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Antinucleocapsid (anti-N) immunoglobulin G antibody 
responses were lower in plasma and oral fluid after severe 
acute respiratory syndrome coronavirus 2 infection in 
vaccinated patients compared with patients infected before 
vaccination or infected without vaccination. This raises 
questions about the long-term use of anti-N antibodies as a 
marker for natural infection for surveillance.
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Antispike (anti-S) and antinucleocapsid (anti-N) antibodies are 
often used to differentiate vaccination responses from severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infec
tion [1–3]; all coronavirus infectious disease 2019 (COVID-19) 
vaccine formulations approved in the United States raise anti
bodies to the S protein only. In the majority of naturally infected 
people who are not vaccinated, anti-S and anti-N antibodies are 
detectable for several months postinfection, with anti-N anti
bodies having a shorter half-life and lower persistence than 
anti-S antibodies, using assays that have high sensitivity and 
specificity [4–7]. In contrast, among people who have been vac
cinated against SARS-CoV-2 without having been infected, 
anti-S, but not anti-N, antibodies are induced and maintained 
[8, 9]. Antibody responses against the vaccine S are considered 
correlates of protection against infection [10, 11]. Most studies 

typically measure antibody responses in serum or plasma, but 
mucosal immunity to SARS-CoV-2, either in respiratory or 
oral fluid samples, may provide a better correlate of protection 
[12]. Using plasma and oral fluid, we measured antibody re
sponses against SARS-CoV-2 S and N in participants with con
firmed infection, mild disease, and with or without prior 
vaccination to determine the reliability of anti-N antibodies 
for identifying infection postvaccination.

METHODS

Study Design

A total of 182 adult participants who (1) were enrolled into the 
Outpatient SARS-CoV-2 Mild and Asymptomatic Immune 
Response and Transmission (OutSMART) cohort [13, 14] after 
December 9, 2020; (2) had confirmed SARS-CoV-2 infection by 
nasopharyngeal/saliva RNA test; (3) were ≥18 years old; (4) 
had at least 1 validated oral/plasma antibody result; and (5) 
had mild COVID-19 with a reported date of symptom onset 
were included in the analysis. Oral fluid samples were collected 
between 1 day and 8 months, and plasma samples were collect
ed from 28 days to 8 months postenrollment. Participants were 
stratified by self-reported vaccination status (confirmed by vac
cine card) at the time of symptom onset. Participants who had 
their first dose of vaccine (Pfizer-BioNTech/Moderna-NIAID/ 
Johnson & Johnson-Janssen) after their COVID-19 symptom 
onset date were classified as “infected then vaccinated” (n = 
101/182). Participants who had their first dose of vaccine before 
their COVID-19 symptom onset date were classified as “vacci
nated then infected” (n = 28/182). Participants who did not 
have any vaccine record were classified as “never vaccinated” 
(n = 53/182) (Table 1). Of 182 participants, 174 had oral fluid 
median fluorescence intensity (MFI) antibody results (98 in 
the “infected then vaccinated” group, 26 in the “vaccinated 
then infected” group, and 50 in the “never vaccinated” group), 
while 143 had plasma antibody results (88 in the “infected then 
vaccinated” group, 16 in the “vaccinated then infected” group, 
and 39 in the “never vaccinated” group).

Patient Consent

Verbal consent was obtained for all participants enrolled into 
the OutSMART cohort in accordance with the protocol ap
proved by the Johns Hopkins University (JHU) School of 
Medicine Institutional Review Board.

Antibody Assays on Plasma

SARS-CoV-2 S- and N-specific immunoglobulin (Ig)G antibody 
responses in plasma samples were measured by a standardized 
indirect enzyme-linked immunosorbent assay (ELISA) [15, 16]. 
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Recombinant S and nucleocapsid C-terminal domain (CTD) 
proteins derived from the ancestral strain of SARS-CoV-2 
(SeroNet) were used to coat ELISA plates (2 μg/mL for S and 
1 μg/mL for N), and IgG antibody responses were measured us
ing secondary antibodies at 1:5000 dilution (catalog A18823, 
Invitrogen, ThermoFisher Scientific). A SARS-CoV-2 anti-S 
monoclonal antibody (dilution factor 1:5000, catalog 
40150-D001, Sino Biological) and convalescent plasma (dilution 
factor 1:100) were used as positive controls for anti-S and anti-N 
ELISAs, respectively. Prepandemic plasma samples (1:100) were 
used as negative controls. Results were expressed in international 
units (binding antibody units [BAU]/mL) based on a 3-fold titra
tion starting with 1:20 dilution. Limit of detection (LOD) was de
termined as half of the lowest BAU for the sample with a 
detectable titer (ie, titer ≥20), while samples with undetectable ti
ters (ie, <20) received a value that was half the limit of detection 
[16].

Antibody Assays on Oral Fluid

Oral fluid samples were tested using a modified version of a pre
viously described multiplex SARS-CoV-2 IgG immunoassay 
based on Luminex xMAP technology [17, 18]. The multiplex as
say included SARS-CoV-2 nucleocapsid (N) and spike (S) 

antigens in addition to control antibodies and proteins, includ
ing bovine serum albumin (BSA), and antihuman IgG, IgM, 
and IgA antibodies). Ten microliters of oral fluid supernatant 
was added to a 96-well microtiter plate containing 40 μL of 
PBST with 0.1% BSA (assay buffer) and 1000 coupled beads 
per bead set in each well. Each plate contained a dilution series 
of SARS-CoV-2 IgG standard, high, and low positive controls, a 
negative control (pre-COVID-era oral fluid), and a blank with 
assay buffer instead of sample for subtraction of background 
fluorescence. Positive controls were created by spiking 
SARS-CoV-2 IgG–positive oral fluid with high IgG levels to 
SARS-CoV-2 antigens into prepandemic negative oral fluid. 
Phycoerythrin-labeled antihuman IgG (dilution factor 1:100) 
in assay buffer was used to detect the IgG signal in oral fluid. 
Assay plates were read on a Luminex MAGPIX instrument. 
Results were expressed in units of MFI.

Statistical Analysis

Oral antibody MFI and plasma antibody data were log10- 
transformed. Data were separately plotted against days after 
symptom onset by vaccination group. Loess smoothing curves 
and 95% confidence intervals were generated using ggplot2 in 

Table 1. Study Cohort and Participant Characteristics by Vaccination Group

Vaccinated Then Infected Infected Then Vaccinated Never Vaccinated P Value

n = 28 n = 101 n = 53 n = 182

Age at time of consent, mean (SD), y 52.0 (15.5) 50.4 (14.5) 49.4 (14.2) .744

Sex assigned at birth, No. (%) .453

Male 10 (35.7) 38 (37.6) 25 (47.2)

Female 18 (64.3) 63 (62.4) 28 (52.8)

BMI, mean (SD), kg/m2 28.0 (8.09) 30.3 (7.2) 30.5 (7.6) .351

Cancer, No. (%) .017

Blood-type cancers 4 (15.38) 9 (9.57) 4 (8.16)

Other cancers 0 (0) 0 (0) 5 (10.2)

Autoimmune disease, No. (%) 6 (26.09) 7 (7.45) 4 (8.0) .057

Hypertension, No. (%) 9 (36.0) 40 (42.55) 18 (36.0) .675

Race/ethnicity, No. (%) .107

Non-Hispanic White 19 (67.9) 46 (45.5) 18 (34.0)

African American 7 (25.0) 32 (31.7) 25 (47.2)

Non-Hispanic other 0 (0.00) 7 (6.9) 3 (5.7)

Hispanic 2 (7.1) 16 (15.8) 7 (13.2)

Type of 1st dose vaccine, No. (%) .155

Pfizer-BioNTech 19 (67.9) 73 (72.3) 0 (0.0)

Moderna-NIAID 6 (21.4) 26 (25.7) 0 (0.0)

Johnson & Johnson-Janssen 3 (10.7) 2 (2.0) 0 (0.0)

Type of 2nd dose vaccine, No. (%) 1.00

Pfizer-BioNTech 20 (74.1) 71 (72.5) 0 (0.0)

Moderna-NIAID 7 (25.9) 27 (27.5) 0 (0.0)

Type of 3rd dose vaccine, No. (%) .495

Pfizer-BioNTech 16 (69.6) 40 (80.0) 0 (0.0)

Moderna-NIAID 7 (30.4) 10 (20.0) 0 (0.0)

Days from infection to 1st dose vaccine, mean (SD) −135.0 (100.4) 226.1 (120.4) <.001

Days from infection to 2nd dose vaccine, mean (SD) −97.5 (124) 245 (113.8) <.001

Abbreviations: BMI, body mass index; NIAID, National Institute of Allergy and Infectious Diseases.
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RStudio. Linear mixed-effects regression models were used to 
statistically compare antibody titers across groups in Stata.

RESULTS

In both plasma and oral fluid, the anti-S antibody responses 
were greater among patients who were vaccinated before 

infection or vaccinated after infection than in patients who 
were never vaccinated (Figure 1A, B). Anti-S IgG titers in 
groups with hybrid immunity were greatest during the first 
100 days after symptom onset. Patients who received vaccina
tion before infection had greater plasma anti-S IgG titers 
than patients who were infected then vaccinated (P < .001) or 

Figure 1. Ancestral SARS-CoV-2 S- and N-specific IgG antibody responses were measured in plasma (A, C) and oral fluid samples (B, D) of SARS-CoV-2-infected patients at 
different days after onset of symptoms and compared based on their vaccination status at the time of symptom onset. Loess curves were plotted with 95% CIs, shown in shading, 
using ggplot2 in RStudio. Statistical tests comparing groups were performed using linear mixed-effects regression models in Stata. Antispike IgG and anti-N IgG titers expressed in 
log10-transformed units of BAU/mL or MFI were plotted against continuous days after symptom onset based on participant self-reporting. Abbreviations: BAU, binding antibody 
units; IgG, immunoglobulin G; MFI, mean fluorescence intensity; N, nucleocapsid, S, spike, SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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never vaccinated (P < .001). Oral anti-S IgG titers were greater 
in patients who were vaccinated then infected as compared 
with people who were infected then vaccinated (P < .001) or 
never vaccinated (P < .001). A different pattern was observed 
for anti-N IgG antibody responses in both plasma and oral flu
id. While patients who were infected before vaccination or were 
never vaccinated maintained elevated anti-N IgG antibody re
sponses, those who were vaccinated before infection had signif
icantly lower anti-N IgG responses (P < .001 in each case) 
(Figure 1C). Oral anti-N IgG responses followed a similar pat
tern, in which responses were significantly greater in patients 
who were infected but never vaccinated and patients who 
were infected then vaccinated as compared with patients who 
were vaccinated then infected (P < .001 in each case) 
(Figure 1D).

DISCUSSION

While infection after vaccination causes the greatest sustained 
rise in anti-S IgG responses in both plasma and oral fluid, these 
same participants had the lowest anti-N IgG responses. The N 
protein in SARS-CoV-2 variants is conserved, has a lower mu
tation rate than S, and is highly immunogenic [19]. After 
SARS-CoV-2 infection, N-specific antibodies are induced at a 
high level, but wane over time [4]. The observed faster waning 
of anti-N antibodies, however, may be associated with lower 
sensitivity of the assay being used rather than the actual biolog
ical waning of antibodies [20]. Commercial assays used to de
tect anti-N antibodies have highly variable performances with 
significant loss of sensitivity with time postinfection [20–22]. 
Such variability in anti-N antibody assay performance raises 
concern over their widespread use during surveillance and 
highlights the importance of standardized, sensitive assays 
that maintain high sensitivity over time. When infection occurs 
after vaccination, it is likely that vaccine-induced S-specific an
tibodies bind virus particles and prevent their efficient replica
tion and persistence at the mucosal surfaces, causing lower 
relative induction of anti-N antibodies. Though COVID-19 
vaccines are administered through intramuscular routes, they 
can elicit detectable immune responses in the upper and lower 
respiratory mucosa through antibody transcytosis [23, 24]. 
Receipt of COVID-19 vaccines not only lowers infectious virus 
shedding after subsequent infection but also results in faster vi
rus clearance [25–27].

Hybrid immunity, induced by SARS-CoV-2 infection and 
vaccination, confers more effective immune responses and re
duces the risk of reinfection [28, 29]. Data on hybrid immunity 
are mostly limited to responses in plasma, with no indication of 
whether this is reflective of mucosal immunity. The consistency 
in antibody responses between plasma and oral fluid observed 
in this study illustrates that oral fluid IgG antibody responses 
are likely a surrogate of IgG antibody responses in plasma 

during hybrid immunity. Further, in cases where oral fluid is 
more readily obtained, as in the current study, this compart
ment is comparable to published data on systemic antibody re
sponses [30]. While hybrid immunity boosted S-specific 
antibody responses, the same was not observed for N-specific 
antibodies in plasma or oral fluid samples. These data highlight 
that measuring N-specific antibody seropositivity may not be 
useful long term to distinguish vaccine-induced from 
infection-induced immunity in global COVID-19 surveillance 
efforts as more people develop hybrid immunity. A seropreva
lence study from Ireland, for example, showed that only 26% of 
individuals who were vaccinated (BNT162b2) then infected 
had detectable anti-N antibodies, as compared with 82% in in
dividuals who were only infected [31]. A randomized, placebo- 
controlled mRNA-1273 vaccine efficacy trial also showed that 
seroconversion to anti-N antibodies after infection was ob
served in only 40% of vaccinated then infected individuals as 
compared with 93% of individuals who were infected and never 
vaccinated [32]. Subsequent studies have also reported the in
duction of stronger anti-S- but not N-specific antibodies in in
dividuals with hybrid immunity [33, 34]. Our findings in 
participants who received at least 1 dose of COVID-19 vaccine 
also raise concern over the use of anti-N antibody assays in 
identifying recent infections in the vaccinated population. 
Larger studies will be required to segregate and analyze data 
based on vaccine types, partial and full vaccination status, 
and infecting variants of concern. Furthermore, whether 
anti-N IgG antibody responses are reflective of IgA or sIgA an
tibody responses in plasma and oral fluid should be further 
investigated.

CONCLUSIONS

Among mild COVID-19 patients, those with prior vaccination 
do not reliably induce robust anti-N IgG responses in plasma or 
oral fluid. Hence, the use of anti-N antibody responses as a sur
rogate for recent infection may not be reliable for COVID-19 
surveillance in the era of expanding hybrid immunity.
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