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Abstract: Background: Vaccines against COVID-19 target the spike protein. There is
minimal information on longitudinal COVID-19 immune profiling in recovered versus
naïve and vaccinated versus non-vaccinated healthcare workers (HCWs). Methods: This is
a prospective longitudinal observational cohort of pediatric HCWs (pHCWs) conducted
during 2020–2022 at an academic center, exploring the impact of COVID-19 vaccination on
immunoglobulin G (IgG) antibody titers over time and cross-reactivity with other coron-
aviruses, including SARS-CoV-1, MERS-CoV, and seasonal coronaviruses (HCoV-HKU1
and HCoV-OC43). Results: A total of 642 pHCWs initially enrolled, and 337 participants
had repeat IgG titers measured post-vaccine and post-booster. Most participants were
female, median age range of 31–40 years. Anti-spike was higher in all vaccinated in-
dividuals versus non-vaccinated (p < 0.0001) and naïve versus infected (p < 0.0001). A
single dose of vaccine was sufficient to attain maximum titers in recovered participants
versus naïve who received both doses of vaccine. Anti-spike titers dropped significantly
at 9 months after the primary series, whereas sustained anti-spike titers were observed
at 9 months post-booster. Conclusions: All vaccinated pHCWs developed antibodies to
spike. COVID-19 infection and/or vaccination yielded antibodies that cross-reacted to
SARS-CoV-1, MERS-CoV, HCoV-HKU1, and HCoV-OC43. Anti-spike titers were more
durable post-booster compared to the primary series. Longitudinal immune profiling of
COVID-19 responses provides vital data to shape public health policies, optimize vaccine
strategies, and strengthen pandemic preparedness.

Keywords: COVID-19; SARS-CoV-2; spike; pediatric healthcare workers; COVID-19
vaccine; seasonal coronaviruses; booster
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1. Introduction
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is the causative

agent of COVID-19 that has been linked to more than seven million deaths worldwide [1].
Control of the COVID-19 pandemic was, in part, achieved through mass vaccination against
SARS-CoV-2. In December 2020 the Food and Drug Administration issued emergency
use authorization for the mRNA vaccines BNT162b2 (Pfizer–BioNTech) and mRNA-1273
(Moderna) [2]. Both mRNA vaccines target the spike protein that is shared by several
coronaviruses, which may impart partial immunity to coronaviruses previously identified.
There is minimal information on longitudinal immune profiling of different sub-groups, in-
cluding COVID-19-recovered (i.e., those who were previously infected) vs. naïve (i.e., those
who were never infected) and vaccinated vs. non-vaccinated individuals.

Healthcare workers (HCWs) served as the frontline working force during the COVID-
19 pandemic, and vaccination for HCWs in the United States started in December 2020. The
pediatric healthcare workforce has been an understudied professional category affected by
the pandemic, because children were thought to be at a lower risk of infection, suggesting
minimal risk of work-acquired COVID-19 infection in this professional category early in
the pandemic [3]. It is now established that children may have similar or even higher
rates of COVID-19 infection but, are more frequently asymptomatic [4–6]. Hence, it is
possible that children infected with COVID-19 may have put frontline pediatric healthcare
workers (pHCWs) at higher risk of COVID-19 infection, particularly early in the pandemic.
Children have higher rates of common cold infections than adults, including infections
with endemic human coronaviruses (HCoV) HKU1 and OC43 [7,8]. Children have been
shown to generate robust antibodies against HCoVs after SARS-CoV-2 infection, indicating
cross-reactivity, the benefit of which is yet to be explored [9–11]. Given their interaction
with children, pHCWs also have higher rates of exposure to coronaviruses that cause the
common cold than the general population.

There remains little clarity regarding antibody titers among HCWs according to
specific clinical settings; hence, it is unknown whether HCW-specific clinical characteristics
and outcomes differ from the general population due to repeated exposure to the virus and
other viruses in general. We studied a cohort of pHCWs investigating the epidemiology
of COVID-19 infection, a professional category that has been underrepresented in the
literature. We have previously shown that the prevalence of COVID-19 in pHCWs was 4.1%
and that pHCWs working in the emergency department had a four-fold higher prevalence
of infection before universal masking policies were in place, highlighting job location as
a possible risk factor for COVID-19 infection [12]. In a subsequent analysis, we showed
an incidence of 8.2% in seropositivity in the same cohort, that was no longer job-specific,
highlighting the possible role of universal adoption of personal protective equipment (PPE)
in mitigating the initial risk of exposure experienced by frontline pHCWs [13]. The use of
PPE has been shown to potentially protect against infection in another cohort of pHCWs [14].
In addition, we showed that antibody titers to COVID-19 decline rapidly over time, and
titers against the receptor-binding domain (RBD) of SARS-CoV-2 correlated strongly with
neutralizing antibodies [13]. This correlation has been supported in the literature and
suggests that a stronger antibody response to RBD will likely have more protection against
COVID-19 infection [15]. Here, we monitor serological antibody responses elicited by
COVID-19 infection and vaccination in a prospective cohort of pHCWs within a year
post-vaccination initiation.
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2. Materials and Methods
2.1. Study Design

This is an analysis of an ongoing prospective longitudinal cohort study with cross-
sectional analyses investigating the epidemiology of COVID-19 in pHCWs, conducted from
April 2020 through May 2022. The cohort consisted of pHCWs who provided medical care
in the largest pediatric healthcare system in Georgia, caring annually for over 250,000 in-
fants, children, and adolescents across 3 pediatric emergency departments (ED). Baseline
prevalence and incidence results were previously published [12,13]. Subsequently, a cohort
of returning pHCWs was assessed for immunoglobulin (IgG) titer levels within 3 months
following the primary series of COVID-19 vaccination and again after booster from January
2021 to May 2022 (Figure 1).
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Figure 1. Study Flow Diagram: Overall study procedures across the three different stages of analysis
of COVID-19 epidemiology in a cohort of pediatric healthcare workers. From April 2020 to August
2020, 642 pHCWs were assessed at baseline for IgG antibody response to SARS-CoV-2 RBD and
spike utilizing ELISA, showing a prevalence of 4.1% that was significantly higher in emergency
department pHCWs. From September 2020 to January 2021, 390 seronegative pHCWs returning
for at least 1 follow-up (F/U) visit were assessed for incidence of new seropositivity using ELISA,
showing a new incidence of 8.2%. The current study was conducted from January 2021 to May
2022, enrolling 337 participants from the original cohort who returned for at least one follow-up visit
post-vaccination availability, conducting MSD analysis assessing antibodies against SARS-CoV-2
antigens and other coronaviruses.

2.2. Participants

Participants were recruited from Emory University School of Medicine Department
of Pediatrics (DOP), Children’s Healthcare of Atlanta, and private pediatric practitioners
or contractors who worked regularly at Children’s Healthcare of Atlanta facilities. This
included healthcare employees and support staff, who were recruited via email, physical
postings in the various Children’s Healthcare of Atlanta and DOP locations, as well as by
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personal communication. The study did not enroll acutely symptomatic participants or
participants with a history of blood clotting disorders. There were no other exclusion crite-
ria, and all pHCWs within the pediatric healthcare network were welcome to participate.
To best ensure research staff safety, all participants were required to be asymptomatic at the
time of in-person visits. Participants were told in advance that if they were symptomatic
near the time of participation, they would be rescheduled for a later date that was at least
14 days post symptoms onsets. Participants were categorized based on vaccination and
infection status: Recovered Vaccinated, Naïve Vaccinated, Recovered Unvaccinated, and
Naïve Unvaccinated.

2.3. Procedures

Informed consent was obtained from each participant via verbal or electronic format,
and each participant completed an online survey verifying demographic and occupational
information, such as age range by decade, sex, and history of comorbidity. In addition, each
participant reported incident infections during follow-up visit(s). Participants were asked to
return for follow-up visits every 3 months for the duration of the pandemic, or sooner if they
were diagnosed with COVID-19 and subsequently recovered. All participants provided
up to 30 mL of blood via venipuncture. Blood specimens were processed within 1 h of
collection, and serum and plasma were stored by the Children’s Healthcare of Atlanta,
Emory University, and the Children’s Healthcare of Atlanta Clinical and Translational
Discovery Core at –20 ◦C for future analysis.

2.4. Laboratory Methods

Serum samples were analyzed using a multiplex electro-chemiluminescent-based
multiplex immunoassay provided by Mesoscale Discovery (MSD; Rockville, MD 20850-
3173, USA). The assay was performed according to the manufacturer’s instructions using
the V-PLEX COVID-19 Coronavirus Panel 1 (K15362U). This panel contains antigens for
wild-type (Wuhan strain) SARS-CoV-2 receptor-binding domain (RBD), Spike, N-terminal
domain (NTD), and nucleocapsid proteins, along with other beta coronaviruses, such as
Severe Acute Respiratory Syndrome Coronavirus 1 (SARS-CoV-1), Middle East Respira-
tory Syndrome Coronavirus (MERS-CoV), Human Coronavirus OC43 (HCoV-OC43), and
Human Coronavirus HKU1 (HCoV-HKU1) spike proteins. Briefly, serum samples were
diluted 1:5000 prior to the assay. Kit plates were blocked for 30 min using the manufacturer-
provided blocking buffer A. The blocking buffer was removed, and the plates were washed
3 times with a wash buffer. Diluted serum samples and Mesoscale standard controls were
added to the plates and incubated for 2 h at room temperature on a plate shaker adjusted to
700 rpm. After a 2 h incubation, plates were washed 3 times with a 1× wash buffer. MSD
Sulfo-Tag anti-human IgG was added and incubated for 1 h at room temperature on a plate
shaker at 700 rpm. Plates were subsequently washed 3 times and 150 uL/well of detection
read buffer was added immediately prior to the plate read. Raw data were analyzed using
GraphPad Prism software v10.1.2. Serum antibody titers or concentrations were calculated
relative to the provided Reference Standard and denoted in arbitrary units (AU/mL).

2.5. Criteria for Defining Infection

Infection was defined as having any of the following three criteria: positive RBD-
specific ELISA pre-vaccination [15] or non-vaccinated, high nucleocapsid antibody titers,
or a person’s own statement of infection based on a positive COVID-19 test.

2.6. Quantification and Statistical Analysis

Cut-off values for all antibodies except for HCoV-OC43 and HCoV-HKU1 were calcu-
lated. Cut-off values were established at 3 standard deviations of the mean of all values
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of 29 pre-pandemic samples. Pearson correlation and non-parametric t-test analyses for
cross-sectional antibody binding titers using the Mann–Whitney test were performed. The
same donor antibody binding analyses were conducted using the Wilcoxon matched-pairs
signed rank test. Antibody titers were log-transformed, and simple linear regression was
used to calculate their R2 value. Statistical analysis was conducted using GraphPad Prism
software v10.1.2.

3. Results
3.1. Demographics and Patient Characteristics

A total of 642 pHCWs were initially enrolled, of whom 337 participants returned
for at least one follow-up visit after vaccination started in December 2020. No patients
returned for follow-up while symptomatic from COVID-19 infection; therefore, there were
no rescheduled appointments. The mean number of follow-up visits was 2 ± 1. Participants
who returned for at least one follow-up visit were predominantly 31–40 years of age and
female. In this cohort, 25% had comorbidities; however, 0% had any emergency department
visit and/or hospitalization (Table 1).

Table 1. Demographics and characteristics of pediatric healthcare workers enrolled in a longitudinal
study exploring antibody dynamics in infection and vaccination.

Characteristic All (n = 337)

Median Age Range (years) 31–40
Gender-Female n (%) 286 (84%)

Vaccinated n (% of ALL) 301 (89%)
BNT162b2 n (% of vaccinated) 203 (67%)

mRNA-1273 n (% of vaccinated) 97 (32%)
Ad26.COV2.S n (% of vaccinated) 1 (1%)

Booster a-Yes n (%) 59 (18%)
Infected b-Yes n (%) 76 (23%)

Comorbidities c-Yes n (%) 85 (25%)
Emergency Department Visit-Yes n (%) 0 (0%)

Hospitalization-Yes n (%) 0 (0%)
a Patients receiving third dose of vaccine after receiving primary series of vaccination (2 doses). b See methods
for criteria defining infection. c Participants were asked the following question “Do you have a pre-existing
condition? (Yes/No)”.

3.2. Infection and Vaccination Rates

In this cohort, 301 (89%) participants were vaccinated, of whom 286 received the
full primary vaccine series (2 doses), and 15 received one dose during the study period.
Fifty-nine participants received an additional booster dose. Of those who were vaccinated,
54 were infected; a total of 33/54 were infected prior to receiving any vaccination, and
21/54 infections were breakthrough infections. Thirty-six participants were not vaccinated,
of whom 22 (61%) were infected.

3.3. Analyses of SARS-CoV-2 IgG Antibody Response After Primary COVID-19 Vaccination

Vaccinated individuals had robust antibody binding titers against RBD, NTD, and
spike compared to non-vaccinated. Recovered vaccinated participants had higher titers
compared to naïve vaccinated participants for Spike (Figure 2A) (278,950 ± 150,279 AU/mL
vs. 181,337 ± 111,482 AU/mL; p < 0.0001), RBD (Figure 2B) (172,742 ± 141,903 AU/mL
vs. 96,859 ± 75,468 AU/mL; p < 0.0001), NTD (Figure 2C) (6323 ± 5810 AU/mL vs.
2905 ± 2364 AU/mL; p < 0.0001), and nucleocapsid (Figure 2D) (23,323 ± 55,483 AU/mL
vs. 878 ± 1071 AU/mL; p < 0.0001). Recovered individuals had higher titers than naïve
individuals regardless of vaccination (p < 0.0001). Recovered unvaccinated participants
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had higher titers compared to naïve unvaccinated for Spike (55,335 ± 99,742 AU/mL vs.
256 ± 481 AU/mL; p < 0.0001), RBD (22,283 ± 52,599 AU/mL vs. 107 ± 1023 AU/mL;
p < 0.0001), NTD (967 ± 1884 AU/mL vs. 6 ± 6 AU/mL; p < 0.0001), and nucleocap-
sid (44,411 ± 60,319 AU/mL vs. 537 ± 528 AU/mL; p < 0.0001). The highest titer re-
sponse was observed in recovered vaccinated participants (Figure 2A–C). Nucleocapsid
titers were significantly higher in recovered individuals with no titer response to vacci-
nation (p < 0.0001) (Figure 2D). The single-dose vaccine elicited a statistically significant
higher antibody response to Spike in recovered participants compared to naïve individuals
(409,027 ± 98,502 AU/mL vs. 123,740 ± 161,425 AU/mL; p = 0.003), who needed both
doses of vaccination to attain similar titers (Figure 3). After a second dose, both naïve and
recovered individuals reach similar and high titers within <14 days.
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Figure 2. Antibody response to SARS-CoV-2 antigens across different subgroups of pediatric health-
care workers. IgG antibody response at first follow-up visit in Naïve Vaccinated (NV, vaccinated
subjects without prior COVID-19 infection; closed black circle), Recovered Vaccinated (RV; those who
recovered from prior COVID-19 infection; closed red circle), Naïve Unvaccinated (NUV; unvaccinated
subjects never infected; open black circle) and Recovered Unvaccinated (RUV; unvaccinated subjects
who have recovered from a prior COVID-19 infection; open red circle) against (A) Spike, (B) Receptor-
Binding Domain (RBD), (C) N-terminal Domain (NTD), (D) Nucleocapsid. Vaccinated individuals
show robust antibody binding titers for (A) RBD, (B) Spike, and (C) NTD compared to unvaccinated
subjects. Recovered individuals show higher IgG antibody titers for (A) RBD, (B) Spike, and (C) NTD
compared to naïve individuals regardless of vaccination status. (D) COVID-19-recovered subjects
demonstrate higher nucleocapsid IgG antibody titers compared to naïve individuals irrespective
of vaccination status. Nucleocapsid is a marker of infection; however, sampling post-infection was
variable, and nucleocapsid titers dropped quickly. The dotted line in each figure corresponds to the
specific cut-off value for each antibody. (A) Spike IgG = 2408 AU/mL; (B) RBD IgG = 962 AU/mL;
(C) NTD = 53 AU/mL; (D) Nucleocapsid = 15,893 AU/mL.
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dose both naïve and recovered individuals achieved high Spike IgG antibody titers irrespective of
infection. The dotted line corresponds to the cut-off value determined for spike IgG = 2408 AU/mL.
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3.4. Cross-Reactivity of Seasonal and Other Coronaviruses After COVID-19 Vaccination
and Infection

Naïve vaccinated participants generate higher anti-spike titers compared to naïve unvacci-
nated participants for SARS-CoV-1 (Figure 4A) (18,823 ± 18,557 AU/mL vs. 117 ± 85 AU/mL;
p < 0.0001), MERS-CoV (Figure 4B) (112,359 ± 398,473 AU/mL vs. 2593 ± 6484 AU/mL;
p < 0.0001), HCoV-OC43 (Figure 4C) (71,063 ± 75,616 AU/mL vs. 35,347 ± 22,169 AU/mL;
p = 0.03), and HCoV-HKU1 (Figure 4D) (22,323 ± 22,429 AU/mL vs. 13,146 ± 10,429 AU/mL;
p = 0.05). Recovered unvaccinated participants had higher anti-spike titers compared to naïve
unvaccinated participants for SARS-CoV-1 (10,451 ± 19,140 AU/mL vs. 117 ± 85 AU/mL;
p < 0.0001), MERS-CoV (42,025 ± 81,909 AU/mL vs. 2593 ± 6484 AU/mL; p < 0.0001),
HCoV-OC43 (84,051 ± 65,860 AU/mL vs. 35,347 ± 22,169 AU/mL; p = 0.0009), and HCoV-
HKU1 (25,874 ± 19,134 AU/mL vs. 13,146 ± 10,429 AU/mL; p = 0.04). There was a strong
correlation between SARS-CoV-2 anti-spike and SARS-CoV-1 anti-spike (r = 0.72, p < 0.0001)
and a weaker correlation with MERS-CoV anti-spike (r = 0.13, p < 0.001). HCoV-HKU1
(r = 0.19, p < 0.0001) and HCoV-OC43 (r = 0.23, p < 0.0001).
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Figure 4. Spike IgG titers to seasonal and other coronaviruses in different subgroups of pediatric
healthcare workers. Spike IgG antibody response at first follow-up visit in Naïve Vaccinated (NV,
vaccinated subjects without prior COVID-19 infection; closed black circle), Recovered Vaccinated
(RV; those who recovered from prior COVID-19 infection; closed red circle), Naïve Unvaccinated
(NUV; unvaccinated subjects never infected; open black circle), and Recovered Unvaccinated (RUV;
unvaccinated subjects who have recovered from a prior COVID-19 infection; closed red circle) against
(A) SARS-CoV-1, (B) MERS-CoV, (C) HCoV-OC43, and (D) HCoV-HKU1. Vaccinated subjects show
robust IgG titers for (A) SARS-CoV-1, and (B) MERS-CoV versus unvaccinated subjects. Recovered
individuals had higher titers for (A) SARS-CoV-1 compared to naïve individuals regardless of
vaccination status. (C) Spike IgG titers against HCoV-OC43 show a significant difference between
naïve and recovered regardless of vaccination. (D) Spike IgG titers against HCoV-HKU1 differed
between RUV and NUV (p = 0.04), as well as NV and NUV (p = 0.05).

3.5. Durability of SARS-CoV-2 Anti-Spike IgG Antibodies over Time After COVID-19 Primary
Vaccination and Booster

SARS-CoV-2 Spike IgG decreased by 86% by 9 months after the primary series of
vaccination (Figure 5A), showing a significant decline of IgG as time passes in increasing
days (r2 = 0.2773, p < 0.0001) (Figure 5B). In addition, titers decreased significantly between
1 and 3 months (190,243 ± 115,247 AU/mL vs. 96,195 ± 95,285 AU/mL; p < 0.0001) and
between 1 and 6 months (190,243 ± 115,247 AU/mL vs. 68,814 ± 49,882; p < 0.0001).
Booster showed consistency in titers up to 9 months as compared to the primary series of
vaccination (r2 = 0.0384, p = 0.1101) (Figure 5A,B).
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Figure 5. Durability of SARS-CoV-2 IgG antibodies over time after COVID-19 primary vaccination
and booster. SARS-CoV-2 IgG antibody response was studied in naïve vaccinated (open black circle)
and recovered vaccinated (open red circles) subjects at 1, 3, 6, and 9 months after the COVID-19
primary vaccination series (2 doses) and in booster recovered (subjects with breakthrough COVID-19
infection after receiving primary vaccine series and the COVID-19 booster) (red filled circle) and
naïve booster subjects (never infected with COVID-19) (black filled circle) at 3, 6, and 9 months after
COVID-19 booster. (A) Mean Spike IgG antibody titer to COVID-19 decreased by 86% by nine months
after the primary series of COVID-19 vaccination, while Spike IgG antibody titers to COVID-19
showed sustained titer levels nine months after the COVID-19 booster. (B) A significant decline of
Spike IgG antibody titer associated with an increase in time in days is observed in subjects after
the COVID-19 primary series of vaccination (r2 = 0.28, p < 0.0001) absent in subjects receiving the
COVID-19 booster (r2 = 0.038, p = 0.11). The dotted line corresponds to the cut-off value determined
for spike IgG = 2408 AU/mL.

3.6. Analyses of SARS-CoV-2 Spike IgG Antibody Response to mRNA-1273 vs.
BNT162b2 Vaccines

All participants receiving either mRNA-1273 or BNT162b2 vaccine elicited a robust
antibody response. In the naïve subgroup, participants receiving the mRNA-1273 vaccine
(n = 85) elicited a higher response in antibodies compared to naïve participants receiving the
BNT162b2 (n = 152) for Spike (209,343 ± 115,506 AU/mL vs. 165,676 ± 106,368 AU/mL;
p = 0.003), RBD (116,469 ± 81,966 AU/mL vs. 85,892 ± 69,473 AU/mL; p = 0.0007),
NTD (3564 ± 2349 AU/mL vs. 2467 ± 2103 AU/mL; p < 0.0001), and SARS-CoV-1
(22,460 ± 17,319 AU/mL vs. 15,669 ± 12,473 AU/mL; p = 0.0004). All participants re-
ceiving BNT162b2 demonstrated a larger decline in anti-spike antibody titers after the
primary series of vaccination (r2 = 0.3694; p < 0.0001), vs. all participants receiving mRNA-
1273(r2 = 0.2782; p < 0.0001). Breakthrough infection was higher among pHCWs who
received BNT162b2 (n = 17; 8.4%) compared to mRNA-1273 (n = 4; 4.1%); however, it was
not statistically significant (p = 0.2) (Figure 6A,B).
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Figure 6. SARS-CoV-2 anti-spike IgG titers after mRNA-1273 and BNT162b2 vaccination and break-
through infection. SARS-CoV-2 IgG antibody response was studied in naïve vaccinated (open black
circle) and in recovered vaccinated (open red circle) subjects at 3, 6, and 9 months after the COVID-
19 primary vaccination series and in naïve booster subjects (never infected with COVID-19; black
filled circle) and booster recovered (subjects with breakthrough COVID-19 infection after receiving
two doses of the primary COVID-19 vaccine and the COVID-19 booster; red filled circle) at 3, 6,
and 9 months after COVID-19 booster who received (A) BNT162b2 and (B) mRNA-1273 vaccines.
Breakthrough infection with COVID-19 was higher in subjects receiving the (A) BNT162b2 (n = 17
out of 203 vaccinations) as compared to subjects receiving the (B) mRNA-1273 vaccine (n = 4 out of
97 vaccinations), this was not statistically significant. The dotted line corresponds to the specific limit
of detection for spike IgG = 2408 AU/mL.

4. Discussion
In this prospective longitudinal study, we found that the IgG response to SARS-CoV-

2 spike, NTD, and RBD antigens was strongest in individuals who had been infected
prior to mRNA vaccination. This observation supports similar findings in the literature
that demonstrate that previous COVID-19 infection enhances the antibody response to
subsequent mRNA vaccination [16]. Unsurprisingly, antibodies against nucleocapsid were
only elevated in recovered participants, as this viral protein is not present in the mRNA
vaccine formulation. In addition, we found that one dose of vaccine triggered a robust
immune response against spike protein in COVID-19 convalescent individuals, while naïve
individuals may require two doses to achieve high antibody titers similar to previous
studies [17–19]. This observation can help guide vaccination strategies in the setting of
recent infection.

We have previously shown that participants infected with COVID-19 showed acceler-
ated SARS-CoV-2 antibody decline, with undetectable titers in nearly half of participants at
9 months [13]. This finding is supported by similar results on pHCWs [20]. Although the
presence of antibodies against RBD does not ensure immunity, we have also shown that
anti-RBD antibodies correlated strongly with neutralization antibodies (r = 0.43, p < 0.0001).
Since this correlation is established and published by previous studies as well [15,21], it
suggests that a stronger binding antibody response will likely have more protection against
COVID-19 infection.

The primary series of vaccinations generated a strong initial immune response, and
anti-spike titers waned quickly over time in our study. However, titers remained above
the cut-off value and were detectable at 9 months in contrast to infection alone. A similar
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decrease has been noted in another cohort of pHCWs receiving both the BNT162b2 and
mRNA-1273 vaccines. Our study also suggests that anti-spike titers are more durable at
9 months post booster compared to the primary series of vaccinations. This observation was
evident in individuals who received both BNT162b2 and mRNA-1273 vaccines, supporting
prior work on booster-extended humoral half-lives compared to primary vaccination series
in both HCWs and non-HCWs cohorts [22–26]. Recognition of the dose-dependent waning
of antibodies is particularly important given that prior studies suggest some hesitancy
among HCWs to receive booster vaccinations for COVID-19 [27–31].

Cross-reactivity between antibodies generated by COVID-19 infection or vaccination
and other coronaviruses has also been a subject of significant interest. The MSD SARS-
CoV-2 Panel 1 used in this study included spike proteins from SARS-CoV-2 (Wuhan
strain), SARS-CoV-1, MERS, and the seasonal coronaviruses HCoV-OC43 and HCoV-HKU1.
The latter two are widely circulating endemic viruses, while SARS-CoV-1 and MERS are
epidemic viruses. SARS-CoV-1 and to a lesser degree MERS are somewhat homologous
to SARS-CoV-2 spike at 79% and 50% genetic similarity, respectively [32]. SARS-CoV-1
was detected in China in 2002 [33] and infected about 8000 people, while the ongoing
MERS epidemic was initially detected in 2012 [34], and is spread mostly in the Arabian
Peninsula. Our cohort was unlikely to be exposed to SARS-CoV-1 and MERS-CoV. On
the other hand, prior exposure to common cold coronaviruses is common in the general
population, making them critical for understanding potential pre-existing cross-reactive
immunity that may influence antibody response. Of note, the MSD assay employed here
detected no signal to SARS-CoV-2, SARS-CoV-1, or MERS in pre-pandemic serum samples.
In contrast, titers to the seasonal coronaviruses were readily detected.

In our cohort, we showed that antibodies generated after COVID-19 infection and
vaccination may have cross-reactivity with the spike proteins of SARS-CoV-1 and MERS-
CoV, with the strongest correlation to SARS-CoV-1, which is not surprising given their
higher sequence homology. Additionally, we observed a correlation between antibody
titers against SARS-CoV-2, HCoV-HKU1, and HCoV-OC43, suggesting cross-reactivity.

Beta-coronaviruses HCoV-OC43 and HCoV-HKU1 cause frequent mild childhood in-
fections and provide transient immunity against other coronaviruses [35]. As such, we and
others theorized that recent infection with mild coronaviruses could possibly provide some
protection in children through coronavirus IgG cross-reactivity and potentially account for
the mild symptomology of COVID-19 infection in this young population. The presence of
cross-reactive anti-COVID-19 (Spike and RBD) antibodies in pre-pandemic samples from
children and young adults that correlated with anti-HKU1 and anti-OC43 antibody titers
has been documented [7]. In addition, children infected with COVID-19 showed higher
antibody levels against HCoV-HKU1 and OC43 compared to seronegative children [9].
Cross-reactivity or limited cross-reactivity, with the absence of neutralization activity, has
also been reported [8,36,37]. Within our cohort, pHCWs infected with COVID-19, regard-
less of vaccination status, had no hospitalizations or emergency visits, suggesting a milder
course of infection. This finding contrasts with reports on mortality and morbidity of
COVID-19 in non-pediatric HCWs, with a reported mortality rate ranging between 0.2 and
1.5%, and hospitalization rates up to 15.1% [38–40]. The trend of milder COVID-19 infection
in our pHCWs cohort may, in part, be attributed to the frequent exposure pHCWs have
with children in the workplace, potentially increasing contact with seasonal coronaviruses
and providing partial immunity. Since this study did not explore associations between
seasonal coronaviruses’ antibodies and neutralization, we cannot say with certainty that
these antibodies offer protection from infection. However, we hypothesize that the presence
of seasonal coronavirus antibodies may limit the severity and duration of symptoms, as sug-
gested by Gouma and colleagues, who observed a significant negative correlation between
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seasonal coronavirus antibody titers and symptom duration in HCWs with COVID-19 [41].
In addition, a study by Asamoah-Boaheng and colleagues showed that HCWs vaccinated
for COVID-19 generated higher HCoV-HKU1 and OC43 anti-spike antibodies compared to
unvaccinated HCW [42], an observation also noted in this study.

Our results show that both BNT162b2 and mRNA-1273 vaccines elicited a robust
antibody response against SARS-CoV-2 spike. Naïve participants receiving the mRNA-1273
vaccine mounted statistically significant higher antibody titers against spike, NTD, RBD,
and SARS-CoV-1 spike antigens compared to BNT162b2. The mRNA-1273 vaccine delivers
100 µg of mRNA [43] that translates into the spike protein compared to 30 µg of mRNA
delivered by the BNT162b2 vaccine [44], which likely contributes to the difference in titers.
This difference in dosage could also account for the higher rate of breakthrough infections
in participants who received BNT162b2 vaccines compared to those who received mRNA-
1273 vaccines. Though statistically insignificant in our study, our finding supports the
data in the literature [45,46]. However, while the mRNA-1273 vaccination may offer more
protection, it is also associated with a higher frequency and severity of side effects [47,48].
We did not explore vaccine-specific side effect profiles in this study, and vaccine preferences
ultimately depend on patient-specific needs, as well as vaccine availability.

This study has several limitations. This was a single-center study capturing a single
professional category of pHCWs that is not generalizable to the public and may not be
generalizable to non-pediatric HCWs. In addition, not all patients enrolled in the original
cohort returned for follow-up. Although participants were scheduled for follow-up visits
every three months, adherence to this schedule was inconsistent, with fewer pHCWs
returning over time, leading to gaps in data collection that could impact the accuracy of
our findings. Additionally, participants variably presented for antibody testing weeks to
months after infection, a delay that likely resulted in lower antibody titers due to the natural
waning of immune response over time. Therefore, the measured antibody levels reported
may underestimate actual peak responses following infection. In addition, due to many
mutations from the Wuhan strain in the RBD of the SARS-CoV-2 virus, antibodies from
natural infections with subsequent variants, especially Omicron variants from December
2021 onward to completion of the study in May 2022, may not have worked well with this
Wuhan RBD spike antigen in the MSD test. However, we also observed that vaccinated
and/or previously infected individuals demonstrated robust responses across multiple
SARS-CoV-2 antigens, including NTD and spike. These factors should be considered when
interpreting our results, as they may have influenced the observed trends in antibody titers
and their correlations with infection and immunity.

This longitudinal study also has several notable strengths. The analysis of IgG titers
against a comprehensive array of antigens, including SARS-CoV-2 anti-spike, RBD, NTD,
and nucleocapsid, as well as anti-spike of other coronaviruses provides critical insights into
cross-reactivity and immunity across coronaviruses. The longitudinal design enables an
in-depth understanding of immune durability and the dynamic changes in the antibody
response over time. Additionally, the examination of cross-reactivity provides insights
that may inform future pandemic preparedness. Collectively, these strengths highlight the
study’s significant implications for public health and vaccination regimens.

5. Conclusions
As COVID-19 has become endemic, antibodies against SARS-CoV-2 are useful in

understanding and estimating the period of protection provided by either infection or vac-
cination. The rise in and duration of antibody titers against COVID-19 are also important in
understanding the efficacy of the mRNA vaccines and guiding future vaccination regimens.
This study found that 100% of pHCWs mounted significant antibody titer responses to
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SARS-CoV-2 with vaccination. While titers waned quickly after the primary vaccination se-
ries, the duration of antibody titers was maintained after a COVID-19 booster. Longitudinal
profiling of the immune response to COVID-19 vaccination and infection is crucial for un-
derstanding the durability and effectiveness of immunity over time. This research provides
valuable insights into the dynamics of immune protection, particularly among pediatric
healthcare workers who face regular exposure to infectious risks. By identifying patterns of
immune waning and variability, these studies inform evidence-based public health policies,
including vaccine scheduling, booster recommendations, and prioritization strategies for
frontline workers. Furthermore, the findings guide the development of clinical guidelines
for managing breakthrough infections, customizing immunization approaches, optimizing
resource allocation, enhancing pandemic preparedness, and ultimately strengthening the
overall impact of vaccination programs.

Author Contributions: C.R.M. and M.B.V. designed the research questions, co-wrote the study
protocol, obtained funding, insured compliance and regulatory oversight, analyzed, and interpreted
the data and critically reviewed the manuscript. D.H. analyzed and interpreted the data and wrote
the first draft of the manuscript. M.S. and J.W. helped design research questions, assisted with data
analysis, and critically reviewed the manuscript. G.M. (Grace Mantus), C.N., S.H., R.K., M.L., S.L.G.,
G.M. (Giorgi Maziashvili) and S.S. helped with data analysis and critically reviewed the manuscript.
P.S. and A.C.-G. helped design the research question, assisted in data analysis, and critically reviewed
the manuscript. L.B. and B.A.W. were responsible for coordination and administration of the project as
well as acquisition and interpretation of data, and critically reviewed the manuscript. C.A.R. and M.G.
wrote and critically reviewed the manuscript. D.L. was responsible for data acquisition, obtaining
informed consent/assent, insured compliance and regulatory oversight, and critically reviewed the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported in part by the Wilbur and Hilda Glenn Family Foundation, a
donation by Michael and Natalia Beinenson, by the Emory University Woodruff Health Sciences
Center Synergy Award, and by a generous donation by the Scott Hudgens Family Foundation. The
funders of the study had no role in study design, data collection, data analysis, data interpretation, or
writing of the report. The corresponding author had full access to all the data in the study and had
final responsibility for the decision to submit for publication. Claudia R. Morris was supported in
part by NIH/NCCIH K24AT009893. Dr. Chris A. Rees was supported in part by the NIH/NHLBI
(K23HL173694).

Institutional Review Board Statement: The study received Institutional Review Board approval
from Emory University and Children’s Healthcare of Atlanta IRB00000375 on 16 April 2020.

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

Data Availability Statement: Data is contained within the article.

Acknowledgments: The authors are grateful to the medical staff of Emory University and Children’s
Healthcare of Atlanta, including the clinical staff, nurses and physicians who contributed significantly
to the success of this study by participating and/or volunteering their time. Sample processing for
the pHCW cohort was supported by the Children’s Healthcare of Atlanta and Emory University’s
Children’s Clinical and Translational Discovery Core. The authors would like to acknowledge the
valuable support and contributions from the Emory University Pediatric Biostatistics Core.

Conflicts of Interest: We declare no conflicts of interests. Claudia R. Morris, MD, is the inventor or
co-inventor of several UCSF-Benioff Children’s Hospital Oakland patents that include nutritional
supplements, and is an inventor of Emory University School of Medicine patents/patent applications
for nutritional supplements for autism, coronaviruses and pain, is a consultant for Roche and CSL
Behring, is on the Scientific Advisory Board of TRILITY, is an editor the Sickle Cell Disease-Fever and
Sickle Cell Disease-Pain reference for UpToDate, and is the Founder and Executive Director for Food



Vaccines 2025, 13, 163 14 of 16

as Medicine Therapeutics, LLC. Miriam B. Vos, MD, MSPH serves (or has in the past 12 months) as a
consultant to Boehringer Ingelheim, Novo Nordisk, Eli Lilly, Intercept, Takeda, and Alberio. She has
stock or stock options in Thiogenesis and Tern Pharmaceuticals. Her institution has received research
grants (or in-kind research services) from Target Real World Evidence, Quest, Labcorp, and Sonic
Incytes Medical Corp.

Abbreviations
The following abbreviations are used in this manuscript:

SARS-CoV-2 Severe Acute Respiratory Syndrome Coronavirus 2
HCWs Healthcare workers
pHCWs Pediatric healthcare workers
PPE Personal Protective Equipment
IgG Immunoglobulin G
RBD Receptor Binding Domain
NTD N-terminal domain
MERS-CoV Middle East Respiratory Syndrome Coronavirus
SARS-CoV-1 Severe Acute Respiratory Syndrome Coronavirus 1
HCoV-HKU1 Human coronavirus HKU1
HCoV-OC43 Human coronavirus OC43

References
1. World Health Organization. Number of COVID-19 Deaths Reported to WHO (Cumulative Total). Available online: https:

//data.who.int/dashboards/covid19/deaths?n=o (accessed on 15 November 2024).
2. US Food and Drug Adminstration. Available online: https://www.federalregister.gov/documents/2021/01/19/2021-0102

2/authorizations-of-emergency-use-of-two-biological-products-during-the-covid-19-pandemic-availability (accessed on 22
November 2024).

3. COVID-19 Working Group. Successes and Lessons Learned in Responding to the Needs of Pediatricians, Children, and Families
During the COVID-19 Pandemic. Pediatrics 2024, 153, e2024066634. [CrossRef]

4. Dawood, F.S.; Porucznik, C.A.; Veguilla, V.; Stanford, J.B.; Duque, J.; Rolfes, M.A.; Dixon, A.; Thind, P.; Hacker, E.; Castro, M.J.E.;
et al. Incidence Rates, Household Infection Risk, and Clinical Characteristics of SARS-CoV-2 Infection Among Children and
Adults in Utah and New York City, New York. JAMA Pediatr. 2022, 176, 59–67. [CrossRef]

5. Laws, R.L.; Chancey, R.J.; Rabold, E.M.; Chu, V.T.; Lewis, N.M.; Fajans, M.; Reses, H.E.; Duca, L.M.; Dawson, P.; Conners, E.E.;
et al. Symptoms and Transmission of SARS-CoV-2 Among Children—Utah and Wisconsin, March-May 2020. Pediatrics 2021,
147, e2020027268. [CrossRef] [PubMed]

6. Wiegand, R.E.; Deng, Y.; Deng, X.; Lee, A.; Meyer, W.A., 3rd; Letovsky, S.; Charles, M.D.; Gundlapalli, A.V.; MacNeil, A.; Hall,
A.J.; et al. Estimated SARS-CoV-2 antibody seroprevalence trends and relationship to reported case prevalence from a repeated,
cross-sectional study in the 50 states and the District of Columbia, United States-October 25, 2020-February 26, 2022. Lancet Reg.
Health Am. 2023, 18, 100403. [CrossRef] [PubMed]

7. Shrwani, K.; Sharma, R.; Krishnan, M.; Jones, T.; Mayora-Neto, M.; Cantoni, D.; Temperton, N.J.; Dobson, S.L.; Subramaniam, K.;
McNamara, P.S.; et al. Detection of Serum Cross-Reactive Antibodies and Memory Response to SARS-CoV-2 in Prepandemic and
Post-COVID-19 Convalescent Samples. J. Infect. Dis. 2021, 224, 1305–1315. [CrossRef]

8. Tamminen, K.; Salminen, M.; Blazevic, V. Seroprevalence and SARS-CoV-2 cross-reactivity of endemic coronavirus OC43 and
229E antibodies in Finnish children and adults. Clin. Immunol. 2021, 229, 108782. [CrossRef]

9. Dowell, A.C.; Butler, M.S.; Jinks, E.; Tut, G.; Lancaster, T.; Sylla, P.; Begum, J.; Bruton, R.; Pearce, H.; Verma, K.; et al. Children
develop robust and sustained cross-reactive spike-specific immune responses to SARS-CoV-2 infection. Nat. Immunol. 2022, 23,
40–49. [CrossRef] [PubMed]

10. Woudenberg, T.; Pelleau, S.; Anna, F.; Attia, M.; Donnadieu, F.; Gravet, A.; Lohmann, C.; Seraphin, H.; Guiheneuf, R.; Delamare, C.;
et al. Humoral immunity to SARS-CoV-2 and seasonal coronaviruses in children and adults in north-eastern France. EBioMedicine
2021, 70, 103495. [CrossRef] [PubMed]

11. Ratcliffe, H.; Tiley, K.S.; Longet, S.; Tonry, C.; Roarty, C.; Watson, C.; Amirthalingam, G.; Vichos, I.; Morey, E.; Douglas, N.L.; et al.
Serum HCoV-spike specific antibodies do not protect against subsequent SARS-CoV-2 infection in children and adolescents.
iScience 2023, 26, 108500. [CrossRef]

https://data.who.int/dashboards/covid19/deaths?n=o
https://data.who.int/dashboards/covid19/deaths?n=o
https://www.federalregister.gov/documents/2021/01/19/2021-01022/authorizations-of-emergency-use-of-two-biological-products-during-the-covid-19-pandemic-availability
https://www.federalregister.gov/documents/2021/01/19/2021-01022/authorizations-of-emergency-use-of-two-biological-products-during-the-covid-19-pandemic-availability
https://doi.org/10.1542/peds.2024-066634
https://doi.org/10.1001/jamapediatrics.2021.4217
https://doi.org/10.1542/peds.2020-027268
https://www.ncbi.nlm.nih.gov/pubmed/33033178
https://doi.org/10.1016/j.lana.2022.100403
https://www.ncbi.nlm.nih.gov/pubmed/36479424
https://doi.org/10.1093/infdis/jiab333
https://doi.org/10.1016/j.clim.2021.108782
https://doi.org/10.1038/s41590-021-01089-8
https://www.ncbi.nlm.nih.gov/pubmed/34937928
https://doi.org/10.1016/j.ebiom.2021.103495
https://www.ncbi.nlm.nih.gov/pubmed/34304047
https://doi.org/10.1016/j.isci.2023.108500


Vaccines 2025, 13, 163 15 of 16

12. Morris, C.; Sullivan, P.; Mantus, G.; Sanchez, T.; Zlotorzynska, M.; Hanberry, B.; Iyer, S.; Heilman, S.; Camacho-Gonzalez, A.;
Figueroa, J.; et al. Prevalence of SARS-CoV-2 antibodies in pediatric healthcare workers. Int. J. Infect. Dis. 2021, 105, 474–481.
[CrossRef]

13. Griffiths, M.; Hatabah, D.; Sullivan, P.; Mantus, G.; Sanchez, T.; Zlotorzynska, M.; Heilman, S.; Camacho-Gonzalez, A.; Leake, D.;
Korman, R.; et al. Incidence of SARS-CoV-2 seropositivity in pediatric healthcare workers prior to widespread vaccination: A
5-month longitudinal cohort study. Int. J. Infect. Dis. 2024, 144, 107064. [CrossRef]

14. Cappetto, K.D.; Brown, J.C.; Englund, J.A.; Zerr, D.M.; Dickerson, J.A.; Wang, X.; Strelitz, B.; Klein, E.J. Paediatric healthcare and
hospital worker SARS-CoV-2 IgG antibody: A longitudinal cohort study. Int. J. Infect. Dis. 2023, 7, 281–286. [CrossRef] [PubMed]

15. Suthar, M.S.; Zimmerman, M.G.; Kauffman, R.C.; Mantus, G.; Linderman, S.L.; Hudson, W.H.; Vanderheiden, A.; Nyhoff, L.;
Davis, C.W.; Adekunle, O.; et al. Rapid Generation of Neutralizing Antibody Responses in COVID-19 Patients. Cell Rep. Med.
2020, 1, 100040. [CrossRef] [PubMed]

16. Gray, A.N.; Martin-Blais, R.; Tobin, N.H.; Wang, Y.; Brooker, S.L.; Li, F.; Gadoth, A.; Elliott, J.; Faure-Kumar, E.; Halbrook, M.; et al.
Humoral responses to SARS-CoV-2 mRNA vaccines: Role of past infection. PLoS ONE 2021, 16, e0259703. [CrossRef]

17. Trougakos, I.P.; Terpos, E.; Zirou, C.; Sklirou, A.D.; Apostolakou, F.; Gumeni, S.; Charitaki, I.; Papanagnou, E.D.; Bagratuni, T.;
Liacos, C.I.; et al. Comparative kinetics of SARS-CoV-2 anti-spike protein RBD IgGs and neutralizing antibodies in convalescent
and naïve recipients of the BNT162b2 mRNA vaccine versus COVID-19 patients. BMC Med. 2021, 19, 208. [CrossRef] [PubMed]

18. Saadat, S.; Rikhtegaran Tehrani, Z.; Logue, J.; Newman, M.; Frieman, M.B.; Harris, A.D.; Sajadi, M.M. Binding and Neutralization
Antibody Titers After a Single Vaccine Dose in Health Care Workers Previously Infected With SARS-CoV-2. JAMA 2021, 325,
1467–1469. [CrossRef] [PubMed]

19. Lozano-Rodríguez, R.; Valentín-Quiroga, J.; Avendaño-Ortiz, J.; Martín-Quirós, A.; Pascual-Iglesias, A.; Terrón-Arcos, V.;
Montalbán-Hernández, K.; Casalvilla-Dueñas, J.C.; Bergón-Gutiérrez, M.; Alcamí, J.; et al. Cellular and humoral functional
responses after BNT162b2 mRNA vaccination differ longitudinally between naive and subjects recovered from COVID-19. Cell
Rep. 2022, 38, 110235. [CrossRef] [PubMed]

20. Tokareva, Y.; Englund, J.A.; Dickerson, J.A.; Brown, J.C.; Zerr, D.M.; Walter, E.; Tsogoo, A.; Cappetto, K.; Valdez Gonzalez, J.;
Strelitz, B.; et al. Prevalence of Health Care and Hospital Worker SARS-CoV-2 IgG Antibody in a Pediatric Hospital. Hosp. Pediatr.
2021, 11, e48–e53. [CrossRef] [PubMed]

21. 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]

22. Korosec, C.S.; Dick, D.W.; Moyles, I.R.; Watmough, J. SARS-CoV-2 booster vaccine dose significantly extends humoral immune
response half-life beyond the primary series. Sci. Rep. 2024, 14, 8426. [CrossRef]

23. Moore, S.C.; Kronsteiner, B.; Longet, S.; Adele, S.; Deeks, A.S.; Liu, C.; Dejnirattisai, W.; Reyes, L.S.; Meardon, N.; Faustini, S.; et al.
Evolution of long-term vaccine-induced and hybrid immunity in healthcare workers after different COVID-19 vaccine regimens.
Med 2023, 4, 191–215. [CrossRef]

24. Choi, M.J.; Hyun, H.; Heo, J.Y.; Seo, Y.B.; Noh, J.Y.; Cheong, H.J.; Kim, W.J.; Kim, H.J.; Choi, J.-y.; Lee, Y.J.; et al. Longitudinal
immune kinetics of COVID-19 booster versus primary series vaccination: Insight into the annual vaccination strategy. Heliyon
2024, 10, e27211. [CrossRef]

25. Qu, P.; Faraone, J.N.; Evans, J.P.; Zheng, Y.M.; Yu, L.; Ma, Q.; Carlin, C.; Lozanski, G.; Saif, L.J.; Oltz, E.M.; et al. Durability
of Booster mRNA Vaccine against SARS-CoV-2 BA.2.12.1, BA.4, and BA.5 Subvariants. N. Engl. J. Med. 2022, 387, 1329–1331.
[CrossRef] [PubMed]

26. Gilboa, M.; Regev-Yochay, G.; Mandelboim, M.; Indenbaum, V.; Asraf, K.; Fluss, R.; Amit, S.; Mendelson, E.; Doolman, R.;
Afek, A.; et al. Durability of Immune Response After COVID-19 Booster Vaccination and Association With COVID-19 Omicron
Infection. JAMA Netw. Open 2022, 5, e2231778. [CrossRef] [PubMed]

27. Veli, N.; Martin, C.A.; Woolf, K.; Nazareth, J.; Pan, D.; Al-Oraibi, A.; Baggaley, R.F.; Bryant, L.; Nellums, L.B.; Gray, L.J.;
et al. Hesitancy for receiving regular SARS-CoV-2 vaccination in UK healthcare workers: A cross-sectional analysis from the
UK-REACH study. BMC Med. 2022, 20, 386. [CrossRef]

28. Zhang, L.; Wu, Y.; Jing, S.; Liu, X.; Ren, T.; Liu, X.; Dai, Z.; Fu, J.; Chen, X.; Xiao, W.; et al. The second dose of COVID-19 vaccine
booster hesitancy among health care workers in China: A multicenter cross-sectional study. Am. J. Infect. Control 2024, 52, 525–532.
[CrossRef]

29. Vellappally, S.; Naik, S.; Alsadon, O.; Al-Kheraif, A.A.; Alayadi, H.; Alsiwat, A.J.; Kumar, A.; Hashem, M.; Varghese, N.; Thomas,
N.G.; et al. Perception of COVID-19 Booster Dose Vaccine among Healthcare Workers in India and Saudi Arabia. Int. J. Environ.
Res. Public Health 2022, 19, 8942. [CrossRef] [PubMed]

30. Maraqa, B.; Nazzal, Z.; Baroud, H.; Douden, M.; El Hamshary, Y.; Jalamneh, T. Healthcare workers’ attitudes toward and factors
influencing their acceptance of an annual COVID-19 booster vaccine: A cross-sectional study in Palestine. BMC Health Serv. Res.
2024, 24, 624. [CrossRef]

https://doi.org/10.1016/j.ijid.2021.03.017
https://doi.org/10.1016/j.ijid.2024.107064
https://doi.org/10.1016/j.ijregi.2023.05.001
https://www.ncbi.nlm.nih.gov/pubmed/37234562
https://doi.org/10.1016/j.xcrm.2020.100040
https://www.ncbi.nlm.nih.gov/pubmed/32835303
https://doi.org/10.1371/journal.pone.0259703
https://doi.org/10.1186/s12916-021-02090-6
https://www.ncbi.nlm.nih.gov/pubmed/34420521
https://doi.org/10.1001/jama.2021.3341
https://www.ncbi.nlm.nih.gov/pubmed/33646292
https://doi.org/10.1016/j.celrep.2021.110235
https://www.ncbi.nlm.nih.gov/pubmed/34986327
https://doi.org/10.1542/hpeds.2020-003517
https://www.ncbi.nlm.nih.gov/pubmed/33361400
https://doi.org/10.1056/NEJMoa2114583
https://doi.org/10.1038/s41598-024-58811-3
https://doi.org/10.1016/j.medj.2023.02.004
https://doi.org/10.1016/j.heliyon.2024.e27211
https://doi.org/10.1056/NEJMc2210546
https://www.ncbi.nlm.nih.gov/pubmed/36069925
https://doi.org/10.1001/jamanetworkopen.2022.31778
https://www.ncbi.nlm.nih.gov/pubmed/36107426
https://doi.org/10.1186/s12916-022-02588-7
https://doi.org/10.1016/j.ajic.2023.11.012
https://doi.org/10.3390/ijerph19158942
https://www.ncbi.nlm.nih.gov/pubmed/35897309
https://doi.org/10.1186/s12913-024-11016-w


Vaccines 2025, 13, 163 16 of 16

31. Kainth, M.K.; Sembajwe, G.N.; Ahn, H.; Qian, M.; Carrington, M.; Armellino, D.; Jan, S. Despite mandated primary series, health
care personnel still hesitant about COVID-19 vaccine and immunizing children. Vaccine 2024, 42, 3122–3133. [CrossRef] [PubMed]

32. Lu, R.; Zhao, X.; Li, J.; Niu, P.; Yang, B.; Wu, H.; Wang, W.; Song, H.; Huang, B.; Zhu, N.; et al. Genomic characterisation and
epidemiology of 2019 novel coronavirus: Implications for virus origins and receptor binding. Lancet 2020, 395, 565–574. [CrossRef]

33. Peiris, J.S.; Guan, Y.; Yuen, K.Y. Severe acute respiratory syndrome. Nat. Med. 2004, 10, S88–S97. [CrossRef] [PubMed]
34. Zaki, A.M.; van Boheemen, S.; Bestebroer, T.M.; Osterhaus, A.D.; Fouchier, R.A. Isolation of a novel coronavirus from a man with

pneumonia in Saudi Arabia. N. Engl. J. Med. 2012, 367, 1814–1820. [CrossRef]
35. Zhou, W.; Wang, W.; Wang, H.; Lu, R.; Tan, W. First infection by all four non-severe acute respiratory syndrome human

coronaviruses takes place during childhood. BMC Infect. Dis. 2013, 13, 433. [CrossRef] [PubMed]
36. Zar, H.J.; Nicol, M.P.; MacGinty, R.; Workman, L.; Petersen, W.; Johnson, M.; Goldblatt, D. Antibodies to Seasonal Coronaviruses

Rarely Cross-React With SARS-CoV-2: Findings From an African Birth Cohort. Pediatr. Infect. Dis. J. 2021, 40, e516–e519.
[CrossRef] [PubMed]

37. Sayama, Y.; Okamoto, M.; Saito, M.; Saito-Obata, M.; Tamaki, R.; Joboco, C.D.; Lupisan, S.; Oshitani, H. Seroprevalence of
four endemic human coronaviruses and, reactivity and neutralization capability against SARS-CoV-2 among children in the
Philippines. Sci. Rep. 2023, 13, 2310. [CrossRef]

38. Gholami, M.; Fawad, I.; Shadan, S.; Rowaiee, R.; Ghanem, H.; Hassan Khamis, A.; Ho, S.B. COVID-19 and healthcare workers: A
systematic review and meta-analysis. Int. J. Infect. Dis. 2021, 104, 335–346. [CrossRef]

39. Chutiyami, M.; Bello, U.M.; Salihu, D.; Ndwiga, D.; Kolo, M.A.; Maharaj, R.; Naidoo, K.; Devar, L.; Pratitha, P.; Kannan, P.
COVID-19 pandemic-related mortality, infection, symptoms, complications, comorbidities, and other aspects of physical health
among healthcare workers globally: An umbrella review. Int. J. Nurs. Stud. 2022, 129, 104211. [CrossRef]

40. Schwartz, K.L.; Achonu, C.; Buchan, S.A.; Brown, K.A.; Lee, B.; Whelan, M.; Wu, J.H.; Garber, G. Epidemiology, clinical
characteristics, household transmission, and lethality of severe acute respiratory syndrome coronavirus-2 infection among
healthcare workers in Ontario, Canada. PLoS ONE 2020, 15, e0244477. [CrossRef]

41. Gouma, S.; Weirick, M.E.; Bolton, M.J.; Arevalo, C.P.; Goodwin, E.C.; Anderson, E.M.; McAllister, C.M.; Christensen, S.R.; Dunbar,
D.; Fiore, D.; et al. Health care worker seromonitoring reveals complex relationships between common coronavirus antibodies
and COVID-19 symptom duration. JCI Insight 2021, 6, e150449. [CrossRef]

42. Asamoah-Boaheng, M.; Grunau, B.; Karim, M.E.; Jassem, A.N.; Bolster, J.; Marquez, A.C.; Scheuermeyer, F.X.; Goldfarb, D.M. Are
higher antibody levels against seasonal human coronaviruses associated with a more robust humoral immune response after
SARS-CoV-2 vaccination? Front. Immunol. 2022, 13, 954093. [CrossRef]

43. 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. J. Med. 2021, 384, 403–416. [CrossRef]

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

45. Wang, L.; Davis, P.B.; Kaelber, D.C.; Volkow, N.D.; Xu, R. Comparison of mRNA-1273 and BNT162b2 Vaccines on Breakthrough
SARS-CoV-2 Infections, Hospitalizations, and Death During the Delta-Predominant Period. JAMA 2022, 327, 678–680. [CrossRef]

46. Montoya, J.G.; Adams, A.E.; Bonetti, V.; Deng, S.; Link, N.A.; Pertsch, S.; Olson, K.; Li, M.; Dillon, E.C.; Frosch, D.L. Differences
in IgG Antibody Responses following BNT162b2 and mRNA-1273 SARS-CoV-2 Vaccines. Microbiol. Spectr. 2021, 9, e0116221.
[CrossRef] [PubMed]

47. Kelliher, M.T.; Levy, J.J.; Nerenz, R.D.; Poore, B.; Johnston, A.A.; Rogers, A.R.; Stella, M.E.O.; Snow, S.E.; Cervinski, M.A.; Hubbard,
J.A. Comparison of Symptoms and Antibody Response Following Administration of Moderna or Pfizer SARS-CoV-2 Vaccines.
Arch. Pathol. Lab. Med. 2022, 146, 677–685. [CrossRef]

48. Meo, S.A.; Bukhari, I.A.; Akram, J.; Meo, A.S.; Klonoff, D.C. COVID-19 vaccines: Comparison of biological, pharmacological
characteristics and adverse effects of Pfizer/BioNTech and Moderna Vaccines. Eur. Rev. Med. Pharmacol. Sci. 2021, 25, 1663–1669.
[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/10.1016/j.vaccine.2024.04.028
https://www.ncbi.nlm.nih.gov/pubmed/38604909
https://doi.org/10.1016/S0140-6736(20)30251-8
https://doi.org/10.1038/nm1143
https://www.ncbi.nlm.nih.gov/pubmed/15577937
https://doi.org/10.1056/NEJMoa1211721
https://doi.org/10.1186/1471-2334-13-433
https://www.ncbi.nlm.nih.gov/pubmed/24040960
https://doi.org/10.1097/INF.0000000000003325
https://www.ncbi.nlm.nih.gov/pubmed/34533491
https://doi.org/10.1038/s41598-023-29072-3
https://doi.org/10.1016/j.ijid.2021.01.013
https://doi.org/10.1016/j.ijnurstu.2022.104211
https://doi.org/10.1371/journal.pone.0244477
https://doi.org/10.1172/jci.insight.150449
https://doi.org/10.3389/fimmu.2022.954093
https://doi.org/10.1056/NEJMoa2035389
https://doi.org/10.1056/NEJMoa2034577
https://doi.org/10.1001/jama.2022.0210
https://doi.org/10.1128/Spectrum.01162-21
https://www.ncbi.nlm.nih.gov/pubmed/34756093
https://doi.org/10.5858/arpa.2021-0607-SA
https://doi.org/10.26355/eurrev_202102_24877
https://www.ncbi.nlm.nih.gov/pubmed/33629336

	Introduction 
	Materials and Methods 
	Study Design 
	Participants 
	Procedures 
	Laboratory Methods 
	Criteria for Defining Infection 
	Quantification and Statistical Analysis 

	Results 
	Demographics and Patient Characteristics 
	Infection and Vaccination Rates 
	Analyses of SARS-CoV-2 IgG Antibody Response After Primary COVID-19 Vaccination 
	Cross-Reactivity of Seasonal and Other Coronaviruses After COVID-19 Vaccination and Infection 
	Durability of SARS-CoV-2 Anti-Spike IgG Antibodies over Time After COVID-19 Primary Vaccination and Booster 
	Analyses of SARS-CoV-2 Spike IgG Antibody Response to mRNA-1273 vs. BNT162b2 Vaccines 

	Discussion 
	Conclusions 
	References

