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Abstract: This study continued the analysis of immunization with the receptor binding domain
(RBD) associated with the adjuvants Dimethyldioctadecylammonium bromide (DDA) and Saponin
(Sap) (RBD+DDA/Sap) or Aluminum hydroxide (AH) and outer membrane vesicles (OMVs) of
Neisseria meningitidis (RBD+AH/OMV); from adult to old age and assessed maternal-fetal
transference of antibodies. Outbred Swiss mice were immunized with two intramuscular (IM) doses
with the antigenic preparations RBD+DDA/Sap, RBD+AH/OMV or RBD alone. The humoral
immune response was evaluated using ELISA, avidity-ELISA, Immunoblotting and a Omicron-
surrogate-neutralization assay (BA.l), while the cellular immune response was analyzed by
ELISpot. Our previous work studied the IgG response; here, we verified that IgM levels were higher
right after the immunization doses, but, as IgG, it persisted until 368 days after the immunization.
The avidity of IgM increased from low to intermediate-to-high after the booster dose.
RBD+DDA/Sap presented neutralizing indexes against Omicron at days 47 and 176, while
RBD+AH/OMV showed neutralization on days 21, 47 and 176. Cellular response, measured 465
days after immunization, revealed IFN-Y and IL-4 secretion. The offspring of RBD+DDA/Sap had
detectable antibodies, which decreased around 45 days after birth, the last point we analyzed. The
results suggested that DDA/Sap is a promising adjuvant mixture to enhance humoral and cellular
immune response against SARS-CoV-2, improving maternal-fetal transference of antibodies; cross-
reactivity with Omicron variant; and the maintenance of antibodies for a long period.

Keywords: SARS-CoV-2; immune response; maternal-fetal IgG transference; antibody functionality;
antibody persistence; IFN-Y and IL-4 secretion; Receptor Binding Domain (RBD); Outer Membrane
Vesicles (OMYV); saponin; Dioctadecyldimethylammonium Bromide (DDA) and ELISpot

1. Introduction

Brazil faced an expressive number of COVID-19 cases from 2019 to 2022. Despite the reduction
in the number of cases and deaths at the present (2023), new waves could emerge at any time,
considering the emergence of new variants that may not be controlled by the immune system [1,2].
Even now, several candidate vaccines are still being developed, in an attempt to meet new COVID-
19 challenges: since the majority of the population was vaccinated, new vaccines will act as boosters;
there is a lack of vaccine for specific populations, as newborns; and long-lasting response has not
been achieved with current vaccines [2—4].

The development of neutralizing antibodies against COVID-19 has been considered an
established correlate of protection [1,4]. Clinical and epidemiological studies support that prior
exposure to SARS-CoV-2 by infection and/or vaccination is likely to attenuate the severity of
subsequent infections [1]. Therefore, we must emphasize the importance of cross-reactive protection,
considering the emergence of highly transmissible variants, such as Omicron [2,4].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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It is relevant to study the presence of an immune response against SARS-CoV-2 during
pregnancy and maternal-fetal transmission of antibodies, in order to protect newborns [5]. That is
highly important considering the suceptibility of infants to COVID-19 and, although most pediatric
cases are mild, children still should be protected [6]. Thus, vaccinating pregnant women reduces the
risk of severe COVID-19. The literature describes that pregnant women might have an increased risk
for respiratory infections and severe COVID-19. Along with its coagulopathy issues, the infection
poses an crucial risk for miscarriage, pre-eclampsia and other problems [7]. Most evidence concludes
that substantial transplacental and lactational antibody transfer to infants confers protection when
the newborn is exposed to disease [8]. Overall, immunization of pregnant women is considered one
of the best strategies to help combat infectious diseases, bringing us closer to achieving herd
immunity [8].

Aluminum hydroxide (AH) was the first adjuvant to be licensed and it is widely used, supporting
several vaccines so far [9]. Outer membrane vesicles (OMYV) are vesicles naturally released after the
blebbing of the complex membrane from Gram negative bacteria, as Neisseria meningitidis. Several
Pathogen Associated Molecular Patterns (PAMPs) are carried in this process, which makes them
promising immune activators [10]. Our laboratory already studied the mixture OMV/AH as an antigen
for meningococcal disease immunization [11], and as adjuvant for the RBD from SARS-CoV-2 [12,13].

Dimethyldioctadecylammonium bromide (DDA) is a cationic adjuvant with a spherical lipid
bilayer structure that favors interaction with APCs and slow release of antigens, being an excellent
antigen nanocarrier [14], while Saponin (Sap) is an anionic molecule isolated from the bark of Quillaja
saponaria, capable of stimulating the immune response [15]. The literature describes that these
adjuvants are potent inducers of cellular immune responses, polarized into a Th1 profile [14,15]. Our
group studied DDA and Sap before, as adjuvants for Neisseria meningitidis, and found promising
results, agreeing with the literature [16-18].

Moreover, we observed that DDA in bilayer fragments (DDA-BF) was a promising adjuvant to
enhance maternal-fetal transference of antibodies to the offspring [17], and that preparations
containing OMV/AH [11], or adjuvanted by DDA-BF or Sap [16] supported long-term immune
responses, from adult to old age.

In view of this, we studied an antigenic preparation using different adjuvants, aiming to induce
a functional, durable and robust humoral and cellular response in mice. The first part of this study,
published previously [19], showed that the same adjuvant contributed to the functionality of the
humoral response and led to passive transfer of antibodies to the offspring. We used recombinant
Receptor binding domain (RBD), due to its high immunogenicity and potential to induce neutralizing
antibodies [4], associated with the following adjuvants mixtures: dimethyldioctadecylammonium
bromide and saponin (DDA/Sap) or Outer membrane vesicles and aluminum hydroxide (OMV/AH).
We already published the results concerning IgG response and its functionality by avidity and
neutralization against Wuhan strain [19]. In this manuscript, we continued the study, assessing IgM
levels and avidity; IgG and IgM response one year after the immunization; neutralization against
Omicron strain and memory-cellular response by ELISpot. Moreover, we analyzed the kinetics of IgG
transferred to the offspring for 45 days.

2. Materials and Methods

Recombinant Antigens

RBD protein was produced using the plasmid provided by Dr. Florian Krammer, from Mount
Sinai Hospital (New York, NY, USA), to Dr. Carlos Prudencio, from Instituto Adolfo Lutz (Sao Paulo,
SP, Brazil). The protein was expressed in eukaryote system (HEK 293F cells and ExpiFectamine 293
Transfection Kit, Thermo Fisher Scientific™, Waltham, MA, USA) and purified in a fast protein liquid
chromatography system (AKTATM Pure, Cytiva Life Sciences, Marlborough, MA, USA), as described
before [20,21].
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Adjuvant mixtures

Both DDA and Sap were purchased (Sigma-Aldrich), prepared in 0.01 mM sterile saline solution
for a final concentration of 1 ug of DDA/1 ug of Sap per dose, and filtered using 0.45 um membrane
as described in our previous manuscript [19]. These concentrations were safe to use according to the
hemolysis test that we reported before [19].

Aluminum hydroxide was also purchased (Rehydragel HPA, Reheis Chemicals). OMVs from N.
meningitidis C:2a:P1.5 were isolated as described by De Gaspari and Zollinger (2001) [22], detoxified
from LPS and used previously in our laboratory [11]. Final concentrations were 10 ug of OMVs and
0.1 mM of Aluminum hydroxide [19].

Antigenic preparations

As described before, the antigenic preparations were diluted in sterile 0.01 mM saline solution
and consisted in the mixture of antigen and adjuvants, which were left to interact for 1 hour before
the inoculation. The antigenic preparations were: 0.5 ug RBD + 1 ug Sap + 1 ug DDA (the main focus
of this study); 3 pg RBD + 10 ug OMVs of N. meningitidis C:2a:P1.5 + 0.1 mM AH (an antigenic
preparation used before [12,13], for comparison); 3 ug RBD; and 1 pg Sap + 1 ug DDA. An extra
control group was used, consisting of naive mice [19].

Animals, immunization and collections

Adult, female, Swiss mice (Mus musculus) were obtained from the Animal Experimentation
Facility of the Instituto Adolfo Lutz and the experiments were approved by the ethics committees of
the Instituto Adolfo Lutz (CEUA/IAL number 02/2022).

Mice received two intramuscular (IM) doses of the antigenic preparations 21 days apart. Blood
collections were performed before (pre-immune control), 21, 47, 176 and 368 days after the
immunization [19].

Females immunized with RBD+DDA/Sap and DDA/Sap were put to mating after they received
the second IM dose [19]. The kinetics of IgG transference was assessed in the offspring at 15, 30 and
45 days after birth.

Detailed descriptions of antigen and adjuvant preparations and immunization calendar are in
our previous manuscript [19].

ELISA

High-binding 96-well polystyrene plates (Costar) were coated with 1 pg/ml of RBD in 0.1 M
carbonate bicarbonate buffer (pH 9.5), incubated overnight at 4 °C and blocked with 5% skim milk
(La Serenissima) for 2 hours at 37 °C. Serum samples diluted at 1:100 were incubated overnight at 4
°C. Secondary antibodies were incubated according to the following concentrations: anti-mouse IgG-
v chain at 1:10,000; anti-mouse IgM-u chain at 1:20,000 (both from Kirkegaard & Perry Laboratories),
anti-mouse 1gG2a, IgG2b or IgG3-peroxidase at 1:10,000 (Aviva Systems Biology); or anti-mouse-
IgG1-biotin at 1:5,000 (Aviva Systems Biology), for 2 hours at 37°C. Streptavidin-peroxidase (Zymed)
was incubated for 1 hour at 37 °C at a 1:2,000 dilution in IgG1 plates [19]. Finally, we added 3,3,5,5-
Tetramethylbenzidine (TMB)(Sigma-Aldrich) in IgG plates and isotypes and O-phenylenediamine
dihydrochloride (OPD)(Sigma-Aldrich) in IgM plates. Both substrates were incubated for 20 minutes
at 37 °C and we stopped the reactions using 1 N H2504 [19].

Avidity index (Al)

The avidity index was studied following the ELISA as described above, but adding 1.5 M
potassium thiocyanate (KSCN) for 20 minutes at room temperature (RT) (20-25 °C), after serum
incubation [13,23]. The IA index was measured by the following ratio: sample OD with KSCN/sample
OD without KSCN. The Al was considered low if < 30%, intermediate if 30%-49%, and high if = 50%
[24].
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Neutralization Index

We used the commercial assay cPass SARS-CoV-2 Neutralization Antibody Detection (GenScript)
for Omicron variant (BA1) to measure the neutralizing index (NI) of antibodies. The methodology
followed the manufacturer’s instructions. Neutralization indexes > 20% were considered neutralizing
[13]. The kits were kindly donated by NL Diagnostics.

Immunoblotting

To verify if the immune sera recognized the RBD in denatured form, we conducted
Immunoblotting, as described before [19]. Briefly, we proceeded an electrophoresis in denaturing
conditions using the RBD protein. Afterwards, the protein was transferred to 0.45 pm nitrocellulose
membranes (Sigma-Aldrich), so that each strip would contain 1 pg of antigen. The strips were
blocked with 5% skim milk for 2 hours at RT. Pooled serum sample, collected 368 days after the
immunization, diluted at 1:100 was incubated overnight at 4 °C. Anti-IgG-y chain (Kirkegaard &
Perry Laboratories) diluted at 1:5,000 was incubated for 2 hours at RT. The reaction was developed
using 4-chloro-1-naphthol (Sigma-Aldrich) and stopped with distilled water [19].

Enzyme-linked ImmunoSpot (ELISpot)

To assess immunological memory, ELISpot was performed with a pool of splenocytes from two
mice per group, using Mouse INF-Y or IL-4 ELISpot PLUS (MabTech) kits. These cytokines were
chosen to indicate polarization of the Th1/Th2 profile [25] and due to the importance of the Thl
response, which supports the control of viral replication, and the relevance of Th2 to support humoral
response and production of neutralizing antibodies [26].

Aiming to test if the immunologic memory would last until mice were considered old, we
performed ELISpot 465 days after the immunization, when mice were approaching 18 months of age
(32). Unfortunately, mice from the group immunized using RBD+OMV/AH did not survive until this
time and we could only analyze RBD+DDA/Sap and antigen and adjuvant controls (RBD and
DDA/Sap, respectively).

The animals were anaesthetized (Ketamine 10 mg/kg and Xylazine 10 mg/kg) and euthanized
by cervical dislocation. Spleens were collected and harvested to release the cells in ISCOVE’S medium
(Sigma Aldrich) supplemented with 10% inactivated fetal bovine serum (Cripion, SP, Brazil), 1%
antibiotics/antimycotics (penicillin G 10,000 U/mL, streptomycin sulfate 10,000 pg/mL and
amphotericin B 25 pug/mL) (Sigma-Aldrich), Glutamine 20 mM (Sigma Aldrich), Hepes 9 mM (Sigma-
Aldrich) and B-mercaptoethanol 5 x 10-°* M (Sigma-Aldrich). The debris were left to decant for five
minutes, then, the supernatant was transferred to a new tube and centrifuged at 2,000 rpm for five
minutes (Hettich Holding GmbH & Co, Germany). The cells were resuspended in culture medium
and the concentration was adjusted to 1 x 108 cells, as indicated by the manufacturer.

The 96-well polyvinylidene fluoride (PVDEF) plates were supplied coated with capture
antibodies anti-IL-4 (clone 11B11) or anti-IFN-Y (clone AN18) (Mabtech). The plates were blocked
with ISCOVES-fetal bovine serum 10% solution at RT for thirty minutes and the cell suspensions
were plated and stimulated with 0.2 pg of RBD per well. Positive control wells received nonspecific
stimulation of 1 pg of Concanavalin A (ConA) (Sigma-Aldrich) per well and negative control wells
did not receive stimuli. The cells were incubated for 24 hours at 37°C with 5% CO..

Afterwards, the cell suspension was removed and the plates were incubated with
ethylenediaminetetraacetic acid (EDTA) 1 mM solution for 15 minutes at RT to remove cell debris
from the membrane. Biotinylated anti-IL-4 or anti-IFN-Y antibodies at 1 pg/mL concentration were
incubated for 2 hours, followed by streptavidin-alkaline phosphatase, incubated at 1:1,000 for 1 hour,
both at RT. The plates were washed five times with PBS between each step. Finally, the BCIP/NBT
substrate was incubated at RT and protected from light for 1 hour until spots were formed. The
reaction was stopped by washing the plates with distilled water. After drying in the shade for 36
hours the spots were counted automatically (Aid ELISpot Reader, Germany) and the count was
considered the simple average of the duplicates.
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Statistical analysis

Multiple comparisons were performed using Kruskal-Wallis followed by Dunn’s post-test, in
GraphPad Prism v. 8 (Graphpad Software, Inc. Software, Inc., La Jolla, CA, USA). P values < 0.05
were considered significant.

3. Results

IgM antibodies and avidity

Figure 1 presents the IgM titers in serum of immunized mice, collected after different time
points, while shows the avidity of such antibodies. Since the control groups (adjuvant alone and
naive) do not present specific antibodies, sera collected from these mice sera were not adequate to
perform avidity assay. Because the RBD group did not present an optical density higher than those
controls, it was not appropriate for the avidity test as well.

Even though we could not verify a statistical difference in IgM levels, it was higher on days 21
and 47, at the beginning of immunization and following the immunization doses, approximately 5
times higher than controls. After one dose only, the antibodies presented low avidity, but it increased
to high (RBD+DDA/Sap) or intermediate (RBD+OMV/AH) after the booster. Interestingly, the Al of
RBD+OMV/AH continued to increase in later time points (176 and 368 days), being considered high;
while RBD+DDA/Sap kept a high avidity in day 176 and decayed for intermediate at day 368.
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Figure 1. Total IgM in serum samples collected at different time points: (A) 21, (B) 47, (C) 176 and (D)
368 days after immunization. AH: aluminum hydroxide. DDA: dioctadecyldimethylammonium
bromide. OMV: outer membrane vesicles. RBD: receptor binding domain. Sap: saponin. *: P<0.05. ns:
non significant.
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Table 1. Avidity index (%) of IgM antibodies on different days after immunization.

21 days 47 days 176 days 368 days
RBD+DDA/Sap 28.77 60.86 71.70 43.72
RBD+OMV/AH 20.81 47.05 77.10 64.72

Avidity is classified as low if < 30%, intermediate if between 30% and 49% and high if > 50% (24). AH:
aluminum hydroxide. DDA: dioctadecyldimethylammonium bromide. OMV: outer membrane
vesicles. RBD: receptor binding domain. Sap: Saponin.

IgG persistence and avidity

In our previous study, we assessed the titers and avidity of IgG, as well as its subclasses (IgG1,
IgG2a, IgG2b and IgG3), which showed that only adjuvanted groups (RBD+DDA/Sap and
RBD+OMV/AH) produced high levels of IgG, the peak of the response being on day 47 and the same
groups maintained higher levels until day 176 [19]. IgG1, IgG2a and IgG2b were the predominant
subclasses of RBD+OMV/AH group and all subclasses, including IgG3, were present on serum of
RBD+DDA/Sap group [19]. In this study, we followed the mice until 368 days after the immunization
and we could verify the persistence of IgG antibodies (), as well as its avidity and avidity of the
subclasses (). We can observe that groups immunized with adjuvants had higher IgG levels than
controls. The avidity of RBD+DDA/Sap was considered high, and studying the isotypes separately,
only IgG3 presented low avidity. RBD+OMV/AH presented intermediate avidity and, likewise, only
IgG3 was considered low.

Table 2. Mean ELISA OD of IgG antibodies in 368 days in a pool of serum from adult mice (n = 6
animals in each group).

IgG—Day 368
0.D 450nm) RBD+DDA/Sap RBD+OMV/AH RBD DDA/Sap Naive
1.792 1.161 0.106 0.054 0.0795

AH: aluminum hydroxide. DDA: dioctadecyldimethylammonium bromide. OMV: outer membrane
vesicles of the outer membrane RBD: receptor binding domain. Sap: Saponin as controls.

Table 3. Avidity index (%) of IgG antibodies and its isotypes on sera collected 368 days after the

immunization.
IgG IgG1 IgG2a IgG2b IgG3
RBD+DDA/Sap 83.2 63.9 56.7 48.2 10.24
RBD+OMV/AH 43.72 62.67 37.5 44.49 12.12

Avidity is classified as low if < 30%, intermediate if between 30% and 49% and high if > 50% (24). AH:
aluminum hydroxide. DDA: dioctadecyldimethylammonium bromide. OMV: outer membrane
vesicles of the outer membrane RBD: receptor binding domain. Sap: Saponin.

In addition, we verified that IgG antibodies from the group RBD+DDA/Sap, the main focus of
this manuscript, collected 368 days after the immunization, recognized RBD antigen in denatured
form, in Immunoblotting (Figure 2). The controls did not present any band in the same assay.
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Figure 2. (A) Immunoblotting using pooled sera of the RBD+DDA/Sap group on day 368. As
observed, the antibodies recognized the denatured RBD. MW: molecular weight.

Neutralization against Omicron variant

According to our previous data, the immunization using RBD+DDA/Sap presented the better
neutralization against Wuhan strain, especially on day 47, in the peak of the immune response [19].
In this study, we assessed the neutralization against the Omicron variant, which is presented in as
neutralizing index (NI). The groups immunized with RBD alone, DDA/Sap and Naive controls were
not considered positive.

Table 4. Neutralization index (%) of immunized groups against Omicron variant at different time

points.
Pre-immune 21 days 47 days 176 days
RBD+DDA/Sap 14.78 18.62 21.48 20.37
RBD+OMV/AH 12.26 21.95 27.60 26.90

AH: aluminum hydroxide. DDA: dioctadecyldimethylammonium bromide. OMV: outer membrane
vesicles of the outer membrane RBD: receptor binding domain. Sap: Saponin.

Kinetics of IgG transferred to offspring

The females immunized with RBD+DDA/Sap were put to mate and we studied the IgG
transferred to the offspring. Our previous article described that transferred antibodies, collected at
day 18, presented neutralizing activity despite its low avidity and were mainly IgG2a and IgG2b [19].
Here, we present the kinetics of maternal-fetal transference from day 15 to 45 (Figure 3) and its avidity
(). As observed, IgG levels were higher on day 15 and started to decrease; however, we could still
detect antibodies around day 30. We verified that all IgG isotypes were present at the sooner time
point, day 15. However, IgG2a and IgG2b were no longer present on day 30 and, at day 45, the overall
response was decreased and probably composed of only IgG1.
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Figure 3. Kinetics of IgG transferred to offspring in sera collected 15, 30 and 45 days after birth.

Table 5. Avidity index (AlI) (%) of IgG and its isotypes transferred to offspring of RBD+DDA/Sap
females, in sera collected different days after birth.

Days after birth
15 30 45
IgG 56.06 39.48 31.57
IgG1 66.34 26.54 26.77
IgG2a 62.90 NR NR
IgG2b 62.69 NR NR
IgG3 68.69 41,75 NR

Avidity is classified as low if < 30%, intermediate between 30% and 49% and high if > 50% (24). NR:
non-reagent.

IL-4 and IFN-7Y secretion

We verified IL-4 and IFN-y secretion of splenocytes collected 465 days after the immunization
by ELISpot. As mentioned in Material and Methods, to analyze immunologic memory, we decided
to perform ELISpot 465 days after immunization and, unfortunately, mice from the group
RBD+OMV/AH did not survive until this time point. Figure 4 shows the quantification of spots of
RBD+DDA/Sap, RBD alone and DDA/Sap control groups, as well as representative pictures of the
wells from each quantification. In the line below, the control wells, with cells without stimuli
(negative control) or stimulated with ConA (positive control).
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Figure 4. Spots counted after 1 x 108 splenocytes were stimulated with RBD, considering IFN-y and
IL-4 secretion. Below, the quantification when cells were stimulated with the mitogen ConA or added
without stimuli.

4. Discussion

IgM is the first class of antibody produced after antigenic stimulation, followed by the switch
for other classes. As expected, the higher levels of IgM were found at day 21, after the first dose, and
day 47, after the second dose, showing that the immunization activated the immune system [26].
Taken together with our previous data [19], IgG antibodies were also induced and maintained for
longer periods than IgM, which is expected. Nevertheless, IgM antibodies are relevant in SARS-CoV-
2 infection. Studying convalescent plasma, Kober et al. (2022) found that IgG3 and IgM strongly
correlated with neutralization, even though its abundance is more limited than other antibodies [27]
and, depleting plasma from immunoglobulin A, G or M, Gasser et al. (2021) found that IgM depletion
caused a 5.5 fold decrease in neutralization, the major loss when the three classes were compared
[28].

The persistence of antibodies is an important issue for COVID-19 prevention. It is well
documented that the antibodies induced after natural infection decay within 6 to 8 months [29]. When
vaccines started being administered, vaccine-antibodies were found to be more functional than
infection-antibodies, but a similar scenario was observed considering their persistence, with
antibodies’ levels persisting from 5 months to one year after immunization [30,31]. In the first part of
our study, we assessed persistence of IgG until 176 days after the immunization [19] and here we
describe that it persisted until 368 days. When mice age is considered, we see that IgG persisted from
adult to middle-to-old age [32]. We attribute this result to the adjuvants used, since the literature
shows persistence of antibodies when using adjuvants: Thl adjuvants, as Saponin QS-1, and a
mixture of Saponin QS-1, Cytosine-phosphate-Guanine (CpG) and Monophosphoryl Lipid A (MPL)
induced a persistent humoral response against P. falciparum until day 180 [33]; in another study, an
anthrax vaccine adjuvanted by CpG maintained protective antibodies titers up to one year in mice
[34]. Studies of our group found similar results for Neisseria meningitidis, with a humoral response
persisting from adult to old age in mice [11,16].

Avidity is an important functional parameter, specially for SARS-CoV-2 [35]. We verified that
IgM had low avidity after the first dose of the immunization, which increased until intermediate-to-
high avidity in the later time points. In contrast to our study, immunization of rabbits against
Influenza led to IgM of high avidity early after the immunization and, in later time points, it remained
stable [36]. Similarly, our results point that IgM avidity maintained intermediate-to-high levels since
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day 47 and until middle-to-old age. The pentameric structure of IgM is an important contribution to
neutralization, since RBD-ACE-2 binding presents high affinity, thus requiring high avidity to block
this reaction [35,37].

RBD, the antigen we used for immunization, is the main region of the Spike protein that
undergoes mutations, especially considering the Omicron variant [4,38,39]. However, we observed
some neutralizing activity in the group immunized with RBD+OMV/AH. Monoclonal IgM derived
from B cells were potent cross-neutralizers [40], which might have contributed to that, although the
higher neutralization index was not found exclusively at the peak of IgM response. In addition,
adjuvants enhance antigen presentation and may confer a more broad epitope recognition, as
observed previously for HIV [41], Dengue virus [42] and Influenza H5N1 [43], for example. Here, the
main cross-neutralization occurred in the group adjuvanted by an OMV/AH mixture. We could not
find similar results using OMVs for COVID-19, but OMVs provided a broader and more functional
peptide recognition as adjuvant for Chlamydia [44], while Alum did the same for HIV-1 [45].

Cytokine secretion not only showed the presence of memory cells in the spleen, activated by
RBD stimuli, but corroborated IgG isotypes to point to the pattern of the immune response. Based on
our previous data [19], we suggested a mixed Th1/Th2 profile, due the presence of IgG2a, induced
by IL-2 and IFN-y, Thl cytokines; and IgGl, induced by IL-4, a Th2 cytokine [25]. In ELISpot,
RBD+DDA/Sap group secreted both IL-4 and IFN-y, although the secretion of IFN-y was higher.
DDA was firstly described as a Thl-polarizing adjuvant, as confirmed in studies for different
pathogens [46-48]; and the same Th1 profile was observed for Saponin [15]. However, some studies
also found a mixed Th1/Th2 profile: Klinguer-Hamour et al. (2002) had promising results using DDA
to drive the response to a Syncytial-respiratory virus away from a non-protective Th2 phenotype to
a mixed Th1/Th2 pattern [49]; and a Saponin contributed to a robust anti-Influenza response,
characterized by high levels of IgG1, IgG2a and IgG2b, as well as secretion of IL-2 and IFN-y [50].
When COVID-19 vaccines are considered, a recombinant RBD associated with DDA-TDB adjuvant
presented strong humoral and cellular response [51], the same was observed for a RBD/Nucleocapsid
associated with Saponin [52]. Likewise, a potent humoral/cellular response was observed for Saponin
as adjuvant to the Spike protein of MERS-CoV, which present similarities with SARS-CoV-2 [53].

Maternal immunity obtained passively hinders the active immunization of newborns. In
addition, an immature immune system contributes to weak, Th2-polarized immunity. This state of
immunity in early life sustains endemic infections in humans and continuous reinfections. Endemic
infections in young people occur preferentially when the immune system is still functionally
immature and when low levels of maternal antibodies are no longer protective, but still block
protective immune responses. Vaccines that overcome these problems would have strong positive
effects on health. A newborn’s Th2 tendency is mediated by high levels of progesterone and Th2
cytokines produced at the maternal-fetal interface. The activity of the innate system is enhanced in
the mother during the prenatal period, which certainly has an effect on the offspring. Newborn mice,
as young as 2 days old, can be immunized by Senday virus proteins as an example and direct the
response towards Thl and Th2 depending on the adjuvant. The same pattern has been observed in
several species. In conclusion, the Th2 tendency that prevails around the parturition can be overcome
by adequate treatments, allowing effective vaccination and protective immunity in the newborn [54].

COVID-19 vaccines have been administred to children showing good safety in most clinical
studies [55,56]. Epidemiological evidence suggests that babies born from mothers who received two
doses of the mRNA vaccine during pregnancy had a 61% lower risk of hospitalization for SARS-CoV-
2 in the first six months of life. On the other hand, a study carried out in Israel found a higher risk of
infection among babies aged 0 to 1 year than among older children [57]. This result is understandable
because babies” immune systems are not fully developed and are not able to produce enough
immunoglobulins [58].

In addition, high levels of the SARS-CoV-2 virus in asymptomatic children can allow the
infection to be transmitted to family members who are in close contact with them [56,59]. It is
therefore essential to vaccinate children over 6 months of age. Studies have shown that participants
aged between 6 and 23 months have a strong immunological response after three doses. This also
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was observed in the group of people aged between 16 and 25 who received two doses of the
BNT162b2 vaccine [60,61].

In our study IgG antibodies crossed the placenta in mice, and that is likely to play a crucial role
in protecting the offspring by the functionality of the transferred antibodies evaluated by the avidity
of the isotypes. This transfer occurs during gestation, when the mother provides maternal IgG
antibodies to the developing fetus via the placenta [54,62]. These antibodies are fundamental to the
offspring’s immunity, as their immune systems are still developing. In humans, a similar process
takes place, where the mother transfers IgG antibodies to the fetus via the placenta, providing
temporary protection against infections [63]. This is particularly important in the first few months of
life, when the baby’s immune system is less effective. However, this work represents an experimental
part and further studies in humans will be necessary. The avidity property of the antibody increases
over the course of the immune response, so it is suggested that avidity is directly proportional to the
time of exposure to the antigen.

As avidity is a relevant functional parameter, the time of vaccination according to pregnancy
stage may interfere in the results. A recent study found that avidity against pertussis antigen was
independent of maternal vaccination during the second or third trimester [64].

Our data pointed to overall high avidity soon after birth, which decreased for a long time. It
should be considered that this is a different pathogen and an experimental model, however, our mice
did not receive any booster during pregnancy. It might be worth investigating if a booster dose
during pregnancy could be interesting to improve antibody avidity.

In our previous article, blood was collected from the offspring 18 days after birth, and the
antibodies passively transferred to the offspring of the RBD+DDA/Sap group were neutralized [19].
The offspring showed intermediate IgG avidity. Interestingly, the offspring showed a neutralizing
index even when avidity was low [19]. Therefore, the studies were repeated in this work and a follow-
up kinetics of maternal-fetal transfer was carried out, thus showing their persistence [19].

As we observed in this study, the antibodies persisted until 30 days after birth and, around 45
days, the last time point that we monitored, IgG levels decreased. Based on previous works it is
already known that the antibodies can last up to 5 to 8 weeks [17,54].

It is very important to note that nanograms of the SARS-CoV-2 Spike protein administered with
exosomes have recently been shown to induce potent neutralization of Delta and Omicron variants
(BA.1,BA.5) [65].

Another point to emphasize is that maternal vaccination is important, as the work shows that
IgG antibodies for homologous variants of SARS-CoV-2 have been transferred to neonates [66]. On
the other hand, in our study we were able to observe IgG with good avidity when we used the Wuhan
variant, homologous to the immunization. Even though we could not check cross-reactivity against
Omicron variant in the offspring sera, their mothers presented IgG of good avidity against the
homologous strain and cross-reactivity for the Omicron variant (BA.1).

5. Conclusions

Our study showed that the antigenic preparations RBD+OMV/AH and RBD+DDA/Sap
improved the humoral response, inducing IgM antibodies of intermediate to high avidity; and an
IgM and IgG response which lasted for one year in mice. RBD+DDA/Sap also induced cellular
memory and cytokine response, mostly of IFN-y, an important cytokine for antiviral response.
Finally, IgG transferred from females immunized with RBD+DDA/Sap lasted for almost 45 days -
nonetheless, until the offspring was considered young.

Studying SARS-CoV-2 vaccines is still relevant, as the scenario has changed and new vaccines
must be adapted to respond to the current challenges — protection against the new variants, long-
lasting immunity and maternal/fetal and pediatric immunization.
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