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Abstract

To better define the inflammatory infiltrates and kinetics of
mediator release during the cutaneous late-phase reaction
(LPR), we examined skin biopsies at 8 h, and skin chamber
cell counts and mediator release for 12 h after antigen chal-
lenge. Compared with the control sites, the antigen-stimulated
biopsy sites contained 14 times as many basophils (P < 0.01)
and six times as many eosinophils (P < 0.001) with one to two
fold more mononuclear cells (P < 0.03) and neutrophils (P
< 0.01). Similar changes were found in the skin chambers.
Although there were neutrophils in the control chamber, they
were only twice as numerous in the antigen challenged site (P
< 0.01). Eosinophils were 35-fold (P < 0.03) more prevalent in
the antigen chamber than the control chamber for hours 8-12
and basophils were noted starting in the eighth hour and were
20-fold (P < 0.03) more concentrated in the antigen chamber
during the next 4 h. The mononuclear cells were not signifi-
cantly different between antigen and control blisters. With re-
spect to inflammatory mediators, there was an initial peak of
histamine (13.2±2.9 ng/ml) in the blister fluid at 1 h. The level
then fell to - 2 ng/ml, followed by a secondary rise starting at
the eighth hour and increasing to 9.8±2.8 ng/ml by the twelfth
hour. This secondary increase in histamine correlated signifi-
cantly (r = 0.81, P < 0.05) with the observed influx of baso-
phils. PGD2 in the blister fluid rose to 371±25 pg/ml during
the first 4 h and then slowly decreased to half this level during
the last 4 h. Thus, the cutaneous LPR has been shown to
manifest a secondary increase in histamine levels and a mark-
edly specific increase in eosinophils and basophils with media-
tor release apparently being derived from the latter cells.

Introduction

Allergic individuals, when exposed to an appropriate antigen
challenge, suffer an acute response followed several hours later
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by a late-phase reaction (LPR).' In recent years investigation
has focused on the latter, because it is felt that this inflamma-
tory response, which involves not only mediators but also mo-
bilization of a number of types of cells, more accurately re-
flects clinical disease than does the less complex acute response
(1-6). This paper focuses on the late-phase response in the
skin, an appropriate place to execute such studies because the
initial work defining the LPR in man used a cutaneous
model (7-1 1).

The biphasic response to antigen was originally felt to in-
volve a succession of IgE and IgG antibody-mediated events,
with the latter causing tissue damage due to dermal comple-
ment and fibrin deposition (12, 13). 15 yr ago Dolovich and
Gleich and their associates demonstrated, in separate studies,
that both the acute and the late response to antigen could be
transferred by serum in which IgE antibody was found to be
the critical element (7, 8). These and other investigators dem-
onstrated that nonspecific mast cell-degranulating agents,
such as compound 48/80, could also induce both early and late
responses ( 14, 15). Biopsies 6-8 h after antigen administration
showed dermal edema associated with neutrophil accumula-
tion and scattered eosinophils. These acute inflammatory cells
were then replaced 24 h later by a predominantly mononu-
clear cell infiltration.

This early work was not significantly extended until re-
cently, but in the last several years there have b',en renewed
efforts to elucidate the pathogenesis of the LPR. It has now
been established that antigen challenge of the upper and lower
airways leads to a biphasic clinical response in which both
phases are associated with the release of putative mast cell
mediators (16-19). After antigen bronchoprovocation, hista-
mine and neutrophil chemotactic factors are recovered from
peripheral blood; in the nose, histamine, kinin, and leuko-
trienes C4, D4, and E4 are observed in both the early and
late-phase response (16, 20-24). PGD2, a product of the
human mast cell but not of the basophil, is present in the early
phase but not the late phase, a finding that has led us to suggest
that the late-phase mediator release was a result of infiltrating
basophils ( 16). As noted above, earlier histological studies have
provided no evidence of basophil involvement in the skin,
although Platts-Mills and his colleagues have shown that anti-
gen applied to dermal abrasions led to an accumulation of
basophils within 24-48 h (24).

Although the basophil has not been observed to be in-
volved in the cutaneous LPR, there is considerable evidence in
the skin and other organs for other inflammatory cells, espe-
cially eosinophils and neutrophils. Eosinophils and their toxic
products have been observed in many types of allergic foci
including late-phase bronchial washings (25-27). More re-

1. Abbreviations used in this paper: HRF, histamine-releasing factor;
LPR, late-phase reaction; OCD, optimal challenge dose; PAF, plate-
let-activating factor; RLH, Ringer's lactate with 250 ,ug/ml of heparin;
RW, ragweed.
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cently, work by Lieferman et al. has shown the tissue deposi-
tion of eosinophil major basic protein during chronic cutane
ous reactions (28). There is little doubt that neutrophils are
present in the LPR, and there is evidence that these cells may
contribute to the increased bronchial reactivity observed after
bronchoprovocation-induced late-phase reaction (23).

This study is a further effort to understand the pathogene-
sis of the late-phase reaction in the skin using the skin blister
technique previously described by Dunsky and Zweiman (29).
Wemeasured histamine release and PGD2production in skin
chambers extending over 12 h after antigen challenge. During
the same time period, we studied the influx of three potentially
involved cells: basophils, eosinophils, and neutrophils. We
correlated the appearance of these cells in blister fluid with the
dermal inflammatory cell infiltrate in skin biopsies taken from
beneath the blister base at 8 h. Wedemonstrate, for the first
time, a biphasic appearance of histamine in the cutaneous
LPR. We also describe the arrival of basophils both in the
dermis beneath the blister and, even more markedly, into the
tissue fluid itself. This appearance of basophils correlates with
the secondary appearance of histamine in the blister fluid.
There is a marked eosinophil infiltration into both the dermis
and the skin chamber whereas neutrophils, although repre-
senting the predominant cell type, are less prominently in-
creased with antigen challenge as compared with the control
sites of both dermal biopsies and skin chamber exudates.

Methods

Skin chamber antigen challenge. The study protocol was approved by
the Institutional Review Committee and all subjects had given written
informed consent. All subjects had been previously skin tested with
ragweed (RW) extract (in Hollister-Steir saline diluent with 0.3%
human albumin) in concentrations ranging from 0.1 to 1,000 PNU/ml
and were shown to have a clinical cutaneous LPR consisting of ery-
thema, soft tissue swelling, and induration. The concentration of RW
extract required to elicit a wheal > 10 mmwith pseudopods or > 15
mmwithout pseudopods, and accompanied by > 45 mmof erythema,
was defined as the optimal challenge dose (OCD). The skin was then
challenged in all instances with 10 times the OCDof RWantigen that
remained in the skin chamber for 60 min before removal. The same
dose and route of antigen challenge was followed for both the 8-h
biopsy studies and the 1 2-h skin chamber studies.

12 h before the placement of the skin chamber, a heat/suction-in-
duced blister was induced on the volar aspect of each arm of seven
atopic subjects (three male, four female), 18-50 yr of age. A hollow
plate warmed to 40'C was placed over the precleaned skin on the volar
aspect of the arm. Continuous suction (60 mmHg)was applied for
45-60 min until a complete 5-mm blister was formed. Onthe morning
of the study, the blisters formed 12 h previously were aseptically
unroofed. Sterile aluminum chambers, with entry and exit ports, were
placed over the unroofed blister and taped in place. A cutaneous ad-
hesive (Skin Bond, Largo, FL) was then used to secure an adequate seal
with the skin. 500 ,g of RWextract, in Ringer's lactate with 250 gg/ml
of heparin (RLH), representing 10 times the OCD, was placed into the
test chamber. On the opposite arm an equal amount of RLHonly was
placed into the control chamber. The chamber contents were removed
hourly for 12 h and replaced with 500 ,d of RLH. The blister fluid from
each sample was spun at 1,000 rpm in microcentrifuge tubes for 2 min
and the supernatant was saved for measurement of PGD2and hista-
mine. The pellet was resuspended in 500 Ail of RLH and gently agi-
tated, after which 10 gl were placed on a hemocytometer (Neubauer;
American Optical, Buffalo, NY) for cell counting.

Cell counts were done on at least 100 nucleated cells in nine large
squares. The cell suspension was then placed in a centrifuge (Cytospin;

Shandon Southern Instruments, Inc., Sewickley, PA) and spun at 600
rpm for 6 min. Paired slides were stained with DIFF-QUIK (a modi-
fied Wright-Giemsa stain, American Scientific Products, McGaw
Park, IL) and 0.5% alcian blue (pH of 1.0) for 60 min. After rinsing
with distilled water, the alcian blue-stained cells were counter-stained
with 0.1% Safranin in 1% acetic acid. For the Wright-Giemsa-stained
cells, a total of 200-300 cells were counted. For alcian blue-stained
cells, either the total number of cells on the slide or 1,000 cells were
counted, whichever was less (30).

Skin testing. Simultaneous with the introduction of RWantigen
into the skin chamber, each subject was skin tested with 0.02 ml of the
RWconcentration that had previously been determined to cause a +4
reaction followed by a cutaneous LPR. The skin test was placed on the
upper portion of the same arm that was challenged with antigen in the
chamber. The surface area of the LPR was calculated using a compos-
ite diameter derived by averaging the long and short axis of the cutane-
ous erythema and edema.

Cutaneous biopsy. Bilateral biopsies from five atopic subjects (three
male, two female) were made at the base of a heat/suction-induced
blister 8 h after either challenge with RWantigen or a sterile PBS
solution. The blister base was cleaned with Betadine (Baker, Ft. Lau-
derdale, FL) and allowed to dry for 5 min, followed by circumferential
infiltration with 1% lidocaine. 4-mm punch biopsies, using disposable
punches, were made over the denuded blister bases. The specimens
were placed in a modified Karnovsky's (glutaraldehyde/paraformalde-
hyde) fixative for 5 h, and then transferred to a cacodylate buffer (pH
7.4) (31). After fixation, the specimens were embedded in methacry-
late, cut to l-.um thickness and stained with the following: hemotoxylin
and eosin, Giemsa, toluidine blue, and chloroacetate esterase (a-
napthol-AS-D-chloroacetate esterase).

Cells were counted to characterize the inflammatory infiltrate (32,
33). Morphometric counts were made by using a square grid that is
divided into 100 smaller squares etched onto a 10X eyepiece (Ameri-
can Optical, Buffalo, NY). Each of the small squares measures 0.22
mmX 0.022 mmX400 Mum. A total of 40 1-Am squares were counted
by moving the microscope stage laterally across the reticular dermis.
Observations were made by one investigator (E. N. Charlesworth) and
confirmed independently by a second investigator (A. Hood). A third
observer (N. Soter) confirmed that the metachromatic cells being
called basophils were indeed consistent with basophils and not mast
cells. An original effort to read these slides blinded was abandoned
because the differences between antigen challenge and control site were
immediately obvious. Basophils were identified as cells having a defi-
nite multilobular nucleus with dispersed chromatin, and large cyto-
plasmic granules that stained metachromatically with toluidine and
Giemsa. Any metachromatically staining cell that was clearly within
the lumen of a dermal blood vessel was considered a basophil. Cells
that were clearly metachromatic but that could not be clearly identified
as either a mast cell or basophil were labeled as "indeterminate."

Measurement of mediators. For measurement of PGD2, 200 ,ul of
blister fluid were precipitated in 1,600 Ml of HPLCgrade ethyl alcohol.
The tubes were centrifuged at 5,000 rpm for 5 min and the superna-
tants, which contained the prostanoids, were transferred to separate
tubes and placed in an evaporating centrifuge for 3 h. The specimens
were then stored at -700C until assayed. A competitive RIA with a
sensitivity of 40 pg/ml, as described previously, was used for PGD2
measurements (34, 35). The identity of the prostanoid measured by the
RIA has been confirmed by negative ion gas chromatography mass
spectrometry. Blister fluid for the histamine assay was frozen immedi-
ately after collection and stored at -70°C. The radioenzymatic assay
for histamine has been previously described and has a sensitivity of
0.05 ng/ml (36). This assay is based on the conversion of histamine to
[3H]methylhistamine in the presence of histamine-N-methyltransfer-
ase and [3H]S-adenosyl-L-methionine (36).

Statistical analysis. Nonparametric analysis was used as there is no
evidence that the inflammatory cell influx or mediator release neces-
sarily follows a Gaussian distribution. The Wilcoxon signed-rank test
was applied using a commercial statistics program (Statview). A Z
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value was determined and the two-tailed probability was obtained
from a table of probabilities.

Results

Biopsy data. Five atopic individuals were biopsied 8 h after
challenge with RWantigen in a dose previously shown to elicit
a cutaneous LPR. The antigen was added to the skin blister
chamber and the biopsies were taken from the base of the
unroofed blister to compare the dermal histology of the anti-
gen challenged and the control blister sites. Two metachro-
matic stains were used, Giemsa and toluidine blue, in addition
to a chloroacetate esterase stain that stains mast cells and neu-
trophils but not basophils. Although subject to minor technical
differences among the histologic sections, we found the
Giemsa stain to be superior to toluidine blue, showing good
cellular detail for both mast cells and basophils in addition to
contrasting eosinophils with neutrophils. Therefore, cell
counts are all reported from Giemsa-stained specimens. Be-
cause the chloroacetate esterase stain also stains neutrophils, in
many instances the overwhelming number of these cells in
various stages of degranulation obscured the mast cells suffi-
ciently to prevent an accurate count (37).

There were a moderate number of neutrophils and mono-
nuclear cells present in the biopsy specimens taken from the
control blisters at 8 h, but very few eosinophils or basophils
were found. There was a significant infiltration of neutrophils
(P c 0.01), eosinophils (P c 0.001), mononuclear cells (P
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< 0.05), and basophils (P c 0.02) in the antigen-stimulated
blister base when compared with the control side (Fig. 1). Neu-
trophils and eosinophils dominated the cutaneous LPR cellu-
lar infiltrate at 8 h, each representing about one-third of the
total cell number. Note, however, that the relative number of
eosinophils in the antigen challenge site was > sixfold higher
than in the control site (P < 0.01), whereas the neutrophil
accumulation, although significant (P < 0.01), was only two-
fold greater. The number of mononuclear cells in the antigen-
stimulated blister base was approximately the same as the neu-
trophils and eosinophils, but mononuclear cells were increased
by only 1.4-fold (P < 0.03) over the control side; the latter
appear to infiltrate the control site as a nonspecific response to
the trauma of blister formation. As shown in Fig. 1 C, baso-
phils accounted for < 4% of the infiltrating cells. The intense
inflammatory infiltrate, cellular debris, and the karyorrhexis
of neutrophils made an exact quantification of basophil num-
ber difficult as illustrated by the increased number of indeter-
minate metachromatic cells observed after antigen stimula-
tion. There was, however, a clear increase in the number of
basophils seen at 8 h after antigen challenge. Moreover, the
relative increase in this cell type in the antigen-stimulated site
as compared with the control site, was greater than that oW
served with the eosinophil, more than 14-fold (P < 0.01). Fig. 2
shows a photomicrograph of a longitudinally cut dermal blood
vessel in which two metachromatic cells, together with neutro-
phils and eosinophils, are seen within the vessel lumen.
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Figure 1. Skin biopsy at 8 h after cutaneous antigen challenge. Results of morphometric cell counts from 1-Mum-thick histologic sections at the

site of antigen challenge 8 h previously. Histologic sections were stained with hemoyoxylin and eosin and Giemsa. (A) 8 h after antigen chal-

lenge a neutrophilic infiltrate appeared in the dermis which, although statistically significant (P 0.01), was also seen in the control blister base

as a result of the trauma of blister induction. (B) Eosinophils are shown to be a predominant histologic component of the cutaneous LPR. This

appears to be highly specific (P 0.001) for the antigen-challenged site. (C) Although basophils are numerically a minor component of the late-

phase biopsy in the skin, these cells appear to be specific (P 0.02) for the antigen-challenged skin site and are most likely the source of the

late-phase histamine release seen in the skin. (D) Mononuclear cells were significantly (P < 0.05) increased in response to antigen challenge, but

they were also seen in the control site.
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Figure 2. Photomicrograph of cuta-
neous LPR in the skin. Photomicro-
graph demonstrating two metachro-
matically staining cells within the
lumen of a longitudinally cut l-,um-
thick section of skin obtained from
the antigen challenged site at 8 h
and stained with Giemsa. Fre-
quently these cells show a more
condensed chromatin pattern, mak-
ing it difficult to perceive the multi-
lobed nucleus which is characteristic
of basophils migrating into the site
of antigen challenge. The granules
are more coarse and larger than
those seen within mast cells. X 1,550.

Skin chamber studies: cells. Weexamined the cells entering
the skin chamber on an hourly basis for 12 h. Fig. 3 illustrates
the influx of neutrophils, eosinophils, basophils, and mononu-
clear cells into the skin chambers with all values representing
the net increase of cells during the respective hour, by sub-
tracting the cells in the control chamber from those in the
antigen-stimulated chamber. Although neutrophils appeared
in the control chamber, there were two- to three-fold more
neutrophils recovered from the antigen-stimulated chamber
for hours 7-12. This was significant (P < 0.02) at all times
except hours 8 and 12. Note that in Fig. 3 A, the large standard
errors indicate considerable individual variation in the num-
ber of neutrophils recovered in the antigen stimulated
chamber, particularly after the seventh hour.

The number of eosinophils migrating into the antigen-
stimulated chamber was only 30% as great as the number of
neutrophils found during the corresponding hour. The eosino-
phil infiltration appeared, however, to be more specific for the
antigen-challenged site with very few eosinophils being noted
in the control chamber. An average of 35-fold more eosino-
phils were found in the antigen chambers than in the control
chambers at hours 6-12 (P < 0.03).

No basophils were observed in the antigen challenged
chamber until the sixth or seventh hour; the number of baso-
phils then increased until the eleventh hour at which time they
appeared to reach their peak. Cell counts shown in Fig. 3 C
represent the net number of cells counted in the antigen-stim-
ulated chamber and, although there were a few basophils
found in the control chambers after the eighth hour, there was
an average of 20 times (P < 0.03) more basophils in the antigen
challenged chambers. The standard errors are rather large, in-
dicating individual variation especially during the last 2 h of
the study.

Consistent with the skin biopsy data (Fig. 1 D), the number
of mononuclear cells counted in the skin chamber 6-12 h after
antigen challenge was only 1.4-fold greater than that observed
in the control chamber, and none of the comparisons reached

statistical significance. Fig. 3 D indicates that there was a small
net increase in mononuclear cells in the antigen-stimulated
blister chamber, but this cell was clearly less well represented
in the chamber than it was in the skin biopsy. It appears that
the neutrophils infiltrate 1 or 2 h before the entry of eosino-
phils and that the basophils appear promptly thereafter (Fig. 3,
A-D). The mononuclear cell accumulation appeared to be
coincident with the neutrophilic influx into the skin chamber.

Skin chamber studies: mediators. Fig. 4 shows the hista-
mine concentrations in the skin chamber for each hour; all
values represent the net hourly histamine release with the triv-
ial values from the control site (< 1 ng/ml in any hour) being
subtracted from the respective antigen-stimulated values. His-
tamine peaked at 13 ng/ml during the first hour and thereafter
fell during the subsequent 6 h. After reaching a baseline level
of 2 ng/ml during hours five to seven, the histamine levels

measured in the chamber then steadily rose during the re-
maining hours of the study. The late-phase rate of increase in
histamine levels maintains the same slope suggesting continu-
ing histamine release rather than the brief single peak that is
characteristic of mast cell activation seen in the first hour.
During the twelfth hour the histamine level was 9.8 ng/ml,
representing 74% of the first-hour histamine value. It is not
clear from this study at what point the histamine levels would
begin to taper off in the late phase. Note that the basophil
count significantly correlated with the secondary peak in his-
tamine concentration (r = 0.81, P < 0.05).

Fig. 4 also depicts PGD2 production; again the PGD2
values represent net antigen stimulated production less control
values. PGD2rose to 300 pg/ml during the first hour but un-
like the early histamine release, this level of PGD2was main-
tained for the first 4 h of the experiment. The PGD2levels then
slowly decreased to an average of 180 pg/ml during the last 4 h
of the study. During the time period corresponding to the
secondary rise in histamine, there was a corresponding de-
crease in PGD2production. Thus, the histamine level in the
blister fluid at 12 h is five times the 6-h level while, with respect
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Figure 3. Hourly cellular influx into skin
12 chambers after antigen challenge. All cell

counts represent a net influx with the
number of cells migrating into the control
chamber being subtracted from the anti-
gen-stimulated skin chamber. (A) Neutro-
phils are quantitatively the dominant cell
type. The neutrophilic infiltration begins at
5 h and appears to be greatest during the
10th hour. (B) Eosinophils begin to mi-
grate into the skin chamber several hours
after the neutrophils and remain elevated
from hour 7-12. (C) Basophils show much
later time kinetics than either the neutro-
phil or the eosinophil. They do not begin
to migrate into the skin chamber until the
seventh hour and are greatest at hours
and 12. (D) Mononuclear cells have simi-
lar time kinetics to the neutrophils and are

not a predominant cell type.

to the PGD2, the twelfth-hour level is one half that of 6 h.
Unlike the results with histamine, there was evidence of spon-

taneous prostaglandin production in the control chamber with
the PGD2levels in the control chamber showing, after the first
several hours, the same kinetics as those observed in the
chamber challenged with antigen, although quantitatively only
one-third as great. PGD2 levels in the antigen challenged
chamber were significantly above control at all times mea-

sured (P < 0.01). The observed levels of PGD2 in the buffer-
challenged blisters were not surprising as cells other than the
skin mast cell have a capability to produce prostanoids, in-
cluding the Langerhans cell (38-40).
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Figure 4. Time kinetics for histamine release and PGD2production
in antigen-stimulated skin chambers. Histamine release occurs im-
mediately after antigen challenge and can be seen to peak during the
first hour. Histamine then reaches a nadir at hour 6 followed by a

slow, steady increase up to hour 12. PGD2production peaks during
the first 4 h. In contrast to the kinetics of histamine release, PGD2
does not show an elevation during the later time periods that is con-

sistent with the biochemical profile of the basophil.

Fig. 5 shows the temporal relationship between histamine
release and the skin test reactivity over the 12-h observation
period. The peak of the cutaneous LPR as determined by skin
test reactivity occurs at 8 h, whereas the histamine released
into the skin chamber is still rising during the twelfth hour.
This may represent a delay of histamine recovery in the
chamber secondary to the time required for passive diffusion
into the chamber or, less likely, that the peak of skin test
reactivity precedes the secondary rise in histamine release.

Discussion

The studies that documented the role of IgE in the late-phase
reaction reconfirmed that antigen challenged skin was subject
to late-phase erythema and subcutaneous swelling (41). It has
been difficult, however, to study the pathogenesis of this re-

sponse. This study reveals the basis for some of this difficulty:
the LPR in the skin has different kinetics from that observed in
the airway. In the lungs, the late-phase response often begins as

early as 3 h and rarely starts later than 6 h after antigen chal-
lenge (5). In the skin, mediator release reaches a nadir at 6 h by
which time inflammatory cell infiltration has barely begun to
be manifest in the skin chamber (42, 43). Thus, extending our

studies for a full 12 h after antigen challenge has revealed a

number of elements in the cutaneous LPR that were not here-
tofore clear.

It becomes apparent that, in the skin, as in the upper and
lower airways, there is late-phase release of mediators. The

secondary release of histamine, which had not been observed
in earlier studies, begins - 7 h after antigen stimulation and is

still increasing at 12 h, when it reaches levels approximately
three-quarters as great as the histamine release observed in the
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Figure 5. Skin test reactivity in response to an epicutaneous RWan-
tigen challenge and skin chamber histamine levels in subjects pre-
viously shown to manifest a cutaneous LPR. The peak skin test reac-
tivity occurs during the eighth hour and slowly declines over the sub-
sequent 4 h. The histamine release into the skin chamber slowly rises
during the same time period and appears to reach maximum concen-
tration during the 12 h.

acute reaction. It is noteworthy that histamine release in the
acute-phase peaks within the first hour and thereafter
promptly falls toward baseline, whereas the late-phase increase
of this mediator is far slower and more persistent. Pienkowski
and associates have demonstrated a correlation between the
size of the cutaneous LPRand the level of PGD2in skin blister
fluid after antigen challenge at 30 min, 5.5 h, 8.5 h, and 24 h
(44). It is noteworthy that this study also demonstrated higher
histamine release at both the 8.5- and the 24-h time points
than was noted in the group that did not have a cutaneous
LPR during the same time points. That Pienkowski was not
able to demonstrate a second rise in histamine is most likely
because he did not sample fiequently enough and because he
sampled by a direct transcutaneous aspiration rather using an
adfixed chamber as we did.

The pattern of PGD2production in the skin is also quite
different from that found in our studies of the upper airways.
In the latter model, the pattern of prostaglandin generation
and release is not significantly different from that of histamine
(i.e., peaking within 20 min after antigen challenge and
promptly falling to baseline levels). In the skin, PGD2 levels
are elevated by the first hour and this level is maintained for
several hours. As in the upper airways model, however, prosta-
glandin levels thereafter fall and during the late phase, whereas
the histamine levels are increasing, the prostaglandin levels are
returning to baseline.

This failure to find increased levels of PGD2during the
upper airways LPR suggested that the mediator release was
caused by the basophil, which can not generate PGD2, rather
than the mast cell, which can. This study provides additional,
strong evidence that this is also the case in the skin. Infiltration
of basophils into the skin chamber begins at 7 h, the same time
that the secondary increase in histamine levels is first noted.
Basophil infiltration continues to increase until 11 or 12 h
after antigen challenge, at which point the highest levels of
histamine are observed. The correlation between the number
of infiltrating basophils and the increase in histamine concen-
tration in the antigen challenged skin site is highly significant.

Wehave previously shown that early in the cutaneous LPR
(at 8 h), the blister fluid contains a histamine-releasing factor

(HRF) (45). HRFcauses basophil histamine release only from
atopic individuals, and more recent studies have demonstrated
that it does so by interacting with IgE (46, 47). These studies
also showed, by using specific blocking antibodies, that antigen
does not persist in the blisters at 8 h and this would probably
be the case in this 12-h study. It is possible that some residual
antigen might be present during the first several hours; how-
ever, this would be unlikely to cause the significant secondary
release of histamine noted in our study. It is our hypothesis
that the mediator release observed during the LPR is a result of
basophil stimulation by HRF.

In addition to basophils, other inflammatory cells partici-
pate in the LPR. This study adds a dimension to previous
observations by quantifying inflammatory cell infiltration in
biopsies of antigen-stimulated sites as well as in skin blister
chambers. Previous biopsy studies suggested that the late phase
is attended by a predominantly polymorphonuclear cell infil-
trate, with some eosinophils (11). Using a skin chamber
model, Shalit et al. showed increased oxidative metabolism of
neutrophils at 5 h after antigen challenge and Fleekop et al.
showed that the neutrophil remained the predominant cell in
the skin chamber up to 6 h (42, 48). Whereas previous studies
did not document an increase in basophils during the cutane-
ous LPR, we were able to demonstrate the presence of baso-
phils not only in the chambers but also in biopsied tissue. This
study also documents increased neutrophils and eosinophils in
both the dermis and the skin chamber. There are, however,
important differences between the infiltration by basophils
and eosinophils and that of neutrophils and mononuclear cells
in both the skin biopsies and the skin chamber counts. The
skin biopsy study shows eightfold more eosinophils appearing
in the antigen challenged than in control tissue. The basophils,
which can be clearly counted, are 14-fold higher and if all
metachromatically stained cells are included, this ratio is in-
creased. In contrast, the neutrophil infiltrate into the antigen
challenged biopsy site increases only twofold above the control
and the ratio with respect to mononuclear cell infiltration is
even less impressive. These markedly different ratios are simi-
larly observed in the blister chamber. The antigen challenged
skin chambers demonstrate a > 20-fold increase in eosinophils
and basophils as compared to controls. As in the biopsied
tissue, the increase in neutrophils and mononuclear cells in the
antigen-challenged blister chambers is twofold or less.

These cellular differentials suggest that the basophil and
eosinophil are specifically attracted to the site of antigen-mast
cell interaction, whereas the neutrophils and the mononuclear
cells appear secondary to a nonspecific inflammatory stimu-
lus, be it allergic or not. Our data would also suggest that the
cells most involved in the pathogenesis of the LPR are those
specifically attracted to the site, primarily the basophil and the
eosinophil. The basophil is probably the cell responsible for
the secondary histamine release and the induration and tissue
destruction characteristic of the late phase reaction is likely the
result of the eosinophil infiltration, with the attendant release
of its toxic proteins, well described by Gleich and his col-
leagues (25, 49). Despite the small number of basophils recov-
ered from the skin chambers relative to other cells, there is a
significant correlation (r = 0.81, P < 0.05) between the nu-
merical basophil influx and the secondary rise in histamine.
The cumulative histamine recovered in the chambers from the
7th-12th h represents-57% of the available histamine content
of the total cumulative basophils recovered during the same

1524 Charlesworth et al.



time period. Our studies of the upper airways are consistent
with the hypothesis supporting the basophil and eosinophil as
playing a major pathogenetic role in the LPRs. Wehave ob-
served that treatment with corticosteroids completely blocks
the clinical aspects of the airways LPRand ablates the influx of
eosinophils and basophils, without affecting the infiltration of
neutrophils (50).

Studies of the pathogenesis of the late phase have just
begun. Wehave certainly not examined all of the potential
inflammatory mediators and we are proceeding to measure
levels of leukotrienes, platelet-activating factor (PAF), kinins,
and other mediators. Weare confident that we can modify the
nature of the cellular infiltrate with several different pharma-
cologic agents, such as steroids and new antihistamines, such
as cetirizine (51). It is also clear that we can either modify the
release of mediators (i.e., aspirin decreases PGD2) or block
their effects with newly defined antagonists, i.e., leukotriene or
PAF antagonists. An ability to alter the type of mediators re-
leased, influence their interaction with tissue receptors and to
modify the nature of the cellular infiltrate, together with an
evaluation of the effects of these interventions on the clinical
evolution of the cutaneous LPRshould lead to far more insight
into what elements are important in the generation of this
response in man.

Acknowledgments

Weare appreciative of the expert technical assistance of Ms. Valerie
Alexander. Without her dedication to laboratory perfection and long
hours, this study may not have been completed.

This work was supported by grant AI-07290 and AI-08270 from
the National Institutes of Health, Bethesda, MD. Dr. Lichtenstein is a
recipient of a Pfizer Biomedical Award.

References

1. Gleich, G. J. 1982. The late phase of the immunoglobulin E
mediated reaction: a link between anaphylaxis and common allergic
disease? J. Allergy Clin. Immunol. 70:160-169.

2. Bush, R. K., and M. Cohen. 1977. Immediate and late onset
asthma from occupational exposure to soybean dust. Clin. Allergy.
7:369-371.

3. Davies, R. J., M. Green, and N. M. Schofield. 1976. Recurrent
nocturnal asthma after exposure to grain dust. Am. Rev. Respir. Dis.
114:1011-1019.

4. Pienkowski, M. M., P. S. Norman, and L. M. Lichtenstein. 1985.
Suppression of late-phase skin reaction by immunotherapy with rag-
weed extract. J. Allergy Clin. Immunol. 76:729-734.

5. Robertson, D. G., A. T. Kerigan, F. E. Hargreave, R. N.
Chalmers, and J. Dolovich. 1974. Late asthmatic responses induced by
ragweed pollen allergen. J. Allergy Clin. Immunol. 54:244-254.

6. Kaliner, M. M. 1984. Hypotheses on the contribution of late-
phase allergic responses to the understanding and treatment of allergic
diseases. J. Allergy Clin. Immunol. 73:311-315.

7. Dolovich, J., F. E. Hargreave, R. Chalmers, K. J. Shier, J. Gaul-
die, and J. Bienenstock. 1973. Late cutaneous allergic responses in
isolated IgE-dependent reactions. J. Allergy Clin. Immunol. 52:38-46.

8. Solley, G. O., G. J. Gleich, R. E. Jordon, and A. L. Schroeter.
1976. Late phase of the immediate wheal and flare skin reaction. Its
dependence on IgE antibodies. J. Clin. Invest. 58:408-420.

9. Umemoto, L., M. D. Poothullil, J. Dolovich, and F. E. Har-
greave. 1976. Factors which influence the cutaneous allergic responses.
J. Allergy Clin. Immunol. 58:60-68.

10. Zetterstrom, 0. 1978. Dual skin test reactions and serum anti-

bodies to subtilis and Aspergillus fumigatus extracts. Clin. Allergy.
8:77-91.

1 1. Zweiman, B., R. I. Slott, and P. C. Atkins. 1976. Histologic
studies of human skin test responses to ragweed and compound 48/80.
III. Effects of alternate-day steroid therapy. J. Allergy Clin. Immunol.
58:657-663.

12. deShazo, R. D., A. I. Levinson, H. F. Dvorak, and R. W. Davis.
1979. The late phase skin reaction: evidence for activation of the coag-
ulation system in an IgE-dependent reaction in man. J. Immunol.
122:692-698.

13. Pepys, J. 1969. Hypersensitivity diseases of the lung due to
fungi and organic dust. In Monographs in Allergy. Vol. 4. P. Kallos,
T. M. Inderbitzin, P. A. Miescher, and B. H. Waksman, editors. S.
Karger AG., Basel. 22-68.

14. Atkins, P., G. R. Green, and B. Zweiman. 1973. Histologic
studies of human skin test exposure to ragweed, compound 48/80, and
histamine. J. Allergy Clin. Immunol. 51:263-273.

15. Dor, P. J., D. Vervolet, M. Sapene, L. Andrac, J. J. Bonerandi,
and J. Chapin. 1983. Induction of late cutaneous reaction by kallikrein
injection: comparison with allergic-like late response to compound
48/80. J. Allergy Clin. Immunol. 71:363-370.

16. Naclerio, R. M., D. Proud, A. G. Togias, N. F. Adkinson, D. A.
Meyers, A. Kagey-Sobotka, M. Plaut, P. S. Norman, and L. M. Lich-
tenstein. 1985. Inflammatory mediators in late antigen-induced rhini-
tis. N. Engl. J. Med. 313:65-70.

17. Pelikan, Z. 1978. Late and delayed responses of the nasal mu-
cosa to allergen challenge. Ann. Allergy. 41:37-47.

18. Schmacher, M. J., and M. C. F. Pain. 1979. Nasal challenge
testing in grass pollen hay fever. J. Allergy Clin. Immunol. 64:202-208.

19. Dvoracek, J. E., J. W. Yunginger, E. B. Kerr, R. E. Hyatt, and
G. J. Gleich. 1984. Induction of nasal late phase reactions by insuffla-
tion of ragweed-pollen extract. J. Allergy Clin. Immunol. 73:363-368.

20. Nagy, L., T. H. Lee, and A. B. Kay. 1982. Neutrophil chemo-
tactic activity in antigen-induced late asthmatic reactions. N. Engl. J.
Med. 306:497-501.

21. O'Driscoll, B. R. C., T. H. Lee, 0. Cromwell, and A. B. Kay.
1983. Immunologic release of neutrophil chemotactic activity from
human lung tissue. J. Allergy Clin. Immunol. 72:695-701.

22. Venge, P., R. Dahl, and L. Hankansson. 1987. Heat-labile
neutrophil chemotactic activity in subjects with asthma after allergen
inhalation: relation to the late asthmatic reaction and effects of asthma
medication. J. Allergy Clin. Immunol. 80:679-688.

23. Metzger, W. J., H. B. Richerson, and S. I. Wasserman. 1986.
Generation and partial characterization of eosinophil chemotactic ac-
tivity and neutrophil chemotactic activity during early and late-phase
asthmatic response. J. Allergy Clin. Immunol. 78:282-290.

24. Mitchell, E. B., J. Crow, G. Williams, and T. A. E. Platts-Mills.
1986. Increase in skin mast cells following chronic house dust mite
exposure. Br. J. Dermatol. 114:64-73.

25. Ackerman, S. J., D. A. Loegering, P. Venge, I. Olson, J. B.
Harley, A. S. Fauci, and G. J. Gleich. 1983. Distinctive cationic pro-
teins of the human eosinophil granule: major basic protein, eosinophil
cationic protein, and eosinophil-derived neurotoxin. J. Immunol.
131:2977-2982.

26. Frigas, E., D. A. Loegering, G. 0. Solley, G. M. Farrow, and
G. J. Gleich. 1981. Elevated levels of the eosinophil granule major
basic protein in the sputum of patients with bronchial asthma. Mayo
Clin. Proc. 56:345-353.

27. Gleich, G. J., E. Frigas, D. A. Loegering, D. L. Wassom, and D.
Steinmuller. 1979. Cytotoxic properties of the eosinophil major basic
protein. J. Immunol. 123:2925-2927.

28. Leiferman, K. M., S. J. Ackerman, H. S. Sampson, P. Y. Ven-
encie, and G. J. Gleich. 1985. Dermal deposition of eosinophil-granule
major basic protein in atopic dermatitis: comparison with onchocer-
ciasis. N. Engl. J Med. 313:282-285.

29. Dunsky, E. H., and B. Zweiman. 1978. The direct demonstra-
tion of histamine release in the skin using a skin chamber technique. J.
Allergy Clin. Immunol. 62:127-130.

Cutaneous Late-Phase Response to Allergen 1525



30. Gilbert, H. S., and L. Ornstein. 1975. Basophil counting with a
new staining method using alcian blue. Blood. 46:279-286.

31. Enerback, L., H. R. P. Miller, and G. Mayrhofer. 1985.
Methods for identification and characterization of mast cells by light
microscopy. In Mast Cell Differentiation and Heterogeneity. A. D.
Befus, J. Bienenstock, and J. A. Denburg, editors. Raven Press, New
York. 405-417.

32. Eady, R. A. J., T. Cowen, T. F. Marshall, V. Plummer, and
M. W. Greaves. 1979. Mast cell population density, blood vessel den-
sity and histamine content in normal skin. Br. J. Dermatol. 100:623-
633.

33. Cowen, T., D. Trigg, and R. A. J. Eady. 1979. Distribution of
mast cells in human dermis: development of a mapping morphometric
technique. Br. J. Dermatol. 100:635-640.

34. Adkinson, N. F., Jr. 1977. Prostaglandin production by human
peripheral blood in vitro. J. Lab. Clin. Med. 90:1043-1053.

35. Schulman, E. S., H. H. Newball, L. M. Demers, F. A. Fitzpat-
rick, and N. F. Adkinson, Jr. 1981. Anaphylactic release of thrombox-
ane A2, prostaglandin D2 and prostacylin from human lung paren-
chyma. Am. Rev. Respir. Dis. 124:402-406.

36. Brown, M. J., P. W. Ind, R. Causon, and T. H. Lee. 1982. A
novel double-isotope technique for the enzymatic assay of plasma
histamine: application to estimation of mast cell activation assessed by
antigen challenge in asthmatics. J. Allergy Clin. Immunol. 69:20-24.

37. Gomez, E., 0. J. Corrado, D. L. Baldwin, A. R. Swanston, and
M. D. Davies. 1986. Direct in vivo evidence for mast cell degranula-
tion during allergen-induced reaction in man. J. Allergy Clin. Im-
munol. 78:637-645.

38. Ruzicka, T., and J. Aubock. 1987. Arachidonic acid metabo-
lism in guinea pig langerhans cells: studies on cycloxygenase and li-
poygenase pathway. J. Immunol. 138:539-543.

39. Jorgensen, H. P., and J. Sondergaard. 1976. Biosynthesis of
prostaglandin by human inflamed skin. Acta Dermato-Venereol.
56:11-13.

40. Marcelo, C., and J. J. Voorshees. 1980. Cyclic nucleotides,
prostaglandins and polyamines in psoriasis. Pharmacol. & Ther.
9:297-310.

41. Atkins, P. C., and B. Zweiman. 1987. Editorial. The IgE-me-

diated late-phase response: unraveling the enigma. J. Allergy Clin.
Immunol. 79:12-15.

42. Fleekop, P. D., P. C. Atkins, C. von Allen, M. C. Valenzano, M.
Shalit, and B. Zweiman. Cellular inflammatory responses in human
allergic skin reactions. J. Allergy Clin. Immunol. 80:140-146.

43. Reshef, A., A. Kagey-Sobotka, N. F. Adkinson, L. M. Lichten-
stein, and P. S. Norman. 1988. The pattern and kinetics of mediators
in the acute and late-phase response (LPR) in human skin. J. Allergy
Clin. Immunol. In press.

44. Pienkowski, M. M., N. F. Adkinson, M. Plaut, P. S. Norman,
and L. M. Lichtenstein. 1988. Prostaglandin D2 and histamine release
during the immediate and the late-phase components of allergic cuta-
neous response. J. Allergy Clin. Immunol. 82:95- 100.

45. Warner, J. A., M. M. Pienkowski, M. Plaut, P. S. Norman, and
L. M. Lichtenstein. 1986. Identification of a histamine releasing fac-
tor(s) in the late phase of cutaneous IgE-mediated reactions. J. Im-
munol. 136:2583-2587.

46. MacDonald, S. M., L. M. Lichtenstein, D. Proud, M. Plaut,
R. M. Naclerio, D. W. MacGlashan, and A. Kagey-Sobotka. 1987.
Studies of IgE-dependent histamine releasing factors: heterogeneity of
IgE. J. Immunol. 139:506-512.

47. Orchard, M. A., D. Proud, A. Kagey-Sobotka, R. H. Fisher, and
L. M. Lichtenstein. 1988. Platelet-derived histamine releasing factors
(P-HRF): Evidence that basophil surface immunoglobulin IgE is re-
quired for histamine release to occur. Blood. In press.

48. Shalit, M., D. E. Campbell, C. von Allmen, P. C. Atkins, S. D.
Douglas, and B. Zweiman. 1987. Neutrophil activation in human in-
flammatory skin reactions. J. Allergy Clin. Immunol. 80:87-93.

49. Frigas, E., and G. J. Gleich. 1986. Postgraduate course. The
eosinophil and the pathophysiology of asthma. J. Allergy Clin. Im-
munol. 77:527-537.

50. Bascom, R., M. Wachs, R. M. Naclerio, U. Pipkorn, S. J. Galli,
and L. M. Lichtenstein. 1988. Basophil influx occurs after nasal anti-
gen challenge: effects of topical corticosteroid pretreatment. J. Allergy
Clin. Immunol. 81:580-589.

51. Charlesworth, E. N., A. Kagey-Sobotka, P. S. Norman, and
L. M. Lichtenstein. 1988. Effect of cetirizine on mast cell mediator
release and cellular traffic during the cutaneous late-phase reaction. J.
Allergy Clin. Immunol. 81:212. (Abstr.)

1526 Charlesworth et al.


