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a major global impact, and the resultant response in the development of new
diagnostics is unprecedented. The detection of antibodies against severe acute

with existing routine serologic platforms.

Study Design and Methods: A panel of eight unique red cells modified using
Kode Technology function-spacer-lipid constructs and bearing short SARS-
CoV-2 peptides was developed (C19-kodecyte assay). Kodecytes were tested
against undiluted expected antibody-negative and -positive plasma samples in
manual tube and three column agglutination technology (CAT) platforms. Par-
allel analysis with the same peptides in solid phase by enzyme immunoassays
was performed. Evaluation samples included >120 expected negative blood
donor samples and >140 COVID-19 convalescent plasma samples, with inde-
pendent serologic analysis from two centers.

Results: Specificity (negative reaction rate against expected negative samples)
in three different CAT platforms against novel C19-kodecytes was >91%, which

Abbreviations: CAT, column agglutination technology; C19-kodecytes, 1147 + 1255-1.5 + 2.5-kodecytes prepared from FSL-1147 (1.5 pmol/L) &
FSL-1255 (2.5 pmol/L); EIA, enzyme immunoassay; FSL, function-spacer-lipid Kode Technology construct also known as a Kode construct; N.Z.,
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ing equipment.
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The diagnostic detection of antibodies to the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) virus
is critically important to address the Coronavirus disease
2019 (COVID-19) pandemic as such assays contribute to
the understanding of the susceptibility of a given popula-
tion? and to the preparation of antibody-enriched
therapeutic plasma products.>* Most importantly, SARS-
CoV-2 antibody assays may help support public health
efforts in distinguishing between natural infection and
vaccination rates in populations.

There is a growing number of commercial serological
assays that use SARS-CoV-2 Spike (S) and receptor-
binding domain protein as practical methods to determine
the extent of COVID-19 immunity in a population.” ™!
Despite this, there is still a need for further assays as viral
mutations resulting in new lineages can rapidly arise, and
this may affect the robustness of sensitivity and specificity
of any specific assay. Similarly, different and evolving vac-
cination strategies may produce different serologic pro-
files, with some better suited than others. By having
multiple validated assay options available, these risks
will be somewhat mitigated, especially if the assay has
an intrinsic ability to rapidly adjust its antigenic pro-
file. Likewise, having assays that do not require
advanced laboratory instrumentation will be of partic-
ular value for developing countries.

Laboratories in most countries are already equipped
to undertake routine blood group antibody serology,
ranging from simple manual tube serology to fully auto-
mated screening. The opportunity, therefore, exists to
modify the red cell membrane with SARS-CoV-2 pep-
tides and then use these modified red cells in existing
serology platforms.

One such approach for SARS-CoV-2 antibody detec-
tion with red cells has been investigated already, where
antibodies modified with SARS-CoV-2 peptides have
been attached to red cells and used in a serology plat-
form.'* An alternative is to use the highly adaptable Kode

correlated with published literature. Sensitivity (positive reaction rate against
expected positive convalescent, PCR-confirmed samples) ranged from 82% to
97% compared to 77% with the Abbott Architect SARS-CoV-2 IgG assay. Man-
ual tube serology was less sensitive than CAT. Enzyme immunoassay results
with some Kode Technology constructs also had high sensitivity.

Conclusions: C19-kodecytes are viable for use as serologic reagent red cells
for the detection of SARS-CoV-2 antibody with routine blood antibody screen-

Infectious disease testing, intravenous immunoglobulin, kodecyte

Technology platform, which utilizes function-spacer-lipid
(FSL) constructs to attach epitopes to cells (kodecytes).
Kode Technology has successfully been applied to pro-
duce a range of carbohydrate blood group antigens,
including ABO, Lewis, P, and FORS,'*'* and peptide epi-
topes, such as Miltenberger'> and cytomegalovirus.'® Red
cell kodecytes have been used for qualitative and quanti-
tative antibody diagnostic purposes.’

With the peptide sequence of the SARS-CoV-2 virus
well established, we investigated the opportunity to cre-
ate SARS-CoV-2 kodecytes for use on existing routine
blood antibody screening diagnostic platforms.

1 | MATERIALS AND METHODS
1.1 | Donor and convalescent plasma
samples

Plasma samples from blood donors (July 2020) were
obtained from the New Zealand Blood Service (Auckland,
New Zealand)—ethics approval AUTEC 20/183. In addi-
tion, 77 convalescent plasma samples, predominantly from
international repatriations to New Zealand (N.Z.), were col-
lected over the months of June to August 2020 and supplied
by the Southern Community Laboratories Southern Region
SARS-CoV-2 serum-bank (SCL-SB)—ethics approval
HDEC 20/NTB/101. Diagnostics for these SCL-SB samples
were performed independently, and all were confirmed as
SARS-CoV-2 positive by PCR on at least one occasion, and
59 of 77 were recorded as IgG (nucleocapsid) antibody posi-
tive using the Abbott Architect SARS-CoV-2 IgG assay
(as reported by SCL-SB). U.S. convalescent plasma samples
(July to August 2020) were obtained from 62 donors who
had recovered from PCR-confirmed COVID-19
(ClinicalTrials.gov Identifier NCT04360278), and expected
negative samples were obtained from 20 blood donors at
the Department of Transfusion Medicine, NIH Clinical
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Center. Russian convalescent plasma samples were
obtained from 14 patients recovered from PCR-confirmed
COVID-19 and expected negative samples from eight blood
donors.

1.2 | SARS-CoV-2 FSL constructs

Published S protein peptide sequences for SARS-CoV-2
(Genebank QHD43416.1) were used to determine candi-
date peptide epitopes suitable for construction as FSL
constructs.”>'**®  Nonglycosylated peptides sequences
were selected according to algorithms (Tables S1, S2 and
S3), including the use of space-filling models,'**" such as
DNASTAR?* of the glycan naked peptide*® (Figure 1).
Eight unique peptide sequences, plus two variations
(491H & 888H, with additional histidine tail sequences)
were selected (Table 1) and constructed into FSL con-
structs (Figure 2). Peptides 491 and 888, compatible with
FSL construction, were selected from published data.'?

FIGURE 1
the SARS-CoV-2 spike protein. This space-filling model is shown
naked of its significant glycan coating.>* Numbers refer to the

Location of the selected peptides sequences in

peptide ID in Table 1, and the full length of the peptide epitope is
highlighted with color (blue for low and green for high sensitivity and
specificity as FSL constructs). Image produced using I-TASSER

19-21

program for protein three-dimensional structure prediction™” = and

DNASTAR?
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1.3 | SARS-CoV-2 kodecytes
Terminology and methodology for describing FSL con-
structs and the resultant kodecytes are described in detail
elsewhere.*** Essentially, the kodecyte is described by the
identification (ID) of the FSL's functional head (Table 1)
and the micromolar (pmol/L) concentration of the FSL
solution used to make it, for example, an 1147-3-kodecyte is
a kodecyte made with peptide 1147 at an FSL concentration
of 3 pmol/L, while an 1147 + 1255-3 + 5-kodecyte is a dual
epitope-bearing kodecyte made with a blend of FSL-1147
and FSL-1255 at respective concentrations of 3 and 5 pmol/
L. The abbreviated term C19-kodecytes was used for the
final 1147 4 1255-1.5 + 2.5-kodecyte preparation.

Kodecytes were independently prepared in both Auck-
land (N.Z.) and Bethesda (U.S.) laboratories using parallel
methodology.>® Kodecytes and FSLs were diluted in red
cell stabilizer solutions (ID-CellStab 005650, Bio-Rad Lab-
oratories, Inc, Hercules, CA, USA) or Alsever's solution
(no. A3551, Sigma-Aldrich, St. Louis, MO, USA).

In brief, the manufacture of kodecytes involves mixing
a solution of FSL construct(s) with washed red cells, incuba-
tion at 37°C for 2 h, and storage in red cell stabilizer solu-
tion at 4°C with no washing required. Kodecytes were
rested overnight before use and were used within 21 days.

TABLE 1 Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) peptide sequences selected for construction into
function-spacer-lipid (FSL) constructs

FSL SARS-CoV-2 peptides

ID? SARS-CoV-n®  Peptide sequence®

178 2 DLEGKQGNFKNLREF[C]

406 2 EVRQIAPGQTGKIADIC]

458 2 KSNLKPFERDISTEI[C]

491 2 PLQSYGFQPTNGVGY/[C]

491H 2 PLQSYGFQPTNGVGY[HHHH][C]
808 2 DPSKPSKRSFIEDLL[C]

888 2 FGAGAALQIPFAMQMIC]

888H 2 FGAGAALQIPFAMQM[HHH][C]
1147 1.2 [C|SFKEELDKYFKNHTS

1255 1.2 [CIKFDEDDSEPVLKGVK

“ID is based on the initial amino acid in the SARS-CoV-2 consensus
sequence and includes an H if the sequence has an additional histidine tail
sequence appended.

PSARS-CoV-n indicates if specific to SARS-CoV-2 (2) or common to both
SARS-CoV-1 and SARS-CoV-2 (1,2).

“SARS-CoV-2 peptide sequence (relating to the ID number) together with
additional residues not part of the natural peptide sequence, including the
conjugation cysteine [C] and solubilization histidine [H] residues. The
location of the [C] cysteine residue (used to conjugate the peptide to the
spacer) also indicates the region of peptide closest to the cell membrane.
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Representative schematic diagram a function-spacer-lipid (FSL) construct (FSL-1147). The FSL construct consists of a lipid

phosphate moiety (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine) conjugated to the spacer (carboxymethylglycine), which is conjugated

via a cysteine SH group to the variable peptide functional head (in this example, the peptide is ID 1147, Table 1)

0 w 1+ 2+ 2+ 4+

- - i L 2 <
FIGURE 3 Typical agglutination reactions observed with

C19-kodecytes in column agglutination technology. Shown are
results of healthy donor sample (negative control) and

5 convalescent COVID-19 recovered plasma donor samples in the
ID-micro typing system, anti-IgG card. Serologic grades assigned to
the reactions are indicted above the microwells. Positive samples
were selected and arranged as examples of observed increasing
reactivity. Related images for Bio-Rad ID-system and the Grifols
DG Gel system are shown in Figure S1

1.4 | SARS-CoV-2 kodecyte assay

For tube serology, 50 pl of plasma was mixed with 40 pl
of a 5% suspension of kodecytes immediately centrifuged
to grade IgM room temperature (IgM-RT) reactions, then
incubated at 37°C for 60 min, and graded directly (IgM-
37). After washing and addition of anti-human globin
(Epiclone AHG Poly Anti-IgG-C3d, Seqirus, Australia),
antiglobulin reactions were graded (AHG). Three CAT
platforms were used, and methodologies and scoring sys-
tems were as recommended by the manufacturer,

including the use of the grade “w” to indicate weak posi-
tive reaction (Figure 3). The Bio-Rad ID system used ID
Cards LISS/Coombs (no. 50531, Bio-Rad Laboratories,
Inc, Hercules, CA, USA); the Grifols DG Gel system used
DG Gel Coombs cards and neutral cards (no. 210342 and
210343, Grifols S.A., Barcelona, Spain); and the ID-Micro
Typing System used polyclonal rabbit anti-human IgG
cards (no. MTS084024; Ortho Clinical Diagnostics, Rari-
tan, NJ, USA). All samples reactive to SARS-CoV-2
kodecytes were also tested against unmodified and
unrelated FSL control cells.

1.5 | Solid-phase enzyme immunoassays
with peptides

Eight peptides (178, 406, 458, 808, 888, 888H, 1147, 1255)
used to make FSL constructs for the preparation of
kodecytes (Table 1) were also tested by in-house enzyme
immunoassay (EIA). Two different approaches were used
to immobilize the peptide epitopes in 96-well microtiter
plates. The first approach (polyacrylamide [PAA]-EIA)
used peptides conjugated to PAA, which were used to coat
the microplates (described in detail elsewhere).?® The sec-
ond proof-of-concept approach (FSL-EIA) used FSL con-
structs 1147 & 1255 and attached these to 96-well
microplates (Nunc Maxisorp, Sigma-Aldrich, St Louis, MO,
USA) precoated with lipid. In brief, 100 pl of ethanol-



NAGAPPAN ET AL.

TRANSFUSION-2

TABLE 2 Initial specificity and sensitivity analysis of all severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) kodecytes
Sensitivity (expected

Specificity (expected negative) positive)

Tube serology (New Column agglutination

Zealand [N.Z.]) technology (CAT)? CAT
Kodecyte n (N.Z. + United nPos
ID pMP  States [U.S.])° IgM-RT 1IgM-37 AHG (N.Z.+US.)° %Pos n(US) nPos % Pos
178 10 68 + 20 1 0 0 1+0 1% 62 1 2%
406 10 72 + 20 1 0 2 6 0 0%
458 10 60 + 20 3 0 0 2+1 4% 62 5 8%
491 10 72 + 20 3 0 0 6 0 0%
491H 10 72 + 20 4 0 2 6 0 0%
808 10 100 + 20 0 0 0 3+3 5% 62 28 45%
888 10 72 + 20 2 0 0 6 0 0%
888H 10 72 + 20 1 0 0 6 0 0%
1147 3 100 + 20 0 0 2 542 6% 62 48 77%
1255 5 100 + 20 3 0 1 1+0 1% 62 32 52%
Untreated 0 ¢ 0 0 0 0 62 0 0%

4CAT results are split into N.Z. and U.S. results representing Bio-Rad and MTS platforms, respectively. nPos indicates the number of positive reactions by N.Z.
and U.S. laboratory, while % Pos uses combined CAT data to calculate percentage positive rate. Gaps in the table indicate analysis not done.
®uM refers to the pmol/L concentration of function-spacer-lipid used to make the kodecyte. Results are only shown for the single concentration considered

most appropriate for diagnostic use.

“The number of samples is divided into N.Z. and U.S. samples (separated by the + symbol).
9All samples reactive as positives were also tested and found negative against unmodified cells used to make kodecytes.

containing lecithin (25 pg/ml) and cholesterol (50 pg/ml)
were added to the wells of the plate and dried at 37°C for
60 min and then left at RT overnight until completely dry.
In the next stage, FSL peptides (10 pg/ml) in 100 pl of
buffer were then added to the plate wells and incubated for
60 min at 47°C. After peptide coating the microplates, both
PAA-EIA and FSL-EIA methods were standard procedures
with secondary labeled antibodies and color development
read using a microplate spectrophotometer.>®

2 | RESULTS

Two terms are used to describe diagnostic accuracy in
this article according to FDA criteria.*” Specificity is the
estimated proportion of subjects without the target condi-
tion in whom the test is negative. Sensitivity is the esti-
mated proportion of subjects with the target condition in
whom the test is positive.

2.1 | Preliminary screening kodecyte
specificity and sensitivity

The initial method development in manual and CAT
platforms involved evaluating each FSL construct for
specificity as kodecytes over the range of 3-20 pmol/L

against expected negative samples. Concentrations of
kodecytes were then evaluated for sensitivity against con-
valescent samples to select those kodecytes that showed
appropriate specificity and sensitivity. The sensitivity and
specificity for the single concentration considered the
most appropriate for diagnostic use for all kodecytes eval-
uated are summarized in Table 2. Only kodecytes made
with FSLs 808, 1147, and 1255 showed adequate sensitiv-
ity. However, the average reaction strength of
808-kodecytes was half that of 1255-kodecytes and gave
no additional information over 1147-kodecytes and so
were not tested further. From these initial experiments,
the two most promising FSL candidates (1147 and 1255)
were selected for extended analysis along with a dual-
epitope kodecyte made with a blend of FSLs 1147
and 1255.

2.2 | Tuning kodecyte specificity and
sensitivity: 1147 and 1255

Kodecytes were prepared with FSLs 1147 and 1255 at two
different micromolar concentrations (3 + 5 pmol/L and
“half strength” 1.5 + 2.5 pmol/L), both singly and as dual
1147 + 1255-kodecytes. A comparison of the results
obtained with the 1147 4+ 1255-3 + 5 kodecytes and half-
strength 1147 + 1255-1.5 + 2.5 kodecytes against the 56
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TABLE 3
immunoassay (EIA) IgG antibody results against PCR SARS-CoV-2-positive samples

C19-kodecytes in three different column agglutination technology (CAT) platforms and the Abbott Architect enzyme

Antibody positive results in Coronavirus Disease 2019 (COVID-19) PCR-positive samples

CAT (anti-IgG) C19-kodecyte® assay

COVID-19 Status MTS (U.S.) Bio-Rad (N.Z.)
PCR 49/54 91% 63/77°

Positive

Expected 0/19 100% 4/100
Negative!

#1147 + 1255-3 + 5-kodecytes were also tested but did not differ (not shown).

Grifols (N.Z.) EIA®
82% 75/77° 97% 59/77° 77%
4% 9/100 9%

EIA - Abbott Architect SARS-CoV-2 IgG enzyme immunoassay results as reported by the Southern Community Laboratories Southern Region SARS-CoV-2

serum bank (SCL-SB).

€77 PCR-confirmed SARS-CoV-2-positive samples supplied by SCL-SB; 7% of these samples also had C19-kodecyte IgM saline CAT activity.

9Expected negative samples are blood donor samples.

TABLE 4
samples

Coronavirus Disease 2019

C19-kodecyte tube serology results against PCR severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-positive

Tube serology C19-kodecyte assay

(COVID-19) status IgM-RT

PCR 0/77 0%
Positive

Expected 1/100 1%
Negative

U.S. convalescent samples showed a slight reduction in
score for five samples and no change in the number of
positive samples. However, in the 20 negative samples,
specificity improved with epitope dilution to 1.5 + 2.5
pmol/L. In addition, plasma samples diluted to 1:3 in
PBS were evaluated; however, dilution did not improve
specificity and instead substantially reduced sensitivity
(not shown).

On balance, it was considered that the performance
of the 1147 + 1255-1.5 + 2.5 kodecytes (hereinafter
called C19-kodecytes) against undiluted plasma
(Figure 3) was the best generic formulation for further
evaluation.

2.3 | Evaluation of C19-kodecytes

Extended sensitivity analysis of the C19-kodecytes was
undertaken with the SCL-SB samples (Abbott Architect
SARS-CoV-2 IgG known status) and NIH convalescent
donors who had recovered from PCR-confirmed COVID-
19. The Grifols DG system reacted with 97%, Ortho MTS
system with 91%, and the Bio-Rad ID system with 82% of
these PCR-confirmed SARS-CoV-2 positive samples, com-
pared with 77% by EIA (Table 3). It should also be noted

IgM-37 AHG (anti-IgG)
0/77 0% 51/77 66%
1/100 1% 2/100 2%

that the specificity rate was also different, with the
Grifols DG system reacting with 9% and Bio-Rad platform
with 4% of expected negative samples. The specificity rate
for the EIA assay was not reported by SCL-SB.

Further analysis of the differences between the
Grifols DG, Bio-Rad-ID, and Abbott Architect systems
(Figure S2 and Table S4) revealed that C19-kodecytes in
the Grifols DG platform obtained 2+ or greater grades in
69 of 77 (90%) of samples, while the Bio-Rad-ID platform
scored 2+ or greater grades in only 24% of samples (and
18% of these expected positive samples were negative).

To establish the contribution of IgM to the results
observed in antiglobulin CAT cards, the SCL-SB samples
were also tested in neutral CAT cards. Of the 73 available
anti-IgG CAT-positive samples, 5 (7%) were also positive
in the neutral cards, indicating the detection of IgM activ-
ity. In all examples, the anti-IgG card grades were at least
one grade stronger than in neutral cards (results not
shown), indicating the copresence of IgG. None of these
IgM-reactive samples reacted with unmodified cells, nor
were there any positive samples at IgM-RT or IgM-37 by
manual serology with C19-kodecytes (Table 4).

Although manual tube serology showed 66% sensitiv-
ity and 98% specificity for IgG (Table 4), reactions were
much weaker than those observed in CAT. Of the
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FIGURE 4 Function-spacer-lipid (FSL)-enzyme immunoassay

(EIA) of convalescent plasma samples. Eight Coronavirus Disease
2019 (COVID-19) convalescent plasma Russian Federation samples
diluted 1:3 and tested against FSL-1147 and FSL-1255 by EIA.
Patients 850,190, and 187 had severe COVID-19, while the
remainder were mild or asymptomatic. There was insufficient
sample 190 to test against FSL-1255

manual tube serology-positive results recorded for AHG,
25 of 51 (49%) were w reactions, and 44 of 51 (86%) were
either w or 1+. Only 7 of 51(14%) reactions were grade 2
+, and none were grade 34 or 44. Doubling the strength
of the kodecyte formulation to 1147 + 1255-3 + 5-
kodecytes did not improve the rate of sensitivity (not
shown).

2.4 | Specificity and Sensitivity:
Solid-phase EIA assays

The in-house PAA-EIA assay IgG/IgM results against
PAA-conjugated peptides for Russian Federation (RUS)
blood donors and convalescent plasma samples did not
show clear specificity or sensitivity, although the results
supported the use of peptides 1147 and 1255 (not shown).

The in-house proof-of-concept FSL-EIA assay with
solid-phase FSL-1147 and 1:3 diluted plasma was clearly
able to identify SARS-CoV-2 antibody in five of eight
COVID-19 convalescent samples (Figure 4). In contrast,
FSL-1255 did not show sensitivity.

3 | DISCUSSION

Plasma as a source of therapeutic antibodies is still con-
sidered a useful therapeutic approach,®?* and in early
clinical trials with SARS-CoV-2 antibody-enriched

intravenous immunoglobulin, improved clinical out-
Demand for these products will
require mass screening of blood donors.

Kode Technology is a simple technique that attaches
small molecules onto the outside of the red cell and then
uses these modified red cells (kodecytes) in existing sero-
logic diagnostic platforms."*'® Other than kodecyte
reagent red cells, the kodecyte assay methodology that
we have developed in this study is identical to that used
for routine antiglobulin screening for red cell antibodies.
Because red cell antibody detection by manual tube or
CAT is present in almost every transfusion laboratory,
the kodecyte assay can be easily used by almost any sero-
logic laboratory, including those in most developing
economies. We therefore considered the possibility that
SARS-CoV-2 kodecytes could also be created using
established kodecyte methods'*'® with a view that these
kodecytes would also be of value to blood services that
could undertake mass population sample screening using
surplus laboratory capacity.

The design approach taken to develop this SARS-CoV-2
kodecyte antibody diagnostic was to first identify potential
nonglycosylated epitopes on the S protein using a range of
predictive algorithms and online tools (Tables S1 and S2).
Although Kode Technology is able to attach glycans onto
cells,***1%17 the SARS-CoV-2 kodecyte assay was restricted
to nonglycosylated peptide epitopes, both because of ease of
manufacture and no diagnostic glycan antibody signatures
for COVID-19 are as yet recognized. The selected peptides
were then further refined to be compatible with FSL conju-
gation chemistry,'”® and eight candidates were chosen for
construction as Kode FSL constructs (Table 1). These FSL
constructs were then used to create kodecytes at different
concentrations, and they were tested against expected nega-
tive (specificity) and positive (sensitivity) samples in manual
and CAT platforms to find useable concentration ranges
that gave acceptable specificity and sensitivity. This range
was found to be 5 pmol/L or less. From the initial eight can-
didates, three FSL constructs (808, 1147, and 1255) showed
the most promising sensitivity, which was further reduced
to two after FSL-808 was sidelined. The two constructs FSL-
1147 and 1255 were then formulated as single and dual
epitope-bearing kodecytes for further analyses. We found
that better sensitivity and specificity was achieved with
1147 + 1255-1.5 + 2.5-kodecytes, which were renamed
C19-kodecytes. It is important to note this was a proof-of-
principle trial and final optimizations for the different
kodecyte formulations on different platforms have not yet
been performed, and as expected, differences between plat-
forms were observed (Table 3). We expected to achieve bet-
ter specificity on the Grifols platform and improved
sensitivity on the Bio-Rad and manual tube platforms than
was observed with the current base formulation of the
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C19-kodecytes described in this study. We are currently
undertaking these extensive optimizations in preparation
for clinical studies with a prototype assay, including deter-
mining extended stability and storage parameters.

Evaluating the performance of C19-kodecytes against
convalescent plasma found that the three different CAT
platforms were all able to detect antibodies in the major-
ity of samples from COVID-19 convalescent patients
(Table 3). The results observed were almost certainly due
to IgG antibodies, and although IgM will contribute to
the reactions in CAT anti-IgG cards, saline reactions indi-
cated a low-level contribution (about 7%) of IgM. This
was expected as, in previous studies with Miltenbeger
kodecytes, it was found that IgM is poorly reactive with
kodecytes made with peptide-FSLs.'*'> Overall, the
C19-kodecyte assay detected more antibody-positive sam-
ples than were detected with the Abbott Architect SARS-
CoV-2 IgG enzyme immunoassay. However, it should be
appreciated that alternative and next-generation EIA
platforms would be expected to have improved sensitivity
and specificity. Extensive comparative analysis of the
CAT and EIA platforms, including a scatterplot analysis
(Figure S2), did not reveal any clear reason for differ-
ences in performance. However, it must be appreciated
that, together with the significant fundamental differ-
ences in assay methodology, the EIA assay uses diluted
plasma, while the kodecyte assay uses undiluted plasma.
It is reasonable to expect that lower levels of antibody
will be easier to detect in undiluted plasma (although the
level of epitope on the kodecyte may offset this some-
what)."* When 1:3 dilutions of plasma were evaluated
against kodecytes, there was a substantial loss in positive
reactivity, supporting the loss of sensitivity caused by
dilution.

Parallel to the sensitivity for diagnostic assays is speci-
ficity, where an undesired number of false-positive reac-
tions will invalidate the usefulness of an assay. It is
reported that antibodies to the coronavirus S protein
(from endemic common corona viruses) are expected in
up to about 10% of the general population.’*>* Conse-
quently, a nonspecificity rate of 3%-5% reactivity with
samples that have not had contact with SARS-CoV-2 was
considered acceptable. The C19-kodecytes were found to
react with up to 9% of expected negative samples in the
Grifols DG system (which showed the highest degree of
sensitivity at 97%); however, the nonspecificity rate was a
more acceptable 4% with the Bio-Rad platform, but the
sensitivity rate was lower at 81%. The MTS platform
appeared to have a performance in-between these two
platforms, with a sensitivity of 91%, and further testing is
required to more accurately define specificity. Manual
tube serology was less sensitive than CAT and only
reacted with two-thirds of the convalescent plasma

samples and with generally w reaction grades. Further
optimization of the assay for manual serological use is
required for the detection of antibody; however, the assay
as is would be suitable for the detection of samples with
higher levels of antibody (especially as the kodecyte assay
is semiquantitative).’

In addition to the kodecyte assay, two solid-phase
assays using the same peptides as those used to make the
FSL constructs were designed to evaluate the usefulness
of these peptides by solid phase. These two solid-phase
EIA included one where the peptide was conjugated to
PAA and immobilized on a microplate (PAA-EIA), and
the other used the same FSL constructs that were used to
make kodecytes but instead immobilized them in a solid-
phase lipid layer onto microplates. The PAA-EIA did not
show sensitivity or specificity in contrast to the FSL-EIA,
which demonstrated a viable proof of concept and could
also be used with undiluted plasma (results not shown),
but further analysis of a larger dataset is still needed.

Intriguingly, the FSL-EIA outperformed the PAA-EIA
assay, suggesting that the presentation of small peptide
epitopes on FSL constructs is a favorable form of presen-
tation. Furthermore, the presentation of the FSL in the
red cell membrane may be more favorable (than in EIA)
as it allows for the use of undiluted plasma. It can be
speculated that the glycocalyx of the red cell may be able
to buffer nonspecificity from low-affinity cross-reactive
antibodies (an effect managed by plasma dilution in EIA
assays).

The manufacture of kodecytes is a very simple
process,*?> requiring only the contacting of a solution of
FSL construct(s) dispersed in buffered saline with washed
red cells, incubation at 37°C for 2 h, and then dispensing
them “ready for use” (washing is not required). The pre-
pared kodecytes are then stored and used as normal
reagent red cells. One mg of a 15-amino acid peptide FSL
construct will make about 70 ml of 5 pmol/L kodecytes
(packed cells). If these kodecytes are then diluted to 1%
for CAT technology, this will result in 7 L of reagent red
cells, and if 50 pl is used per assay, then 1 mg will enable
more than 100,000 CAT assays. Although RBCs were
used to prepare kodecytes in this study, FSL constructs
can also be attached to noncellular surfaces,>*** includ-
ing microspheres and lateral flow membranes or
immobilized cell membranes, opening up further possi-
bilities to develop novel diagnostics.

Overall, the kodecyte assay was able to achieve speci-
ficity and sensitivity at least equivalent to an established
EIA antibody diagnostic. Due to the cassette design of
Kode Technology, it is highly adaptable,"*'®**2® and
changing the antigenic epitope on a Kode FSL construct
can be achieved within a few weeks, allowing for rapid
response to new strains arising with novel antigenic
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mutations. Other than determining optimal concentra-
tions for sensitivity and specificity, no other modifica-
tions to the methodology for use are required.

This article describes an adaptable platform technology
able to be easily accommodated into almost all existing
transfusion diagnostic laboratories, including those with
limited infrastructure, and will allow for this sector to
actively participate in the screening for SARS-CoV-2 anti-
bodies, both for population needs and therapeutic uses.

ACKNOWLEDGMENTS

We acknowledge support in providing samples from
Kamille A. West and Valeria de Giorgi of the NIH Clinical
Center (NCT04360278); Arlo Upton and Alyson Craigie of
the Southern Community Laboratory (Southern Region
SARS-CoV-2 serum-bank); and Marina Ziganshina, and
Nataliya Dolgushina of the Kulakov National Medical
Research Center for Obstetrics, Gynecology and Perinatol-
ogy, Moscow, Russian Federation. This work was partially
funded by a research grant from the NZ Ministry of Busi-
ness, Innovation & Employment COVID-19 Innovation
Acceleration Fund, contract CIAF 0490, and the NIH Intra-
mural Research Program at the NIH Clinical Center, pro-
jects ZIA CL002128 and RASCL727301. N.B. and N.S. were
supported in part by the Russian Foundation for Basic
Research grant #20-04-60335.

STATEMENT OF DISCLAIMER

The views expressed do not necessarily represent the
view of the National Institutes of Health, the Department
of Health and Human Services, or the U.S. Federal
Government.

CONFLICT OF INTEREST

SMH, NVB, and ECW are employees and stockholders of
Kode Biotech, the patent owner of Kode biosurface engi-
neering technology. All other authors report no conflict
of interest.

ORCID

Willy A. Flegel © https://orcid.org/0000-0002-1631-7198
Stephen M. Henry ® https://orcid.org/0000-0002-9946-
8441

REFERENCES

1. Pollan M, Pérez-Gémez B, Pastor-Barriuso R, Oteo J, Hernan MA,
Pérez-Olmeda M, et al. Prevalence of SARS-CoV-2 in Spain (ENE-
COVID): A nationwide, population-based seroepidemiological
study. Lancet. 2020;396(10250):535-44.

2. GeurtsvanKessel CH, Okba NM, Igloi Z, Bogers S,
Embregts CW, Laksono BM, et al. An evaluation of COVID-19
serological assays informs future diagnostics and exposure
assessment. Nat Commun. 2020;11:3436.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

TRANSFUSION-

Gharebaghi N, Nejadrahim R, Mousavi SJ, Sadat-Ebrahimi SR,
Hajizadeh R. The use of intravenous immunoglobulin gamma
for the treatment of severe coronavirus disease 2019: A ran-
domized placebo-controlled double-blind clinical trial. BMC
Infect Dis. 2020;20:786.

Sakoulas G, Geriak M, Kullar R, Greenwood K, Habib M,
Vyas A, et al. Intravenous immunoglobulin (IVIG) significantly
reduces respiratory morbidity in COVID-19 pneumonia: A pro-
spective randomized trial. medRxiv. 2020. https://doi.org/10.
1101/2020.07.20.20157891.

Vashist SK. In vitro diagnostic assays for COVID-19: Recent
advances and emerging trends. Diagnostics (Basel). 2020;10(4):202.
Burbelo PD, Riedo FX, Morishima C, Rawlings S, Smith D,
Das S, et al. Sensitivity in detection of antibodies to nucleocap-
sid and spike proteins of severe acute respiratory syndrome
coronavirus 2 in patients with coronavirus disease 2019.
J Infect Dis. 2020;222(2):206-13.

Guo L, Ren L, Yang S, Xiao M, Chang D, Yang F, et al. Profil-
ing early humoral response to diagnose novel coronavirus dis-
ease (COVID-19). Clin Infect Dis. 2020;71(15):778-85.

Li Z YiY, Luo X, Xiong N, Liu Y, Li S, et al. Development and
clinical application of a rapid IgM-IgG combined antibody test for
SARS-CoV-2 infection diagnosis. J Med Virol. 2020;92:1518-24.
Amanat F, Stadlbauer D, Strohmeier S, Nguyen THO,
Chromikova V, McMahon M, et al. A serological assay to detect
SARS-CoV-2 seroconversion in humans. Nat Med. 2020;26:1033-6.
Jin Y, Wang M, Zuo Z, Fan C, Ye F, Cai Z, et al. Diagnostic
value and dynamic variance of serum antibody in coronavirus
disease 2019. Int J Infect Dis. 2020;94:49-52.

Okba NM, Miiller MA, Li W, Wang C, CH GK, Corman VM,
et al. Severe acute respiratory syndrome coronavirus 2— spe-
cific antibody responses in coronavirus disease patients. Emerg
Infect Dis. 2020;26(7):1478-88.

Alves D, Curvello R, Henderson E, Kesarwani V, Walker JA,
Leguizamon SC, et al. Rapid gel card agglutination assays for
serological analysis following SARS-CoV-2 infection in
humans. ACS Sens. 2020;5(8):2596-603.

Henry S, Perry H, Bovin N. Applications for kodecytes in
immunohaematology. ISBT Sci Ser. 2018;13(3):229-37.

Henry S. Kodecytes: Modifying the surface of red blood cells.
ISBT Sci Ser. 2020;15(3):303-9.

Heathcote D, Carroll T, Wang JJ, Flower R, Rodionov I,
Tuzikov A, et al. Inmunohematology: Novel antibody screen-
ing cells, MUT+ Mur kodecytes, created by attaching peptides
onto red blood cells. Transfusion. 2010;50(3):635-41.
Georgakopoulos T, Komarraju S, Henry S, Bertolini J. An
improved Fc function assay utilizing CMV antigen-coated red
blood cells generated with synthetic function-spacer-lipid con-
structs. Vox Sang. 2012;102(1):72-8.

Perry H, Bovin N, Henry S. A standardized kodecyte method to
quantify ABO antibodies in undiluted plasma of patients before
ABO-incompatible kidney transplantation. Transfusion. 2019;
59(6):2131-40.

Henry S, Komarraju S, Heathcote D, Rodionov IL. Designing
peptide-based FSL constructs to create Miltenberger kodecytes.
ISBT Sci Ser. 2011;6(2):306-12.

Roy A, Kucukural A, Zhang Y. I-TASSER: A unified platform
for automated protein structure and function prediction. Nat
Protoc. 2010;5:725-38.


https://orcid.org/0000-0002-1631-7198
https://orcid.org/0000-0002-1631-7198
https://orcid.org/0000-0002-9946-8441
https://orcid.org/0000-0002-9946-8441
https://orcid.org/0000-0002-9946-8441
https://doi.org/10.1101/2020.07.20.20157891
https://doi.org/10.1101/2020.07.20.20157891

= | TRANSFUSION

20.

21.
22.

23.
24.

25.
26.

217.

28.

NAGAPPAN ET AL.

Yang J, Yan R, Roy A, Xu D, Poisson J, Zhang Y. The I-
TASSER suite: Protein structure and function prediction. Nat
Methods. 2015;12:7-8.

Zhang Y. I-TASSER server for protein 3D structure prediction.
BMC Bioinformatics. 2008;9:40.

Darnell S, Riese M. Precise predictions of linear B cell epitopes
in protean 3D. 2012.

Casalino L, Gaieb Z, Goldsmith JA, Hjorth CK, Dommer AC,
Harbison AM, et al. Beyond shielding: The roles of glycans in the
SARS-CoV-2 spike protein. ACS Cent Sci. 2020;6(10):1722-34.
Henry S, Williams E, Barr K, Korchagina E, Tuzikov A,
Ilyushina N, et al. Rapid one-step biotinylation of biological
and non-biological surfaces. Sci Rep. 2018;8:2845.

Williams E, Trent C, Bovin N, Nagappan R Technical Bulletin: Kode
Technology SARS-CoV-2 kodecytes and Function Spacer Lipid con-
structs. AUT Centre for Kode Technology Innovation. Available
from: https://openrepository.aut.ac.nz/handle/10292/12731.
Tuzikov A, Chinarev A, Shilova N, Gordeeva E, Galanina O,
Ovchinnikova T, et al. 40years of glyco-polyacrylamide in gly-
cobiology. Glycoconjugate J. In press. https://doi.org/10.1007/
$10719-020-09965-5.

Food and Drug Administration. Guidance for industry and
FDA staff: Statistical guidance on reporting results from studies
evaluating diagnostic tests. Silver Spring, MD: US Food and
Drug Administration; 2007. Available from: https://www.fda.
gov/regulatory-information/search-fda-guidance-documents/
statistical-guidance-reporting-results-studies-evaluating-
diagnostic-tests-guidance-industry-and-fda.

Ouyang J, Isnard S, Lin J, Fombuena B, Peng X, Routy JP,
et al. Convalescent plasma: The relay baton in the race for
coronavirus disease 2019 treatment. Front Immunol. 2020;
570063:11.

29.

30.

31.

32.

33.

Sun M, Xu Y, He H, Zhang L, Wang X, Qiu Q, et al. A poten-
tially effective treatment for COVID-19: A systematic review
and meta-analysis of convalescent plasma therapy in treating
severe infectious disease. Int J Infect Dis. 2020;98:334-46.

Ng K, Faulkner N, Cornish G, Rosa A, Harvey R, Hussain S,
et al. Pre-existing and de novo humoral immunity to SARS-
CoV-2 in humans. Science. 2020;370:1339-43.

van der Heide V. SARS-CoV-2 cross-reactivity in healthy
donors. Nat Rev Immunol. 2020;20(7):408-8.

Nguyen-Contant P, Embong AK, Kanagaiah P, Chaves FA,
Yang H, Branche AR, et al. S protein-reactive IgG and memory
B cell production after human SARS-CoV-2 infection
includes broad reactivity to the S2 subunit. MBio. 2020;11(5):
€01991-20.

Williams E, Barr K, Korchagina E, Tuzikov A, Henry S,
Bovin N. Ultra-fast glyco-coating of non-biological surfaces. Int
J Mol Sci. 2016;17(1):118.

SUPPORTING INFORMATION

Additional supporting information may be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Nagappan R, Flegel WA,
Srivastava K, et al. COVID-19 antibody screening

with SARS-CoV-2 red cell kodecytes using routine

serologic diagnostic platforms. Transfusion. 2021;
61:1171-1180. https://doi.org/10.1111/trf. 16327



https://openrepository.aut.ac.nz/handle/10292/12731
https://doi.org/10.1007/s10719-020-09965-5
https://doi.org/10.1007/s10719-020-09965-5
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/statistical-guidance-reporting-results-studies-evaluating-diagnostic-tests-guidance-industry-and-fda
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/statistical-guidance-reporting-results-studies-evaluating-diagnostic-tests-guidance-industry-and-fda
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/statistical-guidance-reporting-results-studies-evaluating-diagnostic-tests-guidance-industry-and-fda
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/statistical-guidance-reporting-results-studies-evaluating-diagnostic-tests-guidance-industry-and-fda
https://doi.org/10.1111/trf.16327

	COVID-19 antibody screening with SARS-CoV-2 red cell kodecytes using routine serologic diagnostic platforms
	1  MATERIALS AND METHODS
	1.1  Donor and convalescent plasma samples
	1.2  SARS-CoV-2 FSL constructs
	1.3  SARS-CoV-2 kodecytes
	1.4  SARS-CoV-2 kodecyte assay
	1.5  Solid-phase enzyme immunoassays with peptides

	2  RESULTS
	2.1  Preliminary screening kodecyte specificity and sensitivity
	2.2  Tuning kodecyte specificity and sensitivity: 1147 and 1255
	2.3  Evaluation of C19-kodecytes
	2.4  Specificity and Sensitivity: Solid-phase EIA assays

	3  DISCUSSION
	ACKNOWLEDGMENTS
	  STATEMENT OF DISCLAIMER
	  CONFLICT OF INTEREST
	REFERENCES


