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Mucosal infections are a major global health concern in humans and animals. Neutralization assays are considered the gold standard for evaluating functional antibodies but are typically limited to serum analysis. This often excludes mucosal sample types such as saliva or intestinal mucus, which may better reflect local immunity, particularly for enteric pathogens such as Rotaviruses (RV). We optimized and standardized a virus neutralization assay (VNA) for RVA to evaluate its applicability across serum, intestinal mucus, and saliva samples. Five key protocol variables were systematically assessed: (i) the applied trypsin concentration, (ii) the incubation time for proteolytic activation of the RV, (iii) the infection dose applied, (iv) the duration of neutralization time and (v) sample-specific factors that affect assay performance. The following parameters have proven to be optimal: (i) end concentration of 20 µg/ml Trypsin (ii) two hours for proteolytic activation of the RV, (iii) MOI of 0.5 – 3.0 x 10-3, (iv) two or eight hours of neutralization time for serum or saliva and mucus samples. Optimization of trypsin concentration and virus activation time significantly improved assay reproducibility across sample types. Analysis of the three validated sample materials of individual swine demonstrate that RV-specific neutralizing antibodies can be reliably detected in saliva. Saliva-based neutralization titers strongly correlated with those from intestinal mucus, indicating that salivary antibodies may serve as a non-invasive surrogate for gut mucosal immunity. The optimized VNA enables robust detection of mucosal neutralizing antibodies in saliva and intestinal mucus, offering a standardized, scalable approach for evaluating mucosal immune responses following RV infection or vaccination. This platform holds promise for broader application in mucosal immunology and vaccine monitoring, although its applicability in low-resource and pediatric settings still needs to be demonstrated.
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1 Introduction

For regulatory approval of vaccines, demonstrating protection against infection and/or clinical symptoms is a fundamental requirement. The SARS-CoV-2 pandemic has highlighted the critical importance of identifying robust and meaningful correlates of protection against infection or disease (1–3). Most pathogens enter the body via mucosal surfaces; therefore, immune defense at these entry points is most effective in preventing infection (4, 5). The induction of local immunity is thus a primary objective of prophylactic vaccination strategies (6).

A direct correlate of protection against mucosal associated pathogens is local immunity mediated by humoral and cellular components of the mucosal immune system. Local antibodies in the gastrointestinal tract have been identified in several studies as direct correlates of protection (7–10). According to the definition by Plotkin and Gilbert 2012 (11), these antibodies can be considered mechanistic correlates of protection against enteric diseases.

However, sampling small intestinal secretions requires invasive procedures that are unsuitable for routine diagnostics. Therefore, other correlates are needed to infer local immune status. Mucosal immune responses are not limited to the site of antigen exposure but also occur at distant mucosal effector sites (12). Based on this principle, saliva has been investigated as a surrogate for downstream mucosal responses within the enteric system (13).

Saliva is increasingly used in both human and veterinary medicine for direct and indirect pathogen detection (14–17). However, standardizing oral fluid–based antibody diagnostics remains challenging. Variability in sampling methods (15, 18, 19), test protocols (18, 20), and individual physiological factors can significantly influence antibody concentrations and introduce high variability (21–23). Furthermore, antibody titers in saliva are typically lower than those in serum (24). Consequently, the successful application of saliva-based diagnostics depends on the use of highly sensitive and robust assay systems.

Among the various antibody detection methods, the determination of neutralizing antibodies is particularly important for evaluating infection events and vaccine efficacy. However, suitable and standardized virus neutralization assays (VNAs) are lacking for most pathogens (25), as assay performance is influenced by both pathogen-specific properties and the nature of the sample material (26–29).

In this study, we validated a rotavirus-specific VNA for quantifying antibody titers in saliva, serum, and intestinal mucus in the pig model. Neutralizing antibodies target epitopes on two viral surface proteins, VP4 and VP7. Rotaviruses (RVs) are non-enveloped viruses of the family Reoviridae, characterized by a triple-layered capsid. They are mucosal associated pathogens that infect and replicate in mature enterocytes, causing gastrointestinal diarrheal disease in mammals, birds, and reptiles.

The introduction of rotavirus vaccines in both humans and animals has significantly improved global health by reducing rotavirus-associated mortality. However, current vaccines remain less effective in protecting children in low-income countries. Several factors have been proposed to explain the underperformance of oral vaccines (30, 31). However, in the absence of a robust correlate of protection, efforts to improve vaccine efficacy or to optimize environmental conditions remain challenging. Saliva-based investigations may offer a promising, noninvasive, and practical diagnostic tool for evaluating vaccine- and infection-induced mucosal immune responses in the gastrointestinal tract.1.




2 Materials and equipment

All required materials and reagents are listed in Table 1. All required equipment and instruments are listed in Table 2.


Table 1 | Materials and reagents.
	Reagent/instrument
	Supplier/source
	Specification/concentration



	DMEM Medium
	Gibco (#41965)
	1×


	Acetone
	Carl Roth (#9372.2)
	80%


	Bovine Serum Albumin (BSA)
	Sigma-Aldrich (#A4503)
	1%


	Dulbecco’s Phosphate-Buffered Saline (DPBS)
	Gibco, 10× without Ca2+/Mg2+
	1×


	Fetal Calf Serum (FCS)
	Sigma-Aldrich
	—


	Trypsin/EDTA
	Life Technologies
	10 µg/mL, 20 µg/mL


	Penicillin/Streptomycin
	Gibco, 10,000 U/mL, 200×
	1×


	Rotavirus A strain Pig-tcGER2018Over G9P[32]
	Field isolate
	—


	Rotavirus A strain Lincoln G6P[1]6
	Zoetis Deutschland GmbH
	—


	Rotavirus A strain OSU G5P[7]9
	Institute of Virology, Faculty of Veterinary Medicine, University of Leipzig
	—


	Anti-RVA VP6 primary antibody (rabbit)
	Custom antibody (TV 14/12)
	1:2000


	Anti-RVC VP6 primary antibody (rabbit)
	Custom antibody (TV 14/12)
	1:4000


	Goat anti-rabbit IgG (H+L) Alexa Fluor™ 488 (cross-adsorbed)
	Life Technologies (#A-11008)
	RRID: AB_143165


	Goat anti-Pig IgA Secondary Antibody FITC
	Life Technologies (#PA1-84624)
	RRID: AB_931397


	Goat anti-pig IgG (H+L) DyLight 488
	Abcam (#ab102139)
	RRID: AB_10710341








Table 2 | Equipment and instruments.
	Device
	Model/source
	Details/RRID



	Imaging system (fluorescence and chemiluminescence)
	Fusion FX7, peqLab
	—


	Electrophoresis chamber
	RELSPLUSST25, Roth
	—


	Analytical balance
	PM400, Mettler Toledo
	—


	Fluorescence microscopes
	IX70, Olympus
	—


	Digital microscope
	BZ-X, Keyence
	RRID: SCR_018604


	Freezer (−20 °C)
	Comfort series, Liebherr
	—


	Freezer (−80 °C)
	KM-DU53Y1E, Liebherr/Panasonic
	—


	CO2 Incubator
	Model 3.1, Binder
	—


	Refrigerated storage (4 °C)
	Comfort series, Liebherr
	—


	Magnetic stirrer
	RSM-10HP, Phoenix Instruments
	—


	Neubauer counting chamber
	Assistent
	—


	Glass pipettes
	Labsolute
	10 mL and 5 mL


	Bead mill homogenizer
	TissueLyser II, Qiagen
	RRID: SCR_018623


	Pipetting aid
	peqLab
	—


	Biosafety cabinet
	HERAsafe, Heraeus Instruments
	—


	Medium bottles
	Greiner Bio-One
	100 mL, 500 mL


	Parafilm
	Carl Roth (DMSO: C2H6OS)
	—


	Pipette tips
	Greiner Bio-One
	10, 20, 100, 200, and 1000 µL


	Polypropylene tubes
	Greiner Bio-One
	15 mL and 50 mL


	Microcentrifuge tubes
	Greiner Bio-One
	1.5 mL and 2 mL


	Saliva collection swabs
	Sarstedt Salivette™
	—


	Serum tubes
	Sarstedt S-Monovette # 13395
	9ml


	Syringes
	Ilona Schubert Laboratory Supplies
	1 mL, 10 mL, 50 mL


	Syringe filters
	Ilona Schubert Laboratory Supplies
	0.20 µm, 0.45 µm


	Biosafety cabinet
	Hs 12/2, Heraeus Instruments
	—


	Cell culture flasks
	Greiner Bio-One
	25 cm², 75 cm², 175 cm²


	Cell culture plates
	Greiner Bio-One
	96-well


	MA104 cell line
	ATCC CRL-2378.1
	RRID: CVCL_3846










3 Methods



3.1 Indirect and direct immunofluorescence assay

MA 104 cells grown in 96-well-plates were fixed with 80% acetone for 15 min at 4 °C. For direct IFA, either a polyclonal anti-VP6 RVA serum (rabbit anti RVA-VP6, produced by immunizing rabbits with purified VP6 used at a 1:2000 dilution in PBS containing 1% BSA) or an anti-RVC serum (rabbit anti RVC-VP6, used at a 1:4000 dilution in PBS with 1% BSA) was applied. For indirect IFA, serum samples were diluted as required and applied after blocking with 5% BSA in PBS for 30 minutes at 37 °C. Sixty microliters of the sample were added to each well of a 96-well cell culture plate, followed by 60 min incubation at 37 °C. Subsequently, wells were washed three times with PBS containing 1% BSA. Then, the secondary antibody solution was added and incubated for 30 minutes at 37 °C. The secondary antibodies used included Goat anti-pig IgG (H+L) DyLight 488, Goat anti-Pig IgA FITC for indirect, and Goat anti-rabbit IgG (H+L) Alexa Fluor™ 488 (cross-adsorbed) for direct IFA respectively. All secondary antibodies were diluted in PBS with 1% BSA to a final concentration of 1 µg/ml. DAPI was added to the solution at a final concentration of 0.5 µg/ml. After two additional washes with PBS containing 1% BSA, a final wash with PBS alone was performed. Fluorescence signals were visualized using an inverted fluorescence microscope. In the direct IFA, the presence of any RVA VP6- or RVC VP6-specific fluorescence signal within a well was visually determined and documented. In the indirect IFA, the absence of fluorescence was independently assessed by two investigators to minimize subjective bias and ensure consistency of the evaluation.




3.2 Validation of virus neutralization assay

The basic protocol of the VNA included pre-activation of the RV with trypsin. A two-fold serial dilution of serum, saliva or intestinal mucus samples was prepared in a 96-well cell culture plate. Serum samples were pre-diluted 1:10. Intestinal mucus samples were mixed 1:50 with PBS and homogenized using a bead mill at 2000 oscillations/min for 30 s. RV was added to each sample, followed by an adsorption step at 37 °C in a 5% CO2 atmosphere. For intestinal mucus samples, the virus-sample mixture was added to a confluent monolayer of MA104 cells, incubated for two hours, and then washed twice with DMEM. For serum and saliva samples, cultures of MA104 cells were detached by trypsinization, centrifuged at 700 x g to remove trypsin-containing medium, resuspendend in DMEM and subsequently seeded into the virus-sample mixture at a concentration of 0.4 × 105 cells/well. After 24 hours of incubation at 37 °C in a humidified atmosphere containing 5% CO2, cells were washed once with PBS, fixed with 80% acetone for 15 minutes at 4 °C, washed once with PBS and subsequently analyzed by IFA.

Several steps within the basic protocol were optimized based on virus- and sample-specific properties. Final protocol is presented in Supplementary Material 1.



3.2.1 Concentration- and time-dependent effects of trypsin on RV infectivity

To assess the concentration- and time-dependent effects of trypsin on RV infectivity, confluent MA104 cell layers were infected, fixed, and analyzed via direct IFA. Fluorescent foci were counted in four randomly selected microscopic fields at 20× magnification, and the arithmetic mean was calculated.




3.2.2 Influence of virus–antibody adsorption time

The influence of virus–antibody adsorption time on VNA performance was investigated by testing incubation times of 1, 4, 8, 16, and 24 hours for serum, saliva, and intestinal mucus samples.




3.2.3 Influence of inhibition rate on read out results

In parallel with the evaluation of optimal incubation times, the influence of the inhibition rate on assay results and the standard deviation in repeatability was assessed. Accordingly, inhibition rates of 80%, as described in the basic protocol of Jiang et al. (1999), and 100% were compared. For the determination of 80% inhibition, foci within four microscopic fields (MF) per well were counted, and the average number of foci was calculated and expressed as a percentage relative to the positive control. In addition, saliva samples were analyzed both filtered and unfiltered.




3.2.4 Determination of optimal virus concentration

To determine the optimal virus concentration, VNAs were conducted using various multiplicities of infection (MOIs), including negative controls (one fetal calf serum and one pig serum). The extent of fluorescence was assessed relative to maximum fluorescence. Therefore, foci within four MF per well were counted. The average number of foci was calculated and expressed as a percentage relative to the positive control.




3.2.5 Determination of VNA sensitivity

The sensitivity of the VNA protocol was evaluated by comparing absolute RVA-specific IgG titers in serum as described in 3.1 with the corresponding maximum RVA VNA titers within the sera from vaccinated animals.




3.2.6 Determination of intra- and inter-assay repeatability

Intra- and inter-assay repeatability was assessed using technical duplicates and 10–20 biological replicates of the G5P[7]9 RVA-specific VNA. Samples included one serum each with high, medium, and low titers; one saliva sample each with medium and low titers; and one mucus sample each with high, medium, and low titers.

Titer ratios were calculated following linearization of the underlying exponential titer progression according to the following formula:

linearised VNA−titer=log2 VNA−titer







3.3 Sampling protocol for natural infected animals

Samples were collected from pigs during 16 slaughter sessions (Figure 1). Saliva was collected using a cotton roll (Salivette®), which was affixed to a rod and offered to the unrestrained animal for oral manipulation. During approximately 20 seconds of interaction and mastication, saliva was absorbed into the cotton roll.

[image: Flowchart depicting sample collection and processing from a pig for laboratory analysis. It includes the collection of saliva using a cotton roll fixed on a rod, the extraction of blood for serum, and intestinal excision followed by steps like separation, washing, and scraping for mucus. Samples undergo centrifugation and are stored at negative eighty degrees Celsius.]
Figure 1 | Schematic illustration of sampling. Saliva, serum and intestinal mucus samples were obtained from the duodenum, jejunum and ileum of each pig during domestic slaughter. The saliva was collected using salivettes and centrifuged in the laboratory. Blood from punctured cavernous vein was collected in a tube and centrifuged in the laboratory. Before obtaining the intestinal mucus, the intestine was subjected to several washing steps. All materials obtained were transferred to 2 ml reaction tubes and stored at -80°C. (Created with biorender.com)

Blood samples were obtained by incising the large blood vessels near the heart. Blood was collected into serum tubes approximately 5 cm downstream from the incision site, directly from the central blood flow.

Following excision of the intestinal convolute, the intestine was bluntly separated from the mesentery. The intestinal contents were then flushed out using hand-warm water. The intestinal lumen was everted, and the intestines were washed again with hand-warm water. Mucus samples were collected by scraping the mucosal surface with the blunt edge of a scalpel at three defined locations: approximately 10 cm distal to the gastric outlet (duodenum), midway along the small intestine (jejunum), and approximately 10 cm proximal to the ileocecal junction (ileum). All samples were transferred into sterile 2 ml reaction tubes.

Samples collected during slaughter were stored at 4 °C until further processing. Within 24 hours, serum was separated in the laboratory, and saliva was extracted from the cotton rolls by centrifugation at 2000 × g for 5 minutes. Prior to storage, up to 700 µl of saliva was filtered through a sterile 0.4 µm pore-size filter. Serum, saliva, feces, and intestinal mucus samples from each individual animal were stored at –80 °C until further analysis.




3.4 Sampling protocol for vaccinated animals

In February 2019, a herd-specific rotavirus A (RVA) vaccine was implemented as part of the health management program in a piglet-producing herd. In accordance with the recommendations of the Standing Veterinary Vaccination Committee (STIKO Vet) (32), the vaccine was initially administered to a pilot group of thirty newly acquired gilts.

Four vaccine doses were administered to the gilts, each dose containing 0.6 × 106 focus-forming units (FFU) of an RVA strain of genotype G9P[32]x. The vaccine was administered subcutaneously at the base of the ear at four-week intervals, starting two weeks after arrival. Gilts were seven months of age at the time of the first vaccination. Booster vaccinations were given four weeks (week 18 post-initial vaccination) and two weeks (week 20 post-initial vaccination) prior to farrowing.

Whole blood and saliva samples were collected from eight animals at weeks 0, 2, and 4, as well as at weeks 18 and 22 post-initial vaccination. Serum and saliva samples were stored at –80°C until further analysis.





4 Results



4.1 VNA validation

The duration of proteolytic activation and the composition of the culture medium influenced the average number of fluorescent foci observed in direct immunofluorescence assays (IFAs). The number of foci increased with higher trypsin concentrations (Figure 2A). A statistically significant increase in foci was observed for all RVA at a trypsin concentration of 20 µg/ml compared to medium without trypsin. While this effect can be observed for RVA G9P[32]x for all proteolytic activation times (p120min = 0.0219, p60min = 0.0382, p30min = 0.0136) for G6P[1]6 it is shown at 120 minutes (p = 0.0219), and for G5P[7]9 at both 60 and 120 minutes activation time (p = 0.0211 for both). For G9P[32]x, a significant increase was also detected at 60 minutes incubation (p = 0.0382) and 30 minutes incubation (p = 0.0136).

[image: Three panels labeled A, B, and C show graphs related to viral activation and neutralization under different conditions. Panel A features line graphs depicting fluorescent foci averages across varying trypsin concentrations and activation times. Panel B presents line graphs showing fluorescent foci averages across different activation times and trypsin concentrations. Panel C includes line graphs for VNA titers against adsorption times in serum, mucus, and saliva samples at various titers. Data points are connected by lines, with statistical significance indicated by asterisks. Error bars represent interquartile ranges.]
Figure 2 | Investigation of virus activation parameters and adsorption time. (A) Infectivity of RVA strains depending on trypsin concentration: The figure shows the average number of foci at different trypsin concentrations and an incubation time of 2 h (solid line), 1 h (dashed line), 30 min (dash-dot line) and 0 min (dotted line). For all RVA strains, an increase in the number of foci was observed between the trypsin concentrations from 0 µg/ml to 20 µg/ml. Significant changes were observed for RVA G9P[32]x at incubation times greater than 0 min, for RVA G6P[1]6 at incubation times of 2 h and for RVA G5P[7]9 at incubation times of 2 h and 1 h (legend: MF: microscopic field of view, ⌀: arithmetic mean; representation: median with IQR, Kruskal-Wallis test, n=3). (B) Infectivity of RVA strains depending on the incubation time for proteolytic activation: The figure shows the average number of foci at different incubation times for proteolytic activation of RVA at trypsin concentrations of 20 µg/ml (solid line), 10 µg/ml (dashed line) and without trypsin (dotted line). For the RVA G9P[32]x, a significant difference in the number of foci between the incubation time of 0 min and 2 h could be recognized for all trypsin concentrations. This was also observed for the other RVA strains at a trypsin concentration of 20 µg/ml. The RVA G5P[7]9 showed a significant difference between the incubation times of 0 min and 30 min at a trypsin concentration of 10 µg/ml and for RVA G6P[1]6 at a trypsin concentration of 10 µg/ml and without trypsin (legend: MF: microscopic field of view, ⌀: arithmetic mean; representation: median with IQR, Kruskal-Wallis test, n=3). (C) VNA titers as a function of the virus-antibody adsorption time: The figures show the VNA titers for two serum samples (left), two saliva samples (center) and two intestinal mucus samples (right) as a function of the adsorption time between the virus and the antibodies contained in sample materials. One sample with a low (black) and one with a higher (colored) VNA titer were used. No significant differences were found in the analysis of the serum samples. The saliva samples and intestinal mucus samples showed higher VNA titers from a time point of 8 h with some significant differences in mucus and saliva samples with a low VNA titer (representation of the median with IQR, Kruskal-Wallis test, n=3; significance level: *p < 0.05).

Across all RVA strains, the number of fluorescent foci increased significantly following a two hours proteolytic activation time with 20 µg/ml trypsin (G9P[32]x: p = 0.0127; G6P[1]6: p = 0.0134; G5P[7]9: p = 0.0132) (Figure 2B). For RVA G9P[32]x, this increase was also significant at all other trypsin concentrations tested (10 µg/ml: p = 0.0132; 0 µg/ml: p = 0.0153). The number of fluorescent foci for strains G6P[1]6 and G5P[7]9 decreased with prolonged proteolytic activation time after the initial significant increase from 0–30 min at trypsin concentrations of 10 µg/ml (G6P[1]6: p = 0.0289, G5P[7]9: p = 0.0134). A similar trend was observed for G6P[1]6 in absence of trypsin (p = 0.0156). Across all RVA strains, the lowest number of fluorescent foci was observed without any activation time, regardless of the trypsin concentration applied.

In the VNA, no significant changes in neutralization titers over time were observed for serum samples. However, for saliva and intestinal mucus samples, VNA titers increased between 1 and 8 hours of virus–sample adsorption. After 24 hours, titers remained comparable to those at 8 hours. Only in samples with initially low VNA titers, statistically significant differences were observed for saliva between 1 and 24 hours (p = 0.0393), and for intestinal mucus between 1 and 16 hours (p = 0.0287) (Figure 2C). Occasionally, mucus samples exhibited bacterial or fungal overgrowth after 16 or 24 hours of adsorption. Furthermore, no statistically significant differences (Kruskal-Wallis test) were detected at the 8-, 16-, or 24-hour time points. Based on these findings, an adsorption time of two hours for serum, and eight hours for saliva and intestinal mucus, was established as optimal in the VNA protocol.

The determination of the minimum multiplicity of infection (MOI) for RVA strain G5P[7]9 using a negative control serum (NC). At MOIs below 3 × 10-4, no green fluorescent signals could be detected in the cytoplasm of cells, even at low dilution levels of the negative control serum. At MOI of 3 x 10-3, fluorescent foci were still detectable at 10-fold dilution of negative samples (Supplementary Material 2). For all virus strains used, the virus-positive control was adjusted to yield 10–20 foci per microscopic field (MF). Based on these settings, the MOIs were calculated assuming the seeded cell number of 0.4 × 105 cells/well and are listed in Table 3.


Table 3 | MOI used in VNA.
	RV-group with G- und P-genotype/serotype
	Virus concentration [MOI]



	RVA G9P[32]x
	0.50 x 10-3


	RVA G6P[1]6
	1.25 x 10-3


	RVA G5P[7]9
	3.00 x 10-3


	RVC G1P[1]1
	3.00 x 10-3





MOI, Multiplicity of Infection; RVA, Rotavirus group A; RVC, Rotavirus group C.



Besides this sample-specific factors affected assay performance. The appearance of immunofluorescence signals differed depending on the type of sample material. When serum samples were tested in the virus neutralization assay (VNA), green fluorescent signals were clearly associated with individual cells. In contrast, saliva and intestinal mucus samples often produced localized foci comprising clusters of adjacent fluorescent cells, which were counted as a single focus. This effect was markedly reduced after filtration of the saliva samples through a 0.45 µm sterile filter, resulting in more dispersed and individually fluorescent cells (Figure 3A). Despite the morphological differences, both filtered and unfiltered saliva samples showed almost identical VNA titers with complete (100%) neutralization. Using an 80% inhibition rate as the readout increased the calculated neutralization titers; however, it was associated with a significantly higher standard deviation among triplicates compared with the 100% inhibition readout (Figure 3B).

[image: Microscopic images and graphs comparing not filtered and filtered saliva samples. The top row shows a bright green cluster for not filtered saliva with corresponding graphs indicating higher VNA titers over time, peaking at 24 hours. The bottom row shows fewer green clusters for filtered saliva with graphs indicating lower VNA titers. Legends denote low, medium titers, and inhibition levels.]
Figure 3 | Influence of inhibition rate on read out results. (A) Appearance of the fluorescence signals in the saliva-specific VNA: The images on the left show two wells of an RVA-VNA of a 1:4 diluted saliva sample. The cell nuclei (blue) and the specific coloring of the VP6 protein of the RVA (green) can be seen. The upper images show the result of the unfiltered saliva sample. Fluorescent cells are concentrated focally. The lower image shows the result of the same saliva sample after filtration. Only at one point appear a few focally concentrated fluorescent cells. Overall, more individual fluorescent cells appear in this cavity. (B) Left: VNA titers of one saliva sample with a low titer and two with medium titers (median ± IQR). A significant difference between readout methods was found for the medium-titer saliva sample 2 at 8 h of adsorption (t-test, p < 0.005). Right: deviation among triplicates. The 80% readout showed significantly higher variance than the 100% readout (paired t-test, p = 0.0476).

The limit of detection (LOD) for the serum VNA corresponds to RVA-specific IgG IFA titer of 4 x 104. The lower limit of quantification (LLQ) is defined at RVA-specific IgG IFA titer of 6 x 104 (Figure 4). It has, however, to be taken into account that IFA detects all antigen specific IgG antibodies whereas the VNA detects serotype specific antibodies of all immunoglobulin isotypes. Therefore LOD and LOQ can only be determined approximately.

[image: Scatterplots showing the relationship between IgG IFA titers and RVA specific titers. The main plot shows a positive correlation between serum VNA titer and IgG IFA titer with marked points for LOD, LLQ, and sensitivity limit. The inset shows approximated correlation with confidence intervals.]
Figure 4 | Sensitivity limit and linear range of the serum VNA. Shown is the correlation between RVA-specific IgG IFA titers and VNA titers from the immunization study. The low-titer range is enlarged. The limit of detection (LOD) corresponds to a RVA-specific IgG IFA titer of 40,000. The lower limit of quantification (LLQ) corresponds to a RVA-specific IgG IFA titer of 60.000. The red line indicates the VNA regression line.

The inter-assay variation of the VNA showed coefficients of variation (CV) below 15% for sera with medium and high VNA titers. For sera with low titers, the inter-assay CV was 23.4%. In intra-assay comparisons, the coefficients of variation for all samples remained below 10% (Table 4).


Table 4 | Repeatability parameters of the RVA G5P[7]9-specific VNA for serum.
	Characteristics sample material
	Inter-test
	Intra-test



	Serum VNA-titer
	 
	V (%)
	V (%)


	Low titer
	2.059
	23.4
	3.64


	median titer
	4.858
	10.4
	1.81


	high titer
	6.038
	6.2
	7.58





Information on the inter- and intra-test parameters, indicating the coefficient of variation (V) and the mean value (X¯
) of the normalized titers are shown. The values are presented for one serum each with low, medium and high VNA titers. The ratios were determined after linearization of VNA titers.

X¯
, mean value; V, coefficient of variation.



The ratios for saliva samples were determined using low VNA titers, while those for intestinal mucus were assessed using both low and high VNA titers. Coefficients of variation comparable to those observed for serum samples were found (Table 5).


Table 5 | Repeatability parameters of the RVA G5P[7]9-specific VNA for saliva and gut mucus.
	Characteristics sample material
	Inter-test
	Intra-test



	sample material
	 
	V (%)
	V (%)


	saliva
	1.590
	24.3
	4.97


	intestinal mucus
	2.358
	18.2
	3.19


	intestinal mucus
	7.438
	4.9
	4.25





Information on the inter- and intra-test parameters, indicating the coefficient of variation (V) and the mean value (X¯
) of the normalized titers are shown. The values are presented for a saliva sample with a low VNA titer and an intestinal mucus sample with a low and high VNA titer.



Within the protocol, there are key factors that, if not taken into account, can influence the results of the assay. They are mentioned in Table 6.


Table 6 | Trouble shooting.
	Trouble shooting
	Description solution



	cell layer is not confluent
	control trypsin concentration in the activation medium and ensure enough activation time


	cells have a spindle-shaped appearance
	Trypsin concentration is higher than recommended


	no or low infectivity of RVA or RVC in positive control
	Remaining FBS in the media have neutralization effect - check the washing procedure before inoculation
Wrong MOI used


	Titers of saliva or mucus samples are lower than expected
	control virus neutralization time
check for sample transport at 4 °C and long term storage at -80 °C










4.2 Evaluation of an indirect correlate to the gut mucus

Four and six pigs showed RVA G5P[7]9-specific VNA titers below 10 in serum and saliva, respectively, and were therefore excluded from correlation analysis. Salivary RVA G5P[7]9-specific VNA titers correlated strongly with intestinal mucus titers from the duodenum, jejunum, and ileum, with correlation coefficients of 0.96, 0.88, and 0.98, respectively (p = 0.0004, 0.008, and 0.001). In contrast, serum VNA titers showed lower correlations with intestinal mucus titers from the same regions, with coefficients of 0.72, 0.67, and 0.84 (p = 0.0224, 0.041, and 0.004, respectively). A summary of these RVA-specific correlation analyses is provided in Supplementary Material 3.

The strongest correlation of RVC G1P[1]1-specific VNA titers was observed between saliva and duodenal intestinal mucus from the same animals, with a correlation coefficient of 0.75 (p = 0.0058). Further analysis revealed lower, non-significant correlations between salivary VNA titers and intestinal mucus from the ileum (r= 0.50) and jejunum (r = 0.42; p > 0.05 for both). Conversely, serum VNA titers showed the highest correlation with jejunal intestinal mucus (r = 0.49), followed by ileal (r = 0.32) and duodenal mucus (r= 0.09), none of which reached statistical significance (p > 0.05). Overall, correlations between salivary VNA titers and intestinal mucus were higher and more significant than those observed for serum. The RVC-specific correlation results are summarized in Figure 5.
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Figure 5 | Correlation calculations between RVC-specific VNA titers within sample materials. The correlations between the intestinal mucus VNA titers and the saliva VNA titers or the serum VNA titers are shown graphically in the form of XY plots and a heat map. A correlation line is shown for correlations ≥ 0.5 (Spearman correlation, n = 15).




4.3 Evaluation of VNA and IFA titers in the vaccination study

Samples from vaccinated pigs were analyzed to determine the correlation between serum RVA-specific IgA IFA titers and salivary neutralizing titers. Additionally, the relationship between serum RVA-specific IgG IFA titers and RVA G9P[32]x-specific serum neutralizing titers was evaluated.

A strong correlation was observed between serum RVA-specific IgG IFA titers and G9P[32]x-specific serum VNA titers (r = 0.8257, p < 0.0001). Likewise, serum IgA IFA titers correlated positively with log2-transformed salivary G9P[32]x-specific VNA titers (Pearson correlation, r = 0.7098, p < 0.0001), as shown in Figure 6.

[image: Two scatter plots of RVA specific titers. The left plot shows a positive correlation between saliva VNA titer and IgA IFA titer, with correlation coefficient q: 0.5967 and p-value: 0.001. The right plot indicates a positive correlation between serum VNA titer and IgG IFA titer, with correlation coefficient q: 0.8257 and p-value: 0.0001. Both plots include a line of best fit with confidence intervals.]
Figure 6 | Correlation of the RVA IgG and IgA IFA titers with the VNA titers in serum and saliva. The correlation between the RVA-specific IgG IFA titers and the G9P[32]x specific VNA titers in serum (left) and the RVA-specific IgA IFA titers in serum and the G9P[32]x specific VNA titers in saliva (right) is shown. The correlations are strongly positive with a value of 0.8257 (Spearman correlation) coefficient and 0.7098 (Pearson correlation) with a significance of < 0.0001 (representation of the regression line with 95% confidence interval in casas of correlation > 0.5, n = 35).





5 Discussion

There is currently no universally accepted VNA protocol, as each assay is influenced by pathogen-specific characteristics and the properties of the sample material (26–29). Consequently, each new protocol must be validated based on defined parameters and subjected to an optimization process.

In the present study, five factors were identified that significantly influence the outcome of a RV-specific VNA: (i) trypsin concentration, (ii) incubation time for proteolytic activation, (iii) infection dose, (iv) neutralization time, and (v) sample material-specific factors.

The RVA strains used exhibited strain-specific, concentration- and time-dependent changes in infectivity upon proteolytic activation with trypsin. This observation is consistent with findings from earlier studies (33–36). As an endopeptidase, trypsin cleaves peptide bonds at basic amino acid residues. Two conserved cleavage sites within the VP4 protein of RVA facilitate trypsin-mediated conformational changes critical for viral entry (37, 38). Despite these conserved cleavage motifs, the reasons for the observed variability in trypsin sensitivity among RVA strains remain unclear. Mammalian cells typically respond to viral infection in vitro by secreting interferon, a key antiviral cytokine. The RVA non-structural protein NSP1 functions as an interferon antagonist (39), and its 39 known genotypes exhibit variable efficacy in suppressing interferon responses (40). Trypsin has also been shown to directly inhibit interferon activity (41). For strains with NSP1 variants that weakly antagonize interferon signaling, trypsin-mediated inactivation of interferon may enhance infectivity (41). This hypothesis should be tested by incorporating interferon inhibitors into the assay.

VNA titers can be interpreted based on complete or partial inhibition of infection. Even among virus-specific protocols from different laboratories, inconsistent readout methods are observed (42, 43), including for RVA-specific VNA (44–46). The choice of readout threshold can affect test sensitivity and specificity (29). Given the need for high sensitivity in the analysis of saliva samples, partial inhibition was initially selected as the preferred readout method. However, viral infection patterns changed when using saliva or intestinal mucus compared to serum. While single infected cells were observable in serum and sterile-filtered saliva, unfiltered saliva and intestinal mucus yielded focally clustered infections. Moreover, VNA titers determined by the 80% readout method exhibited significantly greater variability among triplicates. Therefore, we chose to interpret VNA titers based on complete inhibition of infection.

Mucins in saliva and intestinal mucus have high affinity for positively charged ions such as calcium (47). These large, complex glycoproteins, fragmented and homogenized via bead mill treatment, may distribute unevenly in the sample, resulting in focal accumulation. Calcium ions, in turn, stabilize the outer capsid layer of RV (48), potentially facilitating localized infection of multiple cells and contributing to focus formation. On the other hand, certain mucins have demonstrated RV-inhibitory activity (49–52). Mucin-covered areas may be resistant to infection, concentrating infection in mucin-free regions. Further investigation is required to prove this hypothesis and to determine which mechanism may predominate. The disappearance of foci following sterile filtration of saliva and removal of high-molecular-weight mucins (53) supports the hypothesis of mucin involvement. To further support the hypothesis, analyses involving mucin digestion methods, calcium staining protocols or electron microscopic investigation should be conducted. Despite the sensitivity loss associated with the selected readout method, specific antibodies were detectable in saliva. A critical factor enabling this was the adjustment of the neutralization time. Since many other studies did not adjust the neutralization time (54, 55), potentially influenced their results, this approach may yield different outcomes. While neutralization time had minimal effect on serum titers, it proved decisive for saliva and intestinal mucus samples. Secretory immunoglobulins (SIgs) exhibit higher avidity for antigens than monomeric serum immunoglobulins (56, 57). Nonetheless, SIgs do not diffuse freely in mucosal environments; rather, they form reversible associations with mucins (58, 59). This limits their mobility, delaying antigen encounter and potentially sequestering the virus within the mucus matrix, thus preventing cellular entry (52). This mechanism may also involve non-neutralizing antibodies that block infection through steric hindrance or aggregation (60, 61). Consequently, VNAs using saliva or intestinal mucus can detect both neutralizing and functionally relevant non-neutralizing antibodies (62, 63).

All these factors influence the maximum RV-specific focus formation in the VNA and therefore affect the neutralization titers measured. This highlights the critical need to consider both pathogen- and sample-specific variables to ensure reliable assay performance.

Repeatability ratios met OIE standards (OIE, 2009), with inter-assay coefficients of variation below 15% for sera with moderate to high titers and intra-assay variation below 10%. However, in low titer ranges, variation exceeded OIE recommendations. Correlation analysis revealed that RVA-specific serum VNA titers deviated from linearity at low concentrations, indicating the assay’s sensitivity threshold had been reached. While high and consistent titers were obtained from serum and intestinal mucus, saliva samples yielded significantly lower and more variable titers. This is attributable to the substantially lower relative concentrations of IgG and SIgA in saliva—20-fold and 3000-fold lower, respectively, than in serum (15, 64, 65), and approximately 1000-fold lower than in intestinal mucus (66)—resulting in an inherent loss of sensitivity for this matrix.

Nonetheless, the RV-specific titers detected in saliva align with data from validation studies for Porcine Reproductive and Respiratory Syndrome virus (67) and Schmallenberg virus (26). Nevertheless, in situations where immune responses are weak or suboptimal, reliance on whole saliva based VNA measurements alone may not provide a comprehensive evaluation of the immune status. In pigs, TGEV-specific B cells were detected in higher numbers in the submandibular and sublingual salivary glands compared to the parotid gland (68). In humans, a correlation between IgA concentrations in submandibular and sublingual glands and the enteric mucosal immune status has been demonstrated (69). Therefore, normalization of IgA concentrations and neutralizing antibody titers obtained from saliva samples to the respective proportions of the submandibular and sublingual salivary gland secretions would be a desirable approach to refine the assessment of the immunological status. The combined assessment of RV-specific IgA concentrations in serum or saliva and virus neutralization activity (VNA) may enhance the evaluation of the immune status and thereby addresses the inherent limitation of the VNA in its inability to discriminate between different immunoglobulin isotypes. In humans, standardized protocols for sampling this specific salivary fraction have been established (69), suggesting that the application of VNA may be more appropriate in humans than in pigs. Thus, defining a salivary reference for neutralization titer normalization in pigs should be further developed for broader clinical application.

The protocol established in this study currently represents the most optimized method for detecting RV-specific neutralizing antibodies in the tested matrices. However, standardization of diagnostic protocols across laboratories is essential to ensure comparability between studies. Moreover, this assay does not address cellular immune responses—an essential component of immunity against rotavirus (70–72), highlighting the need for a multimodal diagnostic approach.

In pigs, evidence supports the existence of mucosal immune system cross-talk (73, 74). The data presented here further support this, with findings indicating stronger correlations between salivary and intestinal immune responses in more proximal intestinal segments, consistent with human studies (75).

In contrast, serum-derived RV-specific neutralizing antibody titers do not reliably reflect the immune status of the intestinal mucosa. VNAs do not distinguish between immunoglobulin classes and therefore predominantly reflect the contribution of IgG, the major serum antibody, which may mask the effects of IgA and IgM. However, correlations between mucosal immunity and RV-specific IgA levels in blood have been demonstrated in pigs (72), humans (76), and mice (77). In this study, a significant correlation between serum IgA concentrations and salivary titers was also observed, reinforcing these previous findings.

Despite their compositional variability, saliva samples offer a minimally invasive and practical diagnostic tool (19, 21–23). The validated VNA protocol presented here demonstrates the utility of saliva in monitoring immune responses and highlights its potential for broader application, provided a robust and standardized assay is available. This approach would also facilitate longitudinal immune monitoring and reduce the number of animals required in vaccine studies, thereby aligning with ethical principles of animal use reduction.
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