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I. Introduction.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

  Coronavirus disease 2019 (COVID-19) has rapidly 
spread across the globe since its first report in China 
in December 2019. Owing to their clinical significance, 
many agents have been investigated as COVID-19 
vaccines and evaluated for their efficacy and safety in 
clinical trials. During the last three years, 183 and 199 
COVID-19 vaccine candidates have been developed in 
clinical and pre-clinical trials, respectively1). The target 
proteins of SARS-CoV-2 antibodies can be classified into 

three types: the nucleocapsid protein (anti-N), the spike 
protein S1 domain (anti-S), and the receptor-binding do-
main of SARS-CoV-2 spike protein (anti-RBD). Current 
COVID-19 vaccines principally target the viral S protein 
or its receptor-binding domain to primarily elicit a robust 
neutralizing antibody response2). Notably, anti-RBD IgG 
titers are significantly correlated with the neutralization 
of authentic SARS-CoV-23)-6). The IgM antibody increas-
es temporarily during the early stages of infection, after 
which the IgG antibody is produced through a class-
switch; this antibody is maintained over a prolonged 
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  The immune system produces antibodies following SARS-CoV-2 infection and vaccination. However, we lack 
comprehensive information about the humoral responses after infection and vaccination, which are similar but might 
differ in type or amount of produced antibodies. Therefore, we compared different types and amounts of antibodies 
produced by the immune system in response to infection versus those produced by BNT162b2 (Pfizer/BioNTech) 
vaccines. Our findings indicated that naturally infected individuals had 14-fold higher anti-SARS-CoV-2 spike pro-
tein (anti-S) and 41-fold higher anti-SARS-CoV-2 receptor-binding domain of the viral spike protein (anti-RBD) IgM 
titers than SARS-CoV-2-naïve vaccinees. Remarkably, naturally infected individuals maintained high levels of IgM 
antibody titers up to six weeks after symptom onset. A significantly rapid increase in anti-S IgG titers in primary 
infection was observed, eventually reaching a level similar to that in people who had third booster vaccination. This 
study revealed the characteristics of the target antigen and immunoglobulin isotypes after natural SARS-CoV-2 in-
fection and COVID-19 vaccination.
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time7) 8). Therefore, testing for SARS-CoV-2 antibodies 
could be a valuable approach to assessing the immune 
response to SARS-CoV-2 infection and the immune re-
sponse to the vaccination itself. 
  Immunochromatography and automated immunoassays, 
such as chemiluminescence immunoassay, electroche-
miluminescence immunoassay, and chemiluminescence 
enzyme immunoassay (CLEIA) are the common SARS-
CoV-2 antibody tests routinely used in laboratories. Cur-
rently available antibody reagents use the S protein or its 
receptor-binding domain of SARS-CoV-2 as target anti-
gens, the difference in reactivity against the S or RBD 
has not been fully revealed. Although several SARS-
CoV-2 antibody test kits have been developed as research 
reagents, they provide insufficient information about 
their sensitivity and specificity. Furthermore, we have 
limited information about serum anti-SARS-CoV-2 IgM/
IgG levels after both SARS-CoV-2 natural infection and 
vaccination. The persistence of the effect in preventing 
infection or the severity of symptoms remains unclari-
fied. 
  We aimed to clarify the relationship between target an-
tigen and immunoglobulin isotypes by exploring different 
types and amounts of antibodies conferred by natural 
infection versus that from the BNT162b2 using six dif-
ferent antibody reagents. 

II. Methods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1. Study design and participants
Naturally infected individuals

  This retrospective cohort study was performed among 
patients with COVID-19 who were admitted to Nagoya 
University Hospital (Japan) from April 2020 to Septem-
ber 2020. The study protocol was approved by the Ethics 
Committee of Nagoya University Hospital (approval 
number:2020-0095), and we applied an opt-out method 
to obtain informed consent for participation in this study 
by using the poster available for every patient in our 
hospital. All methods were conducted in compliance with 
the principles of the 1964 Declaration of Helsinki and its 
later amendments. All 13 unvaccinated hospitalized pa-
tients (49 to 81 years old) with primary infections were 
included in this study. Serum samples were collected 
from all patients between 0–9 days after symptom onset. 
The remaining serum samples were collected after rou-
tine testing. A total of 197 sequential serum samples col-
lected up to 47 days after symptom onset were analyzed.
2. SARS-CoV-2-naïve individuals 
  This retrospective cohort study was performed among 
healthcare workers at Nagoya University Hospital (Ja-

pan) from March 2021 to April 2022. The study proto-
col was approved by the Ethics Committee of Nagoya 
University Hospital (approval number:2021-0040), 
and all participants provided written informed consent. 
All methods were conducted in compliance with the 
principles of the Declaration of Helsinki and relevant 
guidelines. All workers who received mRNA BNT162b2 
vaccines were invited to participate voluntarily, and 25 
SARS-CoV-2-naïve individuals who were going to receive 
a three-dose regimen of the BNT162b2 vaccine were fi-
nally enrolled. Blood was collected at seven time points: 
day 0 (before the first dose); day 7(seven days after the 
first dose); day 21(before or up to three days after the 
second dose); day 91(two months after the second dose); 
day 183(five months after the second dose); day 274 (be-
fore or up to 14 days after the third dose), and day 365. 
Serum samples were used for antibody testing.
3. Antibody measurements
  Anti-SARS-CoV-2 antibody detection was performed 
using six HISCLTM SARS-CoV-2 antibody reagents (Sys-
mex, Kobe, Japan) on the HISCLTM-5000 platform9). In 
this study, the levels of anti-SARS-CoV-2 IgM and IgG 
antibodies against the nucleocapsid protein (anti-N), 
spike protein S1 domain (anti-S), and receptor-binding 
domain (RBD) of SARS-CoV-2 spike protein (anti-RBD) 
were quantitatively detected. Recombinant S1 and RBD 
proteins were produced based on the same accession 
number sequence (YP_009724390). The S1 domain 
and RBD contained amino acids 12–684 and 319–537, 
respectively. Recombinant antigens were purified and 
coupled with magnetic beads as previously described9. In 
the HISCLTM system, the serum sample was first reacted 
with magnetic beads coupled with SARS-CoV-2‒ specific 
recombinant antigens bound to the magnetic beads. Af-
ter bound/free separation, the antigen-antibody complex 
was incubated with an alkaline phosphatase-conjugated 
antibody against human IgG or IgM to form a sandwich 
immunocomplex. Anti-IgM and -IgG levels were consid-
ered reactive or non-reactive, respectively, using cut-off 
values of 20 and 10 U/mL, respectively.
4. Serum collection
  Blood was collected in no additive tubes (plain tubes) 
and centrifuged at 1,800 g for 10 min. The samples were 
stored at − 80℃ until further antibody analysis.
5. Statistical analysis
  All analyses were performed using R statistical soft-
ware (version 4.2.1; R Foundation for Statistical Comput-
ing) and GraphPad Prism software (version 9.3.1, San 
Diego, CA, USA). Correlation analysis was performed 
using Spearman’s correlation test. Comparisons be-
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tween naturally infected and BNT162b2-vaccinated indi-
viduals were analyzed using the non-parametric Mann–
Whitney U test. For all analyses, statistical significance 
was indicated as follows: ns (non-significant; p > 0.05), 
*(p < 0.05), **(p < 0.005), ***(p < 0.0005), ****(p < 
0.0001).

III. Results .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1. Demographic and baseline characteristics of nat-
urally infected individuals

  Thirteen hospitalized patients with COVID-19 with 
primary infections among unvaccinated individuals were 
included in the study. The demographic and clinical char-
acteristics are provided in Table 1. The patients had a 
median age of 73 years (49–81 years), 15.4% were wom-
en, and among these, 53.7% were smokers. Fever was 
the most common symptom (84.6 %) on admission. Car-
diovascular disease was the most common comorbidity 
(46.2 %), followed by hypertension and type 2 diabetes 
(38.5%). Four patients (30.8%) underwent hemodialy-
sis.
2. Demographic and baseline characteristics of 

SARS-CoV-2-naïve individuals
  Twenty-five SARS-CoV-2-naïve individuals who re-
ceived a three-dose regimen of the BNT162b2 vaccine 
were enrolled in this study. The patient characteristics 
are presented in Table 2. The mean age of the partici-
pants was 39 years (23–63 years), and 76.0% were wom-
en. The most prevalent self-reported symptoms at the 
first dose were pain at the injection site (76.0%), myalgia 
(32.0%), fatigue (12.0%), and pyrexia (8.0%). The most 
prevalent self-reported symptoms at the second dose 
were pain at the injection site (60.0%), fatigue (56.0%), 
myalgia (44.0%), and pyrexia (36.0%). At the third dose, 
pain at the injection site (64.0%), fatigue (56.0%), py-
rexia (52.0%), and chills (36.0%) were observed. The 
percentage of participants reporting pain at the injection 
site was stable between the three doses; the occurrence 
of pyrexia increased from 8.0% (2/25) at the first dose to 
52.0% (13/25) at the third dose.
3. SARS-CoV-2 antibody reactivity patterns
  We first analyzed the antibody levels produced from the 
natural infection and that from the BNT162b2 mRNA 
vaccination. The natural infection resulted in higher an-
ti-nucleocapsid (N) IgM and IgG levels (Figure 1). The 
median IgG after seven days of symptom onset was 10.6 
U/mL (min-max, 0.7–119.5), positive for anti-IgG. In the 
nucleocapsid, the seroconversion of anti-IgM and IgG 
occurred simultaneously or sequentially. The BNT162b2 
vaccine only encodes the SARS-CoV-2 spike protein, 

and no anti-N was observed in the vaccinees. Of note, 
naturally infected individuals maintained high levels of 
IgM antibody titers up to six weeks after symptom onset. 
Compared with naturally infected individuals, SARS-
CoV-2-naïve vaccines produced a small amount of anti-S 
and anti-RBD IgM. In the BNT162b2 vaccinees, anti-S 
IgM and RBD IgM responded only to the first dose and 
did not respond after the second or third dose. 
4. Peak antibody titers 
  Given that the differences in antibody titers between 
natural infection and vaccination, we decided to focus on 
the peak antibody titers in these two groups. In SARS-
CoV-2-naïve individuals who had a three-dose regimen of 
the BNT162b2 vaccine, three peaks were observed; day 
21 (before or up to three days after the second dose); 
day 91 (approximately two months after the second 
dose); day 274 (before or up to 14 days after the third 
dose). Anti-S IgM levels peaked three weeks after the 
first dose, and anti-IgG levels peaked after booster vacci-
nation. (Figure 1) Anti-S IgM and anti-RBD IgM were 
14- and 41-fold higher in the naturally infected group 
than in the vaccinated group, respectively (Figure 2). In 
the primary infection, a significant rapid increase in IgG 
titers with anti-S and anti-RBD was noted, similar to that 
of the second and third booster shots. The anti-RBD IgG 
titer in participants with three doses of the BNT162b2 
vaccine was higher than that in naturally infected pa-
tients at a time point after the third vaccine dose was 
administered (p > 0.0001). 
5. Anti-S/RBD ratio
  Anti-RBD IgG levels are significantly correlated with 
the neutralization of authentic SARS-CoV-23)-6). There-
fore, we validated the anti-S/RBD ratio at each time point 
and compared anti-S and anti-RBD between naturally 
acquired and vaccine-induced immunity. The BNT162b2 
vaccine exhibited convergence of the S/RBD IgG ratio 
with booster vaccination (Figure 3). The S/RBD IgG 
ratio at 12 months after the first dose was 1.158 (min-
max, 0.986–1.490) and the S/RBD IgM ratio was 0.574 
(min–max, 0.203–1.151) (Figure 3), suggesting that 
anti-S IgG reflects anti-RBD IgG changes. In contrast, 
the natural infection did not result in a constant S/RBD 
antibody ratio compared with vaccination.
6. Discussion 	
  Several studies have reported a relationship between 
virus neutralization levels and antibody titers measured 
using serological tests. Anti-RBD IgG titers significantly 
correlate with the neutralization of SARS-CoV-23)-6) 10)-13). 
Therefore, antibody testing can play a critical role in as-
sessing the immune response to SARS-CoV-2 infection 
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and vaccination. To obtain accurate test results, the reac-
tivity of the reagent must be evaluated, and the features 
and duration of antibody responses to SARS-CoV-2 infec-
tion must be defined. Therefore, we evaluated different 
immunoglobulin isotypes (IgM and IgG) and the levels of 
antibodies against SARS-CoV-2 N, S, and RBD antigens 
in longitudinal samples from naturally infected and 

vaccinated individuals. Our analysis demonstrated that 
naturally infected individuals maintained high levels of 
IgM antibody titers up to six weeks after symptom onset, 
indicating the contribution of antigen-specific memory 
B cells16)-18). Natural infection could stimulate B cell pro-
duction via Toll-like receptors (TLRs) to induce down-
stream signaling, resulting in antibody production and 

Figure 1   Longitudinal change in antibody titers of natural infection and vaccination.
In natural infection, a total of 197 sequential serum samples from 13 COVID-19 patients collected up to 47 days after 
symptom onset were analyzed. In vaccination, blood samples were collected from 25 SARS-CoV-2 naïve individuals who 
received a three-dose regimen of the BNT162b2 vaccine. Blood was collected at seven timepoints up to 365 days after the 
first-dose. 
Anti-IgM titers against the N protein (a), the S protein (c), and the RBD (e); anti-IgG titers against the N protein (b); 
the S protein (d), and the RBD (f) were determined by performing a CLEIA. Lines of the same color indicate median 
antibody titers with interquartile range. Manufacturer’s positive cut-off concentration sets at 20 SU/mL for IgM, 10 U/
mL for IgG.
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Figure 2. Comparison of anti-S/RBD IgG ratio in natural infection and vaccination. 
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memory B-cell responses16)-18). According to one study, 
unlike antibodies, virus-specific memory B cells per-
sist at high levels for at least 12 months post-infection15. 
BNT162b2 mRNA contains N1-methylpseudouridine 
instead of uridine, which reduces innate immune recog-
nition by TLRs and RIG-I-like receptors 19). Vaccination 
with BNT162b2 mRNA resulted in low IgM antibody 
titers and low persistence after the first dose, suggesting 
a primary antibody response by naive B cells20). Taken 

together, these results suggest that antibody responses 
during natural infection are maintained by the induction 
and contribution of IgM memory B cells relative to vacci-
nation. 
  Naturally infected individuals were diagnosed from 
April to September 2020, which could be estimated epi-
demiologically as a mutant strain based on the time of in-
fection21. The BNT162b2 mRNA vaccine is a monovalent 
vaccine containing the original wild-type spike protein of 
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Figure 3. Comparative analysis of peak antibody titers to natural infection and the BNT162b2 mRNA vaccine. 

Figure 3  Comparative analysis of peak antibody titers to natural infection and the BNT162b2 mRNA vaccine. 
Antibody responses to natural infection and vaccination were assessed by a CLEIA. Anti-IgM peak titers against the N 
protein (a), the S protein (c), and the RBD (e); anti-IgG peak titers against the N protein (b); the S protein (d), and the 
RBD (f) were determined. The P value (two-tailed) was calculated using the non-parametric Mann-Whitney U test. ns 
p>0.05, ****p<0.0001. Results represent individual values (dots) and means ± the SEM (bars) for anti-IgM and IgG 
antibodies recognizing N, S, and RBD SARS-CoV-2 antigens. 
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SARS-CoV-219). As the anti-S and anti-RBD antibodies 
acquired through infection with mutant strains are de-
rived from antibodies with the mutated S or RBD antigen 
epitopes, the reactivity of the SARS-CoV-2 antibody 
reagent may differ from that of wild-type anti-S and an-
ti-RBD antibodies produced by vaccination. Natural in-
fection resulted in higher anti-S and anti-RBD IgG levels, 
similar to those of participants who had a third booster 
vaccination; however, caution is warranted in interpret-
ing these data. 
  In this study, statistical analysis revealed no signifi-
cant relationship between post-vaccination symptoms 
and the strength of the antibody responses. However, 
we observed that most individuals had severe adverse 
events at the third dose, including pyrexia, and older 
age was associated with lower titers. We also observed 
individual differences in the antibody response, and IgM 
antibody levels helped distinguish people with low and 
high IgG titers. In the low IgM group, an increase in the 
IgG titer, comparable to that in the high IgM group, was 
observed with booster vaccination. This result suggests 
that higher antibody titers are expected with booster 
vaccinations, although people have a weakened immune 
response. Therefore, antibody testing may help generate 
a vaccination plan for each individual, considering their 
biochemical background. 
  Although the S protein or its receptor-binding domain 
IgG is used to estimate the humoral immune response 
to the virus, the difference in reactivity against the S or 
RBD has not been fully revealed. Infectivity-enhancing 
antibodies recognizing the N-terminal domain (NTD) of 
the spike are produced following natural infection with 
SARS-CoV-2. Antibodies to the entire spike protein, in-
cluding NTD antibodies, may have been produced in the 
early phase of infection22)23). Thus, the early S/RBD ratio 
was not as constant as in vaccines. Nevertheless, positive 
correlation between anti-S IgG and anti-RBD IgG levels 
was observed not only in the vaccinated group but also in 
the naturally infected group. Our results are consistent 
with the results of Wang H et al. 24), who demonstrated 
that SARS-CoV-2 RBD-IgG were strongly correlated 
with S-IgG both in severe and non-severe SARS-CoV-2 
patients.
  In conclusion, we revealed the characteristics of the 
target antigen and immunoglobulin isotypes after natural 
SARS-CoV-2 infection and COVID-19 vaccination.

IV. Limitations of the study.. . . . . . . . . . . . . . . . . . . . . . . . . . . . .

  We recognize some limitations in the present study. 
First, we included only 13 naturally infected and 25 

vaccinated individuals; therefore, the sample size was 
small. In addition, the distribution of age groups in a 
population and the small sample size of women in the 
naturally infected group and men in the vaccinated 
group might have affected the analysis results. Second, 
information on adverse reactions was obtained using 
a self-reporting questionnaire. Thus, it was likely not 
accurate and was influenced by self-reporting bias. Third, 
we used the remaining serum after routine testing in 
patients who were naturally infected; thus, obtaining the 
same time points of sera among patients was challenging. 
Finally, the reactivity of the SARS-CoV-2 antibody re-
agents could vary based on the type of SARS-CoV-2 
antibody produced by natural infection and vaccination. 
Despite these limitations, the present study provides 
evidence of the association between the target antigen 
and immunoglobulin isotypes and their characteristics. 
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