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dose of histones. Together, our data suggest that treatment 
with p33 is a promising therapeutic approach in severe in-
fectious diseases.  © 2014 S. Karger AG, Basel 

 Introduction 

 In recent years, the role of extracellular histones in sys-
temic inflammatory diseases has attracted a great deal of 
attention. Histones are normally found in the nucleus 
where they have an important function in the structural 
organization of DNA fibers and their packing in the chro-
mosome. Mobilization of histones into the extracellular 
space is mainly a consequence of cell necrosis, but can 
also occur during neutrophil extracellular trap (NET) for-
mation and upon apoptosis  [1, 2] . When released from 
dying or NETotic cells, histones can evoke a number of 
systemic reactions seen, for instance, in patients with be-
nign and malignant tumors, trauma-associated lung in-
jury, systemic lupus erythematosus or malaria  [3–6] . No-
tably, amongst the highest concentrations of histones are 
measured in samples of plasma from patients with trau-
matic injury or who are suffering from severe infectious 
diseases  [3, 7, 8] . Evidence is accumulating that the re-
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 Abstract 

 Collateral damage caused by extracellular histones has an 
immediate impact on morbidity and mortality in many dis-
ease models. A significant increase in the levels of extracel-
lular histones is seen in critically ill patients with trauma and 
sepsis. We showed that histones are released from necrotic 
cells in patients with invasive skin infections. Under in vitro 
conditions, endogenous p33, an endothelial surface pro-
tein also known as the gC1q receptor, interacts with his-
tones released from damaged endothelial cells. Functional 
analyses have revealed that recombinantly expressed p33 
completely neutralizes the harmful features of histones, i.e. 
hemolysis of erythrocytes, lysis of endothelial cells and 
platelet aggregation. We also noted that mice treated with 
a sublethal dose of histones developed severe signs of he-
molysis, thrombocytopenia and lung tissue damage al-
ready 10 min after inoculation. These complications were 
fully counteracted when p33 was administered together 
with the histones. Moreover, application of p33 significant-
ly improved survival in mice receiving an otherwise lethal 
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lease of histones can contribute to considerable complica-
tions including the induction of  massive inflammatory 
reactions (cytokine storm), thrombocytopenia, thrombin 
generation and host-cell necrosis  [9–12] . Indeed, there 
are many reports showing that the levels of histones in 
patients correlate well with disease severity  [3, 4, 6, 13] .

  Under pathological conditions, histones are known to 
evoke severe endothelial damage and, when injected in-
travenously (i.v.) at high doses, they can cause death in 
mice within minutes. In 2009, Xu et al.  [8]  established a 
lethal LPS murine sepsis model to show that endotoxin-
challenged mice are rescued when treated with an anti-
body against the histone H4. Moreover, it was found that 
exogenously applied activated protein C can cleave his-
tones into nontoxic fragments. Application of heparin 
has also been described to protect mice by neutralizing 
extracellular histones  [8, 9]  and similar results have been 
reported when C-reactive protein and thrombomodulin 
are used  [14, 15] . Together, these findings suggest that 
histones are an interesting target for drug development. 

  We undertook this study to identify novel proteins that 
can counteract the toxic effect of extracellular histones. 
We report that p33 (also referred to as globular C1q recep-
tor) binds to and neutralizes all subclasses of histones. In 
addition, we show that p33 dramatically improves surviv-
al in mice challenged with an otherwise lethal injection of 
histones. The implication of these data is that p33 can be 
used as treatment in severe infectious diseases. 

  Materials and Methods 

 Peptides and Antibodies 
 Recombinant histones H1, H2A, H2B, H3.1 and H4 were pur-

chased from Bionordika (Stockholm, Sweden) and bovine calf thy-
mus histones (CTH) from Roche (Basel, Switzerland). Histone- 
and p33-derived peptides (Biopeptide Co., San Diego, Calif., USA) 
were synthesized. Polyclonal antisera to p33 were raised in rabbits 
(Innovagen AB, Lund, Sweden). Peroxidase-conjugated goat anti-
rabbit immunoglobulin G was purchased from Bio-Rad Laborato-
ries (Berkeley, Calif., USA). Antibodies against histone H4 (poly-
clonal chip-grade anti-histone H4) and p33 (mouse monoclonal 
anti-gC1qr, clone 60.11) were from Abcam (Cambridge, UK).

  Bacterial Strains 
 The  Escherichia coli  strain ATCC 25922 was from the Depart-

ment of Bacteriology, Lund University Hospital, Sweden.

  Ethics Statement 
 The institutional review board at the Lund University Hospital 

approved the study (Protocol #790/2005). Plasma samples and tis-
sue biopsies (Lund University Hospital, Sweden and University of 
Toronto, Canada) were taken with a written informed consent and 
the study included patients >18 years of age. The animal use pro-

tocols (#M108–10 and #M327–12) were approved by the local In-
stitutional Animal Care and Use Committee (IACUC) of Malmö/
Lund, Sweden. All animals were handled according to the Swedish 
Animal Welfare Act (SFS 1988:   534).

  Animals 
 Female Balb/c mice were from Charles River (Sulzfeld, 

 Germany) and were at least 8 weeks old at the initiation of the 
 experiments. 

  Blood Collection 
 Peripheral venous blood was collected from healthy human in-

dividuals into 2.7-ml 0.109- M  buffered sodium citrate tubes (Bec-
ton Dickinson). Citrated blood was centrifuged (at 2,000  g  and 4   °   C 
for 10 min). The plasma supernatant was then aliquoted and stored 
at –80   °   C.

  Purification of Recombinant Maltose-Binding Protein-p33 
(MBP-p33) 
 The pMAL-c2 expression vector (New England Biolabs, Ips-

wich, Mass., USA) and  E. coli  XL1-Blue strain (Stratagene, Heidel-
berg, Germany) were used to express recombinant MBP-p33. Pu-
rification and removal of the MBP-tag was performed as previ-
ously described  [16] . 

  LPS Removal from MBP-p33 
 Concentrated MBP-p33 was diluted 1:   10 in cold 10% (v/v) Tri-

ton X-114 (Sigma Aldrich). The protein-detergent mixture was in-
cubated for 30 min at 4   °   C for Triton X-114 to allow the detergent 
to bind up free LPS. Samples were then incubated for 15 min at 
37   °   C before centrifuging them at 15,000  g  for 15 min. The top 
aqueous phase containing MBP-p33 was carefully removed and 
placed in a new tube, and the detergent phase containing LPS was 
discarded. This procedure was repeated twice. To measure LPS, 
the ToxinSensor Gel Clot Endotoxin Assay kit (Genscript, Piscat-
away, N.J., USA) was used according to the manufacturer’s in-
struction. The LPS-free MBP-p33 was run through PD-10 col-
umns (GE Healthcare, Uppsala, Sweden) at least 3 times to remove 
residual detergent and concentrated using an Amicon Ultra Cen-
trifugal Filter device with a 50,000-unit nominal molecular weight 
limit (Millipore, Billerica, Mass., USA).

  Immunostaining of Tissue Sections 
 Snap-frozen tissue collected from the center of infection from 

a patient with severe cellulitis caused by  Streptococcus pyogenes  of 
M1 serotype was stained. The biopsy was cryostat-sectioned to 
8 μm and fixed in ice-cold acetone. Immunofluorescence staining 
was performed with anti-histone H4 (Abcam, Cambridge, UK) as 
previously described  [17]  and visualized using a Nikon A1R confo-
cal microscope (Nikon Instruments, Amstelveen, The  Netherlands). 
It should be noted that the antibody did not penetrate intact cells 
and thus no intracellular staining was seen.

  Depletion Column and In-Solution Digestion for Mass 
Spectrometry 
 High abundant plasma proteins were removed with a Human 

14 Multiple Affinity Removal spin cartridge as described by the 
manufacturer (Agilent Technologies, Santa Clara, Calif., USA). 
Depleted plasma was concentrated using a spin concentrator for 
proteins (5 kDa cut-off) according to the specific manufacturer’s 
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protocols (Agilent Technologies, Santa Clara, Calif., USA). Plasma 
protein mixtures in solution were digested and prepared for mass 
spectrometry (MS) analysis as previously described  [18] . 

  MS Data Acquisition and Processing 
 Biognosys HRM kit (Biognosys AG, Schlieren, Switzerland) 

was spiked to each sample according to the manufacturer’s in-
structions. Each sample was analyzed on a ThermoScientific 
EASY-nLC II coupled to a QExactive mass spectrometer, using the 
LC-method as previously described, except for a longer gradient of 
120 min. The mass spectrometer was operated using the ‘Full MS/
AIF’ method template. The full precursor mass range of 400–1,220 
m/z was split into 20 overlapping segments with sizes between 
26 and 77 m/z. Each segment used the following instrument pa-
rameter. A precursor scan of the mass range of the segments was 
acquired with a resolution of 17,500 and a maximum ion-trapping 
time of 1 ms only. Precursor ions within this mass range were iso-
lated and fragmented all together by HCD with an AGC target 
value of 5E5 and an NCE of 25.0 (stepped by 10%). The mass spec-
tra of the fragment ions were acquired with a resolution of 35,000 
for a mass range of 200–1,800 m/z. Raw files were processed to-
gether with the generated assay library using Biognosys Spectro-
naut software  [19] . Briefly, Spectronaut applies a decoy scoring 
approach to calculate a false discovery rate for each identification 
 [20] . 

  Immunoelectron Microscopy 
 Epon sections of human umbilical vein endothelial cells 

 (HUVEC) and lung biopsies infected with the  S. pyogenes  AP1 
strain were labeled with gold-conjugated antibodies against his-
tone H4 (10 nm) and p33 (5 nm). Molecular complexes between 
p33 and histone/gold conjugates (5 nm) were negatively stained 
with 0.75% uranyl formate. Specimens were subjected to transmis-
sion electron microscopy as previously described  [21]  and exam-
ined in a Philips/FEI CM 100 transmission electron microscope at 
the Core Facility for Integrated Microscopy, Panum Institute, Uni-
versity of Copenhagen.

  ELISA 
 Microtiter plates were coated overnight with histones (250 n M ) 

or histone-derived peptides (1 μ M ) in coating buffer (15.9 m M  
 Na 2 CO 3 , 30 m M  NaHCO 3 , pH 9.6) and stored overnight at 4   °   C. 
Plates were then washed 3 times in deionized water, blocked in 
phosphate-buffered saline containing 0.05% Tween-20 (PBST) 
and 0.5% bovine serum albumin for 30 min at 37   °   C. After a wash-
ing step, plates were probed with MBP-p33 (33 n M ) for 1 h at 37   °   C 
and binding was detected with a polyclonal antisera against MBP-
p33 (1:   5,000) and a peroxidase-conjugated antibody against rabbit 
IgG (1:   2,500 for 1 h at 37   °   C, Bio-Rad Laboratories). All incuba-
tions were followed by a washing step in PBST. When performing 
a competitive ELISA, microtiter plates were coated overnight with 
histones (100 n M ) and probed with 13 n M  MBP-p33 in the pres-
ence of different p33-derived peptides (50 μ M ) for 1 h at 37   °   C. 
Binding was detected as described above.

  Surface Plasmon Resonance 
 Analyses were performed with a BIAcore 2000 instrument (GE 

Healthcare) using the Sensor Chip CM3 technology at 25   °   C in a 
running buffer consisting of PBS without additives. MBP-p33 was 
diluted in sodium acetate (10 m M , pH 4.0) and 1,338 response 

units were immobilized via amine coupling to each flow cell. One 
flow cell on each sensor chip was subjected to the coupling reaction 
but without protein, and was used as a control in each experiment 
for bulk resonance changes. Histones were injected in diluted con-
centrations (31.25, 62.5, 125, 250 and 500 n M ) over the coated sur-
faces (at 45 μl/min in running buffer). Regeneration of MBP-p33 
surfaces was obtained by injection of 200 μl of 2  M  NaCl and 10 m M  
glycine (pH 2), and followed by an extensive wash procedure.

  Sensorgrams were displayed using the BIA Evaluation 4.1 soft-
ware (GE Healthcare). After X and Y normalization of data, the 
blank curves from the control flow cell of each concentration were 
subtracted, and the association (k a ) and dissociation (k d ) rate con-
stants were determined using a Langmuir model for fitting in the 
evaluation program. The equilibrium dissociation constants (K D ) 
were calculated from these values.

  Viable Count Assay 
 An overnight culture of  E. coli  strain ATCC 25922 was grown 

to mid-log phase in 3% (w/v) tryptic soy broth medium at 37   °   C on 
rotation. Bacteria were washed in 10 ml of cold 10-m M  Tris con-
taining 5 m M  glucose, pH 7.5 and diluted [2 × 10 6  colony-forming 
units (CFU)/ml] and kept on ice. One volume of bacteria was in-
cubated (for 1 h at 37   °   C on rotation) with one volume of histones 
(500 n M ), in the presence or absence of 2.5 μ M  MBP-p33. All sam-
ples were diluted and plated on Todd-Hewitt agar plates. The fol-
lowing day, antibacterial activity was determined by counting the 
number of CFU on the plates. 

  in vitro Hemolysis Assay 
 Citrated blood (1 ml) was centrifuged (at 2,000  g  and 4   °   C for 

10 min), and plasma was removed and replaced by 1 ml PBS. The 
washing step was repeated twice. Histones were diluted in PBS to 
10 μ M  in the presence or absence of 10 μ M  of MBP-p33 to a final 
volume of 60 μl. Tox-7 lysis buffer and PBS served as a positive and 
negative control, respectively. Three microliters of washed blood 
cells (5% v/v) were added to each sample and the samples were in-
cubated (for 60 min at 37   °   C on rotation) in a heat block. All sam-
ples were centrifuged (at 2,000  g  and room temperature for 10 min) 
and the supernatants were transferred to microtiter plates. Absor-
bance of hemoglobin was measured at 540 nm and histone-in-
duced hemolysis was expressed as a percentage of Tox-7 lysis-in-
duced hemolysis. 

  Histone-Induced Cytotoxicity 
 The assay was performed with EA.hy926 cells (a permanent 

human hybrid endothelial cell line)  [22]  cultured in DMEM con-
taining 10% fetal bovine serum, 100 m M  hypoxanthine, 0.4 m M  
aminopterin, 16 m M  thymidine, 100 mg/ml streptomycin and 100 
U/ ml penicillin. The adherent cells were grown confluent in mi-
crotiter plates and washed in 200 μl of phenol-free DMEM prior 
to the experiment. Histones (2–4 μ M ) were diluted in phenol-free 
DMEM and preincubated with MBP-p33 (10 μ M ) for 1 h at 37   °   C. 
Samples were transferred to the endothelial cells and incubated 
overnight (for 16 h at 37   °   C and 5% CO 2 ). Supernatants were then 
transferred onto new microtiter plates and one volume of lactate 
dehydrogenase (LDH)-substrate mix was added. LDH release was 
measured at 490 nm using the Tox-7 kit (Sigma Aldrich) accord-
ing to the manufacturer’s instructions. Histone-induced LDH re-
lease was calculated as a percentage of Tox-7 lysis-induced LDH 
release. 
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  Platelet Aggregometry 
 Platelet aggregation was determined by measuring the optical 

density of stirred platelet-rich plasma over time using an ag-
gregometer (Chrono-Log Corp., Havertown, Pa., USA). Citrated 
blood from healthy donors was centrifuged at 180  g  for 10 min to 
obtain platelet-rich plasma. The aggregometer was standardized 
by placing platelet-poor plasma in one channel to represent 100% 
light transmittance. Platelet aggregation was measured in another 
channel when CTH (300 μg/ml) were added to platelet-rich plasma 
in the presence or absence of MBP-p33 (0.65–6.2 μ M ). Chart re-
cordings were monitored for up to 12 min. 

  Determination of the MBP-p33 Concentration in Murine 
Plasma Samples 
 Eight mice were injected with MBP-p33 (1.5 mg/animal). Two 

mice were euthanized after 3 and 30 min and 2 and 6 h. Blood was 
drawn through cardiac puncture and immediately transferred into 
tubes with 70 μl buffered sodium citrate. Plasma was separated 
from cells by a centrifugation step (180  g  for 10 min) and stored at 
–80   °   C until use. Microtiter plates were coated overnight with a 
monoclonal antibody against anti-p33 (1:   1,000, clone 74.5.2, Co-
vance). Plates were then washed in PBST, blocked in blocking buf-
fer (i.e. containing 0.5% bovine serum albumin), and the murine 
plasma samples were probed with 100 μl. Binding was detected 
with polyclonal sera against p33 (1:   5,000) and a peroxidase-conju-
gated antibody against rabbit IgG. 

  in vivo Imaging of MBP-p33 in Mice 
 A fluorophore (VivoTag 680XL) was used to label MBP-p33 using 

a protein labeling kit (PerkinElmer) according to the manufacturer’s 
instructions. Mice were anesthetized with isofluorane and then in-
jected with fluorescent MBP-p33. The distribution was visualized at 
3 and 30 min, at 2 and 6 h and once a day for 7 days using the In vivo 
Imaging System from PerkinElmer (IVIS Spectrum). PBS-injected 
mice served as a control. Images were generated using the Living Im-
age v 4.3.1 software (Caliper LifeSciences, Hopkinton, Mass., USA).

  Histone-Induced Thrombocytopenia and Hemolysis 
 Mice received an i.v. tail-vein injection (200 μl) of 0.75 mg CTH 

(nonlethal dose) in the absence or presence of 1.5 mg MBP-p33. Ster-
ile PBS was used as a control. Mice were   euthanized with CO 2  inhala-
tion followed by cervical dislocation. Blood was drawn by cardiac 
puncture using a syringe filled with 70 μl of buffered sodium citrate 
and then transferred into K2 Microtainer MAP tubes precoated with 
1 mg EDTA (Becton Dickinson). For platelet analysis, blood cells and 
platelet counts were determined by a Vetscan HM5 (Abaxis, Union 
City, Calif., USA) according to the manufacturer’s instructions. For 
hemolysis assay, blood was centrifuged (at 180  g  for 10 min), and 
hemolysis in these plasma samples was measured at 540 nm. 

  Survival Study 
 Mice received an i.v. tail-vein injection (200 μl) of 1.5 mg CTH 

(lethal dose) in the absence or presence of 1.5 mg MBP-p33. Mor-
ibund animals were   euthanized and counted as dead at the time 
point of euthanasia. 

  Statistical Analysis 
 Statistical analysis was performed using GraphPad Prism, 

v 6.00. The p value was determined by using the unpaired t test 
(comparison of 2 groups) or the log-rank test (comparison of sur-

vival). If not otherwise mentioned, all experiments were performed 
at least 3 times. The bars in the figures indicate the standard error 
of the mean.

  Results 

 Extracellular Histones Are Found in Patients with 
Invasive Skin Infections and Septic Shock 
 Elevated levels of circulating nucleosomes have been 

reported in patients with severe infectious diseases  [1, 4, 
6] . However, little is known about whether skin infections 
and subsequent necrosis serve as a source of extracellular 
histones. To address this question, we employed immu-
nofluorescence microscopy and studied biopsies from a 
patient with deep tissue destruction (cellulitis) caused by 
 S. pyogenes . Immunostaining with an antibody against 
extracellular histone H4 revealed large areas without any 
cell integrity where the dissemination of extracellular his-
tone H4 and extracellular DNA was recorded ( fig.  1 a). 
When biopsies from a healthy donor were analyzed under 
the same experimental conditions, we found mainly in-
tact intracellular DNA and only minor extracellular levels 
of the histone ( fig. 1 b). Under severe conditions, skin in-
fections can cause systemic reactions and evoke life-
threatening complications including sepsis, severe sepsis 
and septic shock  [23, 24] . In order to determine the up-
regulation of circulating histone H4 in these patients, we 
used MS analysis. To this end, levels of histone H4 in plas-
ma were analyzed in septic-shock patients and in healthy 
donors. Histone H4 was detectable in all 5 patients, but 
the protein was not found in any of the control samples 
( fig. 1 c). Taken together, the analyses of patient samples 
revealed that histone H4 is found in tissue biopsies and 
plasma samples from patients with severe infectious dis-
eases.

  Necrosis of Endothelial Cells Leads to Complex 
Formation of Histones and Endogenous p33 
 In the next series of experiments, we wished to study 

the fate of histones released from necrotic cells under in 
vitro   conditions. We decided to use HUVEC and induced 
necrosis by adding  S. pyogenes  bacteria. Cell  necrosis and 
histone release were then followed by immunodetection 
with a gold-labeled antibody against histone H4 and sub-
sequent transmission electron microscopy.  Figure 1 d il-
lustrates that the histone was not released from intact 
cells, while streptococcal-induced cell damage led to a 
loss of endothelial cell membrane integrity and the mobi-
lization of histone H4 into the extracellular surrounding 

http://dx.doi.org/10.1159%2F000363348


 p33 Neutralizes the Toxicity of 
Extracellular Histones 

J Innate Immun 2014;6:819–830
DOI: 10.1159/000363348

823

( fig. 1 e). We also noted that a significant fraction of the 
histones was attached to the cell membrane. Recently, we 
reported that endothelial cells express a negatively 
charged protein, also known as p33 or globular C1q re-
ceptor, which binds to antimicrobial peptides (AMPs) 
and thereby protects cells from a lytic attack  [16] . Like 
AMPs, histones are positively charged, so we decided to 
test whether the binding of histone H4 to the endothelial 
surface is also mediated by p33. Indeed, double-immu-
nostaining revealed that cell-bound histone H4 binds in 
close proximity to p33 ( fig.  1 e), supporting the notion 
that p33 can act as a histone-docking protein. Collective-
ly, these data suggest that histones are released from bac-
teria-infected necrotic cells and can bind via p33 to the 
cell surface. 

  MBP-p33 Binds to All Subclasses of Histones 
 Our in vitro findings prompted us to study the interac-

tion between histones and p33 in more detail. Microtiter 
plates were therefore coated with 5 histones (H1, H2A, 

H2B, H3.1 and H4) and probed with recombinantly ex-
pressed p33 fused to mannose-binding protein (MBP-
p33). MBP-p33 bound to all 5 subclasses, while MBP alone 
failed to show an interaction ( fig. 2 a; online suppl. fig. 1; 
for all online suppl. material, see www.karger.com/
doi/10.1159/363348). To study this interaction further by 
means of negative electron microscopy, we removed the 
MBP-tag by factor Xa cleavage and purified p33 by gel fil-
tration. The micrographs depict that p33 (without the 
MBP-tag) forms a trimer that interacts with all 5 histones 
and that one p33 trimer can bind up to three ligands simul-
taneously ( fig. 2 b). Additional surface plasmon resonance 
experiments were performed to show that all histones bind 
with a high affinity (lower nanomolar range) to MBP-p33 
( table 1 ). To map the histone-binding site in p33, we syn-
thesized a panel of peptides spanning the entire p33 mol-
ecule. These peptides were then used in a competitive 
 ELISA. TEA20 (net charge +2) was the only peptide that 
blocked the binding of all 5 histones to MBP-p33 ( fig. 3 a). 
These results suggest that the aminoterminal part of p33 
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  Fig. 1.  Detection of extracellular histone H4. Immunostaining of 
tissue from a patient with cellulitis caused by an  S. pyogenes  infec-
tion ( a ) and a healthy volunteer ( b ) are depicted. Histones were 
detected with an antibody against histone H4. Histones are stained 
in green and DNA (DAPI) in blue. Scale bar: 25 μm.  c  MS data on 
histone H4 release in patients (n = 5) with septic shock or healthy 
donors (n = 5) .  Detectable amounts of histone H4 are presented as 
extracted ion current, which describes the intensity (area under 

curve) of a selected precursor mass from all peptides measured. 
 d  The endogenous expression of p33 (5 nm gold) on noninfected 
HUVEC is shown. Note, that almost no release of histone H4 was 
detected.    e  Treatment of HUVEC cells with  S. pyogenes  evokes cell 
necrosis and subsequent release of histone H4 (10 nm gold) that 
colocalizes with endogenous p33 (5 nm gold); p33 (5 nm gold, ar-
rowheads) and histone H4 (10 nm gold, arrows) were immunos-
tained with gold-labeled antibodies. Scale bar: 100 nm. 

http://dx.doi.org/10.1159%2F000363348


 Westman/Smeds/Johansson/Mörgelin/
Olin/Malmström/Linder/Herwald 

J Innate Immun 2014;6:819–830
DOI: 10.1159/000363348

824

(positions 115–135) is responsible for the binding to his-
tones. In a similar approach, we dissected histone H4 into 
6 peptides and performed an indirect ELISA to localize the 
p33-binding site. p33 bound exclusively to the most ami-
noterminal part of histone 4 (peptide MSG20; net charge 
+7.5), while no binding to the other peptides was detected 
( fig. 3 b). To summarize, the data reveal that trimeric MBP-
p33 can bind up to 3 histones simultaneously with a high 
affinity. This interaction involves a p33-binding site, lo-
cated at the amino acid positions 115–135 of p33, and a 
histone H4 binding site, positioned at the aminoterminal 
part (amino acid positions 1–20) of the protein. 

  MBP-p33 Blocks the (Patho)Physiological Activities of 
Histones 
 Having established that MBP-p33 binds with a high 

affinity to histones, we next wished to study whether 
MBP-p33 can interfere with the (patho)physiological fea-
tures of histones. As histones have been described to have 
antimicrobial activity, we first performed viable count as-
says and tested the effect of histones on  E.  coli  strain 
ATCC 25,922. We found that all 5 histones displayed an-
timicrobial activity at concentrations of 250–500 n M,  
which is in the same range as that seen for many AMPs. 
This effect was almost completely abolished when MBP-
p33 was added to the reaction mixture ( fig. 4 a). In the 
next series of experiments, we tested whether MBP-p33 
can block histone-induced hemolysis of human erythro-
cytes. In the absence of MBP-p33, all 5 subclasses were 
very efficient in lysing erythrocytes (especially the argi-
nine-rich histones H3.1 and H4); bovine CTH, a natural 
mix of the 5 histones, also showed significant hemolytic 
activity towards erythrocytes. Preincubation of histones 
with equimolar concentrations of MBP-p33 completely 
prevented hemolysis ( fig. 4 b) and the same findings were 
noted when p33 without the MBP-tag was used (online 
suppl. fig. 2). Similar results were obtained in cytotoxic-
ity assays with the endothelial cell line EA.hy926. Here, 
we found that MBP-p33 blocks the release of LDH from 

Table 1.  Affinity constants for the binding of MBP-p33 to histones

Protein ka (M1s1) kd (s1) kD (nM)

Histone H1 5.60 × 104 9.59 × 10–4 17.1
Histone H2A 9.92 × 104 4.76 × 10–3 47.9
Histone H2B 2.36 × 105 4.59 × 10–3 19.4
Histone H3.1 2.48 × 105 6.46 × 10–3 26.0
Histone H4 5.19 × 105 5.43 × 10–3 10.5

 1 Histones were injected at different concentrations over MBP-
p33 immobilized on a BIAcore CM3 Sensor Chip (see Materials 
and Methods).
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  Fig. 2.  MBP-p33 binds to all subclasses of 
histones.  a  Microtiter plates were coated 
with different subclasses of histones (100 
n M ), probed with MBP-p33 (8 n M ) and de-
tected with a polyclonal antibody against 
MBP-p33. Data are mean and SE from 3 
separate experiments.  b  Negatively stained 
electron micrographs of p33 in complex 
with gold-labeled histones are shown. The 
image highlights gold-labeled histones (ar-
rows) that are in complex with p33. Scale 
bar: 15 nm. 
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histone-treated endothelial cells ( fig. 4 c). It has been de-
scribed that histones induce platelet aggregation by form-
ing a complex with human fibrinogen and platelets  [9] . 
We therefore measured histone-induced platelet aggre-
gation over time in the absence or presence of MBP-p33. 
Our results showed that histone-evoked platelet aggrega-
tion is dose-dependently counteracted when MBP-p33 
was added ( fig. 4 d). Taken together, these results show 
that all the physiological and pathophysiological activities 
of histones are blocked when they are in a complex with 
MBP-p33. 

  Half-Life and Fate of MBP-p33 in vivo 
 Though our in vitro data show that MBP-p33 down-

regulates the self-destructive features of extracellular 
 histones, it has been described that systemic histone re-
lease contributes to life-threatening complications  [25] . 
This finding not only suggests that extracellular histones 
play a crucial role in many inflammatory processes, but 
also indicates that the levels of endogenous p33 are not 
sufficient to completely neutralize their toxic activity. 

We therefore decided to analyze whether the administra-
tion of exogenous MBP-p33 in mice can be used as a 
treatment to prevent histone-induced morbidity and 
mortality. To this end, we performed a couple of pilot 
studies and investigated whether i.v. injections of MBP-
p33 can evoke deleterious side effects in mice. Our results 
show that the application of MBP-p33 (1.5 mg/animal) 
was well tolerated in the animals, and no signs of toxicity 
or any adverse reactions could be detected. In the next 
series of experiments, Balb/c mice received an i.v. injec-
tion of MBP-p33 (1.5 mg/animal). Blood was collected at 
different time points by cardiac puncture and plasma 
MBP-p33 levels were determined by means of sandwich 
ELISA. We noted that the MBP-p33 plasma concentra-
tion was <80 μg/ml already 3 min after injection and be-
low the detection limit after 2 h ( fig. 5 a). Considering the 
molecular weight of trimeric MBP-p33 (226 kDa), the 
rapid clearance from the plasma was unexpected and we 
therefore decided to further follow the fate of injected 
MBP-p33. MBP-p33 was labeled with a fluorescent dye 
and the i.v.-injected protein was detected over time by 
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fluorescence imaging   in an IVIS Spectrum station. Three 
minutes after injection, strong fluorescence signals were 
detected, especially on body parts with less fur (the tail, 
hindlimbs and nose); staining was also detected on the 
torso ( fig. 5 b). In contrast to the ELISA data, the inten-
sity of the signals declined only slowly over time and 24 h 

after injection, similar fluorescence intensities were re-
corded. The signal was still visible at day 7 (online suppl. 
fig. 3A). These findings were confirmed when the organs 
of the injected animals were analyzed. A strong fluores-
cence intensity in the lung, liver, kidney and spleen was 
detected after 7 days (online suppl. fig. 3B), suggesting 
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  Fig. 4.  Functional inhibition of histones by MBP-p33.  a  The bac-
tericidal activity of histones is neutralized by p33. Histone H1 (500 
n M ), histone H2A (500 n M ), histone H2B (500 n M ), histone H3.1 
(500 n M ) and histone H4 (250 n M ) were incubated with 2 × 10 6  
CFU/ml bacteria ( E. coli  strain ATCC 25922) in the presence or 
absence of 2.5 μ   M  MBP-p33. Samples were plated on Todd-Hewitt 
agar plates and colonies were counted the following day. Data are 
mean and SE from 3 separate experiments.  *  *  *  p < 0.001,  *  *  p < 
0.01,  *  p < 0.05.  b  MBP-p33 blocks the cytolytic effect of histones. 
Histones (10 μ M ) were incubated with washed human erythrocytes 
in the presence or absence of 10 μ M  MBP-p33. Samples were cen-
trifuged and hemolysis was measured at 540 nm in the superna-
tant. Hemolysis was calculated as percentage of cells treated with 
Tox-7 lysis buffer. Data are mean and SE from 3 separate experi-
ments.  *  *  *  p < 0.001,  *  *  p < 0.01,  *  p < 0.05.  c  MBP-p33 inhibits 

histone-induced LDH release from endothelial cells. Confluent 
EA.hy926 cells were treated overnight with histone H1 (4 μ M ), his-
tone H2A (4 μ M ), histone H2B (4 μ M ), histone H3.1 (4 μ M ), histone 
H4 (2 μ M ) or CTH (50 μg/ml) in the presence or absence of 10 μ M  
MBP-p33. LDH release was measured in the supernatant. Cell lysis 
was calculated as the percentage of cells treated with Tox-7 lysis 
buffer. Data are mean and SE from 3 separate experiments.  *  *  *  p < 
0.001,  *  *  p < 0.01,  *  p < 0.05.  d  MBP-p33 prevents histone-trig-
gered platelet aggregation. CTH (300 μg/ml) were added to plate-
let-rich plasma in the presence or absence of increasing concentra-
tions of MBP-p33 (0.65–6.2 μ M ). Platelet aggregation was moni-
tored for 12 min and was calculated as the percentage of light 
transmission through each sample with platelet-poor plasma in a 
reference channel. One representative experiment out of 3 is 
shown.  
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that MBP-p33 was not cleared from the body and was 
probably attached to the blood vessels and the perfused 
organs.

  p33 Prevents Histone-Induced Hemolysis, 
Thrombocytopenia and Lung Damage in vivo 
 High concentrations of histones injected i.v. into mice 

can cause 100% mortality within minutes. However, at 
lower concentrations, histones may disrupt the hemo-
static equilibrium and eventually trigger pathological 
symptoms that resemble many complications that are 
seen under the conditions of septic shock  [8, 9, 11, 26] . To 
test whether MBP-p33 counteracts these host responses, 
we injected nonlethal doses of CTH (0.75 mg/animal) i.v. 
into mice in the absence or presence of MBP-p33. Ani-
mals receiving an injection with PBS only were used as a 
control. Ten minutes after the injection, mice were   eu-

thanized and blood was collected to prepare plasma sam-
ples. We found that plasma from CTH-treated animals 
was hemolytic, but no hemolysis was detected in the plas-
ma of the mice treated with CTH and MBP-p33 or in the 
controls ( fig.  6 a). Thrombocytopenia resulting from 
platelet depletion can constitute a severe complication in 
patients with severe infectious diseases. In 2011, Fuchs et 
al.  [9]  reported that injection of nonlethal doses of his-
tones triggers thrombocytopenia in mice. In our experi-
ments, we also measured significant platelet depletion in 
the blood from CTH-challenged mice. However, when 
MBP-p33 was coadministered with CTH, platelet counts 
were in a range similar to that seen in the control samples 
( fig.  6 b). Hemolytic disorders often lead to pulmonary 
damage, so we analyzed the lungs of the animals. Scan-
ning electron microscopy revealed that the mice injected 
with CTH suffered from severe pulmonary lesions caused 
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  Fig. 5.  Half-life time of MBP-p33 in murine 
blood samples and its deposition in the tis-
sue.  a  MBP-p33 was i.v. injected into Balb/c 
mice and the disappearance of MBP-p33 
was measured in the mouse plasma at dif-
ferent time points with a sandwich ELISA. 
 b  Fluorescently labeled MBP-p33 was i.v. 
injected into a Balb/c mouse and its distri-
bution in the animal was followed for 24 h 
by an IVIS Spectrum station. 
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by deposited fibrin fibers and aggregated erythrocytes 
( fig. 6 c, middle panel). The presence of MBP-p33 clearly 
decreased these histone-induced effects, though the al-
veoli still appeared to be slightly swollen and some small 
traces of fibrin and erythrocytes were detected ( fig.  6 c, 
bottom panel). The lungs from the PBS-injected mice 
served as controls ( fig. 6 c, top panel). All together, the in 
vivo data show that coapplication of MBP-p33 dramati-
cally diminished morbidity in the mice challenged with a 
toxic dose of histones. 

  MBP-p33 Rescues Mice from a Lethal Dose of Histones 
 In the last set of experiments, we wished to test wheth-

er MBP-p33 has protective effects against lethal doses of 
histones. To this end, we performed a survival study with 
Balb/c mice receiving an i.v. injection of CTH (1.5 mg/
animal) in the absence or presence of MBP-p33. They 

were monitored for 7 days by measuring body weight and 
temperature on a daily basis. As reported in other studies 
 [8, 9] , we observed that all mice receiving only CTH died 
within 15 min. However, when CTH-challenged mice 
were treated with MBP-p33, the mortality rate was as low 
as 50%, and the first lethal case was recorded 2 h after the 
injection ( fig. 7 ). Note that the surviving mice maintained 
a stable weight and body temperature and were fully re-
covered after a couple of days. When MBP-p33 was in-
jected in the absence of CTH as a control, it was found 
that this treatment did not influence health status, body 
weight or temperature. To summarize, we found that 
MBP-p33 is a potent inhibitor of histones. Our data also 
suggest that MBP-p33 is a promising drug candidate for 
treatment of the histone-mediated complications seen in 
many pathological conditions including severe infectious 
diseases. 
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  Fig. 6.  In vivo effects of MBP-p33 in mice challenged with CTH. 
 a  MBP-p33 prevents histone-induced hemolysis. Mice were i.v. 
injected with a nonlethal dose of CTH (0.75 mg/animal) in the 
presence (n = 9) or absence (n = 10) of MBP-p33 (1.5 mg/animal) 
for 2 h. PBS-treated animals (10 min) served as controls (n = 7). 
Blood was drawn by cardiac puncture and then centrifuged at 
2,000                g . Hemolysis was determined by measuring the absorbance 

at 540 nm in the supernatants.  b  MBP-p33 blocks histone-induced 
thrombocytopenia. The platelet count was measured in the blood 
samples from animals treated with CTH, CTH/MBP-p33 or PBS 
for 2 h. All platelet counts were determined by a Vetscan HM5. 
 c  MBP-p33 prevents histone-induced tissue damage in the lungs. 
The panel shows representative micrographs of lung sections from 
mice treated with PBS, CTH or CTH/MBP-p33 for 2 h. 
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  Discussion 

 Initially, p33 (also known as globular C1q receptor) 
was described as a receptor for the globular heads of C1q 
 [27] . Later, it was found that the protein also interacts 
with other plasma proteins including vitronectin, high-
molecular-weight kininogen and the coagulation fac-
tors XII and thrombin  [28] . In addition to these ligands, 
a number of bacterial and viral proteins have been iden-
tified that can bind either to surface-bound or intracel-
lular p33  [28] . While the interactions of bacterial pro-
teins with membrane-attached p33 is thought to pro-
mote cell adhesion and internalization of the pathogen 
 [29–31] , the interaction with viral proteins mainly takes 
place intracellularly and, in some cases, this has been 
shown to suppress virus replication  [28] . Recently, we 
reported that p33 exhibits a high affinity for another 
group of proteins/peptides, namely AMPs. Our data 
show that this interaction impairs the bactericidal and 
cytotoxic features of AMPs and prevents AMP-evoked 
cell necrosis  [16] . It is noteworthy that extracellular his-
tones and AMPs have features in common  [32] . For in-
stance, histones are like AMPs, highly cationic, rich ei-
ther in lysine (H1, H2A and H2B) or arginine (H3.1 and 
H4)  [33] . Moreover, they exert antimicrobial activity 
against several Gram-positive and Gram-negative 
pathogens and are cytotoxic towards many cell types  [8, 
10, 26, 33] . These similarities prompted us to study the 
interaction between p33 and histones in more detail and 
to test whether p33 could be used in therapeutic set-
tings.

  Our results show that histones are released from ne-
crotic tissue at the site of infection in patients with strep-

tococcal skin infections. We also recorded elevated his-
tone levels in the plasma samples of patients suffering 
from septic shock. These findings suggested a chain of 
events that could provide an explanation for the rise of 
histones in the circulation of these patients, and this was 
the starting point for us to study the interaction between 
p33 and histones in more detail. To this end, we investi-
gated the histone-p33 interaction with several biochem-
ical approaches, i.e. ELISA, surface plasmon resonance 
and electron microscopy. We found that p33 bound all 
subclasses of histones with a high affinity (a lower nano-
molar range). Further analysis revealed that p33 is able 
to block all tested functional features of histones, i.e. 
their antimicrobial activity, cytotoxic properties and 
ability to evoke platelet aggregation. Our in vitro results 
suggest that cell necrosis and platelet aggregation caused 
by extracellular histones cannot be completely compen-
sated by endogenous membrane-bound p33. We there-
fore wished to test whether the administration of p33 can 
be used for therapeutic purposes. For this reason, we in-
jected pathological doses of histones i.v. into mice and 
recorded increased hemolysis, platelet depletion and 
lung injury. These complications were efficiently pre-
vented when p33 was coadministered in these experi-
ments. At higher concentrations, histones have been 
shown to evoke death within minutes, as reported by 
Fuchs et al.  [9] , who demonstrated that this was trig-
gered by profound thrombocytopenia caused by his-
tone-fibrinogen-platelet complexes. In our experiments, 
we also noted that the injection of lethal histone doses 
caused 100% mortality in mice (in <15 min). However, 
when the mice were treated with p33, we found that all 
the animals survived the first 2.5 h and that after 7 days, 
50% of the mice had not only survived, but were fully 
recovered.

  These findings may have important therapeutic appli-
cations in severe infectious diseases, as the early adminis-
tration of a proper treatment can have a significant im-
pact on disease outcome. For instance in 2006, Kumar et 
al.  [34]  reported that for each hour that an antimicrobial 
therapy is delayed in patients with septic shock, mortality 
could increase by 7.6%. Many complications seen in these 
patients are caused by a pathological overreaction of host-
defense responses and, thus, it is obvious that targeting 
the pathogen only cannot dampen these self-destructive 
reactions, because they have already been initiated. A 
massive release of histones has an immediate deleterious 
effect, so their inhibition in combination with a conven-
tional antimicrobial treatment is a promising therapeutic 
approach for overcoming this early critical phase. This, in 
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 Fig. 7.   MBP-p33 rescues mice from a lethal injection of histones. 
Mice were subjected to an i.v. injection of a lethal dose of CTH (1.5 
mg/animal) in the presence (n = 8) or absence (n = 6) of MBP-p33 
(1.5 mg/animal). Survival was monitored for 7 days. 
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turn, can have life-prolonging effects and facilitate subse-
quent treatments. Our data show that p33 is a potential 
drug candidate for use in sepsis studies. Taken together, 
the results we have presented show that the interaction of 
p33 with extracellular histones blocks pathological host 
responses and that administration of p33 curtails both 
morbidity and mortality in a murine model for histone-
induced shock.
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