The Journal of Immunology

CD8a™, but Not CDS8a~, Dendritic Cells Tolerize Th2
Responses via Contact-Dependent and -Independent
Mechanisms, and Reverse Airway Hyperresponsiveness, Th2,
and Eosinophil Responses in a Mouse Model of Asthma

John R. Gordon,'* Fang Li,* Aarti Nayyar,* Jim Xiang,” and Xiaobei Zhang*

Splenic CD8a* dendritic cells reportedly tolerize T cell responses by inducing Fas ligand-mediated apoptosis, suppressing IL-2 ex-
pression, or catabolizing T cell tryptophan reserves through expression of IDO. We report in this study that CD8a™, but not CD8« ",
dendritic cells purified from the spleens of normal mice can tolerize the Th2 responses of cells from asthma phenotype mice through
more than one mechanism. This tolerance could largely be reversed in vitro by anti-IL-10 or anti-TGF Ab treatment. However, loss
of direct dendritic cell-T cell contact also reduced tolerance, although to a lesser extent, as did adding the IDO inhibitor 1-methyltryp-
tophan or an excess of free tryptophan to the cultures. Within 3 wk of reconstituting asthma phenotype mice with 1 X 10° OVA-pulsed
CD8a, but not CD8a~, dendritic cells, the mice experienced a reversal of airway hyperresponsiveness, eosinophilic airway responses,
and pulmonary Th2 cytokine expression. This data indicates that CD8a™ dendritic cells can simultaneously use multiple mechanisms
for tolerization of T cells and that, in vivo, they are capable of tolerizing a well-established disease complex such as allergic lung
disease/asthma. The Journal of Immunology, 2005, 175: 1516-1522.

endritic cells routinely patrol the airways for environ-
D mental Ags, phagocytosing, and processing these before

migrating to the draining lymphoid tissues for direct
MHC-peptide complex presentation to naive T cells (1). This pre-
sentation is, of course, dependent on appropriate reciprocal acces-
sory and other signaling between the APCs and the T cells. For the
majority of the population at least, respiratory dendritic cells
launch a default tolerogenic program when exposed to innocuous
aeroantigens (2, 3), and this makes sense from a teleologic per-
spective. Nevertheless, respiratory dendritic cells become highly
immunogenic when exposed to pathogens (4). For some individ-
uals seemingly predisposed to atopy, rather undefined circum-
stances lead to immunogenic responses to otherwise harmless
allergens (2, 5).

A number of factors are known to affect the tolerogenicity of
dendritic cells, including the expression by some of the trypto-
phan-catabolizing enzyme IDO or of IL-10 and/or TGFS by oth-
ers, whereas some populations induce tolerance by virtue of their
relative immaturity, for example. Tryptophan is critical to the gen-
esis of T cell responses, so that IDO-driven tryptophan consump-
tion by APCs can lead to deletion of the partnered T cells through
induction of apoptosis (6—38). Interestingly, IDO expression can be
up-regulated in CD8a™* dendritic cells through T cell CTLA4 sig-
naling (9), which could perhaps be related to the abilities of some
T cell populations to render dendritic cells tolerogenic (10). Ag
presentation by IL-10- or TGFB-expressing cells can lead to tol-
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erance through the ability of the cells to induce expansion of
tolerogenic CD25™ or CD25~ T regulatory cells (11), and this has
been proposed as a mechanism by which IL-10-secreting mela-
noma tumors may overcome antitumor immunity (12). CD8a™"
dendritic cells have been reported to secrete some IL-10 (13), but
their expression of IDO is presumed critical for their tolerization of
T cell responses (7, 8). Dendritic cells generated in vitro from bone
marrow precursors in the absence of inflammatory stimuli are im-
mature or relatively immature (i.e., express only low levels of Ag-
presentation costimulatory molecules) and are therefore tolero-
genic, whereas they can become immunostimulatory after in vitro
exposure to maturational factors (e.g., LPS and TNF) (14).

The demonstrations that dendritic cells are important for the
induction of tolerance to aeroallergens, self-Ags, or model Ags in
naive animals (2, 3, 15) has raised hopes that we should be able to
similarly apply this technology for reversal of established clini-
cally important disease complexes, such as autoimmune or allergic
diseases (16). Cultured immature dendritic cells given prophylac-
tically can delay graft rejection times (17), but allotransplant sur-
vival is best realized when immunosuppressive strategies are
jointly administered with the dendritic cells (18, 19). Also, den-
dritic cells purified from the draining lymph nodes of mice previ-
ously tolerized by aeroallergen exposure can be used to prophy-
lactically prevent subsequent allergen sensitization in passive
transfer recipients (11). However, there have been few, if any,
reports of successful use of dendritic cells to reverse an ongoing
disease complex. We show in this study that splenic CD8a™ den-
dritic cells use IL-10, TGFB, and IDO expression to tolerize al-
lergic asthma-like Th2 cytokine and Ab responses in vitro but,
more importantly, that these dendritic cells can also reverse airway
hyperresponsiveness (AHR),” pulmonary eosinophilic inflamma-
tion, and Th2 responses in a mouse model of asthma.

2 Abbreviations used in this paper: AHR, airway hyperresponsiveness; alum, alumi-
num hydroxide; DMEM-10, DMEM/10% FCS/1% antibiotics/antimycotics; 1-MT,
1-methyltryptophan; BAL, bronchoalveolar lavage.
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Materials and Methods

Reagents

The supplies used and their commercial sources were as follows: DMEM,
FCS, HBSS, and 1% antibiotics/antimycotics (Invitrogen Life Technolo-
gies); collagenase and hyaluronidase (Worthington Biochemical); alumi-
num hydroxide (alum), FITC-dextran (40 kDa molecular mass), grade V
OVA, methacholine, and Tween 20 (Sigma-Aldrich); Lymphocyte Sepa-
ration Medium (Valeant Pharmaceuticals); Immulon-4 ELISA plates (Dy-
natech Laboratories); matched capture and biotinylated detection Ab pairs
and recombinant protein standards for IL-2, IL-4, IL-5, IL-9, IL-12, IL-13,
and TGFB (R&D Systems); FITC- or PE-conjugated monoclonal rat anti-
mouse I-AY, CD3, CD4, CD8«, CDIlc, CD19, CD25, CD40, CD54,
CD80, CD86, CD152, goat anti-mouse IgE Ab, and biotinylated anti-
mouse-IgG1, -IgG2a (BD Pharmingen), and -IgA detection Abs (Caltag
Laboratories); anti-CD8a-paramagnetic beads (Miltenyi Biotec); strepta-
vidin-conjugated HRP (Vector Laboratories); and ABTS peroxidase sub-
strate (Kirkegaard and Perry Laboratories). OVA was biotinylated as noted
previously (20). BALB/c mice were purchased from our institutional
breeding colony, which routinely renews its breeding stock from commer-
cial sources (The Jackson Laboratory). All animal procedures were con-
ducted in accordance with the guidelines of the Canadian Council on
Animal Care.

Preparation and characterization of splenic CDSa™ and
CD8a™ dendritic cells

Spleens from healthy BALB/c mice were mechanically dispersed, then
digested for 90 min at 37°C with 1.5 mg/ml collagenase and 0.75 mg/ml
hyaluronidase in DMEM/10% FCS/1% antibiotics/antimycotics (DMEM-
10). The cells were washed and allowed to adhere to petri dishes for 2 h
using DMEM-10, then the nonadherent cells were discarded, and the ad-
herent cells were incubated overnight at 37°C in DMEM-10. The next day,
the overnight nonadherent (dendritic) cells were harvested and incubated
with anti-CD8a-conjugated paramagnetic beads and sorted by MACS into
CD8a™" and CD8a~ dendritic cell subsets. The purified cells were cultured
in DMEM-10, either with or without OVA (50 wg/ml) for 2 h, then were
washed extensively and resuspended in either DMEM-10 or in saline (in
vivo reconstitution experiments only). For FACS analysis of surface
marker expression, the cells were incubated for 30 min on ice with FITC-
or PE-labeled marker-specific or isotype control Ab, then were fixed by the
addition of an equal volume of 2% paraformaldehyde, and processed for
FACS analysis. The cell markers assessed by FACS included mouse I-A*,
CD3 (contaminating T cells), CD4, CD8, CD11c, CD19 (contaminating B
cells), CD25, CD40, CD54, CD80, CD86, and CD152 (CTLA4). Macro-
phage contamination was assessed by morphology and staining with mAb
F4/80, as noted previously (21). For characterization of endocytosis, the
dendritic cells were incubated in 40-kDa FITC-dextran (50 wg/ml) for 30
min at either 4 or 37°C, then washed extensively at 4°C, and fixed for
FACS analysis as described above.

In vitro analysis of CD8a™ dendritic cell tolerization of asthma-
like Th2 responses

To dissect the mechanisms mediating CD8a " dendritic cell-mediated
tolerization of asthma phenotype Th2 cells, we cocultured FCS- or OVA-
pulsed CD8a", or CD8«, dendritic cells (1 X 10° cells/ml) with spleen
cells (2 X 10° cells/ml) from asthma phenotype mice for 72 h, then har-
vested the culture supernatants for cytokine or OVA-specific IgE, 1gG1, or
IgG2a Ab assays. The dendritic cell-lymphocyte populations were either
physically separated from one another by use of Transwell inserts (Costar),
or cultured together, but in the presence of anti-IL-10R (20 ug/ml), anti-
TGFB (20 wg/ml), recombinant murine IL-2 (10 wg/ml), 1-methyltrypto-
phan (1-MT; 200 uM), or tryptophan (250 uM).

Animal sensitization and challenge

Sensitization. Mice were sensitized for asthma-like disease using a stan-
dard protocol, as noted previously (20). Briefly, they were given two i.p.
injections of OVA-alum (2 ug of OVA/mg alum, in 200 ul of saline) on
days 0 and 14, and 1% OVA in saline aerosols on days 30, 32, and 34 (20
min/day). By day 35, such mice displayed 40-70% airway eosinophilia,
strong AHR to methacholine, high-level circulating OV A-specific IgE and
IgG1 Abs, and pulmonary expression of Th2 cytokines (20).

Dendritic cell treatments. Asthma phenotype or control mice (n = 5 per
group) were surgically anesthetized with ketamine/xylazine, then the skin
and musculature over their trachea were carefully reflected surgically, and
1 X 10° dendritic cells in 25 ul of saline were injected transtracheally using
a 30-gauge needle. Dendritic cells given in this fashion have been shown
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by others to migrate across the airway epithelium, to the draining lymph
nodes, where they efficiently present their Ags for sensitization of the
treated animals (22-24). The cutaneous incisions in our animals were
closed with surgical staples.

In numerous experiments, we have found that for ~1 wk after exposure
to aeroallergens, many of the eosinophils found in the airways of asthma
phenotype mice display overt signs of activation (i.e., degranulation), un-
like the eosinophils present in more quiescent asthma phenotype airways.
We reasoned that delivery of tolerogenic dendritic cells into such an
overtly inflammatory environment could potentially alter their phenotype
and subvert their tolerogenic potential. Thus, we waited for 2 wk after the
last OVA aerosol exposure before introducing our cells into the airways; at
this time, the AHR of the mice had not waned appreciably, and the airway
eosinophil numbers were still elevated (data not shown). Weekly after the
dendritic cell transfers, the animals were assessed for AHR to methacholine
(see Measurement of AHR). Based on repeated observations that the den-
dritic cell treatments did not have full effect in vivo for ~3 wk after trans-
plant, we waited for 4 wk before sacrificing our animals to assess the in
vivo effects of the treatments. The day before sacrifice, the animals were
again exposed once for 20 min to a nebulized 1% OVA aerosol.

Measurement of AHR

AHR to methacholine was assessed by head-out, whole-body plethysmog-
raphy in conscious animals, as noted previously (20). The bronchocon-
striction data was gathered as running 2-s means of the airflow at the 50%
point in the expiratory cycle (flow at 50% TV.1; TV.1 is the tidal volume,
expiratory cycle, 1 s). This parameter has been demonstrated previously to
accurately reflect bronchiolar constriction, as opposed to alveolar constric-
tion or airway occlusion (25). Each mouse was sequentially exposed to
aerosols of saline alone, and then doubling doses of methacholine (0.75-25
mg/ml saline) were given over ~15 min. In some cases, the concentration
of methacholine inducing a 20% drop in airflow (20% provocation con-
centration ((PC,,)) was interpolated from graphs of the changes in airflow
as a function of the methacholine challenge dose.

Asthma phenotype mouse biological samples

All biological samples were collected as noted previously (20). Briefly,
heparin-anticoagulated plasma for circulating Ab analyses was obtained by
cardiac puncture of the euthanized animals. Cytocentrifuge slides for dif-
ferentials of bronchoalveolar lavage (BAL) airway cells were stained with
Wright’s solution, whereas the BAL fluids themselves were aliquoted and
stored at —80°C until analyzed. Cranial right lung lobe tissues of each
mouse were fixed, processed to paraffin sections, and stained with Giemsa
solution for histopathology. Splenocytes for Th2 cell recovery from each
mouse were dispersed from the intact organ by mechanical disruption, and
the RBC were subjected to hypotonic lysis. In some experiments, we dis-
persed the lung parenchymal cells of the treated and untreated asthma
phenotype mice by collagenase/hylauronidase digestion (20) and isolated
the mononuclear cells for assessments of mediator/Ab release. For these
assays, splenocytes or lung mononuclear cells were cultured under standard
conditions (2 X 10° cells/ml DMEM-10) for 72 h, with or without OVA
(25 pg/ml), then the culture supernatants were harvested for mediator
assay.

ELISA

Our Ab and cytokine ELISA protocols have been reported in detail pre-
viously (20). For the OVA-specific Ab assays, OVA (IgA, IgGl, and
1gG2a) or anti-IgE was used as the capture reagent; for the IgE assays, the
samples were added to the anti-IgE coated wells, and then biotinylated
OVA was used as the detection reagent. The ELISA results (except IgE)
are presented in picograms of cytokine or Ab per milliliter, based on a
recombinant protein standard curve. The IgE results are expressed in
OD,(s units (X100). All cytokine ELISA were sensitive to 5-10 pg/ml
recombinant cytokine standard.

Statistical analyses

The data were analyzed by ANOVA with post hoc protected least signif-
icant difference testing (StatView 4.1; Abacus Concepts). All data are re-
ported as the mean = SEM.
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Results
Allergen-pulsed splenic CD8a" dendritic cells display markers
of tolerogenic cells

Purified CD8«a™ dendritic cells displayed a largely homogeneous
appearance of cells with irregular nuclei and smaller dendritic pro-
cesses. They expressed high levels of MHC class II, moderate
levels of CD11c, CD40, CD80, and CD86, and lower levels of
DEC-205, and were avidly endocytotic, readily taking up 40 kDa
molecular mass FITC-dextran (Fig. 1). These characteristics com-
pare well with those published previously for CD8a™ splenic den-
dritic cells, although some report higher levels of DEC-205 ex-
pression than we observed (reviewed in Ref. 26). Our purified
CD8a™ cell populations did not stain significantly with CD4,
CD25, CD152 (i.e., CTLA4), F4/80 (macrophage marker), CD19
(B cell marker), or CD3 (T cell marker) (data not shown). The
CD8a~ dendritic cells were much like the CD8a™ dendritic cells
morphologically, but were strongly positive for MHC class I,
CD40, CD80, and CD86 (data not shown). Neither before nor after
allergen pulsing did either population of cells secrete significant
amounts of 1L-4, IL-5, IL-9, IL-13, IFN-vy, or TNF-« in culture
(p = 0.05 vs medium alone; data not shown). Otherwise unstimu-
lated CD8«~ dendritic cells secreted IL-12 (383 = 22 pg/10°
cells), whereas CD8a™ cells secreted both IL-10 (207 * 17 pg/10°
cells) and TGF-B (109 *+ 19 pg/10° cells) over 18 h in culture.
Allergen exposure itself did not induce these responses, because
cells of each population secreted identical levels of these cytokines
with or without allergen exposure (data not shown). CD8a™ cells
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FIGURE 1. Splenic CD8a " dendritic cells express costimulatory mark-
ers and are endocytically active. CD8a™ dendritic cells purified by differ-
ential adherence and MACS from the spleens of normal BALB/c mice
were stained with Wright’s solution (upper left panel) and also analyzed by
FACS for numerous dendritic cell surface markers, including CDIlc,
CD40, CD80, CD86, CD205 (DEC205), and MHC class II (MHC-II) using
FITC-labeled specific (solid lines) or isotype-matched irrelevant specificity
(light lines) Abs. In addition, the endocytic activity of the cells was as-
sessed by exposure to 40-kDa FITC-dextran (50 wg/ml) for 30 min at 37°C
(heavy line) or 4°C (negative control, light line), and measuring by FACS
the relative amounts of fluorescent probe they had acquired. This data
arises from a single experiment representative of two (phagocytosis panel)
or five (surface markers) performed.

DENDRITIC CELL TOLERIZATION OF ASTHMA

did not secrete IL-12, and CD8« cells did not secrete IL-10 or
TGF-p, either before or after allergen pulsing.

CD8a™ dendritic cells tolerize OVA-specific Th2 responses of
lymphocytes from asthma phenotype mice through contact-
independent and contact-dependent processes

The addition of 1 X 10° OVA-pulsed CD8a™ dendritic cells to
2 X 10° asthma phenotype mouse splenocytes depressed the ex-
pression by these cells of IL-4, IL-5, IL-9, IL-13, as well as IgE
and IgGl anti-OVA Ab release (Fig. 2), whereas OV A-specific
IgG2a production was increased from 1852 * 228 pg/ml to
3520 = 402 pg/ml. The fact that efficient tolerization of the Th2
responses required presentation of OVA was confirmed by dem-
onstrating that CD8a™ cells exposed to FCS Ags, but not OVA,
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FIGURE 2. OVA-pulsed CD8a " dendritic cells tolerize asthma pheno-
type mouse Th2 cytokine responses through contact-independent and -de-
pendent mechanisms. Asthma-like disease was induced by parenteral ex-
posure of mice to OVA-alum conjugates followed by exposure to OVA
aerosols, such that the mice suffered ~60% airway eosinophilia and
marked AHR. Two to 4 wk later, splenocytes (2 X 10%ml) from these mice
were cultured with 1 X 10° OVA-pulsed CD8a™, or CD8« ", dendritic
cells generated as in Fig. 1 (A). In B, the allergic lung disease splenocytes
were cultured alone (ALD; 50 ug/ml OVA was added to these wells) or
with 1 X 10° CD8a " dendritic cells (all other conditions). The dendritic
cells and splenocytes were either cultured together or separated by Trans-
well inserts (transwll), then after 72 h the levels of the indicated cytokines
or OVA-specific Abs in the culture supernatants were assessed by ELISA.
Anti-IL-10 or anti-TGFB Ab (20 pg/ml), the IDO inhibitor 1-MT (200
M), an excess of tryptophan (250 uM), or rIL-2 (10 pwg/ml) was added to
some of the cultures. OVA-presenting CD8a™" dendritic cells nearly abro-
gated the expression of IL-4, IL-5, and IL-13 by the Th2 cells from the
asthma phenotype mice and significantly blunted their IL-9, IgE, and IgG1
responses. Physical separation of the dendritic cells and T cells, or the
addition to the cocultures of anti-IL-10 or anti-TGFS Abs, 1-MT, trypto-
phan, and IL-2 each differentially antagonized the dendritic cell-driven
tolerance in this system. * or **, p = 0.05 or p = 0.01, respectively, vs
CD8a -treated splenocytes cultures (A) or vs CD8a™ dendritic cell-treated
cultures (B). The data depicted are expressed in picograms per milliliter
culture supernatant (==SEM) and arise from one experiment representative
of two.
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were not strong inducers of tolerance. FCS-pulsed CD8a™ den-
dritic cells reduced IL-5 and IL-13 expression by 42 and 53%,
respectively, whereas the OVA-pulsed cells reduced these re-
sponses by 98 and 92%, respectively. The fact that these allergen-
naive cells had some tolerogenic effects in vitro might be expected,
given that the addition of IL-10 by itself to cultures of PBMC from
allergic subjects is known to dampen their Th2 phenotype re-
sponses (27). Although it is possible that the effects the CD8a™
dendritic cells had on anti-OVA Ig production were attributable to
direct B cell tolerization, it seems quite feasible that reduced Th
cell activity by itself could explain the reduced Ab responses.

To address the effector mechanisms behind this in vitro toler-
ance, we next tested the effects of adding anti-IL-10 or anti-TGF-£
Abs, the IDO inhibitor 1-MT, an excess of tryptophan, or rIL-2 to
the dendritic cell/asthma phenotype splenocyte cultures (Fig. 2B).
The addition of anti-IL-10 or anti-TGF- Abs dramatically re-
duced the tolerogenic effects of the dendritic cells, and inhibition
of IDO with 1-MT, or addition of an excess of exogenous trypto-
phan, also partially reversed CD8« ™ dendritic cell-dependent tol-
erance (Fig. 2B). We also examined the issue of whether direct
CD8a™ dendritic cell-T cell contact was required and found that
disallowing contact by use of Transwell inserts also partially dis-
placed the CD8a™ dendritic cell-driven tolerance. The addition of
IL-2 to the cocultures essentially negated tolerance (Fig. 2B). As
with their effects on splenocyte cytokine expression, these treat-
ments also affected IgE responses in the CD8«a™ dendritic cell/
asthma-like splenocyte cocultures. The IL-2, 1-MT, anti-IL-10,
and anti-TGF-f treatments reduced IgE tolerization by 42-53%,
whereas physical separation of the cells by use of Transwell inserts
reduced tolerance by 27 = 4%.

CD8a™ dendritic cells tolerize eosinophilic inflammation and
AHR in a mouse model of allergic asthma

We next asked whether CD8« ™" dendritic cells could similarly
tolerize an active disease complex (i.e., asthma-like disease) in
vivo. The first parameter we assessed was AHR, in part because
we could address this in nonterminal assays (i.e., whole-body
plethysmography) but also because AHR is a primary symptom of
asthma. We repeatedly found that the CD8a ™" dendritic cell treat-
ments had no detectable effect on AHR for 12—13 days posttreat-
ment, but between 14 and 21 days after transplant, we observed
highly significant and increasing reductions in AHR of the
CD8a™, but not CD8«~, dendritic cell recipients (Fig. 3). At 18
days, the concentration of methacholine provoking a 20% decline
in airflow (PC,,) in normal mice was 6 mg/ml, whereas the PC,,,
for the saline-treated asthma phenotype mice was 0.71 mg/ml. The
PC,, for the CD8a ™" dendritic cell-treated asthma model mice was
2.3 mg/ml, whereas that for the CD8« ™~ dendritic cell-treated mice
was 0.75 mg/ml. We observed no further increases (or decreases)
in AHR in the CD8a " dendritic cell-treated mice between ~3 and
8 wk after transfer, but did not assess longer times in this study.

Based on this tolerization of AHR, we asked whether OVA-
presenting CD8a* or CD8a~ dendritic cells also affected eosin-
ophilic inflammation in our mouse model of asthma. Thus, 4 wk
after the dendritic cell transfers, when tolerization of AHR was
complete, we challenged all mice once with OVA aerosols, then
assessed their pulmonary inflammatory responses the following
day. Eosinophils dominated the airway responses of the
saline-treated asthma phenotype animals (Fig. 4), such that they
comprised ~50% of the BAL cells at this time, whereas the pro-
portions of eosinophils in the airways of the CD8a™ dendritic
cell-treated asthma model mice were reduced by 53% (p = 0.01 vs
the saline-treated group). The CD8« ™ dendritic cell-treated ani-
mals experienced a 43% increase in airway eosinophilia (p = 0.03
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FIGURE 3. Treatment of asthma phenotype mice with CD8a", but not
CD8a ™, dendritic cells ameliorates AHR. Asthma-like disease was in-
duced in mice as in Fig. 2, then the animal’s lung inflammatory responses
were allowed to wane for 2 wk before the animals were given 1 X 10°
CD8a™ or CD8«~ dendritic cells or carrier medium alone (allergic lung
disease; ALD) via the airway. Over the following 3 wk, the AHR of these
and saline-treated control mice (saline) to increasing doses of aerosolized
methacholine was assessed by head-out, whole-body plethysmography, as
indicated in Materials and Methods. The data, depicting AHR of the mice
at 18 days posttreatment, are expressed as the airflow rate at the 50% point
in the expiratory cycle. The CD8a ™~ dendritic cell treatments had no effect
on AHR in the asthma phenotype mice, whereas the CD8a ™ cell treatments
nearly normalized AHR (relative to the normal saline controls). The AHR
of the CD8a™" dendritic cell-treated mice was significantly ameliorated
relative to the untreated or CD8« ™~ dendritic cell-treated asthma phenotype
mice (p = 0.01). This data is from one experiment that is representative of
five performed.

vs the saline-treated group). The CD8a™ dendritic cell treatments
also reduced the peripheral blood eosinophilia of the animals. The
proportions of eosinophils (=SEM) in peripheral blood smears
from our animals were as follows: normal mice, 4 = 0.5%; asthma
phenotype mice, 16.5 = 4.5%; CD8a™ dendritic cell group, 10 =
4%; and CD8«~ dendritic cell group, 24 = 2%. Thus, the CD8a™
dendritic cell treatments had a decidedly tolerogenic effect on the
recipient animals’ AHR and airway and circulating eosinophilia,
whereas the CD8a DC, which are considered to be immuno-
stimulatory cells (28, 29), exacerbated these responses.

CD8a™ dendritic cell treatments ameliorate Th2 cytokine and
OVA-specific IgE and IgG1 Ab responses in a mouse model of
asthma

The airway inflammatory responses observed in asthma are con-
sidered to stem from the individual subjects’ Th2 (e.g., IL-5 and
IL-9) responses to aeroallergen challenge (30, 31). We examined
then the pulmonary cytokine expression within each group of an-
imals, testing BAL fluids for Thl (IL-12 and IFN-y) and Th2
(IL-5, IL-9, and IL-13) cytokines, as well as IL-10. In accordance
with previous reports (20), the samples from the saline-treated
asthma phenotype mice contained substantial levels of IL-5, IL-9,
and IL-13, and low levels of IFN-v, IL-12, and IL-10 (Fig. 5). The
CD8a™ dendritic cell treatments reduced to near background lev-
els the IL-5, IL-9, and IL-13 responses, and also reduced the IFN-y
component of the asthma-like response. In contrast, there was sub-
stantial IL-10 expression in the airways of these tolerized animals.
The CD8«™ dendritic cell treatments exacerbated the Th2 cyto-
kine response, mirroring their effects on eosinophilic inflamma-
tion, with significant increases being observed in IL-5 and IL-9
expression. IL-13 expression remained more or less constant,
whereas the IFN-vy and IL-12 responses increased, and the IL-10
levels were reduced in these animals.
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FIGURE 4. Treatment with CD8«a™, but not CD8« ", dendritic cells
dampens airway eosinophilia following airway allergen challenge in a
mouse model of asthma. Asthma phenotype mice were given 1 X 10°
CD8a™, or CD8«a ", dendritic cells as in Fig. 3, then 4 wk later they were
challenged once for 20 min with a 1% OVA aerosol. The following day,
BAL were performed on the mice and the relative proportions of alveolar
macrophages (M), lymphocytes (LYMPHO.), eosinophils (EOS.), and
monocytes (MONO.) were determined from counts of 300 cells/sample,
using Wright’s solution-stained cytocentrifuge preparations of the BAL
cells. The data are expressed as proportion of the target population relative
to the total nucleated cells. The CD8a™ dendritic cell treatments reduced
the airway eosinophil responses by 53%, whereas the CD8«~ cell treat-
ments increased this response by ~43%. This data is from one experiment
that is representative of five with similar results. * or #*, p = 0.03 or p =
0.01, respectively, vs the eosinophilia of medium-treated allergic lung dis-
ease mice.

We also examined the impact of the treatments on the levels of
OVA-specific Abs in the plasma of our animals, and found that
neither dendritic cell treatment significantly affected the 4-wk post-
treatment levels of OV A-specific circulating IgE, IgG1, or IgG2a.
To determine whether this apparent systemic lack of tolerance
could potentially be related to our in vivo experimental approach
(e.g., lack of dendritic cell access to the spleen or other compart-
ments in vivo, or insufficient numbers of cells transferred to
achieve full penetrance), as opposed to an inherent inability of
CD8a™ dendritic cells to affect B cell Ab production in vivo, we
assessed whether B cells isolated directly from the lungs of our
treated animals (i.e., a compartment to which the cells had had
access) exhibited signs of having been tolerized. Lung mononu-
clear cells from mice challenged 1 day earlier with aeroallergen
were simply placed in culture for 48 h without an exogenous sup-
ply of OVA, then the culture supernatants were assayed for OVA-
specific Abs. We found that the CD8a™ dendritic cell treatments
had indeed dampened the expression by parenchymal B cells from
the lungs of the asthma phenotype animals of OV A-specific IgG1,
as a prototypical Th2-associated isotype, but augmented their ex-
pression of IgA. The cells from the saline, CD8a ™, or CD8a ™~
dendritic cell-treated asthma-like mice produced 185 = 25, 103 =
11, or 196 * 20 pg/ml, respectively, of OVA-specific IgG1 (p =
0.02 for the CD8a™" vs CD8«~ dendritic cell treatments), and
135 £ 9, 185 = 8, and 251 * 13 pg/ml, respectively, of OVA-
specific IgA (p = 0.01 for the CD8a™ vs CD8a~ dendritic cell
treatments). These data do suggest that our tolerogenic dendritic
cell treatments did have local effects on the OVA-specific Ab
response.

Discussion
OVA-pulsed CD8a™ dendritic cells were able to tolerize asthma
phenotype Th2 responses in vitro by contact-dependent and con-
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FIGURE 5. CD8a" dendritic cell treatments also down-regulate BAL
Th2 cytokine levels after airway allergen challenge in a mouse model of
asthma. BAL fluids were obtained from asthma phenotype mice that were
given 1 X 10° CD8a™ or CD8«~ dendritic cells as in Fig. 4, then assayed
for their content of Th2 and Th1 cytokines by ELISA. As with the airway
eosinophilia, the CD8a ™" dendritic cell treatments uniformly reduced the
airway IL-5, IL-9, and IL-13 responses, but increased local expression of
IL-10 in the airways, whereas the CD8a ™ cell treatments dramatically
increased the expression of IL-5 and IL-9 in the airways, but had little
effect on IL-10 or IL-13 responses. This data is from one experiment that
is representative of five performed. #*, p = 0.01, vs the value of medium-
treated asthma phenotype mice.
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tact-independent mechanisms. The purified dendritic cells secreted
both IL-10 and TGFp, and either anti-IL-10 or anti-TGFSB Abs
substantially reversed dendritic cell-driven tolerance in vitro. Ad-
dition of the IDO inhibitor 1-MT or an excess of free tryptophan
to the cocultures, or preventing direct contact between the den-
dritic cells and asthma phenotype T cells, somewhat less efficiently
reduced the dendritic cell-driven tolerance. More importantly, the
transfer of small numbers of CD8«™ dendritic cells was sufficient
to reproducibly reverse asthma-like disease in the affected animals.
It is known that exposure of naive animals to innocuous Ag aero-
sols induces a state of Ag-specific tolerance (reviewed in Refs. 2
and 4) mediated by rapidly induced tolerogenic y8-TCR*CD8™ T
cells (32) or that, as noted above, dendritic cells from the lymph
nodes of mice tolerized by such aeroallergen exposure can prevent
subsequent allergen sensitization in naive passive transfer recipi-
ents (11). However, we are not aware of any reports of tolerogenic
dendritic cell-driven therapeutic reversal of an ongoing, immuno-
pathologically complex disease process such as that which occurs
in a mouse model of allergic asthma.

Purified CD8«a™ dendritic cells have been reported previously to
display either immunogenic (28, 29, 33, 34) or tolerogenic (35-37)
properties, depending on the conditions under which the cells are
manipulated in vitro or in vivo. Thus, whereas CD8a™ dendritic
cells are relatively immature when freshly purified, on culture in
GM-CSF or after LPS challenge both these and CD8¢« ™ dendritic
cells undergo maturational changes and become immunostimula-
tory for CD4™ and CD8™" T cells (28). GM-CSF-treated CD8a ™~ or
CD8a™ dendritic cells have been reported to induce Th2- or Thl-
type responses, respectively, in vivo (29), although others have
reported that Flt-3 ligand induction of dendritic cell development
in vivo skews the immunostimulatory functions of both CD8«a ™
and CD8a™ dendritic cells to the Th1 mode, such that either can
efficiently induce transplant rejection responses (33). CD8a ™ den-
dritic cells can also prime for protective cytotoxic T cell responses
to influenza, herpes, or vaccinia virus infections (34). This sug-
gests that a variety of stimuli can render CD8a™ dendritic cells
immunostimulatory. Our cells were not given exogenous tolero-
genic or maturational cytokines or stimuli (e.g., TNF and LPS) in
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vitro before use as tolerogenic populations. Furthermore, we were
careful to allow the intense eosinophilic inflammatory processes
associated with airway allergen challenge of our asthma phenotype
mice to wane for 2 wk before treating them, to circumvent any
potential inflammation-associated maturational effects on the
transferred cells.

CD8a™ dendritic cells can be tolerogenic, and this effect is not
related to inadequate costimulatory molecule (e.g., CD40 and
CD80) expression, per se, by these cells (35). This is in accordance
with our data, wherein our CD8a ™ cells expressed ample costimu-
latory molecules. CD8a™ dendritic cells can suppress CD8™ T cell
responses through their abilities to limit IL-2 expression (35, 38),
whereas in mixed lymphocyte reactions CD4" T cell tolerization
by these cells is reported to depend on Fas ligand-mediated apo-
ptosis (39). CD8a™* dendritic cells are able to overcome the im-
munogenicity of CD8«a ™ dendritic cells with which they are ad-
mixed, but secreted mediators reportedly do not mediate this
suppression (35). This observation led to the conclusion that
CD8a™ dendritic cell tolerance is contact-dependent, although this
was not tested directly (35). CD8a™ dendritic cells have been
shown previously to release IL-10, but it had been concluded that
this secretion was not at levels sufficient to effect tolerance (13).

We directly tested the impact of allergen-presenting CD8a™
dendritic cells on asthma phenotype Th2 responses, and found that
the T cell tolerance driven by our dendritic cells is in part contact-
dependent, as well as being mediated in part by IL-10 and TGFS.
The cells lost about half of their tolerance-inducing abilities when
they could not directly contact the Th2 cells, or when we added to
the cocultures the IDO inhibitor 1-MT or an excess of tryptophan.
In contrast, we detected significant IL-10 and TGFf secretion by
the CD8a™, but not CD8« ", dendritic cells, and both of these
mediators were implicated as contributing importantly to toleriza-
tion of the asthma phenotype mouse T cells. Thus, our evidence
suggests that both of these cytokines can contribute importantly to
CD8a™ dendritic cell tolerance, and both have been implicated as
tolerogenic in multiple other settings (11, 40, 41). For example, as
noted above, respiratory dendritic cells use IL-10 as a mechanism
to tolerize naive T cell responses to innocuous environmental al-
lergens (4). And constitutive TGFf3 expression by quiescent alve-
olar macrophages is speculated to provide tolerogenic signals to
respiratory dendritic cells (16, 40).

Our in vitro tolerization protocols involved direct mixing of the
dendritic cells and Th2 cells from the asthma model animals, and
this approach was highly effective in reducing the expression of
IL-5 and other Th2 cytokines in vitro (although physical separation
of the dendritic cell and T cell populations significantly reduced
this effect). In contrast, the in vivo CD8a™ dendritic cell treat-
ments only reduced airway eosinophilia by half. We have no direct
evidence that documents why we observed this discrepancy, but a
number of factors could potentially have affected these processes.
In vitro, the tolerogenic dendritic cells would potentially have had
direct access to all of the T cells within the wells, whereas in vivo
this would have been unlikely. Although we did not assess traf-
ficking of our cells in vivo, others have shown that dendritic cells
introduced into the airways traverse the airway-epithelial barrier,
migrate to the draining lymph nodes, and there successfully
present their Ags (e.g., Refs. 22-24). This rapid phase of T cell
activation is Ag-specific and does not occur in nondraining lymph
nodes or the spleen, but the activated cells do recirculate to other
secondary lymphoid organs after a moderate delay (23), and this
recirculation leads to subsequent systemic sensitization (22). We
demonstrated in this study and have shown previously (20) that the
lungs of our mice contain sizable numbers of allergen-specific T
and B cells such that, whereas we did observe moderate systemic
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effects of our treatments (the circulating eosinophilia of the
CD8a™ dendritic cell-treated mice was ~50% reduced relative to
asthma phenotype mice), we may simply not have allowed suffi-
cient time for full penetrance of tolerance. Thus, although we did
not observe significant reductions in the plasma levels of OVA-
specific IgE, IgG1, and IgG2a Abs, the resident lung B cells from
our CD8a™ dendritic cell-treated animals produced significantly
less IgG1 than either the untreated mice or those given CD8a™
dendritic cells. We cannot say whether the CD8a™ dendritic cell
treatments directly affected plasma B cell Ab secretion, or whether
they affected B cell responses by virtue of indirect effects on B
cell-supportive T cell responses but, given the known importance
of Th cells in B cell responses, we adopt the conservative hypoth-
esis that the effects we observed were indirect. It is perhaps note-
worthy that we have found in a parallel system that delivery into
the airways of OVA-presenting bone marrow-derived dendritic
cells rendered tolerogenic (by culture in IL-10) abrogates AHR
and dramatically dampens both local and systemic Th2 responses,
including OV A-specific IgE responses.’

Allergic asthma is the result of inappropriate immune responses
to otherwise innocuous environmental allergens that are intro-
duced into the lungs (2, 5). Nonasthmatics are exposed to identical
levels of the same allergens, but have become allergen-tolerant,
clearly exhibiting some responses to these Ags but suffering little,
if any, pathology (42, 43). Experimental blockade of pathogenic
responses to allergens has been achieved through either immune
deviation (44) or prophylactic induction of immune tolerance (16,
20, 45). Delivery of CpG DNA (i.e., unmethylated bacterial DNA)
(44, 46) or IL-12 (47) with allergen, for example, can induce a Th1
skewing of allergic sensitization, leading to reduced eosinophilic
inflammation and AHR in experimental allergic asthma. However,
Th1 displacement of allergic responses does not necessarily trans-
late into a reduction in pulmonary inflammation, because aeroal-
lergen-specific Thl responses are also inflammatory in nature (48—
50). In contrast, effective tolerance to innocuous respiratory Ags,
which is proposed to occur for most individuals as a default re-
sponse, is associated with Ag-specific nonpathogenic responses (2,
4). This suggests that tolerance induction might be a more desir-
able approach to therapy in allergic disease than immune devia-
tion. Allergen-specific immunotherapy as a tolerization approach
to management of atopic diseases can have clinical efficacy, but it
is a cumbersome approach that can call for years of treatment to
achieve high levels of efficacy (51, 52). Should dendritic cell-based
therapy for asthma eventually prove clinically useful, as proposed
by others (16, 53), its delivery may prove technically cumbersome,
but therapeutically more satisfying in terms of both time to suc-
cessful outcome and the depth of effect.
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