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Effective respiratory syncytial virus (RSV) vaccines have been developed and licensed for elderly adults and pregnant women but not yet for infants and young children. The RSV immune state of the young child, i.e., previously RSV infected or not, is important to the conduct and interpretation of epidemiology studies and vaccine clinical trials. To address the need for sensitive assays to detect immunologic evidence of past infection, we developed, characterized, and evaluated 7 assays including  4 IgG antibody enzyme immunoassays (EIAs), two neutralizing antibody assays, and an IFN-γ EliSpot (EliSpot) assay. The four IgG EIAs used a subgroup A plus subgroup B RSV-infected Hep-2 cell lysate antigen (Lysate), an expressed RSV F protein antigen (F), an expressed subgroup A G protein antigen (Ga), or an expressed  subgroup B G protein (Gb) antigen. The two neutralizing antibody assays used either a subgroup A or a subgroup B RSV strain. The EliSpot assay used a sucrose cushion purified combination of subgroup A and subgroup B infected cell lysate.  All seven assays had acceptable repeatability, signal against control antigen, lower limit of detection, and, for the antibody assays, effect of red cell lysis, lipemia and anticoagulation of sample on results. In 44 sera collected from children >6 months after an RSV positive illness, the lysate, F, Ga and Gb IgG EIAs, and the subgroup A and B neutralizing antibody assays, and the EliSpot assays were positive in 100%, 100%, 86%, 95%, 43%, and 57%, respectively.  The Lysate and F EIAs were most sensitive for detecting RSV antibody in young children with a documented RSV infection.  Unexpectedly, the EliSpot assay was positive in 9/15 (60%) of PBMC specimens from infants not exposed to an RSV season, possibly from maternal microchimerism.  The Lysate and F EIAs provide good options to reliably detect RSV antibodies in young children for epidemiologic studies and vaccine trials.
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Introduction

Human respiratory syncytial virus (RSV) is a leading cause of serious respiratory tract infection in young children worldwide (1–4). Primary RSV infection often occurs during an infant’s first seasonal RSV exposure, and nearly all children are infected by 2 years of age (5–12). In addition to acute illness, RSV infection in infancy has been linked to later respiratory morbidity and the development of asthma (13–15). Since RSV infection induces incomplete protective immunity, repeat RSV infections and disease occur throughout life, with an especially severe disease in those with compromised cardiac, pulmonary, or immune systems and in the elderly (16).

The burden of RSV disease has made it a high priority for vaccine development. After over 60 years of research, the first vaccines, two for elderly adults and a maternal vaccine to protect the young infant, have been licensed (17–20). The maternal vaccine and a long-acting monoclonal antibody are designed to protect the young infant, but a vaccine for administration to the young child is not yet available. Developing a vaccine for this target population continues to be challenging with one barrier being the concern—that the enhanced RSV disease (ERD) associated with an earlier administration of the first RSV vaccine, a formalin-inactivated, tissue culture grown RSV with alum adjuvant that was studied in the 1960s (21–24), might occur with other non-live virus vaccines in young, RSV naive children. This concern has limited vaccine development for the young child to live attenuated RSV or RSV proteins expressed in a virus vector or by mRNA. Achieving the right balance between safety and immunogenicity and efficacy for a vaccine for this target population remains elusive. The clinical trials needed to evaluate vaccines and identify one that is safe and effective for the young child will benefit from understanding the pre-vaccination RSV immune state of the child, i.e., previously RSV-infected or not. Antibody assays are usually used to determine if a young child has been previously infected, but a young child’s infection may be missed due to a poor initial response to infection and/or due to waning immunity (9, 25–31). RSV antibodies have been detected by a variety of assays including functional assays such as neutralization, fusion inhibition, and Fc-induced activity, binding enzyme immunoassays (EIA) to detect IgG, IgA, and/or IgM antibodies against a variety of RSV proteins, and blocking assays to detect epitope- or antigenic-site-specific antibodies (11, 27, 31–46). Since the optimal assay or combination of assays to detect a past infection in the young child has not been determined, we chose to address this gap by developing, characterizing (assay repeatability, reactivity against control antigen or specimen, lower limit of detection, and the effect of specimen quality or processing on results), and evaluating the six antibody assays and one T cell assay for their ability to detect evidence of RSV immunity in young children. The antibody assays included two neutralizing antibody assays (one each for RSV subgroups A and B strains) and four binding antibody EIAs (i.e., one with subgroup A and B lysate antigen (Lysate), one with expressed F protein antigen (F), one with expressed subgroup A G protein antigen (Ga), and one with expressed subgroup B G protein antigen (Gb)). We chose the F and G protein EIAs because these proteins are the only ones that induce neutralizing antibodies and high levels of protection in animal studies (47, 48). The lysate EIA was used because it contains multiple proteins produced by RSV such as the F, G, N, M, and P proteins (26, 49). We included the neutralizing antibody assays because neutralizing antibodies are correlated with protection from disease. We included the INF-γ EliSpot (EliSpot) assay because we thought that T cell responses might detect some past infections missed by the antibody assays and would not be affected by the maternal immunity transferred to the fetus. After characterizing the assays, we compared the ability of these seven assays to detect evidence of infection-induced or maternal-acquired RSV immunity in four groups of blood specimens with different types of RSV exposures. The overall goal of these studies was to determine which assay or combination of assays would be most sensitive for detecting evidence of infection-induced or maternal-acquired RSV immunity.





Materials and methods




Patients and specimens

We enrolled four groups of patients under an Emory IRB-approved protocol between July 2015 and September 2018. The groups were chosen to address different aspects of assay performance. Specimens and patient-associated data were collected after informed consent was obtained. The CDC definition was used to determine the RSV season, i.e., onset is the first of two consecutive weeks with ≥10% of RSV tests being positive and the end as the last of two consecutive weeks with >10% of the detections being positive (50).




Group A (specificity of the INF-γ EliSpot assay)

Cord blood was collected at the time of delivery if delivery occurred >4 months after the last RSV season and before the next RSV season at Emory University Hospital Midtown, Atlanta, GA, USA. After maternal consent has been obtained, cord blood was collected using cord blood collection kits with citrate phosphate dextrose (CPD) solution (Pall Corporation, Port Washington, NY, USA) and transferred to the laboratory where it was processed for plasma and cord blood mononuclear cells (CBMCs). Once separated, the plasma and CBMCs were divided into aliquots, and the plasma was stored at -80°C and the CBMCs in liquid nitrogen for later testing. A dilution factor was used to account for the CPD dextrose solution in the collection kit and solutions used in the separation of plasma from CBMCs.





Group B (specificity of the INF-γ EliSpot assay)

Healthy, RSV unexposed infants, i.e., infants >4 months old who were born after the previous year’s RSV season ended, were enrolled; they were children seen in the Egleston Hospital Emergency Department (ED) or Hughes Spalding Hospital Primary Care or admitted to Egleston Hospital in Atlanta, GA, USA before the next RSV season. After parental consent was obtained, blood specimens were collected and clinical and demographic data were retrieved from the clinical record. Blood (volume appropriate for age and weight of the infant) was collected in buffered sodium citrate cell preparation tubes (CPT) and transported to the laboratory for processing. The peripheral blood mononuclear cells (PBMCs) were separated from the plasma, and each sample was divided into aliquots and stored at -80°C for the plasma and in liquid nitrogen for the PBMCs.





Group C (assay sensitivity)

Otherwise healthy children exposed to their first RSV season who were seen in the Egleston Hospital ED or admitted to Egleston Hospital or Scottish Rite Hospital in Atlanta, GA, USA with an RSV-positive illness and whose parents consented were enrolled and asked to return ≥6 months later and before the start of the next RSV season to have a blood specimen collected. RSV positivity was determined in physician-ordered specimens by a BioFire respiratory panel PCR (Salt Lake City, UT, USA). Those who returned had a blood specimen collected and their clinical and demographic profile retrieved from the clinical record. The blood specimen (volume appropriate for age and weight of the infant) was collected in buffered sodium citrate CPT tubes and transported to the laboratory for processing. The PBMCs were separated from the plasma, and each was divided into aliquots and stored at -80°C for the plasma and in liquid nitrogen for the PBMCs.





Group D (performance of selected assays in blood specimens from children with unknown RSV infection status)

Otherwise healthy children who were seen in the Egleston Hospital ED or Hughes Spalding Hospital Primary Care or admitted to Egleston Hospital in Atlanta, GA, USA >4 months after the end of their first RSV season and before the start of the next RSV season were enrolled. After parental consent was obtained, clinical and demographic data were collected from the clinical record and blood (volume appropriate for age and weight of the infant) was collected in buffered sodium citrate CPT tubes (Beckton Dickinson, Franklin Lakes, NJ, USA) and transported to the laboratory where it was processed. The PBMCs were separated from the plasma, and each was divided into aliquots and stored at -80°C for the plasma and in liquid nitrogen for the PBMCs.






Antigens and virus




Lysate antigen

The antigen for the lysate EIA is lysate from A2 (ATCC catalogue number VR 1540), a subgroup A RSV strain, and B1 strain (ATCC catalogue number VR 1400), a subgroup B RSV strain, infected cells (51). The viruses were grown in HEp-2 cell (ATCC® CCL23™ HEp-2 cells) under MEM with 5% fetal bovine serum (FBS) at a multiplicity of infection (MOI) of 0.1 TCID50 per cell. After 2 days, the media was changed to serum-free medium to minimize non-RSV antigens in the lysate. At cytopathic effect (CPE) of 3+ to 4+ or day 3 or 4 post-inoculation, the cells were harvested by scraping from the flask, and cells and media were centrifuged at 3,000 ×g. The supernatant was transferred to 50-mL tubes, and the cell pellets were pooled, lysed with a 1/10 dilution of lysis buffer (Cell Signaling Technology, MA, USA) on ice, and sonicated. The treated cell pellet was combined with supernatants, frozen and thawed three times, and clarified by centrifugation at 3,000 ×g for 30 min. Halt Protease inhibitor (Thermo Scientific, USA) was added to the clarified supernatants which were divided into aliquots (A2 and B1 separately) and stored at -80°C.





F, Ga, and Gb antigens

The antigens for the F, Ga, and Gb EIAs were produced by expressing a human codon-optimized secreted portion of RSV, not prefusion-stabilized F (A2 strain), Ga (A2 strain), or Gb (B1 strain) gene with sequences encoding 6X histidine tag at the carboxyl terminus as previously described (51). Briefly, the respective genes were cloned into inducible plasmid pCDNA5/TO vectors with a secretory signal to release the expressed protein into the medium and woodchuck hepatitis virus post-transcriptional regulatory element to increase the expression. The cloned F, Ga, or Gb pCDNA5/TO vector plasmid constructs were transfected into the 293F/Bla cell line under antibiotic selection to develop stably transfected cell lines. Production of the appropriate protein from the stably transfected cells was confirmed by Western blot with the human monoclonal antibody (mAb) Motavizumab (MedImmune, LLC, Gaithersburg, MD, USA) to detect F and the human mAb 3D3 (kindly provided by Trellis Bioscience, LLC, Redwood City, CA, USA) to detect Ga and Gb. The histidine tag on the F, Ga, and Gb proteins was detected with an anti-histidine mAb (cat no. OB05, Sigma Inc., USA). The stably transfected cells were stored in liquid nitrogen.





Antigen titration

The titer of antigen for the EIAs was determined by adsorbing serial twofold dilutions in carbonate buffer (pH 9.6) onto EIA plates (Maxisorb, Nunc, USA) and detecting the lysate, F, Ga, Gb, or control antigens with a goat anti-RSV antibody (MilliporeSigma, Burlington, MA, USA) or a high-titer human anti-RSV antibody (catalog number BEI NR-4021, BEI Resources, Manassas, VA, USA) followed by peroxidase-conjugated donkey anti-goat, or anti-human, IgG antibody (Jackson Immuno Research Labs, West Grove, PA, USA), developing color with OPD/peroxide solution, and reading the absorbance at 490 nm. The highest antigen dilution that maintained a high P–N absorbance signal (P = absorbance for the RSV antigen and N = absorbance for the control antigen) was used to coat the plates for the antibody EIAs.





Virus for neutralization assays

Subgroup A (A2 strain of RSV, ATCC catalog # VR 1540) and subgroup B [RSV B1, B WV/14617/85;173: 829-839, ATCC catalog # VR 1400 (52)] viruses were individually grown in ATCC CCL23 HEp-2 cells at m.o.i. of 0.01 in 175-cm2 flasks. At 4+ cytopathic effect (CPE), the media were adjusted to 25% sucrose and the flasks frozen at -80°C. After thawing, the virus containing medium in the flasks was pooled, clarified by centrifugation at 1,000 rpm (208 ×g) in a refrigerated Model 5810 R Eppendorf Centrifuge, divided into aliquots, and stored at -80°C.





RSV for EliSpot assay

Sucrose gradient-purified subgroup A (RSV A2, ATCC catalog # VR 1540) plus subgroup B (RSV B1, ATCC catalog # VR 1400) was used as antigen for the EliSpot assay. The viruses were individually grown in ATCC CCL23 HEp-2 cells at 0.01 m.o.i. in 175-cm2 flasks to 4+ cytopathic effect (CPE), and the flasks were frozen at -80°C. After thawing, the virus-containing medium in the flasks was pooled and clarified by centrifugation at 600 ×g for 10 min in a refrigerated Eppendorf Centrifuge (Model 5810 R). The clarified virus-containing supernatant was transferred to plastic ultra-centrifugation tubes to which an underlay of 4 mL of sterile 20% sucrose in PBS was added, and the tubes were centrifuged for 2 h at 10,000 or 17,000 RPM in a SW32 Ti rotor, Beckman Coulter Optima-L-90K Ultracentrifuge at 4°C. The supernatant and sucrose cushion were aspirated without touching the virus-containing pellet. The pellet was re-suspended in 3 mL of cold MEM without FBS or BSA, divided into aliquots, fast-frozen, and stored at -80°C. The infectivity titer of the stock of an aliquot of purified virus was determined after storage at -80°C for >24 h as described below. The infectivity titer for sucrose-purified RSV A2 should be >106.0 TCID50/mL and for RSV B1 >104.5 TCID50/mL.





Infectivity titration

The titer of infectious virus was determined with serial 10-fold dilutions of the virus (10-1 through 10-8 dilutions) in HEp-2 cells in 96-well micro-titer plates. Virus replication was detected after 4 days by an RSV antigen EIA by fixing the cells with paraformaldehyde followed by washing the plates two times with PBS, blocking with blocking buffer (0.33% fish skin gelatin, 0.33% skim milk, and 0.33% bovine casein (GMC buffer)) for 2 h at 37°C, washing with PBS plus 0.5%Tween (PBS-T), adding goat anti-RSV antibody (MilliporeSigma, Burlington, MA, USA) in GMC buffer plus 0.15% Tween 20 (GMC-T) for 1 h, washing with PBS-T, adding peroxidase-conjugated donkey anti-goat IgG antibody (Jackson Immuno Research Labs, West Grove, PA, USA) in GMC-T, and adding OPD/H2O2 to develop color. Absorbance was read at 490 nm. Wells with absorbance >mean + three standard deviations of absorbance for uninfected cells were considered positive for virus replication. The viral infectivity titer (TCID50/mL on HEp-2 cells) was calculated by using the Spearman–Karber method (53). One hundred TCID50 was added to each well for the neutralization assays. Furthermore, 1/10 of virus A2 plus 1/10 of virus B1 by volume was used for the EliSpot assay.






Assays




EIA antibody assays

The lysate, F protein, Ga protein, and Gb protein IgG antibody EIAs were performed as previously described (51). Briefly, the respective antigen diluted in sodium carbonate bicarbonate coating buffer (pH 9.6) was adsorbed onto the EIA plates for 2 h at 37°C followed by overnight at 4°C. The antigen-coated plates were washed two times with PBS, blocked with blocking GMC buffer for 2 h at 37°C, and washed with PBS-T before adding the serum or plasma, i.e., the reference standard sera or patient plasma, diluted 1/200 in GMC buffer plus 0.15% Tween 20 (GMC-T). Higher dilutions of patient specimens were used for specimens with a high titer of antibody that had absorbance readings that were too high to estimate the titer. All specimens were tested in three wells with the respective RSV antigen and three wells with the corresponding control antigen. A run (four to six plates/run) reference standard curve was generated with twofold serial dilutions of the BEI NR 4021 serum beginning at 1:100 dilution for Ga and Gb EIAs and 1:200 dilution for F and lysate EIAs. In addition, each plate in the run had reference standard sera diluted to give low (BEI NR 4023 serum diluted to give absorbance ~200) and medium (BEI NR 4022 serum diluted to give absorbance between 500 and 1,000) positive absorbance readings and a negative control (IgG-depleted) serum. The specimens, reference sera, and control sera were incubated for 110 min (± 10 min) at 37°C, the plates were then washed with PBS-Tween (0.05%), horseradish peroxidase-conjugated donkey anti-human IgG antibody diluted in GMC-T was added and incubated for 70 min ( ± 5 min) at 37°C, the plates were washed with PBS-T, and color was developed with the addition of OPD/H2O2 solution for 30 min. At 30 min (± 3 min), the reaction was stopped with 4 N H2SO4, and absorbance was read at 490 nm. A specimen was considered positive if the mean absorbance of the RSV antigen wells (P) was greater than the mean absorbance plus three SD of control antigen wells (N), the P-N value was greater than the mean of the no-antibody control wells, and the mean P-N value was greater than the mean P-N value for IgG-depleted serum. We estimated the antibody titer by referring the P-N value to a four-parameter logistic regression model (4PL) based on the reference standard curve. The 4PL model was generated with SAS version 9.4 (Cary, NC, US). The data were reported as the estimated antibody titer of the specimen.





Neutralizing antibody assays

For both subgroup A and B neutralizing antibody assays, heat-inactivated serum or plasma was serially diluted in MEM/0.5% FBS with penicillin and streptomycin in sterile U-bottom microtiter plates followed by the addition of 100 TCID50 of virus and incubation for 1 h ± 5 min at room temperature. The virus-sera/plasma mixture was then added to previously seeded Hep-2 cells at 50% to 70% confluence and incubated at 37°C under 5% CO2 for 3 days for A2 virus neutralization and 4 days for B virus neutralization. Each run includes one plate with twofold serial dilutions (1:200-1/titration of the BEI high RSV antibody titer serum; BEI NR 4021) and a back-titration of the virus inoculum (serial fourfold dilutions of the virus inoculum from undiluted to a 1/1024 dilution). After 3 or 4 days of incubation, the media was aspirated and the cells fixed with 50 μL of freshly prepared 4% paraformaldehyde/PBS solution for 15 min at room temperature, washed two times with PBS, and incubated with 0.3 M glycine Tris solution (pH 7.4) for 30 min; after aspiration of the glycine solution, the plates were tested for RSV replication by EIA with a goat anti-RSV antibody (MilliporeSigma, Burlington, MA, USA) followed by peroxidase-conjugated donkey anti-goat IgG antibody (Jackson Immuno Research Labs, West Grove, PA, USA), developing color with OPD/peroxide solution and reading the absorbance at 490 nm. Wells with P-N (P is the absorbance reading for the well and N is the mean of wells with no virus added) greater than (P-N)/2 (P is the mean of wells with virus inoculum and no antibody and N is the mean of wells with no virus added) were considered positive for neutralization. The neutralizing antibody titer was calculated by using the Spearman–Karber method (53) and reported as such.





RSV INF-γ EliSpot assay

On day 1 of the assay, PBMCs were prepared by thawing and resting overnight at 37°C in a 5% CO2 incubator in HR10 media (RPMI media; Mediatech, Manassas, VA, USA), heat-inactivated human AB serum, penicillin/streptomycin (Mediatech), glutamax (Gibco, St. Louis, MO, USA), MEM non-essential amino acids (Gibco), and sodium pyruvate (Mediatech). On day 1, ELISpot MSIPS plates (Millipore) were also prepared by coating the plates with IFN-γ capture monoclonal antibody 1-D1K (Mabtech AB, Nacka Strand, Sweden), wrapping the plates in parafilm and incubating the plates overnight for at least 16 h at 2–8°C. On day 2, the anti-human IFN-γ mAb 1-D1K was removed and 200 μL of HR10 EliSpot cell culture media was added for 2 h at 37°C as blocking solution followed by the addition of 2.0 × 105 live PBMCs plus the RSV antigen, control antigen, or PHA per well and incubating the plate at 37°C under 5% CO2 for 40 h. On day 4, after the 40-h incubation, the PBMCs were removed, the plate was washed with an automatic plate washer, and biotinylated anti-INF-γ detection antibody 7-B6-B6 (Mabtech) was added and incubated for 2 h at room temperature. The plates were then washed again and streptavidin–horse radish peroxidase (HRP) conjugate (BD Biosciences, San Jose, CA, USA) was added and incubated for 1 h; after washing the plates, AEC Substrate Kit (BD Biosciences, San Jose, CA, USA) was added for 5 min, the plate was rinsed with cold water and dried overnight, and color spots were read with S6 FluoroCore ImmunoSpot (Cellular Technology Limited, Shaker Heights, OH, USA) EliSpot reader. The number of spots was reported as spots/106 cells (spots detected for 2 × 105 cells multiplied by 5). Specimens with the average number of spots for the RSV antigen wells >25 spots/106 cells (number of spots > mean + two standard deviations for negative control wells for all tested specimens) and > mean + three SD of the control antigen wells for a given specimen were considered positive RSV responses.






Statistical analysis

Titers for each antibody assay and number of spots per 106 cells for the EliSpot assay were summarized descriptively using fraction and percent positive, geometric mean, 95% confidence interval, standard deviation, and median.

Comparisons of the rate of positivity in each assay to the lysate EIA assay were performed using p-values obtained from Fisher’s exact test. The false discovery rate was controlled for by using the Benjamini–Hochberg procedure. A comparison of the rate of EliSpot assay positivity between subjects in groups B and C was also performed using Fisher’s exact test.

To assess maternal antibody half-life, a line of best fit was obtained from a plot of lysate EIA antibody titers versus age in days. One plot was generated for group B (unexposed) subjects alone and one was generated for group A (maternal) and group B subjects combined, where the age of 0 days was used for all group A subjects. There was no overlap in the subjects belonging to group A and group B, and each subject only had one lysate EIA assay titer. Half-life estimates were obtained using the following equation:

	

where kel is the first-order elimination rate constant given by the slope of the line of best fit.






Results




Patients

With the exception of group C, results were available for analysis from most subjects (Table 1). In group A, 60 of 62 enrolled pregnant women had an adequate specimen collected and 59 of these 60 had a response to the PHA-positive control indicating the presence of functional T cells for the INF-γ EliSpot. In group B, 39 of 39 enrolled children had an adequate specimen collected and acceptable test results. In group C, 102 of 220 enrolled children returned for blood collection and had an adequate specimen collected at ≥6 months after enrollment, which approximates the time of their RSV positive infection. The reasons for non-return are given in Table 1. In group D, 124 of 126 enrolled children had an adequate specimen collected.


Table 1 | Enrollment.







Characteristics of lysate, F, Ga, and Gb antigens in antibody EIAs

As previously described, the expressed F, Ga, and Gb proteins gave the appropriately sized bands by Western blot (51). The respective protein-specific and lysate antibody EIAs detected a high titer of RSV antibody in the BEI NR 4021 high-RSV antibody titer serum and had acceptable reactivity against two negative controls, control antigen, and IgG-depleted serum (Supplementary Tables S1, S2). The antibody titer was minimally affected by red cell lysis (blood specimen stored overnight at 4°C), lipemia (blood collected within 1 h of eating), and anticoagulation (blood collected in sodium citrate CPT tubes) when compared to a fasting serum specimen in five adult blood specimens (Supplementary Table S3). The blood specimens from a given adult were collected on the same day under an IRB-approved blood collection protocol and delinked from personal identifying information. The ratio for the specimen type, i.e., with red cell lysis, lipemia, or anticoagulation, antibody titer over the corresponding reference specimen titer for each study subject and assay, was used to compare the effects among specimen types. We chose the fasting serum specimen titer to be our reference for this ratio. The median ratio for the four EIAs for the five adult specimens was 0.94 (6% decrease with a range of 1%–6%) for lipemia, 0.88 (12% decrease with a range of 2%–17%) for hemolysis, and 0.87 (13% decrease with a range of 0% to 13%) for anticoagulation. The EIAs detected high titers of antibody with good consistency. The lysate and F EIAs detected high median antibody titers for the BEI NR 4021 reference sera of 253,650 and 328,663, respectively (Supplementary Table S1). The Ga and Gb EIAs detected a lower median titer of antibodies—54,074 and 71,728, respectively. We used the coefficient of variation (CV), i.e., standard deviation/mean, to evaluate assay repeatability. We considered a CV <30%, which gives a mean + three standard deviations less than <2-fold different from the mean, as acceptable. All four EIAs had acceptable repeatability as indicated by CVs of titers for six replicates of 12 adult serum specimens between 0.07 and 0.22 (Table 2). The titer of antibody that had a >95% chance of a positive result in the four EIA assays was ~300.


Table 2 | Repeatability of the assays (the table summarizes the specimens tested for assay repeatability based on the coefficient of variation).






Neutralizing antibody assays

The subgroup A and B neutralizing antibody assays gave similar titers against the high RSV titer BEI NR 4021 high-RSV antibody titer serum of 1,810 and 1,290, respectively (Table 2). Lipemia and anticoagulation had minimal effect on subgroup A neutralizing antibody titers relative to fasting serum as indicated by the median decrease in antibody titer for the five adult specimens of 0% and 6%, respectively. There was a greater effect of hemolysis with a median decrease in antibody titer of 67%. The repeatability was acceptable as indicated by the median CV for four replicates of seven adults’ serum specimens of 0.25 for the subgroup A neutralization assay and 0.26 for the subgroup B assay. The range of CVs for the two assays was 0.12–0.53 and 0.0–0.41, respectively.





EliSpot INF-γ assay

The EliSpot assay detected responses, as expected, in adult PBMCs with an average of 279 spots/106 cells and a range of 81–1,043. The repeatability of replicate testing was acceptable with a median CV of 0.18 and range of 0.04–0.26 (Table 2). There was a good response to the PHA-positive control stimulation with a median of 1,978 spots/106 cells and range of 420–4,000. A positive response to the RSV antigen of 125 spots/106 cells was detected in one of 59 negative control CBMC specimens.





Assay comparison

We compared the seven assays in a subset of randomly selected specimens from 44 children from group C (children with an RSV-positive illness) and from 15 children from group D (children not exposed to an RSV season). This subset testing was an efficient way to determine which assay or assays should be used to test all specimens. The results for specimens from group C indicated that the lysate and the F EIAs were the most sensitive assays. Both assays detected RSV antibodies in 44/44 (100%) of these plasma specimens (Table 3). In comparison, the Ga EIA was positive in only 19/44 (43%) and the Gb EIA in 25/44 (57%) of these specimens. In 36/44 (82%) of the specimens, G protein antibodies were detected, i.e., either subgroup A or subgroup B or both. Subgroup A neutralizing antibodies were detected in 38/44 (86%) and subgroup B neutralizing antibodies in 42/44 (95%) and either subgroup A or B or both neutralizing antibodies in 42/44 (95%) of these group C specimens. With the EliSpot, 38/44 (86%) of the group C PBMCs were positive. The difference in positivity was significant (p < 0.05) between either the lysate or F EIA and the other assays, with the exception of the subgroup B neutralizing antibody assay (Supplementary Table S4). As expected, most (between 60% for the Ga EIA and 100% for the lysate and F EIAs) of the 15 specimens from group D (children not exposed to an RSV season) were antibody-positive since all would have had residual maternal antibody (Table 3). Unexpectedly, the EliSpot was positive in 60% of the 15 group B PBMC specimens but with a lower median of 58 spots/106 cells (range, 40–113) than the group C specimens which had a median of 138 spots/106 cells (range of 30–1,030). This finding suggests that the EliSpot assay is not specific for detecting infection-induced immunity in young children. Overall, these results indicated that the lysate and F EIAs are the most sensitive assays for detecting a prior infection, and consequently, we focused on these two assays for the remaining studies.


Table 3 | Comparison of assay sensitivity in a subset of group C and D specimens.



Next, we tested the plasma specimens from group A with the lysate EIA and the remaining group B, C, and D plasma specimens with both the lysate and F EIAs. We then combined group B and D results from the subset with these results (Table 4). All group A cord blood specimens were positive in the lysate EIA with a median titer of 89,281 (range of 19,903–2,776,302).


Table 4 | Tests results for all specimens by group.



The results for all group C specimens supported the sub-study result of the high sensitivity of the lysate and F EIAs for detecting antibodies in children known to have been RSV-infected. Group C blood was collected at a median of 204 days, with a range of 184 to 300 days after enrollment (enrollment corresponds with the day RSV was detected). The lysate EIA detected antibody in 100% of the 102 group C specimens with a median titer of 6,291 (range, 415–45,081), and the F EIA detected antibody in 99% with a median titer of 8,798 (range, 0–81,484). The antibody titers were usually high with 75% having titers >2,819 with the lysate EIA and >3,227 with the F EIA. Importantly, the median age at blood collection was 302 days (range, 203–558). The group D specimens illustrate the use of these two assays to determine the immune status of children with unknown infection history. Lysate EIA antibody was detected in 53% with a median titer of antibody-positive specimens of 7,209 (range of 202–65,614) and F EIA antibody in 52% with a median titer of antibody-positive specimens of 9,839 (range, 209–228,917).

Group B specimens were collected as a second negative control for the EliSpot assay but, as noted, had an unexpectedly high rate of positivity. In a subset of 15 group B PBMCs, we detected a positive RSV EliSpot response in nine (60%). We assumed that the children in group B who were not exposed to an RSV season were not RSV-infected, and thus, the antibody titers provided information on the duration of maternal-acquired RSV antibodies. The 39 group B specimens were collected at a median of 138 days after delivery (range of 121 to 203 days), and all were positive with the lysate EIA and all but one with the F EIA with median titers of 2,449 (range of 271–11,312) and 2,689 (range of 0–25,096), respectively (Table 4). These antibodies are presumably maternal in origin and demonstrate that detectable antibodies are still present at ~4–6 months after delivery with these assays. In comparison, the group A cord blood specimens (antibody titer at delivery) had, as noted above, a lysate EIA median titer of 89,281 (range of 19,903–2,776,302). The calculated half-life of maternal-acquired antibodies was 54 days (Supplementary Figure S1). We did a second analysis in which we added the cord blood antibody titers to represent age day 0 (titer at birth) and calculated a half-life of 20 days.







Discussion

We developed and characterized six antibody assays and one T-cell assay. All seven assays had acceptable performance including repeatability as indicated by CVs that were usually less than 30%, low level of reactivity against control antigen, and, in the case of the EIA antibody assays, minimal (between 6% and 12% median decrease in antibody titer) effect of red blood cell hemolysis, lipemia, or anticoagulation on antibody titer relative to a reference standard. We chose the fasting serum antibody titers as the reference standard for this comparison. Note that red blood cell hemolysis had a greater effect on the neutralization assay with a median decrease of 67% in antibody titer.

There were differences in the ability of these assays to detect evidence of RSV immunity in young children with two assays, the lysate and the F EIAs, being most sensitive. Both of these assays detected 44/44 (100%) of the subset group C specimens (children with an earlier RSV+ illness) used for the assay comparison. The other five assays, the subgroup A and subgroup B neutralizing antibody assays, the subgroup A and subgroup B IgG G protein antibody EIA assays, and the EliSpot assay, were positive in 86%, 95%, 43%, 57%, and 86%, respectively. The difference in the rate of detection was significantly higher for the lysate and F EIAs than that for the subgroup A neutralizing antibody assay, the Ga and Gb EIAs, and the EliSpot assay. These results suggested that either the lysate or F EIA detects maternal- or infection-induced antibodies in young children with high sensitivity. They also suggest that a combination assay is not likely to significantly improve detection with these assays. Consequently, we chose to use the lysate EIA to test the group A plasma specimens and both the lysate and F EIAs to test the remaining groups B, C, and D plasma specimens. The results for the remaining group C specimens supported our choice to focus on the lysate and F EIAs with 100% and 99% of the combined 102 group C specimens testing positive, respectively. The lysate and F EIA results for group D specimens suggested that ~50% of the children exposed to their first RSV season were infected. This infection rate is consistent with other studies (9–12, 36). Given the age at blood draw and antibody titer, it is possible that some of these antibody-positive specimens could be from maternal antibody and not induced by an earlier infection. Using a half-life of maternal antibody estimated in other studies of ~30 days (30, 54–57), the infant would have to have an initial titer, i.e., cord blood titer, >102,400 to still be positive (the cutoff for a positive titer is an estimated titer of ≥200) at 9 months of age and an initial titer >819,200 to still be positive at 12 months of age. In this study, the median age at blood draw for group D specimens was 390 days (range of 270 to 557 days), i.e., the infant’s age at blood draw was >9 months for all. Of the 26 specimens drawn between 9 and 12 months of age, six specimens had an estimated titer low enough (<1/1,200) to be from residual maternal antibody. Excluding these six specimens from the positive results would have a minimal effect on the estimate of RSV-infected children, i.e., a decrease from 53% to 48% for the lysate EIA and 52% to 47% for the F EIA. Conversely, antibodies induced by an intervening RSV infection will increase the estimates of the half-life of maternal antibody.

The high sensitivity of these antibody assays is consistent with that in a previously published study with the lysate EIA. In that study, the lysate EIA detected antibodies in 96% of 327 infants who had an earlier PCR-positive RSV infection (51). With the high sensitivity of the lysate and F EIAs in this study, there was little or no opportunity for the other assays to detect infections that were missed by the lysate and F EIA assays. Though these two assays detect RSV antibodies with good sensitivity; linking the detected antibody to prior infection in children less than 1 year of age is confounded by the presence of maternal antibodies. A combination of the antibody titer and the age at blood draw can sometimes suggest a likely source of antibody, i.e., with increasing age, the titer of the antibody that might be of maternal origin decreases. The usually high titer of infection-induced antibody supports this differentiation. Though less sensitive, the other assays provide information that may be relevant to some studies. Notably, the Ga and Gb EIAs are similar to the lysate and F EIAs in being relatively easy to perform while the neutralizing antibody assays and the EliSpot assays are technically more difficult.

Unexpectedly, 60% of 15 group B PBMC specimens were positive by the EliSpot assay. These PBMCs are from children unexposed to an RSV season, and very few, if any, were likely to have been infected with RSV. Thus, the rate of RSV-positive EliSpot responses is too high to be explained by off-season RSV infections and a positive response is not a specific RSV infection in young children. One explanation for the positive EliSpot responses is maternal microchimerism (58–61). A variety of cell types, including immune cells, are transferred from the mother to the fetus during pregnancy (maternal microchimerism), are present in the young infant, and can persist throughout life. The maternal cells can be detected in blood and various tissues including liver, spleen, and thymus. The role these cells play in fetal development, disease, and immunity to infection is under study. Maternal microchimerism could help protect the infant from RSV disease or sometimes contribute to disease. It is of interest that, in contrast to 60% of the infant specimens testing positive, only one of 59 group A cord blood specimens had a positive RSV ElisSpot test. This difference in positivity might reflect the expansion of maternal cells after delivery or post-delivery migration of immune cells resident in tissue into blood associated with infection or another stimulus. Others have noted variation in levels of maternal cells in infant blood specimens over time (61).

We estimated the decrease in maternally acquired antibodies over time, i.e., antibody half-life using group B specimens (from children unexposed to an RSV season and presumably RSV-naïve) alone and combined with group B specimens (cord blood). The group B specimens gave a half-life estimate of 54 days and the group B plus A specimens a half-life estimate of 20 days. These discrepant estimates are within the range of those previously reported (30, 54–57). The value of the maternal half-life estimates in this study, however, is limited by the lack of serial specimens from a child to directly determine antibody half-life and the relatively few group B specimens for a cross-sectional analysis.

In summary, these seven assays had acceptable performance in characterization studies, and studies with specimens from four carefully selected, prospectively enrolled groups with different types of RSV exposures demonstrate that two of the study assays, the lysate EIA and F EIA, were most sensitive for detecting RSV antibodies. Since in young children these antibodies can be maternal in origin or infection-induced, other information, e.g., age and antibody titer or IgA or IgM antibodies, is needed to determine if the child has had an RSV infection or not. The presence of IgA or IgM antibodies, which are not transferred efficiently from mother to infant, indicates infection as the source of antibodies (62, 63). The Lysate and F EIAs provide sensitive ways to detect RSV antibodies for clinical trials or epidemiologic studies.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Ethics statement

The studies involving humans were approved by Institutional Review Board, Emory University School of Medicine. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation in this study was provided by the participant or the participants’ legal guardians/next of kin. Written informed consent was obtained from the minor(s)’ legal guardian/next of kin for the publication of any potentially identifiable images or data included in this article.





Author contributions

LA: Conceptualization, Formal analysis, Funding acquisition, Methodology, Project administration, Resources, Supervision, Validation, Writing – original draft, Writing – review & editing. SJ: Data curation, Investigation, Methodology, Validation, Writing – review & editing. LH: Investigation, Project administration, Supervision, Writing – review & editing. BH: Conceptualization, Data curation, Investigation, Methodology, Validation, Writing – review & editing. CM: Formal analysis, Investigation, Methodology, Writing – review & editing. TG: Data curation, Investigation, Project administration, Supervision, Writing – review & editing. IY: Investigation, Methodology, Writing – review & editing. JY: Investigation, Methodology, Writing – review & editing. KS: Investigation, Methodology, Supervision, Writing – review & editing, Project administration. CKo: Investigation, Methodology, Writing – review & editing. CKa: Investigation, Methodology, Writing – review & editing. HS: Investigation, Methodology, Writing – review & editing. CL: Conceptualization, Methodology, Writing – review & editing. AJ: Writing – review & editing, Data curation, Formal analysis, Validation. CR: Writing – review & editing, Investigation, Methodology, Supervision. EA: Investigation, Methodology, Supervision, Writing – review & editing, Conceptualization, Funding acquisition, Project administration, Resources.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was funded through the Vaccine and Treatment Evaluation Units (VTEU) awarded to Emory University (HHSN272201300018I).





Conflict of interest

LA has done paid consultancies on RSV vaccines for AstraZeneca, Bavarian Nordic, GSK, and Janssen and on influenza virus vaccines for Pfizer. His laboratory is currently receiving funding through Emory University from Pfizer for RSV surveillance and maternal infant studies and from Advac, Sciogen and Vernagen for RSV vaccine-related studies. LA is co-inventor on several CDC or Emory patents or patent filings on the RSV G protein and its CX3C chemokine motif relative to immune therapy and vaccine development and a patent filing for use of RSV platform VLPs with the F and G proteins for vaccines. EA has consulted for Pfizer, Sanofi Pasteur, GSK, Janssen, Moderna, and Medscape, and his institution receives funds to conduct clinical research unrelated to this manuscript from MedImmune, Regeneron, PaxVax, Pfizer, GSK, Merck, Sanofi-Pasteur, Janssen, and Micron. He serves on a safety monitoring board for Kentucky BioProcessing, Inc. and Sanofi Pasteur. He serves on a data adjudication board for WCG and ACI Clinical. His institution has also received funding from NIH to conduct clinical trials of COVID-19 vaccines. EA is currently an employee of Moderna, Boston, MA. CR has received institutional research support from Pfizer Inc., BioFire Inc., GSK plc, Janssen Pharmaceuticals, MedImmune, Micron Technology Inc., ModernaTX, Inc., Merck & Co., Inc., Novavax, PaxVax, Regeneron, Sanofi Pasteur, and from the Centers for Disease Control and Prevention and the National Institutes of Health. She is coinventor of patented RSV vaccine technology which has been licensed to Meissa Vaccines, Inc. CM is currently employed by Kaiser Permanente, Atlanta, GA, United States. JY is currently employed by Merck & Co., Inc., Rahway, NJ, United States. AJ is employed by The Emmes Company, Rockville, MD, United States. EA is currently employed by Moderna, Boston, MA.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Author disclaimer

The content is solely the responsibility of the authors and does not necessarily reflect the official views of the National Institutes of Health.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1332772/full#supplementary-material




References

1. Shi, T, McAllister, DA, O'Brien, KL, Simoes, EAF, Madhi, SA, Gessner, BD, et al. Global, regional, and national disease burden estimates of acute lower respiratory infections due to respiratory syncytial virus in young children in 2015: a systematic review and modelling study. Lancet (2017) 390(10098):946–58. doi: 10.1016/S0140-6736(17)30938-8

2. Stockman, LJ, Curns, AT, Anderson, LJ, and Fischer-Langley, G. Respiratory syncytial virus-associated hospitalizations among infants and young children in the United States, 1997-2006. Pediatr Infect Dis J (2012) 31(1):5–9. doi: 10.1097/INF.0b013e31822e68e6

3. Hall, CB, Weinberg, GA, Iwane, MK, Blumkin, AK, Edwards, KM, Staat, MA, et al. The burden of respiratory syncytial virus infection in young children. N Engl J Med (2009) 360(6):588–98. doi: 10.1056/NEJMoa0804877

4. Li, Y, Wang, X, Blau, DM, Caballero, MT, Feikin, DR, Gill, CJ, et al. Global, regional, and national disease burden estimates of acute lower respiratory infections due to respiratory syncytial virus in children younger than 5 years in 2019: a systematic analysis. Lancet (2022) 399(10340):2047–64. doi: 10.1016/S0140-6736(22)00478-0

5. Lu, G, Gonzalez, R, Guo, L, Wu, C, Wu, J, Vernet, G, et al. Large-scale seroprevalence analysis of human metapneumovirus and human respiratory syncytial virus infections in Beijing, China. Virol J (2011) 8:62. doi: 10.1186/1743-422X-8-62

6. Ebihara, T, Endo, R, Kikuta, H, Ishiguro, N, Ishiko, H, and Kobayashi, K. Comparison of the seroprevalence of human metapneumovirus and human respiratory syncytial virus. J Med Virol (2004) 72(2):304–6. doi: 10.1002/jmv.10572

7. Sastre, P, Ruiz, T, Schildgen, O, Schildgen, V, Vela, C, and Rueda, P. Seroprevalence of human respiratory syncytial virus and human metapneumovirus in healthy population analyzed by recombinant fusion protein-based enzyme linked immunosorbent assay. Virol J (2012) 9:130. doi: 10.1186/1743-422X-9-130

8. Glezen, WP, Paredes, A, Allison, JE, Taber, LH, and Frank, AL. Risk of respiratory syncytial virus infection for infants from low-income families in relationship to age, sex, ethnic group, and maternal antibody level. J Pediatr (1981) 98(5):708–15. doi: 10.1016/S0022-3476(81)80829-3

9. Henderson, FW, Collier, AM, Clyde, WA Jr., and Denny, FW. Respiratory-syncytial-virus infections, reinfections and immunity. A prospective, longitudinal study in young children. N Engl J Med (1979) 300(10):530–4. doi: 10.1056/NEJM197903083001004

10. Kazakova, A, Kakkola, L, Pakkila, H, Teros-Jaakkola, T, Soukka, T, Peltola, V, et al. Serological array-in-well multiplex assay reveals a high rate of respiratory virus infections and reinfections in young children. mSphere (2019) 4(5). doi: 10.1128/mSphere.00447-19

11. Berbers, G, Mollema, L, van der Klis, F, den Hartog, G, and Schepp, R. Antibody responses to respiratory syncytial virus: A cross-sectional serosurveillance study in the dutch population focusing on infants younger than 2 years. J Infect Dis (2021) 224(2):269–78. doi: 10.1093/infdis/jiaa483

12. Zylbersztejn, A, Pembrey, L, Goldstein, H, Berbers, G, Schepp, R, van der Klis, F, et al. Respiratory syncytial virus in young children: community cohort study integrating serological surveys, questionnaire and electronic health records, Born in Bradford cohort, England, 2008 to 2013. Euro Surveill (2021) 26(6). doi: 10.2807/1560-7917.ES.2021.26.6.2000023

13. Wu, P, and Hartert, TV. Evidence for a causal relationship between respiratory syncytial virus infection and asthma. Expert Rev Anti Infect Ther (2011) 9(9):731–45. doi: 10.1586/eri.11.92

14. Sigurs, N, Aljassim, F, Kjellman, B, Robinson, PD, Sigurbergsson, F, Bjarnason, R, et al. Asthma and allergy patterns over 18 years after severe RSV bronchiolitis in the first year of life. Thorax (2010) 65(12):1045–52. doi: 10.1136/thx.2009.121582

15. Abreo, A, Wu, P, Donovan, BM, Ding, T, Gebretsadik, T, Huang, X, et al. Infant respiratory syncytial virus bronchiolitis and subsequent risk of pneumonia, otitis media, and antibiotic utilization. Clin Infect Dis (2020) 71(1):211-4. doi: 10.1093/cid/ciz1033

16. Falsey, AR, Hennessey, PA, Formica, MA, Cox, C, and Walsh, EE. Respiratory syncytial virus infection in elderly and high-risk adults. N Engl J Med (2005) 352(17):1749–59. doi: 10.1056/NEJMoa043951

17. Mazur, NI, Terstappen, J, Baral, R, Bardaji, A, Beutels, P, Buchholz, UJ, et al. Respiratory syncytial virus prevention within reach: the vaccine and monoclonal antibody landscape. Lancet Infect Dis (2023) 23(1):e2–e21. doi: 10.1016/S1473-3099(22)00291-2

18. Jones, JM, Fleming-Dutra, KE, Prill, MM, Roper, LE, Brooks, O, Sanchez, PJ, et al. Use of nirsevimab for the prevention of respiratory syncytial virus disease among infants and young children: recommendations of the advisory committee on immunization practices - United States, 2023. MMWR Morb Mortal Wkly Rep (2023) 72(34):920–5. doi: 10.15585/mmwr.mm7234a4

19. Fleming-Dutra, KE, Jones, JM, Roper, LE, Prill, MM, Ortega-Sanchez, IR, Moulia, DL, et al. Use of the pfizer respiratory syncytial virus vaccine during pregnancy for the prevention of respiratory syncytial virus-associated lower respiratory tract disease in infants: recommendations of the advisory committee on immunization practices - United States, 2023. MMWR Morb Mortal Wkly Rep (2023) 72(41):1115–22. doi: 10.15585/mmwr.mm7241e1

20. Melgar, M, Britton, A, Roper, LE, Talbot, HK, Long, SS, Kotton, CN, et al. Use of respiratory syncytial virus vaccines in older adults: recommendations of the advisory committee on immunization practices - United States, 2023. MMWR Morb Mortal Wkly Rep (2023) 72(29):793–801. doi: 10.15585/mmwr.mm7229a4

21. Fulginiti, VA, Eller, JJ, Sieber, OF, Joyner, JW, Minamitani, M, and Meiklejohn, G. Respiratory virus immunization: I. A field of two inactivated respiratory virus vaccines; an aqueous trivalent parainfluenza virus vaccine and an alum-precipitated respiratory syncytial virus vaccine. Am J Epidemiol (1969) 89:435–48. doi: 10.1093/oxfordjournals.aje.a120956

22. Kapikian, AZ, Mitchell, RH, Chanock, RM, Shvedoff, RA, and Stewart, CE. An epidemiologic study of altered clinical reactivity to respiratory syncytial (RS) virus infection in children previously vaccinated with an inactivated RS virus vaccine. Am J Epidemiol (1969) 89:405–21. doi: 10.1093/oxfordjournals.aje.a120954

23. Kim, HW, Canchola, JG, Brandt, CD, Pyles, G, Chanock, RM, Jensen, K, et al. Respiratory syncytial virus disease in infants despite prior administration of antigenic inactivated vaccine. Am J Epidemiol (1969) 89:422–34. doi: 10.1093/oxfordjournals.aje.a120955

24. Chin, J, Magoffin, RL, Shearer, LA, Schieble, JH, and Lennette, EH. Field evaluation of a respiratory syncytial virus vaccine and a trivalent parainfluenza virus vaccine in a pediatric population. Am J Epidemiol (1969) 89:449–63. doi: 10.1093/oxfordjournals.aje.a120957

25. Welliver, RC, Kaul, TN, Putnam, TI, Sun, M, Riddlesberger, K, and Ogra, PL. The antibody response to primary and secondary infection with respiratory syncytial virus: kinetics of class-specific responses. J Pediatr (1980) 96(5):808–13. doi: 10.1016/S0022-3476(80)80547-6

26. Vainionpaa, R, Meurman, O, and Sarkkinen, H. Antibody response to respiratory syncytial virus structural proteins in children with acute respiratory syncytial virus infection. J Virol (1985) 53(3):976–9. doi: 10.1128/jvi.53.3.976-979.1985

27. Murphy, BR, Graham, BS, Prince, GA, Walsh, EE, Chanock, RM, Karzon, DT, et al. Serum and nasal-wash immunoglobulin G and A antibody response of infants and children to respiratory syncytial virus F and G glycoproteins following primary infection. J Clin Microbiol (1986) 23(6):1009–14. doi: 10.1128/jcm.23.6.1009-1014.1986

28. Wagner, DK, Muelenaer, P, Henderson, FW, Snyder, MH, Reimer, CB, Walsh, EE, et al. Serum immunoglobulin G antibody subclass response to respiratory syncytial virus F and G glycoproteins after first, second, and third infections. J Clin Microbiol (1989) 27(3):589–92. doi: 10.1128/jcm.27.3.589-592.1989

29. Wright, PF, Gruber, WC, Peters, M, Reed, G, Zhu, Y, Robinson, F, et al. Illness severity, viral shedding, and antibody responses in infants hospitalized with bronchiolitis caused by respiratory syncytial virus. J Infect Dis (2002) 185(8):1011–8. doi: 10.1086/339822

30. Brandenburg, AH, Groen, J, van Steensel-Moll, HA, Claas, EC, Rothbarth, PH, Neijens, HJ, et al. Respiratory syncytial virus specific serum antibodies in infants under six months of age: limited serological response upon infection. J Med Virol (1997) 52(1):97–104. doi: 10.1002/(SICI)1096-9071(199705)52:1<97::AID-JMV16>3.0.CO;2-Y

31. Shinoff, JJ, O'Brien, KL, Thumar, B, Shaw, JB, Reid, R, Hua, W, et al. Young infants can develop protective levels of neutralizing antibody after infection with respiratory syncytial virus. J Infect Dis (2008) 198(7):1007–15. doi: 10.1086/591460

32. Capella, C, Chaiwatpongsakorn, S, Gorrell, E, Prefusion, F, Postfusion, F, and Antibodies, G. and disease severity in infants and young children with acute respiratory syncytial virus infection. J Infect Dis (2017) 216(11):1398–406. doi: 10.1093/infdis/jix489

33. Maifeld, SV, Ro, B, Mok, H, Chu, M, Yu, L, Yamagata, R, et al. Development of electrochemiluminescent serology assays to measure the humoral response to antigens of respiratory syncytial virus. PloS One (2016) 11(4):e0153019. doi: 10.1371/journal.pone.0153019

34. Walsh, EE, and Falsey, AR. Humoral and mucosal immunity in protection from natural respiratory syncytial virus infection in adults. J Infect Dis (2004) 190(2):373–8. doi: 10.1086/421524

35. Siber, GR, Leszczynski, J, Pena-Cruz, V, Ferren-Gardner, C, Anderson, R, Hemming, VG, et al. Protective activity of a human respiratory syncytial virus immune globulin prepared from donors screened by microneutralization assay. J Infect Dis (1992) 165:456–63. doi: 10.1093/infdis/165.3.456

36. Rossey, I, McLellan, JS, Saelens, X, and Schepens, B. Clinical potential of prefusion RSV F-specific antibodies. Trends Microbiol (2018) 26(3):209–19. doi: 10.1016/j.tim.2017.09.009

37. Trento, A, Rodriguez-Fernandez, R, Gonzalez-Sanchez, MI, Gonzalez-Martinez, F, Mas, V, Vazquez, M, et al. The Complexity of Antibody Responses Elicited against the Respiratory Syncytial Virus Glycoproteins in Hospitalized Children Younger than 2 Years. Front Microbiol (2017) 8:2301. doi: 10.3389/fmicb.2017.02301

38. Green, CA, Sande, CJ, de Lara, C, Thompson, AJ, Silva-Reyes, L, Napolitano, F, et al. Humoral and cellular immunity to RSV in infants, children and adults. Vaccine (2018) 36(41):6183–90. doi: 10.1016/j.vaccine.2018.08.056

39. Glezen, WP, Taber, LH, Frank, AL, and Kasel, JA. Risk of primary infection and reinfection with respiratory syncytial virus. Am J Dis Child (1986) 140:543–6. doi: 10.1001/archpedi.1986.02140200053026

40. Jounai, N, Yoshioka, M, Tozuka, M, Inoue, K, Oka, T, Miyaji, K, et al. Age-specific profiles of antibody responses against respiratory syncytial virus infection. EBioMedicine (2017) 16:124–35. doi: 10.1016/j.ebiom.2017.01.014

41. Roca, A, Quinto, L, Abacassamo, F, Loscertales, MP, Gomez-Olive, FX, Fenwick, F, et al. Antibody response after RSV infection in children younger than 1 year of age living in a rural area of Mozambique. J Med Virol (2003) 69(4):579–87. doi: 10.1002/jmv.10348

42. Walsh, EE, Wang, L, Falsey, AR, Qiu, X, Corbett, A, Holden-Wiltse, J, et al. Virus-specific antibody, viral load, and disease severity in respiratory syncytial virus infection. J Infect Dis (2018) 218(2):208–17. doi: 10.1093/infdis/jiy106

43. Blunck, BN, Aideyan, L, Ye, X, Avadhanula, V, Ferlic-Stark, L, Zechiedrich, L, et al. A prospective surveillance study on the kinetics of the humoral immune response to the respiratory syncytial virus fusion protein in adults in Houston, Texas. Vaccine (2021) 39(8):1248–56. doi: 10.1016/j.vaccine.2021.01.045

44. Borochova, K, Niespodziana, K, Focke-Tejkl, M, Hofer, G, Keller, W, and Valenta, R. Dissociation of the respiratory syncytial virus F protein-specific human IgG, IgA and IgM response. Sci Rep (2021) 11(1):3551. doi: 10.1038/s41598-021-82893-y

45. Rolsma, SL, Yoder, SM, Nargi, RS, Brady, E, Jimenez-Truque, N, Thomsen, I, et al. Development of a kinetic ELISA and reactive B cell frequency assay to detect respiratory syncytial virus pre-fusion F protein-specific immune responses in infants. J Pediatr Infect Dis Soc (2023) 12(5):298-305. doi: 10.1093/jpids/piad019

46. Lakerveld, AJ, Gelderloos, AT, Schepp, RM, de Haan, CAM, van Binnendijk, RS, Rots, NY, et al. Difference in respiratory syncytial virus-specific Fc-mediated antibody effector functions between children and adults. Clin Exp Immunol (2023) 214(1):79-93. doi: 10.1093/cei/uxad101

47. Stott, EJ, Taylor, G, Ball, LA, Anderson, K, Young, KK-Y, King, AMQ, et al. Immune and histopathological responses in animals vaccinated with recombinant vaccinia viruses that express individual genes of human respiratory syncytial virus. J Virol (1987) 61(12):3855–61. doi: 10.1128/jvi.61.12.3855-3861.1987

48. Connors, M, Collins, PL, Firestone, C-Y, and Murphy, BR. Respiratory syncytial virus (RSV) F, G, M2 (22K), and N proteins each induce resistance to RSV Challenge, but resistance induced by M2 and N proteins is relatively short-lived. J Virol (1991) 65:1634–7. doi: 10.1128/jvi.65.3.1634-1637.1991

49. Erdman, DD, and Anderson, LJ. Monoclonal antibody-based capture enzyme immunoassays for specific serum immunoglobulin G (IgG), IgA, and IgM antibodies to respiratory syncytial virus. J Clin Microbiol (1990) 28(12):2744–9. doi: 10.1128/jcm.28.12.2744-2749.1990

50. Haynes, AK, Prill, MM, Iwane, MK, Gerber, SI, and Centers for Disease C, Prevention. Respiratory syncytial virus–United States, July 2012-June 2014. MMWR Morb Mortal Wkly Rep (2014) 63(48):1133–6.

51. Jadhao, SJ, Ha, B, McCracken, C, Gebretsadik, T, Rosas-Salazar, C, Chappell, J, et al. Performance evaluation of antibody tests for detecting infant respiratory syncytial virus infection. J Med Virol (2021) 93(6):3439–45. doi: 10.1002/jmv.26736

52. Crowe, JE Jr., Bui, PT, Firestone, C-Y, Commors, M, Elkins, WR, Chanock, RM, et al. Live subgroup B respiratory syncytial virus vaccines that are attenuated, genetically stable, and immunogenic in rodents and nonhuman primates. J Infect Dis (1996) 173:829–39. doi: 10.1093/infdis/173.4.829

53. Lei, C, Yang, J, Hu, J, and Sun, X. On the calculation of TCID(50) for quantitation of virus infectivity. Virol Sin (2021) 36(1):141–4. doi: 10.1007/s12250-020-00230-5

54. Chu, HY, Steinhoff, MC, Magaret, A, Zaman, K, Roy, E, Langdon, G, et al. Respiratory syncytial virus transplacental antibody transfer and kinetics in mother-infant pairs in Bangladesh. J Infect Dis (2014) 210(10):1582–9. doi: 10.1093/infdis/jiu316

55. Chu, HY, Tielsch, J, Katz, J, Magaret, AS, Khatry, S, LeClerq, SC, et al. Transplacental transfer of maternal respiratory syncytial virus (RSV) antibody and protection against RSV disease in infants in rural Nepal. J Clin Virol (2017) 95:90–5. doi: 10.1016/j.jcv.2017.08.017

56. Ochola, R, Sande, C, Fegan, G, Scott, PD, Medley, GF, Cane, PA, et al. The level and duration of RSV-specific maternal IgG in infants in Kilifi Kenya. PloS One (2009) 4(12):e8088. doi: 10.1371/journal.pone.0008088

57. Groothuis, JR, Levin, MJ, Rodriguez, W, Hall, CB, Long, CE, Kim, HW, et al. Use of intravenous gamma globulin to passively immunize high-risk children against respiratory syncytial virus: safety and pharmacokinetics. The RSVIG Study Group. Antimicrob Agents Chemother (1991) 35(7):1469–73. doi: 10.1128/AAC.35.7.1469

58. Castellan, FS, and Irie, N. Postnatal depletion of maternal cells biases T lymphocytes and natural killer cells' profiles toward early activation in the spleen. Biol Open (2022) 11(11). doi: 10.1242/bio.059334

59. Borges, A, Castellan, F, and Irie, N. Emergent roles of maternal microchimerism in postnatal development. Dev Growth Differ (2023) 65(1):75–81. doi: 10.1111/dgd.12830

60. Stelzer, IA, Urbschat, C, Schepanski, S, Thiele, K, Triviai, I, Wieczorek, A, et al. Vertically transferred maternal immune cells promote neonatal immunity against early life infections. Nat Commun (2021) 12(1):4706. doi: 10.1038/s41467-021-24719-z

61. Balle, C, Armistead, B, Kiravu, A, Song, X, Happel, AU, Hoffmann, AA, et al. Factors influencing maternal microchimerism throughout infancy and its impact on infant T cell immunity. J Clin Invest (2022) 132(13). doi: 10.1172/JCI148826

62. Malek, A, Sager, R, Kuhn, P, Nicolaides, KH, and Schneider, H. Evolution of maternofetal transport of immunoglobulins during human pregnancy. Am J Reprod Immunol (1996) 36(5):248–55. doi: 10.1111/j.1600-0897.1996.tb00172.x

63. Ojeka, SO, and Zabbey, VZ. Comparison of the immunoglobulin levels in maternal and cord blood and influence of parity on maternal immunoglobulin concentration in Port Harcourt, Nigeria. J Adv Med Med Res (2021) 33:28–33. doi: 10.9734/jammr/2021/v33i2431221




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Anderson, Jadhao, Hussaini, Ha, McCracken, Gibson, Yildirim, Yi, Stephens, Korski, Kao, Sun, Lee, Jaunarajs, Rostad and Anderson. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Development and comparison of immunologic assays to detect primary RSV infections in infants

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Patients and specimens

          

            		

              Group A (specificity of the INF-γ EliSpot assay)

            



            		

              Group B (specificity of the INF-γ EliSpot assay)

            



            		

              Group C (assay sensitivity)

            



            		

              Group D (performance of selected assays in blood specimens from children with unknown RSV infection status)

            



          



          



          		

            Antigens and virus

          

            		

              Lysate antigen

            



            		

              F, Ga, and Gb antigens

            



            		

              Antigen titration

            



            		

              Virus for neutralization assays

            



            		

              RSV for EliSpot assay

            



            		

              Infectivity titration

            



          



          



          		

            Assays

          

            		

              EIA antibody assays

            



            		

              Neutralizing antibody assays

            



            		

              RSV INF-γ EliSpot assay

            



          



          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Patients

          



          		

            Characteristics of lysate, F, Ga, and Gb antigens in antibody EIAs

          

            		

              Neutralizing antibody assays

            



            		

              EliSpot INF-γ assay

            



            		

              Assay comparison

            



          



          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Author disclaimer

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Median specimen Median of Range of

Assay No. Repet}tlong/ y titer or spots/ _Range of specimen specimen specimen
Spec  specimen 10° cells titers or spots/10° cells CVs CVs
A Neut 7 4 2 158 138-846 0.25 0.12-0.53
B Neut 7 4 2 192 24-2,345 0.26 0.0-0.41
Lysate
EIA 12 6 2 40,567 4356-171,436 0.22 0.16-0.31
F EIA 12 6 2 33,149 4296-329,318 0.07 0.01-0.21
Ga EIA 12 6 2 4,516 825-24,241 0.08 0.01-0.22
Gb EIA 12 6 2 6,948 584-33,668 0.1 0.01-0.25
INE-
y 5 36 2-3 279° 81-1043° 0.18 0.04-0.26
EliSpot

A Neut, neutralizing antibodies against the subgroup A RSV strain A2; B Neut, neutralizing antibodies against the subgroup B RSV strain B1; Lysate EIA, IgG antibody enzyme immunoassay
(EIA) with lysate from A2 and B1 infected Hep-2 cells antigen; F EIA, IgG antibody against expressed F protein antigen; Ga EIA, IgG antibody against expressed A2 strain G protein as antigen;
Gb EIA, IgG antibody against expressed B strain G protein antigen; INF-y EliSpot, uses sucrose cushion-purified RSV A2 and B1 from Hep-2 cells for stimulation; No. Spec, number of sera,
plasma, or PBMC specimens tested; CV, coefficient of variation for the replicate tests for each specimen.

“Replicates = total number of replicates for each specimen.

®Number of separate days specimens were tested.

“Spots/10° cells.
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Assay n/N (%) GMT (95% CI) ST
INF-y EliSpot A 1/59 (2%) 5.1 (38, 69) 169 <25 <25
A 59/59 (100%) 105,033.7 (83,900.1, 131,490.7) 376,110.9 89,281 19903 2776302
B 39/39 (100%) 2,609.4 (1,933.7, 3,521.1) 31153 2,449 271 11312
Lysate EIA
¢ 102/102 (100%) 5,693.5 (4,606.6, 7,036.7) 8,723.1 6291 415 45,081
D 66/124 (53%) 4,909.4 (3,295.7, 7,313.1) 14,568.5 7,209b 202 65,614
B 38/39 (97%) 3,510.9 (2,587 4, 4,763.9) 59399 2,689 0 25,096
F EIA o) 101/102 (99%) 7,633.1 (5,895.3, 9,883.1) 16,949.2 8,798 0 81,484
D 64/124 (52%) 8,658.8 (5,685.2, 13,187.6) 43,2366 9,839 209 228917

Values for the INF-y EliSpot are spots/10° cord blood mononuclear cells.

Lysate EIA, IgG antibody enzyme immunoassay (EIA) with lysate from A2 and Bl infected Hep-2 cells antigen; F EIA, IgG antibody against expressed F protein antigen; INF-y EliSpot, uses
sucrose cushion purified RSV A2 and B1 from Hep-2 cells for stimulation; n, number positive; N, number tested; Min, minimum value; Max, maximum value.

*Median or average.

Median group D specimens were calculated from 66 or 64 specimens with detectable antibody to focus this analysis on children likely to have been RSV-infected.
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Fraction Percent

Group positive positive GMT (95% Cl) Min, max
n/N (%)
c 38/44 86 24.9 (183, 33.8) 447 26 0, 160
A Neut
B 14/15 93 20.6 (14.1,30.2) 14.6 28 0,57
€ 42/44 95 47 (34.1, 64.9) 60.8 57 0, 160
B Neut
B 14/15 93 187 (122, 288) 37.8 18 0, 160
e 44/44 100 4,808.5 (3,450.8, 6,700.4) 8244.4 5,882 415, 39,584
Lysate EIA
B 15/15 100 1,573.7 (1,026.1, 2,413.8) 2572.4 1,468 537, 10,970
€ 44/44 100 5,652.6 (3,697.6, 8,641.2) 14842.9 8,313 327, 74,424
F EIA
B 15/15 100 2,188.3 (1,438.9, 3,327.9) 4700.5 2,066 998, 19,884
(o 19/44 13 999.2 (619.0, 1,612.9) 1274.1 0 0,5619
Ga EIA
B 915 60 604.9 (373.2, 980.5) 5142 331 0, 1,536
(o 25/44 57 2,379.2 (1,427.0, 3,966.9) 6,944.4 647 0, 41,112
Gb EIA —
B 11/15 73 907.4 (513.9, 1,602.2) 1,093.0 455 0,3,528
(o 38/44 86 118.1 (819, 170.4) 250.1 112 <25° 1,030
INF-y EliSpot
B 9/15 60 38.3 (265, 55.3) 306 40 <25, 113

The results are from a subset of 44 randomly selected specimens from group C (PCR-positive RSV infections) and 15 randomly selected specimens from group B (not exposed to an RSV season).
Note that 44 of the 45 group C specimens were selected. One of the 45 did not have an adequate EliSpot test and was excluded from this analysis.

A Neut, neutralizing antibodies against the subgroup A RSV strain A2; B Neut, neutralizing antibodies against the subgroup B RSV strain B1; Lysate EIA, IgG antibody enzyme immunoassay
(EIA) with lysate from A2 and BI infected Hep-2 cells antigen; F EIA, IgG antibody against expressed F protein antigen; Ga EIA, IgG antibody against expressed A2 strain G protein as antigen;
Gb EIA, IgG antibody against expressed B1 strain G protein antigen; INF-y EliSpot, uses sucrose cushion-purified RSV A2 and B1 from Hep-2 cells for stimulation; n, number of subjects with
positive RSV antibody or INF-y EliSpot test results; N, number of subjects tested; Min, minimum value; Max, maximum value.

*Median or average of antibody titer except for INF-y EliSpot which is median spots/10° cells.

PThe cutoff value for a negative INE-y EliSpot test result.





OEBPS/Images/fimmu.2023.1332772_cover.jpg
& frontiers | Frontiers in Immunology

Development and comparison of
immunologic assays to detect primary RSV
infections in infants





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/M1.jpg





OEBPS/Images/table1.jpg
Group A

Subject disposition and characteristics Cord blood
Screened 67
Enrolled (percent of screened subjects) 62 (93%)
Study subjects (percent of enrolled subjects)* 59 (95%)
?f::;')' 8¢ 30 years (20-42)
Female 59
Asian 2
Black or African American 51
Multiple including American Indian, Alaska Native, Asian, Black or African 0
American, Native Hawaiian or other Pacific Islander, and White
White 6

oup B
RSV
unexposed

44
39 (89%)
39 (100%)

138 days
(121-203)

21
0

31

5

Group C
RSV positive

220
220 (100%)
102 (46%)

86" days (16-238)

39
3

33

56

Group D
RSV
exposed

138
126 (91%)
124 (98%)

390 days
(270-557)

51
1

90
10

25

*Subjects who were enrolled and had specimens collected and test results available. For group C, subjects were enrolled at the time they had a RSV PCR# illness but had to return > 6 months to
have a blood specimen collected to be included in the study. Among the 118 children not included, 78 were lost to follow-up, 29 had protocol deviations, were ineligible at or after enrollment, or

returned after the RSV season, and 11 were withdrawn by their parent or guardian.

®Age at enrollment which is ~age at infection. The blood was drawn > 6 months after enrollment. The median age at blood draw was 302 days, with a range of 203-558 days.





