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ABSTRACT
Virus-neutralizing antibodies are often accepted as a correlate of protection against infection, though 
questions remain about which components of the immune response protect against SARS-CoV-2 infec-
tion. In this small observational study, we longitudinally measured spike receptor binding domain (RBD)- 
specific and nucleocapsid (NP)-specific serum IgG in a human cohort immunized with the Pfizer 
BNT162b2 vaccine. NP is not encoded in the vaccine, so an NP-specific response is serological evidence 
of natural infection. A greater than fourfold increase in NP-specific antibodies was used as the serological 
marker of infection. Using the RBD-specific IgG titers prior to seroconversion for NP, we calculated 
a protective threshold for RBD-specific IgG. On average, the RBD-specific IgG response wanes below 
the protective threshold 169 days following vaccination. Many participants without a history of a positive 
test result for SARS-CoV-2 infection seroconverted for NP-specific IgG. As a group, participants who 
seroconverted for NP-specific IgG had significantly higher levels of RBD-specific IgG following NP- 
seroconversion. RBD-specific IgG titers may serve as one correlate of protection against SARS-CoV-2 
infection. These titers wane below the proposed protective threshold approximately six months follow-
ing immunization. Based on serological evidence of infection, the frequency of breakthrough infections 
and consequently the level of SARS-CoV-2-specific immunity in the population may be higher than what 
is predicted based on the frequency of documented infections.
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Introduction

Identifying laboratory correlates of immune protection for 
a given pathogen is typically essential to pre-clinical devel-
opment of vaccines and highly desirable for the evaluation of 
clinical trials in humans. However, for SARS-CoV-2, the dire 
need for a vaccine following the virus’s emergence led to the 
accelerated formulation of many candidate vaccines based on 
generalities of what is known about the immune response to 
other viruses and other vaccines. Development and wide-
spread distribution of the Pfizer and Moderna vaccines have 
been widely considered central to ending the SARS-CoV-2 
pandemic. However, an incomplete understanding of the 
immune correlate of protection against SARS-CoV-2 has 
complicated communication and consistent policies about 
who should receive booster vaccinations and the best interval 
for booster immunizations. Understanding which laboratory 
component(s) of the immune response to vaccination corre-
late with protection against infection may ultimately be 
necessary for the development of informed vaccination 
recommendations.

NP-specific antibodies result from infection rather than 
vaccination. Consequently, the presence of NP-specific anti-
bodies in vaccinated participants is serological evidence of 

breakthrough infections. We have estimated the threshold 
level of vaccine-elicited RBD-specific antibodies needed to 
prevent the seroconversion for NP-specific antibodies. We 
also measured the decay kinetics of RBD-specific antibodies 
in uninfected study participants. These data allowed us to 
calculate the average time required for RBD-specific antibodies 
to wane below the proposed protective threshold following 
immunization. This finding should be useful for informing 
policy and practice regarding the frequency and timing of 
booster vaccines.

Materials and methods

Study design and cohort

Samples analyzed in this study were collected from a cohort of 
employees of the University of Mississippi Medical Center 
(UMMC) (Figure 1). The initial intent of the study was to 
serologically document the natural history of antibody 
responses to the SARS-CoV-2 virus and to determine if occu-
pational exposure to SARS-CoV-2-infected patients resulted in 
significantly greater rates of seroconversion than community 
exposure. This observational study was approved by the 
UMMC IRB (protocol 2020–0172), and informed consent 
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was obtained from all participants. No interventions were 
performed as a component of this study. All participants 
received two doses of Pfizer BNT162b2 prior to their second 
study visit. Titers reported here are from samples collected 
from visits two, three, and four. Informed consent was 
obtained from all participants prior to enrollment in the 
study. Serum samples were collected in February and March 
of 2021 (Day ~50), July and August of 2021 (Day ~200), and 
March and April of 2022 (Day ~440). The Day ~ 200 time 
point occurred early in the Delta Peak in Mississippi, and the 
Day ~ 440 time point occurred late in the Omicron Peak. 
Widespread booster vaccinations were approved in October 
of 2021 and had been administered to greater than 95% of 
study participants by December 2021. Samples from partici-
pants who declined the primary SARS-CoV-2 vaccination 
course were not included in this analysis.

Recombinant antigens and ELISA

Recombinant antigens bearing 6× histidine tags were 
expressed from constructs synthesized by Twist 
Biosciences. The SARS-CoV-2 RBD constructs encoded 
a secretion signal and amino acids 319–537 of the spike 
protein, and the NP construct encoded a secretion signal 
and amino acids 2–419 of the viral protein. Constructs 
also encoded a Gly-Ser linker and a 6× histidine tag on 
their carboxy termini. Proteins were expressed in Expi293 
cells (ThermoFisher, A14635) following transient transfec-
tion of plasmids and then affinity purified via passage of 
HisTrap HP columns (Cytiva 29051021). Endpoint dilu-
tion titers for RBD-specific and NP-specific serum IgG 

were determined by ELISA as previously described.1 The 
endpoint dilution titers were defined as the inverse of the 
highest dilution that resulted in an absorbance value of 
0.2 over that of naïve human sera plated at the same 
dilutions. Higher endpoint dilution titers represent higher 
concentration of antigen-specific antibody in the sera. 
Naïve sera were collected prior to the emergence of SARS- 
CoV-2.

Statistical methods

Scatterplots with appropriate y-scaling were utilized 
throughout the study. Kruskal-Wallis tests were used to 
compare titer levels. Receiver operating characteristics ana-
lysis was conducted according to standard methods to 
obtain sensitivities, specificities, positive predictive values, 
negative predictive values, and areas under the ROC curve. 
False negatives are defined as having an IgG titer greater 
than or equal to 100,000 and also having an NP fold 
greater than or equal to 4. Conversely, false positives are 
defined as IgG titer less than 100,000 while also having an 
NP fold less than 4. A logistic regression model was con-
structed to model the relationship between RBD-specific 
IgG titers (continuous) and an NP-specific IgG dichoto-
mized at 4. Time-to-decay analyses were conducted with 
multilevel mixed models with a linear spline placed at 200  
days. This model contained a random intercept for parti-
cipants, and due to the skewed nature of the IgG outcome, 
used a gamma family and log link. IgG half-life was calcu-
lated as the average time (days) at which there was a 50% 

Figure 1. Consort diagram. Study participants were recruited from the University of Mississippi Medical Center employee population. Diagram created with 
BioRender.com.
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reduction in IgG at the participant level. All analyses were 
completed with Stata v17.1.

Results

Waning and rebounding of SARS-CoV-2 RBD-specific 
serum IgG

All participants in the study received two doses of Pfizer 
BNT162b2 prior to sample collection. Serum was collected 
~50 days, ~200 days, and ~440 days following the second injec-
tion of the primary series. RBD-specific IgG titers waned 
significantly between day 50 and day 200 and increased sig-
nificantly between day 200 and day 440 (Figure 2). The 
decrease in titer is characteristic of the normal vaccine- 
specific antibody decay2–4 and decline in neutralizing titers5 

reported by other groups. The rebound in titers between day 
200 (July/August, 2021) and 440 (March/April 2022) resulted 
largely from SARS-CoV-2 booster immunizations that 
received FDA approval in October, 2021. Sixty-eight of 79 
participants received a booster vaccination between day ~ 200 
and ~ 440.

NP-specific IgG titers are a serological marker of natural 
infection

To identify the study participants who experienced break-
through infections with SARS-CoV-2, we measured serum 
NP-specific IgG at all three time points. NP serostatus has 
been used by other groups as an assessment of previous infec-
tion or breakthrough infection.6–8 Samples from individuals 
with detectable NP-specific antibodies on day ~ 50 were 
excluded from the analysis because these antibodies were evi-
dence of infection before full vaccination. No samples included 
in the analysis had levels of NP-specific IgG with an endpoint 
dilution titer greater than 5,000 on Day 50. On day ~ 200, three 
participants had NP-specific IgG. By Day 440, 54% (43/79) of 
participants had detectable NP-specific IgG (Figure 3a). 

Similarly, using the standard of a 4× increase in titer as the 
marker for seroconversion, 54% (43/79) of study participants 
had seroconverted for NP-specific IgG by day 450 (Figure 3b), 
which is consistent with natural infection of these study parti-
cipants. Interestingly, some study participants exhibited 
a several fold increase in RBD-specific IgG without serocon-
version for NP-specific IgG, which likely resulted from 
a robust memory response to antigens first encountered at 
vaccination.

Serum RBD-specific IgG titers are a correlate of protection 
against infection

We compared RBD-specific IgG from day ~ 50 and day ~ 200 
to NP-specific IgG titers from day ~ 200 and day ~ 440 to 
determine if decay of RBD-specific IgG below a certain level 
was predictive of seroconversion for NP-specific IgG. We 
found that 85% of study participants who seroconverted for 
NP had RBD-specific IgG endpoint dilution titers of less than 

Figure 2. SARS-CoV-2 RBD-specific serum IgG endpoint dilution titers 50, 200, and 
440 days following a second immunization with BNT162b2. Titers declined sig-
nificantly between days 50 and 200 (p < .001) and rebounded significantly 
between days 200 and 440 (p < .001). Approximate time periods for the Delta 
and Omicron waves in Mississippi are shown in gray boxes.

Figure 3. SARS-CoV-2 NP-specific serum antibodies 50, 200, and 440 days follow-
ing vaccination with BNT162b2. (a) NP-specific serum IgG endpoint dilution titers 
were similar 50 and 200 days following vaccination but increased significantly by 
440 days following vaccination (p < .001). (B) Rates of participant seroconversion, 
as determined by a > 4× increase in NP-specific titer also increased significantly 
between day 200 and 440 (p < .001).
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100,000 at the previous study visit (Figure 4, upper quadrants), 
which suggests that this level of antibody may represent the 
threshold for protection against natural infection. Notably, 
many participants who did not seroconvert for NP also had 
RBD-specific titers less than 100,000 (Figure 4, lower left 
quadrant). Continuous value RBD-specific titers are shown 
in Figure 4. The AUC for this plot was 0.72 (Figure 5a), 
which supports the use of 100,000 as a good discriminant of 
protection. Increases in titer were observed to decrease the 
probability of seroconversion, especially after titer values of 
100,000 (Figure 5b).

Calculated duration of vaccine-mediated protection

We used the data shown in Figure 1 to calculate the average rate 
of antibody decay in the vaccinated, uninfected population 
between day ~ 50 and ~ 200. The antigen-specific IgG decay 
rate calculation was based on the drop in endpoint titer dilution 
over time. We found that the average half life of vaccine-specific 
IgG was 54 days. This value agrees closely with a previously 
published estimate.9 On average, the RBD-specific endpoint 
dilution titer decayed to 100,000 at 169 days following 
immunization.

NP-converts more likely to report positive test

NP-specific IgG titers were measured, and those who showed 
a 4-fold increase in titers were considered to have serological 
evidence of infection. At the time of serum collection on day ~  
440, participants responded to a questionnaire asking if they 
had a positive test since the previous study visit (~day 200). Of 
the 43 seroconverts, 16 reported having tested positive for 
SARS-CoV-2, while only 3 out of the 36 of those who had no 
serological evidence of infection reported having a positive test 
(Fisher’s exact p = 0.003) (Table 1). NP-converts were 4.6× 
more likely to report having a positive test than NP- 

nonconverts. Rates of seroconversion were similar among 
different age groups (Table 2).

When compared to serological assessment of infection, 
participant-reported positive tests appear to significantly 
underestimate the frequency of infection, though this observa-
tion is not based on an organized testing program of study 
participants. Whether or not participants received a negative 
test result was not captured by the questionnaire. We hypothe-
sized that if NP-seroconversion is a true marker of infection 
then individuals who seroconverted for NP-specific IgG would 
also have significantly higher levels for RBD-specific IgG. 
Increases in spike-specific responses have been previously 
reported following breakthrough infections.10 We measured 

Figure 4. RBD-specific serum IgG titers from visits two and three plotted against 
fold change in NP-specific IgG for visits three and four to determine if waning 
RBD-specific IgG was predictive of seroconversion for NP. Sensitivity, specificity, 
positive predictive value, and negative predictive value are shown for predicting 
an NP fold of greater than or equal to 4 at an IgG titer of less than 100,000.

Figure 5. (a) receiver operator characteristics curve and (b) probability of ser-
oconversion for NP-specific IgG as a function of continuous RBD-specific IgG titer. 
IgG titer shows good discriminant ability as a continuous predictor of seroconver-
sion (a). The probability of seroconversion stays relatively unchanged until IgG 
titer approaches 100,000. At that point, the probability of seroconversion starts to 
decrease dramatically (b).

Table 1. History of positive SARS-CoV-2 diagnosis in NP-Converts vs NP- 
Nonconverts.

Reported Positive Test Reported No Positive Test

NP-Converts 16 27
NP-Nonconverts 3 33
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RBD-specific serum IgG against the vaccine encoded RBD 
(WT), the Delta variant RBD, and the Omicron variant RBD. 
Responses to all three variants were analyzed because the Delta 
variant wave and the Omicron variant waves both peaked in 
Mississippi between visits three and four. We found that as 
a group, participants who seroconverted for NP-specific IgG at 
visit four did not have significantly higher WT and Omicron 
RBD-specific IgG at visit three prior to seroconversion 
(Figure 6). Curiously, Delta RBD-specific titers were higher 
prior to seroconversion for NP. At visit four, following sero-
conversion, all RBD-specific IgG titers were significantly 
higher among NP-seroconverters compared to participants 
who did not seroconvert. These increases in RBD-specific 
IgG titers are consistent with a boosted RBD-specific response 
following breakthrough infection.

Discussion

Serological analysis of individuals without regard for 
a documented history of SARS-CoV-2 infection eliminates 
bias inherent in studies including only participants with 
a known history of infection. By analyzing the immune 
responses to vaccination (RBD-specific IgG) and to an antigen 
encountered only during natural infection (NP-specific IgG) 
in vaccinated individuals with and without documented his-
tories of infection, we have been able to detect evidence of 
minor and subclinical infections in a defined study population. 
Other studies have also monitored vaccinated cohorts for 
seroconversion to NP,11,12 but to our knowledge, no one has 
analyzed NP-seroconversion in conjunction with RBD-specific 
antibody titers to estimate a serum IgG-based correlate of 
protective immunity.

Pathogen-neutralizing antibodies are generally accepted as 
a correlate of protection for most vaccine-preventable 
infections,13,14 and virus-neutralizing IgG has been shown to 
be protective against SARS-CoV-2 infection.15–17 Elicitation of 
protective levels of mucosal IgA by mRNA-based vaccines 
administered via injection has not been reported. 
Consequently, the protective mechanism underlying the 
mRNA-based SARS-CoV-2 vaccines may rely primarily on 
IgG-mediated protection of the respiratory mucosal surface. 
Though underappreciated, serum IgG is actively transported 
across the nasal epithelium to the surface of the mucosa,18 and 
IgG is also present on the luminal surfaces of the lower 
airways.19 A decrease in the level of virus-neutralizing anti-
bodies present in circulation likely results in a decrease in the 
level of virus-neutralizing antibody on the luminal surface of 
the respiratory mucosa and a corresponding decline in 
immune protection against infection. Notably, the decay of 
virus-neutralizing titers following infection is reportedly 
slower than decay following vaccination,5 so individuals who 
experience breakthrough infections would likely have longer- 
lived immunity than what is conferred by vaccination alone.

Our data reveal important information regarding the 
ability of the SARS-CoV-2 vaccine to protect against infec-
tion. The participant-to-participant variation in antibody 
titers following vaccination is substantial. The difference 
between the best responder and worst responder varies by 
greater than an order of magnitude (Figure 2a). A small 
subset of healthy vaccinees did not generate a strong enough 
antibody response to exceed the protective threshold we 
observed for IgG. However, none of the individuals in this 
study suffered illness to the extent of requiring hospitaliza-
tion. Many study participants with waning RBD-specific 

Figure 6. RBD-specific IgG titers for wild type (a), Delta (b), and Omicron (c) were compared at visit three, prior to seroconversion, and at visit four, following 
seroconversion, among participants who seroconverted for NP-specific IgG by visit 4 and participants who never seroconverted. RBD-specific IgG titers did not 
significantly differ between the two groups at visit 3, prior to seroconversion. By visit four, NP-specific IgG seroconverters had significantly higher RBD-specific IgG, 
which is consistent with an immune response to natural infection.

Table 2. Cohort demographics. Total is shown for each group with the number of participants who seroconverted shown 
in parentheses.

Sex Race

Age F M Asian Black Hispanic White

23 to <40 32 (19) 2 (2) 1 (0) 2 (1) 1 (0) 30 (21)
40 to <60 34 (18) 1 (0) 1 (0) 3 (2) – 31 (16)
60 to <74 9 (5) 1 (1) – 1 (0) – 9 (6)
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antibodies below a titer of 100,000 did not seroconvert for 
NP IgG. This outcome can likely be attributed to exposure 
and/or behavioral differences, e.g. social distancing, hand 
washing, etc., among participants.

Notably, many participants showed serological evidence 
of infection despite having not received a positive diagnos-
tic test result or experiencing significant SARS-CoV-2 
related illness. This observation has potentially special 
importance for two reasons. The first is that even though 
high antibody titers may be a correlate of protection 
against infection, infection without significant clinical 
symptoms appears to be widespread as titers wane. Early 
studies of infection of humans with 229-E, an alphacoro-
navirus and common cause of colds, showed that antibody 
titers were inversely related to symptomatic illness but that 
some individuals with very low antibody titers still did not 
present with symptomatic illness.20 SARS-CoV-2 hamster 
challenge studies have revealed that T-cell mediated 
responses can protect against severe illness even in the 
absence of spike-specific antibody responses,21 and our 
findings suggest a likely role for T cells in preventing 
illness in humans, even under circumstances of consider-
able viral antigenic variation. This possibility is currently 
under investigation by our group.

Secondly, direct measures of infection, as determined by RT- 
PCR or lateral flow tests, are possibly significant underestimates 
of the true infection rate. The majority of participants in our 
study who exhibited serological evidence of infection did not 
report a positive test result for SARS-CoV-2 infection. This 
observation could result from the limited sensitivity of at- 
home lateral flow test or from reluctance to seek testing even 
when symptomatic, either of which results in an underestima-
tion of the community infection rate. Consequently, estimates of 
herd immunity may also be significantly underestimated.

As we transition from pandemic to endemic circulation 
of SARS-CoV-2, a better understanding of the immunolo-
gical factors that affect breakthrough and repeat infections 
will be important for making informed policy decisions 
and counseling patients. For example, establishing an 
autumnal SARS-CoV-2 vaccination program in parallel 
with the annual influenza vaccination campaign would 
likely do little to prevent summer SARS-CoV-2 transmis-
sion peaks if, as we have observed in our cohort, vaccine- 
mediated immunity in the general population lasts only 
about six months. While the endemic seasonal peak of 
SARS-CoV-2 transmission will probably not be set for 
several years, analysis of other host immune factors such 
as the durability of T-cell memory and decay rates of 
antibody levels in the respiratory mucosa will ultimately 
provide us with knowledge to more effectively mitigate 
those peaks.

While the relatively small cohort size, limited demographic 
diversity in the cohort, and observational design are limitations 
to our study, these data provide useful information for inter-
preting the relationship between antibody titer and protection 
against infection. Additionally, our findings provide pilot data 
for design of future, prospective interventional trials that will 
allow actual prediction as well as evaluation of vaccine efficacy 
against current and future pandemic and endemic virus events.
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