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Abstract

Background: Despite improvements in diagnosis, interventions and supportive care, mortality among sepsis
patients is still high. Research of the past decade has attempted to identify biomarkers that can accurately
discriminate sepsis from other diseases with comparable symptoms to improve diagnosis, but results have been
lackluster. Recent studies have shown that hemoproteins and damage-associated molecular patterns (DAMPs) such
as mitochondrial DNA (mtDNA) released as the result of hemolysis play an important role in the pathogenesis of
sepsis. The aim of this study was to measure plasma levels of the indirect markers for hemoproteins hemopexin,
haptoglobin and heme oxygenase-1 (HO-1) as well as the mitochondrial damage marker mtDNA in the plasma of a
cohort of sepsis patients to determine the feasibility of their use as biomarkers in the diagnosis of sepsis.

Methods: Hemopexin, haptoglobin and HO-1 were measured in plasma by ELISA and mtDNA was measured by
digital droplet PCR. Plasma levels of hemopexin, haptoglobin, HO-1 and mtDNA were measured in 32 patients with
severe sepsis and 8 patients with septic shock at baseline and 4 days after admission to the ICU and in 20 healthy
donors.

Results: Plasma levels of hemopexin were significantly lower and plasma levels of HO-1, haptoglobin and mtDNA
were significantly higher in patients with severe sepsis and septic shock at baseline compared to healthy controls.
Additionally, HO-1 levels were significantly higher in patients with septic shock compared to patients with severe
sepsis. Finally, levels of HO-1 and mtDNA, but not of hemopexin, seemed to slowly revert back towards levels
measured in healthy donors within 5 days after admission.

Conclusions: Our results indicate that plasma levels of the hemoprotein scavengers hemopexin, haptoglobin and
HO-1 and the mitochondrial damage marker mtDNA might be useful as additional biomarkers for the early
diagnosis of sepsis and disease severity.
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Background

Severe sepsis is a result of an uncontrolled immune re-
sponse of the host to infection. In the area of timely
diagnosis, rapid interventions and intensive supportive
care, mortality rates for severe sepsis still reach 20 %.[1-
3] Even in the first year after hospital discharge, mortal-
ity among sepsis survivors is high and the long-term
quality of life of these patients is impaired.[4] Studies
have shown that an early diagnosis and intervention in
patients with severe sepsis increases survival rates.[5, 6]
However, symptoms are often variable and non-specific,
making early diagnosis of sepsis a major challenge.[7]
Therefore, there is an absolute need to identify bio-
markers that can discriminate the presence of sepsis
from other diseases and predict severity at early stages
of this process.[7].

Sepsis is characterized by extensive cell death of
hematopoietic as well as parenchymal cells, as evidenced
by the systemic release of damage-associated molecular
patterns (DAMPs) such as cell-free DNA.[8-10] Cell
death is accompanied by disintegration of mitochondrial
membranes with subsequent release of DAMPs in the
form of hemoproteins containing heme and iron from
the respiratory chain.[11] Changes in red blood cell
(RBC) energy metabolism to maintain redox balance, al-
teration of RBC membrane properties, complement acti-
vation, pathogens invading RBCs and endothelial cell
activation with subsequent microvascular RBC destruc-
tion result in hemolysis and subsequent systemic release
of cell-free hemoglobin, cell-free heme and iron during
sepsis. Finally, death of skeletal muscle cells accompany-
ing sepsis results in the systemic release of myoglobin
containing heme and iron.[11, 12] Endogenous plasma-
and cellular systems protect the organism from the
negative effects of hemoproteins and iron.[11] Cell-free
hemoglobin and cell-free heme are scavenged by the
plasma proteins haptoglobin and hemopexin, respect-
ively. Heme oxygenase-1 (HO-1), an enzyme that is in-
ducible by free heme and iron, catalyzes the degradation
of heme into iron, biliverdin and CO intracellularly.[11]
Subsequently, iron is neutralized by ferritin, the upregu-
lation of which is coupled to the induction of HO-1.
Previous studies have highlighted the important role of
free heme in the pathogenesis of sepsis[2], and have
linked plasma levels of haptoglobin and hemopexin to
severity and outcome of disease.[13, 14] Moreover, in-
creased HO-1 mRNA expression and protein levels have
been shown to exert protection in experimental animal
models for sepsis.[15, 16] Finally, mitochondrial DNA
(mtDNA) released from mitochondria upon cell death
has been shown to elicit immune responses through ac-
tivation of TLR9 and the NLRP3 inflammasome.[17] In
line with this, several studies and clinical trials (reviewed
in Harrington et al,, (2017)) have found mtDNA levels
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to be elevated in patients with sepsis, pointing to a prob-
ably role of mtDNA in sepsis pathogenesis.[18] As such,
we questioned whether indirect markers for hemopro-
teins such as their respective scavengers and mitochon-
drial damage markers such as mtDNA might be useful
as biomarkers for the diagnosis of severe sepsis in clin-
ical practice.

In this study, we measured plasma levels of haptoglo-
bin, hemopexin, HO-1 and mtDNA in patients with se-
vere sepsis and septic shock and healthy donors to
identify potentially novel biomarkers for severe sepsis
and septic shock.

Materials and methods

Patients

This study was approved by the medical ethical commit-
tees of the involved institutions, and all patients and
healthy volunteers or their legal representatives gave
written informed consent before inclusion. Sepsis pa-
tients were initially recruited as part of a randomized,
double-blind placebo controlled trial aiming to investi-
gate the efficacy and safety of Cl-Inhibitor administra-
tion for the treatment of severe sepsis and septic
shock.[19] Whole blood and plasma samples were taken
from these patients at admission (t =0), and daily there-
after for 4 consecutive days (5 time-points in total).[19]
Plasma samples from 20 healthy Dutch volunteers were
also obtained. Plasma samples were stored at -80°C until
further analysis. For analyses of baseline (t = 0) measure-
ments, all patient samples were included. For the mea-
surements over time, only samples of patients treated
with placebo and not Cl-inhibitor were included in the
analysis.

Laboratory analyses

Digital droplet PCR

DNA was isolated from plasma using the QIAamp DSP
virus kit (Qiagen), following the protocol included in the
kit. For vacuum steps, instead of using vacuum technol-
ogy, an Eppendorf centrifuge was used to spin down
samples. 200 pl plasma was used for isolation, and re-
agent volumes for isolation were adjusted accordingly.
DNA samples were thawed and diluted 1 in 5 in DNase-
free water. A ddPCR reaction mixture for the appropri-
ate number of samples, a control DNA sample with
known quantity (isolated from MNCs and diluted 1 in
10 in DNase-free water) and a no-template control
(NTC) was prepared with 11 pl 2x ddPCR Mastermix
(no dUTP) (Biorad), 1 pl 20x ddPCR™ Copy Number
Assay: ND1, Human (FAM) (Biorad, unique assay ID
dHsaCNS669425578) and 9 pl DNase-free water per
sample. For each DNA sample, 2 ul of pre-diluted DNA
was added to 42 pl of ddPCR reaction mix. Droplets
were generated with a QX200 droplet generator
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(Biorad), following the accessory instruction manual.
40 ul of droplets from the top wells of the cartridge were
transferred to a 96-well TwinTec PCR plate (semi-
skirted, green, Eppendorf). After sealing the plate, the
PCR was carried out in a T100 thermal cycler (Biorad),
with the heated lid set to 105 °C and a sample volume of
40 pl. One cycle of enzyme activation was performed (95
°C for 10 min), followed by 40 cycles of amplification
(95 °C for 30 s, 60 °C for 1 min) and finally one cycle of
enzyme deactivation (98 °C for 10 min). A ramp rate of
2 °C/second was maintained for all steps. After PCR was
complete, the PCR plate was placed in a QX200 droplet
reader (Biorad) for counting of the droplets. Results
were analyzed using Quantasoft software (Biorad), and
absolute values of mtDNA (ND1) (copies/ul) were calcu-
lated for each DNA sample by correcting for the corre-
sponding dilution values.

ELISA

Heme oxygenase-1, haptoglobin and hemopexin were
measured in plasma by ELISA. HO-1 was measured
using a commercially available human heme oxygenase-
1 matched antibody pair kit (Abcam, ab215401). Hapto-
globin was measured using a commercially available hu-
man haptoglobin DuoSet ELISA (R&D Systems,
DY8465-05). Hemopexin was measured using in-house
capture and (biotinylated) detection antibodies. All coat-
ing steps were performed in PBS, samples and standard
curves were measured diluted in high performance
ELISA-buffer (HPE) and biotinylated detection anti-
bodies were diluted in HPE. Poly-HRP diluted 1:10.000
was used for detection.
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Statistical analyses

Results are expressed as mean +SD or median with
interquartile range. Statistical analyses were carried out
using Graphpad Prism 8 software. Differences between
groups were analyzed using the nonparametric, two-
tailed Mann-Whitney U test for unpaired samples and
the nonparametric Wilcoxon matched-pairs signed rank
test was used for paired samples. A p-value at or below
0.05 was considered statistically significant.

Results

Measurement of plasma levels of hemoprotein
scavengers and mitochondrial damage markers

We measured levels of indirect markers for hemopro-
teins such as hemopexin, haptoglobin and HO-1 and
mtDNA in the plasma of 40 patients with a median age
of 64 yrs (range 28-75 yrs) with sepsis (32 severe sepsis
and 8 septic shock patients) and in the plasma of 20
healthy controls. Plasma levels of hemopexin were sig-
nificantly lower in the patients with severe sepsis and
septic shock at t=0 compared to the healthy controls
(P <0.0001). This indicates that hemopexin is consumed
upon complexation with cell-free heme, which is re-
leased from hemoproteins into the plasma in patients
suffering from sepsis (Fig. 1 a). In contrast, plasma levels
of HO-1, haptoglobin and mtDNA were significantly
higher in the patients with severe sepsis and septic shock
at t =0 compared to the healthy controls (P < 0.0001 and
P =0.0025, respectively) (Fig. 1 a). HO-1 is an intracellu-
lar enzyme that is upregulated upon stress, and is nor-
mally not secreted. Mitochondrial DNA can be released

-

A Kk
1000 *rkx 1000 .
o . -

— 800 % - B
E s, -
2 Y E
£ of® L] 2
3 . ! <
S 400 :
) 33s. 2 1
2 3.8

200 o3

* T 1 T T
Sepsis (T=0)  Healthy donors Sepsis (T=0) Healthy donors
*%k
1000 s 1000 .
A
800 H - .

Hemopexin (ug/ml)
s o
g8 8
ual
L]
OC L
u
HO-1 (ng/ml)
3 g
. .
)
.
-
o
]
= X
it
un|

T * T T
Septic shock Severe sepsis Septic shock Severe sepsis

Fig. 1 Hemoprotein scavengers and mitochondrial damage markers in sepsis patients at baseline and healthy donors. a Plasma levels of
hemopexin, HO-1, haptoglobin and mitochondrial DNA are shown in healthy donors (n =20) and in sepsis patients at baseline (n = 40). b Baseline
(t=0) plasma levels of hemopexin, HO-1, haptoglobin and mitochondrial DNA are shown in patients with severe sepsis (n = 32) and patients with
septic shock (n =8). Data are presented as median + interquartile range. Groups have been compared using Mann-Whitney Rank Sum Test; P <

0.05 was considered significant. **P < 0.01, ****P < 0.0001

*kk %
3000 1000000
o -
3 .
= E
E . g 100000 .
2 2000 . z o
= L . -
: 8 H LA
= o LA
] S 00007 edwitee . .
-y = et
? k1 W
£ 1000 £ e -
g 2 1000 =
= g .
s . .
: : T T
Sepsis (T=0) Healthy Donors Sepsis (T=0) Healthy donors
—ns ns
3000 1000000
. =
3 .
= 2
€ . g 100000
D 2000 . . = b
2 : s s e
£ 8 .
3 . 2 10000 3 [
B = * .
4 - B [t -t b
£ 1000 ull 5 .t
s "a £ 1000
x - ] L] 2
o g
m = L]
T
Septic shock Severe sepsis Septic shock Severe sepsis




Verheij et al. Translational Medicine Communications (2021) 6:8

from mitochondria and cells in case of cellular stress
and from cells undergoing apoptosis or necrosis.[20].

Plasma levels of HO-1 were significantly higher in pa-
tients with septic shock (n=8) compared to patients
with severe sepsis (n =32) at t =0 (P = 0.0054). No differ-
ence in plasma levels of hemopexin, haptoglobin and
mtDNA was observed when comparing patients with se-
vere sepsis and septic shock (Fig. 1b). Overall, our data
suggest that plasma levels of hemopexin, HO-1, hapto-
globin and mtDNA are altered in sepsis, and as such
might be useful as biomarkers for the diagnosis of the
disease.

Of the 40 patients included in our study, 20 patients
were not subjected to an intervention treatment in the
context of the study and only received conventional
standard supportive care for sepsis (which consisted of
antibiotics, intravenous fluid substitutions and vasopres-
sor therapy).[19] To determine whether plasma levels of
hemopexin, HO-1, haptoglobin and mtDNA changed
over time with standard care, we also measured these
plasma levels in patients at day 4 after diagnosis. Both
HO-1 and mtDNA were significantly lower at day 4
compared to baseline (P=0.0071 and P=0.0016, re-
spectively), whereas hemopexin and haptoglobin levels
did not change significantly in the first 4 days after diag-
nosis (Fig. 2). Only a small number of septic shock pa-
tients could be included in this analysis, and no clear
differences were seen when comparing patients with se-
vere sepsis and with septic shock.

Discussion

In this study, we assessed the applicability of the scaven-
gers of hemoproteins hemopexin, haptoglobin and HO-1
and the mitochondrial damage marker mtDNA as bio-
markers for the diagnosis of sepsis.

In a cohort of 40 patients suffering from severe sepsis
or septic shock, we found plasma levels of hemopexin to
be significantly decreased while plasma levels of HO-1,
haptoglobin and mtDNA were significantly increased.
The decreased levels of hemopexin are in line with re-
search from other groups, which showed that low
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concentrations of hemopexin in serum are associated with
a worse outcome in patients with septic shock[2] and
which found plasma levels of hemopexin to be signifi-
cantly higher in survivors of sepsis compared to non-
survivors.[13] Upon complexation with heme, hemopexin-
heme complexes are endocytosed by macrophages and he-
patocytes after binding to CD91, the primary receptor for
hemopexin-heme complexes.[21] This mechanism is likely
causing the decrease of hemopexin seen in our patient
samples. Interestingly, we found haptoglobin levels to be
significantly higher in sepsis patients compared to healthy
donors, in stark contrast with hemopexin. This may be
due to a difference in dynamics of the two proteins, with
the early induction of haptoglobin possibly being much
faster and stronger than the induction of hemopexin.
These data suggest that hemopexin, HO-1, haptoglobin
and mtDNA could be potential biomarkers to be used in
the diagnosis of sepsis. To further determine whether
these markers can distinguish sepsis from other diseases,
plasma levels of these markers should be compared with
other conditions that fit the criteria used to diagnose sep-
sis, such as acute pancreatitis or trauma.[22].

We further show that, although our sample sizes are lim-
ited, patients with septic shock seem to have higher plasma
levels of HO-1 and mtDNA, and lower levels of hemopexin
compared to patients with severe sepsis. Finally, we found
that plasma levels of HO-1 and mtDNA, on average, de-
crease again after several days of standard care treatment.
Our data suggest that treatment may influence these
markers and indicate that these markers may also provide
extra information on the severity of the disease.

Conclusions

In conclusion, we have shown that plasma levels of
hemopexin, HO-1, haptoglobin and mtDNA are altered
in patients with severe sepsis and septic shock and that
they could potentially be valuable biomarkers to be used
in the diagnosis of sepsis. However, further research
using larger sample groups allowing for the determin-
ation of both sensitivity and specificity of these markers
is needed to confirm this.
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