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Impact Statement

The COVID-19 pandemic has spread rapidly across
all continents, and has dramatically impacted both
society and the respective health systems due to its
high rate of infectivity, morbidity and mortality. The
focus of this study was to profile the quality (isotypes)
and quantity (titers) of anti-receptor binding domain
(RBD) antibodies generated in response to COVID-
19 in order to gain insight into their respective poten-
tial viral neutralization activity. Results indicate robust
production of anti-RBD IgG and IgM antibodies in
humans following COVID-19 infection. IgG1 and
1gG3 neutralization resulted in blocking binding of the
virus to the Ace2 receptor required for viral entry and
replication. Immunotherapy using purified/enriched
anti-RBD IgG1 and IgG3 from convalescent plasma

Abstract

Understanding the immune response to SARS-CoV-2 is important for development
of effective diagnostics and vaccines. We report here a broad antibody response
to SARS-CoV-2 spike protein receptor binding domain (RBD) in 100 convalescent
patient plasma samples. Antibody isotypes IgA, IgM, and IgG exhibited significantly
higher anti-RBD titers when compared to SARS-CoV-2 negative controls. IgG
subtyping indicated IgG1 and IgG3 to be most abundant. Greater than 90 % of
SARS-CoV-2 positive plasma samples tested exhibited significant neutralization
capacity using a surrogate virus neutralization assay. Of the IgG subclasses, IgG1
and 1gG3 exhibited the highest viral neutralization capacity; whereas, 1gG2 and
IgG4 viral neutralization was not observed. Comparison of SARS-CoV-2 elicited
total 1gG binding to emerging variant (alpha, beta, and delta) RBDs indicated
decreased binding. Furthermore, neutralization by SARS-CoV-2 convalescent
plasma of delta and omicron variant RBDs was significantly decreased suggesting
that neutralizing antibodies in convalescent plasma are less effective in inhibiting
variants currently in circulation.

may improve disease outcome by (1) affording pro-
tection and (2) minimizing patient encounters with
potentially harmful components present in whole
plasma currently used in transfusion therapy.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is the causative infectious agent responsible for the
2019 (COVID-19) pandemic. Entry of the virus into human
cells is mediated by the spike protein S1 subunit receptor
binding domain (RBD) located on the surface of the virus
which binds to the Angiotensin-Converting Enzyme 2
(ACE2) receptor present on multiple human cell membrane
surfaces.!3 Convalescent plasma (CP) containing neutraliz-
ing antibodies (nAbs) has been used therapeutically to treat
severe cases in which patients often presented with excessive
levels of cytokines and ineffective T and B cell responses.
Passive immunity acquired from the nAbs found in CP has

ISSN 1535-3702
Copyright © 2022 by the Society for Experimental Biology and Medicine

been shown to bind to SARS-CoV-2 preventing viral entry,
thus reducing viral load.

Generally, IgM is the first isotype detected following initial
infection with levels peaking about 2 weeks post-infection,
and declining 1-3weeks later. Secretory IgA, the most abun-
dant mucosal antibody, plays an important role in control of
pathogen insult at the mucosal surface, for example, lungs
and gut. However, it appears that the predominant antibody
generated in response to SARS-CoV-2 is IgG with levels peak-
ing at about 3-5weeks post-infection, remaining in circulation
for approximately 8 weeks after which levels begin to gradu-
ally decline. These neutralizing antibodies not only provide
protection against SARS-CoV-2 re-infection but their titer and
neutralization capacity constitute a predictor of survival.*
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In this study, blood donor plasma from the San Antonio
area (South Texas, USA) was procured when the prototype
SARS-CoV-2 was the dominant circulating infectious strain,
and was assessed as to (1) isotype and quantitation, that
is, titer of elicited antibody to the SARS-CoV-2 S1 subunit
RBD, and (2) determination of the presence of neutralizing
antibodies in the plasma. With subsequent emergence of
additional variants, that is, delta and omicron, the study was
expanded to include the assessment of variant neutralization
capacity of this convalescent plasma.

Materials and methods
Plasma

Samples (120) were obtained from the Food and Drug
Administration (FDA)-registered QualTex Laboratories, a
subsidiary of BioBridge Global, in San Antonio, Texas, United
States. COVID-19 positive (100 samples numbered 1-100)
and negative (20 samples numbered 101-120) status was
determined by the Abbott Alinity I assay which detects IgG
antibodies to the nucleocapsid protein of the SARS-CoV-2
virus. These human plasma samples were de-identified and
personal information (gender, age, ethnicity, blood type, etc.)
is not available for inclusion.

Determination of antibody isotype and titer

A standard indirect Enzyme-Linked Immunosorbent Assay
(ELISA) was used to determine antibody titers. Specifically,
microplates (96-well) were coated with glycosylated recom-
binant SARS-CoV-2 RBD (Acrobiosystems, 10ng /100 uL per
well) or coating buffer (sodium bicarbonate pH 9.5) alone as
the no antigen control. Plasma samples (primary antibody
source) were serially diluted two-fold starting at 1:100 for
determination of total IgG titer, and 1:50 for all other isotype
titers. Antibody detection was performed using horse rad-
ish peroxidase (HRP)-conjugated goat anti-human anti IgM,
IgA, IgG(H + L), IgG1, IgG2, IgG3, IgG4 secondary antibod-
ies (SouthernBiotech, Birmingham, AL, USA) at a dilution of
1:5000. Substrate (3,3’, 5,5"-tetramethylbenzidine peroxidase,
TMB) was added to each well, and incubated for 15min at
room temperature. Reactions were terminated by addition
of 50uL 2N H,SO,, and the HRP redox driven color change
was monitored at 450nm. Endpoint titers were determined
according to the method of Frey and coworkers.> In addition,
plasma samples were diluted 1:400 and reacted with glyco-
sylated variant RBDs (GenScript) including B.1.1.7 (United
Kingdom, UK “alpha” strain), B.1.351 (South African, SA
“beta” strain), and B.1.617.2 (Indian, “delta” strain) to assess
SARS-CoV-2 elicited total IgG binding to emerging variant
RBDs using the ELISA described.

Antibody neutralization

Neutralization capacity was determined using a commer-
cially available SARS-CoV-2 surrogate virus neutralization
test (sVNT) kit (GenScript, Piscataway, NJ, USA) per manu-
facturer’s instructions. Briefly, plasma (10-fold diluted) or
control (positive and negative control provided in the assay
kit) was incubated with HRP-conjugated RBD at 37°C for

15min and then added to the microplate well pre-coated
with the hACE2 protein. After 15min of incubation, hACE2-
bound HRP-RBD was detected colorimetrically by addition
of TMB substrate. Results of neutralization capacity are
expressed as percent inhibition and samples with greater
than 30% inhibition are considered positive for neutraliza-
tion activity according to manufacturer’s setting. Emergent
variant strain antibody neutralization was assessed similarly
by substituting prototype HRP-RBD with HRP-conjugated
B.1.617.2 (Indian, “delta” strain) and B.1.1.529 (South
African “omicron” strain) glycosylated recombinant RBDs
(GenScript) in the assay. Correlation of percent inhibition to
each isotype endpoint titer was determined according to the
procedure of Akoglu.®

Results

COVID-19 positive plasma exhibits high
anti-RBD titer

In this study, the COVID-19 positive sample is defined by
positive detection of SARS-CoV-2 nucleocapsid protein. As
shown in Figure 1(a), COVID-19 positive plasma samples
consistently exhibited higher endpoint anti-RBD IgG, IgA,
and IgM titers when compared to negative control samples.
A small number of control samples also exhibited antibody
titers comparable to that observed for COVID-19 positive
samples. Further analysis of IgG subclasses revealed that
anti-RBD IgG antibody was predominantly IgG1 and IgG3
subclasses and minimally IgG2 and IgG4 (Figure 1(b)).

Plasma neutralization capacity correlates with
anti-RBD IgG1 and IgG3 titers

Using a surrogate virus neutralization assay, the SARS-CoV-2
positive samples exhibited significant neutralization capac-
ity (mean="76.7%), thatis, prevented binding of SARS-CoV-2
HRP-RBD to immobilized ACE-2 receptor when compared to
SARS-CoV-2 negative control plasma (mean =27.1%; Figure
2(a)). Among major antibody isotypes, anti-RBD IgG titer
exhibits a “very strong” correlation (interpreted according
to the report by Akoglu)® with SARS-CoV-2 neutralization
capacity (i.e. % Ace2 binding inhibition) showing a Pearson’s
correlation coefficient (r) of 0.83. SARS-CoV-2 neutralization
was also positively correlated with anti-RBD IgM (r=0.58,
moderate) and IgA (r=0.43, fair) titer (Figure 2(b)). Further
assessment of IgG subclass revealed that correlation is mod-
erate for both IgG1 (r=0.74) and IgG3 (r=0.71) while IgG2
(r=-0.06) and IgG4 (r=-0.14) did not correlate with SARS-
CoV-2 neutralization (Figure 2(c)).

Plasma neutralization capacity against variant
RBD binding to hACE2 is reduced

Plasma samples used in this study were collected at a time
when SARS-CoV-2 was the dominant viral strain circulat-
ing in the United States. However, since the initial procure-
ment of plasma, SARS-CoV-2 variants have emerged with
various amino acid mutations within the RBD (Figure 3(a)).
Assessment of anti-RBD reactivity in our plasma samples
revealed a significant reduction in binding to variant RBDs
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Figure 1. Anti-SARS-CoV-2 RBD titers in COVID-19 positive plasma. Plasma samples from COVID-19 positive (No. 1-100) and negative (No. 101-120) donors were
assessed for anti-RBD immunoglobulin titer: (a) IgG, IgM, and IgA. (b) IgG subclasses, 1gG1, 1I9G2, IgG3, and 1gG4.

(including alpha, beta, and delta strains) as shown in Figure
3(b) and (c) for individual and collective plasma, respec-
tively. The median (and mean) plasma antibody binding
values for SARS-CoV-2, alpha, beta, and delta RBDs were
0.67 (0.71), 0.46 (0.53), 0.10 (0.24), 0.24 (0.38), respectively.
Consistent with decreased total IgG binding to variant RBDs
was decreased neutralization by SARS-CoV-2 convalescent
plasma of the delta variant RBD (Figure 4(a)). The median
(and mean) percent inhibition for SARS-CoV-2 and delta
RBD binding with Ace2is 75 (71) and 63% (59%), respectively.
With the recent surge of omicron variant infection, we fur-
ther compared the neutralization activity of plasma against
SARS-CoV-2 with that of the omicron variant. As shown in
Figure 4(b), there are 15 mutations in the omicron RBD com-
pared to SARS-CoV-2, and prevention of omicron RBD bind-
ing to Ace2 by SARS-CoV-2 plasma is greatly reduced from
a median of 60 to 4.8%, and mean of 63 to 5.7% for SARS-
CoV-2 and omicron, respectively. Furthermore, using a 30%
inhibition as the cutoff value (defined by manufacturer), 91,

81, and 0% of SARS-CoV-2 positive plasma are considered
positive for neutralizing CoV-2 prototype, delta, and omi-
cron variant, respectively.

Discussion

The focus of this study was partial characterization of
the immune response to SARS-CoV-2 using convales-
cent plasma. It has been shown that antibodies elicited in
response to the SARS-CoV-2 receptor binding domain (RBD)
are effective in preventing viral entry, thus halting viral rep-
lication and decreasing its propagation. We report here a
diverse antibody response to the SARS-CoV-2 spike protein
RBD in convalescent patient plasma indicating significantly
higher anti-RBD titers for multiple antibody isotypes, that
is, IgA, IgM, and IgG when compared to SARS-CoV-2 nega-
tive plasma controls which is consistent with the findings of
Noval and coworkers.” Further subtyping of IgG indicated
IgG1 and IgG3 subclasses to be most abundant. Greater than
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Figure 2. Correlation of SARS-CoV-2 neutralization with anti-RBD antibody titer. (a) A SARS-CoV-2 surrogate virus neutralization test was used to measure the
capacity of COVID-19 positive and negative plasma to inhibit viral RBD binding to host Ace2 receptor. ****P < 0.0001, t-test. Correlation of plasma neutralization
capacity (% Ace2 binding inhibition) with (b) major anti-RBD antibody isotypes, and (c) IgG subclasses was determined by Pearson’s Correlation Test. Correlation

coefficient (r) is indicated for each test.

90% of SARS-CoV-2 positive convalescent plasma samples
exhibited significant IgG neutralization capacity using a
surrogate virus neutralization assay. Antibody response to
SARS-CoV-2 has been observed to exhibit variable neutrali-
zation capacities.®>1! Of the IgG subclasses, IgG1 and IgG3
exhibited highest viral neutralization capacity; whereas,
IgG2 and IgG4 viral neutralization was not observed.
Positive correlation between IgG titers and neutralization are
consistent with previously published findings.%!? It has been
suggested that individuals who elicit IgG in combination
with IgM and IgA antibodies against the RBD have greatest
neutralization capacity.” Thus, the patient plasma examined
here indicates a broad antibody repertoire, that is, IgG, IgA,
and IgM following exposure to SARS-CoV-2 which may con-
tribute to more effective neutralization and protection. It
is noted that the two control plasma samples (number 103
and 114, Figure 1(a)) showing high anti-RBD IgG antibody
titer also displayed high neutralization capacity. Individuals
who have contracted seasonal human coronaviruses may

generate circulating IgG antibodies that cross-react with
SARS-CoV-2 antigens. Indeed, Ng et al. have reported that a
small proportion of SARS-CoV-2 uninfected individuals did
have IgG antibodies that reacted with the more conserved 52
subunit of the SARS-CoV-2 spike protein. However, COVID-
19 patients elicit IgA, IgG, and IgM antibodies that recog-
nized both the S1 (including RBD) and S2 subunits.?
Several SARS-CoV-2 RBD variants, that is, alpha (N501Y),
beta (K417N, E484K, and N501Y), delta (L452R and T478K),
and omicron (15 mutations) have been reported causing
considerable concern. Substituting commercially available
glycosylated recombinant variant RBDs for that of the SARS-
CoV-2 RBD, convalescent plasma was observed to bind to a
lesser extent than that of SARS-CoV-2 RBD. Consistent with
decreased variant RBD binding, decreased binding of the
delta variant was associated with decreased neutralization.
Antibody neutralization against omicron was further reduced
due to the high number of amino acid substitutions within
RBD. Although neutralizing capacity was determined using a
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surrogate-recombinant RBD viral format and may differ from
that derived for viral particles, data reported here support the
varied nature of the immune response to SARS-Cov-2 and is
representative of a snapshot of antibody response to COVID-
19 infection absent donor specifics. A study by Gaebler
et al. provided insight into long term antibody immunity in
COVID-19 patients revealing that titers of IgM and IgG anti-
bodies against RBD decrease significantly over a 6.2-month
period with neutralizing activity in plasma decreasing by five-
fold.'* However, antibodies secreted by RBD-specific memory
B cells have greater somatic hypermutation, resistance to RBD
mutations, and increased potency supporting the benefit of
protection against SARS-CoV-2 by vaccination.

AUTHORS’ CONTRIBUTIONS

All authors participated in the design, interpretation of the stud-
ies and analysis of the data. JJY, AKM, JPC, and BPA conceived
and designed the experiments. KAG and SBP carried out the
experiments. KAG, JJY, JPC, and BPA analyzed the data. RB
provided materials. KAG, JJY, JPC, and BPA wrote and edited
the manuscript.

DECLARATION OF CONFLICTING INTERESTS

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

FUNDING

The author(s) disclosed receipt of the following financial sup-
port for the research, authorship, and /or publication of this arti-
cle: This work was supported by The Jane and Roland Blumberg
Endowment fund to BPA.

ORCID IDS

Jieh-Juen Yu (2} https:/ /orcid.org/0000-0001-8901-3366
Bernard P Arulanandam (|2} https://orcid.org/0000-0002-4815
-5306

REFERENCES

1. Lan ], Ge ], Yu ], Shan S, Zhou H, Fan S, Zhang Q, Shi X, Wang Q,
Zhang L, Wang X. Structure of the SARS-CoV-2 spike receptor-binding
domain bound to the ACE2 receptor. Nature 2020;581:215-20

2. Trougakos IP, Stamatelopoulos K, Terpos E, Tsitsilonis OE, Aivalioti
E, Paraskevis D, Kastritis E, Pavlakis GN, Dimopoulos MA. Insights to
SARS-CoV-2 life cycle, pathophysiology, and rationalized treatments
that target COVID-19 clinical complications. ] Biomed Sci 2021;28:9

3. WangL, Zhao], Nguyen LNT, Adkins JL, Schank M, Khanal S, Nguyen
LN, Dang X, Cao D, Thakuri BKC, Lu Z, Zhang J, Zhang Y, Wu XY,
El Gazzar M, Ning S, Moorman JP, Yao ZQ. Blockade of SARS-CoV-2
spike protein-mediated cell-cell fusion using COVID-19 convalescent
plasma. Sci Rep 2021;11:5558

4. Garcia-Beltran WF, Lam EC, Astudillo MG, Yang D, Miller TE,
Feldman ], Hauser BM, Caradonna TM, Clayton KL, Nitido AD,
Murali MR, Alter G, Charles RC, Dighe A, Branda JA,
Lennerz JK, Lingwood D, Schmidt AG, Iafrate AJ, Balazs AB.

10.

11.

12.

13.

14.

COVID-19-neutralizing antibodies predict disease severity and sur-
vival. Cell 2021;184:476.e11-88

Frey A, Di Canzio ], Zurakowski D. A statistically defined endpoint
titer determination method for immunoassays. | Immunol Methods 1998;
221:35-41

Akoglu H. User’s guide to correlation coefficients. Turk | Emerg Med
2018;18:91-3

Noval MG, Kaczmarek ME, Koide A, Rodriguez-Rodriguez BA, Louie
P, Tada T, Hattori T, Panchenko T, Romero LA, Teng KW, Bazley
A, de Vries M, Samanovic MI, Weiser JN, Aifantis I, Cangiarella J,
Mulligan MJ, Desvignes L, Dittmann M, Landau NR, Aguero-Rosenfeld
M, Koide S, Stapleford KA. Antibody isotype diversity against SARS-
CoV-2 is associated with differential serum neutralization capacities.
Sci Rep 2021;11:5538

Robbiani DF, Gaebler C, Muecksch F, Lorenzi JCC, Wang Z, Cho A,
Agudelo M, Barnes CO, Gazumyan A, Finkin S, Hagglof T, Oliveira
TY, Viant C, Hurley A, Hoffmann HH, Millard KG, Kost RG, Cipolla
M, Gordon K, Bianchini F, Chen ST, Ramos V, Patel R, Dizon ], Shime-
liovich I, Mendoza P, Hartweger H, Nogueira L, Pack M, Horowitz J,
Schmidt F, Weisblum Y, Michailidis E, Ashbrook AW, Waltari E, Pak
JE, Huey-Tubman KE, Koranda N, Hoffman PR, West AP Jr, Rice CM,
Hatziioannou T, Bjorkman PJ, Bieniasz PD, Caskey M, Nussenzweig
MC. Convergent antibody responses to SARS-CoV-2 in convalescent
individuals. Nature 2020;584:437-42

Wajnberg A, Amanat F, Firpo A, Altman DR, Bailey MJ, Mansour M,
McMahon M, Meade P, Mendu DR, Muellers K, Stadlbauer D, Stone K,
Strohmeier S, Simon V, Aberg J, Reich DL, Krammer F, Cordon-Cardo
C. Robust neutralizing antibodies to SARS-CoV-2 infection persist for
months. Science 2020;370:1227-30

Wang K, Long QX, Deng HJ, Hu J, Gao QZ, Zhang GJ, He CL, Huang
LY, Hu JL, Chen ], Tang N, Huang AL. Longitudinal dynamics of the
neutralizing antibody response to severe acute respiratory syndrome
Coronavirus 2 (SARS-CoV-2) infection. Clin Infect Dis: Off Infect Dis Soc
Am 2021;73:e531-9

Yin S, Tong X, Huang A, Shen H, Li Y, Liu Y, Wu C, Huang R, Chen
Y. Longitudinal anti-SARS-CoV-2 antibody profile and neutralization
activity of a COVID-19 patient. | Infect 2020;81:€31-2

Suhandynata RT, Hoffman MA, Huang D, Tran JT, Kelner MJ, Reed
SL, McLawhon RW, Voss JE, Nemazee D, Fitzgerald RL. Commercial
serology assays predict neutralization activity against SARS-CoV-2.
Clin Chem 2021,;67:404-14

Ng KW, Faulkner N, Cornish GH, Rosa A, Harvey R, Hussain S, Ulferts
R, Earl C, Wrobel AG, Benton DJ, Roustan C, Bolland W, Thompson R,
Agua-Doce A, Hobson P, Heaney ], Rickman H, Paraskevopoulou S,
Houlihan CF, Thomson K, Sanchez E, Shin GY, Spyer M]J, Joshi
DO,” Reilly N, Walker PA, Kjaer S, Riddell A, Moore C, Jebson BR,
Wilkinson M, Marshall LR, Rosser EC, Radziszewska A, Peckham H,
Ciurtin C, Wedderburn LR, Beale R, Swanton C, Gandhi S, Stockinger
B, McCauley ], Gamblin SJ, McCoy LE, Cherepanov P, Nastouli E,
Kassiotis G. Preexisting and de novo humoral immunity to SARS-
CoV-2 in humans. Science 2020;370:1339-43

Gaebler C, Wang Z, Lorenzi JCC, Muecksch F, Finkin S, Tokuyama
M, Cho A, Jankovic M, Schaefer-Babajew D, Oliveira TY, Cipolla M,
Viant C, Barnes CO, Bram Y, Breton G, Hagglof T, Mendoza P, Hurley
A, Turroja M, Gordon K, Millard KG, Ramos V, Schmidt F, Weisblum
Y, Jha D, Tankelevich M, Martinez-Delgado G, Yee ], Patel R, Dizon
J, Unson-O’Brien C, Shimeliovich I, Robbiani DF, Zhao Z, Gazumyan
A, Schwartz RE, Hatziioannou T, Bjorkman PJ, Mehandru S, Bieniasz
PD, Caskey M, Nussenzweig MC. Evolution of antibody immunity to
SARS-CoV-2. Nature 2021;591:639-44

(Received December 20, 2021, Accepted February 15, 2022)


https://orcid.org/0000-0001-8901-3366
https://orcid.org/0000-0002-4815-5306
https://orcid.org/0000-0002-4815-5306

