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Abstract

Background: COVID-19 convalescent plasma (CCP), from donors recovered

from severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) infection,

is one of the limited therapeutic options currently available for the treatment

of critically ill patients with COVID-19. There is growing evidence that CCP

may reduce viral loads and disease severity; and reduce mortality. However,

concerns about the risk of transfusion-transmitted infections (TTI) and other

complications associated with transfusion of plasma, remain. Amotosalen/

UVA pathogen reduction treatment (A/UVA-PRT) of plasma offers a mitiga-

tion of TTI risk, and when combined with pooling has the potential to increase

the diversity of the polyclonal SARS-CoV-2 neutralizing antibodies.

Study design and methods: This study assessed the impact of A/UVA-PRT

on SARS-CoV-2 antibodies in 42 CCP using multiple complimentary assays

including antigen binding, neutralizing, and epitope microarrays. Other media-

tors of CCP efficacy were also assessed.

Results: A/UVA-PRT did not negatively impact antibodies to SARS-CoV-2

and other viral epitopes, had no impact on neutralizing activity or other
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potential mediators of CCP efficacy. Finally, immune cross-reactivity with

other coronavirus antigens was observed raising the potential for neutralizing

activity against other emergent coronaviruses.

Conclusion: The findings of this study support the selection of effective CCP

combined with the use of A/UVA-PRT in the production of CCP for patients

with COVID-19.
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1 | INTRODUCTION

In December 2019, a novel, highly contagious coronavirus,
severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) identified in Wuhan, China, was determined to be
the causative agent of the coronavirus disease, COVID-19.
It has rapidly spread around the world and was declared a
pandemic by the World Health Organization.1,2 Patients
infected with SARS-CoV-2 have presentations ranging from
asymptomatic to severe pneumonia, multi-organ failure,
and death. As of February 15, 2021, 110 million individuals
have been infected worldwide with over 2.4 million deaths.

Therapeutic options for the treatment of COVID-19
are limited and primarily supportive.3 One readily avail-
able therapeutic option is convalescent plasma (CP) with
neutralizing antibodies (Nabs) from recovered COVID-19
donors. CP has been used to treat other viral diseases
including: severe acute respiratory syndrome (SARS),
Middle East Respiratory Syndrome (MERS), Ebola, Influ-
enza A (H1N1), and Argentine Hemorrhagic Fever.4–10

Although not confirmed by randomized controlled
trials (RCTs), there is evidence that effective CP from
COVID-19 patients (CCP) may reduce disease severity
and reduce mortality.11–13 CCP may be superior to other
passive immunotherapies such as hyperimmune globulin
preparations or recombinant antibodies because it has
the potential to reverse COVID-19 coagulopathy and
endothelial cell injury that contribute to morbidity.14–19

There is uncertainty regarding the safety and efficacy
of CCP. Lack of adequately powered RCTs and inconsis-
tent characterization of antibody profiles, including Nab
levels, has made it challenging to arrive at definitive con-
clusions about CCP efficacy. In addition, concerns persist
about the risk of TTI. Pathogen reduction treatment
(PRT) of plasma offers mitigation of TTI risk20 and
enables pooling which decreases component variability
and increases antibody diversity, theoretically conferring
greater activity against pathogens with high mutation
rates such as SARS-CoV-2.21 However, the impact of PRT
on CCP is poorly understood. The present study presents

a detailed characterization of the impact of amotosalen/
UVA PRT on CCP antibody profiles using a variety of
complementary methodologies. The impact of PRT on
other potential biologic mediators of CCP efficacy also
was assessed.

2 | METHODS

2.1 | PRT and collection of pre-PRT
and post-PRT samples

Apheresis CCP was collected by the Trima Accel Collec-
tion System (Terumo BCT, Lakewood, CA) following ver-
ification of prior SARS-CoV-2 infection. The collection
procedures followed routine blood donor collection pro-
cesses per AABB regulations and UCLA Blood & Platelet
Center standard operating procedures. This study was
approved by the institutional review board at UCLA
(#20-001619) as a no-subject contact study with a waiver
of consent.

PRT was performed using the INTERCEPT Blood
System for Platelets and Dual Storage (DS) Platelet
Processing kits (Cerus Corporation, Concord). A 3 ml
baseline plasma sample was taken prior to PRT. After illu-
mination (3 J/cm2), CCP was transferred to the Com-
pound Adsorption Device before transfer to storage
containers. Prior to freezing (≤�18°C), a 3 ml post-PRT
sample was collected.

2.2 | Antibody dependent agglutination
PCR, COVAM antigen microarray, reporter
viral particle neutralization, and cytokine
profiling analysis of CCP samples

Detection of CCP Ab against spike (S) protein, nucleocap-
sid (N) protein, and neutralizing antibody (Nab) to S
binding to the soluble ACE-2 receptor was performed by
using PCR-based methods (Appendix S1).22–24 The basis
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of the neutralization assay is through the use of compli-
mentary small DNA sequence (bar codes) attached to the
S1 RBD antigen and to the ACE-2 receptor. In the pres-
ence of antibody to S1 RBD antigen, binding to the
ACE-2 receptor is neutralized, and the DNA bar codes
cannot be ligated and amplified. The Nab titer is corre-
lated with the level of inhibition (ΔCt) based on positive
and negative control samples. In the absence of Nab, S1
RBD antigen binds to the ACE-2 receptor, the compli-
mentary DNA bar codes are ligated and amplified indi-
cating the absence of Nab with short ΔCt.

The coronavirus antigen microarray (COVAM) analysis
including mean fluorescence intensity (MFI) normaliza-
tion, unsupervised cluster analysis, and principal compo-
nent analysis were performed as previously described
(Appendix S1).25

Neutralizing activity with the SARS-CoV-2 reporter
viral particle neutralization (RVPN) assay was as previ-
ously described (Appendix S1).26

Cytokine profiling of CCP was performed at Myriad
RBM (Austin, TX) with a custom multiplexed Luminex
assay (Appendix S1).

2.3 | Statistical analysis

Assay specific statistical analyses were performed as
described in Appendix S1. Comparison of Pre-PRT and
Post-PRT samples was performed by Wilcoxon matched
pairs signed rank test, best fit curves and R2 (correlations)
were assessed based on linear trendlines unless otherwise
specified. Error bars represent SEM. Unless otherwise
specified, statistical analysis was performed in Microsoft
Office 365 Excel (Microsoft, Seattle, WA) or GraphPad
Prizm 7 (GraphPad Software, San Diego, CA).

3 | RESULTS

3.1 | Impact of amotosalen/UVA
pathogen reduction treatment on antibody
binding to SARS-CoV-2N and S1 proteins

Total immunoglobulin (Ig) concentration was quantified
from 42 CCP donors prior to and after PRT. There was no
difference between Pre-PRT and Post-PRT total Ig levels
(p = .36). The Post-PRT/Pre-PRT ratio was 1.01 (SEM
0.02) indicating that overall, immunoglobulins were not
impacted by PRT.

To determine the impact of A/UVA-PRT on SARS-
CoV-2 antibodies, CCP were assayed using a sensitive
and specific Antibody dependent agglutination PCR
(ADAP) PCR based assay to quantify antibody binding to

N and S1 proteins.23 Antibody activity was measured by
the change in cycle time (ΔCt) compared to a negative con-
trol plasma. For N and S1 ADAP assays, 37 of 42 plasmas
(88%) had activity, and 5 were negative. Excluding the neg-
ative samples, no correlation for reactivity (R2 = 0.24)
between N- and S1-ΔCt values was identified. There was a
broad distribution of Δ-Ct values for both antibodies post
PRT (Figure 1A,B). Antibody responses to S1 were higher
than to N suggesting that S1 is a more potent immunogen.
The Post-PRT/Pre-PRT ratio was 1.01 (SEM 0.01) for Ab to
N and 0.99 (SEM 0.01) for Ab to S1 indicating the negligi-
ble impact of PRT (Figure 1C). An assessment by donor
confirmed that most CCP had less than 10% change from
baseline after PRT (Figure 1D). There was no correlation
in the magnitude or direction of the ΔCt ratio for N pro-
tein with the ΔCt ratio for S1 protein (Figure 1D). To
determine if samples with lower levels of antibody were
particularly susceptible to PRT, the ΔCt ratio was evalu-
ated as a function of ΔCt level. No correlation was identi-
fied (Figure 1E,F) indicating that A/UVA-PRT treatment
did not affect antibodies in a concentration dependent
manner.

3.2 | Impact of amotosalen/UVA
pathogen inactivation on IgG, IgM, and IgA
antibodies to multiple SARS-CoV-2
antigens

The impact of A/UVA-PRT on antibodies that bind to a
broad range of SARS-CoV-2 epitopes, including different
subregions of the spike protein, was evaluated using the
COVAM assay with 11 purified recombinant antigens on
nitrocellulose-coated slides.27 The microarray also con-
tains other coronavirus antigens implicated in SARS-
CoV-1, MERS-CoV, 12 other seasonal coronaviruses, and
other respiratory viruses including: influenza, adenovi-
rus, and RSV that may result in concurrent respiratory
disease.25

The heatmap of antigen binding in the COVAM
microarray (Figure 2A) shows heterogeneous IgG reactiv-
ity to SARS-CoV-2 and other viral antigens. Limited IgM
binding was detected for SARS-CoV-2 antigens consistent
with the delayed timeframe of plasma collection with
respect to onset of symptoms (average of 55 ± 22 days
from symptom onset; Data not shown). Principal compo-
nent analysis25 of IgG immunoreactivity to SARS-CoV-2
was used to classify the CCP into four distinct populations
(Figure 2B). These were categorized as non-reactive
(Group 1–9/42, 21%); broadly reactive (Group 2–11/42,
26%); variably reactive with more reactivity to N protein
and lower reactivity to other antigens (Group 3–6/42,
14%); and variably reactive with more reactivity to S1
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protein and lower reactivity to N protein (Group 4–16/42,
38%). When CCP are clustered into these 4 groups, the
heat map defined these distinct immunoreactivity profiles
(Figure S1A). CCP negative for Ab to S1 and N by ADAP
assay, described above, co-located to the non-reactive
COVAM Group 1.

The heatmap of immunoreactivity (Figure 2A)
showed that compared to Pre-PRT, the adjacent Post-PRT
levels were largely unchanged. This was confirmed by
the assessment of the Post-PRT/Pre-PRT ratio of mean
fluorescent intensity (MFI). The average MFI ratio was
1.00 (SEM 0.01) for IgG, 0.97 for IgM (SEM 0.03), and

FIGURE 1 Amotosalen/UVA light pathogen inactivation treatment (PRT) does not impact SARS-CoV-2 antibody binding using the

highly sensitive ADAP assay. (A) Distribution of Δ-Ct measurements for antibodies binding to the nucleocapsid (N) protein. The cut-off of

positivity is depicted with the dashed red line. (B) Distribution of Δ-Ct measurements for antibodies binding to the Spike 1 (S1) protein. The

cut-off of positivity is depicted with the dashed red line. (C) The distribution, average (red line) and SEM (blue error bars) of ratio of

antibody Post-PRT to Pre-PRT Δ-Ct (Δ-Ct ratio) for the N and the S1 proteins. (D) Δ-Ct ratio for individual COVID-19 convalescent plasma

antibodies for N (red) and the S1 (blue) ADAP assay. Ideal ratio of 1 is highlighted with a dotted red line, and the 10% change is delineated

by gray shading. (E) Δ-Ct ratio for the N protein antibody as a function of N protein Δ-Ct. The linear trend line depicts that the ratios have a

minimal change over the dynamic range of the assay. (F) Δ-Ct ratio for the antibody to Spike (S1) protein as a function of antibody level to

S1 protein Δ-Ct. The linear trend line depicts that the ratios have a minimal change over the dynamic range of the assay. ADAP, Antibody

dependent agglutination PCR; PRT, pathogen reduction treatment; SARS-CoV-2, severe acute respiratory syndrome coronavirus-2 [Color

figure can be viewed at wileyonlinelibrary.com]
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1.02 for IgA (SEM 0.03) (Figure 2C). Similar patterns also
were noted for IgG, IgM, and IgA binding to other cor-
onaviruses, influenza virus, and other common respiratory
viruses. There was no correlation of the MFI Post-PRT/

Pre-PRT ratio with relative signal strength (Figure 2D).
Overall, the Post-PRT/Pre-PRT MFI ratio was 1.01 (SEM
0.01) for IgG across all epitopes, 0.95 (SEM 0.02) for IgM
and 0.98 (SEM 0.01) for IgA confirming that for specific

FIGURE 2 Legend on next page.
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epitopes and globally, A/UVA-PRT did not impact
immunoglobulin binding to a broad spectrum of viral
antigens.

At present, CCP is largely provided as single plasma
units. To define the overall impact of PRT on antibody
binding, scatter plots comparing Pre-PRT, and Post-PRT
MFI for IgG reactivity for all COVAM epitopes for each
individual CCP were evaluated (Figures 3A and S1A).
The correlation coefficients of IgG for the majority of
CCP approach 1 (Figure 3B), indicating that IgG from
most donors was minimally impacted by PRT. Similar
trends were seen for IgM and IgA. Cluster analysis for
post PRT plasma samples, excluding Group 1 without
activity, yielded the same assignments as the pre-PRT
samples (Figure 3C) consistent with a lack of PRT impact
on antigen binding or classification.

3.3 | Impact of amotosalen/UVA
pathogen inactivation treatment
on SARS-CoV-2 neutralizing activity

Measurement of viral neutralization is a key metric to
assess CCP potency. The standard for assessing neutrali-
zation is the virus plaque reduction neutralization assay
(PRNT). To facilitate the evaluation of neutralization
activity, we used a sensitive cell-free assay based on the
interaction of recombinant SARS-CoV-2 Spike 1 protein
containing the RBD with the ACE-2 receptor. This solu-
ble ACE-2 Blocking Nab assay using the ADAP platform
(Figure S2A), is sensitive and specific.24 The activity was
measured by the change in cycle time (ΔCt) compared to
a negative control plasma. Of the 42 CCP assessed,
36 (86%) were positive and 6 were negative. Five of the
6 ACE-2 negative CCP localized to COVAM cluster
Group 1 (non-reactive) with the sixth CCP localized to
Group 3. There was a broad distribution of ACE-2 Block-
ing ΔCt (Figure 4A). The average Post-PRT/Pre-PRT ratio
was 0.99 (SEM 0.05) indicating minimal impact of

A/UVA-PRT on CCP Nab activity (Figure 4B). The
majority (>80%) of donors had less than 10% loss of Nab
activity due to PRT (Figure 4C). The ΔCt ratio plotted as
a function of ACE-2 Blocking ΔCt activity showed no
correlation (Figure S2C).

A pseudovirus reporter viral neutralization (RVPN)
assay using green fluorescent protein also was used to
evaluate the impact of PRT on Nab activity (Figure S2B).
This assay measures functional neutralizing activity with
susceptible cells, and it has demonstrated comparability
to PRNT assays.28–30 A metric of neutralization capacity,
NT50 (defined as the dilution at which the luciferase
activity was reduced by 50% compared with the untreated
virus), was calculated for each sample. Of the 42 CCP,
36 (86%) were positive for neutralization and 6 were neg-
ative. Four of the 6 negative CCP were in COVAM cluster
Group 1 with the fifth and sixth CCP localizing to groups
3 and 4 respectively. There was a broad distribution of
RVPN NT50 values (Figure 4D) consistent with the results
of ACE-2 Blocking assay. The average Post-PRT/Pre-PRT
ratio was 1.14 (SEM 0.08, Figure 4E). The majority
(>80%) had less than 10% loss of Nab activity (Figure 4F);
and the NT50 ratio evaluated as a function of NT50 signal
strength identified no correlation (Figure S2D). A direct
comparison of the two neutralization assays (Figure 4G)
demonstrated high correlation (R2 = 0.722) with a near-
linear relationship (best-fit curve, y = 28.3X1.08).

Nab levels also were compared to binding to selective
epitopes from the COVAM microarray for IgG and IgA
subclasses. Strong correlations were observed between
ACE-2 Blocking and IgG binding to Spike 1 protein (SARS-
CoV-2.S1.mFcTag—R2 = 0.700) and S1.RBD (SARS-CoV-2.
S1.RBD—R2 = 0.673) (Figure S3A,B). Similar correlations
were observed for RVPN NT50 levels (Figure S3E,F). An
assessment of correlations of IgA antibody binding to
SARS-CoV-2 antigens in the COVAM microarray data with
Nab activity did not identify relationships of similar
strength (Figure S3C,D,G,H). Thus, most of the neutraliz-
ing activity appeared to be mediated by IgG.

FIGURE 2 Amotosalen/UVA light pathogen reduction treatment (PRT) does not impact antibodies to a broad range of viral antigens.

(A) Heatmap for viral antigen microarray. The heatmap shows mean fluorescence intensity across four replicates, for IgG against each

antigen organized into rows color coded by viral class (right side), for sera organized into columns of paired Pre-PRT (green) and Post-PRT

(blue) COVID-19 convalescent plasma (CCP) samples. (B) Principal component analysis showing the spatial distribution of the pre-PRT

samples for all donors along the first and second principal components. Samples were grouped into four populations: non-reactive (G1—
Black); broadly reactive (G2—Red); primarily N protein reactive (G3—Blue—samples that are highly reactive to N protein but lower reactive

to the other antigens) and; Primarily spike reactive (G4—Yellow—samples that are reactive to spike but with low reactivity to N protein).

(C) The average ratio of Post-PRT to Pre-PRT mean fluorescent intensity (MFI) (MFI ratio) for IgG, IgM and IgA binding to epitopes from

SARS-CoV-2, severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), other coronaviruses, Influenza, other common respiratory

viruses and all epitopes on the viral antigen microarray. Error bars represent SEM. (D) MFI ratio for IgG binding to SARS-CoV-2 epitopes on

the viral antigen microarray as a function of signal strength (Normalized MFI). The linear trend line red dashed line demonstrates that the

ratios have a minimal change over the dynamic range of the assays [Color figure can be viewed at wileyonlinelibrary.com]
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3.4 | Levels of fibrinogen and pro-
inflammatory cytokines in amotosalen/
UVA pathogen inactivated CCP

Other studies have identified coagulopathy in patients with
severe COVID-19.14–16,18 Furthermore, endothelial cell
damage in COVID-19 is postulated to result in altered
blood vessel barrier integrity leading to end-organ damage,
a pro-coagulative state, and vascular and parenchymal

inflammation.17,19 Fibrinogen has been hypothesized to
provide an endothelial protective function.31 Therefore, it
was relevant to understand the impact of A/UVA-PRT on
fibrinogen levels. We observed a minimal impact of
A/UVA PRT on fibrinogen levels (Figure 5A). Vascular
endothelial growth factor (VEGF) is also known to protect
damaged endothelial cells. VEGF levels were characterized
in the CCP samples. Of the 42 CCP, 12 (29%) had quantifi-
able levels of VEGF (>1 ng/ml) with an average of 93.4 ng/ml

FIGURE 3 Amotosalen/UVA light PRT does not broadly impact antibodies in a given CCP sample. (A) Scatter plots of all IgG Pre-PRT

to Post-PRT normalized MFI data above the threshold of positivity for a given CCP for a representative donor from Group 2, 3 and 4. Best fit

line is shown in blue with the 95% CI highlighted in dark gray. (B) Scatter plot of R2 values for IgG, IgM and IgA for each individual CCP

with mean and SEM delineated. (C) Principal component analysis depicting that PRT does not impact CCP cluster designation for Group

2, 3 or 4. CCP, COVID-19 convalescent plasma; MFI, mean fluorescent intensity; PRT, pathogen reduction treatment [Color figure can be

viewed at wileyonlinelibrary.com]
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(SEM 2.2 ng/ml). PRT treatment did not impact VEGF levels
(p = .33 by paired t-test), with the average Post-PRT/Pre-
PRT ratio of 0.97 (SEM 0.06, Figure 5B).

There is evidence that severely ill COVID-19 patients
have high levels of pro-inflammatory cytokines.32 In these
patients, Cytokine Storm Syndrome (CSS) may be a major

FIGURE 4 Amotosalen/UVA light pathogen inactivation treatment (PRT) does not impact SARS-CoV-2 neutralizing activity.

(A) Distribution of ACE-2 Blocking Δ-Ct. The assay cut-off of positivity is depicted with the dashed red line. (B) The distribution, average

(red line) and SEM (blue error bars) of ratio of Post-PRT to Pre-PRT ACE-2 Blocking Δ-Ct. (C) ACE-2 blocking Δ-Ct Ratio for individual

CCP for ACE-2 blocking ADAP assay. Ideal ratio of 1 is highlighted with a dotted red line, and the 10% change is delineated by gray shading.

(D) Distribution of RVPN NT50. The assay cut-off of positivity is depicted with the dashed red line. (E) The distribution, average (red line)

and SEM (blue error bars) of ratio of Post-PRT to Pre-PRT RVPN NT50. (F) Ratio of Post-PRT to Pre-PRT NT50 (NT50 ratio) values for

individual donors in the RVPN neutralization assay. Ideal ratio of 1 is highlighted with a dotted red line, and the 10% change is delineated

by gray shading. (G) Scatter plot depicting correlation of RVPN NT50 with ACE-2 Blocking Δ-Ct. ADAP, Antibody dependent agglutination
PCR; CCP, COVID-19 convalescent plasma; PRT, pathogen reduction treatment; SARS-CoV-2, severe acute respiratory syndrome

coronavirus-2 [Color figure can be viewed at wileyonlinelibrary.com]
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driver of acute respiratory distress syndrome (ARDS) and
end-organ damage.33,34 We measured the level of cytokines
in CCP and the impact of A/UVA-PRT, we compared Pre-
PRT and Post-PRT levels using a highly sensitive and

specific Luminex-based multiplexed cytokine panel. Many
cytokines were largely absent (below the lower level of
quantification) from both Pre-PRT and Post-PRT CCP
including: GM-CSF, TNF alpha, Interleukin (IL)-2, IL-3,

FIGURE 5 Amotosalen/UVA light pathogen inactivation treatment (PRT) treatment impacts pro-inflammatory cytokines but does not

impact vascular protective factors. (A) The distribution, average (red line) and SEM (blue error bars) of ratio of Post-PRT to Pre-PRT

Fibrinogen levels. (B) The distribution, average (red line) and SEM (blue error bars) of ratio of Post-PRT to Pre-PRT VEGF levels. (C) Graph of

MIP-1β (pg/ml) for paired Pre-PRT (red squares) and Post-PRT (black circles) samples. The LLoQ for MIP-1β assay is delineated as a blue line

(p < .001). (D) Scatter plot of the percent reduction of MIP-1β levels Post-PRT compared to Pre-PRT. Donors for which levels were reduced to

LLoQ are highlighted in red. (E) Graph of MCP-1 (pg/ml) for paired Pre-PRT (red squares) and Post-PRT (black circles) samples. The LLoQ for

MCP-1 assay is delineated as a blue line (p < .001). (F) Scatter plot of the percent reduction of MCP-1 levels Post-PRT compared to Pre-PRT.

Donors for which levels were reduced to LLoQ are highlighted in red. (G) Graph of Interleukin-1 (Il-1)β (pg/ml) for paired Pre-PRT (red

squares) and Post-PRT (black circles) samples. The LLoQ for Il-1β assay is delineated as a blue line (p = .014). (H) Scatter plot of the percent

reduction of Il-1β levels Post-PRT compared to Pre-PRT. Donors for which levels were reduced to LLoQ are highlighted in red. PRT, pathogen

reduction treatment; VEGF, vascular endothelial growth factor [Color figure can be viewed at wileyonlinelibrary.com]
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IL-4, IL-5, IL-6, IL-7, IL-10, and IL-17. Notably, several
cytokines implicated in CSS were detected in Pre-PRT CCP,
including IL-1 β (9.66 [SEM 0.30] pg/ml), MCP-1 (203.88
[SEM 12.81] pg/ml), and MIP-1β (169.73 [SEM 22.28]
pg/ml) at levels higher than reported in normal subject
plasma: IL-1β at 0.5 pg/ml,35 MCP-1 at 69-174 pg/ml,36 and
MIP-1β at 17-41 pg/ml.37 Unexpectedly, PRT reduced the
levels of all three of these pro-inflammatory cytokines
(MIP-1β p < .001, MCP-1 p < .001, and IL-1β p = .014).
MIP-1β and MCP-1 were more reduced with the levels in a
majority of CCP reduced to the lower level of quantification
(Figure 5C–F). The impact of PRT on IL-1β was more het-
erogeneous. Finally, anti-inflammatory cytokines including

Interleukin-1 receptor antagonist (IL-1ra) also were
assessed. We found these to be unchanged in Post-PRT
samples when compared to Pre-PRT samples (p = .0.17)
with a Post-PRT/Pre-PRT ratio of 0.99 (SEM 0.06).

3.5 | Identification of CCP with cross-
reactive antibodies to other coronaviruses

To evaluate the potential cross reactivity of COVID-19
CCP with other coronaviruses, an analysis was performed
with the COVAM microarray, which contained shared
epitopes for SARS-CoV-1 and MERS-CoV viruses. There

FIGURE 6 Cross-reactivity between

SARS-CoV-2 and related coronaviruses

suggests the potential for CCP to provide

protection against other coronaviruses.

(A) Correlation between SARS-CoV-2

and SARS-CoV Nuclear protein

reactivity in the viral antigen

microarray. Logarithmic trendline with

R2 value of 0.71 is depicted with a

dashed line. (B) Heatmap of COVAM

MFI for SARS-CoV-2 Spike protein

(middle column) and MERS-CoV-1

Spike protein (left column) reactivity of

CCP re-organized into the 4 COVAM

reactivity clusters (right column: group

1—black; group 2—red; group 3—blue;

group 4—yellow). (C) Correlation

between SARS-CoV-2 and MERS-CoV

Spike protein reactivity in the viral

antigen microarray. A population of

donors with high SARS-CoV-2 and

MERS-CoV reactivity and highlighted in

the red dashed oval. (D) Correlation of

ACE-2 Blocking in the ADAP assay with

MERS-CoV spike protein reactivity in

the viral antigen microarray for the

subpopulation of donors with high

SARS-CoV-2 and MERS-CoV Spike

protein reactivity highlighted in (B).

Linear trend line with R-squared value

of 0.84 shown. The cut-off for positive

ACE-2 blocking ADAP assay is also

depicted. ADAP, Antibody dependent

agglutination PCR; CCP, COVID-19

convalescent plasma; COVAM,

coronavirus antigen microarray; MERS,

Middle East Respiratory Syndrome;

MFI, mean fluorescent intensity; PRT,

pathogen reduction treatment; SARS-

CoV-2, severe acute respiratory

syndrome coronavirus-2 [Color figure

can be viewed at

wileyonlinelibrary.com]
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was a strong correlation between SARS-CoV-2 and SARS-
CoV-1N protein reactivity (R2 = 0.71—Figure 6A) consis-
tent with the high amino acid (aa) identity reported.38

Surprisingly, given the high homology for spike protein
between SARS-CoV-1 and SARS-CoV-2, little cross-
reactivity was observed. Similarly, for MERS-CoV, there
was little cross-reactivity observed for N protein (data not
shown). However, by COVAM there was significant cross-
reactivity observed for MERS spike protein (Figure 6D).
This finding was unexpected given the even lower aa
identity between SARS-CoV-2 and MERS-CoV-1 spike
protein. While there was poor overall correlation between
the MFI for these two epitopes, a small proportion of CCP
exhibited high SARS-CoV-2 and MERS-CoV spike immu-
noreactivity (4 of 42 CCP—10%; Figure 6B). These CCP
exhibited high levels of Nab activity by the ACE-2 Block-
ing (Figure 6C) and RVPN assays. Notably, these CCP
with high SARS-CoV-2 spike protein reactivity comprised
36% of the COVAM Group 2 cluster (Figure 3B).

4 | DISCUSSION

4.1 | Impact of A/UVA pathogen
reduction on antibodies to SARS-CoV-2

Transfusion of CCP has shown potential benefit to
patients with acute COVID-19. PRT of CCP is relevant to
reduce the risk of TTI because CCP donors may transmit
unrecognized pathogens and CCP recipients may be
immune suppressed and at increased risk for TTI. Fur-
thermore, PRT may facilitate the pooling of CCP from
different donors to optimize antibody diversity while mit-
igating TTI risk of multiple donor exposures. Previous
studies have generally reported that �90% of donors with
SARS-CoV-2 infection produce SARS-CoV-2 reactive
antibodies.39–41 The present study reports a similar posi-
tive rate ranging from 79% to 88% of CCP components.
We utilized multiple assays to characterize antibodies in
CCP for SARS-CoV-2 epitope reactivity and neutraliza-
tion capacity. CCP from 42 recovered donors displayed a
broad range of antibody profiles.

Cumulatively, our data conclusively demonstrate that
A/UVA-PRT does not negatively impact immunoglobulin
levels or neutralizing activity measured by two different
assays. Although most of the analyses supporting these
conclusions were performed on Abs binding to SARS-
CoV-2 antigens, the analysis of antibodies to a broad array
of viral antigens of other respiratory viruses confirmed and
extended previous observations with Ebola convalescent
plasma42 confirming that A/UVA PRT does not impair
antibody reactivity. This suggests that the findings apply
broadly to Ig in convalescent plasma which is important as

there are several potentially pandemic viruses43–44 for
which convalescent plasma may be beneficial.

In our study, CCP demonstrated a broad range of
antibody reactivity for most epitopes. We utilized this
broad range to evaluate the impact of antibody concen-
tration on PRT effects on epitope binding and neutraliza-
tion. For the large part, the trend lines for these analyses
demonstrates that ratios have minimal change over the
dynamic range of the assays. The slight downward trend
at higher values observed for some analytes may suggest
that any impact is more readily observable at higher
levels of antibody, but this minimal impact is unlikely to
affect overall CCP activity at these higher antibody levels.
To mitigate against potential assay artifacts, we employed
multiple approaches to elucidate the impact of A/UVA-
PRT on CCP antibodies. The consistency of observations
between assay methods reinforces the study conclusions.
CCP negative for antibody to N and S1 antigens by the
ADAP assay were also classified as nonreactive (group 1)
in the COVAM microarray analysis; and were largely
negative for RVPN and ACE-2 blocking activity. Thus,
any of these assays, if used to screen CCP, could poten-
tially be used to predict CCP with limited therapeutic
potency. Importantly, in this study, PRT was not shown
to drive antibody or activity positive CCP into this cate-
gory. Moreover, the presence of samples with ratio >1
was viewed as reflecting the variability of the different
assays (which were not formally quantified in this study,
but have been examined elsewhere22–26) and was not
attributed to an increase due to PRT.

In addition to immunoglobulins, other potential molec-
ular mediators of CCP therapeutic activity including fibrin-
ogen and VEGF, were preserved after PRT. Up to 69% of
critically ill COVID-19 patients are coagulopathic leading
to a pro-thrombotic state45,46 and at autopsy, microvascular
thrombosis have frequently been described.47,48 Replace-
ment of depleted fibrinogen at the same time as delivering
neutralizing antibody may be important for reversing the
coagulopathy and repairing endothelial cell damage. This
may provide a potentially important therapeutic advantage
for CCP over other passive immunotherapy strategies such
as hyperimmune and recombinant antibody preparations.
These data indicate that on average, a 200–400 ml dose of
A/UVA-PRT CCP would contain approximately 600–
1300 mg of fibrinogen providing potential to impact
coagulopathy and endothelial cell health.

4.2 | Pathogen reduction treatment
enables pooling of CCP

CP, as with all transfusable blood products, carries a
risk of TTI from the newly emerged pathogen and other
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unrecognized microbes, particularly in patients with
impaired immune responses as described for severe COVID-
19 patients.49 Pathogen inactivation can effectively mitigate
these risks. In addition, RNA viruses such as SARS-CoV-2
are prone to high mutation rates resulting in inter-patient
and intra-patient epitope drift that can make a single clone
of neutralizing antibody ineffective or susceptible to thera-
peutic resistance.50,51 PRT reduces the increased risk of TTI
associated with multi-donor pooling which can increase the
diversity of the polyclonal neutralizing antibodies and pro-
vide more consistent levels of antibodies in CCP and reduce
the risk of TRALI.

4.3 | PRT may reduce potentially
deleterious factors associated with CSS

A growing body of data suggests that in SARS-CoV-2 infec-
tion, CSS is a major cause of ARDS, and other end-organ
damage driving morbidity and mortality. CSS results from
severe inflammation and an exaggerated immune response.
While different cytokines have been implicated in CSS in
viral infections, IL-1β, MCP-1, and MIP-1β have been regu-
larly cited as key mediators. Increased levels of these cyto-
kines have been hypothesized to be associated with and
causative in initiating and promoting the COVID-19
inflammatory imbalance. Reduction of these cytokines,
observed with A/UVA-PRT, may reduce the risk of induc-
ing CSS in patients receiving CCP therapy. Use of this tech-
nology to reduce or remove pro-inflammatory cytokines
associated with CSS in other disorders requiring transfu-
sion of plasma products warrants further investigation.

4.4 | Potential for cross-reactive
antibody with implications for future
coronavirus epidemics

SARS-CoV-2 is closely related to β-coronaviruses SARS-
CoV-1 (76% aa identity for spike, 90% aa identity for nucleo-
capsid protein) and MERS-CoV-1 (35% aa identity for spike,
48% aa identity for nucleocapsid protein).38 This raises the
possibility that CCP with immunoreactivity to SARS-CoV-2
may demonstrate cross-reactivity to the homologous pro-
teins of SARS-CoV-1 or MERS-CoV-1. The COVAM micro-
array analysis detected reactivity with SARS-CoV-1 and
MERS-CoV-1, indicative of cross-reactivity as the low preva-
lence and circumscribed geographic localization of these
viruses makes it unlikely donors in this study were also
exposed to either of these two viruses. Given the high
homology between SARS-CoV-2 and SARS-CoV-1, it is sur-
prising to see very little cross-reactivity observed with Spike
protein. Also unexpectedly, 10% of all donors assayed in this

study demonstrated cross-reactivity to MERS-CoV-1 despite
lower amino acid identity than with SARS-CoV spike pro-
tein. These cross-reactive donors also have high neutraliz-
ing activity, raising the intriguing possibility that these CCP
may also have neutralizing activity for MERS and other
future corona aviruses with high levels of mortality.52
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