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Abstract

Background: HMGB1 is a mediator of systemic inflammation in sepsis and trauma, and a promising biomarker in
many diseases. There is currently no standard operating procedure for pre-analytical handling of HMGB1 samples,
despite that pre-analytical conditions account for a substantial part of the overall error rate in laboratory testing. We
hypothesized that the considerable variations in reported HMGB1 concentrations and kinetics in trauma patients
could be partly explained by differences in pre-analytical conditions and choice of sample material.

Methods: Trauma patients (n = 21) admitted to a Norwegian Level I trauma center were prospectively included.
Blood was drawn in K2EDTA coated tubes and serum tubes. The effects of delayed centrifugation were evaluated in
samples stored at room temperature for 15 min, 3, 6, 12, and 24 h respectively. Plasma samples subjected to long-
term storage in − 80 °C and to repeated freeze/thaw cycles were compared with previously analyzed samples.
HMGB1 concentrations in simultaneously acquired arterial and venous samples were also compared. HMGB1 was
assessed by standard ELISA technique, additionally we investigated the suitability of western blot in both serum
and plasma samples.

Results: Arterial HMGB1 concentrations were consistently lower than venous concentrations in simultaneously
obtained samples (arterial = 0.60 x venous; 95% CI 0.30–0.90). Concentrations in plasma and serum showed a strong
linear correlation, however wide limits of agreement. Storage of blood samples at room temperature prior to
centrifugation resulted in an exponential increase in plasma concentrations after ≈6 h. HMGB1 concentrations were
fairly stable in centrifuged plasma samples subjected to long-term storage and freeze/thaw cycles. We were not
able to detect HMGB1 in either serum or plasma from our trauma patients using western blotting.

Conclusions: Arterial and venous HMGB1 concentrations cannot be directly compared, and concentration values in
plasma and serum must be compared with caution due to wide limits of agreement. Although HMGB1 levels in
clinical samples from trauma patients are fairly stable, strict adherence to a pre-analytical protocol is advisable in
order to protect sample integrity. Surprisingly, we were unable to detect HMGB1 utilizing standard western blot
analysis.
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Background
High-mobility group box 1 protein (HMGB1) is an evo-
lutionary conserved DNA-binding protein present in all
nucleated eukaryotic cells and in platelets. Under physio-
logical conditions, HMGB1 is located predominantly in
the nucleus where it acts as a nucleosomal stabilizer and
a transcriptional regulator. (Bianchi and Agresti 2005)
Outside the cell, HMGB1 acquires a new identity to
serve as a powerful mediator of inflammation. (Yang
et al. 2013) It is passively released or actively secreted in
a multitude of pathological conditions including sepsis,
trauma, cancer, and auto-immune diseases, and in many
cases a predictable correlation to disease activity is
evident. (Harris et al. 2012; Ottestad et al. 2019) The
biological actions of HMGB1 are remarkable in their
diversity, caused by a marked propensity for post-
translational modifications. (Yang et al. 2012)
Several studies have explored HMGB1 concentrations

in trauma patients utilizing standard ELISA techniques,
however there is a considerable variation in reported
concentrations and kinetics even in comparable patient
populations. (Ottestad et al. 2019; Peltz et al. 2009;
Cohen et al. 2009; Yang et al. 2006; Namas et al. 2016)
Although pre-analytical conditions have been reported
to account for 46 to 68% of the overall error rate in la-
boratory testing in general, (Carraro et al. 2012; Plebani
2012) there are no recommended operating procedures
for clinical HMGB1 analysis that are widely applied.
(Moore et al. 2011) We have therefore explored some
crucial aspects for measurement of HMGB1 concentra-
tions in trauma patients.
First, analyses of inflammatory molecules are often

biased by sample degradation or ex vivo sample activa-
tion. This is especially true for constitutively expressed
inflammatory markers. (Skogstrand et al. 2008; Flower
et al. 2000) Release of HMGB1 from dying blood cells
could also potentially affect total levels in blood samples
over time. Further complicating the issue, HMGB1
stability in a given sample could conceivably depend on
disease type and state, potentially invalidating experience
gained from studies in other disease categories. We have
therefore evaluated effects on measured HMGB1
concentrations in samples from trauma patients stored
at room temperature for variable time periods prior to
centrifugation and freezing, and subjected to long-term
storage at − 80 °C with several freeze/thaw cycles after
centrifugation.
Second, immunoassays are prone to interference by

endogenous factors that alter antibody binding or the
measurable concentration of the analyte. (Tate and Ward
2004) Cross-reactivity, unsuspected protein-protein bind-
ings, and lipemia are all known to cause interference, and
these factors can depend on type of sample material. (Tate
and Ward 2004; Clerico et al. 2018) In line with this, both

serum and plasma components that interfere with
HMGB1 detection by ELISA systems have been reported,
yielding different results in serum vs. plasma depending
on disease state. (Urbonaviciute et al. 2007; Basso et al.
2017; Lehner et al. 2012) We have therefore compared
HMGB1 levels measured by ELISA in simultaneously
acquired serum and plasma samples from patients early
after trauma. The suitability of western blot (WB) analysis
as an alternative to ELISA was also addressed, as western
blotting is less prone to interference by protein-protein
interactions due to a denaturing step.
Third, previous studies of HMGB1 in trauma patients

have either utilized venous samples only, (Cohen et al.
2009) mainly arterial samples, (Ottestad et al. 2019) an
unspecified mixture of arterial and venous samples,
(Namas et al. 2016) or not reported the source of their
material. (Peltz et al. 2009; Yang et al. 2006) It could be
argued that arterial samples may be preferable in order
to obtain blood that is not draining from any particular
injured body part, (Ottestad et al. 2019) however we are
not aware of any study comparing HMGB1 concentra-
tion in arterial vs. venous blood after trauma. We have
therefore also investigated HMGB1 concentrations in
plasma derived from simultaneously acquired arterial
and venous samples in trauma patients.

Methods
Recruitment of trauma patients was performed January
2011 – November 2018 at Oslo University Hospital Ullevål,
a Norwegian Level I trauma center. (Ottestad et al. 2019)
Patients were recruited by convenience. All patients
≥18 years who met criteria for trauma team activation
were eligible for enrollment. Patients with burn injur-
ies and pregnant women were excluded.
Arterial or venous blood was drawn in K2EDTA

coated tubes and serum tubes (Vacuette 454209 and
367977, Greiner Bio-One International GmbH, Austria)
immediately after admission. The tubes were put directly in
ice slush after 8–10 inversions, and after 15min centrifuged
at 2500 g at 4 °C for 15min. Aliquots of the supernatants
were immediately transferred to sterile polypropylene tubes
(NUNC CryoTubes 479–6843; VWR International AS,
Oslo, Norway) and stored at − 80 °C.
In a recent study of HMGB1 kinetics in trauma pa-

tients (Ottestad et al. 2019) we have reported HMGB1
plasma concentrations as a function of time after injury
from 136 of the patients. In the current study, we have
compared previously reported plasma concentration
measurements from several time points in 5 of these pa-
tients to reanalyzed plasma and to serum samples that
were not originally analyzed, but subjected to long-term
storage at − 80 °C.
Simultaneous arterial and venous blood samples were

acquired in 6 additional patients, four of them both at
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admission and at approximately 4 h after injury. The lat-
ter time point was selected to embrace the previously
described “second wave” of HMGB1 release after
trauma. (Ottestad et al. 2019) In another 10 patients, ad-
mission arterial samples were drawn in five 2 ml EDTA
tubes which were stored at room temperature (≈25 °C)
for 15 min, 3, 6, 12, and 24 h respectively before centri-
fugation and freezing. An overview of patients and sam-
ples in each group is displayed in Table 1.
HMGB1 concentrations were obtained by standard

ELISA technique according to manufacturer instruction
(HMGB1 ELISA Kit II; ST51011; Shino-Test Corpor-
ation, Tokyo, Japan). Serum samples and plasma samples
subjected to freeze/thaw and long-term storage were an-
alyzed with a single ELISA kit, however compared with
original plasma analyses performed with ELISA kits from
a different production batch for our previous study.
Analyses of simultaneously acquired arterial and venous
samples were done within a single ELISA kit in order to
rule out inter-assay variability, in quadruplicate with re-
sults reported as median concentrations.
Western blotting was performed with 1 μL plasma or

serum diluted in 9 μL H2O + 3 μL Laemmli sample buf-
fer (100 mM Tris-HCl pH 6.8, 45% glycerol, 5% sodium
dodecyl sulfate, 12.5% 2-mercaptoethanol, and 0.25%
bromophenol blue), and incubated at 97 °C for 10 min.
Recombinant human HMGB1 (HMGBiotech HM100,

Milano, Italy) was used as a positive control in western
blot analyses at different spike-in concentrations in nor-
mal venous plasma and serum from one healthy subject.
SDS-PAGE electrophoresis was performed at 200 V for
30 min using mini-protean TGX gels 4–20% (Bio-Rad
Laboratories AB, Oslo, Norway). The gel was transferred
to nitrocellulose membrane (Trans-Blot® Turbo™ Mini
Nitrocellulose 0.2 μm, BioRad Laboratories AB, Oslo,
Norway). Membranes were blocked with 5% milk pow-
der in Tris-Buffered Saline and Tween20 TBS-T for 45
min at room temperature, and rinsed once in TBS-T.
The membranes were incubated with primary anti-
HMGB1 antibodies (Abcam 18256, Cambridge, UK, or
m2G7, kind gift from Professor Helena Erlandsson
Harris) (Lundbäck et al. 2016) diluted to 1 μg/mL in 1%
milk/TBS-T over night at 4 °C. Gels were then washed
4 × 5min in TBS-T and incubated with HRP-conjugated
anti-rabbit antibody (Jackson ImmunoResearch 711-035-
152, Immunolab, Oslo, Norway) or HRP-conjugated
anti-mouse antibody (Jackson ImmunoResearch 711-
035-151, Immunolab, Oslo, Norway) for 2 h at room
temperature, diluted 1:20,000 in 1% milk/TBS-T,
followed by extensive washing with TBS-T.
Data analysis was undertaken using JMP 11.2.1 and

13.2.0 (SAS Institute, Cary, NC). A two-tailed p ≤ 0.05
was chosen to represent statistical significance. Group
comparisons were performed with the Wilcoxon rank-

Table 1 Characteristics of the three study populations

Characteristics Sample Storage patients (n = 10) Serum vs. Plasma patients (n = 5) Arterial vs. Venous patients (n = 6)

Demographics

Sex (male: female) 7: 3 3: 2 6: 0

Age (years) 48 (29–68; 19–78); 10 54 (30–55; 23–55); 5 35 (19–52; 17–57); 6

Pre-injury ASA PS (ASA I: II: III) 5: 3: 2 3: 1: 1 5: 0: 1

Injuries

Mechanism of injury (blunt: penetrating) 10: 0 4: 1 5: 1

NISS 34 (22–43; 12–75); 10 41 (22–53; 9–57); 5 41 (7–59; 1–66); 6

ISS 28 (20–32; 5–48); 10 24 (15–46; 9–57); 5 36 (4–49; 1–50); 6

Admission BE (mmol/L) −4.1 (− 7.3 – − 1.0; − 8.3 – 0.1); 10 −3.4 (− 5.6 – − 2.0; − 6.2 – − 1.6); 4 −2.3 (− 6.2–0.3; − 8.7 – 3.7); 6

HMGB1 analyses

Admission HMGB1 (ng/mL)a 6.57 (3.01–29.9; 1.68–155); 10 50.8 (1.88–91.2; 1.54–97.9); 5 13.2 (8.62–17.7; 7.31–20.4); 6

Time from injury to first sample (hours)b 3:07 (1:03–5:44; 0:39–7:26); 9 0:45 (0:31–2:41; 0:29–4:06); 5 1:41 (0:49–2:49; 0:17–3:50); 6

Hospital treatment

ICU length of stay (days) 6 (2–11; 1–17); 10 7 (3–9; 2–10); 5 6 (2–11; 2–12); 6

Ventilator treatment (y: n) 5: 5 2: 3 5: 1

Outcome

Dead at 30 days (y: n) 1: 9 1: 4 1: 5

Ventilator-free days 29 (11–30; 0–30); 10 30 (0–30; 0–30); 5 23 (17–29; 0–30); 6

Numbers are given as median (quartiles; range) and number of patients if not otherwise specified. NISS New Injury Severity Score, ISS Injury Severity Score, BE
Base Excess, ICU intensive care unit, Ventilator-free days, days alive and off ventilator during the first 30 days after trauma. aFor “Arterial vs. Venous” group, as
median concentration from first arterial sample. bTime from injury missing for one patient in “Sample Storage” group

Ottestad et al. Molecular Medicine            (2020) 26:5 Page 3 of 8



sum test, or with the Wilcoxon signed-rank test for
paired measurements. Agreement between methods was
assessed with the Bland–Altman method for repeated
measures. (Myles 2007; Bland and Altman 2007) Linear
mixed model analysis with patient as random effect was
utilised to assess correlation between original plasma,
serum, and reanalyzed plasma, relations between arterial
and venous HMGB1 concentration in simultaneous sam-
ples, and HMGB1 concentration change during storage.
The reported coefficient of multiple determination (R2)
estimates the proportion of variation in the response
that can be attributed to the model rather than to ran-
dom error.

Results
Comparisons between HMGB1 concentrations in sam-
ples analyzed early, subjected to long-term storage or
stored for a variable time in room temperature before
centrifugation and freezing, in plasma vs. serum, and in
arterial vs. venous blood were done in three separate
groups of trauma patients. Characteristics of the study
populations are shown in Table 1.
Effects of storage in room temperature before centrifu-

gation and freezing were evaluated in admission samples
from 10 trauma patients (Table 1; Fig. 1). There was no
significant difference between HMGB1 concentrations
after 15 min whether the samples were cooled in ice
slush or left in room temperature (p = 0.16, Wilcoxon
signed-rank test). Concentrations were stable for ap-
proximately 3–6 h, but thereafter increased exponentially

in samples from eight of the ten patients (Fig. 1). Sur-
prisingly, HMGB1 concentrations from the two patients
with highest initial value did not change during the 24 h
storage period (linear mixed model; p = 0.60).
Effects of long-term storage and freeze/thaw cycles on

HMGB1 plasma concentration were assessed through
reanalysis of 24 plasma samples from five trauma pa-
tients (Table 1). Following the initial ELISA-based
HMGB1 analyses, each sample was subjected to > 2 years
of − 80 °C storage and 3 freeze/thaw cycles. HMGB1
concentrations in original and reanalyzed plasma showed
a strong linear correlation (R2 = 0.986, p < 0.0001), how-
ever wide limits of agreement (Fig. 2a; mean difference
− 1.2 ng/mL, Limits of Agreement [LoA] − 21.7 to 19.3).
Correspondence between HMGB1 serum concentra-

tions and previously analyzed plasma determined by
ELISA analysis was assessed in 22 sample pairs from the
same patients (Table 1). HMGB1 concentrations in
plasma and serum showed a strong linear correlation
(R2 = 0.83, p < 0.0001), however wide limits of agreement
(Fig. 2b; mean difference − 1.7 ng/mL, LoA − 25.5 to
22.1 ng/mL).

Fig. 1 Semilogarithmic plot of HMGB1 concentrations as a function
of storage time in room temperature before centrifugation and
freezing. Individual patients are color coded

Fig. 2 Bland–Altman scatter plot of difference between previously
analyzed plasma and reanalyzed plasma (a) and previously analyzed
plasma and serum (b) against the average of the two
measurements. Samples from individual patients are color coded
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Western blot analyses were performed on simultan-
eously obtained serum and plasma admission samples
from two patients, with ELISA plasma HMGB1 concen-
trations of 50.8 and 97.9 ng/mL respectively. These are
among the highest HMGB1 concentrations reported in
our previous study (population median at admission
3.74 ng/mL, range 0.31–223 ng/mL, n = 135). (Ottestad
et al. 2019) We were unable to detect HMGB1 in any
of the samples, utilizing either the polyclonal rabbit
antibody or the monoclonal mouse antibody (data not
shown). To determine the lowest level of detection by
western blot, we diluted recombinant HMGB1 in nor-
mal serum and plasma, and were only able to detect
HMGB1 bands at spike-in concentrations equal to or
above 1000 ng/mL.
Simultaneously acquired arterial and venous samples

were obtained from 6 patients at admission (median
1:41 h after injury, range 0:17–3:50 h, Table 1; T01 in
Fig. 3). Samples were also obtained from 4 of the
patients at a median of 4:12 h after injury (range 3:
56–4:16 h; T02 in Fig. 3). Median absolute time dif-
ference between simultaneously acquired samples was
3 min (range 1–4 min); arterial blood was sampled be-
fore venous in 6 of the 10 sample pairs. Arterial con-
centrations were consistently lower than venous

(Fig. 3; p = 0.01, Wilcoxon signed-rank test), and there
was no significant effect of whether the arterial sam-
ple was obtained before or after the venous sample
(p = 0.83, Wilcoxon rank-sum test). Effects of venous
HMGB1 concentration on arterial HMGB1 concentra-
tion were assessed in a mixed model with patient as
random effect. Arterial HMGB1 concentration was
0.60 × venous HMGB1 concentration (95% CI 0.30–
0.90, R2 = 0.68, p = 0.002).

Discussion
We are not aware of any previously published reports
comparing venous and arterial blood in clinical samples
with respect to systemic HMGB1 levels. Surprisingly, ar-
terial concentrations were 40% lower than venous con-
centrations, and it is tempting to speculate whether the
pulmonary circulation might be a site for HMGB1 clear-
ance. Alternatively, factors in arterial blood may interfere
with HMGB1 ELISA detection. HMGB1 undergoes rapid
cysteine redox changes, (Zandarashvili et al. 2013) and
since ambient oxygen pressure increases when venous
blood reaches the pulmonary circulation, HMGB1 oxida-
tion to disulfide or sulfonyl isoforms could potentially
alter protein-protein interactions and consequently detec-
tion by ELISA. The fraction of free vs. complexed HMGB1
could conceivably also be affected by redox state, as is the
case with the alarmin IL33. (Scott et al. 2015)
HMGB1 analyses are often performed on plasma or

serum samples that have been subjected to variable
duration of storage and sometimes repeated freeze/thaw
cycles. Previous studies in non-trauma patients have
reported that HMGB1 concentrations in serum samples
stored in room temperature for up to 7 days after centri-
fugation or subjected to freeze/thaw cycles were remark-
ably stable. (Lehner et al. 2012; Wang et al. 2015) In
accordance with this we found a strong linear correl-
ation between concentrations in originally analyzed
plasma and plasma subjected to long-term storage and
freeze/thaw cycles, however comparison of absolute con-
centration values was not straightforward due to wide
limits of agreement. Despite HMGB1 being fairly stable
during storage in room temperature, we found an expo-
nential increase in HMGB1 levels after 3–6 h when
blood samples from trauma patients were stored at room
temperature before centrifugation and freezing. Surpris-
ingly, HMGB1 concentrations from the two samples
with the highest initial HMGB1 value did not exhibit an
exponential increase during storage. Neutrophils and
thrombocytes have been reported as major vehicles for
HMGB1, both cell types are easily activated and short
lived, and consequently potential sources of ex-vivo re-
lease of HMGB1 in blood samples. Contribution from
other cell types can also not be excluded. Although
highly speculative, ex-vivo release of HMGB1 might

Fig. 3 Raw data plot of simultaneously acquired arterial and venous
samples. Horizontal axis is marked with venous (v) and arterial (a)
samples at T01 (admission) and T02 (approximately 2 h after
admission, see text). All samples were analyzed in quadruplicate with
results reported as median concentrations. Samples from individual
patients are color coded, with a solid line between simultaneously
obtained median venous and arterial HMGB1 concentrations
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conceivably be limited upon depletion due to extravasa-
tion to injured tissues or clot formation following trau-
matic coagulopathy. Kinetic analysis of more cell type
specific markers may be required to explain this
observation.
Based on these findings, we speculate that differences in

previously reported HMGB1 concentrations in compar-
able populations of trauma patients (Ottestad et al. 2019;
Cohen et al. 2009; Yang et al. 2006; Namas et al. 2016)
might be caused by variability in pre-analytical conditions.
Peltz et al. (2009) published the first paper to document
elevated HMGB1 plasma concentrations after trauma in
humans, however their HMGB1 concentrations were 100-
fold higher than HMGB1 levels reported in similar studies
with comparable populations of trauma patients. (Ottestad
et al. 2019; Cohen et al. 2009; Yang et al. 2006; Namas
et al. 2016) Notably, in contrast to the other authors, Peltz
et al. utilized samples from EDTA tubes previously drawn
for clinical indications and processed within 24 h. Storage
temperature and time from sampling to centrifugation
were not reported, and their results must therefore be
interpreted with caution.
HMGB1 concentrations in parallel plasma and serum

samples showed strong linear correlation, but wide limits
of agreement. Consequently, we recommend that absolute
concentration values from plasma and serum samples
should be compared with caution, at least in the context
of trauma.
The application of immunoassays in complex matrices

such as plasma and serum is challenged by interference,
(Tate and Ward 2004; Clerico et al. 2018) also known as
“matrix effects”. Polyreactive antibodies or unsuspected
protein–protein interactions may interfere with antibody
detection, decreasing both sensitivity and specificity of the
assay and consequently challenging reliable HMGB1
detection in clinical samples. Previous reports have sug-
gested that factors in serum and plasma interfere with
HMGB1 detection in ELISA systems. (Urbonaviciute et al.
2007; Bianchi 2009; Abdulahad et al. 2011) HMGB1 is a
“sticky” protein that interacts with a multitude of mole-
cules, including proteins, DNA and lipids. In trauma there
is an abundance of intracellular proteins leaked from
necrotic cells into the circulating plasma, and proteins
binding to HMGB1 could potentially negatively impact
HMGB1 detection in the ELISA system. ELISA depends
on an antibody capture step in order to decrease the com-
plexity of the sample and increase signal-to-noise ratio.
Thus, test sensitivity will be affected by sample refinement
and type of capture antibody used.
In western blotting, under reducing and denaturing

conditions, interfering proteins or other factors will not
stay complexed to HMGB1 unless they are covalently
bound. Consequently, western blotting could potentially
allow for a more unbiased detection of HMGB1.

However, we were unable to detect HMGB1 in either
serum or plasma from our trauma patients, using two
diverse primary antibodies that recognize surface-
exposed epitopes. The mAb has a specificity to A-box
residue 53–63, and was generated by immunization with
recombinant full-length HMGB1. (Qin et al. 2006) The
polyclonal Ab has specificity to residue 151–185, includ-
ing parts of the B-box and linker and both antibodies
have been described to be suitable as primary western
blot antibodies. However, antibody epitopes may be in-
accessible because of sample-specific post-translational
modifications (e.g. glycosylation). HMGB1 bands were
only detected at spike-in concentrations of 10–50 times
the maximum level measured by ELISA in our trauma
patients. High protein content in most clinical samples
limits the possible sample-loading amount, as expected
we experienced problems with unspecific binding and
interference with migration at higher serum or plasma
volumes than 1 μL/lane. We avoided the use of immuno-
precipitation or other enrichment strategies in order to
ensure an unbiased approach.
Our study has several limitations. It was a single-

center study, and sample size was small and limited to
trauma patients only. Reanalyzed plasma and serum
samples were compared with plasma analyzed with
ELISA assays from a different production batch, and part
of the disagreement between original plasma and reana-
lyzed plasma or original plasma and serum might be ex-
plained by inter-assay imprecision which has been
reported to be up to 14% for the HMGB1 immunoassay
that was used. (Lehner et al. 2012)

Conclusions
HMGB1 concentration measurements are sensitive to
pre-analytical conditions and choice of sample material.
Consequently, standard operating procedures for clinical
HMGB1 research should be established so that robust
conclusions can be drawn when comparing results
from different studies. The observation that arterial
HMGB1 concentrations were consistently lower than ven-
ous concentrations in simultaneously obtained samples is
novel and raises the question whether the pulmonary cir-
culation is a site for HMGB1 clearance. Absolute concen-
tration values in plasma and serum must be compared
with caution due to wide limits of agreement. In accord-
ance with earlier studies we confirmed that HMGB1
plasma levels are fairly stable in samples subjected to
long-term storage and freeze / thaw cycles, however stor-
age in room temperature before centrifugation resulted in
exponential increase in HMGB1 concentrations after 3–6
h. The high correlation between concentration measure-
ments before and after long-term storage allows studies of
kinetic profiles within subjects despite wide limits of
agreement. Somewhat unexpectedly, standard western
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blot analysis failed to detect HMGB1 at clinically relevant
levels in plasma and serum samples from our trauma
patients.

Abbreviations
DNA: Deoxyribonucleic acid; EDTA: Ethylenediaminetetraacetate;
ELISA: Enzyme-linked immunosorbent assay; HMGB1: High mobility group
box 1 protein; HRP: Horseradish peroxidase

Acknowledgements
We thank Julie Katrine Lindstad for help with project design and ELISA
analyses. We are grateful to Ivan Jonassen Rimstad, Astrid Arnesen Hug,
Linda Soilammi, and Tomas Drægni for help with recruitment of patients
and acquisition of samples, and to Anne-Marie Siebke Trøseid and Jens
Petter Berg for help with optimization of pre-analytical conditions and for lab
facilities. We thank the Oslo University Hospital Trauma Registry and registrars
Morten Hestnes and Hans Johansson for providing clinical data. Special
thanks to Frank Sætre for help with ELISA analyses, and to Helena Erlandsson
Harris for providing us with anti-HMGB1 antibodies (m2G7) for our western
blot analysis.

Authors’ contributions
TE, WO and PL conceived the study and were responsible for overall
design; WO, INR, TE, ES, and CF collected the data. INR, WO and PL
performed the ELISA and WB analyses. TE and WO designed the
statistical analyses and did the initial data interpretation; TE, WO, GH and
PL finalized analyses and interpretation. WO and PL wrote the first
version of the manuscript, and all authors critically revised and approved
the final version.

Funding
This study was financially supported by Oslo University Hospital, the
University of Oslo, and South-Eastern Norway Regional Health
Authority.

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Ethics approval and consent to participate
All parts of the study were approved by the Regional committee for
medical and health research ethics (2010/2014 REK Sør-Øst D), in
accordance with the Declaration of Helsinki. Patients were enrolled on
admission, and written informed consent was obtained as soon as
possible. A temporary written consent from the closest relative was
obtained when patients were unable to consent. All material was
destroyed if patients or relatives did not consent. The Regional
committee for medical and health research ethics approved the use of
biological material from patients who died before a fully informed
consent could be obtained, and the use of written information with the
possibility for withdrawal for patients who were transferred to other
hospitals or discharged before consent could be obtained. All those
patients were checked against the Norwegian national biological
research reservation registry before final inclusion.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Department of Anaesthesiology, Oslo University Hospital, PO Box 4956
Nydalen, NO-0424 Oslo, Norway. 2Institute of Clinical Medicine, Faculty of
Medicine, University of Oslo, Oslo, Norway. 3Faculty of Medicine, University of
Oslo, Oslo, Norway. 4K.G. Jebsen Inflammation Research Centre, Institute of
Clinical Medicine, Faculty of Medicine, University of Oslo, Oslo, Norway.
5Department of Pathology, Oslo University Hospital, Oslo, Norway.

Received: 18 September 2019 Accepted: 18 December 2019

References
Abdulahad DA, Westra J, Bijzet J, Limburg PC, Kallenberg CGM, Bijl M. High

mobility group box 1 (HMGB1) and anti-HMGB1 antibodies and their relation
to disease characteristics in systemic lupus erythematosus. Arthritis Res Ther.
2011;13(3):R71.

Basso D, Padoan A, Laufer T, Aneloni V, Moz S, Schroers H, et al. Relevance of
pre-analytical blood management on the emerging cardiovascular protein
biomarkers TWEAK and HMGB1 and on miRNA serum and plasma profiling.
Clin Biochem. 2017;50(4–5):186–93.

Bianchi ME. HMGB1 loves company. J Leukoc Biol. 2009;86(3):573–6..
Bianchi ME, Agresti A. HMG proteins: dynamic players in gene regulation and

differentiation. Curr Opin Genet Dev. 2005;15(5):496–506.
Bland JM, Altman DG. Agreement between methods of measurement with

multiple observations per individual. J Biopharm Stat. 2007;17(4):571–82.
Carraro P, Zago T, Plebani M. Exploring the initial steps of the testing

process: frequency and nature of pre-preanalytic errors. Clin Chem. 2012;
58(3):638–42.

Clerico A, Belloni L, Carrozza C, Correale M, Dittadi R, Dotti C, et al. A black swan
in clinical laboratory practice: the analytical error due to interferences in
immunoassay methods. Clin Chem Lab Med. 2018;56(3):397–402.

Cohen MJ, Brohi K, Calfee CS, Rahn P, Chesebro BB, Christiaans SC, et al.
Early release of high mobility group box nuclear protein 1 after severe
trauma in humans: role of injury severity and tissue hypoperfusion. Crit
Care. 2009;13(6):R174.

Flower L, Ahuja RH, Humphries SE, Mohamed-Ali V. Effects of sample handling on
the stability of interleukin 6, tumour necrosis factor-alpha and leptin.
Cytokine. 2000;12(11):1712–6.

Harris HE, Andersson U, Pisetsky DS. HMGB1: a multifunctional alarmin driving
autoimmune and inflammatory disease. Nat Rev Rheumatol. 2012;8(4):195–202.

Lehner J, Wittwer C, Fersching D, Siegele B, Holdenrieder S, Stoetzer OJ.
Methodological and preanalytical evaluation of an HMGB1 immunoassay.
Anticancer Res. 2012;32(5):2059–62.

Lundbäck P, Lea JD, Sowinska A, Ottosson L, Furst CM, Steen J, et al. A novel
high mobility group box 1 neutralizing chimeric antibody attenuates drug-
induced liver injury and postinjury inflammation in mice. Hepatology.
2016;64(5):1699–710.

Moore HM, Kelly A, Jewell SD, McShane LM, Clark DP, Greenspan R, et al. Biospecimen
reporting for improved study quality. Biopreserv Biobank. 2011;9(1):57–70.

Myles PS, Cui J. Using the Bland-Altman method to measure agreement with
repeated measures. Br J Anaesth. 2007;99(3):309–11.

Namas RA, Vodovotz Y, Almahmoud K, Abdul-Malak O, Zaaqoq A, Namas R, et al.
Temporal patterns of circulating inflammation biomarker networks
differentiate susceptibility to nosocomial infection following blunt trauma in
humans. Ann Surg. 2016;263(1):191–8.

Ottestad W, Rognes IN, Pischke SE, Mollnes TE, Andersson U, Eken T. Biphasic
release of the alarmin High Mobility Group Box 1 protein early after trauma
predicts poor clinical outcome. Crit Care Med. 2019;47(8):e614–e622.

Peltz ED, Moore EE, Eckels PC, Damle SS, Tsuruta Y, Johnson JL, et al. HMGB1 is
markedly elevated within 6 hours of mechanical trauma in humans. Shock.
2009;32(1):17–22.

Plebani M. Quality indicators to detect pre-analytical errors in laboratory testing.
Clin Biochem Rev. 2012;33(3):85–8.

Qin S, Wang H, Yuan R, Li H, Ochani M, Ochani K, et al. Role of HMGB1 in
apoptosis-mediated sepsis lethality. J Exp Med. 2006;203(7):1637–42.

Scott IC, Majithiya JB, Rapley L, Kemp BP, England E, Rees DG, et al. Oxidation of
the alarmin IL-33 regulates ST2-dependent inflammation. Nat Commun.
2015;6:1–10 Nature Publishing Group.

Skogstrand K, Ekelund CK, Thorsen P, Vogel I, Jacobsson B, Nørgaard-Pedersen B,
et al. Effects of blood sample handling procedures on measurable
inflammatory markers in plasma, serum and dried blood spot samples.
J Immunol Methods. 2008;336(1):78–84.

Tate J, Ward G. Interferences in immunoassay. Clin Biochem Rev. 2004;25(2):105–20.
Urbonaviciute V, Fürnrohr BG, Weber C, Haslbeck M, Wilhelm S, Herrmann M,

et al. Factors masking HMGB1 in human serum and plasma. J Leukoc Biol.
2007;81(1):67–74.

Wang J, Zhu HH, Xue JH, Wu SS, Chen Z. Effects of storage conditions on the
stability of serum CD163, NGAL, HMGB1 and MIP2. Int J Clin Exp Pathol.
2015;8(4):4099–105.

Ottestad et al. Molecular Medicine            (2020) 26:5 Page 7 of 8



Yang H, Antoine DJ, Andersson U. The many faces of HMGB1: molecular
structure-functional activity in inflammation, apoptosis, and chemotaxis.
J Leukoc Biol. 2013;93(6)865–73.

Yang H, Lundbäck P, Ottosson L, Erlandsson-Harris H, Venereau E, Bianchi
ME, et al. Redox modification of cysteine residues regulates the cytokine
activity of high mobility group box-1 (HMGB1). Mol Med. 2012 Mar 30;
18:250–9.

Yang R, Harada T, Mollen KP, Prince JM, Levy RM, Englert JA, et al. Anti-HMGB1
neutralizing antibody ameliorates gut barrier dysfunction and improves
survival after hemorrhagic shock. Mol Med. 2006;12(4–6):105–14.

Zandarashvili L, Sahu D, Lee K, Lee YS, Singh P, Rajarathnam K, et al. Real-time kinetics
of high-mobility group box 1 (HMGB1) oxidation in extracellular fluids studied by
in situ protein NMR spectroscopy. J Biol Chem. 2013;288(17):11621–7.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ottestad et al. Molecular Medicine            (2020) 26:5 Page 8 of 8


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Results
	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

