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Haploinsufficiency for Stard7 Is Associated with Enhanced
Allergic Responses in Lung and Skin

Li Yang,* Ian Lewkowich,Jr Karen Apsley,* Jill M. Fritz,* Marsha Wills-Karp,1E and
Timothy E. Weaver*

Allergic asthma is a chronic inflammatory disorder that affects ~20% of the population worldwide. Microarray analyses of nasal
epithelial cells from acute asthmatic patients detected a 50% decrease in expression of Stard7, an intracellular phosphatidylcholine
transport protein. To determine whether loss of Stard7 expression promotes allergic responses, mice were generated in which one allele
of the Stard7 locus was globally disrupted (Stard7*'~ mice). OVA sensitization and challenge of Stard7*'~ mice resulted in a significant
increase in pulmonary inflammation, mucous cell metaplasia, airway hyperresponsiveness, and OVA-specific IgE compared with OVA-
sensitized/challenged wild-type (WT) mice. This exacerbation was largely Th2-mediated with a significant increase in CD4*IL-13*
T cells and IL-4, IL-5, and IL-13 cytokines. The loss of Stard7 was also associated with increased lung epithelial permeability and
activation of proinflammatory dendritic cells in sensitized and/or challenged Stard7*'~ mice. Notably, OVA-pulsed dendritic cells from
Stard7"~ mice were sufficient to confer an exaggerated allergic response in OVA-challenged WT mice, although airway hyperrespon-
siveness was greater in Stard7"~ recipients compared with WT recipients. Enhanced allergic responses in the lung were accompanied by
age-dependent development of spontaneous atopic dermatitis. Overall, these data suggest that Stard7 is an important component of

a novel protective pathway in tissues exposed to the extracellular environment. The Journal of Immunology, 2015, 194: 000—000.

sthma frequently begins in childhood and is a leading
cause of morbidity in this population. There is a strong
genetic component to the disease and distinct sets of
genes are differentially regulated in the respiratory epithelium of
children experiencing an asthma exacerbation compared with age-
matched patients with stable disease (1). One cluster of genes in-
cluded a phosphatidylcholine (PC) transfer protein, Stard7, whose
expression was decreased by 50% during acute exacerbations,
raising the possibility that loss of Stard7 expression contributes to
the development of asthma.
Stard7 was first identified as a transcript that was upregulated in
a choriocarcinoma cell line (2, 3) and belongs to the Stard2
subfamily of steroidogenic acute regulatory protein-related lipid
transfer (START) domain proteins that transfers phospholipids
among intracellular membranes (4, 5). The Stard2 subfamily
includes Stard2/PC transfer protein (PC-TP, hereafter referred to
as Stard2) and Stard10, all of which have high specificity for PC
binding/transfer. Deficiency of Stard2 or Stard10 resulted in dys-
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regulation of glucose and lipid metabolism (6) or bile acid me-
tabolism (7), respectively. Very little is known about the function
of Stard7 apart from the observation that transient overexpression
in HEPA-1 cells promoted association of Stard7 with the mito-
chondrial membrane and uptake of PC into this organelle (8).
Although it remains unclear whether Stard7-mediated transport of
PC is important for mitochondrial homeostasis, there is increas-
ing evidence that asthma pathogenesis is linked to mitochondrial
dysfunction (9-12). Taken together, these data support a model in
which members of the Stard2 subfamily modulate metabolic and
allergic responses.

Given that Stard7 is linked to acute asthma, as well as a pathway
associated with asthma pathogenesis (i.e., mitochondrial dysfunction),
we hypothesized that mice deficient in Stard7 would have an exag-
gerated response to allergen challenge. Disruption of the Stard7
locus in Stard7 " mice resulted in embryonic lethality; however,
haploinsufficiency resulted in increased IgE and mucous production,
eosinophilia, and airway hyperresponsiveness (AHR) in response to
OVA sensitization and challenge. Consistent with increased suscep-
tibility to allergy, heterozygous Stard7 mice developed spontaneous
dermatitis with age. Overall, these results suggest that Stard7 plays
a protective role in mucosal tissues by preventing pathogenic immune
responses to environmental Ags.

Materials and Methods

Animals

Embryonic stem (ES) cells carrying a “knockout first” Stard7 allele were
generated by the International Knockout Mouse Consortium (Davis, CA).
Two correctly targeted ES cell clones were expanded and used for the
production of chimeras. Injection of ES cells into C57BL/6J blastocytes
was carried out by the ES Core at the University of Cincinnati, College of
Medicine (Cincinnati, OH). Chimeric mice were crossed with C57BL/6J]
mice to identify offspring carrying the targeted allele in germ cells
(Stard7"'~ mice). Animals were maintained according to protocols ap-
proved by the Institutional Animal Care and Use Committee at the Cin-
cinnati Children’s Research Foundation (Cincinnati, OH). Mice were
housed in a pathogen-free barrier facility in humidity- and temperature-
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controlled rooms on a 12:12-h light/dark cycle and were allowed food and
water ad libitum.

OVA sensitization and challenge

Mice were sensitized by i.p. injection of 50 wg OVA (Sigma-Aldrich,
St. Louis, MO) emulsified with 2 mg alum (Sigma-Aldrich) in 100 pl
PBS on days 0 and 7 and then challenged daily by intratracheal instillation
of 10 wg OVA dissolved in 50 pl PBS from days 18 to 21. Control mice
were injected with alum at days O and 7, followed by intratracheal chal-
lenge with PBS from days 18 to 21 (Fig. 2A). Other control groups in-
cluded mice sensitized with OVA (alum) and challenged with PBS or mice
sensitized with PBS (alum) and challenged with OVA. All analyses were
performed 24 h after the last challenge.

Airway hyperresponsiveness

AHR was assessed in anesthetized mice, as described previously (13).
Briefly, a tracheostomy was performed, and the mouse was connected to
a flexiVent system (SCIREQ, Montreal, QC, Canada). Airway resistance
was measured after nebulization of PBS (baseline), followed by increasing
doses of methacholine (acetyl-B-methylcholine chloride; Sigma-Aldrich).

Preparation of tissues for histological, immunohistochemical,
and immunofluorescence analyses

Mice were sacrificed by i.p. overdose of pentobarbital, exsanguinated, and
intratracheally cannulated with an 18-gauge luer stub adaptor. Lungs were
instilled with 4% paraformaldehyde (PFA) at a pressure of 25 cmH,0,
harvested, and fixed at 4°C overnight in 4% PFA. Fixed lungs were sub-
dissected into 4- to 8-mm pieces prior to PBS wash, alcohol dehydration,
and paraffin embedding. For skin tissue, 1- to 2-mm-thick sections were
harvested from the back of the mouse, hair and fat removed, and processed
as described above. Tissue sections (5 wm) were deparaffinized in xylene,
rehydrated, and processed for H&E, Alcian blue, toluidine blue, and Luna
staining. For immunohistochemistry, Ag retrieval was performed by boil-
ing sections in citrate buffer (pH 6) for 21 min. Sections were incubated
with guinea pig anti-mouse Stard7 Ab (1:2500; generated in this labora-
tory, see below), rabbit anti-mouse thymic stromal lymphopoietin
(TSLP) Ab (1:400; LSBio, Seattle, WA) or rabbit anti-mouse CLCA3 Ab
(1:12,500; Abcam, Cambridge, MA) overnight at 4°C, followed by a goat
anti-guinea pig (1:200; Life Technologies, Grand Island, NY) or goat anti-
rabbit IgG secondary Ab (1:200; Life Technologies). Ab staining was
revealed by developing in diaminobenzidine substrate solution: 0.05%
diaminobenzidine/0.015% H,0,. Microscopic images were acquired using
a Zeiss Axio A2 microscope equipped with an AxioCam MRc5 camera
(Carl Zeiss). For immunofluorescence, blocking was performed in 4%
normal donkey serum in PBST (0.2% Triton X-100 in PBS). Sections were
incubated at 4°C overnight with mouse Abs against keratin 14 (1:1000;
NeoMarkers, Fremont, CA), CCSP (1:2000; Seven Hills Bioreagents), and/
or Stard7 (1:250). After washing in PBST, sections were incubated with
secondary Ab (Life Technologies) conjugated to Alexa Fluor 488, Alexa
Fluor 555, or Alexa Fluor 647 at a 1:200 dilution for 1 h at room tem-
perature. Sections were then washed in PBST and mounted with ProLong
Gold (Life Technologies). Confocal images of labeled tissue sections were
acquired using a Nikon Clsi confocal microscope (Nikon Instruments) at
a scanning resolution of 1024 X 1024 pixels.

Generation of Stard7 Ab

In order to generate Stard7 Ag, the START domain (encoding aa 136-327 of
mouse Stard7) was amplified from mouse type II epithelial cell cDNA
using upstream primer (5'-CGG GAT CCA AGT CAA AAG ACA AG-3')
and downstream primer (5'-ATA AGA ATG CGG CCG CGG CTT TCA
GAG TGG C-3'); restriction sites for BamHI and NotI were encoded in the
upstream and downstream primers, respectively. The amplified 579-bp
fragment was cloned into the BamHI/NotI sites of pGEX-6p-1 vector (GE
Healthcare Bio-Sciences, Piscataway, NJ). Stard7 LBD was expressed in
Escherichia coli BL21 (DE3). Transformed bacteria were grown in Luria—
Bertani medium, supplemented with 50 mg/ml carbenicillin, to an OD600
of 0.6; protein expression was induced by the addition of 0.1 mM isopropyl
B-D-thiogalactoside for 3 h at 37°C. Ten to 20% tricine-SDS-PAGE of
bacterial lysates expressing Stard7 LBD detected a band, M, ~ 49,000 Da,
following isopropyl B-p-thiogalactoside induction. The broth was centri-
fuged, and the isolated bacterial pellet was lysed by sonication in 20 mM
Tris buffer (pH 7.4) at 4°C. Inclusion bodies were recovered by centri-
fugation, washed in Tris buffer, and solubilized in the BugBuster
buffer (EMD Chemicals, Philadelphia, PA) with 0.3% N-lauroylsarcosine
(Sigma-Aldrich) and 1 mM DTT. Denatured, solubilized inclusion body
protein was diluted (1:10) in 20 mM Tris and 0.1 mM DTT (pH 8.5),
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dialyzed twice against 10 volumes of the same buffer for 3 h, and then
dialyzed twice against 10 volumes of 20 mM Tris (pH 8.5) for 3 h, fol-
lowed by dialysis twice in PBS. After centrifugation, the supernatant was
applied to prepacked GSTrap columns (GI Healthcare Bio-Sciences). The
column was washed and eluted, according to the manufacturers’ protocol.
Eluted protein was dialyzed against sodium phosphate buffer (pH 7.4) and
stored in aliquots at —80°C.

Purified recombinant mouse Stard7 START domain was injected into
guinea pigs to generate polyclonal Abs. Stard7 Abs were initially char-
acterized by immunohistochemistry of lung sections from 8-wk-old WT and
surviving Stard7 '~ littermates (Fig. 1).

Cytokine and quantitative RT-PCR

Total lung RNA was purified using the RNeasy Mini kit (Qiagen, Valencia,
CA) and reverse transcribed into cDNA using the iScript cDNA synthesis kit
(Bio-Rad, Hercules, CA). Quantitative RT-PCR (qRT-PCR) was performed
using TagMan primer/probe sets (Table I; Life Technologies), and data
were normalized to mouse {-actin using SDS software (Life Technolo-
gies).

Quantitation of IgE

Serum total and OVA-specific IgE were quantitated by ELISA. Briefly,
plates were coated at 4°C overnight with 2 pg/ml IgE (BioLegend, San
Diego, CA) Ab. For OVA-specific IgE, plates were coated at 4°C overnight
with 100 wg/ml OVA. The following day, plates were blocked with
1% BSA in PBS for 1 h and then coated with serum samples. Biotin-
conjugated IgE (2 pg/ml) and streptavidin-HRP (1:1000; BioLegend)
were sequentially added, and the reaction was developed using tetrame-
thylbenzidine as a substrate (BioLegend). Serum total IgE concentration
was determined from a standard curve generated from a known concen-
tration of mouse IgE provided by the manufacturer. OVA-specific IgE
levels were expressed at an OD of 450 nm.

Inflammatory cells

Bronchoalveolar lavage fluid (BALF) was collected by lavaging lungs
with 1 ml PBS containing BSA (1%) and EDTA (2 mM). The BALF was
centrifuged (5000 rpm for 10 min), and the cell pellet was resuspended in
RBC lysis buffer (Sigma-Aldrich). The remaining cells were counted using
a hemocytometer, spun onto slides, and stained with Diff-Quick (Shandon
Lipshaw, Pittsburgh, PA). Two hundred cells were counted per sample
to determine the percentage of eosinophils, macrophages, neutrophils,
and lymphocytes.

Flow cytometry

Single lung or lymph node (LN) cell suspensions (1 X 10 cells/100 pl) were
incubated in FACS buffer (PBS, 1% FBS, and 0.05% NaN3) containing
CD16/32 Fc-blocking Ab (2.4G2; BD Biosciences, San Jose, CA) for 30 min
at 4°C and then stained with fluorescently labeled Abs for 30 min at 4°C.
Cells were washed repeatedly in FACS buffer, fixed in 2% PFA for 20 min
at room temperature, washed, and resuspended in FACS buffer for flow
cytometry analysis. Data were acquired using the LSR II flow cytometer (BD
Biosciences) and analyzed using FACSDiVa (BD Biosciences) and FlowJo
software (Tree Star, Ashland, OR). The following mouse-specific mAbs were
purchased from eBioscience with the clone indicated in parentheses: CD1 Ic-
Alexa Fluor 647 (HL3), CD11b-PE-Cy7 (M1/70), Grl-allophycocyanin-
eFluor780 (RB6-8C5), CD317-Alexa Fluor 488 (eBi0927), CD80-PE
(16-10A1), CD86-PE (GL1), programmed death ligand 1 (PD-L1)-PE
(MIHS), B7-dendritic cell (DC)-PE (TY25), CD4-PE-Cy7 (RM4-5), IL-13-PE

Table I. TagMan primer/probe sets

Primer Product Number
1L-4 Mm00445259_m1
IL-5 Mm99999063_m1
IL-6 Mm99999064_m1
IL-13 Mm99999190_m1
1L-25 Mm00499822_m1
1L-33 MmO01195784_m1
Ccl-17 Mm01244826_gl

CLCA 3 MmO01320697_m1
TSLP MmO01157588_m1
TSLPR Mm 00497362_ml1
Actin Mm00607939_m1
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(eBiol3A), and IL-17A-Alexa Fluor 647 (eBiol7b7). Myeloid DCs
(mDCs) were defined as CD11¢*CD11b*Grl CD317".

Isolation and adoptive transfer of bone marrow-derived DCs

Bone marrow cells (3 X 10° cells/ml) were isolated from the femurs of
mice and cultured in complete RPMI 1640 medium supplemented with
GM-CSF (10 ng/ml; PeproTech, Rocky Hill, NJ). Medium was changed on
day 3. On day 6, bone marrow-derived DCs (BMDCs) were pulsed over-
night with PBS or 100 pwg/ml OVA (Sigma-Aldrich). The next day, PBS- or
OVA-pulsed BMDCs (2.5 X 10%/50 pl PBS) were administered intra-
tracheally to mice. Recipients were intratracheally challenged with 50 pl
PBS or OVA (10 pg) from days 10 to 13. AHR was assessed on day 14,
and mice were subsequently sacrificed for analyses of lung structure, in-
flammation and mucous cell hyperplasia.

Permeability studies

In vivo baseline permeability studies were performed as previously de-
scribed by Davidovich et al. (14). Each mouse was injected with 0.3 ml
FITC-conjugated albumin (12 mg/ml; Sigma-Aldrich) in the lateral tail
vein after sedation with isoflurane. After 3 h, BALF was harvested as
described above, and whole blood was collected via cardiac puncture and
allowed to clot. Albumin fluorescence in BALF and serum was determined
using Synergy2 Multimode Microplate Reader (Bio-Tek, Winooski, VT)
with absorption/emission wavelengths of 480/520 nm. Alveolar epithelial
permeability was defined as the ratio of BALF to serum fluorescence.

Statistics

Data were analyzed using Prism 5 software (GraphPad Software, San Diego,
CA) by unpaired Student ¢ test, one-way ANOVA, or two-way ANOVA
with a Bonferroni post hoc test. Data were presented as mean = SEM with
*p = 0.05, **p = 0.01, and ***p = 0.001 significance.

Results
Global deletion of the Stard7 gene

Guajardo et al. (1) identified 253 genes that were either activated
or repressed by at least 3-fold in children experiencing an acute
exacerbation compared with those with stable disease. Of interest,
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Stard7, a member of the START domain protein family involved in
intracellular lipid transport, was decreased by ~50% in acute asth-
matic children compared with either stable asthmatics or healthy
controls (Supplemental Fig. 1A). To identify whether Stard7 defi-
ciency influences asthma susceptibility, ES cells carrying a targeted
Stard7 allele were generated by the International Knockout Mouse
Consortium using a promoterless targeting cassette designed to pro-
duce a “knockout first” allele (Supplemental Fig. 1B). Targeted ES
cells were injected into blastocysts, and the resulting chimeric mice
were crossed with C57BL/6J mice to identify offspring carrying the
targeted allele in germ cells (Stard7"~ mice) (Supplemental Fig. 1C).
Expression of the targeted Stard7 allele resulted in splicing of exon 1
with the targeting cassette leading to transcription of the (-galacto-
sidase (3-gal) reporter gene and termination of the Stard7 transcript
(Fig. 1A). As expected, expression of (-gal mRNA was inversely
correlated with expression of Stard7 mRNA; similar results were
observed in both lung (Fig. 1A) and skin tissue (data not shown).
Immunohistochemical staining of lung tissue detected Stard7 in ep-
ithelial cells of airways, peripheral bronchioles, and alveoli of adult
WT mice but not in surviving Stard7 '~ mice, validating specificity
of the Stard7 Ab (Fig. 1B). There were no obvious changes in lung
structure or function through 1 y of age (data not shown).

Intercrosses of Stard7*'~ mice resulted in the expected number
of WT and heterozygous mice at 3 wk of age (Supplemental Fig.
1D); however, the number of Stard7 '~ offspring was greatly
reduced (Supplemental Fig. 1D). Analyses of developing embryos
indicated that the viability of Stard7 '~ embryos was dramatically
decreased after E10 (Fig. 1C). Surviving male Stard7 '~ mice
were infertile, but both male and female Stard7™'~ mice had
a normal life expectancy. Because of the low numbers of surviving
Stard7~'~ mice, all subsequent experiments were performed with
Stard7+'~ mice, a model that mimics the expression of Stard7 in
humans with acute asthma exacerbations (1).

1.2 1
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0.6 1
0.4 1

0.2 1

Ostard7+ (WT) Stard7*  Stard7 "

Embryonic survival
Live Dead
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FIGURE 1. Generation and initial characterization of Stard7*’~ and Stard7 "~ mice. (A) qRT-PCR of B-gal (left panel) and Stard7 (right panel) mRNAs

in lung tissue from 8-wk-old mice. B-Actin was used as an endogenous control. n = 3 samples/group. ***p = 0.001. (B) Immunohistochemical staining of

Stard7 in lung tissue of 8-wk-old mice. Scale bars, 25 wm. (C) Table depicting the number of surviving/dead embryos from Stard7*’~ intercrosses.
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Haploinsufficiency for Stard7 is associated with exaggerated
allergic disease

To determine whether the deficiency of Stard7 was accompanied by
an exaggerated allergic response, mice in the C57BL/6J genetic
background were sensitized by i.p. injection of OVA on days
0 and 7, followed by intratracheal challenge with OVA on days 18
through 21 (Fig. 2A). Histological evaluation of lung sections 24 h
after the last challenge detected peribronchial and perivascular
inflammatory cell infiltration that was markedly increased in OVA-
challenged Stard7"~ mice compared with controls (Fig. 2B).
Consistent with this finding, the total number of cells in BALF was
significantly elevated in Stard7*"'~ mice (Fig. 2C, left panel) with
eosinophils being the predominant cell type (Fig. 2C, right
panel). Th2 cytokines, including IL-4, IL-5, and IL-13, were
increased to a greater extent in Stard7"'~ mice (Fig. 3A); fur-
thermore, the subset of CD4" cells expressing IL-13 was sig-
nificantly increased in Stard7*’~ mice (Fig. 3B — gating strategy
shown in Supplemental Fig. 2A, 2B), whereas the frequency
of T cells expressing IL-17 was similar to WT littermates
(Supplemental Fig. 2C). Cytokines associated with Th2-biased
epithelial cell signaling to DCs, including GM-CSF, TSLP, TSLP
receptor, and CCL17/TARC, were also selectively increased
in lung homogenates of OVA-challenged Stard7*'~ mice
(Supplemental Fig. 3A); in contrast, two other epithelial cell-
derived cytokines, IL-25 and IL-33, were not different between
groups (data not shown). TSLP protein localized to airway epi-
thelial cells and infiltrating inflammatory cells and was increased
in OVA-challenged Stard7"'~ mice compared with WT littermates
(Supplemental Fig. 3B). This Th2-dominated phenotype in
Stard7"'~ mice was accompanied by elevated serum total IgE, as
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well as OVA-specific IgE (Fig. 3C), consistent with an enhanced
allergic response.

In addition to a prominent Th2-mediated inflammatory response,
clinical asthma is characterized by mucous cell metaplasia
and increased AHR. AHR was significantly increased in OVA-
sensitized and challenged Stard7*'~ mice compared with WT
littermates (Fig. 4A). Baseline airway resistance was similar in
unchallenged WT and Stard7""™ mice; however, OVA sensitiza-
tion in the absence of OVA challenge produced a modest but
significant increase in AHR in Stard7"~ animals compared
with similarly treated WT littermates (Fig. 4A). Mucous cell
metaplasia was detected by immunostaining and qRT-PCR for
CLCA3 (Fig. 4B, 4C) and was confirmed by Alcian blue staining
(Supplemental Fig. 3C). In each case, mucous cell metaplasia was
more pronounced in airways of OVA-challenged Stard7"'~ mice
compared with WT littermates. Overall, haploinsufficiency for
Stard7 was associated with enhanced pulmonary inflammation,
Th2 cytokines, total and OVA-specific IgE, mucous cell meta-
plasia, and AHR.

Haploinsufficiency for Stard7 increases epithelial barrier
permeability and activation of proasthmatic DCs

Because Stard7 is prominently expressed in the respiratory
epithelium, we tested the hypothesis that decreased expression
of Stard7 was associated with increased permeability of the epi-
thelial barrier. Lung epithelial barrier permeability was assessed
in nonsensitized or sensitized WT and Stard7"'~ mice following
i.v. administration of FITC-conjugated albumin. Accumulation
of FITC-albumin in BALF was similar in nonsensitized 2-mo-old
WT and Stard7*'~ littermates; however, epithelial permeability

wT Stard7*-

Eosin Neu Lym

OVA/OVA

FIGURE 2. Deficiency of Stard7 is associated with exaggerated allergic disease. (A) Schematic of allergen sensitization and challenge in WT and
Stard7*~ littermates in the C57BL/6] background. Mice were i.p. sensitized with 50 wg OVA (alum) on days 0 and 7, followed by intratracheal (i.t.)
challenge with 10 pg OVA on days 18 through 21. Control mice were sensitized with PBS (alum) or OVA (alum) and challenged with PBS. Mice were
analyzed on day 22. (B) H&E staining of lung tissue following sensitization and challenge. n = 6—8 mice/group. Scale bars, 50 wm. (C) Total (left panel) and
differential (right panel) BALF cell counts in mice following sensitization and challenge. n = 6-8 mice/group. ***p = 0.001. Eosin, eosinophil; Lym,

lymphocyte; Mac, macrophage; Neu, neutrophil.
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was significantly increased in sensitized 2-mo-old or nonsensitized
10-mo-old Stard7*"'~ mice (Fig. 5A). Consistent with increased epi-
thelial barrier permeability, we observed an increase in the frequency
of both total mDCs (CD11c*CD11b*Grl”CD317 ") as well as OVA-
bearing mDCs in the lungs and lung-draining lymph nodes (LNs) of
OVA-challenged Stard7"~ mice (Fig. 5B). Furthermore, a greater
frequency of lung and LN mDCs were positive for CD86, MHC class
II, or PD-L1 (Fig. 5C). Taken together, the development of an en-
hanced airway response in Stard7"~ mice was associated with in-
creased epithelial barrier permeability and activation of mDCs.

Adoptive transfer of OVA-pulsed DCs from Stard7"'™ mice
confers an exaggerated allergic response

Because deficiency of Stard7 was associated with an increased
activation of proasthmatic DCs, we next determined whether DCs
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from Stard7"'~ mice were sufficient to drive an allergic response
in WT mice. Bone marrow cells from WT and Stard7"'~ mice
were cultured in the presence of GM-CSF for 6 d, to drive de-
velopment of DCs, with the addition of OVA on the last day of
culture (Fig. 6A). Stard7 mRNA in BMDCs from Stard7"'~ mice
was less than the expected 50% (Supplemental Fig. 4A). OVA-
pulsed BMDCs were subsequently transferred to the airways of
WT/Stard7"'~ mice (day 0), followed by intratracheal challenge
with OVA on days 10 through 13 (Fig 6A). Histological evaluation
24 h after the last OVA challenge revealed extensive peribronchial
cellular infiltration (Fig. 6B) in association with a significant
increase in the total number of BALF cells (Supplemental Fig.
4B, left panel), eosinophilia (Supplemental Fig. 4B, right
panel), and elevated serum IgE (Supplemental Fig. 4C) in mice

FIGURE 4. Deficiency of Stard7 is as-
sociated with increased AHR and mucous
cell metaplasia following OVA sensitization
and challenge. (A) AHR was evaluated in
PBS and/or OVA-challenged mice. n = 8
mice/group; *p value, Stard7”'~ (OVA/
PBS) versus WT (OVA/PBS); **p value,
Stard7"'~ (OVA/OVA) versus WT (OVA/
OVA). (B) CLCA3 immunohistochemistry
* of lung tissue from OVA-sensitized and
OVA- or PBS-challenged mice. Scale bars,
50 pwm. (C) qRT-PCR of CLCA3 mRNA in
lung tissue of OVA-sensitized and chal-
lenged mice. n = 4 mice/group. *p = 0.05.
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FIGURE 5. Deficiency of Stard7 is associated with increased lung epithelial permeability and activation of proasthmatic mDCs. (A) Epithelial barrier
permeability was assessed by tail vein injection of FITC-albumin, followed by quantitation of FITC in BALF and serum of nonsensitized or OVA-sensitized
mice. Results expressed as BALF FITC/Serum FITC. n = 4-6 mice/group. (B) The frequency of total mDCs (left panel) and OVA™ mDCs (right panel) in
the lung or LNs of OVA-sensitized and challenged mice. (C) The frequency of mDCs in the lung (left panel) or LNs (right panel) expressing OVA and either

CD86, MHC class II (MHC-II), or PD-L1 in OVA-sensitized and challenged mice. n = 4-8 mice/group. *p = 0.05, ***p = 0.001.

that received OVA-pulsed BMDCs from Stard7"~ mice. Mucous
cell metaplasia was also significantly increased in WT re-
cipient mice that received OVA-pulsed BMDCs from Stard7*'~
mice (Supplemental Fig. 4D). Consistent with these findings,
Stard7"'~ BMDCs conferred a significant increase in airway re-
sistance when transferred to WT recipient mice (Fig. 6C,
Supplemental Fig. 4E, blue line); however, the magnitude of the
response was significantly increased in Stard7”'” recipient mice
compared with WT control mice (Fig. 6C, green versus blue line).
In contrast, WT BMDCs were not sufficient to induce AHR when
transferred to WT recipient mice (Fig. 6C, Supplemental Fig. 4E,
orange line) but caused a significant increase in airway resistance
when transferred to Stard7"'~ recipient mice (Fig. 6C, purple line).

A

AHR remained at baseline in the PBS-challenged WT recipient mice
regardless of whether the OVA-pulsed BMDCs were from WT or
Stard7"'~ mice (Supplemental Fig. 4E). Overall, BMDCs from
Stard7"'~ mice were sufficient to confer an exaggerated allergic re-
sponse, but the magnitude of the response was modulated by the
pulmonary environment, with increased allergeneity in Stard7"~
recipients.

Deficiency of Stard7 results in spontaneous dermatitis

Although lung structure and function remained normal in un-
challenged Stard7”~ mice (data not shown), ~30% of Stard7"~
mice developed skin lesions, predominately on the ears and back
beginning at 6-7 mo of age (Fig. 7A). Lesions were accompanied
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I
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OVA challenge (days 10-13) and analysis on day
14. (B) H&E staining of lung tissue from WT re-
cipient mice challenged with OVA. Scale bars, 50
pm. (C) AHR was evaluated in OVA-challenged
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FIGURE 7. Stard7"~ mice develop spontaneous dermatitis. (A) A skin lesion on the ear of a 7-mo-old Stard7"’~ mouse. (B) H&E staining of skin tissue
from 7-mo-old WT and Stard7*'~ mice. A section through the skin lesion shows expansion of basal, spinous, granular, and cornified layers of the epidermis
(white arrow) and cellular infiltration of the dermis in Stard7*'~ mice. Scale bars, 50 pm. (€) Inmunofluorescence of the epithelial cell marker keratin 14
(K14) and Stard7 in skin tissue from 8-wk-old WT mice. Scale bars, 25 pm. (D) gqRT-PCR of Th2 cytokine mRNAs in skin tissue of 7-mo-old WT and
Stard7* littermates. B-Actin was used as an endogenous control. n = 3 mice/group. (E) Total IgE in the serum of mice over time. n = 4 mice/group. **p <

0.01, ***p = 0.001.

by vigorous scratching and worsened over time. Histological
analyses demonstrated significant thickening of the epidermis,
including the cornified layer (Fig. 7B). Immunofluoresence
microscopy detected prominent staining for Stard7 in skin tis-
sue of WT mice that colocalized with keratin 14 (Fig. 7C),
indicating that Stard7 is normally expressed in the basal cell
layer of the epidermis. Th2 cytokine mRNAs, including IL-4,
IL-5, and IL-13, were significantly increased in lesion skin of
Stard7"'~ mice compared with nonlesion skin of WT litter-
mates (Fig. 7D). Serum IgE was normal in 3- and 5-mo-old
Stard7"'~ mice but was significantly increased beginning at
7 mo of age (Fig. 7E), correlating with the appearance of skin
lesions. This Th2-mediated inflammatory response occurred in

the absence of any detectable microorganisms in cultures from
lesion skin of Stard7*'~ mice (data not shown). Taken together,
these data indicate that loss of Stard7 in the epidermis is asso-
ciated with spontaneous atopic dermatitis. A model depicting
potential mechanism of Stard7 action in epithelial cells and DCs
is presented in Fig. 8.

Discussion

In the current study, haploinsufficiency for Stard7 was associ-
ated with exaggerated allergic lung disease and atopic dermatitis
in a mouse strain (C57BL/6J) that is widely considered to be
resistant to allergic disease. OVA sensitization, followed by
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FIGURE 8. Potential mechanisms for Stard7 action.
Stard7 facilitates uptake of PC by mitochondria, pro-
moting mitochondrial homeostasis and the energy re-
quired for maintenance of epithelial barrier integrity.
Stard7 may also suppress inflammatory responses,
leading to decreased DC activation and Th2 inflam-
mation. Haploinsufficiency for Stard7 could lead to
decreased ATP production, oxidative stress (genera-
tion of reactive oxygen species [ROS]) and proin-
flammatory responses that promote epithelial barrier
permeability and DC maturation, as discussed in the
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intratracheal allergen challenge of Stard7"'~ mice resulted
in significantly increased pulmonary inflammation, mucous
cell metaplasia, AHR, and OVA-specific IgE compared with
similarly treated WT littermates. Furthermore, approximately
one-third of Stard7*'~ mice developed pruritic skin lesions
associated with marked Th2 inflammation and elevated IgE.
Taken together, these data suggest that Stard7 is an important
component of a novel protective pathway that dampens allergic
responses at these two mucosal-environmental interfaces.

The current study provides evidence that deficiency of Stard7 ex-
pression in both DCs and epithelial cells contributes to pathogenesis
in Stard7"~ mice. Stard7 was expressed in BMDCs, and transfer of
OVA-sensitized BMDCs from Stard7"~ mice was sufficient to confer
an exaggerated allergic response in WT mice. However, the magnitude
of the response in WT recipient mice was significantly lower than that
in Stard7*'~ mice. Given that the major site of pulmonary Stard7 ex-
pression in the lung is in respiratory epithelial cells, it is likely that loss
of Stard7 in epithelial cells also contributed to an exaggerated allergic
response. Consistent with this hypothesis, lung permeability was sig-
nificantly increased in aged unchallenged Stard7"~ mice; furthermore,
OVA sensitization alone was sufficient to induce AHR, suggesting
that Stard7"'~ mice are predisposed to allergic disease. Epithelial
barrier integrity plays a critical role in limiting access of environmental
allergens, microorganisms, and toxicants to tissues (15, 16). Overall,
decreased epithelial barrier function likely leads to local sensitization
and DC recruitment/activation. Generation of mice in which Stard7 is
specifically deleted in lung epithelial cells is currently underway to
directly test this hypothesis.

Stard7 is a member of the subfamily of START domain proteins
that transfers phospholipids (Stard2, Stard7, and Stard10) or ceramide
(Stard11) among intracellular membranes (4, 5). Two Stard7 isoforms,
with predicted molecular masses of M, 43,000 Da (Stard7-I) and
M, 35,000 Da (Stard7-1II), have been identified and both isoforms
bind/transfer PC (2, 8). The Stard7-1 isoform contains a 75-aa
N-terminal extension that serves as a mitochondrial targeting sig-
nal, and overexpression of this isoform facilitates uptake of PC
by mitochondria. PC is the major phospholipid in mitochondria,
comprising 44% of total phospholipid (17), and because mito-
chondria lack the capacity to synthesize PC, import of this
phospholipid is likely critical for mitochondrial homeostasis.
Mitochondrial dysfunction in airway epithelial cells has pre-
viously been linked to oxidant stress and asthma pathogenesis
(9-12). Thus, one possible explanation for exaggerated allergic
disease in Stard7”~ mice is oxidant damage and/or diminished
generation of ATP, secondary to mitochondrial injury, that leads to
reduced epithelial barrier function, increased allergen penetration
and recruitment/activation of DCs (Fig. 8). Consistent with this
model, reactive oxygen species arising from mitochondrial res-
piration were previously shown to promote differentiation of DCs
(18). Thus, mitochondrial dysfunction could contribute to the in-
creased frequency of proasthmatic DCs as well as altered barrier
function in Stard7"'~ mice. Although the precise mechanisms are
unclear, our study suggests that loss of Stard7 promotes recruit-
ment and/or activation of mDCs resulting in an exaggerated Th2
inflammatory response to allergens.

Stard7-1II lacks the mitochondrial targeting sequence present in
Stard7-1 and may arise from translation initiation at a downstream
in-frame start codon in the Stard7 mRNA and/or processing of
Stard7-1 (3). The relative abundance and subcellular localization
of Stard7-II to the cytosol and plasma membrane in trophoblast
cells (19) and nucleus of testis cells (20) strongly suggest that
this isoform performs a nonmitochondrial function(s) that could
also impact the phenotype of Stard7"'~ mice (Fig. 8). Consistent
with a nuclear function, transcription factors that contain both

Stard7 INHIBITS ALLERGIC RESPONSES IN LUNG AND SKIN

a START domain and a homeobox domain are relatively com-
mon in plants (21, 22). Nuclear localization of Stard7 would
require association with a partner protein containing a nuclear
localization sequence. In this regard, Stard2, a closely related PC
transfer protein, was shown to bind to the homeodomain tran-
scription factor Pax3 and colocalize to the nucleus of transfected
cells (23). Moreover, Stard10 was recently shown to modulate
activity of the transcription factor PPAR«a and its downstream
target genes (7). Both PPARa and vy antagonize several tran-
scription factors involved in the effector phase of allergic in-
flammation, including NF-kB and activator protein-1 (24-27).
Humans with polymorphisms in PPARYy are at an increased risk
for developing asthma (28, 29). Consistent with these findings,
mice deficient in PPARa presented with increased eosino-
philia, IgE production, and AHR following allergen challenge
(30), whereas mice treated with PPARy agonists were protected
against disease (30-34). Importantly, PC was identified as an
endogenous ligand of PPARa and LRHI/NR5A2 (35-37).
Although the mechanism by which PC is delivered to PPAR
remains an important knowledge gap, it is conceivable that
Stard7 and/or Stard2 and Stard10 serve as PC chaperones for the
nuclear PPAR/RXR complex. Notably, PPAR signaling nega-
tively regulates DC immunogenicity (38, 39); thus, it is plausible
that the loss of Stard7 prevented PPAR-mediated suppression of
DC activation, resulting in the ability of OVA-pulsed Stard7*'~
DCs to confer an exaggerated allergic response in WT recipient
mice. This model may also explain the remarkable pheno-
typic similarities among Stard7"'~ mice, RXRa/B '~ mice and
PPARa '~ mice, including an increased susceptibility to allergic
lung disease and/or atopic dermatitis (30, 40). Overall, a poten-
tial nuclear function for Stard7 merits further investigation.

Global deletion of Stard7 resulted in embryonic lethality be-
tween E10 and E11, most likely related to disruption of car-
diovascular development, although this hypothesis has yet to be
tested. In contrast to Stard7”'~ mice, StardZ/Pctp_/ ~ (41) and
Stard10™'~ (7) mice survived and exhibited relatively subtle and
distinct metabolic phenotypes in adulthood. These results suggest
that, despite significant structural homology among these PC transfer
proteins, overlap of biologic function may be limited. It is important
to note that a role for Stard2 or Stard10 in allergic disease has not
been directly tested, and this remains an important knowledge gap.
The observation that haploinsufficiency for Stard7 was sufficient for
predisposition to allergic disease in mice may have important
implications for human disease. Indeed, expression of Stard7 mRNA
was decreased by ~50% in nasal mucosal brushings from human
patients experiencing an asthma exacerbation compared with stable
asthmatics and healthy controls (1). Importantly, respiratory viruses
are a major cause of asthma exacerbations and may contribute to
suppression of Stard7 expression. Overall, these findings underscore
the need for studies to determine whether loss of Stard7 expression
is causally linked to asthma susceptibility in humans.
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Fig. S1. Generation of Stard7”" mice.

(A) Expression of Stard7 mRNA in nasal epithelial cells isolated from children with
stable asthma or an acute asthma exacerbation (kindly provided by G.K. Hershey, M.D.,
Ph.D., Cincinnati Children’s Hospital Medical Center; Guajardo, J. R., K. W. Schleifer,
M. O. Daines, R. M. Ruddy, B. J. Aronow, M. Wills-Karp, and G. K. Hershey. 2005.
Altered gene expression profiles in nasal respiratory epithelium reflect stable versus acute
childhood asthma. The Journal of allergy and clinical immunology 115: 243-251). (B)
Schematic of the targeted Stard7 allele. A trapping cassette (SA-betagal-pA) flanked by

FRT sites was targeted to intron 1 of the Stard7 gene; exons 2 and 3 of Stard7 are flanked



by LoxP sites for cell/tissue-specific deletion of Stard7. FRT, FLp-recombinase target

site-directed recombination; En2SA, entrailed 2 splice acceptor site; IRES, internal

ribosome entry site; P-act:neo, P-actin promoter driving neomycin gene selectable

marker; pA, polyadenylation site. (C) PCR analysis of the targeted Stard7 allele in tail

DNA of 8 week-old mice. (D) Table depicting survival of 3 week-old progeny from

+/e .
Stard7"" intercrosses.
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Fig. S2. Identification of IL-13-secreted T cells in the lungs of OVA-exposed WT and

StarD7"" mice.



Lung cells were isolated from PBS-sensitized, PBS-challenged (PBS/PBS), OVA-
sensitized, PBS challenged (OVA/PBS), or OVA-sensitized, OVA-challenged
(OVA/OVA) WT or StarD7"”" mice. Cells were stimulated overnight with
PMA/Ionomycin, and cultured in the presence of brefeldin A and monensin for 4 hours.
Cells were stained with mAbs to CD4 and IL-13 or IL-17A for analysis of the frequency of
cytokine positive CD4 cells. (A) Gating strategy used to identify CD4+ cells. (B)
Representative dot plots showing identification of IL-13+ CD4+ T cells from WT and
StarD7"" mice in the various treatment groups. This gating strategy was used to identify

cytokine producing CD4+ T cells enumerated in Figures 3 and S2C. n = 4-8 mice/group.
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Fig. §3. Deficiency of Stard?7 is associated with increased inflammatory mediators and

mucous cell metaplasia following OV A sensitization and challenge.



(A) gqRT-PCR of cytokine and chemokine mRNAs from lung tissue of sensitized and
challenged mice. TSLP, thymic stromal lymphopoietin; TSLPR, thymic stromal
lymphopoietin receptor. n = 4 mice/group. (B) Immunohistochemical staining of TSLP
in lung tissue from OVA-sensitized and challenged mice. Scale bars = 50 um. (C)

Alcian blue staining of lung tissue following sensitization and challenge with OVA/PBS

or OVA/OVA. n =4 mice/group. Scale bars =50 um.
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Fig. S4. Adoptive transfer of Stard7” BMDCs confers an exaggerated allergic
response in WT mice.

OVA-pulsed BMDCs from WT or Stard7"”" mice were injected into the airways of WT
mice followed by intratracheal OVA challenge (days 10-13) and analysis on day 14. (A)

qRT-PCR of Stard7 mRNA in BMDCs (6 days after GM-CSF differentiation) from 8



week-old donor mice. P-actin was used as an endogenous control. n = 3 samples/group.
(B) Total (left panel) and differential (right panel) BALF cell counts in BMDC recipient
mice challenged with OVA. »n = 8 mice/group. (C) Total IgE in WT recipient mice
challenged with OVA. n = 5 mice/group. (D) Alcian blue (upper panels) and CLCA3
immunohistochemistry (lower panels) in lung tissue of WT recipient mice challenged
with OVA. Scale bars = 50 um. (E) AHR was evaluated in BMDC recipient mice
challenged with PBS or OVA. »n = 8 mice/group; *p value, Stard7”" DC/WT mice

(OVA/OVA) vs. WT DC/WT mice (OVA/OVA).
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