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A B S T R A C T

This study measured antibodies against different antigen targets in healthcare workers (HCW) who have
been fully vaccinated with mRNA vaccines, recovered from natural infection, or patients during active infec-
tion. All vaccinated individuals were positive for anti-RBD, anti-S1, and anti-S2 antibodies. The nonvacci-
nated recovered cohort showed 90% seropositivity by Atellica total antibody, 73% by Atellica IgG, 84% by
Bioplex anti-RBD, 77% by Bioplex anti-S1, 37% by Bioplex anti-S2, and 79% by Bioplex antinucleocapsid
respectively. The active infection cohort exhibited a similar pattern as the recovered cohort. About 88% and
78% of the recovered and active infection cohort produced both anti-spike and anti-N antibodies with Anti-
S1/anti-N ratios ranging from 0.07 to 16.26. In summary, fully vaccinated individuals demonstrated an aver-
age of 50-fold higher antibody levels than naturally infected unvaccinated individuals with immune reactiv-
ity strongly towards RBD/S1 and a weak response to S2. The results support vaccination regardless of
previous COVID-infection status.

© 2022 Elsevier Inc. All rights reserved.
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1. Introduction

Immunity plays a critical role in preventing SARS-CoV-2 infection
and protecting from severe disease. Vaccines have been proved to be
powerful tools in fighting the pandemic [1−3]. Multiple large-scale
studies with more than 10,000 participants also demonstrated that
natural infection can induce an immune response that confers high
levels of protection against symptomatic illness for at least 6 months
[4−6]. Studies that compared protective immunity acquired from a
previous infection versus vaccination showed controversial results.
Both equal protection and greater protection of vaccines have been
reported [7,8].

Circulating anti-SARS-CoV-2 antibody levels reflect the degree of
the humoral immune response. Serological tests measuring antibod-
ies against various SARS-CoV-2 antigen targets are now widely avail-
able. Both qualitative and semi-quantitative antibody assays have
been granted Emergency Use Authorization (EUA) by the FDA. So far,
numerous publications reported antibody response due to vaccina-
tion, or after natural infection separately. However, direct compari-
sons have been scarce; due to the diverse antigen targets, different
measurement units, and lack of traceability in calibration, compari-
son between vaccine-elicited and infection-induced antibody pro-
duction across different studies/assays is not easy and can be
misleading.

This study examined antibodies against spike protein (S) receptor-
binding domain (RBD), S1, S2, and nucleocapsid (N) protein in health-
care workers (HCW) who have been fully vaccinated with mRNA vac-
cine, recovered from natural infection, or patients during active
infection. It provides a direct comparison between vaccine- and
infection-induced humoral immunity using 2 qualitative and 2 semi-
quantitative immunoassays.

2. Materials and methods

2.1. Subjects and samples

Residual blood samples from research studies and clinical testing
at University Hospitals Cleveland Medical Center were used for the
study. Three cohorts were included: fully vaccinated HCW, nonvacci-
nated HCW who recovered from natural infection, and patients with
acute infection. The vaccination cohort was comprised of 33 health-
care worker volunteers who had received 2 doses of the Moderna
mRNA vaccine. Samples were collected between 14 days to 1 month
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after the second dose. The recovered group included 61 healthcare
workers who participated in a serosurveillance research study (IRB
number: STUDY20200608) and were identified as past SARS-CoV-2
infection by either a positive result (n = 52) of the IgG anti-N protein
assay (Abbott, IL) or negative serology, but with a self-reported posi-
tive PCR result. The active infection group included consecutively col-
lected symptomatic COVID patients diagnosed using PCR testing at
University Hospitals (n = 52 samples from 32 patients collected at
various post symptom onset dates). For each subject, a minimum of
1 mL of blood was collected into a serum separator tube by venipunc-
ture. Serum samples were allowed to clot adequately before centrifu-
gation and then centrifuged at 3000 rpm for 6 minutes. After
centrifugation, serum samples were poured off and tested within
7 days at 2 °C to 8 °C or stored at -80°C till assaying per manufac-
turers−specified sample stability time frame. All samples were uti-
lized according to University Hospitals Institutional Review Board
policies governing the use of residual material for assay validation.

2.2. Measure SARS-COV-2 antibodies using 4 different assays

All assays were performed and interpreted per the manufacturer’s
instructions. Bioplex 2200 semi-quantitative SARS-CoV-2 IgG multi-
plex panel (Bio-Rad, CA) detects and differentiates antibodies against
the RBD, S1, S2, and nucleocapsid protein. The assay cutoff for posi-
tivity is 10 U/mL. The Atellica SARS-CoV-2 semi-quantitative IgG
assay and qualitative total antibody assay measure anti-RBD IgG and
total antibodies, respectively (Siemens, NY) with a 1.0 index value as
assay cutoff for positivity. Architect qualitative SARS-CoV-2 IgG assay
detects IgG antibodies against nucleocapsid (Abbott, IL) with a cutoff
of 1.4 index value. The Abbott Architect assay has been fully validated
in our laboratory and is being used clinically for aiding the diagnosis
of active or past SARS-CoV-2 infection. In this study, the Abbott Archi-
tect assay result was used as one of the criteria for identifying the
cohort recovered from natural infection. Additional details regarding
these assays were described in the supplemental Table S1.

2.3. Statistical methods

Statistical analyses were performed using SigmaPlot software. The
difference between two groups was compared using the Student t
test or Mann-Whitney Rank Sum Test depending on whether the
Normality Test (Shapiro-Wilk) passed or failed. The difference among
3 or more groups was compared using the One-way ANOVA or Krus-
kal-Wallis One-way ANOVA on ranks depending on the result of the
Normality Test. Spearman Rank Order Correlation was used to assess
the correlation between variables such as seroprevalence and
Table 1
Antibody levels of vaccinated individuals by multiple assays with different antigen targets.

Total anti-RBD
(Siemens Atellica)

IgG anti-RBD
(Siemens Atellica)

IgG
(Bi

Positivity (Positive/Total) % (33/33)100% (33/33)100% (33
Median index (or unit) value >10 261 >3
Interquartile range (IQR) >10 ->10 140 - 291 >3

Table 2
Antibody levels of unvaccinated individuals recovered from COVID-19 by multiple assays wi

Total anti-RBD
(Siemens Atellica)

IgG anti-RBD
(Siemens Atellica)

IgG
(B

Positivity (Positive/Total) % (56/61) 92% (45/61) 74% (52
Median index (or unit) value >10 3.3 62
Interquartile range (IQR) >3.6 - >10 0.9- 9.4 12
exposure to COVID-19. A P value < 0.05 was regarded as statistically
significant.

3. Results

The basic characteristics of the specimens from the study cohorts
are summarized in supplementary Table S2. The recovery cohort
includes a wide spectrum of disease severity ranging from asymp-
tomatic infection to hospitalization and ICU stay among healthcare
workers before COVID-19 vaccines were available. The acute infec-
tion cohort represents an older and sicker population treated at our
health system at the beginning of the pandemic.

Antibody levels among individuals in the 2-dose vaccinated and
non-vaccinated recovered cohort are shown in Tables 1 and 2,
respectively. All the vaccinated individuals were positive by the S1
and RBD antibody assays with values exceeding the assay upper limit.
For the semi-quantitative assays, all samples triggered auto-dilution
and were further tested with appropriate dilutions per the assay
manufacturer’s instructions. The median was approximately 261-,
>320-, and 213-fold of the cutoff levels of the Atellica IgG anti-RBD,
Bioplex anti-RBD, and anti-S1 IgG assay, respectively. Even though
100% of the vaccinated individuals were positive for anti-S2 IgG, the
S2 antibody levels were much lower than anti-S1 or anti-RBD, with
the median being only about 4-fold of the cut-off value. Additionally,
3 individuals were also positive for anti-N IgG indicating previous
natural infection. These 3 samples were the top 3 highest samples by
the S1, RBD and S2 semi-quantitative assays. Anti-RBD values of these
3 samples were 3.5, 4.0, and 5.7 times the median level by the Sie-
mens IgG assay. Interestingly, even though the response to S2 was
generally much lower than S1, notable heterogeneity was observed.
The 3 previously infected and vaccinated people had anti-S2 IgG lev-
els ranging from 18 to >80 times the cutoff level, which was signifi-
cantly higher than the naive vaccinated people (P < 0.05).

Antibody results of unvaccinated individuals recovered from nat-
ural infection are summarized in Table 2. Seropositivity rates were
different depending on antigen targets and assays. The total anti-RBD
assay showed the highest positive rate of 90%, while the anti-S2 assay
exhibited the lowest seropositivity at 38%. The median antibody lev-
els of this cohort were 3, 6, and 4.5 times the assay cutoff by the Atell-
ica anti-RBD, Bioplex anti-RBD, and anti-S1 IgG assay, respectively.
About 2%, 40%, 22%, and 30% of samples exceeded the assay analytical
range and needed further dilutions for analysis on the Atellica anti-
RBD IgG, Bioplex anti-RBD, anti-S1, and anti-N IgG semi-quantitative
assays, respectively.

As shown in Fig. 1, anti-RBD, anti-S1, and anti-S2 antibody levels
measured using the Bioplex assay were dramatically higher in the
anti-RBD
orad Bioplex)

IgG anti-S1
(Biorad Bioplex)

IgG anti-S2
(Biorad Bioplex)

IgG anti-N
(Biorad Bioplex)

/33)100% (33/33)100% (33/33)100% (3/33)9%
200 U 2132 U 42 U <1U
200 - >3200U 1649 -> 3200U 24 - 76U <1 - <1U

th different antigen targets.

anti-RBD
iorad Bioplex)

IgG anti-S1
(Biorad Bioplex)

IgG anti-S2
(Biorad Bioplex)

IgG anti-N
(Biorad Bioplex)

/61) 85% (48/61) 79% (23/61) 38% (50/61) 82%
U 45U 7 U 69U
- 269U 10-83U 1 - 12U 20 - 185U



Fig. 1. Comparison of SARS-CoV-2 antibody levels to different antigens between actively infected, recovered, and vaccinated cohorts. IgG antibody levels against S1 and S2 were sig-
nificantly higher (about 47 and 6 folds, respectively) in vaccinated individuals than unvaccinated people who have recovered from natural SARS-CoV-2 infection (P < 0.01). No sig-
nificant difference between recovered and active infection in S1 or S2 antibodies.
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vaccinated individuals than the unvaccinated individuals recovered
from natural infection. It was about 47- and 6- fold higher for S1 and
S2, respectively. However, there’s no significant difference between
the recovered and active infection cohorts. The results from the Atell-
ica semi-quantitative anti-RBD IgG assay showed a similar pattern.
The median in the vaccinated cohort was 54 times higher than the
recovered cohort. Both the recovered and active infection cohorts
presented a wide range of antibody levels. Two out of 32 patients
(6%) with active infection had anti-RBD IgG greater than 179 (the
mean anti-RBD IgG index of the vaccinated cohort).

We further analyzed the ratio of anti-S1 and anti-N IgG in each
individual with active or past COVID infection using the multiplex
Fig. 2. Imbalanced anti-S1 and anti-N antibody levels among naturally infected individuals.
plex multiplex assay were compared. Most individuals developed both anti-S1 and anti-N a
showed a higher level of anti-S1 than anti-N antibodies. Anti-S1/anti-N ratio ranging from 0.
higher level of anti-S1 than anti-N antibodies. Anti-S1/anti-N ratio ranging from 0.05 to 53.
difference was observed in anti-N antibody levels, anti-S1 antibody levels, or anti-S1/anti-N
assay data. As shown in Fig. 2, most individuals (>78%) developed
both anti-S1 and anti-N antibodies after natural infection. However,
the anti-S1/anti-N ratio varied greatly between individuals. Addition-
ally, a small but significant portion of the infected population pro-
duced only 1 type of antibody: either anti-N or anti-S. Further
analysis of PCR Ct values and anti-S1/anti-N ratio in the active infec-
tion cohort did not show any correlation. In both the active and
recovered infection cohorts, no significance in the anti-S1/anti-N
ratio was observed between outpatients, inpatients, and ICU patients
(P > 0.05). For the recovered infection cohorts, we further compared
the anti-S1/anti-N ratio between less than 2 months and greater than
2 months after symptom onset or positive PCR test to assess if
Anti-N and anti-S1 antibody levels within the same individual obtained using the Bio-
ntibodies after natural infection. Among them, 43.2% (19 of 44) in the recovery cohort
07 to 16.26 with median = 0.62. In the active infection group, 52.0% (13 of 25) showed a
74 with median = 0.80. Between the recovery and active infection group, no significant
antibody ratio (P > 0.05).



Fig. 3. Correlation between SARS-CoV-2 antibodies against different antigens in individuals with acute natural infection. (A) Anti-RBD antibody levels showed a strong positive cor-
relation with anti-S1 antibody levels as expected. (B) Anti-RBD antibody levels measured by different assays were also highly correlated. (C) There was no positive correlation
between the Anti-S2 and anti-S1 antibody levels. (D) There was no positive correlation between the anti-N and anti-S1 antibody levels.
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heterogeneity relates to time since infection. The median and IQR
were 0.65 and 0.17 to 2.75 among individuals less than 2 months and
1.33 and 0.46 to 3.21 among individuals greater than 2 months after
symptom onset or positive PCR test (P > 0.05).

We also evaluated the correlation between antibodies against dif-
ferent protein targets in acute COVID patients (Fig. 3). Within the Bio-
plex panel, the anti-RBD and anti-S1 IgG levels showed a good
positive correlation. This is expected since RBD is part of the S1 pro-
tein. Between assays, the Atellica and Bioplex anti-RBD IgG antibody
levels for the same sample also showed a strong positive correlation.
However, neither anti-S2 nor anti-N antibody expression was posi-
tively correlated with anti-S1 production. On the contrary, the anti-
S2 levels in the vaccinated cohort showed a strong positive correla-
tion with anti-S1 levels (R2 = 0.9518). This difference may be attrib-
uted to the diversity in exposure, viral load, and viral-host
interaction in natural infection versus the high consistency of vaccine
dosage and its delivery.

4. Discussion

Our data demonstrated distinct differences in antibody profile fol-
lowing natural COVID infection and vaccination. Most infected indi-
viduals developed both anti-N and anti-RBD/S1 antibodies with
greatly varied concentrations and about 54% have more anti-N than
anti-S1 antibodies. Natural infection only induced a low level of anti-
S2 antibodies in less than 50% of cases. All fully vaccinated individuals
we tested showed strong immune reactivity toward RBD/S1, with an
average of 50-fold higher antibody levels than naturally infected
unvaccinated individuals. A response to S2 was also induced in all
fully vaccinated subjects and the median value was approximately a
6-fold difference from that of a natural infection.

Compared to COVID-19 infection, a fundamental difference in the
immune responses generated by the mRNA vaccines is antigen target
specificity. Unlike a natural infection, where whole SARS-CoV-2
viruses elicit a large diversity of antibodies, the 2 FDA-approved
mRNA vaccines only introduce the spike protein to the immune sys-
tem. The potential impact of the additional anti-N antibodies in natu-
rally infected individuals remains undetermined. Because the N
protein is located within the viral envelope and not directly exposed
to the host cells when the virus is intact, anti-N antibodies are
unlikely to be neutralizing. A study using isolated N-targeting mAbs
from COVID-19 convalescents suggests some anti-N antibodies can
inhibit complement hyperactivation and thus may lessen inflamma-
tion. Additionally, it is unclear whether the ratio between anti-N and
anti-S is useful for predicting COVID-19 disease trajectories during
the acute stage. Roltgen et al. reported that higher ratios of IgG anti-
bodies targeting S1 or RBD compared to N protein were seen in out-
patients with mild illness versus severely ill patients [9]. However,
our result did not show any correlation between the anti-S1/anti-N
ratio and the severity of the disease. This may due to the difference in
antibody epitopes measured by assays. A study by Sen suggests that
antibodies to a 21-residue epitope from nucleocapsid (Ep9) are asso-
ciated with more severe disease outcomes [10].

A similar percentage of recovered and active infection subjects
had only 1 type of detectable antibody (anti-S or anti-N), which sug-
gests that those imbalanced antibody levels are unlikely due to
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differences in antibody decay. It rather indicates the variation in anti-
body production because of the difference in the interaction between
the virus and host cells. Anti-N antibodies are often used as a serolog-
ical marker for natural infection. Our data suggest a significant por-
tion of the infected subjects who only produce anti-S antibodies
might be missed when using anti-N for epidemiology study or inves-
tigation of COVID-19 associated Multisystem Inflammatory Syn-
drome in Children (MIS-C).

The S protein comprises subunits S1 and S2. S1 harbors the RBD
and N-terminal domain (NTD). Both the Pfizer-BioNTech and Mod-
erna COVID-19 vaccine encode a prefusion- stabilized, membrane-
anchored SARS-CoV-2 full-length spike protein [11,12], and thus are
capable of eliciting anti-RBD, S1, and S2 antibodies. Anti-RBD or anti-
S1 antibodies are the major sources of neutralizing antibodies. Those
antibodies might inhibit RBD binding to ACE2, thus preventing entry
of SARS-CoV-2 into target cells. The 50-times higher S1/RBD antibody
levels with vaccination relative to natural infection and the heteroge-
neity in antibody levels among the infected individuals strongly sup-
port eligible individuals should consider vaccination regardless of
previous COVID infection history. However, some unvaccinated but
infected individuals may produce very high levels of anti-RBD/S1
antibodies that even exceed median vaccinated antibody levels. Addi-
tionally, the “hybrid immunity” (vaccinated after infection) exhibited
3- to 5-fold higher anti-RBD antibodies than the median level of naive
vaccinated people. Those exceptionally high antibody levels may not
necessarily be beneficial [13,14]. With time, individual immunity to
COVID becomes diversified due to frequency and levels of exposure,
asymptomatic/symptomatic infection, and vaccination/booster doses.
Individualized vaccination booster plans may need to be considered
for some special populations.

S2 is necessary for the fusion of viral with host membranes and is
structurally more conservative, thus less likely to harbor mutations
than S1 [15]. Antibodies against S2 may be a potential target for
future therapeutic antibody and vaccine design for fighting existing
and emerging variants. The lower levels of anti-S2 antibodies in both
vaccinated and infected individuals compared to RBD and S1 antibod-
ies may partially be due to the fact that the S2 subunit is not fully
exposed until after receptor binding. The higher anti-S2 levels in the
vaccinated versus infected cohort and strong positive correlation
between anti-S2 and anti-S1/RBD antibody levels in vaccinated indi-
viduals indicate booster dose might be effective in bumping anti-S2
antibody production.

So far, it remains to be determined whether the serum anti-RBD
or anti-S1 antibody levels can serve as an indicator for the degree of
protection or the timing of booster administration. Neutralization
antibody titer is considered to correlate with protective immunity,
but the threshold level is not yet established. A breakthrough infec-
tion study in healthcare workers [16] demonstrated that neutralizing
antibody titers in cases of patients during the peri-infection period
were lower than those in matched uninfected patients, and higher
peri-infection neutralizing antibody titers were associated with
lower infectivity (higher Ct values). Khoury et al. estimated the neu-
tralization level for 50% protection against detectable SARS-CoV-2
infection and severe disease to be 20.2% and 3% of the mean conva-
lescent level, respectively [17]. Recent studies show a varying degree
of correlation between neutralizing antibody titers and anti-S1 or
anti-RBD binding antibody values [18,19]. It should be noted that
most of the assays in the existing studies are qualitative assays that
may not have a linear response, especially at high antibody levels.
The newer semi-quantitative assays, which typically have a much
broader clinical reportable range necessary for measuring the high
antibody concentration elicited by vaccination, have not been fully
evaluated yet. Given the high correlation between assays for the
same antigen targets, it is promising to standardize and correlate the
anti-spike protein assays to neutralizing titer, and thus further
evaluate their potential as a surrogate indicator for protective immu-
nity and utility in vaccine booster planning.

A potential limitation of the study is that antibody activity does
not encompass the entirety of the immune responses. Both COVID
infection and vaccination can induce CD4 and CD8 T cell responses.
Additionally, viral variants included in this study are predominantly
the original SARS-CoV-2 strain and the strain with D614G mutation.

In conclusion, individuals fully vaccinated with mRNA vaccine
mounted strong humoral immunity with much higher anti-RBD1,
anti-S1, and anti-S2 antibody levels compared to the naturally
infected individuals. The results strongly support that all eligible indi-
viduals should be vaccinated, regardless of history of COVID-19 infec-
tion.
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