
Neutrophils release extracellular DNA traps during storage of
red blood cell units

Tobias A. Fuchs, Javier J. Alvarez, Kimberly Martinod, Ashish A. Bhandari, Richard M.
Kaufman, and Denisa D. Wagner
From the Program in Cellular and Molecular Medicine and Division of Hematology/Oncology,
Boston Children’s Hospital, Boston, MA, USA; Department of Pediatrics, Harvard Medical School,
Boston, MA, USA; Department of Pathology, Brigham and Women’s Hospital, Boston, MA, USA;
Immunology Graduate Program, Division of Medical Sciences, Harvard Medical School, Boston,
MA, USA

Abstract
BACKGROUND—Blood transfusion is associated with an increased risk of organ damage,
infection and alloimmunity. Neutrophil extracellular traps (NETs) are extracellular chromatin
fibers decorated with neutrophil granular proteins that have been linked to cytotoxicity,
thrombosis and autoimmunity. We questioned whether neutrophils in blood products release NETs
during storage and thus could contribute to adverse reactions from blood transfusions.

STUDY DESIGN AND METHODS—We analyzed supernatants and blood smears of human red
blood cell (RBC) units that either were or were not leukoreduced before storage for markers of
NETs.

RESULTS—We identified extracellular DNA, which was associated with histones and
myeloperoxidase, a marker of neutrophil granules, in supernatants and blood smears of non-
leukoreduced RBC units. These markers of NETs were absent in leukoreduced RBC units.
Importantly, NETs passed through blood transfusion filters and could therefore potentially be
infused into patients.

CONCLUSIONS—Our studies indicate that NETs are liberated during storage of non-
leukoreduced RBC units. Future studies should address whether NETs in RBC units could
potentially contribute to transfusion-associated complications.
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INTRODUCTION
Allogeneic transfusions of red blood cell (RBC) units have been associated with adverse
reactions including organ injury, infection and alloimmunization.1 An increased risk for
complications has also been associated with the age of RBC units.2 Currently, however, it
remains unclear whether these associations are truly causal. Prospective clinical trials in this
area are ongoing.3,4 RBCs generate bioactive lipids during storage that stimulate neutrophils
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in vitro and induce lung injury when infused into animals.5,6 Residual leukocytes in RBC
units have also been linked to an increased risk of infection and organ dysfunction.7,8 Pre-
storage leukocyte reduction of RBC units reduces the risks of both febrile nonhemolytic
transfusion reactions and cytomegalovirus transmission.7,8 Other purported benefits of
leukoreduction (e.g., reducing immunomodulatory effects of transfusion) remain
controversial.7–9

In recent years, it has been shown that stimulated neutrophils and other leukocytes can
release chromatin fibers decorated with neutrophil enzymes to form extracellular traps
(NETs).10 NETs protect against infection,10,11 but also stimulate thrombosis,12 organ
damage13 and autoimmunity.14,15 NET formation (NETosis) requires unwinding chromatin,
which is induced by reactive oxygen species (ROS),16 neutrophil elastase and
myeloperoxidase (MPO) 17 and importantly histone hypercitrullination by
peptidylargininedeiminase 4.18 NETs may be liberated from neutrophils after lysis of the
plasma membrane 16 or by an active mechanism which does not require cell death.13,19

Extracellular DNA in association with neutrophil enzymes can be found in the plasma of
patients with deep vein thrombosis 20 and systemic thrombotic microangiopathies,12

autoimmunity 21 and transfusion-related acute lung injury (TRALI). 22,23

We hypothesized that storage of RBC units stimulates residual neutrophils to release NETs.
Our study included cell-free supernatants of 9 non-leukoreduced and 14 leukoreduced
outdated RBC units. We analyzed samples for the presence of DNA, histones and
chromatin-MPO complexes. We also investigated samples of 5 non-leukoreduced RBC units
stored for 14–16 days and 3 fresh blood samples and questioned whether neutrophils display
morphological signs of NETosis by immunocytochemistry. Our data indicate that NETs are
released during storage of RBC units.

MATERIALS AND METHODS
Preparation of RBC units and leukoreduction

Red blood cells units were prepared from whole blood units collected into 450 mL blood
bags containing citrate-phosphate-dextrose (CPD) as an anticoagulant by centrifugation and
stored in AS-5 solution as a preservative. Leukoreduced RBCs were obtained from whole
blood units collected in 500 mL blood bags containing CPD as an anticoagulant and AS-3 as
a preservative, then leukoreduced within 24h after blood collection using a Leukotrap SCRC
leukocyte filtration system in conjunction with a high efficiency Pall BPF4 filter.
Leukoreduced RBC units routinely contained less than 106 leukocytes per mL whereas non-
reduced units contained approximately 5×109 leukocytes per mL. Untreated and
leukoreduced RBC units were stored at 4°C for 42 days. The RBC units were anonymous,
outdated units from the Blood Bank at Brigham and Women’s Hospital, Boston, MA.
Samples from non-outdated RBC units (different from outdated units), stored for 14–16
days, were collected from segments. Segments are pieces of tubing containing
approximately 1 ml of blood product. The tubing and blood bag are connected and thus
filled with the same blood product. Segments are prepared by a heat-sealing device, which
creates a closed band along the tubing. The band allows a segment to be cut off without
opening the blood bag. Segments were used to analyze samples of units before they became
outdated.

Supernatant preparation
An aliquot of RBCs was centrifuged for 10 min at 3000 g. The supernatant was collected
and spun for 5 min at 10000 g. The resulting pellet was discarded and the supernatant was
stored at −80°C.
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Quantification of DNA
Supernatants were diluted 1:50 in phosphate buffered saline (PBS, Gibco, Grand Island,
NY) containing 0.1% bovine serum albumin (BSA, Sigma, St. Louis, MO). One hundred μl
of diluted supernatant were mixed with 100 μl of PBS containing SytoxGreen (final
concentration 1 μM, Invitrogen, Grand Isle, NY) to label DNA. Fluorescence was recorded
in a fluorometer (Fluoroskan, Thermo Fisher Scientific, Waltham, MA). Auto-fluorescence
was considered as background and determined in samples mixed with PBS without
SytoxGreen. DNA concentrations were calculated based on a standard curve of known
concentrations of DNA (Invitrogen).

Passage through blood administration set
RBCs were passed through a y-type blood set containing a 170 μm filter (Hospira, Lake
Forest, IL, product number 11994–48). We injected 50 ml of RBCs into the tubing of the
device right above the filter unit. Blood passing through the filter was collected.
Supernatants were prepared from three samples before and after the passage and DNA was
quantified.

Quantification of nucleosomes
Supernatants were diluted 1:100 in PBS with 0.1% BSA and nucleosomes were quantified
by ELISA (Cell Death Detection kit, Roche, Indianapolis, IN) according to manufacturer’s
instructions.

Isolation and visualization of DNA
DNA was isolated from supernatants using a DNA isolation kit according to manufacturer’s
instructions (Omega bio-tek, Norcross, GA), subjected to 2% agarose gel electrophoresis in
the presence of ethidium bromide and visualized using a gel documentation system (Bio-
Rad, Hercules, CA).

Western blot analysis for histone H3
Supernatants were analyzed by Western blotting for histone H3. Two μl of supernatants
were mixed with Laemmli-Buffer supplemented with 5% beta-mercaptoethanol (Bio-Rad).
After 3 min at 95°C, samples were subjected to 15% (w/v) SDS-polyacrylamide gel
electrophoresis, followed by immunoblotting with a polyclonal rabbit anti-histone H3
(Abcam, Cambridge, MA, product number ab1791) as primary antibody and goat-anti-
rabbit-IgG conjugated to horseradish peroxidase (Bio-Rad) as secondary antibody. Detection
was carried out with a Pierce ECL Western Blotting Substrate (Thermo Scientific). Human
recombinant histone H3 (New England Biolabs, Ipswich, MA) served as a positive control.

Quantification of MPO
Supernatants were diluted 1:100 in PBS with 0.1% BSA and MPO was quantified by a
commercially available kit according to manufacturer’s instructions (Zen MPO ELISA,
Invitrogen).

Detection of histone-MPO-complexes
Histone-MPO complexes were detected by an ELISA which employs components of the
nucleosomes ELISA (Cell Death Detection Kit, Roche) and the MPO ELISA (Zen MPO
ELISA). In brief, supernatants were diluted 1:100 in PBS with 0.1% BSA. Diluted cell-free
fractions were mixed with biotinylated mouse-anti-histone antibodies and added to
streptavidin-coated wells according to the instructions of the Cell Death Detection Kit. No
anti-histone antibodies were added to control samples. After incubation and washing, rabbit-
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anti-myeloperoxidase antibodies were added to the wells (Component K, Zen MPO ELISA).
Control samples did not receive anti-MPO antibodies. After an additional incubation and
washing step, immobilized anti-myeloperoxidase antibodies were detected and quantified
according the protocol of the Zen MPO ELISA.

Collection of fresh human blood
The investigation received approval from the Boston Children’s Hospital Institutional
Review Board. After explaining the nature of the study, we obtained written informed
consent from all donors. Ten ml of blood was collected into tubes containing EDTA (BD
Vacutainer EDTA tubes, Franklin Lakes, NJ). Blood was centrifuged at 10 min at 3000 g
within 30 min of blood collection. The plasma was collected and spun for 5 min at 10000 g.
The resulting pellet was discarded and the plasma was stored at −80°C. Plasma was
prepared from 3 donors.

Immunostaining of blood smears
Blood smears were fixed for 5 min with 100% methanol followed by 2% paraformaldehyde
for 20 minute room temperature. Slides were rinsed with PBS, permeabilized with 0.1%
Triton X-100 for 10 min at 4°C, blocked with 3% BSA for 1 h at 37°C, and stained with
rabbit-anti-human-myeloperoxidase antibodies (1 μg/ml, Dako, Carpinteria, CA) and
Alexa-488-conjugated goat-anti-rabbit-IgG (1.5 μg/ml, Invitrogen) in 0.3% BSA. DNA was
labeled with Hoechst 33342 (1 μg/ml, Invitrogen) and images were acquired with a Zeiss
Axiovert Microscope. Controls were prepared from freshly collected blood which was
anticoagulated by EDTA. DNA stainings were quantified using ImageJ software (IMAGEJ,
National Institutes of Health, Bethesda, MD).

Statistical evaluation
Statistical analysis was performed using Prism Software (GraphPad, LaJolla, CA) and
included mean and Mann-Whitney test and ANOVA. Results were considered significant at
P < 0.05.

RESULTS
Leukocytes release DNA during storage of RBC units

Current U.S. regulations permit storage of RBC units for up to 42 days. We examined
whether neutrophils generate extracellular DNA in RBC units during storage. To test our
hypothesis, we prepared supernatants of non-leukoreduced RBC units stored for 14–16 days
and for 42 days and compared it to freshly prepared plasma from healthy donors.
Quantification of DNA using a fluorescent DNA probe (Fig. 1A), revealed increased DNA
levels at day 14–16 and in supernatants of RBC units stored for 42 days. We measured
approximately 100-fold more DNA than in fresh controls (dotted line in Fig. 1A). We
anticipated that leukocytes would be the source of extracellular DNA. Indeed leukoreduced
RBC units, in which the leukocyte count is reduced from 5×109 to 106 cells before storage,
contained only 88 ng/ml DNA after 42 days (Fig. 1A).

We next questioned whether the extracellular DNA would pass through a standard y-type
blood set, which was comprised of a 170 μm filter. We found similar amounts of
extracellular DNA in non-leukoreduced RBC samples before and after the passage through
the administration set (before vs. after, p = 0.88, n=3) indicating that extracellular DNA can
be infused into patients.
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Stored RBC units contain high-molecular weight DNA-histone complexes
Leukocytes contain nuclear and mitochondrial DNA and both can be released to form
NETs. 10,24 Nuclear and mitochondrial DNA can be distinguished by the presence of
histones. We characterized DNA in supernatants from non-leukoreduced and leukoreduced
RBC units stored for 42 days and measured extracellular nucleosomes (DNA-histone
complexes) by an ELISA which employs antibodies against histones and DNA. We detected
strongly elevated nucleosome levels in RBC units which contained leukocytes, and
leukoreduction reduced nucleosome levels approximately 100-fold (Fig. 1B). These data
suggest that leukocytes release nuclear DNA during RBC storage. Nuclear DNA can be
liberated from leukocytes undergoing apoptosis, necrosis or NETosis. Apoptosis is
characterized by fragmentation of chromosomal DNA, whereas DNA cleavage is largely
absent in necrotic leukocytes or leukocytes undergoing NETosis. We isolated and visualized
DNA in supernatants from RBC units stored for 42 days and detected a single DNA band of
high-molecular weight (Fig. 1C). In agreement with our DNA and nucleosomes
quantification, no DNA was observed in samples from leukoreduced RBC units. Our data
show that the majority of extracellular DNA is not fragmented and thus does not derive from
apoptotic cells. It furthermore shows that extracellular DNA does not degrade during blood
storage. This is likely because the storage medium is deprived of free-calcium which is
required for efficient nuclease activity. We next characterized extracellular histone H3 in
supernatants from RBC units. Western blot analysis revealed three fragments of histone H3
smaller than the native 15kd H3 protein (Fig. 1D). Histones are sensitive to proteolytic
cleavage and fragmentation of histones by active protein C or neutrophil serine proteases has
recently been described.17,25

Neutrophils release extracellular traps in stored RBC units
Histone fragmentation in neutrophils has been recently reported in response to cellular
activation and NETosis.17 Activation and NETosis also discharges MPO from neutrophil
granules. We quantified MPO in supernatants from RBC units and detected high levels of
extracellular MPO in units containing leukocytes (Fig. 2A), whereas leukoreduction also
reduced the amount of MPO in supernatants (Fig. 2A). We now questioned whether MPO in
supernatants from the non-leukoreduced units was associated with extracellular nucleosomes
as it occurs in NETs. 10,21 Using an ELISA, which employs anti-histone antibodies and anti-
MPO antibodies,21 we were able to detect histone-MPO complexes (Fig. 2B) suggesting that
neutrophils in RBC units undergo NETosis. During NETosis, the nucleus of neutrophils
goes through characteristic morphological changes: the lobulated nucleus turns into rounded
swollen shape before NETs are released as indicated by irregularly shaped DNA staining
larger than a neutrophil.16 We analyzed the nuclear size of leukocytes from fresh blood and
RBC units stored for 14–16 days. Staining and quantification of DNA revealed significantly
larger DNA stainings in smears from stored blood compared to fresh controls (Fig. 2C)
indicating that chromatin decondensation occurred during blood storage. Using
immunocytochemistry, we identified neutrophils which displayed delobulated, diffuse nuclei
or NETs indicated by extracellular DNA webs which contain MPO (Fig. 2D) in blood
smears of 14–16 day old RBC units thus indicating that neutrophils undergo NETosis during
blood storage.

DISCUSSION
Our data suggest that NET formation occurs during RBC storage. In vitro, several
mechanisms for NET formation exist. Viable neutrophils may release NETs by ejecting
mitochondrial or nuclear DNA.13,19 Neutrophils may undergo a cell death program which
leads to the liberation of chromatin decorated with granular proteins.16,17 Even though the
underlying signaling events of these different mechanisms are not fully understood, NET
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formation is generally considered an active process which requires neutrophil stimulation.
Storage of RBCs liberates proinflammatory lipids into the plasma and in vitro, these lipids
prime the NAPDH oxidase system of neutrophils and potentiate ROS production.5 ROS can
induce NET formation and thus proinflammatory lipids may facilitate NET formation during
storage. Interestingly, plasma and lipids from stored RBCs induced transfusion-related acute
lung injury (TRALI) in an isolated, perfused rat lung model.6 We and others have recently
shown that NETs are implicated in TRALI.22,23 NETs are abundant in the microcirculation
and alveolar space of lungs after induction of TRALI by autoantibodies. Importantly,
treatment of mice with DNase1 or anti-histone antibodies ameliorated the disease suggesting
that NETs contribute to TRALI in mice. 22,23 Moreover, patients with TRALI showed
increased levels of MPO-DNA complexes in plasma indicating that NET formation occurs
during TRALI in humans.22,23 Here we show that NET formation occurs during storage of
RBCs and it is conceivable that NETs in blood products exert their toxic,13,26

prothrombotic12 or immunomodulatory functions14,15 after infusion into patients. Indeed,
infusion of purified histones into mice causes platelet aggregation and lung injury.25,27

As of 2008, approximately 20% of RBC units and nearly half of whole blood-derived
platelets collected in the U.S. were non-leukoreduced.28 Leukoreduction increases the cost
per transfusion substantially; costs have been estimated to be up to $600 million per year in
the U.S.8 Given the ever-increasing pressures to reduce health care costs, it is conceivable
that the proportion of non-leukoreduced blood products transfused in the U.S. may increase
over time. Several studies suggest that leukoreduction reduces the length of hospital stay
after allogenic transfusion,29–31 however the clinical benefits of leukoreduction could not be
confirmed in other studies and remains controversial.7,8,32,33 It would be interesting to
investigate in future studies whether the presence of NET-biomarkers in RBC units can be
linked to transfusion-related adverse effects.
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Figure 1. Leukocytes release high-molecular weight chromatin during storage of RBC units
(A) DNA is elevated in non-leukoreduced RBC units at days14–16 (n=5) and day 42 (n=9),
but not in leukoreduced RBC units at day 42 (n=14) indicating that leukocytes release DNA
during storage of RBC units. Dotted line indicates plasma DNA levels of fresh blood. (B)
High levels of nucleosomes are detected in supernatants from non-leukoreduced (n=9), but
not in leukoreduced RBC units (n=14) stored for 42 days indicating that extracellular DNA
is associated with histones. (C) Supernatants from non-leukoreduced but not from
leukoreduced RBC units contained high-molecular weight DNA (> 2kB). (D) Bands of
histone H3, smaller than the native 15kB H3 (not shown), were detected in supernatants
indicating that histone H3 in RBC units is fragmented. Supernatants from leukoreduced
RBC units did not contain histone H3. Data are presented as mean in panels A and B. P-
value is calculated using the (A) ANOVA and (B) Mann-Whitney test (* P < 0.05, # P <
0.001 vs. leukoreduced RBC units stored for 42 days). DNA and histone H3 were analyzed
from three RBC units and three leukoreduced RBC units stored for 42 days and panels B
and C show representative results.
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Figure 2. Neutrophils release extracellular DNA traps in RBC units
(A) MPO in supernatants was detected in RBC units stored for 42 days (n=6).
Leukoreduction of RBCs units (n=6) greatly reduced the amount of extracellular MPO. (B)
Histone-MPO complexes were detected in supernatants of non-leukoreduced RBC units
(n=5). Controls lacked either anti-histone or anti-MPO antibodies. The presence of histone-
MPO complexes suggests that neutrophils undergo NETosis during blood storage. (C)
Analysis of nuclear size of blood smears from fresh blood or RBC units stored for 14–16
days. Blood smears showed larger DNA staining in stored (n = 304) compared to fresh
blood (n = 61). (D) Identification of NETs by immunocytochemistry. Blood smears of 14–
16 day old RBC units were stained for myeloperoxidase (green) and DNA (blue).
Neutrophils were identified as MPO positive cells with small nuclei (left panel). Neutrophils
undergoing NETosis were characterized as MPO-positive cells with disintegrated nuclei
(arrows, middle panel) and NETs were identified as an extracellular DNA web containing
MPO (right panel). Bar represents 50 μm. Data are presented as mean. P-values are
calculated using (A, C) Mann-Whitney test and (B) ANOVA (* P < 0.05, # P< 0.01, § P <
0.001).
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