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Objectives: It is crucial to analyze the consequences of repeated messenger RNA (mRNA)-based COVID-19 

vaccinations on SARS-CoV-2 spike receptor binding domain (RBD)-specific immunoglobulin (Ig)G subclass 

and the possible causal relationship with breakthrough infection. 

Methods: We examined the longitudinal kinetics of RBD-specific IgG subclass antibodies in sera after 

receiving the second, third, and fourth doses of mRNA-based COVID-19 vaccines in Japanese healthcare 

workers. Anti-RBD IgG subclass in sera of patients with COVID-19-infected who had not received the 

COVID-19 vaccine were also examined. We compared anti-RBD IgG subclass antibody titers in the serum 

of pre-breakthrough-infected vaccinees and non-infected vaccinees. 

Results: The seropositivity of anti-RBD IgG4 after the vaccination was 6.76% at 1 month after the second 

dose, gradually increased to 50.5% at 6 months after the second dose, and reached 97.2% at 1 month 

after the third dose. The seropositivity and titers of anti-RBD IgG1/IgG3 quickly reached the maximum at 

1 month after the second dose and declined afterward. The elevated anti-RBD IgG4 Ab levels observed 

after repeated vaccinations were unlikely to increase the risk of breakthrough infection. 

Conclusions: Repeated vaccinations induce delayed but drastic increases in anti-RBD IgG4 responses. 

Further functional investigations are needed to reveal the magnitude of the high contribution of spike- 

specific IgG4 subclasses after repeated mRNA-based COVID-19 vaccinations. 

© 2023 The Author(s). Published by Elsevier Ltd on behalf of International Society for Infectious 

Diseases. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Although it has been reported that repeated boosting with 

essenger RNA (mRNA)-based COVID-19 vaccines has been pro- 

ective [1] , some concerns about repeated vaccination of mRNA- 

ased COVID-19 vaccines have emerged. Repeated vaccination with 

OVID-19 vaccines back-boosts previous memory and dampens 

he immune response to a new antigenically related but distinct 

irus strain, so-called vaccine-induced immune imprinting or orig- 
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nal antigenic sin [2] . It has also been reported that the class 

witches toward noninflammatory, spike-specific immunoglobu- 

in (Ig)G4 antibodies (Ab) after repeated SARS-CoV-2 mRNA-type 

accination [3–5] . The presence of these antibodies was also 

inked with a reduction in Fc γ effector function (i.e. complement, 

ntibody-dependent cellular phagocytosis) [4] . However, it is still 

nknown whether IgG4 responses can be beneficial or detrimen- 

al in host defense against SARS-CoV-2 infection. Thus, to validate 

he safety of mRNA-based vaccination, it is crucial to unravel the 

onsequences of repetitive administration of mRNA-based COVID- 

9 vaccinations on antigen-specific IgG subclass Ab response in 

etail and determine whether there exists any causal relationship 

etween breakthrough infection and anti-receptor binding domain 
iety for Infectious Diseases. This is an open access article under the CC BY-NC-ND 
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RBD) IgG4 responses induced by the mRNA-based COVID-19 vac- 

ination. 

ethods 

tudy design 

This is a prospective observational study investigating antibody 

rofiles following COVID-19 mRNA vaccination. Sera were collected 

equentially from the time before vaccination up to 3 months after 

he four doses of vaccine. Anti-SARS-CoV-2-Spike-RBD IgG subclass 

ntibodies were detected by enzyme-linked immunosorbent assay. 

he details of study cohort recruitment, the complete methods, 

nd statistical analyses are provided in the Supplementary Meth- 

ds. 

esults 

he appearance of anti-spike RBD IgG2/IgG4 responses after repetitive 

mmunization with mRNA-based COVID-19 vaccines 

The kinetics of anti-spike RBD IgG subclass (IgG1, IgG2. IgG3, 

nd IgG4) after two, three, and four doses of mRNA-type COVID-19 

accination in 101 non-breakthrough-infected vaccinees are shown 

n Figure 1 . The demographic characteristics of these participants 

re shown in Supplementary Table 1. 

At 1 month after the second dose of vaccination(2D-1M), the 

eropositivity of anti-RBD IgG1and anti-RBD IgG3 reached 100% 

nd 94.2%, respectively, while the anti-RBD IgG2 or anti-RBD IgG4 

emained very low seropositivity ( Figure 1 a- 1 d). Anti-RBD IgG1 

evels were boosted by the third vaccination (3D-1M) but reached 

he plateau, and there was no further elevation of anti-RBD IgG1 

evels after the fourth dose of vaccination (4D-1M) ( Figure 1 e). 

nti-RBD IgG3 Ab increased after the second vaccination and de- 

ayed over ( Figure. 1 c). The peak antibody titers at 3D-1M and 4D-

M were significantly lower than that of 2D-1M ( Figure 1 g). 

Although there was no induction of anti-RBD IgG2 after the sec- 

nd vaccination, a delayed increase in seropositivity after the third 

accination (3D-1M: 30.1%) and after the fourth vaccination (4D- 

M: 55.8%) was observed ( Figure 1 b). The peak anti-RBD IgG2 lev- 

ls after vaccinations gradually elevated with the repeat of COVID- 

9 vaccination ( Figure 1 f). Anti-RBD IgG4 showed little change in 

ntibody titers from pre-vaccination to 1 month after the second 

ose of vaccination ( Figure 1 d, 1 h). The antibody levels of anti-RBD

gG4 and the seropositivity gradually increased over 6 months after 

he second vaccination ( Figure 1 d). Anti-RBD IgG4 antibody levels 

ncreased markedly after the third immunization ( Figure 1 h), and 

he seropositivity reached 97.2% at 3D-1M ( Figure 1 d). 

nti-RBD IgG2 or IgG4 were not detected in the sera of previously 

nvaccinated patients with COVID-19 

We next examined the anti-RBD IgG subclass antibody levels in 

reviously unvaccinated patients with COVID-19. All patients were 

iagnosed by SARS-CoV-2 RT-PCR and confirmed positive for anti- 

ARS-CoV-2 nucleocapsid (N) protein total IgG antibody [6] . Anti- 

BD IgG1 and -IgG3 antibody titers increased early after the on- 

et of COVID-19, followed by a decrease over time ( Figure 2 a, c).

n most patients, anti-RBD IgG3 returned to the negative range 

round 200 days after the disease onset, but persistently high lev- 

ls of anti-RBD IgG1 were observed in some patients. Antibody 

evels of anti-RBD IgG2 and anti-RBD IgG4 in most patients with 

OVID-19 were under cutoff value, or very low level, if any, as 

hown in Figure 2 b, d, which corroborates the previous finding 

 7 , 8 ]. Taken together, these results suggest that repeated mRNA- 
2

ype COVID-19 vaccinations but not natural infection with SARS- 

oV-2 induce considerable RBD-specific IgG4/IgG2 responses. 

reakthrough infection and anti-RBD IgG subclass antibodies 

We compared the pre-breakthrough infection-serum Ab titers 

f the anti-RBD IgG subclass of breakthrough-infected vaccinees 

nd those of non-infected vaccinees. Demographic characteris- 

ics of breakthrough-infected vaccinees group A, B, C, and D 

nd their non-infected control vaccinees were shown in Sup- 

lementary Table 2-5. Comparison of anti-RBD IgG subclass Ab 

iters at pre-breakthrough-infection serum between breakthrough- 

nfected vaccinees and their non-infected controls were shown 

n Supplementary Figure 3A-3D and Supplementary Tables 6-9. 

reakthrough-infected vaccinees, whose onsets of breakthrough 

nfection were between 3D-3M to 3D-6M, revealed significantly 

ower anti-RBD IgG1 than those of non-infected control at 3D- 

M and 3D-3M before the breakthrough infection. The other anti- 

BD IgG subclasses including IgG4 showed no difference between 

reakthrough-infected vaccinees and non-infected vaccinees at any 

ime points before breakthrough infection (Supplementary Fig- 

re 3C). In the analysis of breakthrough infection after receiving 

he fourth dose of vaccination, a lower anti-RBD IgG4 antibody 

evel was observed in the breakthrough-infected vaccinees at pre- 

reakthrough sera (3D-3M, 3D-6M) (Supplementary Figure 3D). In 

ur cohort we did not find any evidence to suggest that the in- 

reased anti-RBD IgG4 Ab levels observed after repeated mRNA- 

ased COVID-19 vaccination increase the risk of breakthrough in- 

ection. 

We also found that those breakthrough-infected vaccinees after 

eceiving COVID-19 mRNA vaccinations showed boosting effects in 

ll anti-RBD IgG subclasses including IgG4 (Supplementary Figure 

B and 3C). Our results corroborate the previous observation that 

ybrid immunity [9] , as generated by breakthrough infections after 

RNA-type COVID-19 vaccination, can also induce anti-RBD IgG4 

5] . 

iscussion 

This study demonstrated that repeated vaccinations with 

RNA-based COVID-19 vaccine induce a delayed augmentation of 

nti-RBD IgG2 and IgG4 Ab responses while causing the decrement 

f the peak titer of anti-RBD IgG3 and the loss of further boosting 

ffect on anti-RBD IgG1 Ab. Anti-RBD IgG2 or IgG4 Ab responses in 

erum were not observed in patients with COVID-19 who had not 

eceived previous COVID-19 vaccination. Breakthrough infection af- 

er mRNA-type COVID-19 vaccination augments the level of anti- 

BD IgG4 and IgG2. 

In this study, we showed that the kinetics of anti-RBD IgG4 af- 

er the two-dose regimen of BNT162b2 vaccination differed dis- 

inctly from the trajectory of anti-RBD IgG1 and IgG3 which 

howed the initial peak at 2D-1M, followed by a declining slope. In 

harp contrast, anti-IgG4 antibody levels increased slowly but per- 

istently up to 2D-6M, and then increased robustly after the third 

ose of vaccination, which confirmed the previous studies [3–5] . 

The interaction of antibodies with various Fc γ Rs is influenced 

y the IgG subclass, with IgG1 and IgG3 binding efficiently to 

ll Fc gamma receptors. On the other hand, effector functions of 

gG4 and IgG2 have been reported to be rather anti-inflammatory 

10] . Whether there are functional consequences associated with 

his striking elevation of the RBD IgG4 subclass for host-defense 

echanisms against SARS-CoV-2 re-infection has not been deter- 

ined. In our cohort study, we found no evidence that the in- 

reased anti-RBD IgG4 subclass profiles were associated with a 

igher rate of breakthrough infection, implying that the higher 
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Figure 1. The appearance of anti-spike RBD IgG4 responses after repetitive immunization with messenger RNA-based COVID-19 vaccines. Anti-SARS-CoV-2 spike RBD IgG 

subclasses (IgG1: a, IgG2: b, IgG3: c, and IgG4: d) of serum samples were examined in these non-breakthrough-infected vaccinees who received four doses of messenger 

RNA-type COVID-19 vaccination (n = 101). In anti-RBD IgG4 measurement (Figure 1d), we also included a further set of sera from participants who had participated till 3D- 

6M but did not enter after the fourth vaccination in addition to these 101 individuals. Blue lines on each graph represent the regression lines of a log-linear model. Dotted 

lines on each graph showed a cutoff value of each subclass. Seropositivity is shown in a pie chart and numbers in circles indicate percentages. For each IgG subclass (IgG1: 

e, IgG2: f, IgG3: g, and IgG4: h), pre-vaccination antibody titers were compared with peak antibody titers after the second, third, and fourth vaccination. Serum samples 

used peak titers comparison were obtained before the vaccination (pre), 28-56 days after the second dose (2D-1M), 28-56 days after the third dose of vaccine (3D-1M), and 

28-56 days after the fourth dose of vaccine (4D-1M). Statistical significance was determined using Steel-Dwass’s multiple comparison test. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, 
∗∗∗∗P < 0.0 0 01. CI, confidence interval; Ig, immunoglobulin; RBD, receptor binding domain. 

3
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Figure 2. Anti-RBD IgG2 or IgG4 were not detected in the sera of previously unvaccinated patients with COVID-19. 

Anti-RBD IgG subclass antibody levels were measured by enzyme-linked immunosorbent assay in the serum of patients with COVID-19, which were collected at the indicated 

days from the onset of the disease. All patients had not received the COVID-19 vaccination before the SARS-CoV-2 infection and after the infection during the observation 

period. Ninety-two serum samples from 52 patients were evaluated. In total, 25 samples were under the limit of detection in IgG2. The dots with the same patient origin 

were connected with the lines. 

Ig, immunoglobulin; RBD, receptor binding domain. 
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revalence of RBD-specific IgG4 subclass would have minimal im- 

act on protection. However, as the unique properties of IgG4 and 

ts roles in health and disease have been recently summarized by 

ispens et al. [11] , IgG4 may have an unexplored physiological role 

n mucosal immunity. Thus, the present results do not exclude the 

rospect that the IgG4 subclass can participate in the immune re- 

ponses against SARS-CoV-2. The long-term effect of anti-RBD IgG4 

b is currently unknown, and careful follow-up will be needed to 

onclude. 
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