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Abstract
Introduction: In the light of the ongoing SARS-CoV-2 pan-
demic, convalescent plasma is a treatment option for CO-
VID-19. In contrast to usual therapeutic plasma, the thera-
peutic agents of convalescent plasma do not represent clot-
ting factor activities, but immunoglobulins. Quarantine 
storage of convalescent plasma as a measure to reduce the 
risk of pathogen transmission is not feasible. Therefore, 
pathogen inactivation (e.g., Theraflex®-MB, Macopharma, 
Mouvaux, France) is an attractive option. Data on the impact 
of pathogen inactivation by methylene blue (MB) treatment 
on antibody integrity are sparse. Methods: Antigen-specific 
binding capacity was tested before and after MB treatment 
of plasma (n = 10). IgG and IgM isoagglutinin titers were test-
ed by agglutination in increasing dilutions. Furthermore, the 
binding of anti-EBV and anti-tetanus toxin IgG to their spe-
cific antigens was assessed by ELISA, and IgG binding to Fc 
receptors was assessed by flow cytometry using THP-1 cells 
expressing FcRI and FcRII. Results: There was no significant 
difference in the isoagglutinin titers, the antigen binding ca-
pacity of anti-EBV and anti-tetanus toxin IgG, as well as the 
Fc receptor binding capacity before and after MB treatment 
of plasma. Conclusion: MB treatment of plasma does not in-

hibit the binding capacity of IgM and IgG to their epitopes, 
or the Fc receptor interaction of IgG. Based on these results, 
MB treatment of convalescent plasma is appropriate to re-
duce the risk of pathogen transmission if quarantine storage 
is omitted. © 2021 The Author(s)

Published by S. Karger AG, Basel

Introduction

Convalescent plasma is discussed as an option to treat 
patients with SARS, MERS, Ebola, and COVID-19 dis-
eases [1–3]. Plasma of donors who have recovered from 
a viral infection contains pathogen-specific antibodies, 
which are used for passive immunization of acutely ill pa-
tients.

According to the national German guidelines, plasma 
donations have to be stored under quarantine for at least 
4 months and can only be issued after consecutive nega-
tive testing for transfusion-transmitted pathogens [4]. 
Alternatively, plasma has to be pathogen inactivated. In a 
pandemic situation like the SARS-CoV-2 outbreak, con-
valescent plasma is used as supportive treatment [5–7]. 
Especially at the beginning of a pandemic, quarantine 
storage is not feasible as the plasma is required before the 
end of the quarantine period. Therefore, exceptions have 
been granted in regard to mandatory quarantine storage 
of non-pathogen-inactivated convalescent plasma.
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Possible means of pathogen inactivation for plasma 
are a combination of amotosalen/UVA (e.g., Intercept® 
Blood System, Cerus, Concord, CA USA), riboflavin/UV 
(e.g., Mirasol® PRT, Terumo BCT Europe N.V., Leuven, 
Belgium), and methylene blue (MB)/visible light (e.g., 
Theraflex®-MB; Macopharma, Mouvaux, France) [8–
10]. Phenothiazine-like dyes such as MB can induce the 
formation of singlet oxygen [11], which can alter protein 
structures. This is most likely the reason for the reduction 
in activity of some clotting factors (especially factor V and 
factor VIII) and fibrinogen caused by MB treatment [8, 
12].

Materials and Methods

Study Design and Sample Preparation
Plasmapheresis was performed in healthy donors of different 

blood types. All plasma units were frozen within 6 h after collection 
and stored at –30  ° C. After storage, plasma was thawed at 37  ° C for 
1 h and split into 3 bioequivalent subunits of approximately 220 mL 
each. One was treated with MB/light according to the manufactur-
er’s instructions (Macotronic B2, Macopharma; peak wavelength 
627 ± 10 nm, 120 J/cm2). Plasma samples were drawn from MB-
treated and untreated plasma and stored at –80  ° C until analysis.

THP-1 Cells
The human monocytic cell line THP-1, expressing FcγRI 

(CD64) and FcγRII (CD32) but not FcγRIII (CD16) [13], was ob-
tained from the DSMZ (Braunschweig, Germany) and cultured in 
RPMI-1640 (PAN Biotech, Aidenbach, Germany) supplemented 
with 10% FBS Gold plus (Bio&Sell, Feucht/Nürnberg, Germany). 
Cells were washed once (140 g, 5 min), and resuspended in PBS/
BSA (PBS buffer w/o Ca, Mg; pH 7.5; 0.22% BSA; Ortho Clinical), 
at 10 × 106 cells/mL. Cell viability was monitored by 7AAD (flow 
cytometry, Beckmann Coulter Inc., Miami Lakes, FL, USA).

Antigen-Specific Binding of IgM
IgM binding was assessed by isoagglutinin testing with red 

blood cells (RBCs). MB-treated and non-MB-treated plasma in 1: 

2 dilution series were incubated (RT, 15 min) with RBCs of blood 
type A and B using a microcolumn gel card system (ID-Card for 
NaCl, enzyme test and cold agglutinins, Bio-Rad Laboratories Inc., 
Hercules, CA, USA) according to the manufacturer’s instructions. 
RBCs of blood type O were used as a negative control. Agglutina-
tion strengths were evaluated by 2 independent researchers. Anti-
body titer was defined as the last plasma dilution inducing agglu-
tination. Relevant differences between MB treated and non-treat-
ed plasma were defined as antibody titers differing by 2 or more 
dilution steps.

Antigen-Specific Binding of IgG
IgG binding was assessed by incubating MB-treated and non-

MB-treated plasma, as follows. (1) In a 1: 2 dilution series (37  ° C, 
15 min) with RBCs of blood type A and B using a microcolumn gel 
card system with human antiglobulin phase (ID-Card LISS/
Coombs, Bio-Rad Laboratories Inc.) according to the manufac-
turer’s instructions. RBCs of blood type O were used as negative 
controls. Agglutination strengths were evaluated by 2 independent 
researchers. Antibody titer was defined as the last plasma dilution 
inducing agglutination. Relevant differences between MB-treated 
and non-treated plasma were defined as antibody titers differing 

by 2 or more dilution steps. (2) By reactivity of the plasma units 
(OD measurements) in an anti-EBV (Epstein-Barr virus)-IgG ELI-
SA and an anti-tetanus toxin IgG ELISA (EBV VCA IgG/Tetanus 
IgG, Serion ELISA Classic, Virion, Würzburg, Germany) accord-
ing to the manufacturer’s instructions.

Fc Part of IgG Binding to Fc Receptors
The influence of MB treatment on IgG-Fc binding to Fc recep-

tors on THP-1 cells was assessed by flow cytometry (Cytomics FC 
500, Beckmann Coulter Inc., Miami Lakes, USA). IVIG (Privi-
gen®, CSL Behring GmbH, Hattersheim am Main, Germany) was 
used as positive control and buffer as negative control, as previ-
ously described [14]. In brief, 100 µL (1 × 105) of THP-1 cells were 
incubated (30 min; 4  ° C) with diluted (1: 1,000 to 1: 64,000) plasma 
samples or controls, washed and stained with 100 µL of FITC-rab-
bit anti-Human IgG-F(ab’)2 fragment (Agilent, Santa Clara, USA, 
1: 75 in PBS/BSA; 30 min), washed twice and resuspended in 500 
µL of PBS/BSA and assessed by forward-sideward scatter gating.

Statistics
The Mann-Whitney test (GraphPad Prism 8.0.1) was used for 

statistical analysis of the isoagglutinin titer test results. The Wil-
coxon test (GraphPad Prism 8.0.1) was used for statistical analysis 
of the EBV and tetanus toxin-specific IgG binding test results. The 
Friedman test (GraphPad Prism 8.0.1) was used for statistical anal-
ysis of the Fc part of IgG binding test results. p < 0.05 was defined 
as statistically significant.

Results

Isoagglutinin titers of plasma (blood type A, n = 4; B, 
n = 2; O, n = 4) before and after MB treatment did not 
differ (Fig. 1a, b for IgM, and c, d for IgG). Reactivity of 
the plasma units for anti-EBV and anti-tetanus toxin IgG 
before and after MB treatment did not differ (Fig. 2). IgG 
binding to Fc receptors did not differ between MB-treat-
ed and untreated plasma (Fig. 3).

Discussion

In this study we have shown that pathogen inactiva-
tion of plasma by MB treatment does not affect IgM and 
IgG binding to their cognitive epitopes, or IgG binding to 
Fc receptors. This was expected as MB shows high affini-
ties to negatively charged macromolecules like DNA and 
only low affinities to neutral macromolecules like immu-
noglobulins [15]. Preservation of immunoglobulin func-
tion is important for the use of MB-treated convalescent 
plasma for the treatment of infections, such as CO-
VID-19. To allow generalizable assessment of the integ-
rity of IgM and IgG antibodies after MB treatment, we 
assessed antibodies with specificities widely present in the 
normal population. We used the anti-A and anti-B isoag-
glutinins and additionally IgG specific for EBV and teta-
nus toxin. Both antibody specificities are ubiquitous in 
the blood donor population of Western Pomerania (data 
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dFig. 1. Anti-A and anti-B isoagglutinin ti-
ters before and after treatment with MB 
pathogen inactivation using microcolumn 
gel cards with (c, d) and without (a, b) hu-
man antiglobulin serum in 10 individual 
donor plasma units each (blood type A, n = 
4; B, n = 2; O, n = 4, medians are given).  
a, c Anti-A isoagglutinin titers of samples 
with blood type B and O. b, d Anti-B isoag-
glutinin titers of samples with blood type A 
and O. ns, not significant.
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Fig. 2. ODs measured for EBV-specific (a) 
and tetanus toxin-specific (b) IgG before 
and after MB treatment (n = 10; medians 
are given). ns, not significant.
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Fig. 3. IgG Fc binding to THP-1 cell Fc re-
ceptors. a IVIG was used as positive con-
trol, binding analysis was feasible with con-
centrations above 0.1 µg/mL (reference for 
plasma concentrations 7–16 × 103 µg/mL; 
n = 1). b IgG binding to Fc receptors on 
THP-1 cells did not differ before and after 
MB pathogen inactivation (n = 10 individ-
ual donor plasma units, means ± SD are 
given). ns, not significant.
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not shown). These tests allow assessment of the integrity 
of the F(ab) part of the antibodies. Beside antigen bind-
ing, the integrity of the Fc part of IgG is important for its 
biological efficacy, especially when antibodies are needed 
for defense against pathogens. To test the integrity of the 
Fc part of IgG we used binding of IgG to THP-1 cells ex-
pressing Fc receptors [14]. This method has been shown 
to be equivalent to the European Pharmacopoeia method 
2.7.9 (test for Fc binding of immunoglobulin) [16], and 
has been used for quality control of IVIG preparations.

Our study has some limitations. We neither tested 
preservation of the binding and neutralizing capacity of 
anti-SARS-CoV-2 IgG, nor the integrity of the Fc part of 
anti-SARS-CoV-2 IgG. Taking this into account, we 
cannot make definite assumptions on an eventual 
change in effectiveness of pathogen-inactivated conva-
lescent plasma in the way shown by Tonn et al. [17] us-
ing the Intercept® system. However, there is no reason 
to assume that MB treatment would affect anti-SARS-
CoV-2 IgG in a different way than EBV or tetanus toxin 
antibodies as they share the basic structure which pre-
sumably leads to the same low affinity for the intercala-
tion of MB. In conclusion, our results indicate that MB 
treatment of plasma does not change the binding capac-
ity of IgM and IgG to their cognitive antigens, or of IgG 
Fc receptor binding.
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