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ABSTRACT

Background: Assessing the breadth and duration of antigen-specific binding antibodies provides
valuable information for evaluating interventions to treat or prevent SARS-CoV-2 infection. Mul-
tiplex immunoassays are a convenient method for rapid measurement of antibody responses but
can sometimes provide discordant results, and antibody positive percent agreement for COVID-19
diagnosis can vary depending on assay type, disease severity, and population sampled. Therefore, we
compared two assays marked for research applications, MSD and Bio-Plex Pro, to evaluate quali-
tative interpretation of serostatus and quantitative detection of antibodies of varying isotypes (IgG,
IgM, and IgA) against receptor binding domain (RBD) and nucleocapsid (N) antigens.

Methods: Specimens from ACTIV-2/A5401, a placebo-controlled clinical trial of the SARS-
CoV-2 monoclonal antibody (mAb) bamlanivimab to prevent COVID-19 disease progression,
were used to evaluate the concordance of the Bio-Rad Bio-Plex Pro Human SARS-CoV-2 Se-
rology Assay and the Meso Scale Discovery (MSD) V-PLEX COVID-19 Panel 1 serology assay

in detecting and quantifying IgG, IgA, and IgM binding anti-SARS-CoV-2 antibody responses
against the RBD and N antigens. Data were disaggregated by study arm, bamlanivimab dose, days
post-enrollment, and presence of emerging resistance.

Results: We observed 90.5% (412 of 455 tests) concordance for anti-RBD IgG and 87% (396 of
455) concordance for anti-N IgG in classifying samples as negative or positive based on assay-de-
fined cutoffs. Antibody levels converted to the WHO standard BAU/mL were significantly cor-
related for all isotypes (IgG, IgM, and IgA) and SARS-CoV-2 antigen targets (RBD and N) tested
that were common between the two assays (Spearman r 0.65 to 0.92, P < 0.0001). Both assays un-
covered evidence of diminished host-derived IgG immune responses in participants treated with
bamlanivimab compared to placebo. Assessment of immune responses in the four individuals
treated with the 700 mg of bamlanivimab with emerging mAb resistance demonstrated a stronger
anti-N IgG response (MSD) at day 28 (median 2.18 log BAU/mL) compared to participants treat-
ed with bamlanivimab who did not develop resistance (median 1.55 log BAU/mL).
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Conclusions: These data demonstrate the utility in using multiplex immunoassays for charac-
terizing the immune responses with and without treatment in a study population and provide
evidence that monoclonal antibody treatment in acute COVID-19 may have a modest negative
impact on development of host IgG responses.

KEYWORDS
SARS-CoV-2; COVID; COVID-19; Bio-Plex; Meso Scale Discovery; monoclonal antibodies;
bamlanivimab

INTRODUCTION

Measurement of antigen-specific antibodies in blood can provide insight into the magnitude,
breadth, and duration of antibody responses that develop from natural infection or vaccination
[1, 2]. Moreover, assessment of binding antibodies in clinical trials, such as those recently em-
ployed to assess interventions in SARS-CoV-2 infections, can be informative for understand-
ing virologic and clinical outcomes [3]. United States Food and Drug Administration (FDA)
emergency use authorized serological assays that qualitatively classify the presence of antibodies
have been used diagnostically since the beginning of the COVID-19 pandemic, and a variety of
research-use only approaches have also been developed to quantitatively measure SARS-CoV-2
antibodies in biological fluids [4].

Multiplex technology has long been used to measure cytokines and chemokines in biological
fluids, and new assays were quickly adapted for SARS-CoV-2 to provide a convenient approach
to assess binding antibodies of different isotypes and with different antigen specificities in a small
volume of fluid. A well-defined multiplex approach includes the Meso Scale Discovery (MSD)
platform that utilizes specific SARS-CoV-2 antigens spotted onto plates and anti-human antibod-
ies conjugated with MSD SULFO-TAG™ electro-chemiluminescent detection to measure serum
antibodies [5, 6]. MSD routinely updates its panels to include antigens from recently circulating
variants through omicron sub-lineage XBB.1.5 to date with reference standards that are calibrated
against the WHO International Standard; however, manufacturer qualitative cutoffs are not pro-
vided for all isotypes and antigens since the assay is not designed to be used diagnostically. This
platform has played a major role in vaccine studies and is well-described in the literature [7-16].

A platform with similar capabilities is offered by Bio-Rad. The Bio-Plex Pro SARS-CoV-2 assay
uses Luminex xMAP bead-based multiplex immunoassay technology to simultaneously detect
antibody (IgG, IgA, or IgM) against the SARS-CoV-2 N, RBD, Spike 1 (S1), and Spike 2 (S2)
antigens with fluorescence detection using biotin-streptavidin/phycoerythrin on a Bio-Plex 200
system. Unlike MSD, the Bio-Plex antigens are limited to the original Wuhan strain, with a devel-
oper kit available for researchers to generate their own assays with updated antigens. The addition
of a standard curve to the test plate allows quantitation of antibody levels in arbitrary units per
milliliter. The Bio-Plex 200 system is a relatively newer platform intended for research use, where-
as the BioPlex 2200 ELISA/Platelia has been more widely used for clinical diagnosis in several
COVID-19 vaccine and convalescent plasma studies [17-19].

It is not uncommon for different antibody assays to provide discordant results, and antibody
positive percent agreement for COVID-19 diagnosis has varied depending on assay type, disease
severity, and population sampled [19, 20]. Some investigators have suggested using two assays to
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validate results [21, 22]. Thus, we compared two assays marked for research applications, MSD
and Bio-Plex Pro, to evaluate qualitative interpretation of serostatus and quantitative detection
of antibodies of varying isotypes (IgG, IgM, and IgA) against receptor binding domain (RBD)
and nucleocapsid (N) antigens. We first validated both assays using samples from a characterized
repository, then investigated the concordance of these assays using specimens from ACTIV-2/
A5401, a placebo-controlled clinical trial of the SARS-CoV-2 monoclonal antibody (mAb) bam-
lanivimab to prevent COVID-19 disease progression. We used both assays to analyze anti-N IgG
activity in samples with and without bamlanivimab resistance in the mAb and placebo arms.

METHODS

Samples

Known SARS-CoV-2 antibody positive specimens for the validation studies were obtained from a
SARS-CoV-2 specimen repository (Vitalant Research Institute). Pre-COVID sera collected prior
to 2019 were blinded remnant specimens from HIV prevention clinical studies where partici-
pants without HIV had consented to their samples being used for future research. No identifying
information was available for these samples. The ACTIV-2/A5401 study (NCT04518410) was

a multicenter phase 2, randomized, placebo-controlled trial evaluating the efficacy of 700 and
7,000 mg of the mAb bamlanivimab to prevent COVID-19 disease progression in non-hospi-
talized symptomatic adults with documented SARS-CoV-2 infection enrolled within 10 days of
symptom onset. The protocol was approved by a central institutional review board (IRB), Advarra
(Pro00045266), with additional local IRB review and approval as required by participating sites.
The dates of enrollment of the first and last participants for the bamlanivimab studies were Au-
gust 19, 2020 and November 15, 2020. All participants provided signed, written informed consent
and documentation was per site standard operating procedures. Half of participants were female
(52.1%), and participant demographics were balanced between arms as previously reported [23].
Sera for this study was collected at baseline (pre-treatment), study day 28, and study week 12.

Quantitative Bio-Rad Bio-Plex Pro Human SARS-CoV-2 Serology Assay

IgA, IgG, and IgM antibody titers against SARS-CoV-2 N, RBD, S1, and S2 antigens were mea-
sured using the multiplex magnetic bead-based Bio-Rad Bio-Plex Pro Human SARS-CoV-2 serol-
ogy assays with the addition of a standard curve generated with the VIROTROL SARS-CoV-2 se-
rological control (IgG) or assay positive controls (IgA or IgM) [24, 25]. Briefly, serum specimens
were diluted at a range of 1:100 to 1:1,000 in sample diluent and incubated with SARS-CoV-2
N/RBD/S1/S2 4-plex antigen coupled beads for 30 minutes at ambient temperature, shaking at
850 rpm, then washed 3 times. The beads were then incubated with the kit-provided detection
antibody for 30 minutes at ambient temperature, shaking at 850 rpm, and washed 3 times again.
Using streptavidin-phycoerythrin as the fluorescent reporter, the assay was read on the Bio-Rad
Bio-Plex 200 System. Results were interpreted using the Bio-Plex Manager Software, v6 and are
reported as Units/mL (U/mL) for IgG or ng/mL for IgA and IgM measured against each standard
curve. Threshold values to determine serostatus were provided by Bio-Rad for all antigens and
isotypes and were based on analyses of 278 (IgG) or 282 (IgA/M) SARS-CoV-2 negative samples.
The manufacturer-defined Bio-Plex cutoff for seropositivity was >450 mean fluorescence inten-
sity units (MFI) for N, >250 MFI for RBD and S1, and >750 MFI for S2. Following manufacturer
recommendations, thresholds were determined in-house for samples diluted greater than 100 by
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testing 22 samples obtained prior to 2019 at each reported dilution. A manufacturer supplied con-
version factor generated using the National Institute for Biological Standards and Control (NIB-
SC) 20/136 reference standard was applied to translate units per milliliter to the World Health
Organization (WHO) standard Binding Antibody Units (BAU)/mL [26].

Meso Scale Discovery V-PLEX COVID-19 Plate 1 Serology Assay

SARS-CoV-2 antigen specific IgG, IgA, or IgM antibody levels in participant serum samples were
quantitatively measured using Meso Scale Discovery (MSD) V-PLEX COVID-19 Plate 1 serology
assay. The assays were run according to the kit package insert for serum samples. Briefly, the plate
was blocked by incubation with the Blocker A solution for 30 minutes at room temperature with
shaking at ~750 rpm. After 3 washes, the diluted serum samples, calibrators, and controls were
added to the plate and incubated for 2 hours with shaking at room temperature. After a second
round of washes, the detection antibody solution was added to the plate, followed by a 1-hour in-
cubation. The plate was then washed, read buffer was added, and the plate was read on the MESO
QuickPlex SQ 120MM Reader, which measures the light emitted from the MSD SULFO-TAG,
and analyzed by the discovery Workbench software. Threshold values to determine serostatus
were provided by MSD for anti-S, anti-RBD, and anti-N IgG antibodies and were based on anal-
yses of 200 pre-2019 and 214 COVID+ (PCR-confirmed) COVID-19 patients. The manufactur-
er-defined MSD cutoft for seropositivity was >538 AU/mL (RBD), >1,960 AU/mL (S), and >5,000
AU/mL (N). NTD thresholds were not available. A manufacturer supplied conversion factor was
applied to translate units per milliliter to the WHO standard BAU/mL [26].

Statistical Analysis

Sensitivity and specificity were calculated using the proportion of true positive cases against the
total number tested and the proportion of true negative cases against the total number tested,
respectively; categorization of true positives was based on data provided by Vitalant Research
Institute (Ortho-Clinical Diagnostics™ VITROS™ Immunodiagnostic Products Anti-SARS-CoV-2
IgG assay) that accompanied the repository samples, while all samples collected prior to 2019
were expected to be true negatives. For the qualitative analysis, manufacturer-defined or in-house
determined mean fluorescence intensity (MFI) (Bio-Plex) or arbitrary units per milliliter (AU/
mL) (MSD) cutoffs were used to define seropositivity for each isotype. Quantitative antibody cor-
relation analysis was performed using the nonparametric Spearman Rank Correlation function in
GraphPad Prism, version 10.1.2 (GraphPad Software, LLC). To compare median log BAU/mL be-
tween different arms over day of collection, the Mann-Whitney test for a 2-group non-parametric
comparison was used to calculate statistical significance.

RESULTS

Validation of the Bio-Plex and Meso Scale Platforms Using Characterized Standards

Of 21 known IgG-positive SARS-CoV-2 samples, all 21 (100%) were IgG positive for anti-RBD
(Bio-Plex and MSD) and anti-N (Bio-Plex), while MSD had two false IgG negatives for anti-N
(19 of 21; 90.5%). Both MSD false negatives had values less than 2-fold lower than the qualitative
cutoff of 5,000 AU/mL for anti-N IgG positivity (2,658 AU/mL and 2,617 AU/mL, respectively).
All 10 pre-COVID specimens tested IgG negative for anti-RBD (Bio-Plex and MSD) and anti-N
(MSD), while Bio-Plex had one false IgG positive for anti-N. The false positive sample was tested
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in triplicate and had values above 7-fold of the qualitative cutoff of 250 MFI for anti-N IgG posi-
tivity (3,121 + 450 MFI) (Table 1).

Table 1. Sensitivity and Specificity of Anti-RBD and Anti-N IgG Using the Bio-Plex and Meso
Scale Assays

Assay Platform Isotype, Antigen Source® Sensitivity Specificity
Manufacturer 100% 96%
IgG, anti-RBD —
Bio-Rad Bio-Plex Pro Validation 100% 100%
Human SARS-CoV-2 Manufacturer 100% 99%
IgG, anti-N
Validation 100% 90%
Manufacturer 98.3% 98.5%
IgG, anti-RBD —
Meso Scale Discovery Valldatlon 100% 100%
V-PLEX COVID-19 Manufacturer 93.8% 100%
IgG, anti-N
Validation 90.5% 100%

* For Bio-Plex, manufacturer sensitivity and specificity was obtained from the Bio-Plex Pro Human IgG
SARS-CoV-2 Serology Assays Product Data Sheet Version A, clinical specificity was determined using

278 specimens collection prior to December 2019, and clinical sensitivity was determined using 65 serum
and plasma samples confirmed to be human IgG anti-SARS-CoV-2 positive. For Meso Scale, receiver
operating characteristic curve (ROC) was used to determine sensitivity and specificity from 200 serum
samples collected from healthy adults before 2019 and 214 PCR-confirmed COVID-19 positive individuals
collected more than 15 days after diagnosis, as reported in the Meso Scale package insert.

Qualitative Assessment of the Bio-Plex and Meso Scale Platforms

Total IgG antibody levels were assayed in sera by both the Bio-Plex and MSD platforms for 455
serum samples from 304 participants who received 700 or 7,000 mg bamlanivimab or placebo in
the A5401 study. Bio-Plex and MSD were 90.5% concordant (412 of 455 tests) for anti-RBD IgG
in classifying samples as negative or positive by both assays. Forty samples negative for anti-RBD
IgG by MSD were positive by Bio-Plex. Of these 40, almost half (19 samples; 48%) were 3- to
10-fold above the Bio-Plex MFI cutoft of 250 defining IgG positivity, and 6 (15%) were >10-fold
above the MFI cutoft. Conversely, 3 samples negative for anti-RBD IgG by Bio-Plex were positive
by MSD. Two of the 3 samples were close to the anti-RBD MSD cutoff of 538 AU/mL for IgG pos-
itivity, while one sample was 13-fold above the cutoff.

Similar trends were seen for detection of anti-N IgG by both assays. The rate of concordance was
87%, with discordance of 12.3% for MSD negative samples testing positive by Bio-Plex for anti-N
IgG, and 0.7% for Bio-Plex negative samples testing positive by MSD for anti-N IgG (Table 2).
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Table 2. Qualitative Detection of Anti-RBD and Anti-N IgG Using the Bio-Plex and Meso

Scale Assays
Discordant Discordant
Bio-Plex Bio-Plex MSD NEG MSD POS

IgG Assay Result | Negative Positive Concordant® Bio-Plex POS Bio-Plex NEG

All Samples (N = 455)

Anti-RBD MSD Negative | 212 40 412 (90.5%) 40 (8.8%) 3 (0.7%)
MSD Positive 3 200

Anti-N MSD Negative | 233 56 396 (87.0%) 56 (12.3%) 3 (0.7%)
MSD Positive | 3 163

Samples from Untreated Individuals (N = 383)°

Anti-RBD MSD Negative | 212 40 340 (88.8%) 40 (10.4%) 3 (0.8%)
MSD Positive | 3 128

AntiN MSD Negative | 225 38 342 (89.3%) 38 (9.9%) 3 (0.8%)
MSD Positive | 3 117

Samples from Individuals After Bamlanivimab Infusion (N = 72)°

Anti-RBD MSD Negative |0 0 72 (100%) 0 (0%) 0 (0%)
MSD Positive | 0 72

Anti-N MSD Negative |8 18 54 (75.0%) 18 (25.0%) 0 (0%)
MSD Positive | 0 46

* Percent concordance calculated as number of samples that tested negative by both Bio-Plex and MSD
+ number of samples that tested positive by both Bio-Plex and MSD as a proportion of total number of
samples tested by both assays.

b Samples include 700 mg and 7,000 mg placebo at all time points and 700 mg and 7,000 mg bamlanivimab
arm samples at baseline only (collected prior to infusion).

¢ Samples include follow-up bamlanivimab-infused time points only (700 mg and 7,000 mg collected at
day 28 and week 12).

A secondary analysis censoring individuals treated with bamlanivimab (since they would be arti-
ficially positive for anti-RBD IgG) showed a similar pattern of concordance between Bio-Plex and
MSD to the full analysis (87% vs 90.5% concordance between assays for anti-RBD for untreated
vs all samples, respectively; 86% vs 87% concordance between assays for anti-N for untreated vs
all samples, respectively). As expected, all samples collected post-bamlanivimab infusion were
positive for anti-RBD IgG by both assays, but 25% negative by MSD were positive by Bio-Plex for
anti-N IgG, consistent with the greater sensitivity for anti-N IgG by Bio-Plex (100% vs 93.8% for
MSD; Table 1).
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Comparison of quantitative total IgG, IgM, and IgA antibody response to the SARS-CoV-2
RBD and N proteins using Bio-Plex and Meso Scale assays. Total IgG, IgM, and IgA antibody
levels were assayed in sera by both the Bio-Plex and MSD platforms for 304 participants with
COVID-19 in ACTIV-2/A5401 at entry (pre-treatment). Antibody levels converted to the WHO
standard BAU/mL were significantly correlated for all isotypes (IgG, IgM, and IgA) and SARS-
CoV-2 antigen targets (RBD and N) tested that were common between the two assays, with
Spearman r values ranging from 0.65 to 0.92 (P < 0.0001 for all) (Figure 1).

Total antibody response to SARS-CoV-2 Receptor Binding Domain (RBD) antigen over time
in individuals receiving bamlanivimab or placebo. Antibody levels against RBD at entry (day
0), day 28, and week 12 were compared in individuals receiving 700 mg or 7,000 mg placebo or
700 mg or 7,000 mg bamlanivimab to prevent severe COVID-19 using both the MSD (Figure 2A)
and Bio-Plex (Figure 2B) assays.

Anti-RBD IgG levels were not significantly different at baseline between intervention arms (bam-
lanivimab vs placebo) as determined by both MSD and Bio-Plex. On day 28, median anti-RBD
IgG levels were significantly higher than placebo (P < 0.001) for both the 700 mg and 7,000 mg
arms by both assays. Further, median anti-RBD IgG levels for the 7,000 mg bamlanivimab arm
were significantly higher than the 700 mg bamlanivimab arm (P < 0.0001), likely reflecting the
detection of the mAb, which targets RBD, in the serum (Figures 2A and 2B). Similar results were
noted for anti-S IgG (MSD) and anti-S1 IgG (Bio-Plex) as expected, since bamlanivimab targets
an epitope on the spike protein of SARS-CoV-2 (Figure 2C and 2D) [27].

In both assays, the median IgG levels between participants who received the mAb or placebo
remained significantly different at week 12 for both the 700 mg (P < 0.05) and 7,000 mg (P <
0.0001) arms; however, the level of anti-RBD IgG for the active arms declined by week 12, likely
reflecting a decline in bamlanivimab concentrations, while the IgG levels for the placebo arms
remained the same (Figure 2A and 2B).
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Figure 1. Comparison of total IgG, IgM, and IgA antibody response to the SARS-CoV-2 RBD and N
proteins using Bio-Plex and Meso Scale assays in ACTIV-2/A5401 participants at study entry (pre-
treatment, within 10 days of COVID-19 symptom onset). For all graphs, log Binding Antibody Units
per milliliter of serum (BAU/mL) were plotted for Bio-Plex (y-axis) against Meso Scale (x-axis). For both
assays, BAU/mL was calculated by applying the conversion factor to the concentration values for each
assay; only values with detectable MFI or signal in both assays are plotted on this graph. Paired values
where one or both MFI or signal were undetectable and did not produce a quantifiable MFI or signal value
are excluded from the correlation. The Spearman Rank Correlation was calculated for each Bio-Plex/MSD
pair using GraphPad Prism version 9.5.0 with R value noted in each graph. The P-value for all xy pairs was
< 0.0001, denoted by (****) on each graph. (A) Anti-RBD IgG, N = 222 pairs; (B) Anti-N IgG, N = 220
pairs; (C) Anti-RBD IgA, N = 267 pairs; (D) Anti-N IgA, N = 239 pairs; (E) Anti-RBD IgM, N = 268 pairs;
and (F) anti-N IgM, N = 268 pairs.
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Figure 2. Total antibody response to various SARS-CoV-2 antigens over time in individuals receiving
bamlanivimab and placebo. Data generated using the Meso Scale Discovery V-PLEX COVID-19 Panel

1 serology assay (MSD) are in panels (A), (C), (E), and (G). Data generated using the Bio-Rad Bio-Plex
Pro Human SARS-CoV-2 serology assay are in panels (B), (D), (F), and (H). For all graphs, log,  Binding
Antibody Units per milliliter of serum (BAU/mL) were plotted for each A5401 study arm as follows: 700
mg bamlanivimab (light orange circles © ); 700 mg placebo (light blue circles ®); 7,000 mg bamlanivimab
(dark orange diamonds ¢); 7,000 mg placebo (dark blue diamonds ¢). Each arm is plotted from samples
collected at baseline (day 0, within 10 days of symptom onset), day 28, and week 12 post-enrollment. For
Bio-Plex, seronegative samples whose BAU/mL was under the limit of quantitation could not be plotted
thus were omitted from the graph. The median log BAU/mL for each data set is indicated by a solid line.
The number of samples plotted is noted under the x-axis. The dashed horizontal line from the y-axis
denotes the log BAU/mL value under which the sample is classified as IgG negative; these values are set
at (A) 1.17 (anti-RBD IgG MSD); (B) 0.83 (anti-RBD IgG Bio-Plex); (C) 1.25 (anti-S IgG MSD); (D) 0.74
(anti-S1 IgG Bio-Plex); (E) 1.07 (anti-N IgG MSD); (F) 0.56 (anti-N IgG Bio-Plex); (G) no qualitative
cutoff is available for anti-NTD IgG MSD; and (H) 0.72 (anti-S2 IgG Bio-Plex). Mann-Whitney test was
used to compare unpaired ranked log BAU/mL for each arm (700 mg or 7,000 mg bamlanivimab) against
its corresponding placebo arm for each time point of collection. Comparisons are denoted as follows: not
significant (ns); P < 0.05 (*); P < 0.01 (**); P <0.001 (***) and P < 0.0001 (****).

Total antibody response to SARS-CoV-2 Nucleocapsid (N) antigen over time in individuals
receiving bamlanivimab or placebo. Since mAb treatment leads to more rapid viral decay, we
investigated whether individuals receiving bamlanivimab may have lower levels of host antibody
response at day 28. While day 28 and week 12 anti-RBD, anti-S, and anti-S1 antibody levels in
the treatment arms reflect both host and therapeutic antibody concentrations, levels of anti-N,
anti-NTD, and anti-S2 IgG solely represent the host immune response. Therefore, we further
explored anti-N, anti-NTD, and anti-S2 IgG response between those receiving mAb and placebo.
We found a consistent trend in the data showing higher levels of host-derived IgG antibodies in
placebo compared to treatment arms for both day 28 and week 12 time points (Figures 2E, 2F,
2G, 2H). Four participants from the 700 mg treatment arm developed outgrowth of virus due

to monoclonal antibody resistance, as described previously [28]. Since these participants expe-
rienced an unusual viral rebound during treatment that we reasoned could influence antibody
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responses, we conducted an additional analysis of the data without inclusion of these participants.
The differences in host-derived IgG antibodies in placebo compared to treatment arms reached
statistical significance for day 28 anti-N (MSD and Bio-Plex) and anti-NTD (MSD) (Table 3).

Table 3. SARS-CoV-2 IgG Levels in Individuals with No Emergent Bamlanivimab Resistance
in the 700 mg Bamlanivimab Arm Compared to Individuals in the 700 mg Placebo Arm in
the ACTIV-2/A5401 Study

Day | 700 mg Placebo 700 mg Bamlanivimab, No | 700 mg Bamlanivimab,

SARS-CoV-2 Emergent Resistance Emergent Resistance
Antibody Log , Median (Min, | N |Log  Median (Min, |N [Log Median (Min, [N
Max) BAU/mL? Max) BAU/mL? Max) BAU/mL?
Anti-N IgG (MSD) | 0 -0.26 (-1.43,2.47) 106 | -0.33 (-1.51, 2.74) 97 1-0.29 (-0.61, 0.35)
28 1.98 (0.055, 3.06) 32 | 1.55(-0.79, 2.84)* 29 ]2.18(1.07,2.80) 4
?I\I/[ltSIDI\)ITD 1gG 0 0.27 (-0.49, 2.53) 108 | 0.26 (-0.60, 2.33) 98 |-0.21(-0.49,0.0044)* |3
28 2.18(0.16, 3.19) 32 | 1.68(0.36, 3.64)* 30 | 2.09(1.72,2.57) 4
Anti-N IgG
(BioPlex) 0 -0.01 (-1.03,2.73) 69 |0.17 (-1.33,3.76) 60 | Nodata 0
28 2.46 (-0.68, 3.39) 32 |2.00(0.37,2.99)* 27 | 2.46(1.67,3.32) 4
Anti-S§2 IgG
(BioPlex) 0 0.77 (-0.67, 3.06) 108 | 0.78 (-0.88, 3.11) 102 | 0.11(0.050, 0.72) 3
28 2.64 (-0.14, 3.71) 72 |2.39(0.11,3.92) 66 | 2.46(1.66,3.24) 4

* The Mann-Whitney test for a 2-group non-parametric comparison from version 10.1.2 of the GraphPad
Software was used to calculate statistical significance between the median log BAU/mL of the 700 mg
placebo arm and the 700 mg bamlanivumab arm in individuals with no bamlanivimab-emergent resistance
in SARS-CoV-2 and separately in individuals with bamlanivimab-emergent resistance in SARS-CoV-2.
*Significance at P < 0.05 is indicated by bold.

The tendency for reduced host antibody levels in treated arms versus placebo might be explained
by the decreased SARS-CoV-2 RNA levels after mAb therapy leading to reduced antigenic stim-
ulation of the host immune response [23], a concept that is supported by the observation that
area-under-the-curve of viral RNA levels days 0 to 28 was positively correlated with day 28 anti-N
IgG levels in both the Bio-Plex and MSD assays, reaching statistical significance for the MSD
assay (Figure 3). Additionally, assessment of immune responses in the 4 individuals treated with
the 700 mg of bamlanivimab who were found to have emerging mAb resistance demonstrated a
stronger anti-N IgG response (MSD) at day 28 (median 2.18 log BAU/mL) compared to partici-
pants treated with bamlanivimab who did not develop resistance (median 1.55 log BAU/mL). This
is likely related to evidence of viral rebound and increased antigen exposure after development of
resistance mutations [28]. A similar trend was observed using Bio-Plex.
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A

Figure 3. Area Under the Curve (AUC) of Day 28 Anti-N IgG against SARS-CoV-2 Viral Load. Blue
dots represent 700 mg placebo arm samples, and orange dots represent 700 mg bamlanivimab samples.
Data generated using the Meso Scale Discovery V-PLEX COVID-19 Panel 1 serology assay (MSD) in (A)
and the Bio-Rad Bio-Plex Pro Human SARS-CoV-2 serology assay in (B). X-axis shows nasoparyngeal
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DISCUSSION

Although many commercial assays have been developed for the clinical diagnosis of SARS-CoV-2
infection, the advantage of research-use assays for COVID-19 vaccine and prophylaxis studies is
that antibody titer can be quantified and differentiated for different isotypes (IgG, IgA, and IgM)
as well as different targets (RBD, N, NTD, S1, S2, total S). Research-use assays may be particularly
advantageous for studies of mAb against RBD, where detection of host antibody response may be
masked in commercial kits by the presence of the mAb. However, differences in kit characteristics
and lack of gold standards for assay harmonization may yield discrepant results from the same
samples. Our study is the first to use a large set of samples from a COVID-19 mAb clinical trial

to compare the qualitative and quantitative performance of two research-use assays: the MSD
V-PLEX COVID-19 Panel 1 serology assay and the Bio-Rad Bio-Plex Pro Human SARS-CoV-2
serology assay.

Using serum collected from this trial in non-hospitalized adults with COVID-19 who received
the mADb, bamlanivimab, or placebo, our findings indicate that results from these two methodolo-
gies are largely concordant when comparing quantitative (titers) measures. However, we observed
10% discordance in qualitative interpretation (serostatus) between MSD and Bio-Plex for RBD
and a 13% discordance in interpretation for N. Other antigens could not be evaluated due to lack
of common targets between the two assays. These data serve to cross-validate the methodolo-
gies but also highlight limitations in serostatus determination that appears to be at least partly
explained by imperfection in defining thresholds. Assay thresholds for qualitative interpretation
were provided by the manufacturer who set the threshold after testing several hundred pre-
COVID specimens at a specific dilution or determined in-house. A limitation of laboratory-de-
termined thresholds is that they may lack specificity due to the impracticality of testing hundreds
of pre-COVID specimens collected from separate individuals at multiple dilutions, therefore
increasing the rate of discordant results between the two assays. The use of a third assay could
serve as a tiebreaker to identify false negatives and false positives, but not without limitations,

as the third assay would be subject to its own seropositive thresholds, specificity, and sensitivity.
Measuring multiple isotypes may also be a strategy to increase sensitivity; in one study, measur-
ing IgM and IgA antibodies to RBD along with IgG resulted in a 9% increase in identification of
positive cases [29].

By contrast, we observed a strong correlation (P < 0.0001) between MSD and Bio-Plex for quan-
titative antibody response to RBD and N for all three isotypes (IgG, IgA, IgM). Specific quantifi-
cation of antibodies against different S and N proteins and their subunits can aid in quantifying
host response to infection since many vaccines and prophylactic monoclonal antibodies target
regions in S [30]. A challenge of comparing assay results quantitatively was that each manufactur-
er had its own units of measure, typically denoted as “arbitrary” units. The WHO recently set the
first International Standard for humoral immune response assessment, prompting manufacturers
to provide a conversion factor to report results in Binding Antibody Units (BAU). In our study;,
we were able to convert all antibody titers to BAU/mL, except for MSD anti-NTD IgG, due to a
lack of conversion factor for that target. When evaluating the findings from the ACTIV-2/A5401
study, we observed that both assays produced similar trends in antibody activity, but the actual
titers differed by assay when comparing values using the same units (BAU/mL). Thirteen outliers
were observed in Figure 1A at the highest MSD titers, which could, hypothetically, reflect differ-
ences in the MSD and Bio-Plex in detecting the monoclonal antibody itself.
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The ACTIV-2/A5401 study demonstrated an important application of the MSD and Bio-Plex
assays in quantitatively assessing host versus therapeutic antibody levels. Each assay detected
different antigens (anti-N and anti-S2 by Bio-Rad and anti-N and anti-NTD by MSD), allowing
detailed assessment of host immune response between study arms.

We found that for both Bio-Rad and MSD platforms, IgG antibody levels for host immune re-
sponses (as indicated by anti-N, anti-NTD, and anti-S2 titers) all showed numerically lower levels
in the bamlanivimab-treated arms compared to the placebo. We propose that this may be a con-
sequence of reduced overall exposure to viral antigens with monoclonal antibody treatment. This
concept is also supported by the observations that viral load as measured by AUC was positively
associated anti-N antibody titers. Also, 4 participants with resistant virus displayed anecdotal evi-
dence of increased anti-N IgG responses compared to participants without emergence of resistant
virus. A similar analysis could not be done for the 7,000 mg arm since there were no individuals
with emergent resistance in this group.

Evidence of diminished host antibody responses to COVID-19 in patients receiving monoclonal
antibody therapy during acute infection have also been described by others [31] and similar to
our observations, found evidence of a relationship between viral load and antibody responses.
Although host antibody responses may be diminished by early administration of monoclonal
antibodies, it is important to recognize that host antibody responses are still readily detectable in
these circumstances, and the clinical significance of slightly reduced titers is unclear.

In conclusion, SARS-CoV-2 antibody assays provide essential data for characterizing the immune
responses with and without treatment in a study population and for allowing subgroup analyses
of treatment effects by serostatus. The benefit of both the MSD and Bio-Plex assays is the ability to
quantify antibody response and differentiate between antigens and isotypes. Future studies could
use either or both platforms, which would give congruent results to look for trends in antibody
response; however, research-use assays cannot be used for individual diagnosis, and the advantage
of research assays is the ability to quantify antibody response to specific antigens rather than to
classify samples as positive or negative. Different platforms yielding some degree of discordance

is expected for serology assays, especially when using serum samples with low antibody concen-
trations, as can be expected early in the course of infection [32, 33]. Whereas some investigators
have suggested that studies could benefit from inclusion of multiple serology assays, the cost of
such an approach may be prohibitive. In this study, we used a small validation study comparing
two platforms, with results that were largely reflective of those observed in clinical trial samples.
Thus, small validation studies with different serology platforms may be a more practical approach
for clinical trial design.
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