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Abstract: Several methods can be used to evaluate antibody avidity, one of which is the modified
ELISA, in which a chaotropic agent is added to disrupt the binding between the antigen and the
antibody. Although the avidity index provides relevant information about the functionality of
antibodies, it does not allow us to characterize which antigens the antibodies are strongly bound to.
To this end, we adapted the Immunoblot and Dot-Blot techniques by adding potassium thiocyanate
(KSCN) after incubating nitrocellulose membranes with serum from mice immunized with Neisseria
meningitidis outer membrane vesicles (OMVs) or serum from mice immunized with recombinant
receptor-binding domain (RBD) of SARS-CoV-2, with different adjuvants for each antigen. In terms
of results, when standardizing the incubation time of sera with KSCN, we observed that 5 minutes
was the ideal time for both assays, however, when using different dilutions of serum from mice
immunized with RBD, there was an influence on the strength of antigen-antibody binding. For the
N. meningitidis assay, the antibodies maintained high avidity for the antigens present in the OMVs,
PorA, NadA, and Opa, especially in the presence of the aluminum hydroxide adjuvant. The research
showed that standardizing the Immunoblot and Dot-Blot in the same assay optimizes time and
resources, allowing qualitative analysis for two different antigens, and resulting in more robust
information for immunization studies against these pathogens.

Keywords: Avidity; Immunoblot; Dot-Blot; Neisseria meningitidis; SARS-CoV-2

Key Contribution: To speed up the test using two different methodologies In terms of time and
reagent savings. Interesting for use in a future diagnostic test and immunization studies.

1. Introduction

Antibodies are produced by differentiated B cells (plasma cells) as part of humoral immunity,
following antigen presentation. This occurs either in response to natural infections or after
stimulation by vaccination to fight the infection and/or prepare the immune system before it occurs
[5,19].

The antibody interacts with the antigen via a non-covalent binding that is specific to the epitope
and the paratope. The binding strength between the paratope and the epitope determines the affinity
of the antibody, while the overall binding strength between multiple antibodies and multiple binding
sites is called avidity [12]. It is well known that IgG-antibodies tend to bind strongly to antigens
because of a process called affinity maturation, when the efficiency of the immune response improves

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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after a second exposure to the pathogen, contributing to the generation of antibodies with high
affinity and specificity [35].

Antibody avidity is an important criterion for assessing the immune response, as it provides
information on the functionality of the antibody, which can be used as a parameter to measure
vaccine efficacy or the evolution of the stage of a disease, e.g., whether the infection is in its acute or
latent stage [29,32].

Several methods can be used to assess antibody avidity. A very common method is the modified
ELISA, which consists of adding a chaotropic agent to disrupt the bond between the antigen and the
antibody. Urea and potassium thiocyanate (KSCN) are examples of agents that have been widely
used for ELISA avidity [28, 30].

Several factors can influence the result of the modified ELISA for avidity assay, among which
we can mention: different types of plates, types of antigens, different types of substrates and, more
importantly, the chaotropic agent used, its concentration, time and temperature incubation [8].

Recently, a study in our laboratory [26] analyzed the effects of using different antigens of
Neisseria meningitidis (whole cell suspensions and Outer membrane vesicles), different chaotropic
agents (urea and KSCN), and incubation temperatures (4 °C, 25 °C, and 37 °C) to evaluate the avidity
of mice serum. However, this study did not evaluate the time of incubation with the chaotropic
agents, which we believe is an important parameter. In addition, avidity in this study was assessed
using the conventional ELISA method.

The avidity is a relevant criteria for humoral immunity against N. meningitidis and its index
positively correlated with bactericidal activity [34], but a common ELISA-avidity does not allow
characterization of which antigens present in the outer membrane vesicles (OMVs) of N. meningitidis
induced antibodies with elevated binding strength, which would be interesting for the evaluation of
potential candidate antigens that could be included in a new vaccine formulation .

Based on this, Inmunoblot, a method commonly used to characterize proteins, has already been
adapted to determine the avidity of antibodies against recombinant antigens (NP, RBD, and S1) of
SARS-CoV-2 using human sera [1]. To accomplish our objectives, we modified the Immunoblot assay
into a qualitative in-house Immunoblot avidity assay. We used the potassium thiocyanate (KSCN)
1.5 M as chaotropic agent, like in the modified ELISA [26].

Since the avidity assay has already been standardized using human sera, we were interested in
evaluating the methodology previously described [1] in an experimental model, using sera from mice
immunized with OMVs of N. meningitidis or with recombinant Receptor-binding domain (RBD) of
SARS-CoV-2, with different adjuvants for each antigen. As we know, it is very important to evaluate
an assay using more than one method, for example, in a case using immunodiagnostic. So, in addition
to Immunoblot, we also included the Dot-Blot technique in the same assay.

In this context, this study aimed to analyze the effect of different incubation times to evaluate
the avidity between the antibodies and the OMVs or RBD antigens: Not only this manuscript
supports the use of Immunoblot to test avidity, but it also shows the relevance of the method for
pointing which N. meningitidis antigens induced antibodies of higher avidity, an important
information when predicting ideal antigens for vaccines.

2. Materials and Methods

2.1. Antigenic preparations and Serum

To achieve our goal, we used antigens and mice sera available in our laboratory (Laboratory for
the Development of Vaccine Platforms, Adjuvants, and Monoclonal Antibodies, Immunology Center,
Adolfo Lutz Institute) from previous studies [15,33], already approved by the Ethics Committee for
the Use of Animals (CEUA/IAL number 02/2022 and CEUA IAL/Pasteur protocol number 06/2012.)

For N. meningitidis evaluation, we used sera from middle-aged female mice (5 to 7 animals per
group) of the Swiss strain, that were immunized with three subcutaneous doses (with an interval of
15 days between the first and second dose and 20 days between the second and third dose) containing
2 ug of OMVs of the B:4:P19 strain complexed with aluminum hydroxide (AH) or
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dioctadecyldimethylammonium bromide in bilayer fragments (DDA-BF) as adjuvants. Control
groups were immunized with OMVs, AH, or DDA-BF alone. The sera used in this study was collected
15 days after the 3rd dose [33]. We chose the 3rd dose of the animals' sera because it had a higher
antibody titer, and it was expected that the affinity maturation process had already occurred [26].
Meanwhile, for SARS-CoV-2 assays, we used sera from adult Swiss mice (5 animals per group)
immunized with two intramuscular doses (with a 15-day interval between doses) and two intranasal
doses (with a 7-day interval between doses) formulated with 3 pg-recombinant receptor binding
domain (RBD) complexed with 10 ug/ml OMVs of N. meningitidis strain C:2a:P1.5 and AH. The
samples evaluated in this study were collected 15 days after the 4th dose. We chose the 4th dose of
animal serum because it also showed antibodies with good avidity and viral neutralization [15].

2.2. Immunoblot

The OMVs and RBD antigens were separated by polyacrylamide gel electrophoresis in the
presence of sodium dodecyl sulfate (SDS-PAGE) in a 10% gel, and a molecular weight marker (25-
245 kDa) (New England Biolabs, Ipswich, MA) was added to the electrophoresis run. Proteins were
then transferred to 0.45 um nitrocellulose membranes (Bio-Rad Laboratories, Hercules, CA) in a
transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol, pH 8.3).

The membranes were stained with Ponceau red to verify the transfer of proteins in the gel and
washed with PBS to remove all dye (Sigma Chemical Company, St. Louis, MO). The membranes
containing approximately 25 pg/ml OMVs and 1.6 pg/ml RBD on each strip were then blocked with
5% PBS-Leite (La Serenissima, Argentina) for 2 hours at room temperature (20-25 °C) under agitation.

The strips were washed 5 times with PBS again and then incubated overnight, at 4 °C, with
pooled sera of mice immunized with N. meningitidis OMVs and adjuvants (OMV+AH, OMV+DDA,
OMYV, AH and DDA groups), diluted in 2.5% PBS-milk at a 1:1000 dilution. Meanwhile, the pooled
sera of mice immunized with SARS-CoV-2 RBD (RBD + OMV + AH, RBD, AH and OMV groups)
were incubated at a 1:100 dilution.

The membranes were then washed with PBS and an anti-mouse IgG vy chain antibody
(Kirkegaard & Perry Laboratories, KLP, Gaithersburg, MD) conjugated with peroxidase was added
at 1:10,000 dilution and incubated for 2 hours at room temperature (20-25 °C).

For detection, the substrate 4-chloro-1-naphthol (Sigma-Aldrich) was added for 20 minutes at
room temperature (20-25 °C). The enzymatic reaction was stopped by washing the strips with
distilled water.

2.3. Dot-Blot

The Dot-Blot technique was incorporated into the same Immunoblot assay by adding 1 ul of
each antigen (0,71 pg of RBD and 0,83 pg of OMVs) in its native state on top (above the bands
proteins) of each dry strip, after the electrophoretic transfer. The following steps were the same as
the avidity assay using the Immunoblot assay described below, as the assays were performed on the
same membrane.

2.4. Strategy used in the study to assess avidity on nitrocellulose membranes

The strategy used in the study to evaluate avidity on nitrocellulose membranes is based on
previous research carried out in our laboratory. These studies, using Dot-Blot and Immunoblot
techniques carried out separately, characterized the immune response. This characterization was
carried out for both experimental and clinical applications

In an experimental context, a recent study carried out in our laboratory used the Dot-Blot and
Immunoblot technique to evaluate IgG antibodies in mice immunized with a new vaccine platform
containing the RBD of SARS-CoV-2, adjuvanted with a mixture of DDA and Saponin [20]. In the
diagnostic field, we have developed a simple method for transporting and storing monoclonal
antibodies (Mabs) on filter paper, which is viable both at room temperature and at -20 °C. This
method was used for serotyping N. meningitidis outer membrane antigens using ELISA and Dot-Blot,
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as a practical approach for epidemiological screening [14]. In addition, our laboratory has applied in
a clinical and experimental studies using Dot-Blot and Immunoblot techniques [3,33].

The strategy adopted in our work consisted of combining two different antigenic preparations
of the same pathogen on a single nitrocellulose membrane. To do this, we first carried out
electrophoresis to separate the proteins, then transferred them to the nitrocellulose membrane
(Immunoblot). The strips were then dried on Whatman filter paper and, once dry, we applied the
two selected antigens to the top of the strip (Dot-Blot).

2.5. Anti-1gG Antibody Avidity Assessment

The IgG antibody avidity assay was based on the method described [1], which consisted of using
nitrocellulose strips with recombinant SARS-CoV-2 proteins (NP, RBD, and S1) incubated with
human sera followed by incubation with the chaotropic agent urea 6 M for 3 minutes.

The procedure followed the same steps as the conventional Immunoblot and Dot-Blot described
above with the addition of the chaotropic agent potassium thiocyanate (Sigma Chemical Company,
St. Louis, MO) [KSCN 1.5 M] [34]. Our assay after the membrane was incubated with the serum and
before the addition of the mouse anti-IgG secondary antibody as illustrated in (Figure 1) the the
chaotropic agent added in different incubation times and were evaluated for both the N. meningitidis
OMVs and SARS-CoV-2 RBD assays to analyze interference in the binding force between the antigen
and antibody at room temperature with nitrocellulose membrane.

Substrate @ \-/ * Signal

Secondaryantibody) O — Enzyme

° Dot-Blot
=
Add chaotropic agenton ™=
membrane :
== —— Immunoblot
Primary antibod )» &
Antigen .

Figure 1. The figure describes the methodology used in this investigation, where Dot-Blot and
Immunoblot methods were used on nitrocellulose membranes, with mice serum as primary antibody
and anti-IgG antibody specific to mouse as the secondary antibody labelled with peroxidase. For the
avidity assay, KSCN was used on the nitrocellulose membrane with the antigen in its native "Dot-
Blot" form and in its denatured "Immunoblot” form.

After determining the ideal incubation time with the chaotropic agent for both pathogens, we
investigate the antigens to which the antibodies remained bound after the addition of the chaotropic
agent were analyzed for Neisseria meningitidis. Another point investigated in the SARS-CoV-2 assay,
since only the RBD antigen was used, was related to different dilutions that could affect the binding
strength between the antigen and the antibody. The assay was interpreted qualitatively based on the
intensity (strong or weak) of the bands and staining spots.
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3. Results and Discussion

3.1. Immunoblot and Dot-Blot for N. meningitidis OMVs

OMVs are composed of several antigens, including the Neisseria Adhesin A (NadA), Transferrin
binding protein (Tbp), Porin A (PorA), Opacity protein (Opa), and Neisseria surface protein A (NspA),
which have different molecular weights [25] and shown in (Figure 2).

NadA (170 — 190 kDa)

Thbp (85 — 95 kDa)

PorA (45 — 47 kDa)

Opa (26 - 29 kDa)

NspA (22 kDa)

Figure 2. - Characterization of OMVs by SDS-PAGE (10% polyacrylamide). On the left, molecular
weight; on the right, antigens presented in N. meningitidis OMVs as suggested in the literature.

To standardize the incubation time for the caotropic agent using a mouse IgG antibody avidity
assay using the Immunoblot and Dot-Blot technique that has not previously been described in mice,
we tested three different incubation times using the 1.5 M KSCN caotropic agent in the avidity assay
(Figure 3).

Regarding the main objective of our work, the standardization of the incubation time was
proceeded with the sera from the group immunized with OMV+AH, since it was the one that showed
the highest antibody titers against OMVs and the highest avidity index with the KSCN chaotropic
agent in the ELISA avidity [26,33].

It was observed that time affected the appearance of the bands and spots. Visually, 5 minutes
was the most appropriate incubation time, as the bands and spots remained with stronger color
intensity, while 20 minutes of incubation resulted in almost complete disappearance of the bands, as
shown in (Figure 3).
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Figure 3. - Evaluation of incubation time with chaotropic agent for Immunoblot and Dot-Blot
techniques. The nitrocellulose membranes containing OMVs of N. meningitidis incubated with KSCN
for different times (5, 10, and 20 minutes)-C refers to the control (the conventional assay without the
addition of the chaotropic agent). The molecular weight marker is on the left.

Once the time was set, we tested the sera from other immunization schedules for 5 minutes
incubation. This allowed us to check the specificity of the antibodies with avidity and to predict which
antigens would induce antibodies with higher binding strength. We used mouse serum of groups
immunized with OMVs + DDA, OMVs, AH, and DDA (Figure 4).

kDa

245

190
80
58

46

32
25
22

OMV + DDA OMV +AH Oomv AH DDA

Figure 4. - Evaluation of different sera without and with the KSCN. We can see the difference in
reactivity of the different sera evaluated. For each group, the left strip was not incubated with KSCN
and the right one was. In the sera of mice immunized with OMV+AH, we observed a higher antibody
avidity for several antigens when compared with OMV+DDA, where only PorA remained intensely
stained. The sera from control groups AH and DDA did not recognize any antigen in the band without
the KSCN.
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As expected, the controls did not recognize any bands on the Immunoblot. For the sera from
animals immunized with OMVs + DDA, the antibodies recognized the NadA (170-190 kDa), PorA
(46 kDa), and Tbp (80 kDa) bands. The 46 kDa/PorA band remained stained intensely after KSCN
incubation, while the high molecular weight bands - 80 kDa/Tbp and NadA/170-190 kDa - showed
less intense staining (Figure 4). We can assume that the PorA protein induces antibodies with higher
binding strength, while NadA and Tbp induce antibodies with lower binding strength.

Sera from mice immunized with OMVs + AH recognized more antigens, including NadA (180
kDa), Tbp (85-95 kDa), PorA (46 kDa), PorB (33-42 kDa), and Opa (25-30 kDa) (Figure 4). However,
the NadA, PorA, and Opa bands were more intensely stained, whereas Tbp and PorB were less
intensely stained. This suggests that, when formulated with AH, the antigens PorA, NadA, and Opa
induced antibodies with higher binding strength, whereas Tbp and PorB induced antibodies with
lower binding strength.

In this sense, aluminum hydroxide as an adjuvant seems to contribute to the presentation of
more antigens, the activation of the immune response, and the induction of antibodies with higher
binding strength, as observed in previous studies [6,26,33].

The Porin A is one of the trimeric proteins located on the outer membrane of N. meningitidis [25].
PorA has been described in the literature as an immunogenic protein that induces the production of
antibodies with elevated avidity and bactericidal activity [18].

As for NadA, it is a protein exposed on the surface of the bacterium that adheres to the cell
epithelium and provokes a strong response of protective bactericidal antibodies and cross-reactivity
with strains of different serosubtypes. Moreover, the expression of NadA was associated with 50%
of the strains causing meningococcal disease [7]. Anti-NadA antibodies were detected only in the
presence of AH and ainduced antibodies with high avidity (Figure 4). Interestingly, NadA is a high
molecular weight antigen (Figure 2) that induces cross-reactivity against different meningococcal
serosubtypes and contributes to protection against multiple strain variants, making it an important
antigen for vaccine preparations [18,7].

Opa is a protein located on the outer membrane of meningococci that adheres to and invades
the surface of epithelial cells. Although it has been reported in the literature to be antigenically
variable, this antigen was able to induce high avidity IgG antibodies (Figure 4). This reinforces the
fact that antibodies can block bacterial adhesion and invasion to host cells, thereby favoring
neutrophil phagocytic activity, as described by several authors [25,13,23,36,17].

During our study, no bactericidal assay was performed with the mice sera, but our results
showed that the antibodies triggered by OMV+AH are likely to have high avidity against more than
one antigen (PorA, Opa and NadA), which are immunogenic and induced bactericidal antibodies in
other manuscripts, as described by some authors, which is important for protecting against
meningococcal disease [25,16,34]. On the other hand, OMV+DDA induced antibodies that remained
bounded with PorA and, which is a relevant antigen as well, like described above. OMVs, without
any adjuvant, the antibodies show reactivity and good avidity only against PorA, confirming that the
presence of adjuvants favors the presentation of more than one antigen of the bacterium and induces
IgG antibodies of high avidity, as our data show.

In general, several studies have shown that aluminum hydroxide in vaccines induces high
concentrations and prolonged antibody responses. AH adjuvant is also included in the formulation
of other vaccines against other pathogens and diseases, such as hepatitis A and B, tetanus, HPV,
diphtheria and tetanus toxoid (DTP), anthrax, rabies, Haemophilus influenzae type b, and also against
diphtheria, tetanus and pertussis (DTaP), which are recommended for their proven efficacy and
safety [11,27]. In addition, other authors have reported that aluminum hydroxide as an adjuvant in
vaccine preparations leads to the generation of memory B cells and effector T cells [22], which likely
contributed to the generation of highly avidity antibodies against several antigens in the OMVs + AH
group.

Among meningococcal vaccines licensed for human use that contain aluminum hydroxide in
their formulation, we have Bexsero®, a vaccine for the prevention of disease caused by N. meningitidis
from serogroup B. This vaccine has been shown to be safe, effective, and highly immunogenic in
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children and infants. It contains in its formulation the recombinant antigens heparin-binding protein
(NHBA), factor H binding protein (fHbp), NadA, and OMVs expressing Porin A, and is
recommended for clinical use in several countries, including high-risk groups, adolescents, routine
childhood immunization, and outbreak control [2,24,27].

For meningococcal disease prevention, interestingly, that more than one epitope is recognized
for antibodies of different specificities, provided that it may favor opsonization and subsequent lysis
by the complement system, as described by some authors [25].

Considering the Dot-Blot (Figure 4), the area remained stained, probably due to the high avidity
antibodies remaining on the membrane. This confirms our results regarding the high avidity of mice
IgG antibodies and the contribution of the adjuvants. However, we believe that Inmunoblot would
be a more interesting technique, allowing a better characterization of the response by separating the
antigens according to molecular weight.

3.2. Standardization of SARS-CoV-2 Immunoblot and Dot-Blot for RBD

We used the recombinant RBD antigen that was provided by the Immunobiotechnology
Laboratory of the Immunology Center of the Adolfo Lutz Central Institute. The recombinant RBD
protein was expressed, and the antigen was purified according to [9]. As described in the literature,
the recombinant RBD antigen of SARS-CoV-2 used for immunization is approximately 32 kDa [31]
(Standlbauer et al., 2020). We also standardized the assay for SARS-CoV-2 using sera from mice
immunized with RBD + OMVs + AH from previous work in our laboratory [15].

For the serum from the RBD + OMV + AH immunization scheme, we also tested different
incubation times for 5, 10, and 20 minutes using the chaotropic KSCN as shown in (Figure 5).
Similarly to OMV, 5 minutes seems to be ideal, while in a 20-minute incubation time the band almost
disappeared from the membrane and the dot disappears completely from the membrane.

kDa

245-100
80

58
46

32 _. )
25 8 -
22
17

1"

5 10° 200 C

Figure 5. — Evaluation of incubation time with KSCN for Immunoblot and Dot-Blot techniques. We
observed that the nitrocellulose membranes containing RBD of SARS-CoV-2 showed different results
at different incubation times (5, 10, and 20 minutes). C refers to the control (the conventional assay
without the addition of the chaotropic agent). The molecular weight marker is on the left.

Since 5 minutes seemed to be the ideal incubation time and immunization with RBD resulted in
the recognition of only one band, it would be more reliable to observe the interference of the dilution
with this sera. For this purpose, different dilutions were used: 1/50, 1/100, 1/200, and 1/400, to evaluate
whether it would interfere with the binding strength as shown in the (Figure 6).
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Figure 6. - Nitrocellulose membranes with RBD antigen incubated with different concentrations of
anti-RBD sera (1/50, 1/100, 1/200, and 1/400). For each dilution, the strip on the left was not incubated
with KSCN and the strip on the right was.

Unlike the N. meningitidis study samples, where we were able to evaluate the results of the assay
ata 1/1000 dilution with KSCN within 5 minutes, the SARS-CoV-2 study samples required a dilution
of 1/100 (Figure 6). The type of immune response will vary depending on the components of the
antigenic preparation (antigens and adjuvants used), the concentration, route and number of doses
administered. That means that the results may be different and non-replicable depending on the
various factors involved, so it is important to standardize the protocol within each study. In this
sense, it is necessary to characterize the response before moving to a functional assay, adapting the
assay according to the samples used and the experimental design. This again highlights the
importance of standardizing the avidity assay [8].

In our study, a dilution of 1/50 to 1/200 would be appropriate for evaluating the avidity of the
Immunoblot and a dilution of 1/50 would be appropriate for evaluating the avidity of the dot assay
only, because at a dilution of 1/400, the band and the dot disappears completely in both the
Immunoblot and Dot-Blot assays (Figure 6). The study [1] used another chaotropic agent, urea 6 M,
to evaluate the avidity of antibodies present in the serum of humans infected with COVID-19. He
showed that the use of different concentrations of urea can result in a high degree of variation in the
avidity assay, thus demonstrating how variables can affect the results of a study.

However, at the 1/100 and 1/200 dilutions, the color of the band became less intense, suggesting
that as the serum was diluted, antibodies with good avidity disappeared. Compared to the 1/50
dilution, the band was more intensely stained, suggesting that high avidity antibodies remain at this
dilution (Figure 6). Similarly, the results of the characterization of these sera in our previous study
[15] showed, by ELISA-Avidity, that the antibodies had an intermediate avidity index, close to the
high avidity threshold, as well as a high neutralization index; together, these results show that the
antibodies were functional. Our results are consistent with those obtained previously because,
although it is not possible to quantify the avidity index by Immunoblot, the permanence of the stained
band suggests that the antibodies had good binding strength to the antigen.

For COVID-19, it has already been correlated that antibodies with high avidity are good
indicators of viral neutralization [4]. Also, some authors showed that three doses of mRNA vaccines
against the Omicron variant (which is a variant of concern due to its high mutability rate) increased
the avidity of antibodies directed against the RBD (where most mutations occur), thus ensuring
protection against different variants of SARS-CoV-2 [10, 21]. Seeing the relevance of avidity in the
context of COVID-19 prevention, it is interesting to standardize different avidity assays that can be
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used in different conditions and locations. In this way, the avidity technique, which is simpler than
neutralization, could be disseminated and provide more information on the immune response
against SARS-CoV-2.

4. Conclusions

Our results showed that KSCN 1.5 M can be used for Immunoblot and Dot-Blot-avidity, at an
incubation time of 5 minutes, using OMVs from N. meningitidis and RBD from SARS-CoV-2 as
antigens. Thus, titration of sera from different immunization protocols is required before testing
avidity, to assess the adequate dilution. Considering immunization with N. meningitidis OMVs, the
Immunoblot-avidity is particularly interesting to suggest the proteins that induced antibodies of
higher avidity. In our study, AH was a better adjuvant than DDA to support the recognition of
various antigens with higher avidity. Extending this assay to other pathogens of public health
concern is imperative.
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