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Background: Infection with severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) may be life-threatening, and specific antiviral drugs are cur-
rently not available. However, first studies indicated that convalescent plasma
treatment might improve the clinical outcome of coronavirus disease 2019
(COVID-19) patients.

Study Design and Methods: In the current study, we investigated the effi-
cacy of convalescent plasma treatment in eight COVID-19 patients. All the
patients were critically ill, and seven of them were SARS-CoV-2 RNA-positive
when starting treatment. SARS-CoV-2-specific antibodies were determined by
an enzyme-linked immunosorbent assay detecting immunoglobulin G (IgG)
antibodies against the S1 protein (Euroimmun), and the neutralizing titers
were determined with a cell-culture-based neutralization assay. Plasma treat-
ment started between 4 and 23 days after the onset of symptoms. The patients
were usually treated by three plasma units, each containing 200-280 ml, which
was applied at day 1, 3, and 5.

Results: Donor sera had on average lower IgG antibody ratios and neutraliz-
ing titers than the COVID-19 patients before the onset of treatment (median
ratio of 5.8 and neutralizing titer of 1:320 vs. 7.5 and 1:640, respectively). Nev-
ertheless, we observed an increase of antibody ratios in seven and of neutraliz-
ing titers in five patients after treatment; which did, however, not correlate
with patient survival. Plasma treatment was effective in three patients, but five
deceased despite treatment. Patients who deceased had a later treatment onset
than survivors and finally died from multiple organ failure.
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1 | INTRODUCTION

A novel severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) responsible for the coronavirus disease 2019
(COVID-19) was newly identified in the Hubei province, PR
China, before becoming a pandemic causing enormous
health and socioeconomic implications. SARS-CoV-2 is read-
ily transmitted via aerosols in humans.* The symptoms of a
SARS-CoV-2 infection range from cold-like symptoms
accompanied by cough and fever to severe pneumonia or dis-
seminated infection, which may be fatal.® Individuals of any
age may be infected with SARS-CoV-2, but the elderly and
patients with underlying morbidities particularly suffer from
COVID-19.*° No specific antiviral drug has been proven
effective for treatment of patients with COVID-19, apart
from supportive care such as ventilation support. Of note,
the effect of corticosteroids was studied in an open-label ran-
domized controlled trial (RCT) with hospitalized COVID-19
patients receiving standard of care (N = 4321) compared
with additional low-dose dexamethasone (N = 2104). In the
entire cohort, application of dexamethasone showed a signif-
icant reduction in 28-day mortality.”

However, quickly available treatment options are still
urgently needed. The use of convalescent plasma for the
treatment of potentially lethal infections represents an
effective strategy that has been applied for other viral dis-
eases such as Ebola or influenza A (H5N1).*° In patients
suffering from coronavirus infection with SARS-CoV-1,
the use of convalescent plasma could lead to an improve-
ment of the clinical course and reduced mortality.'® There-
fore, convalescent plasma has been proposed to treat
COVID-19 patients.! Only few studies described the use
of convalescent plasmas in COVID-19 patients by now.'***
The clinical condition and survival probability were
improved in patients undergoing plasma treatment.'**
Because critically ill patients were additionally treated
with experimental antiviral drugs, the contribution of
plasma to improved clinical outcome of COVID-19 needs
further investigation.'* Moreover, less is known about the
antibody kinetics in convalescent plasma donors and
recipients. Convalescent plasma with high neutralizing
titers may constitute one possible treatment option for
COVID-19 patients.'> Numerous enzyme-linked immuno-
sorbent assay (ELISA) kits to detect antibodies against

Conclusion: Our data indicate that the efficacy of convalescent plasma treat-
ment of critically ill COVID-19 patients who already had developed strong ant-
iviral immune responses and organ complications is limited.

FFP transfusion, infectious disease testing, intravenous immunoglobulin

SARS-CoV-2 are available on the market. Although recent
studies demonstrated that there is a good correlation
between the immunoglobulin G (IgG) titers,'®'” a classical
neutralization assay is still the method of choice to deter-
mine the antiviral activity of serum or plasma antibodies
against SARS-CoV-2."® According to an EU guidance for
COVID-19 convalescent plasma collection and transfusion,
it is strongly recommended that defined SARS-CoV-2 neu-
tralizing antibody titers be measured in the donated
plasma. The neutralizing titers should be optimally greater
than 1:320, when available, as recommended by the
European Commission for health and food safety.'® The
dynamics of IgG-antibody titers and neutralizing titers in
convalescent plasma donors and recipients are still poorly
investigated. The primary aim of the current study was to
assess humoral immune responses against SARS-CoV-2 in
convalescent blood donors and critically ill COVID-19
patients before and after the onset of plasma treatment.
The secondary aim was to investigate the effectivity of con-
valescent plasma treatment in critically ill COVID-19
patients. Therefore, humoral immune responses were
tested by IgG antibody ELISA and a standard neutraliza-
tion assay. The distribution of antibody responses and the
correlation of results to ELISA and neutralization assay
were analyzed. Furthermore, we investigated the effectiv-
ity of convalescent plasma treatment in eight critically ill
COVID-19 patients and monitored the IgG-ELISA and
neutralizing antibody titers.

2 | MATERIALS AND METHODS

2.1 | Volunteers and patients

Volunteers were selected as convalescent plasma donors
if their SARS-CoV-2 infection was polymerase chain reac-
tion (PCR)-confirmed, their antibody ratio was >3, they
fulfilled all criteria as blood donor, and they were blood
group identical to the patient. Between April 24 and June
7, 2020, eight SARS-CoV-2-infected patients with respira-
tory insufficiency requiring intensive care treatment who
themselves or their legal guardians provided informed
consent were recruited for this study. The treatment was
carried out as a series of individual healing attempts,
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whereby the indication in each case was determined by
an experienced intensivist and transfusionist. The study
was approved by the local ethics committee and was per-
formed in accordance with the ethical standards noted in
the 1964 Declaration of Helsinki and its later amend-
ments or comparable ethics standards. All volunteers and
patients/their legal guardians provided informed consent
to participate in the study.

2.2 | Antibody ELISA

IgG antibodies against SARS-CoV-2 were determined by
a semiquantitative ELISA (Euroimmun, Liibeck,
Germany), according to the manufacturer's instructions.
The ELISA plates were coated with recombinant SARS-
CoV-2 spike protein (S1 domain). Results are given as a
ratio (patient sample/control sample). An antibody ratio
of >1.1 was considered positive, >0.8 to <1.1 as border-
line, and <0.8 as negative.

2.3 | Cells and virus

Vero E6 cells were purchased from ATCC (Manassas,
Virginia, USA; ATCC® CRL-1586™) and maintained in
Dulbecco's modified Eagle's medium (DMEM) sup-
plemented with 1% fetal calf serum (FCS), penicillin
(100 TU/ml), and streptomycin (100 pg/ml). SARS-CoV-2
was isolated from a nasopharyngeal swab of a patient suf-
fering from COVID-19 as previously described.?® The
virus was propagated on Vero E6 cells cultured in DMEM
containing 10% (v/v) FCS and supplemented with penicil-
lin (100 IU/ml), streptomycin (100 pg/ml), ciprofloxacin
(10 pg/ml), and amphotericin B (2.5 pg/ml). Viral titers
were determined by endpoint dilution assay and expressed
as 50% tissue culture infective dose (TCIDsg)/ml.

2.4 | Neutralization

Neutralization capacity of sera from potential plasma
donors or from COVID-19 patients was determined by
endpoint dilution assay. Therefore, serial dilutions (1:20
to 1:2560) of the respective sera were pre-incubated with
100 TCIDs, of SARS-CoV-2 for 1 h at 37°C and added
afterward to confluent Vero E6 cells cultured in 96-well
microtiter plates. On day 3 after infection, the cells were
stained with crystal violet (Roth, Karlsruhe, Germany)
solved in 20% methanol (Merck, Darmstadt, Germany),
and the appearance of cytopathic effects (CPEs) was ana-
lyzed by light microscopy. The neutralizing titer was
defined as the reciprocal of the highest serum dilution at

which no CPE breakthrough in any of the triplicate test-
ing wells was observed.

2.5 | Plasmapheresis Procedures

By August 10, 2020, 22 plasmapheresis procedures were
performed in 11 volunteers, yielding 66 units of plasma
(200-280 ml each). We used the cell separators Amicus™
(Fresenius Kabi, Bad Homburg, Germany), Trima Accel
™ (Terumo BCT, Eschborn, Germany), and Haemonetics
MCS+ TM (Haemonetics GmbH, Miinchen, Germany).
The production of the convalescent plasma was possible
due to the permission by the county government
(AZ24.05.05.02, Gestattung gemifd §79 Absatz 5 AMG).
Additionally, serum samples were collected at the time of
plasma donation to measure the ELISA and neutralizing
antibody titers.

2.6 | Statistical analysis

Statistical analysis was performed using GraphPad Prism
8.0.1 (San Diego, CA, United States). For the analysis of
neutralization titers, the reciprocal value was chosen
(1/x). Detectable neutralization below a titer of 1:20 was
set as 1:10. We used Spearman correlation and linear
regression analysis for numerical variables, that is, for
ELISA results and neutralizing antibody titers. Two-sided
p values <.05 were considered significant.

3 | RESULTS
3.1 | Recruitment of CP donors and
COVID-19 patients

The study includes 61 potential plasma donors (43 males,
18 females) who recovered from COVID-19 infection.
SARS-CoV-2 infection was previously confirmed by PCR.
The mean age of the donors was 45 years (19-65), and
their mean body mass index, 264 kgm™ (22.2-
36.8 kg m™?). Thirty-six stayed in a risk area, and the
mean interval to onset of symptoms was 55 days
(22-100). An experienced physician examined the volun-
teers for their suitability as blood donor. The cohort
included 26 with blood group O, 24 with A, five with B,
and four with AB. Two were not tested for their blood
group because they have directly been excluded from
blood donation due to medical reasons. Donor sera were
tested for IgG antibodies against SARS-CoV-2 by ELISA
and a standard neutralization assay. Twenty 3-year-old
retention samples of blood donors served as negative
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controls. Eight COVID-19 patients were treated under
intensive care conditions at the University Hospital Essen
and received convalescent plasma as an individual healing
attempt (Table 1). All patients were critically ill and
required mechanical ventilation. Six patients received extra-
corporeal membrane oxygenation (ECMO). ECMO therapy
was chosen in case of a severe disturbance of oxygenation
and carboxylation, if the ventilation pressure was too high
and a prone position could not improve the disorder. Five
patients received convalescent plasma from Essen and one
from Aachen, one from Diisseldorf, and one from Bad
Oeynhausen, respectively. We started testing for antibodies
on April 9, 2020, the first plasma collection was performed
on April 15, 2020, and the first administration of convales-
cent plasma was on April 24, 2020.

3.2 | SARS-CoV-2IgG ELISA and
neutralizing antibody titers in
convalescent plasmas

Sera from 61 healthy volunteers who recovered from
COVID-19 infection were tested for SARS-CoV-2 IgG
ELISA and neutralizing antibody titers. Forty-nine volun-
teers (80%) displayed an antibody ratio classified as posi-
tive (ODRgaiio = 1.1), five (8%) as borderline (ODggsi0 > 0.8

to <1.1), and seven (11%) as negative (ODgatio < 0.8)
(Figure 1). The median ratio was ODg,g, = 2.88 (range

-
N
]

-
o
|

1.1

SARS-CoV-2 IgG ELISA (OD__, )

|
3-year old
retention samples

Convalescent
plasma

FIGURE 1 SARS-CoV-2 IgG ELISA (Euroimmun) ratios in
sera of convalescent volunteers and in control samples. In total,

61 sera from convalescent, potential blood donors with a SARS-
CoV-2 PCR-confirmed infection (left panel) and in twenty 3-year-
old retention samples from our blood bank (right panel) were
tested for SARS-CoV-2 spike S1 domain-specific IgG. Samples were
classified as positive (ODgago > 1.1), borderline (ODgay0 > 0.8 to
<1.1), or negative (ODgagi0 < 0.8). Horizontal bars represent the
median and the interquartile range. The gray shaded area indicates
borderline results

0.24-10.32). Additionally, twenty 3-year-old retention
plasma samples of blood donors were tested. As expected,
all samples acquired a long time before the onset of the
SARS-CoV-2 pandemic were negative for SARS-CoV-2-
specific IgG (median ratio: ODgago = 0.18, range 0.10-
0.36) (Figure 1). There was no time dependency of SARS-
CoV-2 IgG antibodies (r = 0.14 and p = .3) observed
within this time period, as indicated by Spearman’s corre-
lation analysis (Figure 2). The content of neutralizing
antibodies is clearly a critical factor in convalescent
plasma treatments. Therefore, we determined the neu-
tralizing activity of the sera toward SARS-CoV-2 in cell
culture. In total, 52 out of 61 convalescent plasmas
completely neutralized a viral load of 100 TCIDs, SARS-
CoV-2 at dilutions ranging from 1:20 to 1:640, and the
median neutralizing titer was 1:160 (Figure 3). Interest-
ingly, neutralizing antibodies could not be detected in
nine of 61 donors, despite a previous PCR-confirmed
SARS-CoV-2 infection (Figure 3). The detection limit was
at a dilution of 1:20. Next, we analyzed the correlation
between the SARS-CoV-2 spike S1 IgG antibody ratios
and neutralizing titers. We found a significant correlation
(r = 0.69 and p < .0001) between the IgG ELISA results
and neutralizing antibody titers (Figure 4).

3.3 | Clinical efficacy of convalescent
plasma treatment of critically ill COVID-19
patients

Starting in April 2020, eight critically ill COVID-19
patients were treated with convalescent plasmas at inten-
sive care units at the University Hospital Essen. The

-
N
|

"_% r=0.14
8“ 10 o p=0.3
g o o ©
= 8+ o
w o ©) o o©
% 6— ©So T e
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Days after the onset of COVID-19 symptoms

FIGURE 2
convalescent volunteers acquired at different periods after the
disease onset. SARS-CoV-2 spike S1 antibodies were measured by
ELISA (Euroimmun) in sera from convalescent, potential blood
donors with PCR-confirmed SARS-CoV-2 infection. Correlation
analysis was performed by Spearman’s test. The continuous line

Distribution of antibody ratios in sera of

shows the regression line, and the broken lines show the 95%
confidence interval
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FIGURE 3 SARS-CoV-2 neutralizing antibody titers in sera of

convalescent plasma donors. The neutralizing antibody titers in
sera from 61 potential blood donors were determined by endpoint
dilution assay. Serial dilutions (1:20 to 1:2560) of the respective
plasma samples were pre-incubated with 100 TCIDs, of SARS-
CoV-2 for 1 h at 37°C and subsequently incubated on Vero E6 cells
for 3 days. Cytopathic effects (CPEs) were analyzed by light
microscopy. The neutralizing titer is given as the reciprocal of the
highest plasma dilution required for complete virus neutralization.
The horizontal bars represent median and the interquartile range

majority of patients received three plasma units, each
containing 200-280 ml, which was infused at day 1, 3,
and 5. However, one of the patients (COVP008) received
only two units of convalescent plasma (CP) because after
starting CP treatment, the PCR yielded a negative result
for SARS-CoV-2 at baseline and because no further unit
with blood group B was available. Convalescent plasma
was well tolerated in all patients. The course of anti-
bodies is shown in Figure 5(A) and (B). Six of eight
patients were known to suffer from COVID-19 since at
least 1 week before the onset of plasma treatment
(Table 1). Six patients showed critical comorbidities at
the onset of COVID-19 symptoms (Table 1). One patient
showed no comorbidities at hospitalization (Table 1).
Seven of the patients were SARS-CoV-2 RNA-positive
before the onset of plasma treatment (Figure 5(C)). Dur-
ing the period of treatment, we monitored the SARS-
CoV-2 IgG ELISA and neutralizing antibody titers of
those patients. At the onset of treatment, five of the
patients showed higher SARS-CoV-2 IgG ELISA ratios
than those of the respective donors (Figure 5(A)). The
median antibody ratio of the eight patients was 7.5, and
that of their donors was 5.8. Accordingly, neutralizing
antibody titers in sera from COVID-19 patients were
higher (median 1:640) than those in sera from donors

TRANSFUSION-

r=0.69
p <0.0001
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FIGURE 4 Correlation between SARS-CoV-2 IgG ELISA and
neutralizing antibody titers. The correlation between the SARS-
CoV-2 IgG ELISA ratios (Euroimmun) and neutralizing antibody
titers in sera of 61 convalescent, potential blood donors with PCR-
confirmed infection was calculated using Spearman's rank
correlation test

whose convalescent plasmas were used for treatment
(median 1:320) (Figure 5(B)). Nevertheless, we observed
an increase of antibody ratios in seven patients after
treatment with convalescent plasma. Neutralizing titers
increased in four patients (COVP003, COVP004,
COVP008, and COVP009) after receiving the first conva-
lescent plasma treatment, reaching a neutralizing titer of
up to 1:10,240 (Figure 5(B)). During the whole course
after convalescent plasma treatment, five patients showed
an increase of neutralizing antibody titers. However, the
increase in antibody ratios or neutralizing titers did not
correlate with patient survival.

The clinical course improved in three patients
(COVP004, COVP006, and COVP025) shortly after receiv-
ing convalescent plasma, and all of them finally recovered
from infection (Figure 5(C)). Notably, patient COVP006
suffered from a coronary heart disease and pulmonary
adenocarcinoma (Table 1). Two of the patients who finally
recovered from COVID-19 (COVP004 and COVP006)
became SARS-CoV-2 RNA-negative rapidly after plasma
transfusion, and one on day 28 after the onset of treatment
(Figure 5(C)). Four patients (COVP003, COVP007,
COVP009, and COVP014) remained SARS-CoV-2 RNA-
positive and died despite convalescent plasma treatment
and high levels of neutralizing antibody titers up to 1:5120
(Figure 5(B) and (C)). All these patients showed severe, life
threatening comorbidity at the onset of the convalescent
plasma treatment such as multiple organ failure or end-
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stage cardiomyopathy (COVP003, COVP007, COVP009,
and COVP014) (Table 1). One patient (COVP008) died on
day 21 despite receiving two plasma infusions and becom-
ing RNA negative by day 18 after the onset of treatment.
The patients whose survival seemed to be associated with
plasma therapy received convalescent plasma on day
10 and those who deceased on day 13 (median after onset
of symptoms). Furthermore, the survivors suffered from
fewer comorbidities.

Taken together, convalescent plasma treatment was
associated with survival in three of eight (38%) critically
ill COVID-19 patients.

4 | DISCUSSION

In the present study, we analyzed the SARS-CoV-2 IgG
ELISA and neutralizing antibody titers in plasmas from

61 donors who recovered from SARS-CoV-2 infection
and from eight critically ill intensive care COVID-19
patients undergoing convalescence plasma therapy as
individual healing attempt.

Overall, there was a good correlation between the
IgG-S1-ELISA ratios and neutralizing titers (r = 0.69).
The SARS-CoV-2 IgG ELISA (Euroimmun) test measures
antibody binding to the spike-S1 domain of the SARS-
CoV-2 spike protein. This region harbors the ACE-2
receptor-binding site, which is crucial for the infection of
the cell.?** Antibodies that bind the receptor-binding
site may neutralize the virus, which would explain the
correlation between S1-specific antibody titers and neu-
tralizing titers.”>** The median neutralizing antibody
titer we found in convalescent donors was 1:160 (range
1:20-1:640). Similar average neutralizing titers in people
who recovered from COVID-19 were recently described
by others.”” Interestingly, we found that neutralizing
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antibody titers in sera from recovered donors were mark-
edly lower (mean = 1:160) than those in sera from criti-
cally ill COVID-19 patients taken at least 7 days after the
onset of COVID-19 symptoms (median = 1:640). In addi-
tion, neutralizing titers in convalescent plasma donors
were lower or equal when compared with those of the
COVID-19 patients included in this study. Because the
plasma donors reported only mild symptoms or were
asymptomatic, there seems to be a clear correlation
between neutralizing antibody titers and the severity of
disease. This finding is consistent with recent studies
reporting that patients with more severe disease contain
relatively higher neutralizing antibody titers than people
recovered from a mild disease or those with an asymp-
tomatic course of disease.?6~*° Furthermore, our observa-
tion is in line with recent studies investigating the
antibody titers in symptomatic and asymptomatic people
with a PCR-confirmed SARS-CoV-2 infection. The
authors reported that IgG-ELISA and neutralizing anti-
body titers were significantly lower in the asymptomatic
cohort.?” Moreover, a recent study showed that the aver-
age neutralizing antibody titers in outpatients or conva-
lescent plasma donors are up to 3000 times lower than
those in hospitalized patients.*® The reason for the differ-
ent antibody kinetics is not fully understood. The sero-
conversion rates and neutralizing antibody titers in
severe cases may be associated with prolonged viral shed-
ding, and low antibody responses in mild cases may be
due to short-lived infections.! However, the clinical
meaning of the neutralizing antibody titers against SARS-
CoV-2 warrants further studies.

Despite the presence of neutralizing antibodies, seven
of eight patients were SARS-CoV-2 RNA-positive when
receiving the first plasma application. All the patients
were in a critical condition and required mechanical ven-
tilation or ECMO. The patients received the first conva-
lescent plasma application between at least 7 and
>22 days after the onset of disease, and most of the
patients already had high neutralizing antibody titers,
which were higher than those of the convalescent
plasma. The mortality rate in this cohort was 62.5% (5/8
patients deceased). In comparison, a comprehensive
study published in April 2020 reported a mortality rate of
76.4% in the 18-65 age group and that of 97.2% in the
>65 age group of patients who received mechanical ven-
tilation but no convalescent plasma transfusion.*> How-
ever, due to the limited number of patients included in
our study, it was impossible to determine whether CP
treatment might have a beneficial effect on the overall
survival. Notably, recent studies from China, United
States, and India (PLACID trial) published between
August and November 2020 reported no significant dif-
ferences in clinical status or overall mortality between
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patients treated with convalescent plasma and those
without CP treatment.>** In our study, only three of
eight patients recovered from COVID-19, confirming that
there is no significant benefit of convalescence plasma
therapy started in advanced stage of infection, when the
patients already have high titers of neutralizing anti-
bodies in the blood stream. Our data are consistent with
other recent and past literature, demonstrating that pas-
sive antibody-based immunotherapies are most effica-
cious when administrated early in disease.'*3°~*

In summary, we report that the efficacy of convales-
cent plasma treatment of critically ill COVID-19 patients
at late stage of disease, when the patients already have
high levels of neutralizing antibodies, is less effective.
Starting a convalescent plasma treatment in high-risk
patients at earlier stage of disease could improve the
effectiveness of the therapy.
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