
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Journal Pre-proofs

A cohort study reveals different dynamics of SARS-CoV-2-specific antibody
formation after Comirnaty and Vaxzevria vaccination

Adam Augustyniak, Tomasz Szymanski, Filip Porzucek, Adam Aron
Mieloch, Julia Anna Semba, Katarzyna Anna Hubert, Dominika Grajek, Rafał
Krela, Zuzanna Rogalska, Ewa Zalc-Budziszewska, Sławomir Wysocki,
Krzysztof Sobczak, Lechosław Kuczyński, Jakub Dalibor Rybka

PII: S0264-410X(23)00665-5
DOI: https://doi.org/10.1016/j.vaccine.2023.06.008
Reference: JVAC 25040

To appear in: Vaccine

Received Date: 16 February 2023
Revised Date: 23 May 2023
Accepted Date: 2 June 2023

Please cite this article as: A. Augustyniak, T. Szymanski, F. Porzucek, A.A. Mieloch, J.A. Semba, K. Anna
Hubert, D. Grajek, R. Krela, Z. Rogalska, E. Zalc-Budziszewska, S. Wysocki, K. Sobczak, L. Kuczyński, J.D.
Rybka, A cohort study reveals different dynamics of SARS-CoV-2-specific antibody formation after Comirnaty
and Vaxzevria vaccination, Vaccine (2023), doi: https://doi.org/10.1016/j.vaccine.2023.06.008

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition of a cover
page and metadata, and formatting for readability, but it is not yet the definitive version of record. This version
will undergo additional copyediting, typesetting and review before it is published in its final form, but we are
providing this version to give early visibility of the article. Please note that, during the production process, errors
may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

© 2023 Published by Elsevier Ltd.

https://doi.org/10.1016/j.vaccine.2023.06.008
https://doi.org/10.1016/j.vaccine.2023.06.008


A cohort study reveals different dynamics of SARS-CoV-2-specific antibody 
formation after Comirnaty and Vaxzevria vaccination

Authors

Adam Augustyniak1(eq), Tomasz Szymanski(eq)1,2,3, Filip Porzucek1 , Adam Aron Mieloch1, Julia Anna 
Semba1,3, Katarzyna Anna Hubert1,3, Dominika Grajek1, Rafał Krela1, Zuzanna Rogalska3,4, Ewa Zalc-
Budziszewska5, Sławomir Wysocki5, Krzysztof Sobczak3,4, Lechosław Kuczyński6, Jakub Dalibor Rybka1*

1Center for Advanced Technology, Adam Mickiewicz University, Uniwersytetu Poznańskiego 10 , 61-
614 Poznan, Poland; 

2Faculty of Chemistry, Adam Mickiewicz University, Uniwersytetu Poznańskiego 8 Street, 61-614 
Poznan, Poland

3Faculty of Biology, Adam Mickiewicz University, Uniwersytetu Poznańskiego 8 Street, 61-614 
Poznan, Poland

4Institute of Molecular Biology and Biotechnology, Faculty of Biology, Adam Mickiewicz University, 
Uniwersytetu Poznańskiego 6, 61-614 Poznan, Poland

5Provincial Specialist Complex of Healthcare Institutions of Lung Diseases and Tuberculosis, Wolica 
113, 62-872, Godziesze Małe, Poland

6Population Ecology Lab, Faculty of Biology, Adam Mickiewicz University, Uniwersytetu Poznańskiego 
6, 61-614 Poznan, Poland

Funding

This work was supported by the project SZPITALE-JEDNOIMIENNE/76/2020 from National 
Center for Research and Development.

A cohort study reveals different dynamics of SARS-CoV-2-specific 
antibody formation after Comirnaty and Vaxzevria vaccination

Abstract

The Coronavirus (COVID-19) Disease Pandemic, caused by the Severe Acute Respiratory Syndrome 
Coronavirus 2 (SARS-CoV-2), has affected millions of people worldwide, prompting a collective effort 



from the global scientific community to develop a vaccine against it. This study purports to investigate 
the influence of factors such as sex, age, type of vaccination (Comirnaty, BNT162b2, Pfizer Inc. or 
Vaxzevria, ChAdOx1-S, Oxford/AstraZeneca), and time since vaccine administration on the process of 
antibody production. Both of them are based on the introduction of SARS-CoV-2 spike protein (S 
protein) to the body using different mechanisms (mRNA and recombinant adenovirus, respectively). S 
protein is responsible for host cell attachment and penetration via its receptor-binding domain (RBD 
domain). The level of anti-RBD IgG antibodies was tested with an ELISA-based immunodiagnostic assay 
in serum samples from a total of 1395 patients at 3 time points: before vaccination, after the first dose, 
and after the second dose. Our novel statistical model, the Generalized Additive Model, revealed 
variability in antibody production dynamics for both vaccines. Interestingly, no discernible variation in 
antibody levels between men and women was found. 
A nonlinear relationship between age and antibody production was observed, characterized by 
decreased antibody levels for people up to 30 and over 60 years of age, with a lack of correlation in 
the middle age range. Collectively, our findings further the understanding of the mechanism driving 
vaccine-induced immunity. Additionally, we propose the Generalized Additive Model as 
a standardized way of presenting data in similar research.

Introduction

In 2019, a pneumonia outbreak of an obscure cause started spreading worldwide, becoming the 
highest-priority global threat. A new type of coronavirus named severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) was identified as the aetiological agent 1,2.

The symptomatic spectrum of SARS-CoV-2 infection varies from flu-like symptoms, through 
characteristic temporal ansomy to a multisystem organ failure and death 3,4. Widely adopted 
countermeasures against SARS-CoV-2 transmission such as physical distancing, face masks, and 
mucosal protection turned out insufficient in preventing the COVID-19 pandemic 5. Therefore, 
a vaccination program along with the maintenance of sanitary restrictions has been implemented 
worldwide 6. Multiple vaccines against SARS-CoV-2 have been deployed and administered 
expeditiously to immunize patients and achieve herd immunity. 

The use of the polymerase chain reaction and the evaluation of antibody-mediated immunity 
became the gold standard in molecular diagnostics of the SARS-CoV-2 infection. Although nowadays 
reverse transcription-polymerase chain reaction is a commonly used molecular diagnostics tool, it is a 
labor-intensive and intrinsically complex assay that necessitates a relatively high level of expertise. Due 
to increased testing rates, more laboratory staff was required to be trained at the early stage of the 
pandemic. Well-trained, but inexperienced laboratory personnel poses a heightened risk of sample 
cross-contamination leading to false-positive results, which was a crucial issue in COVID-19 testing 7. 
Various immunoassay-based systems quantifying specific anti-SARS-CoV-2 antibodies were 
successfully used to estimate the humoral immune response against the contagion. Numerous studies 
have assessed the performance of anti-SARS-CoV-2 antibody binding assays based on different target 
antigens in patients 8-11. Testing against various isotypes of anti-SARS-CoV-2 antibodies is a useful 
prognostic and diagnostic tool for evaluating treatment regimens or diagnosing non-symptomatic 
patients. The majority of immunoassays are designed for the detection of IgG antibodies. This class of 
antibodies protects against SARS-CoV-2 infection and is crucial from the standpoint of herd immunity 
12.

For the purpose of anti-SARS-CoV-2 antibody detection, the most commonly used antigens are the 
surface S1-protein (spike protein), and inner nucleocapsid protein (N protein). In plasma, the 
neutralizing activity of antibodies directed against SARS-CoV-2 is strongly related to the level of IgG 



and IgA class antibodies recognizing the receptor binding domain (RBD) of the spike protein 12-14. RBD 
is a highly conserved, immunogenic subdomain of S1-protein responsible for virion-cell interaction and 
subsequent entrance into the host cell. Previous studies have reported that immunoassays targeting 
RBD, detecting the IgG class of antibodies, showed the highest sensitivity and specificity 9,15. 

Age, male sex, seronegativity, and comorbidities were found to be associated with reduced 
humoral immune response. These findings indicate the significance of antibody response surveillance 
following vaccination to ensure fair access to vaccinations, develop more effective vaccination 
regimens, and underline the importance of administering booster injections in order to lessen the 
consequences of waning immunity 16-18.  The research focused on two different types of vaccines: 
Comirnaty (BNT162b2, Pfizer Inc.) and Vaxzevria (ChAdOx1-S, Oxford/AstraZeneca) with regard to sex, 
age, and time after vaccination. Comirnaty is a nucleoside-modified RNA vaccine formulated into lipid 
nanoparticles. The RNA encodes the SARS-CoV-2 full-length S-protein in a prefusion, stabilized state 19, 
whereas the Vaxzevria consists of a replication-deficient chimpanzee adenoviral vector ChAdOx1, 
containing the SARS-CoV-2 S-protein gene 20. Based on the obtained data the Generalized Additive 
Model was used to describe the serological response, providing insights into the dynamics of immune 
response and immunization efficiency with respect to tested factors, for both abovementioned 
vaccines. To our knowledge, this is the first large cohort study utilizing the Generalized Additive Model 
for the investigation of their efficiency. 

Materials and methods

Ethics statement

The Study has been approved by the Bioethics Committee of the Poznan University of Medical Sciences 
on June 17, 2020 (no. 471/20). Patients signed informed consent before recruitment into the study. 
Approval from the Ethical Committee was granted before starting the study.

Scope and limitations of the study 

The study was designed to monitor the immune response after vaccination with  different vaccines 
against SARS-CoV-2 approved in Poland – Comirnaty, (BNT162b2 Pfizer, Inc.) and Vaxzevria (ChAdOx1-
S, Oxford/AstraZeneca), Jcovden (Ad26.COV2-S, J&J), and Spikevax (mRNA-1273, Moderna) in the 
population of Wielkopolska voivodeship, Poland (population of 3.5 mln people) and provide a 
statistical model for the immune response regarding gender, age and type of vaccine. Patients were 
enrolled at the Provincial Specialist Hospital for Lung Diseases and Tuberculosis in Wolica (referred to 
as ‘Wolica’) and among students, academic staff, and their relatives from Adam Mickiewicz University 
in Poznań (referred to as ‘AMU’), according to the inclusion and exclusion criteria (Table 1). 

Table 1: Table representing inclusion and exclusion criteria for the study

Inclusion Exclusion

 Adults (over 18 years old) of 
all genders

 Diagnosed SARS-CoV-2 infection
 SARS-CoV 2 Infection symptoms (high fever, 

cough, runny nose, dyspnoea)



 Residence in Wielkopolska 
voivodeship, Poland

 Direct contact with a person within 14 days before 
the first sample collection 

o diagnosed withSARS-CoV-2 infection
o quarantined
o returned from abroad

 Autoimmunological disease
 Ongoing immunosuppresive treatment

The samples were taken at three time points defined as pre-vaccination, after the 1st dose, and after 
the 2nd dose, over a period of eight months (March 2021 to October 2021). A two-week serological 
window period was taken under consideration while sampling after the 1st and the 2nd dose of 
vaccination. Patients were divided according to age groups (18-25, 26-45, 46-64, 65+), sex, and type of 
received vaccine. Blood samples from a total of 1,395 patients were eventually included into the 
analysis (inclusion/exclusion criteria were met and at least 3 serum samples were collected at the 
specified time of the study). Amongst them, 1,174 participants were enrolled in Wolica group, and 221 
samples originated from AMU group. A detailed information regarding the demography of enrolled 
patients are presented in Table 2. Number of samples collected from individuals who received Jcovden 
(Ad26.COV2-S, J&J) and Spikevax (mRNA-1273, Moderna) vaccination were insufficient to provide 
reliable statistical analysis, therefore this data had to be excluded from the analysis. Other limitation 
of our study was age – during the sample acquisition period, in Poland the vaccines were approved 
only for adults (over 18 years old). We were gathering samples from two facilities which was a limiting 
factor for the number of participants – only persons who met our criteria, wanted to be vaccinated 
with two doses and voluntarily donate the blood sample in specified intervals could be included in the 
study. Cellular and humoral response, are both interacting mechanisms of immunity. Our cohort study 
aimed to evaluate the humoral immune response after each dose of vaccination, specifically by 
measurement of generated antibody levels. It would be appropriate to examine the cellular response 
as well in order to advance the knowledge of the immune response, however, such tests are 
substantially more expensive and time-consuming than standard serological tests. These requirements 
are crucial, especially in research investigating numerous study samples like the ones below.

Patient recruitment (inclusion/exclusion criteria) 

First serum collection - up to 1 week before the 
first vaccination. 

Second serum collection - 2 to 4 weeks after first 
vaccination.

Third serum collection - 2 to 4 weeks after the 
second vaccination

Data analysis/Generalized Additive Model 
generation

ELISA

ELISA

ELISA

Figure 1: A diagram showing the outline of our study.



Sample collection

The whole blood was aspirated into the syringe with a blood clotting activator (S-Monovette® Serum, 
Sarstedt). After 30 min, the samples were centrifuged at 3500 x g, 5 min, RT, and the resulting sera 
were aliquoted before storage. The aliquots were stored at –20˚C and analyzed within one month. One 
freezing/thawing cycle was applied before testing. 

Table 2: Table representing the number of patients enrolled in the study, with regard to sex, age, and type of vaccination

AMU WOLICA TOGETHER

TOTAL SAMPLES (%)

221 (100%) 1,174 (100%) 1,395 (100%)

SEX

MALE 77 (34.84%) 474 (40.37%) 551 (39.50%)

FEMALE 144 (65.16%) 700 (59.63%) 844 (60.50%)

AGE GROUPS

18-25 2 (0.9%) 95 (8.1%) 97 (6.95%)

26-45 119 (53.85%) 317 (27%) 436 (31.26%)

46-64 84 (38.01%) 416 (35.43%) 500 (35.84%)

65+ 16 (7.24%) 346 (29.47%) 362 (25.95%)

TYPE OF VACCINE

COMIRNATY 37 (16.74%) 1,042 (88.76%) 1,079 (77.35%)

VAXZEVRIA 184 (83.26%) 132 (11.24%) 316 (22.65%)



Antigen production

The antigen used in this study was the receptor binding domain (RBD) of native (WuHan-Hu-1) SARS-
CoV-2 S-protein (anti-RBD). The antigen was produced based on the previously described 
methodology, with modifications  21. Briefly, the RBD coding sequence, flanked with the signal peptide 
coding sequence at 5’-end and 6xHis-Tag at 3’-end, was cloned into pCAGGS expression plasmid. 
Expi293F cell line (ThermoFisher Scientific), a modified HEK293 line, optimized for production of 
protein exported outside the cell to the cell culture medium, were transfected with expression vector 
using ExpiFectamine™ reagent (ThermoFisher Scientific) according to the manufacturer’s protocol. 
After 5 days, the cell suspension was centrifuged at 4000 x g, 20 min, 4°C, and the supernatant was 
collected. The supernatant containing RBD protein was passed through a chromatography column 
filled with Ni-NTA resin (Therm Fisher Scientific), to immobilize the protein via His-tag. After 
immobilization, the column was washed with phosphate-buffered saline (PBS), containing 25 mM 
imidazole and 0.15 M NaCl. The protein was eluted from the resin using PBS containing 230 mM 
imidazole and 0.2 M NaCl. Subsequently, the protein solution was concentrated and purified with 10 
kDa Amicon centrifugal filter columns (Merck, Germany).

Immunoassay 

Anti-RBD IgG levels were evaluated by indirect enzyme-linked immunosorbent assay (ELISA). For the 
assay, 96-well microtiter Maxisorp plates (Nunc, Thermo, Denmark) were coated overnight at 4°C with 
RBD antigen (100 μl per well of 1 μg/ml). The protein solution was then discarded, wells were washed 
3 times with phosphate buffered saline with 0.1% Tween 20 (PBS-T), and each well was blocked with 
3% skimmed milk in PBS-T, at room temperature (RT) for 60 min. The blocking solution was then 
discarded and human serum samples or positive and negative controls, or 8 calibrator dilutions (sera 
and controls diluted 1:100 with PBS-T; calibrator diluted 1:200 with PBS-T), were added to antigen-
coated wells in duplicates. The plate was incubated at RT for 60 min., washed 3 times with PBS-T and 
an HRP-conjugated isotype-specific antibody goat anti-human IgG Fab specific horseradish peroxidase 
(HRP) conjugate (Sigma-Aldrich) (1:12,000 dilution) was added to each well for 30 min. After washing 
3 times with PBS-T, incubation TMB (3,3′,5,5′-tetramethylbenzidine) Substrate Solution (Pierce 1-Step 
Turbo TMB-ELISA Substrate Solution, Thermo Fisher Scientific) for 30 min, followed by the addition of 
a stop solution (2M H2SO4), to yield colorimetric reaction with the HRP enzyme. The OD of each well 
was measured at 450 nm using a microplate reader (TECAN Infinite M200 Pro). 

ELISA calibration

The first WHO International Reference panel of anti-SARS-CoV-2 immunoglobulin consisted of pooled 
plasma samples from individuals recovered from COVID-19 and a negative control plasma obtained 
from healthy blood donors collected before 2019. The panel was evaluated by World Health 
Organization (WHO) in an international collaborative study 22. The standard was supplied in a freeze-
dried format by the National Institute for Biological Standards and Control (NIBSC)-code 20/136. An 
arbitrary unit of 1,000 binding antibody units per mL (BAU/mL) is used to compare assays detecting 
the same class of immunoglobulins with the same specificity. Due to a limited supply of the original 
reference sample supplied by the NIBSC, an internal reference was prepared from the pooled sera of 
recovered and vaccinated participants, calibrated against the NIBSC 20/136 standard. 



For each microplate, a standard curve for quantitative measurement was calculated. The cut-
off value of 35 BAU/mL was calculated based on the mean OD value of negative samples (n=100) plus 
two standard deviations (SD). OD values greater than the determined cut-off value were defined as 
positive. The unit of measurement used is in accordance with the latest notification received from 
World Health Organization (WHO) NIBSC 20/136 standard. Our immunoassay was validated by an 
external, independent laboratory. The diagnostic value of the test was defined by determining the 
following parameters of the method, presented in Table 3

Table 3: The diagnostic value of ELISA assay, determined by the external independent laboratory.

Parameter Value

Sensitivity 86%≥

Specificity 98%≥

Positive predictive value 98%≥

Negative predictive value 81%≥

Positive reference samples consisted of pooled plasma obtained from 15 strongly seropositive patients 
with confirmed COVID 19 recovery. Negative reference sample was the plasma collected in 2018, in 
time the disease has not occurred yet.

Statistical model

Generalized Additive Models (GAM) 23 were used to investigate what factors influence antibody level 
(AL). For simplification, the term ‘antibody level’ is used to all the results obtained from the 
immunoassay, both below and above the set cut-off value. The dependent variables were antibody 
levels (respectively: pre-vaccination, after the first, and after the second dose), while the independent 
variables were locations (‘Wolica’ or ‘AMU’), sex, age and antibody level determined in the study (log-
transformed), type of the vaccines (Vaxzevria or Comirnaty) and the time since vaccination. Three 
separate models were fitted (representing AL before, after the first, and after the second dose, 
respectively). AL was assumed to originate from a compound Poisson Gamma (Tweedie) distribution 
with the log link function. This approach allows modeling of non-negative real numbers and can 
effectively account for overdispersion. The patients’ age, AL, and time (both log-transformed) after the 
previous vaccine dose (if applicable) were fitted as smooth functions. Separate fits were allowed for 
the time following the vaccination. Additionally, the type of vaccine, sex, and a factor coding sampling 
locality were used as parametric predictors. Both production and degradation of antibodies are 
multiplicative processes, therefore ratios of the specific values of parameters were used when 
calculating effect sizes. To assess contrasts, estimated marginal means were used with the R package 
mmeans 24. All analyses were performed with R version 4.2 25.



RESULTS

Pre-vaccination

Antibody level (AL) before vaccination (pre-vaccination) was on average 2.31 times higher in the 
‘Wolica’ location than in the ‘AMU’ location (95% CI: 1.77-2.86, t = 6.95, p <0.0001) (Fig. 2A, S1A). 
There was a significant difference between sexes - in men, AL is on average 1.40 times higher than in 
women (95% CI: 1.15-1.64, t = 3.75, p = 0.0002) (Fig. 2B). Age was another significant factor. The AL 
increases by an average rate of 7.81% for every 10 years of average age (95% CI: 2.54-13.09, t = 3.75, 
p = 0.0002) (Fig. 2C, S1C). Although the relationships found are statistically significant (Table 4), the fit 
of the model is low and the factors considered explain only 3.5% of the total variability of the AL. This 
means that in the unvaccinated population, AL is highly variable and only slightly affected by factors 
such as sex, age, and location.

Table 4: Generalized Additive Model results for pre-vaccination antibody level.

PARAMETRIC TERMS DF F P

LOCATION 1 48.3 <0.0001

SEX 1 14.06 0.0002

SMOOTH TERMS EDF F P

AGE 1.0 8.36 0.0038

Explanations: DF: degrees of freedom for parametric terms, EDF: estimated degrees of freedom for smooth terms 
(corresponding to the degree of the polynomial, e.g. 1 is a straight line, 2 is a second-degree polynomial, etc.), F: Snedecor's 
test statistic, P: p-value (in bold when p <0.05).



Figure 2: The effect of location (W = Wolica, U = AMU), sex (F = women, M = men), and age (in years) on AL before 
vaccination. The blue dots represent the observed values, the red lines represent fitted values, and shaded regions are 95% 
confidence intervals.

After the first dose

The most important factor determining the antibody level after the first vaccination is the AL pre-
vaccination: participants with higher AL before treatment displayed a higher increase of AL after 
vaccination, which corroborates the dynamics of antibody production after secondary exposure to a 
specific antigen. As in the pre-vaccinated population, AL values after first dose were higher in the 
‘Wolica’ location than in the ‘AMU’ location (mean 1.77 times, 95% CI: 1.36-2.18, t = 4.80, p < 0.0001) 
(Fig. 3B, S2B). There were no significant differences in response to the first dose between women and 
men (mean AL ratio men/women is 0.96, 95% CI: 0.87-1.06, t = -0.80, p = 0.4220) (Fig. 3C, S2C). Age 
was demonstrated to be a crucial factor determining the quickness and sustenance of the immune 
response: in the elderly, antibody production after the first dose of vaccine is slower and declines at 
an average rate of 9.19% for every 10 years of life (95% CI: 6.08-12.30, t = 3.22, p <0.0001) (Fig. 3D, 
S2D). However, this relationship is non-linear. In participants up to 30 years of age, the production of 
antibodies decreases with age. In the location of 30-60 yrs. range, the age dependence is insignificant 
and again, over the age of 60, a negative correlation between age and AL was observed. For example, 
the mean AL proportion between a 20-year-old and a 70-year-old participant is 1.58 (95% CI: 1.34-
1.83, t = 5.79, p <0.0001) (Fig. 3D, S2D).

The mean AL after the first dose (measured in the 3 months post-vaccination period) did not 
differ with the type of vaccine (mean PP ratio for Vaxzevria/Comirnaty is 0.93, 95% CI: 0.67-1.19, t = -
0.54, p = 0.5900) (Fig. 3E, S2E). There were, however, clear differences in the rate of change in AL after 
vaccination: for Vaxzevria the initial response was very strong, followed by a decrease in AL at an 
average rate of 2.26% per day (95% CI: 1.44-3.08, t = -5.40, p <0.0001) (Fig. 3F, S2F), while in the case 
of the Comirnaty, the average rate of decrease in AL was more than 4 times lower, amounting to 0.66% 
per day. Based on the available data and with the assumed significance level of α = 0.05, there is no 
evidence backing the assumption that the change (in the case of the Comirnaty) is significantly 
different from zero (95% CI: -0.08-1.40, t = 1.74, p = 0.0817) (Fig. 3G, S2G).

Consequently, the average 3-month AL after the first dose did not differ between the two types 
of vaccines (Fig. 3E, S2E), while the dynamics of AL in the post-vaccination period differed: the 
response to Vaxzevria is rapid, followed by the AL decrease (Fig. 3F, S2F), while for Comirnaty the initial 
response is lower but the AL remains almost constant (Fig. 3G, S2G).



Table 5: GAM model results for AL after the first dose of vaccination

PARAMETRIC TERMS DF F P

VACCINE TYPE 1 0.29 0.5900

LOCATION 1 23.1 <0.0001

SEX 1 0.64 0.4220

SMOOTH TERMS EDF F P

AL PRE-VACCINATION 4.3 165.8 <0.0001

AGE 3.3 10.4 <0.0001

TIME AFTER VACCINE(VAXZEVRIA) 1.0 29.2 <0.0001

TIME AFTER VACCINE (COMIRNATY) 1.0 3.0 0.0817

Explanations: see Table 4. The fit of the model is 41.5%.



Figure 3: The effect of pre-vaccination (logarithm) antibody level on AL  after the first dose of vaccination: location (W = 
Wolica, U = AMU), sex (F = female, M = male) and age (years), and vaccine type (V = Vaxzevria, C = Comirnaty), and time after 
vaccine was taken (separately for Vaxzevria and Comirnaty). The blue dots represent the observed values, the red lines 
represent fitted values, and shaded regions are 95% confidence intervals.

After the second dose

The greater AL following the first dose, the higher AL following the second dose. The location effect 
again proved to be significant, but this time AL was lower in the ‘Wolica’ location compared to ‘AMU’ 
(mean Wolica/AMU ratio is 0.81, 95% CI: 0.71-0.90, t = 3.70, p = 0.0002) (Fig. 4B, S3B). There were no 
significant differences in response to the second dose between women and men (mean AL ratio 
men/women is 1.02, 95% CI: 0.96-1.08, t = 0.78, p = 0.4372) (Fig. 4C, S3C). Age does not appear to be 
significant for AL obtained after the second dose (t = 1.14, p = 0.2363).

There were significant vaccine-type dependent differences in the mean AL (measured over 3 
months)  after the second dose of Vaxzevria: the mean AL was 2.9 times lower than after the second 
dose of Comirnaty (Vaxzevria/Comirnaty AL ratio was 0.34, 95% CI: 0.30-0.38, t = -0.54, p <0.0001) (Fig. 
4D, S3D). There were also clear differences in the rate of change of AL after the booster: for Vaxzevria, 
it remains constant (the average rate of change is 0.16% and does not differ significantly from zero: 
95% CI: 0.77-1.10, t = 0.34, p = 0.7307) (Fig. 4E, S3E), while with the Comirnaty, AL decreases at an 
average rate of 0.71% per day (95% CI: 0.77-1.10, t = -3.74, p = 0.0002) (Fig. 4F, S3F).

This means that both the average 3-month AL and immune response dynamics vary between 
the two types of vaccines. The initial response to the Vaxzevria was about 3 times weaker in 
comparison to the Comirnaty and then remains constant, while for the Comirnaty, the initial response 
is robust and then declines, leading to a plateau, still higher than the Vaxzevria after 3 months.



Table 6: GAM model results for antibody level after the second dose of vaccination.

PARAMETRIC TERMS DF F P

VACCINE TYPE 1 377.4 <0.0001

LOCATION 1 13.7 0.0002

SEX 1 0.60 0.4372

SMOOTH TERMS EDF F P

AL PRE-VACCINATION 4.1 169.7 <0.0001

AGE 2.2 1.31 0.2363

TIME AFTER VACCINATION (VAXZEVRIA) 1.0 0.12 0.7317

TIME AFTER VACCINATION (COMIRNATY) 1.0 13.8 0.0002

Explanations: see Table 1. The fit of the model is 54.0%.



Figure 4: Effect of the (logarithmic) antibody level after the first dose of vaccination: location (W = Wolica, U = AMU), sex (F 
= female, M = male), vaccine type (V = Vaxzevria, C = Comirnaty) and time after the vaccine was taken (separately for Vaxzevria 
and Comirnaty) on AL after the second dose of vaccine. The blue dots represent the observed values, the red lines represent 
fitted values, and shaded regions are 95% confidence intervals.

Discussion

Overall safety and efficacy of Vaxzevria and Comirnaty were assessed in the multinational, placebo-
controlled, observer-blinded, pivotal efficacy trial clinical trials 19,20. Subsequently, they were approved 
under emergency use authorization in European Union. As expected aftermath of a worldwide 
vaccination program, many independently conducted studies have emerged, designed to investigate 
the serological response upon vaccination of specific subpopulations 26-28. In these studies, several 
variables were considered such as age, sex, co-existing diseases, blood group, and antibody level. In 
our study, we aimed for the first time, at providing a Generalized Additive Model of immune response 
for two types of vaccines: Comirnaty and Vaxzevria with the association with age and time after 
vaccination on a relatively big cohort. Firstly, our model showed, contradictory to many hypotheses, 
that there is no difference between the serological response between males and females 29,30. It is well 
known that men are more susceptible to infection by e.g. influenza viruses, HIV, and hepatitis 31. In the 
case of SARS-CoV-2, the data show that infection rates are very similar globally 32. However, male 
COVID-19 patients are twice more likely to require Intensive-Care Unit admission and 30% more likely 
to die 31. Studies have shown that innate and adaptive immune responses are stronger in females than 
males, especially during reproductive age 33,34. These discrepancies are linked to divergent sex 
hormone patterns, which differentially affect certain populations of immune cells 32 Nonetheless, our 
model reveals a predominant similarity in the immune response, regardless of sex, vaccine type, and 
the number of administered doses. There were discrepancies in the basal level (pre-vaccination) of 
antibodies, however, the fit of our model was low in this case. This may be attributed to more people 
having asymptomatic infections, as well as undiagnosed infections. 

Our model reveals that patients with high initial level of antibodies before vaccination exhibit 
greater potential for boosted serological response afterward. Such patients was not diagnosed with 
SARS-CoV-2 infection, but may have an asymptomatic one. This confirms the other studies, which 



showed that a single dose of booster shot from a recovered patient elicits neutralizing titers of 
antibodies against all variants of SARS-CoV-2 up to 1000-fold, compared to much lower titers of naive 
donors. 35. This phenomenon is referred to as “hybrid immunity” and it is attributed to the presence 
of memory B-cells after an infection, which enhances the serological response after boosting from the 
vaccine. Moreover, it was discovered that antibodies produced by cells after infection showed longer 
persistence and higher variability, which enhances the effectiveness of the response against immune-
evading variants, compared to the vaccine-only antibodies. This mechanism is utilized in the 
heterologous vaccination strategy, which was recommended in many countries. It was confirmed that 
a combination of adenoviral first dose and mRNA booster yielded a better overall serological response. 
The virus-based preparations reportedly increased the cellular response, while mRNA vaccines yielded 
a higher humoral response 36-38.

Interestingly, our model finds age-related AL dependency only after the first dose. 
The dynamics of the immune response reveal that the AL decrease with age up to 30 years, then 
remains constant in the range of 30-60 days of our study, and diminishes again in the 60+ group. This 
phenomenon was not observed after the second dose. Our study expanded the previous research 39, 
where statistically significant differences were observed only after the first dose of Comirnaty.

An intriguing behavior of the AL dynamics between the two vaccines was observed. After the 
first dose, the AL was higher for Vaxzevria than Comirnaty, but it decreased sharply over time, 
compared to Comirnaty where the decline was moderate. Nonetheless, the average AL was not 
statistically different after 3 months. After the second dose, the opposite dynamic was observed. The 
AL for Vaxzevria remained low and constant for 3 months. In comparison, a steep boost of the AL after 
Comirnaty, with a steady decline afterward, was observed. We found that many more Vaxzevria-
vaccinated participants had very low, or even below the threshold AL after the second dose, compared 
to the Comirnaty-vaccinated ones. Since the RBD antigen was used in the ELISA, one of the two major 
targets for the neutralizing antibodies of the S protein (along with the N-terminal domain) 40, we 
attributed the low AL after Vaxzevria due to the lower production of neutralizing antibodies. This 
assumption can be confirmed with the work by Terpos et al.41, in which the inhibition (%) of 
SARS-CoV-2 binding to the human host receptor angiotensin-converting enzyme-2 (ACE-2) was 
measured. The study demonstrated that the median inhibition score was 91.25% for those receiving 
the Comirnaty, compared to the median score of 63.09% for those receiving the Vaxzevria, which is a 
direct measurement of the neutralizing antibodies’ potency. Similar results were presented by Khoury 
42, who found the average SARS-CoV-2 AL induced by Vaxzevria to be lower than average post-COVID-
19 level, and Karbiener, who showed that the average post-vaccination anti-SARS-CoV-2 neutralizing 
antibody level were more than twice lower compared to the Comirnaty and Novavax 43. 

In our work, the humoral response of RBD against one SARS-CoV-2 variant – the Wuhan-Hu-1, 
was examined. Since the pandemic outbreak, a few variants of concern were identified, such as Alpha, 
Beta, Delta, and Omicron, characterized by particular mutations in the capsid proteins, especially in 
the spike protein 44. There are studies, which aim at elucidating the cross-immunity between different 
viral strains 42,45/47. Available studies apply various methodologies to analyze and present the data, 
which is suboptimal for cross-comparison between different studies. Therefore, we propose the 
Generalized Additive Model as a standardized way of presenting the data, if such analysis is applicable. 
Provided model offers a coherent and clear way to describe the complexity of the serological response, 
simplifying data comparison between various studies. We believe that the presented model could be 
a good reference for further more applied research on SARS-CoV-2 humoral response, including post-
booster reaction, the efficacy of various vaccines against specific viral mutations, and their impact on 
developing subsequent long COVID immunity. Given that vaccination prevents the severe course of 
COVID-19, it is conceivable that fully vaccinated patients presented a lower incidence of protracted 
symptoms 48-50. More substantial comparative observational studies and trials are required due to the 
full influence of vaccination remains undetermined.



Conclusions

In this study, 1,395 samples from the two places (Provincial Specialist Hospital for Lung 
Diseases and Tuberculosis in Wolica and Adam Mickiewicz University in Poznan) from Wielkopolska 
voivodeship, were collected and grouped based on vaccination status, sex, age, and type of the 
administered vaccine. Subsequently, “in-house” ELISA was developed, utilizing RBD as the capturing 
antigen. Lastly, a statistical model was designed to investigate the dynamics of SARS-CoV-2 humoral 
immune response over time. The models reveal different dynamics of humoral response for Vaxzevria 
and Comirnaty, as well as the difference in average antibody level after full vaccination regarding age 
and gender. The presented models complements other studies in the field and may serve as a 
convenient representation of humoral response after vaccination. Our data provide an important 
contribution to the understanding of immune response dynamics as a result of a worldwide vaccination 
effort in the fight against the COVID-19 pandemic.
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The Coronavirus (COVID-19) Disease Pandemic, caused by the Severe Acute Respiratory Syndrome 
Coronavirus 2 (SARS-CoV-2), has affected millions of people worldwide, prompting a collective effort 
from the global scientific community to develop a vaccine that would enable the fight against the 
disease. The development of vaccines was swift, and the first doses of vaccination were given to 
patients in December 2020, only a year after the first reported cases of the disease. This study purports 
to investigate the influence of factors such as sex, age, type of vaccination (Comirnaty, BNT162b2, 
Pfizer Inc. or Vaxzevria, ChAdOx1-S, Oxford/AstraZeneca), and time since vaccine administration on 
the process of antibody production. Both of the vaccines, are based on the introduction of SARS-CoV-
2 spike protein (S protein) to the body using different mechanisms (mRNA and recombinant 
adenovirus, respectively). S protein builds the outer layer of the capsid and is responsible for cell 
attachment and penetration via its receptor-binding domain (RBD domain). The level of anti-RBD IgG 
antibodies was tested with an ELISA-based immunodiagnostic assay in serum samples from a total of 
1395 patients at 3 time points: before vaccination, after the first dose, and after the second dose. The 
results were used to create a statistical model of the immune response. Our Generalized Additive 
Model revealed variability in antibody production dynamics for both vaccines. Interestingly, no 
discernible variation in antibody level between men and women was found. 
A nonlinear relationship between age and antibody production was observed, characterized by 
decreased antibody level for people up to 30  and over 60 years of age,  with a lack of correlation in 
the middle age range. Collectively, our findings further the understanding of the mechanism driving 
vaccine-induced immunity. Additionally, we propose the Generalized Additive Model as a standardized 
way of presenting data in similar research.


