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Abstract

:

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) vaccines based on variant strains have been in use as booster doses to update immunity against circulating variants. Here we present the results of a phase one prospective, randomized, and open-labeled trial to study the safety and immunogenicity of a booster dose consisting of a subunit vaccine based on the stabilized prefusion SARS-CoV-2 spike protein, MVC-COV1901, or its Beta version, MVC-COV1901-Beta. Participants aged ≥18 and <55 years who received two or three prior doses of MVC-COV1901 vaccines were enrolled and were to receive a booster dose of either 15 mcg of MVC-COV1901, 15 mcg, or 25 mcg of MVC-COV1901-Beta in a 1:1:1 ratio. Adverse reactions after either MVC-COV1901 or MVC-COV1901-Beta booster doses after two or three doses of MVC-COV1901 were comparable and mostly mild and transient. At four weeks after the booster dose, participants with two prior doses of MVC-COV1901 had higher levels of neutralizing antibodies against ancestral SARS-CoV-2, Beta, and Omicron variants than participants with three prior doses of MVC-COV1901, regardless of the type of booster used. MVC-COV1901 and MVC-COV1901-Beta can both be effectively used as booster doses against SARS-CoV-2, including the BA.4/BA.5 Omicron variants.
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1. Introduction


In May 2023, the World Health Organization (WHO) declared that COVID-19 is no longer a global health emergency and is instead an established and ongoing health issue [1]. Vaccination has been an effective weapon against this pandemic, and as of November 2023, over 13 billion doses of COVID-19 vaccines have been administered [2]. Even though the world has largely returned to normal, pre-pandemic life, the ever-changing nature of SARS-CoV-2 to escape vaccine-induced antibody neutralization is the driving force behind the diversification of virus variants [3,4]. In late 2023, almost all circulating SARS-CoV-2 variants will be descended from the Omicron lineage, which includes the earlier BA.2 and BA.4/BA.5 variants and the current EG.5, BA.2.86, and recombinant XBB.1.5 and XBB.1.16 variants [5]. Several vaccine manufacturers have rolled out Omicron XBB.1.5-based vaccines to update the immunity against the newer variants, and preliminary data have shown that the XBB.1.5 booster can induce broad neutralizing activity against multiple XBB variants and BA.2.86. [6,7,8]. However, the possibility still exists that previous VOCs such as Beta and Delta variants could re-emerge or form recombinants with Omircon variants capable of causing renewed outbreaks [9]. As the booster doses shifted from the bivalent vaccine to the monovalent XBB vaccine in 2023, instead of engaging in the never-ending quest for pursuing after variants, it is important to look back at previous VOCs as sources of broad spectrum activity as futureproof against emerging variants.



MVC-COV1901 is a subunit COVID-19 vaccine based on the stable prefusion spike protein S-2P of the ancestral SARS-CoV-2 and adjuvanted with CpG 1018 and aluminum hydroxide have previously shown that three doses of MVC-COV1901 can improve the neutralizing antibody response against live SARS-CoV-2 and Omicron variant pseudoviruses [10]. The current study builds on the observation that the Beta variant version of S-2P protected hamsters from the Delta variant challenge and improved neutralizing antibody levels against the Omicron variant [11]. For this study, two groups of participants who have received either two or three doses of MVC-COV1901 were administered a booster dose of either original MVC-COV1901 or MVC-COV1901 based on the Beta variant in two different dose levels (MVC-COV1901-Beta). We carried out this study to investigate the reactogenicity and immunogenicity against the original SARS-CoV-2 and the Beta variant after the booster doses.




2. Materials and Methods


2.1. Study Design and Participants


This was a prospective, randomized, open-labeled phase I study to evaluate the safety, tolerability, and immunogenicity of a booster dose of the MVC-COV1901 or MVC-COV1901-Beta SARS-CoV-2 vaccine in adult participants. Approximately 120 participants were screened, and participants who received two or three prior doses of MVC-COV1901 were respectively placed into Group A or Group B. Eligible participants were healthy adults or adults with pre-existing medical conditions who were in stable condition and aged from 18 (inclusive) to 55 years. The participants in Group A were those who have received two doses of MVC-COV1901 vaccination with 1st and 2nd doses within 12 weeks, while the participants in Group B were those who have received three doses of MVC-COV1901 vaccination with 1st and 2nd doses within 12 weeks and 2nd and 3rd doses between 12 and 24 weeks. Participants in both groups also had the latest dose at least 84 days before randomization and did not receive any other investigational or approved COVID-19 vaccines. This study was carried out at two sites in Taiwan: Taipei Medical University Hospital (Taipei, Taiwan) and the Tri-Service General Hospital (Taipei, Taiwan). This trial was registered at ClinicalTrials.gov as NCT05216601 on 31 January 2022.




2.2. Randomization and Masking


The randomization of each group was stratified based on site to three treatment arms: 15 mcg of MVC-COV1901, or 15 mcg or 25 mcg of MVC-COV1901-Beta in a 1:1:1 ratio. Blinding was not performed as this was an open-labeled study. A stratified permuted block randomization method was used for the generation of a random allocation sequence. Two blocks were used with sizes of 6 and 3, respectively. Randomization was conducted via a sealed envelope with a randomization number and the intervention assignment. The subject was assigned a randomization number according to the chronological order of prescriptions. The subject would know the treatment group only when the site staff opened the randomization envelope. The biostatistician at the contract research organization (CRO) generated the random allocation sequence, and the investigators enrolled participants and assigned participants to interventions via randomization envelope.




2.3. Procedure and Outcomes


The investigative product MVC-COV1901 contained 15 mcg of SARS-CoV-2 S-2P protein adjuvanted with CpG 1018 750 mcg and aluminum hydroxide 375 mcg, while MVC-COV1901-Beta contained either 15 mcg or 25 mcg of SARS-CoV-2 Beta variant (B.1.351) S-2P protein adjuvanted with 750 mcg CpG 1018 and 375 mcg aluminum hydroxide. Booster doses were administered as intramuscular injections of 0.5 mL of the vaccine in the deltoid region of the non-dominant arm.



The primary safety endpoint of this study was the incidence of adverse events (AEs) within 28 days of the booster administration. The primary immunogenicity endpoint was the levels of neutralizing antibody titers at Visit 5 (4 weeks after the booster dose) and anti-spike immunoglobulin G (IgG) antibody titers at Visits 4 (2 weeks after the booster dose) and 5. Safety was assessed by incidences of solicited AEs for up to seven days after each vaccination and unsolicited AEs for up to 28 days after each vaccination. Other AEs, such as serious adverse events (SAEs) and adverse events of special interest (AESI), were recorded within this study period. Immunogenicity was assessed by a neutralizing assay with the ancestral (WT) SARS-CoV-2 and Beta variant and IgG titers in terms of geometric mean titer (GMT) and GMT ratio. Pseudovirus neutralization assays with the Omicron variant (BA.4/BA.5 subvariant) pseudovirus were performed with samples from Visits 2 (baseline) and 5.



Neutralizing antibody titers against live SARS-CoV-2 virus were performed with ancestral SARS-CoV-2 (hCoV-19/Taiwan/4/2020, GISAID EPI_ISL_411927), Beta variant (B.1.351, hCoV-19/Taiwan/1013), and Omicron variant (BA.1, TCDC#16804) [11]. Anti-SARS-CoV-2 spike immunoglobulin (IgG) levels were measured by enzyme-linked immunosorbent assay (ELISA) using custom-made 96-well plates coated with S-2P antigen [12].



Pseudotyped lentivirus with spike proteins of Wuhan wildtype or Omicron (BA.4/BA.5, both possessing identical spike protein sequences) was used in the pseudovirus neutralization assay conducted as reported previously [11]. The mutations for the Omicron variant (BA.4/BA.5) used in the spike sequence for pseudovirus construction were derived from the WHO source [5].



Frozen peripheral blood mononuclear cells were thawed and used to set up the memory B cell (MBC) assay and the enzyme-linked immunospot (ELISpot) assay as previously described [11,12]. A T cell cytokine assay was performed as described previously using ELISpot assay kits specific for IFN-γ and IL-4, and results were expressed as spot-forming units (SFU) per million PBMC [13].




2.4. Statistical Analysis


As this was an exploratory phase 1 clinical study, the sample size was arbitrarily determined and was not derived from a statistical estimation method, and a statistical hypothesis was not used for sample size calculation in this study. All results are presented using descriptive statistics. GMT, GMT ratio, and corresponding CI are calculated using an ANCOVA model with baseline log-titers, BMI (<30 or ≥30 kg/m2), comorbidity (yes or no), and sex (male or female) as covariates. The GMT ratio is defined as the geometric mean of the fold increase of post-study intervention titers over the baseline titers. Prism 6.01 (GraphPad) was used for statistical analysis. One-way ANOVA, Kruskal–Wallis, and Fisher’s exact test were used to calculate the significance of demographic characteristics (Table 1). Kruskal–Wallis with corrected Dunn’s multiple comparisons test was used for comparison of means of the non-parametric dataset, while the Mann–Whitney U test was used to compare MBC frequencies at two-time points. Linear regression was used to model the relationship between neutralization titer and IgG MBC frequency.



The following groups were used for this study analysis: The safety set included all randomized participants who received this study intervention, and the Full Analysis Set (FAS) included all randomized participants who received this study intervention, irrespective of their protocol adherence and continued participation in this study. Per protocol set (PPS) included all participants in the FAS who received the planned dose of randomized study intervention and, up until Visit 5, did not have laboratory-confirmed COVID-19 infection, were negative for SARS-CoV-2 anti-nucleocapsid tests, and did not have a major protocol deviation that was judged to impact the critical immunogenicity data.





3. Results


Between May and July 2022, a total of 129 adult participants were screened, and 107 eligible participants were split into groups of 45 and 62 for Groups A and B, respectively (Figure 1). In terms of the demographics of the participants, all groups had similar mean age and BMI levels, although the gender ratios were less equal among the groups (Table 1). The mean intervals between the last dose of MVC-COV1901 and the booster dose were longer in Group A (223.3 to 294.5 days) than in Group B (120.9 to 128.0 days). The differences between the demographic characteristics of the two groups were statistically not significant.



Solicited adverse events are summarized in Figure 2 and tabulated in Tables S1 and S2, and unsolicited AEs are summarized in Table S3. No SAE (grade 3 AEs or higher) or AESI related to the vaccine have been reported after the booster dose. The most common local and systemic effects after any booster dose were pain/tenderness (60.0~73.3% in Group A and 57.1~70.0% in Group B) and malaise/fatigue (33.3~53.3% in Group A and 28.6~40.0% in Group B), respectively. While erythema/redness (two participants in Group A) and fever (two participants in Group A and one participant in Group B) were the least common AEs, the safety profile and incidences of AEs were comparable in both groups (Figure 2, Tables S1–S3).



At V5, Group A participants had numerically higher levels of neutralizing antibodies against the ancestral SARS-CoV-2 (WT), with the GMTs ranging from 1352.0 to 3602.8 for Group A compared to 867.9 to 1125.0 for Group B (Figure 3A and Table S4). Similar results were observed for the Beta variant, with the neutralizing antibody GMTs for Group A ranging from 225.6 to 1476.9 compared to 147.1 to 459.2 in Group B. Neutralization against BA.1 Omicron was also improved, with GMTs in Group A ranging from 116.3 to 609.7 and from 54.9 to 84.9 in Group B (Table S4). In Group A, 15 mcg of MVC-COV1901-Beta resulted in numerically higher levels of neutralizing antibodies against WT and BA.1 live viruses, as well as a significant higher titer against the Beta variant live virus (WT: 1805.0 [95%CI 1023.6–3182.9]; Beta: 931.3 [509.3–1703.0]; BA.1: 190.4 [85.9–421.9]) compared to 15 mcg of MVC-COV1901 (WT: 1352.0 [979.4–2292.4]; Beta: 225.6 [128.1–397.2]; BA.1: 116.3 [55.4–244.0]) (Figure 3A and Table S4). At an increased dose of 25 mcg of MVC-COV1901-Beta, the level of neutralizing antibodies against all of the live viruses tested was significantly increased (WT: 3602.8 [95%CI 2036.7–6373.1]; Beta: 1476.9 [806.4–2704.8]; BA.1: 609.7 [280.7–1324.1]) compared to 15 mcg of MVC-COV1901 (WT: 1352.0 [979.4–2292.4]; Beta: 225.6 [128.1–397.2]; BA.1: 116.3 [55.4–244.0]) (Figure 3A and Table S4). However, in Group B, 15 mcg of MVC-COV1901-Beta induced the highest level of neutralizing antibodies against both Beta and BA.1 variants (Beta: 459.2 [95% CI 322.2–654.6]; BA.1: 124.9 [69.2–225.3]) compared to 15 mcg of MVC-COV1901 (Beta: 147.1 [102.3–211.6]; BA.1: 54.9 [36.5–82.6]) and 25 mcg of MVC-COV1901-Beta (Beta: 323.8 [227.7–460.4]; BA.1: 84.9 [49.5–145.6]) (Figure 3A and Table S4). All participants had high levels of anti-spike IgG at Visits 4 and 5, regardless of the type of booster received or the number of prior doses of MVC-COV1901 (Figure 3B). When calculating the GMT ratio of neutralizing antibodies and IgG titers at V5 or V4 against the baseline (V2) titers, Group B had a minimal increase in GMT ratio compared to Group A (Figure 3C and Table S4). The increase of GMT ratio against the Beta variant was most noticeable in the 25 mcg MVC-COV1901-Beta dosage group for Group A, with V5/V2 neutralizing antibody GMT ratio of 202.9 [110.8–371.5] and V5/V2 IgG GMT ratio of 49.4 [30.9–79.1] in the 25 mcg MVC-COV1901-Beta dosage group compared to V5/V2 neutralizing antibody GMT ratio of 31.0 [17.6–54.6] and V5/V2 IgG GMT ratio of 20.2 [13.1–31.1] in the 15 mcg MVC-COV1901 dosage group (Figure 3C and Table S4). Similar results were noted for the BA.1 variant, in which 25 mcg of MVC-COV1901-Beta resulted in the highest GMT ratio for Group A (152.5 [73.4–316.4] vs. 18.9 [7.4–48.3]) and 15 mcg of MVC-COV1901-Beta for Group B (18.5 [9.1–37.6] vs. 6.2 [3.3–11.3]) when compared to 15 mcg of MVC-COV1901.



The BA.4/BA.5 pseudovirus neutralization assay was used to investigate immunogenicity against the Omicron variants at the time. In both groups at V4, all types of booster doses had uniformly high levels of neutralizing antibodies against the WT pseudovirus (Figure 4). Against the BA.4/BA.5 pseudovirus, 25 mcg of MVC-COV1901-Beta elicited a significantly higher (p < 0.01) level of neutralizing antibodies (ID50 425.7 [272.8–664.2]) than 15 mcg of MVC-COV1901 (ID50 139.1 [76.2–254.1]) (Figure 4, Table S4). In Group B, this was not observed, and instead, all types of booster doses resulted in similar levels of neutralizing antibodies.



Prior to the booster dose at V2, 15 of 18 (83%) Group A subjects had detectable SARS-CoV-2 spike-specific IgG memory B cells (MBCs), in which WT, Beta, or Omicron BA.1 spike-specific IgG cells accounted for around 0.5 to 0.6% of total IgG cells in the peripheral blood (Figure 5A,B; Figure S1). Group B subjects had significantly higher pre-existing WT, Beta, and Omicron BA.1 spike-specific IgG MBC frequencies compared to those of Group A subjects (WT, 0.6 ± 0.1 vs. 1.4 ± 0.2, p = 0.002; Beta, 0.6 ± 0.1 vs. 1.3 ± 0.2, p = 0.005; Omicron, 0.5 ± 0.1 vs. 0.9 ± 0.1, p = 0.029, Mann–Whitney test). Pre-existing spike-specific IgM and IgA MBCs were detected in both groups as well, but there is no significant difference in the frequency between the two groups (Figure 5B). After the booster dose, a significant increase in spike-specific MBC frequency was observed in both Group A and B subjects, of which the IgG MBC response dominated (Figure 5B), followed by the IgM or IgA MBC responses, indicating the elicitation of immune memory to the SARS-CoV-2 spike. At two weeks after the booster dose (V4), the WT, Beta, and Omicron BA.1 spike-specific IgG MBC frequency averaged 6.1 ± 1.3, 6.0 ± 1.2, and 4.8 ± 1.3 of total IgG cells (p < 0.0001 for all comparisons between pre-existing and elicited responses), respectively, in Group A (Figure 5B). Enhanced spike-specific IgG MBC responses imparted by the booster were also observed in Group B at day 14 (Figure 5B). Although Group B subjects produced a relatively lower V4 WT, Beta, or Omicron BA.1 spike-specific IgG MBC frequency compared to that of Group A, the difference was not statistically significant.



All treatment groups in Group A elicited a significantly higher WT, Beta, or Omicron BA.1 spike-specific IgG MBC frequency than that at the baseline (Figure 5C). Those with a Beta 15 mcg booster produced a relatively higher wild type, Beta or Omicron BA.1 spike-specific IgG MBC frequency at V4 than those with wild-type or Beta 25 mcg boosters, but the difference was not statistically significant (Figure S2). Within Group B, those with the original MVC-COV1901 booster produced an elevated spike-specific IgG MBC frequency at V4, but did not result in significant increases in Beta or Omicron BA.1 spike-specific MBC frequency (Figure 5C). Those with Beta 15 mcg booster produced a significantly higher Beta spike-specific IgG MBC response at V4, and those with Beta 25 mcg booster produced significantly higher wild-type, Beta, and Omicron BA.1 spike-specific IgG MBC frequencies at V4 are higher than those at the baseline (Figure 5C). Nevertheless, similar WT, Beta, or Omicron BA.1 spike-specific IgG MBC frequencies were detected among three subgroups at V4 (Figure S2).



Significant correlations between spike-specific MBC frequency and serological neutralization titer were observed for Group A and B subjects, indicating a potential role of spike-specific B cell response in the development of antibody immunity upon SARS-CoV-2 immunization (Figure 5D; Figure S3).



The T cell immune response was investigated by the production of interferon- gamma (IFN-γ) and IL-4 for Th-1 and Th-2 responses, respectively. Results indicated a generally Th-1-biased T cell response based on a higher amount of IFN-γ induction than IL-4 induction, particularly in Group A (Figure S4).




4. Discussion


This trial investigated the safety and immunogenicity of a Beta variant version of the CpG 1018-adjuvanted subunit SARS-CoV-2 vaccine, MVC-COV1901-Beta, for its use as a heterologous booster dose following two or three doses of MVC-COV1901. The safety profile of MVC-COV1901-Beta was in line with that of the original MVC-COV1901, with pain/tenderness and malaise/fatigue as the most common adverse events, while incidences of fever were rarely reported (Figure 2) [14,15].



In this study, boosting with MVC-COV1901-Beta with 25 mcg of Beta S-2P protein has been shown to significantly increase the neutralizing antibody titer against the Beta and BA.1 Omicron variants as well as the BA.4/BA.5 pseudovirus compared to boosting with 15 mcg of MVC-COV1901 following two doses of MVC-COV1901 (Figure 3 and Figure 4). The finding is consistent with our previous study, though, with the prototype antigen, which showed an increase in cross-reactivity against variants when the antigen amount increased while the adjuvant remained unchanged [16]. However, the levels of increase in neutralizing antibody titer were lower in participants who had received three doses of MVC-COV1901 prior to boosting (Group B) (Figure 3 and Figure 4). We attribute this to the differences in intervals between the last dose of MVC-COV1901 and the booster dose, which in Group A ranged from a mean of 223.3 to 294.5 days, while it ranged from a mean of 120.9 to 128 days for Group B (Table 1). As less time has passed in Group B following the last vaccination compared to Group A, the baseline titers for Group B were higher, and the boosting effect was less dramatic than that of Group A. In addition, in the results from our previous study in the course of three doses of MVC-COV1901 vaccination, the rate of neutralizing antibody titer decay was slower after the third (booster) dose compared to the second dose, which could also explain the higher baseline titers in Group B [11]. The increased spectrum of neutralization against variants was also observed previously in our hamster study, in which two doses of MVC-COV1901 followed by a dose of MVC-CV1901-Beta resulted in the highest neutralizing antibody titers against all variants tested compared to other dosing regimens [11].



While homologous booster after two doses of vaccination provided higher protection against hospitalization against the Omicron variant, the vaccine efficiencies against infection still remained poor [17,18]. Moderna has developed a Beta version of its mRNA vaccine, mRNA-1273.351, as well as a bivalent vaccine (mRNA-1273.211) consisting of a mixture of the ancestral and Beta variants as booster doses [19]. Both Beta-based mRNA vaccine candidates showed enhanced neutralization against VOCs of the time (Beta, Gamma, and Delta) when given as boosters following the primary series of mRNA1273; however, the Beta vaccine candidate was not submitted for approval, and Moderna went on and released an Omicron-based bivalent vaccine instead [19]. The newer generation of bivalent mRNA-1273.214 based on the ancestral and Omicron strains imparted a 5.4-fold increase in neutralizing antibody response against the BA.4/BA.5 subvariants in a phase 2/3 clinical trial in participants with three prior doses of mRNA-1273 [20]. Another monovalent adjuvanted subunit vaccine by Sanofi/GSK also generated higher titers of neutralizing antibodies against the Omicron BA.1 variant compared to other vaccines tested when used as a third-dose booster [21]. The Sanofi Beta variant vaccine (VidPrevtyn Beta) was approved by the EU as a booster in November 2022 and remains the only COVID-19 booster vaccine using the Beta variant [22]. The researchers for VidPrevtyn Beta also argued for the use of a Beta variant-based vaccine even during the current Omicron landscape of COVID-19, citing the evidence of broad neutralization against Omicron subvariants and durability of immunity conferred by VidPrevtyn Beta in non-human primate and clinical studies [23,24]. AZD2816, a Beta version of AstraZeneca AZD1222, demonstrated improved neutralization against the Beta variant when AZD2816 was given as a booster dose after AZD1222 or mRNA primary series [25]. However, with the rise of Omicron variants, AZD2816 was dropped from the pipeline by AstraZeneca as the company refocused its strategy [26]. Based on our own data generated in this study and data from the above Beta vaccine candidates, the Beta vaccine remains a viable option for boosters given its ability to induce cross-neutralization even against Omicron variants.



The study by Khoury et al. using the original ancestral strain demonstrated a correlation between the neutralizing antibody levels and the protection from infection [27]. However, given the large variety of Omicron lineage descendants, the correlation between the neutralizing antibody level and protection from the Omicron variant infection has yet to be determined. The revised target product profile for the COVID-19 vaccine published by the WHO in April 2022 reflected the paradigm shift and emphasized the role of a booster vaccine for protection against severe outcomes, including hospitalization and long-term COVID [28]. The T-cell immune response against SARS-CoV-2 is known to play a crucial role in improving the breadth of coverage against variants and offering protection against severe outcomes [29]. In patients with immune-mediated inflammatory diseases on B cell-depleting therapies, breakthrough infections were frequent and associated with severe outcomes [30]. These findings indicate that to achieve the revised target product profile of the COVID vaccine under the era of the Omicron variants, the roles of T and B cell immune responses should be examined as a whole.



The cellular immunity after the booster dose was shown by the proliferation and expansion of spike-specific MBCs, indicating immune memory recall induced by the booster dose (Figure 5). Regardless of the type of booster used, higher proportions of MBC with IgGs specific to WT, Beta, or Omicron spikes were seen after the booster dose, thus MBCs recalled by the booster dose are cross-reactive against all strains tested (Figure 5B,C). The dominance of IgG MBC expansion also reflected the involvement of germinal center reactions and the establishment of spike-specific B cell pools, similar to the findings after the mRNA-1273 boost [31]. These results are also in line with our observation in hamsters in which two doses of WT S-2P plus a dose of Beta S-2P enhanced immunogenicity against the Omicron variant, possibly due to the selection of antibodies targeting the N-terminal, S2, or other conserved residues instead of the immunodominant but highly variable receptor-binding residues [11]. Another study has shown that three homologous doses of vaccination could enhance antigen presentation and expand memory B cells, which can target non-dominant epitopes that are more conserved across different variants [32]. The potency and epitope recognition of spike-specific B cell repertoire elicited by subunit vaccine boost, especially those cross-reacting with the Omicron variant, require further investigation.



One of the limitations of this study includes, as stated above, the differences in the time interval between the last and booster doses in Groups A and B; thus, the two groups could not be compared directly. In the cellular immunity assay, we did not perform surface staining and subpopulation gating, and thus we could not distinguish between single-variant and dual/multi-variant spike-specific MBCs, as has been shown for mRNA-1273 [33]. As MVC-COV1901 is currently only administered in Taiwan, the demographic diversity of subjects is limited. However, in our phase III study in Paraguay with a more diverse set of subjects, we have observed a comparable safety profile to that of phase I and phase II studies conducted in Taiwan [10,15,34]. The small sample size and short duration of follow-up for this study were also not sufficient to compare all the endpoints across treatment arms in terms of immune persistence and efficacy. Moreover, as BA.4/BA.5 variants were circulating during this study, we did not perform a neutralization assay against more recent variants such as XBB, BQ.1, and EG.5.




5. Conclusions


In this study, we found that a booster dose with the MVC-COV1901-Beta vaccine after a primary series of MVC-COV1901 can generate a broad immune response that cross-reacts with various Omicron subvariants.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/vaccines11121798/s1, Figure S1. Summary data of Spike-specific IgG memory B cell frequency prior to (V2) and 14 days after (V4) the booster dose in group A and B subjects; Figure S2. Comparison of Spike-specific IgG MBC frequencies among subgroups in group A and B subjects; Figure S3. Relationship of Spike-specific IgG MBC frequency and serological neutralization titer with authentic wild type and Beta variant viruses among group A and B subjects; Figure S4. Cytokine production induced by MVC-COV1901 or MVC-COV1901-Beta boosters; Table S1. Solicited Local Adverse Events after the Booster Dosing; Table S2. Solicited Systemic Adverse Events after the Booster Dosing; Table S3. Summary of Unsolicited Adverse Events and Other Adverse Events; Table S4. Summary of Immunogenicity Data for Groups A and B.





Author Contributions


Concept, design, and leading the clinical trial: C.E.L. and C.C. Acquisition and interpretation of data: M.-C.L., N.-C.W. and K.-Y.A.H. Data analysis and draft of the manuscript: C.E.L., L.T.-C.L. and C.C. Vaccine production: C.-C.W., W.-H.T. and W.-C.L. All authors have read and agreed to the published version of the manuscript.




Funding


This study was funded by Medigen Vaccine Biologics Corporation (study sponsor).




Institutional Review Board Statement


The first approved protocol, the amended protocol, the subject information sheets, including the informed consent forms (ICFs), as well as the information provided to participants and any recruitment advertisements, were reviewed and/or approved by the Competent Authorities, Institutional Review Board (IRB), or any other Ethics Committee (EC) according to local regulations prior to study initiation. The trial protocol and informed consent form were approved by the Taiwan Food and Drug Administration and the IRBs of the investigation sites, Taipei Medical University Hospital in Taipei, Taiwan (N202203106, approved 13 April 2022) and the Tri-Service General Hospital in Taipei, Taiwan (C202201005, approved 16 April 2022). The trial was conducted in compliance with the principles of the Declaration of Helsinki and Good Clinical Practice. Safety data were monitored by an independent data and safety monitoring board (DSMB). All participants provided written informed consent for this study.




Informed Consent Statement


The investigator informed the participants of the risks and benefits of this study. The participants were informed that they could withdraw from this study at any time for any reason. Consent was obtained in writing prior to any study-related activities. Written informed consent was obtained from all subjects involved in this study prior to any study-related activities.




Data Availability Statement


The datasets generated during and/or analyzed during the current study are available from the corresponding authors on reasonable request.




Acknowledgments


We thank the Institute of Biomedical Sciences of Academia Sinica for performing the live virus and pseudovirus neutralization assays.




Conflicts of Interest


C.E.L., L.T.-C.L., C.-C.W., W.-H.T., W.-C.L. and C.C. are employees of Medigen Vaccine Biologics Corporation. M.-C.L., N.-C.W. and K.-Y.A.H. declared no conflicts of interest. All authors attest that they meet the ICMJE criteria for authorship.




References


	



World Health Organisation. Statement on the Fifteenth Meeting of the IHR (2005) Emergency Committee on the COVID-19 Pandemic. 2023. Available online: https://www.who.int/news/item/05-05-2023-statement-on-the-fifteenth-meeting-of-the-international-health-regulations-(2005)-emergency-committee-regarding-the-coronavirus-disease-(covid-19)-pandemic (accessed on 17 November 2023).

	



Mathieu, E.; Ritchie, H.; Rodés-Guirao, L.; Appel, C.; Giattino, C.; Hasell, J.; Macdonald, D.; Roser, B.a.M. Coronavirus (COVID-19) Vaccinations. Available online: https://ourworldindata.org/covid-vaccinations (accessed on 17 November 2023).

	



Wang, Q.; Guo, Y.; Zhang, R.M.; Ho, J.; Mohri, H.; Valde, R.; Manthei, D.M.; Gordon, A.; Liu, L.; Ho, D.D. Antibody Neutralization of Emerging SARS-CoV-2: EG.5.1 and XBC.1.6. bioRxiv 2023. bioRxiv:2023.08.21.553968. [Google Scholar] [CrossRef]

	



Faraone, J.N.; Qu, P.; Zheng, Y.M.; Carlin, C.; Jones, D.; Panchal, A.R.; Saif, L.J.; Oltz, E.M.; Gumina, R.J. Continued evasion of neutralizing antibody response by Omicron XBB. 1.16. Cell Rep. 2023, 42, 113193. [Google Scholar] [CrossRef] [PubMed]

	



World Health Organisation. Tracking SARS-CoV-2 Variants. Available online: https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/ (accessed on 17 November 2023).

	



Stankov, M.V.; Hoffmann, M.; Gutierrez, R.; Cossmann, A.; Graalmann, T.; Winter, E.J.; Friedrichsen, M.; Ravens, I.; Ilievska, T.; Ristenpart, J. Humoral and cellular immune responses following BNT162b2 XBB.1.5 vaccination. medRxiv 2023. medRxiv:2023.10.04.23296545. [Google Scholar] [CrossRef] [PubMed]

	



Novavax U.S. CDC and Advisory Committee Recommend Use of Authorized and Approved 2023–2024 Monovalent XBB COVID-19 Vaccines. Available online: https://ir.novavax.com/press-releases/US-CDC-and-Advisory-Committee-Recommend-Use-of-Authorized-and-Approved-2023-2024-Monovalent-XBB-COVID-19-Vaccines (accessed on 18 September 2023).

	



US Food and Drug Administration. FDA Takes Action on Updated mRNA COVID-19 Vaccines to Better Protect Against Currently Circulating Variants. Available online: https://www.fda.gov/news-events/press-announcements/fda-takes-action-updated-mrna-covid-19-vaccines-better-protect-against-currently-circulating (accessed on 18 September 2023).

	



Ledford, H. The next variant: Three key questions about what’s after Omicron. Nature 2022, 603, 212–213. [Google Scholar] [CrossRef] [PubMed]

	



Hsieh, S.M.; Chang, S.C.; Cheng, H.Y.; Shih, S.R.; Lien, C.E. Durability and Immunogenicity of Neutralizing Antibodies Response Against Omicron Variants After Three Doses of Subunit SARS-CoV-2 Vaccine MVC-COV1901: An Extension to an Open-Label, Dose-Escalation Phase 1 Study. Infect. Dis. Ther. 2022, 11, 1493–1504. [Google Scholar] [CrossRef] [PubMed]

	



Kuo, T.Y.; Lien, C.E.; Lin, Y.J.; Lin, M.Y.; Wu, C.C.; Tang, W.H.; Campbell, J.D.; Traquina, P.; Chuang, Y.-S.; Liu, L.T.-C.; et al. Protection of Hamsters Challenged with SARS-CoV-2 Delta Variant after Two Doses of Adjuvanted SARS-CoV-2 Stabilized Prefusion Spike Protein (S-2P) and a Single Dose of Beta Variant S-2P. J. Infect. Dis. 2022, 226, 1562–1567. [Google Scholar] [CrossRef] [PubMed]

	



Chen, C.P.; Huang, K.Y.A.; Shih, S.R.; Lin, Y.C.; Cheng, C.Y.; Huang, Y.C.; Lin, T.Y.; Cheng, S.H. Anti-Spike Antibody Response to Natural Infection with SARS-CoV-2 and Its Activity against Emerging Variants. Microbiol. Spectr. 2022, 10, e0074322. [Google Scholar] [CrossRef]

	



Huang, K.Y.A.; Li, C.K.F.; Clutterbuck, E.; Chui, C.; Wilkinson, T.; Gilbert, A.; Oxford, J.; Lambkin-Williams, R.; Lin, T.Y.; McMichael, A.J.; et al. Virus-specific antibody secreting cell, memory B-cell, and sero-antibody responses in the human influenza challenge model. J. Infect. Dis. 2014, 209, 1354–1361. [Google Scholar] [CrossRef]

	



Hsieh, S.M.; Liu, W.D.; Huang, Y.S.; Lin, Y.J.; Hsieh, E.F.; Lian, W.C.; Chen, C.; Janssen, R.; Shih, S.-R.; Huang, C.-G.; et al. Safety and immunogenicity of a Recombinant Stabilized Prefusion SARS-CoV-2 Spike Protein Vaccine (MVCCOV1901) Adjuvanted with CpG 1018 and Aluminum Hydroxide in healthy adults: A Phase 1, dose-escalation study. EClinicalMedicine 2021, 38, 100989. [Google Scholar] [CrossRef]

	



Hsieh, S.M.; Liu, M.C.; Chen, Y.H.; Lee, W.S.; Hwang, S.J.; Cheng, S.H.; Ko, W.C.; Hwang, K.P.; Wang, N.C. Safety and immunogenicity of CpG 1018 and aluminum hydroxide-adjuvanted SARS-CoV-2 S-2P protein vaccine MVC-COV1901: Interim results of a large-scale, double-blind, randomised, placebo-controlled phase 2 trial in Taiwan. Lancet Respir. Med. 2022, 9, 1396–1406. [Google Scholar] [CrossRef]

	



Lien, C.E.; Kuo, T.Y.; Lin, Y.J.; Lian, W.C.; Lin, M.Y.; Liu, L.T.C.; Cheng, J.; Chou, Y.C.; Chen, C. Evaluating the neutralizing ability of a CpG-adjuvanted S-2P subunit vaccine against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants of concern. Clin. Infect. Dis. 2022, 74, 1899–1905. [Google Scholar] [CrossRef] [PubMed]

	



Tartof, S.Y.; Slezak, J.M.; Puzniak, L.; Hong, V.; Frankland, T.B.; Ackerson, B.K.; Takhar, H.S.; Ogun, O.A.; Simmons, S.R.; Zamparo, J.M.; et al. Effectiveness of a third dose of BNT162b2 mRNA COVID-19 vaccine in a large US health system: A retrospective cohort study. Lancet Reg. Health Am. 2022, 9, 100198. [Google Scholar] [CrossRef] [PubMed]

	



Tseng, H.F.; Ackerson, B.K.; Luo, Y.; Sy, L.S.; Talarico, C.A.; Tian, Y.; Bruxvoort, K.J.; Tubert, J.E.; Florea, A.; Ku, J.H.; et al. Effectiveness of mRNA-1273 against SARS-CoV-2 Omicron and Delta variants. Nat. Med. 2022, 28, 1063–1071. [Google Scholar] [CrossRef] [PubMed]

	



Choi, A.; Koch, M.; Wu, K.; Chu, L.; Ma, L.; Hill, A.; Nunna, N.; Huang, W.; Oestreicher, J.; Colpitts, T.; et al. Safety and immunogenicity of SARS-CoV-2 variant mRNA vaccine boosters in healthy adults: An interim analysis. Nat. Med. 2021, 27, 2025–2031. [Google Scholar] [CrossRef] [PubMed]

	



Chalkias, S.; Harper, C.; Vrbicky, K.; Walsh, S.R.; Essink, B.; Brosz, A.; McGhee, N.; Tomassini, J.E.; Chen, X.; Chang, Y.; et al. A Bivalent Omicron-containing Booster Vaccine Against Covid-19. N. Engl. J. Med. 2022, 387, 1279–1291. [Google Scholar] [CrossRef] [PubMed]

	



Launay, O.; Cachanado, M.; Nguyen, L.B.L.; Ninove, L.; Lachatre, M.; Ghezala, I.B.; Bardou, M.; Schmidt-Mutter, C.; Lacombe, K.; Laine, F.; et al. Immunogenicity and Safety of Beta Adjuvanted Recombinant Booster Vaccine. N. Engl. J. Med. 2022, 387, 374–376. [Google Scholar] [CrossRef] [PubMed]

	



European Medicines Agency. VidPrevtyn Beta. Available online: https://www.ema.europa.eu/en/medicines/human/EPAR/vidprevtyn-beta (accessed on 20 November 2023).

	



Pavot, V.; Berry, C.; Kishko, M.; Anosova, N.G.; Li, L.; Tibbitts, T.; Huang, D.; Raillard, A.; Gautheron, S.; Gutzeit, C.; et al. Beta variant COVID-19 protein booster vaccine elicits durable cross-neutralization against SARS-CoV-2 variants in non-human primates. Nat. Commun. 2023, 14, 1309. [Google Scholar] [CrossRef]

	



Sridhar, S.; Chicz, R.M.; Warren, W.; Tartaglia, J.; Savarino, S.; Gurunathan, S.; Toussaint, J.-F. The potential of Beta variant containing COVID booster vaccines for chasing Omicron in 2022. Nat Commun. 2022, 13, 5794. [Google Scholar] [CrossRef]

	



Ramasamy, M.N.; Kelly, E.J.; Seegobin, S.; Dargan, P.I.; Payne, R.; Libri, V.; Adam, M.; Aley, P.K.; Martinez-Alier, N.; Church, A.; et al. Immunogenicity and safety of AZD2816, a beta (B. 1.351) variant COVID-19 vaccine, and AZD1222 (ChAdOx1 nCoV-19) as third-dose boosters for previously vaccinated adults: A multicentre, randomised, partly double-blinded, phase 2/3 non-inferiority immunobridging study in the UK and Poland. Lancet Microbe 2023, 4, e863–e874. [Google Scholar]

	



Taylor, N.P. AstraZeneca Dumps Late-Phase, Next-Gen COVID-19 Vaccine, Calling Time on a Beta Player in an Omicron World. Fierce Biotech. Available online: https://www.fiercebiotech.com/biotech/astrazeneca-dumps-late-phase-next-gen-covid-19-vaccine-calling-time-a-beta-player-omicron (accessed on 20 November 2023).

	



Khoury, D.S.; Cromer, D.; Reynaldi, A.; Schlub, T.E.; Wheatley, A.K.; Juno, J.A.; Subbarao, K.; Kent, S.J.; Triccas, J.A.; Davenport, M.P. Neutralizing antibody levels are highly predictive of immune protection from symptomatic SARS-CoV-2 infection. Nat. Med. 2021, 27, 1205–1211. [Google Scholar] [CrossRef]

	



World Health Organisation. WHO Target Product Profiles for COVID-19 Vaccines. Revised Version April. 2022. Available online: https://www.who.int/publications/m/item/who-target-product-profiles-for-covid-19-vaccines (accessed on 13 October 2022).

	



Moss, P. The T cell immune response against SARS-CoV-2. Nat. Immunol. 2022, 23, 186–193. [Google Scholar] [CrossRef] [PubMed]

	



Calabrese, C.M.; Husni, E.M.; Moss, B.M.; Fernandez, A.J.; Jin, Y.; Kirchner, E.; Calabrese, L.H. Breakthrough SARS–CoV-2 Infections in Patients With Immune-Mediated Disease Undergoing B Cell–Depleting Therapy: A Retrospective Cohort Analysis. Arthritis Rheumatol. 2022, 74, 1906–1915. [Google Scholar] [CrossRef] [PubMed]

	



Muecksch, F.; Wang, Z.; Cho, A.; Gaebler, C.; Ben Tanfous, T.; DaSilva, J.; Bednarski, E.; Ramos, V.; Zong, S.; Johnson, B.; et al. Increased memory B cell potency and breadth after a SARS-CoV-2 mRNA boost. Nature 2022, 607, 128–134. [Google Scholar] [CrossRef] [PubMed]

	



Yang, L.; Van Beek, M.; Wang, Z.; Muecksch, F.; Canis, M.; Hatziioannou, T.; Bieniasz, P.D.; Nussenzweig, M.C.; Chakraborty, A.K. Antigen presentation dynamics shape the response to emergent variants like SARS-CoV-2 Omicron strain after multiple vaccinations with wild type strain. bioRxiv 2022. bioRxiv:24.505127. [Google Scholar] [CrossRef]

	



Gagne, M.; Moliva, J.I.; Foulds, K.E.; Andrew, S.F.; Flynn, B.J.; Werner, A.P.; Wagner, D.A.; Teng, I.-T.; Lin, B.C.; Moore, C.; et al. mRNA-1273 or mRNA-Omicron boost in vaccinated macaques elicits similar B cell expansion, neutralizing responses, and protection from Omicron. Cell 2022, 185, 1556–1571. [Google Scholar] [CrossRef]

	



Torales, J.; Cuenca-Torres, O.; Barrios, L.; Armoa-Garcia, L.; Estigarribia, G.; Sanabria, G.; Lin, M.-Y.; Estrada, J.A.; Estephan, L.; Cheng, H.-Y.; et al. An evaluation of the safety and immunogenicity of MVC-COV1901: Results of an interim analysis of a phase III, parallel group, randomized, double-blind, active-controlled immunobridging study in Paraguay. Vaccine 2023, 41, 109–118. [Google Scholar] [CrossRef]








[image: Vaccines 11 01798 g001] 





Figure 1. CONSORT flow diagram for this study. 
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Figure 2. Solicited local and systemic adverse events for each of the treatment groups in Groups A and B. 
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Figure 3. Immunogenicity of the booster dose. (A) neutralizing antibody titer against live ancestral (WT) SARS-CoV-2, Beta, and Omicron (BA.1) variants; (B) anti-SARS-CoV-2 spike IgG antibody titer; (C) GMT ratio of neutralizing antibody titers of V5/V2 (left) and anti-spike IgG titers at V4/V2 and V5/V2 (right). For (A,B), results are expressed as symbols representing GMT, and error bars represent 95% confidence intervals. For (C), results are expressed as the mean GMT ratio with error bars representing 95% confidence intervals. Statistical significance was calculated using the Kruskal–Wallis test with a corrected Dunn’s multiple comparisons test. * = p < 0.05, ** = p < 0.01. 
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Figure 4. Pseudovirus neutralization assay of pseudovirus with spike proteins of the original SARS-CoV-2 (WT) or Omicron variant (BA.4/BA.5) with serum samples from Visits 2 (baseline) and 4 (2 weeks after the booster dose). Blue and red symbols show individual titer values, while bars represent GMTs and error bars represent 95% confidence intervals. Dotted lines indicate the starting dilution (20; lower dotted line) and the final dilution (2560; upper dotted line) for the assay, and all values below 20 are tabulated as 10. Statistical significance was calculated using the Kruskal–Wallis test with a corrected Dunn’s multiple comparisons test.** = p < 0.01. 
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Figure 5. SARS-CoV-2 spike-specific memory B cell (MBC) response before and after the booster dose. (A) Illustration of SARS-CoV-2 spike-specific MBC frequency, measured by ELISpot. In the ELISpot assay, antigen-coated wells were used to assess antigen-specific MBC, PBS-coated wells were used as negative controls, and anti-Ig-coated wells were used to assess total IgG MBC. The numbers (in italics) of spots and cultured cells incubated in the ELISpot assay were shown below each image. Each spot represents an antibody-secreting cell. The frequency of antigen-specific IgG MBC was calculated as the percentage of total IgG MBC. Subject 02-023 is an adult who had two prior doses of MVC-COV1901 and received a booster dose of MVC-COV1901 containing a Beta variant spike of 15 mcg. V2, the vaccination day; V4, 14 days after the booster dose. (B) spike-specific MBC frequency in the peripheral blood was measured in those with two (group A) and three (group B) initial doses of MVC-COV1901, before (V2) and 14 days (V4) after the booster dose, with the memory B cell ELISpot assay. Wild type (WT), Beta, and Omicron BA.1 spike-specific IgG, IgM, or IgA MBC frequencies were shown in mean ± SEM in the figure. Each symbol represents a sample (subject). (C) spike-specific MBC frequency in the subgroups, i.e., booster dose with MVC-COV1901 containing Wuhan wild type spike, booster dose with MVC-COV1901 containing Beta variant spike 15 mcg, and booster dose with MVC-COV1901 containing Beta variant spike 25 mcg, of groups A and B. Wild-type (WT), Beta, and Omicron BA.1 spike-specific IgG, IgM, or IgA MBC frequencies were shown in mean ± SEM in the figure. Each symbol represents a sample (subject). (D) Relationship of spike-specific IgG MBC frequency and serological neutralization titer with wild type and Omicron variant BA.4/BA.5 SARS-CoV-2 pseudovirus among group A and B subjects. Linear regression was used to model the relationship between two variables. pNT, pseudovirus neutralization titer. A Mann–Whitney test was used to compare MBC frequencies at two-time points. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. ns, not significant. 
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Table 1. Demographics and baseline characteristics of the participants for Group A and Group B.
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Group A (n = 45)

	




	

	
MVC-COV1901

(15 mcg)

	
MVC-COV1901

(15 mcg, beta)

	
MVC-COV1901

(25 mcg, beta)

	
p-Value *




	
Number of participants, n

	
15

	
15

	
15

	
-




	
Age

	

	

	

	
-




	
 Mean (SD)

	
36.9 (9.25)

	
34.7 (7.71)

	
39.5 (9.16)

	
0.3309 a




	
Sex

	

	

	

	
0.6376 b




	
 Male

	
8 (53.3%)

	
11 (73.3%)

	
9 (60.0%)

	
-




	
 Female

	
7 (46.7%)

	
4 (26.7%)

	
6 (40.0%)

	
-




	
Ethnicity

	

	

	

	
-




	
 Asian

	
15 (100%)

	
15 (100%)

	
15 (100%)

	
-




	
BMI

	

	

	

	




	
 Mean (SD)

	
24.99 (4.14)

	
24.71 (4.09)

	
26.21 (5.58)

	
0.6454 a




	
Comorbidities

	

	

	

	




	
 HIV-positive

	
0

	
0

	
0

	
-




	
 HBsAg-positive

	
0

	
0

	
0

	
-




	
 Anti-HCV antibody-positive

	
0

	
0

	
0

	
-




	
 Cardiovascular disease

	
0

	
0

	
0

	
-




	
 Cerebrovascular disease

	
0

	
0

	
0

	
-




	
 Malignancy

	
0

	
0

	
0

	
-




	
 HbA1c higher than the normal range (%)

	
0

	
1 (6.7%)

	
0

	
-




	
1, 2 dose interval (days) mean (SD)

	
33.1 (6.55)

	
34.5 (4.21)

	
32.6 (4.98)

	
0.3027 c




	
2, 3 dose interval (days) mean (SD)

	
-

	
-

	
-

	
0.1595 c




	
Last dose interval (days) mean (SD)

	
270.6 (101.06)

	
223.3 (36.98)

	
294.5 (90.88)

	




	

	
Group B (n = 62)

	




	

	
MVC-COV1901

(15 mcg)

	
MVC-COV1901

(15 mcg, beta)

	
MVC-COV1901

(25 mcg, beta)

	




	
Number of participants, n

	
21

	
21

	
20

	
-




	
Age

	

	

	

	
-




	
 Mean (SD)

	
36.8 (9.24)

	
38.6 (7.53)

	
38.0 (8.98)

	
0.8162 a




	
Sex

	

	

	

	
0.5530 b




	
 Male

	
8 (38.1%)

	
10 (47.6%)

	
11 (55.0%)

	
-




	
 Female

	
13 (61.9%)

	
11 (52.4%)

	
9 (45.0%)

	
-




	
Ethnicity

	

	

	

	
-




	
 Asian

	
21 (100%)

	
21 (100%)

	
20 (100%)

	
-




	
BMI

	

	

	

	




	
 Mean (SD)

	
24.44 (3.84)

	
24.21 (4.91)

	
24.61 (3.97)

	
0.8172 a




	
Comorbidities

	

	

	

	




	
 HIV-positive

	
0

	
0

	
0

	
-




	
 HBsAg-positive

	
0

	
0

	
0

	
-




	
 Anti-HCV antibody-positive

	
0

	
0

	
0

	
-




	
 Cardiovascular disease

	
0

	
1 (4.8%)

	
0

	
-




	
 Cerebrovascular disease

	
1 (4.8%)

	
0

	
0

	
-




	
 Malignancy

	
0

	
0

	
1 (5.0%)

	
-




	
 HbA1c higher than the normal range (%)

	
2 (9.5%)

	
0

	
1 (5.0%)

	
-




	
1, 2 dose interval (days) mean (SD)

	
38.7 (7.80)

	
37.5 (3.04)

	
37.6 (2.78)

	
0.9774 c




	
2, 3 dose interval (days) mean (SD)

	
111.6 (11.82)

	
113.2 (16.44)

	
109.2 (9.41)

	
0.6995 c




	
Last dose interval (days) mean (SD)

	
120.9 (12.20)

	
128.0 (28.05)

	
123.2 (10.32)

	
0.7758 c








* p-value calculation: a. ANOVA, b. Fisher’s exact test, c. Kruskal–Wallis test.
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