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Abstract 
 
The most serious complication in the treatment of hemophilia A (HA) is the development of factor (F)VIII inhibitors or anti-
drug antibodies (ADA) occurring in 25-35% of patients with severe HA. The immunological mechanisms underlying the 
development of ADA against FVIII products have not been completely understood yet. Immunological danger signals 
associated with events such as infection or surgery have been suggested to play a critical role. In previous studies, we 
demonstrated that plasma-derived (pd)FVIII but not recombinant (r)FVIII can activate human monocyte-derived dendritic 
cells (DC) in a danger signal-dependent manner, which subsequently mediate the proliferation of autologous CD4+ T cells. 
In this study, we investigated the ability of plasma components, naturally present in pdFVIII products, to mediate T-cell 
responses. In fact, we show that addition of plasma to rFVIII plus lipopolysaccharide (LPS)-stimulated DC induces 
proliferation of autologous CD4+ T cells. Interestingly, although DC pulsed with LPS plus plasma induce T-cell proliferation 
upon co-culture, the addition of FVIII significantly increases the number of proliferating as well as FVIII-specific CD4+ T 
cells. Total proliferating CD4+ T cells and FVIII-specific subsets were identified mainly as central memory T cells. 
Experiments using blocking antibodies and receptor antagonists revealed that the complement proteins C3a and, to a 
lesser extent, C5a are critically involved in these LPS-mediated T-cell responses. Collectively, our results indicate that 
complement proteins are potent drivers of T-cell responses to FVIII. Data presented provide a model how event-related 
substitution of FVIII in HA patients might contribute to inhibitor development. 
 

Introduction 
Hemophilia A (HA) is a hereditary bleeding disorder char-
acterized by the complete absence or functional deficiency 
of the coagulation factor VIII (FVIII). In order to restore nor-
mal hemostasis, HA patients are treated with infusions of 
either plasma-derived (pd) or recombinant (r)FVIII prod-
ucts. A serious complication upon administration is the de-
velopment of anti-FVIII antibodies, so called inhibitors, 
which can substantially limit treatment efficacy.1 The re-
ported inhibitor incidence in treated patients with severe 
HA is approximately 25-35%.2 The risk for inhibitor devel-
opment is higher in those HA patients completely lacking 
endogenous FVIII when compared to those suffering from 
mild or moderate HA with only a mutated or truncated FVIII 
protein.3 However, this genetic predisposition does not 
necessarily predict the risk of inhibitor development of an 

individual patient. Patients with minor FVIII variations can 
develop inhibitors and patients with large deletions or a 
complete FVIII protein deficiency can remain free from in-
hibitor development. Consequently, it has been demon-
strated that other factors such as ethnicity, HLA genotype, 
polymorphisms in immune regulatory genes, and/or the in-
tensity and context of FVIII-treatment contribute to in-
hibitor development.4 An additional risk factor in the 
development of inhibitors is provided by the presence of 
immunological danger signals, in particular during intensive 
FVIII-treatment episodes. It has been observed that avoid-
ing FVIII-treatment during acute infectious diseases or vac-
cinations, events associated with an enhanced presence of 
danger signals, limits the risk of inhibitor formation.5 In line 
with this, we have previously shown that in the presence 
of the danger signal lipopolysaccharide (LPS), human den-
dritic cells (DC) can be synergistically activated by pdFVIII 
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but not rFVIII products in vitro.6 Furthermore, we have 
demonstrated that only pd but not rFVIII plus LPS-stimu-
lated DC induce proliferation of co-cultured autologous T 
cells.7 As a medicinal product derived from human plasma, 
pdFVIII products co-deliver other blood-derived proteins. 
In fact, within pdFVIII products, a maximum of 2% is made 
up by FVIII while ~98% consist of (other) plasma proteins.8 
Some of the plasma components such as proteins of the 
complement system, may promote immune responses. Of 
note, plasma components can either be delivered by 
pdFVIII products as in in vitro experimental settings or are 
ubiquitously present in pdFVIII- or rFVIII-treated patients 
per se. 
The complement system is an ancient and evolutionary 
conserved arm of innate immunity. However, its diverse 
role in regulating adaptive immune responses has been 
underestimated for a long time. Complement serves as a 
natural adjuvant for B-cell activation and antibody pro-
duction and has modulating effects on T-cell immunity.9  

Particularly, the complement components C3a and C5a, 
which interact with their respective receptors C3aR and 
C5aR on antigen presenting cells (APC) and T cells, were 
shown to alter T-cell responses both directly and indi-
rectly via APC.10,11 Furthermore, there is a body of evidence 
pinpointing towards a substantial crosstalk between com-
plement and Toll-like receptor (TLR) signaling pathways 
resulting in synergistic interactions.12 For example, the 
TLR4 ligand LPS has been shown to activate complement 
which can lead to differential LPS-induced inflammatory 
processes.13 In line with this, excessive complement acti-
vation can contribute to destructive inflammatory con-
ditions present in sepsis, allergy, transplant rejection, or 
autoimmunity.14 However, experimental data investigating 
the impact of plasma components and LPS on FVIII in-
hibitor development are largely missing.  
In our current study, we investigated whether plasma, and 
in particular the complement proteins C3a and C5a, con-
tribute to FVIII plus LPS-mediated T-cell responses. In ad-
dition, we explore which cellular and molecular mechanisms 
are involved in this T-cell activation elicited by both pd and 
rFVIII, depending on the experimental setting. In order to 
further shed light on these mechanisms, we quantified and 
characterized proliferating and FVIII-specific CD4+ T cells 
and their subsets. 

Methods 
Ethics statement 
The research was approved by the Ethics Committee of 
the Medical Faculty of the Goethe University Frankfurt, 
Germany (trade number 70/15) and is in accordance with 
the  Declaration of Helsinki of 1975, revised in 2008. All 
volunteers have given written consent to the study. 

FVIII products  
One pdFVIII (corresponding to FVIII1 in Miller et al. 2015 
and 20186,7) and one full-length rFVIII product produced 
in a baby hamster kidney cell line were used throughout 
the study. DC were incubated with 1 IU/mL of FVIII prod-
ucts. The generation of plasma is described in the Online 
Supplementary Appendix. 

Quantification of C3a and C5a 
In order to quantify C3a/C3adesArg and C5a/C5adesArg, 
OptEIA enzyme-linked immunsorbant assay (ELISA) kit 
from BD Biosciences (San Diego, USA) was used in ac-
cordance with the manufacturer's instructions.  

T-cell proliferation assay 
Proliferation assays were performed as previously de-
scribed.7 In experiments performed using autologous, 
FVIII-deficient (Siemens Healthcare Diagnostics GmbH), 
and heat-treated plasma, cells seeded in different ratios 
(see the Online Supplementary Appendix for details) were 
pooled for analysis. 

Complement blocking 
Blocking of complement receptors was performed by in-
cubating DC for 1 hour with the indicated concentrations 
of a specific C3aR antagonist (C3aRA) or C5aR antagonist 
(C5aRA; both from Calbiochem, now Sigma-Aldrich; dis-
solved in dimethyl sulfoxide [DMSO]) prior to treatment 
with pdFVIII plus LPS. As a control, DC were incubated 
with DMSO only (Sigma-Aldrich). Complement proteins 
were blocked by treating DC with pdFVIII plus LPS in the 
presence of the following neutralizing monoclonal anti-
bodies: anti-C3/C3a/C3adesArg (clone K13/16), anti-
C5/C5a/C5adesArg (clone G25/2, both isotype IgG1, 
BioLegend, Fell, Germany), eculizumab (anti-C5, isotype 
IgG2/4, Alexion, Paris, France), or the C3-targeting peptide 
compstatin (Tocris Bioscience, Bristol, UK). An IgG1 iso-
type control antibody (clone MOPC-21, BioLegend) and 
ovalbumin (OVA)323-339 (ISQAVHAAHAEINEAGR, AnaSpec, 
Fremont, USA) served as controls. 

Flow cytometry 
For cell proliferation analyses by flow cytometry, T cells 
were collected by up- and down-pipetting. Complement 
receptors on DC and T cells were stained for 20 minutes 
(min) at 4°C using anti-human C3aR-APC (clone hC3aRZ8, 
BioLegend) and anti-C5aR-PE (clone D53-1473, BD Phar-
mingen, San Diego, USA) at their optimal concentrations. 
As isotype control, IgG2b-APC (clone 27-35) and IgG1-PE 
(clone MOPC 21, both from BD Pharmingen) were used. T-
cell surface markers were stained for 20 min at 4°C using 
the following antibodies: anti-CD3-AmCyan (clone SK7, BD 
Pharmingen), anti-CD4-PacBlue, anti-CD4-APC (both 
clone RPA-T4, BD Pharmingen), anti-CD45RA-PerCP (clone 
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HI100, BioLegend), anti-CD45RO-AF700 (clone IV N31, Bio-
Legend), and anti-CCR7-PE-Cy7 (clone 3C12, BD Phar-
mingen). For the detection of FVIII-specific CD4+ T cells, 
cells were harvested, incubated for 20 min with polyglobin 
(Bayer Vital, Leverkusen, Germany), and stained for 2 hours 
with HLA-DRB1*11:01 ProT2589-608 (ENIQRFLPNPAGVQLED-
PEF) tetramer-PE (Proimmune, Oxford, UK). Subsequently, 
cells were stained with antibodies for 20 min at 4°C, 
washed, and fixed with 1% paraformaldehyde. All fluor-
escence-activated cell sorting (FACS) analyses were per-
formed using LSR II and LSR Fortessa flow cytometers. 
Data were analyzed with the BD FACSDiva software version 
8.0.1 (BD Biosciences) or FlowJo software version 7.6.5 or 
10.0.8 (Tree Star, Ashland, USA). 

Statistical analysis and calculations 
Statistical analyses are further described in the Online 
Supplementary Appendix.  

Results 
Addition of human plasma to recombinant FVIII plus 
lipopolysaccharide-treated dendritic cells increases 
T-cell proliferation 
We have previously shown that pd but not rFVIII-treated 
DC synergistically mediate T-cell proliferation, when ap-
plied along with LPS.7 This is reproduced in Figure 1 where 
DC were treated either with a pd or rFVIII product, LPS, 
or with FVIII plus LPS. Subsequently, PKH26-labeled auto-
logous T cells were added for 9 days and T-cell prolifer-
ation was analyzed as a measure of PKH26 dilution. In 
order to investigate if plasma components contribute to 
the immunogenicity of pdFVIII products, plasma was 
added to rFVIII plus LPS-treated DC. If not stated other-
wise, the plasma used throughout this study was col-
lected and pooled from ten individual donors. With the 
exception of this exogenously added plasma, all experi-

A B

C

D

Figure 1. Addition of human plasma to recombinant FVIII plus 
lipopolysaccharide-treated dendritic cells induces increased 
T-cell proliferation. Dendritic cells (DC) were treated for 24 
hours with (A) plasma-derived (pd) FVIII or (B) rFVIII (each with 
1 IU/mL), lipopolysaccharide (LPS) (0.1 mg/mL), or with FVIII plus 
LPS. In addition, DC were treated with rFVIII plus LPS in pres-
ence of plasma (2.5 mL/mL). Untreated DC served as control. 
PKH26-labeled autologous T cells were added and at day 9 of 
co-culture, cells were harvested and percentages of prolifer-
ated T cells were analyzed by fluorescence-activated cell sort-
ing (FACS). Flow cytometry plots of 1 representative donor are 
shown in (A) and (B). Data of several donors are summarized 
from at least 3 independent experiments for (C) pdFVIII (n=14) 
and (D) rFVIII treatment (n=7-10). Statistical significance was 
determined using the Wilcoxon matched-pairs signed rank test. 
Error bars indicate the means ± standard error of the mean. 
*P<0.05; ***P<0.001.
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ments throughout this study were performed in serum-
free media. As shown in Figure 1B, D, addition of plasma 
to rFVIII plus LPS-treated DC indeed induced proliferation 
of co-cultivated autologous T cells. These data indicate 
that plasma components which are co-delivered by pd but 
not rFVIII products cause the synergistically enhanced in-
duction of T-cell proliferation and thus the immunogenicity 
of pdFVIII products observed in vitro. This might also hold 
true for the in vivo situation, where plasma components 
are ubiquitously present within an FVIII-treated HA patient. 

Proliferating T cells are FVIII-specific and 
predominantly central memory cells 
In order to verify that co-stimulation with LPS plus 
plasma indeed amplifies T-cell responses towards FVIII, 
we determined FVIII-specific T cells within proliferating 
CD4+ T cells. For this purpose, DC were stimulated with 
LPS plus plasma in the presence or absence of rFVIII, co-
cultivated with autologous T cells, and proliferated CD4+ 
FVIII-specific T cells were analyzed using a FVIII-specific 
tetramer. As shown in Figure 2B, DC pulsed with rFVIII 
alone did not mediate expansion of FVIII-specific T cells, 
while LPS plus plasma-stimulated DC mediated some ex-
pansion of FVIII-specific T cells. Of note, stimulating DC 
with LPS plus plasma in the presence of rFVIII significantly 
increased FVIII-specific T-cell counts within the total 
number of proliferating CD4+ T cells (Figure 2B). These 
data strongly indicate that addition of an antigen such as 
FVIII to LPS plus plasma-pulsed DC directs the induced 
T-cell response towards this given antigen. 
In order to further dissect T-cell subsets proliferating 

upon co-culture with LPS plus plasma and rFVIII-stimu-
lated DC, we classified proliferating T cells as published 
by Thome et al.15  According to this classification, naïve T 
cells are CD3+CD4+CD45RO-CD45RA+CCR7+ while effector 
T cells are CD3+CD4+CD45RO-CD45RA+CCR7-. Furthermore, 
central memory (CM) T cells are characterized as being 
CD3+CD4+CD45RO+CD45RA-CCR7+ and effector memory 
(EM) T cells as being CD3+CD4+CD45RO+CD45RA-CCR7-.15 
All four subsets were analyzed within the proliferating T-
cell population. As shown in Figure 3B, C, both T-cell 
populations, total proliferating CD3+CD4+ T cells as well 
as proliferating CD3+CD4+ FVIII-specific T cells, consisted 
of approximately 72% or 67% CM and 17% or 19% EM T 
cells, respectively, while naïve or effector T cells were 
clearly underrepresented with a maximum of approxi-
mately 2%. Thus, in the presence of the antigen rFVIII, LPS 
plus plasma-stimulated DC predominantly induce the ex-
pansion of antigen-specific CM CD4+ T cells. 

C3a and C5a are present in plasma-derived FVIII 
products 
It has been shown before that C3a is present in various 
pdFVIII products.16 In order to investigate whether C3a and/or 
C5a are present in FVIII products used in our study, we de-
termined C3a and C5a levels within these products by ELISA. 
As shown in Figure 4A, both C3a and C5a were detectable 
in the pdFVIII product, whereas both were absent in the sol-
vent (water for injection [WFI]) and the rFVIII product. 
Heat treatment of plasma is a rather crude but commonly 
applied laboratory method to inactivate complement.17 As 
shown in Figure 4B, C, T-cell proliferation was strongly re-

Figure 2. Recombinant FVIII co-stimulation with lipopolysaccharide plus plasma induces the proliferation of FVIII-specific T 
cells. Dendritic cells (DC) from HLA-DRB1*11-positive donors were stimulated with recombinant (r)FVIII (1 IU/mL), lipopolysac-
charide (LPS) (0.1 mg/mL), and plasma (2.5 mL/mL). Control DC were left untreated. After 24 hours, carboxyfluorescein succinimidyl 
ester (CFSE)-labeled autologous T cells were co-cultured with DC for 9 days. On day 9, T cells were harvested and stained with 
HLA-matched FVIII-specific tetramer and anti-CD3 and anti-CD4 antibodies for fluorescence-activated cell sorting (FACS) ana-
lyses. (A) Gating strategy for 1 representative donor is shown. In order to analyze only living T cells, gates were set in the 
forward/side scatter (FSC/SSC) and further on CD3+CD4+ T cells. T-cell proliferation was assessed by measuring the decrease of 
CFSE fluorescence intensity in the histogram. Then, CFSE- cells were defined in the dot plot as CD4+tetramer+ FVIII-specific T 
cells. (B) The proliferated FVIII-specific T cells are shown as absolute numbers in events. Data in (B) were obtained from 5 in-
dependent experiments (n=6-11). Statistical significance was determined using the Wilcoxon matched-pairs signed rank test. 
Error bars indicate the means ± standard error of the mean. *P<0.05.

A B
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duced when DC were stimulated with rFVIII plus LPS in 
the presence of heat-treated plasma when compared to 
untreated plasma. Collectively, these data provide a first 
hint that complement components C3a and/or C5a might 
be involved in the induction of T-cell proliferation under 
the above-mentioned conditions. 

C3a promotes pdFVIII plus lipopolysaccharide-mediated 
T-cell proliferation 
The expression of C3aR and C5aR is not limited to cells of 
the myeloid lineage,18 but has been reported for lympho-
cytes as well.11,19 Expression of the respective receptors on 
cells used within our study is the prerequisite for the sug-
gested (direct) action of C3a and/or C5a on these cells. As 
expected, FACS analyses confirmed the expression of C3aR 
and C5aR on the surface of in vitro-differentiated DC and 
freshly isolated T cells (Figure 5A). However, the expression 
levels of C3aR and C5aR were found to be donor-specific 
(data not shown) as reported before.20-22  
In order to investigate the role of C3a and/or C5a in syn-
ergistically enhanced T-cell responses observed upon co-
culture with pdFVIII plus LPS-treated DC, we blocked these 

complement components. For blocking, we used a mono-
clonal antibody (mAb) binding an epitope shared by both C3 
and C3a, and C5 and C5a, respectively. As shown in Figure 
5B, T-cell proliferation mediated by pdFVIII plus LPS-treated 
DC was significantly reduced upon blocking of C3/C3a. 
Blocking C5/C5a by a specific mAb also significantly re-
duced T-cell proliferation. However, also applying the iso-
type control mAb had an inhibitory effect. Using compstatin, 
a specific peptide inhibitor of C3, did not reduce T-cell pro-
liferation indicating that T-cell proliferation mediated by 
pdFVIII plus LPS-treated DC indeed requires C3a but not its 
uncleaved precursor C3 (Figure 5B). Along this line, no re-
duction of T-cell proliferation was observed upon blocking 
C5 using the therapeutic mAb eculizumab (Figure 5B). Ecul-
izumab is a chimeric IgG2/4 construct; hence, a cor-
responding isotype control was not available to us.  
In order to confirm the role of C3a and/or C5a in T-cell 
proliferation mediated by pdFVIII plus LPS-stimulated DC, 
we made use of C3aR and C5aR antagonists (C3aRA and 
C5aRA).10,23 As shown in Figure 5C and D (upper panels), 
blocking C3aR significantly reduced T-cell proliferation 
when compared to the solvent control (DMSO). Similarly, 

A B

C

Figure 3. Recombinant FVIII co-stimulation with lipopolysaccharide plus plasma mainly induces proliferation of central memory 
T cells. Dendritic cells (DC) from HLA-DRB1*11-positive donors were treated with recombinant (r)FVIII (1 IU/mL), lipopolysaccharide 
(LPS) (0.1 mg/mL), and plasma (2.5 mL/mL). After 24 hours, carboxyfluorescein succinimidyl ester (CFSE)-labeled autologous CD4+ 
T cells were added. On day 9 of co-culture, T cells were harvested and stained with HLA-matched FVIII-specific tetramer and 
an antibody mix containing anti-CD3, anti-CD4, anti-CD45RA, anti-CD45RO, and anti-CCR7 antibodies. The CD4+ T cells were de-
fined as 4 subsets: central memory (CM) T cells (CD45RO+CD45RA-CCR7+), effector memory (EM) T cells (CD45RO+CD45RA-CCR7-

), naïve T cells (CD45RO-CD45RA+CCR7+), and effector T cells (TE) (CD45RO-CD45RA+CCR7-). (A) Data from 1 representative donor 
are shown. (B) Percentage distribution of CD4+ T-cell subtypes from proliferated CD4+ T cells (n=17, 5 donors from 7 independent 
experiments) and (C) from proliferated CD4+ FVIII-specific T cells (n=7, 6 donors from 2 independent experiments) are summar-
ized. Error bars indicate the mean ± standard error of the mean. SSC: side scatter; FSC: forward scatter.
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C5aR blocking resulted in significantly lower T-cell prolifer-
ation rates when compared to controls (Figure 5C, D lower 
panels). Of note, using the indicated concentrations of 
C3aRA and C5aRA had no effect on T-cell viability but using 
C5aRA at 10 mM reduced T-cell viability (data not shown) 
which is in line with Lalli et al. showing that some C5aR sig-
naling is necessary for maintaining murine T-cell survival.24 
For this reason, we omitted data for C5aRA treatment at 10 
mM. 
Collectively, data presented here indicate that pdFVIII 
products co-deliver C3a and C5a peptides of which par-
ticularly C3a is critically involved in the induction of syn-
ergistically enhanced T-cell responses upon co-cultivation 
with pdFVIII plus LPS-stimulated DC. 

The antigen recombinant FVIII increases 
lipopolysaccharide- plus plasma-mediated T-cell 
proliferation 
Adding plasma to rFVIII plus LPS-treated DC increases the 
proliferation of co-cultivated, autologous T cells (Figure 
1C). However, enhanced T-cell proliferation was also ob-
served upon co-culture with DC treated with LPS plus 
plasma in the absence of FVIII as an antigenic component 
(Figure 2B; Figure 6A). These observations raised two 

questions: first, since the plasma used in our study is of 
allogenic origin, non-self determinants are present and 
might contribute to DC-mediated T-cell proliferation; sec-
ond, whether FVIII as an antigenic component contributes 
to T-cell proliferation at all. In order to answer the first 
question, we collected plasma from ten individual donors 
which was used to stimulate cells from each correspond-
ing donor. As a control, the pooled plasma was used 
throughout the study. As shown in Figure 6B, there was 
no difference in T-cell proliferation no matter whether the 
plasma pool or autologous plasma was used in the ab-
sence or presence of LPS, indicating that mechanisms in-
dependent of self/non-self discrimination are involved. In 
order to investigate, whether the presence of the antigen 
FVIII contributes to T-cell proliferation, we treated DC 
with LPS and FVIII-deficient plasma in the presence or 
absence of rFVIII, and analyzed proliferation of co-cul-
tured T cells. As shown in Figure 6C, D, percentages of 
proliferated T cells were significantly increased when 
rFVIII was added. This increase in proliferating T cells in 
the presence of rFVIII was consistent for all individual do-
nors tested (Figure 6E). These data show that rFVIII in-
creases T-cell proliferative responses and suggests that if 
an antigen such as FVIII is present, plasma plus LPS-

Figure 4. C3a and C5a are present in plasma-derived FVIII products. 
(A) Plasma-derived (pd) or recombinant (r)FVIII products (5 IU each) 
were analyzed for C3a (black bars) and C5a (white bars) by enzyme-
linked immunosorabant assay (ELISA) with water for injection (WFI) 
as solvent control. Error bars indicate standard deviations from trip-
licate or quadruplicate ELISA measurements. (B) Dendritic cells (DC) 
were treated for 24 hours with rFVIII (1 IU/mL), lipopolysaccharide 
(LPS) (0.1 mg/mL), or with rFVIII plus LPS in the presence or absence 
of plasma or heat-treated plasma (both at 2.5 mL/mL). Control DC 
were left untreated. PKH26-labeled autologous T cells were added 
and 9 days after co-culture, cells were harvested and percentages 
of proliferated T cells were analyzed by fluorescence-activated cell 
sorting. Data of 1 representative donor are shown. (C) Summarized 
results of several donors from 2 independent experiments are given 
(n=4). Error bars indicate the means ± standard error of the mean. 
SSC: side scatter; FSC: forward scatter. 

A

C
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Figure 5. C3a promotes plasma-derived FVIII plus lipopolysaccharide-mediated T-cell responses. (A) Untreated dendritic cells (DC) 
and freshly isolated T cells were stained with antibodies directed against C3aR and C5aR (solid lines), respective isotype controls 
(dashed lines), or were left unstained (grey-shaded curves), and analyzed by fluorescence-activated cell sorting (FACS). Overlay his-
tograms of 1 representative donor are shown. (B) DC were treated for 24 hours with plasma-derived (pd)FVIII (1 IU/mL) plus lipopoly-
saccharide (LPS) (0.1 mg/mL) in the presence or absence of the following complement inhibitors (inhib) or controls (ctrl): 
anti-C3/C3a/C3adesArg (αC3/C3a, n=16), anti-C5/C5a/C5adesArg (αC5/C5a, n=10), isotype control antibody (at 2 or 5 mg/mL), C3-tar-
geting peptide inhibitor compstatin (n=7), control peptide (OVA323-339, both at 1 mg/mL), or anti-C5 (eculizumab, at 2 mg/mL, n=11). On 
day 9 of co-culture with PKH26-labeled autologous T cells, T-cell proliferation was assessed by FACS. Shown are the percentages 
of proliferated T cells from at least 3 independent experiments. (C) and (D) DC were pretreated for 1 hour with antagonists for C3aR 
(C3aRA) or C5aR (C5aRA) at the indicated concentrations followed by treatment with pdFVIII (1 IU/mL) plus LPS (0.1 mg/mL). Control 
DC were pretreated with dimethyl sulfoxide (DMSO) prior to stimulation with pdFVIII plus LPS. 24 hours later, PKH26-labeled auto-
logous T cells were added and co-cultured for 9 days before the percentages of proliferated PKH26-labeled T cells were analyzed 
by flow cytometry. (C) FACS plots of 1 representative donor are given for C3aRA applied at 10 mM and C5aRA at 0.1 mM. (D) Summarized 
data of several donors (n=8) from 3 independent experiments are shown. Statistical significance was determined using the Wilcoxon 
matched-pairs signed rank test. Error bars indicate the means ± standard error of the mean.*P<0.05; **P<0.01; ***P<0.001; 
****P<0.0001; ns: not significant. SSC: side scatter; FSC: forward scatter. 
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treated DC mediate adaptive immune responses towards 
this given antigen. 

Discussion 
We have previously shown that pd but not rFVIII products 

plus LPS synergistically activate DC and that these DC 
subsequently mediate enhanced proliferation of auto-
logous T cells in vitro.6,7 Here we show that DC pulsed with 
rFVIII plus LPS mediate synergistic T-cell activation when 
human plasma is added (Figure 1; Figure 6). Until now, it 
is still under debate whether pd or rFVIII products are 
more immunogenic. There are studies claiming higher in-

Figure 6. Addition of the antigen FVIII increases T-cell proliferation. (A) Dendritic cells (DC) were either left untreated or treated with 
lipopolysaccharide (LPS) (0.1 mg/mL), plasma (2.5 mg/mL), or plasma plus LPS. 24 hours later, PKH26-labeled autologous T cells were 
added and co-cultured for 9 days before fluorescence-activated cell sorting (FACS) analysis. T-cell proliferation is indicated as per-
centages of PKH26-labeled T cells from 7 independent experiments (n=18). (B) DC were left untreated or treated for 24 hours with 
LPS (0.1 mg/mL), plasma of either autologous (auto) or foreign origin (each at 25 µmL/mL), or with LPS plus the indicated plasma fol-
lowed by co-cultivation with PKH26-labeled autologous T cells for 9 days. The percentages of proliferated T cells were analyzed for 
10 donors by flow cytometry. (C) Treatment of DC for 24 hours with rFVIII (1 IU/mL), LPS (0.1 mg/mL), or FVIII-deficient plasma (plasmadef, 
2.5 mL/mL), each alone or in combination as indicated. Untreated DC served as control. PKH26-labeled autologous T cells were 
added and after 9 days, T-cell proliferation was analyzed by FACS. Representative data for 8 donors analyzed are shown. (D) Sum-
marized data from 8 donors and 3 experiments. (E) Comparison of the percentages of proliferated T cells obtained in the presence 
or absence of rFVIII. Statistical significance was determined using the Wilcoxon matched-pairs signed rank test. Error bars indicate 
the means ± standard error of the mean. **P<0.01; ***P<0.001; ns: not significant. SSC: side scatter; FSC: forward scatter. 
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hibitor rates for one or the other type of product as well 
as those showing similar risks for both.4 In a randomized 
trial (SIPPET), the incidence of FVIII inhibitors was as-
sessed among patients treated with pd or rFVIII. Here, 
Peyvandi et al.25 found that patients treated with pdFVIII 
had a lower incidence of inhibitors than those treated 
with rFVIII. Subsequently, they suggested that rFVIII prod-
ucts might be more immunogenic.  
We hypothesize that plasma components, which are 
either co-delivered by pd but not rFVIII products within 
in vitro experiments, or which are ubiquitously present in 
FVIII-treated patients per se, contribute to the observed 
T-cell activation. This explains why we observe synergistic 
DC and T-cell activation in vitro only in the presence of 
pdFVIII or plasma (this study and6,7), while in HA patients 
both pd and rFVIII products can induce the generation of 
inhibitors. Of note, pdFVIII products consist of approxi-
mately 2% FVIII while 98% are made up by plasma pro-
teins others than FVIII.26  
Interestingly, it has been shown that plasmapheresis, the 
most common method to obtain plasma for fractionation 
of pdFVIII, can induce complement activation resulting in 
the formation of C3a and C5a27,28 and consequently, we and 
others detected C3a and C5a in various pdFVIII products 
(Figure 4, data not shown, and 16). Complement com-
ponents are broadly recognized for their pro-inflammatory 
and immunomodulatory effects. Accordingly, they can even 
be involved in autoimmunity (summarized in29-31). Assem-
bling this information, we suggested a role for the comple-
ment components C3a and C5a in FVIII-specific T-cell 
activation and indeed, we identified C3a and, to a lesser 
extent, C5a as mediators of enhanced proliferation of total 
CD3+CD4+ and FVIII-specific T cells (Figure 5).  
In our experimental setting, C3a and C5a act in concert with 
LPS in order to mediate T-cell activation (Figure 5). Stimu-
lating T cells with DC pulsed with LPS or plasma alone 
minimally induces T-cell proliferation while DC pulsed with 
both LPS plus plasma clearly induce T-cell proliferation 
(Figure 6A). Interestingly, it has been assumed for decades 
that within LPS-stimulated peripheral blood mononuclear 
cells, T-cell proliferative responses can be enhanced if 
human serum is added.32 In line with this, Morrison et al. 
showed that LPS can activate the complement system via 
the classical or the alternative pathway13 and Zhang et al. 
observed an enhancement of TLR-mediated inflammatory 
responses by complement components.33 Additionally, the 
expression of C3a and C5a receptors on human DC can be 
increased when cells are treated with LPS.34 Hence, it is 
most likely that the TLR and the complement pathway 
crosstalk in order to mediate T-cell proliferative responses 
when T cells are co-cultured with pdFVIII plus LPS-pulsed 
or rFVIII plus LPS plus plasma-pulsed DC.  
Whether these direct effects of complement are at the DC 
or T-cell level or whether C3a and C5a have an impact on 

both cell types cannot be dissected within our experi-
mental setting. However, we have previously shown a syn-
ergistic effect of pdFVIII plus LPS directly on human DC 
which upregulated co-stimulatory molecules and en-
hanced the expression of pro-inflammatory cytokines,6,7 
suggesting an effect on the level of DC for our recent ana-
lyses as well. This is in line with data showing that stimu-
lation of human DC with C3a and C5a increases the 
expression of HLA-DR and CD86 as well as the expression 
of pro-inflammatory cytokines.35 Of note, Gutzmer et al. 
also observed the upregulation of co-stimulatory mol-
ecules CD83 and CD86 on human DC when stimulated 
with recombinant C3a. However, these C3a-stimulated DC 
did not mediate enhanced proliferative responses of auto-
logous T cells towards the tetanus toxoid antigen.21 Thus, 
stimulation of DC with complement alone does not seem 
to be sufficient to mediate full-blown T-cell responses 
which is reflected also by our data showing that DC 
pulsed with pdFVIII or plasma alone do not mediate T-cell 
proliferation but addition of LPS is needed (Figure 1; Fig-
ure 6). 
Of note, a direct effect of C3a and/or C5a on T cells might 
also contribute to pdFVIII- or plasma-mediated T-cell 
proliferation since also T cells express C3aR and C5aR 
(Figure 5 and 11,19) and expand upon co-culture with DC-
derived C3a or C5a.10  
It has been reported before that complement component 
C3 can mediate antigen uptake by APC36 and that C3 and 
its cleavage product C3b can enhance FVIII endocytosis 
by DC in vitro.37 Whether these mechanisms are also of im-
portance in our experimental setting has not been eluci-
dated yet.  
Under the experimental conditions chosen here, a source 
of complement is the pdFVIII product or the exogenously 
added plasma. However, it has been repeatedly shown 
that also immune cells themselves including DC and T 
cells can produce and secrete complement components 
such as C3a and C5a.10 In particular, co-stimulatory inter-
actions of cognate APC:T cell partners can generate C3a 
and C5a locally and moreover, upregulate C3aR and 
C5aR.38,39 In vivo, plasma, complement components, and 
danger signals are provided by the FVIII-treated patients 
themselves. Especially in episodes of massive bleeding, 
injuries, or surgeries, complement can be activated and 
danger signals can be present. Interestingly, it has been 
shown that event-related FVIII substitution, which is 
required in exactly these aforementioned situations, is as-
sociated with enhanced inhibitor development.4,40,41  
As can be deduced from our experiments using plasma 
plus LPS to induce T-cell proliferation (Figure 6) and from 
our analyses detecting FVIII-specific T cells (Figure 2), a 
substantial number of T cells proliferate under these ex-
perimental conditions that have a specificity different from 
FVIII. It is a well-known in vitro phenomenon that bystander 
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cells, in particular CD4+ memory T cells, can be activated 
independently of antigen by cytokines secreted by T cells 
that have been activated antigen-dependently.42-44 However, 
our data clearly indicate that adding FVIII as antigen sig-
nificantly enhances total T-cell proliferation and expansion 
of FVIII-specific T cells (Figure 2; Figure 6). Whether this 
FVIII-specific T-cell activation/proliferation translates into 
antibody formation is still an open question. However, de-
velopment of FVIII-specific antibodies is not restricted to 
HA patients. Natural FVIII-specific autoantibodies are 
found in 19% of healthy subjects45,46 and FVIII-specific 
CD4+ T cells are found in healthy donors and show a naïve 
and CM phenotype.47  
Collectively, our data suggest a model in which danger sig-
nals such as LPS and the complement components C3a 
and/or C5a act in concert to synergistically enhance CD4+ 
T- cell responses towards a given antigen, present at this 
particular time point. In case of FVIII-substituted HA pa-
tients, specifically upon an event-related FVIII substitu-
tion, these danger signals plus complement-mediated 
T-cell responses are (largely or to a certain amount) di-
rected towards the infused FVIII. Whether this mechanism 
of enhancing CD4+ T-cell responses is specific for FVIII or 
holds true for a number of (self)antigens will be a matter 
of future investigations.  
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