Recruitment of T cells to the lung in
response to antigen challenge
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T-cell recruitment to the lungs is thought to represent a key
step in airway allergic inflammation. T cells coordinate and
amplify effector functions of antigen-specific and nonspecific
proinflammatory cells, such as B cells and eosinophils. The
T,2 cell, in particular, promotes allergic inflammation through
the expression of IL-4, IL-5, and IL-13, proinflammatory
cytokines that are important in the induction of B-cell switch-
ing and the promotion of eosinophil proliferation and survival.
This cytokine profile has been implicated in asthma; elevations
in bronchoalveolar lavage IL-4 and IL-5 levels have been
observed in asthmatic patients. The recruitment of T, cells to
the site of allergic inflammation (lung) is the subject of this
review. (J Allergy Clin Immunol 2000;106:5227-34.)
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As key cells in the adaptive immune response, T cells
coordinate and amplify the effector functions of antigen-
specific and nonspecific inflammatory cells such as B
cells and eosinophils. T cells have been divided into 2 dis-
tinct subsets according to effector function. The CD4 T
cells, termed T, cells, are involved in humoral immunity,
whereas CD8 T cells are referred to as T-suppresser cells
and drive the cell-mediated response. The CD4 T cells are
particularly important in the regulation of antigen-driven
inflammatory processes, although reports have indicated a
possible role for the CD8 T cell as well.! Through anti-
gen-specific T-cell receptors, CD4 T cells are capable of
recognizing processed foreign antigen in association with
major histocompatibility complex class II on specialized
antigen-presenting cells, playing a pivotal role in initiat-
ing and sustaining chronic allergic inflammation. We
focus on CD4 T-cell recruitment to the site of allergic
inflammation in response to antigen challenge.

ROLE OFT CELLS IN ASTHMA

Evidence for the involvement of T cells in asthma came
from early studies on postmortem lungs that linked the
abnormality of the lung with the presence of chronic
inflammatory infiltrate that consisted mostly of lympho-
cytes and eosinophils.2 The use of fiberoptic bron-
choscopy has allowed bronchial biopsy specimens and
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lavage fluid to be examined in patients with less severe
asthma and normal subjects and the kinetics of cell
recruitment in response to antigen challenge to be exam-
ined. The studies have shown that the T cell is the pre-
dominant cell in both normal and asthmatic airway
mucosa, accounting for approximately 50% to 60%?2 of
the cells present. In asthmatic subjects, the total number
of inflammatory cells is elevated, with the eosinophil
exhibiting the greatest percentage increase. However, the
percentage of T cells is also enhanced, which translates
into a significant increase in the absolute number of T
cells, given the large number of these cells present at
baseline.3 More recently, lung resection studies have also
demonstrated an increase in the number of T cells and
eosinophils in the airways of asthmatic subjects compared
with nonasthmatic control subjects who were matched for
age, sex, smoking history, lung function, and airway size.4
The presence of these inflammatory cells in larger air-
ways is consistent with the increase observed in broncho-
scopic biopsy specimens of asthmatic airways.>-¢ We have
recently reported a similar but more severe inflammatory
process in the peripheral airways and in the airway wall
external to the smooth muscle layer, both of which are not
routinely biopsied with fiberoptic bronchoscopy.#

T-CELL RECRUITMENT TO THE LUNGS

There are a number of reports that provide evidence to
support the concept that T cells are recruited to the air-
ways in response to specific antigen challenge and that
this recruitment may be inhibited by anti-inflammatory
agents.”-8 In 1984, Gerblich et al’ showed that the num-
ber of CD4* T cells was reduced in the peripheral blood
of asthmatic subjects immediately after antigen chal-
lenge. They also demonstrated that the activation status
of these T cells was increased after antigen challenge.
Metzger et al8 confirmed this by showing that the num-
ber of CD4+* cells are increased in bronchoalveolar
lavage (BAL) 48 hours after challenge and remain ele-
vated even at 98 hours. In 1991, Gerblich et al® demon-
strated that reduction in CD4+* in the peripheral blood
coincided with an increase in BAL CD4+ cells after anti-
gen challenge, which further supported the concept that
there is T-cell recruitment from the blood to the lung after
specific antigen challenge.
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FIG 1. A, The effect of an allergen challenge on epithelial IL-16 immunoreactivity (®) and mRNA (O) expres-
sion in nasal biopsy specimens from placebo- and steroid-treated subjects with allergic rhinitis. Biopsy
specimens were obtained at baseline (before) and 24 hours after allergen challenge. Scores are expressed
as a percentage of positive cells per total cells (score range, 0 to 4). B, Within the placebo-treated group (®),
there were significant correlations between epithelial IL-16 immunoreactivity and mRNA (r = 0.75) and the
number of CD4+ cells (r=0.76, r= 0.75, respectively). There were no significant correlations in steroid-treat-
ed patients (O). "Statistical difference of P < .05 for within-group comparisons with the use of Wilcoxon
matched pairs signed ranks test. (Fig 1A reproduced with permission from Laberge S, Durham SR, Ghaffar
O, et al. Expression of IL-16 in allergen-induced late-phase nasal responses and relation to topical gluco-
corticosteroid treatment. J Allergy Clin Immunol 1997;100:569-74.)

In contrast with these studies, there are also a number
of recently published reports that provide evidence
against the concept that there is T-cell recruitment after
allergen challenge.19-14 Montefort et all0 demonstrated
that after endobronchial challenge, CD3+ cells, but not
CD4+ or CDS8* cells, were increased in biopsy specimens
obtained at 6 hours. Gratziou et al!'l.12 showed fewer
CD3+ cells, an increased CD4+/CD8* ratio, and no
changes in T-cell activation in BAL at 10 minutes and 6
hours after allergen challenge. Frew et all3:.14 demon-
strated no increase in CD3+, CD4+, or CD8* cells in
bronchial biopsy specimens 24 hours after endobronchial
challenge but reported an increase in T-cell activation. In
all studies that have used antigen challenge protocols,
there has been a consistency in reporting an increase in
the number of eosinophils and the level of T-cell activa-
tion in BAL and biopsy specimens. However, it is not yet

clear whether there is an actual increase in the number of
T cells in response to antigen challenge in the airways.

Increased cytokine gene expression after
specific antigen challenge

Although the presence of T lymphocytes in allergic
inflammation has been well demonstrated, the major rea-
son for their importance relates to the cytokine profile
that they express. We and others have previously charac-
terized allergic responses by the predominant production
of T, 2-cell cytokines, particularly IL-4, IL-5, and IL-13.
These cytokines are increased in patients with asthma,15-19
rhinitis,20-22 and atopic dermatitis?3:24 and are upregulat-
ed after specific antigen challenge.6:17.24-26 Bentley et al®
reported an increase in IL-5 and granulocyte-macro-
phage colony-stimulating factor messenger RNA but no
change in T-cell numbers in bronchial biopsy specimens
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FIG 2. LARs to ovalbumin in Brown Norway rats. Unsensitized animals were injected intraperitoneally with
CD4+ T cells that had been treated with control antisense oligonucleotides (Control AS), IL-5 antisense
oligonucleotides (AS), or IL-4 antisense oligonucleotides. Two days later, the animals were challenged with
ovalbumin. Lung resistance was measured at 3 to 8 hours for the LAR. IL-4 antisense oligonucleotides, but
not IL-5 antisense oligonucleotides, inhibited the development of the LAR.

FIG 3. A and B, Immunocytochemical localization of major basic protein in lung explants of ovalbumin-sensi-
tized Brown Norway rats. A large number of major basic protein—positive cells were demonstrated infiltrating
the airway (aw) wall after antigen challenge (A). Fewer major basic protein—positive cells were demonstrated
in and around blood vessels (bv) in explants obtained before challenge. C and D, Autoradiographs of cryostat
sections obtained from lung explants of ovalbumin-sensitized rats, hybridized with radiolabeled IL-5 probe.
Note the strong hybridization signal after challenge (arrows) in C compared with a section obtained before
challenge where no significant hybridization signal was detected (D). E, An autoradiograph of an explant from
a ovalbumin-sensitized animal after challenge; hybridization was with sense IL-5 probes as a control. F, An
autoradiograph of an explant from a sham-sensitized animal that was hybridized with IL-5 probe. (Reproduced
with permission from Eidelman DH, Minshall E, Dandurand RJ, Schotman E, Song YL, Yasruel Z, Mogbel R,
Hamid Q. Evidence for major basic protein immunoreactivity and interleukin 5 gene activation during the late
phase response in expanded airways. Am J Respir Cell Mol Biol 1996;15:582-9. Official Journal of the Ameri-
can Thoracic Society. © American Lung Association.)
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FIG 4. The number of cells that express mRNA coding for IL-4,
IL-13, and IL-5 mRNA in sections of nasal mucosal tissue cultured
with 500 PNU/mL ragweed allergen (Ag) or medium alone (MA; P
< .05). Exposure to ragweed allergen resulted in increased num-
bers of cells that expressed mRNA for IL-4, IL-13, and IL-5. *P < .05.

after inhalation challenge. This was confirmed in a report
from Robinson et al,!7 which showed increases in 1L-4,
IL-5 (produced mainly by lymphocytes) but not IFN-y
and IL-2 mRNA* cells in BAL after inhalation challenge.
In addition to reporting an increase in the number of T, 2-
cytokine—producing cells, studies have also shown an
increase in IL-10, TNF-o, and IL-13 mRNA+* in BAL
from asthmatic subjects after inhalation challenge.27-29
Similar results were reported in the nasal mucosa and
skin after antigen challenge.

T-cell recruitment kinetics

The kinetics of T-cell recruitment and cytokine pro-
duction in the skin after subcutaneous antigen injection
has been investigated by Tsicopoulos et al.30 In that study,
increased numbers of T cells and T,;2 cytokine—producing
cells were observed within 1 hour after allergen injection,
with peak expression at 6 hours. They also showed that, in
the same patients, injection of tuberculin increased T cells
and the expression of T};1 cell cytokines, between 48 and
96 hours after injection. Analysis of mRNA expression
demonstrated that T,2 cytokines in the lung, nose, and
skin were primarily produced by CD3+ T cells20:31.32 and
to a lesser extent by mast cells and eosinophils.33-35

Steroids have been shown to improve the symptoms of
allergic individuals; the mechanisms of action of steroids
illustrate their ability to reduce the recruitment of T cells
and the expression of T,;2 cytokines.21.36.37 Indeed, treat-
ment with topical corticosteroids before antigen chal-
lenge is associated with a reduction in T-cell recruitment
and IL-4, IL-5, and IL-13 mRNA expression compared
with placebo-treated patients.25.26

Cytokines mediate T-cell recruitment

Recruitment of T cells to the site of allergic inflam-
mation depends on a number of mechanisms that,
although extensively studied, are not yet completely
understood. However, the importance of cytokines in
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this infiltration is becoming increasingly clear. IL-16
(initially called lymphocyte chemoattractant factor) is a
cell-surface protein expressed predominantly by T cells
and eosinophils that selectively induce the migration of
CD4+ cells.38:39 We have recently demonstrated an
increase in IL-16 mRNA expression and IL-16 in the
epithelium and submucosa of the lung,40 nose,4! and
skin#2 of allergic individuals. As shown in Fig 1, A,40.41
specific allergen challenge of the nasal mucosa has been
associated with the increased expression of IL-16
mRNA and immunoreactivity relative to control.40 Fur-
thermore, the expression of IL-16 has been shown to
correlate with the number of CD4* T cells in the mucosa
tissues (Fig 1, B). Further, IL-16 mRNA expression is
inhibited by the use of topical steroids, both in the lung
and nose (Fig 1, A). Additionally, the T2 cytokines IL-
4 and IL-13 have been shown to enhance the endothelial
expression of vascular cell adhesion molecule, an adhe-
sion molecule that facilitates the infiltration of T cells
and eosinophils into the inflamed tissue from the periph-
eral blood.43:44

T lymphocytes and animal models

Although increased T-cell numbers in the tissue of
allergic individuals has been well demonstrated, direct
evidence for their importance in the pathogenesis of lung
disorders and for their recruitment to the site of inflam-
mation can only be accumulated indirectly with the use
of animal models. A number of animal models have been
used to study these phenomena, including mice and rats.
In the Brown-Norway rat, which is characterized by high
levels of IgE and late airway responses (LARs) after anti-
gen challenge, administration of exogenous IL-2 (a T-cell
growth factor) has been associated with increased LAR
after antigen challenge.4> Depletion of CD8+ T cells in
these animals has been shown to increase the LAR,46
whereas blocking CD4+ T cells decreases these respons-
es.47 Using this model, we demonstrated that adoptive
transfer of antigen-primed CD4+, but not CD8*, T cells is
directly involved in inducing the LAR.4849 Intravenous
injection of CD4+ cells (obtained from the lymph nodes
of ovalbumin-sensitized animals) into naive animals
leads to a high expression of T 2 cytokines and an
increase in the number of eosinophils in lung tissue and
BAL.4849 When the cells were labeled with bromo-
deoxyuridine, we observed a considerable number of
these cells in the airways, which indicates that they were
recruited from the peripheral blood to the site of inflam-
mation. However, we were also able to demonstrate bro-
modeoxyuridine-positive cells in other organs including
the spleen, liver, and lymph nodes. Interestingly, when T
cells were administered to sensitized animals, we were
not able to see a large number of bromodeoxyuridine-
positive cells in the lung after antigen challenge. This
observation supports the role of resident cells and their
ability to elucidate LAR and inflammatory response.
Furthermore, we have demonstrated that the LAR in the
adoptive transfer model can be attenuated by the admin-
istration of antisense oligonucleotides for IL-4, but not
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FIG 5. Localization of T,2 cytokine expression to CD3+ T cells. After ex vivo allergen exposure, a large pro-
portion of T,2 cytokine expression was colocalized to CD3* cells. As shown in A, 70% of IL-4, 43% of IL-13,
and 44% of IL-5 mRNA* cells were coexpressing CD3 immunoreactivity. However, as shown in B, only 11%
of the total CD3 population were coexpressing IL-4 and IL-13 and 13% was coexpressing IL-5 mRNA.

IL-5, before T-cell transfer (Fig 2). These findings high-
light the critical role of IL-4 in inducing T,2 cytokine
expression and the subsequent LAR. However, animals
that were treated with IL-4 antisense oligonucleotides
also exhibited an increase in IFN-y mRNA* cells, which
indicates the importance of IL-4 in maintaining the T2
cytokine milieu.50

Is T-cell recruitment essential for
development of the allergic response?

There are significantly more CD4* T cells in the
bronchial biopsy specimens and BAL of asthmatic
patients compared with control subjects. Despite this and
the fact that T cells are the major source of T,;2 cytokines
(including IL-4, IL-5, and IL-13), no strong correlates
have been drawn between the number of these cells and
disease severity (although markers of T-cell activation
are increased in severe asthmatic patients>!). One possi-
ble explanation for this is that the increase in T-cell num-
ber (ie, T-cell infiltration) may not be imperative for the
allergic response in sensitized individuals. To delineate
the contribution of resident versus recruited T cells, tis-
sue explants are an ideal system, incorporating the
advantages of both in vitro and in vivo experiments.

One of the first reports that challenged the importance
of T-cell recruitment in the development of allergic air-
way responses was performed with the use of rat lung
explants.52:53 In that study, the lungs of ovalbumin-sensi-
tized Brown-Norway rats were sliced into thin sections
and cultured in the presence or absence of ovalbumin for
6 hours. With image analysis, late-phase responses were
monitored as assessed by the change in luminal area. Not
only did most of these tissue sections demonstrate a phys-
iologic late-phase response, there were also increased
numbers of cells that expressed IL-4 and IL-5 mRNA and
major basic protein, a marker of eosinophils. Further-
more, the late-phase response was correlated with the
number of IL-4 and IL-5 mRNA+ cells, but not IL-2 and
IFN-y (Fig 3).52.53 These findings indicate that inflamma-
tory cell recruitment to the target organ may not actually
be a requirement for the generation of allergic responses.

In similar human experiments, we and others34-56 have
demonstrated that, after ex vivo allergen exposure, nasal
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FIG 6. The presence of T cells within murine bone marrow prepa-
rations after intratracheal allergen challenge. IL-5 mRNA expres-
sion colocalized to CD3+* progenitors and to CD34+ T cells. *P <
.01; TP < .001.

mucosal tissue from patients with allergic rhinitis express
mRNA that encodes the T,2 cytokines IL-4, IL-5, and
IL-13 (Fig 4). IL-4 ushers activated naive T cells toward
the T,2 phenotype,37-6! and in conjunction with IL-13,
IL-4 induces a B-cell isotype switch to IgE.58:62 IL-5 is a
required factor for eosinophil differentiation and also
prolongs their survival.63-65 In addition to cytokine
expression in the absence of cell recruitment, we have
recently shown that this local production is sufficient to
mediate a number of functions. Indeed, in nasal mucosal
tissue from patients with allergic rhinitis, we have identi-
fied B cells undergoing epsilon germline transcription,5®
the initial step in isotype switching to IgE. These data
indicate that the local production of IL-4 and IL-13 is
sufficient to induce B-cell commitment to and de novo
expression of IgE. Furthermore, we have demonstrated
the presence of eosinophil precursor (CD34+/IL-5Ra*) in
the respiratory mucosa of patients with asthma and aller-
gic rhinitis and that these cells appear to differentiate
locally in response to allergen exposure.55:66 In both
cases, more than 40% of IL-4 and IL-5+ expression was
attributed to T cells (Fig 5).55:56 We have also demon-
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strated that the expression of GATA-3, a transcription
factor that mediates IL-5 gene transcription and is selec-
tively produced by T,;2 clones, is also increased in sensi-
tized nasal mucosa that is cultured with specific aller-
gen.%7 Collectively, these findings suggest that, in
sensitized individuals, local activation of resident T cells
is sufficient to mediate a number of events previously
considered to depend on recruited T cells. The CD4+ T
cells only recognize antigen that is associated with major
histocompatibility complex class II. There are many cells
capable of acting as antigen-presenting cells in respirato-
ry mucosa (such as macrophages, dendritic cells, B cells,
and even nasal epithelial cells).%8 As such, it seems like-
ly that resident T cells may be activated at the site of
allergen deposition and mediate the local response to
allergen. Whether these cells go on to play a role in initi-
ating the systemic response and recruiting more inflam-
matory cells to the target organ is not known.

EVIDENCE THAT THERE IS T-CELL
RECIRCULATION

Eosinophilia has been referred to as the “hallmark of
the allergic response.” Although eosinophils are found
constitutively within the bone marrow, their numbers are
acutely elevated in response to allergen exposure.®® For
many years, in vitro studies have indicated the particular
importance of IL-5 for eosinophil production.63.64 We
have demonstrated the dependence of local eosinophil
differentiation on IL-5, which is produced largely by T
cells (Fig 5), but the bulk of eosinophil differentiation is
considered to take place in the bone marrow. It is sur-
prising, however, that until recently no real attempt had
been made to determine the mechanism of signaling
between antigen-induced inflammatory events in the tis-
sue and the bone marrow response. The existence of a
“serum factor” that is released by the lung after allergen
challenge and its movement to the bone marrow has been
suggested (see Inman, p. S235).70 Although the nature of
this factor remains to be established, it seems unlikely
that it could be IL-5 because cytokines act primarily in
paracrine fashion.

Recently, we demonstrated that when ovalbumin-sen-
sitized mice are challenged intratracheally, they exhibit
an increased number of bone marrow cells that express
IL-5, compared with saline-challenged and naive mice.
Although a considerable number of hematopoietic prog-
enitor cells (CD34+) expressed IL-5, we observed an
increase in the number of T cells in the bone marrow of
sensitized and challenged mice and that these T cells
expressed IL-5 (Fig 6).7! These findings indicated that
the changes taking place in the bone marrow in response
to allergen exposure may actually be a result of retro-
grade T-cell recruitment. That is, activated, cytokine-pro-
ducing T cells may recirculate from the site of exposure
back into the bone marrow.

To investigate the prospect of this event, we are cur-
rently pursuing experiments whereby sensitized T cells
are tagged with radiolabel and injected into sensitized
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mice, and their movement tracked after allergen chal-
lenge. By examining the lungs, lymph nodes, peripheral
blood, and bone marrow compartments with a compre-
hensive kinetic protocol, we will characterize the move-
ment of T cells in response to allergen exposure.
Although there has been much work demonstrating that
T cells are recruited to the lungs in response to allergen
exposure, whether these cells then move to the bone mar-
row to provide the T,2 cytokines required to drive the
characteristic increased production of granulocytes
remains elusive.
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