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Abstract

Background.—Most information on mucosal and systemic immune response to norovirus 

infection is derived from human challenge studies, birth cohort studies, or vaccine trials in healthy 

adults. However, few data are available on immune responses to norovirus in the elderly.

Methods.—To study the mucosal and systemic immune response against norovirus, 43 long-

term care facilities were enrolled prospectively in 2010–2014. Baseline saliva samples from 17 

facilities, cases and controls up to day 84 from 10 outbreaks, as well as acute and convalescent 

sera were collected.

Results.—Norovirus-specific immunoglobulin A (IgA) levels in baseline saliva samples were 

low and increased in both symptomatic patients and asymptomatic shedders at day 5 after onset 

during outbreaks. Receiver operating characteristics analysis correctly assigned prior norovirus 

infection in 23 (92%) of 25 participants. Cases and asymptomatic shedders showed seroconversion 

for IgG (80%), IgA (78%), and blockade antibodies (87%). Salivary IgA levels strongly correlated 

with increased convalescent serum IgA titers and blockade antibodies.

Conclusions.—Salivary IgA levels strongly correlated with serum IgA titers and blockade 

antibodies and remained elevated 3 months after a norovirus outbreak. A single salivary sample 

collected on day 14 could be used to identify recent infection in a suspected outbreak or to monitor 

population salivary IgA.
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Noroviruses are recognized as the main cause of epidemic and endemic acute gastroenteritis 

in all age groups worldwide [1–3] and the primary cause of foodborne illness in the U.S. 

[4]. Noroviruses are genetically classified into genogroups (G) and further subdivided into 

genotypes. Although viruses within GI and GII can cause infections in humans, GII.4 

viruses are responsible for most norovirus outbreaks [5, 6]. Histo-blood group antigens 

(HBGAs) expressed on intestinal epithelial cells have been identified as putative attachment 

factors for norovirus.

Recombinant virus-like particles (VLPs) have been used as antigens for immunological 

studies and vaccine development [7]. Natural infection primarily generates a genotype-

specific immune response [8–10]. To elicit an immune response broad enough to generate 

cross-genotype blockade antibodies, current vaccine candidates include GI.1 and GII.4c 

VLPs [11]. Volunteers vaccinated with this formulation showed a broad cross-genotype 

blockade response and neutralization against GII.4 variant strains that did not circulate at the 

time of the study, suggesting the vaccine may protect against future emergent GII.4 strains 

[12, 13].

Additional information on immune response has been obtained from birth-cohort studies 

involving children <2 years of age [14] or challenge studies in healthy adults [15–

18]. Preexisting norovirus-specific salivary immunoglobulin A (IgA) levels, circulating 

norovirus-specific immunoglobulin G (IgG) memory B cells, and the presence of blockade 

antibodies (antibodies targeting HBGA epitopes) in serum have been identified as correlates 

of protection against disease [15, 19]. Norovirus-specific salivary IgA levels correlate with 

serum IgA levels and block binding of norovirus VLPs to HBGAs [20, 21]. However, 75% 

of outbreaks reported in the United States occur in long-term care facilities (LTCFs), [22] 

which often result in an increase of hospitalization and mortality rates for adults >65 years 

old [23].

We previously reported the epidemiological and virological characteristics of 10 norovirus 

outbreaks in LTCFs [24]. In this manuscript we describe the humoral (IgA, IgG, and 

blockade antibody) and mucosal (salivary IgA) immune responses to norovirus using virus-

like particles specific to the genotype causing each of these outbreaks.

MATERIALS AND METHODS

Participant Recruitment

Forty-three LTCFs were enrolled in the study from November 2009 through January 

2013. Participants were recruited prior to 2 consecutive norovirus seasons (2010 and 

2011; baseline; 14 facilities, 370 participants) and when suspected norovirus outbreaks 

were reported (7 facilities, 114 participants) (Supplementary Figure 1). Participants were 

classified as cases or controls based on clinical characteristics specific to norovirus 

[25] and controls were divided into exposed or nonexposed controls [24]. Demographic 
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characteristics, clinical and virological data, and host genetic factors related to this study 

have been published previously (Supplementary Table 1 and Supplementary information) 

[24].

Saliva and Serum Collection

Baseline saliva samples were collected from 10 facilities between November 2009 and 

February 2010 (baseline I) and from 14 facilities between November 2010 and February 

2011 (baseline II). During norovirus outbreaks, saliva samples and sera were collected from 

cases and exposed controls. Saliva samples were collected on the day of symptom onset or 

exposure (day 0) and on days 1–5, 8, 14, 21, 56, 70, and 84, and acute and convalescent 

sera were collected on day 0 and 21, respectively. If a specimen could not be obtained 

on those days, a sample was collected as close as possible to the scheduled day. For 

nonexposed controls, 1 saliva and 1 serum sample were collected within 7 days after the first 

symptomatic case in the outbreak was identified.

Virus-Like Particles

Norovirus-like particles (VLPs) were kindly provided by Dr Charles Arntzen (Arizona 

State University) and Dr Ralph Baric (University of North Carolina). For each serum/saliva 

sample, only antibodies against the norovirus strain that caused the outbreak were evaluated.

Detection of Total IgA and Norovirus-Specific IgA in Saliva

Total IgA and norovirus-specific salivary IgA titers were determined using GII.4 Den Haag 

VLPs for baseline I, GII.4 New Orleans VLPs for baseline II, or the outbreak-specific VLP 

[24]. Briefly, 96-well plates were coated with 1 μg/mL anti-human IgA or 1 μg/mL VLPs. 

Two-fold serial dilutions of saliva and purified human IgA (Sigma) as a standard were tested 

in duplicate. Bound IgA was detected using goat anti-human IgA-horseradish peroxidase 

(HRP) conjugate followed by color development with 3,3′,5,5′-tetramethylbenzidine (TMB) 

substrate (Thermo Scientific).

Detection of Norovirus-Specific IgA and IgG in Serum

Norovirus-specific IgA and IgG titers were determined as described previously [26]. Briefly, 

96-well plates were coated with 1 μg/mL VLPs. After blocking, 2-fold serial dilutions of 

serum were tested in duplicate. Bound IgA and IgG were detected using goat anti-human 

IgA or IgG HRP conjugate followed by color development with TMB substrate.

Detection of Blockade Antibodies

Blockade antibody assays were performed as described previously [26]. Ninety-six–well 

plates were coated with porcine gastric mucin (PGM) type III (Sigma) for 4 hours at room 

temperature and blocked overnight at 4°C with 5% dry milk in phosphate-buffered saline 

with 0.05% Tween-20. Two-fold serial dilutions of each serum sample were preincubated 

with 1 μg/mL VLP for 1 hour at 37°C and then the mixture was added to PGM-coated 

plates. Bound VLPs were detected using rabbit anti-norovirus hyperimmune serum and goat 

anti-rabbit–HRP followed by color development with TMB substrate.
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Data Analysis

Total and norovirus-specific salivary IgA titers were extrapolated from the linear portion 

of the standard curve derived from serial dilutions of purified human IgA. To account for 

different variables (participants, collection time, and secretion levels), norovirus-specific 

IgA was normalized to 100 μg of total IgA. When norovirus-specific IgA could not 

be detected but total IgA was detected, IgA levels were arbitrarily assigned as half of 

the lower limit of detection, based on a standard curve of purified human IgA [27]. 

Antibody half maximal effective concentration (EC50) for serum IgA and IgG, and half 

maximal inhibitory concentration (IC50) for blockade antibodies were determined from 

log transformed nonlinear, dose-response sigmoidal curves fit data. Geometric mean titers 

(GMTs) and 95% confidence intervals (CIs) were calculated for each study group and each 

time point.

Receiver operating characteristics (ROC) analysis was used to evaluate the discriminatory 

power of norovirus-specific salivary IgA as a potential biomarker for retrospective diagnosis. 

The day with the highest discriminatory power was determined by the highest AUC (area 

under the curve), and the optimal threshold value (norovirus-specific/total IgA) that correctly 

classified participants as cases or controls was set as the maximum Youden index (sensitivity 

+ specificity − 1) for that day. To validate this cutoff, clinically classified cases and controls 

for which stool was negative or not collected and saliva was available, were analyzed and 

cross-checked by IgA/IgG seroconversion titers.

Nonparametric data were compared with the Mann-Whitney test. Log-transformed data were 

analyzed by 1-way ANOVA followed by Tukey comparison test. To assess correlations, 

Spearman correlation coefficients were computed. Statistical analysis was performed using 

GraphPad Prism version 8.0 (GraphPad Software), and P values < .05 were considered 

statistically significant.

Ethics Statement

The study was approved by the institutional review boards of the Oregon State Public Health 

Division (IRB-08-03) and the Centers for Disease Control and Prevention (protocol number 

5051). All residents and staff were eligible for inclusion, excluding those cognitively or 

decisionally impaired. Written informed consent was obtained from each participant.

RESULTS

Population Salivary IgA Levels Prior to Outbreaks (Baselines)

One hundred and ninety participants from 10 LTCFs were enrolled in baseline I and 180 

participants from 14 LTCFs in baseline II (Supplementary Table 2 and Table 3). Seven 

LTCFs participated in both baseline studies. The number of enrolled participants per LTCF 

ranged from 7 to 36, and their ages ranged from 21 to 101 years. Eighty percent (298/370) 

of the participants were female (81.6% and 79.4%, baseline I and II, respectively); 33% 

(121/370) were residents (41.1% and 23.8%, baseline I and II, respectively); 47% (175/370) 

were health care workers (35.3% and 60.0%, baseline I and II, respectively); and 20% 

(23.7% and 16.1%, baseline I and II, respectively) were nonhealth care workers.
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Norovirus-specific salivary IgA was determined against GII.4 Den Haag for baseline I 

samples, and GII.4 New Orleans for baseline II samples. The GMT of norovirus-specific 

salivary IgA was 489.2 (95% CI, 369.1–648.5) ng/100 μg of total IgA at baseline I. 

Significant differences were observed between facilities (P < .0001) (Figure 1). For baseline 

II samples, the GMT norovirus-specific salivary IgA was 42.9 (95% CI, 35.4–51.9) ng/100 

μg of total IgA and significantly lower in LTCF XVII compared to other facilities (P 
< .01) (Figure 1). Furthermore, the GMT of the salivary IgA titers in residents was 

different, but not statistically significant, from the titer in health care workers in each LTCF 

(Supplementary Figure 2A and 2B).

The overall GMT of norovirus-specific salivary IgA against GII.4 New Orleans was 

significantly lower than against GII.4 Den Haag (P < .0001) (Figure 1). Overall, salivary 

IgA antibody levels were different among all LTCFs regardless of previous IgA level or 

outbreak occurrence.

Salivary IgA Levels During Outbreaks

Total follow-up time from onset or exposure for the study population ranged from 3 to 84 

(median 77) days. Norovirus-specific salivary IgA titers remained at baseline levels until day 

4 after onset, increased between day 5 and 8 and peaked at day 14 for cases (n = 60) and 

then declined steadily until day 70, after which the titers stayed low but above preoutbreak 

levels (Figure 2A). Salivary IgA levels of exposed controls without virus shedding (n = 30) 

remained stable throughout the follow-up period. Significant differences between IgA levels 

of cases and controls were observed at days 8, 14, 21, 56 (P < .0001); day 70 (P < .01); and 

day 84 (P < .05) (Supplementary Table 4).

Fifteen (76%) of the 29 cases shed norovirus only in the acute stool (short shedders) 

whereas the other 14 also had positive convalescent stool (prolonged shedders). Both short 

and prolonged shedders showed an increase of salivary IgA titers (Figure 2B), which only 

differed significantly in day 56 saliva samples (P = .0079) (Supplementary Table 4).

Four (14%) of the 29 exposed controls also tested positive for norovirus in their acute stool 

and had increased norovirus-specific IgA titers at day 14 (Figure 2C) with no significant 

difference from cases (Supplementary Table 4).

Fluctuations in antibody levels for each genotype were further compared (Supplementary 

Figure 3). Although with small differences, the overall trend for cases was an increase in 

IgA beginning at day 5 with a peak at day 14 followed by a steady decline of titer until day 

70. Significant differences between salivary IgA levels of individuals infected with different 

genotypes were found during the first 4 days after infection (P = .003) (Supplementary Table 

5).

Norovirus-Specific Salivary IgA as Biomarkers for Retrospective Diagnosis

ROC curves based on logistic regression models for each day were constructed with 

norovirus-specific salivary IgA data from 39 cases with a norovirus-positive acute stool, 

as well as 25 controls with a negative acute stool and no IgG seroconversion (Figure 3A). 

Salivary IgA levels on day 14 showed the highest AUC value of 0.963 (P < .0001). The 
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optimum cutoff to differentiate cases from controls based on salivary IgA levels on day 14 

was at 183.76 ng/100 μg of total IgA (2.263 log10 [norovirus-specific salivary IgA/ total 

IgA]; sensitivity, 97%; specificity, 88%) (Figure 3A and 3B and Supplementary Figure 4). 

We tested whether saliva collected on day 14 could be used to retrospectively diagnose 

norovirus infection in participants from whom stool was negative or not collected. Data 

(symptomatology and norovirus specific-salivary IgA on day 14) were analyzed from 25 

participants clinically classified as cases (n = 18) or controls (n = 7) (Figure 3C). In 11 

(61%) of the 18 cases and 5 (86%) of 7 controls, the retrospective norovirus diagnosis 

based on salivary IgA titers agreed with the reported clinical symptoms. However, we 

found disagreement in 9 (36%) of 25 participants. No IgG/IgA seroconversion or blockade 

antibodies were shown for 5 (71%) of 7 cases at day 21, in agreement with the low salivary 

IgA titers on day 14 and the retrospective classification as noninfected. Elevated salivary 

IgA levels also agreed with norovirus infection in 2 asymptomatic individuals. Overall, 

retrospective classification of participants based on salivary IgA levels collected on day 14 

after onset correctly differentiated infected from noninfected individuals in 23 (92%) of 25 

participants regardless of virus detection in stool.

Norovirus-Specific IgG/IgA and Blockade Antibodies During Outbreaks

Seventy-seven acute and convalescent serum pairs were collected from 54 cases and 

23 exposed controls (Supplementary Table 1). Among cases, 43 (80%) of 54 showed 

seroconversion (≥4-fold increase) of IgA, 42 (78%) showed seroconversion for IgG, and 47 

(87%) showed seroconversion for blockade antibodies. Four (18%) of 23 exposed controls 

showed seroconversion (≥4-fold increase) for norovirus-specific IgG and 5 (22%) showed 

seroconversion for norovirus-specific IgA and blockade antibodies.

Systemic norovirus IgA and IgG were detected in acute sera from all participants 

(Supplementary Table 1). The GMT for IgG in cases on enrollment day (1019.0; 95% CI, 

749.2–1387.0) was similar to the GMT in exposed controls (1141.0; 95% CI, 698.8–1861.0) 

and nonexposed controls (793.4; 95% CI, 396.7–1587.0; P = .9211). At day 21, 42 (78%) 

of 54 cases showed ≥ 4-fold rise of IgG (geometric mean fold rise [GMFR], 8.8; 95% CI, 

5.8–13.3), whereas a 1.41-fold increase (95% CI, .8–2.4) of IgG was detected in exposed 

controls, of whom 4 (18%) of 23 showed ≥ 4-fold rise of IgG. Similarly, the GMT for 

IgA in cases on enrollment day (826.2; 95% CI, 651.6–1048.0) was similar to the GMT in 

exposed controls (702.4; 95% CI, 441.8–117.0) and nonexposed controls (873.1; 95% CI, 

577.9–1319.0) (P = .8667). At day 21, 43 (80%) of 54 cases showed ≥4-fold rise of IgA 

(GMFR, 8.0; 95% CI, 5.5–11.7), whereas a 1.1-fold increase (95% CI, .7–1.8) in IgA was 

detected in exposed controls.

The GMT for blockade antibodies in cases during enrollment (21.4; 95% CI, 16.2–28.4) 

was similar to that in exposed controls (24.5; 95% CI, 15.2–39.7) and nonexposed controls 

(24.1; 95% CI, 14.6–39.7; P = .4757). At day 21, 47 (87%) of 54 cases showed ≥ 4-fold rise 

of blockade antibodies (GMFR, 26.7; CI, 17.2–41.4), whereas a 1.9-fold increase (95% CI, 

1.0–3.9) was detected among controls, where 5 (22%) of23 showed ≥ 4-fold rise in blockade 

antibodies (Table 1 and Figure 4). Although slight differences in blockade titers were 

noted, none of the participants of the GI.1 outbreak showed preexisting blockade antibodies, 
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whereas 29% of individuals in GII.4 outbreaks (cases, 13/54, 24%; exposed controls, 8/23, 

35%; nonexposed controls, 6/17, 35%) showed preexisting blockade antibodies against 

GII.4 strains (Figure 4). No significant differences in GMT blockade antibodies were found 

between genogroup or GII.4 variants at day 21 after infection.

The GMFRs for IgG, IgA, and blockade antibodies in cases without virus shedding (n 

= 10) were 3.2 (95% CI, .9–11.3), 4.1 (95% CI, .8–20.3), and 5.3 (95% CI, 1.5–19.3), 

respectively (Supplementary Table 7). Seroconversion for IgG, IgA, and blockade antibodies 

was detected in 5 of 10 cases, suggesting that although norovirus was not detected, these 

5 individuals had been infected. The GMFR for IgG, IgA, and blockade antibodies in 

asymptomatic shedders (n = 2) were 7.26 (95% CI, 1.4–37.8), 4.3 (95% CI, 3.6–5.1), and 

5.4 (95% CI, .7–40.3), respectively, with both asymptomatic shedders showing ≥4-fold rises 

for each immunological marker. Taking together the data from norovirus-specific salivary 

IgA response, systemic IgA, IgG, and blockade antibodies, confirmed norovirus infection in 

5 (50%) of 10 participants with symptoms of AGE but without virus shedding and 2 (100%) 

of 2 asymptomatic shedders (Figure 5).

Correlation Between Salivary IgA, Serum IgA Antibody Levels, and Blockade Antibodies

We found a strong correlation between systemic IgA and IgG (r = 0.6082; P < .0001), 

systemic IgA and blockade antibodies (r = 0.6611; P < .0001), and systemic IgG and 

blockade antibodies (r = 0.7009; P < .0001) in convalescent but not in acute sera (Figure 

6A and 6B). Correlations between convalescent serum IgA titers and salivary IgA levels 

consistently increased from day 5, with correlation factors equal to 0.6689, 0.7552, and 

0.7569 at days 8, 14, and 21, respectively (all P < .0001). Blockade antibodies and IgA 

levels in saliva were strongly correlated on days 14, 21, and 56 (r = 0.7517, r =0.7910, 

r =5799, respectively; all P < .0001) (Figure 6C and 6D). No correlation was observed 

between viral load, shedding, disease duration, or disease severity and immune response.

DISCUSSION

Salivary IgA levels remained elevated above baseline for almost 3 months after infection 

with norovirus. Similar to other studies [16, 21, 28], IgA titers began to increase at day 

5, peaked at day 14, followed by a gradual decrease until day 84. The pattern of salivary 

IgA was similar for symptomatic and asymptomatic individuals. During the 2009–2010 

season, norovirus baseline salivary IgA levels were similar among residents and health care 

workers within an institution, but significantly different among different institutions, most 

likely reflecting differences in exposure history. In the 2010–2011 season, however, baseline 

salivary IgA levels were low and similar among all institutions, which may be explained 

by lack of exposure to the GII.4 New Orleans strain that had emerged in the prior season 

(2009–2010) or that no infections had occurred during the 3 months prior to baseline saliva 

collection.

We confirmed that in a highly exposed LTCF population, recent human norovirus infections 

can be readily assessed by the detection of IgA in saliva. Similarly, the presence of salivary 

IgA can be used to discriminate infected from uninfected individuals in well-controlled 

challenge studies [19, 28]. Moreover, ROC analysis showed good discriminatory power of 
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the salivary IgA test at day 14. Retrospective assessment of infection based on salivary IgA 

levels on day 14 using the cutoff derived from the ROC curves correctly assigned 92% 

of the participants (with norovirus-negative or uncollected stool specimens) as infected or 

noninfected. The salivary IgA assay sensitivity and specificity was based on the known 

genotype of each outbreak. Previous studies have shown no cross-reactivity of salivary 

IgA between different genogroups [29] and high specificity for norovirus genotype-specific 

salivary IgG [30]. Because our study was not designed to evaluate salivary IgA cross-

reactivity between genogroups/genotypes, further studies will be required to evaluate the 

assay when the outbreak strain is unknown.

Systemic IgA and IgG antibody responses correlated well with the blockade antibody 

responses. Among norovirus cases, 80%, 78%, and 87% showed seroconversion for IgA, 

IgG, and blockade antibodies, respectively, while among controls, seroconversion rates 

were 22% for IgA, 18% for IgG, and 22% for blockade antibodies. All controls who 

seroconverted were asymptomatic shedders. We previously reported that the highest viral 

loads correlated with the recent emergence of new GII.4 variants [24]. However, fluctuation 

of salivary IgA levels, IgG, IgA, or blockade antibody rises did not differ by norovirus 

genotype during outbreaks.

Salivary antibodies can be of systemic origin, and therefore may reflect levels in serum, 

or they can be produced locally in mucosal tissues. Recent studies in healthy adults have 

reported significant correlation between serum and salivary IgA, suggesting that salivary 

IgA levels depend on the systemic response [19, 21]. In contrast, mucosal production of 

antibodies is characterized by a dimeric IgA that binds to a secretory component. Tamminen 

et al showed that salivary IgA was associated with secretory component, suggesting that 

most of the IgA was produced locally [20]. We found an increase in correlation between 

convalescent serum IgA and norovirus-specific salivary IgA, suggesting that salivary IgA 

levels depend on the systemic response. Correlations between blockade antibodies and IgA 

levels in saliva were strong between days 8 and 21 and moderate between days 21 and 70, 

similar to a recent report on salivary IgA response to an experimental norovirus vaccine [21].

Our study has several limitations. First, the data were limited to a small number of LTCFs, 

with populations that are generally older and more medically frail and therefore the results 

cannot be directly extrapolated to the general population. Second, individuals were not 

prescreened for norovirus antibodies, the presence of which could affect the immune 

response to new infections. Third, collection of saliva samples did not always start on day 

0 and not all participants provided all samples. Serum samples during the acute stage of 

disease were collected during the first week but not on the same day after onset for all 

cases. These samples were only tested for antibodies with VLPs matching the genotype for 

each outbreak. Finally, although individual variations in salivary IgA titers were corrected by 

normalizing to total salivary IgA, protein loss could have occurred during sampling.

In summary, we described fluctuations in norovirus-specific salivary IgA titers through the 

course of 10 norovirus outbreaks in LTCFs. Salivary IgA titers were elevated, starting 8 

days after infection, and could serve as a screening method for vaccine response, especially 

when collection of blood is challenging or infeasible. A single salivary sample could be used 
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to identify acute infection in a suspected outbreak or to monitor population salivary IgA. 

Further studies are needed to determine whether blockade antibodies are present in saliva 

[20], and whether they are produced locally in mucosal tissue or as part of the systemic 

response. These data will help to further elucidate potential correlates of protection, which 

are critically needed to assess efficacy of future norovirus vaccines.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Baseline norovirus-specific salivary IgA. A total of 370 saliva samples were collected before 

the 2009–2010 (n = 190; baseline I) and 2010–2011 (n = 180; baseline II) winter seasons. 

Samples collected during baseline I were tested for norovirus-specific salivary IgA against 

GII.4 Den Haag VLPs, whereas samples collected during in baseline II were tested against 

GII.4 New Orleans VLPs. The number of saliva samples collected by facility varied between 

6 and 37. § Norovirus GII.4 New Orleans and GII.4 Den Haag caused an outbreak at 

facilities V and VIII, respectively, between baselines. Log-transformed data were analyzed 

by 1-way ANOVA followed by Tukey comparison test (P < .01). Significant differences 

were detected on baseline I: a, significantly different from LTCF I; b, significantly different 

from LTCF III; c, significantly different from LTCF IV; d, significantly different from LTCF 

V; e, significantly different from VIII, and baseline II: f, g, and h, significantly different 

from LTCFs I, IX, and XV, respectively; i, significantly different from the all LTCFs 

during baseline I collection. Abbreviations: ANOVA, analysis of variance; GMT, geometric 

mean titer; IgA, immunoglobulin A; LTCF, long-term care facility; NA, not available; VLP, 

virus-like particle. See online version for color figure.

Costantini et al. Page 11

J Infect Dis. Author manuscript; available in PMC 2022 April 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Norovirus-specific salivary IgA antibody levels during outbreaks. A, Norovirus GI.1 and 

GII.4 variant-specific salivary IgA antibody levels for each time point for 62 cases (red 

circles; n = 441) and 34 exposed controls (blue circles; n = 208) are shown. Geometrical 

mean values for salivary IgA antibodies for cases and exposed controls over the course 

of the study are depicted as red or blue lines with 95% Confidence interval (shadow), 

respectively. B, Norovirus-specific salivary IgA antibody levels for each time point are 

presented for participants with norovirus positive acute stool sample (n = 15; red circles; 

short shedders), with norovirus positive acute and convalescent stool sample (n = 14, 

blue circles; long shedders), and 35 exposed controls (black circles). C, Norovirus-specific 

salivary IgA antibody levels for each time point for 33 cases (red circles), 35 exposed 

controls (black circles), and 3 asymptomatic shedders (blue circles) are shown. Saliva 

samples were tested using VLPs based on the norovirus strain detected in the outbreak. 

Abbreviations: GMT, geometric mean titer; IgA, immunoglobulin A; VLPs, virus-like 

particles. See online version for color figure.
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Figure 3. 
Retrospective analysis of norovirus-specific salivary IgA levels as biomarker for infection. 

A, Receiver operating curves for each day were constructed with data from 39 cases 

with positive acute stool, as well as 25 controls with negative acute stool and no IgG 

seroconversion. The optimal threshold value to differentiate cases from controls was set as 

the maximum Youden’s index (sensitivity + specificity − 1) represented with a large circle 

for each curve. B, Frequency distribution of observed norovirus-specific salivary IgA for 

cases (gray) and controls (white) at day 14 and fitted normal distribution (lines). Vertical 

line indicates the cutoff value (sensitivity: 96.88%; specificity: 87.88%) based on ROC at 

day 14 with the highest AUC value of 0.963 (P < .0001). C, Retrospective classification of 

cases and controls with negative or without acute stool sample, based on norovirus-specific 

IgA levels on day 14. In 11 (red circles) of the 18 cases, and 5 (blue circles) of 7 controls 

the retrospective norovirus diagnosis based on salivary IgA agree with the symptomatology. 

Serological data (as IgA/IgG seroconversion) were used to classify samples when clinical 

and retrospective IgA results did not match (orange and green circles). Abbreviations: AUC, 

area under the curve; IgA, immunoglobulin A; IgG, immunoglobulin G; ROC, receiver 

operating curve. See online version for color figure.
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Figure 4. 
Norovirus strain-specific blockade antibody. Violin plots represent the 25%–75% percentile 

of reactivity for each norovirus genotype in samples collected from cases (red) and exposed 

controls (blue) during outbreaks. Outbreak genotypes are listed in the upper right corner of 

each graph. A hypothetical value of 12.5 (half of the lowest tested dilution) was assigned 

to negative samples. Abbreviations: IC50, half maximal inhibitory concentration; conv, 

convalescent. See online version for color figure.
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Figure 5. 
Norovirus-specific salivary immunoglobulin A (IgA) and systemic IgA/immunoglobulin G 

(IgG) fold rise in cases with negative stool samples or asymptomatic shedders. Norovirus 

GII.4 variant-specific salivary IgA antibody levels for each time point are presented for 10 

cases (red and black lines) with negative acute stool sample and 2 controls (blue lines). On 

the side, fold rise on norovirus strain-specific IgG, IgA and blockade antibody for the 12 

participants. See online version for color figure.
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Figure 6. 
Correlation between systemic and mucosal immune response. A and B, Correlation between 

systemic IgA, IgG, and blockade antibody responses from cases and control. Scatterplots 

of norovirus-specific serum IgA vs IgG, blockade antibodies vs serum IgA, and serum 

IgG vs blockade antibodies from cases (n = 54) and controls (n = 23): (A) acute serum; 

(B) convalescent serum. C and D, Correlation between systemic and mucosal immune 

responses. Scatterplots of (C) convalescent serum IgA and (D) convalescent blockade 

antibodies vs normalized norovirus-specific salivary IgA levels (at day 8, 14, 21, 56, and 
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70) or viral load. Linear regression best-fit line (fitted lines) with 95% confidence bands 

(dotted lines). Spearman correlation coefficients and associated P value were calculated. 

Abbreviations: EC50, half maximal effective concentration; IC50, half maximal inhibitory 

concentration; IgA, immunoglobulin A; IgG, immunoglobulin G. See online version for 

color figure.
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