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Background: Cytokines could play roles in the attraction of 
leukocytes into sites of IgE-mediated late-phase reactions 
(LPR) or in the activation of such cells at the sites. Previous 
studies found increased release of IL-6, IL-1, and granulo- 
cyte-macrophage colony-stimulating factor into skin cham- 
bers overlying allergen-challenged sites, mainly after 6 hours 
when LPR are already well-developed. 
Objective: To compare levels of several cytokines with in- 
flammatory responses in skin chambers overlying developing 
LPRs. 
Methods: Skin chambers were appended to denuded blister 
bases in 15 sensitive subjects, then challenged over a 5-hour 
period with pollen allergens (Ag) or buffer control (B). Levels 
of several chemotactic cytokines, eosinophil cationic product 
(released from eosinophils), and lactoferrin (released from 
neutrophils) were measured and leukocyte accumulation was 
assessed. 
Results: Levels of the chemokines IL-8, RANTES, and mono- 
cyte chemotactic protein-1 (but not IL-1, IL-6, or granul 0- 
cyte-macrophage colony-stimulating factor) were significantly 
higher at Ag-challenge sites than at B-challenge sites. IL-5 
was not detected. In individual chamber fluids at Ag-chal- 
lenge sites, (1) IL-8 levels correlated strongly with levels of 
lactoferrin but not with eosinophii cationic protein levels; (2) 
RANTES levels correlated with numbers of eosinophils but 
not with eosinophil cationic protein levels; and (3) levels of 
monocyte chemotactic protein-1 correlated weakly with hista- 
mine released after the first hour. 
Conclusions: During LPRs developing during the first 5 
hours of Ag challenge, there is increased local release of sev- 
eral chemokines, which could play roles in the observed at- 
traction and subsequent activation of leukocytes and contin- 
ued histamine release observed at such sites. (J Allergy Clin 
Immunol 1997;100:104-9.) 
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Despite intensive investigation, the pathogenesis of 
late phase IgE-mediated reactions (LPR) is still not well 
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Abbreviations used 
Ag: Antigen 

B: Buffered saline diluent 
ECP: Eosinophil cationic protein 

GM-CSF: Granulocyte-macrophage colony-stimulat- 
ing factor 

LPR: Late-phase reaction 
MCP: Monocyte chemotactic protein 
PBS: Phosphate-buffered saline 

RANTES: Regulated upon activation normal T-cell 
expressed and presumably secreted 
(chemokine) 

defined. Studies by us and others, which used a skin 
chamber model, have delineated a number of humoral 
and cellular inflammatory events occurring during the 
development and persistence of skin LPR over a 24-hour 
period. It is now recognized that locally released cyto- 
kines could be a major proinflammatory stimulus in 
LPRs? Increased levels of IL-1 and granulocyte-mac- 
rophage colony-stimulating factor (GM-CSF) have been 
found in overlying chamber fluids, starting more than 6 
hours after allergen skin challenge of sensitive hu- 
mans.2, 3 Lee et al. 4 found increased chamber-fluid levels 
of IL-6, but the temporal pattern varied among subjects. 
However, LPR are already macroscopically well ex- 
pressed by 6 to 8 hours in sensitive subjects. 5 We 
hypothesized that cytokines may also play proinflamma- 
tory roles during the development of LPR in the first 
several hours after antigen challenge. However, there 
has been no extensive side-by-side comparison of the 
release of a variety of cytokines into skin chamber fluids 
with the inflammatory events Occurring in developing 
LPRs during the first 5 hours after antigen challenge. In 
this study we report the results of such an analysis, with 
findings that suggest a significantly increased release of 
chemokines, but not of the other cytokines assessed, at 
sites of developing LPR. The levels of such released 
chemokines correlated with certain inflammatory events. 

METHODS 
Subjects 

Fifteen subjects were selected who had developed both 
immediate and late-phase responses after intradermal injec- 
tions of 10 and 100 protein nitrogen units/ml ragweed or grass 
extract (Greer Labs., Lenoir, N.C.). All studies were performed 
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FIG. 1. IL-1 levels in skin chamber  after 2- to 5-hour chal lenge 
(n = 10). 

outside the grass and ragweed pollinating seasons after in- 
formed consent was obtained. 

Skin chamber  studies 

Skin chamber studies were performed as previously de- 
scribed. 6 In brief, four blisters were induced on the volar surface 
of the forearms by gentle heat and suction. The epidermal 
blister roofs were removed from the blister bases at the 
dermal-epidermal junction, and collection chambers were ap- 
pended. After irrigating the blister bases with buffer diluent 
(phosphate-buffered saline [PBS]) twice for 5 minutes each, 0.3 
ml of grass or ragweed pollen antigens (Ag) (Greer Labs.) 
diluted to 100 PNU/ml in PBS containing 10 U/ml of heparin 
was placed in chambers at two sites. As a control, PBS 
containing 10n/ml heparin (B) was placed in chambers at the 
other two sites. After 1 hour, the fluids were removed and the 
fluids from the two antigen-challenge site chambers were 
pooled for each subject. In a similar manner, the chamber fluids 
from the two buffer-challenge sites were also pooled These 
pooled fluids from each subject were then assayed for the 
following: 

(1) Histamine levels by ELISA (Immunotech; assay sensitive to 
0.1 ng/ml) 

(2) Tumor necrosis factor-c~ by ELISA (R&D Systems, Min- 
neapolis, Minn.; assay sensitive to 15 pg/ml) 

(3) IL-1{3 by ELISA (R&D Systems; assay sensitive to 4 pg/ml) 
(4) IL-8 by ELISA (R&D Systems; assay sensitive to 31 pg/ml) 
(5) Monocyte chemotactic protein-1 (MCP-1). ELISAs were 

performed according to standard procedures with 96-well 
microtiter plates (Immulon-4). 7 The wells were coated with 
5 ixg/ml of the rabbit anti-MCP-1 IgG in 100 Ixl of 0.05 
mmol/L sodium bicarbonate buffer (pH 9.6) for 24 hours at 
4 ° C. The wells were washed, and unbound sites were 
blocked by incubation for 60 minutes at 37°C with 1% 
nonfat milk in PBS. After washing, triplicate samples of 100 
~1 MCAF/MCP-1 standards or skin-chamber fluids (at 
dilutions of 1:1 and 1:10 in PBS containing 0.05% Tween) 
were added and incubated for 2 hours at 37 ° C. The plates 
were washed again with PBS/Tween, filled with 100 txl of 
anti-MCAF 40-2 monoclonal antibody at a concentration of 
10 ixg/ml, and incubated for 2 hours at 37 ° C. The wells 
were washed, and alkaline phosphatase-conjugated goat 
anti-mouse IgG, diluted 1:2000 in PBS/Tween, was added 
and incubated for 2 hours at 37 ° C. After washing, 100 pJ of 
p-nitrophenyl phosphate (1 mg/ml) in 10% diethanol- 
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FIG. 2. IL-6 levels (mean + SEM) in skin chambers after 1-hour 
(solid columns) and after 2- to 5-hour (striped columns) challenge 
(n = 10). 

(6) 

amine-HCL buffer (pH 9.6) was added to the wells. The 
absorbance was read after 30 minutes at 405 nm on a 
Thermomax microplate reader (Molecular Devices, Menlo 
Park, Calif.). This assay was sensitive to 200 pg/ml of 
MCP-1. 
RANTES. ELISA was performed analogous to that de- 
scribed above for MCP-1. 7,8 The assay uses two anti- 
RANTES monoclonal antibodies that recognize different, 
noncompeting determinants. The specificity of the ELISA 
was tested with other chemokines of the C-X-C and C-C 
families, none of which were shown to cross-react in the 
assay. All experiments were repeated twice. In selected 
experiments, low levels of RANTES were confirmed with 
an ELISA kit (R&D Systems) with sensitivity to 2-5 pg/ml. 

The chamber bases were then irrigated with PBS; fresh Ag or 
B solutions containing heparin (10 U/ml) were placed in the 
chambers previously containing Ag and B solutions, respec- 
tively, and allowed to remain for an additional 4 hours. Fluids 
from the four challenge chambers were removed, fluids from 
the duplicate challenge sites were pooled, and total cell counts 
were obtained. The two pooled fluids from each subject were 
then centrifuged and the supernatants were analyzed for levels 
of (1) histamine; (2) TNF-c~; (3) GM-CSF by ELISA (Gen- 
zyme; assay sensitive to 4 pg/ml); (4) IL-5 by ELISA (R&D; 
assay sensitive to 8 pg/ml); (5) IL-8;(6) IL-6 by ELISA (R&D; 
assay sensitive to 3.1 pg/ml); (7) RANTES; (8) MCP-1; (9) 
eosinophil cationic protein (ECP) by radioimmunoassay (Phar- 
macia; assay sensitive to 2 ng/ml); and (10) lactoferrin by 
ELISA (assay sensitive to 2 ~g/ml). 6 The cell pellets were 
resuspended in PBS/heparin; aliquots were centrifuged (Shan- 
don) and subsequently stained with Wright's stain (Dif-Quick) 
to obtain differential counts. Because of the limited amount of 
chamber fluid available, not every assay could be carried out in 
every fluid, even when employing quite sensitive assays. 

Statistical analysis 

Levels of cytokines and inflammatory mediators in skin 
chamber fluids at Ag sites were compared to levels in concom- 
itant B challenge sites in the same individuals by paired 
student's t test. Correlations between levels of individual cyto- 
kines and individual inflammatory responses in the same chal- 
lenge sites were investigated by using the Spearman ranking 
analysis. 
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FIG. 3. IL-8 levels (mean _+ SEM) in skin chambers after 1-hour 
(solid columns) and 2- to 5-hour(striped columns) challenge (n = 
12). 
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FIG. 4. RANTES levels (mean _+ SEM) in skin chambers after 
1-hour (solid columns) and 2- to 5-hour (striped columns) chal- 
lenge (n = 12). 

RESULTS 
Cytokine levels (after first-hour challenge) 

After the first hour, there was a markedly higher level 
of histamine in the skin chamber fluids overlying sites 
challenged with Ag than overlying sites challenged with 
B (110 -+ 16 ng/ml versus 4 _+ 2 ng/ml; p = 0.001). 
However, there was very modest, if any, release of any 
cytokine into such fluids; the levels were not significantly 
more at Ag sites than at B sites. In the next section, these 
levels are compared with the cytokine levels obtained 
after further challenge. 

Cytokine levels (after second- to fifth-hour 
challenge) 

(1) IL-113 was detectable in low levels in skin-chamber 
fluids, but levels were not significantly different 
between the Ag and the B challenge sites (55 _+ 11 
pg/ml versus 65 _+ 20 pg/ml) (Fig. 1). 

(2) TNFc~ levels were detectable in chamber fluids at Ag 
sites in only 3 of 15 subjects and at B sites in only 1 
of 15 subjects studied. There was no difference in the 
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FIG. 5. MCP-1 levels (mean -+ SEM) in skin chambers after 1-hour 
(solid columns)and 2-to 5-hour (striped columns)challenge (n = 
8). 

pattern of inflammatory manifestations in this mi- 
nority of subjects with evidence of locally released 
TNFa. 

(3) IL-6 levels were high in fluids at both Ag and B sites, 
with no significant difference in concentration be- 
tween the two sites (4500 _+ 1000 pg/ml vs 5000 _+ 
800 pg/ml; Fig. 2). 

(4) GM-CSF was detected in only occasional chamber 
fluids at Ag sites and not at B sites. 

(5) IL-8 was released in considerable quantities (in the 
nanogram per milliliter range) into the overlying 
chamber fluids with significantly higher levels at the 
Ag- than at the B-challenge sites (26.5 + 16.1 ng/ml 
versus 7.7 _+ 1.9 ng/ml; p = 0.01) (Fig. 3). 

(6) RANTES levels in chamber fluids were significantly 
higher at Ag-challenge sites than at B-challenge sites 
(75.6 + 16.1 pg/ml versus 37.2 _+ 8,7 pg/ml;p = 0.02) 
(Fig. 4). 

(7) MCP-1 levels were also significantly higher at Ag 
than at B sites (5.1 -+ 1.2 ng/ml versus 1.1 _+ 0.8 
ng/ml; p = 0.02) (Fig. 5). 

Inflammatory responses (after second- to fifth- 
hour challenge) 

As expected from our previous experience with skin 
chamber approaches, 1, 6, 9 several inflammatory manifes- 
tations were significantly greater at sites after 2- to 
5-hour Ag challenge compared to B challenge sites 
(Table I). 

(1) Histamine levels at Ag sites were significantly higher 
than at B sites (36 - 8 ng/ml versus 1.4 _+ 0.8 ng/ml; 
p = o . o o l )  

(2) There was a significantly greater exudation of leu- 
kocytes into the overlying chamber fluids at Ag-than 
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TABLE I. Inflammatory responses in skin 
chambers appended to skin challenge sites 

Antigen Buffer 
Mediator challenge site challenge site 

Histamine (ng/ml) 110 -+ 16"~ 4 -+ 2 
(after first-hour challenge) 

Histamine (ng/ml) 36 -+ 8:) 2 _+ 1 
(after second- to fifth-hour 
challenge) 

Lactoferrin (p.g/ml) 14 _+ 3:) 5 -+ 1 
Eosinophil cationic protein 100 +- 17:) 18 -+ 3 

(ng/ml) 
Granulocytes (× 105) 20 _+ 4~: 4 _+ 1 

*Mean -- SEM values for 15 subjects (for all these measurements). 
tp < 0.0001, antigen challenge site versus corresponding buffer sites. 
:~p < 0.001, antigen challenge site versus corresponding buffer sites. 

TABLE II. Correlations between levels of 
chemokines and inflammatory responses in skin 
chambers at antigen sites 

Inflammatory 
Chemokines response r value* p value 

IL-8 No. of granulocytes 0.62 <0.05 
IL-8 Lactoferrin level 0.81 0.002 
RANTES No. of eosinophils 0.79 <0.01 
RANTES No. of granulocytes 0.71 0.02 
RANTES ECP level 0.30 0.40 
RANTES Histamine 0.30 0.24 
MCP-1 No. of granulocytes 0.15 0.70 
MCP-1 ECP level 0.10 0.80 
MCP-1 Histamine level 0.60 0.07 

*Spearman ranking correlation analysis. 

at B-challenged sites (20 _+ 4 × 105 cells versus 4 _+ 
1 × 105 cells;p < 0.001). Approximately 90% of the 
exuding leukocytes at Ag sites were neutrophils, 8% 
were eosinophils, and 2% were mononuclear cells. 
At  the B sites, 83% of leukocytes were neutrophils, 
2% were eosinophils, and 15% were mononuclear 
cells. 

(3) There was evidence of increased activity of these 
leukocytes at Ag sites, with significantly greater 
release into the cell-free chamber fluids of lactofer- 
rin, a component of neutrophil-specific granules, at 

A g  than at B sites (14 _+ 3 ixg/ml versus 5 -+ 1 ixg/ml; 
p < 0.001). Levels of ECP, a granule component in 
eosinophils, were also greater in the cell-free cham- 
ber fluids at Ag sites than at B sites (100 _+ 17 ng/ml 
versus 18 +- 3 ng/ml; p < 0.001). 

Corre la t ions 

The IL-8 levels in individual chamber fluids from Ag 
sites correlated moderately by ranking analysis with the 
number of neutrophils (r = 0.62; p < 0.05) and corre- 
lated strongly with the lactoferrin levels (r = 0.81; p = 
0.002) (Table II). However, IL-8 levels did not correlate 
with ECP levels in such fluids. There was no correlation 
between IL-8 levels and any inflammatory response at 
B-challenged sites. 

RANTES levels in chamber fluids from Ag sites 
correlated strongly with the number of eosinophils (r = 
0.79; p < 0.01 ) and the total number of granulocytes in 
such fluids (r = 0.71;p = 0.02). However, there was no 
significant correlation between RANTES levels and 
either ECP levels (r = 0.3; p = 0.4) or lactoferrin levels 
(r = 0.1; p = 0.7) in these fluids. There was no 
association of RANTES levels and histamine levels in 
the chamber fluids after 2- to 5-hour Ag challenge (r = 
0.3; p = 0.24) There was no correlation between RAN- 
TES levels and any inflammatory parameter  in chamber 
fluids at B sites. 

MCP-1 levels in chamber fluids at Ag sites did not 
correlate with numbers of total granulocytes (r = 0.15; 
p = 0.7) or eosinophils (r = 0.25; p = 0.4) or levels of 

lactoferrin (r = 0.1;p = 0.9) or ECP (r = 0.1;p = 0.8). 
However, there was a modest association of MCP-1 
levels and histamine levels in chamber fluids after 2- to 
5-hour Ag challenge (r = 0.6; p = 0.07). There was no 
such association between MCP-1 and histamine levels in 
chamber fluids after 2- to 5-hour B challenge (r = 0.05; 
p = 0.9). There was also no correlation between MCP-1 
levels and other inflammatory manifestations at these B 
challenge sites. 

There were no significant correlations between levels 
of IL,8, RANTES, and M C P  in individual Ag site 
chamber fluids; sttggesting that there was no t  a quanti, 
tatively similar release of these three chemokines in 
individual Ag-challenge sites. 

D I S C U S S I O N  

The findings reported here may help enhance our 
understanding of the pathogenesis of inflammatory re- 
sponses that occur in the sites of developing IgE- 
mediated LPRs in the skin. 1, 9 We and others have found 
several proinflammatory mediators released into skin 
chambers appended to such sites, including leukotriene 
B4 and platelet activating factor. 1° Recently, there has 
been considerable interest in the proinflammatory ef- 
fects of cytokines. For example, in experimental models, 
intradermal injection of IL-1 and TNFc~ leads to a 
nonspecific local accumulation of granulocytes, likely by 
increasing expression of adhesion molecules on endo- 
thelial cells and possibly on the granulocytes them- 
selves? IL-5 is a chemoattractant and activator of eosin- 
ophils, as is the chemokine RANTES? 1,12 GM-CSF and 
IL-5 have been incriminated in prominent accumulation 
of eosinophils in the airways aa, 13.14 Furthermore, G M -  
CSF, and to a lesser extent RANTES, IL-5, TNFc~, and 
IL-3, can degranulate eosinophils. 11 The chemokine 
MCP-1 is also a potent attractant and activator of 
basophils, leading to prominent histamine release. 15 
IL-3 does not induce histamine release from basophils 
except in very high concentrations but enhances the 
histamine release stimulated by other agonists? 6 In 
contrast, the several activities of IL-8 that have been 
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described include potent attraction and activation of 
neutrophils (with attraction of basophils, eosinophils, 
and lymphocytes under certain conditions) and inhibi- 
tion of basophil histamine release. 15,17.18 Therefore, it 
could be very appropriate to determine whether there is 
increased local secretion or release of these cytokines in 
developing skin LPRs characterized by accumulation of 
activated neutrophils, eosinophils, and basophils. Ba- 
sophils are the likely source of the continued local 
histamine release we have observed in such reactions. 19 

In this study, we found prominently increased levels of 
the chemokines IL-8, RANTES, and MCP-1 in skin 
chamber fluids overlying developing LPRs, whereas 
levels of IL-113 and IL-6 were not higher than at sites 
challenged with buffer control. TNFc~ levels were in- 
creased in only 3 of 15 subjects, and GM-CSF was found 
only occasionally. IL-5 was not detected with an immu- 
noassay sensitive to 8 pg/ml. 

After 2 to 5 hours of antigen challenge in our study, 
skin-chamber RANTES levels correlated strongly with 
the degree of total granulocyte and eosinophil accumu- 
lation but, surprisingly, did not correlate with the levels 
of locally released ECP (a marker of eosinophil activa- 
tion). The impressive correlation between RANTES and 
total granulocyte levels in individual chamber fluids is 
puzzling since RANTES is not a chemoattractant for 
neutrophils, which constitute the majority of the cells in 
the chamber fluids. It is possible that RANTES levels 
parallel that of another cytokine (not yet identified) that 
plays a more direct role in neutrophil attraction. 

In contrast to the situation with RANTES release, 
IL-8 levels in such fluids showed only a borderline 
correlation with the number of neutrophils that had 
emigrated into those chambers; however, IL-8 levels did 
correlate very strongly with the levels of lactoferrin 
released from locally accumulated (and presumably ac- 
tivated) neutrophils. In analyzing the possible role of 
cytokines in stimulating the persistent histamine release 
seen in sites of such developing LPRs, we found a 
modest correlation between levels of MCP-1 and hista- 
mine in individual chamber fluids. Levels of IL-8, 
MCP-1, and RANTES did not correlate with each other 
in individual chamber fluids, suggesting absence of quan- 
titatively similar patterns of secretion of these cytokincs 
in individual Ag-challenge sites. 

The chemokines reported here can be synthesized by 
a variety of cells. 7,15 IL-8 could be synthesized by several 
different types of cells in the skin after stimulation. It is 
conceivable that much of the IL-8 we found in the skin 
chamber fluid was released from the activated neutro- 
phils accumulating in the LPR site themselves, with 
subsequent autocrine effects. 

These potentially important findings can be consid- 
ered with regard to previous observations in this area of 
study. As noted above, studies by another group have 
found elevated levels of IL-6 in skin chambers overlying 
developing skin LPRs in some, but not all, subjects; 
increased IL-6 levels were again seen at 8 to 12 hours 
when LPR would be expected to be well-established. 5 

The reasons for the difference between those findings 
and those reported in this study (sizable IL-6 levels, 
without significant difference, at both antigen and con- 
trol challenge sites) are not known. Although IL-1 can 
stimulate IL-6 production systemically, it is unlikely that 
different levels of IL-1 released during developing LPR 
explains these differences, because we and others have 
not found impressively increased skin chamber IL-1 
levels during the first 5 hours of antigen challenge. 22 
Likewise, impressive increases in skin chamber GM-CSF 
levels have been reported only after more than 7 hours 
of antigen challenge, 3 compatible with our finding of no 
increased local GM-CSF release after the first 5 hours of 
antigen challenge. Nevertheless, GM-CSF released later 
in antigen-challenged sites could be partially responsible 
for a later attraction of eosinophils into the site, as noted 
in the airways. 13, 14 

Our failure to detect increased skin chamber IL-5 
levels at antigen-challenged sites may reflect insuffi- 
cient sensitivity of the ELISA that we used, with a 
suggestion that increased IL-5 levels could be de- 
tected by a more sensitive bioassay. 2° The potential 
for local IL-5 production is suggested by the detection 
of messenger RNA for IL-5 in developing LPR sites 
by both polymerase chain reaction and in situ hybrid- 
ization techniques, as employed by our group and 
others.21, 22 Locally secreted IL-5 and RANTES could 
both play roles on the prominent accumulation and 
activation of eosinophils at different time periods in 
the expression of LPR. 23 IL-5 may play a more 
prominent role in the inflammatory reactions seen 24 
hours after allergen challenge of the skin and air- 
ways?, 20 However, eosinophil recruitment and activa- 
tion appear to be complex processes that are just 
beginning to be understood. Other [3 chemokines such 
as MCP-3 and eotaxin could play roles in eosinophil 
responses, 24 and warrant future investigation. 

In summary, our findings point to the possible 
participation of chemokines in the accumulation and 
activation of inflammatory cells in developing LPRs. 
Chemokines could also play roles in the activation of 
such leukocytes, with release of potentially toxic com- 
ponents and stimulation of basophils, responsible for 
the continued local release of histamine we have 
observed in such developing LPR. 19 Eosinophil re- 
cruitment is a complex process but is just beginning to 
be understood. Other [3 chemokines such as MCP-3 
and eotaxin could play roles 24 and warrant future 
investigation. Other cytokines could play a more 
prominent role in the enhancement and perpetuation 
of LPR inflammatory responses. 
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