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Glucocorticoids (GC) are potent drugs proven to effectively treat inflammatory diseases, although patients
typically begin therapy after the onset of symptoms. Clinical studies with cytokine inhibitors prove that these
mediators drive inflammatory responses in diseases such as rheumatoid arthritis and Crohn’s disease. Despite
the clear sequence of cytokine-induced inflammation followed by effective GC treatment, most basic science
investigations have examined the ability of GC to prevent an inflammatory response rather than halt its
progression. The current studies used the Toll-like receptor 2 (TLR2) agonist palmitoyl;-cysteine-serine-
lysine, (PAM) or the TLR4 agonist lipopolysaccharide (LPS) to stimulate human whole blood and determine
whether postponing the addition of the GC dexamethasone (DEX) limits its ability to decrease cytokine
production. Twenty-four hours after stimulation, tumor necrosis factor (TNF), interleukin-18 (IL-1§), IL-6,
and IL-8 levels were measured, in addition to the cytokine inhibitors IL-1 soluble receptor II (SRII), IL-1
receptor antagonist, and TNF SRII. LPS rapidly induced all of the proinflammatory mediators over 24 h while
failing to induce any of the cytokine inhibitors. PAM stimulation also induced IL-1f3, IL-6, and IL-8. Con-
comitant addition of DEX plus LPS or PAM significantly suppressed all cytokine levels. Delaying the addition
of DEX until 6 h after LPS stimulation failed to decrease TNF or IL-6. In contrast, delayed DEX addition
significantly suppressed PAM-induced IL-1f3, IL-6, or IL-8 and also suppressed LPS-induced IL-1 and IL-8.
Our results show that cytokines which typically increase in concentration between 6 and 24 h after stimulation

were significantly suppressed by the addition of DEX 6 h after stimulation.

Glucocorticoids (GC) are members of the corticosteroid
family whose anti-inflammatory properties have been widely
exploited both as a clinical therapy and as a tool for under-
standing the mechanisms of inflammation (20). GC are widely
used to treat a number of inflammatory conditions such as
rheumatoid arthritis (30), bacterial meningitis (11), and aller-
gic asthma (29). GC have been shown to have a beneficial
effect when administered after the onset of some inflammatory
disorders. Inhaled corticosteroids, for example, are commonly
used to treat acute allergic asthma. Early systemic administra-
tion of corticosteroids has significantly reduced the incidence
of hospitalization and relapse and expedited recovery for se-
vere asthma patients presenting in the clinic with an acute
exacerbation (28). A small study showed that GC rescue in
patients with established acute respiratory distress syndrome
significantly improved sequential organ failure assessment
scores in trauma patients (17). Cytokines have been implicated
in the pathogenesis of several of these diseases (16), and cy-
tokine inhibitors have revolutionized the treatment of diseases
such as rheumatoid arthritis.

Multiple stimuli such as infections, trauma, autoimmune
disorders, and allergies activate immune responses and initiate
inflammation by stimulating the secretion of cytokines. These
mediators drive both the innate and adaptive immune re-
sponses by perpetuating inflammatory responses via paracrine
and autocrine mechanisms (15). Invading pathogens shed their
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outer membrane components, which, upon binding to cell sur-
face receptors, initiate cytokine and chemokine secretion by
inflammatory cells over several hours to days, and in some
instances, chemokines are produced over several weeks (26).
Published data report that in response to various stimuli, cy-
tokines and chemokines often display distinct kinetic profiles
(4, 9, 10). Cytokines such as tumor necrosis factor (TNF),
interleukin-13 (IL-1B), and IL-6 are known to be rapidly in-
duced and cleared, while chemokines such as IL-8 have been
shown to be steadily, continuously produced over time (10).

Despite proven clinical efficacy when GC are given after the
onset of inflammation, virtually no studies have examined the
ability of GC to inhibit the production of cytokines if added
several hours after the initial stimulus. The experiments de-
scribed here were designed to determine if dexamethasone
(DEX) could decrease cytokine production after inflammation
had been initiated in the whole-blood model. While the whole-
blood model does not provide the same complexity as in vivo
studies, the model has been used extensively by numerous
investigators to study the regulation of cytokine production (6)
and has become a standardized method (18). These studies
determined the mechanism by which delayed treatment with
GC controls inflammation by determining which mediators
could potentially be decreased.

MATERIALS AND METHODS

Reagents. Heparin sodium derived from porcine intestinal mucosa was ob-
tained from American Pharmaceutical Partners, Inc. (Schaumburg, IL). Lipo-
polysaccharide (LPS; from Escherichia coli serotype O111:B4) and water-soluble
DEX were obtained from Sigma-Aldrich (St. Louis, MO; catalog no. D-2915).
Pam3CSK4 - 3HCI (product no. ALX-165-066-M002) was purchased from
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FIG. 1. Glucose and blood gas analysis. Human whole blood was analyzed for glucose levels (mg/dl) (A), pH (B), pO, (C), and pCO, (D).
Results are expressed as mean = SEM (n = 8 donors) compared by ANOVA and the Newman-Keuls post test. #x, P < 0.01; #%*, P < 0.001

(compared to 0 h); #, P < 0.05 (compared to 6 h).

Alexis Biochemicals (Farmingdale, NY). Capture and biotinylated detection
antibodies for enzyme-linked immunosorbent assay (ELISA) measurement of
TNF, IL-1B, IL-6, and IL-8 were purchased from R&D Systems (Minneapolis,
MN). RPMI 1640 was obtained from Invitrogen Life Technologies (Carlsbad,
CA). The water-soluble tetrazolium (WST) cell counting kit (CCK-8) was pur-
chased from Dojindo Molecular Technologies, Inc. (Rockville, MD). The
Chromo-LAL reagent was purchased from the Associates of Cape Cod, Inc.
(Cape Cod, MA).

Blood collection and stimulation. Venous blood was collected from healthy
volunteers into heparinized (10 U/ml) syringes. For the kinetics of TNF, IL-18,
IL-6, and IL-8 expression, LPS (50 ng/ml, final concentration), palmitoyl,-cys-
teine-serine-lysine, (PAM) at 10, 100, or 1,000 ng/ml, or RPMI 1640 vehicle was
added to 1 ml of blood in 1.5-ml tubes and incubated in 5% CO, and ambient air
at 37°C on a rotating shaker using our previously described methods (8, 9, 33).
The concentrations of LPS and PAM were selected based on pilot studies
showing that these concentrations would induce robust cytokine production.
Following stimulation, the blood was centrifuged at 1,000 X g for 5 min at the
time points indicated in the graphs and plasma was collected and stored at —20°C
for later cytokine analysis. For DEX experiments, DEX was added to blood at a
final concentration of 10~° M (diluted in RPMI 1640) simultaneously with LPS
or PAM or 6 h after stimulation. These studies have been approved by the
Institutional Review Board of Boston University and The University of
Michigan.

Blood gas analysis. At 0, 6, and 24 h after LPS, 500 pl of blood was analyzed
for glucose and blood gases (pH, partial CO, pressure [pCO,], and partial O,
pressure [pO,]) using the ABL 800 Flex (Sysmed Lab Inc., Chicago, IL).

Cell viability. Leukocytes were collected after NH,CI lysis from four different
groups after 24 h: (i) blood incubated with the vehicle (RPMI 1640), (ii) blood
stimulated with 50 ng/ml LPS alone, (iii) blood stimulated with LPS plus 107° M
DEX, and (iv) unstimulated blood. Blood was centrifuged at 1,000 X g for 5 min,
and the packed cell pellet was lysed twice with 14 ml of NH,Cl buffer (NH,CI,
NaHCO;, and tetra EDTA). Aliquots of cells were added to 96-well tissue
culture plates in duplicate, 10 pl WST solution was added to each well, and
absorbance at 450 nm was measured using a microplate reader (Bio-Tek Instru-
ments, Inc., Winooski, VT).

Cytokine and cytokine inhibitor ELISAs. Plasma levels of TNF-a, IL-1B, IL-6,
IL-8, IL-1 receptor antagonist (IL-1ra), IL-1 soluble receptor II (SRII), and TNF
SRII were determined by sandwich ELISA using matched antibody pairs accord-
ing to our previously published methods (23).

Statistics. Statistical analyses were performed using GraphPad Prism version
4.03 for Windows (GraphPad, San Diego, CA). Results were expressed as the
mean * the standard error of the mean (SEM). Statistical comparisons were
made using a one-way analysis of variance (ANOVA), followed by the Newman-
Keuls multiple-comparison post test. For data which were not normally distrib-
uted, we used the Kruskal-Wallis test with a Wilcoxon signed-rank post-hoc
comparison. For direct comparisons between groups, the paired Student ¢ test
was used. The figure legends indicate which statistical tests were used.

RESULTS

Whole-blood glucose, pH, and blood gases. Heparinized hu-
man whole blood collected from healthy volunteers was ana-
lyzed for glucose and blood gas levels 0, 6, and 24 h after
collection (Fig. 1). Glucose decreased by 75% (99 to 25 mg/dl)
by 6 h and by 95% (0.5 mg/dl) after 24 h (Fig. 1A). The pH
decreased from 7.30 = 0.02 to 7.20 = 0.03 by 6 h and to 7.00 =
0.02 by 24 h (Fig. 1B). While the pO, remained unaltered (Fig.
1C), the pCO, significantly increased from 50 = 3 to 74 + 4
mm Hg after 24 h (Fig. 1D). Given the changes in glucose and
blood gas parameters, cell viability was examined. Despite the
decreases in glucose and pH, there was no reduction in cell
viability (data not shown).

LPS-induced cytokine and chemokine kinetics. Our first
studies closely examined LPS stimulation, since this has been
frequently used in previous investigations using whole blood
(8,9, 37). A dose of 50 ng/ml LPS was used based on previous
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FIG. 2. LPS-induced cytokine kinetics. Heparin-anticoagulated human whole blood was stimulated with 50 ng/ml LPS or the vehicle alone.
TNF, IL-1B, and IL-6 plateaued within 6 h, while IL-8 levels continuously increased over 24 h. Plasma was collected from LPS-stimulated whole
blood, and cytokine levels were determined by ELISA at the indicated time points. Results are expressed as mean = SEM (n = 4 to 9 donors).

studies (35). To illustrate the kinetics of traditional proinflam-
matory cytokines/chemokines in this model, whole blood was
stimulated with the classic Toll-like receptor 4 (TLR4) agonist
LPS and protein levels were measured in plasma. Fig. 2A
indicates that TNF climaxed early, reaching maximal levels by
3 h and remaining essentially unchanged for 24 h. IL-1B and
IL-6 displayed nearly identical protein kinetics over 24 h, both
reaching maximum levels within 6 h of stimulation (Fig. 2B and
C). LPS-induced IL-8 production, in contrast, yielded a kinetic
profile different from that obtained with the cytokines. LPS
stimulation resulted in a continuous increase in IL-8 protein
levels over 24 h (Fig. 2D). IL-8 continued to increase over the
entire 24 h of the study. These kinetics of cytokine production
are similar to those described in multiple previous reports (7,
9, 10). Additionally, the continuing production of IL-§8 indi-
cates that cell viability was maintained over the 24 h of the
study.

Since inflammation is such a well-orchestrated and tightly
regulated process, it was important to evaluate a broad range
of mediators and then carefully narrow the focus to those
which were specifically affected. Thus, LPS-induced anti-in-
flammatory mediators were also measured. We examined the
production of IL-1 receptor antagonist, IL-1 SRII, and TNF
SRII. As depicted in Table 1, these anti-inflammatory cyto-
kines were not significantly induced following LPS stimulation
and were excluded from subsequent experiments.

PAM-induced cytokine and chemokine kinetics. To deter-
mine the effects of the TLR2 agonist PAM on cytokine and
chemokine kinetics in whole blood, a dose-response study with
PAM was performed. PAM was added directly to whole blood,
and cytokine levels were assayed at 6 and 24 h. PAM-induced
TNF levels were barely above the vehicle control levels (data

not shown); thus, PAM-induced TNF was not studied further.
IL-1B (Fig. 3A) and IL-6 (Fig. 3B) were both induced in a
dose-responsive manner by PAM at 6 and 24 h; however, the
levels were less than those induced by LPS. In contrast, IL-8
was strongly upregulated by PAM and the 1,000-ng/ml dose
induced concentrations nearly identical to those induced by
LPS (Fig. 3C). PAM did not induce the production of any of
the cytokine inhibitors, again similar to LPS (Table 1).
Delayed DEX selectively suppresses LPS-induced cytokines.
To determine if delaying the addition of anti-inflammatory
therapy diminishes its capacity to regulate cytokines and che-
mokines, experiments compared the ability of 10~° M DEX to
suppress cytokine/chemokine levels when added to whole
blood simultaneously with or after 6 h of stimulation. The data
in Fig. 4 show that concomitant DEX treatment with LPS
stimulation significantly suppressed TNF, IL-13, and IL-6 pro-
tein levels measured at 24 h compared with LPS stimulation
alone (Fig. 4A, B, and C, respectively). However, when DEX

TABLE 1. LPS and PAM do not induce cytokine inhibitors”

Cytokine concn (ng/ml)

Cytokine
Vehicle LPS PAM
IL-1 SRII 9.0+ 1.6 7.0+ 05 42+05
IL-1 receptor antagonist 41+1.7 30x1.2 47+09
TNF SRII 20=*04 1.3 +0.1 32+09

¢ Plasma was collected from human whole blood stimulated with LPS (50
ng/ml), PAM (1000 ng/ml), or vehicle for 24 h. In contrast to the proinflamma-
tory mediators, there was no significant increase in any of the cytokine inhibitors.
Values represent the mean = SEM (n = 5 to 9).
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FIG. 3. PAM dose response and kinetics. Human whole blood was stimulated with the indicated concentrations of PAM, while a separate
aliquot was stimulated with 50 ng/ml LPS. Plasma was collected from separate tubes at either 6 h (filled bars) or 24 h (open bars). PAM induced
lower levels of IL-1f and IL-6 than did LPS. Note the break in the y axis. In contrast, 1,000 ng/ml PAM induced levels of IL-8 nearly identical to
those induced by LPS. Cytokine levels were determined by ELISA. Results are expressed as mean = SEM (z = 10 donors).

treatment was delayed by 6 h, there was a significant reduction
in IL-1pB.

The plasma levels of IL-8 continued to increase between 6
and 24 h (Fig. 3D); therefore, we determined the ability of
DEX to suppress IL-8 levels when added 6 h after stimulation.
Whole blood was collected and stimulated as previously de-
scribed. Figure 4D shows that concomitant addition of LPS
and DEX to whole blood significantly suppressed IL-8 protein
compared with stimulant alone, similar to the results obtained
with TNF, IL-1B, and IL-6. When administered 6 h after LPS
stimulation, DEX retained its ability to significantly suppress
LPS-induced IL-8 levels (Fig. 4D). Delayed DEX suppressed
IL-8 protein by approximately 76%. These data show that
DEX will suppress both IL-18 and IL-8 when added 6 h after
the initial stimulant.

Delayed DEX suppression of PAM-induced cytokines. Since
PAM induced an increase in the cytokines IL-1B, IL-6, and
IL-8 between 6 and 24 h (Fig. 3), it was possible that DEX
would be able to exert a suppressive effect even when added
after the initial stimulus. TNF showed little induction following
PAM stimulation, so the effect of DEX treatment on TNF was
not tested. As shown in Fig. 5A, delaying the addition of DEX
for 6 h after stimulation still significantly suppressed PAM-
induced IL-1B compared with PAM stimulation alone. De-
layed addition of DEX suppressed IL-1B by approximately
60%. IL-6 was also susceptible to DEX suppression when it
was administered 6 h after PAM (Fig. 5B). Similar to LPS,
even when the addition of DEX was postponed until 6 h after
PAM-induced inflammation, IL-8 was significantly suppressed
by approximately 70%. Taken together, these data demon-
strate that anti-inflammatory GC selectively modulate inflam-
mation even after the onset of inflammation.

DISCUSSION

Numerous clinical studies have demonstrated that treating
patients with GC will actively suppress inflammation (2). While
GC are effective, they are certainly not a panacea for the
treatment of inflammatory disorders. Recent practice guide-
lines for the treatment of rheumatoid arthritis state that GC
should be started within 3 months of the onset of symptoms
(13). Inhaled GC are widely used by physicians for the treat-
ment of asthma, including “rescue therapy” where treatment is
started after the onset of symptoms (31). In certain settings,
GC will effectively treat the inflammation of infectious dis-
eases, such as improving outcomes for meningitis patients with
culture-proven bacterial disease (25). Important unifying con-
cepts in these diseases are the institution of therapy after the
onset of symptoms and participation of cytokines in the patho-
genesis of the disease. In a recent study using endotoxin infu-
sion into normal human volunteers, long-term pretreatment
with low-dose GC actually augmented plasma levels of IL-6
(39), although acute GC treatment reduced all cytokine levels
in primates (40).

Inflammation is a rapid, efficient, and coordinated response
to traumatic or infectious injury that is perpetuated in part by
the secretion of cytokines such as TNF, IL-1B, IL-6, and IL-8.
Previous studies have demonstrated that pretreatment or si-
multaneous treatment with anti-inflammatory reagents such as
DEX, together with a stimulus such as LPS, suppresses the
production of proinflammatory mediators in vitro (19, 22).
Animal work has also shown that pretreatment with DEX will
suppress the production of TNF, but waiting even 20 min
markedly reduces the ability of DEX to stop production (27).
In most clinical scenarios, patients present for medical care
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FIG. 4. Differential DEX regulation of LPS-induced cytokines. Cytokines were measured following the treatment of whole blood with LPS
alone, simultaneous LPS plus DEX, or LPS plus 6-h-delayed DEX. Simultaneous addition of DEX inhibited all of the cytokines, while delayed
DEX only decreased IL-18 and IL-8. Results are expressed as mean = SEM (n = 13 to 22 donors). *, P < 0.05 versus LPS alone compared by

ANOVA and Newman-Keuls post test.

after the onset of inflammation, at a time when cytokines
should have already been induced. The clinical question is
whether treating a patient with a potent anti-inflammatory
agent such as DEX will still be effective. In a study of patients
with meningitis, adding DEX to the treatment regimen of
antibiotics significantly improved the outcome for those pa-
tients with proven bacterial meningitis (25). This therapy was
specifically initiated after the onset of symptoms, demonstrat-
ing that delayed GC therapy may still be clinically effective.

Our studies examined the mechanism of cytokine regulation
using stimulated human whole blood. Cytokine regulation in
whole blood has been used by a number of investigators as a
bridge between in vivo and in vitro experiments. The value of
the stimulated whole-blood model has been clearly demon-
strated since it is the basis for an FDA-approved test for
tuberculosis (1). Our studies show cytokine kinetics similar to
those reported by other investigators (24, 34) and a similar
profile of induced proinflammatory mediators (3). The whole-
blood model has faster kinetics of cytokine production com-
pared to isolated blood cells and higher concentrations (12).
Furthermore, Damsgaard recently argued that whole blood is
a “valid, low-cost method to measure cytokines” (6). We have
also demonstrated that monocytes are primarily responsible
for the synthesis of proinflammatory cytokines in the whole-
blood model (36, 38).

The whole-blood model demonstrates remarkable stability
of oxygenation over 24 h (Fig. 1). Since this is venous blood,
the pO, remained essentially unchanged, indicating that in the

closed tubes oxygen is able to diffuse through the wall. There is
also clear evidence of ongoing metabolism in this closed system
since the glucose fell dramatically, as did the pH. These
changes would be anticipated, as the white blood cells maintain
their viability and undergo oxidative respiration.

We used the whole-blood model to address the mechanisms
of how GC are still able to suppress inflammation after the
initial stimulus, since most patients begin therapy after the
onset of inflammation. Relatively few studies have examined
delayed anti-inflammatory treatment. One such study under-
taken by Mogensen et al. aimed to understand the mechanisms
of action of GC by examining the effect of DEX prior to,
concomitant with, or following Neisseria meningitidis or Strep-
tococcus pneumoniae stimulation of peripheral blood mononu-
clear cells or THP-1 cells. They reported that, similar to our
findings, postponing DEX partially suppressed IL-8 induction
even when it was added at 7 h following infection (21).

GC, including DEX, act by altering signal transduction path-
ways within the cell (5). Under normal circumstances, ligand
binding to TLRs on the cell surface initiates a cascade of
intracellular signaling events. Nuclear factors (NF) exist in the
cytoplasm in inactive forms due to their association with an
inhibitory subunit, IkB, which must dissociate before translo-
cating into the nucleus. These NF, including NF-«B and AP-1,
bind to promoter elements to initiate the transcription of sev-
eral proinflammatory cytokines, including those investigated in
the current study. We have also reported that LPS rapidly
induces NF-kB translocation and subsequent cytokine produc-
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FIG. 5. Effect of DEX on PAM-induced cytokines. Cytokines were measured following the treatment of whole blood with PAM alone,
simultaneous PAM plus DEX, or PAM plus 6-h-delayed DEX. Either simultaneous or delayed addition of DEX suppressed both cytokines. Results
are expressed as mean = SEM (n = 9 donors). *, P < 0.05 versus PAM alone compared by Kruskal-Wallis and Wilcoxon signed-rank tests.

tion (35). GC prevent gene transcription by blocking the dis-
sociation of IkB from the NF complex, so that the NF cannot
move to the nucleus. GC also induce a small protein, GC-
inducible leucine zipper, which has broad anti-inflammatory
properties, including regulation of chemokines (14).

A brief examination of the basic science literature would
predict that GC would only reduce cytokine production if they
were given before or concomitant with stimulation. The pro-
duction of proinflammatory cytokines in vivo following endo-
toxin exposure is very rapid (32), and a delay of less than 1 h
markedly reduces the ability of DEX to inhibit the production
of TNF. Since TNF is a critical mediator of inflammatory
conditions and GC are effective therapies, there is an apparent
conflict between the basic science studies and the clinical re-
ality. Our studies show that GC retain the capacity to selec-
tively suppress cytokine production even when given after the
inflammatory response has been initiated.
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