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We previously reported in an ovalbumin-induced model of allergic
asthma that Fms-like tyrosine kinase 3 ligand (FIt3-L) reversed airway
hyperresponsiveness (AHR) and airway inflammation, and increased
the number of regulatory CD11c"9"CD8aM9hCD11b'™ dendritic
cells in the lung. In this study, we investigated the effect of FIt3-L
in a clinically relevant aeroallergen-induced asthma on the pheno-
typic expression of lung T cells. Balb/c mice were sensitized and
challenged with cockroach antigen (CRA), and AHR to methacholine
was established. These mice received three intraperitoneal injec-
tions of anti-CD25 antibody (PC61; 250 ng) and FIt3-L (3 i.g) daily for
10 days. Cytokines and Ig levels in the serum were measured and
differential bronchoalveolar lavage fluid (BALF) cell counts were
examined. FIt3-L reversed AHR to methacholine to the control level.
FIt3-L significantly decreased levels of BALF IL-5, IFN-y, eosinophilia
and substantially increased IL-10 and the number of CD4*CD25*
Forkhead winged helix transcription factor box P3 (Foxp3+*) IL-10* T
cells in the lung. Administration of PC61 antibody blocked the effect
of FIt3-L and substantially increased AHR, eosinophilia, and BALF IL-5
and IFN-vy levels, and decreased BALF IL-10 levels and the number of
CD4+CD25"Foxp3*IL-10" T cells. FIt3-L significantly decreased
CD62-L, but increased inducible costimulatory molecule and Foxp3
mRNA expression in the CD47CD25* T cells isolated from lungs of
Flt3-L-treated, CRA-sensitized mice compared to CRA-sensitized
mice without FIt3-L treatment and PBS control group. FIt3-L signif-
icantly inhibited the effect of CRA sensitization and challenge to
increase GATA3 expression in lung CD4°CD25* T cells. Collectively,
these data suggest that the therapeutic effect of FIt3-L is mediated
by increased density of naturally occurring CD4+*CD25*Foxp3™*IL-
1071COS* T-regulatory cellsin the lung. FIt3-L could be a therapeutic
strategy for the management and prevention of allergic asthma.
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Asthma is a disease of the lungs characterized by reversible
airway obstruction, airway hyperresponsiveness (AHR), tissue
and blood eosinophilia, mucus hypersecretion, and chronic
airway inflammation (1). Autopsies of subjects who died of
severe acute asthma attacks have indicated the presence of
lymphocyte infiltration in the lungs, suggesting that lympho-
cytes play an important role in the pathogenesis of asthma (2).
Increased numbers of activated CD4* T lymphocytes have been
found in asthmatic airways (3). T helper (Th) 2 cells deliver
a potent cytokine milieu that initiates the onset of the disease.
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CLINICAL RELEVANCE

Fms-like tyrosine kinase 3 ligand could prove to be a
novel mediator in controlling clinically-relevant allergen-
induced immune response by increasing the density of
CD4+CD25"Foxp3*ICOS*IL-10" T-regulatory cells in asth-
matic lung.

However, Thl cells are the counterweights to the Th2 cells for
immune balance, and they have been shown to exacerbate
allergic asthma (4-6). Nonetheless, the Th2 cell is the dominant
player in the progression and pathological changes of asthma
(4, 7, 8). There are a plethora of environmental antigens that
trigger the development of Th2 cells. The cockroach antigen
(CRA), which is a composition of the insects’ feces, exoskele-
ton, and saliva, is categorized as a hazardous environmental
antigen that can elicit a Th2-polarized response. The current
treatments being used for this inflammatory disorder are
antihistamines, leukotriene blockers, and glucocorticoids.

Fms-like tyrosine kinase 3 (FIt3) is identical to fetal liver
kinase 2 (Flk2) and is a member of the class III tyrosine kinase
receptor family. The murine FIt3 or Flk2 was independently
cloned by two groups of investigators. FIt3 was cloned from
murine placenta based upon its similar sequence homology to c-
fms (9). The c-fms (cellular) oncogene is a homolog of v-fms
(viral) oncogene, which was originally encoded by the Susan
McDonough strain of feline sarcoma virus (10). The human
homolog of murine FIt3 gene was also cloned (11-13), and
found to be expressed in CD34" progenitor cells and in some
leukemic cells (12). The murine and human ligands (F1t3-L) for
the FIt3/FIk2 receptor were cloned, and demonstrated to share
structural similarities with c-kit-L and M-CSF-L (14, 15). In vivo
treatment of mice with FIt3-L results in a significant increase of
dendritic cells (DCs) in all primary and secondary lymphoid
tissues (16), and, in humans, it induces both CDI11c* and
CDl1l1c™ subsets (17). The development of distinct populations
of DCs by FIt3-L suggests that there is a regulation of the Th1/
Th2 cell profile in allergic asthma, and this action maybe by the
induction of CD4" CD25% T-regulatory cells (Tregs).

Naturally occurring CD4+*CD25" Tregs (NTregs) play an
active role in establishing and maintaining immunological un-
responsiveness to self-constituents and negative control of
various immune responses to non-self-antigens (18). The con-
cept of Tregs for immunologists is certainly not a new idea, but
could be a plausible therapeutic target for allergy and asthma.
Immune surveillance by Tregs is critical to modulate T cell
response to maintain immune homeostasis, and in orchestrating
immunologic tolerance (19, 20). NTregs constitutively express
CD25, the a-chain of the IL-2 receptor complex (21, 22), and it
is postulated that they suppress effector T cells by a cell-to-cell-
dependent mechanism. Understanding the underlying mecha-
nisms of Treg modulation remains elusive, and further studies
are warranted to provide insight as to how Tregs develop and
suppress effector T cells.
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Recently, we reported that treatment with FIt3-L could pre-
vent the progression and reverse asthma in an ovalbumin (OVA)-
induced mouse model of allergic asthma, resulting in the complete
abolition of AHR to methacholine (23). In addition, we found
that OV A-sensitized mice treated with Flt3-L increased the
number of regulatory CD11chighCD8alie"CD11b°" DCs in the
lung (23). In this study, we investigated the effect of Flt3-L in
cockroach-sensitized and -challenged mice, and the phenotypic
expression of T cells. Involvement of CD4*CD25* Tregs in the
therapeutic effect of Flt3-L was examined by using anti-CD25
antibody (PC61). FIt3-L reversed existing AHR and airway
inflammation, and caused a substantial increase of CD4+*CD25%
Forkhead winged helix transcription factor box P3 (Foxp3™)
inducible costimulatory molecule (ICOS™) IL-10" Tregs in the
lung. The beneficial effect of Flt3-L was blocked by PC61.

MATERIALS AND METHODS

Animals

Female Balb/c mice (4-5 wk old) were purchased from Harlan Labora-
tories (Indianapolis, IN), and were housed in separate cages. Food and
water were provided ad libitum. In accordance with the National
Institutes of Health guidelines, the research protocol of this study was
approved by the Institutional Animal Care and Use Committee of
Creighton University (Omaha, NE).

Sensitization, Treatment, and Pulmonary Function

Allergic airway inflammation was induced by intraperitoneal injection
of 10 pg cockroach mix allergenic extract (CRA; Hollister-Stier,
Spokane, WA) emulsified in 2.25 mg imject alum (Pierce, Rockford,
IL) in a total volume of 100 pl on Days 0 and 14, followed by aerosol
sensitization with 1% CRA for 30 minutes using an Aeroneb Pro
nebulizer (Aerogen, Somerset, PA) on Days 28, 29, and 30. Mice were
again challenged with 5% CRA for 30 minutes on Day 32, and
pulmonary functions were measured 24 hours later to establish AHR
to methacholine (data not shown). Starting on Day 33, CRA-sensitized
mice were randomized into five groups: the first experimental group
received 3 pg intraperitoneal Flt3-L (Peprotech, Inc., Rocky Hill, NJ)
treatment for 10 days; the second group received 3 pg intraperitoneal
FlIt3-L in sterile PBS for 10 days with 250 ng of PC61 three times on
Days 34, 38, and 42; the third group received 3 pg intraperitoneal Flt3-L
in sterile PBS for 10 days without PC61; the fourth group received 250
wg intraperitoneal PC61 three times on Days 34, 38, and 42; and the fifth
group of nonsensitized control mice were sham treated with the vehicle
(sterile PBS). On Day 43, all groups of mice were challenged with 5%
aerosolized CRA, and nonsensitized control mice were treated only with
the vehicle (sterile PBS). On Day 44, AHR to methacholine was
measured using whole-body plethysmography (Buxco Electronics, Troy,
NY), and the data reported in enhanced pause (Penh) values (23). On
Day 45, AHR to methacholine was measured with the invasive trache-
otomy method to measure specific airway resistance, followed by col-
lection of bronchoalveolar lavage fluid (BALF), blood, lungs, and spleen.

Tissue Preparation and Isolation of Tregs

To isolate CD4" CD25" Tregs, after the 45-day protocol, mice were
killed and lungs were harvested. These tissues were cut into fragments
and digested with collagenase-D (1 mg/ml; Roche Applied Science,
Indianapolis, IN) and 5 ml of RPMI 1,640 (Cambrex, East Rutherford,
NJ). The samples were incubated at 37°C in a CO, incubator for 60
minutes. Tissues were disrupted using a 1-ml syringe, and red blood
cells were removed from the suspension using Tris-buffered ammo-
nium chloride solution and neutralized with PBS4 solution. Tregs were
isolated with CD4* microbead kit (Miltenyi Biotec, Auburn, CA) and
sorted by AutoMACS (Miltenyi Biotec). The sorted cells were labeled
with conjugated allophycocyanin (APC) CD25 antibody and analyzed
by flow cytometry.

Flow Cytometry and Antibodies

A FACScan (Becton Dickinson, San Jose, CA) was used for analytical
Flow cytometry and data were processed with CellQuest Pro (Becton

Dickinson) (5) using a standard protocol for cell preparation. Cells
were stained with: peridinin chlorophyll protein (PerCP) CD4 (L3T4),
phycoerythrin (PE) CD69 (H12F3), FITC CD62L (MEL-14), and APC
ICOS (7e.17G9), purchased from BD Pharmingen (San Diego, CA),
and PE CD25 (BC96), purchased from eBioscience (San Diego, CA).
In addition, cells were also stained with FITC anti-mouse/rat Foxp3
using a staining kit (eBioscience).

Serum IgE Analysis

On Day 44, serum was collected, then centrifuged, separated, and
stored at —80°C for later analysis. ELISA for total IgE was conducted
as previously described (24) and according to the manufacturer’s rec-
ommendations using rat anti-mouse IgE (BD Pharmingen), IgE
standard (BD Pharmingen), and rat anti-mouse IgE-horseradish
peroxidase (HRP; Southern Biotechnology Associates, Birmingham,
AL) for the total IgE assay. IgE assays were developed with 3,3",5,5'-
tetramethylbenzidine substrate and read at 450 nm using a Bio-Rad
microplate reader and software (Bio-Rad, Hercules, CA). Sensitivity
for total IgE was 1 ng/ml.

Serum and Anti-CRA IgE and 1gGs Analysis

Serum levels of anti-CRA IgE and IgGs were determined as previously
described (25). Briefly, microtiter plates were coated with 100 pg/ml
CRA. The coated plates were washed several times with PBS contain-
ing 0.05% Tween (PBS-T) and blocked with 10% FBS for 2 hours at
37°C. Diluted serum was incubated in duplicates overnight, washed
with PBS-T, incubated with anti-mouse avidin conjugates (IgE, IgG1,
or IgG2a; BD Pharmingen) for 2 hours, and again washed several times
with PBS-T. Assays were developed with tetramethylbenzidine (TMB)
substrate reagent (BD Pharmingen), and reactions were stopped with 2
N H,SO, and read at 450 nm using a Bio-Rad microplate reader and
software.

BALF

BALF was collected from each animal via cannulation of the exposed
trachea and gently flushing the lungs with 1 ml of 37°C sterile PBS.
Total cell counts were determined by counting the cells in a hemocy-
tometer. BALF was centrifuged, and the supernatant was collected
and immediately frozen for later cytokine measurement. Cells were
suspended in sterile PBS and cytospin slides were stained (Hema 3
stain set; Biochemical Sciences, Inc., Swedesboro, NJ) for differential
counts.

Cytokine Assays

BALF cytokines (IL-4, IL-5, IFN-y, and IL-10) were measured by
ELISA. Antibody pairs for individual cytokines, as well as standards,
were used according to the manufacturer’s recommendations (BD
Pharmingen) with streptavidin-HRP and 3,3’, 5,5'-tetramethyl benzidine
(Sigma-Aldrich, St. Louis, MO). The sensitivity of the assays was 3-5 pg/ml.

Secretion of IL-10 by CD4*CD25" T Cells from
Flt3-L-Treated Mice

IL-10 secreted by CD4"CD25* T cells was examined by ELISPOT
(eBioscience, San Diego, CA). Isolated and purified Tregs from the
lungs of each experimental group were sorted by BDFACS Aria
(Becton Dickinson) with a purity of 99.0%. These cells were seeded
in equal densities of 1.5 X 10* per well in sterile polyvinylidene fluoride
microtitered plates, precoated with anti-IL-10 antibody (Millipore,
Temecula, CA), and cultured for 48 hours at 37°C in a 5% CO,
incubator. Biotinylated detection antibody was added and incubated
for 2 hours, then thoroughly washed, followed by the addition of the
avidin—-HRP reagent and incubated for an additional 45 minutes. Plates
were air dried for counting with a dissecting microscope.

RT-PCR

To analyze the expression of Foxp3, the mRNA was prepared from
isolated Tregs using Trizol (Sigma-Aldrich) reagent protocol. Gene
Amp PCR System 2,400 (Perkin Elmer, Waltham, MA) was used at 35
cycles for Foxp3, 31 cycles for GATA3, and 29 cycles for hypoxanthine
phosphoribosyltransferase (HPRT). Primers were as follows: Foxp3,
forward, 5'-TACACCCAGGAAAGACAGCAACCT-3’, reverse,
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5'-TCT GAAGTAGGCGAACATGCGAGT-3' (melting point [Ty,],
55°C); GATA-3, forward, 5'-AGGCAAGAT GAGAAAGAGTGC
CTC-3', reverse, 5'-CTCGACTTACATCCGAACCCGGTA-3" (Tp,
55.0°C); and HPRT, forward, 5'-GATACAGGCCAGACTTTG
TTG-3', reverse, 5'-GGTAGGCTGGCCTATAGGCT-3' (T, 50°C).

Statistical Analysis

Data were analyzed using GraphPad Prism (GraphPad Software Inc.,
La Jolla, CA) statistical analysis and graphing software. Unpaired
Student’s ¢ test was used to determine differences between two groups.
Multiple group comparison was made using ANOVA. A P value of less
than 0.05 was considered significant.

RESULTS

Assessment of AHR to Methacholine in Cockroach-Sensitized
and -Challenged Mice after FIt3-L Treatment

Before the treatment with FIt3-L or PBS, CRA-sensitized and
-challenged mice had established AHR to methacholine (data
not shown). Treatment with FIt3-L induced a significant re-
duction in AHR to methacholine to levels comparable to PBS-
treated mice (Figure 1A). This was confirmed by measuring
specific airway resistance in tracheostomized mice (Figure 1B).
The therapeutic effect of Flt3-L was lost after the administra-
tion of PC61 in CRA-sensitized and -challenged mice (Figure
1). Administration of PC61 in PBS control mice increased AHR
to methacholine (Figure 1).

Effect of Flt3-L treatment on total and differential cells
in the BALF. Sensitization and challenge of mice with CRA
significantly increased the total number of cells in the BALF with
a predominant increase in eosinophils. Treatment with Flt3-L
significantly decreased the total number of cells and eosinophils

Methacholiine {mg/ml)

in the BALF (Figure 2). PBS control and Flt3-L-treated mice
that were administered PC61 exhibited substantial increase in the
number of total cells and eosinophils in the BALF (Figure 2).

Effect of Flt3-L treatment on serum Ig in cockroach-
presensitized and -challenged mice. Sensitization and challenge
of mice with CRA significantly increased the levels of serum total
IgE, anti-CRA IgE, anti-CRA IgG2a, and anti-CRA IgG1 com-
pared with PBS control. Interestingly, Flt3-L did not decrease the
levels of total serum or anti-CRA IgE. In addition, there was no
significant effect of Flt3-L on serum IgG1 or IgG2 (Table 1).

Effect of Flt3-L treatment on BALF cytokines in cockroach-
sensitized and -challenged mice. Sensitization and challenge of
mice with CRA significantly increased the levels of BALF IL-5
and decreased IL-10. In contrast, treatment with FIt3-L signif-
icantly lowered the BALF IL-5 and increased IL-10 levels. In
addition, BALF INF-vy levels were elevated in CRA-sensitized
and -challenged mice. However, Flt3-L treatment lowered
BALF INF-y (Figures 3A-3C). Administration of PC61 in
Flt3-L-treated or control PBS-treated mice blocked the effect
of Flt3-L, increased IL-5 and IFN-vy, and decreased IL-10 levels
in the BALF. IL-4 and IL-13 were not detectable in the BALF
(data not shown).

Effect of Flt3-L and PC61 on CD4tCD25" T cells secret-
ing IL-10 in cockroach-sensitized and -challenged mice. Adap-
tive or inducible CD4*CD25~ Tregs suppress effector T cells in
an IL-10-dependent manner, whereas NTregs mediate suppres-
sion in a cell-to-cell manner, and the use of low-to-moderate
levels of IL-10 to reverse immune response. We determined the
effect of FIt3-L and PC61 administration on CD4*CD25* T cell
isolated from the lung of cockroach-sensitized and -challenged
mice and their ability to produce IL-10. We evaluated the
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334

TABLE 1. SERUM Ig LEVELS

PBS CRA CRA + Flt3-L
Anti-CRA 1gG2a 0.001 = 0.005 0.086 + 0.015* 0.084 + 0.023*
Anti-CRA IgG1 0.006 = 0.004 0.404 + 0.039* 0.500 = 0.040*
Total IgE 15.224 £ 4176 69.62 = 7.011F 52.187 = 4.535
Anti-CRA IgE 0.036 = 0.014 0.276 + 0.062* 0.352 + 0.086*

Definition of abbreviations: CRA, cockroach antigen; Flt, Fms-like tyrosine kinase.
* P <0.01.
TP <0.001.

number of sorted CD4"CD25" T cells producing IL-10 from
each experimental group using the ELISPOT. Flt3-L significantly
increased the number of IL-10-secreting CD4*CD25" T cells in
the lungs (P < 0.001) compared with cockroach-sensitized mice
without Flt3-L and the PBS control group (Figure 3D). Although,
there was a significant increase in IL-10-secreting CD4+*CD25*
T cells from the lungs of Flt3-L-treated mice, only about 23% of
the CD4*CD25" T cells were IL-10 positive (Figure 3D). The
therapeutic effect of FLt3-L was blocked after administration of
PC61. (Figure 3D).

Effect of FIt3-L on CD47CD25" T Cells Isolated from Lungs of
FIt3-L-Treated Mice

CD4+CD25" Tregs have suppressive properties and modulate
immune response. The expression of CD4+tCD25" Tregs is
shown in representative contour plots isolated from the lungs
of PBS, CRA, and CRA plus FIt3-L mice (Figure 4A). The
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absolute number of CD4*CD25% T cells isolated from the lungs
of PBS control mice was normal (Figures 4B and 4C). However,
CD47CD25* T cells were significantly decreased in the lungs of
CRA-sensitized mice compared with PBS (Figures 4B and 4C).
There was a substantial increase in CD4"CD25* T cells isolated
from the lungs of Flt3-L-treated mice compared with CRA-
sensitized mice and PBS control.

Effect of FIt3-L on the Expression of CD62L in CD4*CD25*
T Cells Isolated from the Lungs of FIt3-L-Treated Mice

The expression of CD62-L on lung CD4+*CD25" Tregs is shown
in representative contour plots (Figure 5SA). CD4+*CD25" Tregs
isolated from the lungs of PBS control mice expressed signifi-
cantly high levels of L-selectin (CD62L) (Figures SA and 5B).
CRA sensitization and challenge did not significantly affect the
expression of CD62L on lung CD4*CD25" Tregs. However,
CD4*7CD25% Tregs isolated from lungs of CRA-sensitized and
-challenged mice treated with FIt3-L exhibited a substantial
decrease in CD62L expression compared with the CRA group
and the PBS control group (Figure 5B).

Effect of FIt3-L on the Expression of ICOS in CD47CD25"
T Cells Isolated from the Lungs of Flt3-L-Treated Mice

The expression of ICOS on lung CD4+*CD25" Tregs is shown in
representative contour plots (Figure 6A). CD4"CD25" Tregs
isolated from the lungs of PBS control mice expressed very low
levels of ICOS expression (Figures 6A and 6B). CRA sensiti-
zation and challenge significantly increased the expression of
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Figure 3.

BALF cytokine level and IL-10-secreting CD4"CD25" T-regulatory cells. BALF samples were immediately centrifuged and level of

cytokines, IL-5 (A), IFNvy (B), and IL-10 (C), in the supernatants was measured. Data are shown as means (=SEM) for six animals in each group (*P <
0.01 and **P < 0.001). (D) CD4+CD25* T cells were isolated, cultured, and plated on ELISPOT plates to evaluate expression of IL-10. Data are

shown as means (+SEM) for five animals in each group (**P < 0.001).
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ICOS on lung CD4*CD25* Tregs, which was further increased
by FIt3-L treatment, expressing substantially higher levels of
ICOS than CRA and PBS control mice (Figure 6B).

Effect of FIt3-L Treatment on mRNA Expression of Foxp3 and
GATA3 in Lung CD4*CD25" T Cells

Lung CD4+CD25* T cells isolated from PBS control mice ex-
hibited moderate expression of Foxp3, and no detectable levels
of GATA3, which is indicative of a normal distribution of Tregs
and the absence of Th2 cells. However, sensitization and
challenge with CRA abolished Foxp3 expression, but increased
GATAS3 expression in the lung CD4*CD25* T cells. Adminis-
tration of FIt3-L in cockroach-sensitized and -challenged mice
restored Foxp3 expression and significantly suppressed GATA3
expression in the lung CD4*CD25" T cells, and the expression
of Foxp3 was substantially stronger in the lung cells of FIt3-L-
treated than PBS control mice (Figures 7A and 7B). This
suggests that high expression of Foxp3 in the lung CD4*CD25"

T cells could be required to reduce GATA3 expression and
reverse pre-existing AHR and airway inflammation.

Flow Cytometric Analysis of Foxp3 Expression and Density of
CD4*7CD25" T Cells after FIt3-L and PC61 Treatment

Representative contour plots (Figure 8A) show intracellular
Foxp3 expression in the lung CD4*CD25" T cells of all ex-
perimental groups. Foxp3 was normally expressed in the lung
CD47CD25% cells of PBS control mice, and this was signifi-
cantly reduced by treatment with PC61 (Figure 8A). CRA sen-
sitization and challenge substantially reduced Foxp3* cells,
which was reversed by treatment with FIt3-L (Figure 8A).
The CD25 antibody, PC61, blocked the effect of FIt3-L to
increase Foxp3* cells in the lung of CRA-sensitized and
-challenged mice, and there was no significant difference in
the number of CD4*CD25%Foxp3* cells after PC61 adminis-
tration than in cockroach-sensitized and -challenged mice with-
out FIt3-L (Figure 8B).
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2 Figure 6. Expression of inducible costimulatory
molecule (ICOS) on CD4*CD25* T cells. Con-
tour plots showed a comparative analysis of
ICOS expression on CD4+CD25" T cells isolated
» from lungs of PBS, CRA, and CRA/FIt3-L (A).

Statistical analysis of ICOS expression of each
experimental group and Flt3-L-treated mice
exhibits a significant increase of ICOS expression
compared with CRA and PBS mice (B) (**P <
0.001).
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DISCUSSION
In this article, we present a cockroach-sensitized and

-challenged mouse model of allergic asthma characterized by
pulmonary eosinophilia and AHR to methacholine. Previously,
we reported that treatment with Flt3-L prevented and reversed
the development of allergic airway inflammation and histologic
features of asthma, and abolished AHR to methacholine in an
OVA-induced mouse model of allergic asthma (26). Here, we
present evidence that FIt3-L is capable of modulating immune
response to a clinically relevant cockroach-induced murine
model of allergic asthma with existing AHR. Furthermore,
the therapeutic effect of FIt3-L on AHR was associated with
a significant increase in CD4*CD25* Tregs isolated from the
lungs of Flt3-L-treated mice. These CD4*CD25" Tregs showed
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CRA-sensitized without FIt3-L treatment. The BALF obtained
from these Flt3-L-treated mice showed a significant decrease of
eosinophilia and IL-5. Interestingly, there was a significant
increase of IL-10 in the FIt3-L-treated mice compared with
CRA-sensitized mice without FIt3-L therapy and PBS control
animals.

A novel finding observed in this study was the substantial
decrease in CD62-L expression from CD4+CD25*" T cells
isolated from the lungs of Flt3-L-treated mice. Suppression of
inflammation and autoimmunity can occur due to Tregs with high
expression of CD62L. Ermann and colleagues (27) showed that
CD62Lhigh Tregs prevented graft-versus-host disease and slowed
the onset of diabetes in the severe combined immunodeficiency
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(SCID) mouse model. Other groups demonstrated that naive
Tregs are able to maintain the expression of CD62L and CCR7
in vitro (28). Our data suggest that FIt3-L induces a decrease in
CD62L expression on Tregs to facilitate their migration from
lymph nodes to the inflammatory sites in the lung.

CD62L (Mel-14) is a member of the L-selectin family, and is
highly expressed on naive CD4* T cells. However, it is down-
regulated upon T cell activation, resulting in the migration of T
cells to the inflammatory site (29). Through rolling and adhe-
sion within the circulatory system, naive T cells are decelerated
by CD62L binding with peripheral lymph node vascular
addressins (GlyCAM-1 and MAdCAM-1) expressed on the
face of the lumen of high endothelial venules. Although not
examined in this study, stabilization of the CD62L binding is
mediated by binding of CCR7, which leads to CD4 T cell
transmigration into the lymph node (30). After antigen expo-
sure in the lymph node, there will be a down-regulation of
CD62L in T cells and up-regulation of adhesion molecules,
CD49d and lymphocyte function-associated antigen (LFA)-1.

The change in the expression of adhesion molecules allows the
movement to inflammatory tissue (31). The decreased expres-
sion of CD62L on CD4*CD25" Tregs from the lungs of FIt3-L-
treated mice suggests that these cells were activated in the
lymph nodes and then migrated to inflamed lung tissue. The
migration of Tregs with decreased expression of CD62L has
been confirmed by other investigators in retinoic acid-treated
Tregs (32). CD4TCD25* Tregs modulate inflammation by cell-
to-cell contact and/or the use of the immunosuppressive cyto-
kine, I1L-10.

Furthermore, we evaluated, for the first time (to our
knowledge), the effect on FlIt3-L on Tregs using an anti-CD25
antibody (PC61) in a murine model of cockroach-induced
allergic asthma. Many investigators in various disease models
have shown that PC61 depletes Tregs in vivo (33-36). In this
study, FIt3-L-treated mice given PC61 showed high AHR and
airway inflammation; however, administration of FIt3-L alone
restored AHR and airway inflammation nearly to the PBS
control level. Interestingly, normal healthy mice given PC61
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alone challenged with PBS showed elevated AHR and airway
inflammation, as indicated by increased BALF cellularity and
eosinophils. The elevated AHR and inflammation suggest the
loss of the proper immune response, which appears to be due to
the lack of proper Treg development during the initial T cell
priming events, and, in their absence, probably alters and more
uncontrolled T cell population to develop and expand (37). In
addition, the administration of PC61 to FIt3-L-treated mice
caused a significant reduction of CD4*CD25"Foxp3* T cells;
however, treatment with FIt3-L restores and increases the
number of CD4*CD25*"Foxp3* T cells significantly higher than
the PBS control. This suggests that more Tregs are needed to
reverse the associated changes of established AHR and airway
inflammation. Interestingly, the ELISPOT assay of IL-10-
secreting Tregs showed nearly 25% of the CD4+*CD25*Foxp3™
T cells secreting IL-10. It is tempting to speculate that the 20—
25% of Tregs secreting IL-10 could be IL-10-producing CD4*
CD25-type 1 (Tr1) inducible Tregs, and the remaining may be
NTregs. However, this will warrant further investigation to
confirm the two subtypes. Nevertheless, these IL-10-secreting
Tregs correlate with the IL-10 found in the BALF of mice
treated with FIt3-L.

In this study, BALF IL-10 was elevated in mice treated with
Fl1t3-L. The coexistence of Tregs with aggressive CD4* T cells is
maintained by the secretion of IL-10, which may be regulated
by the expression of ICOS. Hutloff and colleagues (38) showed
that IL-10 secretion by T cells is modulated by the expression of
ICOS. Costimulation by ICOS induces a three- to fivefold
increase in IL-10 secretion from ICOS* CD4* T cells. Binding
of ICOS-L with ICOS strongly promotes IL-10 secretion,
whereas the CD28/B7 pathway acts as a potent attenuator of
IL-10 release (39). Immunomodulators can reverse allergic
airway inflammation, with a concomitant increase in BALF
IL-10 and decrease in serum IgE levels; these results strongly
correlate with the presence of tolerogenic CD4* CD25* T cells
in the lung of mouse models (40). In our study, cockroach
sensitization and challenge caused a significant elevation in both
total and anti-CRA-specific serum Ig (IgE, IgG2a, and IgG1).
Interestingly, we found no effect of FIt3-L treatment on serum
Ig, and this is consistent with several other immunomodulators,
including Mycobacterium bovis-bacillus Calmette-Guerin,
which has been reported to exert little-to-no effect on serum
IgE (41). Alternatively, it is possible that a 10-day regimen of
FIt3-L may not be sufficient to remove previously existing
antibodies. In addition, IgE might not be required for the
development of eosinophilic airway inflammation and AHR in
mice, as reported by several investigators (42).

We found that approximately 23% of the CD4*CD25*
Tregs were positive for IL-10, with the secretion of moderate
levels of IL-10 in the BALF of mice treated with FIt3-L. In
addition, there was a robust increase in CD4*CD25" Tregs, and
these cells showed substantial increases in mRNA expression
for Foxp3; this was correlated well with the expression of Foxp3
in CD47CD25" T cells in the lungs of FIt3-L-treated mice.
Because inducible CD4+*CD25~ Tregs release a copious
amount of IL-10 in the lung, our data suggest that FIt3-L
preferentially increases the density of NTregs, as opposed to
the inducible Tregs. In our in vivo model, suppression of AHR
and airway inflammation appears to be independent of high
levels of IL-10 and inducible Tregs, but dependent on increased
number of naturally occurring Tregs and moderate levels of
IL-10. Suppression of inflammation in vivo in some models, but
not all, requires IL-10 produced by naturally occurring Tregs
(43). Sarangi and colleagues (44) found increases in skin lesions
in IL-10 knockout mice compared with wild-type mice in
a herpes simplex virus model, and skin lesions were worsened

in IL-10 knockout mice depleted of naturally occurring Tregs
(39). This further supports the notion that the modulation of
immune response is dependent on NTregs and moderate levels
of IL-10. Interestingly, Foxp3 mRNA expression was absent in
CD4*CD25*" T cells from the lungs of CRA-sensitized and
-challenged mice without F1t3-L. However, there was significant
increase in Foxp3 expression in CD4*CD25* T cells from the
lungs of Flt3-L-treated mice.

The lack of Foxp3 expression and the low number of
CD4*CD25" T cells in the lung of cockroach-sensitized mice
without FIt3-L treatment suggest that these cells could be
deficient in their density and/or function. In patients with
multiple sclerosis, CD4*CD25* Tregs had significantly reduced
levels of Foxp3 expression, which was increased after treatment
with a copolymer-1 in these patients (45). Nonetheless, we have
found that FlIt3-L has the potential to elicit immunomodulatory
effects by increasing naturally occurring CD4*CD25*Foxp3+
Tregs. Interestingly, we observed that the CD4*CD25% T cells
found in the mice of CRA-sensitized mice without FIt3-L
treatment expressed high levels of GATA3 compared with
low levels in FIt3-L-treated mice, and undetectable levels
in PBS control CD47CD25* T cells. It is likely that these
CD47CD25t*GATA3™ T cells are expressing CD25 in transient
stages or at low levels (46), and the induction of CD25 is needed
for developing Th2 cells (47); however, they lack regulatory
capacities, due to the deficiency of Foxp3 expression (48). The
high expression of GATAS3 and the high level of IL-5 found in
the BALF of CRA mice demonstrate that these CD4*CD25* T
cells are Th2 cells. The low expression of GATA3 in the FIt3-L-
treated mice suggests that the treatment with Flt3-L. may need
to go beyond 10 days to completely resolve and clear the
number of activated Th2 cells in the airways of subjects with
allergic asthma.

Currently, the precise molecular mechanism by which FIt3-L
treatment increases naturally occurring CD4*CD25%Foxp3+
Tregs and mediates its anti-inflammatory and antiasthmatic
effects remains to be elucidated. Activation of Flt3, the receptor
for FlIt3-L, induces downstream signaling of Ras/ERK path-
way to cause gene expression, possibly via STAT molecules
(41). Flt3-L increases proliferation of natural killer cell (NK)-
progenitors, which was augmented by IL-2 with a robust in-
crease in NK cells (42). Recently, Burchill and colleagues (49)
showed that signaling through IL-2Rp was dependent on
STATS activation and translocation to the Foxp3 promoter
for development of functional CD4*CD25*Foxp3* Tregs. This
could be a plausible mechanism mediated by Flt3-L signaling,
causing the activation of IL-2/IL-2R axis pathway to cause
Foxp3 activation in Tregs. Obviously, additional studies are
warranted to confirm or refute this theory. Nevertheless,
CD4+CD25* Tregs play an essential role in the maintenance
of peripheral self-tolerance by preventing the activation and
proliferation of autoreactive T lymphocytes that have escaped
thymic deletion (50-52). Flt3-L appears to have a dual effect in
modulating immune response by mediating the development
and migration of Tregs and regulatory DCs. These specialized
immunosuppressive cells appear to have a symbiotic relation-
ship to modulate effector T lymphocyte function both in vitro
and in vivo by the use of cell surface membrane proteins and the
immunosuppressive cytokine, IL-10. The acceleration and de-
celeration of T cell and DC interaction is tightly regulated by
costimulatory molecules. In this study, increase in the expres-
sion of ICOS, a molecule for T cell growth and a possible
modulator of IL-10, may help to provide insight to understand
the function of Tregs. Costimulatory molecules, such as pro-
grammed death (PD)-1 and cytotoxic T-lymphocyte antigen
(CTLA)-4, have been shown to be negative regulators of T cell
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activation. Recently, the molecule, signaling lymphocyte acti-
vation molecule, was shown to be another modulator of T cell
activation and the maintenance and function of Tregs (47).
Clearly, the role of costimulatory molecules is at the forefront
of understanding the function of Tregs and how they modulate
disease.

In summary, we report a novel murine model of allergic
asthma induced by CRA, and the therapeutic effect of FIt3-L in
this model. FIt3-L modulated the progression of asthma by
abolishing AHR to methacholine, and by causing an increase in
naturally occurring CD4+CD25*Foxp3*IL-10"ICOS* Tregs.
In addition, we delineated that FlIt3-L with PC61 blocks the
development of CD4+*CD25*Foxp3TIL-10*ICOS* Tregs and,
in absence of PC61, FIt3-L is able to cause a significant increase
in CD4*CD25%Foxp3*IL-10"ICOS* Tregs to suppress effector
T cells, possibly by secretion of IL-10 and cell-to-cell interaction.
Understanding the role of FIt3-L and CD4+*CD25*Foxp3*
ICOS*IL-10" Tregs warrants further investigation, and it will
be interesting to see what effect Flt3-L has on other costimula-
tory molecules, such as PD-1, CTLA-4, and signaling lymphocyte
activation molecule. In conclusion, these results support the
hypothesis that Flt3-L may be an effective immunotherapeutic
agent in the treatment of AHR and associated changes in airway
inflammation in allergic asthma.
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