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ORIGINAL RESEARCH

Homologous or heterologous administration of mRNA or adenovirus-vectored 
vaccines show comparable immunogenicity and effectiveness against the 
SARS-CoV-2 Omicron variant
Gabiria Pastorea, Jacopo Polverea, Fabio Fiorinoa,b, Simone Lucchesia, Giorgio Montesia, Ilaria Rancanc,d, Sara Zirpolia, 
Arianna Lippic,d, Miriam Durantec, Massimiliano Fabbianic, Mario Tumbarelloc,d, Francesca Montagnanic,d, 
Donata Medaglinia* and Annalisa Ciabattinia*
aLaboratory of Molecular Microbiology and Biotechnology, Department of Medical Biotechnologies, University of Siena, Siena, Italy; bDepartment 
of Medicine and Surgery, LUM University “Giuseppe Degennaro”; Casamassima, Bari, Italy; cDepartment of Medical Biotechnologies, University of 
Siena, Siena, Italy; dDepartment of Medical Sciences, Infectious and Tropical Diseases Unit, University Hospital of Siena, Siena, Italy

ABSTRACT
Background: Heterologous prime-boost schedules have been employed in SARS-CoV-2 vaccination, yet 
additional data on immunogenicity and effectiveness are still needed.
Research design and methods: Here, we measured the immunogenicity and effectiveness in the real- 
world setting of the mRNA booster dose in 181 subjects who had completed primary vaccination with 
ChAdOx1, BNT162b2, or mRNA1273 vaccines (IMMUNO_COV study; protocol code 18,869). The spike- 
specific antibody and B cell responses were analyzed up to 6 months after boosting.
Results: After an initial slower antibody response, the heterologous ChAdOx1/mRNA prime-boost 
formulation elicited spike-specific IgG titers comparable to homologous approaches, while spike- 
specific B cells showed a higher percentage of CD21−CD27− atypical cells compared to homologous 
mRNA vaccination. Mixed combinations of BNT162b2 and mRNA-1273 elicited an immune response 
comparable with homologous strategies. Non-significant differences in the Relative Risk of infection, 
calculated over a period of 18 months after boosting, were reported among homologous or hetero-
logous vaccination groups, indicating a comparable relative vaccine effectiveness.
Conclusions: Our data endorse the heterologous booster vaccination with mRNA as a valuable alter-
native to homologous schedules. This approach can serve as a solution in instances of formulation 
shortages and contribute to enhancing vaccine strategies for potential epidemics or pandemics.
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1. Introduction

Several SARS-CoV-2 vaccine formulations, including mRNA 
vaccines, viral vector, and protein subunit vaccines have 
been developed in an extraordinary effort to control the 
SARS-CoV-2 pandemic and to reduce the severity of the 
COVID-19 disease. Since the end of 2021, many countries 
have implemented vaccination schedule against SARS-CoV-2 
with booster doses, to address issues related to the decrease 
in immunity and the circulation of variants capable of escap-
ing the immune response [1–3]. As of November 2023, about 
31% of the global population has received at least one 
booster dose [https://covid19.who.int/table]. The administra-
tion of the third and subsequent doses has opened the door 
to heterologous prime-boost COVID-19 vaccination 
approaches [4]. Combination of vaccines has been imple-
mented as a practical response to shortages of certain for-
mulations or changes in national authorization for some 
initially licensed vaccines. For instance, the use of adenoviral 
vector ChAdOx1 discontinued in some countries, and supply 
issues emerged with the Russian Sputnik V vaccine [4,5].

The heterologous prime-boost approach, based on the use 
of different vaccine platforms for delivering the same vaccine 
antigen [6–8], has been proposed in the early 2000s as 
a strategy to increase vaccine immunogenicity and stimulate 
an immune response that include not only neutralizing anti-
bodies but also cellular responses, especially CD8+ 
T lymphocytes [9,10]. To enhance the efficacy of heterologous 
strategies, the combination of systemic and mucosal immuni-
zation routes has also been considered [11–13]. This approach 
can be particularly valuable for inducing a robust immune 
response through the parenteral priming, and subsequently 
enhancing the local recruitment of effector factors through 
mucosal boosting [14–19].

In the recent SARS-CoV-2 pandemic context, the range of 
different vaccines available against the same spike vaccine 
antigen has been particularly suitable to study vaccination 
approaches across the combination of different platforms for 
the first and second dose or the primary vaccination cycle and 
the booster dose [20–23]. More than 20 clinical trials are cur-
rently ongoing (https://clinicaltrials.gov/), with most of the 
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studies designed to investigate the use of different vaccine 
platforms for the primary and secondary doses [20]. In the 
real world setting, most of the people have received the same 
vaccine for the first two doses and a different formulation for 
the third or subsequent booster doses. Vaccines recently 
authorized by regulatory agencies in EU and US for the next 
vaccination season are an updated version of the vaccines used 
in previous campaigns. They are meant to broaden vaccine- 
induced immunity against currently circulating SARS-CoV-2 
XBB-sublineage variants and confer protection against severe 
COVID-19–associated illness and death [24]. Updated author-
ized vaccines include both the monovalent Omicron XBB.1.5 
mRNA vaccines, produced by Moderna and Pfizer-BioNTech, 
and the updated subunit vaccine produced by Novavax.

Here, we compared the immunogenicity of homologous and 
heterologous prime-boost approaches using two vaccine plat-
forms, in a real-world setting. A total of 181 subjects received the 
primary vaccination cycle (first and second doses) with mRNA- 
based vaccines (BNT162b2, Pfizer or mRNA-1273, Moderna) or 
the adenovirus-vectored vaccine (ChAdOx1, AstraZeneca), fol-
lowed by a third dose (boosting) with mRNA-based vaccines, either 
BNT162b2 or mRNA-1273. The follow-up of the spike-specific anti-
body and memory B cell responses extended up to 6 months after 
the third dose, while the investigation on possible SARS-CoV-2 
infection, self-reported by participants through a survey, lasted 
up to 18 months after the booster dose. Considering the crucial 
role of the long-term memory response, based on the generation 
of antigen-specific lymphocytes capable of reactivating upon sub-
sequent contact with the antigen, we dissected the spike-specific 
memory B cells elicited by the different homologous or hetero-
logous vaccine combinations. To visualize the different spike- 
specific B cell subsets and their dynamic modulation overtime 
across the different vaccine combination, computational 
approaches relying on clustering algorithms were employed 
[25,26].

2. Patients and methods

2.1. Study design

A total of 181 healthy volunteers, mostly recruited among 
hospital and university workers, aged 24–75 years (median 
age 48 years), was enrolled in the IMMUNO_COV study. 
Study participants provided written informed consent 

before participation in the study. Exclusion criteria included 
pregnancy, previous documented SARS-CoV-2 infection, and 
immunocompromising comorbidities (congenital, acquired, 
or drug-related). The study was performed in compliance 
with all relevant ethical regulations, and the protocol was 
approved by local Ethical Committee for Clinical 
Experimentation (CEAVSE; protocol code 18,869 
IMMUNO_COV v1.0 of 18 November 2020, approved on 
the 21 December 2020) [27]. The primary endpoint of the 
study was the characterization of the immune response and 
its persistence in the blood of subjects vaccinated against 
SARS-CoV-2 with the available vaccine formulations. Clinical 
data collection and management were carried out using the 
software REDCap (Research Electronic Data Capture, 
Vanderbilt University). Participants were asked to respond 
to a survey to gather information on infection, including the 
date of the positive antigenic or molecular tests, performed 
on self-administered or professional-collected nasopharyn-
geal swabs. The survey covered a period of 18 months fol-
lowing the third dose. For the first cycle of vaccination, 
subjects received two doses of BNT162b2 (Pfizer-BioNTech; 
Comirnaty®, hereafter indicated as P), mRNA-1273 
(Spikevax®, Moderna, indicated as M), or ChAdOx1 
(AZD1222, Vaxzevria®, AstraZeneca, indicated as A) vac-
cines, administered 21, 28 and 42 days apart, respectively, 
according to the national guidelines. Almost 6–10 months 
later, subjects were boosted with BNT162b2 or mRNA-1273 
vaccines, resulting in a total of 6 different homologous or 
heterologous prime-boost combinations (Figure 1(a); 
Table 1).

2.2. PBMC isolation

PBMCs and plasma were obtained from venous blood samples 
after Ficoll-Paque (Lymphoprep, Meda, Italy) density-gradient 
sedimentation, as previously described. Isolated PBMC were 
cryopreserved in liquid nitrogen, and plasma samples were 
stored at −80°C.

2.3. ELISA

Spike- and nucleocapsid-specific IgG were tested in plasma sam-
ples by ELISA, as previously described [28]. Briefly, microtiter plates 
were coated with SARS-CoV-2 full spike protein (1 μg/mL; Sino 
Biological) or nucleoprotein (1 µg/ml, Sino Biological), blocked and 
added with plasma samples for 1 h at RT. Anti-human horseradish 
peroxidase (HRP)-conjugated IgG (diluted 1:6000) or IgG1, IgG2, 
IgG3, IgG4 (diluted 1:2000; all from Southern Biotechnology), were 
added for 1 h, and plates were developed with 3,3,’5,5’- 
Tetramethylbenzidine (TMB; Thermo Fisher Scientific) substrate. 
Absorbance at 450 nm was measured on Multiskan FC Microplate 
Photometer (Thermo Fisher Scientific). WHO international positive 
control (plasma from vaccinated donor diluted 1:5000; NIBSC) and 
negative control (plasma from unvaccinated donor diluted 1:20, 
NIBSC) were added in duplicate to each plate. Antibody end point 
titers were expressed as the reciprocal of the sample dilution, 
reporting double the background OD value.

Article highlights

● The heterologous combination of ChAdOx1 for the first vaccination 
cycle with BNT162b2 or mRNA-1273 vaccines for boosting elicits 
a spike-specific antibody response comparable to the homologous 
strategy using mRNA vaccines.

● Mixing the BNT162b2 and mRNA-1273 for priming and boosting and 
vice versa does not alter the immune response compared to repeated 
doses with the same mRNA vaccine.

● BNT162b2 and mRNA-1273 vaccines have shown a comparable 
immunogenicity and effectiveness when used as booster formulation.

● The heterologous prime – boost strategies can be a valuable alter-
native approach to homologous schedules, against SARS-CoV-2 and 
possibly other pathogens.
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2.4. ACE2/RBD binding inhibition assay

Inhibition of the binding between ACE2 and RBD (Wuhan-Hu-1 
strain, delta and Omicron variants) was tested with a SARS- 
CoV-2 surrogate virus neutralization test (sVNT) kit (cPass™ 
SARS-CoV-2 Neutralization Antibody Detection Kit, GenScript, 
Piscataway, NJ, U.S.A.) according to the manufacturer protocol. 
Plasma samples, positive and negative controls, were diluted 
1:10 in dilution buffer, mixed 1:1 with diluted HRP-RBD 
(Wuhan-Hu-1 Delta or Omicron/B 1.1.529/BA.1 variants), and 
incubated for 30 min at 37°C. Inhibition activity was calculated 
with the following formula: percentage inhibition = (1 – sam-
ple OD value/negative control OD value) * 100. The 30% inhi-
bition cutoff was set by Tan and colleagues as the threshold 

capable of distinguishing between serum samples with or 
without neutralizing activity, by testing over 500 SARS-CoV-2 
naïve plasma samples [29]. Therefore, as indicated by the 
manufacturer, inhibition values ≥30% are considered as posi-
tive result.

2.5. Multiparametric flow cytometry

SARS-CoV-2-specific B cells were identified among PBMC by 
flow cytometry. The biotinylated spike (S1+S2 ECD-His 
recombinant biotinylated-protein, Sino Biological) and RBD 
(Biolegend) proteins were tetramerized with streptavidin 
(SA)-Phycoerythrin (PE, Thermofisher), and SA- 

Figure 1. Different vaccination schedules and sample collection. (a) A total of 181 healthy subjects were enrolled in the study. According to the vaccines used for the 
first vaccination cycle (first two doses) and for the booster (third dose), subjects were divided into six groups (P/P/P, three doses of Pfizer; P/P/M first two doses with 
Pfizer and booster with Moderna; M/M/P, first two doses with Moderna and booster with Pfizer; M/M/M, three doses of Moderna; A/A/P, first two doses with 
AstraZeneca and booster with Pfizer; A/A/M first two doses with AstraZeneca and booster with Moderna). The number of subjects included in each group is 
reported. b) blood samples were collected at the baseline (pre v1), 7 days post first dose (7v1), before the second dose (pre v2), 7, 60 and 130–180 days post second 
dose (7v2, 60v2 and 180v2), and 7, 30 and 180 days post the third dose (7v3, 30v3 and 180v3). Spike-specific antibodies were assessed at all time points, while RBD- 
specific B cells were characterized after the third vaccine dose. (P, Pfizer BNT162b2; M, Moderna mRNA-1273; A, AstraZeneca ChAdOx1).

Table 1. Cohort characteristics.

Vaccine combinations

PPP PPM MMP MMM AAP AAM

N subjects 48 60 5 10 10 48
Gender (%) Female 38 (78%) 45 (75%) 1 (20%) 4 (40%) 9 (90%) 33 (68%)

Male 9 (22%) 15 (25%) 4 (80%) 6 (60%) 1 (10%) 14 (32%)
Age mean 46,1 (47,5) 44,73 (46) 53 51,6 51,6 48,6 (49,5)
(median) (60,5) (50) (54)
Self-reported 1 time 15 (31%) 22 (37%) 4 (80%) 4 (40%) 3 (30%) 19 (40%)
infection 2 times 3 (7%) 3 (5%) 1 (20%) 1 (10%) 1 (10%) 3 (6%)
PBMC samples collected for each 7v3 16 (33%) 18 (30) 5 (100%) 7(70%) 6 (60%) 17 (35%)
time point 30v3 27 (56%) 36 (60%) 5 (100%) 6 (70%) 6 (60%) 28 (58%)

180v3 20 (41%) 32 (53%) 5(100%) 6 (70%) 6 (60%) 23 (48%)

P, BNT162b2; M, mRNA-1273; A, ChAdOx1. 
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Allophycocyanin (APC, Thermofisher), respectively. 
Two million of PBMCs were incubated with BD human FC 
block (BD Biosciences) for 10 min at RT and then stained for 
30 min at 4°C with the following antibodies: CD3-BV650 
(clone SK7); CD19-BUV395 (clone SJ25C1), IgD-BV711 
(clone IA6–2), CD20-APC-H7 (clone 2H7), CD27-BV786 
(clone M-T271) and CD21-FITC (clone B-ly4), and Zombie 
Aqua™ Fixable Viability Kit (Thermofisher) and fixed with 
BD fixation solution (BD Biosciences). All antibodies were 
titrated for optimal dilution. About 1 × 106 cells were 
acquired and stored for each sample with SO LSRFortessa 
X20 flow cytometer (BD Biosciences). Data analysis was 
performed using FlowJo v10 (TreeStar, U.S.A.).

2.6. FlowSOM clustering

The memory B cell population analyzed was gated as live, 
singlet, CD3−/CD19+, IgD-cells using FlowJo v10 (TreeStar, 
U.S.A.). FCS files were imported into R environment, com-
pensated, and transformed as previously described [30]. 
Clustering analysis was performed following the FlowSOM 
function pipeline (FlowSOM package v2.4.0) [31]. Marker 
expression was normalized as z-score (mean = 0, standard 
deviation = 1), and grid size was set to 7 × 7. Similar nodes 
were merged in six metaclusters (metaclustering step). The 
Euclidean distance was used in both the FlowSOM clustering 
and metaclustering. Thresholds to bisect positive and nega-
tive cells for each marker expression were automatically set 
with the flowDensity package v1.34.0 [32]. FlowSOM results 
were displayed as a heatmap reporting the percentage of 
positive cells for each marker within the metacluster.

2.7. Data analysis

Kruskal–Wallis test, followed by Dunn’s post test for multiple 
comparisons, was used for assessing statistical differences 
between different groups for each time point. The Spearman 
correlation method was employed to calculate the depen-
dency of infection onset on antibody titers. A p-value ≤0.05 
was considered significant. Figures and analyses were per-
formed using GraphPad Prism v10 (GraphPad Software, San 
Diego, CA, U.S.A.) and R statistical Software, employing the 
ggplot2 library [33].

Marginal Risk (MR) and Relative Risk (RR) of infection asso-
ciated with distinct vaccine formulations [34] were calcu-
lated as

Letting MR1 and MR2 represent the marginal risk of infection in 
two distinct groups, the Relative Risk of infection for Group 1 
compared to Group 2 was determined as:

A value of RR1,2 near to 1 indicates that the likelihood of infection 
in Group 1 is comparable to the Group 2, while a value >1 shows 
an increased risk of Group 1. Relative Vaccine Effectiveness 

(rVE1,2), indicating the effectiveness of the vaccine formulation 
in Group 1 compared to Group 2, was computed as (1-RR1,2), and 
values were reported as percentage. Cubic splines models were 
used to fit the temporal trends of RR curves.

3. Results

This study was performed in a cohort of 181 healthy subjects 
(Table 1), vaccinated with six different vaccine combinations, 
as shown in Figure 1(a). Blood samples were collected at the 
baseline (prev1); 7 days post first dose (7v1); before the second 
dose (prev2); 7, 60, and 130–180 days post second dose (7v2, 
60v2 and 180v2, respectively); 7, 30, and 180 days post the 
third dose (7v3, 30v3, and 180v3), as reported in Figure 1(b). 
Spike-specific antibodies were assessed at all time points, 
while the persistence of spike-specific MBCs was characterized 
up to 6 months after the booster dose.

3.1. Spike-specific antibody response

Antibody levels and ACE-2/RBD binding inhibition activity 
were longitudinally assessed from the first vaccine dose up 
to 6 months after the third booster dose in each subject across 
the different vaccine combinations, as shown in Figure 2(a).

After the first dose, subjects vaccinated with BNT162b2 (P) 
and mRNA-1273 (M) developed an antibody response with 
GMT of 4.200 and 5.747, respectively. Subjects receiving 
ChAdOx1 (A) had a significant lower response with GMT of 
1.160 (Figure 2(b,c)). The second vaccine dose significantly 
increased anti-spike IgG already 7 days after vaccine adminis-
tration (7v2) in all subjects (Figure 2(b)) even though signifi-
cant higher levels of antibodies were maintained in subjects 
vaccinated with mRNA compared to adenovirus-vectored vac-
cines (GMT of 18.960, 16.255 and 3.076 in P/P, M/M and A/A, 
respectively; p < 0.001). The antibody response was monitored 
up to 6 months after the second vaccine dose. A reduction of 
differences among groups was observed, and antibody GMT 
detected were 5.783, 14.480 and 7.400 in subjects receiving P/ 
P, M/M and A/A, respectively (p < 0.05 in MM versus PP, 
Figure 2(c)). The third dose, performed with mRNA vaccines 
in all subjects, strongly boosted the anti-spike IgG in all 
groups, with a significant increase of circulating antibodies 
from pre- to post third dose (p < 0.05). Seven days after boost-
ing, GMT of 108.563 and 60.866 were measured in subjects 
receiving the homologous P/P/P and M/M/M vaccination sche-
dule, respectively, while the spike-specific antibody titers 
induced by the mixed combinations P/P/M and M/M/P were 
115.852 and 68.886 GMT, respectively. Subjects primed with 
adenoviral-vectored vaccines and boosted with mRNA-based 
formulations developed titers with geometric mean of 67.202 
and 120.981 in A/A/P and A/A/M combination, respectively 
(Figure 2(a,b)). Six months after the booster dose, IgG levels 
persisted at high titers with no statistical difference among 
groups, even though higher levels were reported in subjects 
primed with mRNA vaccines (GMT of 65.020 in PPP, 69.811 in 
PPM, 40.960 in MMP, 51.600 in MMM, 27.564 in AAP, and 
36.191 in AAM, Figure 2(c)). The IgG subclass analysis reported 
a predominance of IgG1 in all combinations, while the levels 
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of IgG4 were 4 times higher in homologous mRNA vaccination 
compared to adenovirus-mRNA heterologous combinations 
(data not shown), as already reported [35,36].

To quantify the effect of the booster dose on the spike- 
specific antibody levels, was measured a ‘factor of increase’ 
obtained by the ratio between antibody levels measured 7 or 
180 days after the third dose versus the same time points after 
the second dose (Figure 2(d)). The factor differed according to 
the vaccination strategy and the timing of antibody collection 
(Figure 2(d)). When we compared the increase on the antibody 
response at an early time point after the vaccine administra-
tion (7v3 versus 7v2) the strongest increase (>30) was 

observed in subjects firstly vaccinated with ChAdOx1 and 
then boosted with mRNA-1273 or BNT162b2. Since the titers 
measured 7 days after the third dose were similar among all 
groups (Figure 2(b)), the observed high fold increase was due 
to the lower response elicited by the first two doses of 
ChAdOx1. The effect was strongly reduced when we com-
pared the effect of the booster dose on the persistence of 
the antibody response, obtained by the ratio between IgG 
titers measured at d180v3 and d180v2. Considering the 
increase overtime of spike-specific IgG following ChAdOx1 
primary vaccination, reaching comparable levels to the 
mRNA vaccine formulations at d180v2, the recall effect due 

Figure 2. Antibody response in subjects vaccinated with the different SARS-CoV-2 vaccine formulations. (a) longitudinal analysis of spike-specific IgG titers in plasma 
samples collected at baseline (pre v1), 7 days post first dose (7v1), 7, 60 and 130–180 days post second dose (7v2, 60v2 and 180v2), and 7, 30 and 180 days post the 
third dose (7v3, 30v3 and 180 v3), in each subjects, in the different 6 groups. The median value of the group is reported as colored line. (b) overlay of the median 
value of the longitudinal analysis of spike-specific IgG titers in the 6 groups. (c) anti-spike IgG titers assessed after the first , second and third vaccine doses (P, 
BNT162b2; M, mRNA-1273; A, ChAdOx1). Kruskal-Wallis test, followed by Dunn’s post test for multiple comparisons, was used for assessing statistical differences 
between groups (*p < 0.05, **p < 0.01, ***p < 0.001). (d) factor increase calculated as the ratio between antibody levels at 7 days after the third dose versus 7 days 
after the second dose (d7v3/d7v2) or measured at 180 days after third versus 180 days after second dose (d180v3/d180v2). (e) sVNT performed at 180v2 (in groups 
PP, MM and AA), 30v3 and 180v3 against the wild type RBD performed in the 6 groups (PPP, PPM, MMP, MMM, AAP, AAM) to assess the ACE2/RBD binding 
inhibition. The threshold (dotted red line) was placed at 30% inhibition percentage to discriminate between positive and negative samples. (f) sVNT performed at 
180v3 against the delta (D) and omicron BA.2 RBD. (P/P/P, three doses of Pfizer; P/P/M first two doses with Pfizer and booster with Moderna; M/M/P, first two doses 
with Moderna and booster with Pfizer; M/M/M, three doses of Moderna; A/A/P, first two doses with AstraZeneca and booster with Pfizer; A/A/M first two doses with 
AstraZeneca and booster with Moderna), (P, Pfizer BNT162b2; M, Moderna mRNA-1273; A, AstraZeneca ChAdOx1).
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to the booster dose was reduced. The group primed with two 
doses of BNT162b2 and boosted with mRNA-1273 benefits 
more than the other groups of the booster effect in the long 
period. To note the low booster effect detected in the mRNA- 
1273 group, indicative of a strong and persistent response 
elicited already by two doses of vaccination.

Thus, the serological analysis performed in six different 
combinations of primary vaccination and booster dose 
demonstrates that boosting with mRNA vaccines strongly 
recall the antibody response across all the combinations, inde-
pendently of the type of vaccine used for the primary immu-
nization. The persistence of spike-specific circulating IgG after 
the booster dose has been demonstrated in all groups, with 
higher levels in subjects primed with the BNT162b2 vaccine 
even not statistically significant. Primary vaccination with 
ChAdOx1 elicits a slower antibody response compared to 
mRNA-vaccines that however equals the humoral response 
elicited by mRNA-based vaccines at 6 months after the first 
vaccination cycle.

3.2. Binding of wild type and variants RBD

Plasma samples collected after the second and the third vac-
cine dose were tested for their ability of binding the viral RBD, 
thus blocking the interaction with ACE-2 molecules, employ-
ing a sVNT.

Spike-specific antibodies were still capable of inhibiting 
ACE2/RBD binding in most patients 6 months after two doses 
of vaccination (180v2, Figure 2(e)). A frequency of 88.9%, 
100% and 83.4% of subjects, vaccinated with P/P, M/M or 
A/A, respectively, inhibited the in vitro binding between the 
RBD and ACE2 receptor (Figure 2(e)). A month after the third 
dose (30v3), a strong and significant increase in the binding 
inhibition of ACE2/RBD was observed in all subjects, reach-
ing saturating levels in all groups that persisted above the 
positivity threshold also at d180v3 (Figure 2(e)). It is noted 
that subjects primed with ChAdOx1 and boosted with mRNA 
showed a higher reduction of the inhibition activity at 180v3, 
compared to the mRNA vaccination (Figure 2(e)).

Considering the increasing circulation of viral variants, 
ever more capable of escaping the antibody response eli-
cited by vaccines, the ability of antibodies to inhibit the 
binding between ACE2 and the Delta and Omicron (BA.2) 
RBD variants was evaluated in sera collected 180 days after 
the third dose (Figure 2(f)). As expected, a more heteroge-
neous inhibition capacity was observed compared to wild 
type RBD (Figure 2(e)). All the subjects had positive inhibi-
tion activity against the Delta variant with very similar mean 
values among groups (mean percentage values of 94 in PPP, 
PPM and MMM, 96 in MMP, 85 in AAP and AAM), while 
a higher spread of inhibition levels was measured for BA.2 
variant (mean percentage values of 82 in PPP, 81 in PPM, 79 
in MMM, 72 in MMP, 64 in AAP and 72 in AAM). Subjects 
with levels of BA.2/ACE2 binding inhibition below the 30% 
threshold were observed in AAP (2 subjects, 20%) and AAM 
group (3 subjects, 11.5%, Figure 2(f)).

3.3. Spike-specific memory B cell persistence and 
phenotypes

Spike-specific memory B cells were analyzed after the third 
mRNA booster dose, at 7, 30, and 180 days in all vaccinated 
groups (Figure 3(a)). To identify spike-specific B cells and 
characterize their phenotype, a multiparametric flow cytome-
try approach was used. Fluorescent RBD was used as probe, 
and phenotype was characterized assessing the expression of 
CD19, CD20, CD21, IgD, and CD27 molecules. RBD-specific 
memory B cells (hereafter named RBD+ MBC) were detected 
among CD19+ upon exclusion of CD27- IgD+ naïve B cells. The 
frequency of RBD+ MBC assessed in each subject in the differ-
ent groups at the three time points after boosting, is shown in 
Figure 3(a). An expansion of the RBD+MBC was observed in all 
groups, with a peak a month after boosting. When we com-
pared the persistence 6 months later (180v3, Figure 3(c)), sub-
jects primed with the Adenoviral-vectored vaccine showed 
lower values of circulating RBD+MBC compared to those 
primed with mRNA-based vaccines, especially with the 
BNT1262 vaccine.

Computational analysis, based on the FlowSOM clustering 
algorithm, was applied to the multidimensional flow cytome-
try data for better profiling the antigen-specific B cell response 
elicited across the different vaccine combinations. Our analysis 
longitudinally profiled the RBD+ MBC sub-populations elicited 
upon the booster dose in the different groups (Figure 4). 
According to the combination of CD27, IgD and CD21 expres-
sion, 6 MBC clusters were identified, corresponding to acti-
vated (CD27+ CD21-), resting (CD27+ CD21+), atypical (CD27- 
CD21-) or DN (CD27- IgD-), Ig-switched (CD27+ IgD-) and 
unswitched (CD27+ IgD+) cells. Data were visualized as heat-
map reporting each MBC clusters in row, and surface markers 
in column, with the percentages of positive cells for each 
marker inside the cluster pictured as a color scale from blue 
(0% of positive cells) to red (100%; Figure 4(a)). The cluster 
sizes were shown in the bubble plot, proportional to the 
percentage of MBC included in each cluster. The median 
frequencies of RBD-specific B cells inside each cluster were 
visualized as heatmap (Figure 4(b)), while the specific fre-
quency values were shown as dot plot across the different 
vaccine combinations (Figure 4(c)).

Immediately after the booster dose (7v3), a fraction of 
RBD-specific B cells was identified among cluster 2 ‘acti-
vated MBC,’ especially in AAP and AAM groups, while in 
vaccine combinations including mRNA for primary cycle, 
RBD-specific B cells were mostly present in cluster 4 ‘resting 
cells.’ Cluster 4 became predominant at later time points, 
especially at d180v3, containing the highest proportion of 
RBD+ cells in all vaccine combinations (Figure 4(b,c)). 
A small fraction of RBD-specific B cells was also detected 
inside cluster 1 (DN/Atypical), in particular at 30v3 in AAP 
and AAM (Figure 4(b,c)). Notably, the formulations that 
included the ChAdOx1 as primary cycle vaccine showed 
the lowest values of resting memory (cluster 4) at 30v3 
and 180v3 (Figure 4(b,c)). The profile of the RBD-specific 
B cells across the different vaccine combinations at the 
different times after boosting is compared into Figure 4(c).
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3.4. Frequency of self-reported SARS-CoV-2 infection in 
vaccinees

Breakthrough infections were reported by the subjects 
enrolled in the study, by filling a survey about SARS-CoV-2 
infection contracted upon the booster dose, documented by 
positive antigenic or molecular tests on nasopharyngeal 
swabs. Since the booster dose was administered in October/ 
November 2021, the reporting period for the infection ranged 
from December 2021 to May 2023. During this period, the 
Delta and Omicron variants were circulating, the former in its 
terminal phase, while the latter was taking over [37]. Self- 
reported infected subjects were symptomatic or being contact 
of infected persons and does not include people who could 

have contracted the infection in the asymptomatic way. All 
participants who reported COVID-19 infection had mild dis-
ease symptoms, as defined in [38], and severe COVID-19 dis-
ease cases and/or hospitalization were not declared. These 
aspects were common across all cohorts, leading us to deem 
the associated error as negligible.

The percentages of subjects who declared one or more mild 
infection upon the booster dose were reported in Figure 5(a). 
Among subjects receiving the first vaccination cycle with 
BNT162b2 and then boosted with P (PPP) or M (PPM), the fre-
quency of infected subjects was 27.6% and 41.6%, respectively 
(18/48 and 25/60 subjects), when primed with mRNA-1273 and 
then boosted with P or M it was 100% and 50% (5/5 and 5/10 

Figure 3. RBD-specific B cells in subjects vaccinated with the different SARS-CoV-2 vaccine formulations (a) Longitudinal analysis of RBD-specific B cells 
(CD19+CD20+) in samples collected 7, 60 and 180 days post the booster dose (7v3, 30v3 and 180 v3) from each subject in the different 6 groups. The median 
of the group is reported as colored line. (b) Overlay of the median value of the longitudinal analysis of RBD-specific B cells in the 6 groups. (c) RBD-specific B cells 
assessed 180 days after the boost does (180v3). Kruskal–Wallis test, followed by Dunn’s post test for multiple comparisons, was used for assessing statistical 
differences between groups (**p < 0.01, P/P/P, three doses of Pfizer; P/P/M first two doses with Pfizer and booster with Moderna; M/M/P, first two doses with 
Moderna and booster with Pfizer; M/M/M, three doses of Moderna; A/A/P, first two doses with AstraZeneca and booster with Pfizer; A/A/M first two doses with 
AstraZeneca and booster with Moderna), (P, Pfizer BNT162b2; M, Moderna mRNA-1273; A, AstraZeneca ChAdOx1).
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subjects), and when primed with ChAdOx1 and then boosted 
with P or M, it was 40% and 45.8% (4/10 and 22/48 subjects). The 
number of infected cases for each vaccine combination distrib-
uted over time is shown in Figure 5(b). A smoothed visualization 
of infection distribution over time was obtained by fitting the 
histogram trend for each group (Figure 5(c)). A more uniform 
distribution appeared in individuals boosted with mRNA-1273 
(M), while two peaks, one around months 4–7 and one at months 
10–13 post-vaccination, emerged following BNT162b2 boosting 
(Figure 5(c)). Generally, a lack of infections was observed in all 
vaccine formulations around months 8–10 that corresponded to 
the summertime 2022.

To analyze the risk of mild SARS-CoV-2 infection in subjects 
boosted with the Pfizer or Moderna, groups that received 
BNT162b2 or mRNA-1273 as booster dose, irrespective of first 
vaccination cycle, were aggregated and indicated as 3vP and 
3vM, respectively. The Relative Risk (RR) trajectory calculated 
among 3vM and 3vP groups showed a constant trend, with 
mean values consistently approximating 1 (Figure 5(d)), even if 
minor fluctuations (ranged between 0 and 2.6) were noted during 
intermediate three-month range (quarters). The overall MR of infec-
tion was 0.430 and 0.440 among BNT162b2 or mRNA-1273 boosted 
subjects, determining non-significant differences in the relative 
vaccine effectiveness between the two groups with a rVE3vM,3vP of 
2.2%, indicating a comparable mild infection risk profile.

Figure 4. Clustering analysis of RBD-specific B cell subsets in subjects vaccinated with the different SARS-CoV-2 vaccine formulations. FlowSOM algorithm was used 
to characterize different phenotypes of memory B cells through a clustering analysis. (a) Heatmap of clusters from the FlowSOM analysis of total memory B cells, 
with IgD, CD27 and CD21 markers in column, and clusters in row. The percentage of cells positive for each marker is visualized with a color scale from blue (0%) to 
red (100%). A bubble plot reported the percentage of cells included in each cluster. (b and c) Median frequencies, respect to memory B cells, of RBD-specific B cells 
in each clusters of panel a at 7, 30 and 180 days after the third dose (d7, d30 and d180) in each vaccine formulation reported as heatmap (b) and dot plot (c). (P/P/P, 
three doses of Pfizer; P/P/M first two doses with Pfizer and booster with Moderna; M/M/P, first two doses with Moderna and booster with Pfizer; M/M/M, three doses 
of Moderna; A/A/P, first two doses with AstraZeneca and booster with Pfizer; A/A/M first two doses with AstraZeneca and booster with Moderna), (P, Pfizer 
BNT162b2; M, Moderna mRNA-1273; A, AstraZeneca ChAdOx1).
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A similar analysis was performed among subjects receiving 
homologous and heterologous vaccination strategies 
(Figure 5(d)). Both homologous and heterologous combina-
tions maintained a consistent RR trend throughout the entire 
temporal span, converging around a threshold value of 1. The 
overall MR of infection was 0.508 and 0.517, with a rVEHom,Het 

of 1.7%, indicating a comparable infection risk profile between 
the two vaccine strategies.

Any significant correlation between antibody titers at 30v3 
and the onset of a self-reported mild infection in either of the 
two groups, 3vP or 3vM (R = −0.089, p = 0.58 for 3vP; R = 0.098, 
p = 0.38 for 3vM; Spearman correlation), as well as in both 
homologous and heterologous ones (R = 0.067, p = 0.54 for 
homologous; R = 0.17, p = 0.3 for heterologous) was observed.

4. Discussion

In this study, we investigated the immunogenicity of the 
mRNA-based booster dose following primary vaccination 
with two doses of ChAdOx1, BNT162b2 or mRNA1273 

vaccines. Our investigation was aimed to compare the priming 
capacity of adenoviral-vectored and mRNA nanoparticle- 
delivered vaccines, and to evaluate the immunogenicity and 
effectiveness of the BNT162b2 and mRNA-1273 mRNA vac-
cines as booster formulations. According to the different vac-
cination schedules, participants were allocated into six vaccine 
combination groups, two based on the homologous adminis-
tration of the same vaccine for three times (PPP or MMM), and 
the others receiving a mixed combination (PPM, MMP, AAP 
and AAM). We assumed as ‘heterologous’ also the combina-
tion of different mRNA-based vaccines (primary vaccination 
with BNT162b2 boosted with mRNA-1273 and vice versa), 
since the quantity of mRNA present into the two vaccines 
and the composition of the nanoparticles used as delivery 
system, are slightly different [39,40] and vaccinated individuals 
display differential reactogenicity [41,42].

Here, we showed that the heterologous combination 
based on ChAdOx1 for the first vaccination cycle followed 
by mRNA booster elicited a spike-specific IgG response 
comparable to the homologous strategy using mRNA 

Figure 5. Cases of infection across the different SARS-CoV-2 vaccine formulations. (a) Frequency of subjects reporting infection after the booster dose, across the 
different vaccine combinations. (b) Number of infections over time, reported in months since the third dose of vaccination, for each vaccine combination. Booster 
with Pfizer (P) or mRNA-1273 (M) are shown on the right. (c) Smooth fit of infection distributions over time for each of the six combinations of vaccines. Density 
values are obtained by normalizing the number of cases to the total number of infected individuals within each group. (d) Trend of relative risk (RR) of infection for 
the comparisons of groups that received BNT162b2 or mRNA-1273 as booster dose (3vM vs 3vP, red curve) and homologous vs heterologous (dark blue curve). The 
two trends are fitted using a cubic spline model and time is reported as quarters since the booster dose. (P/P/P, three doses of Pfizer; P/P/M first two doses with 
Pfizer and booster with Moderna; M/M/P, first two doses with Moderna and booster with Pfizer; M/M/M, three doses of Moderna; A/A/P, first two doses with 
AstraZeneca and booster with Pfizer; A/A/M first two doses with AstraZeneca and booster with Moderna), (P, Pfizer BNT162b2; M, Moderna mRNA-1273; A, 
AstraZeneca ChAdOx1).
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vaccines. Nevertheless, when we measured the reactivity 
against the Omicron variant and the phenotypes of RBD- 
specific B cells, the heterologous combinations AAM and 
AAP were slightly different from the other combinations 
using only mRNA-based vaccines. Mixing the BNT162b2 
and mRNA-1273 for priming and boosting and vice versa 
did not alter the immune response compared to homolo-
gous formulations. Non-significant differences in relative 
vaccine effectiveness were observed between the groups 
receiving a homologous or heterologous vaccination and 
between groups boosted with BNT162b2 and mRNA-1273, 
indicating in both cases a comparable risk of mild infection.

The priming properties of ChAdOx1, BNT162b2 and mRNA1273 
were compared by assessing the immune responsiveness upon 
the mRNA booster. Comparable levels of circulating spike-specific 
IgG were detected at 6 months after boosting across the different 
vaccine combinations, demonstrating binding to the wild type 
RBD and blocking its interaction with the ACE-2 receptor in all 
groups, even though the lower binding capacity was observed in 
the AAM group. Notably, ChAdOx1-primed individuals exhibited 
a slower IgG response compared to those vaccinated with 
BNT162b2 or mRNA-1273. Moreover, consistent with findings 
from other studies, repeated SARS-CoV-2 mRNA vaccination 
induced a higher IgG4 response [35,36,43], which functionality is 
not clear [44,45], considering that IgG4 are commonly associated 
with a reduced capacity to mediate antibody-dependent cellular 
phagocytosis and complement deposition due to the decreased Fc 
mediated antibody effector functions [46]. Whether the IgG4 
switching could be part of the host reaction to the persistence of 
antigen into the lymph nodes germinal centers upon mRNA vacci-
nation [47] and potentially promote immune tolerance to spike 
protein [48] warrants further investigation.

A different B cell response between ChAdOx1 and mRNA 
vaccines was observed by the phenotypical analysis of the 
RBD-specific B cells, performed longitudinally upon the boos-
ter dose. ChAdOx1-primed individuals exhibited a lower fre-
quency of resting memory B cells compared to PPP, PPM and 
MMP and a higher percentage of atypical cells (CD27−CD21−). 
This particular phenotype had been described immediately 
after the second mRNA vaccine dose or SARS-CoV- 2 infection 
and declined overtime [30,49,50]. Atypical B cells are 
a population of B cells that are commonly enriched in indivi-
duals with chronic immune activation [51,52] or autoimmune 
diseases [53], but they have also been proposed to be normal 
part of the immune response to infection or vaccination. While 
in chronic infectious diseases atypical MBCs have been 
described as ‘exhausted’ and hyporesponsive to BCR stimula-
tion by soluble anti-Ig cross-linking [51], potential functions in 
the context of vaccination are less clear. Studies upon influ-
enza and malaria vaccination have associated these cells with 
an alternative lineage respect to the classical lineage of acti-
vated and resting memory B cells that could be recalled by 
booster immunization [54,55]. Interestingly, the presence of 
atypical cells observed in elderly subjects primed with two 
doses of ChAdOx1 vaccine and boosted with mRNA vaccines 
correlated with a significantly lower neutralizing response [56], 
while spike-specific atypical B cells elicited in people living 
with HIV by two doses of mRNA vaccination did not correlate 

with altered humoral response compared to healthy controls 
[57]. Therefore, it is difficult to understand the role of atypical 
cells in the context of vaccination, and their functionality, in 
terms of long-term responses, needs to be further explored.

Other studies have reported a higher frequency of RBD- 
specific B cells upon mRNA vaccines administration compared 
to adenoviral-vectored (Ad26.COV2.S or ChAdOx1-S) or recom-
binant spike protein vaccination (NVX-CoV2373) [58,59]. To 
note, in immunocompromised fragile subjects, a lower and 
delayed spike-specific B cell response [28,60] with a different 
phenotypic profile [57], has been reported. Given the critical 
role of memory B cell responses in long-term immune respon-
siveness and protection [30,61], evaluating their induction 
across various vaccination schedules offers insights into 
potential flexible booster dose programs involving mixed vac-
cines against SARS-CoV-2.

Regarding the impact of BNT162b2 or mRNA-1273 as boos-
ter vaccine, we demonstrated that both vaccines significantly 
recalled the humoral response, generating a persistent spike- 
specific IgG response comparable between subjects receiving 
homologous and heterologous schedules.

Notably, both mRNA vaccines exhibited the capability to 
neutralize the Omicron B.1.1.529 variant [62], emphasizing 
the importance of the third dose for expanding cross- 
reactive antibodies [63–67]. While after the first vaccination 
cycle binding inhibition of the Omicron RBD was undetect-
able [30], in the prime-boost mixed combinations, we 
observed that 100% of subjects in PPP, PPM, MMM and 
MMP and 75% and 88% in AAP and AAM, respectively, had 
the capacity of blocking the Omicron variant. A study by 
Sokal et al has estimated that 10% of anti-RBD MBC reper-
toire, elicited by mRNA vaccination, is capable of neutralizing 
the Omicron variant [68]. Moreover, computational modeling 
combined with human vaccination data has provided insights 
into the mechanisms of antigen presentation shaping the 
antibody response to Omicron variants upon the booster 
dose [69]. Comparing the breakthrough infection rates 
reported among the BNT162b2 or mRNA-1273-boosted sub-
jects, no significant differences were observed; however, 
infections in individuals mRNA-1273-boosted were uniformly 
distributed over time, while those in BNT162b2-boosted sub-
jects showed two peaks, around months 4–7, and 10–13 post- 
vaccination.

The study has some limitations, such as a heterogeneous 
distribution of participants across the six vaccine combina-
tions, with cohorts primed using mRNA-1273 having lower 
subjects due to real-world variations in vaccine availability. 
This uneven distribution may impact specific analyses, such 
as assessing the frequency of subjects reporting SARS-CoV-2 
infection. Another limitation is the self-report of infection, 
due to restricted access to hospitals during the pandemic 
phase. Furthermore, the study focuses on the antigen- 
specific B cell responses and does not assess T cellular immu-
nity and longevity across the different vaccination schedules. 
Although poorly investigated, existing data suggest that het-
erologous regimens may have the potential to increase cel-
lular responses [70–72], making this immunological aspect 
interesting to be explored in-depth in future analyses. Lastly, 
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here we tested the heterologous vaccination schedule based 
on priming with ChAdOx1 and mRNA for boosting, but not 
on the contrary, since all participants to this study were 
boosted with mRNA vaccines in accordance with national 
regulation.

5. Conclusions

Our immunogenicity and effectiveness data support the use 
of homologous or heterologous vaccination schedules with 
mRNA vaccines as third dose, in the context of the SARS- 
CoV-2 vaccination campaigns. We also demonstrated 
a comparable immunogenicity and effectiveness of 
BNT162b2 and mRNA-1273 vaccines when used as booster 
formulation. We therefore recommend the heterologous 
mRNA-based booster vaccination in people vaccinated 
with the adenoviral-vectored vaccine as a valuable alterna-
tive strategy to homologous mRNA vaccination schedules, 
against SARS-CoV-2 and possibly other pathogens. 
Heterologous vaccine regimen represents a valid opportu-
nity to make vaccination programs more flexible and reli-
able in the face of supply fluctuations. The valuable 
information gathered and analyzed during the SARS-CoV-2 
pandemic so far, represent a precious tool for supporting 
the scientific community and the regulatory authorities in 
the management of future possible epidemic or pandemic.
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