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Abstract: There is an unmet need for noninvasive, specific and quantitative imaging of inherent inflammatory activity. Vascular adhesion protein-1 (VAP-1) translocates to the luminal surface of endothelial cells upon inflammatory
challenge. We hypothesized that in a porcine model of acute respiratory distress syndrome (ARDS), positron emission tomography (PET) with sialic acid-binding immunoglobulin-like lectin 9 (Siglec-9) based imaging agent targeting VAP-1 would allow quantification of regional pulmonary inflammation. ARDS was induced by lung lavages and
injurious mechanical ventilation. Hemodynamics, respiratory system compliance (Crs) and blood gases were monitored. Dynamic examination using [15O]water PET-CT (10 min) was followed by dynamic (90 min) and whole-body
examination using VAP-1 targeting 68Ga-labeled 1,4,7,10-tetraaza cyclododecane-1,4,7-tris-acetic acid-10-ethylene
glycol-conjugated Siglec-9 motif peptide ([68Ga]Ga-DOTA-Siglec-9). The animals received an anti-VAP-1 antibody for
post-mortem immunohistochemistry assay of VAP-1 receptors. Tissue samples were collected post-mortem for the
radioactivity uptake, histology and immunohistochemistry assessment. Marked reduction of oxygenation and Crs,
and higher degree of inflammation were observed in ARDS animals. [68Ga]Ga-DOTA-Siglec-9 PET showed significant
uptake in lungs, kidneys and urinary bladder. Normalization of the net uptake rate (Ki) for the tissue perfusion resulted in 4-fold higher uptake rate of [68Ga]Ga-DOTA-Siglec-9 in the ARDS lungs. Immunohistochemistry showed positive
VAP-1 signal in the injured lungs. Detection of pulmonary inflammation associated with a porcine model of ARDS
was possible with [68Ga]Ga-DOTA-Siglec-9 PET when using kinetic modeling and normalization for tissue perfusion.
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Introduction
Acute respiratory distress syndrome (ARDS) is
a devastating syndrome with high mortality and
morbidity. Main characteristics of ARDS are
alveolar collapse and lung inflammation [1].
Lung inflammation in ARDS is a complex process initiated, amplified, and modulated by a
wide network of cytokines and other inflammatory mediators secreted by a variety of cell
types including inflammatory cells, fibroblasts,

endothelial and epithelial cells [2]. However,
possibilities to analyze lung inflammation during ARDS are limited because the available
techniques are invasive and non-specific [3].
During the last years positron emission tomography-computed tomography (PET-CT) imaging
has become an attractive option to study lung
inflammation in ARDS because it is noninvasive
and has potential for quantification of pulmonary inflammation throughout the lungs [4]. The

PET imaging of lung inflammation
most common PET tracer in lung inflammation
studies is 2-deoxy-2-[18F]-fluoroglucose ([18F]
FDG). It is an analogue of glucose and its uptake
reflects the expression of the glucose transporters and activity of hexokinase enzyme, and
thus cellular glucose consumption. Neutrophils
become highly activated in response to inflammatory stimuli, as it occurs in ARDS, consuming
20-30 times more glucose when activated than
at rest [5]. Since the [18F]FDG uptake is determined essentially by the metabolic activity the
inflammation can only be referred indirectly
from the [18F]FDG uptake [4].

Sigma-Aldrich Sweden (Stockholm, Sweden).
Trifluoroacetic acid (TFA) was obtained from
Merck (Darmstadt, Germany). The purchased
chemicals were used without further purification. The precursor ligand comprising
1,4,7,10-tetraaza
cyclododecane-1,4,7-trisacetic acid chelator moiety conjugated via ethylene glycol with disulfide-bridged CARLSLSWRGLTLCPSK peptide (DOTA-Siglec-9; custom synthesis from Peptide Specialty Laboratories GmbH, Heidelberg, Germany) [13] was
dissolved in deionized water to give 1 mM
solution.

Vascular adhesion protein-1 (VAP-1) is a
homodimeric sialoglycoprotein with adhesive
and enzymatic functions. Normally it is stored
in intracellular granules but upon inflammatory
challenge it is rapidly translocated to the luminal surface of endothelial cells. The enzymatic
VAP-1 activity modulates potent inflammatory
mediators and can up-regulate other adhesion
molecules [6, 7]. VAP-1 has been investigated
as a potential target for in vivo imaging of
inflammation by PET [7-12]. Recently, sialic
acid-binding immunoglobulin-like lectin 9
(Siglec-9) has been discovered to be a granulocyte ligand for VAP-1. Binding between Siglec-9
and VAP-1 was confirmed by in vitro and ex vivo
adhesion assays [13]. When Siglec-9 motif containing peptide was labeled with 68Ga and used
as a PET tracer, VAP-1 on vasculature was
detected at sites of inflammation and cancer
[13-15].

Ga (t1/2 = 68 min, β+ = 89%, and electron capture of 11%) was eluted with 0.1 M HCl from
two tandem 68Ge/68Ga-generators [17] (1850
MBq, Eckert & Ziegler, Berlin, Germany), where
68
Ge (t1/2 = 270.8 d) was attached to a column
of an inorganic matrix based on tin dioxide. The
production and quality control of the tracer was
accomplished within one hour. The generator
eluate fractionation method was used for the
labeling [18]. The first 68Ga eluate fraction of
1.5 mL was sent to the waste and the next 1.0
mL containing over 65% of the total radioactivity was collected and buffered with 200 μL of
acetate buffer and 10 μL of sodium hydroxide
to provide pH of 4.6±0.4. Hundred µl of 99.5%
ethanol was added in order to exclude possible
radiolysis due to the presence of oxidation sensitive amino acid residues. Ten nanomoles of
DOTA-Siglec-9 was added and the reaction mixture was heated at 75°C for 15 min.

We hypothesized that PET-CT with a [68Ga]
Ga-DOTA-Siglec-9 tracer would allow quantification of regional pulmonary inflammation. The
aim of the study was to examine this hypothesis
in a porcine model of ARDS [16]. The location
and magnitude of early inflammatory changes
were investigated using PET-CT imaging with
[68Ga]Ga-DOTA-Siglec-9. In addition, the tissue
perfusion was assessed using [15O]water PETCT. The findings were correlated with histological and immunohistochemical information.
Healthy animals were studied as controls.

The crude product was analyzed by high-performance liquid chromatography (HPLC) on Elite
LaChrom system (Hitachi, VWR) consisting of
an L-2130 pump, UV detector (L-2400), and a
radiation flow detector (Bioscan) coupled in
series. Separation of the analytes was accomplished using endcapped analytical column
with stationary phase of covalently bonded
pentylsilane (Discovery BIO Wide Pore C5;
5cm×4.6 mm). The conditions for the HPLC
analysis were as follows: A = 10 mM TFA; B =
70% acetonitrile, 30% H2O, 10 mM TFA with
UV-detection at 220 nm; linear gradient elution:
0-2 min at 35% B, 2-9 min at 35 to 100% B,
9-12 min at 100% B; flow rate was 2.0 mL/min.
Data acquisition and handling were performed
using the EZChrom Elite Software Package. The
recovery of the radioactivity from the HPLC column was determined performing analysis with
and without the column and collecting the frac-

Material and methods
Tracer production and quality control
Sodium acetate buffer (pH 4.6), sodium hydroxide (10 M), and doubly distilled hydrochloric
acid (Riedel de Haën) were obtained from
19
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tions for the subsequent measurement of the
radioactivity in a well-type NaI(Tl) scintillation
counter (Uppsala Imanet AB, GE Healthcare,
Uppsala, Sweden) with correction for dead-time
and decay. The resulting product was formulated with sterile phosphate buffer (pH 7.4) and
used without further purification since the buffer was biologically compatible and the radiochemical purity was over 95% with individual
impurities less than 5%.
Animal investigational protocol and instrumentation
The animal ethics committee in Uppsala,
Sweden approved the study and the animals
were treated in accordance with the European
Union directive. We studied four pigs (weighing
on average 27.5 kg (range 24.7-27.7 kg)) of
mixed Hampshire, Yorkshire, and Norwegian
country breeds. All animals, lying in the supine
position, received intravenous (i.v.) anesthesia
using a combination of fentanyl, ketamine, and
midazolam. Adequate depth of anesthesia was
ascertained by no reaction from pain stimulation between the front hoofs. The animals were
tracheotomized and instrumented, and then
paralyzed with pancuronium. The depth of
anesthesia was then monitored continuously
by observing arterial blood pressure and heart
rate. After instrumentation, a period of 15 min
was allowed for stabilization. One control pig
was anesthetized and euthanized immediately,
without any other invasive procedure.
The trachea was intubated with a cuffed endotracheal tube and secured in place, and the
lungs were mechanically ventilated by a Servoi
(Maquet Critical Care, Solna, Sweden). Baseline
ventilation was delivered in volume-controlled
mode with a tidal volume (VT) of 6-8 mL/kg,
respiratory rate (RR) of 30 bpm, positive endexpiratory pressure (PEEP) of 5 cm H2O, inspiratory to expiratory ratio (I:E) of 1:2, and inspired
oxygen fraction (FIO2) of 0.35. Standard monitoring included electrocardiography, invasive
arterial, central venous, and pulmonary pressure at baseline and post two-hit ARDS model
as previously described [19]. The end-inspiratory and end-expiratory pressures obtained during three second pauses were used for calculating respiratory mechanics. A cystostomy was
performed through a midline mini-laparotomy
for the measurement of urine output. Gas
exchange was measured using conventional
20

blood gas analysis (Radiometer ABL 505;
Radiometer OSM3) and derived parameters
were calculated according to the standard
formula.
Lung inflammation (ARDS) model and mechanical ventilation
The two healthy control animals were instrumented, subjected to a 10 minute period of stabilization and then immediately transferred to
the PET-CT facilities. In the other two animals
an acute lung inflammatory process was
induced by repeated lung lavages of warmed
isotonic saline (30 mL/kg) applied until PaO2/
FIO2 less than 200 mmHg was reached followed
by 120 minutes of injurious mechanical ventilation using low PEEP (mean PEEP = 2 cm H2O),
high inspiratory pressures (mean plateau pressure = 36 cm H2O), RR 20, and I:E 1:2. This
method has been shown to induce severe lung
injury and inflammation, similar to human ARDS
as indicated by [18F]FDG-PET and inflammatory
markers [16, 20]. At the end of this period, we
recorded a new set of physiological data. After
the inflammatory lung model was established,
we set the ventilator on pressure controlled
ventilation with an inspiratory pressure of 25
cm H2O, PEEP of 5 cm H2O, inspiratory time of
0.5 s, respiratoryrate of 25 bpm and FIO2 of 1.0.
These settings were maintained until the end of
the study. Ringer’s acetate was given i.v. at a
rate of 30 mL/kg/h during the instrumentation,
20 mL/kg/h during the lung injury induction,
and 10 mL/kg/h until the end of the protocol.
In vivo PET-CT examinations
The anesthetized pigs were positioned in the
center of the 15 cm axial field of view of a
Discovery ST16 PET-CT scanner (General
Electric Medical Systems, USA; 15.7-cm axial
and 70-cm trans-axial field of view) in order to
include the thorax with apical-caudal distance
of the lungs. The positioning was performed
using low dose CT scout view (140 kV, 10
mAs). Attenuation correction and anatomical
reference for PET was acquired by a 140 kV,
10-80 mA CT examination.
The PET examinations were started with a
10-min dynamic scan (26 time frames; 1×10,
8×5, 4×10, 2×15, 3×20, 2×30, 6×60 s) and
simultaneous intravenous bolus administration
of 421±4 MBq [15O]water in order to assess
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lung tissue perfusion. Then, [68Ga]Ga-DOTASiglec-9 (120±36 MBq, 22±2 µg peptide) was
intravenously administered and the pigs were
examined by a dynamic PET protocol for 90 min
(33 frames; 12×10, 6×30, 5×120, 5×300,
5×600 s) over the same position followed by
whole-body scanning with 3 min per bed position (5 partly overlapping bed positions).
Attenuation correction and morphological CT
were obtained in the same way as for the
dynamic scan.
Acquired PET data were reconstructed using
normalization and attenuation-weighted ordered subsets expectation maximization algorithm
(2 iterations, 21 subsets) including corrections
for dead time, random coincidences as estimated by singles count rates, model-based
scatter correction [21], attenuation correction
based on a bilinear conversion of Hounsfield
units to 511 keV attenuation coefficients, and
decay. A 5.4 mm Gaussian post-filter was
applied. Reconstructed images were analyzed
using VOIager 4.0.7 software (GE Healthcare,
Sweden). Regions of interest (ROIs) were delineated on trans-axial CT slices. Entire organs
were delineated on sequential slices and combined into volumes of interest (VOIs). In addition, VOIs were defined over the left and right
ventricle of the heart in the PET images to
define input functions for kinetic modeling.
Lung CT VOIs were transferred to the [15O]water
examination to assess tissue perfusion in the
entire lung. Standardized uptake value (SUV)
normalized to body mass and injected amount
of radioactivity were determined using the
mean radioactivity concentration in VOIs (SUV
= (organ radioactivity/organ weight)/(total given
radioactivity/body weight)). In the case of [68Ga]
Ga-DOTA-Siglec-9 the last 25 min of the dynamic PET data were summed over time to create
average images. VOIs were projected onto each
individual frame to create organ time-(radio)
activity curves (TACs).
During [68Ga]Ga-DOTA-Siglec-9 PET arterial
blood samples (1 mL) were collected at 0.5, 1,
2, 5, 7, 10, 15, 20, 30, 45, 60, 75, 80 and 90
min post injection in order to measure the
radioactivity concentration in whole blood and
plasma for the subsequent blood clearance
calculation and kinetic modeling. Accurate
cross-calibration between PET-CT, dose calibrator and well counters used to measure
blood radioactivity was verified on a monthly
basis and was always within 3%.
21

Kinetic analysis
Lung tissue perfusion was quantified from
dynamic [15O]water PET data, using either right
and left ventricle TAC as input functions. The
data was fit to a single tissue compartment
model with blood volume parameter using nonlinear regression in in-house developed software in MATLAB.
The dynamic [68Ga]Ga-DOTA-Siglec-9 PET data
from the lung was fitted to a reversible two-tissue compartment model with blood volume
parameter (Equation 1) using non-linear regression. The model consists of three components
each of which is a function of time and is
obtained from the experimental TACs. Input
function, Cplasma (Cp) consists of the arterial
blood and the interstitial space close to vessels. The irreversible model contains K1, k2, k3
kinetic parameters, while the reversible model
contains K1, k2, k3, and k4 kinetic parameters.
Tracer radioactivity concentration in plasma
used as input function was obtained by multiplication of the left-ventricle TAC with the mean
plasma-to-whole blood ratio of the measured
arterial blood samples. The output parameter,
total volume of distribution (V T), defined as the
ratio of K1/k2, was used to assess changes in
tracer uptake and differences between healthy
and injured animals. Net uptake rate (ki =
K1*k3/(k2+k3)) of [68Ga]Ga-DOTA-Siglec-9 was
calculated as the slope of the linear portion of
the plot, starting at 15 min post injection. The
values were corrected for free fraction of tracer
in plasma calculated based on plasma protein
bound [68Ga]Ga-DOTA-Siglec-9 as described
below.
dC1 ^ t h
= K1 C p ^ t h - ^k2 + k3h C1 ^ t h + k4 C2 ^ t h
dt
Equation (1), where, Cp is concentration of the
radioactivity in the plasma; C1 is free and nonspecifically bound tracer in tissue; and C2 is
specifically bound tracer.
Plasma protein binding
Arterial blood samples (1 mL, in tubes with
sodium heparin) collected at 5 and 80 min time
points were centrifuged at 3,000×g for 4 min at
+4°C. The plasma was separated, weighed,
and radioactivity was measured in a well-type
NaI(Tl) scintillation counter. Then plasma was
transferred (3×200 µL) into micro centrifuge filters (Costar®, Spin-X, Sigma) and the radioacAm J Nucl Med Mol Imaging 2016;6(1):18-31
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chemistry assay of VAP-1
receptors.

Figure 1. Schematic representation of [68Ga]Ga-DOTA-Siglec-9 production,
where Siglec-9 represents the cyclic peptide with amino acid sequence of
CARLSLSWRGLTLCPSK, i.e. consisting residues 283 to 297 from Siglec-9.
The ligand has 8-amino-3,6-diooxaoctanoyl linker (polyethylene glycol derivative) between the chelator moiety and the peptide.

tivity of each tube was recorded. For the compensation of potential losses of the radioligand
adsorbed to plastic surfaces or filter membranes, 10 µL of tracer was mixed with a buffer
(190 µL 50 mM Tris-HCl, pH 7.4) equal to the
volume of plasma and used as described
above. The filters were centrifuged at 20,800×g
for 12 min at +4°C. Thereafter the radioactivity
of the filter and filtrate was measured. The
radioactivity of the original plasma samples (50
µL, in triplicate) was measured for the reference. The fraction of the free tracer in plasma
was defined as the ratio between radioactivity
in the filtrate and that in plasma, divided by the
ratio between radioactivity in the filtrate and
that in the buffer.
Post-mortem tissue sampling and assays
The animals were euthanized by intravenous
injection of potassium chloride under deep
anesthesia after the [68Ga]Ga-DOTA-Siglec-9
PET-CT scanning and subsequent infusion of
monoclonal anti-human VAP-1 antibody (1B2).
The ventilation was maintained unchanged and
the thoracic cage was opened by a sternotomy.
The mechanical ventilation was discontinued.
Thereafter the trachea was clamped at the carinal level, and the heart and lungs were excised.
The organs were taken out in one piece and tissue samples from apical, medial, and caudal
areas of the lungs as well as skeletal muscle,
liver and heart were harvested, immediately
transferred into cryovials, and shock frozen in
order to avoid protein degradation. Two sets of
samples were collected for the radioactivity
biodistribution assessment and immunohisto-
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For tissue radioactivity distribution assessment, the harvested samples were weighed
and the radioactivity was
measured using a well-type
NaI(Tl) scintillation counter
and decay-corrected to the
time of injection. The results
were expressed as SUV.

For the post-mortem assessment of VAP-1 receptor
expression, 18 mL (0.84 mg/
mL) of 1B2, recognizing porcine VAP-1 [22] was infused at a constant 3.3
mL/min rate during 5 min after the PET scanning. The tissue samples were stored in cryovials (1.8 mL) suitable for liquid nitrogen and
long-term storage at -70°C. The immunohistochemical assessment of the presence of VAP-1
receptors was performed on 5 µm acetone
fixed frozen sections stained either only with
the second stage antibody, fluorescein isothiocyanate (FITC)-conjugated-anti-mouse IgM, or
with 1B2 followed by the second stage antibody, FITC-anti-mouse IgM.
Another set of samples was immersed in 10%
buffered formalin and later embedded in paraffin, cut into slices of 4 µm thickness, and
stained with hematoxylin-eosin for histological
analysis. A pathologist blinded to the experimental origin of the specimens assessed the
histology. A quantitative morphometric analysis
of alveolar collapse, emphysema, alveolar
edema, alveolar and septal leukocytes, perivascular and peribronchial leukocytes, and
interlobular and septal edema and leukocyte
infiltration were assessed. Each item was
scored 0-4+ depending on severity (0 = not
observed; + = mild; ++ = moderate; +++ =
severe; and ++++ = very severe).
Statistical analyses
Statistical analysis was conducted with
GraphPad Prism software (version 5.00, Graph
Pad Software Inc, La Jolla, CA, USA). Non-linear
regression analysis was also performed with
GraphPad Prism software and the goodness of
fit to the variables was presented as R2 values.
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Table 1. Physiological characteristics of the study animals

Pplateau, cm H2O
PaO2/FIO2, mmHg
pCO2, mmHg
Shunt, %
RS Compliance, mL/cm H2O
Cardiac output (CO), l/min

Ventilated controls
Animal 1
Animal 2
11
13
540
532
37
47
12
12
29
33
2.84
3.73

ARDS animal 1
preVILI*
postVILI*
16
25
517
145
41
44
13
44
20.9
10.7
2.64
3.33

ARDS animal 2
preVILI*
postVILI*
18
24
471
214
43
59
16
22
23
13
2.64
3.84

*VILI: Ventilation induced lung injury.

Table 2. Histological score from non-ventilated and ventilated healthy controls and ARDS
animals
Healthy non-ventilated control
Left lung region Grade Right lung region
Apical
+
Apical
Middle
+
Middle
Caudal
+
Caudal
Healthy ventilated control
Left lung region Grade Right lung region
Apical
+++
Apical
Middle
+
Middle
Caudal
+
Caudal
ARDS animals
Left lung region Grade Right lung region
Apical
++++
Apical
Middle
++++
Middle
Caudal
++++
Caudal

Grade
+
++
++
Grade
+++
+
++
Grade
+++
++++
++++

Data are given as mean ± SD when relevant.
The statistical significance of differences
between the data sets was determined by
Wilcoxon matched pairs test and Mann-Whitney
test. A P value below 0.05 was considered statistically significant.
Although the number of animals in this study
was limited, the consistency of the results was
high and clearly seen in terms of respiratory
mechanics, oxygenation goals, histological and
immunohistological findings as well as PET-CT
imaging and kinetics. Due to the high consistency of the results, ethical considerations discouraged us from increasing the number of animals that would be sacrificed unnecessarily in
the experiment. Moreover, statistical investigations demonstrated that if the within-pair correlation is high then a paired t-test is feasible
even with as extremely small Ns as two [23].
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Results
Radiochemistry
Two tandem 68Ge/68Ga generators were used in
order to increase the radioactivity amount. The
radioactivity incorporation was over 95% with
radiochemical yield of 70±5% and specific
radioactivity of 25±2 MBq/nmol (n = 4). The
product purification was omitted due to the
high radioactivity incorporation and consequently radiochemical purity higher than 95%.
Ten percent (volume) of ethanol was added to
the reaction mixture in order to suppress possible radiolysis due to the oxidation sensitive
tryptophan (Figure 1).
Animal study
No differences in baseline data of hemodynamic or respiratory mechanics could be observed
(Table 1). All animals survived until the end of
the experiments. The time from the anesthesia
induction until the image acquisition was 1 and
5 h, respectively for healthy and injured animals. The total time of the mechanical ventilation from the anesthesia induction until the
euthanasia was 4.5 and 9 h, respectively for
healthy and injured animals. The ARDS and
healthy pigs had mean arterial blood pressure
(MAP) values ranging, respectively between 99
to 100 mmHg and 76 to 91 mmHg at the time
of the scans.
Histological analysis
Histological analysis was performed on the
ARDS and healthy ventilated controls after PET
scanning as well as on the non-ventilated animal. At macroscopic evaluation the ARDS animals had red, brilliant and heavy lungs, while
the healthy animals had pink and light lungs.
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Figure 2. Representative hematoxylin-eosin staining from healthy ventilated control (A) and ARDS (B) animals from
caudal region of the lung. (A) Seemingly normal lung parenchyma with low number of diffused leukocytes. In the
center of the picture bronchial (BR) and arteriolar lumen (AR) are visible. (B) Acute inflammation in the lung. Alveoli,
peribronchial and perivascular areas show infiltrated leukocytes. Notice in the center of the picture a bronchial lumen, containing cast of cells, necrotic cells, and fibrin (arrow). The scale bars correspond to 100 µm.

Both groups had limited areas of collapse in
dependent lung regions. The animal which did
not undergo mechanical ventilation had pink
and light lungswithout any dependent lung collapse. The lungs from the ARDS animals had
substantially higher inflammation score (patchy
lobular inflammation, and diffuse alveolar collapse with inflammation), as well as thickened
alveolar septum, stasis of leukocytes and septal and alveolar edema with a score of 4+ in
both pigs and with no difference between apical, middle, and caudal regions (Table 2 and
Figure 2). The lungs of the healthy, ventilated
controls had a lower inflammation score (incipient, focal peribronchial, perivascular and alveolar inflammation) with the value of 1+ in the
middle and caudal regions and value of 3+ in
apical region. The histological findings in the
lungs from non-ventilated animal were similar
to those in the healthy ventilated animals,
except for only a moderate inflammation in the
apical region and the score was 1+ in all lung
regions.
Organ distribution and TACs of [68Ga]Ga-DOTASiglec-9
The amount of the administered peptide mass
and radioactivity was kept similar in all experiments with [68Ga]Ga-DOTA-Siglec-9 (22±2 µg;
120±36 MBq). The whole-body biodistribution
of [68Ga]Ga-DOTA-Siglec-9 showed significant
uptake in lung, kidneys and urinary bladder for
both ARDS and healthy ventilated animals

24

(Figure 3). Uptake in kidneys and urinary bladder was presumably due to the excretion.
The uptake of [68Ga]Ga-DOTA-Siglec-9 in other
organs such as liver, heart, and muscle, was
negligible in both healthy and ARDS pigs. The
plasma kinetics of the tracer was determined
during 90 min of dynamic scanning demonstrating rapid blood clearance of radioactivity
for both healthy and ARDS animals, respectively with only 1.3% and 0.9% (healthy ventilated
animals) and 2.5% and 1.3% (ARDS animals) of
remaining radioactivity at 90 min. These data
correlated well with the results obtained from
the arterial blood sampling at 0.5, 1, 2, 5, 7, 10,
15, 20, 30, 45, 60, 75, 80 and 90 min post
injection. The fraction of the blood radioactivity
concentration associated with the plasma was
stable within 90 min and was similar for the
healthy and ARDS animals with values of
71.4±2.0% and 72.6±1.5%, respectively. Rapid
washout pattern was observed from most of
the organs except for kidneys. The background
uptake was marginally higher for the injured
animals.
The blood clearance kinetics was best
described by a bi-exponential function with
slow and fast phases of half-life values of
11.3/0.6 and 5.4/0.3 min (R2 = 0.9955 and
0.9990), respectively for the two healthy animals (HP1 and HP2) and 10.2/0.7 and 7.8/0.5
min (R2 = 0.9844 and 0.9876), respectively for
the two ARDS animals (Figure 5A). The binding
of [68Ga]Ga-DOTA-Siglec-9 to the plasma pro-
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Figure 3. Whole-body distribution of i.v. injected [68Ga]Ga-DOTA-Siglec-9 presented as coronal section of fused PETCT images at 120 min post injection. A. Healthy ventilated animal; B. ARDS animal. Yellow and white arrows point,
respectively, at radioactivity signal in the right and left lung. Red arrows point at kidney radioactivity signal. The
images are displayed in the same color scale. Grey and colored scale bars correspond, respectively to CT and PET
images.

Figure 4. A. Blood clearance kinetics of [68Ga]Ga-DOTA-Siglec-9 obtained from the blood sampling data (R2 = 0.9955,
0.9990, 0.9844 and 0.9876). HP1: healthy ventilated animal number 1; HP2: healthy ventilated animal number
2; IP1: ARDS animal number 1; IP2: ARDS animal number 2; B. Plasma protein binding of i.v. injected 68Ga-DOTASiglec-9 (blood sampling at 5 and 80 min time point; triplicates; 2 animals/group).

teins was measured at 5 min and 80 min post
administration (Figure 4B). There was no statistically significant difference in the binding
extent between the two time points. The protein binding was higher in the ARDS animals
25

than in controls and it was reflected in the longer blood circulation of the tracer and the marginally higher background uptake. The free
fraction of tracer in plasma was taken into
account in the kinetic modeling.
Am J Nucl Med Mol Imaging 2016;6(1):18-31
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Figure 5. A. SUVs of 68Ga-DOTA-Siglec-9 imaging obtained from whole-body scanning and corrected for the lung density using Hounsfield Units (HU) from the corresponding CT images. Mean ± SD (n = 4 lungs). HP: four lungs of the
healthy animals without correction for tissue density; HP_HU: four lungs of the healthy animals with correction for
tissue density; IP: four lungs of the ARDS animals without correction for tissue density; IP_HU: four lungs of the injured pigs with correction for tissue density; B. Tissue sample radioactivity distribution presented as decay-corrected
SUV values. AM: apical medial; MM: medial medial; CM: caudal medial; CD: caudal dorsal; CV: caudal ventral are
lung regions from where the tissue was collected. MU: muscle; LI: liver; HE: heart. The data is presented as mean
± SD (n = 6, sampled tissue).

Figure 6. A. Lung tissue perfusion derived from
[15O]water PET-CT (n = 4 lungs); B. Net influx
rate of 68Ga-DOTA-Siglec-9 obtained from dynamic PET scanning (n = 4 lungs); C. [68Ga]GaDOTA-Siglec-9 net influx rate corrected for the
tissue perfusion in healthy (HP) and ARDS (IP)
pig lungs.

The in vivo distribution was determined in lung,
heart, liver and muscle from the dynamic scanning images at 85 min, and presented as SUV
values. The correction for the lung density
increased the SUVs, however the relation
between the healthy and ARDS animals
remained similar (Figure 5A). There was statistically significant difference between the lungs
from healthy (n = 4 lungs) and ARDS (n = 4
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lungs) animals without (P = 0.0005) and with
(P<0.0001) correction for the tissue density
using Hounsfield Units. The uptake of [68Ga]
Ga-DOTA-Siglec-9 was higher in all lung regions
for the healthy animals. However, it was lower
in liver, heart right ventricle and muscle. These
results correlated well with the ex vivo distribution data (Figure 5B) where the SUV was calculated by measuring the radioactivity concentra-
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ment in the ARDS pigs (Figure
6C). The retention (Ki/K1) of
[68Ga]Ga-DOTA-Siglec-9 in the
lung was also higher for the
ARDS pigs (0.17±0.01, n = 4
lungs) than for the healthy
ventilated pigs 0.12±0.02 (n
= 4 lungs) with P = 0.0017.
Post-mortem assessment of
VAP-1 receptors
After the PET-CT examination
the animals were i.v. administered with anti-VAP-1 antibody
for the post-mortem immunohistochemistry assessment
of the presence of luminal
VAP-1 receptors. VAP-1 was
distributed in endothelial cells
differently in the healthy and
Figure 7. VAP-1 was differentially located in the lungs of ARDS and healthy
ARDS pigs . In the stainings
pigs. The upper panel shows the positivity in the ARDS lung tissue and the
with anti-VAP-1 antibody (1B2)
lower panel depicts the healthy pig lung tissue. 1B2: monoclonal anti-VAP-1
followed by the second stage
antibody; Second Ab: fluorescein isothiocyanate conjugated anti-mouse IgM.
antibody, the positive signal
in ARDS lungs was located
near to the endothelial cell surface, whereas in
tion in the post-mortem tissue samples
healthy pigs, VAP-1 was still stored within the
collected from various lung regions.
endothelial cell granules (Figure 7, left panel).
Kinetic analysis
However, very little of the injected first stage
anti-VAP-1 antibody was detected on the surIn the healthy pigs, the kinetics of [15O]-water
face even in the ARDS lungs and practically
was described accurately using the right vennothing in healthy lungs, when only the second
tricular TAC as input function, whereas in the
stage was employed.
injured pigs, the perfusion was described using
the left ventricular TAC as input function. Using
Discussion
the alternative ventricle resulted in visually
poor fits in both cases. The tissue perfusion (F)
To our best knowledge this is the first attempt
in the injured lungs (2.8±0.4, n = 4) was
to evaluate lung inflammation in a porcine
decreased by factor of 10 (P<0.0001) comARDS model using VAP-1 targeting [68Ga]
pared to the healthy animal lungs (0.3±0.1, n =
Ga-DOTA-Siglec-9 as a PET tracer. The inflam4) (Figure 6A).
mation detection was feasible, however it
required additional procedures including kinetThe two-tissue compartment model described
ic modeling and perfusion data obtained from
the [68Ga]Ga-DOTA-Siglec-9 TACs well. A signifi[15O]water PET.
cant difference (P<0.001) was found for the net
uptake rate (Ki) of [68Ga]Ga-DOTA-Siglec-9 with
Previously, [18F]FDG PET-CT has demonstrated
values of 0.026±0.003 and 0.014±0.002
the feasibility of monitoring the temporal and
mL/g/min, respectively for healthy and ARDS
spatial evolution of lung inflammation [16,
pigs (Figure 6B). The net uptake rate (Ki) of
24-26]. However, [18F]FDG uptake in the inflam[68Ga]Ga-DOTA-Siglec-9 was about 55% lower
matory tissue is a non-specific reflection of an
in ARDS pigs as compared with healthy pigs.
increased metabolic state and mainly the actiHowever, correction of Ki for the tracer delivery
vation of inflammatory cells. An imaging agent
to the target, i.e. normalizing Ki for total tissue
with a specific uptake mechanism that would
perfusion (Ki/F) resulted in the 4-fold enhanceallow quantitative characterization of the
27
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inflammation in stationary cells is of considerable interest. This approach may open new
opportunities for diagnosing, better understanding of pathophysiology and underlying
injury mechanisms, therapy planning and monitoring of the treatment efficacy, as well as for
drug development.
[68Ga]Ga-DOTA-Siglec-9 was developed as a
ligand to VAP-1 receptor, which was demonstrated to translocate from the intracellular
storage granules to the endothelial cell surface
by inflammatory stimuli. Salmi and coworkers
[27] reported constitutive expression of VAP-1
in the human endothelium from liver, kidney
and peripheral lymph nodes, and also in
smooth muscle cells of large vessels, and this
expression was up-regulated during inflammation. Moreover, Jaakkola and coworkers, demonstrated that VAP-1 was present in porcine
lung endothelium [22]. They also reported that
VAP-1 was translocated to capillary endothelial
surface of skin and joints by inflammatory stimuli such as chemical dermatitis and arthritis. In
addition, they found that the distribution of
VAP-1 was similar in pigs and humans, including the pulmonary vascular bed [22]. Later,
Singh and coworkers [28] reported that VAP-1
expression in lungs was restricted to the endothelial and smooth muscle cells of pulmonary
arteries and veins of normal and inflamed
murine lungs, and of normal human lungs. All
these assessments were done by immunohistochemistry of post-mortem histological preparation using a primary antibody against VAP-1.
However, this assessment gives information
related to the protein expression but not to its
location or functionality. In our study the antiVAP-1 antibody was administered in vivo allowing assessment of VAP-1 location and expression in the living organism. Then the subsequent
in vitro assay using a secondary antibody
revealed the distribution of VAP-1 proteins on
the surface of the endothelium and inside the
cells.
The porcine model of ARDS used in this study
previously demonstrated higher uptake of [18F]
FDG in inflamed lungs as compared to healthy
ones [16]. The early inflammation was localized
preferably in gravitational intermediate regions.
The model resulted in heterogeneously aerated
lungs with significant amount of non-aerated
and hyper-inflated tissue as well as tidal recruit-
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ment and hyperinflation [16]. In addition, worse
respiratory system compliance and oxygenation as well as higher inflammatory histological score were observed in the ARDS lungs. In
order to allow adequate time for developing
inflammation and translocation of VAP-1 onto
the endothelial surface [29], we scheduled the
[68Ga]Ga-DOTA-Siglec-9 PET-CT examination
four hours post ARDS induction. The histological analysis showed significantly higher inflammation in lungs from ARDS animals as compared with healthy controls also in this study.
Importantly, the inflammatory score from the
healthy non-ventilated animal and healthy ventilated controls was very similar. These findings
suggest that the used protective mechanical
ventilation successfully prevented lung inflammation in the ventilated control group during
the time of PET-CT acquisition.
The feasibility of the noninvasive in vivo visualization of inflammation using prototypic
68
Ga-labeled ligand (68Ga-DOTAVAP-P1) against
VAP-1 has been demonstrated in extra-pulmonary inflammation models, and the discrimination of bone infection from aseptic inflammation was possible in experimental models of
osteomyelitis [8]. The present study is the first
one to investigate the in vivo targeting of VAP-1
in lung inflammation using Siglec-9 based tracer, which in previous studies has shown good
inflammation imaging results in other inflammatory animal models [13] and has demonstrated high in vitro stability [15]. In this study,
the assessment of the feasibility of lung inflammation detection by [68Ga]Ga-DOTA-Siglec-9
PET-CT was conducted in a porcine ARDS model
by mechanically induced lung injury and subsequent inflammation. Healthy animals were used
for the baseline comparison. It is worth mentioning that a slight degree of inflammation was
revealed by histology analysis even in the early
control animal that was not mechanically ventilated. The results were comparable to those of
healthy ventilated animals indicating that minor
inflammation may occur naturally in farm-bred
pigs. Studying lung inflammation in this model
was complicated by the presence of high physiological expression of VAP-1 in the healthy porcine lungs. This is however not restricted to this
model since it has also been demonstrated in
rat experiments where the uptake of
68
Ga-DOTAVAP-P1 in healthy rat lungs was even
higher than in the sites of sterile inflammation
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in the neck [9]. In the present study, the biodistribution of [68Ga]Ga-DOTA-Siglec-9 was dominated by lung and kidney followed by liver and
heart. The blood clearance was rapid in both
healthy and ARDS animals. The higher lung SUV
as compared to blood SUV at later time points
also indicated retention. The lung SUVs were
higher in healthy animals compared to ARDS
animals in all lung regions. However, the location of VAP-1 on the endothelial cell surface as
determined by immunohistochemistry was different in the ARDS and healthy animals. The
presence of VAP-1 on the luminal face of the
endothelium cellular membrane was higher in
ARDS lungs than in healthy ones, although still
rather minimal for example in comparison to
the skin inflammation in patients [30]. The
healthy controls presented cytoplasmic VAP-1
granules in contrast to the ARDS animals that
presented a higher signal in the peri-membrane
position. These results suggest that VAP-1 was
absent on the luminal endothelial surface of
the healthy animals and was translocated from
intracellular granules to the membrane secondary to lung inflammation in ARDS animals.
Another point to remark is the slightly higher
background radioactivity found in the ARDS
animals. Biotrauma is caused by a complex
array of inflammatory mediators, resulting in a
local and systemic inflammatory response
propagating injury to non-pulmonary organs,
which may result in multiple system organ dysfunctions, and ultimately in death [31]. It is
probable that secondary to biotrauma, extrapulmonary tissues could have activated the
endothelium and expressed VAP-1 in an extrapulmonary position resulting in an increase of
background uptake. Also, in some inflammatory conditions (e.g. in atherosclerosis, psoriasis,
diabetic retinopathy) the amount of soluble
VAP-1/semicarbazide-sensitive amine oxidase
(SSAO) is increased in plasma [32-34]. The
slightly increased background/muscle radioactivity concentration in the ARDS animals and
higher plasma protein binding may indicate
that the integrity of the endothelium was compromised and the VAP1 was released into the
blood stream where [68Ga]Ga-DOTA-Siglec-9
could bind to soluble VAP-1 in plasma.
The role of the tissue perfusion and thus [68Ga]
Ga-DOTA-Siglec-9 accessibility to the tissue
was assessed by performing PET-CT with [15O]
water. The kinetic modeling of [15O]water sepa29

rates extravascular tissue fluid flux from the
intravascular water content. Remarkably, the
tissue perfusion was lower by a factor of ten in
the ARDS lungs, while intravascular blood flow,
largely defined by cardiac output, was
unchanged. This might depend on the inflow of
water from the vascular bed to the extracellular
space and the return of fluid back to circulation
via capillaries, venules and lymph vessels.
Moreover, the turnover can also depend on the
amount of edema: the larger the extravascular
water pool (as in edema), the less is the turnover of water per tissue volume [35].
Interestingly, the [15O]water data could only be
fitted using the left-ventricular TAC as input
function in the injured animals, whereas it was
fitted best using the right-ventricular input
curve in the healthy animals. This would indicate that the lung tissue was primarily perfused
through the pulmonary capillaries in the healthy
pigs, as expected, but that bronchial perfusion
increased in the injured animals. This highly
speculative finding will need to be addressed
further in future studies. The net uptake rate
and distribution volume of [68Ga]Ga-DOTASiglec-9 was lower in the lungs of the ARDS animals as compared to the healthy ones. However,
the respective values of Ki normalized for the
total tissue perfusion (Ki/F) as determined
from [15O]water PET resulted in the 4-fold
enhancement in the ARDS lungs. Moreover, the
retention of [68Ga]Ga-DOTA-Siglec-9 in the lung
was also higher for the ARDS pigs.
The lung samples immunohistochemically
stained with an anti-VAP-1 antibody (1B2)
showed that the positive signal was located
near to the endothelial cell surface in the ARDS
animals, whereas in the healthy controls, VAP-1
was still stored within the endothelial cell granules, as it had been observed in other experiments of tissue inflammation [8]. Thus, the
immunohistochemistry assay demonstrated
minor expression of VAP-1 on the endothelial
surface and the kinetic modeling of [68Ga]
Ga-DOTA-Siglec-9 distribution together with the
normalization to the perfusion showed higher
net influx rate in the injured lungs. Therefore,
these results indicate the potential of [68Ga]
Ga-DOTA-Siglec-9 PET-CT for the detection of
lung inflammation in ARDS. However, the physiological expression of VAP-1 in pig lungs resulted in a dominating uptake of [68Ga]Ga-DOTASiglec-9 masking the modest VAP-1 binding
related to the inflammation. Consequently,
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PET imaging of lung inflammation
accurate detection of pig lung inflammation
with [68Ga]Ga-DOTA-Siglec-9 PET requires combination of kinetic modeling and tissue perfusion data at least in this animal model. If such
a demanding protocol is also needed in
patients, it might hamper the use of this promising method as routine clinical application for
diagnosing pulmonary inflammation.
Conclusions
The kinetic modeling and normalization for the
tissue perfusion measured by [15O]water PET
demonstrated 4-fold higher net uptake rate of
[68Ga]Ga-DOTA-Siglec-9 in the acute lung
inflammation in pigs as compared to healthy
controls. Without the kinetic modeling and normalization, [68Ga]Ga-DOTA-Siglec-9 uptake was
2-fold higher in the lungs of healthy pigs. Thus,
VAP-1 mediated detection of acute lung inflammation requires combination of [68Ga]Ga-DOTASiglec-9 PET-CT, [15O]water PET, and kinetic
modeling.
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