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Abstract Introduction

Evidence suggesting that prolonged effector cell survival
may contribute to perpetuation of inflammation prompted
us to ask whether monocyte macrophages, the predominate
inflammatory cell in the lesion of chronic atopic dermatitis
(AD), exhibit enhanced survival in AD. Cultures of periph-
eral blood monocytes from patients with chronic AD, psoria-
sis, and from normal (NL) donors were examined for mor-
phologic features and DNAfragmentation characteristic of
cells undergoing the process of apoptosis (programmed cell
death). Cultures of ADmonocytes exhibited a significantly
lower incidence of apoptosis than did cultures of NL mono-
cytes (45 vs 68%, P < 0.01), or psoriatic monocytes (45 vs
80%, P < 0.01). Furthermore, AD monocytes were unre-
sponsive to both IL-1, an inhibitor of apoptosis, and IL-4,
an enhancer of apoptosis, in comparison to cultured NL
monocytes. Of note, GM-CSFin a concentration-dependent
fashion, decreased the incidence of apoptosis in NL mono-
cyte cultures and rendered them unresponsive to these cyto-
kines. These findings suggested that GM-CSFmay enhance
monocyte survival in AD. In support of this hypothesis, AD
monocyte cultures produced fivefold more GM-CSF than
did cultures of NL monocytes or psoriatic monocytes (P
< 0.05). Additionally, there was a significantly greater num-
ber of GM-CSFmRNAexpressing cells detected by in situ
hybridization in biopsies of lesions of chronic AD than in
acute AD or NL skin (P < 0.05). Finally, NL monocytes
incubated with supernatants obtained from monocytes of
ADpatients exhibited significant inhibition of apoptosis, an
effect that could be ablated by a neutralizing antibody to
GM-CSF. Taken together, these data strongly suggest that
increased production of GM-CSFby cells from patients with
AD inhibits monocyte apoptosis and may contribute to the
chronicity of this inflammatory disease. (J. Clin. Invest.
1995. 95:211-218.) Key words: apoptosis - GM-CSF* cyto-
kine * monocyte * atopic dermatitis
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Atopic dermatitis (AD)' is a chronic inflammatory disease of
the skin that frequently occurs in individuals with a personal
or family history of atopy (1). Although AD is extremely com-
mon, affecting 10% of children and nearly 1% of the general
population, the mechanism underlying this potentially debilitat-
ing chronic skin disease is poorly understood. On skin biopsy,
the immunohistopathologic features depend on the stage of the
lesion (2). Early lesions demonstrate marked intercellular
edema (spongiosis) of the epidermis with dermal infiltrates of
activated T lymphocytes that produce IL-4 and IL-5 (3-6).
However, as lesions become more chronic, there is hyperplasia
of the epidermis, with prominent hyperkeratosis and dermal
fibrosis. Inflammatory infiltrates of the dermis in chronic lesions
consist predominantly of monocyte macrophages (3).

Enhanced survival of inflammatory cells in inflamed tissues
may be a factor in the establishment of chronic inflammation,
and conversely, apoptosis or programmed cell death, of effector
cells may contribute to the control or resolution of the inflam-
matory process (7, 8). The ability of phagocytes to engulf
apoptotic cells so that intracellular contents are contained and
not liberated to the extracellular milieu, allows the body to
remove recruited effector cells in a noninflammatory manner
(9). Recent data demonstrate that IL-4 enhances apoptosis of
normal human monocytes following stimulation, and therefore
may play an important role in control or resolution of inflamma-
tion (10).

Since chronic AD is associated with activation of circulating
(11) and infiltrating monocytes (12), but also with increased
production of IL-4 (4, 13) we hypothesized that monocytes
from ADpatients may have a paradoxical response to IL-4 with
regard to survival. Indeed, in this study we found that cultures
of peripheral blood monocytes from AD patients had a lower
incidence of spontaneous apoptosis, and were unresponsive to
IL-4-induced apoptosis after stimulation, in marked contrast to
the responses of NL monocytes. Furthermore, the data demon-
strate that the likely cause of this inhibition of apoptosis and
nonresponsiveness to IL-4 is attributable to production of GM-
CSF by the circulating monocytes of AD patients. Finally, the
demonstration of increased levels of GM-CSFmRNAin the
inflammed tissues of AD suggests a role for this cytokine in
contributing to the chronicity of this skin disease.

Methods

Reagents. The following cytokines were obtained: human rIL-4 from
Dr. Paul Trotta (Schering Research Institute, Bloomfield, NJ); human
rIL-la, a kind gift from Hoffmann-La Roche, (Nutley, NJ), and IFN-
y from Genentech Inc. (South San Francisco, CA). Human rGM-CSF
and monoclonal mouse antibody (IgGj) to rGM-CSF capable of total
neutralization of 50 U of GM-CSF bioactivity/,ug of antibody were
purchased from Genzyme Corp. (Boston, MA). For quantification of
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GM-CSFfrom supernatants of cultured monocytes the Factor test human
GM-CSFELISA test kit (Genzyme Corp.) was used. Reagents em-
ployed were mouse monoclonal antibody to rGM-CSF as stationary
antibody with rabbit anti-rGM-CSF antibody as a second antibody, and
biotin-labeled goat anti-rabbit polyclonal antibody as the third antibody.
DMEand supplements were purchased from Whittaker M. A. Bioprod-
ucts, Inc. (Walkersville, MD). Agarose was obtained from Promega
Corp. (Madison, WI); bromphenol blue from Bio Rad Laboratories
(Richmond, CA); cDNA for GM-CSF from Glaxo Biogen (Geneva,
Switzerland); and enzymes for in situ hybridization studies were pur-
chased from Sigma Chemical Co. (St. Louis, MO).

"LPS-free" HSAwas obtained from Biocell Laboratories (Carson,
CA). Because LPS can inhibit apoptosis and result in activation of
cultured monocytes, every effort was made to minimize exposure to
LPS during monocyte isolation and assay procedures. Plasticware and
reagents were tested for the presence of LPS with the Limulus
amebocyte lysate kit (Associates of Cape Cod, Woods Hole, MA) and
in all cases were less than 0.1 ng/ml LPS, a level at which inhibition of
monocyte apoptosis ( 14) or activation ( 15 ) is not readily demonstrated.

Monocytes. Whole blood was obtained in accordance with Institu-
tional Review Board approval from 12 healthy adult donors with no
personal or family history of atopic disease, and eight adult patients with
chronic severe AD involving 20-70% of skin surface area, diagnosed by
the criteria of Hanifin and Rajka (16). All AD patients had coexisting
respiratory allergy, either mild allergic rhinitis or asthma, not requiring
maintenance medications. None of the ADpatients had previously been
treated with systemic corticosteroids. Topical corticosteroids were with-
held for the 24 h before venipuncture. Additionally, as a skin disease
control, monocytes were obtained from four adult donors with psoriasis
vulgaris involving 30-60% of body surface area. Peripheral blood
mononuclear leukocytes were obtained by discontinuous plasma-Percoll
density gradient separation. Monocytes (> 98% viable, > 85% yield)
were further isolated by counterflow centrifugation-cell elutriation as
has been previously published (15). Purity of the preparation of mono-
cytes was 91.5 + 1.7 (SD) %as assessed by nonspecific esterase staining
and was unchanged at time of harvesting cells from culture. Contaminat-
ing cells consisted of granulocytes (0-7%) and lymphocytes (0-6%)
without differences between preparations obtained from AD and NL
donors. Due to the limited and variable numbers of monocytes obtained
from each donor, not all studies could be performed on cells obtained
at a given time. For this reason, some donors were used on more than
one occasion for different experiments. However, for any given experi-
ment, a total of 3-10 donors were used with each donor studied only
once.

Culture and co-culture conditions. Following the method of Mangan
et al. (10), monocytes (2 x 106/0.2 ml) were suspended in DME
containing 25 mMglucose, 92 mMgentamicin, 20 mML-glutamine,
and 25 mMHepes buffer, pH 7.3, in sterile 12 x 75 mmpolypropylene
tubes. Cultures were incubated in high humidity at 37°C in 7.5% CO2.
Cytokines were diluted in media and added in the specified concentra-
tions. For experiments employing GM-CSF, addition of 0.1% HSA to
medium was necessary. In these experiments, appropriate controls with
and without cytokines, were also incubated in the presence of 0.1%
HSA which did not alter monocyte apoptosis in agreement with the
findings of Mangan et al. (14). For co-culture experiments, fresh NL
monocytes (10 x 106) were cultured in conditioned media with 0.1%
HSA (200 ,l) harvested from AD monocytes (10 X 106) after 4 h
incubation. When neutralizing antibody to GM-CSFwas added to co-
cultures, it was added simultaneously with conditioned media at a con-
centration of 40 [ug/ml.

Morphological appearance of apoptosis. Two methods were used:
(a) flow cytometry and (b) light microscopy. For determination of
apoptotic cells by flow cytometry, the method of Mangan and Wahl
(17) with modifications described below was used. Samples ( 106 cells)
were removed from cultures and suspended in media. Cells (20,000
events) were simultaneously analyzed on a 751 flow cytofluorograph
(Coulter Electronics, Hialeah, FL) for forward scatter (a measure of
cell size) and side scatter (a measure of granularity). Plots allowed
separation of two cell populations, one smaller and less granular (apop-

totic) and one larger and more granular (nonapoptotic). For determina-
tion of percentage of cells having undergone apoptosis by light micros-
copy, monocytes (105) were harvested, cytospins prepared and stained
with leukostat stain kit (Fisher Scientific Co., Pittsburgh, PA). Using
the x40 objective, monocytes were scored as apoptotic or nonapoptotic
in a blinded fashion by a single investigator (J. M. Kailey). 300 cells
were counted from random fields for each specimen and the percent
showing the morphological phenotype indicative of apoptosis expressed
as a percentage of the total.

DNAfragmentation. The quantity of low molecular weight DNAas
percentage of total DNAwas determined by diphenylamine reaction as
by the method of Burton (18). Monocytes (3 x 106) were lysed in
Tris-Triton EDTA (TTE) and centrifuged at 13,000 g for 10 min at
40C. Pellets were resuspended in TCA (5%) and heated at 90TC for 10
min. Samples were treated with diphenylamine (15 mg/ml), incubated
at 220C for 24 h, and read at 570 nm. DNAfragments from 10 x 106
monocytes were further characterized by electrophoresis in 2%agarose
at 120 V for 6.5 h as by the method of Sambrook et al. (19). DNA
markers Lambda HindIll and PhiX-174 HaeIII (Promega Corp.) were
used to assess the nucleosomal cleavage of DNAinto characteristic 200
base pair multiple fragments.

Skin biopsies. A total of 19, 2-mm punch biopsy specimens were
obtained from five adult patients with chronic lesions of AD (lichenified
plaques of > 2 wk duration); five adult patients with acute lesions of
AD (erythematous papules, with or without evidence of transudate/
exudate, of < 3 d duration); five adult NL donors who had neither
personal, nor family history of atopic disease; and four adult patients
with chronic psoriasis. None of the subjects had other skin conditions
and none had previously received oral steroids. Topical steroids were
withheld for at least 2 wk before biopsies were performed. Informed
consent was obtained before all procedures and subjects were protected
in accordance with IRB approval. Skin biopsies were fixed immediately
in freshly prepared 4% paraformaldehyde for 2 h, then washed twice
(1 h each) with 15% sucrose in 0.1 Mphosphate-buffered saline, pH 7.4.
Tissues were blocked with Tissue-Tek omithine carbamyl/transferase
compound (Miles Inc., Elkhart, IN) and kept at -80°C until used.

In situ hybridization for GM-CSFmRNA. In situ hybridization was
performed as previously described (20-23). In brief, riboprobes, both
antisense and sense were prepared from cDNA for GM-CSF. cDNA
was inserted into the pGEM-1 vector and linearized with appropriate
enzymes before transcription. Transcription was performed in the pres-
ence of [32P] UTP and T7 or SP6 RNApolymerases. Cryostat sections
of biopsied tissue were permeabilized with Triton X-100 and proteinase
K (1 pg/ml) in 0.1 M Tris containing 50 mMEDTA for 15 min at
37°C. To prevent nonspecific binding, the preparations were incubated
with 10 mMiodoacetamide for 30 min at 37°C and then in 0.5% acetic
anhydride and 0.1 Mtriethanolamine for 10 min at 37°C. Prehybridiza-
tion was carried out with 50% formamide and 2x SSC for 15 min at
40°C. For hybridization, antisense or sense probes (106 cpm/section)
diluted in the hybridization buffer were used. Dithiothreitol (100 mM)
was included in the hybridization mixture to ensure blocking of any
further nonspecific binding of the probes. Posthybridization washing
was performed in decreasing concentrations of SSC at 45°C. Unhybrid-
ized single-strand RNAs were removed by RNase A (20 ,ug/ml). After
dehydration, the sections were immersed in nitro/blue tetrazolium emul-
sion and exposed for 12 d. The autoradiographs were developed in
Kodak D-19, fixed, and counterstained with hematoxylin.

For negative controls, skin biopsies were hybridized as above using
a GM-CSFsense probe. In addition, sections were treated with RNase
A before the prehybridization step with the antisense probe. Specific
hybridization was recognized as clear dense deposits of silver grains in
the photographic emulsion overlaying the tissue sections. Cells were
identified as dense, discrete, well circumscribed areas of silver grains.
When hybridizing cells were in close proximity, their numbers were
determined by visualizing the individual nuclei using dark field illumina-
tion. Positive cells were only observed with the antisense probe. Prepara-
tions treated with the sense probe or pretreated with RNase were nega-
tive with no specific signals.

Slides were encoded and positive cells counted blindly by one inves-
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4Figure 1. Photomicrograph of apoptotic
4(arrows) and nonapoptotic NL monocytes after'I ~~~~~24h of culture. Apoptotic monocytes having lost

abundant cytoplasm are smaller than nonapop-
totic monocytes and demonstrate nuclear con-
densation ( xI 00).

tigator (Q. Hamid) using an Olympus microscope at x 100 with an

eyepiece graticule. The results were expressed as the mean number
of positive cells/field. The within observer coefficient of variation for
repeated measures was < 5%.

Statistics. Statistical analysis was carried out by a repeated measures

analysis of variance model with cytokine treatment, subject group, and
the interaction between cytokine treatments and subject groups used as

the independent variables. Specific procedures are described in the figure
legends for each data set. Comparisons of GM-CSFmeasured in super-

natants from monocytes of NL, AD, and psoriasis patients were per-

formed using a Kruskal-Wallis test, a nonparametric analogue of the
one-way analysis of variance.

Results

Cultured monocytes from ADpatients demonstrate a lower inci-
dence of apoptosis than monocytes from normal donors and fail
to undergo apoptosis in response to IL-4. Monocytes of both

NL donors and AD patients were placed in serum-free culture
for up to 48 h. Apoptotic monocytes from both NL and AD
cultures were readily identified by light microscopy after 24 h.
However, there was significantly greater numbers of apoptotic
monocytes in NL cultures than AD cultures (31.8±6.1 com-

pared to 15.2±2.9%, respectively, means±SD, P < 0.001 by
univariate ANOVA). Monocytes having undergone apoptosis
were identified by their shrunken appearance with marked loss
of cytoplasm and nuclear condensation (Fig. 1). All micro-
scopic analyses were done by a blinded observer. Apoptotic
monocytes were also quantified by flow cytometry using the
method of Mangan et al. (10). Analysis of cultured monocytes
by flow cytometry at 48 h demonstrated that the two popula-
tions, apoptotic and nonapoptotic, could be readily distinguished
from each other by the smaller size and diminished granularity
of the apoptotic monocytes. Furthermore, comparison of the
two methods, light microscopy and flow cytometry, for quanti-
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Figure 2. The number of apoptotic and nonapoptotic monocytes from
NL and AD cultures incubated for 16-48 h were determined by both
light microscopy and flow cytometry and the percentage of apoptotic
cells plotted for each method. Overall line of the data is y = 6.35
+ 0.75x with a Pearson correlation coefficient of 0.83. n = 4 NL and
AD donors each.

fying the percentage of apoptotic monocytes from each culture
resulted in good correlation (Fig. 2). Additionally, cell sorting
of the two populations identified by flow cytometry, resulted.
in isolated populations that were subsequently scored by light
microscopy as 97.8±3.3 and 91.0±3.5% (means±SD), apop-
totic and nonapoptotic, respectively. At 48 h, the difference in
percentage of apoptotic monocytes between NL and AD cul-
tures was again significant at 68.1±7.7 and 44.9±7.7%
(mean±SD; P < 0.01), respectively (Fig. 3, control treatment).
Additionally, in spite of having similar skin surface area
involvement, monocytes obtained from patients with psoriasis
exhibited an incidence of 80.0±3.35 apoptosis after 48 h in
culture, significantly higher (P < 0.01) than that seen in AD
cultures, and not dissimilar from NL donors.

As previous studies have demonstrated that stimulation with
IL-I and several other stimuli inhibits the process of apoptosis in
normal monocytes (10, 14, 17), it was of interest to determine
whether cytokine stimulation would further inhibit apoptosis in
monocytes from AD patients. Stimulation of NL monocytes
with either IL-la (Fig. 3) or IFN-y (data not shown) resulted
in a significant decrease in apoptosis (P = 0.005, as compared

0

E

C 0 4 20 100 500500 1L4
500 0 ILl

cytokines (U/ml )

Figure 3. Apoptosis of
NL (n) and AD (n)
monocytes with and
without various combi-
nations of IL-1 and IL-4
(U/ml). Means±SD
shown. *Notes sig-
nificant difference be-
tween indicated pairs (P
< 0.01 by repeated mea-
sures ANOVA). Within
group comparisons
showed that NL mono-

cytes treated with IL-1 alone, or IL-1 with either 4 or 20 U/ml IL-4
differed significantly from medium-treated (C) NL monocytes (P
< 0.005 by Dunnett's multiple comparisons procedure). For ADmono-
cytes there were no significant differences between treatments (P
= 0.54). n = 5 NL and AD donors each.
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Figure 4. Agarose gel electrophoresis of DNAfrom monocytes of NL
and AD donors cultured for 48 h. Note "laddering" of the DNAfrag-
ments of 200 base pair multiples characteristic of apoptosis. DNAstan-
dards are in the far right and far left lanes. DNAfrom 10 x 106
monocytes was applied to each lane.

to medium treated controls) to slightly below the incidence seen
in unstimulated ADmonocyte cultures. In contrast, these same
cytokines had no significant effect on the number of apoptotic
cells seen at 24 and 48 h in cultures of AD monocytes as
compared to the medium-treated controls (P = 0.54). Addition-
ally, whereas 1L-4 addition resulted in concentration-dependent
restoration of apoptosis to control levels in NL cultures stimu-
lated with IL-la as previously reported (10), addition of IL-4
to ADmonocytes, in the presence or absence of cytokines (IL-
la or INF-'y), had no similar effect suggesting a lack of respon-
siveness to IL-4 in the AD cultures. Of note, in some cultures
of AD monocytes, the opposite effect, a further reduction in
apoptosis, was demonstrated with addition of IL-4 (100 and
500 U/ml) either in the presence or absence of IL-la, though
this effect was variable and did not reach statistical significance.

As the hallmark of apoptosis is evidence of DNAfragmenta-
tion into characteristic 200 base pair ladders, additional evi-
dence of DNAfragmentation was correlated with the morpho-
logical features of apoptosis. Quantification of low molecular
weight DNAby the diphenylamine reaction was performed at
various times for both NL and AD cultures incubated in the
presence and absence of cytokines. In this regard, a significant
correlation was found between the quantity of low molecular
DNAand the number of apoptotic monocytes from each culture
(data fit to the overall line of y = 17.09 + 0.65 x, with slope
significant at P < 0.01 by mixed effects ANOVAmodel).
Furthermore, and though not quantitative, gel electrophoresis
of DNAfrom both AD and NL monocyte cultures did demon-
strate the presence of DNAcleavage into fragments of 200 base
pair multiples (Fig. 4).

Evidence that inhibition of monocyte apoptosis is due to
endogenous GM-CSFproduction by monocytes in patients with
AD. The paradoxical finding of the lack of responsiveness by
ADmonocytes to IL-4, a cytokine present in the milieu of AD
(4, 5, 13), prompted us to ask what other cytokine(s) might
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3h apoptosis at 48 h (A).
Neither IL-4 (100 U/ml)
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ml) with IL-4 (100 U/
ml) (C) added at 3 h into
the incubation in the
presence of GM-CSFre-

stored baseline
apoptosis. The percent-
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key's multiple compari-
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be identified that could alter IL-4 responsiveness. Earlier studies
demonstrating that activated monocytes can produce GM-CSF
(24), and that ADmonocytes in the blood and infiltrating skin
lesions express CD23, a surface molecule inducable by GM-
CSF (25, 26), prompted us to ask whether GM-CSFmight play
such a role. Initially, NL monocytes were tested in the presence

of GM-CSF to see if the growth factor would alter cytokine
responses to resemble those of AD monocytes. As shown in
Fig. 5 A, a significant dose-dependent reduction in apoptosis at
48 h was seen in NL monocyte cultures treated with GM-CSF.
Of note, however, treatment of NL monocytes with GM-CSF
followed by either IL-4, or ILla with IL-4 (Fig. 5 B and C), did
not restore the high incidence of apoptosis seen in the absence of
GM-CSF. This pattern of unresponsiveness by NL monocytes
to IL-4 or the combination of IL-I with IL-4 in the presence

of GM-CSF, was very similar to that seen in IL-1 and IL-4-
treated AD monocytes (compare with Fig. 3).

As a proof of concept, cultures of AD monocytes were

therefore assessed for evidence of endogenous production of
GM-CSF. GM-CSFwas detected in four out of four superna-
tants of cultured ADmonocytes and appeared to peak at 4 h of
culture at a level of 228±150 (mean±SD) pg/107 monocytes.
By comparison, GM-CSFmeasured in 12 NL culture superna-
tants was not detectable in six, and found to be 44±58
(mean±SD) pg/107 monocytes in the remaining six cultures
(P < 0.05). Additionally, no GM-CSF was detected in the
supernatant from monocytes from the four patients with psoria-
sis. Importantly, skin biopsies of acute and chronic AD, as well
as psoriatic lesions and normal skin from NL controls, were

0
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10

chronic acute NL
AD AD

Figure 6. GM-CSFmRNApositive cells/field (X 100) detected by in
situ hybridization in biopsied lesions of chronic AD vs acute AD vs

skin of NL donors. Mean±SDshown. n = 5 each group. *No. of cells

expressing GM-CSFmRNAin chronic AD was significantly different
(P < 0.05, by univariate ANOVAand multiple comparisons procedure)
than either acute AD or NL skin, which did not differ from each other.

examined by in situ hybridization for GM-CSF mRNA. As
shown, a significantly greater number of GM-CSFmRNAposi-
tive cells (P < 0.05) were identified in lesions of chronic AD
than in lesions of acute AD or control skin biopsies from NL
donors (Fig. 6). The GM-CSFmRNApositive cells in chronic
AD were distributed mainly in the dermis where monocyte
macrophages predominate in chronic AD skin lesions (3) (Fig.
7). However, the absolute identity of the cells positive for GM-
CSF mRNAwas not determined in these studies and may in-
clude T cells, mast cells, and keratinocytes in addition to the
monocyte macrophage. Of note, GM-CSFmRNApositive cells
were also present in lesions of chronic psoriasis with similar
frequency as compared to that of chronic AD (12.5±3.1 com-

pared to 16.0±5.0 GM-CSFmRNApositive cells/high power

field, means-SD, respectively), demonstrating that GM-CSF
produced in tissue is likely to play a role in a variety of chronic
skin diseases (see Discussion).

Finally, as a test of whether supernatants from cultured AD
monocytes could inhibit NL monocyte apoptosis, conditioned
media were harvested from 4-h cultures of AD monocytes and
used to treat fresh NL monocytes. Indeed, at 48 h, a significant
decrease in apoptosis was demonstrated in NL monocytes cul-
tured with ADsupernatant as compared to NL supernatant (Fig.
8). Importantly, the incidence of apoptosis was restored to that
seen in control cultures when cultures were treated with AD
supernatant and a neutralizing antibody to GM-CSF. Taken to-

gether, these data support the hypothesis that AD monocytes
both produce, and are stimulated by GM-CSF, and that such
stimulation results in dysregulation of both baseline apoptosis,
and cytokine (IL-4) induction of apoptosis.

Discussion

Despite the common occurrence of AD in the general popula-
tion, the events that lead to perpetuation of skin inflammation
in this disease are poorly understood. An understanding of this
process may provide important new directions for its treatment.
Early inflammatory events likely lead to the generation of proin-
flammatory cytokines and mediators, the upregulation of adhe-
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Figure 7. Photomicrograph of skin biopsies of a chronic AD lesion (A) and normal skin (B) demonstrating increased staining for GM-CSFmRNA
within cells predominately located in the dermis of AD skin (x200).

sion molecules on endothelium and recruitment of new in-
flammatory cells. Activated (HLA-DR and IL-2R bearing) Th2
type T cells likely produce IL-4 and IL-5 (4-6) while activated
resident mast cells or keratinocytes produce IL-i and TNF-
a, resulting in the upregulation of E-selectin and intracellular
adhesion molecule on endothelium (27, 28). This results in the
subsequent recruitment of inflammatory effector cells such as

monocytes, and eosinophils (1). Emerging evidence shows that
signals in the form of growth factors, cytokines, and the extra-

60- Figure 8. Conditioned

e . * ; * . media (sup) from cul-

tures of AD monocytes

° 40 significantly inhibits
E apoptosis of NL mono-

cytes. Addition of anti-

0sx20_ _ _ ~~~~GM-CSF (40 H.g/ml)
0_ abolishes the inhibitory

effect of the AD sup.
0 _ _A *P < 0.01, as deter-

C AD sup AD sup + mined by a univariate
anti-GM-CSF

repeated measures
ANOVAwith a Tukey's multiple comparisons procedure. Means±SD
shown. n = 3 NL and 3 AD donors.

cellular matrix markedly enhance both the inflammatory poten-
tial and longevity of these recruited effector cells (10, 14, 17,
29, 30). Though the monocyte macrophage is obviously only
one inflammatory cell in the complex inflammatory process

described above, the predominance of these cells in the estab-
lished lesions of chronic AD, and the known proinflammatory
activities of these cells suggest they may have an important role
in the perpetuation of inflammation in AD (3). Furthermore,
the finding of enhanced monocyte longevity presented here may

also be applicable to other diseases such as idiopathic pulmo-
nary fibrosis and asthma where monocyte macrophage infiltrates
are prominent.

The hypothesis that dysregulation of monocyte apoptosis
and hence enhanced survival of monocytes occurs in chronic
AD, is supported by the data presented in this paper. Specifi-
cally, our data demonstrate that cultures of peripheral blood
monocytes of AD patients exhibit decreased numbers of cells
undergoing apoptosis when compared to cultures of normal
monocytes (Fig. 3) and monocytes obtained from patients with
psoriasis. Furthermore, the inhibition of apoptosis in NL mono-

cytes, both baseline and cytokine (IL-4)-induced, following
treatment with either GM-CSF (Fig. 5) or conditioned media
from AD monocytes (Fig. 7), suggested that the difference in
GM-CSF production between NL and AD monocytes is the
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basis for these phenomena. Heightened secretion of GM-CSF
from circulating AD monocytes in comparison to that of NLs
and psoriasis patients, and the finding of increased levels of
GM-CSFmRNAexpression by in situ hybridization in the in-
flammatory cell infiltrate of chronic AD, as compared to the
acute AD skin lesion (Fig. 6), was demonstrated. These data
support the hypothesis that monocytes in ADare uniquely stim-
ulated by GM-CSFin the blood, by either an autocrine or intra-
crine mechanism, and also stimulated by GM-CSFin the tissues
of AD. Thus, this cytokine may be important in development
of long-standing AD inflammation. Additionally, the finding of
increased GM-CSFmRNAin psoriasis suggests the likelihood
that GM-CSFinhibits apoptosis of the monocyte macrophage
and other granulocytes in the local milieu, and thereby can
perpetuate chronic inflammation in other skin conditions not
restricted to AD.

The findings by Mangan et al. (10) and the data here, dem-
onstrating that IL-4 enhances apoptosis of NL monocytes fol-
lowing stimulation with IL-1, suggest that this response to IL-
4 may contribute to resolution of inflammation. Though it is
known that IL-4 stimulation can result in decoy expression of
the IL- I receptor type II, and thereby mitigate the effects of IL-
1 (31), it should be noted that IL-4 also promotes apoptosis in
monocytes stimulated with LPS and TNF-a (14). Thus IL-4
may promote monocyte apoptosis as an anti-inflammatory effect
in certain clinical settings. That IL-4 is present and likely to
play a role in AD is suggested by the demonstration of both
enhanced secretion of IL-4 by Th2 type T cells and increased
IL-4 receptor density on these cells obtained from AD patients
(4). Furthermore, the presence of elevated IgE production from
B cells which can be blocked by anti-IL-4, and the presence of
CD23 on monocytes and other cells are likely consequences of
in vivo IL-4 production in AD (32-34).

The finding that monocytes from AD patients do not un-
dergo apoptosis to IL-4 after stimulation was a novel and sur-
prising finding in this study and suggests that this anti-inflam-
matory effect of IL-4 is not manifest in AD, despite the fact
that other pro-inflammatory activities of IL-4 predominate. The
demonstration that GM-CSFtreatment of NL monocytes results
in abrogation of IL-4-induced monocyte apoptosis, taken to-
gether with the evidence for the presence of GM-CSFin AD
may suggest one mechanism for perpetuation of the skin in-
flammation in AD. The complete restoration of apoptosis in NL
monocytes co-cultured with AD-conditioned media after the
addition of neutralizing antibody to GM-CSFis strong evidence
that GM-CSFalone, and not another cytokine, is responsible
for the demonstrated monocyte longevity.

The altered cytokine responses and GM-CSFproduction by
circulating AD monocytes presented here are consistent with
previous studies demonstrating activation of circulating mono-
cytes in AD. Previous data demonstrating that circulating mono-
cytes are primed for superoxide production (11), may also be
a consequence of generation of GM-CSF (35). GM-CSFhas
also been reported to induce CD23 expression on peripheral
blood monocytes (26). The increased production of GM-CSF
in AD may also contribute to the increased eosinophilia and
deposition of eosinophil granule proteins in this disease (36-
38). At present, the mechanism for increased GM-CSFproduc-
tion by monocyte macrophages is not well understood. One
likely possibility, however, may relate to increased allergen
and/or staphylococcal toxin exposure as both stimuli can act
as macrophage activators and are known triggers for AD (12).

In conclusion, this study demonstrates that enhanced sur-

vival of monocytes may contribute to the predominance of
monocyte macrophage infiltration of chronic AD. The genera-
tion of GM-CSFwith its pleuripotential inflammatory roles for
both priming cellular responses and in enhancing survival of
cells in the granulocyte and monocyte lineages likely augments
and perpetuates inflammation due to monocytes, mast cells,
eosinophils, and basophils (36, 38-40). Furthermore, dysregu-
lation of monocyte apoptosis may contribute to perpetuation of
inflammatory cell infiltration, prevent antiinflammatory events
that might result in resolution of inflammation, and ultimately
lead to chronic allergic disease.
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