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To determine the effects of glucocorticoids on the
clearance of apoptotic and necrotic cells, the influ-
ence of dexamethasone on plasma levels of DNA was
assessed in BALB/c mice receiving Jurkat cells treated
with etoposide or ethanol. In untreated mice, admin-
istration of 10® apoptotic or necrotic Jurkat cells led
to the appearance of DNA in the plasma. In mice
treated 24 hours previously with dexamethasone, lev-
els of DNA were reduced in a dose-dependent man-
ner, with mice receiving 1 and 2.5 mg showing no
appreciable plasma DNA levels. Similar results were
obtained with assay of lactate dehydrogenase in mice
receiving apoptotic cells. The effects of dexametha-
sone on anti-Fas treatment were also characterized.
While treatment with a monoclonal anti-Fas reagent
caused a significant plasma DNA response in un-
treated mice, mice pretreated with dexamethasone
showed much lower levels. Blood levels of caspase 3
and TUNEL staining of liver were also reduced in
dexamethasone-treated mice compared to controls
receiving anti-Fas antibody. These results indicate
that glucocorticoids can affect the clearance of apo-
ptotic and necrotic cells as well as the induction of
apoptosis in at least some tissues. These activities may
be relevant to the efficacy of glucocorticoids in the
treatment of inflammatory disease. (Am J Pathol
2004, 164:1751-1759)

Cell death is an essential cellular process that occurs in
both physiological and pathological settings. As defined
by biochemical and morphological features, cells can die
by two major pathways categorized as apoptosis and
necrosis. Apoptosis or programmed cell death is a reg-
ulated process that is mediated by enzyme cascades
that degrade key intracellular molecules. In contrast, ne-
crosis or accidental cell death is a random process that
results from physical or chemical events that cause irrep-
arable cellular damage.”™® While this dichotomy is an
oversimplification, it provides a useful paradigm to inves-
tigate cell death.

The consequences of cell death extend beyond the
loss of tissue. As shown in both in vivo and in vitro studies,

dead cells can induce important immunological changes,
with apoptotic cells showing anti-inflammatory activities
and necrotic cells showing pro-inflammatory activi-
ties.*~® These activities result at least in part from cellular
macromolecules that can become either rearranged or
released during the death process. Among these
changes, the exposure of phosphatidylserine on the cell
membrane during apoptosis can signal an anti-inflamma-
tory state while release of the high mobility group-1 pro-
tein can cause a proinflammatory state.”~'® Other cellular
molecules implicated in these activities include DNA,
whose immunological activity may vary depending on
concentration and protein binding.'” '8

The extent to which dead cells expose or release in-
ternal molecules in an immunologically active form is
determined by their uptake and clearance. These pro-
cesses are highly efficient and result primarily by macro-
phages which bind dead and dying cells via cell surface
molecules to promote phagocytosis.'®2* While the or-
ganism has a high capacity for clearance, the residue of
dead and dying cells can nevertheless appear in the
external milieu in certain circumstances as manifest, for
example, by increased levels of circulating DNA in blood.
High levels of DNA appear in diverse conditions such as
systemic lupus erythematosus (SLE), cancer, and trauma
and result from either an excessive burden of dead cells
or impaired clearance.?>~3°

In recent studies, our laboratory has been investigating
the clearance of dead and dying cells in the murine
system to determine the circumstances in which DNA
appears in the blood. As a model, we have assessed
circulating levels of plasma DNA in mice that have re-
ceived agents to induce in vivo apoptosis or have been
infused with human Jurkat cells made apoptotic or ne-
crotic in vitro.3'32 As shown previously, induction of in
vivo apoptosis by LPS or anti-Fas antibody treatment,
similar to administration of apoptotic and necrotic Jurkat
cells, causes a prompt blood DNA response. In contrast,
treatment with dexamethasone fails to induce elevation of
blood DNA. These results are surprising, since dexa-
methasone causes significant thymocyte loss, raising the
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possibility that dexamethasone may affect events after
the induction of cell death, including clearance.®'32

In the current experiments, we have addressed
whether dexamethasone may modify the in vivo clear-
ance of dead and dying cells in a way that affects DNA
release into the external milieu. We have therefore mea-
sured levels of DNA in the blood in mice treated with
dexamethasone and then infused with dead and dying
cells or given anti-Fas to induce in vivo apoptosis.®*** In
results presented herein, we show that dexamethasone in
a dose-dependent manner can prevent DNA release re-
sulting from the administration of dead and dying cells as
well as modify the consequences of anti-Fas treatment.
Together, these findings indicate that glucocorticoids
may modify events in the cell death process and provide
evidence for a novel action of glucocorticoids that may
be relevant to their use as anti-inflammatory agents to
treat diseases such as SLE.

Materials and Methods

Administration of Cell Preparations

Female BALB/c mice were purchased from the Jackson
Laboratories (Bar Harbor, ME) and were used for exper-
iments at ages 6 to 12 weeks. To assess the effects of
glucocorticoids on DNA release, mice were pretreated
with various doses of dexamethasone (Sigma Chemical
Co, St. Louis, MO) 24 hours before the administration of
apoptotic or necrotic cells or treatment with anti-Fas an-
tibody. Both dexamethasone and anti-Fas were adminis-
tered by the intraperitoneal (i.p.) route.

For the induction of apoptosis, Jurkat cells growing in
RPMI 1640 with 10% fetal bovine serum (FBS) were
treated with etoposide (Sigma Chemical Co.) at 30 ng/ml
for 24 hours. For the induction of necrosis, cells were
treated with 70% ethanol for 10 minutes. After treatment,
cells were washed twice with phosphate-buffered saline
(PBS) and suspended in PBS. The cells were adminis-
tered i.p. at 10%cells/mouse. Mice treated with anti-Fas
antibody (product of BD PharMingen, San Diego, CA)
received 10 ng/mouse. Following these treatments, mice
were bled at regular times thereafter as indicated in the
figures. The blood samples were collected into tubes with
3 to 5 pl of 0.5 mol/L EDTA, followed immediately by
centrifugation. The plasma was removed and stored in
—20°C until use.

Quantitation of Plasma DNA

Plasma DNA was assessed by a fluorimetric assay as
previously described.3® Briefly, plasmas in various dilu-
tions were mixed at a 1:1 ratio with the dye PicoGreen
(Molecular Probes, Eugene, OR) diluted 1:200 in TE
buffer (10 mmol/L Tris, 1 mmol/L EDTA, pH 8) in a black
96-well microtiter plate (Costar, Corning Incorporated,
Corning, NY). The DNA concentration was determined
from fluorescence measurements using a TECAN GE-
Nios microplate fluorescence reader (Salzburg, Austria),
with an excitation wavelength at 485 nm and an emission

wavelength at 535 nm. Data were collected as relative
fluorescence units (RFU), with DNA concentrations in
plasma were calculated according to a standard curve
using double stranded calf thymus DNA (Sigma Chemi-
cal Co.)

Enzyme Assays

Lactate dehydrogenase (LDH) in plasma was measured
with a cytotoxicity assay kit (Promega, Madison, WI).
Briefly, plasma samples were diluted 1:500 in PBS/0.5%
BSA and added to the substrate mix. After 30 minutes
incubation at room temperature, the reaction was
stopped and the concentration of LDH was determined
by measuring the OD,o, value. Data are reported as
OD,oo values. Caspase 3 was assayed using a caspase
3 kit (Molecular Probes). Briefly, plasma samples were
diluted 1:100 in PBS and incubated with caspase 3 sub-
strate at room temperature for 30 minutes. Fluorescence
units were determined using a TECAN GENios microplate
fluorescence reader as described above.

Flow Cytometry Analysis

To assess the effects of dexamethasone on immune cell
populations, flow cytometry was performed on prepara-
tions of peritoneal washout cells and splenocytes. Briefly,
mice were administered either 2.5 mg of dexamethasone/
mouse in 100 wl of PBS or 100 ul of PBS alone as control.
At 24 hours, mice were sacrificed by cervical dislocation,
and peritoneal cells were harvested by lavage with 5 ml
of cold RPMI 1640 medium (Gibco BRL, Grand lIsland,
NY). Splenocytes were obtained by gently expressing the
cells into a Petri dish containing cold RPMI 1640 medium
using two microscope slides. The cells were pelleted at
300 X g for 5 minutes and resuspended in hypotonic lysis
buffer to remove red blood cells, followed by centrifuga-
tion and two washes with PBS/0.5% BSA. The cell con-
centrations were adjusted to 1 X 107/ml in PBS. 100 ul
(1 X 10° cells) were used for staining. Cells were treated
with anti-mouse CD16/CD32 antibody (BD PharMingen),
and then stained with either PE-anti-mouse F4/80 (Sero-
tec, Raleigh, NC) or PE-anti-mouse Ly-6G, Ly-6C (BD
PharMingen), double stained with annexin V-FITC (BD
PharMingen). Cells were analyzed by FACScan flow cy-
tometer (Becton Dickinson, Mansfield, MA). Data analysis
was done using CellQuest software (Becton Dickinson
Immunocytometry System, San Jose, CA).

Wright Staining

Peritoneal cells were harvested as described. Cytospin
slides were stained with a Diff-Quik stain set (Dade Be-
hring, Newark, DE).

TUNEL Staining

Livers were snap-frozen in Tissue Tek (Sakura Finetek,
USA Inc. Torrance, CA) and 6-um-thick sections were



stained using a TdT FragEL kit (Oncogene Research Prod-
ucts, Boston, MA) for apoptotic cells. Cryosections were
fixed in 4% formaldehyde and apoptotic nuclei were recog-
nized by DNA fragment end-labeling, followed by strepta-
vidin-peroxidase conjugate. DAB was used to detect the
apoptotic cells and methyl green as counterstaining.

Statistical Analysis

Statistical analysis of the data were performed using
Student’s two-tailed t-test. In figures and the table, values
showing a statistically significant difference from controls
at P < 0.05 are indicated by an asterisk.

Results

The initial experiments on the effects of dexamethasone
used a model in which apoptotic or necrotic cells are
administered to mice by the intraperitoneal route and
plasma sampled thereafter for assessment of DNA by
binding to PicoGreen. As shown previously, doses of 10%
cells lead to a significant DNA response over the ensuing
24 hours, with apoptotic and necrotic cells producing
similar findings.® For the first experiments, mice were
pretreated with 2.5 mg of dexamethasone 24 hours be-
fore administration of dead and dying cells. Pretreatment
was performed after preliminary experiments showed
greater consistency in the results than concomitant ad-
ministration with dead cells. In addition, pretreatment
may avoid potential confounding effects of simultaneous
induction of apoptosis in thymocytes and other lymphoid
populations.

Figure 1A shows time course experiments of plasma
DNA levels in control mice and mice treated with dexa-
methasone at 2.5 mg and then administered 108 Jurkat
cells treated with etoposide to induce apoptosis. As
these results indicate, while normal mice receiving the
apoptotic cells showed a rise in DNA levels over a 24-
hour period, the mice receiving dexamethasone showed
no increase in DNA levels over the same time period.
Assays with LDH (Figure 1B) showed similar results.

A dose-response experiment was next performed,
testing doses of dexamethasone from 0.1 to 2.5 mg.
Figure 2A shows that dexamethasone at doses of 1.0 and
2.5 mg markedly reduced the DNA response, while dexa-
methasone at 0.5 mg led to a delay in the peak response.
As another measure of cellular death, LDH levels were
measured. As shown in Figure 2B, while dexamethasone
attenuated the LDH response at 2.5 mg, mice pretreated
with dexamethasone at 1 mg still showed an increase.

The effects of administration of necrotic cells were
tested next. Previous studies have indicated that admin-
istration of apoptotic and necrotic cells both lead to a rise
in blood DNA, with similar time course and dose re-
sponse.®? As shown in Figure 3, ethanol-treated Jurkat
cells, like apoptotic Jurkat cells, led to a significant DNA
response. As in the case of apoptotic cells, dexametha-
sone pretreatment prevented a rise in blood DNA, sug-
gesting a more general effect on the handling of dead
cells. With necrotic cells, however, there was no rise in
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Figure 1. Effect of dexamethasone on plasma DNA levels from apoptotic
cells. 10® Jurkat (JKT) cells, treated with etoposide to induce apoptosis, were
injected i.p. into BALB/c mice (control or pretreated with 2.5 mg of dexa-
methasone 24 hours before). Levels of DNA (A) and LDH (B) were deter-
mined as described in Materials and Methods. Results are presented as means
(xSD) for seven mice in each group. Values differing from control by P <
0.05 are indicated by an asterisk.

LDH levels, likely reflecting the denaturation of the en-
zyme by ethanol treatment.

To investigate possible mechanisms for the effects of
dexamethasone, cell populations in the peritoneum and
spleen were analyzed by flow cytometry. As shown in
Table 1, treatment with dexamethasone led to a signifi-
cant increase at 24 hours in the number of neutrophils
among peritoneal washout cells as well as spleen cells as
measured by Gr-1 staining by flow cytometry. This finding
was corroborated by Wright staining of peritoneal wash-
outs showing an increase in the number of neutrophils
(Figure 4). Although the number of annexin-positive neu-
trophils was not increased among peritoneal washout
cells, the spleen showed an increase in the number of
both annexin-positive, Gr-1-positive and annexin-posi-
tive, F4/80-positive cells. These results indicate that, at
the time dead and dying cells were administered to mice
in these experiments, dexamethasone had caused a sig-
nificant alteration in the cellular composition of various
lymphoid compartments, including a major increase in
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Figure 2. Dose response of the effects of dexamethasone. Dexamethasone at
doses indicated was administered to BALB/c mice 24 hours before receiving
10° Jurkat cells treated with etoposide to induce apoptosis. DNA (A) and
LDH (B) were measured as described. Results are reported as means (£SD)
for four mice for controls and dexamethasone at 1 mg and 2.5 mg, and two
mice for dexamethasone at 0.1 mg and 0.5 mg. Values differing from control
by P < 0.05 are indicated by an asterisk.

the number of neutrophils as well as an increased fre-
quency of apoptotic neutrophils and macrophages in the
spleen.

In these experiments, the source of the dead and
dying cells was exogenous. To determine whether dexa-
methasone would also affect an endogenous source of
dead cells, the effects of dexamethasone on anti-Fas was
next assessed. Treatment with a monoclonal anti-Fas
antibody Jo2 causes massive hepatic cells death as well
as death of lymphoid cell populations which, as shown in
previous experiments, lead to high blood DNA levels
before animal death.334

Figure 5 shows results of DNA measurements of
plasma of control and dexamethasone treated mice re-
ceiving 10 pg of anti-Fas. As these data indicate, treat-
ment of mice with dexamethasone prevents the DNA
increase resulting from anti-Fas treatment. Similar results
were obtained with the LDH assay. Since control mice
treated with Jo2 died with this treatment, only the results
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Figure 3. Effect of dexamethasone on plasma DNA levels from necrotic cells.
10% Jurkat cells treated with ethanol (Etoh) to induce necrosis were admin-
istered to BALB/c mice and plasma levels of DNA and LDH determined.
Results are reported as means (£SD) for six or seven mice. Values differing
from control by P < 0.05 are indicated by an asterisk.

of the 8-hour time point are shown. As these data indi-
cate, dexamethasone prevents the rise in both DNA and
LDH levels following anti-Fas treatment and, in addition,
increases animal survival, with all six mice surviving be-
yond 48 hours, the point of the termination of the exper-
iment.

Since dexamethasone prevents release of DNA as well
as LDH, these findings suggest that this treatment could
affect the occurrence of apoptosis as well as the clear-
ance of dead cells. As an approach to this issue, levels of
caspase 3 in the blood were assessed. As demonstrated
by Hentze et al,®® levels of this enzyme, which is released
by apoptotic cells, correlates with apoptosis both in vitro
and in vivo. As shown in Figure 5, caspase 3 levels
increased dramatically after anti-Fas treatment whereas,



Table 1. Flow Cytometry Analysis of Cell Populations
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Peritoneum (%)

Spleen (%)

PBS Dexamethasone PBS Dexamethasone
Gr-1 (+) 10.70 (+1.88) (x5.15)* 5.31 (+2.25) 22.23 (+7.90)*
Gr-1(+) annexin V(+) 18.49 (+1.62) (+2.25) 1.06 (=0.21) 2.97 (+0.59)*
F4/80(+) 35.86 (+2.65) (x3.17) 3.20 (+0.23) 3.28 (+0.19)
F4/80(+) annexin V(+) 2.49 (£0.51) (+0.46) 1.68 (=0.38) 4.40 (=0.41)*

Cells were analyzed by flow cytometry with staining by Gr-1 and annexin V or F4/80 and annexin V to assess cell populations arising 24 hours after
treatment with either PBS or dexamethasone. Results represent mean + SEM of % cells, with N = 9-14.

* Student’s t-test, P < 0.05.

after treatment with dexamethasone, levels of this en-
zyme did not rise after anti-Fas treatment. These results
suggest that hepatocyte apoptosis was prevented. This
possibility is supported by TUNEL analysis of liver sec-
tions (Figure 6), showing reduced TUNEL staining in
livers of mice treated with dexamethasone before receiv-
ing anti-Fas antibody. Taken together with results on DNA
and LDH after anti-Fas treatment, these suggest that
dexamethasone may affect the occurrence of apoptosis
in certain sites as well as the clearance of apoptotic cells.

Discussion

Results present herein provide new insights into the path-
ways for the clearance of apoptotic and necrotic cells
and the manner in which DNA resulting from cell death
enters the circulation. Thus, our data indicate that dexa-
methasone can inhibit in a dose-dependent fashion the
plasma DNA response following either administration of
dead or dying cells or the in vivo induction of apoptosis by
anti-Fas. Since this treatment reduces the release of LDH
as well as DNA, the effect of dexamethasone appears to
involve more than one macromolecule, suggesting an
effect on the clearance of the cells themselves as op-
posed to the metabolism of only DNA. Taken together
with prior studies on the effects of glucocorticoids on the
uptake of apoptotic cells,®”3° these findings suggest
that glucocorticoids may play an important role in modi-
fying not only the process of apoptosis but the conse-
quences of exposure to cellular contents.

In these studies, we have used the administration of
apoptotic and necrotic Jurkat cells as a model to inves-
tigate the clearance process. As shown previously, intra-
peritoneal administration of apoptotic and necrotic cells
leads in a dose-dependent way to the appearance of
DNA as well as nucleosomes in the blood.®? The source
of this DNA can be readily determined since Jurkat cells
are from a human male, allowing the use of a Y chromo-
somal sequence as a marker. As shown by PCR analysis,
the DNA in the blood after administration of Jurkat cells
arises primarily from the human cell line although DNA
from the murine host, as measured using a GAPDH se-
quence, also contributes. Furthermore, plasma DNA that
appears after administration of apoptotic and necrotic
cells shows laddering by gel electrophoresis, implying
nuclease digestion consistent with apoptosis.®?

In previous experiments on the origin of circulating
DNA, we assessed the responses of mice in which mac-

rophages were eliminated by treatment with clodronate
liposomes. This treatment, which causes macrophage
death by apoptosis,*°~*? leads to an initial rise in blood
DNA, likely reflecting the generation of apoptotic cells
and the absence of a clearance system. Subsequent
administration of apoptotic or necrotic cells, however,
fails to produce a blood DNA response. Silica treatment,
which can functionally inactivate macrophages,**** also
prevents the blood DNA response that occurs after ad-
ministration of dead and dying cells; in our studies, how-
ever, silica did not cause an initial DNA elevation. These
observations suggest that a blood DNA response in-
volves a role of macrophages and does not simply reflect
the disintegration of apoptotic or necrotic cells.

Similar to the administration of apoptotic and necrotic
cells, in vivo induction of apoptosis can lead to a blood
DNA response depending on the inducing agent,. Thus,
treatment of normal mice with LPS and anti-Fas, but not
dexamethasone, can cause significant blood DNA respons-
es.®" Since these agents all induce in vivo apoptosis, these
findings suggest that the appearance of DNA after in vivo
cell death may depend on the site of cell death (eg, liver or
thymus), the cell type killed (eg, hepatocyte or lymphocyte)
as well as effects of the inducing agent on the clearance
process. For example, LPS can induce cytokines that mod-
ulate macrophage function while anti-Fas may affect the
viability or function of macrophages expressing Fas.*® The
difference in the levels of DNA following in vivo apoptosis
may also depend on the number of cells undergoing apo-
ptosis, although assessing the total cells killed is difficult
because of uncertainty in their locale and their transience
following apoptosis.

The lack of a blood DNA response following adminis-
tration of dexamethasone is striking in view of the large
number of thymocytes killed.®' While there are many
explanations for this finding, we were interested in the
possibility that glucocorticoids can modulate either the
clearance of apoptotic cells or their subsequent metab-
olism to generate circulating DNA. As shown by other
investigators, glucocorticoids can affect the uptake of
apoptotic cells by macrophages in vitro although these
prior experiments did not measure the release of DNA
from cells.®" 729 Our data extend these findings and dem-
onstrate clearly that glucocorticoids have an important
influence on the generation of DNA into the blood. The
effect was manifest with both apoptotic and necrotic cell
administration as well as treatment of mice with an anti-
Fas antibody.
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Figure 4. Effect of dexamethasone on peritoneal cell population. Wright
staining was performed on Cytospin slides of peritoneal washout cells from
normal BALB/c mice (A) and mice receiving 100 ul of PBS (B) or 2.5 mg of
dexamethasone in 100 ul of PBS (C). Images were taken at X600 magnifi-
cation.

The effects of dexamethasone resemble those in-
duced by both clodronate and silica, agents which either
eliminate or inactivate macrophage. In mice treated with
these agents, administration of apoptotic or necrotic cells
fails to produce a blood DNA response under conditions
in which normal mice show high levels of DNA for as long
as 24 hours.*? As discussed previously, this effect could

A
100
—e—J02
T—E‘ 75 | —m— DEX+Jo2
=)
2 50 -
Z
O 25 -
0 7_. T il
0 4 8 24 48
Hours
B
3
25 | —e—Jo2
8 2 | —a—DEX+Jo2
S
g 1.5
I )
= 1
= 05 |
0 ‘_. T X T
0 4 8 24 48
Hours
C
25000
S 20000 | Y02
. —s— DEX+Jo2
@ 15000
(0]
® 10000
g )
@
O 5000 -
0 ————=
0 4 8 24
Hours

Figure 5. Effect of dexamethasone on plasma DNA levels from anti-Fas
treatment. BALB/c mice (control or pretreated with 2.5 mg of dexametha-
sone) were given 10 ug of a monoclonal anti-Fas antibody (Jo2) and plasma
obtained for determination of DNA (A), LDH (B), or caspase 3 (C). Results
are reported as means (=SD) of six mice. Values differing from control by
P < 0.05 are indicated by an asterisk.

result from a failure of macrophages to take up the dead
cell which gradually disintegrate or break apart in a man-
ner that does raise blood DNA levels. While glucocorti-
coids do not cause generalized macrophage apoptosis,
they may cause selective loss of macrophage popula-
tions.3946-48 |t is possible, therefore, that the in vivo ad-
ministration of dexamethasone reduces a cell population
critical to the clearance of dead and dying cells. In the
absence of this cell population, the uptake process may
be prevented, limiting DNA release.



Figure 6. Effect of dexamethasone on hepatocytes from anti-Fas treatment.
TUNEL staining was performed on cryosections of livers from normal BALB/c
mice (A) and mice receiving 10 pg of anti-Fas antibody without (B) or with
(C) dexamethasone pretreatment. Apoptotic cells are stained brown and
normal cells are shown by methyl green counterstaining. Images were taken
at X400 magnification.

In our experiments, mice treated with dexamethasone
showed a significant alteration in the cell composition of
peritoneum and spleen, with both compartments showing
a dramatic increase in neutrophil numbers. This effect
can be attributed to the anti-apoptotic activity of glu-
cocorticoids on neutrophils which are short-lived cell pro-
grammed to die. The prolongation of neutrophil lifespan,
which can be augmented by various mediators and cy-
tokines, may be important in host defense by increasing
the number of phagocytic cells as well as during the
resolution of inflammation by preventing the breakdown
of neutrophils with the resultant spillage of their toxic
contents.3949751 As suggested by our findings as well as
others, glucocorticoids produce a situation in which large
numbers of neutrophils, the usual feature of exudates,
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exist in a microenvironment in which other aspects of the
inflammatory process may be blunted or blocked.

While glucocorticoids can increase the life span of
neutrophils, these cells must eventually die at which time
they may induce other changes encountered in inflam-
matory reactions. These events may include macrophage
apoptosis. Indeed, in our experiments, the spleen
showed an increase in the frequency of annexin-positive,
F4/80-positive cells, suggesting that, in our model, mac-
rophages may be undergoing apoptosis. In this regard,
studies on the carageenan-induced pleurisy model indi-
cate that macrophage apoptosis occurs during resolution
of inflammation and follows neutrophil apoptosis.®?

Together, these findings thus raise the possibility that
macrophage dysfunction or loss may occur during the
clearance of large numbers of neutrophils, whether aris-
ing during inflammation or secondary to glucocorticoid
action. Furthermore, since glucocorticoids directly in-
duce apoptosis in eosinophils, the effects of dead and
dying cells on macrophages could be amplified and
prolonged in time.®® While these considerations are
speculative, they nevertheless suggest the possibility
that the effects of glucocorticoids on macrophage num-
ber and function may be indirect and result from down-
stream effects in other cell populations.

In our previous studies, we considered the possibility
that blood DNA occurs only when the normal clearance
process is overwhelmed.®? At least two possibilities can
be proposed for the consequence of overwhelming clear-
ance. Thus, when the macrophage has engulfed exces-
sive cells, DNA may be discharged from macrophages in
an incompletely digested form that retains duplex struc-
ture. A second possibility concerns the toxicity of dead
cells for macrophages. According to this scenario, mac-
rophages, during phagocytosis of high numbers of dead
cells, could undergo apoptosis, causing release of its
own DNA and that of the engulfed dead cells. The finding
of both murine and human DNA in the blood after admin-
istration of dead cells to normal mice is consistent with
this possibility.®? Furthermore, as discussed above, the
effects of glucocorticoids on neutrophils and eosinophils
could eventuate in a similar situation.

An alternative possibility to explain the effects of dexa-
methasone on the blood DNA response concerns a glu-
cocorticoid-induced enhancement of the clearance pro-
cess. Among its activities in this system, dexamethasone
may increase the efficiency of macrophage clearance of
dead cells or make them resistant to the apoptosis that
occurs with excessive phagocytosis of dead cells. With
the macrophage bolstered by glucocorticoids, the clear-
ance process would be enhanced, limiting release of
DNA into the external milieu. The effect is both more
simple and direct than that postulated above. In studies
thus far in vivo (N. Jiang and D. Pisetsky, unpublished
observations), however, we have not yet been able to
demonstrate increased uptake or clearance of dead cells
by macrophage. Since the utilization of large numbers of
dead cells in our model limits enumeration of endoge-
nous cell populations, studies are in progress to explore
models where the number of administered dead cells is
lower.



1758 Jiang and Pisetsky
AJP May 2004, Vol. 164, No. 5

While the explanation for the activities of dexametha-
sone on the clearance of exogenous cells awaits further
investigation, it is of interest that dexamethasone affects
DNA release in the anti-Fas system as well as the Jurkat
system despite the important differences in these mod-
els. Anti-Fas agent causes massive liver cell death and
mortality, with apoptosis induced in hepatocytes by di-
rect engagement of Fas.®*** Nevertheless, in our exper-
iments, mice pretreated with dexamethasone showed
minimal release of DNA, LDH and caspase 3 as well as
improved survival. These findings suggest either a direct
protective effect of dexamethasone on the hepatocyte or
an indirect effect by modulating the activity of macro-
phages (or other inflammatory cells) in the liver. The latter
possibility is supported by findings in other systems on
the effect of cytokines (eg, IL-6, TNF) on induction of
apoptosis by anti-Fas as well as hepatic toxins. In these
systems, modulation of cytokine levels, with consequent
effects on anti-apoptotic proteins, modify the occurrence
of cell death.®®%¢ The absence of a rise of caspase 3
after anti-Fas in dexamethasone-treated mice is consis-
tent with prevention of apoptosis.

As these considerations indicate, glucocorticoids may
have diverse effects on both apoptosis itself as well as
subsequent events in the clearance of dead and dying
cells. Since dead and dying cells can have important im-
munological effects, glucocorticoids have the potential to
alter the immune environments in settings (eg, SLE, sepsis,
toxin exposure) characterized by high burdens of apoptotic
cells. In the setting of SLE, the effects of glucocorticoids on
DNA release may be particularly important since DNA in the
circulation can serve as a driving antigen for anti-DNA pro-
duction as well as form immune complexes that can both
stimulate cytokine production and deposit in the tissue.'”'®
Studies are in progress to characterize further the effects of
glucocorticoids on DNA release into the circulation in vari-
ous pathological settings.
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