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The COVID-19 pandemic is caused by SARS-CoV-2, a novel zoonotic coronavirus. Emerging evidence indicates that preexisting humoral immunity against other seasonal human coronaviruses (HCoVs) plays a critical role in the specific antibody response to SARS-CoV-2. However, current work to assess the effects of preexisting and cross-reactive anti-HCoVs antibodies has been limited. To address this issue, we have adapted our previously reported multiplex assay to simultaneously and quantitatively measure anti-HCoV antibodies. The full mPlex-CoV panel covers the spike (S) and nucleocapsid (N) proteins of three highly pathogenic HCoVs (SARS-CoV-1, SARS-CoV-2, MERS) and four human seasonal strains (OC43, HKU1, NL63, 229E). Combining this assay with volumetric absorptive microsampling (VAMS), we measured the anti-HCoV IgG, IgA, and IgM antibodies in fingerstick blood samples. The results demonstrate that the mPlex-CoV assay has high specificity and sensitivity. It can detect strain-specific anti-HCoV antibodies down to 0.1 ng/ml with 4 log assay range and with low intra- and inter-assay coefficients of variation (%CV). We also estimate multiple strain HCoVs IgG, IgA and IgM concentration in VAMS samples in three categories of subjects: pre-COVID-19 (n=21), post-COVID-19 convalescents (n=19), and COVID-19 vaccine recipients (n=14). Using metric multidimensional scaling (MDS) analysis, HCoVs IgG concentrations in fingerstick blood samples were well separated between the pre-COVID-19, post-COVID-19 convalescents, and COVID-19 vaccine recipients. In addition, we demonstrate how multi-dimensional scaling analysis can be used to visualize IgG mediated antibody immunity against multiple human coronaviruses. We conclude that the combination of VAMS and the mPlex-Cov assay is well suited to performing remote study sample collection under pandemic conditions to monitor HCoVs antibody responses in population studies.
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Introduction

The coronavirus infectious disease 2019 (COVID-19) pandemic has taken over 2.5 million lives worldwide, and over 500,000 in the US, as of March 15, 2021 (1). It has become the largest global public health emergency in this century. The causative pathogen is the highly contagious Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), a novel enveloped, positive-sense, single-stranded RNA virus of the coronavirus (CoV) family. Other CoVs have caused human epidemics with severe acute respiratory syndrome (SARS), including SARS-CoV-1 in 2002–2003 (2); the Middle East respiratory syndrome coronavirus (MERS-CoV) in 2012 (3). Other human seasonal α (e.g. 229E, NL63) and β (OC43, HKU1) HCoVs cause mild respiratory infections (4, 5). Of note, the β HCoVs are categorized into several lineages based on genomic similarity: Lineage A (e.g. OC43, HKU1), Lineage B (e.g. SARS-CoV-1, SARS-CoV-2), and Lineage C (e.g. MERS-CoV) (6).

All HCoVs contain four structural proteins: the spike (S), envelope (E) and membrane (M) compose the viral envelope, and the nucleocapsid (N) protein binds the viral genomic RNA (5). Currently, the viral surface homotrimeric glycoprotein S and internal N protein are considered to have the highest immunogenicity (7). The S protein has S1 and S2 subunits. A receptor-binding domain (RBD) on the N-terminal S1 subunit has high affinity for host cell surface angiotensin-converting enzyme 2 (ACE2) and mediates viral entry, while the S2 subunit is responsible for virus-cell membrane fusion (8). Emerging evidence suggests that ACE2-blocking monoclonal antibodies may protect against SARS-CoV-2 infection in animal models (9). Also, the clinical studies showed that the convalescent plasma transfusion may reduce mortality in critically ill patients and showed beneficial effect on clinical symptoms (10).

In-depth serologic analyses are essential for understanding the prevalence of, and immunity to, SARS-CoV-2. Recently, a number of antibody binding assays based on the S or N antigens have become available, primarily enzyme-linked immunosorbent assays (ELISAs) (11) and lateral flow assays (LFAs) (12), as well some Luminex assay based multiplex assays (13–16). However, these assays are primarily focused on the SARS-CoV-2 S and/or N proteins, and not the broad range of CoV Cross-reactivity.

Multiplex systems serology assays that measure IgG binding for multiple antigens have been used to quantify antigenic distances between viral strains, track antibody cross-reactivity due to prior IgG exposure to similar viral strains, and provide quantitative measurements of IgG repertoire changes after infection or vaccination (17). We have previously described an influenza anti-hemagglutinin multiplex assay, mPlex-Flu, that has a continuous linear readout over 4.5 logs, and low Type-I (false positives, specificity) and Type-II (false negatives, sensitivity) errors (18–20). The mPlex-Flu assay provides absolute concentrations of antibodies against up to 50 target analytes (17, 21–23) with extremely low inter- and intra-assay variance, greater precision of clinical trial group statistical comparisons (20, 24), and a very high correlation with functional viral binding and inhibition assays. It allows for rapid characterization of the similarity between the dominant antigens of disparate influenza viral strains. Notably, the mPlex-Flu assay requires! 5 μL serum or plasma, and can be used with 10 μL samples obtained by fingerstick capillary blood volumetric absorptive micro-sampling (VAMS) (18). These characteristics overcome several major translational barriers to remote sample collection for assessment of antibody-mediated immunity. Thus, such an assay would be highly desirable to track antigenic similarity between emerging SARS-CoV-2 variants, and the evolution of vaccine or post-infection immunity, and to guide vaccine development.

In this report, we describe the combination of VAMS and a 15-antigen multiplex mPLEX-CoV assay for simultaneous measurement of IgG, IgA, and IgM against the S and N proteins of SARS-COV-1, SARS-CoV-2 and four seasonal HCoVs (OC43, HKU1, NL63, 229E), as well as the S1, S2, and RBD protein domains of SARS-CoV-2. The assay is designed specifically to detect cross-reactivity of serum antibodies, and for ease of longitudinal sampling with only a fingerstick blood sample. Using a HCoV standard serum we are able to determine serum IgG, IgA, and IgM concentrations, and thus compare absolute antibody levels against different HCoVs (24). Here we validate the accuracy and reproducibility of VAMS combined with the mPlex-CoV assay (Figure 1). We then demonstrate a clear multidimensional separation between the pre-COVID, COVID, and COVID-vaccine groups in their IgG using metric multidimensional scaling (MDS) analysis of the measured IgG concentrations. This proof-of-concept study demonstrates that fingerstick VAMS with the mPlex-CoV assay would significantly improve our ability to study the role of preexisting HCoV antibodies on SARS-CoV-2 infection and vaccination immune responses, and to conduct remote sample collection and multidimensional systems serology in COVID-19 population immunity studies and clinical trials. This will become increasingly important as newer SARS-CoV-2 variants emerge.




Figure 1 | The study workflow. 1. Expression of recombinant spike (S) proteins and nucleocapsid (N) of Human coronavirus (HCoVs) listed in Table 1 with baculovirus expression system. The proteins were then purified with His-affinity chromatography. 2. Coupling the individual recombinant proteins of HCoVs onto fluorescence-coded Luminex beads. 3. Establish the multiple plex assay, mPlex-Cov. 4. Calculation of HCoV strain-specific antibody concentration with the standard curve of each individual virus strain. 5. Adjustment of antibody concentration in the blood sample by hemoglobin to correct for the actual serum volume. (Figure was generated with BioRender.com).




Table 1 | Gene sequences of HCoV spike and nucleocapsid proteins.





Material and Methods


Human Subjects Protection

This study was approved by the Research Subjects Review Board at the University of Rochester Medical Center (RSRB approval numbers STUDY00004836, STUDY00005001, STUDY00001185). All subjects were consented to this study for blood sample usage, and all subject data were coded such that subjects could not be identified, either directly or through linked identifiers.



Participants and VAMS Sample Collection


Pre-COVID Cohort

VAMS fingerstick samples (10 μL) were collected before January 2020 from 18 to 65-year-old healthy volunteers as previously described (18). Subjects taking immunosuppressive medications were excluded. Subjects (n=21) included 12 females, 9 males; and the median age was 56.



SARS-CoV-2 Antibody-Positive Cohort

VAMS fingerstick samples (10μL) were collected from (1) eighteen COVID-19 convalescent subjects who had previously been diagnosed with COVID-19 by RT-PCR assay, which included 12 females and 6 males, median age was 53. (2) Fourteen post-vaccination subjects who have received two doses of Pfizer COVID-19 vaccination, including 8 females and 6 males with a median age 57. The subjects’ information is also listed in Supplementary Table S1. All VAMS tips were stored in sealed containers with silica desiccant packets at -20°C until analysis.




Human Coronavirus Positive Control Standard Serum (STD-CoV)

For a positive control standard, we used a mixture of equal volumes from four serum specimens selected from a COVID-19 positive cohort collected in April 2020 from 140 unique patients (13). These sere were selected for high IgG titers against SARS-CoV-1, SARS-CoV2, HCoV-OC43, HCoV-HKU1, HCoV-NL63, and HCoV-229E. The total IgG, IgA, and IgM immunoglobulin concentration in the serum were estimated to be 6.24 ± 0.17 mg/mL, 2.75 ± 0.28 mg/mL, and 0.40 ± 0.04 mg/mL, respectively, using the Millplex@MAP human immunoglobulin isotyping multiplex assay kit (MilliporeSigma, Germany, Cat# HGAMMAG-301K).



Recombinant HCoV Spike (S) and Nucleocapsid (N) Protein Expression

We expressed and purified recombinant stabilized trimeric S and N proteins from multiple HCoV strains. The protein encoding codon-optimized nucleotide sequences for each protein (Table 1) were synthesized commercially by Integrated DNA technology (IDT). We expressed the S protein ectodomains only, without the transmembrane and endo-domains. Fusion S protein genes were constructed with an N terminal Kozak motif and a C-terminal IZN4 fold on trimerization domain that offers less antigenicity than T4 trimerization after incubation of mice (25), and a thrombin cleavage site. Both S and N proteins had an added C-terminal hexahistidine tag (Figures 2A, B). S and N protein constructs were cloned into the pFastBac baculovirus expression vector (Invitrogen), and expressed as previously described (17, 21). Recombinant proteins were then purified using Ni-NTA Agarose affinity columns (Qiagen) (17, 21). Each protein was concentrated and buffer-exchanged with Amicon centrifugal units (EMD Millipore) in phosphate-buffered saline (PBS) with 1X Protease Inhibitor Cocktail (ThermoFisher, Cat No: 78430), and stored at -80°C. Protein purity was analyzed by SDS-PAGE (Figures 2C, D).




Figure 2 | Constructs for recombinant spike and nucleocapsid protein expression. (A) Schematic of the wild type HCoV full length spike protein (S), with the ectodomain, receptor binding domain, furin cleavage site, S1, S2, and transmembrane and endodomain domains indicated; and the soluble trimeric spike. In the protein constructs, the transmembrane and endodomain were replaced with a region containing an IZN4 trimerization domain, a thrombin cleave site and a 6X-hexahistidine tag. (B) Schematic of the construct of nucleocapsid (N) proteins of human coronavirus strains. (C) Reducing SDS-PAGE gel of the expressed and purified, soluble, and trimerized HCoV spike proteins. These proteins have a furin-like cleavage site, similar to the related β HCoVs (26–28). While the proteins have multiple bands under reducing conditions, both bands were pulled down with Ni-NTA His-tag affinity beads, indicating that both cleaved subunits are still bound together in native conditions, but disassociate in the denaturing conditions. (D) The reducing SDS-PAGE gel of the expressed and purified HCoV nucleocapsid proteins.





Multiplex Bead Coupling

Purified trimerized S and monomer N proteins were coupled to magnetic microsphere beads (Luminex, Austin, TX) according to the manufacturer’s protocol using the xMAP® Antibody Coupling (AbC) kit (Luminex, Austin, TX). All S and N proteins were coupled at a concentration of 40 pmole/106 beads. Uncoupled sites were blocked with phosphate-buffered saline (PBS) pH7.4 containing 1% bovine serum albumin (BSA). Protein-coupled microspheres were washed with PBS and stored in storage buffer (PBS pH7.4 + 0.01% BSA) at +4°C in the dark until use. For analysis of SARS-CoV-2 subdomain binding, we coupled commercial monomeric SARS-CoV-2 S1+S2, S1, RBD and S2 proteins (SinoBio, China) to beads as above (Figure 2).



Antibody Reagents

The HCOV protein coupled beads were tested and validated with commercial monoclonal and polyclonal antibodies against S- and N- proteins of HCoVs (SinoBiological Inc; Antibodies-Online; EMD Millipore; see details listed in Supplementary Table S2). Secondary antibodies were PE-conjugated anti-human, rabbit and mouse IgG antibodies from Southern Biotech (Birmingham, AL).



VAMS Sampling

Fingerstick blood samples were collected using a volumetric absorptive microsampling (VAMS) 10μL device (Mitra Collection Kit; Neoteryx, CA, USA) following the manufacturer’s instructions (18). Each of two tips absorbed 10μL of capillary blood, for a total of 20μL of blood per collection. Immediately after sampling, all VAMS tips were placed in sealed containers with silica desiccant packets, and stored at –20°C until analysis. To extract the antibodies, VAMS tips containing 10μL blood samples were individually soaked in 200μL extraction buffer (PBS + 1% BSA + 0.5% Tween) in 1 mL deep well plates (Masterblock, GBO, Austria) and shaken overnight as previously described (18). The eluant was stored at 4°C until analysis.



mPlex-CoV Assay

The mPlex-CoV assay was performed as described previously (17, 21, 23). 200μL of eluent from VAMS devices (1:20) was further diluted 1:50 to yield a final sample dilution of 1:1,000. For analysis, 50 μL each of diluted sample was added to black, clear-bottom 96 well plates (Microplate, GBO, Austria) in duplicates. 50μL of the bead panel mixture (Table 2), containing the coupled HCoV S- and N- proteins, was added to each well of the plate as previously described (17, 21, 23). Plates were then incubated with gentle shaking for 2 hours at room temperature, and then washed [PBS + 1% Brij 35 (Thermo Scientific, IL, USA) + 0.1% BSA] while immobilized with a magnet placed under the plate. After three washes, a goat anti-human PE-conjugated IgG, IgA and IgM secondary antibody (Southern Biotech, Cal No:2040-09, 2050-09, 2020-09, respectively) was added, and plates were incubated for another 2 hours. After three more washes, the beads were re-suspended in drive fluid (Luminex Co., TX) and IgG binding analyzed using MAGPIX™ Multiplex Reader (Luminex Co., TX). The calculation of IgG antibody concentrations against each individual HCoV virus strain was performed using the Bio-Plex Manager™ 6.2 software (Bio-Rad Co., CA).


Table 2 | The mPlex-CoV assay panel of human coronaviruses.





Measurement of Hemoglobin (Hgb) and Adjustment Antibody Concentration

It was necessary to correct IgG, IgA, and IgM concentrations for plasma volume, as the VAMS method collects capillary (i.e. unfractionated) blood, as previously described (18). This allows direct comparison of Ig concentrations with serum samples. We measured hemoglobin concentrations using a bi-colorimetric assay (Abcam, Cat No:ab234046, MA, USA). Briefly, 20μL each of extracted VAMS samples were incubated with 180μL of hemoglobin detector buffer at room temperature for 15 minutes in 96 well plates. The absorbency at 575 nm (OD575) was measured using a Synergy Microplate reader (BioTek, VT, US), and converted to each isotype antibody concentration using a standard curve calculated by linear regression of six known hemoglobin standards (18). The hematocrit (cellular fraction) of the VAMS sample was estimated from the Hgb concentration and used to estimate the serum HCoVs IgG concentration as described previously (18):





Five Parameter Logistic Curve Estimation of Antibody Concentration

We estimated the concentrations of HCoV S or N IgG antibodies in each sample with the standard curve of each analyte generated with eight 1:4 serial dilutions of STD-CoV serum as previously described (17, 20, 21). Duplicates of 50μL diluted STD-CoV were mixed with 50μL of the HCoV bead panel mixture containing 1,000 coupled beads per analyte. After washing and incubating with a secondary antibody, the fluorescence intensity was read using a MAGPIX™ Multiplex reader. A 5-parameter logistic model was then fitted to the data:

	

where MFI = median fluoresce intensity, [Antibody] = the antibody concentration, and a, b, c, d, g are free parameters estimated from the data. This model was fitted to multiplex measurements for each analyte from serially diluted sera using the method of weighted least-squares. Antibody concentrations were then estimated by inverse regression.



Estimating Variation of the mPlex-CoV Assay Measurements

The lower limit of detection (LLOD) was defined as the mean plus two standard deviations of the assay blank, which consisted of HCoV S- or N- protein coupled beads incubated with PBS only. The upper limit of detection (ULOD) was the highest value on the linear portion of the 5 parameters logistic curve within 20% accuracy. The lower and upper limits of quantification (LLOQ and ULOQ) for each HCoV S and N isotype antibody analyte were calculated by Bio-Plex Manager 6.1.1 software. Results are shown in the report section. We calculated the mean of ULOQ and LLOQ values generated from three independent assays. Then, the mean of ULOQ and LLOQ for each HCoV S and N IgG, IgA, and IgM antibody were defined and used for the working range of the assay.

The intra- and inter-assay variations for the HCoV multiplex assay were determined as previously described (21). Briefly, intra-assay variability was estimated by testing seven sera in triplicates and calculating the percentage coefficient of variation (CV) between triplicates, and the average CV of seven serum samples. The inter-assay variation was determined by running three independent assays of the same seven sera. The percentage CV was calculated as the difference between three repeat assays for each serum sample, then averaging the CV of the seven samples.



Statistical and Quantitative Analysis

For group comparisons, all statistical analysis was performed with SAS v9.4 (SAS Institute, Inc., Cary, NC) and R version 3.5.1 software. The Mann-Whitney test was used to test differences in the mean anti-S or anti-N IgG concentrations between pre- and post-COVID groups for each strain. The significance level for all statistical tests was set at p = 0.05. Data visualizations were performed using Mathematica (version 12; Wolfram Research, Inc.). Immune repertoire cartography was performed as previously described (18, 21, 29). IgG, IgA, and IgM reactivity against the panel of HCoV was expressed as a 7- (S protein) or 6- (N protein) dimensional coordinate vector, and an n-dimensional Euclidean distance calculated. Metric multidimensional scaling was used to project subject reactivity into a 2-dimensional space, preserving the immune repertoire distance between subjects.




Results and Discussion


Control Antibody Binding to HCoV N and S Proteins Assessed by Multiplex Assay

There is accumulating evidence that preexisting IgG against seasonal HCoVs plays a role in the immune response to SARS-CoV-2 infection (30, 31), which is the motivating factor behind our development of an accurate assay to estimate antibodies against multiple strains of HCoVs. We therefore adapted our multiplex antibody assay (18, 24) to detect antibodies that react to 12 HCoV S and N proteins, as well as antibodies that recognize the subunits of SARS-CoV-2, S1, S2 and RBD. Purified HCoV S and N proteins were coupled to fluorescent coded microsphere beads at equimolar concentration (17).

To assess the efficiency and specificity of mPlex-CoV assay to detect the SARS-CoV-2 specific antibodies, we first measured IgG antibody binding with a panel of rabbit anti-HCoV-S and -N polyclonal antisera and monoclonal IgG antibodies derived from SARS-CoV-2 S antigen vaccination using the mPlex-CoV assay (Figure 3). IgG reactivity against the SARS-CoV-2 S protein was most specific with the monoclonal antibodies generated by the animal immunized with purified SARS-CoV-2 RBD protein (see Supplementary Table S2). As expected, these antibodies also had high cross-reactivity with the Lineage B CoV SARS-CoV-1, and with the bat CoV strain RaTG13 that has high SARS-CoV-2 sequence homology (32). The SARS-CoV-2 spike protein gene sequence is most similar to SARS-CoV-1, having 90% homology in N and 76% homology in S. In contrast, the anti-SARS-CoV-2 polyclonal rabbit sera raised against either the S1 or RBD domains were broadly cross-reactive against all HCoV S proteins including the pha (NL63, 229E) and β (OC43, HKU1, MERS) HCoV spike proteins. This was somewhat striking given that the SARS-CoV-2 S protein sequence homology to other β HCoVs is only ~29%, and ≤23–25% to the two α HCoVs (33). This finding may potentially be explained by the higher homology between the S2 subunits of all HCoVs (30, 31). In contrast, polyclonal rabbit sera raised against the MERS spike protein S1 region had minimal cross-reactivity against the SARS-CoV-2 spike S1 region, with some reactivity against the SARS-CoV-2 RBD. These evaluations were somewhat constrained by the limited availability of commercial polyclonal antisera and monoclonal antibodies that specifically recognize the S and N proteins of seasonal HCoVs β-HCoV (OC43, HKU1) and the α-HCoV (NL63, 229E).




Figure 3 | Verification of mPlex-Cov assay: The binding profile (MFI) of spike (S) and nucleocapsid (N) proteins coupled to Luminex beads reacting with monoclonal and polyclonal antibodies. The antibodies were serially diluted based on the concentrations recommended by manufacture manual. The heatmap displays the average median florescence intensity (MFI) of duplicate wells using the representative dilution for each antibody listed. See Methods for specific antibody catalog numbers and suppliers.



Anti-N protein IgG raised against SARS-CoV-2 and SARS-CoV-1 had modest cross-reactivity against β-HCoV (OC43, HKU1) N proteins, and to a lesser extent the α-HCoV (NL63, 229E) N proteins. This is consistent with reports that monoclonal antibodies raised against SARS-CoV-2 N protein regions have minimal reactivity against α and β-HCoVs (34). In addition, these polyclonal anti-N protein antisera also demonstrated faint non-specific binding with HCoV S proteins, such as SARS-CoV-2 RBD and 229E proteins. Interestingly, a recent clinical study showed that SARS-CoV-2 infection elicited the N-reactive IgG antibody also cross-react with the N protein of seasonal HCoVs, with more substantial cross-reactivity, with - greater than β-HCoV reactivity despite having less sequence homology (35).

Taken together, these results confirmed the successful coupling of the target proteins to the multiplex beads, and that the expressed and purified S- and N- proteins were bound by both monoclonal antibodies and anti-SARS-CoV-2 polyclonal antisera.



Quantifying Human Anti-HCoV S and N IgG, IgA, and IgM

Using the anti-HCoVs positive control standard serum (STD-CoV) in mPlex-CoV assay, we next generated 5 parameter logistic curves to map the assay MFI results to antigen-specific antibody concentrations with the method previously described for influenza anti-hemagglutinin antibodies (19–21). This allows direct comparison of absolute individual isotype antibody concentrations against each target strain HCoV S or N protein. In brief, a standard, pooled, positive control serum (STD-CoV) was created with high levels of anti-S and N IgG against all the analytes by mixing sera from 4 different subjects, and the standard curve shown in Figure 4. We then assayed serial dilutions of this serum reacting with anti-human IgG+IgA+IgM Fc specific capture antibody (Sigma-Aldrich, MO, USA) to create the total IgG, IgA, and IgM standard curves. STD-CoV at the same dilutions was then used to generate individual standard curves for each of the 15 HCoV antigens (Figure 4). Parameters for a 5-parameter logistic regression model, relating MFI to antibody concentration, were estimated from duplicate measurements and 3 independent assays for each HCoV antigen with Bio-Plex Manager™ 6.2 software. As previously noted for influenza anti-HA IgG binding, there are expected between-strain differences for each standard curve, which can cause slight variations in the density of the different HCoV antigen coupled multiplex beads. This method allows absolute IgG, IgA and IgM concentrations for each analyte to be measured over a 4.5 Log10 range (Figure 4). A limitation of this approach for IgA and IgM antibody quantification was the low levels of anti-N IgG and IgA antibodies to OC43 and HKU1 and anti-N IgM antibodies to most HCoVs viruses (Figure 4), which may increase false discovery rates during the concentration calculation for IgA and IgM; this was not an issue for IgG.




Figure 4 | The standard curves of IgG, IgA, and IgM antibody of the individual spike (S) and nucleocapsid (N) proteins of control positive serum of human coronaviruses (STD-CoV). A polyclonal coronavirus standard (STD-CoV) anti-serum of IgG, IgA, and IgM used was a mixture of four anti-SARSCoV-2 positive sera, which contained high antibodies against the SARS-CoV-2 and some of seasonal human coronaviruses. Each spot represents the mean concentration of antibody against one strain of HCoVs from duplicate wells.





mPlex-CoV Assay Has Low Intra- and Inter-Assay Variability

Another benefit of fluorescent multiplex assays is their ability to generate with low inter- and intra- sample variability. To verify this property of the mPLEX-CoV assay, we conducted three independent mPlex-CoV measurements with serially diluted STD-CoV samples. Using these results, we calculated the lower and the upper limits of quantification (LLOQ and ULOQ) for each HCoV S and N IgG antibody and the percentage intra- or inter-coefficient of variation (CV) as described above (Table 2). All intra-assay CVs were <~7%, and inter-assay CVs <~9%. The parameters of IgA and IgM mPlex-CoV assay are listed in Supplementary Tables S3 and S4, respectively.

One important finding from these quality measurements is that we observed significant decreases in MFI when the serum was diluted less than 1:800 for IgG, or 1:100 for IgA mPlex-CoV assay. While the mechanism of this was unclear, we therefore selected an initial serum dilution of 1:1000 for IgG and 1:200 for IgA to test all serum samples, including those used to calculate the ULOQ and ULOQ values. With these dilutions, we found that the 4-log range of standard curves of anti-SARS2 and SARS1 S and N IgG, including the ULOQ, could reach >6,000 ng/ml for anti-SARS2-RBD IgG. We also found that serum IgG concentrations against seasonal HCoVs were significantly lower than post-infection anti-SARS2 IgG, and thus the anti-seasonal HCOV levels in the control STD-CoV serum were also lower than those of post-infection anti-SARS2 IgG. This was true even when serum samples with high-level antibodies against other HCoVs were assayed. These results are consistent with our previously published SARS2 antibody clinical study (13).



Antibody Concentration Calculations for VAMS Samples

One advantage of the VAMS method is the safety and simplicity of the process (27). We have verified that finger-stick whole blood sampling combined with Hgb measurement to estimate serum IgG antibody concentrations quantitatively is highly consistent with traditional serum sampling methods (18). Additionally, results from finger-stick micro-sampling at home are highly consistent with finger-stick sampling performed on-site. In this study, we collected capillary blood from 21 pre-COVID-19and 18 convalescent subjects using VAMS. Serum fraction was estimated using the Hgb concentration, as previously described (18). The anti-HCoV IgG results are shown in Figure 5, and those of IgA and IgM in Supplementary Figure S1.




Figure 5 | Spike (S)- and nucleocapsid (N)-reactive IgG antibody levels to human coronaviruses (HCoVs) in VAMS blood samples of pre-COVID, convalescents, and post-vaccination subjects. (A) The IgG concentrations (ng/mL) of each S and N-reactive IgG antibodies against HCoVs. The heatmap shows mean concentration (ng/ml) of duplicate samples. (B) Comparison of differences in range of anti-HCoV S- and N- protein IgG between pre-, post-COVID and post-vaccination cohorts. (***p < 0.001, **p < 0.01,*p < 0.05). (C) The broad cross-reactive anti-S IgG antibody concentrations of HCoVs in three cohorts shown in multivariate spider plots, with each axis representing log2 IgG concentrations. (D) Multidimensional Scaling (MDS) analysis of the VAMS results.



In the pre-COVID cohort, we found α and β HCoV S- and N-reactive IgG antibodies present in samples from 18-65 year old healthy donors. This is consistent with the previously reported prevalence of OC43, HKU1, and NL63 infection in adults and children (5, 36, 37). In contrast, VAMS samples from COVID convalescent subjects >28 days post-infection demonstrated increased levels of anti-S- and N protein IgG, IgA, and IgM for specific SARS-CoV-2 and SARS-CoV-1 virus strains, as well as significantly increased anti-OC43 and HKU1 S-reactive IgG, IgA and IgM antibody concentrations compared to the pre-COVID cohort. However, the increased N-reactive antibody levels were only observed in the post-COVID cohort against SARS-CoV-2 and -1 viruses, whereas no anti-N IgG changes were observed against other seasonal HCoVs in the post-COVID and post-vaccination cohorts. Notably, the COVID-19 convalescents showed significantly higher anti-S and N IgM antibodies to SARS-CoV-2 within the first two months (Supplementary Figure S1). We also note that the concentrations of NL63 anti-N were higher than those for anti-S levels. The reasons for this finding are not immediately apparent. There is very limited data regarding the persistence of NL63 N-reactive IgG and IgA antibody, or comparisons between anti-N and anti-S levels.

Importantly, the pre-COVID adult control subjects had essentially undetectable levels of SARS-CoV-2 S- and N-reactive IgG, IgA, and IgM antibodies. One might expect bi-directional S- and N-reactive antibody cross-reactivity between OC43, NL63, and SARS-CoV-2 given their close protein sequence homologies, including the conserved S protein RBD and S2 subunits. In fact, a high level of cross-reactivity between S- and N-reactive IgA to HCoVs viruses was shown (Supplementary Figure S1), and there are notable cross-reactions of N-reactive IgA and IgM antibodies to SARS-CoV-2 virus and the RBD subdomain. This finding is consistent with a recent study that showed cross-reactivity of N-reactive antibodies between NL63 and SARS-CoV-2 (35).

We also found that, compared to pre-COVID controls, the post-vaccination cohort showed statistically significant increases in anti-SARS-CoV-2 S-specific IgG, IgA, and IgM antibodies (Figures 5A, B). These increases were associated with high levels of anti-RBD and anti-S1 binding IgG, IgA and IgM. Interestingly, the anti-RBD and S1 IgG levels were also statistically significantly higher than longer-term persistent levels seen in the post-infection cohort (Figure 5B). One potential mechanism for this observation may be that the vaccination group experienced both priming and boosting immune exposures, while the post-COVID subjects essentially experienced only the priming event (i.e. the initial infection). In addition, it has been reported that SARS-CoV-2 can disrupt B cell responses (38). It remains to be seen if an increase in anti-SARS-CoV-2 RBD specific IgG antibodies will be seen in post-COVID subjects after receiving their first vaccination or if re-infected, both of which could serve as “boosting” immunological events.

To visualize the changes in the anti-S immune repertoire against all HCoVs, we plotted IgG concentrations against individual HCoV strains in the three cohorts with parallel axes polar plots. This enabled us to visualize the profile of anti- β HCoV antibodies post-COVID-19, and the more centralized IgG antibody response to the SARS-CoV-2 and S1 and RBD domains of the spike protein. Note both the increase in IgG concentration after infection and vaccination, and the marked increase in anti-SARS-CoV-2 IgG levels after vaccination. Given the potential cross-reactivity of Ig between HCoV strains, we were also interested to see if pre-COVID, post-COVID and post-vaccination groups could be graphically separated by immune repertoire distance. The distance was calculated using the reactivity against the 7 HCoV S- and N- proteins, and projected onto 2 dimensions using metric multi-dimensional scaling (MDS). Metric MDS analysis was then performed using the Person Correlation distance to project multidimensional IgG concentration results for each subject onto 2 dimensions, reflecting the overall relative immune HCoV S- or N- protein IgG repertoire (Figure 5D). This distance metric was selected to distinguish between groups where increases in IgG binding to spike proteins increased or decreased in a similar fashion. The results showed good separation of the three groups (pre-COVID, COVID, COVID-vaccine) for the S, but not N, proteins. This suggests differences in cross-reactivity induced by SARS-CoV-2 infection versus vaccination that affect the human CoV immune repertoire among subjects. The clinical significance of this phenomenon is unclear, and will require further investigation.




Conclusions

Collecting the blood samples from SARS-CoV-2 infected patients in the community is difficult, especially during the early days of infection, when an individual may be asymptomatic or mildly symptomatic, but still have high potential for transmission. VAMS provides a highly effective remote sampling approach for such situations. The combination of VAMS and mPlex-CoV has the advantage of being able to combine of fully remote enrollment and sampling for clinical COVID-19 studies with low cost, and high accuracy. Such studies will be critical for understanding the humoral immune response to SARS-CoV-2 infection. The combination of capillary VAMS sampling addresses a significant translational barrier in SARS-CoV-2 research and population health studies (18): the ability to remotely collect and ship samples for IgG measurement. Here we extend this approach to the mPlex-Cov assay, using samples obtained by VAMS, and report results from simultaneous assessment of anti-S and -N IgG, IgA, and IgM concentrations against the six most common HCoV strains. In addition, we used MDS analysis to visualize an individual’s IgG mediated immune repertoire against multiple HCoVs, a method we refer to as immune repertoire cartography.
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B SARS-CoV-2 S SARS2 3.24+3.53 3.83+3.12 3324.05+178.76 8.34+3.30
SARS-CoV-1 Protein SARS1 6.27+5.02 8.64+6.49 834.70+2.02 6.74+3.99
HCoV-0C43 0C43 4.16+3.12 4.95+4.54 4109.26+137.54 3.65+1.72
HCoV-HKU1 HKU1 4.003.12 6.00+5.61 523.06+5.88 0.70+0.20
va HCoV-229E 229E 3.22+2.88 5.84+5.87 466.25+1.24 0.64+0.08
HCoV-NL63 NL63 3.32+2.93 6.54+5.33 266.24+2.22 0.77+0.56
B SARS-CoV-2 N SARS2 3.22+2.10 4.81+4.96 2123.34+956.08 3.09+2.54
SARS-CoV-1 Protein SARS1 1.93+2.39 4.62+4.06 228.87+0.55 0.73+0.54
HCoV-0C43 0C43 3.41+2.13 8.76+6.29 584.80+15.16 0.83+0.07
HCoV-HKU1 HKU1 6.92+1.17 6.86+5.07 138.33+0.51 0.60+0.06
o HCoV-229E 229E 1.43+1.49 6.42+4.75 125.23+1.46 0.27+0.15
HCoV-NL63 NL63 2.72+1.89 5.71+6.40 365.89+0.56 1.02+0.80
B SARS-CoV-2 RBD RBD* 3.62+2.79 3.47+3.43 6538.72+194.67 18.568+2.75
St St1* 3.70+2.93 5.44+5.19 2475.69+43.50 2.18+1.88
S2 S2* 2.88+2.07 4.81+4.74 2408.97+88.60 6.95+2.35

RBD, Receptor binding domain of SARS-CoV-2 S protein.

“Reagents purchased from SinoBiological. S1+S2 (40589-V08B1), RBD* (40592-VO8H), S1 (40591-VO8H), S2 (40590-V08B).

The ULOQ and LLOQ were determined by four-fold serial dilution of STD-HCoV serum starting at 1:1000.
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