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INTRODUCTION

Since its emergence in late 2019, SARS-CoV-2 has 
presented substantial challenges to public health 

worldwide (Zaçe et al., 2025; Gomes et al., 2024). Se-
roprevalence studies, which estimate the proportion 
of a population with detectable antibodies, have been 
instrumental in tracking the pandemic’s progress and 
reinfection rates (Bobrovitz et al., 2023; Rostami et 
al., 2021; Wei et al., 2022; Alp-Çavuş et al., 2023). Neu-
tralizing antibodies targeting the receptor-binding 
domain of the SARS-CoV-2 spike protein have been 
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identified as correlates of protection, associated with 
reduced risk of reinfection, severe disease, and mor-
tality (Khoury et al., 2023; Garcia-Beltran et al., 2021). 
To detect neutralizing antibody levels, the classical 
live virus neutralization test (VNT) is the gold stan-
dard, which requires a biosafety level 3 (BSL-3) labo-
ratory (Manenti et al., 2020). Recognizing the cost 
and time challenges of VNT, researchers have turned 
to the practicality of enzyme-linked immunosorbent 
assay (ELISA)-based surrogate virus neutralization 
tests (sVNTs) (Valcourt et al., 2021; Zaballa et al., 
2023; Gillot et al., 2024). The correlation between 
sVNTs and commercial kits that detect SARS-CoV-2-
specific anti-Receptor binding domain (RBD), as 
evaluated in various studies, has shown a strong cor-
relation between anti-IgG ELISA tests and neutraliza-
tion. However, the need for more research with a 
clear cut-off is evident, highlighting the current gaps 
in knowledge and the need for further investigation 
(Kitagawa et al., 2022; Gütlin et al., 2024, Güzel et al., 
2025; Lee et al., 2022).  

Key words:
SARS-CoV-2, Hybrid immunity, Neutralizing antibody,  
Anti-RBD IgG, Reinfection.

Received September 24, 2025	 Accepted November 02, 2025

SUMMARY

Understanding immune responses to SARS-CoV-2, particularly the dynamics of natural versus hybrid 
immunity (infection plus vaccination), is essential for shaping public health strategies. A prospective 
cohort of 171 adults with mild to moderate COVID-19 was followed from February to July 2021. 
Participants were grouped as having natural (without COVID-19 vaccination, n=129) or hybrid (vac-
cinated before and/or after infection, n=42) immunity. Anti-RBD IgG and neutralizing antibodies 
were measured at the 1st, 3rd, and 6th months. ROC analysis identified an IgG cut-off to predict 
neutralizing antibody positivity. Reinfections were monitored for 12 months. Hybrid immunity was 
associated with significantly higher IgG levels across all time points. IgG and NAb levels were strong-
ly correlated (r=0.86 at 1st, r=0.80 at 3rd month). An IgG threshold of 303.8 AU/mL predicted NAb 
positivity with 91.9% sensitivity and 90% specificity. Reinfection occurred in 4.6% of participants 
during the Omicron wave, often despite high antibody levels. An IgG level ≥303.8 AU/mL is a strong 
predictor of NAb positivity and can serve as a practical surrogate marker of functional immunity, 
especially where neutralization testing is unavailable. Reinfections despite high IgG/NAb levels high-
light the limitations of static thresholds, particularly against different variants.
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The hybrid immunity, derived from a combination of 
SARS-CoV-2 infection and vaccination, has been shown 
to provide strong and sustained protection compared to 
infection or vaccination alone (Bratcher et al., 2021; 
Zhang et al., 2025). Despite the growing body of evidence, 
the dynamics of natural and hybrid immunity and rein-
fection, especially in settings with heterogeneous vacci-
nation coverage, remain insufficiently understood and 
require further investigation.
In this study, we prospectively collected longitudinal 
serum samples from infected people from the public 
(not healthcare workers) before or after vaccination. 
We examined the correlation between NAb and an-
ti-RBD IgG levels to estimate protective immunity 
based on anti-RBD IgG results. 

METHODS

Participants
From February 17, 2021 to July 17, 2021, participants 
aged 18 and older who had positive RT-PCR tests and 
mild to moderate COVID-19 disease presentation as 
defined by international COVID-19 management 
guidelines were recruited from a pandemic outpa-
tient clinic of a university hospital in western Turkey. 
All patients were cared for as outpatients at their first 
attendance. Some of the patients were hospitalized at 
their second attendance for closer follow-up; they 
were also included if they did not need high oxygen 
support. Exclusion criteria were as follows:
1)	 participants with severe disease presentation who 

needed high oxygen support; 
2)	 those younger than 18 years old;
3)	 those who declined consent.
Written informed consent was obtained for serial blood 
sample collection. At the baseline visit, demographic 
data, date of positive PCR test, symptom onset, symp-
tom type, hospitalization or home isolation details, co-
morbidities, and laboratory and radiologic findings 
were recorded. Serum samples were collected at base-
line (1st visit; ~4 weeks after PCR test), 2nd visit (~12 
weeks), and 3rd visit (~24 weeks). Missing follow-up data 
were excluded from longitudinal analyses. SARS-CoV-2 
IgG antibodies were measured in 331 serum samples, 
while neutralizing assays were performed in 254 serum 
samples of participants completing at least two visits. 
The natural immunity group participants had never 
received any SARS-CoV-2 vaccine before enrolment 
or during the six-month follow-up. Participants in the 
hybrid immunity group received at least one dose of 
the SARS-CoV-2 vaccine before infection and/or with-
in the first six months post-infection. 
Reinfections were identified as symptomatic patients 
confirmed with RT-PCR testing ≥90 days after the ini-
tial diagnosis during the 6-month study period, and 
the positive SARS-CoV-2 RT-PCR test was confirmed 
by retrospective review of national electronic health 
records within 6 months after the study finished.

Serological Assay
Anti-RBD antibody levels were measured using the 
Architect analyzer’s SARS-CoV-2 IgG II Quant (Ab-
bott Diagnostics) chemiluminescent microparticle 
immunoassay. Values ≥50 AU/ml were considered 
positive, as recommended by the manufacturer. The 
quantitation range was 21–40,000 AU/ml. Median val-
ues and ranges were calculated to assess the variation 
in antibody responses across visits.

Neutralization Assay (NA) Tests
The SARS-CoV-2 class surrogate virus-neutralizing 
test (GenScript, Piscataway, NJ, USA) was used to de-
termine neutralizing antibodies. The assay detects 
antibodies that block the RBD from binding to the 
ACE2 receptor. The percentage of inhibition was cal-
culated according to the manufacturer’s instructions 
using the following formula:

% Inhibition = [1 − (OD_sample / OD_negative control)] × 100

A cutoff of ≥30% was used to define positivity, with 
calibration against the gold-standard PRNT90. This 
assay provides a quantitative evaluation of neutraliz-
ing antibody efficacy over time.

Statistical Analysis
Descriptive statistics are presented as numbers (%), 
mean±standard deviation (SD), or median (mini-
mum-maximum). Categorical variables were com-
pared using the chi-squared test or Fisher’s exact test, 
as appropriate. Continuous variables were compared 
using the Student’s t-test, Mann-Whitney U test, or 
Kruskal-Wallis test, depending on the normality of 
the data. Pairwise comparisons were performed us-
ing the post-hoc Dunn test. Correlation analyses ex-
amined the relationship between IgG and NA tests at 
the 1st, 3rd, and 6th months. Generalized estimating 
equations (GEE) assessed the association between ln-
IgG titers (outcome variable) and various predictors, 
accounting for the exchangeable correlation struc-
ture in repeated measures data. To address multicol-
linearity, hospitalization was included as a predictor 
in place of symptoms or disease severity. Two-sided 
p-values less than 0.05 were considered statistically 
significant. All analyses and visualizations were per-
formed using R version 4.2.2 (R Foundation for Sta-
tistical Computing, Vienna, Austria).

RESULTS

Demographic features of participants 
This study recruited 171 participants (female, n=109, 
63.7%). The mean age was 46.7±13.8 years. Seven-
ty-six (44.4%) participants had at least one comorbid-
ity. The most common were hypertension (n=33, 
19.3%), diabetes (n=17, 9.9%), and hypothyroidism 
(n=17, 9.9%). The mean time from symptom onset to 
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PCR positivity was 2 days (-3; 27), and there was no 
difference between the natural and hybrid immunity 
groups (p=0.67). Twenty of 171 patients (11.7%) were 
hospitalized, but none needed intensive care (Table 1).

Antibody assay results, correlation between 
assays
Serum samples were taken from 171 (100%) partici-
pants on the first, 94 (55%) participants on the sec-
ond, and 66 (38.6%) participants on the third visit 
(Table 2). SARS-CoV-2 IgG antibody testing was per-
formed on 331serum samples, and neutralizing anti-
body testing was performed on 254 serum samples 94 
(55%) in the first, 94 (55%) in the third, and 66 
(38.6%) in the sixth month (Table 2). Anti-RBD IgG 
titers on the days after SARS-CoV-2 RNA positivity 
stratified by NA positivity are shown in Figure 1.
In the first month, the antibody titers of two patients 
(1.2%) were found to be below 50 AU/ml, the thresh-
old set by the manufacturer for protective immunity, 
and thus considered negative (Table 2). Both were in 
the unvaccinated group (2/129; 1.5%). One of them 
was a 34-year-old woman with Behcet’s disease who 

was using colchicine. She did not have a neutraliza-
tion assay test. This patient did not have samples for 
other months. The other patient (ZBD) was a 20-year-
old woman without comorbidity. She had negative 
IgG titers also in the third month. Her neutralization 
assay tests in the first and third months were also neg-
ative. She doesn’t have samples for the sixth month.
In the third month, the other IgG-negative partici-
pant was a 48-year-old man with DM and HT. He had 
a positive IgG level (87.3 AU/ml) in the first month 
and a negative IgG level (49.5) in the third month, 
with negative NA tests on both time points. He was 
the only seroreverted patient in the study. After one 
dose of mRNA vaccine, he had a high IgG level (4682 
AU/ml) and a positive (93.1%) NA test. In the sixth 
month, all the samples were positive for IgG tests.
In neutralization assays, in the first month, 10 (10.6%) 
patients (nine female and one male with a median age 
of 41 (20-49) years) had negative results. All were in 
the naturally immunized group. Nine had positive 
IgG titers with a median of 97.2 AU/ml (77.7-432).  
Two of them were vaccinated and had positive NA in 
the third month.

Table 1 - General characteristics of the participants and comparison by vaccination status before infection.
Total (n=171)   Immunity group at 1 month p

Natural n=129(%) Hybrid 
n=42(%)          

Age, mean±SD 46.7±13.8 43.4±11.3 57.0±15.6 <0.001
Gender 0.23
    Male 62 (36.3) 43 (33.3) 19 (45.2)
    Female 109 (63.7) 86 (66.7) 23 (54.8)
BMI, mean±SD, n=167 26.4±4.26 26.4±4.42 26.5±3.79 0.84
Comorbidity 0.17
    No 95 (55.6) 76 (58.9) 19 (45.2)
    Yes 76 (44.4) 53 (41.1) 23 (54.8)
Symptoms 0.31
    No 13 (7.60) 8 (6.2) 5 (11.9)
    Yes 158 (92.4) 121 (93.8) 37 (88.1)
Hospitalization 0.58
    No 151 (88.3) 115 (89.1) 36 (85.7)
    Yes 20 (11.7) 14 (10.9) 6 (14.3)

*SD: Standard Deviation, BMI: Body Mass Index.

Table 2 - Number of positives, median antibody titers of the cohort at 1st, 3rd, and 6th months, and correlation 
results.

Month Anti-RBD IgG antibody AU/ml NA % Correlation r
Positive
n (%)

Median
(min-max)*

Positive
n (%)

Median
(min-max)*

1st 169/171
(98,8)

1300
(50.3-40000)

84/94 
(89,4)

81
(31.7-100) 0.86

3rd 92/94 
(97,9)

1272
(50.5-40000)

78/ 94 
 (83,0)

85.4
(30.6-96.0) 0.80

6th 66/66 
(100)

11452
(236-40000)

65/66 
(98,5)

95.2
(48.9-96.0) 0.36

*For IgG or Neutralizing Antibody (NA), positive results only.
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In the 3rd month, 16 (17%) participants had negative 
NA, and eight were also negative in the first month. 
They had not been vaccinated from the first to third 
months. The other eight were positive and decreased 
their NA percent over time without vaccination.
One (1.5%) participant had negative neutralizing anti-
bodies in the sixth month. She was a 54-year-old wom-
an with Sjögren’s Syndrome who was taking hydroxy-
chloroquine. She was unvaccinated and had high IgG 
levels in the first and third months, with a positive neu-
tralizing antibody titer. After she had one dose MRNA 
vaccine, even if she had high IgG levels (31369 AU/ml), 
she had a negative neutralizing antibody.
Table 2 shows the correlation analysis between specif-
ic IgG and neutralizing antibody values at 1, 3, and 6 
months. Strong positive correlations existed between 
the assays in the first month (r=0.86) and the third 
month (r=0.80). However, in the sixth month, the cor-
relation was weak (r=0.36).  
In ROC analysis, when the Anti-RBD IgG antibody 
threshold for neutralization antibody positivity was 
303.8 AU/ml, sensitivity was 91.9%, specificity was 
90%, positive predictive value was 98.3%, and nega-
tive predictive value was 64% (Figure 2).

Comparison of antibody levels at the 1st, 3rd,  
and 6th months according to vaccination status
The vaccination status and follow-up of the partici-
pants are shown in Figure 3. 
Among 171 participants, 129 (75.4%) were unvacci-
nated at the time of infection. In addition, 24 (14.0%) 
had received one dose of the vaccine, while 18 (10.5%) 

had received two doses prior to infection. During the 
follow-up period, additional vaccinations were ad-
ministered as follows: within 1–3 months after infec-
tion, 13 (10.1%) of the initially unvaccinated partici-
pants received an additional vaccine dose, along with 
3 (12.5%) of those who had one dose and 6 (33.3%) of 
those who had two doses. Within 3–6 months post-in-
fection, 44 (34.1%) of the initially unvaccinated par-
ticipants, 3 (12.5%) of those with one dose, and 3 
(16.7%) of those with two doses received further vac-
cinations. By the end of the six-month follow-up, 

Figure 2 - Relation between Anti-RBD IgG antibody 
and neutralizing antibody positivity in ROC analysis. 

Figure 1
Anti-RBD IgG titers  
at the days after 
SARS-CoV-2 RNA  
positivity stratified  
by Neutralization Assay 
(NA) positivity.



Arzu Nazlı, Özgür Appak, Ahmet Naci Emecen, et al.318

Figure 3
Study follow-up chart.

Figure 4 - Comparison of IgG and NA titers at the 1st, 3rd, and 6th months between natural and hybrid immunity groups.
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most participants in the hybrid group had completed 
their booster vaccinations, while 9 (7.0%) remained 
unvaccinated throughout the study period.
In the first month, the mean duration was 27±23.1 
days from the last vaccination dose until the infec-
tion. There was a statistically significant difference 
between the first-month IgG values of the natural im-
munity group (median: 780, min-max: 2.30-24137), 
the group that received one dose of vaccine (median: 
7034, min-max: 147-40000), and the group that re-
ceived two doses of vaccine (median: 13468, min-
max: 296-40000) before infection (p<0.001) (Figure 
4A). There was no difference in IgG and neutralizing 
antibody titers between those who received a single 
dose of vaccine and those who received two doses of 
vaccine before infection (p=0.29).
In post hoc analysis, both IgG and neutralizing anti-
bodies were higher in participants with hybrid immu-
nity than with natural immunity at all time points. The 
median titer increased by booster doses (Figure 4).

Factors Affecting Antibody Levels
We investigated the predictors affecting log-antibody 
titers measured in the first, third, and sixth months by 
the Generalized Estimating Equations (GEE) model. 

Age (β=0.027, z=3.14) was positively associated with 
log-antibody titers. The presence of comorbidities 
(β=−0.658, z=−3.55 was negatively related to log-anti-
body titers. Individuals with mild-to-moderate 
COVID-19 clinical status exhibited significantly lower 
antibody levels than those with severe status (β=-
1.426, z=−5.16). Vaccination status was a strong pre-
dictor of log-antibody titers. Non-significant variables 
included gender, BMI, and time (Table 3).
No cases of re-infection were identified during the 
six-month follow-up period. When retrospectively 
evaluated for an additional six months, 56 patients 
(56/171) underwent PCR testing, and eight (4.6%) 
tested positive for COVID-19. They did not have hos-
pitalization or mortality. All patients diagnosed with 
re-infection had received two doses of mRNA vaccine, 
with an average of 137.6 days (109–169) since their 
last vaccination at the time of re-infection.  
Only one patient had a negative IgG antibody titer; 
seven had high IgG antibody levels with a median of 
15352 (AU/ml (7686–24441 AU/ml), and measured me-
dian of 34.6 days (range: 10–61 days) after their mRNA 
vaccination. The median time for re-infection after a 
positive IgG test was 107 days (79-278).  Six patients 
had positive neutralization assay tests (Table 4).

Table 4 - Vaccination status, IgG antibody and neutralization antibody results of the   infected participants. 
Age, 
sex

First  
infection date

Re-infection 
date

Last  
vaccination date

Vaccination  
dose

Antibody 
test date

Antibody level 
(AU/ml)

Neutralisation 
assay (%)

1 42 M 06.03.21 09.02.22 24.08.21 2mRNA 13.09.21 16218 Positive (95,7)
2 46 F 16.03.21 13.01.22 12.08.21 2mRNA 30.09.21 10490 Positive (95,5)
3 44 M 15.03.21 13.01.22 26.08.21 2mRNA 26.10.21 15352 Positive (95,7)
4 47 F 16.03.21 15.01.22 15.09.21 2mRNA 30.09.21 11877 Positive (95,5)
5 44 F 14.03.21 27.02.22 15.11.21 2mRNA 23.09.21 20520 Positive (95,7)
6 42F 24.03.21 04.01.22 02.08.21 2mRNA 24.09.21 7686 Positive (95,7)
7 34 F 18.03.21 02.01.22 15.09.21 2mRNA 26.04.21 2,3 –
8 55 M 17.02.21 27.01.22 01.09.21 2SIN+2 mRNA 05.04.21 24441 –

*M: male, F: Female, mRNA: mRNA vaccine (Biontech) against SARS-CoV-2, SIN: inactivated virus vaccine(Sinovac) against SARS-CoV-2.

Table 3 - The results of the GEE model to investigate the predictors affecting log-antibody titers measured at 1st, 
3rd, and 6th months.

Ln-IgG NA
Estimate Robust SE Robust z Estimate Robust SE Robust z

Age 0.03 0.01 3.19* 0.45 0.16 3.10*
Female gender -0.03 0.19 -0.18 -4.29 3.07 -1.40
BMI 0.02 0.02 0.87 0.54 0.35 1.55
Comorbidity (no) -0.65 0.18 -3.70* -9.02 3.13 -2.88*
Hospitalization (ref) 1.17 0.26 4.47* 14.00 4.09 3.43*
Vaccination before infection (ref) 1.12 0.25 4.42* 14.58 3.21 4.54*
Vaccination between 1st and 3rd month 

postinfection (ref) 1.74 0.36 4.79* 23.77 4.42 5.39*

Vaccination between 3rd and 6th month 
postinfection (ref) 2.88 0.36 7.97* 26.93 5.31 5.07*

Time -0.14 0.07 -2.05* -0.79 1.31 -0.70

Ref: reference group,  *: p<0.05.
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DISCUSSION

In this study, we evaluated the longitudinal course of 
SARS-CoV-2 IgG and neutralizing antibody levels, the 
factors influencing them, and the frequency of rein-
fection in patients with mild to moderate COVID-19. 
Our findings provide valuable insight into post-infec-
tion immune dynamics, with potential implications 
for both clinical practice and future research.
We found that median SARS-CoV-2 IgG and NAb ti-
ters were significantly higher in individuals with hy-
brid immunity compared to those with natural im-
munity. In the first month after infection, no signifi-
cant difference was observed between one and two 
pre-infection vaccine doses; however, booster doses at 
the third and sixth months led to higher antibody lev-
els. These results are consistent with previous studies 
demonstrating that hybrid immunity elicits stronger 
and more durable antibody responses than natural 
infection alone (Morgan et al., 2024; Bobrovitz et al., 
2023; Kirwan et al., 2023; Feldstein et al., 2025).
Regarding predictors of antibody levels, comorbidi-
ties were associated with lower responses, while older 
age, greater disease severity/hospitalization, and hy-
brid immunity – regardless of dose number – were 
linked to higher titers, in agreement with earlier re-
ports (Güzel et al., 2025; Bratcher et al., 2021). The 
positive correlation between IgG and NAb was strong 
at months 1 and 3, but weaker at month 6, likely re-
flecting the low number of negative results at that 
time. Similar strong correlations have been docu-
mented for anti-S-RBD Ig measurements and NAb 
detection (Kitagawa et al., 2022; Gütlin et al., 2024; 
Güzel et al., 2025).
We identified an IgG threshold of 303.8 AU/mL for 
predicting NAb positivity (>30%) with >90% sensitiv-
ity and specificity. This is comparable to the 302.8 AU/
mL cut-off reported for >60% neutralization (Güzel et 
al., 2025), while Lee et al. (2022) suggested 120.1 AU/
mL and 449.7 AU/mL for >20% and >50% NAb, re-
spectively. Differences in cut-off values may stem 
from variations in assay type, inhibition thresholds, 
study populations, and statistical methodology 
(Gütlin et al., 2024; Güzel et al., 2025; Lee et al., 2022).
Reinfections were not observed in the first six months, 
but occurred in 4.6% of participants during the fol-
lowing six months, all during the Omicron wave in 
Turkey (Sayan et al., 2021). Most cases occurred with-
in ~3 months of high antibody levels. This aligns with 
reports of waning protection despite hybrid immuni-
ty (Dépéry et al., 2025; Chu et al., 2024; Tan et al., 
2025; Sheehan et al., 2025; Chen et al., 2024; Alp-
Çavuş et al., 2023; Moore et al., 2025).
The study has several limitations. COVID-19 vaccines 
became available during follow-up, and vaccination 
status changed over time; by the sixth month, only 
10.6% remained unvaccinated, limiting separate 
analysis of natural immunity at later time points. Re-

infections were assessed prospectively for the first six 
months and retrospectively thereafter, possibly un-
derestimating rates by missing asymptomatic cases. 
Although no reinfections occurred during the first six 
months, eight reinfections were retrospectively iden-
tified during the subsequent Omicron wave. All rein-
fections identified during follow-up were symptomat-
ic and confirmed by RT-PCR. Asymptomatic infec-
tions may have been missed, as testing was performed 
only upon symptom onset. Lack of variant data pre-
cluded analysis of variant-specific neutralization. Fi-
nally, the study cohort consisted of adult outpatients 
with mild to moderate disease, so findings may not 
generalize to severe or immunocompromised popula-
tions.

CONCLUSIONS

Hybrid immunity, resulting from SARS-CoV-2 infec-
tion combined with vaccination, induces stronger 
and more sustained IgG and neutralizing antibody 
responses than natural infection alone. An IgG level 
≥303.8 AU/mL is a reliable surrogate marker for pre-
dicting NAb positivity with high sensitivity and spec-
ificity, offering a practical tool in settings where neu-
tralization assays are unavailable.
However, the occurrence of reinfections despite high 
IgG and NAb levels – particularly during the Omicron 
wave – highlights the limitations of static serological 
thresholds in predicting protection against evolving 
variants. These findings emphasize the need for con-
tinued surveillance, booster immunization strategies, 
and further prospective studies incorporating variant 
analysis to refine antibody-based correlates of protec-
tion.
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