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BACKGROUND. Neutralizing antibodies are considered a key correlate of protection by current SARS-CoV-2 vaccines. The
manner in which human infections respond to therapeutic SARS-CoV-2 antibodies, including convalescent plasma therapy,
remains to be fully elucidated.

METHODS. We conducted a proof-of-principle study of convalescent plasma therapy based on a phase | trial in 30 hospitalized
COVID-19 patients with a median interval between onset of symptoms and first transfusion of 9 days (IQR, 7-11.8 days).
Comprehensive longitudinal monitoring of the virological, serological, and disease status of recipients allowed deciphering of
parameters on which plasma therapy efficacy depends.

RESULTS. In this trial, convalescent plasma therapy was safe as evidenced by the absence of transfusion-related adverse
events and low mortality (3.3%). Treatment with highly neutralizing plasma was significantly associated with faster virus
clearance, as demonstrated by Kaplan-Meier analysis (P = 0.034) and confirmed in a parametric survival model including viral
load and comorbidity (adjusted hazard ratio, 3.0; 95% Cl, 1.1-8.1; P = 0.026). The onset of endogenous neutralization affected
viral clearance, but even after adjustment for their pretransfusion endogenous neutralization status, recipients benefitted
from plasma therapy with high neutralizing antibodies (hazard ratio, 3.5; 95% Cl, 1.1-11; P = 0.034).

CONCLUSION. Our data demonstrate a clear impact of exogenous antibody therapy on the rapid clearance of viremia before
and after onset of the endogenous neutralizing response, and point beyond antibody-based interventions to critical laboratory
parameters for improved evaluation of current and future SARS-CoV-2 therapies.

TRIAL REGISTRATION. ClinicalTrials.gov NCT04869072.

FUNDING. This study was funded via an Innovation Pool project by the University Hospital Zurich; the Swiss Red
Cross Gliickskette Corona Funding; Pandemiefonds of the UZH Foundation; and the Clinical Research Priority Program
“Comprehensive Genomic Pathogen Detection” of the University of Zurich.

Introduction

Neutralizing antibodies are recognized as a principal correlate for
protection induced by SARS-CoV-2 vaccines (1, 2) and have been
used for antiviral treatment as the active component in convales-
cent plasma therapy (3-9) and as monoclonal antibody (mAb) ther-
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apeutics (10, 11). Unless applied very early, in most clinical trials
antibody-based SARS-CoV-2 therapies have not achieved the sub-
stantial disease-modulating effect initially hoped for. The influ-
ence of most plasma- and neutralizing mAb-based interventions
was limited to early infection at best (5, 12, 13). Accordingly, with
one exception (14), therapeutic mAbs are thus far predominantly
applied in nonhospitalized, early infection for people at risk (15-17).

Trials of convalescent plasma therapy were initiated early
in the pandemic, and rapidly bolstered by an FDA emergency
use authorization (18-22). However, despite numerous clinical
trials, the utility of convalescent plasma in COVID-19 remained
uncertain, with some studies and meta-analyses reporting no
effects or only modest effects (19-21, 23-29) and some indicat-
ing benefit (3-9, 30-33). Differences in study design, however,
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Figure 1. Study design and clinical and virological assessment. (A) Schematic depiction of the study design, including timeline of consecutive treat-
ment with convalescent plasma units and clinical and laboratory assessments. PCR NPS, PCR from nasopharyngeal swab. Figure created with BioRender
(biorender.com). (B) Study flow chart. CPT, convalescent plasma therapy. (C) Longitudinal clinical assessment of trial participants (n = 30), with a 7-catego-
ry ordinal scale for pulmonary function. 1: Usual activities with minimal/no symptoms. 2: No supplemental oxygen; symptomatic and unable to under-
take usual activities. 3: Supplemental oxygen <4 L/min. 4: Supplemental oxygen 24 L/min. 5: Noninvasive ventilation or high-flow oxygen. 6: Invasive
ventilation, extracorporeal membrane oxygenation, mechanical circulatory support. 7: Death. (D and E) Assessment of viral load. Longitudinal viral RNA
concentrations (copies/mL) in plasma (D) and NPS (E) in trial participants (n = 30).

limit direct comparative outcome analyses across studies. Anal-
ysis of the effective plasma antibody titers applied, the timing of
administration, and the recipient’s immune status will be critical
to resolve inconsistencies.

The presumed active component of SARS-CoV-2 convales-
cent plasma, neutralizing antibodies, is commonly not high-ti-
tered (34, 35) and substantially diluted upon transfusion. Con-
sidering the immediate consumption of these antibodies in
virus-immune complexes and their natural half-life, the activ-
ity of transfused antibodies is likely limited to a comparatively
short period of time.

Therefore, in addition to mortality, other outcome and analyt-
ical parameters must be determined to establish the basic efficacy
of plasma antibody therapy. Since comprehensive assessment of
clinical and laboratory parameters is not feasible in large-scale tri-
als, small investigational proof-of-principle studies are needed to
define suitable outcome and parameter measures. With this goal
in mind, we used the framework of a phase I study to conduct a
proof-of-principle study (ClinicalTrials.gov NCT04869072) to

evaluate the safety of convalescent plasma therapy and explore
donor plasma antibody and outcome parameters for future effi-
cacy studies. In contrast to previous studies, the study popula-
tion comprised 34% immunocompromised patients, a clearly
underrepresented population in COVID clinical trials. Next to the
conventional outcome and clinical parameters, we focused on a
comprehensive assessment of the recipient seroconversion status
and the SARS-CoV-2 antibody profile of donor plasma to elucidate
which parameters are associated with viral clearance.

Results

Study design. To investigate the potential of convalescent plasma
therapy, we conducted a nonrandomized, open-label, phase I clin-
ical trial, “Convalescent Plasma Therapy - Zurich Protocol (CPT-
ZHP)” (NCT04869072), that included a comprehensive SARS-
CoV-2 antibody profiling of donor plasma alongside a longitudinal
monitoring of laboratory and clinical parameters (Figure 1A and
Supplemental Tables 1-3; supplemental material available online
with this article; https://doi.org/10.1172/JCI158190DS1). At the
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Table 1. Baseline characteristics of trial participants (plasma recipients)

Age, median (IQR)
Weight (kg), median (IQR)
Sex, no. (%)
Male
Female
Comorbidity, no. (%)
Any
Diabetes
Preexisting cardiovascular disease
Immunodeficiency
Chronic obstructive pulmonary disease
Neoplastic disease
Solid organ transplant
Number of days since symptom onset, median (IQR)
Number of days since admission to hospital, median (IQR)
Disease severity score, no. (%)
1

o Ul B W N

7
Clinical parameters, median (IQR)

Blood pressure, diastolic (mmHg)

Blood pressure, systolic (mmHg)

Temperature (°C)

Respiratory rate (breath/min)

Saturated oxygen level (%)
Laboratory parameters, median (IQR)

C-reactive protein (mg/L)

D-dimer (mg/L)

Ferritin (ug/L)

Fibrinogen (g/L)

IL-6 (mg/L)

LDH (U/L)
NT, , before transfusion, median (IQR)
COVID-19-specific radiological signs, no. (%)
PCR tests (nasopharyngeal swab)

Negative, no. (%)

Positive, no. (%)

log,, viral load among positive, median (IQR)
PCR tests (blood)

Negative, no. (%)

Positive, no. (%)

log,, viral load among positive, median (IQR)
SARS-CoV-2-specific medication, no. (%)

Dexamethasone

Remdesivir

Total

635 (58.2-68.5)
85(71.2-91.8)

20 (67%)
10 (33%)

22 (73%)
8 (27%)
20 (67%)
5(17%)
2 (7%)
3(10%)
2(7%)
9(7-11.8)
1(1-2)

0 (0%)
14 (47%)
10 (33%)

5 (17%)

0 (0%)

1(3%)

0 (0%)

76 (70.2-83.2)

127 (119.5-141.5)

371(36.8-37.5)
18 (16-22)
94 (93-96)

98.5 (66.2-143.8)
0.7(0.5-1.2)
691 (456.5-1219.8)
5.6(5-6.1)

33 (18.6-53)
5475 (489.5-687.5)
123.3 (100-707.2)
30 (100%)

0 (0%)
30 (100%)
45(39-5.2)

14 (47%)
16 (53%)
3(2.8-34)

5(17%)
4 (13%)

Neutralization level of donor

NT,, < 250

n=13

65 (59-69)
78 (71-92)

10 (77%)
3(23%)

8 (62%)
3(23%)
8 (62%)
0 (0%)

2 (15%)

0 (0%)
0 (0%)
9 (6-11)
1(0-1)

0 (0%)
6 (46%)
4 (31%)
2 (15%)
0 (0%)
1(8%)

0(0%)

70 (65-76)
121(118-123)
37 (36.8-373)

19 (16-22)

94 (94-95)

100 (74-185)
0.7 (0.6-1.6)
819 (513-1222)
5.8 (5.5-6.1)
36.8 (29.5-48.1)
565 (520-718)

0 (0%)

13 (100%)
44(3.8-5.6)

6 (46%)
7 (54%)

3(29-31)

2 (15%)
2 (15%)

NT,,>250
n=17
62 (58-67)
85 (72-88)

10 (59%)
7 (41%)

14 (82%)
5 (29%)
12 (71%)
5 (29%)
0 (0%)
3 (18%)
2 (12%)
9(7-12)
2(1-2)

0(0%)
8 (47%)
6 (35%)
3 (18%)
0 (0%)
0 (0%)

0(0%)

80 (75-89)
132 (127-148)
374 (37-375)
17 (16-20.5)

94 (92-96)

84 (66-137)
0.8 (0.4-1)

595 (371-848)

54 (5-5.8)

30.4 (16.9-54.6)
503 (451-665)
103 (100-704.7) 2046(100—707.2)
13 (100%)

17 (100%)

0(0%)
17 (100%)
4.6 (44-51)

8 (47%)
9 (53%)
32(29-38)

3(18%)
2 (12%)

Pvalue

0.74
0.34

044
044

0.24

0.7
0.052
018
0.24
049
048
0.2

= IE =s = = = =S

0.0m
0.014
0.77
0.68
0.62

0.75
041
0.88
0.6
048
0.29
045

1
1

Total 51 (IgG + IgA + IgM S1 activity)

< Median
n=15
66 (61-71)
76 (70.5-92.5)

1(73%)
4(27%)

1(0-1)

72 (65.5-77)
123 (118.5-137)
37 (36.8-374)
18.5 (16.5-22)

95 (94-96)

85 (64.5-124)
0.7(0.6-13)
758 (483-1217.5)
5.6 (4.9-6.1)
35.7 (23.8-48)
542 (497-608)
103 (100-693.5)
15 (100%)

0 (0%)
15 (100%)
4.6 (41-5.7)

7 (47%)
8 (53%)
31(3-4)

2 (13%)
4(27%)

> Median
n=15
61(55.5-65)
86 (80.5-88)

9 (60%)
6 (40%)

11(73%)
5 (33%)
9 (60%)
2 (13%)
0 (0%)
0 (0%)
2 (13%)
11(7.5-11.5)
2(1-2)

80 (74.5-84)
128 (124-145)
374 (371-375)
16 (16-20)
94 (91.5-94.5)

106 (66.5-165.5)
0.9 (0.4-1)
666 (444-1065)
56 (5.2-6.2)
304 (17.5-55.7)
550 (483-706.5)
204.6 (100-686.4)
15 (100%)

0 (0%)
15 (100%)
45(3.9-4.9)

7 (47%)
8 (53%)
29(2.8-33)

3(20%)
0(0%)

Pvalue

013
0.2

0.7
0.7

0.68
0.7

048
0.22
048
0.68
0.052

0.27

_ a o

0.07
021
0.7
0.65
01

0.44
0.82
0.36
046
0.38
0.84
0.46
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Table 2. Basic demographics of banked and transfused plasma from convalescent donors

Convalescent plasma

Transfused (n = 30)

(banked) (n = 75) Transfused (total) NT,, <250 NT,, > 250 Pvalue

Age, median (IQR) 33 (21-45.5) 26.5 (20-38.5) 26 (19-36) 27 (20-39) 0.73
Sex, no. (%)

Male 75 (100%) 30 (100%) 13 (100%) 17 (100%) 1.00
Blood type, no. (%)

A 34 (45%) 13 (43%) 6 (46%) 7 (41%) 1.00

B 9 (12%) 5 (17%) 1(8%) 4 (24%) 0.35

AB 1(1%) (3%) 1(8%) 0 (0%) 043

0 28 (37%) (37%) 5 (38%) 6 (35%) 1.00
Duration of symptoms, median days 12 (8-16.5) 10.5 (7-15.5) 10 (7-14) 1(7-16) 0.74
(IQR)

time of study initiation in April 2020, the study was ranked as a
first-in-human study by Swiss authorities, necessitating a focus
on safety and excluding the formation of a no-treatment group.
Next to safety as a primary outcome, this proof-of-principle study
was tailored to allow a within-study efficacy assessment. We
conducted an extensive monitoring of parameters, to determine
what effect transfused SARS-CoV-2 plasma antibodies have on
the virological and disease status (secondary outcomes) (Sup-
plemental Table 4). Patients received 3 units of plasma (200 mL
each) of a single donor on 3 consecutive days (in total, 600 mL)
followed by extensive clinical and laboratory marker monitoring
over 70 days (Figure 1A). Consecutive administrations of smaller
plasma volumes (200 mL each) were chosen to limit the risk of
transfusion-related adverse events while allowing high dosing of
convalescent plasma. The study protocol did not specify a thresh-
old for SARS-CoV-2 serum antibodies in donor plasma for sev-
eral reasons. At the time of study initiation, April 2020, the role
of protective, neutralizing antibodies had not been ascertained,
and validated serology and neutralization tests were not yet
available. Setting arbitrary thresholds for SARS-CoV-2 reactivity
without knowing relevant protective levels was thus considered
as problematic, since, if wrongly set, this may limit the potential
to retrieve information on the therapeutic effect of SARS-CoV-2
antibodies. The study design thus allowed for inclusion of plasma
donors without prior screening for SARS-CoV-2 antibody levels.
This ascertained that plasma used for therapy would capture a
range of SARS-CoV-2 levels enabling a post hoc analysis of the
influence of antibody dose on outcome.

Study population and baseline characteristics. Thirty SARS-
CoV-2-infected patients, hospitalized with COVID-19, were
enrolled between April and December 2020 at a single trial
center, the University Hospital Zurich, Zurich, Switzerland,
according to the approved study inclusion and exclusion crite-
ria (Figure 1B and Supplemental Table 2). All trial participants
showed radiological signs of COVID-19 pneumonia at inclu-
sion, with 18/30 (60%) requiring oxygen supplementation but
not treatment in an intensive care unit. Baseline characteristics
at inclusion (Table 1 and Supplemental Table 5) were typical for
COVID-19 and reflected the demographic distribution observed
for hospitalized patients in Switzerland in 2020 (36, 37). The

median age at inclusion was 63.5 years (IQR, 58.2-68.5), 10/30
participants (33%) were women, and 22/30 participants (73%)
presented with 1 or more comorbidities (Table 1 and Supplemen-
tal Table 5). Thirty-three percent (10/30) of patients had immu-
nosuppression, including immunodeficiency (17%), cancer
(10%), and solid organ transplantation. During the trial period,
mostly SARS-CoV-2 lineages derived from B.1, harboring D614G
but otherwise closely related to the original Wuhan-Hu-1 strain
(MN908947.3), were prevalent in Switzerland (GISAID; www.
gisaid). Full genome sequencing of SARS-CoV-2 in nasopharyn-
geal swabs (NPSs) of 26 plasma recipients confirmed this (Sup-
plemental Figure 1 and Supplemental Table 5).

In addition to plasma therapy, all patients received the stan-
dard COVID-19 treatment recommended in Switzerland at the
respective time of admission. This was initially limited to symp-
tomatic control, supportive care, and oxygen therapy and was lat-
er extended to include therapy with remdesivir (12, 38, 39) and /or
steroids (40) when these options became available in Switzerland
(Table 1 and Supplemental Table 5). Five patients (17%) received
systemic steroid therapy, four (13%) were treated with remdesivir,
and one (3.3%) received combination therapy with systemic ste-
roids and remdesivir (Table 1 and Supplemental Table 5).

Convalescent plasma therapy and safety assessment. Participants
received a total of 600 mL, split as 200 mL plasma units of the
same ABO-compatible plasma donor on 3 consecutive days. In
line with numerous other studies that attest to the safety of con-
valescent plasma therapy in COVID-19 (41-43), we observed no
transfusion-related adverse events (Supplemental Tables 6 and 7).
Adverse events that were ranked as related to COVID-19 or oth-
er underlying diseases but not to plasma therapy were observed
in 6/30 individuals (20%), in the range expected for the included
COVID-19 stage (Supplemental Table 7 and ref. 22).

One patient (patient 15; Supplemental Table 5) with chronic
lymphocytic leukemia died from bacterial, hospital-acquired pneu-
monia by day 12. No other deaths occurred by study completion,
resulting in an overall mortality rate of 3.3% (Supplemental Table
7) within 72 days after study enrollment. Median duration of hospi-
talization was 8 days (IQR, 6-13). To include an outcome measure
that allows a gradual assessment of disease progression and cure,
we longitudinally assessed the patients’ health status by a 7-category

J Clin Invest. 2022;132(12):e158190 https://doi.org/10.1172/)CI158190
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ordinal scale for pulmonary function as previously described (refs.
44, 45, and Supplemental Table 8). The function score improved
gradually, with 25/30 (83%) patients reaching full pulmonary func-
tion by study completion (Figure 1C and Supplemental Table 9).
Only 2 participants required intensive care over the trial period and
needed mechanical ventilation (Figure 1C and Supplemental Table
9). Notably, we observed overall a rapid improvement in respiratory
rate, oxygen saturation, and body temperature at day 9, i.e., 1 week
after the last plasma dose (Supplemental Figure 2A and Supplemen-
tal Table 10). Laboratory markers of inflammation progressively
improved in the majority of participants to reach reference values at
study completion (day 72) (Supplemental Figure 2B and Supplemen-
tal Table 10). C-reactive protein levels in particular showed a rapid
decline following plasma therapy (Supplemental Figure 2B and Sup-
plemental Table 10). Coagulopathy, indicated by increased D-di-
mer and fibrinogen levels, has been frequently observed in patients
with COVID-19 and is associated with subsequent thromboembolic
events and severe outcomes (46-50). Notably, fibrinogen was elevat-
ed at baseline in all patients but was already significantly decreased
by day 4 (P = 0.0063, 2-sided, paired ¢ test), whereas D-dimer lev-
els were elevated only in a fraction of participants (21/28, 75%) and
remained at comparable levels throughout.

To monitor virological improvement, we measured SARS-
CoV-2 viral load in blood and NPSs (Figure 1, D and E). Median
log,, baseline viral load in NPSs was 4.5 (IQR, 3.9-5.2), with 16/30

J Clin Invest. 2022;132(12):e158190 https://doi.org/10.1172/)CI158190
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Figure 2. Antibody characteristics
of convalescent donor plasma.

(A) Profiling of donor plasma for
neutralization activity and seroreac-
tivity to SARS-CoV-2 antigens. Data
of all banked donors (transfused,

n =30; not transfused, n = 45) are
shown. Binding antibody reactivity
was measured in the ABCORA test
(readout median fluorescence inten-
sity signal over cutoff [SOC]). Fifty
percent neutralization titers (NT,,)
were measured against Wuhan-Hu-1
pseudotyped virus. Donor plasmas
are stratified into plasmas with high
(NT,, >250) and low (NT, < 250)
neutralization potency. (B) Antibody
binding titers in banked donor plasma
measured by the Elecsys S assay (U/
mL). (C) NT,, titers against Wuhan-
Hu-1 pseudotyped virus in banked

. plasma donors. (B and C) Two-sided,
unpaired t test comparing the trans-
fused and non-transfused plasma.
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individuals presenting with measurable SARS-CoV-2 viremia in
plasma. Viral load in both specimens rapidly decreased in line
with the normalization of clinical parameters (Figure 1, D and E).

Antibody profiling of SARS-CoV-2 convalescent plasma. During
the study, a total of 75 plasma donations were collected from con-
valescent male donors to ascertain the availability of ABO-compat-
ible plasma (Table 2 and Supplemental Table 10). Post hoc analysis
of the SARS-CoV-2 serological responses in this plasma cohort with
the sensitive multiplex seroprofiling test ABCORA showed a hetero-
geneous pattern prototypic for SARS-CoV-2 infection ranging from
high responses with IgG, IgA, and IgM reactivity to spike proteins
(S1, RBD, and S2) and nucleoprotein (N) to low reactivity (Figure
2A). This pattern of high and low serum responses was confirmed by
monitoring of total Ig against the receptor-binding domain (RBD) in
the Elecsys S assay (Roche Diagnostics GmbH) (Figure 2B). Neutral-
izing titers against Wuhan-Hu-1 pseudovirus in donor plasma ranged
from no neutralization activity to a titer of 2700 (Figure 2C).

Impact of convalescent plasma antibody on viral clearance.
Release from the hospital in our trial depended not only on the
health status but also on de-isolation rules that were adapted over
time by authorities. Time to hospital discharge could therefore not
be used as an endpoint. We therefore directly assessed the impact
on virological improvement and investigated whether and which
SARS-CoV-2-specific donor plasma antibody parameters are asso-
ciated with viral clearance. Neutralizing antibodies are the pre-
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Figure 3. Treatment with highly neutralizing plasma leads to faster viral clearance. (A and B) Assessment of the time (days) to viral clearance in NPSs in plasma
recipients (n = 30) according to the level of neutralization potency of the received convalescent donor plasma. High neutralization activity is set as NT, > 250, low
neutralization activity as NT,; < 250. (A) Kaplan-Meier curves compared by log-rank test. (B) Survival function estimate with a parametric model for interval-cen-
sored data. The parametric estimate is adjusted for the baseline NPS viral load and the presence of any comorbidity. Depicted survival curves of recipients of high-
and low-neutralizing donor plasma correspond to the predicted viral clearance in individuals without comorbidity and with a baseline viral load (NPS) equal to the
median viral load observed among the 30 patients. (C) Forest plot corresponding to B, showing the hazard ratios of the univariable (black) and the multivariable
(red) model of time to viral clearance in NPSs for convalescent donor plasma neutralization level (low/high), baseline viral load, and the presence of comorbidity.

sumed active antiviral component of convalescent plasma. Effec-
tive treatment should therefore result in decreasing viral load.

In conformity with analyses conducted by the Expanded
Access Program and the FDA (51, 52), we classified high and
low neutralizing plasma by a 50% neutralization titer (NT, ) of
250 and stratified patients accordingly. Baseline characteristics
of trial participants receiving high- and low-titer plasma were
found to be very comparable (Table 1). Treatment with highly
neutralizing plasma was associated with faster viral clearance
in NPSs, as shown by a basic Kaplan-Meier analysis (P = 0.034;
Figure 3A), but not with time to hospital discharge (Supplemen-
tal Figure 3). We next verified this result in a parametric model
that allowed for interval-censored data for the SARS-CoV-2 anti-
body measurement and adjusted for 2 recipient baseline param-
eters. We adjusted for viral load in NPSs because higher viral
loads are likely to require longer to clear. We also considered that

viral clearance was mediated by both the patient’s endogenous
immune response and the supplied convalescent plasma. We fur-
ther adjusted for comorbidities, as several trial participants had
underlying diseases that can lead to impaired immune function
(Supplemental Table 5). The parametric model including NPS
viral load and comorbidity confirmed the effect of convalescent
plasma content on viral clearance in NPSs (adjusted hazard ratio,
3.0; 95% CI, 1.1-8.1; P = 0.026; Figure 3, B and C). We verified
these observations in a series of sensitivity analyses. Exclusion
of 3 individuals who were incapable of mounting an antibody
response to SARS-CoV-2 did not alter the result (adjusted hazard
ratio, 2.8; 95% CI, 1.0-7.7; P = 0.046; Supplemental Figure 4, A
and B). Excluding remdesivir-treated individuals (n = 4) from the
hazard ratio analysis, we observed an even higher impact of plas-
ma neutralizing activity on viral clearance (adjusted hazard ratio,
4.8; 95% CI, 1.6-14; P = 0.0056; Supplemental Figure 4, C and

J Clin Invest. 2022;132(12):e158190 https://doi.org/10.1172/)CI158190
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Figure 4. Spike-specific binding and neutralizing antibodies in convalescent donor plasma are linked with rapid viral clearance. (A) Impact of convalescent
donor plasma antibody parameters on the time to viral clearance in recipients (n = 30) was assessed by multivariable parametric survival models. Hazard ratios for
individual antibody reactivities adjusted for the presence of comorbidity and the baseline viral load (NPS) are shown. Significant results are marked in red. Low and
high binding activity for each individual binding antibody parameter measured in the Elecsys S test (total RBD) and for the ABCORA test parameters is stratified
by the respective median binding reactivity. Low and high neutralization activity of transfused convalescent donor plasma is stratified by an NT, of 250. (B) Forest
plot depicting hazard ratios of univariable (black) and multivariable (red) models of time to viral clearance including total S1(sum of ABCORA IgG, IgA, and IgM
reactivity with S1) stratified by the median binding reactivity. Multivariable analyses are corrected for baseline viral load (NPS) and the presence of comorbidity.

D). The outcome further remained unchanged with (a) exclusion
of both individuals without endogenous SARS-CoV-2 antibodies
and individuals with remdesivir treatment (n = 6) (Supplemen-
tal Figure 4, E and F), (b) exclusion of systemic corticosteroid-
treated patients (n = 5) (Supplemental Figure 4, G and H), or (c)
exclusion of individuals based on all 3 criteria (systemic corti-
costeroids, remdesivir, and incapability of mounting antibody
response; 1 = 10) (Supplemental Figure 4, I and J). On the basis
of these analyses, we concluded that high neutralizing activity in
convalescent plasma promotes rapid viral clearance.

J Clin Invest. 2022;132(12):e158190 https://doi.org/10.1172/JC1158190

Considering that most convalescent plasma studies did not
assess neutralizing activity in convalescent plasma but relied
on more readily available serological assays, we next examined
whether any of the antibody types among the 12 SARS-CoV-2
reactivities detected by ABCORA seroprofiling or the Elecsys S
assay readout confirmed the finding for neutralizing antibodies.
To this end, we performed a series of survival analyses assessing
the effect of each individual antibody reactivity, as well as com-
posite total antibody reactivities, on time to viral clearance (Figure
4A, Supplemental Figure 5, and Supplemental Table 11). In each of
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these analyses, we stratified plasma according to the median reac-
tivity into a high- and a low-reactivity treatment group and again
controlled for remdesivir treatment (Supplemental Figure 6) and
immune suppression (Supplemental Figures 7 and 8) in sensitivi-
ty analyses. Most neutralizing SARS-CoV-2 antibodies target the
RBD and the receptor-binding motif within the RBD, leaving only
a comparatively small fraction of neutralization to S1 trimer-spe-
cific, spike N-terminal domain, and spike S2 antibodies (53-59).
Accordingly, we initially focused on RBD responses but did not
detect a differential effect of plasma on viral clearance when strat-
ifying based on the Elecsys S assay (Figure 4A and Supplemental
Figure 9). This was in stark contrast to reactivities determined by
the ABCORA seroprofiling test, by which high S1 IgG, IgA, and
IgM levels and high RBD IgA levels were associated with faster
viral clearance irrespective of whether remdesivir-treated indi-
viduals were included (Figure 4A and Supplemental Figure 6).
Particularly notable were IgA responses that displayed the highest

:

72

impact on rapid viral clearance across all antigens. Owing to their
sequential evolution upon seroconversion, reactivities within an
antibody class are expected to be correlated to a certain degree.
This was also evident in our plasma donor cohort (Supplemental
Figure 10). Based on the observed high association of S1 reactivi-
ties with viral clearance, we selected the composite S1 value com-
prising IgG, IgA, and IgM S1 activity (total S1) as a parameter to be
included in further analysis (Figure 4B).

We further quantified the effect of plasma therapy on virus
decay dynamics using censored regression models. We found that
half-lives of virus load in NPSs in recipients of high neutralizing
plasma were shorter, confirming the results from the hazard anal-
ysis (half-lives: 1.4 days [95% CI, 1.0-2.2] when NT,_ < 250 vs.
0.99 days [95% CI, 0.67-1.9] when NT, > 250, P = 0.013) (Figure
5A). This effect was also evident when remdesivir-treated individ-
uals were excluded, and with stratification for S1 reactivity (total
S1) (Figure 5B and Supplemental Figure 11, A and B).

J Clin Invest. 2022;132(12):e158190 https://doi.org/10.1172/)CI158130
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Figure 6. Recipients’ endogenous neutralizing antibodies efficiently control plasma viremia. (A) Recipients’ pretransfusion endogenous 50% plasma
neutralization titers (NT, ) against Wuhan-Hu-1 pseudovirus. For each time point (days 0, 9, 72) the number of patients with available sample is indicated.
Box plots depict the interquartile ranges, with vertical lines (whiskers) representing a distance of 1.5 times the interquartile range below the first quartile and
above the third quartile. (B) Recipients’ longitudinal binding antibody activity at baseline (day 0), day 9, and day 72 assessed with the multiplex SARS-CoV-2
ABCORA 2 test. Sample numbers per time point are as shown in A. Signal over cutoff (S0C) values of IgG, IgA, and IgM against RBD and S1are shown. Box
plots indicate the interquartile ranges,with vertical lines (whiskers) representing a distance of 1.5 times the interquartile range below the first quartile and
above the third quartile. (C) Spearman’s correlation matrix assessing correlation between age; comorbidities; viral load in NPS (copies/mL) and blood (binary
yes/no); and neutralization titer (NT, ) and total 51(SOC values) at day 0 and day 9. Levels of significance were assessed by asymptotic t approximation of
Spearman’s rank correlation. Color shading denotes correlation coefficient. Levels of significance: *P < 0.05, **P < 0.01, ***P < 0.001. (D) Group comparison
of plasma viral load from recipients stratified by presence of pretransfusion endogenous neutralization activity (baseline d = 0) (no neutralization, NT_, <100;
neutralization activity, NT_, > 100). Levels of significance were calculated by Wilcoxon's rank sum test.

Endogenous neutralizing antibodies control plasma viremia. Our
trial focused on individuals with COVID-19 with severe pulmo-
nary manifestation requiring hospitalization but not intensive
care. The median interval between the onset of symptoms and
the first transfusion was 9 days (IQR, 7-11.8 days; Table 1). To rate
the seroconversion status of trial participants, we monitored the
evolution of SARS-CoV-2 antibodies at baseline and selected time

J Clin Invest. 2022;132(12):e158190 https://doi.org/10.1172/JC1158190

50 —

points throughout the trial (Figure 6, A and B, and Supplemental
Figure 12). Seroprofiling with the ABCORA test indicated a wide
range of seroconversion among participants at baseline ranging
from low-level partial responses to full-blown seroconversion with
high IgG anti-spike levels. Overall, trial participants were in a rela-
tively early stage of the immune response as illustrated by increas-
ing IgM, IgA, and IgG levels (Figure 6B). Twelve individuals had
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no detectable neutralization activity at baseline (Figure 6A), but
with the exception of the 3 individuals who completely lacked the
capacity to mount an antibody response (Supplemental Figure
13), neutralizing and binding antibodies increased in the majori-
ty of participants from baseline to day 9 and plateaued thereafter
(Figure 6, A and B, and Supplemental Figure 12). Presence of neu-
tralizing antibodies had an impact on the virological status of the
recipient. Detectable SARS-CoV-2 in blood was inversely linked
with neutralization activity at baseline (Spearman’s correlation,
P = 0.015; Figure 6C). Stratifying patients according to the pres-
ence of pretransfusion endogenous neutralization activity (n =29
patients with available data; Supplemental Table 12) corroborated
the effect of the endogenous neutralizing response on suppres-
sion of systemic viremia in the early phase of the infection in an
alternate analysis (Wilcoxon’s rank sum test, P = 0.000027; Fig-
ure 6D). We therefore concluded that the endogenous pretrans-
fusion serological status of the recipient, particularly neutralizing
responses, and the virological status must be considered in evalu-
ating SARS-CoV-2 antiviral therapies.

Impact of the endogenous serological status on the outcome of plas-
ma therapy. Viral clearance in the context of the study needs to be
viewed as the composite of the patients’ immunity and the activity
of therapeutic plasma. We therefore investigated whether endog-
enous and exogenous neutralizing antibody activity coinfluence
each other. Of the 29 individuals with available pretransfusion
neutralization data, 3 immunocompromised individuals incapable
of mounting antibody responses were excluded (Supplemental Fig-
ure 13), resulting in a subcohort of 26 individuals for these analy-
ses. Neutralization titers significantly increased in both recipients
of high- and low-neutralization plasma by day 9 (Figure 7A) to com-
parable levels (Figure 7B), suggesting that by this time point the
measured activity is dominated by the endogenous neutralization
response and transfused antibodies have a marginal contribution.
Neutralization activity increased in immunocompetent individu-
als with and without endogenous neutralization activity at base-
line and reached comparable levels by day 9 (Figure 7C). To probe
whether the endogenous neutralization activity before transfusion
or the neutralization antibody content of the donor plasma has
an influence on the durability of the neutralization response, we
assessed the relative change in neutralization titers between days 9
and 72. Groups stratified for low and high recipient and donor plas-
ma neutralization activity showed similar patterns of increasing
and decreasing neutralization activity (Figure 7D). No differences
in the durability of neutralization activity were detected by day 72
in either subgroup, supporting the notion that plasma treatment
has a transient impact and no immunomodulatory effect.

Finally, we tested for the combined effect of neutralization
activity in the donor and recipient plasma on viral clearance.
We hypothesized that viral clearance will be already ongoing in
individuals who have neutralizing antibodies at baseline. Strong
effects on virus clearance during plasma therapy may therefore be
observed in individuals with no baseline neutralization activity,
for whom the onset of endogenous neutralizing antibody and the
convalescent plasma treatment overlap. Therefore, to distinguish
the effect of donor plasma on viral clearance, we thought it pru-
dent to consider the effect of recipient neutralization activity. To
address this, we adjusted the parametric survival model shown in
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Figure 3C by accounting for recipient endogenous neutralization
activity pretransfusion in addition to baseline viral load, comor-
bidities, and donor plasma neutralization activity.

High neutralization activity in convalescent plasma was asso-
ciated with faster clearance both when the immunocompromised
individuals were excluded (n = 26; hazard ratio, 3.5; 95% CI, 1.1-11;
P=0.034; Figure 7E) and in the full cohort (n = 29; hazard ratio, 4;
95% CI,1.3-13; P = 0.017; Supplemental Figure 14A). This demon-
strates a positive impact of plasma therapy even in individuals
who already have mounted an antibody response to SARS-CoV-2.
Individuals who lacked neutralization activity at baseline showed
atrend toward more rapid clearance, suggesting a strong impact of
the endogenous neutralization activity these individuals mounted
until day 9 (Figure 7C). Evaluation of the effects of S1 antibody
levels in both convalescent plasma and recipients at baseline cor-
roborated the effects of convalescent plasma on viral clearance
but not recipients’ S1 antibodies, thereby reaffirming the effects of
endogenous neutralizing antibodies on viral clearance (Figure 7F
and Supplemental Figure 15).

Discussion

In this study we demonstrate the capacity of convalescent plas-
ma therapy to induce rapid viral clearance. To date, most anti-
body-based therapies against COVID-19, particularly convales-
cent plasma therapies, have shown modest benefit or no benefit
(19-21). One notable exception is an outpatient trial that showed
50% reduced hospitalization rates in individuals who received
high-neutralizing-content plasma (33). Highly diverse disease
patterns in COVID-19 complicate the definition of a time window
for treatment with neutralizing antibodies. The effect of passively
administered antibodies is likely to be greatest at a stage when the
patient’s own antibody response is not yet fully developed, as evi-
denced by trials with therapeutic SARS-CoV-2 antibody and conva-
lescent plasma that noted benefit with administration early in the
course of infection (5, 6, 11, 45, 60, 61). While reducing mortality
is the primary goal of any treatment, the fact that antibody-based
therapeutics can be clinically impactful at early disease stages
prompted us to explore additional outcomes. Owing to its com-
paratively small size and specific design, the proof-of-principle
study of convalescent plasma therapy for COVID-19 reported here
provided the opportunity to perform comprehensive longitudinal
monitoring of recipients’ virological, immunological, and disease
status. In conjunction with equally comprehensive post hoc sero-
profiling of donor plasma, this allowed deciphering of parameters
on which the efficacy of plasma therapy depends. Our data strongly
argue for an influence of convalescent plasma on rapid viral clear-
ance by neutralizing antibodies. The fact that S1 and RBD antibody
activities of different antibody isotypes were associated with rapid
viral clearance supports a multifaceted action of antibodies beyond
IgG-driven neutralization, including antibody effector functions
such as antibody-dependent cellular cytotoxicity, and phagocyto-
sis as well as neutralizing activity of IgA antibodies as previously
suggested (62-64).

The results we present here provide key insights that may
explain the apparent disparity of results of COVID-19 convales-
cent plasma trials. In particular, serological tests may differ in
their ability to detect relevant antibody activity, as demonstrated

J Clin Invest. 2022;132(12):e158190 https://doi.org/10.1172/)CI158190
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Figure 7. Influence of recipients’ endogenous and convalescent plasma antibodies on viral clearance. (A) Analysis of recipients’ plasma neutralization activity
before and after transfusion of convalescent plasma. NT_; titers against Wuhan-Hu-1 pseudotyped virus at baseline (day 0, n = 26), day 9 (n = 26), and day 72

(n = 26) are depicted. Recipients are stratified by neutralizing levels of transfused convalescent donor plasma (left: low NT,; donor plasma < 250; right: high NT, |
>250). Levels of significance were calculated by 2-sided, paired t test. (B) Longitudinal comparison of NT, activity in low/high donor plasma NT, groups at days
0, 9, and 72. Levels of significance were calculated by 2-sided, unpaired t test. (C) Longitudinal comparison of the evolution of recipient neutralization activity
(no neutralization, NT,; < 100; neutralization activity, NT, >100). Levels of significance were calculated by unpaired t test. (D) Alteration in NT, between days 9
and 72 (ratio) according to the donor and recipient baseline neutralization. Levels of significance were calculated by 2-sided, unpaired t test. (E and F) Forest plot
showing hazard ratios of univariable and multivariable survival models of time to viral clearance (n = 26). Both E and F test for baseline viral load and comor-
bidity; E tests additionally for neutralization level in donor plasma and recipients’ pretransfusion plasma, and F tests additionally for S1antibody level in donor

plasma and in recipients’ pretransfusion plasma.
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by the failure of the Elecsys S test to repeat findings confirmed
by 2 other tests, ABCORA serology and neutralization measure-
ments. This underscores the need for standardized assay systems
and the definition of appropriate correlates and surrogate markers
for antibody therapies including convalescent plasma. Serological
profiling is a key element to define relevant parameters particular-
ly in the context of the dynamic interplay of recipient and donor
immunity, as recently shown (65). In contrast to therapeutic anti-
bodies, for which dosing and half-life can be optimized (17, 66), the
neutralizing antibody content in convalescent plasma varies and
is commonly modest (34, 35). Only small and transient increases
in neutralization activity upon transfusion can be expected, given
the limited plasma volumes applied — more so, as transfused anti-
body will be rapidly consumed by virus and eliminated with the
opsonized particles.

The fact that the convalescent plasma in our study was pro-
vided during the build-up phase of the endogenous immunity may
have been crucial in deciphering the effect of antibody therapy.
Importantly, we found that convalescent plasma neutralizing anti-
bodies can have an impact even in already seroconverted individ-
uals, underlining that application for antibody therapeutics should
generally not be viewed as restricted to the earliest, pre-serocon-
version infection phase.

High SARS-CoV-2 viral loads correspond to disease severity
(67-69). Rapid SARS-CoV-2 clearance must thus be considered
as desirable, as therewith dissemination of the virus in the body
will be halted and tissue damage limited. Outcome measures
such as viral clearance should thus be considered to enable the
detection of antibody treatment effects closer to transfusion.
Yet viral clearance may not always be linked with an immedi-
ate recovery. Depending on the progression of the disease and
the state of inflamed organs and tissues, recovery periods may
be extended. Antibody therapeutics may thus reliably record an
impact on viral clearance, but assessment of the clinical impact of
stopping virus replication will remain challenging, as COVID-19
manifestation varies greatly, explaining why virus load clearance
has not yet been established as a predictor of survival following
convalescent plasma therapy.

Immune complexes formed by autologous spike IgG antibod-
ies and SARS-CoV-2 have been implicated in causing lung damage
(70-72), and spike IgG responses with aberrant glycosylation may
in particular contribute to immunopathology (73). As Ig glyco-
sylation patterns normalize relatively rapidly, there is likely only a
short window of time during seroconversion when immunopatho-
logical spike IgG may circulate and cause severe disease. Sero-
conversion must thus be considered as a critical phase to target by
therapeutics. In our trial, external, matured antibody was trans-
fused at a time when the endogenous response was not yet fully
complete. Antibodies in convalescent plasma are known to mature
over long periods, improving their affinity and neutralization
capacity (74-76). Even if low-titered they may therefore be highly
effective. While immune complexes in early seroconversion may
be detrimental if driven by aberrant glycosylated IgG, therapeutic
antibodies and the fully matured antibody responses in convales-
cent plasma may substitute the endogenous response, opsonizing
virus and destining it to clearance via Fc receptor- or complement
receptor-bearing phagocytes.
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Antibody treatments need to be carefully evaluated for the
absence of disease-exacerbating effects. Excessive formation of
immune complexes may advance immunopathology. Enhance-
ment of infection may occur due to uptake of antibody-opsonized
virus by Fc receptor-bearing cells or, as recently described, by
triggering of the spike by a distinct type of antibodies against the
N-terminal domain (77). We observed no negative impact of plasma
treatment in our study. None of the measured antibody parameters
was associated with slowing of viral clearance. The overall mortality
rate in the 30 treated participants was low (3.3%) and well below the
9%-13% average mortality among hospitalized individuals in Swit-
zerland (36, 37). To improve tolerability, our study design foresaw 3
smaller plasma units (200 mL) to be given on 3 consecutive days.
While our study is comparatively small, we observed a safety profile
of convalescent plasma that is comparable to that of plasma admin-
istered for other indications. The absence of transfusion-related
adverse events supports that low-volume application together with
restriction to male plasma donation should be generally considered
to limit adverse events of convalescent plasma therapy.

A limitation of our study is that net effects of plasma treatment
on mortality reduction could not be verified in the absence of a
control group. To compensate for this limitation, the study design
allowed a dose-effect analysis of neutralizing plasma antibodies by
including convalescent plasma with variable levels of neutralizing
antibodies. This approach allowed conclusions to be drawn about
the effects of plasma with a high content of neutralizing antibod-
ies on virus clearance. We consider several factors to be crucial to
why our study showed an effect of convalescent plasma therapy that
was not observed in other studies. First, although several patients
already had mounted an immune response, all received the plasma
therapy still at a comparatively early stage before the peak of endog-
enous antibody activity, thus allowing the passively administered
antibodies to exert their effect. Second, the convalescent plasma
was not selected for antibody content, which provided the opportu-
nity to perform an effective component analysis to decipher wheth-
er and which antibody parameters in donor plasma have an impact.
Third, multifactorial profiling of neutralizing and binding antibody
responses proved critical. Fourth, we carefully controlled for con-
founding factors such as comorbidities, additional treatments with
steroids, and remdesivir. Fifth, our study highlights the importance
of assessing the immune status of patients when analyzing SARS-
CoV-2 therapies. As we show, systemic viremia is inversely related
to the presence of endogenous neutralizing antibody activity and
should be considered a relevant marker of immunity that is not
yet mature, delayed, or impaired. Our study shows a strong effect
of endogenous neutralizing antibody on viral clearance, which
was most pronounced in individuals who had not developed neu-
tralizing activity at baseline. Taken together, these data argue that
beyond antibody-based interventions, SARS-CoV-2 therapeutics in
general must be evaluated in the context of the dynamic state of the
endogenous response, as both evolving endogenous immunity and
the therapeutic agent will have an impact on viral clearance.

Methods

Trial design. The study was initiated in April 2020 and completed in
November 2020 prior to availability of vaccines and monoclonal anti-
body therapeutics in Switzerland. Classification as a first-in-human
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trial under category C excluded formation of a placebo arm. The study
was accordingly designed as a phase I, open-label, nonrandomized,
single-center clinical trial, to evaluate the safety (primary outcome)
and potential efficacy (secondary outcome) of SARS-CoV-2 convales-
cent plasma in COVID-19 disease (Figure 1A and Supplemental Tables
1-4), and focused on individuals with advanced COVID-19 disease
that required hospitalization but not intensive care. Patients received
3 units of single-donor plasma donation (200 mL per unit) on 3 con-
secutive days, followed by an observation period of 70 days, during
which clinical and laboratory parameters were monitored. Data col-
lection and monitoring were coordinated by the Clinical Trials Center
located at the trial site (University Hospital Zurich) and included an
Internet-based secure database, secuTrial, for data and query man-
agement, monitoring, reporting, and coding. An independent data
monitoring committee received weekly reports to assess safety and
decide on continuation or termination of the trial.

Study participants: inclusion and exclusion criteria. Patients hospi-
talized with COVID-19 were recruited. No time limit after SARS-CoV-2
diagnosis or onset of symptoms was set for inclusion. Inclusion criteria
were signed informed consent; COVID-19 diagnosis based on SARS-
CoV-2reverse transcriptase PCR (RT-PCR) testing; and (a) age at least
50 years and presence of atleast 1 of the following risk factors for a poor
outcome: preexisting cardiovascular disease, diabetic disease, chron-
ic obstructive pulmonary disease, chronic liver disease, chronic renal
failure, immunodeficiency, immunosuppression, and neoplastic dis-
ease; (b) age at least 18 years and immunosuppression or cancer; or (c)
age at least 18 years and presence of at least 1 of the following signs of
severe COVID-19: peripheral oxygen saturation (SpO,) < 94% on room
air, O, supplementation, and typical changes on chest x-ray and /or lung
CT scan. COVID-19-related exclusion criteria were (a) life-threaten-
ing COVID-19 defined as hospitalization in the intensive care unit or
mechanical ventilation; (b) signs of acute respiratory distress syndrome
(ARDS); and (c) cytokine release syndrome. Patients with a known his-
tory of IgA deficiency were also excluded from the study.

SARS-CoV-2 convalescent plasma. Plasma donor screening and
selection were based on the following criteria: male, aged above 18
years, fulfilling Swiss criteria for blood donation (78,79), recovered from
RT-PCR-confirmed SARS-CoV-2 infection, 2 negative RT-PCR SARS-
CoV-2 test results from NPS (at least 24 hours apart) before plasmapher-
esis. According to Swiss regulations in transfusion medicine (78), only
male donors were allowed, in order to exclude transfusion-related acute
lung injury (TRALI) reaction after transfusion of plasma obtained from
female donors. Routine plasma collection procedures via plasmaphere-
sis technology, processed and pathogen-inactivated using INTERCEPT
technology according to standard operating procedures as approved by
Swissmedic (80-84), were applied. Labeling of final product and release
for transfusion were compliant with the requirements of the Federal Act
on Medicinal Products and Medical Devices, Swissmedic, and the pre-
scription of Blutspende Schweiz. Each plasma donation was split into 3
aliquots containing 200 mL. The plasma products were immediately
frozen (fresh-frozen plasma [FFP]) and thawed upon use. In total, 75
plasma donations were collected between April and November 2020 to
ascertain the availability of ABO-compatible plasma.

Convalescent plasma transfusion. Three units of 200 mL of con-
valescent plasma (FFP) of a single donor were transfused to one
ABO-compatible recipient on 3 consecutive days (days 0, 1, 2; Figure
1A). Recipients had to have no signs of circulatory instability nor ARDS
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before transfusion. Convalescent plasma transfusion was adminis-
tered at a rate of 100 mL/h. One gram paracetamol and 1 mg clemas-
tine were administered as premedication 1 hour before convalescent
plasma transfusion. After the treatment period, plasma recipients
were followed up for 10 weeks, with safety visits performed 2 and 7
days as well as 3 and 10 weeks after the last plasma donation (day 2).

Standard COVID-19 treatment. In addition to the convalescent plas-
ma therapy, patients received the standard treatment for COVID-19
recommended at the time. Treatment consisted of symptom control
and supportive care and was continuously adjusted to guidelines of the
Swiss Society of Infectious Diseases (85). Oxygen therapy was supplied
per requirement. Trial participants had access to all upcoming novel
COVID-19 treatment options during the trial. Depending on the clin-
ical indication, antiviral drugs (remdesivir) and steroids (dexametha-
sone) were provided in addition to individually required medications
for non-COVID-19-related causes including antibacterial therapy.

Monitoring of transfusion-related adverse events. Patients were mon-
itored by expert hematologists for occurrence of adverse events due to
plasma therapy, including TRALI, anaphylactic reactions, hemolytic
reactions, and transfusion-associated circulatory overload.

Clinical laboratory parameters. To assess safety and beneficial
effects of convalescent plasma therapy as defined in the trial’s outcome
measures (Supplemental Table 4), an extended evaluation of clinical
parameters was conducted based on routine diagnostic analyses from
chemistry, hematology, immunology, microbiology, and virology (Sup-
plemental Table 3). SARS-CoV-2-specific analyses are detailed below.

Assessing overall clinical status. We included a 7-category “pulmo-
nary” ordinal outcome used in the TICO trial as a measure to rate over-
all clinical improvement as previously described (45). This pulmonary
outcome allows a longitudinal assessment of disease stage. We did not
focus our analyses on length of hospitalization owing to local circum-
stances, as during the early phase of the pandemic, release from the
hospital in our trial depended not only on the health status but also on
de-isolation rules that were adapted over time by authorities.

Quantitative SARS-CoV-2 RT-PCR. NPSs and plasma were ana-
lyzed for SARS-CoV-2 by RT-PCR using the cobas SARS-CoV-2 IVD
test (Roche Diagnostics GmbH) as previously described (86). Samples
are recorded negative when both E-gene and ORF-1 are not detected.
Ctvalues are recorded for positive RT-PCR results.

ABCORA 2 multiplex SARS-CoV-2 serology profiling. Seroreactivity
to SARS-CoV-2 was profiled in EDTA plasma (1:100 diluted) using the
in-house-developed multiplex bead assay ABCORA 2 (87). The assay
measures IgG, IgA, and IgM reactivity to 4 SARS-CoV-2 antigens, RBD,
S1,S2, and N (12 SARS-CoV-2 parameters), in addition to IgG, IgA, and
IgM reactivity to S1 of HCoV-HKU1. Raw median fluorescence inten-
sity (MFI) values were corrected for background binding to empty
beads and recorded as MFI-FOE (fold over empty beads; ref. 87). Using
predefined thresholds for positivity for each of the 12 measured SARS-
CoV-2 parameters (87), signal over cutoff (SOC) values (MFI-FOE/
threshold) were derived. SOC values greater than 1 denote positive
reactivity; SOC less than 1 denotes negative reactivity. SARS-CoV-2-
positive plasma reactivity was defined using the ABCORA 2.3 compu-
tational approach, achieving 99.07% specificity and 94.29% sensitivity
(87). Antibody binding titers were defined by serial plasma dilution and
recorded as 50% effective titer concentrations (ECSO) using a 4-param-
eter logistic curve [y = bottom + (top - bottom) /(1 + 105¢50 - ) x Hill
slope] as described previously (87).
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Elecsys Anti-SARS-CoV-2 S assay. Donor plasma was evaluat-
ed with the Elecsys Anti-SARS-CoV-2 S assay (Roche Diagnostics
GmbH; referred to here as Elecsys S), a quantitative electro-chemi-
luminescence immunoassay that detects total antibodies against the
SARS-CoV-2 S protein RBD, according to the manufacturer’s instruc-
tions. Results are recorded in U/mL. Values >0.80 U/mL are recorded
as positive for anti-SARS-CoV-2 S antibodies.

SARS-CoV-2 pseudo-neutralization assay. SARS-CoV-2 plasma neu-
tralization activity against Wuhan-Hu-1 pseudoviruses was assessed as
previously described (87, 88) using the env-inactivated HIV-1 reporter
construct pHIV-1NL4-3 AEnv-NanoLuc (pHIV-1Nanoluc) and HT1080/
ACE2cl.14 cells (both provided by P. Bieniasz, Rockefeller University,
New York, New York, USA) and the C-terminal truncated SARS-CoV-2
spike expression plasmid P CoV2 Wuhan. Pseudotypes were produced
in HEK293T cells (American Type Culture Collection). Plasma neutral-
ization titers causing 50% reduction in viral infectivity (NT, ) in com-
parison with controls without plasma were calculated by fitting of a sig-
moid dose-response curve (variable slope), using GraphPad Prism with
constraints (bottom = 0, top = 100). If 50% inhibition was not achieved
at the lowest plasma dilution 0f 1:100, a “less than” value was recorded.
All measurements were conducted in duplicate.

SARS-CoV-2 whole-genome sequencing. During the trial period
(April-November 2020), SARS-CoV-2 lineages derived from B.1, har-
boring D614G but otherwise closely related to the original Wuhan-
Hu-1 strain (MN908947.3), were prevalent in Switzerland (GISAID;
www.gisaid). SARS-CoV-2 whole-genome sequencing was performed
according to the nCoV-2019 sequencing protocol v3 (LoCost) V.3 (89,
90). Briefly, total nucleic acids were extracted, followed by reverse
transcription with random hexamers using LunaScript RT SuperMix
Kit (New England Biolabs). The generated cDNA was used as input for
2 pools of overlapping PCR reactions (~400 nt each) spanning the viral
genome using Q5 Hot Start High-Fidelity 2X Master Mix (New England
Biolabs). Amplicons were pooled per patient before NexteraXT library
preparation and sequencing on an Illumina MiSeq for 1 x 151 cycles.
To generate SARS-CoV-2 consensus sequences, reads were iteratively
aligned using SmaltAlign (91).

Statistics. Statistical analyses were performed in R (version 4.0.5)
and plotted using the ggplot2 package (92). All reported statistical
analyses are of an explorative, descriptive nature. We therefore opt-
ed not to adjust for multiple testing. Completion of plasma therapy
(day 2, after the third dose) was defined as end of treatment. To assess
benefits of treatment, laboratory and respiratory outcomes were com-
pared between baseline and follow-up visits using a 2-sided, paired ¢
test. Plasma recipients with missing values either at baseline or after
therapy were not considered in this analysis.

Differences in clinical, laboratory, and immunological parameters
in recipient subgroups were analyzed by 2-sided ¢ test. Differences in
times to viral clearance according to given subgroups were assessed
either by Kaplan-Meier analysis or by interval-censored parametric
survival models. In the Kaplan-Meier analyses, time to viral clearance
was defined as the first negative PCR test (no Ct or Ct 45) that was not
followed by any positive test. The parametric survival model assumed
a y-distributed time to clearance and used the last positive and first
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negative SARS-CoV-2 RT-PCR tests in NPS to define the interval in
which the virus was cleared. The difference in time to viral clearance
between the 2 groups was modeled assuming proportional hazard.
We adjusted these analyses for 2 potential confounders: baseline viral
load and the presence of any comorbidity. Finally, we determined the
impact of the donor plasma on virus decay using censored regression.

Study approval. The study (ClinicalTrials.gov NCT04869072) was
approved by the local ethics committee Kantonale Ethikkomission
Kanton Ziirich (KEK) of the Canton of Zurich, Switzerland (BASEC
2020-00787). Written informed consent was obtained from all study
participants and convalescent plasma donors. The study was classified
under category C and approved by the Swiss authorities (Swissmedic
2020TpP1004; www.swissmedic.ch).

Author contributions

HFG, MGM, AT, and BMF conceptualized and designed the study.
MM, DLB, EW, RK, HFG, ES, BMF, and MGM conducted clinical
investigations. IAA, SE, AA, MH, SS, MZ, MS, JW, PR, JB, and VK
carried out the laboratory-based investigations. AT, RDK, and IAA
developed the methodology. AH, RDK, and CP performed statisti-
cal analyses. MS and IAA created the figures. HFG, MGM, AT, and
BMF acquired funding. MM, EW, and RK monitored the study. AT,
IAA, RDK, MGM, and BMF supervised the study. AT, IAA, and
MM wrote the original draft of the manuscript. AT, IAA, AH, RK,
MS, DLB, SE, AA, JW, PR, ES, CP, EW, JB, VK, MH, MZ, SS, BMF,
RDK, HFG, and MGM wrote, reviewed, and edited the manuscript.
The order of first authors was based on their sequential roles in the
study: MM, clincial lead; IAA, laboratory analysis; AH, statistics.

Acknowledgments

This study was supported by an Innovation Pool project by the
University Hospital Zurich; the Swiss Red Cross Gliickskette
Corona Funding; Pandemiefonds of the UZH Foundation; and
the Clinical Research Priority Program “Comprehensive Genomic
Pathogen Detection” of the University of Zurich. IAA is supported
by research grant 14851M of the Promedica Foundation. We thank
the staff of the Institute of Medical Virology diagnostics unit, sam-
ple triage, and administration for their support, and the staff of the
participating clinics for coordinating the sample collection during
this clinical trial. We thank the study data safety monitoring board
and Urs Schanz and Malcom Kohler for their work.

Address correspondence to: Alexandra Trkola, Institute of Med-
ical Virology, University of Zurich, Winterthurerstrasse 190,
CH-8047 Zurich, Switzerland. Phone: 41.44.63.42653; Email: trkola.
alexandra@virology.uzh.ch. Or to: Markus G. Manz, Department of
Medical Oncology and Hematology, University Hospital Zurich, Com-
prehensive Cancer Center Zurich, Raemistrasse 100, CH-8091 Zurich,
Switzerland. Phone: 41.44.255.38.99; Email: markus.manz@usz.ch.
Or to: Huldrych F. Giinthard or Roger D. Kouyos, Division of Infectious
Diseases and Hospital Epidemiology, Raemistrasse 100, CH-8091
Zurich, Switzerland. Phone: 41.44.255.33.22. Email: huldrych.
guenthard @usz.ch (HFG); Email: roger.kouyos@uzh.ch (RDK).

__JCI ¥

1. Stamatatos L, et al. mRNA vaccination boosts
cross-variant neutralizing antibodies elicited by
SARS-CoV-2 infection [published online March

ence.abg9175.

25,2021]. Science. https://doi.org/10.1126/sci-

2.Jackson LA, et al. An mRNA vaccine against

SARS-CoV-2 — preliminary report. N Engl ] Med.
20205;383(20):1920-1931.
3. DuanK, et al. Effectiveness of convalescent plas-

J Clin Invest. 2022;132(12):e158190 https://doi.org/10.1172/)CI158190


https://www.jci.org
https://doi.org/10.1172/JCI158190
https://doi.org/10.1126/science.abg9175
https://doi.org/10.1126/science.abg9175
https://doi.org/10.1056/NEJMoa2022483
https://doi.org/10.1056/NEJMoa2022483
https://doi.org/10.1056/NEJMoa2022483
https://doi.org/10.1073/pnas.2004168117
mailto://markus.manz@usz.ch
mailto://guenthard@usz.ch
mailto://roger.kouyos@uzh.ch

The Journal of Clinical Investigation

4.

5

6.

~

8.

9.

10.

11.

ma therapy in severe COVID-19 patients. Proc
Natl Acad SciU S A. 2020;117(17):9490-9496.
Joyner MJ, et al. Early safety indicators of
COVID-19 convalescent plasma in 5000
patients. J Clin Invest. 2020;130(9):4791-4797.

. Libster R, et al. Early high-titer plasma therapy to

prevent severe Covid-19 in older adults. N Engl ]
Med. 2021;384(7):610-618.

Perotti C, et al. Mortality reduction in 46 severe
Covid-19 patients treated with hyperimmune plas-
ma. A proof of concept single arm multicenter trial.
Haematologica. 2020;105(12):2834-2840.

Salazar E, et al. Treatment of coronavirus disease
2019 (COVID-19) patients with convalescent
plasma. Am J Pathol. 2020;190(8):1680-1690.
Liu STH, et al. Convalescent plasma treatment of
severe COVID-19: a propensity score-matched
control study. Nat Med. 2020;26(11):1708-1713.
Joyner MJ, et al. Effect of convalescent plasma
on mortality among hospitalized patients with
COVID-19: initial three-month experience [pre-
print]. https://doi.org/10.1101/2020.08.12.2016
9359. Posted on medRxiv August 12, 2020.

Corti D, et al. Tackling COVID-19 with
neutralizing monoclonal antibodies. Cell.
2021;184(12):3086-3108.

Safety, tolerability, and efficacy of anti-spike

(S) SARS-CoV-2 monoclonal antibodies for
hospitalized adult patients with COVID-19.
2021. https://clinicaltrials.gov. NCT04426695.

Accessed April 27,2022.

12. WHO Solidarity Trial Consortium, et al. Repur-
posed antiviral drugs for Covid-19 — interim
WHO Solidarity Trial results. N Engl ] Med.

13.

14.

15.

16.

17.

2021;384(6):497-511.

ACTIV-3/Therapeutics for Inpatients with
COVID-19 (TICO) Study Group. Efficacy and
safety of two neutralising monoclonal antibody
therapies, sotrovimab and BRII-196 plus BRII-
198, for adults hospitalised with COVID-19
(TICO): arandomised controlled trial. Lancet
Infect Dis. 2021;22(5):622-635.

RECOVERY Collaborative Group. Casirivimab
and imdevimab in patients admitted to hospital
with COVID-19 (RECOVERY): a randomised,
controlled, open-label, platform trial. Lancet.
2022;399(10325):665-676.

US Food and Drug Administration. FDA Authoriz-
es REGEN-COV Monoclonal Antibody Therapy
for Post-Exposure Prophylaxis (Prevention) for
COVID-19. 2021. https://www.fda.gov/drugs/
drug-safety-and-availability/fda-authorizes-regen-
cov-monoclonal-antibody-therapy-post-exposure-
prophylaxis-prevention-covid-19. Updated August
10,2021. Accessed April 27,2022.

US Food and Drug Administration. FDA Autho-
rizes Bamlanivimab and Etesevimab Monoclonal
Antibody Therapy for Post-Exposure Prophylaxis
(Prevention) for COVID-19. 2021. https://www.
fda.gov/drugs/drug-safety-and-availability/
fda-authorizes-bamlanivimab-and-etesevimab-
monoclonal-antibody-therapy-post-exposure-
prophylaxis. Updated September 16, 2021.
Accessed April 27,2022.

Gupta A, et al. Early treatment for Covid-19 with
SARS-CoV-2 neutralizing antibody sotrovimab.

N Engl ] Med. 2021;385(21):1941-1950.
18. US Food and Drug Administration. Emergency

J Clin Invest. 2022;132(12):e158190 https://doi.org/10.1172/JC1158190

19.

20.

2

—_

2!

23.

24.

25.

26.

2

28.

29.

30.

3

pury

33.

N

N

Use Authorization (EUA) for the Emergency Use
of COVID-19 Convalescent Plasma for the Treat-
ment of Hospitalized Patients with Coronavirus
Disease 2019 (COVID-19). https://www.fda.
gov/emergency-preparedness-and-response/
mcm-legal-regulatory-and-policy-framework/
emergency-use-authorization#coviddrugs.
Updated April 26,2022. Accessed April 27,2022.
RECOVERY Collaborative Group. Convales-
cent plasma in patients admitted to hospital
with COVID-19 (RECOVERY): a randomised
controlled, open-label, platform trial. Lancet.
2021;397(10289):2049-2059.

LiL, et al. Effect of convalescent plasma therapy
on time to clinical improvement in patients with
severe and life-threatening COVID-19: a random-
ized clinical trial. JAMA. 2020;324(5):460-470.

. Gharbharan A, et al. Effects of potent neutral-

izing antibodies from convalescent plasma in
patients hospitalized for severe SARS-CoV-2
infection. Nat Commun. 2021;12(1):3189.

Begin P, et al. Convalescent plasma for adults with
acute COVID-19 respiratory illness (CONCOR-1):
study protocol for an international, multicentre,
randomized, open-label trial. Trials. 2021;22(1):323.
Simonovich VA, et al. A randomized trial of con-
valescent plasma in COVID-19 severe pneumo-
nia. N Engl ] Med. 2021;384(7):619-629.
Agarwal A, et al. Convalescent plasma in the
management of moderate covid-19 in adults

in India: open label phase II multicentre ran-
domised controlled trial (PLACID Trial). BMJ.
20205;371:m3939.

Bennett-Guerrero E, et al. Severe acute respirato-
ry syndrome coronavirus 2 convalescent plasma
versus standard plasma in coronavirus disease
2019 infected hospitalized patients in New York:
a double-blind randomized trial. Crit Care Med.
2021;49(7):1015-1025.

Korley FK, et al. Early convalescent plasma for
high-risk outpatients with Covid-19. N Engl ] Med.
2021;385(21):1951-1960.

Kurtz P, et al. Effect of convalescent plasma

in critically ill patients with COVID-19: an
observational study. Front Med (Lausanne).
2021;8:630982.

Sekine L, et al. Convalescent plasma for
COVID-19 in hospitalised patients: an open-
label, randomised clinical trial. Eur Respir J.
2021;59(2):2101471.

Begin P, et al. Convalescent plasma for hos-
pitalized patients with COVID-19: an open-
label, randomized controlled trial. Nat Med.
2021;27(11):2012-2024.

Shen C, et al. Treatment of 5 critically ill patients
with COVID-19 with convalescent plasma.
JAMA. 2020;323(16):1582-1589.

. Zhang B, et al. Treatment with convalescent

plasma for critically ill patients with severe acute
respiratory syndrome coronavirus 2 infection.
Chest. 2020;158(1):e9-¢e13.

. Avendafio-Sola C, et al. Convalescent plasma for

COVID-19: a multicenter, randomized clinical trial
[preprint]. https://doi.org/10.1101/2020.08.26.201
82444. Posted on medRxiv September 29, 2020.
Sullivan DJ, et al. Randomized controlled trial

of early outpatient COVID-19 treatment with
high-titer convalescent plasma [preprint].

CLINICAL MEDICINE

https://doi.org/10.1101/2021.12.10.21267485.
Posted on medRxiv December 21,2021.

34. Robbiani DF, et al. Convergent antibody respons-
es to SARS-CoV-2 in convalescent individuals.
Nature. 2020;584(7821):437-442.

35. Muecksch F, et al. Longitudinal serological anal-
ysis and neutralizing antibody levels in corona-
virus disease 2019 convalescent patients. J Infect
Dis. 2021;223(3):389-398.

36. Roelens M, et al. Evolution of COVID-19 mor-
tality over time: results from the Swiss hospital
surveillance system (CH-SUR). Swiss Med Wkly.
2021;151:w30105.

37. Thiabaud A, et al. Cohort profile: SARS-CoV-2/
COVID-19 hospitalised patients in Switzerland.
Swiss Med Wkly. 2021;151:w20475.

38. Beigel JH, et al. Remdesivir for the treatment
of Covid-19 — final report. N Engl ] Med.
2020;383(19):1813-1826.

39. Davis MR, et al. That escalated quickly: remde-
sivir’s place in therapy for COVID-19. Infect Dis
Ther.2020;9(3):525-536.

40. RECOVERY Collaborative Group, et al. Dexa-
methasone in hospitalized patients with Covid-
19. N Engl ] Med. 2021;384(8):693-704.

41. Joyner MJ, et al. Safety Update: COVID-19 conva-
lescent plasma in 20,000 hospitalized patients.
Mayo Clin Proc. 2020;95(9):1888-1897.

42. Senefeld JW, et al. Access to and safety of
COVID-19 convalescent plasma in the United

States Expanded Access Program: a national reg-
istry study. PLoS Med. 2021;18(12):e1003872.

43. Arnold Egloff SA, et al. Convalescent plasma

associates with reduced mortality and improved

clinical trajectory in patients hospitalized with
COVID-19. ] Clin Invest. 2021;131(20):e151788.

44. World Health Organization. COVID-19 therapeutic
trial synopsis. https://www.who.int/publications/i/
item/covid-19-therapeutic-trial-synopsis. Updated
February 18, 2020. Accessed April 27,2022.

45. ACTIV-3/TICO LY-CoV555 Study Group. A
neutralizing monoclonal antibody for hospi-
talized patients with Covid-19. N Engl ] Med.
2021;384(10):905-914.

46. Levi M, et al. Coagulation abnormalities and
thrombosis in patients with COVID-19. Lancet
Haematol. 2020;7(6):e438-€440.

47. The Lancet Haematology [editorial]. COVID-19
coagulopathy: an evolving story. Lancet Haema-
tol. 2020;7(6):e425.

48. Tang N, et al. Abnormal coagulation parameters
are associated with poor prognosis in patients
with novel coronavirus pneumonia. ] Thromb
Haemost. 2020;18(4):844-847.

49. Zhang L, et al. D-dimer levels on admission to pre-
dict in-hospital mortality in patients with Covid-19.
J Thromb Haemost. 2020;18(6):1324-1329.

50. Wright FL, et al. Fibrinolysis shutdown cor-
relation with thromboembolic events in
severe COVID-19 infection. ] Am Coll Surg.
2020;231(2):193-203.

51. US Food and Drug Administration. Clinical
Memorandum — neutralization titer. https://
www.fda.gov/media/141480/download.
Accessed April 27,2022.

52. Joyner MJ, et al. Convalescent plasma antibody

levels and the risk of death from Covid-19. N Engl
J Med.2021;384(11):1015-1027.

= [


https://www.jci.org
https://doi.org/10.1172/JCI158190
https://doi.org/10.1073/pnas.2004168117
https://doi.org/10.1073/pnas.2004168117
https://doi.org/10.1172/JCI140200
https://doi.org/10.1172/JCI140200
https://doi.org/10.1172/JCI140200
https://doi.org/10.1056/NEJMoa2033700
https://doi.org/10.1056/NEJMoa2033700
https://doi.org/10.1056/NEJMoa2033700
https://doi.org/10.3324/haematol.2020.261784
https://doi.org/10.3324/haematol.2020.261784
https://doi.org/10.3324/haematol.2020.261784
https://doi.org/10.3324/haematol.2020.261784
https://doi.org/10.1016/j.ajpath.2020.05.014
https://doi.org/10.1016/j.ajpath.2020.05.014
https://doi.org/10.1016/j.ajpath.2020.05.014
https://doi.org/10.1038/s41591-020-1088-9
https://doi.org/10.1038/s41591-020-1088-9
https://doi.org/10.1038/s41591-020-1088-9
https://doi.org/10.1101/2020.08.12.20169359
https://doi.org/10.1101/2020.08.12.20169359
https://doi.org/10.1016/j.cell.2021.05.005
https://doi.org/10.1016/j.cell.2021.05.005
https://doi.org/10.1016/j.cell.2021.05.005
https://doi.org/10.1056/NEJMoa2023184
https://doi.org/10.1056/NEJMoa2023184
https://doi.org/10.1056/NEJMoa2023184
https://doi.org/10.1056/NEJMoa2023184
https://doi.org/10.1016/S0140-6736(22)00163-5
https://doi.org/10.1016/S0140-6736(22)00163-5
https://doi.org/10.1016/S0140-6736(22)00163-5
https://doi.org/10.1016/S0140-6736(22)00163-5
https://doi.org/10.1016/S0140-6736(22)00163-5
https://doi.org/10.1056/NEJMoa2107934
https://doi.org/10.1056/NEJMoa2107934
https://doi.org/10.1056/NEJMoa2107934
https://doi.org/10.1016/S0140-6736(21)00897-7
https://doi.org/10.1016/S0140-6736(21)00897-7
https://doi.org/10.1016/S0140-6736(21)00897-7
https://doi.org/10.1016/S0140-6736(21)00897-7
https://doi.org/10.1016/S0140-6736(21)00897-7
https://doi.org/10.1001/jama.2020.10044
https://doi.org/10.1001/jama.2020.10044
https://doi.org/10.1001/jama.2020.10044
https://doi.org/10.1001/jama.2020.10044
https://doi.org/10.1038/s41467-021-23469-2
https://doi.org/10.1038/s41467-021-23469-2
https://doi.org/10.1038/s41467-021-23469-2
https://doi.org/10.1038/s41467-021-23469-2
https://doi.org/10.1186/s13063-021-05235-3
https://doi.org/10.1186/s13063-021-05235-3
https://doi.org/10.1186/s13063-021-05235-3
https://doi.org/10.1186/s13063-021-05235-3
https://doi.org/10.1056/NEJMoa2031304
https://doi.org/10.1056/NEJMoa2031304
https://doi.org/10.1056/NEJMoa2031304
https://doi.org/10.1056/NEJMoa2103784
https://doi.org/10.1056/NEJMoa2103784
https://doi.org/10.1056/NEJMoa2103784
https://doi.org/10.1038/s41591-021-01488-2
https://doi.org/10.1038/s41591-021-01488-2
https://doi.org/10.1038/s41591-021-01488-2
https://doi.org/10.1038/s41591-021-01488-2
https://doi.org/10.1001/jama.2020.4783
https://doi.org/10.1001/jama.2020.4783
https://doi.org/10.1001/jama.2020.4783
https://doi.org/10.1016/j.chest.2020.03.039
https://doi.org/10.1016/j.chest.2020.03.039
https://doi.org/10.1016/j.chest.2020.03.039
https://doi.org/10.1016/j.chest.2020.03.039
https://doi.org/10.1101/2020.08.26.20182444
https://doi.org/10.1101/2020.08.26.20182444
https://doi.org/10.1101/2021.12.10.21267485
https://doi.org/10.1038/s41586-020-2456-9
https://doi.org/10.1038/s41586-020-2456-9
https://doi.org/10.1038/s41586-020-2456-9
https://doi.org/10.1093/infdis/jiaa659
https://doi.org/10.1093/infdis/jiaa659
https://doi.org/10.1093/infdis/jiaa659
https://doi.org/10.1093/infdis/jiaa659
https://doi.org/10.1056/NEJMoa2007764
https://doi.org/10.1056/NEJMoa2007764
https://doi.org/10.1056/NEJMoa2007764
https://doi.org/10.1007/s40121-020-00318-1
https://doi.org/10.1007/s40121-020-00318-1
https://doi.org/10.1007/s40121-020-00318-1
https://doi.org/10.1056/NEJMoa2021436
https://doi.org/10.1056/NEJMoa2021436
https://doi.org/10.1056/NEJMoa2021436
https://doi.org/10.1016/j.mayocp.2020.06.028
https://doi.org/10.1016/j.mayocp.2020.06.028
https://doi.org/10.1016/j.mayocp.2020.06.028
https://doi.org/10.1371/journal.pmed.1003872
https://doi.org/10.1371/journal.pmed.1003872
https://doi.org/10.1371/journal.pmed.1003872
https://doi.org/10.1371/journal.pmed.1003872
https://doi.org/10.1172/JCI151788
https://doi.org/10.1172/JCI151788
https://doi.org/10.1172/JCI151788
https://doi.org/10.1172/JCI151788
https://doi.org/10.1056/NEJMoa2033130
https://doi.org/10.1056/NEJMoa2033130
https://doi.org/10.1056/NEJMoa2033130
https://doi.org/10.1056/NEJMoa2033130
https://doi.org/10.1016/S2352-3026(20)30145-9
https://doi.org/10.1016/S2352-3026(20)30145-9
https://doi.org/10.1016/S2352-3026(20)30145-9
https://doi.org/10.1016/S2352-3026(20)30151-4
https://doi.org/10.1016/S2352-3026(20)30151-4
https://doi.org/10.1016/S2352-3026(20)30151-4
https://doi.org/10.1111/jth.14768
https://doi.org/10.1111/jth.14768
https://doi.org/10.1111/jth.14768
https://doi.org/10.1111/jth.14768
https://doi.org/10.1111/jth.14859
https://doi.org/10.1111/jth.14859
https://doi.org/10.1111/jth.14859
https://doi.org/10.1016/j.jamcollsurg.2020.05.007
https://doi.org/10.1016/j.jamcollsurg.2020.05.007
https://doi.org/10.1016/j.jamcollsurg.2020.05.007
https://doi.org/10.1016/j.jamcollsurg.2020.05.007
https://doi.org/10.1056/NEJMoa2031893
https://doi.org/10.1056/NEJMoa2031893
https://doi.org/10.1056/NEJMoa2031893

B

CLINICAL MEDICINE

53. Thomson EC, et al. Circulating SARS-CoV-2
spike N439K variants maintain fitness while
evading antibody-mediated immunity. Cell.
2021;184(5):1171-1187.

54. Miiller L, et al. Sensitivity of anti-SARS-CoV-2
serological assays in a high-prevalence setting. Eur |
Clin Microbiol Infect Dis. 2021;40(5):1063-1071.

55. Rogers TF, et al. Isolation of potent SARS-

CoV-2 neutralizing antibodies and protection
from disease in a small animal model. Science.
2020;369(6506):956-963.

56. Piccoli L, et al. Mapping neutralizing and immu-
nodominant sites on the SARS-CoV-2 spike recep-
tor-binding domain by structure-guided high-reso-
lution serology. Cell. 2020;183(4):1024-1042.

57. Barnes CO, et al. Structures of human antibodies
bound to SARS-CoV-2 spike reveal common epi-
topes and recurrent features of antibodies. Cell.
2020;182(4):828-842.

58. Starr TN, et al. Deep mutational scanning of
SARS-CoV-2 receptor binding domain reveals
constraints on folding and ACE2 binding. Cell.
2020;182(5):1295-1310.

59. Weisblum Y, et al. Escape from neutralizing anti-
bodies by SARS-CoV-2 spike protein variants.
Elife. 2020;9:e61312.

60. Hamilton FW, et al. Is convalescent plasma futile
in COVID-19? A Bayesian re-analysis of the
RECOVERY randomized controlled trial. Int J
Infect Dis. 2021;109:114-117.

61. O’Donnell MR, et al. A randomized double-blind
controlled trial of convalescent plasma in
adults with severe COVID-19. J Clin Invest.
2021;131(13):e150646.

62. Wang Z, et al. Enhanced SARS-CoV-2 neu-
tralization by dimeric IgA. Sci Transl Med.
2021;13(577):eabf1555.

63. Sterlin D, et al. IgA dominates the early neutraliz-
ing antibody response to SARS-CoV-2. Sci Transl
Med. 2021;13(577):eabd2223.

64. Winkler ES, et al. Human neutralizing antibodies
against SARS-CoV-2 require intact Fc effector
functions for optimal therapeutic protection.
Cell. 2021;184(7):1804-1820.

65. Herman JD, et al. Functional convalescent plas-
ma antibodies and pre-infusion titers shape the
early severe COVID-19 immune response. Nat
Commun.2021;12(1):6853.

66. Weinreich DM, et al. REGN-COV2, a neutralizing
antibody cocktail, in outpatients with COVID-19.
N Engl ] Med. 2021;384(3):238-251.

67. Magleby R, et al. Impact of severe acute respi-
ratory syndrome coronavirus 2 viral load on risk
of intubation and mortality among hospitalized
patients with coronavirus disease 2019. Clin
Infect Dis. 2021;73(11):4197-€4205.

68. Westblade LF, et al. SARS-CoV-2 viral load pre-
dicts mortality in patients with and without can-
cer who are hospitalized with COVID-19. Cancer
Cell. 2020;38(5):661-671.

69. Fajnzylber J, et al. SARS-CoV-2 viral load is
associated with increased disease severity and
mortality. Nat Commun. 2020;11(1):5493.

70. Bartsch YC, et al. Humoral signatures of protec-
tive and pathological SARS-CoV-2 infection in
children. Nat Med. 2021;27(3):454-462.

71. ZhangJ, et al. Pyroptotic macrophages stimulate
the SARS-CoV-2-associated cytokine storm. Cell
Mol Immunol. 2021;18(5):1305-1307.

72. Merad M, Martin JC. Pathological inflamma-
tion in patients with COVID-19: a key role for
monocytes and macrophages. Nat Rev Immunol.
2020;20(6):355-362.

73. Hoepel W, et al. High titers and low fucosylation
of early human anti-SARS-CoV-2 IgG promote
inflammation by alveolar macrophages. Sci
Transl Med. 2021;13(596):eabf8654.

74. Gaebler C, et al. Evolution of antibody immunity to
SARS-CoV-2. Nature. 2021;591(7851):639-644.

75. Wang Z, et al. Naturally enhanced neutralizing
breadth against SARS-CoV-2 one year after
infection. Nature. 2021;595(7867):426-431.

76. Muecksch F, et al. Affinity maturation of SARS-
CoV-2 neutralizing antibodies confers potency,
breadth, and resilience to viral escape mutations.
Immunity. 2021;54(8):1853-1868.

77.LiuY, et al. An infectivity-enhancing site on the
SARS-CoV-2 spike protein targeted by antibod-
ies. Cell. 2021;184(13):3452-3466.

78. Blutspende SRK Schweiz. Medizinische Richt-
linien. https://www.blutspende-srk.ch/de/
informationen-fuer-fachpersonen/mediz-
inische-richtlinien. Accessed April 27, 2022.

79. Blutspendezentrum. Ich will spenden. https://
www.blutspendezurich.ch/spender/ich-will-
spenden. Accessed April 27,2022.

The Journal of Clinical Investigation

80. Swissmedic. Inhaber von Betriebsbewilligungen.
https://www.swissmedic.ch/swissmedic/de/home/
humanarzneimittel/bewilligungen_zertifikate/
betriebsbewilligungen/bewilligungsinhaber.html.
Accessed 27,2022.

. Focosi D, Franchini M. Impact of pathogen-re-
duction technologies on COVID-19 conva-
lescent plasma potency. Transfus Clin Biol.
2021;28(2):132-134.

82. Tonn T, et al. Stability and neutralising capacity
of SARS-CoV-2-specific antibodies in convales-
cent plasma. Lancet Microbe. 2020;1(2):e63.

. Bagri A, et al. Antibody profiles in COVID-19
convalescent plasma prepared with amotosalen/

8

—

8

w

UVA pathogen reduction treatment. Transfusion.
2022;62(3):570-583.

84. Schlenke P, et al. Photochemical treatment of
plasma with amotosalen and UVA light: process
validation in 3 European blood centers. Transfu-
sion.2008;48(4):697-705.

. Swiss Society for Infectious Diseases. Guidelines
of the SSI. https://www.sginf.ch/guidelines/guide-
lines-of-the-ssi.html. Accessed April 27,2022.

86. Huber M, et al. High efficacy of saliva in detect-
ing SARS-CoV-2 by RT-PCR in adults and chil-
dren. Microorganisms. 2021;9(3):642.

87. AbelaIA, et al. Multifactorial seroprofiling dis-

8

wl

sects the contribution of pre-existing human
coronaviruses responses to SARS-CoV-2 immu-
nity. Nat Commun. 2021;12(1):6703.

88. Schmidt F, et al. Measuring SARS-CoV-2
neutralizing antibody activity using pseudo-
typed and chimeric viruses. ] Exp Med.
2021;217(11):e20201181.

89. Tyson JR, et al. Improvements to the ARTIC
multiplex PCR method for SARS-CoV-2 genome
sequencing using nanopore [preprint]. https://
doi.org/10.1101/2020.09.04.283077. Posted on
bioRxiv September 4, 2020.

90. Quick J. nCoV-2019 sequencing protocol v3
(LoCost). 2020. https://www.protocols.io/
view/ncov-2019-sequencing-protocol-v3-lo-
cost-bp216n26rgqe/v3. Updated August 25, 2020.
Accessed April 27,2022.

91. SmaltAlign. Version 1. Medvir; 2021. https://
github.com/medvir/SmaltAlign.

92. Wickham H, ed. ggplot2: Elegant Graphics for Data
Analysis. Springer; 2016.

J Clin Invest. 2022;132(12):e158190 https://doi.org/10.1172/)CI158190


https://www.jci.org
https://doi.org/10.1172/JCI158190
https://doi.org/10.1016/j.cell.2021.01.037
https://doi.org/10.1016/j.cell.2021.01.037
https://doi.org/10.1016/j.cell.2021.01.037
https://doi.org/10.1016/j.cell.2021.01.037
https://doi.org/10.1007/s10096-021-04169-7
https://doi.org/10.1007/s10096-021-04169-7
https://doi.org/10.1007/s10096-021-04169-7
https://doi.org/10.1126/science.abc7520
https://doi.org/10.1126/science.abc7520
https://doi.org/10.1126/science.abc7520
https://doi.org/10.1126/science.abc7520
https://doi.org/10.1016/j.cell.2020.09.037
https://doi.org/10.1016/j.cell.2020.09.037
https://doi.org/10.1016/j.cell.2020.09.037
https://doi.org/10.1016/j.cell.2020.09.037
https://doi.org/10.1016/j.cell.2020.06.025
https://doi.org/10.1016/j.cell.2020.06.025
https://doi.org/10.1016/j.cell.2020.06.025
https://doi.org/10.1016/j.cell.2020.06.025
https://doi.org/10.1016/j.cell.2020.08.012
https://doi.org/10.1016/j.cell.2020.08.012
https://doi.org/10.1016/j.cell.2020.08.012
https://doi.org/10.1016/j.cell.2020.08.012
https://doi.org/10.7554/eLife.61312
https://doi.org/10.7554/eLife.61312
https://doi.org/10.7554/eLife.61312
https://doi.org/10.1016/j.ijid.2021.06.034
https://doi.org/10.1016/j.ijid.2021.06.034
https://doi.org/10.1016/j.ijid.2021.06.034
https://doi.org/10.1016/j.ijid.2021.06.034
https://doi.org/10.1172/JCI150646
https://doi.org/10.1172/JCI150646
https://doi.org/10.1172/JCI150646
https://doi.org/10.1172/JCI150646
https://doi.org/10.1126/scitranslmed.abf1555
https://doi.org/10.1126/scitranslmed.abf1555
https://doi.org/10.1126/scitranslmed.abf1555
https://doi.org/10.1126/scitranslmed.abd2223
https://doi.org/10.1126/scitranslmed.abd2223
https://doi.org/10.1126/scitranslmed.abd2223
https://doi.org/10.1016/j.cell.2021.02.026
https://doi.org/10.1016/j.cell.2021.02.026
https://doi.org/10.1016/j.cell.2021.02.026
https://doi.org/10.1016/j.cell.2021.02.026
https://doi.org/10.1038/s41467-021-27201-y
https://doi.org/10.1038/s41467-021-27201-y
https://doi.org/10.1038/s41467-021-27201-y
https://doi.org/10.1038/s41467-021-27201-y
https://doi.org/10.1056/NEJMoa2035002
https://doi.org/10.1056/NEJMoa2035002
https://doi.org/10.1056/NEJMoa2035002
https://doi.org/10.1093/cid/ciaa851
https://doi.org/10.1093/cid/ciaa851
https://doi.org/10.1093/cid/ciaa851
https://doi.org/10.1093/cid/ciaa851
https://doi.org/10.1093/cid/ciaa851
https://doi.org/10.1016/j.ccell.2020.09.007
https://doi.org/10.1016/j.ccell.2020.09.007
https://doi.org/10.1016/j.ccell.2020.09.007
https://doi.org/10.1016/j.ccell.2020.09.007
https://doi.org/10.1038/s41467-020-19057-5
https://doi.org/10.1038/s41467-020-19057-5
https://doi.org/10.1038/s41467-020-19057-5
https://doi.org/10.1038/s41591-021-01263-3
https://doi.org/10.1038/s41591-021-01263-3
https://doi.org/10.1038/s41591-021-01263-3
https://doi.org/10.1038/s41423-021-00665-0
https://doi.org/10.1038/s41423-021-00665-0
https://doi.org/10.1038/s41423-021-00665-0
https://doi.org/10.1038/s41577-020-0331-4
https://doi.org/10.1038/s41577-020-0331-4
https://doi.org/10.1038/s41577-020-0331-4
https://doi.org/10.1038/s41577-020-0331-4
https://doi.org/10.1126/scitranslmed.abf8654
https://doi.org/10.1126/scitranslmed.abf8654
https://doi.org/10.1126/scitranslmed.abf8654
https://doi.org/10.1126/scitranslmed.abf8654
https://doi.org/10.1038/s41586-021-03207-w
https://doi.org/10.1038/s41586-021-03207-w
https://doi.org/10.1038/s41586-021-03696-9
https://doi.org/10.1038/s41586-021-03696-9
https://doi.org/10.1038/s41586-021-03696-9
https://doi.org/10.1016/j.immuni.2021.07.008
https://doi.org/10.1016/j.immuni.2021.07.008
https://doi.org/10.1016/j.immuni.2021.07.008
https://doi.org/10.1016/j.immuni.2021.07.008
https://doi.org/10.1016/j.cell.2021.05.032
https://doi.org/10.1016/j.cell.2021.05.032
https://doi.org/10.1016/j.cell.2021.05.032
https://doi.org/10.1016/j.tracli.2021.02.005
https://doi.org/10.1016/j.tracli.2021.02.005
https://doi.org/10.1016/j.tracli.2021.02.005
https://doi.org/10.1016/j.tracli.2021.02.005
https://doi.org/10.1016/S2666-5247(20)30037-9
https://doi.org/10.1016/S2666-5247(20)30037-9
https://doi.org/10.1016/S2666-5247(20)30037-9
https://doi.org/10.1111/trf.16819
https://doi.org/10.1111/trf.16819
https://doi.org/10.1111/trf.16819
https://doi.org/10.1111/trf.16819
https://doi.org/10.1111/j.1537-2995.2007.01594.x
https://doi.org/10.1111/j.1537-2995.2007.01594.x
https://doi.org/10.1111/j.1537-2995.2007.01594.x
https://doi.org/10.1111/j.1537-2995.2007.01594.x
https://doi.org/10.3390/microorganisms9030642
https://doi.org/10.3390/microorganisms9030642
https://doi.org/10.3390/microorganisms9030642
https://doi.org/10.1038/s41467-021-27040-x
https://doi.org/10.1038/s41467-021-27040-x
https://doi.org/10.1038/s41467-021-27040-x
https://doi.org/10.1038/s41467-021-27040-x
https://doi.org/10.1101/2020.09.04.283077

	Graphical abstract

