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Abstract

Background: The inflammatory immune response associated with allergic airway
inflammation in asthma involves T helper type 2 (Th2) immunity. Given the data
that a newly described late activator antigen-presenting cell (LAPC) population
promotes Th2 immunity in viral infections, we undertook studies to investigate
whether LAPCs have a pathogenic role in allergic airway inflammation.

Methods: We employed acute ovalbumin (OVA) and house dust mite (HDM) sen-
sitization and challenge models to establish allergic airway inflammation in mice,
followed by the analysis of lungs and draining lymph node (DLN) cell infiltrates,
immunoglobulin E (IgE) production, and airway hyper-responsiveness (AHR).
We tested whether adoptive transfer of LAPCs isolated from mice with estab-
lished allergic airway inflammation augments the development of sensitization in
naive mice.

Results: We provide evidence that in both OVA and HDM mouse models of
allergic inflammation, LAPCs accumulate in the lungs and draining lymph nodes
(DLNSs), concomitant with the onset of lung pathology, allergen-specific IgE pro-
duction, eosinophilia, and Th2 cytokine production. Adoptive transfer experi-
ments using OVA-activated LAPCs reveal exacerbation of disease pathology with
an increase in lung inflammatory cells, eosinophilia, circulating IgE, Th2 cytokine
production, and a worsening of AHR. OVA-activated LAPCs preferentially
increased GATA-3 induction in naive CD4 ™ T cells.

Conclusions: Together, these data suggest an important role for LAPCs in polar-
izing the Th2 response in mouse models of allergic airway inflammation.

The inflammatory immune response associated with asthma
develops as a consequence of allergen inhalation, invoking
interactions between immune cells. Antigen-presenting cells
(APCs) are recruited to the lungs, then process allergens for
the presentation to T cells, and in the case of allergic airway
inflammation, drive Th2 differentiation. IL-4 is implicated in
inducing Th2 differentiation by activating STAT6 and
GATA-3 transcription factor-mediated signaling pathways.
Th2 cells then produce and secrete Th2 cytokines: 1L-3, 1L-4,
IL-5, IL-9, IL-13, and GM-CSF, which target a variety of
lymphocytes, resulting in the inflammatory asthmatic
response (1). IL-4 and IL-13 along with co-stimulatory mole-
cules induce B cells to undergo class switching to produce
allergen-specific IgE.
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We previously identified a novel mouse APC, designated
late activator APC (LAPC: mPDCA-1"CDllc  TCRB
B22-CD38 ' CD44™CD45"Grl ™) (2, 3), and demonstrated
that after pulmonary influenza HINI1 virus infection, LAPCs
enter the lungs, capture viral antigen, and migrate to the
DLNSs and spleen. In the DLN, virus-activated LAPCs pres-
ent antigen and selectively induce Th2 effector cell polariza-
tion by cell-cell contact-mediated modulation of GATA-3
expression. In adoptive transfer experiments, virus-activated
LAPCs augmented Th2 effector T-cell responses in the DLN,
increased production of circulating anti-influenza immuno-
globulin, and increased levels of T2 cytokines in bronchoalve-
olar lavage (BAL) fluid in recipient virus-infected mice.
LAPC recipient mice exhibited exacerbated pulmonary
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pathology, with delayed viral clearance and enhanced pulmo-
nary eosinophilia. Moreover, LAPCs promote follicular
helper T-cell differentiation of antigen-primed CD4" T cells
during influenza virus respiratory infection (4). Collectively,
these results highlight the importance of LAPCs as immuno-
modulators of type 2/Th2 (T2) immunity during influenza
virus infection. Therefore, we undertook studies to investigate
the potential contribution of LAPCs to the pathogenesis of
allergic airway inflammation and provide evidence for their
involvement in two different mouse models of acute allergic
airway inflammation.

Methods

Female Balb/c (Jackson Laboratories) and DO11.10 (Tacon-
ic) mice 6-8 weeks old were housed in accordance with Ani-
mal Care Committee guidelines of the UHN. Two different
protocols were employed to induce allergic airway inflamma-
tion: 1.p. OVA sensitization and i.n. challenge; and i.n. instil-
lation with purified Dermatophagoides pteronyssinus extract.

Serum, BAL, lungs, and DLNs were harvested from mice at
different times relative to disease induction. BAL cytokine lev-
els were analyzed using a mouse Th1/Th2/Th17/Th22 multiplex
kit (eBiosciences, San Diego, CA, USA), and serum anti-OVA
IgE and total IgE levels were measured (Chondrex kits, Red-
mond, WA, USA). Three-micrometer lung paraffin sections
were stained with H&E or periodic acid—Schiff (PAS) reagent.

Disaggregated cells were stained with antibodies against
CD3, CDS8a, CDllc, B220/CD45R, TCRS, Siglec-F, CD4,
CD45, PDCA-1, CXCR3, icosL, and TSLPR. For intracellular
cytokine analyses, cells were stained with antibodies against
IL-4 and IFN-y. Stained cells were analyzed on a FACSCali-
bur or LSRII flow cytometer (BD). Data were analyzed using
FlowJo software (Treestar, Inc., Ashland, OR, USA).

In vivo LAPC and DC migration assays were conducted
using i.n. CFSE instillation and by examining the extent of
CFSE" cells by FACS analysis of lungs and mLNs.

Adoptive transfer of LAPCs and DCs into recipient mice
was performed using FACS-sorted cells from the lungs and
mLNs of OVA-sensitized and OVA-challenged mice and i.v.
injection (2 x 10° cells).

Methacholine dose-response studies were conducted using a
flexiVent® system (Scireq Inc., Montréal, QC) to measure AHR.

In vitro co-cultures of naive splenic DO11.10 T cells with
FACS-sorted LAPCs or DCs from the lungs and DLNs of
OVA-sensitized and OVA-challenged mice were set up to
examine T-cell polarization, staining for intracellular GATA-3
and T-bet.

Details of the methods and statistical analyses used in
these studies are provided in the Supporting Information.

Results

LAPCs are present in the lungs and DLNs of mice with
OVA-induced allergic airway inflammation

We employed an OVA sensitization and challenge model to
investigate the role of LAPCs in the development of allergic
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airway inflammation in Balb/c mice. As anticipated, we
observed an increase in inflammatory cell infiltrates and
mucus production in the lungs of OVA-challenged mice com-
pared with control mice (OVA-sensitized, but challenged with
PBS), an increase in BAL and lung cell infiltrates, and an
increase in circulating OVA-specific IgE (Figs S1 and S2).
BAL from OVA-challenged mice exhibits a Th2 cytokine
profile typical of an allergic response, with increases in 1L-4,
IL-5, IL-13, IL-6, IL-21, IL-17, and IL-22, but not in IFN-y,
IL-1a, IL-2, TL-10, IL-27, IL-1PB, or TNF-a (Fig. S3). Impor-
tantly, LAPCs were evident in the lung tissues, BAL, and
DLNs from the affected mice up to 9 days postchallenge
(Fig. 1A-C). When compared to DCs, LAPCs in the lungs
of OVA-challenged mice expressed higher levels of the cell
surface receptor CXCR3, implicated in LAPC migration to
DLNs (4), and higher expression of ICOSL and TSLPR,
linked to promoting T2 immune responses (4) (Fig. 1D).

LAPCs accumulate in the lungs and traffic to the DLNs

To investigate the migration kinetics of LAPCs, we per-
formed an in vivo migration assay, employing carboxyfluo-
rescein diacetate succinimidyl ester (CFSE) (Fig. 2A). CFSE
was administered i.n. 24 h after the final in. OVA chal-
lenge, allowing for the staining of all lung cell infiltrates,
including LAPCs. We observed CFSE-positive LAPCs in
the lungs of challenged mice at the earliest time point mea-
sured (6 h post-CFSE infusion), with CFSE-labeled LAPCs
present in the lungs for a further 72 h (96 h post-OVA chal-
lenge), followed by their migration to the DLNs (Fig. 2B).
This was confirmed by the analysis of absolute numbers of
CFSE-positive LAPCs in the DLNs (Fig. 2Ci). Notably,
when we considered LAPC accumulation in the DLNs, both
CFSE stained and unstained, we identified a population of
LAPCs that were apparently resident in the DLNs, after i.p.
OVA sensitization (Fig. 2Cii). This is consistent with our
observation of LAPCs in the DLNs at 24 h after the final
OVA challenge, as shown in Fig. 1. Our earlier studies pro-
vided the evidence for resident LAPCs in lymphoid tissues
of different strains of naive mice, including LNs of Balb/c
mice (2). One explanation is that LAPCs in the DLNs
migrate to the lungs following the final i.n. OVA challenge,
where they are then labeled with CFSE (Fig. 2Ciii). In com-
parison, pDCs exit the lungs, consistent with their accumu-
lation in the DLNs (Fig. 2D). These data suggest that
LAPCs and DCs exhibit different kinetics of lung and DLN
accumulation.

LAPCs are present in the lungs of mice in an HDM model of
allergic airway inflammation

Next, we considered a more biologically relevant allergen
model of allergic airway inflammation that mimics the
human allergic response. House dust mites (HDMs) contain
various components that are allergenic and activate the
immune system to initiate an inflammatory response (5, 6).
Figure 3A outlines the sensitization and challenge protocol
of i.n. instillation of HDM extract employed. We observed

© 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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Figure 1 LAPCs are present in the lungs and DLNs of ovalbu-
min (OVA)-challenged mice. Mice were sensitized and challenged
with OVA according to the protocol in Fig. 1A. (A) (B) (C) Mice
(n=5 per group) were killed at the indicated time points, and
BAL fluid, lung tissue, and the mediastinal lymph nodes (DLN)
were harvested. Cells were stained with the appropriate fluoro-
chrome-conjugated mAbs for LAPCs (mPDCA-1"CD11c™
TcRB™B2207) and pDCs (mPDCA-1*CD11c™). (D) In separate

© 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

ICOSL TSLPR

experiments, 24 h following the final OVA challenge, mice (n =5
per group) were killed, and BAL fluid, lung tissue, and DLNs
were harvested. LAPCs (mPDCA-1*CD11¢”TcRB™B2207) and
DCs (CD11c*) were stained with the relevant fluorochrome-conju-
gated antibodies to detect CXCR3, ICOSL, and TSLPR (open his-
tograms). Isotype controls are included (black histograms). Data
representative of two independent experiments are shown as
means + SEM.
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Figure 2 LAPCs accumulate in the lungs and traffic to the DLNs in
a mouse model of allergic airway inflammation. (A) Schematic for
murine model of allergic airway inflammation including CFSE instil-
lation to track cell migration. Mice received an i.n. instillation of
CFSE at the indicated time point post-ovalbumin (OVA) challenge.
Control mice received i.n. instillation of the carrier medium, IMDM.
(B) Following CFSE instillation, mice (n = 3 per group) were killed
at the indicated time points, and lungs and DLNs were harvested.
Tissues were processed and cells stained with the appropriate fluo-

LAPCs promote Th2 responses in murine asthma models

rochrome-conjugated mAbs for LAPCs (mPDCA-1*"CD11¢™
TcRB™B2207). (C) (i) CFSE-labeled LAPCs in the DLN, (i) CFSE-
labeled and CFSE-unlabeled LAPCs in the DLN, (iiij CFSE-labeled
LAPCs in the lung, and (iv) CFSE-labeled and CFSE-unlabeled LAP-
Cs in the lung. (D) (i) CFSE-labeled pDCs in the DLN, (i) CFSE-
labeled and CFSE-unlabeled pDCs in the DLN, (ii) CFSE-labeled
pDCs in the lung, and (iv) CFSE-labeled and CFSE-unlabeled pDCs
in the lung. Data representative of two independent experiments
are shown as means + SEM.

an influx of inflammatory cells in the lungs of HDM-chal-
lenged mice compared with PBS controls (Fig. 3B). HDM-
challenged mice exhibited an increase in total circulating IgE
levels (Fig. 3C), an increase in lung eosinophilia (Fig. 3D),
and enhanced LAPC numbers in their lungs (Fig. 3E). In vivo
methacholine challenges were conducted in anesthetized mice
to assess the methacholine-induced changes in total respira-
tory resistance (R,s) in the mice with allergic airway inflam-
mation (Fig. 3F, G). We observed modest increases in total
respiratory resistance that are methacholine dose-dependent
(Fig. 3F) and a greater maximum resistance in response to
methacholine in the HDM recipient mice compared with PBS
controls (Fig. 3G).

OVA-activated LAPCs modulate T2 immunity in vivo

We next examined the contribution of LAPCs to the Th2
response by in vivo adoptive transfer experiments (Fig. 4A).
Mice were induced to develop allergic airway inflammation,
and 24 h following the final OVA challenge, the mice were
euthanized, their lungs and DLNs were harvested, and LAP-
Cs and DCs were FACS-sorted. LAPCs or DCs were then
injected into the tail vein of OVA-sensitized recipient mice,
2 h following their first OVA challenge (at the same time
point as in the initial model). Recipient mice then underwent
two more days of OVA challenge and were euthanized 24 h
after the final OVA challenge. We observed a greater influx
of inflammatory cells and mucus production in LAPC recipi-
ent mice compared with mice that received either DCs or
PBS (Fig. 4B). Similarly, LAPC recipient mice developed
enhanced eosinophilia (Fig. 4C) and increased levels of circu-
lating OVA-specific IgE (Fig. 4D) compared with DC or
PBS recipients. Importantly, examination of T-cell types in
both the DLNs and lungs of recipient mice revealed a greater
skewing toward Th2 cells in LAPC recipients compared with
the DC and PBS recipients, with no changes in Thl cell num-
bers (Fig. 4E). The BAL of LAPC recipient mice exhibited
an increase in T2 cytokines, namely IL-4, IL-5, 1L-13, 1L-6,
IL-21, IL-17, and IL-22, compared with DC and PBS recipi-
ents (Fig. 4F).

Methacholine dose-response studies were conducted to
evaluate changes in total respiratory resistance (R) (Fig. 4G,
H). There were no significant differences in respiratory resis-
tance changes in the OVA-sensitized and OVA-challenged
mice that received either PBS vehicle or DCs. However, in
the LAPC recipient mice, we observed significant increases in
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both the methacholine dose-response relationships (Fig. 4G)
and the maximal total respiratory resistance to methacholine
(Fig. 4H).

LAPCs induce Th2 effector cell polarization ex vivo

In a final series of experiments, we examined whether LAPCs
from OVA-challenged mice would induce polarization of T
cells ex vivo. LAPCs and DCs were harvested from the lungs
and DLNs of mice 24 h after their final OVA challenge.
Naive CD4™" T cells were obtained from spleens of DO11.10
mice. DO11.10 mice carry an MHC class II-restricted T-cell
receptor that reacts with OVA and should therefore be
restricted to activation by LAPCs or DCs presenting OVA
on MHC class II. LAPCs or DCs were cultured with the
CD4™ transgenic T cells for 96 h. CD4 " T cells were subse-
quently stained for intracellular GATA-3 (Fig. 5A) and
T-bet (Fig. 5B). Co-culture with LAPCs resulted in enhanced
GATA-3 expression, but not T-bet expression, compared
with co-culture with DCs.

Discussion

In this study, we provide evidence for a role of LAPCs in
modulating a T2 immune response in the lungs of mice
with allergic airway inflammation. Previous studies have
provided evidence that APCs, particularly DCs, promote
allergic inflammation in mice (7, 8). Characteristically,
mouse lungs have resident ¢cDCs and pDCs. ¢cDCs may be
CD11c"CD103" and CDl1lc"CDIlb". CD103" DCs are
closely associated with respiratory epithelial cells, while
CDI1b" DCs are found within the lung parenchyma
(9, 10). While both subsets are capable of priming and
re-stimulating lung CD4™" T cells, it remains unclear which
subset of DCs is responsible for allergic airway inflamma-
tion. Recent evidence suggests that it is the CD103" DCs
that are responsible for priming Th2 responses, while
CDI11b" DCs prime Thl responses (11). Other data suggest
that it is resident CD11b"Ly6~ lung DCs that are required
for the induction of allergic airway inflammation (12). Most
recently, studies have suggested that conventional CDI1b™"
DCs and not CD103" ¢DCs drive Th2 immunity and that
there is a role for monocyte-derived CD11b" in promoting
allergic inflammation in the lungs of HDM-treated mice
(13). In contrast, pDCs are involved in generating tolerance
and protection against inhaled antigen in mice, which is
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Figure 3 LAPCs are present in the lungs of mice in an HDM model
of allergic airway inflammation. (A) Schematic for HDM model of
allergic airway inflammation. Mice received 2 i.n. instillations of
2.5 mg/ml of HDM extract Der p in 20 ul of PBS on days 1 and 7,
followed by i.n. challenge of 10 pl of the same extract on days 14,
15, 16, and 17. Control mice were sensitized with HDM extract and
challenged with PBS. (B) 24 h following the final HDM
challenge, lungs were harvested, thin sections prepared and fixed in
formalin, then stained with HE or PAS. 20x magnification. Size
bar = 60 um. Images are representative of two independent experi-
ments. (C) At the indicated time points (n =3 per group), serum

i.n.

was collected via cardiac puncture and analyzed for total IgE by
ELISA; (D) eosinophil and (E) LAPC infiltrates were assessed by
staining of cells with the appropriate fluorochrome-conjugated
mAbs: eosinophils  (SiglecF*CD11¢™) and LAPCs (mPDCA-
1"CD11¢~TcRR™B2207). (F) (G) 24 h following the final HDM chal-
lenge, methacholine dose-response studies were conducted (Meth-
ods) to examine changes in total respiratory resistance (R.). Data
representative of two independent experiments are shown as
means + SEM and were analyzed using Student's t test.
*P < 0.05.
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Figure 4 Ovalbumin-activated LAPCs modulate T2 immunity
in vivo. (A) Schematic for LAPC adoptive transfer experiments. Mice
(n=50) were killed at the indicated time points, and lungs and
DLNs were harvested. Cells were stained with the appropriate
fluorochrome-conjugated mAbs for LAPCs (mPDCA-1"CD11¢c™
TcRB™B2207) and cDCs (CD11¢*B2207) and were then FACS-
sorted. Two hours after the first ovalbumin (OVA) challenge, LAPCs
or DCs (2.0 x 10° cells/mouse) or PBS (carrier) were adoptively
transferred into the recipient mice by tail vein injection. (B) Twenty-
four hours after the final OVA challenge, lungs were harvested, thin
sections were prepared, fixed in formalin, and then stained with HE
or PAS. 20x magnification. Size bar = 60 um. Images are represen-
tative of two independent experiments. (C) Mice (n =5 per group)
were killed, and eosinophil infiltrates in the BAL and lung tissue
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were assessed by staining of cells with the appropriate fluoro-
chrome-conjugated mAbs (SiglecF*CD11¢™). (D) Twenty-four hours
after the final OVA challenge, cardiac punctures were performed
and the mice were killed (n =5 per group). OVA-specific IgE was
assessed by ELISA. (E) Tissues were processed, and cells stained
with the appropriate fluorochrome-conjugated mAbs for Th2
(CD3*CD4*IL-4*) and Th1 (CD3*CD4*IFN-y*). (F) 24 h following the
final OVA challenge, mice (n =3 per group) were killed, and BAL
assessed for cytokine production by FlowCytomix. (G) (H) Twenty-
four hours after the final OVA challenge, methacholine dose-
response studies were conducted to examine changes in total
respiratory resistance (R,s). Data representative of two independent
experiments are shown as means = SEM and were analyzed using
Student’s t test. *P < 0.05.
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cytes were harvested from naive DO11.10 mice, and CD4* T cells
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Figure 6 Scheme outlining mechanisms whereby LAPCs may pro-
mote T2 immunity. Allergen-activated LAPCs capture antigen in
the lungs and migrate to the DLNs, mediated by CXCL9-CXCR3
interactions, where they encounter T and B cells. T cells are polar-
ized to Th2 lineage commitment, exit the DLN and traffic to the
lungs where TSLP is a co-factor in Th2 polarization. LAPCs may
also promote T follicular helper (Tfh) cell differentiation in the
DLN, mediated by ICOS-ICOSL-dependent signaling. Tfh cells

likely linked to their capacity to secrete large amounts of
type I IFN and drive regulatory T-cell polarization (14-16).
In addition to these DC populations, there may also be
minor roles for CD8x™ DCs and basophils as APCs
involved in airway inflammation, although their numbers
are rare in the lung and possibly dispensable for airway
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sorted using MACS CD4* microbeads (Methods). LAPCs or DCs
from OVA-challenged mice were co-cultured with naive CD4* T
cells from DO11.10 transgenic mice for 96 h. (A) GATA-3 and (B)
T-bet expression was analyzed by intracellular staining of cells with
the appropriate fluorochrome-conjugated mAbs (GATA-3, T-bet, and
CD4). Data representative of two independent experiments are
shown as means + SEM and were analyzed using Student's t test.
*P < 0.05.
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promote B-cell class switching to IgE. In the case of the ovalbu-
min (OVA) sensitization and challenge protocol for allergen-induced
airway inflammation, OVA sensitization by i.p. injection results in
OVA-activated LAPCs in the circulation that traffic either to the
lungs, mediated by CXCR3-CXCL10 interactions, or to the DLNs,
mediated by CXCR3-CXCL9 interactions. Subsequent i.n. OVA
challenge would trigger LAPC emigration from the DLN to the
lungs.

inflammation (17-19). It is clear that there are a number of
potentially different APC populations present in the lung
that may have different potencies in priming airway inflam-
mation. Adding to this heterogeneity, we provide evidence
that in both OVA sensitization and HDM models of mouse
allergic airway inflammation, in comparable numbers to

© 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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DCs, there is a novel APC population, LAPCs, in the
lungs and DLNs of affected mice.

We have shown that LAPCs accumulate in the lungs of
OVA-sensitized and OVA-challenged mice and have the
capacity to migrate to the DLN during the course of an
asthma-like allergic airways inflammatory response (Fig. 6).
Our data also suggest that LAPCs that accumulate in the
DLN following allergen challenge may acquire the ability to
migrate to the lung, although we cannot rule out the possibil-
ity that this late influx of LAPCs into the lung may be due
to delayed migration of LAPCs out of the circulation. Sev-
eral lines of evidence suggest that it is the interaction between
chemokines CCL19 and CCL21, and their cognate receptor,
CCR?7, expressed on DCs that is responsible for the migra-
tion of DCs from the lung to the DLNs during allergic
inflammation in the lung (8, 20, 21). In addition, a role for
CD47 and its ligand, signal regulatory protein o (SIRP-a), in
rendering DCs competent to migrate from the lungs to DLNs
during allergic airway inflammation, has been suggested (22).
Our earlier studies with LAPCs in a mouse model of influ-
enza A virus infection identified that LAPCs express the
chemokine receptor CXCR3, enabling their initial trafficking
out of the circulation into infected lungs that produce
CXCL10, mediated by CXCR3-CXCLI10 interactions, fol-
lowed by migration into the DLN via CXCR3-CXCL9 inter-
actions (2, 4). A similar mechanism may be responsible for
the migration of LAPCs into the lungs and DLNs during
allergic airway inflammation, given the cell surface CXCR3
expression in OVA-activated LAPCs (Fig. 1). Notably, in
mouse models of allergic airway inflammation, pDCs migrate
between the lungs and DLNs orchestrated by similar chemo-
kine—chemokine receptor interactions (23, 24).

Adoptive transfer of OVA-activated LAPCs into recipient
mice led to exacerbation of T2 immunity, as demonstrated
by increased eosinophilia, increased IgE production,
increased Th2 cell numbers, and a worsening of AHR. Fol-
lowing sensitization with HDM, lung epithelial cells produce
TSLP, IL-25, and IL-33, driving DCs to preferentially pro-
mote Th2 cell lineage commitment (25). Mediated by OX40,
Notch ligand, and Jagged 2, these DCs polarize a Th2
response (26). Having demonstrated that LAPCs express the
receptor for TSLP, we speculate that LAPCs may promote
Th2 polarization using mechanisms similar to DCs. GATA-3
is the master regulator of Th2 commitment (27, 28). We have
shown that LAPCs taken from mice sensitized and chal-
lenged with OVA upregulate GATA-3 in naive OT-II-specific
T cells.

Recent studies identified a role for LAPCs in promoting T
follicular helper (Tfh) cell differentiation, mediated by ICOS—
ICOSL-dependent signaling (4). We provide evidence for
ICOSL cell surface expression on LAPCs 24 h after the final
OVA challenge. LAPCs may have a role in priming an IgE
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LAPCs promote Th2 responses in murine asthma models 1

Supplementary Figure 1. OVA challenged mice exhibit lung pathology consistent with

asthma.

(A) Mice (n=15) received 2 intraperitoneal (i.p.) instillations of 50ug of OVA absorbed in 2 mg
of alum, followed by i.n. (i.n.) instillation of 50ug of OV A on three consecutive days. Control
mice (n=15) were sensitized with OVA and challenged with i.n. PBS. (B) Twenty-four hours
following the final OV A challenge, lungs were harvested from 3 OV A challenged and 3 control
mice and thin sections were prepared and fixed in formalin, then stained with HE or PAS.
b~bronchus, v~vessal. 20 x magnification. Size bar = 60 um. Representative images from 2

independent experiments.

Supplementary Figure 2. OVA challenged mice exhibit eosinophilia and OV A-specific IgE.
Mice were sensitized and challenged with OV A according to the protocol in Figure 1A. At the
indicated time, mice (n= 3 per group) were sacrificed and eosinophil infiltratesin the (A) BAL
and (B) lung tissue, were assessed by staining with the appropriate fluorochrome-conjugated
mADbs (SiglecF'CD11c). (C) At the indicated time points, serum was collected via cardiac
puncture (n=3 mice per group) and analyzed for OV A-specific IgE by ELISA.

Data representative of two independent experiments are shown as means + SEM and were

analyzed using a Student’s t test. *, p<0.05.

Supplementary Figure 3. OVA challenged mice exhibit a T2 cytokine profile.
Mice were sensitized and challenged with OV A according to the protocol in Figure 1A. 24 hours
following the final OV A challenge mice were sacrificed (n=3 per group) and cytokine levelsin

the BAL were analyzed using FlowCytomix.
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LAPCs promote Th2 responses in murine asthma models 2

Data representative of two independent experiments are shown as means + SEM and were

analyzed using a Student’s t test. *, p<0.05.

Supplementary Information

Induction of allergic airwaysinflammation

We employed an OV A sensitization and challenge sub-acute model of allergic airways
inflammation: Mice were sensitized by intraperitoneal (i.p.) injection with 50 ug of OVA (Grade
V, Sigma-Aldrich) absorbed to 2 mg of Imject® Alum (Thermo Scientific) on days0and 7. On
days 14, 15 and 16, mice were anesthetized by i.p injection of ketamine and xylazine (100 mg/kg
and 10 mg/kg, respectively) and challenged by intranasal (i.n.) administration with 50 ul PBS
containing 50 pg of OVA. Control mice received PBS only. At the indicated times mice were
sacrificed by cervical dislocation and their lungs and mediastinal lymph nodes were harvested
and processed.

Additionally, a house dust mite (HDM) model of allergic airways inflammation was employed:
Whole body Dermatophagoides pteronyssinus, crushed by mortar and pestle (Greer
Laboratories) was dissolved in sterile PBS at 2.5 mg total weight/ml. For HDM extract
sensitizations, mice were anesthetized as described above and 20 ul of HDM extract was
introduced by i.n. instillation on days 0 and 7, followed by four consecutive days of i.n.
challenge from day 14 with 10 ul of the same extract. Control mice received an i.n. challenge of

PBS. Mice were sacrificed 24 h after the final challenge and the relevant tissues harvested.

Cdll fractionation
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LAPCs promote Th2 responses in murine asthma models 3

Mice were euthanized by cervical dislocation and their lungs and mediastina lymph nodes
(mLN) were harvested, mechanically disrupted, and enzymatically digested with 1 mg/ml
collagenase D and 0.3 mg/ml of DNase | (Roche) in cold PBS supplemented with 1mM MgCl,
and 1.8 mM CaCl, at 37°C for 30 min. The digestion reaction was stopped by the addition of
1mM EDTA for 10 min at room temperature. A single-cell suspension was prepared by filtering
the tissue through a 70 um nylon mesh. RBCs were removed using ACK lysis buffer. Cell

numbers were determined by manual counting using a hemocytometer.

To obtain bronchoalveolar lavage (BAL) samples the lungs were harvested with the trachea en
bloc and washed 3 timeswith 1 ml PBS. Cells were pelleted by centrifugation and the

supernatants were collected and stored at -80°C until analyzed.

L ung histology

Mice were sacrificed and their lungs harvested, fixed in formalin and embedded in paraffin
blocks. 3-pum sections were prepared and stained with hematoxylin and eosin (H&E) or periodic
acid-Schiff (PAS) reagent. Thin sections were prepared from each lung: 2 horizontal sections
were prepared from the upper and lower strata of the lung respectively, covering both left and
right lobes, and one vertical section. Images were acquired using The ScanScope XT (Aperio
Technologies) and captured images were processed with Aperio Image Scope Viewer (Aperio
Technologies). Each image was divided into a 10 x 10 grid and 5 fields were selected for

analysis from each section by 2 independent blinded observers.

Antibody staining and flow cytometric analysis
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LAPCs promote Th2 responses in murine asthma models 4

For staining of surface antigens, cells were incubated with fluorochrome allophycocyanin (APC),
APC-Cy7, AlexaFluoro 700, eFluoro-605, eFluoro-650, fluorescein isothiocyanate (FITC),
phycoerythrin (PE), PE-Cy5, PE-Cy7, PE-Texas Red, v450 or biotin-conjugated antibodies
against mouse CD3 (Ha4/8), CD8u. (53.6.7), CD11c (HL3), B220/CD45R (RA3-6B2), TCRpB
(H57-597), and Siglec-F (E50-2440), purchased from BD. CD4 (GK 1.5), CD45 (30-F11), and
PDCA-1 (ebi0927) were purchased from eBiosciences. PDCA-1 (JF05-1C2.4.1) was purchased
from Miltenyi Biotec. CXCR3 (CXCR3-173), icosL (HK5.3) was purchased from Biolegend and
TSLPR wasfrom R & D Systems. For intracellular cytokine analyses, cells were stimulated with
50 ng/ml PMA, 500ng/ml ionomycin (Sigma Aldrich) and GolgiPlug (BD) for 4 h. Cellswere
fixed and permeabilized using Cytofix/Cytoperm (BD), followed by intracellular staining with
fluorochrome-labeled antibodies against mouse IL-4 (11B11) and IFN-y (XM G1.2) from BD.
Stained cells were analyzed on a fluorescence-activated cell sorting FACSCalibur and LSRI|I
flow cytometer (BD). Data from these studies was analyzed using FlowJo software (Treestar,

Inc.).

M easurement of OVA specific and total 1gE

Mice were anesthetized with isoflurane and 1 ml of blood was collected by cardiac puncture.
Serum was stored at -80°C until analysis. Serum anti-OV A IgE and total IgE antibody levels
were measured using mouse-specific kits (Chondrex), according to the manufacturer’s
instructions. Absorbance readings were determined at 450 nm using a plate reader (SpectraM ax

384 Plus UV-VIS; MDS Analytical Technologies).

Cytokineanalysis
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LAPCs promote Th2 responses in murine asthma models 5

BAL supernatants were collected as described and cytokine levels were analyzed using a mouse

Th1/Th2/Th17/Th22 multiplex kit FlowCytomix (eBiosciences):

In vivo migration assay

Mice underwent OV A-sensitization and -challenge, as described above. Twenty-four hours after
the final OV A-challenge, mice were instilled i.n. with Iscove's Modified Dulbecco's Medium
(IMDM) done (carrier) or with 8mM CFSE diluted in IMDM (50 pl/mouse) to label all lung-
infiltrating cells. Verification of CFSE labeling was determined by FACS analysis on selected
mice, 6 h post CFSE instillation. 24, 48 and 72 h after CFSE instillation mice were sacrificed, the
lungs and mLNs harvested, and the percent population of CFSE" cells, gating on LAPCs and

pDCs was examined by FACS analysis (5).

Adoptivetransfer of LAPCsand DCs

24 h after the final OV A challenge mice were sacrificed and their lungs and mLNs were
harvested. LAPCs and DCs were collected by FACS sorting using either a FACSAriall (BD
Biosciences) or aMoFlo (Beckman Coulter). Isolated cells were subjected to FACS analysis to
confirm purity (= 98%) (5). LAPCs or DCs (2 x 10° cellsin 200 pl of sterile PBS) were injected
I.v. into recipient mice 2h after their first OVA challenge; control mice received PBS aone.
Recipient mice were sacrificed 24 h following the final OVA challenge and their lungs and

mMLNSs harvested for the indicated analyses.

In vivo responsiveness to methacholine
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LAPCs promote Th2 responses in murine asthma models 6

Mice were anaesthetised (ketamine/xylazine) and underwent intratracheal cannulation with a
sterile 18G stainless steel cannula (18G BD Intramedic™ Luer-Stub Adapter, Fisher Scientific,
Mississauga ON) for pulmonary function testing on aflexiVent® system (Scireq Inc., Montréal
QC), as described previously (8-10). Mice were ventilated at 150 breaths per minute with atidal
volume of 10 mL/kg. After stable baseline resistance measures were obtained, methacholine
(0.3-100 mg/mL in phosphate buffered saline) was administered directly into the ventilatory
circuit using a Standard Volume AeroNebL ab nebulizer (Scireq Inc.; median diameter: 4.0-6.0
pnm). The maximum total respiratory resistance (Rs) was taken at each dose; only values with a

Coeffecient of Determination >0.95 were accepted for subsequent statistical analyses.

Coculture of naive T cellswith LAPCs

Mice were OV A sensitized and challenged as described above. Twenty-four hours following the
final OVA challenge mice were sacrificed and their lungs and mLNs harvested. LAPCs and DCs
were separated by FACS sorting using a FACSAriall (BD) and a MoFlo (Beckman Coulter)
(10). Naive CD4+ T cells were prepared from spleens of DO11.10 mice by a magnetic bead-
based cell sorting system MACS (Miltenyi, Germany) using antibodies for anti-mouse CDA4.
LAPCs or DCs (4 x10* per well) were cultured with the CD4" transgenic T cells (2 x 10° per
well) in 200 ul RPMI 1640 containing 10% FCS, 50 uM B-mercaptoethanol and 1% penicillin
and streptomycin, in individual wells of a 96-well U-bottom plate, for 96h. CD4 T cells were

subsequently stained for intracellular GATA-3 and T-bet.

Statistical Analyses



LAPCs promote Th2 responses in murine asthma models 7

Data are expressed as mean+ S.E.M. Statistical differences between groups were calculated
using atwo-tailed Student’s t-test, unless otherwise specified. Multiple group comparisons were
made using 1-way ANOV A with Bonferroni post-hoc test. M ethacholine dose-response data
were fitted to a sigmoidal curve and the F-test was used to compare curves, based upon the
baseline, maximum, log ECsy and Hillslope. For all comparisons, p<0.05 was considered
significant. Statistical analyses were performed using GraphPad Prism 4.0c; GraphPad Software

Inc., LaJollaCA).
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LAPCs promote Th2 responses in murine asthma models 1

Supplementary Figure 1. OVA challenged mice exhibit lung pathology consistent with
asthma. (A) Mice (n=15) received 2 intraperitoneal (i.p.) instillations of 50ug of OV A absorbed
in 2 mg of alum, followed by i.n. (i.n.) instillation of 50ug of OV A on three consecutive days.
Control mice (n=15) were sensitized with OVA and challenged with i.n. PBS. (B) Twenty-four
hours following the final OV A challenge, lungs were harvested from 3 OVA challenged and 3
control mice and thin sections were prepared and fixed in formalin, then stained with HE or PAS.
b~bronchus, v~vessal. 20 x magnification. Size bar = 60 um. Representative images from 2

independent experiments.

Supplementary Figure 2. OVA challenged mice exhibit eosinophilia and OV A-specific IgE.
Mice were sensitized and challenged with OV A according to the protocol in Figure 1A. At the
indicated time, mice (n= 3 per group) were sacrificed and eosinophil infiltratesin the (A) BAL
and (B) lung tissue, were assessed by staining with the appropriate fluorochrome-conjugated
mADbs (SiglecF'CD11c). (C) At the indicated time points, serum was collected via cardiac
puncture (n=3 mice per group) and analyzed for OV A-specific IgE by ELISA.

Data representative of two independent experiments are shown as means + SEM and were
analyzed using a Student’s t test. *, p<0.05.

Supplementary Figure 3. OVA challenged mice exhibit a T2 cytokine profile. Mice were
sensitized and challenged with OV A according to the protocol in Figure 1A. 24 hours following
the final OVA challenge mice were sacrificed (n=3 per group) and cytokine levelsin the BAL
were anayzed using FlowCytomix.

Data representative of two independent experiments are shown as means + SEM and were

analyzed using a Student’s t test. *, p<0.05.
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Supplementary Information

Induction of allergic airwaysinflammation

We employed an OV A sensitization and challenge sub-acute model of alergic airways
inflammation: Mice were sensitized by intraperitoneal (i.p.) injection with 50 ug of OVA (Grade
V, Sigma-Aldrich) absorbed to 2 mg of Imject® Alum (Thermo Scientific) on days0 and 7. On
days 14, 15 and 16, mice were anesthetized by i.p injection of ketamine and xylazine (100 mg/kg
and 10 mg/kg, respectively) and challenged by intranasal (i.n.) administration with 50 ul PBS
containing 50 pg of OVA. Control mice received PBS only. At the indicated times mice were
sacrificed by cervical dislocation and their lungs and mediastinal lymph nodes were harvested
and processed.

Additionally, a house dust mite (HDM) model of allergic airways inflammation was employed:
Whole body Dermatophagoides pteronyssinus, crushed by mortar and pestle (Greer
Laboratories) was dissolved in sterile PBS at 2.5 mg total weight/ml. For HDM extract
sensitizations, mice were anesthetized as described above and 20 pl of HDM extract was
introduced by i.n. instillation on days 0 and 7, followed by four consecutive days of i.n.
challenge from day 14 with 10 ul of the same extract. Control mice received an i.n. challenge of

PBS. Mice were sacrificed 24 h after the final challenge and the relevant tissues harvested.

Céll fractionation
Mice were euthanized by cervical dislocation and their lungs and mediastina lymph nodes
(mLN) were harvested, mechanically disrupted, and enzymatically digested with 1 mg/ml

collagenase D and 0.3 mg/ml of DNase | (Roche) in cold PBS supplemented with 1mM MgCl,
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LAPCs promote Th2 responses in murine asthma models 3

and 1.8 mM CaCl, at 37°C for 30 min. The digestion reaction was stopped by the addition of
1mM EDTA for 10 min at room temperature. A single-cell suspension was prepared by filtering
the tissue through a 70 um nylon mesh. RBCs were removed using ACK lysis buffer. Cell

numbers were determined by manual counting using a hemocytometer.

To obtain bronchoalveolar lavage (BAL) samples the lungs were harvested with the trachea en
bloc and washed 3 timeswith 1 ml PBS. Cells were pelleted by centrifugation and the

supernatants were collected and stored at -80°C until analyzed.

L ung histology

Mice were sacrificed and their lungs harvested, fixed in formalin and embedded in paraffin
blocks. 3-pum sections were prepared and stained with hematoxylin and eosin (H&E) or periodic
acid-Schiff (PAS) reagent. Thin sections were prepared from each lung: 2 horizontal sections
were prepared from the upper and lower strata of the lung respectively, covering both left and
right lobes, and one vertical section. Images were acquired using The ScanScope XT (Aperio
Technologies) and captured images were processed with Aperio Image Scope Viewer (Aperio
Technologies). Each image was divided into a 10 x 10 grid and 5 fields were selected for

analysis from each section by 2 independent blinded observers.

Antibody staining and flow cytometric analysis
For staining of surface antigens, cells were incubated with fluorochrome allophycocyanin (APC),
APC-Cy7, AlexaFluoro 700, eFluoro-605, eFluoro-650, fluorescein isothiocyanate (FITC),

phycoerythrin (PE), PE-Cy5, PE-Cy7, PE-Texas Red, v450 or biotin-conjugated antibodies
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against mouse CD3 (Ha4/8), CD8a. (53.6.7), CD11c (HL3), B220/CD45R (RA3-6B2), TCRpB
(H57-597), and Siglec-F (E50-2440), purchased from BD. CD4 (GK 1.5), CD45 (30-F11), and
PDCA-1 (ebi0927) were purchased from eBiosciences. PDCA-1 (JF05-1C2.4.1) was purchased
from Miltenyi Biotec. CXCR3 (CXCR3-173), icosL (HK5.3) was purchased from Biolegend and
TSLPR wasfrom R & D Systems. For intracellular cytokine analyses, cells were stimulated with
50 ng/ml PMA, 500ng/ml ionomycin (Sigma Aldrich) and GolgiPlug (BD) for 4 h. Cellswere
fixed and permeabilized using Cytofix/Cytoperm (BD), followed by intracellular staining with
fluorochrome-label ed antibodies against mouse IL-4 (11B11) and IFN-y (XM G1.2) from BD.
Stained cells were analyzed on a fluorescence-activated cell sorting FACSCalibur and LSRI|I
flow cytometer (BD). Data from these studies was analyzed using FlowJo software (Treestar,

Inc.).

M easurement of OVA specific and total 1gE

Mice were anesthetized with isoflurane and 1 ml of blood was collected by cardiac puncture.
Serum was stored at -80°C until analysis. Serum anti-OV A IgE and total IgE antibody levels
were measured using mouse-specific kits (Chondrex), according to the manufacturer’s
instructions. Absorbance readings were determined at 450 nm using a plate reader (SpectraMax

384 Plus UV-VIS; MDS Analytical Technologies).

Cytokineanalysis
BAL supernatants were collected as described and cytokine levels were analyzed using a mouse

Th1/Th2/Th17/Th22 multiplex kit FlowCytomix (eBiosciences):
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In vivo migration assay

Mice underwent OV A-sensitization and -challenge, as described above. Twenty-four hours after
the final OV A-challenge, mice were instilled i.n. with Iscove's Modified Dulbecco's Medium
(IMDM) done (carrier) or with 8mM CFSE diluted in IMDM (50 pl/mouse) to label all lung-
infiltrating cells. Verification of CFSE labeling was determined by FACS analysis on selected
mice, 6 h post CFSE instillation. 24, 48 and 72 h after CFSE instillation mice were sacrificed, the
lungs and mLNs harvested, and the percent population of CFSE" cells, gating on LAPCs and

pDCs was examined by FACS analysis (5).

Adoptivetransfer of LAPCsand DCs

24 h after the final OV A challenge mice were sacrificed and their lungs and mLNs were
harvested. LAPCs and DCs were collected by FACS sorting using either a FACSAriall (BD
Biosciences) or aMoFlo (Beckman Coulter). Isolated cells were subjected to FACS analysis to
confirm purity (= 98%) (5). LAPCs or DCs (2 x 10° cellsin 200 pl of sterile PBS) were injected
I.v. into recipient mice 2h after their first OVA challenge; control mice received PBS aone.
Recipient mice were sacrificed 24 h following the final OV A challenge and their lungs and

mMLNSs harvested for the indicated analyses.

In vivo responsiveness to methacholine

Mice were anaesthetised (ketamine/xylazine) and underwent intratracheal cannulation with a
sterile 18G stainless steel cannula (18G BD Intramedic™ Luer-Stub Adapter, Fisher Scientific,
Mississauga ON) for pulmonary function testing on aflexiVent® system (Scireg Inc., Montréal

QC), as described previously (8-10). Mice were ventilated at 150 breaths per minute with atidal



10

11

12

13

14

15

16

17

18

19

20

21

22

23
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volume of 10 mL/kg. After stable baseline resistance measures were obtained, methacholine
(0.3-100 mg/mL in phosphate buffered saline) was administered directly into the ventilatory
circuit using a Standard Volume AeroNebL ab nebulizer (Scireq Inc.; median diameter: 4.0-6.0
pm). The maximum total respiratory resistance (Rs) was taken at each dose; only values with a

Coeffecient of Determination >0.95 were accepted for subsequent statistical analyses.

Cocultureof naive T cellswith LAPCs

Mice were OV A sensitized and challenged as described above. Twenty-four hours following the
final OVA challenge mice were sacrificed and their lungs and mLNs harvested. LAPCs and DCs
were separated by FACS sorting using a FACSAriall (BD) and a MoFlo (Beckman Coulter)
(10). Naive CD4+ T cells were prepared from spleens of DO11.10 mice by a magnetic bead-
based cell sorting system MACS (Miltenyi, Germany) using antibodies for anti-mouse CDA4.
LAPCs or DCs (4 x10* per well) were cultured with the CD4" transgenic T cells (2 x 10° per
well) in 200 pl RPMI 1640 containing 10% FCS, 50 uM B-mercaptoethanol and 1% penicillin
and streptomycin, in individual wells of a 96-well U-bottom plate, for 96h. CD4 T cells were

subsequently stained for intracellular GATA-3 and T-bet.

Statistical Analyses

Data are expressed as mean+ S.E.M. Statistical differences between groups were calculated
using atwo-tailed Student’s t-test, unless otherwise specified. Multiple group comparisons were
made using 1-way ANOV A with Bonferroni post-hoc test. M ethacholine dose-response data
were fitted to asigmoidal curve and the F-test was used to compare curves, based upon the

baseline, maximum, log ECs, and Hillslope. For all comparisons, p<0.05 was considered



LAPCs promote Th2 responses in murine asthma models 7

1 significant. Statistical analyses were performed using GraphPad Prism 4.0c; GraphPad Software

2 Inc, LadJdollaCA).
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