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RESEARCH ARTICLE

What can neutralizing antibodies tell us about the quality of immunity in COVID-19 
convalescents and vaccinees?
Sanda Ravlića,b, Tihana Kurtovića,b, Lidija Cvetko Krajinovićb,c, Ana Hećimovićd, Marija Miloše, Sanja Mateljak Lukačevića,b, 
Alemka Markotićb,c, and Beata Halassya,b

aCentre for Research and Knowledge Transfer in Biotechnology, University of Zagreb, Zagreb, Croatia; bCenter of Excellence for Virus Immunology 
and Vaccines, CERVirVac, Zagreb, Croatia; cResearch Department, University Hospital for Infectious Diseases “Dr. Fran Mihaljević”, Zagreb, Croatia; 
dService for Transfusion Medicine, Croatian Institute of Transfusion Medicine, Zagreb, Croatia; eClinical Department of Laboratory Diagnostic, 
University Hospital Centre Zagreb, Zagreb, Croatia

ABSTRACT
During the SARS-CoV-2 pandemic, the lack of standardized measurements of the immune response after 
vaccination or recovery from COVID-19 resulted in incomparable results and hindered correlation estab-
lishment. Prioritizing reliable and standardized methods to monitor pathogen-specific immunity is 
crucial, not only during the COVID-19 pandemic but also for future outbreaks. During our study of the 
humoral immune response, we used a SARS-CoV-2 wild-type neutralization assay, ensuring the measure-
ment of the immune response directed to all SARS-CoV-2 antigens in their proper conformation. A head- 
to-head comparison of the neutralizing antibody (NAb) responses elicited by four vaccines used in 
Europe during 2021 (BNT162b2, mRNA-1273, ChAdOx nCoV-19, and Ad26.COV2.S) and their comparison 
to NAb responses in convalescents showed that while the amount was comparable, NAbs induced by 
natural infection were of higher quality. Namely, NAbs produced by disease were better activators of the 
complement system than NAbs induced by vaccination. Furthermore, the contribution of spike protein- 
specific IgGs to the SARS-CoV-2 neutralization was lower in convalescents compared to vaccinees, 
indicating that those who recovered from COVID-19 were armed with antibodies of additional specifi-
cities and/or classes that contributed to virus neutralization. These findings suggest that a higher 
stringency of public policy measures targeting individuals who have recovered from COVID-19, in 
comparison to those who have been vaccinated, may not have been fully justified.
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Introduction

A rapid deciphering of the SARS-CoV-2 genome in 
January 20201 spurred the development of effective vaccines at 
an impressive pace, resulting in the approval of the first vaccine 
against COVID-19 just 11 months later.2 COVID-19 vaccines 
have been so far approved for use in humans on the basis of the 
clinical studies comparing their efficacy to placebo. Head-to- 
head comparisons of the several approved vaccines are still rare, 
as well as comparisons of immune responses generated by 
vaccination to the ones created by the disease. Due to the lack 
of appropriate standardization3,4 of assays that evaluate immune 
response, it is challenging to compare results from different 
studies. Two recent studies tried to overcome this problem by 
using data on antibody levels from different assays but normal-
ized or calibrated to those published alongside for human con-
valescent sera.5,6 Such head-to-head analyses are inevitable for 
correct assessment of public policy measures during the second 
year of COVID-19 pandemic, which were applied differently to 
COVID-19 vaccinees and convalescents.

During 2021, for emergency use in the European Union, the 
EMA approved two adenovirus vector-based vaccines devel-
oped by Oxford/AstraZeneca (ChAdOx nCoV-19/Vaxzevria) 
and J&J/Janssen (Ad26.COV2.S) and two mRNA vaccines 
developed by Pfizer-BioNTech (BNT162b2/Comirnaty) and 
Moderna (mRNA-1273/Spikevax). All four deliver genetic 
information for the full-length spike (S) protein into the host 
cells that produce the functional protein, express it on cell 
surfaces, and induce both humoral and cellular branches of 
SARS-CoV-2-specific immune response. Thus, neutralizing 
antibody (NAb) response could serve as an indicator of the 
overall immune response quality induced by these similarly 
acting vaccines.

Goldblatt et al.7 performed simultaneous analysis of 
S protein-binding and pseudovirus-neutralizing antibodies 
generated by these first four COVID-19 vaccines approved 
and used in Great Britain and the EU. They showed the 
importance of such studies for estimation of protective anti-
body threshold for COVID-19. These four vaccines were also 
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compared by van Gils et al.8 with the aim to understand 
differences in capability to neutralize SARS-CoV-2 variants.

In our study, we provide for the first time a head-to head 
comparison of wild-type SARS-CoV-2 NAb responses induced 
by four vaccines used during 2021 in Europe, as well as 
a comparison of NAb responses in COVID-19 vaccinees and 
convalescents. The standardized wild-type neutralization assay 
(using B.1.1.1. virus variant as a challenge virus)9 calibrated to 
WHO standard3,10 enabled a reliable comparison of NAb 
responses induced by vaccines to those induced in convales-
cents during 2020, when circulating variant of SARS-CoV-2 
was the same as the one used to design the vaccines. The usage 
of wild-type SARS-CoV-2 for neutralization provided not only 
data on similarities and differences in antibody quantity but 
also an insight into antibody quality, particularly the ability of 
virus-specific antibodies to trigger complement activation, as 
well as a better understanding of the contribution of S protein- 
specific antibodies in the neutralization of the wild-type virus.

To the best of our knowledge, this study represents the most 
comprehensive approach so far aimed to understand not only 
quantitative but also qualitative differences in the humoral 
immune response generated by both primary and booster 
vaccinations, as well as natural infection and additional vacci-
nation of convalescents. Overall, the obtained data indicate 
that recovery from the disease induced quantitatively compar-
able but qualitatively superior neutralizing antibodies to the 
ones induced by vaccination at the population level. Such 
findings point to the need to reexamine the correctness of 
higher epidemiological measures’ stringency applied to people 
who have recovered from the disease during the COVID-19 
pandemic. The data also demonstrate the importance of 
a standardized approach in assessing humoral immunity, by 
the usage of the most comprehensive assays as early as possible 
in the case of a new epidemic.

Materials and methods

Study cohorts

This study was conducted using several groups of volunteers 
who underwent frequent phlebotomies with the aim to deter-
mine seroconversion against SARS-CoV-2 induced by vac-
cines or natural infection.

A cohort of naïve vaccinees (cohort V) received the vaccine as 
a part of national vaccine rollout campaign. Cohort V consisted 
of 114 (35 M; 79 F; mean age 44.4 ± 2.2 y) naïve vaccinees, fol-
lowed from March 2021 till March 2022, who received either 
BNT162b2 (n = 55 (9 M, 46 F); age 44.7 ± 3.1 y), mRNA-1273 (n  
= 19 (9 M, 10 F); age 47.4 ± 4.1 y), ChAdOx nCoV-19 (n = 19 (11  
M, 8 F); age 50.8 ± 5.9 y), or Ad26.COV2.S (n = 21 (6 M, 15 F); 
34.9 ± 3.0 y). Regarding the humoral response after booster vac-
cination with BNT162b2 (cohort VB; n = 52 (13 M, 39 F); age 
49.8 ± 3.1), participants were followed from December 2021 till 
May 2022. All of them received booster dose of BNT162b2 
vaccine while primary vaccination was conducted as follows: 40 
(8 M, 32 F) received BNT162b2; 2 (1 M, 1 F) received mRNA- 
1273; and 4 (2 M, 2 F) received ChAdOx nCoV-19, while four 
volunteers (0 M, 4 F) completed Ad26.COV2.S primary vaccina-
tion. All individuals included in cohorts V and VB did not have 

a known history of SARS-CoV-2 infection or breakthrough infec-
tion. A number of samples were also tested before the first vaccine 
dose administration, and all were proved negative for virus- 
neutralizing activity. All cohort V participants were analyzed 
after receiving a single shot of any vaccine (2 and 4 weeks later; 
data not shown). The response after a single shot in naïve subject 
was significantly lower than the response in those previously 
sensitized (cca 2 logarithms lower). Some respondents, who 
would have developed a high level of NAbs after just one dose, 
in a follow-up interview pointed out the severe infection of 
unknown origin they overcame in the 2019/2020 season, before 
the established testing for COVID-19. Such volunteers were 
excluded from the study.

To enable comparison between post-vaccination and post- 
infection NAb responses, SARS-CoV-2 neutralization poten-
cies in sera of COVID-19 convalescents, taken 1–3 months 
after infection (described in the study by Ravlić et al.9) were 
included in the analysis. The cohort of COVID-19 convales-
cents (cohort C; n = 76 (46 M, 30 F); age 35.8 ± 2.5 y) was 
recruited in the period from July 2020 till March 2021 and 
included donors who recovered from mild to severe illness 
(excluding those who required hospitalization). The majority 
of donors provided blood sample only once. Six of them who 
provided blood several times were included in longitudinal 
monitoring of NAb persistence after infection. Cohort C was 
thoroughly analyzed and described before.9 In this work, 
a total of 87 samples from 76 donors, collected in the period 
of 1–3 months after infection, were analyzed.

A cohort of vaccinees sensitized to COVID-19 (cohort C 
+V; n = 26 (5 M, 21 F); age 41.8 ± 4.4 y) consisted of the 
volunteers with a positive history of COVID-19 preceding 
the vaccine uptake and was followed in the period from 
May 2021 to February 2022. Nine volunteers received Ad26. 
COV2.S vaccine, while the rest of them received either one or 
two shots of ChAdOx nCoV-19 (n = 2), mRNA-1273 (n = 4), 
BNT162b2 (n = 10), or ChAdOx nCoV-19/BNT162b2 combi-
nation (n = 1) vaccine. In total, 124 samples from these 26 
volunteers in cohort C+V were analyzed.

Additional 197 serum samples of 112 naïve primary vacci-
nated individuals from separate cohort of University Hospital 
for Infectious Diseases employees, collected continuously since 
the beginning of 2021, were included only in the analysis of 
complement activation. Serum samples were analyzed in both 
native and in heat-inactivated form (56°C for 30 min).

In cohorts V, VB, and C+V serum samples were taken 
approximately 2 and 4 weeks after each shot and in several 
occasions upon completion of vaccination, in approximately 
45-d intervals. Information about vaccination was obtained 
from participants at visits by self-report that included the type 
of vaccination, the number of doses received, and the dates of 
applications. None of the participants reported the use of med-
ications for immunosuppression.

Raw experimental data for human samples analyzed in this 
work are provided in Supplementary material.

Blood sample processing and storage

Sera for antibody assays (neutralization and ELISA) were pre-
pared from collected venous blood in serum collection tubes 
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containing a cloth activator (Becton Dickinson, 368815). Clots 
were removed by centrifugation at 800 × g for 10 min at room 
temperature and sera were split into 1000 µL aliquots and 
stored at −20°C until further use.

Neutralization assay

Wild-type SARS-CoV-2 neutralizing antibodies were measured 
in the ED50 assay, in which a wild-type SARS-CoV-2 served as 
a challenge virus. The challenge virus was derived from the PCR- 
positive oro- and nasopharyngeal swab designated 297/20 Zagreb 
taken from a patient in Zagreb, Croatia, and used to produce the 
laboratory working bank of the SARS-CoV-2, which served as the 
challenge virus for the assay. The virus belongs to B.1.1.1. lineage 
as determined by deep sequencing.9 The assay was performed in 
a certified Biosafety level 3 laboratory. Details on the assay’s 
development and standardization have been described 
previously.9 Briefly, the assay was performed in 96-well tissue 
culture microplates (Sarsted, 83.3920). Octaplicates of twofold 
serial dilution of the donor’s serum were preincubated with 
approximately 20 CCID50/well SARS-CoV-2 suspension at 37°C 
and 5% CO2 for 90 min. After adding 30 000 Vero E6/well, the 
plates were incubated at 37°C and 5% CO2 for 4 d followed by 
inspection of the grown cell layers in all wells using an inverted 
optical microscope. Wells with detected cytopathic effect (CPE) 
were counted. The effective dose 50 (ED50), the amount of 
undiluted serum that inhibits CPE in 50% of infected wells, was 
calculated according to Spearman–Kärber method. 
Neutralization titer (NT) was expressed as the number of ED50 
doses in 1 mL of serum. The development and usage of challenge 
virus SARS-CoV-2 working stock (B.1.1.1. virus variant, genome 
sequence deposited in GISAID database as EPI_ISL_3013041), as 
well as the anti-SARS-CoV-2 in-house standard, were thoroughly 
described in our previously recorded findings.9 Anti-SARS-CoV 
-2 in-house standard was calibrated against the 1st WHO 
International Standard for anti-SARS-CoV-2 (NIBSC, 20/136). 
All neutralization potencies of analyzed sera were recalculated 
from the ED50 mL−1 to the units of WHO International standard 
and are expressed as IU mL−1.

Complement-activating properties of SARS-CoV-2 
neutralizing antibodies

For the purpose of measuring of complement-activating prop-
erties of SARS-CoV-2-specific antibodies, two aliquots of each 
serum sample were analyzed simultaneously – one in a native 
form and another after complement inactivation by heating at 
56°C for 30 min.9,11 The ratio between the two values served as 
the indicator of the contribution of complement activity to 
SARS-CoV-2 neutralization potency (complement activity 
index, CAI).

Spike protein-specific IgG quantification

The Euroimmun anti-SARS-CoV-2 ELISA assay (Euroimmun, 
EI 2606–9601 G) was used for the detection of IgG against the 
S1 domain of the SARS-CoV-2 S protein. Briefly, serum sam-
ples were diluted at 1:101 in sample buffer and pipetted into 
microplate wells that were precoated with recombinant SARS- 

CoV-2 S protein. Positive control, negative control, calibrator, 
and our own in-house standard were carried out in each plate. 
In-house standard of a known value was included into the 
assay to minimize batch-to-batch variabilities in the assay 
performance.

Study approval

The study was performed in compliance with all relevant ethical 
regulations. The analyzed samples were collected according to 
the approvals obtained from several institutions: Ethical 
Committee of Croatian Institute of Transfusion Medicine 
(003–06/20–04/02, No. 251-541-06/6-20-2; May 7, 2020), 
Ethical Committee of the University Hospital Centre Zagreb 
(8.1–21/259–4; No. 02/21 AG; November 29, 2021) and Ethical 
Committee of the University Hospital for Infectious Diseases 
“Dr. Fran Mihaljević” (No. 01-228-1-2021; February 5, 2021). 
Each participant provided written informed consent.

Data analysis

When the average value from the set of n data was calculated, 
95% confidence interval was provided as an indicator of mea-
surement uncertainty. NT values expressed in IU mL−1 were 
linearized by calculating logarithmic values and then used for 
statistical analysis. Differences between several cohorts lacking 
a normal distribution of data were assessed by Kruskal–Wallis 
test, with post-hoc comparison between individual groups 
using Conover. When data in cohorts met normal distribution, 
their differences were analyzed by ANOVA. Complement 
activity in convalescents’ and vaccinees’ sera were compared 
by Mann–Whitney U test. Details on analyses performed and 
the level of significance detected are provided alongside each 
set of results. MedCalc v20.011 was used for statistical analysis.

Results

Quantity of SARS-CoV-2 neutralizing antibody developed 
by disease or vaccination

Contribution of primary vaccination to SARS-CoV-2 - 
directed neutralization potency of sera in previously COVID- 
19 naïve vaccinees
NAb responses to wild-type SARS-CoV-2 were compared 
in humans after vaccination with each of the first four 
vaccines approved for emergency use by EMA. ChAdOx 
nCoV-19, BNT162b2, mRNA-1273, and Ad26.COV2.S 
were the only vaccines used in 2021 within Croatia, as 
well as in the rest of the European Union. By plotting the 
NAb titer (NT) in samples versus time elapsed since the 
primary vaccination (in days), we observed that the high-
est NTs were developed within the first month after vac-
cination completion (Figure 1). The same was observed 
also after natural infection, in convalescents (Figure 1).9 

For comparison of peak responses, statistical analysis of 
differences in NAb responses was performed using only 
samples collected within the first month after vaccination 
completion or recovery from illness (framed points in 
Figure 1 and provided in Table 1). The NAb response 
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was quite uniform among samples within each vaccine 
group, while it was more dispersed in convalescent 
group (Figure 1). Both mRNA vaccines induced similar 
(3.05 ± 0.17 and 3.20 ± 0.21 log IU mL−1 for BNT162b2 (n  
= 27) and mRNA-1273 (n = 16), respectively) and signifi-
cantly (p < .05) higher NAb responses in comparison to 
ChAdOx nCoV-19 (2.32 ± 0.24 log IU mL−1; n = 11), and 
particularly Ad26.COV2.S vaccine (1.31 ± 0.57 log 
IU mL−1; n = 21). NAb responses in both mRNA vaccine 
groups were also significantly (p < .05) higher compared to 
convalescents (2.02 ± 0.30 log IU mL−1; n = 18) recovered 
from mild-to-severe illness (excluding those that required 
hospitalization). Responses of ChAdOx nCoV-19 and 
Ad26.COV2.S recipients were significantly (p < .05) lower 
compared to both mRNA vaccine recipients (Figure 1). 
Values of ChAdOx nCoV-19 sera NTs were in the same 
range, while the Ad26.COV2.S NTs were significantly 
lower (p < .05) compared to convalescents’ NTs (Figure 1).

Contribution of booster vaccination to SARS-CoV-2 
neutralization potency of sera in COVID-19 naïve vaccinees
The widely dispersed immune response at the population 
level after primary vaccination with four different vaccines 
(cohort V; samples collected within 1 month after vaccina-
tion completion, n = 75) became uniform and reached the 
plateau level in the entire population of vaccinees after 
booster vaccination with BNT162b2 (cohort VB; samples 
collected within 1 month after booster, n = 52), irrespective 
of the vaccine used for the primary vaccination (Figure 2). 
The neutralization potencies of the entire population of 
vaccinees after booster vaccination (VB; 3.527 ± 0.083 log 
IU mL−1; n = 52) were significantly (p < .05) higher in 
comparison to the vaccinees’ population after primary vac-
cination (V; 2.488 ± 0.208 log IU mL−1; n = 75), and also 
higher compared to the population of COVID-19 conva-
lescents (C; 2.017 ± 0.299 log IU mL−1; n = 18). The major-
ity of volunteers in the VB cohort received BNT162b2 also 

Figure 1. SARS-CoV-2 neutralizing antibody responses (IU mL−1) in vaccinees after primary vaccination completion and in COVID-19 convalescents that recovered from 
mild to severe (outpatient) disease. Data are presented in relation to the time (in days) that passed from the event (either vaccination or disease). Peak responses were 
developed within the first month (framed) and were compared between the groups. Kruskal–Wallis analysis proved the difference between groups with high level of 
significance (p < .000001). Individual groups were post-hoc analyzed using Conover, and significant differences (p < .05) are denoted by *. Minimal and maximal SARS- 
CoV-2 NAb titers determined in COVID-19 convalescents are denoted by dashed lines.

Table 1. Peak responses (within 12–30 d from the event) in all study cohorts with their demographic characteristics (size, age, abd sex distribution).

Cohort Cohort designation SARS-CoV-2 NT Size Male Female Age

COVID-19 convalescents C 2.017 ± 0.299 18 8 10 37.7 ± 5.7
Single vaccine dose in COVID-19 convalescents C+V 3.580 ± 0.136 18 4 14 41.6 ± 5.5
Two vaccine doses in COVID-19 convalescents 3.903 ± 0.114 9 2 7 43.6 ± 7.6
COVID-19 naive vaccinees (all) 2.488 ± 0.208 75 23 52 43.0 ± 2.7

BNT162b2 V 3.050 ± 0.167 27 4 23 42.9 ± 4.5
ChAdOx nCoV-19 2.318 ± 0.240 11 6 5 55.4 ± 8.1
mRNA-1273 3.204 ± 0.207 16 7 9 45.4 ± 4.0
Ad26.COV2.S 1.308 ± 0.246 21 6 15 34.9 ± 3.0

BNT162b2 booster (all vaccines primary) VB 3.527 ± 0.083 52 13 39 49.9 ± 3.0
BNT162b2 booster (only BNT162b2 primary) 3.487 ± 0.126 40 8 32 50.3 ± 3.0
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in the primary vaccination (n = 40), so their post-booster 
vaccination NTs (3.487 ± 0.126 log IU mL−1; n = 40) were 
compared to the NTs in sera of cohort V BNT162b2 recei-
vers after primary vaccination (3.050 ± 0.167 log IU mL−1; 
n = 27). BNT162b2 booster vaccination induced statistically 
significant (p < .0001) and on average 2.7 times higher NAb 
response compared to NT developed after primary vacci-
nation with the same vaccine. Among the remaining 
BNT162b2 booster receivers, two were primary vaccinated 
with mRNA-1273, four with ChAdOx nCoV-19, and four 
with Ad26.COV2.S. Their titers were on average 3.0, 15.5, 
and 88.5 times higher than in cohort V mRNA-1273 (n =  
16), ChAdOx nCoV-19 (n = 11), and Ad26.COV2.S (n = 21) 
primary vaccination receivers, respectively.

Overall, booster vaccination served as a kind of catch-up 
campaign to those who did not respond sufficiently to the 
primary vaccination, or to those who received the less effective 
vaccines in the primary vaccination. At the population level, 
booster vaccination induced significantly higher (p < .05) level 
of NAb response in comparison to the primary vaccination 
cycle completion (Figure 2).

Contribution of vaccination to SARS-CoV-2 neutralization 
titer of sera in COVID-19 convalescents
Only a single shot of any vaccine in a previously COVID- 
19-sensitized person (C+V) induced a uniform and 

maximal NAb response (3.580 ± 0.167 log IU mL−1; n =  
18), which was as high as the response achieved in 
BNT162b2 booster receivers (3.527 ± 0.083 log IU mL−1; 
n = 52) (Figure 2). Equally as a booster in vaccinees, 
a single vaccine shot in COVID-19 convalescents induced 
the NT response significantly higher (p < .05) to the one 
induced either by primary vaccination or developed in 
COVID-19 convalescents (2.017 ± 0.399 log IU mL−1; n  
= 18).

High level of SARS-CoV-2 NT (around 3.5 log IU mL−1) 
was measured in all COVID-19-sensitized vaccinees after only 
a single vaccine dose, irrespective of whether they received it at 
two or up to 14 months after the infection and recovery 
(Figure 3).

Two vaccine doses induced on average 2.1 times higher 
NT in COVID-19-sensitized people (3.903 ± 0.136 log 
IU mL−1; n = 9) in comparison to those who received one 
dose after recovery from COVID-19 (3.580 ± 0.114 log 
IU mL−1; n = 18) (Figure 2). The small rise in the NT 
level, although statistically significant (p < .006), indicates 
that NT values in the range of 3.5 to 4.0 log IU mL−1 

might have reached plateau, the highest achievable level of 
SARS-CoV-2 NAb levels in human population.

Figure 2. Comparison of SARS-CoV-2 NAb titers in vaccinees after the booster 
dose (VB) and primary vaccination (V), as well as in COVID-19 convalescents with 
(C+V) and without (C) additional vaccination. The C+V cohort is shown as two 
data sets corresponding to one- and two-dose vaccine recipients. Kruskal–Wallis 
analysis proved the difference between the groups with high level of significance 
(p < .000001). Individual groups were post-hoc analyzed using Conover, and 
significant differences (p < .05) are denoted by *. Minimal and maximal SARS- 
CoV-2 NAb titers determined in COVID-19 convalescents are denoted by dashed 
lines.

Figure 3. SARS-CoV-2 NAb titers in convalescents additionally vaccinated by 
a single dose of any vaccine in relation to the interval from recovery to vaccina-
tion. Minimal and maximal SARS-CoV-2 NAb titers determined in COVID-19 
convalescents are denoted by dashed lines.
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Quality of SARS-CoV-2 neutralizing antibodies developed 
by disease or vaccination

Contribution of complement to the neutralization of 
SARS-CoV-2 in COVID-19 vaccinees and convalescents
Complement activity was measured by simultaneous determi-
nation of SARS-CoV-2 NT of each serum sample in its native 
and heat-inactivated (HI) form. The ratio between the two 
values served as the indicator of the contribution of comple-
ment activity to SARS-CoV-2 neutralization potency (comple-
ment activity index, CAI). In total, 304 COVID-19 naïve 
vaccinees’ sera, collected after either single or both doses in 
primary vaccination, were analyzed. Heat inactivation in vac-
cinees induced on average 1.76 ± 0.30 (n = 304) in contrast to 
2.37 ± 1.26 decrease (n = 69)9 of NT in convalescents. The plot 
demonstrating the relationship between complement activity 
index (the ratio native NT:HI NT) for each serum and its NT 
in HI form (neutralization due to antibody activity only) 
showed that complement activity was not measurable in high- 
titer sera (CAI around 1) in both vaccinees and convalescents 
(Figure 4a). This phenomenon is due to the intrinsic properties 
of the SARS-CoV-2 neutralization assay itself.9,11 Namely, sera 
with high concentration of neutralizing antibodies have to be 
analyzed in neutralization assay in high dilutions. In such 
dilutions, complement components are also highly diluted, so 
their activation is not measurable anymore. For that reason, 

statistical analysis of differences in complement activity index 
between the two groups (COVID-19 convalescents and vacci-
nees) was performed using only sera with NT below 100 
IU mL−1 in both groups. The analysis proved that SARS-CoV 
-2-specific immunoglobulins in convalescents (CAI 2.79 ±  
0.39; n = 45) were significantly (p < .01) stronger activators of 
complement than those present in the serum of vaccinees (CAI 
2.28 ± 0.24; n = 143) (Figure 4b).

In addition, complement activity index in convalescents 
was approaching 1 in HI sera with NT of 100 IU mL−1, while 
in vaccinees already in HI sera with NT of 10 IU mL−1 

(Figure 4a, indicated by arrows). Such results also supported 
the finding that SARS-CoV-2-specific immunoglobulins in 
COVID-19 convalescents were better activators of comple-
ment than S protein-specific immunoglobulins induced by 
vaccination, since complement activity was not measurable 
anymore in lower dilutions of vaccinees’ compared to conva-
lescents’ sera.

Contribution of anti-spike protein IgGs to SARS-CoV-2 
neutralization in COVID-19 vaccinees and convalescents
Commercial Euroimmun anti-SARS-CoV-2 ELISA was used 
for quantification of S protein-specific IgG quantity in the 
majority of collected sera. When plotting SARS-CoV-2 neu-
tralization titer (in log IU mL−1) versus S protein-specific IgG 
quantity (in Euroimmun’s index) for each serum, two different 

Figure 4. Differences in complement-activating properties of SARS-CoV-2-specific antibodies developed after vaccination or in infection. (a) Complement activity index 
versus NAb titer plots in sera from vaccinees and convalescents, with NAb titers at which complement activity index was approaching to 1, is indicated by arrows. (b) 
Complement activity index in convalescents’ sera (n = 45) was significantly (*p < .01) stronger than in vaccinees’ sera (n = 143), analyzed by Mann–Whitney U test.
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and clearly separated populations were obtained – convales-
cent (gray) and vaccinees (blue) (Figure 5). The relationship 
between these two values in convalescent sera was best 
described by logarithmic function (n = 23), while in vaccinees’ 
sera by polynomial function (n = 139) (Figure 5). Such finding 

implied that the sera of convalescents having equal neutraliza-
tion potency as vaccinees sera on average contains a lower 
amount of S protein-specific IgG.

Durability of SARS-CoV-2 neutralizing antibodies
Longitudinal monitoring of the quantity of antibodies in the 
serum of each volunteer made it possible to assess the durability 
of antibodies. Sera were collected regularly 2 and 4 weeks after 
vaccination completion, and then in regular intervals (every 45– 
60 d) for at least 4 months. NAb quantities for each serum (in log 
IU mL−1) were plotted against time after vaccination (in days), 
and the slope of the best fitting line through the spots served as the 
antibody titer decrease rate per day (in log IU mL−1/day). Due to 
low throughput and demandingness of the neutralization assay, 
longitudinal serum samples of previously COVID-19 naïve vac-
cinees (cohorts V and VB) were analyzed only by the commercial 
ELISA determining anti-S protein IgG quantity and then were 
back-calculated into neutralization titers using parameters of the 
polynomial curve describing relationship between NT (in log 
IU mL−1) and S protein-specific IgG (in Euroimmuns’s index) 
in vaccinees (Figure 5). We were aware that the relationship 
between anti-S protein IgG quantity and neutralization titer 
does not follow the same curve in vaccinees and convalescents 
(Figure 5), indicating the significant difference in neutralizing 
antibody specificity. For that reason, back-calculation of anti-S 
protein IgG quantity into NT would not be reliable in convales-
cents who were additionally vaccinated. So, the longitudinal 
monitoring of antibody duration in cohorts C and C+V was 
performed completely by the neutralization assay. In all groups, 
only the data from individuals that donated blood at least three 
times in the row were included in the analysis.

Figure 5. Relationship between SARS-CoV-2 NT and anti-S IgG quantity is 
described by logarithmic function in convalescents (cohort C, n = 23) in contrast 
to polynomial function in vaccinees (cohort V, n = 139).

Figure 6. Longitudinal monitoring of NAb titers in the sera of volunteers after completion of primary vaccination using each of the four investigated vaccines. Slopes of 
the lines obtained for samples of each volunteer in BNT162b2, mRNA-1273, and ChAdOx nCoV-19 group served as the NAb decrease rates (in log IU mL−1/day).
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COVID-19 naïve volunteers who received Ad26.COV2.S 
(n = 20) developed low levels of NAbs, which remained detect-
able in the same quantity up to 4 months after vaccination 
(Figure 6). The same picture was observed in ChAdOx nCoV- 
19 receivers after a single dose (data not shown). After com-
pletion of primary vaccination, NAb quantity was significantly 
higher in recipients of all three two-dose-scheduled vaccines 
than in Ad26.COV2.S receivers, and a decrease in their NAbs 
over time was observed (Figure 6). Antibody decrease rates (in 
log IU mL−1/day) were −0.0087 ± 0.0011, −0.0063 ± 0.0015, 
and −0.0041 ± 0.0012 in BNT162b2 (n = 18), mRNA-1273 
(n = 16), and ChAdOx nCoV-19 (n = 11) receivers, respec-
tively. NAb decrease rates in two-dose vaccine recipients 
were used for further comparison to NAb decrease rates in 
booster receivers (cohort VB), in convalescents (cohort C), and 
in convalescents who were additionally vaccinated (cohort 
C+V).

Analysis revealed that NTs in additionally vaccinated con-
valescents (cohort C+V) and in boosted vaccinees (cohort VB) 
had comparable decrease rates (in log IU mL−1/day): −0.0039  
± 0.0010 (n = 20) and −0.0035 ± 0.0013 (n = 26), respectively 
(Figure 7). The equal decrease rate (−0.0039 ± 0.0037; n = 6) 
was previously measured also in convalescents9 (updated in 
Figure 7). NAbs developed in primary vaccination demon-
strated significantly faster waning, with NAb titer decrease 
rate −0.0067 ± 0.0009 log IU mL−1/day being significantly 
higher (p < .05) in comparison to cohorts C+V and CB.

Discussion

We analyzed the functional antibodies of vaccinated and 
COVID-19 convalescents, processed with a standardized neu-
tralization assay, and showed that those who recovered from 
COVID-19 were armed with humoral immunity that was 
quantitatively comparable and qualitatively superior than the 
immunity of the entire population of vaccinated people. We 
compared the ability of four SARS-CoV-2 vaccines 
(BNT162b2, mRNA-1273, ChAdOx nCoV-19 and Ad26. 
COV2.S) to induce NAbs against infectious SARS-CoV-2 
(lineage B.1.1.1) with our results of NAb responses in conva-
lescents, which we reported earlier.9 Comparative data of the 
immune response generated by the first four vaccines 
approved against COVID-19 in Europe are limited. 
Furthermore, there is a lack of studies that compare vaccine 
humoral response directly with the response in convalescents. 
To our knowledge, only two studies have compared the 
humoral immune response generated by these four vaccines 
directly.7,8 It is difficult to compare the large amount of pub-
lished data on individual vaccines, obtained using different 
neutralization test formats and using different and variable 
levels of standardization. In order to compare data from dif-
ferent studies Khoury et al.6 pushed their efforts toward nor-
malization of NTs from different assays to the mean 
convalescent titer obtained by the same assay in the same 
study. A comparison of such normalized values indicate that 
the highest NTs in the population were induced by mRNA 
vaccines, which were higher than the NT induced in COVID- 
19 convalescents. According to these data both adenovirus- 
based vaccines induced a similar NT response, which was 
lower in comparison to the one induced by both mRNA 
vaccines as well as by COVID-19 infection. In contrast, data 
from our study showed that the ChAdOx nCoV-19 vaccine 
induced a similar NT response to the COVID-19 infection 
(mild to severe, excluding the most severe patients requiring 
hospitalization) and a significantly higher response compared 
to the one induced by Ad26.COV2.S. The same approach used 
in another study resulted in quite comparable vaccine immu-
nogenicity estimation to our data.5 They estimated that 
ChAdOx nCoV-19 vaccine induced NT to the same extent as 
the COVID-19 infection, while NT induced by Ad26.COV2. 
S was lower, and the highest NT induced was by both mRNA 
vaccines. Karbiener et al. also recently reported comparable 
NTs measured after ChAdOx nCoV-19 vaccination and after 
recovery from COVID-19, obtained by the usage of wild-type 
SARS-CoV-2 neutralization assay for the analysis.12 Moreover, 
since their assay was calibrated to the first WHO International 
standard like ours, the NT values they obtained were in perfect 
agreement to our results. Namely, in their study, the NT means 
for ChAdOx nCoV-19, BNT162b2, and convalescent group 
were 202 IU mL−1, 557 IU mL−1, and 140 IU mL−1, respec-
tively, and they perfectly matched our corresponding results of 
208 IU mL−1, 1123 IU mL−1 and 104 IU mL−1 12.

From the extensive amount of literature, we can conclude 
that the various tests used to assess humoral immunity induced 
by vaccines and/or infection itself are precisely the cause of the 
incomparability of the tests themselves. More specifically, both 
pseudovirus neutralization assays or antibody binding assays 

Figure 7. Decrease rate of anti-SARS-CoV-2 neutralizing antibody titers per day 
(log IU mL−1/day) in cohorts of convalescent with (C+V, n = 20) or without (C, n =  
6) data from9 additional vaccination, as well as vaccinees after primary vaccina-
tion completion (V, n = 45) and additional booster vaccine dose (VB, n = 26). NAb 
titers measured in longitudinal monitoring for each individual during at least 4 
months were plotted against the time after the vaccination, and the slope of the 
line served as the individual NAb titer decrease rate; * p < .05 in comparison to 
cohort V, according to pairwise comparison in ANOVA analysis.

8 S. RAVLIĆ ET AL.



lack all but selected specific virus proteins or epitopes from 
SARS-CoV-2, meaning they can only be neutralized by, e.g., S- 
or N- or RBD-specific antibodies, and the organization of those 
proteins may not be representative of authentic virus particles.13 

The most significant advantage of the authentic, wild-type neu-
tralization assay is that it ensures that all antigens of SARS-CoV 
-2, that could be targeted by antibodies, are already on the 
surface of the challenge virus in the correct, physiological 
conformation.14 The lower sensitivity of the pseudovirus neu-
tralization assay might be the reason why no difference in 
antibodies was observed by Goldblatt et al.7 between ChAdOx 
nCoV-19 and Ad26.COV2.S in contrast to our clearly observed 
significant difference in antibodies neutralizing wild-type SARS- 
CoV-2. Most of the results in Ad26.COV2.S group and many in 
the ChAdOx-1 nCoV-9 group were below the limit of detection 
in pseudoviral neutralization assay, while in our wild-type 
SARS-CoV-2 neutralization assay, only one sample in Ad26. 
COV2.S cohort provided result below the detection limit. In the 
same study of Goldblatt et al.,7 binding antibody assay directed 
toward S and RBD proteins showed that mRNA-1273 induced 
a significantly higher amount of antibodies compared to the 
BNT162b2 vaccine, which is in contrast to our results. However, 
when they used mRNA-1273 data to estimate the protective 
threshold level from reverse cumulative distribution (RCDs) 
functions made from data on binding antibody quantities and 
known and published mRNA-1273 vaccine efficacies, the pro-
tective threshold calculated from the mRNA-1273 group stood 
out as outlier in these calculations, indicating that values 
obtained might be overestimated in their study. The results of 
another study were consistent with ours in the comparison of 
responses to four vaccines of interest, although the poor corre-
lation of results between the binding assay and the pseudovirus 
assay used in the response assessment should be noted.8 

A confusing result was the equal amount of S protein-specific 
binding antibodies developed after the second and third 
BNT162b2 and mRNA-1273 vaccines, in contrast to pseudo-
virus NTs, which were significantly higher after the third com-
pared to the second vaccine. Such finding implies that 
neutralization activity in vaccinees would not be correlated to 
S protein-specific IgG quantity, which would be hard to explain. 
In contrast, we found a perfect correlation between S protein- 
specific antibody quantity and SARS-CoV-2 NT in vaccinees 
described by polynomial function (Figure 5).

Subsequent immunization of convalescents by vaccination 
modulates the immune response to SARS-CoV-2. Furthermore, 
booster vaccines evened out the different responses to primary 
vaccination cycles developed with four tested and used vaccines. 
Our data indicate that a single injection of any vaccine in 
previously infected COVID-19 individuals induced high, pla-
teau-like level of SARS-CoV-2 neutralizing antibodies, which 
are significantly higher compared to the ones induced either by 
primary vaccination or developed in COVID-19 convalescents. 
Second vaccine dose in those with prior infection had no direct 
benefits for seropositive individuals, given the minimal further 
increase in neutralizing antibodies, consistent with similar early 
observations by others.15–20 A significant boost of naturally 
acquired immunity occurs with the first dose, although it 
remains to be established whether this increase translates into 
improved protection from reinfection or simply reflects the 

secondary immune response to recall antigen, which would be 
protective per se.

Robust and efficient antibody responses in COVID-19 con-
valescents were generated after a single shot of vaccination, 
irrespective of whether received 2 to 14 months after recovery, 
supporting the observation by Jahrsdorfer et al. that immune 
memory did not significantly decrease within the observed time 
span.21 Antibody trajectories after vaccination differed substan-
tially by prior infection status. The longer durability of neutra-
lizing antibodies was demonstrated in convalescents with or 
without an additional dose of the vaccine, as well as in naïve 
individuals who received the third booster vaccine dose in 
comparison to antibodies generated after the primary vaccina-
tion cycle, supporting published early observations.16,19,20,22

Besides quantitative, the usage of wild-type virus as 
a challenge in the neutralization assay enabled the detection 
of qualitative differences in the response developed after infec-
tion and vaccination. First, we observed significant differences 
in complement-mediated virus neutralization. The plasma 
complement system is composed of heat-labile proteins that 
activate each other in a cascade series of reactions. This cascade 
can be activated through three pathways – classical (activated 
in majority of cases by virus-specific antibodies), lectin, and 
alternative, all three described to be triggered by viruses.23 

Considering its role in immunity to viruses, complement con-
tributes to virus elimination, owing to direct neutralization of 
cell-free viruses, among other mechanisms nicely reviewed by 
Agrawal et al.23 Due to the heat-labile nature, complement 
components are easily inactivated by incubation at 56°C for 
30 min, a procedure that does not affect thermally stable IgGs, 
as demonstrated also for SARS-CoV-2-specific IgG.24 That 
allowed us to study SARS-CoV-2 neutralization in each 
serum sample comparatively – in the native form (neutraliza-
tion due to both IgG and complement activity) and after 
complement inactivation (neutralization due to antibody 
activity only). We observed a significant drop in neutralization 
activity upon heat-inactivation in sera of both convalescents9 

and vaccinees. Naïve, nonimmune human samples did not 
demonstrate any measurable SARS-CoV-2 neutralizing activ-
ity, indicating that complement-mediated neutralization trig-
gered by other mechanisms, without the involvement of 
specific antibodies, could not be measured by our assay. 
Hence, we attributed difference in neutralization activity in 
native versus heat-inactivated sera of SARS-CoV-2 immune 
individuals to complement-mediated virus neutralization, trig-
gered by SARS-CoV-2-specific antibodies to the virus surface 
proteins (hence via classical pathway (CP)). Complement 
component C3b and C4b deposition has already been demon-
strated upon antibody binding to SARS-CoV-2 spike protein 
or RBD-coated ELISA plates, supporting CP activation by 
S-specific immunoglobulins.25,26 We could speculate that con-
valescents probably contain in their blood immunoglobulins 
targeting also other proteins expressed at the surface of SARS- 
CoV-2 (M and/or E), not only S protein as vaccinees. It is likely 
that the mixture of anti-S, anti-E, and anti-M antibodies results 
in a denser coverage of the virus surface with IgGs, favoring 
the clustering of IgGs required for C1q component binding 
and consequently the activation of the classical complement 
pathway.27,28
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Although S protein has been considered the major target for 
virus neutralization, we observed that the lower quantity of 
anti-S protein IgG was required for the same neutralizing 
potency in convalescents, as opposed to vaccinees. A similar 
observation was made by Anichini et al.17 Such finding further 
supported that antibodies of other specificities and/or classes 
might be involved in virus neutralization and that such anti-
bodies are generated after recovery from the disease, while not 
after vaccination targeting single protein. Kurtović et al. 
demonstrated that SARS-CoV-2-specific IgM antibodies sig-
nificantly contribute to virus neutralization and are present in 
different quantities in sera of recovered persons.29 Wei et al. 22 

also confirmed that the lower antibody levels produced in 
natural infection resulted in greater protection at the given 
antibody level compared to vaccination, reviewing assumption 
that the level of protection is associated with the antibodies 
and is dependent on the mechanism (infection or vaccination) 
generating the antibodies.

Our past experience throughout the history of the human 
race has taught us that in most infectious diseases, recovery 
from the disease, particularly its severe form, generates effec-
tive immunity. The evidence confirms that the same is true for 
COVID-19 disease.30,31 Vaccination is a public health strategy 
that aims to stimulate a more or less equally effective immu-
nity, which should provide protection from at least severe 
disease, if not from infection at all. Vaccination against 
COVID-19 was undoubtedly the most effective strategy to 
combat COVID-19 epidemics, caused by the novel SARS- 
CoV-2, to which the complete population was naïve and vul-
nerable. However, our data on quantity and quality of SARS- 
COV-2 neutralizing antibodies indicated that higher strin-
gency of public policy measures toward those convalescing 
from COVID-19 compared to those vaccinated were not fully 
justified. The most important lesson for the future may be that 
proper, reliable and standardized monitoring of pathogen- 
specific immunity must be one of the primary goals in emer-
ging epidemics. Also, broad monitoring of induced immunity 
after vaccination and recovery with such standardized and 
relevant tests is of paramount importance for proper manage-
ment of epidemic situations.

Limitation of the study

Complement-activating properties in our experimental setup 
are detectable only in sera with neutralizing titers below 100 
IU mL−1. This phenomenon could be seen in Figure 4a, where 
complement activity index (the ratio between NTs in native 
and heat-inactivated form of each sample) is decreasing as the 
NT is increasing, finally approaching 1 (no difference in NTs 
measured in native and heat-inactivated form). The phenom-
enon is due to the intrinsic property of the SARS-CoV-2 
neutralization assay (elaborated in detail in Results section), 
so only low-titer sera samples were included in this analysis, 
while majority of sera samples collected after second vaccine 
dose and booster immunization were excluded from the 
analysis of complement-activating properties of SARS-CoV 
-2 specific antibodies.
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