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Activated monocytes with a high 18F-FDG accumulation can affect
the results of clinical PET studies. To better understand the mech-
anisms regulating monocytic 18F-FDG uptake, we investigated the
effect of priming and respiratory-burst generation and further eval-
uated the role of potential protein kinase pathways. Methods:
Purified human monocytes were primed with interferon-� (IFN-�),
and respiratory burst was generated by stimulation of primed cells
with phorbol-12-myristate-13-acetate (PMA). Oxygen-intermedi-
ate generation was assessed by luminescence measurements af-
ter the addition of lucigenin. 18F-FDG uptake after 30 min of incu-
bation was measured for unprimed control cells, primed cells, and
PMA-stimulated cells. The role of protein kinases was investigated
using respective inhibitors. Results: PMA stimulation of primed
monocytes dramatically increased oxygen-intermediate genera-
tion, leading to a 42.2 � 1.1 fold higher level of cumulative lumi-
nescence compared with unprimed control cells, whereas IFN-�
priming alone resulted in low luminescence levels (13.9% � 4.6%
of PMA-stimulated cells). In contrast, priming alone was sufficient
to augment monocytic 18F-FDG uptake to 273.3% � 16.7% of
control levels (P � 0.001), and it was not further increased by PMA
stimulation. The tyrosine kinase inhibitor, genistein, and the spe-
cific protein kinase C inhibitor, staurosporine, completely abol-
ished the priming-induced enhancement of 18F-FDG uptake and
lowered uptake to control levels. Under the same conditions, wort-
mannin, a phosphatidylinositol 3 kinase (PI3 kinase)–specific inhib-
itor, and cycloheximide, a protein synthesis inhibitor, were asso-
ciated with only minor reductions in the enhanced-uptake effect of
priming. Conclusion: IFN-� priming alone, without stimulation of
respiratory-burst activity, is sufficient to induce maximal augmen-
tation of 18F-FDG uptake in monocytes. Furthermore, this meta-
bolic effect appears to involve tyrosine kinases and the protein
kinase C pathway but is independent of the PI3 kinase pathway.
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Monocytes are key effector cells of the immune system
and have a repertoire of functional responses, including
chemotaxis, phagocytosis, and the generation of toxic reac-
tive oxygen intermediates (1). Because monocytes are one
of the principal18F-FDG–accumulating cells within inflam-
matory lesions and in certain tumors, their level of glucose
metabolism may influence the interpretation of PET studies
(2–4). Consequently, an improved understanding of the
mechanisms involved in the regulation of18F-FDG uptake
in activated monocytes would be helpful.

Complete activation of monocytes results from 2 sequen-
tial steps: priming and a second triggering stimulus. The T
cell–produced cytokine interferon-� (IFN-�) is considered
the major priming signal, whereas the triggering signal
includes various stimuli such as bacterial endotoxin, tumor
necrosis factor-�, and chemical agents such as phorbol-12-
myristate-13-acetate (PMA) (5). A remarkable trait of
monocytes is their ability to enhance their oxidative metab-
olism in response to activating factors, leading to the pro-
duction of superoxide ions, hydrogen peroxide, and hydro-
gen radicals referred to as respiratory burst. This response
by monocytes is characterized by a dramatic increase in
oxygen consumption and glucose metabolism (6). However,
the precise conditions and machinery through which acti-
vated monocytes acquire augmented levels of18F-FDG up-
take are not clear. We thus investigated the effect of IFN-�
priming and PMA stimulation of monocytes on respiratory-
burst generation and18F-FDG uptake. We further evaluated
the role of potential signal transduction pathways by using
their respective protein kinase inhibitors.

MATERIALS AND METHODS

Cell Preparation
Fresh circulating monocytes were purified from the peripheral

venous blood of healthy human volunteers. Whole blood, collected
in acid citrate dextrose–treated syringes and transferred to 16�
150 mm screw-cap Falcon round-bottom tubes, was diluted in
equal volumes of phosphate-buffered saline and mixed with Ficoll/
Hypaque 1077 (Sigma) at a ratio of 1:4. The mononuclear cell
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layer was collected, washed twice, and resuspended in 10% fetal
bovine serum–supplemented RPMI-1640 medium (Gibco BRL)
containing 2 g of glucose per liter and 100 U of penicillin–
streptomycin per milliliter.

After the cells were incubated in a flat-bottomed 150-mm plas-
tic dish at 37°C with 5% CO2 for 1 h, free-floating lymphocytes
were collected and transferred to a separate dish. Monocytes
attached to the plastic surface were collected with careful pipetting
and washing with phosphate-buffered saline. The cell purity of the
monocyte preparation was determined with flow cytometry and
microscopic inspection after Wright staining.

Cell Priming and Respiratory-Burst Activation
For priming, 0.2–1 � 106 cells were transferred to culture tubes

containing 500 �L of culture medium and treated with a human
recombinant IFN-� (Sigma) concentration of 100 U/mL for 3 d.
Respiratory-burst activity was induced by stimulating primed cells
with 100 nmol of PMA (Sigma) per liter for 20 min. Development
of respiratory burst was confirmed by chemiluminescent measure-
ments of oxygen intermediates for 30 min immediately after the
addition of a lucigenin (Sigma) concentration of 250 �mol/L. The
luminometer was programmed to output raw data of relative light
units every 30 s, and measurement of control tubes using this
method generated only background numbers.

Measurement of Cellular 18F-FDG Uptake
Monocytes were suspended in 500 �L of Hanks’ balanced salt

solution and incubated with 370 kBq of 18F-FDG at 37°C in a CO2

incubator for 30 min. The cells were centrifuged and then washed
twice with 500 �L of phosphate-buffered saline. Radioactive
counts from the pellets were measured on a high-energy �-counter
(Wallac). 18F-FDG uptake levels were corrected for protein content
in each sample, as determined by the Bradford method. Results
were expressed as percentage uptake relative to the mean radio-
activity for unprimed control cells.

Protein Kinase Inhibition Experiments
To determine the relationship between the effect of IFN-�

priming on 18F-FDG uptake and protein kinase activity, cells were
treated with staurosporine (4 �mol/L), a specific protein kinase C
(PKC) inhibitor; wortmannin (200 nmol/L), a specific phosphati-
dylinositol 3 kinase (PI3 kinase) inhibitor; genistein (500 �mol/L),
a tyrosine kinase inhibitor; or cycloheximide (100 ng/mL), a
protein synthesis inhibitor. The inhibitors were added to mono-
cytes 1 h before the initiation of priming with IFN-�.

Statistical Analysis
All experiments were performed with either duplicate or tripli-

cate samples. The results were expressed as mean � SD, and P
values � 0.05 were considered significant.

RESULTS

PMA stimulation of primed monocytes dramatically in-
creased the generated oxygen-intermediate levels, which
peaked approximately 6 min after reaction with lucigenin
(Fig. 1A). The level of cumulative relative light units for
PMA-stimulated cells was 42.2 � 1.1 fold higher than that
for unprimed control cells (P � 0.01). In comparison,
cumulative relative light units generated from monocytes
that were only IFN-� primed were low and reached only
13.9% � 4.6% of the level for PMA-stimulated cells (P �
0.02; Fig. 1B).

Priming with IFN-� significantly increased 18F-FDG up-
take to 273.3% � 16.7% of the levels for unprimed control
monocytes (P � 0.001). PMA stimulation of primed cells,
however, did not further increase 18F-FDG uptake over the
level for cells that were primed only (83.9% � 11.5%, P �
NS; Fig. 2). Cell number as assessed by the protein content
of the samples showed no significant change after 3 d of
treatment with IFN-�, compared with the number for
unprimed control cells (108.4% � 14.8%; P � NS). The
protein content was slightly decreased for primed cells after
stimulation with 100 nmol of PMA per liter, compared with
the content for unstimulated cells (24.1% � 0.6% reduction;
P � 0.001).

In the presence of either genistein or staurosporine, the
priming-induced enhancement of monocytic 18F-FDG up-
take was completely abolished (Fig. 3). The resultant uptake
levels were substantially lower than those for cells primed
in the absence of inhibitors (both P � 0.005) and were even
slightly lower than those of unprimed control cells
(89.6% � 2.0% and 79.9% � 3.8%, respectively; both P �
0.05). Under the same conditions, wortmannin and cyclohex-
imide caused reductions in 18F-FDG uptake of only 26.7% �
3.4% and 20.6% � 9.5%, respectively, compared with the
levels for cells primed in the absence of inhibitors (Fig. 4).

FIGURE 1. Oxygen-intermediate genera-
tion. (A) Serial 30-s luminescence levels
from monocytes that were unprimed (f),
IFN-� primed (‚), and PMA stimulated after
priming (F). (B) Cumulative luminescence
levels from monocytes. Results are
mean � SD of triplicate samples obtained
from a single experiment representative of
3 separate experiments.
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The design and results of our experiments are summa-
rized in Figure 5.

DISCUSSION

The results of our study confirm that stimulation of
primed monocytes with PMA, which causes a dramatic
increase in oxygen-intermediate generation, is accompanied
by a significant augmentation of 18F-FDG uptake compared
with unprimed cells. However, it was also revealed that
IFN-� priming alone, which led to only minor levels of
oxygen-intermediate generation, was sufficient to achieve a

comparable if not higher level of 18F-FDG uptake. This
implies that augmented 18F-FDG uptake seen in activated
monocytes is driven by the cellular events associated with
the process of priming rather than those that occur during
development of respiratory-burst activity. Our results fur-
ther provide evidence that the increase in monocytic 18F-
FDG uptake induced by IFN-� priming involves tyrosine

FIGURE 2. Relative 18F-FDG uptake in monocytes that were
unprimed, IFN-� primed, and PMA stimulated after priming.
Results are expressed as percentage uptake relative to the
mean of unprimed control cells. Data are mean � SD of tripli-
cate samples obtained from a single experiment representative
of 3 separate experiments.

FIGURE 3. Effect of staurosporine and genistein on 18F-FDG
uptake in unprimed control monocytes and IFN-� primed mono-
cytes. Results are percentage uptake relative to the mean of
unprimed cells. Data are mean � SD of triplicate samples from
single experiment representative of 2 separate experiments. P
value is for comparison with monocytes primed in absence of
inhibitors.

FIGURE 4. Effect of wortmannin and cycloheximide on 18F-
FDG uptake in monocytes. Results are percentage uptake rel-
ative to the mean of unprimed cells. Data are mean � SD of
triplicate samples from a single experiment representative of 2
separate experiments. P value is for comparison with unprimed
control monocytes.

FIGURE 5. Schematic representation of experimental design
and results. Purified human monocytes that were activated with
PMA after priming with IFN-� showed enhanced 18F-FDG up-
take and respiratory-burst activation. Priming alone did not
stimulate respiratory-burst activity but was sufficient to enhance
18F-FDG uptake. This effect was completely abolished by stau-
rosporine and genistein, inhibitors of protein kinase C (PKC) and
tyrosine kinases (TyrK), respectively, whereas wortmannin, a PI3
kinase inhibitor, and cycloheximide, a protein synthesis (Psyn)
inhibitor, had little effect.
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kinases and the protein kinase C pathway but not the PI3
kinase pathway.

Priming is considered the in vitro analog of activation in
vivo, in which hosts exposed to pathogens acquire resis-
tance to subsequent infection through acquisition of aggres-
sive phagocytes (1). IFN-� is a well-established priming
agent for studying monocyte activation states (7,8). IFN-�–
primed monocytes resemble macrophages activated in vivo
and acquire a dramatic increase in responsiveness to acti-
vating agents, a critical trait for monocyte-mediated im-
mune reactions (9). The molecular mechanisms regulating
the priming effect of IFN-� are not fully explained. It is
known that IFN-� bound to its cell-surface receptor acti-
vates the receptor-associated Janus tyrosine kinases, leading
to the activation of the signal transducer and activator of
transcription (STAT) pathway, which in turn induces the
expression of various responsive genes (5). The wide vari-
ety of effects by IFN-� and the complex patterns of cell-
specific gene regulation preclude illumination of the precise
mechanism through which IFN-� priming increases 18F-
FDG uptake in monocytes. Although glucose uptake has
been related to proliferation in growth factor–stimulated
macrophages (10), it appears from the lack of change in
protein content after priming that the metabolic effect of
IFN-� is not coupled to proliferative response pathways.

We selected 30 min as the incubation time for 18F-FDG
uptake because this time frame has frequently been used in
previous in vitro experiments measuring radiolabeled de-
oxyglucose uptake in monocytes. In a previous study, we
observed that 18F-FDG uptake in freshly purified monocytes
gradually increases with incubation time but only to a
modest degree—37% � 3%—from 20 to 80 min of incu-
bation (4). Therefore, although a lack of data using longer
durations of 18F-FDG uptake (as is commonly used for
18F-FDG PET studies of clinical infection) is a limitation of
our study, we believe that this factor would not have sig-
nificantly affected the results of our study.

The observed augmentation in 18F-FDG uptake indepen-
dent of respiratory-burst generation appears to diverge from
the well-known metabolic effect of the latter. PMA stimu-
lation of IFN-�–primed monocytes directly activates re-
duced nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase, which results in a major release of
superoxide anions. Such respiratory-burst activation im-
poses an acute metabolic demand to fuel the NADPH oxi-
dase activity, and this demand is met by an increased use of
both internal energy stores and exogenous metabolites such
as glucose (11). A previous study on monocytic RAW cells
confirmed an increase in 2-deoxyglucose uptake associated
with high superoxide production after PMA stimulation (6).
Our results also confirm the ability of PMA to stimulate
respiratory-burst activity accompanied by an increase in
monocytic 18F-FDG uptake, although a comparable meta-
bolic response was found with priming alone. It may thus be
that glucose uptake rates are increased in advance during the
priming phase so that the high-energy demand during res-

piratory-burst generation can later be met. Similar to our
findings, dissociation between an increase in glucose uptake
and respiratory-burst activity has recently been observed for
human circulating neutrophils. Priming of neutrophils with
tumor necrosis factor-� caused an increase in deoxyglucose
uptake identical in magnitude to that caused by N-formyl-
methionyl-leucyl-phenylalanine–stimulated respiratory-burst
activation, and the events were temporally dissociated (12).

The mechanisms that govern cellular glucose metabolism
are diverse, and multiple signaling cascades might be in-
volved in its regulation in different cells. In cultured skeletal
muscle cells, tumor necrosis factor-� and IFN-� have been
shown to stimulate glucose transport and glucose trans-
porter 1 protein levels, presumably through signaling path-
ways that induce nitric oxide production (13). We investi-
gated the role of potential signaling cascade pathways on
the regulation of monocytic glucose uptake by evaluating
the effect of protein kinase inhibitors. Genistein is an in-
hibitor of tyrosine kinases and is used in experiments to
terminate IFN-� signaling by deactivation of STAT1
through inhibition of Janus tyrosine kinase activity (14).
Staurosporine is a potent inhibitor of protein kinase C (15),
which has been implicated in the regulation of glucose
transport in phagocytes (16). As a result, both genistein and
staurosporine completely inhibited the augmented 18F-FDG
uptake response in monocytes treated with IFN-�. These
findings are similar to previous observations on the effect of
these inhibitors on deoxyglucose uptake in monocytic RAW
cells (6) and in human neutrophils (17).

We also investigated the PI3 kinase pathway, which is
essential for generation of respiratory-burst activity (18) and
is the major pathway through which insulin signals an
increase of glucose use. IFN-� induces the phosphorylation
of the serine/threonine kinase Akt through PI3 kinase in
human monocytes, and abrogation of this activation by PI3
kinase inhibitors has been shown to prevent some of the
IFN-�–induced effects such as monocyte adhesion (19).
However, we found that wortmannin, a PI3 kinase inhibitor
(20), had little effect on 18F-FDG uptake in primed mono-
cytes. Previous studies have also demonstrated results that
are consistent with our findings (6,12,17). Taken together,
the results of our inhibition study suggest that IFN-�–
primed monocytes might circumvent a requirement for PI3
kinase in enhancing 18F-FDG uptake by activation of other
pathways that involve tyrosine kinases or protein kinase C.

CONCLUSION

The results of our study demonstrate that priming is the
cellular event responsible for the enhanced 18F-FDG uptake
seen in activated monocytes and that this regulation in-
volves both tyrosine kinases and protein kinase C activity.
This study demonstrates how the functional response of
monocytes may influence their level of 18F-FDG uptake and
suggests that an enhanced uptake level may thus be consid-
ered a marker of cell priming.
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