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Abstract

We have measured the humoral response to messenger RNA (mRNA) vaccines in

COVID‐19 naïve and convalescent individuals. Third doses of mRNA COVID‐19

vaccines induced a significant increase in potency and breadth of neutralization

against SARS‐CoV‐2 variants of concern (VoC) including Omicron subvariants BA.1,

BA.2, and BA.2.12.1, that were cross‐neutralized at comparable levels and less for

BA.4/5. This booster effect was especially important in naïve individuals that only

after the third dose achieved a level that was comparable with that of vaccinated

COVID‐19 convalescents except for BA.4/5. Avidity of RBD‐binding antibodies was

also significantly increased in naïve individuals after the third dose, indicating an

association between affinity maturation and cross neutralization of VoC. These

results suggest that at least three antigenic stimuli by infection or vaccination with

ancestral SARS‐CoV‐2 sequences are required to induce high avidity cross‐

neutralizing antibodies. Nevertheless, the circulation of new subvariants such as

BA.4/5 with partial resistance to neutralization will have to be closely monitored and

eventually consider for future vaccine developments.
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1 | BACKGROUND

The emergence of the different SARS‐COV‐2 variants of concern

(VoC) have represented an important challenge to achieve high levels

of protection for COVID‐191 especially after the rapid spread of the

Omicron VoC which combines an unprecedented number of

mutations in its sequence clearly related with an increased

transmission efficiency and neutralizing scape.2 This was evident

first for the Omicron BA.2 subvariant and now for the subvariants

BA.2.12 and BA.5 that are currently dominating the pandemic

transmission.3 After the first prime‐boost administration of messen-

ger RNA (mRNA) vaccines, a third dose has shown an important boost

of potency and breadth of neutralizing response.4 However, it is

unclear to what extend this response can neutralize the new Omicron
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subvariants. Here we have investigated the neutralizing response

after the third mRNA vaccine dose against SARS‐CoV‐2 VoC

including Omicron BA.1, BA.2, BA.2.12.1, and BA.4/5 in a cohort of

COVID‐19 convalescent patients in comparison with only‐vaccinated

naïve individuals.

2 | METHODS

We have included 21 COVID‐19 convalescent and 21 naïve

healthcare workers from the Hospital Universitario 12 de Octubre

in Madrid, Spain. Both groups were part of a follow‐up study

(Solidarity II cohort, IRB approval ref CEIm 20/157) and were

recruited after informed consent and randomly selected among those

with serum samples available for the study period. Mean age was 49

and 48 years for the convalescent and naïve groups, respectively. All

infections in convalescent individuals took place during the epidemic

wave of COVID‐19 affecting Madrid during March–April 2020, and

all had a mild clinical evolution. All participants were vaccinated in

January–February 2021 with two doses of the Pfizer‐BNT162b2

vaccine 21 days apart. Blood samples were obtained at 61 days

(range: 42–77) and 242 days (range: 238–252) after the first dose in

the COVID‐19 convalescent group and at 67 days (range: 49–97) and

241 (range: 228–252) in the COVID‐19 naïve group. A third dose of

50 ug of the Moderna mRNA‐1273 vaccine was administered in

December 2021 according with EMA recommendations.5 Partici-

pants with documented SARS‐CoV‐2 infections by RT‐PCR or

serology (anti‐N) were excluded. From the original group, 15 samples

from COVID‐19 convalescent and 12 from the naïve group were

collected 48 days after the third dose (range: 41–57). Detailed

description of the cohort is summarized in Table S1.

2.1 | VSV‐based pseudovirus neutralizing assays

VSV‐G pseudotyped rVSV‐luc recombinant viruses were produced

according to previously published protocols.6,7 The SARS‐CoV‐2

Spike mutant D614G was generated by site‐directed mutagenesis

using a vector encoding SARS‐CoV‐2 Spike_614D protein (kindly

provided by J. Garcia‐Arriaza, CNB‐CSIC). SARS‐CoV‐2 variant Alpha

(B.1.1.7, GISAID: EPI_ISL_608430), SARS‐CoV‐2 variant Beta

(B.1.351, GISAID: EPI_ISL_712096), SARS‐CoV‐2 variant Gamma

(P.1, GISAID: EPI_ISL_833140), SARS‐CoV‐2 variant Delta (B.1.617.2,

GISAID: EPI_ISL_1970335), SARS‐CoV‐2 variant Omicron BA.1

(B.1.1.529, GISAID: EPI_ISL_6640917), SARS‐CoV‐2 variant Omicron

BA.2 (B.1.1.529, GISAID: EPI_ISL_6795834.2), SARS‐CoV‐2 variant

Omicron BA.2.12.1 (B.1.1.529, GISAID: EPI_ISL_12304821) SARS‐

CoV‐2 variant Omicron BA.4/5 (B.1.1.529, GISAID: EPI_ISL_

12278971) were synthesized and cloned into pcDNA3.1 (Geneart).

Neutralizing titer 50 (NT50) was calculated using a nonlinear

regression model fit with settings for log agonist versus normalized

response curve, in GraphPad Prism v8. Neutralization potency of

serum samples was calibrated using World Health Organization

(WHO) International Standard 20/136.8

2.2 | Avidity assay

The wild type RBD region of the Spike protein of SARS‐COV‐2 kindly

provided by Florian Krammer was used as antigen for the avidity

assay.9 A modified ELISA protocol using urea 5M as a chaotropic

agent was performed to determine the avidity of the samples.10

Micro‐well 96 plates were antigen coated for 24 h at 4°C with 50 μl

of a 1 μg/ml phosphate‐buffered saline (PBS) solution. The next day,

plates were washed 3 times with 200 μl of 0.1% PBST per well. The

coating solution was removed and 100 μl of blocking solution (PBS

with 0.1% Tween 20, PBST, and 3% nonfat milk) per well was added

to the plates. Sera from each participant were diluted into PBST

containing 1% nonfat‐milk at a concentration which would give an

optical density (OD) reading close to 1. Blocking solution was

removed and 120 μl of these dilutions were inoculated in duplicate

per well and incubated for 2 h at room temperature. Following the

incubation, the plates were washed as described in the previous step.

One of the duplicated was then incubated for 15min with PBS while

the other duplicate was incubated with a 5M solution of urea, which

acted as a chaotropic agent. Another cycle of washing was performed

and a 50 μl per well of 1:1.500 diluted goat anti‐human immuno-

globulin G–horseradish peroxidase conjugated secondary antibody

(Thermo Fisher Scientific) was added to each well. After 1 h, the

plates were washed three times again. Next, 100 μl of SIGMAFAST

OPD solution was added to each well. Following 10min of

incubation, the reaction was stopped by adding 50 μl per well of

3M hydrochloric acid. The OD at 490 nm (OD490) was

measured using a Thermo Scientific Multiskan FC plate reader.

Avidity index (AI) was calculated for each sample simply by dividing

the OD obtained in the urea‐incubated well by the PBS‐incubated

one. Differences between groups were determined by a non-

parametric Mann–Whitney test, using GraphPad Prism v8.

3 | RESULTS

In COVID‐19 naïve individuals, neutralizing titers after prime‐boost

vaccination with BNT‐162b2 were very low against all Omicron

subvariants BA.1, BA.2, BA.12.1, and BA.4/5: 37, 53, 34, and

34 IU/ml, respectively. These levels of neutralization were significantly

lower than those achieved in the convalescent group after the first two

doses of mRNA vaccine (Figure 1). However, after the third dose

neutralizing titers increased to 832, 742, 531, and 238 IU/ml,

respectively (Figure 1), achieving now a comparable neutralizing potency

as the convalescent group that was non statistically significative for all

subvariants except BA.4/5 (607 vs. 328 IU/ml in the convalescent vs

the naïve group [p < 0.05]) (Figure 1). Neutralizing levels for the same

time points for SARS‐CoV‐2 VoC Alpha, Beta, Gamma, Delta followed a
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similar pattern as Omicron BA.1, BA.2, and BA.12.1 (Figure S1),

significantly lower in naïve individuals after the first two doses

(p <0.001) and comparable to convalescents after the third dose. This

pattern of response had a correlation with results obtained with RBD‐

binding total antibodies at the same time points in both groups of

participants, ie RBD‐binding Ig levels were basically the same between

convalescents and naïve only after the third dose (Figure S2).

In the avidity assay, naïve individuals showed a statistically

significant lower AI than convalescent individuals after 2 vaccine doses

with a median AI of 0.50 vs. 0.86, respectively (p < 0.0001). After the

third dose, avidity greatly increased in the naïve group, from a median AI

of 0.50–0.88 (p < 0.0001). No statistically significant differences in the

AI were found after 2 and 3 doses in the convalescent group (0.86 vs.

0.92, p = 0.0607) (Figure 2). Noticeably, all 12 naïve individuals had an

increase in the AI in the 2 measurements (Figure 2).

4 | DISCUSSION

In the current context of the evolution of the COVID‐19 pandemics it

is particularly important to understand the level of protection against

new SARS‐CoV‐2 variants conferred by both vaccination and

infection. In the last months different subvariants of the VoC

Omicron have been competing for the transmission globally and

most recently it seems that the subvariant BA.5 is dominating the

dynamics in most regions probably due to advantages in transmission

and evasion of immune response.3,11

In our study we have aimed to understand the evolution of the

neutralizing response and its cross reactivity after repeated immune

stimuli by infection and/or vaccination. To measure neutralization to

the different SARS‐CoV‐2 variants we have used a VSV‐based

pseudovirus that is fully validated for this purpose12 and results have

been normalized with the WHO International Standard 20/136.8

A third dose of an mRNA vaccine resulted as expected in an

increase of the neutralizing response whose potency and breadth

that was especially significant in naïve individuals as compared with

COVID‐19 convalescent patients. This later group, as described,13

experienced after the first two doses a great neutralizing response

with a wide coverage against SARS‐CoV‐2 Omicron subvariants,

although less potent against BA.4/5. A third dose of an mRNA

vaccine restored neutralizing levels in convalescents after a waning

process developed during the subsequent months. However, the

effect of a third dose in naïve individuals induced a significant

increase of neutralizing titers against the reference SARS‐CoV‐2

F IGURE 1 Neutralizing activity against SARS‐CoV‐2 Omicron subvariants: COVID‐19 convalescent vaccinated (n = 21) individuals are
presented as scatter red dot plots and COVID‐19 naïve vaccinated (n = 21) are presented as scatter blue dot plots. Both groups were tested at 2
and 8 months post‐two doses of BNT162b2 vaccination (mpv) indicated on the graph as Vac2. Additionally, 15/21 of COVID‐19 convalescent
vaccinated and 12/21 of COVID‐19 naïve vaccinated were tested at 1.5 months post‐Moderna mRNA‐1273 vaccination indicated on the graph
as Vac3. Neutralization potency of serum samples were calibrated using WHO International Standard 20/136 and are presented on the graph as
International Units per ml (IU/ml). Solid red lines and numbers correspond to geometric mean in vaccinated COVID‐19 convalescent individuals.
Solid blue lines and numbers correspond to geometric mean in vaccinated COVID‐19 naïve individuals. Dashed line marks the cut‐off titer for
neutralization assay (45 IU/ml). NT50 was calculated from individual results obtained by duplicates/triplicates using a nonlinear regression model
fit with settings for log inhibitor versus normalized response curves by GraphPad Prism v8. Calibrated NT50 in IU/ml were calculated as the
observed NT50 titers multiplied by the calibration factor, which is estimated as 813 IU/ml divided by NT50 of theWHO International Standard
20/136 tested in parallel in each assay. NT50 decrease fold of each Omicron variant as compared to D614G in Vac3 group is indicated by arrow
and number next to corresponding geometric mean line. NT50 decrease fold in COVID‐19 convalescent vaccinated individuals are presented in
red and NT50 decrease fold in COVID‐19 naïve vaccinated are presented in blue. ns: not significant; *p < 0.05; **p < 0.01; ***p < 0.001. IU/ml,
international units per ml; mpv, months postvaccination; mRNA, messenger RNA; Vac2, 2 doses of BNT162b2 vaccination; Vac3, third dose of
Moderna mRNA‐1273 vaccination; WHO, World Health Organization.
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sequence that exceeded the levels achieved after the first two doses

(fivefold, p < 0.0001) and in a similar range of titers achieved by

convalescent (GMT 2469 and 3148 IU/ml, respectively). Neutralizing

titers against VoC Alpha, Beta, Gamma, and Delta exhibited the same

pattern of a significant increase in the naïve group as compared with

convalescents (p < 0.001). In a similar way, the neutralizing activity

against Omicron experienced an important boost after the third dose

achieving comparable level as those of convalescents for BA.1, BA.2,

BA.2.12.1 but not for BA.4/5. Neutralization against the two

Omicron subvariants BA.1 and BA.2 was comparable suggesting that

the initial prevalence of BA.2 subvariant over BA.1 was not related to

a higher resistance to neutralization but most probably due to

increased transmission properties. Our results highlight the neutral-

izing resistance of the subvariants BA.4/5 whose Spike sequences are

identical. It is in fact for this highly mutated Omicron subvariants that

protection by neutralizing antibodies induced by ancestral SARS‐

CoV‐2 is less potent and also a difference between the antibodies of

the vaccinated convalescents and the only vaccinated group is

noticed. This most probably indicates a different quality of the so‐

called hybrid immunity in terms of cross‐neutralization of the most

antigenically distant variants such as BA.4/5. This is supported by the

avidity data that indicate an important increased of the AI in the naïve

group only after the third dose achieving comparable levels of those

exhibited by vaccinated convalescents after the first two doses.

These results also support the fact that repeated events of immune

stimulation either by natural infection and/or vaccination are

required to achieved maximum levels of neutralizing response with

a wide breadth against SARS‐CoV‐2. The number of stimulation

events is likely limited to three, since a fourth dose of an mRNA

vaccine did not significantly increase the neutralizing levels achieved

after three doses, as it has been recently observed.14 In the naïve

group the third dose of mRNA vaccine induced a clear boosting of

neutralizing response in terms of potency and breadth that was

comparable for the first time to the levels of convalescents

vaccinated. Affinity maturation of antibodies against SARS‐CoV‐2

Spike protein induced by repeated exposures to infection by pre‐VoC

SARS‐CoV‐2 and/or mRNA vaccines based in the ancestral sequence

appears to play a role in the increased breadth of neutralization

demonstrated in both groups against Omicron subvariants.15

COVID‐19 vaccines and specially those based in mRNA confer

durable protection against severe disease and death upon SARS‐

CoV‐2 infection. This is also achieved by the stimulation of cell‐

mediated immunity that seems to be well preserved against the

circulating VoC.16 However, at the upper respiratory tract mucosal

level, neutralization mediated by antibodies is the main response able

to block infection and the level of neutralizing antibodies is

considered the best correlate of protection for COVID‐19 vaccines.17

This response can be outsmarted by the great capability of SARS‐

CoV‐2 to accommodate changes in critical neutralizing epitopes

within the spike protein and particularly the RBD region. Three doses

of mRNA COVID‐19 vaccines, being the third stimulus the most

potent, achieved high levels of neutralizing antibodies with a

reasonable coverage of VoC. Nevertheless, new subvariants of the

highly mutated Omicron VoC with further antigenic changes such as

BA.4/5 can partially scape of this elaborate defensive output. Based

in the results obtained in convalescent patients undergoing the same

vaccination schedule, it does not appear that subsequent vaccine

doses will achieve further potency apart from restoration of previous

levels. These results have implication in the development of long‐

term vaccination strategies.
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