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Abstract

During human diamine oxidase (DAQO) ELISA development we noticed that in serum DAO concentrations appear to
be higher when compared to plasma. Neutrophils contain DAO in the specific granules and we hypothesized that DAO
is released from neutrophils during serum coagulation. If activation of neutrophils can release DAQ, its concentrations
might be elevated in vivo after lipopolysaccharide (LPS) administration and in bacteremic patients. Using blood from
healthy volunteers DAO concentrations were measured ex vivo in serum, citrate, EDTA and heparin plasma over
several hours and after activation of neutrophils. Lipopolysaccharide and granulocyte-colony stimulating factor (G-CSF)
were administered to |5 and 8 healthy volunteers, respectively and DAO concentrations were measured at different
timepoints. DAO antigen levels were also determined in three different subcohorts of patients with culture-proven
bacteremia and high C-reactive protein (CRP) levels. DAO concentrations were elevated in a time-dependent manner
in serum but not in EDTA or citrate plasma (P<<0.01). Neutrophil activation using phorbol myristate acetate (PMA)
and zymosan dose-dependently caused DAO concentrations to be elevated more than |10-fold at both 22°C and 37°C
(both P-values <0.001). Administration of LPS to healthy volunteers released DAO from neutrophils (P<<0.001). Of the
55 different bacteremic patients selected from three independent cohorts only 3 (5.4%) showed highly elevated DAO
concentrations. Serum DAO concentrations do not accurately reflect circulating enzyme levels but coagulation-induced
neutrophil activation and consequently DAO release. Only a few bacteremic patients show high DAO concentrations
able to degrade histamine rapidly.
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Introduction

Diamine oxidase (DAQO) was first described almost
nine decades ago due to its histamine degradation
activity.! In humans high DAO mRNA levels and
activity were found in the gastrointestinal tract,
kidney, and placenta.> Plasma DAO concentrations
increase at least 100-fold during pregnancy,®* but
the physiological function of this rise is not clear.
Expression in the placenta is restricted to fetus-
derived extravillous trophoblast cells (EVTs) and
therefore DAO is not of maternal origin (uterine
decidua cells) as was believed to be the case for
decades.> A few publications described the pres-
ence of DAO in the specific granules of both neu-
trophils and eosinophils and its release after
activation.® Herman et al. and Melamed et al.
showed that DAO is released from human granulo-
cytes in a complement-dependent manner.”® What
could the function of DAO release from activated
neutrophils be?

One possibility would be to degrade histamine.
The synthesis of new histamine can be induced by
LPS and certain strains of Pseudomonas aerugi-
nosa in neutrophils.”'° Diamine oxidase could
locally counteract the pro-inflammatory eftects of
histamine. Neutrophils are not only key for effec-
tive antimicrobial defense, but are also clearly
responsibly for causing tissue damage.!! DAO
could dampen an excessive immune response by
inactivating histamine. Although some animal stud-
ies, including a primate model, support the hypoth-
esis that histamine plays an important role in the
development of endotoxic shock,'” ' the role of
histamine during septic conditions in humans is not
clear. Neugebauer et al. published that increased
histamine concentrations are a predictor of mortal-
ity in sepsis patients.”> Unfortunately, these data
were never confirmed by further studies. Jacobs
et al. measured normal histamine concentrations in
septic shock patients.!® One possible explanation
for normal histamine levels in septic shock patients
could be that DAO is released and is able to degrade
histamine in vivo as well ex vivo. We recently pub-
lished that DAO antigen concentrations are strongly
increased during mast cell activation in mastocyto-
sis patients and that DAO is possibly degrading his-
tamine not only in vivo but also ex vivo in blood
collection tubes or during downstream assays.!’
The increase in DAO concentrations is possibly
caused by the release of the heparin proteoglycan

serglycin from activated mast cells, which displaces
DAO from the heparin-sensitive heparan sulfate
glycosaminoglycan binding sites in the gastrointes-
tinal tract.

Quantification of DAO antigen or activity in
serum seems to be still considered useful in the diag-
nosis of histamine intolerance,'®!” although the
value of the results in relation to histamine intoler-
ance is highly questionable.??! Some data are pub-
lished showing that DAO is not present in serum?!
but others demonstrated DAO activity in serum with
a highly sensitive and relatively specific radioactive
putrescine assay.”? We recently published the devel-
opment of a human DAO ELISA, which allows us
to accurately quantify hDAO antigen concentrations
in serum, plasma and other body fluids. The mean
DAO plasma concentration is approximately 1ng/
mL, which is physiologically likely not really rele-
vant, because for example 8 ng/mL DAO in plasma
of pregnant women degrade 100ng/mL histamine
with a half-life of 54 min.*!” Nevertheless, 63 ng/mL
DAO would only need 6.7min to reduce the hista-
mine concentration by 50%. At high local DAO tis-
sue concentrations histamine might be rapidly
inactivated. What is the source of DAO measured in
serum or plasma? Is it leaking from the gastroinesti-
nal tract or the kidneys or neutrophils?

We present data that DAO measured in serum is
mainly derived from activated neutrophils and can
be elevated manifold compared to citrate or EDTA
plasma. In vivo neutrophil activation with a single
LPS injection also caused DAO release, but most
patients with high C-reactive protein (CRP) and cul-
ture-proven bacteremia have low circulating DAO
levels unable to degrade histamine efficiently.

Material and methods

Standard Greiner Vacuette® citrate, heparin and
EDTA blood collection tubes were used to prepare
serum or plasma (Greiner Bio-One, Kremsmuenster,
Austria). For serum preparation in Figure 1(b) we
used BD Vacutainer® Rapid Serum Tubes (RST)
tubes (Becton Dickinson, Vienna, Austria). Tubes
were not moved during the different incubation
times. After obtaining serum and plasma all samples,
if not otherwise indicated, were frozen for at least
24h at —30°C before DAO ELISA measurements.
Phorbol myristate acetate (P1585, Sigma-Aldrich,
Vienna, Austria) was dissolved in DMSO and stored
in small aliquots at —30°C. Zymosan (Z4250,
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Figure |. Serum human DAO concentrations are higher as compared to citrate and EDTA plasma. (a) DAO concentrations in
serum, citrate and EDTA plasma from 10 healthy volunteers were measured with a DAO ELISA. The mean of duplicates is shown.
Serum tubes were left for 30 min before centrifugation. The mean (+/- SEM) and median are represented by filled squares and
triangles respectively. In (b—d) serum, citrate, and EDTA plasma from 12 healthy volunteers (four subjects also included in Figure
1(2)) were prepared immediately or after 30, 120, and 180 min incubation at room temperature. The means (+/— SEM) are shown
as bold lines.

DAO: diamine oxidase; PI: plasma.

Table I. EDTA anticoagulated whole blood prevented DAO release at 4°C and room temperature after incubation for as long as 24h.

Hours EDTA RT EDTA 4°C Serum RT Serum 4°C Serum RT Serum 4°C
ON 4°C ON 4°C
HV_I 0 1.5 2.7
3 1.6 1.9 9.0 34
8 1.7 1.5 9.4 3.6
24 1.4 1.6 11.8 3.7 10.8 3.6
HV_2 0 0.7 0.0 0.8 0.0
3 0.7 0.5 3.0 0.7
8 0.8 0.5 33 0.8
24 1.0 0.5 43 0.9 4.1 0.9
HV_3 0 0.6 0.6
3 0.6 0.5 1.8 0.5
8 0.6 0.5 1.9 0.6
24 0.6 0.5 2.8 0.6 29 0.6
HV_4 0 0.5 0.5
3 0.5 0.5 1.8 0.5
8 0.5 0.5 1.7 0.5
24 0.5 0.5 1.8 0.5 1.8 0.5
HV_5 0 0.7 1.0
3 1.0 0.5 3.8 0.9
8 0.9 0.5 42 1.0

24 1.0 0.6 5.7 1.2 6.0 1.3
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Table 2. Minimal DAO release in heparin anticoagulated whole blood after 24 h incubation at room temperature.

Hours Heparin RT Heparin 4°C Serum RT Serum 4°C
HV_I 0 0.5 4.6

3 0.7 0.5 12.9 72

24 3.1 1.3 18.6 6.6
HV_2 0 0.5 1.2

3 0.5 0.5 4.8 1.7

24 0.5 0.5 6.7 1.7
HV_3 0 0.5 0.5

3 0.5 0.5 0.5 0.5

24 0.5 0.5 0.5 0.5
HV_4 0 0.5 0.5

3 0.5 0.5 1.4 0.7

24 0.5 0.5 3.1 1.5
HV_5 0 0.5 1.8

3 0.6 0.5 7.5 4.2

24 1.6 0.5 12.7 35
HV_6 0 0.5 1.9

3 0.5 0.7 7.2 38

24 1.9 0.6 10.4 2.7

Sigma-Aldrich, Vienna, Austria) was activated by
incubating 10mg in 1 mL PBS for 1 h at 99°C. After
centrifugation for 30 min at 3000 rpm the pellet was
dissolved in 1 mL PBS, stored in the fridge and used
within 1 week. Both PMA and zymosan were added

as a 20X solution with appropriate matrix solutions
as controls. Blood dilution was therefore 5%. Heparin
blood collection tubes were used for PMA and
zymosan experiments. DAO concentrations meas-
ured in citrate plasma were multiplied by 1.17,
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Figure 2. Activation of neutrophils using PMA and zymosan dose-dependently increased DAO concentrations in heparin plasma.
Heparin whole blood from six healthy volunteers was incubated for 60 min at room temperature (RT) and 37°C with different
PMA (a and b) and zymosan (c and d) concentrations. After plasma preparation DAO concentrations were measured with a DAO
ELISA and the mean of duplicates are shown. The bold line with filled triangles represents the mean (+/— SEM) of all subjects.
The baseline values without the addition of PMA or zymosan have been subtracted from the other values for easier graphical

presentation (log scale).
PMA: phorbol myristate acetate; DAO: diamine oxidase.
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Figure 3. DAO concentrations were not increased after
G-CSF but after LPS administration in healthy volunteers. (a)
Eight healthy volunteers (HV) received a single intravenous
bolus dose of 300 pg (4.2 pg/kg) G-CSF and EDTA plasma was
prepared at different timepoints. (b) Fifteen healthy volunteers
received a single LPS dose of 2 ng/kg (on average 158ng

LPS). Blood samples were drawn at multiple timepoints. The
dotted line with the filled squares represents the mean of the
four highest “LPS responders.” The means at 240, 360, and
1440 min were used to calculate the mono-exponential decay
curve (bold line). The estimated DAO half-life is 9h. DAO
concentrations were measured with a DAO ELISA and the
mean of duplicates are shown. DAO concentrations below the
limit of detection (0.48 ng/mL) were set to 0.48 ng/mL.

because 1 part citrate solution is mixed with 9 parts
whole blood, but citrate is not taken up by cells and
therefore the 1 part citrate solution is diluted only
within the plasma compartment. A correction factor
of 1.17 assumes a hematocrit value of 40%.

LPS administration

Fifteen healthy volunteers were enrolled in a cross-
over study to receive either NaCl or Colistin sul-
fate.”> We analyzed the NaCl arm. Both groups
received 2ng/kg bodyweight of LPS (£. coli 0113
Reference Endotoxin, CC-RE Lot 3; National
Institutes of Health, Bethesda, US). EDTA plasma
was prepared at different time points and stored at
—80°C. We did not perform a formal sample size
calculation for the in vivo LPS study. The data
from the 15 subjects in the NaCl arm were evalu-
ated in an exploratory fashion.

G-CSF administration

Healthy volunteers received a single intravenous
dose of 300 pg G-CSF (Neupogen® filgrastim).>*
EDTA plasma was prepared at different time points
and stored at —80°C.

In vivo bacteremia and high CRP Patient
Cohorts

We tested EDTA plasma samples from three dif-
ferent patient subcohorts selected for high CRP
and culture-proven bacteremia. All three cohorts
were comprised mainly of non-surgical, non-
intensive care ward inpatients. CRP and IL-6 were
measured in the clinical chemistry laboratory of
the Vienna General Hospital with standard meth-
ods. Determination of bacteremia was performed
following standard procedures.

Human diamine oxidase ELISA

The development and the characterization of the
human DAO ELISA were recently published.*
Recombinant human DAO, produced and charac-
terized as described in Gludovacz et al.,”> was
spiked into some bacteremia samples to analyze
the presence of interfering substances.

Tryptase ELISA

Total serum tryptase concentrations were meas-
ured by the commercial fluoroimmunoenzyme
assay (Thermo Scientific, Uppsala, Sweden) in the
clinical chemistry laboratory of the Vienna General
Hospital using an accredited procedure. The detec-
tion limit of the assay is 1ng/mL and the coeffi-
cient of variation (CV) is 4.5% at 9ng/mL.

Ethics

All procedures were in accordance with the ethical
standards of the responsible committee on human
experimentation (institutional and national) and
with the Helsinki Declaration of 1975, as revised
in 2013. All patients and all healthy volunteers
provided their informed consent before the collec-
tion of blood samples. The ethics approval num-
bers for the blood samples from healthy volunteers
were EC-N0.2030/2013 and EC-No.1810/2015,
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for the LPS study EC-No0.1577/2014 and for the
G-SCF Study EC-No0.484/2006. For Sepsis
Cohort 1 ethical approval was waived by the
Ethics Committee of the Medical University of
Vienna because the samples were collected during
routine procedures and were completely and irre-
versibly anonymized. Ethics approval numbers for
Sepsis Cohort 2 was EC-No. 8/2009 and Sepsis
Cohort 3 EC-No. 518/2011.

Statistical analysis

Because a normal distribution of DAO concentra-
tions in Figures 1 to 3 was only fulfilled in some
samples, we used the non-parametric Friedman
ANOVA followed by the conservative Nemenyi
post-hoc significance testing method to determine
significant differences between groups or pairs.
Otherwise only standard descriptive statistical
methods were used.

Results

DAO concentrations are elevated in serum but
not plasma

During the development of the human DAO ELISA
we measured DAO in 10 serum, EDTA, and citrate
plasma samples from the same subjects (Figure
1(a)). The P-value of the Friedman ANOVA was
<0.01 and the post-hoc Nemenyi pairwise com-
parison showed that serum and citrate plasma were
statistically significantly different (P=0.014). We
next incubated serum, EDTA and citrate plasma
blood collection tubes for 0, 30, 120, and 180 min
at room temperature before preparation of serum or
plasma (Figure 1(b)—(d)). Only serum DAO con-
centrations were statistically highly significantly
different in this time-series experiment. The
P-value using Friedmann ANOVA was significant
only with the serum samples (P <0.01 versus 0.64
for EDTA and 0.63 for citrate plasma). Using the
Nemenyi post-hoc test the P values comparing
serum baseline (Omin) with 30, 120, and 180 min
were 0.89, 0.005, and 0.018, respectively.
Incubation of EDTA blood collection tubes at
room temperature or 4°C for 0, 3, 8, and 24h
revealed no significant DAO concentration increase
(Table 1). Serum samples at room temperature
released more DAO compared to 4°C. Most of the

DAO antigen is released after 3h with some addi-
tional increase after 24h compared to 3 and 8h.
This implies that released DAO is stable in whole
blood incubated at room temperature for several
hours. Human DAO concentrations are not influ-
enced, regardless whether serum was frozen after
the 24 h incubation period or left in the refrigerator
overnight (the two far right columns in Table 1).

EDTA and serum blood collections tubes from
five healthy volunteers (HV) were incubated at
room temperature (RT) and 4°C for 0, 3, 8, or 24h
before preparation of plasma and serum. The two
columns on the right side were left overnight (ON)
at 4°C before DAO ELISA measurements. The
other samples were frozen overnight. Each point
represents the mean of duplicates. Healthy volun-
teers in Tables 1 and 2 were only partially the same
subjects.

Heparin blood collection tubes did not release
significant amounts of human DAO within 3 h, but
after 24h DAO was partially released in some sub-
jects (Table 2). Nevertheless, DAO release in hepa-
rin was minimal compared to serum.

Heparin and serum blood collection tubes from
six healthy volunteers (HV) were incubated at
room temperature (RT) and 4°C for 0, 3 or 24h
before preparation of plasma and serum. All sam-
ples were frozen for at least overnight before DAO
concentration measurements. Each point repre-
sents the mean of duplicates.

Neutrophil activation releases DAO into plasma
at 22°C and 37°C

Based on a few publications about the presence of
DAO in neutrophils we hypothesized that activation
of neutrophils during blood coagulation might cause
the increase of human DAO in serum samples. To
test this hypothesis we stimulated 500 puL of heparin
whole blood at 22°C and 37°C for 1h with different
PMA and zymosan concentrations. Human DAO
concentrations increased statistically highly signifi-
cantly with Friedmann ANOVA P-values of <0.001
under all four conditions (Figure 2). Using the
Nemenyi post-hoc test the P-values comparing
baseline with 0.1 and 1 ug/mL PMA were 0.038 and
0.001 for RT and 0.016 and 0.005 for 37°C. The cor-
responding P-values for 0.1 and 1 mg/mL zymosan
were 0.01, 0.001 for RT and 0.016 and 0.001 for
37°C.
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Table 3. Key parameters of the selected bacteremia patients.

Cohort size Number of Number of Mean (median, Mean (median, SD) LEUKOs (1000/
patients samples SD) CRP hours post-AB Tx* pL)
SC_I 400 30 39 18 (16.0, 6.8) 24 (24, 15) I1.1(10.6,5.3)
SC_2° 76 16 36 9(8.9,7.5) 51 (48, 19) 8.3 (7.9, 3.9)
SC_3¢ 466 9 22 22 (19.0, 13.2) 69 (96, 46) 9.8 (8.4,8.1)

SC: subcohort; SD: standard deviation; CRP: C-reactive protein; LEUKOs: leukocytes.

2Hours after antibiotic treatment start.
The entire cohort is described in Schwameis et al.2é
“The selection criteria for the cohort are described in Ratzinger et al.”’

Using 15ng/mL mean DAO concentration after
neutrophil activation, assuming 50% release of
DAO from the specific granules of neutrophils,
ignoring any release from eosinophils and calculat-
ing with 4000 neutrophils/ul whole blood, each
neutrophil contains about 4.4 fg DAO.

The PMA and zymosan data strongly suggest that
the elevated DAO concentrations in serum are caused
by neutrophil activation during blood coagulation.

LPS but not G-CSF increases DAO
concentrations in healthy volunteers

In the next experiments we wanted to test whether
DAO is also released in vivo after neutrophil acti-
vation. A single dose of 300pug G-CSF injected
intravenously into eight healthy volunteers did not
cause any DAO antigen concentration increase
when measured after 2, 4, 6, and 24 h (Figure 3(a)).
A single dose of E. coli LPS at 2ng/kg, however,
induced a statistically highly significant release of
DAO with a Friedmann ANOVA P-value of
<0.001 (Figure 3(b)). Using the conservative
Nemenyi post-hoc test, the P-values comparing
baseline (0 min) with 240 and 360 min were 0.013
and 0.029, respectively. Other pairs showed no sig-
nificant difference. Nevertheless, only four sub-
jects responded strongly and six subjects did not
show any DAO increase at any time point. The
DAO peak seemed to occur about 4 to 6h after
LPS administration. The 4, 6, and 24h data from
the highest four responders were used to estimate
the half-life of DAO using mono-exponential
decay curve fitting. This calculation assumed that
DAO was released at once from neutrophils and
therefore the calculated half-life of 9h might be
considered a conservative (maximum) half-life
estimate. The appropriate data to use a two-com-
partment model including the DAO release kinetic
from neutrophils are not available.

Bacteremia patients do not show elevated DAO
concentrations

If DAO is released after LPS administration from
activated neutrophils, its concentrations might also
be elevated in bacteremia patients and conse-
quently it might contribute to the degradation of
histamine released from activated basophils and
mast cells or newly synthesized by activated neu-
trophils or other cells like macrophages. Therefore
we tested DAO antigen concentrations in three dif-
ferent patient subcohorts with high-CRP and cul-
ture-proven bacteremia. A few key parameters of
the three subcohorts are summarized in Table 3.

Human DAO concentrations were only rele-
vantly elevated in 3 out of 55 (5.4%) independent
EDTA plasma samples (Figure 4). All nine inde-
pendent EDTA plasma samples from Subcohort 3
showed DAO values below 2ng/mL at 2 to 3 dif-
ferent timepoints (data not shown). There was no
correlation between DAO and CRP (Figure 4) or
DAO with leukocyte counts (data not shown).
There was also no correlation with the time of anti-
biotic administration (data not shown). Tryptase
concentrations as a marker for mast cell activation
were not elevated (<8ng/mL) in the five samples
of Subcohort 1 with DAO concentrations >5ng/
mL. We also spiked 20 ng/mL recombinant human
DAO into 13 EDTA plasma samples from
Subcohort 1 and recovered a mean (median, SD)
0f24.4 (25.4, 3.04)ng/mL. Measurements of DAO
antigen concentrations are not compromised in
EDTA plasma from bacteremic patients.

The patient with the single high DAO concentra-
tion in Subcohort 1 (65 years old) suffered from an E.
coli infection and was also diagnosed with Legionella
pneumonia and urosepsis. The subject was bone mar-
row transplanted. The second high DAO patient
(79years old) with increasing DAO concentrations
over 7days suffered from Staphylococcus aureus
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Figure 4. Only a few patients with bacteremia and high CRP-values showed elevated circulating DAO concentrations. (a) EDTA
plasma DAO concentrations were measured in 30 different patients (Subcohort_1). For some patients multiple samples were
available as indicated by the numbers on the x-axis. For example, 10_1 and 10_5 means a second sample of patient |0 after | and
5days. (c) In Subcohort_2 EDTA plasma DAO concentrations were measured in |6 different patients with Staphylococcus aureus
(n=12) and epidermidis (n=4) infections. For some patients multiple samples were available as indicated by the numbers on the
x-axis. In (b and d) CRP versus DAO concentrations were plotted. DAO concentrations below the limit of detection (0.48 ng/mL)

were set to 0.48 ng/mL.

bacteremia with diagnosed pneumonia and chronic
kidney disease. DAO concentrations on Days 0, 1,
and 7 (13, 19, 68ng/mL) were negatively correlated
with CRP (29, 15, 10mg/dL) and IL-6 levels (97, 29,
17pg/mL). The high DAO patient (84 years old) in
Subcohort 2 was diagnosed with pneumonia and
sepsis from Staphylococcus aureus and Enterococcus
faecium. The CRP-values over the 4 days were below
3mg/dL.

Discussion

Measurement of DAO concentrations in serum do
not reflect the amount of circulating DAO but the
amount of DAO released predominantly from neu-
trophils during blood coagulation. It has been
known for decades that in vitro coagulation causes
complement activation,?®? but the precise mecha-
nism is not clear.’*3! Serum DAO measurements
cannot reflect the amount of active DAO present in
the gastrointestinal tract and therefore we concur

with the increasing scepticism towards using DAO
measurements as a diagnostic tool for histamine
intolerance. It is also unlikely that plasma DAO
levels, which were below 0.5 ng/mL in 30% to 60%
of subjects,* could be a useful correlate for DAO
activity or antigen concentrations in gastrointesti-
nal tract epithelial cells. Serum DAO concentra-
tions might reflect the propensity of neutrophils to
release their specific granules, but can this be cor-
related with increased histamine sensitivity? An
improved DAO ELISA with a lower limit of detec-
tion might show a correlation with histamine intol-
erance symptoms using plasma or even serum. It is
conceivable that in histamine-intolerant subjects
mast cells have a higher susceptibility to degranu-
late. The released mediators could prime neutro-
phils, which might be reflected in an increased rate
of DAO release from neutrophils during serum
preparation.

The G-CSF data are in agreement with pub-
lished data showing that G-CSF mainly primes
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neutrophils, causing increased synthesis and
release, but does not per se cause degranulation of
primary or secondary (specific) granules.*

The peak of in vivo DAO release after 4 to 6h
following LPS administration is somewhat delayed
compared to the peak of IL-6, IL-8, and TNF-
alpha, which occurred after 2 to 3h.?* All three
cytokines are potent activators of neutrophils. We
did not measure histidine decarboxylase mRNA
expression or histamine concentrations but they
are known to be induced after LPS administration,
either directly or more likely indirectly. The release
of DAO might be considered a counterregulatory
activity to the pro-inflammatory action of LPS or
histamine, but this is possibly only relevant in tis-
sue and not plasma. Why is DAO not elevated in
more bacteremic patients and what caused the
strong increase of DAO in the three patients?

Human neutrophil lipocalin (HNL) is located
together with DAO in the specific granules and is
considered a marker for bacterial infections.** Why
is HNL elevated in many bacteremic patients
approximately 3-fold in plasma and even more in
serum but DAO is not? First, our septic patients
were only included after a confirmed positive
blood-culture test and this delayed inclusion into
the studies for 24h or more. In addition, our
patients received antibiotics before inclusion,
whereas Xu et al. were able to include the patients
before antibiotic treatment started.>* The 24 to 48 h
time window might have masked any temporary
DAO increase.

The increase in HNL between viral infections,
which are considered to have similar values to con-
trol subjects, and bacterial infections was approxi-
mately 4-fold in serum and 3-fold in plasma.®* A
3-fold increase in DAO might be below the resolu-
tion in such conditions. Normal concentrations of
DAO are about 1ng/mL with 30% to 60% of sub-
jects having concentrations below 0.5ng/mL.> The
amount of DAO in neutrophils might be not high
enough to increase the circulating DAO concentra-
tions. In the specific granules of neutrophils the
HNL and lactoferrin concentrations are 100 to 1000-
fold higher compared to DAO (410fg and 3.2 pg vs
4.4 fg for DAO per neutrophil, respectively).>*

Another explanation might be that the half-life
of HNL is longer compared to DAO. The half-life
of HNL in humans is not known. The half-life of
DAO was stated as 27 h in one publication, but this
value is derived from DAO measurements after

parturition.’> We now know that DAO is synthe-
sized and released only from fetal EVTs and they
partially invade into the myometrium.® Therefore,
after parturition DAO producing EVTs are still
present in the mother and might secrete DAO for a
few more days. The measured half-life of DAO
after parturition is thus a combination of continu-
ing DAO expression and secretion from remaining
EVTs and the “true” half-life in the plasma com-
partment. It is therefore likely shorter than the 27h
stated. Using the LPS data it can be estimated at a
maximum 9h, although it is likely to be less,
because the release of DAO from neutrophils is
another compartment influencing the “true” half-
life in plasma. D’Agostino et al. perfused human
plasma and placenta DAO into isolated rat liver
and DAO activity was extracted with a half-life of
about 10min.3® Therefore, if the half-life of DAO
in humans is less than a few hours, we might have
missed the release of DAO from neutrophils.

We do not have a good explanation as to why
three patients had high DAO concentrations. We
are not aware of any data showing DAO mRNA
upregulation, increased synthesis and DAO release
in animal models or humans after LPS administra-
tion or during bacteremia. In general very little is
known about the regulation of the human DAO pro-
moter. It is conceivable that DAO was released
from the heparin/heparan sulfate-sensitive storage
sites in the gastrointestinal tract, but none of the
patients received high molecular weight heparin
and low molecular weight heparin is unlikely able
to release DAO following subcutaneous adminis-
tration.>” Massive mast cell activation might be an
option to release DAO and increase plasma concen-
trations but tryptase levels were normal.!” Kidney
damage might also be a possible explanation. Two
of the three high DAO patients also had acute infec-
tions of the urinary tract system. Acute damage to
the proximal tubular cells might release DAO into
the circulation. The bilirubin values of these patients
were all normal, arguing against a reduced clear-
ance of DAO by the liver, but how quick human
DAO is cleared from the circulation is unknown.
All three patients were diagnosed with pneumonia,
but several other patients with pneumonia or uro-
sepsis had normal DAO concentrations.

Maximum in vitro neutrophil activation with
zymosan and PMA using heparin anticoagulated
whole blood from healthy volunteers increased DAO
concentrations from a mean of about 1 to 15ng/mL.
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We assumed 4000neutrophils/uL. Although 15ng/
mL DAO are not able to degrade histamine rapidly,
the histamine half-life will be about 25 min, the num-
ber of neutrophils for example in inflamed synovial
fluid in a rat model increased 20 to 35-times.*
Kortekangas et al. published highly elevated syno-
vial fluid leukocyte counts in humans with mean val-
ues of about 50,000/uL.* Similar data were reported
by Coutlakis et al.** If the neutrophils highly enriched
in synovial fluid or tissue are activated, DAO could
reach concentrations of several hundred ng/mL,
matching levels reached during pregnancy. Such
high concentrations would rapidly degrade hista-
mine with a half-life of less than Smin. In addition,
DAO could also oxidize the polyamines putrescine
and spermidine released from apoptotic or dying
cells. The concentrations of putrescine and spermi-
dine in synovial fluid from patients with different
underlying diseases were between 40 and 100 uM.*!
Human DAO will readily oxidize both polyamines
in this concentration range.?> The serum concentra-
tions of putrescine and spermidine combined are
below 1 uM.*

The role of DAO release from neutrophils dur-
ing inflammation is unclear, but might be studied
using a predominantly neutrophil-based inflamma-
tion model comparing wildtype with DAO knock-
out mice. Hydrogen peroxide and possibly the
reactive aldehydes released by DAO might con-
tribute to the tissue damage induced by neutrophils
directly or indirectly via myeloperoxidase-medi-
ated radical formation. Diamine oxidase knock-out
mice might show less neutrophil-induced damage.
On the other hand, locally increased histamine
concentrations in a DAO knock-out mouse back-
ground might induce more inflammation. The net
effect is unpredictable.

Conclusion

Serum DAO measurements are not suitable to
measure circulating DAO, but might reflect the
propensity of neutrophils to degranulate. DAO is
unlikely a suitable marker for bacterial infections,
but its release from activated neutrophils into the
synovial fluid or interstitial fluid in inflamed tissue
could counteract the proinflammatory actions of
histamine. The physiological or pathophysiologi-
cal role of DAO in the specific granules of neutro-
phils and eosinophils is a black box, but is certainly
worthy of further exploration.
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