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Abstract Platelets play an important role in the development and progression of respiratory
distress. Functional platelets are known to seal inflammatory endothelial gaps and loss
of platelet function has been shown to result in loss of integrity of pulmonary vessels.
This leads to fluid accumulation in the pulmonary interstitium, eventually resulting in
respiratory distress. Streptococcus pneumoniae is one of the major pathogens causing
community-acquired pneumonia. Previously, we have shown that its major toxin
pneumolysin forms pores in platelet membranes and renders them nonfunctional.
In vitro, this process was inhibited by polyvalent intravenous immunoglobulins (IVIGs).
In this study, we compared the efficacy of a standard IVIG preparation (IVIG, 98%
immunoglobulin G [IgG]; Privigen, CSL Behring, United States) and an IgM/IgA-
enriched immunoglobulin preparation (21% IgA, 23% IgM, 56% IgG; trimodulin, Biotest
AG, Germany) to inhibit pneumolysin-induced platelet destruction. Platelet destruction
and functionality were assessed by flow cytometry, intracellular calcium release,
aggregometry, platelet viability, transwell, and flow chamber assays. Overall, both
immunoglobulin preparations efficiently inhibited pneumolysin-induced platelet de-
struction. The capacity to antagonize pneumolysin mainly depended on the final IgG
content. As both polyvalent immunoglobulin preparations efficiently prevent pneumo-
lysin-induced platelet destruction and maintain platelet function in vitro, they repre-
sent promising candidates for clinical studies on supportive treatment of
pneumococcal pneumonia to reduce progression of respiratory distress.
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Introduction

Community-acquired pneumonia (CAP) is frequent and can
cause acute respiratory distress syndrome (ARDS),1 a medi-
cal condition with high mortality.2 One of the major patho-
gens causing CAP is Streptococcus pneumoniae, and its toxin
pneumolysin contributes to the development of CAP and
ARDS.3–6 Recently, wehave shown that pneumolysin induces
platelet destruction and renders them nonfunctional.7 Pla-
telets play a role in lung diseases8 and impaired platelet
function leads to loss of vascular integrity,9,10 also in the
pulmonary vessels.11,12 This results in fluid accumulation in
the pulmonary interstitium and alveoli, eventually resulting
in respiratory distress. Already in the 1990s, it has been
shown that washed platelets prevent lung edema.13,14 Pre-
vention of pneumolysin-induced platelet destruction may
represent a supportive therapeutic strategy in patients with
pneumococcal CAP. Among other approaches,15,16 inhibition
of pneumolysin can be achieved by polyvalent immunoglob-
ulin preparations pooled from human plasma. We have
shown that a human immunoglobulin G (IgG) preparation
(intravenous immunoglobulin [IVIG]; 98% IgG) prevents
pneumolysin-induced platelet destruction in vitro.7 Further-
more, the IgM/IgA-enriched immunoglobulin preparation
trimodulin (23% IgM, 21% IgA, 56% IgG) reduced mortality
in severe CAP (sCAP) patients who had high C-reactive
protein and/or low IgM levels.17 More targeted analysis
revealed that trimodulin also reduced mortality in a small
patient subgroup with pneumococcal microbiological etiol-
ogy compared to placebo, and was shown to prevent lysis of
erythrocytes by pneumolysin.7

In this study, we investigate the impact of trimodulin on
pneumolysin-induced platelet destruction compared to an
IVIG preparation in vitro.

Methods

Polyvalent Immunoglobulin Preparations
In all experiments, IVIG (98% IgG; Privigen, CSL Behring,
United States) was used at a final concentration of 1mg/mL.
The IgM/IgA-enriched immunoglobulin preparation trimo-
dulin (23% IgM, 21% IgA, 56% IgG; Biotest AG, Germany) was
used in two final concentrations, 1 and 1.79mg/mL. IVIG
1mg/mL and trimodulin 1.79mg/mL contain the same final
concentration of IgG, whereas IVIG 1mg/mL and trimodulin
1mg/mL contain the same final overall concentration of
human plasma immunoglobulin proteins.

Determination of Ply-Specific Antibodies Using the
Luminex xMAP Technology
Human plasma samples to measure and compare Ply-specific
antibody titerswere eitherderived fromtheexcellencenetwork
for Community Acquired Pneumonia (CAPNETZ) or the SHIP-
TREND-0 cohort of the Study of Health in Pomerania (SHIP).18

The observational CAPNETZ study includes more than 12,000
patients diagnosed with CAP from whom comprehensive data
and biomaterials were collected (https://clinicaltrials.gov/ct2/
show/NCT02139163?term=NCT02139163&draw=2&rank=1 or
https://www.capnetz.de/html/capnetz/project?set-language-
to=en). Samples from the SHIP-TREND-0 cohort were used as a
healthy control group and comprised a stratified random
sample of adults living in the region of Western Pomerania
whose health status was assessed.19 The study protocol of the
CAPNETZ cohort was approved by the local ethics committee of
the Medical School Hannover, Germany (registration number
301-2008). The study protocol of the SHIP-TREND-0 cohort was
approved by the local ethics committee of the University of
Greifswald (registration number BB39/08),with all participants
providing written consent. A total of 138 human plasma
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samples were included from each study, which were matched
for age and gender. Samples: n¼138 CAPNETZ and n¼138
SHIP-TREND-0. Mean age in years: 54.3 years; men 54.3%,
women 45.7%.

The determination of Ply-specific antibody titers in IVIG
and human plasma samples was performed via a Luminex-
based serological assay described recently.20 In brief, recom-
binant pneumolysin was immobilized on xMAP MagPlex
beads (Luminex, United States), which were incubated
with fourfold serially diluted IVIG (98% IgG; Privigen, CSL
Behring, United States) or plasma samples (seven dilutions
ranging from 1:50 to 1:204,800). Detection of primary anti-
body binding was enabled by incubation with an R-Phycoer-
ythrin-labeled anti-human IgG (Jackson ImmunoResearch
Europe Ltd, Ely, United Kingdom) followed by measurement
in the FLEXMAP 3D (Luminex, United States). The xMAPr
analysis tool21 was used for curve fitting and calculation of
Ply-specific IgG response values.

Detection of Ply-Specific Antibodies Using Western
Blot
Different concentrations of recombinant pneumolysin
(0.125 , 0.25 , 0.5, and 1 µg/mL) were applied on a 12%
SDS gel and blotted on a nitrocellulose membrane. After
blocking in 5% skimmed milk a rabbit anti-pneumolysin
polyclonal Ab (1:500) generated as described,7 serum of a
defined donor (1:500), IVIG (1mg/mL), and trimodulin
(1.79mg/mL) were used as primary antibodies. After wash-
ing, the blots were incubated with HRP-labeled anti-human
or anti-rabbit IgG. Detection was done with a ChemoCam
(Intas, Science Imaging) with 15 second exposure time for
all immunoblots. The immunoblot image was brightness-
adjusted using Photoshop CS5 64 bit.

Platelet Preparation
Platelets were purified from ACD-A whole blood obtained
from healthy volunteers matching the criteria for blood
donation in Germany. All donors gave written and informed
consent. Ethics were approved by the Ethics Committee of
the Universitätsmedizin Greifswald (BB 044/18). Platelets
were prepared as described.7 Briefly, platelet-rich plasma
was washed twice with Tyrode’s buffer (0.35% BSA, 0.1%
glucose, 2.5 U/mL apyrase, 1 U/mL hirudin, pH 6.3) and the
final platelet pellet was resuspended in a bicarbonate-based
suspension buffer (0.137M NaCl, 0.027M KCl, 0.012M
NaHCO3, 0.42mM NaH2PO4, 0.35% BSA, 0.1% glucose,
0.212M MgCl2, 0.196M CaCl2, pH 7.2) and adjusted to
300.000 platelets/µL.

Pneumolysin
Purification of Strep-tagged pneumolysin and cytolytic ac-
tivity assessment were performed as described.7 Pneumo-
lysin stock solution (0.296mg/mL) was diluted in PBS (w/o
Ca2þ/Mg2þ, pH¼7.0) to different concentrations, depending
on the assay. Prior to the platelet assays, pneumolysin in
different concentrations was incubated with IVIG or trimo-
dulin (30minutes, at room temperature [RT]). Pneumolysin
concentrations were tested over a wide range (final concen-

trations of mainly 300–900ng/mL) to test for potential
differences in the efficacy of immunoglobulins.

Flow Cytometry (CD62P Staining)
To avoid artifacts of platelet activation caused by FcγRIIa-
dependent platelet activation (e.g., due to blood group anti-
bodies anti-A or anti-B IgG in the immunoglobulin prepara-
tions), platelets were preincubated with the monoclonal
antibody (mAb) IV.3 (supernatant of cell culture, 45minutes,
37°C in a 1:15 dilution) to block platelet FcγRIIa. Pneumo-
lysin of different concentrations (final concentrations: 900,
600, 300, 30ng/mL) was preincubated with IVIG (final con-
centration 1mg/mL), trimodulin (final concentrations: 1 and
1.79mg/mL) or buffer for 20 seconds, 60 seconds, 5minutes,
or 30minutes and then incubated with platelets for
10minutes at RT. To test remaining platelet functionality,
samples were split and 50% were incubated with thrombin
receptor activator peptide (TRAP-6, Hart Biologicals, United
Kingdom; final concentration 20 µM) for 10minutes at RT,
the other 50% with PBS. Then, platelets were labeled with
anti-human CD62P PE-Cy5-labelled antibody (BD Pharmin-
gen, United States, 10minutes, RT, 1:10 dilution), fixed with
paraformaldehyde 2% (Morphisto, Germany, 15minutes, RT),
washed with PBS (650 g, 7minutes), and assessed by flow
cytometry (Cytomics FC500; Beckmann, United States; CXP
2.2 software). A platelet gate was predefined using the
forward–sideward scatter followed by CD61-positive cells.
Results are presented as mean fluorescence intensity of the
CD62P-positive population multiplied by the percentage of
gated events. The experimental setup is shown in
►Supplementary Fig. S1 (available in the online version).

Comparison of Different IVIG and Trimodulin Batches
To test batch-to-batch variability, four different trimodulin
batches (Lot 1, 2, 3, 4) and twodifferent IVIG batches (Lot 1, 2)
were assessed in the CD62P flow cytometry assay (per-
formed as described above) and a hemolysis assay. For the
hemolysis assay, ACD-A whole blood was washed with PBS
four times (211 g, 10minutes, brake 0), the pellet was
resuspended and diluted in PBS (w/o Ca2þ/Mg2þ, pH¼7,
1:5). Samples were then incubated with pneumolysin or
pneumolysin preincubated with IVIG or trimodulin (final
concentrations: pneumolysin: 300, 600, 900ng/mL; IVIG:
1mg/mL; trimodulin: 1.79mg/mL) in a 96-well plate for
10minutes, 37°C. The plate was then centrifuged
(10minutes, 475 g, brake 0), and the supernatant was mea-
sured for absorption at 450 nm for free hemoglobin content
(Tecan Infinite 200 PRO, Tecan Group, Switzerland). The
experimental setup is shown in ►Supplementary Fig. S2

(available in the online version).

Measurement of Intracellular Calcium Release
The release of calcium from intracellular stores was mea-
sured using the fluorescent calcium indicator FLUO-4 AM
(ThermoFisher, United States). To avoid artifacts, platelets
were washed and resuspended in a calcium-free Tyrode’s
buffer as described.7 Platelets were stained with FLUO-4 AM
(ThermoFisher, United States; 5.4 ng/µL), and FcγRIIa was
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blocked bymAb IV.3 (1:15, 45minutes, 37°C).Measurements
were performed with Fluoroskan Ascent fluorometer (Ther-
moFisher, United States) applying Ascent software 2.6 as
described.7 In brief, pneumolysin (final concentrations: 900,
600, 300ng/mL) preincubated with IVIG (final concentration
1mg/mL), trimodulin (final concentrations: 1 and 1.79
mg/mL), or buffer was added after 15 seconds to the platelets
and measurement continued for 225 seconds. Then, the
remaining platelet functionality was tested by the addition
of TRAP-6 (final concentration 20 µM). The amount of free
intracellular calcium was normalized to the baseline mea-
surement. The detailed experimental setup is shown in
►Supplementary Fig. S3 (available in the online version).

Light Transmission Aggregometry (Platelet Lysis and
Aggregation)
FcγRIIa of washed platelets was blocked using mAb IV.3
(1:15, 45minutes, 37°C) and fibrinogen (Invitrogen, United
States; 2.25mg/mL) was added to allow platelet aggregation.
Platelets were assessed for aggregation or platelet lysis using
an APACT4 aggregometer (500 rpm, 37°C, Haemochrom,
Germany) applying APACT LPC-software as described.7 In
brief, pneumolysin (final concentrations: 900, 600, or 300
ng/mL) preincubated with IVIG (final concentration 1
mg/mL), trimodulin (final concentrations: 1 and 1.79
mg/mL), or buffer was added to the samples after 15 seconds
and change in light transmission was followed for 225 sec-
onds, then TRAP-6 (final concentration 20 µM) was added to
test the remaining platelet function. The detailed experi-
mental set up is shown in►Supplementary Fig. S4 (available
in the online version).

Platelet Viability
To determine platelet viability, RealTime-Glo Cell Viability
Assay (Promega, United States) was used. RealTime-Glo
reagents were prepared according to the manufacturer’s
protocol and mixed with platelets and pneumolysin (final
concentrations: 900, 600, 300ng/mL), which was preincu-
bated with IVIG (final concentration 1mg/mL) or trimodulin
(final concentrations: 1 and 1.79mg/mL) in a 96-well plate.
Real-time luminescence measurement was performed for
30minutes (FLUOstar Omega, BMG LABTECH, Germany) as
described.7 All samples were tested in duplicates. The mean
of the relative luminescence units of duplicate measure-
ments was subtracted by the blank and represents cell
viability. The detailed experimental setup is shown in
►Supplementary Fig. S5 (available in the online version).

Transwell Assay (Pore Sealing Capacity)
To determine the pore sealing capacity of platelets, transwell
assays with fibronectin-coatedmembranes (Corning 6.5mm
Transwell with 3.0 µm Pore Polycarbonate Membrane Insert,
Corning, United States) were performed as described.7 Brief-
ly, platelets were incubatedwith pneumolysin (final concen-
trations: 600, 300ng/mL ) preincubated with IVIG (final
concentration 1mg/mL), trimodulin (final concentration
1.79mg/mL), or buffer for 45minutes at 37°C in the inserts
of the transwell plates. The supernatant of the inserts was

discarded, and the inserts transferred into new wells con-
taining PBS (w/o Ca2þ/Mg2þ, pH 7.0). FITC-labeled bovine
serum albumin (BSA-FITC, ThermoFisher, United States;final
concentration 0.25mg/mL) was then added to the inserts
(10minutes, 37°C, darkness). The platelets’ pore sealing
capacity was determined by fluorometric measurement of
BSA-FITC flow through in the liquid of the lower chamber
(Fluoroskan Ascent FL, ThermoFisher, United States, Ascent
Software 2.6). The detailed experimental setup is shown in
►Supplementary Fig. S6 (available in the online version).

Thrombus Formation under Shear Flow
Platelets in hirudinized whole blood were stained with FITC-
labeled anti-human CD61 antibody (BD Pharmingen, United
States; 1:100) and then incubated with pneumolysin (final
concentration: 600ng/mL), which was preincubated with
IVIG (1mg/mL) or trimodulin (1 and 1.79mg/mL) for
10minutes at RT. Blood samples were flown over collagen
(horse tendon, Nycomed, Germany; 200 µg/mL HORM colla-
gen type I) coated channels of ibidi µ-slides VI 0.1 (ibidi,
Germany) at a wall shear rate of 1,000 s�1. Every 10 seconds,
time-lapse images were captured on a confocal laser scan-
ning microscope (Leica SP5, Leica, Germany) as described.7

Quantitative assessment of thrombus formation was per-
formed by image segmentation in Bitplane Imaris version
7.65. (Oxford Instruments, Abingdon, United Kingdom) using
the surface creation wizard algorithm as previously de-
scribed.7 All flow experiments were performed according
to International Society on Thrombosis and Haemostasis
Scientific and Standardization Committee subcommittee
on Biorheology recommendations.22 The detailed experi-
mental setup is shown in ►Supplementary Fig. S7 (available
in the online version).

Statistics
Statistical analysis was performed using GraphPad Prism 9.
Data are shown as median, except where indicated. Non-
normally distributed datawere analyzed using the Friedman
test followed by the uncorrected Dunn’s test for multiple
comparisons. Normally distributed datawere analyzed using
one-way repeated measures ANOVA (analysis of variance),
followed by the Bonferroni method for multiple compari-
sons. A p-value <0.05 was considered to be statistically
significant.

Results

Trimodulin and IVIG Inhibit Pneumolysin-Induced
Platelet Damage

Permeabilization of Platelets
We have shown earlier that pneumolysin treatment of
platelets results in intracellular CD62P staining due to pneu-
molysin-induced pore formation in the platelet membrane.7

This allows anti-CD62P antibodies to pass themembrane and
stain intraplatelet CD62P. Therefore, CD62P staining after
pneumolysin treatment is a marker for platelet destruction.7

In the presence of IVIG or trimodulin, pneumolysin-induced
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increase in CD62P staining in platelets was reduced in a
concentration-dependent manner (►Fig. 1A). Both immuno-
globulin preparations significantly reduced CD62P staining
induced by pneumolysin concentrations up to 300ng/mL. At
higher concentrations of pneumolysin (600–900ng/mL), the
values of CD62P staining in platelets in the presence of
trimodulin 1.79mg/mL and IVIG 1mg/mL were similar. In
contrast, CD62P staining in platelets was higher when only
1mg/mL trimodulin was used (►Fig. 1A). Pneumolysin pre-
incubations of >60 seconds with immunoglobulin prepara-
tions were sufficient to reduce CD62P values
(►Supplementary Fig. S8 [available in the online version]).
As control, neither IVIG nor trimodulin increased CD62P
staining in the absence of pneumolysin (►Fig. 1A).

Remaining Platelet Function
A similar pattern was observed for the remaining platelet
functionality when the response to TRAP-6 was tested
(►Fig. 1B). IVIG 1mg/mL and trimodulin 1.79mg/mL main-
tained TRAP-6 responsiveness up to 900ng/mL pneumolysin,
whereas trimodulin 1mg/mL failed to do so when more than
300ng/mLpneumolysinwasused. Asa control, neither IVIGnor
trimodulin inhibited CD62P expression on platelets after acti-
vation with TRAP-6 in the absence of pneumolysin (►Fig. 1B

and►Supplementary Fig. S8 [available in the online version]).

Batch-to-Batch Variability
To test batch-to-batch variability in the capacity to antago-
nize pneumolysin, e.g., due to different antipneumolysin
immunoglobulin concentrations in different batches, four
batches of trimodulin and two batches of IVIGwere tested in
the CD62P (►Supplementary Fig. S9A [available in the online
version]) and hemolysis assay (►Supplementary Fig. S9B

[available in the online version]). Overall, no relevant
batch-to-batch variability in the capacity to antagonize
pneumolysin was observed (►Supplementary Fig. S9 [avail-
able in the online version]). Therefore, all other experiments
were performed with only one batch per immunoglobulin
preparation (IVIG lot 1 and trimodulin lot 1).

Calcium Release
Platelets physiologically mobilize calcium from intracellular
stores upon activation over a short time, here demonstrated by
TRAP-6 addition (►Fig. 2A1–A3). In contrast, calcium release
upon pneumolysin treatment is permanent (►Fig. 2A1–A3).7

Consistent with theflow cytometry results, both immunoglobu-
lin preparations showed sufficient inhibition of calcium release
and maintenance of TRAP-6 responsiveness up to 300ng/mL
pneumolysin (►Fig. 2A1). At 600ng/mL pneumolysin, trimodu-
lin 1.79mg/mL and IVIG 1mg/mL still showed sufficient inhibi-
tion of calcium release and maintenance of TRAP-6
responsiveness, whereas trimodulin 1mg/mL did not
(►Fig. 2A2). At 900ng/mL pneumolysin, trimodulin 1.79mg/mL
showed a delay of pathological calcium release and only IVIG
1mg/mLshowedareductionofcalciumreleaseandmaintenance
of TRAP-6 responsiveness similar to the control (►Fig. 2A3). In
contrast, trimodulin 1mg/mL was not sufficient to inhibit the
900ng/mL pneumolysin effect (►Fig. 2A3). As a control, neither

IVIG nor trimodulin inhibited calcium release of platelets after
activation with TRAP-6 in the absence of pneumolysin
(►Supplementary Fig. S10A [available in the online version]).

Platelet Aggregation
In aggregometry with functional platelets, increased light
transmission upon activation (here following TRAP-6 stimu-
lation) is a measure for platelet aggregation and represents
the physiological platelet reaction (►Fig. 2B1–B3). In previ-
ous experiments we indicated that changes in light trans-
mission upon pneumolysin treatment are not inhibited by
the addition of RGDS, which blocks platelet aggregation.7 In
this case, increased light transmission upon pneumolysin
treatment is not a measure for platelet aggregation but for
platelet lysis.7 Both immunoglobulin preparations inhibited
platelet lysis and maintained TRAP-6 responsiveness up to
300ng/mL pneumolysin (►Fig. 2B1). At 600 ng/mL pneumo-
lysin, trimodulin 1mg/mL showed an incomplete reduction
of platelet lysis, and TRAP-6 responsiveness was lost, where-
as trimodulin 1.79mg/mL and IVIG 1mg/mL showed a
complete reduction of platelet lysis and maintenance of
TRAP-6 responsiveness (►Fig. 2B2). At 900 ng/mL pneumo-
lysin, trimodulin 1.79mg/mL and IVIG 1mg/mL inhibited
platelet lysis, but only IVIG maintained TRAP-6 responsive-
ness completely (►Fig. 2B3). Neither IVIG nor trimodulin
inhibited platelet aggregation after activationwith TRAP-6 in
the absence of pneumolysin (►Supplementary Fig. S10B

[available in the online version]).

Antipneumolysin Antibody Levels in Immunoglobulin
Preparations
To demonstrate that the rescue of platelet function by IVIG
and trimodulin is due to neutralization of the toxin by
specific antipneumolysin antibodies, the relative IgG anti-
body levels were determined in IVIG. These antibody levels
were compared to antipneumolysin IgG levels of a healthy
cohort (SHIP cohort) and a cohort of patients suffering on
pneumonia (CAPNETZ cohort). The results showed high
antipneumolysin IgG levels in IVIG (►Fig. 3A). In addition,
the direct interaction of antibodies present in IVIG, trimo-
dulin, and a healthy donor serumwas indicated by immuno-
blot analysis with pneumolysin. Consistent with the findings
of our functional experiments, IVIG was more reactive than
trimodulin (►Fig. 3B).

Trimodulin and IVIG Prevent Loss of Platelet Viability,
Pore Sealing Capacity, and Clot Formation upon
Pneumolysin Treatment
After assessing the inhibition of pneumolysin-induced plate-
let damage and the maintenance of TRAP-6 responsiveness
by trimodulin and IVIG, the maintenance of more complex
platelet functions, which are likely relevant in the develop-
ment of pulmonary vascular leakage and respiratory distress,
was assessed.

Platelet Viability
Impaired platelet metabolism and enzymatic functionality
have been shown to result in lung damage due to vascular
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Fig. 1 CD62P staining in platelets upon pneumolysin treatment. (A) Increased CD62P staining upon treatment with pneumolysin (Ply) or
pneumolysin preincubated with IVIG or trimodulin. CD62P staining is presented as mean fluorescence intensity (MFI) of CD62P-positive gated
events multiplied with the percent of CD62P-positive gated events. As a control, samples were incubated only with PBS. (B) CD62P staining upon
TRAP-6 (20 µM) addition after preincubation of platelets with pneumolysin or pneumolysin preincubated with IVIG or trimodulin. Response to
TRAP-6 is presented as a fold change of the MFI of CD62P-positive gated events multiplied with the percent of CD62P-positive events compared
to the PBS control. As a control, samples were incubated with PBS only. Statistical analysis was performed using the Friedman test followed by
uncorrected Dunn’s test for multiple comparisons. A p-value <0.05 was considered to be significant ( �> 0.033, ��> 0.002 , ���> 0.001). IVIG,
intravenous immunoglobulin; PBS, phosphate-buffered saline.
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leakage.11,13 In platelet viability assays, metabolically active
viable platelets converted the RealTime-Glo substrate to a
luminescent product;metabolically nonactive dead platelets
did not. Pneumolysin treatment impaired platelet viability

and induced cell death (►Fig. 4A–C). Both immunoglobulin
preparations inhibited cell death of platelets up to 300 ng/mL
pneumolysin (►Fig. 4A). At 600ng/mL pneumolysin, trimo-
dulin 1.79mg/mL and IVIG 1mg/mL inhibited cell death

Fig. 2 Kinetics of (A) intracellular calcium release and (B) platelet aggregation/lysis upon pneumolysin treatment. (A) Intracellular calcium
release in platelets upon treatment with different pneumolysin (Ply) concentrations (A1–A3) or pneumolysin preincubated with IVIG or
trimodulin, respectively. Intracellular calcium was quantified by fluorescence measurement, resulting from the fluorescence intracellular
calcium indicator FLUO-4-AM. After 240 seconds, platelet functionality was assessed by TRAP-6 (20 µM) addition. Curves represent themedian of
platelets of �8 donors. As a control, platelets were incubated with PBS. (B) Light transmission through platelet suspension upon treatment with
different pneumolysin concentrations (B1–B3) or pneumolysin preincubated with IVIG or trimodulin in aggregometry, respectively. Increased
light transmission upon pneumolysin treatment results from platelet lysis. After 240 seconds, platelet functionality was assessed by TRAP-6 (20
µM) addition. Increased light transmission uponTRAP-6 treatment results from platelet aggregation. Curves represent the median of at least five
donors. As a control, platelets were incubated with PBS only. IVIG, intravenous immunoglobulin; PBS, phosphate-buffered saline.
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Fig. 3 Pneumolysin IgG antibody levels in human sera and immunoglobulin preparations. (A) Anti-pneumolysin IgG antibody levels in a cohort of
pneumonia patients (n¼ 138), a healthy cohort (n¼ 138), and IVIG. The mean age was 54.3 years with 54.3% men and 45.7% women. The
pneumolysin IgG antibody titers were determined by the Luminex xMAP technology and the xMAPr analysis tool was used for curve fitting and
calculation of Ply-specific IgG response values. (B) Detection of IgG specific for pneumolysin by immunoblot analysis. Different amounts of
pneumolysin (0.125, 0.25, 0.5, and 1 µg/mL) were separated by sodium dodecyl sulphate–polyacrylamide gel electrophoresis and
incubated with a rabbit polyclonal antipneumolysin antibody (1:500, Davids Biotechnologie GmbH, Regensburg, Germany), a donor serum
(1:500), IVIG (1mg/mL), and trimodulin (1.79mg/mL). Detection of bound IgG was conducted with a secondary HRP-labeled anti-human
or anti-rabbit IgG. Detection was done with a ChemoCam (Intas, Science Imaging) and the immunoblot image was
brightness-adjusted using Photoshop CS5 64 bit. IgG, immunoglobulin G; IVIG, intravenous immunoglobulin; HRP, horseradish
peroxidase.

Fig. 4 Platelet viability upon pneumolysin treatment. Platelet viability upon treatment with different pneumolysin (Ply) concentrations (A–C) or
with pneumolysin (Ply) preincubated with IVIG or trimodulin, respectively. Viability was assessed by real-time measurement of relative
luminescence units (RLU) resulting from the enzymatic conversion of a substrate by viable platelets. Curves represent the median of platelets of
�5 donors. As a control, platelets were incubated with PBS only. For statistical analysis, the measurement endpoints (RLU of the final minute)
were compared applying the Friedman test, followed by uncorrected Dunn’s test for multiple comparisons. A p-value<0.05 was considered to be
significant (�> 0.033, ��> 0.002 , ���> 0.001). IVIG, intravenous immunoglobulin; PBS, phosphate-buffered saline.
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(►Fig. 4B). At 900ng/mL pneumolysin, only IVIG 1mg/mL
significantly inhibited cell death, and trimodulin 1mg/mL
inhibited cell death the least (►Fig. 4C). As a control, neither
IVIG nor trimodulin inhibited platelet viability in the absence
of pneumolysin (►Supplementary Fig. S10D [available in the
online version]).

Pore Sealing Capacity of Platelets
In transwell assays, pneumolysin reduced the capacity of
platelets to inhibit BSA-FITC diffusion through a perforated
membrane. Such impaired pore sealing capacity of platelets
could result in vascular leakage and fluid accumulation in the
pulmonary interstitium during inflammation in vivo. In
vitro, both immunoglobulin preparations maintained the
platelet pore sealing capacity at 300ng/mL pneumolysin
(►Fig. 5A). At 600ng/mL pneumolysin, only trimodulin 1
mg/mL was less efficient (►Fig. 5B). As control, neither IVIG
nor trimodulin increased BSA-FITC flow through in the
absence of pneumolysin to a relevant extent
(►Supplementary Fig. S9C [available in the online version]).

Thrombus Formation
In whole blood, pneumolysin inhibited platelet adherence
and subsequent thrombus formation (►Fig. 6A). Reduced
platelet adherence and insufficient thrombus formation
were preserved by trimodulin and IVIG (►Fig. 6A). The lower
effect of trimodulin compared to IVIG is an artifact as the
formulation buffer (without any immunoglobulins) of tri-
modulin reduced blood clot formation (►Fig. 6B). In vivo,
agents contained in the formulation buffer will be rapidly

diluted and cleared from the blood and therefore will likely
have no effect on platelet function.

Discussion

This study aimed to provide further information about the
impairment of platelets by pneumolysin and the impact of
two immunoglobulin preparations, the IgM/IgA-enriched
immunoglobulin preparation trimodulin and a standard
IVIG, on pneumolysin-induced platelet destruction. We
found that both pharmaceutical immunoglobulin prepara-
tions prevent the destruction of platelets by pneumolysin in
vitro as indicated by flow cytometry, calcium release assay,
and light transmission aggregometry. Further, the immuno-
globulinsmaintain complex platelet functions as shown in in
vitro viability and transwell assays and even in whole blood
an effect can be observed as indicated by thrombus
formation.

Importantly, the extent of prevention of pneumolysin-
induced platelet damage depends mainly on the IgG content
in the immunoglobulin preparation. When the total content
of IgG was similar, IVIG and trimodulin showed similar in
vitro effects. However, when the two preparations were
adjusted to the same overall human plasma immunoglobulin
concentration, trimodulin showed lower efficacy. This indi-
cates that IgM and IgA antibodies do not contribute similarly
to IgG to the inhibition of pneumolysin in the in vitro assays
tested here. These data are strongly supported by the Lumi-
nex-based serological assay, which indicated high levels of
antipneumolysin IgGs in IVIG. Although IVIG is diluted by

Fig. 5 Platelet’s pore sealing capacity upon pneumolysin treatment. The pore sealing capacity of platelets upon treatment with different
pneumolysin concentrations (A, B) or with pneumolysin preincubated with IVIG or trimodulin, respectively, was assessed by their capability to
inhibit BSA-FITC diffusion through a perforated fibronectin-coated membrane. BSA-FITC diffusion was quantified by the measurement of relative
fluorescence units (RFU). Bars represent the mean of platelets of at least three donors. As a control, platelets were incubated with PBS only.
Statistical analysis was performed using the Shapiro–Wilk normality test and repeated measures one-way ANOVA. A p-value <0.05 was
considered to be significant ( �> 0.033, ��> 0.002 , ���> 0.001). ANOVA, analysis of variance.
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patient blood after transfusion, the high levels of antipneu-
molysinwill result in clinicallymeaningful concentrations of
these inhibitory antibodies by IVIG and trimodulin. However,
trimodulin reactedwith a lower efficiencywith pneumolysin
compared to IVIG, which supports the observed differences
on the in vitro neutralization of pneumolysin for IVIG and
trimodulin.

All assays were done with IVIG at a concentration of
1mg/mL and trimodulin at a concentration of 1 and 1.79
mg/mL. During treatment of patients with immunoglobulin
preparations, immunoglobulin concentrations will be even
higher.When trimodulinwas given to patientswith sCAP at a
dose of 182.6mg/kg bodyweight daily on 5 consecutive days,
serum concentrations of up to 11.5mg/mL IgG, 2.0mg/mL
IgM, and 4.1mg/mL IgA were observed.23 When IVIG was
used in doses of 138.0 to 554.0mg/kg bodyweight in patients
with primary immunodeficiency, IgG concentrations of up to
16.6mg/mL were reached 1hour after infusion and 9mg/mL
IgG 2 weeks after infusion.24 These pharmacokinetic prop-
erties indicate that the concentrations, which had been
sufficient in our studies to prevent pneumolysin-induced
platelet destruction in vitro, are even below those that can be
reached in vivo using standard therapeutic regimens. The
inhibitory effect of immunoglobulin preparations on pneu-
molysin is already measured after 60 seconds. Thus, treat-

ment of patients suffering from pneumococcal pneumonia
with immunoglobulin preparations will be clinically rele-
vant, in particular in clinical settings where pneumolysin is
released during therapeutic intervention.

Pneumolysin was used mainly at concentrations of 300
to 900 ng/mL in our experiments. In vivo data on the
concentration of pneumolysin in pneumococci-induced
pneumonia are difficult to obtain, because its local con-
centration in the lung is most likely much higher than the
concentrations found in the venous blood taken from
patients after it had circulated through the entire vessel
system. The in vivo pneumolysin concentrations in
humans, which probably come closest to the local con-
centrations of pneumolysin, are measured in cerebrospinal
fluid from pneumococcal meningitis patients, where no
dilution of pneumolysin occurs by the bloodstream.
Reported concentrations range from 0.85 to 180 ng/mL,25

with individual cases exceeding 600 ng/mL.26 In a murine
mouse model, pneumolysin concentrations in bronchoal-
veolar lavage were found up to 1 ng/mL.4 Although there
remains some uncertainty about in vivo pneumolysin
concentrations at the local site of infection, the ratios of
immunoglobulin preparations and pneumolysin used in
our experiments are likely within a clinically relevant
range.

Fig. 6 Thrombus formation inwholeblood. (A) Thrombus formationupon treatment with600ng/mLpneumolysin (Ply) or pneumolysin preincubatedwith
IVIG or trimodulin. A quantitative assessment of thrombus formation was performed by analyzing the area of the collagen-coated microchannel slide that
was covered by thrombi. Curves represent the mean of platelets of three donors. As a control, whole blood was incubated with PBS only. (B) Thrombus
formation upon treatment with immunoglobulin preparations (without pneumolysin) to investigate their effects alone on the thrombus formation.
A quantitative assessment of thrombus formation was performed by analyzing the area covered. Curves represent the mean of platelets of three donors.
As a control, whole blood was incubated with PBS only. IVIG, intravenous immunoglobulin; PBS, phosphate-buffered saline.
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Surprisingly, for the pneumolysin concentration of
900ng/mL, differences between IVIG (1mg/mL) and trimo-
dulinwith adjusted IgG content (1.79mg/mL) were observed
in aggregometry, calcium release (►Fig. 2A, B), and viability
assay (►Fig. 4), but not in flow cytometry (►Fig. 1). This
might be either a matter of different sensitivity of the assays
to platelet damage or donor-specific reasons.

In addition, trimodulin buffer showed an effect itself on
thrombus formation in the flow chamber assay (►Fig. 6). As
the blood samples tested in the assay function as a closed
system without any clearance, this effect is likely to be an
experimental artifact. In vivo, agents contained in the
trimodulin buffer will likely be rapidly diluted and cleared
from the circulation.

The negligible impact of IgM in preventing pneumolysin-
induced platelet destruction by trimodulin can very likely be
explained by its origin. Trimodulin is prepared from pooled
human plasma obtained from healthy blood donors. Blood
donorswithsymptomsofacute infectionwithinthelast2weeks
are typically excluded from blood donation, but antipneumo-
lysin IgM concentrations in human plasma are highest during
pneumococcal infection.27 In addition, in contrast to antipneu-
mococcal capsular polysaccharide IgM, antipneumolysin IgM
titers remain relatively low, even during acute infection.27

An experimental limitation of our study is that pneumolysin
was first preincubated with the immunoglobulin preparations
for 30minutes beforeplateletswere added. Invivo, patientswill
already be infectedwith pneumococci, which release pneumo-
lysin28,29 before they are treated with immunoglobulins. How-
ever, pneumonia can progress to sCAP associated with sepsis
and immunoglobulin treatment may prevent worsening of
pulmonary leakage. Interestingly, in a clinical study in patients
with sCAP due to confirmed S. pneumoniae infection, in those
receiving trimodulin, platelet counts increased faster compared
to placebo.7 The underlying mechanisms remain unclear. Our
experiments indicate that one potential explanation among
others might be that neutralization of pneumolysin supports
the faster increase of platelet counts. However, other studies
indicate more pronounced immune modulation by trimodulin
compared to IVIG.30 Furthermore, trimodulin but not IVIGwas
found to interact with the complement system in an either
activating or inhibiting way, depending on the concentration.23

Which of these factors finally contributes to clinical efficacy in
acute pneumonia is unresolved.

In conclusion, our results indicate that both IVIG and the
IgM/IgA-enriched immunoglobulin preparation trimodulin
represent promising candidates for supportive treatment of
pneumococcal pneumonia. By preventing pneumolysin-in-
duced platelet destruction and maintaining platelet func-
tionality, immunoglobulin preparations could potentially
prevent the worsening of respiratory distress. In pharma-
ceutical immunoglobulin preparations, IgG seems to be the
determining component for the effective prevention of
platelet destruction by pneumolysin in vitro.

What is known about this topic?

• Pneumolysin, the main toxin of Streptococcus pneu-
moniae, forms pores in platelets and renders them
nonfunctional. Impaired platelet function plays a role
in the development of respiratory distress, which
occurs as a complication of severe community-
acquired pneumonia (sCAP), often caused by
S. pneumoniae.

• In vitro, a human IgG immunoglobulin preparation
was shown to prevent pneumolysin-induced platelet
destruction.

• In vivo, a human IgM/IgA-enriched immunoglobulin
preparation was shown to reduce mortality in sCAP
patients.

What does this paper add?

• Both IgG and IgM/IgA-enriched immunoglobulin prep-
arations sufficiently inhibit pneumolysin-induced
platelet destruction in vitro.

• Compared to IgG preparations, additional IgM and IgA
do not increase the capacity to inhibit pneumolysin-
induced platelet destruction in vitro. This indicates
that IgG is the main component for an inhibition of
pneumolysin-induced platelet destruction.
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