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Abstract: With the ongoing evolution of severe acute respiratory virus-2 (SARS-CoV-2), the number of
confirmed COVID-19 cases continues to rise. This study aims to investigate the impact of vaccination
status, SARS-CoV-2 variants, and disease severity on the humoral immune response, including cross-
neutralizing activity, in hospitalized COVID-19 patients. This retrospective cohort study involved
122 symptomatic COVID-19 patients hospitalized in a single center. Patients were categorized based
on the causative specific SARS-CoV-2 variants (33 wild-type (WT), 54 Delta and 35 Omicron) and
their vaccination history. Sequential samples were collected to assess binding antibody responses
(anti-S/RBD and anti-N) and surrogate virus neutralization tests (sVNTs) against WT, Omicron BA.1,
and BA.4/5. The vaccinated breakthrough infection group (V) exhibited higher levels of anti-S/RBD
compared to the variant-matched unvaccinated groups (UVs). The Delta infection resulted in a
more rapid production of anti-S/RBD levels compared to infections with WT or Omicron variants.
Unvaccinated severe WT or Delta infections had higher anti-S/RBD levels compared to mild cases,
but this was not the case with Omicron infection. In vaccinated patients, there was no difference
in antibody levels between mild and severe infections. Both Delta (V) and Omicron (V) groups
showed strong cross-neutralizing activity against WT and Omicron (BA.1 and BA 4/5), ranging from
79.3% t0 97.0%. WT (UV) and Delta (UV) infections had reduced neutralizing activity against BA.1
(0.8% to 12.0%) and BA.4/5 (32.8% to 41.0%). Interestingly, patients who received vaccines based
on the ancestral spike exhibited positive neutralizing activity against BA.4/5, even though none
of the study participants had been exposed to BA.4/5 and it is antigenically more advanced. Our
findings suggest that a previous vaccination enhanced the humoral immune response and broadened
cross-neutralizing activity to SARS-CoV-2 variants in hospitalized COVID-19 patients.
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1. Introduction

The emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
has led to a global pandemic with a significant impact on public health. Vaccination has
been a crucial strategy in combating the spread of the virus and reducing the severity
of the coronavirus disease 2019 (COVID-19). It is now widely accepted that vaccination
induces the production of binding antibodies against the SARS-CoV-2 spike protein, which
neutralize the virus and protect against infection [1,2]. While vaccines have proven effective
in preventing COVID-19 and reducing the severity of illness, the virus has shown the ability
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to evolve and give rise to variants of concern (VOC). These variants harbor mutations in
the spike protein or other viral components, allowing them to evade the immune response
or enhance their transmissibility [1,3,4].

The ongoing evolution of the virus and the emergence of new variants, along with
vaccination and hybrid immunity [5-8], have led to the complex landscape of immunity
surrounding COVID-19. Efforts have been made to investigate whether a particular SARS-
CoV-2 variant plays a specific role in humoral immunity following COVID-19. Omicron,
currently the most prevalent variant globally, demonstrated increased resistance to neutral-
ization [9,10]. Previous studies have demonstrated increased neutralizing antibody titer in
severe infections and breakthrough infections, compared to mild infections and primary
infections, respectively [11-13]. However, the impact and relationship between different
strains of SARS-CoV-2 variants, disease severity, and prior vaccination in eliciting humoral
immunity, particularly cross-neutralizing activity, remains uncertain. Most importantly, it
is crucial to ascertain whether vaccines targeting the ancestral SARS-CoV-2, on which most
available vaccine platforms are built, effectively induce cross-neutralizing capabilities and
continue to provide protection against VOCs and newly emerging strains.

In this study, we conducted a comprehensive analysis to examine the effects of previous
vaccination, the causative variant, and disease severity on the kinetics of humoral immune
response in a specific subgroup of hospitalized COVID-19 patients. Additionally, we
evaluated the ability to generate cross-neutralizing activity against both the original SARS-
CoV-2 strain and the Omicron variant.

2. Materials and Methods
2.1. Patients and Samples

We collected a total of 369 consecutive serum samples from 122 patients who were hos-
pitalized due to symptomatic COVID-19 at Seoul St. Mary’s Hospital from February 2020 to
June 2022. SARS-CoV-2 infection was confirmed by reverse transcriptase polymerase chain
reaction (RT-PCR) in all the enrolled patients [14,15]. We obtained each patient’s medical
records, including information on medical conditions, vaccination status, and any previous
history of SARS-CoV-2 infection from the hospital’s electronic medical records. To assess the
kinetics of binding antibody levels, we categorized the collected samples into four groups
based on the number of days elapsed since the onset of symptoms: <7 days, 7-14 days,
15-21 days, and >21 days. The severity of the disease was classified as either mild or severe,
as described in a previous study [12]. Briefly, patients classified as mild include those
who had various signs and symptoms of COVID-19 but did not have shortness of breath,
dyspnea, or abnormal chest imaging. Patients were classified as having severe disease if
they had an SpO, < 94% on room air, an arterial partial pressure of oxygen to fraction of
inspired oxygen (PaO,/FiO;) ratio < 300 mm Hg, a respiratory rate > 30 breaths/min, or
lung infiltrates > 50%. Serum samples were collected during the hospitalization between
1 and 8 times. The median interval between symptom onset and sampling was 13 days
(range; 1-54 days). All serum samples were stored at 4 °C for up to two weeks and divided
into aliquots for evaluation. Serum aliquots were subsequently stored at —80 °C until the
time of analysis. This study was approved by the Institutional Review Board (IRB) of Seoul
St. Mary’s Hospital (XC20SIDI0069). The need for written informed consent was waived by
the IRBs due to the retrospective nature of the study and the use of residual serum samples.

2.2. Determination of SARS-CoV-2 Variants

We classified enrolled patients based on the specific SARS-CoV-2 variant likely re-
sponsible for their infection. During the sample collection, South Korea experienced three
distinct waves of COVID-19, each characterized by a predominant variant. The first wave
occurred from 16 January 2020 to 24 July 2021, when the ancestral SARS-CoV-2 variant
was predominated. This was followed by the Delta-dominant period from 25 July 2021 to
15 January 2022. The third wave spanned from 16 January 2022 to 23 July 2022, during
which the Omicron variants, specifically BA.1 and sub-variant BA.2, circulated [16]. A
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previous study showed that each of these variants was almost exclusively predominant in
South Korea during their respective time periods [3,17]. In this study, each predominant
variant is hereafter referred to as wild type (WT), Delta, and Omicron, respectively.

2.3. Measurement of SARS-CoV-2 Anti-S/RBD and Anti-N Antibody Levels

We analyzed patient serum samples using the Elecsys Anti-SARS-CoV-2 assay (Roche
Diagnostics, Basel, Switzerland), which detects binding antibodies to the receptor-binding
domain (RBD) of the spike protein (anti-S/RBD) and antibodies to the viral nucleocapsid
(anti-N), according to the manufacturer’s instructions. Binding antibody was measured as
units per mL (U/mL), and the traceable units of binding antibody per mL (BAU/mL) were
calculated using conversion factors according to the WHO international standard for anti-
SARS-CoV-2 immunoglobulin. To determine positivity, we employed the manufacturer’s
recommended cutoff values of 0.8 U/mL for anti-S/RBD and 1.0 U/mL for anti-N.

2.4. SARS-CoV-2 Surrogate Virus Neutralization Test

The SARS-CoV-2 surrogate virus neutralization test (sVNT) (GenScript cPassTM,
Piscataway, NJ, USA) was performed as previously described [18]. In brief, patient samples,
along with positive and negative controls, were diluted at a 1:10 ratio with a sample dilution
buffer. These dilutions were then mixed with a horseradish peroxidase conjugated recom-
binant SARS-CoV-2 RBD solution and incubated at 37 °C for 30 min. The mixtures were
then incubated for 15 min at 37 °C in a capture plate precoated with human angiotensin-
converting enzyme 2 (hACE2) protein. After a washing step, tetramethylbenzidine (TMB)
solution was added and the plate was incubated in the dark at room temperature for 15 min.
A stop solution was added to quench the reaction and the absorbance was immediately
read at 450 nm on an enzyme-linked immunosorbent assay (ELISA) microplate reader.
The cutoff of >30% inhibition was applied according to the manufacturer’s instructions.
Additionally, for samples collected more than 15 days after the onset of symptoms, we also
conducted additional neutralization analyses against the Omicron BA.1 and sub-variants
BA.4 and BA.5 (BA.4/5) using the variant targeting sVNT assays (GenScript).

2.5. Statistical Analysis

Continuous data, expressed as median with interquartile range or 95% confidence
intervals, were compared by the Mann-Whitney U test. When multiple samples from
the same patient were included in the same group, the median value was used as a
representative measure. Categorical data are presented as counts and percentages, and data
were compared with Fisher’s exact test. Data analysis and visualization were performed
using Prism version 9.4.1 for Windows (GraphPad, San Diego, CA, USA) or MedCalc
statistical software version 20.114 (MedCalc Software Ltd., Ostend, Belgium) and a two-
tailed p value < 0.05 was considered statistically significant.

3. Results
3.1. Patient Characteristics

The study cohort consisted of patients who were unvaccinated (1 = 69) or had received
COVID-19 mRNA or adenovirus vector vaccines prior to infection (1 = 53). The enrolled
patients were categorized into five groups based on their vaccination status and variant
exposure as follows: unvaccinated patients with Wild-Type (WT) infection [WT (UV)]
(n = 33), unvaccinated patients with Delta infection [Delta (UV)] (n = 27), patients who ex-
perienced Delta breakthrough infections after vaccination [Delta (V)] (n = 27), unvaccinated
patients with Omicron infection [Omicron (UV)] (n = 9), and patients who had Omicron
breakthrough infections after vaccination [Omicron (V)] (n = 26) (Figure 1). The median
duration from the last vaccination to breakthrough infection is 79 days (range 2-173) for
Delta (V) and 126 days (range 23-294) for Omicron (V). The characteristics of each pa-
tient group are summarized in Table 1. The overall median age of enrolled patients was
68 years, with 41.0% (50/122) being female. Patients with underlying medical risk factors
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comprised 72.7% (24/33) in the WT (UV) group, 88.9% (24/27) in the Delta (UV) group,
88.9% (24/27) in the Delta (V) group, 88.9% (8/9) in the Omicron (UV) group, and 96.2%
(25/26) in the Omicron (V) group. The most common medical risk factor was hypertension
(35.2%, 43/122), followed by diabetes mellitus (24.6%, 30/122). Among the 53 patients who
had breakthrough infections after vaccination, 27 had received two doses of the vaccine
and were infected with the delta variant. The remaining 26 patients, including 18 who
had received two vaccine doses and the rest who had received three doses, were infected
with the Omicron variant. A total of 81 out of the 122 patients (66.4%) experienced severe
disease, with 14 patients in the WT infection group, 43 in the Delta infection group, and
24 in the Omicron infection group. The proportions of severe infection in the WT, Delta,
and Omicron variants did not differ to a statistically significant degree. Throughout the
hospitalization stay, mortality rates were observed as follows: 1 out of 33 for WT (UV),
7 out of 27 for Delta (UV), 7 out of 27 for Delta (V), 3 out of 9 for Omicron (UV), and 11 out
of 26 for Omicron (V). The 14 Omicron-infected patients were reported to have succumbed
to underlying diseases rather than to COVID-19 itself.

Wild-type (WT) dominant Delta-dominant Omicron BA.1/BA.2-dominant
(16 Jan 2020 ~ 24 Jul 2021) (25 Jul 2021 ~ 15 Jan 2022) (16 Jan 2022~ 23 Jul 2022)
n=233 n=54 n=35
| ] | |
| 1 I |
(16 Mar 2020 ~ 27 Jul 2020) (8 Sep 2021 ~ 12 Jan 2022) (5 Mar 2022 ~ 8 Jun 2022)
£ wruv),n=33 £% petta(uv), n=27 #% Omicron(UV),n =9
ff £% Delta(v), n=27 Omicron(V), n = 26
N whp
f EA n=8

Py IR

Figure 1. Study enrollment and Determination of SARS-CoV-2 variants. 1, total number of patients
in each group; UV, unvaccinated; V, vaccinated.

Table 1. Characteristics of the included patients.

WT Infection Delta Infection Omicron Infection
(n = 33) (n =54) (n = 35)
Unvaccinated Unvaccinated Vaccinated Unvaccinated Vaccinated
(n =33) (n=27) (n=27) n=9) (n = 26)
Age* 60 (50-70) 69 (57-81) 74 (65-82) 67 (55-82) 70 (62-77)
Female, n (%) 17 (51.5%) 10 (37.0%) 10 (37.0%) 4 (44.4%) 9 (34.6%)
No medical risk, 1 (%) 9 (27.3%) 3(11.1%) 3 (11.1%) 1(11.1%) 1 (3.8%)

Any risk present, 1 (%) 24 (72.7%) 24 (88.9%) 24 (88.9%) 8 (88.9%) 25 (96.2%)
Obesity (BMI > 30 kg/m?) 0 0 1 0 0
Smoking * 1 1 1 0 2
Hypertension 11 21 14 3 8
Diabetes mellitus 3 7 11 4 8
Malignancy 3 3 1 4 8
Cerebrovascular disease 2 2 1 0 2
Chronic kidney disease 2 1 2 0 2
Chronic lung disease 1 0 2 0 1
Tuberculosis 1 2 1 1 2
Heart conditions § 0 1 3 2 5
Dementia 0 4 4 0 0
Transplantation recipient I 0 2 0 1 0
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Table 1. Cont.

WT Infection Delta Infection Omicron Infection
(n =33) (n=54) (n =35)
Unvaccinated Unvaccinated Vaccinated Unvaccinated Vaccinated
(n=33) (n=27) (n=27) n=9) (n =26)
COVID-19 vaccination history
3 doses NA NA 0 NA 18 **
2 doses NA NA 271 NA g1t
Unvaccinated 33 27 NA 9 NA
COVID-19 disease severity
Mild 19 (57.6%) 6 (22.2%) 5 (18.5%) 3 (33.3%) 8 (30.8%)
Severe 14 (42.4%) 21 (77.8%) 22 (81.5%) 6 (66.7%) 18 (69.2%)
In-hospital fatalities 1 7 7 3 11
Number of samples, n 120 90 84 20 55
Days from symptom onset 2-40 1-45 1-41 7-54 1-39
to sample collection
<7 13 (10.8%) 16 (17.8%) 17 (20.2%) 0 (0.0%) 22 (40.0%)
7-14 48 (40.0%) 36 (40.0%) 44 (52.4%) 9 (45.0%) 15 (27.3%)
15-21 28 (23.3%) 20 (22.2%) 14 (16.7%) 4 (20.0%) 5(9.1%)
>21 31 (25.8%) 18 (20.0%) 9 (10.7%) 7 (35.0%) 13 (23.6%)

Abbreviation: WT, wild type; BMI, body mass index; COVID-19, coronavirus disease 2019; NA, not applicable.
* median age in years (interquartile range); ¥ both current and former smokers included; ¥ both type 1 and
type 2 diabetes mellitus patients included; § such as heart failure, coronary artery disease, or cardiomyopathies;
I'solid organ or hematopoietic cell transplantation; 1 12 patients had completed ChAdOx1 (AstraZeneca) primary
series, seven patients had completed BNT162b2 (Pfizer BioNTech) primary series, and one patient had received
a heterologous combination of BNT162b2 and mRNA-1273 (Moderna). The remaining seven patients reported
having received two doses of vaccine, but the vaccine platform was not identified in detail.; ** The vaccine type
was not clarified in each patient, and five of the patients were reported to have received booster vaccination based
on the mRNA platform (i.e., BNT162b2 or mRNA-1273).; *t Five of the patients reported at least one dose of
BNT162b2, otherwise unspecified.

3.2. Kinetics of Anti-S/RBD and Anti-N Antibody Responses in Studied Groups

When we monitored anti-S/RBD antibody levels in hospitalized patients after infec-
tion, we found significantly higher levels in the groups with vaccinated breakthrough
infections compared to the unvaccinated infection group (Figure 2A,B). When comparing
the median antibody levels in samples collected more than 21 days after infection with the
same variant, the vaccinated group exhibited significantly higher levels compared to the
variant-matched unvaccinated groups [Delta (V) showed a 126.8-fold increase compared to
Delta (UV), while Omicron (V) displayed a 67.4-fold increase compared to Omicron (UV),
p = 0.0035 and 0.0045, respectively].

Next, we compared the levels of anti-S/RBD antibodies between different variant
groups (WT, Delta, and Omicron), categorizing samples into four groups based on the
time elapsed since the onset of symptoms: <7 days, 7-14 days, 15-21 days, and >21 days.
The Delta variant showed significantly higher levels of anti-S/RBD antibodies in samples
collected between day 7 and day 21 post-infection, compared to WT and Omicron infections
in both unvaccinated and vaccinated groups.

Regarding the anti-N antibody levels, there were no significant differences observed
between the unvaccinated infection group and the vaccinated breakthrough infection
groups (Figure 2C,D). When comparing the anti-N antibody levels between variants within
the subdivided four groups, patients infected with the Delta variant showed significantly
higher levels in samples obtained on days 15 to 21 post-infection compared to the WT (UV)
and Omicron (V) groups.
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Figure 2. Kinetics of anti-S/RBD and anti-N responses. Kinetics of binding antibody response to WT,
Delta and Omicron variants from unvaccinated (A,C) and vaccinated (B,D) patients. The median
antibody titers of WT, Delta, and Omicron infected individuals are indicated by the squares, triangles,
and circles, respectively, and the error bars indicate 95% CI. ns, not significant, * p < 0.05, ** p < 0.01,
*** p < 0.001 by Mann-Whitney U test.

3.3. Anti-S/RBD and Anti-N Antibody Responses in Studied Groups Stratified Symptom Severity

We examined whether disease severity had an impact on humoral immunity by
comparing antibody levels based on prior vaccination, variant exposure, and disease
severity (Figure 3).

In the unvaccinated infection group, severe infections with the WT or Delta vari-
ants showed higher antibody levels against S/RBD antigens compared to mild infections
(p < 0.05). However, there was no difference in S/RBD antibody levels between the severe
and mild unvaccinated Omicron infection groups (p > 0.05). Regarding the anti-N antibody,
the overall trend indicated that antibody titers were higher in the severe disease groups,
but only the Delta infection group showed a statistically significant difference (p < 0.05).
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Figure 3. Anti-S/RBD and anti-N antibody levels stratified by disease severity in hospitalized patients
infected with SARS-CoV-2 WT, Delta or Omicron variants. Comparison of anti-S/RBD (A,B) and
anti-N (C,D) antibody levels in patients with vaccinated breakthrough and unvaccinated infections
between mild and severe patients with exposure to WT, Delta and Omicron variants, separately. The
WT infected group includes only unvaccinated patients. Each group is color-coded as follows: WT
(UV), purple; Delta (UV), light blue; Omicron (UV), orange; Delta (V), blue; Omicron (V), red. The
median antibody titers are indicated by the horizontal lines and the error bars indicate 95% CI. ns,
not significant, * p < 0.05, ** p < 0.01, *** p < 0.001 by Mann-Whitney U test.

In the vaccinated infection group, there was no difference in antibody levels against
S/RBD or N antigen between mild and severe infections in both the Delta and Omicron
infection groups.

When comparing fatal cases with non-fatal individuals, the former exhibited higher
anti-S/RBD levels (p = 0.006), while the anti-N titer was not significantly elevated in the
deceased cases (Supplementary Figure S1A,B). In fatal cases, the anti-S/RBD titer was
higher in the vaccinated patients (p = 0.0152), unlike the anti-N titer, which was higher in
the unvaccinated patients (p = 0.0243).

3.4. Cross-Neutralizing Activity against WT and Omicron Variant (BA.1 and BA.4/5) in Patient
Groups Based on Vaccination, Infected Variant, and Disease Severity

We assessed neutralizing activities against SARS-CoV-2 WT and Omicron variants
(SARS-CoV-2 BA.1 and BA.4/5) using samples collected more than 14 days after infection.
When we divided the total patients into vaccinated and unvaccinated infection groups, most
patients infected with Delta or Omicron after vaccination displayed a positive neutralizing
response to WT (90.0-100.0%), BA.1 (86.7-90.0%), and BA.4/5 (90.0-93.3%) (Figure 4).
Interestingly, the neutralization activity against BA.1 and BA.4/5 in the Delta (V) group
was comparable to those in the Omicron (V) group.
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Figure 4. Neutralizing activity to Wild type and Omicron variants (BA.1 and BA /4/5) in hospitalized
patients infected with SARS-CoV-2 WT, Delta or Omicron variants. Neutralizing activity against Wild
type (WT) (A), Omicron BA.1 (B) and Omicron BA.4/5 (C) in each vaccine and variant combination.
Each group is color-coded as follows: WT (UV), purple; Delta (UV), light blue; Omicron (UV), orange;
Delta (V), blue; Omicron (V), red. The horizontal dotted line represents the cutoff of the assay (30%).
Median percent inhibition of neutralizing antibodies is indicated by the horizontal lines and the error
bars indicate 95% CI. ns, not significant, * p < 0.05, by Mann-Whitney test.

In the unvaccinated infection group, neutralizing antibody responses against WT
were significantly higher in WT and Delta infections compared to Omicron infection
(median % inhibition; 88.0%, 92.0%, and 39.0%, respectively). However, neutralizing
responses against BA.1 tended to be higher in unvaccinated Omicron infection compared
to unvaccinated WT or Delta infection (median % inhibition; 42.0%, 0.8%, and 12.0%,
respectively). Unvaccinated Omicron or Delta infections exhibited higher neutralizing
activity against BA.1 compared to unvaccinated WT infection (42.0%, 12.0%, and 0.8%,
respectively) (p < 0.05). Regarding neutralizing activity against BA.4/5, unvaccinated WT,
Delta, and Omicron infections showed similar rate of positive responses (55.0%, 61.9%, and
57.1%, respectively) and median % inhibition results (32.8%, 41.0%, and 48.0%) (p > 0.05).

Next, we compared the cross-neutralization response in each subgroup based on vacci-
nation and infection strains (Figure 5). Unvaccinated patients with WT and Delta infections
exhibited higher neutralizing activity against WT, BA.4/5, and BA.1 strains, in that order
(Figure 5A). Vaccinated Delta-infected patients also displayed higher neutralizing activity to
WT compared to the Omicron variants (BA.1, p = 0.0022, and BA.4/5, p = 0.0021), but there
was no difference in neutralizing activities between BA.1 and BA.4/5 (p > 0.05) (Figure 5B).
Concerning Omicron infection, while vaccinated patients exhibited a stronger response,
both vaccinated and unvaccinated patients displayed a broader reactivity against WT, BA.1,
and BA.4/5 strains. Additionally, we examined the influence of disease severity or the
immunocompromised status of individual patients. In unvaccinated patients with WT and
Delta infections and vaccinated patients with Omicron infections, there was a trend toward
lower cross-neutralizing activity in cases of mild disease and in immunocompromised
patients with transplantation and malignancy. However, we were unable to conduct a
detailed statistical analysis due to the limited number of patients in each group.

In comparison to non-fatal individuals, neutralizing activity against the WT, BA.1,
and BA.4/5 variants all showed a significant elevation in the deceased patient group (WT,
p =0.0077; BA.1, p = 0.0285; and BA.4/5, p = 0.0127) (Supplementary Figure SIC-E). For
the fatal cases, those vaccinated revealed significantly higher neutralizing activity against
BA.1 (p = 0.0247) compared to the unvaccinated, but not for WT and BA.4/5 (p = 0.1456 and
p = 0.1021, respectively).
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Figure 5. Comparison of neutralizing activity to Wild type and Omicron variants (BA.1 and BA.4/5)
in unvaccinated (A) and vaccinated (B) patients with SARS-CoV-2 WT, Delta or Omicron variants.
The horizontal dotted lines represent the cutoff of the assay (30%). Each group is color-coded as
follows: WT (UV), purple; Delta (UV), light blue; Omicron (UV), orange; Delta (V), blue; Omicron (V),
red. Dotted line connecting points indicated immunocompromised patients. Empty circle indicates
patients with mild disease and full circle indicates patients with severe disease.

4. Discussion

The authors investigated the humoral immune response in hospitalized patients,
evaluating the kinetics of IgG binding antibodies in the early stages of SARS-CoV-2 infection
and assessing whether it is influenced by the disease severity and vaccination. We observed
that vaccinated patients displayed significantly higher levels of anti-S/RBD antibodies
compared to their unvaccinated counterparts, as reported in previous studies [5,13,19].
Interestingly, patients infected with the Delta variant exhibited significantly higher levels of
anti-S/RBD in both unvaccinated and vaccinated cases during early infection, particularly
between post-infection days 7 and 21. By post-infection day 21, anti-S/RBD titers were
comparable to those induced by other variants. The initial rapid production of anti-S/RBD
in patients infected with Delta in both groups suggests that mechanisms beyond the vaccine-
induced memory response play a role in the rapid humoral response. This early response
may be influenced by the greater severity of Delta variant infections compared to Omicron
infections, as previously reported [20,21]. Compared to the differential response caused
by the Delta infection, vaccinated individuals demonstrated significantly higher antibody
levels even before post-infection day 7, surpassing the rate at which Delta infection could
induce. Furthermore, the antibody titer post-day 21 was notably higher in vaccinated
individuals. This underscores that vaccines induce a much faster and more substantial
production of antibodies compared to the influence a specific variant can exert.

Unlike anti-5/RBD antibodies, no significant difference in anti-N titers was observed
between vaccinated and unvaccinated groups, as nucleocapsid was not the target of the
vaccines [22]. Furthermore, anti-N antibody levels were not affected by the causative
variants in the present study. Similar anti-N levels between vaccinated and unvaccinated
patients in both Delta and Omicron infection subgroups support previous reports indi-
cating that vaccination-induced immunity does not elicit an antibody response against
the neucleocapsid protein [22,23]. This can be explained by the previous findings that the
critical mutations of VOCs are primarily associated with the spike protein [24-26]. For these
reasons, using anti-N as a correlate of protection is unlikely. Instead, it has been proposed as
a marker to guide vaccination decisions [27] or predict severity [28]. Our findings support
the use of anti-N in estimating disease severity, as the anti-N titer tended to be higher in
severely symptomatic patients, both in unvaccinated and vaccinated individuals.

Previous studies demonstrated the impact of symptom severity on the immune re-
sponse [11,29]. In this research, we aimed to investigate whether humoral immune response
is also influenced by disease severity within predefined subgroups. In line with the stud-
ies mentioned earlier, both in the WT and Delta variant infections, patients with severe
infections showed higher levels of anti-S/RBD antibodies. The correlation between disease
severity and antibody production has also been observed in HIV-1 and Mycobacterium
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tuberculosis infections [30,31]. This phenomenon is postulated to be driven by a high
pathogenic load, prompting B cells to produce more effective antibodies [32].

However, we did not observe this trend among patients infected with the Omicron
variant, where higher levels of anti-S/RBD antibodies were also detected in patients with
mild disease. To the best of our knowledge, this observation has not been previously
reported, and the underlying mechanisms are not yet fully understood. It may be because
the immune response to the Omicron variant differs from that of other variants, or it could
be influenced by the immunity or comorbidities of hospitalized Omicron-infected patients,
leading to distinct patterns of antibody production. Additional research is required to
investigate the specific factors contributing to this enhanced antibody response in mildly
symptomatic Omicron infections.

When comparing Delta (UV) and Delta (V), as well as Omicron (UV) and Omicron
(V), vaccinated groups exhibited higher anti-S/RBD levels compared to their unvacci-
nated counterparts. The rapid increase in anti-S/RBD levels can be attributed to a robust
anamnestic immune response induced by vaccination [33,34].

Finally, we assessed the neutralizing activity against WT, BA.1, and BA.4/5 in each
study group. The sVNT was performed using samples collected at least 14 days post-
infection, considering the time required for the development of neutralizing activity [35-37].
Neutralization to the WT strain was effectively achieved in all five study groups demon-
strating 90-100% positivity, except unvaccinated Omicron-infected patients (57.1% pos-
itivity). The lower rate of positive response in unvaccinated Omicron infection may be
attributed to the occurrence of neutralization escape, as explained previously [9,10]. Con-
versely, our study showed that vaccinated Omicron-infected patients exhibit increased
cross-neutralizing activity against the WT, confirming the effectiveness of vaccination in
inducing broader neutralization [38]. In fact, the broader neutralization in vaccinated indi-
viduals was demonstrated not only in comparisons between Omicron (UV) and Omicron
(V) but also in comparisons between Delta (UV) and Delta (V). Interestingly, vaccinated
individuals demonstrated significantly enhanced neutralizing activity against BA.4/5,
in contrast to unvaccinated patients. The BA.4/5 subvariants are antigenically more ad-
vanced compared to the causative variants of the present study, thus neutralization tests
against BA.4/5 help to predict neutralizing activity against newer, emerging variants. This
phenomenon can be partly attributed to hybrid immunity, where both vaccination and
infection together build a more potent adaptive immune response, in line with previous
studies [5,7,33,39]. Furthermore, the vaccine may have broadened neutralization by in-
creasing the number of exposures. As discussed by Luczkowiak, J. et al., repeated antigenic
stimuli through infection or vaccination with the wild-type spike are postulated to lead
to high avidity and broader neutralization [40]. Specifically, all vaccinated patients in the
present study received at least two doses of WT-based vaccines. Following breakthrough
infections, each patient experienced more than three exposures to SARS-CoV-2. As the
third exposure is postulated to be the most potent in improving the humoral immune
response, the number of exposures may play a significant role in the potent and broader
neutralization observed in vaccinated individuals.

Notably, the neutralizing activity against BA.1 and BA.4/5 in the Delta (V) group was
comparable to that observed in the Omicron (V) group. For a better interpretation of this
cross-neutralization, the presence of vaccine-induced memory B (Bmem) cells should be
taken into account, as they contribute to a broader neutralizing activity across different
SARS-Cov-2 variants [41]. Bmem typically exhibits B cell receptors (BCRs) with relatively
low affinity but broad reactivity to heterologous antigens. The B cell repertoire is influ-
enced by antigen exposure and maturation over time [41]. In the case of SARS-CoV-2,
antigen exposure drives Bmem differentiation and further maturation in germinal centers,
leading to broad reactivity to other variants over time. However, this observation cannot
be generalized across different viruses, as the direction of Byem response may vary. For
instance, repeated homologous flu hemagglutinin vaccination tends to induce a more
specific humoral response [42]. Vaccination not only induces B cells but also virus-specific
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CD4+ T cells, which persist for about four months [43]. These T cells support the gener-
ation of high-affinity antibodies and exhibit cross-reactivity to both Delta and Omicron
variants [43,44].

When we examined the impact of disease severity and individual immunity on cross-
neutralizing activity, as expected, the immunocompromised patients with a history of
transplantation and malignancy revealed a trend toward lower cross-neutralizing activity,
as did mildly symptomatic patients. Conversely, fatal hospitalized patients exhibited higher
production of anti-S/RBD antibodies, as well as more potent and broader neutralization.

There are several limitations to consider in this study. First, the detailed statistical
analysis was limited due to the small number of patients in each subgroup. Second, all
participants were hospitalized patients in a single center, which could potentially introduce
bias into the results. To obtain more robust and generalizable results, further studies with
larger sample sizes are necessary. The present study did not examine the influence of racial
and ethnic differences in COVID-19 vaccination, which necessitates future comprehensive
studies in this area. Additionally, while it has been reported that there are racial and
ethnic disparities in the receipt of monoclonal antibody (mAb) treatment among COVID-
19 patients, we are unable to address this topic due to none of our patients receiving
this treatment during hospitalization. Also, the assessment of neutralizing activity was
limited to selected SARS-CoV-2 variants, and not all variants were included, which may
compromise the interpretation of cross-reactivity. Additionally, our primary focus was on
the short-term humoral response after infection, particularly the measurement of antibody
levels. Our previous study in healthy healthcare providers [19] revealed detectable levels
of both binding and neutralizing antibodies six months after the second and third dose
vaccinations. It remains to be determined whether the observed kinetics hold true for
these hospitalized patients and should be further investigated. It is also important to
recognize that the long-term response, including T-cell mediated immunity and culture-
based neutralizing activity, should be explored in future research.

5. Conclusions

It is crucial to acknowledge the ongoing nature of the COVID-19 pandemic and the
continuous evolution of the virus. Despite the emergence of new variants, our finding sug-
gest that vaccination based on the ancestral strain still holds value in providing protection
against both existing and emerging variants. Therefore, the significance of vaccination
in combating the virus remains relevant in the current circumstances. In conclusion, our
findings may contribute to the understanding of the humoral immune response against
COVID-19, encompassing the impact of variants, disease severity, and vaccination status.
Our study suggests the added value of SARS-CoV-2 vaccination in generating more anti-
bodies with broader coverage. Furthermore, our results underscore the benefits of prior
vaccination in inducing cross-neutralizing activity against SARS-CoV-2 variants in hospi-
talized COVID-19 patients, providing valuable insights for vaccination decision-making.
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Author Contributions: Conceptualization, E.-J.O.; methodology, H.K. and J.L.; validation, E.-].O.,
HK. and J.L.; formal analysis, HK. and J.L.; investigation, H.K,, J.L. and J.J.; data curation, H.K. and
J.J.; writing—original draft preparation, HK. and J.L.; writing—review and editing, HK. and E.-].O;
visualization, J.L.; supervision, E.-].O.; project administration, E.-].O.; funding acquisition, E.-J.O. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Korean Strengthen Competitiveness in the medical
device industry through the Korea Health Industry Development Institute (KHIDI), funded by the
Ministry of Health and Welfare, Republic of Korea (B0080330003661).


https://www.mdpi.com/article/10.3390/vaccines11121803/s1
https://www.mdpi.com/article/10.3390/vaccines11121803/s1

Vaccines 2023, 11, 1803 12 of 14

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board (IRB) of Seoul St. Mary’s Hospital
(XC20SIDI0069).

Informed Consent Statement: The need for written informed consent was waived by the IRB due to
the retrospective nature of the study and the use of residual serum samples.

Data Availability Statement: The data presented in this paper are available on request from the
corresponding author.

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

References

10.

11.

12.

13.

14.

15.

16.

17.
18.

Barouch, D.H. COVID-19 Vaccines—Immunity, Variants, Boosters. N. Engl. |. Med. 2022, 387, 1011-1020. [CrossRef] [PubMed]
Lee, J; Lee, D.G.; Jung, J.; Ryu, J.H.; Shin, S.; Cho, S.Y.; Lee, R.; Oh, E.J. Comprehensive assessment of SARS-CoV-2 antibodies
against various antigenic epitopes after naive COVID-19 infection and vaccination (BNT162b2 or ChAdOx1 nCoV-19). Front.
Immunol. 2022, 13, 1038712. [CrossRef]

Jeong, S.; Kim, J.S.; Lee, SK.; Cho, EJ.; Hyun, J.; Song, W.; Kim, H.S. Tracking the Genomic Evolution of SARS-CoV-2 for 29
Months in South Korea. Viruses 2023, 15, 873. [CrossRef] [PubMed]

Scovino, A.M.; Dahab, E.C.; Vieira, G.F,; Freire-de-Lima, L.; Freire-de-Lima, C.G.; Morrot, A. SARS-CoV-2’s Variants of Concern:
A Brief Characterization. Front. Immunol. 2022, 13, 834098. [CrossRef] [PubMed]

Blaszczuk, A.; Michalski, A.; Malm, M.; Drop, B.; Polz-Dacewicz, M. Antibodies to NCP, RBD and S2 SARS-CoV-2 in Vaccinated
and Unvaccinated Healthcare Workers. Vaccines 2022, 10, 1169. [CrossRef]

Fong, C.H.; Zhang, X.; Chen, L.L.; Poon, R.W,; Chan, B.P,; Zhao, Y.; Wong, C.K.; Chan, K.H,; Yuen, K.Y;; Hung, LF; et al. Effect of
vaccine booster, vaccine type, and hybrid immunity on humoral and cellular immunity against SARS-CoV-2 ancestral strain and
Omicron variant sublineages BA.2 and BA.5 among older adults with comorbidities: A cross sectional study. EBioMedicine 2023,
88,104446. [CrossRef] [PubMed]

Pradenas, E.; Marfil, S.; Urrea, V.; Trigueros, M.; Pidkova, T.; Pons-Grifols, A.; Ortiz, R.; Rovirosa, C.; Tarres-Freixas, F.; Aguilar-
Gurrieri, C.; et al. Impact of hybrid immunity booster vaccination and Omicron breakthrough infection on SARS-CoV-2 VOCs
cross-neutralization. iScience 2023, 26, 106457. [CrossRef] [PubMed]

Spinardi, ].R,; Srivastava, A. Hybrid Immunity to SARS-CoV-2 from Infection and Vaccination-Evidence Synthesis and Implica-
tions for New COVID-19 Vaccines. Biomedicines 2023, 11, 370. [CrossRef]

Hachmann, N.P,; Miller, J.; Collier, A.Y.; Ventura, ].D.; Yu, J.; Rowe, M.; Bondzie, E.A.; Powers, O.; Surve, N.; Hall, K,; et al.
Neutralization Escape by SARS-CoV-2 Omicron Subvariants BA.2.12.1, BA.4, and BA.5. N. Engl. ]. Med. 2022, 387, 86-88.
[CrossRef] [PubMed]

Miller, J.; Hachmann, N.P,; Collier, A.Y.; Lasrado, N.; Mazurek, C.R.; Patio, R.C.; Powers, O.; Surve, N.; Theiler, J.; Korber, B.;
et al. Substantial Neutralization Escape by SARS-CoV-2 Omicron Variants BQ.1.1 and XBB.1. N. Engl. |. Med. 2023, 388, 662-664.
[CrossRef]

Legros, V.; Denolly, S.; Vogrig, M.; Boson, B.; Siret, E.; Rigaill, J.; Pillet, S.; Grattard, F; Gonzalo, S.; Verhoeven, P.; et al. A
longitudinal study of SARS-CoV-2-infected patients reveals a high correlation between neutralizing antibodies and COVID-19
severity. Cell Mol. Immunol. 2021, 18, 318-327. [CrossRef]

Yun, S.; Ryu, J.H.; Jang, ].H.; Bae, H.; Yoo, S.H.; Choi, A.R.; Jo, S.J.; Lim, J.; Lee, J.; Ryu, H.; et al. Comparison of SARS-CoV-2
Antibody Responses and Seroconversion in COVID-19 Patients Using Twelve Commercial Immunoassays. Ann. Lab. Med. 2021,
41,577-587. [CrossRef] [PubMed]

Sim, W.; Kang, H.; Jung, J.; Lee, J.; Ko, G.Y.; Park, H.S.; Choi, J.; Park, K.; Oh, E.J. Comparison of humoral and cellular immune
responses between ChAd-BNT heterologous vaccination and BNT-BNT homologous vaccination following the third BNT dose: A
prospective cohort study. Front. Immunol. 2023, 14, 1120556. [CrossRef] [PubMed]

Hong, K.H.; Kim, G.J.; Roh, K.H.; Sung, H.; Lee, J.; Kim, S.Y; Kim, T.S; Park, J.S.; Huh, H.J.; Park, Y.; et al. Update of Guidelines
for Laboratory Diagnosis of COVID-19 in Korea. Ann. Lab. Med. 2022, 42, 391-397. [CrossRef] [PubMed]

Roh, K.H.; Hong, K.H.; Nam, M.H.; Kim, T.S.; Seong, M.W.; Lee, ] K.; Bae, S.; Huh, H.].; Ahn, ].Y.; Lim, J.; et al. Guidelines for
Mobile Laboratories for Molecular Diagnostic Testing of COVID-19. Ann. Lab. Med. 2022, 42, 507-514. [CrossRef] [PubMed]
Ryu, B.; Shin, E.; Kim, N.-Y,; Kim, D.H.; Lee, H.; Kim, A ; Park, S.Y.; Ahn, S.; Jang, J.; Kim, S.-S.; et al. Severity of COVID-19
Associated with SARS-CoV-2 Variants Circulating in the Republic of Korea. Public Health Wkly. Rep. 2022, 15, 2873-2895.
[CrossRef]

Choi, J.Y.; Smith, D.M. SARS-CoV-2 Variants of Concern. Yonsei Med. . 2021, 62, 961-968. [CrossRef] [PubMed]

Tan, C.W.; Chia, WN,; Qin, X; Liu, P.; Chen, M.L; Tiu, C.; Hu, Z.; Chen, V.C,; Young, B.E,; Sia, W.R.; et al. A SARS-CoV-2 surrogate
virus neutralization test based on antibody-mediated blockage of ACE2-spike protein-protein interaction. Nat. Biotechnol. 2020,
38, 1073-1078. [CrossRef]


https://doi.org/10.1056/NEJMra2206573
https://www.ncbi.nlm.nih.gov/pubmed/36044620
https://doi.org/10.3389/fimmu.2022.1038712
https://doi.org/10.3390/v15040873
https://www.ncbi.nlm.nih.gov/pubmed/37112852
https://doi.org/10.3389/fimmu.2022.834098
https://www.ncbi.nlm.nih.gov/pubmed/35958548
https://doi.org/10.3390/vaccines10081169
https://doi.org/10.1016/j.ebiom.2023.104446
https://www.ncbi.nlm.nih.gov/pubmed/36706582
https://doi.org/10.1016/j.isci.2023.106457
https://www.ncbi.nlm.nih.gov/pubmed/36999095
https://doi.org/10.3390/biomedicines11020370
https://doi.org/10.1056/NEJMc2206576
https://www.ncbi.nlm.nih.gov/pubmed/35731894
https://doi.org/10.1056/NEJMc2214314
https://doi.org/10.1038/s41423-020-00588-2
https://doi.org/10.3343/alm.2021.41.6.577
https://www.ncbi.nlm.nih.gov/pubmed/34108285
https://doi.org/10.3389/fimmu.2023.1120556
https://www.ncbi.nlm.nih.gov/pubmed/36936965
https://doi.org/10.3343/alm.2022.42.4.391
https://www.ncbi.nlm.nih.gov/pubmed/35177559
https://doi.org/10.3343/alm.2022.42.5.507
https://www.ncbi.nlm.nih.gov/pubmed/35470270
https://doi.org/10.56786/PHWR.2022.15.47.2873
https://doi.org/10.3349/ymj.2021.62.11.961
https://www.ncbi.nlm.nih.gov/pubmed/34672129
https://doi.org/10.1038/s41587-020-0631-z

Vaccines 2023, 11, 1803 13 of 14

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

Ko, G.Y;; Lee, J.; Bae, H.; Ryu, ].H.; Park, H.S.; Kang, H.; Jung, ].; Choi, A.R; Lee, R.; Lee, D.G,; et al. Longitudinal Analysis of SARS-
CoV-2-Specific Cellular and Humoral Immune Responses and Breakthrough Infection following BNT162b2/BNT162b2/BNT162b2
and ChAdOx1/ChAdOx1/BNT162b2 Vaccination: A Prospective Cohort in Naive Healthcare Workers. Vaccines 2023, 11, 1613.
[CrossRef]

Auvigne, V; Vaux, S.; Strat, Y.L.; Schaeffer, J.; Fournier, L.; Tamandjou, C.; Montagnat, C.; Coignard, B.; Levy-Bruhl, D.; Parent
du Chatelet, I. Severe hospital events following symptomatic infection with Sars-CoV-2 Omicron and Delta variants in France,
December 2021-January 2022: A retrospective, population-based, matched cohort study. EClinicalMedicine 2022, 48, 101455.
[CrossRef]

Wrenn, J.O.; Pakala, S.B.; Vestal, G.; Shilts, M.H.; Brown, H.M.; Bowen, S.M.; Strickland, B.A.; Williams, T.; Mallal, S.A.; Jones,
LD.; et al. COVID-19 severity from Omicron and Delta SARS-CoV-2 variants. Influenza Other Respir. Viruses 2022, 16, 832-836.
[CrossRef] [PubMed]

Assis, R.; Jain, A.; Nakajima, R.; Jasinskas, A.; Khan, S.; Palma, A.; Parker, D.M.; Chau, A.; Specimen Collection, G.; Obiero, ].M.;
et al. Distinct SARS-CoV-2 antibody reactivity patterns elicited by natural infection and mRNA vaccination. NPJ Vaccines 2021,
6,132. [CrossRef] [PubMed]

Follmann, D.; Janes, H.E.; Buhule, O.D.; Zhou, H.; Girard, B.; Marks, K.; Kotloff, K.; Desjardins, M.; Corey, L.; Neuzil, KM.;
et al. Antinucleocapsid Antibodies after SARS-CoV-2 Infection in the Blinded Phase of the Randomized, Placebo-Controlled
mRNA-1273 COVID-19 Vaccine Efficacy Clinical Trial. Ann. Intern. Med. 2022, 175, 1258-1265. [CrossRef] [PubMed]

Du, W.; Hurdiss, D.L.; Drabek, D.; Mykytyn, A.Z.; Kaiser, EK.; Gonzalez-Hernandez, M.; Munoz-Santos, D.; Lamers, M.M.; van
Haperen, R.; Li, W.; et al. An ACE2-blocking antibody confers broad neutralization and protection against Omicron and other
SARS-CoV-2 variants of concern. Sci. Immunol. 2022, 7, eabp9312. [CrossRef] [PubMed]

Liu, L; Iketani, S.; Guo, Y.; Chan, ].E; Wang, M.; Liu, L.; Luo, Y.; Chu, H.; Huang, Y.; Nair, M.S,; et al. Striking antibody evasion
manifested by the Omicron variant of SARS-CoV-2. Nature 2022, 602, 676-681. [CrossRef] [PubMed]

Xia, S.; Wang, L.; Zhu, Y.; Lu, L,; Jiang, S. Origin, virological features, immune evasion and intervention of SARS-CoV-2 Omicron
sublineages. Signal Transduct. Target. Ther. 2022, 7, 241. [CrossRef] [PubMed]

Dhakal, S.; Yu, T.; Yin, A.; Pisanic, N.; Demko, Z.0.; Antar, A.A.R.; Cox, A.L.; Heaney, C.D.; Manabe, Y.C.; Klein, S.L. Reconsidera-
tion of Antinucleocapsid IgG Antibody as a Marker of SARS-CoV-2 Infection Postvaccination for Mild COVID-19 Patients. Open
Forum Infect. Dis. 2023, 10, ofac677. [CrossRef]

Kritikos, A.; Gabellon, S.; Pagani, J.L.; Monti, M.; Bochud, P.Y.; Manuel, O.; Coste, A.; Greub, G.; Perreau, M.; Pantaleo, G.; et al.
Anti-SARS-CoV-2 Titers Predict the Severity of COVID-19. Viruses 2022, 14, 1089. [CrossRef]

Van Elslande, ].; Oyaert, M.; Ailliet, S.; Van Ranst, M.; Lorent, N.; Vande Weygaerde, Y.; Andre, E.; Lagrou, K.; Vandendriessche, S.;
Vermeersch, P. Longitudinal follow-up of IgG anti-nucleocapsid antibodies in SARS-CoV-2 infected patients up to eight months
after infection. J. Clin. Virol. 2021, 136, 104765. [CrossRef]

Freund, N.T.; Horwitz, J.A.; Nogueira, L.; Sievers, S.A.; Scharf, L.; Scheid, J.F; Gazumyan, A.; Liu, C.; Velinzon, K.; Goldenthal, A ;
et al. A New Glycan-Dependent CD4-Binding Site Neutralizing Antibody Exerts Pressure on HIV-1 In Vivo. PLoS Pathog. 2015,
11, €1005238. [CrossRef]

Watson, A.; Li, H.; Ma, B.; Weiss, R.; Bendayan, D.; Abramovitz, L.; Ben-Shalom, N.; Mor, M.; Pinko, E.; Bar Oz, M,; et al. Human
antibodies targeting a Mycobacterium transporter protein mediate protection against tuberculosis. Nat. Commun. 2021, 12, 602.
[CrossRef] [PubMed]

Freund, N.T. Antibodies: What makes us stronger. Hum. Vaccin. Immunother. 2021, 17, 3551-3553. [CrossRef] [PubMed]

Chia, PY.; Ong, SW.X,; Chiew, C.J.; Ang, L.W,; Chavatte, ] M.; Mak, TM.; Cui, L.; Kalimuddin, S.; Chia, W.N.; Tan, CW.; et al.
Virological and serological kinetics of SARS-CoV-2 Delta variant vaccine breakthrough infections: A multicentre cohort study.
Clin. Microbiol. Infect. 2022, 28, 612.e1-612.e7. [CrossRef] [PubMed]

Zhu, L.; Mao, N.; Yi, C,; Simayi, A; Feng, ].; Feng, Y.; He, M; Ding, S.; Wang, Y.; Wang, Y.; et al. Impact of vaccination on kinetics
of neutralizing antibodies against SARS-CoV-2 by serum live neutralization test based on a prospective cohort. Emerg. Microbes
Infect. 2023, 12, 2146535. [CrossRef]

Baden, L.R.; El Sahly, H.M.; Essink, B.; Kotloff, K.; Frey, S.; Novak, R.; Diemert, D.; Spector, S.A.; Rouphael, N.; Creech, C.B.; et al.
Efficacy and Safety of the mRNA-1273 SARS-CoV-2 Vaccine. N. Engl. ]. Med. 2021, 384, 403—416. [CrossRef] [PubMed]

Kellam, P; Barclay, W. The dynamics of humoral immune responses following SARS-CoV-2 infection and the potential for
reinfection. J. Gen. Virol 2020, 101, 791-797. [CrossRef] [PubMed]

Polack, EP,; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, J.L.; Perez Marc, G.; Moreira, E.D.; Zerbini, C.;
et al. Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine. N. Engl. ]. Med. 2020, 383, 2603-2615. [CrossRef]

Tada, T.; Zhou, H.; Dcosta, B.M.; Samanovic, M.I.; Chivukula, V.; Herati, R.S.; Hubbard, S.R.; Mulligan, M.].; Landau, N.R.
Increased resistance of SARS-CoV-2 Omicron variant to neutralization by vaccine-elicited and therapeutic antibodies. EBioMedicine
2022, 78, 103944. [CrossRef]

Oh, SJ.; O, S.W.; Choi, YJ.; Kim, ] M.; Kim, D.; Kim, L.H.; Park, A.K.; Kim, HM,; Rhee, ].E.; Jang, Y.R.; et al. Neutralizing antibody
responses in vaccinated and unvaccinated individuals infected with Omicron BA.1 variant. J. Clin. Virol. 2022, 155, 105253.
[CrossRef]


https://doi.org/10.3390/vaccines11101613
https://doi.org/10.1016/j.eclinm.2022.101455
https://doi.org/10.1111/irv.12982
https://www.ncbi.nlm.nih.gov/pubmed/35415869
https://doi.org/10.1038/s41541-021-00396-3
https://www.ncbi.nlm.nih.gov/pubmed/34737318
https://doi.org/10.7326/M22-1300
https://www.ncbi.nlm.nih.gov/pubmed/35785530
https://doi.org/10.1126/sciimmunol.abp9312
https://www.ncbi.nlm.nih.gov/pubmed/35471062
https://doi.org/10.1038/s41586-021-04388-0
https://www.ncbi.nlm.nih.gov/pubmed/35016198
https://doi.org/10.1038/s41392-022-01105-9
https://www.ncbi.nlm.nih.gov/pubmed/35853878
https://doi.org/10.1093/ofid/ofac677
https://doi.org/10.3390/v14051089
https://doi.org/10.1016/j.jcv.2021.104765
https://doi.org/10.1371/journal.ppat.1005238
https://doi.org/10.1038/s41467-021-20930-0
https://www.ncbi.nlm.nih.gov/pubmed/33504803
https://doi.org/10.1080/21645515.2021.1929034
https://www.ncbi.nlm.nih.gov/pubmed/34032550
https://doi.org/10.1016/j.cmi.2021.11.010
https://www.ncbi.nlm.nih.gov/pubmed/34826623
https://doi.org/10.1080/22221751.2022.2146535
https://doi.org/10.1056/NEJMoa2035389
https://www.ncbi.nlm.nih.gov/pubmed/33378609
https://doi.org/10.1099/jgv.0.001439
https://www.ncbi.nlm.nih.gov/pubmed/32430094
https://doi.org/10.1056/NEJMoa2034577
https://doi.org/10.1016/j.ebiom.2022.103944
https://doi.org/10.1016/j.jcv.2022.105253

Vaccines 2023, 11, 1803 14 of 14

40.

41.

42.

43.
44.

Luczkowiak, J.; Rivas, G.; Labiod, N.; Lasala, F.; Rolo, M.; Lora-Tamayo, J.; Mancheno-Losa, M.; Rial-Crestelo, D.; Perez-Rivilla,
A.; Folgueira, M.D,; et al. Cross neutralization of SARS-CoV-2 omicron subvariants after repeated doses of COVID-19 mRNA
vaccines. J. Med. Virol. 2023, 95, €28268. [CrossRef]

Kotaki, R.; Moriyama, S.; Takahashi, Y. Humoral immunity for durable control of SARS-CoV-2 and its variants. Inflamm. Regen.
2023, 43, 4. [CrossRef]

Andrews, S.F; Huang, Y.; Kaur, K.; Popova, L.I.; Ho, LY,; Pauli, N.T.; Henry Dunand, C.J.; Taylor, WM.; Lim, S.; Huang, M.; et al.
Immune history profoundly affects broadly protective B cell responses to influenza. Sci. Transl. Med. 2015, 7, 316ra192. [CrossRef]
Moss, P. The T cell immune response against SARS-CoV-2. Nat. Immunol. 2022, 23, 186-193. [CrossRef]

Liu, J.; Chandrashekar, A.; Sellers, D.; Barrett, ].; Jacob-Dolan, C.; Lifton, M.; McMahan, K.; Sciacca, M.; VanWyk, H.; Wu, C.; et al.
Vaccines elicit highly conserved cellular immunity to SARS-CoV-2 Omicron. Nature 2022, 603, 493-496. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/jmv.28268
https://doi.org/10.1186/s41232-023-00255-9
https://doi.org/10.1126/scitranslmed.aad0522
https://doi.org/10.1038/s41590-021-01122-w
https://doi.org/10.1038/s41586-022-04465-y
https://www.ncbi.nlm.nih.gov/pubmed/35102312

	Introduction 
	Materials and Methods 
	Patients and Samples 
	Determination of SARS-CoV-2 Variants 
	Measurement of SARS-CoV-2 Anti-S/RBD and Anti-N Antibody Levels 
	SARS-CoV-2 Surrogate Virus Neutralization Test 
	Statistical Analysis 

	Results 
	Patient Characteristics 
	Kinetics of Anti-S/RBD and Anti-N Antibody Responses in Studied Groups 
	Anti-S/RBD and Anti-N Antibody Responses in Studied Groups Stratified Symptom Severity 
	Cross-Neutralizing Activity against WT and Omicron Variant (BA.1 and BA.4/5) in Patient Groups Based on Vaccination, Infected Variant, and Disease Severity 

	Discussion 
	Conclusions 
	References

