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Association between SARS-CoV-2 Symptoms,
Ct Values, and Serological Response in
Vaccinated and Unvaccinated Healthcare
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Background: SARS-CoV-2 vaccines are effective at reducing symptomatic and asymptomatic COVID-19. Limited
studies have compared symptoms, threshold cycle (Ct) values from reverse transcription (RT)-PCR testing, and
serological testing results between previously vaccinated vs unvaccinated populations with SARS-CoV-2 infection.
Methods: Healthcare personnel (HCP) with a positive SARS-CoV-2 RT-PCR test within the previous 14 to 28 days
completed surveys including questions about demographics, medical conditions, social factors, and symptoms of
COVID-19. Ctvalues were observed, and serological testing was performed for anti-nucleocapsid (anti-N) and anti-
Spike (anti-S) antibodies at enrollment and 40 to 90 days later. Serological results were compared to HCP with no
known SARS-CoV-2 infection and negative anti-N testing.

Results: There were 104 unvaccinated/not fully vaccinated and 77 vaccinated HCP with 2 doses of an mRNA
vaccine at time of infection. No differences in type or duration of symptoms were reported (P=0.45). The
median (interquartile range [IQR]) Ct was 21.4 (17.6-24.6) and 21.5 (18.1-24.6) for the unvaccinated and
vaccinated HCP, respectively. Higher anti-N IgG was observed in unvaccinated HCP (5.08 S/CO, 3.08-6.92) than
vaccinated (3.61 signal to cutoff ratio [S/CO], 2.16-5.05). Anti-S IgG was highest among vaccinated HCP with
infection (34 285 aribitrary units [AUl/mL, 17 672-61 775), followed by vaccinated HCP with no prior infection
(1452 AU/mL, 791-2943), then unvaccinated HCP with infection (829 AU/mL, 290-1555). Anti-S IgG decreased
1.56% (0.9%-1.79%) per day in unvaccinated and 0.38% (0.03%-0.94%) in vaccinated HCP.

Conclusions: Vaccinated HCP infected with SARS-CoV-2 reported comparable symptoms and had similar Ct
values relative to unvaccinated. However, vaccinated HCP had increased and prolonged anti-S and decreased
anti-N response relative to unvaccinated.
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IMPACT STATEMENT

This study compared symptoms, SARS-CoV-2 RT-PCR Ct values, and serological response in healthcare pro-

fessionals with COVID-19 who were vaccinated vs unvaccinated for SARS-CoV-2. Results indicate that, for

healthy individuals, COVID-19 symptomology may be similar for those who have vs have not been vaccinated,

that Ct values may not be useful for predicting infection severity or serological response, and that serological

protection against future infection may be influenced by repeated exposure to SARS-CoV-2, either through

infection or vaccination. This contributes to knowledge concerning the relationship between 3 measures of

iliness, as well as the impact of vaccination status on these measures.

INTRODUCTION

The mRNA vaccines BNT162b2 and mRNA-1273
are highly effective at reducing symptomatic
COVID-19, asymptomatic infections, and adverse
outcomes including hospitalization and intensive
care unit admission (1-5). While the efficacy of
these vaccines has been affected by the emer-
gence of novel variants (6-8) and wanes with time
from vaccination (9), there remains clear clinical
benefit from vaccination for reducing the risk of in-
fection in the weeks to months following immun-
ization (10) and for decreasing the risk of severe
disease or death. These effects have also been
observed in healthcare personnel (HCP), who
may experience a dramatic reduction in the rate
of COVID-19 infection post-vaccination (11, 12).

While the effectiveness of mRNA vaccines in
reducing SARS-CoV-2 infections and adverse
outcomes has been clearly demonstrated in the lit-
erature, it is less clear whether vaccination affects
the symptomatology associated with COVID-19.
Further, while the rate of post-acute sequelae of
SARS-CoV-2 infection (long COVID) is reduced in
vaccinated populations, studies to date are incon-
clusive regarding the rate of long COVID in those
that have infection after vaccination (13).

Interestingly, studies associating SARS-CoV-2
reverse transcription (RT)-PCR threshold cycle (Ct)
values with clinical outcomes have demonstrated
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mixed results (14-17). Retrospective observational
studies have implied a reduced viral load in vacci-
nated adults in the general population (18).
However, the impact of vaccination on viral load
in otherwise healthy populations with mild symp-
toms is unknown.

Protection provided by mRNA vaccines is due in
part to the robust humoral immune responses
generated to the SARS-CoV-2 spike (S) protein
and remarkably high neutralizing antibody levels
(19, 20). However, SARS-CoV-2-specific antibody
levels are known to wane over time, particularly
in individuals older than 65 years of age (21).
Previous studies have demonstrated that indivi-
duals who have a SARS-CoV-2 infection after
vaccination and those who are vaccinated after
a previous infection have a particularly robust anti-
body response and protection against SARS-CoV-2
variants relative to those who receive vaccine only
(22, 23). However, few studies have compared the
serological response in individuals who are vacci-
nated after having a SARS-CoV-2 infection vs indi-
viduals who have a SARS-CoV-2 infection after
being vaccinated. Further, little is known about
how the serological response correlates with
symptomatology and Ct values in vaccinated rela-
tive to unvaccinated individuals.

In this prospective observational study, we com-
pared self-reported symptoms in vaccinated vs
unvaccinated SARS-CoV-2 infected HCP and
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associated these with Ct values and longitudinal
serological testing.

MATERIALS AND METHODS

Setting and Study Population

This study took place at a large academic medic-
al center in St. Louis, MO. HCP >18 years of age
employed at Washington University School of
Medicine (WUSM), Barnes-Jewish Hospital (BJH),
or St. Louis Children’s Hospital (SLCH) who had a
positive SARS-CoV-2 PCR test from a nasopharyn-
geal (NP) swab within the previous 14 to 28 days
were eligible to participate. Potential participants
were identified using occupational health records
and study advertisements. The unvaccinated
group also included participants who were not
fully vaccinated (i.e., only a single dose of vaccine
received) or less than 14 days from the second
dose of an mRNA vaccine at the time of enroll-
ment. Some participants were vaccinated/became
fully vaccinated after initial infection and entry into
the study. These individuals were grouped in the
“unvaccinated” category for both the entry and
follow-up study visits.

To provide a comparison group, an additional 127
HCP who had no documented or reported
RT-PCR-confirmed SARS-CoV-2 infection and who
had received 2 doses of an mRNA vaccine were also
recruited. Control HCP were included in the study
only if they were negative for anti-SARS-CoV-2 nucleo-
capsid (anti-N) antibodies at enrollment.

The study protocol was reviewed and approved
by the Washington University in St. Louis Human
Research Protection Office (IRB# 202008054,
202010117). All participants provided informed
consent prior to specimen and data collection.

Study Visits

Enrollment visits were conducted 14 to 28 days
after the positive SARS-CoV-2 PCR test. Follow-up
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visits were conducted 40 to 90 days after the
positive SARS-CoV-2 PCR test. All participants
were enrolled between September 29, 2020, and
February 15, 2022, and follow-up visits were con-
ducted between December 8, 2020, and March
15,2022. Vaccines were available to HCP beginning
December 14, 2020. At each study visit, participants
completed a survey that included questions about
demographics, employment, pre-existing medical
conditions, SARS-CoV-2 exposures, social distan-
cing behaviors, travel and social event history, and
symptoms of COVID-19. Pre-existing medical condi-
tions screened included blood disorders, cancer,
cerebrovascular disease, chronic kidney disease,
diabetes, heart disease, history of solid organ trans-
plant or bone marrow transplant, HIV, liver disease,
lung disease, neurologic conditions, obesity, preg-
nancy, seasonal allergies, smoking status, and use
of corticosteroids. Participants were also asked
about their SARS-CoV-2 vaccine status, type of vac-
cine received, number of doses received, and date
of each dose. In October 2021, a question was
added to the follow-up visit survey about a third/
booster dose but no participants had received a
booster dose of vaccine at entry. Participants
were considered fully vaccinated if they had re-
ceived the second dose of mMRNA vaccine at least
2 weeks prior to the relevant study visit.

Specimen Collection and Laboratory Testing

Blood specimens were collected into a 10 mL K5
EDTA tube and maintained at room temperature
for up to 8 h before refrigeration. Specimens
were centrifuged and plasma aliquots stored for
up to 4 days at 4°C prior to anti-N testing, or frozen
at =80°C for up to 12 months then thawed and
clarified by centrifugation prior to anti-S testing.

Anti-N testing was performed using the Abbott
SARS-CoV-2 1gG assay according to the manufac-
turer's recommendations on an Abbott Architect
i2000. The assay is qualitative but also reports a
signal to cutoff ratio (S/CO) relative to the calibra-
tor. Several studies have previously reported an
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association between the S/CO and an increase in
antibody response including neutralizing anti-
bodies (24-26). Aresult of >1.4 S/CO is considered
a positive result. Anti-S testing was performed
using the Abbott SARS-CoV-2 IgG Il assay accord-
ing to the manufacturer's recommendations. This
assay is semi-quantitative and reports in arbitrary
units (AU)/mL. Plasma samples testing above the
analytic measuring range (25000 AU/mL) of the
assay were diluted and retested to report a final
result.

Molecular testing for SARS-CoV-2 was per-
formed on multiple FDA-emergency use author-
ization (EUA) or cleared platforms at our
institution during the study enrollment period.
The vast majority of HCP screenings were per-
formed using the Roche cobas SARS-CoV-2 meth-
od on the cobas 6800 system according to the
manufacturer’'s instructions. Other platforms
were used for testing due to availability of tests
or when participants were tested at outside la-
boratories. For quantitative comparisons of Ct va-
lues, only HCP results tested on the Roche
instrument from the ORF-1 target were used.

Data Analysis

Fisher exact and chi-square tests were used to
examine associations between SARS-CoV-2 vaccine
status and HCP characteristics, SARS-CoV-2 expos-
ure history, and symptoms. Normality was assessed
using the Shapiro-Wilk test with each group in the
study being non-normally distributed (P < 0.05).
The Mann-Whitney test was used to compare 2
groups and multiple comparisons were performed
using a non-parametric (Kruskal-Wallis) one way
ANOVA with Dunn multiple comparison test and
multiplicity-adjusted P-values. Correlation was per-
formed using Spearman rank correlation coefficient
(r). For comparing serological results, HCP were fur-
ther broken down to those who had SARS-CoV-2 in-
fection after 2 doses of vaccine, those who had 2
doses of vaccine after SARS-CoV-2 infection, and
those who received a booster dose (3 doses of a
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vaccine). Statistical analyses were performed in
SAS version 9.4 and GraphPad Prism 9 with P<
0.05 considered statistically significant. All data and
statistical analysis were stored/saved locally on a
shared folder for future use and analysis.

RESULTS

Demographics

We enrolled 104 HCP who were unvaccinated
(n =90) or incompletely vaccinated (n=14) at
the time of SARS-CoV-2 infection and 77 were fully
vaccinated with 2 doses of an mRNA vaccine
(Table 1). Fourteen (13.5%) of the HCP in the un-
vaccinated group were partially vaccinated or <2
weeks from their second dose of mRNA vaccine.
Among vaccinated HCP, the median time from
the second dose of vaccine to RT-PCR-confirmed
SARS-CoV-2 infection was 267 days (range 17 to
435 days). The median (interquartile range [IQR])
age was comparable in the unvaccinated (38, 30-
46) and vaccinated (38, 29-48) cohorts. Both co-
horts were primarily white (unvaccinated 86.5%
vs vaccinated 85.7%, P=0.87) and primarily fe-
male sex (unvaccinated 86.5% vs vaccinated
76.6%, P=0.11). The only common comorbidities
that were reported by more than 10% of the study
population were seasonal allergies and obesity,
but there was no difference between unvaccin-
ated and vaccinated cohorts. Similar rates of
known recent occupational exposure were re-
ported in the unvaccinated (14.6%) and the vacci-
nated (18.2%, P=0.51) cohorts. Further, contact
with COVID-19 patients (11.5% vs 11.7%, P=
0.98), adherence to social distancing measures
more than half the time (66.3% vs 62.3%, P=
0.52), and wearing a face mask more than half
the time while at work (98% vs 98.7%, P=1.0)
were comparable between the unvaccinated and
vaccinated cohorts, respectively. Unvaccinated
HCP reported lower rates of travel (12.5% vs
27.3%), attending gatherings such as a restaurant
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Table 1. Healthcare personnel baseline demographics and risk behaviors.

Vaccinated HCP Unvaccinated HCP

n=77 (%) n =104 (%)
Demographics
Age (median, [IQR]) 38 [30-46] 38 [29-47.5]
Female 59 (76.6) 90 (86.5)
Race
Asian 6 (7.8) 4(3.8)
Black 6(7.8) 9(8.6)
White 66 (85.7) 90 (86.5)
Other? 4(5.2) 2(1.9)
Hispanic ethnicity 2(2.6) 5(4.8)
Job role®
Patient care role® 52 (67.5) 71 (68.3)
Patient support role® 25(32.5) 32(30.8)
Comorbidities
Seasonal allergies 29 (37.7) 47 (45.2)
Body mass index of 30 or higher 12 (15.6) 23(22.1)
Cerebrovascular disease 7(9.1) 4(3.9)
Other® 13(16.9) 30 (28.9)
Occupational risk factors
Known, specific COVID-19 exposure at workP 14 (18.2) 15 (14.6)
Contact with known or suspected COVID-19 patients at work more than half 9(11.7) 12 (11.5)
the time'
Practice social distancing more than half the time when at work and not 48 (62.3) 69 (66.3)
involved in immediate patient care®
Wear a face mask more than half the time while at work® 76 (98.7) 102 (98.0)
Non-occupational risk factors
Household member suspected or confirmed to have COVID-19 in past 30 47 (61.0) 60 (57.7)
days
Known, specific COVID-19 exposure outside of work (excluding sick 15(19.5) 25 (24.0)
household member)
Practice social distancing more than half the time when in public® 66 (85.7) 101 (97.1)
Wear a face mask more than half the time while in public 70 (90.9) 103 (99.0)
Traveled in the past 30 days 21(27.3) 13(12.5)
Attended a gathering in the past 30 days
Restaurant 46 (59.7) 31 (29.8)
Other large gatheringh 46 (59.7) 34 (32.7)
None 18 (23.4) 49 (47.1)
Visited a public location in the past 30 days
Medical office 29 (37.7) 25(24.0)
Store 74 (96.1) 97 (93.3)
Other 34 (44.2) 32 (30.8)

P-value

0.39
0.11

0.33
0.83
0.87
0.40
0.70
0.60

0.31
0.27
0.21
0.06

0.51
0.98

0.52

1.00

0.65

0.44

0.009
0.011
0.012

<0.007
<0.001
0.001

0.048
0.52
0.06
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Table 1. Continued

Vaccinated HCP Unvaccinated HCP
n=77 (%) n =104 (%) P-value

None 2(2.6) 4(3.8) 1.00

“Other race included Middle Eastern and mixed race.

50ne HCP in the unvaccinated group was missing a response to this question.

“Patient care roles include: advance practice nurse, dialysis technician, medical assistant, medical student, nurse, nurse’s assistant, nurse
practitioner, occupational therapist, paramedic, patient care technician, patient sitter, perfusionist, physical therapist, physician, physician's
assistant, psychologist, radiation technician, respiratory therapist, x-ray technician.

dpatient support roles include: administration, dietician, dining services personnel, facilities personnel, graduate student, laboratory personnel,
pharmacist, pharmacy technician, postdoctoral fellow, research personnel, social worker.

€Other comorbidities include: asthma, autoimmune condition, blood disorder, cancer, Crohn disease, diabetes, hearing loss, heart disease,
hyperthyroidism, hypothyroidism, liver disease, lung disease, migraines, neurologic condition, pregnancy, smoking, use of immunosuppressive
medications.

Two HCP in the unvaccinated group were missing a response to this question.

80ne HCP in the vaccinated group was missing a response to this question.

NOther large gatherings include: amusement park, bar, concert, funeral, gathering of family or friends, graduation, religious service, school, sporting
events, wedding.

'Other public locations include: bank, Department of Motor Vehicles, dry cleaner, hair salon, laundromat, library, post office, veterinarian office.

mRMNA Vaccine Available 12/14/20

22
20
18 -
16
14

Mumber of HCPs

L= N N - = = B = ]

o Fr Fa Oy Oy O G O Cs Gn Gp Fn Fr, T O O
e, T, 2, % R, %, %, B, 2 %, %, 0, L, 2, %, R

D, 0, 0, 0, O, O, 0, 0, ¢
S R, TR, T, TR, TR, e, TR R %

Manth/Year of Enrallment Visit

HCP received second dose of two dose vaccine at least two weeks prior to enrollment visit
H No B Yes

Fig. 1. Participant enrolilment dates, vaccination status, and local availability of SARS-CoV-2 vaccines
and boosters.

Each column is the number of individuals recruited in each month. Unvaccinated HCP are represented
by the blue column and vaccinated by the red.
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Table 2. Association between SARS-CoV-2 testing, symptomatology, and vaccination status in infected
HCP.
Vaccinated Unvaccinated HCP
HCP n =77 (%) n =104 (%) P-value
SARS-CoV-2 Testing
Days from positive SARS-CoV-2 PCR test to enrollment survey (median, 23 [19-27] 23.5[20-25] 0.75
[IQR])
Symptoms in past 14 days
Any symptom 50 (64.9) 73 (70.2) 0.45
Fatigue 38 (49.3) 53(51.0) 0.83
Congestion or runny nose 34 (44.2) 36 (34.6) 0.19
Headache 30 (39.0) 50(48.1) 0.22
Cough 29 (37.7) 47 (45.2) 031
New loss of sense of taste or smell 26 (33.8) 31(29.8) 057
Muscle or body aches 20 (26.0) 30(28.8) 0.67
Fever or chills 11 (14.3) 18 (17.3) 0.58
Gl symptoms 11(14.3) 17(16.3) 0.70
Sore throat 11 (14.3) 16 (154) 0.84
Shortness of breath 10 (13.0) 25(24.0) 0.06
Other 2(2.6) 6 (5.8) 0.47
More than one symptom 42 (54.5) 61 (58.6) 0.58
Ongoing symptoms at time of enrollment® 0.27
Yes 11(14.3) 25 (24.0)
No 38 (49.3) 48 (46.2)
Never experienced symptoms 27 (35.1) 31 (29.8)
Sought medical care for symptoms 0.74
Sought medical care 13(16.9) 20(19.2)
Did not seek medical care 37 (48.0) 53 (51.0)
Never experienced symptoms 27 (35.1) 31 (29.8)
?0ne HCP in the vaccinated group was missing a response to this question.
(29.8% vs 59.7%), and visiting public locations such Symptoms

as a medical office (24.0% vs 37.7%) compared to
vaccinated HCP (P < 0.05 for each). However, this
difference likely reflected lockdown measures
and early attempts to reduce the spread of
COVID-19, as most unvaccinated individuals were
enrolled between September 2020 and January
2021, before vaccines were widely available to
HCP and when lockdown measures were more
common in the region (Fig. 1).
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No significant differences in symptomatology
were reported in unvaccinated vs vaccinated
HCP at study enrollment (Table 2). The most com-
mon symptoms for both groups were fatigue
(51.0% for unvaccinated HCP vs 49.3% for vacci-
nated HCP) and congestion (34.6% for unvaccin-
ated HCP vs 442% for vaccinated HCP).
Approximately one third (29.8% of unvaccinated
HCP and 35.1% of vaccinated HCP) reported no
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Fig. 2. Ct values in vaccinated and unvaccinated healthcare personnel.
Each dot is an individual participant. Previously vaccinated healthcare personnel were at least 14 days
from their second dose. (A), Ct relative to vaccination status and (B), Ct values in vaccinated workers in

symptoms of COVID-19, despite having had a posi-
tive PCR test. A higher proportion of unvaccinated
(24.0%) than vaccinated (13.0%) HCP reported
shortness of breath, but this did not reach statis-
tical significance (P=0.06). At follow-up, there
was no significant difference in duration of re-
ported symptoms (P = 0.37) with 39.3% of unvac-
cinated and 49.3% of vaccinated HCP reporting
that symptoms subsided within 14 days (online
Supplemental Table 1). At the time of follow-up
(range 45 to 140 days), 25.8% of unvaccinated
and 19.0% of vaccinated HCP reporting ongoing
symptoms. Of the HCP that were unvaccinated at
entry, 26/104 (25%) were fully vaccinated at the
follow-up visit.

Ct Values

For their initial positive PCR testing, 95/104 un-
vaccinated and 70/77 vaccinated HCP were tested
for SARS-CoV-2 using the Roche RT-PCR assay. The
mean (IQR) Ct value was 21.4 (17.6-24.6) for
the unvaccinated group and 21.5 (18.1-24.6) for
the vaccinated group (Fig. 2, A). In the vaccinated co-
hort, there was no association between time from
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second vaccine dose and Ct value (Pearson r=
0.01, Fig. 2, B). Independent of vaccination status,
there was no difference in Ct in those with a body
mass index (BMI) >30, those who were asymptom-
atic, those with persistent symptoms at follow-up,
those who presented with fever, or those who pre-
sented with shortness of breath (online
Supplemental Fig. 1).

Antibody Titers

At enrollment, HCP who were not vaccinated
had higher anti-N antibody levels (median=5.08
S/CO, IQR 3.08-6.92) than those who were vacci-
nated (median=3.61, IQR 2.16-5.05, P<0.001,
Fig. 3, A). There was a significant decrease in
anti-N antibodies in all participants at follow-up,
but anti-N antibodies remained higher in unvac-
cinated HCP (median 2.83, IQR 1.51-5.46) than
vaccinated HCP (median 1.70, IQR 0.93-2.81, P <
0.001, Fig. 3, B). There was no significant difference
in Ctvalues between HCP who were anti-N positive
and those who were anti-N negative, independent
of vaccination status at enrollment or at follow-up
(Fig. 3, C and D). Further, there was no significant
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Fig. 5. Kinetics of anti-S antibody response. (A), Comparison of anti-S levels at entry in infected HCP
<120 days and >120 days after vaccination; (B), Change in anti-S antibody levels over time in those
with follow-up visits; (C), Anti-S levels in healthcare personnel at follow-up based on vaccination status
and infection status. Infected = infected but not vaccinated (n =55). Hybrid Immunity = vaccinated
after infection (n = 33), Breakthrough = infection after vaccination (n =54), Breakthrough -> Boost =
infected after vaccination than receiving a third vaccination (n = 15), Vaccinated = fully vaccinated,

non-infected (n =58), Vaccinated -> Boost = 3 doses of vaccination (n = 56).

correlation between Ct value and anti-N anti-
bodies at enrollment or at follow-up for the unvac-
cinated and the vaccinated groups (P> 0.3 for all,
Fig. 3, E and F). There were no significant differ-
ences in anti-N antibody levels between obese
(BMI'>30) vs non-obese HCP, or between symp-
tomatic and asymptomatic HCP, independent of
vaccination status (online Supplemental Fig. 2).
Comparison of Ct values, anti-N, and anti-S 1gG
for the unvaccinated and vaccinated HCP can be
found in online Supplemental Table 2.

In the 14 to 28 day window following SARS-CoV-2
infection, unvaccinated HCP had lower anti-S anti-
body levels (median 829 AU/mL, IQR 290 to 1555)
than HCP who were vaccinated prior to infection
(median 34285 AU/mL, IQR 17672 to 61775, P<
0.001) or vaccinated HCP with no prior infection
(median 1452 AU/mL, IQR 791 to 2943, P=0.005)
(Fig. 4, A). There was no correlation between enroll-
ment Ct value and anti-S 1gG among vaccinated
(r=0.03, =0.19 to 0.25) or unvaccinated HCP
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(r=0.11, =0.11 to 0.32) (Fig. 4, B). Anti-N IgG and
anti-S IgG at enrollment were highly correlated in
the unvaccinated (r=0.52, 0.4 to 0.65, P < 0.001),
but not in the vaccinated cohort (r=0.19,
—0.021t00.38, P=0.06) (Fig. 4, C). As with anti-S anti-
bodytiters, no significant differences were observed
in anti-N antibody levels in those with BMI >30 or in
patient-reported symptoms, independent of vaccin-
ation status (online Supplemental Fig. 3).

HCP who were vaccinated <120 days prior to
PCR-confirmed SARS-CoV-2 infection had a reduced
median anti-S 1gG response (14 689, IQR 6378-23
460) relative to those vaccinated >120 days prior
to infection (47 491, IQR 26 164-68 750, P < 0.001)
(Fig. 5, A). Among HCP with no change in vaccination
status between visits, the median percent decrease
in anti-S IgG per day was 1.56% (IQR 0.9%-1.79%) in
unvaccinated, infected HCP; 0.38% (IQR 0.03%-
0.94%) in vaccinated, infected HCP; and 0.64 (IQR
0.52%-0.89%) in vaccinated, non-infected HCP
(Fig. 5, B). Thirty-three infected HCP who were
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unvaccinated at enrollment were vaccinated prior
to follow-up and 15 infected HCP who had break-
through infections received a booster dose of
MRNA vaccine prior to follow-up. Vaccinated HCP
who had a breakthrough infection and then re-
ceived a booster had the highest anti-S antibody ti-
ters at follow-up (49 614, IQR 25 218-86 466, Fig. 5,
Q). This was followed by vaccinated HCP with break-
through infections who had not received a booster
(23275, IQR 9739-50 545), HCP who were vacci-
nated after infection (21412, IQR 14 383-28 098),
uninfected HCP who were vaccinated and had re-
ceived a booster (15416, IQR 6971-20985), unin-
fected HCP with 2 doses of an mRNA vaccine
(1110, IQR 728-1995), and unvaccinated HCP who
remained unvaccinated at follow-up (589, IQR
236-1439).

DISCUSSION

Vaccines against SARS-CoV-2 have high efficacy,
and original trials of the mMRNA-1273 and the
BNT162b2 vaccines demonstrated >90% efficacy
at preventing COVID-19 illness (3, 4) and adverse
clinical outcomes, including the need for invasive
ventilation and death (5, 27, 28). However, limited
data is available simultaneously comparing symp-
toms of COVID-19, Ct values from SARS-CoV-2
RT-PCR results, and serological response in
relatively healthy vaccinated and unvaccinated
individuals.

A major finding from this study was that similar
symptoms were self-reported by vaccinated and un-
vaccinated HCP who had a positive SARS-CoV-2 PCR
test. While SARS-CoV-2 vaccination reduces infec-
tion rates, improves outcomes, and reduces hospi-
talizations among the general public (1-5), minimal
data is available in the literature assessing symp-
tomatology among relatively healthy, low risk-
populations. In our study, 75% of vaccinated HCP
were >4 months from their second dose of vaccine,
with 25% > 1 year. The waning antibody response
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demonstrated here and in previous studies (29,
30) may underlie the similarities in reported symp-
toms between vaccinated and unvaccinated HCP.
Nonetheless, our findings are seemingly in conflict
with those of Antonelli et al., who reported reduced
frequency and duration of COVID-19-related symp-
toms invaccinated individuals (31). Itis important to
note that the Antonelli study included at-risk indivi-
duals including the elderly (>60 years), while our
study was limited to healthy, working adults.
Together, these results demonstrate that symptom-
atology may be comparable in those that do not re-
quire hospitalization from SARS-CoV-2 infection.

Previous studies have demonstrated an associ-
ation between decreased Ct values and worse out-
comes in hospitalized patients implying that Ct
values may be a useful surrogate for predicting in-
fection severity (32). We observed no difference in
Ct values between unvaccinated vs the vaccinated
HCP. Further, we observed no difference in Ct va-
lues among symptomatic vs asymptomatic HCP,
those that presented with fever or shortness of
breath vs those that did not, or in HCP with persist-
ent symptoms lasting several months following ini-
tial infection. There are several biological (i.e., viral
dynamics) and pre-analytical factors (i.e., suffi-
ciency of swab collection) that can cause variation
in SARS-CoV-2 Ct values (33-35). Our findings sug-
gest Ctvalues may not be a useful surrogate for in-
fection severity in relatively healthy individuals;
higher-powered studies are needed to confirm
this finding.

We also found no association between Ct value
and anti-N or anti-S antibody levels in vaccinated
or unvaccinated/partially vaccinated HCP. The
non-association between Ct value and antibody
responses suggests that host factors other than
viral kinetics are likely driving the immune re-
sponse in otherwise healthy individuals. This is
consistent with our previous observation that
HLA genotype is associated with SARS-CoV-2 infec-
tion outcomes and suggests an important role
for host-specific antigen presentation (36, 37).
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Similarly previous studies have demonstrated an
association between HLA-class Il polymorphisms
and antibody levels after SARS-CoV-2 vaccination
and infection (38-40). Together, our findings sug-
gested limited utility in using Ct from routine
RT-PCR for predicting severe symptoms or associ-
ation with future serological responses.

Previous studies have demonstrated that pa-
tients with breakthrough infections (SARS-CoV-2 in-
fection after 2 doses of vaccine) and those who
receive 2 doses of vaccine after SARS-CoV-2 infec-
tion have enhanced neutralizing antibody response
and efficacy against SARS-CoV-2 variants relative to
those who receive vaccine only (22, 23, 41, 42). Here
we also observed a dramatic increase in anti-S 1gG in
participants who had a history of both SARS-CoV-2
vaccination and SARS-CoV-2 infection. Similarly,
studies have demonstrated improved immunogen-
icity with a third dose of BNT162b2 vaccine relative
to the second dose (43). This is consistent with our
study findings of approximately 10-fold higher
anti-S IgG titers among boosted vs non-boosted
HCP. Unique to our study is the comparison of sero-
logical response across multiple iterations of expos-
ure to SARS-CoV-2 antigens, including: infection
without vaccination; vaccination after infection; in-
fection after vaccination (both with and without a
subsequent booster dose); and vaccination plus a
booster with no history of infection. While our re-
sults are limited by variation in time between vaccin-
ation and infection, it is clear from our data that
repeated exposure to SARS-CoV-2 antigens via vac-
cine or live virus leads to enhanced immunogenicity.
In fact, we observed no difference in serological
response among HCP who were vaccinated after
being infected, HCP who were infected after being
vaccinated, and HCP who were fully vaccinated
and had received a booster vaccine. This may imply
that serological protection from future infection and
SARS-CoV-2 variant strains is a function of repeated
exposure and the production of antibodies with in-
creasing affinity (44).
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This study demonstrated lower anti-N anti-
bodies in previously vaccinated individuals relative
to unvaccinated individuals after infection, an ef-
fect that persisted through the follow-up visit (40
to 90 days after the positive PCR test). This is com-
parable to results previously published by McGee
et al. (45). This may be due to differing mechanics
of antigen presentation of live virus in vaccinated
individuals or priming of the immune response to
preferentially respond to the S antigen (46). Of
note, the N protein is one of the most abundantly
expressed and antigenic SARS-CoV-2 proteins, ex-
ceeding S expression by about 10-fold (47, 48).
While interesting, the clinical ramifications of this
finding are unclear. However, previous studies
have suggested that higher anti-N titers are asso-
ciated with worse outcomes; primarily thought to
be a function of increased inflammation (49).
Nonetheless, the finding of reduced anti-N IgG in
vaccinated individuals is interesting and requires
further evaluation.

Our study had several imitations. Our cohort
was small due to the relative difficulty of recruit-
ing recently infected HCP and the need to obtain
blood at 2 separate visits (and resulting loss to
follow-up). In addition, the cohort was composed
primarily of white females, which reflected the ra-
cial and gender composition of HCPs employed at
our facility. Both symptoms and vaccination data
in this study were self-reported, and may be sub-
ject to recall bias. This study spanned several
years, during which time multiple SARS-CoV-2
variants with potentially differing symptomatol-
ogy were circulating (50). Furthermore, how infec-
tion with different SARS-CoV-2 variants impacts
the serological response or viral load has not
been well documented and may underlie differ-
ences observed here. Finally, recruitment for
this study preceded the emergence of the
Omicron variant. Mutations in the spike protein
of Omicron and other emerging variants of con-
cern have been demonstrated to reduce
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neutralizing potency of both vaccines and conva- and prolonged anti-S and decreased anti-N re-
lescent plasma (51). sponse relative to unvaccinated HCP. These re-
sults may have implications for future immunity
and require further interrogation.
CONCLUSION

Among HCP that are infected with SARS-COV-2, SUPPLEMENTAL MATERIAL
vaccinated HCP report comparable symptoms and
have similar Ct values by RT-PCR to unvaccinated Supplemental material is available at The Journal
HCP. However, vaccinated HCP had increased of Applied Laboratory Medicine online.

Nonstandard Abbreviations: Ct, threshold cycle; RT-PCR, reverse transcriptase PCR; HCP, healthcare personnel; N, nucleocap-
sid protein; S, spike protein; IQR, interquartile range; S/CO, signal to cutoff.

Author Contributions: The corresponding author takes full responsibility that all authors on this publication have met the following
required criteria of eligibility for authorship: (a) significant contributions to the conception and design, acquisition of data, or analysis
and interpretation of data; (b) drafting or revising the article for intellectual content; (c) final approval of the published article; and (d)
agreement to be accountable for all aspects of the article thus ensuring that questions related to the accuracy or integrity of any part of
the article are appropriately investigated and resolved. Nobody who qualifies for authorship has been omitted from the list.

Christopher Farnsworth (Conceptualization-Supporting, Data curation-Equal, Formal analysis-Supporting, Investigation-Equal,
Methodology-Equal, Project administration-Equal, Resources-Equal, Supervision-Equal, Visualization-Supporting, Writing—origin-
al draft-Supporting, Writing—review & editing-Equal), Caroline O'Neil (Conceptualization-Supporting, Investigation-Supporting,
Methodology-Supporting, Project administration-Supporting, Validation-Equal, Writing—original draft-Lead, Writing—review &
editing-Equal), Claire Dalton (Data curation-Equal, Investigation-Equal, Writing—review & editing-Equal), David McDonald (Data
curation-Equal, Investigation-Equal, Writing—review & editing-Equal), Lucy Vogt (Data curation-Equal, Investigation-Equal,
Writing—review & editing-Equal), Karl Hock (Data curation-Equal, Investigation-Equal, Project administration-Supporting,
Writing—review & editing-Equal), Olivia Arter (Data curation-Equal, Investigation-Equal, Writing—review & editing-Equal),
Meghan A. Wallace (Data curation-Supporting, Investigation-Equal, Methodology-Supporting, Writing—review & editing-Equal),
Carol Muenks (Data curation-Supporting, Investigation-Equal, Writing—review & editing-Equal), Mostafa Amor (Data
curation-Supporting, Investigation-Equal, Writing—review & editing-Equal), Kelly Alvarado (Data curation-Supporting,
Investigation-Equal, Writing—review & editing-Equal), Kate Peacock (Data curation-Supporting, Formal analysis-Lead, Writing—
original draft-Supporting, Writing—review & editing-Equal), Kevin Jolani (Data curation-Supporting, Investigation-Equal, Writing
—review & editing-Equal), Victoria Fraser (Conceptualization-Supporting, Funding acquisition-Equal, Writing—review &
editing-Equal), Carey-Ann Burnham (Conceptualization-Equal, Methodology-Equal, Project administration-Equal, Writing—review
& editing-Equal), Hilary Babcock (Methodology-Supporting, Writing—review & editing-Equal), and Phillip Budge
(Methodology-Supporting, Writing—review & editing-Equal)

Authors’ Disclosures or Potential Conflicts of Interest: Upon manuscript submission, all authors completed the author disclosure
form.

Research Funding: This work was supported by the U.S. Centers for Disease Control and Prevention (contract no.
75D30121C10185 to J.H. Kwon and grant number 5U54CK000482 to V.). Fraser) and a grant from the National Institute of
Allergy and Infectious Diseases, National Institutes of Health (grant 1K23A1137321 to J.H. Kwon). P.J. Budge was partially sup-
ported by NIH Grant KO8AI121422.

Disclosures: C.W. Farnsworth has received grants or contracts from Abbott Laboratories, Roche Diagnostics, Beckman Coulter,
Qiagen, Cepheid, Sebia, The Binding Site, and Siemens; consulting fees from Roche, Abbott Laboratories, Bio-Rad, Cytovale, and
Siemens; honoraria and meeting support from AACC; and has a leadership role on the Clinical Chemistry Editorial Board. V.J.
Fraser has received grants or contracts from the Foundation for Barnes-Jewish Hospital, the Doris Duke Charitable
Foundation, and the National Center for Advancing Translational Science (NIH); royalties or licenses from Elsevier; has had a
leadership role in the Infectious Diseases Society of America; and reports other financial or non-financial interests in Cigna/
Express-Scripts. C.D. Burnham has received grants or contracts from Cepheid, bioMerieux, and Biofire; consulting fees from
Pattern Bioscience, Roche, Cepheid, and Beckman Coulter; honoraria from Roche and bioMerieux; meeting support from the
American Society for Microbiology and AACC; and has stock or stock options in Pattern Bioscience. H.M. Babcock has had a lead-
ership role in the Society of Healthcare Epidemiology of America.

884 JALM | 871-886 | 08:05 | September 2023


http://academic.oup.com/jalm/article-lookup/doi/10.1093/jalm/jfad042#supplementary-data

Serological Response in Healthcare Personnel

Role of Sponsor: The funding organizations played no role in the design of study, choice of enrolled patients, review and
interpretation of data, preparation of manuscript, or final approval of manuscript.

REFERENCES

1.

10.

11.

12.

Tang L, Hijano DR, Gaur AH, Geiger TL, Neufeld EJ,
Hoffman JM, Hayden RT. Asymptomatic and symptomatic
SARS-CoV-2 infections after BNT162b2 vaccination in a
routinely screened workforce. JAMA 2021;325:2500-2.
Feng S, Phillips DJ, White T, Sayal H, Aley PK, Bibi S, et al.
Correlates of protection against symptomatic and
asymptomatic SARS-CoV-2 infection. Nat Med 2021;27:
2032-40.

El Sahly HM, Baden LR, Essink B, Doblecki-Lewis S, Martin
JM, Anderson EJ, et al. Efficacy of the mRNA-1273
SARS-CoV-2 vaccine at completion of blinded phase. N
Engl ) Med 2021;385:1774-85.

Polack FP, Thomas ), Kitchin N, Absalon J, Gurtman A,
Lockhart S, et al. Safety and efficacy of the BNT162b2
mMRNA COVID-19 vaccine. N Engl ] Med 2020;383:
2603-15.

Thompson MG, Stenehjem E, Grannis S, Ball SW, Naleway
AL, Ong TC, et al. Effectiveness of COVID-19 vaccines in
ambulatory and inpatient care settings. N Engl ] Med
2021;385:1355-71.

Bernal JL, Andrews N, Gower C, Gallagher E, Simmons R,
Thelwall S, et al. Effectiveness of COVID-19 vaccines
against the B.1.617.2 (Delta) variant. N Engl ] Med 2021;
385:585-94.

Zhang X, Wu S, Wu B, Yang Q, Chen A, Li Y, et al.
SARS-CoV-2 omicron strain exhibits potent capabilities
for immune evasion and viral entrance. Signal Transduct
Target Ther 2021;6:430.

Aleem A, Akbar Samad AB, Slenker AK. Emerging variants
of SARS-CoV-2 and novel therapeutics against
coronavirus (COVID-19). Treasure Island (FL): StatPearls
Publishing; 2022.

Ferdinands JM, Rao S, Dixon BE, Mitchell PK, DeSilva MB,
Irving SA, et al. Waning 2-dose and 3-dose effectiveness of
mMRNA vaccines against COVID-19-associated emergency
department and urgent care encounters and
hospitalizations among adults during periods of delta and
omicron variant predominance—VISION network, 10
states, August 2021-January 2022. MMWR Morb Mortal
WKly Rep 2022;71:255-63.

Singanayagam A, Hakki S, DunningJ, Madon K], Crone MA,
Koycheva A, et al. Community transmission and viral load
kinetics of the SARS-CoV-2 delta (B.1.617.2) variant in
vaccinated and unvaccinated individuals in the UK: a
prospective, longitudinal, cohort study. Lancet Infect Dis
2022;22:183-95.

Keehner J, Horton LE, Binkin NJ, Laurent LC; SEARCH
Alliance; Pride D, et al. Resurgence of SARS-CoV-2
infection in a highly vaccinated health system workforce.
N Engl ] Med 2021;385:1330-2.

Thompson MG, Burgess JL, Naleway AL, Tyner HL, Yoon
SK, Meece J, et al. Interim estimates of vaccine
effectiveness of BNT162b2 and mRNA-1273 COVID-19

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

vaccines in preventing SARS-CoV-2 infection among
health care personnel, first responders, and other
essential and frontline workers—eight U.S. locations,
December 2020-March 2021. MMWR Morb Mortal Wkly
Rep 2021;70:495-500.

Al-Aly Z, Bowe B, Xie Y. Long COVID after
breakthrough SARS-CoV-2 infection. Nat Med 2022;28:
1461-7.

Seeni R, Firzli T, Riddle MS, Krasner C, Ashraf S, Siddiqui F.
Using COVID-19 cycle threshold and other lab values as
predictors of hospitalization need. ] Med Virol 2021;93:
3007-14.

McEllistrem MC, Clancy CJ, Buehrle DJ, Singh N, Lucas A,
Sirianni V, Decker BK. SARS-CoV-2 is associated with high
viral loads in asymptomatic and recently symptomatic
healthcare workers. PLoS One 2021;16:e0248347.

Ade C, Pum J, Abele |, Raggub L, Bockmuhl D, ZélIner B.
Analysis of cycle threshold values in SARS-CoV-2-PCRin a
long-term study. J Clin Virol 2021;138:104791.
Karahasan Yagci A, Sarinoglu RC, Bilgin H, Yanilmaz O,
Sayin E, Deniz G, et al. Relationship of the cycle threshold
values of SARS-CoV-2 polymerase chain reaction and total
severity score of computerized tomography in patients
with COVID 19. Int J Infect Dis 2020;101:160-6.

Eyre DW, Taylor D, Purver M, Chapman D, Fowler T,
Pouwels KB, et al. Effect of COVID-19 vaccination on
transmission of alpha and delta variants. N Engl ] Med
2022;386:744-56.

Sahin U, Muik A, Vogler |, Derhovanessian E, Kranz LM,
Vormehr M, et al. BNT162b2 Vaccine induces neutralizing
antibodies and poly-specific T cells in humans. Nature
2021;595:572-7.

Vergnes JN. Safety and efficacy of the BNT162b2 mRNA
COVID-19 vaccine. N Engl ] Med 2021;384:1577.
Andrews N, Tessier E, Stowe ], Gower C, Kirsebom F,
Simmons R, et al. Duration of protection against mild and
severe disease by COVID-19 vaccines. N Engl ] Med 2022;
386:340-50.

Bates TA, McBride SK;, Leier HC, Guzman G, Lyski ZL,
Schoen D, et al. Vaccination before or after SARS-CoV-2
infection leads to robust humoral response and
antibodies that effectively neutralize variants. Sci
Immunol 2022;7:eabn8014.

Walls AC, Sprouse KR, Bowen JE, Joshi A, Franko N, Navarro
M, et al. SARS-CoV-2 breakthrough infections elicit
potent, broad, and durable neutralizing antibody
responses. Cell 2022;185:872-80.e3.

Tang MS, Case JB, Franks CE, Chen RE, Anderson NW,
Henderson JP, et al. Association between SARS-CoV-2
neutralizing antibodies and commercial serological
assays. Clin Chem 2020;66:1538-47.

Tang MS, Hock KG, Logsdon NM, Hayes JE, Gronowski AM,
Anderson NW, Farnsworth CW. Clinical performance of

September 2023

08:05 | 871-886 | JALM 885



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

two SARS-CoV-2 serologic assays. Clin Chem 2020;66:
1055-62.

Farnsworth CW, Case JB, Hock K, Chen RE, O'Halloran JA,
Presti R, et al. Assessment of serological assays for
identifying high titer convalescent plasma. Transfusion
2021;61:2658-67.

Tenforde MW, Self WH, Adams K, Gaglani M, Ginde AA,
McNeal T, et al. Association between mRNA vaccination
and COVID-19 hospitalization and disease severity. JAMA
2021;326:2043-54.

Tenforde MW, Self WH, Gaglani M, Ginde AA, Douin D),
Talbot HK, et al. Effectiveness of mRNA vaccination in
preventing COVID-19-associated invasive mechanical
ventilation and death—United States, March 2021-January
2022. MMWR Morb Mortal Wkly Rep 2022;71:459-65.
LevinEG, Lustig, Cohen C, Fluss R, IndenbaumV, Amit S, et al.
Waning immune humoral response to BNT162b2 COVID-19
vaccine over 6 months. N Engl ] Med 2021;385:e84.
Goldberg Y, Mandel M, Bar-On YM, Bodenheimer O,
Freedman L, Haas EJ, et al. Waning immunity after the
BNT162b2 vaccine in Israel. N Engl ] Med 2021;385:e85.
Antonelli M, Penfold RS, Merino J, Sudre CH, Molteni E,
Berry S, et al. Risk factors and disease profile of
post-vaccination SARS-CoV-2 infection in UK users of the
COVID symptom study app: a prospective,
community-based, nested, case-control study. Lancet
Infect Dis 2022;22:43-55.

Fajnzylber ), Regan J, Coxen K, Corry H, Wong C, Rosenthal A,
et al. SARS-CoV-2 viral load is associated with increased
disease severity and mortality. Nat Commun 2020;11:5493.
Kissler SM, Fauver JR, Mack C, Tai CG, Breban MI, Watkins
AE, et al. Viral dynamics of SARS-CoV-2 variants in
vaccinated and unvaccinated persons. N Engl | Med 2021;
385:2489-91.

Lippi G, Simundic AM, Plebani M. Potential preanalytical
and analytical vulnerabilities in the laboratory diagnosis of
coronavirus disease 2019 (COVID-19). Clin Chem Lab Med
2020;58:1070-6.

Zhou Y, O'Leary TJ. Relative sensitivity of anterior nares
and nasopharyngeal swabs for initial detection of
SARS-CoV-2 in ambulatory patients: rapid review and
meta-analysis. PLoS One 2021;16:e0254559.

Schindler E, Dribus M, Duffy BF, Hock K, Farnsworth CW,
Gragert L, Liu C. HLA Genetic polymorphism in patients
with coronavirus disease 2019 in Midwestern United
States. HLA 2021;98:370-9.

Hernandez PV, Duffy B, Hock K, Farnsworth C, Schindler E,
Liu C. HLA-B evolutionary divergence is associated with
outcomes after SARS-CoV-2 infection. Hum Immunol
2022,83:803-7.

Gutierrez-Bautista JF, Sampedro A, Gomez-Vicente E,
Rodriguez-Granger J, Reguera JA, Cobo F, et al. HLA Class I
polymorphism and humoral immunity induced by the

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49,

50.

51.

SARS-CoV-2 mRNA-1273 vaccine. Vaccines (Basel) 2022;
10:402.

Astbury S, Reynolds CJ, Butler DK, Munoz-Sandoval DC,
Lin KM, Pieper FP, et al. HLA-DR polymorphism in
SARS-CoV-2 infection and susceptibility to symptomatic
COVID-19. Immunology 2022;166:68-77.

Crocchiolo R, Gallina AM, Pani A, Campisi D, Cento V,
SacchiN, et al. Polymorphism of the HLA system and weak
antibody response to BNT162b2 mRNA vaccine. HLA
2022;99:183-91.

Koerber N, Priller A, Yazici S, Bauer T, Cheng CC, Mijocevic
H, et al. Dynamics of spike-and nucleocapsid specific
immunity during long-term follow-up and vaccination of
SARS-CoV-2 convalescents. Nat Commun 2022;13:153.
Andreano E, Paciello |, Piccini G, Manganaro N, Pileri P,
Hyseni |, et al. Hybrid immunity improves B cells and
antibodies against SARS-CoV-2 variants. Nature 2021;
600:530-5.

Lustig Y, Gonen T, Meltzer L, Gilboa M, Indenbaum V,
Cohen G, et al. Superior immunogenicity and
effectiveness of the third compared to the second
BNT162b2 vaccine dose. Nat Immunol 2022;23:940-6.
Muecksch F, Weisblum Y, Barnes CO, Schmidt F,
Schaefer-Babajew D, Wang Z, et al. Affinity maturation of
SARS-CoV-2 neutralizing antibodies confers potency,
breadth, and resilience to viral escape mutations.
Immunity 2021,54:1853-68.e7.

McGee C, Shi M, House J, Drude A, Gonzalez G, Martin N,
et al. Longitudinal serological surveillance for COVID-19
antibodies after infection and vaccination. Microbiol
Spectr 2022;10:e0202622.

Van Braeckel-Budimir N, Martin MD, Hartwig SM, Legge
KL, Badovinac VP, Harty JT. Antigen exposure history
defines CD8 T cell dynamics and protection during
localized pulmonary infections. Front Immunol 2017;
8:40.

Bar-On YM, Flamholz A, Phillips R, Milo R.

SARS-CoV-2 (COVID-19) by the numbers. Elife 2020;9:
e57309.

Wu C, QaviAJ, Hachim A, Kavian N, Cole AR, Moyle AB, et al.
Characterization of SARS-CoV-2 nucleocapsid protein
reveals multiple functional consequences of the
C-terminal domain. iScience 2021;24:102681.

Batra M, Tian R, Zhang C, Clarence E, Sacher CS,
Miranda JN, et al. Role of IgG against N-protein of
SARS-CoV2 in COVID19 clinical outcomes. Sci Rep 2021;
11:3455.

CDC. Omicron variant: what you need to know. https://
www.cdc.gov/coronavirus/2019-ncov/variants/omicron-
variant.html (Accessed June 28, 2022).

Schmidt F, Muecksch F, Weisblum Y, Da Silva J, Bednarski
E, Cho A et al. Plasma neutralization of the SARS-CoV-2
omicron variant. N Engl ] Med 2022;386:599-601.

886

JALM | 871-886 | 08:05

| September 2023


https://www.cdc.gov/coronavirus/2019-ncov/variants/omicron-variant.html
https://www.cdc.gov/coronavirus/2019-ncov/variants/omicron-variant.html
https://www.cdc.gov/coronavirus/2019-ncov/variants/omicron-variant.html

	Association between SARS-CoV-2 Symptoms, Ct Values, and Serological Response in Vaccinated and Unvaccinated Healthcare Personnel
	INTRODUCTION
	MATERIALS AND METHODS
	Setting and Study Population
	Study Visits
	Specimen Collection and Laboratory Testing
	Data Analysis

	RESULTS
	Demographics
	Symptoms
	Ct Values
	Antibody Titers

	DISCUSSION
	CONCLUSION
	SUPPLEMENTAL MATERIAL
	References




