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|gE Cross-Linking or Lipopolysaccharide Treatment Induces
Recruitment of Th2 Cellsto the Lung in the Absence of
Specific Antigen®

Robin Stephens® and David D. Chaplin®

We previously showed that Th1 cells can increase recruitment of Th2 cellsto the lungs even in the absence of the Th2-specific Ag.
Thefact that Th2 recruitment isindependent from the Th2 cell Ag suggested that Th1l cellsmay support Th2 cell recruitment using
their Ag-nonspecific proinflammatory functions. To investigate the potential for inflammatory stimuli that are distinct from
Ag-specific signals to affect the recruitment of T cells, we tested whether cross-linking of 1gE or treatment with L PS modulated
influx of Th2 cells into the airways in the presence or absence of inhaled Ag. When naive mice that had been treated with
OVA-gpecific Th2 cells and passively sensitized with anti-DNP IgE were challenged by intranasal administration of either DNP-
haptenated OVA or DNP-BSA, increased numbers of Th2 cells were recruited to the lung compared with mice challenged
intranasally with OVA alone. Intranasal administration of L PS also increased recruitment of Th2 cellsto the airways. These two
distinct inflammatory stimuli increased the numbers of recruited Th2 cells equally with or without concurrent challenge using the
cognate Th2 Ag. This Ag-independent recruitment of Th2 cellsto the lung was not associated with localization of these cellsto the
regional lymph nodes and was independent of Th2 cell activation. Interestingly, P- or E-selectin contributed to Th2 cell recruit-
ment to the lung. These data suggest that Th2 cells of the adaptive immune response are similar to cells of the innate immune
response in their lack of requirement for protein Ag to initiate cell recruitment. They demonstrate further that recruitment can

occur independently of Ag-dependent activation.
aive Th cells circulate through the lymph and blood until
they encounter their cognate Ag presented in the sec-
ondary lymphoid organs, and then they become acti-
vated to proliferate and express their effector functions. One to
three days after activation, responding T cells leave the lymph
nodes (LNs)* and are increasingly recruited to effector sites where
challenge has occurred (1, 2). Recruitment of immune cells into
the tissues is an important regulatory checkpoint because regul ated
recruitment permits rapid amplification of local immune responses.
The effect of Ag-induced activation on the migration potentia of
aT cel (3), the effect of T cell-specific Ag localized in atissue on
recruitment of T cells to that tissue (4), and the contribution of
inflammatory signals delivered within a tissue on the recruitment
potential of that tissue (5) are only beginning to be understood.
Using inherited memory in the form of pattern recognition re-
ceptors, tissue-resident cells of the innate immune system can rec-
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ognize pathogens and regulate the induction of an immune re-
sponse both locally and in secondary lymphoid tissues as part of
their subsequent role as APCs (6—8). Once they have identified a
pathogen and responded locally, these sentinels recruit nonresident
effector cells to the site of insult. They accomplish this by using
soluble mediators such as cytokines and chemokines that act on the
local vascular endothelium to enhance its adhesive qualities and to
recruit cells directly. Although the cognate Ag plays a central role
in activating many functions of T cells, the specific stimulatory
activities of Ag in the context of MHC have not been separated
from the nonspecific inflammatory signals that local Ag may in-
duce that then may play arolein T cell recruitment to the tissue.
Antigenic peptide and MHC can affect the adherence of T cells to
an ICAM-1-containing lipid bilayer in vitro (9); however, the ef-
fect of specific Ag on recruitment of T cells in vivo is poorly
understood.

Leukocyte recruitment is regulated by three main families of
molecules: selectins, integrins, and chemokines (10). Expression
of the members of each of these familiesis differentially regulated
by Thl cellsand Th2 cellsaswell as by regulatory T cells (11-15).
The migration patterns of Thl and Th2 cells are aso distinct in
vivo, both in recirculation (16) and during inflammatory responses
(17). In severa experimental model systems, Thl cells are re-
cruited into effector sites in response to Ag more readily than are
Th2 cells. Thl cells but not Th2 cells have been shown to migrate
into inflamed skin, and the migration of Th1 cells was blocked by
systemic treatment with Abs to P- and E-selectin (17). Adoptively
transferred Thl cells and Th2 cells also migrate differently into the
inflamed peritoneum (3), pancreatic islets (18), and the gastric mu-
cosa, where the data suggest that differential recruitment may gen-
uinely play arole in defining the local milieu. Differentia recruit-
ment may even exclude Th2 cells that are produced in the draining
LN from the effector site (19).
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Studies by Xie et a. (3) demonstrated that the recruitment of
Thi cellsto the peritoneal cavity is more efficient than that of Th2
cells, even when recruitment is enhanced by administration of ad-
juvant or by injection of the chemokine IFN-inducible protein 10
in the absence of specific Ag. Thisimportant finding suggested that
Thl cells can be recruited to sites of inflammation in an Ag-inde-
pendent manner. Xie et a. (3) suggested that because Thl cells
were more readily recruited to the peritoneal cavity, Th2 cells may
be particularly adapted for migration to sites such as the lungs that
are known to host Th2-type inflammation. Arguing against this
broad interpretation, Randolph et a. (20) showed that adoptively
transferred Th1 cells are also recruited to the lungs more efficiently
than are Th2 cells. Although these studies suggest that Th2 cells
are intrinsically less competent for recruitment to peripheral tis-
sues, it is well established that Th2 cells predominate in affected
tissues, under conditions of parasitic infection (for example, see
Ref. 21). Therefore, questions remain regarding the nature of the
stimuli that elicit Th2 cell recruitment.

Our laboratory has previously investigated early events in the
challenge phase of Th cell-dependent eosinophilic airway inflam-
mation. Using a short protocol in which in vitro-differentiated Ag-
specific transgenic Th cells were adoptively transferred into naive
mice and challenged via the airway 1 day later, we simulated the
initial phase of T cell recruitment in isolation from the full endog-
enous response. The unique characteristics of this system allowed
us to investigate the regulation of the threshold for T cell recruit-
ment to the lung in vivo. Using this model, we previously observed
that adoptively transferred Th2 cells retained their differentiated
Th2 phenotype for many days after transfer (22), but when admin-
istered in the absence of Thl cells, they did not enter the lungsin
response to airway Ag chalenge. Under similar conditions, Thl
cells were efficiently recruited. Importantly, when Thl and Th2
cells were transferred together, airway challenge led to successful
recruitment of both subsets (23). These observations indicated that
Ag challenge alone was not sufficient for recruitment of Th2 cells
to the airways, but that recruitment of Thl cells can condition the
environment to enable Th2 cell migration. We hypothesized that
the recruitment of Thl cells might influence Th2 cell accumulation
in the tissues due to the inflammation they induce independent of
their Ag specificity. Interestingly, as shown in the accompanying
report (56), when Th2 cell recruitment was elicited by cotransfer of
Thl cells with an antigenic specificity different from that of the
Th2 cells, the Th2 cells were recruited even in the absence of
Th2-specific Ag. Surprisingly, the recruited Th2 cells showed as-
pects of an activated phenotype even in the absence of the Th2 Ag.
This suggested that recruitment might lead directly to T cell acti-
vation. In this report, to investigate the factors influencing Th2
migration into the lungs and to distinguish the effects on recruit-
ment of local inflammation from the effects of Th2 cell activation,
we tested the impact of two different types of innate cell stimuli on
T cell recruitment both in the presence and absence of the specific
Th2 Ag. We showed that mast cell stimulation by cross-linking
IgE receptors can induce Th2 cell migration into the lung. Intra-
nasal (i.n.) administration of LPS also induces Th2 cell migration
into the airways. Both of these innate cell stimuli were able to
affect Th2 cell recruitment in a T cell Ag- and activation-indepen-
dent manner.

Materials and Methods

Mice

Female BALB/c mice (Harlan Sprague Dawley, Indianapolis, IN) were
used between 6 and 8 wk of age. DO11.10 mice (24) that are transgenic for

aTCR that recognizes chicken OV A g5 450 in 1-AY were the generous gift
of K. Murphy (Washington University, St. Louis, MO). Thy1.1* DO11.10
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mice were generated as previously described (23) and splenocytes were
differentiated into Th1l and Th2 cells as described below. The resulting
Thyl.1* cells were transferred into Thy1.2* BALB/c mice. OT-I1.2 mice
(25) are transgenic for a TCR that recognizes the same OVA peptide in
I-AP. Because the transgene (Tg) is inserted into the Y chromosome, only
males are Tg positive. OT-11.2 mice were a generous gift of Paul Allen
(Washington University). Cells from these mice were transferred into 6- to
8-wk-old male C57BL/6 mice (The Jackson Laboratory, Bar Harbor, ME)
and used in Fig. 6. P- and E-selectin double-deficient mice (mixed
C57BL/6 and Sv129 background; The Jackson Laboratory) (26) were
maintained by homozygous mating. All mice were kept in microisolator
cages in the specific pathogen-free Division of Comparative Medicine fa-
cility at Washington University Medical Center. They were fed and wa-
tered ad libitum. All experiments were approved by the Washington Uni-
versity Institutional Committee for the Humane Use of Laboratory
Animals.

Preparation of differentiated Th cells

Splenocytes from the DO11.10 or OT-11.2 TCR Tg* mice were made into
single cell suspensions with a disposable mesh (BD Falcon, Bedford, MA),
cultured at 2.5-5 X 10%ml with 0.3 uM peptide, and split as needed with
40 U/ml 1L-2 (BD PharMingen, San Diego, CA). T cells were cultured in
10% FBS (HyClone Laboratories, Logan, UT) in IMDM with 2 X 107°M
2-ME, 1 mM sodium pyruvate, 1X nonessential amino acids, 10 pg/ml
penicillin, 10 wg/ml streptomycin, and 2 mM L-glutamine (all from Life
Technologies, Grand Island, NY). Th2 cells were prepared by culturing in
40 ng/ml recombinant murine IL-4 (R&D Systems, Minneapolis, MN), 1/8
dilution of anti-IFN-y (clone TOSH; kindly provided by E. Unanue, Wash-
ington University) hybridoma supernatant, and Thl cells were made by
adding 10 ng/ml IL-12 (BD PharMingen) and 1/8 dilution of anti IL-4
(11B11) hybridoma supernatant. By intracellular staining, 30—60% of the
differentiated Th1 cells were potential |FN-+y producers and 20-30% of the
Th2 cellswere IL-4 single producers. Cells were used for adoptive transfer
7 days after the last stimulation. At this time, these cells did not make
detectable IL-4 or IFN-+y by intracellular staining and flow cytometry or by
ELISA (data not shown).

Adoptive transfer and Ag challenge

Differentiated, resting DO11.10 Th cells were adoptively transferred i.v.
via the retro-orbital plexus. The next day, 1% (w/v) Ag in PBS was ad-
ministered i.n. or by aerosol with similar results. In the case of i.n. expo-
sure, 40 ul of 1% solution was administered twice 6 h apart to mice anes-
thetized with Metafane (methoxyflurane; Schering-Plough Animal Health,
Union, NJ). Aerosol Ag was administered as described previously (20).
Where indicated, 25 g of Salmonella typhosa LPS (Sigma-Aldrich, St.
Louis, MO) was administered i.n. in 20 ul of PBS on the day after T cell
transfer and immediately before aerosol Ag.

Immediate type hypersensitivity skin test

The dose of IgE required to produce a detectable immediate type hyper-
sensitivity response was determined by injecting various amounts of mono-
clona anti-DNP IgE (clone SPE-7; Sigma-Aldrich) i.v. (modified from
Ref. 27). The abdomens of the mice were shaved. The next day, 50 ul of
0.5% Evan's blue dye (Sigma-Aldrich) in PBS was given i.v., and then
OVA-DNP,, or BSA-DNP,, was injected intraepidermally to form a blis-
ter. When injected, Ag causes increased vascular permeability, and Evan’s
blue leaks out of the vasculature and stains the blister blue. At 30 min after
challenge, both 0.1 ng and 1.0 ng of IgE were sufficient to allow a blue
wheal to form at the site of Ag injection.

Ags used for airway challenges

OVA (grade V) and Salmonella typhosa L PS were purchased from Sigma-
Aldrich. OVA-DNP was initially prepared according to the method of
Eisen et a. (28) as follows. OVA-DNP (Fig. 1) was made by mixing 1 g
of OVA and 1 g of KCO; in 20 ml of water together with 2 g of dinitro-
chlorobenzene (either liquid or crystalline) in 30 ml of water. The reaction
was mixed for 4 h or more at room temperature in the dark. The color
changed from yellow to orange as the conjugate formed. The product was
dialyzed exhaustively against PBS.

The number of DNP groups (n) per OVA molecule was estimated as
follows: (DNP)(moles/liter) = OD355/14,900 (e of DNP), (OVA)(moles/
liter) = Aggs/45,000 (molecular mass of OVA), OVA-DNP, = (DNP)/
(OVA). nwas aways found to be 10 for both OVA-DNP and BSA-DNP,,.
For some experiments, OVA-DNP and BSA-DNP,, were purchased from
Biosearch Technologies (Novato, CA).
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FIGURE 1. Crosslinking IgE receptors with multi-
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indicated Ag (1.0% in 40 pl of PBS) was administered
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Analysis of airway and lung inflammation

Three days after challenge, mice were sacrificed by lethal injection using
50 wl of amixture of ketamine (100 mg/ml) and xylazine (20 mg/ml), and
bisection of the descending vena cava and their airways were assessed for
inflammation. The trachea was cannulated and airway inflammatory cells
were obtained by bronchoalveolar lavage (BAL) with four 0.8-ml aliquots
of ice-cold 2% FBS in PBS. In some experiments, the left upper lobe was
tied off after lavage and kept at 4°C in T cell medium until it was disso-
ciated through a 40-um nylon mesh (BD Falcon). This fraction was des-
ignated “lung cells.” The numbers of live cells counted in this fraction were
proportiona to the total number of cells in the BAL. RBCs were lysed
using 8.3 g/L ammonium chloride, 10 mM Tris base. Nucleated cells were
counted in a hemacytometer. Eosinophil counts were determined in cyto-
spin preparations of the BAL cells using Wright's stain. Other BAL cells
were identified by Ab staining and FACS analysis. The transferred Th2
cells were followed using the clonotypic Ab for the DO11.10 TCR, KJ1-
26-tricolor (29), or anti-V B 8.1, 8.2-tricolor (both purchased from Caltag,
Burlingame, CA, and used at 1/25 dilution). Other Abs used were anti-
Thyl.1-biotin, anti-CD25-PE, anti-CD4-cyc, anti-CD4-APC, anti-TCR
Va2 and VB5.1/2, and strepdavidin-APC at 1/50 (BD PharMingen). The
analysis was done using a FACSCalibur (BD Immunocytometry Systems,
San Jose, CA) and Cell Quest (version 3.3; BD Immunocytometry Sys-
tems). Staining for carbohydrate-modified mucins was performed by the
Barnes-Jewish Hospital Morphology Core Fecility (St. Louis, MO) using
periodic acid Schiff’s (PAS) and Mucicarmine on formal dehyde-fixed and
paraffin-embedded sections.

Results
IgE cross-linking stimulates recruitment of Th2 cells

IgE that is bound by the Fce Ig receptors on mast cells and ba-
sophils leads to cross-linking of these receptors after challenge
with multivalent Ag and induces activation of the mast cell, one
facet of atypical Th2-type inflammatory response (30). To sSimu-
late the potential effect of FceR cross-linking-induced mast cell
activation on recruitment of Th2 cells, IgE anti-DNP Abs and
DO011.10 OVA-specific Th2 cells were passively transferred into
naive mice and the mice were challenged with DNP-haptenated
protein Ags. The dose of IgE used was determined by titrating IgE
and testing epicutaneously for an immediate type hypersensitivity
response. We used a dose of IgE sufficient to activate mast cells
after cross-linking with 1% Ag. We used the allotypic marker
Thyl.1 to track the transferred T cells from Thyl.1* DO11.10
mice in Thyl.2" BALB/c recipients. A total of 10”7 Thyl.1"
DO011.10 Th2 cellsand 1.0 ng IgE anti-DNP Abs were transferred
i.v. into naive BALB/c recipient mice whose T cells express
Thy1.2 (Fig. 1A). On the next day, the mice were challenged by
i.n. administration of 1% OVA or OVA-DNP,, solution. Negative
controls received PBS alone. On the third day after challenge,
BAL cells were analyzed for the percentage of CD4" Thyl.1™
transferred Th2 cells by flow cytometry and the number of Th2
cells calculated as the product of this percentage multiplied by the
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total number of nucleated cellsin the airway. Challenge with OVA
induced asmall increase in CD4™" lymphocytes that were Thy1.1*
Th2 cells (Fig. 1) (23). In contrast, chalenge with OVA-DNP,
which both cross-links the IgE and stimulates the Th2 cells, aswell
as with BSA-DNP,,, which triggers the mast cells without acti-
vating the transgenic T cells, resulted in a greater than sixfold
increase in the percent BAL Th2 cells compared with PBS-chal-
lenged mice. The percentage of Th2 cellsinthe BAL iseven larger
than that seen in the OVA-DNP challenge, due to the lack of eo-
sinophilsin the BSA-DNP,, BAL (Fig. 2B). Although achangein
the percent of BAL cellsthat are Th2 cellsis observed in Figs. 1B
and 2A, this difference is more striking when measured as the
change in the actual number of BAL Th2 cells seen in Fig. 2.
Cross-linking IgE using either OVA-DNP or BSA-DNP,, induced
adramatic increase in the total number of recruited Th2 cells com-
pared with OV A aone (Fig. 2). Theincrease in recruitment of Th2
cellswas greater at 1 ug (0.72% transferred cellg/total cellsor 2 X
10°) than at 0.1 g (0.46%, 1.1 X 10°) of IgE, suggesting that Th2
cell recruitment is proportiona to the dose of IgE used for sensi-
tization. In this experiment, mice that received i.n. PBS without Ag
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FIGURE 2. T cell Ag-independent recruitment of Th2 cells to the air-
ways by cross-linking IgE receptors with multivalent haptens. A total of
107 in vitro-differentiated Thy1.1™ DO11.10 Th2 cells were transferred i.v.
into naive BALB/c mice (Thy1.2) together with 1.0 ug of anti-DNP IgE.
The next day, the indicated Ag (40 ul of a 1% solution in PBS) was
administered i.n. twice, ~6 h apart. Seventy-two hours after the first chal-
lenge BAL cells were collected and analyzed by FACS for the presence of
the transferred Thy1.1"CD4" Th2 cells and by Wright's stain of cytospin
preparations for eosinophils. A, The numbers of Th2 cells and eosinophils
in the BAL. B, The total numbers of cells in the BAL. Similar data were
obtained in four separate experiments. Data represent mean = SEM (n = 5).
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had BAL with 0.12% Th2 cells (total 1.1 X 10* recruited T cells).
These data suggest that |gE-dependent stimulation, presumably via
high-affinity FceRs on the surfaces of mast cells and basophils, is
capable of stimulating production of inflammatory mediators that
increase either the migration potential of the Th2 cells or the re-
cruitment potential of the lung microenvironment.

T cell Agis not required for local recruitment of Th2 cells

As we have shown previously (23), when Th2 cells are adoptively
transferred to naive mice, Ag challenge results in insufficient Th2
recruitment to induce eosinophilic airway inflammation. Increas-
ing the number of repetitions of Ag challenge leads to increased
recruitment of Th2 cells (our unpublished data and Ref. 31). Hav-
ing shown that an innate stimulus could recruit DO11.10 Th2 cells
to the airways in the presence of OVA, we tested whether T cell-
specific Ag was required for this recruitment. Using an Ag, BSA-
DNP,,, which can cross-link anti-DNP IgE but which is not an Ag
for the OVA-specific T cells, we could examine the role of spec-
ificity in Ag-mediated recruitment. Intranasal administration of
BSA-DNP,, to mice that had been passively sensitized with anti-
DNP IgE increased recruitment to the airway of transferred OV A-
specific Th2 cells in numbers similar to those recruited after chal-
lenge with OVA-DNP (Fig. 2). This indicates that the T cell-
specific Ag is not required for recruitment of Th2 cells to the
airway. Importantly, although BSA-DNP,, elicited recruitment of
OV A-specific Th2 cells, it did not €elicit recruitment of eosinophils,
whereas the Th2-activating Ag OVA-DNP did. These dataindicate
that mast cell inflammatory stimuli induced the recruitment of Th2
cellsto the airway, but did not activate these cells to perform their
full spectrum of effector functions. Additionally, this experiment
showed no evidence of direct recruitment of eosinophils by mast
cells. On the contrary, in this system, unless the Th2 cells have
been activated by their cognate Ag, eosinophil recruitment does
not occur. Thetotal number of cellsinthe BAL of mice challenged
with BSA-DNP,, (Fig. 2B) increased only modestly over back-
ground, and the increase in total cells in the airways of OVA-
DNP-challenged mice can be accounted for entirely by the in-
crease in eosinophils in the infiltrate. These data suggest that
stimulation of mast cells through the IgE receptor FceRI does not
lead to additional monocyte or macrophage infiltration. Further-
more, the effect of IgE on the recruitment of Th2 cells in these
experiments is not dependent on the presence of T cell Ag.
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Recruitment of Th2 cells to the airway is not inherently
associated with T cell activation

In most systemsit is difficult to separate T cell recruitment from T
cell activation because the presence of T cells in a tissue is gen-
erally a consequence of effector processes for which both activa-
tion and recruitment are required. Consequently, the role of Agin
the recruitment phase of the Th2 cell response remains unknown.
Here, challenge with BSA-DNP,, resulted in recruitment of OVA-
specific Th2 cells without eosinophils, suggesting that the Th2
cells that had been recruited to the lungs did not express an acti-
vated phenotype. These findings highlight questions regarding
how closely linked Th cell activation and Th cell recruitment are.
For example, Th cells might become “recruitable” due to experi-
ences in the LN during activation. To test whether the cells re-
cruited to the lung were also present in the local LN and to deter-
mine whether the transferred CD4" cells were activated, we
extended our analysis to evaluate expression of IL-2Ra (CD25),
which is transiently up-regulated on activated T cells. High ex-
pression of CD25 is observed on transferred cells that have mi-
grated to the lungs and the regional LNs of mice treated with
airway OVA or OVA-DNP (Fig. 3). When passively sensitized
mice were challenged with OVA-DNP, transferred Th2 cells pos-
itive for the DO11.10 clonotype KJ1-26 were recruited to both the
airway and the paratracheal LNs. Few KJ1-26" cells were detected
in nondraining LNs (data not shown). Because the proportion of
CD25" transgenic cells is lower in the lung compared with the
LNs, it would appear that activation is not a prerequisite for lung
migration. These findings are underscored by the results of airway
challenge with BSA-DNP,,. Here, in the absence of the T cell Ag,
although there was substantial recruitment of the transgenic cells
to the airway, the Th2 cells do not accumulate in the regional LN.
This is consistent with previous studies from our lab and others
indicating that Ag-experienced cells are not recruited to the LNsin
the absence of Ag (32). In contrast, although BSA-DNP,, led to
the recruitment of large numbers of Th2 cells to the airway, this
Ag-independent T cell recruitment was not associated with acti-
vation of the recruited cells, as evidenced by the absence of
CD25"9" Th2 cells in the lung in this setting (Fig. 3). Thus, in
contrast to recruitment of Th2 cells by Thl cells (56), local cross-
linking of IgE leads to recruitment to the lung of Th2 cells that are
not activated.

PBS OVA-DNP BSA-DNP
0.0% E 3.94% 0.13%
2491 3
3 N A ..-( .
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FIGURE 3. T cell Agisrequired for LN accumulation and activation of Th2 cells recruited in response to IgE cross-linking. Naive BALB/c mice were
passively sensitized with anti-DNP IgE and Thy1.1* DO11.10 Th2 cells asin Fig. 2. Three days after airway Ag challenge, the lung and the paratracheal
LNs were collected. The tissues were dissociated as described in Materials and Methods, and the activation state of the transgenic Th2 cells was analyzed
by FACS using the DO11.10 clonotype Ab KJ1-26 (KJFITC) and anti-IL-2Ra (CD25). Profiles shown are gated on CD4™ cells with the forward and side
scatter characteristics of lymphocytes. Percents shown represent the fraction of CD4* cellsin the BAL that are KJ* and CD25" or CD25 . Each dot plot
represents 10,000 lymphocyte events collected. Similar data were obtained in three additional experiments.
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Mucus production is not induced by Ag-nonspecific T cell
recruitment

The Th2-specific cytokines IL-9 and IL-13 are excellent promoters
of airway mucus secretion. Sensitized mice carrying targeted null
mutations of the genes encoding either these molecules or their
receptors have decreased mucus production in the lungs after Ag
challenge (33, 34). Conversely, transgenic mice producing these
cytokines under the lung-specific rat Clara cell 10-kDa protein
promoter have severe goblet cell hyperplasia and increased pro-
duction of mucins (35, 36). These data suggest that up-regulation
of airway epithelial mucus production is a process driven by Th2
cells. Enhanced mucus production, therefore, can be used as a
marker of the action of activated Th2 cells. Thisis consistent with
our observation here that there is a lack of increased epithelial
mucus production after administration of BSA-DNP,,, which in-
duces recruitment of Th2 cells but does not activate them (Fig. 4).
Although Th2 cells accumulate in the lungs of passively sensitized
mice in response to airway challenge with BSA-DNP,,, they lo-
calize there without expression of their effector functions. There
were no eosinophils and little epithelial mucus production in the
BSA-DNP_,-challenged lungs. This indicated that recruitment of
Th2 cells into the lung and activation of these Th cells are sepa-
rable events.

Intranasal LPS enhances recruitment of Th2 cells and produces
a large infiltrate

Our initial experiments using IgE cross-linking showed that this
kind of Th2-associated inflammation could elicit Ag-independent
recruitment of Th2 cellsto the airways. To test the generalized role
of inflammation for recruitment of Th2 cells and to explore the
range of inflammatory signals that could elicit Th2 cell recruit-
ment, we tested whether L PS could modulate Th2 cell recruitment.
LPS induces activation of macrophages, dendritic cells, and endo-
thelial cells by binding the LPS receptor (CD14) and signaling
through the Toll-like receptor 4 and MD2, which activates NF-«B.
This activated NF-«kB, together with other signals, can lead to
IL-12 production. Because IL-12 drives the differentiation of Thl
cells and the secretion of IFN-y by NK cells, thiskind of stimulus
leads to inflammation with features quite distinct from the inflam-
mation that occurs after mast cell activation by cross-linking
surface IgE.

INFLAMMATION ALONE RECRUITS Th2 CELLS TO THE LUNGS

To test the hypothesis that signals common to many types of
inflammatory responses are the primary determinant of Th2 cell
recruitment to the lung, we instilled Salmonella typhosa LPS i.n.
into recipients of adoptively transferred DO11.10 Th2 cells. Re-
cruitment of Th2 cells was observed in both the lungs and the
airways of recipient mice receiving LPS (Figs. 5, A and B). The
L PS-induced inflammation was associated with recruitment of Th2
cells and other cell typesyielding a substantial increase in the total
BAL cell numbers (Fig. 5C). These cells included macrophages
and monocytes as well as lymphocytes and eosinophils.

An important finding in these studies is that inflammatory stim-
uli as different as LPS and IgE cross-linking are both potent at
recruiting Th2 cells to the lungs. That such diverse types of in-
flammation are capable of permitting Th2 cell recruitment suggests
that the molecules responsible for this effect are not unique to
either IgE- or LPS-responsive cells. Using repeated Ag exposure
as a stimulus for Th2 cell recruitment, Lloyd et al. (37) showed
that the eosinophil attractant, eotaxin, and the macrophage-derived
chemokine were involved in Th2 cell recruitment. This suggests
that multiple molecular mechanisms may contribute to recruitment
of Th2-type inflammation to the lung.

Endothelial selectins contribute to the recruitment of Th2 cells
to the lung

Several elegant studies that have investigated the usage of P- and
E-selectins by Th1 and Th2 cells have indicated that Thl cells use
selectins for recruitment to sites of inflammation, but have sug-
gested that Th2 cells do not. Th2 cells neither bind P- or E-selectin
Ig fusion proteins (3, 38) nor express high levels of the fucosylat-
ing enzyme «(1,3)-fucosyltransferase VIl (39) necessary to gen-
erate functiona P-selectin glycoprotein ligand (40), although they
do express the P-selectin glycoprotein ligand protein backbone,
CD34 (38). In contrast, it is clear that recruitment of Thl cellsinto
the skin and the peritoneal cavity is dependent on the endothelial
selectins. Systemic administration of blocking Abs to P- and E-
selectin blocks Thl cell recruitment (17, 41, 42). We have ex-
tended these studies to investigate the role of P- and E-selectin in
the recruitment of Th2 cells to the lungs and airways. OV A-spe-
cific Th2 cells were fully differentiated in vitro from male OT-11.2
mice (H-2°) (25) and were transferred i.v. into P- and E-selectin

e | P _
FIGURE 4. Ag-independent recruitment of Th2 cells does not stimulate production of airway epithelial mucus. Formalin-fixed and paraffin-embedded
lung sections 8 um thick from the experiment in Fig. 2 were analyzed using PAS stain. Paraffin-embedded, PAS-stained lung sections of sensitized mice
challenged 72 h before tissue harvesting with OVA-DNP (A) or BSA-DNP,, (B). The magenta staining of the swollen epithelial goblet cells represents
carbohydrate-modified mucins. Original magnification, X100 (inset, digitally enlarged to show detail). These micrographs are representative of two
experiments.
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FIGURE 5. Insgtillation of LPS into the airway recruits Th2 cells and a
large leukocyte infiltrate. A total of 107 DO11.10 Th2 cells were adoptively
transferred i.v. into naive BALB/c mice. On the next day, OVA aerosol
was administered two times for 30 min each, 6 h apart. Where indicated,
25 ug of LPS was administered i.n. immediately before the first aerosol.
BAL and lung cells were recovered 3 days after the challenge and were
analyzed by flow cytometry. A, Numbers of CD4" KJ1.26" Th2 cellsin
the BAL. B, Numbers of Th2 cellsin the lung. C, Numbers of total cellsin
the BAL. Similar results were obtained in three experiments.

double-deficient mice (26). Intranasal administration of LPS stim-
ulated recruitment of Th2 cells to the BAL in P- and E-selectin-
deficient mice (Fig. 6A). As seen in our other experiments, only
small numbers of Th2 cells were recovered in the BAL of mice
that received OVA alone. There were substantial numbers of eo-
sinophils recovered by BAL from P- and E-selectin-deficient mice
72 h after i.n. challenge with OVA and LPS, suggesting that in
mice, use of P-selectin by eosinophilsis not absolutely required for
these cells to pass through the lung vascular endothelium and ep-
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FIGURE 6. Recruitment of Th2 cells to the lung by LPS is diminished
in P- and E-selectin-deficient mice. A total of 10” OT-11.2 Th2 cells
(Va2*VB5™) on the C57BL/6 background were transferred into P- and
E-selectin-deficient mice (C57BL/6 X 129/Sv), and OVA and LPS were
administered the next day. BAL cells were collected and analyzed by
FACS 3 days after the chalenge. A, Numbers of CD4"Va2"V 5" Th2
cellsin the BAL. B, Numbers of Th2 cells in the lung. C, Total numbers
of cellsin the BAL. Similar results were obtained in two experiments. In
one experiment, LPS (25 g in 40 ul) was administered i.n. immediately
before the first exposure of the mice to aerosolized OVA. In the second
experiment, OVA (1%) and LPS (25 n.g) were delivered together i.n. in a
total volume of 40 pl.
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ithelium into the airway. Our data do not exclude a requirement for
P- or E-selectin to support the normal rate of eosinophil migration
from the circulation to the airway. Although recruitment of Th2
cells to the airway of P- and E-selectin double-deficient mice (as
assessed by BAL) was increased in response to LPS plus OVA to
levels similar to those seen in wild-type mice, the numbers of Th2
cells found in the lung parenchyma itself were reduced (Fig. 6B).
In both wild-type and selectin-deficient mice, an increase in re-
cruitment of Th2 cells to the airways was observed in response to
LPSaoneaswell asin responseto L PS plus the specific T cell Ag.
However, in selectin-deficient mice, recruitment and accumulation
of Th2 cells to the lung tissue were diminished when recruited by
LPS aone (Fig. 6, A and B). These observations indicate that an
endothelial selectin contributes to Th2 cell recruitment into the
lungs.

Interestingly, the numbers of total cells in the BAL were dra-
matically increased in LPS-treated selectin-deficient animals (Fig.
6C). These numbers were even higher than those seen in wild-type
mice. This is likely due to the fact that the double-deficient mice
have much higher numbers of circulating leukocytes than do wild-
type animals. This leukocytosis, first observed by Frenette et al.
(26), could result in increased tissue infiltrates if the magnitude of
theseinfiltratesisin proportion to the numbers of circulating cells.
That P- or E-selectin participates in Ag-nonspecific recruitment
was not predicted from previous experiments by Xie et a. (3), who
showed that following Ag stimulation in vivo, only Ag-specific
CD4™" cellsin the lymph node acquire the ability to bind P-selectin
1g after stimulation with Ag. Thisindicated that in the lymph node,
only Ag-specific cells express the selectin ligand. Their observa-
tions, however, do not exclude the possibility that Ag-nonspecific
T cells migrate to the site of inflammation using this receptor with-
out first proliferating in the LN (3).

Discussion

Many aspects of the way T lymphocytes respond to cognate Ag
have been well studied; however, the way these cells respond to
inflammatory signals is less well understood. Cells of the innate
immune system, which recognize evolutionarily conserved micro-
bial patterns and endogenous immune and inflammatory media-
tors, migrate to sites of inflammation and perform their effector
functions independently of specific protein Ag. Mechanisms gov-
erning the inflammatory recruitment of immune cells to peripheral
tissues using selectins, integrins, and chemokines and other che-
moattractants are well established (43). Expression of adhesion
molecules and chemoattractants by endothelia cells is up-regu-
lated by inflammatory signals (reviewed in Ref. 44). Specific Ag
has also been implicated in the recruitment of T cells by its ability
to up-regulate P-selectin ligands on naive Ag-specific T cellsin the
LN (3) and by its ahility to stop these cells from rolling on
ICAM-1invitro (9). Until the development of T cell transfer mod-
els, however, it was difficult to separate T cell migration and ef-
fector functions, and as a result the differentia effects of specific
protein Ag and Ag-nonspecific inflammatory mediators on the re-
cruitment phase of T cell responses in vivo reman poorly
understood.

In previous studies we showed that endogenous Thl cells pre-
cede Th2 cells into the airways in a model that includes both sys-
temic priming and aerosol challenge with the protein Ag OVA
(20). In another model designed to separate the recruitment process
from sensitization events, we found that adoptively transferred
OV A-specific Th2 cells were not effectively recruited to the lungs
and airways of naive mice by challenge with aerosolized Ag alone.
In contrast, adoptive transfer of Th2 cells together with Thl cells



5474

followed by airway Ag chalenge resulted in dramaticaly in-
creased Th2 cell recruitment (23). Our current data, however, dem-
onstrate clearly that Thl cells per se are not required for Th2 cell
recruitment. Rather, a diverse collection of inflammatory stimuli
can cooperate in the recruitment of Th2 cells. Therole of non-Thl
cell factors is aso supported by recent experiments in animals
deficient for the Thl-promoting transcription factor T-bet (45).
Finotto et al. (45) showed that SCID recipients of T-bet-deficient
CD4" T cdls, which are unable to differentiate into Thl cells,
develop airway hyperreactivity and have IL-4 in the airways after
aerosol Ag challenge, indicative of the development of the trans-
ferred cells into Th2 cells and their recruitment into the lungs in
the absence of a Thl response (Fig. 4).

We have recently shown that Thl cells provide assistance for
Th2 cell recruitment using a mechanism that is not dependent on
Th2 cell-specific Ag (56). This is consistent with it being inflam-
matory signals downstream of Thl cell activation that increase
Th2 cell recruitment to the tissue. Our current study provides ev-
idence that two additional stimulators of inflammation, Ag-specific
IgE of the adaptive immune response and LPS, acting via the in-
nate immune system can recruit Th2 cells to the lungs and airway
inaT cell Ag-independent fashion. The Th2 cellsthat are recruited
to the lung are not required to traffic through the local LN or to
become activated to be recruited. Although Ag may affect the out-
come of recruitment in ways not measured here, our experiments
suggest a model for recruitment of Ag-experienced Th2 cells that,
as in recruitment of innate immune cells, depends solely on the
coordinated up-regulation of adhesion molecules and chemoattrac-
tantsin target tissues to render the tissue receptive for immune cell
entry.

We and others have investigated potential mediators and factors
responsible for induction of Th2 cell recruitment in response to
tissue inflammation. Although Thl cells can stimulate inflamma-
tion, leading to increased Th2 recruitment, experiments using Abs
to block the primary Thl-specific mediators IFN--y, lymphotoxin,
and IL-2 proved that the effects triggered by Thl cells are not
dependent on these mediators individually. Thus, major mediators
that are products of Thl cells uniquely do not appear to be the
primary agents inducing recruitment. We anticipate that similar
findings will hold for the inflammatory stimuli tested in the present
study. Rather than cell type-specific mediators driving Th2 cell
recruitment, we anticipate that mediators common to many inflam-
matory processes drive the Th2 cell response. For example, neu-
tralization of the broad inflammatory mediator TNF did dampen
Th2 cell recruitment induced by Thl cells (23). We have aso
investigated representatives of each of the main categories of ad-
hesion receptors—the integrins, the selectins, and the chemokine
receptors. We have shown that blocking VCAM-1 reduces Th2
cell recruitment (23), that P- or E-selectin is involved in this re-
cruitment (this manuscript), and that various chemokines are up-
regulated in the presence of Thl cells (56). Using a similar adop-
tive transfer model with repetitive aerosol Ag challenge as a
stimulus, Mathew et al. (46) have underscored the potential role of
chemokine receptors, showing that blockage of G-protein-coupled
receptors on Th2 cells with pertussis toxin limits their recruitment.
Furthermore, the work of Mathew et a. (47) has elegantly dem-
onstrated that STAT6 signaling in the lung parenchyma is neces-
sary for recruitment of wild-type Th2 cells. This work suggests
that Th2 cells themselves can also facilitate their own recruitment
vialocal cytokine production, asfirst suggested by Cohn et al. (31)
in their studies of IL-4-deficient T cells.

If Ag-independent T cell recruitment to sites of tissue inflam-
mation were to be obligatorily linked to T cell activation or if only
activated cells could be recruited, then Th2 cell recruitment would

INFLAMMATION ALONE RECRUITS Th2 CELLS TO THE LUNGS

generally confer a Th2 character on the loca inflammatory re-
sponse by importing Th2 effector cells. If, in contrast, recruitment
of Th2 cells could occur without cell activation and inflammation
could lead to the influx of primarily resting Th2 cells, then the
physiological impact of this recruitment would be expected to be
less profound. Other circulating cell types may also be recruited in
an Ag-independent manner that could also modify the outcome.

Prior studies using transgenic models of autoimmune diabetes
have investigated this issue but suggest that both inflammation and
the activating Ag are required for the T cell-mediated destruction
of B-cellsin pancreatic islets. The presence of Ag aone does not
lead to islet destruction in most murine models of insulin-depen-
dent diabetes mellitus. Inflammatory cytokines are required for
up-regulation of T cell costimulation and for prevention of Ag-
induced anergy (48, 49). These important studies suggest that both
Ag and inflammation are required for the activation of a full im-
mune response; however, whether it is Ag or inflammation that is
specifically required for the recruitment of the T cells has not been
addressed in these studies. We have shown here that recruitment of
Ag-experienced Th2 cells is not obligatorily linked to cell activa-
tion. In other studies that use autoimmune tissue destruction as a
readout, it is difficult to distinguish recruitment functions from
effector functions. The studies of Xie et al. (3) of adoptively trans-
ferred transgenic cells have indicated that Thl cells could be re-
cruited into the peritoneal cavity by the inflammatory stimulus IFA
and the IFN-induced chemokine IFN-inducible protein 10, sug-
gesting that Ag is not required for recruitment into this tissue com-
partment either. In our studies, we are able to separate T cell re-
cruitment from T cell effector functions. Under some conditions
(for example, after stimulation of IgE-bearing mast cells using the
T cell irrelevant Ag BSA-DNP,,; Fig. 3), large numbers of Th2
cells are recruited with a resting phenotype similar to their status
at the time of adoptive transfer. This demonstrates clearly that
activation and recruitment are not inextricably linked. Under con-
ditions of natural exposure to inflammation-inducing pathogens, T
cell activation and recruitment generally occur simultaneously, be-
cause pathogens contain both T cell-activating protein Ags and
components that induce local inflammation. Activation is also im-
portant because the low frequency of naive T cells specific for any
individual pathogen generally necessitates activation and clonal
expansion of these cells to elicit a protective response. Whether T
cell recruitment istied to T cell activation is particularly critical in
the cases of autoimmunity and alergy in which recruitment of
activated T cells may determine whether pathological tissue injury
occurs.

It has been suggested that activation of mast cells and basophils
can lead directly to production of Th2 cytokines and recruitment of
eosinophils (50, 51). Studies using anti-lIgE blocking Abs have
shown arole for IgE and Th2 cytokines in eosinophil recruitment
(50). In murine asthma models that use a small number of repet-
itive airway Ag challenges and in those in which both priming and
challenge are viathe airway, c-kit-deficient (W/\VW) mice with con-
genitally low numbers of tissue mast cells have impaired eosino-
phil recruitment (52). In other models, this contribution of mast
cells to eosinophil recruitment has not been observed (53). It ap-
pears that stronger priming and more frequent airway Ag chal-
lenges can overcome the eosinophil recruitment defect in mast
cell-deficient mice (27). Notably, stronger stimuli also increase
Th2 cell recruitment to the airway (23, 31).

The present set of experiments was designed in such away that
we could distinguish between direct and indirect effects of mast
cells on eosinophil recruitment. Systemic administration of anti-
DNP IgE followed by airway challenge with BSA-DNP,,, which
activates only mast cells and basophils without activating the T
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cells, does not induce eosinophil recruitment. This indicates that
recruitment of eosinophilsis not adirect consequence of IgE-stim-
ulated mast cells. This study and others support an indirect model
in which mast cell activation can increase Th2 cell recruitment and
that activation of these immigrant Th2 cells can in turn recruit
eosinophils.

The observation that P- or E-selectin contributes to Th2 cell
recruitment to the lungs is consistent with the observation by
Lukacs et d. (54) and Broide et al. (55) who observed decreased
eosinophilia at early time points after challenge in models of al-
lergic airway inflammation similar to that reported here. Lukacs et
al. observed similar levels of Th2 cytokines in the lungs of both
E-selectin-deficient and wild-type mice 8 h after aerosol Ag chal-
lenge, suggesting that recruitment of Th2 cells was not dependent
on E-selectin in this model. Together with our data in P- and E-
selectin-deficient mice, this may point to a primarily P-selectin-
mediated event in Th2 recruitment to the lung. Alternatively, it
may suggest that the difference in T cell recruitment in selectin-
deficient mice is not apparent until later in the response because
the peak of T cell recruitment and cytokine production in our sys-
tem is ~24-48 h after challenge.

Of particular interest was the finding that Th2 cell recruitment to
the lung parenchyma and the airway lumen was not completely
paralel. One possible explanation is that the lack of selectins on
lung endothelial cellsin P- and E-sel ectin-deficient mice may limit
the rate at which Th2 cells enter the lung parenchyma from the
circulation. The residual influx of Th2 cells from the blood in the
selectin double-deficient mice may be mediated by other receptors
such as a4 integrins (reviewed in Ref. 44). If the rate of movement
of Th2 cells from the parenchyma out into the airway lumen is not
affected by the selectin defect, then the number of cells accumu-
lating in the parenchyma may be substantially reduced.

Several studies suggest that Thl cells exhibit a lower threshold
for migration into target tissues than do Th2 cells (14). We show
here that the barrier to Th2 cell migration can be overcome by
induction of avariety of types of inflammation in the tissue target.
IgE is a component of Th2-type inflammation, whereas the bacte-
rial component LPS is generaly associated with Thil-type re-
sponses. Interestingly, both can elicit a permissive environment for
recruitment of Th2 cells. Our data imply that Ag-nonspecific in-
flammatory signals are sufficient for recruitment of Th2 cellsto the
lung and show that the T cell’s cognate Ag is not necessary to
overcome the threshold for recruitment of Th2 cells. Two impor-
tant principles emerge from our experiments. First, we suggest that
recruitment of Th2 cellsin this system is analogous to recruitment
of neutrophils and other cells of the innate immune system, de-
pending primarily on local inflammatory signals and independent
of specific Ag. Second, we have shown that activation of Ag-
experienced Th2 cells and their migration into a site of inflamma-
tion are not necessarily linked. In the second observation lies a
lesson for future studies of Th2-type responses in that measurable
effector functions are the consequence of both recruitment and
activation of the effector Th2 cells. Our studies describe a novel
mechanism by which a pool of activated Ag irrelevant Th2 cells
may impact the quality of a tissue-specific inflammatory response.
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