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Summary

Background COVID-19 convalescent plasma (CCP) contains neutralising anti-SARS-CoV-2 antibodies that may be
useful as COVID-19 passive immunotherapy in patients at risk of developing severe disease. Such plasma from
convalescent patients may also have additional immune-modulatory properties when transfused to COVID-19
patients.

Methods CCP (n = 766) was compared to non-convalescent control plasma (n = 166) for soluble inflammatory
markers, ex-vivo inflammatory bioactivity on endothelial cells, neutralising auto-Abs to type I IFNs and reported
adverse events in the recipients.

Findings CCP exhibited a statistically significant increase in IL-6 and TNF-alpha levels (0.531 + 0.04 vs 0.271 + 0.04;
(95% confidence interval [CI], 0.07371-0.4446; p = 0.0061) and 0.900 + 0.07 vs 0.283 + 0.07 pg/mL; (95% [CI],
0.3097-0.9202; p = 0.0000829) and lower IL-10 (0.731 + 0.07 vs 1.22 + 0.19 pg/mL; (95% [CI], —0.8180 to —0.1633;
p = 0.0034) levels than control plasma. Neutralising auto-Abs against type I IFNs were detected in 14/766 (1.8%)
CCPs and were not associated with reported adverse events when transfused. Inflammatory markers and
bioactivity in CCP with or without auto-Abs, or in CCP whether or not linked to adverse events in transfused
patients, did not differ to a statistically significant extent.

Interpretation Overall, CCP exhibited moderately increased inflammatory markers compared to the control plasma
with no discernible differences in ex-vivo bioactivity. Auto-Abs to type I IFNs detected in a small fraction of CCP were
not associated with reported adverse events or differences in inflammatory markers. Additional studies, including
careful clinical evaluation of patients treated with CCP, are required in order to further define the clinical
relevance of these findings.

*Corresponding author. Etablissement Francais du Sang Auvergne-Rhéne-Alpes, INSERM U1059, Campus Santé Innovation - 10 rue de la Mar-
andiére, 42270, Saint-Priest-en-Jarez, France.
E-mail address: fabrice.cognasse@efs.sante.fr (F. Cognasse).
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Research in context

Evidence before this study

COVID-19 convalescent plasma (CCP) contains neutralising
anti-SARS-CoV-2 antibodies that may be useful as COVID-19
passive immunotherapy in patients at risk of developing
severe disease. Such plasma from convalescent patients may
also have additional immune-modulatory properties when
transfused to COVID-19 patients. In addition, auto-Abs
(antibodies) against type | interferons (IFNs) were found to
underlie severe COVID-19 in at least 15% of previously healthy
patients. They appeared to precede the disease and may
therefore be present in plasma donors who previously
presented a hypoxemic form of COVID-19 pneumonia.

Added value of this study

This study seeks to quantify soluble inflammatory molecules
as well as bioactivity in CCP and compare it to non-
convalescent FFP. Furthermore, we also assessed the presence
of auto-Abs to type I IFNs in CCP. Finally, we investigated
whether the inflammatory characteristics of CCP differed in
the presence or absence of auto-Abs or in CCP involved in
transfusion-related adverse events. CCP (COVID-19
convalescent plasma) exhibited significantly higher IL-6 and

Introduction

COVID-19 convalescent plasma (CCP) provided by
previously infected individuals to passively transfer anti-
SARS-CoV-2 antibodies and potentially prevent or treat
COVID-19.!

Fresh Frozen Plasma (FPP) has proved effective in
correcting clotting factor deficiencies® and is therefore
frequently transfused in patients with active bleeding, as
well as those with abnormal coagulation tests to prevent
bleeding.** However, FFP transfusion can be associated
with adverse outcomes, including transfusion-related
acute lung injury (TRALI) as well as transfusion-
associated circulatory overload.” An inflammatory
response, mediated at least in part by factors present in
the transfused FPP, may contribute to plasma-related
adverse events. A causal relationship between inflam-
mation and transfusion-related adverse events has been
clearly described in the platelet transfusion context.*” In
comparison, the role of inflammation in ARs associated
with FFP transfusion has been poorly explored to date.*’

TNF alpha concentrations than control plasma while the IL-10
concentration was lower. Other soluble inflammatory
mediators as well as ex-vivo inflammatory bioactivity on
endothelial cells did not differ between CCP and control
plasma. Auto-Abs neutralising type | IFNs were detected in
1.8 percent of CCP. Auto-Abs neutralising type | IFNs were
mostly found in donors who had been hospitalised. CCP-
associated adverse events (n = 18 patients, involving 48 CCP
versus 400 CCP—without ARs), were not associated with
significant alterations in inflammatory markers or ex-vivo
bioactivity in CCP involved in transfusion-related adverse
events.

Implications of all the available evidence

Overall, CCP exhibited moderately increased inflammatory
markers compared to the control plasma with no discernible
differences in ex-vivo bioactivity. Auto-Abs to type | IFNs
detected in a small fraction of CCP were not associated with
reported adverse events or differences in inflammatory
markers. We also believe that it would be interesting for
future clinical studies involving CCP to evaluate whether this
heterogeneity could contribute to differences in CCP efficacy.

FFP cytokines and chemokines are powerful
modulators of a broad spectrum of immune re-
sponses, including inflammation. In addition to
interfering with coagulation, such molecules promote
a pro-coagulant state, which effectively maintains
inflammation.”” Furthermore, when used as passive
immunotherapy, the inflammatory content of CCP
may interact with COVID-19 neutralising antibodies,
which may be present in the plasma or already pre-
sent in the recipient." In addition, auto-Abs against
type I interferons (IFNs) were detected in severe cases
of COVID-19 in at least 15% of previously healthy
patients.”” This study therefore seeks to quantify sol-
uble inflammatory molecules as well as bioactivity in
CCP and compare it to non-convalescent FFP. We
also assessed the presence of auto-Abs to type I IFNs
in CCP. Finally, we investigated whether the inflam-
matory characteristics of CCP differed in the presence
or absence of auto-Abs or in CCP involved in
transfusion-related adverse events.
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Methods
Donor recruitment and sample collection
Convalescent patients eligible for plasma donation un-
derwent plasma apheresis, as described earlier, at least
14 days after symptom resolution.” After undergoing
pathogen reduction (INTERCEPT Blood System—Cerus
Corp, Concord, CA), anti-SARS-CoV-2 antibody con-
tent was assessed in each donation, with a SARS-CoV-2
seroneutralisation titre requirement >40 and/or an
immunoglobulin G (IgG) enzyme-linked immunosor-
bent assay (EUROIMMUN, Bussy-Saint-Martin, France)
ratio >5.6."* The plasma was cryopreserved (in
200-250 mL units) and made available for clinical use.
These CCPs were used to treat COVID-19 patients in
observational studies under close monitoring'® and in a
prospective randomised trial."'* The patients generally
received two units of 200 mL CCP on day 1 and two
additional units on day 2, i.e. a total of 4 units provided
by 4 different donors. According to the French National
Guideline on Haemovigilance Practices, the type,
severity (grade 1, minor; grade 2, moderate; grade 3,
severe; or grade 4, death), and outcomes of adverse
events occurring during or after CCP or FFP transfusion
(within 7d) were recorded. FFP and CCP were prepared
with pathogen reduction (INTERCEPT Blood System-—
Cerus Corp, Concord, CA). FFP is considered as the
gold standard in our study.

Ethics

Consecutive control plasma apheresis (FFP) was pro-
vided by non-convalescent donors eligible for plasma
donation and who similarly underwent pathogen
reduction. All CCP and control plasma donors provided
written informed consent, and enrolled in a multiple
site trial with similar preparation and collection pro-
cedures between May and November 2020. The COVID-
19 CP donor collection was approved by the French
National Ethics Committee. Written informed consent
was obtained from all the patients or their trusted per-
sons. Data collection from the PLASMACOV cohort was
approved by the French National Ethics Committee
(2020-A00728-31)."'* No study protocol is available.

Sample size collection

Sample size refers to the number of participants
enrolled in a study between May and November 2020.
CCP (n = 766) was compared to non-convalescent con-
trol plasma (n = 166) for soluble inflammatory markers,
detection of type 1 IFN auto-antibodies and functional
evaluation of anti-cytokine auto-antibodies. We identi-
fied that 400 out of 766 CCPs in our cohort had been
transfused. A total of 18 patients who had been trans-
fused with 2—4 CCPs experienced adverse reactions (AR)
(n =48 CCP). The adverse reactions reported in patients
(n = 18) were divided as follows: fever, 44%; allergic

www.thelancet.com Vol 87 January, 2023

transfusion reactions, 17%; dyspnoea not related to
pulmonary oedema, 11%; transfusion-associated circu-
lating overload (TACO), 6%; transient aggravation, 11%
and undetermined, 11%. The severity of adverse trans-
fusion reactions was as follows: grade 1, 39%; grade 2,
22%; grade 3, 28% and undetermined, 11%. Transfused
CCP with ARs (n = 48) were compared to transfused
CCP without ARs (n = 400) for soluble inflammatory
markers, detection of type 1 IFN auto-antibodies and
functional evaluation of anti-cytokine auto-antibodies.
Random sampling was used for endothelial cell activa-
tion: mitochondrial activity, flow cytometry analysis or
endothelial cell IL-6 quantification as described in Fig. 1.

Soluble inflammatory factor assays in CP

Levels of various soluble inflammatory factors (sCD40
Ligand, [FN-alpha, IFN-beta, [FN-gamma, IL-1 beta, IL-
6, IL-8, IL-10, IL-18, and TNF-alpha) were quantified in
CP using Luminex Technology (RRID:SCR_018025),
according to the manufacturer’s instructions (Bio-
Techne, Minneapolis, US). Absorbance at 450 nm was
determined using an enzyme-linked immunosorbent
assay reader (Magellan Sunrise software, Tecan Group
Ltd., Lyon, France).

Detection of type 1 IFN autoantibodies

CCP and FFP samples were screened for auto-Abs by
Gyros: cytokines, recombinant human (rh)IFN-a2 (Mil-
teny Biotec, Paris, France) or rhIFN-o (Merck, St.
Quentin Fallavier, France), were first biotinylated with
EZ-Link Sulfo-NHS-LC-Biotin (Thermo Fisher Scienti-
fic, Mlkirch, France), according to the manufacturer’s
instructions, with a biotin-to-protein molar ratio of 1:12.
The detection reagent contained a secondary antibody
(Alexa Fluor 647 goat anti-human IgG (Thermo Fisher
Scientific Cat# A-21445, RRID:AB_2535862) diluted in
Rexip F (Gyros Protein Technologies, ref. number
P0004825; 1/500 dilution of the 2 mg/mL stock to yield
a final concentration of 4 pg/mL). 0.01% PBS-T buffer
and Gyros Wash buffer (Gyros Protein Technologies,
Uppsala, Sweden) were prepared according to the
manufacturer’s instructions. Plasma or serum samples
were then diluted 1/100 in 0.01% PBS-T and tested with
Bioaffy 1000 CD (Gyros Protein Technologies) and
Gyrolab X-Pand (Gyros Protein Technologies). Cleaning
cycles were performed in 20% ethanol.'

Functional evaluation of anti-cytokine auto-
antibodies

Luciferase reporter assays: The blocking activity of anti-
IFN-a2 and anti-IFN-0 auto-Abs was determined with
a reporter luciferase activity.”? Briefly, HEK293T cells
(RRID:CVCL_0063) were transfected with a plasmid
containing the firefly luciferase gene under the control
of the human ISRE promoter in the pGL4.45


rridsoftware:SCR_018025
nif-antibody:AB_2535862
www.thelancet.com/digital-health
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Donor recruitment and sample collection

Prepared CCP: Convalescent patients eligible for plasma
donation underwent plasma apheresis at least 14 days

after symptom resolution (n=766)

Prepared FFP: Consecutive control plasma apheresis was
provided by non-convalescent donors eligible for plasma
donation and who similarly underwent pathogen
reduction (n=166)

*  Soluble inflammatory factor assays
*  Detection of type 1 IFN auto-antibodies
*  Functional evaluation of anti-cytokine auto-antibodies

READ-OUT:

Random sampling

CCP (n=20;
2.6%) and FFP
(n=20; 122.04%)

CCP without ARs
(n=66; 8.6%) and
CCP with ARs (n=48;
6.2%) and FFP (n=65;

CCP without ARs
(n=46; 6%) and CCP
with ARs (n=29;
3,8%) and FFP (n=65;
39.1%)

Transfused CCP with (ARs) (n=48; 6.2% -
CCP w AR) or without (n=400; 52.2% - CCP
w/o AR) adverse reaction

39.1%)

l

READ-OUT:
Endothelial cell
activation:
mitochondrial
activity

READ-OUT:
Endothelial cell
activation: Flow
Cytometry Analysis

READ-OUT:
Endothelial cell
activation:
Endothelial cell IL-6
quantification

READ-OUT:
*  Soluble inflammatory factor assays
*  Detection of type 1 IFN auto-antibodies
*  Functional evaluation of anti-cytokine
auto-antibodies

Fig. 1: Flow chart for the study. Sampling at random (n = number of samples, % of sampling at random vs. sample collection).

backbone, and a plasmid constitutively expressing
Renilla luciferase for normalisation (pRL-SV40P -
RRID:Addgene_27163). Cells were transfected in the
presence of the X-tremeGene 9 transfection reagent
(Sigma Aldrich, St. Quentin Fallavier, France) for
36 h. Cells in Dulbecco’s modified Eagle medium
(DMEM, Thermo Fisher Scientific) supplemented with
2% foetal calf serum (FCS) and 10% healthy control
or patient serum/plasma were stimulated with IFN-a2
(Milteny Biotec, Paris, France), IFN-o (Merck, St
Quentin Fallavier, France), at 10 ng/mL or 100 pg/
mL, or IFN-B (Milteny Biotech) at 10 ng/mL, for 16 h
at 37 °C. Each sample was tested once for each
cytokine and dose. Finally, cells were lysed for 20 min
at room temperature and luciferase levels were
measured with the Dual-Luciferase® Reporter 1000
assay system (Promega, Charbonnieres-les-Bains,
France), according to the manufacturer’s protocol.
Luminescence intensity was measured with a VICTOR
X Multilabel Plate Reader (PerkinElmer Life Sciences,
USA). Firefly luciferase activity values were normal-
ised against Renilla luciferase activity values. These
values were then normalised against the median in-
duction level for non-neutralising samples, and
expressed as a percentage. Samples were considered

to be neutralising if luciferase induction, normalised
against Renilla luciferase activity, was below 15% of
the median values for controls tested on the same
day.

Endothelial cell culture

EA.hy926 (RRID:CVCL_3901) is a permanent cell line
derived by fusing human umbilical vein endothelial
cells (HUVEC) with cell line A549.”7 EAhy926 was
cultured as described." Cells were cultured in 6-well and
96-well plates in order to obtain approximately 10° cells/
mL. The cell count was quantified with a TC10 Auto-
mated Cell Counter (Bio-Rad, Marnes-la-Coquette,
France). Cells were grown until confluent then
passaged with 0.25% trypsin (Sigma-Aldrich, Saint-
Quentin-Fallavier, France). Using cultured human pul-
monary microvascular endothelial cells (HPMVEC), we
assessed whether CCP and FFP could trigger endothe-
lial damage in vitro as described previously.”

Endothelial cell activation

Flow cytometry analysis

The marker surface expression of EA hy926 endothelial
cells was determined by flow cytometry. Cells were fixed
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beforehand as described above. Direct labelling was
performed for the following markers: endoglin-CD105
(BD Biosciences Cat# 563264, RRID:AB_2738104),
ICAM-1-CD54 (BD Biosciences Cat# 740978, RRID:AB_
2740602) and Platelet endothelial cell adhesion mole-
cule PECAM1-CD31 (BD Biosciences Cat# 744077,
RRID:AB_2741979). CD54 and CD31 were two prin-
cipal adhesion molecules, which determine changes in
endothelial permeability, activation and transendothelial
leukocyte migration. The cells were incubated for
30 min with antibodies. In all of the experiments,
background labelling was assessed using the relevant
fluorochrome-conjugated mouse IgG isotype control
(BD Biosciences, Le Pont de Claix, France). Cells were
centrifuged at 300 g for 5 min at 22 °C and then washed
in PBS. Data acquisition was performed using a Guava
easyCyte HT Flow Cytometer (Merck Millipore, Mol-
sheim, France) and the data were analysed using the
Incyte programme. At least 10,000 events were collected
for each sample.

Mycoplasma testing was performed to confirm the
absence of contamination according to the recom-
mended protocol (MycoStrip™-Mycoplasma Detection
Kit # rep-mys-50 InvivoGen).

Endothelial cell IL-6 quantification

The production of soluble cytokines in culture super-
natants of EA.hy926 endothelial cells, with and without
convalescent plasma stimulation, was measured using
the specific enzyme-linked immunosorbent assays
(ELISA). IL-6 levels were measured using the commer-
cially available ELISA kit (DuoSet-R&D Systems, Lille,
France) according to the manufacturer’s instructions.
Absorbance at 450 nm was determined with an ELISA
reader (Magellan Sunrise software, Tecan Group Ltd.,
Lyon, France).

Mitochondrial activity

The cytotoxicity of plasma samples on HPMVEC was
evaluated by assessing mitochondrial activity (WST-1
test) 1 h after incubating cells with plasma as previously
described.” The cytotoxicity of convalescent/non-
convalescent plasma on HPMVEC was assessed by
means of a colorimetric assay using 4-[3-(4-iodophenyl)-
2-(4-nitrophenyl)-2H-5-tetrazolio]-1.3-benzene  disulfo-
nate (WST-1), which in viable cells is cleaved by mito-
chondrial dehydrogenase. After incubation, the cells
were washed with phosphate buffered saline and incu-
bated with WST-1 (Roche, Basel, Switzerland) at a
dilution of 1:10 (10 pL) for 2 h at 37 °C. As a positive
control for endothelial cell injury, Shigatoxin 145,
spiked in plasma from healthy adults, statistically sig-
nificant decreased HPMVEC viability. Absorbance was
measured using a multiwell plate reader (Synergy HTX
multi-mode plate reader, BioTek Instruments, Highland
Park, VT) at 450 nm with a reference wavelength of
620 nm."

www.thelancet.com Vol 87 January, 2023

Statistical analysis

Manually collected data were entered into a database
and the results are presented as median
values + standard error to the median (sem) or as scatter
dot plots. The red line denotes the median of raw data.
Statistical analyses were performed using unpaired t-
tests (GraphPad Prism (RRID:SCR_002798)). Statisti-
cally significant differences required a p value < 0.05
(*p < 0.05, **p < 0.01, ***p < 0.001). Group compari-
sons were made using one-way analysis of variance
(ANOVA), a parametric test, and Tukey’s post-hoc test.
The two-tailed t-test was used to compare two groups for
parametric data (GraphPad Prism (RRID:SCR_002798)).
No allowance for multiplicity has been applied. For
some readout analyses, we performed simple random
sampling where a select number of individuals from an
entire population is randomly selected.

Role of funders

The funder had no role in the study design, data
collection, data analyses, interpretation, or writing of
this report. The authors are solely responsible for the
study design, data collection, interpretation, manu-
script preparation, and decision to submit the
manuscript.

Results

Concentrations of soluble factors in COVID-19
convalescent plasma vs. control plasma

CCP (n="766) and FFP (n =166) donor characteristics are
provided in Table 1 and Fig. 1. CCP and FFP donors were
of a similar age, namely 38.3 and 39.7 years, respectively.
The sex ratio (F/M) in terms of CCP and FFP was
1.71-3.74 respectively, differing statistically significant
with regard to blood group distribution. The blood group
balance among FFP donors is explained by the prefer-
ential recruitment of AB plasma (FFP) donors. Only 1.7
percent of convalescent donors reported they had spent
some time in hospital during their illness, and none said
they had spent any time in the intensive care unit.

The concentration of several soluble inflammatory
factors sCD40L, IFN-beta, IL-1 beta, IL-8, IL-18, IFN-
alpha, IFN-gamma, IL-6, TNF-alpha and IL-10 were
assessed in CCP (n =766) and FFP (n = 166) (Fig. 2 and
Supplemental Table S1). sSCD40L was tested as a refer-
ence inflammatory marker due to its consistent associ-
ation with ARs in both our experience and that of other
groups.”? While most factors were comparable in
terms of CCP and control FFP, IL-6 and TNF-alpha
concentrations were found to be elevated to a statisti-
cally significant extent (unpaired t-tests) in CCP
compared to control plasma 0.531 = 0.04 versus
0.271 = 0.04 pg/mL; (95% confidence interval [CI],
0.07371-0.4446; p = 0.0061) and 0.900 + 0.07 versus
0.283 + 0.07 pg/mL; (95% confidence interval [CI],


nif-antibody:AB_2738104
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nif-antibody:AB_2740602
nif-antibody:AB_2741979
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Donor characteristics CCP donors (n = 766) FFP donors (n = 166)
mean, [SD] mean, [SD]
Age 383 [ £ 13.6] 39.7 [ £ 14.2]
CCP donors (n = 766) FFP donors (n = 166)
n, (%) n, (%)
Sex
Female 282 (36.8) 35 (21.1)
Male 484 (63.2) 131 (78.9)
Group
A 356 (46.5) 4(2.4)
B 52 (6.8) 1 (0.6)
AB 53 (6.9) 156 (94)
0 305 (39.8) 50)
Rhesus
Negative 138 (18) 28 (16.9)
Positive 628 (82) 138 (83.1)
Table 1: Donor demographic characteristics for CCP (n = 766) and FFP
(n = 166).

0.3097-0.9202; p = 0.0000829), respectively, and IL-10
concentrations had decreased (0.731 + 0.007 versus
122 £ 0.19 pg/mL; (95% confidence interval
[CI], —0.8180 to —0.1633; p = 0.0034)). It is important to
note that there was no correlation between inflamma-
tory characteristics and ABO blood groups for both CCP
and FFP (unpublished data).

Bioactivity of COVID-19 convalescent plasma versus
fresh frozen plasma assessed on endothelial cells
CCP (n = 20) and FFP (n = 20) (random sampling) were
added to HPMVECs to assess the effects of CCP versus
FFP in terms of endothelial viability. Compared to FFP,
CCP did not alter HPMVEC viability (Fig. 3 and
Supplemental Table S2). As a positive control for
endothelial cell injury, Shigatoxin 145 was spiked in
plasma from healthy adults, incubated at 37 °C for
15 min, before being added to HPMVECs with a
statistically significant decrease in HPMVEC viability as
described previously."

Moreover, to investigate whether or not CCP was
involved in adverse reactions (ARs) versus FFP on
endothelial cell activation, FFP (n = 65-random sam-
pling), CCP without ARs (n = 66-random sampling)
and CCP with ARs (n = 48) were added to the
EAhy926 cell. EA.hy926 cell monolayer membrane
expression markers were then measured. CD54
(Fig. 4A and Supplemental Table S3) and CD31
(Fig. 4B and Supplemental Table S3) were not
modulated in the presence of CCP without ARs and
CCP with ARs compared to FFP, contrary to TNF-
alpha stimulation as the positive control (n = 18)
(Fig. 4A, B). The percentage expression for CD105
(Supplemental Fig. S1) was not modulated in the

presence of CCP without ARs and CCP with ARs
compared to FFP or the positive control (n = 18)
(recombinant human TNF-alpha at a final concentra-
tion of 100 pg/mL). As expected and discussed earlier,
TNF-alpha stimulation can reduce the expression of
PECAM-1 (CD31) from endothelial cell junctions and
increase the expression of ICAM (CD54).”

Similar findings were observed with the
EA.hy926 cell soluble factor released after activation
with CCP without ARs (n = 46) and CCP with ARs
(n = 29) with no statistically significant modulation of
IL-6 released by EA.hy926 compared to FFP (n = 65)
(Fig. 5 and Supplemental Table S4) contrary to TNF-
alpha stimulation as the positive control (n = 18)
(Fig. 5). As expected, TNF-alpha stimulation can trigger
the release of IL-6 from endothelial cells.”

Collectively, these data indicate that CCP (without
ARs) versus FFP, CCP (with ARs) versus FFP and CCP
(without ARs) versus CCP (with ARs) do not activate or
affect the viability of various endothelial cells lines
(HPMVECs and EA.hy926).

Auto-Abs against type I IFNs

CCP (n = 766) and FFP (n = 166) samples were
screened for auto-Abs to type I IFNs. We screened all
the patients for IgG auto-Abs neutralising type I IFNs,
using a high-throughput luciferase-based assay, as
described previously'>* (Fig. 6A and Supplemental
Table S5).

We assessed the neutralising activity against IFN-a2,
IFN-o, and IFN-p. At the dose of 10 ng/mL in 10%
plasma, none of the samples tested was found to have
neutralising auto-Abs (unpublished data). At the dose of
100 pg/mL in 10% plasma, 1.8% of the CCPs tested (14
of 766) were found to have neutralising auto-Abs against
100 pg/mL of type I IFNs. One was neutralising against
[FN-a2 and IFN-® at 100 pg/mL, while one was neu-
tralising against IFN-a2 only and 12 against IFN-w only
at 100 pg/mL. Under the same conditions, none of the
(FPP) samples tested was found to have neutralising
auto-Abs against 100 pg/mL of type I IFNs (Fig. 6B and
Supplemental Table S5). It is important to note that no
ARs were reported in the 14 COVID-19 patients who
were transfused with CCP containing neutralising auto-
Abs to type 1 IFN.

The CCPs with (n = 14) or without Anti-IFN auto-Abs
(n = 752) were tested for the same 10 soluble inflam-
matory factors: sCD40 Ligand (Supplemental Fig. S2A),

IFN-beta (Supplemental Fig. S2B), IL-1 beta
(Supplemental Fig. S2C), IL-8 (Supplemental Fig. S2D),
IL-18  (Supplemental ~ Fig.  S2E),  IFN-alpha

(Supplemental Fig. S2F), IFN-gamma (Supplemental
Fig. S2G), IL-6 (Supplemental Fig. S2H), TNF-alpha
(Supplemental Fig. S2I), and IL-10 (Supplemental
Fig. S2J). Interestingly, we found no statistically signif-
icant differences in the markers assessed in the CCPs
with or without Anti-IFN auto-Abs.
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Fig. 2: Inflammatory characteristics of COVID-19 convalescent plasma. Concentrations of 10 soluble factors in the FFP (n = 166) considered
as the gold standard versus the CCP (n = 766)—A) sCD40L (pg/mL), B) IFN-beta (pg/mL), C) IL-1 beta (pg/mL), D) IL-8 (pg/mL), E) IL-18 (pg/mL),
F) IFN-alpha (pg/mL), G) IFN-gamma (pg/mL), H) IL-6 (pg/mL), I) TNF-alpha (pg/mL) and J) IL-10 (pg/mL). Scatter dot plots represent data and the
red line denotes the median of raw data. Statistical analyses were performed using unpaired t-tests.

Concentrations of inflammatory factors in
transfused COVID-19 convalescent plasma involved
in adverse reactions

No statistically significant differences in sCD40 Ligand,
[FN-beta, IL-1 beta, IL-8, IL-18, [FN-alpha, IFN-gamma,
IL-6, TNF-alpha and IL-10 concentrations were observed
between CCPs with or without AR involvement
(Supplemental Table S6) or between ARs of differing
severity even when the analysis was limited to ARs
known to be linked to immune reactivity. Moreover, we
observed no statistically significant differences in sCD40
Ligand, IFN-beta, IL-1 beta, IL-8, IL-18, IFN-alpha, IFN-
gamma, IL-6, TNF-alpha and IL-10 concentrations in
CPPs involved in ARs (n = 48) depending on the severity
(grade 1, minor (n = 22); grade 2, moderate (n = 12);
grade 3, severe (n = 7) or undetermined (n = 7)
(Supplemental Fig. S3). Similar results were observed
regarding the same soluble immunomodulatory factors
on CPPs involved in ARs (n = 48) depending on the

www.thelancet.com Vol 87 January, 2023

clinical signs or symptoms: fever (n = 18); atypical
allergic transfusion reactions—AATR (n = 11); dyspnoea
not related to pulmonary oedema—DNRPE (n = 6);
TACO (n = 3); transient aggravation—TA (n = 5); and
undetermined—n = 5) (Supplemental Fig. S4).

Discussion

There is increasing evidence to suggest a link between
immune response and disease progression in COVID-
19#2° as well as other viral infections such as MERS-
CoV, SARS-CoV and influenza. A cytokine storm,
hyperinflammation and multi-organ failure have been
identified in COVID-19 patients with severe disease.”
This is because the effects of an overactive immune
response are far more damaging than the infection per
se, resulting in massive and irreversible organ damage.”
COVID-19 convalescent plasma therapy (CCP) has
emerged as a potential treatment for COVID-19, having
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Fig. 3: Endothelial cell cytotoxicity. HPMVEC cytotoxicity induced
by FFP (n = 20) considered as the gold standard versus the CCP
without ARs (n = 20). HPMVEC cytotoxicity induced by negative and
positive controls. Shigatoxin 145 spiked in healthy adult plasma was
considered as the positive control (n = 6) and Healthy Donor Plasma-
stimulated HPMVEC cells were the negative control (n = 6). Scatter
dot plots represent data and the red line denotes the median of raw
data. Statistical analyses were performed using one-way Anova.

been studied in a number of clinical trials around the

world.”~” The findings of several randomised,
controlled clinical trials shed little light on any note-
worthy clinical benefits of CCP?2#39414-4549505659 whjle

others have reported a favourable outcome, notably
when CCP is administered very early after disease

onset® and/or in patients with underlying
immunodeficiencies,'¢+5%
Finally, the findings of several randomised,

controlled clinical trials and meta-analyses shed light on
any noteworthy clinical benefits of COVID-19 conva-
lescent plasma therapy. Focosi D et al.*’ recently ana-
lysed efficacy-related variables such as clinical settings,
disease severity, CCP SARS-CoV-2 antibody levels and
the function, dose and timing of administration, various
outcomes, CCP origin and collection time along with
efficacy criteria. This review of 30 available RCTs
demonstrated that efficacy indicators (including reduced
mortality rates) were more likely to occur if the CCP
neutralising titre was >160 and the time to random-
isation was less than 9 days following early, high-titre
administration. CCP transfusion is reported to be very
safe.” Nguyen FT et al. did find a statistically significant
higher incidence of febrile non-haemolytic transfusion
reaction in their CCP-transfused patients versus FFP-
transfused patients, but they attribute this to the
various clinical settings in which these studies were
conducted.®

A cytokine storm may drive pro-inflammatory and
procoagulatory processes to greater extent across the
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Fig. 4: Endothelial cell activation focusing on membrane
expression. EA.hy926 cells were stimulated with FFP (n = 65)
considered as the gold standard versus the CCP without (n = 65) or
with ARs (n = 48). EA.hy926 cells were stimulated with negative and
positive controls. TNF-au stimulation was considered the positive
control (n = 18) and unstimulated EA.hy926 cells were viewed as the
negative control (n = 19). Bioactivity in EA.hy926 endothelial cells
was measured with FCM focusing on membrane expression of CD54
(A) and CD31 (B) with or without stimulation. Scatter dot plots
represent the data and the red line denotes the median of raw data.
Statistical analyses were performed using one-way Anova with
multiple comparisons.

phases of COVID-19, resulting in systemic endotheliitis
and a high prevalence of thrombi.®** Such processes
may still be underway early in convalescence. Further-
more, immune-complexes and antibody-dependent
infection of macrophages—mediated may worsen
inflammation.*>* It is therefore meaningful to investi-
gate COVID-19 convalescent plasma from an inflam-
matory perspective and to assess its potential role in
exacerbating the recipient’s clinical situation.

As mentioned earlier, we recently demonstrated that
circulating SCD40L and sCD62P levels are statistically
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Fig. 5: Endothelial cell activation focusing on IL-6 release.
EA.hy926 cells were stimulated with FFP (n = 65) considered as the
gold standard versus the CCP without (n = 46) or with ARs (n = 29).
EA.hy926 cells were stimulated with negative and positive controls.
TNF-a stimulation was considered the positive control (n = 10) and
non-stimulated EA.hy926 cells were viewed as the negative control
(n = 10). Bioactivity in EA.hy926 endothelial cells was measured with
IL-6 release, with or without stimulation. Scatter dot plots represent
the data and the red line denotes the median of raw data. Statistical
analyses were performed using one-way Anova.

significant modulated throughout the disease course of
COVID-19 and differ statistically significant from those
measured in convalescent patients. Here, we find that
IL-6 and TNF-alpha levels were statistically significant
higher in CCP vs FFP, whereas IL-10 levels were
statistically significant lower in CCP vs FFP. Evidence
that IL-6 drives immune dysregulation and respiratory
failure in the COVID-19-related cytokine storm syn-
drome is rapidly increasing.” Elevated serum IL-6 levels
are associated with lymphopenia, impaired lymphocyte
cytotoxicity and endothelial activation.” In a multivariate
analysis, Del Valle et al. found that elevated plasma
levels of IL-6 and TNF-a was strongly correlated with
poor prognosis in COVID-19 patients.® IL-6 concentra-
tions were found to be elevated to a statistically signifi-
cant extent in CCP compared to control plasma
(0.531 + 0.04 versus 0.271 + 0.04 pg/mL; p = 0.0061), but
this concentration is very low compared to serum
samples from hospitalised COVID-19 patients (70 pg/mL
for IL-6% or 21.55 pg/mL*®). Moreover, IL-6 levels
increased with disease severity (>100-120 pg/mL).”
One of the most significant anti-inflammatory
cytokines for limiting inflammatory Th cells and
immunopathology while maintaining tissue homeosta-
sis is IL-10.” IL-10 is also elevated in COVID-19 patients
with poor prognosis.”> This could represent a “danger
signal”, an alarm triggered by the host, given the
immuno-regulatory properties of this cytokine.”
Among the pro or anti-inflammatory factors quanti-
fied in CCP in our study, IL-6 levels were found to
statistically significant correlate positively with the anti-
SARS-CoV-2 neutralisation titres (unpublished data).

www.thelancet.com Vol 87 January, 2023

Of note, IFN beta and IL-18 levels appeared to correlate
as well while not reaching statistical significance.
Moreover, no statistically significant association be-
tween inflammatory characteristics and the ELISA test
was observed. Moreover, Tania S Bonny et al. described
that only median IL-6 levels differed statistically-
significant by hospitalization status after adjusting for
multiple comparisons.”

Brox et al.”* investigated whether CCP contained
additional immunoregulatory constituents compared
to healthy control plasma, CCP statistically significant
reduced pro-inflammatory cytokine production trig-
gered by various TLR ligands in healthy donors. Au-
thors described that the production of IL-6, MCP-1,
and IFN-y were most frequently downregulated by
CCP convalescent plasma and concluded that CCP
may have a novel, SARS-CoV-2-independent immu-
nomodulatory activity that could be beneficial to
COVID-19 patients.

In our study, in vitro exposure of endothelial cells to
CCP did not result in endothelial damage or activation
cell activation. Dupont A et al.” reported a link between
endothelial damage and the severity of immune in-
flammatory responses, suggesting that inflammatory-
driven processes are most likely to be the primary
drivers of endothelial damage in COVID-19, contrib-
uting to microvascular thrombosis and organ failure.
Furthermore, when convalescent patient plasma was
tested post-intensive care unit (ICU) discharge and
compared to plasma from the same patients at the time
of ICU admission or to control healthy individuals, the
authors found that HPMVEC viability was only partially
restored to the control levels.” Difference in the
methods used to assess endothelial damage and/or
differences in the patients assessed may contribute the
differing results. When comparing CCP to FFP, it is
worth noting that FFP may have its own biological ef-
fects as highlighted by Estcourt et al.** In particular, pre-
existing humoral immunity to human common cold
coronaviruses has been found to negatively impact the
protective SARS-CoV-2 antibody response.”

Auto-Abs neutralising type I IFNs have been detected
in at least 15% of patients with critical COVID-19 and
are a major immunological determinant of disease
severity'>”77¢ despite full knowledge of the clinical
impact.’*”” Vazquez et al.* described 116 convalescent
plasma samples from unique donors who had previ-
ously been hospitalised for COVID-19, and found that
3% (n = 4/116) of plasma samples tested positive for
type 1 IFN autoantibodies, among which 2 were capable
of neutralising 10 ng/mL IFN a and ® in 10% plasma.
In our study, 1.8% CCP were found to harbour neu-
tralising auto-Abs against type I IFNs, mostly against
IFN ® and none neutralized 10 ng/mL IFN « or @. Of
note, only 1.7% of convalescent donors in our study
reported a history of brief hospitalisation during their
illness with no ICU admissions. Moreover, contrary
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Fig. 6: Detection and neutralising auto-Abs against IFN-o2 and/
or IFN-® in FFP versus CCP. (A) Gyros (high-throughput automated
ELISA) results for auto-Abs against IFN-a2 and IFN-o in the FFP
(n = 166) considered as the reference versus CCP (n = 766). (B)
Results for the neutralisation of 100 pg/mL IFN-o2 or IFN-w in the
presence of 10% plasma in the FFP (n = 166) versus CCP (n = 766).
Relative luciferase activity is shown (ISRE dual luciferase activity, with
normalisation against Renilla luciferase activity) after stimulation
with 100 pg/mL IFN-a2 or IFN-o in the presence of 10% plasma.
RLU: relative luciferase units. ISRE: interferon-sensitive response el-
ements. Dotted lines indicate neutralising levels, defined as induction
levels below 15% of the median value for controls tested on the
same day.

Vazquez et al.* study, our CCPs underwent pathogen
reduction (Amotosalen + UVA; Intercept blood system,
Cerus).

Another study by Raadsen et al.*' confirmed the
presence of neutralising auto-Abs against type I IFNs in
the most severely ill COVID-19 patients and a link to
delayed viral clearance. These findings were not evident
in samples collected from convalescent plasma donors.
It should be noted that, out of the 118 donors screened,
auto-Abs to IFN- a2 was detected by ELISA in 3 in-
dividuals but were found to be non-neutralising under
the test conditions. Lastly, Van der Wijst et al.® Preprint
studied CCP involving 175 donors. None of the donors
tested positive for anti-IFN-a2 autoantibodies, which
further suggests the rarity of these auto-antibodies in
COVID-19 convalescent donors.

Taken together, these findings may suggest that CCP
from previously hospitalised patients with severe
COVID-19 may require screening for type [ interferon
auto-antibodies.

Nevertheless it is important to note that no
transfusion-related adverse events were reported in the
14 COVID-19 patients transfused with type 1 IFN auto-
antibodies containing CCP. In France, transfusion-
related adverse events must be reported to the health
authorities. However, it is important to note that the
current haemovigilance programmes may not neces-
sarily view a worsening of COVID-19 or the occurrence
of a de novo herpes infection potentially arising from
the transfusion of type 1 IFN neutralising antibodies, as
a transfusion-related event.

The CCP with type 1 IFN auto-antibodies did not
differ from those without auto-antibodies with regard to
all soluble inflammatory factors tested. The limited
number of CCP samples with auto-antibodies must,
however, be emphasised (n = 14).

This study shows that, in contrast to platelet
concentrate transfusion,®* the inflammatory compo-
nent of CCPs is unlikely to contribute to reactions
observed post-CCP transfusion. This report focuses on
differences between CCP and FFP, but the differences
highlighted were minor and limited to quantitative dif-
ferences in a few non-matching cytokines.

This observation reinforces the concept that the CCP
active substance is a specific antibody and that higher-
titre CCP is more effective than lower-titre CCP, prob-
ably regardless of the inflammatory content (cytokines/
chemokines) of convalescent plasma. However, in spe-
cific clinical situations, we cannot rule out the impact of
the inflammatory component on changes in patient
pathology, as observed with other labile blood products
such as platelet concentrates with a major inflammatory
component.

There is increasing evidence to suggest a link be-
tween the immune response and disease progression in
COVID-19, and abnormalities in immune cells, in-
flammatory markers and the cytokine storm implicated
in disease severity and outcome. Cytokine storms are
common in viral infections caused by MERS-CoV,
SARS-CoV, influenza and other viruses. Cytokine
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storm, hyperinflammation, and multi-organ failure have
also been identified in patients with severe disease. Even
in convalescent patients eligible for plasma donation, we
note considerable heterogeneity from all donors in
terms of inflammatory markers, at least 14 days after
symptom resolution. We also believe that it would be
interesting for future clinical studies involving CCP to
evaluate whether this heterogeneity could contribute to
differences in CCP efficacy. Moreover, the SARS-CoV-2-
independent immunomodulatory activity might or
might not be beneficial to COVID-19 patients. The
correlation of CCP inflammatory markers and clinical
efficacy should be investigated using a similar strategy.

In conclusion, inflammatory markers were found to be
moderately increased in CCP when compared to control
plasma with no discernible differences in ex-vivo bioactivity
as assessed by endothelial toxicity and/or activation. Auto-
Abs to type I IFNs were detected in a small fraction of CCP
and were not associated with reported adverse events or
differences in inflammatory markers. Additional studies,
including careful clinical evaluation of patients treated with
CCP, are required in order to further define the clinical
relevance of these findings.

Caveats and limitations

The possible confounding effect could be caused by
the heterogeneous distribution of CCPs and FFP, the
time period and absence of donor characteristics (sex,
age, body mass index (BMI), ABO group, rhesus, time
from symptom onset, time from end of symptoms,
duration of symptoms, fever, breathing difficulties and
loss of taste and smell). One study limitation may be
linked to the lack of sample size calculation,
depending solely on one time period. Finally, clinical
aspects were less detailed in our study but the efficacy
of Convalescent Plasma to Treat COVID-19 Patients, a
Nested Trial in the CORIMUNO-19 Cohort (COR-
IPLASM) (NCT04345991), is under analysis.
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