 2003 and isolated in 2013 using a memory B cell screen in this patient (3). S309 binds a highly conserved epitope within the SARS-CoV-2 RBD with high affinity (1) and has the potential to broadly neutralize within the sarbecovirus subgenus, including SARS-CoV-2 (3). Notably, S309 retained its neutralizing activity against several SARS-CoV-2 VOCs in vitro, including Alpha, Beta, Gamma and Delta (10, 11). In May 2021, the stabilized version of S309 with enhanced Fc receptor binding, sotrovimab, received emergency approval as a therapeutic antibody to prevent disease progression in high-risk early-stage COVID-19 patients based on the results of a phase 3 study (12, 13).

While sotrovimab is still reasonably active against most viruses of Omicron sublineage BA.1 (10), neutralization efficacy decreased significantly with the emergence of sublineage BA.2 (14–16). As a result, the FDA revised the approval of the emergency use of sotrovimab for the treatment of COVID-19 in any U.S. region in April 2022 due to the high prevalence of BA.2 infections (17). Although evasion from S309 neutralization has been reported in the context of VOC Omicron sublineages, a recent study has demonstrated that protection was maintained for BA.1, BA.1.1 and BA.2 viruses in an animal model (18).

Here we describe the escape of SARS-CoV-2 from monoclonal antibody S309 in an in vitro viral evolution experiment and provide insights into the underlying escape mechanism, by investigating whether the evolution of resistance occurs concomitantly with a shift in the mode of viral entry.



Materials and methods


Cell culture

SARS-CoV-2 was propagated in Vero, HEK293T and CaCo-2 cells (CLS Cell Lines Service, Eppelheim, Germany) in DMEM (Gibco, Waltham, MA) supplemented with 10% fetal calf serum and 1% streptomycin/penicillin (Pan Biotech, Aidenbach, Germany). Cells were regularly tested for mycoplasma contamination and monitored daily for viability and cell density to provide optimal growth conditions. Vero cells were plated at least four hours before infection, CaCo-2 and HEK293T cells one day before infection. Cell culture experiments with replication-competent SARS-CoV-2 were performed under biosafety level 3 conditions and were conducted in accordance with all relevant local legislation.



Selection of antibody-resistant SARS-CoV-2

Vero cells were infected with the “input virus” (GenBank accession no. ON715117) starting with a multiplicity of infection (MOI) of 0.05, as described previously (19). The input virus was derived from SARS-CoV-2 WT strain CA (GenBank accession no. MZ675816), which had developed a deletion of 9 amino acids (ΔI68-ΔT76) after serial passaging in Vero cells. Supernatants were transferred weekly to fourfold increased antibody concentrations (0.0625-64 µg/ml). Viral loads were quantified 5 days post infection (p.i.) using RT-qPCR after extraction of viral RNA from cell culture supernatants using DLR buffer (0.1 M NaCl, 0.01 M Tris, 0.5% IGEPAL CA-630 in DEPC H20, pH 7.4) mixed with RNAse inhibitor (Applied Biosystems, Darmstadt, Germany) (20). Equal volumes of DLR buffer and cell culture supernatants were incubated at room temperature for 30 min. SARS-CoV-2 RNA was reverse transcribed and amplified with Taq-Path-Mix (Metabion international, Planegg, Germany) using published primers and probes (21) on a StepOnePlus Real-time PCR system. Viral loads were quantified using an in vitro transcribed RNA, as described previously (22). Antibody resistance was assumed when viral loads at the highest antibody concentration (64 µg/ml) were comparable to the uninhibited virus control.



Neutralization and inhibition assay

Vero, HEK293T, and CaCo-2 cells were seeded at a density of 15.000 cells/well in flat bottom 96-well plates. Serial fourfold dilutions of antibodies were pre-incubated with the different viral strains (MOI 0.05) for 1h at 37°C. Thereafter, the antibody-virus mixture was added to the cells. Cells without antibody and without virus served as ‘cell controls’, cells without antibody but with virus as ‘virus controls’ and cells fixed with 4% paraformaldehyde (Sigma-Aldrich, St. Louis, MO), washed with DPBS for five times, and infected in parallel as ‘background controls’. Control wells fixed with paraformaldehyde were plated separately to prevent evaporation and interference with non-fixed cell layers and viruses. At 2h p.i., cells were washed and antibodies were replenished, and at 48h p.i., supernatants were harvested and analyzed using SARS-CoV-2 RT-qPCR as described above. A similar set-up was used for testing the susceptibility of SARS-CoV-2 variants aloxistatin and camostat as inhibitors of endocytosis and fusion, respectively (both MedChemExpress, Monmouth Junction, NJ). Toxicity of both inhibitors at indicated concentrations was excluded using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl¬tetrazolium bromide (MTT) assay (23). The percent neutralization was calculated as 100-(viral load of inhibited sample/viral load of uninhibited virus control)*100.



Next generation sequencing

RNA was extracted from cell culture supernatants using the EZ1 Advanced XL platform (Qiagen, Hilden, Germany) and quantified using real-time PCR as described above. Whole genome sequencing of SARS-CoV-2 was performed by targeted PCR-based amplification using the Ion AmpliSeq™ SARS-CoV-2 Research Panel (Thermo Fisher Scientific, Waltham, USA). This panel targets 237 amplicons specific to SARS-CoV-2 covering >99% of the viral genome along with 5 human expression controls. Viral copy numbers were normalized by diluting total nucleic extracts to the lowest concentrated sample within one run comprising batches of 16 samples, followed by reverse transcription using the SuperScript™ VILO™ cDNA Synthesis Kit (Thermo Fisher Scientific). Sequencing libraries were automatically prepared using the IonChef™ instrument (Thermo Fisher Scientific). Amplification cycles were set depending on the viral load according to the manufacturer’s specifications. The final library pool was quantified by real-time PCR using the KAPA Library Quantification Kit on a LightCycler 480 II instrument (Roche Diagnostics, Mannheim, Germany) and subjected to high-throughput sequencing on the IonTorrent™ Genestudio S5 Plus instrument (Thermo Fisher Scientific). The Torrent Suite 5.12.2 was used for basecalling and demultiplexing. Processed reads were further analyzed with the SARS-CoV-2 Research Plug-in Package. Reads per genome were mapped to the SARS-CoV-2 MN908947 (Wuhan-Hu-1) reference genome. Samples with a mean genome coverage above 1,000-fold and frequency of ambiguous bases above 1% were eligible for calling of consensus sequences by IRMAreport v1.3.0.2. Single nucleotide polymorphisms were detected by variantCaller v5.12.0.4 and annotated with COVID19AnnotateSnpEff v1.3.0.2. Whole genome sequences of SARS-CoV-2 strains obtained at week 8 (R346S) and week 12 (7S1) of the S309 selection procedure have been deposited in GenBank (accession nos. ON003598 and ON003597, respectively). In addition, whole genome sequences of SARS-CoV-2 strains obtained at week 12 in the absence of antibodies (VC12) or presence of CR3022 (7C1) have been deposited in GenBank (accession nos. ON630347 and ON630346, respectively). All SARS-CoV-2 strains used in this study are assigned to Pango lineage B.1.1 (24).



Generation of SARS-CoV-2 spike protein RBD variants, soluble ACE2, and monoclonal antibodies

Generation of the Wuhan-Hu-1 RBD-encoding plasmid and purification of antigens was performed as described previously (19). Plasmids encoding mutated RBDs were generated via insertion of P337L and/or R346S into the WT sequence via overlap extension PCR (25) and re-cloning into the original pcDNA5/FRT/TO-derivate. Expi293F™ cells (Thermo Fisher Scientific; A14527) were transfected with these plasmids as recommended by manufacturer. After 5d, supernatants were harvested by centrifugation and loaded onto immobilized metal chelate affinity chromatography (IMAC) columns (HisTrap Excel, Cytiva). After washing with DPBS containing 10 mM imidazole (Sigma), proteins were eluted over a linear 10–500 mM imidazole gradient in PBS. The protein buffer was exchanged to PBS and concentrated to approximately 1–2 mg/ml by ultrafiltration. The ACE2 construct (amino acid 20-732) was codon optimized and synthesized by GeneArt AG (Thermo Fisher Scientific) and cloned into a pcDNA5/FRT/TO derivate providing a mini-tPA-signal peptide (26) and an avi-his8-tag (sequence GS-GLNDIFEAQKIEWHE-GS-HHHHHHHH). Proteins expressed in Expi293F cells (see above) were purified by IMAC and subsequent anion exchange chromatography (HiTrap DEAE Sepharose, Cytiva) using a gradient from 10 mM to 1 M NaCl, in HEPES pH 6.8. Protein was buffer exchanged to PBS and stored at 4°C. Site-specific biotinylation was performed using BirA (BirA biotin-protein ligase standard reaction kit, Avidity).

Light chain and heavy chain variable domain sequences from the monoclonal antibodies were retrieved from NCBI GenBank or RSCB PDB (NCBI accession numbers DQ168569 and DQ168570 for CR3022; pdb code 6WPT for S309; pdb code 6XDG for REGN10933 and REGN10987). Sequences were optimized for human codon usage, synthesized by GeneArt AG and cloned into a pcDNA5/FRT/TO derivate providing a murine IgG1 signal peptide and the constant regions of lambda light chain (CR3022, S309, REGN10933) or kappa light chain (REGN10987) and human IgG1 heavy chain. Monoclonal antibodies were transiently expressed at a gene dosage ratio of 1 for light and heavy chain plasmids in Expi293F™ cells. Antibodies were purified from supernatants by protein A affinity chromatography (HiTrap MabSelect SuRe, Cytiva). IgGs were eluted by a pH step using 100 mM glycine buffer at pH 3.2 and the eluted antibodies were immediately buffer exchanged to PBS.



Binding ELISAs

Binding of antibodies to the different RBDs was analyzed in duplicates using a similar ELISA format as recently described (19). Flat bottom 96-well plates (Thermo Fisher, Nunc Maxisorp, 44-2404-21) were coated with 2 µg/ml of the respective protein overnight. After blocking and washing, plates were incubated with eight four-fold serial dilutions of the antibodies or soluble and biotinylated ACE2 starting at 80 nM. After incubation with the anti-human IgG-HRP conjugate or Streptavidin-HRP conjugate (Roche), TMB substrate solution (Mikrogen) was added and plates were developed for 4 min. Optical density at 450 nm and 600 nm was measured immediately. Values were curve fitted using 4-parameter logistic regression (4PL, GraphPad Prism version 9.2.0) after background subtraction. Endpoint titers were calculated from the titration data in combination with the previously determined cut-off values.



Grating-coupled interferometry measurements of RBD-antibody interactions

To determine dissociation constant (KD) and rate constants (kon and koff) of the binding of ACE2 and S309 to the investigated RBD variants, Grating-Coupled Interferometry (GCI) was measured on a WAVEsystem (Creoptix) using the waveRAPID method. Details of the experimental settings of S309 binding to RBD variants are given in Supplementary Table 1. ACE2 was biotinylated prior to the GCI analysis as described above. Thereupon, it was bound via streptavidin to the sensor chip. Experimental parameters of the ACE2 interaction with RBD variants are given in Supplementary Table 2.



Visualization of protein structures

Protein structures were visualized using Pymol (version 2.5.2, LLC Schrodinger). Structural data were obtained from the Protein Data Bank (PDB) (https://www.rcsb.org). Data files used in this study are available at entry codes 6WPS (3) and 6M17 (27).



Statistics

Three or more groups were compared using repeated measures (RM) one-way ANOVA, adjusted for multiple testing using Tukey’s or Dunnett’s correction. Two-sided p values <0.05 were considered significant.




Results


Selection of an antibody escape variant of SARS-CoV-2

To obtain a SARS-CoV-2 variant with escape to neutralizing class 3 antibody S309, WT strain CA was passaged weekly in Vero cells in the presence of increasing concentrations of this antibody (0.0625-64 µg/ml). S309 was originally discovered in SARS-CoV infection and recognizes a highly conserved proteoglycan epitope in the sarbecovirus spike protein distinct from the RBM (1, 3). The input virus was neutralized by S309 with an IC50 of 0.09 µg/ml (600 pM), which is very similar to recently published data (10). After twelve rounds of selection, viral replication was no longer suppressed by the highest antibody concentration (64 µg/ml) (Figure 1A). In contrast to input virus CA, the viral stock of the resistant strain (7S1), obtained at the end of the selection process, was no longer susceptible to S309 inhibition (Figure 1B). Parallel propagation of the input virus with CR3022, a non-neutralizing class 4 antibody, did not inhibit virus replication during the entire cultivation period (Supplementary Figure 1). Altogether, SARS-CoV-2 developed complete resistance against S309 within three months of continuous selection.




Figure 1 | Selection and characterization of antibody-resistant SARS-CoV-2. (A) Cultivation of the SARS-CoV-2 input strain (GenBank accession no. ON715117) in Vero cells for 12 weeks, using increasing concentrations (c) of neutralizing monoclonal antibody (mAB) S309 or non-neutralizing mAB CR3022 (see Supplementary Figure 1). Data show mean viral loads in cell culture supernatants of each passage at 5d post infection, transferred weekly in duplicates to fresh cells containing fourfold increased antibody concentrations. A virus control without antibodies was included in each passage and continuously propagated during the entire selection period. (B) Neutralization of input strain (CA) and resistant (7S1) virus by increasing S309 and CR3022 concentrations. (C–E) Neutralizing activity (inhibitory concentration 50%, IC50) of (C) REGN10933, (D) REGN10987 and (E) a combination of both Regeneron antibodies on Vero and CaCo-2 cells. Viral loads were determined in cell culture supernatants using RT-qPCR 2d post infection and plotted as percent neutralization in a non-linear fit. Data show mean and standard error of three independent experiments. Statistics is based on repeated measures (RM) one-way ANOVA, adjusted for multiple testing using Tukey’s correction. *p<0.05; **p<0.01; ***p<0.001.





Reduced susceptibility to monoclonal antibodies targeting the RBM

S309 contacts with its long heavy chain complementarity-determining region (CDR) 3 residues 337-344 of the N-terminal alpha helix in the RBD. With its light chain CDR 2, it further interacts with the conserved N-glycan at position 343 (3). Light chain CDR 1 and CDR 2 extend the paratope of S309 by interacting with residues 440-444. The epitope of S309 is thus located outside the RBM, which is the target of class 1 and 2 antibodies (3). To further characterize the effects of S309 resistance, we analyzed the inhibitory effect of the two well-described antibodies REGN10987 (imdevimab) and REGN10933 (casirivimab), both of which bind to different, non-overlapping RBM epitopes (28). Using Vero cells, the S309-resistant strain was significantly less susceptible to REGN10987 (Figure 1C) and REGN10933 (Figure 1D) than the input virus (p<0.05), whereas the opposite effect was observed when CaCo-2 cells were infected. This difference decreased with the application of the antibody cocktail (Figure 1E). By developing resistance to S309, which binds outside the ACE2 RBM, SARS-CoV-2 changed its susceptibility to two antibodies that compete with ACE2 binding.



Targeted escape of SARS-CoV-2 spike protein upon S309 selection

To determine how SARS-CoV-2 responded to S309 selection at a genomic level, we performed whole genome sequencing for passages 7-12 of our long-term culture. In the spike protein, a large deletion of 9 amino acids (ΔI68-ΔT76) was present in the input virus and persisted in all strains during propagation. During selection with the monoclonal antibodies, amino acid exchanges R682W and R682L were detected at weeks 11 (S309) and 12 (CR3022), respectively (Figure 2A). When the input virus was passaged in the absence of monoclonal antibodies, amino acid exchange R682Q appeared after 7 weeks. The amino acid exchanges at position 682 are therefore most likely an adaptation to cultivation in Vero cells. After 12 weeks of propagation, the input virus aquired H655Y, which was associated with increased spike cleavage and replication in vitro (29). To exclude effects caused by H655Y, we used the input virus as a control for further functional characterization of selected SARS-CoV-2 strains. Under selection with S309, R346S appeared and persisted from week 8 until the end of the observation period (Figure 2A). This amino acid exchange is part of the S309 epitope and also important for REGN10987 binding (1, 30). At week 9, amino acid exchange P330S occurred, but was quickly displaced by viral quasispecies harboring P337L. Overall, within three months of selection with S309, SARS-CoV-2 accumulated two amino acid exchanges (R346S, P337L) predicted by structural modeling to be part of this monoclonal antibody’s epitope and located in the N-terminal helix of the RBD (Figures 2B–D).




Figure 2 | Characterization of de novo SARS-CoV-2 spike amino acid exchanges in the course of S309 selection. (A) Next generation sequencing of cell culture supernatants from weeks (WK) 7-12 of the antibody selection. The table displays spike protein amino acid exchanges that emerged over time, using the sequence of the input virus as reference (GenBank accession no. ON715117). Sequences of 7S1 (ON003597), 7C1 (ON630346), and VC12 (ON630347) were also deposited at GenBank. (B) Projection of de novo amino acid exchanges R346S, P337L, and R682W onto the SARS-CoV-2 spike protein trimer (blue) in complex with the neutralizing antibody S309 (pink) at 3.10 Å resolution. The dashed lines show a non-resolved amino acid stretch of the SARS-CoV-2 spike protein including a deletion at positions 68 to 76 (ΔI68-ΔT76), which was already present in the input virus (C, D). Close-up views of amino acid exchanges R346S and P337L, which did not interfere with ACE2 (yellow) binding to the receptor-binding domain (wheat), but impaired the interaction of the receptor-binding domain with S309. Structures were visualized based on Protein Data Bank entries 6WPS and 6M17. Protein structures were visualized using Pymol (version 2.5.2, LLC Schrodinger).





Reduced binding of S309 to RBD expressing P337L

In a next step, we wanted to evaluate the contribution of amino acid exchanges R346S and P337L to the resistant phenotype. R346 is one of four residues (N343, R346, N440, L441) within the S309 epitope (1). Regarding P337, Starr et al. reported that any substitution of the helix breaker proline at this position resulted in a complete S309 escape (31). Notably, amino acid exchanges at this position were also observed in patients treated with the S309-derived antibody sotrovimab in the COMET-ICE trial (32). To determine the influence of each amino acid substitution on the affinity to the antibodies used in this study, we expressed RBDs with either one or both amino acid exchanges (R346S, P337L) and analyzed their binding to S309, CR3022, REGN10933 and REGN10987 in comparison to the Wuhan-Hu-1 RBD that resembled the original clinical isolate used for selection. In an ELISA, CR3022 bound all RBDs similarly well (Figure 3A), while S309 bound RBDs Wuhan-Hu-1 and R346S more efficiently than RBD P337L and in particular RBD P337L+R346S (Figure 3B). Thus, the first variant to appear in the selection (R346S) was still bound by S309, while P337L and especially the double mutant clearly escaped recognition by this antibody. Although position 346 is part of the REGN10987 epitope, RBD variants were bound by both REGN antibodies similarly well (Figures 3C, D). The altered susceptibility of the S309-resistant SARS-CoV-2 to the REGN antibodies was thus not explained by reduced RBD binding as shown by ELISA.




Figure 3 | Impact of de novo amino acid exchanges R346S and P337L on the binding of monoclonal antibodies to the SARS-CoV-2 receptor-binding domain (RBD). Recombinant soluble variants of RBDs with the Wuhan-Hu-1 sequence (blue circles), R346S (red triangle), P337L (green square), or both amino acid exchanges (orange triangle) were analyzed in an ELISA. Binding affinities of monoclonal antibodies (mAB) were measured as optical density (OD) across eight serial dilutions (80 nM to 49 pM) of (A) non-neutralizing CR3022, (B) neutralizing S309, and neutralizing (C) REGN10933 and (D) REGN10987 antibodies. Data are shown as mean of duplicates out of one experiment. Corresponding Grated-Coupled Interferometry data are shown in Supplementary Figure 2.





Preserved binding of ACE2 to mutated RBDs

We hypothesised that R346S increases the affinity of RBD for ACE2 and thus SARS-CoV-2 infectivity. First, we investigated binding of WT as well as single and double RBD variants to S309 using Grating-Coupled Interferometry (GCI). As in the ELISA, WT RBD (KD=555 pM) and R346S (KD=401 pM) showed a clear dose-responsive binding with surface saturation, while RBD P337L and the double mutant RBD P337L+R346S did not bind (Supplementary Figures 2A–D). Binding of RBDs to ACE2 was analyzed using a C-terminally biotin-tagged soluble version (Supplementary Figures 2E–H). Differences between the KD values were small, with RBD WT (10 nM) and RBD R346S (11 nM) binding slightly more efficiently to ACE2 than RBD P337L (15 nM) and RBD P337L+R346S (20 nM). As expected, such subtle differences could not be resolved by ELISA (Supplementary Figure 2I). As a control, we studied oligomerization and homogeneity of the proteins in a size exclusion chromatography experiment. All proteins showed a symmetric peak at comparable retention times corresponding to a monomeric oligomerization state, were homogeneous and displayed comparable hydrodynamic properties (Supplementary Figure 2J). According to the GCI experiments, amino acid exchange P337L reduced RBD affinity to S309, whereas the effect of all amino acid exchanges on the binding of ACE2 was small.



High infectivity of resistant SARS-CoV-2 strain for human cells

In a next step, we compared the infectivity of input and selected SARS-CoV-2 strains using African green monkey (Vero) and human (CaCo-2) cell lines. In Vero cells, S309 inhibited input virus infection (Figure 4A), but not infection with the resistant viral strain (Figure 4B), independent of Fc receptor blocking. S309 reduced input virus infection to a lesser extent in CaCo-2 cells compared to Vero cells (Figure 4C), as recently described for non-RBM antibodies in ACE2-overexpressing cells (33). As expected, S309 did not block CaCo-2 cell infection with the resistant viral strain; again, Fc receptors were not involved (Figure 4D). Altogether, the resistant strain showed a similar fitness compared to the input virus in both African monkey and human cells.




Figure 4 | Replication kinetics of SARS-CoV-2 strains before and after selection with S309. (A, B) Vero and (C, D) CaCo-2 cells were infected with input (CA) and resistant (7S1) SARS-CoV-2 viruses using a multiplicity of infection of 0.05. Viruses were cultivated with CR3022 (squares) and S309 (circles) at a concentration of 5 µg/ml in the absence and presence of FcR-blocking reagent. Viral supernatants were harvested at 6h, 12h, 24h, and 48h post infection and analyzed using RT-qPCR. A control with paraformaldehyde-fixed cells was included to quantify background viral load. Virus control (triangles) shows viral loads in the absence of antibodies with background subtracted. Mean and standard error of three independent experiments on Vero cells and four independent experiments on CaCo-2 cells are shown. The asterisk in Figure 4A indicates a mean viral load in the virus control below the background level at 6h p.i.





Shifting the mode of cell entry from endocytosis to fusion

Next, we wanted to investigate whether the two amino acid exchanges alter the entry of SARS-CoV-2 into target cells. The mode of entry is largely determined by the expression of TMPRSS2: cells with low expression of TMPRSS2 but high expression of Cathepsin-L (e.g. Vero cells) support SARS-CoV-2 entry mainly by endocytosis, while cells with high levels of TMPRSS2 and low levels of Cathepsin-L (e.g. CaCo-2 cells) support fusion (34). HEK293T cells lacking TMPRSS2 behave like Vero cells and exclusively support endocytosis (35, 36). We further analyzed the mode of entry of input and resistant strains using camostat and aloxistatin as inhibitors of fusion and endocytosis, respectively (37).

The well-characterized VOC Delta, which enters cells mainly by fusion (38), was inhibited by camostat in CaCo-2 cells, while HEK293T cells were not infected (Figures 5A, B). The opposite phenotype was observed in the input strain, which was inhibited by aloxistatin in HEK293T cells, while camostat showed only little effect in CaCo-2 cells (Figures 5C, D). The R346S strain showed a Delta-like phenotype with preferential inhibition by camostat and no replication in HEK293T cells (Figures 5E, F). The strain carrying R346S+P337L (7S1) was also inhibited by camostat, but apparently regained the ability to infect via endocytosis, as replication was observed in HEK293T cells (Figures 5G, H). Thus, the input virus enters the cells mainly via endocytosis, while the single mutant virus shifted to fusion and the double mutant served both entry mechanisms equally well.




Figure 5 | Susceptibility of SARS-CoV-2 variants to inhibition of endocytosis and fusion by aloxistatin and camostat, respectively. CaCo-2 and HEK293T cells were infected with (A, B) a SARS-CoV-2 Delta strain (39), (C, D) wild-type virus (CA) used as input for selection of S309-resistant strains, and mutant strains with (E, F) R346S and (G, H) R346S+P337L (7S1), using a multiplicity of infection of 0.05. Cells were propagated in the presence of the endocytosis inhibitor aloxistatin, the fusion inhibitor camostat or both in a 1:1 ratio (mix) at concentrations of the individual inhibitors between 0.024-100 µM. At 2d post infection, SARS-CoV-2 concentrations were determined in cell culture supernatants and plotted as log viral load in a non-linear fit, using cells infected in the absence of inhibitors (virus control) and cells fixed with 4% paraformaldehyde (background control) as constraints. Data show mean and standard error of three independent experiments. Statistics was calculated using one-way ANOVA with Dunnett’s correction, comparing each inhibitor concentration with the respective uninhibited control (*p<0.05, **p<0.01, ***p<0.001). Macromolecular electrostatics of the SARS-CoV-2 receptor-binding domain (RBD) upon evolution of amino acid exchange R346S is shown in Supplementary Figure 3.






Discussion

Within 12 weeks of cell culture, SARS-CoV-2 developed complete resistance to S309, an antibody targeting a conserved epitope of SARS-CoV and SARS-CoV-2. Our data show that SARS-CoV-2 can develop an escape mutant in a conserved area of the viral spike protein and still remain viable and infectious, as shown in African green monkey and human cell lines. This process took some time, while resistance against antibodies targeting the RBM appears to develop much faster (9, 30, 40). A direct comparison was not possible, because we did not select SARS-CoV-2 in parallel with REGN antibodies. The S309-resistant virus also showed reduced susceptibility to REGN10987 and REGN10933 in Vero cells, which is in line with data that P337L reduces the susceptibility to REGN10987 fivefold (41). The impaired susceptibility to REGN10987 may be also explained by the partially overlapping epitope with S309 at position 346 (1). However, a more general effect on the viral spike protein may apply, because the susceptibility to REGN10933 was also affected, although the epitopes do not overlap.

Amino acid exchanges E340A/K/G/Q and P337L/R/K were reported to be accompanied by a pronounced increase in IC50 against S309 in WT SARS-CoV-2 (10) as well as in VOC Delta (42, 43) and Omicron (44, 45). In our S309 selection experiment, SARS-CoV-2 first developed amino acid exchange R346S, which was described as ‘immune-escape enabling’ amino acid exchange for S309 (46). Together with residue N440, position 346 was described to be part of the epitope of S309 and important for binding of S309 (1). R346S alone was not sufficient to alter S309 binding, as seen in our ELISA and GCI experiments. However, R346S in combination with P337L enhanced resistance to S309 in our experiments. In this respect, it is noteworthy that amino acid exchange R346K in VOC Omicron BA.1.1 reduced sensitivity to sotrovimab (14).

Amino acid exchange P330S, which was also detected in an immunocompromised patient on day 93 during long-term infection with COVID-19 (47), appeared only briefly at week 9 of the selection process, but was quickly replaced by P337L. Significant resistance only emerged with amino acid exchange P337L, as it abolished binding to S309, especially in combination with R346S. Our results obtained by ELISA and Grating-Coupled Interferometry corroborate the data of Starr et al. according to which the loss of proline at position 337 leads to a complete escape from binding of the RBD to S309 (48). Notably, the amino acid changes R346S and P337L occurred in 3774 and 328 sequences deposited into GISAID database, respectively (49).

The entry of SARS-CoV-2 into target cells is a multi-step process involving spike protein rearrangements upon binding to ACE2. After translation, the spike protein is cleaved into subunits S1 and S2 by furin-like proteases in the Golgi apparatus of the virus-producing cell; S2 is further cleaved by transmembrane serine protease 2 (TMPRSS2) and cathepsin L at the surface and in the endosomal compartment of the newly infected cells, respectively (50). An intact furin cleavage site is important for efficient replication in human cells (51). Propagation of SARS-CoV-2 in Vero cells frequently leads to loss of the polybasic cleavage site (RRAR, amino acids 682-685) at the S1-S2 junction (52–54), limiting the range of cell tropism and the ability to utilize the TMPRSS2 pathway (55). We observed three different amino acid exchanges at position 682 within the polybasic cleavage site that occurred late during selection with S309 and CR3022 as well as in the absence of antibodies (R682W, R682L and R682Q, respectively), suggesting an adaptation to cultivation in Vero cells. In a similar selection experiment, R682W was identified in addition to a five amino acid deletion (Δ675-Δ679) in close proximity of the furin cleavage site (10).

Sotrovimab is a stabilized version of S309, whose half-life was extended by a modification of the crystallizable fragment (Fc) (10). It neutralizes SARS-CoV-2 VOCs Alpha (B.1.1.7), Beta (B. 1.351), Gamma (P.1) and Delta (B.1.617.2) in live- and pseudovirus systems, and also retains neutralizing activity against Omicron BA.1 (10, 56). In addition, it remains active against variants carrying resistance-associated amino acid exchanges to currently authorized monoclonal antibodies (10). In a multicenter, double-blind phase 3 study, sotrovimab reduced disease progression and hospitalization by 85% in high-risk outpatients with mild-to-moderate COVID-19 (12). In the COMET-ICE trial, a number of amino acid exchanges occurred in vivo, of which P337L, E340A and E340K were shown to confer resistance to S309 in a pseudovirus system (32). In our in vitro experiment, amino acid exchange P337L was selected, suggesting that some conclusions can be drawn about the situation in vivo. Our data confirm a high resistance barrier of S309, but also show that resistant and highly infectious escape variants can arise with a low number of targeted amino acid exchanges. This finding could be of particular importance for immunocompromised patients in whom SARS-CoV-2 replicates over an extended period of time (47). Here, sotrovimab may be used in combination with other antibodies that interfere with ACE-2 binding (1).

Notably, SARS-CoV-2 responded to neutralization by S309 with an altered mode of cell entry. The observed adaptation is consistent with viral evolution under selection pressure, as S309 preferentially blocked endocytotic uptake of SARS-CoV-2 in HEK293T and Vero cells, which express no or only low levels of TMPRSS2 (34, 35), respectively (Figure 4 and Supplementary Figure 4). In contrast, S309 did not efficiently block SARS-CoV-2 entry into CaCo-2 cells expressing TMPRSS2 for fusion (Figure 4). Thus, S309 triggered a shift in cell entry in favor of membrane fusion as part of the antibody selection process and antibody escape. Here, amino acid exchange R346S changed the tropism from preferential endocytosis to fusion. Replacement of an arginine with serine results in the loss of a basic residue and reduces the overall size of the positively charged patch dominated by amino acids R346, R355, K444, and R466 (Supplementary Figure 3). This patch has been reported to interact with heparan sulfate (57), suggesting that binding of SARS-CoV-2 to this surface molecule promotes cell entry by endocytosis. The additional amino acid exchange P337L apparently allowed SARS-CoV-2 to infect HEK293T cells again, so that endocytosis and fusion could be used equally well for cell entry. Amino acid exchanges that occur in the context of S309 resistance could therefore trigger a more fusogenic remodeling of the viral spike protein (58). This remodeling could also affect the inhibitory effect of the Regeneron antibodies, which differentially suppressed the input and resistant virus on Vero and CaCo-2 cells.

Several mechanisms such as steric hindrance, S-glycoprotein cross-linking, or aggregation of virions (3, 59) are suspected to mediate the neutralization effect of S309. Therefore, it would be of interest to study the structural and functional consequences of the R346S and P337L amino acid exchanges via cryo-electron microscopy of the trimer variants and the resulting viral size distribution upon S309 treatment e.g. by dynamic light scattering measurements. A conformational change could also explain the different effects of REGN antibodies on input and resistant viruses depending on whether CaCo-2 or Vero cells were infected (Figures 1C–E). The S309-resistant strain carried additional amino acid exchanges in the multispecific protease nsp3 (D663A) and in the helicase nsp13 (P47L), the latter detected in naturally occurring SARS-CoV-2 isolates (60). Both proteins are involved in SARS-CoV-2 replication and may contribute to increased replication capacity of the S309-resistant strain. Altogether, the development of S309 resistance could increase infectivity and pathogenicity of SARS-CoV-2 (38). These data can be particularly valuable in times of emerging global VOC Omicron sublineages and beyond (14).
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Supplementary Table 1 | Experimental settings of S309 binding to RBD variants via GCI.

Supplementary Table 2 | Experimental settings of ACE-2 interaction with RBD variants via GCI

Supplementary Figure 1 | Propagation of SARS-CoV-2 in the presence of non-neutralizing antibody CR3022. Cultivation of SARS-CoV-2 wild-type strain CA (GenBank accession no. ON715117) in Vero cells for 12 weeks, using increasing CR3022 concentrations (C). Data show viral loads in cell culture supernatants of each passage at 5d post infection, which were transferred weekly to fresh cells containing fourfold increased antibody concentrations.

Supplementary Figure 2 | Grating-Coupled Interferometry (GCI) sensorgrams of the interaction between four receptor-binding domain (RBD) variants and S309 or ACE2. Response for one of two measured ligand channels is shown. Signals from the measurements are shown in red, curve fits with a 1:1 interaction model are shown in black. (A) Interaction between S309 and wild-type (WT) RBD. Dose-responsive binding with surface saturation was detected. Fitting the data from both ligand channels resulted in a calculated affinity of 555±192 pM. The surface activity was calculated to be 100%. (B) Interaction between S309 and RBD P337L. Binding of RBD P337L to the antibody was detected but no trend for surface saturation was observed. A complex binding behavior can be observed. Responses during the dissociation phase appear bi-phasic. Initially, responses decrease fast and then turn to remain on a certain level. Data cannot be described by a 1:1 interaction model. (C) Interaction between S309 and RBD R346S. Dose-responsive binding with surface saturation was detected. Fitting the data from both ligand channels measured resulted in a calculated affinity of 401±20 pM. The surface activity was calculated to be 100%. (D) Interaction between ACE2 and RBD P337L R346S. Responses are very weak but some minimal binding of this RBD to the antibody can be observed. Fitting of the data was not possible. (E) Interaction between ACE2 and WT RBD. Dose-responsive binding with surface saturation was detected. Fitting the data from both ligand channels measured resulted in a calculated affinity of 10±0.3 nM. The surface activity was calculated to be 100%. (F) Interaction between ACE2 and RBD P337L. Dose-responsive binding with surface saturation was detected. Fitting the data resulted in a calculated affinity of 15±0.3 nM. The surface activity was calculated to be 100%. (G) Interaction between ACE2 and RBD R346S. Dose-responsive binding with surface saturation was detected. Fitting the data resulted in a calculated affinity of 11±0.3 nM. The surface activity was calculated to be 100%. (H) Interaction between ACE2 and RBD P337L R346S. Dose-responsive binding with surface saturation was detected. Fitting the data resulted in a calculated affinity of 23±0.8 nM. The surface activity was calculated to be 100%. (I) ACE2 binding to four different RBDs immobilized on an ELISA plate using C-terminal site-specifically biotinylated ACE2 (ACE2-Biotin), titrated in fourfold serial dilutions starting at a concentration of 80 nM (n=3). Bound ACE2 was detected by a streptavidin-HRP-conjugate and subsequently quantified by a colorimetric reaction. (J) Size exclusion chromatography experiment showing that all RBD proteins adopt a monomeric oligomerization state, are homogeneous and display comparable hydrodynamic properties.


Supplementary Figure 3 | Macromolecular electrostatics of the SARS-CoV-2 receptor-binding domain (RBD) upon evolution of mutations R346S and P337L. (A) Location of the RBD (cyan) and R346 (red) within the SARS-CoV-2 ectodomain. (B) Insight showing R346 within the extended RBD (adjacent domain shown in grey). (C) Surface potential of the extended RBD of wild-type and R346S mutant with the positively charged (blue) patch suspected to interact with heparansulfate. The patch (bordered by a dashed line) is disrupted in the R346S mutant. Electrostatic surface potential was calculated using the Adaptive Poisson-Boltzmann Solver plugin for PyMOL and (1).


Supplementary Figure 4 | Susceptibility of SARS-CoV-2 strains to inhibition by monoclonal antibodies in HEK293T cells. Replication of SARS-CoV-2 input virus (CA, left panel) and S309-resistant strain (7S1, right panel) in HEK293T cells in the presence of CR3022 and S309 at a concentration of 5 µg/ml. Controls included HEK293T cells infected in the absence of monoclonal antibodies (virus control) and paraformaldehyde (PFA)-fixed HEK293T cells to quantify background viral load. Data show mean and standard deviation of one experiment performed in triplicates.
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It is urgently needed to update the comprehensive analysis about the efficacy or effectiveness of COVID-19 vaccines especially during the COVID-19 pandemic caused by SARS-CoV-2 Delta and Omicron variants. In general, the current COVID-19 vaccines showed a cumulative efficacy of 66.4%, 79.7%, and 93.6% to prevent SARS-CoV-2 infection, symptomatic COVID-19, and severe COVID-19, respectively, but could not prevent the asymptomatic infection of SARS-CoV-2. Furthermore, the current COVID-19 vaccines could effectively prevent COVID-19 caused by the Delta variant although the incidence of breakthrough infection of the SARS-CoV-2 Delta variant increased when the intervals post full vaccination extended, suggesting the waning effectiveness of COVID-19 vaccines. In addition, one-dose booster immunization showed an effectiveness of 74.5% to prevent COVID-19 caused by the Delta variant. However, current COVID-19 vaccines could not prevent the infection of Omicron sub-lineage BA.1.1.529 and had about 50% effectiveness to prevent COVID-19 caused by Omicron sub-lineage BA.1.1.529. Furthermore, the effectiveness was 87.6% and 90.1% to prevent severe COVID-19 and COVID-19-related death caused by Omicron sub-lineage BA.2, respectively, while one-dose booster immunization could enhance the effectiveness of COVID-19 vaccines to prevent the infection and COVID-19 caused by Omicron sub-lineage BA.1.1.529 and sub-lineage BA.2. Two-dose booster immunization showed an increased effectiveness of 81.8% against severe COVID-19 caused by the Omicron sub-lineage BA.1.1.529 variant compared with one-dose booster immunization. The effectiveness of the booster immunization with RNA-based vaccine BNT162b2 or mRNA-1273 was over 75% against severe COVID-19 more than 17 weeks after booster immunization whereas the heterogenous booster immunization showed better effectiveness than homologous booster immunization. In summary, the current COVID-19 vaccines could effectively protect COVID-19 caused by Delta and Omicron variants but was less effective against Omicron variant infection. One-dose booster immunization could enhance protection capability, and two-dose booster immunization could provide additional protection against severe COVID-19.
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Introduction

In December 2019, a novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was identified to cause a new severe acute respiratory disease, coronavirus disease 2019 (COVID-19) (1). Development and administration of COVID-19 vaccines are one of the most important strategies to prevent and control the COVID-19 pandemic. At present, different types of COVID-19 vaccine have been developed. Most frequently used vaccines are mRNA vaccine, viral vector-based vaccine, inactivated virus vaccine, and viral protein subunit vaccine. Till now, 194 candidate vaccines have been assessed in the preclinical development stage whereas 132 vaccines are in clinical development stage (2). As of April 23, 2022, the confirmed cumulative COVID-19 cases and deaths reached 505,817,953 and 6,213,876, respectively, while 58.75% of people have been fully vaccinated worldwide and the vaccination coverage rate of over 70% was reported in more than 60 countries according to the data of the World Health Organization (WHO) (3).

SARS-CoV-2 is continuously evolving to produce various variants, which have been classified by WHO into variants of concern (VOCs, including Alpha, Beta, Gamma, Delta, and recently identified Omicron), variants of interest (VOIs, including Lambda and Mu), or variants under monitoring (VUMs, including Kappa, Iota, and Eta) (4). The ongoing pandemic of COVID-19 caused by the Omicron variant of SARS-CoV-2 is a great challenge for the prevention and control of the COVID-19 pandemic. The SARS-CoV-2 variants can compromise the protective efficacy of COVID-19 vaccines due to the mutations in its spike protein especially the newly emerged variant Omicron which has many mutations in the S protein, and has been proved to be associated with increased transmissibility and immune evasion against the acquired immunity (5–7).

Several systematic reviews and meta-analyses have been conducted to evaluate the cumulative efficacy or effectiveness of COVID-19 vaccines (8–17), but the results need to be updated when more studies about COVID-19 vaccines to prevent the infection of Delta and Omicron variants are available. More and more studies indicated the waning immunity against SARS-CoV-2 infection and the decreased efficacy of COVID-19 vaccines to prevent the infection of Omicron variants (18–22). Therefore, booster immunization of COVID-19 vaccines has been proposed and evaluated in both clinical trials and observational studies (22–27). However, the role and effect of booster vaccination, especially two-dose booster immunization, remained to be comprehensively analyzed. Furthermore, SARS-CoV-2 infection among fully vaccinated subjects, so-called breakthrough infection, has been documented (28). It is necessary to evaluate the risk and incidence of the breakthrough infection of SARS-COV-2.

In the current study, we systematically assessed and updated the results about the efficacy and effectiveness of COVID-19 vaccines to prevent the infection of Delta and Omicron variants based on phase III randomized clinical trials (RCTs) and observational studies. We also systematically evaluated the effect of booster vaccination and the risk and incidence of breakthrough infection of the Delta variant among vaccinated people.



Methods

This study was performed according to the statement on Preferred Reporting Items for Systematic Reviews and Meta-Analyses (S1 PRISMA Checklist) (29).


Inclusion and exclusion criteria

Studies were eligible on the COVID-19 vaccine efficacy or effectiveness for inclusion if they (1) were clinical trial studies, case–control, and cohort studies (2); evaluated the efficacy or effectiveness of COVID-19 vaccines (3); reported the efficacy or effectiveness of COVID-19 vaccines and booster immunization to prevent infection of SARS-CoV-2 Delta and Omicron variants (4); compared the efficacy or effectiveness of COVID-19 vaccines between vaccinated and placebo, vaccinated and unvaccinated, or booster and non-booster individuals; and (5) reported adjusted effectiveness in the real-world studies and if (6) all outcomes must be laboratory confirmed. For the studies to utilize the same data sources for their investigations, we only included the studies based on the latest data. Moreover, breakthrough infection was selected among vaccinated subjects at discrete time points after full vaccination during the pandemic of Delta or Omicron variants.



Search strategy

Publications were identified by searching PubMed, Embase, Web of Science, the Cochrane Library, BIOSIS Previews, WHO, and medRxiv databases to apply the following search strategies: (SARS-Cov-2 or 2019-nCOv or COVID-19 or coronavirus) AND (vaccination or vaccine) and (“2020/12/1”[Date - Publication]: “2022/3/30”[Date - Publication]). In addition, the references of the identified meta-analyses and reviews were checked if there were other relevant studies.



Data extraction

Two authors reviewed the titles and abstracts and removed the studies that did not meet the inclusion criteria. Disagreements were resolved by discussion with the corresponding author. By using predesigned Microsoft Excel 2016 (Microsoft Corp, Redmond, WA, www.microsoft.com) Tables, authors XFH, JS, and WPZ independently extracted data. The characteristics of included studies for the COVID-19 vaccine information are shown in Supplementary Table 1. Adjusted results of vaccine efficacy or effectiveness were extracted for each outcome according to type of COVID-19 vaccines as well as age and gender of vaccinees (Supplementary Tables 2–7). We extracted vaccine efficacy or effectiveness estimates for SARS-CoV-2 infection, symptomatic COVID-19, severe COVID-19, COVID-19-related death, and asymptomatic SARS-CoV-2 infection. We used the authors’ definitions for the outcomes in a person with SARS-CoV-2 infections. In general, SARS-CoV-2 infection is defined as laboratory-confirmed SARS-CoV-2 infection with or without COVID-19 symptoms whereas asymptomatic infection refers to SARS-CoV-2 infection without clinical symptoms during at least 7 days after testing although some studies defined asymptomatic infection as absence of self-reported symptoms of COVID-19 (30, 31). Symptomatic COVID-19 refers to COVID-19 cases that are diagnosed according to the criteria with modifications from the Diagnosis and Treatment Scheme for COVID-19 released by the National Health Commission of China, the WHO, and the US Centers for Disease Control and Prevention (CDC) whereas severe COVID-19 is defined as confirmed COVID-19 cases with at least one clinical sign of severe systemic illness, such as clinical signs that are indicative of severe systemic illness; respiratory failure; evidence of shock; significant acute renal, hepatic, or neurologic dysfunction; admission to an intensive care unit; or death (32, 33).

In the RCTs and observational studies, we defined full vaccination as ≥7 days after the second-dose vaccination for COVID-19 vaccines BNT162b2 and NVX-CoV2373; ≥14 days for COVID-19 vaccines BNT162b2, mRNA-1273, ChAdOx1 nCoV-19, CoronaVac, BBV152, CVnCoV, WIV04, Sputnik V, HB02, and SCB-2019; or after the single-dose vaccination for COVID-19 vaccines Ad26.COV2.S; and ≥21 days after the first-dose vaccination for COVID-19 vaccine Sputnik V (Supplementary Tables 2, 3). We defined one-dose booster vaccination as ≥7, 12, or 14 days after the third shot of COVID-19 vaccines BNT162b2, mRNA-1273, ChAdOx1 nCoV-19, and CoronaVac, respectively (Supplementary Table 4). In addition, we included the studies that provided risk ratios, rate ratios, and odds ratios or original data for breakthrough infection of SARS-CoV-2. We specifically selected the studies that included COVID-19 cases caused by the Delta variant (Supplementary Table 5). A total of 47,502 publications were initially screened, of which 47,249 were irrelevant according to the title and abstract. In addition, 155 studies were excluded after reading the full text. Eventually, 98 publications met the inclusion criteria (Figure 1; Supplementary Tables 2-718–27, 32–118). Of note, a total of 27 publications including 28 RCTs (32–50, 52, 53, 55–57, 59, 108, 109) reported the symptomatic COVID-19 (Supplementary Table 2). Among them, seven studies (41, 44, 46, 50, 59, 108, 109) were excluded from the overall analysis because their samples overlapped with another four studies (33, 34, 43, 56). Moreover, one RNA-based vaccine candidate CVnCoV (48) was not analyzed in the present study due to their lower efficacy than the goal of 50% efficacy set by WHO. One protein subunit candidate SCB-2019 vaccine (56) was not further analyzed in the present study because it was not listed as a vaccine of emergency use by WHO.




Figure 1 | The Flow chart of literature search in the present study.





Risk of bias within individual studies

Two authors independently evaluated the risk of bias for eligible studies and checked the results. A ROBINS-I risk-of-bias tool was used to assess the case–control and cohort studies (119) (Supplementary Table 9). Moreover, a revised tool for assessing the risk of bias in randomized trials (ROBINS-2) was used (120) (Supplementary Table 8). The overall risk of bias was categorized as low, moderate, high, or serious in the current study.



Statistical analysis

According to the WHO recommendation, the lowest vaccine efficacy or effectiveness and lower 95% confidence interval (CI) were set at 50% and 30%, respectively (121). The probability of type 1 error and statistical power were set at one-sided 0.025 and 0.90, respectively. The minimum sample size should be 44,488 when the incidence rate was 850 per 100,000 person-years (122). A random-effect model was applied to calculate the pooled ratio risk (RR) or odd ratio (OR) for the occurrence of COVID-19 and its 95% CI when three or more studies reported the same type of effect measure. The heterogeneity was evaluated by the Cochran Q test and the I2 value (123). For RCTs, subgroup analysis was conducted according to the vaccine type as well as age and gender of vaccinees. The 95% CIs were not included if the lower bound was up to 0% and the upper bound was 100%. For the analysis of breakthrough infection, we calculated incidence rate or risk by dividing the numerator (number of cases) over the denominator (total number of persons or number of person-years). Rate ratio or RR was calculated by dividing the risk of a vaccinated group over a reference group while its 95% CI was calculated using the Byar and Taylor series methods (124, 125). Publication bias was analyzed by using Begg’s funnel plot (126) and Egger’s test (127) when the number of studies was >10. The vaccine efficacy or effectiveness was calculated as (1-RR) × 100% or (1-OR) × 100%. When a meta-analysis was not feasible, we directly described the results reported in the studies. For all the analyses, P < 0.05 was considered statistically significant. All statistical analyses were performed using STATA version 12.0 (STATA Corporation, College Station, TX).




Results


The updated efficacy of COVID-19 vaccines before the Omicron pandemic

We updated the efficacy analysis of COVID-19 vaccines based on the RCT studies before the pandemic of Omicron variant infection (Supplementary Table 2). Compared with the placebo group, the overall efficacy was 66.4% (95% CI: 51.9%, 76.5%) in preventing symptomatic infection and 47.6% (95% CI: 31.4%, 60.0%) in preventing asymptomatic infections for all COVID-19 vaccines analyzed (Table 1 and Figures 2, 5), respectively. The efficacy to prevent COVID-19 and severe COVID-19 was 79.7% (95% CI: 31.4%, 60.0%) and 93.6% (95% CI: 82.9%, 97.6%), respectively (Table 1 and Figures 3, 4), indicating that the current COVID-19 vaccines were much better in preventing severe and symptomatic COVID-19 than asymptomatic infection. There was one study to analyze the mRNA-1273 vaccine to prevent COVID-19-related death, and the efficacy was 100% (33).


Table 1 | The efficacy of COVID-19 vaccines based on RCT studies before the Omicron pandemic.






Figure 2 | Forest plot of the efficacy of COVID-19 vaccines against SARS-CoV-2 infection in overall and different vaccine types analyses.






Figure 3 | Forest plot of the efficacy of COVID-19 vaccines against symptomatic COVID-19 disease in overall and different vaccine types analyses.






Figure 4 | Forest plot of the efficacy of COVID-19 vaccines against severe COVID-19 disease in overall and different vaccine types analyses.



More detailed analysis indicated that for preventing SARS-CoV-2 infection, six RCTs showed that the efficacy was 69.4% (95% CI: 36.5%, 85.8%), 68.1% (95% CI: 59.7%, 74.8%), and 52.6% (95% CI: 43.0%, 61.6%) for RNA-based vaccine mRNA-1273; three inactivated virus vaccines HB02, WIV04, and BBV152; and one trial of viral vector (non-replicating) vaccine ChAdOx1 nCoV-19, respectively (Table 1; Figure 2). For preventing COVID-19, 21 RCTs showed the efficacy of 91.4% (95% CI: 89.8%, 92.8%) for two RNA-based vaccines BNT162b2 and mRNA-1273 and 82.2% (95% CI: 49.7%, 93.7%) for protein subunit vaccine NVX-CoV2373 (Table 1; Figure 3). The efficacy of 71.9% (95% CI: 58.1%, 81.1%) and 70.1% (95% CI: 57.7%, 78.8%) was observed for four inactivated vaccines CoronaVac, WIV04, HB02, and BBV152 and four viral vector (non-replicating) vaccines Ad26.COV2.S, Ad5-nCoV, AZD1222, and Sputnik V, respectively (Table 1; Figure 3). Further subgroup analyses indicated similar efficacy for male (79.7% [95% CI: 71.2%, 86.2%]) and female (79.4% [95% CI: 63.6%, 88.3%]) subjects and for those aged 5–17 years old (91.7% [90.0%, 93.1%]),18–64 years old (91.5% [89.2%, 93.7%]), and ≥65 years old (92.5% [87.6%, 95.5%]), respectively (Table 1). These results indicate that age and gender may not affect the efficacy of COVID-19 vaccines to prevent COVID-19 disease.

Moreover, all COVID-19 vaccines analyzed were significantly effective in preventing severe COVID-19 in 13 RCTs (Table 1; Figure 4). Among them, two RNA-based vaccines showed the CE of 98.4% (95% CI: 94.3%, 99.5%) while the efficacy of 91.1% (95% CI: 64.4%, 97.8%) and 89.7% (95% CI: 61.7%, 97.2%) was found for four viral vector (non-replicating) vaccines and four inactivated vaccines, respectively. Furthermore, the efficacy of 93.1% (95% CI: 46.0%, 99.1%) was observed in protein subunit vaccine NVX-CoV2373 (Table 1; Figure 4).

In general, the current COVID-19 vaccines were not effective in preventing asymptomatic infection based on the seven RCTs (Table 1; Figure 5). The efficacy was only 53.6% (95% CI: 38.2%, 65.2%) for the mRNA-1273 vaccine, 48.4% (95% CI: 20.3%, 66.6%) for three inactivated vaccines (HB02, WIV04, and BBV152), and 45.1% (95% CI: -20.1%, 74.9%) for two viral vector (non-replicating) vaccines (Table 1; Figure 5).




Figure 5 | Forest plot of the efficacy of COVID-19 vaccines against asymptomatic SARS-CoV-2 infection in overall and vaccine types analyses.





The effectiveness of COVID-19 vaccines to prevent SARS-CoV-2 infection of Delta variant

The case–control studies showed that the overall effectiveness was 79.5% (95% CI: 73.9%, 83.8%), 80.2% (95% CI: 74.1%, 84.9%), 95.1% (95% CI: 93.1%, 96.5%), and 92.4% (95% CI: 88.6, 94.9) to prevent Delta variant infection, COVID-19, severe COVID-19, and COVID-19-related death, respectively (Table 2). Although mRNA-based vaccines were better than viral-vector and inactivated vaccines in preventing Delta variant infection and COVID-19, all the COVID-19 vaccines analyzed were highly effective in preventing severe COVID-19 and COVID-19-related death caused by the Delta variant (Table 2).


Table 2 | The effectiveness of COVID-19 vaccines to prevent SARS-CoV-2 Delta variant infection.



Similar results were also obtained in the cohort studies about Delta variant infection (Table 2). In addition, mRNA-based vaccines were more effective in preventing Delta variant infection in the subjects 12–18 years old (87.2% [95% CI: 82.3%, 90.8%]) than those 60–79 years old (55.9% [95% CI: 50.8%, 60.7%]). Moreover, mRNA-based vaccines are more effective against severe COVID-19 (77.2% [95% CI: 68.6%, 82.4%]) than SARS-CoV-2 infection (34.8% [95% CI: 17.2%, 48.6%]) in the subjects ≥80 years old (Table 2). Similar results were also obtained in the case–control studies (Table 2). However, the case–control studies showed that the BNT162b2 and mRNA-1273 vaccines (47.3% [95% CI: 39.2, 54.3]) was not effective in preventing asymptomatic Delta infection (Table 2).



The effectiveness of one-dose COVID-19 vaccine booster immunization against the Delta variant

Compared with unvaccinated subjects, the cohort studies showed that the overall effectiveness of one-dose booster immunization was 85.9% (95% CI: 76.2%, 91.6%) for all COVID-19 vaccines analyzed and 85.5% (95% CI: 68.7%, 93.3%) for two RNA-based vaccines (BNT162b2 and mRNA-1273) to prevent the infection caused by the Delta variant (Table 3). Booster immunization with two RNA-based vaccines obtained an effectiveness of 93.9% (95% CI: 91.7%, 95.4%) and 96.0% (95% CI: 93.0, 98.0) to prevent severe COVID-19 and COVID-19-related death caused by the Delta variant, respectively, while the effectiveness to prevent COVID-19 was only 78.9% (95% CI: 69.3%, 85.6%, Table 3). Similar results were observed in the case–control studies in which for two RNA-based vaccines, the effectiveness of booster immunization was 94.8% (95% CI: 90.7%, 97.3%) to prevent SARS-CoV-2 infection, 94.8% (95% CI: 93.6%, 95.8%) to prevent COVID-19, 97.9% (95% CI: 95.7%, 99.1%) to prevent severe COVID-19, and 96.0% (95% CI: 88.0, 99.0) to prevent COVID-19-related death caused by the Delta variant (Table 3).


Table 3 | The effectiveness of booster immunization of the COVID-19 vaccine to prevent SARS-CoV-2 infection and COVID-19 caused by the Delta variant*.



Compared with non-booster subjects, the cohort studies showed that the overall effectiveness of one-dose booster immunization was 82.1% (95% CI: 74.1%, 87.6%) to prevent infection of the Delta variant for two mRNA-based vaccines and 90.8% (95% CI: 89.5%, 92.3%) to prevent COVID-19 for the BNT162b2 vaccine (Table 3). Moreover, the overall effectiveness of one-dose booster immunization to prevent COVID-19 was 84.5% (95% CI: 82.4%, 86.4%) for BNT162b2 and mRNA-1273 vaccines based on the case–control studies (Table 3). Furthermore, three cohort studies showed that the effectiveness of one-dose booster immunization in preventing severe COVID-19 caused by the Delta variant was 92.6% (95% CI: 85.8%, 96.2%) for two mRNA vaccines (Table 3). Moreover, one cohort study (89) showed that the effectiveness of one-dose booster immunization was 84.0% (95% CI: 67.0%, 93.0%) to prevent COVID-19-related death for the BNT162b2 vaccine.



Incidence and risk of breakthrough infection of the SARS-CoV-2 Delta variant stratified by the intervals post-vaccination and age of vaccinees

For all the COVID-19 vaccines analyzed, the incidence of breakthrough infection of the SARS-CoV-2 Delta variant increased when the intervals post-vaccination extended and was 1.1% (95% CI: 0.2%, 2.0%) within 2–10 weeks post-vaccination, 4.1% (95% CI: 0.2%, 8.1%) within 10–18 weeks post-vaccination, 6.1% (1.7%, 10.5%) within 18–26 weeks post-vaccination, 9.3% (3.4%, 15.3%) within 26–33 weeks post-vaccination, and 12.3% (4.1%, 20.5%) more than 33 weeks post-vaccination, respectively (Table 4). Similar results were also observed for the two mRNA-based vaccines BNT162b2 and mRNA-1273 (Table 4). Furthermore, the incidence of breakthrough infection of the SARS-CoV-2 Delta variant decreased from 6.0% (1.4%, 10.5%) for those 18–49 years old, 4.3% (1.2%, 7.5%) for those 50–64 years old, to 1.0% (0.1, 2.0) for those over 65 years old within 2–26 weeks post-vaccination (Table 4). The decreased incidence of breakthrough infection of SARS-CoV-2 Delta variant risk among old people was also found when the interval post-vaccination was more than 26 weeks (Table 4).


Table 4 | Breakthrough infection and symptomatic COVID-19 of the SARS-CoV-2 Delta variant.



RCTs showed that the incidence of COVID-19 caused by the breakthrough infection of the SARS-CoV-2 Delta variant increased from 5.0% within 26–34 weeks post-vaccination to 7.4% within 34–56 weeks post-vaccination with an RR of 0.71 (95% CI: 0.58, 0.87, p < 0.001, Table 4). Furthermore, the incidence of COVID-19 was significantly higher in those 18–64 years old than those over 65 years old with an RR of 0.57, 95% CI: 0.38, 0.86, p < 0.001) within 34–56 weeks post-vaccination (Table 8). Similar results were observed in the cohort studies and confirmed the relatively higher incidence of COVID-19 in the young people and those with extended intervals post-vaccination (Table 4).

Furthermore, the incidence of severe COVID-19 caused by the breakthrough infection of the Delta variant was only 0.1% and increased from 0.0% (95% CI: 0.0%, 2.0%) within 2–18 weeks post-vaccination, 0.1% (95% CI: 0.0%, 0.1%) within 18–26 weeks post-vaccination, 0.2% (95% CI: 0.0%, 0.3%) within 26–33 weeks post-vaccination, to 0.4% (95% CI: 0.1%, 0.8%) more than 33 weeks post-vaccination, respectively (Table 5). By comparing with the incidence of severe COVID-19 within 2–18 weeks post-vaccination, the risk ratio of severe COVID-19 increased from 8.8 (7.1, 10.9) within 18–26 weeks post-vaccination, 21.4 (17.1, 26.8) within 26–33 weeks post-vaccination, to 56.3 (44.6, 71.1) more than 33 weeks post-vaccination, respectively, for all the COVID-19 vaccines analyzed (Table 5). Similar results were also observed for the two mRNA-based vaccines BNT162b2 and mRNA-1273 (Table 5). Interestingly, severe COVID-19 was more often observed when the age of vaccinees and the intervals after vaccination increased. For example, by comparing with those 16–59 years old, the risk ratio for severe COVID-19 of the SARS-CoV-2 Delta variant was 24.38 (17.53, 33.91) for those ≥60 years old within 6–28 weeks post-vaccination (Table 5). These results showed a unique characteristic of breakthrough infection of SARS-CoV-2, i.e., more frequent symptomatic COVID-19 in young people and severe COVID-19 in old people.


Table 5 | Breakthrough severe COVID-19 of the SARS-CoV-2 Delta variant by cohort studies.





The effectiveness of COVID-19 vaccines to prevent SARS-CoV-2 infection of the Omicron variant

The evaluation of COVID-19 vaccines to prevent Omicron variant infection was mainly conducted in the case–control studies or cohort studies. The case–control studies indicated that the current COVID-19 vaccines could not effectively prevent the infection of Omicron sub-lineage BA.1 since the effectiveness of 32.7% (95% CI: 18.4%, 44.5%) was lower than the goal of 50% set by WHO. However, the overall effectiveness was 64.8% (95% CI: 33.4%, 81.6%) to prevent symptomatic COVID-19 and 75.6% (95% CI: 50.8%, 87.9%) to prevent severe COVID-19 caused by Omicron variant B.1.1.529, respectively (Table 6). The cohort studies showed a similar low effectiveness (37.8% [95% CI: 29.3%, 45.6%]) of COVID-19 vaccines to prevent the infection of Omicron sub-lineage BA.1 and marginal effectiveness of 53.3% (95% CI: 40.5%, 63.3%) to prevent severe COVID-19 caused by Omicron variant B.1.1.529 (Table 6).


Table 6 | The effectiveness of COVID-19 vaccines to prevent SARS-CoV-2 Omicron variant infection in case–control and cohort studies.



Moreover, several cohort studies indicated that the effectiveness of the current COVID-19 vaccines to prevent the occurrence of severe COVID-19 and COVID-19-related death caused by Omicron sub-lineage BA.2 was 80.8% (95% CI: 66.2%, 89.1%) and 90.1% (95% CI: 83.6, 94.0), respectively. Further analysis showed that the effectiveness was 87.6% (95% CI: 81.5%, 91.6%) and 70.9% (95% CI: 45.5%, 84.6%) for mRNA and inactivated vaccines, respectively, to prevent severe COVID-19 caused by the Omicron BA.2 variant, and 93.0% (95% CI: 88.7%, 95.7%) and 86.3% (95% CI: 73.0%, 93.0%) for mRNA and inactivated vaccines, respectively, to prevent COVID-19-related death (Table 6). In addition, one case–control study showed the effectiveness of 75% (95% CI: 52%, 87%) to prevent COVID-19-related death for two mRNA vaccines (20) while one cohort study showed that the effectiveness was only 40% (95% CI: 35%, 45%) (101).



The effectiveness of one-dose COVID-19 vaccine booster immunization against the Omicron variant

Compared with the unvaccinated population, the overall effectiveness of one-dose booster immunization to prevent Omicron variant infection was 63.9% (95% CI: 37.6%, 78.8%) for all the COVID-19 vaccines analyzed and 68.7% (42.2%, 83.1%) for two RNA-based vaccines based on the cohort studies (Table 7). Similar effectiveness was also confirmed by the case–control studies in which the overall effectiveness of one-dose booster immunization to prevent symptomatic COVID-19 caused by the Omicron B.1.1.529 variant was 64.8% (95% CI: 60.7%, 68.9%) for two RNA-based vaccines (Table 7). Furthermore, four cohort studies were selected to analyze the overall effectiveness of one-dose booster immunization to prevent severe COVID-19 caused by the Omicron B.1.1.529 variant, which was 84.9% (95% CI: 81.5%, 87.7%) for all the COVID-19 vaccines analyzed and 85.3% (95% CI: 78.1%, 90.1%) for two RNA-based vaccine (Table 7). Seven case–control studies showed that the overall effectiveness of one-dose booster immunization to prevent severe COVID-19 caused by the Omicron B.1.1.529 variant was 90.7% (86.2%, 94.2%) while the CE was 91.9% (95% CI: 86.7%, 94.8%) for two mRNA-based vaccines (Table 7). The effectiveness was 94.0% (95% CI: 85.0, 98.0) to prevent COVID-19-related death caused by the Omicron B.1.1.529 variant in cohort studies, and a similar result was found in case–control studies.


Table 7 | The effectiveness of booster immunization of COVID-19 vaccines to prevent SARS-CoV-2 infection and COVID-19 caused by Omicron variants*.



Four cohort studies evaluated the effectiveness of one-dose booster immunization against symptomatic COVID-19 caused by the Omicron variant BA.2 and showed an effectiveness of 60.7% (95% CI: 44.6%, 71.9%, Table 7). Among them, the effectiveness was 71.8% (95% CI: 56.3%, 82.2%) for two RNA-based vaccines and 48.8% (95% CI: 25.7%, 64.6%) for inactivated virus vaccine CoronaVac. Moreover, the overall effectiveness of booster immunization against severe COVID-19 of the Omicron BA.2 variant was 97.7% (95% CI: 96.3%, 98.6%) (Table 7) whereas the effectiveness was 97.3% (95% CI: 94.8%, 98.6%) for two mRNA-based vaccines and 97.8% (95% CI: 95.5%, 99.3%) for inactivated virus vaccine CoronaVac. The overall effectiveness of booster immunization against COVID-19-related death was 98.3% (95% CI: 96.8%, 99.1%), and similar results were also found in BNT162b2 (98.3% [95% CI: 94.8%, 99.5%]) and CoronaVac vaccines (98.6% [95% CI: 96.1, 99.5]) for the Omicron BA.2 variant.

When compared with the non-booster group, we evaluated and found that the overall effectiveness of one-dose booster immunization was 61.4% (95% CI: 48.6%, 71.1%) to prevent the infection of the Omicron B.1.1.529 variant and 62.8% (95% CI: 46.2%, 74.2%) for two mRNA-based vaccines (Table 8). Moreover, the overall effectiveness of booster immunization to prevent symptomatic COVID-19 caused by the Omicron B.1.1.529 variant was 67.4% (95% CI: 65.6%, 69.1%) for two mRNA-based vaccines. The booster immunization effectiveness to prevent symptomatic COVID-19, severe COVID-19, and COVID-19-related death caused by the Omicron BA.2 variant was 57.8% (95% CI: 26.9%, 75.6%), 87.8% (95% CI: 82.7%, 91.3%), and 89.0% (95% CI: 81.4%, 94.0%) for mRNA-based vaccine BNT162b2, respectively (Table 8).


Table 8 | The relative effectiveness of booster immunization of COVID-19 vaccines to prevent SARS-CoV-2 infection and COVID-19 caused by the Omicron variant.





The effectiveness of two-dose COVID-19 vaccine booster immunization overone-dose booster group against the Omicron variant

We compared the effectiveness of booster immunization of one dose vs. two doses 4 months apart. Non-randomized clinical studies showed that the two-dose booster immunization provided no additional protection against Omicron variant B.1.1.529 infection (adjusted RR: 0.784, 95% CI: 0.568, 1.081, P: 0.138) and symptomatic COVID-19 caused by the Omicron sub-lineage B.1.1.529 with an effectiveness of 37.9% (95% CI: 10.7, 56.8) among the young healthcare workers (Table 8). In addition, three cohort studies were included to evaluate the effectiveness of the fourth dose of COVID-19 vaccines to prevent Omicron B.1.1.529 variant infection and showed no significant benefit since the overall effectiveness was only 49.2% (95% CI: 46.3%, 51.8%) and 47.9% (95% CI: 41.8%, 53.2%) for the mRNA-based vaccine BNT162b2 was to prevent Omicron (B.1.1.529) infection (Table 8). Moreover, the overall effectiveness of the fourth dose of COVID-19 vaccine was 81.8% (95% CI: 54.1%, 92.7%) and 93.0% (95% CI: 54.0%, 99.0%) to prevent severe COVID-19 and COVID-19-related death caused by Omicron sub-lineage B.1.1.529, respectively (Table 8).



Duration of COVID-19 vaccines against severe COVID-19 caused by the Omicron B.1.1.529 variant

The above analysis indicted that the current COVID-19 vaccines could not prevent Omicron variant infection (Table 6) and could effectively prevent symptomatic COVID-19 against the Omicron variant (Table 6). Moreover, the effectiveness was quickly waning against Omicron variant infection and symptomatic COVID-19 (Supplementary Tables 10, 11). Cohort studies showed that the effectiveness of RNA-based vaccine BNT162b2 against severe COVID-19 caused by the Omicron B.1.1.529 variant declined from 75.0% (95% CI: 66.7%, 81.2%) 2–13 weeks and 76.0% (95% CI: 56.0%, 86.0%) 13–26 weeks to 61.0% (95% CI: 48.0%, 71.0%) more than 26 weeks post-vaccination (Table 9). Moreover, case–control studies indicated that the effectiveness of RNA-based vaccine BNT162b2 against severe COVID-19 caused by the Omicron B.1.1.529 variant decreased from 68.6% (95% CI: 56.0%, 77.6%) 1–14 weeks, 70.4% (95% CI: 60.8%, 77.7%) 14–27 weeks, and 72.0% (95% CI: 65.7%, 77.2%) 27–40 weeks to 42.8% (95% CI: 30.2%, 53.2%) or more than 40 weeks post-vaccination. For RNA-based vaccine mRNA-1273, cohort studies showed that the effectiveness against severe COVID-19 caused by the Omicron B.1.1.529 variant decreased from 92.0% (95% CI: 43.0%, 99.0%) 2–13 weeks and 90.0% (95% CI: 28.0%, 99.0%) 13–26 weeks to 72.0% (95% CI: 43.0%, 86.0%) or over 26 weeks. The case–control studies also found that the effectiveness against severe COVID-19 caused by the Omicron B.1.1.529 variant declined from 76.9% (95% CI: 19.2%, 93.4%) at 4–30 weeks to 64.0% (95% CI: 39.1%, 78.7%) at more than 30 weeks post-vaccination (Table 9). Of note, the effectiveness of RNA-based vaccine BNT162b2 against severe COVID-19 increased from 65.2% (95% CI: 43.7%, 78.5%) among the subjects aged 5–11 years within 2–9 weeks post-vaccination, 76.0% (95% CI: 71.3%, 80.0%) of those aged 12–17 years within 2–11 weeks, to 91.0% (95% CI: 79.0%, 96.0%) of those aged 70 or over years within 2–13 years (Table 9) probably due to the high frequency of severe COVID-19 in old people.


Table 9 | The duration of effectiveness of COVID-19 vaccines against severe COVID-19 caused by the Omicron (B.1.1.529) variant.



For the viral vector (non-replicating) ChAdOx1 nCoV-19 vaccine, one cohort study showed that the effectiveness against severe COVID-19 caused by the Omicron B.1.1.529 variant decreased from 99.0% (95% CI: 98.0%, 99.0%) 2–13 weeks post-vaccination to 41.0% (95% CI: −140%, 86.0%) 13–26 weeks and 43.0% (95% CI: −10.0%, 70.0%) or more than 26 weeks post-vaccination (Table 9). For the inactivated virus CoronaVac vaccine, one case–control study showed that the effectiveness against severe COVID-19 caused by the Omicron B.1.1.529 variant was 49.9% (95% CI: 30.7%, 63.7%) within 2–8 weeks, 62.6% (95% CI: 58.5%, 66.3%) within 8–26 weeks, and 57.0% (53.5%, 60.2%) or more than 26 weeks after full vaccination, respectively (Table 9). The same study also showed that the CoronaVac vaccine effectiveness against severe COVID-19 caused by the Omicron B.1.1.529 variant was higher among people aged 18–60 years (68.8% [95% CI: 63.2%, 73.6%] than those aged 60–74 years (58.9% [95% CI: 52.9%, 64.1%]) and those aged 75 or more years (46.2% [95% CI: 39.4%, 52.2%]) when the time interval was 26 weeks post-vaccination (Table 9).



Duration of COVID-19 vaccine booster immunization against SARS-CoV-2 infection or COVID-19 caused by the Omicron B.1.1.529 variant

Only one case–control study (21) reported the duration of the effectiveness of RNA-based vaccine mRNA-1273 homologous booster immunization against SARS-CoV-2 infection caused by the Omicron B.1.1.529 variant, which was waning from 71.6% (95% CI: 69.7%, 73.4%) 2–8 weeks to 47.4% (95% CI: 40.5%, 53.5%) over 8 weeks post-booster immunization.

Furthermore, the effectiveness of RNA-based vaccine BNT162b2 or mRNA-1273 homologous or heterogenous booster immunization was waning from 60.3% (95% CI: 57.6%, 62.8%) 1–10 weeks post-immunization, 50.2% (95% CI: 39.1%, 59.3%) 10–15 weeks, to 45.5% (95% CI: 43.8%, 47.2%) or more than 15 weeks (Supplementary Table 12). For RNA-based vaccine BNT162b2 homologous booster immunization, the effectiveness decreased from 56.9% (95% CI: 50.7%, 62.4%) 1–5 weeks, 49.9% (95% CI: 42.4%, 56.5%) 4–10 weeks, to 45.7% (95% CI: 44.7%, 46.7%) 10 or more weeks. For RNA-based vaccine BNT162b2 heterogenous booster mRNA-1273, the effectiveness declined from 74.0% (95% CI: 73.1%, 74.9%) 1–2 weeks and 73.9% (73.1%, 74.6%) 2–5 weeks to 64.4% (95% CI: 62.6%, 66.1) 5–10 weeks (Table 4). For RNA-based vaccine mRNA-1273 homologous booster immunization, the effectiveness was waning from 55.4% (95% CI: 43.6%, 64.7%) 1–6 weeks to 38.6% (95% CI: 19.4%, 53.1%) 6–8 weeks (Supplementary Table 12). For RNA-based vaccine mRNA-1273 heterogenous booster BNT162b2, the effectiveness was 64.3% (95% CI: 61.7%, 66.8%) within 1–2 weeks and 64.9% (95% CI: 62.3%, 67.3%) within 2–5 weeks (Supplementary Table 12).

For viral vector (non-replicating) ChAdOx1 nCoV-19 homologous booster immunization, the effectiveness decreased from 57.7% (95% CI: 37.6%, 71.3%) 1–2 weeks and 55.6% (95% CI: 44.4%, 64.6%) 2–5 weeks to 46.7% (95% CI: 34.3%, 56.7%) 5–10 weeks (Supplementary Table 12). Moreover, for the viral vector (non-replicating) ChAdOx1 nCoV-19 heterogenous booster BNT162b2 vaccine, the effectiveness was waning from 58.8% (95% CI: 57.8%, 59.7%) 1–2 weeks and 62.4% (95% CI: 61.8%, 63.0%) 2–5 weeks, 52.9% (95% CI: 52.1%, 53.7%) 5–10 weeks, to 39.6% (95% CI: 38.0%, 41.1%) 10 or more weeks (Supplementary Table 12). Furthermore, for viral vector (non-replicating) ChAdOx1 nCoV-19 heterogenous booster mRNA-1273 vaccine, the effectiveness declined from 68.0% (95% CI: 67.0, 68.9%) 1–2 weeks and 70.1% (95% CI: 69.5%, 70.7%) to 60.9% (95% CI: 59.7%, 62.1%) 5–10 weeks (Supplementary Table 12). Our results indicated that inactivated virus CoronaVac homologous booster immunization was not effective (Supplementary Table 12). The inactivated virus CoronaVac plus heterogenous booster with BNT162b2 could provide marginal protection against symptomatic COVID-19 caused by the Omicron B.1.1.529 variant (56.8% [95% CI: 56.3%, 57.4%] at 1–8 weeks and 34.9% [95% CI: 34.3%, 35.6%] at 8 or more weeks, Supplementary Table 12).

Case–control studies showed that the effectiveness of any RNA-based vaccine BNT162b2 or mRNA-1273 homologous or heterogenous booster immunization against symptomatic COVID-19 caused by the Omicron BA.2 variant was waning from 67.6% (95% CI: 58.5%, 74.6%) 2–15 weeks to 48.4% (95% CI: 45.2%, 51.4%) 15 or more weeks post-immunization (Supplementary Table 12).

The effectiveness of any RNA-based vaccine BNT162b2 or mRNA-1273 homologous or heterogenous booster immunization was over 75% against severe COVID-19 at 17 or more weeks post-immunization based on the cohort studies and over 80% within 15 or more weeks according to the case–control studies (Supplementary Table 13). The effectiveness was over 65% against severe COVID-19 caused by the Omicron B.1.1.529 variant at more than 8 weeks post-immunization for inactivated virus CoronaVac homologous booster immunization, and 86.1% (95% CI: 85.0%, 87.1%) for the combination of inactivated virus CoronaVac and heterogenous booster immunization with BNT162b2 (Supplementary Table 13).




Discussion

In the present study, we updated the results about the efficacy or effectiveness of COVID-19 vaccines before the pandemic of the Omicron variant and comprehensively analyzed the effectiveness of COVID-19 vaccines in preventing infection of Delta and Omicron variants, which are the two most important and dominant strains of SARS-CoV-2. Our results further confirm the important role of COVID-19 vaccines in preventing the occurrence of COVID-19.

Our results indicated that the current COVID-19 vaccines could effectively prevent COVID-19 illness, especially severe COVID-19 and COVID-19-related death based on phase III RCTs before the pandemic of the Omicron variant. However, a major challenge for COVID-19 vaccines is its effectiveness in preventing infection and COVID-19 caused by SARS-CoV-2 variants. In the past 2 years, the pandemic of COVID-19 was dominated by Delta and Omicron variants. The mutations in the spike protein of SARS-CoV-2 have dramatically changed its biological features including its interaction with host receptor ACE2, weakened the host immune system, and compromised vaccine efficacy (30, 31). In the present study, we confirmed the effectiveness of COVID-19 vaccines to prevent Delta variant infection, in particular the symptomatic COVID-19, severe COVID-19, and COVID-19-related death caused by the Delta variant after full vaccination. However, we found the incidence of breakthrough infection of the SARS-CoV-2 Delta variant increased when the intervals after full vaccination extended due to the waning immunity for the current vaccines. These findings are consistent with neutralization data. Several studies showed that neutralizing antibody titers induced by the first two doses of vaccines declined 6 months later to near or below the seropositive cutoff (100, 128, 129). A booster vaccination of CoronaVac then dramatically increased neutralizing antibody titers to 137·9 and 143·1 GMTs 14–28 days later (128). Moreover, one phase II RCT (129) demonstrated the potential of all vaccines tested (AZD1222 (ChAdOx1 nCoV-19), mRNA-1273, NVX-CoV2373, Ad26.COV2.S, CVnCoV, Valneva, and BNT162b2) to boost immunity following an initial course of ChAd/ChAd and of six vaccines (AZD1222 (ChAdOx1 nCoV-19), BNT162b2, mRNA-1273, NVX-CoV2373, Ad26.COV2.S, and CVnCoV) following an initial course of BNT/BNT. These results indicated that a booster dose might provide longer-lasting immunity and higher levels of protection than a two-dose schedule. Therefore, an ongoing strategy is to adapt booster immunization to enhance the protection efficacy of COVID-19 vaccines. In the present study, we observed that the effectiveness of one-dose booster immunization was over 74.5% to prevent COVID-19 caused by the Delta variant, which confirmed the role of booster immunization.

However, the SARS-CoV-2 virus is continuously mutating from the original strain to the current epidemic strains of Omicron variants. Therefore, it is urgently needed to comprehensively analyze the effectiveness of COVID-19 vaccines and booster vaccination during the pandemic of the SARS-CoV-2 Omicron variant. In the present study, our results showed that two RNA vaccines BNT162b2 and mRNA-1273 could prevent 64.8% and ~70% of symptomatic and severe COVID-19 cases caused by Omicron sub-lineage BA.1.1.529, respectively. Moreover, both RNA vaccine BNT162b2 and inactivated virus CoronaVac could effectively prevent severe COVID-19 cases and COVID-19-related death caused by Omicron sub-lineage BA.2 after full vaccination. These results indicate that the current COVID-19 vaccines are still able to prevent COVID-19 caused by the SARS-CoV-2 Omicron variant. However, the current COVID-19 vaccines could not effectively prevent the infection of the Omicron variant, suggesting that SARS-CoV-2 variants especially the Omicron variant significantly decreased the effectiveness of COVID-19 vaccines. One possibility is its decreased virulence to result in the large amount of asymptomatic infection of Omicron variants (130), which affect the overall efficacy of COVID-19 vaccines. Another possibility for the decreased efficiency of COVID-19 vaccines for the Omicron variant is likely due to a combination of extended time interval post-vaccination and the immune escape caused by the mutations in the viral spike proteins (30, 31, 131). In this study, we found that booster immunization could enhance the effectiveness of COVID-19 vaccines to prevent the infection, symptomatic COVID-19, severe COVID-19, and COVID-19-related death which were about 62%, 65%, 88%, and 94% for Omicron sub-lineage BA.1.1.529, respectively. Moreover, the overall effectiveness was about 61%, 98%, and 98% in preventing symptomatic, severe COVID-19, and COVID-19-related death caused by Omicron sub-lineage BA.2, respectively. Two doses of booster immunization could provide additional protection for severe COVID-19 and COVID-19-related death with an effectiveness of 81.8% and 93% compared with dose 3 over 3 months, respectively, but not for the infection and symptomatic COVID-19 caused by the Omicron variant. These results indicated that booster immunization could effectively protect COVID-19 illness caused by the Omicron variant. Although booster immunization is less effective for the Omicron variant against infection, it could effectively protect COVID-19 and COVID-19-related death.

Another important issue is about the duration of COVID-19 vaccination since the waning immunity post-vaccination has been repeatedly reported. In our study, we systematically evaluated the duration of the effectiveness of COVID-19 vaccines to prevent SARS-CoV-2 infection and COVID-19 during the pandemic of SARS-CoV-2 Omicron variant infection. Our results confirmed that the effectiveness of COVID-19 vaccines was rapidly waning. Fortunately, homologous or heterogenous booster immunization with RNA-based vaccine BNT162b2 or mRNA-1273 could effectively prevent severe COVID-19 with over 75% efficacy. Moreover, we found that heterogenous booster immunization showed better effectiveness than homologous booster immunization. These findings are consistent with neutralization data for the Omicron variant. Several studies indicated a reduction in neutralizing antibody activity in serum specimens by a factor of 20- to 40-fold for the neutralizing antibodies acquired after two doses of BNT162b2 vaccination against SARS-CoV-2 strains from the early pandemic and by a factor of at least 10 against the Delta variant (132–134). In serum specimens obtained from the recipients of two doses of ChAdOx1 nCoV-19, a greater reduction in neutralizing activity was also observed among the serum samples of vaccines and a large proportion of them showed neutralizing activity below the limit of quantification (134). Low neutralizing antibody responses against the Omicron variant have been observed in individuals receiving two doses and three doses of CoronaVac (135–138). However, a heterogenous booster immunization could increase neutralizing activity (132–134). In addition, one booster dose of mRNA vaccine BNT162b2 has been shown to increase the neutralizing antibodies against the Omicron variant when compared to the original inactivated CoronaVac vaccine or mRNA vaccine BNT162b2 (135–138). Several possibilities may explain a decline in the effectiveness of COVID-19 vaccines when the time interval extended after vaccination. The decreased efficacy may reflect lower vaccine effectiveness against SARS-CoV-2 variants, or the true waning immunity caused by loss of vaccine-induced immunological protection, or sampling biases that may cause large heterogeneity of the studies or inconsistent results among the studies.

Our results indicate that the overall efficacy of COVID-19 vaccines is <50% in preventing asymptomatic infection of SARS-CoV-2 (Table 1), indicating that the current COVID-19 vaccines are inefficient in preventing infection of SARS-CoV-2, especially against asymptomatic SARS-CoV-2 infection. Unlike traditional vaccines, WHO also defines COVID-19 rather than SARS-CoV-2 infection as the primary endpoint of the efficacy of COVID-19 vaccines (121). SARS-CoV-2 infection exhibits symptomatic COVID-19 (including severe COVID-19) and asymptomatic infection (139). Sah et al. found that 35.1% (95% CI: 30.7, 39.9) of SARS-CoV-2-infected persons never developed clinical symptoms and thus were truly asymptomatic infection (140). Hence, it is necessary to evaluate the vaccine efficacy to prevent asymptomatic SARS-CoV-2 infection. People with asymptomatic infection of SARS-CoV-2 may be an important source of COVID-19 epidemic and may inevitably distort the dynamics of the COVID-19 pandemic especially for the pandemic of the Omicron variant since they may have high viral loads even a few days prior to symptom onset and cannot be timely diagnosed (141). In the present study, the current COVID-19 vaccines were not effective in preventing asymptomatic SARS-CoV-2 infection based on the RCTs. The efficacy was only 53.6% for RNA-based vaccine mRNA-1273, 48.4% for inactivated vaccines, and 45.1% for the viral vector (non-replicating) vaccines (Table 1). Moreover, the case–control studies showed that the overall effectiveness was only 47.3% to prevent asymptomatic COVID-19 illness caused by Delta variant for the two RNA-based vaccines BNT162b2 and mRNA-1273. Of note, the data about asymptomatic infection of SARS-CoV-2 and the efficacy evaluation of COVID-19 vaccines are prone to some biases. Some studies did not record negative PCR results of patients, which may lead to some presymptomatic cases to be mistakenly classified as asymptomatic patients. Moreover, the recorded symptoms of patients mainly based on self-reporting data in some studies, which may not be accurate and reliable. Furthermore, the proportion of asymptomatic infections was different and is associated with SARS-CoV-2 variants (130). Therefore, the efficacy or effectiveness of COVID-19 vaccines against asymptomatic COVID-19 infection should be further evaluated and explained with caution. In addition, the reasons and factors that affect the efficacy of COVID-19 vaccines to prevent SARS-CoV-2 infection, especially asymptomatic infection, remain to be elucidated.

Furthermore, breakthrough infection is urgently needed to be investigated since the studies may provide important information for the development of refined COVID-19 vaccines and for the identification of the subjects who are susceptible to breakthrough infection of SARS-CoV-2. In the present study, we found that the risk and incidence of breakthrough infections with the delta variant were increased when the time extended after vaccination. These results confirmed the feature of waning vaccine efficacy or effectiveness over time. Moreover, young people had a higher risk of breakthrough infection, which may indicate the presence of potential confounding behavioral factors in these people to cause a higher exposure to the virus. In addition, older people had a higher risk of severe COVID-19 of the SARS-CoV-2 Delta variant due to breakthrough infection probably because they had coexisting medical conditions, which are the major risk factors associated with the occurrence of severe COVID-19. Therefore, COVID-19 vaccination should give priority to the elderly people to prevent severe COVID-19 illness.

This study has several limitations and some biases. First, it is possible that additional studies on the COVID-19 vaccines’ effectiveness were not captured by our search strategy, and new studies will become available considering the rapid pace and multiple preprint publishing options for COVID-19-related papers. Second, preprint studies involved might change their results in the final publication. Third, a small number of vaccines were evaluated in observational studies that may affect the quality and reliability of the study results. Fourth, all the included studies did not evaluate the effectiveness to prevent asymptomatic Omicron infection. Fifth, we did not evaluate the effectiveness of COVID-19 vaccines among the subjects with chronic diseases and those with previous SARS-CoV-2 infections; Sixth, the major bias was incomplete adjustment for the confounders for the observational studies. Moreover, some potential biases in assessing the vaccine effectiveness over time can occur. For example, people who are vaccinated change behavior over time. Seventh, publication bias was observed on the efficacy of COVID-19 vaccines to prevent symptomatic COVID-19 illness based on RCT studies. However, when we applied a non-parametric “trim and fill” method (Figure 6), the analysis showed that no more study should be added. Ninth, heterogeneity between studies was much large in overall and among several subgroups. Our analysis indicated that the heterogeneity may come from the data itself since adequate statistical correction and analysis did not significantly improve the heterogeneity. The source of heterogeneity may be due to the factors such as the areas in which the studies were conducted, the risk of exposure to SARS-CoV-2, and other factors that were beyond our control, such as type of vaccines and different vaccine manufacturers. Moreover, non-reporting of negative data and heterogeneity of samples may also be a source of heterogeneity and may affect the accuracy of results. Further analysis is needed to use real-world data about the efficacy or effectiveness of COVID-19 vaccines.




Figure 6 | The Duval and Tweedie nonparametric "trim and fill" method's funnel plot on the efficacy of COVID-19 vaccines to prevent symptomatic COVID-19 illness based on RCT studies.



In summary, the current COVID-19 vaccines could effectively protect COVID-19 caused by the Delta variant and relatively less effective for the Omicron variant. The waning immunity was observed especially in old people after full vaccination. Breakthrough infection seems rare within 6 months and is less likely to cause severe COVID-19 in young people after full vaccination against the Delta variant. Booster immunization could enhance protection capability. Moreover, two doses’ immunization could provide additional protection for severe COVID-19 against the Omicron variant.
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Fractional dose is an important strategy to increase access to vaccines. This study evaluated the effectiveness, safety, and immunogenicity of half dose of ChAdOx1 nCoV-19 vaccine. A non-inferiority non-randomized controlled trial compared a half dose of ChAdOx1 nCoV-19 with the full dose, with an interval of 8 to 10 weeks, in individuals aged 18–49 years. The primary endpoints were the incidence rate of new cases/1,000 person-year at 90 days after 14 days of the second dose, confirmed by RT-PCR and new cases registered at SUS National Health Surveillance Database (e-SUS VS). The anti-SARS-CoV-2 spike (S) protein receptor binding domain (RBD) by chemiluminescence and the neutralizing antibodies by plaque reduction neutralization test (PRNT) were titrated. The soluble biomarkers were quantified with a multiplex immunoassay. Follow-up was 90 days after 14 days of the second dose. A total of 29,598 individuals were vaccinated. After exclusion, 16,570 individuals who received half a dose and 6,402 who received full doses were analyzed. The incidence of new cases confirmed by RT-PCR of half dose was non-inferior to full dose (23.7 vs. 25.7 cases per 1,000 persons-year [coefficient group -0.09 CI95%(-0.49 to 0.31)], even after adjusting for age and sex. There were no deaths or hospitalization after immunization of either group. Immunogenicity was evaluated in a subsample (N=558) compared to 154 healthcare workers who received a full dose. The seroconversion rate in seronegative individuals at baseline half dose was 99.8%, similar to that of the full dose (100%). Geometric mean concentration (95% CI; BAU/mL) were half dose = 188 (163-217) and full dose = 529 (423–663) (p < 0.001). In seropositive subjects at baseline (pre-immune individuals), the first dose induced very high and similar IgG-S in half dose 1,359 (1,245-1,483) and full dose 1,354 (1,048–1,749) BAU/mL. A half dose induced a high increase in plasma chemokines, pro-inflammatory/regulatory cytokines, and growth factors. The frequency of adverse events was similar. No serious adverse events or deaths were reported. A half dose of ChAdOx1 nCoV-19 is as effective, safe, and immunogenic as the full dose. The immune response in pre-immune (seropositive in the baseline) individuals indicates that the half dose may be a booster dose schedule.
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1 Introduction

The SARS-CoV-2 outbreak has prompted the rapid expansion of several technology platforms, such inactivated, viral vector-based, and mRNA vaccines (1, 2). Even when most of the American and European populations were already vaccinated, a new variant appeared on the African continent, which still has limited access to the vaccine, and it quickly spread to all continents. Another concern is that the immunity conferred by vaccines, as well the natural immunity conferred by new mutations, may require periodic booster doses in the coming years (2, 3).

Therefore, the scarcity of inputs for the production of vaccines on a large scale and at the necessary speed is a limitation for advancing worldwide vaccine coverage and guaranteeing booster doses (3). Vaccination with fractional doses is a strategy that has already been used to eliminate an outbreak of yellow fever in 2017 in Brazil and Africa (4). Alternative dosing has also been considered for seasonal influenza (5).

Existing evidence from clinical trials suggests that alternative doses of some vaccines could yield high immune responses, comparable to those for standard doses of the same vaccines and higher than those for some approved vaccines (6). A trial with mRNA-1273 (Moderna) found similar immune responses for both 50 and 100 µg (standard) doses (7). ChAdOx1 nCoV-19 was administered as a single- or two-dose regimen (28 days apart) with one of two formulations: 2.2×1010 virus particles (vp, low dose) or 3.5–6.5 × 1010 vp (which became the standard dose) in 560 volunteers. Within each age group, no significant differences were seen in neutralization titers between low- and standard-dose vaccine recipients (8).

An interim analysis of four randomized controlled trials in Brazil, South Africa, and the United Kingdom compared 4,440 individuals who received two standard doses (SD/SD) with 1,374 participants who received a low dose followed by a standard dose (LD/SD). Vaccine efficacy of the low dose (LD/SD) was 90.0%, which was higher than the efficacy of the standard dose (SD/SD) group (62.1%) (9). These results suggested that a half dose is immunogenic enough to confer protection against SARS-CoV-2. The aim of this study was to evaluate the effectiveness, safety, and immunogenicity of a half dose of ChAdOx1 nCoV-19.



2 Materials and methods


2.1 Study design

This was a non-inferiority non-randomized controlled trial that tested the fractional dose (half dose = 0.25 mL) of ChAdOx1 nCoV-19 (ChAd Half Dose) compared to the full dose (ChAd Full Dose) in adults from Viana city, Espírito Santo State, Brazil.

This study was developed by Universitary Hospital of Federal University of Espírito Santo (HUCAM-UFES/EBSERH), and it is registered at ClinicalTrials.gov (NCT05059106), and was approved by the National Research Ethics Committee (CONEP, Protocol No. 4.752.775/2021), and the Ethics Review Committee of the Pan American Health Organization (PAHOERC, Protocol No. 0367.02/2021).



2.2 Participants

All residents of Viana city, aged 18 to 49 years (estimated of 35,000), were eligible for inclusion in the study. The exclusion criteria were: pregnant women; history of severe allergic reaction (anaphylaxis) to any previously administered vaccine; having received another vaccine in the previous 14 days; fever or flu-like symptoms; previous vaccination against COVID-19 at any time; recent diagnosis of COVID-19 with onset of symptoms within 28 days before vaccination.



2.3 Recruitment

Participants were invited from meetings local leaders and authorities, and by a broad media campaign. The scheduling system was based on an online platform (www.vianavacinada.saude.es.gov.br). Viana residents interested in participating in the study and receiving the half dose, registered on the digital platform, up to the day before the vaccination, scheduled to take place on two pre-defined consecutive days. Among the first 15,000 registered, 600 (stratified by sex and age) were randomly invited to collect biological samples and directed by the system to the collection site. Of these 600 pre-registered, 558 attended and agreed to participate in the immunogenicity subgroup. Samples were collected on the same day and immediately before the first dose. Vaccination took place at the same collection site.

All participants provided online signed informed consent. This research was carried out using vaccines, health service, and information recording from the Brazilian National Public Health System (Unified Health System/SUS).



2.4 Study groups

Participants who received a half dose (ChAd Half Dose) were compared with those who received the full standard dose (ChAd Full Dose) (Figure 1). An age-stratified subsample of participants who received a half dose was randomly selected with a digital platform for blood collection to study humoral and cellular immune responses.




Figure 1 | Flowchart of the immunogenicity study subsample.





2.5 External group of comparison for immunogenicity outcomes

A subsample of healthcare workers from HUCAM-UFES/EBSERH, adjusted for age range, who received the full dose vaccine schedule of nCoV-19, was used to compare immunogenicity outcomes (Approval Ethics Committee HUCAM-UFES, No. 4.513.439/2021).



2.6 Procedures


2.6.1 Intervention

Participants received ChAdOx1 nCoV-19 (AZD1222) vaccine, batches 215VCD130W (first dose), and 216VCD217W (second dose), production under technology transfer from AstraZeneca-Oxford to the Institute of Immunobiological Technology/BIO-MANGUINHOS/FIOCRUZ (Rio de Janeiro, Brazil). The immunization schedule was two doses by intramuscular injection, spaced 8 to 10 weeks apart, administered at primary care of the Brazilian National Public Health System (Unified Health System/SUS). Each 0.5 mL dose (full dose) contains 5×1010 viral particles from the replication-deficient recombinant chimpanzee adenovirus vector (ChAdOx1), which expresses the gene for the SARS-CoV-2 S protein. To minimize variation and increase precision, 1 mL syringes were used to inject 0.25 mL, which corresponded to half the standard dose.

The ChAd Half Dose and ChAd Full Dose groups were not randomized. The inclusion in each group was based on the participant’s decision, by voluntary adherence. Immunization schedules with half or full doses were available during the study inclusion period of 4 weeks in June 2021.



2.6.2 Follow-up

Effectiveness outcomes (number of new cases, hospitalizations, and deaths) were evaluated 90 days after full protection, from day 14 after the second dose. Blood samples were collected to assess the humoral immune response before and 28 days after the first (D0 and D28) and second doses (D0* and D28*).



2.6.3 Adverse events

Adverse events were secondary outcomes monitored by different strategies notifications in the SUS National System for Adverse Events (e-SUS Notifica); records of cell phone assistance were available for participants; electronic questionnaires were sent 7 and 28 days after the first and second doses by digital platform (http://www.vianavacinada.saude.gov.b); searching the service for customers´ support (SAC Fiocruz on 0800 021 0310) and Dial intoxications (0800 722 6001); evaluation of rumors that reached the state center for outbreak investigations (CIEVS 27-3636-8202 or duty 99849-1613), diary of adverse events in immunogenicity subsample participants; surveillance of all deaths of residents in Viana city.

Adverse events were assessed by a physician to establish severity and causality correlation (10), according to “Roadmap for Notification, Investigation, and Conclusion of Post-Vaccination Adverse Events” on e-SUS Notifica.

Guidelines on post-vaccination Adverse Event Surveillance, instructions for management, and adverse event care flow were published in technical notes (09/2021 – SESA/SSVS/GEVS/PEI, 10/2021 – SESA/SSVS/GEVS/PEI).



2.6.4 Laboratory procedures

To assess the humoral immunogenicity in a subsample of participants, blood samples were collected through venipuncture at the cubital region, performed by an experienced professional. Ten milliliters of blood were collected in a tube with a separator gel to obtain serum for the evaluation of humoral reactivity.

The serum obtained from centrifuging the samples (1,300 g, for 15 min) was aliquoted and stored at -80°C in the Biorepository of the Clinical Research Center of HUCAM-UFES/EBSERH until further analysis.

Nasopharyngeal samples were collected in suspected cases to confirm SARS-CoV-2 by RT-PCR, and they were processed by the State Central Laboratory (LACEN, Vitória). Molecular monitoring of the predominant genomic variants of SARS-CoV-2 circulating in Viana city was performed by Fundação Oswaldo Cruz (FIOCRUZ), Rio de Janeiro, Brazil.



2.6.5 Confirmation of SARS-CoV-2 infection via RT-PCR of clinical specimens

Vials containing nasopharyngeal samples in viral transport media (VTM) were collected in suspected cases, until 10 days after their symptoms began. All samples were processed in a B2 Biosafety Cabinet Class II and further processed for automated viral nucleic acid extraction with the Maelstrom 4800 Nucleic Acid Extraction System (Taiwan Advanced Nanotech Inc., Taoyuan City, Taiwan) TANBead Nucleic Acid Extraction Kit (Taiwan Advanced Nanotech) according to the manufacturer’s protocol.

SARS-CoV-2 presence was confirmed using the following RT-PCR kits: 1) SARS-CoV-2 Fluorescent PCR (MACCURA, China, Target Genes: E, ORF, and N); 2) OneStep/COVID-19 (Instituto de Biologia Molecular do Paraná – IBMP, Brazil, Target Genes: ORF and N); 3) TaqPath™ COVID 19 CE IVD RT PCR Kit (Thermo Fisher Scientific, USA, Target Genes: S, ORF, and N), and 4) 2019-nCoV RUO Kit (IDT - Integrated DNA Technologies, USA, Target Genes: N1 and N2). None of the manufacturers listed above was involved in the assessment and interpretation of the study results. The reaction mixture was prepared according to the manufacturer’s instructions. Thermal cycling for either reverse transcription or amplification was performed using QuantStudio 5 and QuantStudio Real-Time PCR systems (Thermo Fisher Scientific, Waltham, MA, USA). The cut-off threshold (Ct value) for each sample was recorded, and samples with Ct values < 36 were considered positive.




2.7 Outcomes


2.7.1 Effectiveness outcomes

The primary endpoints were the incidence rate of new cases/1,000 person-year at 90 days after 14 days of the second dose, confirmed by RT-PCR (registered at the National Laboratory Management System databank - GAL), and new cases registered at SUS National Health Surveillance Database (e-SUS VS).

The secondary outcomes were adverse events, hospitalizations and deaths. Data on hospitalization associated with SARS-CoV-2 were obtained from the Control Center of the State of Espírito Santo of assignment of public hospital beds, and the hospitalization databank (AIH) paid by the SUS. Death registration was obtained from the e-SUS VS system, Mortality Information System (SIM), and Epimed databank.



2.7.2 Immunogenicity outcomes


2.7.2.1 SARS-CoV-2 IgG-S antibody detection

The titers of IgG antibodies to SARS-CoV-2 spike RBD were determined using a chemiluminescent microparticle immunoassay (SARS-CoV-2 IgG II Quant Assay; Abbott Laboratories, IL, USA) according to the manufacturer’s instructions, by ARCHITECT i1000SR immunoassay analyzer (Abbott). The results are expressed in arbitrary units/mL (AU/mL). The seropositivity was defined for titers ≥ 50 AU/mL.

According to the WHO standard preparation for SARS-CoV-2 binding antibodies (11, 12), a conversion factor from Abbott AU became available (1 BAU/mL = 0.142 × AU/mL), and the results of the present study have been expressed in BAU/mL. The cut-off of 7.1 BAU/mL was used to define seropositivity.



2.7.2.2 Plaque reduction neutralization test (PRNT-SARS-CoV-2 assay)

The PRNT-SARS-CoV-2 assay was carried out in 24-well tissue culture plates in a Biosafety Level 3 platform of Oswaldo Cruz Institute/FIOCRUZ (Rio de Janeiro, Brazil). Serum samples were serially diluted (1:10 to 1:31,250) and incubated with SARS-CoV-2 virus (Wuhan strain, approximately 60 plaque-forming units) at 37°C for 1 h in a humidified CO2 incubator. After incubation, the mixture was transferred to a 24-well tissue culture plate containing a monolayer of Vero cells (200,000 cells/well, CCL81; ATCC, Manassas, VA, USA) prepared 1 day before the test. Following incubation at 37°C for 1 h in a humidified CO2 incubator, the supernatant was removed, and a semi-solid medium (Medium 199 with 1.5% carboxymethylcellulose) was added. The plates were incubated for 3 days at 37°C in a humidified CO2 incubator, fixed in formalin, and stained with crystal violet dye. The PRNT50 is expressed as the reciprocal of the serum dilution able to neutralize the viral infection by 50%. Seropositivity rates were determined considering a serum dilution higher than 1:10 as the cut-off criterion for PRNT positivity.



2.7.2.3 Quantification of plasma soluble mediators

The analyses of chemokines (CCL11, CXCL8, CCL3, CCL4, CCL2, CCL5, and CXCL10), pro-inflammatory cytokines (IL-1β, IL-6, TNF-α, IL-12, IFN-γ, IL-15, and IL-17), regulatory cytokines (IL-1Ra, IL-4, IL-5, IL-9, IL-10, and IL-13), and growth factors (FGF-basic, VEGF, PDGF, G-CSF, GM-CSF, IL-7, and IL-2) were carried out with the Luminex Platform (Bio-Plex Pro™ Human Cytokine 27-Plex Assay; Bio-Rad Laboratories, Hercules, CA, USA). Acquisition was accomplished with the Luminex 200 System, and data were analyzed using Manager software. The results are expressed as pg/mL, estimated by five-parameter logistic regression according to the standard curve.





2.8 Statistical analyses


2.8.1 Statistical analyses of effectiveness

The non-inferiority analysis of effectiveness followed a mixed-effects Poisson model. The number of confirmed cases was the outcome, which was obtained as counts of cases in the surveillance database. Age group was used as the covariate. The number of cases, aggregated over a subset i given by age group and vaccination status was given by a Poisson distribution, yi ~ Poisson(λi), where λi is the link variable. The formula for this link variable uses the age group f, the vaccination status v, and the total person-time component Ti in the group by: log(λi) = log(Ti) + βv + δi, Where δi and β are random effects. In particular, the criterion for comparing half dose and full dose for confirmed cases is whether there is a significant difference for the β parameter evaluated between the ChAd Half Dose and ChAd Full Dose groups. The total person-time is calculated as the product of population size, stratified by age/sex, and time minus the sum of all individual times, counting all vaccines, after first dose of vaccination and 14 days. Statistical evaluation using information confirmed by RT-PCR provides more specificity, in which case the model is modified to have yi ~ Poisson (λi), where λi is given by Ti in the group by: log(λi) = log(Ti) + γs + δi, using by Ti as the person-time component and s indicates the dose group (ChAd Half Dose/ChAd Full Dose). Parameter γ permits comparison of non-inferiority between the groups (group coefficient criterion). The estimate after Monte Carlo Markov Chain (MCMC) simulations provides an estimate of the parameter gamma. The 95% credibility interval (CrI) was used to signal significant statistical differences between the ChAd Half Dose and ChAd Full Dose groups, when the lower bound of the interval was positive or the upper bound of the interval was negative. The analysis was done with the R platform (version 4.0.4) and JAGS (package R2jags) as Bayesian analysis tool for performing MCMC analysis (12,000 iterations; 2,000 burn-in; 3 chains; parameter thin=2). The methods were based on Bayesian models and estimates and 95% credibility intervals given by the intervals between 2.5 and 97.5 percentiles. Priors for the random effects δi, γ and β were normal distributions with zero mean and precision 0.01. Additional comparative analyses between groups were performed by Mann-Whitney test. Chi-square test was employed to compare categorical data. A limit of p ≤ 0.05 was considered statistically significant.

New cases were calculated based on confirmed RT-PCR (registered at GAL databank) or new cases registered at e-SUS VS databank. The numbers of deaths and hospitalizations were compared between the ChAd Full Dose and ChAd Half Dose groups. Record linkage was carried out to integrate all databases from the health information systems, including vaccine status (www.vianavacinada.sesa.es.gov.br and www.vacinaeconfia.sesa.es.gov.br), new cases of SARS-Cov-2 infection (GAL and e-SUS VS), hospitalization (Bed Regulation Center of the Health Department of the State of Espírito Santo and AIH databank), deaths (e-SUS VS, SIM and Epimed databank), and AEs (e-SUS Notifica and www.vianavacinada.sesa.es.gob.br). Cases are linked to the vaccination records with a linkage tool (13), using matching information.



2.8.2 Statistical analyses of immunogenicity parameters

The subsample size for the immunogenicity assays comprised 558 participants, stratified by age (18–29, 30–39, 40–49 years old) calculated by the WINPEPI System (14), with a percent accuracy of 10 points, differences in geometric means of antibody titers of 100% (ratio > 2), study power of 90%, and alpha error of 5%.

Data analysis was performed using GraphPad Prism v.9.1.1 software (San Diego, CA, USA). Data normality distribution was assessed by the Shapiro-Wilk test. Considering the non-parametric distribution of the data sets, multiple comparative analyses of serological data and soluble mediators among subgroups were carried out by the Kruskal-Wallis test, followed by Dunn’s post-test. Comparative analyses between two subgroups were performed by the Mann-Whitney test. Chi-square test was employed to compare categorical data. Correlation between the SARS-CoV-2 IgG II Quant assay and PRNT was assessed with Spearman’s coefficient, whereas agreement was assessed with the Kappa index. P ≤ 0.05 was considered statistically significant.

Signatures of plasma soluble mediators were constructed by first converting the original data expressed as baseline fold into categorical data using the global median values to estimate the proportion of subjects above the cut-off edge. Thereafter, the phenotypes and functional features reaching the proportion of subjects higher than 50% were considered for further analyses.

Cytoscape software platform (available at http://cytoscape.org) was employed to construct networks of plasma soluble mediators based on Spearman’s correlation “r” scores. Networks were assembled with clustered layout, with nodes representing each plasma soluble mediator. Connecting edges illustrate correlations between pairs of attributes. Correlation matrices were generated using R software (Project for Statistical Computing Version 3.0.1).





3 Results


3.1 Effectiveness and safety

A total of 29,598 individuals were included in the study population: 20,685 subjects received half dose (ChAd Half Dose) and 8,913 received full dose (ChAd Full Dose). In the ChAd Half Dose group, 195 were excluded because they were not 18 to 49 years of age, 2,781 received only the first dose, 1,042 had COVID prior to the second dose, 45 got pregnant, and another 52 had failure for linkage of databanks. In the ChAd Full Dose group, 1,704 received only the first dose and were excluded, 508 had COVID prior to the second dose, 40 got pregnant, and 80 were excluded because of databank linkage error. Finally, 16,570 and 6,402 were included for analyses in the ChAd Half Dose and ChAd Full Dose groups, respectively (Figure 2). The ChAd Full Dose group was slightly older and had more females (Table 1).




Figure 2 | CONSORT flow diagram.




Table 1 | Demographic characteristics of the study population.



This is a populational study. We have planned to include 70% of the population.

The population of Viana aged 18-49 is 33,502 inhabitants. We have included 29,598 participants (88% of the inhabitants). After exclusions, the study included 22,972 participants in the analysis (68.6% of the entire city population).

Under the surveillance system (e-SUS VS), an incidence of 44.4 cases per 1,000 person-year was estimated for the ChAd Half Dose group, which was close to the observed incidence in the ChAd Full Dose group of 49.8 cases per 1,000 persons-year Table 2.


Table 2 | Effectiveness of Full and Half dose of ChAdOx1 nCoV-19 in the Viana population.



After complete immunization (2 doses), the number of new cases confirmed by RT-PCR in the ChAd Half Dose group was 94 cases per 1,448,073 persons-day, resulting in 23.7 cases per 1,000 persons-year. In the ChAd Full Dose group, 33 cases per 468,977 persons-day were confirmed by RT-PCR, and incidence was evaluated at 25.7 cases per 1,000 persons-year. The range from -0.49 to 0.3 for the coefficient of the group comparison model indicated no statistical difference between the incidence of both groups (Table 2). After adjusting for age and sex, there was no difference between the ChAd Full Dose and ChAd Half Dose groups (Table 3). The overlapping intervals and the group coefficient signal that the effectiveness of the half dose group was non-inferior the one for ChAd Full Dose group, for overall confirmed cases and confirmed by RT-PCR.


Table 3 | Effectiveness of Full and Half dose of ChAdOx1 nCoV-19 in the Viana population after adjusting for age and sex.



The frequency of AEs was similar in both groups (Table 4), but the duration of symptoms was shorter in ChAd Half Dose group, especially after first dose. No serious AEs, hospitalizations, or deaths were reported in either group. Overall rate of adverse events was 80.5% and 50.8% after first and second dose (Tables 4, 5). Reactogenicity was lower after the second dose in both the ChAd Half Dose and ChAd Full Dose groups (Tables 4, 5).


Table 4 | Adverse events frequency and duration after first and second Full and Half Dose of ChAdOx1 nCov-19.




Table 5 | Local and systemic adverse events after Half dose in Viana population.



From all included 20.685 individuals, 6,102 brought back diaries after first dose and 827 after second dose.



3.2 Humoral reactivity

The anti-SARS-CoV-2 spike (S) protein receptor binding domain (RBD) (anti-IgG-S) was analyzed by chemiluminescence and the neutralizing antibodies by plaque reduction neutralization test (PRNT), in a subsample of 558 participants who received two half doses and an external comparison group (154 healthcare workers) who received two full doses. The ChAd Full Dose group was slightly older and had more females (Table 6). After the second dose, the seroconversion rate of IgG-S in seronegative individuals at baseline (n =239) in the ChAd Half Dose was 99.5%, similar to that in the ChAd Full Dose of 100% (p > 0.9999). The geometric mean concentration (GeoMean) of anti-IgG-S (95% CI; BAU/mL) were ChAd Half Dose = 188 (163–217) and ChAd Full Dose = 529 (423-663) BAU/mL, (p ≤ 0.001), 28 days after the second dose (Figure 3). In the subgroup of subjects with seropositive status at baseline (pre-immune individuals), the first dose induced very high and similar IgG-S GeoMean concentration (ChAd Half Dose = 95% CI: 1,359 [1,245-1,483] and ChAd Full Dose = 95% CI: 1,354 [1,048–1,749]) (Figure 3), and was able to induce a 35-fold increase in baseline IgG-S reactivity similar to one full dose (Figure 4). In these pre-immune individuals, the second dose decreased the antibody levels in both groups (ChAd Half Dose = 95% CI: 815 [738-901] and ChAd Full Dose = 95% CI: 698 [535-911]) BAU/mL (Figure 3).


Table 6 | Demographic characteristics of the immunogenicity study subsample.






Figure 3 | SARS-CoV-2 IgG-S reactivity upon COVID-19 vaccination. The titers of IgG antibodies to SARS-CoV-2 spike receptor-binding domain (IgG-S) were analyzed in serum samples from subjects with seronegative and seropositive status at baseline at consecutive timepoints: prior (D0), after first (D28) and second (D28*) doses, including subjects receiving a half dose (ChAd Half Dose, n = 239, 208, 189 and 319, 294, 254, respectively), represented by light blue symbols on the right side of each graph, compared to reference volunteers receiving the standard dose (ChAd Full Dose, n = 104, 90, 87 and 50, 45, 44, respectively), represented by dark blue symbols on the left side of each graph. The levels of IgG-S were determined by the chemiluminescent microparticle immunoassay as described in the Methods. The seropositivity was defined for titers ≥ 7.1 BAU/mL (dashed line). Data are presented as a scatter plot of IgG-S titers at D0, D28, and D28* over bars representing the geometric mean (GeoMean) titers. The chi-square test was employed for comparative analyses of IgG-S seropositivity rates among groups. Multiple comparisons of IgG-S titers among subgroups were carried out by Kruskal-Wallis test followed by Dunn’s post-test for sequential pairwise comparisons. Significant differences were considered at p ≤ 0.05 (* represents the p value power; **p≤0.01, **** p≤0.0001) and are indicated by connecting lines and # symbol for intragroup (D0 vs. D28 vs. D28*) and intergroup ChAd Full Dose versus ChAd Half Dose comparisons, respectively.






Figure 4 | Baseline fold changes in SARS-CoV-2 IgG-S reactivity upon COVID-19 vaccination. The baseline fold changes of IgG antibody titers to SARS-CoV-2 spike receptor-binding domain (IgG-S) were analyzed in serum samples from subjects with seronegative and seropositive status at baseline at distinct timepoints: after first (D28) and second (D28*) doses, including subjects receiving a half dose (ChAd Half Dose), n = 208, 189 and 294, 254, respectively), represented by light blue symbols on the right side of each graph, as compared to the reference volunteers receiving the standard-dose (ChAd Full Dose), n = 90, 87 and 45, 44, respectively), represented by dark blue symbols on the left side of each graph in relation to the levels observed prior vaccination (D0). The levels of IgG-S were determined by the chemiluminescent microparticle immunoassay and the baseline fold changes were calculated as described in the Methods. The changes in IgG-S reactivity were assessed defining the fold-change = 1 as the reference for unaltered levels (dashed line). Data are presented as a scatter plot of baseline fold-changes in IgG-S titers at D28 and D28* according to the individual baseline values observed at D0 (D28/D0 and D28*/D0) over bars representing the median fold changes. Comparative analyses of baseline fold changes in IgG-S titers were performed by Mann-Whitney test. Significant differences were considered at p ≤ 0.05 (* represents the p value power; * p≤0.05, **p≤0.01, *** p≤0.001, **** p≤0.0001) and are indicated by connecting lines and # symbol for intragroup (D28 vs D28*) and intergroup ChAd Full Dose vs ChAd Half Dose comparisons, respectively.



Similarly, the rate of seroconversion of neutralizing antibodies by PRNT was 100% in seronegative subjects at baseline for both vaccination regimens (ChAd Half Dose = 95% CI: 74.3 [56–99] and ChAd Full Dose = 95% CI: 243.0 [182–325]) (Figure 5). GeoMean concentration of neutralizing antibodies was very high in pre-immune individuals in both groups (ChAd Half Dose = 95% CI: 104.9 [69–159] and ChAd Full Dose = 95% CI: 478.0 [358–638]). The agreement between IgG-S titers detected by the chemiluminescence assay and neutralizing antibodies detected by the PRNT was moderate to high (kappa = 0.781 [0.72–0.85]) with a high correlation score (r = 0.9073, p < 0.001) (Figure 5).




Figure 5 | SARS-CoV-2 neutralizing antibody detected by the PRNT functional assay upon COVID-19 vaccination. The levels of SARS-CoV-2-specific neutralizing antibodies were detected by the PRNT in serum samples from subjects with seronegative and seropositive status at baseline at distinct timepoints: after first (D28) and second (D28*) doses, including subjects receiving a half dose (ChAd Half Dose), n = 40 and 19, respectively), represented by light blue symbols on the right side of each graph compared to the reference volunteers receiving the standard dose (ChAd Full Dose), n = 70 and 70, respectively), represented by dark blue symbols on the left side of each graph. Seropositivity rates were determined considering the serum dilution higher that 1:10 as the cut-off criterion for PRNT positivity (dashed line). The data are presented as a scatter plot of PRNT titers at D0 and D28*, expressed as reciprocal of serum dilution over bars representing the geometric mean (GeoMean)titer. Chi-square test was employed for comparative analysis of PRNT seropositivity rates among groups. Comparative analysis of PRNT titers was performed by Mann-Whitney test. Significant differences were considered at p ≤ 0.05(* represents the p value power; **** p≤0.0001) and are indicated by connecting lines and # symbol for intragroup (D0 vs D28*) and intergroup ChAd Full Dose versus ChAd Half Dose comparisons, respectively. Spearman’s correlation test and Kappa index were used to assess the overall agreement between serological tests. The results are presented as a scatter distribution for paired samples and the scores are provided in the figure.





3.3 Overall profile of plasma soluble mediators upon COVID-19 vaccination

The overall profile of plasma chemokines (CCL11, CXCL8, CCL3, CCL4, CCL2, CCL5, CXCL10), pro-inflammatory cytokines (IL-1β, IL-6, TNF-α, IL-12, IFN-γ, IL-15, IL-17), regulatory cytokines (IL-1Ra, IL-4, IL-5, IL-9, IL-10, IL-13), and growth factors (FGF-basic, VEGF, PDGF, G-CSF, GM-CSF, IL-7, and IL-2) was characterized on D28 and D28* upon COVID-19 vaccination with a half dose compared to the full dose. The results are presented in seronegative and seropositive subjects at baseline (Figures 6, 7). Data analyses were carried out considering the fold changes in plasma concentrations according to individual baseline values (D28/D0 and D28*/D0). The results reported for subjects with seronegative status at baseline demonstrated that overall, most chemokines (except CXCL10), cytokines (except IL-10 and IL-13), and growth factors (except VEGF and IL-2) were higher in the ChAd Half Dose group compared to the ChAd Full Dose group (Figure 6). Conversely, the results reported for subjects with seropositive status at baseline demonstrated that there were generally no significant differences between the ChAd Half Dose and ChAd Full Dose groups, except for several chemokines (CXCL8, CCL3, CCL2, CCL5, CXCL10), pro-inflammatory cytokines (IL-1 β, IL-6), and growth factors (VEGF) (Figure 7).




Figure 6 | Overall profile of plasma soluble mediators upon COVID-19 vaccination of seronegative subjects at baseline. The levels of chemokines (CCL11, CXCL8, CCL3, CCL4, CCL2, CCL5, CXCL10), pro-inflammatory cytokines (IL-1β, IL-6, TNF-α, IL-12, IFN-γ, IL-15, IL-17), regulatory cytokines (IL-1Ra, IL-4, IL-5, IL-9, IL-10, IL-13), and growth factors (FGF-basic, VEGF, PDGF, G-CSF, GM-CSF, IL-7 and IL-2) were measured in plasma samples from subjects with seronegative status at baseline in consecutive timepoints: prior (D0), after first (D28) and second (D28*) doses, including subjects receiving a half dose (ChAd Half Dose), n = 20), represented by light blue symbols on the right side of each graph compared to the reference volunteers receiving the standard dose (ChAd Full Dose), n = 18), represented by dark blue symbols on the left side of each graph. Quantification of plasma soluble mediators was carried by the high-throughput Luminex Microbeads Platform as described in the Methods. The results are presented as white bar charts of median values expressed in fold changes in concentrations (pg/mL) according to the individual baseline values (D28/D0 and D28*/D0), referred as ChAd Full (D28), ChAd Full (D28*), ChAd Half (D28) and ChAd Half (D28*). Significant differences were considered at p ≤ 0.05 and are indicated by connecting lines and # symbol for intragroup (D28 vs. D28*) and intergroup ChAd Full Dose versus ChAd Half Dose comparisons, respectively.






Figure 7 | Overall profile of plasma soluble mediators upon COVID-19 vaccination of seropositive subjects at baseline. The levels of chemokines (CCL11, CXCL8, CCL3, CCL4, CCL2, CCL5, CXCL10), pro-inflammatory cytokines (IL-1β, IL-6, TNF-α, IL-12, IFN-γ, IL-15, IL-17), regulatory cytokines (IL-1Ra, IL-4, IL-5, IL-9, IL-10, IL-13), and growth factors (FGF-basic, VEGF, PDGF, G-CSF, GM-CSF, IL-7 and IL-2) were measured in plasma samples from subjects with seropositive status at baseline in consecutive timepoints: prior (D0), after first (D28) and second (D28*) doses, including subjects receiving a half dose (ChAd Half Dose), n = 26), represented by light blue symbols on the right side of each graph compared to the reference volunteers receiving the standard dose (ChAd Full Dose), n = 7), represented by dark blue symbols on the left side of each graph. Quantification of plasma soluble mediators were carried by high-throughput Luminex Microbeads Platform as described in the Methods. The results are presented as color filled bar charts of median values expressed in fold changes in plasma concentrations (pg/mL) according to the individual baseline values (D28/D0 and D28*/D0), referred as ChAd Full (D28), ChAd Full (D28*), ChAd Half (D28) and ChAd Half (D28*). Significant differences were considered at p ≤ 0.05 and are indicated by connecting lines and # symbol for intragroup (D28 vs. D28*) and intergroup ChAd Full Dose versus ChAd Half Dose comparisons, respectively.





3.4 Panoramic overview of plasma soluble mediator signatures upon COVID-19 vaccination

The overall snapshot of plasma soluble mediator signatures was taken on 28 days after first (D28) and second dose (D28*) upon COVID-19 vaccination with a half dose compared to the full dose. The results are presented in Figure 8. Data observed for subjects with seronegative status at baseline demonstrated that, in general, the proportion of the ChAd Half Dose group presenting with higher levels of chemokines, cytokines, and growth factors was increased compared to the ChAd Full Dose group (Figure 8). On the other hand, plasma soluble mediator signatures of subjects with seropositive status at baseline showed similar profiles between the ChAd Half Dose and ChAd Full Dose groups, underscoring that regardless of the vaccination regimen, an increased proportion of subjects presented with higher levels of chemokines, cytokines, and growth factors (Figure 8).




Figure 8 | Panoramic overview of plasma soluble mediator signatures upon COVID-19 vaccination. Overall signature of chemokines (CCL11, CXCL8, CCL3, CCL4, CCL2, CCL5, CXCL10), pro-inflammatory cytokines (IL-1β, IL-6, TNF-α, IL-12, IFN-γ, IL-15, IL-17), regulatory cytokines (IL-1Ra, IL-4, IL-5, IL-9, IL-10, IL-13), and growth factors (FGF-basic, VEGF, PDGF, G-CSF, GM-CSF, IL-7, and IL-2) were collected for subjects with seronegative or seropositive status at baseline in distinct timepoints: after first (D28) and second (D28*) doses, including vaccinees receiving the half dose (ChAd Half Dose), n = 20 and 26, respectively, represented by light blue symbols on the right side of each graph, as compared to the reference volunteers receiving the standard-dose (ChAd Full Dose), n = 18 and 7, respectively, represented by dark blue symbols on the left side of each graph. Signatures of plasma soluble mediators were built as described in the Methods, by first converting the plasma levels of soluble mediators, originally expressed as baseline fold (D28/D0 and D28*/D0) into categorical data (percentual, %) using the median values of each plasma mediator as the cut-off to identify the proportion of subjects above the cut-off edges. The final data are shown in radar chart, with each axis represents one plasma mediators. The 50th percentile (gray zone) was used to underscore the plasma soluble mediators with increased proportion (≥50%) in each study group.





3.5 Integrative correlation matrices and networks of plasma soluble mediators upon COVID-19 vaccination

To better understand the complex data set of interrelationships between distinct soluble mediators upon COVID-19 vaccination, integrative correlation analysis was carried out, and comprehensive matrices were created to assemble networks to assess the neighborhood connectivity among soluble mediators. Connectivity power networks were assembled using a clustered layout to identify the connection between chemokines, pro-inflammatory/regulatory cytokines, and growth factors with significant correlation indices. The analyses of intrinsic connectivity scores revealed that subjects with seronegative status at baseline receiving a half dose displayed a more imbricate connectivity profile, with a higher number of connections amongst chemokines compared to the full dose at both timepoints (D28 and D28*) (Figure 9).




Figure 9 | Integrative network of plasma soluble mediator signatures upon COVID-19 vaccination. Comprehensive correlation matrices were assembled based on the Spearman “r” scores between chemokines (1 to 7, representing: CCL11, CXCL8, CCL3, CCL4, CCL2, CCL5, CXCL10, respectively), pro-inflammatory cytokines (8 to 14, representing: IL-1β, IL-6, TNF-α, IL-12, IFN-γ, IL-15, IL-17, respectively), regulatory cytokines (15 to 20, representing: IL-1Ra, IL-4, IL-5, IL-9, IL-10, IL-13, respectively, and growth factors (21 to 27, representing: FGF-basic, VEGF, PDGF, G-CSF, GM-CSF, IL-7 and IL-2, respectively) measured in plasma samples from subjects with seronegative status at baseline in distinct timepoints: after first (D28) and second (D28*) doses, including subjects receiving the low dose (ChAd Half Dose, n = 20), represented by light blue symbols on the right side of each graph compared to the reference volunteers receiving the standard dose (ChAd Full Dose, n = 18). The soluble mediators were measured by high-throughput microbeads array as described in the Methods. Panoramic correlation overviews are shown as triangle template matrices with each square intersection representing the correlation “r” score between pairs of soluble mediators. The “r” scores are represented by circles of proportional sizes, scaled from -1 to +1 with gradient color key for negative (red circles) or positive (blue circles) correlations. The white squares represent non-significant correlations. Networks were built using a clustered layout, with nodes representing each plasma soluble mediators. Connecting edges illustrate correlations between pairs of attributes. Intrinsic connectivity for each immune mediator category (chemokines=○, pro-inflammatory cytokine=□, regulatory cytokine=◊, and growth factors=o) are provided in the figure.






4 Discussion

This large trial evaluated a vaccine against SARS-CoV-2 and confirmed that a half dose of ChAdOx1 nCoV-19 is safe, effective, and immunogenic as the standard full dose. For the overall confirmed cases, the lower bound estimate under a 95% CrI for the effectiveness in the ChAd Half Dose group was within the 95% credibility interval estimated for the ChAd Full Dose group, indicating non-inferiority for this treatment.

A half dose regimen of the COVID-19 vaccine can double the availability of doses and cut costs in half. Considering the current scenario of having to maintain booster doses regularly to contain hospitalizations and deaths from COVID-19, it is relevant to know that a half dose regimen can confer same effectiveness as a full dose, to protect from infection, hospitalizations, and deaths.

The ChAdOx1n19 vaccine is of special interest to Brazil, as it is the vaccine with the lowest cost, about 2-4 times less than other immunizers. Furthermore, it is produced in Brazil, after the transfer of technology from AstraZeneca/Oxford to Fundação Oswaldo Cruz (Fiocruz), which allows for greater production for distribution in Brazil and other countries in Latin America and Africa, as has already occurred in other epidemics.

The study included 88.3% of all individuals of 18-49 years, from Viana City, in Brazil. A previous study showed that a low dose of ChAdOx 1 nCov-19 vaccine induced high titers of neutralizing antibodies, similar to the standard dose, at different ages. It was later shown that a low dose followed by a standard dose conferred greater efficacy than two standard doses (8, 9). Those preliminary studies highlighted the hypothesis that a half dose is immunogenic enough to induce cellular and humoral immune responses and to confer protection against SARS-CoV-2. This is the first study to provide evidence for using fractional doses as a strategy to face COVID-19. Khoury et al. found high correlation between neutralizing antibody response and efficacy against disease (15) to show that half or even quarter doses of some vaccines generate immune responses associated with high vaccine efficacy, as we could demonstrate in this trial.

The main limitations of the study were the lack of randomization and unavailability of a placebo group. The design of the study had to take into consideration the opportunity to perform an interventional trial to study the effectiveness of a half dose of ChAdOx1 when vaccines were available and being distributed in that population.

Despite this limitation, it was possible to confirm that the effectiveness of half dose is non-inferior to full dose for preventing new cases. Effectiveness of ChAdOx1 was estimated around 70% to prevent new cases (9). A retrospective longitudinal study of 75,919,840 Brazilian vaccinees from January to July 2021 evaluated the effectiveness of ChAdOx1 (Vaxzevria) or Coronavac (16). Individuals fully vaccinated (≥14 days after the second dose) with ChAdOx1 had a 78.1% (95% CI: 77.2–79.0) lower risk of developing symptomatic SARS-CoV-2 infection. In the elderly Brazilian population, the effectiveness of the two-dose schedule was 77.9% (95% CI: 69.2–84.2) against COVID-19, 87.6% (95% CI: 78.2–92.9) against hospitalization, and 93.6% (95% CI: 81.9–97.7) against death (17).

There were differences between the ChAd Full Dose and ChAd Half Dose groups according to age and sex distribution; however, the analysis considered random effects and specifically linked the same groups for either vaccinated with a half dose and full dose.

The fact that not all symptomatic cases took the PCR test is another limitation of the study, but we did analysis considering only those cases confirmed by RT-PCR showing non-inferiority between half dose and full dose.

Throughout the study period, the Delta variant was more frequent in most COVID-19 infections, according to the independent genomic surveillance reported in Brazil and Viana. The Delta variant was first identified in June, and by August corresponded with most of the sequences analyzed (data not shown).

We found higher levels of biomarkers after half dose after primary vaccination compared to full dose. We hypothesized that half dose induces later kinetics of biomarkers compared to full dose, and therefore after 28 days, levels were higher in the half dose group. Unfortunately, we did not evaluate the kinetics of biomarkers. Probably, the peak of biomarkers of the full dose was earlier.

This hypothesis can be supported by the observation that the kinetics of biomarkers is earlier in vaccines with a viral vector compared to natural infection with lower levels of viral particles (18).

Beyond advantages based on cost-reduction and production benefits, there is a lower potential of adverse events using fractional half dose. In fact, we reported lower rate and duration of symptoms after half dose. In our study, reported local and systemic AEs were mild, in line with previously reported studies (8, 9, 19). A prospective observational safety study on ChAdOx1 nCoV-19 vaccine in the real-life showed that younger, female, hypertension, history of allergy, and hypothyroidism individuals had two to three times higher odds for adverse events (19). For population at more risk for adverse events, low dose could be safer. Ramasany et al. (8) found that a lower dose of vaccine was less reactogenic than the standard dose of vaccine across all age groups. The mixed pattern of immune response, with pro-inflammatory and regulatory biomarkers observed in our study, may be associated with a lower frequency and severity of AEs after half dose. Although it was not possible to confirm this hypothesis with this sample size, this remains a subject of interest for future studies, considering that severe adverse event as thrombocytopenia was rarely reported previously.

Spike binding and neutralizing antibodies have been proposed as a correlate of protection for COVID-19 vaccines (20). It has been reported that mRNA-1273-vaccinees with PRNT50 titers of 10, 100, and 1000 have estimated vaccine efficacies of 78%, 91%, and 96%, respectively (20). Our findings are in agreement with this proposal as we found a global serum conversion of 100%, considering the PRNT50 titer of 10 as the cut-off and overall effectiveness of 67% and 69% for subjects receiving a full dose or half dose, respectively.

In pre-immune individuals, titers after the second dose were lower than those after the first dose, after a full dose or half dose, suggesting that there may be some mechanism of cellular exhaustion. Further studies are necessary to investigate this phenomenon.

Although there are no defined cellular immunity correlates of protection against COVID-19 infection and the immunological thresholds required for vaccine efficacy remain undefined, a favorable immune profile induced by ChAdOx1 vaccine has been proposed (21). Here, we found that a half dose of ChAdOx1 elicited a strong systemic, polyfunctional, and balanced soluble mediator response. To provide a more detailed overview of SARS-CoV-2-specific cellular response, phenotypic and functional analyses of memory T and B cells are currently under investigation in the Viana study.

A limitation of this study was the use of an external comparison group for immunogenicity assessment, especially due to the predominance of females in the ChAd Full Dose subsample. The significant contribution of sex to modulating vaccine-induced immunity has gained attention over the last several years. Specifically, females typically develop higher antibody responses and experience more AEs following vaccination than males, regardless of age (20, 22). We performed analyzes stratified by sex. The geometric mean titers found were similar in men and women. Comparisons between the ChAd Full Dose and ChAd Half Dose groups reproduced those results found in the general analyses. Despite the significant biological and behavioral differences between males and females, systematic review and meta-analysis concluded no significant sex differences in the efficacy of the COVID-19 vaccines, especially in younger populations (23).

We included the same 18-49 age range for both groups. This is a homogeneous age interval for vaccine reactivity. We conducted additional analysis, and the Spearman correlation of antibody titers (IgG-S) with age was very low (r = 0.1703, p = 0.0192). Our study did not include elderly people because, in that period, that population had already been vaccinated.

Further analyses are required to investigate the usefulness of a half dose for homologous or heterologous boosting as well as the effectiveness in both children and elderly populations. Although laboratory analyses reported in this study were done in blinded assays, ongoing studies of cellular immunity in larger groups will provide relevant additional information about the similarities between half and full doses.

In conclusion, a half dose of ChAdOx1 nCoV-19 is safe, effective, immunogenic, and non-inferior to the full dose. The immune response in pre-immune individuals indicates that the half dose may be a booster dose schedule.
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Hospital Universitário Cassiano Antônio Moraes, Universidade Federal do Espírito Santo (HUCAM-UFES), Rede de Hospitais Federais (EBSERH): Thayná Martins Gouveia, Beatriz Paoli Thompson, Karen Evelin Monlevade Lança, Gabriela Curto Cristianes Lacerda, João Pedro Gonçalves Lenzi, Sabrina de Souza Ramos, Felipe de Castro Pimentel, Ludimila Forechi, Thaís Ruchdeschel, João Pedro Moraes Miossi, Matheus Leite Rassele, Gabriel Smith Sobral Vieira, Laís Pasti, Allan Gonçalves Henriques, Maria Eduarda Morais Hibner Amaral, Alessandro Demoner Ramos, Heitor Filipe Surlo, Laura Gonçalves Rodrigues Aguiar, Luiza Lorenzoni Grillo, Matheus Pereira, Ramon Borge Rizzi, Sara Monteiro Muniz, Hully Cantão dos Santos, Thais Luma de Oliveira Roza, Adriana Santos Silva, Lunara Baptista Ferreira, Karina Lallemand, Ketty Lysie Libardi Lira Machado, Tania Queiroz Reuter Motta. Vigilância Municipal de Saúde de Viana: Jaquelini Jubini, Carla Cristina Moraes de Mattos, Maria Angélica Calegário Vieira. Vigilância Estadual de Saúde, Secretaria de Estado da Saúde do Espírito Santo: Danielle Grillo Pacheco Lyra, Cristiano Soares da Silva, Rodrigo Ribeiro Rodrigues, Luís Carlos Reblin, Orlei Cardoso. Organização Pan-Americana da Saúde (OPAS): Lely Stella Guzmán Barrera, Jhader Pércio. Fundação Oswaldo Cruz (FIOCRUZ): IRR-Fiocruz Minas - Ismael Artur da Costa Rocha, Roberta Oliveira Prado, Agnes Antônia Sampaio Pereira, Vitor Hugo Simões Miranda, Gláucia Diniz Alessio, Fernanda Fortes de Araújo, Elaine Speziali, Christiane Costa Pereira, Clarice Carvalho Alves, Kétyllen Reis Andrade de Carvalho, Anna Carolina Cançado Figueiredo, Liliane Martins dos Santos, Cristiana Couto Garcia, Nani Oliveira Carvalho, Laise Rodrigues Reis, Tâmilla Mayane Alves Fidelis dos Santos, Joaquim Pedro Brito-de-Souza, Camila Medeiros Costa, Isabela Natália Pascoal Campos do Vale, Priscilla Miranda Henriques, Poliane Silva Maciel, Thais Abdala Torres, Nathália Werneck Cézar de Oliveira, Gabriela de Oliveira, Luana Oliveira Borges Fernandes, Andreza Parreiras Gonçalves, Jesuanne Carla Silva Andrade, Ladson Lúcio Viana da Silva, Armanda Moreira Mattoso Barbosa, Maria Beatriz Martins Araújo, Bruna Luiza Fonte Boa Rocha, Lis Ribeiro do Valle Antonelli, Ana Carolina Campi-Azevedo, Vanessa Peruhype-Magalhães; Laboratório de Tecnologia Virológica (LATEV), Bio-Manguinhos, Fiocruz-RJ - Waleska Dias Schwarcz, Nathalia dos Santos Alves, Ingrid Siciliano Horbach, Ariane Faria de Souza, Brenda de Moura Dias, Bruno Pimenta Setatino, Caio Bidueira Denani.
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SARS-CoV-2 vaccination has been recommended for liver transplant (LT) recipients. However, our understanding of inactivated vaccine stimulation of the immune system in regulating humoral and cellular immunity among LT recipients is inadequate. Forty-six LT recipients who received two-dose inactivated vaccines according to the national vaccination schedule were enrolled. The clinical characteristics, antibody responses, single-cell peripheral immune profiling, and plasma cytokine/chemokine/growth factor levels were recorded. Sixteen (34.78%) LT recipients with positive neutralizing antibody (nAb) were present in the Type 1 group. Fourteen and 16 LT recipients with undetected nAb were present in the Type 2 and Type 3 groups, respectively. Time from transplant and lymphocyte count were different among the three groups. The levels of anti-RBD and anti-S1S2 decreased with decreasing neutralizing inhibition rates. Compared to the Type 2 and Type 3 groups, the Type 1 group had an enhanced innate immune response. The proportions of B, DNT, and CD3+CD19+ cells were increased in the Type 1 group, whereas monocytes and CD4+ T cells were decreased. High CD19, high CD8+CD45RA+ cells, and low effector memory CD4+/naïve CD4+ cells of the T-cell populations were present in the Type 1 group. The Type 1 group had higher concentrations of plasma CXCL10, MIP-1 beta, and TNF-alpha. No severe adverse events were reported in all LT recipients. We identified the immune responses induced by inactivated vaccines among LT recipients and provided insights into the identification of immunotypes associated with the responders.




Keywords: SARS-CoV-2 inactivated vaccines, liver transplant recipient, neutralizing antibodies, CD3+ CD19+ cell, CXCL10



Introduction

Solid organ transplant (SOT) recipients are at a high risk of SARS-CoV-2 infection and its severe outcomes (1, 2). Liver transplant (LT) recipients or other immunocompromised patients are a highly vulnerable patient population, requiring SARS-CoV-2 vaccination, as recommended by some societies (3, 4). Due to immunosuppressive treatment effects, lower immune response and fewer detectable SARS-CoV-2 antibodies to the SARS-CoV-2 mRNA vaccine among SOT recipients than among the immunocompetent population have been documented (5–12). Some studies have reported lower immunological and poor antibody response to mRNA-based vaccines among LT recipients (11, 13). Inactivated vaccines have proven to be strongly immunogenic and highly efficient in preventing severe coronavirus disease (COVID-19) in immunocompetent individuals (14–16). However, knowledge of inactivated vaccine-induced humoral and cellular responses in SOT recipients, especially LT recipients, remains poorly understood.

Vaccines may prevent infection and its unfavorable effects by inducing robust virus neutralizing antibody (nAb) responses, which are crucial for shaping both humoral and cellular protective immunity during the early response to vaccination (17, 18). In addition to nAb, T cells are critically necessary for clearing viral infections and effective vaccination to maintain extensive and lasting antiviral immunity (19, 20). Our previous study confirmed that T-cell immune response changed during disease progression in patients with COVID-19 (21). Cytokines and chemokines play a key role in the development and maintenance of immunity in response to infection and vaccination. Early cytokine and chemokine signatures may be used to monitor effective vaccination; they have been proposed as guides for optimizing the efficacy of mRNA vaccination strategies (22).

Knowledge of the two-dose inactivated SARS-CoV-2 vaccine-induced immune response in LT recipients remains poor, especially the comprehensive difference in humoral and cellular responses between responders and non-responders. Defining the nature of immune response after SARS-CoV-2 vaccination could help identify biomarkers for predicting the effective application of vaccines in LT recipients. In this study, we used the systems vaccinology approach to comprehensively profile the innate and adaptive immune responses of LT recipients who were vaccinated with the two-dose inactivated SARS-CoV-2 vaccine. Additionally, we evaluated the clinical characteristics, antibody responses, single-cell peripheral immune profiling, and plasma cytokine/chemokine/growth factor levels among LT recipients with SARS-CoV-2 inactivated vaccination.



Patients and methods


Patient population and study design

This study was an observational study conducted among LT recipients who had received two scheduled doses of the inactivated vaccines (CoronaVac or BBIBP-CorV) within 8 weeks, according to the national vaccination protocol. The participants were recruited from an online survey. Three healthy donors without vaccination (HD) and four healthy donors vaccinated with the inactivated vaccine (HDV) were recruited as the no vaccination healthy controls and vaccination healthy controls, respectively. Blood samples from LT recipients and HDVs were obtained within 4–8 weeks after administration of the second dose of the vaccine for CyTOF and cytokine detection. The exclusion criteria included age <18 years and history of COVID-19 diagnosis. All the clinical data of LT recipients within 4 weeks before the first dose of the vaccine were retrospectively reviewed. Figure 1A shows the study flow diagram for the study. This study was approved by the Ethics Committee of Beijing YouAn Hospital ([2021]083), and all participants provided written informed consent.




Figure 1 | Schematic workflow and SARS-CoV-2 neutralizing antibody detection after vaccination. (A) Schematic description of LT recipient groups and blood sample experiments. (B) Neutralizing antibody detection in plasma of LT recipients after two-dose inactivated vaccination. Cutoff value equal to 20% signal inhibition. Neutralizing percent inhibition (NPI) of sample ≥20% indicated the presence of Anti-SARS-CoV-2 neutralizing antibodies, whereas NPI < 20% indicated the absence of neutralizing antibodies. (C) Correlation between the duration from LT to first dose of vaccination and NPI. p-Values (two-sided) and r values are based on Spearman’s rank test. LT, liver transplant. *p < 0.05, **p < 0.01.





Anti-SARS-CoV-2 neutralizing antibody detection

Anti-SARS-CoV-2 neutralizing antibody levels were determined by competitive enzyme-linked immunosorbent assay (ELISA) using the Anti-SARS-CoV-2 Neutralizing Antibody Titer Serologic Assay Kit (ACROBiosystems, Newark, DE, USA), according to the manufacturer’s instructions. Briefly, the microplate in the kit was pre-coated with human ACE2 protein. Plasma samples, positive control, and negative control were added to the wells, followed by the addition of HRP-SARS-CoV-2 Spike RBD. After incubation, the wells were washed, and the substrate solution was added to the wells. The reaction was terminated by the addition of a stop solution, and the intensity of absorbance was measured at 450 nm/630 nm. The neutralizing antibodies in the samples competed with ACE2 for HRP-SARS-CoV-2 Spike RBD binding. The intensity of the assay signal decreased proportionally with the concentration of Anti-SARS-CoV-2 neutralizing antibodies. The cutoff value was set at 20% of signal inhibition. A neutralizing percent inhibition (NPI) of sample ≥20% indicated that Anti-SARS-CoV-2 neutralizing antibodies were present, whereas NPI <20% indicated the absence of neutralizing antibodies.



Detection of antibody titer against SARS-CoV-2

The titers of antibodies against structural proteins, RBD and S1S2, were determined using the indirect ELISA kit (Sino Biological, Beijing, China) according to the manufacturer’s instructions, as previously described (23). Each value obtained was an average of three independent biological replicates.



Cytokine/chemokine/growth factor detection with Luminex kits

Plasma cytokine/chemokine/growth factor concentrations were measured by the Luminex bead-based MILLIPLEX assay using MILLIPLEX® Human Cytokine/Chemokine/Growth Factor Panel A (Millipore, Billerica, MA, USA) with a FlexMAP3D (Luminex) platform. Cytokine production data were analyzed using the xPONENT software, following the manufacturer’s instructions (24). The panel simultaneously analyzed 48 multiple cytokine, chemokine, and growth factor biomarkers, including sCD40L, EGF, eotaxin, FGF-2, Flt-3, ligand, fractalkine, G-CSF, GM-CSF, GRO-alpha, IFN-alpha2, IFN-gamma, IL-1 alpha, IL-1beta, IL-1RA, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-15, IL-17A, IL-17E/IL-25, IL-17F, IL-18, IL-22, IL-27, IP-10, MCP-1, MCP-3, M-CSF, MDC, MIG, MIP-1 alpha, MIP-1 beta PDGF-AA, PDGF-AB/BB, RANTES, TGF-alpha, TNF-alpha, TNF-beta, and VEGF-A.



Mass cytometry

Peripheral blood mononuclear cells (PBMCs) of participants were incubated with 1 μM of cisplatin (198-Pt, Fluidigm, South San Francisco, CA, USA) for 2 min for viability evaluation by mass cytometry. Cells were then fixed for 15 min at room temperature with Fix I (Fluidigm) buffer and washed three times with Cell Staining Buffer (CSB) for further analysis. A palladium isotope barcoding kit was applied to minimize inter-sample staining variation. Briefly, each sample was counted and diluted to 1 × 106 cells/ml before being labeled with a unique combination of three palladium isotopes. Thereafter, 20 samples from different groups were mixed. The purified antibodies, as shown in Supplementary Table 1, were conjugated with the Multi-Metal MaxPar Kit (Fluidigm). All metal-conjugated antibodies were titrated for optimal concentration before use. The mixed cells were stained with surface markers, such as CD3, CD4, and CD8, for 30 min. They were then permeabilized with ice-cold methanol (80%) for 15 min. After three washes with CSB, cells were incubated with the remaining antibodies. After three washes with CSB followed by staining with Intercalator-Ir (Fluidigm) at 4°C overnight, the samples were washed three times with ultrapure water. Thereafter, the cells were resuspended in ultrapure water containing 10% of EQ Four Element Calibration Beads (Fluidigm). Lastly, the data were obtained from the Helios mass cytometer (Fluidigm).



Mass cytometry data analysis

All.fcs files were uploaded into Cytobank. Data cleaning was performed, as described previously. The population of single living cells was exported as.fcs files for further analysis (25). Files were loaded into R (http://www.rstudio.com), and the arcsinh transform was performed to signal intensities of all channels. PhenoGraph analysis was performed, as previously described (26).



Statistical analysis

All statistical analyses were performed using the SPSS software package (version 23.0; SPSS Inc., USA). Comparisons of differences among groups were performed using the Kruskal–Wallis test followed by multiple comparisons with pairwise, chi-square, or Fisher’s exact test. Statistical significance was set at p < 0.05 for two-sided tests. Correlation analyses were performed using Spearman’s rank test.




Results


Patient characteristics

Forty-six LT recipients were recruited from 11 hospitals. They had received inactivated vaccines (CoronaVac or BBIBP-CorV) according to the national vaccination schedule. The baseline characteristics of the cohort are shown in Table 1. The most common etiology of liver disease was hepatitis B virus-related liver disease (36, 78.3%), followed by alcoholic liver disease (four, 8.7%), primary biliary cirrhosis (three, 6.5%), and Wilson’s disease (three, 6.5%). A proportion of 58.7% (27/46) of patients received two kinds of immunosuppressants, and 39.1% (18/46) of them received a single regimen. One participant received the triple-drug regimen, which comprised a calcineurin inhibitor, glucocorticoid, and antimetabolite. The median time from LT to the first vaccination was 7.7 years (range, 1.3–21.3 years).


Table 1 | Characteristics of LT recipients.





Difference in neutralizing inhibition rate among liver transplant recipients

To examine the ability of plasma antibodies to interfere with ACE2–RBD interaction, a competitive SARS-CoV-2 serology assay was performed. In this assay, plasma antibodies were added to ELISA plates precoated with the SARS-CoV-2 RBD protein, followed by the addition of the human ACE2 protein. A specific neutralizing antibody against SARS-CoV-2 RBD was used as a reference. After the second dose, 16 (34.78%) participants had a positive neutralizing antibody reaction (Figure 1B). No neutralizing antibodies were detected in 30 (65.22%) patients. In those with positive neutralization post-second dose, the median level of percent inhibition was 26.25% (21.25%–77.02%). Thereafter, these LT recipients were divided into three groups according to the NPI findings. They included the detectable Anti-SARS-CoV-2 neutralizing antibody group (Type 1, 16 patients, NPI ≥ 20%) and undetectable neutralizing antibody groups (Type 2, 14 patients, 20% > NPI > 0%; Type 3, 16 patients, NPI ≤ 0%). As shown in Figure 1B, the NPI of Type 1 was higher than that of Type 2 (p = 0.032), Type 3 (p < 0.001), and HD (p = 0.006). The following analyses were performed based on these groups. The clinical and laboratory data of LT recipients with detectable neutralizing antibodies and NPI were compared (Table 2). Patients with detectable neutralizing antibodies in the negative group were more frequently treated with mycophenolate mofetil/mycophenolic acid (MMF/MPA) than those in the positive group (20/10 vs 5/11, p = 0.022). Duration from LT to first dose of vaccination (p = 0.013) and lymphocyte count (p = 0.015) showed a significant difference among the Type 1, Type 2, and Type 3 groups, which indicated longer post-transplant time (p = 0.015) and higher lymphocyte count (p = 0.014) in Type 1 than Type 3. Duration from LT to first dose of vaccination was correlated with NPI (Figure 1C; Spearman’s r = 0.334, p = 0.023), while no significant correlation between lymphocyte count and NPI was found (Spearman’s r = 0.281, p = 0.068). No significant difference in sex, body mass index, etiology of liver disease, source of vaccine, estimated glomerular filtration rate (eGFR), and comorbidities were noted in neutralizing antibody response.


Table 2 | | Comparison of recipients in neutralizing antibody and neutralizing percent inhibition.





Enhanced response of antibodies against SARS-CoV-2 structural proteins in patients with higher neutralizing inhibition rate

Furthermore, we investigated the response of antibodies against RBD and S1S2 among the Type 1, Type 2, and Type 3 groups. The anti-RBD and anti-S1S2 levels gradually decreased with decreasing neutralizing inhibition rates among groups. The anti-RBD antibody levels were higher in the Type 1 group than in the Type 2 group (p = 0.018), Type 3 group (p < 0.001), and HD (p = 0.002) (Figure 2A). Additionally, the anti-RBD level was higher in the Type 2 group than in the Type 3 group (p = 0.042). Higher anti-S1S2 titers were detected in the Type 1 group than in the Type 3 group (p = 0.030) and HD (p = 0.015), although no differences were present between Type 1 and Type 2 (P = 1.000) or Type 2 and Type 3 (p = 0.059). The potential correlation between anti-RBD/anti-S1S2 levels and NPI was evaluated. NPI had a high correlation with anti-RBD level (Figure 2B; Spearman’s r = 0.818, p < 0.001). Additionally, NPI was correlated with anti-S1S2 level (Figure 2C; Spearman’s r = 0.511, p < 0.001), and the anti-RBD level was positively correlated with anti-S1S2 level (Figure 2D; Spearman’s r = 0.696, p < 0.001).




Figure 2 | Comparison of antibody responses between different groups. (A) Comparison of anti-RBD and anti-S1S2 antibody responses among the Type 1, Type 2, and Type 3 groups. Correlation between anti-RBD and anti-S1S2 levels. (B) NPI and anti-RBD levels. (C) NPI and anti-S1S2 levels. (D) p-Values (two-sided) and r values are based on Spearman’s rank test. NPI, neutralizing percent inhibition. *p < 0.05, **p < 0.01.





Induction of innate immune responses

To reveal differences in cell-type compositions after vaccination among groups, we calculated the relative percentages of cell types in PBMCs of 32 LT recipients (Type 1, 7 patients; Type 2, 13 patients; Type 3, 12 patients) using CyTOF data. After surface markers were combined by unsupervised clustering, CD45+ PBMCs were divided into eight major cell types (Figures 3A–C), including C1_B cells (CD19+), C2_CD8+T cells (CD8+ CD3+), C4_dendritic cells (DCs, HLA-DR+), C5_natural killer cells (NK, CD56+), C7_Monocytes (CD14+HLA-DR+CD16−), C8_CD4+T cells (CD4+ CD3+), C6_CD3+CD19+ (B-T) cells, and C3_double negative T cells (DNT). The frequencies of B, DNT, and CD3+CD19+ cells were higher in the Type 1 group than in the Type 2, Type 3, and HD groups. However, they were decreased in monocytes and CD4+ T cells in the Type 1 group (Figure 3B). The frequencies of these eight cell types were not different between the Type 1 group and HDVs. Additionally, CXCR3 was highly expressed in CD8 T, DNT, DC, NK, and monocytes in the Type 1 group, and the expression level of its ligand, CXCL10, was elevated among all eight clusters in the Type 1 group (Figure 3D). IFN-γ expression level was higher in CD8 T cells of the Type 1 group than in those of the Type 3 or HD group (Figure 3E). Compared to the Type 2, Type 3, and HD groups, the Type 1 group had enhanced levels of phosphorylated (p)STAT1 and pSTAT3 in multiple cell types (Figure 3F). These data suggest that a heightened innate immune response was induced after secondary immunization in LT recipients in the Type 1 group, compared to those in the Type 2 and Type 3 groups.




Figure 3 | Innate immune responses induced by inactivated vaccination among LT recipients. (A) CyTOF-identified cell clusters from PBMCs visualized by t-distributed stochastic neighbor embedding (t-SNE). (B) Percentage of each cluster among five groups. Boxes represent interquartile ranges (IQRs). Each dot represents an individual group: Type 1 (red), Type 2 (blue), Type 3 (green), HDV (purple), or HD (orange). (C) viSNE projections of expression of the indicated proteins. (D) The expression level of CXCL10 and CXCR3 in eight cell clusters. Line at median of groups. (E) IFN-γ expression levels measured and compared among five groups in CD8+ cells. (F) Heatmap of expression arcsih ratio of pSTAT3 and pSTAT1 levels. Significance was determined using Kruskal–Wallis test, followed by multiple pairwise comparisons. Statistical significance was set at a two-sided p-value <0.05 and adjusted p < 0.05. *p < 0.05. LT, liver transplant; PBMCs, peripheral blood mononuclear cells; HDV, healthy donors vaccinated with the inactivated vaccine; HD, healthy donors without vaccination.





Identifying circulating T-cell responses with vaccine effectiveness in liver transplant recipients

Thereafter, we investigated the immune features of T lymphocytes (CD3+ cells), with respect to activation and differentiation, and identified the CD3+ CD19+ subsets of circulating T cells after two doses of the inactivated vaccine in LT recipients. Eleven T-cell populations were clustered (Figures 4A–D); they included CD161+ T cell (C1, CD3+ CD161+), effector memory CD4+ (C2, CD4+CD45RO+CCR7−), naïve CD8+ (C3, CD8+CD45RA+CCR7+), naïve CD4+ (C4, CD4+CD45RA+CCR7+), effector CD8+ 1 (C5, CD8+CD45RA+CCR7−CD19low), DNT (C6), effector CD8+ 2 (C7, CD8+CD45RA+CCR7−CD19high), central memory CD4+ (C8, CD4+CD45RO+CCR7+), effector CD8+ 3 (C9, CD8+CD45RA+CCR7−CD127high), central memory CD8+ (C10, CD8+CD45RO+CCR7+), and effector CD8+ 4 (C11, CD8+CD45RA+CCR7−CD127low) cells. Among the T-cell populations, the CD19high CD8+CD45RA+ cell population increased, whereas the effector memory CD4+ and naïve CD4+ cells decreased in the Type 1 group, compared to the Type 2, Type 3, and HD groups (Figure 4B). Cluster 7, CD19high CD8+CD45RA+ cells, increased and was characterized by high CD45RA, CD8, and CD19 expression; moderate CD16, HLA-DR, and CD127 expression; and low CD4 expression (Figure 4C). Furthermore, the frequencies of C8_central memory CD4+, C9_effector CD8+, and C11_effector CD8+ cells were higher in the Type 1 group than in the HD group (Figure 4B). Notably, the three vaccination-specific cell subsets had co-expression of CD19 and CD127. Although the frequency of naïve CD8+ cells was not different among the five groups, it was decreased in the Type 1 and HDV groups (Figure 4B). Thereafter, IFN-γ and perforin were expressed among the four kinds of effector CD8+ in the different groups. IFN-γ expression levels in C5_effector CD8+, C7_effector CD8+, and C11_effector CD8+ cells were higher in the Type 1 group than in the Type 3 group. However, no difference in C9_effector CD8+ cells was present between the Type 1 and Type 2/Type 3 groups (Figure 4E). The Type 1 group had an increased perforin expression level than the Type 3 group in only the C5_effector CD8+ and C11_effector CD8+ subsets (Figure 4F).




Figure 4 | T-cell activation in subsets of LT recipients is associated with vaccination responder. (A) CyTOF-identified cell clusters from CD3+ cells visualized by t-SNE. (B) Percentage of each cluster among five groups. Boxes represent interquartile ranges (IQRs). Each dot represents an individual groups: Type 1 (red), Type 2 (blue), Type 3 (green), HDV (purple), or HD (orange). (C) Heatmap showing expression patterns of various markers, stratified by FlowSOM clusters. Heat scale calculated as column z-score of mean fluorescence intensity (MFI). (D) viSNE projections of expression of the indicated proteins. IFN-γ (E) and perforin (F) expression levels measured and compared in four kinds of effector CD8+ cells among five groups. Significance was determined using Kruskal–Wallis test, followed by multiple pairwise comparisons. Statistical significance was set at a two-sided p-value <0.05 and adjusted p < 0.05. *p < 0.05. Percentages represent proportion of each identified cluster of all analyzed cells. LT, liver transplant; t-SNE, t-distributed stochastic neighbor embedding; HDV, healthy donors vaccinated with the inactivated vaccine; HD, healthy donors without vaccination.





Cytokine/chemokine/growth factor profile induced by the two-dose inactivated vaccine in liver transplant recipients

To further investigate the cytokine signature induced by the two-dose inactivated vaccine, we measured plasma cytokines in 32 vaccinated individuals. Of the 48 cytokines detected, CXCL10 (p = 0.021), MIP-1 beta (p = 0.009), and TNF-alpha (p = 0.034) were significantly different among the Type 1, Type 2, and Type 3 groups (Figure 5A). Although CXCL10 level was higher in the Type 1 group than in the Type 2 group (p = 0.040), Type 3 group (p = 0.031), and HD group (p = 0.009), MIP-1 beta (p = 0.013) and TNF-alpha (p = 0.032) levels were only higher in the Type 1 group than in the Type 3 group (Figure 5B). Additionally, CXCL10 levels were higher in the Type 1 group than in the HD group (Figure 5B). The potential correlations between CXCL10 levels of all cases and the corresponding expression levels of eight immune cells were analyzed using Spearman’s rank order correlation test (Figures 5C, D). We found that CXCL10 level was positively correlated with CXCL10 expression in CD3+ CD19+ cells (Spearman’s r = 0.365, p = 0.023) and CD4+ T cells (Spearman’s r = 0.391, p = 0.014). No significant correlation was observed between CXCL10 levels and CXCL10 expression in the rest of the B cells (Spearman’s r = 0.310, p = 0.055), CD8+ T cells (Spearman’s r = 0.307, p = 0.057), DCs (Spearman’s r = 0.202, p = 0.218), NK (Spearman’s r = 0.267, p = 0.101), monocytes (Spearman’s r = 0.272, p = 0.094), and DNT cells (Spearman’s r = 0.288, p = 0.076).




Figure 5 | Plasma cytokine/chemokine/growth factor levels after two-dose vaccination in LT recipients. (A) Heatmaps representing the 48 cytokine/chemokine/growth factor levels among the Type 1, Type 2, Type 3, HDV, and HD groups. (B) Higher concentrations of plasma CXCL10, MIP-1 beta, and TNF-alpha in Type 1. Correlation between plasma CXCL10 level and CD3+ CD19+ CXCL10 expression (C) and CD4+ CXCL10 levels (D). p-Values (two-sided) and r values are based on Spearman’s rank test. LT, liver transplant; HDV, healthy donors vaccinated with the inactivated vaccine; HD, healthy donors without vaccination. *p < 0.05.





Vaccine safety

Safety analysis was completed for all participants who completed the vaccine diary after receiving both vaccine doses (Supplementary Table 2). Overall, the vaccines were well-tolerated. Local events with associated pain and swelling at the injection site were most commonly reported. Systemic events included fatigue, myalgia, and headache. No episodes of organ rejection were recorded 6 weeks after the second vaccine dose.




Discussion

Due to the life-long immunosuppression and high prevalence of comorbidities, LT recipients are at a high risk of SARS-CoV-2 infection (1, 3). Few studies have evaluated LT recipients for antibody responses to mRNA vaccines (11, 13). The mechanism of cellular response after vaccination in LT recipients remains unclear. In this study, LT recipients who had been vaccinated with inactivated vaccines (CoronaVac or BBIBP-CorV) were divided into three groups according to the nAb detection results. Thereafter, we comprehensively compared the innate and adaptive immune responses among the different groups. Our study provides important insight into how LT recipients respond to the COVID-19 vaccine. ().

In our study, as expected, LT recipients had lower immunogenicity toward SARS-CoV-2 inactivated vaccines, similar to the reported response to mRNA vaccines (11). Risk factors for negative serology among solid organ transplant recipients include MMF treatment (as described in this study), high-dose steroid use, triple therapy immunosuppression, old age, and reduced eGFR (10, 11, 27). The predominantly used immunosuppressive anti-metabolite, MMF/MPA, impairs both seroconversion rate and IgG and RBD-IgG titers in organ transplant recipients 2 months after SARS-CoV-2 mRNA vaccination (10, 12, 28). A recent meta-analysis showed that MPA/MMF weakened antibody response to the SARS-CoV-2 vaccine in adult solid organ transplant recipients (29). MMF/MPA may delay humoral response with significant antibody decline in kidney transplant recipients after SARS-CoV-2 mRNA vaccination (30). However, the NPI-related factors in this study included duration between the time of LT and the first dose of vaccination and lymphocyte count prior to vaccination. Overall, the vaccines were well-tolerated, and no major adverse events or graft rejections were recorded after vaccination.

LT recipients mount a poor antibody response to mRNA SARS-CoV-2 vaccines. IgG antibody titer and neutralizing antibodies were present in 61% and 47.5% of LT recipients, respectively, as reported in two studies (11, 13). In this study, 34.78% of LT recipients developed positive neutralizing antibodies after receiving the two-dose inactivated vaccines, which was consistent with findings from previous reports. Among the three types of LT recipients grouped by nAb results, the Type 1 (nAb+) group had higher anti-RBD and anti-S1S2 titers than the Type 2 (nAb−) and Type 3 (nAb−) groups. According to previous reports, a strong correlation exists between levels of RBD-binding antibodies and SARS-CoV-2 nAbs in patients with SARS-CoV-2 (31, 32). Similarly, this study confirmed a strong correlation between NPI and anti-RBD/anti-S1S2 levels in LT recipients. These results suggest that proportional LT recipients could promote robust humoral responses through two-dose inactivated vaccines.

One of the major concerns in transplant patients is the difference in cellular immunity between responders and non-responders. Therefore, the immune response characteristics related to vaccine efficacy in LT recipients should be elucidated. We investigated the peripheral single-cell immune spectrum after vaccination in LT recipients using high-parameter CyTOF analysis to evaluate the phenotypes of their peripheral immune cells. Notably, similar immune cell frequencies were observed in the Type 1 and HDV groups. The proportions of B cells, DNT cells, and CD3+CD19+ cells were higher in the Type 1 group than in the Type 2, Type 3, and HD groups. Circulating B cells increase in numbers after vaccination against SARS-CoV-2, implying that B cells rapidly proliferate and expand in a good immune response (33). Additionally, the percentages of DNT cells were found to be significantly increased in patients with COVID-19 (34). Although increased to a certain degree in Type 2 and Type 3 groups, interestingly, CD3+CD19+ cells characterized by high CD45, CD3, and CD19 expression levels were mainly found in vaccinated individuals in the Type 1 and HDV groups relative to the HD group. The CD3+CD19+ cells were present in peripheral blood samples from patients with HIV/mycobacterium tuberculosis infection and patients with cancer, reflecting the adaptive immune landscape (35, 36). Combining findings from our study and other studies, although all the studies showed that CD3+CD19+ cells were present commonly in the peripheral blood of healthy donors, the percentage of CD3+CD19+ cells in patients with cancer/vaccination population was significantly higher than that of CD3+CD19+ cells in healthy donors. It is a special subset of immune cells that probably plays a complex role in an intermediate state. We noticed that monocyte and CD4+ T-cell proportions were significantly decreased in the Type 1 and HD groups. CD4+ T-cell response was quicker than CD8+ T-cell response after two doses of the vaccine. CD8 T cells mostly produced IFN-γ, which were detected in CD8 T cells of the Type 1 group, compared to the Type 3 and HD groups. IFN-γ activates the Janus kinase (JAK)-signal transducer and activator of transcription (STAT) signaling pathway, resulting in the upregulation of STAT1 transcriptional targets (37). In this study, pSTAT1 and pSTAT3 expression levels were higher in the Type 1 group than in the Type 2, Type 3, and HD groups. These results suggest that LT recipients in the Type 1 group had a heightened innate immune response after secondary immunization, compared to LT recipients in the Type 2 and Type 3 groups.

More specifically, we used high-dimensional flow cytometry to perform immune profiling of T-cell populations. Several key findings included the high CD19, high CD8+CD45RA+ cell, and low effector memory CD4+ and naïve CD4+ cells in the Type 1 group. Additionally, central memory CD4+ cells and a fraction of effector CD8+ cells were specifically increased in vaccinated populations, with co-expression of CD19 and CD127. CD127 expression, as a feature of memory in T cells, promotes the survival and maintenance of long-lived memory T cells; CD127 is expressed on effector CD8+ T cells (38, 39). The elevated IFN-γ and cytotoxic molecules perforin expression level of effector CD8+ T cells in the Type 1 group, determined in our study, indicated the immune response induced by vaccination among LT recipients.

Cytokine modulation could be a marker of successful vaccination resulting in efficient antibody development (22). Our analysis of the peripheral levels of cytokines, chemokines, and inflammation markers suggested that CXCL10, MIP-1 beta, and TNF-alpha were associated with the effective immune response to the two-dose inactivated SARS-CoV-2 vaccine in LT recipients. Surprisingly, the expression level of CXCL10 was elevated among all eight immune cell clusters in the Type 1 group. Among them, the CXCL10 level was positively correlated with CXCL10 expression in CD19+CD3+ cells and CD4+ T cells. Correspondingly, plasma CXCL10 levels were used to monitor effective vaccination and guide the efficacy of mRNA vaccination strategies (22). The chemokine, CXCL10, is often released in the context of inflammation by many immune cells and promotes the chemotaxis of CXCR3+ cells, which are mainly activated T and B lymphocytes (40, 41). As previously reported, TNF-alpha was induced after the second mRNA vaccination, which could play a role with CXCL10 in the rapid recruitment and stimulation of effector immune cells (22). MIP-1 alpha and MIP-1 beta preferentially attract CD8+ and CD4+ T cells, respectively, and MIP-1 beta is chemotactic for monocytes, T cells, and NK cells (42, 43). Identification of a robust signature of cytokine induction leading to effective vaccination would be important for LT recipients to prevent the risk of SARS-CoV-2 infection as possible.

This study had some limitations. We focused on the immune status after two-dose vaccination among LT recipients, while excluding antibody levels after the first dose of inactivated SARS-CoV-2 vaccines and dynamic changes data on the immune response. LT recipients who did not vaccinate with SARS-CoV-2 are prone to keep a social distance more. We did not recruit such volunteers for this study. The majority of solid organ transplant recipients had a poor response to the COVID-19 vaccines. The non-responders could reflect the basic immune status of LT recipients to some extent. Robust induction of B-cell and T-cell responses by the third dose of inactivated SARS-CoV-2 vaccine was confirmed in a non-randomized trial among healthcare workers (44). In the future, a longitudinal study with a large cohort is needed to address the sustainability of memory cells stimulated by inactivated vaccines and profile the humoral and cellular responses to the third dose among LT recipients. The small sample size of the healthy controls with or without vaccination limited the robustness of the vaccination evaluation between the different populations, although this was not the main objective of this study. The characteristics and functions of B cell-like T cells and CD3+CD19+ cells were unknown in the development and progression of SARS-CoV-2 vaccination. In further studies, this will be addressed. Despite that, our study demonstrated the varied immune response status among LT recipients after two doses of vaccination, especially in LT recipients with positive neutralizing antibodies (Type 1). More importantly, the signature of antibody response, peripheral immune subsets, plasma cytokine, and chemokine related to effective vaccination were obtained in LT recipients. For LT recipients with negative neutralizing antibodies (Type 2 and Type 3), mild cellular response characteristics were found in some patients, which were crucial for the introduction of an additional (third) dose of the homologous vaccine in the next stage.
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After kidney transplantation, patients exhibit a poor response to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) vaccination. However, the efficacy and adverse effects of vaccines based on different platforms in these patients remain unclear. We prospectively analyzed both anti-spike protein antibody and cellular responses 1 month after the first and second doses of SARS-CoV-2 vaccines in 171 kidney transplant patients. Four vaccines, including one viral vector (ChAdOx1 nCov-19, n = 30), two mRNA (mRNA1273, n = 81 and BNT162b2, n = 38), and one protein subunit (MVC-COV1901, n = 22) vaccines were administered. Among the four vaccines, mRNA1273 elicited the strongest humoral response and induced the highest interferon-γ levels in patients with a positive cellular response against the spike protein. Antiproliferative agents were negatively associated with both the antibody and cellular responses. A transient elevation in creatinine levels was noted in approximately half of the patients after the first dose of mRNA1273 or ChadOx1, and only one of them presented with borderline cellular rejection without definite causality to vaccination. In conclusion, mRNA1273 had better immunogenicity than the other vaccines. Further, renal function needs to be carefully monitored after vaccination, and vaccination strategies should be tailored according to the transplant status and vaccine characteristics.
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Introduction

Since the coronavirus disease 2019 (COVID-19) pandemic began in December 2019, several vaccines against its etiological agent, severe acute respiratory syndrome coronavirus 2 (SARS-Co-V-2), have been developed using different platforms (1, 2). A coordinated immune response is essential to control SARS-Co-V-2 (2, 3), and T cells are important in the fight against virus variants (4). However, several reports have shown impaired humoral and cellular immunity responses after vaccination in kidney transplant recipients (KTRs) (5, 6). All KTRs need to be fully vaccinated, and a third (7, 8) or fourth (9, 10) booster dose should be considered because of their immunocompromised status.

Owing to the availability of vaccines, most studies have focused on the results of messenger RNA (mRNA)-based vaccines, including BNT162b2 and mRNA1273, which are superior to vector vaccines (11) in the general population. For KTRs, evidence of immunogenicity comparing the different platforms is limited. A comparison between the mRNA and vector vaccines in 40 solid organ transplant recipients (12) revealed that the mRNA vaccines induced a greater antibody response than the vector vaccines, which resulted in more cellular activity than the former. A further comparison of BNT162b2 and mRNA1273 in KTRs showed that mRNA1273 had a higher seroconversion rate than BNT162b2 (13, 14). Notably, there have been cases of acute rejection in a KTR (15) and pancreas allograft rejection after widespread mRNA and vector vaccination (16). Both types of vaccines have good efficacy in promoting potent immune responses (17), which might be a concern in KTRs, especially when repeated doses are mandatory in this special group.

In addition to mRNA and vector vaccines, there are other platforms, including inactivated virus and protein subunits. The inactivated vaccine has a low antibody response rate (18), and the IgG response is approximately one-tenth that of the mRNA vaccine (19). Nevertheless, there is limited knowledge regarding protein subunit vaccines administered to KTRs. In Taiwan, a protein subunit vaccine, MVC-COV1901 (20), has been administered concurrently with mRNA1273, BNT162b2, and ChadOx1. The selection of vaccines depends on priorities according to the national policy and personal choice. In this prospective observational study, we analyzed both antibody and cellular responses after the first and second doses in KTRs to compare the four different vaccines. In addition to immunogenicity, we compared renal function changes after vaccination, which is a special concern with KTRs. These results could be applied to future vaccination strategies and development.



Materials and methods

This prospective observational study was approved by the Research Ethics Committee of the National Taiwan University Hospital (NTUH: 202106046RINA).


Patients

From June 2021, general administration of the SARS-Co-V-2 vaccine in Taiwan began with a homogenous two-dose regimen. Initially, ChAdOx1 and mRNA1273 were the only two available vaccines. In late August and early September, MVC-COV1901 and BNT162bs, respectively, were added to the vaccine list. KTRs without a COVID-19 history at NTUH were recruited for this observational study. After obtaining informed consent, blood samples were collected before (if available) and 28–42 days after each of the first and second doses. Spike protein-specific T cell stimulation was performed on the same day as collection. Plasma was isolated and frozen in batches for the anti-spike protein antibody test. Owing to the low prevalence of COVID-19 in Taiwan, anti-nucleocapsid antibodies were analyzed once using the first blood sample of each patient to exclude previous infections. Clinical data, including patient demographic profiles, graft function, and regular laboratory results, were reviewed.



Quantification of T cell response after vaccination

The spike protein-specific T cell response was determined using a SARS-CoV-2 interferon (IFN)-γ release assay (IGRA) kit (Quan-T-Cell SARS-CoV-2, Euroimmun Medizinische Labordiagnostika, Luebeck, Germany). Whole blood collected in lithium heparin tubes was stimulated in blank, spike protein-, and mitogen-coated tubes for 16 h. The samples were then centrifuged to isolate and freeze the stimulated plasma, which was then subjected to an IFN-γ assay by ELISA according to the manufacturer’s protocol. The T cell response capacity was determined by subtracting the IFN-γ concentration (mIU/mL) in the test tube from that in the blank tube. According to the manufacturer, a value of >100 was regarded as a detectable response.



Quantification of antibodies

The antibody concentration was determined using an electrochemiluminescence immunoassay kit for the spike protein and nucleocapsid protein (Elecsys Anti-SARS-CoV-2 S and Elecsys Anti-SARS-CoV-2, Roche) using a Cobas e 411 analyzer. Plasma was incubated with biotinylated and ruthenylated target antigens for 9 min. Streptavidin-coated microparticles were added for another 9 min incubation. Measurements were conducted using a photomultiplier. An antibody titer ≥0.8 U/mL was considered reactive according to the manufacturer’s instructions, and the upper limit titer was set to 5,000 U/mL in our laboratory. The Elecsys unit (U/mL) can be transformed into a binding antibody unit (BAU/mL), determined by the WHO, using the equation U = 0.972 × BAU.



Data analysis

All numbers are presented as the mean ± standard deviation. Data among the four vaccine groups were compared using the chi-square test for categorical variables and ordinary one-way ANOVA or Kruskal-Wallis test for continuous variables. The correlation between the immune response and patient factors was analyzed based on the non-parametric Spearman correlation. For propensity score matching, we matched the patients based on their age in a 1:1 ratio to reduce selection bias with a standardized mean difference of 0.1. Using a two-tailed test, P<0.05 was considered a significant difference between groups. Statistical analysis was performed using GraphPad Prism 9.3.1 (GraphPad Software, LLC, CA, USA) and SPSS 28.0.1.1 (IBM Corp., Armonk, NY, USA)




Results


Patient demographic data

From July to December 2021, 167 KTRs vaccinated with at least one dose of the SARS-Co-V-2 vaccine were recruited for this study (Table 1). According to the vaccines, there were 30, 81, 38, and 22 patients vaccinated with ChAdOx1, mRNA1273, BNT162b2, and MVC-COV1901, respectively. Owing to vaccination policy and personal preference, KTRs vaccinated with mRNA1273 were older and had longer post-transplant intervals. There was no difference in the pre-vaccination renal function and immunosuppression regimens among the four groups. Tacrolimus with mycophenolate mofetil (MMF) and prednisolone were administered to most patients. The average tacrolimus level was approximately 4–6 ng/mL, and the daily MMF dose was approximately 1 g/day.


Table 1 | Baseline characteristics among patients administered the four vaccines.





Immune responses after SARS-CoV-2 vaccination

The humoral response rates after the first and second doses of the SARS-CoV-2 vaccine are presented in Figure 1A. At least 28 days after the first dose, patients in the mRNA1273 group had the highest proportion of positive anti-spike protein antibodies (3%, 31%, 13%, and 5% for ChAdOx1, mRNA1273, BNT162b2, and MVC-COV1901, respectively; P=0.0009). For the second dose, the mRNA1273 group had the highest seropositive rate (56%, 76%, 53%, and 35%; P=0.0019) and mean antibody titer (Figure 1B) for the positive patients (244.89 ± 318.58, 2525.71 ± 2229.47, 616.91 ± 1128.31, and 368.60 ± 939.10 BAU/mL; P<0.0001). The cellular response rates were 33%, 32%, 32%, and 14% for ChAdOx1, mRNA1273, BNT162b2, and MVC-COV1901, respectively (P=0.3647; Figure 1C) after the first dose and 37%, 49%, 42%, and 32% after the second dose (P=0.4555). For patients with a positive response, the mRNA1273 group had the highest mean IFN-γ concentration (422.29 ± 382.15, 1460.30 ± 931.19, 746.54 ± 819.49, and 344.50 ± 274.51 mIU/mL for ChAdOx1, mRNA1273, BNT162b2, and MVC-COV1901, respectively; P=0.0004; Figure 1D).




Figure 1 | Immune response after severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) vaccination. (A) Response rate of antibody. (B) Anti-spike protein antibody (anti-S) level for positive patients; *P=0.0099, **P=0.0178, ***P=0.0025. (C) Cellular response rate. (D) Interferon-γ (IFN-γ) level for positive patients, *P=0.0115, **P=0.0414, ***P=0.0180. (E) Correlation between anti-S and IFN-γ levels.



Patients in the mRNA1273 group were older than those in the other groups and this might have had an effect on the immune response. We then used propensity score matching by age to compare mRNA1273 to ChAdOx1 (Supplemental Table 1), BNT162b2 (Supplemental Table 2), and MVC-COV1901 (Supplemental Table 3). After matching, mRNA1273 still showed a superior effect on both humoral and cellular immunity compared to the other vaccines. Similar to the results of a previous study (21), there was a positive correlation between humoral and cellular responses after the second dose (Figure 1E).



Factors associated with the immune response

Anti-metabolites are a negative factor for both antibody and cellular responses after SARS-CoV-2 vaccination in solid organ transplant recipients (22–24) and immunosuppressed patients being treated for immune-mediated diseases (25, 26). In our cohort, the daily dose of MMF was negatively correlated with the anti-S antibody level after the second dose (Figure 2A). The cellular response to the IFN-γ concentration was also negatively correlated with the MMF dose (Figure 2B). In contrast, tacrolimus levels were not correlated with humoral, but were mildly correlated with cellular, responses (Figures 2C, D). In addition to immunosuppressants, low CD3 and CD4 T cell counts were found to be associated with a poor response to vaccination in KTRs (23), and an increased CD4/CD8 ratio was determined to predict the vaccine response in patients with human immunodeficiency virus (27). Nevertheless, in our cohort, there was no significant correlation between the lymphocyte profiles (total CD3 and CD4 counts and CD4/CD8 ratio) and the immune response, including both humoral and cellular components (Supplemental Figure 1, Supplemental Figure 2).




Figure 2 | Effect of immunosuppressants on the immune response after vaccination. (A) Correlation between anti-spike protein antibody (anti-S) level and mycophenolate mofetil (MMF) dose. (B) Correlation between interferon-γ (IFN-γ) level and MMF dose. (C) Correlation between anti-S level and tacrolimus dose. (D) Correlation between IFN-γ level and tacrolimus dose.





Fluctuation in renal function after vaccination

After vaccination with the first dose, elevated creatinine levels were observed in some patients (Figure 3A). Approximately half of the vaccinated patients experienced a deterioration in renal function within 2 months after the first dose of ChAdOx1 (50%) and mRNA1273 (46%), whereas patients in the BNT162b2 and MVC-COV1901 groups presented with less fluctuation in serum creatinine levels (26% and 23%, respectively; P=0.0450 for the comparison among the four groups). The mean elevations in creatinine levels for ChAdOx1, mRNA1273, BNT162b2, and MVC-COV1901 were 6.06 ± 10.17, 5.09 ± 11.73, 0.72 ± 16.52, and −2.75 ± 9.35%, respectively (P=0.0213). The change in creatinine levels was attenuated after the second dose as follows: 4.57 ± 16.06, 3.08 ± 10.89, 2.58 ± 16.66, and −4.62 ± 7.30%, respectively (P=0.0721). Fluctuations in creatinine levels did not correlate with either humoral (Figure 3B) or cellular responses (Figure 3C) to the spike protein after the first vaccination. In addition, the capacity of the T cell response to mitogens was reduced in immunosuppressed patients in comparison to that in the general population. Moreover, the response to nonspecific stimulation by mitogens was impaired, and the response did not correlate significantly with creatinine level fluctuations (Figure 3D; P=0.1537).




Figure 3 | Change in serum creatinine level after vaccination. (A) Comparison of creatinine level after the first and second doses of the four vaccines, #P=0.0606, *P=0.0471. (B) Correlation between creatinine change and anti-spike protein antibody (anti-S) level. (C) Correlation between creatinine change and spike protein specific interferon-γ (IFN-γ) level. (D) Correlation between creatinine change and interferon-γ (IFN-γ) level after nonspecific stimulation.





Indication biopsies after vaccination

In our cohort, the elevated serum creatinine level was mostly transient. We performed kidney biopsies on four patients (Supplemental Table 4) who sustained a creatinine elevation >20% for >2 months. Three of them had an etiology that could not be attributed to the effects of vaccination. Additionally, a 66-year-old female patient whose creatinine level reached 1.6 mg/dL from 1.0 mg/dL within 6 weeks (Figure 4A) after the first dose of mRNA1273 had mild interstitial inflammation, tubulitis, glomerulitis, peritubular capillaritis, and mildly increased C4d positivity in peritubular capillaries. The Banff scores of the renal biopsy were i1, t1, g1, ptc1, and C4d1 (Figures 4B, C); however, the patient underwent a 2-year protocol biopsy approximately year prior, and negative results were obtained for all categories of the Banff score. After steroid pulse therapy, her creatinine level was maintained at approximately 1.2 mg/dL.




Figure 4 | Presentation of a patient with borderline rejection after vaccination. (A) Serum creatinine level before and after vaccination. (B) H&E staining: mild tubulitis and some inflammatory cell infiltration in the interstitium with mild peritubular capillaritis. (C) C4d immunostaining: C4d deposition in 5–9% of peritubular capillaries.






Discussion

In this observational study, KTRs received one of four different SARS-CoV-2 vaccines based on three platforms. Both cellular and humoral responses after vaccination were monitored. After repeated dosing, all platforms were immunogenic and evoked an immune response in some of the KTRs. mRNA1273 vaccination produced the best antibody detection rate and antibody titer. For the cellular response, mRNA1273 still resulted in the highest IFN-γ concentration among the patients with detectable responses. Different platforms were associated with distinct characteristics in KTRs. mRNA vaccines, especially mRNA1273, had higher immunogenicity than vector and subunit vaccines. Notably, cellular responses evoked by ChAdOx1 remained unchanged after the second dose, both in terms of the positive rate and IFN-γ concentration. In line with immunogenicity, some patients presented with deteriorating renal function after vaccination, particularly with mRNA1273 and ChAdOx1. In contrast, most KTRs receiving MVC-COV1901 had more stable renal function despite a reduced immune response. The fluctuation of creatinine levels, however, was self-limited and transient in most patients, and there was only one case of biopsy-proven borderline rejection after mRNA1273 vaccination without distinct causality. We speculated that this phenomenon might be caused by the “bystander” effect resulting from systemic inflammation. Nevertheless, the immune response to the spike protein did not correlate with the change in serum creatinine levels. Further investigation is needed to reach a definite conclusion regarding causality. Hence, different vaccines are associated with distinct safety and efficacy considerations for KTRs.

Viral vector-based vaccines use replication-deficient adenoviral vectors that are engineered to express the gene encoding the SARS-CoV-2 spike protein in infected cells, thus inducing an immune response to the SARS-CoV-2 spike protein (28). The mRNA vaccines were developed as alternatives to conventional vaccines because of their potential for rapid and flexible mass production (29). After the injection of nucleic acid-based vaccines, including viral vector-based and mRNA vaccines, the contents are delivered into the cytosol, resulting in expression of the spike protein in the transfected cells, inducing both cellular and humoral immune responses (30). The activity of transfected nucleic acids remains in the muscle for at least 2 months (31). Transfected mRNA and viral vectors are inherently immunostimulatory and can be recognized by a variety of cell surface, endosomal, and cytosolic immune receptors, resulting in the production of type I IFN, which might cause the rejection of allografts or relapse of glomerulonephritis (15, 17). In addition to inducing immune responses to the spike protein, the immune system also attacks the transfected cells expressing the spike protein, resulting in the destruction of transfected cells, including adipocytes, fibroblasts, and muscle cells (32, 33). The destruction of transfected muscle cells might be another reason for elevated serum creatinine levels in patients after vaccination with mRNA or viral vector-based vaccines without evidence of rejection episodes or nephritis.

The major concern with replication-deficient viral vector-based vaccines is that the virus can become replication-competent in cells concurrently infected with replication-deficient vaccine adenovirus and wild-type adenovirus. A new replication-competent adenovirus can be assembled after the homologous recombination of genetic elements, resulting in severe adenovirus infection in renal transplant recipients, including allograft nephritis (34, 35). This might be another possible cause of deteriorated renal function after vaccination with viral vector-based vaccines. Despite the possible concerns with replication-deficient viral vector-based vaccines, their use in patients taking immunosuppressants is not considered a contraindication (36).

Protein subunit vaccines have also been developed as a safer alternative to counteract SARS-CoV-2, but they often require adjuvants to elicit an immune response. One benefit of the protein subunit vaccines is that they do not result in the expression of spike proteins in muscle cells at the injection site. Therefore, they do not attract immune cells to attack muscle cells.

We found that mRNA1273 had higher immunogenicity than BNT162b2 in both KTRs and healthy individuals. One study reported that mRNA1273 induces significantly higher levels of anti-spike receptor-binding domain IgG (37) than BNT162b2. Another research team in Belgium also reported significant differences in the anti-spike protein IgG levels in 1,647 healthy adults who received mRNA1273 or BNT162b2 and attributed this result to the increased mRNA content of mRNA1273 (38). Because each dose of mRNA1273 delivers 100 µg of mRNA, whereas each dose of BNT162b2 contains 30 µg, it was speculated that a higher dosage of mRNA could translate into a stronger immune response. Mateus et al. (39) compared the immune response to two different mRNA doses (25 µg versus 100 µg) of mRNA1273 and found that those who received higher mRNA doses had significantly higher anti-spike protein antibody levels. Both vaccines also differ in the lipid nanoparticles that are used to transfect mRNA into cells after injection into the human body, and there might be some compositional differences that could also contribute to the differences in the humoral response (40); specifically, ALC-0315 and SM-102 are the cationic lipid components of lipid nanoparticles in BNT162b2 and mRNA1273, respectively (40).

Notably, KTRs exhibit a poor response to SARS-CoV-2 vaccination for all vaccines (6). Antimetabolite agents are important risk factors (22, 23, 41), and our study confirmed this observation based on both humoral and cellular responses. MMF reduces B cell numbers and blocks both primary and secondary humoral responses to vaccination (42). In our study, MMF diminished antibody titers and impaired cellular responses. In contrast, tacrolimus levels had less of an effect on immune responses after vaccination. The modification of drug combinations might be necessary for individuals who have a poor response. Additionally, booster doses can be administered (8, 10, 43); however, their safety and association with organ rejection might be a concern (43, 44). Our study showed that certain patients had elevated creatinine levels after vaccination and reported one borderline rejection case; this patient was successfully treated with steroids. Of note, protein subunit vaccines might have lower risks than other vaccines as a booster. Nevertheless, more booster doses might be necessary owing to the decreased immunogenicity of these vaccines, but the safety of these vaccines must be further investigated.

There were several limitations in this study. First, owing to the status of the pandemic and availability of vaccines, the number and characteristics of patients in each group were not equally distributed. KTRs in the mRNA1273 group were older and had longer post-transplant intervals because they were prioritized when mRNA1273 was available in our country. Old age is a risk factor for a poor response, but longer post-transplant intervals are related to a higher seropositivity rate (22). These two factors were not significant in another cohort (23). In this study, we tried to minimize the bias with propensity score matching, and the results still led to a similar conclusion. Second, this was a single-center study in an Asian country, and it is unclear if race has an effect on vaccination. Third, the assay for the immune response in our study was limited to spike protein-specific reactions. Moreover, the virus neutralization ability was not measured. Further, seroprotective thresholds for breakthrough infections could not be identified because of the low COVID-19 prevalence rate in our country. Further data collection for breakthrough infections and the waning of immune responses is needed.

In conclusion, we have shown the distinctive characteristics of four SARS-CoV-2 vaccines based on three platforms in KTRs. All vaccines had the capacity to evoke an immune response in the KTRs after repeated doses. mRNA vaccines, especially mRNA1273, are immunogenic. Clinicians should pay careful attention to renal function after vaccination, particularly when using the mRNA- and vector-based platforms. The traditional subunit vaccine induced a low immune response and had less of an effect on serum creatinine levels. These findings might help determine future COVID-19 vaccination strategies in KTRs and address other pathogenic targets.
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Introduction

In December 2021, a large-scale epidemic broke out in Xi’an, China, due to SARS-CoV-2 infection. This study reports the effect of vaccination on COVID-19 and evaluates the impact of different vaccine doses on routine laboratory markers.



Methods

The laboratory data upon admission, of 231 cases with COVID-19 hospitalized from December 8, 2021 to January 20, 2022 in Xi’an, including blood routine, lymphocyte subtypes, coagulative function tests, virus specific antibodies and blood biochemical tests were collected and analyzed.



Results

Of the 231 patients, 21 were not vaccinated, 158 were vaccinated with two doses and 52 with three doses. Unvaccinated patients had a higher proportion of moderate and severe symptoms than vaccinated patients, while two-dose vaccinated patients had a higher proportion than three-dose vaccinated patients. SARS-CoV-2 specific IgG levels were significantly elevated in vaccinated patients compared with unvaccinated patients. Particularly, unvaccinated patients had lower counts and percentages of lymphocytes, eosinophils and CD8+ T-lymphocytes, and elevated coagulation-related markers. In addition, vaccination had no effect on liver and kidney function.



Conclusions

Vaccination against SARS-CoV-2, inducing high IgG level and increased CD8+ T cells and eosinophils, and regulating coagulation function, can significantly attenuate symptoms of COVID-19, suggesting that the vaccine remains protective against SARS-CoV-2.
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Introduction

Since the first report of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection in Wuhan in December 2019, the widespread pandemic of Corona Virus Disease 2019 (COVID-19) has become a major health problem all over the world (1). As of May 2022, the cumulative number of global cases has exceeded 526 million, with more than 6.28 million deaths. Under the strict massive prevention and quarantine policies, the number of COVID-19 cases in China has decreased rapidly. However, there are still localized SARS-CoV-2 infections and epidemics in China. On December 8, 2021, the first local confirmed case of COVID-19 was reported in Xi’an, China. On December 26, 2021, the Shaanxi Province New Coronary Pneumonia Epidemic Prevention and Control Press Conference reported officially that the Provincial Center for Disease Control and Prevention conducted whole-genome sequencing of 36 samples from COVID-19 patients, and all were Delta variants (http://www.shaanxi.gov.cn/szf/xwfbh/202112/t20211226_2205519.html). Through massive prevention and control management, there were “zero new cases” of confirmed cases of COVID-19 in Xi’an until January 20, 2022. Although not all samples have been verified by sequencing, the epidemiological investigations showed that they were community-transmitted infections, in the relevant transmission chain, suggesting that this outbreak was most likely the transmission of Delta strain.  This Xi’an epidemic with a total of 2,050 confirmed cases of COVID-19 is the most severe and extensive in China’s megacities since the outbreak in Wuhan, China.

When cases are on the rise and transmission accelerates, the likelihood of virus undergoing mutation increases (2). Slight changes have little or no impact on their biological properties, such as reproductivity and pathogenicity. However, a few accidental yet possible mutations can still incur more dangerous variants, potentiating epidemics on a much larger scale (3). The B.1.617.2 (Delta) variant of SARA-CoV-2 was first detected in India and expanded rapidly, later becoming the dominant strain in almost every country by the end of 2021 (4). The Delta variant has nine amino acid site mutations in the spike protein, making it more contagious and confers higher pathogenicity and immune escape capability (5). The reproductive number of the Delta variant of SARS-CoV-2 is far higher than the ancestral SARS-CoV-2 virus (6). Luo, C. et al. speculates that increased fitness of the Delta variant causes more frequent recovery of infectious virus in fully vaccinated individuals, which may be associated with SARS-CoV-2 infections and lead to higher viral loads and worse disease outcomes (7).

Vaccination is an effective tool in a widespread pandemic and protects against severe disease and high mortality (8). Up to now, more than one hundred COVID-19 vaccines have been developed (9), such as Pfizer mRNA vaccine (10)and Sinovac inactivated vaccine (11). Each vaccine approved by WHO has undergone a range of rigorous clinical trials to test its safety and quality (12). COVID-19 mRNA vaccines deliver the viral RNA to the target cells in the host through a vector, and the target protein or immunogen, when expressed, can activate the immune response against viral infection (10). Inactivated vaccines are prepared by using completely inactivated SARS-CoV-2 or recombinant spike protein, which can induce virus-neutralizing antibodies to potentiate protection against virus (11). It is worth noting that vaccination with enough doses may induce strong protection in most people, but exceptions do exist (13). This explains the infection among fully vaccinated populations, and therefore defining vaccine efficacy is urgent and critical (14). Moreover, some variants may also affect the vaccination and the consequent immunity against other virus infections, as exemplified by the emergence of the SARS-CoV-2 Delta variant narrows the differences in COVID-19 infection rates between vaccinated and unvaccinated populations (15). However, vaccines remain protective against the variants because of the broad immune response they cause, especially in preventing severe symptoms, hospitalization, and death (16). During the epidemic in Xi’an, most citizens had already received 2 or 3 doses of the SARS-CoV-2 vaccine. However, there are still a few unvaccinated citizens. Therefore, the epidemic in Xi’an offers an opportunity to further understand the vaccine efficacy on SARS-CoV-2 infection and COVID-19 protection.

In this context, the retrospective, single-center study aimed to analyze routine laboratory markers in confirmed cases of COVID-19 and compare the difference between unvaccinated and vaccinated cases.



Methods


Research design and participant inclusion

We designed a retrospective study that included the collection and analysis of data from 261 patients with COVID-19 who were hospitalized in Xi’an Chest Hospital from December 8, 2021 to January 20, 2022. Of these patients, 13 patients younger than 18 years and 17 patients for whom some laboratory data were missing were excluded. The remaining 231 patients with all laboratory tests are included in this study. Laboratory confirmation of SARS-CoV-2 infection was established on the positive results of real-time reverse transcription-polymerase chain reaction (RT-PCR) test of nasopharyngeal swabs. All research subjects were diagnosed following the Diagnosis and Treatment Protocol for Novel Coronavirus Pneumonia, and classified as mild cases (mild clinical symptoms with no sign of pneumonia on imaging), moderate cases (showing fever and respiratory symptoms with imaging evidence of pneumonia) and severe cases (adult cases meeting any of the following criteria: (1) Respiratory distress (≥30 breaths/min); (2) Oxygen saturation ≤ 93% at rest; (3) Arterial partial pressure of oxygen (PaO2)/fraction of inspired oxygen (FiO2) ≤ 300 mmHg (1 mmHg = 0.133 kPa) (17). All patients were grouped according to the dose of vaccination for subsequent statistical analysis and comparison.



Data collection

Data including demographic information, clinical features and laboratory indexes were collected from patients’ medical records. Demographic and clinical features include gender, age, chronic disease history and so on. We collected the laboratory data upon admission, including blood routine, lymphocyte subtypes, coagulative function tests, antigen-specific IgG, IgM, blood biochemical tests and so on. Blood routine examination can usually be divided into three categories: red blood cell (RBC), leukocyte, and platelet. The RBC-related parameters include RBC counts, hemoglobin (Hb), hematocrit (HCT), mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), red blood cell distribution width (RDW) and erythrocyte sedimentation rate (ESR). Leukocyte system analysis includes absolute numbers and percentages of neutrophils, eosinophils, basophils, lymphocytes, and monocytes. The platelet-related parameters include platelet counts, mean platelet volume (MPV), and platelet distribution width (PDW).

Lymphocyte subtype analysis includes absolute numbers and percentages of B-lymphocytes, natural killer (NK) cells, T-lymphocytes, and their subtypes. Coagulative function indexes include prothrombin time (PT), activated partial thromboplastin time (APTT), thrombin time (TT), fibrinogen (FBG), international normalized ratio (INR), D-dimer (D-D), and fibrinogen degradation products (FDP).

In the blood biochemical test indicators, we collected liver function and renal function tests. Liver function tests include γ-glutamyl transferase (GGT), alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), bilirubin, total protein (TP), albumin/globulin (A/G), adenosine deaminase (ADA), total biliary acid (TBA), lactate dehydrogenase (LDH) and superoxide dismutase (SOD). Renal function tests include serum potassium (K), serum sodium (Na), serum chloride (CL), serum calcium (Ca), Urea nitrogen (UN), uric acid (UA), and creatinine (Cr).



Sample collection and laboratory testing procedures

Blood samples were drawn from peripheral veins for each patient infected with SARS-CoV-2 virus. The blood routine test is completed by the automatic blood cell analyzer (BC-6800Plus, Mindray, China). Lymphocyte subtypes were analyzed by a flow cytometer (Canto II, BD Biosciences, USA) using 4-colour BD Multitest™ IMK kit, including T lymphocytes (CD3+), B lymphocytes (CD19+), helper/inducer T lymphocytes (CD3+CD4+), suppressor/cytotoxic T lymphocytes (CD3+CD8+), and natural killer (NK) lymphocytes (CD3–CD16+ and/or CD56+). D-dimer and FDP were analyzed with the blood coagulation analyzer (ACL TOP 700, Werfen, Spain).

SARS-CoV-2 IgG was detected by indirect ELISA using the magnetic particle chemiluminescence immunoassay method (Maccura Biotechnology). Samples were mixed with magnetic particles coated with the recombinant SARS-CoV-2 antigen, in which the specific IgG or antibody could combine with the recombinant antigen to form an immune complex, and then incubated with acridine ester-labeled mouse anti-human IgG antibody. Substrate solution was added and the chemiluminescence results were detected by an automatic chemiluminescence immunoassay i1000 analyzer (Maccura Biotechnology, China).

SARS-CoV-2 IgM was also detected by using an ELISA kit purchased from Maccura Biotechnology. Samples were mixed with magnetic particles coated with mouse anti-human IgM monoclonal antibody, and the IgM antibody in the sample were captured to form an immune complex. Then acridine ester-labeled SARS-CoV-2 antigen was added followed by the substrate solution. Chemiluminescence results were detected by an automatic chemiluminescence immunoassay i1000 analyzer (Maccura Biotechnology, China).



Statistical analysis

Statistical analysis and graph construction were conducted using GraphPad Prism software 8 (GraphPad, La Jolla, California, USA). The continuous variables were expressed by median (interquartile, IQR). The differences among groups were analyzed using the One-way ANOVA and post hoc Bonferroni test for continuous variables normally distributed and using Kruskal-Wallis and post hoc Dunn’s test for the quantitative data of non-normal distribution. The differences in proportions for categorical variables were analyzed using the chi-square test or fisher’s exact test. P value of less than 0.05 is considered significant. P values between 0.01 and 0.05, 0.001 and 0.01, 0.0001 and 0.001, and < 0.0001 were considered statistically significant (*), very significant (**), extremely significant (***) and super significant (****).




Results


Demographic and clinical characteristics of COVID-19 patients

A total of 231 inpatients admitted to Xi’an Chest Hospital with a diagnosis of COVID-19 were included in the retrospective study. The median age was 37 years (IQR, 28-48; range, 18-85 years) and 123 (53.2%) were male. Of the 231 patients, 21 (9.1%) were unvaccinated, 158 (68.4%) had received two doses, and 52 (22.5%) had received three doses. The vaccines immunized by these patients included two types, inactivated vaccines produced by China National Biotec Group Company Limited (CNBG) and Sinovac Biotech Ltd, and recombinant antigen protein of SARS-CoV-2 vaccines (CHO cells) produced by Anhui Zhifei Longcom Biopharmaceutical. Among the patients who received the vaccine, 48% used the inactivated vaccines produced by Sinovac Biotech only, 29.6% by CNBG only, 12.8% by both Sinovac Biotech and CNBG, and the rest 9.6% patients used the recombinant protein vaccines produced by Anhui Zhifei Longcom Biopharmaceutical.

Accordingly, these patients were divided into three groups, unvaccinated, two-dose vaccinated, and three-dose vaccinated. No significant difference was observed in the patient ages of the three groups. Among all patients, 38 (16.5%) patients suffered from underlying diseases, including hypertension (10.4%), cardiovascular disease (3.9%), diabetes (3.0%), chronic liver disease (2.6%), cerebrovascular disease (0.9%) and chronic obstructive pulmonary disease (0.4%). Compared with the two-dose vaccinated and three-dose vaccinated groups, the proportion of patients with a history of diabetes was higher in the unvaccinated group (P1 = 0.0018, P2 = 0.0221). All demographic characteristics and clinical manifestations of the patients are shown in Table 1.


Table 1 | Demographic and baseline characteristics of patients with COVID-19.



In total, 87 (37.6%) out of 231 patients were categorized into mild type cases, 139 patients (60.2%) into moderate type cases, and 5 (2.2%) into severe type cases. Among the 5 severe type patients, 3 were not vaccinated, and 2 received two doses of vaccines. The 5 severe type patients were all above the age of 60 and had underlying diseases, such as hypertension and cardiovascular disease. Compared with the unvaccinated group (28.6%), the proportion of mild type patients in two-dose vaccinated group (31.6%), and three-dose vaccinated group (59.6%) was significantly higher (Figure 1A). At the same time, compared with the two-dose vaccinated group, the three-dose vaccinated group had a higher proportion of mildly symptomatic cases, with a significant difference (P=0.0014). As for the symptoms and signs of the patients, the most common symptoms are fever (41.1%), dry cough (29.0%), rhinorrhea (28.1%), expectoration (25.5%), pharyngeal stem (24.7%), pharyngalgia (19.5%), fatigue (11.7%) and hyposmia (11.7%). More detailed clinical information is listed in Table 1. In addition, we analyzed the time from symptom onset to hospital admission and found no significant difference among the three groups (Figure S1A).




Figure 1 | Protection of SARS-CoV-2 vaccine against COVID-19. (A) COVID-19 disease severity in adult patients with different doses of vaccine. Statistical significance was determined by Chi-square test. B,C. S/CO values of IgG (B) and IgM (C) in unvaccinated, two-dose vaccinated and three-dose vaccinated patients. Statistical significance was determined by Kruskal-Wallis test and post hoc Dunn’s test. **P < 0.01, ****P < 0.0001.





Vaccine immunogenicity

We collected the results of SARS-CoV-2 specific antibodies from all COVID-19 patients, including IgG and IgM types. We analyzed the time from admission to SARS-CoV-2 antibody detection in patients, and the results showed no significant difference among the three groups (Figure S1B). The mean S/CO values of IgG in patients’ sera vaccinated with zero, two, and three doses were respectively 1.247, 6.753, and 7.622. Compared with unvaccinated patients, the levels of IgG against SARS-CoV-2 in two-dose vaccinated (P<0.0001) and three-dose vaccinated group (P<0.0001) were significantly elevated, while there were no significant differences between the two-dose and three-dose vaccinated groups (P=0.0929) (Figure 1B). The above data demonstrated that vaccination could effectively induce humoral immune responses and specific IgG production. IgM usually plays a role in early infection. Our results showed that the mean S/CO values of serum IgM in unvaccinated, two-dose vaccinated, and three-dose vaccinated groups were respectively 4.19, 15.32, and 11.14. IgM levels seemed to have no marked difference between unvaccinated and vaccinated patients. But it is worth noting that the IgM levels of the patient who received three doses were lower than those who received two doses (Figure 1C).



The laboratory indexes of red blood cells, platelets, and coagulation function of COVID-19 patients

We analyzed the laboratory indexes of red blood cells (RBC counts, hemoglobin, HCT, MCV, MCH, MCHC, RDW, ESR), platelets (platelets counts, MPV, PDW), and coagulation function (APTT, PT, TT, FBG, INR, D-dimer, FDP) (Table 2). There was no significant difference in the level of RBC, platelets and their related indexes. Most coagulation-related markers appeared to be elevated to varying degrees in unvaccinated patients. APTT (P=0.0002) and TT (P=0.0071) values were significantly higher in unvaccinated patients compared with twice-vaccinated patients. The values of APTT (P=0.0007) and FBG (P=0.0176) were significantly elevated in unvaccinated patients compared with triple vaccinated patients. Moreover, we found the values of FBG (P=0.0091) were significantly lower in the three doses vaccinated groups compared to the two doses vaccinated group. The above results suggest that the vaccine significantly impacts coagulative function in COVID-19 patients.


Table 2 | Red blood cells, platelets and coagulation function analysis in patients with COVID-19.





Leukocyte subtypes analysis of COVID-19 patients

Various types of leukocytes were analyzed (Table 3). Among these cells, eosinophils and lymphocytes differed most significantly among the groups. The absolute number and percentage of eosinophils were significantly different among the three vaccination groups, exhibiting a more stressed decrease in unvaccinated patients. The number and percentage of lymphocytes were also significantly decreased in patients without vaccination compared with those twice or triple vaccinated. The percentage of monocytes was increased in unvaccinated patients compared with twice (P=0.0400), or triple vaccinated patients (P=0.0404). No significant difference was found in neutrophils and basophils.


Table 3 | Leukocyte subtypes analysis in patients with COVID-19.



We further analyzed different subtypes of lymphocytes. The time from admission to lymphatic subtype analysis of patients was analyzed and found no significant difference among groups (Figure S1C). T-lymphocytes were significantly decreased in unvaccinated patients, both in percentage and absolute count. Compared with the twice vaccinated patients, B lymphocyte counts in unvaccinated patients were significantly reduced (P=0.0397). The percentage of NK lymphocytes in the twice vaccinated patients was significantly reduced compared with unvaccinated (P=0.0187) patients.

As for T-lymphocytes, the mean counts of CD8+ T-lymphocytes were respectively 300.2, 506.3, and 484.3/μl in three groups, that in patients with twice or triple vaccination were elevated approximately 1.6-fold than patients without vaccination, and the percentage also showed a significant increase. The results indicated that vaccination could effectively increase CD8+ T-lymphocytes and eosinophils in COVID-19 patients.



Blood biochemical profiles of COVID-19 patients

SARS-CoV2 infection may cause multiple organ involvement. Therefore we collected and analyzed biochemical indicators of all those patients (Table 4). There was no difference among the three groups studied for most liver functions, including GGT, ALT, AST, ALP, TP, A/G, TBA, LDH, and SOD. Bilirubin is a kind of bilins which is the main pigment in human bile and exists in two forms, namely direct bilirubin (D-Bil) and indirect bilirubin (I-Bil). The I-Bil levels of three-dose vaccinated patients were higher than in other groups, while the values of T-Bil and D-Bil showed no significant difference. In addition, three times vaccinated patients also had higher ADA levels. Similarly, almost all indicators of renal function tests exhibited no significant difference except serum sodium, including serum potassium, serum chlorine, CA, BUN, UA, and CR. Compared with vaccinated patients, the level of serum sodium in unvaccinated patients was significantly decreased.


Table 4 | Blood biochemical profile analysis in patients with COVID-19.






Discussion

Long-lasting high neutralizing antibody titers and immune memory are the sources of protection by COVID-19 vaccines that would provide sterilizing immunity to prevent disease and transmission (18). Studies have shown that both antibody responses and vaccine effectiveness after two doses of vaccine were higher than a single dose (19). However, IgA and IgG levels decreased significantly within 7 months after receiving the 2nd dose of SARS-CoV-2 vaccine, and after the booster vaccination, the antibody level increased again, to values higher than after the second dose (20). Our results showed that two and three doses of vaccination significantly increased the level of specific IgG in the serum of COVID-19 patients, which is consistent with the results of previous vaccine clinical trials (21, 22).

One of the most striking clinical features of COVID-19 patients is the dysregulated immune response, which leads to a cytokine storm, that is, the overproduction of proinflammatory cytokines (TNF-α, IL-1, and IL-6) and chemokines (IL-8) (23). The release of these factors causes acute activation of pulmonary vascular endothelial cells, infiltrating macrophages, and neutrophils, resulting in up-regulation of tissue factor expression in the alveoli, thereby amplifying the activation of the coagulation cascade effect (24). APTT, PT, and TT are the most commonly used intrinsic and extrinsic coagulation pathway screening tests. Previous research results showed that these indicators had no or only slight change in patients with COVID-19 (25, 26), which are more consistent with the hypercoagulable state in severe inflammation than disseminated intravascular coagulation (27). Our research showed that vaccination effectively shortened APTT and TT time, whereas the PT value did not change. Abnormal coagulation function and complications such as venous thromboembolism are the key influencing factors of poor prognosis and death in severe COVID-19 patients (28, 29). Vaccination can effectively prevent and alleviate the occurrence of abnormal coagulation and play a protective role in embolic complications.

Percopo H. F. et al. found that eosinophil had antiviral effects and promoted survival in mice infected with a lethal respiratory virus (30), and differences in eosinophils may be related to the protective effect of the vaccine. Consistent with previous results of eosinophilia in COVID-19 patients (31, 32), our findings showed that eosinophils were significantly higher in vaccinated patients than those in unvaccinated patients. Ren, X. et al. performed single-cell RNA sequencing on 284 samples from COVID-19 patients and controls and showed an elevated percentage of CD14+ monocytes in peripheral blood mononuclear cells, particularly in severe COVID-19 patients during the progressive disease stages (33). In the present study, the percentage of monocytes in vaccinated patients showed a significant downward trend, which may be related to the protective effect of the vaccine on cytokine storms frequently observed in severe patients.

Lymphocytes play a critical role in antiviral immunity, so it’s essential to clarify the changes in lymphocyte subsets in COVID-19 patients, which could provide new insights for exploring its immune mechanism. Many COVID-19 patients developed lymphopenia, especially in severe patients, indicating the damage to the immune system during the SARS-CoV-2 infection (34). Multiple studies have shown that lymphopenia is associated with a poor prognosis in COVID-19 patients (35–37). CD8+ T cells can directly attack and kill virus-infected cells through cytotoxicity (38). The study by Urra J. M. et al. showed that after SARS-CoV-2 infection, changes in CD8+ T cells were more pronounced than changes in other lymphocyte subtypes (39). Therefore, the decline of lymphocytes, especially CD8+ T cells, might be a potential predictor of COVID-19 disease severity and clinical deterioration. Our study found that vaccinated COVID-19 patients had significantly higher levels of CD8+ lymphocytes than unvaccinated patients, which is consistent with the vaccine’s protective effect, and this difference was not found between patients vaccinated with two and three doses.

Hyponatremia, defined as a plasma sodium concentration [Na+] <135 mEq/l, is one of the most common electrolyte disturbances in hospitalized patients (40). Pneumonia, cytokine release, and diuretic administration may all become the etiologies of hyponatremia in COVID-19 patients (41). Previous studies have demonstrated that nearly one-third of patients might develop hyponatremia, which was associated with an increased risk of encephalopathy and acute respiratory failure and was considered to be an independent predictor for COVID-19 progression to severe disease and death (41, 42). Our data suggested that vaccinated COVID-19 patients had higher plasma sodium concentrations than that of unvaccinated patients, which can prevent the occurrence of hyponatremia and related adverse prognosis. ADA is an enzyme involved in purine metabolism and plays a vital role in the maturation and maintenance of the immune system. ADA primarily catalyzes the deamination of adenosine, which acts as an immunosuppressive signal and prevents excessive inflammatory responses (43). At present, there are few studies on the changes of ADA in the serum of patients with COVID-19 and its impact on COVID-19 progression. In our results, vaccination significantly reduced the level of ADA in the patient’s serum, which may attenuate its regulatory effect on immunosuppression, but the specific mechanism needs to be further confirmed by more studies.

This study has several limitations that might lead to some potential biases. First, the patient sample from a single center is small, especially the sample of unvaccinated patients, and standardized data from larger cohorts will better assess the impact of vaccines on COVID-19. Second, the time interval between vaccination and SARS-CoV-2 infection varies in those patients with COVID-19. Since we did not have access to the time of the last dose of vaccine for all patients, the relationship between vaccination-infection interval and disease severity could not be assessed. Despite that, our study demonstrates that vaccines effectively protect against immune response and coagulation function dysregulation in COVID-19 patients.
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The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has been the most dangerous threat to public health worldwide for the last few years, which led to the development of the novel mRNA vaccine (BNT162b2). However, BNT162b2 vaccination is known to be associated with myocarditis. Here, as an attempt to determine the pathogenesis of the disease and to develop biomarkers to determine whether subjects likely proceed to myocarditis after vaccination, we conducted a time series analysis of peripheral blood mononuclear cells of a patient with BNT162b2-induced myocarditis. Single-cell RNA sequence analysis identified monocytes as the cell clusters with the most dynamic changes. To identify distinct gene expression signatures, we compared monocytes of BNT162b2-induced myocarditis with monocytes under various conditions, including SARS-CoV-2 infection, BNT162b2 vaccination, and Kawasaki disease, a disease similar to myocarditis. Representative changes in the transcriptomic profile of classical monocytes include the upregulation of genes related to fatty acid metabolism and downregulation of transcription factor AP-1 activity. This study provides, for the first time, the importance of classical monocytes in the pathogenesis of myocarditis following BNT162b2 vaccination and presents the possibility that vaccination affects monocytes, further inducing their differentiation and infiltration into the heart.
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Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic has been a global threat for more than two years. However, as a result of scientific research, the world has succeeded in the development of messenger RNA (mRNA)-based vaccines based on novel technologies with unprecedented speed. Fortunately, Pfizer-BioNTech BNT162b2 injection showed high protection (>95%) against SARS-CoV-2 infection (1, 2) which led to its widespread use with more than 55 million shots given in the United States. However, recent studies have shown that BNT162b2 vaccination is associated with an increased risk of myocarditis, although the mechanism of action remains unknown (3, 4).

Peripheral immune activity is closely associated with the inflammatory response. For example, SARS-CoV-2 infection leads to reconfiguration of the peripheral immune cell phenotype (2). Characteristic immune cell phenotypes in patients hospitalized for the coronavirus disease 2019 (COVID-19) include HLA class II downregulation and type I interferon-driven inflammatory gene activation in monocytes (2). There have also been attempts to understand the changes in systems immunology after BNT162b2 vaccination by analyzing single-cell RNA sequencing data of the peripheral blood mononuclear cells (PBMCs), which showed a correlation of the monocyte-related signature with the neutralizing antibody level in response to the SARS-Cov-2 B.1.351 variant (5). Thus, it is noteworthy to investigate the changes in PBMCs, especially monocytes, in patients with inflammation in the cardiac muscle after COVID-19 vaccination.

An essential role of monocytes is to sense the environment and differentiate into macrophages in tissues, which proliferate upon inflammatory stimuli in the bone marrow (6) and their phenotypic and functional profiles change upon inflammatory signals and hence are important in disease progression (7). In cardiovascular diseases, an increased number of circulating monocytes is observed in patients with acute myocardial infarction (8, 9). Considering the importance of monocytes in acquired immunity after vaccination (10) including BNT162b2 vaccination (5), a thorough understanding of monocytes in BNT162b2-induced myocarditis (BNT162b2-MyoC) cases would give a new viewpoint regarding the pathogenesis of the event and provide biomarkers to rule out people at high risk in advance from vaccination.

In this study, we present a time series analysis of the transcriptomic changes in the peripheral immune landscape, focusing on monocytes, with single-cell RNA sequencing analysis of PBMCs from patients with BNT162b2-MyoC. Moreover, to evaluate the differences in transcriptomic profiles with those in similar conditions, we compared the gene signatures of monocytes in BNT162b2-MyoC with signatures under various conditions, including SARS-CoV-2 infection, BNT162b2 vaccination, and Kawasaki disease, a hyper-inflammatory disease similar to myocarditis (11). As a result, we identified distinct gene signatures of monocytes in patients with BNT162b2-MyoC, which include upregulation of the fatty acid metabolism pathway, downregulation of JUN/FOS activity, and dynamic changes in intercellular interactions with other immune cell types.



Material and methods


Ethics statement

The study was conducted in accordance with the Declaration of Helsinki and approved by the Institutional Review Board (IRB) of Uijeongbu St. Mary’s Hospital (UC19TIDE0142). Written informed consent was obtained from the participants.



PBMC isolation

PBMC isolation was carried out on the day of blood collection from the patient. The blood in the EDTA tube was mixed with PBS in a 1:1 ratio. The mixture of blood and PBS was transferred to a Leucosept tube and centrifuged at a speed of 1000 g for 15 minutes at room temperature. Only the supernatant was moved to a 50ml conical tube. In order to get only the cells, centrifugation was performed at 400g for 10 minutes at room temperature. After aspirating supernatant, the cells washed twice.

After counting, the cells were resuspended in a stock solution (10% DMSO in fetal serum) and placed in a cell container in a deep freezer at -80°C for 24 hours. Finally, the stocks were stored in a liquid nitrogen tank.



Chromium next GEM single Cell 5′v2 (dual index)

To get information on cell preparation, we used the LUNA-FL™ automated fluorescence cell counter (Logos Biosystems, Korea) to consult ‘the 10x Genomics Single Cell Preparation Guide’ and ‘the Cell Preparation Guide’ (documents CG00053 and CG000126, respectively).

Libraries were prepared using Chromium Single Cell 5’ Reagent Kits User Guide (v2 Chemistry Dual Index) (documents CG000331). In short, target cell count of 10,000 was achieved by diluting the cell suspension in nuclease-free water. After mixing with the master mix, the cell suspension was loaded with Single Cell 5′ Gel Beads and Partitioning Oil into a Next GEM Chip K. The single cells’ RNA transcripts were uniquely barcoded and reverse-transcribed within droplets. The cDNA products were pooled, and concentrated by the polymerase chain reaction (PCR) amplification.

In the case of the 5′ gene expression library, the cDNA pool undergoes an end repair process, the addition of a single ‘A’ base, and ligation of the adapters. The products were then purified and enriched by PCR to create a 5′ gene expression library. The purified libraries were quantified using qPCR according to the qPCR Quantification Protocol Guide (Kapa Biosystems, USA) and qualified using an Agilent Technologies 4200 TapeStation (Agilent Technologies, USA). The libraries were then sequenced using the HiSeq platform (Illumina, USA) according to the read length provided in the user guide.



Single cell RNA-seq

The fastq files from single-cell 5′ profiling was further analyzed with the 10X Genomics CellRanger software (v.6.1.1). The 5′ transcriptome profiling was conducted with the Cellranger multi command. As the gene expression reference, the latest version of the human reference gene (GRCh38) was used. The expected cell number was 10,000. The R package Seurat (4.0.2) was used to create the object for further analysis (12).

Single cell RNA seq analysis of PBMCs were assayed exactly as previously described in the previous study (13).



Quality control, data integration, and clustering

Along with our dataset, the dataset from our previous study, which is available in the Sequence Read Archive (SRA) under accession number (SRR18209602 and SRR18209603) and public datasets (GEO: GSE150728, GSE171964, and GSE167029) were used for bioinformatics analysis. The R package Seurat (4.0.2) was used for quality control, clustering, and differential gene expression analysis. The same quality control methods were used for all datasets used in this study Only cells with more than 100 features and less than 20% mitochondrial genes were used for the analysis. The filtered data were normalized using the NormalizeData function. “LogNormalize” method was used with a scale factor of 10,000. We then identified the variable genes on which the data were scaled. Variable genes were computed using the FindVairableFeature function. The “vst” selection method was used with 2,000 features. The data were scaled using the ScaleData function based on the computed variable genes. The RunPCA function was used based on the identified variable genes to identify the principal components (PCs). The first 50 PCs of the dataset were used for further clustering analysis. The RunUMAP function was used with the 50 most statistically significant PCs to infer the Uniform Manifold Approximation and Projection (UMAP) coordinates.

The FindNeighbors function was used for a shared nearest-neighbor graph (SNN) construction on the UMAP coordinates. SNN modularity optimization on the constructed SNN graph was performed using the FindClusters function to determine clusters.



Datasets combination for meta-analysis

Individual Seurat objects were integrated with the filtered data using the R package Seurat. The SelectIntegrationFeatures and FindIntegrationAnchors functions were utilized to compute the integration anchors. Integration features are those that are consistently variable in all the datasets on which integration anchors can be established. Then, the IntegrateData function was used with the computed anchors to integrate the different Seurat datasets. After successfully merging the datasets, R Package Harmony (0.1.0) (14) was used on the integrated object for batch-effect correction. The RunHarmony function was used to integrate variances originating from different data sources and to create harmony embeddings. Clustering was conducted based on the updated harmony embeddings. Consequently, an integrated Seurat object with 35390 cells and 22 clusters was created.

We used these functions to integrate a single-cell-transcriptome, which analyzed PBMCs from patients with BNT162b2-induced myocarditis in the late recovery stage (92 days after vaccination), and the previously profiled transcriptome of PBMCs from the same patients in BNT162b2-induced myocarditis stage and early recovery stage (Day 16 and 21).



Measuring differential gene expression and cluster annotation

Seurat FindAllMarkers with the default Wilcoxon rank sum test function was used to identify cluster markers. Genes whose logFC value was higher than 0.25 compared to that of the rest of the clusters were selected as cluster markers. The cell types for each cluster were manually annotated by comparing the selected cluster markers with reference genes. The reference genes used to determine the clusters are listed in Supplemental Figure 1. Visualizing Cell-to-Cell Communication Network

Intercellular communication was analyzed using the R package CellChat (1.1.3) (15). Interactions between cell clusters were computed based on the ligand−receptor pairs stored in the reference database CellChatDB. The communication probability of a specific signaling pathway level was computed based on the upregulated and downregulated ligand−receptor genes per cell group. The computeCommunProb function with default “trimean” truncated mean option was used for predicting communication probability of each signaling pathway. Significant computed signaling pathways were ranked with the rankNet function by measuring differences in overall information flow between the two conditions. The number and strength of interactions between the cell groups were visualized using the netVisual_aggregate function in circular plots.



Gene pathway analysis

To measure differential gene expression, the Seurat FindMarkers function was used with the default Wilcoxon rank sum test method. The integrated Seurat object was split into multiple objects, each containing only one particular cell type. Differentially expressed genes (DEGs) between the two conditions from each Seurat object were used for further downstream analyses. Only genes with logFC > 0.15 and p < 0.01 were used.

Pathway analysis of the selected genes was performed using the R packages PROGENy (1.15.1) (16) and Enrichr (3.0.) (17) and it was conducted based on perturbation−response genes using the progeny function. Pathway activity scores for each condition were computed based on the perturbed genes. Phenotype-based permutation tests were conducted using the Enrichr function based on selected pathway databases. The databases used were as follows: 2021 Kyoto Encyclopedia of Genes and Genomes (KEGG) human biological pathways, 2021 Gene Ontology (GO) molecular function, and 2021 GO biological process. Only pathways with p < 0.05 were selected.

Next, the software Gene Set Enrichment Analysis (GSEA) (4.22) (18) was used to compute the normalized enrichment scores of the selected pathways. DE gene sets were converted into GCT file formats for software inputs. Biological pathways in which genes appeared at a higher frequency than expected were considered enriched. The results were visualized using default enrichment plots. Enrichment scores with p < 0.05 were considered significant.



Measuring transcription factor activity

TF activity was inferred using the R package SCENIC (1.2.4) (19) based on the underlying gene regulatory network (GRN) in each cell. First, candidate target genes co-expressed with TFs were identified using GENIE3 as the standard SCENIC workflow in R. Target genes were further narrowed down by validating whether they were actually significantly enriched with the binding motifs of the candidate TFs. Putative binding motifs for each TF, stored in the RcisTarget database, were used for validation. Only regulatory modules with statistically significant motif enrichment were selected as significant regulons. The AUCell algorithm was then used to create a binarized expression matrix based on the activity scores of the inferred regulons. The algorithm produces an expression matrix with reduced dimensionality that presents the most active regulon activity score for each cell. The cells were further clustered based on the most active GRN. The clustered cell coordinates were then projected onto the existing UMAP.

The Curated human TF database, TRRUST (version 2) (20) was used to validate the downstream target genes of specific TFs. Briefly, TRRUST is a TF regulatory network database that stores 8,015 interactions between 748 TFs and their 1,975 target genes were based on manual curation implemented using a text-mining approach. Candidate regulatory target genes of activation protein-1 (AP-1) TF were identified using the TRRUST database. plots.



Patient information

Additional patient information is accessible in Supplementary Table 1 and from the paper that provided each dataset (2, 5, 11, 13).




Results


Time series analysis of single-cell RNA sequencing data of PBMCs of a patient with BNT162b2-MyoC

We previously profiled the single-cell transcriptome of PBMCs at two time points: the severe myocarditis stage (16 days after vaccination) and the early recovery stage (day 21) from a patient with myocarditis induced by BNT162b2 vaccination (SRR18209602 and SRR18209603). And more detailed clinical information of the patients is accessible in our previous study (13). To explore the transcriptomic characteristics of immune cells during BNT162b2-MyoC in more detail, we performed additional blood collection for single-cell RNA sequencing analysis from the same patient at the time point of late recovery phase (day 93) (Supplementary Figure 1A).

First, we integrated the newly analyzed data (day 93) with the previous dataset (SRR18209602 and SRR18209603) (13) (Figure 1A). After all datasets were completely harmonized, cells in the dataset were visualized in two-dimensional space using UMAP analysis (Figure 1 and Supplementary Figure 2A). Single-cell sequencing analysis showed 22 clusters, and the cell types were initially identified with scCATCH and further analyzed using the expression patterns of marker genes for each immune cell type (Figure 1C and Supplementary Figures 2B, C), respectively. The cell cluster of classical monocytes was verified to have distinctively upregulated expression of CD14 (Figure 1C).




Figure 1 | Time Series Analysis of Single-Cell RNA Sequencing Data of PBMCs of a Patient with BNT162b2-MyoC. (A) Overview of single-cell RNA-seq analysis of the PBMCs from patient in the stage of myocarditis(day16), early(day21), and late(day93) recovery stage after BNT162b2 administration, respectively. The samples were performed single-cell RNA-seq and integrated to one dataset with Harmony. (B) The dimensional reduction is performed with the uniform manifold approximation and projection (UMAP). Each dot represents a cell in each corresponding group, and is colored according to cell type The cells are pooled across all patients and separated by conditions: Myocarditis after BNT62b2-administration (BNT162b2-MyoC, left), early (middle), and late (left) recovery stages. Total number of cells per group: Myocarditis (n = 10,580cells), Early recovery (n = 11,745cells) and Late recovery(n = 13,065cells). (C) Normalized expression levels of marker genes for each immune cell type on UMAP plots. CD14 (Classical monocytes and Intermediated monocytes), MS4A7 and FCGR3A (Intermediated monocytes and Non-classical Monocytes), CD1C (Dendritic cells (cDCs)), IL7R (T cells), NKG7(Natural killer cells (NK cells)), CD79A (B cells), and PPBP (Platelets).





Overall transcriptomic profiles of classical monocytes in BNT162b2-MyoC stage

After annotating each cluster, we calculated the proportion of cells originating at each time point for each cell cluster (Figure 2A). The presence of each cluster at every time point implies that the data are well-integrated and highly reproducible (21). However, there were differences in terms of cell proportions; the cell number across all clusters at the time of myocarditis was similar to that in the early recovery state but different from that in the late recovery state. Among all clusters, classical, intermediate, and non-classical monocytes showed the greatest increase in terms of cell number at the time of myocarditis compared to cell numbers in the late recovery state (Figure 2A). When PBMC at the time of myocarditis is compared with PBMC at early recovery state, there was minimal change in terms of cell number (Figure 2A); however, transcriptomic profiles were different judged by the number of differentially expressed genes (DEGs) (Figure 2B and Supplementary Figure 3A). As in the comparison of cell numbers, classical and intermediate monocytes showed the greatest number of DEGs.




Figure 2 | Overall Transcriptomic Profiles of Classical Monocytes in BNT162b2-MyoC Stage. (A) A Bar plot showing the proportion of each cell types derived from the patient in BTN162B2-MyoC, early recovery and late recovery phase, respectively. (B) Numbers of differentially expressed genes (DEGs) within each cell type in the patient in the stage of BTN162B2-MyoC compared to early recovery (p-value< 0.01, log2 fold-change (log2 FC) ≥ 0.15 or ≤ −0.15). Down: down-regulated; Up; up-regulated. (C) Gene expression ratio (log2 FC) of classical monocytes in the patients in BTN162B2-MyoC state versus in other groups (early and late recovery state) (horizontal axis) plotted against –Log adjusted p-value (vertical axis), showing DEGs: highly expressed (red) and lowly expressed in BNT162b2-MyoC (blue). (p-value < 0.01, log2 FC ≥ 0.15 or ≤ −0.15). (D) Gene set enrichment analysis with ‘Enrichr’ for up- regulated DEGs of classical monocytes in PBMCs from the patient in BNT162b2-MyoC state versus in early and late recovery stages, respectively. MSigDB_Hallmark_2020_terms are classified. P-value (color) and gene count (vertical axis) of the 20 most significant GO terms are shown.



Classical monocytes account for a major proportion of immune cells infiltrating the cardiac tissue in myocarditis (22). After infiltration, they differentiate into inflammatory macrophages and release pro-inflammatory cytokines, such as TNF-α and IL-6, which contribute to T cell activation and damage to the tissues. “Indeed, through endomyocardial biopsies of the patient of our dataset, we confirmed extensive myocardial tissue infiltration of macrophages during BNT162b2-induced myocarditis. Supplementary Figures 1B, C) (13).” In this study, we explored the transcriptomic features of classical monocytes over the course of time in patient with BNT162b2-MyoC. First, we figure out gene signatures of monocytes at the time of myocarditis. Compared to the other two time points, monocytes in myocarditis showed upregulation of genes related to fatty acid metabolism, such as PDK4, ACSL1, ACSL4, CPT1A, ACADVL, ECHS1, and ACAA1, and downregulation of genes related to the AP-1 complex (JUN, JUNB, JUND, FOS, and FOSB) (Figure 2C). Next, we conducted pathway analysis with Enrichr (dataset: MSigDB Hallmark 2020) for the pathway analysis. Consistently, the fatty acid metabolism-related pathway was upregulated at the time of myocarditis compared to the recovery states (Figure 2D). We also estimated the activity of signaling pathways in classical monocytes using PROGENy, which infers pathway activity based on the expression level of responsive genes (16). The results show that the P53, TGF-β, and MAPK pathways were activated in classical monocytes treated at the time of myocarditis. In contrast, the TNF-α, JAK-STAT, NF-κB, EGFR, and PI3K pathways were downregulated (Supplementary Figure 3B).



JUN, FOS are significantly down-regulated in classical monocytes in BNT162b2-MyoC stage

To elucidate the characteristics of classical monocytes in patients with BNT162b2-MyoC in more detail, we performed comparative analysis with various datasets: single-cell RNA sequencing data of PBMCs from seven patients with COVID-19 and six healthy individuals (GSE150728) (2), CITE-sequencing data of PBMCs from six vaccinated individuals without side effects (GSE171964) (5), and single-cell RNA sequencing data of PBMCs from young patients with Kawasaki disease or COVID-19-induced myocarditis (CoV2-MyoC) (GSE167029) (11) (Figure 3A and Supplementary Figures 4A−C). The GSE167029 dataset contains single-cell transcriptomic profile of nine healthy individuals as a control group, six patients with CoV2-MyoC, and two patients with Kawasaki disease. Details of each sample can be found in the paper that provides each dataset. Also, to reduce the gap between time points of the blood collection from patients with BNT162b2 induced myocarditis (16, 21, and 93 days after 1st vaccination, respectively) and BNT162b2- vaccinated-individuals (GSE171964) as much as possible, we selected group of 7 days and 21days after the 1st vaccination (among 0,1,2,7 and 21 days after 1st and 2nd vaccination).




Figure 3 | JUN, FOS are the Most Down-regulated in Classical Monocytes in BNT162b2-MyoC Stage. (A) A schematic of the experimental pipeline. PBMCs were obtained from the BNT162b2 vaccinated patient in the stage of myocarditis (day16), early recovery(day21), and late recovery(day93), respectively. The samples were performed single-cell RNA-seq and integrated to one dataset with Harmony. Publicly available datasets of PBMCs from BNT162b2-vaccinated individuals day7 and day21 after primary vaccination (GSE171964), PBMCs from healthy individuals and patients with COVID-19(GSE158055), and PBMCs from control group, patients with Kawasaki, and patients with COVID-19-induced myocarditis (CoV2-MyoC) were explored to understand the transcriptomic features of classical monocytes in more depth. (B) Log adjusted p-value (vertical axis) of DEGs of Classical monocytes in BNT162b2-MyoC plotted against the rank of average expression levels (vertical axis). The expression of AP-1(composed with JUN, JUNB, JUND, FOS, and FOSB. (C) UMAP showing expression levels of regulons of JUN and FOS in classical monocytes in BNT162b2-MyoC and in early recovery stage. (D) Volcano plots showing genes involved in regulatory network of JUN (left) and FOS (right) in M1 in DEGs of BTN162B2-MyoC group (horizontal axis) (E) Regulons with top 5 cell-type activity in classical monocytes in early recovery stage compared to BNT162b2-MyoC.



AP-1 is a TF complex consisting of JUN, JUNB, JUND, FOS, and FOSB. The AP-1 complex is known to affect various cellular processes, such as proliferation, differentiation, apoptosis, and immune cell activation, and macrophage differentiation (23–25). Therefore, AP-1 is thought to be associated with the immune activity of classical monocytes in patients with inflammation. In addition, mRNA levels of AP-1 especially FOS and FOSB, were high in monocytes from our dataset (Supplementary Figure 5A). The expression level of AP-1 in classical monocytes was lower in BNT162b2-MyoC state than that in the early and late recovery states (Figures 2C, 3B and Supplementary Figure 5B). Although all of the patients were with myocarditis, the classical monocytes in patients in each dataset showed different AP-1 activities.

For other disease conditions, AP-1 expression increased in vaccinated individuals and patients with Kawasaki disease but decreased in patients with COVID-19 and CoV2-MyoC (Figure 3B and Supplementary Figure 5B). To examine the regulatory activity of AP-1 in classical monocytes in our dataset, we analyzed gene regulatory network via SCENIC function. As expected, AP-1 regulon activity was downregulated in classical monocytes in BNT162b2-MyoC state and increased gradually at the patient recovered (Figure 3C and Supplementary Figure 5C). In addition, genes involved in the regulatory network of JUN and FOS were mostly downregulated during myocarditis in classical monocytes (Figure 3D). Ultimately JUN/JUND was one of the regulons that showed the greatest up-regulation at the time of early recovery (Figure 3E).



Fatty acid metabolism is highly up-regulated in classical monocytes in BNT162b2-MyoC stage

According to other studies, the metabolism of classical monocytes is closely related to their activation state during inflammation (26–28). By performing pathway analysis via Enrichr with MSigDB Hallmark 2020 gene sets (29), we revealed that the activity of pathways related to oxidative phosphorylation, fatty acid metabolism, and glycolysis was significantly increased during BNT162b2-MyoC (Figures 2D and 4A). Thus, in contrast to JUN and FOS down-regulated at the time of myocarditis, metabolism-related genes were significantly up-regulated. In addition, classical monocytes of patients with COVID-19 and Kawasaki disease showed enrichment of fatty acid metabolism and glycolysis pathways compared to those of healthy individuals (Figure 4A) Since the metabolic profile of classical monocytes varied depending on the diseases, we explored fatty acid metabolism pathway in more depth. Next, we evaluated the expression of marker genes involved in fatty acid metabolism in classical monocytes. The expression of these genes gradually decreased over time. The pattern of changes in the expression levels of fatty acid metabolism-related genes was not identical in the analyzed disease conditions (Figure 4B and Supplementary Figure 6A). The expression of glycolysis-related genes was significantly reduced only in the late recovery group in our data, and the differences between BNT162b2-MyoC and the early recovery state were statistically insignificant. In other conditions, the expression levels of glycolysis-related genes were markedly increased in the monocytes of Kawasaki and patients with CoV2-MyoC (Supplementary Figures 6A, B). To clarify the transcriptomic characteristics of classical monocytes in the acute BNT162b2-MyoC state, we focused on the differences between BNT162b2-MyoC and the early recovery state rather than BNT162b2-MyoC and the late recovery stage. Therefore, we investigated fatty acid metabolism as a major metabolic characteristic of classical monocytes in acute BNT162b2-MyoC infection. We confirmed through Gene Set Enrichment Analysis (GSEA) that gene sets related to fatty acid metabolism were more enriched, with statistical significance, in BNT162b2-MyoC state (Figure 4C).




Figure 4 | Fatty Acid Metabolism is Highly Up-regulated in Classical Monocytes in BNT162b2-MyoC Stage. (A) Enrichment analysis with cellular metabolism-related Hallmark gene sets for DEGs of classical monocytes in each dataset. (B) A diagram of fatty-acid metabolism-pathway and violin plots showing the expression levels of the pathway-related genes in classical monocytes. *** p < 0.001; two-tailed t test.  (C) GSEA analysis for the dataset of DEGs of classical monocytes in BNT162b2-MyoC group was conduct against GOBP_LIPID_METABOLIC_PROCESS, GOBP_OXIDATIVE_PHOSPHORYLATION, and GOBP_FATTY_ACID_BETA_OXIDATION gene sets, respectively. A positive enrichment score on the y axis indicates positive correlation with BNT162b2-MyoC group.





CEBPB is the major transcription factor to mediate fatty acid metabolism in classical monocytes in BNT162b2-MyoC stage

To predict the transcription factors associated with the changes in fatty acid metabolism-related genes, we explored the changes in regulon activities in classical monocytes at BNT162b2-MyoC stage. As a result of analysis using SCENIC, the regulons with the increase in the activity at BNT162b2-MyoC stage are as follows: CCAAT Enhancer Binding Protein Beta (CEBPB), Ubiquinol-Cytochrome C Reductase Binding Protein (UQCRB), CCAAT Enhancer Binding Protein Delta (CEBPD), and Sin3A Associated Protein 30 (SAP30) (Figure 5A). To explore regulon activity of the acute myocarditis phase, the regulon activity of BNT162b2-MyoC stage was compared only with early recovery stage. The regulon activity of CEBPB and CEBPD was the highest. (Figure 5B).




Figure 5 | CEBPB is the Major Transcription Factor to Mediate Fatty Acid Metabolism in Classical Monocytes in BNT162b2-MyoC Stage. (A) A clustered heat map showing the area under the curve (AUC) scores of expression regulation by transcription factors (TFs), as estimated using SCENIC. (B) Regulons with top 5 cell-type-specific activity in classical monocytes in early recovery stage compared to BNT162b2-MyoC stage. (C) The CEBPB-bound motif, which is the most enriched in classical monocytes in BNT162b2-MyoC (NES score of 5.716 and 23 direct targets genes) predicted by iRegulon. (D) A Network plot showing target genes of CEBPB in up-regulated DEGs of classical monocytes in BNT162b2-MyoC. all target genes as squares. squares fille with yellow color are fatty acid metabolism related genes. CEBPB is drawn as a green ellipse. The interactions are shown with directed edges from the CEBPB to the target genes. (E) Normalized expression levels of CEBPB and CEBPD in classical monocytes in each group of datasets. ** p < 0.01; *** p < 0.001; two-tailed t test.



Also, we conducted iRegulon which is a gene-based tool to compute motif activity, predicting regulons, target genes and motifs from a set of co-expressed genes and maps gene-regulatory-network directly based on motif enrichment. As a result of an analysis with iRegulon with up-regulated DEGs of classical monocytes, it was confirmed that 11 CEBPB-binding motifs were enriched in classical monocytes at BNT162b2-MyoC stage. Especially, we found that homer-M00296, to which CEBPB binds, was the most enriched motif among 93 motifs enriched in classical monocytes at BNT162b2-MyoC stage (Figure 5C and Supplementary Table 1). For the patients with COVID-19, 7 CEBPB-binding motifs were enriched in classical monocytes. For the other datasets, the activity of CEBPB regulon was not high enough to be detected via iRegulon (Supplementary Table 1). CEBPB is a well-known transcription factor for mediating fatty acid metabolism (30–32). For example, in the case of nasopharyngeal carcinoma cells, CEBPB binds to PPAR coactivator-1α and promotes the transcription of CPT1A, which ultimately increased the level of fatty acid oxidation (30). Also, CEBPB controlled transcriptional regulatory networks important for inflammation and lipid metabolism in macrophages in mice during diet-induced inflammation (33). Interestingly, the predicted target genes of CEBPB by iRegulon included CPT1A, ACSL1, PDK4 which were up-regulated at BNT162b2-MyoC stage in terms of expression level (Figure 5D). Finally, we investigated the transcriptional levels of CEBPB and CEBPD showing the highest level of regulon activity in BNT162b2-MyoC stage. For BNT162b2-MyoC dataset, the expression levels of both CEBPB and CEBPD gradually decreased with recovery. In the other datasets, CEBPB increased in the patients with Kawasaki and CoV2-MyoC, and CEBPD increased in the patients with COVID-19 and Kawasaki (Figure 5E).

Given that recent studies have highlighted the importance of fatty acid oxidation in immune activity of monocytes (34), especially during differentiation into macrophages (35–37), our study is meaningful in that it addressed the increased fatty acid metabolism in classical monocytes during BNT162b2-MyoC stage. Also, we suggest the possibility that CEBPB may play a critical role in this metabolic shift.



Classical monocytes-mediated IL-16 and CXCL signals were enhanced during BNT162B2-MyoC stage

Metabolic changes in immune cells play an important role in immune responses via regulating inter/intra-cellular communication, such as cytokine secretion (38, 39). In the case of macrophages, it has been revealed that fatty acid oxidation activated their cytokine secretion, such as IL1b, IL4, IL18 and chemokine (C-X-C motif) ligand-1 (40). In this study, we examined the interaction of classical monocytes, which increased fatty acid metabolism in BNT162b2-MyoC stage, with analysis on the expression patterns of cytokine gene. CellChat was performed to analyze cell-to-cell communication. First, based on the differences in overall information flow within the network, we ranked the relative strength of the outgoing signals of classical monocytes at the time of myocarditis compared with signals in the early and late recovery states, respectively. In the BNT162b2-MyoC stage, IL-16, CXCL, and APRIL signals from classical monocytes increased compared to those in the early and late recovery stages. In contrast, a decreased level of TNF signal was shown at BNT162b2-MyoC stage (Figure 6A). Compared with other datasets, it was confirmed that IL-16 increased uniquely in the patient with BNT162b2-MyoC, and CXCL also increased in both patients with Kawasaki disease and CoV2-MyoC. APRIL signal increased the most in vaccinated individuals. On the other hand, the MIF signal, which decreased in our data, also decreased in patients with Kawasaki disease and CoV2-MyoC (Figures 6B and Supplementary Figure 7A). We confirmed that IL-16 signals flowed into intermediate monocytes, non-classical monocytes, dendritic cells (cDCs), and CD4+ TCM/TEM cells, while CXCL signals flowed into CD56dim natural killer cells (CD56dim NK cells) and proliferative T/NK cells. Both signals from classical monocytes were observed only in the BNT162b2-MyoC stage (Figure 6C). The APRIL signal is supplied to memory B and plasma cells (Supplementary Figure 7B). We explored the ligand–receptor pairs of outgoing signals of classical monocytes that increased in BNT162b2-MyoC. For the IL-16 signal, the ligand gene was IL16 and the receptor gene was CD4. For the CXCL signal, the ligand gene was CXCL8 and the receptor gene was CXCR2. For the APRIL signal, the ligand genes were TNFSF13 and TNFSF13B and the receptor genes were TNFRSF13B, TNFRSF13C, and TNFRSF17 (Figure 6D and Supplementary Figure 7C). It is worth noting the signal increase of IL-16 by classical monocytes, since this molecule is well-known for its chemoattractant activity on CD4+ immune cells. In addition, IL-16 induces the production of pro-inflammatory cytokines, such as IL-6, IL-15, and TNF-α (41, 42).




Figure 6 | Classical monocytes-mediated IL-16 and CXCL signals were enhanced during BNT162B2-MyoC Stage. (A) Bar graphs showing the ranking of major outgoing signals of classical monocytes in the patients in BNT162B2-MyoC compared to early(left) and late(right) recovery stages, respectively. The rank of signals was based on differences in overall information flow of each group. (B) A dot plot showing signaling enrichment of classical monocytes in other datasets for the classical monocytes-specific outgoing signals specific in BNT162b2-MyoC stage. Grey dots indicate insignificant interactions. (C) Circle plots showing cell-to-cell network for increased outgoing signals of classical monocyte in BNT162b2-MyoC stage. Arrows and edge color indicate direction (source: target). Edge thickness indicates the sum of weight key signals between populations. (D) A dot plot showing the relative significance of each cell type for each signaling pathway based on the average expression of the ligand-receptor pair.





Classical Monocytes receives Cytotoxic T cell-mediated incoming signals in BNT162b2-myocarditis stage

Next, we studied signals incoming signal from classical monocytes. In the BNT162b2-MyoC state, the most enriched signals included LIGHT, CD40, and BTLA. Conversely, the signal enriched in both the early and late recovery states was TNF. (Figure 7A). Compared to other data, LIGHT and BTLA signals were enriched only in classical monocytes at the BNT162b2-MyoC stage. In the case of CD40, signaling enrichment was increased in vaccinated individuals but significantly decreased in patients with Kawasaki disease and CoV2-MyoC (Figure 7B and Supplementary Figure 8A). Next, we examined the contribution of each cell type to the incoming signals of classical monocytes in BNT162b2-MyoC (Figure 7C). For the LIGHT signal, cytotoxic T cells (CTLs) contributed the most in the increase in signaling enrichment in BNT162b2-MyoC. For the CD40 signal, CTLs, CD4+ central/effector memory T cells (CD4+ TCM/TEM), CD4+ naïve T cells, and gamma delta T cells contributed to classical monocyte signaling. Moreover, signals from CTL were only observed in the BNT162b2-MyoC group, and signals from both CD4+ TCM/TEM and CD4+ naïve T cells gradually decreased with the stage of BNT162b2-MyoC. Although the signals from gamma delta T cells in the treated stage increased, the overall CD40 inflow signal of classical monocytes was the strongest in the BNT162b2-MyoC stage (Figures 7A, B). In terms of BTLA signals, B cells and plasma cells were the dominant contributors to this interaction (Supplementary Figure 8B). Lastly, we confirmed that the ligand–receptor pairs correlated with the major incoming signals of classical monocytes in BNT162b2-MyoC state. For the LIGHT signal, the ligand was TNFSF14 and the receptors were TNFRSF14 and LTBR. For the CD40 signal, the ligand was CD40LG and the receptors were ITGAM and ITGB2. For the BTLA signal, the ligand was BTLA and the receptor was TNFRSF14. (Figure 7D and Supplementary Figure 8C).




Figure 7 | Classical Monocytes receives Cytotoxic T cell-mediated Incoming Signals in BNT162b2-myocarditis Stage. (A) Bar graphs showing the ranking of major incoming signals of classical monocytes in the patients in BNT162B2-MyoC stage compared to early(left) and late(right) recovery stages, respectively. The rank of signals was based on differences in overall information flow, which is calculated by the total weights in the cellular network, of each group. (B) A dot plot showing signaling enrichment of classical monocytes in other datasets for the classical monocyte-specific incoming signals in BNT162B2-MyoC stage. Grey dots indicate insignificant interactions. (C) Circle plots showing the intercellular network of increased incoming signals of classical monocytes in BNT162B2-MyoC stage. Arrows and edge color indicate direction (source: target). Edge thickness indicates the sum of weight key signals between populations. (D) A dot plot showing the relative significance of each cell type for each signaling pathway based on the average expression of the ligand-receptor pair.



Interestingly, TNFRSF14, a receptor of LIGHT signaling, is known to be involved in monocyte activity by inducing the secretion of pro-inflammatory cytokines, such as IL-8 and TNF-α. In addition, the interaction of CD40 ligand (CD40L; CD154) with Mac-1 (αMβ2, CD11b/CD18) on monocytes is known to induce adhesion and migration of classical monocytes and is related to pro-inflammatory functions (43). In summary, we inferred that interaction with CTL via LIGHT and CD40 signals is critical for the activity of classical monocytes during BNT162b2-MyoC.

Overall, our results showed significant changes in the expression of fatty acid metabolism-related genes and AP-1 activity over time in BNT162b2-MyoC patient. It is important to note that the expression patterns of metabolism-related genes vary depending on the cause of myocarditis. In addition, we established a framework for determining which types of cell-to-cell signals are critical for the activity of circulating monocytes in patients with BNT162b2-MyoC. Therefore, our study provides critical clues regarding the transcriptional profile of classical monocytes at the time of BNT162b2-MyoC.




Discussion

Although vaccination is one of the most promising tools to fight COVID-19, it is associated with the risk of myocarditis. Among multiple side effects of BNT162b2 vaccination, myocarditis in particular has been extensively investigated, yet its exact pathogenesis still remains unknown (44). Although several case studies have reported clinical changes in BNT162b2-MyoC patients, our understanding of BNT162b2-MyoC is still limited mainly due to scarcity of tissue sampling and lack of empirical evidence (45). Moreover, based on published literature reviews (46, 47), among few empirical studies that were conducted with tissue samples from patients, there hasn’t been research that featured detailed transcriptomic profile of the harvested tissues. Myocarditis is a local inflammation of the myocardium. However, systemic immune modulation, such as cancer immunotherapy, has been reported to significantly increase myocarditis (48). Also, in the case of ST elevation myocardial infarction (STEMI), which is known to be major contributors of heart failures, transcriptional features of monocytes in PBMCs are in the spotlight as a biomarker for early prediction of heart failure (49). Therefore, understanding roles of monocyte is important in developing a systemic approach to understand the pathogenesis of myocarditis following BNT162b2 vaccination.

Therefore, it is important to develop a systemic approach to understand the pathogenesis of myocarditis following BNT162b2 vaccination. Here, we tracked transcriptomic profiles of the peripheral immune landscape of a patient recovered from a rare case of BNT162b2-MyoC and revealed that monocytes, which can be differentiated into macrophages in tissues, are the cell type showing one of the most dynamic changes.

Several studies on the metabolism of macrophages have proven the importance of metabolic pathways in monocyte-to-macrophage differentiation, macrophage activation, and polarization. Polarization of inflammatory macrophages increases the level of cellular glycolysis and fatty acid biosynthesis. However, polarization to anti-inflammatory macrophages upregulates the rates of oxidative phosphorylation and fatty acid oxidation (40). In addition, genes related to fatty acid and lipid metabolic processes, along with monocarboxylic acid and cellular ketone metabolic processes, are upregulated during monocyte-to-macrophage differentiation, highlighting the interconnection between immune cell function and metabolism (50–52). Here, investigation of the peripheral immune landscape of the patient in chronological order revealed that most differentially expressed genes are metabolic enzymes, including PDK4, the most upregulated gene in myocarditis, and genes involved in fatty acid metabolism. PDK4 is a mitochondrial enzyme that controls glycolytic flux into mitochondria. In addition, as the site of fatty acid oxidation, mitochondria govern the activation state of macrophages (53, 54) by modulating the metabolic profile of the cells. Thus, our study highlights the possibility of transcriptomic alteration in mitochondrial metabolism-related genes as a biomarker of the vaccination-induced myocarditis, which is diagnosed with the findings that show the infiltration of CD68+ cells in cardiac tissues.

In this study, we figured out CEBPB as a major transcription factor and the key regulator of fatty acid metabolism in classical monocytes during BNT162b2-myocarditis. Classical monocytes featured increased CEBPB activity in terms of both regulon activity and mRNA expression level. Also, we confirmed not only PDK4, but also CPT1A and ACSL1, which are known to be key regulators of fatty acid metabolism, are the target transcripts of CEBPB in classical monocytes in BNT162b2-myocarditis. In addition, the characteristics of classical monocytes during BNT162b2-myocarditis were further standardized by comparing with those of monocytes in similar conditions. Classical monocytes in the patient with acute stage of BNT162b2-myocarditis were similar to those in the patients with COVID-19 in terms of decreased level of JUN/FOS expression and increased regulon activity of CEBPB. Also, we confirmed that classical monocytes tended to rely more on glycolysis during BNT162b2-myocarditis compared to late recovery stage, in Kawasaki disease, and in COVID-19-induced myocarditis. Glycolysis as well as fatty acid metabolism is known to pro-inflammatory activation and differentiation of classical monocytes in diverse diseases (27, 55, 56). We tested if the changes in expression of metabolism-related genes are driven by extracellular stimuli such as cytokines from other immune cells. For example, transforming growth factor-β (TGF-β) signal is known to induce glycolysis via regulating the expression of the related genes in various cells; TGF-β induces expression of glucose transporter type 1 in Swiss 3T3 cells and glomerular mesangial cells, hexokinase 2 in articular chondrocytes and lung fibroblasts, and phosphofructokinase 2 in diverse cancer cells (57). In our study, the upregulation of glycolysis-related genes was confirmed in monocytes along with increased TGF-β-incoming signal.

Moreover, the metabolic enzymes involved in monocyte-to-macrophage differentiation are known to be closely related to several signaling pathways. For instance, human monocyte-derived macrophages are reported to upregulate metabolic-inflammatory transcriptional programs, including lipid metabolism and glycolytic pathways, upon activation by monosodium urate crystals, which induce inflammation without prior priming (58). The activation of these metabolic gene programs is attributed to the increased binding of JUN to the target promoters (58). Considering that monocytes in acute myocarditis show altered JUN/FOS activity, along with changes in the metabolism-related gene pathway, further investigation is required to determine whether monocytes in acute myocarditis resemble monocyte-derived macrophages activated without prior priming.

Also, other studies emphasized the importance of mobilization of proinflammatory monocytes to cardiac tissue for inflammatory cardiomyopathy disease. For example, CCR2–CCL2 and CX3CR1-CX3CL1 axis were associated with the recruitment of monocyte to cardiac tissue during myocarditis. Therefore, intercellular interactions of monocytes before penetrating cardiac tissue can be important biomarkers of myocarditis (22). In intercellular communication in this study, the increase in IL-16 signal outflow and LIGHT signal inflow were unique features of classical monocytes in BNT162b2-myocarditis stage. On the other hand, the increase in APRIL signal outflow and CD40 signal inflow from classical monocytes was similar to that of vaccinated individuals. And the increase in CXCL signal outflow was similar to that of patients with Kawasaki and COVID-19-induced myocarditis. It has been discovered that spike mRNA read of BNT162b2 vaccine is taken up by monocytes and macrophages, leading to the expression of spike proteins and subsequent inflammatory responses. Moreover, it has been found that spike proteins and their interactions with immunological receptors (59) cause the monocytes and macrophages to undergo pro-inflammatory shift (60), which is likely to be involved in pathogenesis of BNT162b2-MyoC. In our study, however, it was difficult to quantify spike mRNA reads or protein expression in individual cells (16 days after 1st vaccination) since they drastically decreased in terms of amount and hard to detect 7 days after vaccination (61). However, the other study revealed that it may persist for 60 days or longer (62). Therefore, further study is required on the effect of spike proteins on immune cells in BNT162b2-MyoC.

Overall, we analyzed classical monocytes in similar disease entities to explore the pathogenesis of vaccination-induced myocarditis. Although the analyzed data are from patients with COVID-19, myocarditis, or both, their molecular signatures differed in terms of AP-1 activity, and fatty acid metabolism, implying that the response of monocytes differs according to the stimulus. Moreover, molecular changes upon vaccination are different from the simple activation of monocytes. Here, we shed light on the most serious threat to public health worldwide by introducing classical monocytes as the key to understanding BNT162b2-MyoC.

Yet this study has a few limitations. Due to the scarcity of the case, the number of samples was limited. Further evaluation of PBMCs of other patients regarding the role of monocytes is necessary to confirm the characteristics of peripheral immune landscape specific for myocarditis after vaccination. Also, the patients with COVID-19-induced myocarditis and Kawasaki were treated with IVIG, which may have affected the signals observed in this study. Furthermore, in order to predict the presence or absence of vaccine side effects in individuals, an in-depth comparative analysis of datasets of vaccinees with and without side effects should be conducted. Lastly, datasets we used for our comparative research were mainly focused on COVID-19 inflammation and its impact on heart tissues, although pathogenesis of BNT162b2-MyoC may be involved with complications in lung or circulatory system as well. Future investigations into side effects of BNT162b2 of other vaccines for COVID-19 in general should also feature other major organ systems such as respiratory and endocrine system, where COVID-19 symptoms or side effects of BNT162b2 were reported. However, this study may take a meaningful first step towards understanding one of the serious side effects of BNT162b2.
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The COVID-19 pandemic has particularly affected older adults residing in nursing homes, resulting in high rates of hospitalisation and death. Here, we evaluated the longitudinal humoral response and neutralising capacity in plasma samples of volunteers vaccinated with different platforms (Sputnik V, BBIBP-CorV, and AZD1222). A cohort of 851 participants, mean age 83 (60-103 years), from the province of Buenos Aires, Argentina were included. Sequential plasma samples were taken at different time points after vaccination. After completing the vaccination schedule, infection-naïve volunteers who received either Sputnik V or AZD1222 exhibited significantly higher specific anti-Spike IgG titers than those who received BBIBP-CorV. Strong correlation between anti-Spike IgG titers and neutralising activity levels was evidenced at all times studied (rho=0.7 a 0.9). Previous exposure to SARS-CoV-2 and age <80 years were both associated with higher specific antibody levels. No differences in neutralising capacity were observed for the infection-naïve participants in either gender or age group. Similar to anti-Spike IgG titers, neutralising capacity decreased 3 to 9-fold at 6 months after initial vaccination for all platforms. Neutralising capacity against Omicron was between 10-58 fold lower compared to ancestral B.1 for all vaccine platforms at 21 days post dose 2 and 180 days post dose 1. This work provides evidence about the humoral response and neutralising capacity elicited by vaccination of a vulnerable elderly population. This data could be useful for pandemic management in defining public health policies, highlighting the need to apply reinforcements after a complete vaccination schedule.
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Introduction

In the wake of the COVID-19 pandemic, Argentina has incorporated vaccination with a wide variety of vaccine platforms, including the non-replicating adenovirus vaccines AZD1222 (ChAdOx1-S), Ad5-nCoV, and Sputnik V; the mRNA vaccines BNT162b2 and mRNA-1273; and the inactivated SARS-CoV-2 vaccine BBIBP-CorV into its public health policies as the main tool of primary prevention against the disease (1).

In this context, older adults, including those residing in nursing homes, were the second group in order of priority for vaccination, after healthcare workers. These institutions house a particularly vulnerable population, as aging constitutes a relevant and critical risk factor for COVID-19, associated with a higher rate of hospitalisation and death (2, 3). Moreover, this subpopulation presents numerous comorbidities (4) and the semi-enclosed condition of nursing homes tends to facilitate the propagation of SARS-CoV-2.

Argentina initiated in December 2020 its massive vaccination program with three main vaccines: Sputnik V, BBIBP-CorV (Sinopharm) and AZD1222 (Oxford/AstraZeneca). All three platforms studied have shown high efficacy in preventing severe forms of the disease and deaths caused by COVID-19 (5–7). Towards the end of 2020, new viral variants emerged around the world, representing a new challenge against antibody protection generated by infection or vaccination (8). Of these variants of concern (VOC), Omicron is the predominant variant in circulation in Argentina since December 2021 (9).

Given the gap in knowledge regarding the immunological response to vaccines over time among older adults, a prospective multi-centric cohort study was conducted in nursing home residents from the province of Buenos Aires, Argentina. The aim of this research report was to characterise the humoral immune response and neutralising capacity in residents immunised with different vaccine platforms against COVID-19 followed up to 6 months post-vaccination.



Materials and method


Target population

This prospective, multi-centric cohort study recruited nursing home residents aged 60 years or over from the province of Buenos Aires, Argentina, between March and May 2021. Nursing homes of Argentina’s National Institute of Social Services for Retirees and Pensioners (PAMI) Local Management Units from the cities of Mar del Plata, La Plata and Lanús (Buenos Aires) which had not started vaccination against COVID-19 at the beginning of the study were considered eligible. Residents who voluntarily agreed to receive two doses of a COVID-19 vaccine and signed the informed consent were included; those with contraindications for venipuncture were excluded.

Enrolled nursing homes were visited by PAMI personnel and residents were vaccinated on-site. Participants received one of three vaccines -Sputnik V, BBIBP-CorV or AZD1222- as part of a homologous prime-boost regimen. The recommended interval between doses outlined by the national program was a minimum of 21 days for Sputnik V, 21-28 days for BBIBP-CorV and 28-84 days for AZD1222 (10, 11). However, as a result of Argentina delaying the second dose until universal coverage with the first dose was achieved, the second dose was applied with variable intervals [median interval (interquartile range) = 62 (55–73), 32 (30–50) and 49 (45–52) for Sputnik V, BBIBP-CorV and AZD1222 respectively].

The following dosage were used: 1x1011 viral particles per dose of Sputnik V, 6.5 U of inactivated SARS-CoV-2 antigens per dose of BBIBP-CorV, and 5×1010 viral particles per dose of AZD1222 (Manufacturers’ recommendations).

At baseline, demographic data, as well as information on chronic health conditions and previous exposure to SARS-CoV-2 were obtained from 851 participants.



Samples

Sequential plasma samples were collected at five time points: before vaccination (baseline), 21 days after the first dose, 21 days after the second dose, and at day 120 and 180 after the first dose. Volunteers were divided into two groups according to their self-reported history of COVID-19 and IgG anti-Spike levels at baseline: infection-naïve (without a history of COVID-19 and seronegative at baseline) or convalescent (with a history of COVID-19 or seropositive at baseline).



Anti-spike IgG levels and SARS-CoV-2 neutralising capacity

We used a non-competitive, semi-quantitative ELISA assay for the detection of specific IgG antibodies against the S protein of the SARS-CoV-2 virus. This assay uses plates coated with a mixture of the trimeric glycosylated Spike protein and its receptor binding domain (RBD) (COVID-AR IgG, CONICET-Leloir-Lemos S.R.L. 2020). The presence or absence of antibodies in the sample was determined by comparing against a cut-off value, according to the specifications of the manufacturer (12). Reactive samples were then titrated using the same assay with serial dilutions in fetal bovine serum (FBS). For the semi-quantitative analysis, the antibody titer was determined as the highest reactive dilution between 1/50 and up to 1/409,600.

Plasma neutralising capacity was assessed on a subset of samples from each vaccine group (Sputnik V= 50, BBIBP-CorV= 49, AZD1222= 50), randomly selected from infection-naïve residents who had at least one seropositive sample. Plasma samples were heat inactivated at 56°C for 30 min. Serial dilutions of the plasma samples were pre-incubated with the VSV-Spike pseudotyped virus (CoV2pp-GFP, ancestral SARS-CoV-2 lineage B.1) (13) for 1 hour at 37°C, and then with cultured VERO cells for 24 hs, according to (14). Neutralisation assays were performed in biological duplicates. The result of this assay was expressed as the dilution that reaches 50% inhibition of infection (IC50) (15).

To study the humoral response against Omicron variant (GISAID accession ID EPI_ISL_10633761) relative to the ancestral B.1 (GISAID accession ID EPI_ISL_499083), neutralising assays were performed using live SARS-CoV-2 virus isolates. A subset of samples from previous neutralising assay who had positive (Sputnik V= 15, BBIBP-CorV= 14, AZD1222 = 15), was selected. Serial dilutions of plasma from 1/4 to 1/8192 were incubated for 1 h at 37°C in the presence of virus in DMEM, 2% FBS. Then, 50 µl of the mixture were added to a Vero cell monolayer for 1 h at 37°C (MOI, 0.01), after which the infectious medium was removed and replaced for DMEM, 2% FBS. After 72 hs, cells were fixed with 4% paraformaldehyde (4°C, 20 min) and stained with crystal violet solution in methanol. The cytopathic effect (CPE) on the cell monolayer was assessed visually. If damage to the monolayer was observed in the well, it was considered as manifestation of CPE. Neutralising titer was defined as the highest plasma dilution without any CPE in two of three replicate wells.



Quantification and statistical analysis

Descriptive statistics were used to characterise socio-demographic variables and comorbidities of the target population at baseline, according to vaccine. Categorical variables were presented as counts and percentages and their differences evaluated using Chi-squared or Fisher´s exact tests. Missing data were not imputed.

In order to characterise the humoral immune response and neutralising capacity, we considered the following variables: vaccine (Sputnik V, BBIBP-CorV, AZD1222), previous exposure to SARS-CoV-2 (infection-naïve/convalescent), gender (male/female) and age (<80 years/≥80 years). Results were expressed as % of seroconversion upon completion of vaccination scheme, the Geometric Mean (GM) of IgG antibody titer and its 95% confidence interval, pseudotyped neutralising antibody titer (IC50), SARS-CoV-2 neutralising titer (IC80) and its 95% confidence interval. Seroconversion was considered as any increase to detectable levels of antibodies from previous non-reactive samples. Non-parametric (Wilcoxon-Mann-Whitney) tests were used to compare groups. A p < 0.05 was considered statistically significant. For multiple comparisons, Holm’s method (16) was applies to adjust the p-value. We estimated Spearman’s correlation among IC50 pseudotyped virus neutralising titers and IgG anti-Spike titers (0: no relationship, between 0 and ±0.3: weak relationship, between ±0.3 and ±0.7: moderate relationship, between ±0.7 and ±1.0: strong relationship, ± 1.0: perfect relationship). The regression lines between the measures were estimated by Deming regression Statistical analysis and graphical presentations were carried out with R 4.2.0 in the R Studio 1.4.1717 environment (17), using various packages (18–21).



Ethics

This research was carried out in line with the Guide for Investigation with Human Beings, Resolution 1480/11. Each subject agreed on participating in this research and signed an informed consent prior to any procedure. Participants’ anonymity was maintained throughout the whole study (Law 25.326 of Personal Data Protection). The study protocol was approved by the Research Ethics Committee of the Bernardo Houssay Hospital from Mar del Plata.




Results

The study evaluated 851 nursing home residents that received one of the following homologous vaccine platforms: Sputnik V (n=522), BBIBP-CorV (n=165) or AZD1222 (n=164); of the initial cohort, 693 participants reached the end of the follow-up (18.6% loss). The immune response was evaluated by measuring IgG anti-Spike titers using a well-established ELISA test (12) and neutralising capacity against a VSV-Spike pseudotyped virus (14), as well as against live ancestral B.1 and Omicron SARS-CoV-2 strains. General information about participants enrolled in this cohort, including gender, age, previous exposure to SARS-CoV-2 and comorbidities by vaccine is listed in Table 1. As shown in the table, significant differences were observed in age, gender, previous exposure to SARS-CoV-2 and comorbidities such as heart failure and chronic kidney disease.


Table 1 | Comparison between patients receiving Sputnik V, BBIBP-CorV and AZD1222 vaccines in terms of demographics, comorbidities, and previous exposure of COVID-19 infection.



The cohort presented a mean age of 83 (range, 60-103) years old. The infection-naïve group included 474 participants, while 377 were in the convalescent group. From the latter group, 62% of participants (n=233) did not report infection, albeit displaying specific IgG anti-Spike antibodies. Both groups showed a biased gender (77% and 70% female, in the infection-naïve and convalescent groups, respectively).

The immunogenicity after a single vaccine dose in the infection-naïve group widely varied according to the vaccine platform, showing seroconversion rates of 43.6%, 10.6% and 50.0% for Sputnik V, BBIBP-CorV and AZD1222, respectively. The second vaccine dose normalised IgG seroconversion to 92.7%, 68.4% and 97.6%, respectively, with a total 88.1% seroconversion rate. The IgG geometric mean titers (GMT) at 21 days after the second dose were 1374 (CI95%, 983 to 1900) for Sputnik V, 145 (CI95%, 69 to 294) for BBIBP-CorV, and 1087 (CI95%, 697 to 1646) for AZD1222 (Figure 1). The GM titers dropped 3.7-fold for Sputnik V, 4.4-fold for BBIBP-CorV, and 10.8-fold for AZD1222, at 6 months after the two-dose vaccination scheme.




Figure 1 | Longitudinal IgG titers after vaccination with different vaccine platforms for infection-naïve participants (n=348). Measurements are shown 21 days after the first dose, 21 days after the second dose, and 120 and 180 days since the first dose for individual that received the two-dose regimen. The GMT with 95% confidence interval are shown. Wilcoxon -Mann-Whitney unpaired U test: ****p ≤ 0.0001; ***p ≤ 0.001; **p ≤ 0.01; “ns”p>0.5.



On the other hand, the convalescent group showed higher IgG GMT after the first dose than those observed in the naïve group after two vaccine doses for all three platforms. The IgG GMT after the first dose were 12795 (CI95%, 9518 to 16763) for Sputnik V, 2583 (CI95%, 1838 to 3630) for BBIBP-CorV, and 14217 (CI95%, 9948 to 19896) for AZD1222 (Figure S1). Unlike the infection-naïve group, these titers did not increase after the second vaccine dose. At 6 months post-vaccination, the IgG GMT of the convalescent group dropped 2.6-fold for Sputnik V, 8.9-fold for BBIBP-CorV, and 3.4-fold for AZD1222.

Analysis of the neutralising capacity against the VSV-Spike pseudotyped virus in the infection-naïve group showed that GM half-maximal neutralising titer (GMT IC50) for Sputnik V was higher than for BBIBP-CorV for all analysed time points, whereas AZD1222 was higher than BBIBP-CorV only up to 21 days after the second vaccine dose (Figure 2). Neutralising capacity increased after the second dose, reaching a GMT IC50 of 417 (CI95%, 230 to 745) for Sputnik V, 42 (CI95%, 19 to 91) for BBIBP-CorV and 314 (CI95%, 180 to 537) for AZD1222. Similar to anti-Spike IgG GMTs, neutralising capacity steadily decreased 3 to 9-fold up to 6 months after vaccination for all platforms (Figure 2A). The IC50 of pseudotyped virus presented a high and significant correlation with anti-Spike antibodies for all time points analysed (rho= 0.73, 0.85, 0.87, and 0.90 for 21 days post dose 1, 21 days post dose 2, 120 and 180 days post dose 1, respectively) (Figure S2).




Figure 2 | Neutralising capacity after vaccination with different vaccine platforms for infection-naïve participants. (A) Titers were measured at 50% inhibition against the pseudotyped B.1 linage virus (CoV2pp-GFP). Measurements are shown 21 days after the first dose, 21 days after the second dose, and 120 and 180 days since the first dose for individual that received the two-dose regimen. (B) Using live SARS-CoV-2 virus isolates, titers were defined as the highest plasma dilution without any cytopathic effect on the monolayer. The assay was carried out using B.1 lineage virus and Omicron variant virus. The GMT with 95% confidence interval are shown. Wilcoxon-Mann-Whitney unpaired U test: ***p ≤ 0.001; **p ≤ 0.01; *p ≤ 0.05; “ns” p>0.5.



Neutralising antibody titer against Omicron resulted lower (10-58 fold) compared to B.1 for all vaccine platforms at 21 days post dose 2 and 180 days post dose 1 (vaccinated with 2 doses). For both time points GM neutralising titer (SARS-CoV-2) for Sputnik V (GM= 6.0, CI95% 2.2 to 17.5 and GM= 3.3, CI95% 1.7 to 6.4, respectively) was higher than for BBIBP-CorV (GM= 3.3, CI95% 1.7 to 6.4 and GM= 1.4, CI95% 0.9 to 2.1, respectively) and AZD1222 (GM= 1.5, CI95% 1.0 to 2.3 and GM= 1, respectively) (Figure 2B).

When analysing all vaccine platforms together, infection-naïve residents aged 60-79 (<80 years) showed significantly higher anti-Spike IgG titers after vaccination, compared to residents over 80 (Figure 3A). In contrast, the convalescent group presented no significant differences between the age groups (Figure S3A). When participants were segregated by gender, no significant differences were observed in the naïve group (Figure 3B), while convalescent residents presented a marginal difference (p = 0.0229) in anti-Spike IgG titers biased towards men at 120 days after vaccination (Figure S3B). Analysing the infection-naïve group, a very weak inverse correlation was observed between age and anti-Spike IgG antibody titer only in those participants who received BBIBP-CorV (rho= -0.23 p= <0.05). No correlation was observed between age and antibody neutralising capacity against the pseudotyped virus (Figure S4 A, B).




Figure 3 | Anti-Spike IgG titers after vaccination in infection-naïve participants segregated by age-group (A) and gender (B). Measurements are shown at baseline, 21 days after the first dose, 21 days after the second dose, and 120 and 180 days since the first dose for individual that received the two-dose regimen. The geometric mean with 95% confidence interval are shown. Wilcoxon-Mann-Whitney unpaired U test: **p ≤ 0.01; *p ≤ 0.05; “ns” p>0.5.





Discussion

To date, there is still a significant gap in knowledge regarding the immune response elicited by the Sputnik V, BBIBP-CorV and AZD1222 vaccines in the older adult population, particularly in Argentina (22, 23). Here, we assessed the anti-Spike IgG and viral neutralising humoral response, both of which are relevant readouts of vaccination efficacy (24–26). We show that all three vaccine platforms were efficient in developing a humoral response in the older population studied. We report that both specific anti-Spike IgG titers and SARS-CoV-2 neutralising capacity increased after the second dose. Moreover, we show that both previous exposure to SARS-CoV-2 and age (<80 years) are factors associated with higher antibody titers.

Of note, we determined that over 50% of the convalescent population studied had not been aware of their exposure to the virus (did not declare history of COVID-19), but were seropositive at baseline. This result could prompt revising of prevention strategies against the spread of infection in semi-enclosed environments housing risk groups, such as nursing homes.

As mentioned previously, nursing home residents were among the highest groups in priority for vaccination. Thus, in order to accelerate the rate of coverage, the different vaccine platforms were applied according to their availability. This context meant that the groups analysed here, were not defined a priori. Moreover, comorbidities were not considered as an exclusion criterion for participating in the study. As a consequence, we found differences in demographic characteristics (age, sex) and prevalence of comorbidities among vaccine groups such as heart failure and chronic kidney disease. The lower rate of participants with heart failure in the AZD1222 group could be attributable to some contraindications for this platform for subjects with heart disease. However, the position adopted by the European Society of Cardiology was that vaccination was indicated for all patients with heart failure, as they state that “corrective measures should not be allowed to delay vaccination” (27). Although kidney transplant patients have a poor immune response to vaccination, those with chronic kidney disease, even at stages 4-5, have been reported to present antibody levels comparable to healthy controls (28, 29).

The rates of seroconversion for the infection-naïve group in our population of older adults were similar to those reported for the general population for both Sputnik V (5) and AZD1222 (6, 30, 31) but lower than the rate previously reported for people over 60 years vaccinated with BBIBP-CorV (32, 33). This data is valuable because aged individuals are at higher risk of experiencing more severe forms of COVID-19, as well as hospitalisations and death. To illustrate, in 2020, people aged 60 or over represented 85.5% of the total deaths related to COVID-19 in Argentina (Argentinian National Ministry of Health, 2022).

After completing the vaccination schedule, infection-naïve residents who received either Sputnik V or AZD1222 exhibited significantly higher humoral responses than those who received BBIBP-CorV. Other studies comparing the latter with Sputnik V (34) and others found similar results (35, 36). Conversely, in the convalescent group, a booster effect was observed after the first dose for all three platforms, suggesting the existence of immunological memory, as reported for other vaccines (37–40). Interestingly, in this same convalescent group, the second dose of either of the three vaccines did not further boost antibody levels. Rossi and collaborators (15) found similar results in healthcare workers immunised with Sputnik V, as did others in adults immunised with AZD1222 and different vaccines platforms (30, 41).

In line with previous results reported for Sputnik V (14) and others (42), we observed a progressive waning in specific antibody titers up to 6 months after immunisation. Particularly, Oviedo-Rouco and collaborators (43) showed that antibody levels in older adults with a homologous scheme for BBIBP-CorV decrease significantly from 21 up to 220 days post vaccination. These and other similar observations prompted many countries, including Argentina, to implement booster doses to improve population-wide immunity towards 2021 and 2022 (Resolution 1426/21 National Ministry of Health).

Similar to anti-Spike IgG titers, neutralising capacity against the VSV-Spike pseudotyped virus also significantly increased after the second dose of the vaccines in infection-naïve residents for all vaccine platforms and showed a progressive waning over time. Regarding viral neutralising capacities, titers were lower for BBIBP-CorV than for Sputnik V and, to a lesser extent, for AZD1222. Several reports analysing the same vaccine platforms studied here (15, 44) and others, such as mRNA-1273/Moderna (45), Ad5-nCoV/Covidicea (46) and BNT162b2/Pfizer–BioNTech (44, 47) observed increased neutralising activity after the second doses on ancestral and several VOCs. As published in other reports with vaccines analysed here (31, 48), we observed a positive linear correlation between neutralising capacity and anti-Spike IgG. Thus, a growing amount of evidence suggests that relative anti-Spike IgG titers can be used as a predictor of neutralising activity. Nonetheless, Hernandez-Bello et al. described a tendency towards a negative correlation between these variables (46).

Similarly to several previous studies, Omicron was capable to escape the humoral response induced by the vaccine platforms analysed here in resident with complete scheme of vaccination and 6 month later (49, 50). This evidence indicates that the original 2-dose vaccine schemes are insufficient to protect against Omicron, one of the most widely spread variants worldwide. Oviedo Rouco et al. demonstrated that heterologous booster doses markedly increased neutralising activity against this VOC in older adults who had received two doses of BBIBP-CorV.

Regarding the influence of advanced age on the immune response after vaccination, we observed higher specific antibody titers in infection-naïve subjects aged 60-79 years after the first dose of the vaccines compared to subjects over 80. A similar difference in efficacy has been reported for the BNT162b2/Pfizer-BioNTech vaccine (51), although neutralising antibodies were still detectable after the second dose, independently of age (26). In contrast, neutralising antibody titer against VSV-Spike antibody did not significantly vary between age groups nor did it correlate with age, as previously reported for the CanSino vaccine (46). Similarly, neutralising titers for both B.1 and Omicron observed in our population of older adults was comparable to those reported by Pascuale et al. for volunteers with a mean age of 41 years who received the same three vaccine platforms (52).

This work provides useful information regarding the humoral response and neutralising capacity elicited by Sputnik V, BBIBP-CorV and AZD1222 vaccines in older adults. The significant difference in neutralising efficacy between the ancestral B.1 and Omicron strains shows that this pandemic is a dynamic phenomenon and, as such, requires response strategies to also be dynamic and continually updated. We consider that this knowledge is valuable to inform decision making in public health, particularly about the importance of implementing booster strategies for improving protection, especially against VOCs such as Omicron.
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Figure S1 | Longitudinal IgG titers after vaccination with different vaccine platforms for convalescent participants. Measurements are shown at baseline, 21 days after the first dose, 21 days after the second dose, and 120 and 180 days since the first dose for individual that received the two-dose regimen. The GMT with 95% confidence interval are shown. Wilcoxon-Mann-Whitney unpaired U test: ****p ≤ 0.0001; **p ≤ 0.01; “ns”p > 0.5.

Figure S2 | Correlation between neutralising titer CoV2pp-GFP (IC50) and IgG anti-Spike titer at different time post vaccination. Spearman’s correlation: 0, no relationship; between 0 and ±0.3, weak relationship; between ±0.3 and ±0.7, moderate relationship; between ±0.7 and ±1.0, strong relationship; ±1.0: perfect relationship.

Figure S3 | Anti-Spike IgG titers after vaccination in convalescent participants segregated by age-group (A) and gender (B). Measurements are shown at baseline, 21 days after the first dose, 21 days after the second dose, and 120 and 180 days since the first dose for individual that received the two-dose regimen. The geometric mean with 95% confidence interval is shown. Wilcoxon-Mann-Whitney unpaired U test test: **p≤0.01; *p≤0.05; “ns” p>0.5.

Figure S4 | Correlation of antibodies titer by age in residents vaccinated with different platforms (Sputnik V, BBIBP- CorV and AZD1222). A. IgG anti-Spike titers vs. age in infection-naïve group (n = 474). B. Antibody neutralisation levels (IC50) vs. age (n = 149). Spearman’s correlation was performed. A p < 0.05 was considered statistically significant.
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Immunocompromised patients can experience prolonged SARS-CoV-2 infections in the setting of a lack of protectivity immunity despite vaccination. As circulating SARS-CoV-2 strains become more heterogeneous, concomitant infection with multiple SARS-CoV-2 variants has become an increasing concern. Immunocompromised patient populations represent potential reservoirs for the emergence of novel SARS-CoV-2 variants through mutagenic change or coinfection followed by recombinatory events. Identification of SARS-CoV-2 coinfections is challenging using traditional next generation sequencing pipelines; however, targeted genotyping approaches can facilitate detection. Here we describe five COVID-19 cases caused by coinfection with different SARS-CoV-2 variants (Delta/Omicron BA.1 and Omicron BA.1/BA.2) as identified by multiplex fragment analysis.
Keywords: SARS-CoV-2, co-infection, omicron, fragment analysis, multiplex (RT)-PCR, COVID-19, variant
INTRODUCTION
Epidemiological surveillance of SARS-CoV-2 has enabled clinical and public health interventions in response to increasing COVID-19 case numbers. These efforts have been aided by broad sequencing/genotyping initiatives, associating case trajectories with the emergence of dominant genetic lineages harboring characteristic mutations. Single nucleotide polymorphisms (SNPs) or insertion/deletion mutations (indels) characterize these divergent strains which exhibit altered cellular tropism, decreased vaccine-derived antibody protection and/or marked increases in transmissibility, morbidity, and mortality. Emergence of these SARS-CoV-2 variants of concern (VOCs) has occurred in succession, with new VOCs often displacing the previous dominant lineage amongst the global population.
RNA viruses accrue mutational changes through multiple mechanisms. Transcriptional errors leading to enhanced mutation rates as a biological consequence of error-prone replication are the most common. Coronaviruses feature the largest viral RNA genomes and utilize an RNA-dependent RNA polymerase (RdRP) devoid of proofreading activity. Due to the rapid speed of the RdRP, mutation rates on the order of 10−4–10−6 substitutions/nucleotide/round of replication have been reported (Baddock et al., 2022; Moeller et al., 2022). To mitigate these fidelity issues, coronaviruses encode a 3′-5′ exonuclease (ExoN) which confers proofreading ability following genome replication (Moeller et al., 2022). Thus, while SARS-CoV-2 mutates relatively slowly compared to other RNA viruses, including HIV or influenza (Callaway, 2020; Akkiz, 2021), mutagenic change still clearly impacts SARS-CoV-2 epidemiology.
Host immunity (natural or vaccine-derived) also drives the emergence of strains with advantageous mutations (Di Caro et al., 2021). We and others have observed immunocompromised (IC) hosts can exhibit persistently positive SARS-CoV-2 RT-PCR tests long after initial COVID-19 diagnosis, with replication-competent virus recovered in some cases (Sung et al., 2022). Moreover, IC patients often fail to mount robust immunological responses to vaccination (Narasimhan et al., 2021; Thakkar et al., 2021; Vijenthira et al., 2021) and are more susceptible to breakthrough infections (Sun et al., 2022). Additionally, IC hosts may not effectively clear SARS-CoV-2 viral infection leading to accelerated intra-host viral evolution and expanded genomic diversity (Avanzato et al., 2020; Ahmad, 2021; Hensley et al., 2021). Many IC patients also receive immunologic therapies which further increase selective pressure on target SARS-CoV-2 loci (i.e. S-gene), raising the potential for the emergence of more virulent progeny (Chen et al., 2021).
Finally, intra- and interhost recombinatory events enhance coronaviral genomic diversity (Amoutzias et al., 2022; Kozlakidis, 2022). Recombination occurs when host cells are coinfected with different SARS-CoV-2 strains, resulting in the redistribution of genomic material, giving rise to hybrid virions. Identification of this phenomenon in SARS-CoV-2 has proven challenging via traditional bioinformatic pipelines, as lineage evaluation is driven by a limited number of SNPs and coinfections require the circulation of diverse lineages within a population (Kozlakidis, 2022), which are often dominated by a singular VOC. Reinfections with either the same or different variant could also influence VOC emergence, as well as indicate prior SARS-CoV-2 infection does not uniformly provide protective immunity (Babiker et al., 2021). There have been several reports describing SARS-CoV-2 reinfections, but fewer demonstrating reinfection with a genotypically distinct virus (Gupta et al., 2020; Van Elslande et al., 2020; Tillett et al., 2021). Coinfection with two simultaneously replicating lineages of SARS-CoV-2 is even less frequently reported despite being necessary for recombination (Bal et al., 2022; Rockett et al., 2022). SARS-CoV-2 inter-lineage recombination is only beginning to be investigated (Li et al., 2022), but has been demonstrated in the setting of COVID-19 (Francisco Junior et al., 2022; Lacek et al., 2022). There is evidence to suggest the emergence of the Omicron VOC can be traced to recombination between two ancestral SARS-CoV-2 lineages (Liu et al., 2022).
Thus, factors governing VOC emergence are multifactorial and influenced by a combination of genetic drift, recombination, host immunity, antiviral therapy, and duration of SARS-CoV-2 infection. In this work, we investigate SARS-CoV-2 coinfections among patients at a large referral center. Using a rapid genotyping method based on targeted RT-PCR and multiplex fragment analysis (Clark et al., 2021) we have detected two cases of Delta (B.1.617.2)/Omicron (B.1.1.529) BA.1 coinfections, and three cases of Omicron BA.1/BA.2 coinfection in hosts with various comorbidities. Identifying and characterizing coinfections with SARS-CoV-2 VOCs will reenforce evidence-based understanding of genomic change and infection patterns.
CASE: SARS-COV-2 COINFECTION WITH THE DELTA AND OMICRON BA.1 VOCS
A 76-year-old male who underwent bilateral lung transplantation 8 years prior due to idiopathic pulmonary fibrosis presented with fever and respiratory symptoms in November 2021 consistent with COVID-19. SARS-CoV-2 PCR was positive upon admission. Viral genotyping revealed mutations consistent with the Delta VOC which was epidemiologically dominant at the time of sampling. The patient’s immunosuppressive regimen included prednisone, tacrolimus, and monthly belatecept infusions. He had received three doses of the Pfizer/BioNTech COVID-19 vaccine prior to presentation. The patient was initially treated with Casirivimab/Imdevimab (Regeneron) followed by dexamethasone and remdesivir for 5 and 10 days, respectively (Figure 1). He was discharged without supplemental oxygen but reported continued exertional dyspnea and reduced forced expiratory volume (FEV1) from baseline (Figure 1).
[image: Figure 1]FIGURE 1 | Longitudinal temporal analysis of the SARS-CoV-2 Delta/Omicron BA.1 coinfection reported in patient 1. Two positive RT-PCR samples (red arrowheads) and two negative RT-PCR samples were obtained between the end of November 2021 through February 2022 (black arrowheads). Prior vaccine (white arrowheads) and Remdesivir (pink boxes) are plotted when they were received in the disease course. Immunosuppressive regimens are represented (green boxes) with tapering as prescribed; FK-506 is tacrolimus. Monoclonal antibody therapy with either casirivimab/imdevimab (C/I) or tixagevimab/cilgavimab (T/C) is also denoted, as are serological values at the time of blood draw. Abbreviations: IgMSP, immunoglobulin M anti-spike; IgGSP, immunoglobulin G anti-spike; IgGNC, immunoglobulin G anti-nucleocapsid; 1o, primary infection; 2o, secondary infection.
Forty-five days later (early January 2022), he returned with fever, worsening shortness of breath, and productive cough. Respiratory RT-PCR was again positive for SARS-CoV-2, but given the proximity to prior infection, was initially thought to be a result of persistent viral shedding and alternative etiologies were sought. The patient was treated for hospital acquired pneumonia with piperacillin-tazobactam and vancomycin, and with methylprednisolone for acute cellular rejection. However, genotyping of the second PCR-positive specimen identified SARS-CoV-2 mutational signatures consistent with the presence of two unique VOCs. Delta (believed to be remaining from his initial infection) and Omicron BA.1 (secondary infection) were identified (Figure 3A). Following confirmation of active COVID-19, a course of Dexamethasone and Remdesivir was recommended. With discontinued antibiotics and tapered steroids, the patient was discharged without supplemental oxygen and a FEV1 near baseline.
Laboratory findings
SARS-CoV-2 variant status is routinely determined for all RT-PCR-positive respiratory samples at our institution through a combination of whole genome sequencing (WGS) and genotyping by multiplex fragment analysis of RT-PCR products. Briefly, mutational hotspots of the SARS-CoV-2 genome are amplified with fluorescently labeled primers. These PCR amplicons are separated by capillary electrophoresis, and size differences determine the presence or absences of characteristic deletions. Nucleotide substitutions are determined though the competitive incorporation of primers with alternative florescent labeling (Clark et al., 2021).
This patient’s initial SARS-CoV-2 PCR-positive specimen contained only Delta VOC sequences, while the positive specimen from the subsequent admission contained mutational signatures consistent with a mixture of both Delta and the newly emerged Omicron BA.1 VOCs. At the time of both infections, the patient had undetectable levels of nucleocapsid-specific IgG of IgM antibodies, often see among patient groups receiving immunosuppressive therapies (Narasimhan et al., 2021; Thakkar et al., 2021; Vijenthira et al., 2021). As part of his management, the patient was given monoclonal antibody therapy (casirivimab and imdevimab for Delta), resulting in very high passive Spike IgG antibody levels which quickly diminished over the months following administration (Figure 1, Figure 2). Thus, he was later given prophylactic monoclonal antibodies (tixagevimab with cilgavimab, Figure 1).
[image: Figure 2]FIGURE 2 | (Upper panel) Pertinent demographic and clinical characteristics of the five patients identified with SARS-CoV-2 coinfections in this work (Lower panel) Temporal analysis of the coinfections for each of the five patients identified in this work with respect to the community prevalence of VOCs as determined by prospective monitoring by multiplex fragment analysis. Abbreviations: T2DM, type-2 diabetes mellitus; DLBCL, diffuse large B-cell lymphoma; CLL/SLL, chronic lymphocytic leukemia/small cell lymphocytic leukemia; chemo, chemotherapy; Vx, vaccine; DFW, Dallas-Fort Worth.
Given the patient’s immunosuppressed and coinfected status, we wanted to determine if there was any evidence of recombination between the detected VOCs. WGS revealed mutations specific to Delta and Omicron BA.1 were found on independent reads using WGS. While a total of eight fragment analysis targets are used in genotyping, only three are highlighted here to demonstrate the difference in Omicron BA.1 and Delta VOCs. ORF1A detects the 3 amino acid deletion from ORF1A:Del3675_3677. Spike recurrently deleted region (RDR)1 and 2 detect S:Del69_70 and mutations in the 140–160 amino acid range, respectively. The Delta variant has a 2 amino acid deletion in Spike region 2 (S:Del157_158), while Omicron has a 3 amino acid deletion (S:Del143_145, Figures 3A,B). These data, paired with information from WGS, reveal no mutagenic signatures were identified to suggest recombination between the two lineages in this case (Figures 3B,C).
[image: Figure 3]FIGURE 3 | (A) Electrophoretogram of the ORF1A, Spike region 1, and Spike region 2 sites where different sized amplicons indicative of Delta (top) Omicron (middle) or coinfection (bottom) are present. (B) Next-generation sequencing reads were visualized in the Integrated Genome Viewer with read direction colored light red or violet. Integrated Genome Viewer (IGV) display shows deletions as indicated by a bar and single nucleotide variants have the variant nucleotide present. (C) Schematic illustrating the expected location of fragments for variants under normal, mixed, or recombined conditions.
While we report the previous case in expanded detail, we also encountered an additional Delta/Omicron BA.1 coinfection in a 70-year-old female with uncontrolled type II diabetes (Figure 2). This case was notable as it occurred overlapped temporally with the coinfection at the beginning of January 2022 when both the Delta and Omicron BA.1 VOCs were present in the community in relative abundance. Upon presentation the patient was afebrile but complained of a loss of taste and persistent cough. The patient was previously vaccinated with two doses of the Pfizer/BioNTech COVID-19 vaccination almost a year prior, but her serological status was unknown. At the time of presentation, the patient was profoundly hyperglycemic which can impact immune function (Berbudi et al., 2020).
Type II diabetes is a risk factor for more severe COVID-19 (Hartmann-Boyce et al., 2021). Thus, while not having underlying malignancy or managed with immunosuppressive drugs as others in this case series, this patient’s immune status was likely dysregulated due to her comorbidity which can render her more susceptible to infection (Singh et al., 2022). This patient was managed without COVID-19 specific therapy and discharged 3 days later. As before, no mutational signatures consistent with SARS-CoV-2 recombination were identified in this patient’s respiratory specimens.
Additional cases of SARS-CoV-2 coinfections
After identification of the two Delta/Omicron BA.1 coinfections, we prospectively monitored SARS-CoV-2 RT-PCR-positive specimens for additional instances of coinfections. The Omicron VOC emerged in November 2021 as the fifth VOC of the COVID-19 pandemic, which quickly replaced the Delta VOC as the predominant lineage in the United States. Three subvariants (named BA.1, BA.2, and BA.3) were identified at the relative onset of the outbreak, indicative of rapid evolutionary change (Desingu et al., 2022). While BA.1 was the predominant Omicron subvariant in the US at the beginning of the Omicron wave, BA.2 has since displaced it potentially due to enhanced transmissibility, growth kinetics, and capacity to subvert vaccine-associated immunity (Callaway, 2022). Given these two variants were present in the population simultaneously (like the Delta and Omicron BA.1 VOCs previously), we sought to identify Omicron BA.1/BA.2 coinfections among our local population (Figure 2). Figure 2 relates the clinical and temporal characteristics of these co-infections, highlighting how they occur at times where there is an overlap in variants, which we hypothesize as a plausibility for the occurrence of co-infections.
Respiratory samples from three unique patients revealed multiple peaks amplified for RDR1 (WT and 6 base pair deletion), RDR2 (WT and 9 base pair deletion), RDR3-4 (WT and a 6 base pair insertion, Figure 4). This fragment pattern could only occur when Omicron BA.1 and BA.2 genomic RNAs were present in the same reaction from a coinfection. To rule out the possibility of contamination, RNA was re-extracted from each sample and analysis was repeated yielding identical results. The co-occurrence of amplicons specific to the Omicron BA.1 and BA.2 subvariants indicates a coinfection, rather than recombination, has occurred in these samples. WGS determination of a coinfection requires mutations be within 100–150 base pairs of each other to observe co-occurrence of mutations on the same read strand based on the length of the amplicons in the sequencing kit used. Here, we focused on the spike gene where multiple differences in mutations were found.
[image: Figure 4]FIGURE 4 | (A) Electrophoretogram of ORF1A, Spike region 1, Spike region 2, and Spike region three to four sites where different sized amplicons indicative of Omicron (red) and BA.2 (green) coinfection are present. (B) Next-generation sequencing reads were visualized in the Integrated Genome Viewer with read direction colored light red or violet. Deletions are indicated by a bar, single nucleotide variants have the variant nucleotide present, and insertions are highlighted by a purple box. (C) Schematic illustrating the expected location of fragments for variants under normal, mixed, or recombined conditions.
WGS revealed separate forward and reverse reads (colored red and blue respectively, Figure 4B) for the Omicron BA.1 mutations (S:69_70Del and A67V) and BA.2 (no mutations present) in the RDR1 region. In the RDR2 region, the Omicron deletion (S:143_145Del) is present with alternative reads from the BA.2 variant (S:G142D). In the RDR3-4 region, separate reads are observed with mutations indicative of for Omicron (S:211Del, 214 insEPE) and BA.2 (S:V213G). Finally, in the N-terminal portion of the S gene, an S:L24S, S:25_27Del variants from BA.2 are present with sequence consistent with the Omicron variant (no mutation). These findings are consistent with Omicron BA.1/BA.2 coinfection without detectable recombination in these patients (Figure 4C).
Clinically, these BA.1/BA.2 co-infections were characterized by ages from 59 to 80 years old (Figure 2, Upper panel). Two patients were vaccinated, two had hematologic malignancies, and the other case only had a history of asthma. The unvaccinated person with diffuse large B cell lymphoma on chemotherapy was additionally given sotrovimab monoclonal antibody therapy to prevent worsening symptoms. All patients had a mild course and overcame their symptoms within 2 weeks.
DISCUSSION
Here we describe five cases of SARS-CoV-2 coinfection with unique VOCs: two cases of Delta/Omicron BA.1 coinfection and three cases of Omicron BA.1/BA.2 coinfection. While infectivity and replication dynamics of individual SARS-CoV-2 genetic lineages continue to be elucidated, significantly less is known concerning coinfections with unique SARS-CoV-2 variants. The paucity of information in the literature is likely multifactorial, given an unpredictable epidemiological pattern of variant emergence and nonuniform application or access to sequencing or genotyping methods. These three early cases of Omicron BA.1/BA.2 coinfections temporally coincide with the Delta/Omicron BA.1 coinfection. It is reasonable to predict such coinfections will continue to occur due to overlapping emergence of SARS-CoV-2 VOCs, or when multiple lineages are present at a given time within in the community.
Prior work has identified coinfection as an impetus for recombination between different SARS-CoV-2 variants (Jackson et al., 2021; He et al., 2022). Indeed, IC hosts with impaired ability to clear SARS-CoV-2 infections may increase the chances of coinfection/recombination. The serological responses among IC patients are dampened as exemplified by the lack of Nucleocapsid IgG antibody response after months of primary and secondary infection in this lung transplant patient. The high anti-Spike IgG levels were due to monoclonal antibody use. Viral adaptation in this setting is also a concern as these hosts are often recipients of anti-SARS-Cov-2 therapy and expanded of SARS-CoV-2 genomic diversity has been reported in this setting (Chen et al., 2021). Interrogations of the underlying mechanisms contributing to this diversity are only beginning to be undertaken.
Host metabolic proteins Sirtuin 1 and 5 (SIRT1 and SIRT5) have been recently shown to interact with SARS-CoV-2 Nsp14 and generating a lethal phenotype of SARS-CoV-2 with effective replication and/or long-term propagation (Walter et al., 2022). Importantly, the expression and activity of SIRT1 was shown to be enhanced by the steroid, prednisolone (Sung et al., 2020), which the case patient has been receiving since transplant at a dose of 7.5 mg daily until the November COVID diagnosis and continued with 60 mg daily following this initial diagnosis. Thus, any such alterations in host cell pathways due to IC and/or immunosuppressive (IS) drugs that can interfere with and dampen the SARS-CoV-2 nsp14-ExoN is likely to hamper the intrinsic fidelity and contribute to high-level mutagenesis.
The small number of cases observed prevents generalizable conclusions concerning coinfection protracting disease course or severity. However, a few overarching commonalities can be identified between the patients in these cases. Protracted disease presents an opportunity for additional exposure or the emergence of new variants. Of note, it has been reported that persistently infected IC patients accumulate amino acid substitutions or deletions in different regions of human SARS-CoV-2 spike protein and thus are conceived to be a source of new immune-escape viral variants (Avanzato et al., 2020; Choi et al., 2020; Weigang et al., 2021). Also, CD4+ T-cell depletion (<20 CD4+ T-cell counts) as found in IC persons, including persons living with HIV/AIDS, has been determined to increase the risk of giving rise to SARS-CoV-2 resistance mutations (Hoffman et al., 2021; Cele et al., 2022). In contrast, an absent immune response does not reject virus and thus there is no competitive advantage for acquiring resistance mutations. Furthermore, we have learned that these cases of SARS-CoV-2 coinfection are most likely to occur in times when there is a diversity of variants in circulation. Thus, it is likely that coinfections will continue to occur and methods to monitor this should be considered.
The most used variant detection method is currently WGS. However, criteria for calling variants are that mutations must be detected at >50% or higher levels of variant allele frequencies. Additionally, due to biases introduced in amplicon-based library preparation, whole genome sequencing cannot accurately quantify differences in variant levels. This cut-off prevents minor allele-frequencies to be counted for detection of coinfections. Genotyping methods offer a sensitive alternative where multiple mutations can be detected at once provided a wild-type and mutant allele can be detected simultaneously. In this scenario, fragment analysis is superior, because it can detect multiple types of deletions simultaneously. This method of multiplex SARS-CoV-2 genotyping by fragment analysis lends itself to not only detecting concurrent variant mutational signatures but also allows relative quantitation of the genomic material present. This quantitation can be cross applied to the CT value to infer whether an infection is active or not. For our patient, a 25% decrease in Delta nucleic acid corresponds with a 4-fold difference (2 CT value difference), which with a CT value of 27 places the prevalence of both variants in the range of active infection and thus, less likely to be due to the presence of shedding dead virus.
The principal limitation to widespread adoption of this approach is the upfront cost of some capillary electrophoresis devices. However, newer, smaller, bench-top options that are attractive and less expensive can overcome this challenge.
Importantly, SARS-CoV-2 genomic recombination can be rapidly and economically screened by fragment analysis, alleviating the need for the bioinformatic expertise or financial burden associated with traditional NGS pipelines. The variant identification program, Pangolin, can be programed to distinguish recombinant lineages including the recently described XD, XE, and XF variants. Nextclade, and non-amplicon-based platforms and bioinformatic tools such as RAT (Recombination Analysis Tool) or RDP (Recombination Detection Program) may also aid in the characterization of SARS-CoV-2 recombinatory events. However, by placing targets across the genome, this fragment analysis assay may detect recombination. Most assays just target the spike gene and recombination can occur across the entire SARS-CoV-2 genome. We conclude that SARS-CoV-2 coinfections will continue and represent a source of viral evolution, which in many cases can be effectively monitored using a fragment analysis genotyping approach.
DATA AVAILABILITY STATEMENT
The datasets for this article are not publicly available due to concerns regarding participant/patient anonymity. Requests to access the datasets should be directed to the corresponding author.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by UT Southwestern Institutional Review Board. The patients/participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.
AUTHOR CONTRIBUTIONS
All authors have contributed significantly to this work and agree with submitting the work for publication.
FUNDING
The Texas SARS-CoV-2 Variant Network Project is funded and supported by the Texas Department of State Health Services (DSHS) as part of a financial assistance award from the Centers for Disease Control and Prevention (CDC) of the U.S. Department of Health and Human Services (HHS) totaling $15 million, with 100 percent funded by CDC/HHS [HSC-SPH-21-05-0589: Texas COVID-19 Variant Network]. The contents are those of the author(s) and do not necessarily represent the official views of, nor an endorsement by, DSHS, CDC/HHS, or the U.S. Government.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Ahmad, L. (2021). Implication of SARS-CoV-2 immune escape spike variants on secondary and vaccine breakthrough infections. Front. Immunol. 12, 742167. doi:10.3389/fimmu.2021.742167
 Akkiz, H. (2021). Implications of the novel mutations in the SARS-CoV-2 genome for transmission, disease severity, and the vaccine development. Front. Med. 8, 636532. doi:10.3389/fmed.2021.636532
 Amoutzias, G. D., Nikolaidis, M., Tryfonopoulou, E., Chlichlia, K., Markoulatos, P., and Oliver, S. G. (2022). The remarkable evolutionary plasticity of coronaviruses by mutation and recombination: Insights for the COVID-19 pandemic and the future evolutionary paths of SARS-CoV-2. Viruses 14 (1), 78. doi:10.3390/v14010078
 Avanzato, V. A., Matson, M. J., Seifert, S. N., Pryce, R., Williamson, B. N., Anzick, S. L., et al. (2020). Case study: Prolonged infectious SARS-CoV-2 shedding from an asymptomatic immunocompromised individual with cancer. Cell 183 (7), 1901–1912. e9. doi:10.1016/j.cell.2020.10.049
 Babiker, A., Marvil, C. E., Waggoner, J. J., Collins, M. H., Piantadosi, A., and McAdam, A. J. (2021). The importance and challenges of identifying SARS-CoV-2 reinfections. J. Clin. Microbiol. 59 (4), e02769–20. doi:10.1128/JCM.02769-20
 Baddock, H. T., Brolih, S., Yosaatmadja, Y., Ratnaweera, M., Bielinski, M., Swift Lonnie, P., et al. (2022). Characterization of the SARS-CoV-2 ExoN (nsp14ExoN–nsp10) complex: Implications for its role in viral genome stability and inhibitor identification. Nucleic Acids Res. 50 (3), 1484–1500. doi:10.1093/nar/gkab1303
 Bal, A., Simon, B., Destras, G., Chalvignac, R., Semanas, Q., Oblette, A., et al. (2022). Detection and prevalence of SARS-CoV-2 co-infections during the Omicron variant circulation. France: medRxiv. doi:10.1101/2022.03.24.22272871
 Berbudi, A., Rahmadika, N., Tjahjadi, I. A., and Ruslami, R. (2020). Type 2 diabetes and its impact on the immune system. Curr. Diabetes Rev. 16 (5), 442–449. doi:10.2174/1573399815666191024085838
 Callaway, E. (2020). The coronavirus is mutating - does it matter?Nature 585 (7824), 174–177. doi:10.1038/d41586-020-02544-6
 Callaway, E. (2022). Why does the Omicron sub-variant spread faster than the original?Nature 602 (7898), 556–557. doi:10.1038/d41586-022-00471-2
 Cele, S., Karim, F., Lustig, G., San, J. E., Hermanus, T., Tegally, H., et al. (2022). SARS-CoV-2 prolonged infection during advanced HIV disease evolves extensive immune escape. Cell Host Microbe 30 (2), 154–162. e5. doi:10.1016/j.chom.2022.01.005
 Chen, L., Zody, M. C., Di Germanio, C., Martinelli, R., Mediavilla, J. R., Cunningham, M. H., et al. (2021). Emergence of multiple SARS-CoV-2 antibody escape variants in an immunocompromised host undergoing convalescent plasma treatment. mSphere 6 (4), e0048021. doi:10.1128/mSphere.00480-21
 Choi, B., Choudhary, M. C., Regan, J., Sparks, J. A., Padera, R. F., Qiu, X., et al. (2020). Persistence and evolution of SARS-CoV-2 in an immunocompromised host. N. Engl. J. Med. 383 (23), 2291–2293. doi:10.1056/NEJMc2031364
 Clark, A. E., Wang, Z., Cantarel, B., Kanchwala, M., Xing, C., Chen, L., et al. (2021). Multiplex fragment analysis identifies SARS-CoV-2 variants. medRxiv. doi:10.1093/clinchem/hvac081
 Desingu, P. A., Nagarajan, K., and Dhama, K. (2022). Emergence of Omicron third lineage BA.3 and its importance. J. Med. Virol. 94 (5), 1808–1810. doi:10.1002/jmv.27601
 Di Caro, A., Cunha, F., Petrosillo, N., Beeching, N. J., Ergonul, O., Petersen, E., et al. (2021). Severe acute respiratory syndrome coronavirus 2 escape mutants and protective immunity from natural infections or immunizations. Clin. Microbiol. Infect. 27 (6), 823–826. doi:10.1016/j.cmi.2021.03.011
 Francisco Junior, RdS., Almeida, L. G. Pd, Lamarca, A. P., Cavalcante, L., Martins, Y., Gerber, A. L., et al. (2022). Emergence of within-host SARS-CoV-2 recombinant genome after coinfection by gamma and Delta variants: A case report. Front. Public Health 10, 849978. doi:10.3389/fpubh.2022.849978
 Gupta, V., Bhoyar, R. C., Jain, A., Srivastava, S., Upadhayay, R., Imran, M., et al. (2020). Asymptomatic reinfection in 2 healthcare workers from India with genetically distinct severe acute respiratory syndrome coronavirus 2. Clin. Infect. Dis. 73 (9), e2823–e2825. doi:10.1093/cid/ciaa1451
 Hartmann-Boyce, J., Rees, K., Perring, J. C., Kerneis, S. A., Morris, E. M., Goyder, C., et al. (2021). Risks of and from SARS-CoV-2 infection and COVID-19 in people with diabetes: A systematic review of reviews. Diabetes Care 44 (12), 2790–2811. doi:10.2337/dc21-0930
 He, Y., Ma, W., Dang, S., Chen, L., Zhang, R., Mei, S., et al. (2022). Possible recombination between two variants of concern in a COVID-19 patient. Emerg. Microbes Infect. 11 (1), 552–555. doi:10.1080/22221751.2022.2032375
 Hensley, M. K., Bain, W. G., Jacobs, J., Nambulli, S., Parikh, U., Cillo, A., et al. (2021). Intractable coronavirus disease 2019 (COVID-19) and prolonged severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) replication in a chimeric antigen receptor-modified T-cell therapy recipient: A case study. Clin. Infect. Dis. 73 (3), e815–e821. doi:10.1093/cid/ciab072
 Hoffman, S. A., Costales, C., Sahoo, M. K., Palanisamy, S., Yamamoto, F., Huang, C., et al. (2021). SARS-CoV-2 neutralization resistance mutations in patient with HIV/AIDS, California, USA. Emerg. Infect. Dis. 27 (10), 2720–2723. doi:10.3201/eid2710.211461
 Jackson, B., Boni, M. F., Bull, M. J., Colleran, A., Colquhoun, R. M., Darby, A. C., et al. (2021). Generation and transmission of interlineage recombinants in the SARS-CoV-2 pandemic. Cell 184 (20), 5179–5188. e8. doi:10.1016/j.cell.2021.08.014
 Kozlakidis, Z. (2022). Evidence for recombination as an evolutionary mechanism in coronaviruses: Is SARS-CoV-2 an exception?Front. Public Health 10, 859900. doi:10.3389/fpubh.2022.859900
 Lacek, K. A., Rambo-Martin, B. L., Batra, D., Zheng, X-y., Sakaguchi, H., Peacock, T., et al. (2022). Identification of a novel SARS-CoV-2 delta-omicron recombinant virus in the United States. bioRxiv. doi:10.3201/eid2807.220526
 Li, Y., Jiang, Y., Li, Z., Yu, Y., Chen, J., Jia, W., et al. (2022). Both simulation and sequencing data reveal coinfections with multiple SARS-CoV-2 variants in the COVID-19 pandemic. Comput. Struct. Biotechnol. J. 20, 1389–1401. doi:10.1016/j.csbj.2022.03.011
 Liu, X., Xiong, J., Sun, Z., Hu, J., Thilakavathy, K., Chen, M., et al. (2022). Omicron: A chimera of two early SARS-CoV-2 lineages. Signal Transduct. Target. Ther. 7 (1), 90. doi:10.1038/s41392-022-00949-5
 Moeller, N. H., Shi, K., Demir, Ö., Belica, C., Banerjee, S., Yin, L., et al. (2022). Structure and dynamics of SARS-CoV-2 proofreading exoribonuclease ExoN. Proc. Natl. Acad. Sci. U. S. A. 119 (9), e2106379119. doi:10.1073/pnas.2106379119
 Narasimhan, M., Mahimainathan, L., Clark, A. E., Usmani, A., Cao, J., Araj, E., et al. (2021). Serological response in lung transplant recipients after two doses of SARS-CoV-2 mRNA vaccines. Vaccines (Basel) 9 (7), 708. doi:10.3390/vaccines9070708
 Rockett, R. J., Draper, J., Gall, M., Sim, E. M., Arnott, A., Agius, J. E., et al. (2022). Co-Infection with SARS-COV-2 Omicron and Delta variants revealed by genomic surveillance. medRxiv. doi:10.1038/s41467-022-30518-x
 Singh, M., Barrera Adame, O., Nickas, M., Robison, J., Khatchadourian, C., and Venketaraman, V. (2022). Type 2 diabetes contributes to altered adaptive immune responses and vascular inflammation in patients with SARS-CoV-2 infection. Front. Immunol. 13, 833355. doi:10.3389/fimmu.2022.833355
 Sun, J., Zheng, Q., Madhira, V., Olex, A. L., Anzalone, A. J., Vinson, A., et al. (2022). Association between immune dysfunction and COVID-19 breakthrough infection after SARS-CoV-2 vaccination in the US. JAMA Intern. Med. 182 (2), 153–162. doi:10.1001/jamainternmed.2021.7024
 Sung, A., Bailey, A. L., Stewart, H. B., McDonald, D., Wallace, M. A., Peacock, K., et al. (2022). Isolation of SARS-CoV-2 in viral cell culture in immunocompromised patients with persistently positive RT-PCR results. Front. Cell. Infect. Microbiol. 12, 804175. doi:10.3389/fcimb.2022.804175
 Sung, J. Y., Kim, S. G., Kim, J-R., and Choi, H. C. (2020). Prednisolone suppresses adriamycin-induced vascular smooth muscle cell senescence and inflammatory response via the SIRT1-AMPK signaling pathway. PLOS ONE 15 (9), e0239976. doi:10.1371/journal.pone.0239976
 Thakkar, A., Gonzalez-Lugo, J. D., Goradia, N., Gali, R., Shapiro, L. C., Pradhan, K., et al. (2021). Seroconversion rates following COVID-19 vaccination among patients with cancer. Cancer Cell 39 (8), 1081–1090.e2. doi:10.1016/j.ccell.2021.06.002
 Tillett, R. L., Sevinsky, J. R., Hartley, P. D., Kerwin, H., Crawford, N., Gorzalski, A., et al. (2021). Genomic evidence for reinfection with SARS-CoV-2: A case study. Lancet. Infect. Dis. 21 (1), 52–58. doi:10.1016/S1473-3099(20)30764-7
 Van Elslande, J., Vermeersch, P., Vandervoort, K., Wawina-Bokalanga, T., Vanmechelen, B., Wollants, E., et al. (2020). Symptomatic severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) reinfection by a phylogenetically distinct strain. Clin. Infect. Dis. 73 (2), 354–356. doi:10.1093/cid/ciaa1330
 Vijenthira, A., Gong, I., Betschel, S. D., Cheung, M., and Hicks, L. K. (2021). Vaccine response following anti-CD20 therapy: A systematic review and meta-analysis of 905 patients. Blood Adv. 5 (12), 2624–2643. doi:10.1182/bloodadvances.2021004629
 Walter, M., Chen, I. P., Vallejo-Gracia, A., Kim, I. J., Bielska, O., Lam, V. L., et al. (2022). SIRT5 is a proviral factor that interacts with SARS-CoV-2 Nsp14 protein. Laurel Hollow, New York: bioRxiv. doi:10.1101/2022.01.04.474979
 Weigang, S., Fuchs, J., Zimmer, G., Schnepf, D., Kern, L., Beer, J., et al. (2021). Within-host evolution of SARS-CoV-2 in an immunosuppressed COVID-19 patient as a source of immune escape variants. Nat. Commun. 12 (1), 6405. doi:10.1038/s41467-021-26602-3
Conflict of interest: JS has a patent submitted on the variant detection technology used.
The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Lueking, Clark, Narasimhan, Mahimainathan, Muthukumar, Larsen and SoRelle. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


ORIGINAL RESEARCH

published: 28 September 2022

doi: 10.3389/fimmu.2022.954801

[image: image2]


Metabolomics-based investigation of SARS-CoV-2 vaccination (Sinovac) reveals an immune-dependent metabolite biomarker


Maozhang He 1†, Yixuan Huang 2†, Yun Wang 3†, Jiling Liu 1, Maozhen Han 4, Yixuan Xiao 1, Na Zhang 3, Hongya Gui 1, Huan Qiu 5, Liqing Cao 4, Weihua Jia 4* and Shenghai Huang 1,4*


1 Department of Microbiology, The Key Laboratory of Microbiology and Parasitology of Anhui Province, The Key Laboratory of Zoonoses of High Institutions in Anhui, School of Basic Medical Sciences, Anhui Medical University, Hefei, China, 2 Department of Clinical Medicine, The First School of Clinical Medicine, Anhui Medical University, Hefei, China, 3 Department of Nosocomial Infection Control, Anhui No.2 Provincial People’s Hospital, Hefei, China, 4 School of Life Sciences, Anhui Medical University, Hefei, China, 5 School of Nursing, Anhui Medical University, Hefei, China




Edited by: 

Alagarraju Muthukumar, University of Texas Southwestern Medical Center, United States

Reviewed by: 
 Rupsa Basu, Humane Genomics, United States

Anett Hudák, Pharmacoidea Ltd., Hungary

*Correspondence: 

Shenghai Huang
 huangshh68@aliyun.com 

Weihua Jia
 jwhua29@163.com


†These authors have contributed equally to this work


Specialty section: 
 This article was submitted to Vaccines and Molecular Therapeutics, a section of the journal Frontiers in Immunology


Received: 27 May 2022

Accepted: 12 September 2022

Published: 28 September 2022

Citation:
He M, Huang Y, Wang Y, Liu J, Han M, Xiao Y, Zhang N, Gui H, Qiu H, Cao L, Jia W and Huang S (2022) Metabolomics-based investigation of SARS-CoV-2 vaccination (Sinovac) reveals an immune-dependent metabolite biomarker. Front. Immunol. 13:954801. doi: 10.3389/fimmu.2022.954801



SARS-CoV-2 and its mutant strains continue to rapidly spread with high infection and fatality. Large-scale SARS-CoV-2 vaccination provides an important guarantee for effective resistance to existing or mutated SARS-CoV-2 virus infection. However, whether the host metabolite levels respond to SARS-CoV-2 vaccine-influenced host immunity remains unclear. To help delineate the serum metabolome profile of SARS-CoV-2 vaccinated volunteers and determine that the metabolites tightly respond to host immune antibodies and cytokines, in this study, a total of 59 sera samples were collected from 30 individuals before SARS-CoV-2 vaccination and from 29 COVID-19 vaccines 2 weeks after the two-dose vaccination. Next, untargeted metabolomics was performed and a distinct metabolic composition was revealed between the pre-vaccination (VB) group and two-dose vaccination (SV) group by partial least squares-discriminant and principal component analyses. Based on the criteria: FDR < 0.05, absolute log2 fold change greater than 0.25, and VIP >1, we found that L-glutamic acid, gamma-aminobutyric acid (GABA), succinic acid, and taurine showed increasing trends from SV to VB. Furthermore, SV-associated metabolites were mainly annotated to butanoate metabolism and glutamate metabolism pathways. Moreover, two metabolite biomarkers classified SV from VB individuals with an area under the curve (AUC) of 0.96. Correlation analysis identified a positive association between four metabolites enriched in glutamate metabolism and serum antibodies in relation to IgG, IgM, and IgA. These results suggest that the contents of gamma-aminobutyric acid and indole in serum could be applied as biomarkers in distinguishing vaccinated volunteers from the unvaccinated. What’s more, metabolites such as GABA and taurine may serve as a metabolic target for adjuvant vaccines to boost the ability of the individuals to improve immunity.
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Introduction

As of now, SARS-CoV-2 is still ravaging the world. Vaccination is treated as an integral part of the long-term management of the COVID-19 epidemic (1, 2), which elicits protective neutralizing antibodies against SARS-CoV-2 and offers hope for containing the COVID-19 pandemic. As of 26 April 2022, more than 11.32 billion doses of the vaccine have been administered worldwide (3), which have been reported with substantial efficacy against SARS-CoV-2 and its variants (4–6). Recent newly emerging variants, combined with the steady decline in antibody levels among vaccinated individuals, have implied a resurgence of the epidemic over time (7–9). The Sinovac-CoronaVac COVID-19 vaccine is licensed as a vaccine for the prevention of COVID-19 and against emerging SARS-CoV-2 coronavirus variants in China. Despite a large-scale population-based cohort safety evaluation of SARS-CoV-2 vaccines, these prior studies have disregarded the underlying function of biologically active metabolic small molecules between different immune cells in the organism in triggering the immune response associated with vaccination. The high throughput-based omics techniques to study systemic vaccinology at the cellular and molecular levels allow for a comprehensive overview of the interrelationship between vaccination and vaccine-induced immune responses.

There have been a handful of proteomic- and/or metabolomics-based studies since the COVID-19 outbreak that revealed a previously unrecognized metabolic profile associated with SARS-CoV-2 infection and disease severity (10–12). In general, liquid chromatography–mass spectrometry (LC/MS)-based metabolomics studies identified the dysregulation of metabolites such as butyric acid, 2-hydroxybutyric acid, l-phenylalanine, and kynurenine metabolites in the serum of COVID-19 patients (13, 14). However, there have been few prospective studies involving metabolomics-based studies of SARS-CoV-2 vaccination-induced immune responses in the human population. To date, there have been only two studies based on metabolomics to investigate the alteration of serum metabolites in the host metabolism after the inoculation of the COVID-19 vaccine and the network interplay with the immune response, and they mainly identified metabolites in the processes of tricarboxylic acid cycle, amino acid metabolism, and lipid metabolism associated with the immune response (15, 16). Nevertheless, there is a paucity of studies on the interaction between circulating metabolites and vaccine-induced antibody responses after COVID-19 vaccination.

Metabolism is the basic characteristic and main activity of life. LC/MS-based metabolomics is widely used in the mechanistic study and diagnosis of various diseases, such as cancer, diabetes, and cardiovascular or pulmonary disorders upon infection of a virus (17, 18). A growing number of studies have underscored the impact that the metabolic state of an organism can exert on the shaping of the body’s immune system (19–21). For example, a preceding study revealed a confidential link between metabolic phenotype and vaccine immunity in healthy individuals (22). In addition, findings from clinical or animal studies suggest that the metabolites derived from gut microbiota are critical in regulating the immune responses to vaccination. Various gut bacterial metabolites have been reported to be implicated in modulating the response of vaccine immunity, such as short-chain fatty acids (SCFAs), bile acids, and aromatic amino acids (AAAs). Short-chain fatty acids are the best documented to have many beneficial benefits to the individual, ranging from but not limited to the regulation of glucolipid metabolism, inflammation, immunity, and tumors (23). A previous work has noted that SCFAs could potentiate the expression of genes involved in plasma cell differentiation and class transformation, which provides the energy requirements for the antibody response in the non-pathogenic infection state and in the presence of pathogenic infection (24).

To further elucidate and provide a comprehensive insight into whether COVID-19 vaccines influence the response of host serum metabolites and the interplay between metabolites and vaccine-stimulated antibodies and cytokines, in this study, a metabolomic analysis has been applied to screen for metabolic variations and to provide a comprehensive view of endogenous metabolites in relation to the vaccination. We conducted a prospective observational study of undergraduates who received the inactivated SARS-CoV-2 vaccine (CoronaVac; Sinovac) to examine the serum metabolic determinants of immunization responses.



Volunteers and methods


Study design and participants

The study recruited a total of 30 healthy undergraduates as participants from Anhui Medical University. We collected the sera of those volunteers before vaccination in 9 May 2021 and after receiving two doses of the inactivated COVID-19 vaccine (CoronaVac, Sinovac Life Sciences, Beijing, China; N = 30) in 21 June 2021 at the First Affiliated Hospital of Anhui Medical University. Eligible participants recruited from Anhui Medical University were aged 18–20 years old, had a well-regulated lifestyle, had eaten in the university canteen for the past 2 months, and had no history of SARS-CoV-2 infection upon inoculating the CoronaVac vaccine. The exclusion criteria were volunteers who had a history of allergies, had a history of medication, and received antibiotic drugs in the last 2 months; these were determined by means of a questionnaire. All participants provided written informed consent and completed two doses of the vaccine. All individuals enrolled in this study were asked to sign an informed consent before the investigation, following the principle of informed consent and strict confidentiality, which has been approved by the ethics committee of Anhui Medical University Biomedical Ethics Committee (Approval No. 2021H021). Each individual or his/her legal guardian provided the signed informed consent before enrolment. All volunteer data sets were anonymized.



Measurement of indicators using routine blood tests

Various indicators obtained from routine blood tests, such as eosinophils, neutrophils, and hemoglobin, were measured via using routine blood tests conducted at Hefei City Maternal and Child Health and Family Planning Service Center (Anhui Province). Specifically, a 2-ml blood sample was collected in an EDTA-K2 anticoagulant tube. Immediately after collection, the tube was mixed by being gently reversed several times to ensure adequate anticoagulation of the blood specimen. The blood samples were then sent to Hefei City Maternal and Child Health and Family Planning Service Center, and 18 indicators, such as white blood cell (WBC), neutrophil (Neu), monocytes (Mon), red blood cell (RBC), and hematocrit value (HCT), obtained from routine blood tests, were directly measured using a three-classification blood cell analyzer (BC-5390 CRP, Marry). The results from the routine blood tests of all blood samples are summarized in Table S1.



Serum sample collection and pretreatment

The elbow vein blood (5 ml) was collected from volunteers before vaccination and after receiving two doses of the vaccine at 6 a.m. to 8 a.m. in a fasting state with vacuum negative-pressure blood collection vessels, and was immediately centrifuged for 15 min (3,500 rpm, 4°C). Each aliquot (0.5 ml) of the serum samples was prepared and stored at –80°C until use (25). Then, all samples were thawed on ice before the metabolite profiling (26). Untargeted metabolomics of sera samples was performed as previously described (27), with slight modification. In brief, 80 µl of sample was mixed with 320 μl of acetonitrile by vortexing for 60 s. Then, the sample was centrifuged at 18,920×g for 10 min (4°C) to precipitate the protein. Two 150-μl aliquots of the supernatant were transferred and lyophilized for analysis in positive and negative electrospray ionization (ESI+ and ESI−) mode, respectively. Fifty microliters of a 25% (by volume) acetonitrile aqueous solution was used to reconstitute the sample before the LC-MS analysis. Quality control (QC) samples were prepared by pooling the same volume of each sample to evaluate the reproducibility of the analysis. The pretreatment of the QC samples paralleled and was the same as that of the study samples. The QC samples were evenly inserted in each set of the analysis running sequence to monitor the stability of the large-scale analysis (28).



Untargeted LC-MS/MS analysis

The metabolite profiles of serum were detected by using an LC-MS/MS system consisting of an ultra-high-performance liquid chromatography (UPLC) system (Vanquish, Thermo Fisher Scientific, Waltham, MA, USA) with a UPLC BEH Amide column (2.1 mm × 100 mm, 1.7 μm) coupled to a Q Exactive (QE) HFX mass spectrometer (Orbitrap MS, Thermo Fisher Scientific, Waltham, MA, USA). The UPLC system was used for the separation of biochemicals via the UPLC BEH Amide column. The mobile phase consisted of 25 mmol/L ammonium acetate (Sigma-Aldrich, Darmstadt, Germany) and 25 mmol/L ammonia hydroxide (Fisher Chemical, Waltham, MA, USA) in water (pH = 9.75) (A phase) and acetonitrile (B phase). The autosampler temperature was 4°C, and the injection volume was 3 μl. The QE HFX mass spectrometer was applied to obtain MS/MS spectra in information-dependent acquisition (IDA) mode under the control of the acquisition software (Xcalibur, Thermo Fisher Scientific, Waltham, MA, USA). In this mode, the acquisition software continuously evaluates the full-scan MS spectrum. The electrospray ion (ESI) conditions were as follows: sheath gas flow rate of 30 Arb, auxiliary gas flow rate of 25 Arb, capillary temperature of 350°C, full MS resolution of 60,000, MS/MS resolution of 7500, collision energy of 10/30/60 in negative ion mode (NCE), and spray voltage of 3.6 kV (positive) or −3.2 kV (negative).



Serum metabolomic analysis

The original LC-MS/MS data were converted to the mzXML format using ProteoWizard and processed with an in-house program, which was developed using R and based on XCMS, for peak detection, extraction, alignment, and integration. Subsequently, for further multivariate analysis, the raw data were pretreated. Pretreatment included de-noising based on the relative standard deviation (RSD), filling the missing data via half of the minimum value, and the batch normalization with peak area was used to calibrate the metabolomics data. The final dataset contained the information of peak number, sample name, and normalized peak area and was imported to the SIMCA16.0.2 software package (Sartorius Stedim Data Analytics AB, Umea, Västerbotten, Sweden). Firstly, we performed a principal component analysis (PCA), an unsupervised analysis, to reduce the dimensions of the data. The 95% confidence interval (95% CI) in the PCA score plot was used as the threshold to identify potential outliers in the dataset. Secondly, in order to visualize the group separation and find significantly changed metabolites, we conducted the supervised orthogonal projections to latent structure discriminate analysis (OPLS-DA) and acquired the value of variable importance in projection (VIP). A sevenfold cross-validation test was performed to evaluate the goodness of fit of the OPLS-DA model using the values of R2Y and Q2. R2Y indicates how well the variation of a variable is explained, and Q2 indicates how well a variable can be predicted. A 200-time permutation test was then conducted to assess the robustness of the model. The precursor molecule passed the combined criteria: 1) absolute log2 fold change (|log2FC|) greater than 0.25, 2) VIP >1, and 3) adjusted p-value <0.05 (nonparametric t-test) were considered significantly changed between the SV and VB groups. Furthermore, after scanning for the differential metabolite features, the fragment information obtained from the MS/MS model was then further matched with the annotations in HMDB, Metlin, massbank, LipidMaps, mzclound, and in-house standards database (PPM <10) to obtain accurate metabolite information. Finally, commercial databases, including Kyoto Encyclopedia of Genes and Genomes (KEGG) (http://www.genome.jp/kegg/ (accessed on 15 June 2021) and MetaboAnalyst (http://www.metaboanalyst.ca/ (accessed on 15 June 2021), were used for pathway enrichment analysis.



Measurement of cytokines and SARS-CoV-2 antibodies in serum by ELISA

To monitor the response of the host’s body based on cytokines and SARS-CoV-2 antibodies, the levels of inflammatory factors, including IL-2, IL-4, IFN-γ, and SARS-CoV-2 antibodies, including anti-(N+S) IgA, anti-(N+S) IgG, and anti-(N+S) IgM, were measured by ELISA. Specifically, the levels of cytokines and antibodies in whole-blood serum obtained from all of the blood samples (n = 30 and 29 at each sampling point) were measured. We selected IL-2 and IFN-γ as representatives of Th1 cells and IL-4 as the representative of Th2 cells. IL-2, IL-4, IFN-γ, anti-(N+S) IgA, anti-(N+S) IgG, and anti-(N+S) IgM were measured using a high-sensitivity enzyme-linked assay quantitative kit (the kits for cytokines were procured from Bio-Techne USA Co., Ltd., Minnesota, USA, and the kits for antibodies were obtained from Wuhan Fine Biotechnology Co., Ltd., Wuhan, China) in accordance with the manufacturer’s instructions. Specifically, taking the detection of SARS-CoV-2 antibodies as an example, the kit can detect the concentration of SARS-CoV-2 antibodies based on indirect enzyme-linked immunosorbent assay technology. Ninety-six-well plates were percolated with recombinant 2019-nCoV nucleocapsid and spike protein (antigen), and an HRP-conjugated antibody was used as the detection antibody. Subsequently, the standards, test samples, and HRP-conjugated detection antibody were added to the wells, and the plates were washed with wash buffer. 3,3′,5,5′-Tetramethylbenzidine (TMB) substrates were used to visualize the HRP enzymatic reaction, which is catalyzed by HRP to produce a blue product that changes to yellow after the addition of an acidic stop solution. The density of the yellow color is proportional to the target amount of the sample captured in the plate. The O.D. absorbance at 450 nm was read using a microplate reader, and the concentration of the target was then calculated.



Statistical analysis

Differential serum metabolites were identified using the Wilcoxon test and the p-value was adjusted for multiple testing via the false-discovery rate (FDR) using the Benjamini-Hochberg method. An R package Randomforest (version 4.6.14) was used to select important variables in the serum data and build a machine learning model to distinguish whether participants had received the SARS-CoV-2 vaccine. For feature selection, 100 endogenous serum metabolites screened from the 156 distinct metabolites between the VB and SV groups were selected as input features. Finally, the 50 metabolites, whose mean decrease accuracy ranked in the top 50, were determined by 10-fold cross validation using the rfcv function. After selecting 50 metabolites, we adopt binary logistic regression to build the model based on the potential biomarkers. A receiver-operating characteristic curve was used to evaluate the results of the regression analysis. For network analysis, we used Cytoscape (version 3.9.1) (29) to visualize the correlation relationships calculated by the SparCC algorithm (30) among metabolites, while the biologically important subnetworks were identified using the Molecular Complex Detection (MCODE) plugin in the Cytoscape software (31). In addition, a correlation analysis between metabolites and clinical parameters was also performed using Spearman rank correlation analysis.

Apart from data related to metabolomics, other experimental data were analyzed using the GraphPad Prism 9 software (GraphPad Software, La Jolla, CA, USA). The data with a normal distribution were represented as mean ± standard deviation (mean ± SD), and differences between groups were compared using t-test. All statistical tests were two-tailed, and the differences reached the statistical significance which was set at p < 0.05.




Results


SARS-Cov-2 vaccine-induced vigorous antibody responses

We recruited a cohort of college students, and finally, 29 individuals comprising 15 men and 14 women were included in this study for none antibiotic use within 2 months. A serum sample was obtained from each volunteer before vaccination (VB) and 2 weeks after the second vaccination (SV). We analyzed 24 clinical serum measurements of the nonvaccinated and vaccinated subjects (Figure 1A, Table 1), involving six immunoglobulins of IgA, IgG, and IgM; Th1 cytokines of IL-2 and IFN-γ; Th2 cytokines of IL-4; and 18 blood routine indicators. Compared to non-vaccinated individuals, volunteers who received two doses of the SARS-CoV-2 vaccine showed significant upregulation of IgA and IgM, as well as an increase in IgG (Figures 1B–D). However, IL-4 was only found to be significantly different between the VB and SV groups as with cytokines (Figures 1E–G). Furthermore, we found that the levels of five routine blood indicators (RBIs), mean corpuscular volume (MCV), red blood cell distribution width-standard deviation (RDW-SD), mean platelet volume (MPV), platelet-large cell count (P-LCC), and platelet-large platelet ratio (P-LCR), showed a significant decreasing trend in the SV group compared to participants in VB group. However, the levels of other RBIs, such as white blood cells (WBC), red blood cells (RBC), neutrophil (Neu), and eosinophil (Eos) did not reach statistical significance (Figure S1).




Figure 1 | Untargeted metabolomic profiling of sera samples collected from volunteers before SARS-CoV-2 vaccination, and 2 weeks after two-dose vaccination. (A) Schematic diagram of the study design. (B–G) Antibodies and cytokines characterized in serum and compared between the VB and SV groups. ns indicates not significant, single asterisk indicates p < 0.05, double asterisks indicate p < 0.01, triple asterisks indicate p < 0.001, quadruple asterisks indicate p < 0.0001.




Table 1 | Characteristics of the serum levels of cytokines and antibodies in the VB and SV groups.





Metabolomic profiling of sera from volunteers who received COVID-19 vaccines

We performed untargeted metabolomics based on ultra-performance liquid chromatography/tandem mass spectrometry (UPLC-MS/MS) to analyze the sera samples. The typically extracted ion chromatograms (base peak chromatogram) from two ESI modes are displayed in Figure S2. The coefficients of variation of the peak distribution in the QC samples showed that this analysis was stable and repeatable (Figure S3). Additionally, in the principal component analysis score plots of both ESI+ and ESI- (Figures S4A, B), the QC samples clustered tightly together, which further confirmed the reliability of the present study. Furthermore, the discrimination trends among samples between the VB and SV groups revealed obvious separation (Figures S4C, D). After peak alignment, peak picking, and deconvolution, we detected a total of 17,072 and 13,286 precursor molecules in positive and negative ion modes, respectively. We further excluded the metabolic features of which the percentage of relative standard deviation (RSD%) was more than 30% in QC samples, and each peak presented (non-zero value) in more than 50% of total samples was included in the data analysis. Ultimately, 15,485 and 10,411 putative metabolic features in the positive and negative ion modes were obtained and merged together for further analysis, respectively. Altogether, 2376 metabolites were identified and quantified based on searches of online databases (HMDB and Metlin) or confirmed with authentic standards from PANOMIX. These variables were used for the subsequent multivariate and univariate analyses. The details of the metabolites are shown in Table S2. We further checked the influence of sex to the metabolomic profiling. As shown in the UMAP plots (Figure S5), we did not observe sex-biased influence on the metabolomic data.



Apparent alteration of serum metabolites associated with SARS-Cov-2 vaccination

First, the partial least squares discriminant analysis score plot (Figure 2A) revealed clear separations between the VB and SV groups without overfitting (Figure S6). To reveal the serum metabolic characteristics in volunteers who received two doses of the vaccine and identify and confirm high-confidence metabolites associated with vaccination, we distinguished metabolites based on the criteria of a log2 fold change (FC) ≥0.25 or ≤-0.25 and adjusted p value (FDR) <0.05, respectively. Thus, metabolic characteristics with significant differences were extracted and visualized by volcano plots (Figures 2B). In addition, a metabolite with a VIP value greater than 1.0 was selected as a significantly different metabolic feature for further analysis. Finally, 100 out of 156 differential metabolites that were endogenous (56 non-endogenous were discarded) were reserved, containing 60 and 40 metabolites from the ESI+ and ESI- models, respectively. Hierarchical clustering analysis and heatmap also revealed differentially expressed metabolites between VB and SV. These include the enrichment of L-glutamic acid, L-leucine, GABA, taurine, and succinic acid. Interestingly, L-leucine, L-glutamic acid, succinic acid, and citric acid were common differentially expressed metabolites between SARS-CoV-2 infection and immunization, but with the opposite expression (32). Among them, we observed a significant correlation between taurine and antibody levels (Figure S7). In contrast, indole, phenyl acetate, and L-carnitine were depleted in SV individuals compared with the VB group (Figure 2C). Next, we focused on individual serum metabolites for in-depth analyses to delineate potential correlations with vaccination. Random forest (Rf) analyses ranked all altered 100 serum metabolites by contribution to the group separation; the top 50 differentiating metabolites are shown (Figure 2D, Figure S7D). Notably, we noted several metabolites that were statistically different between the VB and SV groups, which were also confirmed as high-impact metabolites with huge importance in Rf analysis. For example, phenyl acetate which ranked sixteenth and L-iditol which ranked eighteenth had 8.6- and 44.1-fold elevations in the VB group.




Figure 2 | Alteration of main metabolites in sera samples from the vaccinated individuals. (A) Partial least squares discriminant analysis score plot based on the VB and SV groups. (B) Volcano plots highlight the serum metabolites that were increased (red) in the SV compared to the VB group, with FDR < 0.05, log2 fold change (FC) >0.25 or <−0.25. (C) Heatmap clustering of distinct serum metabolites from the comparison between the VB and SV groups. (D) Variable importance plot of the top 40 serum metabolites (y-axis) ranked by the contribution to mean decrease accuracy of the Gini coefficient (x-axis) in the random forest model for discerning group difference.





Network analysis and metabolic pathway analysis

To further explore the potential regulatory relationships using the vaccination-related differential metabolites, a correlation network was constructed based on the correlation relationship that the correlation coefficients and p-value should be reached based on the criteria |r| > 0.3 and p < 0.05 (Table S3). On the whole, the interaction network comprised 49 nodes and 117 interactions. We observed that the metabolites enriched in SV group were almost showing positively correlated with each other, such as taurine, succinic acid, glutaric acid, and GABA. However, we also detected that the metabolites depleted in the SV group exhibited a positive association with those that increased in the SV group, for instance, D-mannose, D-galactose, and 2-ketobutyric acid (Figure 3A). In addition, molecular complex detection (MCODE) analysis identified three key subnetworks (module 1, module 2, and module 3) (Figures 3B–D). Module 1 comprised four depleted and eight enriched metabolites in the SV group, such as D-mannose, 2-ketobutyric acid, taurine, and GABA. Nonetheless, they were positively correlated with each other. Module 2 encompassed interactions among two metabolites enriched in VB and three metabolites over-expressed in SV group, while D-galactose in module 3 acted as a link between the other four SV-enriched metabolites and two metabolites that increased in the VB group. Furthermore, KEGG and MetaboAnalyst were comprehensively used to explore the most relevant metabolic pathways. The altered metabolites were enriched or depleted in different metabolomic signaling pathways. With respect to metabolites enriched in SV, 35 metabolic pathways were identified, among which three pathways reached the significance threshold (FDR <0.05), as follows: Butanoate metabolism (including GABA, L-glutamic acid, succinic acid semialdehyde, oxoglutaric acid, and succinic acid), alanine, aspartate, and glutamate biosynthesis (containing succinic acid semialdehyde; L-glutamic acid; GABA; citric acid; succinic acid; oxoglutaric acid), D-glutamine, and D-glutamate metabolism (L-glutamic acid; oxoglutaric acid) (Figure 4A). Taken together, these findings show a sub-metabolic pathway from L-glutamic acid to succinic acid within butanoate metabolism and alanine, aspartate, and glutamate biosynthesis pathways and showed that glutamate decarboxylase, 4-aminobutyrate aminotransferase, and succinate-semialdehyde dehydrogenase are required (Figure 4B). However, the metabolic pathways constructed based on the metabolites enriched in the healthy group did not achieve the threshold of significance (Figure 4C).




Figure 3 | Correlation coefficients-based network constructed by distinct metabolites between the VB and SV groups. (A) The nodes were colored and shaped by different groups (ellipses represent SV group, and rectangle stands for the VB group). The color of the edge is set to red and green, which represent positive and negative correlation, respectively. The width of the edge indicates the magnitude of the correlation coefficient. (B–D) The three subnetworks were identified by the MCODE plugin in the Cytoscape software.






Figure 4 | Metabolic KEGG enrichment analysis based on the differential metabolites between groups. (A) KEGG pathway analysis of differentiating metabolites enriched in the SV group. The color of the bubbles represents the value of adjusted p value, and the size of bubbles represents the number of counts (sorted by enrichment ratio). (B) KEGG pathway analysis of distinguishing metabolites increase unique to the VB group. (C) Schematic diagram of four SV-enriched metabolites participating in the butanoate metabolism and the alanine, aspartate, and glutamate metabolism KEGG pathways. Triple asterisks indicate p < 0.001.





Identification of biomarker panel and correlation with clinical serum parameters

To evaluate the reliability of 100 biomarker candidates and define the useful biomarkers, a binary logistic regression analysis and an optimized algorithm of the forward stepwise (Wald) method were employed to construct the best model using 100 differential and potential metabolite biomarkers. For classifying participants in the VB from the SV group, we found that GABA and indole achieved high AUC values of 0.801 and 0.823 (Figures 5A, B), respectively. In addition, the combination of GABA and indole increased AUC to a higher degree of 0.96 in distinguishing individuals in the VB group from individuals without vaccination (Figure 5C).




Figure 5 | Metabolite markers for pairwise discrimination of the VB and SV groups. (A-B) Diagnostic accuracy of the single serum metabolite, GABA, and indole in distinguishing individuals that received two-dose vaccination in the SV group from the VB group. (C) The ROC curve with an increased AUC value based on the combination of GABA and indole. (D) Associations between serum metabolites and clinical parameters. The associated metabolites are colored gray, and the associated clinical parameters are colored successively. Each line indicates a significant correlation between a metabolite and a clinical parameter, with light red corresponding to a positive association (correlation coefficient ≥ 0.3) and light blue representing a negative association (correlation coefficient ≤-0.03).



Furthermore, we combined the metabolites enriched in butanoate metabolism or alanine, aspartate and glutamate biosynthesis pathways with biomarker metabolic features and performed global correlation analysis with antibodies or biochemical parameters to identify the potential role of metabolites in mediating host immune response and physiology (antibodies such as IgG, IgM, and IgA, and cytokines such as IL-4 and IFN-γ, and blood RT) upon SARS-CoV-2 vaccination. On the whole, we detected that the serum levels of IgM, IgG, IgA, IL-4, and IFN-γ, blood level of MPV showed a negative correlation with indole intensity, while IL-2 was positively correlated with indole. Notably, GABA, L-glutamic acid, succinic acid, and succinic acid semialdehyde, which were found to be enriched in the SV group, was positively associated with IgG. In addition, IgM was significantly associated with succinic acid, succinic acid semialdehyde, and L-glutamic acid. Moreover, the antibody IgA showed a positive correlation with sera succinic acid and succinic acid semialdehyde. Meanwhile, cytokine IL-4 was also positively associated with succinic acid semialdehyde (Figure 5D, Table S4).




Discussion

In the process of immune activation, the demand for biomass construction and effector molecule synthesis requires a lot of adjustment of cell metabolism, and numerous small molecules are produced. Compared with the components of classical cell signaling pathways mediated by cytoplasm, membrane-bound, or secreted proteins, small metabolites have great evolutionary potential as communication molecules because they can be synthesized and secreted more quickly with fewer cell resources (33). Recently, a growing number of studies have suggested the increasing acceptance of mass spectrometry-based techniques for interrogating neonatal responses to vaccines (34). However, to date, few published systems vaccinology studies have assessed the systemic metabolic responses of teenagers to immunization with the inactivated SARS-CoV-2 vaccine.

The inactivated SARS-CoV-2 vaccine has been shown to generate rapid and vast antibody responses, for instance, IgG, making it appropriate for emergency usage and critical during the COVID-19 or its variant pandemic (35–37), which is consistent with our study. Peculiarly, we detected a non-significant increase in IFN-γ levels and a reduction in IL-2 levels in the sera of vaccinated individuals. The foregoing results imply that vaccination may not trigger a relatively strong inflammatory response, as is the case with infection, and that such a relatively weak or even downregulation of inflammation may have beneficial effects on the immune reaction of the body in response to the vaccine. Meanwhile, we present the overall characterization of SARS-CoV-2 vaccination-induced changes to the undergraduate student serum metabolome by untargeted metabolomics. In summary, we found that the serum metabolic profiles of vaccinated individuals were significantly different from those before vaccination. A bulk of circulating metabolites are associated with vaccination. Taurine is a naturally occurring sulfur-containing amino acid that can be converted from other amino acids in the liver or obtained from the diet (38). Recently, a growing number of studies have found that taurine plays a critical role in regulating immune system health and antioxidation and has been reported to have anti-inflammatory effects by suppressing cytokine production (39–41). Intriguingly, taurine was remarkably upregulated in vaccinated individuals in our results. The strong and positive relationship between taurine and an immunized antibody level reinforces the suggestion that vaccination can establish a reciprocal regulatory relationship between taurine and neutralizing antibodies. The observations in this study are somewhat in concert with the results of previous research in relation to BCG-induced protective effects as with taurine (42). However, this is the first study implicating a potential role for taurine in response to SARS-CoV-2 inactivated vaccine-induced immunity, but the mechanism of action remains elusive. It is noteworthy that taurine was first identified to respond to the immune response after receiving the SARS-CoV-2 inactivated vaccine; nonetheless, the underlying mechanism of action is not clarified.

In our study, SARS-CoV-2 vaccine-induced changes in metabolite pathways correlated with the blood antibody and cytokine responses. It has been well documented that the tricarboxylic acid cycle and amino acid metabolism exert an essential influence in the modulation of the immune response to vaccines (43–45). In addition to the TCA cycle and amino acid metabolism pathways that are already known to influence host adaptive immunity, one of the most enriched metabolic pathways which was significantly associated with immune responses upon SARS-CoV-2 vaccination is glutamate metabolism. GABA is a non-protein amino acid comprising four carbon atoms that can be produced by plants, animals, and microorganisms (46, 47). In mammals, GABA has been well studied, primarily as a neurotransmitter (48, 49). Meanwhile, the receptor of GABA (GABA-Rs) plays a pivotal role in the neurotransmission process in the central system. Nevertheless, a recent report revealed that GABA-Rs can be expressed in the immune and epithelial cells as well and showed that GABA treatment can ameliorate inflammation and reduce viral load in the lungs (50). Simultaneously, our findings identified that GABA and its predecessor metabolite (L-glutamic acid) were significantly upregulated in vaccinated individuals, and GABA also has a significant positive correlation with the serum level of IgG. Specifically, GABA is known to be transformed form L-glutamic acid by glutamate decarboxylase (GAD). Numerous studies have shown that probiotics, such as Lactobacillus, possess CAD genes in their genome and are effective in producing large amounts of GABA (51–53). Notably, a very recent study revealed that Lactobacillus plantarum GUANKE (LPG) could foster SARS-CoV-2 specific immune reactions in vaccinated mice by potentiating interferon signaling, inhibiting apoptosis and inflammatory pathways. The administration of LPG to mice after the inoculation of the SARS-CoV-2 vaccine can boost and maintain the production of SARS-CoV-2-neutralizing antibodies in their bodies (54). The results described above indicate that a direct supplementation with GABA, oral administration of probiotics capable of generating GABA and stimulating antibody production, or targeting GABA-Rs could strengthen the neutralizing antibody production in the human body in response to SARS-CoV-2 vaccination. Yet, the precise regulatory mechanisms should be investigated in greater detail. In addition to GABA, the other three metabolites (L-glutamic acid, succinic acid semialdehyde, and succinic acid) enriched in the glutamate metabolism pathway were remarkably elevated in vaccinated individuals, and all of them were significantly positively correlated with the levels of either IgM, IgG, or IgA. This further led us to speculate that these metabolites may be closely related to the immune response of the organism after immunization.

In this investigation, the combination of two metabolite biomarkers we found, GABA and indole, was able to determine whether an individual had been inoculated with the SARS-CoV-2 vaccine or not with a 95.6% accuracy based on AUC value. Therefore, in the future, if we want to identify whether a population has been vaccinated with the SARS-CoV-2 vaccine on a large scale, our tentative guess is that we can base on the detected concentrations of GABA and indole in the serum of individuals. Despite the existence of indole and GABA as both metabolite markers to distinguish individuals from vaccinated individuals, a significantly negative relationship pattern was detected between indole and all neutralizing antibodies in the serum, which is contrary to the results for GABA. Indole is formed by the bacterial metabolism of tryptophan, and currently the majority of research has reported its relatively potent anti-inflammatory immune effects (55, 56). In general, the negative correlation between indole and antibodies and the significant reduction of indole in the serum of vaccinated individuals only suggest that immunizations prevent indole from impeding the production of neutralizing antibodies in the body by reducing indole levels.

Although we were successful in recruiting 30 college student volunteers to comprise the research cohort in this study and collecting blood or serum samples before SARS-CoV-2 vaccination and after receiving two doses of the vaccine. However, the cohort was still relatively small in size to obtain the best reliability. In addition, to better confirm our findings, metabolic analysis of serum samples from larger COVID-19-vaccinated cohorts and participants of various ages may be warranted.

Taken together, our metabolomic data presented in this study provide an overall view of circulating metabolite alteration from volunteers who received two doses of the inactivated SARS-CoV-2 vaccine as compared to that before vaccination. We identify four metabolites enriched in either butanoate metabolism or the alanine, aspartate, and glutamate metabolism pathways as the mainly responding small molecules upon vaccination. Correlation analysis further indicates that L-glutamic acid, GABA, succinic acid semialdehyde, and succinic acid could be used as a small molecules for potential targeted intervention to augment the immune response after SARS-CoV-2-based immunization or that of its variant.
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Backgrounds

Intramuscular injection of the SARS-CoV-2 vaccine has raised concerns about its use in patients with neuromuscular disorders (NMDs). We evaluated the response of patients with NMDs to the BNT162b2 vaccine.



Methods

Healthy subjects, patients with spinal muscular atrophy (SMA), and patients with Duchenne muscular dystrophy (DMD) were included. All participants received two BNT162b2 doses. SARS-CoV-2 antibody titers at baseline and 2 weeks after each vaccination were compared between groups. Residual muscle volume was evaluated in NMDs group. A questionnaire documented adverse reactions.



Results

Eleven patients with NMDs (9 with SMA, 2 with DMD; 7 males; aged 32.7 ± 19.3 years) and 346 healthy subjects (60 males, aged 40.0 ± 12.4 years) were included. Antibody titers (U/mL) were similar between groups (baseline: <0.40 vs. <0.40, first vaccination, 145 ± 258 vs. 103 ± 1192, and second vaccination, 1528 ± 1265 vs. 1429 ± 944; p = 1.000, 0.909, and 0.736, respectively). A negative correlation was found between antibody titers and residual muscle volume but was not significant (Mercuri scale, r = −0.429, p = 0.249; fat infiltration rate, r = −0.194, p = 0.618). The adverse reactions were comparable between groups.



Conclusion

The BNT162b2 vaccine is safe and effective in patients with NMDs.





Keywords: neuromuscular disorders, SARS-CoV-2, vaccination, spinal muscular atrophy, Duchenne muscular dystrophy, residual muscle volume



Introduction

Coronavirus-2019 (COVID-19) is caused by the severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2). BNT162b2 is an mRNA-based SARS-CoV-2 vaccine manufactured by Pfizer (1). However, because BNT162b2 is given by intramuscular injection, there is concern about its safety and efficacy in patients with neuromuscular disorders (NMDs).

Spinal muscular atrophy (SMA) and Duchenne muscular dystrophy (DMD) are rare inherited NMDs that cause muscular atrophy. While individuals with NMDs who are not taking immunosuppressive agents are currently encouraged to receive COVID-19 vaccines (1), only one study has reported the efficacy and safety of the vaccine in these patients (2).

In this study, we aimed to evaluate the safety and efficacy of BNT162b2 in patients with NMDs with muscular atrophy compared to that in healthy subjects. We also examined whether residual muscle volume affects serum levels of the SARS-CoV-2 antibody titer.



Subjects and methods


Ethical compliance

This multi-center prospective observational cohort study was performed in Japan. It was approved by the ethics committee of Aichi Medical University (approval no. 2021-075). All participants provided written informed consent.



Subjects

Employees of Nagoya Memorial Hospital aged 21 years or older were included as healthy subjects (control group). Adolescents or adults aged 12 years or older with SMA or DMD with muscular atrophy who were wheelchair-bound or bedridden were included as patients with NMDs (NMDs group). Diagnoses of NMDs were performed by genetic testing. All participants received two BNT162b2 injections into the deltoid muscle between March and August 2021. We had selected the deltoid muscle because Ministry of Health, Labour and Welfare of Japan recommend that the preferred site was the deltoid muscle of the upper arm (3). Blood was collected from all participants at baseline and two weeks after each dose of the vaccine. Patients with a history of COVID-19 infection or elevated antibody titers prior to vaccination were excluded.



Evaluation

A quantitative determination of antibodies against the receptor binding domain of the SARS-CoV-2 S1 subunit of the spike protein was made using plasma samples at baseline and two weeks after each dose of BNT162b2 (Elecsys anti-SARS-CoV-2 S, Roche Diagnostics International Ltd., Rotkreuz, Switzerland), as previously reported (4). Residual muscle volume was assessed by computed tomography (CT) within 1 year before and after the vaccination date. A slice of CT from the humeral head was obtained to assess the atrophy of the deltoid muscle of each patient using the Mercuri scale (5). CT scans were performed for periodic evaluation of scoliosis and chest deformities, not for the study purpose. We did not select to evaluate the muscular atrophy with echo examination, because we were not familiar with the evaluation of the muscular atrophy with echo examination. The images were blindly evaluated by one reviewer (HI). The muscle and fat were circled using Image J software v. 1.53m (National Institutes of Health) and the each area was measured, as previously reported (6). Fat infiltration rate (FIR) was calculated by dividing the fatty area (cm2) by the total area of the deltoid muscle (cm2). Information on adverse reactions was obtained from participants by questionnaire and classified using the Common Terminology Criteria for Adverse Events v. 4.0. All patients answered the side effect by themselves, not family members. They were not diagnosed with intellectual disability. If the information was missing, the subject was excluded from the evaluation of adverse reactions.



Statistical analysis

Data were expressed as mean ± standard deviation. Qualitative variables were compared using Pearson’s chi-squared tests. The numerical variables in each group, including antibody titers, were analyzed by student t-tests. The correlations between antibody titers and Mercuri scale and antibody titers and FIR were determined using Pearson correlation tests. The significance level was defined as p < 0.05.

All statistical analyses were performed using EZR (Saitama Medical Center, Jichi Medical University, Saitama, Japan) (7), which is a modified version of R commander, designed to perform statistical functions frequently employed in biostatistics (The R Foundation for Statistical Computing, Vienna, Austria).




Results


Participants

Of the participants, 50 subjects in the healthy control group and one patient with NMDs were excluded due to a history of COVID-19 infection or elevated antibody titers prior to vaccination. Eleven patients with NMDs (SMA, 9; DMD, 2. M: F = 7: 4) and 346 healthy subjects (M: F = 60: 286) were included in the study (Table 1). Seven patients with SMA and two patients with DMD were being treated with nusinersen and viltolarsen, respectively (Table 2). No patients with NMD took any oral steroids or immunosuppressive drugs. CT scans were obtained from nine patients with NMDs. The Mercuri scale grades of the NMDs group were grade 2b (n = 1), grade 3 (n = 4), and grade 4 (n = 4), with a mean FIR of 85.2 ± 16.6%.


Table 1 | Background and SARS-CoV-2 antibody titers of the control and NMDs groups.




Table 2 | Characteristics and residual muscle volume of NMD patients.





Antibody titers obtained against BNT162b2

Antibody titers (U/mL) were similar between the NMDs and control groups (baseline: <0.40 vs. <0.40, first vaccination, 145 ± 258 vs. 103 ± 1192, and second vaccination, 1528 ± 1265 vs. 1429 ± 944; p = 1.000, 0.909, and 0.736, respectively) (Table 1, Figures 1A, B). Although a negative correlation was seen between antibody titers and residual muscle volume, it was not statistically significant either on the Mercuri scale (r = −0.429, p = 0.249) or FIR (r = −0.194, p = 0.618). (Figures 1C, D). The relationship between the antibody titers two weeks after the first and second vaccination in the NMD group was evaluated, but no correlation was found (r = 0.0744, p = 0.828).




Figure 1 | SARS-CoV-2 antibody titers after vaccination. SARS-CoV-2 antibody titers two weeks after the first (A) and second (B) dose of vaccination in　healthy controls (n = 346) and patients with neuromuscular disorders (NMDs) (n = 11). Fat infiltration in the deltoid muscle on the Mercuri Scale (C) and fat infiltration rate (D), and SARS-CoV-2 antibody titers after the second dose of vaccination in patients with NMDs.



When splitting the responses into male and female response, antibody titers two weeks after the first vaccination in males were significantly higher in the NMDs group than in the control group (203 ± 312 vs. 26 ± 29, p < 0.001) (Table 1). Antibody titers two weeks after the first vaccination in females were not significantly different between groups (control: 42 ± 69 vs. NMDs: 42 ± 70, p = 0.998) (Table 1). Antibody titers two weeks after the second vaccination were not significantly different between healthy and NMD groups for either males or females (M: 1167 ± 633 vs. 1206 ± 990, p = 0.886; F: 1486 ± 991 vs. 2091 ± 1646, p = 0.230) (Table 1).

In the control group, females had significantly higher antibody titers than males after the second vaccination (1st vaccination, M: 26 ± 29 vs. F: 42 ± 69, p = 0.0779; 2nd vaccination, M: 1167 ± 633 vs. F: 1486 ± 991, p = 0.0176),but in the NMD group, female patients did not have significantly higher antibody titers than male patients after either the first or second vaccination (1st vaccination, M: 203 ± 312 vs. F: 42 ± 70, p = 0.345; 2nd vaccination, M: 1206 ± 990 vs. F: 2091 ± 1646, p = 0.287).



Safety of and adverse reactions caused by BNT162b2

Due to lack of information, seven of the healthy control subjects were excluded from the evaluation of adverse reactions (Table 3). No anaphylaxis occurred in any of the participants. Vasovagal reflex occurred in one participant in the control group after the second vaccination. The frequency of any adverse reactions ≥ grade 1 was lower in the NMDs group than in the control group after each dose of the vaccine, but the frequency of any adverse reactions ≥ grade 2 or 3 was comparable between the groups (first vaccination: grade 1, p = 0.0007; grade 2, p = 0.2524; grade 3, p = 0.685 and second vaccination: grade 1, p = 0.0007; grade 2, p = 0.9244; grade 3, p = 1.000) (Table 3). The frequency of injection site reaction was similar in both the groups during the first vaccination; however, it was lower in the NMDs group than in the control group during the second vaccination (first vaccination, p = 0.3484; second vaccination, p <0.0001). Other side effects and grades were similar among the groups. Furthermore, the frequency of analgesic use was similar in both the groups during the first vaccination, whereas it was lower in the NMDs group than in the control group during the second vaccination (first vaccination, p = 0.3019; second vaccination, p = 0.0252).


Table 3 | Adverse reactions observed in the control and NMD groups.



A 73-year-old patient with SMA developed blisters a few days after the first dose of BNT162b2. He was diagnosed with bullous pemphigoid due to the positive BP180 antibody and treated with 15 mg of prednisolone.




Discussion

This study showed the efficacy and safety of BNT162b2 in patients with NMDs. These patients were found to have antibody titers similar to those of healthy controls after intramuscular vaccination. The frequency of adverse reactions was lower in the NMDs group than in the control group.


Vaccination in NMDs

As there was no information on mRNA vaccines, the vaccine was administered via intramuscular injection in the BNT162b2 trial. Intramuscular administration of vaccines into the deltoid optimizes the immunogenicity of the vaccine and minimizes adverse reactions at the injection site (8). Muscles have good vascularity and therefore allow the injected drug to reach the systemic circulation quickly, bypassing the first-pass metabolism (9). Injecting a vaccine into subcutaneous fat has been reported to cause vaccine failure in hepatitis B, rabies, and influenza vaccines (8). One study compared the immunogenicity of intramuscular versus subcutaneous administration with inactivated influenza vaccine in NMDs (10). There is a review article related to the vaccination in neurological disease, including muscular dystrophy and spinal muscular atrophy (11). However, there were no existing guidelines/recommendations for the vaccination for NMDs.



Efficacy of BNT162b2 in NMDs

In this study, the antibody titers in the NMDs group were similar to those in the control group two weeks after each dose of the vaccine. Similar to our results, one paper reported increased antibody titers with BNT162b2 in patients with advanced neuromuscular disease (2). Although the patients with NMDs in this study had marked muscular atrophy and muscle had been replaced by fat, vascular tissue may be preserved even in atrophied muscle. Serum levels of antibody titers were found to be negatively correlated with residual muscle volume, but this correlation did not reach statistical significance. However, it is possible that this was due to the small number of patients in the NMDs group in this study. Previous report has not investigated the relationship between muscle remnants and increased antibody titers (2). The presence of a similar immune response to BNT162b2 indicates the non-muscle components as being more critical for immune response to mRNA vaccination. We tentatively conclude that, although the COVID-19 vaccine is administered to fat-replaced muscle, the COVID-19 vaccine may increase antibody titers sufficiently via preserved vascular tissue. Therefore, BNT162b2 appears to be effective in patients with NMDs.



Safety of BNT162b2 in NMDs

In the present study, the frequency of any adverse reactions ≥ grade 1 was lower in the NMDs group than in the control group after each dose of the vaccine, but the frequency of any adverse reactions ≥grade 2 or 3 was comparable between the groups. This difference in the frequency of adverse reactions observed in each group may be attributed to the definition of the grade of adverse reactions. Grade 2 is defined as having symptoms and limitations in performing age-related instrumental activities of daily living. Because patients with NMDs did not perform many activities of daily living, they were possibly less informed about the symptoms of adverse reactions and did not have difficulties in their daily life. The lower frequency of analgesic use in the NMDs group after the second vaccination indicated that patients with NMDs did not have severe adverse reactions to vaccines. Therefore, BNT162b2 appears to be safe for use in patients with NMDs.

Previous research has found that several patients have developed bullous pemphigoid after vaccination with BNT162b2 (12). All five cases of bullous pemphigoid were found to have positive BP180 antibodies and developed symptoms after the second dose of vaccination. In this study, a patient with SMA developed bullous pemphigoid a few days after the first dose of BNT162b2. Therefore, the bullous pemphigoid in this patient was not considered to be an adverse reaction to BNT162b2 because it developed after the first dose of BNT162b2, rather than the second.



Limitations of this study

This study was limited by the sample size of patients with NMDs, short follow-up period, and a lack of confirmation of the vaccination site. As the facility for NMDs and that for the vaccination were different, we could not confirm the vaccination site with ultrasound. Although it was reported that antibody titers after vaccination with BNT162b2 were significantly higher in females than in males (13), the gender impact on antibody titers was not evident in the NMDs group of this study. Larger studies with longer follow-ups are necessary to establish the efficacy and safety of BNT162b2 in this population.




Conclusion

Antibody titers in patients with NMDs were similar to those of healthy controls and there was no difference in the percentage of adverse reactions to BNT162b2 between the NMDs group and healthy controls. Although BNT162b2 is administered by intramuscular injection, it appears to be effective and safe in patients with NMDs.
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Coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) remains a serious pandemic. COVID-19 vaccination is urgent needed for limiting SARS-CoV-2 outbreaks by herd immunity. Simultaneously, post-marketing surveillance to assess vaccine safety is important, and collection of vaccine-related adverse events has been in progress. Vision-threatening ophthalmic adverse events of COVID-19 vaccines are rare but are a matter of concern. We report a 45-year-old Japanese male with positive for HLA-DR4/HLA-DRB1*0405, who developed bilateral panuveitis resembling Vogt-Koyanagi-Harada (VKH) disease after the second dose of Pfizer-BioNTech COVID-19 mRNA (BNT162b2) vaccine. Glucocorticosteroid (GC) therapy combined with cyclosporine A (CsA) readily improved the panuveitis. The immune profile at the time of onset was analyzed using CyTOF technology, which revealed activations of innate immunity mainly consisting of natural killer cells, and acquired immunity predominantly composed of B cells and CD8+ T cells. On the other hand, the immune profile in the remission phase was altered by GC therapy with CsA to a profile composed primarily of CD4+ cells, which was considerably similar to that of the healthy control before the vaccination. Our results indicate that BNT162b2 vaccine may trigger an accidental immune cross-reactivity to melanocyte epitopes in the choroid, resulting in the onset of panuveitis resembling VKH disease.
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Introduction

Coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is an ongoing pandemic (1). Regarding the epidemiologic characteristics of COVID-19 outbreak between 2019 and 2020, although the infection rate of COVID-19 varies greatly depending on country and region, generally 30% to 50% of COVID-19 patients were asymptomatic, 20% became severe, and 5% required mechanical ventilation management, half of those under ventilation management died (2, 3). As for the immune profiles of severe COVID-19 patients with acute respiratory distress syndrome (ARDS), cytokine release syndrome (CRS) may occur in these patients, which is a life-threatening systemic inflammatory syndrome involving elevated levels of circulating cytokines and immune cell hyperactivation (4). In COVID-19 patients with ARDS, the levels of interleukin (IL)-1, tumor necrosis factor alpha (TNFα) and IL-6 are elevated in the peripheral blood (5, 6). In addition, severe COVID-19 patients display immune dysregulation manifesting macrophage activation as well as depletion of CD4+ T cells and natural killer (NK) cells (7).

At present, COVID-19 vaccination is urgently implemented for limiting SARS-CoV-2 transmission, with the aim to reach a state of so-called herd immunity (8). Several types of novel COVID-19 vaccines including a nucleoside-modified messenger ribonucleic acid (mRNA) have been approved (1). Post-marketing surveillance to assess safety of the vaccines is extremely important, and has been performed to collect adverse events related to COVID-19 vaccines (1). From the millions of doses of mRNA COVID-19 vaccines administered, general adverse events that occur in a considerable subset of individuals are mild to moderate reactions at the injection site, fever, fatigue, body aches, and headache (9). Furthermore, rare but serious adverse effects including vasculitis, thrombosis, cerebral infarction, myocardial damage and multiple organ dysfunction have been reported (5, 10). Regarding COVID-19 vaccine-related ophthalmic adverse events, uveitis, acute macular neuroretinopathy, central serous retinopathy, multiple evanescent white dot syndrome, etc. are reported (11). A few case studies on new onset of Vogt-Koyanagi-Harada (VKH) disease after adenovirus vector COVID-19 vaccine (Oxford AstraZeneca; ChAdOx1 nCoV-19/AZD1222) (12) and mRNA COVID-19 vaccine (Pfizer-BioNTech; BNT162b2) (13) have been published, although the onset mechanism of ophthalmic adverse events from the vaccines remains unclear.

Here we report a rare case of bilateral panuveitis resembling VKH disease occurring after the second dose of BNT162b2 vaccine, and present the immune profile of the patient including analysis of serum cytokines and cell-mediated immunity using multiplex bead analysis system and mass cytometry by time-of-flight (CyTOF) technology.



Case report

A 45-year-old Japanese male with no medical history of COVID-19 received the second dose of BNT162b2 vaccine. One day after the vaccination, headache and general malaise occurred, but disappeared spontaneously. Four days later, he visited a local doctor with complaint of distorted vision and color vision deficiency. The doctor confirmed the onset of serous retinal detachment (SRD) in the macula of the left eye, and he was referred to the ophthalmology department of our hospital for detailed investigations.

At presentation, his best corrected visual acuity (BCVA) on the decimal chart was 0.4 (0.40, when converted to logarithm of the minimum angle of resolution) in the right eye, and 0.6 (0.22) in the left eye. Slit-lamp examination detected grade 1+ inflammatory cells in the anterior chamber of the right eye, and grade 2+ in the left eye, while vitreous opacities was grade 0 in both eyes (14). Color fundus photography showed bullous SRDs in the posterior retina of both eyes (Figure 1). SRDs, cystoid spaces in the neurosensory layer of the retina, and choroidal thickening were revealed by enhanced depth imaging optical coherence tomography. Fluorescein angiography (FA) images indicated multiple punctate fluorescein leakages and pooling consistent with the SRD locations, and hyperfluorescence of the optic disc. Indocyanine green angiography (IA) images depicted dark patches, implying inflammatory granuloma in the choroid.




Figure 1 | Fundus findings of panuveitis at the time of onset. Color fundus photographs show bullous SRDs in the posterior retina (areas of orange dotted circles), redness and swelling of the optic disc (white arrows) in (A) the right eye and (B) the left eye. EDI-OCT images reveal SRDs (yellow asterisks), cystoid spaces in the neurosensory layer of the retina (white asterisks), choroidal thickening (blue dotted lines) in (C) the right eye and (D) the left eye. FA images indicate multiple punctate fluorescein leaks (yellow arrowheads) and pooling (yellow asterisks) consistent with the SRD locations, and hyperfluorescence of the optic disc in (E) the right eye and (F) the left eye. IA images present dark patches (blue arrowheads) in (G) the right eye and (H) the left eye. The time of photography after administration of FA or IA is indicated in the lower right corner. Scale bars (white vertical bar) in (C, D), 200 μm. EDI-OCT; enhanced depth imaging optical coherence tomography; FA, fluorescein angiography; IA, indocyanine green angiography; SRD, serous retinal detachment.



On admission, body temperature was 37.1 degrees Celsius (°C), and there was no abnormal shadow on chest X-ray image. He did not notice tinnitus or onset of hair loss or gray hair. Peripheral blood tests showed white blood cell (WBC) count of 9.90 x 103 cells/μL, and differential counts of neutrophils 67.1%, lymphocytes 28.3% and monocytes 3.3% (Supplementary Table 1). Soluble IL-2 receptor level was 476 U/mL and erythrocyte sedimentation rate was 18 mm/hour, whereas C-reactive protein level was 0.3 mg/dL or less. In human leukocyte antigen (HLA) typing, HLA-DR4/HLA-DRB1*0405 and HLA-DR9/HLA-DRB1*0901 were positive. Diagnostic lumbar puncture revealed no pleocytosis (1 cell/mm3 in cerebrospinal fluid, Supplementary Table 2), implying exclusion of meningitis. Based on the clinical findings and laboratory data, this case was diagnosed as BNT162b2 vaccine-related bilateral panuveitis resembling VKH disease, which is categorized as “probable” based on the presence of ocular and extraocular manifestations (15). As for drug-induced uveitis, we assessed the involvement of BNT162b2 vaccine in the panuveitis by the Naranjo score (16, 17), and judged it to be “probable” with a score of 5.

Glucocorticosteroid (GC) therapy was initiated according to the standard treatment for VKH disease (18). In the clinical course of treatment (Supplementary Figure 1), we paid attention to deterioration of visual acuity and subfoveal choroidal thickness, and tapered the dose of prednisolone in accordance with the assessment of uveitis activity proposed by The standardization of Uveitis Nomenclature (SUN) Working Group (14). At six months, subfoveal choroidal thickness in the right and left eyes deteriorated to 553 μm and 607 μm respectively, while visual acuity was well preserved, and the panuveitis was inactive (14) under administration of 12.5 mg/day prednisolone. In addition, the onset of steroid-induced diabetes mellitus was worried because HbA1c level was elevated to 7.1%. Therefore, we determined that combination therapy with prednisolone and cyclosporine A (CsA) was more appropriate than the prednisolone monotherapy to maintain the inactivation of the panuveitis. CsA was started at a dose of 250 mg/day (3.47 mg/kg/day) orally. Approximately seven months later, the multiple SRDs disappeared and BCVA recovered to 1.5 (1.30) in the right eye, and 1.5 (1.30) in the left eye. Fundus findings in the inactive phase are presented in Supplementary Figure 2. Results of laboratory tests are described in Supplementary Table 3.

To examine the immune profile of this case, peripheral blood samples were collected at the time of onset (Pre-P) and approximately seven months later (Post-P). Control samples from a healthy individual (co-author, male in the thirties) were obtained before BNT162b2 vaccination (Pre-C) and one month after the third BNT162b2 vaccination (Post-C). Serum cytokine levels were investigated by a multiplex bead analysis system (Bio-Plex Human Cytokine 27-plex panel; Bio-Rad, Hercules, CA, USA), and cell-mediated immunity was evaluated by CyTOF technology using the Maxpar Direct ImmunoPhenotyping Assay (MDIPA; Fluidigm, South San Francisco, CA, USA) (19), according to manufacturer’s protocols. Serum levels of platelet derived growth factor-BB, IL-1 receptor antagonist, IL-7, IL-9, eotaxin, interferon-γ-inducible protein-10, macrophage inflammatory protein-1β, regulated on activation, normal T cell expressed and secreted were considerably higher compared with the levels reported for healthy individuals (20) (Table 1). On the other hand, serum levels of the remaining cytokines were within normal ranges.


Table 1 | Serum cytokines levels of the patient with panuveitis at the time of onset.



Next, immune cell populations and cellular phenotypes in peripheral blood mononuclear cells were examined (Table 2 and Figure 2). Comparing Pre-P of the patient at the time of onset with Pre-C as BNT162b2 vaccine-naïve control, the cell populations of all CD8+ T cells except naïve, CD4+ central memory T cells, B cells and NK cells were increased in Pre-P, whereas those of CD8+ naïve T cells, CD4+ naïve T cells, T helper 1 (Th1)-like cells and T helper 2 (Th2)-like cells were relatively high in Pre-C. The immune profile of Post-P in the inactive phase was substantially similar to that of Pre-C, and the cell populations of CD8+ central memory T cells, CD4+ effector memory T cells, T helper 17 (Th17)-like cells, CD66b− neutrophils and eosinophils were increased compared to those at the time of onset (Pre-P). When we compared the immune profiles between Pre-C and Post-C to assess the efficacy of BNT162b2 vaccine in the healthy control, the cell populations of neutrophils, basophils, monocytes classical cells, and myeloid dendritic cells (mDCs) were increased in Post-C, while the cell populations of CD8+ naïve T cells, CD4+ naïve T cells, CD4+ terminal effector T cells, Th1-like cells, and Th2-like cells were relatively high in Pre-C. The heat map (Figure 2) displaying the distribution of immune cell populations in the four samples indicated that the immune profile of Pre-P was not similar in properties to the profiles of the other three samples (Pre-C, Post-C and Post-P), while there was a high property similarity between the immune profiles of Pre-C and Post-P.


Table 2 | Immune cell populations and cellular phenotypes in peripheral blood mononuclear cell samples from the patient and healthy control.






Figure 2 | Hierarchical cluster analysis of cellular phenotypes in the patient and the healthy control. In the heatmap, the vertical axis shows 37 types of immune cells in peripheral blood mononuclear cells. The horizonal axis shows four samples: Pre-P; patient not receiving GC therapy at the time of onset, Post-C; healthy control one month after the third dose of BNT162b2 vaccine, Pre-C; healthy control before BNT162b2 vaccination, Post-P; patient receiving GC therapy combined with CsA in the inactive phase. Hierarchical cluster analysis was performed using Euclidean distance as a distance measure and Ward’s method for hierarchical clustering (21). Color scale: low values, red; middle to high values, black to green.





Discussion

To the best of our knowledge, we present the first immunological profiling of a patient with BNT162b2 vaccine-related ophthalmic adverse events. Three main conclusions can be drawn (1). In this patient, CRS did not occur, but innate immunity mainly consisting of NK cells, and acquired immunity predominantly composed of B cells and CD8+ T cells were activated after the second dose of BNT162b2 vaccine (2). GC therapy combined with CsA suppressed the activated innate and acquired immunities, and changed the immune profile to one predominantly composed of CD4+ cells, which had similar properties to the profile of a healthy control before BNT162b2 vaccination (3). After the third dose of BNT162b2 vaccine, the immune profile of the healthy control changed from a profile based on mainly acquired immunity composed predominantly of CD4+ T cells to a profile based on innate immunity consisting of monocytes, dendritic cells and granulocytes.

Currently, there are some discussions about the relationship between COVID-19 vaccination and the onset of uveitis with unknown etiology, which is very rare but nonetheless a significant adverse event. Since the innate immune system primed by the first dose of COVID-19 mRNA vaccination elicits a stronger response after the boost dose (22), we sought to examine which immune response triggers the panuveitis resembling VKH disease in this case.

VKH disease is an acute panuveitis characterized by bilateral, diffuse granulomatous lesions resulted from stromal choroiditis, accompanied by neurologic manifestations of headache and nausea (23). Characteristic ocular manifestations of VKH disease at the time of onset include sudden blurred vision, bilateral panuveitis, diffuse granulomatous choroiditis with exudative retinal detachment, vitritis and optic disc swelling (18, 24). The prevalence of VKH disease varies among different countries and ethnic groups (18). In Asian, VKH disease represents one of the most common uveitis entities (25). VKH disease is a complex disease involving multiple interactions among different immune cell populations (18). VKH patients are sensitized to melanocyte epitopes, and patients with HLA-DR4/HLA-DRB1*0405 recognize a broader melanocyte derived peptide repertoire (26). So, HLA-DR4/HLA-DRB1*0405 has been well-known as a significant genetic risk factor involved in the onset of VKH disease (27).

Accumulating evidence indicates that dysregulated T cell subsets including cytotoxic T cells (28), Th1 cells (29), and Th17 cells (30, 31) are an immunological feature in the pathology of VKH disease. Furthermore, activated T cells are demonstrated as the predominant cell types in choroidal inflammation, accompanied by the presence of choroidal melanocytes expressing HLA-DR (32). Our patient is HLA-DR4/HLA-DRB1*0405–positive, and the increase in immune cell population of CD8+ T cells would be almost synonymous with the activation of T cell subsets in the interpretation of immune responses. In addition, the increased cell populations of B cells and NK cells at the time of onset in this case were noteworthy findings, and they were similar to the immunological features of VKH disease. B cells contribute to the pathogenesis of autoimmune diseases by producing autoantibodies and/or through acting as antigen-presenting cells (APCs) (33). In VKH patients, B cell infiltration was found in uveal tissues (34). It is presumed that NK cells limit autoimmune responses by inhibiting the proliferation and activation of auto-reactive T lymphocytes, and hampering the activation of monocytes (18). Therefore, the increased NK cells observed in our case may play a counterbalance role to suppress excessive activations of B cell subsets and CD8+ T cells for maintaining immune homeostasis.

Although numerous new drugs have been developed within the last few decades, high-dose GC pulse therapy has been the most widely used treatment for VKH disease at the time of onset, because most patients respond well, and achieve symptom amelioration within a few days of the therapy (35). GC therapy has a direct or indirect inhibitory effect on T cells through inhibition of T cell activation, suppression of inflammatory mediators such as nitric oxide, and promotion of apoptosis in immune cells (36). Regarding fluctuation of immune profile in VKH disease by GC therapy, GC therapy not only inhibits T cell activation directly, but also affects monocyte subsets, which might synergistically inhibit the pathogenic immune responses in VKH disease (18). In addition, GC therapy is also effective for the treatment of autoimmune diseases such as rheumatoid arthritis, in which autoantibodies contribute to the pathology (37). On the other hand, CsA is an antibiotic, lipophilic cyclic polypeptide, and has a specific action on CD4 lymphocytes, where it inhibits calcineurin, an essential component of the IL-2 system (38). Both IL-2 expression and IL-2 surface receptors are inhibited, which depresses the CD4 lymphocyte’s ability to activate and to recruit, so that CD4-driven inflammation is reduced (38). In our case, GC therapy combined with CsA suppressed the increased cell populations of CD8+ T cells, B cells, NK cells as well as nonclassical monocytes. Therefore, we speculate that GC therapy combined with CsA may be a useful treatment for this case because of the similar pharmacological effects of both agents on VKH disease.

We had a good opportunity to examine the immune profile of not only the patient with panuveitis but also BNT162b2 vaccine-induced immune fluctuations in a healthy subject (Table 2 and Figure 2). When infected with SARS-CoV-1 or Middle-east respiratory syndrome coronavirus similar to SARS-CoV-2 (39), innate immunity is augmented by activation of pattern recognition receptors (40). In this study, the sample from the healthy control after the third dose of BNT162b2 vaccine was collected approximately one month after the vaccination. In that sample, the immune cell populations of granulocytes (predominantly neutrophils and basophils), monocytes, and mDCs that are APCs were increased. Therefore, innate immunity may be predominantly activated approximately one month after the third vaccination. On the other hand, the activation of acquired immunity primarily involving B cells and T cells is speculated to occur in the early phase after COVID-19 vaccination, when the increases of SARS-CoV-2 spike 1-specific immunoglobulin G and neutralizing antibodies are induced (41). Therefore, the changes in immune profiles of the healthy control before and after BNT162b2 vaccination may provide a valuable source of information for understanding immune responses following BNT162b2 vaccination.

CRS developed in severe COVID-19 patients with ARDS (5, 6) is characterized by elevation of plasma TNFα and IL-6 levels (40). Our patient did not manifest symptoms of CRS, but the B cell and CD8+ T cell populations were increased at the time of onset. On the other hand, HLA-DR expression, B cells and T cells are decreased in COVID-19 patients with ARDS (7). Therefore, we could presume that BNT162b2 vaccine acted effectively as an immune activator for COVID-19 in our patient. SARS-CoV-2 can disturb self-tolerance and trigger autoimmune responses through immunological cross-reactivity with host cells (42). VKH disease is a T-cell-mediated autoimmune disease against one or more antigenic components of melanocytes (30, 43, 44). Assuming that BNT162b2 vaccine-induced COVID-19 mimicry occurred in this case, we speculate that the panuveitis resembling VKH disease may be caused accidentally by multiple factors including HLA-DR4 positivity as a genetic risk factor and immunological cross-reactivity to melanocyte epitopes. So, the possibility for screening tests of genetic predisposition to develop autoimmune diseases before vaccine administration is presumed, and in future, larger case series studies are required to elucidate it.

This study has several limitations (1). As this study is a case report, the immune profiles of the patient with BNT162b2 vaccine-related panuveitis and the healthy control cannot be generalized. In the future, larger case series studies are expected to reveal the immune profiles of COVID-19 vaccinated individuals that could be an aid to assess the efficacy and safety of the vaccination, and to predict the onset of potential side effects (2). The healthy individual was used as a relative control because he was not a VKH patient (3). Direct comparison of the immune profiles between the patient at the time of onset and the healthy control after the third dose of BNT162b2 vaccine is not appropriate, because the number of vaccine doses received and the number of days after vaccination differed (4). Real-time reverse transcription polymerase chain reaction (RT-PCR) testing for SARS-CoV-2 RNA using nasopharyngeal swab was not performed in this patient. At that time, administrative screening for SARS-CoV-2 by RT-PCR testing in Japan could only be performed for patients strongly suspected of COVID-19, who had fever of 37.5°C or higher, respiratory symptoms, and suspected pneumonia requiring hospitalization. In our patient, COVID-19 was not suspected from the systemic symptoms on admission, and thereafter no fever and respiratory symptoms were observed during GC therapy.
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Background

COVID-19 has caused a global pandemic and the death toll is increasing. With the coronavirus continuously mutating, Omicron has replaced Delta as the most widely reported variant in the world. Studies have shown that the plasma of some vaccinated people does not neutralize the Omicron variant. However, further studies are needed to determine whether plasma neutralizes Omicron after one- or two-dose vaccine in patients who have recovered from infection with the original strain.



Methods

The pseudovirus neutralization assays were performed on 64 plasma samples of convalescent COVID-19 patients, which were divided into pre-vaccination group, one-dose vaccinated group and two-dose vaccinated group.



Results

In the three groups, there were significant reductions of sera neutralizing activity from WT to Delta variant (B.1.617.2), and from WT to Omicron variant (B.1.1.529) (ps<0.001), but the difference between Delta and Omicron variants were not significant (p>0.05). The average neutralization of the Omicron variant showed a significant difference between pre-vaccination and two-dose vaccinated convalescent individuals (p<0.01).



Conclusions

Among the 64 plasma samples of COVID-19 convalescents, whether vaccinated or not, Omicron (B.1.1.529) escaped the neutralizing antibodies, with a significantly decreased neutralization activity compared to WT. And two-dose of vaccine could significantly raise the average neutralization of Omicron in convalescent individuals.





Keywords: SARS-CoV-2, convalescent, vaccine, neutralization, delta, omicron



Introduction

In the past two years, the COVID-19 pandemic has produced wave after wave of SARS-CoV-2 mutants, which beat the early variants in showing partial resistance to neutralizing antibodies induced by natural infection and vaccination. The earliest mutants carried unimodal mutation D614G, which provided an advantage for transmission, and quickly replaced the ancestral virus as the main pandemic variant before May 2020 (1). By early 2021, the Alpha variant has come close to dominance, but would soon be overtaken by the Delta variant, which has dominated the pandemic since mid-2021. Alpha and Delta were modest neutralization escape variants, being 2-3 folds less susceptible than D614G to neutralization by mRNA-1273 vaccine-induced antibodies (2). However, these variants had little effect on the efficacy of mRNA-1273 vaccine (3).

The newly emerged SARS-CoV-2 Omicron variant, which was first discovered in South Africa in November 2021, presents a different scenario and causes major concerns (4, 5). It was designated the variant B.1.1.529 by World Health Organization (WHO) on the 26th of November 2021 (5). Since then, Omicron has spread globally (6). This variant appears to be more infectious than Delta, which has already caused super-spreader events (7) and has outcompeted Delta within weeks in some countries and metropolitan areas (6). Because there are many spike mutations in Omicron, including 15 mutations in the receptor binding domain (RBD), which is the main target of neutralizing antibodies, it has led to a reduction in the sensitivity of neutralizing antibodies. In SARS-CoV-2 convalescent or vaccinated individuals, the number of neutralizing epitopes targeted by polyclonal antibodies is an important determinant of the genetic barrier of virus escape (8). There are many antibody targets in SARS-CoV-2 spike proteins, but the polyclonal neutralization reaction is mainly dominated by antibodies against spike RBD and N-terminal domain (NTD) (8–11).

Wilfredo et al. evaluated the neutralizing immune effect of antibodies induced by mRNA-1273 and BNT162b vaccines against SARS-CoV-2 Omicron mutants and detected no neutralizing antibodies against Omicron in most vaccinated people (12). However, for patients who have recovered from infection with the original strain, further studies are needed to determine whether their plasma has a neutralizing effect against Omicron after one- or two-dose vaccine. In this study, we evaluated the neutralization of plasma samples which were collected from convalescent COVID-19 patients in Wuhan City, which had received either one or two doses of vaccine. We aimed to explore the protective effects of vaccination against Omicron in convalescents infected with the original strain, given that convalescent plasma with high neutralizing activity may be a source of isolating and developing useful monoclonal antibodies (mAbs) for the clinical treatment of novel coronavirus mutants.



Methods


Ethics statement

The study was approved by the Ethics Committee of the Institute of Blood Transfusion, Chinese Academy of Medical Sciences & Peking Union Medical College. All participants provided written informed consent to collecting of information, and the data generated by the study has been agreed to be published.



Participants

We collected 185 plasma samples of COVID-19 convalescents in Wuhan during Feb 15 to Dec 19, 2021. 35 duplicate samples from the same participants with the same times of vaccinations and 86 samples with antibody titers less than 640 were excluded. Thus, 64 plasma samples were finally included. The samples were divided into three groups——the pre-vaccination group, one-dose vaccinated group and two-dose vaccinated group, as shown in Figure 1. Except for one participant in the one-dose vaccinated group who received adenovirus vaccine (CanSinoBIO), all other participants received inactivated virus vaccine (Sinopharm or Sinovac).




Figure 1 | Study population flow diagram.





ELISA

Antibody titer was detected using the WANTAI SARS-CoV-2 RBD Antibody Detection Kit (Beijing Wantai Biological Pharmacy Ent., Lot: NCOG20210702B) according to the instructions. Microporous plates were precoated with SARS-CoV-2 RBD protein. The samples were diluted and added to microporous plates and incubated at 37°C for 1h. The microporous plates were washed for five times. The horseradish peroxidase labeled mouse-anti-human IgG monoclonal antibody was added and incubated at 37°C for 30mins. After incubation, the plate was washed five times, substrate buffer containing hydrogen peroxide and TMB was added to the wells, incubating at room temperature for 15mins. Then the termination solution was added, and a spectrophotometer was used to detect the OD value of the wells under dual-wavelength excitation light of 450nm and 630nm. The antibody titer was obtained by comparing the OD value with the standard substance, which was a monoclonal antibody with a defined titer (1280) and provided in the kit.



Vero cell culture

Vero cells (provided by Nanjing Vazyme Biotechnology Co.) derived from the kidneys of normal adult African green monkeys that stably expressing endogenous ACE2. Cells were cultured with DMEM (1%(v/v) antibiotics, 10% (v/v) FBS) at 37°C, supplied with 5% CO2.



Pseudovirus neutralization assay

The pseudovirus neutralization assays were performed using Vero cells. Various concentrations of plasma samples (3-fold serial dilution using DMEM) were transferred into 96-well white flat-bottom culture plates, mixed with SARS-CoV-2 pseudoviruses [SARS-CoV-2-Fluc WT (Nanjing Vazyme Biotechnology Co., Lot: 7E501L1), SARS-CoV-2-Fluc B.1.617.2 (Nanjing Vazyme Biotechnology Co., Lot: 7E501k1), SARS-CoV-2-Fluc B.1.1.529 (Nanjing Vazyme Biotechnology Co., Lot: 7E551L1)], and incubated for 1h at 37°C, supplied with 5% CO2. Plasma from healthy donors before the COVID-19 outbreak were included as negative controls. And negative control wells were supplied with 100μL DMEM (1%(v/v) antibiotics, 10% (v/v) FBS). Positive control (Nanjing Vazyme Biotechnology Co., Lot: 7E551K1) wells were supplied with 100μL DMEM. Pre-mixed Vero cells (100μL, 5×104 in DMEM) were added to all wells, and the 96-well plates were incubated for 24h at 37°C, supplied with 5% CO2. After the incubation, 150μL of supernatants were removed, and 100μL Bio-Lite Luciferase reagent (Nanjing Vazyme Biotechnology Co., Lot: 7E531k1) was added to each well and incubated for 3 mins. After the incubation, luciferase activity was measured using a microplate spectrophotometer. The neutralization titer was calculated by comparing the OD value to the negative and positive control wells.



Statistical analysis

Statistical analysis was conducted using GraphPad Prism 8 and SPSS 25. All data in the figures were presented as mean ± SD. The age and gender of three groups were evaluated by chi-square test. Differences of sera neutralizing activity among 3 groups and participants with different times of vaccination were evaluated by one-way ANOVA test. P < 0.05 was considered significant (*p < 0.05, **p < 0.01, and ***p < 0.001).




Results


Basic characteristics of the participants

We included samples from pre-vaccination convalescent individuals (n=25), one-dose vaccinated convalescent individuals (n=17) and two-dose vaccinated convalescent individuals (n=22). All the samples were part of a long-term follow-up COVID-19 convalescents cohort.

The median age of the three groups were 37 (range 26-68 years), 45 (range 31-70 years) and 44.5 (range 29-65 years). There were no differences among the 3 groups, neither in age nor in gender (Table 1).


Table 1 | Basic characteristics of participants from three cohorts, including age, gender, time since onset of symptoms and time since last vaccination.





RBD IgG antibody titer and sera neutralizing activity

Compared to the OD value with the standard substance, antibody titers of all 64 plasma samples were 640 or higher (Table 2). Then we conducted the pseudovirus neutralization assays in VERO cells to compare the sera neutralizing activity against SARS-CoV-2 WT, Delta variant, and Omicron variant (Figure 2). In all three groups, we observed a significant reduction of sera neutralizing activity from WT to Delta variant (p<0.001), and from WT to Omicron variant (p<0.001, Figure 2A). However, the difference between Delta and Omicron variants in pre-vaccination group was not significant, and it was the same in one- and two-dose vaccinated groups (ps>0.05, Figure 2A). Notably, the average neutralization against Omicron variant showed a significant increase between pre-vaccination and two-dose vaccinated convalescent individuals (p<0.01, Figures 2B, E).


Table 2 | RBD IgG antibody test results of participants among three groups.






Figure 2 | Sera neutralizing activity against three types of SARS-CoV-2 virus. (A) Sera neutralizing activity has been significantly reduced against Delta and Omicron as compared to WT SARS-CoV-2 (p < 0.001). (B) Comparison of sera neutralizing titers among three groups. (C-E) Sera neutralizing activity against (C) WT, (D) Delta (B.1.617.2) and (E) Omicron (B.1.1.529). Sera neutralizing activity was significantly enhanced after two-dose of vaccine as compared to before vaccination (p < 0.01). *p < 0.05, **p < 0.01, ***p < 0.001, and ns, no significance.






Discussion

The new SARS-CoV-2 viral isolate Omicron (B.1.1.529) caused widespread concern because of its high transmissibility and ability to infect the previously exposed or vaccinated individuals (4, 5). In almost every region, Omicron cases outnumbered those of previous SARS-CoV-2 variants in a very short period (6).

In this study, we further divided the COVID-19 convalescents into various groups based on their vaccination status. We compared the neutralizing antibody titers after one and two doses of vaccine with that of pre-vaccination among COVID-19 convalescents for the first time. As a result, we found significantly reduced sera neutralizing activity from WT to Delta (B.1.617.2) variant, and from WT to Omicron (B.1.1.529) variant. This result was consistent with those of Wanwisa Dejnirattisai et al., Juan Manuel Carreño et al., Jingwen Ai et al. and Sandile Cele et al. (6, 13–15). Although there was numerous prior research on SARS-CoV-2 variants, only several of them included convalescents as participants. Juan Manuel Carreño’s research was a significant example (6), but it differed from our study in two ways. The first disparity was the type of vaccine. They were two types of mRNA vaccine in Carreño’s study while it was almost exclusively inactivated virus vaccine in this study. Secondly, they didn’t state which type of virus that their participants infected with, while it was clear that our participants infected with WT. An interesting finding in the current study is that the difference in neutralizing activity against Delta and Omicron variants in pre-vaccination group had no significance, and the results in one- and two-dose vaccinated groups were the same. This may be explained by the fact that the individuals of the plasma samples were Wuhan citizens who were infected with the wild-type virus in the early stage of the epidemic. Still, we could observe that there were a few plasma samples with high neutralizing activity against Omicron, even though the participants were vaccinated with vaccines based on the original SARS-CoV-2. This suggests that some antibodies raised from vaccinations can tolerate the mutations or these plasma samples have neutralizing antibodies against the conserved sites. In either side, such plasma samples may be a useful source to isolate and develop mAbs for the clinical treatment against new variants.

As the COVID-19 vaccination campaign moves forward, many COVID-19 convalescents had also been vaccinated. We had collected serum samples of such individuals. The results of pseudovirus neutralization assays showed that there was a significant difference between pre-vaccination and two-dose vaccinated convalescent individuals in terms of the neutralizing activity against the Omicron variant. The research of Wanwisa Dejnirattisai et al. (13) showed a similar result. They found that sera from vaccinated cases who had contracted the Delta variant showed higher neutralization to Omicron, compared with unvaccinated Delta-infected cases. Besides, an increased trend was observed for vaccinated convalescents in the average neutralizing activity to the WT virus, as well as to the Delta variant, although the differences were not statistically significant. One of the possible reasons could be the small sample size. The observation may be confirmed with a study with larger sample size. In addition, even though there was a significant increase in neutralization against Omicron, the average neutralizing activity was still low. This suggests Omicron leads to the escape from neutralizing antibody responses. Whether a vaccine based on the Omicron variant needs to be developed is likely to be the next concern.

Plasma from patients recovered from COVID-19 infection, namely convalescent plasma, is an explorative treatment with considerable historical evidence in other infectious diseases (16). Those convalescent plasma-relevant studies suggest that convalescent plasma with high antibody titers and/or neutralizing ability may reduce the viral load (17). Given such consideration, COVID-19 convalescents who have received two-dose vaccine may be superior donators for convalescent plasma.

There are several limitations to our study. These include the relatively small sample size which may not represent the neutralization titers in the population, the limited longitudinal data, the lack of data on persistence of neutralization antibody responses after two doses of vaccine, the lack of long-term follow-up, and the lack of live virus neutralization data. However, the current study design allows for a preliminary assessment of the effect of neutralizing antibodies against Omicron variant in convalescents after one and two doses of vaccine. Further studies are needed to confirm the finding.



Conclusion

Among the 64 plasma samples of COVID-19 convalescents, whether vaccinated or not, there was a significant decrease in neutralization titer against two kinds of variants compared to WT, which means that Omicron (B.1.1.529) could escaped the neutralizing antibodies. Importantly, two-dose vaccine was found to raise the average neutralization against Omicron in convalescent individuals.
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The proteome of urine samples from quadrivalent influenza vaccine cohort were analyzed with self-contrasted method. Significantly changed urine protein at 24 hours after vaccination was enriched in immune-related pathways, although each person’s specific pathways varied. We speculate that this may be because different people have different immunological backgrounds associated with influenza. Then, urine samples were collected from several uninfected SARS-CoV-2 young people before and after the first, second, and third doses of the COVID-19 vaccine. The differential proteins compared between after the second dose (24h) and before the second dose were enriched in pathways involving in multicellular organismal process, regulated exocytosis and immune-related pathways, indicating no first exposure to antigen. Surprisingly, the pathways enriched by the differential urinary protein before and after the first dose were similar to those before and after the second dose. It is inferred that although the volunteers were not infected with SARS-CoV-2, they might have been exposed to other coimmunogenic coronaviruses. Two to four hours after the third vaccination, the differentially expressed protein were also enriched in multicellular organismal process, regulated exocytosis and immune-related pathways, indicating that the immune response has been triggered in a short time after vaccination. Multicellular organismal process and regulated exocytosis after vaccination may be a new indicator to evaluate the immune effect of vaccines. Urinary proteome is a terrific window to monitor the changes in human immune function.
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Introduction

Urine is considered one of the most valuable biofluids for the discovery of disease biomarkers because urine collection is noninvasive and easy. More importantly, unlike blood, urine is not subjected to homeostatic control, and it accumulates small, sensitive, and early changes associated with systemic changes, some of which may be used as biomarkers (1). Urine proteomics has already been applied to various clinical studies (2, 3), including studies of lung cancer (4–7), breast cancer (8, 9), bladder cancer (10–12), gastric cancer (13), genitourinary cancer (14), and knee osteoarthritis (15). Moreover, urine filtered plasma proteins originating from distal organs, including the brain, etc., not only the kidney (16–18).

In the beginning, to the best of our knowledge, there were no studies of the urine protein group in influenza vaccine recipients before and after vaccination. We wanted to see if the relevant pathways enriched in the urine of the vaccine recipients after the same influenza vaccination were consistent but found that the changes in the urine protein group before and after vaccination by the vaccine recipients were not exactly the same. We speculate that it may be that the vaccine recipients have been exposed to other kinds of influenza virus before receiving the vaccine, and each person’s immune response degree was different.

Then there was the COVID-19 outbreak. Coronavirus disease 2019 (COVID-19) is an unprecedented global threat caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (19). About 80% of patients with COVID-19 are not severely ill, displaying mild symptoms with a good prognosis (20). Therefore, many nations are pursuing the rollout of SARS-CoV-2 vaccines as an exit strategy from unprecedented COVID-19-related restrictions (21). We collected urine samples from volunteers who had been vaccinated against COVID-19 before and after the vaccination. Since none of these volunteers had been exposed to SARS-CoV-2 before, so we speculate that the immune response after vaccination may be consistent. To date, however, the effectiveness of vaccines has been assessed by measuring blood indicators, and we are exploring whether urine proteins reflect changes in the body’s immunity before and after vaccination. To the best of our knowledge, there are no studies of overall changes in the urine proteome before and after vaccination. The results showed that everyone had a different immune response, and we speculated that it was possible that the vaccine recipients had been exposed to other kinds of coronaviruses before vaccination.



Materials and methods


Urine samples from Quadrivalent influenza vaccine and COVID-19 vaccine recipients

QIV(Quadrivalent influenza vaccine) cohort of 8 volunteers (young healthy individuals) comprising 45 specimens include 6 time points. The detailed individual descriptions including age, sex, and the time points of sampling are shown in Supplementary Table 1. 6 time points contains before vaccination(T0); 24 hours after vaccination(T1); 7days(T2), 14days(T3), 21days(T4), 28days(T5) after vaccination. For example, for sampling after 24h, if volunteers were vaccinated at 11: 00 a.m. the previous day, we would ask them to come to our laboratory at 11: 00 the next day and leave urine samples.

COVID-19 (1) cohort of 15 volunteers (young healthy individuals) comprising 88 specimens include 7 time points. The detailed individual descriptions including age, sex, and the time points of sampling are shown in Supplementary Table 1. 7 time points contains before the first vaccination(T0); 24 hours after the first vaccination(T1); after 21days, before the second vaccination(T2); 24 hours after the second vaccination(T3); 7days(T4), 14days(T5), 21days(T6) after the second vaccination.

COVID-19 (2) cohort of 13 volunteers (young healthy individuals) comprising 37 specimens include 3 time points. The detailed individual descriptions including age, sex, and the time points of sampling are shown in Supplementary Table 1. 3-time points contain before the third vaccination(booster shots for COVID-19)(T0); first urination after vaccination(2~4 hours after vaccination)(T1); w7days after vaccination(T2).

For volunteers to collect after vaccination, fasting was not required. Quadrivalent influenza vaccines were from Hulan Biological Bacerin Inc. The vaccine 0.5 contains:

A/Brisbane/02/2018(H1N1)pdm09-like virus; A/Kansas/14/2017(H3N2)-like virus; B/Colorado/06/2017-like virus(B/Victoria/2/87 linrage); B/Phuket/3073/2013-like virus(B/Yamagata/16/88 linage). All COVID-19 vaccine recipients tested negative for nucleic acid and had been not previously infected with SARS-CoV-2. Inactivated COVID-19 Vaccine (Vero cells), also called CoronaVac, was produced by SINOVAC Biotech Ltd, Beijing. This product was prepared by inoculating African green monkey kidney cells (Vero cells for short) with SARS-CoV-2 (CZ02 strain) and subjecting them to culture, virus harvest, virus inactivation, concentration, purification, and aluminum hydroxide adsorption. This study’s ethics approval was approved by the China-Japan Friendship Hospital review boards, and each participant signed informed consent.



Urine sample preparation for label-free analysis

After collection, the urine samples were centrifuged at 3000 ×g for 30 min at 4°C and then stored at − 80°C. For urinary protein extraction, the urine samples were first centrifuged at 12,000 ×g for 30 min at 4°C. Then, 15 mL of urine from each sample was precipitated with three volumes of ethanol at − 20°C overnight. The pellets were dissolved in lysis buffer (8 mol/L urea, 2 mol/L thiourea, 50 mmol/L Tris, and 25 mmol/L dithiothreitol). Finally, the supernatants were quantified by the Bradford assay.

A total of 100 μg of protein was digested with trypsin (Trypsin Gold, Mass Spec Grade, Promega, Fitchburg, WI, USA) using filter-aided sample preparation (FASP) methods (22). The protein in each sample was loaded into a 10-kDa filter device (Pall, Port Washington, NY, USA). After washing two times with urea buffer (UA, 8 mol/L urea, 0.1 mol/L Tris-HCl, pH 8.5) and 25 mmol/L NH4HCO3 solutions, the protein samples were reduced with 20 mmol/L dithiothreitol at 37°C for 1 h and alkylated with 50 mmol/L iodoacetamide (IAA, Sigma) for 45 min in the dark. The samples were then washed with UA and NH4HCO3 and digested with trypsin (enzyme-to-protein ratio of 1:50) at 37°C for 14 h. The digested peptides were desalted using Oasis HLB cartridges (Waters, Milford, MA, USA) and then dried by vacuum evaporation (Thermo Fisher Scientific, Bremen, Germany).

The digested peptides were dissolved in 0.1% formic acid and diluted to a concentration of 0.5 μg/μL. To generate the spectral library for DIA analysis, a pooled sample (1~2 μg of each sample) was loaded onto an equilibrated, high-pH, reversed-phase fractionation spin column (84,868, Thermo Fisher Scientific). A step gradient of 8 increasing acetonitrile concentrations (5, 7.5, 10, 12.5, 15, 17.5, 20, and 50% acetonitrile) in a volatile high-pH elution solution was then added to the columns to elute the peptides as eight different gradient fractions. The fractionated samples were then evaporated using vacuum evaporation and resuspended in 20 μL of 0.1% formic acid. Two microliters of each fraction were loaded for LC-DDA-MS/MS analysis.



Liquid chromatography and mass spectrometry

The iRT reagent (Biognosys, Switzerland) was added at a ratio of 1:10 v/v to all peptide samples to calibrate the retention time of the extracted peptide peaks. For analysis, 1 μg of the peptide from each sample was loaded into a trap column (75 μm * 2 cm, 3 μm, C18, 100 Å) at a flow rate of 0.55 μL/min and then separated with a reversed-phase analytical column (75 μm * 250 mm, 2 μm, C18, 100 Å). Peptides were eluted with a gradient of 3%–90% buffer B (0.1% formic acid in 80% acetonitrile) for 120 min and then analyzed with an Orbitrap Fusion Lumos Tribrid Mass Spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). 120 Min gradient elution: 0 min, 3% phase B; 0 min-3 min, 8% phase B; 3 min- 93 min, 22% phase B; 93 min- 113 min, 35% phase B; 113 min- 120 min, 90% phase B. The LC settings were the same for both the DDA-MS and DIA-MS modes to maintain a stable retention time.

For the generation of the spectral library (DIA), the eight fractions obtained from the spin column separation were analyzed with mass spectrometry in DDA mode. The MS data were acquired in high-sensitivity mode. A full MS scan was acquired within a 350–1200 m/z range with the resolution set to 120,000. The MS/MS scan was acquired in Orbitrap mode with a resolution of 30,000. The HCD collision energy was set to 30%.

The AGC target was set to 4e5, and the maximum injection time was 50 ms. The individual samples were analyzed in DDA/DIA-MS mode. The variable isolation window of the DIA method with 29 windows was used for DIA acquisition(Supplementary Table 2). The full scan was obtained at a resolution of 120,000 with an m/z range from 400 to 1200, and the DIA scan was obtained at a resolution of 30,000. The AGC target was 1e5, and the maximum injection time was 50 ms. The HCD collision energy was set to 35%.



Mass spectrometry data processing

The Ms data of QIV cohort and COVID-19 (1) male cohort(DDA MS data) is performed label-free quantitative comparisons. Three technical replicates were injected for each sample. Base peak chromatograms were inspected visually in Xcalibur Qual Brower version 4.0.27.19(Thermo Fisher Scientific). RAW files were processed by MaxQuant version 1.6.17.0 (http://www.maxquant.org) using default parameters unless otherwise specified (23–25). All RAW files of every one were analyzed together in a single MaxQuant run. Database searches were performed using the Andromeda search engine included with the MaxQuant release (26) with the Uniprot human sequence database (November 27, 2020; 196,211 sequences). Precursor mass tolerance was set to 4.5 ppm in the main search, and fragment mass tolerance was set to 20 ppm. Digestion enzyme specificity was set to Trypsin/P with a maximum of 2 missed cleavages. A minimum peptide length of 7 residues was required for identification. Up to 5 modifications per peptide were allowed; acetylation (protein N- terminal) and oxidation (Met) were set as variable modifications, and carbamidomethyl (Cys) was set as fixed modification. No Andromeda score threshold was set for unmodified peptides. A minimum Andromeda score of 40 was required for modified peptides. Peptide and protein false discovery rates (FDR) were both set to 1% based on a target-decoy reverse database. Proteins that shared all identified peptides were combined into a single protein group. If all identified peptides from one protein were a subset of identified peptides from another protein, these proteins were combined into that group. Peptides that matched multiple protein groups (“razor” peptides) were assigned to the protein group with the most unique peptides. “Match between run” based on accurate m/z and retention time was enabled with a 0.7 min match time window and 20 min alignment time window. Label-free quantitation (LFQ) was performed using the MaxLFQ algorithm built into MaxQuant (27). Peaks were detected in Full MS, and a three-dimensional peak was constructed as a function of peak centroid m/z (7.5 ppm threshold) and peak area over time. Following de-isotoping, peptide intensities were determined by extracted ion chromatograms based on the peak area at the retention time with the maximum peak height. And peptide intensities were normalized to minimize overall proteome difference based on the assumption that most peptides do not change in intensity between samples. Protein LFQ intensity was calculated from the median of pairwise intensity ratios of peptides identified in two or more samples and adjusted to the cumulative intensity across samples. Quantification was performed using razor and unique peptides, including those modified by acetylation (protein N-terminal) and oxidation (Met). A minimum peptide ratio of 1 was required for protein intensity normalization, and “Fast LFQ” was enabled. Only proteins that were quantified by at least two unique peptides were used for analysis.

Data processing was using Perseus version 1.6.14.0 (http://www.perseus-framework.org) (28, 29). Contaminants, reverse, and protein groups identified by a single peptide were filtered from the data set. FDR was calculated as the percentage of reverse database matches out of total forward and reverse matches. Protein group LFQ intensities were log2 transformed to reduce the effect of outliers. Protein groups missing LFQ values were assigned values using imputation. Missing values were assumed to be biased toward low abundance proteins that were below the MS detection limit, referred to as “missing not at random”, an assumption that is frequently made in proteomics studies (30, 31). Imputation was performed separately for each group from a distribution with a width of 0.3 and a downshift of 1.8.

The Ms data of COVID-19 (1) female cohort and COVID-19 (2) cohort (DIA MS data) is performed label-free quantitative comparisons. To generate a spectral library, ten DDA raw files were first searched by Proteome Discoverer (version 2.1; Thermo Scientific) with SEQUEST HT against the Uniprot human sequence database (November 27, 2020; 196,211 sequences). The iRT sequence was also added to the human database. The search allowed two missed cleavage sites in trypsin digestion. Carbamidomethyl (C) was specified as the fixed modification. Oxidation (M) was specified as the variable modification. The parent ion mass tolerances were set to 10 ppm, and the fragment ion mass tolerance was set to 0.02 Da. The Q value (FDR) cutoff at the precursor and protein levels was 1%. Then, the search results were imported to Spectronaut Pulsar (Biognosys AG, Switzerland) software to generate the spectral library (32).

The individual acquisition DIA files were imported into Spectronaut Pulsar with default settings. The peptide retention time was calibrated according to the iRT data. Cross-run normalization was performed to calibrate the systematic variance of the LC-MS performance, and local normalization based on local regression was used (33). Protein inference was performed using the implemented IDPicker algorithm to generate the protein groups (34). All results were then filtered according to a Q value less than 0.01 (corresponding to an FDR of 1%). The peptide intensity was calculated by summing the peak areas of the respective fragment ions for MS2. The protein intensity was calculated by summing the respective peptide intensity.

Self-contrasted method was used to analyze everyone’s data individually of all time points. The methods included two means: comparison between groups at each time point after vaccination and before vaccination respectively, as well as the comparison between groups at two adjacent time points (as shown in Figure 1). The differential proteins were screened with the following criteria: proteins with at least two unique peptides were allowed; fold change ≥2 or ≤ 0.5; and P< 0.05 by Student’s t-test. Group differences resulting in P< 0.05 were identified as statistically significant. The P-values of group differences were also adjusted by the Benjamini and Hochberg method (35). The differential proteins were analyzed by Gene Ontology (GO) based on biological processes(BP), cellular components(CC), and molecular functions(MF) using DAVID (36), and biological processes from WebGestalt (http://www.webgestalt.org). Protein interaction network analysis was performed using the STRING database (https://string-db.org/cgi/input.pl) and visualized by Cytoscape (V.3.7.1) (37) and OmicsBean workbench (http://www.omicsbean.cn).




Figure 1 | Overview of the two cohorts and the proteomic workflow. (A) Two cohorts and an illustration of the experimental design. A total of 170 urine samples (36 vaccines) were analyzed from QIV and COVID-19 cohorts. The data-dependent/independent acquisition(DDA/DIA) technique was applied for quantitative proteomics. Integrated data analysis involved protein expression, clustering, and functional correlational network strategies. (B) Venn diagram of total proteins in the QIV cohort compared with the COVID-19 cohort. (C) Venn diagram of differential proteins in the QIV cohort compared with the COVID-19 cohort(T1-T0). (D) Venn diagram of immune-related proteins in the QIV cohort compared with the COVID-19 cohort. Venn diagrams show the overlaps between total, differential(T1-T0), and immune-related proteins. (E, F) The interaction diagrams of immune-related proteins of QIV cohort and COVID-19 cohort respectively involved in tight junctions. Square box represents GO/KEGG pathways, the significance of the pathways represented by −log(p value) (Fisher’s exact test) was shown by color scales with dark blue as most significant. (G) STRING highest confidence(minimum required interaction score: 0.9) PPI network analysis of the immune-related proteins in QIV cohort. The average node degree is 1.13, average local clustering coefficient is 0.387, and PPI enrichment p-value is< 1.0e-16. (H) STRING highest confidence(minimum required interaction score: 0.9) PPI network analysis of the immune-related proteins in COVID-19 cohort. The average node degree is 1.41, average local clustering coefficient is 0.368, and PPI enrichment p-value is< 1.0e-16. The legends under illustrations of (G, H) are on the right side of Figures, which include “count in network (The first number indicates how many proteins in the network are annotated with a particular term. The second number indicates how many proteins in total (in the network and in the background) have this term assigned)”; “strength (Log10(observed/expected).This measure describes how large the enrichment effect is. It’s the ratio between i) the number of proteins in the network that are annotated with a term and ii) the number of proteins that we expect to be annotated with this term in a random network of the same size.)”; “false discovery rate (This measure describes how significant the enrichment is. Shown are p-values corrected for multiple testing within each category using the Benjamini–Hochberg procedure.)”.






Results


Proteome profiling of urine samples from quadrivalent influenza vaccine and COVID-19 vaccine recipients, identification and differential proteins analysis

The QIV cohort was conducted using label-free DDA-LC-MS/MS quantification to characterize the urinary protein profile by the self-contrast method (Figure 1A). A total of 2810 urinary proteins with at least 2 unique peptides were identified with Q-value<1% (corresponding to an FDR of 1%) at the protein level in all 45 samples.

The COVID-19 cohort was assessed using label-free DDA/DIA-LC-MS/MS quantification to characterize the urinary protein profile by self-contrast method (Figure 1A). A total of 5154 proteins were identified in all samples of the COVID-19 cohort; including a total of 3556 proteins in all male samples of the COVID-19(1) cohort, 2061 proteins in all female samples of the COVID-19(1) cohort, and 1502 proteins in all samples of the COVID-19(2) cohort.

The comparison between the total proteins of the QIV cohort and the COVID-19 cohort is shown in Figure 1B. The comparison of the differential proteins of the QIV cohort (T1-T0) and the differential proteins of the COVID-19 (1) cohort (T1-T0) (fold change > 2 or< 0.5, p value<0.05) is shown in Figure 1C. Proteins whose general function involving immune-related functions from UniProt (https://www.uniprot.org) were found(all immune-related proteins are shown in Supplementary Table 3). There were 134 immune-related proteins in both cohorts. The comparison of immune-related proteins in the two cohorts is shown in Figure 1D. However, the significantly expressed/differential proteins unique to the two vaccines may provide a direction for marker analysis of different vaccines. In addition, we also generated these immune protein-protein interactions(PPI) involved in the important biological processes, KEGG pathways, and molecular functions respectively(Figures 1E, F). These immune proteins include complement C3 and other proteins that participate in complement activation. As we know complement proteins in the circulation are not activated until triggered by an encounter with a bacterial cell, a virus, an immune complex, damaged tissue, or other substance not usually present in the body (38, 39). Immune proteins network is clustered into 3 sections by K-means clustering was used in by STRING. Such as complement activation; COVID-19, thrombosis and anticoagulation; FOXP3 in COVID-19 was found in the COVID-19 cohort; meanwhile, COVID-19, thrombosis and anticoagulation; complement activation and Cells and molecules involved in local acute inflammatory response were found in the QIV cohort(Figures 1G, H). The most distinguishing proteins of the QIV and the COVID-19 (1) cohort which can be constructed for future clinical use was listed in Supplementary Table 4 (fold change > 2 or< 0.5, p value<0.05, more detailed information was also listed in Supplementary Table 4). These proteins were unique to the two vaccines, but they were limited by the number of samples, so a larger batch of samples would be needed for further verification in the future.



Each influenza vaccinee’s urine proteins reflect different immune-related pathways

The urine samples of all volunteers were analyzed by self-contrasted method individually (comparison including: T1-T0, T2-T0, T3-T0, T4-T0, T5-T0; T1-T0, T2-T1, T3-T2, T4-T3, T5-T4) to obtain the differential proteins(fold change > 2 or< 0.5, p-value<0.05). The differential proteins of comparison between the time point before vaccination and the first time point after vaccination (T1 -T0) were enriched into biological processes(BP) in DAVID. We found most volunteer’s top BP contain immune-related pathways, indicating that the vaccine started working, prompting the body to initiate an immune response, although the specific immune-related pathways involved were different. The differential proteins from each person’s comparison between the other two time points were also analyzed separately for enrichment(information about BP,MF,KEGG in DVAID was shown in Supplementary Table 5, Benjamini FDR<0.05). Total immune-related BP(p-value< 0.05) of everyone was shown in Figure 2A. The triggered immune pathways of most people were innate immune response, viral entry into host cell, acute-phase response, antibacterial humoral response, immune response, inflammatory response, leukocyte migration, receptor-mediated endocytosis.




Figure 2 | Differences in the immune response of each volunteer after QIV vaccination. (A) Total immune-related BP (p-value< 0.05) of everyone by DAVID. The differential proteins(fold change > 2 or< 0.5, p-value<0.05) were obtained by self-contrasted method individually (comparison including: T1-T0, T2-T0, T3-T0, T4-T0, T5-T0; T1-T0, T2-T1, T3-T2, T4-T3, T5-T4). (B) Significantly changed proteins (fold change > 2 or< 0.5, p-value<0.05) in T1 compared T0 was enriched by omicsbean, and their up/down-regulate and PPI were different. Network nodes and edges represent proteins and protein–protein associations. Green/red solid lines represent inhibition/activation; gray dotted lines represent GO pathways. Color bar from red to green represents the fold change of protein level from increasing to decreasing. The significance of the pathways represented by −log(p value) (Fisher’s exact test) was shown by color scales with dark blue as most significant. (C) Venn diagram of the significantly changed proteins (fold change > 2 or< 0.5, p-value<0.05) obtained by the two comparison methods at all different time points for each vaccine recipients. The proteins and their fold change to obtain the overall immune system profile of each person by STRING and omicsbean. These pathway p-value were adjusted.



The immune-related pathways(p-value< 0.05) obtained from the comparison of each person at two time points were shown in the Supplementary Table 6. The FDR value of the unmarked pathway is less than 0.05, the FDR value of the pathway marked with light blue is less than 0.5, and the FDR value of the pathway marked with light blue is less than 0.5. Venn diagrams was used to show the overlaps between significantly changed proteins (fold change > 2 or< 0.5, p-value<0.05) in T1 compared T0. We did not find any common proteins, and the number of unique proteins of each person ranged from 13 to 92 (Supplementary Table 7). Through omicsbean analysis of these significantly differential proteins, we found that the top biological processes of each vaccinee in addition to immune-related pathways also included multicellular organismal process(biological processes and KEGG pathways are shown in Supplementary Table 8 and Supplementary Figure 1). These significantly regulated proteins were analyzed by omicsbean, up/down-regulate and PPI were shown in Figure 2B. We found that the proportion of up-regulated proteins was different in everyone at the first time point after vaccination, in addition to the different immune pathways induced. Some people involved in the immune response of the up-regulated proteins accounted for immune system activation. Other people have more down-regulated proteins, which may suppress the immune system slightly. And the changed proteins involved in leukocyte transendothelial migration were all down-regulated. Figure 2C shows the overlap of the differential changed proteins obtained by the two comparison methods for each vaccine recipient. We combined the differential proteins obtained by comparison at these different time points and their fold change to obtain the overall immune system profile of each person.



The immune-related pathways induced by the first and second doses of COVID-19 vaccine were similar, and vaccinees may have been exposed to other coronaviruses before vaccination

The urine samples of the COVID-19 vaccinees were collected from March 2021. None of the volunteers had previously been infected with SARS-CoV-2, and the nucleic acid test was negative. We first obtained total of 1125 differential proteins by comparing the data of each vaccinee (fold change > 2 or< 0.5, p-value<0.05) before and after the first dose of COVID-19 vaccination (T1-T0). The differentially expressed proteins were used to enrich biological process (the cut-off of p-value adjusted is set to 0.01), we found that everyone had similar enriched biological process (Figure 3A), including multicellular organismal process, regulated exocytosis, response to chemical/stress, and immune-related pathways (showed which of the top 50 BPs were present in at least 60% of the vaccinees, p-value adjusted< e-10). The pathway activation strength value of enriched biological process was shown in Figure 3B. Each person has different type of up-regulated proteins, and some proteins may be up-regulated in one person and down-regulated in others suggesting that the immune responses are suppressed, activated or concurrence in different people. All vaccinees’ differentially expressed proteins were simultaneously processed by omicsbean for gene ontology analysis, levels of enriched biological process, KEGG pathway and molecular function were shown in Figure 3C. Next, we obtained total of 1461 differential proteins by comparing the data of each vaccinee (fold change > 2 or< 0.5, p-value<0.05) before and after the second dose of COVID-19 vaccination (T3-T2). The differentially expressed proteins were used to enrich biological process (the cut-off of p-value adjusted is set to 0.01), we found enriched biological process (Figure 3D) also included multicellular organismal process, regulated exocytosis, response to chemical/stress/stimulus, and immune-related pathways (showed which of the top 50 BPs were present in at least 60% of the vaccinees, p-value adjusted< e-5).




Figure 3 | Functional analysis of differentially changed proteins in the first and second dose of COVID-19 vaccinees. (A) Demonstration of enriched top 40 immune-related biological processes by differential proteins(fold change > 2 or< 0.5, p-value<0.05) in the comparison between T0(before the first dose of vaccination) and T1(24h after the vaccination) of each vaccine, p-value adjusted< e-10. (B) The pathway activation strength value of enriched immune-related biological process(T1-T0), which served as the activation profiles of the Signaling pathways based on the expression of individual genes. Vaccinees immune responses were suppressed, activated or concurrence. The z-score algorithm was used to predict the activation state (either activated or inhibited)30 of the biological process. If the z-score ≤ −2, the process is predicted to be statistically significantly inhibited. (C) GO and KEGG pathway were enriched for this dataset (T1-T0), these enriched processes are statistically significant with p-value adjusted(p-value: calculated with Fish exact test with Hypergeometric algorithm; p-value adjusted: using ‘Benjamini-Hochberg’ method for multiple tests). Network nodes and edges represent proteins and protein–protein associations. Green/red solid lines represent inhibition/activation; gray dotted lines represent GO pathways. Color bar from red to green represents the fold change of protein level from increasing to decreasing. The significance of the pathways represented by −log(p value) (Fisher’s exact test) was shown by color scales with dark blue as most significant. (D) Demonstration of enriched top 40 immune-related biological processes by differential proteins(fold change > 2 or< 0.5, p-value<0.05) in the comparison between T2(before the second dose of vaccination) and T3(24h after the vaccination) of each vaccine, p-value adjusted< e-5. (B) The pathway activation strength value of enriched immune-related biological process(T3-T2). More individuals with upregulated immune systems. (F) Venn diagram of significant top 40 immune-related pathways showing the overlaps between the first and second doses of COVID-19 vaccine(T1-T0; T3-T2). (G) Venn diagram showing the overlaps of total differentially expressed proteins among before and after 1st dose, 2nd dose, and 3rd dose (     ).



The up/down-regulation of differential proteins varies from person to person, there is no common differential protein in all people, and some of the up/down-regulation of differential proteins is the same in some people. The pathway activation strength value of enriched biological process was shown in Figure 3E, suggesting that more vaccinees’ immune systems might be activated after the second dose because of more proteins up-regulation, compared to the pathways enriched after the first dose. The immune-related pathways overlap between the first and second doses of COVID-19 vaccine were similar (Figure 3F), most biological processes of the immune-related pathways enriched by the first dose were included in second dose. The venn diagrams showed total differentially expressed proteins overlap among before and after 1st dose, 2nd dose, and 3rd dose (Figure 3G).



Immune-related pathways can be enriched when vaccinees urinate for the first time(2~4h) after the third dose of COVID-19 vaccine

We collected urine samples from vaccinees who accepted the third (booster) dose COVID-19 vaccine in November 2021, 6 to 9 months after the first and second dose vaccination (Figure 4A). Before the vaccination(T0), vaccinees’ urine samples were collected. Within 2 ~ 4 h after vaccination(T1), the first urine samples excreted by the vaccinees after vaccination were collected. The last urine samples(T2) were collected after a week(7 days). At the same time, we also set up a control sample, the volunteer did not accept the third dose of vaccine. We collected his urine samples at two time points(T0 and T2).




Figure 4 | Functional analysis of differentially changed proteins in the third dose(booster dose) of COVID-19 vaccinees. (A) Design of the times point of sampling between the vaccinees and the control. All of them had received the first and the second doses of vaccine for more than six months. (B) Demonstration of enriched top 40 immune-related biological processes by differential proteins (fold change > 2 or < 0.5, p-value <0.05) in the comparison between T0 (before the third dose of vaccination) and T1 (2~4h after the vaccination, the first urination after vaccination) of each vaccine, p-value adjusted < e-12. (C) The interaction diagrams showing significant pathways including KEGG pathway and molecular function (T1-T03rd). The KEGG pathways contains complement and coagulations cascades, endocytosis, phagosome, leukocyte transendothelial migration and antigen processing and presentation (p-value adjusted < 1.1e-2). The enriched molecular function contains antigen binding, virus receptor activity, virion binding, immunoglobulin receptor binding(p-value adjusted < 5.70e-23). (D) Demonstration of enriched top 40 significant immune-related biological processes and KEGG pathways (p-value adjusted < 0.05)by differential proteins(fold change > 2 or < 0.5, p-value < 0.05) in the comparison between T0(before the third dose of vaccination) and T2 (7days after the vaccination) of each vaccine. (E) The interaction diagrams (T2-T03rd) showing significant pathways including KEGG pathway(p-value adjusted < 1.18e-3) and molecular function (p-value adjusted < 5.35e-4). (p-value adjusted < 1.18e-3). Network nodes and edges represent proteins and protein–protein associations. Green/red solid lines represent inhibition/activation; gray dotted lines represent GO pathways. Color bar from red to green represents the fold change of protein level from increasing to decreasing. The significance of the pathways represented by −log (p value) (Fisher’s exact test) was shown by color scales with dark blue as most significant. P-value adjusted was used 'Benjamini-Hochberg' method for multiple tests.



The immune response could be reflected in the first urination after vaccination. Total of 1292 differential changed proteins (fold change > 2 or< 0.5, p-value<0.05)enriched in multicellular organismal process, secretion/regulated exocytosis, response to chemical/stress/stimulus, and immune-related pathways. The immune-related biological processes of top 50BPs were in Figure 4B (showed which of the top 50 BPs were present in at least 60% of the vaccinees, p-value adjusted< e-12). The KEGG pathways contains complement and coagulations cascades, endocytosis, phagosome, leukocyte transendothelial migration and antigen processing and presentation(p-value adjusted< 1.1e-2). The enriched molecular function contains antigen binding, virus receptor activity, virion binding, immunoglobulin receptor binding (p-value adjusted< 5.70e-23) (Figure 4C).

Next, we found that the differential changed proteins in the control sample before and after one week(T2-T0) only contained multicellular organismal process, secretion, response to stimulus and other pathways, but not contain immune-related pathways(Figure 4D showed which of the top 50 BPs were present in at least 60% of the vaccinees). KEGG pathways(p-value adjusted< 0.05) such as complement and coagulation cascades, endocytosis, phagosome, leukocyte transendothelial migration and antigen processing and presentation were also not involved(Figure 4D). On the contrary, the immune-related pathways were enriched in the differential changed proteins comparison T2 and T0 time point of vaccinees urine samples individually(Figure 4D). The KEGG pathways contained complement and coagulations cascades, endocytosis, phagosome, leukocyte transendothelial migration and antigen processing and presentation(p-value adjusted< 1.18e-3). The enriched molecular function contained virus receptor activity, antigen binding, virion binding, complement binding, immunoglobulin binding, immunoglobulin receptor binding, scavenger receptor activity(p-value adjusted< 5.35e-4) (Figure 4E).




Discussion

For the first time, we explored the immune response process after vaccination from the perspective of the urine proteome. We found that even after vaccination with the same vaccine, the differentially expressed proteins in the urine proteome were enriched into different immune-related pathways. Our exploration may provide a new idea for vaccine validation in the future, which can verify the efficacy of vaccine relatively earlier. In regards to the variation in each person’s immune response varying after receiving the same quadrivalent influenza vaccine, we hypothesize that because different people may have previously encountered the four kinds of virus or similar fragments as those in the vaccine, a second immunization was being triggered. Alternatively, different people have different constitutions, so exposure to the same virus triggers different levels of immunity.

Then, COVID-19 outbreaks inspired us. We collected a batch of COVID-19 vaccine urine samples from young people, because these volunteers had not been infected with the SARS-CoV-2, and negative for nucleic acid test. We were certain that they had not been exposed to the virus before. Perhaps in this case, we expected the volunteers’ urine proteins generated by immune response after vaccination would be very similar. However, the differentially expressed proteins and the specific immune response pathways of each person were different. We found that the biological processes involved in the differentially expressed proteins before and after the first vaccination were similar to those involved in the differentially expressed proteins before and after the second vaccination and included multicellular organismal process, response to stimulus, secretion and other immune-related pathways. The multicellular organismal process may coincide with the proliferation of B-cells and other immune cells.

Thus, we speculated that before vaccination the volunteers may have contacted other kinds of coronaviruses that had previously triggered the primary immune response, and the first vaccination was equivalent to a secondary immune response. Therefore, the pathways are analogous to those of the second vaccination. Other studies have shown that the mortality rate and severe illness rate of those who received the first two doses of COVID-19 vaccine after re-exposure to the mutated SARS-CoV-2 virus have decreased, which is consistent with our results, and also confirms that some of the early cases of COVID-19 that were only mild were probably due to their exposure of the patients to other coronavirus before exposure to the SARS-CoV-2. In the elderly, mortality and severe illness may increase due to a decreased immune response (40, 41). Finally, we collected volunteers’ urine from their first excretion after the third vaccination, and surprisingly, the immune response was reflected in the urinary protein as early as 2~4 hours after vaccination. The differentially expressed proteins were enriched in multicellular organismal process and single-multicellular organism process before and after influenza vaccination and three doses of COVID-19 vaccine. These processes may represent the proliferation of B-cells and other immune cells. It may be a process in which B cells are stimulated by the vaccine and start proliferating. After vaccination, antibody titers may decrease for a while but once reinfection occurs, antigen-specific B cells produce antibodies. Multicellular organismal process and regulated exocytosis after vaccination may be a new indicator to evaluate the immune effect of vaccines.

In conclusion, we found that urinary protein have obvious changes before and after vaccination, and the significant proteins belong to multicellular organismal process, regulated exocytosis and immune response, etc. Urinary protein could reveal the body’s immune response, to provide new ideas for the vaccine efficacy testing. The clonal proliferation process of immune cells after vaccination can also be observed in urine, and the secretion of cells may be a way to determine the body’s immunity to specific antigens. Different people were found to have different immune response mechanisms triggered by the same vaccine. It also confirmed the role and necessity of COVID-19 Vaccine.
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Under the background of the severe human health and world economic burden caused by COVID-19, the attenuation of vaccine protection efficacy, and the prevalence and immune escape of emerging variants of concern (VOCs), the third dose of booster immunization has been put on the agenda. Systems biology approaches can help us gain new perspectives on the characterization of immune responses and the identification of factors underlying vaccine-induced immune efficacy. We analyzed the antibody signature and transcriptional responses of participants vaccinated with COVID-19 inactivated vaccine and protein subunit vaccine as a third booster dose. The results from the antibody indicated that the third booster dose was effective, and that heterologous vaccination with the protein subunit vaccine as a booster dose induced stronger humoral immune responses than the homologous vaccination with inactivated vaccine, and might be more effective against VOCs. In transcriptomic analysis, protein subunit vaccine induced more differentially expressed genes that were significantly associated with many important innate immune pathways. Both the homologous and heterologous boosters could increase the effectiveness against COVID-19, and compared with the inactivated vaccine, the protein subunit vaccine, mediated a stronger humoral immune response and had a more significant correlation with the innate immune function module, which provided certain data support for the third booster immunization strategy.




Keywords: COVID-19, third booster vaccine, variants of concern, humoral immunity, transcriptome analysis



Introduction

Coronavirus disease 2019 (COVID-19) is an emerging respiratory infectious disease caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which has had a serious impact on world public health and economic development (1). The worldwide pandemic of COVID-19 has brought vaccine development to the forefront in unprecedented ways. More than 100 vaccines have been in the stage of clinical trials, and more than 20 vaccines have been approved for field application or emergency use (https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines).

Since the advent of the smallpox vaccine, vaccines have had a profound impact on human health, and their impact on infectious disease-related morbidity and mortality is irreplaceable (2). However, several long-term follow-up studies found that the antibody titer against SARS-CoV-2 diminished over time after vaccination (3–6). What’s more, SARS-CoV-2 is constantly evolving, with many variants emerging globally. The World Health Organization (WHO) has identified several variants of public health significance with greater transmissibility and immune evasion ability as variants of concern (VOCs) (7, 8). The prevalence of VOCs poses new challenges to the protective efficacy of COVID-19 vaccines based on9 wild-type virus strains (9).

In order to control COVID-19 more effectively, many regions have prioritized the implementation of the third booster immunization among high-risk groups who have completed the basic immunization. The COVID-19 inactivated vaccines BBIBP-CorV (10) and CoronaVac (11), and the protein subunit vaccine ZF2001 (12) showed good safety and immunogenicity in clinical trials. The above three COVID-19 vaccines have been widely promoted in Shandong Province, and have become the recommended vaccines for the third booster immunization. However, there are limited studies on the humoral immunity of the third dose booster vaccine in the real population, and the impact of different booster vaccination strategies on the vaccination effect is still unclear.

The development of transcriptomics has provided a very suitable avenue for exploring and dissecting the mechanisms involved in complex biological systems (13). Several studies have linked transcriptomic responses to immunological measures of vaccine responses (14–18), which provides us with new ideas to explore the underlying mechanisms of vaccine-induced immune efficacy and duration. Therefore, this study established population cohorts vaccinated with inactivated vaccine and protein subunit vaccine as the third booster vaccine, respectively. We collected serum and PBMC samples from participants at different time points before and after booster vaccination, and performed a systematic review of apparent antibody signatures and microscopic transcriptomics to provide data support for booster immunization. This study has important implications for developing rational booster vaccination strategies.



Materials and methods


Study population

In November 2021, we recruited healthy individuals to participate in this study in Liaocheng City. The inclusion criteria for participants included three requirements (1): Healthy people aged 18-79 years who had completed primary immunization with the inactivated COVID-19 vaccine for more than 6 months; (2) No clear history of COVID-19 infection; (3) Local residents who easy to follow-up. All participants were divided into two groups for a third booster, one of which continued to receive the inactivated vaccine BBIBP-CorV and the other received the protein subunit vaccine ZF2001. We collected venous blood samples from participants before booster vaccination, 7 days, 14 days, and 28 days after booster vaccination. All participants have signed written informed consent, and this study was approved by the Ethical Approval Committee of Shandong Center for Disease Control and Prevention.



Serum and PMBCs isolation

Procoagulant venous blood was centrifuged at 2500 rpm/min for 10 minutes to separate serum and stored at -80°C until testing. Peripheral blood mononuclear cells (PBMCs) were isolated from anticoagulant venous blood by density gradient sedimentation, ensuring a cell number of at least 106, frozen in cell preservation medium containing 10% DMSO and stored in liquid nitrogen.



VeroE6 cell line culture and isolation of SARS-CoV-2 virus

The VeroE6 cell line was cultured in DMEM medium supplemented with 10% FBS and 1% penicillin-streptomycin at 37°C, and passaged every other day. 100μl throat swab samples of COVID-19 patients were added to the single-layer VeroE6 cell of T-25 culture flask, and the cytopathic effect (CPE) was observed every day. The virus supernatant with CPE was passaged for 3 times. When the CPE reached about 100%, the supernatant was collected after freezing and thawing three times, and stored at -80°C. The TCID50 of different isolates were tittered on VeroE6 cells, and sequence were confirmed by Nextera® XT Library Prep Kit (Illumina, USA) on Miseq instrument. Manipulations involving SARS-CoV-2 strains must be performed in a certified Physical Protection Level 3 (PC3) laboratory.



Serum neutralization assay

We measured serum neutralizing antibody titers at 4 time points in all participants against the SARS-CoV-2 virus by neutralization assay. Briefly, serum samples were inactivated at 56°C for 30 minutes, and 2-fold serial dilutions were prepared in DMEM with 1% FBS, with 2 replicates for each dilution. The 100TCID50 of wild-type, beta, delta, and omicron (BA.2.3) SARS-CoV-2 strains were mixed with equal amount of inactivated serum for 1 hour and transferred to 96-well plates with VeroE6 cells. After 7 days of culture, the CPE was observed and recorded, and the neutralizing antibody titers was calculated according to the pathological changes of the cells with different serum dilution.



Quantitative SARS-CoV-2 IgG detection

Serum samples were diluted 200-fold and IgG antibodies were detected using an indirect ELISA kit (Vazyme, China) based on spike protein of SARS-CoV-2 as required by the instructions. Standard curves were made according to the six standard substances with known antibody concentration provided in the kit, and OD values of the sample to be tested were converted into antibody concentration. The antibody concentration was calculated after three repetitions.



Transcriptome sequencing

The concentration and integrity of total RNA extracted from PBMCs by RNeasy Mini Kit (Qiagen, Germany) were checked using the Qubit RNA Assay Kit in Qubit 4.0 Fluorometer (Life Technologies, USA) and the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 System (Agilent Technologies, USA) respectively. An rRNA-depleted cDNA library was prepared from 100 ng of RNA using Stranded Total RNA Prep Ligation with Ribo-Zero Plus kit (Illumina, USA). The final library size of 300bp was denatured and sequenced on the Illumina NextSeq 2000 platform to generate 100 bp paired-end reads.



Differentially expressed genes (DEGs) identification

The quality control, trimming, and mapping of the RNA-seq raw fasta data to the human reference genome hg38 were performed in the CLC Genomics Workbench, and gene expression was measured in transcripts per million (TPM). The iterative edgeR (19) and limma (20) packages are used to calculate normalization factors. DEGs were filtered out according to p-value < 0.1 and 2^logFC_cutoff criteria and visualized as volcanoes and heatmaps by the pheatmap package in R software.



PPI network construction

The initial PPI networks of inactivated vaccine and protein subunit vaccine mediated up-regulated and down-regulated of DEGs were constructed using the STRING database (STRING v11.5; https://string-db.org/), and the nodes and edges information of the initial network was visualized and analyzed in Cytoscape software (21). To narrow the scope of the study, we extracted characteristic genes from all DEGs using the MCODE plugin in Cytoscape software.



Characteristic gene expression verification

To further validate the transcriptomic analysis results, we transcribed 2 µg of RNA to cDNA using the Evo M-MLV RT Mix Kit with gDNA Clean for qPCR (Accurate Biotechnology). Quantitative normalization and analysis of the relative expression levels of mRNA for the characterized DEGs were carried out by reverse transcription quantitative polymerase chain reaction (RT−qPCR) using SYBR® Green Premix Pro Taq HS qPCR Kit (Accurate Biotechnology). The relative expression levels of characteristic DEGs were calculated using the 2-ΔΔCt method with the expression level of β-actin as a reference. We designed primer sequences for characteristic DEGs in the PrimerBank database (https://pga.mgh.harvard.edu/primerbank/), and the detailed primer information is shown in Table S1.



Function enrichment analysis of characteristic DEGs

The prospective Gene Ontology (GO) terms of characteristic genes identified by the PPI network analysis were identified using clusterProfiler 4.0 (22). The bonferroni-adjusted P < 0.05 was used as the cut-off criterion. GO terms were summarize by removing redundant GO terms using Revigo (http://revigo.irb.hr/).



Weighted gene co-expression network analysis (WGCNA)

In this study, we constructed gene co-expression networks by weighted correlation network analysis, and analyzed transcriptome profiles from 12 third-dose booster vaccinators, as well as their vaccination characteristics through WGCNA package (23) in R software. The optimal beta values were confirmed by a scale-free fit index and the highest mean connectivity by performing a gradient test. We choose power = 4 as the soft threshold to ensure a scale-free network. Subsequently, the topological overlap matrix (TOM) was calculated to measure network interconnectedness, and then hierarchical clustering was used to identify gene modules whose gene expression was highly correlated with the vaccination characteristics from the gene co-expression network, and each module containing at least 30 genes (minModuleSize=30). The genes in significant modules were analyzed using CluGO from Cytoscape software. The bonferroni-adjusted P < 0.05 was used as the cut-off criterion.



Statistical analysis

The mean with SEM was used to describe antibody titers, and statistical significances were analyzed by two-sided paired t-tests with log-transformation and ordinary one-way ANOVA using GraphPad Prism 8.0. Neutralizing antibody titers were converted to log2 titers for the calculation of geometric mean titers (GMT).




Results


Characteristic of samples

Twelve healthy subjects without clear history of COVID-19 infection were enrolled in the study before receiving the third booster dose. The median age of all participants was 38 years (interquartile range IQR, 21–57), with a 50/50 gender mix. They are divided into two groups, including IV_group vaccinated with inactivated vaccine and PSV_group vaccinated with protein subunit vaccine. The mean booster interval of IV_group and PSV_group is 257 days (range: 244~269), and 262 days (range: 247~276), respectively, and there was no significant difference between the two groups for booster intervals (p=0.4438). We collected blood samples from participants before the third booster dose and at 7, 14 and 28 days after booster vaccination. Serum samples were used for neutralizing antibody detection, and PBMC samples were used for transcriptome system scanning and analysis. The specific details are shown in Figure 1.




Figure 1 | The details of this study design. (A) Participants’ vaccination and blood sample collection information. (B) Serum samples were used for antibody testing and PBMCs were used for transcriptome analysis. (C) Gender and age characteristics of participants.





Characteristics of humoral immunity induced by the third booster vaccine


Serum sample neutralizing antibody titers

Seven days after receiving the third dose of the inactivated vaccine, the GMTs of the participants’ sera against wild-type, beta, delta, and omicron (BA.2.3) variants were 34.61, 4.08, 19.60, and 3.46, respectively. After receiving the third dose of the protein subunit vaccine, the GMTs of serum against wild-type virus and beta, delta and omicron (BA.2.3) variants were 36.31, 5.39, 27.17 and 5.66, respectively. After 14 days of inoculation, the GMTs of the sera from two booster vaccination groups against the four SARS-CoV-2 variants increased to 81.52, 19.21, 49.38, 12.10 and 448.28, 69.83, 207.22, 23.08, respectively. After 28 days of the third booster dose, the GMTs of the sera from the two booster vaccination groups against the four SARS-CoV-2 variants were 97.90, 19.21, 36.63, 12.95 and 461.16, 47.07, 284.87, 21.57, respectively (Figures 2A, B).




Figure 2 | Humoral immune responses against wild, beta, delta, and omicron (BA.2.3) SARS-CoV-2 variants among participants. Neutralizing antibody levels against four lineages of SARS-CoV-2 in the IV_group (A) and PSV_group (B) before the third dose and 7 days, 14 days, and 28 days after vaccination. (C) IgG antibodies against SARS-CoV-2 in the IV_group and the PSV_group before the third dose and 7 days, 14 days, and 28 days after the vaccination. The geometric mean titer (GMT) and the fold difference in neutralizing antibodies between VOCs and wild-type are labeled. Geometric mean and SEM are depicted; statistical significances were analyzed by ordinary one-way ANOVA and two-sided paired t-tests with logtransformation.





The IgG titers of IV_group and PSV_group

We found that serum IgG antibody levels were lower before the booster vaccination. Antibody levels increased in all 12 participants 7 days after vaccination. Among them, 6 reached the maximum value after 14 days of inoculation, and attenuated slightly by 28 days, and the other 6 always maintained an upward trend. More importantly, the PSV_group had higher antibody levels at 14 days(mean=4170.39, SEM=2824.67) and 28 days(mean=3207.81, SEM=1903.07) than that in IV_group at 14 days(mean=355.05, SEM=71.31) and 28 days(mean=552.69, SEM=147.37) (Figure 2C).




Transcriptional signature of PBMC induced by the third booster vaccine


Screening of DEGs

The up-regulated DEGs of IV_group at 7d, 14d and 28d were 67, 115, 141, and the down-regulated DEGs were 41, 38, 16 respectively (Figures 3A–D). There were 73, 129, 90 up-regulated DEGs and 140, 64, 85 down-regulated DEGs in PSV_group after the third dose of vaccine 7d, 14d and 28d, respectively (Figures 3E–H). These results are shown in the volcano plot and histogram. Overall differential expression over time was shown in heatmap. In the IV_group, there were 233 up-regulated DEGs and 71 down-regulated DEGs in total (Figure 4A), while in the PSV_group, there were 244 up-regulated DEGs and 188 down-regulated DEGs in total (Figure 4B). The shared and unique up- regulated and down-regulated DEGs between the two groups were displayed with a venn diagram (Figures 4C, D). All DEGs were divided into 6 gene sets, including IV_group-specific, IV_group shared with PSV_group, and PSV_group-specific up-regulated and down-regulated gene sets, each gene set contained 163, 70, 174, 40, 31 and 157 DEGs, respectively.




Figure 3 | Volcano plot of global gene expression changes induced by the third dose of inactivated vaccine after 7 days (A), 14 days (B) and 28 days (C) and the number of differentially expressed genes at three time points (D). Volcano plot of global gene expression changes induced by the third dose of protein subunit vaccine after 7 days (E), 14 days (F) and 28 days (G) and the number of differentially expressed genes at three time points (H). Red dots indicate significant upregulation; blue dots indicate significant downregulation (p-value < 0.1 and 2^logFC_cutoff).






Figure 4 | Hierarchical cluster analysis of DEGs in two vaccine groups. (A) The expression profile of 233 up-regulated DEGs and 71 down-regulated DEGs in IV_group. (B) The expression profile of 244 up-regulated DEGs and 188 down-regulated DEGs in PSV_group. Each row represents mRNA and each column represents a sample. Red indicates higher expression and blue indicates low expression in vaccination groups. Venn diagrams of up-regulated (C) and down-regulated (D) DEGs determined in IV_group and PSV_group.






Prioritization of DEGs by PPI network analysis

To elucidate the interactions between the DEGs of each gene set, the node and edge relationships of the PPI network for each gene set were visualized in Cytoscape software (Figures 5A–C, 6A–C). Using the k-core decomposition function of MCODE, 6 new sub-networks were created in which 15, 17, 16 up-regulated and 24, 12, 10 down-regulated DEGs were retained, respectively (Figures 5D–F, 6D–F). The results of MCODE analysis of DEGs of the sub-networks are summarized in Table S2-S7.




Figure 5 | The up-regulated transcriptional changes induced by the third dose of inactivated vaccine and protein subunit vaccine. The PPI network of up-regulated gene sets in IV_group-specific (A), IV_group shared with PSV_group (B) and PSV_group-specific (C) groups. The PPI network extracted from a-c by MCODE (D–F). GO terms of the three core up-regulated gene sets extracted by MCODE (G). The expression level verification of CHRNB2 (H, I), HCRTR1 (J, K) and ZBED2 (L, M).






Figure 6 | The down-regulated transcriptional changes induced by the third dose of inactivated vaccine and protein subunit vaccine. The PPI network of down-regulated gene sets in IV_group-specific (A), IV_group shared with PSV_group (B) and PSV_group-specific (C) groups. The PPI network extracted from a-c by MCODE (D–F). GO terms of the three core down-regulated gene sets extracted by MCODE (G). The expression level verification of CXCL2 (H, I), CXCL8 (J, K) and IL1β (L, M).





Verification of the relative expression levels of the characteristic DEGs

To further support the results of transcriptomic analysis, we screened six genes, CHRNB2, HCRTR1, ZBED2, CXCL2, CXCL8 and IL1β from the identified characteristic genes, and verified their relative expression by RT-qPCR at four time points before and after booster. The identification results showed that they were indeed differentially expressed in the vaccinated group, consistent with the bioinformatic analysis data (Figures 5H–M, 6H–M), and most likely related to the host response mechanism to the vaccine, which requires further study.



GO terms enrichment analyses of six sub-networks

The GO terms enrichment analyses were performed using clusterProfiler (Figures 5G, 6G). Detailed enrichment information of GO terms after redundant removal with Revigo were summarized in Tables S8, S9. The up-regulated DEGs shared by IV_group and PSV_group were enriched in peptide receptor activity, ligand-gated ion channel activity and G protein-coupled peptide receptor activity, etc. The up-regulated DEGs specific to IV_group were enriched in DNA-binding transcription activator activity, RNA polymerase II-specific, chemokine receptor binding and signaling receptor activator activity, etc. The up-regulated DEGs mediated by PSV_group are enriched in chemokine binding, cytokine binding, immune receptor activity and virus receptor activity, etc. The down-regulated DEGs shared by IV_group and PSV_group were enriched in signaling receptor activator activity, interleukin-1 receptor binding, CXCR chemokine receptor binding and growth factor receptor binding and protease binding, etc. The DEGs of IV_group-specific down-regulated features were enriched in U6 snRNA binding and snRNA binding, etc. The PSV_group-specific down-regulated DEGs were enriched in cytokine binding, chemokine binding, CXCR chemokine receptor binding, growth factor receptor binding and cytokine receptor activity.



WGCNA: Identify important feature modules associated with vaccination signatures

In this study, to ensure the construction of a scale-free network, β was determined as a power of 4 (scale-free R2 = 0.85) as a soft threshold parameter (Figures 7A, B). In the transcriptome data, a total of 21 modules were identified by hierarchical clustering and minModuleSize=30, and the dendrogram was clustered based on the dissimilarity measure (1-TOM) (Figures 7C–E). The correlation between the vaccination signatures and the co-expression module is shown in Figure 7F, where the greenyellow (eigengene value = 0.48) module is significantly positively correlated with the booster type (Figure 7G). The functions of the hub genes in greenyellow module mainly focus on many immune-related KEGG signaling pathways (Figure 7H), and the detailed enrichment information of these pathways were shown in Table S10.




Figure 7 | WGCNA of the PBMCs transcriptome. (A, B) Analysis of network topology for various soft-thresholding powers. The left panel shows the scale-free fit index (y-axis) as a function of the soft-thresholding power (x-axis). The right panel displays the mean connectivity (degree, y-axis) as a function of the soft-thresholding power (x-axis). (C, D) 3D cluster map of genes, based on differences in topological overlap, and assigned module colors. (E) Heatmap depicts the Topological Overlap Matrix (TOM) of genes selected for weighted co-expression network analysis. Light color represents lower overlap and red represents higher overlap. (F) Module-trait associations: Each row corresponds to a module eigengene and each column to a trait. Each cell contains the corresponding correlation and p-value. (G) Scatter diagram for MM vs GS in the greenyellow (eigengene value = 0.48). (H) KEGG signaling pathway enriched by greenyellow gene module.






Discussion

Traditional apparent antibody signatures can help us to directly evaluate vaccine effectiveness, and systematic scanning and analysis of vaccinated transcriptome data can elucidate the response mechanism of the host’s molecular immune response to vaccines (24). From the perspective of apparent antibody characteristics and microtranscriptomics, we systematically compared the differences in immune responses induced by the third booster immunization of inactivated vaccine and protein subunit vaccine after basic immunization with inactivated vaccine.

This study revealed the characteristics of apparent antibodies elicited by inactivated vaccine and protein subunit vaccine from multiple perspectives. From the time course of vaccination, with the prolongation of vaccination time, the level of neutralizing antibody gradually increased from 0 to 14 days, and the antibody level of individual participants decreased slightly at 28 days. The neutralization antibody titer of serum in the PSV_group was significantly higher than that in the IV_group. The dynamic changes of participants’ serum IgG antibodies exhibited similar characteristics with neutralizing antibodies. Under the current pandemic situation dominated by omicron variants, it is critical to analyze the neutralizing ability of serum after vaccination against different circulating SARS-CoV-2 variants. Consistent with the results of some previously published studies (25–27), the neutralization antibody titer of serum after booster vaccination against tested VOCs (beta and omicron) was significantly lower than that for the wild-type SARS-CoV-2. The results suggested that both the homologous and heterologous boosters could increase humoral immune responses against SARS-CoV-2, and heterologous booster with protein subunit vaccine induces a stronger humoral immune response than the homologous vaccination with inactivated vaccine and may be more efficient against VOCs.

Transcriptomic studies of PBMCs can provide a comprehensive summary of immune responses and have become important in immunology and infectious disease research tool (13, 28). Transcriptome analysis of PBMCs of the third booster dose showed that more DEGs were induced by protein subunit vaccine compared with the inactivated vaccine. The DEGs that they jointly up-regulated are involved in functional pathways such as macromolecular transmembrane and transport, which may be related to the synthesis and release of antibodies. On this basis, protein subunit vaccine activated more immune-related functions, such as cytokine binding; immune receptor activity; viral receptor activity and foreign protein binding, etc. Both vaccine-mediated down-regulated DEGs were enriched for signaling receptor activator activity, interleukin-1 receptor binding, CXCR chemokine receptor binding functional pathways, and protein subunit vaccine mobilized more suppression of innate immunity than inactivated vaccine. The inhibition of these immune functions may be related to the host’s feedback regulation and self-protection function to avoid excessive inflammation, and protein subunit vaccine activates more immune pathways and correspondingly more inhibition.

In order to more directly demonstrate the effect of the third dose of vaccine type on the transcriptome and reveal the different characteristics of PSV_group and IV_group transcriptome, we further carried out WGCNA on the transcriptomic data. The results showed that gene modules significantly related to PSV_group were mainly enriched in IL-17 signaling pathway, TNF signaling pathway, Rheumatoid arthritis, NF-kappa B signaling pathway, Pertussis, Legionellosis, Viral protein interaction with cytokine and cytokine receptor and other important innate immune functions. The innate immune function serves as the early defense line of the immune system, which can rapidly generate a stable response to antigens and adjuvants. In previous studies on transcriptional regulation of other vaccines, significant innate immune responses were also observed (14, 29, 30), and the activation of innate immune responses may be an important basis for the protective effects of vaccines.

Systems biology approaches can help us permit the observation of a global picture of vaccine-induced immune responses. Immunological antibody indicators and transcriptome system scan results together suggest that PSV_group mediates stronger humoral immune responses than IV_group and has a more significant correlation with innate immune function modules. Given the current results, protein subunit vaccine may be a better choice as a third booster vaccine, and a heterologous vaccination strategy may be better than continuing with the same type of vaccine. However, the evaluation of vaccine effectiveness and the formulation of reasonable vaccination strategies need to be more cautious, and longer-term observations in larger sample sizes are required.
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We performed a review study according to recent COVID-19 vaccines’ real-world data to provide comparisons between COVID-19 vaccines regarding their relative efficacy. Although most vaccine platforms showed comparable effectiveness and efficacy, we highlight critical points and recent developments generated in studies that might affect vaccine efficacy including population-dependent effects of the vaccine (transplantation, adiposity, and specific comorbidities, as well as older age, male sex, ethnicity, and prior infection), vaccine type, variants of concern (VOC), and an extended vaccine schedule. Owing to these factors, community-based trials can be of great importance in determining vaccine effectiveness in a systematic manner; thus, uncertainty remains regarding vaccine efficacy. Long immune protection of vaccination with BNT162b2 or ChAdOx1 nCoV-19 has been demonstrated to be up to 61 months and 5–12 months after the previous infection, and boosting infection-acquired immunity for both the first and second doses of the BNT162b2 and ChAdOx1 nCoV-19 vaccines was correlated with high and durable protection. However, large cohort and longitudinal studies are required for the evaluation of immunity dynamics and longevity in unvaccinated, vaccinated, and infected individuals, as well as vaccinated convalescent individuals in real-world settings. Regarding the likelihood of vaccine escape variants evolving, an ongoing examination of the protection conferred against an evolving virus (new variant) by an extended schedule can be crucial.
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Introduction

Since the global pandemic of COVID-19, several COVID-19 vaccines have been developed and granted emergency use licenses to cover susceptible populations. According to World Health Organization (WHO), as of December 2021, nine vaccines have been approved for emergency use, utilizing diverse platforms, namely, Moderna (mRNA-1273), BNT162b2 (Pfizer/BioNTech), Ad26.COV2.S (Johnson & Johnson), AZD1222 (Oxford/AstraZeneca), COVISHIELD (Serum Institute of India; Oxford/AstraZeneca formulation), NVX-CoV2373, Novavax, BBIBP-CorV (Sinopharm, Beijing), and CoronaVac (Sinovac) (1). Nonetheless, achieving global vaccine coverage is a major barrier, i.e., the scale and rate of the vaccine rollout.

Phase III clinical trials reported high vaccine efficacy for RNA vaccines (BNT162b2 and mRNA-1273), followed by viral vector vaccines (AZD1222; Oxford-AstraZeneca) and inactivated virus vaccines (CoronaVac) (2–5). Following the test results of trials, precise and comparative questions have now been raised by the public, policymakers, and researchers (e.g., adverse events, dosing, and boost intervals, as well as quality, quantity, and durability of immune responses) as a result of the real and extraordinary challenges of mass vaccination rollout over the course of a period (6).

Real-world vaccine effectiveness has been reported for mainstream vaccines on the market by a series of studies in real-world settings (7, 8) as results of trials may be affected by different settings, e.g., the difference in the general population (younger, healthy adults in comparison with at risk of severe disease). There are various advantages and disadvantages in terms of safety profile, efficacy, immunogenicity, and immunity durability in the studies, where head-to-head trials for vaccine effectiveness (head-to-head comparisons) are of great importance to adjust different factors such as individual associated factors. Response to vaccination varies by age and timing depending on the type of vaccine and previous infection (9). As vaccination campaigns continue to expand, a growing body of evidence in real-world settings shows the effectiveness of vaccination in reducing transmission, severe disease, and death. Such a dataset as input allows the epidemiologist to examine raised questions (10, 11). Evidence of positive vaccination along with more effective public health communication strategies can be capable of boosting public trust and countering COVID-19 vaccine misinformation (11, 12).

The present study aimed to cover recent COVID-19 vaccines’ real-world data on vaccine effectiveness and efficacy as follows: we addressed the role of individual factors (transplantation, adiposity, smoking, and specific comorbidities, as well as older age, male sex, ethnicity, and prior infection), vaccine type, variants of concern (VOC), an extended vaccine schedule, and longevity of protection (the heterogeneity and longevity of neutralizing antibody) in higher boosting and better protection in real-world settings to provide vaccination figures for prioritizing the administration mass vaccination rollouts in a way that minimizes morbidity and mortality of COVID-19 disease (Figure 1); the article outlines the significance and limitations of investigations for determining vaccine effectiveness and important groups for whom additional doses of the vaccine may be beneficial.




Figure 1 | Factors affecting the effectiveness of the vaccine.





Vaccine and study types

Most studies have been conducted to evaluate the real-world effectiveness of COVID-19 vaccines, especially mRNA vaccines, in high-income countries using data from reliable and interlinked databases, whereas such databases are often not available in low- and middle-income countries (LMICs), resulting in the lack of such studies in these countries. Studies such as cohort studies, test-negative design case-control studies, and observational studies have identified major limitations, including short follow-up, limited evaluation, and mitigation of potential confounders (e.g., previous SARS-CoV-2 infection and healthcare-seeking behavior, sex, age, ethnicity/religion, geographical location, chronic disease and/or comorbidities, time, and socioeconomic status). In LMICs, given attention ought to be paid to prospective studies and management of confounders and missing data in resource-constrained settings (13).

As reported by a mathematical model calibrated to King County, WA, a certain COVID-19 vaccine may have efficacy on susceptibility (reduce susceptibility to SARS-CoV-2 infection upon exposure) (14), or COVID-19 disease-modifying vaccines may be capable of preventing COVID-19 disease by decreasing the likelihood of symptoms, which in turn result in asymptomatic infection with viral shedding, leading to ongoing transmission (15).

Observational cohort analysis in an eight-hospital system in Michigan reported that fully COVID-19 vaccinated patients rarely experience emergency visits and hospitalizations as compared with unvaccinated individuals, even in areas with a high incidence of variants. Elderly immunized patients are hospitalized with comorbidities. In populations with comorbidities, the risk of developing severe outcomes has been reported to be higher regardless of vaccination. Evaluating the effectiveness of vaccination based on the type of vaccine will give a deeper understanding of the effectiveness of vaccines as many mutations are evolving (16).

Currently, different vaccines are available with different mechanisms for immunogenicity (Figure 2). These vaccines prevent contraction or adverse outcomes of COVID-19 by increasing the production of naturalizing antibodies, production of cytokines, and activation of cytotoxic t-cells. mRNA vaccines activate the IFN-γ CD4+ and CD8+ T cells and upregulate the production of IL-2 (17). It has been suggested that their immunogenicity is mainly due to responses to the activation of TH1 cells. The activation of CD4+ cells, CD8+ T cells and cytokines such as TNF and IFN-γ also play a crucial role in the immunogenicity of viral vector vaccines (18). On the other hand, the main immune system response of subunit-based vaccines is through the activation of CD4+ cells (19). However, it has been shown that immune system responses to different vaccines with similar immunogenicity mechanisms can slightly differ from other vaccines. As a result, it is necessary to evaluate the efficiency of the vaccines based on real-world data (19).




Figure 2 | The immunogenicity mechanisms of COVID-19 vaccines. (A) Inactivated virus. (B) Virus-like particles. (C) Spike protein subunit. (D) Vector-based vaccines. (E) mRNA construct–based vaccines.



Based on real-world evidence, COVID-19 vaccines are thought to be more effective than expected (2–4, 20–25). Synthesized evidence demonstrated 91.2%, 98.1%, and 65.7% effectiveness for the BNT162b2 (Pfizer-BioNTech), mRNA-1273 (Moderna), and CoronaVac vaccines, respectively (26).

Effectiveness of 96.2% and 98.2% has been determined for the BNT162b2 (Pfizer-BioNTech) and mRNA-1273 (Moderna) based on real-world analyses (21). The high (>50%) or very high (>80%) effectiveness of two doses of the BNT162b2, AZD1222 (AstraZeneca), mRNA-1273, HB02 (Sinopharm), and Gam-COVID-Vac (Sputnik V) vaccines have been revealed among Hungarian individuals, where their ability to prevent SARS-CoV-2 infection (estimated adjusted effectiveness: 68.7%–88.7%) and COVID-19–related death (87.8%–97.5%; more than 9,500 deaths) was reported to be ≥7 days after the second dose (27).

Based on a study in Chile, adjusted effectiveness rates of Sinovac SARS-CoV-2 vaccine in preventing SARS-CoV-2 infection and COVID-19–associated deaths have been reported to be 65.9% and 86.3% ≥14 days after the second dose, respectively, among more than 10 million people (24). The high effectiveness of the mRNA-1273 has been determined according to clinical trials and real-world settings (28, 29).

Different effectiveness of vaccines in real-world settings may be associated with patients’ differences (differences in comorbidities, outcomes definitions, age, etc.) (30).

Despite the unbiased estimates of efficacy in clinical trials, there is a possibility that trial participants may differ from the general population, especially regarding the differences between real-world deployment of COVID-19 vaccines and authorized dosing schedules. Community-based trials (large community-based studies) can be of great importance in determining vaccine effectiveness (31) when performed independently of the vaccination status and symptoms in a systematic manner. A large community-based survey in the United Kingdom demonstrated that the BNT162b2 and ChAdOx1 vaccines had favorable effectiveness after two doses and against symptomatic and high viral load.

Sub-populations (32, 33) or symptomatic testing programs (10) could result in bias from vaccination status that affects the test-seeking behavior of those who do not require healthcare (34).

BNT162b2 was found to be capable of inducing a robust immune response, as real-world data confirmed vaccine effectiveness after full immunization (10, 23, 35, 36).

The comparative protection of two doses of BNT162b2 and ChAdOx1 against COVID-19 endured over 6 months in the fully vaccinated individuals during the Delta variant peak, indicating that there is no differential waning of immunity between BNT162b2 and ChAdOx1. Continuous monitoring of the various vaccines’ effectiveness against variants is needed if SARS-CoV-2 variants impose any impact on SARS-CoV-2 vaccine effectiveness for booster and vaccine combinations strategies (37).

Lower protection and antibody titer of ChAdOx1 vaccine have also been documented compared with BNT162b2 (38–43), which can be linked to a shorter interval to a decline in titer, when long-interval regimens have been found to be associated with higher antibody, B-cell, and T-cell responses, as well as higher vaccine effectiveness against symptomatic COVID-19 (40, 44, 45), suggesting a higher possible threshold to prevent all SARS-CoV-2 compared with symptomatic COVID-19 (46). Thresholds for protective antibody titers are needed to correctly estimate vaccine-induced immune response to prevent re-infection (46).

Biased estimates of vaccine comparative effect may be occurred due to inadequate control for vaccination dates where variation in community transmission is seen over time. Observational data may be prone to confounding by indication and differential testing rates between vaccinated and unvaccinated individuals, suggesting the minimization of the effect of such differences (37, 47).

It is noteworthy that caution should be taken in interpreting the superiority of one vaccine over another based on evidence of antibody responses alone (48) when adjustment of different factors such as individual associated factors is needed through head-to-head trials for vaccine effectiveness (head-to-head comparisons). Response to vaccination varies by age and timing depending on the type of vaccine and previous infection (9).

It is noteworthy that Moderna and BNT162b2 vaccines’ effectiveness [single dose: 61.0% (95% CI, 31.0%–79.0%); after the second dose: 80.0% (95% CI, 91.0%–56.0%)] against infectiousness to others has been reported by randomized controlled trials and a retrospective cohort study, respectively (49, 50), but the determination of reliable effectiveness for every vaccine is required based on the vaccination coverage as the control such as the procedure applied in the SARS-CoV-2 Immunity and Reinfection Evaluation (SIREN) study (51).



Extended schedule

Partial vaccination is less effective against COVID-19 disease, which is associated with hospitalization, ICU admission, and death when compared with full vaccination. Higher effectiveness of BNT162b2 and AZD1222 (AstraZeneca) against SARS-CoV-2 infection has been achieved by applying an extended schedule of vaccination in England, resulting in increased boosting and better protection against variants in comparison with short-interval schedules (45). In addition, higher vaccine effectiveness has been reported for longer periods after vaccination, whether for partial or complete vaccinations (52, 53). An extended schedule of vaccination (e.g., extending the dosing interval) is warranted to be further evaluated for optimizing vaccine coverage and determining protection against SARS-CoV-2 new variants (7, 54). It should be taken into consideration that schedules and handling/administration of vaccines (type of vaccine, doses and timing between them, and heterologous prime-boost) can be involved in reducing or decreasing vaccine effectiveness (55).



Individual factors, variants of concern (VOC), and variants of interest (VOI)​​

Data from 212,102 vaccinated individuals with at least one dose of BNT162b2 and ChAdOx1 in England showed that antibody positivity (positive IgG findings on the LFIA, presence, and declining levels of neutralizing antibody titers) was at lower levels in individuals with transplantation, adiposity, smoking, and specific comorbidities, as well as older age and male sex, indicating the need of the second booster dose. Age, sex, prior infection, obesity, comorbidities, and vaccine type have been described to be of great importance in antibody response, especially after the first doses. Both vaccines revealed a marked increase in subjects with detectable antibodies and little evidence of a subsequent decrease after the second dose (48).

Many countries prioritized high-risk groups (elderly and healthcare workers) for vaccination (43, 56). A 6-month longitudinal prospective study has documented a decreased level of humoral response 6 months after receiving the second dose of the BNT162b2, particularly among men, older age individuals (65 years or older), and immunosuppressed healthcare workers (57).

Lower antibody positivity has been reported 3–4 weeks after the second dose of ChAdOx1 in individuals aged over 70 years based on the REACT-2 program in England. Antibody positivity of the BNT162b2 vaccine has been reported to be >90% in all age groups except 75 years and older (48) as several studies reported age-dependent immune response, when lower frequencies of neutralizing antibodies have been widely documented following BNT162b2 vaccination in the elderly population against SARS-CoV-2 (58), as well as B.1.1.7 (Alpha), B.1.351 (Beta), and P.1. (Gamma) VOC (59, 60). The main mutant SARS-CoV-2 variants are described as B.1.1.7, B.1.351, P.1, B.1.617.2 (Delta), and B.1.1.529 (Omicron)

Lower levels of neutralizing antibodies were found in the elderly 22 days after the first dose of BNT162b1 (61). After the first dose, no neutralizing activity was observed for P.1 and B.1.1.7, and a sharp decrease was reported at the age of 80 years (59), but concomitantly diminished protection needed investigation. Synthesized real-world evidence demonstrated lower efficacy of the vaccine in the elderly because of immunosenescence and comorbidities, whereas protective effect has been observed in the healthcare workers (26). Lower frequencies of neutralizing antibodies have been attributed to quantity (lower concentrations of antibodies) and quality (lower-affinity antibodies) linked to B-cell selection, decreased CD4+ T cells, or intermingling of both (59). On the other hand, VOC has been associated with a majority of breakthrough infections (60). Thus, considering the combined effects of VOC and lower frequencies of neutralizing antibodies is of particular importance for decision-making about booster vaccinations, especially in older aged persons as a high-risk population (59). Vaccine effectiveness estimates against SARS-CoV-2 variants need future studies (62).

Declining antibody positivity prior to second doses has been described to be linked to infection vulnerability (63). Decreased levels of neutralizing antibodies increase the likelihood of symptomatic infection (64). This issue becomes even more pronounced when the Delta variant can somewhat escape monoclonal antibodies and neutralizing polyclonal antibodies caused by prior SARS-CoV-2 infection or vaccination with a single dose of the BNT162b2 or the AZD1222 vaccine, and neutralization of this variant has been occurred in about 10% of the sera, suggesting the second dose of vaccination for higher protective titer. In this regard, a two-dose vaccination could induce remarkable levels of neutralizing antibody titer against the B.1.1.7, B.1.351, and B.1.617.2 variants 8 to 16 weeks after vaccination (63).

A study showed increased protection from symptomatic COVID-19 disease in individuals aged over 50 years using a booster dose of BNT162b2, regardless of which initial course of BNT162b2 or ChAdOx1-S was used in the United Kingdom (65).

Effectiveness after one dose of BNT162b2 or AZD1222 has been also estimated to be remarkably lower in individuals with the B.1.617.2 variant (30.7%; 95% CI, 25.2–35.7) when compared to those with the B.1.1.7 variant (48.7%; 95% CI, 45.5–51.7). This difference has been attributed to 11.9% for the BNT162b2 vaccine and 18.7% for the AZD1222 vaccine, whereas vaccine efficacy against both the B.1.617.2 and B.1.1.7 variants increased after the second dose of BNT162b2 (B.1.1.7: 93.7%; B.1.617.2: 88.0%) and ChAdOx1 by 74.5% (B.1.1.7: 67.0%; B.1.617.2: 88.0%), indicating the importance of vaccine uptake maximization (43).

It has been reported that two doses of the CoronaVac vaccine had 59.0% effectiveness against the B.1.617.2 variant (95% CI, 16.0–81.6%) (66). Regarding prevention of moderate to severe COVID-19, vaccine effectiveness for single doses of Ad26.COV2.S was 66.2% and 68.1% at least 14 and 28 days after vaccination against the P.1 variant, respectively (67). The Ad26.COV2.S vaccine efficacy against severe to critical COVID-19 was 81.9% and 87.6% at 14 and 28 days after vaccination, respectively (67). Regarding B.1.351, vaccine efficacy of Ad26.COV2.S was 52.0% and 73.1% at least 14 and 28 days after vaccination against moderate to severe to critical illness (B.1.351), the vaccine efficacy was 64.0% and 81.7% at least 14 and 28 days after vaccination, respectively, among severe to critically ill patients (67).

A study indicated that vaccine efficacy of ZF2001, an RBD subunit vaccine, was 92.7% and 88.3% against the Alpha variant in the short-term and long-term follow-up, respectively; efficacy against the Delta variant was 81.4% and 76.1%, respectively, and efficacy against the Kappa variant of interest was reported to be 84.8% and 75.2%, respectively. This study demonstrated the effectiveness of ZF2001 in the prevention of symptomatic and severe to critical diseases for 6 months after full vaccination (68).

Boosted vaccinees with mRNA vaccines showed potent neutralization of B.1.1.529 mutant, only geometric mean neutralization titer (GMNT) of 4–6-fold lower than wild type (6-fold for mRNA-1273 and 4-fold for BNT162b), indicating increased cross-reactivity of neutralizing antibody, while this decrease was 17-fold for Ad26.COV2.S. In addition, among recently vaccinated people (<3 months), GMNT decreased by 43-fold for mRNA-1273 and by 122-fold for BNT162b (69).

mRNA-1273 has demonstrated more efficiency (higher neutralizing antibody levels) in the prevention of COVID-19 when compared with BNT162b2 or ChAdOx1 (70–72). However, a third booster dose of BNT162b2 or mRNA-1273 may be associated with increased antibody levels (4-fold) against the ancestral D614G variant and higher neutralizing antibodies against the Omicron BA.1 variant and the Delta variant, supporting proper protection against the Omicron variants (70).

Heterologous BnT162b2 vaccine booster was exhibited to be capable of producing higher neutralizing titers against the SARS-CoV-2 Omicron BA.2 variant. Further studies are needed to assess the neutralization activity of vaccine regimens against the Omicron sublineages, e.g., other mRNA vaccines, adenovirus-vectored vaccines, recombinant vaccines, and inactivated vaccines (73).

Regular inactivated vaccines are capable of inducing a protective effect on the severity of clinical presentation of Omicron BA.2 infection through antibody response, but waning protection has been revealed over time (74). In addition, regular and booster immunization with inactivated vaccines could be capable of increasing neutralizing abilities against the Omicron variant both in breakthrough infections and vaccines (75), suggesting the potential effectiveness of booster vaccination of children in the future (74).

Vaccinated individuals and subjects with prior infection demonstrated less neutralizing activity for both the B.1.617.1 and B.1.617.2 variants when compared with WA1/2020; however, detectable neutralizing activity was found to be above the threshold of detection for both the B.1.617.1 and B.1.617.2 variants 3 months after infection or after the second dose of COVID-19 mRNA vaccines, indicating retainment of protective immunity against both variants (76). The Omicron type BA.1 has been reported to have potent evasion properties (evasion of neutralizing antibody responses) (77–79), suggestive of lack of neutralization against the Omicron variant (80), that reveals little cross-reactive responses for neutralizing antibodies with the earlier variants; thus, unvaccinated individuals suffering from the Omicron BA.1 variant (without prior infection) do not develop adequate protection against SARS-CoV-2 variants other than Omicron BA.1, indicating the need of vaccination for full protection (77).

Ward et al. have confirmed higher antibody positivity of both BNT162b2 and ChAdOx1vaccines among female participants (48). Women and young age have been attributed to a higher capacity to generate humoral immune responses for the BNT162b2 vaccine (81), whereas a lower humoral response has been observed 6 months after receiving the second dose of the BNT162b2 vaccine among men (57).

Despite improvement in anti-spike antibodies after two doses of the SARS-CoV-2 mRNA vaccine series, transplant recipients are high-risk populations for COVID-19 (82). In accordance with the mentioned study, data from a cohort of healthcare workers demonstrated lower neutralizing antibody titers in immunosuppressed healthcare workers during the peak and end-of-study periods (54), which was similar to other results presented previously (83, 84).

Obesity, hypertension, smoking, and specific comorbidities have been reported to be linked to lower antibody response after vaccination with BNT162b2 and ChAdOx1 (43, 85). However, comorbidities have been described to be influenced by shielding behavior (48).

A less virulent and highly transmissible variant may be associated with a higher risk for older individuals and those with comorbidities (e.g., immunosuppression) or unvaccinated individuals (86).

Conflicting results reported higher neutralizing antibody titer in obese persons during long-term follow-up (57, 87). Vaccinated obese individuals should be evaluated for determining a higher or lower risk of the breakthrough, and the protectivity of the vaccine among them, if there is a high humoral response. Otherwise, lower antibody response raises concern in these populations suffering from COVID-19 regarding their poor outcomes. Underlying conditions such as diabetes as well as liver and chronic kidney diseases were also linked to lower antibody response after vaccination (43). Overwhelming evidence indicates that at-risk groups should be prioritized to boost vaccine effectiveness.

Post-vaccine seropositivity was found to be associated with Black and Asian ethnicity 14–60 days after the first ChAdOx1 or BNT162b2 vaccination in the United Kingdom, where 20,505 (82.1%) of 28,144 participants were seropositive post-vaccination (39). Higher antibody positivity was observed in Black and Asian ethnicity compared with the white race following the first-dose vaccination with ChAdOx1 or BNT162b2 (43). Black race (aRR 1.7, 95% CI, 1.3–2.2, p < 0.001) was significantly linked to seropositivity after vaccination with a two-dose regimen of BNT162b2 and ChAdOx1 or the Moderna vaccine in Irish hospital healthcare workers (88).

SARS-CoV-2 infection is linked to devastating effects in pregnancy including a higher rate of hospitalization and ICU admission, maternal death, preterm birth, stillbirth, etc. (89). On the other hand, the safety and effectiveness of COVID-19 vaccines during pregnancy are an important concern due to limited, conflicting, and changing advice on vaccine safety, resulting in vaccine hesitancy among this vulnerable population (90–92). Observational studies and large case series reported no adverse pregnancy effects of mRNA COVID-19 vaccination on pregnancy or neonatal outcomes (93–96). A systematic review and meta-analysis study demonstrated the effectiveness of COVID-19 vaccination in pregnancy, without increasing the risk of adverse effects in 23 studies containing 117,552 COVID-19–vaccinated pregnant individuals with mRNA vaccines (97).

To determine whether COVID-19 vaccination should be performed for pregnant women, high-quality robust data are required, pending updates from reliable and interlinked databases (national database) and the findings of ongoing trials with a prospective approach, and active post-release monitoring for any rare adverse effects.



Prior infection and longevity of protection

Waning immunity has been revealed over time in people receiving COVID-19 vaccines (98, 99). Regarding the longevity of protection, two doses of the BNT162b2 vaccine were able to decrease the risk of asymptomatic and symptomatic infection from 14 to 73 days after the second dose (adjusted effectiveness: 89%; 95% CI, 78–94), but the reduction of adjusted vaccine effectiveness was observed at a median of 238 days (53%; 95% CI, 28–69) during a period of Delta variant predominance, indicating the importance of booster doses. On the other hand, the adjusted effectiveness of AZD1222 was found to be reduced (58%; 95% CI, 23–77) 14–73 days after receiving the second dose as compared to BNT162b2, but no considerable difference was found after long periods of the use of the second dose (51).

Based on the findings of a study in Qatar, mRNA vaccines BNT162b2 and mRNA-1273 exhibited moderate and short-lived protection against symptomatic BA.1 and BA.2 Omicron, but protection declined to low levels 4 months after the second booster dose. Rebounded effectiveness was revealed in the first month after the booster vaccination. Overall, mRNA vaccines showed durable and robust protection against hospitalization and death after the second dose (100), supporting such durability of protection for at least several months after the second booster dose (100, 101), and the importance of booster vaccination.

By using a nationwide linked database of Brazil, it has been demonstrated that heterologous CoronaVac plus a BNT162b2 booster vaccination contributed to robust and durable protection against hospitalization or death of Omicron for at least 120 days [vaccine effectiveness: 84.1% (95% CI, 83.2–84.9)] except for subjects aged over 80 years (102)

On the other hand, given the correlation of prior SARS-CoV-2 infection with higher antibody responses (39, 43, 103), boosting of infection-acquired immunity by both the first and second doses of BNT162b2 or AZD1222 has been demonstrated to be associated with high and durable protection (combined protection of >90%) after 1 year of primary infection (51), that is, in line with other findings reported higher protection in vaccinated individuals with prior infection (104). Whereas infection-acquired immunity waned in unvaccinated persons after this period. In addition, controversial findings showed the superiority of infection-acquired immunity and vaccine-acquired immunity (105–109), as well as their equivalency (110). Finally, a growing body of evidence suggests the potential for recommending boosting infection-acquired immunity by vaccination for previously infected individuals (46, 111).

Long immune protection has been reported to be up to 61 months and 5–12 months after the previous infection (9, 112–114), which is in need of further evaluation of change and duration of immunity in unvaccinated, vaccinated, and infected individuals as well as convalescent individuals who got vaccinated. Long-term protection against COVID-19 by immunization remains to be addressed, where an in-depth understanding of the proper long-term antibody dynamics is limited by the restricted patient groups, the short follow-up time, or the availability of accurate virus-based detection of the neutralizing antibody (115).

The association of lower disease severity with the presence of SARS-CoV-2–specific CD4+ and CD8+ T cells has been revealed (116, 117). Regarding elicitation of T-cell responses by COVID-19 vaccines (118–120), in addition to neutralizing antibodies (121–123), two doses of AZD1222 vaccine were found to be capable of eliciting antiviral polyfunctional spike protein–specific TH1 (CD4+ and CD8+ T cell) with a diverse T-cell receptor (TCR) repertoire in all adult age groups, which may be linked to long-lasting protection against SARS-CoV-2 variants responsible for severe diseases (123). Memory T cells elicited by BNT162b2 have been demonstrated to respond to the Omicron variant with preservation of polyfunctionality, suggesting effector functions of these cells in vaccinated peoples (124).

The time-dependent waning of antibodies or T cells in individuals after infection or vaccine administration is of particular importance. Thus, the effect of novel SARS-CoV-2 variants on humoral immunity should be evaluated (several studies reported); in addition, T-cell responses to the new variants need further monitoring.

Neutralizing antibodies in COVID-19 convalescents have been shown to persist for up to 1 year after the onset of symptoms, with reduced neutralizing antibody titers over time (125–127). Similar reduction rates for both binding and neutralizing antibody responses have been reported for mRNA vaccine during the first 7 months after vaccination (128, 129), as well as for infection.

A previous study demonstrated neutralizing responses up to 480 days (16 months) in convalescents of symptomatic COVID-19. Convalescents with asymptomatic infections showed a considerable rate of undetectable neutralizing antibodies (115). The dynamics and longevity of neutralizing antibody titers in convalescents can be affected by re-exposure to the virus (115).

However, the dynamics of the neutralizing antibody response in patients recovering from COVID-19 have shown varying levels if similar rates of waning are observed after vaccination or new VOC appear to reduce the effectiveness of the vaccine and immune longevity is only determinable at the individual level (130). Overall, the clinical concerns are the necessity of COVID-19 vaccination including the timing of vaccination in convalescents, the need for revaccination, and its timing for former vaccines.



Conclusion

The present review aimed to cover the recent COVID-19 vaccines’ real-world data on vaccine effectiveness. Although most vaccine platforms showed comparable effectiveness and efficacy, herein, we provided strong evidence for the role of population-dependent effects of the vaccine (transplantation, adiposity, and specific comorbidities, as well as older age, male sex, ethnicity, and prior infection), vaccine type, VOC, and an extended vaccine schedule in vaccine effectiveness. It is worth noting that vaccination schedules and handling/administration of vaccines can be influential factors in reducing or increasing vaccine effectiveness.

Long immune protection of vaccination with BNT162b2 and ChAdOx1 nCoV-19 has been demonstrated to be up to 61 months and 5–12 months after the previous infection, respectively; however, evaluation of change and duration of immunity in unvaccinated, vaccinated, and infected individuals, as well as vaccinated convalescent individuals in real-world settings, can be capable of providing vaccination figures by increasing our understanding of accurate long-term antibody dynamics, suggesting the importance of large cohort and longitudinal studies for the evaluation of immunity dynamics and longevity.

Regarding the correlation of prior SARS-CoV-2 infection with higher antibody responses, a growing body of evidence suggests that boosting infection-acquired immunity for both the first and second doses of the BNT162b2 and AZD1222 vaccines was linked with high and durable protection. Regarding the likelihood of vaccine escape variants evolving, an ongoing examination of the protection conferred against an evolving virus (new variant) by an extended schedule can be crucial. The real-world effectiveness studies not only are capable of monitoring the impact of the vaccine but also are able to provide country-specific inputs for modeling, planning, budgeting effective vaccination strategies, and facilitating preventative action plans (non-pharmaceutical interventions) and control measures, especially for high-risk populations.
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People often worry about the side effects after vaccination, reducing the willingness to vaccinate. Thus, we tried to find out the risk of single nucleotide polymorphism (SNP) vaccines to improve the willingness and confidence in vaccination. Allergic and inflammatory reactions are the common vaccine side effects caused by immune system overreaction. In addition, a previous study showed significantly higher frequency of febrile reactions to measles vaccines in American Indians than in Caucasian children, indicating that the side effects varied in accordance with genetic polymorphisms in individuals. Thus, SNPs of immune regulatory genes, cytotoxic T-lymphocyte-associated protein 4 (CTLA4), CD28, tumor necrosis factor ligand superfamily member 4 (TNFSF4) and programmed cell death protein 1 (PDCD1) were included in this study to analyze their association with vaccine side effects. Moreover, 61 healthy participants were asked on the number of doses they received, the brand of the vaccine, and the side effects they suffered. We found that several SNPs were associated with side effects after the first or second dose of mRNA or adenoviral vector vaccines. Furthermore, these SNPs were associated with several autoimmune diseases and cancer types; thus, they played an important role in immune regulation. Moreover, rs3181096 and rs3181098 of CD28, rs733618 and rs3087243 of CTLA, and rs1234314 of TNFSF4 were associated with mild vaccine side effects induced by mRNA and adenoviral vector vaccines, which would play a potential role in vaccine-induced immune responses and may further lead to fatal side effects. These results could serve as a basis for investigating the mechanism of vaccine side effects. Furthermore, it was hoped that these results would address public concerns about the side effects of the COVID-19 vaccination. In clinical application, a rapid screening test can be performed to assess the risk of vaccine side effects before vaccination and provide immediate treatment.
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Introduction

Recently, COVID-19 has caused a pandemic of severe acute respiratory syndrome (SARS-CoV-2). At present, the policies of various countries are inclined to coexist with the virus; thus, the vaccination rate must be improved. Although vaccination is a safe way of protecting people against infection and severe complications, people still worry about the side effects of vaccination. In addition, several studies have shown that the host genotype has a great effect on the immune response induced by vaccines, such as influenza, hepatitis B, and measles vaccination (1–3). Therefore, identifying single nucleotide polymorphisms (SNPs) that increase the risk of side effects of COVID-19 vaccines could improve people’s willingness and confidence in vaccination through genetic testing.

Vaccines are designed to stimulate antigen-specific T cell responses and enhance adaptive immunity. However, excessive T cell response may cause vaccine-induced side effects. Although the process of vaccine production and development have undergone rigorous testing, varying severities of side effects will be reported after large-scale vaccination. The most common side effects of COVID-19 vaccines are mild, such as soreness, swelling or redness at the injection site, fever, rash, and pain. Although the serious side effects are rare, they may cause seizures, thrombosis, myocarditis, or life-threatening allergic reactions (4). Fever is the most common vaccine side effect, which can occur after any vaccine is given. Fever is defined as a core body temperature above 38°C. In addition, the common mechanism of fever is induced by tumor necrosis factor (TNF), which increases the secretion of interleukin (IL)-1 and IL-6, and acts on the hypothalamus to increase body temperature. This mechanism will increase the activity and mobility of leukocytes, stimulate the production of interferon, and activate T cells to enhance immune response (5). The immune checkpoints involved in T cell activation, PDCD1 and CTLA4 are associated with the mechanism of fever (6).Moreover, Tritto et al. (7) hypothesized that the injection-site reaction was due to the use of adjuvants. The adjuvant provides the second signal that is necessary for T cell activation and increases the release of cytokines and chemokines; hence, immune cells in the blood will gather at the injection site, leading to redness, swelling and pain (8). Furthermore, headache is a common side effect after inoculating viral vaccines. The frequency of headaches was 39% to 80% after mRNA vaccination (9, 10) and from 39% to 66% after adenoviral vector vaccination (11). Headache is due to calcitonin gene-related peptide, an inflammatory neuropeptide that stimulates the secretion of TNFα, IL-1β and IL-6 when combined with receptors on T cells, which induces the release of neurogenic inflammation and vasodilation in pial vessels (12, 13). Notably, the risk of side effects after giving the same vaccine varies between groups and individuals. This phenomenon was first observed by the team of Black et al. They observed a significantly higher frequency of febrile reactions to measles vaccines in American Indians than in Caucasian children (14), suggesting that genes play a role in the occurrence of side effects after vaccination. The immune response induced by the vaccine was also related to genetic factors based on a twin study (15), which shows that the immune response after vaccination can be predicted by an individual genotype.

In literature, no studies have investigated genotypes associated with the side effects of COVID-19 vaccines. However, SNPs susceptible to disease risk or disease severity may be involved in the immune response of vaccination, leading to vaccine-induced adverse reactions (16). Therefore, this study conducted a detailed analysis to investigate the association between genes and the second signal for T cell activation and understand the effect of genes on the side effects after vaccination, including cytotoxic T-lymphocyte-associated protein 4 (CTLA4), CD28, tumor necrosis factor ligand superfamily member 4 (TNFSF4), and programmed cell death protein 1 (PDCD1) and the side effects caused by COVID-19 vaccination.



Materials and methods


Subjects

In this study, 61 healthy adults who received two doses of COVID-19 vaccine were enrolled from Chang Gung Memorial Hospital (CGMH, Taoyuan, Taiwan). Amongst them, 24 received two doses of mRNA-1273 (Moderna), 24 received two doses of ChAdOx1-S (Oxford/AstraZeneca, AZ), 5 received two doses of BNT162b2 (Pfizer/BioNTech, BNT), 5 received MVC-COV1901 (Medigen), 2 received one dose of AZ followed by one dose of Moderna, and 1 received one dose of Moderna followed by one dose of BNT. Participants were asked on the number of doses they received, the brand of the vaccine and the side effects they experienced, including fever, pain, redness, or swelling at the injection site, shivering, nausea/anorexia, vomiting, diarrhoea, headache, fatigue, muscle pain, joint pain, and skin allergy. All data were self-reported. The study has been reviewed and approved by the Institutional Review Board of CGMH. The approved ID was 202101837B0. All the participants have signed the consent form.



DNA extraction

We collected oral mucosal cells of these participants to extract genomic DNA using the QIAamp DNA Mini Kit (Qiagen, Germany). Then, the purity and concentration of the extracted DNA were determined by measuring the absorbance at 260 and 280 nm. Then, the extracted DNA were stored for the following experiments.



PCR and SNP analysis

A total of four costimulatory genes (CTLA4, TNFSF4, CD28, and PDCD1) were investigated in this study. We focused on the promoter region of genes, because the SNP located in the promoter region may affect the expression level of gene (17). In addition, the hot points of autoimmune diseases and cancer types were considered, including rs231775 in exon1 of CTLA4 (18, 19), rs3087243 in 3 prime untranslated region (3’UTR) of CTLA4 (19) and rs11568821 in intron4 of PDCD1 (20). Thus, eight fragments were selected for SNP analysis. The pairs of primers are shown in Table 1. These eight amplified DNA fragments consisted of 44 candidate SNPs (Table 2). The PCR volume was 25μL, including each 1μL of forward and reverse primer, 8μL of Hot Start Taq DNA polymerase (Agilent, Santa Clara, California, USA), 1μL of sample DNA and 14μL of ddH2O. The PCR programme was initiated as follows: 4 min at 94°C, 30 cycles of 30 s at 94°C, 30 s at 58°C, 45 s at 72° C and final 10 min at 72°C. Subsequently, the 5μL of PCR products was fractionated on the 1.5%-2% agarose gel. According to the manufacturer’s instructions, the Big Dye Terminator Cycle Sequencing kit (Thermo Fisher, Waltham, Massachusetts, USA) and ABI PRISM genetic analyser (Thermo Fisher, Waltham, Massachusetts, USA) were used for direct sequencing. Given the insufficient genomic DNA and failure of PCR, complete SNP data were not available.


Table 1 | The pairs of primer for amplification of candidate SNPs.




Table 2 | The 44 candidate SNPs that were analyzed the association with vaccine-induced reaction.





Statistical analysis

The Chi-square test and Fisher’s exact test were used to analyze the association between the vaccine-induced adverse reaction and the genotype frequency of participants using SPSS17.0. All data were analyzed through the dominant (AA vs. Aa+aa), recessive (AA+Aa vs. aa), and additive (AA vs. Aa vs. aa) models. Significant SNPs are summarized in Tables 3–6.


Table 3 | Side effects with the first dose of mRNA vaccines (Moderna +BNT).




Table 4 | Side effects with the second dose of mRNA vaccine (Moderna +BNT).




Table 5 | Side effects with the first dose of adenoviral vector vaccine (AZ).




Table 6 | Side effects with the second dose of adenoviral vector vaccine (AZ).






Results

A total of 61 participants who received COVID-19 vaccination were recruited in this study. All participants are Taiwanese. The complete characteristic data of side effects after vaccination in these cases are listed in Tables S1 and S2. Most people who took the first dose of the vaccine experienced pain at the injection site (84%), fever (61%), fatigue (62%) and headache (56%) (Table S1). Compared with the first dose of vaccination, the frequency of fever, discomfort at the injection site, chill, headache and myalgia was more severe in mRNA vaccines. However, the opposite was true in the adenoviral vector vaccine. Diarrhoea occurred more frequently in the first dose than in the second dose of mRNA vaccines and adenoviral vector vaccines (Table S2). The SNP data were obtained to analyze the type of vaccines and the dose number of vaccination, which was divided into the first and second doses of mRNA vaccines (Moderna or BNT) and the first and second doses of adenoviral vector vaccine (AZ).


Association between SNPs and the side effects of the first dose of mRNA vaccination

Analyzing the side effects induced by the first dose of mRNA vaccines (Table 3), rs56029561 of PDCD1 found to be associated with fever (additive, p= 0.010; CAG/del +CAG vs. del, p=0.010). In addition, rs3181098 of CD28 was associated with discomfort at the injection site (additive, p=0.016). rs733618 of CTLA4 (additive, p=0.026; CT+CC vs. TT, p=0.014, OR=0.071, 95% CI. = 0.007–0.701), rs3181096 of CD28 (additive, p=0.025), rs2227982 (additive, p=0.039; GG+AG vs. AA, p=0.030, OR=9, 95% CI. = 1.355–59.783) and rs36084323 (CT+CC vs. TT, p=0.033, OR=11.143, 95% CI. = 1.108–112.012) of PDCD1 were associated with chills. Moreover, rs5839828 of PDCD1 was associated with diarrhoea based on the additive model (p=0.046). rs2227982 (additive, p=0.026; AG+AA vs. GG, p=0.041, OR=1.444, 95% CI. = 1.005–2.075) and rs36084323 (CT+TT vs. CC, p=0.041) of PDCD1 were associated with headache. Furthermore, rs1234314 of TNFSF4 (additive, p=0.003; CG+GG vs. CC, p=0.033; CG+CC vs. GG, p=0.005), as well as rs2227982 (additive, p=0.046; GG+AG vs. AA, p=0.02, OR=8.167, 95% CI. = 1.419–47.016) and rs36084323 (CT+CC vs. TT, p=0.046, OR=7, 95% CI. = 1.098–44.608) of PDCD1, was associated with myalgia. Two SNPs of CD28 were associated with skin allergy, namely, rs3181096 (CT+TT vs. CC, p=0.048) and rs200353921 (TT+AT vs. AA, p=0.05, OR=0.1, 95% CI. = 0.012–0.869).



Association between SNPs and the side effects of the second dose of mRNA vaccination

Analyzing the side effects induced by second dose of mRNA vaccines (Table 4), two SNPs of PDCD1 were found to be associated with fever, namely, rs2227982 (additive, p=0.030; AG+AA vs. GG, p=0.013, OR=0.348, 95% CI. = 0.199–0.609) and rs36084323 (additive, p=0.022; CT+TT vs. CC, p=0.019). In addition, rs11571315 (additive, p=0.039) and rs231775 (additive, p=0.016) were associated with discomfort at the injection site. rs3181096 of CD28 (CT+TT vs. CC, p=0.017, OR=0.148, 95% CI. = 0.029–0.759), rs5839828 of PDCD1 (additive, p=0.046) and rs11571316 of CTLA4 (AG+AA vs. GG, p=0.047, OR=4.8, 95% CI. = 0.979–23.544) were associated with chills. Moreover, rs3087243 of CTLA4 (Additive, p=0.014; AG+AA vs. GG, p=0.006, OR=0.429, 95% CI. = 0.234-0.785), rs3181097 of CD28 (additive, p=0.021; AG+AA vs. GG, p=0.008, OR=15.714, 95% CI. = 1634-151.125), and rs3181098 of CD28 (Additive, p=0.039; AG+AA vs. GG, p=0.019, OR=0.081, 95% CI. = 0.008–0.773) were associated with headache. rs231775 (additive, p=0.035) of CTLA4 and rs3181097 of CD28 (additive, p=0.021; AG+AA vs. GG, p=0.008, OR=0.064, 95% CI. = 0.007–0.612) were associated with myalgia.



Association between SNPs and the side effects of the first dose of adenoviral vector vaccination

Analyzing the side effects induced by the first dose of AZ vaccines (Table 5), rs1879877 located in the promoter region of CD28 was found to be associated with headache (additive, p=0.009; GG+GT vs. TT, p=0.009, OR=18.75, 95% CI. = 2.065–170.215). Three SNPs were associated with diarrhoea, namely, rs3181096 of CD28 (additive, p=0.004; AG+AA vs. GG, p=0.028), rs3181098 of CD28 (additive, p=0.004; AG+AA vs. GG, p=0.028), and rs1234314 of PDCD1 (additive, p=0.042). Only the rs733618 of CTLA4 was associated with skin allergy (additive, p=0.026).



Association between the SNPs and the side effects of the second dose of adenoviral vector vaccination

Analyzing the side effects induced by the second dose of AZ vaccines (Table 6), two SNPs of CTLA4 were found to be associated with chills, namely, rs733618 located in the promoter region (additive, p=0.027) and rs980967681 located in the 3’UTR (GG vs. AG, p=0.02). In addition, six SNPs were associated with diarrhoea, namely, rs1879877 (GG vs. GT vs. TT, p=0.026), rs3181096 (additive, p<0.001; CT+CC vs. TT, p=0.042; CT+CC vs. TT, p=0.042), and rs3181098 (additive, p<0.001; GG+AG vs. AA, p=0.042) of CD28, rs3087243 (additive, p=0.003) and rs11571316 (additive, p=0.003) of CTLA4, and rs45454293 of TNFSF4 (additive, p=0.003). Moreover, rs41386349 located in the promoter region of PDCD1 was associated with headache (additive, p=0.038). rs733618 of CTLA4 (additive, p<0.001; CT+TT vs. CC, p=0.011) and rs3181097 of CD28 (additive, p=0.016; GG+AA vs. AA, p=0.036) were associated with myalgia.

Based on the results, rs3181096 and rs3181098 of CD28, rs733618 and rs3087243 of CTLA4 and rs1234314 of TNFSF4 were associated with side effects induced by mRNA and adenoviral vector vaccines. Furthermore, the data of mRNA and adenovirus vector vaccines were combined for analysis (Supplementary Tables 3 and 4). Combining the data of mRNA, subunit, adenoviral vector vaccine, and mixed vaccination, we found that rs733618 and rs3087243 of CTLA4; rs1879877, rs200353921, rs3181096 and rs3181098 of CD28 and the rs10204525, rs2227982, rs2227981, rs6705653, rs41386349 and rs5839828 of PDCD1 were associated with side effects based on the first and second doses of vaccination.




Discussion

In general, SNPs can be located in coding (exon) or non-coding sequences (intron) of genes (21). If the SNPs are located in the exon region, then they may alter the amino acid sequence of the corresponding protein (missense SNP), introduce a premature stop codon (nonsense SNP) or have no effect on the protein sequence (synonymous SNP). The promoter region, 5 prime untranslated region (5′UTR), intron and 3′UTR belong to non-coding regions of genes. If the SNPs are located in the 5′UTR, then they may affect the binding activity of transcription factors, thereby leading to the upregulation or downregulation of gene expression level. If the SNPs are located in the 3′UTR, then they may influence microRNA binding to the sequence, thereby affecting gene silencing. In addition, the sequence of the promoter plays a role in initiating gene transcription, which affects the expression of protein. Several studies have determined that several SNPs were related to the antibody response of vaccination (1–3). In our study, we also found that several SNPs were associated with the side effects of COVID-19 vaccines.

In addition, rs3181096 of CD28, as well as rs2227982 and rs36084323 of PDCD1, was associated with side effects of mRNA vaccine in the first and second doses of vaccination. rs733618 of CTLA4, as well as rs1879877, rs3181096 and rs3181098 of CD28, was associated with the side effects of adenoviral vector vaccine in the first and second doses of vaccination. Considering that the components and principles are different in various vaccines, these SNPs may be related to the mechanism by which the components in the vaccine induce side effects. Moreover, these SNPs were associated with several autoimmune diseases and cancer types, which is summarized in Supplementary Table 5. Furthermore, rs3181096 of CD28 showed a significant difference in the first and second doses of mRNA vaccines, adenoviral vector vaccine and combination. Finally, rs733618, rs11571316 and rs3087243 of CTLA4 and rs1234314 of TNFSF4 showed great significant difference, although the samples were distributed into the mRNA vaccine group or adenovirus vector vaccine group or their combination. Therefore, these SNPs may play an important role in vaccine-induced immune response.

The CD28 gene is located in the human chromosome 2q33 and the CD28 protein is primarily expressed on the naïve T cell. During T cell activation, CD28 plays an important role in providing a second signal for T cells when interacting with CD80/CD86 (22). Qi et al. showed that rs3181096 was related to the bingeing activity of HNF1_3. When rs3181096 contained C-allele, the transcription level of CD28 would reduce (23). The CTLA4 gene is located in the human chromosome 2q33 and the CTLA4 protein is expressed on activated and regulatory T cells (Tregs). Comparing CD28 with CD80/CD86, CTLA4 was found to play a negative role in T cell activation. Wang et al. showed that rs733618 was involved in regulating the binding activity of NF-1 and c/EBPbeta, and then altering the expression level of CTLA4 (24). These SNPs may modulate the immune response by altering the expression level of CD28 and CTLA4 proteins, leading to vaccine-induced side effects. Therefore, the CD28/CTLA4 pathway is considered as a system that regulates the balance between T cell activation and immune tolerance (22).

The TNFSF4 gene is located in the human chromosome 1q25.1 and composed of 13 exons. It belongs to the TNF superfamily protein and it is the key to the coordination of innate or adaptive immune cells. This protein plays an important role in the life cycle of immune cells, such as differentiation, activation, inhibition, and apoptosis and it is involved in the pathogenesis of various autoimmune and inflammatory diseases (25). Thus, rs1234314 associated with myalgia, joint pain and diarrhoea may be related to the characteristics of this protein.

We observed that SNPs of PDCD1 play a significant role in the side effects induced by mRNA vaccines. In addition, almost all SNPs were associated with fever, chills, headache, myalgia, and joint pain. The PDCD1 gene is located in the human chromosome 2q37. The PD1 molecule will be upregulated on the activated T cell after recognizing the antigen bound to major histocompatibility complex molecules by the T cell receptor. Thus, fever, chills, headache, myalgia and joint pain were due to prolonged antigen expression and PD1 over-expression, leading to excessive local immune response. However, CTLA4 SNPs were primarily associated with injection site discomfort of post-mRNA vaccination. The local immune response induced by vaccines usually results from adjuvants. Adjuvants can directly induce long-term protective immune responses in the host, such as liposomes coated with mRNA or the viral envelope. Adjuvants can help the vaccine induce an immune response and enhance the specificity of the antigen in vivo (26). Tritto et al. (7) hypothesized that alum adjuvanticity will delay the absorption of the injected antigen, allowing the antigen to retain at the local injection site in the form of high concentration particles, which will lead to prolonged exposure of antigens to innate immune cells, the release of cytokines and chemokines, and the enhancement of immune response. Then, these cytokines and chemokines will recruit neutrophils, monocytes, and T cells in the blood to the injection site, resulting in redness and swelling. Next, nociception occurs when cytokines, prostaglandins or ATP released by these immune cells interact with nociceptors and the threshold is reached (8). Combining the results of the present study with our previous finding, we found that rs11571315 and rs16840252 of CTLA4 were associated with the adverse reaction of post-haematopoietic stem cell transplantation in patients with acute lymphocytic leukemia (27) and immune thrombocytopenia (28). Moreover, such SNPs were associated with vaccine-induced side effects. Therefore, these two SNPs may be a hub in immune regulation.

This study has also some limitation, including its small sample size, which affect several statistical analyses utilized in within this study was a limitation. Thus, examination of data from a significant number of additional patients is necessary to establish a linkage more definitely between these SNPs and phenotypic responses to SARS-CoV-2 vaccination. In addition, the data are self-reported and the perception of pain and discomfort is different between individuals, which could not be quantified and compared. Moreover, these side effects are general responses to vaccination, not only COVID-19 vaccination.

Therefore, rs3181096 of CD28, rs733618, rs11571316 and rs3087243 of CTLA4, rs2227982 and rs36084323 of PDCD, and rs1234314 of TNFSF4 were associated with mild vaccine side effects. The immune responses originate from T cell activation; therefore, these immune regulatory genes are related to mild symptoms and they may also cause serious side effects. Therefore, the biological functions of SNPs and their effects on T cell activation should be further explored to understand the mechanism of the side effects of vaccination. In clinical application, public concern about the side effects of vaccination could be addressed and the risk of side effects in individuals could be evaluated before vaccination through genetic testing.
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Background

Immunocompromised (IC) patients show diminished immune response to COVID-19 mRNA vaccines (Co-mV). To date, there is no ‘empirical’ evidence to link the perturbation of translation, a rate-limiting step for mRNA vaccine efficiency (VE), to the dampened response of Co-mV.



Materials and methods

Impact of immunosuppressants (ISs), tacrolimus (T), mycophenolate (M), rapamycin/sirolimus (S), and their combinations on Pfizer Co-mV translation were determined by the Spike (Sp) protein expression following Co-mV transfection in HEK293 cells. In vivo impact of ISs on SARS-CoV-2 spike specific antigen (SpAg) and associated antibody levels (IgGSp) in serum were assessed in Balb/c mice after two doses (2D) of the Pfizer vaccine. Spike Ag and IgGSp levels were assessed in 259 IC patients and 50 healthy controls (HC) who received 2D of Pfizer or Moderna Co-mV as well as in 67 immunosuppressed solid organ transplant (SOT) patients and 843 non-transplanted (NT) subjects following three doses (3D) of Co-mV. Higher Co-mV concentrations and transient drug holidays were evaluated.



Results

We observed significantly lower IgGSP response in IC patients (p<0.0001) compared to their matched controls in 2D and 3D Co-mV groups. IC patients on M or S showed a profound dampening of IgGSP response relative to those that were not on these drugs. M and S, when used individually or in combination, significantly attenuated the Co-mV-induced Sp expression, whereas T did not exert significant influence. Sirolimus combo pretreatment in vivo significantly attenuated the Co-mV induced IgMSp and IgGSp production, which correlated with a decreasing trend in the early levels (after day 1) of Co-mV induced Sp immunogen levels. Neither higher Co-mV concentrations (6μg) nor withholding S for 1-day could overcome the inhibition of Sp protein levels. Interestingly, 3-days S holiday or using T alone rescued Sp levels in vitro.



Conclusions

This is the first study to demonstrate that ISs, sirolimus and mycophenolate inhibited Co-mV-induced Sp protein synthesis via translation repression. Selective use of tacrolimus or drug holiday of sirolimus can be a potential means to rescue translation-dependent Sp protein production. These findings lay a strong foundation for guiding future studies aimed at improving Co-mV responses in high-risk IC patients.





Keywords: covid-19 mRNA vaccines, translation suppression, immunocompromised patients, sirolimus, mycophenolate, tacrolimus



Introduction

Vaccines of different classes have been approved and in use to combat Coronavirus disease 2019 (COVID-19). Among them, the non-replicating mRNA vaccines, BNT162b2 (Pfizer–BioNTech) and mRNA-1273 (Moderna) that encode Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) spike (Sp) protein’s receptor binding domain (RBD) have proven to be highly effective across patient populations worldwide. Several promising mRNA candidates are also in development for COVID-19 and other clinical conditions. However, we and others have reported that COVID-19 mRNA vaccines (Co-mV) generate poor immunological response in immunocompromised (IC) patients (1–6), including solid organ transplant (SOT), an autoimmune (AI) disorder, blood cancer, and chronic inflammatory diseases (CIDs) patients, etc. (~7 million US adults) (7–11).

All mRNA therapeutics must undergo endosomal escape following their uptake by the cells and get translated (protein synthesis) into encoded target antigen (Ag) protein by ribosomes in the cytosol. Then, the immunogenic epitopes are presented to T and B cells to stimulate the immune system and produce cellular and antibody (Ab) responses. The translation process is a key preceding step to mRNA vaccine-induced generation of immune response. Thus, modulation of translation process is expected to influence COVID mRNA vaccine effectiveness (VE). Although the current Co-mV is sequence optimized to increase mRNA stability and maximize protein translation, several determinants such as nutrient availability, genetics, cellular stress, ribosome quality, inclusion of modified nucleotides, mRNA secondary structure, and importantly, drugs/inhibitors present in the host system, can interfere with the process of translation and its kinetics. Among different types of inhibitors/drugs, certain immunosuppressants (ISs) such as glucocorticoids, tumor necrosis factor inhibitors, the combination of inhibitors of tacrolimus (T) (calcineurin inhibitor), mycophenolate (M) (antimetabolite), mammalian target of rapamycin (mTORi), including rapamycin/sirolimus (S), and prednisone (P) (glucocorticoids) (TMP and TSP combinations) that are commonly used to achieve and maintain disease response and remission in IC patients including SOT patients, have been individually or in combination (TMP/TSP) reported involve in translation process (protein synthesis) directly or indirectly by modulating the related physiological processes (7–22).

However, till date there is no evidence to determine empirically whether there is any interaction between the ISs and Co-mV translation process. Therefore, such studies are warranted to enable the scientific community to define a mechanistic basis for dampened effectiveness of Co-mV in IC setting and also help with choosing the right combination of drugs to use for certain time interval during and after mRNA vaccination to minimize the impact on mRNA translation process. Here, using clinical evidence in tandem with proof-of-principle based in vitro and in vivo animal experiments, we assess whether the COVID-19 mRNA VE is altered through impaired Sp antigen translation in IC SOT patients that are on immunosuppressive medications. Further, we have evaluated a few simple and practical approaches to improve Co-mV translation under immunocompromised setting.



Materials and methods


Patient samples

The 2D Co-mV experiments in this study included a total of 309 subjects vaccinated for SARS-CoV-2 with 2D of Pfizer-BioNTech (New York, NY, USA) or Moderna COVID-19 mRNA vaccines (Cambridge, MA, USA), with immunocompromised group consisting of SOT recipients, neuroimmunology, and various cancer subjects on ISs (n=259), and naïve (non-transplanted and non-exposed to COVID-19) group not on any prescribed immunosuppressant (n=50). The 3D COVID-19 vaccine experiment (of mRNA vaccines and Regeneron antibody) included a total of 910 individuals with 67 SOT recipients who received 3D vaccines and compared them with 843 non-transplanted naïve individuals. This study excluded prior COVID-19 cases. The institutional review board of the University of Texas Southwestern Medical Center approved this study.

Antibody responses were semi-quantitatively assessed using serum samples on the Alinity i platform (Abbott Laboratories) with the FDA-approved SARS-CoV-2 anti-nucleocapsid protein IgG assay (IgGNC), SARS-CoV-2 anti-spike protein IgM assay (IgMSp), or SARS-CoV-2 anti-spike protein IgG II assay (IgGSp), as described (23). Index values of ≥1.4 (IgGNC), ≥1.0 (IgMSp), and ≥50 AU/mL (IgGSp) were interpreted as positive per the manufacturer’s recommended threshold. IgGNC positivity informs natural SARS-CoV-2 infection, while IgGSp/IgMSp positivity strongly correlates with the emergence of natural or vaccine-driven neutralizing immunity (1, 23).



Non-clinical proof-of-concept experiments

These non-clinical non-proof-of-concept experiments were performed in vitro using HEK293 cells or using Balb/C mice in strict accordance with the Guide for Care and Use of Laboratory Animals approved by the UT Southwestern Institutional Animal Care and Use Committee (IACUC).



In vitro experiments

In vitro assays were performed in HEK-293 cells cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) with penicillin/streptomycin, L-glutamine and 10% fetal bovine serum (FBS) and maintained at 37°C in a humidified atmosphere with 5% CO2.



Doses of Co-mV and different drugs used in vitro experiments

The dose and time for the in vitro Co-mV expression experiments were based on the first SARS-CoV-2 mRNA vaccine design and validation studies (24). We used HEK293 cells as the in vitro cellular model because of its amenability to transfection and transduction using a variety of chemical and physical method and thereof on a wide application for gene manipulation experiments in vitro. To mimic the clinical setting, we used the therapeutically equivalent doses of commonly used IS drugs as previously described (25–28). When individually used, the concentrations of each of the drugs were as follows: T (25 ng/mL), S (25 ng/mL), M (10 μM), and P (10 μM) and when used in combinations the concentrations of each of the drugs were T (12.5 ng/mL), S (12.5 ng/mL), M (4 μM), and P (4 μM).



Cell transfection

For the experiments involving transfection, 106 HEK293 cells cultured in DMEM media were seeded in 6-well plates and grown overnight to obtain 70% confluency. The cells were pretreated with the drugs for 16 h before transfection. 1-3 µg of Pfizer-BioNTech Co-mV was appropriately diluted in serum free OPTI-MEM I media, incubated at room temperature (RT) for 5 mins, and added to the plates. 1 h post-transfection, DMEM media containing 20% FBS was added, and the plates were returned to incubator for additional 24 h to determine the effect of ISs on the Co-mV-induced expression of spike protein and translation process’ surrogates.



Immunoblotting

Following experimental treatments, HEK293 cells were gently washed with ice-cold phosphate buffered saline (PBS) and lysed in ice-cold RIPA buffer with cOmplete™ Mini Protease Inhibitor Cocktail (Roche Diagnostics) and PhosSTOP (Roche Diagnostics). Cells were scraped and transferred into a 1.5ml Eppendorf tube and incubated on ice for 10 minutes and vortexed. The lysates were centrifuged at 13,000rpm for 5 mins at 4°C and supernatants were collected. An equal amount of protein (10 μg) from different treatment samples were separated by SDS-PAGE gel with 100V for 1.5 h and transferred onto nitrocellulose membrane. The membranes were then blocked with 5% non-fat milk in TBST for 1h at RT and probed against specific primary antibody for SARS-CoV-2 spike (GeneTex, Cat# GTX632604), S6 ribosomal protein (Cell Signaling, Cat#2217), phospho-S6 ribosomal protein (Cell Signaling, Cat# 2211), and β-actin (Abcam, Cat# ab49900) overnight in 4°C. After washing, the membranes were incubated for 1h with corresponding horseradish peroxidase (HRP)-conjugated secondary antibody. Washed blots were immunodetected using Pierce™ ECL Western Blotting Substrate (ThermoFisher, Cat# 32106). β-actin expression was used to normalize loading. The immunoreactive signals were quantified by densitometry using Image J software.



RNA extraction and real-time quantitative RT-PCR

Total cellular RNA was extracted using RNeasy Kit (Qiagen, Valencia, CA). 1 µg of RNA reverse transcribed to cDNA using Bio-Rad iScript reagents according to instructions (Bio-Rad Laboratories, Cat# 1708890).

Quantitative real-time RT-PCR was performed using 1/10th of cDNA prepared as above together with a set of 4 different primer sets of interest as below spanning the spike region of SARS-CoV-2 mRNA sequences found in the Co-mV individually in a 10 µl SYBR green Supermix (Bio-Rad Laboratories, Cat# 1725270) and amplified using CFX384 Touch Real-Time PCR Detection System (Bio-Rad Laboratories). The thermal cycling conditions used include 50°C/2 min; 95°C/10 min followed by 40 PCR cycles at 95°C/15 sec and 60°C/1 min. Relative expression was quantified using Ct values, and expression fold-change was calculated by normalization to the Ct of the housekeeping gene, β-actin, according to the 2-ΔΔCt methods (29, 30).


 





In vivo experiments

Array of in vivo non-clinical proof-of-concept experiments involved 8-10 weeks old healthy Balb/c (Envigo) female mice. All mice were housed in pathogen-free conditions were acclimatized for 1 week before the start of the experiment. Drug treatment was started 7 days before Co-mV treatment. Drugs were administered by oral gavage daily and mice were assigned randomly by body weight to Group-1 – PBS; and Group-2 - Tacrolimus (12.5mg/kg) + Sirolimus (12.5mg/kg) + Prednisone (5mg/kg). Priming dose of 2 μg of Pfizer-BioNTech Co-mV in 50 µl of PBS was intramuscularly injected on the left thigh of mice that was separated by 21-days with a second (booster) dose of the same amount of vaccine. Body weight was measured every 7 days and 0.5ml of blood collected from each mouse in EDTA-coated tube was processed for serum separation, which was used in downstream spike antigen analysis and viral antibody (IgG and IgM) profiling.



Justification of Co-mV and different drugs used in vivo Balb/c experiments

The choice and relevance of the mouse and dose of the Co-mV used in non-clinical proof-of-concept experiments was based on the Comirnaty assessment report and pre-clinical studies followed for RNA-based vaccine development (24, 31). The concentration of the drugs used in vivo was based on the previously published pre-clinical studies and these have been extensively used in mice over a wide range of doses (32–37).



Sandwich ELISA to assess the SARS-CoV-2 Spike immunogen

The levels of SARS-CoV-2 viral Sp immunogen in the serum samples from the immunized mice with and without TSP treatments were determined using SARS-CoV-2 Sp RBD sandwich ELISA kit per manufacturer’s instructions (GeneTex, GTX536267). Briefly, 50 μl of each standard or 1:10 diluted sample was placed into appropriate wells coated with mouse anti-Sp monoclonal antibody and incubated at RT for 2h. After aspiration and 6 washes with wash buffer, 50 μl of 1x conjugate solution containing horseradish peroxidase-conjugated rabbit monoclonal antibody was added and incubated at RT for 1h. Followed by another 6 washes, tetramethylbenzidine (TMB) substrate solution (100 μl) was added, and incubated in darkness for 15 mins at RT. The reaction was terminated by adding 100 μl of stop solution containing 1N sulfuric acid, and the absorbance at 450 nm (A450) was determined within 15 mins. The concentration was calculated from the standards and expressed as pg/mL according to kit instructions.



Profiling of antibodies to viral antigens using microarrays

This study used the detection of antibodies to 42 different viral antigens, including SARS-CoV-2 using a custom developed and a highly sensitive fluorescent-based multiplex microarray assay at our Microarray and Immune Phenotyping core facility of UT Southwestern Medical Center. The antibody profiling was carried out as described by us previously (38, 39). Serially diluted mouse IgG and IgM were added as internal controls. Briefly, DNAse-I-pretreated 2 µl serum samples from mice were diluted 1:50 in PBST buffer were incubated in duplicates in the viral antigen nitrocellulose film slides/arrays (Grace Bio-Labs) printed with the viral antigens and control proteins. The outcome of serum/plasma-derived mouse antibodies binding with arrayed antigens into a readout were detected using a Genepix 4200A scanner (Molecular Device) with laser wavelength of 532 nm and 635 nm, after probing with cy3-conjugated anti-mouse IgG (1:2000, Jackson ImmunoResearch Laboratories) and cy5-conjugated anti-mouse IgM (1:2000, Jackson ImmunoResearch Laboratories). The resulting images were analyzed using Genepix Pro 7.0 software (Molecular Devices). The averaged fluorescent signal intensity of each antigen was subtracted by signal from the spot background and the PBS control and normalized to mouse IgG or IgM (internal controls) to obtain the normalized fluorescence intensity (NFI). This served as a quantitative measurement of the binding capacity of each mouse sample-derived antibodies with the corresponding viral antigen analytes. The NFI of each analyte was used to generate heatmaps using Graphpad Prism 10.1 software.



Statistical analysis

Statistical differences were determined using one-way or two-way ANOVA when experiments involved more than two groups. Student’s t-test was used for experiments involving only two groups. The analysis was carried out using GraphPad software 9.3.1 and p<0.05 was considered as statistically significant for the in vitro and in vivo experiments.




Results


Demographics of the IC patients and comparison of COVID-19 vaccine responses in ICs vs healthy controls

The clinical data in 2D Co-mV experiments included a total of 259 IC patients and 50 controls meeting the inclusion criteria of no prior COVID-19. The IC group was found to be older than the control group (mean ± SD; 60 ± 15 vs 52 ± 13 years) and more likely to be males (54% vs 44%) (Table 1). More than one-quarter (27%) IC subjects had been subjected to either treatment with S or M combinations of ISs (Figure S1). In the 3D group, the non-transplanted controls (NT) had 843 subjects with a mean age 65 ± 14 years and the SOT group had 67 patients with a mean age 55 ± 15 years (Table 1). Male subjects were more common among the SOT group when compared to NT (68.7% vs 46.6%) (Table 1). Irrespective of 2D or 3D and controls or IC group, our study population had a greater number of patients vaccinated with Pfizer formulation relative to Moderna vaccines (Table 1).


Table 1 | Demographic and clinical characteristics of study participants.



After immunizing with 2D and 3D Co-mV, 107 (41%) and 10 (15%) IC patients had IgGSp levels less than the manufacturer-recommended positivity threshold of 50 AU/mL. While 0 (0%) and 54 (6%) control subjects (HC & NT) had IgGSp levels less than 50 AU/mL in the 2D and 3D Co-mV format experiments (Figure S2 and Table 2A). In particular, previous reports have shown that IgGSp antibody titers of ≥ 4160 AU/mL correspond to a neutralizing titer (40, 41) and here, we have found that 1 in 6 IC patients (16%) was able to generate neutralizing titers after 2 Co-mV doses compared to healthy controls (64%) (Table 2B). Although, the 3rd dose improved the IgG response over neutralizing titer of 4160 AU/mL, despite 3 Co-mV doses, still over half the population (57%) in the immunocompromised SOT group had IgG response below the neutralizing titers (Table 2B). No significant Co-mV-associated adverse effects were noted in the IC patients receiving 2 or more doses.


Table 2A | Estimation of 2D and 3D COVID-19 vaccine administered IC cohorts exhibiting IgG titer above manufacturer recommended threshold of 50 AU/mL.




Table 2B | Estimation of 2D and 3D COVID-19 vaccine administered IC cohorts exhibiting IgG titer above a neutralizing threshold of 4160 AU/mL (41).





The muted Co-mV-induced antibody response in IC cohorts was further restrained by mycophenolate and sirolimus treatment

Following a 2-dose regimen of Co-mV, the HC displayed a mean Sp IgM index value of 3.3 ± 5.6 which was found to be significantly attenuated in IC patients by 91% with a mean index value of 0.3 ± 0.8 (p=0.0004; Figure 1A). In parallel to IgM, the IC patients after 2-doses of Co-mV showed a significant diminution in mean Sp IgG levels by 72% with a mean value of 4365 ± 14523 AU/mL relative to HC group with a mean level of 15454 ± 18289 AU/mL (p=0.0002; Figure 1B). This result clearly shows that IC patients that were on ISs had poor IgM and IgG antibody response to Co-mV.




Figure 1 | Immunocompromised patients on mycophenolate and sirolimus evoked a poor spike antibody response following 2D Co-mV administration. (A) Changes in IgMSp antibody (index value) levels following administration of 2D of Co-mV administration in HC subjects and IC patients receiving routine ISs combination that included mycophenolate and sirolimus. (B) Comparison of IgGSp (AU/mL) levels in 2D Co-mV-administered IC patients maintained on routine ISs combination that included mycophenolate and sirolimus with immunocompetent HC subjects. (C) IgMSp antibody concentrations among HC and different IC patient groups categorized based on the presence and absence of mycophenolate and sirolimus on their ISs regimen. (D) Quantification of IgGSp in HC subjects and IC participants receiving or not receiving mycophenolate and sirolimus as part of their immunomodulatory therapy after 2D Co-mV immunization. In panels (A–D), the box plot indicates mean ± SD. For the panels (A, B), comparison of the means among the groups and the statistical difference was established using two-tailed Welch’s t-test and for panels (C, D), using Kruskal-Wallis One-Way ANOVA. In panels (A–D), the significant interaction denotes the following: (** p = 0.0003; *** p = 0.0001; **** p < 0.0001 vs the respective compared group, as indicated). 2D, two doses; Co-mV, COVID-19 mRNA vaccines; HC, healthy controls; IC, immunocompromised; ISs, immunosuppressants; Sp, spike; IgM, immunoglobulin M; IgG, immunoglobulin G; AU, arbitrary units; SD, standard deviation; ANOVA, analysis of variance; ↓, decrease; M+, receiving mycophenolate along with other ISs; M-, not receiving mycophenolate alone; S+, receiving sirolimus along with other ISs; S-, not receiving sirolimus alone.



Next, to determine the effect of M and S on the Co-mV-evoked IgM, we segregated and analyzed the IC cohorts based on their particular ISs treatment with M or S. 2D Co-mV-administered IC patients who were on M treatment showed a significant reduction in the mean Sp IgM levels of 0.09 ± 0.21 (Figure 1C; lane 1 vs 2; 37-fold; p<0.0001) when compared with 2D vaccinated non-transplanted healthy subjects that had a mean IgM index value of 3.3 ± 5.6. This decline was less pronounced by only 9.7-fold in the IC patients that were not on M (0.34 ± 0.83 vs 3.3 ± 5.6 index value; lane 3 vs 1; p<0.0001). Interestingly, among the 2D immunized IC patients, those that were on M showed a 3.8-fold reduction in mean IgM levels relative to the group that was not on M (0.09 ± 0.21 vs 0.34 ± 0.83 index value; lane 2 vs 3; p=0.0002). Similarly, S treatment significantly dampened the Co-mV-induced mean Sp IgM levels in IC patients to 0.2 ± 0.36 index value when compared to vaccinated healthy subjects by 17-fold (lane 4 vs 1; p<0.0001). This decrease was less pronounced by 10.6-fold in vaccinated IC patients that were not on S (0.31 ± 0.79 vs 3.3 ± 5.6 index value; lane 5 vs 1; p<0.0001). Among the immunized IC patients, S treatment abridged the mean IgM index value by 1.6-fold relative to the group that was not on S (0.2vs 0.31 index value; lane 4 vs 5; p>0.9999). This data indicates that M and S, a class of immunosuppressants used to treat transplant and autoimmune patients, can inhibit the initial production of IgM (the first antibody to develop as part of humoral immune response), which mainly requires translation of spike antigen to generate an immune response besides other processes such as antigen processing, presentation, and recognition.

Similarly, 2D Co-mV administered IC patients that were on M treatment showed a significant attenuation of Co-mV-evoked Sp IgG levels by 139-fold with a mean of 110.8 ± 390.1 AU/mL relative to 2-dose Co-mV-induced Sp IgG mean levels, 15454 ± 18289 in non-transplanted healthy subjects (Figure 1D; lane 2 vs 1; p<0.0001). The extent of this diminution was found to be less pronounced by only 3-fold in 2D-vaccinated IC patients that were not on M (5284 ± 15871 vs 15454 ± 18289; lane 3 vs 1; p<0.0001). Further, among the vaccinated IC patients, those that were on M showed a 47.7-fold repression in mean IgG levels relative to the group that was not on M (Figure 1D; 110.8 vs 5284 AU/mL; lane 2 vs 3; p<0.0001). Similarly, S treatment significantly dampened the 2-dose Co-mV-induced mean Sp IgG levels by 29-fold in IC patients when compared to Co-mV-administered non-transplanted healthy subjects (Figure 1D; 528.5 ± 1334 vs 15454 ± 18289 AU/mL; lane 4 vs 1; p<0.0001). The magnitude of this inhibition was less pronounced by 3.3-fold in IC patients that were not on S (4739 ± 15160 vs 15454 ± 18289; lane 5 vs 1; p<0.0001). Among the 2D-immunized IC patients, those that were on S showed a 9-fold reduction in mean IgG levels relative to the group that was not on S (Figure 1D; 528.5 vs 4739; lane 5 vs 4; p=0.0021). This data clearly indicates that mycophenolate and sirolimus treatment in IC patients led to significant repression of the Co-mV-induced immune response based on IgG levels, a process that is also dependent on translation of Spike antigen.



Comparison of Sp antigen to Sp antibody levels in IC patients based binned Ag thresholds

To demonstrate the direct production of Sp protein via translation after Co-mV, we measured Sp immunogen levels and compared it with Sp antibody levels in the same patients. Due to physiological differences, it is well known that different individuals develop different thresholds of Ag and associated antibody response. In our study subjects, we observed a wide range of Sp Ag expression from 15.8 to 11,366.47 pg/mL. Using an arbitrary cut-off of 200 pg/mL for Sp Ag levels based on ~≤5% from the highest Ag value found in the HC group (4025 pg/mL), we could bin subjects into low (≤ 200 pg/mL; Lo-bin) and high (>200 pg/mL; Hi-bin) groups. This enabled us to tease out the differences in the Ab and Ab levels in HC and IC patients.

In HC, the median Sp Ag level in the Lo and Hi bin group was found to be 158.2 pg/mL (99% CI, 48.2 to 199.7 pg/mL) and 434.7 pg/mL (99% CI, 209 to 4025 pg/mL), respectively (lane 1 & 3; Figure 2A). While in IC, the median Sp Ag level in the Lo and Hi basket was found to be 119.2 pg/mL (96% CI, 107.9 to 131.4 pg/mL) and 409.2 pg/mL (96% CI, 344.3 to 530.1 pg/mL), respectively (lane 2 & lane 4; Figure 2A). This was about a 25% and 6% reduction in Lo and Hi bin group compared to respective baskets in HC.




Figure 2 | Comparison of Sp antigen to Sp antibody levels following 2D Co-mV administration under binned Ag thresholds between HC and IC patients that are on ISs. (A) Figure representing the effect of 2D Co-mV administration on Sp Ag levels (left pane) and IgMSp antibody levels (right pane) created using bin algorithm by exploiting specific threshold rules of Sp Ag (as described in results section) in corresponding HC subjects and IC patients receiving routine ISs combination that included mycophenolate and sirolimus. (B) Figure representing the effect of 2D Co-mV administration on Sp Ag levels (left pane) and IgGSp antibody levels (right pane) created using bin algorithm by exploiting specific threshold rules of Sp Ag (as described in results section) in corresponding HC subjects and IC patients receiving routine ISs combination that included mycophenolate and sirolimus. Box plot represents median with 95% CI. Comparison of the medians among the groups and the statistical difference was established using a two-tailed Mann Whitney t-test. The significant interaction denotes the following: (* p = 0.0144; ** p = 0.0013 (A) and 0.0089 (B); ns = p not significant vs the respective compared group, as indicated). 2D, two doses; Co-mV, COVID-19 mRNA vaccines; HC, healthy controls; IC, immunocompromised; ISs, immunosuppressants; Sp, spike; IgM, immunoglobulin M; IgG, immunoglobulin G; AU, arbitrary units; CI, confidence interval; Ag; antigen; Lo, low; Hi, high; ↓, decrease.



Since the first antibodies to be produced in a humoral immune response following an exposure to an Ag are always IgM, we first assessed the status of Sp Ag with respect to IgM production in the same patients. The IgM production was lowered by 79% in low-bin IC (≤200 pg/mL Sp Ag) relative to Lo-bin of HC (lane 6 vs 5; Figure 2A). Likewise, there was 92% reduction of IgM in Hi-bin IC group relative to the Hi-bin HC (>201 pg/mL Sp Ag) (lane 8 vs 7; Figure 2A). Similarly, it was found that the IgG production was lowered by 81% in Lo-bin IC (≤200 pg/mL spike Ag) relative to Lo-bin HC (lane 6 vs 5; Figure 2B). This was found to be 99% reduced in Hi-bin IC group (>201 pg/mL spike Ag). Overall, these results are suggestive that IC who are on ISs show a restrained Sp antibody (IgM and IgG) production in response to Co-mV, which is at least partially preceded by an impairment in Sp Ag generation.



In vitro assessment of translation of target Ag (Sp) following Co-mV expression

The ISs such as T, S, M, and P and their widely applied combination of TMP/TSP used in immunosuppressed populations can either directly or indirectly perturb mRNA translation (17–22, 42). However, no data exists whether these ISs either individually or in combination repress translation of Co-mV, which could be one of the potential reasons for the dampened Co-mV response seen in IC patients. To address this question, we assessed the direct production of Sp protein generated as a result of translation following Co-mV expression in HEK293 cells with and without the presence of indicated drugs.

First, the optimization experiments clearly indicated that Co-mV treatment at different concentrations can produce Sp protein in vitro for 24 h, as detected by immunoblotting (Figure S3). Importantly, this expression appeared to be optimal with 2 μg dose and not requiring any external transfection agent, like lipofectamine (Figure S3A). The time points 1, 3, and 6 h were not sufficient for the Co-mV expression (Figure S3B). Thus, all the subsequent in vitro experiments just used the addition of 2 μg of Co-mV for at least 24 h without any addition of transfection agents to the cells.



Impact of ISs on the translational capacity of target immunogen (Sp) following Co-mV expression

Next, we sought to determine whether commonly used ISs either individually and/or in combination reduce the protein expression of Sp immunogen that was generated as a result of translation of the transfected Co-mV (Figure 3A). The immunoblotting results indicated that the drugs S, M, but not T and P significantly reduced the Co-mV-induced Sp immunogen expression compared to the no-drug control (Figures 3B, C, E, F). In addition, the commonly used combo TMP and TSP also resulted in a significant reduction of the Co-mV-induced Sp immunogen expression (Figures 3E, F). Importantly, this was consistent with significant inhibition of the phosphorylation status of p-S6 that was widely used as translation process surrogates (p<0.05; Figures 3E, G). M-induced p-S6 inhibition was relatively less pronounced than sirolimus. While the total levels of S6 remained unaltered (Figures 3B, D, E, G). These results suggest that some of the commonly used ISs and their TSP and TMP combination can inhibit the Sp protein translation and likely account for the impaired vaccine response that is normally observed in at-risk IC conditions.




Figure 3 | Sirolimus and mycophenolate reduces Pfizer Co-mV-induced expression of Sp protein and phosphorylation of pS6 in HEK293 cells. (A) Drug and 2 μg Pfizer BioNTech Co-mV treatment schedule in HEK293 cells. (B) Western blot for SARS-CoV-2 Sp protein expression in HEK293 cells pre-treated over 16 h with 25 ng/mL each individually with sirolimus and tacrolimus (FK506), or their combination at 12.5 ng/mL each and with an additional 24 h treatment along with 2 μg Pfizer BioNTech Co-mV [as described in panel (A)]. DMSO treatment served as controls. The same blots were stripped and reprobed with pS6, S6, and β-actin antibodies. (C) Expression of SARS-CoV-2 Sp protein normalized to actin and (D) phospho-specific protein S6 to total S6 in the immunoblots illustrated in panel (B) were quantitated by densitometry and the relative levels to DMSO controls were represented. (E) HEK293 cells were pre-treatment for 16 h with the indicated drugs either alone or in a combination of TSP or TMP at the concentrations (described in materials and methods) and with an additional 24 h treatment along with 2 μg Pfizer BioNTech Co-mV. At the end of the experimental period, equal amount of protein lysates from all the groups were analyzed using Western blotting for protein expression of SARS-CoV-2 Sp, phospho-specific pS6, total S6, and actin as a loading control. (F, G) Quantification of the immunoblots in panel (E) expressed as a ratio of SARS-CoV-2 Sp to Actin; and phospho-specific protein S6 to total S6, respectively. Relative values to DMSO controls were shown. Data was expressed as the mean ± SD (n=3). For panels (C, D) that involves 2 different doses, the statistical inferences between DMSO and treatment groups were made from a two-way ANOVA, Tukey post-hoc multiple comparisons and for panels (In panel (C), **** p < 0.0001; In panel (D), *** p = 0.0004 [V0 – D vs S]; *** p = 0.0003 [V0 - D vs S+T]; *** p = 0.0003 [V2 – D vs S]; *** p = 0.0006 [V2 – D vs S+T]). For panels (F, G) that involves a single dose, the statistical inferences were made from a one-way ANOVA with Tukey post hoc multiple comparisons test (In panel (F), *** p = 0.0008 [D vs S]; *** p = 0.0001 [D vs M]; *** p = 0.0002 [D vs TMP & D vs TSP]; ns – not significant; In panel (G), p = **** p < 0.0001, ns – not significant). Co-mV, COVID-19 mRNA vaccine; Tx, treatment; V0, no CO-mV; V2, 2 μg Co-mV; D or C, dimethyl sulfoxide (DMSO); S, sirolimus; T, tacrolimus; P, prednisone; SARS-CoV-2 Sp, severe acute respiratory syndrome coronavirus 2 spike; S6, S6 ribosomal protein; pS6, phospho-S6 ribosomal protein.





ISs-induced diminution of Sp immunogen levels following Co-mV treatment is not due to restrained mRNA intake

The ISs can also be argued to interfere with the diminished uptake of mRNA, thereby leading to a lack of adequate levels of Sp immunogen following Co-mV treatment. To address this, we utilized 4 primer sets spanning SARS-CoV-2 region used in the Co-mV and determined their comparable levels of Sp mRNA expressions in the drug and no-drug pre-treated Co-mV transfected groups (Figure 4A). After Co-mV treatments, we observed that the comparable levels of different Sp mRNA transcripts using these 4 primer sets could be detected (Figure S4) indicating the feasibility of testing the Co-mV uptake. Choosing primer set 1, we next detected that there was no change in the comparable levels of Sp mRNA between the IS drugs and no-drug control (Figure 4B). This indicates that COVID mRNA vaccine entered cells regardless of IS treatment and, thus, the ISs-induced mRNA uptake may perhaps not be a limiting factor for the observed inadequate levels of Sp immunogen following Co-mV treatment.




Figure 4 | Sirolimus and Tacrolimus did not alter the uptake of Pfizer-BioNTech Co-mV in HEK293 cells. (A) Schematic of the drug and Pfizer BioNTech Co-mV treatment schedule in HEK293 cells. (B) HEK293 cells were transfected with 2 μg Pfizer Co-mV and without lipofectamine. RNA was purified and real-time qRT-PCR was performed using primer set 1 targeting a spike region in Pfizer-BioNTech Co-mV (as provided in materials and methods). RNA levels of spike were presented as 2−ΔΔCT values relative to house-keeping gene, actin. Results were expressed as the mean ± SD from four independent experiments (n = 4). Differences between the non-transfected and transfected groups and with DMSO and individual drug treatments were analyzed using a two-way ANOVA, Tukey post-hoc tests (multiple comparisons) (ns – not significant vs DMSO treated controls, as indicated). Tx, treatment; Co-mV, COVID-19 mRNA vaccine; V0, no CO-mV; V2, 2 μg Co-mV; D, dimethyl sulfoxide (DMSO); S, sirolimus; T, tacrolimus; Sp, spike; qRT-PCR, real-time quantitative reverse transcription-polymerase chain reaction; SD, standard deviation; CT, cycle threshold; 2−ΔΔCT, 2ˆ(–delta delta CT), a comparative CT method quantification.





TSP combo treatment attenuated Co-mV-induced IgM and IgG antibodies against SARS-CoV-2 S-protein in vivo

To-date there is no experimental evidence showing whether the ISs used in organ transplant recipients can affect both the Co-mV-induced antigen and antibody reactivities. Thus, to address the effect of TSP, a commonly used ISs combo on Co-mV-evoked immunogenicity, we first utilized a viral antibody profiling-based microarray and assessed the IgM and IgG reactivities against different SARS-CoV-2 protein spanning the whole antigen S or for any specific domain such as RNA binding domain (RBD), S1, & S2 domains. This in vivo experiment compared sera from vehicle-treated Co-mV-immunized mice with TSP combo-treated Co-mV-immunized group. No detrimental local trauma (data not shown) or body weight changes were seen in mice following Co-mV immunization at the indicated periods of time (Figure S5). Further, there were no apparent signs of infection, inflammation, bleeding disorder, or mortality associated with Co-mV administration (data not shown).

Pre-immunization or day 1 following the prime dose of Co-mV did not produce any IgM antibody response against different SARS-CoV-2 proteins, as expected (Figure 5A; PBS). Analysis of the heatmap data indicated that there was no significant change in IgM antibody levels against a combination of different domains devoid of spike domains (Figure 5B; PBS). However, a remarkable elicitation of IgM antibody levels against combined SARS-CoV-2 S1, S2, and RBD subunits was noted in the 5-day post-immunization sera (Figure 5C; PBS). The increased levels in the combined spike IgM levels stayed stable for 10 days, which, as expected, waned at the end of 21 days following prime dose vaccination (Figure 5C; PBS). Interestingly, the IgM response on day 26, which is day 5 past 2D immunization (on 21st day) was found to be nearly doubled compared to day 5 after prime immunization (Figure 5C; day 5 vs 26; PBS). These trends of waning of responses after first dose and pronounced response following 2D reflected the typical human immune responses observed for Co-mV (23). Strikingly, the TSP pretreatment completely attenuated the IgM levels against a combination of different spike domains at all the time points tested (Figure 5C). In other words, the responses elicited in the TSP-pretreated group were found to be similar to that of the pre-immunization state (Figures 5A, C, day 26 vs day -4).




Figure 5 | TSP drug combination attenuated the Co-mV- production of IgM antibodies against SARS-CoV-2 viral antigens in Balb/C mice in vivo. IgM antibody profile to SARS-CoV-2 viral antigens in the PBS vehicle treated and TSP drug combination treated Balb/C mice that were immunized with Pfizer Co-mV, as indicated in materials and methods. (A) The heatmap shows IgM reactivity expressed in terms of row z-score for a respective antigen across different mice samples. Each antigen was organized into rows with serum specimens organized into columns classified as B0 (Baseline 0th day, 6 samples), B4 (Baseline 4th day – 6 samples), D1 (day 1 after PBS or TSP administration – 3 samples each), D5 (day 5 after PBS or TSP administration – 3 samples each), D10 (day 10 after PBS or TSP treatment – 3 samples each), D22 (day 22 post PBS or TSP treatment – 3 samples each), D26 (day 26 after PBS or TSP treatment – 2 samples each). Reactivity was represented by color (Light Blue = low, Black = mid, Yellow = high). The heatmap has normalized row z-score values, a typical scaling method that helps better visualization of analytes with varying trends in the expression/reactivity between samples. While a normalized row z-score can better represent the non-randomness of directionality within a dataset, a negative z-score does not indicate a complete absence of expression/reactivity. A negative z-score means comparatively a lower raw scores/absolute expression. (B) Analysis of panel A’s heatmap data illustrating the sum of IgM NFI responses for combination of SARS-CoV-2 antigens representing different domains devoid of spike such as 3C-like protease (SARS-2 3CL), envelope (SARS-2 E), nucleocapsid (SARS-2 NCP), M protein (SARS-2 M), non-structural protein 5 from ORF1 (SARS-2 NSP5), open reading frames 3A, 7A, 8, & 9 (SARS-2 ORF 3A, ORF 7A, ORF8, & ORF9), and papain-like protease (SARS-2 Plpro. (C) Analysis of the heatmap data from panel (A) revealing the sum of IgM NFI responses for combination of different SARS-CoV-2 spike antigens such as SARS-CoV-2 S1, S2, and RBD subunits. In panels (B, C), PBS and TSP treated samples were represented in blue and red dots, respectively. Data was expressed as median ± 95% CI and the statistical inferences was derived using nested one-way ANOVA with Sidak’s multiple comparison post-hoc analysis (**** p < 0.0001, ns – not significant, as indicated). Co-mV, COVID-19 mRNA vaccine; PBS, phosphate buffered saline; TSP, tacrolimus-sirolimus-prednisone combination; IgM, immunoglobulin M; CI; confidence interval; NFI, normalized fluorescence intensity.



For IgG responses, the heat map shows distinct clustering of seropositive responses to the SARS-CoV-2 subunits in the vaccine alone group irrespective of the number of doses (Figure 6A, PBS). In particular, the IgG reactivities against most of the spike domains were found to be prominent at day 10 following the prime dose vaccination, that remained stable throughout the period past the priming dose and until the time of 2D vaccination (Figures 6A, C). It is to be noted that the prominent period of IgG emergence preceded by the IgM reactivities (at day 5 after dose 1) and the elicited IgG response did not appear to wane unlike the IgM response pattern. This in vivo pattern clearly reflected the classical immunological phenomenon that IgM antibodies are the first antibodies produced during an immune response, which also declined more rapidly than IgG antibodies. In contrast, the TSP pretreatment exhibited a robust suppression of the Co-mV-induced serum IgG reactivities to the combined SARS-CoV-2 subunits (Figure 6C; p<0.0001). Even the later time point, day 26 corresponding to 5-day post booster immunization resulted in a muted response (Figure 6C; TSP vs PBS). There was no noticeable change in IgG antibody levels against a combination of different domains devoid of spike domains except day 26 (Figure 6B; PBS). This in vivo data is pertinent concerning the clinical settings that a commonly used ISs combination for the organ transplantation can severely dampen the Co-mV-induced antibody response, particularly even after repeated boosting.




Figure 6 | TSP drug combination attenuated the Co-mV- production of IgG antibodies against SARS-CoV-2 viral antigens in Balb/C mice. IgG antibody profile to SARS-CoV-2 viral antigens in the PBS vehicle treated and TSP drug combination treated Balb/C mice that were immunized with Pfizer Co-mV, as indicated in materials and methods. (A) The heatmap shows IgG reactivity expressed in terms of row z-score for a respective antigen across different mice samples. Each antigen was organized into rows with serum specimens organized into columns classified as B0, B4, D1, D5, D10, D22, and D26 (similar to that detailed in Figure 5). Reactivity was represented by color (Light Blue = low, Black = mid, Yellow = high) and the heatmap represents NFI as detailed in Figure 5. (B) Analysis of heatmap data illustrating the sum of IgG NFI responses for combination of SARS-CoV-2 antigens representing different domains devoid of spike as detailed in panel (B) of Figure 5. (C) Analysis of the heatmap data revealing the sum of IgG NFI responses for combination of different SARS-CoV-2 spike antigens such as SARS-CoV-2 S1, S2, and RBD subunits. In panels (B, C), PBS and TSP treated samples were represented in blue and red dots, respectively. Data was expressed as median ± 95% CI and the statistical inferences was derived using nested one-way ANOVA with Sidak’s multiple comparison post-hoc analysis (**** p < 0.0001, ns – not significant, as indicated). Co-mV, COVID-19 mRNA vaccine; PBS, phosphate buffered saline; TSP, tacrolimus-sirolimus-prednisone combination; IgG, immunoglobulin G; NFI, normalized fluorescence intensity; CI, confidence interval.





Effect of TSP combo treatment on the levels of SARS-CoV-2 Sp immunogen in vivo

Both Pfizer and Moderna Co-mV use nucleoside-modified mRNA with a lipid nanoparticle-formulation to encode the Sp protein of SARS-CoV-2. Thus, to understand whether the translational capacity of the mRNA from Co-mV to produce S protein in vivo is hampered by a commonly used ISs combo used in organ transplantation, we used a sandwich ELISA to assess the SARS-CoV-2 Sp immunogen in the Balb/c mice sera of vaccine alone and TSP-pretreated vaccine groups. As expected, following vaccination, the day 1 sera had a higher level of Sp Ag in the absence of any IS treatment (compare PBS of day 1 with PBS of days 5 and 22). The TSP-pretreatment resulted in a decreasing trend of the mean Sp immunogen levels when compared to the vaccine alone group at day 1 post first dose vaccination (Figure 7A). This points out that TSP can at least partially impede the translation of Sp immunogen. Since mRNA translation begins immediately after vaccine inoculation, serial sampling within day 1 would have been more informative, which is not studied (due to practical reasons to limit frequent draws) and is one of the limitations of this study. Further, the Sp immunogen levels on day 5 after first dose vaccination were found to be surprisingly elevated that was further increased on day 22, which is 1-day after the second dose in TSP group (Figure 7B, C). Although this inverse trend in the antigen and antibody level at or beyond day 5 appears to be intriguing, it might have resulted from a poor clearance of the already produced Sp antigen owing to the inability of neutralizing antibody production (43, 44). Also, this sandwich assay typically captures and quantifies the free Sp immunogen, and given the cross-section of analysis, the negligible antibody levels observed due to TSP pretreatment might have allowed more free Sp immunogens to be captured and detected by the assay. Nevertheless, the in vivo antigen data hints at the TSP-induced diminution of Co-mV response could be resultant of repressed translation, at least partially.




Figure 7 | TSP drug combination over time differentially regulated Co-mV-induced production of SARS-CoV-2 spike antigen levels in Balb/C mice. Sandwich ELISA (as described in materials and methods) to assess the SARS-CoV-2 spike protein antigen in the non-hemolyzed sera of vaccine alone and TSP-pretreated vaccine group using 5 samples from each group on (A) day 1, (B) day 5, and (C) day 22. In panels (A-C), the data was represented as median values ± 95% CI; blue indicates PBS group and red indicates TSP group. Statistical comparisons were performed using Mann-Whitney test (** p = 0.004; ns, not significant). Co-mV, COVID-19 mRNA vaccine; PBS, phosphate buffered saline; T, tacrolimus; S, sirolimus; P, prednisone; CI, confidence interval.





Temporary drug holiday of sirolimus and not using higher concentrations of Co-mV rescued the ISs-induced translational repression of Sp immunogen

While a significant proportion of SOT recipients reported to remain as poor responders even after receiving 3 or more doses of Co-mV, optimization strategies are required to improve the vaccine response in at-risk poor responders in IC groups. To this end, we next explored any means of rescuing and/or improving the translational capacity of Co-mV in the presence of ISs in vitro. To test this in vitro, we first assessed whether higher concentrations of Co-mV could overcome the ISs, specifically sirolimus-induced translational suppression of Sp immunogen. Increased doses up to 6 μg of Co-mV did not rescue the sirolimus-inhibited Sp expression and p-S6 activation (Figures 8A–D). Further, 1-day reduced concentration of sirolimus was also not effective in rescuing the ISs-induced repression of Sp immunogen and translational capacity determined in terms of p-S6 activation (Figure S6). Next, the impact of transient discontinuation of S in TSP combination on Co-mV translation was assessed. 3-days but not 1-day temporary drug holiday of S in the TSP combination exhibited a restoration of translational repression of Sp immunogen with a concomitant restoration in the translational capacity as measured by p-S6 levels (Figures 9A–D). These data indicate that neither higher concentrations of Co-mV nor 1-day reduced concentration of ISs could overcome the sirolimus-induced inhibition of Sp protein expression and translational capacity. But a complete drug holiday of sirolimus for 3-days or selective switch to tacrolimus has the potential to rescue Sp levels concomitant with the translational capacity in vitro. However, detailed pre-clinical and clinical validations are warranted to translate these in vitro strategies.




Figure 8 | Increased dose of vaccine did not overcome the effect of sirolimus-induced repression of spike protein expression in Balb/C mice. (A) Schematic illustration of drug and Co-mV transfection schedule to test whether an increasing dose of vaccine rescues sirolimus-induced repression of Sp protein expression. (B) As indicated, HEK293 cells were pretreated with the drugs, S and T either individually or in combination at the indicated concentrations for 16 h followed by which increasing concentrations (2, 4, and 6 μg) of Pfizer-BioNTech Co-mV was transfected in the presence of drugs for an additional 24h. After the experimental period, protein was extracted from the cells and an equal amount of protein from all the groups were analyzed for the expression of SARS-CoV-2 Sp protein, phospho-specific protein S6, total S6, and the loading control, beta-actin (as indicated in materials and methods). (C, D) Quantification of the immunoblots in panel (A) expressed as a ratio of SARS-CoV-2 Sp to Actin; and phospho-specific protein S6 to total S6, respectively. Relative values to DMSO controls were shown. Data was expressed as the mean ± SD (n=3) and the statistical inferences between DMSO and treatment groups were made from a two-way ANOVA, Tukey post-hoc multiple comparisons. (In panel (C), ** p = 0.001; *** p = 0.0002 (V4 – D vs S+T); *** p = 0.0006 (V6 – D vs S); **** p < 0.0001; In panel (D), ** p = 0.0011 (V4 – D vs S); ** p = 0.0012 (V4 – D vs S+T); *** p = 0.0001 (V2 – D vs S and D vs S+T); *** p = 0.0003 (V6 – D vs S); *** p = 0.0002 (V6 – D vs S+T), as indicated). Co-mV, COVID-19 mRNA vaccine; Tx, treatment; V0, no CO-mV; V2, 2 μg Co-mV; V4, 4 μg Co-mV; V6, 6 μg Co-mV; D, dimethyl sulfoxide (DMSO); S, sirolimus; T, tacrolimus; SARS-CoV-2 Sp, severe acute respiratory syndrome coronavirus 2 spike; S6, S6 ribosomal protein; pS6, phospho-S6 ribosomal protein; β-actin, beta-actin.






Figure 9 | Three-days complete holiday of drug(s) rescued the drug-induced repression of spike protein expression in Co-mV transfected HEK293 cells in vitro. (A) 8-day experimental schema to assess three-day complete holiday of drugs, which included the following 7 groups: D0, S0, T0, ST0, S3, T3, and ST3. (B) The drug combinations were pretreated and maintained for 8 days except for 3-days complete holiday starting day 5 through day 7. All the groups received 2 μg of Pfizer BioNTech Co-mV on the 7th day. The individual concentrations of T and S and their combinations were 25, 25, and 12.5 ng/mL each, respectively. At the end of 8th day, protein lysates were collected from all the groups, and Western analysis were performed for the expression of SARS-CoV-2 Sp, pS6, S6, and β-actin antibodies. A representative immunoblot from three independent experiments was shown. (C & D) Quantification of the immunoblots in panel (A) expressed as a ratio of SARS-CoV-2 Sp to Actin; and phospho-specific protein S6 to total S6, respectively. Relative values to DMSO controls were shown. Data was expressed as the mean ± SD (n=3) and the statistical inferences between DMSO and treatment groups were made from one-way ANOVA, Tukey post-hoc multiple comparisons. (In panel (C), * p = 0.04 (D vs S0); * p = 0.02 (D vs ST0); ** p = 0.009; In panel (D), * p = 0.02 (D vs T3); **** p < 0.001, ns – not significant, as indicated). Co-mV, COVID-19 mRNA vaccine; V2, 2 μg of Pfizer BioNTech Co-mV; S, sirolimus; T, tacrolimus; Tx, treatment; Group D0, DMSO and no drug; Group S0, Tx with only S for 8 days with no interruption; Group T0, Tx with only T without drug stoppage; ST0, Tx with S and T combination without drug holidays; Group S3, Tx with only S with 3 days drug stoppage; Group T3, Drug T with a transient halt of drug treatment for 3 days; ST3, Tx with S and T combination with a continuous interruption of drugs for 3 days; SARS-CoV-2 Sp, severe acute respiratory syndrome coronavirus 2 spike; S6, S6 ribosomal protein; pS6, phospho-S6 ribosomal protein.






Discussion

We and others have reported that Co-mV generates poor immunological response in IC patients as in SOT, AI disorder, and CIDs (1–6). Majority of these studies have illustrated that the poor Co-mV-driven responses are at least partly linked to the use of immunosuppressive class of medicines that inhibit the humoral and cell-mediated immune processes. Notably, such investigations have precluded the ‘empirical understanding’ of mRNA translational efficiency, a rate-limiting mechanism that can dictate the efficacy of new-generation mRNA vaccine. This study uses in vitro, in vivo, and supporting clinical data and interrogates the effect of ISs on the translation of Co-mV, which is central to its effectiveness.

In our study, irrespective of 2D or 3D Co-mV immunizations, IC patients exhibited poor antibody response compared to healthy or non-transplanted participants. In addition, the neutralizing IgG titer threshold of 4160 AU/mL according to Ebinger et al. (40) was found to be consistently low in IC patients compared to the healthy controls (Table 2). Adjusting for the differences across IC patients receiving ISs therapies particularly with mycophenolate or sirolimus, our finding indicates that these ISs used in the treatment of transplant and autoimmune patients, can inhibit the 2D Co-mV-evoked initial production of IgM (the first antibody to develop as part of humoral immune response) that subsequently reflected on the IgG levels as well.

A diminished antigen level (because of translation) could be a plausible reason in the non-responders. In a small-sampled analysis, we have earlier shown a direct relationship between Sp Ag level and humoral immunogenicity in healthy volunteers following the first dose of Moderna mRNA vaccination (44). Relevantly, when we link and extrapolate these findings to the IC dataset, it can be reasonably presumed that a low Ag level could be a cause for poor antibody response to Co-mV in IC patients that are on ISs. Our antigen/antibody binning data according to Sp Ag thresholds, points out that impairment in Sp immunogen production (associated with translation process) per se may only have a partial link to the Co-mV-induced muted antibody response since we observed only a decreasing trend in Sp immunogen, albeit non-significant in IC patients relative to HC. This can be attributed to the fact that Sp Ag levels were not measured in all samples. Since, translation capacity is tightly coupled to nutrient availability, metabolism status, severity of the disease/stress, choice and chronicity of drug treatments, aging, and genetics, etc., a more controlled study accounting for these factors can help better understand the relevance of translation. Another reason for this contrast observation could be due to the fact that a majority of the samples tested were collected 10 or more days after the first dose, when the Ag levels diminished from the peak level (44). Indeed, to show that restrained Sp antigen levels as a resultant of translation inhibition is underlying the poor Co-mV response in IC setting, it is desirable to quantify Sp antibody along with Sp antigen in the early stages post-first vaccination as mRNA translation begins immediately after vaccine inoculation. Because the later periods and subsequent exposures might trigger other memory/immune-associated mechanisms and would render it complex to guage the precise role of translation. Since the large majority of high-risk IC cohorts are already being boosted with 3 or more doses, this left a bottleneck in obtaining early samples following the first dose of Co-mV (around the peak Ag and Ab period). Thus, our clinical data should be regarded as a support to hypothesis generation and only a basis for testing our hypothesis on the role of translation in vitro and in vivo.

So far, the poor Co-mV immunogenicity associated with several conditions, including IC has been mostly associated with immune modulation by ISs and only theorized to result from differences in translational efficiency without empirical demonstration. In the context of experimental evaluation, our in vitro findings suggest that the most widely used ISs in SOT patients, namely, mycophenolate followed by sirolimus, can significantly attenuate the Co-mV-induced Sp immunogen levels. This paralleled with the ISs-induced repression of translational capacity (measured in terms of p-S6 phosphorylation) but in the order of sirolimus followed by mycophenolate. This suggests that M can influence a process related to translation of Sp antigen that are not involving classical cellular signaling. For instance, M has been shown to trigger nucleolar stress via disrupting the production and structural integrity of ribosomes, which are macromolecular machines responsible for protein synthesis in the cell (21). Consistent with our findings, the ISs such as T, M, S, P and/or its combination (TMP/TSP) have been reported to impact the translation process (protein synthesis) either directly or indirectly (12, 15–17, 19–22), which is sufficient to disrupt the production of Sp protein. Interestingly, our in vitro data also indicates that the TSP-induced low protein expression of Sp immunogen did not result from deficient Co-mV uptake and its associated Sp mRNA expression. Genetic and pharmacological manipulation-based gain-of-function experiments involving components of translation process (such as mTOR, pS6, 4EBP1 etc.), however, will provide an unambiguous role for translation process impacted by ISs.

Validating our in vitro data, the immunization of Balb/c mice with Co-mV when pretreated with TSP clearly exhibited negligible to modest IgM and IgG seropositive responses to the SARS-CoV-2 subunits compared to the vehicle alone treated vaccine group. The modest seropositive response was seen only in the case of IgG response after the second dose of Co-mV. Concomitantly, we observed that the TSP-pretreatment resulted in a decreasing trend of the mean Sp immunogen levels, however not significant, when compared to the vaccine alone group as early as day 1 following the first dose vaccination (Figure 7A). Surprisingly, we found the Sp immunogen levels on day 5 after first dose vaccination to be elevated in the TSP group that was further increased on day 22 (a day after the second dose) (Figure 7B, C). This data likely indicates that there is a lack of adequate processing of already produced Sp Ag into the subsequent steps viz. Ag presentation, which is reflected by bare minimal antibody levels (both IgM and IgG; Figure 5 and 6). Alternatively, given the concentration of an Ag relies on a balance between Ag production and its clearance by endocytosis and lysosomal degradation, a relatively low production of TSP-induced Ag noted on day 1 (Veh vs TSP; Figure 7A) might have sedated its removal. In line with this claim, we have earlier shown clear evidence for a negative relationship between antigen clearance and anti-SARS-CoV-2 antibody production in COVID-19 patient samples (43). Overall, our in vivo data alludes TSP may at least partially repress the translation of Sp immunogen affecting the immunogenic response to COVID-19 vaccination. Prior studies have shown that sirolimus can abrogate the immune responses by inhibiting mTOR-dependent protein synthesis in immune cells (45). Also, prednisone using rheumatoid arthritis IC patients showed a markedly depressed rate of muscle protein synthesis (46). Since the IC patients use several classes of ISs, in-depth studies are warranted to understand the influence of other commonly used drugs or its combinations on the translational process and its associated antibody responses from mRNA-based vaccines.

Exploring any means of rescuing and/or improving the translational capacity of Co-mV in the presence of ISs, we observed that neither higher concentrations of Co-mV up to 6 μg nor reduced concentration of S for a single day could overcome the translational suppression of Sp immunogen and S-induced muted translation in vitro. Interestingly, 3-day temporary drug holiday of S in the TSP combination exhibited a restoration of protein levels of Sp immunogen with a concomitant reinstatement of the translational capacity. Although this temporary in vitro complete drug holiday presents early excitement, we must consider the translatability of temporary suspension of ISs like sirolimus in the IC patients. Likewise, our findings advocate selective switching of ISs to tacrolimus that can maintain the immunosuppressive activity while exerting a less impact on the mRNA translational process and to augment vaccine response.

In this study, we report ISs used by the IC patients can dampen the translation process and contribute to poor Co-mV efficacy. Manipulating the appropriate combination of ISs during Co-mV period may contribute to long lasting vaccine efficacy in IC patients. Thus, in the grand scheme, it seems prudent to err on the side of caution by considering the ‘translation regulation (here, activation)’ when prioritizing new generation mRNA-based treatments to the high-risk IC groups that are on ISs. Future studies such as this should galvanize the scientific community to delve deep into the understanding and tailoring the choice of ISs therapy with respect to translation for a better outcome of COVID-19 mRNA vaccines.
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Supplementary Figure 1 | Flow chart of cases used in the COVID-19 mRNA vaccine experiments. (A) A total of fifty healthy controls (HC) and 259 immunocompromised (IC) patients on immunosuppressive (ISs) drugs were included in the assessment of humoral (IgMSp and IgGSp) responses to 2 doses of mRNA vaccines. Out of 50 total HC and 259 IC patient samples, 16 and 174, respectively, were only assessed for both the spike antigen (Ag) and antibody (Ab) levels. (B) Flow chart to assess the influence of 3 doses of COVID-19 vaccine on spike IgGSp antibody levels in 843 non-transplanted controls (NT) and 67 solid organ transplanted IC patients on ISs.

Supplementary Figure 2 | Immunocompromised SOT patients after 3 doses of COVID-19 vaccines showed poor IgGSp response compared to non-transplanted subjects. Figure shows IgGSp levels in NT subjects and immunocompromised SOT patients on ISs who received 3D COVID-19 vaccines. Box plot indicates the mean ± SD of IgGSp (AU/mL) levels. Comparison of the means among the groups and the statistical difference was established using a two-tailed Mann-Whitney test. NT, non-transplanted; SOT, solid organ transplanted; ISs, immunosuppressants; 3D, three doses; Sp, spike; AU, arbitrary units; SD, standard deviation; IgG, immunoglobulin G; ↓, decrease.

Supplementary Figure 3 | Optimization of vaccine transfection and spike protein expression in vitro in HEK293 cells. (A) Different concentrations (1, 2, and 3 μg) of Pfizer-BioNTech Co-mV was transfected into HEK293 cells with and without lipofectamine. At the end of 24h, protein was extracted from the cells and an equal amount of protein from non-transfected and transfected lysates were analyzed using immunoblotting (as indicated in materials and methods) for the expression of SARS-CoV-2 Sp protein using a specific primary antibody for SARS-CoV-2 spike. The same immunoblots were stripped and reprobed with an actin antibody which was used as loading control. (B) Choosing an optimal concentration of 2 μg Pfizer Co-mV and without lipofectamine, time-course analysis was performed on HEK293 cells with transfection carried out for different time points, as indicated. Western analysis for SARS-CoV-2 Sp protein was performed and representative full immunoblot was shown. (C) The full immunoblot membrane processed as in panel B was subsequently stripped and reprobed for actin, as loading control. SARS-CoV-2 Sp, severe acute respiratory syndrome coronavirus 2 spike; Co-mV, COVID-19 mRNA vaccine; HEK293, human embryonic kidney 293.

Supplementary Figure 4 | Confirmation of uptake of vaccine spike mRNA by HEK293 cells treated with Pfizer-BioNTech Co-mV in vitro. (A-D) HEK293 cells were transfected with 2 μg Pfizer Co-mV without lipofectamine. RNA was purified after thoroughly washing the cells with sterile PBS and real-time qRT-PCR was performed using four different primer sets targeting four different locations in Pfizer-BioNTech Co-mV (as provided in materials and methods). RNA levels of spike were presented as 2−ΔΔCT values relative to house-keeping gene, actin. Results are from four independent experiments (n = 4). Differences between the non-transfected and transfected groups were analyzed using a two-tailed Welch’s t-test. Data was expressed as the mean ± SD. (*** p = 0.001 (Figure S4A); **** p < 0.0001 (Figure S4B); *** p = 0.0009 (Figure S4C); **** p < 0.0001 (Figure S4D) vs non-transfected controls, as indicated). Co-mV, COVID-19 mRNA vaccine; PBS, phosphate buffered saline; qRT-PCR, real-time quantitative reverse transcription-polymerase chain reaction; SD, standard deviation; CT, cycle threshold; 2−ΔΔCT, 2ˆ(–delta delta CT), a comparative CT method quantification.

Supplementary Figure 5 | Immunosuppressant combination TSP-associated body weight changes in Balb/C mice following immunization with Pfizer Co-mV. 8-10 weeks old healthy BALB/c female mice (n = 5) were immunized twice three weeks apart with 2 µg of Pfizer-BioNTech Co-mV formulation intramuscularly. Drug combination of TSP treatment was started 7 days prior to Co-mV administration and continued through the entire experimental period daily by oral gavage according to their body weight. The individual concentrations of T, S, and P drugs were 12.5, 12.5, and 5 mg/kg, respectively. PBS served as vehicle control for the drug injections (n=5). Body weight was measured every 7 days and data was expressed as mean ± SD. Statistical comparisons were performed using Kruskal-Wallis One-Way ANOVA. Co-mV, COVID-19 mRNA vaccine; PBS, phosphate buffered saline; T, tacrolimus; S, sirolimus; P, prednisone; SD, standard deviation; ANOVA, analysis of variance.

Supplementary Figure 6 | Reduction of sirolimus and tacrolimus dosage for one day just prior to Co-mV transfection did not rescue the drug-induced repression of spike protein expression in vitro. (A) 7-day experimental schema for the drug treatment and vaccine transfection in HEK293 cells to assess reduced dosage of drugs for 1 day prior to Co-mV transfection. This included the following 4 groups: D0, R0, R1, and R2. (B) S and T drug combination each at concentrations of 12.5 ng/mL were pretreated and maintained for 7 days (R0) except for 1-day reduction (day 5 through day 6) to 1.25 ng/mL each (R1 group) and 6.25 ng/mL each (R2 group). D0 served as no drug controls. All the 4 groups were transfected with 2 μg of Pfizer BioNTech vaccine on the 6th day, which were then allowed for another 24h before terminating the experiment. At the end of the 7th day, protein was extracted from the cells and an equal amount of protein lysates from all the groups were analyzed using immunoblotting (as indicated in materials and methods) for the expression of SARS-CoV-2 Sp protein using specific primary antibody for SARS-CoV-2 spike. The same blots were stripped and reprobed with pS6, S6, and β-actin antibodies. Co-mV, COVID-19 mRNA vaccine; V2, 2 μg of Pfizer BioNTech Co-mV; S, sirolimus; T, tacrolimus; SARS-CoV-2 Sp, severe acute respiratory syndrome coronavirus 2 spike; S6, S6 ribosomal protein; pS6, phospho-S6 ribosomal protein.

Supplementary Figure 7 | One-day complete holiday of drug(s) did not rescue the drug-induced repression of spike protein expression in Co-mV transfected HEK293 cells in vitro. (A) 7-day experimental schema to assess one-day complete holiday of drugs, which included the following 7 groups: D0, T, TP, TMP, T, TP, and TSP. (B) The drug combinations were pretreated and maintained for 7 days except for one day complete holiday starting day 5 through day 6. All the groups received 2 μg of Pfizer BioNTech Co-mV on the 6th day. The individual concentrations of T, S, M, and P in their respective combinations were 12.5, 10, 10, and 10 ng/mL respectively. At the end of the experimental period on the 7th day, protein lysates were collected from all the groups, and Western analysis were performed for the expression of SARS-CoV-2 Sp protein using specific primary antibody for SARS-CoV-2 spike. The same blots were stripped and reprobed with pS6, S6, and β-actin antibodies. Co-mV, COVID-19 mRNA vaccine; V2, 2 μg of Pfizer BioNTech Co-mV; S, sirolimus; T, tacrolimus; M, mycophenolate; P, prednisone; Group D0, no drug; Group T1, 1-day holiday for drugs M and P; Group TP1, 1-day holiday for only drug M; TMP, 1-day holiday for all 3 drugs T, M, and P; Group T2, 1-day holiday for drugs S and P; Group TP2, 1-day holiday for only drug S; TSP, 1-day holiday for all 3 drugs T, M, and P; SARS-CoV-2 Sp, severe acute respiratory syndrome coronavirus 2 spike; S6, S6 ribosomal protein; pS6, phospho-S6 ribosomal protein.
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The pandemic of coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has posed serious threats to global health and economy and calls for the development of safe treatments and effective vaccines. The receptor-binding domain in the spike protein (SRBD) of SARS-CoV-2 is responsible for its binding to angiotensin-converting enzyme 2 (ACE2) receptor. It contains multiple dominant neutralizing epitopes and serves as an important antigen for the development of COVID-19 vaccines. Here, we showed that dimeric SRBD-Fc and tetrameric 2xSRBD-Fc fusion proteins bind ACE2 with different affinity and block SARS-CoV-2 pseudoviral infection. Immunization of mice with SRBD-Fc fusion proteins elicited high titer of RBD-specific antibodies with robust neutralizing activity against pseudoviral infections. As such, our study indicates that the polymeric SRBD-Fc fusion protein can serve as a treatment agent as well as a vaccine for fighting COVID-19.
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Introduction

SARS-CoV-2, which causes the global pandemic coronavirus disease 2019 (COVID-19), belongs to a family of viruses known as coronaviruses that also include MERS−CoV and SARS-CoV-1 (1). Coronaviruses are commonly comprised of four structural proteins including spike protein (S), envelope protein (E), membrane protein (M) and nucleocapsid protein (N) (2). The SARS-CoV-2 S protein is a glycoprotein that mediates membrane fusion and viral entry. The S protein is homo-trimeric, with each ~180 kDa monomer consisting of two subunits S1 and S2 (3). In SARS-CoV-2, as with most coronaviruses, proteolytic cleavage of the S protein into S1and S2 subunits is required for activation (3). The S1 subunit mediates attachment of the S protein to the host receptor, while the S2 subunit is involved in cell fusion (4, 5). A receptor binding domain (RBD) in the C-terminus of the S1 subunit has been identified, and the RBD of SARS-CoV-2 shares 73% amino acid identity with the RBD of the SARS-CoV-1 but only 22% identity with that of MERS−CoV (6, 7). The low amino acid sequence homology is consistent with the finding that SARS and MERS−CoV bind different cellular receptors (8). The RBD of SARS-CoV-2 S protein binds angiotensin-converting enzyme 2 (ACE-2), a metallopeptidase, similar to that of SARS-CoV-1 but with much higher affinity and faster binding kinetics (9, 10). The SARS-CoV-2 Spike protein uses ACE2 to enter cells and the receptor-binding domains of SARS-CoV-2 Spike and SARS-CoV Spike bind with similar affinities to human ACE2 (11). Structural analysis of the S1 trimer shows that before binding to the ACE-2 receptor, only one of the three RBD domains is in the “up” conformation. This is an unstable and transient state that passes among trimeric subunits but is nevertheless an exposed state that can be targeted by neutralizing antibodies (12). For the potent antibodies, interacting with the RBDs are universally in the ‘up’ state, such full occupancy in each complex could render RBD completely inaccessible for ACE2 (13).

Polyclonal antibodies to the RBD of the SARS-CoV-2 protein have been shown to inhibit interaction with the ACE-2 receptor, confirming RBD as an attractive target for vaccinations and antiviral therapy (14). A single dose of AZD7442 had efficacy for the prevention of Covid-19 infection, without evident safety concerns (15). There is also promising work showing that the RBD may act as an antigen to interact with antibodies in a patient’s bloodstream, consistent with immunity developed after exposure to the SARS-CoV-2 (16). Several newly emerged SARS-CoV-2 variant genomes have been identified including the Omicron-B.1.1.529 variant. First identified in November 2021 in South Africa, this Omicron variant quickly became the dominant SARS-CoV-2 variant and is considered a variant of concern (VOC). The Omicron variant contains 15 mutations in RBD domain that potentially affect viral fitness and transmissibility. Most of the mutations are involved in ACE-2 binding leading to a higher Omicron and ACE-2 binding affinity, which potentially explains its much-increased transfection ability (17, 18). Several of these mutations facilitate immune escape and reduce neutralization activity of several monoclonal antibodies (17). mRNA, recombinant virus and inactivated virus vaccines have been developed and showed great efficacy (19, 20). Particularly, RBD-mRNA vaccine effectively protected mice from challenge with a virulent mouse-adapted SARS-CoV-2 variant (21). A self-amplifying RNA encoding the SARS-CoV-2 spike protein encapsulated within a lipid nanoparticle (LNP) as a vaccine showed remarkably high and dose-dependent SARS-CoV-2 specific antibody titers in mouse sera, as well as robust neutralization of both pseudo-virus and wild-type virus (22). However, the mRNA vaccine needs to be encapsulated: mRNA is unstable under physiological conditions, and the half-life of mRNA is short, and there may be problems or side effects beyond expectations (23). A clinical stage multivalent SARS-CoV-2 spike receptor-binding domain nanoparticle (RBD-NP) vaccine protects mice from SARS-CoV-2 challenge after a single immunization, indicating other potential strategies (24). Regardless of the type of vaccine, due to the in-time vaccination, current pandemic results show the sacrifices are lower than previously estimated (25).

However, even with the success of these vaccines, breakthrough infection still occurs at a decreased rate, and imposes a social and economic impact. For patients that are infected after vaccination, there is still a need to develop drugs to decrease symptoms and save lives. Here, we designed SRBD-Fc and 2xSRBD-Fc fusion proteins that can block pseudo virus infection and serve as immunogens to generate neutralizing antibodies. We engineered 293T cells with surface expression of ACE2, and expressed and purified SRBD-Fc and 2xSRBD-Fc fusion proteins. SRBD-Fc and 2xSRBD-Fc fusion proteins dimerize via Fc-mediated disulfide bond formation. We found that 2xSRBD-Fc dimer binds to ACE2 on the surface of 293T cells with an affinity 7-fold higher than that of the SRBD-Fc dimer. Both SRBD-Fc and 2xSRBD-Fc fusion proteins can block the infection of pseudo virus to ACE2 expressing 293T cells. We further showed that SRBD-Fc and 2xSRBD-Fc fusion proteins can generate antiserum with virus neutralizing activity in mice. Both fusion proteins can be produced in an industry-standard Chinese hamster ovary (CHO) cell system, suggesting this technology platform can scale up protein production, and promising for future drug design and clinical development to control the COVID-19 pandemic.



Results


Construction of HEK293T cells with constitutive expression of human ACE2

To create a host cell line that can be efficiently infected by pseudo viruses with the SARS-CoV-2 spikes, we transduced HEK293T cells with a lentiviral vector expressing human ACE2(hACE2) under an EF1a promoter. To create a founder cell line from the bulk transfection, we treated transfected cells with puromycin, diluted in 96 well plates, and re-expanded singular cells into a large population. We characterized an expanded clone that expressed high levels of hACE2 (Figure 1A). The hACE2 expression appeared stable over time and has not decreased noticeably after its establishment. This clone is hereafter referred to as HEK293T-hACE2.




Figure 1 | Construction and characterization of HEK293T-hACE2 cells. (A) Immunoblots show the expression of hACE2 in HEK293T-hACE2 cells but not HEK293T cells. β-actin was probed as a loading control. (B) Flow cytometry assays show the expression of hACE2 by the HEK293T-hACE2 cells compared to parental HEK293T cells after staining with an anti-hACE2 antibody. (C) Microscope images show the expression of human ACE2 in the HEK293T-hACE2 cells (DNA staining DAPI in blue, hACE2 antibody staining in green, scale bars 10 µm).



We next tested the localization of hACE2 in the HEK293T-hACE2 cells. The expression of hACE2 on the surface of the membrane was observed by confocal microscopy using immunofluorescence staining with an anti-ACE2 antibody (Figure 1C). Additionally, flow cytometry analysis also detected hACE2 on the HEK293T-hACE2 cells without permeabilizing the cells (Figure 1B). These results indicate that hACE2 was appropriately localized to the membrane with its extracellular domain positioned in the right direction.



Expression of recombinant SRBD-mFc and 2xSRBD-mFc fusion proteins

To obtain SARS-CoV-2 SRBD (S protein receptor binding domain) and tandem 2xSRBD proteins, we constructed two expression vectors encoding RBD and Fc fragment of mouse IgG (protein sequence in the supplementary). After expression in ExpiCHO cells and purification with affinity chromatography, we analyzed the SRBD-mFc and 2xSRBD-mFc proteins in both reduced and non-reduced conditions using SDS-PAGE. As shown in Figure 2A, we observed a single band with a molecular weight of ~57 kDa in the reduced condition and a band of ~115 kDa in the non-reduced condition, suggesting that the SRBD-mFc protein was well-expressed and purified with high purity, and formed a homodimer via the disulfide bond in the non-reduced condition. In addition, the 2xSRBD-mFc fusion protein had a molecular weight of ~100 kDa under reduced condition, and a molecular weight of ~200 kDa under non-reduced condition, indicating the disulfide bond mediated dimer formation through the Fc fragment.




Figure 2 | Expression and characterization of SRBD-mFc and 2xSRBD-mFc. (A) SDS-PAGE analysis of purified SRBD-mFc and 2xSRBD-mFc fusion proteins in reduced and non-reduced conditions, respectively. (B, C) Confocal microscope images show the SRBD-mFc and 2xSRBD-mFc binding to human ACE2 expressed on the HEK293T-hACE2 cell surface (DNA DAPI staining in blue, SRBD-mFc or 2xSRBD-mFc staining in red). Scale bars, 10 µm.



Next, we investigated whether the SRBD-mFc and 2xSRBD-mFc proteins can bind to the surface of HEK293T-hACE2 cells. We found that the SRBD-mFc and 2xSRBD-mFc proteins could effectively bind to the hACE2 in a dose-dependent manner. As shown in Figures 2B, C, the receptor-ligand interaction of SRBD-mFc or 2xSRBD-mFc with hACE2 was observed with confocal microscope after immunofluorescence staining with DAPI and an anti-mouse IgG antibody. Moreover, the SRBD-mFc and 2xSRBD-mFc proteins were mainly observed on the surface of the cell membrane.



SRBD-mFc and tandem 2xSRBD-mFc exhibited high binding affinity to hACE2

Using flow cytometry, we investigated the binding affinity between human ACE2 expressed on the HEK293T cell surface and the SRBD-mFc or the 2xSRBD-mFc fusion proteins (Figures 3A, B). We found that SRBD-mFc and 2xSRBD-mFc effectively bound to the hACE2 in a dose-dependent manner with a 50% effective binding concentration (EC50) at 0.9 nM and 0.13 nM, respectively (Figure 3C).




Figure 3 | Affinity between hACE2 and the SRBD-mFc and the 2xSRBD-mFc. (A, B) Flow cytometry diagrams show the SRBD-mFc and 2xSRBD-mFc of binding to human ACE2 expressed on the HEK293T cell surface at a 2-fold series dilution. (C) Affinity binding curves for SRBD-mFc or 2xSRBD-mFc fusion proteins were established based on the flow cytometry results.





SRBD-mFc and 2xSRBD-mFc block the infection of SARS-CoV-2 S protein pseudo virus

We next used the GFP-expressing SARS-CoV-2 S protein pseudo virus to analyze if SRBD-mFc and 2xSRBD-mFc proteins block the virus binding and entry into the HEK293T-hACE2 cells. The interaction of ACE2 with the S protein simulates pseudo viruses to enter and infect the target cells (26). We used the spike pseudo virus at 10-fold of the HEK293T-hACE2 cells. We first mixed pseudo virus with a high concentration of SRBD-mFc or 2xSRBD-mFc protein. We then added the mixture to a pre-seeded plate of HEK293T-hACE2 cells. As shown in Figure 4A, at 48 h post-infection, cells with green fluorescence signals indicating pseudo virus infection were much less after coincubation with SRBD-mFc or 2xSRBD-mFc fusion proteins than those after coincubation with PBS.




Figure 4 | HEK293T-hACE2 cells infection by the SARS-CoV-2 S protein Pseudo virus was blocked by the SRBD-mFc and 2xSRBD-mFc fusion proteins. (A) Microscope images showing GFP expression in the HEK293T-hACE2 cells at 48h after incubation with SARS-CoV-2 Spike Pseudo virus premixed with PBS, SRBD-mFc and 2xSRBD-mFc. Scale bars, 50 µm. (B) Flow cytometry plots show cells of GFP expression. HEK293T-hACE2 cells without virus infection were analyzed as a negative control. Other cell groups were treated similar as described in (A). (C) Mean values of cell percentages with high levels of GFP expression are shown (n = 3).



To quantify the efficiency of SRBD-mFc or 2xSRBD-mFc proteins in competition with the pseudo virus, HEK293T-hACE2 cells was incubated with a mixture of GFP-expressing SARS-CoV-2 S protein pseudo viruses premixed with SRBD-mFc or 2xSRBD-mFc proteins in a dilution series. After transfection, HEK293T-hACE2 cells were trypsinized and flow cytometry analyses were performed to analyze the green fluorescence signals and viral infection (Figure 4B). We found that cells infected with the pseudo virus alone showed stronger GFP signals with a second peak of much elevated signals accounting for 38% of all cells in this group (Figures 4B, C). In contrast, only low levels of green fluorescence signals were observed after infection of the pseudo virus premixed with the SRBD-mFc or 2x SRBD-mFc fusion proteins. Above results indicate that SRBD-mFc fusion proteins significantly blocked the infection of HEK293T-hACE2 cells by the pseudo virus.



Neutralization assays with SARS-CoV-2 S protein pseudo virus

Antisera from mice after SRBD-mFc or 2x SRBD-mFc protein immunization were analyzed by ELISA using the His6-RBD fusion protein. Antisera collected after the last immunization showed much higher affinity than the pre-immune sera (Figure 5A). The antiserum from mouse 8 showed the strongest affinity for His6-RBD, and the titers of the antiserum based on dilution curves are shown in the Supplementary Figure 1A. These results indicate that SRBD-mFc and 2xSRBD-mFc act as effective immunogen to produce anti-RBD antibodies. Compared to mice immunized with SRBD-mFc, mice immunized with 2xSRBD-mFc exhibited an increased anti-RBD antibody activity (Figure 5B; Supplementary Figure 1B).




Figure 5 | 2xSRBD-mFc as a vaccine to generate neutralization antibodies. (A) ELISA assays of the anti-RBD antibody activity from antisera before and at day 35 after immunization. (B) The antibody activity in antisera immunized with SRBD-mFc is significantly less than that in the antisera immunized with 2xSRBD-mFc (**, P ≤ 0.01, n=6). (C) Flow cytometry diagrams show the GFP expression in HEK293T-hACE2 cells and HEK293T-hACE2 cells at 48h after infection with SARS-CoV-2 spike pseudo viruses premixed with mouse #8 antisera at a 2-fold dilution series. (D) Competition efficacy curve of antiserum #8 was established based on the flow cytometry results.



To evaluate the antiserum contains neutralizing antibodies against SARS-CoV-2, we performed viral infection experiments using the GFP-expressing SARS-CoV-2 S protein pseudo virus (27). The antiserum from mouse 8 neutralized pseudo virus infection at a concentration dependent manner (Figures 5C, D). To determine whether mutations in RBD are resistant to the neutralizing antibodies induced by 2xSRBD-mFc, we constructed pseudo virus with RBD of Omicron BA.4 S protein and analyzed its sensitivity to the neutralization activity of mouse antisera. At 48 h post-infection, HEK293T-hACE2 cells showed green fluorescence signals while the HEK293T cells did not, indicating that the Omicron BA.4 S protein pseudo virus infected cells by interacting with ACE2 (Supplementary Figure 2A). The antiserum from mouse 8 neutralized Omicron BA.4 pseudo virus infection at a concentration dependent manner (Supplementary Figures 2B, C). These results indicate that the antiserum could inhibit SARS-CoV-2 infection as well as other newly emerged variants with mutants in the spike protein.




Discussion

Here, we designed and studied a tetrameric form of S RBD protein (2xSRBD-mFc) and a dimeric form of S RBD protein (SRBD-mFc). Since the S protein interacts with the ACE2 receptor as a trimer (12), we speculated that multimeric S-RBD proteins will have a higher binding affinity with the ACE2 receptor due to coordinated binding. Structural analysis of the S1 trimer shows that before binding to the ACE-2 receptor, only one of the three RBD domains is in the “up” conformation. Potent antibodies interact with the RBDs that are universally in the ‘up’ state, leading to full RBD occupancy in each complex and RBD completely inaccessible for ACE2. In addition, the neutralizing epitopes in SARS-CoV-2 RBD are conformational and nonlinear, which is consistent with those in SARS-CoV RBD (27). Fc fusion protein can form dimer through the disulfide bond of Fc hinge region, so that the dimeric and the tetrameric RBD-Fc fusion proteins can be easily formed by fusing one RBD domain or two tandem RBD domains to the N-terminal of the Fc fragment. The RBD domains of the RBD-Fc fusion protein also facilitate forming the exposed “up” RBD-domain conformation. A previous report has found that a disulfide-linked SARS-CoV-2 RBD dimer enhances the neutralizing antibody titer compared to the RBD monomer (28). Different from the disulfide-linked dimer approach, we fused the IgG1 Fc fragment to the C-terminus of SARS-CoV-2 RBD to produce dimeric and tetrameric S-RBD proteins, which indeed showed excellent binding capacity to hACE2. Compared with the dimeric form, the tetrameric form protein has elevated ability to block SARS-CoV-2 S protein pseudo virus infection, elicited higher neutralizing antibody titers in mice. We found that the tetrameric S RBD protein binds to ACE2 on the surface of 293T cells with an affinity 7-fold higher than that of the dimeric S RBD protein. The higher affinity between 2xSRBD-mFc and ACE2 likely correlates with the increased valency of binding sites between the 2xSRBD-mFc and the ACE2 trimer. Furthermore, both fusion proteins can block the infection of pseudo virus to 293T-hACE2 cells with high efficacy.

Fusion with Fc can increase the serum concentration of a target protein of interest, as well as generate high titers of neutralizing antibodies. A previous study has shown that the titer of neutralizing antibodies in the sera of mice immunized with Fc-fusion proteins was able to maintain at a high level for at least 3 months, generating antibody titers higher than that of neutralizing antibodies required for sterilizing immunity or full protection (27). The RBD-Fc-based SARS-CoV vaccine with V367F mutation showed enhanced binding affinity to ACE2 (29). The Fc fragment in RBD-based vaccine can serve as an immunopotentiator to enhance the immunogenicity of the vaccine since it promotes interaction of the vaccine with Fc receptor on the antigen-presenting cells (30). Importantly, the tetrameric S-RBD-Fc protein designed in our study has several advantages for increasing immunogenicity, such as increased molecular weight, better stimulation of immune cells and exposure of the immunodominant epitopes for neutralizing antibody binding. Since our experiment was conducted in mice, we used mouse Fc fragments to allow primary immunogenicity with the RBD region. In future human Fc-fusion protein drug design, human IgG1 Fc fragment shall be preferred. Using antiserum collected from mouse immunized with tetrameric form S RBD protein, we managed to neutralize the SARS-CoV-2 spike and Omicron BA.4 spike protein pseudo virus from infecting HEK293T-hACE2 cells, supporting that neutralizing antibodies have a broad-spectrum activity against virus variants.

Previous studies found that SARS-CoV-2 spike protein RBD domain was the majority target of neutralizing antibodies (31). The MERS-CoV S RBD-dimer significantly increased neutralizing antibody titers and protected mice against viral infection (32). Studies also found that a disulfide-linked dimeric form of MERS-CoV RBD also significantly enhanced the antibody response and neutralizing antibody titers compared to the conventional monomeric form (28). Vaccination of human ACE2 transgenic mice with RBD-Fc could effectively protect mice from the SARS-CoV-2 challenge (27). In our research, dimeric and tetrameric S-RBD-Fc proteins can also bind with a higher affinity to the ACE-2 protein which may serve as a therapeutic agent by blocking the hACE2 site of host cells to reduce virus infection. For vaccination purpose, it can also produce antibodies against the tertiary structure of RBD. Taken together, our results and those from others indicate that engineered RBD-Fc fusion proteins have a good potential to be further developed as effective treatments and broad-spectrum vaccines to prevent infection of the current SARS-CoV-2 and mutant variants that are emerging.



Materials and methods


Plasmid construction

The RBD and 2xRBD [RBD-(GGGGS-GGGGS-GGGGS)-RBD] vector constructs were synthesized by QINGKE Inc. in pcDNA3.4 with an N-terminal IgG kappa signal peptide and a C-terminal mouse IgG Fc fragment. The RBD sequence includes residues 319–541 of SARS-CoV-2 (GenBank accession number: NC_045512) spike protein. The hACE2 cDNAs were cloned into the pCDH-EF1a-mcs-(PGK-Puro) vector.



Protein expression and purification

Genes encoding residues 319–532 of SARS-CoV-2 (GenBank accession number: QHD43416.1) spike protein fused with the genes of Fc in its N-terminal were inserted into the pcDNA3.4 plasmid. The recombinant expression plasmids were transfected into ExpiCHO cells, and then the cells were cultured for seven days. After that, cell culture supernatants were collected and purified using affinity chromatography. The purified recombinant proteins were analyzed using SDS-PAGE. Briefly, 4-20% Bis-Tris SDS-PAGE was used to separate the proteins, and then the proteins in the gel were stained using Coomassie Brilliant Blue to visualize the protein bands.



Construction of hACE2 expression cell line

Lentivirus packaging was carried out by co-transfecting HEK293T cells (ATCC) with the hACE2 vector and two helper vectors (psPAX2 and pMD2.G) via Lipofectamine 2000 (Life Technologies,11668027). Two days later, lentivirus-containing supernatant was collected and used to infect the target HEK293T cells. Single clones were picked and expanded following antibiotic selection. All cell lines were cultured in DMEM supplemented with glutamine, 10% fetal bovine serum and penicillin/streptomycin. Cell lines were grown in a humidified incubator at 37°C with 5% CO2.



Western blot

Whole cell lysates were made with RIPA buffer (Sigma, R0278-50ML). After centrifugation protein concentrations were measured by BCA protein assay (Thermofisher, 23227). For immunoblotting equal amounts of protein lysates were separated by SDS-polyacrylamide gel electrophoresis (PAGE), transferred onto PVDF membranes (Millipore, IPVH00010), blocked with 5% milk dissolved from powder and probed with the antibody (rabbit anti-human ACE2 antibody (Sino Biological, 10108-T24).



Flow cytometry

Flow cytometry was used to detect the expression of hACE2 and the binding of SRBD fusion proteins with HEK293T-hACE2 cells. Briefly, HEK293T-hACE2 cells were incubated with anti-human ACE2 antibody for 2 h, HEK293T cells were used as a control. Serial dilutions of SRBD-mFc and 2xSRBD-mFc proteins were prepared in EP tubes, diluted fusion protein was incubated with HEK293T-hACE2 cells for 2 h, HEK293T cells were used as a control. The following secondary antibodies (1:1000) were used to detect hACE2 and mFc fusion proteins respectively, including: Alexa Fluor 488 Goat anti-Rat IgG (Abcam, ab175473) and Alexa Fluor 647 Goat anti-mouse IgG (Abcam, ab150115).



Immunofluorescence

HEK293T-hACE2 cells were cultured on the microscope cover glass in 24-well plates at the density of 1x105 cells/well. After 24 h, cells were washed in PBS then fixed in 4% PBS-buffered formalin for 30 min, then washed with PBS and incubated with anti-human ACE2 antibody or SRBD-mFc and 2xSRBD-mFc proteins. Afterward, cells were stained with secondary antibodies including: Alexa Fluor 488 Goat anti-Rat IgG (Abcam, ab175473) or Alexa Fluor 568 Goat anti-mouse IgG (Abcam, ab175473) at 1:1000 dilution. After staining, cells were examined using a laser scanning confocal microscopy (Zeiss 880).



Generation of anti- SARS-CoV-2 RBD antibodies

SRBD-mFc and 2xSRBD-mFc proteins were used to immunize mice and generate anti- SARS-CoV-2 RBD antibodies. In brief, Female BALB/c mice at age of 5–6 weeks were used and divided into two groups. Mouse 1 to 6 immunized with SRBD-mFc as antigen, and mouse 7-12 immunized with 2xSRBD-mFc as antigen. Pre-immune sera were prepared before starting the immunization. 10 µg antigen mixed with equal volume of complete Freunde’s adjuvant were used in the first injection. After that, immunization was conducted every two weeks with incomplete Freunde’s adjuvant and 3 days after the fourth immunization antisera were collected.



Enzyme-linked immunosorbent assay

ELISA plates were coated with SARS-CoV-2 RBD with His6 tag at 0.02 μg/mL in carbonate buffer solution at 4°C overnight. After washing and blocking with 5% milk, antiserums diluted in 5% milk was added to each well. After incubation at 37°C for 4 h, plates were washed and incubated with goat anti-mouse IgG (H+L)/HRP (Jackson lab) for 2 h. After washing, TMB solution was added to the plates and incubated at 37°C for 20 min. Then the same volume 1.0 M H2SO4 was added to stop the reaction. Absorbance at 450 nm was measured by a microplate reader (synergy neo2).



Production of omicron BA.4 spike pseudo virus

Pseudo virus was produced by co-transfection 293T cells with psPAX2, pNL4-3-GFP-T2A-Puro, and plasmids encoding Omicron BA.4 spike vector using Lipofectamine 2000 (Thermofisher, 11668019). The supernatants containing virus were harvested at 48 h post transfection, centrifuged at 800 g for 5 min to remove cell debris, and passed through 0.45 μm filter.



Neutralization of pseudo virus

Neutralization assays were performed using antiserum 8. Serial dilutions of antiserum 8 were made with 10% heat-inactivated fetal bovine serum (Thermofisher, 16140071). SARS-CoV-2 spike pseudo virus expressing a GFP reporter gene (Genewiz: COVID-19-GFP) and Omicron BA.4 spike pseudo virus in 100 μl DMEM containing 3× 104 infectious units was added to each tube and incubated for 2 h at 37°C, respectively. HEK293T-hACE2 cells were cultured in 96-well plates at the density of 2×103 cells/well (33). Before transferring the contents of each tube to HEK 293T-hACE2 cells, polybrene (Sigma, TR1003E) was added to each tube to increase the efficiency of infection. HEK293T-hACE2 cells incubated with PBS were used as a control. Then the plate was incubated for 48 h at 37°C in a 5% CO2 incubator. After infection, cells were detached, centrifuged, and resuspended in PBS. Infection by the S protein Pseudo virus was quantified by flow cytometry.
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Objectives

We aimed to evaluate the duration and breadth of antibodies elicited by inactivated COVID-19 vaccinations in healthy blood donors.



Methods

We performed serological tests on 1,417 samples from 658 blood donors who received two (n=357), or three (n=301) doses of COVID-19 inactivated vaccine. We also accessed the change in antibody response before and after booster vaccination in 94 participants and their neutralization breadth to the current variants after the booster.



Results

Following vaccination, for either the 2- or 3-dose, the neutralizing antibodies (nAbs) peaked with about 97% seropositivity approximately within one month but subsequently decreased over time. Of plasmas collected 6-8 months after the last immunization, the nAb seropositivities were 37% and 85% in populations with 2-dose and 3-dose vaccinations, respectively. The nAbs of plasma samples (collected between 2-6 weeks after the 3rd dose) from triple-vaccinated donors (n=94) showed a geometric mean titer of 145.3 (95% CI: 117.2 to 180.1) against the ancestral B.1, slightly reduced by 1.7-fold against Delta variant, but markedly decreased by 4-6 fold in neutralizing Omicron variants, including the sub-lineages of BA.1 (5.6-fold), BA.1.1 (6.0-fold), BA.2 (4.2-fold), B.2.12.1 (6.2-fold) and BA.4/5 (6.5-fold).



Conclusion

These findings suggested that the 3rd dose of inactivated COVID-19 vaccine prolongs the antibody duration in healthy populations, but the elicited-nAbs are less efficient in neutralizing circulating Omicron variants.





Keywords: COVID-19, SARS-CoV-2, Omicron, COVID-19 vaccine, antibody duration, neutralization breadth



Introduction

Since being discovered in late 2019, SARS-CoV-2 has posed an enormous health burden globally. As of August 2022, more than 500 million COVID-19 confirmed cases and more than 6 million deaths (1). In addition to its inherent high transmissibility, the rapid mutagenic ability of SARS-CoV-2 makes controlling pandemics extremely difficult. To date, five variants, including Alpha, Beta, Gamma, Delta, and Omicron, have been classified as variants of concern (VOC) by World Health Organization due to the increased infectivity, virulence, or immune escape capacity (2). Currently, the worldwide predominantly circulating SARS-CoV-2 strain is the Omicron, which comprises several sub-lineages, including the BA.1, BA.2, and recently documented BA.2.12.1 and BA.4/5. Previous studies had demonstrated that Omicron variants largely evade immunity elicited by past infections of the ancestral virus or variants of other lineages (3, 4). Vaccination is promoted worldwide as the primary means of preventing COVID-19. Five COVID-19 vaccines have been approved in China due to the good safety and efficacy demonstrated in clinical trials, with two inactivated vaccines of CoronaVac (Sinovac) and COVILO (Sinopharm) gaining widespread use in China and several other countries (5). Until now, more than 88% of people in China completed the full 2-dose immunization, and over 700 million people have received the 3rd dose (6).

As a major part of adaptive immunity, the antibody response is essential in preventing viral infections and disease development (7). For COVID-19 vaccines administered through the intramuscular route, although T-cell mediated immunity may also contribute to vaccine-elicited protection, positive correlations between the antibody titers (against viral spike) and vaccine efficacies have been evidenced in clinical trials (8–10). Therefore, antibody duration after vaccination could serve as a surrogate marker for vaccine efficacy persistence and clarify the need for booster vaccination. However, the long-term kinetics of antibody response to 2- or 3-dose inactivated vaccines are still largely unknown. Moreover, the profiles of antibodies elicited by inactivated COVID-19 vaccinations in neutralizing Omicron sub-lineages, particularly for newly emerged BA.2.12.1 and BA.4/5, remain to be explored. Aiming to deeply evaluate the duration and breadth of humoral immunity elicited by inactivated COVID-19 vaccines in healthy adults, we characterized the antibodies profiles in blood donors who received 2- or 3-dose vaccination in this study. The antibody levels of RBD-specific IgG (RBD-IgG), pan-immunoglobulin (pan-Ig), and neutralizing antibodies (nAbs) elicited by vaccinations were quantitatively measured. In addition, we also evaluated the cross-neutralization activities of plasmas, collected from 94 donors during 14-42 days (peaks) after the booster (third) dose, against the ancestral B.1, Delta, and various Omicron sub-lineages of BA.1, BA.1.1, BA.2, BA.2.12.1, and BA.4/5.



Materials and methods


Participants and samples

Serological tests and analyses were performed on 1,417 plasmas from 658 donors who donated blood in Xiamen. All involved donors received 2- or 3-dose of inactivated COVID-19 vaccines and met the blood donor health criteria of the National Health Commission of the People’s Republic of China (11). Their blood samples were tested negative in laboratory tests for HBV (HBsAg and HBV-DNA), HIV (HIV-Ag/Ab and HIV-RNA), HCV (HCV-Ab and HCV RNA), Treponema pallidum (TP-Ab), and HTLV (HTLV-1/2-Ab). Moreover, all involved donors were negative in the SARS-CoV-2 RNA tests and excluded for a history of past SARS-CoV-2 infection. This study was approved by the Ethics Committees of Xiamen Blood Service. Written informed consent was obtained from all participants.



Pseudovirus-based neutralizing antibody (nAb) assays

Lentiviral-based pseudotyping particle (LVpp) bearing SARS-CoV-2 spikes were produced as previously described (12). Plasmids containing SARS-CoV-2 spike variant-expressing cassettes were generated by site-directed site-specific mutagenesis on a previously described vector (EIRBsMie-dSwtG, containing codon-optimized spike gene from MN908947.3 with D614G substitution). The 18aa from the C-terminus of the spike was replaced with a HiBit bioluminescent tag (14aa, GSGVSGWRLFKKIS) (13). Mutated spike-expressing cassettes, including that of Delta/B.1.617.2 (referring EPI_ISL_2723562), BA.1 (referring EPI_ISL_8324808), BA.1.1 (referring EPI_ISL_9640036), BA.2 (referring EPI_ISL_8253179), BA.2.12.1 (referring EPI_ISL_11704386) and BA.4/5 (referring EPI_ISL_11542465), were generated by introductions of the corresponding amino-acid substitutions of each strain into the B.1 backbone of EIRBsMie-dSwtG. Pseudoviruses of SARS-CoV-2 spike variants were produced in 293T-F17 cells by co-transfecting the spike-expressing plasmids, the packing plasmid of psPAX2, and the mNeonGreen reporter vector (pLVEF1αmNG) using Lipofectamine® 3000 (Thermo Scientific). The supernatants were collected at 48 or 72 hours after transfection, filtrated by a 0.45-μm pore size filter, and were subsequently subjected to determine the titers in infecting huACE2-H1299 cells. Aliquot viral stocks were stored at -80°C freezer until use.

For neutralization antibody tests (NAT), plasma samples were heat-inactivated at 56°C for 30min before detection. Subsequently, serially-diluted samples (3-fold series dilutions, from 1:10 to 1:21,870) were pre-incubated with the pseudovirus inoculum (2,500 GFU/well) for 1 hour. The mixtures were further incubated with the huACE2-H1299 cells pre-seeded in 96-well cell culture plates at 37°C in a CO2 incubator. After a 2-day culture, cellular fluorescent images were acquired by using Opera Phenix high-content imaging system (PerkinElmer). For each well, the total (H2B-mRuby3-activated) and LVpp-infected (mNeonGreen-activated) cell numbers were determined by the Columbus Image analysis system (PerkinElmer). After normalization with the total cell number, the infection inhibition ratio of each sample at different dilutions was calculated by comparing it with the LVpp-only control. The nAb titer was defined as the maximum dilution fold required to achieve infection inhibition by 50% (ID50), which was determined by the 4-parameter logistic (4PL) regression using GraphPad Prism (version 9.3.1). An ID50≥20 was defined as the cutoff value to determine SARS-CoV-2 nAb seropositivity. And an ID50<5 was assigned a value of 5. The abovementioned NAT assay showed excellent performance with sensitivity and specificity of near 100% in our previous studies using pre-pandemic human samples and COVID-19-convalescent samples.



Assays for RBD-specific pan-immunoglobulin (pan-Ig) and IgG antibodies

SARS-CoV-2 RBD-specific pan-Ig (RBD-pan-Ig) and IgG (RBD-IgG) antibodies were measured using commercial kits from Wantai BioPharm by magnetic particles-chemiluminescence immunoassay on Wan200+ fully automated system (Wantai, China), following the manufacturer’s protocols. The titers of RBD-pan-Ig and RBD-IgG were expressed as the cutoff index (COI).



Statistical analysis

For the comparison of baseline characteristics, the Chi-Square statistic was used for categorical variables, and continuous variables were compared by using a two-sided Mann-Whitney U-test. The Kinetics of nAb, RBD-IgG, and RBD-pan-Ig were calculated by the GAM (generalized additive model) curve-fitting polynomial regression. Mann-Whitney U-test was used to compare the various antibody titer between two groups. The Friedman test with Dunn’s correction was applied to analyze differences among groups. The Spearman rank correlation coefficient was used for linear correlation analysis between the various antibody titer. Statistical analyses were conducted by GraphPad Prism (version 9.3.1) or R software (version 4.1.2).




Result


Study groups and baseline characteristics of the cohort

In the study, 658 blood donors who received inactivated COVID-19 vaccine were enrolled, as the flowchart shown in Figure 1, with 357 participants receiving two doses of the vaccine (2-dose group) and 301 participants completing the booster (third) dose (3-dose group). The detailed baseline characteristics of the cohort are presented in Table 1. As the legal requirement for the age of blood donors is from 18 to 60 years old, the overall cohort had a median age of 38 years old (range: 19-59). The 3-dose group (41 years old) has a slightly higher median age than the 2-dose group (37 years old, Table 1). Approximately 80% of involved donors in the 2-dose or the 3-dose groups were males. The vast majority of participants were vaccinated using standard immunization procedures with a median interval of 28 days between the first and second doses. Most triple-vaccinated participants received the booster immunization about six months (median=195 days) after the second dose. Notably, 272 participants, including 88 in the 2-dose group and 184 in the 3-dose group, donated their blood more than once (Figure 1). Therefore, we included 1,417 plasma samples from these donors for analysis.




Figure 1 | Flow chart describing the study cohort enrollment. The enrolled 658 donors were divided into two groups (the 2-dose and 3-dose groups) according to whether the people received the 3rd booster vaccination during the study period. Among all subjects, 386 only donated their blood once, and the remaining 272 donated blood twice or more. IA-COVID-19 vaccine, inactivated COVID-19 vaccine.




Table 1 | Characteristics of the participants.





Dynamic changes in the antibody levels elicited by 2- or 3-dose inactivated COVID-19 vaccines

The nAb (against B.1), RBD-IgG, and RBD-pan-Ig levels of plasmas of donors were presented in Figure 2 following days since the last immunization. In all samples, positive correlations in the levels were noted between any two of the three antibody markers (Figure S1). For the 2-dose group, the population antibody levels of nAb, RBD-IgG, and RBD-pan-Ig (Figure 2A) reached their peaks within four weeks after the 2nd dose administration and then fell into decreasing over time. After approximately 3-4 months, the antibodies for either nAb, RBD-IgG, or RBD-pan-Ig gradually decline to a low-level plateau. For donors in the 3-dose group, our data showed the dynamic antibody changes at a population level within about 13 months, encompassing about five months before the 3rd dose of vaccination and eight months after the booster immunization (Figure 2B). Following the booster vaccination, all three antibody markers rapidly increased and peaked at about three weeks post-vaccination (Figure 2B). In contrast to the 2-dose group, the antibody declines in the 3-dose group appeared slower with extended half-lives in the nAb (t1/2: 31 days v.s. 35 days), RBD-IgG (t1/2: 74 days v.s. 188 days), and RBD-pan-Ig (t1/2: 19 days v.s. 101 days) (Table S2). We further performed analyses using longitudinal samples from 37 individuals in the 3-dose group who donated their blood ≥4 times after the 3rd dose immunization. The longitudinal antibody changes of these donors showed similar trajectory dynamics to that observed in pooled samples of the 3-dose group (Figure 2C).




Figure 2 | Dynamic changes of antibody response in blood donors with two- or three-dose inactivated COVID-19 vaccines. (A, B) The kinetics of the nAb (left panel), RBD-IgG (middle panel), and RBD-pan-Ig (right panel) titers in the 2-dose group (A) and 3-dose group (B) following the time since the last immunization. The 95% confidence intervals of the fitting curves are plotted as red-shaded areas. The broken blue lines represent the cutoff values. (C) Longitudinal changes of antibody titers in 37 individuals of the 3-dose group who donated their blood ≥4 times after the 3rd dose immunization. Each line represents a connected line of antibody levels measured at different time points of the same donor. Dark shadows indicate the limits of detections (LODs). (D, E) The seropositivities of three antibody markers (indicated by columns with different colors) in the study populations following days since the 2nd (D) or the 3rd (E) dose vaccination. COI, cutoff index; ID50, half-maximal inhibitory dilution.



Compared to the nAb, the RBD-IgG and RBD-pan-Ig were more stable over time, particularly when analyzing the seropositivity rate (Figures 2D). For both the 2-dose and 3-dose groups, the nAb seropositivities could reach about 97% at the peak phase. However, in the 2-dose group, the nAb seropositivity displayed sustained declines over time and only maintained 48.7% and 20.5% at 4 and 9 months after the last vaccination, respectively (Figure 2D). By contrast, at the same time points, the RBD-IgG was still detectable in 83.9% and 76.3% of samples, whereas the seropositivities of RBD-pan-Ig were 90.1% and 96.8%. Consistent with findings based on quantitative analyses, the 3rd dose booster prolonged the seropositivity persistence of all three antibody markers. Among plasmas collected 6-8 months after the last dose immunization, the nAb seropositive in the 3-dose group was 85%, significantly higher than that observed in the 2-dose group (37%, p<0.001). In addition, the seropositivities of RBD-IgG and RBD-pan-Ig maintained nearly 100% by 6-8 months after the 3rd dose immunization (Figure 2D). Overall, these data suggested the nAbs elicited by inactivated COVID-19 vaccines were less durable than RBD-specific binding antibodies. More importantly, the 3rd dose of vaccination could improve the nAb duration in healthy populations.



Neutralization breadth of antibodies elicited by 3-dose of inactivated COVID-19 vaccines

Among donors in the 3-dose group, 94 people donated their blood during pre- and post-booster (28 ± 14 days) administration. Based on these individuals and their samples, we further established a subgroup to analyze the cross-neutralization activities of 3-dose vaccine-elicited antibodies against SARS-CoV-2 variants. The baseline characteristics of this subgroup are presented in Table S1. After the booster vaccinations, plasmas from this subgroup presented geometric mean antibody titers (GMTs) of 145.3 (ID50, 95% CI: 117.2 to 180.1) for nAb against B.1, 13.4 (COI, 95% CI: 12.3 to 14.6) for RBD-IgG, and 356.8 (COI, 95% CI: 281.2 to 452.7) for RBD-pan-Ig, respectively. In contrast to the pre-booster antibody level of the corresponding donors, the booster vaccinations averagely induced a 9.3×, 6.1×, and 62.6× increase in the nAb, RBD-IgG, and RBD-pan-Ig, respectively (p<0.0001 for each comparison, Figure 3A).




Figure 3 | Cross-neutralization profiles of plasma samples from a subgroup in the 3-dose group against various spike variants. (A) The levels of nAb (against B.1, left panel), RBD-IgG (middle panel), and RBD-pan-Ig (right panel) in paired samples of the same donor were collected before and after the booster immunization. Dark shadows indicate the LODs. (B) Schematics of mutations presented in spikes of the B.1, Delta variant, and different Omicron sub-lineages. Colorized frames indicate the mutation presence at the corresponding amino-acid position. (C) Comparisons of the neutralizing activities of plasmas against the ancestral B.1 and different variants. The numbers show the nAb GMT against various viruses. The dark shadow indicates the LOD. (D) Seropositive percentages of these plasmas in neutralizing pseudoviruses bearing different spike variants. (E) Proportions of plasmas according to the strata of nAb decrease relative to B.1. COI, cutoff index; ID50, half-maximal inhibitory dilution; NTD, N-terminal domain; RBD, receptor binding site; SD1/SD2, subdomain 1/2; HR1, heptad repeat 1; *p<0.05; **p<0.01; ***p<0.001; ****p< 0.0001; ns, not significant (p>0.05). The combination of an “x” with an up arrow represents the folds of the relative increase in antibody, while the combination of an “x” with a down arrow indicates the opposite meaning, the folds of the relative decrease in antibody.



We next tested the cross-neutralization activities of post-booster plasmas of this subgroup against the Delta variant and various Omicron sub-lineages, including BA.1, BA.1.1, BA.2, BA.2.12.1, and BA.4/5. Spike mutations of these variants are illustrated in Figure 3B. In contrast to the ancestral B.1, the Delta variant only showed weak immune evasion with a 1.7× nAb GMT decrease, but the Omicron variants of BA.1, BA.1.1, BA.2, BA.2.12.1, and BA.4/5 markedly attenuated the nAb GMT by 5.6×, 6.0×, 4.2×, 6.2×, and 6.5×, respectively (Figure 3C). On the other hand, the nAb seropositivities of these samples were 96.8%, 92.6%, 54.3%, 53.2%, 69.1%, 48.9%, and 46.8% against the B.1, Delta, BA.1, BA.1.1, BA.2, BA.2.12.1, and BA.4/5, respectively (Figure 3D). Notably, there was significant difference (p<0.05) for the nAb titers in neutralizing between BA.2 and BA.2.12.1 and BA.4/5 currently circulating, with about 1.5-fold decrease of GMT (Figure 3C). However, the proportions of over 10-fold nAb decrease relative to B.1 were 19.2% for BA.1, 34.0% for BA.1.1, 8.5% for BA.2, 34.0% for BA.2.12.1, and 34.0% for BA.4/5, respectively (Figure 3E).




Discussion

Elucidating the kinetics of antibodies after vaccination has profound implications for the understanding of vaccine-induced immune responses and the adjustment of immunization strategies. For people who received inactivated COVID-19 vaccines, some studies had explored the kinetics of spike-specific binding antibodies up to about 6-month follow-up after 2-dose vaccinations (14–16). However, the long-term duration of protective immune response after 3-dose vaccinations is still unclear. This study utilized samples from blood donors to investigate antibody kinetics generated by inactivated COVID-19 vaccines. Among 2-dose vaccinated people, our data showed that the nAb half-life at the population level was about 30 days, and more than 60% of individuals turned negative after 4-5 months, suggesting that a booster vaccination at 3-6 months after the second dose is reasonable and necessary. These data regarding nAb dynamics are consistent with other observations of the inactivated COVID-19 vaccine, which also suggested a rapid decline in effectiveness over time after two doses of vaccination (17). The rapid decline of neutralizing antibodies was not only observed in people with inactivated vaccines but also in those immunized with mRNA and adenoviral vector vaccines (18–20). Notably, compared with the nAb, the RBD-IgG and RBD-pan-Ig decreased relatively slower, which were was detectable in the majority (>75%) of donors at 7-9 months after the 2nd dose vaccination (Figure 2D). Although the underlying mechanisms for this phenomenon were still unknown, consistent findings were also noted in previous studies (14, 15). Among people with the 3rd dose vaccination, we found that the nAb half-life slightly extended to 35 days, and 85% of participants remained detectable nAb at 6-8 months after the booster. By contrast, the half-life extension resulting from the 3rd dose immunization was significantly longer for both RBD-IgG and RBD-pan-Ig than for the nAb. Although the RBD is the predominant nAb target, it should be noted that neutralizing antibodies only account for a fraction of antibodies with spike-binding capabilities. Moreover, methodological differences between functional assays (for nAb) and immunoassays (for RBD-IgG and RBD-pan-Ig) in measurements of the two classes of antibodies may also lead to their dynamic kinetics appearance. Our results demonstrated the 3rd dose booster could improve the persistence of antibody response against SARS-CoV-2 in healthy adults, implying prolonged longevity of immune protection. Notably, a recent study based on real-world data from Hong Kong, China, has demonstrated the 3-dose immunizations of inactivated-vaccine provided significantly improved protection against severe COVID-19 compared to the 2-dose regimen (21). Taken together, for the inactivated COVID-19 vaccine, transitioning from a 2-dose primary series with an optional booster to a 3-dose primary series seems imperative, and all eligible individuals should receive a third dose.

In addition to immune response duration, there are concerns about the cross-neutralizing activities of vaccination-elicited antibodies against SARS-CoV-2 variants, particularly for the Omicron-related variants with multiplex spike mutations. Several previous studies have documented the Omicron variants are highly resistant to neutralizing antibodies derived from immune stimulations of ancestral spike antigens. Therefore, it’s not surprising to note significant nAb decreases of vaccinated plasmas in neutralizing Omicron variants in our study (Figures 3C–E). Our data suggested the Omicron-related variants of BA.1, BA.2, BA.2.12.1, and BA.4/5 efficiently evade the nAbs raised by 3-dose inactivated COVID-19 vaccines at a relatively comparable level (~4-6× GMT decrease, Figure 3C). However, the newly emerged BA.2.12.1 (with additional L452Q mutation) and BA.4/5 (with additional L452R, F486V, and R493Q reversion) appeared to cause more noticeable resistance than BA.2 to nAbs elicited by 3-dose inactivated COVID-19 vaccines, as more samples exhibited undetectable nAbs to the formers. The L452 and F486 mutations in BA.2.12.1 and BA.4/5 may contribute to the extended immune evasion capabilities of the two variants (22).

It should be noted that there are some limitations to our study. First, due to the inherent characteristics of blood donors, the subjects were mainly healthy adult males, excluding minors and the elderly, which may lead to the inability of this study to fully reflect the antibody response of the total population after vaccination. Second, the small but significant differences in age and the interval between the first and second doses of vaccinees may lead to some degree of differences in the antibody kinetic characteristics of the two groups. Third, the inactivated COVID-19 vaccine contained multiple viral proteins, antibodies, and cellular immune responses against non-spike proteins, including nucleocapsid, membrane, and envelope proteins, which may also contribute to vaccine protection efficiency and should be evaluated in further studies.

In summary, these results provide a comprehensive understanding of antibody response following two or three doses of inactivated COVID-19 vaccine. Our findings suggested the duration of antibody response raised by inactivated COVID-19 vaccines could be prolonged by the 3rd dose. However, the magnitude of vaccine-elicited nAbs against Omicron variants is markedly reduced, particularly for the new BA.2.12.1 and BA.4/5. Next-generation COVID-19 vaccines with broad-spectrum antigenic coverage and a more convenient immunization approach [such as intranasal vaccines (23)] are urgently required.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and its variants brought waves of pandemics with breakthrough infections in vaccinated individuals. We analyzed the antibody responses after primary and booster vaccination in healthy controls (HC) and patients with early breast cancer (BC).



Methods

In this prospective longitudinal cohort study, the binding activity of serum antibody level against spike proteins and antigens of SARS-CoV-2 variants was measured within 21 days after each vaccination in the BC group and HC group.



Results

All participants, 40 in the BC and 20 in the HC group, had increased antibody response after vaccination. BC group, however, had weaker humoral responses than the HC group (IgG: 1.5, 2.3, 2.5-folds in BC vs. 1.9, 3.6, 4.0-folds in HC after each dose; IgA: 2.1, 3.0, 3.6-folds in BC vs. 4.2, 10.4, 5.2-folds in HC after each dose, respectively). Those under concurrent cytotoxic chemotherapy had weaker antibody response than the non-cytotoxic treatment group and HC. Adjunct use of steroids and age were not significant risk factors. The levels of binding antibody against the Delta and the Omicron (BA1) variants were lower than the wild-type, especially in BC.



Conclusion

In the waves of new sub-variants, our study suggests that an additional dose of vaccinations should be recommended according to the anti-cancer treatment modality in patients with BC who had received booster vaccination.
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Introduction

Since the outbreak of coronavirus disease-19 (COVID-19) in December 2019, waves of infection by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants of concern (VOCs) have affected over 590 million cumulative cases worldwide as of 22 August 2022 (1, 2). Last year, the Delta (B.1.617.2 and AY lineages) variant had dominated globally with a high risk of hospitalization and mortality (3–6), until Omicron (B.1.1.529, BA.1, BA.1.1, BA.2, BA.3, BA.4 and BA.5 lineages) variant became prevalent with greater replication rate and evasion of humoral immunity (7).

Initial studies indicated that standard doses of vaccines against COVID-19, including the BNT162b2 vaccine (Pfizer–BioNTech (PZ)), mRNA-1273 vaccine (Moderna), ChAdOx1 nCoV-19 (Oxford-AstraZeneca (AZ)), and Ad26.COV2.S vaccine (Janssen) provided effective protection against symptomatic diseases in the first wave (8–11). Later, while vaccination had marginally decreased efficacy against the Delta variant, it offered only limited protection against Omicron variants (12, 13). Subsequent studies reported that additional booster dose substantially increased vaccine efficacy against Omicron variants (13).

The necessity of booster doses had been prioritized by most authorized global guidelines in more vulnerable populations, including patients with cancer (14–19). A previous study showed that breast cancer was the second most common type of cancer among cancer patients with COVID-19 infection, following hematological malignancies (20). Another study showed that the patients with breast cancer infected with COVID-19 disease showed 10.9% of all-cause in-hospital mortality rate, and 15-30% of long-term COVID-19 sequelae incidence rate (21). Therefore, obtaining antiviral immunity through vaccination is very important for patients with breast cancer. However, patients with breast cancer receive various modalities of medical treatments, including hormonal therapy, molecular targeted therapy, and chemotherapy, often with corticosteroids that could interfere with immunity (22), and the efficacy of COVID-19 vaccination and boosters on the patients under different anti-cancer treatments has not been clearly evaluated yet.

In this study, we aimed to assess the antigenicity of the primary and booster doses of COVID-19 vaccines against SARS-CoV-2 VOCs in patients with early breast cancer compared to healthy controls.



Materials and methods


Study design and participants

Our study design was a prospective longitudinal cohort study. Patients with early breast cancer who were 20 years or older and received systemic anti-cancer treatments for breast cancer at Seoul National University Hospital (SNUH) were recruited as in previous study (23). Controls were healthcare workers at SNUH who did not have any systemic diseases. Participants with confirmed COVID-19 infections were excluded. The Institutional Review Board approved the study (IRB No. 2103-121-1206 and 2102-032-1193). Written informed consents were obtained from all participants before the initial vaccination. All the data from the patients were anonymized and de-identified prior to analysis.

Definition of early breast cancer was confined to breast disease with or without the involvement of regional lymph nodes but without distant metastasis. Medical anti-cancer treatments comprised cytotoxic chemotherapy, molecular targeted therapy, and endocrinal treatment. The patients were stratified by the treatments they received within 28 days of vaccination: cytotoxic chemotherapy group, non-cytotoxic anticancer group, and post-treatment group. The cytotoxic drugs included anthracyclines, cyclophosphamide, docetaxel, paclitaxel, and carboplatin. Non-cytotoxic treatments were molecular targeted therapy and endocrinal therapy. Targeted antibodies were trastuzumab and pertuzumab. Endocrinal therapy was chosen among tamoxifen, letrozole, anastrozole, and gonadotropin-releasing hormone agonists in the context of the patient’s menopausal status and clinical conditions. Post-treatment group did not receive any anti-cancer treatments within 28 days of vaccination. Corticosteroid doses equivalent to or more than 10 mg of prednisolone within 14 days of vaccination were analyzed for immune-modulatory effect.

Primary vaccinations were defined as either two doses of PZ, Moderna, AZ, or a single dose of Janssen. A booster injection was defined as the additional dose of PZ or Moderna to primary vaccinations. Cross-injection among different vaccines was allowed. The patients who received a single dose of the Janssen vaccine and booster dose were only included in the first dose and the booster dose group for analysis. The serum of participants was collected at baseline before the vaccination, three weeks after a first and second dose of primary vaccinations, before the booster dose, and three weeks after the booster dose.

Our primary endpoint was the level of antibody response of the COVID-19 vaccinations and boosters in patients with early breast cancer compared to healthy controls. Secondary outcomes were the effect of age and corticosteroid use on the immunogenicity of vaccines and the efficacy against variants of COVID-19. Blood samples were collected at baseline and within 21 to 28 days after the vaccinations and booster injections.



Preparation of recombinant SARS-CoV-2 antigens

pcDNA3.1 SARS-CoV-2 S D614G was a gift from Jeremy Luban (Addgene plasmid # 158075; http://n2t.net/addgene:158075; RRID: Addgene_158075). SARS-CoV-2 S D614G protein, RBDwt, RBDδ, and RBDο were produced in Expi293 cells (Thermo Fisher Scientific) and were purified using Ni-NTA agarose resin (Thermo Fisher Scientific) affinity chromatography, as described previously (24, 25).

Briefly, Expi293 cells were cultured at 37 °C with 5% CO2 for five days after transfection of each plasmid encoding SARS-CoV-2 S D614G protein, RBDwt, RBDδ, or RBDο (BA1). The supernatant was collected and passed over the Ni-NTA agarose resin column three times. After washing with 100 mL of phosphate-buffered saline (PBS), the his-tagged protein was eluted by elution buffer (pH8.0, 50 mM sodium phosphate, 300 mM NaCl, and 250 mM imidazole). Finally, samples were buffer-exchanged into pH 7.4 PBS using Amicon Ultra-4 (Merck Millipore, Burlington, MA, USA) spin columns with a 10 kDa cutoff. The purity of purified samples was assessed by 14% SDS-PAGE gel.



Binding antibody ELISA

The binding activity of serum antibody (Ab) level against each SARS-CoV2 antigen (spike protein, RBDwt, RBDδ, RBDο, and nucleocapsid) was measured by enzyme-linked immunosorbent assay (ELISA), as described previously (24–26). The 96-well polystyrene ELISA plate (Thermo Fisher Scientific) was coated with 100 ng of each antigen per well overnight at 4 °C. Each well was blocked with 100 μl of PBS (pH 7.4) containing 3% bovine serum albumin (BSA) for an hour at room temperature, and then the plate was washed four times with the PBST buffer (PBS with 0.05% Tween 20). The diluted serum samples (1:10, 1:50, 1:250) were added into wells, and each sample was diluted five-fold serially. After incubating at room temperature for an hour, wells were washed with PBST four times. Then, goat anti-human IgG Fc Ab-conjugated with HRP (1:12,000, Arigobio, Hsinchum Taiwan) was added and incubated at room temperature for an hour. Alternatively, mouse anti-human IgA (1:100) Ab was added and incubated at room temperature for an hour, and then anti-mouse IgG (H+L)-conjugated with HRP (Thermo Fisher Scientific) was added and incubated at room temperature for an hour for IgA detection. After washing with the PBST four times, 50 μl of 3,3’,5,5’-tetramethylbenzidine was added per well as chromogen substrate. The plate was kept at room temperature for 20 min, and the reaction was terminated by adding 50 μl of 2M H2SO4. Finally, absorbance was measured at 450nm with an Infinite 200 PRO-Nano Quant microplate reader (Tecan Trading AG, Mannedorf, Switzerland). Relative binding activity was calculated as the ratio of the binding activity at a certain time point to the binding activity at pre-vaccination in the same donor.



Statistical analyses

Data are presented as mean ± standard deviation of the mean (s.d.) and as dot plots. Multiple unpaired T-test was performed to compare levels of immune responses between two groups. P < 0.05 was considered indicative of statistical significance. All statistical analyses were two-tailed and used GraphPad Prism 9 (GraphPad Software, La Jolla, CA, USA). All graphs were generated using GraphPad Prism 9.




Results


Study participants

Initially, 41 patients with early breast cancer and 20 healthy controls were recruited. One participant with breast cancer was excluded due to confirmed COVID-19 infection prior to the study. All breast cancer patients were female, and the median age was 51.5 years. During the primary vaccinations, PZ vaccines were most commonly injected in 32 (80.0%), followed by Moderna (4 of 40, 10.0%), AZ (3 of 40, 7.5%), and Janssen (1 of 40, 2.5%). Three-quarters of patients received anti-cancer treatments within 28 days of initial vaccinations. Of 15 patients who received chemotherapy regimens with cytotoxic drugs, two patients received concurrent HER2 targeted treatment. The non-cytotoxic treatment group comprised 15 patients who received hormonal therapies. Post-treatment group comprised 10 patients who were not under active anti-cancer treatments. Corticosteroids were only used in adjunct to cytotoxic chemotherapy.

Later at the time of receiving booster doses, however, all patients had completed cytotoxic chemotherapy and were re-categorized into a non-cytotoxic group or post-treatment group. Most patients (28 of 40, 70.0%) were on endocrinal treatments or targeted therapies, while 12 patients (30.0%) did not have further anti-cancer treatments. All except three patients received booster vaccination with either PZ (33 of 40, 82.5%) or Moderna (4 of 40, 10.0%). One patient in cytotoxic group had symptomatic COVID-19 infection after the second vaccination and did not receive booster dose. The other two patients, also in cytotoxic group, refused booster doses. In the healthy control group, all were female, and the median age was 31.0 years. All participants received PZ vaccines The patient characteristics are shown in Table 1.


Table 1 | Detailed clinical information of patients.



Prior to analysis, the SARS-CoV-2 nucleocapsid (NC) protein reactivity was examined to detect the participants who experienced asymptomatic COVID-19 infections. As a result, two additional breast cancer patients with NC-positivity were excluded from the study (Figure 1).




Figure 1 | Antibody responses to SARS-CoV-2 nucleocapsid protein over time in breast cancer patients. Binding activities of IgG to SARS-CoV-2 nucleocapsid protein were determined using anti-IgG antibodies.





Humoral immune responses in breast cancer patients

The binding activity of serum IgG against recombinant D614G spike protein (Supplementary Figure 1) was examined in the serially diluted serum samples by enzyme-linked immunosorbent assay (ELISA) (Supplementary Figure 2). For more detailed analysis, the ELISA results of 10-fold diluted serum samples were used. Consistent with the previous report (24, 26), the healthy control group showed 1.9-fold, 3.6-fold, and 4.0-fold increase in IgG response against SARS-CoV-2 spike D614G compared to the baseline after the first, second, and booster doses of vaccinations, respectively (Figure 2A). On the other hand, the breast cancer group showed weaker humoral immune responses than the healthy control. The breast cancer group showed 1.5-fold, 2.3-fold, and 2.5-fold increased antibody response against SARS-CoV-2 spike D614G compared to the baseline after the first, second, and booster doses of vaccinations, respectively (Figure 2A).




Figure 2 | Longitudinal humoral immune responses to SARS-CoV-2 spike D614G protein in breast cancer patients. (A) Serum IgG binding activities to SARS-CoV-2 spike D614G in healthy control group and breast cancer patients group were determined using anti-IgG antibodies. The diluted serum samples (1:10) were incubated with SARS-CoV-2 spike D614G protein and then detected by streptavidin-HRP. (B–D) Breast cancer patients were stratified by their age (B), types of anti-cancer therapy (C), and use of adjunct steroids (D). (E–H) Serum IgA binding activities to SARS-CoV-2 spike D614G in the healthy control group and breast cancer patients group were determined using anti-IgA antibodies. (F–H) Breast cancer patients were stratified by their age (F), types of anti-cancer therapy (G), and use of adjunct steroids (H). Statistical analyses were performed using the Multiple unpaired T-test in GraphPad Prism (*P < 0.05, **P < 0.01, ***P < 0.001, ****P <0.0001).



Next, we stratified the breast cancer patients by their age, types of anti-cancer therapy, and use of adjunct steroids, and analyzed the antibody responses in each subgroup. In our study, most patients with breast cancer were under 65 years old. The patients were divided into an elderly group (>55 years old) and a younger group (≤55 years old), and the antibody response was equivalent in the two groups (Figure 2B). We also confirmed using Pearson’s correlation analysis that there was no significant correlation between age and humoral immune responses in the BC group (Supplementary Figure 3).

In the analysis of antibody response among patients treated with different anticancer therapies, the breast cancer patients who had concurrent chemotherapy showed significantly lower antibody responses against SARS-CoV-2 Spike D614G protein than the non-cytotoxic treatment group but equivalent to the post-treatment group after the first vaccination (Figure 2C). All groups showed increased binding activity after the second vaccination. At the time point of the pre-booster, all patients had completed cytotoxic chemotherapy and were classified into the non-cytotoxic or post-treatment group. The non-cytotoxic treatment group showed a higher antibody response than the post-treatment groups throughout the study (Figure 2C).

Next, we compared the antibody responses of breast cancer patients according to the use of adjunct steroids. Steroids were used only in the chemotherapy group as pretreatment to ameliorate hypersensitivity reaction and emesis. The antibody responses, however, did not show a significant difference with the use of adjunct steroid among patients who received cytotoxic treatment during the primary vaccinations (Figure 2D). No patients received cytotoxic chemotherapy and adjunct steroids during pre-booster and booster.

Similar to IgG responses, IgA responses against SARS-CoV-2 spike D614G in the healthy control group showed a higher fold increment than in the breast cancer group. The healthy control group showed a 4.2-fold, 10.4-fold, and 5.2-fold increase in IgA response against SARS-CoV-2 spike D614G compared to the baseline after the first, second, and booster doses of vaccinations, respectively (Figure 2E). In comparison, the breast cancer group showed 2.1-fold, 3.0-fold, and 3.6-fold increased antibody responses, respectively (Figure 2E). The younger group (≤55 years old) showed higher binding activities to SARS-CoV-2 spike D614G, but there was no statistical significance (Figure 2F). In addition, the types of anticancer therapies and adjunct steroids did not affect IgA response in BC patients (Figures 2G, H).



Humoral immune responses against SARS-CoV-2 VOCs in breast cancer patients

The binding activities of the serum antibodies produced by the vaccination to the SARS-CoV-2 VOCs were analyzed using recombinant RBDwt, RBDδ, and RBDο proteins (Supplementary Figure 1). Serum IgG and IgA antibodies of breast cancer patients generally showed weaker binding activities for RBDwt and RBDδ than those of the healthy control group (Figures 3A, B, D, E). On the other hand, breast cancer patients had significantly weaker IgG binding activity to RBDο after the second vaccination than healthy control. After the booster shot, however, the IgG binding properties of breast cancer patients became equivalent to those of healthy control (Figure 3C). There was no statistical difference in IgA response between the healthy control group and breast cancer patients (Figure 3F).




Figure 3 | Longitudinal humoral immune response analysis to SARS-CoV-2 vaccine for SARS-CoV-2 VOCs. (A–C) Serum IgG binding activities against (A) RBDwt, (B) RBDδ, and (C) RBDο. (D–F) Serum IgA binding activities against (D) RBDwt, (E) RBDδ, and (F) RBDο. Binding activities of serum antibodies to RBD of SARS-CoV-2 variants were determined using anti-IgG or anti-IgA antibodies. In PBS, diluted plasma samples (1:100) were incubated with each biotinylated SARS-CoV-2 antigen and then detected by streptavidin-HRP. Statistical analyses were performed using the Multiple unpaired T-test in GraphPad Prism (*P < 0.05, **P < 0.01, ***P < 0.001, ****P <0.0001).






Discussion

In this study, we compared the antibody response of a homogeneous group of patients with early breast cancer under a variety of anti-cancer treatments with those of healthy controls. Our study highlighted that the patients with breast cancer are recommended for an additional booster dose, considering the gradually increasing but lower antibody response than the healthy controls after primary doses and one booster dose of vaccines.

As expected, patients with breast cancer showed lower antibody response than healthy control, but age was not a factor affecting the antibody response of breast cancer in our study (Figures 2A, B, E, F). It is well known that the immune response induced by vaccines weakens with age (27), and most significantly after 80 years old. It might be because all patients with early breast cancer who participated in this study were under the age of 65 and were in the acceptable range of similar levels of immunogenicity.

Types of concurrent anti-cancer treatment, however, significantly affected the humoral immune responses by vaccination in breast cancer patients. As reported in previous studies (28), breast cancer patients undergoing cytotoxic chemotherapy within 28 days of vaccinations had significantly lower anti-spike antibody levels. The use of steroids in adjunct to chemotherapy had only minimal effect on the antibody response of the breast cancer group despite known immunosuppressive properties (Figure 2D) (29), probably due to the overwhelming effect of cytotoxic chemotherapy.

Interestingly, after the first and second doses of vaccinations, patients on endocrine therapy or targeted therapy showed higher antibody responses than the cytotoxic and post-treatment group (Figure 2C) but a lower antibody level than healthy control. Previous studies have reported that male patients were more susceptible to severe COVID-19, suggesting estrogen’s protective role in controlling pro-inflammatory cytokines (30, 31). On the other hand, endocrinal therapies are thought to suppress the anti-inflammatory function of estrogen to improve the function of anti-tumor immune cells and reduce the number of immunosuppressive cells (32). The effect of endocrinal therapies, however, had been indeterminant despite multiple prospective studies, mainly due to the small number of patients receiving hormonal therapy (33, 34). The weighted risk of thrombosis by vaccination, in addition to tamoxifen, was also of great concern. In a cohort study that included people treated with tamoxifen, the thrombotic risk in people vaccinated with either AZ or PZ was primarily equivalent to that of general populations (35). Rather, the rates of pulmonary embolism were higher in those infected with COVID-19 compared to vaccinated populations. These enhanced humoral immune responses showed that the vaccinations could maximize the protection against severe COVID-19 disease in patients with estrogen suppression.

Notably, at the pre-booster time point, the binding activities of the HC group more rapidly declined but were still higher than those of the BC group. The patients with cancer were highly encouraged and were prioritized to receive a booster dose of vaccination. Considering that the median interval between the second and the booster dose was 3.5 months (range 1.9-5.7) in the BC group and 7.9months (range 7.2-8.4) in the HC group, it is reasonable that the HC group exhibited a more significant decline at pre-booster due to longer interval. Still, the HC group had higher binding activity than the BC group at pre-booster. Our data supported that booster doses might be helpful for patients with breast cancer.

The emergence of new variants of the SARS-CoV-2 virus resulted in breakthrough infections in previously infected or vaccinated individuals because the accumulation of mutations weakens binding activity against spike proteins (26). Such tendency was also consistently found in our data (Figure 3), with notably lower RBD binding activities of anti-spike antibodies in breast cancer patients than in the healthy control group.

The limitations of our study were intrinsic to a small number of participants, with only a few patients receiving targeted treatments. Nonetheless, we recruited a homogeneous group of patients with early breast cancer and were also able to evaluate the effect of various anti-cancer treatments, especially endocrinal therapy. The difference in vaccine types between breast cancer patients and the healthy control group may also interfere with data analyses. Recent data, however, showed that the booster dose with mRNA vaccines in Janssen-primed recipients showed sufficient immunogenicity (36). In our data, all patients who received the adenoviral vaccines had heterologous booster vaccines with mRNA vaccines, and the binding activities did not significant differ among vaccine types. This may partly be due to the small number of the patients, but our data indicated the equivalent binding activities with “mix and match” vaccination strategy.



Conclusion

Currently, two new sub-variants of Omicron (BA.4 & BA.5) are spreading worldwide, raising concerns about their transmissibility amid the ongoing global Covid-19 pandemic. Our data showed that the patients with breast cancer have antibody responses lower than healthy controls that increase with booster doses, underscoring the necessity of additional booster vaccinations in breast cancer patients receiving anti-cancer chemotherapy.
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More than 80% of SARS-CoV-2 variants, including Alpha and Omicron, contain an N501Y mutation in the receptor-binding domain (RBD) of the spike protein. The N501Y change is an adaptive mutation enabling tighter interaction with the human ACE2 receptor. We have developed a broadly neutralizing antibody (nAb), D27LEY, whose binding affinity was intentionally optimized for Y501. This N501Y-centric antibody not only interacts with the Y501-containing RBDs of SARS-CoV-2 variants, including Omicron, with pico- or subnanomolar binding affinity, but also binds tightly to the RBDs with a different amino acid at residue 501. The crystal structure of the Fab fragment of D27LEY bound to the RBD of the Alpha variant reveals that the Y501-containing loop adopts a ribbon-like topology and serves as a small but major epitope in which Y501 is a part of extensive intermolecular interactions. A hydrophobic cleft on the most conserved surface of the RBD core serves as another major binding epitope. These data explain the broad and potent cross-reactivity of this N501Y-centric antibody, and suggest that a vaccine antigenic component composed of the RBD core and a part of receptor-binding motif (RBM) containing tyrosine at residue 501 might elicit broad and potent humoral responses across sarbecoviruses.
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Introduction

COVID-19 is a global pandemic started in December 2019 (1, 2). This disease is caused by SARS-CoV-2, a positive-sense single-stranded RNA virus and a member of the subgenus Sarbecovirus belonging to the genera Betacoronavirus (2, 3). As of August 2022, COVID-19 has caused more than 576 million infections and claimed at least 6.4 million lives worldwide. SARS-CoV-2 has undergone significant antigenic drift, resulting in the emergence and recession of a series of viral variants: Alpha, Beta, Gamma, Delta, Kappa, Epsilon, Eta, Iota, Lambda, Mu (http://www.who.int). Several of these variants exhibit increased infectivity and resistance to neutralizing antibodies (nAbs), elicited by preventive vaccines or natural infection (4–6).

Currently, SARS-CoV-2 Omicron variant (B.1.1.529) or its subvariants (BA.1, BA.2, BA.3, BA.4, BA.5, BA.2.75) are the most prevalent SARS-CoV-2 variant worldwide. In particular, the Omicron BA.4 and BA.5 subvariants exhibit increased neutralization resistance compared with other subvariants (7) and the global spreading trend (8). Omicron, first identified in November 2021 in South Africa, separates it from previously reported variants in that it carries many more mutations than the others, e.g., having 32 versus 16 mutations on the spike protein in comparison with the Delta variant (9). Omicron is highly transmissible, likely due to carrying more than a dozen mutations in the receptor-binding domain (RBD) of the spike protein, which enables it to interact more tightly with the host receptor protein human ACE2 (hACE2) and to evade nAbs elicited in hosts (10). The analysis of hACE2-RBD interaction and structural analysis of the Omicron RBD indicated that Q498R and N501Y mutations on the RBM provide sufficiently strong interaction to enable the generation of many less favorable changes elsewhere (10–13). In particular, the N501Y mutation was reported to enhance the binding affinity against hACE2 and disrupt antibody neutralization (14, 15), consistent with a reverse genetics study showing that the N501Y substitution enhances fitness gains for replication in primary human airway epithelial cells (16). Moreover, the newly emergent variant Deltamicron, a combination of Delta (AY.4) and Omicron BA.1, also contains the N501Y mutation (17). Together, these observations suggest that N501Y is an adaptive mutation and upcoming variants are likely to contain this mutation.

More than 10 broadly nAbs that are effective against many SARS-CoV-2 variants have been developed (12, 18–21), but only a fraction of these nAbs retain the binding affinity and neutralizing activity against Omicron (22). Previously, through a combined computational and experimental approach, we developed D27LEY, a broadly nAb against all concerning SARS-CoV-2 variants, SARS-CoV-1 and pangolin coronavirus (21). We first obtained D27 by computational antibody design using the Rosetta software suite (23), which exhibited low binding affinity for the RBD of SARS-CoV-2 (Wuhan-Hu-1 strain) (21). Subsequently, based on the structure of the Fab fragment of D27 (D27-Fab) in complex with the Wuhan SARS-CoV-2 RBD (D27-Fab–WT RBD), D27LE was developed by extending the complementary determining regions 3 (CDR3) at the tips by 1 or 2 residues and additionally randomizing the flanking residues (21). D27LEY was further developed by computational sequence optimization of four residues near Y501 of the SARS-CoV-2 RBD (21). This N501Y-centric antibody binds to the N501Y-containing RBDs of the Alpha, Beta and Gamma variants with picomolar binding affinity. Despite this affinity optimization for the Y501 residue, D27LEY binds tightly (KD < 1 nM) to the RBDs of all other concerning SARS-CoV-2 variants that have a different amino acid at the 501 residue position (21).

Here, we report that the D27LEY antibody binds to the Omicron RBD with subnanomolar affinity. The crystal structure of the Fab fragment of D27LEY (D27LEY-Fab) in complex with the RBD of the Alpha variant (Alpha RBD) provides the structural basis for the broad cross-reactivity of this nAb against other variants including Omicron, which in turn suggests a rational path toward pan-sabecovirus vaccine design.



Materials and methods


Pseudovirus neutralization assay

To prepare vesicular stomatitis virus (VSV) pseudotype with the SARS-CoV-2 Spike protein, HEK293T cells plated overnight (3x106 cells per 10 cm dish) were transfected using calcium phosphate with 15 µg plasmid encoding a codon-optimized Spike protein of SARS-CoV-2 wild type, Omicron B.1.1.529 variant or Delta variant with 18-residue deletion at the cytoplasmic tail. At 24 h posttransfection, the cells expressing the Spike protein were infected with rVSV-deltaG-Luc for 1 h. The cells were washed 3 times with DPBS and incubated with 7~10 mL of media (with 10% FBS). At 24 to 48 h postinfection, the media were harvested, filtered with a 0.45 µm filter, and stored at -80°C in 1ml aliquots. For the pseudovirus neutralization assay, serially diluted D27LEY solution was mixed with each of the three types of pseudoviruses. After 1 h incubation, the mixture was added to 293T-hACE2 cells (3x104 cells per well in 96-well plate) which were pre-seeded overnight. The cells were lysed with the PLB buffer (Promega, E1941) after 24 h, and then the luciferase activity was measured by adding LAR II (Promega, E1501). The percent neutralization was normalized to uninfected cells (100% neutralization) and infected cells (0% neutralization), both in the absence of D27LEY. The IC50 titers were determined from the nonlinear curves of the log(agonist) versus normalized response using Prism v9 (GraphPad).



Production and purification of D27LEY

DNA fragments encoding VH or VL of D27LEY were synthesized (IDT) and cloned into a vector derived from the pCEP4 vector (Invitrogen) which contains the CH1-CH2-CH3 sequence of IgG or the CL sequence of the kappa light chain. The resulting vectors, pCEP4(heavy) and pCEP4(k-light), were introduced into CHO-S cells (Gibco) at a density of 6x106 cells/ml using ExpiFectamine (Gibco) to express D27LEY. The cells were grown in the ExpiCHO expression medium (Gibco) for 10 days. The culture supernatant was collected by centrifugation at 12,000g for 1 h at 4 ℃, diluted by half with Protein A binding buffer (PBS, pH 8.0), loaded onto an open column containing Protein A resin (Genscript), and eluted with Protein A elution buffer (0.1 M glycine, pH 3.0). The eluent was then immediately neutralized with Protein A neutralizing buffer (1M Tris-HCl, pH 8.5), and further purified using a HiLoad 26/60 Superdex 200 column (Cytiva) equilibrated with buffer A composed of 150 mM NaCl and 20 mM Tris-HCl (pH 8.0).



Production and purification of D27LE

A DNA fragment encoding VH of D27LE was prepared by site-directed mutagenesis and cloned into the pCEP4 vector. The expression and purification procedures were virtually identical to those used for the preparation of D27LEY.



Production and purification of D27LEY-Fab

The VH sequence of D27LEY was amplified by PCR from the pCEP4(heavy) vector and then cloned into a vector derived from the pCEP4 plasmid which contains the CH1 sequence of IgG with an 8x(His) tag. The resulting vector, pCEP4(Fab-8His), was introduced into CHO-S cells together with the pCEP4(k-light), and the transformed cells were cultured similarly as was done for the D27LEY production. The cell supernatant was loaded onto an open column containing Hispur Ni-NTA resin (Thermo Scientific). The column was washed with buffer A containing 20 mM imidazole, and bound D27LEY-Fab was eluted with buffer A containing 200 mM imidazole. The eluted solution was further purified by size-exclusion chromatography using a HiLoad 26/60 Superdex 75 pg column (Cytiva) equilibrated with buffer A.



Production and purification of SARS-CoV-2 RBD N501Y

A DNA fragment encoding the RBD(N501Y) was prepared by site-directed mutagenesis and cloned into the pCEP4 vector (Invitrogen). The expression and purification procedures were virtually identical to those used for the preparation of D27LEY-Fab.



Crystallization, structure determination and refinement

Purified RBD(N501Y) and D27LEY-Fab were mixed in a 1.2:1 molar ratio. The complex between the two was purified by size-exclusion chromatography using a Hiload 26/60 Superdex 200 column (Cytiva) equilibrated with buffer A. The complex was concentrated at 11.7 mg/ml, and an initial crystallization screening was performed in 96-well plates by the sitting-drop vapor diffusion method using Mosquito (Spt Labtech). Finally, crystals were grown in a solution containing 200 mM ammonium citrate tribasic (pH 7.0) and 20% (v/v) polyethyleneglycol 3350. For cryoprotection, the crystal was briefly immersed in a mother liquor containing an additional 10% (v/v) ethylene glycol. X-ray diffraction data were collected on the beamline 5C at the Pohang Accelerator Laboratory, Korea, and processed with HKL2000 (24). Model building and structure refinement were carried out using COOT and PHENIX (25, 26).



Biolayer interferometry

BLI experiments were performed using an Octet R8 system (Sartorius). Biotinylated SARS-CoV-2 Omicron RBDs (ACRObiosystems) or 6x(His)-tagged SARS-CoV-1 RBD (R&D Systems) at 5 nM was loaded onto streptavidin or Ni-NTA biosensor tips (Sartorius), respectively, immersed in Kinetics Buffer (Sartorius) for 120 s. For measuring KD, the antibodies at five different concentrations were subjected to BLI runs with an association step (for 240 or 360 s) and a dissociation step (for 720 s). The binding kinetics were analyzed with the Octet BLI Analysis 12.2.2.4 software package (Sartorius).




Results


D27LEY is a nAb against Omicron

Biolayer interferometry (BLI) was used to test whether D27LEY could bind the RBD of Omicron (B.1.1.529). It showed that D27LEY interacts with the Omicron RBD with the KD of 0.34 nM, which is a weakened binding affinity compared with that between D27LEY and the Alpha, Beta and Gamma RBDs (KD < 0.01 nM) (21), indicating that many mutations on the Omicron RBD negatively affected the binding potency of D27LEY (Figure 1A). Consistent with the reduced but tight interaction of D27LEY with the Omicron RBD, vesicular stomatitis virus (VSV) pseudotyped neutralization assay showed that D27LEY conferred strong and consistent neutralizing activities with geometric mean titer (GMT) ranging between 1640 and 2009 against the WT (the Wuhan-Hu-1 strain) Spike protein and Omicron B.1.1.529 Spike protein. D27LEY also exhibited neutralizing activity against pseudotyped virus bearing the Delta (B.1.617.2) Spike protein (GMT of 25,487) (Figure 1B). The results suggest that D27LEY is able to broadly neutralize the Spike proteins of all SARS-CoV-2 variants including Omicron.




Figure 1 | D27LEY binds to the Omicron RBD and neutralizes VSV virus pseudotyped with the Omicron Spike protein. (A) Binding affinity. BLI was performed at the five indicated concentrations of D27LEY or D27LE. The experiments were performed in technical triplicate with each giving similar results. Representative sensorgrams are shown. The deduced values of the dissociation constant (KD) are shown. (B) Pseudovirus neutralization. D27LEY (3 mg/mL) was serially diluted and added to the VSV pseudoviruses bearing the Spike protein of the indicated SARS-CoV-2 strains. The mixture was incubated with 293T-hACE2 cells and the luciferase activity was measured. The GMT values with a 95% confidence interval are shown on the right, which correspond to the IC50 values of 2.13, 1.96 and 0.18 μg/ml of D27LEY antibody for WT, Omicron and Delta.





Structural characterization of the D27LEY—Alpha RBD interaction

To understand the broad cross-reactivity and potent interaction between D27LEY and the RBD variants, we determined the crystal structure of D27LEY-Fab bound to the RBD of the Alpha variant (D27LEY-Fab–Alpha RBD) (Figure 2A and Table 1). According to the classification of the antibody-binding sites on the RBD (27), D27LEY belongs to the neutralizing antibodies that bind to antigenic site IIa, which includes a conserved surface patch on the RBD core and a small portion of the RBM. D27LEY interacts mostly with this conserved patch and a small portion of the RBM with 6 RBM residues (T500, Y501, G502, V503, Y505, Y508) being the epitope residues. According to another classification, the site IIa-binding antibodies are classified as class 4 antibodies (28, 29).




Figure 2 | Crystal structure of D27LEY-Fab–Alpha RBD in comparison with D27-Fab–WT RBD. (A) Overall view. The RBD-binding interface of D27LEY slightly overlaps with the RBM and largely with the antigenic sites IIa and IIb on the RBD core. (B) Side-by-side views of the interactions between the CDR3 loops and the two antibodies (D27LEY and D27). (C) The interactions of the N501Y mutation site with D27LEY (Left; Y501) and D27 (Right; N501) are shown side-by-side. The black arrows indicate the two substituted amino acids as a result of the computational affinity maturation (A52H and G54H in D27LEY; D52H and S54H in D27). Note that two unchanged residues, R55H and D57H, interact with Y501 and Y505 of the RBD in the D27LEY-Fab–Alpha RBD structure. The RBDs in the D27LEY-Fab–Alpha RBD and D27-Fab–WT RBD (PDB entry: 7VYR) were aligned in (B, C).




Table 1 | X-ray data collection and structure refinement statistics.



A comparison of the D27LEY-Fab–Alpha RBD and the D27-Fab–WT RBD structures reveals the structural consequences of the CDR3 loop extensions, which significantly enhance the RBD-binding affinity from 177 nM to 7.12 nM in the KD value (21). D27LEY contains L92L-W93L-S94L-S95L on the CDRL3, while D27 contains L92L-F93L-S94L. Remarkably, the insertion of one serine residue (S94L) enables the side-chain of Trp93L of D27LEY to be inserted into a hydrophobic cleft on the RBD core surface encompassing the site IIa, making much more hydrophobic contacts and a hydrogen-bonding interaction in comparison with the corresponding residue Phe93L of D27 (Figure 2B). These interactions, which appear as ‘hot spot’ interactions, conceivably contribute to the significantly enhanced binding affinity by the CDRL3 loop extension.

In contrast, the loop extension of the CDRH3 by two-residue insertion does not appear to generate considerably new binding interactions compared with the original CDRH3 of D27. The CDRH3 loop of D27LEY is composed of a six-residue segment (T100H-W101H-Y102H-T103H-S104H-G105H), while that of D27 is composed of a four-residue segment (T100H-E101H-Q102H-G103H). The two-residue insertion (Y102H, T103H) and the E101HW and Q102HS substitutions of the flanking residues widen the CDRH3 loop, but the resulting loop, which slightly better packs against the RBD, does not show noticeable intermolecular interactions with the RBD core surface (Figure 2B). Together, these structural analyses indicate that the interaction between Trp93L and the hydrophobic pocket is a ‘hot-spot’ interaction.

We next examined the structural consequences of the sequence optimization for the N501Y mutation, which resulted in a two-residue change on the CDRH2 loop and drastically enhanced the RBD-binding affinity for the Alpha RBD (having Y501), by greater than 54 folds in the KD value (0.54 nM versus at least 0.01 nM) (21). The CDRH2 loop is composed of residues G50H-G66H, and D27LEY has D52HA and S54HG substitutions in comparison with D27LE. These two substituted amino acids with the smallest or no side-chain avoid otherwise severe clashes with the bulky side-chain of Y501. Notably, the D52HA substitution allows backbone torsional angle changes of E57H such that its side-chain can interact with R403 of the RBD (Figure 2C). As a result, A52H, E57H, R55H (on CDRH2), and N31H, S33H (on CDRH1) surround Y501 and Y505 (of the RBD), by making hydrophobic interactions as well as hydrophilic interactions with R403 (Figure 2C). Apparently, the observed hydrophobic interactions are extensive in comparison with the corresponding interactions in the D27-Fab–WT RBD structure, where N501 makes hydrophilic interactions and Y505 is mostly exposed (Figure 2C). Thus, the extensive intermolecular interactions resulting from the two-residue change provide explanation for the greater than 54-fold increase in the binding potency.



Modeling D27LEY interaction with the Omicron RBD

Initially, we sought to obtain the crystals of D27LEY–Omicron RBD without success. Instead, we built a model of this complex based on the D27LEY–Alpha RBD structure by simple replacement of the Alpha RBD with the structure of the Omicron BA.2 RBD (PDB entry: 7ZF8) (30). The modeled complex showed that 8 out of 16 mutations on the Omicron RBD are close to D27LEY (interatomic distance < 4 Å), and therefore could affect the binding potency of D27LEY: S373P, S375F, T376A, D405N, R408S, Q498R, N501Y and Y505H (Figures 3A, B). This number is remarkable, considering the early SARS-CoV-2 variants of concerns (VOCs) whose mutations were entirely or mostly remote from the D27LEY binding interface. These 8 residues are in contact with not the main-chain but the side-chain atoms of D27LEY. Any steric clashes with D27LEY appear to be relieved by adjustment of the torsional angles of the confronting side-chains, explaining the dampened but tight interaction between D27LEY and the Omicron RBD (KD of 0.34 nM) compared with the D27LEY-Alpha RBD interaction (KD < 0.01 nM). We also modeled the potential interactions between D27LEY and the Omicron subvariants (BA.3, BA.4, BA.5, BA.2.75), showing that the subvariant-specific mutations are not on the D27LEY-binding surface, and therefore D27LEY would exhibit virtually the same binding potency for these Omicron variants (Figure 3C). In support of this notion, D27LEY bound to the RBD of the currently dominating subvariant BA.5 with the KD of 0.37 nM, which is virtually the same as that for B.1.1.529 (KD of 0.34 nM) (Figure 3D).




Figure 3 | A structural model for D27LEY binding to the Omicron RBD (A) Structural superposition of the Omicron RBD (PDB entry: 7ZF8) and D27LEY-Fab–Alpha RBD. The mutations on the RBD of Omicron BA.2 as compared to the RBD of the Wuhan-Hu-1 strain are shown in circles and color-coded according to the interatomic distances from D27LEY. No steric crash is observed between the backbone atoms of D27LEY and the Omicron RBD. (B) Enlarged views of the eight mutations that are within 4 Å of D27LEY. The Omicron and Alpha RBDs are shown in grey and cyan, respectively. Side-chain—side-chain clashes between some of these residues and D27LEY are observed, e.g., between H505 (Omicron) and E75H (D27LEY). The amino acid sequences of these two and the wild-type RBDs are compared at the bottom with the eight mutations shaded in cyan. The Alpha RBD differs from the wild-type RBD only at residue 501 in these regions. (C) The mutations on the RBD of the indicated Omicron subvariants are shown in circles and color-coded. None of the subvariant-specific mutations is located on the D27LEY-binding surface. (D) The binding affinity of D27LEY for Omicron BA.5 was measured by BLI, and the KD value is shown.



Similar observations were made for a number of broadly nAbs that interact with the RBM at least partially but could resist the RBM mutations on Omicron, including the class 3 antibodies (LY-CoV1404 and BD-744) and the class 4 antibodies (S2X259, Beta-40, Beta-54 and Beta-55) (10, 22, 31–33), which exhibited higher (Beta-40 and Beta-54), similar (LY-CoV1404, BD-744 and Beta-55) or lower than 6 fold decreased neutralization capacity against Omicron in comparison with that against the Wuhan strain or the Beta variant. Together, these observations highlight the plasticity of antigen-antibody interactions and the resulting broad cross-reactivity of class 3 and class 4 antibodies.



Optimization for Y501 does not reduce the affinity for the RBDs containing a smaller residue at this position

Although the two-residue change (D52HA and S54HG) in D27LEY compared with D27LE was an optimization for binding to the N501Y RBD mutation, it also resulted in the enhancement of the binding potency for the wild-type RDB from 7.12 nM to 1.14 nM in the KD value (21). Simple modeling of N501 in the D27LEY-Fab–Alpha RBD structure shows that the modeled asparagine can be readily accommodated owing to its smaller size. In comparison with N501 in the D27-Fab–WT RBD structure, the modeled N501 residue by itself does not make any better interactions with D27LEY, and thus cannot explain the increased binding affinity (Figure 4A). Likely, the favorable interactions of D27LEY with other RBD residues including Y505 and R403, enabled by the two-residue change, would be responsible for the enhanced binding potency of D27LEY for the wild-type RBD. Of note, D27LEY also binds tightly to the PCoV-GD-1 RBD (KD of 0.66 nM), which has N501 (21).




Figure 4 | Interaction of D27LEY with RBDs having a smaller amino acid at residue 501. (A) N501 (in purple) was modeled on the structure of D27LEY-Fab–Alpha RBD using the Pymol software (Left) and shown together with the structure of D27-Fab–WT RBD (Right), which represents the interaction of D27LE with the WT RBD in this region. The D52HA and S54HG substitutions in comparison with D27LE are labeled in blue letters. Intermolecular polar and hydrophobic interactions (interatomic distances < 4.3 Å) are indicated by dashed lines and double-headed arrows, respectively, showing more extensive intermolecular interactions engaged by D27LEY than those by D27LE in this region. (B) BLI runs for measuring the binding affinity between D27LE and the SARS-CoV-1 RBD. The affinity exceeds the instrumental sensitivity (KD < 0.01 nM). (C) Sequence alignment of the SARS-CoV-1 and Alpha RBDs. Residue numbering for the SARS-CoV-2 Alpha RBD is shown at the top. The black dots indicate the Alpha RBD epitope residues binding to D27LEY. (D) The structures of the SARS-CoV-1 RBD (PDB entry: 2DD8) and D27LEY-Fab–Alpha RBD are aligned. The four epitope residues different in the two RBDs are shown in sticks and labeled. Except T487/Y501, the other three residue pairs are not close to the CDRH2 loop (in blue).



SARS-CoV-1 RBD has residue T487, which corresponds to residue 501 in the SARS-CoV-2 RBD. We previously showed that D27LEY binds potently to the SARS-CoV-1 RBD with a KD value less than 0.01 nM (21). To test whether the sequence optimization for Y501 also resulted in increasing the binding affinity, we measured the binding affinity of D27LE for the SARS-CoV-1 RBD and found that their interaction was too tight to be measured accurately (KD < 0.01 nM) (Figure 4B). Sequence comparison shows that four epitope residues, R403, Q498, Y501 and V503, of the SARS-CoV-2 Alpha RBD are substituted with K390, Y484, T487 and I489, respectively, in the SARS-CoV-1 RBD (Figure 4C). Mapping these residues on a model for the SARS-CoV-1 RBD bound to D27LEY shows that only T487 is close to the CDRH2 loop, suggesting that the optimized two-residue change (D52HA and S54HG) on this loop does not affect the D27LEY interaction with other epitope residues of the SARS-CoV-1 RBD (Figure 4D). Together, these analyses indicate that D27LEY, generated by the intense N501Y-centric optimization, does not reduce but enhances its local interactions with the RBDs with a smaller amino acid at this residue position.




Discussion

SARS-CoV-2 has multiple routes of evolution. In addition to the persistent inter-host transmission of the virus, chronic infection in immunocompromised (or in healthy) individuals is an important source of the emergence of new variants by which the virus could acquire mutations and evolve to gain increased infectivity and immune evasion (34–36). Moreover, SARS-CoV-2 is now capable of infecting a variety of animal species, including dogs, house cats and rodents (37, 38), suggesting that these host animals can serve as a large reservoir from which new viral variants can be developed through recombination between different strains similarly as Delta-Omicron recombinant viruses were developed (39). Such variants may spill over to humans, followed by reverse spill over from humans to other animal species in a repeated manner, necessitating advanced preparedness for the future emergence of zoonotic sarbecoviruses, including the development of pan-sarbecovirus vaccines and broadly nAbs.


Prevalence of the N501Y mutation

The N501Y substitution was noted as a convergent evolution in Brazil, South Africa and elsewhere (40, 41). Consistently, a large-scale study of 506,768 SARS-CoV-2 genome isolates showed that N501Y (or N501T) was a fast-growing RBD mutation (20). According to the CoV-spectrum, as of June 2022, the N501Y mutation had been detected in more than 80% of infections since January (5). Tyrosine residue at this position may remain fixed while the SARS-CoV-2 further evolves, since the N501Y mutation provides fitness gains by enhancing the receptor-binding affinity. As other clades of sarbecoviruses evolve that depend on hACE2 binding for human infection, the corresponding residue position on the spike protein might be also dominated by the tyrosine residue.



Common features of broadly nAbs which target the RBD

The antigenic site Ia and Ib largely overlap with the RBM, where many different mutations have been found. Therefore, site Ia- and site Ib-binding antibodies (corresponding to class 1 and class 2 antibodies) are rarely cross-reactive across the SARS-CoV-2 variants. In contrast, antigenic sites IIa, IIb and IIc largely overlap with the most conserved surface on one side of the RBD core, and antigenic site IV overlaps with the other conserved surface located on the opposite side (42). Accordingly, site IIa-, site IIb- and site IIc-binding antibodies (corresponding to class 4 antibodies) and site IV-binding antibodies (corresponding to class 3 antibodies) could be cross-reactive across the SARS-CoV-2 variants or other sarbecoviruses. Commonly, nearly all of the known broadly nAbs, including D27LEY, bind to one of the two conserved surfaces exclusively or a small portion of the RBM additionally. The broadly nAbs whose epitope includes the RBM could generate higher antibody responses as they block ACE2 binding to the RBM. Importantly, such broadly nAbs can be elicited by natural infection or vaccination, albeit variably in different individuals.



Insights into the next-generation vaccine development

The RBD is immunodominant and accounts for 90% of the neutralizing activity of sera isolated from COVID-19 convalescent patients (27). The same study found that antibodies against sites Ia and Ib (class 1 and class 2) were found at high titers in hospitalized donors and in a fraction of non-hospitalized symptomatic and asymptomatic subjects, identifying sites Ia and Ib as the two major antigenic sites on the RBM. The current vaccines (the spike protein either in the form of protein, DNA or mRNA) have intact RBD, and thus would elicit antibodies against site IIa, site IIb, site IIc and site IV (class 3 and class 4) but at lower titers than the two major classes of the elicited antibodies.

To be broadly protective, next-generation SARS-CoV-2 or pan-sarbecovirus vaccines should be able to elicit high titers of broadly nAbs, i.e., those belonging to class 3 or class 4 antibodies. A plausible strategy to develop these vaccines would be to employ, as an antigenic component, a modified RBD in which sites Ia and Ib on the RBM are removed or blocked (e.g., by glycosylation). This modified RBD would promote the elicitation of class 3 and class 4 antibodies while preventing the elicitation of class 1 and class 2 antibodies. It would be rational to keep the residue 501-containing loop intact, as it is a major epitope, and choose tyrosine for residue 501, as it is an adaptive mutation, in the modified RBD.

In conclusion, the presented work identifies that the residue 501-containing loop is a key epitope across the sarvecoviruses, and suggests a rational path for pan-sarbecovirus vaccine development.
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Introduction

The emergence of multiple variants of concerns (VOCs) with higher number of Spike mutations have led to enhanced immune escape by the SARS-CoV-2. With the increasing number of vaccination breakthrough (VBT) infections, it is important to understand the possible reason/s of the breakthrough infections.



Methods

We performed transcriptome sequencing of 57 VBT and unvaccinated COVID-19 patients, followed by differential expression and co-expression analysis of the lncRNAs and the mRNAs. The regulatory mechanism was highlighted by analysis towards repeat element distribution within the co-expressed lncRNAs, followed by repeats driven homologous interaction between the lncRNAs and the promoter regions of genes from the same topologically associated domains (TAD).



Results

We identified 727 differentially expressed lncRNAs (153 upregulated and 574 downregulated) and 338 mRNAs (34 up- and 334 downregulated) in the VBT patients. This includes LUCAT1, MALAT1, ROR1-AS1, UGDH-AS1 and LINC00273 mediated modulation of immune response, whereas MALAT1, NEAT1 and GAS5 regulated inflammatory response in the VBT. LncRNA-mRNA co-expression analysis highlighted 34 lncRNAs interacting with 267 mRNAs. We also observed a higher abundance of Alu, LINE1 and LTRs within the interacting lncRNAs of the VBT patients. These interacting lncRNAs have higher interaction with the promoter region of the genes from the same TAD, compared to the non-interacting lncRNAs with the enrichment of Alu and LINE1 in the gene promoter.



Discussion

Significant downregulation and GSEA of the TAD gene suggest Alu and LINE1 driven homologous interaction between the lncRNAs and the TAD genes as a possible mechanism of lncRNA-mediated suppression of innate immune/inflammatory responses and activation of adaptive immune response. The lncRNA-mediated suppression of innate immune/inflammatory responses and activation of adaptive immune response might explain the SARS-CoV-2 breakthrough infections with milder symptoms in the VBT. Besides, the study also highlights repeat element mediated regulation of genes in 3D as another possible way of lncRNA-mediated immune-regulation modulating vaccination breakthroughs milder disease phenotype and shorter hospital stay.
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Introduction

On November 26, 2021, WHO declared yet another variant of concern (VOC) B.1.1.529, with an unusually high number of mutations (32 mutations) in the spike region, the main antigenic target of vaccine-elicited antibodies (1). Despite the rapid vaccination program globally, the Omicron variant had very high transmission rate and low susceptibility to both vaccine-elicited neutralizing antibodies as well as therapeutic monoclonal antibodies (2). This underscored the global importance and effort towards understanding the efficacy of the existing vaccines/monoclonal antibodies. Many studies have been conducted to investigate the efficacy of existing vaccines against the emerging variants, and found a lower vaccination efficiency against the Omicron variants (3–5). This has spurred effort towards tailoring the available vaccine for Omicron specificity. However, another aspect of vaccination breakthrough (VBT) infection remains unsolved: despite receiving the immunizations that were meant to protect them/us from infection, what enables the virus to infect remains elusive. Few possible explanations could be the mutations in the spike protein of the virus, which helps in differential immune escape, lower titer of neutralizing antibody, and less sensitivity towards the vaccine-elicited neutralizing antibody, however these triggers another confutation: if the neutralizing antibody was not sufficient enough to counter the infection, why the conventional innate immunity was not triggered?

The key to the above question possibly lies in the fact that a vaccinated COVID-19 positive individual has milder symptoms compared to an unvaccinated COVID-19 patient (6, 7). This suggests a differential host response in the vaccination breakthrough infection. Long noncoding RNAs (lncRNAs), as a key component of the human transcriptome, and because of their gene regulatory role, are crucial factors to explore/elucidate in order to understand the variable host response in the vaccine breakthrough infection. Furthermore, prior research by our lab and others has emphasized the function of lncRNAs in the SARS-CoV-2 infection and how it influences differential disease severities (8–10). Therefore, we conducted this first-of-its-kind study to understand the role of lncRNAs in the vaccination breakthrough infection, which might explain why despite the vaccination, the individuals were infected with the SARS-CoV-2.

In this study, we performed transcriptome sequencing of 57 vaccination breakthroughs and unvaccinated SARS-CoV-2 infected individuals. Through a combination of differential expression analysis of lncRNAs, mRNAs, and co-expression analysis of the lncRNAs-mRNAs, we observed a decreased inflammatory and innate immune response, but increased adaptive immune response in the vaccination breakthrough infections. Multiple studies have highlighted higher abundance of repeat elements within the lncRNA sequences and the role of repeat elements in modulating lncRNA functions (11, 12). We have also shown that Alu and LINE1-driven homology-based interaction of lncRNAs with the promoter region of genes from same topologically associated domains (TAD) is one of the possible mechanisms of lncRNA-mediated modulation of innate immune response in the VBT infections. Together, the findings highlight the lncRNAs-mediated modulation of innate immune response, adaptive immune response and inflammatory response, which could possibly explain the VBT and the milder disease severity in these patients with shorter hospital stay.



Materials and methods


Patient cohort, sampling and data collection

The patients were admitted to a tertiary care center (Max Super Speciality Hospital, Delhi, India) with confirmed COVID-19 positive status based on qRT-PCR result during February-April 2021. A subset of the COVID-19 positive individuals with very mild symptoms were kept in home isolation under medical observation. Both nasopharyngeal and oropharyngeal swabs were collected in VTM by paramedical staff on the day of hospital admission or sampling during home isolation. Viral RNA from VTM was isolated using QIAmp viral mini kit (Qiagen, Cat. No. 52906) and SARS-CoV-2 detection and quantification was performed using TRUPCR SARS-CoV-2 kit (3B BlackBio Biotech India Ltd., Cat. No. 3B304), with a cycle threshold of 35. Sequencing of SARS-CoV-2 genome was performed using Illumina COVIDSeq Test (Cat. No 20043675) as per manufacturer’s reference guide (#1000000126053v04) for all the COVID-19 positive individuals to confirm the viral infection. The demographic and clinical details along with COVID-19 vaccination history of the patients were collected from the electronic health record as per standard practices. The individuals were segregated into two groups based on their COVID-19 vaccination status: Vaccination breakthrough - individuals infected with SARS-CoV-2 after vaccination, and Unvaccinated - individuals infected with SARS-CoV-2 prior to COVID-19 vaccination. All study procedures were in accordance with the Declaration of Helsinki and approved by the Institutional Ethics Committee of the CSIR-Institute of Genomics and Integrative Biology (CSIR-IGIB) and the MAX Super Specialty Hospital. Informed consent was obtained from all individuals or their legal guardians.



Library preparation and sequencing

RNA sequencing libraries were prepared using Illumina TruSeq® Stranded Total RNA Library Prep Gold (cat. no 20020599) from a total of 250 ng RNA isolated from the naso/oropharyngeal swabs of COVID-19 positive individuals, as per manufacturer’s reference guide (1000000040499 v00) and our previous study (13). Cytoplasmic and mitochondrial rRNA were removed using Ribo-Zero rRNA removal beads. The purified RNA was fragmented to achieve size uniformity using divalent cation under an elevated temperature. The cDNA was synthesized from the fragmented RNA using SuperScript IV reverse transcriptase, followed by RNA strand digestion from the RNA-DNA hybrid using RNASE-H, and synthesis of the second strand of cDNA. The 3’ blunt ends of the double stranded cDNA were adenylated prior to addition of indices and amplification. The final library was purified using AMPure XP (Beckman Coulter, A63881), followed by quality check using Agilent 2100 bioanalyzer and High Sensitivity DNA Kit. The libraries were sequenced on NextSeq 2000 platform using P2 reagent kit, 2 x 151 cycles and at a final loading concentration of 650 pM.



Quality control, mapping to reference and identification of DE-lncRNAs/genes

FastQC was used to determine the quality of the raw reads, followed by trimming of adapter sequences using Trimmomatic (14). Reads are mapped to the human reference transcriptome (Genome Reference Consortium Human Build 38, release 107, corresponding to the GenBank Assembly ID GCA_000001405.28) using Salmon quasi mapping tool to quantify read abundance or transcript expression levels (15). The lncRNA expression profile was quantified using LNCipedia transcript annotation v5.2 as reference, with 200 bp size cut-off (16). The protein coding gene expression was quantified using Ensembl protein coding gene annotation as reference. To identify significantly differentially expressed lncRNAs and the protein coding genes, DESeq2 was applied with Wald’s test as statistical algorithm, with a cut-off of p-adjusted value of ≤ 0.05, and Log2 fold change of ≥ ± 1.5 (17). The Log fold change was plotted against p-adjusted value using VolcanoseR R package (18).



LncRNA-mRNA co-expression analysis

Pearson correlation analysis between the lncRNAs and the mRNAs expression was performed to identify the lncRNA-mRNA co-expression. A Pearson correlation coefficient (PCC) value of ≥ ± 0.9 (at p value ≤ 0.05), and at least one correlation between the differentially expressed lncRNA and mRNA expression was considered to be significant. The correlation coefficient between lncRNA-mRNA was used to filter the candidates for the interaction network. The candidate lncRNAs and mRNAs were scanned against NPInter v4.0 and LncRRIsearch v1.0 to build the interaction network using MCODE and Cytoscape (19–22). A betweenness filter of 0.9 was applied to simplify the complex interaction network. The tools are house to experimentally validated lncRNAs and mRNAs, indicative of their plausible functional role.



Gene set enrichment analysis of network interacting mRNAs

The mRNAs interacting with the lncRNAs were used to perform the GSEA. Fast GSEA (fGSEA) R package was used and GSEA was performed against the KEGG database (23, 24). A cut-off of p-adj ≤ 0.05 was applied to select the significant pathways. The Normalized Enrichment Score (NES) and the Log2 fold change of the genes involved in the pathways were visualized using ComplexHeatmap R package.



Pathway enrichment analysis of the interacting LncRNAs

The lncRNAs interacting with the mRNAs were used to perform Pathway enrichment analysis. ncPath web server was used to perform the pathway enrichment against KEGG database, and a cut-off of p-adj ≤ 0.05 was applied to select the significant pathways and was visualized using ggplot2 R package (25).



Repeat element distribution analysis

The network interacting lncRNAs were selected for repeat element distribution analysis using RepeatMasker web server (26). The analysis was performed using rmblast algorithm and Dfam 3.0 database (27). The repeat elements were segregated with respect to class, sub-class, lengths of lncRNA covered, and presence on sense/antisense strand, and were compared with the repeat elements present within the lncRNAs with no network interaction but significant PCC. Statistical analysis was performed using GraphPad Prism 9.2.



Topologically associated domain gene analysis

The protein coding genes present within the same TAD as of the interacting lncRNAs were fetched from the TADKB database (28). Experimental TADs from lung fibroblast cell line, IMR90, were considered as it is the closest to our sample type, amongst the other available cell lines with the TAD information. GSEA was performed using fGSEA on the protein coding genes retrieved from the TADs. LncRNA-Gene triplex formation at the promoter region of the genes was predicted using Triplex Domain Finder from the Regulatory Genomics Toolbox (29). The total number of triplex formations by the interacting lncRNAs was compared against the non-interacting lncRNAs. The abundance of repeat elements within the interacting region of the lncRNAs, and the promoter region of the genes were performed using RepeatMasker as stated earlier.




Results


Patient cohort characterization: classification and clinical evaluation

We recruited 57 COVID-19 patients to understand the role of lncRNAs in the vaccination breakthrough infections. The patients were stratified into two groups based on their vaccination status; Vaccination Breakthrough (n=28) with ChAdOx1 nCoV-19 vaccination prior to infection and Unvaccinated (n=29) including patients without any prior vaccination. Briefly, after qRT-PCR and sequence-based confirmation of COVID-19 status, we also sequenced the whole transcriptome of the 57 individuals, followed by transcript level differential expression analysis of the lncRNAs, mRNAs, lncRNA-mRNA co-expression analysis, repeat element distribution analysis and lncRNA-gene interaction analysis within the topologically associated domains (TAD). Figure 1A highlights the experimental design, sample collection, sequencing, data analysis and the inferences drawn.




Figure 1 | Study design, experimental workflow, and clinical data of the SARS-CoV-2 Infected Individuals across VBT and unvaccinated. (A) Study design and experimental workflow including the sample collection, SARS-CoV-2 genome sequencing, human host transcriptome, data analysis and the functional interpretation. (B) Ct value of the SARS-CoV-2 RdRp gene, (C) SpO2 (%) levels of the VBT and unvaccinated individuals, (D) Duration of hospital stay, and (E) Number of patients requiring respiratory support between the VBT and the unvaccinated individuals. Upper bar shows statistical significance.



The demographic and clinical data of the patients are summarized in the Supplementary Table S1. The median Ct value of the RdRp gene was significantly lower in the breakthrough infections, indicating a higher viral load in the VBT patients (Figure 1B). Interestingly, despite higher viral load, the median SpO2 was higher in the VBT (Figure 1C). The duration of hospital stay was also significantly lower in the VBT (Figure 1D), and none of the patients with the breakthrough infection required respiratory support, where few unvaccinated patients required respiratory support (Figure 1E). These, in summary, highlight that despite higher viral load in the VBT patients, the overall disease severity was lower compared to the unvaccinated individuals.



LncRNA-mediated increased immune response and decreased inflammatory response in the vaccination breakthrough

In order to understand the role of lncRNAs in modulating the disease trajectory between VBT and unvaccinated, we performed transcript level differential expression (DE) analysis of the lncRNAs. We identified a total of 727 differentially expressed (DE) lncRNAs (p-adj ≤ 0.05, Log2 fold change ≥ ± 1.5), with 153 upregulated and 574 downregulated in the VBT patients (Figures 2A, B, Supplementary Table S2). Out of the 727 DE-lncRNA transcripts, 32 lncRNA transcripts, corresponding to 15 lncRNA genes have known functions associated with the immune/inflammatory response. Further, out of the 12 lncRNA genes, 7 lncRNAs are reported to modulate immune/inflammatory responses in infectious diseases. Out of the 7 lncRNAs, LUCAT1, MALAT1, NEAT1 and GAS5 were downregulated in the VBT. LUCAT1 is a negative regulator of interferon response, and downregulation of LUCAT1 suggests an activated interferon response (30). MALAT1 is known to negatively regulate the immune response and positively regulate the inflammatory response in the infected individuals, therefore downregulation of MALAT1 in the breakthrough infection suggests an upregulated immune response and downregulated inflammatory response (31, 32). NEAT1 and GAS5 also act as pro-inflammatory lncRNAs, and their downregulation is an indicator of decreased inflammatory response in the VBT (33, 34). Amongst the upregulated lncRNAs, ROR1-AS1, UGDH-AS1 and LINC00273 were upregulated in the VBT. The upregulation of ROR1-AS1 and LINC00273 indicates a heightened immune response, whereas upregulation of UGDH-AS1 suggests a decreased disease severity possibly modulated by MOV10 and EDN1 (8). In addition to these lncRNAs, functional interpretation of other DE lncRNAs are summarized in the Table 1.




Figure 2 | Differential expression, Co-expression and functional Role of the lncRNAs and the mRNAs between the vaccination breakthroughs and the unvaccinated. (A) Illustration of the DE analysis of the lncRNAs and the mRNAs, lncRNA-mRNA co-expression and interactions. (B) and (C) Volcano plot of the differential expression of the lncRNAs and the mRNAs between the vaccination breakthroughs and the unvaccinated, respectively. (D) Heatmap representing Pearson correlation coefficient between the DE lncRNAs and the mRNAs. (E) LncRNA-mRNA interaction network with Green dots representing the mRNAs and brown squares for the lncRNAs. (F) GSEA of the network interacting genes. Green box indicates involvement of a gene in a specific pathway. Side color bar indicates Log2 fold change of the genes, while the bottom color bar indicates the Normalized Enrichment Score (NES) of the pathways. (G) Pathway enrichment of the network interacting lncRNAs. Color represents the expression of the pathways, and the circle size highlights the number of genes involved in the pathways.




Table 1 | Functional role of the DE lncRNAs in the Immune and Inflammatory response.





LncRNA-mRNA interaction modulates innate immune and inflammatory response

Most often, lncRNAs exert their function by modulating the protein coding genes (mRNAs). Therefore, to understand the possible lncRNA-mediated gene regulation, we performed DE analysis of the protein coding genes. We identified 338 DE genes (p-adj ≤ 0.05, Log2 fold change ≥ ± 1.5), 34 upregulated and 304 downregulated in the VBT compared to the unvaccinated (Figures 2A, C, Supplementary Table S3). We performed Pearson correlation analysis between the DE lncRNAs and the mRNAs. Significant Pearson correlation coefficient (PCC) was considered at R ≥ ± 0.9, p value ≤ 0.05 and at least one significant PCC was considered as co-expression of the lncRNA and the mRNA (Figures 2A, D). Out of the 727 DE-lncRNAs and 338 mRNAs, we found 558 lncRNAs and 331 mRNAs to be co-expressed (Supplementary Table S4). In order to identify genes co-expressed explicitly within the VBT and the unvaccinated groups, we have also performed the Pearson correlation analysis on the DE genes for individual groups. We then identify co-expressed genes unique to the VBT and the unvaccinated groups and performed Gene Ontology enrichment. While we observed immune response related GO terms to be enriched in the VBT-unvaccinated combined correlation analysis (Supplementary Figure S1A), metabolism/homeostasis related GO terms were enriched in the VBT (Supplementary Figure S1B) and adaptive immune response related GO terms were enriched in the unvaccinated group (Supplementary Figure S1C). Gene expression dynamics revealed that the metabolism/homeostasis related pathways were positively regulated in the VBT group, while the adaptive immune response related pathways were negatively regulated in the unvaccinated group.

We then used the lncRNA-mRNA co-expression to construct an interaction network. The network was constructed using MCODE, Cytoscape and a betweenness filter of 0.9 was applied to simplify the complex interaction network. LncRNAs with more than one transcript were merged into one while building the interaction network. We found 34 lncRNAs to be interacting with the 267 mRNAs (Figures 2A, E). To understand the possible lncRNA-mRNA interaction mediated perturbation of biological pathways, we performed gene set enrichment analysis (GSEA) on the network interacting genes (Figure 2F, Supplementary Table S5). We found inflammatory pathways like cytokine-cytokine receptor interaction, NK cell mediated cytotoxicity, necroptosis, JAK-STAT signaling pathways to be suppressed, while adaptive immune response and antiviral response related pathways like NLR and RLR signaling were activated in the VBT. Interestingly, ribosomal pathways were suppressed in the VBT, and multiple studies suggest hijacking of the ribosomal translation machinery by the viruses to facilitate viral replication. This could possibly explain the higher viral load in the VBT patients.

The pathway enrichment analysis of the interacting lncRNAs also highlights decreased inflammatory response (Figure 2G, Supplementary Table S6). Interestingly, some of the innate immune response associated pathways, such as AMPK signaling, PI3K-AKT signaling, and Ras signaling were also suppressed in the VBT. Together, these findings highlight a decreased innate immune and inflammatory response pathway but increased adaptive immune response pathway in the vaccination breakthrough patients.



Repeat elements within LncRNAs as possible modulators of LncRNA-mediated immune response regulation

Differential abundance of repeat elements is one of the major features of the lncRNAs. Moreover, lncRNAs often modulate gene expression through repeat elements present within the lncRNA sequences (8). Therefore, to understand the role of repeat element-based modulation of the lncRNA functions, we looked at the repeat element distribution within the interacting lncRNAs (n=34) discovered from the co-expression network. We compared, i) the class/subclass of these repeat elements, ii) their presence in the sense/antisense strand, and iii) their sizes with the repeat elements present within the co-expressed but non-interacting lncRNAs (n=524) (Figure 3A). We observed that the interacting lncRNAs have significantly higher abundance of repeat elements compared to the non-interacting lncRNAs (p value = 0.048) (Figure 3B). We observed a significantly higher presence of short interspersed nuclear elements (SINEs) (p value < 0.0001), long interspersed nuclear elements (LINEs) (p value < 0.0001), and the long terminal repeats (LTRs) (p value < 0.0001) in the interacting lncRNAs (Figure 3C, Supplementary Table S7).




Figure 3 | Repeat element abundance, class/subclass, strand-specific differential presence and size range of the Repeats. (A) Working model of the repeat element abundance analysis. (B) Repeat element abundance between the vaccination breakthroughs and the unvaccinated. Total bases covered by repeat elements were normalized against total lncRNA length. (C) Repeat element class/sub-class, and their strand specific distribution between the two groups. Abundance of major repeat classes are represented by bars, while height of bars from baseline indicates the abundance of repeats normalized to the lncRNA length. The red base of the plot corresponds to interacting lncRNAs (I), while the blue base corresponds to the non-interacting lncRNAs (NI). Abundance of repeat sub-classes are represented as %age of the repeat class (lollipop plot). (D) Abundance of Alu subfamily between the two groups. Data is represented as %age of total Alu, normalized against total bases covered by the Alus. (E–G) Size distribution of (E) Alu, (F) LINE1, and (G) LTRs, normalized against the number of such repeats. The bars at the base of the ridge indicate the individual repeat element of that specific size (x-axis).



Interestingly, the presence of Alu was significantly higher in the interacting lncRNAs (p value < 0.0001), and within those, majority of the Alus were present on the sense strand. The LINE1 was also significantly higher in the interacting lncRNAs (p value < 0.0001), however, the majority of the LINE1 was present in the antisense strand. Alus are known to modulate immune response by homologous interaction with the immune responsive genes, and to activate interferon response (48, 49). While some studies highlight the accumulation of LINE1 upon viral infection, LINE1 is reported to activate the antiviral response in specific instances (50, 51). Besides, the antisense LINE1 is reported to regulate the expression of surrounding genes (52). The LTRs help in viral replication, and it is also reported to activate host immune response (53, 54). Since the interacting lncRNAs are expressed in the VBT group, the higher abundance of Alu, LINE1, and LTR elements within the interacting lncRNAs suggest a possible regulation of antiviral and immune response by the interacting lncRNAs in the vaccination breakthrough individuals.

Since the Alu element was significantly abundant in the interacting lncRNAs, we looked at the sub-classes of Alu elements. We observed that the Alu S, but not Alu J and Alu Y were significantly abundant (p < 0.0001) in the interacting lncRNAs (Figure 3D). Evolutionarily, Alu J is the oldest amongst the Alu family, while Alu Y is the youngest one, and Alu S is of intermediate age. Interestingly, the majority of Alu-mediated function is reported to be mediated by Alu S, therefore, higher abundance of Alu S in the interacting lncRNAs indicate multi-dimensional Alu-mediated gene regulatory functions (55, 56). Since the Alu-mediated gene regulation is exerted relatively better by the full length Alus, we looked at the size distribution of Alus between the interacting and the non-interacting lncRNAs. We defined Alus above 250 bps as full length Alus. Importantly, we observed higher abundance of full length Alus in the interacting lncRNAs (p value = 0.019) (Figure 3E). Together, these evidences suggest that the Alu-mediated functions are mediated by full length Alu S in the vaccination breakthrough. Additionally, we also checked the size of the LINE1 and LTRs between the vaccination breakthrough and the unvaccinated and observed a higher abundance of LINE1 up to 1kb, and LTRs up to 500 bps in the interacting lncRNAs, although statistically non-significant (Figures 3F, G). Overall, the majority of LINE1 were up to 2kb size, and LTRs up to 1kb, which conforms their global distribution within the Human genome (LINE 1 mean size 0.9 kb, LTRs size range 200-500bps).



Alu and LINE1-driven homology-based interaction between the lncRNAs and the TAD genes

Repeat elements are known to have homology-based interaction which can regulate expression of a gene which may be present in a distant genomic loci, but within the 3D proximity (57). It is one of the possible ways in which repeats exert their gene regulatory functions. Genes in 3D proximity inside a TAD may interact with one another, either directly or indirectly via regulatory components. Taking these factors into consideration, we examined the lncRNA interaction with the genes present in the same TAD as the lncRNAs, as well as the existence of repeat elements within the interacting regions, to understand the type of interaction/s (Figure 4A).




Figure 4 | LncRNAs Interaction with the TAD genes and Repeat elements abundance at the Interaction sites. (A) Illustration of the TAD, type of interactions within the TAD and homology-based interaction between the lncRNA and promoter region of genes from the same TAD. (B) Venn diagram showing the number of protein coding genes from different steps of analysis and their overlap. (C) GSEA of the genes from the same TAD as of the interacting lncRNAs. The x-axis represents the Normalized Enrichment Score (NES), while the color represents the expression of the pathways. (D) Number of Triplex Forming Sites (TFS) between interacting lncRNAs and non-interacting lncRNAs. Upper bar shows statistical significance. (E) Repeat element abundance at the site of interaction within lncRNAs. The number of interacting sites within the lncRNAs and the corresponding repeat elements at these sites are represented in the alluvial plot on left and right sides, respectively. (F) Barplot showing the repeat element distribution between the promoter region and CDS region of the interacting TAD genes. Total bases covered by repeat elements were normalized against the total bases of the promoter and CDS. (G) Stacked bar plot showing the abundance of SINEs and LINEs; and Alu and LINE1 within SINEs and LINEs respectively, between the promoter and the CDS region. L1 and L2 represent LINE1 and LINE2 respectively. Upper bar shows statistical significance.



Initially, we looked at the genes present within the TADs of the interacting lncRNAs (n=34) and identified 163 protein coding genes (Supplementary Table S8). Of these, we found only five genes overlapping with the DE genes in the vaccination breakthrough patients (Figure 4B). Therefore, we performed GSEA (using KEGG database) of the genes present within TADs to understand the possibly perturbed biological processes. Interestingly, we observed immune and inflammatory response associated pathways (such as NK cell mediated cytotoxicity, Antigen processing and presentation, mTOR signaling) to be suppressed (Figure 4C, Supplementary Table S9).

We then checked for the association between the interacting lncRNAs and the genes from the same TADs. We used Triplex domain finder from Regulatory Genomics Toolbox to find triplex forming sites (TFS) between the lncRNAs and the promoter region of the genes, since interaction at the promoter region regulates gene expression and thereby modulating gene function (29). We compared the number of lncRNA-Gene TFS between the interacting lncRNAs and the non-interacting lncRNAs. The interacting lncRNAs were found to have significantly higher (p value = 0.0027) numbers of TFS with the promoter region of genes from the same TADs (Figure 4D). Out of the 34 interacting lncRNAs, we found 11 lncRNAs to have interaction with the 19 TAD genes at the promoter region. The interaction sites within the 11 lncRNAs were subsequently characterized to determine the repeat elements distribution throughout the interacting sites. Interestingly, Alu and LINE1 were the most prevalent repeat elements in the interacting regions of the lncRNAs as well as no repeat elements were found at some of the interaction sites (Figure 4E, Supplementary Table S9).

Finally, we looked at the repeat element abundance at the promoter region of the interacting TAD genes and compared it with the repeat element abundance within the CDS region of the genes. The promoter region was found to have significantly higher abundance of repeats compared to the CDS of the same genes (Figure 4F, Supplementary Table S10). Out of the total repeat elements, Alu and LINE1 were found to be significantly enriched in the promoter region of the genes as compared to the CoDing Sequences (CDS) (Figure 4G). Taken together, these findings suggest an Alu and LINE1 driven homology-based interaction between the lncRNA and the promoter region of genes from the same TAD as an additional possible mechanism of the lncRNA-mediated immune response regulation.




Discussion

With the emergence of multiple VOCs and their differential ability to evade the immune system, the cases of SARS-CoV-2 vaccination breakthrough infection is increasing rapidly. The antibody and cytokine-mediated immune and inflammatory response to infection are often considered as a single layered response, however, in reality, the host response is a more complex, multi-layered response, mediated by a cascade of transcriptomic, proteomic and cellular alterations. Though multiple literatures demonstrated the antibody-mediated immune response dynamics in vaccination breakthrough infection, little is known about the transcriptomic regulation of immune system, especially the non-coding RNA-mediated immune regulation. In this study, using transcriptomic analysis of the unvaccinated and the breakthrough SARS-CoV-2 infections, we attempted to understand the differential host response in the breakthrough infection. Our study has been able to highlight the lncRNA-mediated differential immune and inflammatory response in the breakthrough infection, which might explain the vaccination breakthrough. Through our DE analysis of the lncRNAs, mRNAs and lncRNA-mRNA co-expression analysis, we found an increased adaptive immune response, but decreased innate immune and inflammatory response in the VBT. Repeat element abundance within the DE lncRNAs and repeat element-mediated homologous interaction between the lncRNAs and genes from same TADs further support the findings, as well as highlight a possible way of lncRNA-mediated modulation of gene expression (Figure 5).




Figure 5 | Summary of the findings threading together the hierarchical inferences for vaccination breakthrough SARS-CoV-2 infections. Through a series of inter-connected and combinatorial analysis, the findings highlight the functional role of lncRNAs in the VBT, albeit with milder disease severity.



The clinical data of the vaccination breakthrough patients highlight that despite having higher viral load, they have milder symptoms compared to the unvaccinated COVID-19 patients. These indicate that the vaccination does have a protective role in the COVID-19 patients. However, the question: despite receiving the immunizations that were meant to protect them/us from infection, what enables the virus to infect, remains unclear.

Through transcriptomic analysis, we identified 153 upregulated and 574 downregulated lncRNAs in the VBT. While few of the DE lncRNAs are known to regulate immune responses in infected individuals, some lncRNAs are reported to regulate the immune responses in other disease contexts. For instance, lncRNA PRNCR1, upregulated in the vaccination breakthrough, induces MAPK signalling, a key signalling in the adaptive immune response (58). Downregulation of SNHG12 is known to activate CD8 T cell, thereby activating adaptive immune response in the VBT group (43). Downregulation of another SNHG family member, SNHG16, is also known to activate adaptive immunity through CD73 (44). On the other side, FGD5-AS1 and NIFK-AS1, both are known to suppress M2 polarization, a key component of innate immunity in the VBT group (41, 59). Apart from the immune response modulation, lncRNAs NORAD, TUG1 and SGMS1-AS1 are known to suppress the inflammatory response, while UCA1, is known to suppress inflammatory response and activate adaptive immune response (60–63). Both MALAT1 and NEAT1 might be crucial for regulating the immune system and IL-6 mediated inflammation which is one of the key immune pathways that responds to the SARS-CoV-2 infection (64). Besides, NEAT1 also regulates the inflammation by modulating inflammasomes such as NLRP3, NLRC4, and AIM2, which may alter the immunological response to the COVID-19 infection (65). LUCAT1, apart from regulating the IFN genes, also regulates NF-kB dependent genes by modulating the JAK-STAT pathway. Another lncRNA, PIRAT, regulates the expression of alarmins S100A8/A9 in the monocytes, which are essential for the pathogenesis of COVID-19 (66). Apart from the previously discussed regulation of immune and inflammatory response, MALAT1 is also known to regulate the IFNG gene regulation by modulating HIF-1 through has-miR-155-5p (67). It is also interesting to note that MALAT1 negatively regulates proliferation and migration of endothelial progenitor cells in deep vein thrombosis (DVT) (68). The unusual presence of acute DVT post vaccination could have been associated with the downregulation of MALAT1 in the vaccinated individuals. Overall, the concerted lncRNA expression seems to be suppressing the innate immune and inflammatory response, while activating the adaptive immune response (Figures 6, 7A). Innate immune response is activated within minutes of antigen exposure, and acts as a first line of defence while adaptive immune response is triggered after a few hours or days of first antigen exposure. Therefore, a suppressed innate immune response in the VBT group might explain the SARS-CoV-2 infection in the vaccinated individual. At the same time, activated adaptive immune response and suppressed inflammatory response possibly explains the milder symptoms in the VBT group. We have compared the expression of study specific lncRNAs between the two reinfection cases (within VBT group) and other VBT infection with no prior infection. Overall, the expression pattern did not change between the two groups, except for few lncRNAs (Supplementary Figure S2). For example, the expression of MALAT1:18, MALAT1:12, and MALAT1:28 were different between the two groups. However, expression of 6 other MALAT1 transcripts were similar across the groups. This is possibly because of the differences in number of samples in each group (2 vs 26). Besides, since 6 out of 9 transcripts remained similar, and the fact that the functional interpretation was at gene level, not at individual transcript level, the findings are not influenced by these two samples. Overall, the findings highlight the lncRNA-mediated immune responses as one of the explanations of the milder severity in VBT infection.




Figure 6 | Mechanism explaining the mild symptoms in VBT SARS-CoV-2 infection. Didactic figure showing the specific lncRNAs modulating the immune and inflammatory response resulting in the mild symptoms in the VBT group.






Figure 7 | Summary and possible mechanism of the lncRNA functions. (A) Summary of the lncRNA functions, represented with respect to the VBT group. (B) Average normalized expression of selected lncRNAs across two study cohort. (C) Mechanisms of lncRNA-mediated immune modulation, taking SNHG16 as an example.



Apart from the DE-lncRNAs with known functions with respect to either direct or indirect immune/modulation response modulation, a very large number of lncRNAs still don’t have annotated functions. While the known DE-lncRNAs are suggesting towards a decreased innate immune/inflammatory response and increased adaptive immune response, the pathway enrichment analysis of all the DE-lncRNAs, which essentially utilizes the knowledge-based gene-lncRNA interaction for enrichment, do suggest that the lncRNAs with unknown functions are also relevant to infectious disease etiology. Enrichment of pathways which are not directly associated with the DE-lncRNAs discussed earlier, such as Apoptosis, Hedgehog signalling, VEGF signalling, and Tight junction pathways, and the high number of genes enriched in these pathways suggests a lncRNA-mediated regulation of cellular homeostasis in the infected individuals. Therefore, further understanding of these functionally unannotated lncRNAs holds potential.

In our previous study, we have highlighted lncRNA-mediated immune responses modulating COVID-19 differential disease severities (8). Notably, four lncRNAs, lnc-FAM153C-5:15, ROR1-AS1:6, LINC01684:22, and UGDH-AS1:11 upregulated in the VBT group, were downregulated in the Severe group compared to Mild or Moderate (Figure 7B). As discussed, VBT group is milder than the unvaccinated group, and upregulation of these four lncRNAs in the milder group follows a similar expression profile in the Mild/Moderate group compared to the severe group. This also suggests a lncRNA-mediated modulation of disease severity in both the cohorts. Association of two functionally unannotated lncRNAs (lnc-FAM153C-5:15, LINC01684:22) with disease severity also reiterates the importance of understanding their function.

Repeat elements are known to be involved in the hierarchical gene regulatory activities. Besides, high repeat element abundance is a feature of the lncRNAs. Our previous study as well as few other groups also highlight the role of repeat elements in the infectious disease and its association with disease severity [8,11,33,34]. Previously, we have also shown that in severe COVID-19, repeat element abundance within the DE lncRNAs are higher than their global abundance within the lncRNAs (8). Here also we observed higher abundance of repeat elements in the interacting lncRNAs, which are involved in the immune-modulation of the VBT patients. Multiple studies reported the involvement of Alu and LINE1 repeats in infectious diseases and in modulating the immune response (49, 50). Interestingly, LTRs are involved in viral replication and act as inhibitors of innate immune response (54). Therefore, the specific abundance of Alu, LINE1 and LTR elements reiterates the downregulation of innate immune responses in the VBT group.

The eukaryotic genome is folded in complex chromatins, which is essentially through topologically associating domains (TAD). Within TAD, genes that are present in a distant genomic loci, are actually present in 3D proximity, and have a higher chance of functionally interacting with each other. Often, repeat elements are the key to this interaction, due to their ability to facilitate homologous recombination with their counterparts present within a different gene. The GSEA of the genes present within the TADs of the interacting lncRNAs highlighted the decreased innate immune and inflammatory response in the VBT patients. Majority of the TAD genes were significantly downregulated in the VBT, however, the log2 fold change was low. When we investigated for the functional importance of the association between interacting lncRNAs and these TAD genes, we found that the interacting lncRNAs interact with the promoter region of its TAD genes, and we observed a higher abundance of Alu and LINE1 at the interaction site, both on the lncRNAs and the promoter region of the genes. Few studies reported downregulation of gene expression by repeat element-mediated homologous interaction (69). This supports our hypothesis that Alu and LINE-driven homologous interaction of lncRNAs and promoter region of TAD genes downregulated the expression of those genes, resulting in activation of adaptive immune response but downregulation of innate immune and inflammatory responses. This also highlights the lncRNA-mediated immune modulation by multiple ways.

For example, SNHG16, downregulated in the VBT group, activates adaptive immune responses by CD73. At the same time SNHG16 interacts with the promoter of ST6GALNAC2 gene, which is present within the same TAD. Interestingly, both on the interacting region of SNHG16, and the promoter region of ST6GALNAC2, Alu element was enriched, and ST6GALNAC2 was downregulated in the VBT group. Notably, ST6GALNAC2 was downregulated in the VBT group, and ST6GALNAC2 is involved in innate immune response, thereby suggesting suppression of innate immune response (Figure 7C). Overall, we observed a concerted modulation of innate and adaptive immune responses, as well as inflammatory responses by the lncRNAs in the VBT patients, and repeat elements as a key modulator of the lncRNA-mediated immune regulation.

While we highlight the above findings, it is important to highlight the possible ways of future strengthening of the findings. The study is based on the nasopharyngeal RNA collected from the COVID-19 patients at the day of hospital admission/home quarantine. While this helps understanding the initial host response at the site of entry, availability of blood samples, and samples post-hospitalization could have increased our understanding of the adaptive immune response. Besides, the neutralizing antibodies could not be measured due to unavailability of the blood samples. Analyzing the neutralizing antibody could shed more light on the adaptive immune response mounted by the vaccination. Additionally, availability of a similar clinical cohort could have helped to validate the findings in a different cohort using clinico-genomics based approaches.



Conclusion

The evidences suggest lncRNA-mediated suppression of the innate immune response by regulation of the macrophage activation, and inflammatory responses by suppression of the cytokine production, while the activation of adaptive immune response in the VBT group was mediated by the CD8 T cells and IFNG gene regulation. The evidences also suggest multiple ways of lncRNAs-mediated immune modulation, including the lncRNA-mRNA co-expression, repeat element distribution and repeat element mediated homology-based interaction with the TAD genes. Overall, the lncRNA-mediated immune and inflammatory response modulation might provide another explanation of the breakthrough and milder symptoms in the vaccinated COVID-19 patients in addition to the antibody-mediated immune modulation.
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Recent studies have shown that, compared with healthy individuals, patients with type 2 diabetes (T2D) suffer a higher severity and mortality of COVID-19. When infected with this retrovirus, patients with T2D are more likely to face severe complications from cytokine storms and be admitted to high-dependency or intensive care units. Some COVID-19 patients are known to suffer from various forms of acute respiratory distress syndrome and have a higher mortality risk due to extreme activation of inflammatory cascades. Using a conditional false discovery rate statistical framework, an independent genome-wide association study data on individuals presenting with T2D (N = 62,892) and COVID-19 (N = 38,984) were analysed. Genome-wide association study data from 2,343,084 participants were analysed and a significant positive genetic correlation between T2D and COVID-19 was observed (T2D: r for genetic = 0.1511, p-value = 0.01). Overall, 2 SNPs (rs505922 and rs3924604) shared in common between T2D and COVID-19 were identified. Functional analyses indicated that the overlapping loci annotated into the ABO and NUS1 genes might be implicated in several key metabolic pathways. A pathway association analysis identified two common pathways within T2D and COVID-19 pathogenesis, including chemokines and their respective receptors. The gene identified from the pathway analysis (CCR2) was also found to be highly expressed in blood tissue via the GTEx database. To conclude, this study reveals that certain chemokines and their receptors, which are directly involved in the genesis of cytokine storms, may lead to exacerbated hyperinflammation in T2D patients infected by COVID-19.
Keywords: COVID-19, type 2 diabetes, chemokine, immune system, pathway analysis, SARS- CoV-2, cytokine storm
INTRODUCTION
Coronavirus disease 2019 (COVID-19) is caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). This virus mainly utilises the angiotensin-converting enzyme 2 (ACE2) receptor to enter human tissues. ACE2 is expressed within multiple human organs and is highly expressed in type 2 alveolar cells of the lungs, enabling the retrovirus to readily infect humans expressing a complicit receptor. Petrosillo et al. (2020) Though clinical symptoms of SARS-CoV-2 can vary in their severity, patients typically present with fever, headache, shortness of breath, and chest pain. Moreover, COVID-19 patients with comorbidities such as type 2 diabetes (T2D), hypertension, and cardiovascular disease exhibit a higher risk of severe complications and mortality compared to those without such associated comorbidities. Sanyaolu et al. (2020) Previous studies have suggested that regular inflammatory responses and immune system dysfunctions occur as a consequence of hyperglycaemia which, in turn, arises due to insulin resistance caused by hyperinsulinemia. Norouzi et al. (2021) Further, some studies also have shown that the more severe symptoms of COVID-19, including acute respiratory distress syndrome (ARDS) and respiratory failure, may be induced by an imbalanced immune response due to the over-production of cytokines (also known as a cytokine storm). Such imbalances can also increase vascular permeability and lead to multiple organ failures. Costela-Ruiz et al. (2020) In addition, the alveoli experience severe inflammatory reactions which initiate a dysfunctional cascade of inflammatory thrombosis in the pulmonary vasculature that can lead to local coagulopathies. (Abou-Ismail et al., 2020).
T2D is characterised as a condition of low-grade chronic systematic inflammation that can be measured in the form of elevated concentrations of the pro-inflammatory cytokines IL-1, IL-6, and tumour necrosis factor alpha [TNF-α]), as well as by levels of C-reactive protein and monocyte (macrophage) adhesion to the endothelium. King (2008) In addition, the concentrations of certain chemokines, including CCL1, CCL2, CCL4, and CXCL10, are significantly higher in patients with T2D. Patients with T2D also often face a higher risk of infection with diseases such as COVID-19 and show a poor prognosis and a higher risk of mortality. (Muller et al., 2005; Roncon et al., 2020). As such, studies have shown that the second most prevalent comorbidity in patients with severe COVID-19 infections is T2D. Roncon et al. (2020) Some studies have suggested that systemic inflammatory responses and immune system dysfunction might be related to the hyperglycaemia and insulin resistance caused by the dysfunction of beta cells in the pancreas. Norouzi et al. (2021) In addition, the occurrence of acute hyperglycaemia during a COVID-19 infection can significantly increase the concentrations of inflammatory mediators (cytokines and chemokines), thus enhancing the risk of multiple organ failure and acute cardiovascular events. (Norouzi et al., 2021).
Although some common physiological patterns have been observed between COVID-19 and T2D, the literature lacks any systematic analysis of the shared genetic loci between patients presenting the two conditions. This knowledge could help to develop better therapeutic strategies for COVID-19 patients with T2D symptoms. In this study, we analysed genome-wide association study (GWAS) summary statistics of T2D and COVID-19 using a pathway association-based approach and conditional false discovery rate (cFDR) to investigate the shared molecular pathways and genetic architectures between T2D and COVID-19. In addition, we used pleiotropy-based conditional and conjunctional FDR (conjFDR) statistics to discover common genetic determinants of the two traits.
MATERIALS AND METHODS
GWAS samples
GWAS summary statistics for T2D (https://www.ebi.ac.uk/gwas/studies/GCST006867) (Xue et al., 2018) and COVID-19 (https://www.ebi.ac.uk/gwas/studies/GCST011073) (COVID-19 Host Genetics Initiative, 2020) were obtained from the GWAS Catalog. The T2D summary statistics consisted of 62,892 case subjects and 596,424 control subjects. The COVID-19 summary statistics consisted of 38,984 case subjects and 1,644,784 control subjects. COVID-19 data were obtained from samples of European ancestry and T2D data were obtained from mixed samples of European (N = 655,666) and South Asian (N = 3,650) ancestry. The T2D data were generated by meta-analysing the Diabetes Genetics Replication and meta-analysis (34,940 cases and 114,981 controls), Genetic Epidemiology Research on Ageing (6,905 cases and 46,983 controls), and the full cohort release of the United Kingdom BioBank databases (21,147 cases and 434,460 controls) by using the software METAL. Willer et al. (2010) There were 5.1 million and 8.9 million genetic variants in the T2D and COVID-19 GWAS summary statistics, respectively. The lift over of single nucleotide polymorphisms (SNPs) and conversion of SNPs into rs IDs were performed using the NCBI Genome Remapping Service and UCSC Table Browser, respectively.
Pleiotropy analyses
We used conditional quantile-quantile (Q-Q) plots (Andreassen et al., 2013), fold enrichment plots and linkage disequilibrium score regression (Bulik-Sullivan et al., 2015) (LDSC) to evaluate the pleiotropic enrichment and genetic correlations between T2D and COVID-19 GWAS summary statistics. We followed the instructions provided on the GitHub page (https://github.com/bulik/ldsc/) and performed the analysis using Python 3.
To improve the discovery rate of genetic variants correlated with T2D and COVID-19, we computed the cFDR statistics. Andreassen et al. (2013) The cFDR method is based on an empirical Bayesian statistical framework and used the GWAS summary statistics for a trait of interest alongside those for a conditional trait to estimate the posterior probability that an SNP has no association with the primary trait, provided that the p-values for that SNP in both the primary (T2D) and conditional (COVID-19) traits are as small as, or smaller than, the observed p-value. Thus, by re-ranking the test statistics of the main phenotype based on the strength of the connection with the secondary phenotype, this approach increases the likelihood of identification of genetic variations linked with the primary characteristic.
The conjFDR statistic was used to investigate the genetic variations shared by the two phenotypes. The conjFDR statistic is an extension of the cFDR statistic and is defined as the maximum of two mutual cFDRs for a specific SNP. It estimates the posterior probability that an SNP is null for either trait or both, given that the p-values for both phenotypes are as small as, or smaller than, the individual p-values for each trait. For cFDR and conjFDR, we chose a conservative threshold of 0.05 per pairwise comparison. Manhattan plots based on the conjFDR were created to highlight the genomic positions of the common genetic loci.
To minimise possible biases due to complicated linkage disequilibrium (LD) patterns, all analyses were performed after removing SNPs from the extended major histocompatibility complex (MHC) (hg19 position chromosome 6: 25,11,9106–33,85,4733) and the 8p23.1 (hg19 location chromosome 8: 72,42,715–12,48,3982) genomic regions.
We defined the independent significant SNPs according to the Functional Mapping and Annotation (FUMA) protocol (https://fuma.ctglab.nl/). SNPs having a conjFDR <0.05 and at r2 < 0.6 with each other were considered independent significant SNPs and a fraction of the independent significant SNPS in approximate linkage disequilibrium with each other at r2 < 0.1 were considered lead SNPs. In addition, we used the default parameters from FUMA to determine the distinct genomic loci and their borders.
Genomic loci definition and functional annotation
We used SNPnexus (Oscanoa et al., 2020) to annotate the shared SNPs into genes and identify the overrepresented pathways for the genes nearest the identified shared loci between T2D and COVID-19.
Gene-based analysis
PASCAL (Pathway scoring algorithm) (Lamparter et al., 2016) was applied to the T2D and COVID-19 GWAS summary statistics separately. Individual SNPs (p < 0.05) from the summary statistics were first mapped using a 20 kb window around the 5′ and 3’ UTRs. The maximum number of SNPs per gene allowed by PASCAL was 3,000. LD information was retrieved from the 1,000 Genomes European Panel and the significant p-value thresholds for T2D and COVID-19 were 2.26 × 10–6 (0.05/22,135 genes from the hg19 list) as the entire UCSC list (hg19) used by PASCAL to make calculations is included in this number of genes.
Gene network analysis
FunCoup v.4.0 (https://funcoup4.scilifelab.se/search/) was employed to expand the list of significant genes between T2D and COVID-19 with their interactors. The FunCoup database combines ten different types of functional couplings among genes to infer functional association networks: protein interaction (PIN), mRNA co-expression (MEX), protein co-expression (PEX), genetic interaction profile similarity (GIN), shared transcription factor binding (TFB), co-miRNA regulation by shared miRNA targeting (MIR), subcellular co-localisation (SCL), domain interactions (DOM), phylogenetic profile similarity (PHP), and quantitative mass spectrometry (QMS). Gene networks for T2D and COVID-19 were constructed with five shared genes between T2D and COVID-19. Expansion parameters for constructing the gene networks included a confidence threshold (0.8), a maximum number of 30 nodes per expansion step, and a query depth of one. The network expansion approach was used to find the strongest interactors for each query gene while ignoring the ties between common neighbours. Furthermore, for each gene network established with the associated p-values, enriched term analyses (Kyoto Encyclopaedia of Genes and Genomes (KEGG), GO biological function, and GO molecular function) were conducted. After adjusting for multiple comparisons using false discovery rate (FDR), gene network representation depicts the most important KEGG pathways based on their q-values. The node sizes represent the gene relevance across the whole network, while each KEGG pathway’s involved nodes are denoted in black.
Functional annotation
GENE2FUNC, one of the functions in FUMA (Functional Mapping and Annotation of Genome-Wide Association Studies) (https://fuma.ctglab.nl/), was used to annotate common genes between T2D and COVID-19 and their interactors. Several GENE2FUNC functions were utilised, including a heatmap of gene expression and an enrichment analysis of differentially expressed genes (DEG). Using GTEx v8 (54 tissue types) data, a gene expression heatmap was generated. On the related heatmaps, the average of normalised expression per label (zero means across samples) was presented. TPM (Transcripts Per Million) for GTEx v8 are the expression values. Heatmaps provide normalised expression values (zero mean normalisation of log2 transformed expression), with greater relative expression of a gene indicated by a deep red label and lower relative expression of a gene indicated by a dark blue label.
Pathway enrichment analysis
To detect the pathways shared between T2D and COVID-19, four pathway enrichment analysis methods (GSA-SNP2 (Yoon et al., 2018), MAGENTA (Segrè et al., 2010), PASCAL (Lamparter et al., 2016), and i-GSEA4GWAS (Zhang et al., 2010)) were used to identify enriched pathways in each disease (Figure 1). GSA-SNP2 (Yoon et al., 2018) performs pathway-based analysis by testing the enrichment of associated genes in each pathway using Z-statistics of the random set models to assess pathways and a monotone cubic spline trend to determine SNP counts. MAGENTA (Segrè et al., 2010) performs pathway-based analysis on SNPs within a gene boundary using weighted Kolmogorov-Smirnov statistics that compare the ranks of genes within uniform distributions. PASCAL (Lamparter et al., 2016) calculates gene-based test statistics for all genes and carries forward the gene-based results to conduct a pathway-based test using chi-square statistics (including pathways with 10–200 genes only) that convert the corresponding p-value based on the pathway. The Benjamini–Hochberg procedure was used to account for multiple comparisons in the pathway-based analysis. i-GSEA4GWAS (Zhang et al., 2010) performs pathway analysis by using SNP label permutations to modify GWAS SNP p-values and rectify the genes and gene sets. It then multiplies the proportion ratio factor to the enrichment score to obtain the significant proportion-based enrichment score. Manhattan plots of the gene sets in each pathway were constructed and used to highlight the results of the association test for a given pathway.
[image: Figure 1]FIGURE 1 | Flow chart for finding shared pathways between T2D and COVID-19. Blue square points describe the steps of multiple pathway enrichment analysis. Orange square points describe the steps of pleiotropic analysis. T2D: type 2 diabetes; COVID-19: coronavirus disease 2019; FDR: False Discovery Rate; LD: linkage disequilibrium; GWAS: genome-wide association study; SNPs: Single nucleotide polymorphisms.
Canonical pathways from curated gene sets (https://www.gsea-msigdb.org/gsea/msigdb/collections.jsp#C2) and ontology gene sets (https://www.gsea-msigdb.org/gsea/msigdb/collections.jsp#C5) in MSigDB (Subramanian et al., 2005; Liberzon et al., 2015) were used in the pathway enrichment analysis in all four pathway-based association approaches. Significant SNPs (p < 0.05) were mapped to genes if they were located within a range of 20 kb upstream or downstream of genes’ transcription start sites. In order to capture potential regulatory SNPs in a gene’s 5′ and 3′ untranslated regions and to prevent erroneous SNP-to-gene assignments brought on by wider windows, the 20-kb window offered the ideal width (Ghosh et al., 2013). Furthermore, we restricted the downstream analyses to pathways with 10–200 genes only in order to avoid testing over narrow or broad functional pathways (Wang et al., 2007) In addition, significant pathways were determined with a threshold of FDR <0.05.
Material and data availability
The data underlying this article are available and downloaded in the GWAS Catalog (Buniello et al., 2019) at https://www.ebi.ac.uk/gwas/studies/GCST006867 (GWAS summary statistics for T2D) (Xue et al., 2018) and https://www.ebi.ac.uk/gwas/studies/GCST011073 (GWAS summary statistics for COVID-19) (COVID-19 Host Genetics Initiative, 2020) and can be accessed with GWAS Catalog study accessions GCST011073 and GCST006867 respectively.
RESULTS
Pathway enrichment analysis of T2D
With respect to canonical pathways, we found 84 pathways to be the most significant (FDR <0.05) among the gene sets with a KEGG antigen processing and presentation pathway (p-value = 1.78 × 10–13, q-value = 3.45 × 10–10) using the GSA-SNP2 method (Supplementary Table S1A). In addition, among 198 pathways in total, the most significant pathway was the cyclin D associated events in the G1 pathway (Reactome) (p-value < 0.001, q-value = 0) with i-GSEA4GWAS (Supplementary Table S1B). Among 39 pathways, the most significant one was the maturity onset diabetes of the young (KEGG) (p-value = 7.78 × 10–8, q-value < 0.01) with PASCAL (Supplementary Table S1C). We also found the most significant pathway was the maturity onset diabetes of the young in the KEGG database (p-value = 5 × 10–6, q-value = 0) with MAGENTA (Supplementary Table S1D).
Using the gene ontology database, the most significant gene set in the Gene Ontology Biological Process category was the insulin secretion pathway out of 130 pathways in total (p-value = 1.61 × 10–13, q-value = 8.02 × 10–10) with GSA-SNP2 (Supplementary Table S1A). In addition, the most significant gene set in the Gene Ontology Biological Process category was the interferon-gamma-mediated signalling pathway out of 383 pathways in total (p-value < 0.001, q-value = 0) with i-GSEA4GWAS (Supplementary Table S1A). We found the most significant gene set in the Gene Ontology Biological Process category was the insulin secretion pathway among 112 pathways in total (p-value = 0, q-value = 0) with PASCAL (Supplementary Table S1C). We did not find any significant pathways among the gene sets with MAGENTA.
Pathway enrichment analysis of COVID-19
In the canonical pathway database, we did not identify any significant pathways among the gene sets when using GSA-SNP2. However, we found 21 significant pathways among the gene sets, with Reactome chemokine receptors binding a chemokines pathway (p-value < 0.001, q-value = 0) with i-GSEA4GWAS (Supplementary Table S2A). Among the gene sets, 38 pathways were found to be significantly (FDR <0.05) associated with COVID-19 and the Reactome linked glycosylation pathway was the most significant (p-value = 0, q-value = 0) with PASCAL (Supplementary Table S2B). We did not find any significant pathways among the gene sets with MAGENTA.
With respect to gene ontology pathways, we did not find any significant pathways among the gene sets with GSA-SNP2. However, 23 pathways were significant among the gene sets, with the Gene Ontology Molecular Function G-protein coupled chemoattractant receptor activity pathway being the most significant (p-value < 0.001, q-value < 0.001), with i-GSEA4GWAS (Supplementary Table S2A). We found 151 pathways had a significant association with COVID-19 in the Gene Ontology Biological Process category, where the synapse assembly pathway was the most significant (p-value = 0, q-value = 0), with PASCAL (Supplementary Table S2A). We did not find any significant pathways among the gene sets when using MAGENTA.
Common pathways between T2D and COVID-19
To determine the common pathways between T2D and COVID-19, we compared the significant pathways that were shared between them. We found four pathways (Supplementary Table S3A) in common between T2D and COVID-19 using iGSEA4GWAS: the chemokine binding, G-protein coupled chemoattractant receptor activity pathways (CCR2 and CCR3), the TFAP2 family pathway (TFAP2B), and the ventricular cardiac muscle cells differentiation pathway (RARB and PROX1) in the canonical pathway and gene ontology database. The chemokine binding pathway plays a role in recruiting immune cells to infection sites, and G-protein coupled chemoattractant receptor functions in mediating leukocytes’ chemotaxis and promoting innate and adaptive host immune responses. Furthermore, we found 15 pathways (Supplementary Table S3B) shared between T2D and COVID-19 using PASCAL, which were associated with various organs and biological processes, such as the heart, axons and calcium channels, in the canonical pathway and gene ontology database. However, no overlapping pathways were found between the four pathway-based analysis software. Five genes (CCR2, CCR3, TFAP2B, RARB and PROX1) (Figure 2) were used to construct the gene expression heatmaps with GTEx v8 (representing 54 tissues) to investigate their expression in all tissue types.
[image: Figure 2]FIGURE 2 | Shared genes tissue expression plot with GTEx v8 (54 tissues). Tissues are ordered by clusters for the plot. TPM: Transcript per million.
Genetic correlation and genetic overlap between T2D and COVID-19
Genome-wide LD score regression analyses showed significant positive genetic correlations between T2D and COVID-19 (r for genetic = 0.15, p-value = 0.01). We observed an enrichment of associations with COVID-19 across different levels of association with T2D (Figure 3A), indicating a small polygenic overlap between COVID-19 and T2D. We also constructed reverse conditional Q-Q plots (Figure 3B) for T2D conditional upon different levels of association with COVID-19. At a threshold of cFDR <0.05, we identified 471 loci associated with T2D conditional upon COVID-19 (Figure 4A). The reverse cFDR analysis revealed 17 loci associated with COVID-19 conditional upon T2D (Figure 4B).
[image: Figure 3]FIGURE 3 | (A) Conditional quantile-quantile (Q–Q) plots of nominal vs. empirical coronavirus disease 2019 (COVID-19) –log10 p-values (corrected for inflation) below the standard genome-wide association study (GWAS) threshold of p < 5 × 10–8 as a function of the significance of the association with type 2 diabetes (T2D) at the levels of p ≤ 0.10, p ≤ 0.01, and p ≤ 0.001. (B) Conditional Q-Q plots of nominal vs. empirical T2D −log10 p-values (corrected for inflation) as a function of the significance of the association with COVID-19 at the level of p ≤ 0.10, p ≤ 0.01, and p ≤ 0.001. The dashed line indicates the null hypothesis. SNP: single-nucleotide polymorphism; c19: coronavirus disease 2019; t2d: Type 2 Diabetes.
[image: Figure 4]FIGURE 4 | (A) Manhattan plot of type 2 diabetes (T2D) conditional upon coronavirus disease 2019 (COVID-19) for conditional false discovery rate (cFDR) < 0.05. (B) Manhattan plot of coronavirus disease 2019 (COVID-19) conditional upon type 2 diabetes (T2D) for conditional false discovery rate (cFDR) < 0.05.
Functional annotation of shared loci between COVID-19 and T2D
Based on a threshold of conjFDR <0.05, we identified two loci shared between COVID-19 and T2D: ABO (rs505922, intronic) and NUS1 (rs3924604, intronic) (Figure 5). By comparing the effect directions of the shared independent loci (conjFDR <0.05), both these independent loci were showing consistent direction. One (rs505922) was showing positive effect while another one (rs3924604) was showing negative effect. These two genes were identified through two distinct SNPs using SNPnexus. (Oscanoa et al., 2020). We found eight pathways (Supplementary Table S4) to be significantly overrepresented among the genes nearest the identified loci shared between COVID-19 and T2D, with the defective DHDDs causing retinitis pigmentosa 59 pathway (p-value = 1.88 × 10–4) being the most significant.
[image: Figure 5]FIGURE 5 | Manhattan plot of coronavirus disease 2019 (COVID-19) and type 2 diabetes (T2D) for conjunctional false discovery rate (conjFDR) < 0.05.
Gene-based analysis
PASCAL analysis revealed an association of 394 genes in T2D (Supplementary Table S5A) and an association of 58 genes in COVID-19 (Supplementary Table S5B). After comparing the significant genes in T2D and COVID-19, five genes (Supplementary Table S5C) were found to be shared between T2D and COVID-19: PTPRD, CSMD1, MAGI1, ASIC2, DAB1.
Gene network analysis
FunCoup has detected several interactors for T2D and COVID associated genes identified by PASCAL. Gene network for shared genes between T2D and COVID-19 was constructed (Figure 6) after including 35 genes (30 subnetwork genes plus 5 query genes) (Supplementary Table S6A) and considering 92 links between them. Enrichment analysis for KEGG and GO terms (Supplementary Table S6B) has shown association of different biological processes, including endocytosis (q-value = 4.58 × 10–3), central nervous system development (q-value = 3.64 × 10–9), and protein domain specific binding (q-value = 5 × 10–9) etc.
[image: Figure 6]FIGURE 6 | Shared gene networks constructed with Pascal associated genes and its FunCoup interactors, Node sizes scale to emphasize gene importance in the whole network, while participating nodes for KEGG metabolic endocytosis pathway are marked in black. Nodes encircled in black are shared genes between COVID-19 and T2D.
Functional annotation
Gene expression heatmap based on GTEx V8 RNA-Seq data for T2D and COVID-19 associated genes togethers with FunCoup interactors (5 genes +30 subnetwork query genes) (Figure 7) was constructed. Specifically, six genes (ATP2A2, APP, ATN1, CTNNB1, ACTN4 and HSPA8) display increased expression levels in all available tissues compared with other genes included in the analysis. Moreover, most of the genes display the trend showing low or moderate relative expression levels on brain tissues. Differential expression gene analysis (DEG) (Figure 8) showed that all brain tissues were highly upregulated while breast mammary tissue, ovary tissue and adipose tissue were highly downregulated contrast to other tissues.
[image: Figure 7]FIGURE 7 | Shared gene expression heatmaps constructed with GTEx v8 (54 tissues) Gene and Tissues are ordered by clusters for the heatmap.
[image: Figure 8]FIGURE 8 | Shared genes DEG plots constructed with GTEx v8 (54 tissues). Significantly enriched DEG sets (Pbon < 0.05) are highlighted in red.
DISCUSSION
In this study, the shared genetic association between T2D and COVID-19 was investigated using four pathway enrichment analysis methods (GSA-SNP2, i-GSEA4GWAS, PASCAL and MAGENTA) in Gene Ontology and canonical pathway databases. After the correction for multiple comparisons using FDR ≤0.05 as the criterion for a significant pathway, both PASCAL and i-GSEA4GWAS identified significant pathways between T2D and COVID-19 (15 pathways and 4 pathways respectively). The top shared pathways between T2D and COVID-19 included the chemokine binding, G-protein coupled chemoattractant receptor activity pathways and the ventricular cardiac muscle cellular differentiation pathway. Among these shared pathways, CCR2 and CCR3 are the common chemokines receptors found between the molecular mechanisms. Further, in our gene-based analysis, five genes (DAB1, ASIC2, MAGI1, CSMD1 and PTPRD) were shared between T2D and COVID-19. DEG analysis showed that these genes and their interactors mainly have a low or moderate expression level in the cerebellar hemisphere and cerebellum tissue. We also identified two shared SNPs (rs505922 and rs3924604) with conjFDR <0.05.
Among the shared genes between T2D and COVID-19 by PASCAL, the PTPRD gene encodes a member of the protein tyrosine phosphatase family which regulates cellular processes including differentiation and cell growth. DNMT1 promotes the DNA methylation of PTPRD, thus contributing to the silencing of insulin signalling in T2D patients. Chen et al. (2015) PTPRD expression levels were lower and correlated in T2D. A previous study showed that SARS-CoV-2 interacts with open reading frame 8 (ORF8) and ORF8 interacts with DNMT1. Gordon et al. (2020) There might be a possible interaction for PTPRD between T2D and COVID-19. Furthermore, the expression pattern of the identified gene CSMD1 in COVID-19 shows important similarities to basal cell-related carcinomas. Iwabuchi et al. (2022) While CSMD1 might be associated with insulin sensitivity and lipid levels in type 2 diabetes patients, this gene may also have an important impact on long-term elevated HbA1c levels. (Goswami et al., 2016).
Our study provides insight into the links between T2D and COVID-19 in terms of susceptibility loci, genes and genetic pathways. We used pathway association and statistical analyses to evaluate the association between T2D and COVID-19. We found that T2D was related to COVID-19 but not vice versa, which is consistent with the current findings in the literature. There was also a lack of evidence for T2D associated with the risk of COVID-19. Au Yeung et al. (2021) Previous studies have revealed that COVID-19 patients can develop new-onset diabetes and severe metabolic complications of pre-existing diabetes due to high concentrations of glycated haemoglobin. Accili (2021) Another study has also proposed a causal relationship regarding the onset of type 1 diabetes due to the observation that an increase in the risk of developing type 1 diabetes appears to coincide with COVID-19 infection status. Unsworth et al. (2020) Significant pathways were shared between the two phenotypes in the pathway association analysis, including the chemokine binding and the chemokine receptors pathways. Even though the GWAS Summary Statistics for T2D were predominantly from European descent, which might affect the results of the genetic correlation between T2D and COVID-19. We still got similar results comparing to the study. Chang et al. (2021) We found two SNPs that were shared between T2D and COVID-19 (conjFDR <0.05). Further, our analysis revealed a significant positive correlation between the genetic variants associated with T2D and COVID-19. The conjFDR analysis of the two shared genes, ABO and NUS1, indicated that COVID-19 and T2D might be connected to immune function and chemokine activation status. Certain glycosyltransferases are related to immune cell recruitment such as leukocyte rolling through binding to selectins. Sperandio et al. (2009) Protein glycosylation is also associated with the regulation of T-cell activation. (Marth and Grewal, 2008).
The ABO gene potentially plays a role in the pathogenesis of COVID-19 and T2D. This gene encodes a glycosyltransferase that catalyses the transfer of nucleotide donor sugars to the H antigen to form A and B antigens. Patenaude et al. (2002) These transferase enzymes and nucleotide donor sugars also induce the production of inflammatory mediators such as IL-6 and TNF-α in the endothelium. Rizzo et al. (2014) A study hypothesised that ABO might be a severity locus in COVID-19 rather than an infection locus. Goel et al. (2021) A previous study also mentioned that blood type O might have a lower risk of SARS-CoV-2 due to the anti-A or anti-B antibodies contribute to viral neutralization or anti-A isoagglutinins bounded by SARS-CoV-2 blocked the interaction between the virus and ACE2 receptor. Arend (2021) In addition, a study also shown that people with the O blood type were having a lower risk of developing T2D. Fagherazzi et al. (2015) However, the underlying molecular mechanisms under that is still unclear. A previous study has also shown that ABO is a possible marker for T2D and COVID-19 as people with blood type A are at a higher risk of T2D and being infected with SARS-CoV-2 simultaneously, whereas blood type O may be associated with a lower risk of SARS-CoV-2 and T2D. (Meo et al., 2016; Li et al., 2020).
The NUS1 gene, located at chromosome 6q22.1, is involved in dolichol synthesis and protein glycosylation. It encodes a membrane protein-Nogo-B receptor (NgBR), which is a subunit of cis-prenyltransferase. NgBR is an enzymatic complex that is essential for protein N-glycosylation, a process that can alter the structure and function of proteins by steric influences or by mediating interactions with glycan-binding proteins. (Harrison et al., 2011). Pro-inflammatory cytokines can also change the cell surface N-glycosylation of endothelial cells, indicating that glycosylation can modulate inflammatory vascular diseases. (Reily et al., 2019). In addition, Nogo-B interacts with Interferon-induced transmembrane protein 3 (IFITM3) and IFITM3 suppressed the SARS-CoV-2 for the induce of IL-6 production. (Clement et al., 2022). Furthermore, a previous study has shown in mouse models that N-glycosylation defects, such as those in which N-acetylglucosaminyltransferase-IVa is inactive, can impair insulin release and lead to hyperglycaemia by abnormal N-glycosylation of pancreatic beta-cell glucose transporter-2 (GLUT-2) in T2D. (Ohtsubo, 2010; Reily et al., 2019). Another study shown that NGBR knockout mice resulted in increased blood glucose, insulin resistance and beta-cell loss. (Chen et al., 2021).
Multiple pathway enrichment approaches were used to identify pathways that are shared between the two diseases. Both pathways identified by our analysis—the chemokine binding pathway and G-protein coupled chemoattractant receptor activity pathway—were directly linked to immune-related activities through chemokines. Chemokines can bind to G-protein coupled seven-transmembrane receptors (chemokine receptors) on the surfaces of leukocytes, to glycosaminoglycans attached to the core proteins of cell surfaces and proteoglycans in the extracellular matrix. Kuschert et al. (1999) Glycosaminoglycans activate chemokines, triggering them to mobilise and recruit various immune cells. Chemokine receptors belong to the G protein coupled receptor superfamily and recruit dendritic cells. Murdoch and Finn (2000) The findings from our pathway analysis implicate that certain chemokine receptors are common between T2D and COVID-19, namely, CCR2 and CCR3. Previous studies have shown that some chemokine receptors, including CCR2, are involved in the pathogenesis of COVID-19 and of T2D. (Coperchini et al., 2020; Lim et al., 2021).
CCR2 is a chemokine receptor for various monocyte chemoattractant proteins (MCPs), such as CCL2, CCL7 and CCL8, and is a key functional receptor for CCL2. CCL2, also known as monocyte chemoattractant protein 1 (MCP-1), is a chemokine that binds to CCR2 and CCR4. CCL2 attracts monocytes, memory T-cells, and dendritic cells to sites of infection or inflammatory areas triggered by tissue damage. Daly and Rollins (2003) CCL2 also shows chemotactic activity for monocytes and basophils. Glycosaminoglycan binding and oligomerisation are essential for CCL2 to exert its in vivo effects and mediate the cytokine storm inflammatory response. Proudfoot et al. (2003) CCL2 is a key factor in the pathology of cytokine storms and promotes monocyte recruitment by acting both locally and remotely. The expression of CCL2 by insulin-producing cells can lead to insulitis and islet destruction. Also, CCL2 concentrations are higher in the plasma of T2D and COVID-19 patients than in the plasma of healthy controls. (Kretowski et al., 2016; Huang et al., 2020).
CCR3 binds and reacts to a variety of chemokines such as CCL5 and CCL7. CCL5 act as a chemoattractant for blood monocytes, memory T-helper cells and eosinophils. Baggiolini and Dahinden (1994) A study showed that CCL5 was upregulated in COVID-19 patients compared to non-COVID-19 patients. Zhou Y. et al. (2020) Furthermore, patients with T2D were significantly higher in CCL5 levels as compared to the control group. Herder et al. (2006) CCL7 attracts macrophages during inflammation and is found at elevated levels in bronchoalveolar lavage fluid (BALF) from severe COVID-19 patients. Zhou Z. et al., 2020
Further, we observed no overlap among the pathways/gene sets identified by PASCAL and i-GSEA4GWAS in COVID-19. As each analytical method adopts a different statistical procedure with various underlying assumptions, including the chi-square test statistic (PASCAL) and Kolmogorov-Smirnov-like statistics (i-GSEA4GWAS), to compute the gene scores and pathway scores, different analytical methods may identify different top-ranking pathways. Shared pathways or genes of T2D and COVID-19 identified by different methods can be further validated using experiments or various publicly available databases to provide support for the findings. We used GTEx gene expression data to validate the genes of the chemokine and chemokine receptor pathways as delineated in the gene ontology database (CCR2 and CCR3). We found that these two genes exhibit a moderate level of expression in whole blood tissue. It is reasonable for us to speculate that the upregulation of the chemokine receptors related to immune response might contribute to a cytokine storm.
Our study has several limitations. Firstly, it is challenging to investigate the commonly shared molecular mechanisms between traits that experience constant mutational changes such as COVID-19. Further studies which utilise animal models are required to determine the causal genetic variants or genes that underlie the shared associations detected in this study and deduce whether the same causal genetic variants are involved in COVID-19 and T2D.Secondly, we could not identify another replication or validation cohort because we employed all the GWAS summary statistics to maximise the statistical power of both phenotypes. Lastly, our analysis was mainly based on data derived from the European population, so the results may not be applicable to different ethnic backgrounds. Despite these limitations, this is one of the first studies that examine the genetic overlap between COVID-19 and T2D using a comprehensive genetic analysis augmented with a pathway-based association analysis. Our study revealed little or no overlap between T2D and COVID-19 among European individuals. The novel loci and the shared pathways implicated that immunity is key to commonly shared molecular mechanisms between COVID-19 and T2D. The pathway association analysis provided significant support for the importance of chemokines and their receptors in T2D and COVID-19 aetiology.
In conclusion, our study has demonstrated genetic pleiotropy between T2D and COVID-19 and has identified shared genetic loci (ABO and NUS1) which were validated with a pathway-based analysis. Our results suggest a complex interplay of immune system-related gene pathways in the pathophysiology of chemokines and chemokine receptors. These findings are important for the development of actionable targets for novel therapies to treat COVID-19 patients with T2D and provide important implications for COVID-19 genetic aetiology.
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Objectives

Several COVID-19 vaccines list “uncontrolled epilepsy” as a contraindication for vaccination. This consequently restricts vaccination against COVID-19 in patients with epilepsy (PWE). However, there is no strong evidence that COVID-19 vaccination can exacerbate conditions in PWE. This study aims to determine the impact of COVID-19 vaccination on PWE.



Methods

PWE were prospectively recruited from 25 epilepsy centers. We recorded the seizure frequency at three time periods (one month before the first vaccination and one month after the first and second vaccinations). A generalized linear mixed-effects model (GLMM) was used for analysis, and the adjusted incidence rate ratio (AIRR) with 95% CI was presented and interpreted accordingly.



Results

Overall, 859 PWE were included in the analysis. Thirty-one (3.6%) and 35 (4.1%) patients were found to have increased seizure frequency after the two doses, respectively. Age had an interaction with time. The seizure frequency in adults decreased by 81% after the first dose (AIRR=0.19, 95% CI:0.11–0.34) and 85% after the second dose (AIRR=0.16, 95% CI:0.08–0.30). In juveniles (<18), it was 25% (AIRR=0.75, 95% CI:0.42–1.34) and 51% (AIRR=0.49, 95% CI:0.25–0.95), respectively. Interval between the last seizure before vaccination and the first dose of vaccination (ILSFV) had a significant effect on seizure frequency after vaccination. Seizure frequency in PWE with hereditary epilepsy after vaccination was significantly higher than that in PWE with unknown etiology (AIRR=1.95, 95% CI: 1.17–3.24). Two hundred and seventeen (25.3%) patients experienced non-epileptic but not serious adverse reactions.



Discussion

The inactivated COVID-19 vaccine does not significantly increase seizure frequency in PWE. The limitations of vaccination in PWE should focus on aspects other than control status. Juvenile PWE should be of greater concern after vaccination because they have lower safety. Finally, PWE should not reduce the dosage of anti-seizure medication during the peri-vaccination period.
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Introduction

COVID-19 has engulfed the world since its emergence in 2019 (1). According to data from Johns Hopkins University, 616 million people have been diagnosed with COVID-19, and 65 million people have died as of September 2022 (https://coronavirus.jhu.edu/map.html). In addition to being a public health crisis, COVID-19 has severely affected the global economy, agriculture, manufacturing, tourism, hospitality, and education to varying degrees (2). Today, COVID-19 continues to ravage the world, continually evolving into variants with increased infectivity (3). Universal vaccination remains the best way to fight COVID-19, and more than 9 billion vaccine doses have been administered worldwide, according to Johns Hopkins University (https://coronavirus.jhu.edu/map.html).

Patients with epilepsy (PWE) belong to a vaccine-restricted group. There are roughly 10 million PWE in China (4), and more than 70 million PWE worldwide (5). Restricted vaccination in PWE may lead to another COVID-19 outbreak due to these patients’ increased susceptibility. Moreover, “uncontrolled epilepsy” is listed as a contraindication for several approved COVID-19 vaccines in China. Although previous studies have shown that some vaccinations can induce febrile convulsions or seizures (6, 7), there is currently insufficient evidence that COVID-19 vaccination can induce seizures or exacerbate conditions in PWE. However, COVID-19 has the potential to induce seizures (8). Additionally, the pandemic’s effect on mental health and increased difficulty in seeking medical treatment will worsen the conditions of epilepsy patients (9, 10). Finally, some studies have demonstrated that PWE have a higher mortality rate compared to normal people (11–13); however, other studies have shown no significant difference (14, 15). These differing findings may be related to differences in PWE’s conditions and the anti-seizure medications (ASMs) used (some ASMs can interact with anti-COVID-19 drugs). But even in terms of patient protection, PWE are still greatly in need of the protection afforded by vaccination; after all, no studies have shown that epilepsy is a protective factor against COVID-19.

Our previous study showed that nearly 20% of PWE chose not to receive the COVID-19 vaccine due to concerns about possible adverse reactions (16). A similar study conducted in Lithuania reaffirms these findings (17). The safety of the COVID-19 vaccine continues to be questioned by PWE. Massoud et al. investigated adverse reactions in PWE following COVID-19 vaccination. They showed that most of the adverse reactions after vaccination were mild, with only a few PWE experiencing an exacerbation of seizures (18). Conversely, a previous retrospective study showed that approximately 16.8% of PWE experienced seizures after receiving the COVID-19 vaccine (19). Owing to the limitations of our previous study and the lack of high-quality studies that determine the impact of vaccination in PWE, we designed this prospective, self-controlled study with over 20 participating centers to discover the effects of COVID-19 vaccines and provide guidelines for COVID-19 vaccination in PWE.



Methods


Study design

From October 1, 2021, to January 31, 2022, patients diagnosed with epilepsy and scheduled to receive the COVID-19 vaccine were recruited from 25 epilepsy centers at 20 hospitals in Shandong Province, China. Informed consent was obtained from all participants or their guardians.

We did not oppose vaccination for all PWE except for those who had extremely frequent and unstable seizures and were of immunological origin. “Extremely frequent and unstable seizures” was defined as a history of seizure clusters (three or more seizures within 24h) or status epilepticus in one month before vaccination. As China limited the age of COVID-19 vaccination to over three years old, we only included PWE over three years old. And ultimately it was up to the vaccination agency whether PWE can administer the vaccine, as some PWE may have other contraindications. All PWE enrolled in the study were required to answer a two-part questionnaire. In addition to basic patient information, the first part included the etiology and duration of epilepsy, type of seizures (according to the criteria proposed by the International League Against Epilepsy in 2017). The first part was finished by PWE with the help of neurologists. The second part was completed by telephone or outpatient follow-up after vaccination and included current anti-seizure medications (ASM) and any adverse reactions, information about the vaccine, seizure frequency before and after vaccination, compliance with ASM during vaccination (all neurologists involved in the study were prohibited from prescribing lower ASM dose to their patients), and adverse reactions after vaccination and their severity. All PWE were required to keep diaries.



Exclusion criteria

The exclusion criteria for the PWE were: 1) inability to complete follow-up visits or questionnaires; 2) concomitant with other conditions such as psychogenic non-epileptic seizures or unexplained syncope that affected the seizure judgment throughout the study period; 3) inability to provide accurate seizure history (including before and after vaccination); 4) failure to follow-up with patients or unwillingness of the patient to participate; 5) immunological causes of epilepsy.



Vaccination

The primary vaccines in China are BBIBP-CorV (Beijing Institute of Biological products, Sinopharm, China) and CoronaVac (Sinovac Biotech Co Ltd products, Sinovac Biotech, China). Both the two vaccines require two doses. The interval between the two doses was generally 3-8 weeks. The enrolled PWE received the second dose at least 1 month after the first dose in case of statistical difficulties. All PWE enrolled received vaccine doses per the manufacturer’s regulations at designated medical facilities and adhered to post-vaccination precautions.



Measurements

In this study, the outcome variable was seizure frequency. Baseline frequency was defined as the number of seizures within one month before the first vaccination. Seizure frequency after vaccination was defined as the number of seizures within one month after each vaccination. For an individual PWE, an increase, no difference, or decrease in seizure frequency was determined by directly comparing the numerical magnitude of frequency after vaccination to baseline frequency. If the seizure frequency of PWE after vaccination was higher/lower than the baseline frequency, an increase/decrease in seizure frequency was considered to have occurred after this dose.

The independent variables were age (adult vs. juvenile), sex, epileptic etiology (hereditary, structure, metabolism, infection, unknown), duration (years), number of ASM (zero, one, two, three or more), seizure type (focal, generalized, unknown), interval between the last seizure before vaccination and the first dose of vaccination (ILSFV) (less than 1 month, 1-2 months, 2-3 months, 3-6 months, 6 months to 1 year, 1-2 years, more than 2 years), medication status during vaccination (normal, reduction, withdrawal), and fever after vaccination (yes, no). This study did not include time-varying covariates.



Statistical analysis

We determined the association between seizure frequency and explanatory variables using a generalized linear mixed-effects model (GLMM) with a Poisson error structure and log-link function and checked for over-dispersion in the data using R software version 4.0.3. First, we built a null model to analyze the cluster effects of “center” and “subject” on a random intercept. Second, we construct the random intercept model 1 with all potential fixed effects and selected the appropriate fixed effects by p-value (p<0.1) to construct a concise version (model 2). Third, we added a temporal random slope to model 2 (model 3) and select appropriate fixed effects by p-value (p<0.1) to further construct a complex model containing interaction terms (model 4-5). Akaike information criteria (AIC) and Bayesian information criteria (BIC) were applied for variable and model selection. Finally, we considered the GLMM with subject random intercept, time random slope, and time-age interaction as the better parsimonious model. The adjusted incidence rate ratio (AIRR) with 95% CI was presented and interpreted accordingly. Statistical significance was set at P < 0.05.




Results


Baseline characteristics

A total of 933 patients were recruited for the study. Of these, 66 were excluded from the analysis because they met the exclusion criteria. Eight patients did not wish to reveal their sex and were excluded because of missing values. Thus, a total of 859 patients were included in the analysis. Of these patients, 58.8% (n=505) were men, and 41.2% (n=354) were women. The median age of the participants was 20 (Q1:10, Q3:35), and the median duration of epilepsy was 4 years (Q1:2.5, Q3:9.5). Overall, 592 patients (68.9%) reported an unknown cause of epilepsy, while 267 (31.1%) reported a definite cause. Focal seizures were the most common seizure type (n=563, 65.5%) among PWE. The ILSFV in 376 patients (43.8%) was more than 2 years. Overall, 108 patients (12.6%) reported at least one seizure after vaccination. Forty-four (5.0%) and 39 (4.5%) patients reported seizures within 2 weeks after the first and second doses, respectively. Thirty-five (4.0%) and 39 (4.5%) patients developed seizures from three weeks to one month after the first and second vaccination doses, respectively. Thirty-one (3.6%) and 35 (4.1%) patients were found to have increased seizure frequency after the two doses, respectively. Most patients (n=516, 60.1%) were prescribed only one ASM, and 52 patients (6.1%) took three or more ASM. During vaccination, 27 (3.1%) patients had reduced ASM doses and 47 (5.5%) patients did not receive ASM. The specific baseline characteristics are shown in Table 1.


Table 1 | Demographics.





Factors influencing seizure frequency

ILSFV was a strong predictor of the frequency of recent seizures. Compared to PWE who took regular doses of ASM, PWE who reduced the dose of ASM during the peri-vaccination period were found to have 98% more seizures with a statistically marginal difference (AIRR=1.98, 95% CI: 0.97–4.04, P=0.061). The frequency of PWE with hereditary etiology after vaccination was 1.95 times higher than that of PWE with unknown etiology (AIRR=1.95, 95% CI: 1.17–3.24, P=0.010). However, there was no interaction between etiology and time. Age was found to interact with time. In adults, seizure frequency decreased by 81% after the first dose (AIRR=0.19, 95% CI: 0.11–0.34, P<0.001) and 85% after the second dose (AIRR=0.15, 95% CI: 0.08–0.30, P<0.001) compared to baseline. After the first dose, the seizure frequency decreased level of adult is 3.69 times (AIRR=3.69, 95% CI: 1.83-7.45, P<0.001) as large as the seizure frequency decreased level of juveniles (<18). After the second dose, the seizure frequency decreased level of adult is 2.89 times (AIRR=2.89, 95% CI: 1.31-6.42, P<0.001) as large as the seizure frequency decreased level of juveniles. By constructing a model with juvenile as the age reference level, we found in juveniles, seizure frequency decreased by 25% (AIRR=0.75, 95% CI: 0.42–1.34, P=0.332) after the first dose and 51% (AIRR=0.49, 95% CI: 0.25–0.95, P=0.036) after the second dose compared to baseline. Detailed results are presented in Table 2. Differences in baseline characteristics between the two age groups are shown in Table 3.


Table 2 | Risk factors of seizure frequency.




Table 3 | Differences in baseline characteristics between adults and juveniles.





Non-epileptic adverse reactions

Non-epileptic adverse reactions were recorded in all patients after the two vaccine doses were administered (Figure 1). Of 859 patients, 217 (25.3%) reported adverse reactions. Pain and itching at the site of vaccine administration were reported in 147 patients, resulting in two patients requiring medical attention. A lump and induration at the vaccination site occurred in 60 patients, resulting in one patient requiring medical attention. Nine patients reported low fever (37.1-38.0°C), and three reported moderate fever (38.1-39.0°C). Thirty-seven patients experienced varying degrees of fatigue. Twenty-six patients reported varying degrees of dizziness and headache, one of whom required medical attention. Muscle soreness occurred in 43 patients, with one patient requiring medical attention. An additional 11 patients developed gastrointestinal symptoms, including nausea, vomiting, stomachache, and diarrhea. None of the 859 patients developed serious non-epileptic adverse events such as Guillain-Barre syndrome or anaphylactic shock.




Figure 1 | Non-epileptic adverse reactions.






Discussion

In this prospective, multicenter, self-controlled trial, seizure frequency tended to decrease after vaccination in both adults and juveniles, although the magnitude of the decrease varied. As a continuation of a retrospective study, this study provides further evidence that inactivated COVID-19 vaccination does not affect non-immune epilepsy, and epilepsy should not be a contraindication for vaccination.

Similar to our previous study, 108 PWE (12.6%) experienced seizures after either the first or second vaccine dose in the present study (19). In these patients, epilepsy control conditions before vaccination were not identical, and several patients reported frequent seizures within one month before vaccination. Therefore, the occurrence of seizures is not an accurate indicator for this population, and the seizure frequency in PWE before and after vaccination was used. Overall, 61 patients (7.1%) were found to have increased seizure frequency after at least one of the two doses, significantly lower than the rate of seizures after vaccination. Further analysis showed varying degrees of reduction in seizure frequency after each of the two doses compared to the baseline. Previous studies have shown that seizures within 14 days after other types of vaccination may be vaccine-associated (6, 7, 20). Consequently, our observation period was extended to 30 days; however, it did not show a significant increase in seizure frequency compared with the baseline frequency and instead showed a significant decrease. This significant reduction may have resulted from the normal physiological phenomenon rather than vaccination, as neurologists may have adjusted ASM regimen when PWE were enrolled in the study, especially in those with frequent seizures. In addition, the baseline frequency was probably recorded as the only seizure in a given seizure cycle when seizures stabilized after proper treatment. Therefore, this study’s “time” effect can be explained as an effect of the medical intervention and disease characteristics during the particular period. This suggests that COVID-19 vaccination does not worsen the condition of PWE under a rational medication regimen. Notably, the decline in frequency was more pronounced in adults than in juveniles. This may be due to a difference in baseline frequency. Adult PWE have a higher baseline frequency, which allows for a more notable decline in seizure frequency after possible drug adjustment.

In conclusion, the most important implication of this study is that inactivated COVID-19 vaccination did not increase seizure frequency in the vast majority of PWE. Currently, “uncontrolled epilepsy” is a contraindication for many vaccines; however, vaccine manufacturers do not have clearly defined parameters for “uncontrolled epilepsy.” Expert guidelines in China recommend that PWE should not consider vaccination until they have been seizure-free for more than 6 months. However, our previous studies have demonstrated that a seizure-free period of over 3 months would not significantly decrease the risks associated with vaccination (19). This study further expands the indications for vaccination in PWE by demonstrating that control status should not be a limitation for vaccination. Another important finding was that juvenile PWE were less safe after vaccination than adult PWE; after the first dose, the seizure frequency did not differ significantly from baseline. Our results are in agreement with the studies by Lu et al. and Özdemir et al., which found a low rate (< 10%) of seizure exacerbation in PWE after vaccination (21, 22). Similar results were reported in a meta-analysis done by Zheng et al. (23) Our finding that set our study apart from a few other studies was that the seizure frequency of PWE in different age decreased to different degrees after vaccination. However, even if vaccination was safe for juvenile PWE, the vulnerable group should be observed rigorously after vaccination, especially after the first dose. Finally, adult PWE should be encouraged to get vaccinated against COVID-19.

As a neurotropic virus, mediated by neuropilin-1 (NRP-1) or angiotensin-converting enzyme 2 (ACE2) (24, 25), SARS-COV-2 can invade the central nervous system (CNS). SARS-COV-2 may severely hamper cerebral homeostasis upon entry into the CNS by destroying the blood-brain barrier (BBB) and glial limiting factor, activating the toll-like receptor (TLR), and ultimately leading to neuronal death (26). Several studies have reported that activation of TLR may promote epilepsy (27, 28), while others have reported that immune cell and serum protein infiltration due to BBB destruction also exacerbates epilepsy (28, 29). Moreover, SARS-COV-2 entry into the CNS could hamper the respiratory regulation center in the brain stem (30), which would significantly increase the risk of sudden epileptic death (31), and potentially contribute to increased mortality in SARS-COV-2 infected PWE. Aladdin et al. and Šín et al. have also reported two cases of status epilepticus due to the COVID-19 vaccine (32, 33); however, one patient was vaccinated with an mRNA vaccine and one with an adenovirus vector vaccine. In addition to preventing infection, the COVID-19 vaccine can also reduce the illness of those infected with SARS-COV-2 (34, 35), which is particularly important for neurologists, as those with severe infection are more likely to develop neurological symptoms than those with non-severe infection (36). In addition, SARS-COV-2 can enter the CNS directly through the BBB (26). Some studies have found that the BBB of PWE has different degrees of destruction (37), which may lead to PWE experiencing more CNS attacks after infection with SARS-COV-2. This may then aggravate epilepsy or cause other neurological diseases, worsening the condition of PWE.

The PWE recruited in the present study reported a lower rate of non-epileptic adverse reactions. Of the 859 patients, 217 (25.3%) had various non-epileptic adverse events, and none had severe non-epileptic adverse events. Currently, WHO-approved COVID-19 vaccines include RNA, adenovirus vector, and inactivated vaccines. Mass vaccination in China primarily uses inactivated vaccines produced by Sinopsin and Sinovac; therefore, most PWE enrolled in this study received inactivated vaccines. When given inactivated vaccines, the rate of non-epileptic adverse reactions was significantly lower than that of the normal population after adenovirus vector and mRNA vaccination (38, 39). A meta-analysis by Cheng et al. showed that all three vaccines provided effective protection against SARS-COV-2 infection; however, the efficacy of inactivated vaccines was the lowest, whereas their safety was the highest among the three vaccines (40). A study by Xia et al. reported adverse reactions in 29% of the Chinese population, which received inactivated COVID-19, and an absence of any severe adverse reactions (41). Therefore, since a majority of our cohort received inactivated vaccines, a reduced rate of adverse reactions was attributable to the safety of these vaccines. In addition to the safety of inactivated vaccines, side effects associated with COVID-19 vaccination in PWE may be mistaken for the adverse reactions caused by ASM, resulting in a lower rate of non-epileptic adverse reactions following vaccination.

Although existing studies have shown that inactivated vaccines are safer, mRNA vaccines have been shown to have higher immune efficacy. Since PWE may be more susceptible to mortality following infection with COVID-19 (8, 11–13), the type of vaccine to be administered should be determined by assessing the local epidemic situation. In the case of elevated local infection risk, the mRNA vaccine should be administered, whereas the inactivated vaccine should be administered when the local risk is lower.

Although the results showed that COVID-19 vaccination did not lead to a significant increase in seizure frequency, several patients, who had been seizure-free for over two years and were not using ASM, reported seizures during the vaccination follow-up. As with new-onset status epilepticus caused by COVID-19 vaccination, this may be incidental. Lamberink reported that an abnormal electroencephalogram (EEG) was a risk factor for seizure recurrence in PWE after drug withdrawal (42). Consequently, we recommend that these PWE undergo an EEG; PWE with an abnormal EEG should re-consume ASM as per the previous regimen around the vaccination period (one month after each dose) to prevent a recurrence.

Additionally, we found three notable factors that did not interact with time. First, the seizure frequency in patients with hereditary epilepsy after vaccination was higher than that in PWE with unknown etiology, which may be related to the fact that PWE with hereditary etiology were mainly juveniles (84.3%), while only a small proportion of adult PWE (15.7%) had hereditary etiology. As mentioned above, the decrease in seizure frequency after vaccination was less pronounced in juveniles than in adults. Second, ILSFV was also found to be a predictor of seizure frequency after vaccination. Although PWE with short ILSFV also experienced a decrease in seizure frequency after vaccination, this decrease may be insignificant in the context of its own higher seizure frequency. Therefore, in consideration of the condition, PWE with short ILSFV (especially shorter than three months) still need to be paid attention to during the peri-vaccination period. For example, if fever occurs after vaccination, PWE should be treated in a timely manner. In addition, PWE should increase the frequency of visits to the neurology department after vaccination. Finally, neurologists may consider appropriately increasing the dosage of ASM during the peri-vaccination period, which can not only prevent vaccine-induced seizures but also help the PWE’s existing condition. Third, given that the factor of ASM reduction during vaccination was at a statistical critical point (AIRR=1.98, 95% CI: 0.97–4.04), even if epilepsy is well controlled, we do not recommend reducing the dosage of ASM before or after vaccination.

This study had certain limitations: the majority of PWE received inactivated vaccines, thus limiting significant references for other COVID-19 vaccines; the study did not include PWE with immune etiology since it would not be possible to determine the impact of COVID-19 vaccination; the highest seizure frequency in this study was 24/month, so the results may not apply to PWE with frequent seizures; and information about seizures relied on the reports of PWE, which may affect the accuracy of the data due to subjective errors.



Conclusion

In summary, this study demonstrated that inactivated COVID-19 vaccination does not significantly increase seizure frequency in patients with non-immune epilepsy, and the local infection risk should be considered when using inactivated COVID-19 vaccines in PWE.
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Background

Solid organ transplant (SOT) recipients have shown suboptimal antibody response following COVID-19 vaccination. Several risk factors for the diminished response have been identified including immunosuppression and older age, but the influence of different comorbidities is not fully elucidated.



Method

This case-control study consisted of 420 Danish adult SOT recipients and 840 sex- and age-matched controls, all vaccinated with a third homologous dose of either BNT162b2 (Pfizer–BioNTech) or mRNA-1273 (Moderna) vaccine. The primary outcome was differences in humoral immune response. The secondary outcome was breakthrough infections. Additionally, we looked for factors that could predict possible differences between the two groups.



Results

Response rate increased from 186/382 (49%) to 275/358 (77%) in SOT recipients and remained on 781/790 (99%) to 601/609 (99%) in controls following a third vaccine dose. SOT recipients had significantly lower median antibody concentrations after third dose compared to controls (332.6 BAU/ml vs 46,470.0 BAU/ml, p <0.001). Lowest median antibody concentrations were seen in SOT recipients with liver disease (10.3 BAU/ml, IQR 7.1-319) and diabetes (275.3 BAU/ml, IQR 7.3-957.4). Breakthrough infections occurred similarly frequent, 150 (40%) among cases and 301 (39%) among controls (p = 0.80).



Conclusion

A third COVID-19 vaccine dose resulted in a significant increase in humoral immunogenicity in SOT recipients and maintained high response rate in controls. Furthermore, SOT recipients were less likely to produce antibodies with overall lower antibody concentrations and humoral immunity was highly influenced by the presence of liver disease and diabetes. The prevalence of breakthrough infections was similar in the two groups.
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Introduction

Coronavirus disease 2019 (COVID-19) caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has since its outbreak in late 2019 affected individuals and healthcare systems worldwide. Solid organ transplant (SOT) recipients have lower antibody concentrations and a lower proportion of responders following COVID-19 vaccination compared to the general population (1–4).

In a meta-analysis based on 82 prospective observational studies, SOT recipients were shown to be 16 times less likely to seroconvert after one dose compared with immunocompetent controls (5). They also found SOT recipients to be the least responsive group of immunocompromised patients when patients with immune mediated inflammatory disorders, haematological cancers, and solid cancers were included. Our group and others have previously found that after a three-dose regimen of COVID-19 vaccination, the proportion of responders among SOT recipients has been ranging from 49-80% thus leaving many without a response (6–11). This information is compatible with previous findings of diminished response to other vaccines (12, 13). This diminished response among SOT recipients to COVID-19 vaccination is associated with several host-related factors such as the degree of immunosuppressive treatment, increasing age, and time since transplantation (14). However, the impact of comorbidities is yet to be clarified and would be of great importance to identify patients with low vaccination responses. Following vaccination, the half-life of SARS-CoV-2 specific antibodies among SOT recipients is unclear. An improved understanding of this would provide important information about the re-vaccination strategies for optimal immunogenicity (15, 16).

In this case-control study, we studied differences in the humoral immune response among SOT recipients and age- and sex-matched non-SOT controls following a three-dose regimen of an mRNA-based SARS CoV-2 vaccination. Furthermore, we explored potential differences in breakthrough infections, and finally, we investigated factors that could predict possible differences in antibody responses between the two groups.



Method and materials


Study design and participants

In our study, 420 Danish adult SOT recipients were recruited from the COVAC-Tx study (Danish Ethical Committee, record no. 77786) (11). Since January 29, 2021, all SOT recipients (≥18 years of age) followed at Odense University Hospital in Region of Southern Denmark were invited to participate in the COVAC-Tx study. The SOT study population has previously been described (11). Controls were identified through the National Cohort Study of Effectiveness and Safety of SARS-CoV-2 vaccines (ENFORCE) study, an open-label, nonrandomized, parallel group, phase 4 study that enrolled Danish citizens before their first COVID-19 vaccination (clinicaltrials.gov identifier: NCT04760132) (17). Case participants and controls were matched in a 1:2 ratio according to sex and 5-year age groups. All participants provided written and oral consent before inclusion, and all received vaccination as part of the national COVID-19 vaccination program. Participants treated with monoclonal antibodies before the scheduled samples were excluded from further analyses.

The COVAC-Tx study was conducted in accordance with the Declaration of Helsinki and approved by the Regional Committees on Health Research Ethics for Southern Denmark January 29, 2021 (protocol code S-20210007C) and the amendment approved February 9, 2022. The ENFORCE study was approved by the Danish Medicines Agency (Eudra CT number:2020-006003-42) and by the Ethics Committee of the Central Denmark Region (#1-10-72-337-20).



Data

All Danish residents are assigned a unique personal identification number (CPR) permitting data linkage of individual records between different governmental registries. Data regarding vaccination date and type was achieved through the Danish Vaccination Registry while comorbidities and hospital admissions were collected through the Danish National Patient Register. Lists of medication for cases were retrieved from the patient hospital records. SARS-CoV-2 PCR test results were obtained through the Danish national microbiology database MiBa (Statens Serum Institut, Copenhagen, Denmark). All data was entered into electronic clinical records using Research Electronic Data Capture REDCap which is hosted by OPEN (Open Patient data Explorative Network).



Comorbidities

Comorbidities were identified based on the Quan’s coding algorithms for ICD-10 codes in years 2016-2020 (18). When relevant comorbidities were combined as follows: Diabetes with or without chronic complication; cancer: any malignancy combined with metastatic solid tumours. In the following categories relevant SOT recipients were excluded: heart disease (myocardial infarction and/or congestive heart failure), chronic pulmonary disease; liver disease (mild and/or moderate/severe liver disease) and renal disease. This prevented the inclusion of SOT’s as comorbidity.



Blood sampling

For cases and controls, blood samples were scheduled before (0-14 days) the participants’ first SARS-CoV-2 vaccination and 90 days ( ± 14 days), 180 days ( ± 14 days) and 365 days ( ± 14 days) after first vaccination. Furthermore, blood samples were planned before (0-5 days) the second and third dose as well as 28 days ( ± 14 days) after. Antibody concentrations were measured at each visit. Immunogenicity of COVID-19 vaccination was investigated by measuring the humoral immunity against SARS-CoV-2 through analysis of IgG-antibodies targeted against the receptor binding domain (RBD) in the S1-subunit of the spike protein in SARS-CoV-2 as published by Balsby et al (11). RBD is an important target-antigen for virus neutralizing antibodies. For cases, 5 ml whole blood was collected at each visit and 150 µl plasma was used to measure the SARS-CoV-2 spike S1 IgG response using the SARS-CoV-2 IgG II Quant Assay (Abbott Laboratories). The relationship between the Abbott arbitrary units (AU)/mL unit and the World Health Organization international standard for anti-SARS-CoV-2 immunoglobulin BAU/mL unit follows the equation BAU/mL = 0.142 × AU/mL (as established by the manufacturer), corresponding to a cut-off of 7.1 BAU/mL (19). Measuring range for this assay is 7.1 - 5680 BAU/mL. Results >5680 BAU/mL are reported as such. For controls, 6 ml whole blood was collected at each visit and 150 µl plasma was used to measure levels of SARS-CoV-2 spike and receptor-binding domain (RBD) antibodies using a diagnostic multiantigen serology assay (Meso Scale Diagnostics LLC, Rockville, MD) at the Department of Infectious Diseases, Aarhus University Hospital. The relationship between the Meso Scale arbitrary units (AU)/mL and the BAU/mL unit follows the equation BAU/mL = 0.0272 × AU/mL. The manufacture did not provide a positive cut-off value for Meso Scale, however, following the internal validation, a cut-off of 27.2 BAU/mL for a positive response was chosen.



Outcomes

The primary outcome of this study was humoral immune response following SARS CoV-2 vaccination among SOT recipients and matched controls. Secondary outcome was breakthrough infections, and additionally, we examined potential factors that could predict possible differences between the two groups.



Statistical analysis

Categorical data are described as numbers. Group comparisons were performed using the Chi-square test. Characteristics of continuous variables are reported as medians with interquartile ranges (IQRs) and compared using non-parametric test of equal medians. Trends of mean log-scale antibody levels (with 95%CI) were estimated separately for controls and transplant groups. Changes in antibody concentrations between time points were estimated using linear mixed-effects regression models and reported as mean differences with 95% confidence intervals (CI). Due to violations of the assumption of normally distributed residuals, a bootstrapping procedure with 1000 repetitions was used in the estimation process. Furthermore, as the residuals in the SOT group demonstrated significantly higher variance after third vaccine, the model allowed for heteroscedasticity. Statistical significance was set at P < 0.05 Stata 17 was used for the analyses (StataCorp. 2021. Stata Statistical Software: Release 17. College Station, TX: StataCorp LLC).




Results


Characteristics

The general characteristics of the study population are summarized in Table 1. Timing of SARS-CoV-2 vaccinations among SOT recipients and matched controls are shown in Figure 1, which illustrates how the SOT recipients were vaccinated earlier than the general population. The median age of the case and control group was 57.2 years (IQR 47.7-66.3) and 60 (IQR 51-69), respectively, with 60.2% males in both groups. Diabetes mellitus (n=86, 20.5%) cancer (both hematological and solid organ) (n=28, 6.7% and peripheral vascular diseases (n=25, 6.0%) were the three most frequent comorbidities in SOT recipients. Among controls, cancer (6.8%), diabetes mellitus (5.5%) and chronic pulmonary disease (4.5%) were the most frequent. All cases received the BNT162b2 vaccine (Pfizer, BioNTech) whereas 52% of controls received the BNT162b2 vaccine and 48% the mRNA-1273 vaccine (Moderna). Of the 420 cases and 840 controls included in this study, serum after third dose was obtained from 358 (85%) cases and 609 (73%) controls. The median time from second to third dose for cases and controls was 229 days (IQR 191-241) and 185 days (IQR 168-208), p = <0.001. Median time from third dose to blood sampling was 41.5 days (IQR 33-58) vs 29 (IQR 27-34), p ≤0.001, cases and controls respectively (Table 2).


Table 1 | Baseline characteristics of solid organ transplant recipients and matched controls after third dose of a SARS-CoV-2 mRNA vaccine.






Figure 1 | Timing of second SARS-CoV-2 vaccine dose (A) and third vaccine dose (B) among solid organ transplant recipients and matched controls.




Table 2 | Immunogenicity among solid organ transplant recipients and matched controls following a third dose of a SARS-CoV-2 mRNA vaccine.





Primary and secondary outcomes

Serum antibody concentrations of the cases and controls following second and third vaccination are shown in Table 2, Figures 2, 3. In total, SARS-CoV-2 spike S1 IgG antibodies were detected in 186/382 (49%) cases and in 781/790 (99%) controls after the second dose. Following the third dose, antibodies were detected in 275/358 (77%) cases and 601/609 (99%) controls. Overall, mean increase in antibody concentrations after the third dose was 893.3 BAU/ml (95%CI 740.3;1046.3) for SOT recipients and 22,114 BAU/ml (95%CI 20854;23373) for controls. Furthermore, the median antibody concentration after third dose for cases and controls was 332.6 BAU/ml (IQR 11.9-1349.4) and 46,470 BAU/ml (IQR 31,694-50,374), respectively. Among the 182 SOT recipients who were seronegative after the second dose, 100 (55%) became seropositive after the third dose, while one of the seropositive SOT recipients waned immunity (Table 2, Figure 2C).




Figure 2 | Anti-SARS-CoV-2 antibody concentrations to SARS-CoV-2 vaccine in solid organ transplant recipients and matched controls by frequency after second vaccine dose (A), before third dose (B) and after third dose (C).






Figure 3 | Mean (95%CI) anti-SARS-CoV-2 antibody concentrations to SARS-CoV-2 vaccine in solid organ transplant recipients and matched controls.



Figure 3 shows anti-SARS-CoV-2 antibody titers to SARS-CoV-2 vaccine correlated to transplant and controls stratified by the two different mRNA vaccine used. The liver transplant recipients had the highest antibody titers and the lung transplant recipients had the lowest. From after second dose to before third dose mean antibodies decreased by -70.1 BAU/ml (95%CI -104.2-36.0) for cases and by -10,223 BAU/ml (95%CI -11164;-9282) for controls. The controls who received mRNA-1273 (Moderna) had higher IgG Spike antibodies compared to those received BNT162b2 (Pfizer).



Association of host-related factors and vaccinations response

Considering the impact of comorbidities on antibody concentrations in the SOT recipients, liver disease excluding liver transplant recipients and diabetes mellitus were associated with the lowest median antibody levels of 10.3 BAU/ml (IQR = 7.1-319.2) and 275.3 BAU/ml (IQR 7.3-957.4), respectively. Among controls, the same comorbidities were seen with median antibody concentrations of 43,422.2 BAU/ml (IQR 9128.1-50,907.3) and 44,835.0 BAU/ml (IQR 31,733.8-50,622.7) for liver disease and diabetes, respectively. The lowest median antibody concentration among controls was among cancer patients (39,709.6 BAU/ml IQR 17,122.2- 48,341.4).

Characteristics of breakthrough infections are shown in Table 3. Overall breakthrough infections were similarly frequent in both groups with 150 (40%) in the case and 301 (39%) in the control group (p = 0.80). Breakthrough infections were significantly more frequent among control participants after the second dose (p=0.03). When followed from January 1, 2022 through March 31, 2022, breakthrough infections were 35.25% vs 36.93% (p = 0.585) among cases and controls, respectively. The type of COVID-19 breakthrough variant was also comparable between groups, with Omicron being the most dominant type in both groups (89% in both groups). Thirteen patients were hospitalized due to COVID-19 and none of the cases died in the study period. The corresponding data for the controls were lacking.


Table 3 | Characteristics of breakthrough infections among solid organ transplant recipients and matched controls.






Discussion

This case-control study investigated differences in humoral response between SOT recipients and controls following a third dose of an mRNA-based SARS-CoV-2 vaccine. Our primary finding was that third dose had higher impact on SOT recipients due to an increasing proportion of responders compared to the sex- and age-matched control group. However, SOT recipients were still less likely to mount a positive antibody response after third dose (77% vs. 99% responders, p = <0.001) and had significantly lower antibody concentrations. Comorbidities as liver disease and diabetes mellitus were negatively associated with an antibody response in SOT recipients. Breakthrough infections were equally prevalent among cases and controls (40% vs 39%).

Our results on the humoral immunogenicity in SOT recipients parallel other studies. In our study, 77% of SOT recipients responded to a third dose which lies in the range of 49-80% as reported in other studies (6–10). In terms of seroconversion, our study showed that 55% of the seronegative SOT recipients became seropositive after the third dose, which approximately resembles the findings of 45% in the study by Del Bello et al (6). The findings of attenuated responses to COVID-19 have led several countries to recommend a fourth or even a fifth dose to SOT recipients, which has slightly improved humoral antibody response among patients with diminished response to a third dose (20, 21). In the present study, we observed a more pronounced decline in mean antibody concentrations from after second dose to before third dose in the control group compared to the cases (-10,223.0 BAU/ml vs -70.1 BAU/ml), despite the interval between second and third dose was significantly shorter for the control group (185 days vs 229 days, p <0.001). The immediate explanation to this could be the significant difference in antibody concentrations following second dose between the two groups with a higher starting point for the controls (7.1 BAU/ml vs 12,742 BAU/ml, p <0.001). After second dose, the SOT recipients antibody concentrations were close to zero meaning that SOT’s antibody response could not decline in the same degree as demonstrated in the control group.

Liver transplant recipients generally had better antibody response compared to other SOT recipients (14). A possible explanation is this group’s immunosuppressive protocol which contains a usual lower immunosuppressive treatment approach (two immunosuppressants) compared to other SOT groups (up to three immunosuppressant) and also that liver transplants are being generally well tolerated by the body (22, 23). Numerous studies have shown a similar association between high immunosuppression and low antibody response. In the study of Grupper et al., a 40% reduction in antibody response among kidney transplant recipients on triple vs. double immunosuppressive treatment was found (4). Therefore, a lower degree of immunosuppression seems to facilitate higher antibody responses as observed among liver SOT vs. other SOT types.

We were unable to compare rate of admission and mortality between groups in relation to breakthrough infection. In the ENFORCE cohort, quantitative level of spike antibody had limited impact on the risk of breakthrough infection with Omicron compared to Delta variant and the hospitalization rate was 0.2% (24). In a systematic review and meta-analysis by Gatti et al., they found no increased risk in mortality in SOT recipients with COVID-19 compared to the general population when adjusted for demographics and clinical features such as comorbidities and COVID-19 severity (25). Another meta-analysis by Raja MA et al. concluded that the overall outcome among SOT recipients was equal to the general population, however, the admission rate was found to be higher (26).

In Denmark, SOT recipients were a highly prioritized group receiving vaccination at earlier time points than the general population, thus the timing of vaccinations and in-between-intervals for cases differs from that of the controls (Figure 1). This difference may influence the prevalence of breakthrough infections following the third dose as SOT recipients are followed for longer time periods, thus being more exposed to breakthrough infections. Therefore, we performed an additional analysis where cases and controls with no prior infection were followed from January 1, 2022 through March 31, 2022. Doing this, we obtained a similar background risk of breakthrough infections between groups and still found no significant differences 35.25% vs 36.93% (p = 0.585), cases and controls, respectively.

Limitations of this study include a lack of standardized assay used for antibody measurement throughout the study period for cases and controls. We were still able to compare antibody concentrations by converting the Mesoscale arbitrary unit AU/ml to the BAU/ml unit, which was used for cases. Another limitation of this study was missing antibody values for both cases and controls after the third dose, which may have underestimated the proportion of responders and the antibody concentrations. Furthermore, there was a difference in vaccines used in controls compared to the cases. Among controls 52% were Pfizer vaccinated and 48% Moderna vaccinated while 100% of cases were Pfizer vaccinated. In the general population both vaccines has showed comparable efficacy of 95% (Pfizer) and 94.5% (Moderna) (27). In contrast to this, in the ENFORCE study, vaccine type was an independent risk factor for hyporesponsiveness (Moderna compared to Pfizer adjusted OR= 0.14, 95% CI: 0.09-0.22) (28). Furthermore, the controls who received the Moderna vaccine had higher Spike IgG titers. In addition, we did not profile the cellular immunity following SARS-CoV-2 vaccination. Even though the cellular response was shown to be low among SOT recipients compared to healthy controls (29), and no T-cell immunity threshold is defined, we would expect additional immune response elicited in both SOT recipients and controls (Data in review). Lastly, we were unable to provide data regarding immunosuppressive treatment, some characteristics of breakthrough infections and hospitalization among the control participants.



Conclusion

In SOT recipients, the third dose of COVID-19 vaccination increased the humoral response and the proportion of responders. However, overall antibody concentrations were still considerably lower compared to controls. In SOT recipients, humoral immunity was highly influenced by the presence of liver disease and diabetes, whereas breakthrough infections occurred with equal prevalence in both groups.
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SARS-CoV-2 vaccine breakthrough infections frequently occurred even before the emergence of Omicron variants. Yet, relatively little is known about the impact of vaccination on SARS-CoV-2-specific T cell and antibody response dynamics upon breakthrough infection. We have therefore studied the dynamics of CD4 and CD8 T cells targeting the vaccine-encoded Spike and the non-encoded Nucleocapsid antigens during breakthrough infections (BTI, n=24) and in unvaccinated control infections (non-BTI, n=30). Subjects with vaccine breakthrough infection had significantly higher CD4 and CD8 T cell responses targeting the vaccine-encoded Spike during the first and third/fourth week after PCR diagnosis compared to non-vaccinated controls, respectively. In contrast, CD4 T cells targeting the non-vaccine encoded Nucleocapsid antigen were of significantly lower magnitude in BTI as compared to non-BTI. Hence, previous vaccination was linked to enhanced T cell responses targeting the vaccine-encoded Spike antigen, while responses against the non-vaccine encoded Nucleocapsid antigen were significantly attenuated.
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Introduction

Vaccine breakthrough infections (BTI) account for a significant portion of new COVID-19 cases (1–4). In the pre-Omicron era, SARS-CoV-2 vaccination conferred significant protection from symptomatic infection (5–7) and from severe disease upon breakthrough infection; BTI cases showed substantially lower rates of hospitalization in all age groups (4) and even when hospitalized, previous vaccination reduced morbidity and mortality of COVID-19 (8). BTI cases however are still characterized by surprisingly high upper airway viral loads during acute infection, reaching similar peak levels compared to unvaccinated individuals (1, 9, 10). The vaccination status also affects the resulting SARS-CoV-2-specific adaptive immune response; non-human primate data suggest that vaccine-induced pre-existing Spike (S)-specific antibodies and CD8 T cells play an instrumental role in the reduction of virus replication and dissemination upon BTI into tissues other than the upper respiratory tract. This is probably due to the rapid induction of anamnestic cellular responses to the vaccine-encoded S (11, 12). Clinical studies show high S-specific binding antibody titers and superior neutralization capabilities after BTI, as compared to mere vaccination (13, 14). Although several studies have investigated S-specific T cell responses on recovered COVID-19 patients versus vaccinated individuals (15, 16), few have dissected the early dynamics of SARS-CoV-2-specific T cell and antibody response during BTI in detail (17). We hypothesized that the interplay between pre-existing S-specific immunity to SARS-CoV-2 and virus dynamics during BTI impact on the adaptive immune responses with divergent dynamics between vaccine-encoded and non-encoded antigens. We therefore studied and compared T cell and antibody response dynamics against the vaccine-encoded S-protein and those targeting the non-encoded immunodominant virion Nucleocapsid (N) protein.



Methods


Study population

The participants were recruited from the CoVaKo (Corona Vaccine Consortium) breakthrough infection study, which is a multicentre prospective cohort study including six different university hospital centres in Bavaria, Germany, recruited from May to December 2021. Outpatient BTI (N = 24) and non-BTI (N = 15) from Munich, Germany, were enrolled within 13 days of a PCR confirmed SARS-CoV-2 infection. Weekly blood samples were collected during four visits after confirmed diagnosis. In addition, data from outpatient non-BTI cases (n = 15) matched for time after PCR diagnosis, age, and sex from a similarly designed prospective COVID-19 Cohort Munich (KoCo19) sub-study were included in the analyses; a detailed description of the study design, setting, and population was previously published (18, 19). In brief, individuals with a documented positive SARS-CoV-2 RT-PCR result were recruited in a prospective longitudinal cohort from May to December 2020 under the umbrella of the KoCo19 studies. For both studies, participants consented and were recruited as fast as possible upon RT-PCR confirmation of SARS-CoV-2 infection and followed during four weekly visits. All included patients had mild to moderate COVID-19 symptoms and had not been previously infected with SARS-CoV-2. Both cohort studies were approved by the institutional review board of Ludwig Maximilian University of Munich, Germany.



Characterisation of SARS-CoV-2-specific T cells by intracellular staining analyses

40 ml of heparinized fresh whole venous blood was obtained during each visit. Peripheral blood mononuclear cell (PBMC) isolation using Ficoll-Paque™ Plus medium was performed within 6 hours of blood draw. The cells were washed three times and stimulated overnight 16 to 18 hours at 37°C and 5% CO2, in the presence of Brefeldin A (BFA, final concentration 5 μg/ml, Sigma) and the costimulatory antibodies anti-CD49d (L25, BD) and anti-CD28 (L293, BD), using three different SARS-CoV-2 specific antigens; Spike protein, PepTivator SARS-CoV-2 Prot_S (1μg/ml/peptide, Miltenyi Biotec) and the Nucleocapsid protein (1μg/ml/peptide, Miltinyi Biotec), Staphylococcal enterotoxin B (0.6 μg/ml/peptide, Sigma-Aldrich) as a positive control, and no peptide for the negative control. Following incubation, cells were stained for 20 minutes with anti-CD8 APC-A750 (clone B9.11, Beckmann Coulter) and anti-CD4 ECD (clone SFCI12T4D11, Beckmann Coulter). Cells were fixed and permeabilized using Foxp3 Fixation/Permeabilization concentrate and diluent (eBioscience), and then stained intracellularly for 30 minutes using anti-IFNy FITC (clone B27, BD Biolegend) and anti-CD3 APC-A700 (clone UCHT1, Beckmann Coulter). Samples were acquired on a CytoFlex Flow cytometer (Beckman Coulter). Gating analyses were performed using FlowJo™_V10 software (BD Life Sciences). Background subtraction was performed by subtracting IFNy+ T cell frequencies in the negative control from those in the antigen stimulated sample using Python 3.8.10.



Assessment of SARS-CoV-2-specific binding antibody responses

Serological assays to test for SARS-CoV-2-specific binding antibodies were performed as previously published (20, 21). EDTA plasma was used to quantify binding antibodies specific for S and N protein using Roche Elecsys anti-Nucleocapsid (Ro-N-Ig) and anti-Spike-Receptor binding Domain (Ro-RBD-Ig) (both Roche, Mannheim, Germany). All assays were performed according to manufacturer’s instructions. A value above 1 unit/ml on the Ro-RBD-Ig was considered a positive antibody response towards the SARS-CoV-2 Spike response and a value above 0.8 counts on the Ro-N-Ig was considered as a positive response towards the SARS-CoV-2 Nucleocapsid.



Statistics

The non-parametric Mann-Whitney test (python version 3.8 using package scipy, version 1.7.2) was used to compare independent continuous variables to determine the significance. A p-value ≤0.05 was considered statistically significant. Some of the conditions were compared based on area under the curve (AUC) normalised per day. The value was calculated according to the formula Σdxjd/D;d ∈{d1,…,D}with j indicating the patient, d being the day of the visit and D the day of the last visit. In summary, the magnitude of all measured responses was summed and divided by the number of days since PCR diagnosis at the last available visit.




Results


Characteristics of breakthrough and non-breakthrough infections

Blood was obtained from outpatient breakthrough infections (BTI, n= 24) and non-BTI (n= 30) during and shortly after the acute phase of SARS-CoV-2 infection (Table 1). Most subjects with BTI had received two vaccinations with the BNT162b2 vaccine (n = 19, BioNTech/Pfizer). 2 subjects had received 2 doses of mRNA-1273 (Moderna), 2 subjects had received 2 doses of heterologous vaccines (n=2) and one subject had received 2 doses of AZD1222 (n=1, AstraZeneca). BTI occurred with a median of 83 days (Range: 22 – 211 days) after the second vaccination. BTI and non-BTI were recruited within a median of 8 days and 3.5 days after PCR-confirmed diagnosis, respectively. The median age was 42.5 and 39.5 years in BTI and non-BTI cases, respectively. Overall, 61% of those infected were female. 37% (20/54) of the infected cases whose variants were determined were infected with the delta-variant, while 3 subjects were infected with the alpha variant. Of note, 15 non-BTI cases were recruited before the emergence of variant of concerns and hence were likely caused by the original Wuhan strain.


Table 1 | Basic characteristics of the study population.





Early dynamics of T cell responses targeting the vaccine-encoded Spike and the non-encoded Nucleocapsid

CD4 and CD8 T cell responses against the vaccine-encoded Spike (S) and the non-encoded Nucleocapsid (N) protein were studied throughout the first 5 weeks after diagnosis. The number of subject visits included within each timepoint is shown in Table 2. Representative dot plots and gating analyses for one BTI and non-BTI for longitudinal assessment of S- and N-specific IFNy+ CD4 and CD8 T cell frequencies after the SARS-CoV-2 diagnosis are shown in Figure 1. For both S- and N-specific IFNy+ CD4 T cell responses, a higher median frequency was observed (Range: 0.01 – 0.06%) as compared to the CD8 T cells (Range: 0.002 – 0.02%) (p < 0.0001, results not shown) regardless of timepoint or group affiliation. Within the S-specific T cell response, CD8/CD4 ratios were similar between BTI and non-BTI within the first two weeks of infection (0.2 - 0.4), while median CD8/CD4 ratios were 2- to 5-fold higher in BTI versus non-BTI versus during weeks 3 (p=0.06), 4 (p=0.06), and 5 (p=0.18). Within the first week of PCR diagnosis, IFNy+ S-specific CD4 T cell frequencies were significantly higher in BTI, as compared to non-BTI (p = 0.017, Figure 2A). Median IFNy+ S-specific CD4 T cell frequencies peaked in the second week for BTI and third week for non-BTI, consistent with an accelerated T cell response against the vaccine-encoded S upon BTI by boosting a pre-existing amnestic memory S-specific CD4 T cells. Median S-specific CD8 IFNy+ T cell frequencies in BTI gradually increased throughout the observation period of 5 weeks after PCR diagnosis but oscillated at low levels for non-BTI (Figure 2B) with significant differences between these groups in weeks three (p = 0.007) and four (p = 0.03) after diagnosis of SARS-CoV-2 infection. Considering the whole observation period of 5 weeks, the overall S-specific CD8 T cell response – defined as the area under the curve - was significantly higher in previously vaccinated BTI cases (AUC per day: p=0.006, results not shown). Together, these data show a positive effect of previous vaccination on IFNy+ S-specific T cell dynamics after breakthrough infection, with higher frequencies of circulating S-specific CD4 T cells early after PCR diagnosis and higher circulating S-specific CD8 T cell frequencies, when most subjects had cleared the virus from the upper airways.


Table 2 | Subject visits included at each timepoint.






Figure 1 | Representative dot plots for detection of IFNy+ T cell targeting vaccine-encoded Spike and non-encoded Nucleocapsid protein. Representative dot plots from intracellular cytokine staining experiments gated on CD4+ (left plots) or CD8+ T cells (right plots) are shown for one breakthrough (BTI) and one non-breakthrough (non-BTI) infection case for peripheral blood mononuclear cells restimulated Spike and Nucleocapsid peptide pool as indicated. The red square indicates the gate for defining antigen-specific IFNy+ T cells within the CD4 or CD8 T cell parent population. The frequencies of IFNy+ T cells is indicated as percent of CD4 or CD8 T cells for each shopn gate. Dot plots were produced using FlowJo version 10.






Figure 2 | T cell and binding antibody responses targeting vaccine-encoded Spike and non-encoded Nucleocapsid protein. The frequency of Spike-specific IFNy+ CD4+ (A) and CD8+ (B) and Nucleocapsid-specific IFNy+ CD4+ (C) and CD8+ (D) T cells and concentration of binding antibodies against the Spike-Receptor Binding Domain (RBD) (E) and Nucleocapsid (N) (F) in breakthrough infections (orange boxes) and non-breakthrough infections (blue boxes) are shown as median and quartiles enclosing 50% of the datapoints, whiskers extend up to the last point inside 1.5*(IQ3 - IQ1) range (Tukey definition). Specific T cell responses were detected after in vitro antigen-stimulation of freshly isolated PBMCs, while the specific antibody concentrations (Spike-RBD) or counts (Nucleocapsid) (Y-axis) consider all Ig isotypes and were determined using the Roche Elecsys test. The days since first diagnosis by PCR are indicated on the x-axis. Statistical comparisons between the groups were performed using the Mann-Whitney t test. p-values below 0.05 are indicated for figure 2 (A–F) Spike-RBD binding Ig concentrations significantly differed between the groups during all 5 weeks post infection.



Contrary to the S-specific CD4 T cell frequencies, N-specific CD4 T cell frequencies were lower in BTI compared to non-BTI (Figure 2C); considering the whole observation period, lower N-specific CD4 T cell frequencies were observed in BTI versus non-BTI group (AUC per day: p=0.042). These differences were most pronounced and significant during week 2 (p = 0.001) and week 3 (p = 0.03) after PCR diagnosis. IFNy+ N-specific CD8 T cell responses followed a similar pattern to N-specific CD4 T cell response with a trend for reduced frequencies in BTI cases over time (Figure 2D). However, these differences did not reach significance at any one timepoint.



Early dynamics of antibody responses targeting the vaccine-encoded Spike and the non-encoded Nucleocapsid

We also studied whether the SARS-CoV-2 antibody response followed a similar pattern (Figures 2E, F). During BTI, S-RBD-specific antibody responses were detectable in all subjects within the first week after diagnosis and reached median levels of 7160 units/ml, 12400 units/ml, 19700 units/ml, 21350 units/ml and 23289 units/ml during weeks 1-5, respectively (Figure 2E). In contrast, only 6/23 of the non-BTI control subjects had detectable S-RBD-specific responses during the first week after PCR diagnosis (median level was 0.02 units/ml), while during the 2nd, 3rd, 4th and 5th week, median S-RBD-specific antibody levels were much lower with 5.5 units/ml, 19 units/ml, 37.9 units/ml and 50 units/ml respectively (p<0.0001 for all time points).

Similar to the “attenuated” N-specific T cell response during BTI, N-specific antibody levels were also significantly lower in BTI throughout most of the observation period (Figure 2F). In the first week, N-specific antibody responses were mostly undetectable in vaccinated (10/11 subject visits, median 0.13 counts) and non-vaccinated subjects (19/23 subject visits, median 0.09 counts). Thereafter the dynamics significantly differed between these groups. While the non-BTIs showed a dynamic increase of N-specific antibody responses until week 4 (median: 34 counts), antibody levels remained at significantly lower levels after BTI during following weeks with a peak at 9.2 counts in week 4 (p<0.05 for time points after week 1).




Discussion

In our study, vaccine breakthrough infection was linked to a more rapid, earlier peaking and more extensive expansion of Spike-specific T cells and, similarly, to dramatically higher antibody levels against the vaccine-encoded S-protein compared to non-BTI. Other studies have shown similar results in the antibody response against S anti-RBD, where BTI had a higher antibody titer against the S-protein (8, 13, 14). It is noteworthy that particularly S-specific CD8+ T cell responses were superior in BTI, suggesting that “priming” with the current COVID-19 vaccines had enhanced cytotoxic CD8 T cell responses and memory cell formation. This is an interesting observation, as little is known on how to improve induction of virus-specific CD8 T cell responses by vaccination. Enhanced dynamics and acceleration of S-specific adaptive T cell responses may contribute to attenuated COVID-19 disease course, which is supported by a recent non-human primate study showing more then 10-fold higher peak airway viral loads in vaccinated animals in which CD8+ cells were experimentally depleted before exposure to SARS-CoV-2 delta variant (12). However, significantly attenuated CD4 T cell and antibody responses targeting the non-vaccine encoded N-protein were also found in BTI; attenuation of T cell and antibody responses targeting the non-vaccine encoded N antigen probably reflects reduced systemic virus dissemination and reduced in vivo viral loads during BTI and hence decreased stimulation of N-specific BCR/TCR, which is consistent with the attenuated disease severity upon BTI and limited inflammation and tissue dissemination in the lower respiratory tract observed in vaccinated NHP (11, 22). Reduced induction of N-specific T cells during BTI may also have a negative effect on upper airway virus control; a recent study by our group links frequencies of circulating N-specific T cells, which express IFNy upon in vitro peptide restimulation to early upper airway virus control and reduced systemic inflammation before seroconversion (Eser et al., 2022, manuscript submitted). Consistent with a protective role of N-specific T cells, these responses were also linked to reduced plasma concentrations of CXCL10 - a marker for COVID-19 disease severity (23). Our study has several limitations. The use of 15mer peptide pools and not taking into consideration T cell activation induced markers such as CD154 or CD137 likely underestimates the frequency of total N- and S-specific CD8 and CD4 T cells. Here, we focused on IFNy as a marker of antigen-specificity because IFNy expressing virus-specific T cells correlated with virus control for several viruses including HIV, Influenza and SARS-CoV-2 (24–27) and mechanisms of SARS-CoV-1/2 control in the upper airways by IFNy expressing N-specific T cells are being elucidated both in clinical and preclinical studies (27–29). In summary, our data show that before the emergence of Omicron variants, SARS-CoV-2 breakthrough infections are linked to enhance T cell and antibody responses targeting the vaccine encoded S-protein already early after diagnosis and to attenuate adaptive immune responses targeting the non-vaccine-encoded N-protein.
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Background

Patients with cancer, especially hematological cancer, are at increased risk for breakthrough COVID-19 infection. So far, a predictive biomarker that can assess compromised vaccine-induced anti-SARS-CoV-2 immunity in cancer patients has not been proposed.



Methods

We employed machine learning approaches to identify a biomarker signature based on blood cytokines, chemokines, and immune- and non-immune-related growth factors linked to vaccine immunogenicity in 199 cancer patients receiving the BNT162b2 vaccine.



Results

C-reactive protein (general marker of inflammation), interleukin (IL)-15 (a pro-inflammatory cytokine), IL-18 (interferon-gamma inducing factor), and placental growth factor (an angiogenic cytokine) correctly classified patients with a diminished vaccine response assessed at day 49 with >80% accuracy. Amongst these, CRP showed the highest predictive value for poor response to vaccine administration. Importantly, this unique signature of vaccine response was present at different studied timepoints both before and after vaccination and was not majorly affected by different anti-cancer treatments.



Conclusion

We propose a blood-based signature of cytokines and growth factors that can be employed in identifying cancer patients at persistent high risk of COVID-19 despite vaccination with BNT162b2. Our data also suggest that such a signature may reflect the inherent immunological constitution of some cancer patients who are refractive to immunotherapy.





Keywords: COVID-19 vaccine, BNT162b2, SARS-CoV-2, solid cancers, haematological malignancies, cytokines, chemokines, growth factors



1 Introduction

The field of vaccination against infectious disease has witnessed rapid advances of technology throughout the COVID-19 pandemic, including the development of various anti-SARS-CoV-2 vaccines, such as mRNA and vector vaccines. The BNT162b2 mRNA COVID-19 vaccine elicits a range of immunological responses, especially a strong anti-SARS-CoV-2 IgG response in healthy individuals, which starts waning after approximately 3-6 months (1–3). However, because the mechanisms determining the quality and quantity of immunological responses are not fully understood, this has led to concerns about the efficiency of these vaccines in immunosuppressed populations including patients with solid or hematological malignancies (4), especially when they are under active antineoplastic treatments. Several studies have shown that vaccine responses are compromised in patients with hematological malignancies under B cell depleting rituximab treatment, or with solid tumors receiving different chemotherapies (5–11).

Biomarkers of protection against SARS-CoV-2 infection generated by anti-SARS-CoV-2 vaccines have been studied for general population (12, 13). For instance, a post-vaccine anti-SARS-CoV-2 response with BNT162b2 in healthy volunteers is shown to be accompanied by alterations in systemic cytokine, chemokine, and specific growth factors (CCGs), including increase in interleukin (IL)-15, interferon gamma (IFN-γ), and IFN-γ-induced protein 10 (IP-10/CXCL10) after the primer vaccination dose, and by tumor necrosis factor alpha (TNF-α) and IL-6 after the booster vaccination dose (12). Importantly, transient increases in IL-15 and IFN-γ levels were also identified as biomarkers for anti-SARS-CoV-2 responses in a healthy population (12). However, none of these biomarkers are currently available for cancer patients, where such a marker can distinguish subgroups of patients which are poorly protected by SARS-CoV-2 vaccination and remain in need of additional (preventive) options (14–16). CCGs are not only important in the regulation of inflammation occurring in viral infections such as SARS-CoV-2 (12, 17–19) and influenza (20, 21), but also play an important role in the initiation and progression of cancers (22–25). We recently demonstrated significant alterations in levels of several CCGs in blood of cancer patients including, but not limited to, CCGs that play an important role in the adaptive immune response in antigen presentation and/or T-helper and B cell functions (25). In the present study, we propose a blood-based signature of cytokines/chemokines and growth factors that can be employed in identifying cancer patients at persistent high-risk of COVID-19 despite vaccination with BNT162b2.



2 Material and methods


2.1 Patient population and study design

A prospective, longitudinal, multi-cohort trial was initiated on February 15, 2021, in the Multidisciplinary Oncological Center Antwerp (MOCA), Antwerp University Hospital, Belgium, as described (5). Briefly, study participants aged 18 years or older with a life expectancy of at least six months were recruited. Pregnant or breastfeeding women and patients with an immunodeficiency unrelated to cancer treatment were not included. All study participants provided written informed consent. A total of 200 cancer patients recruited in this study received at least one dose of the BNT162b2 vaccine. One patient withdrew after the primer dose and was excluded from the study. CCGs before and after the primer dose were measured for 199 patients, including 158 patients with a solid tumor and 41 patients with a hematological malignancy (Supplementary Table 1). From these 199 patients, 187 patients received a booster dose 21 (± 2) days after the primer dose according to the study protocol. Nine patients received a delayed booster dose from 24 to 37 days due to an active SARS-CoV-2-CoV-2 infection or cancer treatment-related complications (5). The study was approved by the local ethics committee and was executed in accordance with Good Clinical Practice and the Declaration of Helsinki (ICH GCP E6(R2)). The regulatory sponsor was the Antwerp University Hospital (EudraCT number 2021-000300-38).

The included population with solid tumors mainly consisted of patients with breast malignancies (52.8%), followed by patients with gastroenterological (10.1%) and gynecological malignancies (10.1%). Among patients with hematological malignancies, 75.6% of patients had chronic lymphocytic leukemia or lymphomas and 19.5% patients had myeloid malignancies. On the basis of cancer and treatment modalities, we defined 4 cohorts: (i) patients with solid tumors (ST) receiving only chemotherapy (n = 63); (ii) ST patients receiving immunotherapy with or without chemotherapy (n = 16); (iii) ST patients receiving targeted or hormonal therapy (n = 79); and (iv) a combined group of hematological malignancy patients (n = 41) receiving either rituximab (n = 29), targeted therapy (n = 1), or an allogenic hematopoietic stem cell transplantation more than one year ago (n = 11).



2.2 Sample collection and processing

Plasma samples were taken at the day of study inclusion (day 0, just before administration of the primer dose), day 1 (the day after the primer dose), day 21 (just before administration of the booster dose), and day 28 (7 days after the booster dose). Serum samples were collected at day 49 (Figure 1). For detailed methods, refer to Supplementary Information.




Figure 1 | Timeline of the study. The BNT162b2 vaccine was administered on day 0 and 21. Heparin plasma samples for CCG analysis were collected on day 0 just prior to primer dose administration (D0), day 1 (D1), day 21 just prior to booster dose administration (D21), and day 28 (D28). For anti-RBD and anti-S1 serology, serum samples were collected on day 49 (D49) after the administration of the primer vaccine dose.





2.3 Cytokine, chemokine and growth factor measurements in plasma

CCGs were measured in plasma samples on a multiplex platform (Meso Scale Discovery (MSD), MD, USA) using off-the-shelf (V-plex) and customized (U-plex) panels, according to the manufacturer’s instructions, as previously described (25). For detailed methods, refer to Supplementary Information.

In total, 36 CCGs relevant for SARS-CoV-2 infection or tumor growth and progression were measured. These constituted brain-derived neurotrophic factor (BDNF), basic fibroblast growth factor (bFGF), C-reactive protein (CRP), cutaneous T-cell attracting chemokine (CTACK), vascular endothelial growth factor receptor 1 (FlT-1), interferon β (IFN-β), interferon γ (IFN-γ), IL-1β, IL-1 receptor antagonist (IL-1Ra), IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-13, IL-15, IL-16, IL-17A, IL-18, IL-21, IL-33, IFN-γ induced protein 10 (IP-10; also called CXCL10), monocyte chemoattractant protein (MCP)-1, placental growth factor (PlGF), serum amyloid A (SAA), soluble intercellular adhesion molecule 1 (sICAM-1), soluble vascular cell adhesion molecule 1 (VCAM-1), active and total (acid activated) tumor growth factor β (TGF-β), angiopoietin receptor 1 (Tie-2), TNF-α, thymic stromal lymphopoietin (TSLP), vascular endothelial growth factor (VEGF)-A, VEGF-C and VEGF-D. An additional 5 CCGs were measured in a random subset of plasma samples from 100 cancer patients. These were granulocyte colony stimulating factor (G-CSF), granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-7, IL-9, and macrophage inflammatory protein (MIP)-1α.



2.4 Anti-RBD IgG measurements in serum

Anti-RBD immunoglobulin G (IgG) levels were measured in serum samples with an enzyme-linked immunosorbent assay (ELISA) as previously described (5). A threshold for anti-RBD IgG of 200 IU/mL predicted a neutralization response required for 50% protection against symptomatic SARS-CoV-2 infection (99%-100% specificity at a sensitivity of 94.9%). As such, this threshold was used to differentiate high from low anti-SARS-CoV-2 serological responders, as described (5).



2.5 Statistics

Group differences in CCG profiles of patients belonging to different treatment cohorts were investigated by Partial Least-Squares Discriminant Analysis (PLS-DA) using MetaboAnalyst (version 5.0). For this, data was primarily normalized with autoscaling and log10 transformation as described (25). Different timepoints (before and after vaccination) were compared using a paired t-test on log-transformed data (SPSS v27). Good vs. poor anti-SARS-CoV-2 IgG responders and patients with vs. without severe adverse events were compared using a two-sample t-test on log-transformed data (SPSS v27). To evaluate correlation between quantitative IgG levels and CCG concentrations, a Spearman correlation coefficient was utilized (R, version 4.1.0, http://www.rstudio.com/). A p-value of < 0.05 (uncorrected) was considered statistically significant.

For the identification of the main predictors of qualitative response (good/poor responder), receiver operating characteristic (ROC) curves were constructed utilizing MetaboAnalyst. To further predict good/poor responder with a combined model of CCG levels, machine-learning-based Random Forest classifiers (RFC) were built (Python, package sklearn v2.0, ttp://scikit-learn.sourceforge.net). The main outcome variable was the development of an adequate immune response. To account for imbalanced groups, the Synthetic Minority Oversampling Technique (SMOTE, Python package imblearn 0.8.0) was utilized where 80% of the data was utilized as training set and the remaining 20% as test set. The models were bootstrapped 10 times and features for each model were selected based on 1) feature importance, 2) statistics from good vs. poor responder, 3) Individual ROC curve analysis, and, 4) a Pearson correlation matrix for independence of variables. Confusion matrices and ROC curves were drawn to calculate area under the curve (AUROC) value to verify reliability and to evaluate the performance of the constructed models.




3 Results


3.1 Activation of early immune responses by BNT162b2 in cancer patients

We observed a significant alteration of 23 CCGs after administration of the primer and/or the booster dose of the BNT162b2 vaccine in cancer patients under active treatment (Figure 1). Specifically, a day after the administration of the primer dose (day 1 vs. baseline day 0), anti-viral responses such as IFN-γ and IP-10 as well as T cell growth factor IL-9 were significantly upregulated (Figure 2A, left panel), suggesting, as expected, the importance of these immune mediators in the initial immune response to the vaccine.




Figure 2 | CCG alterations as a response to primer and booster dose vaccinations in cancer patients. (A) Differentially expressed CCGs after the administration of the primer and booster doses, compared to the CCG levels prior to vaccine administration. (B) Differentially expressed CCGs at day 21 and day 28, compared with baseline day 0. P-values were calculated using paired t-test. The vertical dotted line represents no change. The horizontal dotted line represents a p-value of 0.05.



On the other hand, we measured a downregulation of several CCGs after administration of the primer dose, such as IL-17A, IL-8, IL-4, TSLP, VCAM-1, ICAM-1, Tie-2, and VEGF-D. Most of these analytes are crucially involved in the adaptive immune response or in cancer progression (26, 27). For example, downregulation of TSLP, that has an important role in the maturation of T cell populations and in enhancing Th2 responses (28), and of IL-4, a key Th2 cytokine with profound effects on B cell function, could be detrimental to the development of an adaptive immune response in the studied cancer patients (Figure 2A, left panel).

Seven days after booster dose administration, 14 CCGs were significantly elevated compared to the levels measured just before the booster dose administration. Interestingly, similar to alterations observed after administration of the primer dose, upregulated CCGs included molecules responsible for the anti-viral IFN responses (IP-10, IFN-γ, and IFN-γ-inducing IL-18), but also inflammatory marker CRP, Th1 cytokines (TNF-α, IL-1β, IL-6, and IL-1Ra), MIP-1α, and eosinophil and B-cell function promoting factor (IL-5) indicating activation of a wide range of immune markers despite the immunocompromised status of these patients (Figure 2A, right panel). Remarkably, after a non-significant drop one day after the primer dose administration, the levels of IL-5 gradually increased, especially after the administration of the booster dose at day 28. IL-5 is a major eosinophilic factor, but it was originally identified as a B cell growth and differentiation factor in inducing antibody secretion and class switching (29) and fits well with our data of highly upregulated IL-5 levels after the booster dose. Notably, within the power of our study, none of the studied immunomodulatory and Treg CCGs (i.e., IL-10, IL-2, and IL-2Rα) were altered. Levels of vascular injury marker VCAM-1 and angiogenesis markers BDNF, bFGF and VEGF-A were also upregulated after booster dose administration (day 28), compared to the levels just before administration of the booster dose (day 21) (Figure 2A, right panel). Notably, angiogenic markers bFGF, BDNF and VEGF-A were significantly increased at both day 21 and day 28 compared to day 0 (Figure 2B). An independent regression analysis also showed that these angiogenic markers along with VEGF receptor (Flt-1) were significantly increasing over time after the primer dose administration (Supplementary Figure 1). However, in absence of a non-vaccinated cancer patient group it is difficult to ascertain whether this significant increase in angiogenic markers is the effect of vaccination or a part of natural progression of cancer in these patients.

We previously reported in this cohort that local or systemic adverse events (AEs) were mostly mild to moderate with only 3% (n = 5) and 6% (n =12) patients experiencing severe local or systemic AEs after primer and booster dose, respectively (5). Local reactogenicity was graded as mild, moderate, or severe. Systemic AEs were recorded according to the Common Terminology Criteria for Adverse Events version 5.0 (CTCAE v5.0; graded 0–5; grade 5 being death). Additionally, investigating whether CCG responses are different in patients who developed severe AE, only PlGF was observed to be significantly downregulated after the primer dose in uncorrected paired t-test statistics (p = 0.027) and was not significant after post-hoc false discovery rate correction. These data fit well with studies suggesting that systemic adverse events noted after vaccination in cancer patients are not necessarily vaccine related (5, 16).



3.2 Type of cancer therapy does not majorly alter the CCG profile induced by the BNT162b2 mRNA vaccine

An inadequate IgG immune response to the BNT162b2 mRNA vaccine was reported especially in hematological malignancy patients and notably in those receiving rituximab, an anti-CD20 B cell blocker (5). We thus first questioned whether CCG profiles could discriminate hematological cancer patients receiving rituximab from those receiving stem cell transplantation, the other major treatment modality for hematological malignancy patients studied in this report, or from all other cancer and treatment groups combined. A significant discrimination was observed at day 1 for hematological cancer patients with or without rituximab (accuracy = 87%; R2 = 0.67; Q2 = 0.30), but was not observed at other timepoints, nor was observed at any timepoint when combining the groups of solid cancer and non-rituximab-treated hematological cancer patients (Supplementary Figure 2). As other treatment modalities, especially chemotherapy for patients with solid tumors, also showed a diminished immune response, we performed a similar discriminant analysis that showed no significant underlying difference in CCG profiles at any timepoint (Figure 3; Supplementary Figure 3).




Figure 3 | CCGs alterations as a response to primer and booster vaccinations in cancer patients undergoing different treatment regimens. Cluster analyses of CCGs at different timepoints with a Partial Least Squares-Discriminant Analysis (PLS-DA) reveal minor differences between patients undergoing distinct types of anti-cancer therapies. Hematological patients included patients receiving rituximab or patients who received an allogeneic hematopoietic stem cell transplantation at least one year before the primer dose vaccination.



Studying individual cytokines in a difference of mean analysis revealed that the only cytokine linked to vaccine administration and upregulated in all treatment groups was IP-10, which is indicative of an effective anti-viral immune response. Moreover, IP-10-regulator IFN-γ was also upregulated in patients with solid tumors treated with targeted or hormonal therapy (Supplementary Figure 3). Surprisingly, neutrophil chemoattractant IL-8 was downregulated in both hematological malignancy patients and patients with solid tumors treated with targeted/hormonal therapy. Moreover, all groups of patients with solid tumors demonstrated a significant downregulation of IL-17A, a pro-inflammatory cytokine involved mainly in the activation of neutrophils. Lastly, the solid tumor cohort treated with chemotherapy or targeted/hormone therapy showed a significant increase of VEGF-C, bFGF, and BDNF over 21 days (Supplementary Figure 3). These data indicate that except for rituximab-treated hematological malignancy groups that behave differently at day 1, type of cancer therapy is not a major driver for the observed CCG profiles induced by the BNT162b2 vaccination.



3.3 CRP, IL-15, IL-18, and PlGF predict a poor BNT162b2 immune response in cancer patients

Due to the limited ability of some patients with solid or hematological malignancies to develop a protective antibody response, we aimed to identify a unique CCG signature in cancer patients that could differentiate good from poor responders to BNT162b2 vaccination. For this, we examined the relationship between alterations in the studied CCGs at all sampling timepoints (day 0, day 1, day 21, and day 28) with levels of anti-RBD titers measured 28 days after the administration of the booster dose of the BNT162b2 vaccine (day 49) (Figure 1). This was done following several approaches. First, we utilized anti-RBD titers measured at day 49 as a continuous variable and correlated with CCGs at all studied timepoints. Amongst others, BDNF, VEGF-C, IFN-γ, IFN-β, and ICAM-1 were significantly positively associated with anti-RBD titers at one or several timepoints (Figure 4A). Additionally, bFGF, PIGF, IL-18, G-CSF, and pro-inflammatory cytokines IL-15 and IL-16 were significantly negatively associated with anti-RBD titers (Figure 4A). These data suggest that pre-existing and sustained CCG signatures in patients with solid and hematological malignancies can be predictive of the quantitative antibody response post-BNT162b2 vaccination.




Figure 4 | Prediction models for BNT162b2 immune response in cancer patients. (A) Correlation matrix depicting the correlation between CCG measurements (log10 transformed) and quantitative anti-RBD IgG measurements at day 49. IgG antibody levels to SARS-CoV-2 RBD antigen were assessed with an enzyme-linked immunosorbent assay for quantitative detection of IgG antibody levels to SARS-CoV-2 RBD antigen. Only CCGs with significant correlations are shown. (B) Significantly different between good (≥ 200 IU/mL) (blue) and poor (< 200 IU/mL) (red) responders to the BNT162b2 vaccine. A good/poor responder threshold of anti-RBD IgG titer of 200 IU/mL used in this study predicts a neutralization response required for 50% protection against symptomatic SARS-CoV-2 infection (99%-100% specificity at a sensitivity of 95%). *p < 0.05, **p < 0.01, ***p < 0.001. (C) Area Under the Receiver Operating Characteristic (AUROC) values for 10 predictors of the binary IgG response as good or poor responders at day 0, day 1, day 21, and day 28. * Denotes significant p-values of at least < 0.05. (D) Random Forest Classifier predicted a model where a combination of CRP, IL-15, IL-18, and PlGF levels measured right before vaccine administration (day 0) and at day 1, day 21, and day 28 after the primer dose predicted good and poor responders with high accuracy (AUCs depicts averages of 10 individually constructed ROC curves).



Since the primary outcome of this study was the assessment of the level of protection conferred by vaccination, we further utilized a threshold of 200 IU/mL shown to predict a neutralization response conferring 50% protection against SARS-CoV-2 infection in our prior study (5). Examining the ability of CCGs to predict poor responders (< 200 IU/mL) from good responders (≥ 200 IU/mL), 4 CCGs were identified to be significantly different at all studied timepoints that included CRP, IL-15, IL-18, and PlGF (Figure 4B).

Area under the curve receiver operating characteristic (AUROC) analysis was further performed to discriminate between good and poor responders. AUROC was constructed for each CCG and the top discriminant CCGs were utilized to build models. Performance was studied for each timepoint to assess the capability of the model to sustain at all studied timepoints. While inflammatory marker CRP on its own did not emerge as a good classifier (see Supplementary Table 2 for more details) and did not correlate with anti-S or anti-RBD antibody titers measured as a continuous variable (Figure 4A), a highly significant difference was observed in CRP levels in good and poor responders at all studied timepoints (Figure 4B). Moreover, prior to vaccine administration, the upregulated inflammatory marker CRP showed the highest predictive value for vaccine response followed by NK-cell inducer IL-15, PlGF, IL-6, IL-18, and serum amyloid A (SAA). One day after administration of the primer dose, CRP, IL-18, IL-15, PlGF, IL6, and SAA remained in the signature predicting a worse qualitative antibody response. Similarly, prior to administration of the booster dose, the signature included CRP, IL-15, IL-18, PlGF, and SAA (Figure 4C).

Lastly, we performed Random Forest classification that validated the signature consisting of CRP, IL-15, IL-18, and PlGF, differentiating good from poor anti-SARS-CoV-2 BNT162b2 vaccine responders with more than 80% accuracy. Interestingly, this signature was maintained until day 28 after the administration of the primer dose (Figure 4D; Supplementary Figure 4).




4 Discussion

In this study, we show an alteration of a diverse group of inflammatory mediators and growth factors that includes interferons, Th1, Th2, and Th17 cytokines, as well as some markers of angiogenesis and vascular injury in a heterogeneous population of patients with solid or hematological malignancies vaccinated with BNT162b2. In a previous study, some of these CCGs including IFN-γ, IP-10, TNF-α, IL-6, IL-1Ra, CRP, MIP-1α, and VEGF-A were shown to be upregulated upon BNT162b2 administration in healthy individuals (12); however, the upregulation noted in healthy volunteers (up to 20-fold) is substantially higher than noted in our population of cancer patients (up to 2-fold). Additionally, an increase in IFN-γ and IP-10 levels was also observed in an elderly population upon administration of the BNT162b2 vaccine but at a larger magnitude than detected in our cohort (17). These data suggest that BNT162b2 vaccine administration in cancer patients can generally elicit an anti-SARS-CoV-2-driven immune response that is similar in pattern, but not in magnitude, to healthy individuals. Even though our study is restricted to the BNT162b2 vaccine, we expect to observe similar alterations upon administration of other mRNA COVID-19 vaccines as well as non-mRNA vaccines, although they show a more pronounced upregulation of pro-inflammatory responses at least after the administration of the primer dose (30).

All cohorts of patients with solid and hematological malignancies undergoing different treatment regimens developed anti-viral interferon responses after vaccination with BNT162b2. However, with the exception of the rituximab treatment cohort, no major underlying differences in CCG profiles were identified between different cancer or treatment groups at any timepoint. These data suggest that despite having different tumor types and undergoing different therapies, patients respond similarly to vaccination with BNT162b2.

Previous studies have shown that antibody titers in patients with certain cancers, including but not limited to, advanced cancers and B cell hematological malignancies, are either absent or very low not only after SARS-CoV-2 infection, but also after SARS-CoV-2 vaccination (5, 7–11, 31–34). In line with the major aim of this study, we identified a unique immune signature based on upregulated CRP, IL-15, IL-18, and PlGF that could be used to identify patients who did not sufficiently respond to vaccination with BNT162b2 vaccine. The signature was present at different studied timepoints before or after vaccination and was not majorly affected by different anti-cancer treatments. We believe that this unique biomarker signature would not only be useful for clinicians in identifying cancer patients at increased risk of developing SARS-CoV-2 for better patient care, but also be able to guide health policies in categorizing cancer patients in need of enhancer vaccine doses or pre-exposure prophylaxis with synthetic monoclonal antibodies to protect potential non-responders to the BNT162b2 vaccine.

Lastly, our data also suggest that pro-inflammatory cytokines and growth factors interact to dictate an inherent immune response in cancer patients that could generally render them refractive to other immune interventions. Whether the identified signature or similar immune-based CCG profiles can be predictive of primary resistance to immunotherapy, observed in approximately 12% of the patients (35), remains open to future investigations.
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The development of vaccines that can efficiently prevent the infection of SARS-CoV-2 is necessary to fight the COVID-19 epidemic. mRNA vaccine has been proven to induce strong humoral and cellular immunity against SARS-CoV-2. Here, we studied the immunogenicity and protection efficacy of a novel mRNA vaccine SYS6006. High expression of mRNA molecules in 293T cells was detected. The initial and boost immunization with a 21-day interval was determined as an optimal strategy for SYS6006. Two rounds of immunization with SYS6006 were able to induce the neutralizing antibodies against the SARS-CoV-2 wild-type (WT) strain, and Delta and Omicron BA.2 variants in mice or non-human primates (NHPs). A3rd round of vaccination could further enhance the titers of neutralization against Delta and Omicron variants. In vitro ELISpot assay showed that SYS6006 could induce memory B cell and T cell immunities specifically against SARS-CoV-2 in mice. FACS analysis indicated that SYS6006 successfully induced SARS-CoV-2-specific activation of T follicular helper cell (Tfh) and Th1 cell, and did not induce CD4+Th2 response in NHPs. SYS6006 vaccine could significantly reduce the viral RNA loads and prevent lung lesions in Delta variant infected hACE2 transgenic mice. Therefore, SYS6006 could provide significant immune protection against SARS-CoV-2.
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Introduction

The coronavirus disease 2019 (COVID-19) is caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). As of August 14, 2022, over 587 million confirmed cases and 6.4 million deaths had been reported worldwide (https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports). There are currently five strains of SARS-CoV-2 listed by WHO as variants of concern (VOCs), including Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2) and Omicron (B.1.1.529) (1). The current global epidemiology of SARS-CoV-2 is characterized by the rapid spread of Omicron (2). Therefore, the development of vaccines that can efficiently prevent the infection of main variants of SARS-CoV-2, such as Delta and Omicron, will provide better options to fight the COVID-19 epidemic.

SARS-CoV-2 is a single-strand RNA virus and infects host cells through binding to a widely expressed receptor protein, angiotensin-converting enzyme 2 (ACE2), via its spike protein (S protein) (3). S protein is a type I transmembrane protein, including two subunits, S1 and S2. The receptor-binding domain (RBD) of S1 recognizes and binds to ACE2. S2 fuses the viral envelope with the host cell membrane to facilitate the entry of viral RNAs (4). Therefore, S protein is crucial in the process of SARS-CoV-2 infection. S protein or RBD domain is a common target for the development of SARS-CoV-2 vaccines (5).

At present, the two mRNA vaccines that have been approved for marketing or emergency use are Spikevax, developed by Moderna and Comirnaty, developed by Pfizer/BioNTech (6, 7). The vaccines enter the host cells by endocytosis, then their mRNAs are released from lipid nanoparticle (LNP) and express S antigens by the ribosome. The S antigens induce immune responses mainly in two distinct ways. The intracellular antigens are digested into polypeptides and presented to cytotoxic T cells by MHC class I complex. Subsequently, the activated cytotoxic T cells directly secret perforin and granzyme to induce the apoptosis of infected cells. The extracellular antigens can be taken up and broken down into polypeptides by antigen-presenting cells and presented to helper T cells through MHC class II complex. The activated helper T cells stimulate B cells to produce antibodies and induce macrophages to eliminate pathogens through inflammatory cytokines (8). Therefore, mRNA vaccines can induce the clearance of infected SARS-CoV-2 in host through the dual mechanisms of both cellular and humoral immunities. Results from clinical trials of the two mRNA vaccines, Comirnaty and Spikevax, showed that their protective efficacies against SARS-CoV-2 infection were more than 90% after the two-dose vaccinations. The most common adverse effects included headache, joint pain, muscle pain, fatigue, fever, pain and swelling at the injection site, which were entirely tolerable (6, 7). Therefore, mRNA vaccines show controllable safety and high efficacy in the control of COVID-19.

SYS6006 is a SARS-CoV-2 mRNA vaccine developed by Zhongqi Pharmaceutical Technology Co., Ltd. of CSPC Pharmaceutical Group, which combines mRNA molecules with lipids to form lipid nanoparticles. The mRNA molecules were designed according to the S protein sequence of the prototype SARS-CoV-2 strain and the key mutations of main epidemic variants. To enhance immunogenicity, K986P and V987P mutations (S-2P) are also introduced to maintain prefusion conformation of the encoded antigen (9). Here, we demonstrated that SYS6006 was able to induce the neutralizing antibodies against the SARS-CoV-2 wild-type (WT) strain, and Delta and Omicron BA.2 variants in mice or non-human primates (NHPs). SYS6006 could successfully induce SARS-CoV-2-specific memory B cell immunity, the activation of T follicular helper cells (Tfh) and Th1 cells, and did not induce CD4+Th2 response in NHPs. Furthermore, SYS6006 vaccine could significantly reduce the viral RNA loads and completely prevent lung lesions induced by Delta variant infection in hACE2 transgenic mice. The significant immune protection against SARS-CoV-2 supports further clinical development of SYS6006 in humans.



Materials and methods


Mice

Pharmaron TSP was fully credited by the International Experimental Animal Assessment Committee (AAALAC). All procedures utilized in the study were in accordance with “Guide for the Care and Use of Laboratory Animals” and Pharmaron TSP Institutional Animal Care and Use Committee (IACUC) policies. An animal care and use application for this study was reviewed and approved by Pharmaron TSP IACUC (IACUC No.: 21-375).


Non-human primates

Certified commercial monkey diet of approximately 200 g/day (Beijing Keaoxieli Feed Co., Ltd., SCXK (Jing) 2019-0003, Lot No.: 21068211, 21078211, 21088211, 21088221, 21098211) was provided twice daily and fruits of approximately 50 g/day once daily to each monkey, except for scheduled fasting times. Nutritional ingredients (tested for moisture, protein, fat, fiber, ash, calcium, and phosphorus), chemical parameters (tested for arsenic, lead, mercury, cadmium, benzene hexachloride, clofenotane, and aflatoxin B1), and microbiological testing (aerobic plate count, coliform, mold and yeasts count, and pathogenic bacteria (Salmonella)) in the diet of every batch were analyzed by Pony Testing Technology Tianjin Co., Ltd. and Centre Testing International (Qingdao) Co., Ltd. The diet met the State Standard of the People’s Republic of China GB14924.2-2001 and GB14924.3-2010. Animal care and management were compliant with the relevant Standard Operating Procedures (SOPs) of JOINN Laboratories, the Guide for the Care and Use of Laboratory Animals, 8th Edition (Institute of Laboratory Animal Resources, Commission on Life Sciences, National Research Council; National Academy Press; Washington, D.C., 2010), and the U.S. Department of Agriculture (USDA) through the Animal Welfare Act (Public Law 99-198). JOINN Laboratories is fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC). Procedures used in this study were approved by the Institutional Animal Care and Use Committee (IACUC) at JOINN Laboratories (IACUC serial number: ACU21-1700).




Cells, viruses and proteins

African green monkey kidney cells Vero (ATCC, CCL-81) and human embryonic kidney cells HEK 293T (ATCC, CRL-11268) were maintained in Dulbecco’s minimal essential medium (DMEM; Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (FBS; Thermo Fisher Scientific) and penicillin (100 U/mL)-streptomycin (100 mg/mL) (Thermo Fisher Scientific). Patient-derived SARS-CoV-2 isolates, including wild-type, Delta and Omicron variants, were passaged in Vero cells, and the virus stock was aliquoted and titrated according to the tissue culture infective dose 50% (TCID50) in Vero cells (10). All experiments on SARS-CoV-2 infection were performed under Biosafety Level 3 facilities. The recombinant RBD protein, the peptide pools of S protein and the entire S protein were respectively obtained from GenScript and WuXi AppTec.



mRNA synthesis

The mRNA was produced in vitro using T7 RNA polymerase-mediated transcription from a linearized DNA template, which encodes full length spike protein of SARS-CoV-2 carrying the key mutations of major epidemic strains. Besides that, the 5’ and 3’ untranslated regions and a poly-A tail were also incorporated into the synthesized mRNA.



Lipid-nanoparticle encapsulation of the mRNA

Lipids were dissolved in ethanol, and the mixture contains ionizable lipids, DSPC, cholesterol, etc. The lipid mixture was then combined with 20 mM citrate buffer (pH4.0) containing mRNA at a ratio of 1:2 through a designed micro-channel device. After that, formulations were then diafiltrated against the 10×volume of PBS (pH7.4) through a tangential flow filtration (TFF) membrane with a cut-off of 140 kD molecular weight. Subsequently, the mRNA nanoparticles were concentrated to desired concentrations, passed through a 0.22 μm filter, and stored at 2-8°C until use. All formulations were tested for particle size, particle distribution, RNA concentration and encapsulation.



mRNA transfection

HEK293T cells were seeded in 6-well plates at 600,000 cells/well. Eighteen hours later, the cells were transfected with 4 μg mRNA of S protein using Lipofectamine 2000 Transfection Reagent (Thermo Fisher Scientific). Cells were collected 24 hours after transfection. The expression of mRNA molecules was then detected by western blot and flow cytometry analysis (FACS) with MonoRab™ SARS-CoV-2 Neutralizing Antibody (4G6) (Genscript).



Mouse immunization

Ten of 6-8-week-old female BALB/c mice were immunized intramuscularly with various doses of SYS6006 and boosted with equal dose on day 14, 21or 28 post initial immunization. Sera were collected at day 7 after boost immunization for detection of SARS-CoV-2-specific IgG and neutralizing antibodies. Spleen tissues were collected at day 28 post initial immunization for evaluation of cellular immune responses.



Evaluation of sera antibody titers

S1-specific IgG antibody titers against Delta variant were determined by ELISA assay. Briefly, 10-fold serial dilutions of the inactivated serum starting at 1:10000, were added into the 96-well plates (100 μL/well) coated with the recombinant Delta S1 antigen. The plates were incubated at 37°C for 60 minutes. After washing three times with wash buffer, the plates were added with Horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (1:10000). Then, the plates were washed five times with wash buffer and added with TMB substrate, followed by 10 minutes of incubation at room temperature. After that, the absorbance (450 nm) was read using a microplate reader.

Neutralizing antibody titers against WT strain, and Delta and Omicron variants of SARS-CoV-2, respectively, were determined using the corresponding live virus-based neutralization assay. 2-fold serial dilutions of the serum, starting at 1:40, were mixed with 100 TCID50 live viruses in a 1:1 (vol/vol) ratio, followed by incubation at 37°C for 2 hours. After that, Vero cells were incubated with the serum-virus mixtures at 37°C for 2 days, and the cytopathic effects (CPE) of vero cells were detected by CellTiter-Glo Luminescent Cell Viability Assay (11). The 50% neutralization titer (NT50) was calculated according to the antibody titer in serum with 50% inhibition of CPE.



Cynomolgus monkey immunization studies

A total of 20 adult cynomolgus monkeys with similar age and weight were randomly assigned into two groups. The animals in these two groups were immunized intramuscularly with 30 μg and 90 μg of mRNA vaccine, respectively, and boosted twice with a 21-day interval using the same dose. Blood was collected on day 35 and day 50 after initial immunization to detect neutralizing antibodies.



Enzyme-linked immunospot assay

The immune responses elicited by the designed mRNA vaccine in the vaccinated mice were assessed using mouse IgG and IFN-γ ELISpot kits (Mabtech), according to the manufacturer’s protocol. Briefly, the plates were blocked using RPMI 1640 (Thermo Fisher Scientific) containing 10% FBS and incubated for 30 minutes. Splenocytes from immunized mice were then plated at 300,000 cells/well with RBD, S protein, or peptide pool for SARS-CoV-2. After incubation at 37°C for 36 hours, the plates were washed with wash buffer, and biotinylated anti-mouse IgG or IFN-γ was added into each well, followed by incubation for 2 hours at room temperature. After the addition of chromogenic substrate for 6.5 minutes at room temperature, the reaction was terminated by washing under running water for 2 minutes, and the plates were dried at 37°C for 30 minutes. Finally, the spots were counted using an ELISpot counter (AID).



Mouse infection experiments

The hACE2 transgenic mice were supplied by National Institutes for Food and Drug Control. Two groups of 6-8-week-old female hACE2 transgenic mice were immunized intramuscularly with SYS6006 mRNA-LNP (5 μg/dose, n = 9; 20 μg/dose, n = 9), and boosted with equal dose on day 21 after the initial immunization. Sera were collected starting on day 7 after the initial immunization with a 7-day interval to detect the S1-specific IgG against Delta. The immunized mice were infected intranasally with the live virus of Delta variant (5×104.33 TCID50/mouse) on day 12 after boost immunization. 7 days after the infection, all animals were sacrificed, and the lung tissues were collected for the subsequent viral RNA detection and histopathology assay.



Quantification of viral RNA in the lung tissue of the infected mouse by RT-qPCR

Viral RNA in the lung tissues from the infected mice was detected by quantitative reverse transcription PCR (RT-qPCR). Briefly, tissue samples were weighed and homogenized. Viral RNA in the tissues was extracted using the QIAamp Viral RNA Mini Kit (QIAGEN) according to the manufacturer’s protocol. The viral RNA quantification was performed by RT-qPCR targeting ORF1ab and N genes of SARS-CoV-2 using One Step PrimeScript RT-PCR Kit (Takara). The detected viral RNA loads were expressed on a log10 scale after comparison with a standard curve produced using the ten-fold serial dilutions of SARS-CoV-2 RNA.



Histopathology assay

For histopathologic examination, lung tissues from the infected mice were fixed in 4% neutral-buffered formaldehyde for 48 hours, which were then embedded in paraffin, sectioned, and stained with hematoxylin and eosin (H&E). Tissue sections were examined microscopically by a pathologist. Original magnification of the observation was set to 20.



Statistical analysis

Data were analyzed using GraphPad Prism (GraphPad Software, San Diego, CA, USA). ANOVA analysis, Mann-Whitney or t-test was used to determine the statistical significance among different groups.




Results


The expression of mRNA molecules as a vaccine

SYS6006 is a SARS-CoV-2 mRNA vaccine combining mRNA molecules with lipids to form lipid nanoparticles. The mRNA molecules were designed according to the S protein sequence of the prototype SARS-CoV-2 strain, and contained several key mutation sites present in pandemic strains including Delta, BA.4, BA.5, and BF.7. The mutations of K986P and V987P were also introduced in SYS6006 to maintain the prefusion form of spike protein, which could induce more specific neutralizing antibodies when expressing in vivo, and were also included in Pfizer-BioNTech (BNT162b2, Comirnaty) and Moderna (mRNA-1273, Spikevax) mRNA vaccines (12, 13). To validate the immunogenicity and protection of SYS6006 against SARS-CoV-2, we first detected the expression of mRNA molecules in 293T cells. The full-length S protein could be detected by western blot 24 hours after mRNA transfection (Figure 1A). The results of FACS showed that the ratio of cells with S protein expression is 98.11% (Figure 1B). Therefore, the mRNA molecules in SYS6006 can be translated into target antigen, S protein, in human cells.




Figure 1 | The expression of SYS600 mRNA molecule in 293T cells. 293T cells were transfected with mRNA molecules of SYS6006 for 24 hours. The expression of S protein was detected respectively by western blot (A) and FACS analysis (B).





SARS-CoV-2-specific antibodies induced by SYS6006 under different immunization strategies

To determine the optimal immunization strategy for SYS6006, BALB/c mice were immunized intramuscularly with 5, 10 or 20 μg of mRNA vaccine, respectively, and then boosted with another dose on day 14, 21 or 28. The sera were collected from the immunized mice 7 days after boost vaccination and the IgG antibodies in the sera were measured using ELISA assay. The geometric mean titers (GMTs) of the S1-specific antibodies against Delta variant were over 1:10^5.0 for all the tested immunization strategies with different prime-boost intervals. The boost immunization on day 21 induced the highest GMT among these 3 strategies (Figure 2A). The S1-specific antibody GMT against Delta variant was still over 1:10^6 175 days after the boost immunization for the immunization strategy with a 21-day interval. The S1 antibody GMTs under the immunization of 10 and 20μg SYS6006 were significantly higher than that of 5μg SYS6006 (Figure 2B). Moreover the S1 antibody GMT against Delta variant in monkeys received 30μg SYS6006 twice with a 21-day interval maintained at 1:10^4 190 days after the first immunization (Figure S1). These results indicated the persistence of immune protection by SYS6006. Therefore, the immunization scheme of two-dose vaccination with a 21-day interval was optimal and selected for further studies.




Figure 2 | The GMTs of S1-specific IgG antibodies against Delta variant in the sera of the vaccinated mice under various immunization strategies. 6-8-week-old female BALB/c mice were immunized intramuscularly with the indicated doses of SYS6006 and boosted with an equal dose on day 14, 21 or 28 post initial immunization. Sera were collected from mice 7 days after boost immunization and used to detect the geometric mean titers (GMTs) of S1-specific IgG antibodies against Delta variant (A). Sera were also collected from mice at the indicated time points after 2-dose immunization with 21-day interval and used to detect the GMTs of S1-specific IgG antibodies against Delta variant (B). Data are presented as geometric mean ± geometric SD. *P<0.05, **P<0.01, ***P<0.001 vs. mice immunized with 5μg of SYS6006.





Neutralizing antibodies induced by SYS6006 in mice and NHPs

To detect the neutralizing antibody levels against SARS-CoV-2 virus induced by SYS6006, ten BALB/c mice were immunized intramuscularly with 5, 10, or 20 μg of the designed mRNA vaccine and boosted with the same dose on day 21. The sera were collected from the immunized mice 14 days after boost vaccination and incubated with the wild-type SARS-CoV-2 as well as the Delta variant. Then the serum-virus mixtures were incubated with Vero cells to detect the cytopathic effect. According to the neutralization titers of antibodies in sera with 50% inhibition of CPE, SYS6006 was able to induce the production of neutralizing antibodies against both WT strain and Delta variant. The neutralization against Delta variant induced by 20 μg dose was significantly higher than that induced by 5 μg dose (Figure 3A).




Figure 3 | NT50s of neutralizing antibodies against the SARS-CoV-2 WT strain, as well as Delta and Omicron BA.2 variants under SYS6006 immunization. (A) 6-8-week-old female BALB/c mice were immunized intramuscularly with the indicated doses of SYS6006 and boosted with the same dose on day 21 post initial immunization. Sera were collected from mice 14 days after boost immunization. The serum samples from 3 or 4 mice were mixed and used to test NT50s of neutralizing antibodies against SARS-CoV-2 wild-type strain and Delta variant. (B) Cynomolgus macaques were intramuscularly immunized with the indicated doses of SYS6006 and boosted twice with a 21-day interval using the same dose. The sera were collected 35 days (D35) and 50 days (D50) after the initial vaccination. The NT50s of neutralizing antibodies in sera against SARS-CoV-2 WT strain, and Delta and Omicron BA.2 variants were determined. Data are presented as geometric mean ± geometric SD. NT50, neutralization titer with 50% inhibition of cytopathic effect, WT, wild-type. The fold changes and statistical significances between NT50s of corresponding groups were presented on the columns.



To detect the neutralization capability of SYS6006 in NHPs, cynomolgus macaques were intramuscularly immunized with mRNA vaccine and boosted twice with a 21-day interval using the same dose. The sera were collected 14 days after the 2nd vaccination (D35) and 8 days after the 3rd vaccination (D50). The neutralization titers of sera against the WT strain, and Delta and Omicron BA.2 variants were determined according to the 50% inhibition of CPE in Vero cells infected with the mixture of serum and virus. As shown in Figure 3B, both the immunization schemes with different doses (30 and 90 μg) of SYS6006 were able to induce the neutralization antibodies against the WT strain, as well as Delta and Omicron variants. The NT50s of antibodies against WT and Delta for the dose of 90 μg were significantly higher than those of 30 μg dose on D35. In addition, compared with two-dose vaccination, three-dose vaccination could further enhance the neutralization capability against Delta variant under both 30 and 90 μg immunization, and also enhance the neutralization capability against Omicron variant under 90 μg immunization.



The activity of memory B cells induced by SYS6006 in mice

In order to detect the activity of memory B cells induced by SYS6006, BALB/c mice were intramuscularly immunized with 5, 10, or 20 μg of mRNA vaccine and boosted with the same dose on day 21. The splenocytes were collected 7 days after boost vaccination and tested for B cell activity via mouse IgG ELISpot assay. As shown in Figure 4, all the three immunization schemes with different doses induced B cells specifically recognizing RBD and S proteins of SARS-CoV-2. After in vitro expansion with R848 and IL2 for 4 days, B cells in all the mice recognized RBD and spike proteins of SARS-CoV-2, suggesting that SYS6006 could induce memory B cells specifically against SARS-CoV-2 in mice (Figure S2A, B).




Figure 4 | The specific activity of B cells induced by SYS6006 in mice. 6-8-week-old female BALB/c mice were immunized intramuscularly twice with the indicated doses of SYS6006 with a 21-day interval. The splenocytes were collected 7 days after the 2nd vaccination, stimulated with RBD and spike antigens, and tested for B cell activity via mouse IgG ELISpot assay (n=6). Data are presented as mean ± SD. RBD, receptor-binding domain.





The T cell immunity against SARS-CoV-2 induced by SYS6006 in mice and NHPs

In order to detect the T cell immunity induced by SYS6006, BALB/c mice were intramuscularly immunized with 5, 10 or 20 μg of mRNA vaccine and boosted with the same dose on day 21. The splenocytes were collected 14 days after boost vaccination, and stimulated with 2 peptide pools of SARS-CoV-2 S protein. Then the T cell immunity was detected via mouse IFN-γ ELISpot assay. As shown in Figure 5, all the three immunization schemes with different doses induced significant T cell response specifically against S protein of SARS-CoV-2.




Figure 5 | The T cell immunity against SARS-CoV-2 induced by SYS6006 in mice. 6-8-week-old female BALB/c mice were immunized intramuscularly with the indicated doses of SYS6006 and boosted with the same dose on day 21 post initial immunization. The splenocytes were collected 14 days after boost vaccination, stimulated with 2 peptide mixtures of S protein, and tested for T cell activity via mouse IFN-γ ELISpot assay (n=10). Data are presented as mean ± SD. Concanavalin A (ConA) was positive control to stimulate T cells.



To further detect the T cell immunity induced by SYS6006 in NHP, cynomolgus monkeys were intramuscularly immunized with 30 or 90 μg of mRNA vaccine and boosted with the same dose on Day 21. The peripheral blood mononuclear cells were collected 50 days after primary vaccination, and stimulated with a peptide pool of SARS-CoV-2 S protein. Then the T cell immunity was detected via FACS analysis. As shown in Figure 6A, the activation of T follicular helper cell (CD4+ CCR7+CD45RA−CXCR5+ICOS+Tfh) against S protein was enhanced in NHPs immunized with both lower and higher doses of SYS6006.The gating strategy for IL21+ Tfh cell was presented in Figure S3 (14–17). The SARS-CoV-2-specific CD4+Th1 and Th2 cells were also detected by FACS analysis. The gating strategies for Th1 and Th2 cells were presented on Figure S4. The ratios of IL2+ and IFNγ+ Th1 cells against S protein were enhanced in NHPs immunized with both lower and higher doses of SYS6006 (Figure S5A, B). The Th2 cells were not affected under both lower and higher doses of SYS6006 as shown by intracellular staining of IL4 and IL13 (Figures 6B, C). Therefore, our results demonstrated that the mRNA vaccine SYS6006 successfully induced SARS-CoV-2-specific Tfh and Th1 activation, which supported durable B and T cell immune responses. The Th2 response was not affected by SYS6006, which indicated the safety of this mRNA vaccine.




Figure 6 | The antigen-specific Tfh and Th2 cells in NHPs immunized with two different doses of SYS6006. Cynomolgus macaques were intramuscularly immunized with the indicated doses of SYS6006 and boosted with a 21-day interval using the same dose. The peripheral blood mononuclear cells were collected from NHPs 50 days after the 1st vaccination, stimulated with a peptide pool of SARS-CoV-2 S protein, and tested for the rates of IL21+ Tfh cells (A), and IL4+ (B) and IL13+ (C) Th2 cells via FACS analysis (n=3). Data are presented as mean ± SD. PMA/Ionomycin was positive control to stimulate T cells. ns, no significance; NHPs, non-human primates; Tfh, T follicular helper cell; PMA, phorbol 12-myristate 13-acetate.





SYS6006 vaccine protected hACE2 mice from lung lesions induced by the Delta variant

To further evaluate the protective efficacy of SYS6006 in vivo, female hACE2 mice were immunized intramuscularly with 5 or 20 μg of mRNA vaccine and boosted with the same dose on day 21. Live-virus infection of Delta variant was conducted via intranasal instillation in the vaccinated and control mice on day 12 after boost vaccination. The amount of Delta variant is 5×104.33 TCID50 per mouse. The GMTs of S1-specific IgG antibodies against Delta variant were kept at 1:10^6 both in 5 and 20 μg groups during the vaccination and virus infection processes.

The mice were sacrificed 7 days after live-virus infection with the Delta variant. The copies of ORF1ab and N genes in the lung tissues of the infected mice were detected via RT-qPCR to determine viral RNA loads, and histopathological examination of the lung tissues was also performed. No obvious viral RNAs were detected in the lungs of the mice both in the 5 and 20 μg vaccination groups. In contrast, high levels of viral RNAs were detected in the lungs of the infected ed mice in the control group, with 106and 106.38 copies/mL for ORF1ab and N genes, respectively (Figures 7A, B). Thus, both the immunization schemes with the dose of 5 and 20 μg could significantly reduce the viral RNA loads of the Delta variant.




Figure 7 | The viral loads in the lung tissues of hACE2 transgenic mice under the infection with Delta variant. 6-8-week-old female hACE2 transgenic mice were immunized intramuscularly with SYS6006, boosted with the same dose on day 21 after the initial immunization, and intranasally infected with live-virus of Delta variant on day 12 after boost vaccination. Lung tissues were collected 7 days after virus infection and tested for the quantities of ORF1ab (A) and N (B) RNAs by RT-qPCR. NC means the control mice without immunization and virus infection. “Virus infection” group represents the mice did not receive vaccination but were infected by live virus. “5 μg SYS6006” and “20 μg SYS6006” groups mean the mice were vaccinated with 5 μg and 20 μg of SYS6006 respectively, and then infected by live virus. The dot line indicated the detection limit of Real-time PCR (1000 copies/mL virus RNA and cycling threshold (CT) =35). Data are presented as mean ± SD. ACE2, angiotensin-converting enzyme 2.



More importantly, the control mice developed typical lung lesions, including macrophage aggregation (minimal to moderate, 5 out of 8 mice), lymphocyte proliferation (moderate, 1 out of 8), pulmonary mineralization (minimal, 1 out of 8), mucus in bronchiole (minimal, 1 out of 8), thickened alveolar septa (mild, 1 out of 8), and regional necrosis (mild, 1 out of 8). Whereas, only 1 out of 9 mice in the 5μg-dose vaccination group developed macrophage aggregation (minimal), and no lung lesion was detected in all 9 mice in the 20μg-dose group (Figure 8). These results demonstrated that two doses of SYS6006 vaccine with 20 μg/dose completely protected mice from lung lesions induced by the Delta variant.




Figure 8 | The lung lesions in the hACE2 transgenic mice under the infection with Delta variant. (A) The lung tissue of the control mouse without SYS6006 immunization and virus infection (20×); (B-D) The lung tissues of the mice without SYS6006 immunization infected by Delta virus. The marked circles and arrows in the figures indicate moderate macrophage aggregation (circle in B, 20×), moderate lymphocyte proliferation (circle in C, 5×), mild thickened alveolar septa (black arrow in C, 5×), slight mineralization (red arrow in C, 5×), and regional necrosis (D, 10×), respectively; (E) The lung tissue of the mouse infected by Delta virus after the immunization with 5 μg of SYS6006 (20×). The circled region indicates slight macrophage aggregation; (F) The lung tissue of the mouse infected by Delta virus after the immunization with 20 μg of SYS6006 (20×).






Discussion

Previous reports indicated that mRNA vaccine could induce both cellular and humoral immunities to block SARS-CoV-2 infection (8). The present study demonstrated that 2- or 3-dose immunization of SYS6006 was able to induce the neutralizing antibodies against the WT SARS-CoV-2 strain, and the Delta and Omicron variants in mice and NHPs. The 3rd dose of vaccination could further enhance the titers of neutralization against Delta and Omicron variants. ELISpot and FACS analysis showed that SYS6006 could induce SARS-CoV-2-specific memory B cell and T cell immunities in mice, and Tfh and Th1 activation in NHPs. And the vaccine did not induce Th2 immune response. Twenty micrograms of SYS6006 vaccine could significantly reduce the viral RNA loads of Delta variant in the lung tissue, and completely prevent the lung histopathology induced by Delta variant infection in hACE2 transgenic mice. Therefore, SYS6006 could elicit significant humoral and cellular immune responses against SARS-CoV-2.

The neutralization titers against Omicron BA.2 were down-regulated only 50% compared with that against WT strain in the 2-dose or 3-dose vaccination of SYS6006 in NHPs. It suggested that SYS6006 kept relatively strong neutralization capability against Omicron variants. The 3rd dose of vaccination in NHPs could significantly enhance the neutralization titers against Delta and Omicron BA.2 variants, which was consistent with previous study (12, 18). The antibody titers of SYS6006 against Delta variant maintained high levels in both mouse and monkey for over 6 months, indicating the persistence of humoral immune protection induced by SYS6006. Our findings were consistent with previous reports demonstrating that the LNP-delivering mRNA vaccine or modified vaccinia virus ankara (MVA) vaccine expressing spike antigen could induce robust and prolonged germinal center reactions, recruiting memory B cells as well as new clones for the durable protective antibody responses against SARS-CoV-2 virus (9, 19).

The activation of antigen-specific Tfh cell supported long-term immune response of B cell, and IL21 was the canonical cytokine produced by Tfh cells (20). In vitro antigen stimulation and FACS analysis showed that over 5% Tfh cell were activated for IL-21 responses against S protein of SARS-CoV-2 in NHPs with SYS6006 immunization, even higher than the ratio of Tfh activation induced by mRNA-1673 from Moderna (14). This result confirmed that SYS6006 was able to induce long-term B cell response. The induction of CD4+ type 2 helper T-cell (Th2) (IL4, IL5, or IL13) responses has been associated with vaccine-associated enhanced respiratory disease (VAERD), as seen in some patients with respiratory virus infections (21). The Th2 cell response was not affected by SYS6006 immunization, which suggested a good safety profile of SYS6006 (22).

Because of biosafety facility limitations, we are not able to obtain protection efficacy data in mouse or NHP under the infection of prevalent SARS-CoV-2 variant such as Omicron BA.2 or BA.5.According to previous report, the mRNA vaccines expressing spike antigens such as mRNA-1273 and BNT162b could induce neutralizing immunity against Omicron variant in boost immunization, only 4-6-fold lower than the immunity against wild type strain (23). Based on the comparison with neutralizing antibody levels in macaques vaccinated with BNT162b2, protective immunity against Omicron variant can be expected in most macaques immunized with three doses of SYS6006 (12). A previous study demonstrated that the neutralizing antibody titer against the Omicron variant 6 months after the third dose of mRNA-1273 was 6.3-fold lower than that of one month after the boost vaccination (24). Thus, understanding the dynamic changes of SYS6006-mediated antibodies is still necessary.

In conclusion, the present study demonstrated the high immunogenicity and protection efficacy of SYS6006 against SARS-CoV-2 in multiple animal models. The strong neutralization effects of SYS6006 and other mRNA vaccines against Delta and Omicron variants highlight the power of mRNA vaccines in the protection against the frequently-varied SARS-CoV-2 virus.
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Supplementary Figure 1 | The GMTs of S1-specific IgG antibodies against Delta variant in the sera of monkeys under the immunization of 30 μg SYS6006 and a 21-day interval. Cynomolgus macaques were intramuscularly immunized with 30 μg SYS6006 and boosted once with a 21-day interval. Sera were collected at the indicated time points and used to detect the GMTs of S1-specific IgG antibodies against Delta variant. Data are presented as geometric mean ± geometric SD. GMT, geometric mean titer.

Supplementary Figure 2 | The activity of memory B cells induced by SYS6006 in mice. 6-8-week-old female BALB/c mice were immunized intramuscularly twice with the indicated doses of SYS6006 with a 21-day interval. The splenocytes were collected 7 days after the 2nd vaccination, expanded with R848 and IL2 for 4 days, stimulated with RBD (A) and spike (B) antigens, and tested for B cell activity via mouse IgG ELISpot assay (n=6). Data are presented as mean ± SD. RBD, receptor-binding domain.

Supplementary Figure 3 | Gating strategy for analysis of IL21+ Tfh cells. The peripheral blood mononuclear cells collected from immunized NHPs shown in were stained with L/D FVS700, CD3 APC-Cy7, CD8 BV480, CD45RA PE-Cy5, CCR7 BV421, CXCR5 PE, PD-1 BV785, ICOS PE-Cy7and IL21 APC, and tested for the rates of IL21+ Tfh cells via FACS. Tfh cells were gated as singlets, living, CD3+, CD8-, CCR7+, CD45RA-, CXCR5+, PD-1+ and ICOS+ lymphocytes. One case immunized with 30μg SYS6006 was presented as a gating example. NHPs, non-human primates; Tfh, T follicular helper cell; PMA, phorbol 12-myristate 13-acetate.

Supplementary Figure 4 | Gating strategies for analysis of IFNγ+ and IL2+ Th1 cells and IL4+ and IL13+ Th2 cells. The peripheral blood mononuclear cells collected from immunized NHPs were stained with L/D FVS660, CD3 APC-Cy7, CD8 BV480, CD4 PerCP, IL2 BV750, IFNγ Alexa Fluro700,IL4 FITC and IL13 BV421, and tested for the rates of Th1 and Th2 cells via FACS. One case immunized with 30μg SYS6006 was presented as a gating example.

Supplementary Figure 5 | The antigen-specific Th1 cells in NHPs immunized with two different doses of SYS6006. Cynomolgus macaques were intramuscularly immunized with the indicated doses of SYS6006 and boosted with a 21-day interval using the same dose. The peripheral blood mononuclear cells were collected from NHPs 50 days after the 1st vaccination, stimulated with a peptide pool of SARS-CoV-2 S protein, and tested for the rates of IL2+ (A) and IFNγ+ (B) Th1 cells via FACS analysis (n=2). Data are presented as mean ± SD. PMA/Ionomycin was positive control to stimulate T cells. NHPs, non-human primates; PMA, phorbol 12-myristate 13-acetate.
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Background

The emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants and the persistence of the pandemic, even with mass coronavirus disease 2019 (COVID-19) vaccination, have raised questions about the durability of immunity and extent of cross-reactive immunity after vaccination. This study aimed to characterize the humoral and cellular immune response to the mRNA-1273 vaccine using a prospective longitudinal cohort.



Methods

We recruited 177 young SARS-CoV-2 infection-naive adults. Two doses of mRNA-1273 vaccine were administered at 28-day intervals, and blood samples were collected at five time points: pre-vaccination (T0), 4 weeks after the first (T1) and second dose (T2), and 3 months (T3) and 6 months (T4) after the first dose. Anti-SARS-CoV-2 spike protein (anti-S) IgG antibody, neutralizing antibody, and T-cell immune responses were evaluated.



Results

The two-dose mRNA-1273 vaccination induced robust anti-SARS-CoV-2 antibody responses, which remained higher than the titers at T1 until T4. A higher peak anti-S antibody titer at T2 was associated with better cross-reactive immunity against Delta and Omicron variants and long-lasting (anti-S IgG and neutralizing antibody) humoral immunity up to T4. The overall T-cell immune response was not correlated with peak antibody titers (T-lymphocyte subpopulation analysis was not performed).



Conclusion

This study showed that an early strong antibody response is predictive of longer humoral immunity and better cross-reactive neutralizing immunity against Delta and Omicron variants.





Keywords: SARS-CoV-2 infection, mRNA-1273 vaccine, COVID-19, cellular immunity, humoral immunity



1 Introduction

The coronavirus disease 2019 (COVID-19) pandemic continues with more than 600 million confirmed cases and 6.4 million deaths reported worldwide as of August 31, 2022. The administered vaccine dose has reached 12.5 billion as of August 31, 2022 (1), with 67.7% of the world population having received at least one dose of COVID-19 vaccine. In South Korea, 86% of the total population is fully vaccinated with primary series, ranking among the top ten countries worldwide (2). Nevertheless, cases of COVID-19 resurged across countries, particularly in South Korea (2), raising concerns about the longevity of vaccine immunogenicity and immune escape due to the widespread circulation of variants.

The mRNA-1273 vaccine, which displayed a clinical efficacy of 94.5% against confirmed COVID-19 cases in an initial study (3), is the second most commonly used vaccine in South Korea, despite its delayed approval (4, 5). However, there are limited data on cellular immunity and long-term humoral immunity of more than 6 months after mRNA-1273 vaccination (6–11). Booster vaccination (third dose) has been recommended mostly based on the BNT162b2 vaccine data, which showed waning effectiveness and reduced cross-reactive immune responses against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants (12). However, the mRNA-1273 vaccine demonstrated a stronger immune response in an early study and slower waning of effectiveness compared with that of BNT162b2 (12–14). These results call for long-term follow-up data on immune responses after mRNA-1273 vaccination, particularly in infection-naive individuals.

We previously reported short-term anti-SARS-CoV-2 humoral immunity up to 4 weeks after the second dose of mRNA-1273 vaccination (15). This study aimed to evaluate the longitudinal kinetics of humoral and cellular immunity against SARS-CoV-2 following mRNA-1273 vaccination in young adults. In addition, cross-reactive immunity against variants of concern (VOCs) was also analyzed in a subset of participants.



2 Methods


2.1 Study design and participants

This multicenter, prospective cohort study was initiated in June 2021, at four university hospitals, near the time that the mRNA-1273 vaccine was approved in South Korea. Healthy adults, aged ≥19-years-old, who were scheduled to receive a two-dose mRNA-1273 vaccination (100 µg/dose) were recruited. Individuals were excluded from the study if they had a prior SARS-CoV-2 infection, autoimmune disease, or immunocompromising conditions. We confirmed that none of the participants were SARS-CoV-2 infected during the study period using nuclear capsid (N) protein antibody testing; the anti-N antibody was measured using the SARS-CoV-2 IgG assay (Abbott Laboratories, Chicago, IL, USA), according to the manufacturer’s protocol.

Demographic information, including age, sex, body mass index (BMI), comorbidities, and history of SARS-CoV-2 infection, was collected from each participant. Blood samples were collected at each scheduled visit as follows: T0 (day of the first dose vaccination), 4 weeks after the first dose (T1), 4 weeks after the second dose (T2), and 3 months (T3) and 6 months (T4) after the first dose. When collecting blood samples at each time point, all participants were checked for SARS-CoV-2 infection since their last visit. In addition, 7 days after each dose of vaccine was administered, the participants were requested to record the presence of solicited adverse events (AEs) through a standardized electronic questionnaire. This study was approved by the ethics committees of the Korea University Guro Hospital (2021GR0099), Ajou University Hospital (AJIRB-BMR-SMP-21-267), Kangnam Sacred Hallym University Hospital (HKS 2021-05-023), and International St. Mary’s Hospital (S21MIME0045). All participants provided written informed consent (Clinical Trial Number - NCT05258708). The trial was conducted under current Good Clinical Practices.



2.2 Measurement of immunogenicity

Anti-SARS-CoV-2 spike protein (anti-S) IgG antibodies were assayed using an electrochemiluminescence immunoassay (Elecsys anti-SARS-CoV-2 spike ECLIA, Roche Diagnostics, Pleasanton, CA, USA), according to the manufacturer’s protocol. For the analysis of factors influencing humoral immune responses, a strong antibody response was defined as anti-S IgG antibody titers > 5400 U/mL at the peak period (T2), which is four-fold higher than the IgG titer correlated with a viral neutralization titer ≥160 (16). When we applied the same criteria (>5400 U/mL) in a previous short-term immunogenicity study, only the top third had an anti-S IgG antibody titer > 5400 U/mL (15). The plaque reduction neutralization test (PRNT) was performed using the wild-type (WT) SARS-CoV-2 virus (hCoV/Korea/KCDC03/2020), as described previously (15). The median neutralizing titer (ND50) was defined as the concentration of antibodies that reduced the number of viruses by 50%; a threshold ≥ 1:20 was considered positive. The PRNT assay was performed only on samples from the participants at two hospitals. Using age-stratified sampling, we randomly selected a subset of participants. In this subset of participants, we also analyzed cross-neutralizing activity against VOCs, including Delta (B.1.617.2 lineage, hCoV-19/Korea/KDCA229079/2021) and Omicron (lineage B.1.1.529, hCoV-19/Korea/KDCA447321/2021).

In addition, an IFN-γ enzyme-linked immunosorbent spot (ELISpot) assay was performed to quantify SARS-CoV-2-specific cellular immune responses in peripheral blood mononuclear cells (PBMCs) from 45 randomly selected participants at T2 and T3. ELISpot plates (Human IFN-γ ELISpotPRO kit, Mabtech AB, Nacka Strand, Sweden) were blocked with RPMI medium 1640 (Gibco, Grand Island, NY, USA) containing 10% fetal bovine serum (Gibco) and 1% penicillin/streptomycin (Gibco). After washing, the plates were incubated with 2 μg/well of SARS-CoV-2 spike (ID: P0DTC2) peptide pools (GenScript, Piscataway, NJ, USA) and 3 × 105 PBMCs/well. Stimulation with DMSO or PMA/ionomycin was used as negative and positive controls, respectively. The plates were then processed according to the manufacturer’s protocol, and the median spot forming units (SFUs) were counted using the ELISpot reader. The results are presented as SFUs per million input PBMC (SFUs/106 PBMC). The ELISpot assay was also performed only on participants from two hospitals, and some samples were not tested due to the poor PBMC quality.



2.3 Statistical analysis

A repeated-measures analysis of variance (ANOVA) was used to evaluate the changes in antibody titers at time points T0–T4 within the group of participants. Log-transformed data were used to calculate the geometric mean titers (GMTs) with 95% confidence intervals (CI). The geometric mean ratio (GMR) was calculated as the mean difference of the measurements on a log scale. The χ2 test or Fisher’s exact test was used for categorical variables, whereas the Student’s t-test or one-way ANOVA was used to compare continuous variables, followed by Scheffé’s test for multiple comparisons. Correlations were calculated using Pearson’s correlation coefficient. The results were considered statistically significant at p-value < 0.05.

Antibody decay rates and half-life were calculated using an exponential decay model fit to data starting on the study day corresponding to the T2 time point and beyond. Participants who missed even one blood sample collection after the T2 time point were excluded from the decay rate analysis. The exponential model after log10 transformation of titers took the following form (17): log10 (titerij) = α + β*(study dayij) + ui + eij. Where α and β are the intercept and decay rate, respectively; ui is the random intercept for each participant i (considering repeated measures per participant) and eij is the model error for participant i on study day j. The mixed-effects model was constructed to fit repeated measures with the “proc mixed” procedure. The half-life was computed using the delta method: t1/2 = log10 (0.5)/β'. Where t1/2 is the day on which the titer has decayed to half of its starting value, and β’ is the estimated model decay rate. To compare the half-life between strong and normal responders, a responder variable was included in the model considering repeated measure.

Statistical analyses were performed using SPSS Statistics for Windows, version 24.0 (IBM Corp., Armonk, NY, USA) and SAS for Windows 9.4 software platform (SAS Institute Inc., NC, USA).




3 Results


3.1 Characteristics of the study population

A total of 177 participants were included in this study. However, owing to missed visits, blood samples were obtained from 162 (91.5%) participants at all time points, 167 (94.4%) at four time points, 171 (96.6%) at three time points, and 177 (100%) at two time points (Figure 1). The baseline characteristics of the study participants are presented in Supplementary Table 1. The mean age of all participants was 25.4 ± 3.9 (standard deviation, SD) years, with 70% being women. The BMI (mean ± SD) at baseline was 21.6 ± 2.9 kg/m2. All of the participants were healthy and had no comorbidities. The interval (mean ± SD) between vaccine doses 1 and 2 was 28.9 ± 2.3 days. The intervals (mean ± SD) from dose 1 to follow-up time points were as follows: 23.7 ± 3.3 days to T1, 56.8 ± 1.8 days to T2, 78.3 ± 4.3 days to T3, and 172.0 ± 9.2 days to T4. The interval (mean ± SD) from dose 2 to T2 was 27.9 ± 3.0 days. None of the participants tested positive for SARS-CoV-2 infection during the study period.




Figure 1 | Study diagram. NAT, neutralizing antibody assay.





3.2 Anti-S IgG and neutralizing antibody responses over time

The anti-S IgG antibody kinetics revealed peak responses at 4 weeks after dose 2 (T2) and progressively decreased over the subsequent 4 months, with a decelerating rate of decline between T2 and T4 (Figure 2; Supplementary Table 2). However, 6 months after dose 1 (T4), anti-S IgG antibody titers were still significantly higher than those measured 4 weeks after dose 1 (T1). Anti-S IgG antibody titers changed significantly at all study time points (p < 0.001). There was a 58% decrease in the average anti-S IgG antibody titer from the peak period (T2) to T4. The half-life of anti-S IgG antibodies was 35 days, 154 days, and 105 days at T2–T3, T3–T4, and T2–T4, respectively.




Figure 2 | Dynamics of anti-S IgG (A) and neutralizing antibody (B) responses. Two-tailed p-value resulting from repeated-measures ANOVA with post-hoc test (*p < 0.05, **p < 0.01, ***p < 0.001). Error bar depicts mean with 95% confidence interval. Inverted triangle indicates vaccine administration. T0, day of the first dose of vaccine; T1, 4 weeks after the first dose; T2, 4 weeks after the second dose; T3, 3 months after the first dose; T4, 6 months after the first dose.



The neutralizing antibody responses among 100 participants showed kinetics similar to anti-S IgG antibodies; GMTs declined from 2851.8 (2481.9–3276.7) at T2 to 1090.4 (929.5–1279.3) at T4 (Figure 2; Supplementary Table 2). The neutralizing antibody half-life was 77 days at T2 and beyond.



3.3 Cross-reactive neutralizing immunogenicity against variants of concern

In a subset of 20 randomly selected participants, PRNT was performed against the WT, Delta variant, and Omicron variant to evaluate cross-reactive immunogenicity. At the peak period (T2) of the humoral immune response, the GMTs were 3324.1 for the WT, 1249.4 for the Delta variant, and 83.4 for the Omicron variant. These values represented a 2.7-fold and 39.9-fold reduction for the Delta and Omicron variants, respectively, compared with the WT (Figure 3). At T4, the GMTs were 1353.9 for the WT, 272.1 for the Delta variant, and 34.9 for the Omicron variant, representing a 5.0-fold and 38.8-fold reduction, respectively, compared with the WT. Neutralizing antibodies waned over time; the decline rate was faster in the order of the Delta variant (78%, 70–84%), WT (62%, 52–69%), and Omicron variant (58%, 33–74%) (Supplementary Figure 1). Nevertheless, most sera from T4 (6 months after dose 1, average 176 days) still neutralized Delta and Omicron variants in the PRNT (100% and 85%, respectively).




Figure 3 | Neutralizing antibody response against variants of concern at two time points (T2 and T4). WT, wild-type. *** denotes p < 0.001. T2, 4 weeks after the second dose; T4, 6 months after the first dose.



Correlation analysis of neutralization titers between the WT strain and each variant strain revealed a significant correlation for all variants, although the significance disappeared for the Omicron variant at T4 (Pearson’s r = 0.34, p = 0.149) (Supplementary Figure 2).



3.4 SARS-CoV-2-specific T-cell immune response

Supplementary Figure 3 shows the IFN-γ ELISpot assay results regarding T-cell responses to the SARS-CoV-2 S protein in 45 participants. After the second vaccination dose at T2 and T3, 41 (91%) and 40 (89%) participants showed a positive IFN-γ ELISpot response, with median numbers of SFUs of 66.89 (95% CI, 37.68–118.76) and 24.85 (95% CI, 14.74–41.90), respectively. Unlike the humoral immune response, the temporal trend of individual plots of cellular response was substantially variable, with no significant difference between T2 and T3.



3.5 Significance of higher peak anti-S IgG antibody levels on long-term humoral immunity, cross-reactive immunity, and cellular immunity

A steeper decline in antibodies was observed in the strong responders (peak anti-S IgG titers >5400 U/mL) than in the normal responders (Supplementary Table 2). Between T2 and T4, strong responders showed a 63% and 66% decrease in anti-S IgG and neutralizing antibody titers, respectively, whereas normal responders showed a 54% and 62% decrease, respectively. The half-life of anti-S IgG at T2-T4 was significantly shorter in strong responders compared to normal responders (89 days versus 116 days, p<0.001). In comparison, although statistically insignificant, the half-life of neutralizing antibodies at T2-T4 was longer in strong responders compared to normal responders (85 days versus 70 days, p=0.18). Nevertheless, strong responders still presented higher anti-S IgG antibody titers than normal responders up to 6 months after the first dose (1.78-fold, 1.53–2.08). Regarding the neutralizing antibodies, strong responders showed higher titers than that of normal responders at most time points, although the significance disappeared at T4 (1.35-fold, 0.99–1.85) (Figure 4; Table 1; and Supplementary Table 2). The neutralization activity against Delta or Omicron variants at the peak period was higher in strong responders than in normal responders, but this difference was attenuated at T4. A strong anti-S IgG response was not associated with the magnitude of cellular immunity (Table 1).




Figure 4 | Temporal trend of anti-S IgG antibody titers (A) and neutralizing antibody titers (B) after vaccination, stratified by the peak anti-S IgG response. NS = p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001. T0, day of the first dose of vaccine; T1, 4 weeks after the first dose; T2, 4 weeks after the second dose; T3, 3 months after the first dose; T4, 6 months after the first dose.




Table 1 | Correlation of peak anti-S IgG antibody response with long-term humoral immunity, cross-reactive immunity, and cellular immunity.





3.6 Correlation between anti-S IgG and neutralizing antibody titers

Notably, a correlation was observed between the anti-S IgG and neutralizing antibody values obtained on a per-sample basis (Supplementary Figure 4). However, the variability in anti-S IgG responsiveness was unrelated to the cellular response at each time point (Supplementary Figure 5).




4 Discussion

In this multicenter prospective study of young SARS-CoV-2 infection-naive adults, mRNA-1273 primary series vaccination induced peak antibody responses approximately 4 weeks after the second dose and declined progressively thereafter. However, even 6 months after the first dose (T4), antibody titers remained higher than those measured 4 weeks after the first dose (T1). Notably, compared with normal responders, strong responders at the peak period (T2) showed rather higher cross-immunity against Delta and Omicron variants at each time point, and sustained higher antibody responses up to 6 months after vaccination. In comparison, the T-cell immune response was not correlated with peak antibody titers. Approximately 90% of the participants showed a positive SARS-CoV-2-specific T-cell immune response after the second dose of vaccine.

Our post-vaccination antibody kinetics were similar to those of SARS-CoV-2 infection with respect to the peak, plateau, and waning patterns: an initial rapid decline followed by a slower decrease (18, 19). The half-lives of anti-S IgG antibodies and neutralizing antibodies calculated in this study are similar to the antibody reduction rate and biphasic decay pattern seen in individuals who recovered from SARS-CoV-2 infection (19–21). The half-life of IgG is approximately 3 weeks; therefore, to maintain detectable circulating antibodies for extended periods, continuous production by plasma cells is needed (22). The biphasic decay curve, also shown in our study, is considered evidence of long-lived plasma cell generation after two-dose vaccination. Long-lived plasma cells have recently been reported in patients who recovered from SARS-CoV-2 infection (23). In an experimental mouse model, mRNA vaccination also induced long-lived plasma and memory B cell responses (24). Clinically, a few studies have reported antibody persistence after mRNA-1273 vaccination (6–10), but only a small number of participants were included (6, 7, 9, 10), and neutralizing antibody assays were not conducted (8, 10). Using a large-scale longitudinal cohort, we added meaningful evidence regarding the durability of antibodies up to 6 months after mRNA-1273 vaccination.

Several SARS-CoV-2 VOCs with multiple spike protein mutations have emerged. This study showed a prominent decline in neutralizing activity against these variants, especially the Omicron variant, which surged in early 2022, and spread worldwide. In agreement with our study, a number of studies have reported a 2- to 4-fold reduction in neutralizing activity against the Delta variant and a 30-fold reduction against the Omicron variant compared with that of the WT SARS-CoV-2 strain at the peak point of antibody response (11, 21, 25). Compared with previous studies (11, 26), mRNA-1273 vaccination in this study demonstrated a less pronounced reduction in cross-reactive neutralization against the variants; most individuals showed detectable neutralizing antibodies against the Delta and Omicron variants within 6 months (100% and 85%, respectively) after vaccination, which could be partly explained by differences in the vaccine composition or formulation and ethnicity (genetic variation) between study populations (11, 26, 27).

Notably, this study showed that a strong anti-S IgG response during the peak period is a predictor of both long-term and cross-reactive immunity against SARS-CoV-2 variants. Strong responders tended to have a faster waning of humoral immunity, as shown in a previous study (28). Nevertheless, strong responders in this study induced higher antibody titers than normal responders, even at 6 months after vaccination. In this study, the half-life of the anti-S IgG antibody titer was shorter in strong responders than in normal responders, but the half-life of the neutralizing antibody titer in strong responders was longer than that in normal responders. In individuals in whom the initial antibody immune response is stronger, neutralizing antibodies are likely to persist for longer, even though the anti-S IgG antibody titer declines rapidly. The higher the peak antibody titers after a two-dose primary series of vaccine, the more likely it is that B cells differentiate into high-quality long-lived plasma cells, which would contribute to maintaining the circulating antibody for a longer time.

Vaccine effectiveness against SARS-CoV-2 infection seemed to decrease more slowly than expected through humoral immunogenicity studies, showing a reduction of less than 30% of the peak level in the first 6 months (29, 30), whereas protection against hospitalization and death appeared to be much more robust, with no evidence of waning for several months after the second dose (29). T-cell immunity may contribute to prolonged effectiveness in preventing severe diseases. Regarding T-cell immunity, compared with the rapid decline in specific IgG titers, long-lasting memory T-cells were detected up to 17 years after SARS-CoV infection (31). A previous study on cellular immunity after mRNA-1273 vaccination showed a similar cellular immune response (86% positivity at 3 months after the second dose) with our results; however, they presented a close relationship between humoral and cellular immune responses, contrary to our study (28). Another study revealed that T-cell responses after the first dose, which was not measured in our study, correlated with antibodies at 6 months, highlighting a key role for early CD4 T-cell responses (9). In this study, cellular immunity was not correlated with humoral immunity at any time point, which might be related to the differences in the study population with respect to age and pre-existing cross-reactive T-cell immunity from seasonal coronavirus infections (32). Alternatively, it might be because a T-lymphocyte subpopulation analysis was not conducted, and T-cell immunity was not measured at an early time point.

This study has several limitations. First, it was conducted on healthy young adults, excluding older adults and chronically ill patients. Second, neutralization titers and cellular immunity were measured only in a subset of participants; the small sample size might cause a statistically insignificant results in our analyses. Third, T-cell immunity at the beginning of vaccination might play an important role in the subsequent immune response after vaccination, but the immune response was not measured during the early stage (within 7 days after vaccination). Finally, due to the wide intervals between blood sampling points, the formula for estimating half-life might be somewhat imprecise, so caution is needed in interpretation.

In conclusion, this study showed that an early strong antibody response is predictive of longer humoral immunity and better cross-reactive neutralizing immunity against Delta and Omicron variants. A positive SARS-CoV-2 specific T-cell immune response was induced in most mRNA-1273 vaccine recipients.
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SARS-CoV-2 vaccines are recommended pre-transplantation, however, waning immunity and evolving variants mandate booster doses. Currently there no data to inform the optimal timing of booster doses post-transplant, in patients primed pre-transplant. We investigated serial serological samples in 204 transplant recipients who received 2 or 3 SARS-CoV-2 vaccines pre-transplant. Spike protein antibody concentrations, [anti-S], were measured on the day of transplantation and following booster doses post-transplant. In infection-naïve patients, post-booster [anti-S] did not change when V3 (1st booster) was given at 116(78-150) days post-transplant, falling from 122(32-574) to 111(34-682) BAU/ml, p=0.78. Similarly, in infection-experienced patients, [anti-S] on Day-0 and post-V3 were 1090(133-3667) and 2207(650-5618) BAU/ml respectively, p=0.26. In patients remaining infection-naïve, [anti-S] increased post-V4 (as 2nd booster) when given at 226(208-295) days post-transplant, rising from 97(34-1074) to 5134(229-5680) BAU/ml, p=0.0016. Whilst in patients who had 3 vaccines pre-transplant, who received V4 (as 1st booster) at 82(49-101) days post-transplant, [anti-S] did not change, falling from 981(396-2666) to 871(242-2092) BAU/ml, p=0.62. Overall, infection pre-transplant and [anti-S] at the time of transplantation predicted post-transplant infection risk. As [Anti-S] fail to respond to SARS-CoV-2 booster vaccines given early post-transplant, passive immunity may be beneficial to protect patients during this period.




Keywords: SARS-CoV-2, COVID- 19, immunosuppressed, kidney transplant, vaccine, infection



Introduction

The COVID-19 pandemic brought significant disruption to transplantation globally, and as services started to resume, the safety of recipients was and has remained a priority for the community (1–3). For the general population, vaccination heralded both protection against severe morbidity and mortality, and a change of attitude towards the pandemic. However, with evolving variants and relatively short-term protection afforded by each inoculation, more vulnerable people within the population remain reliant on ‘booster’ vaccines and effective treatments (4–6). The optimal timing of vaccination and boosters for people undergoing transplantation and commencing immunosuppression remains a challenge.

From the extensive vaccine immunogenicity and effectiveness data which have emerged, it is now acknowledged that established kidney transplant recipients mount suboptimal immune responses to SARS-CoV-2 vaccines, and remain at enhanced risk of severe infection compared with vaccinated counterparts in the general population (7, 8). Hypo-responsiveness to SARS-CoV-2 vaccines is greatest when vaccination occurs in the first year after transplantation; the period when immunosuppression burden is the greatest and infection risk from all pathogens is at its highest (3, 7). Hence, it is generally recommended that potential solid organ transplant recipients are vaccinated pre-immunosuppression (9). However, for old (eg. influenza) and new (eg. SARS-CoV-2) pathogens which require repeat inoculations due to waning immunoprotection or evolving variants, evidence for the optimal timing for vaccination post-transplant is weak (10).

This study aims to describe the longitudinal immunogenicity of the SARS-CoV-2 vaccines in new transplant recipients who received at least 2 vaccine doses pre-transplant. We aim to assess response to booster doses in the post-transplant period, and report effectiveness outcomes in terms of infection and severity.



Methods


Patient selection

All patients who received a kidney transplant between April 2021 and March 2022 at Imperial College Renal and Transplant Centre London were assessed for inclusion. Patients were eligible for participation if they had received 2 or 3 doses of a SARS-CoV-2 vaccine pre-transplantation, Figure 1. During the study period, it was routine clinical practice for patients to have SARS-CoV-2 serological assessment at the time of transplantation. Additional assessments were also undertaken following booster doses of vaccine. For the purposes of this report, only serological assessments performed between days 10-62 post-boost were considered. The median follow up of the study patients post-transplant was 11 (8–14) months. A cohort of haemodialysis patients receiving vaccination whilst awaiting a kidney transplant were used as controls, Supplemental Information, Table S1. Clinical and vaccine data were obtained from electronic patient records and vaccine database, respectively. The study was approved by the Health Research Authority, Research Ethics Committee (Reference: 20/WA/0123).




Figure 1 | Patient cohort by vaccine status at the time of transplant1. 1Samples available for analysis as described.



The immunosuppression protocol at our centre consists of monoclonal antibody induction for all patients with maintenance tacrolimus together with a steroid minimisation protocol. Patients receiving long-term corticosteroid treatment at the time of transplant are continued on their established dose post-transplant. In addition, maintenance mycophenolate mofetil (MMF) is prescribed for patients who received basiliximab or who are highly HLA sensitised, with a calculated reaction frequency of ≥85%.



Definition of infection and detection of antibodies

Infection was confirmed through viral detection via reverse-transcriptase polymerase chain reaction (RT-PCR) assays, or by positive lateral flow antigen tests from April 2022. Infection outcome data was obtained from centrally collected data held by the National Health Service Blood and Transplant (NHSBT) Service via The UK Health Security Agency (UKHSA). Prior infection was defined by a history of viral detection or via serological assessment; nucleocapsid protein antibodies (anti-NP) at any time, or the presence of spike protein antibodies (anti-S) pre-vaccination. Anti-NP was tested using the Abbott Architect SARS-CoV-2 IgG 2 step chemiluminescent immunoassay (CMIA). Samples were interpreted as positive or negative with a threshold index value of 1.4. Anti-S IgG concentrations ([anti-S]) were assessed using the Abbott Architect SARS-CoV-2 IgG Quant II CMIA. A quantitative assay with a threshold value of 7.1 BAU/ml for positivity, and an upper level of detection of 5680 BAU/ml. Boosted status was defined as a post-vaccination level ≥700 BAU/ml, based on arbitrary internal observations of lower-level limits in healthy populations. Patients who were diagnosed with infection post-vaccination but prior to serological testing, were considered as infection-experienced.



COVID-19 therapeutics

Treatment of COVID-19 infection was clinically based, and aligned with the UK Chief Medical Officer’s Interim Clinical Commissioning Policies (11). Prior to 20th December 2021, all treatment was in-patient based, and the monoclonal antibody (mAb) utilised in algorithms was casirivimab plus imdevimab (Ronapreve®) in seronegative patients (2.4g). From 20th December 2021, the mAb sotrovimab (Xevudy®) at 500mg doses, was available for people considered at highest risk of progression to severe disease in the community. Other outpatient treatments available during this period for this population included remdesivir, whilst for inpatients dexamethasone and tocilizumab were also considered.



Statistical analysis

Statistical analysis was conducted using Prism 9.0 (GraphPad Software Inc., San Diego, California). Unless otherwise stated, all data are reported as median with interquartile range (IQR). The Chi-squared test was used for proportional assessments. The Mann-Whitney and Kruskal-Wallis tests were used to assess the difference between 2 or >2 groups, with Dunn’s post-hoc test to compare individual groups. Comparison of paired samples was assessed using the Wilcoxon test. Survival analysis was assessed using the log-rank test. A p value of <0.05 was deemed statistically significant.




Results

Two-hundred and four patients were included; 129(63.2%) had received two vaccines (V2-group), and 75(36.7%) had received three vaccines (V3-group) pre-transplant, Figure 1A comparison of the V2-group and V3-group patient characteristics is shown in Table 1. Notably, the median time to transplantation following last vaccination was significantly longer in the V2-group compared with the V3-group; 103 (61–153) and 64(43-111) days respectively, p<0.001. At the time of transplantation, 90(69.8%) V2-group and 24(32.0%) V3-group patients were infection-naïve, p<0.0001.


Table 1 | Characteristics of transplant patients.



Anti-S results were available on the day of transplant surgery in 120(93.0%) V2-group and 72(96%) V3-group cases. Median [anti-S] were lower pre-transplant in the infection-naïve V2-group, 113(30-555) BAU/ml, compared with the V3-group, 676(261-2903) BAU/ml, p=0.0006. Median [anti-S] remained significantly lower pre-transplant in the infection-experienced V2-group, 1597(358-4614) BAU/ml, compared with the V3-group, 3680(1462-5680) BAU/ml, p=0.024.


Serological responses to a 3rd vaccine post-transplant in the V2-group

Post-V3 serological assessment was undertaken in 95 V2-group patients who received a third vaccine post-transplantation (PT-V3), 66(69.5%) and 29(30.5%) were infection-naïve and infection-experienced respectively. The median time to PT-V3 was 116(78-150) days post-transplant. Seventeen (25.8%) infection-naïve patients and 22 (75.6%) infection-experienced patients reached the definition of boosted status following PT-V3, p<0.0001. Median [anti-S] PT-V3 was 166(38-720) and 2207(684-5586) BAU/ml in the infection-naïve and infection-experienced individuals respectively, p<0.0001. Infection-naïve patients who had been primed with ChAdOx1 had lower [anti-S] compared with those who have received BNT162b2, following a PT-V3, with median [anti-S] of 77 (38-178) BAU/ml and 315 (194-955) respectively, p=0.015.

A paired comparison of pre-transplant and PT-V3 [anti-S] was undertaken in 60 infection-naïve V2-group patients. There was no difference in median [anti-S] pre-transplant and PT-V3, at 122(32-574) and 111(34-682) BAU/ml respectively, with a median difference of -1 (-182-153) BAU/ml, p=0.78, Figure 2A. Additional testing was performed in 51/60(85.0%) patients prior to PT-V3 at a median time of 44(32-64) days post-transplant; [anti-S] waned in the absence of infection or vaccination to 40(15-271) BAU/ml, significantly lower than both the corresponding pre-transplant level and following PT-V3 level, p<0.01, Supplemental Information, Figure S1.




Figure 2 | Comparison between pre-transplant and post-V3 anti-S concentrations in the V2-cohort by prior infection exposure. (A) In infection naïve patients, the median anti-S pre-transplant and post-V3 did not change, 122 (32-574) and 111 (34-682) BAU/ml respectively, with a median difference of -1 (-182-153) BAU/ml, p=0.78. (B) In patients with prior infection, the median anti-S pre-transplant and post-V3 did not change, 1090 (133-3667) and 2207 (650-5618) BAU/ml respectively, with a median difference of 4 (-625-2160) BAU/ml, p=0.26. ns, non-significant.



A further comparison of pre-transplant and PT-V3 [anti-S] was undertaken in 29 infection-experienced patients. There was no difference in median [anti-S] pre-transplant and PT-V3, at 1090(133-3667) and 2207(650-5618) BAU/ml respectively, with a median difference of 4 (-625-2160) BAU/ml, p=0.26, Figure 2B.



Paired comparison of 3rd vaccine responses in transplant patients versus dialysis patients

Anti-S concentrations following a 3rd vaccine dose were analysed in a control group of 63 haemodialysis patients (HD-V3) who contemporaneously received the two vaccines (V1+V2) whilst remaining on the transplant waitlist, of whom 36(57.1%) and 27(42.9%) were infection-naïve and infection-experienced respectively. A comparison of clinical characteristics between this comparator group and the V2-group can be found in the Supplemental Information, Table S1.

There was no difference in [anti-S] between the infection-naïve waitlist and pre-transplant V2-group following 2 vaccine doses, with median values of 277(32-952) BAU/ml and 236(48-1046) BAU/ml respectively, p=0.97, Figure 3A. However, following a 3rd vaccine dose, [anti-S] was significantly higher in the HD-V3 group, who remained on the waitlist, compared with the PT-V3 group, at 1982(936-5593) and 71(30-516) BAU/ml respectively, p<0.0001. Similarly, whilst there was no difference in [anti-S] in infection-experienced waitlist and pre-transplant V2-group, with median values of 2695(462-5680) and 696(173-3830) BAU/ml respectively, p=0.22; following a 3rd vaccine, [anti-S] was significantly higher in the HD-V3 versus PT-V3 patients at 5680(2681-5680) and 983(427-5214) BAU/ml respectively, p=0.0006, Figure 3B.




Figure 3 | Comparison of serological responses following (A) 2nd and 3rd vaccine dose in patients transplanted following (A) 2nd vaccine versus those remaining on the waitlist by infection status. In infection naïve individuals, there was no difference between post-V2 anti-concentrations whilst all were on the waitlist, p=0.97. Post-V3, anti-S concentrations were significantly higher in those remaining on the waitlist compared with the V2-group who were subsequently transplanted, median anti-S of 1982 (936-5593) and 71 (30-516) BAU/ml respectively, p<0.0001. (B) In patients with prior infection, post-V3 concentrations were significantly higher in dialysis versus transplant patients at 5680 (2681-5680) and 983 (427-5214) BAU/ml respectively, p=0.0006. ****p<0.0001, *** p<0.001, **p<0.01. ns, non-significant.





Comparison of serological responses following a 4th vaccine dose in V2- and V3-group patients

From 75 V2-group patients who received 2 vaccines (V3 and V4) post-transplant, paired serological testing was available in 36/75 (48.0%) patients at the time of transplantation, following -V3 and following -V4. The median time to PT-V4 in these 36 patients was 226(208-295) days. The corresponding median time to serological testing following PT-V3 and PT-V4 was 33(25-42) and 30(22-40) days respectively, p=0.56. At the time of testing PT-V4, 24/36(66.7%) patients remained infection-naïve, 16(66.7%) of whom met the serological criteria for a boosted status, compared with only 7(29.2%) following PT-V3, p=0.01. Median [anti-S] in infection-naïve patients following PT-V4 versus PT-V3 was 5134 (229-5680) versus 97(34-1074) BAU/ml respectively, p=0.0016, Figure 4. Only 1/12 (8.3%) infection-experienced patients did not meet boosted status PT-V4.




Figure 4 | Time to booster doses post-transplant and corresponding paired anti-S concentrations in patients who remained infection naïve. In the V2-group, the median time to the 3rd and 4th vaccine post-transplant was 110 (73-130) and 226 (208-295) days, p<0.001, and the median anti-S concentrations increased from 97 (34-1074) BAU/ml to 5134 (229-5680) post-V3 and V4 respectively, p=0.0016. For the V3-group, there was no increase in anti-S concentrations from the time of transplant to post-V4, with median values of 981 (396-2666) BAU/ml and 871 (242-2092) and respectively, p=0.62. **p<0.01; ****p<0.0001. ns, non-significant.



From 43 V3-group patients who received a 4th vaccine post-transplant (having received V1-3 pre-transplant), paired serological testing at the time of transplant and post-V4 was available in 35(81.3%). The median time to PT-V4 in the V3-group was 82(49-101) days, which was significantly shorter than the comparator V2-group who received PT-V4 at median time of 226(208-295) days, p<0.0001 post-transplant, Figure 4. Only 12/35(34.3%) V3-group patients were considered infection-naïve at the time of sampling PT-V4, at a median of 34 (21-42) days post vaccination. Seven of 12 (58.3%) patients were considered to have boosted status, although there was no significant difference in [anti-S] PT-V4 compared with at the time of transplant for these patients, with median values of 871(242-2092) and 981(396-2666) BAU/ml respectively, p=0.62, Figure 4. Twenty-three (65.7%) V3-group patients were infection-experienced at the time of testing PT-V4, of whom 17(68.0%) were considered boosted. There was no difference in [anti-S] PT-V4 compared with pre-transplantation, at 5477(690-5680) and 239(1089-5622) BAU/ml respectively, p=0.31.



SARS-CoV-2 infections and outcomes post-transplant

Ninety of all 204 (44.1%) patients were infection-experienced at the time of transplant. Seventy-seven patients (37.8%) were diagnosed with infection post-transplant, of which 24/77 (31.2%) cases were re-infections. Despite high reinfection rates, patients with infection exposure pre-transplantation were less likely to become infected post-transplant compared with infection-naïve patients, with 24/90(26.7%) and 53/114(46.5%) infections respectively; OR: 0.42 (0.23-0.76), p=0.004. The majority of the V2-group, 87/129 (67.4%), were transplanted whilst the Delta variant was dominant. In the V3-group, 47/75 (62.7%) patients were transplanted during the Omicron period. There was no difference in infection-free survival post-transplant between the 2 groups at the end of follow up, p=0.09, Supplemental Information, Figure S2. However, 51/55 (92.7%) of infected V2-group patients were diagnosed during the Omicron period, as were all V3-group patients.

Patients who were diagnosed with infection post-transplant had lower [anti-S] at the time of transplant compared with those who remained infection-free, with concentrations of 515(38-1847) and 1281(178-3925) BAU/ml respectively, p=0.004. Of patients who were diagnosed with infection post-transplant, 51/77 (66.2%) had received an additional vaccine dose during the post-transplant period. Five of 77 (6.5%) patients who were diagnosed with infection post-transplant died, of whom 3 (3.9%) were within 28 days of COVID infection. All five cases had PCR confirmed infection, all occurring during the Omicron period, 4 with available results confirming Omicron by genotyping. Twenty-three of 77 (29.9%) patients with post-transplant infection were hospitalised at the time or within 28 days following diagnosis; 5/23(21.7%) were infected following nosocomial transmission. Primary indication for admission may be found in the Supplementary Information, Table S2. By comparison, of the waitlist controls, 18/63 (28.6%) were diagnosed with infection post at least 3 doses of vaccine, of which there were no admissions and no deaths recorded.

Fifty patients had paired serology pre- and post-infection. Thirty-three (66.0%) had no interval vaccination, of whom 13 (39.4%) received monoclonal antibody treatment (mAb). Seventeen (34.0%) had an interval vaccine dose in addition to infection, of whom 5/17 (29.4%) received monoclonal antibody treatment, two casirivimab plus imdevimab and 15 sotrovimab. There was no significant difference in time to anti-S testing post-infection in the vaccine+mAb+, vaccine+mAb-, vaccine-mAb+ and vaccine-mAb- patients at a median of 35 (14-143), 72 (45-99), 65 (28-89) and 61 (36-143) days post-infection respectively, p=0.77. There was also no difference in [anti-S] between the groups, with median levels of 2370(1418-5680), 3703(129-5680), 3386 (2487-5680) and 1937(673-4903) BAU/ml respectively, p=0.27, Supplemental Information, Figure S3. All groups had a significant increase in anti-S compared with pre-transplant except for the vaccine+mAb+ group, in whom [anti-S] rose from 39 (7.1-879) to 2370 (1418-5680), p=0.13, Supplemental Information, Figure S4.




Discussion

This study has shown both important confirmatory and novel findings. Firstly, prevalence of breakthrough SARS-CoV-2 infection in de novo transplant recipients is high, with nosocomial transmission common. Pre-transplant infection exposure and [anti-S] at the time of transplant predicted post-transplant infection risk. There was no increase in [anti-S] in transplant patients receiving either V3 or V4 in the first few months post-transplant. However, there was a significant increase in [anti-S] in patients who received a booster after a median time of 6 months, suggesting timing was important. Finally, mAb therapy did not appear to negatively impact on longitudinal [anti-S] in those patients who were diagnosed with infection and vaccinated. However, enhanced [anti-S] were seen in those treated for infection in the absence of a booster vaccine

Despite infection being a major cause of morbidity and mortality, there is sparse high quality evidence on the optimal dosing and timing of vaccination post-transplantation (10). Recent influenza vaccination studies have led to the use of increased dosing and the administration of vaccines as little as 4 weeks post-transplant (9, 12, 13). However, mechanistic work, and the correlation between immunogenicity and effectiveness is lacking. Although the pandemic has brought a considerable amount of data on vaccine immunogenicity and effectiveness of SARS-CoV-2 vaccines to the fore, little has been reported on those patients primed pre-transplant but requiring boosters in the early post-transplant period. Currently, booster schedules are an evolving field in the general population, with reactive strategies being implemented in response to real-time effectiveness data coupled with in-vivo and in-vitro immunogenicity data to circulating variants (4, 5). This unstable dynamic makes guidance for the immunosuppressed even more challenging. In the UK, immunosuppressed patients will be offered their 6th SARS-CoV-2 vaccine from September 2022, although there will be considerable heterogeneity in the immune repertoire in immunosuppressed patients depending on clinical characteristics, type of immunosuppression, prior infection, number of vaccines, vaccine type and timing related to immunosuppression. Although in general, vaccination received prior to immunosuppression will evoke more immunogenic responses, it should be considered that for patients with end stage kidney disease (ESKD) who have been transplanted during the pandemic, it is likely that all vaccinations were received whilst they were at advanced chronic kidney disease stages. It is recognised that people with ESKD requiring dialysis have weaker immune responses to SARS-CoV-2 vaccines. Consequently, it is likely, even prior to iatrogenic immunosuppression, that pre-transplant patients are less protected than the general population (8, 14, 15).

Although the seroresponse rate and [anti-S] reported in this study appear to be superior to immunogenicity data reported in transplant recipients who were primed with SARS-CoV-2 vaccines post-transplant, it may be argued that new transplant patients still require bespoke protection strategies (7). We know that in the pre-vaccination era, mortality risk was greatest in patients in the early post-transplant period, which is likely to be related to an enhanced immune suppressed state (16–18). Therefore, it may be hypothesised that infections may have a greater impact in vaccinated individuals in the early period post-transplant too, although to our knowledge, there are no reported data on this comparison. New transplant patients are obligated to attend healthcare environments very frequently in the first year after surgery. As communities return to ‘normal living’ and infection rates remain high, these frequent hospital visits may undermine attempts to mitigate the risk of contracting infection with physical protective measures. Indeed, we report cases of nosocomial transmission during the primary transplant episode. Whilst hospitalisation and mortality are considered important outcome metrics for policy makers, for transplant patients other factors such as rejection and impact on long term allograft function will be equally important. This data is not fully appreciated yet.

Whilst vaccination scheduling and timing of transplantation could be planned for living donor recipients, for deceased donor recipients this is not always possible. Additionally, booster programmes are not produced by transplant centres, but rather national policy makers. Therefore, if only a given number of vaccines are permissible by policy in the first 6 months post-transplant, timing of that booster dose will be important. However, other than vaccination, many countries are advocating the use of passive pre-exposure prophylaxis with monoclonal antibodies for people with weakened immune systems (19, 20). Although the monoclonal antibody of choice will need to change in response to evolving variants, administration of antibody at the time of discharge from hospital after transplantation surgery seems a pragmatic compromise, with provision of booster doses of vaccine deferred to a minimum of 3 to 6 months. Of course this advice may change if data emerges on adverse outcomes such as negative impact of monoclonal therapy on immune response to subsequent vaccination (21).

This study has limitations which will restrict robust conclusions. Perhaps most important of which is the non-uniform timing of sampling performed, which was ameliorated using paired samples. The sample sizes were too small to adjust for baseline clinical characteristics, which again was partially compensated for using within-subject comparisons. The study would have been strengthened by incorporating cellular responses and assessing neutralising capability of antibodies. In addition, the study included patients transplanted over a one-year period, consisting mainly of the period dominated by the Delta and Omicron variants, with different prevalent rates of community infection throughout. Therefore, effectiveness data has been limited to descriptive only, with a greater focus on the serological responses to vaccines, infection and treatment. However, despite these limitations, to our knowledge this is the first study to describe serological responses in relation to booster vaccines given post-transplant, and provides preliminary evidence on optimal timing of boosters, or at least the potential need for additional doses or passive immunity in this population during the first year.

In conclusion, this study has shown that transplant recipients who are primed pre-transplant mount attenuated serological responses to booster doses of SARS-CoV-2 vaccines in the early transplant period. Responses improve with subsequent doses given at longer periods from the time of transplant, with serological responses seen by 6 months post-transplant. Anti-S concentrations at the time of transplant predict infection in our cohort, and we would re-iterate the importance of vaccination pre-transplant. However, it may be prudent to provide prophylactic monoclonal antibody to cover the first 3 to 6 months post-transplant whilst the pandemic continues, as this is when there is high intensity exposure to health care settings, patients are highly immunosuppressed and boosters the least immunogenic. Whatever the policy applied in different countries, we hope the pandemic precipitates much needed prospective studies of optimal dosing and timing of vaccines in solid organ transplant recipients, to maximise protection in these patients.
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SARS coronavirus 2 (SARS-CoV-2) invades the human body by binding to major receptors such as ACE2 via its S-spike protein, so the interaction of receptor-binding sites has been a hot topic in the development of coronavirus drugs. At present, the clinical progress in monoclonal antibody therapy that occurred early in the pandemic is gradually showing signs of slowing. While recombinant soluble ACE2, as an alternative therapy, has been modified by many engineering methods, both the safety and functional aspects are approaching maturity, and this therapy shows great potential for broadly neutralizing coronaviruses, but its progress in clinical development remains stalled. Therefore, there are still several key problems to be considered and solved for recombinant soluble ACE2 to be approved as a clinical treatment as soon as possible.
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Introduction

Since the global outbreak of SARS-COV-2 in 2019, the world has faced unprecedented public health security challenges. Vulnerable individuals, including elderly individuals and those with underlying diseases, have been fatally hit by the virus pandemic. Hence, teams around the world have conducted intensive research and developed numerous therapeutic options for COVID-19, which mainly involves fever and pulmonary symptoms (1) and, less commonly, neurological disorders (2). It is now well established that the process of host invasion by SARS-CoV-2 is mediated by the interaction of the viral spike (S) protein, a trimeric protein, with angiotensin-converting enzyme 2 (ACE2) on the host cell membrane (3), implying that ACE2 is the main receptor for cell invasion by SARS-CoV-2. Therefore, the monoclonal antibody (mAb) drugs developed in the early stage of the pandemic, which focused on the contact point between the receptor-binding domain (RBD) of the S protein and ACE2 as the main drug target, not only effectively inhibited the expanding epidemic of the strain and alleviated the clinical symptoms but also played a certain degree of preventive effect (4). However, the evolution of endless variants, such as omicron, has led to immune escape and antigenic shift from the vast majority of monoclonal antibody therapies and the emergence of drug resistance (5). Even though the above situation was somewhat ameliorated by the subsequent proposed monoclonal antibody cocktail combination regimen (6), the ability of mAb therapy to address the dispersal of different antigenic coronaviruses of various wildlife origins is quite limited and unlikely to be broadly potent against all coronaviruses. Therefore, soluble ACE2 was created as an alternative therapy.

ACE2 is homologous to ACE, which mainly acts on angiotensin II and plays a key role in fluid homeostasis. In the renin-angiotensin system, ACE2 hydrolyzes angiotensin II to Ang 1-7 to mitigate its proinflammatory effects, including changes in vascular smooth muscle and its permeability (7). In fact, the development of soluble ACE2 (sACE2) began with the study of the pathogenesis of ARDS, as the Ang II-based anti-inflammatory effects were effective in improving lung injury and hypoxemia and resolving homeostatic imbalances in related signaling pathways in in a piglet model of ARDS (8). Today, recombinant soluble ACE2 is being reconsidered for its potential use as an alternative treatment strategy for SARS-CoV-2-infected patients, and several research groups have verified the blocking effect of recombinant soluble ACE2 on the early infection of SARS-CoV-2 in preclinical tests such as human engineered organs, which is expected to promote the next clinical progress of rsACE2 (9)., focusing on the degree of improvement in pulmonary and renal symptoms and the efficacy and safety of the drug.

The main advantage of recombinant soluble ACE2 is its breadth. In principle, even if a mutant coronavirus becomes resistant to the neutralization of sACE2 due to antigenic drift, its affinity for the host’s natural ACE2 can hardly be maintained at the original level, leading to a decrease in the virulence of the strain (10). Thus, although the decoy receptor is inevitably mutated at the point of interaction compared to the natural ACE2 after being optimized by various engineering means, giving the viral spike variants the opportunity to effectively recognize and distinguish between the two to generate resistance, based on the aforementioned principle, if the virus readily mutates against the engineered ACE2 to escape neutralization, the price it pays may be a decrease in its affinity for the host cell’s natural receptor, implying the loss of most of its infectivity and virulence. Second, the ACE2 decoy receptor theoretically retains neutralizing potency against other coronavirus-associated strains and variants, suggesting its potential to address viral spillover in animal reservoirs, such as bats and pangolins, and thus as a powerful tool for future zoonotic coronavirus pandemics. The final possible advantage is that while mAb therapies are more mature in reducing viral load than sACE2, the catalytically active sACE2 is more effective in neutralizing infection and directly alleviating clinical symptoms in patients with COVID-19 (11), based on a series of the anti-inflammatory physiological effects of sACE2 on angiotensin II in the renin-angiotensin system, and protects patients’ lungs and heart. However, this dual action hypothesis has not yet been tested experimentally.

To date, several teams have engineered soluble ACE2 decoy receptors by mutagenesis and Fc fusion to cover a full range of viral evolution in terms of affinity, pharmacokinetics, effector function mutation and multivalent binding in an attempt to meet the evolving needs of clinical care (Figure 1).




Figure 1 | (A) rsACE2 exhibits superior affinity by means of mutagenesis and achieves stronger neutralization ability against virus mutant strains. (B) The development of monoclonal antibodies is limited to a single viral strain, so current monoclonal antibodies may lose the majority of their neutralizing ability in the face of diverse mutant strains. In contrast, the research of rsACE2 decoy recepor has shown that it can neutralize almost all of the SRAS-CoV-2-associated variants, preventing immune escape from occurring. (C) The fusion with the Fc structural domain of the antibody not only brings superior affinity and better pharmacokinetic properties to rsACE2 decoy recepor, but also the so-called Fc effector confers important functions such as modulating the degranulation or release of small particle chemicals like cytokines, NK cell-mediated ADCC function, and macrophage-mediated ADCP in immunomodulation.



As an optimized therapeutic alternative to monoclonal antibodies, a rather critical aspect of sACE2 optimization is to maintain consistent or even tighter affinity with the former in terms of competitive neutralization of the virus. To achieve the affinity level of less than 10 nanomoles between sACE2 and SARS-CoV-2 that has been stably achieved by established monoclonal antibodies (12), point mutagenesis and broad screening of WT sACE2 with poor affinity levels were performed with various engineering techniques. There are teams who have explored the potential sequence mutation possibilities of ACE2 by deep mutation scanning techniques; by building a large-scale dataset of all individual amino acid substitutions in ACE2, covering the active regions recognized by ACE2 and the RBD; and finally by binning and screening out the tightly bound mutant units among them, which can achieve monomeric affinity enhancement to the RBD of SARS-CoV-2 at the picomolar level (13, 14). Zahradník J et al. also employed directed evolution, a classic and practical protein engineering tool, to mimic the evolutionary pathway of the natural strain SARS-CoV-2 and artificially accelerated the evolutionary process considerably, illustrating the importance of viral RBD-host ACE2 affinity for virulent strain variants to evolve a higher infectious advantage, laterally confirming the necessity of rsACE2 affinity optimization (15).

The aforementioned recombinant soluble ACE2 developed for ARDS patients, although promising in alleviating clinical symptoms such as hypoxemia and protecting the lungs, has rather limited efficacy, probably due to its short half-life of ~3 hours in humans (16), resulting in an inability to accumulate sufficient concentrations of the drug at the lesion site. The half-life stability of recombinant protein drugs can be satisfactorily enhanced by the fusion of the extracellular structural domain with the Fc segment of human immunoglobulin G (IgG) (17). For instance, TIGIT-Ig (18), a recombinant fusion protein of the T-cell immune receptor with the Ig and ITIM structural domains that showed excellent stability both in vivo and ex vivo while maintaining its function, and ACE2-Ig, a recombinant fusion protein fused to the Fc region of IgG, which also achieved the expected half-life improvement consistent with the former in pharmacokinetic-related experiments in vivo. Interestingly, further in vitro neutralization experiments showed that ACE2-Ig maintained full peptidase activity and had higher affinity for SARS-CoV-2 spike-in protein (19). Not coincidentally, other teams have also actively advanced experiments on the treatment of Ig fusion proteins in COVID-19 animal models (20, 21).

In addition, the Fc region of the antibody has the ability to trigger both viral clearance and killing of infected cells as well as immune functions such as cytokine release and antigen presentation, an effector process induced by binding to FcRn or FcγR, called the Fc effector, which has been demonstrated in the development of monoclonal antibodies against SARS-CoV-2 (22). However, for some antibodies, the recognition of bound viral epitopes carries an increased risk of infection and virulence, called antibody-dependent enhancement (ADE) (23). However, no in vivo experiments on infected hosts have yet found that recombinant sACE2 enhances the likelihood of cellular infection. In other words, the proven promising clinical therapeutic efficacy of soluble decoy receptor drugs makes ADE an insufficient barrier to limit its development. What is currently outstanding in this field is the applicability of various novel enhanced fusion Fc effectors for the treatment and prophylaxis of newly diagnosed patients. On the other hand, another promising direction to highlight in Fc fusion is the integration of the concept of polyvalent therapeutics into the integrated design of soluble decoy receptors. The importance of polyvalent drugs in the response to viral safety and health problems has always been unquestionable, as it is widely recognized that polyvalent drugs have more efficient preventive and therapeutic efficacy than monovalent drugs (24, 25). For example, trivalent sACE2 (26), which binds closely to the viral spike protein trimer, and higher-valent sACE2-Fc, such as ACE2-Fc-TD (27), a tetrameric ACE2 protein that shows a more advantageous IC50 for viral neutralization than dimeric ACE2-Fc, both have excellent potential for long-term development after addressing issues such as design balance and production feasibility.

Reports on the development of a recombinant soluble ACE2 drug for COVID-19 were published as early as two years ago. Unfortunately, to date, only a few clinical trials have been approved. According to the data published by NIH, NCT04335136 and NCT05065645 were completed to validate the effects of two different forms of rsACE2 drugs for patients with COVID-19, intravenous injection and nebulized inhalation, respectively, and only the former submitted the trial results, which were not specific. Although the development of recombinant soluble ACE2 is progressing at a brisk pace, it has not yet been able to advance in clinical trials, which would require addressing several key issues identified in the current study. (1) The progress of affinity engineering mutagenesis of sACE2 is promising, but an important issue that cannot be ignored is the equilibrium of the process of achieving high affinity. For example, there is a high risk of artificial bias and overneutralization in the design of high-affinity decoy receptors for targets in vitro, thus neglecting other properties such as stability, safety, and generalizability that need to be balanced for the sake of achieving tight neutralization, which can be unaffordable. (2) Furthermore, as clinical treatment dosages are greatly increased compared to experimental measures, the question of whether the intrinsic enzymatic activity of sACE2, which can directly relieve patients’ symptoms better than monoclonal antibodies as previously mentioned, may become a safety risk at high dosages must be taken into account, since excessive conversion of Ang II may cause a series of hemodynamic problems. Therefore, there is an urgent need to find the optimal option for a powerful, stable and safe method for universal elimination of intrinsic enzyme activity. (3) The complex and numerous Fc fusion effectors enable and improve various functions of recombinant receptors, and at the same time, the problems of modulation and orientation come with them. The optimal Fc fusion strategies suitable for COVID-19 treatment, including effect enhancement or multifunctional effectors, such as FcRn or FcγR, have yet to be selected and confirmed. For example, Lieberman et al. reported a possible mediating role of the FcγR receptor in the mechanism of host systemic inflammation triggered by SARS-CoV-2 (28). These similar studies emphasized the need for safety as the first point of consideration for the development of rsACE2 drugs, an important aspect of which is an in-depth understanding of the Fc fusion structural domain and its optimal modification. Fortunately, both humanization bias and safety-based immunogenicity issues can be predicted and guided by computational models to rule out high-risk choices or eliminate enzyme activity, and artificial domain technologies with high learning capabilities and deep abstraction design are playing an increasingly important role (29–31).

At a time when progress in monoclonal antibody and vaccine therapies is stalled in the face of coronavirus variants that continue to mutate and evolve, engineered soluble ACE2 offers new ideas to overcome the challenge of antigenic drift, paves a broad path for future pandemics due to zoonotic coronavirus spillover, and is undoubtedly a promising strategy in the face of current and future public health problems. Fortunately, there are still numerous opportunities to continually refine and evolve this device as we accumulate ongoing clinical experience.



Author contributions

SH, CL, and GL contributed to conception and design of the study. WF and JZ organized the database. KQ and JZ performed the statistical analysis. GL wrote the first draft of the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.



Funding

This study was supported by the National Natural Science Foundation of China (grant numbers 82272792, 81773261, 31970882, 81903140, 82041012 and 92169115); the Shanghai Rising-Star Program (grant number 19QA1411400); the Shanghai Sailing Program (19YF1438600); the Shanghai Chenguang Program (grant number 17CG35); and the Shanghai Biomedical Technology Support Project (20S11906600) and the Open Project Grant from Engineering Research Center of Cell and Therapeutic Antibody, Ministry of Education, Shanghai Jiao Tong University (19X110020009-004).



Conflict of interest

Author JZ was employed by, and is a shareholder at, company KOCHKOR Biotech, Inc.

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



References

1. Huang, C, Wang, Y, Li, X, Ren, L, Zhao, J, Hu, Y, et al. Clinical features of patients infected with 2019 novel coronavirus in wuhan, China. Lancet (2020) 395(10223):497–506. doi: 10.1016/S0140-6736(20)30183-5

2. Ellul, MA, Benjamin, L, Singh, B, Lant, S, Michael, BD, Easton, A, et al. Neurological associations of COVID-19. Lancet Neurol (2020) 19(9):767–83. doi: 10.1016/S1474-4422(20)30221-0

3. Lan, J, Ge, J, Yu, J, Shan, S, Zhou, H, Fan, S, et al. Structure of the SARS-CoV-2 spike receptor-binding domain bound to the ACE2 receptor. Nature (2020) 581(7807):215–20. doi: 10.1038/s41586-020-2180-5

4. Kreuzberger, N, Hirsch, C, Chai, KL, Tomlinson, E, Khosravi, Z, Popp, M, et al. SARS-CoV-2-neutralising monoclonal antibodies for treatment of COVID-19. Cochrane Database Syst Rev (2021) 9:CD013825. doi: 10.1002/14651858.CD013825.pub2

5. VanBlargan, LA, Errico, JM, Halfmann, PJ, Zost, SJ, Crowe, JE Jr, Purcell, LA, et al. An infectious SARS-CoV-2 B.1.1.529 omicron virus escapes neutralization by therapeutic monoclonal antibodies. Nat Med (2022) 28(3):490–5. doi: 10.1038/s41591-021-01678-y

6. Baum, A, Fulton, BO, Wloga, E, Copin, R, Pascal, KE, Russo, V, et al. Antibody cocktail to SARS-CoV-2 spike protein prevents rapid mutational escape seen with individual antibodies. Science (2020) 369(6506):1014–8. doi: 10.1126/science.abd0831

7. Donoghue, M, Hsieh, F, Baronas, E, Godbout, K, Gosselin, M, Stagliano, N, et al. A novel angiotensin-converting enzyme-related carboxypeptidase (ACE2) converts angiotensin I to angiotensin 1-9. Circ Res (2000) 87(5):E1–9. doi: 10.1161/01.RES.87.5.e1

8. Treml, B, Neu, N, Kleinsasser, A, Gritsch, C, Finsterwalder, T, Geiger, R, et al. Recombinant angiotensin-converting enzyme 2 improves pulmonary blood flow and oxygenation in lipopolysaccharide-induced lung injury in piglets. Crit Care Med (2010) 38(2):596–601. doi: 10.1097/CCM.0b013e3181c03009

9. Monteil, V, Kwon, H, Prado, P, Hagelkrüys, A, Wimmer, RA, Stahl, M, et al. Inhibition of SARS-CoV-2 infections in engineered human tissues using clinical-grade soluble human ACE2. Cell (2020) 181(4). doi: 10.1016/j.cell.2020.04.004

10. Chan, KK, Tan, TJC, Narayanan, KK, and Procko, E. An engineered decoy receptor for SARS-CoV-2 broadly binds protein S sequence variants. Sci Adv (2021) 7(8). doi: 10.1126/sciadv.abf1738

11. Zoufaly, A, Poglitsch, M, Aberle, JH, Hoepler, W, Seitz, T, Traugott, M, et al. Human recombinant soluble ACE2 in severe COVID-19. Lancet Respir Med (2020) 8(11):1154–8. doi: 10.1016/S2213-2600(20)30418-5

12. Cao, Y, Wang, J, Jian, F, Xiao, T, Song, W, Yisimayi, A, et al. Omicron escapes the majority of existing SARS-CoV-2 neutralizing antibodies. Nature (2022) 602(7898):657–63. doi: 10.1038/s41586-021-04385-3

13. Procko, E. Deep mutagenesis in the study of COVID-19: a technical overview for the proteomics community. Expert Rev Proteomics (2020) 17(9):633–8. doi: 10.1080/14789450.2020.1833721

14. Chan, KK, Dorosky, D, Sharma, P, Abbasi, SA, Dye, JM, Kranz, DM, et al. Engineering human ACE2 to optimize binding to the spike protein of SARS coronavirus 2. Science (2020) 369(6508):1261–5. doi: 10.1126/science.abc0870

15. Zahradník, J, Marciano, S, Shemesh, M, Zoler, E, Harari, D, Chiaravalli, J, et al. SARS-CoV-2 variant prediction and antiviral drug design are enabled by RBD in vitro evolution. Nat Microbiol (2021) 6(9):1188–98. doi: 10.1038/s41564-021-00954-4

16. Haschke, M, Schuster, M, Poglitsch, M, Loibner, H, Salzberg, M, Bruggisser, M, et al. Pharmacokinetics and pharmacodynamics of recombinant human angiotensin-converting enzyme 2 in healthy human subjects. Clin Pharmacokinet (2013) 52(9):783–92. doi: 10.1007/s40262-013-0072-7

17. Strohl, WR. Fusion proteins for half-life extension of biologics as a strategy to make biobetters. BioDrugs (2015) 29(4):215–39. doi: 10.1007/s40259-015-0133-6

18. Liu, S, Sun, L, Wang, C, Cui, Y, Ling, Y, Li, T, et al. Treatment of murine lupus with TIGIT-ig. Clin Immunol (2019) 203:72–80. doi: 10.1016/j.clim.2019.04.007

19. Lei, C, Qian, K, Li, T, Zhang, S, Fu, W, Ding, M, et al. Neutralization of SARS-CoV-2 spike pseudotyped virus by recombinant ACE2-ig. Nat Commun (2020) 11(1):2070. doi: 10.1038/s41467-020-16048-4

20. Higuchi, Y, Suzuki, T, Arimori, T, Ikemura, N, Mihara, E, Kirita, Y, et al. Engineered ACE2 receptor therapy overcomes mutational escape of SARS-CoV-2. Nat Commun (2021) 12(1):3802. doi: 10.1038/s41467-021-24013-y

21. Zhang, L, Dutta, S, Xiong, S, Chan, M, Chan, KK, Fan, TM, et al. Engineered ACE2 decoy mitigates lung injury and death induced by SARS-CoV-2 variants. Nat Chem Biol (2022) 18(3):342–51. doi: 10.1038/s41589-021-00965-6

22. Yamin, R, Jones, AT, Hoffmann, H-H, Schäfer, A, Kao, KS, Francis, RL, et al. Fc-engineered antibody therapeutics with improved anti-SARS-CoV-2 efficacy. Nature (2021) 599(7885):465–70. doi: 10.1038/s41586-021-04017-w

23. Shukla, R, Ramasamy, V, Shanmugam, RK, Ahuja, R, and Khanna, N. Antibody-dependent enhancement: A challenge for developing a safe dengue vaccine. Front Cell Infect Microbiol (2020) 10:572681. doi: 10.3389/fcimb.2020.572681

24. Labrijn, AF, Janmaat, ML, Reichert, JM, and Parren, PWHI. Bispecific antibodies: a mechanistic review of the pipeline. Nat Rev Drug Discovery (2019) 18(8):585–608. doi: 10.1038/s41573-019-0028-1

25. Cuesta, AM, Sainz-Pastor, N, Bonet, J, Oliva, B, and Alvarez-Vallina, L. Multivalent antibodies: When design surpasses evolution. Trends Biotechnol (2010) 28(7):355–62. doi: 10.1016/j.tibtech.2010.03.007

26. Guo, L, Bi, W, Wang, X, Xu, W, Yan, R, Zhang, Y, et al. Engineered trimeric ACE2 binds viral spike protein and locks it in “Three-up” conformation to potently inhibit SARS-CoV-2 infection. Cell Res (2021) 31(1). doi: 10.1038/s41422-020-00438-w

27. Leach, A, Ilca, FT, Akbar, Z, Ferrari, M, Bentley, EM, Mattiuzzo, G, et al. A tetrameric ACE2 protein broadly neutralizes SARS-CoV-2 spike variants of concern with elevated potency. Antiviral Res (2021) 194:105147. doi: 10.1016/j.antiviral.2021.105147

28. Junqueira, C, Crespo, Â, Ranjbar, S, de Lacerda, LB, Lewandrowski, M, Ingber, J, et al. FcγR-mediated SARS-CoV-2 infection of monocytes activates inflammation. Nature (2022) 606(7914):576–84. doi: 10.1038/s41586-022-04702-4

29. Ding, W, Nakai, K, and Gong, H. Protein design via deep learning. Brief Bioinform (2022) 23(3). doi: 10.1093/bib/bbac102

30. Cohen-Dvashi, H, Weinstein, J, Katz, M, Eilon, M, Mor, Y, Shimon, A, et al. Coronacept – a potent immunoadhesin against SARS-CoV-2. bioRxiv (2020) 247940. doi: 10.1101/2020.08.12.247940

31. Glasgow, A, Glasgow, J, Limonta, D, Solomon, P, Lui, I, Zhang, Y, et al. Engineered ACE2 receptor traps potently neutralize SARS-CoV-2. Proc Natl Acad Sci U S A (2020) 117(45):28046–55. doi: 10.1073/pnas.2016093117


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

Copyright © 2023 Li, Qian, Zhang, Fu, Zhao, Lei and Hu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 20 January 2023

doi: 10.3389/fimmu.2022.1052424

[image: image2]


Assessment of the longitudinal humoral response in non-hospitalized SARS-CoV-2-positive individuals at decentralized sites: Outcomes and concordance


Abdelhadi Djaïleb 1,2,3, Étienne Lavallée 1,2,3, Megan-Faye Parker 2,3,4, Marie-Pierre Cayer 5, Florence Desautels 5, Marie Joëlle de Grandmont 5, Matthew Stuible 6, Christian Gervais 6, Yves Durocher 2,6, Sylvie Trottier 7,8, Denis Boudreau 9,10, Jean-Francois Masson 1,11,12, Danny Brouard 5* and Joelle N. Pelletier 1,2,3,4*


1 Département de Chimie, Université de Montréal, Montréal, QC, Canada, 2 PROTEO, Regroupement Québécois de Recherche sur la Fonction, l’Ingénierie et les Applications des Protéines, Québec, QC, Canada, 3 Centre en Chimie Verte et Catalyse, Université de Montréal, Montréal, QC, Canada, 4 Départment de Biochimie et Médecine Moléculaire, Université de Montréal, Montréal, QC, Canada, 5 Héma‐Québec, Affaires Médicales et Innovation, Québec, QC, Canada, 6 Mammalian Cell Expression, Human Health Therapeutics Research Centre, National Research Council Canada, Montréal, QC, Canada, 7 Centre de Recherche du Centre Hospitalier Universitaire de Québec, Université Laval, Québec, QC, Canada, 8 Département de Microbiologie-Infectiologie et d’Immunologie, Université Laval, Québec, QC, Canada, 9 Départment de Chimie, Université Laval, Québec, QC, Canada, 10 Centre d’Optique, Photonique et Laser, Université Laval, Québec, QC, Canada, 11 Centre Québécois sur les Matériaux Fonctionnels, Montréal, QC, Canada, 12 Centre Interdisciplinaire de Recherche sur le Cerveau et l’Apprentissage, Université de Montréal, Montréal, QC, Canada




Edited by: 

Alagarraju Muthukumar, University of Texas Southwestern Medical Center, United States

Reviewed by: 

Lei Li, Oracle, Australia

Stephen Crooke, Centers for Disease Control and Prevention (CDC), United States

*Correspondance: 

Joelle N. Pelletier
 joelle.pelletier@umontreal.ca 

Danny Brouard
 danny.brouard@hema-québec.qc.ca

Specialty section: 
 This article was submitted to Vaccines and Molecular Therapeutics, a section of the journal Frontiers in Immunology


Received: 19 October 2022

Accepted: 13 December 2022

Published: 20 January 2023

Citation:
Djaïleb A, Lavallée &, Parker M-F, Cayer M-P, Desautels F, de Grandmont MJ, Stuible M, Gervais C, Durocher Y, Trottier S, Boudreau D, Masson J-F, Brouard D and Pelletier JN (2023) Assessment of the longitudinal humoral response in non-hospitalized SARS-CoV-2-positive individuals at decentralized sites: Outcomes and concordance. Front. Immunol. 13:1052424. doi: 10.3389/fimmu.2022.1052424




Introduction

Early in the COVID-19 pandemic, reagent availability was not uniform, and infrastructure had to be urgently adapted to undertake COVID-19 surveillance.



Methods

Before the validation of centralized testing, two enzyme-linked immunosorbent assays (ELISA) were established independently at two decentralized sites using different reagents and instrumentation. We compared the results of these assays to assess the longitudinal humoral response of SARS-CoV-2-positive (i.e., PCR-confirmed), non-hospitalized individuals with mild to moderate symptoms, who had contracted SARSCoV-2 prior to the appearance of variants of concern in Québec, Canada.



Results

The two assays exhibited a high degree of concordance to identify seropositive individuals, thus validating the robustness of the methods. The results also confirmed that serum immunoglobulins persist ≥ 6 months post-infection among non-hospitalized adults and that the antibodies elicited by infection cross-reacted with the antigens from P.1 (Gamma) and B.1.617.2 (Delta) variants of concern.



Discussion

Together, these results demonstrate that immune surveillance assays can be rapidly and reliably established when centralized testing is not available or not yet validated, allowing for robust immune surveillance.





Keywords: seroconversion, longitudinal study, pandemic testing, variants of concern, ELISA



1 Introduction

COVID-19 is a respiratory illness caused by SARS-CoV-2 (1), a virus that appeared in late 2019 in Wuhan, China (2). This virus, likely of zoonotic origin (3), rapidly spread worldwide and was declared a global pandemic by the World Health Organization (WHO) on March 11th, 2020 (4). Whereas some people developed serious complications (e.g., pneumonia, blood clotting or respiratory distress) requiring hospitalization (5), at least 95% of people infected by SARS-CoV-2 in Canada (6) [or in the province of Québec (7)] were not hospitalized and generally exhibited mild, moderate, or no symptoms (8, 9).

Amid an outbreak of a new infectious disease with serious public health consequences, protocols must be rapidly and reliably implemented by non-specialized and resource-limited laboratories to detect the various stages of the infection and to study immune response in local settings. Such protocols can be established for population-level surveillance and research support rather than for medical diagnostics, which require approval by regulatory agencies. This was clearly exemplified in the early stages of the SARS-CoV-2 pandemic, as countries needed to provide surveillance protocols rapidly in a multitude of research centers.

Notably, these centers often used reagents from different sources and relied on pre-existing (and often non-optimal) instrumentation already at their disposal; they also faced production and transportation logistic challenges, adopting materials that were later replaced by others. Early in the COVID-19 pandemic, some evocative examples included limited access to disease-specific biological materials that were not fully characterized and had never been produced (e.g., antigens, antibodies) and adaptation to alternate types of disposable plasticware amid worldwide shortages. In addition, unlike centralized laboratories (which were later designated as the main testing sites for SARS-CoV-2 infection and immunity), decentralized laboratories do not generally have the advantage of large-scale automation. Even when centralized testing is established, decentralized laboratories are essential as they provide more rapid test results (i.e., no delays due to shipment or mass processing). As they do not require the execution of strict validation protocols, they offer the flexibility required to support diverse, long-term research projects.

Based on early reports of enzyme-linked immunosorbent assays (ELISA) that target SARS-CoV-2 antigens, a team at University of Montreal (UdeM site) developed and validated an ‘in-house’ ELISA to detect spike- and nucleocapsid-specific IgGs in human serum, plasma and dried blood spots during the first wave of infections in Canada (10). In parallel, a team at Héma-Québec (HQ site; the blood bank of the province of Québec) developed and validated their own ‘in-house’ ELISA assay adapted from a recently described protocol (11–13). Although generally similar, these assays use different reagents and instrumentation, as they were urgently and independently developed by different laboratories.

Here, we investigate the humoral response to spike and nucleocapsid antigens elicited in 81 non-hospitalized, SARS-CoV-2-positive (i.e., PCR-confirmed) adults who exhibited mild to moderate COVID-19 symptoms. Our objective was to extend immunological surveillance beyond the severely ill and hospitalized patients and understand the persistence of the humoral response following infection by SARS-CoV-2. Considering the recruitment period for this study and the SARS-CoV-2 phylogeny mapped in that region, all volunteers likely contracted early variants of the reference Wuhan-Hu-1 strain of SARS-CoV-2 that include mutation D614G (14). Using the same samples, we assessed the degree of concordance between the ELISA results obtained at the UdeM and HQ sites to determine seroconversion. To this effect, we measured the levels of IgG, IgM and IgA specific for the ectodomain of the spike protein as well as the nucleocapsid protein of the SARS-CoV-2 Wuhan-Hu-1 strain.

It has been shown that the affinity of the antibodies produced after an infection with a specific variant of SARS-CoV-2 is affected by mutations present in VoCs (15–17), which differ mostly in the spike ectodomain (18). This information is crucial for public health authorities and for vaccine development, as the extent of cross-reactivity greatly impacts vaccination strategy (19, 20). To verify the suitability of an ‘in-house’ ELISA for informing on the potential for past infection in non-hospitalized individuals to protect against other variants, cross-reactivity ensuing from early infection with SARS-CoV-2 was determined at the UdeM site, against the spike proteins of VoC up to 6 months post-infection. Consistent with this objective, we focused on two important VoCs that emerged in Canada: the P.1 (Gamma) variant, first detected in Brazil in January 2021, and the B.1.617.2 (Delta) variant, first detected in India in December 2020 (21) and dominant in North America and Europe throughout most of 2021 (22, 23).



2 Materials and methods


2.1 Clinical samples

Clinical samples were obtained from 81 adult volunteers at the Centre Hospitalier Universitaire (CHU) de Québec – Université Laval who provided written informed consent (approved by the “Comité d’éthique de la recherche du CHU de Québec-UL”, registration number 2021-5241). They were selected based on the following criteria: ≥18 years of age; had a PCR-confirmed diagnosis of SARS-CoV-2; had not been admitted to an intensive care unit for COVID-19; and were not hospitalized at enrollment. The participants were stratified by age: 18-49, 50-59, 60-69 and >70 years of age; the age distribution of the study participants is illustrated in Supplementary Figure 1. The symptoms reported in each age group were similar (Supplementary Table 1). They had 6 visits over a 24-week period: at weeks 3, 4, 8, 12, 16 and 24 post PCR-confirmed diagnosis. A second PCR test was conducted at the time of enrollment and 27 (33%) individuals had a negative test result, suggesting that some had fully recovered while most had not. The results of this second PCR test did not influence eligibility to the current study.

At each visit, 30 mL blood sample was collected in 6 mL tubes (BD Vacutainer 367815). Four participants were lost to follow-up: one aged 18-49 after week 3; one (aged 18-49) after week 8; one (aged 60–69) after week 12; and one (aged 70-79 years) after week 20. One participant did not complete the week 24 visit as she became pregnant.

Enrollment was completed by February 15th, 2021. At that time, early variants of the reference Wuhan-Hu-1 strain of SARS-CoV-2 were still dominant in Québec. During their 24-week sampling window, nine individuals (11%) received the Oxford–AstraZeneca or Pfizer–BioNTech COVID-19 vaccine and provided post-vaccination specimens. All but one were vaccinated between the week 12 and 24 visits; the other individual was vaccinated on weeks 5 and 20.

Negative control sera were collected between June 4th and 9th, and again between July 2nd and 8th 2020 from eight individuals (age range: 20-55 years old, median: 47.5 years; 7 women and 1 man) who had never received a positive test result for SARS-CoV-2. The second round of sampling was made to ensure that no individual had been in early stages of infection during the first round of sampling. No SARS-CoV-2 vaccine was yet available.

The collected blood samples were coded. Sample tubes were gently inverted, held at room temperature for 15–30 min, and spun at 1600 g for 15 min. Serum samples (1 mL aliquots) were transferred into cryovials (Sarstedt Inc., product 72.694.006), frozen in an upright position at -20°C, and stored at -80°C until shipment on dry ice to the assay site, where they were maintained at -80°C up until use.



2.2 SARS-CoV-2 viral antigens

The spike protein elicits the strongest humoral response upon infection (24–27) and should be used as a reference in population-based seroprevalence studies (28). Spike protein ectodomains were obtained from the National Research Council of Canada for the following strains: Wuhan-Hu-1 (PRO1-429 (SmT1-1), B.1.617.2 (PRO7176-1 [SmT1(B.1.617.2]), and P.1 (PRO6875-2 [SmT1v3-B]), where they were produced according to protocols reported elsewhere (29–32).

The SARS-CoV-2 nucleocapsid construct from the Wuhan-Hu-1 (GenBank YP_009724397) was C-terminally fused to the tobacco etch virus (TEV) protease-specific cleavage site and to a hexa-His tag by Lemay and coworkers (10).



2.3 Enzyme-linked Immunosorbent assays

At the HQ site: The ELISA protocol was based on recently described protocols (11–13). Immulon 2HB 96-well plates (VWR cat. 62402-972 [3455]) were coated with 100 μL of spike antigen (Wuhan-Hu-1 strain) diluted to 2.5 µg/mL in PBS, covered and incubated 16-20 h at 4°C. The plates were washed four times with 300 µL/well of PBS + 0.1% Tween (PBS-T) using an automated 405 TS Microplate Washer (Biotek) according to the manufacturer’s specifications. The plates were blocked with PBS-T + 3% (w/v) milk, kept 60 ± 5 min at room temperature and washed with PBS-T as described above. Clinical serum samples were heat-inactivated for 1 h in a heating block at 55°C, diluted in PBS-T + 1% (w/v) milk (as described in Table 1), and added to the plates. After 60 ± 5 min at room temperature, the plates were washed with PBS-T as described above.


Table 1 | Serum dilutions used in ELISAa.



The secondary antibody was diluted in PBS-T + 1% (w/v) milk powder (as described in Table 2) and added to the plates, which were kept in the dark for 60 ± 5 min at room temperature and washed with PBS-T as described above. One hundred µL/well of 3,3’,5,5’-tetramethylbenzidine (TMB) (SCY-TM4999, ESBE Scientific) were added, and the plates were incubated 20 ± 1 min in the dark at room temperature. The optical density (OD) was measured at 450 nm (sample) and 630 nm (background) with a Synergy H1 microplate reader (Biotek) within 10 min after adding 1N H2SO4 to stop the reaction. This corrected OD is hereinafter referred to as ΔOD450-630.


Table 2 | Secondary antibodies used and their dilutions.



Positive and negative controls were included in triplicate on each plate. A pooled plasma sample was collected from three individuals in 2019 (i.e., before the pandemic) and served as the negative control. An internal standard composed of serum from individuals who tested positive for SARS-CoV-2 (20/162, NISBC) was used as the positive control and to correct for plate-to-plate and day-to-day variations. Samples were diluted in PBS-T + 1% (w/v) milk powder as described in Table 1. The results of a plate were excluded when the value of the internal calibrator differed by more than 20% from the mean ΔOD450-630 determined from a minimum of 24 OD reads (preparation of three positive controls/operator processed by two different operators). The cut-off value to determine seropositivity was set as the mean ΔOD450-630 value (at 1/200 dilution) using 20 negative serum samples plus 3 standard deviations (SD). The cut-off values were 0.408 for total Ig, 0.177 for IgG, 0.314 for IgM, and 0.177 for IgA.

At the UdeM site: The ELISA protocol was based on that described by (12, 13, 33) but included some modifications recently described in (10). The following procedure was applied to all ELISAs performed at UdeM unless otherwise specified. Immulon 1B 96-well plates (Thermo Fisher Scientific) were coated with the antigen of interest as described above for the HQ assay. Specifically, the spike protein from the Wuhan-Hu-1, Delta (B.1.617.2) or Gamma (P.1) variants, and the nucleocapsid protein from the Wuhan-Hu-1 variant were used at the same dilutions as those for the HQ assay. The washing and blocking steps were similar to those performed at the HQ site, except that an automated Biotek 50 TS Microplate Washer was used according to the manufacturer’s specifications. Clinical serum samples were heat-inactivated, diluted, and added as described above for the HQ assay. The serum dilutions are those specified in Table 1, except that a 1/50 dilution was used for the longitudinal assessment of IgGs directed against Wuhan-Hu-1 spike.

The secondary antibody was added as at the HQ site; the antibodies and their dilution factors are specified in Table 2. Color development used a reagent and inactivation protocol that differed from the HQ site. Here, 100 µL/well of 3,3',5,5'-tetramethylbenzidine (TMB) (T4444, Sigma-Aldrich) were added and the plates were incubated 20 min in the dark at room temperature. The reaction was inactivated by the addition of 2 M HCl, and the OD was immediately measured at 450 nm (signal) and 595 nm (background) with a FLUOstar Optima microplate reader (BMG Labtech); this corrected OD is hereinafter referred to as ΔOD450-595. Positive and negative controls were included in triplicate on each ELISA plate.

The internal calibrator consisted in a pool of 13 SARS-CoV-2-positive sera (PCR-confirmed) diluted 1/800 in PBS-T + 3% (w/v) milk powder. The results from a 96-well plate were excluded when the value of the internal calibrator differed by more than 30% from the median value, as indicated below. Under conditions used to longitudinally assess anti-spike (Wuhan-Hu-1) IgG, the median ΔOD450-595 of the internal calibrator was 1.24 (± 30% window = 0.87-1.62) based on 44 independent triplicate assays processed by three different operators over 4 months. Under conditions used for isotype assessment in anti-spike assays, the median ΔOD450-595 of the internal calibrator was 1.85 (± 30% window = 1.29-2.38) for anti-spike (Wuhan-Hu-1) total Ig and 1.50 (± 30% window = 1.05-1.94) for anti-spike (Wuhan-Hu-1) IgG. For anti-nucleocapsid assays, the median ΔOD450-595 of the internal calibrator was 0.25 (± 30% window = 0.18-0.33) for total Ig and 0.45 (± 30% window = 0.32-0.59) for IgG.

The negative controls were sera from eight SARS-CoV-2-negative individuals, which were pooled and diluted in PBS-T + 1% (w/v) milk powder similarly to the SARS-CoV-2-positive samples. The positivity threshold for each dataset was the average ΔOD450-595 + 1 × standard deviation (SD) of the negative controls from the relevant assay plates. Specifically, the positivity thresholds were 0.21 for total Ig, 0.14 for IgG, 0.16 for IgM, and 0.15 for IgA.



2.4 Statistical analysis

Statistical analysis was done with GraphPad Prism 9™. The normal distribution of the OD data was verified using Bartlett’s tests. All datasets were then compared using a one-way, two-sided, non-parametric Kruskal-Wallis ANOVA test. Where differences between datasets were significant, the datasets were then compared using a two-sided post-hoc Dunn’s test to identify the groups that differ significantly from the others. Receiver operating characteristic (ROC) analysis was performed using Graphpad Prism 9.0.0.




3 Results and discussion

Volunteers were recruited in the Québec City region (Canada) before February 15th, 2021. At that time, the Alpha and Beta variants of SARS-CoV-2 were in circulation but the early variants of the Wuhan-Hu-1 strain of SARS-CoV-2 remained dominant (14). Although estimates vary widely by regions and populations, early variants of the Wuhan-Hu-1 strain, generally characterized by the presence of the D614G and a few additional mutations, produced mild to moderate illness and approximately 5% of patients experienced severe symptoms necessitating intensive care (34–40). The Delta (B.1.617.2) and Gamma (P.1) strain of SARS-CoV-2, investigated here, were not yet in circulation.

Serum samples were collected from 81 non-hospitalized, SARS-CoV-2-positive (PCR-confirmed) individuals in four age groups: 18-49 (n = 33); 50-59, 60-69, and 70+ (n = 16 each), at weeks 3, 4, 8, 12, 16 and 24 post-diagnosis. They had a positive PCR test result for SARS-CoV-2 ∼3 weeks (average: 17.25 days) prior to enrollment. One participant was asymptomatic. All other volunteers were mildly symptomatic, with an average of 3 symptoms among fever, myalgia, headache, sore throat, newly developed smell or taste disorder, cough, or difficulty breathing. Participants generally remained engaged, most (94%) attending all visits; 2 individuals attended only 1 or 2 visits and were excluded from analysis. Eight individuals had received one dose of a SARS-CoV-2 vaccine by week 24, one had received a single dose by week 8 and two doses by week 24. The results of post-vaccination visits were treated separately.

Shortly after the outset of the first wave of SARS-CoV-2 in Canada, in-house ELISA protocols were developed at the HQ and UdeM sites. The HQ site has experience with blood tests and ELISAs and adapted their protocol to SARS-CoV-2 antigens. The UdeM site had limited experience with antibody detection by ELISA, such that this study compared laboratories having different levels of initial preparedness. The protocols were generally similar but differed as follows: in the type of 96-well microtiter plate, the model of automated plate-washer, the spectrophotometric plate-reading device, the source and dilution of some secondary antibodies, the composition of the TMB colorimetric reagent and reaction quenching procedure, and (in one protocol) the serum dilution. Using these protocols, total Ig levels that targeted Wuhan-Hu-1 spike protein were measured, as were the levels of IgG, IgA and IgM.


3.1 Longitudinal assessment of anti-spike IgG at the HQ and UdeM sites

Spike-specific IgGs were longitudinally assessed to study their dynamics in non-hospitalized individuals. The results were also compared between the two study sites, which used different ELISA protocols. A subset of 50 individuals was selected to balance the age distribution of the 70 unvaccinated individuals who provided samples regularly.

At the HQ site, seroconversion was observed for 49 of the 50 individuals (98.0%) at the week 4 visit; this result was confirmed at all time points tested (Figure 1A). The median serum anti-spike IgG signal was highest at week 4 and decreased thereafter (p < 0.05). The observed signal at week 24 demonstrates that serum anti-spike IgG persisted at least 6 months post-infection in this cohort.




Figure 1 | Comparative longitudinal assessment of anti-spike (Wuhan-Hu-1 strain) IgG. ELISAs using serum samples from n = 50 SARS-CoV-2-positive (PCR-confirmed) individuals who remained unvaccinated throughout the study and attended all or most visits. (A) Assays were performed for samples collected from weeks 3 to 24 at the HQ site. Serum dilutions used in (A) are listed in Table 1. (B) The subset of assays for weeks 8 and 24 was repeated at the UdeM site, using the same clinical samples, dilution and secondary antibody as in (A). Serum was at 1/800 dilution (Table 1). (C) Assays for weeks 3 to 24 were repeated at the UdeM site, using a different secondary antibody and different dilution of the antibody, and a 1/50 dilution of serum. Anti-IgG secondary antibodies used are listed in Table 2. The average of triplicate assays is given as corrected OD. The median is shown in the quartile boxplots where the whiskers include all values (no outliers excluded). n: Negative controls. Positivity threshold (red dashed line): HQ = 0.113; UdeM = 0.097. *p < 0.05.



These results were successfully reproduced by at the UdeM site, who repeated the week 8 and 24 experiments. The same clinical samples, dilution and secondary antibody were used here and gave essentially indistinguishable results although instruments, color development and other protocol details were unique to each test site. (Figures 1A vs. B). The individual identified as seronegative at the HQ site was also identified as such in this repeat experiment; moreover, one more individual was seronegative at week 8 but not week 24. This excellent concordance validates the reproducibility of the assay. ROC analyses were performed using the OD values obtained at each test site, for each visit (Supplementary Table 2).

To verify experimental agreement when different materials and conditions are used, the same experiment was performed using a different source and dilution of secondary antibody (Table 2), different materials for color development (see Methods), and a different serum dilution (i.e., a 1/50 dilution was used instead of the 1/800 dilution; Figure 1C). The difference in assay conditions, particularly serum dilution, is evident, with the corrected absorbance ∼2.5-fold greater (Figures 1A, B vs. C).

Despite this difference in signal intensity (Figures 1A vs. C), the IgG titers trended similarly, peaking at week 4 and slowly decreasing thereafter; again, the signal at week 24 confirms the persistence of serum anti-spike IgG over at least 6 months, as observed in population-level studies of symptomatic and asymptomatic SARS-CoV-2-positive cohorts (41, 42). Importantly, the seroconversion sensitivity of both ELISA protocols was nearly identical (Supplementary Table 2: HQ = 97% vs UdeM = 96%): among the 50 individuals tested, the previously identified individual was confirmed as seronegative at all weeks in both assays, and one additional individual was identified as seronegative at all weeks (Figure 1C). These results, obtained during a public health crisis, validate that seroconversion can be reliably determined at independent test sites, and with different reagents, reagent sources, instrumentation, and sample or reagent dilutions, for decentralized population-level immune surveillance.



3.2 Impact of age and sex on the production of anti-spike IgG

The results of the longitudinal, anti-spike IgG ELISAs reported in Figure 1A (data from the HQ site) were stratified according to age and sex (Figure 2). Consistent with prior reports (10, 43, 44), the median IgG response to infection with SARS-CoV-2 tended to increase with age (Figure 2A). The signal for IgG was significantly higher for the oldest participants (≥70 years) than the youngest (18-49 years) from weeks 3 through 16 (i.e., statistical significance was lost at week 24). This moderate but positive correlation between IgG level and age in adults in response to infection with SARS-CoV-2 is consistent with other reports (43, 44). This age-related correlation with IgG level contrasts with the effects of vaccine-related immunity, where the IgG response is lower in the elderly population relative to older adults. That effect is particularly marked in the over-80 age group, which we did not specifically investigate, reportedly due to immunosenescence and inflammaging (chronic inflammation that develops with advanced age) that reduce antibody production following vaccination (45, 46). The median IgG response was slightly higher in men than women, although this difference was not statistically significant, as reported in other studies (Figure 2B) (47–49).




Figure 2 | Impact of age and sex on serum anti-spike IgG over 24 weeks. ELISAs were conducted at the HQ site using serum samples from confirmed SARS-CoV-2-positive individuals, as in Figure 1. (A) Stratification according to age. (B) Stratification according to sex; the sex of one individual is unknown and was not considered in this analysis. The average of triplicate assays is given as corrected OD. The median is shown in the quartile boxplots where the whiskers include all values (no outliers excluded). ***p < 0.001; ****p < 0.0001.





3.3 Vaccination following infection strongly increases humoral immunity in non-hospitalized individuals

Throughout the study, eight individuals received one dose of a SARS-CoV-2 vaccine between weeks 12 and 24 after a positive PCR test result, and one received two doses on weeks 5 and 20 after a positive test. Post-infection IgG levels had waned prior to vaccination in all but one individual (Supplementary Figure 2).

A first dose of vaccine clearly boosted IgG levels in these previously infected, non-hospitalized individuals (Supplementary Figure 2). Although a single individual received two vaccine doses, the benefit of a second dose was clear as it boosted IgG levels following some waning of the first dose. The median IgG signal resulting from this second (or third, in one case) antigen response to SARS-CoV-2 (median ELISA OD = 2.3) was even greater than that of the 70+ year-old group at week 4 (Figure 2, median ELISA OD = 1.67), despite the younger age of the infected then vaccinated individuals (average 54 years old). Although few individuals were studied, these results confirm the beneficial impact of vaccination on the humoral response, as reported in other studies (50–52).



3.4 Longitudinal assessment of anti-spike total Ig, and IgM and IgA

We longitudinally assessed anti-spike (Wuhan-Hu-1) total Ig, IgA and IgM over 24 weeks to examine dynamics of antibody titer in SARS-CoV-2-positive (PCR-confirmed), non-hospitalized individuals (Figure 3). As previously observed (53), the total Ig response to SARS-CoV-2 was predominantly accounted for by IgG (Figure 1), with a weaker contribution of IgA and IgM (54–56). The response peaked at week 4 for total Ig, at week 3 for IgA, and was similar at weeks 3 and 4 for IgM. Regardless of the isotype considered, the signal significantly decreased between weeks 3-4 and week 24; the IgA signal waned most rapidly, reaching scarcely detectable levels in the majority of individuals by week 12. ROC analysis results for seroconversion are presented in Supplementary Table 3. Our observations are consistent with the more rapid production and waning of IgM and IgA than total Ig and IgG upon infection by SARS-CoV-2, as observed in other studies (53–57).




Figure 3 | Longitudinal assessment of anti-spike (Wuhan-Hu-1 strain) immunoglobulins at the HQ site. ELISAs were conducted at the HQ site using serum samples from 79 PCR-confirmed SARS-CoV-2-positive individuals. (A) Total Ig; (B) IgA; (C) IgM. The post-vaccination samples of the nine individuals who were vaccinated during the study were excluded. The secondary antibodies are listed in Table 2. The average of triplicate assays is given as a corrected OD. The average of triplicate assays is given as corrected OD. The median is shown in the quartile boxplots where the whiskers include all values (no outliers excluded). Negative controls using serum from eight SARS-CoV-2-negative individuals are given as the average of triplicate assays. ns: not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Neg: Negative controls. Positivity threshold (red dashed line) for total Ig: 0.091; IgA: 0.083; IgM: 0.123. Results for the seroconversion ROC analyses for these datasets are presented in Supplementary Table 3.



Results of seroconversion were compared at an early (week 8) and a late (week 24) time point for the two test sites (Table 3). At week 8, total Ig identified 91% of positive samples at the HQ site, and 89% at the UdeM site; at week 24, both test sites identified 91% of positive samples. For IgG, 94% of the samples tested positive at weeks 8 and 24 at the HQ site, compared to 94% at week 8 and 96% at week 24 at the UdeM site. We note that three among the four samples that tested negative at the HQ site on weeks 8 and 24 also tested negative at the UdeM site. This demonstrates the excellent consistency of both protocols to detect anti-SARS-CoV-2 antibodies.


Table 3 | Seroconversion in SARS-COV-2-positive individuals determined on weeks 8 and 24 at each test site, according to total Ig, IgG, IgA or IgM anti-spike (Wuhan-Hu-1) response.



IgA seropositivity also concorded well at week 8 (HQ: 87.7%, UdeM: 81.5%), but differed somewhat at week 24 (HQ: 82%, UdeM: 100%) (Table 3). IgM positivity differed modestly at week 8 (HQ: 72.3%, UdeM: 84.6%) and more significantly at week 24 (HQ: 47.7%, UdeM: 91%); Table 3). This is consistent with the results of IgG or total Ig being more reliable to determine seroconversion, as is accepted practice (53–58). Indeed, at week 24 the signals for IgA and IgM are so weak as to cluster near the positivity threshold where their assignment as positive or negative was not so robust as for the remainder of the datasets. This is reflected in the ROC analyses; in general, the sensitivity and specificity of the UdeM and HQ assays for isotyping against the Wuhan-Hu-1 spike antigen were highly consistent (Supplementary Tables 2–4).



3.5 Isotyping of anti-spike and anti-nucleocapsid immunoglobulins

The anti-nucleocapsid response was also determined at the UdeM site for the different immunoglobulins, at an early and a late time point (Figure 4). The levels of nucleocapsid-specific total Ig and IgG appeared to decrease over time (although the trend was not statistically significant), and IgA and IgM were undetectable, consistent with prior studies (59–61). Taken together, these data show that the anti-spike response was dominant and persistent following infection with SARS-CoV-2 in this cohort, and provided a more reliable picture of the humoral immune response than did the anti-nucleocapsid response. All immunoglobulin types specific to spike antigen were produced at varying levels and persistence post-infection. By contrast, the anti-nucleocapsid response was weaker and was dominated by IgGs as reported by Sun et al. (62). ROC analyzes for seroconversion were carried out for the isotyping performed against the nucleocapsid antigen at week 8 and 24. The sensitivity and specificity performance of the ROCs are shown in Supplementary Table 5. Assays that varied in their location, operators and/or materials yielded highly concordant results, which validates the relevance of performing decentralized immune surveillance in non-hospitalized individuals.




Figure 4 | Isotyping of anti-nucleocapsid immunoglobulins. ELISAs were conducted at the UdeM site to determine total Ig, IgG, IgA and IgM against the nucleocapsid (NC) antigen at weeks 8 and 24. Serum samples exclude those of individuals who were vaccinated during the study and include W8: n = 65 and W24: n = 67 individuals. The secondary antibodies used are listed in Table 2. The average of triplicate assays is given as corrected OD. The median is shown in the quartile boxplots where the whiskers include all values (no outliers excluded). Negative controls using serum from 8 COVID-negative individuals are given as the average of triplicate assays. Results for the seroconversion ROC analyses for these datasets are presented in Supplementary Table 5.





3.6 Cross-reactivity with the spike proteins from the Delta and Gamma variants

We next investigated how the immunoglobulins ensuing from an early infection with SARS-CoV-2 in non-hospitalized individuals may cross-react with the spike proteins of VoC. ELISAs were performed at the UdeM site against the spike protein of the Wuhan-Hu-1, Delta (B.1.617.2), and Gamma (P.1) strains, using samples collected at weeks 8 and 24 to assess the persistence of cross-reactivity.

The antibodies elicited infected individuals strongly cross-reacted with the Delta (B.1.617.2) and Gamma (P.1) spike proteins (Figure 5), consistent with other reports (63). Delta- and Gamma-specific IgGs waned significantly faster (p < 0.0001) than Wuhan-Hu-1-specific IgGs, both in terms of median signal (Figure 5B) and number of individuals giving rise to a positive signal (Supplementary Table 7). The cross-reactive signals for IgA and IgM were weaker that total Ig and IgG (Figures 5C, D). Although the Delta- and Gamma-specific IgA signals exhibited a statistically significant increase, the signals were weak and should thus be cautiously interpreted. Despite their low median signals (Figure 5C), IgAs specific to at least one of the Delta or Gamma VoC allowed for most SARS-CoV-2-positive individuals to be identified. In contrast, the low signals obtained for IgM at weeks 8 and 24 were unreliable to identify seropositive individuals, consistent with other reports of rapidly waning IgM titers (54, 60). However, the data acquired for IgM at an earlier time point (week 3; Figure 5C) allowed for the determination of seropositivity, regardless of the antigen used (Supplementary Table 7). This illustrates that IgM levels measured by ELISA cannot identify individuals who were infected more than 3 weeks prior. Seroconversion ROC analyses for cross-reactivity against the spike proteins of Wuhan-Hu-1(S), Delta (B.1.617.2) and Gamma (P.1) VoC confirmed that the assays offered good sensitivity and specificity for the detection of total Ig and IgG early after the infection, independently of the VoC antigen considered (Supplementary Table 5). The assay performances tended to decrease over time and be more variable for IgA and IgM, consistent with their weaker signals.




Figure 5 | Cross-reactivity against the spike proteins of Wuhan-Hu-1 (S) and the Delta (B.1.617.2) and Gamma (P.1) VoC. Isotyping was conducted at the UdeM site to determine (A) Total Ig, (B) IgG, (C) IgA and (D) IgM against the spike protein of VoC. Serum samples are from the same individuals as in Figure 3 and include W8: n = 65 and W24: n = 67 individuals except for B.1.617.2 IgA at W24 where n = 64. For IgM, 30 samples were tested at W3, W8 and W24. The secondary antibodies are listed in Table 2. The average of triplicate assays is given as ΔOD450-595 (corrected OD). The average of triplicate assays is given as corrected OD. The median is shown in the quartile boxplots where the whiskers include all values (no outliers excluded). Negative controls (Neg) using serum from eight SARS-CoV-2-negative individuals are given as the average of triplicate assays. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Results for the seroconversion ROC analyses for these datasets are presented in Supplementary Table 6.



These data demonstrate that all antibody isotypes were elicited as part of the anti-SARS-CoV-2 immune response of non-hospitalized individuals with an early warning of IgM, consistent with other reports (33, 64). The antibodies elicited in individuals infected with early variants of the reference Wuhan-Hu-1 strain of SARS-CoV-2 strongly cross-reacted with the Delta (B.1.617.2) and Gamma (P.1) spike proteins soon after infection, but less so after 6 months. Along with the post-vaccination results (Supplementary Figure 2), this is consistent with regular vaccine boosters being required to sustain the humoral response in the face of new VoC (65, 66).

We further stratified the above data obtained at week 8 post-infection according to age (Figure 6); as previously mentioned, the results of the IgM analysis at week 8 were excluded because the signal was too low to be interpreted. For total Ig, IgG and IgA, the median antibody levels tended to increase with age, as did the cross-reactivity with the Delta (B.1.617.2) and Gamma (P.1) VoC (Figure 5). At variance with the results obtained with the HQ assay protocol for a subset of these samples (Figure 2), the increase was rarely statistically significant when assayed with the UdeM assay protocol (Figure 5). Nonetheless, the same trend was observed using both ELISA protocols, further confirming that different protocols can successfully report on various aspects of the humoral response to viral infection in a non-hospitalized population.




Figure 6 | Impact of age on the immune response against spike and nucleocapsid antigens. ELISAs for total Ig, IgG and IgA were conducted at the UdeM site using the serum samples from Figure 3, week 8. The 65 confirmed SARS-CoV-2-positive individuals were grouped as: 18-49 years of age (n=27); 50-59 (n=12); 60-69 (n=13) and 70+ years of age (n=13). Post-vaccination samples were excluded. The secondary antibodies used are listed in Table 2. The average of triplicate assays is given as ΔOD450-595 (corrected OD). The average of triplicate assays is given as corrected OD. The median is shown in the quartile boxplots where the whiskers include all values (no outliers excluded). Negative controls (Neg) using serum from 8 COVID-negative individuals are shown as the average of triplicate assays. *p < 0.05 ** p < 0.01.






4 Conclusions

In this study, two anti-SARS-CoV-2 ELISAs protocols and modifications thereof yielded highly concordant seroconversion results even though they were developed independently and established at decentralized test sites in different cities and performed using different reagents and instrumentation. The observed cross-reactivity of antibodies elicited in individuals infected with early variants of the reference Wuhan-Hu-1 strain of SARS-CoV-2 against VoCs and the post-vaccination humoral response are in agreement with the current literature, indicating robustness of the assays. This study confirms that robust immune surveillance can be rapidly and reliably established in urgent situations when centralized testing is not available. Furthermore, the study cohort was representative of the majority of the population of Canada where approximately 95% of infected adults were not hospitalized (6) indicating that results from such studies may be a valuable asset in informing public health decision-makers.
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Most current anti-viral vaccines elicit a humoral and cellular immune response via the pathway of phagocytic cell mediated viral antigen presentation to B and T cell surface receptors. However, this pathway results in reduced ability to neutralize S-protein Receptor Binding Domains (RBDs) from several Variants of Concern (VOC) and the rapid waning of memory B cell response requiring vaccine reformulation to cover dominant VOC S-proteins and multiple boosters. Here we show for the first time in mice and humans, that a bacterially derived, non-living, nanocell (EDV; EnGeneIC Dream Vector) packaged with plasmid expressed SARS-CoV-2 S-protein and α-galactosyl ceramide adjuvant (EDV-COVID-αGC), stimulates an alternate pathway due to dendritic cells (DC) displaying both S-polypeptides and αGC thereby recruiting and activating iNKT cells with release of IFNγ. This triggers DC activation/maturation, activation of follicular helper T cells (TFH), cognate help to B cells with secretion of a cytokine milieu promoting B cell maturation, somatic hypermutation in germinal centers to result in high affinity antibodies. Surrogate virus neutralization tests show 90-100% neutralization of ancestral and early VOC in mice and human trial volunteers. EDV-COVID-αGC as a third dose booster neutralized Omicron BA. 4/5. Serum and PBMC analyses reveal long lasting S-specific memory B and T cells. In contrast, control EDVs lacking αGC, did not engage the iNKT/DC pathway resulting in antibody responses unable to neutralize all VOCs and had a reduced B cell memory. The vaccine is lyophilized, stored and transported at room temperature with a shelf-life of over a year.




Keywords: COVID-19, nanocell vaccine, iNKT activation, memory B cell, memory T cell, variants of concern



Introduction

SARS-CoV-2 (Severe Acute Respiratory Syndrome-Coronavirus type 2) is the causative agent of the COVID-19 pandemic and despite global vaccination efforts the pandemic is failing to abate, particularly with the continued emergence of new variants leading to global waves of breakthrough infections and significant death tolls (1–4). Furthermore, for vaccines to be successful, they need to protect the most vulnerable within our communities, but unfortunately the immune-compromised remain susceptible to SARS-CoV-2 and its ever-evolving variants (5–10).

All current anti-viral vaccines, including COVID vaccines, elicit an antigen-specific antibody response via the pathway of antigen presenting cell/B cell receptor antigen recognition and antigen-specific antibody secretion. For decades, these antibodies have been known to be low-affinity antibodies and as a result, even influenza vaccines must be reformulated each year, based on the prevailing mutant strains (11). The same problem has been observed with current COVID vaccines with a race on to make an Omicron-specific vaccine (12).

Scientists are therefore faced with the challenge of producing a vaccine that can better engage parts of the immune system capable of rapidly involving cognate T cell help, leading to B cell somatic hypermutation (SHM) producing antibodies of high and broad affinity with long-lasting memory B cells.

Currently approved COVID vaccines also have logistical issues since they need to be stored and transported at -20°C to -70°C with a shelf-life of only six to 12 months and several countries having to discard hundreds of millions of doses of outdated wild-type (WA1) homologous vaccine (13).

Here we describe a novel class of vaccine, designated EDV-COVID-αGC, comprising a 400 nm diameter, non-living, achromosomal nanocell, EDV™ (EnGeneIC Dream Vector) packaged with (i) Type I interferon stimulating bacterial gene expression recombinant plasmid encoding S-protein sequence, (ii) plasmid expressed S-protein produced in the nanocell cytoplasm, and (iii) iNKT cell licensing and type II interferon stimulating glycolipid adjuvant α-galactosyl ceramide (αGC) (Figure 1A). EDVs are derived from a mutant non-pathogenic Salmonella enterica serovar Typhimurium strain and separate from the parent bacterium in the course of its normal replication due to asymmetric cell division induced by the chromosomal mutation (14, 15). Single chain Fv bispecific (scFv) antibody targeted EDVs have been used to deliver cytotoxic payloads and small molecules to solid cancers in Phase I and IIa clinical trials in several solid tumors. Tumor stabilization/regression, prolonged overall survival, and minimal to no toxicity despite repeat dosing, has been achieved in these end-stage patients who had exhausted all treatment options (16–18).




Figure 1 | EDV-COVID-αGC formulation, antigen/αGC co-presentation and early cytokine response in mice. (A) Image of EDV-COVID-αGC depicting the LPS, membrane and nanocell contents including plac-CoV-2 plasmid, S-protein and αGC. (B) Construct: SARS-CoV-2 S-protein nucleotide sequence (Genbank MN908947.3) at the 3′-end of a modified constitutive gene expression β-lactamase promoter and inserted between KpnI 5′ and SalI 3′ sites of the M13 multiple cloning site of pUC57-Kan backbone plasmid to create plac-CoV-2. (C) Western blot analysis using MAbs against the S1 and S2 subunit demonstrated the presence of the S-protein within EDV-COVID-αGC. (D) FACS analysis showing that EDV-COVID-αGC was able to effectively deliver αGC into murine bone marrow derived, JAWSII, cells and presented through CD1d-ligand to a similar efficiency as free αGC. (E) Co-staining of JAWSII cells with anti-CD1d:αGC and anti-spike Abs demonstrating αGC and S-protein delivery by EDVs with EDV-COVID-αGC delivering both S-protein and αGC on the same cell surface. (F–H) IFNα, IFNγ, IL-12-p40 levels at 8 h post dose 1 following I.M. injections of female BALB/c mice (n=6) with 2 and 3 (x 109) EDV-COVID-αGC or various controls. (I) IL-2 levels in 2 x 109 and 3 x 109 EDV-COVID-αGC particle dose after 8 h post dose 1. (J, K) TNFα and IL-6 levels in 2 x 109 and 3 x 109 EDV-COVID-αGC or various controls 8h post dose 1. (L) IL-21 levels for 3 x 109 dose measured at day 28. (M) IL-10 levels in 3 x 109 EDV-COVID-αGC particle dose after 8 h post dose 1. Units = pg/ml. Asterisks represent significant values (****p ≤ 0.0001; ***p ≤ 0.001; **p ≤ 0.01; *p ≤ 0.05) measured using two-way ANOVA and Tukey’s test or one-way ANOVA and Tukey’s test (IL-2) on GraphPad Prism v 9.4.0. ns, not significant.



This work shows that EDV-COVID-αGC can deliver SARS-CoV-2 S-protein and αGC to dendritic cells (DCs) stimulating an S-specific humoral and cellular response with broad-spectrum neutralization against wild-type, Alpha, Beta, Gamma, Delta and Omicron variants at greater than 90% in mice. Furthermore, we present results from six volunteers of the EDV-COVID-αGC Phase I clinical trial which encouragingly echo our pre-clinical data thus far and also demonstrate significant Omicron B.1.1.529, BA.2 and BA.5 neutralization.



Materials and methods


Clinical trial ACTRN12621001159842

This is a Phase I/IIa, open label study to determine the safety of EDV nanocells packaged with a plasmid encoding SARS-CoV-2 spike protein in the EDV and a glycolipid α-galactosyl ceramide (EDV-COVID-αGC) in non-COVID-19 infected volunteers, 18 years and older.

All participants in clinical trials signed a patient informed consent form prior to commencement of treatment with approval from St. Vincent’s Hospital Melbourne Human Research Ethics Committee.

Subjects were identified as SARS-CoV-2 naive via PCR test and naïve for prior COVID-19 vaccines. History of prior COVID-19 infection was excluded by patient medical history questionnaire. Pre-dose blood samples were taken and assays performed as a baseline level. All subjects received a dose of 9 x 109 EDV-COVID-αGC i.m with an equal booster dose on day 21. All doses were administered in clinic with 3-hour safety monitoring on dosing days, including vital signs, laboratory tests and adverse event monitoring.

Samples were collected at 4 time points: pre-vaccine baseline (day 1), day 21 before the booster vaccination, and day 28 one-week post-boost. Subjects are also scheduled to return for a 2-, 3- and 6-month time point. Each study visit included collection of 20 mL of peripheral blood. The study began in September 2021 and at time of submission there are over 50 volunteers that have come forward to be part of the study. Selected data are presented here for six volunteers.



Animal studies

Female BALB/c mice, 6-8 weeks old were obtained from the Animal Resource Centre in Western Australia. The mice were acclimatized for one week before the experiments commenced. All experiments were subject to assessment and approval by the EnGeneIC Animal Ethics Committee according to the “Australian code for the use and care of animals for scientific purposes”. Treatment groups (n = 4-10 depending on the experiment) included EDV-COVID-αGC as well as control groups consisting of saline, EDV, EDV-αGC, EDV-CONTROL (Control Plasmid) and EDV-COVID. Initial experiments involved a 2 x 109 i.m. particle dose (in 100 µL injectable saline; 50 µL/flank) into a single flank at day 0, followed by a booster of 1 x 109 (in 50 µL injectable saline) at day 21. Subsequent experiments applied a higher i.m. dose of 3 x 109 particles split into 1.5 x 109 per back flank (in 50 µL injectable saline each) due to limitations of particle volume/concentration acceptable per flank, with a boost of the same dose and mode of delivery at day 21. Choice of dose was based on a pilot study using 2 x 109, 3 x 109, 4 x 109 and 6 x 109 particles i.m. and observation of mouse tolerability including, ruffling and lethargy 24 hours post injection. Mouse data are taken from three experiments, the first two including both dose levels and the last using only 3 x 109. Depending on the experiment, serum and tissues were collected at 8 h, day 7, day 21 and day 28 post-initial injection. Blood was collected via heart puncture immediately following euthanasia by anesthetic overdose with Ketamine and Ilium Xylazil-20 (Troy Laboratories, Australia), or tail bleeding for ongoing analysis. Other tissues harvested include spleen, lymph nodes, and bone marrow from the femur.



Recombinant CoV proteins and antibodies

SARS-CoV-2 spike proteins were purchased from ACRObiosystems Inc. SARS-CoV-2 (Cov-19) S protein, His Tag, super stable trimer (MALS & NS-EM verified) (Cat. #SPN-C52H9) was used in early experiments to analyze IgG and IgM response as well as for Activated Immune Cell Marker assays (AIM). Subsequently, with the emergence of new variants of concern and increased availability of recombinant proteins, the following were purchased: SARS-CoV-2 UK Alpha S1 protein (HV69-70del, Y144del, N501Y, A570D, D614G, P681H, T716I, S982A, D1118H), His Tag (Cat. #SPN-C52H6); SARS-CoV-2 S UK Alpha protein RBD (N501Y), His Tag (Cat. #SPD-C52Hn); SARS-CoV-2 SA Beta S protein (L18F, D80A, D215G, 242-244del, R246I, K417N, E484K, N501Y, D614G, A701V) trimer 50ug Cat. #SPN-C52Hk; SARS-CoV-2 SA Beta S protein RBD (K417N, E484K, N501Y), His Tag (MALS verified) (Cat. #SPD-C52Hp); SARS-CoV-2 Brazil Gamma S1 protein (L18F, T20N, P26S, D138Y, R190S, K417T, E484K, N501Y, D614G, H655Y, T1027I, V11 (Cat. #SPN-C52Hg); SARS-CoV-2 India Delta spike S1 (T95I, G142D, E154K, L452R, E484Q, D614G, P681R), His Tag (Cat. #S1N-C52Ht); SARS-CoV-2 Omicron spike protein HRP (RBD, G339D, S371L, S373P, S375F, K417N, N440K, G446S, S477N, T478K, E484A, Q493R, G496S, Q498R, N501Y, Y505H, His Tag)-HRP (Cat. #Z03730, Genscript); SARS-CoV-2 Omicron spike protein RBD-HRP, BA.2 variant, His Tag (G339D, S371F, S373P, S375F, T376A, D405N, R408S, K417N, N440K, S477N, T478K, E484A, Q493R, Q498R, N501Y, Y505H) (Cat. #Z03741, Genscript). SARS-CoV-2 Omicron spike protein RBD-HRP, BA.4 BA.5 variant (Cat. #CP0007, Genscript).

SARS-CoV-2 (COVID-19) spike antibodies against the S1 and S2 subunits, were purchased from GeneTex (Cat. #GTX135356 and #GTX632604) for western blot confirmation of S protein within EDV™. SARS-CoV-2 (2019-nCoV) spike RBD rabbit PAb, antigen affinity purified (Cat. #40592-T62, Sino Biological) was used for quantitation of the S protein within EDVs using ELISA.



Cell lines

JAWSII mouse bone marrow derived dendritic cells (ATCC® CRL-11904™) were grown in α-minimum essential medium (MEM; Cat. #M7145, Sigma-Aldrich) with ribonucleosides and deoxyribonucleosides (4 mM L-glutamin, Cat. #G7513, Sigma-Aldrich; 1 mM Sodium Pyruvate, Cat. #11360070, GIBCO; 5 ng/mL GMCSF, Cat. #415-Ml-010, R&D Systems and 20% FBS, Cat. #SFBS-FR, Bovogen) at 37°C, 5% CO2.



Generation of plasmid expressing SARS-CoV-2 S-protein under bacterial promoter

An expression cassette was generated by placing the coding nucleotide sequence for SARS-CoV-2 (Covid-19) S-protein (wild-type sequence; GenBank MN908947.3) on the 3′-end of a modified β-lactamase promoter, which has been previously used for expression in Salmonella enterica serovar Typhimurium strains (19). The expression cassette was then inserted between the KpnI 5′ and SalI 3′ sites of the M13 multiple cloning site of pUC57-Kan backbone plasmid to create pLac-CoV2. The sequence was optimised for S. typhimurium codon usage before manufacturing by Genscript services. A negative control plasmid, pLac-control, was created as above by removing the CoV2 sequence from the pLac-CoV2 (Figure 1B).



Cloning of pLac-CoV2 and pLac into Salmonella enterica serovar Typhimurium EDV producing strain and the assessment of plasmid and S-protein within EDVs

PLac-CoV2 and pLac-CoV2-control were electroporated into a chemically competent Salmonella enterica serovar Typhimurium intermediate strain, lacking a plasmid restriction mechanism, using a Gene Pulser Xcell™ (Bio-Rad, Hercules CA) with settings 200-ohm, 25 Hz and 2.5 mV. Transformants were recovered in TSB medium for 1.5 h at 37°C before plating on TSB agar plates containing 75µg/mL kanamycin (Cat. #K4000, Sigma-Aldrich). Isolates were picked into TSB broth with 75 µg/mL kanamycin and plasmid DNA was extracted using the Qiagen miniprep kit as per manufacturer’s instructions (Cat. #27104, Qiagen, Germany). Subsequently, the extracted plasmid DNA from the 4004 strain was electroporated as above into the EnGeneIC Pty. Ltd. EDV producing Salmonella enterica serovar Typhimurium strain. Clones containing pLac-CoV2 produce the encoded SARS-COV-2 S-protein, which along with the plasmid DNA, becomes incorporated into EDVs during cell division to produce EDV-COVID. The EDVs containing pLac (EDV-CONTROL) were created in the same way to be used as a negative control.

To determine the plasmid content of EDV-COVID, EDV-COVID-αGC and EDV-CONTROL, plasmids were extracted from 2x109 EDVs using a Qiaprep Spin miniprep kit (Qiagen) following the manufacturer’s instructions. Empty EDV were processed in the same manner as a control. The quantity of DNA plasmids was then measured by absorption at OD260nm using a biophotometer (Eppendorf). The copy number of the plasmids were calculated using the following formula and expressed as copies/particle:

	



Western blot

Proteins from 2 x 1010 EDV-COVID were extracted using 100 µL B-PER™ (Bacterial Protein Extraction Reagent; Cat. #89822, ThermoFisher) supplemented with 10% (v/v) lysozyme (Sigma-Aldrich) and 1% (v/v) DNase I (Cat. #EN0521, Qiagen). The extracted samples were then centrifuged at 12000×g for 10 min and the supernatant was collected. The pellet was also collected and resuspended in 100 µL PBS. 23 µL of the supernatant and pellet protein samples were co-incubated with 5 µL of loading buffer and 2 µL DTT (Sigma-Aldrich) at 80°C for 20 min before the entire content of each sample was loaded onto a NuPAGE 4-12% Bis-Tris Mini Protein Gel (Cat. #NP0322BOX, ThermoFisher) and run at 190 V for ~80 min. The gel was then transferred using the iBlot 2 system (ThermoFisher) after which the membrane was blocked using SuperBlock™ blocking buffer (Cat. #37515, ThermoFisher) and subsequently stained with 1:1000 Rabbit poly-clonal anti-SARS-CoV-2 spike (S1) antibody (GeneTex) or 1:1000 mouse monoclonal anti-SARS-CoV-2 spike (S2) antibody (GeneTex) and incubated overnight at 4°C. The membrane was then washed with 1X Phosphate-Buffered Saline, 0.05% Tween® 20 (PBST) and incubated with HRP conjugated anti-rabbit (1:5000) (Cat. #ab199091, Abcam) or anti-mouse (1:5000) (Cat. #31430, ThermoFisher) IgG secondary antibody for 1 h at RT. The blot was developed using Lumi-Light Western Blot substrate (Cat. #12015200001, Roche) and visualized using a Chemidoc MP (Bio-Rad).



EDV S-protein estimation by ELISA

4 x 109 EDV-COVID particles were pelleted by centrifugation at 13000xg for 8 min. 100 µL of B-Per™ Bacteria lysis agent supplemented with 100 µg/reaction of lysozyme (Cat. #L6876, Sigma) and 5U/reaction rDNase I (Cat. #740963, Macherey-Nagel) was added to each sample and incubated on a vortex shaker for 2 h at 600 rpm at RT. The samples were then mixed with 1:5 Dithiothreitol (Cat. #20290, ThermoFisher) and placed on an 80°C heat block (Eppendorf) at 600 rpm agitation for a further 20 min. Protein quantity was assayed using the DC Protein Assay kit (Cat. #5000111, Bio-rad) following the manufacturer’s specifications.

Standards were generated through serial dilution of the S-protein (ACRObiosystems) to achieve the following concentrations: 2000, 1000, 500, 250, 125, 62.5, 31.3 pg/mL. EDV-COVID S protein samples were diluted 1:1000 in PBS. Standards and EDV S-protein samples, were then coated on the ELISA plate, sealed, and incubated overnight at 4°C. The plates were then washed 3 times with 300 µL PBST using a plate washer. 200 µL protein free blocking buffer (Cat. #786-665, Astral Scientific) was added to the plate which was sealed and incubated at RT for 1 h.

Spike RBD Rabbit PAb detection antibody (Sino Biological) was diluted 1:10000 in 10 mL PBST and 100 µL per well was added and incubated for 1 h at RT. The plate was washed in PBST as above before addition of 100 µL sheep anti-rabbit IgG (H+L)-peroxidase (Cat. #SAB3700920, Merck, 1:10000) in 10 mL PBST. Sealed plates were incubated for 30 min at RT in the dark. The plate was washed again as above and 100 µL of TMB solution (Cat. #34022, ThermoFisher) was added per well. The reaction was stopped by adding 50 µL of 2 M H2SO4 per well within minutes of TMB addition. The samples were analyzed at OD450nm using a µQuant plate reader (Bio-TEK Instruments, Inc) and KC junior software.



α-Galactosylceramide loading into EDV-COVID

EDV-COVID nanoparticles carrying the S protein were purified in large batches through bio-fermentation of the parent bacteria Salmonella enterica serovar Typhimurium, followed by tangential flow filtration (TFF) to purify the EDV-COVID particles from the parent as previously described (14). EDV-COVID particles were then buffer exchanged from media into PBS pH 7.4 (Dulbecco’s; ThermoFisher) complemented with 0.5% tyloxapol (Cat. #T8761, Sigma-Aldrich) prior to loading with αGC based on a protocol as previously described (20).

Alpha-galactosylceramide glycolipid adjuvant (αGC; Advanced Molecular Technologies, Melbourne) stocks were formulated in 100% DMSO (Sigma). Stock αGC was added to EDV-COVID solutions in PBS at a final concentration of 10 µM (8.58 µg/mL equivalent). Co-incubation of EDV-COVID particles and αGC was performed at 37°C with mixing overnight. Unloaded αGC was removed by washing the particles in PBS pH 7.4 (Dulbecco’s; ThermoFisher) through a 0.2 µm TFF system. EDV-COVID-αGC particles were then concentrated in PBS pH 7.4 followed by buffer exchange to 200 mM Trehalose (Cat. #T9531, Sigma) ready for vial filling and freeze-drying.

EDV-COVID-αGC batch vials underwent quality control testing including particle count, uniformity, sterility, S protein concentration, plasmid copy number and αGC concentration per 109 EDV particles, prior to use in animal experiments and clinical trial. Activity of loaded αGC through dendritic cell (DC) uptake and presentation through the CD1d MHC class I like molecule was carried out as described below.



αGC uptake and presentation by murine DCs

JAWSII cells (ATCC) were treated with EDV-COVID-αGC in a 96-well Perfecta3D hanging drop plate (Cat. #HDP1385, Sigma-Aldrich) at 1x109 EDV-COVID-αGC per cell. JAWSII cells treated with 2 µg/mL αGC (Advanced Molecular Technologies) served as a positive control. The cultures were then incubated for 24 h at 37°C with 5% CO2 and cells were collected and stained with a PE conjugated CD1d: αGC complex antibody (Cat. #12-2019-82, ThermoFisher, 1:2000) and analyzed using a Gallios flow cytometer (Beckman). The results were analyzed using Kaluza Analysis software (V.2.1, Beckman).



Detection of S-protein and CD1d associated αGC in murine DCs following EDV-COVID-αGC co-incubation

JAWSII cells (ATCC) were seeded onto a 96 well hanging drop plate (Sigma-Aldrich) at 5 x 104 cells/well. EDV only, EDV-αGC, EDV-CONTROL, EDV-COVID and EDV-COVID-αGC were co-incubated with the cells at 1x109 EDVs per well. Untreated JAWSII cells were used as controls. The samples were cultured at 37°C with 5% CO2 for 48 h before being collected and co-stained with PE anti-mouse αGC:CD1d complex antibody (ThermoFisher, 1:2000) and SARS-CoV-2 S1 protein polyclonal primary antibody (GeneTex, 1:2000) at room temperature for 30 min in the dark. The samples were then stained with Alexa Fluor 647 goat anti-rabbit IgG (H+L) highly cross-adsorbed secondary antibody (ThermoFisher, 1:1000) at 4°C for a further 20 min and analysed using a Gallios flow cytometer (Beckman Coulter). Mouse IgG2a (Cat. #400214, Biolegend) and rabbit IgG (Abcam) were used as isotype controls. DAPI was used to differentiate live/dead cells and single stained samples were used to generate compensation. The samples were analysed using the Kaluza analysis software (V2.1, Beckman Coulter).



Extraction of αGC from EDV-COVID-αGC for quantitation

An αGC extraction method was adapted from previous similar studies (21, 22). The necessary number of EDV vials were taken to achieve a total of 1 x 1010 EDVs per sample for extraction of αGC. An EDV only sample was used as a negative control.

All lyophilized vials were resuspended in 400 µL of PBS (Dulbecco’s Ca2+ Mg2+ free, ThermoFisher). Each sample was aliquoted in Eppendorf tubes (i.e., two tubes per sample) and all samples were centrifuged @ 16400xg for 7.5 min. The supernatant was removed from each sample and the EDV pellets were resuspended in 800 µL PBS and centrifuged again as above. The supernatant was removed once again, and all samples were resuspended in 500 µL of UltraPure™ H2O (Cat. #10977015, ThermoFisher).

For αGC extraction, each 500 µL sample was transferred to a conical bottom 2 mL microtube (Axygen). One stainless steel bead (5 mm) was added to each sample and samples were then homogenized using agitation on the Qiagen TissueLyser II homogeniser (Qiagen). Homogenisation was carried out in two rounds of 2 min agitations at 25 Hz with a brief stoppage between sets. Lysates were then extracted for lipids by adding 1 mL of chloroform/methanol (2:1 CHCL3: MeOH ratio), shaking vigorously by hand and incubating at 37°C for 15 min with sonication every 5 min for 1 min. Following 15 min, samples were centrifuged at 2000xg for 10 min in a benchtop micro centrifuge. The organic layer (bottom) was removed to a fresh tube. The samples were then dried before analysis.



Quantitative LC-MS/MS analysis of αGC

The standard αGC, and the internal standard (IS), D-galactosyl-ß-1,1’ N-palmitoyl-D-erythro-sphingosine were dissolved in DMSO to either, 1 mM or 2 mM, depending on amount of αGC weighed and size of the vial (both concentrations proved suitable as starting working stocks) with heating at 60-80°C for 5 min if necessary to dissolve. Prior to data acquisition the standard stock solution was used to prepare stock dilutions in MEOH:H20 (95:5). A working IS dilution was prepared with final concentration of 200 ng/mL.

Standards were prepared by using five calibration points of αGC (STD) (62.5, 125, 250, 500, and 1000 ng/mL) spiked with 200 ng/mL IS (22). The standard: IS area ratios were used as calibration curve (CC) points or linearity against which the unknown samples were quantified. The samples were dried and reconstituted in 1ml of working IS dilution.

Samples were acquired along with the freshly prepared CC standards on a TSQ Altis (ThermoFisher) triple quadruple mass spectrometer (MS) interfaced with Vanquish (ThermoFisher) UHPLC (Ultra High-Performance Liquid Chromatography) (LC). The LC-MS instrument method employed for data acquisition was optimised as per Sartorius et al. (2017) (22). Xcalibur and TraceFinder software were used for data acquisition and analysis respectively (ThermoFisher).

The chromatographic analysis (LC) was performed on an Acquity BEH Phenyl column (Waters, 100 × 2.1 mm, 1.7 μm), eluted with a short gradient program from 95:5 MeOH/H2O to 100% MeOH in 1 min followed by an isocratic elution at 100% MeOH for 4 min. Flow rate was set at 0.4 mL/min and column temperature at 40°C. αGC eluted at a RT of 1.53 min, IS at 1.07 min. Two MRM transitions were monitored for both STD and IS for quantitative purposes and to confirm analytical identification. The most intense transitions for each compound (i.e., m/z 856.7 > 178.9 for STD and m/z 698.5 > 89.2 for IS) were used as analytical responses.



Isolation of serum from mice

Whole blood samples were taken via heart puncture following lethal anesthesia, collected into SST vacutainers (Cat. #455092, VACUETTE®) and allowed to clot at RT for 1 h. After centrifugation for 10 min at 800xg the serum layer was aliquoted and stored at -80°C for SARS-CoV-2 specific antibody detection by ELISA and neutralizing antibody assays.



Murine splenocyte isolation

Dissected spleens of treated BALB/c mice were placed in 500 µL of RPMI-1640 medium (Cat. #R8758, Sigma-Aldrich). Spleens were then transferred to a Dounce homogenizer (glass tube and pestle; 7 mL; Wheaton) by emptying the contents directly into the body of the glass homogenizer. 4 mL of RPMI-1640 medium was then added and the plunger used to break down the spleen with 10 passes of the plunger into the homogenizer body. The homogenized tissue was then filtered through sterile 70 µm MACS SmartStrainers (Cat. #130-110-916, Miltenyi Biotec) into 50 mL tubes (Falcon) and the glass homogenizer washed with a further 4 mL and passing this volume through the strainer. Splenocytes were then spun at 350xg for 10 min. and the pellet resuspended in 4 mL RPMI-1640 medium. Red blood cell lysis was then performed by adding 16 mL (1:4 ratio) of Red Cell Lysing Buffer Hybri-Max™ (Cat. #R7757, Sigma-Aldrich) and incubated for 10 min. at room temperature. Cells were further washed as per manufacturer’s recommendations and finally, resuspended in 2.5 mL of autoMACS running buffer (Cat. #130-091-221, Miltenyi Biotec) and passed through a 70 µm MACS SmartStrainer to obtain a single-cell suspension.



ELISA for measurement of mouse serum cytokines

IFNγ, TNFα, IL-6, IFNα, IL-12p40, IL-10, IL-2 and IL-4 from mouse sera were measured using DuoSet® ELISA kits from R&D Systems (Table S2) according to manufacturer’s instructions. Serum levels of IL-21 was analyzed using a LEGEND MAX Mouse IL-21 ELISA kit (Biolegend) following the manufacturer’s instructions. Cytokine concentration was determined by calculating absorbance of the samples against standard curves constructed within the same assay using purified material and expressed as pg/mL (Figures 1F-M).



ELISA for measurement of S-protein RBD and S1 IgG/IgM mouse serum titer

For analysis of anti-RBD specific IgG and IgM antibodies, 96-well plates (Immulon 4 HBX; Thermo Fisher Scientific) were coated at 4°C with 50 µL per well of a 2 µg/mL solution of RBD or S1 protein of the corresponding variant being tested (ACRObiosystems) suspended in PBS (GIBCO). On the following day, the coating protein solution was removed and 100 µL of 3% skim milk blocking solution in PBS/0.1% Tween 20 (PBST) or protein-free blocking solution (G-Biosciences) was added and incubated at RT for 1 h. Serial dilutions of mouse serum were prepared in 1% skim milk/PBST or protein-free blocking solution. The blocking solution was removed and 100 µL of each serum sample was added to the plates and incubated for 2 h at RT. Following incubation, the wells were washed three times with 250 µL of 0.1% PBST, before adding 100 µL of goat anti-mouse IgG (H+L) or IgM (Heavy)– HRP-conjugated secondary antibody (Cat. #31430, #62-6820, ThermoFisher, 1:3000) prepared in 0.1% PBST. The samples were incubated at RT for 1 h and washed three times with 0.1% PBST. Once completely dry, the samples were visualized by incubating with TMB for 15 min. The reactions were then terminated, and the samples were read at OD450nm using a KC Junior plate reader (BioTek Instruments).

Antibody titer was determined using ELISA by generating eight 1:3 serial dilutions of the treated mouse serum samples and is expressed as the endpoint titer (reciprocal of the highest serum dilution giving an OD above the cut-off set at two standard deviations above mean negative control (PBST) reading.



Murine B cell extraction from bone marrow

0.5 mL microfuge tubes were punctured at the base with a 21-gauge needle and placed inside a 2 mL tube. BALB/c mice were euthanized with CO2 and placed onto a sterile surgical pad in a class II biosafety cabinet. The mouse abdominal area and hindlimb skin were sanitized with 70% ethanol swabs. Using blunt-end sterile scissors, the surface muscles were dissected to locate the pelvic-hip joint. The hind leg was dissected from the pelvic-hip joint with sharp sterile scissors. The tibia was separated from the hind leg below the knee joint.

Isolated murine tibia and femur were placed in the 1 mL tubes with the cut side of the bone at the bottom. Bone marrow cells were extracted from the tibia and femur via 30 s centrifugation at 10000xg. Pelleted cells were resuspended in 1 mL RPMI-1640 medium (Cat. #R8758, Sigma-Aldrich) and incubated with Hybri-Max™ Red Cell Lysing Buffer (Cat. #R7757, Sigma-Aldrich) for 5 min. The lysis buffer was neutralized with 15 mL of RPMI-1640 medium supplemented with 10% Fetal Bovine Serum (FBS) (Cat. #554656; BD) and centrifuged at 300xg for 10 min. Cells were resuspended in a final volume of 10 mL of RPMI-1640 medium for final counting. B cells were isolated using the Pan B Cell Isolation Kit (Cat. #130-095-813, Miltenyi Biotec) as per manufacturers’ instructions.



Murine B cell stimulation and ELISA

ELISA micro plates were coated with 2 µg/mL SARS-CoV-2 S-protein trimer (ACRObiosystems) and incubated overnight at 4°C. Microplates were washed 3x with phosphate-buffered saline (PBS) and blocked with 200 µL/well of Protein-Free Blocking Buffer PBST (Cat. #786-665, G-Biosciences) for 2 h at RT.

Mouse bone marrow derived B cells were isolated from treated mice and 1x105 cells were seeded into each well in 200 µL AIMV media and incubated at 37°C for 48 h.

At the end of the incubation period, the cells were removed from each well and each microplate was washed 5x with 200 µL/well of 0.05% Tween 20 in PBST. The samples were then incubated in 100 µL/well of 1:5000 mouse IgG-HRP in PBST for 2 h at RT in the dark before washing 3x in 250 µL PBST. The presence of spike specific IgG was detected by adding 100 µL/well of TMB Substrate System and allowed to incubate for 10 min, by which time a color solution formed, and no longer than 20 min. Enzyme reaction was stopped by adding 50 µL/well of 2N H2SO4 Stop Solution. The samples were analyzed using a CLARIOstar microplate reader (BMG LABTECH) at OD450nm with OD540nm as the reference wavelength and analyzed using the MARS software (BMG LABTECH).



Activation-induced markers assay on murine splenocytes

Isolated splenocytes were seeded at 1 x 106 cells/200 µL/well in AIMV (Life Technologies) serum free media in a 96-well U-bottom plate. Cells were stimulated with 1 µg/mL SARS-CoV-2 trimer (ACRObiosystems) for 24 h at 37°C, 5% CO2. 1 µg/mL DMSO was used as a negative control and 10 µg/mL PHA (Cat. #L2769-2MG, Sigma) as a positive control. After 24 h of stimulation, samples were collected in 1.5 mL microfuge tubes by pipetting up and down to collect the cells and centrifuged at 300xg for 10 min. The supernatant was collected and frozen for processing for IFNγ by ELISA (DuoSet, R&D Systems).

For T cells activation staining the cell pellets from above were washed twice in 500 µL FACS buffer (MACS buffer; Miltenyi), centrifuging as above. Final cell pellets were resuspended in 500 µL FACS buffer and stained with the appropriate antibody (included in the kit) for 30 min at RT in the dark (Table S3). Cells were then centrifuged at 300xg for 5 min and washed twice with 500 µL FACS buffer. Cells were then fixed in 1% paraformaldehyde for 10 min at 4°C and after that centrifuged at 300xg for 5 min again. Final resuspension was in 300 µL of FACS buffer before analyzing on a Gallios flow cytometer (Beckman). Single stain samples and mouse IgG isotype controls were used to create compensation for the staining.



Th1/Th2 phenotyping on murine splenocytes

Th1/Th2 phenotyping was carried using the Mouse Th1/Th2/Th17 phenotyping kit (Cat. #560758, BD). Firstly, as per AIM assay, isolated splenocytes were seeded at 1 x 106 cells/200 µL/well in AIMV (Life Technologies) serum free media in a 96-well U-bottom plate. Cells were stimulated with 1 µg/mL SARS-CoV-2 trimer (ACRObiosystems) for 24 h at 37°C, 5% CO2. 1 µg/mL DMSO was used as a negative control and 10 µg/mL PHA (Cat. #L2769-2MG, Sigma) as a positive control. After 24 h of stimulation, 1 μL of BD GolgiStop™ (protein transport inhibitor, Cat. #51-2092KZ, BD) per 200 µL of cell culture was added, mixed thoroughly, and incubated for a further 2 h at 37°C. Cells were then centrifuged at 250xg for 10 min and washed 2 times with the stain buffer supplied in the kit (“FBS”). The cells were counted and approximately 1 million cells were transferred to each flow test tube for immunofluorescent staining as per manufacturer’s instructions. Cells were protected from light throughout the staining procedure. Firstly, cells were fixed by spinning at 250xg for 10 min at RT and thoroughly resuspending in 1 mL of cold BD Cytofix™ buffer (provided in the kit or Cat #554655, BD) and incubated for 10-20 min at RT. Following fixation cells were pelleted at 250xg for 10 min at RT and washed twice at RT in stain buffer (FBS). The stain buffer was removed by spinning and the cell pellet was resuspended in 1X BD Perm/Wash™ buffer (Cat. #554723, BD) diluted in distilled water, and incubated at RT for 15 min. Cells were spun down at 250xg for 10 min at RT and the supernatant removed. For staining, the fixed/permeabilized cells were thoroughly resuspended in 50 μL of BD Perm/Wash™ buffer incubated with 20 µL/tube of cocktail included in the kit (Mouse CD4 PerCP-Cy5.5 (clone: RM4-5), Mouse IL-17A PE (clone: TC11-18H10.1), Mouse IFN-GMA FITC (clone: XMG1.2), Mouse IL-4 APC (clone: 11B11) or appropriate negative control. Samples were incubated at RT for 30 min in the dark before proceeding to FACS analysis on a Gallios flow cytometer (Beckman). Compensation was performed manually for each channel using single stained controls.



SARS-CoV-2 surrogate virus neutralization test (mouse and human samples)

Assessment of neutralizing antibodies was carried out using the FDA approved “cPASS SARS-CoV-2 Surrogate Virus Neutralization Test RUO Kit” (Cat. #L00847-A, Genscript) (23). The kit is a blocking ELISA detection tool mimicking the virus neutralization process, suitable for use with serum from mice and other species. The capture plate is precoated with hACE2 protein. The necessary number of hACE2 coated plate strips were placed on the plate and the remainder stored at 2-8°C. HRP-RBD (wild-type, Genscript) was diluted 1:1000 in HRP dilution buffer provided to a total of 10 mL as per protocol. Mouse and human serum samples, PBMC supernatant and positive and negative controls were diluted 1:10 (10 µL + 90 µL sample dilution buffer) and pre-incubated with HRP-RBD in a 1:1 ratio (60 µL + 60 µL) to allow binding of neutralizing Abs with HRP-RBD. Mixtures were incubated at 37°C for 30 min. Samples or controls were added to the appropriate wells at 100 µL/well. The plate was covered with plate sealer and incubated at 37°C for 15 min. The sealer was then removed and the plate washed 4 times with 260 µL of 1X wash solution. The plate was pat dried after washing. 100 µL of TMB solution was then added to each well and the plate incubated in the dark at RT for up to 15 min. 50 µL of stop solution was added to terminate the reactions. Absorbance was analyzed at OD450nm immediately using a CLARIOstar microplate reader. HACE2 receptor binding inhibition was calculated using the formula provided by the manufacturer (% inhibition=(1-OD value of sample/OD value of negative control) x 100%. As per spec sheet a positive value was interpreted as > 30% and a negative as < 30%.

For the assessment of neutralizing antibodies against variant SARS-CoV-2 strains the following HRP-RBD proteins were purchased from Genscript for substitution into the cPASS kit: SARS-CoV-2 Alpha S-protein (RBD, E484K, K417N, N501Y, Avi & His tag)-HRP (Cat. #Z03596), SARS-CoV-2 Beta S-protein (RBD, N501Y, Avi & His tag)-HRP (Cat. #Z03595), SARS-CoV-2 Gamma S-protein (RBD, E484K, K417T, N501Y, Avi & His Tag)-HRP (Cat. #Z03601), SARS-CoV-2 Delta S-protein (RBD, L452R, T478K, Avi & His Tag)-HRP (Cat. #Z03614), SARS-CoV-2 Omicron S-protein HRP (RBD, G339D, S371L, S373P, S375F, K417N, N440K, G446S, S477N, T478K, E484A, Q493R, G496S, Q498R, N501Y, Y505H, His Tag)-HRP (Cat. #Z03730). SARS-CoV-2 Omicron BA.2 S-protein HRP (RBD, His Tag) (Cat. #Z03741), SARS-CoV-2 Omicron BA.4/BA.5 S-protein HRP (RBD, His Tag) (Cat. #CP0007).



FACS analysis of T cells and B cells in human samples

T cell analysis was conducted using DuraClone IM T cell subsets tube (Cat. #B53328, Beckman Coulter). 1 x 106 purified PBMCs were added to the tubes directly in 100µl and incubated at RT for 30 min in the dark. The samples were then pelleted at 300xg for 5min and washed once in 3 mL of PBS. The final samples were resuspended in 500 µl of PBS with 0.1% formaldehyde. Compensation for the assay was generated using the Compensation Kit provided in the IM DuraClone T cell subset tube using purified PBMCs.

B cell analysis was conducted using volunteer PBMCs using SARS-CoV-2 S-B Cell Analysis Kit, human (Miltenyi Biotec, 130-128-022). In short, PBMCs were stained with SARS-CoV-2 S-protein-Biotin was then then co-labelled with Streptavidin PE and Streptavidin PE-Vio 770 to eliminative the chance of non-specific binding. Cells were then stained with 7AAD, CD19, CD27, IgG, and IgM before analysed using FACS. All compensations were conducted using UltraComp eBeads™ Plus Compensation Beads (Cat. #01-3333-42, ThermoFisher). Samples were analysed using a Gallios flow cytometer (Beckman Coulter) and analysed using the Kaluza software (Beckman Coulter).

Samples were processed using a Gallios flow cytometer (Beckman) and the results were analyzed using the Kaluza Analysis software (ver 2.1, Beckman).



Activation-induced markers assay in human samples

Volunteer PBMCs were seeded at 1 x 106 cells/200 µL/well in AIMV (Life Technologies) serum free media in a 96-well U-bottom plate. Cells were stimulated with 2 µg/mL SARS-CoV-2 trimer (ACRObiosystems) for 24 h at 37°C, 5% CO2. 2 µg/mL DMSO was used as a negative control and PHA (Cat. #00-4977-93, eBiosciences) as a positive control. After 24 h of stimulation, samples were collected in 1.5 mL microfuge tubes by pipetting up and down to collect the cells and centrifuged at 300xg for 10 min. The supernatant was collected and frozen for processing for IFNγ by ELISA (DuoSet, R&D Systems) and for SARS-CoV-2 wild-type surrogate virus neutralization test using the cPASS kit (Genscript). The negative controls of the samples were also used for IL-21 analysis using IL-21 Human ELISA kit (Cat. #BMS2043, ThermoFisher) following the manufacturer’s instructions.



Statistical analysis

For mouse cytokine studies, Statistical significance was calculated using one way (IL-2) and two way ANOVA (IFNα, IFNγ, TNFα, IL-6) and Tukey’s test and ANOVA with Kruskal-Wallis test (IL-21, IL-10). For IgG and IgM antibody titres in mouse studies, P values were calculated using two way ANOVA and Tukey’s test and Kruskal-Wallis test. For murine B cell stimulation and ELISA analysis, Statistical comparison of EDV-COVID-αGC treated groups (2 x 109 and 3 x 109) with the respective saline control was performed using one way ANOVA. For mouse AIM assays, statistical comparison of EDV-COVID-αGC treated groups (2 x 109 and 3 x 109) with the respective saline control was performed using one way ANOVA. For human trial results, P values were calculated using ANOVA or paired t test. LOWESS curve was used for B cell analysis from volunteer PBMCs. The level of significance is expressed as follows: **** p≤ 0.0001; *** p≤ 0.001; ** p≤ 0.01; * p≤ 0.05. All statistical analyses were performed on GraphPad Prism v 9.0.4.



Data and materials availability

All data needed to evaluate the conclusions in the paper are present in the paper or the supplementary materials. This study did not generate any unique datasets or code.




Results


EDV-COVID-αGC vaccine carrying spike antigen plus iNKT stimulating α-galactosylceramide

In this study, we created EDV-COVID-αGC, a dual packaged nanocell carrying both the SARS-CoV-2 spike protein and the glycolipid adjuvant, α-galactosylceramide (Figure 1A). The pLac-CoV2 bacterial recombinant plasmid expressing SARS-CoV-2 S-protein under a modified β-lactamase promoter (Figure 1B), was transformed into the EDV producing S. typhimurium and purified EDV-COVID nanocells were shown to contain both subunits of the S-protein by western blot using a polyclonal antibody against S1 and a monoclonal antibody against the S2 subunit (Figure 1C). EDV plasmid extraction and quantitation gave a plasmid copy number of ~100 copies pLac-CoV2 per EDV (Table S1) whilst protein quantitation showed ~16 ng of spike protein per 109 EDVs (Figure S1).

Purified EDV-COVID were loaded with αGC to produce EDV-COVID-αGC and LC-MS/MS measurement from lipid-extracted EDV-COVID-αGC showed ~60 ng of αGC per 109 EDVs (Figure S2). Flow cytometric analysis of murine JAWS II cells treated with EDV-COVID-αGC and stained with anti-CD1d:αGC demonstrated the uptake and CD1d-mediated surface presentation of αGC (Figure 1D). Furthermore, co-staining of JAWS II cells with anti-spike S1 and anti-CD1d:αGC, confirmed the presentation of both S-protein and αGC on the surface of DCs following co-incubation with EDV-COVID-αGC (Figure 1E).



Early cytokine response and iNKT engagement in mice treated with EDV-COVID-αGC

Intramuscular (i.m.) inoculation of BALB/c mice with a single first dose of 2 x 109 or 3 x 109 EDV-COVID-αGC resulted in 8 h serum samples showing elevated Th1 cellular immune response cytokines compared to controls. As shown in (Figures 1F, G), IFNα and IFNγ rose to significantly higher levels (p ≤ 0.0001) in EDV-COVID-αGC groups for both dose levels compared to the respective dose controls including Saline, EDV, EDV-CONTROL (spike-negative plasmid) and EDV-COVID (spike protein alone). IL-2 rose significantly in the 3 x 109 dose EDV-COVID-αGC treatment but was not detected in any of the 3 x 109 controls (p ≤ 0.0001) (Figure 1I). 2 x 109 EDV-COVID-αGC treatment was comparable to the 3 x 109 dose (Figure 1I). IL-12p40 rose significantly (p ≤ 0.0001) in the EVD-COVID-αGC group at 2 x 109 compared to all controls and significantly compared to saline (p ≤ 0.0001) and EDV-COVID (p ≤ 0.001) at 3 x 109 (Figure 1H). The significant difference between EDV-COVID-αGC and EDV-COVID for all cytokines demonstrates the impact of adding αGC and correlates to iNKT pathway engagement. 2 x 109 dose level for TNFα showed a significant increase compared to saline and EDV-COVID (p ≤ 0.0001) but not at the 3 x 109 dose (Figure 1J). The observed reduced response in cytokine levels for 3 x 109 dose remains to be further tested to determine whether there is a timing issue associated with increase particle amount. IL-21, a Th2 cytokine crucial in antiviral activity was significantly elevated in mice treated with EDV-COVID-αGC by 28 days compared to saline (p ≤ 0.001) and all other controls (p ≤ 0.01) (Figure 1L). IL-10, is a Th2 inflammatory cytokine which was not elevated significantly (ns) in EDV-COVID-αGC, EDV, EDV-CONTROL (spike-negative plasmid) and EDV-COVID (spike protein alone) groups compared to saline (Figure 1M).

TNFα and IL-10, part of the innate immune response to the EDV associated LPS, occurred to a similar extent in all the EDV containing groups (Figures 1J, M). IL-6 was shown to be elevated in the EDV-COVID-αGC injected group compared to all the controls at both dose levels (p ≤ 0.0001) (Figure 1K). The only observable side effect exhibited by mice due to the secretion of TNFα and IL-6 was slight ruffling which resolved within 16-24 h (Figures 1J, K).



Production of S-specific IgG and IgM antibody titers in mice

Mice dosed i.m. with 2 x 109 or 3 x 109 EDVs and an equal boost at day 21 were analyzed for serum IgM and IgG antibody titers at day 28 using S-protein-specific ELISA. EDV-COVID-αGC gave significantly elevated IgM at the 2 x 109 dose (Figure 2A) and compared to Saline, EDV, EDV-CONTROL (p ≤ 0.0001) and EDV-COVID (p ≤ 0.05) groups. Antibody titers were higher for EDV-COVID-αGC compared to EDV-COVID. IgM levels were significantly elevated compared to saline controls by day 7 for both EDV-COVID and EDV-COVID-αGC (p ≤ 0.05) (Figure 2C). By day 21 prior to boosting, IgM titers dropped for both EDV-COVID and EDV-COVID-αGC groups (Figure 2E).




Figure 2 | S-specific IgM and IgG titers in female Balb/c mice treated with EDV-COVID-αGC on day 1 and boosted on day 21. (A) Day 28 IgM S-protein specific titers for 2 x 109 (n = 7) and 3 x 109 dose (n = 10) levels. (B) Day 28 IgG S-protein specific titers for 2 x 109 (n = 7) and 3 x 109 (n = 10) dose levels. (C–F) IgM and IgG S-protein specific titers for 3 x 109 (n = 10) dose at day 7 (C, D) and at day 21 (n = 10) (E, F). Asterisks representing significant values (****p ≤ 0.0001; ***p ≤ 0.001; **p ≤ 0.01; *p ≤ 0.05) and numerical p values were measured using two way ANOVA and Tukey’s test or one-way ANOVA and Tukey’s test (2 D and F) on GraphPad Prism v 9.4.0.



S-specific mouse serum IgG titer levels rose significantly in the EDV-COVID-αGC group compared to saline (p ≤ 0.01), EDV, EDV-CONTROL (p ≤ 0.05) and EDV-COVID (p ≤ 0.01) controls at 2 x 109 (Figure 2B). The EDV-COVID group at 2 x 109 gave titers that were not significantly different to saline. IgG titers in the 3 x 109 EDV-COVID-αGC group were significantly different compared to saline, EDV and EDV-CONTROL (p ≤ 0.001). Though not significantly different to EDV-COVID at this dose, the EDV-COVID group showed lower overall significance compared to saline (p ≤ 0.05). S-specific IgG titers which rose by 7 days for EDV-COVID and EDV-COVID-αGC (p ≤  0.05 and 0.001 respectively) (Figure 2D), remained elevated by day 21 for IgG, particularly in the EDV-COVID-αGC group vs EDV-COVID (p ≤ 0.001 vs 0.05) (Figure 2F).



S-protein-specific B and T cell response in mice treated with EDV-COVID-αGC

To study the B cell response after immunization of mice at both 2 x 109 and 3 x 109 levels, bone marrow derived B cells were stimulated ex-vivo with SARS-CoV-2 S-protein and B cell secreted S-specific IgM and IgG titers were measured. A dose of 2 x 109 EDV-COVID-αGC resulted in significantly elevated IgM and IgG levels (p ≤ 0.01, p ≤ 0.0001 respectively) compared to all other groups dosed at 2 x 109 and similarly, 3 x 109 EDV-COVID-αGC resulted in significantly elevated IgM and IgG levels compared to all other groups at 3 x 109 (p ≤ 0.0001, p ≤ 0.05 respectively) (Figures 3A, B).




Figure 3 | S-protein-specific B and T cell response in murine bone marrow derived B cells and splenocytes and Surrogate Viral Neutralization Test (sVNT) on mouse serum from female Balb/c mice dosed on day 1 and boosted on day 21. S-protein specific IgG and IgM production from bone marrow derived B cells isolated from 2 x 109 and 3 x 109 treated mice (n = 6) at day 28 post-initial dose following ex-vivo stimulation with SARS-CoV-2 S-protein. (A) IgM (pg/ml) concentrations in 2 x 109 dose groups and 3 x 109 dose groups. (B) IgG (pg/ml) concentrations in 2 x 109 dose groups and 3 x 109 dose groups. (C) Change in CD69 expression within the CD8+ cytotoxic T cell population following the stimulation of ex vivo splenocytes with wild type SARS-CoV-2 S-protein in the 2 x 109 dose groups and (D) 3 x 109 dose groups compared to DMSO (negative) stimulated controls. Data presented as mean ± SEM. Asterisks represent significant values (****p ≤ 0.0001; **p ≤ 0.01; *p ≤ 0.05) calculated using one way ANOVA on GraphPad Prism v 9.4.0. (E) IFNγ (Th1) and IL-4 (Th2) expression within the CD3+ CD4+ T cell population in SARS-CoV-2 S-protein stimulated ex vivo splenocytes. (F–K) Viral neutralization tests (VNTs) using the cPASS™ SARS-CoV-2 Neutralizing Antibody Assay (FDA approved) for detection in various species was used to assess inhibition of RBD binding to hACE2 receptor. (F) VNTs using the serum of mice immunized with 2 x 109 (n = 4, 8) and (G) 3 x 109 (n = 8) EDVs against SARS-CoV-2 RBD wild-type. Subsequent VNTs were conducted using the serum of 3 x 109 EDV immunized mice against the Alpha (H), Beta (I), Gamma (J) and Delta (K) variant RBDs (n = 8). Dotted line represents sVNT 30% cut-off correlating with a positive PRNT90 for 1:10 dilution of sera.



When analyzing the early T cell activation marker CD69 as a percentage of CD3 within the ex vivo splenic CD8+ T cell population by flow cytometry, a dose of 2 x 109 EDV-COVID-αGC gave a higher T cell response (p ≤ 0.05) following stimulation with S-protein compared to DMSO stimulation (p ≤ 0.05) (Figure 3C). This higher CD69+/CD3+ ratio was also observed at a dose of 3 x 109 (p = 0.0185) for S-protein stimulation compared to DMSO (p ≤ 0.05) (Figure 3D).

In Figure 3E, Th1/Th2 phenotyping studies following S-protein stimulation of ex-vivo splenocytes, show that CD4+ T cells from EDV-COVID and EDV-COVID-αGC mice produced IFNγ but not IL-4 within 24 h compared to other groups, which had no response.



Surrogate virus RBD neutralization of VOC by EDV-COVID-αGC

FDA approved cPASS™ sVNT kit was used to evaluate the level of neutralizing antibodies in mouse serum at day 28 post i.m. inoculation of 2 x 109 and 3 x 109 (for wild type strain) and 3 x 109 for Alpha, Beta, Gamma and Delta strains. According to the kit’s specifications a sample is deemed positive for PRNT90 at 30% level of inhibition (23, 24). Following these guidelines, at a dose of both 2 x 109 and 3 x 109, 100% of the mice treated with EDV-COVID-αGC neutralized RBD from wild type SARS-CoV-2, while 50% and 75% respectively for the corresponding doses of EDV-COVID showed RBD neutralization (Figures 3F, G). 100% of mice treated with 3 x 109 EDV-COVID-αGC neutralized the respective RBDs from Alpha strain, 80% Beta and 90% Gamma and Delta, however vaccination using EDV-COVID without αGC yielded a noticeably poorer response (Figures 3H–K).



EDV-COVID-αGC clinical trial

Healthy volunteers receiving 9 x 109 EDV-COVID-αGC from our phase I study cohort exhibited strong neutralizing activity (>PRNT90 equivalent) using the cPASS SARS-CoV-2 Surrogate Virus Neutralization Test Kit, against wild-type, Delta and Omicron B.1.1.529 as seen at day 28 (Figure 4Ai). The level of Omicron B.1.1.529 neutralization was sustained for at least 3 months, at which time point newly emergent Omicron variants BA.2 and BA. 4/5 were also tested (Figure 4Aii). For comparison, we also included neutralization results for Omicron B.1.1.529 and BA. 4/5 from 5 volunteers who had received 2 doses of BNT262b2 at 3-4 months previously (Figure 4Aii). In addition, we found the neutralization level against BA. 4/5 increased significantly in volunteers who had previously received other available vaccines and were then boosted with EDV-COVID-αGC at least 4 months later (Figure 4Aii).




Figure 4 | EDV-COVID-αGC Clinical trial: Data from the 6 volunteers. (Ai) SVNT analysis of volunteer serum on day 1, 21, 28 post-initial injection and a booster on day 21 against wild type, Delta and Omicron B.1.1.529 variants of the SARS-CoV-2 RBD. (Aii) SVNT analysis of volunteer serum against Omicron B.1.1.529 and Omicron BA. 2 and BA. 4/5 variants of the SARS-CoV-2 RBD, at 3 months post 2 doses of EDV-COVID-αGC only, 2 doses of BNT262b2 only, and EDV-COVID-αGC as a booster. Dotted line represents sVNT 30% cut-off correlating to a positive PRNT90 for 1:10 dilution of sera. (B, C)  Serum IFNγ and IFNα levels respectively on day 1, 21 and 28 after initial injection and a day 21 booster. (C) Serum IFNα levels (pg/ml) on day 1, 21 and 28 post-initial injection. (D) CD4+ central memory T cells (TCM) (CD45RA- CD27+ CCR7+ CD3+ CD4+) analysis on day 1 and day 28. (E) CD8+ central memory T cells (CD45RA- CD27+ CCR7+ CD3+ CD8+) analysis on day 1 and day 28. (F) Ex vivo PBMC production of IFNγ following SARS-CoV-2 S-protein stimulation on day 1 and day 28. (G) CD69 expression in T cells (CD45+ CD3+ CD69+) in ex vivo PBMCs following SARS-CoV-2 S-protein stimulation on day 1 and day 28. (H) Amount of S-protein specific CD19+ B cells in PBMCs on day 1, 28, 2 months and 3 months following initial injection. (I) Amount of S-protein specific CD19+ CD27+ memory B cells in PBMCs on day 1, 28, 2 months and 3 months following initial injection. (J) Amount of IgM+ CD19+ CD27+ memory B cells in PBMCs on day 1, 28, 2 months and 3 months following initial injection. (K) Amount of IgG+ CD19+ CD27+ memory B cells in PBMCs on day 1, 28, 2 months and 3 months following initial injection. Data presented as mean ± SEM, ns, not significant. Asterisks represent significant values (***p ≤ 0.001; **p ≤ 0.01; *p ≤ 0.05) between stated groups and calculated using paired t test on GraphPad Prism v 9.4.0.



Serum IFNγ (Figure 4B) and IFNα (Figure 4C) levels where increased and remained elevated in EDV-COVID-αGC trial volunteers (p ≤ 0.001 and p ≤ 0.05 respectively) compared to day 1 baseline). Similar to the mouse splenocyte data (Figure 3E), ex vivo PBMCs isolated on day 28 responded to SARS-CoV-2 S-protein stimulation and produced elevated levels of IFNγ (p ≤ 0.01) (Figure 4F). Total PBMC analysis showed that there is an increase in CD4+ (CD45RA- CD27+ CCR7+ CD3+ CD4+) (Figure 4D) and CD8+ (CD45RA- CD27+ CCR7+ CD3+ CD8+) (Figure 4E) (p ≤ 0.05) circulating central memory T cells (TCM) in the vaccinated volunteers from day 1 to day 28. Similarly, there is an increase in CD69+ T cells (CD45+ CD3+ CD69+) in the PBMCs following S-protein stimulation (p ≤ 0.05) (Figure 4G).

Additionally, there is a significant increase in the percentage of S-protein specific B cells in the PBMCs by 2 months post-initial injection (p ≤ 0.01) (Figure 4H) and a similar trend was also observed in S-protein specific memory B cells (p ≤ 0.01) (Figure 4I). B cell class switching was observed by 2 months post-initial injection, which saw a general trend of reduction in IgM+ memory B cell numbers (CD19+ CD27+) (Figure 4J) and an increase in IgG+ memory B cell numbers (CD19+ CD27+) (p ≤ 0.01) (Figure 4K). This corroborates the mouse data, demonstrating the presence of antigen specific memory B cells in vaccinated volunteers 28 days post-EDV-COVID-αGC vaccination, with seroconversion appearing to occur at around the 60 days post-initial injection mark.




Discussion

Despite an unprecedented global effort to vaccinate against SARS-CoV-2, the cause of the COVID-19 pandemic, the continuous emergence of VOC has resulted in the decline of vaccine protective efficacy, necessitating reformulation of vaccines with dominant VOC S-proteins. Further, the currently approved vaccines have logistic issues such as the requirement to store and transport vaccines at -20°C to -70°C and a shelf life of only 3 to 12 months, making it difficult to deploy these vaccines to rural populations, especially in less developed regions of the world. There is an urgent need for a vaccine which protects against multiple VOCs, has a B- and T-cell memory, obviating the need for multiple booster doses, and which could be stored and transported at room temperature.

Here we provide data on a novel COVID-19 vaccine that readily overcomes these limitations.

The vaccine comprises a 400 nm non-living, achromosomal nanocell (EDV; EnGeneIC Dream Vector) derived from a non-pathogenic strain of Salmonella enterica serovar Typhimurium. The purified EDVs are pre-packaged with a bacterial gene expression recombinant plasmid carrying the SARS-CoV-2 S-protein encoding gene under a constitutive gene expression, modified β-lactamase promoter (EDV-COVID). The plasmid expresses the S-protein in the bacterial cytoplasm during normal bacterial growth and when the EDV is formed, a significant concentration of the S-protein segregates into the EDV cytoplasm. Additionally, the EDV-COVID nanocells are further packaged with αGC (EDV-COVID-αGC).

In previous studies we tracked the uptake and intracellular fate of the nanocells carrying different payloads being cytotoxic drugs (14) or nucleic acids (15). These studies, carried out in professional phagocytic cells (macrophages and dendritic cells) as well as non-phagocytic cells including various tumor cell lines, showed that cells rapidly phagocytose the nanocells and internalize them into early endosomes which then fuse into intracellular lysosomes and it is in these organelles that the nanocells are degraded presumably via the strong acidic environment and proteolytic enzymes. The payload is released in the lysosomes and it rapidly diffuses into the cellular cytoplasm of the cell (25). Flow cytometry studies showed that EDV-COVID-αGC effectively delivered both S-polypeptides and αGC into murine bone marrow derived JAWSII DCs. This is the first report that a single DC can present two different classes of molecule on its surface at the same time, where αGC was presented on the DC surface through glycolipid antigen presenting MHC Class I-like molecule, CD1d and S-polypeptides were presented likely via cell-surface MHC Class II molecules.

In vaccines comprising bacterial and viral vectors, immune responses that are specific for the corresponding bacterial or viral pathogen are induced when the vaccine vectors are live attenuated bacterial or viral vectors (4).

In contrast, the EDV, while bacterially-derived, is a non-living nanocell and does not drive the same immune responses as a live pathogen. These nanocells can therefore be constructed to elicit the desired immune response including expression of S-protein to stimulate anti-SARS-CoV-2 antibodies, inclusion of α-GC to direct the iNKT/DC/TFH cell licensing to enhance the antibody affinity to neutralize the variety of mutant S-protein RBDs, and inclusion of plasmid to provoke a non-specific anti-viral IFNα response. Pathogen-associated molecular patterns (PAMPs) associated with the EDV such as LPS, provoke a mild IL-6 and TNFα response, and both these cytokines are conducive to an anti-viral response and do not stimulate neutralizing antibodies.

The display of αGC:CD1d on the DC cell surface recruits iNKT cells which carry the invariant TCR that is known to bind to CD1d-associated αGC on DCs, resulting in rapid secretion of IFNγ (26) as seen in only the EDV-COVID-αGC group of mice (Figure 1G). Vaccination using EDV-COVID-αGC resulted in significant serum IFNγ release by day 28 in the 6 human volunteers presented here (Figure 4B), suggesting activation of iNKT cells via the αGC:CD1d display on APCs (Figure 5). In contrast the currently approved mRNA vaccine (BNT162b2) showed transient serum IFNγ release, which wanes by day 8 (27). This is not surprising since the mRNA vaccines do not elicit antigen-specific antibodies via the iNKT/DC pathway. This iNKT cell activation and IFNγ secretion is critical in the activation of the high-affinity antibody production pathway depicted in Figure 5.




Figure 5 | Schematic diagram of iNKT-licensed dendritic cell activation (1). EDV-COVID-αGC injected i.m. in mice (2), phagocytosed by dendritic cells (DC), degraded in lysosomes, (3.1) αGC released from EDVs, (3.2) CD1d binds to αGC, (3.3) CD1d:αGC complex displayed on DC cell surface, (4.1) spike polypeptides also released from EDVs, (4.2) MHC Class II binds to the S-peptides, (4.3) display them on same DC cell surface (5). iNKT semi-invariant T cell receptor binds to CD1d/αGC complex (6), rapidly secretes IFNγ which triggers upregulation of CD40 ligand in DCs inducing DC maturation/activation with increased costimulatory capacity through upregulation of CD80, CD86, CCR7, MHC Class I molecules, pro-inflammatory cytokine IL-12 & chemokine CCL17 (7). Binding of CD1d:αGC complex to the iNKT TCR triggers perforin release which kills the CD1d/αGC complex displaying DCs (8). S-polypeptides are released from dying DCs (9), endocytosed by activated CD11c+ DCs and (10) naïve B cells via B cell surface receptor, and (11, 12) displayed on each cell surface via MHC Class II (13). MHC Class II/spike on DC surface binds to CD4+ TCRβ on CD4+ T follicular helper (TFH) cells, and (14.1) these signals induce the TFH cell differentiation and upregulation of chemokine receptor CXCR5 and downregulation of CCR7, which allows these cells to migrate to the T/B border. (14.2) B cells activated by S-polypeptide engagement of BCR increase CCR7 expression and migrates to the T/B follicle border in search of cognate CD4+ T cells (15). Recognition of the S-peptide/MHC II complex on B cells by the TCRβ enables TFH cells (16) to express CD40 ligand and ICOS and (17) secretes the cytokines IL-21, IFNγ, IL-4, IL-2, and IL-10. TFH cells are strongly enriched for cells expressing the highest levels of IL-21 (18). this cognate help stimulates B cells to undergo intense proliferation, induction of Ig class switching, differentiation to plasma-like cells capable of secreting all major Ig isotypes (19). Within GCs, B cells undergo somatic hypermutation and only B cells with the highest affinity antibody are selected (20). These plasma cells secrete high affinity S-specific antibodies that can neutralize a variety of S-mutants (21). These B cells differentiate into long-lived memory B cells. Throughout this process, IL-21 induces expression of CD25, enabling the B cells to respond to IL-2, also derived from TFH cells, which promotes the effect of IL-21. Similarly, IL-21 induces expression of IL-6R on PCs, which allows these cells to integrate survival signals by IL-6 (22). DCs displaying S-peptides via MHC class II also elicit an S-specific CD8+ T cell response.



It has been demonstrated that activated iNKT cells promote DC maturation via CD40/40L signaling and cytokines IFNγ and TNFα (28). Additionally, the DCs engulfing the EDVs are further activated via the pathogen-associated molecular patterns (PAMPs) like EDV-associated LPS (25). This activation releases TNFα which is evident in all four EDV containing groups (Figure 1J). DC maturation leads to secretion of IL-12, a loop feedback iNKT induction cytokine, only observed here in the EDV-COVID-αGC group (Figure 1H) providing evidence of iNKT pathway engagement. This promotes the cytolytic function of cytotoxic CD8+ T cells and priming of CD4+ T cells (29) to provide cognate help to B cells for antibody production. In our mouse studies we observed higher IFNα and IL-12p40 cytokine levels in the 2 x 109 particle dose versus 3 x 109. This could be the result of a different level of response at the chosen time of sampling as a consequence of different doses (30).

The data presented here suggests that EDVs carrying S-protein were able to induce CD4+ and CD8+ T cell specificity and memory in mice and humans, further enhanced by the inclusion of αGC. Overall, our T cell analyses indicate that the population of circulating T cells resulting from EDV-COVID-αGC vaccination of mice and human volunteers, were SARS-CoV-2 S-protein specific, as observed with other vaccines (31).

It has been established that B cells that have MHC Class II presented protein antigen first engage in cognate interactions with TFH cells at the junction between the T cell–rich areas and B cell follicles of secondary lymphoid tissues (32–34). Engagement of MHC Class II/antigen complex on these B cells with the TFH cell surface TCR results in the rapid upregulation of cognate helper co-stimulatory molecules CD40L (35), inducible T cell co-stimulator ICOS (36) and PD-1 (Figure 5).

Binding of ICOS ligand, which is expressed on naive B cells (37), to ICOS on TFH cells is essential for the progression of pre-TFH to fully differentiated TFH cells. ICOS/ICOSL signalling also leads to the release of multiple cytokines including IFNγ, IL‐4, IL‐10, IL‐17, IL‐2, IL-6 and IL-21 (38–41).

Splenocytes from mice immunised with EDVs when stimulated with S-protein trimer showed that CD4+ T cells from EDV-COVID and EDV-COVID-αGC mice, but not those from other groups, produced IFNγ but not IL-4 (Figure 3E) indicating that CD4+ T cells were primed to elicit an antigen specific Th1 type response following vaccination.

B cell activation results in either the extrafollicular proliferation of long-lived antibody producing B cells as plasmablasts or their entry into GCs for the subsequent development of memory or plasma cells (42). Post-TFH cell cognate interactions in the follicles, proliferating B cells give rise to GCs and undergo somatic hypermutation (SHM) in their immunoglobulin V-region genes and affinity maturation which produces plasma and memory cells of higher affinity (43–49). Within the GC, TFH cells provide further B cell help mainly through the secretion of IL-21 and CD40L co-stimulation, which are two major factors for B cell activation and differentiation. IL-21 also induces class switching to IgG1 and IgG3 by human naive B cells and increased secretion of these Ig isotypes by human memory B cells (50).

IL-21 is mainly expressed by TFH cells and stimulates the proliferation of B cells and their differentiation into plasma cells. Class switching to IgG and IgA of CD40L-interacting B cells is also promoted by IL-21 (51). A highly significant increase in IL-21 was observed only in EDV-COVID-αGC treated mice (Figure 1L) demonstrating the addition of αGC was essential in activating CD4+ TFH cells likely due to iNKT-licensed DC activation of TFH cells as described above. For development of S-specific antibody responses, IL-21 plays a critical role in T cell–dependent B cell activation, differentiation, germinal center (GC) reactions (52) and selection of B cells secreting antigen-specific high affinity antibodies.

B cells isolated from mouse bone marrow at 28-day post-initial injection when co-incubated with S-protein showed that B cells from EDV-COVID-αGC immunized mice produced significantly higher levels of S-specific IgM (Figure 3A) and IgG (Figure 3B) compared to all other groups. This indicates that EDV-COVID-αGC treatment induced SARS-CoV-2 specific memory B cells that could respond rapidly to S-protein re-exposure.

In a similar fashion, the presence of antigen specific memory B cells was detected in the PBMCs of the 6 healthy volunteers 28 days post-EDV-COVID-αGC vaccination (Figure 4I), with seroconversion appearing to occur at around the 60 days post-initial injection (Figures 4J, K).

At both dose levels, high levels of anti-S protein IgM (Figure 2A) and IgG (Figure 2B) antibody titers were detected in the serum of most mice immunized with EDV-COVID-αGC at 28 days post-initial dose and a booster dose at day 21. IgM and IgG antibodies were also elicited by mice immunized with EDV-COVID but the IgG response was lower (Figures 2A, B). The inclusion of αGC into EDV-COVID resulted in a dramatic and consistent elevation of S-specific IgG titers. S-specific IgG responses by days 7 and 21 with EDV-COVID and EDV-COVID-αGC were similar (Figures 2D, F) however, the booster effect was pronounced on day 28 only in EDV-COVID-αGC immunized mice showing that the incorporation of αGC into EDV-COVID led to an iNKT-licensed DC pathway, known to result in germinal center B cell activation/maturation with high titer antibody secretion. The surrogate virus neutralization analyses in mice are indicative of this, since the addition of αGC neutralized VOC tested here more effectively.

Serum sVNT from 6 healthy volunteers from our Covid vaccine phase I clinical trial exhibited strong neutralizing activity (>PRNT90 equivalent) against ancestral, Delta and Omicron B.1.1.529 by day 28 (Figure 4Ai). Neutralizing activity was present for Omicron B.1.1.529 and BA. 2 as well at 3 months compared to B.1.1.529 data from 5 volunteers who had received 2 doses of BNT262b2 3-4 months previously (Figure 4Aii).

In addition, we found the neutralization level against BA. 4/5 increased significantly in volunteers who had previously received other available vaccines and were then boosted with EDV-COVID-αGC at least 4 months later (Figure 4Aii). The human trial data is consistent with the mouse results suggesting that the EDV-COVID-αGC vaccine elicits high affinity antibodies that are able to effectively neutralize the ancestral as well as Omicron VOC RBDs.

In contrast, the data for the mRNA vaccine (BNT162b2) showed reductions of 2-fold (Alpha), 5 to 10-fold (Beta), 2 to 5-fold (Gamma), 2 to 10-fold (Delta), to achieve PRNT50 (53) and over 22-fold for Omicron in neutralization efficiencies (54). The current spike in number of infections around the world despite high vaccination rates, along with the continued requirement for booster shots reflects the reduction in neutralization efficiencies of the currently available vaccines against the dominant Omicron variants.

Further studies are necessary to determine the nature of the difference in antibodies that are generated by EDV-COVID and EDV-COVID-αGC vaccines and why antibodies elicited by the latter are significantly more effective at neutralization of various VOC RBDs. Quantitative studies on antibody affinity/avidity as well as RBD epitope characterization should assist in answering these questions.

It is currently thought that successful vaccination relies on both antibody- and T cell-mediated immunity and while it is recognized that at least Type I and Type II interferons can elicit a broad anti-viral immunity, due to the multitude of effects that these interferons exhibit, it is quite possible that to curb the current and future viral pandemics, a broad specific and non-specific anti-viral immunity combined with a specific memory B and T cell response is necessary.

EDV based cancer therapeutics or COVID vaccines are lyophilized post-manufacturing and can be stored and transported world-wide at room temperature. The shelf life of EDV cancer therapeutics have currently been shown to be over 3 years and the EDV-COVID-αGC vaccine has exceeded 1 year of stability.
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Introduction

In China, the long-term immunogenicity and adverse effects of inactivated vaccines produced by different or the same manufacturer remain unclear. Therefore, the objective of this study was to evaluate the cellular immune responses and neutralizing antibody kinetics of homologous and heterologous administrations of an inactivated coronavirus disease 2019 (COVID-19) vaccine 240 days after the second vaccination.



Methods

This prospective, multicenter, observational, longitudinal study involved 595 participants with a negative SARS-CoV-2 polymerase chain reaction result who were serologically tested and followed for 8 months after vaccination. Neutralizing antibodies, interferon-gamma (IFN-γ), interleukin (IL)-6, CD4+ T-lymphocyte, and B-lymphocyte counts were evaluated in serum samples after stimulation with 2 μg/mL SARS-CoV-2 spike protein for 16 h at follow-up intervals of 2 months.



Results

Most participants [582/595; 146 male participants, 449 female participants; mean age 35 (26–50 years)] rapidly developed neutralizing antibodies after two doses of the vaccine administered 3-weeks apart. The positive rate of neutralizing antibodies peaked at 97.7% at 60–90 days, decreased, and stabilized at 82.9% at 181–240 days post-vaccination. Lower antibody concentrations were correlated with older age, longer duration after vaccination, non-health care workers, mixed-manufacturer vaccinations, and intervals of less than 40 days between two doses of vaccination, whereas lower IFN-γ levels and B-lymphocyte counts were associated with older age, blood type A, and non-health care workers. A higher IL-6 level was associated with older age, mixed-manufacturer vaccinations, intervals of less than 40 days between two doses of vaccination, and medical staff. Adverse reactions were mild or moderate and self-limited, with no serious events reported.



Discussion

Two doses of the Chinese inactivated vaccine induced robust and rapid antibody expression and cellular immune responses. Boosting vaccination is considered important, as antibodies and cellular immune responses were reduced in susceptible populations.





Keywords: cellular immune response, COVID-19, inactive vaccine, kinetics, neutralizing antibody




1 Introduction

To date, coronavirus disease 2019 (COVID-19), a newly emerging infectious disease caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has infected over 600 million people worldwide and killed over 6 million people (1, 2). To control the COVID-19 epidemic and build an active immunization barrier among populations, the Chinese Government provided free COVID-19 vaccination to all citizens as of December 2020 (3). The population required to be vaccinated included children aged 3–11 years, adolescents aged 12–17 years, and adults. Booster shots were administered to people at least 6 months after their previous vaccination on October 20, 2021 (4–9). The full coverage rate of the COVID-19 vaccination program has reached approximately 90% of the population required to be vaccinated in 2022 (10).

Four types of COVID-19 vaccine have been approved for use worldwide: mRNA, inactivated virus, adenovirus, and recombinant protein vaccines (11). In China, the latter three have been approved and are produced by eight manufacturers. Among them, Beijing Kexing Zhongwei, Beijing Kexing, Beijing Biology, Lanzhou Biology, Wuhan Biology, and Changchun Biology produce the inactivated vaccine type for a vaccination program of two doses at an interval of 3–8 weeks. Tianjin CanSino produces the adenovirus vaccine type for a vaccination program of one dose and Anhui Zhifei produces the recombinant protein vaccine type for a vaccination program of three doses at intervals of 1 month (12). To date, most of the Chinese population has been vaccinated with the inactivated vaccine. Vaccination is the most effective measure to reduce mortality from COVID-19 and serious diseases (12); however, vaccines are scarce in certain countries and some regions in China (13). Therefore, the mixing of vaccine brands between doses was considered a feasible strategy to complete the entire course of basic immunization with two doses of the inactivated COVID-19 vaccine. Research in other countries has shown that the antibody titer of individuals vaccinated with a different type of vaccine 28 days after the first vaccination was higher than that of individuals vaccinated with a vaccine from the same manufacturer for both doses, without an increase in adverse reactions (14). However, in China, data on long-term immunogenicity and adverse effects of inactivated vaccines produced by different manufacturers or the same manufacturer have not been reported.

Therefore, we designed a multicenter, longitudinal, observational study to evaluate the immunogenicity and reactogenicity of a second dose of inactivated vaccine among those who received the two vaccines from different manufacturers. Our findings could provide evidence for an appropriate vaccination strategy against COVID-19.



2 Materials and methods



2.1 Ethics statement

The study complied with the principles of the Declaration of Helsinki and Good Clinical Practice, and was approved by the Ethics Committee of Henan Provincial People’s Hospital (approval number 20210051, date of approval May 24, 2021).



2.2 Study design and participants

This study was a multicenter, longitudinal, prospective, observational study conducted in two hospitals (Henan Provincial People’s Hospital and Zhengzhou Municipal Chinese Medicine Hospital) and one institution (Henan Electric Power Survey and Design Institute) in central China.

Between June 19, 2021 and April 30, 2022, healthy or clinically stable adults (aged 18–80 years) who had received two doses of the inactivated COVID-19 vaccine between 3 and 8 weeks (21–56 days) before the screening visit were recruited. Participants with documented reverse transcription-polymerase chain reaction-confirmed COVID-19 or those who had been vaccinated with any other vaccine (e.g., influenza or others) or booster vaccine since the primary dose were excluded. Participants with a clinically notable acute illness or a body temperature of at least 38°C within 24 h before receiving the planned dose of the study vaccine, clinical manifestations compatible with those of COVID-19, and any condition that contraindicates or discourages the administration of an inactivated vaccine, including pregnancy, were excluded (15).

The full eligibility criteria were provided in the volunteer recruitment notification distributed through social networks, including WeChat groups. Interested candidates contacted one of the study institutions directly; at this point, a personal interview was scheduled to explain the study and verify the selection criteria. All participants provided their informed consent in writing before enrollment.



2.3 Experimental procedures

The inactivated vaccine was administered as a single intramuscular injection for each of the two approved doses. All participants were clinically evaluated and blood samples were collected for immunological evaluation on day 0. Follow-up visits were scheduled on days 1–30 to measure vital signs, review any solicited and unsolicited adverse events, and update medical and medication records. At intervals of 2 months, 8 mL of blood samples was collected from volunteers and distributed into four tubes (2 mL/tube) with or without the EDTA anticoagulant (two tubes for each) to detect neutralizing antibodies and cellular immune response parameters. The two tubes with the EDTA anticoagulant were used to determine lymphocyte subsets with or without antigen-stimulated SARS-CoV-2 spike peptides, and the two tubes without the EDTA anticoagulant were used to determine neutralizing antibodies against SARS-CoV-2 and cytokines with or without antigen-stimulated SARS-CoV-2 spike peptides. The duration of the immune response was determined for each participant as the time interval between the date of blood collection and that of the second dose of the vaccine. As the study is ongoing, further follow-up data on the third dose of a vaccine booster will be reported in the future. The participants in the study (mixed-manufacturer vaccination for the two doses) and control (same-manufacturer vaccination for both doses) groups remained in local community health centers for at least 30 min after vaccination to monitor safety, and the occurrence of any adverse event during this observation period was recorded. In cases of severe adverse events, the investigator contacted the participant, and the intensity of adverse events was graded according to the adverse events severity scale as follows: 1, mild; 2, moderate; 3, severe; or 4, life-threatening. Safety definitions and a list of solicited adverse events were defined as previously described (16, 17).

Antigen-specific humoral immune responses were detected using a commercial enzyme-linked immunosorbent assay (ELISA) anti-SARS-CoV-2 S kit (Shanghai GeneoDx Biotech, Ltd., Co., Shanghai, China), which detects neutralizing immunoglobulin G (IgG) antibodies against the SARS-CoV-2 spike protein receptor-binding domain (RBD) on a universal microplate reader (DNM-9602; Beijing Pulang Ltd., Co., Beijing, China); values > 6.5 IU/mL were considered positive. According to the manufacturer’s instructions, values > 100 IU/mL were considered as 100 IU/mL. Parameters of cell immune responses were evaluated by quantifying the levels of interferon (IFN)-γ, interleukin (IL)-6, and CD4, and counts of B-lymphocyte subsets in the plasma after overnight stimulation of whole blood with 2 μg/mL SARS-CoV-2 spike peptides (Wuhan Huamei Biotechnology Ltd., Co., Wuhan, China) or dimethyl sulfoxide in whole-blood culture as a control, requiring only 2 mL blood (14). Cytokine levels and lymphocyte subset counts were measured using flow cytometry (Beamcyte-1026; Changzhou Beamdiag Co., Ltd., Changzhou, China). ABO blood typing was performed using a test-tube method according to the manufacturer’s protocol (Chengdu Xiehe Ltd., Co., Chengdu, China).



2.4 Statistical analysis

Factors that influence the concentration of neutralizing antibodies and cellular responses were analyzed using a multivariate linear regression model, which could be set on one of the classified variances as a reference to calculate the B value (18). Because these detected records included missing data for neutralizing antibodies and cellular immune responses, we used mixed linear models that can handle unequal numbers of repeated observations for individuals when there were random missing data. To analyze the changes in neutralizing antibodies and cellular immune responses over time, we used a mixed linear model with continuous natural log10-transformed cellular immune response data or the log2-transformed concentration of neutralizing antibodies against SARS-CoV-2 spike protein between days 1 and 240 as the dependent variable; age, sex, body mass index (BMI), occupation, vaccination mode, duration since the second dose, interval between doses of vaccination, and ABO blood were included as covariates in the models.

Based on their age, we divided the participants into three groups, namely, 18–30, 31–50, and >50 years old. Furthermore, based on the study of Lusting et al. (19, 20), we divided participants into three BMI groups: <18.5, 18.5–23.9, and >23.9 kg/cm2. Based on the Chinese COVID-19 inactivated vaccine shot procedure (3–8 weeks), we divided the interval between two doses of the vaccination for the participants into two groups: 21–40 and >40 days. Based on the duration after vaccination of the participants, we divided the duration after vaccination of the participants into eight groups: 1–14, 15–30, 30–60, 61–90, 91–120, 121–150,151–180, and 181–240 days. In addition, other variables, including sex, occupation, vaccination type, and blood type, based on their natural classification, were divided into different categories. The mixed model distribution curves of log2-transformed neutralizing antibodies and log10-transformed cellular response with duration adjusted by age, sex, BMI, occupation, vaccination mode, duration since the second dose, interval between doses of vaccination, and ABO blood type were plotted using Prism 8.0 (GraphPad Software Inc., USA). Although the statistical analysis controlled for potential confounders, we included variables that showed significant associations with humoral and cellular responses in the mixed model.

Reactogenicity analysis results are presented as percentage of participants. Both primary and safety analyses included all participants who received two doses of the inactivated vaccine and had suffered local and systemic adverse events for 30 consecutive days after vaccination. An independent data-monitoring committee, comprising independent scientists not involved in this study, has been reviewing the data regularly for safety and scientific integrity. All analyses, including linear regression, linear mixed models, and adverse effect analysis, were conducted using SPSS 25.0 (IBM Corporation, Armonk, NY, USA) and plotted using Prism 8.0.




3 Results



3.1 Basic characteristics of study participants

A total of 1,350 serum samples were collected from 595 participants (Figure 1), of whom 457 (76.8%) were medical staff and 138 (23.2%) were workers of the Henan Electric Power Exploration Company in central China. We excluded 14 (2.4%) participants from the regression analysis and mixed model analysis due to missing data: 8 who withdrew their consent, 2 who did not answer age-related questions, 2 who missed a follow-up visit, and 2 who did not provide blood samples (Figure 1). The concentration kinetics of IgG neutralizing antibodies were evaluated against the RBD for all study participants at least once during the 8-month timeframe and at least four times for 119 participants (20%). We also evaluated CD4+ T-lymphocyte counts, B-cell counts, and IFN-γ and IL-6 levels after stimulation with the S protein of SARS-CoV-2 in 543, 539, 513, and 512 individuals, respectively. Except for blood type, all demographic and baseline characteristics were balanced between the intervention and control groups (Table 1). The median age at vaccination was 35 years (interquartile range [IQR]: 28–50) for those administered a vaccine of the same manufacturer (control) and 33 years (IQR: 21–50) for those administered vaccines from different manufacturers (intervention) (Table 1).




Figure 1 | Study profile. Prospective cohort of Chinese individuals immunized with the inactivated vaccine and serological assays. Following vaccination, the participating medical staff of Henan Provincial People’s Hospital and Zhengzhou Municipal Traditional Medicine Hospital, and workers of the Henan Electric Power Exploration Company in central China were followed up monthly for 8 months between June 19, 2021, and April 30, 2022.




Table 1 | Baseline characteristics of the study participants (N = 595).





3.2 Dynamics of positive rate of neutralizing antibodies after vaccination

In both intervention and control groups, the positive rate of neutralizing IgG antibodies specific to the SARS-CoV-2 RBD slowly increased to 84.1% from 1 to 14 days, peaked at 97.7% from 60 to 90 days, and then slowly decreased and remained at 82.9% from 180 to 240 days after the second vaccination. There were no differences in the positive rate of neutralizing antibodies between the groups throughout the observation period (p = 0.891; Figure 2A).




Figure 2 | Quantitation of antibodies on days 1–240 following administration of the Chinese inactivated vaccine. (A) Positive rates of neutralizing antibodies. (B–E) Kinetics of neutralizing antibodies according to (B) vaccination type, (C) age, (D) occupation, and (E) sex. (F) Comparison of adverse effects between individuals vaccinated with vaccines from the same and different manufacturers for the two doses. Data are presented as mean (95% confidence interval [CI]) from the linear mixed-effects model adjusted for vaccine manufacturer, sex, blood type, age, occupation, and BMI. The log2-transformed level of neutralizing antibodies was used as the independent variable. BMI, body mass index; LSMD, least-square mean difference.





3.3 Characteristics and influencing factors of neutralizing antibody production after vaccination

A linear regression analysis using a mixed-effect model showed that age, vaccination mode, occupation, interval between doses of vaccination, and vaccination duration were factors significantly associated with the levels of neutralizing antibodies (Tables 1–3; Tables S1–S7).


Table 2 | Factors associated with the neutralization antibody concentration after the administration of the Chinese inactivated COVID-19 vaccine.




Table 3 | Factors associated with the levels of interferon-gamma after the administration of the Chinese inactivated COVID-19 vaccine.



After adjusting for age, sex, occupation, blood type, interval between doses of vaccination, vaccination duration, and BMI, the highest geometric mean concentration (GMC) of neutralizing antibodies was 53.1 IU/mL in the same-manufacturer vaccination group at 15–30 days, which was slightly but significantly higher than the 44.6 IU/mL found in the mixed-manufacturer vaccination group (p < 0.001) (Table 2; Figure 2B). From days 31 to 240, there was a slight decrease in the GMC of neutralizing antibodies in both groups. At 240 days after vaccination, the GMC of neutralizing antibodies in the mixed-manufacturer vaccination group decreased to 8.5 IU/mL, which was less than the decrease detected in the same-manufacturer vaccination group (20.5 IU/mL) (p < 0.001). After the administration of the inactivated vaccine, the GMC of neutralizing antibodies decreased from 50.2 IU/mL on day 30 to 17.7 IU/mL (average decrease: 32.3%) and 13.3 IU/mL (average decrease: 25.9%) on days 180 and 240, respectively, representing an average monthly decrease of 10.1% (Figure 2B). Interestingly, the concentration of neutralizing antibodies decreased by an average of 0.004 IU (95% confidence interval [CI]: 0.002–0.005, p < 0.001) per day after vaccination (Table 2).

We identified age as a contributing factor; with increasing age, the antibody concentration generated was decreased, and the rate of decrease in the neutralizing antibody concentration was rapid (age 31–50 years vs. age 18–30 years, B = −0.31, 95% CI −0.5 to −0.1; p = 0.009; Table 2; Figure 2C). Occupation was another contributing factor, as the medical staff produced one-fold more neutralizing antibodies than the workers during the 1–240 days after vaccination (B = −1.0, 95% CI −1.5 to −0.55; p < 0.001; Table 2; Figure 2D). Women had 6.5 IU more neutralizing antibodies than men (B = 0.7, 95% CI 0.11–1.28; p = 0.021; least-square mean difference = 6.5, 95% CI 5.1–10.1, p = 0.019) 240 days after vaccination (Table S1). Participants with blood type A had lower levels of neutralizing antibodies than those with blood type B during 1–14 days after vaccination (least-square mean difference = 15.8, 95% CI 11.0–25.2; p = 0.044) (Table S2). Participants with an interval of <40 days between the doses of vaccination had lower levels of neutralizing antibodies than those with an interval of >40 days between the doses (B = 0.015 (0.01–0.021), 95% CI 0.01–0.021; p < 0.001) (Figure 2E; Table 2, and Table S3).



3.4 Characteristics of the reactogenicity after vaccination

Reactogenicity analysis was based on solicited adverse events in 425 and 143 participants from the control and intervention groups, respectively, 30 days after vaccination. In both groups, most of the adverse events were mild (n = 25, 81.1%) or moderate (n = 6, 18.9%) and self-limited. The most common adverse effect was fatigue (n = 4), followed by fever (n = 2), injection site pain (n = 4), malaise (n = 4), rash (n = 4), and pruritus (n = 3). However, the incidence of fever, injection site pain, and malaise in the mixed-manufacturer vaccination group was slightly but significantly (p < 0.01) higher (1/143, 0.71%) than in the same-manufacturer vaccination group (1/425, 0.28; Figure 2F).



3.5 Characteristics and factors influencing the cellular immune response after vaccination

The multiple linear regression analysis revealed that participants aged >50 years had lower reactive IFN-γ levels and B-lymphocyte counts than those aged 18–30 years (Tables 3–6, Figures 3A–G; Tables S8–S15) (B = −0.15, p = 0.03; B = −0.04, p = 0.036, respectively) (Tables 3, 5; Figures 3A, D). Conversely, participants aged >50 years had higher levels of reactive IL-6 than those aged 18–30 years (B = 1.0, 95% CI 0.6–1.5; p < 0.001) (Table 6; Figure 3E).


Table 4 | Factors associated with CD4+ T-lymphocyte count after the administration of the Chinese inactivated COVID-19 vaccine.




Table 5 | Factors associated with B-lymphocyte count after the administration of the inactivated Chinese COVID-19 vaccine.




Table 6 | Factors associated with IL-6 level after the administration of the Chinese COVID-19 inactivated vaccine.






Figure 3 | Quantitation of cell immune responses on days 1–240 following administration of the Chinese inactivated vaccine. (A–C) Kinetics of interferon-gamma levels according to (A) age, (B) blood type, and (C) occupation. (D) Kinetics of B-lymphocyte count according to age. (E–G) Kinetics of interferon (IL)-6 levels according to (E) age, (F) vaccine manufacturer, (G) occupation and (H) interval between doses of vaccination. Data were calculated based on a linear mixed-effects model adjusted for vaccine manufacturer, sex, age, blood type, occupation, and body mass index (BMI). The log-transformed level of interferon-gamma, CD4+ T-cell count, B-lymphocyte count, and IL-6 level were used as independent variables.



Participants with blood type A and workers had lower levels of IFN-γ than those with blood type B and medical staff, respectively (B = 0.16, 95% CI 0.04–0.28, p = 0.01 and B = −0.27, 95% CI −0.46 to −0.07, p = 0.008, respectively; Table 3; Figures 3B, C). Participants in the mixed-manufacturer vaccination group, those with an interval of >40 days between doses of vaccination, and workers produced lower levels of IL-6 than those in the same-manufacturer vaccination group, those with an interval of <40 days between doses of vaccination, and medical staff (B = −0.01, 95% CI −0.014 to −0.003, p = 0.003, B = −0.44, 95% CI −0.8 to −0.1, p = 0.019, and B = −1.5, 95% CI −2.1 to −0.9, p < 0.001, respectively; Table 6; Figures 3F–H). There were no changes in IFN-γ levels and CD4 T+ lymphocyte count on days 1 to 240 (B = 0.2, 95% CI −0.03 to 0.4, p = 0.09 and B = −0.004, 95% CI −0.005 to 0.003, p = 0.105; Tables 3, 4) in participants stimulated with the SARS-CoV-2 S antigen. In contrast, we observed a decrease in the B-lymphocyte count and IL-6 level on days 1 to 240 in participants stimulated with the SARS-CoV-2 S antigen (B = −0.004, 95% CI −0.005 to −0.003; p = 0.008 and B = −0.004, 95% CI −0.006 to −0.002, p = 0.001, respectively; Tables 5, 6; Figures 3A, G).




4 Discussion

To our knowledge, this study is the first to report that a heterologous Chinese COVID-19 inactivated vaccine administration schedule induced humoral and cellular immune responses in humans and that it was associated with an acceptable and manageable reactogenicity profile 240 days after vaccination. Factors that influence humoral and cellular immune responses were defined within 240 days in individuals vaccinated with an inactivated Chinese vaccine. Furthermore, this study was the first to explore the association between the blood type of participants and humoral and cellular immune responses within 240 days after the administration of a Chinese inactivated vaccine. The early response observed 30 days after the second dose showed a boost effect linked to the same manufacturer’s scheme. Immune cellular responses at 1–240 days after the second dose of vaccine also supported the same manufacturer’s approach. Immune responses to the heterologous vaccination schedule were within the range of those reported using homologous schedules. Neutralizing antibody levels were associated with a 33.89% decrease in anti-SARS-CoV-2 spike protein IgG standardized ELISA titers 180 days after the second vaccination (21), similar to our results, that is, a 32.3% decrease in neutralizing antibody levels in the following 180 days.

In this study, a higher frequency of adverse events reported by participants in the mixed-manufacturer vaccination group. Individuals vaccinated with different vaccines, those with blood type A, and workers had weaker humoral and cellular immune responses to vaccines than those vaccinated with the same vaccine, those with blood type B, and medical staff. Unfortunately, to date, occupation- and blood type-disaggregated data on cellular and humoral immunogenicity have not been reported by studies on COVID-19 vaccines.

Neutralizing antibody levels usually increase after the second administration of mixed vaccines (22, 23). However, in this study, the GMC in participants in the mixed-manufacturer group was lower than that in participants in the same-manufacturer group, which is perhaps due to the fact that vaccines from different manufacturers were still of the same type (both inactivated vaccines, but a protein or attenuated live vaccine). The profile of solicited adverse events in this study was consistent with that of a previous study (20).

Associations were observed between blood type and production of neutralizing antibodies and IFN-γ. Similarly, previous studies reported that patients with blood group A had an increased risk of infection with SARS-CoV-2, whereas those with blood group O were associated with a decreased risk (21, 24). Interestingly, individuals with blood type A produced lower amounts of IFN-γ at 180–240 days after vaccination and had lower neutralizing antibodies at 1–14 days than those with blood type B. This may explain why individuals with blood type A were more susceptible to SARS-CoV-2 infection than those with other blood types. However, this speculation requires validation using a larger patient cohort. The levels of neutralizing antibodies and IFN-γ were higher in medical staff 240 days after vaccination than in workers. This may be due to the increased exposure of medical staff to patients with COVID-19 compared to people in other occupations.

In this study, the older population produced lower levels of neutralizing antibodies, IFN-γ, B-lymphocytes, and IL-6, similar to that in previous studies (3, 25). The levels of IFN-γ and CD4+ T-lymphocytes were not altered in the participants for 240 days after vaccination, whereas the levels of neutralizing antibodies, B-lymphocytes, and IL-6 decreased with increasing time after vaccination. This finding suggests that cellular immune responses lasted longer than humoral responses in the vaccinated population. The levels of cellular immune molecules, such as IFN-γ and CD4+ T-lymphocytes, reflect the levels of effector molecules involved in the humoral immune response, such as memory B cells and neutralizing antibodies (26). Therefore, we speculate that the concentration of neutralizing antibodies may be increased more rapidly after the third or fourth dose of booster. We found that participants with a longer interval between vaccination doses (40–56 days) had higher levels of neutralizing antibodies than those with a shorter interval (21–40 days). This result indicates that by changing the interval between vaccinations with the inactivated vaccine from the current 3–8 weeks to 6–10 weeks (12), vaccinated people can produce higher levels of neutralizing antibody.

This study had limitations. The number of participants was relatively small, and at the time of the clinical study design, the administrators did not advocate the administration of vaccines from different manufacturers for separate doses. Therefore, we were able to collect data of a few individuals who had received mixed vaccinations at the time. Whether the immunogenic response observed in this study will translate to better efficacy and effectiveness—a fact that should be considered in strategic decisions about vaccination programs—is unknown. Second, the reported adverse events could also have been underestimated due to the small number of participants and short observation period. Third, because of limited resources, we could not perform pseudo-virus neutralization tests of neutralizing antibodies against COVID-19 (27). Therefore, we could not determine the level of neutralizing antibodies against viruses that cause breakthrough infection or severe infection. We only observed a trend of decreasing neutralizing antibodies after vaccination over time. In the future, we will include more participants after administering booster vaccines and conduct pseudo-virus neutralization tests to address these limitations.

In conclusion, this study is the first to evaluate robust humoral and cellular immune responses at 240 days in 595 participants after a second dose of inactivated vaccine in individuals primed with the first dose. Most participants rapidly developed neutralizing antibodies after two doses of the Chinese COVID-19 inactivated vaccine administered 3 weeks apart. The relationships between blood type-, age-, sex-, and occupation-related reactivities of neutralizing antibodies and cellular immune responses were demonstrated. Finally, individuals with certain occupations, including workers, especially older individuals and men, had low levels of antibodies and had weakened cellular immune responses following the second dose compared to their counterparts, suggesting that a longer gap between vaccine doses, which is a strategy in effect in some countries, should be re-evaluated, especially for more susceptible populations.
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the main cause of COVID-19, causing hundreds of millions of confirmed cases and more than 18.2 million deaths worldwide. Acute kidney injury (AKI) is a common complication of COVID-19 that leads to an increase in mortality, especially in intensive care unit (ICU) settings, and chronic kidney disease (CKD) is a high risk factor for COVID-19 and its related mortality. However, the underlying molecular mechanisms among AKI, CKD, and COVID-19 are unclear. Therefore, transcriptome analysis was performed to examine common pathways and molecular biomarkers for AKI, CKD, and COVID-19 in an attempt to understand the association of SARS-CoV-2 infection with AKI and CKD. Three RNA-seq datasets (GSE147507, GSE1563, and GSE66494) from the GEO database were used to detect differentially expressed genes (DEGs) for COVID-19 with AKI and CKD to search for shared pathways and candidate targets. A total of 17 common DEGs were confirmed, and their biological functions and signaling pathways were characterized by enrichment analysis. MAPK signaling, the structural pathway of interleukin 1 (IL-1), and the Toll-like receptor pathway appear to be involved in the occurrence of these diseases. Hub genes identified from the protein–protein interaction (PPI) network, including DUSP6, BHLHE40, RASGRP1, and TAB2, are potential therapeutic targets in COVID-19 with AKI and CKD. Common genes and pathways may play pathogenic roles in these three diseases mainly through the activation of immune inflammation. Networks of transcription factor (TF)–gene, miRNA–gene, and gene–disease interactions from the datasets were also constructed, and key gene regulators influencing the progression of these three diseases were further identified among the DEGs. Moreover, new drug targets were predicted based on these common DEGs, and molecular docking and molecular dynamics (MD) simulations were performed. Finally, a diagnostic model of COVID-19 was established based on these common DEGs. Taken together, the molecular and signaling pathways identified in this study may be related to the mechanisms by which SARS-CoV-2 infection affects renal function. These findings are significant for the effective treatment of COVID-19 in patients with kidney diseases.
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1 Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a novel coronavirus that belongs to the Coronaviridae family and Pisoniviricetes class. SARS-CoV-2 has been found to cause severe respiratory problems when infecting the respiratory tract and is the main cause of COVID-19 (1, 2), which was estimated to have resulted in 18.2 million deaths worldwide during the pandemic in 2020 and 2021 (3). COVID-19 was initially deemed a febrile respiratory disease, but increasing evidence suggests that it is a complex multisystem disease (4, 5). Indeed, COVID-19 patients often exhibit manifestations of renal involvement in addition to respiratory symptoms (6). Acute kidney injury (AKI) is a common complication of COVID-19 that increases mortality, especially in intensive care unit (ICU) settings. Patients with chronic kidney disease (CKD) have a high risk of SARS-CoV-2 infection and COVID-19-related mortality (7–9).

AKI is the second most common complication in critically ill COVID-19 patients and is characterized by elevated serum creatinine, renal inflammation, and tubular necrosis. Epidemiologically, the incidence of AKI in COVID-19 patients is variable and depends on the severity of COVID-19, ranging from 10.5% to 37% (10). The pathophysiology of COVID-19-associated AKI is complex, and an increasing number of studies suggest that factors such as systemic inflammation and immune responses, activation of coagulation pathways, the renin–angiotensin system, and endothelial injury are involved in the process of renal damage that occurs in COVID-19 (9, 11, 12). Early reports indicated underlying CKD as a risk factor for COVID-19 severity and mortality (8, 9). The largest study included data from 17 million electronic health records and identified CKD as a risk factor for mortality in COVID-19 patients, with glomerular filtration rate (GFR)<30 ml/min/1.73 m2 and organ transplantation conferring a high risk in multivariate analyses (13). Additionally, a nationwide study in a US dialysis center reported higher seroprevalence of SARS-CoV-2 antibodies than in the general US population (14). AKI and CKD are often considered two separate stages of the same disease class (15, 16). Although most COVID-19 patients have improved renal function at discharge, the complex renal damage mechanisms of COVID-19 and the use of nephrotoxic drugs and mechanical ventilation during hospitalization suggest that further investigation is required to determine the long-term prognosis of renal function in COVID-19 patients (17–19).

The exact mechanism of SARS-CoV-2-related renal damage is not known. The main binding site for SARS-CoV-2, i.e., angiotensin-converting enzyme 2 (ACE2), is expressed at much higher levels in the kidney than in the lung (20–22). ACE2 is expressed apically in primary human airway epithelia (23), and previous studies have demonstrated that in COVID-19, pneumonia occurs as ACE2 levels increase in the cell membrane. In connection with a viral infection, the density level of ACE2 is extremely progressive in the lungs (24). Single-cell RNA sequencing analysis indicated that ACE2 is mainly expressed by glomerular parietal epithelial cells and proximal tubular cells. Other studies have suggested that SARS-CoV-2 can directly invade human kidney organoids through the ACE2 receptor (25). The infectivity of cells depends on not only ACE2 expression but also the types of proteases expressed. The cellular components required for virus entry into the kidney, such as cellular cathepsin L (CTSL) and transmembrane serine protease 2 (TMPRSS2), are also highly expressed, suggesting favorable conditions for the presence of SARS-CoV-2 in the kidneys (26). In addition, SARS-CoV-2 contributes to an imbalance in the renin–angiotensin–aldosterone system (RAAS) via ACE2, which may also exert deleterious hemodynamic effects involved in lung and kidney injury (27). Moreover, SARS-CoV-2 may target lymphocytes because they express ACE2, leading to lymphocyte activation, which consequently results in lymphocyte death and decreased immune protection (28). In patients with CKD, especially those with diabetic kidney disease (DKD), baseline downregulation of ACE2 and upregulation of ACE, a combination of proinflammatory and profibrotic states in the kidneys, might lead to CKD progression (11, 29). Therefore, the human kidney is a main target for SARS-CoV-2 infection, and it is necessary for researchers to further explore the complicated interactions between SARS-CoV-2 infection, AKI, and CKD.

In this study, three datasets were used to explore the biological relationship between COVID-19, AKI, and CKD. These datasets were collected from the Gene Expression Omnibus (GEO) database, with GSE147507, GSE1563, and GSE66494 being used for COVID-19, AKI, and CKD, respectively. First, differentially expressed genes (DEGs) were confirmed using these datasets, and then common DEGs for the three diseases were identified and served as the main experimental genes for the entire study. These common DEGs were utilized for further experiments and analyses, including pathway and enrichment analyses, to understand the biological processes of genome expression studies. Extracting hub genes from common DEGs is essential for potential drug prediction, and a network of protein–protein interactions (PPIs) was also constructed via common DEGs to collect hub genes. Transcriptional regulators were also explored based on the common DEGs of GSE147507, GSE1563, and GSE66494, and potential drugs are suggested (Figure 1).




Figure 1 | This diagram illustrates the overall workflow of the study. The author first found the common differentially expressed genes of COVID-19, AKI, and CKD and then analyzed the enriched functions, pathways, PPI networks, transcription factors and miRNAs, related diseases, and potential drugs of these differential genes. The three datasets, GSE1563, GSE66494, and GSE147507, in the figure represent the datasets of AKI, CKD, and COVID-19, respectively. AKI, acute kidney injury; CKD, chronic kidney disease; PPI, protein–protein interaction.






2 Materials and methods



2.1 Datasets employed in this study

To identify common genetic interactions among SARS-CoV-2, AKI, and CKD, microarray, and RNA-seq data were obtained from the National Center for Biotechnology Information (NCBI) (https://www.ncbi.nlm.nih.gov/geo/) GEO database (30). The SARS-CoV-2 dataset (GEO accession ID: GSE147507) involves transcriptional analysis of COVID-19 lung biopsies for respiratory infections using the Illumina NextSeq 500 platform for high-throughput sequencing. The AKI dataset (GEO accession ID: GSE1563) comprises human kidney tissue containing nine normal renal tissue samples and five AKI renal samples (samples from transplant patients with renal dysfunction without rejection), which were sequenced by Affymetrix Human Genome U95 Version 2 Array (31). The CKD dataset (GEO accession: ID GSE66494) was obtained from eight subjects with normal renal function and 54 CKD subjects (32); Agilent-014850 Whole Human Genome Microarray 4x44K G4112F was used to measure gene expression.




2.2 Identification of DEGs and mutual DEGs among AKI, CKD, and COVID-19

Genes are defined as distinctively expressed when statistically significant differences exist between the different levels of transcripts tested (33). DEGs for the acquired datasets GSE147507, GSE1563, and GSE66494 were first identified from long expression values with the LIMMA package and Benjamini–Hochberg calibration to control for the false discovery rate and DESEq2 in the R programming language (v 4.0.2) for multiple test options. Significant DEGs in the dataset were detected by cutoff criteria (p-value<0.05 and |logFC| ≥ 1.0), and mutual DEGs were obtained for GSE147507, GSE1563, and GSE66494 by the online VENN analysis tool Jvenn.




2.3 Gene Ontology and pathway enrichment analyses

The purpose of gene set enrichment analysis is to identify common biological insights, such as biological processes or chromosomal locations related to different diseases (34). Gene Ontology, functional enrichment, and pathway enrichment studies were performed with EnrichR (https://maayanlab.cloud/Enrichr/) to characterize the biological mechanisms and signaling pathways of the shared DEGs. Kyoto Encyclopedia of Genes and Genomes (KEGG), WikiPathways, and BioCarta were also used to identify shared pathways between AKI-, CKD-, and COVID-19-related metabolic processes. The top pathways were selected based on p-value<0.05.




2.4 Protein–protein interaction network analysis

AKI, CKD, and COVID-19 functional and physiological interactions were mapped with STRING (https://string-db.org/) (version 11.0). PPIs were examined using channels such as text mining, experimental databases, coexpression, culture, gene fusion, and co-occurrence under different settings of classification confidence scores (low, medium, and high) (35). Then, a medium confidence score of 0.5 was set to generate PPI networks for common DEGs. Cytoscape (v.3.7.1) was used to visualize PPIs, genetic interactions, protein–DNA interactions, and other types of interactions (36).




2.5 Hub gene extraction and submodule analysis

Nodes, edges, and connections exist between PPI networks, and nodes with high levels of cross-linking can be considered hub genes. CytoHubba (http://apps.cytoscape.org/apps/cytohubba) is a Cytoscape plug-in for ranking and extracting the key or potential targeted elements of biological networks based on various network characteristics. There are 11 methods for studying networks from different perspectives in cytoHubba, among which maximal clique centrality (MCC) is the best (37). By using the MCC method, the top 15 central genes were identified from the PPI network. The shortest possible paths between central genes were classified according to the closest neighboring feature of cytoHubba.




2.6 Recognition of TFs and miRNAs interacting with common DEGs

A transcription factor (TF) is a protein that binds to specific genes and controls the rate at which genetic information is transcribed. Therefore, TFs are crucial for molecular profiling. Topologically plausible TFs that tend to bind to our common DEGs were identified in the JASPAR database via the NetworkAnalyst platform. JASPAR is an openly available resource that collects profiles of TFs for numerous species in six taxonomic groups (38). NetworkAnalyst is an online platform for meta-analyzing gene expression data and obtaining insight into biological mechanisms, roles, and explanations. Furthermore, miRNAs targeting gene interactions are included to track the detrimental effects of miRNAs that target gene transcripts to affect protein expression (39). Both TarBase and mirTarBase are experimental validity databases for miRNA–target gene interactions (39, 40). MiRNAs interacting with common DEGs were obtained from TarBase and miRTarBase through miRNA–gene interactions from NetworkAnalyst. Topological analysis was performed by Cytoscape, and TF–gene and miRNA–gene interaction networks were identified. Using this tool, researchers can screen miRNAs with high rankings and detect biological functions and features to develop valid biological hypotheses.




2.7 Evaluation of applicant drugs and molecular docking

Through Enrichr, drug molecules were identified using the drug signature database (DSigDB) in relation to COVID-19, AKI, and CKD. Enrichr is a popular portal with a large number of different gene set libraries for exploring genome-wide enrichment of gene sets (41). DSigDB is a global archive for the identification of targeted drugs associated with DEGs (42). DSigDB, which contains 22,527 gene sets, can be accessed via Enrichr.

After drugs for the common DEGs were predicted by Enrichr, we downloaded the MOL2 form of these drugs from the ZINC (https://zinc.docking.org/) database (due to the lack of the MOL2 form of dimethyloxalylglycine in ZINC, we downloaded its SDF format from PubChem (https://pubchem.ncbi.nlm.nih.gov/)). We used openBabel software to convert the MOL and SDF formats of these small molecules to PDB formats. We downloaded the PDB format of DUSP6, BHLHE40, RASGRP1, TAB2, ACE2 (the functional host receptor of SARS-CoV-2), and 3CLpro (an enzyme necessary for SARS-CoV-2 replication) from Protein Data Bank (https://www.rcsb.org/). We used Autodock tools (version 1.5.4) to dock eight drugs and three proteins and then visualized the results with PyMOL Molecular Visualization System 2020 (PyMOL).




2.8 Molecular dynamics simulation

Based on the docking results for each protein and drug molecule, the drug–protein complex with the lowest binding energy was used as the initial structure for all-atom molecular dynamics simulations, and the simulation was performed using AMBER 18 software. Before the simulation, charges of the small molecules are calculated by the Hartree-Fock (HF) SCF/6-31G* of the antechamber module and Gaussian 09 software. Afterward, drug molecules and proteins are described using the GAFF2 small molecule force field and ff14SB protein force field, respectively. Each system utilizes the LEaP module to add hydrogen atoms to the system, add a truncated octahedral TIP3P solvent box at a distance of 10 Å in the system, add Na+/Cl− to the system to balance the charge of the system, and output the topology and parameter file.

Molecular dynamics simulations were performed using AMBER 18 software. Before simulations, energy optimization of the system was carried out, including the steepest descent method with 2,500 steps and the conjugate gradient method with 2,500 steps. After the system energy optimization was completed, the temperature of the system was raised slowly from 0 to 298.15 K by 200 ps at a fixed volume and a constant heating rate. Under the condition that the system maintained a temperature of 298.15 K, a 500-ps NVT (isothermal isotropic) system simulation was performed such that the solvent molecules were further uniformly distributed in the solvent box. In the case of NPT (isothermal and isobaric), a 500-ps equilibrium simulation of the entire system was performed. Finally, under periodic boundary conditions, the two composite systems were simulated by 4-ns NPT (isothermal and isobaric) systems. During the simulation, the non-bond cutoff distance was set to 10 Å, the particle mesh Ewald (PME) method was used to calculate the long-range electrostatic interaction, the SHAKE method was applied to limit the length of hydrogen atomic bonds, and the Langevin algorithm (43) was used for temperature control, where the collision frequency γ was set to 2 ps-1. The system pressure is 1 atm, the integration step is 2 fs, and the trajectory is saved every 10 ps for subsequent binding energy calculations.




2.9 MM/GBSA binding free energy calculation

The free energies of binding between proteins and ligands in all systems were calculated by the molecular mechanics generalized Born surface area (MM/GBSA) method. In this study, the above molecular dynamics (MD) trajectory was used for calculation, and the specific formula is as follows:

	

	

where ΔEinternal represents the internal energy, ΔEVDW represents the van der Waals interaction, and ΔEelec represents the electrostatic interaction. The internal energy includes the bond energy (Ebond), angular energy (Eangle), and torsion energy (Etorsion); ΔGGB and ΔGSA are collectively referred to as solvation-free energy. Among them, GGB is the free energy of polar solvation, and GSA is the free energy of non-polar solvation. For ΔGGB, we used the GB model developed by researchers such as Nguyen (44) for calculation (igb = 2). The non-polar solvation free energy (ΔGSA) was calculated based on the surface tension (γ) multiplied by the solvent accessible surface area (surface area, SA), ΔGSA= 0.0072 × ΔSASA. Entropy change was neglected in this study due to high computational resource consumption and low precision.




2.10 Gene–disease association analysis

The DisGeNET project is a centralized database of gene–disease interactions obtained from a variety of sources and features various biomedical aspects of diseases. It highlights novel views of human genetic disorders (45). The network-analyst program was used to study gene–disease associations to discover the relationship between related diseases and chronic complications for the shared DEGs.




2.11 Construction of the COVID-19 diagnostic model

We used GSE147507 expression matrix information to establish a COVID-19 diagnosis model with fivefold cross-validation. We set 17 common DEGs as model key variables. Six different machine learning algorithms (“extreme gradient boosting (XGBoost)”, “light gradient boosting (LGBM)”, “RandomForest”, “Adaboost”, “support vector machine (SVC)”, and “k-nearest neighbor (KNN)”) were employed for modeling. The performance of each model was compared by a multimodel calibration curve and the area under the curve (AUC), and the best model was selected. After filtering out the best-performing models, we used the “SHapley Additive exPlanations (SHAP)” package in Python to explain the importance of key variables to the model and the contribution of each variable.




2.12 Statistical analysis

DEGs for three GEO datasets were first identified from long expression values with the LIMMA package and Benjamini–Hochberg calibration to control for the false discovery rate and DESEq2 in the R programming language (v 4.0.2) for multiple test options. Significant DEGs in the dataset were detected by cutoff criteria (p-value<0.05 and |logFC| ≥ 1.0).

Python software (version 3.7) was used to build the COVID-19 diagnostic model. During the modeling of various machine learning algorithms, the xgboost 1.2.1 package was applied to run the XGBoost algorithm, the lightgbm 3.2.1 package to run the LightGBM algorithm, and the sklearn 0.22.1 package to run other machine learning algorithms. The shap 0.39.0 package was used to demonstrate model interpretability. All statistical analyses in constructing the COVID-19 diagnostic model were carried out with Python version 3.7 and the Extreme Smart Analysis platform (https://www.xsmartanalysis.com/).





3 Results



3.1 Identification of DEGs and common DEGs among COVID-19, AKI, and CKD

To discover the interrelationships and implications of AKI and CKD with COVID-19, we analyzed human RNA-seq and microarray datasets from NCBI to classify DEGs related to COVID-19, AKI, and CKD. We assessed the RNA-seq and microarray dataset experiments in the R language environment using the DESeq2 and limma packages with the Benjamin–Hochberg false discovery rate. In total, we identified 2199 genes differentially expressed in COVID-19, and we also detected the most significant DEGs for AKI and CKD: 200 in the AKI dataset and 5,211 in the CKD dataset. All significant DEGs were extracted on the basis of p-value<0.05 and |logFC| ≥ 1. After performing cross-comparative analysis with Jvenn, a reliable web portal for Venn analysis, 17 common DEGs from the AKI, CKD, and SARS-CoV-2 datasets were identified, including HBD, HBB, TANK, RNF6, TAB2, WTAP, PNRC1, ING3, TNFAIP8, S1PR1, SEC24A, NRIP1, MARCKS, BHLHE40, DUSP6, EIF2AK2, and RASGRP1. The expression levels of these 17 common DEGs based on the three datasets are shown in heatmaps (Supplementary Figure 1). However, the upregulation and downregulation of these 17 DEGs in the cluster heatmaps of the three diseases were not completely consistent. Overall, these genes may be affected by certain pathways, resulting in inconsistent upregulation and downregulation, and we will further investigate how the upregulation and downregulation of these genes are affected in future studies. The three diseases correlate with each other because they share one or more common genes (46) (Figure 2).




Figure 2 | This study incorporates two microarray datasets and one RNA-seq dataset, which together encompass AKI (GSE1563), CKD (GSE66494), and SARS-CoV-2 (GSE147507). This integrated analysis identified 17 DEGs that are common to SARS-CoV-2, AKI, and CKD. AKI, acute kidney injury; CKD, chronic kidney disease; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; DEGs, differentially expressed genes.






3.2 Gene Ontology and pathway enrichment analyses

Gene Ontology and pathway enrichment analyses were used to identify the biological significance and enriched pathways for the shared DEGs. Gene Ontology analysis is performed within three categories (biological process, cellular component, and molecular function) (Figures 3A–C); pathway analysis reveals the functional pathways in which genes are enriched. The most affected pathways of the DEGs common to AKI, CKD, and COVID-19 were gathered from three global databases, including KEGG, WikiPathways, and BioCarta. The top 10 pathways in WikiPathways include the structural pathway of interleukin 1 (IL-1), MAPK signaling pathway, TNF-α signaling pathway, vitamin D receptor pathway, mammary gland development pathway–puberty (Stage 2 of 4), circadian rhythm-related genes, small ligand GPCRs, serotonin receptor 2 and ELK-SRF/GATA4 signaling, transcription factor regulation in adipogenesis, and signal transduction of the S1P receptor. The top 10 pathways in KEGG were the MAPK signaling pathway, measles, protein processing in the endoplasmic reticulum, NOD-like receptor signaling pathway, pathogenic Escherichia coli infection, Epstein–Barr virus infection, lipid and atherosclerosis, coronavirus disease, circadian rhythm, and African trypanosomiasis. The top 10 pathways in BioCarta include the Toll-like receptor pathway, regulation of MAP kinase pathways through dual specificity phosphatases, regulation of elF2, TNFR2 signaling pathway, hemoglobin’s chaperone, effects of calcineurin in keratinocyte differentiation, double-stranded RNA-induced gene expression, TNF/stress-related signaling, phospholipids as signaling intermediaries, and signal transduction through lL1R (Figures 4A–C).




Figure 3 | The ontological bar graphs of the DEGs that are shared among SARS-CoV-2, AKI, and CKD using the Enricher online tool. The GO function is divided into three parts: (A) biological processes, (B) molecular function, and (C) cellular component. Each bar graph represents a function in GO. DEGs, differentially expressed genes; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; AKI, acute kidney injury; CKD, chronic kidney disease; GO, Gene Ontology.






Figure 4 | Bar graphs showing pathway enrichment analysis of DEGs shared by SARS-CoV-2, AKI, and CKD as performed by Enricher: (A) KEGG 2019 human pathway, (B) WikiPathways, and (C) BioCarta. Each bar represents a pathway in KEGG/WikiPathways/BioCarta. DEGs, differentially expressed genes; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; AKI, acute kidney injury; CKD, chronic kidney disease; KEGG, Kyoto Encyclopedia of Genes and Genomes.






3.3 Classification of hub proteins and submodules

We carefully checked the PPI network from STRING and visualized it in Cytoscape to predict common DEG interactions and related pathways. The majority of interconnected nodes are considered hub genes of a PPI network. Based on PPI network analysis incorporating the cytoHubba plugin in Cytoscape, we classified the top 4 DEGs as the most influential genes; DUSP6, BHLHE40, RASGRP1, and TAB2 were detected as hub genes (Figure 5A).




Figure 5 | (A) PPI network with nodes representing DEGs and edges representing interactions between nodes among SARS-CoV-2, AKI, and CKD. (B) Determination of hub genes from the PPI network by using the cytoHubba plugin in Cytoscape. The latest MCC procedure of the cytoHubba plugin was pursued to obtain hub genes. Here, the red nodes indicate the highlighted top 4 hub genes and their interactions with other molecules. PPI, protein–protein interaction; DEGs, differentially expressed genes; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; AKI, acute kidney injury; CKD, chronic kidney disease; MCC, maximal clique centrality.



These hub genes are potential biomarkers, and the results may lead to new therapeutic strategies to study diseases. As hub genes are potential markers, we also constructed a submodule network with the cytoHubba plugin to better understand their near connectivity and proximity (Figure 5B).




3.4 Determination of regulatory signatures

To determine substantial changes at the transcriptional level and understand the hub proteins’ regulatory molecules and common DEGs, we adopted a network-based approach to decode regulatory TFs and miRNAs. From TF–gene and miRNA–gene interaction network analyses, it was ascertained that 53 TF (Figure 6) and 34 posttranscriptional miRNA (Figure 7) regulatory signatures are regulated by more than one common DEG, indicating that they strongly interact with each other.




Figure 6 | A regulatory interaction network of DEG–TFs derived from NetworkAnalyst. Here, the square nodes represent TFs, and gene symbols are circled as they interact with TFs. The larger the square or circle, the more important the TFs or DEGs are in this network. DEG, differentially expressed gene; TFs, transcription factors.






Figure 7 | The regulatory interaction network of DEGs and miRNAs. The square nodes represent miRNAs, and gene symbols interact with miRNAs as circles. The larger the square or circle, the more important the miRNAs or DEGs are in this network. DEGs, differentially expressed genes.






3.5 Identification of candidate drugs

Evaluating protein–drug interactions is crucial to understand the structural features recommended for receptor sensitivity (46, 47). Regarding common DEGs as potential drug targets in AKI, CKD, and COVID-19, we identified eight possible pharmaceutical molecules based on transcriptome signatures from the DSigDB database using Enrichr. A list of the top 8 chemical compounds for three diseases according to p-value and potential drugs for DEGs, including common chemical compounds, is presented in Table 1.


Table 1 | List of the suggested drugs for COVID-19 with AKI or CKD.



The results of docking analyses are shown in Supplementary Table 1, in which lower binding energy indicates a more stable docking result. The docking results for pyrvinium with BHLHE40, RASGRP1, and ACE2 are the most stable, with binding energies of −7.46, 7.77, and −6.61 kcal/mol, respectively. The most stable drug molecules docked with DUSP6 and TAB2 are tanespimycin and niclosamide, with binding energies of −5.67 and −9.26 kcal/mol, respectively; the most stable drug binding to 3CLpro is camptothecin, with a binding energy of −5.59 kcal/mol (Figure 8).




Figure 8 | Results of molecular docking of drug and protein. Each figure shows the overall picture of the docking of protein and drug molecules and the enlarged picture of the docking part. (A) The docking diagram of DUSP6 with tanespimycin, with binding energy of −5.67 kcal/mol. (B) The binding energy between ACE2 and pyrvinium is −6.61 kcal/mol. (C) 3CLpro and camptothecin docking diagram, with binding energy of −5.59 kcal/mol.






3.6 MM/GBSA results

Based on the trajectory of the molecular dynamics simulation, we used the MM/GBSA method to calculate binding energy, which can accurately reflect the binding effect of a drug molecule and target protein.

As shown in Supplementary Table 2, the binding energies of drug molecule ligands and proteins in the tanespimycin–DUSP6, pyrvinium–RASGRF1, niclosamide–TAB, pyrvinium–BHLHE40, pyrvinium–ACE2, and camptothecin–3CLpro systems were found to be −15.7857 ± 1.3991, −27.6909 ± 0.9977, −14.8572 ± 0.5838, −21.5866 ± 0.9644, −28.5042 ± 1.4538, and −13.2160 ± 1.4146, respectively. Negative values indicate that the two molecules have binding affinity for the target protein, and lower values indicate stronger binding. Obviously, our calculations show that all systems have the potential to bind, with the binding affinities of pyrvinium–BHLHE40 and pyrvinium–TAB2 being significantly lower than 20 kcal/mol, suggesting that the two complexes have better binding effects. Through energy decomposition, we can determine that in the pyrvinium–ACE2 complex, the electrostatic energy (EEL) has a strong contribution; in contrast, the electrostatic energy has a weak contribution in the tanespimycin–DUSP6 and camptothecin–3CLpro complexes. The van der Waals energy (VDW) plays a role in all combinations. In addition, the polar solvation energy of 24 is 331.4498 ± 1.3050 kcal/mol, indicating that it is not conducive to binding, with the non-polar solvation energy playing a weak role. The remaining polar or non-polar solvation energy contribution of the other systems is not significant and has little effect on binding.




3.7 Identification of disease association

Different diseases can correlate with each other and usually share one or more similar genes (46). Therapeutic design strategies for combating disease have begun to uncover relationships between genes and disorders (48). According to NetworkAnalyst, studies have reported an impaired sense of smell, heart failure, testicular hypogonadism, and mood disorders associated with COVID-19. Persistent loss of smell or taste without an obvious cause (e.g., typhoid) is called olfactory failure. The most common causes of olfactory loss are allergic sinusitis, nasal polyps, colds, and viral infection. Heart failure is a syndrome of impaired cardiac circulation due to impaired systolic or diastolic function, which is not an independent disease but rather the end stage of various heart diseases, resulting in blood stagnation in the venous system and inadequate perfusion in the arterial system. In the majority of heart failure cases, the common initial manifestation is pulmonary congestion. In addition, many COVID-19 patients experience symptoms of renal tissue ischemia, which probably progresses to AKI or even CKD (Figure 9).




Figure 9 | The gene–disease association networks show diseases associated with mutual DEGs. Diseases are represented by square nodes, and their associated gene symbols are represented by circular nodes. The larger the square or circle, the more important the diseases or DEGs are in this network. DEGs, differentially expressed genes.






3.8 COVID-19 diagnostic model

The receiver operating characteristic (ROC) values of each machine learning model for training and validation sets are shown in Supplementary Figures 2A, B, respectively. Calibration curves for each model are shown in Supplementary Figure 2C. XGBoost had the highest AUC in both the training set and validation set at 1 and 0.792, respectively (Supplementary Figures 2A, B). The calibration plot in Supplementary Figure 2C shows that the XGBOOST model was also the most accurate. Supplementary Tables 3, 4 show that the AUC, cutoff, accuracy, sensitivity, specificity, positive predictive value, negative predictive value, and F1 score of XGBoost for the training set were 1.000, 0.683, 0.984, 1.000, 1.000, 1.000, 0.978, 1.000, and 0.961, respectively. In brief, XGBoost was the best-performing model, and we used it to build a diagnostic model for COVID-19.

After filtering out the best-performing XGBoost model, we used the “SHAP” package to explain the importance of key variables to the model. Supplementary Figure 2D shows the contribution of each variable, with red dots indicating positive contributions and blue dots indicating negative contributions. A shorter distance from the point to the left indicates a smaller value and a larger value at a longer distance. For example, a higher expression value of TANK predicts a higher risk of COVID-19, whereas a lower value predicts a lower risk.





4 Discussion

AKI and CKD are currently considered to be two stages of renal disease progression; the former is a common complication and mortality risk factor in COVID-19 patients, and the latter is an independent risk factor for COVID-19 and poor prognosis of COVID-19 (49, 50). Decreased GFR is strongly associated with the prevalence and mortality of COVID-19, and chronic metabolic diseases resulting in CKD, such as diabetes, hypertension, and obesity, are also related to COVID-19 mortality (9). In this study, we collected three datasets and used a computational network data analysis method to discover gene expression patterns and molecular pathways of AKI, CKD, and COVID-19 and identify molecular targets of potential biomarkers, providing more treatment options for different disease conditions (51–53). By analyzing transcriptional profiles of SARS-CoV-2, AKI, and CKD to identify genes with altered expression in SARS-CoV-2 infection implicated in the pathogenesis of AKI and CKD, we report novel interaction mechanisms. Seventeen common DEGs were revealed that showed similar expression patterns in the three diseases and were evaluated by Gene Ontology (GO) pathway analysis functions based on p-values to acquire insight into the pathophysiology of AKI, CKD, and COVID-19.

GO involves a genetic adjustment context based on a general theoretical model that promotes genes and their internal relationships. Evolutionary studies have gradually provided biological knowledge of genetic functions and their regulation in different ontological categories (54). From Enrichr, three categories of GO analysis, namely, biological process (molecular activities), molecular function (activities at the molecular level), and cellular component (genes that regulate function), were evaluated through the GO database as a source of annotation for ontological processes (55). In the biological process category, hydrogen peroxide catabolic and hydrogen peroxide metabolic processes were among the top GO terms. Hydrogen peroxide has emerged as a major redox metabolite that functions in redox sensing, signaling, and redox regulation (56). Hydrogen peroxide catabolism contributes to limiting or repairing oxidative damage (57). SARS-CoV-2-infected individuals are susceptible to oxidative stress, and their ability to resist oxidative stress may be associated with the inflammatory status and may have little association with the severity of the disease (58). One study revealed that SARS-CoV-2 captures iron and generates reactive oxygen species to injure the human immune system while promoting the catabolism of hydrogen peroxide to oxygen and water in phagocytes to reduce killing capacity (59). Excessive peroxide causes a renal oxidative stress response, inducing mitochondrial metabolism and kinetic dysfunction and causing inflammation and apoptotic cell death, which induce AKI and aggravate CKD (60). Chen et al. and Huang et al. found massive infiltration of CD4+ T cells, CD56+ natural killer cells, and CD68+ macrophages in the tubular stroma in the renal tissue of COVID-19 patients and that activated T cells migrate to the location of infection to exert their function (61, 62). Under these conditions, SARS-CoV-2 may promote necrosis or apoptosis of T cells by activating reactive oxygen species metabolism, consequently hindering viral clearance, and excess peroxide production can trigger the oxidative stress response in kidney tissue, causing inflammation, cell death, and the deterioration of renal function. Regarding molecular function, hemoglobin-α binding and heme-binding activity were the two top GO pathways. Endothelial cell expression of hemoglobin-α regulates nitric oxide signaling, impacting blood perfusion and oxygen supply (63). Kronstein-Wiedemann et al. found that SARS-CoV-2 infects red blood cell progenitors and dysregulates hemoglobin and iron metabolism, impairing hemoglobin homeostasis and exacerbating COVID-19 (64). It has also been demonstrated that an abnormal hemoglobin phenotype is directly associated with a decreased renal function (65). Moreover, free heme is a pro-oxidant that can disrupt homeostasis in vivo through proinflammatory and cytotoxic effects (66). AKI causes renal hemopexin accumulation, potentially impacting heme Fe-mediated tubular injury and leading to disease progression (67). Therefore, it cannot be ruled out that SARS-CoV-2 infection may initiate AKI by disrupting hemoglobin metabolic homeostasis, which in turn can aggravate this vicious cycle, leading to sustained progression of renal function impairment.

Pathway analysis is a key step to reflect the internal reaction process of an organism with a viral infection. KEGG, WikiPathways, and BioCarta pathways of 17 common DEGs were identified to find similar pathways for AKI, CKD, and COVID-19. Our analysis found that the MAPK signaling pathway, the structural pathway of IL-1, and the Toll-like receptor pathway may have pivotal roles in the occurrence mechanisms of these three diseases. The MAPK signaling pathway activated in viral infections links cell-surface receptors to the transcription machinery, transducing extracellular signals into several outputs, which may also affect the mechanisms of host defense and apoptosis (68). A variety of studies have demonstrated that the MAPK signaling pathway is associated with cell injury, inflammation, and fibrosis, all of which result in acute and chronic kidney diseases (69–73). Weckbach et al. and Saheb et al. found that MAPK pathway activation is one of the important mechanisms of organ inflammation in SARS-CoV-2 infection and may affect sensitivity to steroid treatment (74, 75). In general, the MAPK pathway is vital for regulating organ inflammation and function and is probably involved in the occurrence of multiple-organ dysfunction in COVID-19 patients. COVID-19 is suggested to involve a proinflammatory factor pattern similar to that of some autoimmune diseases; therefore, a potential way to treat COVID-19 may be by inhibiting increases in cytokine and chemokine levels (76). IL-1 binds to specific receptors, which leads to increases in coreceptor and intracellular signal conduction, thereby inducing an effective inflammatory response (77). In the chronic inflammatory mechanism underlying the progression of AKI to renal fibrosis, IL-1 signaling plays an important role (78, 79). Following secretion of chemokines and cytokines such as IL-1β, IL-6, TNF-α, IL-21, and IL-8, the SARS-CoV-2-induced cytokine storm and hyperinflammatory response have pivotal roles in infection severity, AKI development, and death (80). Bowe et al. even pointed out that survival in COVID-19 somehow predisposes patients to worsening subsequent long-term kidney function (81). Toll-like receptors (TLRs) are activated by foreign and host molecules to initiate the immune response. TLR agonists are able to serve as a possible therapeutic agent or a vaccine adjuvant for cancers or infectious diseases; TLR inhibitors may be a promising approach to the treatment of autoimmune diseases and bacterial and viral infections (82). In AKI caused by ischemia and reperfusion, researchers have discovered that proximal tubule TLR4 expression is linked to inflammation and apoptosis following hypoxia–reoxygenation injury (83). Activation of TLR4 signaling regulates the transcription of numerous proinflammatory cytokines and chemokines, resulting in renal inflammation (84, 85). Therefore, the Toll-like receptor pathway is involved in the pathogenesis of SARS-CoV-2 infection and kidney diseases. Nevertheless, the mechanism by which SARS-CoV-2 triggers inflammation is not clear. Recently, a study discovered that antibody-mediated SARS-CoV-2 uptake by monocytes and macrophages causes inflammatory cell death that eliminates the production of infectious viruses and results in systemic inflammation that contributes to COVID-19 pathogenesis. This strong inflammatory effect may be the main cause of severe illness and death (86). The underlying inflammatory pathways identified in these three diseases once again demonstrate that inflammation is a significant mechanism by which SARS-CoV-2 infection leads to damage in multiple organs.

Based on the analysis of DEGs, we established a PPI network showing protein biology and predicting relevant drug targets at the proteomic level and identified hub proteins expressed by topology metrics that may serve as biomarkers or key treatment targets of COVID-19 and are associated with various pathobiological mechanisms. The top hub proteins represent different diseases, most of which are risk factors for AKI, CKD, and COVID-19. The top 4 topological metric hub proteins (DUSP6, BHLHE40, RASGRP1, and TAB2) are clearly involved in these diseases. In this step, the cutoff (parameter) of the topological metric for hub proteins is 15 (degree). DUSP6, a negative regulator of the extracellular signaling-regulated kinase (ERK) signaling pathway, is a broadly expressed dual-specificity phosphatase protein and has roles in apoptosis inhibition and cellular protection (87, 88). Han et al. found that H2O2 potentially promotes heart regeneration in zebrafish by stimulating MAPK signaling through a depression mechanism involving DUSP6 (89). Missinato et al. also suggested that DUSP6 attenuates Ras/MAPK signaling during regeneration and that suppressing DUSP6 can enhance cardiac repair (90). In contrast, dual inactivation of DUSP4 and DUSP6 selectively impairs growth in NRAS and BRAF mutant cells in cancer through hyperactivation of MAPK signaling (91). These studies demonstrate that DUSP6 plays a vital role in tissue damage and repair by regulating hydrogen peroxide metabolism and the MAPK signaling pathway. Moreover, in diabetic nephropathy patients who have the highest prevalence of CKD, DUSP6 has been found to mediate protection against high glucose-induced inflammation (92). Interestingly, Hsu et al. demonstrated that DUSP6 also plays a positive role in the pathological process of endothelial inflammation through TNF-α-induced endothelial intercellular adhesion molecule-1 (ICAM-1) expression, a process that is independent of ERK signaling (93). Expression of ACE2 in vascular endothelial cells provides the pathophysiological basis for viral invasion. Histopathological examination of COVID-19 patients has revealed that SARS-CoV-2 directly invades endothelial cells, causing diffuse endothelial cell inflammation and microvascular damage, which most likely leads to the failure of multiple organs, including the kidneys (94, 95). Hence, manipulation of DUSP6 holds great potential for the treatment of acute inflammatory diseases, such as AKI and COVID-19. There are more studies on DUSP6 in oncology, demonstrating that its expression improves tumor proliferation and drug resistance (96–99). The factor BHLHE40 has emerged as an important regulator of immunity during infection, autoimmunity, and inflammatory conditions, especially in cytokine production and proliferation (100). BHLHE40 also plays an important role in the transcriptional regulation of immune cell infiltration (101). As mentioned above, the cytokine storm and infiltration of immune cells in tissues and organs are pivotal causes of the aggravation and organ dysfunction occurring in COVID-19. As an important immune regulator, BHLHE40 is significant in regional and systemic inflammatory responses to AKI, CKD, and SARS-CoV-2 infection. Feng et al. identified that 17β-estradiol (E2) regulates BHLHE40 expression to exert a protective effect on carotid artery ligation and that upregulation of BHLHE40 in vascular smooth muscle cells (VSMCs) results in suppression of MAPK signaling (102). One study found that BHLHE40 plays an important role as a transcription factor in autoreactive T helper (Th) cell pathogenicity. Lin et al. showed that BHLHE40 expression induced by the IL-1 signaling pathway can identify encephalitogenic Th cells and defines a pertussis toxin (PTX)-IL-1-BHLHE40 pathway active in autoimmune neuroinflammation (103). In addition, Camponeschi et al. indicated that B-cell receptor (BCR) or TLR9 activation induces expression of BHLHE40, a key negative regulator of activation-induced proliferation of human B cells and highly expressed in anergic cells (104). Therefore, as a regulator of many significant immune-inflammatory signaling pathways, BHLHE40 participates in the pathogenic process of immune-inflammatory diseases. RASGRP1 is an important guanine nucleotide exchange factor and activator of the RAS-MAPK pathway following T-cell antigen receptor (TCR) signaling, and its deficiency causes immunodeficiency with impaired cytoskeletal dynamics (105). Moreover, Zhang et al. found that RASGRP1 mediates TLR2-induced ERK1/2 activation and inhibition of IL-12p40 production, which regulates TLR9 activation to induce an appropriate protective IL-12 response (106). By promoting lymphocyte proliferation, RASGRP1 activity is also indispensable to autoimmunity (107). Thus, RASGRP1 activity is essential to the innate protective immune response. In addition, a study discovered that its expression in vascular endothelial cells maintains vascular health (108). Based on this evidence, RASGRP1 has great potential to become a pivotal regulatory target of COVID-19 with AKI and CKD. Nuclear TAB2 is a repressor of NF-κB-mediated gene regulation. The TAB2 protein is expressed in the vascular endothelium of most tissues (109), and its downregulation has a significant effect in inhibiting the inflammatory response and protecting tissue from acute injury, and it can serve as a target of manipulation for multiple cytokines (110, 111). TAB2 gene may be one of the target genes for COVID-19 infection and organ injury. Taken together, we reveal that the top 4 hub genes are all involved in the regulation of microvascular endothelial cell function. Many published studies support that endothelial inflammation is the key mechanism promoting COVID-19 progression and multiorgan dysfunction. Therefore, the hub genes identified in this study are potential biomarkers and therapeutic targets for COVID-19.

Transcriptional and posttranscriptional modifications are important aspects of epigenetics, influencing gene expression. Therefore, we analyzed TF–gene and miRNA–gene interactions to identify the transcriptional and posttranscriptional regulators of common DEGs. TFs control transcriptional processes and proportions, and miRNAs play key roles in gene regulation at the posttranscriptional level and in RNA silencing. The discovery of relationships between DEGs, TFs, and miRNAs is conducive to an understanding of the molecular-level progression of diseases. The identified TFs, such as FOXC1, FOXL1, POU2F2, NFIC, NFkB1, MEF2A, GATA2, and E2F1, are mainly associated with different types of cancers and congenital disorders. DUSP6, BHLHE40, RASGRP1, and TAB2, the top 4 topological metric hub genes, appear to be pivotal molecular targets of COVID-19, AKI, and CKD. The TF–gene interaction network indicates that FOXC1 is involved in BHLHE40, RASGRP1, and TAB2 expression but that FOXL1 only regulates TAB2. Additionally, POU2F2, NFIC, NFkB1, and MEF2A regulate the expression of DUSP6 gene, and NFkB1 manipulates the transcription of BHLHE40 and TAB2 genes. GATA2 is involved in TAB2 expression, and E2F1 regulates the expression of the other three hub genes. In detail, FOXC1 and FOXL1 belong to the human Forkhead-box (FOX) gene family, which is widely involved in cellular activities (112). For example, Koo et al. reported that FOXC1 appears to contribute to pathological angiogenesis by regulating vascular endothelial growth factor signaling (113). Additionally, a study by Zhang et al. showed that FOXC1, as an ischemia-inducible TF, upregulates the expression of TLR members in myocardial ischemia, promoting cardiac inflammation and playing a detrimental role in myocardial ischemia (114). Although studies of FOX genes in infection and kidney disease are scarce, current evidence suggests that FOXC1 activates inflammation under hypoxia, which may have a regulatory role in SARS-CoV-2 infection and renal dysfunction. POU2F2 is a member of the POU transcription factor family and is involved in the immune response by regulating B-cell proliferation and differentiation genes (115). NFIC belongs to the family of transcription factors involved in various morphogenetic processes during development (116). A number of studies have found that NFIC controls cell proliferation by regulating TGF-β1 signaling in adult regenerative processes, such as tooth root development, hair follicle cycling, and hepatocyte proliferation (117–119). Overall, the roles of these transcription factors in kidney disease and infection have been poorly investigated to date. MiRNAs are small non-coding RNAs that serve as central players that regulate the posttranscriptional processes of gene expression. They bind to target mRNAs and repress their translation by inducing their degradation or inhibiting their translation to control mRNA expression. RNA sequencing is becoming popular in the postgenomic era, but high-throughput experimental technologies for miRNA target identification are still expensive and time-consuming. Therefore, an increasing number of bioinformatics approaches are being developed for miRNA studies, especially for miRNA target prediction. In this study, we successfully used bioinformatics tools to accurately identify miRNAs targeting the DEGs of the three diseases. Some of these miRNAs are closely related to regulating the expression of the hub genes. For instance, hsa-mir-181a-5p, hsa-mir-125b-5p, and hsa-mir-603 participate in the expression of the DUSP6 gene; both hsa-mir-329-3p and hsa-mir-335-5p are associated with BHLHE40 expression, and hsa-mir-125b-5p, hsa-mir-335-5p, and hsa-mir-21-5p are involved in RASGRP1 expression; hsa-mir-181a-5p, hsa-mir-155-5p, and hsa-mir-21-5p manipulate TAB2 expression. Specifically, miRNA mutations often lead to the development of various diseases. Some miRNAs are involved in lung cancer (e.g., hsa-mir-665, hsa-mir-30a-5p, hsa-mir-150-5p, and hsa-mir-181a-5p) (120–123), immune disorders (e.g., hsa-mir-92a-3p, hsa-mir-665, and hsa-mir-155-5p) (124–126), and different types of chronic inflammation or infection (e.g., hsa-mir-483-3p, hsa-mir-92a-3p, and hsa-mir-335-5p) (127–129). Most miRNAs are related to cancer and congenital diseases, though some specific miRNAs are related to the pathogenesis of AKI. For example, Zhang et al. discovered that miR-181a-5p inhibits pyroptosis through the downregulation of NEK7 in lipopolysaccharide (LPS)-induced HK-2 cells and cecum ligation and puncture (CLP)-induced mice and indicated that miR-181a-5p is a new potential therapeutic target for sepsis-induced AKI therapy (130). The research results of He et al. confirmed that miR-122 directly targets vitamin D receptor (VDR) in renal tubular cells, which strongly suggests that miR-122 upregulation contributes to LPS-induced kidney injury by downregulating VDR expression (131). Moreover, hsa-mir-122-5p has been proven to regulate the ASF1A, BRWDM, and PFKFB2 signaling pathways, a potential mechanism for the development of AKI in transplanted kidneys (132). As a novel small molecule, miR-665-3p regulates autophagy by targeting ATG4B, indicating that miR-665-3p inhibition is a potential therapeutic approach against inflammation and apoptosis for the treatment of ischemia–reperfusion (133). hsa-miR-483-3p is associated with diabetic renal vascular injury and lupus nephritis (134), and hsa-mir-186-5p is involved in a variety of acute organ injury processes (135). Accordingly, TFs and miRNAs target major proteins to alter particular diseases (136). SARS-CoV-2 infection possibly induces transcriptional regulator mutations regulating primary signaling pathways, thus activating inflammatory responses and leading to impairment of renal function.

Mutations in genes are often closely related to multiple diseases, and we performed gene–disease (GD) analysis to predict associations between significant DEGs and various diseases. The results revealed various diseases from the common DEGs of AKI, CKD, and COVID-19, which include DUSP6, NRIP1, TNFAIP8, S1PR1, and TANK. It is notable that most of these diseases are involved in reproductive phylogenetic problems, psychophysiological disorders and cancers, and occasionally heart dysfunctions. DUSP6, as an important DEG, has been discovered to be associated with gonad development, altered sexual signs, and psychophysiological disorders, such as hypogonadism, absence of secondary sex characteristics, and mood and depressive disorders. COVID-19 has a strong relationship with hypogonadism. Recent studies have demonstrated the mechanisms by which secondary immune responses govern endocrine function in SARS-CoV-2 infection and can hinder testosterone synthesis in male patients, affecting male reproductive health; there is also a possibility of inflammation due to the infection, direct viral invasion of the testis, and drug-related damage (137, 138). These findings indicate that men should be considered at higher risk of poor prognosis or death. Anxiety and depression are common manifestations in COVID-19 patients, and the immune system perturbation caused by infection and the roles of inflammatory and clinical predictors may induce psychopathology. The COVID-19 pandemic might be associated with psychiatric disorders (139, 140). TNFAIP8 and NRIP1 are mostly associated with tumors, with breast cancer appearing more frequently in our GD network. Some studies have suggested that estrogen levels in COVID-19 patients can affect the inflammatory state and microbiome, which may be a mechanism of breast tumor production; psychological factors also have certain effects on female patients (141, 142). Additionally, heart diseases, such as heart failure and myocardial infarction, may be regulated by NRIP1. Cardiac injury in COVID-19 patients seems to be associated with higher mortality. Myocardial infarction, cardiomyopathies, arrhythmias, fulminant myocarditis, and venous thromboembolism are the most common cardiovascular complications of COVID-19 (143). Excessive secretion of inflammatory cytokines (IL-6 and TNF-α) leads to systemic inflammation and multiple organ dysfunction syndrome, severely affecting the cardiovascular system (144). Furthermore, SARS-CoV-2 tropism and interaction with the RAAS system may enhance inflammatory responses and cardiac aggression (145). It is clear that COVID-19 is a systemic disease complicated by multiorgan dysfunction, and organ crosstalk plays a key role in this process. The involvement of the kidney, as the main organ leading to organ crosstalk, was first defined in patients with acute respiratory distress syndrome (ARDS) and COVID-19. The lungs and the kidneys cooperate to maintain the electrolyte balance and the acid–base balance in the body, and impairment of renal function disrupts the balance and affects lung function (95). In addition to the lungs, the kidneys engage in crosstalk with multiple other organs. Progression of CKD is also often accompanied by reproductive health challenges, including menstrual abnormalities, impaired sexual health, and reduced fertility (146). Crosstalk between the gonad and the kidney may also be related to reproductive system problems in COVID-19 patients. Depression has been reported to be the most common psychological problem in patients with CKD and is influenced by biological, psychological, and socioeconomic factors (147, 148). Furthermore, psychological symptoms in CKD are independent predictors of adverse clinical outcomes, including faster GFR decrease, dialysis therapy initiation, death, or hospitalization (149). It is possible that the bidirectional relationship between the progression of COVID-19 and depression is also affected by the complex interplay between biopsychosocial factors. Kidney diseases and cancers are intertwined in many ways. On the one hand, underlying kidney disease appears to increase cancer risk and its associated morbidity and mortality (150). Jørgensen et al. showed that an elevated urinary albumin/creatinine ratio at baseline correlates with subsequent cancer incidence (151). Albuminuria is also associated with an increased risk of cancer death from all causes and lung and prostate cancers in men aged 50 and older in the USA (152). As with albuminuria, end-stage renal disease (ESRD) is associated with an increased risk of renal and urinary tract cancer, and increased rates of endocrine cancer, viral infection-related cancer, skin cancer, and liver cancer have also been reported in ESRD patients (153, 154). On the other hand, carcinoma, paraneoplastic renal manifestations, and nephrotoxicity of chemotherapeutic- and molecular-targeted drugs can lead to the development of AKI and sustained impairment of renal function (155). GD analysis demonstrates the common underlying molecular mechanisms of various comorbidities in COVID-19 and kidney disease and highlights a possible reason why the kidney is able to act as the main organ for organ crosstalk in COVID-19.

Currently, some drugs have been approved for the treatment of COVID-19 with few adverse effects. For example, remdesivir and chloroquine have been demonstrated to prevent SARS-CoV-2 infection and COVID-19 (156). Furthermore, baricitinib, which shows antiviral effects by interfering with viral entry into cells, shows improved therapeutic effects in combination with remdesivir (157). Casirivimab and imdevimab (REGN-COV2), neutralizing antibodies, also have shown promising results for SARS-CoV-2 infection by inhibiting viral receptor-binding domain binding to host cells (158). In addition, drugs such as dexamethasone, tocilizumab, and interferon have been shown to have significant effects against COVID-19 (159–161). The protein–drug interaction and molecular dynamics analyses of this study indicate eight possible chemical compounds targeting common DEGs, with different binding affinities for the four hub proteins: DUSP6, BHLHE40, RASGRP1, and TAB2. Pharmaceutical molecules strongly binding to TAB2 were the most abundant, including tanespimycin, camptothecin, niclosamide, pyrvinium, and daunorubicin; molecules strongly binding to RASGRP1 and BHLHE40 were the second most abundant, with the former including camptothecin, niclosamide, and pyrvinium and the latter including tanespimycin, niclosamide, and pyrvinium. The least abundant was the DUSP6 protein, but all pharmaceutical molecules can bind to this protein. We identified the heat shock protein 90 (HSP90) inhibitor tanespimycin as a host-dependent factor of SARS-CoV-2 and an effective, broad-spectrum antiviral drug against human coronavirus (162). Another drug is camptothecin, a quinoline alkaloid originally isolated from the Chinese happy tree, and has been found to have anticancer and antiviral properties. Regarding SARS-CoV-2, camptothecin potentially blocks the interaction of the spike glycoprotein with the ACE2 receptor on host cells (163). Another identified drug is niclosamide, an anthelminthic drug, which is widely used to treat a variety of diseases due to its pleiotropic anti-inflammatory and antiviral activities. An effect via interruption of the viral life cycle or induction of the cytopathic effect renders it a possible candidate for COVID-19 (164). Pyrvinium has anthelmintic properties and therapeutic functions against fungi and is a potential novel agent for tumor therapy (165). Daunorubicin belongs to the anthracycline group and is widely used in human cancer chemotherapy (166, 167). Moreover, staurosporine, dimethyloxalylglycine, and sulpiride were found to be potential drugs in this study. Staurosporine is a very potent inducer of apoptosis because it inhibits many different kinases. Staurosporine-induced apoptosis has been discussed for various tumor therapies (168). The prolyl-hydroxylase inhibitor dimethyloxalylglycine activates the hypoxia-inducible factor (HIF)-1 pathway by stabilizing HIF-1α and has a protective effect against ischemia/reperfusion injury (169). Dimethyloxalylglycine may be protective against AKI. Sulpiride, an antipsychotic with selective dopaminergic antagonist properties, has a therapeutic effect in COVID-19 patients with psychiatric disorders (170, 171). With regard to diseases as risk factors of COVID-19 infection, such as cancer, other infections, and organ damage, the above drugs all have potential therapeutic effects. Further investigation is needed for confirmation.




5 Conclusion

Our study summarizes relationships among COVID-19, AKI, and CKD through bioinformatics analysis and identifies the potential molecular mechanism by which SARS-CoV-2 infection affects renal function. We examined 17 DEGs from three datasets by GO analysis and identified oxidative metabolism as the major biological function of these genes. Moreover, pathway enrichment analysis revealed that the MAPK signaling pathway, the IL-1 structural pathway, and the Toll-like receptor pathway, which are important pathways of systemic and organ inflammation pathology, are pivotal in the occurrence of AKI, CKD, and COVID-19. This study suggests that these pathways are involved in the mechanisms of AKI in COVID-19 patients and the deterioration of renal function. Then, the four most significant hub genes were screened from the PPI network and found to be closely related to the inflammatory response and tissue injury. In addition, the TFs and miRNAs identified play crucial roles in different functional disorders. Different types of diseases related to DEG mutations, mainly reproductive phylogenetic problems, psychophysiological disorders, and cancers, are shared complications of the three diseases. Analysis of COVID-19, AKI, and CKD provides a way to identify the pathogenesis of various diseases and helps in further understanding the underlying mechanisms of the development of AKI and the progression of CKD in COVID-19 patients. Therefore, it is possible to reduce the risk of SARS-CoV-2 infection resulting in AKI and CKD. However, COVID-19 is a newly discovered disease that has not been thoroughly studied, and more data are needed for further research. Multiomics analysis of COVID-19 is becoming important with the availability of bioinformatics approaches. Further cohort follow-up may help to elucidate the molecular mechanisms of AKI and CKD development in COVID-19 patients. This study provides promising pathways and molecular biomarkers for the association of COVID-19 with kidney diseases, and the findings are significant for the effective treatment of COVID-19.
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Supplementary Figure 1 | Expression of 17 common DEGs in three datasets. Panels (A–C) represent the expression of common DEGs in GSE1563, GSE66494, and GSE147507, respectively. In the heatmap, each row represents the expression of a gene in different samples; red indicates that the gene is upregulated, and blue indicates that the gene is downregulated.

Supplementary Figure 2 | Building COVID-19 diagnostic models and model interpretability (A) AUC of the 6 machine learning models in the training set. (B) AUC of the 6 machine learning models in the validation set. (C) Calibration plots were used to assess the agreement between predicted and observed values in different percentiles of predicted values. (D) Figure a is a SHAP diagram showing the relationship between each variable and the outcome. Each point represents a patient; the redder the color of the point indicates a larger value, and the bluer the color of the point indicates a smaller value. The farther to the right of the abscissa of the point, the greater the contribution to the predicted positive outcome, and the farther to the left of the abscissa of the point, the greater the contribution to the predicted negative outcome.


Supplementary Table 1 | Results of molecular docking of drugs and proteins (kcal/mol).


Supplementary Table 2 | Binding free energies and energy components predicted by MM/GBSA (kcal/mol).


Supplementary Table 3 | Comparison of multiple models in training set.


Supplementary Table 4 | Comparison of multiple models in validation set.
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Diabetes mellitus
COPD
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COPD, Chronic obstructive pulmonary disease; Values are represented as number (percent); "Total analysed; Pearson’s Chi-squared test; Fisher’s exact test.
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Sex (n%)
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Mean duration of epilepsy
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Metabolism
Infection
Seizure type (n%)
Focal
Generalized
Unkonwn
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Less than 1 month
1-2 months
2-3months
3-6 months
6-12 months
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More than 2 yeas
Mean baseline seizure frequency

PWE with increased seizure
frequency (n%)

First dose
Second dose
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0
1
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More than 2

Medication status during
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Reduction
‘Withdrawl
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186 (41.2)
1079

291 (64.5)
14 (3.1)
124 (27.5)
2(0.4)
20 (4.4)

312 (69.2)
80 (17.1)
59 (13.1)

61 (13.5)
25 (5.5)
26 (5.8)
47 (10.4)
62 (13.7)
41(9.1)
189 (41.9)
036

8(1.8)
14 (3.1)
21 (4.7)

22 (4.9)
236 (52.3)
161 (35.7)

32(7.1)

16 (3.5)
25 (5.5)
3(0.7)

Juvenile (n=408)

240 (58.8)
168 (41.2)
392

301 (73.8)
75 (18.4)
23 (5.6)

0(0)
9(2.2)

251 (61.5)
111 (27.2)
46 (11.3)

33 (8.1)
17 (42)
17 (42)
28 (6.9)
61 (15.0)
65 (15.9)
187 (45.8)
027

23 (5.6)
21 (5.1)
40 (9.8)

20 (4.9)
280 (68.6)
88 (21.6)
20 (4.9)

11 (27)
22 (5.4)
9(22)

ILSFV, interval between the last seizure prior vaccination and the first dose of vaccination; ASM, anti-seizure medications.

>0.999

<0.001
<0.001

0.004

0.003

0.012
N/A

<0.001

0.786

0.079
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Predictors

Time
Baseline
First dose one month
Second dose one month
Age
Adult
Juvenile
Number of ASM
0
1
2
More than 2

Medication status during vaccinations

Normal
Reduction
Withdrawal
ILSFV
More than 2 yeas
Less than 1 month
1-2 months
2-3months
3-6 months
6-12 months
1-2 years
Etiology
Unknown
Heredity
Structure
Metabolism or Infection

Time*age

First dose one month * juveniles

Second dose one month * juveniles

ILSFV, interval between the last seizure prior vaccination and the first dose of vaccination; ASM, anti-seizure medications.

Adjusted Incidence Rate Ratios (AIRR)

Ref
0.19
0.15

Ref
1.18

Ref
0.43
0.74
0.56

Ref
198
0.66

Ref
424.83
14.67
10.08
398
318
228

Ref
1.95
128
1.14

3.69
2.89

95% CI of AIRR

0.11 - 0.34
0.08 - 0.30

0.80 - 1.75

0.11 - 1.62
0.19 - 2.84
0.14 - 2.28

0.97 - 4.04
0.17 - 2.59

173.48 - 1040.35
5.04 - 42.65
331 - 30.64
123 - 1292
1.10 - 9.18
0.70 - 7.41

117 - 3.24
0.82 - 2.02
0.53 - 2.47

1.83 - 7.45
131 - 6.42

<0.001
<0.001

0.397

0213
0.663
0.415

0.061
0.556

<0.001

<0.001

<0.001
0.021
0.032
0.171

0.010
0.280
0.738

<0.001
0.009
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Variables

Sex (n%)
Male
Female
Age, year
Median (Q1,Q3)
Juvenile (<18) (n%)
Adult (218) (n%)
Median duration of epilepsy (Q1,Q3)
Epileptic etiology (n%)
Unknown
Heredity
Structure
Metabolism
Infection
Seizure type (n%)
Focal
Generalized
Unkonwn
ILSFV (n%)
Less than 1 month
1-2 months
2-3months
3-6 months
6-12 months
1-2 years
More than 2 yeas
Seizure after vaccination
First dose (within 2 weeks) (n%)
Median of seizure frequency (Q1,Q3)
First dose (3weeks - 1 month) (n%)
Median of seizure frequency (Q1,Q3)
Second dose (withtin 2 weeks) (n%)
Median of seizure frequency (Q1,Q3)
Second dose (3weeks - 1 month) (n%)
Median of seizure frequency (Q1,Q3)
Total

PWE with increased seizure frequency (n%)

First dose
Second dose
Total
Number of ASM (n%)
0
1
2
More than 2

Medication status during vaccination (n%)

Reduction

Withdrawl

N=859

505 (58.8)
354 (41.2)

20.0 (10, 35)
408 (47.5)
451 (52.5)

40 (25, 9.5)

592 (68.9)
89 (10.4)

147 (17.1)
2(0.2)
29 (3.4)

563 (65.5)
191 (22.2)
105 (12.2)

94 (10.9)
42 (4.9)
43 (5.0)
75 (8.7)
123 (14.3)
106 (12.3)
376 (43.8)

44 (5.0)
11, 2)
35 (4.0)
1(1, 1.5)
39 (4.5)
1(1,2)
35 (4.0)
1(1, 2)
108 (12.5)

31 (3.6)
35 (4.1)
61 (7.1)

42 (4.9)
516 (60.1)
249 (29.0)

52 (6.1)

27 (3.1)
47 (5.5)

ILSFV, interval between the last seizure prior vaccination and the first dose of vaccination;

ASM, anti-seizure medications.
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Variables Control group NMDs group p value

N 346 11 (SMA, 9; DMD, 2)
Sex (male:female) 60:286 7:4 0.001
Age (years) 40.0 + 124 327 +193 0.062
SARS-CoV-2 antibody titers (U/mL)
Before vaccination <0.40 <0.40 1.000
Two weeks after first vaccination 103 + 1192 145 + 258 0.909
Male 26 £29 203 + 312 <0.001
Female 42 £ 69 4270 0.998
Two weeks after second vaccination 1429 + 944 1528 + 1265 0.736
Male 1167 £ 633 1206 990 0.886
Female 1486 + 991* 2091 +1646 0.230

DMD: Duchenne muscular dystrophy; NMDs: neuromuscular disorders; SMA: spinal muscular atrophy; *, In the control group, females had significantly higher antibody titers than males
after the second vaccination (p = 0.0176).
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Group IEN-y 1L-2 1L-4 IgA 1gG IgM

Mean + SD
*VB 9.25 + 13.70 277 £ 824 5.49 + 8.87 857 £ 3225 1.72 £9.10 2.54 £7.03
SV 16.89 + 23.46 1.08 £+ 2.77 11.77 + 1237 59.26 + 67.92 1466.24 + 585.80 23.13 + 18.87

*VB: before vaccination; SV: two-dose vaccination.
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Characteristics

Age, median (IQR), range

Sex
Male (%)
Female (%)

Chronic medical illness
Any (%)
Chronic obstructive pulmonary disease (%)
Hypertension (%)
Cardiovascular disease (%)
Cerebrovascular disease (%)
Chronic liver disease (%)
Diabetes (%)

Signs and symptoms
Fever (%)
Dry cough (%)
Expectoration (%)
Rhinorrhea (%)
Hyposmia (%)
Loss of taste (%)
Shortness of breath (%)
Myalgia (%)
Headache (%)
Dizziness (%)
Fatigue (%)
Pharyngalgia (%)
Pharyngeal stem (%)
Anorexia (%)

Total
(n=231)

37 (28-48), 18-85

123 (53.2)
108 (46.8)

38 (16.5)
1(04)
24 (10.4)
9 (3.9)
2(0.9)
6 (2.6)
7 (3.0)

95 (41.1)
67 (29.0)
59 (25.5)
65 (28.1)
27 (11.7)
14 (6.1)
20 (8.7)
17 (7.4)
15 (6.5)
4(17)
27 (11.7)
45 (19.5)
57 (24.7)
15 (6.5)

Unvaccinated
(n=21)

38 (32-54.5), 25-85

10 (47.6)
11 (52.4)

6(28.6)
0(0)
5(23.8)
3(14.3)
1(4.8)
0(0)
4(19)

9 (42.8)
5(23.8)
7(33.3)
4(19.0)
2(9.5)
1(4.8)
3(14.3)
1(4.8)
2(9.5)
1(4.8)
2(9.5)
5(23.8)
3(14.3)
4(19.0)

Two doses
vaccinated
(n =158)

36 (26.75-48.25),
18-78

81 (51.3)
77 (48.7)

26 (16.5)
1(06)
14 (8.9)
5(3.2)
1(06)
6(3.8)
2(13)

65 (41.1)
50 (31.6)
43 (27.2)
52 (32.9)
18 (114)
9(5.7)
13 (82)
15 (9.5)
13 (82)
3(1.9)
18 (11.4)
26 (16.5)
43 (27.2)
9(5.7)

Categorical variables were summarized as counts (percentages), and analyzed by fisher’s exact test.
P1: Unvaccinated vs. Two doses vaccinated, P2: Unvaccinated vs. Three doses vaccinated, P3: Two doses vaccinated vs. Three doses vaccinated.

*P <005 ** P <0.01.

Three doses
vaccinated
(n=52)

7 (30.25-45.75),
19-67

32 (61.5)
20 (38.5)

6(115)
0 (0)
5 (9.6)
1(19)
0 (0)
0(0)
1(19)

21 (40.4)
2 (23.1)
9(173)
9(173)
7 (13.5)
4(7.7)
4(7.7)
1(1.9)
0(0)
0 (0)
7 (13.5)
14 (26.9)
11 (2L1)
2(3.8)

P-value

P1 =0.1449, P2 = 0.2870, P3 = 0.7804

P1 =0.2213, P2 = 0.0911, P3 = 0.5065
P1>0.9999, P2>0.9999, P3>0.9999
P1 = 0.0526, P2 = 0.1388, P3>0.9999
P1 =0.0532, P2 = 0.0690, P3>0.9999
P1 =0.2215, P2 = 0.2877, P3>0.9999
P1>0.9999, P2>0.9999, P3 = 0.3399
**P1 = 0.0018, *P2 = 0.0221, P3>0.9999

P1>0.9999, P2>0.9999, P3 = 0.3399
P1 =0.6165, P2>0.9999, P3 = 0.2941
P1 = 0.6068, P2 = 0.2095, P3 = 0.1950
P1 = 0.3156, P2>0.9999, *P3 = 0.0350
P1 = 0.6068, P1 = 0.2095, P9 = 0.1950
P1>0.9999, P2>0.9999, P3 = 0.7400
P1 = 0.4076, P2 = 0.4026, P3>0.9999
P1 =0.6978, P2 = 0.4954, P3 = 0.1270
P1 =0.6902, P2 = 0.0799, *P3 = 0.0413
P1 =0.3957, P2 = 0.2877, P3>0.9999
P1>0.9999, P2>0.9999, P3 = 0.8051
P1 = 0.3714, P2>0.9999, P3 = 0.1059
P1 =0.2893, P2 = 0.7439, P3 = 0.4660
*P1 = 0.0498, P2 = 0.0532, P3>0.9999
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Red blood cells and platelets

Red blood cell counts (RBC),
x10'%/L

Hemoglobin (Hb), g/L

Hematocrit (HCT), %

Mean corpuscular volume
(MCV), fl

Mean corpuscular hemoglobin
(MCH), Pg

Mean corpuscular hemoglobin
concentration (MCHC), g/L

Red blood cell distribution width
(RDW), fl

Platelet counts, x10°/L

Mean platelet volume (MPV), fl

Platelet distribution width
(PDW), fl

Erythrocyte sedimentation rate
(ESR), mm/h

Coagulation function

Prothrombin time (PT), s

Activated partial thromboplastin
time (APTT), s

Thrombin time (TT), s
Fibrinogen (FBG), g/L
International normalized ratio
(INR)

D-dimer (D-D), ug/mL

Fibrinogen degradation products
(FDP), ug/mL

NormalRange

Male:
4.3-5.8 Female:
3.8-5.1

Male:
130-175 Female:
115-150

Male:
40.0-50.0
Female:
35.0-45.0
82.0-100.0
27.0-34.0
316-354
35.0-56.0
125-350
6.8-13.5

10.0-18.0

Male:0-15
Female:0-20

11.8-15.1
25.4-384
11.0-17.8
2.20-4.96
0.70-1.40
0-1.00

0-5.00

Total  Unvaccinated

(n =231)

4.48
(4.14-4.89)

139
(123-153)

41.5
(37.1-45.1)

91.9
(88.7-94.3)
30.8
(29.8-31.9)
334
(328-339)
41
(39.8-42.9)
200
(159-237)
10.6
(9.7-11.5)
16.2
(16-16.4)
24
(13-40)

135
(12.3-144)
319
(29.5-33.7)
149
(14.1-15.7)
331
(2.82-3.87)
1.06
(0.94-1.14)
0.42
(0.36-0.54)
19
(1.5-2.4)

(n=21)

4.51
(4.115-5.435)

131
(118-160.5)

38.1
(36-48.35)

89.5
(85.8-92.7)
30
(28.95-30.7)
333
(327-336)
42.4
(40.55-43.2)
191
(162-221.5)
10.1
(9.1-11.3)
16.2
(15.7-16.35)
22
(12-39.75)

137
(12.5-14.85)
333
(32-37.65)
159
(14.85-16.8)
373
(2.925-4.07)
1.07
(0.96-1.185)
0.49
(0.36-0.59)
19
(1.7-2.8)

Two doses
vaccinated
(n = 158)

4.475
(4.148-4.853)

139
(123.8-152)

413
(37.18-44.9)

92.45
(89.18-94.5)
30.9
(29.9-31.9)
334
(329-339.3)
40.85
(39.68-42.8)
200
(150.8-243.5)
10.4
(9.7-11.43)
16.2
(16-16.4)
25
(14-40)

134
(122-14.33)
315
(29.5-33.53)
147
(13.9-15.43)
335
(2.865-3.97)
1.05
(0.94-1.133)
0435
(0.37-0.55)
1.9
(1.5-2.4)

Three doses P-value
vaccinated

(n=52)
445 P=0.4548
(4.13-4.928)

142 P=0.9014
(120.5-152.3)

419 P=0.9446
(37.53-45.6)
919 *P=0.0470  P1 = 0.0566, P2 = 0.0589,
(88.43-95.75) P3>0.9999
31 P=0.0785
(29.7-32.18)
337 P=0.4435
(327.3-339)
41.15 P=0.2255
(39.65-42.85)
209 P=05573
(171.3-241.3)
11 P=0.4042
(9.725-11.68)
16.3 *P=0.0351 Pl = 04188, P2 = 0.413,
(16-16.5) P3 =0.1922
23 P=03302
(9-35)
136 P=0.7692
(12.4-14.4)
312 **P=0.0002 ***P1 = 0.0002, ***P2 =
(28.9-33.68) 0.0007, P3>0.9999
15.05 **P=0.0055 **P1 = 0.0071, P2 =
(14.4-15.9) 0.2361, P3 = 03283
3 **P=0.0038 P1=09061,*P2 =
(2.665-3.5) 0.0176, **P3 = 0.0091
1.06 P=0.7671
(0.95-1.14)
0.39 P=03650
(0.3125-0.4675)
17 P=0.3254
(1.5-1.9)

Continuous variables were shown in median (interquartile ranges). The Kruskal-Wallis test and post hoc Dunn’s test were used to analyze for the quantitative data of non-normal

distribution among three groups. The One-way ANOVA and post hoc Bonferroni test were used to analyze for continuous variables normally distributed among three groups.

P: for three groups, P1: Unvaccinated vs. Two doses vaccinated, P2: Unvaccinated vs. Three doses vaccinated, P3: Two doses vaccinated vs. Three doses vaccinated.

*P < 0.05, **P < 0.01, **P < 0.001.





OPS/images/fimmu.2022.951576/fimmu-13-951576-g004.jpg
mRNA1273

2.0

40

nisolone
it

8

500mg
3

l Methylpred
36

Time after transplant (months)

32

30

w e b
- -~ o

(Ip/Bw)aujuneard






OPS/images/fimmu.2022.951576/table1.jpg
Age (years)
Male, n (%)
Time since transplant (years)
Creatinine (mg/dL)
Maintenance IS, n (%)
Calcineurin inhibitor
Tacrolimus
Level (ng/mL)
Cyclosporine
Level (ng/mL)
mTOR inhibitor
Sirolimus
Level (ng/mL)
Everolimus
Level (ng/mL)
MMF
Dose (g/day)
Prednisolone

Dose (mg/day)

ChAdOx1 (n=30)

49.09 + 11.94
15 (50.00)
623 +5.19
1.23+038

30 (100)
28 (93.33)
5.90 + 2.07

2 (6.67)

47.90 + 46.53

14 (46.67)
14 (46.67)
145 + 093

0

26 (86.67)

1.03 + 0.35
27 (90)
3.92 %201

IS, immunosuppressant; MME, mycophenolate mofetil.

mRNA1273 (n=81)

60.29 + 8.70
32 (39.51)
10.84 + 821
1.24 058

71 (87.65)
60 (74.07)
471+ 165
11 (13.58)
6135 +21.72
48 (59.26)
47 (58.02)
1.80 + 1.75
1(1.23)
3.1
59 (72.83)
1.01 +0.36
61 (75.31)
434 +217

BNT162b2 (n=38)

48.87 + 11.98
17 (44.74)
832+ 6.94
117 £ 031

38 (100)
37 (97.37)
5.09 + 1.37

1(2.70)

84.10

13 (34.21)

3(34.21)
1.18 + 047

0 (0)

34 (89.47)
0.92 £ 0.35
32 (84.21)
3.95+ 1.52

MVC-COV1901 (n=22)

46.97 + 11.64
7 (31.82)
872 +7.09
144 £ 0.45

20 (90.91)
18 (86.36)
4.64 +1.32
2(9.09)
86.30 + 100.83
10 (45.45)
10 (45.45)
242 +2.68
0 (0)

19 (86.36)
1.05 + 0.43
17 (77.27)
3.52 +2.40

P-value

<0.0001
0.5644
0.0252
0.8346
0.8071
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Normal Total Unvaccinated Two doses Three doses P-value

range  (n=231) (n =21) vaccinated vaccinated
(n = 158) (n =52)
y-glutamyl transferase 10-60 17 26 18 135 P=0.2815
(GGT), U/L (12-31) (14.25-46) (11.5-32.5) (12-19.25)
Alanine aminotransferase 9-50 31 28 32 30.5 P=0.5137
(ALT), U/L (23-42) (22.25-48) (25-42) (23-39.5)
Aspartate aminotransferase 15-45 29 27 29 27 P=0.3766
(AST), U/L (25-35) (24-36) (26-34) (24.5-35.5)
Alkaline Phosphatase 45-125 68 71 67 68 P=0.7718
(ALP), U/L (54.5-80) (49-82) (54-79.5) (58.5-78.5)
Total bilirubin, umol/L 0-26.0 9.8 82 9.7 11 P=0.1016
(6.6-12.83) (5.325-13.18) (6.7-12.45) (7.825-13.95)
Direct bilirubin (D-Bil), 0-8.0 36 35 35 3.75 P=0.7093
umol/L (2.8-4.7) (2.425-4.4) (2.8-4.7) (2.8-4.85)
Indirect bilirubin (I-Bil), 0-18.0 6 5 5.9 7.35 *P=0.0305 Pl =0.7068, P2 = 0.0524, P3
umol/L (3.95-8.4) (2.5-7.6) (3.9-7.9) (5.1-10.03) =0.1009
Serum albumin, g/L 40.0-55.0 45.8 45.7 45.65 46.85 P=0.1979
(43.85-48) (43.53-48.98) (43.23-47.9) (44.68-48.7)
Serum globulin g/L. 20.0-40.0 24.25 249 2435 2375 P=0.1696
(22-26.7) (22.5-28.73) (22.13-26.8) (20.8-26.2)
Albumin/globulin (A/G) 12-24 1.9 1.9 1.8 2 *P=0.0337 P1>0.9999, P2 = 0.2676, *P3
(1.7-2.1) (1.7-2.075) (1.7-2.075) (1.8-2.125) =0.0337
Total protein (TP), g/L 65.0-85.0 70.15 69.95 70.65 69.1 P=0.9654
(66.3-73.8) (64.73-75.6) (66.4-73.6) (66.8-74.43)
Adenosine deaminase 0-15 11 125 11 9.5 **P=0.0001 Pl = 0.2040, ***P2 = 0.0004,
(ADA), U/L (9-13) (10.25-20.5) (9-13) (8-11) **P3 =0.0014
Total biliary acid (TBA), 0-12.0 2.86 291 2.825 3.62 P=0.9247
umol/L (1.64-5.25) (1.675-7.31) (1.613-5.455) (1.888-4.89)
Lactate dehydrogenase 120-250 186 190 187 165 P=0.2539
(LDH), U/L (157-216) (165-217) (159-216) (146.5-195.5)
Superoxide dismutase 129-216 151 145 149.5 156.5 P=0.3319
(SOD), U/L (143.5-164) (121-186) (142.8-163.3) (148-164)
Serum potassium (K), 3.50-5.30 4.52 4.5 448 4.535 P=0.4822
mmol/L (4.18-4.89) (4.018-5.03) (4.12-4.93) (4.338-4.863)
Serum sodium (Na), 137.0-147.0 140.4 139.4 140.4 141.1 ***P=0.001 **P1 = 0.0038, ***P2 =
mmol/L (139.1-142.2) (137.9-140.8) (139-142.3) (139.7-142.4) 0.0007, P3 = 0.5672
Serum chloride (CL), 99.0-110.0 1022 1022 102.2 102.4 P=0.2325
mmol/L (100.5-103.9) (99.15-102.9) (100.5-103.9) (101-104.2)
Serum calcium (Ca), 2.11-2.52 102.2 1022 102.2 102.4 P=0.2325
mmol/L (100.5-103.9) (99.15-102.9) (100.5-103.9) (101-104.2)
Urea nitrogen (UN), 3.1-80 37 495 35 3.9 *P=0.0280  P1 = 0.0605, P2 = 0.8934, P3
mmol/L (3-4.725) (2.9-7.675) (3-4.6) (3.35-4.825) =0.2673
Uric acid (UA), pmol/L 143-417 283 296.5 283 279.5 P=0.4517
(223.8-347.5) (217-358.8) (216.3-328) (237.8-380.8)
Creatinine (Cr), pmol/L 57-97 61 66 57 64.5 *P=0.0217 Pl = 0.3572, P2>0.9999, P3 =
(50-72.25) (52.25-77) (49-69.75) (56.75-77.25) 0.4952

Continuous variables were shown in median (interquartile ranges). The Kruskal-Wallis test and post hoc Dunn’s test were used to analyze for the quantitative data of non-normal
distribution among three groups. The One-way ANOVA and post hoc Bonferroni test were used to analyze for continuous variables normally distributed among three groups.

P: for three groups, P1: Unvaccinated vs. Two doses vaccinated, P2: Unvaccinated vs. Three doses vaccinated, P3: Two doses vaccinated vs. Three doses vaccinated.

*P < 0.05, **P < 0.01, ***P < 0.001.
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Normal  Total  Unvaccinated Two Three P-value

range (n=231) (n=21) doses vaccinated doses vaccinated
(n = 158) (n=52)
Leukocyte subtypes
White blood cells, 3.50-9.50 4.825 4765 479 189 P=0.4833
x10°/L (3.953- (4.003-5.21) (3.97-5.88) (3.62-5.925)
5.858)
Neutrophils, x10°/L 1.80-6.30 2.86 3.035 2.84 297 P=0.8767
(2.2-3.775) (2193-3.7) (2.283-3.78) (2.04-3.81)
Neutrophil percentage, ~ 40.0-75.0 60.86 62.44 60.86 59.76 P=0.3684
% (53.67- (55.67-72.67) (54.19-69.07) (51.91-67.57)
69.12)
Eosinophils, x10°/L 0.02-0.52 0.04 0.01 0.04 0.06 worep *P1 = 0.0045, ***P2 =
(0.01-0.1) (0-0.02) (0.01-0.09) (0.03-0.1275) <0.0001 0.0001, P3 = 0.1130
Eosinophil percentage, ~ 0.4-8.0 0.9 0.2 0.9 L1 *P=0.0098  *P1 =0.0339, ***P2 =
% (0.2-2.1) (0.1-0.6) (0.275-1.825) (0.625-2.8) 0.0010, P3 = 0.0962
Monocytes, x10°/L 0.10-0.60 0.38 043 037 038 P=0.3004
(0.29-0.49) (0.37-0.58) (0.29-0.5075) (0.28-0.47)
Monocyte percentage,  3.0-10.0 7.695 9.515 759 7.39 *P=0.0329 *P1 = 0.0400, *P2 =
% (6.338- (7.865-11.66) (6.23-9.85) (6.27-9.845) 0.0404, P3>0.9999
10.02)
Basophils, x10°/L 0-0.06 0.01 0.01 0.01 0.01 P=0.3095
(0.01-0.02) (0.01-0.01) (0.01-0.02) (0.01-0.02)
Basophil Percentage, 0-1.0 0.2 0.2 02 03 P=0.1646
% (0.2-0.3) (0.15-0.3) (0.2-0.3) (0.1-0.4)
Lymphocytes, x10°/L  1.10-3.20 131 0.95 1.405 134 *P=0.0372 *P1 = 0.0424, *P2 =
(0.945- (0.81-1.438) (0.94-1.808) (1.125-1.71) 0.0490, P3>0.9999
1.755)
Lymphocyte 20.0-50.0 29.57 2521 29.45 30.68 P=0.2056
Percentage, % (21.59- (16.71-32.84) (21.59-36.76) (24.75-37.69)
36.75)
Neutrophils/ 2.074 2478 2.080 2.000 P=0.6505
lymphocytes ratio (1.454- (1.754-4.392) (1.485-3.134) (1.397-2.700)
(NLR) 3.138)
Lymphocyte subtypes
B cells,/uL 90-580 1345 82 137 136 *P=0.0417 *P1 =0.0397, P2 =
(86.25- (69-133.5) (90.75-208.5) (104.5-195) 0.0816, P3>0.9999
195.5)
B cell percentage, % 5.0-20.0 10.9 7.9 1145 109 P=02131
(7.45-14.2) (6.55-12.35) (7.925-14.23) (7.95-13.7)
Natural killer (NK) 150-900 177.5 257 155 240 *P=0.0253 Pl = 0.1790, P2>0.9999,
cells,/uL (133-312.3) (151-365) (125-235) (151.5-339) P3 = 0.0693
NK cell percentage, %  5.0-28.0 15.65 18.6 132 174 *P=0.0075 *P1 =0.0187, P2 =
(10.35- (15.3-37.2) (9.7-20.15) (12.05-26.25) 0.7546, P3 = 0.1343
22.78)
T cells,/uL 690-2540 936 604 998 844 *P=0.0339 *P1 =0.0283, P2 =
(643-1330) (544-942.5) (685.5-1350) (758.5-1414) 0.0909, P3>0.9999
T cell percentage, %  60.0-84.00 71.05 63.77 72.86 70.15 *P=0,0010  **P1 = 0.0024, *P2 =
(66.17- (51.26-69.38) (67.24-79.06) (62.16-73.81) 0.2771, P3 = 0.0886
77.96)
T-cell subtypes
CD4" T cells,/uL 410-1590 4825 330 513 474 P=0.1583
(330-667) (316-521.5) (318.3-690.8) (364-687)
CD4* T cells 37.47 35.42 37.68 37.92 P=0.4211
percentage, % (33.21- (32.06-40.37) (34.07-42.69) (31.12-41.36)
42.24)
CD8" T cells,/uL 190-1140 415.5 227 429 421 *P=0.0099  **P1 =0.0077, *P2 =
(267.3- (205.5-384.5) (301.3-669.3) (320-597.5) 0.0261, P3>0.9999
635.3)
CD8" T cell 314 25.77 3237 3288 *P=0.0144 *P1 = 0.0109, *P2 =
percentage, % (25.66- (21.28-28.61) (26.85-39.11) (25.94-37.17) 0.0484, P3>0.9999
37.94)
CD4/CD8 1.40-2.00 118 145 118 114 P=03171
(0.9-1.543) (1.11-1.55) (0.9-1.533) (0.86-1.6)
CD4" CD8" T cells/ 0-125 9 8 9 10 P=0.3686
uL (6-14) (3-10.5) (5.25-15) (6-14.5)
CD4* CD8" T cell 0-5.00 0.725 0.69 0.7 0.95 P=0.3395
percentage, % (0.44-1.073) (0.335-0.81) (0.44-1.08) (0.53-1.095)

Continuous variables were shown in median (interquartile ranges). The Kruskal-Wallis test and post hoc Dunn’s test were used to analyze for the quantitative data of non-normal
distribution among three groups. The One-way ANOVA and post hoc Bonferroni test were used to analyze for continuous variables normally distributed among three groups.

P: for three groups, P1: Unvaccinated vs. Two doses vaccinated, P2: Unvaccinated vs. Three doses vaccinated, P3: Two doses vaccinated vs. Three doses vaccinated.

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Breakthrough infection

Total infections
Timing of infection
After first dose
After second dose

After third dose

Antibody concentration before infection

Variant
Delta
Omicron
Unknown
Characteristics
Hospitalization
mADb treated
Death

SOT recipients (n=377)
Median (IQR) or n (%)

150 (40)

0/377 (0)
3/377 (0.8)
147/377 (39)

1235
(7.1-1059.7)

7 (4.6)
134 (89)

Variants were decided on dates concerning outbreak waves in Denmark.
Delta:1.6.2021-1.12.2021, Omicron: 21.12.2021-1.4.2022, Unknown: Outside given intervals.

mAb, monoclonal antibodies.

Controls (n=773)
Median (IQR) or n (%)

301 (39)

1/773 (0.1)
22/773 (29)
278/773 (36)

233369
(4960.7- 46567.1)

16 (5.3)
267 (89)
18 (6)

Lacking data
Lacking data
Lacking data

p-value

>0.99
0.03
0.33

<0.001

>0.99
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Characteristics

Vaccine received
BTN162b2
mRNA-1273
Timing
Time between second and
third dose (days)

Time between third dose
and blood sampling (days)

Immunogenicity
Responders after second dose
Responders after third dose

Antibody concentration after
second dose

Antibody concentration after
third dose

Seroconversion®

Waned immunity”

Comorbidities and antibody concentrations

Diabetes (n=79)
Cancer (n=26)

Peripheral vascular disease
(n=21)

Chronic pulmonary disease’
(n=17)

Heart® (n=14)

d

Cerebrovascular disease (n=14)
Renal disease’ (n=13)
Rheumatic disease (n=12)
Liver disease® (n=9)
Type of organ transplanted
Kidney (n=264)
Liver (n=61)
Heart (n=16)
Lung (n=11)
Combined (n=6)
Immunosuppressive treatment
Prednisolone
CNI®

Proliferation inhibitor"

SOT recipients (n=382)
Median (IQR) or n (%)

382 (100)
0(0)

229 (189-241)

41.5 (33-58)

186/382 (49)
275/358 (77)
<7.1(s7.1-73.2)

332.6 (11.9-1349.4)

100/182 (55)
1/176 (0.6)

275.3 (7.3-957.4)
334.3 (7.3-791.2)
313.8 (110.4-574.3)

431.3 (208.9-1054.3)

345.6 (26.7-1543.6)
3253 (132.7-1244.7)
1149 (<7.1-1863.0)
435.3 (8.7-985.0)
103 (7.1- 319.2)

2722 (7.3-1224.4)
665.0 (137.9-1862.9)
797.5 (14.7-1256.0)

<7.1 (£7.1-486.6)
375.1 (<7.1-791.2)

147.6 (<7.1-1201.6)
329.4 (10.3-1263.8)
313.8 (9.6-1349.4)

Controls (n=790)
Median (IQR) or n (%)

411 (52)
379 (48)

185 (168-208)

29 (27-34)

781/790 (99)
601/609 (99)
12742 (4683-28772)

46470 (31694-50374)

1/8 (12.5)
1/601 (0.2)

44835.0 (31733.8-50622.7)
39709.6 (17122.2-48341.4)
47070.8 (43422.2-51149.7)

44232.3 (12269.5-49090.3)

46961.0 (33147.2-50056.7)
49097.8 (29547.9-50373.9)
43422.2 (9128.1-50907.3)
47918.9 (40956.5-50589.8)
44794.3 (24178.7-49841.4)

Lacking data

p-value

<0.001

<0.001

<0.001

<0.001
<0.001
<0.001

<0.001

0.02
0.40

“Seronegative patients becoming seropositive after third dose. "Participants with waned immunogenicity after third dose. “Heart transplants excluded. “Lung transplants excluded. Liver

transplants excluded. 'Kidney transplants excluded. $Calcineurin inhibitor (CNI): tacrolimus and cyclosporine. "Proliferation inhibitors: mycophenolate and azathioprine.
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Baseline characteristics SOT recipients (n=420) Controls (n=840)

Median (IQR) or n (%) Median (IQR) or n (%)
Demographics
Age 57.2 (47.7-66.3) 60 (51-69)
Sex (males) 253 (60.2) 506 (60.2)
Comorbidities
Organ transplantation 420 (100) =
Diabetes Mellitus 86 (20.5) 46 (5.5)
Cancer 28 (6.7) 57 (6.8)
Peripheral vascular disease 25 (6.0) 8(1)
Chronic pulmonary disease® 20 (4.8) 38 (4.5)
Heart disease® 19 (4.5) 30 (3.6)
Renal disease” 17 (4.1) 6(0.7)
Cerebrovascular disease 15 (3.6) 20 (2.4)
Rheumatic disease 12 (2.9) 12 (1.4)
Liver disease® 11 (2.6) 13 (1.6)
Type of transplant
Kidney 311 (74.1) -
Liver 68 (16.2)
Heart 18 (4.3) -
Lung 16 (3.8) -
Combined 7 (1.7) -
Immunosuppressive treatment
Prednisolone 97 (23) Lacking data
CNI* 331 (79) -
Proliferation inhibitor" 388 (92) -

“Heart transplants excluded. "Lung transplants excluded. “Liver transplants excluded. *Kidney transplants excluded *Calcineurin inhibitor (CNI): tacrolimus and cyclosporine. ‘Proliferation
inhibitors: mycophenolate and azathioprine.
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Vaccine Breakthrough infection (n = 24) Non-Breakthrough infection (n = 30)

Gender,
Male 2% Qo0 7% s0)
Female s (1420) 3% (19730)
Median Age,y (Range) 25 (0-66) 39508-72)
Daysafer PCRs (Range) s@-1) 35013
SARS-CoV-2 variant (widao)* onasry o0
Vacene type (BEMMBM/AN/AB) wwnn -
Median das from last vaceination to PCR disgnsis (Range) EYCRIN «
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Plasma samples of long-term follow-up Wuhan
COVID-19 convalescents
Feb 15,2019-Dec 19,2021 (n=185)

Duplicate samples excluded
(n=35)
Antibody titers lower than 640
(n=86)

Plasma samples of Wuhan COVID-19 convalescents

(n=64)
Pre-vaccination group One-dose vaccinated group Two-dose vaccinated group
(n=25) (n=17) (n=22)
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Anti-S IgG antibody (T2)

Anti-S IgG antibody (T4)

Neutralizing antibody against WT (T2)
Neutralizing antibody against WT (T4)
Neutralizing antibody against Delta (T2)
Neutralizing antibody against Delta (T4)
Neutralizing antibody against Omicron (T2)
Neutralizing antibody against Omicron (T4)
Cellular immunity (T2)

Cellular immunity (T3)

Normal responder
3332.23 (3101.11-3580.57)
1521.03 (1394.21-1659.37)
2500.86 (2116.84-2954.54)

949.18 (767.20-1174.34)

826.64 (18.02-37930.79)

256.12 (59.76-1097.74)

22.89 (9.17-57.16)
18.17 (0.16-2099.28)
58.98 (26.65-117.30)

28.38 (14.980-53.76)

Strong responder
7403.23 (6960.30-7874.35)
2709.35 (2367.16-3101.01)
3769.64 (2982.86-4763.93)
1283.30 (1008.81-1632.47)
1308.09 (1058.90-1615.92)

273.94 (202.12-371.28)

96.30 (66.55-139.35)
37.50 (27.43-51.27)
91.22 (27.910-298.17)

17.93 (6.52-49.32)

alu

<0.001

<0001
0.006
0058
0.165
0728
0016
0.137
0.803

0.716

Ratio of mea
222 (2.02-2.44)
1.78 (1.53-2.08)
1.51 (1.13-2.01)
1.35 (0.99-1.85)
158 (0.81-3.08)
1.07 (0.68-1.68)
421 (1.36-13.04)
2.06 (0.78-5.48)
155 (0.43-5.53)

0.63 (0.20-2.01)

T0, day of the first dose of vaccine; T1, 4 weeks after the first dose; T2, 4 weeks after the second dose; T3, 3 months after the first dose; T4, 6 months after the first dose.

iter (95% Cl)
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Immune cell population Cellular phenotype Pre-C Post-C Pre-P Post-P

Intact live cells (%) 100 100 100 100
Lymphocytes CD3 T cells + B cells + NK cells + plasmablasts 61.6 41.9 80.7 63.7
CD3" T cells CD8 T cells + CD4 T cells + y3 T cells + MAIT/NKT cells 474 333 339 47.4
CDS8" T cells CD3+ CD66b- CD19- CD8+ CD4- CD14- CD161- TCRy3- CD123- CD11c- 14.6 1157 17.7 17.6
Naive CD8 T cells + CD45RA+ CCR7+ CD27+ 7.26 4.02 0.88 5:35
Central memory CDS8 T cells + CD45RA- CCR7+ CD27+ 0.13 0.04 0.05 0.31
Effector memory CD8 T cells + CCR7- CD27+ 1.60 226 4.67 1.43
Terminal effector CD8 T cells + CCR7- CD27- 5.61 539 12.1 10.5
CD4" T cells CD66b- CD3+ CD8- CD4+ CD14- TCRY3- CD11c- 262 133 119 28.0
Naive CD4 T cells + CD45RA+ CCR7+ CD27+ 149 6.11 395 16.5
Central memory CD4 T cells + CD45RA- CCR7+ CD27+ 2.62 2.00 321 3.03
Effector memory CD4 T cells + CD45RA- CCR7- CD27+ 0.00 4.01 348 6.60
Terminal effector CD4 T cells + CD45RA- CCR7- CD27- 891 121 122 1.82
Treg cells CD4 T cells + CD25+ CD127- CCR4+ 0.44 043 0.81 0.21
Thl-like cells CD4 T cells + CXCR3+ CCR6- CXCR5- CCR4- 135 0.22 0.41 0.57
Th2-like cells CD4 T cells + CXCR3- CCR6- CXCR5- CCR4+ 2.83 1.38 235 2.25
Th17-like cells CD4 T cells + CXCR3- CCR6+ CXCR5- CCR4+ 0.68 1.30 1.06 2.38
W T cells CD66b- CD3+ CD8dim,- CD4- CD14- TCRYS dim,+ 6.51 7.28 4.19 1.40

CD4™ T Cells
MAIT/NKT cells CD66b- CD3+ CD4- CD14- CD161+ TCRY3- CD28+ CD16- 0 0.99 0.18 0.45
B cells CD3- CD14- CD56- CD16 dim,- CD19+ CD20+ HLA-DR dim,+ 11.8 4.95 154 9.38
Naive B cells + CD27- 9.37 341 114 7.90
Memory B cells + CD27+ 238 144 3.54 1.46
Plasmablasts CD3- CD14- CD16-,dim CD66b- CD20- CD19+ CD56- CD38++ CD27+ 0.07 0.09 0.41 0.01
NK cells CD14- CD3- CD123- CD66b- CD45RA+ CD56 dim,+ 243 3.67 314 6.92
Early NK cells + CD57- 1.52 261 114 1.83
Late NK cells + CD57+ 091 1.06 20.0 5.09
Monocytes CD3- CD19- CD56- CD66b- HLA-DR+ CD11c+ 9.65 119 6.87 9.88
Classical Monocytes + CD14+ CD38+ 8.55 11.0 5.09 9.54
Transitional Monocytes + CD14 dim CD38 dim 0.82 0.62 0.61 0.20
Nonclassical Monocytes + CD14- CD38- 0.27 0.23 1.17 0.14
Dendritic cells pDCs+ mDCs 0.48 0.79 0.20 0.24
Plasmacytoid DCs CD3- CD19- CD14- CD20- CD66b- HLA-DR dim,+ CD11c- CD123+ 0.03 0.11 0.12 0.04
Myeloid DCs CD3- CD19- CD14- CD20- HLA-DR dim,+ CD11c dim,+ CD123- CD16 dim,- CD38 045 0.68 0.08 0.20

dim,+ CD294- HLA-D

Granulocytes Neutrophils + basophils + eosinophils + CD66b- neutrophils 17.0 359 371 18.7
Neutrophils CD66b dim,+ CD16+ HLA-DR- 164 325 2.83 13.0
Basophils HLA-DR- CD66b- CD123 dim,+ CD38+ CD294+ 0.04 237 0.48 0.36
Eosinophils CD14- CD3- CD19- HLA-DR- CD294+ CD66b dim,+ 0.25 0.27 0.13 0.61
CD66b™ neutrophils CD3- CD19- CD66b- CD56- HLA-DR- CD123- CD45- 0.32 0.75 0.27 4.74

Cellular phenotypes in this table are as defined by Bagwell et al. (19). Nomenclature such as TCRYS dim,+ means that dim to positive events are selected. CsA, cyclosporine A; DCs, dendritic
cells; GC, glucocorticosteroid; HLA, human leukocyte antigen; MAIT cells, mucosal associated invariant T cells; mDCs, myeloid DCs; NK cells, natural killer cells; NKT cells, natural killer T
cells; pDCs, plasmacytoid DCs; Post-C, healthy control one month after the third dose of BNT162b2 vaccine; Post-P, patient receiving GC therapy combined with CsA in the inactive phase;
Pre-C, healthy control before BNT162b2 vaccination; Pre-P, patient not receiving GC therapy at the time of onset; Thi-like cells, T helper 1-like cells; Th2-like cells, T helper 2-like cells;
Th17-like, T helper 17-like cells.






OPS/images/fimmu.2022.1035441/fimmu-13-1035441-g003.jpg
Neutralization titer (NDs)

10°

104

103

102

101

100

**%(39.9x)
24(2,7%)

**%(38,8x)

x*x(5.0x)

o WT
o Delta
® Omicron





OPS/images/fimmu.2022.967972/table1.jpg
Cytokine Level Detection range

Lower Upper

PDGF-BB 2449.1 7.67 40371
IL-1B 0.69 0.28 4203
[L-1ra 35.56 9.56 10863
IL-2 0 1.50 8778
IL-4 153 0.16 2536
IL-5 0 4.02 67622
IL-6 0 0.37 5970
IL-7 33.67 10.9 36230
IL-8 118 0.75 9710
IL-9 2329 0.92 21827
IL-10 0 0.84 11610
IL-12 0 1.85 7840
IL-13 0 141 5003
IL-15 0 2318 72994
IL-17A 313 2.69 10948
Eotaxin 107.12 0.09 1487
bFGF 698 3.52 3769
G-CSF 0 55.0 70103
GM-CSF 0 0.42 1823
[EN-y 0 0.74 10943
IP-10 137626 184 23765
MCP-1 0 2.61 6960
MIP-1o: 059 0.08 349

MIP-1B 3751 1.42 1481

RANTES 9924 1.44 5544
TNFo. 6.38 273 53797
VEGEF-A 0 69.9 69174

Cytokine levels are expressed as pg/mL. Cytokine levels below detectable levels are treated as 0 (21). bFGF, basic fibroblast growth factor; G-CSF, granulocyte colony-stimulating factor; GM-
CSF, granulocyte macrophage colony-stimulating factor; IFN-y, interferon-gamma; IL, interleukin; IL-1ra, IL-1 receptor antagonist; IP-10, interferon gamma-induced protein 10; MCP-1,
monocyte chemotactic protein-1; MIP, macrophage inflammatory protein; PDGF, platelet derived growth factor; RANTES, regulated on activation normal T-cell expressed and secreted;
TNFa, tumor necrosis factor alpha; VEGF, vascular endothelial growth factor.
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After the first vaccination After the second vaccination

Adverse reactions Control group NMDs group p value Control group NMDs group p value
(n =339) (n=11) (n = 339) (n=11)

Any adverse reactions

>grade 1 329 (97.1%) 8 (72.7%) 0.0007 329 (97.1%) 8 (72.7%) 0.0007

>grade 2 61 (18.0%) 0 (0%) 0.2524 113 (33.3%) 3 (27.2%) 0.9244

>grade 3 5 (1.5%) 0 (0%) 1.000 6 (1.8%) 0 (0%) 1.000
Anaphylaxis 0 (0%) 0 (0%) 1.000 0 (0%) 0 (0%) 1.000
Vasovagal reflex 0 (0%) 0 (0%) 1.000 1 (0.3%) 0 (0%) 1.000
Injection site reaction

>grade 1 271 (80.0%) 7 (63.6%) 0.3484 310 (91.4%) 5 (45.5%) <0.0001

>grade 2 45 (13.3%) 0 (0%) 0.1955 25 (7.4%) 0 (0%) 0.7339

>grade 3 1(0.3%) 0 (0%) 1.000 1(0.3%) 0 (0%) 1.000
Fatigue

>grade 1 62 (18.3%) 1 (9.1%) 0.7019 184 (54.3%) 5 (45.5%) 0.7868

>grade 2 11 (3.2%) 0 (0%) 1.000 65 (19.2%) 2(18.2%) 1.000

>grade 3 2 (0.6%) 0 (0%) 1.000 2(0.6%) 0 (0%) 1.000
Headache

>grade 1 54 (15.9%) 1(9.1%) 0.8474 151 (44.5%) 3 (27.2%) 0.4082

>grade 2 8 (2.4%) 0 (0%) 1.000 34 (10.0%) 0 (0%) 0.5564

2grade 3 1(0.3%) 0 (0%) 1.000 0 (0%) 0 (0%) 1.000
Fever

>grade 1 4 (1.2%) 0 (0%) 1.000 71 (20.9%) 1(9.1%) 0.5631

>grade 2 3 (0.9%) 0 (0%) 1.000 18 (5.3%) 1(9.1%) 1.000

>grade 3 0 (0%) 0 (0%) 1.000 1(0.3%) 0 (0%) 1.000
Chills

>grade 1 3 (0.9%) 0 (0%) 1.000 35 (10.3%) 0 (0%) 0.5401

>grade 2 0 (0%) 0 (0%) 1.000 22 (6.5%) 0 (0%) 0.8091
Myalgia

>grade 1 80 (23.6%) 5 (45.5%) 0.1914 134 (39.5%) 5 (45.5%) 0.9344

>grade 2 9 (2.7%) 0 (0%) 1.000 24 (7.1%) 0 (0%) 0.7579

>grade 3 2 (0.6%) 0 (0%) 1.000 2(0.6%) 0 (0%) 1.000
Arthralgia

>grade 1 29 (8.6%) 0 (0%) 0.6475 108 (31.9%) 2 (18.2%) 0.5276

>grade 2 2 (0.6%) 0 (0%) 1.000 27 (8.0%) 0 (0%) 0.689

>grade 3 0 (0%) 0 (0%) 1.000 2(0.6%) 0 (0%) 1.000
Diarrhea

>grade 1 13 (3.8%) 0 (0%) 1.000 18 (5.3%) 0 (0%) 0.9274

>grade 2 2 (0.6%) 0 (0%) 1.000 4 (1.2%) 0 (0%) 1.000
Nausea

>grade 1 11 (3.2%) 0 (0%) 1.000 41 (12.1%) 1(9.1%) 1.000

>grade 2 5 (1.5%) 0 (0%) 1.000 13 (3.8%) 0 (0%) 1.000

>grade 3 1(0.3%) 0 (0%) 1.000 0 (0%) 0 (0%) 1.000
Vomiting

>grade 1 7 (2.1%) 0 (0%) 1.000 7 (2.1%) 0 (0%) 1.000

>grade 2 5 (1.5%) 0 (0%) 1.000 3(0.9%) 0 (0%) 1.000

>grade 3 2 (0.6%) 0 (0%) 1.000 0 (0%) 0 (0%) 1.000
Use of analgesics 41 (12.1%) 3 (27.2%) 0.3019 193 (56.9%) 2(18.2%) 0.0252

NMDs, neuromuscular disorders.
Grades not listed in the table were not observed in patients in either group.
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Age Sex Disease Treatment Mercuri Fat infiltration rate (%)

scale
1 29 M SMA2 Nusinersen 4 100
2 26 F SMA2 Nusinersen 3 76.3
3 23 M SMA2 Nusinersen 4 100
4 42 M SMA2 Nusinersen 4 100
5 23 F SMA2 ND ND ND
6 17 M DMD Viltolarsen 2b 594
7 20 M DMD Viltolarsen 3 615
8 16 B SMA1 ND 4 100
9 65 M SMA3 Nusinersen 3 87.8
10 73 M SMA3 ND 3 82.0
11 12 F SMA1 Nusinersen ND ND

DMD, Duchenne muscular dystroph; ND, not done; NMDs, neuromuscular disorders; SMA, spinal muscular atrophy.
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Goat anti-human IgG HRP Life Technologies (Invitrogen) Catalog #31413 HQ; UdeM Fig 1B, 4-6 1/50 000
|

Goat anti-human IgG (y-chain-specific) HRP Sigma-Aldrich Catalog #A6029 UdeM Fig 1C 1/10 000

Goat anti-human IgA HRP Jackson ImmunoResearch Catalog #109-036-011 HQ; UdeM Fig 1B, 4-6 1/5 000

Goat Anti-human IgA + IgG + IgM (H+L) HRP (Total Ig) Jackson ImmunoResearch Catalog #109-035-064 HQ; UdeM Fig 1B, 4-6 1/30 000

Goat anti-human IgM (Fc) HRP Jackson ImmunoResearch Catalog #109-035-129 HQ 1/20000

Goat anti-human IgM (p-chain specific) HRP Sigma-Aldrich Catalog # A6907 UdeM Fig 1B, 4-6 1/10 000
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Sample IgA IgM [e]€} Total Ig
Clinical serum 1/400 ‘ 1/200 ‘ 1/800 1/800

Internal calibrator:
HQ 1/200 1/200 1/5 000 1/10 000
UdeM 1/800 1/800 1/800 1/800

Negative control:
HQ 1/200 1/200 1/200 1/200
UdeM 1/400 1/200 1/800 1/800

“Dilutions used unless otherwise specified in the text.
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Characteristics All patients V2-Group V3-Group P value
N=204 (%) N=129 (%) N=75 (%)
Gender Male 123 (60.3) 74 (57.4) 49 (65.3) 0.26
Female 81 (39.7) 55 (42.6) 26 (34.7)
Age at transplantation Years (Median) 56 (45-65) 5 (45-65) 56 (45-66) 0.78
Ethnicity White 69 (33.8) 38 (29.5) 31(41.3) 0.24
Black 25(12.3) 18 (14.0) 7(9.3)
Indoasian 83 (40.7) 53 (41.1) 30 (40.0)
Other 27 (13.2) 20 (15.5) 7(93)
Cause of ESKD Polycystic kidney disease 16 (7.8) 13 (10.1) 3 (4.0) 0.07
Glomerulonephritis 51 (25.0) 26 (20.2) 25(33.3)
Diabetic nephropathy 62 (30.4) 45 (34.9) 17 (22.7)
Urological 17 (8.3) 8(6.2) 9 (12.0)
Unknown 41 (20.1) 27 (20.9) 14 (18.7)
Other 17 (8.3) 10 (7.8) 7(9.3)
Number of transplants received 1 170 (83.3) 106 (82.2) 64 (85.3) 0.56
22 34 (167) 23 (17.8) 11 (14.7)
HLA sensitisation status pre-transplant Non-sensitised 114 (55.9) 66 (51.2) 48 (64.0) 0.19
Sensitised (cRF 10-84) 54 (26.5) 37 (28.7) 17 (22.7)
Highly sensitised (cRF>85%) 6 (17.6) 26 (20.2) 10 (13.3)
Type of transplant Deceased Donor 172 (84.3) 111 (86.0) 61 (81.3) 0.37
Living Donor 32(157) 18 (14.0) 14 (18.7)
Induction agent Alemtuzumab 183 (89.7) 117 (90.7) 66 (88.0) 0.54
IL2 receptor antagonist 1(10.3) 12 (9.3) 9 (12.0)
Immunosuppression from the time of transplant Tacrolimus monotherapy 140 (68.6) 85 (65.9) 55(73.3) 0.15
Tacrolimus plus MMF 51 (25.0) 32 (24.8) 19 (25.3)
Tacrolimus plus steroids 4(2.0) 4(3.1) -
Tacrolimus, MMF plus steroids 9 (4.4) 8 (6.2) 1(1.3)
Diabetes No 120 (58.8) 74 (57.4) 46 (61.3) 0.58
Yes 84 (412) 55 (42.6) 29 (38.7)
Vaccine type for 1 two doses BNT162b2 102 (50.0) 62 (48.1) 40 (53.3) 0.30
ChAdOx1 101 (49.5) 67 (51.9) 24 (45.3)
mRNA-1273 1(0.5) - 1(1.3)
Time between last vaccine and transplant Days (median) 93 (48-138) 103 (61-153) 64 (43-111) <0.001
Infection pre-transplant No 114 (55.9) 90 (69.8) 24 (32.0) <0.0001
Yes 90 (44.1) 39 (30.2) 51 (68.0) |
Ant-S concentration at transplant* BAU/ml (median) 799 (97-3154) 232 (45-1694) 2391 (854-5622) <0.0001 1
3" vaccine BNT162b2 182 (89.2) 112 (86.8) 70 (93.3) 0.019
[ mRNA-1273 10(4.9) 5(3.9) 5(6.7)
None 12 (5.9) 12 (9.3) -
4" vaccine BNT162b2 100 (49.0) 60 (46.5) 40 (53.3) 0.17
mRNA-1273 18 (8.8) 15 (11.6) 3 (4.0)
None 86 (42.2) 54 (41.9) 32 (42.7)

*Missing data in 12 patients.

ESKD (End Stage Kidney Disease), cRF (calculated reaction frequency), MMF (mycophenolate mofetil). Bold indicates statistically significant values.
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Pre-vaccination group One-dose vaccinated group Two-dose vaccinated group
(n =25) (n=17) (n=22)

Titer, median (P25, P75) 640 (640, 1280) 1280 (640, 1280) 1280 (640, 1280)
1:200 diluted S/CO value, mean (SD) 4.017 (2.312) 5773 (5.321) 5.434 (3.835)
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Age (years), median (range)
Gender

Male, n (%)

Female, n (%)

Time since onset of symptoms
(month), mean (SD)

Time since last vaccination (month), mean (SD)

Pre-vaccination

group
(n = 25)

37 (26-68)
15 (60.0%)

10 (40.0%)
9.221 (7.530)

One-dose vaccinated

group
(n=17)

45 (31-70)

8 (47.1%)
9 (52.9%)
17.83 (2.048)

1.741 (1.141)

Two-dose vaccinated

group
(n =22)

44.5 (29-65)

1 (50.0%)
1 (50.0%)
19.20 (6.674)

1.518 (0.753)

P value

0.138
0.617
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Dose of COVID-19
Vaccine

2D Co-mV

3D Co-mV

HC

NT
SOT

No. of patients with IgG above manufac-
turer threshold

50

152

789
57

Total No. of
patients
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259
843

67

% of patients with IgG above manufac-
turer threshold

100
59
94
85
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Information

Age (Years)

<19

20-39

40-59

>60
Sex

Female
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Factor ) B (95% Cl)

Sex

Men 129 (25.2) Reference

Women 383 (74.8) 0.2 (0.2 to 0.6) 0319
‘ Age (years)

Age 512 0.029 (0.016 to 0.042) 0.001

18-30 210 (41.0) Reference

31to 50 206 (40.2) 0.62 (027 t0 0.97) 0.001

>50 96 (18.8) 1.0 (0.6 to 1.5) <0.001
‘ Blood type

A 143 (27.9) Reference

B 153 (29.9) ~0.04 (~0.44 to 0.35) 0.838

o 138 (26.9) ~0.15 (-0.6 to 0.25) 0.47

AB 78 (15.2) ~0.17 (<0.7 t0 0.3) 0.485

Vaccination type

Same manufacturer 391 (76.4) Reference

Mixed manufacturer 121 (23.6) -0.44 (-0.8 to —0.1) 0.019
BMI (kg/m?)

<185 12 (2.3) Reference

18.5-23.9 445 (86.9) 09 (-0.1 to 1.9) 0.08
>239 55 (10.8) 0.8 (<0.1 to 1.9) 0.17

Duration after vaccination (days)

Mean days 512 —0.004 (-0.006 to 0.002) 0.001
1-14 27 (5.3) Reference

15-30 36 (7.0) ~0.6 (-1.5 t0 0.2) 0.144
31-60 38 (7.4) 0.7 (-1.5 t0 0.2) 0.126
61-90 118 (23.0) 0.3 (<04 to 1.0) 0439
91-120 92 (17.9) -0.49 (1.2 t0 0.3) 0.198
121-150 82 (16.0) 1.0 (0.3 to 1.8) 0.009
151-180 23 (4.5) 0.81 (<0.1 to 1.8) 0.098
181-240 96 (18.8) ~0.9 (-1.6 to -0.1) 0.021
Occupation

Medical staff 373 (72.9) Reference

Worker 139 (27.1) ~15 (-2.1 to -0.9) <0.001

Interval between doses of vaccination
Mean days 512 —0.01 (~0.014 to —0.003) 0.003
21-40 431 Reference

>40 81 -0.37 (-0.63 to -0.1) 0.007
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Factor n (%) B (95% Cl)

Sex

Men 131 (24.3) Reference

Women 408 (75.7) 0.034 (-0.01 to 0.1) 0.142
‘ Age (years)

Age 539 ~0.001 (-0.01 to 0.01) 0.058

18-30 211 (39.1) Reference

31-50 216 (40.1) ~0.04 (~0.08 to ~0.003) 0.036

>50 112 (208) ~0.04 (-0.09 to 0.01) 0.155
‘ Blood type

A 144 (26.7) Reference

B 160 (29.7) -0.027 (<007 to 0.02) 0.258

o 148 (27.5) 0.02 (~0.03 to 0.07) 0.414

AB 87 (16.1) 0.04 (~0.02 to 0.09) 0.185
[ Vaccination type

Same manufacturer 412 (76.4) Reference

Mixed manufacturer 127 (23.6) -0.002 (-0.05 to 0.04) 0.918

BMI (kg/m?)

<185 12(22) Reference

18.5-23.9 463 (85.9) —0.09 (0.2 t0 0.04) 0.932

>23.9 64 (11.9) —0.07 (<0.2 t0 0.05) 0.912

Duration after vaccination (days)

Mean days 539 ~0.004 (~0.005 to 0.003) 0.008

1-14 28 (5.2) Reference

15 to 30 36 (6.7) ~0.05 (0.2 to 0.05) 0.291

31to 60 38 (7.1) 0.04 (0.1 to 0.1) 0.456

61-90 118 (21.9) ~0.1 (0.1 to 0.1) 0.166

91-120 93 (17.3) -0.09 (-0.5 to ~0.1) 0.049

121-150 106 (19.7) -0.09 (-0.5 to —0.1) 0.041

151-180 23 (4.3) ~0.04 (~0.2 t0 0.1) 0.472

181-240 97 (18.0) ~0.1 (1.0 to 0.1) 0.87

Occupation

Medical staff 401 (74.4) Reference

Worker 138 (25.6) 0.05 (-0.01 to 0.11) 0.113

Interval between doses of vaccination

Mean days 539 0.001 (<0.001 to 0.002) 0.716

21-40 76 Reference

>40 463 0.02 (~0.03 to 0.07) -0.465
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Factor n (%) B (95% Cl)

Sex

Men 131 (24.1) Reference

Women 412 (75.9) 0.035 (~0.1 to 0.71) 0.055
‘ Age (years)

Age 543 ~0.001 (<001 to 0.01) 0.666

18-30 215 (39.6) Reference

31-50 216 (39.8) ~0.02 (~0.03 to 0.03) 0.714

>50 112 (20.6) 0.007 (<0.03 to 0.05) 0915
‘ Blood type

A 148 (27.3) Reference

B 161 (29.7) 0.008 (~0.03 to 0.04) 0.683

o 148 (27.3) 0.015 (<0.02 to 0.05) 0.432

AB 86 (15.8) 0.015 (<0.03 to 0.06) 0.519
[ Vaccination type

Same manufacturer 413 (76.1) Reference

Mixed manufacturer 130 (23.9) 0.007 (-0.03 to 0.04) 0.669

BMI (kg/m?)

<185 13 (2.4) Reference

18.5-23.9 465 (85.6) ~0.04 (~0.13 t0 0.05) 0.373

>23.9 65 (12.0) —0.06 (~0.16 to 0.04) 0.234

Duration after vaccination (days)

Mean days 543 ~0.004 (-0.005 to 0.003) 0.105

1-14 41 (7.6) Reference

15-30 53 (9.8) 0.66 (0.27-1.1) 0.883

31-60 44 (8.1) 0.57 (0.16-0.98) 0.67

61-90 118 (21.7) 0.58 (0.27-0.90) 0.81

91-120 95 (17.5) ~0.12 (=0.5 t0 0.2) 0.463

121-150 76 (14.0) —0.21 (0.5 t0 0.1) 0.283

151-180 20 (3.7) ~0.54 (~1.1 to -0.1) 0.803

181-240 96 (17.7) ~0.7 (1.0 to =0.3) 0.843

Occupation

Medical staff 405 (74.6) Reference

Worker 138 (25.4) 0.05 (<0.01 to 0.11) 0.113

Interval between doses of vaccination

Mean days 543 0.001 (<0.001 to 0.002) 0.47

21-40 467 Reference

>40 76 ~0.014 (~0.05 to 0.03) 0.503
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Factor n (%) B (95% Cl)
Sex

[ Men 129 (25.1) Reference
Women 384 (74.9) ~0.08 (-0.2 to 0.04) 0.185
Age (years)
Age 513 -0.005 (-0.008 to —0.001) 0.015
18-30 210 (40.9) Reference
31-50 207 (40.4) 0.1 (0.1 to 0.1) 0.90
>50 96 (18.7) -0.15 (-0.3 to -0.01) 0.03
Blood type
A 143 (27.9) Reference
B 153 (29.8) 0.16 (0.04-0.28) 0.01
o 139 (27.1) ~0.01 (0.1 to 0.1) 0.834
AB 78 (15.2) 0.03 (<0.1 to 0.2) 0.7
Vaccination type
Same manufacturer 391 (76.2) Reference
Mixed manufacturer 122 (23.8) 0.02 (~0.09 to 0.1) 0.668
BMI (kg/m?)
<185 12 (2.3) Reference
18.5-23.9 446 (86.9) 0.04 (~0.3 to 0.3) 0.806
>239 55 (10.7) 0.1 (-0.2 to 0.4) 0.514
Duration after vaccination (days)
Mean days 513 ~0.004 (~0.005 to 0.003) 0.105
1-14 26 (5.1) Reference
15-30 36 (7.0) 0.05 (-0.2 to 0.3) 0.71
31-60 39(7.6) 0.07 (-0.2 to 0.3) 0.604
61-90 118 (23.0) -0.2 (-0.4 to 0.1) 0.104
91-120 92 (17.9) 0.1 (<01 to 0.3) 0.322
121-150 82 (16.0) 0.06 (~0.2 to 0.3) 0.606
151-180 23 (4.5) 0.2 (-0.1 t0 0.5) 0.177
181-240 97 (18.9) 0.2 (-0.1 to 0.4) 0.08
Occupation
Medical staff 374 (72.9) Reference
Worker 139 (27.1) ~0.27 (~0.46 to ~0.07) 0.008
Interval between doses of vaccination
Mean days 513 ~0.001 (~0.003 to 0.01) 0.107
21-40 434 Reference
>40 79 0.074 (~0.01 to 0.15) 0.071
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Factor (%) B (95% Cl)
Sex
Men 146 (24.5) Reference
Women 449 (75.5) 0.028 (-0.22 to 0.27) 0.825
Age (years)
Age 595 ~0.02 (~0.03 to -0.015) <0.001
18-30 231 (38.8) Reference
31-50 227 (38.2) ~0.31 (~0.5 to ~0.1) 0.009
>50 137 (23.0) ~0.63 (~0.89 to ~0.37) <0.001
Blood type
A 164 (27.6) Reference
B 179 (30.1) 0.1 (0.2 to -0.3) 0.659
o 168 (28.2) ~0.2 (0.4 to —0.1) 0.185
AB 84 (14.1) 0.1 (0.2 to 0.4) 0.591
Vaccination type
Same manufacturer 435 (73.1) Reference

| Mixed manufacturer 160 (26.9) ~0.51 (0.7 to —0.3) <0.001
BMI (kg/m?)
<185 16 (2.7) Reference
18.5-23.9 440 (73.9) ~0.48 (-1.2 10 0.2) 0.195
>239 139 (23.4) -0.35 (-1.1 to 04) 0.379
Duration after vaccination (days)
Mean days 595 ~0.004 (<0.005 to —0.002) <0.001
1-14 169 (28.4) Reference
15-30 62 (10.4) 0.66 (0.27-1.1) 0.001
31-60 51 (8.6) 0.57 (0.16-0.98) 0.007
61-90 131 (22.0) 0.58 (0.27-0.90) <0.001
91-120 101 (17.0) ~0.12 (=0.5 t0 0.2) 0.498
121-150 128 (21.5) -0.21 (0.5 to 0.1) 0.202
151-180 42 (7.1) ~0.54 (1.1 to -0.1) 0.024
181-240 119 (20.0) ~0.7 (~1.0 to —0.3) <0.001
Occupation
Medical staff 457 (76.8) Reference
Worker 138 (23.2) ~1.0 (~1.5 to —0.55) <0.001
Interval between doses of vaccination
Mean days 595 0.015 (0.01-0.021) <0.001
21-40 516 Reference
>40 79 0.55 (0.25-0.84) <0.001
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[range]

Male sex (% of N)
Samples in dpo®/dpv®
[range]

1st samples in dpo?/
dpv® [range]
Follow-up samples in
dpo?/dpv® [range]

Vaccinees (3 mRNA
vaccinations)

15
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2(19)

26 [15-38]

106 [79-133]

WT convalescent + 3
mRNA vaccinations

9
42 [27-60]

3(33)
/

24 [14-28]

/

@ dpo, days post onset of symptoms; © dpv, days post vaccination.

WT primary
infection

"
33 [19-52]

9(82)
/

18 [10-25]

215 [168-
272)

Omicron BA1
primary infection

22
42 [4-64]

7(32)
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WT
Vaccinated group (3 doses, mRNA vaccine)
1-month samples® 15 640 (480-1120)
3-month samples® 15 160 (120-560)
Convalescent and vaccinated group (WT® + 3 doses mRNA vaccine)
3-week samples® 9 640 (480-1280)
WT°-infected group (primary infection)
3-week samples® 11 640 (400-640)
7-month samples® 11 160 (100-280)
Omicron BA.1-infected group (primary infection)
1-month samples® 22 <10
Omicron BA.2-infected group (primary infection)
1-month samples® 21 <10
Omicron-breakthrough infections
1-month samples® 43 960 (480-1920)

@ |QR, interquartile range; ® median values after infection or vaccination; © WT, wildtype.

Median [IQR]® NT titer

Delta

320 (120-400)
120 (70-280)
480 (320-640)
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<10
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160 (100-240)
60 (30-100)
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Mixed manu-  Same manu- p

facturer facturer

( 435) 160)
Sex
Men 110 36 0.507 146
‘Women 325 124 449
Age (years), M 35 (28, 50) 33 (21, 50) 0.171 | 35 (26,
(P25, P75)° 50)

Age group (years)

18-30 160 71 0.075 231
31-50 178 49 227
>50 97 40 137
Blood type

A 124 40 0.037 164
B 118 61 179
o 133 35 168
AB 60 24 84
BMI

<185 10 2 0.722 12
18.5-23.9 385 143 528
>239 40 15 55
Occupation

Medical staff 308 V 149 V 0.768 | 457
Worker 77 61 138

M (P25, P75): median (interquartile range).
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SNP Gene position  No. of patients (%) Model Logistic regression P Odds ratio 95% Confidence Interval

Lower Upper
Chills
rs733618 CTLA4 cc CT TT Additive 0.027 - - -
Yes promoter 2 2 0 CT+TT vs. CC 0.061 0.053 0.003 0.872
No 1 10 9 CT+CCvs. TT 0.259 = - -
rs980967681  CTLA4 GG AG AA Additive 0.020 = - -
Yes 3UTR 4 0 0 AG+AA vs. GG 0.020 - - -
No 14 6 0 GG+AG vs. AA - - - -
Diarrhea
51879877 CD28 GG GT TT Additive 0.026 - - -
Yes promoter 1 0 0 GT+TT vs. GG 0.125 - - -
No 2 14 7 GT+GG vs. TT 1.000 - - -
rs3181096 CD28 cc CT TT Additive 6E-06 - - -
Yes promoter 0 0 1 CT+CCvs. TT 0.042 - - -
No 16 7 0 CT+TT vs. CC 0.333 - - -
rs3181098 CD28 AA AG GG Additive 6E-06 - - =
Yes promoter 1 0 0 AG+AA vs. GG 0.333 - - =
No 0 7 16 GG+AG vs. AA 0.042 - - -
1s3087243 CTLA4 GG AG AA Additive 0.003 = - -
Yes 3UTR 0 0 1 AG+AA vs. GG 1.000 - - -
No 12 10 1 GG+AG vs. AA 0.083 - - -
rs45454293  TNFSF4 GG AG AA Additive 0.003 - - -
Yes promoter 0 0 1 AG+AA vs. GG 0333 - - -
No 16 6 1 GG+AG vs. AA 0.083 - - -
rs11571316 ~ CTLA4 AA AG GG Additive 0.003 - - -
Yes promoter 1 0 0 AG+AA vs. GG 1.000 - - -
No 1 10 12 GG+AG vs. AA 0.083 - - =
Headache
rs41386349  PDCD1 GG AG AA Additive 0.038 = - -
Yes intron 4 17 4 1 AG+AA vs. GG 0.076 - - -
No 0 2 0 GG+AG vs. AA 1.000 = - =
Myalgia
15733618 CTLA4 cc CT TT Additive 5E-04 = - =
Yes promoter 2 0 0 CT+TT vs. CC 0.011 22.000 3.242 149.298
No 1 12 9 CT+CCvs. TT 0.511 1.692 1.195 2.396
rs3181097 CD28 AA AG GG Additive 0.016 - - -
Yes promoter 2 0 0 AG+AA vs. GG 1.000 1.133 0.953 1.348
No 3 12 7 GG+AG vs. AA 0.036 - - -

Additive: AA vs. Aa vs. aa.
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rs3181098
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rs1234314
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Headache
1879877
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Skin allergy
15733618
Yes
No

Gene position

CD28

promoter

CD28

promoter
TNFSF4

promoter

CD28

promoter

CTLA4

promoter

Additive: AA vs. Aa vs. aa.

No. of patients (%)

GT
13

Model

Additive
CT+TT vs. CC
CT+CCvs. TT
Additive
AG+AA vs. GG
GG+AG vs. AA
Additive
CG+GG vs. CC
CG+CC vs. GG

Additive
GT+TT vs. GG
GG+GT vs. TT

Additive
CT+TT vs. CC
CT+CCvs. TT

Logistic regression P

0.004
0.028
0.125
0.004
0.028
0.125
0.042
0.061
1.000

0.009
1.000
0.009

0.026
0.125
1.000

Odds ratio

0.800
18.750

Lower

0.061
2.065

95% Confidence Interval

Upper

10.562
170.215
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. of patients (%)

TT
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12
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S S

Model

Additive

GG+AG vs.
AG+AA vs.

Additive

AA
GG

CT+CCvs. TT

CT+TT vs. CC

Additive

CT+TT vs. CC
CT+CCvs. TT

Additive

AG+AA vs.
GG+AG vs.

Additive

GG
AA

CT+TT vs. CC

CT+CCvs. TT

Additive

AG+AA vs.
GG+AG vs.

Additive

del/G+del vs. GG
del/G+GG vs. del

Additive

AG+AA vs.
GG+AG vs.

Additive

AG+AA vs.
GG+AG vs.

Additive

AG+AA vs.
GG+AG vs.

Additive

AG+AA vs.
GG+AG vs.

Additive

AG+AA vs.
GG+AG vs.

GG
AA

GG
AA

GG
AA

GG
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GG
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Logistic regression P Odds ratio 95% Confidence Interval

0.030
0.390
0.013
0.022
0.816
0.019

0.039
0.138
1.000
0.016
1.000
0.111

0.051
0.017
0.632
0.121
0.047
1.000
0.046
0.222
0.168

0.014
0.006
0.536
0.021
0.008
0.198
0.039
0.019
0.121

0.021
0.008
0.198
0.035
0.061
0.549

1.969
0.348

1.200

0.107
0.607

0.577

0.077

0.148

0.476

4.800

1.250

3.000

0.429

15.714

3.750

0.081

0.064
0.267

5.250
0.300

Lower

0.416
0.199

0.257

0.037
0.451

0.415

0.020

0.029

0.067

0.979

0.071

0.616

0.234

1.634

0.560

0.008

0.007
0.040

0.988
0.024

Upper

9317
0.609

5.593

0.312
0.818

0.802
0.291

0.759
3.396

23.544
22.132

14.617

0.785

151.125
25.121

0.773

0.612
1.786

27.895
3.799
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169 serology samples
were tested at days
1-14 after vaccination:
169 neutralization tests
26 interferon-y tests
27 |L-6 tests
41 CD4 T lymphocyte
tests
28 B lymphocyte tests
568 included in the side
effects investigation

62 serology samples
were tested at days

15-30 after vaccination:

62 neutralization tests

36 interferon-vy tests

36 IL-6 tests

53 CD4 T lymphocyte
tests

36 B lymphocyte tests

609 participants assessed for eligibility

14 excluded
8 withdrew consent
2 missed a visit
2 absence of blood sample
2 absence of age data

595 participants included in this study

595 participants included in the neutralization analysis, 404
participants included in the cellular immunity analysis after
stimulation by antigen of S protein SARS-CoV-2, 568
participants included in the side effects analysis after
vaccination. Basic information of 595 participants, including

age, sex, height, weight, occupation, vaccine manufacturer,
and blood type, was collected.

42 serology samples were
tested at days

229 serology samples
were tested at days
91-150 after vaccination:
229 neutralization tests
174 interferon-vy tests

182 serology samples

were tested at days

31-90 after vaccination:
182 neutralization tests
157 interferon-vy tests
156 IL-6 tests 174 1L-6 tests 23 IL-6 tests

162 CD4 T lymphocyte 171 CD4 T lymphocyte 20 CD4 T lymphocyte
tests tests tests
156 B lymphocyte tests 199 B lymphocyte tests 23 B lymphocyte tests

42 neutralization tests
23 interferon-y tests

151-180 after vaccination:

119 serology samples
were tested at days
181-240 after vaccination:
119 neutralization tests
97 interferon-vy tests

96 IL-6 tests

96 CD4 T lymphocyte
tests

97 B lymphocyte tests
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SNP Gene position No. of patients (%) Model Logistic regression P Odds ratio 95% Confidence Interval

Lower Upper
Fever
1556029561  PDCD1 CAG  CAG/del del Additive 0.010 - - -
Yes 3UTR 0 3 4 CAG/del+del vs CAG - - - -
No 0 0 22 CAG/del+CAG vs del 0.010 = = =
Injection site
rs3181098 CD28 GG AG AA  Additive 0.016 - - -
Yes promoter 19 4 4 AG+AA vs. GG 0.111 - - -
No 0 2 0 GG+AG vs. AA 1.000 - - -
Chills
15733618 CTLA4 cc CT TT  Additive 0.026 - - -
Yes promoter 1 6 1 CT+TT vs. CC 1.000 0.737 0.057 9.457
No 2 5 14  CT+CCyvs. TT 0.014 0.071 0.007 0.701
rs3181096 CD28 cc CT TT  Additive 0.025 = = -
Yes promoter 3 5 0 CT+TT vs. CC 0.406 0.369 0.069 1.982
No 13 3 5 CT+CC vs. TT 0.283 = = =
1s2227982 PDCD1 AA AG GG Additive 0.039 - = =
Yes exon 5 6 2 0 GG+AG vs. AA 0.030 9.000 1.355 59.783
No 5 10 5 AG+AA vs. GG 0.281 - - -
rs36084323  PDCD1 TT CT. CC  Additive 0.064 - - -
Yes promoter 6 1 0 CT+CC vs. TT 0.033 11.143 1.108 112.012
No 7 9 4 CT+TT vs. CC 0.545 - - -
Diarrhea
rs5839828 PDCD1 del/del  G/del GG Additive 0.046 =, = =
Yes promoter 3 2 2 del/G+delvs. GG 0.060 - - -
No 12 8 0 del/G+GG vs. del 0.662 0.500 0.087 2.860
Headache
52227982 PDCD1 AA AG GG Additive 0.026 - = =
Yes exon 5 8 6 0 GG+AGvs. AA 0.053 4.889 0.931 25.670
No 3 6 5 AG+AA vs. GG 0.041 - - -
136084323 PDCD1 TT CT CC  Additive 0.080 = - -
Yes promoter 8 6 0 CT+CCvs.. TT 0.332 0.469 0.101 2185
No 5 4 4 CT+TT vs.. CC 0.041 1.444 1.005 2.075
Myalgia
rs1234314 TNFSF4 cc CG GG Additive 0.003 - - -
Yes promoter 3 7 0 CG+CC vs.. GG 0.005 & = o
No 0 9 10 CG+GG vs..CC 0.033 - - -
152227982 PDCD1 AA AG GG Additive 0.046 - - -
Yes exon 5 7 2 1 AG+AA vs.. GG 0.626 2.571 0.246 26.851
No 4 10 4 GG+AG vs.. AA 0.020 8.167 1419 47.016
1536084323  PDCD1 TT CT CC  Additive 0.081 - - -
Yes promoter 7 1 1 CT+CCvs.. TT 0.046 7.000 1.098 44.608
No 6 9 3 CT+TT vs.. CC 1.000 1.600 0.142 18.000
Skin allergy
rs3181096 CD28 cc CT TT  Additive 0.086 - = =
Yes promoter 5 0 0 CT+TT vs.. CC 0.048 - - -
No 11 8 5 CT+CCvs.. TT 0.553 = - -
rs200353921 CD28 TT AT AA  Additive 0.064
Yes promoter 2 0 3 AT+AA vs.. TT 0.123 0.185 0.024 1432
No 18 2 3 TT+AT vs.. AA 0.050 0.100 0.012 0.869

Additive: AA vs. Aa vs. aa.
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Total number
Sex (Female)
Age (median, range)
Primary vaccine
PZ
Moderna
Janssen
AZ
Booster vaccine
PZ
Moderna
No booster
Anticancer treatments <28 days before the vaccination
Chemotherapy only

Chemotherapy
+ Targeted therapy

Endocrinal therapy
Post-treatment
No anticancer treatment
Anticancer treatment <28 days before the booster
Endocrinal therapy

Endocrinal therapy
+ targeted therapy

Targeted therapy
Post-treatment
No anticancer treatment

Corticosteroids

(210 mg prednisolone equivalent) <14 days before the vaccination

PZ, Pfizer; AZ, AstraZeneca.

40
40 (100.0%)
51.5 (25-46)

32 (80.0%)
4(10.0%)
1(2.5%)

3 (7.5%)

33 (82.5%)
4(10.0%)
3 (7.5%)
30 (75.0%)
13 (32.5%)
2 (5.0%)

15 (37.5%)
10 (25.0%)
26 (70.3%)
24 (63.9%)
1(2.7%)

1(2.7%)
11 (29.7%)

8 (20.0%)

Cytotoxic
chemotherapy

15 (37.5%)
15 (100.0%)
50.0 (40-65)

10 (66.7%)
3(200%)
1(6.7%)

1(6.7%)

9 (60.0%)
3 (20.0%)
3 (20.0%)
15 (100.0%)
13 (86.7%)
2 (13.3%)

0 (0.0%)
0 (0.0%)
11 (29.7%)
9 (81.8%)
1(9.1)

1(9.1)
1(9.1%)

8 (53.3%)

Non-cytotoxic
treatment

15 (37.5%)
15 (100.0%)
49.0 (35-63)

14 (93.3%)
1(6.7%)
0 (0.0%)
0 (0.0%)

14 (93.3%)
1(6.7%)
0 (0.0%)

15 (100.0%)
0 (0.0%)
0 (0.0%)

15 (100.0%)
0 (0.0%)
15 (100.0%)
15 (100.0%)
0 (0.0%)

0 (0.0%)
0 (0.0%)

0 (0.0%)

Post-treatment

10 (25.0%)
10 (100.0%)
52.0 (38-58)

8 (80.0%)
0 (0.0%)
0 (0.0%)
2 (20.0%)

10 (100.0%)
0 (0.0%)
0 (0.0%)
0 (0.0%)
0 (0.0%)
0 (0.0%)

0 (0.0%)
10 (100.0%)
0 (0.0%)
0 (0.0%)
0 (0.0%)

0 (0.0%)
10 (100.0%)

0 (0.0%)

Control

20
20 (100.0%)
31.0 (25-61)

20 (100.0%)
0 (0.0%)
0 (0.0%)
0 (0.0%)

20 (100.0%)
0 (0.0%)
0 (0.0%)

20 (100.0%)

20 (100.0%)
0 (0.0%)
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Characteristics All donors (N=658) 2-dose (N=357) 3-dose (N=301) P values”(2- v.s. 3-dose)

Median age (range) 38 (19-59) 37 (19-59) 41 (19-58) 0.0053
Age groups (n, %)

18-30 years 140 (21.3) 85 (23.8) 55(18.3) 0.0183
31-45 years 331 (50.3) 186 (52.1) 145 (48.2)

46-59 years 187 (28.4) 86 (24.1) 101 (33.6)

Male (n, %) 529 (80.4) 279 (78.2) 250 (83.1) 0.1388
Blood type (n, %)

A 197 (29.9) 111 (31.1) 86 (28.6) 0.5813
B 179 (27.2) 98 (27.5) 81 (26.9)

AB 54 (8.2) 329 22 (7.3)

o 228 (34.7) 116 (32.5) 112 (37.2)

Interval between 1°* and 2" doses, days (median, IQR) 28 (23-33) 27 (23-32) 28 (26-36) <0.0001
Interval between 2"¢ and 3™ doses, days (median, IQR) 195 (188-233) n/a 195 (188-233) n/a

#The Chi-Square statistic was used for categorical variables. Continuous variables were compared by using a two-sided Mann-Whitney U-test. IQR, interquartile range; n/a, not applicable.
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Groups

Full dose (n = 6,402)

Half dose (n = 16,570)

Study groups by Age Female % Male % Missing % Total % Female % Male % Missing % Total %
18-29 799 55 587 41 57 4 1443 22 3360 49 3333 49 143 2 6836 4l
30-39 L172 54 902 42 79 4 2153 34 2637 46 2952 52 137 2 5726 35
10-49 1572 56 1,180 42 54 2 2806 44 1752 44 2190 55 66 2 4008 24
Total 3543 55 2,669 42 190 36402 100 7749 47 8475  51* 346 2 16570 100
Mean Age 368 3638 340 367 31.9% 32.8* 318 32.3*

Age SD 8.6 8.6 7.9 8.6 86 86 7.8 86

SD, standard deviation; Full dose, ChAdOx1 Full dose group; Half dose, ChAdOx1 Half dose group. *p < 0.05.





OPS/images/fimmu.2022.966416/table2.jpg
Parameters

All Cases

Age Groups Cases/person-day
18-29 16/100,379
30-39 21/159,195
40-49 27/209,403
All 64/468,977

Full dose (n = 6,402)

Cases Confirmed by RT-PCR

Incidence 1-RR (%) Cases/person-day
(per 1,000 person-year)
58.2 48.3 72/597,962
48.1 67.0 61/501,607
47.1 749 43/348,504
49.8 65.1 176/1,448,073
Incidence Cases/person-day

(per 1,000 person-year)

Age Groups Cases/person-day
18-29 6/100,379
30-39 11/159,195
40-49 16/209,403
All 33/468,977
Model-based

Analysis

Group Coefficient

21.8
252
279
257

43/597,962

31/501,607

20/348,504

94/1,448,073
- 0.09 (-0.49 to 0.31)

Crl, Credibility Interval; Full dose, ChAdOx1 Full dose group; Half dose, ChAdOx1 Half dose group.

Half dose (n = 16,570)

Incidence 1-RR (%)
(per 1,000 person-year)
439 61.0
44.4 69.6
45.0 76.0
44.4 68.9
Incidence
(per 1,000 person-year)
262
226
209
237
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Parameters

All Cases

Age Groups Cases/person-day

Males

18-29 9/38,993

30-39 7/63,240

40-49 9/83,691

All 25/185,924

Females

18-29 7159916

30-39 14/93,381

40-49 18/124,078

All 39/277,375

Cases Confirmed by RT-PCR

Age Groups Cases/
person-day

Males

18-29 3/38,993

30-39 3/63,240

40-49 3/83,691

All 9/185,924

Females

18-29 3/59,916

30-39 8/93,381

40-49 13/124,078

All 24/277,375

Model-based

Analysis

Group oefficient

Crl, Credibility Interval; Full dose, ChAdOx1 Full dose group; Half dose, ChAdOx1 Half dose group.

Full dose (n=6,402)

Incidence

(per 1,000 person-year)

84.2
40.4
39.3
49.1

42.6
54.7
53.0
51.3

Incidence
(per 1,000 person-year)

28.1
17.3
13.1
17.7

18.3
313
38.2
31.6

1-RR (%,

14.9
64.4
76.1
59.0

65.5
69.9
742
68.8

)

Cases/person-day

36/289,341
27/257,544
23/190,010
86/736,895

36/296,591
34/232,206
20/153,036
90/681,833

Cases/
person-day

18/289,341
14/257,544
11/190,010
43/736,895

25/296,591
17/232,206
9/153,036
51/681,833

-0.04 (-0.44 to 0.37)

Half dose (n=16,570)

Incidence

(per 1,000 person-year)

45.4
383
44.2
426

44.3
53.4
47.7
482

Incidence
(per 1,000 person-year)

22.7
19.8
21.1
213

30.7
26.7
215
27.3

1-RR (%)

54.1
66.2
73.1
64.4

64.1
70.6
76.7
70.7
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Adverse Event (%) Full dose (n = 154) Half dose (n = 558)

1° dose (%) 2™ dose (%) Duration (days) 1% dose (%) 2™ dose (%) Duration (days)

Overall 84 57 - 83 52 e
Pain on injection local 77 59 4.5 69* 34% 3.1
Headache 51 37 37 50 21* 2.5*
Malaise - - - 47 25 2.3%
Tiredness 43 28 4.6 41 16 29
Chills - - - 37 18 1.9
Muscle pain 35 24 93 36 14 2.9
Joint pain 19 7 14.1 30* 12% 5 il
Fever 17 14 1.7 23 8 17
Nausea 17 6 39 17 8 20
Local hardening - 10 35 31 16* 3.
Local edema 14 17 4.6 24 12 25
Redness 10 11 24 13 8* 3.0
Vomiting 1 0 10 2 1 24

Full dose, ChAdOx1 Full dose group; Half dose, ChAdOx1 Half dose group. *p < = 0.05 **p < = 0.001.
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Overall Profile of Plasma Soluble Mediators upon COVID-19 Vaccination of SERONEGATIVE Subjects at Baseline
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Overall Profile of Plasma Soluble Mediators upon COVID-19 Vaccination of SEROPOSITIVE Subjects at Baseline
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Panoramic Overview of Serum Soluble Mediator Signatures upon COVID-19 Vaccination
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Integrative Network of Plasma Soluble Mediator Signatures upon COVID-19 Vaccination
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BASELINE Fold-changes in SARS-CoV-2 IgG-S Reactivity upon COVID-19 Vaccination
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SARS-CoV-2 Neutralizing Antibody Detected by PRNT Functional Assay upon COVID-19 Vaccination
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821 donors assessed for eligibility

163 participants excluded
95 COVID-19 vaccination information are unavailable

37 received non-lIA COVID-19 vaccines
31 only received 1 dose IA COVID-19 vaccines

658 donors enrolled

357 received 2-dose vaccines 301 received booster vaccines
269 donated only 1 sample 117 donated only 1 sample
57 donated 2 samples 40 donated 2 samples
27 donated 3 samples 35 donated 3 samples
4 donated 4 samples 29 donated 4 samples

27 donated 5 samples
24 donated 6 samples
11 donated 7 samples
11 donated 8 samples
1 donated 9 samples

2 donated 10 samples
2 donated 11 samples
2 donated 12 samples

94 donated blood
pre- and 14-42 days
post-booster

The 2-dose group The 3-dose group
N=357; 480 plasma samples N=301; 937 plasma samples
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Name Adjusted p-value Odds Combined score

1 Tanespimycin ssMCE7 DOWN 0.000926 203.69 2809.91
2 Camptothecin MCF7 DOWN 0.001249 1091 12215
3 Niclosamide HL60 UP 0.001249 35.03 3936

4 Camptothecin PC3 DOWN 0.001249 1106 124.87
5 Pyrvinium MCF7 UP 0.001249 36.73 4194

6 Staurosporine MCF7 DOWN 0.001249 1641 188.24
7 Dimethyloxalylglycine PC3 UP 0.001249 94.94 1107.22
8 Sulpiride PC3 DOWN 0.001249 17.29 20343
9 Daunorubicin MCF7 DOWN 0.001249 1297 160.49
10 Niclosamide MCF7 UP 0.001249 51.36 65236

MCF and PC3 represent different cell lines. Adjusted p-value<0.05 has a statistical difference.
AKI, acute kidney injury; CKD, chronic kidney disease.
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Variables

Age (years)

Gender (male versus female)
BMI, median (mean + SD)
Etiology of liver disease pre-LTx
Hepatitis B virus-related liver disease
Decompensated cirrhosis
Acute-on-chronic liver failure
Hepatocellular carcinoma
Alcoholic liver diseases
Decompensated cirrhosis
Hepatocellular carcinoma
Primary biliary cirrhosis
Wilson’s disease

Complicated with HCV
Immunosuppression
Calcineurin inhibitors
Tacrolimus

Cyclosporine

Sirolimus

MMF/MPA

Prednisone

Comorbidities

Diabetes

Hypertension

Chronic myelocytic leukemia
HGB (g/L)

White blood cell count (x10°/L)
Neutrophil count (x10°/L)
Lymphocyte count (x10°/L)
Platelet count (x10°/L)

eGFR, ml/min/1.73 m?

Duration from LT to first dose of vaccination (years)

Interval between two doses (days)

Type of inactivated vaccine (CoronaVac: BBIBP-CorV)

All (n = 46)

58 (28-71)
42:4
236 £2.5

36 (78.3%)
18

5

13

4 (8.7%)

3

1

3 (6.5%)

3 (6.5%)

1

38 (82.6%)
36
2

2 (26.1%)
25 (54.3%)
2 (4.3%)

12 (26.1%)

5 (32.6%)

1

1480 + 11.6
5.99 (3.48-11.09)
344 (2.09-9.14)
1.69 (0.64-4.51)
177 (109-341)
9333 + 1515
7.7 (13-21.3)
24 (15-46)
33:13

LT, liver transplant; BMI, body mass index; HCV, hepatitis C virus; MMF,
mycophenolate mofetil; MPA, mycophenolic acid; HGB, hemoglobin; eGFR, estimated

slomerular filtration rate.
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Variables

Age (years)
Gender
BMI

Duration from LT to first dose of vaccination
(years)

Interval between two doses (days)
CoronaVac/BBIBP-CorV
Calcineurin inhibitors or not
Tacrolimus daily dose (mg/day)
MMF/MPA or not

HGB (g/L)

White blood cell count (x10°/L)
Neutrophil count (x10°/L)
Lymphocyte count (x10°/L)
Platelet count (x10°/L)

eGFR, ml/min/1.73 m*

Diabetes or not

Neutralizing antibody

Negative(n =  Positive(n =
30) 16)
56.75 +9.25 55.38 + 10.25
27:3 15:1
2384 £ 2.55 2327 241
7.7 (1.3-21.3) 10.9 (3.0-20.3)
23 (15-46) 5 (21-33)
20/10 13/3
24/6 12/4
1.0 (0.5-6.0) 1.0 (0.1-2.0)
20/10 5/11
147.6 £ 10.7 1489 + 13.7

6.06 (3.48-11.09)
3.62 (248-9.14)
1.45 (0.64-4.51)
177 (115-288)
91.04 £ 14.89
10/20

5.93 (3.70-9.70)

3.23 (2.09-7.03)

1.92 (0.79-3.62)

177 (109-341)

97.93 + 15.14
2/14

P.
Value

0.648
0.667
0.467
0.406

0.065
0.295
0.695
0.363
0.022*
0.889
0.872
0.878
0.516
0310
0.089
0.125

Neutralizing percent inhibition

Type I(n= Type2(n= Type3(n=
16) 14) 16)
55.3 + 102 580 £93 557 + 94
15:1 13:1 142
2327 + 241 2446 243 23.30 £ 2.60

10.9 (3-20.3)" 134 (36-213) 43 (1.3-19.3)"

25 (21-33) 23 (21-46) 24 (15-39)
13/3 717 13/3
12/4 11/3 13/3

1.0 (0.1-2.0) 1.0 (0.5-2.5) 1.0 (0.5-6.0)
5/11 9/5 11/5

148.0 + 13.5 147.0 + 8.7 148.0 £ 12.0

5.98 (3.70-9.70)
3.17 (2.09-7.03)
2.02 (0.79-3.62)"
177 (109-341)
99.13 £ 15.30
1/5 5/9

633 (3.48-10.66)
349 (2.39-6.05)
227 (0.64-4.09)
175 (115-288)
96.20 + 14.77

5.68 (3.75-11.09)
3.76 (2.28-9.14)
1.23 (0.96-4.51)"
181 (119-248)
87.17 + 1421
5/11

BMI, body mass index; LT, liver transplant; MMF, mycophenolate mofetil; MPA, mycophenolic acid; HGB, hemoglobin; eGFR, estimated glomerular filtration rate.

“p < 0.05.

“There are significant differences between the two groups using Kruskal-Wallis test followed by multiple comparisons with pairwise.

p-
Value

0.731
0.797
0.343
0.013*

0.175
0.096
0912
0.583
0.069
0.965
0.546
0.986
0.015%
0.589
0.120
0.696
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Adverse Events 1* dose (n = 6,102) 2"¢ dose (n = 827) 1* dose (%) 2" dose (%)

Overall 4913 420 80.5 50.8
Local symptoms 3,163 269 51.8 325
Redness 778 87 12.8 10.5
Local edema 2,137 177 35.0 214
Local hardening 2,092 171 340 20.7
Hematoma 365 41 59 49
Local heat 1,916 160 314 194
Systemic symptoms 4,510 315 739 38.1
Itching 706 60 11.6 7.3
Fever 1,865 67 30.6 8.1
Chill 2,960 115 485 139
Nausea/vomiting 935 42 153 5.1
Malaise 3,344 163 548 19.7
Headache 3,560 200 583 242
Joint pain 2,108 86 34.6 10.4
Muscle pain 3,016 156 494 189
Fatigue (tiredness) 1,983 107 325 129

Half dose, ChAdOx1 Half dose group.
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Full dose (n = 154) Half dose (n = 558)

Mean Age + SD 392+ 64 333 £8.5%
Female % 84 50%

SD, standard deviation; Full dose, ChAdOx1 Full dose group; Half dose, ChAdOx1 Half dose group. *p < 0.05.
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Variant No. of studies Adjust OR Pu/P (%) & VE (%) P Vaccine name

(95% CI) (95% C1)*
Case-control studies
To prevent SARS-CoV-2 infection
Overall 25 0.205 (0.161, 0.262) <0.001/99.1 79.5(73.9, 83.8)  <0.001
RNA-based vaccine 14 0.179 (0.119, 0.269) <0.001/99.4 82.1(73.1, 88.1)  <0.001  BNT162b2; mRNA-1273
Viral vector (non-replicating) 6 0.316 (0.274, 0.366) 0.002/73.2 68.4 (63.4,72.6) <0.001 ChAdOx1 nCoV-19
Inactivated virus 1 0.401 (0.312, 0.513) NA 59.9 (48.7, 68.8)  <0.001  CoronaVac
To prevent asymptomatic SARS-CoV-2 infection
Overall 3 0.527 (0.457, 0.608) 0.735/0.0 47.3(39.2,54.3) <0.001  BNT162b2; mRNA-1273
To prevent symptomatic COVID-19
Overall 19 0.198 (0.151, 0.259) <0.001/99.0 80.2 (74.1, 84.9)  <0.001
RNA-based vaccine 13 0.159 (0.112, 0.226) <0.001/98.5 84.1 (77.4, 88.8)  <0.001  BNT162b2; mRNA-1273
Viral vector (non-replicating) 5 0.342 (0.269, 0.431)  <0.001/91.5  65.8 (56.9, 73.1)  <0.001 ChAdOx1 nCoV-19
Inactivated virus 1 0.412 (0.195, 0.862) NA 58.8 (13.8,81.5)  0.019  CoronaVac; HB02; WIV04
12 to 17 years old 2 0.086 (0.048, 0.151) 0.104/62.1 91.4 (84.9,952) <0.001 BNT162b2
> 65 years old 1 0.332 (0.297, 0.366) NA 66.8 (63.4,70.3)  <0.001 BNT162b2
To prevent severe COVID-19
Overall 25 0.049 (0.035, 0.069) <0.001/95.8 95.1 (93.1, 96.5)  <0.001
RNA-based vaccine 18 0.046 (0.031, 0.070) <0.001/96.7 954 (93.0,96.9) <0.001  BNT162b2; mRNA-1273
Viral vector (non-replicating) 5 0.097 (0.071, 0.132) 0.223/29.8 90.3 (86.8,92.9)  <0.001 ChAdOx1 nCoV-19
12 to 18 years old 1 0.077 (0.054, 0.119) NA 92.3 (88.1,94.6) <0.001 BNT162b2
> 65 years old 2 0.108 (0.035, 0.334) <0.001/97.0 89.2 (66.6, 96.5)  <0.001  BNT162b2, mRNA-1273
To prevent COVID-19-related death
Overall 3 0.076 (0.051, 0.114) 0.198/38.2 92.4 (88.6,94.9)  <0.001
RNA-based vaccine 2 0.062 (0.043, 0.089) 0.737/0.0 93.8 (91.1,95.7)  <0.001  BNT162b2; mRNA-1273
Viral vector (non-replicating) 1 0.11 (0.07, 0.20) NA 89.0 (80.0,93.0) <0.001 ChAdOx1 nCoV-19
Cohort studies
To prevent SARS-CoV-2 infection
Overall 25 0.286 (0.252, 0.324)  <0.001/969  71.4 (67.6, 74.8)  <0.001
RNA-based vaccine 16 0.254 (0.211, 0.307) <0.001/97.5 74.6 (69.3,78.9) <0.001 BNT162b2; mRNA-1273
Viral vector (non-replicating) 3 0.497 (0.396, 0.624) 0.410/0.0 50.3 (37.6,60.4) <0.001 ChAdOx1 nCoV-19; Ad26.COV2.S
Inactivated virus 1 0.482 (0.163, 0.786) NA 51.8 (19.4,83.7) 0.0391 HB02; WIV04; CoronaVac
12-18 years old 4 0.128 (0.092, 0.177) 0.012/72.7 87.2(82.3,90.8) <0.001 BNT162b2
60-79 years old 1 0.441 (0.393, 0.492) NA 55.9 (50.8, 60.7)  <0.001  BNT162b2; mRNA-1273
> 80 years old 1 0.652 (0.514, 0.828) NA 34.8 (17.2,48.6)  0.001 BNT162b2; mRNA-1273
To prevent symptomatic COVID-19
Overall 3 0.162 (0.056, 0.458) 0.011/77.8 83.8 (54.2,94.4)  0.001
RNA-based vaccine 2 0.098 (0.044, 0.216) 0.182/43.9 90.2 (78.4,95.6) <0.001  BNT162b2; mRNA-1273
Inactivated virus 1 0.403 (0.112, 0.684) NA 59.7 (31.6, 88.8)  0.035  CoronaVac; HB02; WIV04
To prevent severe COVID-19
Overall 6 0.103 (0.066, 0.163)  <0.001/988  89.7 (83.7, 93.4)  <0.001
RNA-based vaccine 4 0.085 (0.054, 0.134) <0.001/96.0 90.5 (86.6, 94.6)  <0.001  BNT162b2; mRNA-1273
> 80 years old 1 0.228 (0.176, 0.314) NA 77.2 (68.6, 82.4) <0.001 BNT162b2; mRNA-1273
To prevent COVID-19-related death
Overall 3 0.167 (0.075, 0.370) <0.001/97.5 83.3 (63.0,92.5) <0.001 BNT162b2, mRNA-1273, Ad26.COV2.S et al.

*Vaccine effectiveness = 100*(1-RR/OR) %.
&NA, not available.
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Types of No.of RR(95% Py/I VE (%) P Vaccine name
vaccine studies CI) (%)% (95% CI)*

To prevent SARS-CoV-2 infection

Overall 6 0.336 (0.235, <0.001/  66.4 (51.9, 76.5) <0.001
0.481) 89.8
RNA-based vaccine 2 0.306 (0.148,  0.013/  69.4 (36.5,85.8) 0.001 mRNA-1273
0.635) 838
Inactivated virus 3 0.319 (0.252, 0.536/0.0 68.1(59.7,74.8) <0.001 HB02; WIV04; BBV152
0.403)
Viral vector (non- 1 0.474 (0.394, NA 52.6 (43.0, 61.6) <0.001 ChAdOxl nCoV-19
replicating) 0.570)
To prevent symptomatic COVID-19
Overall 19 0.203 (0.141,  <0.001/  79.7 (70.8, 85.9) <0.001
0.292) 95.0
RNA-based vaccine 5 0.086 (0.072, 0.766/0.0 91.4 (89.8,92.8) <0.001 BNT162b2; mRNA-1273
0.102)
Protein subunit 3 0.178 (0.063, <0.001/ 82.2(49.7,93.7) 0.001 NVX-CoV2373
0.503) 883
Inactivated virus 6 0.281 (0.189, ~ 0.001/  71.9 (58.1, 81.1) <0.001 BBV152; CoronaVac; HB02; WIV04
0.419) 762
Viral vector (non- 5 0.299 (0.212,  <0.001/  70.1 (57.7,78.8) <0.001 ChAdOx1 nCoV-19; Ad26.COV2.S; Ad5-nCoV; Sputnik V
replicating) 0.423) 90
Male 9 0.203 (0.138,  <0.001/  79.7 (71.2,86.2) <0.001 HB02; WIV04; SCB-2019; NVX-CoV2373; mRNA-1273; BNT162b2;
0.298) 88.6 ChAdOx1 nCoV-19; Ad5-nCoV; Ad26.COV2.S
Female 9 0.206 (0.117,  <0.001/  79.4 (63.6, 88.3) <0.001
0.364) 925
5-17 years old 4 0.083 (0.069, 0.857/0.0 91.7 (90.0,93.1) <0.001 BNT162b2 and mRNA-1273
0.100)
18-64 years old 2 0.085 (0.067,  0.238/  91.5(89.2,93.7) <0.001
0.108) 28.2
>65 years old 2 0.075 (0.045, 0.388/0.0 92.5 (87.6, 95.5) <0.001
0.124)

To prevent severe COVID-19

Overall 12 0.064 (0.024, <0.001/ 93.6 (82.9, 97.6) <0.001
0.171) 68.9
RNA-based vaccine 2 0.016 (0.005, 0.637/0.0 98.4 (94.3,99.5) <0.001 BNT162b2; mRNA-1273
0.057)
Protein subunit 2 0.069 (0.009, 0.791/0.0 93.1 (46.0,99.1) 0.011 NVX-CoV2373
0.540)
Inactivated virus 4 0.103 (0.028, 0.896/0.0 89.7 (61.7,97.2) 0.001 HB02; WIV04; CoronaVac; BBV152
0.383)
Viral vector (non- 4 0.089 (0.022,  0.036/  91.1(64.4,97.8) 0.001 ChAdOxlI nCoV-19; Ad5-nCoV; Ad26.COV2.S
replicating) 0.356) 64.9
To prevent asymptomatic SARS-CoV-2 infection
Overall 7 0.524 (0.400,  0.026/  47.6 (31.4, 60.0) <0.001
0.686) 582
RNA-based vaccine 2 0.464 (0.348,  0.248/  53.6(38.2,65.2) <0.001 mRNA-1273
0.618) 250
Inactivated virus 3 0.516 (0.334, 0290/  48.4(20.3,66.6) 0.003 HB02; WIV04; BBV152
0.797) 19.2
Viral vector (non- 2 0.549 (0.251,  0.014/ 45.1 (-20.1, 0.133  Ad26.COV2.S; ChAdOx1 nCoV-19
replicating) 1.201) 834 74.9)

"Vaccine efficacy = 100%(1-RR) %.
&N A, not available.
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Space group
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a,b,c(A)
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Wavelength (A)

Resolution (A)
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I/o(I)

Completeness (%)

Multiplicity
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No. of reflections
Rwork/Rfree (%)
R.m.s deviations
Bond (A)/Angle ©)
Average B-values (A%
Ramachandran plot (%)
Favored/Additional allowed

Outliers

D27LEY-Fab-Alpha RBD

P6,22

155.96, 155.96, 166.68
90.0, 90.0, 120.0
1.00
38.99-3.51 (3.63-3.51)"
0.80 (3.27)°
791 (1.38)°
91.18 (82.25)"
39.6 (41.0)°

15,500 (1,519)"
23.7/27.4

0.002/0.48
40.03

90.94/8.89
0.17

“The numbers in parentheses are the statistics from the highest resolution shell.
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Variant No. of
studies

Cohort studies: 18
Overall

1

1
5-11 year 7
12-17 year 9
>70 year 1
Case-control 4
studies:
Overall 4

3;

3
Cohort studies: 1
Overall

1

1
Case-control 1
studies:
Overall 1
Cohort studies: 1
Overall

1

1
Case-control 1
studies:
Overall 1

1
18-60 year 1
60-74 year 1
>75 year 1

*Vaccine effectiveness = 100*(1-RR/OR) %.

&N A, not available.

Adjust OR/

RR
(95% CI)

0.250 (0.188,
0.333)

0.240 (0.140,
0.440)

0390 (0.290,
0520)
0348 (0.215,
0.563)
0240 (0.200,
0.287)
0.090 (0.040,
0.210)
0314 (0.224,
0.440)
0.296 (0.223,
0392)
0280 (0.228,
0.343)
0572 (0.468,
0.698)
0.080 (0.001,
0.570)
0.100 (0.010,
0.720)
0280 (0.140,
0.570)
0231 (0.066,
0.808)
0360 (0.213,
0.609)
0010 (0.010,
0.020)
0590 (0.140,
2.140)
0570 (0.300,
1.100)
0501 (0.363,
0.693)

0.374 (0.337,
0.415)

0.430 (0.398,
0.465)

0.312 (0.264,
0.368)

0411 (0.371,
0.459)

0538 (0.478,
0.606)

P/ I
(%)%
0.234/24.8
NA
NA
0.292/18.0
0.503/0.0
NA
0.576/0.0
0.303/17.7
0.706/0.0
0.486/0.0
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

NA

Time interval of after
full
vaccination (week)

2-13
13-26

226

14-27

27-40

2-13

13-26

2-8

8-26

VE (%)
(95% CI)*

75.0 (66.7,
81.2)

76.0 (56.0,
86.0)
61.0 (48.0,
71.0)
65.2 (43.7,
78.5)
76.0 (713,
80.0)
91.0 (79.0,
96.0)
68.6 (56.0,
77.6)
70.4 (60.8,
77.7)
72.0 (65.7,
77.2)
42.8 (302,
53.2)
92.0 (43.0,
99.0)
90.0 (28.0,
99.0)
72.0 (43.0,
86.0)
76.9 (19.2,
93.4)
64.0 (39.1,
78.7)
99.0 (98.0,
99.0)
41.0 (-140,
86.0)
43.0 (-10.0,
70.0)
9.9 (30.7,
63.7)
62.6 (58.5,
66.3)
57.0 (53.5,
60.2)
68.8 (63.2,
73.6)
58.9 (529,
64.1)

46.2 (394,
52.2)

Vaccine
name

BNT162b2

mRNA-1273

ChAdOx1 nCoV-
19

CoronaVac

Types of vaccine

RNA-based vaccine

RNA-based vaccine

Viral vector (non-
replicating)

Inactivated virus
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Excluded (n=3,904)
* Received other vaccines (n=3,904)

Non-randomized
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Allocation
Full dose (n=8,913) Half dose (n=20,685)

Lost to follow-up (n=80) Lost to follow-up (n=52)
* Linkage failure (n=80) * Linkage failure (n=52)

Discontinued intervention (n=548) Discontinued intervention (n=1,087)
« COVID prior to 2" dose (n=508) « COVID-19 priorto 2" (n=1,042)
* Pregnancy (n=40) * Pregnancy (n=45)

Analysed (n=6,402) Analysed (n=16,570)
Excluded from analysis (n=1,883) Excluded from analysis (n=2,976)
* No information of 2" dose (n=1,704) * No information of 2" dose (n=2,781)

« 2" dose with other vaccine (n=179) * Age <18 or older> 49 (n=195)
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Type of Age Weeks post final

disease (year) vaccination
Severe 218 22
COVID-19
2-18
18-26
26-33
>33
218 22
2-18
18-26
26-33
>33
18-44 >2
45-64
265
18-49 2-34
50-64
265
16-59 6-28
260

No. of
studies

10

15

Py/I*
(%)

<0.001/
98.7
<0.001/
94.6
0.003/
88.7
0.292/
10.1
<0.001/
84.8

<0.001/
98.2

<0.001/
88.8

0.003/
88.7

0.292/
10.1

<0.001/
84.8

<0.001/
80.4
<0.001/
95.7
<0.001/
98.8
0.048/
50.7
<0.001/
90.9
<0.001/
97.1
<0.001/
76.3

<0.001/
95.1

Incidence per 100 person
years (95% CI)

0.1 (0.0, 0.1)
0.0 (0.0, 0.0)
0.1 (0.0, 0.1)
02 (0.2,0.3)
04 (0.0, 0.8)
0.1 (0.1,0.1)
0.0 (0.0, 0.0)
0.1 (0.0, 0.1)
02 (0.2,0.3)
04 (0.0, 0.8)
0.0 (0.0, 0.0)
0.1 (0.0, 0.1)
02 (0.1,0.3)
0.0 (0.0, 0.0)
0.0 (0.0, 0.0)
0.1 (0.1,0.1)
0.0 (0.0, 0.0)

0.0 (0.0, 0.0)

RR
(95% CI)

NA
Ref

8.8 (7.1,
10.9)

21.4 (17.1,
26.8)

56.3 (44.6,
71.1)

NA
Ref

9.0 (7.0,
117)

22.1(17.0,
28.6)

525 (40.1,
68.9)

Ref
3.4 (24,5.0)

152 (10.9,
21.4)

Ref

262 (2.21,
3.11)

8.34 (7.19,
9.68)

Ref

24.38 (17.53,
33.91)

P

NA

Ref

<0.001

<0.001

<0.001

NA

Ref

<0.001

<0.001

<0.001

Ref

<0.001

<0.001

Ref

<0.001

<0.001

Ref

<0.001

Vaccine name

mRNA-1273; BNT162b2;
Ad26.COV2.S

mRNA-1273; BNT162b2

mRNA-1273; BNT162b2;
Ad26.COV2.S

mRNA-1273; BNT162b2

BNT162b2
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Type of vaccine  No. of studies  Adjust OR/RR (95% CI)

Case-control studies

To prevent SARS-CoV-2 infection of the Omicron variant (B.1.1.529)

Overall 6 0.673 (0.556, 0.816)
RNA-based vaccine 4 0.671 (0.547, 0.823)
To prevent symptomatic COVID-19 caused by the Omicron variant (B.1.1.529)
Overall 5 0.352 (0.184, 0.666)
RNA-based vaccine 4 0.288 (0.212, 0.391)
To prevent severe COVID-19 caused by the Omicron variant (B.1.1.529)
Overall 6 0.244 (0.121, 0.492)
Cohort studies

To prevent SARS-CoV-2 infection of the Omicron variant (B.1.1.529)
Overall 11 0.622 (0.544, 0.707)
RNA-based vaccine 10 0.634 (0.529, 0.761)
To prevent severe COVID-19 caused by the Omicron variant (B.1.1.529)
Overall 5 0.467 (0.367, 0.595)
RNA-based vaccine 3 0.319 (0.172, 0.593)
To prevent severe COVID-19 caused by the Omicron variant (BA.2)
Overall 4 0.192 (0.109, 0.338)
RNA-based vaccine 2 0.124 (0.084, 0.185)
Inactivated virus 2 0.291 (0.154, 0.545)
To prevent COVID-19-related death by the Omicron variant (BA.2)
Overall 8 0.099 (0.060, 0.164)
RNA-based vaccine 4 0.070 (0.043, 0.113)
Inactivated virus 4 0.137 (0.070, 0.270)

*Vaccine effectiveness = 100*(1-RR/OR) %; & NA, not available.

Py/FP (%)%

<0.001/98.2
<0.001/96.8

<0.001/99.1
<0.001/88.5

<0.001/95.5

<0.001/97.5
<0.001/97.3

<0.001/85.4
0.030/71.5

<0.001/87.7
0.227/31.6
0.010/0.54

<0.001/88.6
0.038/64.5
<0.001/90.3

VE (%) (95% CI)*

32.7 (184, 44.5)
32,9 (17.7,45.3)

64.8 (33.4, 81.6)
71.2 (60.9, 79.8)

75.6 (50.8, 87.9)

37.8 (29.3, 45.6)
36.6 (23.9, 47.1)

53.3 (40.5, 63.3)
68.1 (41.7, 82.8)

80.8 (6.2, 89.1)
87.6 (81.5, 91.6)
70.9 (45.5, 84.6)

90.1 (83.6, 94.0)
93.0 (88.7, 95.7)
86.3 (73.0, 93.0)

P

<0.001
<0.001

0.001
<0.001

<0.001

<0.001
<0.001

<0.001
<0.001

<0.001
<0.001
<0.001

<0.001
<0.001
<0.001

Vaccine name

BNT162b2; mRNA-1273

BNT162b2; mRNA-1273

BNT162b2; mRNA-1273

BNT162b2; mRNA-1273

BNT162b2; mRNA-1273

BNT162b2

CoronaVac

BNT162b2

CoronaVac





OPS/images/fimmu.2022.945930/table7.jpg
Type of disease

Variant

Omicron variant (B.1.1.529)

Cohort studies:
SARS-CoV-2 infection

Severe COVID-19

COVID-19-related
death

Case-control studies:
SARS-CoV-2 infection

Symptomatic COVID-
19

Severe COVID-19

COVID-19-related
death

Omicron variant (BA.2)

Cohort studies:
Symptomatic COVID-
19

Severe COVID-19

COVID-19-related
death

*Comparison between booster vaccinees and unvaccinated group; *Vaccine effectiveness = 100*(1-RR) % or 100*(1—-OR) %; & NA, not available.

Overall

RNA-based
vaccine

Overall

RNA-based
vaccine

Overall

Overall

RNA-based
vaccine

Overall

Overall

RNA-based
vaccine

RNA-based
vaccine

Overall

RNA-based
vaccine

Inactivated virus
Overall

RNA-based
vaccine

Inactivated virus

Overall

RNA-based
vaccine

Inactivated virus

No. of studies RR/OR (95% CI) Pu/I’ (%) = VE (%) (95% CI) *

6 0.361 (0.212, 0.624)
4 0.313 (0.169, 0.578)
4 0.151 (0.123, 0.185)
2 0.147 (0.099, 0.219)
2 0.046 (0.003, 0.782)
3 0.393 (0.291, 0.532)
2 0.351 (0.258, 0.477)
9 0.352 (0.311, 0.393)
7 0.093 (0.058, 0.138)
6 0.081 (0.052, 0.133)
1 0.060 (0.020, 0.150)
4 0.393 (0.281, 0.554)
2 0.282 (0.178, 0.437)
2 0.512 (0.354, 0.743)
4 0.023 (0.014, 0.037)
2 0.027 (0.014, 0.052)
2 0.022 (0.007, 0.045)
6 0.017 (0.009, 0.032)
3 0.017 (0.005, 0.052)
3 0.014 (0.005, 0.039)

<0.001/99.4
<0.001/93.2

<0.001/88.5
<0.001/92.6

<0.001/94.0

<0.001/96.7
<0.001/98.2

<0.001/92.7

0.053/51.8
0.036/58.1

NA

0.238/29.1
1.00/0.0

0.837/0.0
0.138/46.0
0.180/44.3

0.074/68.7
0.415/0.2

0.136/49.8

0.707/0.0

63.9 (37.6, 78.8)
68.7 (42.2, 83.1)

84.9 (815, 87.7)
85.3 (78.1, 90.1)

954 (208, 99.7)

60.7 (46.8, 70.9)
64.9 (523, 74.2)

64.8 (60.7, 68.9)

90.7 (86.2, 94.2)
91.9 (86.7, 94.8)

94.0 (85.0, 98.0)

60.7 (44.6, 71.9)
71.8 (56.3, 82.2)

48.8 (25.7, 64.6)
97.7 (96.3, 98.6)
97.3 (94.8, 98.6)

97.8 (95.5, 99.3)
98.3 (96.8, 99.1)

98.3 (94.8, 99.5)

98.6 (96.1, 99.5)

P

<0.001
<0.001

<0.001
<0.001

<0.001

<0.001
<0.001

<0.001

<0.001
<0.001

<0.001

<0.001
<0.001

<0.001
<0.001
<0.001

<0.001
<0.001

<0.001

<0.001

Vaccine name

BNT16b2; mRNA-1273

BNT16b2; mRNA-1273

BNT16b2; mRNA-1273

BNT16b2; mRNA-1273

BNT162b2, mRNA-
1273

BNT162b2, mRNA-
1273

BNT16b2; mRNA-1273

CoronaVac

BNT16b2

CoronaVac

BNT16b2

CoronaVac
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Type of disease Type of No. of RR/OR Vi VE (%) P Vaccine name
vaccine studies (95% CI) (%)% (95% CI)*

One dose of COVID-19 vaccine booster immunization*

Omicron variant (B.1.1.529)

Cohort studies: SARS-CoV-2 infection Overall 5 0.386 (0.289, <0.001/86.1 61.4 (48.6, <0.001
0.514) 71.1)
RNA-based 4 0.372 (0.258, <0.001/89.5 62.8 (46.2,  <0.001 BNT162b2; mRNA-
vaccine 0.538) 74.2) 1273
Case-control studies: symptomatic COVID-19 Overall 3 0.326 (0.309, 0.205/37.0 67.4 (65.6, <0.001 BNT162b2; mRNA-
0.344) 69.1) 1273
Omicron variant (BA.2)
Cohort studies: symptomatic COVID-19 Overall 2 0.422 (0.244, 0.111/60.6 57.8 (26.9, 0.002 BNTI16b2
0.731) 75.6)
Severe COVID-19 Overall 2 0.122 (0.087, 0.650/0.0 87.8 (82.7, <0.001 BNTI16b2
0.173) 91.3)
COVID-19-related death Overall 1 0.110 (0.060, NA 89.0 (81.4, <0.001 BNT16b2
0.186) 94.0)
Two doses of COVID-19 vaccine booster immunization to prevent the Omicron variant (B.1.1.529) infection &
Non-randomized clinical studies: SARS-CoV-2  Overall 2 0.784 (0.568, 0.465/0.0 216 (-8.1, 0.138  BNT162b2; mRNA-
infection 1.081) 43.2) 1273
Symptomatic COVID-19 Overall 2 0.621 (0.432, 0.607/0.0 37.9 (10.7, 0.010 BNT162b2; mRNA-
0.893) 56.8) 1273
Cohort studies: SARS-CoV-2 infection Overall 3 0.508 (0.482, 0.148/47.6 49.2 (46.3,  <0.001
0.537) 51.8)
RNA-based 2 0.521 (0.468, 0.058/72.1 479 (41.8,  <0.001 BNT16b2
vaccine 0.582) 53.2)
Severe COVID-19 Overall 2 0.182 (0.073, 0.244/26.3 81.8 (54.1,  <0.001
0.459) 92.7)
COVID-19-related death Overall 1 0.070 (0.010, NA 93.0 (54.0,  <0.001
0.460) 99.0)

“Comparison between booster vaccinces and non-booster vaccinees groups; “Vaccine effectiveness = 100*(1-RR) % or 100(1-OR) %" Comparison between two doses of COVID-19
vaccine booster immunization and one dose of COVID-19 vaccine booster immunization groups, VE, vaccine effectiveness.
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Weeks post final
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Incidence per 100
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Vaccine name

mRNA-1273

mRNA-1273

mRNA-1273

mRNA-1273; BNT162b2;
Ad26.COV2.S

mRNA-1273; BNT162b2

mRNA-1273; BNT162b2;
Ad26.COV2.S

mRNA-1273; BNT162b2
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Ad26.COV2.S
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Ad26.COV2.S





