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Allergic diseases like atopic rhinitis, bronchial asthma, and urticaria ate prevalent and on the 
rise. The need to better understand the pathophysiology of  these diseases is therefore crucial to 
the development of  newer and more effective modes of  treatment. We hypothesized that in 
inflammatory diseases like allergic rhinitis and asthma characterized by profound local 
clinical manifestations and inflammation of  the relevant mucosae, the most important 
immunopathological findings must occur locally. Although studies on the cellular elements 
and mediators in the pertpheral blood compartment may provide useful information, they may 
not accurately reflect events occurring within the target organ itself. Even in the normal 
mucosa there is a resident population of  lymphocytes and mast cells. Taking perennial allergic 
rhinitis (PAR) and chronic infective rhinitis (CIR) as representative chronic airway 
inflammatory diseases we investigated the phenotypic and functional characteristics of  mast 
cells and lymphocytes in the nasal mucosa of  pattents with PAR and C1R during the natural 
course of the disease. We further compared the characteristics of lymphocytes in the nasal 
mucosa with that in the peripheral blood compartment. Our results demonstrated 
heterogeneity of  mast cells and T cells in the nasal mucosa. Furthermore, the mucosal 
changes at the site of  allergic inflammation were characterized by an increase in the 
proportion of CD4* CD45RO ~ T cells (memory cells); oligoclonal expansion and activation 
of  VT1 V3I * T cells: an increased number of F c ~ U  cells': an increased proportion of TH2- 
type cytokine expressing mast cells and lymphocytes and of" very late antigen-4 and very late 
antigen-5 expressing nasal mast cells, independent of  alterations in CIR; and autologous 
peripheral blood. These findings strongly suggest heterogeneity of lymphocytes and mast cells 
in the nasal mucosa based on the underlying inflammatory disease, and compartmentalization 
of inflammatory cells in the nasal mucosa and peripheral blood. (J Allergy Clin Immunol 
1996:9&$248-62.) 
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The nose is a potential site for various inflam- 
matory diseases such as perennial allergic rhinitis 
(PAR) and chronic infective rhinitis (CIR). PAR is 
an IgE-mediated atopic disease characterized by 
perennial symptoms of sneezing, rhinorrbea, and 
nasal obstruction, an increased level of serum- 
specific IgE, and nasal eosinophilia. CIR is a 
bacterium- or virus-induced IgE-independent in- 
flammatory disease characterized by mucopurulent 
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nasal discharge, nasal obstruction, and often asso- 
ciated paranasal sinusitis. Most of the earlier stud- 
ies aimed at elucidating the pathophysiologic 
mechanisms of these diseases were limited to 
examination of the cellular elements and media- 
tors in the blood compartment or the epithelial 
lining fluid. ~-s Although much information is avail- 
able from studies conducted on the cellular ele- 
ments and mediators in the epithelial lining fluid, 
these elements are not totally representative of 
those in the nasal mucosa. 2-6 Furthermore,  the 
cellular events in the peripheral blood compart- 
ment may also not be representative of that in the 
nasal mucosa. With the availability of monoclonal 
antibodies (mAbs) and the application of sensitive 
techniques such as immunohistochemistry in situ 
hybridization, fluorescence-activated cell-sorter 
analysis (FACS), and the polymerase chain reac- 
tion (PCR), we have been able to achieve a better 
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Abbreviations used 
CIR: Chronic infective rhinitis 

FACS: Fluorescence-activated cell-sorter 
analysis 

FITC: Fluorescein isothiocyanate 
GM-CSF: Granulocyte-macrophage colony- 

stimulating factor 
ICAM: Intercellular adhesion molecule 
IEMC: Intraepithelial mast cell 
IFN-y: Interferon-,/ 

LEMC: Lamina propria mast cell 
LT: Leukotriene 

mAB: Monoclonal antibody 
NMC: Nasal mast cell 
NML: Nasal mucosal lymphocyte 
PAR: Perennial allergic rhinitis 
PBL: Peripheral blood lymphocyte 
PCR: Polymerase chain reaction 

PE: phycoerythrin 
PG: Prostaglandin 

TCR: T-cell receptor 
TNF-cc Tumor necrosis factor-~ 

VCAM-I: Vascular cell adhesion molecule-1 
VLA: Very late antigen 

understanding of the cellular and molecular events 
that occur in the target organs. 

Mast ceils are known to play a central role in 
IgE-mediated allergic diseases. 7q~ Recent studies 
have demonstrated that mast cells are a potential 
source of multifunctional cytokines, indicating that 
mast cells may play important roles in allergic 
inflammation not only through the release of in- 
flammatory mediators but also through the release 
of cytokines. 1~ In addition, previous studies have 
shown an increase in the number of mast cells in 
the epithelial compartment of the nasal mucosa of 
patients with allergic rhinitis, in good correlation 
with the severity of diseaseJ ~-16 However, the 
responsibility for the initiation and perpetuation of 
allergic inflammation does not lie with any single 
cellular element and occurs as a result of a cascade 
of events involving a variety of cells including mast 
cells, lymphocytes, eosinophils, basophils, epithe- 
lial cells, and fibroblasts. 

In this article, we devote attention to the phe- 
notypic and functional characteristics of mast ceils 
and lymphocytes in the nasal mucosa of patients 
with PAR and their possible role in the perpetua- 
tion of allergic inflammation. To understand the 
specificity of these cellular elements in allergic 
diseases, we compared the characteristics of lym- 
phocytes and mast cells in the nasal mucosa of 

patients with PAR during the natural course of the 
disease with those in patients with CIR. To eluci- 
date the target-organ specificity, we compared the 
characteristics of nasal mucosal lymphocytes 
(NML) in patients with PAR and CIR with those 
of autologous peripheral blood lymphocytes 
(PBL). 

PHENOTYPES, DISTRIBUTION, AND 
STAGES OF ACTIVATION OF NML IN PAR 
DIFFER FROM THOSE IN CIR AND ARE 
UNRELATED TO THOSE IN THE PERIPHERAL 
BLOOD COMPARTMENT 

T lymphocytes are the principal factors that 
regulate and coordinate immune responses. Most 
of the earlier studies to characterize nasal lympho- 
cytes were limited to immunohistochemical analy- 
sis of CD4 + T cells, CD8 § T cells, CD25 + T cells, 
and B cells) 7-2l By fluorescence-activated cell 
sorter analysis, immunohistochemistry, and PCR, 
we elucidated the proportions, phenotypes, stages 
of differentiation, distribution, and cytokine profile 
of lymphocytes in the nasal mucosa and peripheral 
blood compartments of patients with PAR and 
CIR. 22 In both groups of patients, CD3 + (T) 
lymphocytes constituted >70% of total NML; B 
lymphocytes constituted about 20%: and natural 
killer cells constituted <5%. Although no differ- 
ence was detected in the proportion of nasal 
mucosal T cells between PAR and CIR. B cells 
were significantly increased in NML of PAR pa- 
tients, and natural killer cells were modestly in- 
creased in the nasal mucosa of CIR patients (Fig. 
1). Second. in agreement with previous studies we 
observed a modest increase in the proportion of 
nasal mucosal CD4 ~- (helper/inducer) T cells in 
PAR patients. 21 When we examined the T-cell 
receptor (TCR) expression in the nasal mucosa of 
both groups of patients, we observed that the 
majority of NML expressed the 0~[3 TCR. whereas 
-/8 TCR * ceils formed a relatively minor popula- 
tion. Yet. by comparison, the proportion of y8 T 
cells was significantly increased in PAR. = 

Mucosal lymphocytes are classified into two 
subsets on the basis of their distribution in the 
tissue: those infiltrating the epithelial compart- 
ment are known as intraepithelial lymphocytes, 
and those infiltrating the lamina propria are known 
as lamina propria lymphocytes. We asked whether 
there were any characteristic differences in the 
phenotypes and proportions of [ymphocytes be- 
tween intraepithelial and lamina propria [ympho- 
cytes. In PAR and CIR patients, CD8 * (cytotoxic) 
T cells predominated in intraepithelial [ympho- 
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FIG. 1. Comparison of lymphocyte subpopulation in nasal mucosa of PAR and CIR patients. A, 
Flow cytometric analysisof CD3 + (T cells), CD20 § B cells, CD57 + (natural kille r cells), and el3 and 
;,/~ T cells in the nasal muc0Sa of PAR and CIR patients was carried out by FACS after staining of 
isolated NML with relevant FlTC/pE-conjugated mAbs, as previously described. 22 CD20+ (B cells) 
and ~/~ T cells were significantly increased in NML of PAR patients, By contrast, natural kil ler cells 
were modestly increased in NML of CIR patients, B, Flow cytometric analysis of CD3 +, CD20§ 
CD57 +, and ~13 and ~/g T cells in PBL of PAR and CIR patients was carried out by FACS after 
staining of isolated PBL with relevant FITC/PE2conjugated mAbs, as previously described. ~2 No 
significant differences were detected in proportion of lymphocyte subsets or natural killer cells 
between PAR and CIR. PAR, n = 13; CIR, n = 16. *p  < 0.05; * *p  < 0.01. 
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FIG. 2. Comparison of ~13 and ~g TCR expression in nasal mucosa, nasal epithelium, and lamina 
propria of PAR and CIR patients. Flow cytometric ani]lysis of a13 and ",/8 TCR expression in nasal 
mucosa, nasal epithelium, and lamina propria of PAR and CIR patients was carried out by FACS 
after staining of isolated intraepithelial lymphocytes (IEL), lamina propria lymphocytes (LPL), 
and NML with relevant FITC-conjugated mAbs, as previously described.22 ~/8 T cells were 
selectively increaSed in IEL and NML of PAR Patients. However, no difference was detected in ~3 
T cell population in LPL or in a13 T-cell population in NML, IEL, or LPL between PAR and CIR. 
NML, n = 30; IEL, n = 22; LPL, n = 22. * *p  < 0.01. 

cytes whereas CD4 + (helper/inducer) T cells were 
predominant in lamina propria lymphocytes. What 
was of much interest was the preferentially distri- 
bution of ~ T cells in the epithelial compartment, 
even though a13 T cells were equally distributed in 
both compartments (Fig. 2). 

T cells expressing the CD45RO surface antigen 
represent a subset of primed T Cells that react 
more easily to recall antigens and produce more 
lymphokines upon restimulation than their naive 
counterparts (CD45RA + cells). ~3 To elucidate the 
stages of activation of NML, we examined the 
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FIG. 3. CD45RO and CD45RA expression in 3';5 T cell subsets in nasal mucosa and per ipheral  
b lood of  PAR patients. F low cytometr ic  analysis of  CD45RO and CD45RA § y8 T-cell subsets in 
isolated NML and PBL was carried out  by FACS after staining wi th  re levant  FITC/PE-conjugated 
mAbs, as prev ious ly  described. 24 Sofid bars and hatched bars, Proport ion of indicated 3'8 T cells 
in NML and PBL, respect ively; open bars, propor t ion of CD45RO and CD45RA posi t iv i ty  in 
indicated 3'8 T cells. CD45RO expression was higher in V81 + T cells in NML. By contrast, CD45RO 
expression was higher in V82 + T cells in PBL. n = 15. * * p  < 0.01. 

CD45RO and CD45RA expression in NML of 
PAR and CIR patients. Of note, we found an 
increase in the proportion of CD4 § CD45RO § 
NML in PAR patients. Moreover, an increased 
proportion of these CD4 § CD45RO § T cells were 
distributed in the epithelial compartment. 22 These 
findings of an increased distribution of CD4 § 
CD45RO § T cells in the epithelial compartment of 
the nasal mucosa of PAR patients may have im- 
portant clinical consequences because these cells 
are constantly exposed to environmental antigens. 
Furthermore, when we compared the proportion 
of CD45RO + e~13 T cells and CD45RO § `/8 T cells 
in NML, we found that the proportion of 
CD45RO § `/8 T cells was remarkably increased in 
PAR, but no difference was detected in the pro- 
portion of CD45RO § ~[3 TCR § cells between 
PAR and CIR. 

~[3 T cells in both groups of patients expressed 
either the CD4 or CD8 surface antigen. By con- 
trast, the majority of `/8 T cells were CD3+4-8 - .  
The proportions of CD4 + and CD4-8 `/8 T cells 
were selectively increased in the nasal mucosa of 
PAR patients but no significant difference was 
detected in the o43 T-cell population. 24 We next 
asked whether nasal `/8 T cells were distinct from 
those in the peripheral blood. To make clear this 
point, we compared the phenotypic and molecular 

characteristics of nasal and peripheral blood -/8 T 
cells in the same patients. Whereas the majority of 
nasal -/8 T cells were CD4-8 , those in the periph- 
eral blood were predominantly CD8 § CD4 + y8 T 
cells constituted about 20% of total nasal y8 T cells 
but were undetected in the peripheral blood. Fur- 
thermore, nasal `/8 T cells in patients with PAR 
and CIR and in normal subjects dominantly ex- 
pressed the V-/1/VS1 genes, whereas the majority 
of those in the peripheral blood expressed the 
Vy2/V82 genes. 24 In addition, the expanded pop- 
ulation of nasal `/8 T cells in PAR patients ex- 
pressed the V`/1/VS1-JS1 TCR, and >60% of 
these V`/1/VS1 TCR § cells were primed 
(CD45RO § unrelated to those in autologous pe- 
ripheral blood (Fig, 3). This finding indicated that 
nasal `/8"T cells are distinct from those of the 
peripheral blood and are oligoclonally expanded 
locally under specific antigenic stimulation. 

To clarify whether the expansion of nasal muco- 
sal -/8 T cells was antigen specific, we stimulated 
highly purified (magnetic activated cell sorting- 
purified) nasal and peripheral blood -/8 T cells with 
Der f 2 antigen 25, 26 in the presence of irradiated 
autologous feeder cells and elucidated the antigen- 
specific proliferation by [3H]thymidine uptake. In 
brief, NML and PBL were isolated as previously 
described, 22 and `/8 T cells were purified by posi- 
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FIG. 4. Induction of cell proliferation by Der f 2 (purified mite allergen) in nasal mucosal (NM) 
and peripheral blood (PB)~/8 T cells. Highly purified (MACS-purified) NM and PB ~6 T cells were 
cultured in a 96-well flat bottom microplate at a density of 1 • 10S/well with irradiated 
autologous feeder cells (5 x 104/well) in the presence or absence of 10 ~g/ml recombinant Der 
f 225, 26 for 5 days. [3H]Thymidine was added 16 hours before end of culture, and cell proliferation 
was estimated by assaying incorportation of [3H]thymidine. Although nasal mucosal -y~ T cells 
proliferated well to Der f 2 antigen, those of peripheral blood did not. 

tive selection with the use of magnetic activated 
cell sorting after staining with the anti-~/8 TCR 
mAb (TCR -//8-1, Becton Dickinson, Mountain 
View, Calif.) and the magnetic-coated anti-mouse 
IgG 1 (Miltenvy, Gladbach, Germany). Subse- 
quently, the purified nasal mucosal and peripheral 
blood -/8 T cells were cultured in Rosewell Park 
Memorial Institute 1640 medium with 10% fetal 
calf serum and 1% pencillin-streptomycin, with or 
without 10 pog/ml recombinant Der f 2 (Asahi 
Breweries, Tokyo, Japan) 25, 26 in the presence of 
autologous feeder cells for 5 days. [3H]Thymidine 
(1 IxCi/well) was added to the cultures 16 hours 
before the end of the culture, and the incorporated 
radioactivity was measured by liquid scintillation 
counting after harvesting. Although nasal mucosal 
-/8 T cells proliferated well in response to Der f 2 
antigen, peripheral blood -/8 T cells did not re- 
spond well to stimulation with Der f 2 (Fig. 4). 
Moreover, when we examined the cytokine profile 
of nasal mucosal and peripheral blood -/8 T cells in 
PAR and CIR patients by flow cytometry, we 
found dominant expression of THe-type cytokines 
in nasal mucosal "y8 T cells whereas cytokines in 
CIR patients and those in the peripheral blood of 
PAR patients dominantly expressed I F N - ' y .  24'27 

These findings suggest that the expansion of ~/8 T 
cells in the nasal mucosa of PAR patients is 
antigen specific and that nasal mucosal -/8 T cells 

in PAR patients exhibit a TH2-type cytokine profile 
independent of ~8 T cells in the peripheral blood. 

In contrast to the obvious heterogeneity ob- 
served in NML of PAR and CIR patients, the 
proportions, phenotypes, and stages of differenti- 
ation of PBL in PAR and CIR patients, showed no 
marked differences and were unrelated to alter- 
ations in the nasal mucosa (Figs. 1, 3, and 4). 
Together, these findings strongly suggest that the 
characteristics of lymphocytes in the peripheral 
blood do not precisely reflect the changes at the 
site of inflammation and that studies on the cellu- 
lar elements in the target organ are essential to 
clarify the pathogenesis of these inflammatory 
diseases. 

ROLE OF 3'~ T CELLS IN PAR 

The precise role of nasal -/8 T cells remains to be 
defined. There are several postulations regarding 
the function of -,/8 T cells including immune sur- 
veillance, rejection of stressed cells, regeneration 
of epithelial cells, antigen presentation, regulation 
of the differentiation of oq3 T cells in the primary 
immune response, as contra suppressor cells, pro- 
vision of help for a[3 T cells in contact sensitivity, 
and regulation of IgE synthesis. 28-34 It also has 
been reported that ~8 T cells can recognize anti- 
gens directly. In light of our recent observations, 
we propose that one of the potential roles of nasal 
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"y8 T cells may be regulation of differentiation of 
oL[3 T cells into TH1- or TH2-type cells early in the 
primary immune response. Yet the selective ex- 
pansion of nasal mucosal ~g T cells in PAR 
patients cannot be explained by this hypothesis 
alone, and further studies are underway to eluci- 
date precisely the function of nasal -/g T cells. 
Furthermore, like oL[3 T cells, "y8 T cells may exhibit 
heterogeneity of function on the basis of their 
phenotypes? 3 

NML IN PAR BUT NOT CIR EXHIBIT A 
DISTINCT POLARIZATION TO A THz-TYPE 
CYTOKINE PROFILE 

By reverse-transcription PCR, flow cytometry, 
and ELISA we examined the cytokine profile of 
freshly isolated NML and autologous PBL in 
patients with PAR and CIR. We detected in- 
creased IL-4 and IL-5 gene expression and rela- 
tively low interferon-~ (IFN-~) gene expression 
in NML of PAR patients compared with those in 
CIR patients (Fig. 5). On the other hand, in CIR 
patients we demonstrated lower levels of IL-4 
gene expression and enhanced IFN-~ gene ex- 
pression. Of note, when we compared the IL-13 
gene expression in NML from PAR and CIR 
patients, we found that NML in PAR but not in 
CIR expressed the IL-13 gene (Fig. 5), and a 
strong correlation existed between the levels of 
IL-13 gene expression and the levels of serum 
total and specific IgE antibodies, 13 suggesting 
that IL-13 may play an important role in the 
maintenance of IgE synthesis within the local 
microenvironment. Semiquantitative analysis of 
the PCR products of cytokine genes in NML by 
densitometry relative to that of [3-actin expres- 
sion of each sample demonstrated a predomi- 
nant THz-type cytokine profile in PAR patients 
and a Tin-type cytokine profile in CIR patients. 
Analysis of the expression of cytokine genes in 
freshly isolated PBL from PAR patients demon- 
strated expression of the IL-4, IL-5, and IFN-'y 
genes but not of the IL-13 gene (Fig. 5). 

We next examined the cytokine production by 
NML and PBL from PAR and CIR patients by 
flow cytometry and ELISA. We detected greater 
levels of IL-4, IL-5, and IL-13 expression in NML 
from PAR patients than in those from CIR pa- 
tients, and NML from CIR patients demonstrated 
increased IFN-~ expression. When we stimulated 
freshly isolated NML and PBL from PAR and CIR 
patients with phorbol myristyl acetate (10 ng/ml) 
and immobilized anti-CD3 (5 ixg/ml), and the 
supernatants were stored at - 80  ~ C until further 
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FIG. 5. Cytokine gene expression in NML from PAR and 
CIR patients. Poly-A RNA was extracted from isolated 
NML and PBL from PAR and CIR patients, and messenger 
RNA was selectively converted to complementary DNA 
(cDNA) by reverse transcriptase. Indicated cytokine 
cDNAs were amplified by using appropriate sense and 
anti-sense primers, as previously described, la PCR 
products were electrophoresed, transferred onto nylon 
membranes, and visualized by chemiluminiscence. 
13-Actin was used as the internal control for each sample. 
Lanes 1 and 3, Cytokine gene expression in NML and 
PBL, respectively, of representative PAR patient; lanes 
2 and 4, cytokine gene expression in NML and PBL, 
respectively, of representative CIR patient, mRNAs for 
each cytokine are depicted as follows: A, IL-4; B, IL-5, C, 
IL-13, D, IFN-7, E, 13-actin (internal control). 

assay. The levels of secreted cytokines were mea- 
sured using relevant cytokine assay kits (Quan- 
tikine, R & D Systems, Minneapolis, Minn., and 
Chemicon, Temecula, Calif.). We found that NML 
from PAR patients produced significant amounts 
of IL-13, IL-4, and IL-5 but no IFN-,/(Fig. 6, A). 
In contrast, NML from CIR patients did not 
produce detectable levels of IL-4 or IL-13 but 
secreted moderate levels of IL-5 and significantly 
greater levels of IFN--/. As compared with NML, 
PBL from PAR patients secreted relatively lower 
levels of IL-4, IL-5, and IL-13 but greater levels 
of IFN-~/ (Fig. 6, B). Moreover, previous work 
has shown that freshly isolated NML from PAR 
patients but not PBL expressed the IL-13 gene. 13 
Together, these findings suggest that NML in 
PAR patients express and produce TH2-type 
cytokines unrelated to those in CIR and in 
autologous PBL. 
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FIG. 6. Induction of cytokine secretion by NML and PBL from PAR and CIR patients. Isolated 
NML and PBL from PAR and CIR patients were stimulated with phorbol myristyl acetate (10 
ng/ml) and immobil ized anti-CD3 (5 txg/ml) for 48 hours, and levels of secreted cytokines were 
measured by relevant cytokine assay kits. A, levels of secreted IL-4, IL-5, IFN-y, and IL-13 by NML 
from PAR and CIR patients. B, levels of secreted IL-4, IL-5, IFN-y, and IL-13 by PBL from PAR and 
CIR patients, n = 10; CIR, n = 10. *p < 0.05; PAR, * *p  < 0.01. 

TABLE I, Numbers  of  cy tok ine-express ing  cel ls in the nasal mucosa 

Epithelium Lamina propria 

Cytokine PAR CIR PAR CIR 

IL-2 ND ND 
IL-3 7.8 -+ 5.4 * 1.0 -+ 0.8 
IL-4 7.9 _+ 4.8 * 0.4 _+ 0.4 
IL-5 10.5 _+ 3.2 * 1.5 + 0.5 
IL-6 9.6 _+ 9.5 * 2.5 + 0.7 
IL-7 5.3 + 2.7 3.9 + 1.7 
IL-8 5.8 _+ 3.8 7.2 _+ 2.8 
IL-10 5.9 +_ 3.3 * 1.2 + 0.3 
IL-13 8.0 +_ 3.3 * 0 
GM-CSF 4.9 +- 1.7 * 1.0 --- 1.1 
TNF-e~ 6.5 +-- 0.8 6.8 _+ 1.3 
IFN-~ 0.2 +- 0.3 0.6 -+ 0.6 

3.8 +- 2.4 6.6 + 4.4 
14.5 + 9.5 * 6.0 + 2.3 
16.8 + 6.2 * 2.0 + 0.9 
16.4 + 2.6 * 6.1 + 1.7 
15.9 _+ 4.7 * 6.6 + 1.1 
10.9 -+ 2.3 8.1 + 3.2 
9.2 + 2.2 * 16.8 -+ 6.2 

13.2 -+ 5.3 * 2.2 + 0.8 
16.2 -+ 5.3 * 2.0 -+ 0.2 
14.7 _+ 5,7 * 3.6 -+ 1.0 
114.4 + 6.8 t 19.8 -+ 6.3 
2.0 -+ 1.9 * 8.7 --_ 6.2 

Results are expressed as number of ceils in area of 0.202 mm" at 
ND, Not done. 
*p < 0.01. 
~p < 0.05. 

magnification • 

MAST CELLS AND LYMPHOCYTES 
CONSTITUTE THE PREDOMINANT 
CELLULAR SOURCE OF TH2-TYPE 
CYTOKINES IN THE NASAL MUCOSA 
IN PAR 

In  bo th  P A R  and  C I R  pat ien ts ,  cells express ing 
IL-1,  IL-2,  IL-3,  IL-4,  IL-5,  IL-6,  IL-7,  IL-8,  IL-10, 
IL-13,  g r a n u l o c y t e - m a c r o p h a g e  co lony-s t imula t ing  
fac tor  ( G M - C S F ) ,  I F N - y  and  t u m o r  necrosis  fac- 
tor-o~ (TNF-o  0 were  d e t e c t e d  by immunoh i s to -  
chemis t ry  (Table  I). W h e n  we c o m p a r e d  the cyto-  
kine  express ion  in the  nasa l  mucosa  be tween  P A R  
and CIR,  we found  up - r egu la t ion  of  the  express ion  

o f  IL-4 gene  c lus ter  (IL-4, IL-5,  IL-6,  IL-13,  and  
G M - C S F )  in P A R  pat ients .  The  close proximi ty  o f  
the  genes  of  these  cytokines,  wi th in  119 to 180 kb 
on c h r o m o s o m e  5, suggest  tha t  the  r egu la t ion  of  
these  cytokines  may  be  u n d e r  the  same  genomic  
control .  By contras t ,  an inc reased  n u m b e r  o f  cells 
express ing I F N - %  IL-8, and TNF-c~ were  n o t e d  in 
the  nasa l  mucosa  of  C I R  pat ien ts .  

W e  inves t iga ted  the  cel lular  source  of  these  
cytokines  by doub le  immunoh i s toc he mis t ry  with 
the  use of  re levan t  m A b s  that  can ident i fy  mas t  
cells (ant i -c-k i t /ant i - t ryptase) ,  T cells ( an t i -CD3 
m A b ) ,  eos inophi l s  ( a n t i - E G 2  mAb) ,  and  macro -  
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FIG. 7. Comparison of the proportion of cytokine expressing NMC and NML in total cytokine- 
expressing cells. Immunohistochemical analysis of cytokine expression in nasal mucosa of PAR 
patients was performed by double Staining (alkaline phosphatase anti-alkaline phosphatase and 
FITC or avidin-biotin complex peroxidase and FITC) with anticytokine mAbs and relevant cell-surface 
antigens. Relative contribution of NMC and NML as sources of these cytokines was compared. 

TABLE II. Cytokine profile in the nasal mucosa 

Type of cell PAR CIR 

Epithelial cells IL-c~, IL-113, 1L-6, IL-8, GMCSF, 1L-c~, IL-113, IL-8, TNF-c~ 
TNF-c~ 

Lymphocytes [L-a, IL-I[3, 1L-3, IL-4, IL-5, 
IL-6, IL-7 , IL-8, IL-10, IL-13, 
GM-CSF, TNF-~x 

IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, 
IL-10, IL-13, TNF-a 

IL-5, IL-6, GM-CSF ND 
IL-~, IL-I~3 IL-c~, IL-l[3 

Mast cells 

Eosinophils 
Macrophages 

1L-% IL-l[3, IL-2, IL-3, IL-5, IL-7, 
IL-8, IL-10, GM-CSF, IFN-,/, 
TNF-c~ 

[L-8, TNF-a* 

ND, Not done. 
*In CIR, few mast cells express IL-4, IL-5, IL-6, and IL-7 but none expresses IL-13 or IL-10. 

phages (anti-CD68 mAb), We found that a variety 
of inflammatory cells such as mast cells, eosino- 
phils, T lymphocytes, and macrophages as well as 
resident epithelial cells contributed as sources of 
these cytokines (Table II). However, mast cells and 
T lymphocytes constituted the predominant source 
of Tin-type cytokines, excluding IL-5, which was 
expressed by lymphocytes, mast cells, and eosino- 
phils (Fig. 7). Bradding et al; 35 reported that mast 
cells accounted for >90% of IL-4-  and 1L-6- 
expressing cells and 50% of IL-5-expressing cells 
in PAR. In contrast, Ying et ai. 36, 37 reported that 
C D 4  § T iymphocytes were t h e  predominant 
source of IL-4 in allergic rhinitis, accounting for 
>70% of IL-4-expressing cells. 36, 37 Although it is 
well agreed that mast cells are an important source 
of IL-4, IL-5, and IL-6, this discrepancy in the 

relative contribution of mast cells as cytokine- 
expressing cells may be the consequence of the 
different experimental techniques used. 

It is well known that glucocorticoster0ids can 
inhibit cytokine production in lymphocytes and 
eosinophils, but there is yet no evidence of the 
capacity of steroids to inhibit cytokine production 
in human mast cells. 3s Therefore it is important to 
elucidate the relative contribution of mast cells as 
TH2-type cytokine-expressing cells and their pre- 
cise roles in perpetuating chronic allergic inflam- 
mation. By double immunohistochemistry, we 
found that NML formed the predominant source 
of Tin-type cytokines in the epithelial compart- 
ment but that mast cells accounted for about 60% 
of Tin-type cytokine-expressing cells in the lamina 
propria compartment. However, the numerical 
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FIG. 8. Flow cytometric analysis for the expression of VLA-4 and VLA-5 in NMC from represen- 
tative PAR patient. Flow cytometric analysis was performed by FACS after staining with 
FITC/PE-conjugated VLA-4 or  VLA-5 mAbs and anti-c-kit mAb. Accurate estimation of expression 
of VLA-4 and VLA-5 in NMC was done by gating on c-kit + (CD117) cells. Dashed line, Negative 
control; solid line, VLA-4 § or VLA-5 § cells. 

predominance of cytokine-expressing cells cannot 
be equated to the amount of cytokine produced, 
and further studies are necessary to define the 
precise amounts of cytokines secreted by each cell 
type and the kinetics and pharmacologic modula- 
tion of cytokine production before we can con- 
clude on the importance of each cell type. 

NASAL MAST CELLS IN PAR EXPRESS 
VERY LATE ANTIGEN-4 AND VERY LATE 
ANTIGEN-5 

In addition to cytokines, several types of cell- 
surface molecules are involved in the recruitment 
of inflammatory cells into specific sites of inflam- 
mation. 39 Lymphocytes and mast cells in the tissues 
are surrounded by other cells like fibroblasts and 
mucosal cells as well as extracellutar matrtx pro- 
teins (e.g., collagen, fibronectin, and laminin). 
Therefore the interaction of these inflammatory 
cells with fibroblasts and extracellular matrix may 
be important in the perpetuation of chronic in- 
flammation. Recently, we demonstrated that [31 
integrins such as very late antigen-4 (VLA-4) and 
very late anugen-5 (VLA-5) and the vitronectin 
receptor integrin are involved in mast cell activa- 
tion, up-regulation of cytokine expression in mast 
cells, and mast-cell survival. 4~ We detected the 
expression of VLA-4 and VLA-5 in nasal mast 
cells (NMC) from PAR patients by staining with 
the relevant fluorescein isothyocyanate/PE (FITC/ 
PE)-conjugated mAbs and the anti-c-kit mAb and 
then analyzing by flow cytometry (Fig. 8). Further- 
more, we recently found up-regulation of the ex- 

pression of VLA-4 and VLA=5 in NMC from PAR 
patients (manuscript in preparation). 

VCAM-1 and intercellular adhesion molecule-1 
are the counterreceptors or ligands for [31 and [32 
integrins, respectively. Studies have shown increased 
expression of ICAM-1 and VCAM-1 in the nasal 

41 42 mucosa of persons with allergic rhinitis. , A strik- 
ing feature in allergic inflammation is the selective 
accumulation of activated eosinophils and basophils 
without increased numbers of neutrophils. Lee et 
al. 41 demonstrated that ICAM-1 expression in the 
nasal mucosa of persons with allergic rhinitiS and was 
not up-regulated after stimulation with antigen; in 
contrast VCAM-1 was up-regulated 24 hours after 
allergen challenge. Because VLA-4 is not expressed 
by neutrophils, the selective up-regulation of 
VCAM,1 in the nasal mucosa may result in the 
accumulation of activated eosinophils and basophils 
without increased numbers of neutrophils. It is 
known that IL-4 and IL-13 can up-regulate VCAM-1 
expression in endothelial cells; thus mast cells and 
lymphocytes may indirectly contribute to the recruit- 
ment of eosinophils and basophils through the IL-4- 
and IL-13-induced up-regulation of VCAM-1 ex- 
pression in the nasal mucosa. 

FC~RI-EXPRESSING CELLS IN THE NASAL 
MUCOSA IN PAR ARE MAST CELLS AND 
BASOPHILS AND ARE INCREASED IN PAR 

Cross-linking of allergen-specific IgE bound to 
the high-affinity IgE receptor (FceRI) on the sur- 
face of mast cells with multivalent allergens results 
in the release of inflammatory mediators, which 
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produces clinical symptoms. The FcsRI expression 
in mast cells is therefore important for the devel- 
opment of allergic diseases. However, the precise 
relation between the FceRI and atopy is unclear. It 
has been reported that eosinophils and monocytes 
also express FeERI. 43, 45 We therefore examined the 
morphologic characteristics of Fc~RI-expressing cells 
in the nasal mucosa of PAR patients by immunoelec- 
tronmicroscopy with the anti-FcsRIoL-chain mAb 
(CRA1), which is noncompetetive with IgE. 46,47 
Morphologically, FceRI + ceils in the nasal mucosa of 
PAR patients were either mast cells or basophils 
(Table III) (Fig. 9). However, basophils constituted 
<6% of the total FceRI + cells. Occasionally, a few 
FceRI + cells with monocytelike morphologic fea- 
tures were detected. Neither eosinophils nor macro- 
phages demonstrated specific staining with the non- 
competetive CRA1 in the nasal mucosa of PAR 
patients. When we compared the number of FceRI + 
cells in the nasal mucosa of PAR and CIR patients 
after staining with CRA1, which is noncompetetive 
with IgE 46, 47 by using the alkaline phosphatase anti- 
alkaline phosphatase method (APAAP kit, Dako, 
Palo Alto, Calif.), we observed an increased number 
of FceRI + cells in the nasal mucosa of PAR patients 
(PAR, 18.0 + 3.6 cells/0.202 mm2; CIR, 11.0 + 1.2 
cells/0.202 mm2; p < 0.01). It would therefore be of 
interest to investigate the FceRI + cells in the nasal 
mucosa of patients with seasonal allergic rhinitis, in 
and out of season. 

HETEROGENEITY OF MAST CELLS IN PAR 
AND CIR 

Mast cells and basophils are critical effector cells in 
allergic diseases but are also involved in a variety on 
IgE-independent biologic responses. 7-11 Mast cells 
are derived from hematopoietic precursors in the 
bone marrow; these precursors migrate to and ma- 
ture in the peripheral tissues under the influence of 
local microenvironmental factors. 47 Basophils, in 
contrast, do not normally reside in the tissues but are 
usually found in the circulation. Even in a normal 
physiologic state, mast cells can be detected in vari- 
ous tissues, can increase or decrease in association 
with various biologic responses, and may vary in their 
phenotypic characteristics according to the anatomic 
site. 4s Human mast cells are classified into at least 
two phenotypically distinct subpopulations on the 
basis of the type of neutral proteases they contain, 
namely mast cells that contain only tryptase and mast 
cells that contain tryptase, chymase, cathepsin G, and 
carboxypeptidase. 48 Since Enerback's reports on the 
heterogeneity in rat intestinal and peritoneal mast 
cells, classifying them into mucosal mast cells and 
connective-tissue mast cells 49, much has been learned 

TABLE III. UI t raf ine s t ructure of  FceRI + cel ls 

in the nasal mucosa 

Ultrafine characteristic Epithelium Lamina propria 

Size 7.8 _+ 2.4 ixm 13.1 + 2.8 gm 
Nucleus 

Round or oval 82.8% +_ 10.8% 21.7% + 8.8% 
Elongated 11.7% _+ 3.8% 72.9% + 6.8% 
Segmented 0 4.3% _+ 2.7% 

Nucleus:cytoplasm 0.6 + 1.2 0A +- 0.3 
ratio 

Microfilaments VisNle Not prominent 
Microvilli Few or moderate Moderate 
Specific granules 

Number of granules 20.8 ___ 14.6 48.4 _+ 26.2 
Size of granules 0.54 __ 0.1 ixm 0.5 -+ 0.06 txm 

about mast-cell heterogeneity. Tissue specific heter- 
ogeneity in mast cells, heterogeneity in response to 
various agonists, and heterogeneity in cytokine ex- 
pression are well documented. 5~ The distribution 
of the two subsets of mast cells on the basis of 
protease expression in the nasal mucosa and their 
response to various agonists have been described 
previously. 54-56 

The role of mast cells in acute allergic inflamma- 
tion through the release of various inflammatory 
mediators, including histamine, leukotrienes (LT) 
such as LTC4 and LTD4, and prostaglandins (PG) 
such as PGD2, is well known. Studies suggest that 
mast cells may play important roles in allergic inflam- 
mation not only through the release of these inflam- 
matory mediators but also through the release of 
multifunctional cytokines. Yet the precise roles of 
mast cells in chronic allergic inflammation is unclear. 
We therefore investigated the phenotypic and func- 
tional characteristics of nasal mast cells in PAR and 
CIR patients. NMC in both PAR and CIR patients 
expressed a variety of cytokines, including IL-3, IL-4, 
IL-5, IL-6, IL-7, 1L-8, IL-10, and TNF-oL, and the 
expression of Tin-type cytokines was significantly 
increased in NMC from PAR patients. On the other 
hand, NMC from both group of patients did not 
express Tin-type cytokines such as IL-12 or IFN--/. 
Furthermore, nasal mast cells expressed CD40L (Fig. 
10), the c-kit receptor, tryptase, FceRI, [31 integrins, 
and intercellular adhesion molecules. Recently, we 
also found that nasal mast cells from and PAR but 
not from CIR patients induced IgE synthesis in B 
cells (manuscript submitted). These findings strongly 
suggest novel and important roles for nasal mast cells 
in initiating and perpetuating chronic allergic inflam- 
mation. 

Heterogeneity in mast cells has been well docu- 
mented on the basis of protease expression and 
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FIG. 9. Morphologic appearance of FceRI + cells in nasal mucosa of representative PAR patient. 
We analyzed morphologic features of FceRI* cells in nasal mucosa of PAR patients by 
immunoelectronmicroscopy after staining with anti-Fc~Rla chain mAb, which is noncompetetive 
with lgE (CRA1). 46,47 A, Specific FceRI staining on surface of unactivated mast cell. B, Specific 
FceRI staining on surface of activated mast cell. Arrow, Partially degranulated granule. 

A 

FIG. 10. Expression of IL-13 and CD40L in nasal mast cells of representative PAR patient. Immuno- 
histochemicat analysis for IL-13 and CD40L expression in nasal mast ceils was assessed by double 
staining with anti-lL-13 and CD40L mAbs and anti-c-kit mAb (avidin-biotin complex peroxidase and 
FITC and FITC/PE methods, respectively) as previously described. 13, 22 Top (two panels), c-kit 4 Cells 
stained by FITC. A, Immunoreactivity for IL-13 (avidin-biotin complex peroxidase) in nasal mucosa 
of representative PAR patient (x400). B, CD40L + cells (x525). Although immunoreactivity for IL-13 
and CD40L was clearly localized to c-kit + cells, some c-kit- cells also exhibited immunoreactivity for 
IL-13 (arrowhead)and CD40L (arrow). 

response to pharmacologic agonistsF-59Although 
Kitamura 6~ demonstrated tissue specific heteroge- 
nei~ in mice and switching from one subtype to 
another, there is no such clear evidence in human 

beings. Recently, Bradding et al~ 35 reported hetero- 
geneity in mast cells based on the cytokine expres- 
sion. When we compared the expression of cytokines 
in nasal intraepithelial (IEMC) and lamina propria 
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FIG. 11. Roles of NMCs in early-phase (acute) and late-phase allergic reactions, 

mast cells (LPMC), we also found heterogenity 
in the extent of cytokine expression between 
IEMC and LPMC (manuscript in preparation). 
We also observed differential expression of 
FceRI, in that nasal mast cells from PAR pa- 
tients expressed increased levels of the FceRI as 
compared to nasal mast cells from CIR patients, 
and the FCeRI expression in mast cells was 
upregulated by IL-4 (manuscript submitted). 
This finding indicates that even within the same 
tissue, local microenvironmental factors may 
play a crucial role in modulating the immuno- 
phenotypic characteristics of mast cells. 

EOSINOPHILS IN RHINITIS 

Like mast cells, eosinophils are implicated in 
allergic diseases. However, their role in the patho- 
genesis of asthma and rhinitis exhibits certain 
differences. Eosinophil mediators such as major 
basic protein, eosinophil peroxidase, eosinophil- 
derived neurotoxin, and eosinophil cationic pro- 
tein are known to be toxic to the lower- but not to 
the upper-airway epithelium. Moreover, in asthma 
there is good correlation between the degree of 
infiltration of activated eosinophils and the bron- 
chial hyperresponsiveness, 61 but such a relation is 
not so clear in the case of atopic rhinitis. 6a, 63 In the 
nasal mucosa of PAR patients we found that 

eosinophils express GM-CSF and IL-5. We could 
not detect eosinophils in the nasal mucosa of 
CIR patients, but eosinophils may be detected in 
other conditions, including the nonallergic rhi- 
nitis eosinophilic syndrome and nasal polyposiso 
In light of our observations and those of others 
on the heterogeneity of mast cells and lympho- 
cytes in various immunopathologic conditions, it 
would be relevant to know whether such a 
heterogeneity exists with regard to eosinophils 
and, if so, whether there is a concommitent 
heterogeneity in the response of eosinophils to 
pharmacologic agents. 

ROLE OF NMC IN ALLERGIC RHINITIS 

After cross-linking of allergen-specific IgE on 
the surface of mast cells with multivalent antigen, 
several morphologic changes occur in the mast 
cells, including swelling of the cytoplasmic granules 
and subsequent solubilization of its granule con- 
tents. Histamine, tryptase, PGD2, and I_,TC4 are 
among the mast-cell products that can be detected 
immediately after exposure to allergens. 64, 65 His- 
tamine induces vasodilatation, increased vascular 
permeability, and increased glandular secretion in 
the ipsilateral and contralateral sides through neu- 
ral reflexes. Sneezing results from the action of 
histamine on H 1 receptors present on the sensory 
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FIG. 12. Rote of mast cells in lgE production. NMC may play important rNes in early- and fate-phase 
allergic reactions and in chronic allergic inflammation. Mast cells may perpetuate chronic allergic 
inflammation by secreting IL-4, which is necessary for differentiation and maintenance of CD4 + cells 
into TH2 type cells. Mast cells may also be involved in maintenance and amplification of IgE 
synthesis locally, in target organ. Ag, Antigen; slg, surface immunoglobulin. 

nerve endings of the trigeminal nerve (Fig. 11). Of 
particular importance is the action of histamine on 
the subepithelial blood vessels, causing vasodilata- 
tion, hyperaemia, and mucosal edema. Prostaglan- 
dins such as PGD2 also cause edema by vasodila- 
tation and increased vascular permeability. The 
precise role of tryptase is not yet known. The 
physiologic effects of newly synthesized leuko- 
trienes including LTC4, LTD4, and LTE 4 are me- 
diated by increased vascular permeability, vasodi- 
latation, and induction of mucous secretion. 

It is well known that IEMC (mucosal mast cells) 
are increased in the nasal mucosa on exposure to 
allergens and play a crucial role in allergic inflamma- 
tion through the allergen- and IgE-dependent re- 
lease of these inflammatory mediators. Recent stud- 
ies have shown differences in the allergen-induced 
histamine releasability of nasal IEMC and LPMC 
and heterogeneity in the response to pharmacologic 
agents. 66 At the same time, our studies demonstrated 
that LPMC are the predominant source of Tin-type 
cytokines in PAR. Therefore, in contrast to the 
earlier school of thought that proposed that only 
surface mast cells (IEMC) play a crucial in the 
pathogenesis of allergic rhinitis, we propose that both 
IEMC and LPMC play important but diverse roles in 
perpetuating allergic inflammation. 

In short, IEMC may play important roles in the 
immediate or acute phase of allergic reaction 
through the release of inflammatory mediators 
including tryptase, histamine, PGDz, and LTs, 
whereas LPMC may play important roles in the 
late phase of allergic reaction by up-regulating the 
expression of adhesion molecules including 
VCAM-1 and ICAM-1 (IL-4, IL-13, and TNF-o 0 
on endothelial cells and by inducing basophil and 
eosinophil recruitment (IL-4 and TNF-o 0. LPMC 
may also play important roles in promoting chronic 
allergic inflammation by regulating the growth, 
differentiation, and IgE isotype switching of B cells 
(IL-4, IL-6, and IL-13); by maintaining the levels 
of VCAM-1 and ICAM-1 expression on endothe- 
lial cells (IL-4, IL-13, and TNF-o0; and by promot- 
ing eosinophil development and survival (IL-3 and 
IL-5). In view of our findings on the presence of a 
substantial number of B cells in the nasal mucosa 
and our recent evidence that mast cells from PAR 
patients can induce IgE synthesis in B cells (manu- 
script submitted), we propose that mast cells have 
novel role in promoting chronic allergic inflamma- 
tion by amplifying and maintaining IgE synthesis 
locally in the target organ (Fig. 12). 
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C O N C L U S I O N  

We demons t ra te  that  the cellular changes in the 

target  organ more  definitively reflect the under ly-  
ing pathogenesis  than  do those in the per iphera l  
b lood  compar tment .  Fur the rmore ,  our  results sug- 
gest impor tan t  roles for nasal  mucosal  "yb T cells 

and  mast  cells in pe rpe tua t ing  allergic inf lamma-  
tion. Our  observat ions and  those of others demon-  
strate that  mast  cells have crucial roles in the early 
phase of the allergic react ion and  in the la te-phase 

react ion and  chronic allergic inf lammat ion .  As a 
source of a myraid of in f lammatory  media tors  and  
cytokines, mast  cells may therefore  be an  impor-  

tant  target  for therapeut ic  manipu la t ions  in aller- 
gic diseases of the airways. 
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