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Abstract: Due to the rapid global spread of the Omicron (B.1.1.529) variant, efforts to scale up COVID-
19 booster vaccination have been improved, especially in light of the increasing evidence of reduced
neutralizing antibody (NT Ab) over time in vaccinated subjects. In this study, neutralizing antibody
responses against the Wild-Type, Delta, and Omicron strains were evaluated among vaccinees, both
infected with Omicron or uninfected, and non-vaccinated subjects infected with Omicron. The aim of
the study was to compare the cross-protective humoral response to the variant strains induced by
vaccination and /or Omicron infection. The results showed a significant difference in the neutralizing
antibody response between the vaccinees and the Omicron-infected vaccinated subjects against the
three tested strains (p < 0.001), confirming the booster effect of the Omicron infection in the vaccinees.
By contrast, Omicron infection only did not enhance the antibody response to the other variants,
indicating a lack of cross-protection. These results suggest the importance of updating the current
formulation of the SARS-CoV-2 vaccine to protect people against the Omicron subvariants. A specific
Omicron vaccine, administered as a booster for the previously adopted mRNA vaccines, may protect
against a wider range of SARS-CoV-2 variants. However, it is unlikely that the Omicron vaccine alone
would be able to protect non-vaccinated subjects against other circulating variants.
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1. Introduction

To limit the spread of the severe acute respiratory syndrome—coronavirus 2 (SARS-
CoV-2) and to counteract the waning of protection among vaccinated individuals [1-5], on
12 August 2021, the FDA authorized the use of a third booster dose with either BNT162b2
or mRNA-1273 vaccines in immunocompromised individuals [6]. Lately, due to the emer-
gency arising from the rapid global spread of the immune-evasive Omicron (B.1.1.529)
variant [7,8], first detected in South Africa and Botswana, efforts to scale up COVID-19
booster vaccination have been improved, especially after the increasing evidence of re-
duced neutralizing antibody (NT Ab) responses to the Omicron variant compared with the
original strain of SARS-CoV-2 and the Delta (B.1.617.2) variant in vaccinees [9-12].

In this study, the neutralizing antibody response against Wild-Type, Delta, and Omi-
cron strains was evaluated among vaccinees, both infected with Omicron or uninfected,
and non-vaccinated subjects infected with Omicron. The aim of the study was to com-
pare the cross-protective humoral responses to different SARS-CoV-2 variants induced by
vaccination and/or Omicron infection.
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2. Materials and Methods
2.1. Study Design and Participants

In this observational cohort study, 95 subjects (29 males, 66 females; mean age
46.0 years, range 20-68) were enrolled. Seventy-five of them (21 males, 54 females; mean age
47.2 years, range 25-63) were healthcare workers from ‘Santa Maria alle Scotte” University
Hospital in Siena, who had received a third dose of mRNA-1273 (Moderna) vaccine after a
two-dose cycle of BNT162b2 vaccine (Pfizer Inc., New York, NY, USA), three months before
testing (average time: 93 days, range 88-95). Among them, 25 subjects (9 males, 16 females;
mean age 46.7 years, range 26—61) had a past COVID-19 diagnosis, confirmed both by
PCR and serological testing (between December 2021 and January 2022, approximatively
45 days after the third dose of vaccine, range 43—48).

The remaining 20 subjects, who had never been vaccinated (8 males and 12 females;
mean age 51.7 years, range 20-68; average time before the screening 45 days, range 43-48),
were infected by Omicron BA.1 strain, as revealed by specific sequencing. All subjects were
from the Siena area. Those infected by SARS-CoV-2 showed mild or moderate symptoms.

In order to evaluate the humoral response induced by the vaccine, a blood sample
was drawn from all the subjects to detect specific IgG against SARS-CoV-2 spike receptor-
binding domain (RBD). Moreover, all the selected subjects’ sera were tested for the presence
of specific neutralizing antibodies against the virus variants.

Finally, neutralizing antibody titers of non-vaccinated subjects infected with the Omi-
cron BA.1 strain were compared with those observed in 20 subjects infected by the Wuhan
strain, whose sera were collected between May and August 2020 (45 days after infection,
similar age and sex distribution).

For simplicity, the date of the first SARS-CoV-2-positive swab was assumed to be
the first day of infection. This research was carried out according to the principles of
Helsinki declaration, with reference to BIOBANK-MIU-2010 document approved by the
Ethics Committee with amendment No. 1, on 17 February 2020. Prior to participating in
this study, all subjects signed a written informed consent form.

2.2. SARS-CoV-2 IgG Antibody Detection

Subjects’ sera were analyzed using Abbott SARS-CoV-2 IgG I Quant assay (Abbott Lab-
oratories, Chicago, IL, USA), a chemiluminescent microparticle immunoassay (CMIA) used
as an aid in evaluating the immune status of individuals with quantitative measurement of
IgG antibodies against the spike receptor-binding domain (RBD) of SARS-CoV-2. This assay
was performed on an Abbott Alinity (Abbott Diagnostics) according to the manufacturer’s
instructions. A sample was considered positive when the result was >50.0 AU/mL. Values
higher than 40,000 AU/mL were not investigated further and reported as 40,000, as it was
the limit of the kit detection.

SARS-CoV-2 natural infection was confirmed using Abbott SARS-CoV-2 anti-nucleocapsid
IgM and IgG assay (CMIA), according to the manufacturer’s instructions. The final inter-
pretation of positivity was determined by a ratio above a threshold value, >1.4 relative
light units (RLU).

2.3. SARS-CoV-2 Microneutralization Test

SARS-CoV-2 virus neutralization assay was carried out on Vero E6 cells in a
96-well microplate. Twenty-five microliters of two-fold serial dilutions (1:8 to 1:1024)
of sera samples were added to an equal volume of SARS-CoV-2 Wild-Type (WT) (SARS-
CoV-2/human/ITA/Siena-1/2020; GenBank: MT531537.2), Delta (B.1.617.2; SARS-
CoV-2/human/ITA /TUS-Siena-40/2021; GenBank: OM736177.1), and Omicron (BA.1;
SARS-CoV-2/human/ITA/TUS-Siena5324294 /2022; GenBank: OM956353.1) containing
100 TCIDsp and incubated for 90 min at 37 °C. Finally, 50 uL of Vero E6 cells suspension
(2 x 10° cells/mL) prepared in complete DMEM were added to each well. After incubation
at 37 °C, cultures were examined daily for the presence of CPE under microscope (Olym-
pus IX51). The 50% end-point titer was calculated using the Reed—-Muench method [13].
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Positive and negative control sera were included in each assay [14]. Geometric mean titers
(GMTs) of the neutralization assays were calculated. Values higher than 1:1024 were not
investigated further.

2.4. Statistical Analysis

Differences among age, circulating IgG levels, and neutralizing geometric mean titers
(GMTs) were evaluated and statistical significances were assessed with two-tailed chi-
squared test. Results were considered statistically significant at p < 0.05. For each variable,
95% confidence interval (CI 95%) was calculated and reported. Regression analysis of
neutralizing antibody IgG titers against Wild-Type strain according to the participants’
IgG anti-spike titer three months after receiving the second or third dose of vaccine was
assessed (Figure 1). All analyses were performed by using Graph Pad Prism 7.0 software.
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Figure 1. Regression analysis of the immune response in subjects three months after receiving the
second or third dose of vaccine. Regression analysis of SARS-CoV-2 neutralizing antibody titers
against WT, according to anti-spike IgG antibody levels (AU/mL) in serum samples obtained from
subjects three months after receiving two (blue dots) or three (red dots) doses of vaccine. Regression
lines for each group were calculated with slopes of 0.018 for the third-dose group and 0.009 for the
second-dose group.

3. Results

Initially, the circulating anti-spike IgG and neutralizing antibody titers against the
Wuhan strain (WT) were compared among the non-infected subjects three months after
they received two or three doses of the vaccine (Figure 1).

The results showed significantly higher protective titers of both circulating IgG (mean
titers23,871.0 vs. 4072.0 AU/mL; CI 95% 27,563.0-20,719.0 vs. 4975.0-3178.0) and neutraliz-
ing antibody titers (GMT = 360.6 vs. 33.0, CI1 95% 461.9-281.6 vs. 40.9-26.6) among those
who received the third dose.

Next, in order to compare the cross-protective humoral response induced by vaccina-
tion and/or Omicron infection, we analyzed the antibody response in subjects vaccinated
with three doses and subjects, vaccinated or non-vaccinated, infected with the Omicron vari-
ant. Although Omicron infection induced a low level of anti-spike RDB IgG (668.3 AU/mL,
CI 95% 1346.0-0.0; Figure 2c¢) in the naive subjects, it appeared to reinforce the antibody
response in the vaccinated subjects, as shown by the significant increase in specific anti-
bodies (23,519.0 vs. 35,094.0 AU/mL; CI 95% 26,966.0-20,071 vs. 38,320-31,868; p < 0.001)
(Figure 2a). However, it is worth noting that the anti-RDB IgG levels recorded in the
subjects who were naturally infected with Omicron were much lower than the level ob-
served in those infected with WT (668.3 AU/mL vs. 3495.0 AU/mL, CI 95% 1346.0-0.0
vs. 5337.0-1563.0) (comparable mean age and time since infection; 49.3 vs. 51.7 years and
47.3 vs. 46.4 days), indicating that the common tests currently used for measuring anti-RDB



Vaccines 2022, 10, 808 40f7

antibodies do not show a good performance for all the variants (Figure 2c). Indeed, the
Omicron spike contains a significant number of mutations in its RDB sequence [8], thus
inducing antibodies that do not efficiently target the epitopes of the WT RDB used in
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Figure 2. Immune response in vaccinated subjects, who either had or did not have a SARS-CoV-
2 infection, and naturally infected subjects. Titers of anti-spike IgG antibodies (Panels (a,c)) and
neutralizing SARS-CoV-2 antibodies (Panels (b,d)) in serum samples of subjects naturally infected
with SARS-CoV-2 (triangles), vaccinated subjects with three doses of mRNA vaccine (circles), and
vaccinees infected with the Omicron variant (squares). Differences in neutralizing IgG antibodies
were evaluated against WT (red), Delta (B.1.617.2) (green), and Omicron (BA.1) (blue) strains (Panel
(b)). Comparison of serum samples of WT infected subjects (circles) with those of Omicron infected
subjects (rhombuses) against the three variants (Panel (d)). In each plot, the horizontal line represents
the mean (Panels (a,c)) or the geometric mean (Panels (b,d)), while the top and bottom lines show the
95% confidence interval (CI 95%). The p values are reported in the figures, where * stands for p < 0.05
and *** stands for p < 0.001.

Moreover, using a live virus-based assay [13], the neutralizing antibody titers of the
three groups of subjects were tested against the WT, Omicron, and Delta variants (Figure 2b).
The results showed a significant difference in the neutralizing antibody response between
the vaccinees and Omicron-infected vaccinated subjects against the WT (GMT = 360.6
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vs. 818.6; CI 95% 461.9-281.6 vs. 951.0-704.7), Omicron (GMT = 50.2 vs. 270.2; CI 95%
65.2-38.7 vs. 402.1-181.5), and Delta strains (GMT = 211.1 vs. 607.8; CI 95% 271.3-164.3
vs. 784.1-471.1) (p < 0.001 for all three strains), confirming the booster effect of Omicron
infection on the vaccinees, regardless of the variant tested in the neutralization assay
(Figure 2b).

By contrast, Omicron infection only, which induced a modest response in the unvacci-
nated subjects (GMT = 44.6, CI 95% 86.5-23.2), did not enhance the antibody response to the
other variants, indicating a lack of cross-protection (GMT = 7.2 against WT, CI1 95% 10.6-5.0;
and 7.3 against Delta, CI 95% 10.0-5.3) in these subjects (Figure 2b). This was mainly due
to the high number of mutations in the RBD domain of the spike protein, as well as in the
protein itself. These results were confirmed by comparing the neutralizing response to the
WT, Delta, and Omicron strains in the naturally infected people after WT (A-lineage) or
Omicron (BA.1 lineage) infection. Indeed, while the antibodies of the WT-infected subjects
were able to cross-react with Delta (B.1.617.2 lineage) (GMT = 15.5, CI 95% 23.6-10.1), but
unable to cross-react with Omicron (GMT = 4.7, CI 95% 5.9-3.9), the antibodies of the
Omicron-infected subjects did not offer protection against the WT or Delta strains.

4. Discussion

The dynamics of the humoral response against SARS-CoV-2 mRNA vaccines after the
second dose of SARS-CoV-2 have been widely described, especially those innon-infected
subjects, either against Omicron or against other, previously circulating strains [15-19].
However, immunity to SARS-CoV-2 in humans is highly variable, depending on the type of
vaccine, the number of doses, and the type of variant [20]; thus, it is important to understand
the level of protection experienced by heterogeneous subjects during the pandemic.

In this study, we analyzed the antibody response by chemiluminescent and microneu-
tralization assays in subjects (either infected with the Omicron BA.1 strain or not) three
months after their third dose of the SARS-CoV-2 mRNA vaccine. Moreover, the humoral
response was compared in naive subjects who were infected with the Omicron or Wild-Type
SARS-CoV-2 strain approximately 45 days before being screened. The cross-neutralizing
antibody responses against Wild-Type, Omicron, and Delta strains were evaluated among
all the groups.

In addition, to neutralizing antibodies interfering with virion binding to receptors
and blocking virus uptake into the host cells, the vaccinated subjects who were infected
with Omicron developed other antibodies, causing virus particles to stick, making them
easier targets for immune cells. Other antibodies could have bound to the receptors on the
surfaces of the phagocytic cells, triggering the phagocytosis on the infected cells. Finally,
antibodies activating the complement system, opsonizing and promoting the phagocytosis
of infected cells, have been shown to play a role in viral clearance [21,22]. Therefore, we
believe that a dual vaccination, based on an Omicron vaccine in addition to the current
mRNA vaccine, could help to protect against SARS-CoV-2 variants, although some different
amino acids are present in the spike sequence.

The results were partly confirmed by analyzing the antibody response by CMIA
(Figure 2a,c). The test used for detecting the anti-RBD antibodies underestimated the pres-
ence of the anti-Omicron antibodies, probably due to the fact that they were not recognized
because of the many mutations in this domain of the Omicron spike. Thus, it is necessary
to update the assays based on the RBD sequence with regard to the circulating variants.

These data confirm that the use of a potential Omicron vaccine alone would not protect
against other circulating variants. Therefore, while the introduction of an Omicron-based
vaccine might benefit those who have already been vaccinated with the current mRNA
formulation, the same is not valid for non-vaccinated individuals, as they would not be
protected against other variants.

Indeed, it is worth noting that Omicron breakthrough infection mediates a robust
B-cell recall response, expanding preformed memory B cells that recognize the epitopes
shared by different variants [23,24]. It has been reported that the preformed B-cell mem-
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ory pool has sufficient plasticity to be remodeled by exposure to heterologous S protein,
allowing the effective neutralization of other variants [25]. Therefore, we consider that
breakthrough infection with Omicron could enrich the memory B-cell plateaus of vacci-
nated individuals and recall preexisting B cells, which recognize the conserved S protein
epitopes and provide cross-protection.

The original vaccines continue to provide neutralizing antibody responses that are
relevant to the current antigenic landscape. However, the development of vaccines based
on more contemporary variants may further improve the protective efficacy of vaccine-
induced immune responses.

These findings support the importance of updating the current formulation of SARS-
CoV-2 vaccines and provide a new vaccine against the B1.1.529 and BA lineages, in order
to protect people against the Omicron subvariants, which are phylogenetically distant from
the previously circulating variants.

Author Contributions: Conceptualization, M.G.C.; methodology, C.G., C.T., and G.G.S.; validation,
M.G.C,; formal analysis, C.T., C.G., and G.G.S,; resources, G.B.M., S.E, and EF,; data curation, G.A.;
writing—original draft preparation, G.A.; writing—review and editing, M.G.C.; supervision, M.G.C.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved with reference to the BIOBANK-MIU-2010 document approved by the
Ethics Committee with amendment N°1, on 17 February 2020.

Informed Consent Statement: Informed consent was obtained from all the subjects involved in the study.

Data Availability Statement: The data supporting the reported results can be provided, upon
reasonable request, by the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

Levin, E.G.; Lustig, Y.; Cohen, C.; Fluss, R.; Indenbaum, V.; Amit, S.; Doolman, R.; Asraf, K.; Mendelson, E.; Ziv, A.; et al. Waning
Immune Humoral Response to BNT162b2 COVID-19 Vaccine over 6 Months. N. Engl. J. Med. 2021, 385, e84. [CrossRef]
Tacobucci, G. COVID-19: Protection from two doses of vaccine wanes within six months, data suggest. BMJ 2021, 374, n2113.
[CrossRef]

Fabiani, M.; Puopolo, M.; Morciano, C.; Spuri, M.; Alegiani, S.S.; Filia, A.; D’Ancona, F.; Del Manso, M.; Riccardo, F,; Tallon, M.;
et al. Effectiveness of mRNA vaccines and waning of protection against SARS-CoV-2 infection and severe COVID-19 during
predominant circulation of the delta variant in Italy: Retrospective cohort study. BMJ 2022, 376, €069052. [CrossRef]
Chemaitelly, H.; Tang, P.; Hasan, M.R.; Al Mukdad, S.; Yassine, H.M.; Benslimane, EM.; Al Khatib, H.A.; Coyle, P.; Ayoub, H.H.;
Al Kanaani, Z.; et al. Waning of BNT162b2 Vaccine Protection against SARS-CoV-2 Infection in Qatar. N. Engl. ]. Med. 2021,
385, e83. [CrossRef]

Gandolfo, C.; Anichini, G.; Mugnaini, M.; Bocchia, M.; Terrosi, C.; Sicuranza, A.; Savellini, G.G.; Gozzetti, A.; Franchi, F.; Cusi,
M.G,; et al. 30verview of Anti-SARS-CoV-2 Immune Response Six Months after BNT162b2 mRNA Vaccine. Vaccines 2022, 10, 171.
[CrossRef]

Food and Drug Administration, FDA Coronavirus (COVID-19) Update: FDA Authorizes Additional Vaccine Dose for Certain Im-
munocompromised Individuals. 2021. Available online: https://www.fda.gov/news-events/press-announcements/coronavirus-
covid-19-update-fda-authorizes-additional-vaccine-dose-certain-immunocompromised (accessed on 11 March 2022).

World Health Organization. Classification of Omicron (B.1.1.529): SARS-CoV-2 Variant of Concern. 26 November 2021. Avail-
able online: https:/ /www.who.int/news/item/26-11-2021-classification-of-omicron-(b.1.1.529)-sars-cov-2-variant-of-concern
(accessed on 8 March 2022).

Viana, R.; Moyo, S.; Amoako, D.G.; Tegally, H.; Scheepers, C.; Althaus, C.L.; Anyaneji, U.G.; Amoako, D.G.; Tegally, H.; Scheepers,
C.; et al. Rapid epidemic expansion of the SARS-CoV-2 Omicron variant in southern Africa. Nature 2022, 603, 679-686. [CrossRef]
Food and Drug Administration, FDA Coronavirus (COVID-19) Update: FDA Expands Eligibility for COVID-19 Vaccine Boosters.
2021. Available online: https:/ /www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-expands-
eligibility-covid-19-vaccine-boosters (accessed on 8 March 2022).

Lauring, A.S.; Tenforde, M.W.; Chappell, ].D.; Gaglani, M.; Ginde, A.A.; McNeal, T.; Ghamande, S.; Douin, D.J.; Talbot, H.K,;
Casey, ].D.; et al. Clinical severity of, and effectiveness of mRNA vaccines against, covid-19 from omicron, delta, and alpha
SARS-CoV-2 variants in the United States: Prospective observational study. BMJ 2022, 376, e069761. [CrossRef]


http://doi.org/10.1056/NEJMoa2114583
http://doi.org/10.1136/bmj.n2113
http://doi.org/10.1136/bmj-2021-069052
http://doi.org/10.1056/NEJMoa2114114
http://doi.org/10.3390/vaccines10020171
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-authorizes-additional-vaccine-dose-certain-immunocompromised
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-authorizes-additional-vaccine-dose-certain-immunocompromised
https://www.who.int/news/item/26-11-2021-classification-of-omicron-(b.1.1.529)-sars-cov-2-variant-of-concern
http://doi.org/10.1038/s41586-022-04411-y
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-expands-eligibility-covid-19-vaccine-boosters
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-expands-eligibility-covid-19-vaccine-boosters
http://doi.org/10.1136/bmj-2021-069761

Vaccines 2022, 10, 808 70f7

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Cele, S.; Jackson, L.; Khoury, D.S.; Khan, K.; Moyo-Gwete, T.; Tegally, H.; San, ].E.; Cromer, D.; Scheepers, C.; Amoako, D.G.; et al.
micron extensively but incompletely escapes Pfizer BNT162b2 neutralization. Nature 2021, 602, 654-656. [CrossRef]
Dejnirattisai, W.; Shaw, R.H.; Supasa, P; Liu, C,; Stuart, A.S.; Pollard, A.J.; Liu, X.; Lambe, T.; Crook, D.; Stuart, D.I; et al. Reduced
neutralisation of SARS-CoV-2 omicron B.1.1.529 variant by post-immunisation serum. Lancef 2022, 399, 234-236. [CrossRef]
Reed, L.J.; Muench, H. A simple method of estimating fifty per cent endpoints. Am. J. Epidemiol. 1938, 27, 493-497. [CrossRef]
Anichini, G.; Terrosi, C.; Gandolfo, C.; Gori Savellini, G.; Fabrizi, S.; Miceli, G.B.; Cusi, M.G. SARS-CoV-2 Antibody Response in
Persons with Past Natural Infection. N. Engl. J. Med. 2021, 385, 90-92. [CrossRef]

Pajon, R.; Doria-Rose, N.A.; Shen, X.; Schmidt, S.D.; O’Dell, S.; McDanal, C.; Feng, W.; Tong, J.; Eaton, A.; Maglinao, M.; et al.
SARS-CoV-2 Omicron Variant Neutralization after mRNA-1273 Booster Vaccination. N. Engl. J. Med. 2022, 386, 1088-1091.
[CrossRef]

Pedersen, R.M.; Bang, L.L.; Madsen, L.W.; Sydenham, T.V.; Johansen, 1.S.; Jensen, T.G.; Justesen, U.S.; Andersen, T.E. Serum
Neutralization of SARS-CoV-2 Omicron BA.1 and BA.2 after BNT162b2 Booster Vaccination. Emerg. Infect. Dis. 2022, 28, 10.
[CrossRef]

Falsey, A.R.; Frenck, R.W.; Walsh, E.E.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Bailey, R.; Swanson, K.A.; Xu, X,; et al.
SARS-CoV-2 Neutralization with BNT162b2 Vaccine Dose 3. N. Engl. |. Med. 2021, 385, 1627-1629. [CrossRef]

Rossler, A.; Riepler, L.; Bante, D.; von Laer, D.; Kimpel, J. SARS-CoV-2 Omicron Variant Neutralization in Serum from Vaccinated
and Convalescent Persons. N. Engl. ]. Med. 2022, 386, 698-700. [CrossRef]

Rossler, A.; Knabl, L.; von Laer, D.; Kimpel, J. Neutralization Profile after Recovery from SARS-CoV-2 Omicron Infection. N. Engl.
J. Med. 2022, 386, 1764-1766. [CrossRef]

Carrefio, ].M.; Alshammary, H.; Tcheou, J.; Singh, G.; Raskin, A.J.; Kawabata, H.; Sominsky, L.A.; Clark, J.J.; Adelsberg, D.C;
Bielak, D.A; et al. Activity of convalescent and vaccine serum against SARS-CoV-2 Omicron. Nature 2022, 602, 682-688. [CrossRef]
Ali, YM,; Ferrari, M.; Lynch, N.J.; Yaseen, S.; Dudler, T.; Gragerov, S.; Demopulos, G.; Heeney, J.L.; Schwaeble, W.]. Lectin Pathway
Mediates Complement Activation by SARS-CoV-2 Proteins. Front. Immunol. 2021, 12, 714511. [CrossRef]

Afzali, B.; Noris, M.; Lambrecht, B.N.; Kemper, C. The state of complement in COVID-19. Nat. Rev. Immunol. 2022, 22, 77-84.
[CrossRef]

Kotaki, R.; Adachi, Y.; Moriyama, S.; Onodera, T.; Fukushi, S.; Nagakura, T.; Tonouchi, K.; Terahara, K.; Sun, L.; Takano, T.; et al.
SARS-CoV-2 Omicron-neutralizingmemory B cells are elicited by twodoses of BNT162b2 mRNA vaccine. Sci. Immunol. 2022, 7,
eabn8590. [CrossRef]

Wang, K ; Jia, Z.; Bao, L.; Wang, L.; Cao, L.; Chi, H,; Hu, Y.; Li, Q.; Zhou, Y,; Jiang, Y.; et al. Memory B cellrepertoire from triple
vaccineesagainst diverse SARS-CoV-2 variants. Nature 2022, 603, 919-925. [CrossRef] [PubMed]

Quandt, J.; Muik, A.; Salisch, N.; Lui, B.G.; Lutz, S.; Krueger, K.; Wallisch, A.-K.; Adams-Quack, P; Bacher, M.; Finlayson, A.;
et al. Omicron breakthrough infection drives cross-variant neutralization and memory B cell formation. bioRxiv 2022, 486695.
[CrossRef]


http://doi.org/10.1038/s41586-021-04387-1
http://doi.org/10.1016/S0140-6736(21)02844-0
http://doi.org/10.1093/oxfordjournals.aje.a118408
http://doi.org/10.1056/NEJMc2103825
http://doi.org/10.1056/NEJMc2119912
http://doi.org/10.3201/eid2806.220503
http://doi.org/10.1056/NEJMc2113468
http://doi.org/10.1056/NEJMc2119236
http://doi.org/10.1056/NEJMc2201607
http://doi.org/10.1038/s41586-022-04399-5
http://doi.org/10.3389/fimmu.2021.714511
http://doi.org/10.1038/s41577-021-00665-1
http://doi.org/10.1126/sciimmunol.abn8590
http://doi.org/10.1038/s41586-022-04466-x
http://www.ncbi.nlm.nih.gov/pubmed/35090164
http://doi.org/10.1101/2022.04.01.486695

	Introduction 
	Materials and Methods 
	Study Design and Participants 
	SARS-CoV-2 IgG Antibody Detection 
	SARS-CoV-2 Microneutralization Test 
	Statistical Analysis 

	Results 
	Discussion 
	References

