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Neutrophil granulocytes play a key role in the pathogenesis of a
wide variety of pulmonary diseases. In many such conditions,
the injury observed reflects the activation status rather than the
total number of inflammatory cells present. The metabolic ac-
tivity of neutrophils can now be assessed noninvasively using
PET to measure the regional uptake of '8F-FDG after intrave-
nous injection. Methods: To understand the mechanism re-
sponsible for the increased ®F-FDG signal, we have measured
the uptake of tritiated deoxyglucose (DG) in neutrophils isolated
from human peripheral blood and sought to determine which
aspects of neutrophil function correlate with an increase in DG
uptake. Results: Our results show that formyl-methionyl-leucyl-
phenylalanine (fMLP)-stimulated respiratory burst activity and
SH-DG uptake are temporally dissociated, that neutrophil-prim-
ing agents such as tumor necrosis factor-a (TNFa) cause an
identical increase in 3H-DG uptake compared with fMLP without
affecting respiratory burst activity, and that fMLP stimulation of
TNFa-primed cells causes major upregulation of superoxide
anion generation (O,7) yet no incremental increase in 3H-DG
uptake. Furthermore, direct activation of reduced nicotinamide
adenine dinucleotide phosphate oxidase activity with the ester
phorbol 12-myristate 13-acetate resulted in a concentration-
dependent loss of cell-associated 3H-DG, and preincubation of
neutrophils with the phosphoinositide 3-kinase inhibitor wort-
mannin, which abolished both agonist-stimulated superoxide
anion generation and degranulation, had no effect on TNFa- or
fMLP-stimulated 3H-DG uptake. In contrast, the fMLP-stimu-
lated change in neutrophil shape was not influenced by priming
or wortmannin, and of the functional responses examined, this
appeared to correlate most closely with SH-DG uptake. Con-
clusion: DG uptake occurs in both primed and activated neu-
trophils. It does not correlate with respiratory burst or secretory
activity but may reflect the polarization and migrational status of
these cells. These data have important implications for the
analysis of '8F-FDG signals in vivo.
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External imaging of radiolabeled markers of inflamma-
tory processes has great potential for providing noninvasive
and repeatable methods of monitoring inflammatory cell
behavior in vivo. The use of neutrophils radiolabeled ex
vivo with In and monitored by y-scintigraphy has given
invaluable information about the migration and emigration
of these in response to inflammatory stimuli (1-5) but is
limited to monitoring cell trafficking and gives no indication
of their postmigratory metabolic activity.

Neutrophils become highly activated in response to a
variety of inflammatory stimuli, and the consequent in-
crease in their energy requirements results in enhanced
glucose uptake and metabolism. This allows the use of
radiolabeled glucose analogues to monitor the metabolic
activity of inflammatory cells by external imaging. In pre-
vious studies in which acute lung inflammation has been
induced by localized ingtillation of Streptococcus pneu-
moniae into the right upper lobe of rabbit lungs, we have
shown that PET imaging after injection of 8F-FDG pro-
vides a remarkably specific index of neutrophil metabolic
activity in vivo (6). The increased signal occurred at atime
when neutrophil migration had effectively ceased and hence
was thought to reflect the activity of the cells within the
inflammatory site. Autoradiography using tritiated deoxy-
glucose ((H-DG) confirmed that the signals obtained in this
model were derived almost exclusively from the neutrophils
(6), and identical data have now been obtained for other
animal models after instillation of both fibrogenic and non-
fibrogenic agents (7). We have also shown a dissociation
between neutrophil migration and neutrophil activation in
human lung disease (8) and have used this technique to
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show increased 8F-FDG uptake in the lungs of patients
known to be at risk of adult respiratory distress syndrome
after head trauma, at a time when there are no respiratory
symptoms or radiologic abnormalities (9).

The neutrophil is recognized to be a key effector cell of
the immune system and plays an essential role in host
defense. To serve this function, it has evolved a highly
efficient but limited repertoire of functional responses (in-
cluding chemotaxis, phagocytosis, degranulation, and the
generation of toxic reactive oxygen intermediates) that al-
low it to target and respond to a bacteria insult in the host
(20). Moreover, neutrophil priming by agents such as tumor
necrosis factor-a (TNFa) is recognized to cause a dramatic
increase in many of the responses of neutrophils to activat-
ing agents, and this process has been shown to be critical for
neutrophil-mediated tissue injury. These events are highly
coordinated and, in an ideal situation, permit rapid, tran-
sient, and targeted accumulation of neutrophils at an in-
flamed site and efficient bacterial uptake and clearance. The
subsequent removal of granulocytes from the inflamed site
is thought to reflect the capacity of these cells to undergo
constitutive apoptosis, which results in their prompt recog-
nition and phagocytic remova by inflammatory macro-
phages (11). In view of the clinical and experimental data
highlighting the utility of ¥F-FDG to monitor neutrophil
activation in vivo and the known spectrum of functional
responses observable in these cells, we have sought to
investigate which aspects of neutrophil function are respon-
sible for 18F-FDG uptake.

MATERIALS AND METHODS

Materials

Percoll, dextran, and 3H-DG were obtained from Amersham
Pharmacia Biotech U.K. Ltd. (Buckinghamshire, U.K.). Cyto-
chrome C, superoxide dismutase, phorbol 12-myristate 13-acetate
(PMA), formyl-methionyl-leucyl-phenylaanine (fMLP), phos-
phate-buffered saline (PBS, with or without CaCl, and MgCl,),
Triton X-100, and iodoacetic acid were purchased from Sigma
Chemica Co. (Poole, Dorset, U.K.). Human recombinant TNFa
was obtained from R&D Systems (Abingdon, U.K.), wortmannin
was purchased from Calbiochem (San Diego, CA), and Soluene-
350 and liquid scintillation counting cocktail (Hionic-Fluor) were
purchased from Canberra Packard (Pangbourne, Berkshire, U.K.).

Preparation of Human Neutrophils

Human neutrophils were prepared from the peripheral blood of
healthy volunteers using dextran sedimentation and discontinuous
plasma—Percoll gradients as previously described (12). Sterile,
lipopolysaccharide-free reagents and plasticware were used
throughout. This method routinely yielded unprimed and fully
viable neutrophils that were >95% pure, with <0.1% mononu-
clear cell contamination.

Superoxide Anion (O,~) Release

Purified neutrophils (108 cellsin 90 wL PBS containing CaCl,
and MgCl,) were equilibrated at 37°C in a gently shaking water
bath for 5 min. Cells were primed for 30 min with 200 U/mL
TNFa and then stimulated for 10 min with fMLP (100 nmol/L) or
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vehicle (PBS) in the presence of prewarmed cytochrome C (final
concentration, 1.2 mg/mL in PBS). One of each set of quadrupli-
cate determinations included superoxide dismutase (375 U) to
confirm the specificity of the cytochrome C reduction. Reactions
were stopped by placing the cellsonice, and the supernatants were
collected after centrifugation. The reduction of cytochrome C was
determined by measuring the peak absorbance between 535 and
565 nm using a scanning spectrophotometer. O, generation (ex-
pressed as nmoles O, generated per 106 neutrophils) was calcu-
lated from the difference between values obtained in the presence
and absence of superoxide dismutase. L ucigenin-dependent chemi-
luminescence was used to measure the kinetics of O, release.
Lucigenin (0.25 mmol/L) was added to each well and allowed to
equilibrate at 37°C before the addition of TNFa primed or
unprimed cells (10° cells per well). Buffer or fMLP (100 nmol/L)
was added, and the chemiluminescence was recorded continuously
at 9-s intervals for 4 min. Data were recorded online (Cellular
Chemiluminescence; Dynatech Laboratories Ltd., Billingshurt,
U.K.) to produce mean lucigenin-dependent chemiluminescence
values from triplicate wells.

Measurement of 3H-Deoyglucose Uptake in Human
Neutrophils

3H-DG was used to measure DG uptake by neutrophils. *H-DG
and 18F-FDG give quditatively identical information in that both
agents gain cellular access by the same glucose-specific uptake
mechanism and are converted to the 6-phosphate form, which can
be metabolized no further and remains within the cell (13,14).
Moreover, both exogenous radioligands have been shown to ac-
cumulate within metabolically active cells in proportion to their
glucose requirements (13). Neutrophils (106 cells) were suspended
in 90 pL PBS containing Ca?+ and Mg?*™ cations and incubated
with TNFa (200 U/mL) or PBS for 30 min at 37°C. Immediately
after the addition of 370 kBq 2H-DG, the cells were stimulated
with fMLP (100 nmol/L), PMA (0.1-1,000 nmol/L), or PBS (total
volume, 1 mL). Uptake of 3H-DG was stopped by the addition of
iodoacetic acid (100 nmol/L). After centrifugation, the superna-
tants were decanted and the cells were washed twice with PBS to
remove all unincorporated 3H-DG. Cell pellets were dissolved in
Soluene-350, and radioactivity in the cell pellets and supernatants
was measured by liquid scintillation counting. The uptake of
3H-DG by neutrophils was calculated from the ratio of 3H-DG in
the cell pellet to that in the supernatant. For inhibitor studies, cells
were preincubated with wortmannin (100 nmol/L) or vehicle
(0.01% dimethyl sulfoxide [DMSQ]) for 10 min before 3H-DG
addition and agonist stimulation.

Measurement of Degranulation in Human Neutrophils
Myeloperoxidase (MPO) release was determined by the 3,3-
dimethoxybenzidine method as described previously (15), with the
following minor modifications. Briefly, 10° neutrophils were sus-
pended in PBS containing Ca2* and Mg?* ions and incubated with
TNFa (200 U/mL) or PBS at 37°C (30 min), followed by stimu-
lation with fMLP (100 nmol/L) or PBS (10 min). For inhibitor
studies, cells were preincubated with wortmannin (100 nmol/L) or
DM SO (0.01%) for 10 min before agonist stimulation. One of each
set of quadruplicate determinations included Triton X-100 (0.2%)
to estimate the total enzymatic activity. Reactions were quenched
by the addition of ice-cold PBS and immersion in ice. After
centrifugation (12,500g, 2 min, 4°C), the supernatants were incu-
bated with phosphate buffer (pH 6.2), 3,3-dimethoxybenzidine
(0.125 mg/mL), and H,0, (0.001%) for 20 min at 37°C. Reactions
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were terminated by the addition of 0.1% NaN3, and the samples were
cooled to room temperature. The MPO activity was measured by
spectrophotometric assessment (460 nm) (Ultrospec 111; Pharmacia,
Amersham Biosciences UK Ltd., Little Chalfont, Bucks, U.K.), and
the amount of MPO released was expressed as a percentage of the
totd MPO available from cells lysed by Triton X-100.

Assessment of Agonist-Stimulated Change in
Neutrophil Shape

Neutrophils wereisolated as detailed above, equilibrated in PBS
at 37°C for 5 min, and incubated with PBS or wortmannin (100
nmol/L) for 10 min before a further 10-min incubation with
varying concentrations of fMLP. This time point was determined
in preliminary experiments that indicated that the fMLP-induced
change in neutrophil shape was maximal at 2-5 min and did not
vary over the subsequent 30 min. Reactions were stopped by the
addition of an equal volume of 2.5% glutaraldehyde. The shape of
cells (minimum of 300 cells per condition) was then visualy
assessed for change using a light microscope (10).

Statistics

All values are expressed as the mean = SEM of the number of
independent experiments. The data were evaluated statistically by
ANOVA, with comparisons between groups made using the New-
man—Keuls test. Differences were considered significant when P
was <0.05.

RESULTS

As previously shown (16), the ability of secretagogue
agonists such asfMLP to stimulate respiratory burst activity
in isolated neutrophils is highly dependent on the priming
status of these cells. Hence, preincubation of neutrophils
with TNFa, which aone has little effect on superoxide
anion generation, caused a mgjor increase in fMLP-stimu-
lated respiratory burst activity (Fig. 1A). In contrast, when
3H-DG uptake was assessed under identical conditions, in-
cubation of neutrophils with TNFa or fMLP aone resulted
in a near identical increase in *H-DG, with no significant
augmentation of fMLP-stimulated *H-DG uptake observed
after TNFa priming (Fig. 1B). Moreover, detailed analysis
of the time course of superoxide anion generation in neu-
trophils indicated a clear dissociation between the kinetics
of fMLP-stimulated respiratory burst activity and 3H-DG
uptake, with the former response being maximal at 2 min
(Fig. 1C) and the latter response occurring between 5 and 30
min after addition of fMLP (Fig. 1B).

When neutrophils were stimulated with the phorbol ester
PMA, which causes direct, nonreceptor-dependent activa-
tion of respiratory burst activity, a marked difference was
again apparent between respiratory burst activity and
3H-DG uptake. PMA (100 nmol/L) was found to increase
O, generation to levels considerably higher than those
observed in TNFa-primed, fMLP-stimulated cells (Fig.
2A). However, whereas both fMLP and TNFa stimulation
caused a sustained increase in ®H-DG accumulation, PMA
caused only atransient increase in ®H-DG uptake to levels
equivalent to those seen with TNFa or fMLP stimulation
(Fig. 1B). At later time points (>5 min), cell-associated
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FIGURE 1. TNFa priming of fMLP-stimulated O,~ genera-
tion and 3H-DG uptake in human neutrophils. (A) Measure-
ment of O, release by superoxide dismutase-inhibitable re-
duction of cytochrome C during 10-min incubation with fMLP
(100 nmol/L) after priming with TNFa (200 U/mL, 30 min).
Data points represent mean = SEM of 3 separate experi-
ments, each performed in triplicate. (B) 3H-DG uptake in
TNFa (200 U/mL, 30 min)-primed neutrophils. After priming,
or incubation with PBS, cells were stimulated with fMLP (100
nmol/L) or PMA for indicated time. Data shown are for control
unprimed cells (O), TNFa-primed (200 U/mL, 30 min) un-
stimulated cells ((J), unprimed fMLP (100 nmol/L)-stimulated
cells (@), TNFa-primed fMLP-stimulated cells (H), and PMA
(A). Results are mean = SEM of 5 separate experiments.
(C) Quantification of O, release with lucigenin-dependent
chemiluminescence monitored at 9-s-cycle intervals in con-
trol unprimed cells (O), unprimed fMLP (100 nmol/L)-stimu-
lated cells (@), and TNFa-primed fMLP-stimulated cells (H).
Data are from single experiment, representative of 3 separate
experiments.
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FIGURE 2. (A). Superoxide anion release from control un-

stimulated cells. Cells were primed with TNFa (200 U/mL) for 30
min, stimulated with fMLP (100 nmol/L) for 10 min, and treated
with 100 nmol/L PMA for 30 min. O, release was measured by
the superoxide dismutase—inhibitable reduction of cytochrome
C. Data points represent mean = SEM of 3 separate experi-
ments, each performed in triplicate. (B) Effect of PMA concen-
tration on 3H-DG uptake. Cells were incubated with 3H-DG;
radioactivity in cells was measured at 30 min.

3H-DG was reduced by PMA to less than control levels (Fig.
1B). In subsequent experiments, PMA was found to cause a
concentration-dependent reduction in cell-associated *H-DG
at 30 min (Fig. 2B).

Respiratory burst activity occurs through a phosphoino-
sitide 3 (PI3)-kinase—dependent signaling pathway (17,18).
This was confirmed by preincubating neutrophils with the
PI3-kinase inhibitor wortmannin, which abolished fMLP-
stimulated O, generation and MPO release (Figs. 3A and
3B). Degpite this inhibition of agonist-stimulated O, gen-
eration, wortmannin had no effect on fMLP-stimulated
3H-DG uptake in either TNFa-primed or TNFa-unprimed
cells (Fig. 3C). The dissociation between neutrophil secre-
tory events and 3H-DG uptake was further confirmed by
measuring the release of MPO as a marker of neutrophil
degranulation. This response displays rapid kinetics that
parallel respiratory burst activity. In these experiments, sig-
nificant degranulation was observed in only TNFa-primed,
fMLP-stimulated cells and was again inhibited by wortman-
nin (Fig. 3B). Hence, degranulation responses appeared to
be similar to the O, responses and to fail to mimic the
pattern of *H-DG uptake. In contrast, the agonist-stimulated

DeoxycLucose UPTAKE IN HUMAN NEUTROPHILS ¢ Jones et dal.

change in neutrophil shape or polarization responses is not
dependent on priming and can be initiated independently by
TNFa and fMLP aone (10). Furthermore, the agonist-
stimulated change in shape is also one of the few neutrophil
responses not influenced by wortmannin (Fig. 4).

DISCUSSION

The redlization that the relatively high number of false-
positive findings encountered in 8F-FDG PET imaging of
cancer, especially lung cancer, is the result of uptake in
inflammatory lesions has prompted an increasing interest in
the use of 18F-FDG PET for imaging and locating inflam-
mation itself. Previous work by our group focused on the
mechanism of 8F-FDG uptake in pulmonary inflammation,
both the acute inflammation from experimental streptococ-
cal lobar pneumonia or Cba instillation and the chronic
inflammation from ingtillation of a range of mediators of
chronic inflammation, including bleomycin and silica par-
ticles (7). That study clearly implicated the neutrophil asthe
principal cell accumulating DG in such inflammatory le-
sions and, in the case of acute lobar pneumonia, suggested
that the cellular process occurred after the neutrophils had
migrated into the air spaces (6).

Extension of these studies (6,7) to human lung disesse
produced some surprising results. Thus, whereas 8F-FDG
uptake in acute lobar pneumonia was avid, reflecting the find-
ings in experimental lobar pneumonia, no uptake was seen in
bronchiectasis (8), even though this is a condition associated
with heavy neutrophil migration as shown with 1n-labeled
neutrophil scintigraphy (19). Hence, transendothelia migration
of neutrophilsinto tissue per seis not necessarily accompanied
by asignificant increase in *8F-FDG uptake. Negative 8F-FDG
PET findingsin bronchiectasis suggests a dissociation between
neutrophil accumulation and activation events, athough it is
possible that, because the migrating neutrophils in bronchiec-
tasis gain early access to the bronchia lumen, they may not be
accessible to circulating 8F-FDG a a time when they are
glucose avid. This possihility is unlikely, because the 8F-FDG
sgnal is strongly positive in inflammatory bowel disease (20),
a condition also associated with early migration of neutrophils
into an inaccessible lumen (the gut). Other inflammatory cells
ininflammatory bowel disease, namely lymphocytes and mac-
rophages, may also contribute to a postive 8F-FDG PET
signal. To date, no studies have been published that addressthe
direct effect of various inflammatory conditions on DG uptake
and retention in circulating neutrophils.

Against this background, it is apparent that an improved
understanding of the mechanisms by which neutrophils
accumulate 18F-FDG in inflammation would be helpful. The
neutrophil has a repertoire of functional responses, which
are largely determined by the cell-to-cell contact required
for successful transendothelial neutrophil migration at a site
of inflammation and the influence of locally generated cy-
tokines and other stimuli. We predicted that the major
contributor to the increased DG uptake by stimulated neu-
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trophils would be respiratory burst activity or degranulation
events. Neutrophils depend on glucose as their mgjor energy
source, and a dramatic increase in uptake and phosphoryla-
tion of DG has previously been observed after stimulationin
vitro. The current findings show clearly that the cellular
events driving cell DG uptake are not related to superoxide
generation or degranulation but most likely reflect cell po-
larization and shape change. This conclusion is based partly
on the finding that neutrophil priming alone causes maximal
DG uptake in the absence of stimulated superoxide anion
generation or MPO release. Thus, DG uptake was closely
associated with priming, initiated either by TNFa or by
fMLP, and was not significantly increased in response to
fMLP exposure after priming with TNFa, a sequence of
events that leads to a marked increase in respiratory burst
activity and degranulation. Moreover, inhibition of super-
oxide and enzyme release by the PI3-kinase inhibitor wort-
mannin was not accompanied by inhibition of DG uptake.
The failure of wortmannin to inhibit DG uptake in response
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FIGURE 4. Wortmannin has no effect on fMLP-stimulated
change in neutrophil shape. Neutrophils were incubated with
increasing concentrations of fMLP with (O) or without (@) wort-
mannin (100 nmol/L). After addition of glutaraldehyde, shape of
cells was visually assessed for change using light microscope.
Data represent mean = SEM of 3 separate experiments, each
performed in triplicate.

to sequential TNFa and fMLP was accompanied by a fail-
ure to prevent shape change, again pointing to a link be-
tween shape change and DG uptake. The association of cell
depolarization with increased glucose uptake when cell mi-
gration itself is not inevitably accompanied by an increased
BE-FDG PET signal, asin bronchiectasis, implies that neu-
trophils can migrate without necessarily first being primed.

d

FIGURE 3. Effect of PI3-kinase inhibitor wortmannin on O,
release, degranulation, and DG uptake. (A) Human neutrophils
were incubated with vehicle (0.01% DMSO) (open bars) or 100
nmol/L wortmannin (filled bars) for 10 min before TNFa priming
(200 U/mL for 30 min) and fMLP stimulation (100 nmol/L, 10
min). O,~ release was quantified by superoxide dismutase—
inhibitable reduction of cytochrome C. Data points represent
mean = SEM of 3 separate experiments, each performed in
triplicate. (B) Wortmannin inhibits neutrophil degranulation.
fMLP-induced MPO release in TNFa-primed human neutrophils
was performed as described. Human neutrophils (12.5 X 108/
mL) were suspended in PBS with Ca?* and Mg?* and treated
with TNFa (200 U/mL) or PBS at 37°C for 30 min. Cells were
then incubated with 100 nmol/L wortmannin (filled bars) or
vehicle (0.01% DMSO) (open bars) for 10 min before stimulation
with fMLP (100 nmol/L) or PBS. Reaction was terminated at 10
min by addition of ice-cold PBS and then immersing tubes in
ice. MPO release was quantified by spectrophotometric assess-
ment (460 nm) as described previously (75). Data represent
mean = SEM of 3 separate experiments, each performed in
triplicate. (C) Wortmannin does not affect 3H-DG uptake. Human
neutrophils (12.5 X 108/mL) were suspended in PBS with Ca?*
and Mg?* and treated with TNFa (200 U/mL) or PBS at 37°C for
30 min. Cells were then incubated with 100 nmol/L wortmannin
(filled bars) or vehicle (0.01% DMSO) (open bars) for 10 min
before incubation with 3H-DG and stimulation with fMLP (100
nmol/L) or PBS. Data are shown for uptake over 30 min. dpm =
disintegrations per minute.
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The phorbol ester PMA causes direct activation of the
reduced nicotinamide adenine dinucleotide phosphate oxidase
and stimulated a mgjor release of superoxide anions even in
unprimed cells (Fig. 2A). At 5 min, PMA caused an early DG
uptake of similar magnitude to the other stimuli. This uptake
was followed by a loss of cell-associated label during the
ensuing 25 min (Fig. 1B). The cause of this loss from intact
neutrophils is unclear but may stem from increased cdllular
permeability to DG or DG-6-P, upregulation of dephosphory-
lation enzymes, or even the release of DG or the DG-6-P form
in secretory granules. Although the precise mechanism of this
effect of PMA on DG uptake by neutrophils is unclear, these
data provide further evidence of a dissociation between respi-
ratory burst activity and DG uptake.

If, as suggested by this study, DG uptake by neutrophils
is a marker of neutrophil priming, one would expect to see
diffuse pulmonary activity after administration of 8F-FDG
in patients with conditions such as inflammatory bowel
disease, graft-versus-host disease, and systemic vasculitis,
which have an elevated circulating level of shape-changed
(primed) neutrophils and which usually show an increased,
reversible diffuse pulmonary accumulation of radiolabeled
neutrophils in the absence of any respiratory symptoms
(21). Although such an increase in the ¥F-FDG signa has
not as yet been studied under such conditions, we have seen
increased diffuse uptake of 8F-FDG in patients with acute
head injury but no respiratory symptoms (9).

CONCLUSION

As 18F-FDG becomes more frequently used in the investi-
gation of inflammatory disease, we will need to understand its
mechanism of uptake by, and its sdectivity for, the mgor
cellular players in the inflammatory response. Although we
have shown that the neutrophil is the cell responsible for the
larger part of the 8F-FDG PET signd in both acute and
chronic inflammatory responses in the lung (7), we need to
define the relationship between DG uptake and activation
status in other cells, including endothelid cells, as well as
inflammatory cells such aslymphocytes and macrophages. The
current study strongly suggests that as far as neutrophils are
concerned, priming isthe cellular event predominantly respon-
sible for 18F-FDG uptake. A greater knowledge of the mech-
anisms that result in increased DG uptake improves our ability
to interpret data acquired by 8F-FDG PET. The ahility to
monitor this marker of neutrophil activation status repeatedly
and noninvasively provides a powerful opportunity to evaluate
different therapeutic strategies in patients with inflammatory
disease.
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