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Endotoxin and other immunostimulants ubiquitous in ambient air
are potent mucosal adjuvants, yet only a minority of individuals
develop aeroallergen hypersensitivities, whereas the majority de-
velop tolerance. These investigations were performed to reconcile
this paradox. During initial experiments, mice received a primary
series of weekly intranasal OVA immunizations (1° vaccination).
Selected mice also received intranasal sterile house dust extract
(HDE) with each OVA vaccination, at a dose previously found to
exert adjuvant activity. A third group of OVA-vaccinated mice
received intranasal HDE on a daily basis, but at one seventh the
adjuvant dose, beginning 1 week before the first and ending with
the last 1° OVA vaccination. Mice were then left untreated for
4 weeks, and then received a secondary series of weekly intranasal
OVA immunizations with adjuvant doses of HDE (2° sensitization).
Three weeks later, OVA-specific airway challenges and immune
responses were assessed. Analogous experiments were conducted
with LPS. Mice receiving daily intranasal HDE or LPS during 1° OVA
vaccination were highly resistant to 2° sensitization, whereas the
mice in other experimental groups readily developed Th2-biased
airway hypersensitivity. Tolerance was associated with poor OVA-
specific CD4 cell proliferation and with local natural T-regulatory cell
(Treg) expansion. Finally, Treg depletion by delivery of the anti-
CD25 monoclonal antibody during 1° vaccination attenuated the
tolerogenic effects of daily airway HDE exposures. These studies
suggest that regular airvay immunostimulant exposures selectively
increase local Treg numbers and activity in an antigen-independent
manner, thereby promoting the development of aeroallergen
tolerance.
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A variety of molecules known to be ubiquitous in living
environments activate cells involved in antigen presentation
by receptor-dependent (i.e., Toll-like receptor ligands or TLR
ligands) and independent pathways (e.g., diesel exhaust partic-
ulate, or DEP) (1, 2). Moreover, many of these ambient
immunostimulants have potent mucosal adjuvant activities. In
murine models of asthma, several such molecules were found to
drive Thl-biased protective immune responses (e.g., ligands for
TLR4, TLR7, and TLRY), whereas others functioned as Th2
adjuvants (ligands for TLR2, TLR4, and DEP), priming mice to
develop eosinophil-rich airway inflammatory responses upon
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CLINICAL RELEVANCE

Endotoxin and other immunostimulants ubiquitous in ambi-
ent air have proven to be potent mucosal adjuvants in
vaccination studies, but only a minority of individuals de-
velop hypersensitivities to aeroallergens, whereas a majority
develop tolerance. The present investigation was designed to
help explain why semicontinious airway exposures to ambi-
ent immunostimulants promote the development of aero-
allergen tolerance rather than hypersensitivity.

subsequent allergen challenge (3-6). Despite such observations,
the real-world effect of airway exposures to ambient immunos-
timulatory molecules on the development of physiologic toler-
ance and pathologic Th2-biased aeroallergen hypersensitivities
is far from understood.

Recognizing that exposures to purified molecules do not
occur in the real world, we previously characterized the immu-
nomodulatory activities of sterile but unpurified house dust
extracts (HDEs) derived from 15 Southern California homes
(7-9). Surprisingly, mice intranasally immunized with OV A and
HDE:s at 3 weekly intervals developed MyD88-dependent, Th2-
biased, adaptive responses and airway hypersensitivity re-
sponses to allergen challenge (8), suggesting that TLRs play
a prominent role in mediating the adjuvant activities of HDEs.
These previous experiments may be construed to suggest that
many, if not all, living environments intrinsically promote the
development of allergic asthma. However, in those investiga-
tions, murine airways were exposed to the immunostimulatory
contents of HDEs at weekly intervals and at doses likely in
great excess of average daily exposures, as evidenced by the
neutrophilic airway inflammatory response they induced (8). In
contrast, individuals inhale air laced with low concentrations of
immunostimulatory molecules on a semicontinuous basis, and
the frequency of granulocytes in their airways remains low
(10, 11).

For a better model of real-world exposures, additional
experiments were performed in which mice received 3 weekly
intranasal OVA immunizations, as in previously described
studies, whereas low-dose HDE (one seventh the weekly dose)
was intranasally delivered daily, beginning 1 week before the
first and ending with the last dose of OV A, or weekly with OVA
(as in the previous experiments), or according to both schedules
(8). After a week of daily low-dose intranasal delivery of HDE,
little airway inflammation was evident, and this HDE delivery
schedule had little adjuvant effect on OV A-specific responses.
More importantly, daily airway HDE exposures prevented mice
concurrently receiving weekly intranasal OVA and HDE (adju-
vant dose) immunizations from developing allergen-specific, Th2-
biased airway hypersensitivities. Similar results were achieved
with purified LPS. The present investigations were conducted to
expand on those experiments by determining whether intranasal
OVA-vaccinated mice concurrently receiving low-dose HDE or
LPS on a daily basis developed temporary anergy or long-lived,
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allergen-specific tolerance. We also sought to elucidate the
mechanisms responsible.

MATERIALS AND METHODS

Mice and Commercial Reagents

Investigations received approval from our institution’s Animal Welfare
Committee. Female mice, aged 4-6 weeks, were used for all studies.
BALB/c mice were purchased from Harlan Sprague Dawley (Indian-
apolis, IN). DO11.10 TCR transgenic (TG), DO11.10 TG X RAG1
knockout (KO) mice, were bred in our animal facility, as were
FOXP3egf C57B/6 mice, a kind gift from Talal Chatila. OVA (Grade
VI) and Escherichia coli 026-B6 LPS (1 EU = 0.1 ng) were purchased
from Sigma (St. Louis, MO).

Preparation of the HDE Standard

Methods used for the collection and processing of house dust samples
were described in detail previously (7). Briefly, with approval from our
institution’s Human Subjects Committee, dust samples were obtained
by vacuuming a single carpeted bedroom in suburban homes in San
Diego County, California. Collected house dust was run through
a coarse sieve to remove large particulate matter, and suspended in
sterile PBS at 100 mg/ml. House dust suspensions were then placed on
a rotor at room temperature for 18 hours, and filtered through glass
wool and then through 0.22-pm Steriflip filters (Millipore, Bedford,
MA) to obtain sterile HDEs. In previous studies, we compared the
relative bioactivities of 15 HDEs (7), and subsequently prepared a high
bioactivity HDE standard, which was described previously, and which
was used for studies described here (9). The endotoxin concentration of
the HDE was determined with a QCL-1000 kit (Bio-Whittaker,
Walkersville, MD) according to the manufacturer’s instructions. Using
of this kit, we calculated that the endotoxin concentration of the HDE
standard was approximately 33,000 EU/ml (or 3,300 ng/ml).

Immunization and Airway Allergen Challenge

As outlined in Figure 1, naive mice (n = 4/group) received a primary
series of 3 weekly intranasal OVA (100 wg) vaccinations (1° vaccina-
tions), followed by a 4-week hiatus and then a secondary series of 3
weekly intranasal OVA (100 pg) vaccinations (2° sensitization).
During the 1° vaccination period, some mice also received 21 pl of
HDE with each dose of OVA. A third group of mice began receiving
intranasal HDE (3 pl) on a daily basis, beginning 7 days before the first
and ending with the last OV A vaccination. During 2° sensitization, all
mice received OVA in conjunction with adjuvant doses of HDE (21 pl).
A fourth experimental murine group only received 2° sensitization.
Three weeks after completing 2° sensitization, all mice received two
intranasal OVA (10 pg) challenges, delivered 6 days apart, and airway
and immunologic responses were assessed the following day. Analo-
gous experiments were performed with purified LPS. Based on the
calculated endotoxin concentration of the HDE, we estimated that the
21-pl and 3-pL doses used in the in vivo studies contained approxi-
mately 70 ng (700 EU) and 10 ng (70 EU) of LPS, respectively, and
these LPS doses were used for all experiments in this study. Mice were
lightly anesthetized (isoflurane; Abbott Laboratories, North Chicago,
IL) before the intranasal delivery. All reagents were intranasally
delivered at a total volume of 30 pl PBS.

Eighteen hours after the final OV A challenge, the mice were killed,
their lungs were lavaged with 800 pl of PBS, and the bronchoalveolar
lavage fluid (BALF) was collected. Total BALF cell counts were
determined with a hemocytometer. In addition, BALF cytospin slides
were prepared, fixed in acetone, and Wright-Giemsa—stained. A
blinded observer determined the percentage of eosinophils, neutro-
phils, and mononuclear cells on each slide by counting a minimum of
150 cells in random high-power fields with a light microscope. Lung
tissue was flash-frozen, cryosectioned, acetone-fixed onto poly-L-
lysine—coated slides, and stained with hematoxylin—eosin, peroxidase/
DAB, and PAS, according to standardized techniques. To quantitate
peribronchial inflammation, eosinophil infiltration, and airway mucus
production, a scoring system (with 0-5 points) was devised in which
a blinded observer scored 4-8 airways per mouse for each parameter.

OVA

1° Immunization 2° Sensitization : Challenge

Daily HDE/LPS OVA + HDE/LPS Bolus

W © 4 4y
7 (I;) (1;) (11;)

OVA (+/-) HDE/LPS Bolus

T ?;Sacrifice

(42) (49) (56) (77) (83) (84)

Group A: No 1° Immunization
Group B: OVA Alone

Group C: OVA + HDE (Daily)
Group D: OVA + HDE (Bolus)

Figure 1. Schedule for vaccination studies. Mice received three in-
tranasal OVA vaccinations at weekly intervals either alone, with bolus
high-dose house dust extract (HDE) and LPS, or daily low-dose HDE
and LPS (1° Immunization). Four weeks after completing 1° immuni-
zation, mice received 3 weekly intranasal vaccinations of OVA with
bolus HDE (2° Sensitization). Three weeks later, mice were intranasally
challenged with OVA alone, and airway hypersensitivity and immune
responses were assessed.

Mean inflammation scores were determined by averaging the total
cellular infiltration, eosinophil infiltration, and airway mucus produc-
tion scores for each murine group. The experimental techniques used
for these analyses were previously described in detail (4, 9, 12).

Regulatory T-Cell Depletion Experiments

In selected experiments, the CD25 monoclonal antibody (mAb) was
delivered to mice during 1° immunization to deplete regulatory T cells
(Tregs). In preliminary studies, spleens harvested from mice 2 weeks
after an intraperitoneal injection of 500 pg of CD25 mAb (PC61;
Leinco Technologies, St. Louis, MO) were found to have fewer than
0.4% FOXP3-positive CD4 cells, an at least 95% reduction compared
with untreated mice (data not shown). Therefore, for the experiments
presented in Figure 8, mice received 500 pg of PC61 mAb (to deplete
them of Tregs) or an isotype control mAb, 4 days before the first
intranasal OVA immunization and again 2 weeks later.

OVA-Specific IgE and Cytokine Responses

When the mice were killed, sera were obtained to measure antigen-
specific IgE responses by ELISA. Samples were compared with a high-
titer, anti-OV A IgE standard (endpoint titration, 512). To remove IgG
and improve the sensitivity of the OV A-specific IgE ELISA, serum
samples were preincubated with protein G sepharose beads (Pharma-
cia, Piscataway, NJ). Subsequent Ig ELISA techniques were routine, as
previously described (4, 9, 12). OV A-specific bronchial lymph node
(BLN) cytokine responses were also assessed by a previously described
method (4, 9, 12). Briefly, BLNs harvested from each group of
experimental mice were pooled, and single-cell suspensions were
prepared by enzymatic digestion with Collagenase VIII (300 U/ml;
Sigma) and DNase-I (1.5 pg/ml; Sigma). BLN cells were cultured in
triplicate at 1 X 10° cells/ml in media with or without OVA (50 pg/ml)
for 72 hours before harvesting the supernatants. IL-4, IL-5, and IL-13
concentrations in culture supernatants were determined by ELISA,
using reagents from Pharmingen (San Diego, CA), according to the
manufacturer’s recommendations. BLN cytokine responses were cal-
culated by subtracting the background cytokine production (generally
equal to or less than 0.05 ng/ml) from responses of BLN cells cultured
with OVA.

Adoptive Transfer Experiments

For adoptive transfer experiments, naive BALB/c mice were intrana-
sally immunized with OVA (100 pg) on a single occasion. Selected
mice were co-immunized with adjuvant doses of either HDE (21 wl) or
LPS (70 ng). Other mice received daily intranasal HDE (3 pl) or LPS
(10 ng), beginning 7 days before and ending with intranasal OVA
vaccination. DO11.10 TG X RAG-1 KO CD4 cells were isolated from
donor spleens with Miltenyi magnetic beads (Auburn, CA), according
to the manufacturer’s directions, and recipient mice received 1 X 107
cells by an intraperitoneal injection 1 day before intranasal OVA
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immunization. Ten days after OV A vaccination, mice were intranasally
challenged with OV A alone, and BLNs were harvested 24 hours later
for cellular analyses. In some experiments, DO11.10 TG X RAG-1 KO
CD4 cells were stained with CFSE (Molecular Probes, Carlsbad, CA),
according to the manufacturer’s recommendations, before adoptive
transfer.

Analyses of CD4 Cell Responses to Intranasal Delivery
of HDE and LPS

BALB/c or FOXP3¢eP C57B/6 mice received intranasal PBS, a single
bolus dose of HDE (21 pl), or LPS (70 ng), or 7 days of daily intranasal
HDE (3 pl) or LPS (10 ng). Twenty-four hours, 3 days, or 7 days after
the final dose of HDE or LPS, the mice were killed. Single-cell
suspensions of relevant tissues were prepared by enzymatic digestion,
as previously described (4, 8, 9). Cells were subsequently stained for
FOXP3 and CD4 expression or CD4 expression alone.

Flow Cytometry

Cell surface staining was performed by standard methods with fluores-
cent mAbs purchased from Pharmingen, Caltag (Burlingame, CA), and
eBiosciences (San Diego, CA). For intracellular FOXP3 staining, a kit
from eBiosciences was used according to the manufacturer’s instruc-
tions. All flow cytometric studies were performed with a FACSCalibur
flow cytometry unit, and 10,000-100,000 events of interest were
recorded for each sample. Gates based on isotype control staining
were used to identify the percentage of cells bearing markers of
a specific linage. Flow cytometric analyses were conducted immediately
or else samples were fixed in 2% paraformaldehyde, and stored in the
dark at 4°C until their analysis. Flow cytometry data were analyzed
with FlowJo software (Tree Star, Inc., San Carlos, CA).

Statistical Considerations

Statistical analyses were performed using Statview software, and two-
tailed, unpaired Student ¢ tests were used to analyze data. The
Bonferroni correction factor was included in the calculation of P
values, to account for the increased probability of type I errors when
multiple groups are statistically compared.

RESULTS

Daily Intranasal Delivery of HDE and LPS Promotes the
Development of Long-Lived Aeroallergen Tolerance

As shown in Figure 1, naive mice received a primary series of 3
weekly intranasal OV A vaccinations (1° vaccinations), followed
by a 4-week period of observation and a secondary series of 3
weekly intranasal OV A vaccinations (2° sensitization). During
the 1° vaccination period, selected mice also received HDE with
each OVA vaccination, at doses previously shown to have
adjuvant potential (8). A third murine group began receiving
intranasal HDE on a daily basis, at one seventh the adjuvant
dose, beginning 7 days before the first and ending with the last
OVA vaccination. During 2° sensitization, all mice received
weekly adjuvant doses of HDE in conjunction with OVA. A
fourth experimental mouse group only received 2° sensitization.
Three weeks after completing 2° sensitization, mice were
intranasally challenged with OVA alone, and immune and
airway hypersensitivity responses were assessed. Mice receiving
nothing, OVA alone, or OVA and adjuvant doses of HDE
during 1° immunization were found to have significantly exag-
gerated airway inflammatory responses, compared with those
mice receiving daily intranasal HDE (Figure 2A; Figure E1 in
the online supplement is a color version of Figure 2). Likewise,
mice in these experimental groups displayed far stronger Th2-
biased immune responses (Figure 2B). Finally, mice receiving
daily HDE during 1° immunization did not display compensa-
tory increases in OV A-specific serum IgG2a or BLN IFN-y and
IL-10 production, compared with mice in other groups (data not
shown).
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Although HDE adjuvant activities were found to be largely
TLR-dependent (8), their molecular contents are inherently ill-
defined. Therefore, analogous experiments were conducted with
LPS. The endotoxin content of HDE was first measured, and
bolus and daily HDE doses were determined to contain the
equivalent of approximately 70 ng and 10 ng of LPS, respec-
tively (9). Therefore, these bolus and daily LPS doses were
used. Results shown in Figure 3 and Figure E2 demonstrate that
mice receiving intranasal bolus and daily doses of LPS during
the 1° immunization period had airway allergen challenge and
immunologic outcomes analogous to those of mice treated with
bolus and daily HDE, respectively. These results establish that
regular airway exposures to LPS and other immunostimulants
in HDEs and the living environments they represent have the
potential to promote long-lived aeroallergen tolerance.

Daily Intranasal Delivery of HDE and LPS Inhibits
the Clonal Expansion CD4 Cells, without Promoting Their
Differentiation into Adaptive Regulatory Tregs

To assess OV A-specific CD4 cell outcomes, CFSE-labeled or
unlabeled DO11.10 TG X RAG-1 KO CD4 cells were adop-
tively transferred to naive mice, 1 day before a single intranasal
OVA vaccination. RAG-1 deficiency renders DO11.10 TG X
RAG-1 CD4 cells unable to express an endogenous T-cell
receptor, and mice with this genotype fail to produce FOXP3-
positive Tregs by thymic selection (natural Tregs). However,
DO11.10 TG X RAG-1 CD#4 cells retain the ability to differ-
entiate into adaptive Tregs upon encountering antigens (13).
Selected mice also received daily low-dose HDE, beginning 1
week before and ending with OVA delivery, or as a single
adjuvant dose delivered with OVA. Ten days later, mice were
intranasally challenged with OVA alone, and 24 hours after-
ward, BLNs were harvested. Compared with BLNs from mice
receiving intranasal OVA alone, BLNs from mice co-immunized
with high-dose HDE displayed marked increases in the pro-
liferation (Figure 4A) and expansion (Figure 4B) of adoptively
transferred DO11.10 TG X RAG KO CD4 cells, whereas BLNs
from mice receiving daily low-dose HDE did not. Experimental
group differences in OVA-specific CD4 cell death were not
found (data not shown), perhaps because dead and dying CD4
cells were endogenously cleared from mice before they were
killed. Moreover, analyses of FOXP3 expression failed to
demonstrate significant adaptive Treg differentiation in any
experimental group (Figure 4C). Experiments with LPS yielded
similar results (Figures 4A-4C). These findings demonstrate
that the tolerogenic influence of daily intranasal delivery of
HDE and LPS on allergen-specific immunity is explained, at
least in part, by the failed clonal expansion of naive allergen-
specific CD4 cells, but not by their preferential differentiation
into adaptive Tregs.

Daily Intranasal Delivery of HDE and LPS Leads to the Local
Recruitment and/or Expansion of Allergen-Nonspecific
Natural Tregs

The results in Figure 4C demonstrate that daily intranasal
delivery of HDE did not promote the development of allergen
tolerance by selectively inducing the differentiation of FOXP3-
negative naive CD4 cells into adaptive Tregs. However, because
mice were assessed 11 days after intranasal delivery of HDE,
these studies did not adequately consider the possibility that
regular airway exposures to immunostimulants contained within
the HDE might promote the local migration or proliferation of
preexisting Tregs (i.e., natural Tregs) in an antigen-independent
manner, or transiently induce FOXP3 expression by FOXP3-
negative CD4 cells. To address these considerations further,
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BALB/c mice were treated with intranasal HDE alone, either as
a single bolus or by daily low-dose delivery for 7 days. Twenty-
four hours later, lungs and BLNs were harvested, cells were
stained for CD4 and FOXP3 expression, and flow cytometric
analyses were conducted.

As shown in Figure 5, compared with untreated mice, clear
increases in the percentages of BLN and lung CD4 cells
expressing FOXP3 were evident in mice receiving intranasal
HDE, but increases (particularly in BLNs) were greater with
daily delivery than with bolus delivery. However, no changes in
CD#4 cell FOXP3 expression were found in the thymus (Figure
5) or spleen (data not shown) of HDE-treated mice. Similar
results were obtained with LPS. To determine whether airway
HDE delivery induced transient FOXP3 expression by FOXP3-
negative CD4 cells, experiments (Figure 5) were repeated with
DO11.10 TG X RAG-1 KO mice, which lack natural Tregs
(13). In these experiments, neither bolus nor daily intranasal
HDE delivery induced detectable FOXP3 expression by CD4
cells harvested from the BLNs and lungs of experimental mice
(Figure 6). Taken together, these results indicate that local
increases in CD4 cell expression of FOXP3 occur in wild-type
mice receiving intranasal HDE as a consequence of local
expansion or migration of preexisting Tregs, and are not
attributable to the transient expression of FOXP3 by FOXP3-
negative CD4 cells.

Local Increases in FOXP3-Positive CD4 Cells Last for at Least
a Week after Intranasal Delivery of HDE

The experiments illustrated in Figure 5 clearly demonstrated
that 24 hours after a week of daily low-dose intranasal delivery

of HDE, substantially higher frequencies of FOXP3-positive
CD4 cells in the BLNs and lungs of mice occurred than 24 hours
after a single intranasal bolus of HDE. However, the possibility
remained that these differences were attributable to differing
kinetics of local Treg expansion in mice receiving a single
intranasal HDE bolus or a week of daily low-dose intranasal
delivery of HDE. To address this consideration, we replicated
the studies presented in Figure 5, but killed the mice 1, 3, and 7
days after delivery of HDE. These studies were conducted with
FOXP3eefr C57B/6 mice, which co-express FOXP3 and GFP.
This simplified the staining of cells on harvest days. The
experiments depicted in Figure 7 clearly demonstrate that
BLN and lung frequencies of CD4 cells expressing FOXP3
were significantly higher in mice receiving daily intranasal HDE
at all time points, compared with corresponding tissues har-
vested from mice receiving a single intranasal bolus of HDE.
These results establish that daily low-dose airway exposures to
HDE more effectively recruit Tregs to the respiratory tract than
does a single high-dose bolus of HDE, and that the effect lasts
for a week or longer.

The Tolerogenic Influence of Daily Intranasal Delivery of HDE
Is Partly Dependent on Tregs

The findings in Figures 5 and 7 suggest that daily intranasal
delivery of HDE might promote the development of allergen
tolerance by selectively recruiting or expanding natural Treg
numbers in the airways and their associated lymphoid tissues.
Therefore, we determined whether Treg depletion with anti-
CD25 mADb during the 1° immunization phase of experiments
described in Figure 1 would influence the outcomes of OVA-
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Figure 3. Daily intranasal delivery of LPS promotes long-lived aeroallergen tolerance. BALB/c mice received 1° immunization and 2° sensitization
with LPS, as outlined in Figure 1. Mice were then intranasally challanged with OVA alone, and (A) airway hypersensitivity and (B) immune responses
were assessed. Bar graphs present mean values for four mice per group = SEs (*P < 0.05 and *P < 0.01 for control mice compared with mice
receiving daily LPS). Similar results were obtained in three independent experiments. Figure E2 presents the same experimental results with color

images of lung histology.
vaccinated mice receiving daily intranasal HDE. As shown in

Figure 8, mice receiving anti-CD25 mAb during 1° immuniza-
tion with OVA and daily HDE developed airway hypersensi-

A

OVA OVA OVA OVA OVA
+ + + + ®
Daily HDE Bolus HDE Daily LPS Bolus LPS §
c I " | <
20 ol | | | 3
ol J tin 4l i W) e
= [” K’\I\/J\\ J ]J | ‘U‘\ | ] \J\} ‘“V‘\ ! % b
S/ WL W Wy N 5
C CFSE 2
Py 1.75 2.41 1.75 lil ﬁ
X
o ==
- L - - -

DO11.10

tivity responses and immune profiles that were intermediate in
magnitude between those of mice receiving an isotype control
mAb during 1° immunization and those of mice that only

Figure 4. Daily intranasal delivery of HDE
and LPS inhibits antigen-specific CD4 cell
proliferation, but does not promote the
differentiation of naive allergen-specific
CD4 cells into adaptive T-regulatory cells
(Tregs). BALB/c mice received a single
intranasal bolus or a week of intranasal
daily HDE and LPS, as outlined in Figure

T
= 1. Mice also received CFSE-labeled or
’_‘ unlabeled DO.11.10 TG X RAG KO CD4
j cells (DO.11.10), 1 day before a single
&
]

intranasal vaccination of OVA with the
final daily or single bolus dose of HDE
and LPS. OVA alone was intranasally
delivered 10 days later, and bronchial
lymph nodes (BLNs) were harvested 24

OVA +

hours afterward. (A) DO.11.10 TG X RAG-1 KO CD4 proliferation. (B) DO.11.10 TG X RAG-1 KO CD4 frequency. (C) FOXP3 expression. Bar graphs
present mean values for four mice per group = SEs (*P < 0.01 for HDE/LPS-treated mice compared with mice receiving OVA alone). Similar results

were obtained in two independent experiments.



346 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 44 2011

Naive Daily HDE Bolus HDE Naive Daily LPS Bolus LPS

BLN |4.29 18.1 8.6 zz | # | B.55 14.9 8.99 Zg # |
159 : # 159 # #
PR IR IR b

“- 2 o g ; @ o

8 g K]

Lung [847 27.7 147 3w (% Ins| |86 16.7 107 S o sl
@ O 20 8 2 [ = n.s.

=z = & 15 + 151

g ﬂ g o 8 10

] 4 3 s X 5

" ) L o e o

553 o

Thymus[2.03 2.18 221 25 & 25

» 20 20

o 15 15
é ; 10 ’T! 104 ’T‘
L - ] ] 51 Ins. | Ins. 51 Ins. |ins
§ . | oL ol e mm
@ @ & @
CD4 ‘\&4 db\\* o S5 e’&é 6‘\* &

Figure 5. Daily intranasal delivery of HDE and LPS promotes local increases in the frequency of FOXP3-positive CD4 cells. BALB/c mice were killed
24 hours after a single intranasal bolus or seven daily intranasal doses of HDE and LPS. BLNs, lungs, and thymuses were harvested, and cells were
stained for CD4 and FOXP3 expression and analyzed via flow cytometry. Numeric values in dot blots represent the percentage of cells within the
defined gate. Bar graphs present mean values for four mice per group * SEs (*P < 0.05, *P < 0.01; n.s., P value not significant for the indicated
comparison). Similar results were obtained in 2-3 independent experiments.

received 20 sensitization. These results suggest that Tregs
contribute to, but may not be exclusively responsible for, the
tolerogenic influence of daily intranasal exposures to HDE on
antigen-specific immunity.

DISCUSSION

Although little is known about the nature of real-world airway
exposures to ambient immunostimulants, air and dust sampling
studies generally report low but detectable endotoxin concen-
trations in almost all homes, with concentrations spanning
a range of several logs (11, 14-16). Although assays for the
detection and quantitation of other ambient immunostimulants
are lacking, our investigations with TLR-deficient dendritic cells
further demonstrated that immunostimulatory ligands for
TLR2, TLR4, and TLRY were present in dust samples collected
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Figure 6. Daily intranasal delivery of HDE does not induce FOXP3
expression by FOXP3-negative CD4 cells. DO.11.10 TG X RAG KO
mice, which lack natural Tregs, were killed 24 hours after a single
intranasal bolus or seven daily intranasal doses of HDE. BLNs and lungs
were harvested, and cells were stained for CD4 and FOXP3 expression
and analyzed via flow cytometry. Numeric values in dot blots represent
the percentage of cells within the defined gate (n.s., P value not
significant for the indicated comparison). Similar results were obtained
for four mice per group.

from 10 of 10 homes tested (7). These findings imply that
modeling the development of aeroallergen hypersensitivity and
tolerance as a function of immunostimulant dose and dosing
frequency has clinical relevance. In this regard, Figures 2 and 3
provide direct evidence that airway exposures to LPS and other
stimulants of innate immunity contained in HDE not only have
the potential to induce allergic hypersensitivities, but can also
induce long-lived allergen-specific tolerance when delivered to
the airways on a daily low-dose delivery schedule.

Several groups measured the endotoxin content of ambient
air in homes. In one representative study of 162 homes, air
samples had a geometric mean of 0.553 endotoxin units per
cubic meter (EU/M3), but concentrations ranged from 0.018-
14.82 EU/M3 (14). Assuming a child breathes 4 L per minute,
and that 1 EU of endotoxin has the bioactivity of 0.1 ng of LPS,
that study would suggest that on average, children inhale the
equivalent of 0.3 ng of LPS each day (range, 0.01-8.5 ng/day).
However, in selected environments (e.g., agricultural settings,
slaughterhouses, or waste disposal plants), air concentrations as
high as high as 69,360 EU/M?> were reported (17). This trans-
lates into the inhalation of roughly 1,700 ng of LPS each hour.
In the present study, mice received daily and bolus doses of
HDE containing the equivalent of 10 ng and 70 ng of LPS,
respectively. Recognizing that models can only approximate
reality and that mice are not humans, these calculations still
suggest that the doses of HDE chosen for these in vivo
experiments have real-world relevance.

The investigations depicted in Figure 4 demonstrate that the
tolerogenic influence of daily intranasal delivery of HDE and
LPS on allergen-specific immunity leads to failed clonal expan-
sion of naive allergen-specific CD4 cells, but not their prefer-
ential differentiation into adaptive Tregs. However, daily and
(to a lesser extent) bolus intranasal delivery of HDE or LPS was
found to promote local increases in FOXP3-expressing CD4
cells in mice with preexisting Tregs (Figure 5). In contrast,
neither the bolus nor daily intranasal delivery of HDE induced
FOXP3 expression by CD4 cells isolated from the BLNs and
lungs of mice that were completely deficient in natural FOXP3-
positive CD4 cells (Figure 6). Taken together, these observations
strongly suggest that airway exposures to the immunostimulants
contained in HDE promoted the local migration or proliferation
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Figure 7. Local increases in
the frequency of FOXP3-
positive CD4 cells, associated
with a daily intranasal delivery
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of preexisting natural Tregs, rather than de novo FOXP3
expression by FOXP3-negative CD4 cells. The experiments
depicted in Figure 7 further establish that local increases in
Tregs that developed after a week of low-dose intranasal
delivery of HDE were significantly larger and longer-lived then
those induced by bolus intranasal delivery of HDE. These
findings are consistent with previous reports that Tregs pro-
liferate in response to TLR ligand stimulation (18, 19) and
selectively expand at sites of prolonged inflammation because of
infection (20, 21).

Antigen-specific, FOXP3-negative CD4 cells were previ-
ously shown to differentiate into adaptive Tregs in mice re-
ceiving OVA in their drinking water and in mice immunized
with antigen mixed in alum (22, 23). Likewise, antigen-specific

sults were obtained in two
independent experiments.

Tregs were shown to expand at sites of chronic infection with
Leishmania (24). Although inconsistent with those studies, our
finding that intranasal delivery of immunostimulant led to local
expansion of preexisting natural Tregs (Figure 5), rather than
the de novo conversion of FOXP3-negative CD4 cells into
adaptive Tregs (Figures 4 and 6), is consistent with the
experimental findings of Haribhai and colleagues (13). In their
study, an approximately threefold expansion of preexisting
Tregs was evident in the draining lymph nodes of mice
vaccinated with complete Freund’s adjuvant. However, when
mice received FOXP3-negative DO11.10 TG X RAG-1 KO
CD#4 cells before vaccination with OVA in complete Freund’s
adjuvant, only about 2% of the antigen-specific CD4 cells became
FOXP3-positive. Experimental variables such as the frequency,
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Figure 8. Treg depletion attenuates the allergen-specific tolerance induced by daily intranasal delivery of HDE. BALB/c mice received three
intranasal vaccinations of OVA at weekly intervals with daily low-dose HDE, or did not receive 1° OVA immunization, as outlined in Figure 1. Mice
receiving 1° OVA immunization were also treated with CD25 monoclonal antibody (mAb) to deplete them of Tregs or an isotype control mAb. Four
weeks after completing 1° immunization, all mice received 2° sensitization. Mice were then intranasally challenged with OVA, and 3 weeks later,
hypersensitivity and immune responses were assessed, as outlined in Figure 1. Bar graphs present mean values for four mice per group *+ SEs (*P <
0.05, *P < 0.01; n.s., P value not significant for the indicated comparison). Similar results were obtained in two independent experiments.
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route, and dose of immunostimulant and antigen exposure likely
determined whether natural or adaptive (antigen-specific) Treg
expansion was dominant in these vaccination studies. This issue
clearly requires additional investigation. Nonetheless, the exper-
imental findings presented here, along with those of other inves-
tigators, suggest that the T-cell receptor specificity of effector
CD4 cells and Tregs expanding at sites of antigen and immunos-
timulant encounter may not overlap extensively (13, 25).

The results in Figure 8 demonstrate that mice depleted of
Tregs with CD25 mAb during 1° OVA immunization with daily
intranasal delivery of HDE developed higher levels of allergen-
specific hypersensitivity after 2° OVA sensitization than mice
receiving isotype control mAb. Therefore, Tregs are likely to
play a functional role in mediating the tolerogenic influence of
daily airway exposures to immunostimulant. However, mice
that received 2° OVA sensitization alone developed more
robust airway hypersensitivity than mice receiving CD25 mAb
during 1° OVA immunization with a daily intranasal delivery of
HDE. These results have two potential explanations. According
to the more trivial explanation, CD25 mAb-mediated Treg
depletion was not 100% efficient during 1° OVA immunization.
However, the more intriguing possibility exists that along with
regulating Treg activity, the tolerogenic effects of daily airway
exposures to immunostimulant involve pathways that are Treg-
independent. This issue is the focus of ongoing investigations in
our laboratory.

Endotoxin (e.g., LPS) and other microbial products con-
tained in ambient air have long been recognized as potent
adjuvants (3, 4, 26). In juxtaposition with this observation,
numerous investigators found that children raised in homes
with a high endotoxin burden were more likely to develop
allergen tolerance than hypersensitivity (15, 16, 27, 28). This
raises the question of why daily exposures to ambient immu-
nostimulants protect against the genesis of allergic diseases.
Because LPS and other TLR ligands were initially described as
Th1 adjuvants, these experimental findings were initially inter-
preted as evidence that ongoing exposures to LPS and other
microbial products promote the development of “protective”
Th1 responses to potential allergens. However, if this supposi-
tion is correct, one might predict that children raised in homes
with a high microbial burden would be at increased risk for Th1-
biased hypersensitivities rather than allergen tolerance. More-
over, we and others found that selected TLR ligands have the
potential to promote the development of Th2-biased airway
hypersensitivity in murine models (3, 4). The results presented
here offer an alternative explanation for why regular exposures
to LPS and other immunostimulants found in HDEs and the
living environments they represent promote the development of
allergen tolerance rather than hypersensitivity.

The present investigation provides direct evidence that daily
airway exposures to HDE or LPS promote the development of
long-lived aeroallergen tolerance. Tolerance in this model was
associated with the failed expansion of allergen-specific CD4
cells, and was at least partly dependent on the outgrowth of
allergen-nonspecific Tregs. Although important mechanistic
issues remain to be resolved, these experiments provide a frame-
work for understanding why regular airway exposures to
immunostimulants in inspired air do not inherently promote
the development antigen-specific hypersensitivity. Moreover, if
our model of tolerance induction proves to recapitulate the
development of physiologic aeroallergen tolerance in healthy
children, these experimental results provide a rationale for
investigating the use of daily low-dose airway immunostimulant
therapy as a therapeutic approach to the prevention of treat-
ment of aeroallergen hypersensitivities in clinical practice.
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