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Rationale: Although recent work has shown that CD34 plays an im-
portant role in the trafficking of inflammatory cells during Th2-
biased inflammatory responses, its role in Th1/Th17-biased disease
as well as dendritic cell (DC) trafficking is unknown.

Objectives: We used CD34-deficient mice (Cd34 /") to investigate
the role of CD34 in the Th1/Th17-biased lung inflammatory disease,
hypersensitivity pneumonitis (HP).

Methods: HP was induced in wild-type (wt) and Cd34~/~ mice by re-
peated intranasal administration of Saccharopolyspora rectivirgula
antigen. Lung inflammation was assessed by histology and analysis
of bronchoalveolar lavage cells. Primary and secondary immune
responses were evaluated by cytokine recall responses of pulmonary
inflammatory cells as well as draining lymph node cells.
Measurements and Main Results: Cd34~/~ mice were highly resistant to
the development of HP and exhibited an inflammatory pattern more
reflective of a primary response to S. rectivirgula rather than the
chronic lymphocytosis that is typical of this disease. Cytokine recall
responses from Cd34~/~ lymph node cells were dampened and con-
sistent with a failure of antigen-loaded Cd34/~ DCs to deliver anti-
genand primeT cellsin the draining lymph nodes. In agreement with
this interpretation, adoptive transfer of wt DCs into Cd34™/~ mice
was sufficient to restore normal sensitivity to HP. CD34 was found to
be expressed by wt DCs, and Cd34~/~ DCs exhibited an impaired
ability to chemotax toward a subset of chemokines in vitro. Finally,
expression of human CD34in Cd34 /" mice restored normal suscep-
tibility to HP.

Conclusions: We conclude that CD34 is expressed by mucosal DCs
and plays animportant role in their trafficking through the lung and
to the lymph nodes. Our data also suggest that CD34 may play
a selective role in the efficient migration of these cells to a subset
of chemokines.
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Dendritic cells (DCs) are known to be important contrib-
utors to lung inflammatory diseases, such as hypersensitivity
pneumonitis (HP), through their key role in antigen pre-
sentation. In order to present antigen in the lymph nodes
and subsequently induce T-cell responses, these cells are
required to undergo several important migratory steps,
which are crucial to normal DC function.

What This Study Adds to the Field

We show here for the first time that the stem cell antigen
CD34 is expressed by lung mucosal DCs and that its ex-
pression is needed for migration of DCs from the lung to the
lymph nodes in response to the HP antigen Saccha-
ropolyspora rectivirgula. We also show that loss of CD34
leads to protection from development of HP and that this
molecule plays an important role in the transition from
a primary to a chronic T-cell response in HP.

Antigen-presenting cells (APCs) play a crucial role in the devel-
opment of T cell-dependent adaptive immune responses (reviewed
in Reference 1). In response to an antigen challenge in the lung,
dendritic cells (DCs) are recruited to the alveoli, where they
acquire antigen and migrate into the lymphatic circulation in
response to several chemokines, including CCL19 (2). In the
lymph nodes, DCs mature and up-regulate the expression of the
costimulatory molecules CD80 and CD86, which facilitate their
ability to induce proliferation of antigen-specific T cells (1). Stim-
ulation of T cells via mature mucosal APCs plays a critical role in
chronic T-cell inflammatory response in a number of pathologies,
including hypersensitivity pneumonitis (HP) (3).

HP is a Th17-dependent inflammatory lung disease caused by
an exaggerated reaction to inhaled antigens such as Saccharopo-
lyspora rectivirgula (SR) (4, 5, and reviewed in Reference 6). This
pathology is characterized by a chronic lymphocytosis, a Thl/
Th17-biased cytokine response involving cytokines such as IFN-y
(7) and IL-12 (8) and the production of antigen-specific IgGs (6).
The steps leading to development of this disease in humans are
not well understood. Previous studies have suggested that the
costimulatory pathway between APCs and T cells is altered in
patients with HP (3, 9). Indeed, it has been reported that alveolar
macrophages isolated from patients with HP have elevated levels
of the costimulatory molecules CD80 and CD86 (9), and that
blockade of the CD80/86—CD28 costimulation pathway leads to
protection from experimental HP (3). Moreover, the adoptive
transfer of CD4™ T cells primed with the SR antigen has been
shown to transfer disease to naive animals, confirming the role of
the antigen-specific T-cell responses in the pathogenesis of HP
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(10). Finally, there is experimental evidence to suggest that mat-
uration of DCs via a viral infection can lead to an HP-prone, hy-
perresponsive lung environment (11, 12), as viral infections before
exposure to the SR antigen in mice leads to more severe HP (11).

CD34 is the founding member of a family of heavily glycosy-
lated cell-surface sialomucins. Although CD34 is commonly used
as a marker of hematopoietic stem/progenitor cells, recent liter-
ature has shown that it is also expressed by subsets of
mature cells, including mast cells (13), eosinophils (14, 15),
microglia (16), skin Langerhans cells (17), and fibrocytes (18).
Although the lack of CD34 does not result in an overt pheno-
type in adult mice at steady state (19), profound phenotypes are
exhibited under inflammatory conditions in CD34-deficient
(Cd34~~) mice. For example, we have found that CD34 is
essential for efficient trafficking of mast cells and eosinophils,
particularly during Th2-type inflammatory responses, and that
Cd34~/~ mice are resistant to the development of allergic
asthma (15, 19) and eosinophil-dependent colitis (20). Little,
however, is known of the role of CD34 during the priming phase
of a mucosal immune response.

Here we have used a classic mouse model of HP and Cd34
mice to investigate whether CD34 plays a role in mast cell- and
eosinophil-independent lung inflammatory disease. We find that
Cd34~ mice are resistant to the development of HP and, in
contrast to wild-type (wt) mice, develop inflammatory responses
more typical of a primary immune response even after repeated
exposure to SR antigen. Consistent with this observation, we
find that CD34 is normally expressed by lung DCs and that in
the absence of CD34, DCs fail to traffic efficiently through the
lung in response to antigen exposure. In support of the concept
that this reflects a cell-intrinsic defect in DCs, we find that pu-
rified splenic Cd34 '~ DCs exhibit a profound defect in chemo-
tactic migration in vitro. Finally, we show that expression of
a human CD34 transgene (hCD34) in Cd34 /" mice reestab-
lishes their susceptibility to HP. Our data are consistent with
a specific role for CD34 in DC/APC trafficking into and out of
the lung and in facilitating the development of chronic T-cell
responses in HP. They also suggest that CD34 is, potentially,
a therapeutic target for human pulmonary inflammatory disease.
Some of these results were presented in the form of an abstract (21).

—/—

METHODS
Mice

Mice were bred and maintained in a pathogen-free environment at The
Biomedical Research Center (University of British Columbia). All pro-
tocols were approved by the local ethics committee. Cd34 ™/~ mice were
a gift from Dr. Tak Mak and were routinely backcrossed to con-
trol C57Bl/6 (wt) mice. Human transgenic CD34 mice (hCD34) were
obtained from Dr. Daniel Tenen, Beth Israel Hospital, Harvard
University (22) and crossed onto the Cd34™’~ colony to generate
hCD34"/mCd34~~ mice. hCD34 transgene expression in Cd34 ™/~
mice was verified by reverse transcriptase—polymerase chain reaction
(RT-PCR), using the following primers: 5'-GGC AAC AGC TCA
ACC CA-3' and 3'-C AGG ATT TTG AAC CCT CCG-5'.
Mast cell-deficient, WBB6F1/J-Kit"/Kit" (hereafter referred to as
W/W") were purchased from Jax Laboratories (Bar Harbor, ME).
Wt littermates from this F1 hybrid strain were evaluated as control
animals in all HP experiments

Induction of HP and Assessment of Lung Inflammation

HP was induced as previously described (3, 11, 12, 23) by injecting 50 pl
of 4 mg/ml endotoxin-free SR antigen intranasally three times a week
for 3 weeks. Four days after the last intranasal instillation, mice were
anesthetized with ketamine/xylazine and blood was collected by car-
diac puncture. After blood collection, a bronchoalveolar lavage (BAL)
was performed by three subsequent introductions and aspirations of

1.0 ml sterile phosphate-buffered saline (PBS). The BAL fluid was set
aside and used to determine the BAL fluid/serum total protein ratio as
an indicator of lung vascular leakage. Total BAL cells were counted
and differential counts were determined from cytospin preparations
stained with modified May-Grunwald Giemsa stain (HemaStain Set;
Fisher Scientific, Kalamazoo, MI). The lungs were excised and either
kept for histological analysis or minced in 200 U/ml collagenase IV
(Sigma-Aldrich, Oakville, ON, Canada) in Hanks’ balanced salt solu-
tion. The collagenase digestion was performed for 45 minutes at 37°C,
and the cell suspension was separated by centrifugation on a 30% Per-
coll density gradient to isolate the inflammatory cell population.

Histology

The lower left lung was collected and fixed in 10% formalin, embedded
in paraffin, and cut longitudinally for histology sections. Slides were
stained with hematoxylin and eosin and the severity of lung inflamma-
tion was assessed for the following criteria: (1) peribronchial infiltration,
(2) parenchymal infiltration, (3) perivascular infiltration, (4) granulo-
mas, and (5) general tissue damage. A score of 0 to 4 was blindly
attributed to each criterion, for a possible total of 20 (0 = no sign of
disease, 4 = maximum pathology).

Cytokine Measurements

Cells isolated either from the lungs or from the draining mediastinal
lymph nodes of wt and Cd34~'~ mice were plated at 500,000 cells/
well in a 24-well plate in 1.0 ml RPMI supplemented with 10% fetal
bovine serum (FBS)/1% penicillin/streptomycin. The specific recall
immune responses were induced with increasing doses of SR anti-
gen (0, 10, 100, and 200 wg/ml). Cytokine content in the supernatants
was analyzed using a Cytokine Bead Array Inflammatory or Th1-Th2
cytokine kit (BD BioSciences, San Diego, CA) and samples were run
on a FACS Calibur Machine.

Detection of SR-Specific IgGs

Plates were coated with the SR antigen (5 pg/ml) in carbonate coating
buffer overnight at 4°C and washed with PBS-Tween 20 (0.05%). Serum
and BAL fluid obtained from wt and Cd34~~ mice was added to the
plates for 2 hours at 37°C, rinsed, and the SR-specific immunoglobulins
were detected using biotin-conjugated rat anti-mouse mouse 1gG2a (BD
Pharmingen, SanDiego, CA), followed by streptavidin coupled to horse-
radish peroxidase, ABTS substrate (Sigma), and 2N H,SO, as stopping
solution. Absorbance was read at 450 nm using a standard spectropho-
tometer and compared between wt and Cd34~~ mice.

Identification and Culture of DCs and CD34 Expression

Cells were prepared from BAL, lung, and lymph node as described
above and mouse bone marrow—derived DCs (BMDDC) were
obtained via stimulation of bone marrow cells with 20 ng/ml
mGM-CSF for 7 days. For the culture of human monocyte—derived
DCs (MDDC), blood was obtained from healthy volunteers and the
monocyte layer was isolated through Percoll gradient separation.
Monocytes were cultured with 10 ng/ml hGM-CSF for 7 days, and
MDDCs were later checked for CD11c expression by flow cytometry.

Single-cell suspensions were washed with PBS + 2% FBS, 2 mM
ethylenediaminetetraacetic acid, and 0.5 mM sodium azide, and all
subsequent steps were performed in this solution. Cells were blocked
with anti-CD16/CD32 for 15 minutes at 4°C. Samples were subse-
quently stained with fluorophore-conjugated antibodies to: CD45,
CDl11c, CD11b, B220 (The Biomedical Research Center in-house an-
tibody facility, Vancouver, BC), CD8a, CD80, CD86, MHC II (IAb),
and mouse and human CD34 (BD Pharmingen, San Diego, CA) and
examined using a FACS Calibur or LSRII instrument. DCs were iden-
tified as autofluorescence-negative, CD11c-positive, and MHCII™ cells.

For detection of CD34 mRNA, total RNA was isolated from 2.5 X
10° BMDDC or FACS-sorted pulmonary DCs using Trizol reagent
(Invitrogen Canada, Burlington, ON, Canada). RT was performed us-
ing the iScript cDNA synthesis kit according to the manufacturer’s
instructions (BIORAD, Mississauga, ON, Canada) and quantitative
PCR performed using QuantiTect specific primers for detection of
mouse CD34 and glyceraldehyde 3-phosphate dehydrogenase
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obtained for CD34 and GAPDH mRNA expression and expression
levels calculated and compared between wt and Cd34™’~ mice using
the A C(t) method (expression = 2(CUGAPDH)-(CUCD34)y

DC Adoptive Transfer

Flt3 ligand—producing melanoma cells were grown in vitro in complete
RPMI media supplemented with 10% FBS and 1% penicillin/
streptomycin. Next, 5 to 10 X 10* cells were subcutaneously injected
in the lower back of wt C57Bl/6 mice or Cd34~’~ mice. After tumor
growth to approximately 1 cm diameter, mice were killed, spleens were
excised, and DCs were isolated using a CD11c positive selection kit
(Stem Cell Technologies, Vancouver, BC, Canada). The cell purity was
verified and found to be between 96 and 98% DCs. Then 5 X 10°
isolated DCs were intravenously injected into recipients 24 hours be-
fore the first intranasal instillation with the SR antigen. HP was then
induced and analyzed as described above.

DC In Vivo and In Vitro Migration Essay

DC migration to the lymph nodes upon antigen acquisition was tested
in vivo via intranasal administration of 50 .l fluorescein isothiocyanate
(FITC)-coupled ovalbumin (OVA) (BD Pharmingen, San Diego, CA).
The percentage of FITC* myeloid (CD11b™) or nonmyeloid (CD11b™)
DCs was evaluated in the cervical lymph nodes 18 hours after the
administration of FITC-OVA via flow cytometry. Cervical lymph nodes
were chosen for these experiments, (rather than mediastinal nodes)
due to their accessibility in naive animals. For in vifro migration of
DCs, CD11c* splenic DCs were enriched from the spleens of wt and
Cd34~/~ mice injected with FIt3-ligand—producing melanomas and
placed in the upper chamber of 24-well Biocoat Matrigel Invasion Cham-
bers (BD Biosciences). Serial dilutions of CCL19 were added in the lower
chamber as a chemoattractant. Chambers were incubated at 37°C + 5%
CO, for 18 hours. At the end of the incubation period, cells in lower
chambers were recovered and evaluated. Latex beads were added to each
sample for counting by flow cytometry.

Statistics

Statistical analysis was performed using an unpaired Student ¢ test,
comparing wt to Cd34 '~ mice. Statistical significance was determined
at P < 0.05.

CD34 Is Required for Lung Inflammation in Response
to the SR Antigen

To test the role of CD34 in the development of Th1/Th17 lung
inflammatory disease, we used a well-described Farmer’s lung
model of HP (3, 11, 12, 23). The development of pulmonary
inflammation was first assessed through analysis of the
BAL cellular content. As shown in Figures 1A-1C, the cells
in the alveoli of naive animals (both wt and Cd34 ") are almost
exclusively resident alveolar macrophages. In response to the
repeated inhalation of SR, wt mice exhibit a strong recruitment
of inflammatory cells into the alveoli (Figure 1A) characterized
by a lymphocyte infiltration (Figures 1B and 1C). In contrast,
Cd34~"~ mice challenged with the SR antigen consistently show
reduced accumulation of total inflammatory cells compared
with wt mice (P = 0.02), primarily reflected in reduced numbers
of lymphocytes (P = 0.002) and neutrophils (P = 0.05). Al-
though the numbers of all inflammatory cell subsets are re-
duced, when the frequencies of cell subsets are compared
(Figure 1C), Cd34~~ mice consistently exhibit a lower fre-
quency of lymphocytes (P = 0.02) and a compensatory increase
in the frequency of neutrophils (P = 0.02) compared with wt
mice. This skewed ratio of lymphocytes to neutrophils observed
in the Cd34~/~ mice is reminiscent of a wt mouse response
during early priming in the HP model (24) and suggests that
Cd34~’~ mice fail to progress to the chronic lymphocytosis stage
after repeated exposure to SR.

The lung inflammatory cell cytokine recall response is an
indicator of the activation status of the local inflammatory cells.
To further characterize the pathology in Cd34™’~ mice,
inflammatory cells from the lungs were isolated and stimu-
lated with increasing doses of SR in vitro to evaluate the
antigen-specific [IFN-y production, a cytokine involved in de-
velopment of HP (4). As shown in Figure 1D, the Cd34~/~
inflammatory cells produce less IFN-y in response to SR,
supporting the conclusion that lung inflammation is lower in
Cd34~~ mice compared with their wt counterparts (cells



690

A Wild Type
n'} ",I’"f.’ -‘i‘ ‘.”
an ‘lr!. "1'-.\: .
B 14 TOTAL 4 . Granulomas
121 = 0.004 ]
010 p=0. o 31 N.S
o g | o 1
o o 2 |
»n g | n
4 4 1
2 4 ]
0 - 0 4
Wild Type Cd34-/- Wild Type Cd34-/-
2 Perivascular infiltrate Parenchymal infiltrate
3
o 16 p=0.02
5 o
908 n
1
0.4
Wild Type Cd34-/- Wild Type Cd34--

pooled from 5-6 mice, representative result of three separate
HP experiments).

The reduced pulmonary inflammation in Cd34~/~ mice was
further confirmed via analysis of hematoxylin and eosin—
stained lung sections (Figure 2), using a well-described
method of lung histology analysis (3, 15, 25, 26). Briefly, slides
were evaluated for the level of peribronchial, perivascular,
and parenchymal (tissue and alveoli) infiltration (see METH-
ops). The presence of granulomas as well as general tissue
damage (damaged alveoli, damaged epithelium, overall qual-
ity of anatomic structures) were also evaluated. Administra-
tion of SR in wt mice induces a robust inflammatory cell
infiltration, tissue damage, and granuloma formation. Al-
though Cd34™/~ mice exhibit similar levels of peribronchial
and perivascular infiltration (Figure 2B), they show signifi-
cantly less parenchymal infiltration (P = 0.02) and reduced
tissue damage (P < 0.0001) for an attenuated total histolog-
ical score (P = 0.004).
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Figure 2. Histological analysis
of lungs from wild-type (wt)
and Cd34~/~ mice challenged
with phosphate-buffered saline
(PBS) or the Saccharopolyspora
rectivirgula (SR) antigen. (A) He-
matoxylin and eosin-stained
lung sections obtained from wt
and Cd34~/~ mice challenged
intranasally with PBS or the SR
antigen. PA = parenchymal in-
filtrate; PB = peribronchial infil-
trate; PV =  perivascular
infiltrate; TD = tissue damage.
(B) Histological score obtained
in four animals, in which the fol-
lowing parameters were evalu-
ated on a scale of 1 to 4 (naive

Peribronchial infiltrate to most severe): parenchymal

2 T infiltrate, perivascular infiltrate,
015l peribronchial infiltrate, tissue
5 damage, presence of granulo-
5 1 mas, and all of the above com-

bined for the total histological

0.5 score. Data are presented as

0 mean = SEM, and are represen-

Wild Type Cd344- tative of two se.zparate experi-
ments. n = 4 mice per group.
Tissue damage
3
o
9 2
a p< 0.0001
1
Wild Type Cd34-/-

Mucosal DCs Express CD34

Although we and others have found CD34 to be expressed on
mast cells and eosinophils (13-15), we have, to date, failed to
detect CD34 on cell types known to be involved in Th1/Th17
inflammatory responses (such as macrophages, neutrophils,
and lymphocytes). Because Cd34 '~ mice are resistant to the
development of HP, and because mucosal DC/APCs play an
important role in HP pathogenesis, we evaluated CD34 expres-
sion on mucosal DCs isolated from the alveoli, lung tissue (pa-
renchyma), and the draining mediastinal lymph nodes by flow
cytometry. Mucosal DCs were identified as autofluorescence-
negative, CD11c*/MHCIIY cells, (as described in References
27-29). As shown in Figure 3A, in naive animals, alveolar
DCs express low levels of CD34, whereas nonalveolar paren-
chymal DCs and DCs isolated from the lymph nodes are
CD34-negative. Intriguingly, CD34 expression is up-regulated
in response to the SR antigen on the alveolar DCs, mildly
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Figure 3. CD34 expression on
mucosal dendritic cells (DCs).
(A) Flow cytometry histograms
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up-regulated on parenchymal DCs, and not up-regulated on
lymph node DCs.

The expression of CD34 on DCs was confirmed through de-
tection of mRNA using quantitative RT-PCR (Figure 3B). PCR
products for CD34 mRNA in unstimulated BMDDCs or naive
lung-isolated DCs were detectable at 22 cycles and 30 cycles,
respectively, with AC(t)s of 5.18 and 9.35 over GAPDH expres-
sion. Stimulation of BMDDCs with SR and exposure of mice to
the SR antigen induced an approximately two-fold increase in
mRNA expression compared with naive cells and naive mice
(Figure 3B) (n = 3). As expected, no CD34 transcript was
detected in Cd34~/~ DCs (data not shown).

CD34 Deficiency Alters DC Emigration and Maturation in the
Lung in Response to the SR Antigen

DC trafficking in the lung during inflammation is an intricate phe-
nomenon involving several migratory steps, including migration
from the blood to the parenchyma, the parenchyma to the alveoli,

dividual mice and of two inde-
pendent  experiments.  (B)
Relative CD34 mRNA expres-
sion found in SR-stimulated
bone marrow-derived DCs
(BMDDCs) and  pulmonary
DCs isolated from wild-type
(wt) hypersensitivity pneumoni-
tis (HP) mice. Results are
expressed as fold of expression
over naive cells.

and finally the alveoli to the lymphatic endothelia to enter the lym-
phatic circulation and to reach the lymph nodes. Based on our ob-
servation that CD34 is expressed by lung DCs after inflammatory
stimuli and previous work showing its importance in trafficking of
mast cells and eosinophils to the lung (15), we tested whether
CD34 expression affects the trafficking of DCs through the lung
in HP. DCs were identified as autofluorescence-negative, CD11c™/
MHCII (IAb)" (Figure 4A), as previously described (27-29). We
evaluated their recruitment to the alveoli and parenchyma based
on the frequency of DCs and the total number of inflammatory
cells in the BAL (alveoli) and lung parenchyma preparations
(Figure 4B). We observed that lack of CD34 leads to a significant
decrease in DC numbers in the alveoli (P = 0.009) but not in the
lung parenchyma, where either equal numbers or, in some experi-
ments, increased numbers of DCs are observed (for an example
of increased numbers, see Figure 7). It is noteworthy that the
number of DC progenitors in the bone marrow and blood is
not altered in Cd34/~ mice compared with wt mice in response
to the SR antigen (data not shown). Intriguingly, the maturation
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Figure 4. CD34 and dendritic cell (DC) accumulation, maturation, and trafficking. (A) DCs were identified in the alveoli and parenchyma as
autofluorescence-negative/CD11c*/MHCII™ population (top right section). (B) Total numbers of DCs in the alveoli and parenchyma of wild-type
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six mice in each experiment.

state of the CD11c™ cells (Figure 4C) present in the alveoli and
lung tissue is altered in Cd34 "~ mice compared with wt, as shown
by lower expression of CD80, CD86, and MHCII (P < 0.05).
Although some local antigen presentation can occur in the
lung lymphoid follicles, the majority of antigen presentation
and T-cell activation occurs in the draining mediastinal lymph
nodes (reviewed in Reference 1). To test whether the trafficking
of antigen-presenting cells to the draining lymph nodes is af-
fected in Cd34~’~ mice, we tested the antigen-specific recall
response of wt and Cd34 '~ mediastinal lymph node cells isolated
from mice challenged with SR. We noted a dose-dependent,
antigen-specific increase in the production of tumor necrosis
factor and IFN-y from wt mice (Figure 4D; representative ex-
periment of three separate recall experiments), suggesting nor-
mal antigen presentation and T-cell priming in wt lymph nodes.
In contrast, the cytokine response in Cd34 '~ total lymph
node cells is consistently lower than in wt cells. This is likely
not due to a defect in Thl or Th2 polarization in Cd34~~ mice,
as we have observed that, on a per-cell basis, splenocytes from
mice lacking CD34 expression can produce equal levels of IFN-y,
TNF, IL-10, and IL-5 in response to an anti-CD3 stimulation
(unpublished observation). This is further supported by the fact
that we detect equivalent levels of SR antigen-specific IgG2a in

serum and BAL fluid of wt and Cd34~~ mice (Figure 4E) along
with similar levels of B cells in the parenchyma (data not shown)
suggesting that local antigen priming in lung lymphoid aggregates
may occur normally and that the altered recall response in
Cd34™'~ draining lymph node cells is likely due to a lower
trafficking of antigen-loaded DCs to the lymph nodes.

Taken together, our data suggest that CD34 is required for
efficient trafficking of DCs through the lung and that DCs are
retained in the lung parenchyma of Cd34 '~ mice in response
to SR rather than migrating to the lymph nodes to stimulate the
antigen-specific T cell response.

CD34 Expression by Hematopoietic Cells Is Key to the
Development of HP

CD34 is expressed on several hematopoietic lineages as well as
on some of the non-hematopoietic microenvironmental cells
(vascular and lymphatic endothelia, for example). We have pre-
viously shown that Cd34~/~ animals have an intrinsic defect in
vascular integrity (30). Therefore, the defective response to SR
observed in Cd34~’~ mice could, potentially, reflect an up-
stream defect in the vascular endothelial barrier function. To
address this possibility, we generated bone marrow chimeric
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representative of two separate experiments. n = 4-6 mice per group.

mice to differentiate between the contributions of the hemato-
poietic versus nonhematopoietic expression of CD34 in the pro-
tection observed in Cd34 '~ mice. Briefly, wt Ly5.1 mice were
lethally irradiated (1,200 rads) and reconstituted intravenously
with 5 X 10° cells of Cd34 "~ Ly5.2 bone marrow or wt Ly5.2
bone marrow. Reconstitution was verified 12 week post-
transplant, and only mice with more than 90% chimerism were
studied further. HP was induced in chimeric mice and the pul-
monary inflammation was assessed as described above. We find
that wt mice reconstituted with wt bone marrow develop a ro-
bust inflammatory response (Figure 5), whereas the response
was attenuated in wt mice reconstituted with Cd34~~ bone
marrow (P = 0.04). When the frequency and maturation state
of DCs in the BAL and lung parenchyma of SR-challenged
chimeric mice was assessed we found that, similar to mice with
ubiquitous deletion of CD34, wt mice reconstituted with Cd34 =/
bone marrow have lower numbers of DCs in the alveoli com-
pared with wt mice reconstituted with wt bone marrow (Figure
5B) (P = 0.02), but similar or higher numbers of DCs in the
parenchyma (Figure 5C). Finally, similar to ubiquitous Cd34 "/~
mice, DCs from wt mice reconstituted with Cd34~~ bone mar-
row express lower levels of CD86 compared with mice reconsti-
tuted with wt bone marrow. All in all, these results strengthen the
conclusion that loss of CD34 on the hematopoietic compartment
(and specifically on DCs) is responsible for the protective phe-
notype observed in Cd34 ™"~ mice.

Nevertheless, because CD34 is expressed on the vascular en-
dothelia and we have recently demonstrated increased vascular
permeability in Cd34 ™'~ mice in response to local inflammation
(30), we tested whether these mice also exhibit any defects in
vascular permeability in response to the SR antigen by calcu-
lating the BAL fluid/total serum protein ratio as an indicator of

lung vascular leakage (31). In wt mice, SR induced an increase
in vascular permeability compared with naive mice (Figure 5D).
Consistent with our previous observations, vascular permeabil-
ity in response to SR was higher in Cd34~~ mice (P = 0.0005).
However, although we do detect greater vascular permeability
when CD34 is deleted ubiquitously, our chimeric data suggest
the protection of HP in Cd34 '~ mice reflects a hematopoietic-
specific lesion.

Mast Cells Are Not Required for Development of HP

Previously, we showed that CD34 is expressed on mast cells and
that loss of this sialomucin leads to impaired trafficking of
these cells, in vivo. Although mast cells have not previously
been reported to play a significant role in the development of
HP, we formally addressed this possibility by inducing HP in
mast cell-deficient W/W" mice (32), which have been used ex-
tensively to evaluate the importance of mast cells in a variety of
diseases (33-35). We observe no significant changes in the total
number of inflammatory cells (Figure 5E) or in the frequency of
macrophages, lymphocytes, or neutrophils (data not shown) in
W/W"Y mice compared with their littermate control mice. This
suggests that mast cells, as a lineage, are dispensable for devel-
opment of HP and that loss of CD34 expression on mast cells
could not account for the phenotype observed in Cd34~/~ mice.

Adoptive Transfer of WT DCs into Cd34~/~ Mice Restores
Susceptibility to Disease

Because it is known that intravenously transferred DCs can
localize to the lung shortly after transfer (36, 37), we reasoned
that if trafficking of DCs in response to antigen is deficient in
Cd34™’~ mice, then addition of intravenous wt DCs before
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Figure 6. Adoptive transfer of wild-type (wt) dendritic cells (DCs) into Cd34™/~ mice restores disease. (A) Representative example of CD34
expression in the two DC subtypes found in the splenic preparation (CD11b™ = myeloid; CD8 = lymphoid). (B) Total inflammatory cells found
in the bronchoalveolar lavage (BAL) of mice adoptively transferred with wt and Cd34™/~ DCs. Data are presented as mean + SEM and are
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compared with Cd34/~ alone. ***P < 0.05, Cd34~/~ + wt DCs compared with Cd34™/~ + Cd34~/~ DCs. (C) Flow cytometry plots representing
fluorescein isothiocyanate (FITC)* myeloid (CD11b*) and nonmyeloid (CD11b"9)/CD11c* lymph node cells. (D) Numbers of Cd11c*/FITC" cells
in the cervical lymph nodes isolated from wt and Cd34™/" mice. (E) Splenic DCs were derived from wt and Cd34™/~ mice and examined for their
ability to chemotax across matrigel-coated transwells in response to increasing concentrations of CCL19.

antigen exposure would restore susceptibility to disease. To
generate large quantities of DCs for transplantation, Flt-3
ligand-producing B16 melanoma cells were injected in wt mice
and tumors were allowed to grow for 2 weeks. As reported
previously, this resulted in a potent, Flt-3 ligand-dependent ex-
pansion of tissue DCs (38). Splenic preparations were then
enriched for CD11c” cells, which were subsequently injected
intravenously into wt or Cd34~~ mice 24 hours before the first
challenge with the SR antigen.

Before transfer, DC preparations were evaluated by flow
cytometry and found to contain myeloid CD11b* DCs as well
as lymphoid CD8* DCs, both expressing intermediate levels of
CD34 (Figure 6A). Because the same subtypes are naturally
found in the BAL and parenchyma of SR-treated mice, we be-
lieved that these would likely complement the defective DC
subsets in Cd34~~ mice. As per previous experiments, we note
that Cd34~/~ mice develop a lower inflammatory cell infiltra-
tion in response to SR than wt control mice (Figure 6B). In-
terestingly, transfer of wt DCs into Cd34~’~ mice induces
a robust response to the SR antigen, whereas the response in-
duced by the transfer of Cd34 '~ DCs into Cd34~'~ recipients
was lower. This result indicates that the phenotype observed in
Cd34~~ mice can be reversed solely by the addition of wt DCs

before antigen exposure. This also suggests that expression of
CD34 on DCs alone can account for the protective phenotype
observed in Cd34~~ mice and that the defect observed in
Cd34~"~ mice likely occurs downstream of DC progenitor pro-
duction in the bone marrow and recruitment to the peripheral
blood.

In Vivo Trafficking of DCs to the Lymph Nodes Is Impaired
in Cd34/~ Mice

To directly address the hypothesis that DC trafficking to the
lymph nodes on antigen uptake is impaired in the absence of
CD34 expression, the in vivo trafficking of intranasally in-
stilled OVA-FITC to the lymph nodes was evaluated in wt
and Cd34~’ mice. Briefly, wt and Cd34~~ mice were challenged
intranasally with OV A coupled to the FITC fluorochrome. Eigh-
teen hours post OVA challenge, the number of FITC* myeloid
(CD11b™) and nonmyeloid (CD11b'" ") DCs were analyzed in
the cervical lymph nodes (Figures 6C and 6D). Interestingly,
we observed lower numbers of FITC* myeloid (CD11b™) and
nonmyeloid (CD11b™) DCs in the lymph nodes isolated from
Cd34~~ animals compared with wt (Figure 6B), suggesting a
defect in Cd34 '~ DCs trafficking from the alveoli to the lymph



Blanchet, Bennett, Gold, et al.: CD34 and Dendritic Cell Trafficking

695

A B Unstimulated MDDCs C SR-stimulated MDDCs
1 600 !
1000 i ] i E
(}I 200 1 E
" l'LI 150-: | ] o o0’ ) | o
P A \ 3 ] | ,. 3 3 J._ll "
g 500 ﬂ | * 100 ' - =] ‘
) 250 \“ Jlﬁ'ﬂj""'-'-‘\-‘ll‘"‘lm lL 200? i ‘.nrj ]
.-?J 1 50 o \-4» E vl,;%'w‘ il hl;
_ b, L i 1 il b
0Ny AT T I S L L —— i dA——t
10° 10 10 10° 102 10° 10 10° 10 2 10° 10* 108
Rat IgG2a-PE CD34-PE CD34-PE
D E F Macrooh
35 - _ : n Macrophages 16 mMacrophages
p=0.05 60 oLymphocytes olymphocytes
30 1 50 | oNeutrophils 14 oNeutrophils
—_ 1] —_
E 251 340 | . g 12
vg 20 ‘—3 we 10
= I 530 { < 8
® 15 1 ‘G * 2 4
3 < 20 A ] *
o 10 © O 4
5 ] 10 - _r_| ) _r_l
04 . . 0 A . . s 0 . . .
wt cdsa™  cd34’ihcpaa+ wt cd34™  cds4’incp3s+ wt cd34”  cd341nCD34+
G ALVEOLI H PARENCHYMA | PARENCHYMA
25 4 2.57 p = 0.0005 5.0 p =0.0005
— =0.04 '
E P I
= 20 A - 1 2.0 1
3 _40
- 8 €
x 15 Q15 ¥ S 3.0
5 [ & %
3 10 1.0 ® 20
T 3
a5
0 05 1.0 i
0 4 . P 0 - o m 0 . —
wt Ccd34™ Cd34_/_/hCD34+ wt Cd34 Cd34°/hCD34+ wt Cd34™ Cd34 -/-/hCD34+

Figure 7. Expression of human CD34 in Cd34~/~ mice restores disease sensitivity. (A) Isotype control and (B) CD34 expression in unstimulated and
(C) 50 pg/ml Saccharopolyspora rectivirgula (SR)-stimulated human monocyte-derived dendritic cells (DCs). (D) Total number of bronchoalveolar
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nodes on antigen uptake. This was not due to an inability to
uptake the antigen in the absence of CD34, because FITC*
DCs were found in the lung of Cd34 '~ mice (data not shown).
Taken together, these data suggest that CD34 is required for
efficient trafficking from the alveoli to the lymph nodes.

In Vitro Chemotaxis Is Defective in Cd34~/~ DCs

To test whether the impaired ability of Cd34~"~ DCs to migrate
to the lymph nodes in vivo reflected a cell-autonomous defect,
we examined the chemotactic capabilities of purified wt and
Cd34~'~ DCs in vitro. Briefly, wt or Cd34~"~ DCs were pre-
pared from the spleens of mice as described in the METHODS.
These DCs were then placed in the upper chamber of Matrigel-
coated transwells and monitored for their ability to migrate
through these chambers in response to increasing doses of the
DC chemotactic agent CCL19. We chose CCL19 for these as-
says because we found that lung CCL19 mRNA expression was
up-regulated in the HP model (data not shown); moreover, this
chemokine is specifically expressed in the lymphoid tissue (39),
involved in DC trafficking from the lung to the lymph nodes,
and increased in another interstitial lung disease (2, 40), which

make it a candidate of choice for in vitro testing of DC chemo-
taxis from the lungs to the lymph nodes. As shown in Figure 6E,
although wt DCs showed a clear dose-dependent ability to
chemotax to CCL19, Cd34~/~ DCs were found to be defective
in their ability to migrate to this chemokine over a range of
concentrations. Surprisingly, wt and Cd34 "~ DCs showed an
equal ability to chemotax to SDF-1/CXCL12 (data not shown).
We conclude that the impaired ability of Cd34™'~ DCs to traf-
fic in vivo reflects a selective and cell-intrinsic defect in the
ability to sense and appropriately respond to specific chemo-
tactic signals.

Expression of Human CD34 Compensates for Lack of
Mouse CD34

Because lack of CD34 in mice leads to attenuated inflammation in
this model we hypothesized that human CD34 may be a general
therapeutic target for dampening pulmonary inflammatory dis-
ease. To first determine whether CD34 is expressed by human
DCs, blood was obtained from five healthy individuals and
MDDCs were generated and tested for CD11c expression (data
not shown) and found to be more than 85% positive for the DC
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marker. Results for CD34 expression on CD11c¢™" cells are presented
in Figures 7A-7C. We observed that CD34 is expressed on
MDDC s (as shown in Figure 7B), and, as previously observed
in mouse DCs, is up-regulated upon in vitro stimulation with the
HP antigen SR. Indeed, we observed an increase in the number
of CD34-expressing cells as well as an increase in the mean
fluorescence of CD34™ cells on exposure to SR (Figure 7C).

To test whether human CD34 plays a similar role to the
mouse form of CD34 in the HP model, we crossed Cd34™~/~
animals to mice bearing a human genomic BAC clone (hCD34*
mice) carrying the entire human CD34 gene as well as the appro-
priate regulatory sequences required for the normal human ex-
pression pattern (22). These mice (hCD34"/mCd34~"") were
then challenged with the SR antigen to test whether expression
of the human form of CD34 could reestablish sensitivity to HP.
As presented in Figure 7D, we again observe that Cd34™/~
mice develop milder inflammation compared with wt mice,
characterized by a lower number of total cells in the BAL
(Figure 7D) (P = 0.05), a lower percentage (Figure 7E) and
total number of lymphocytes/ml (Figure 7F) (P = 0.007 for %;
P = 0.009 for number of lymphocytes/ml; n = 6) and a higher
percentage of neutrophils (P = 0.003). In contrast, h(CD34"/
mCd34~~ mice mount a response that is indistinguishable
from wt mice, characterized by an equivalent total number
of inflammatory cells as well as the expected lymphocytosis.
This result suggests that the expression of hCD34 in mice can
compensate for loss of mouse CD34.

Consistent with a role for human CD34 in DC trafficking, we
noted that expression of hCD34 also reverses the blockade in
DC recruitment to the alveoli observed in Cd34~~ mice (Figure
7H). As noted above, here and in previous experiments we observe
an atypical accumulation of DCs (percentage and total number of
cells Figures 7H and 7I) in the parenchyma of Cd34~/~ mice,
suggesting that Cd34~~ DCs tend to accumulate in the paren-
chyma rather than the lymph nodes. Intriguingly, this too was
completely reversed by expression of the hCD34 transgene. Taken
together, these data suggest that human CD34 is expressed by
DCs, up-regulated on stimulation, facilitates DC trafficking, and
acts in an equivalent manner to mouse CD34 in this model.

DISCUSSION

We recently showed that CD34 plays a critical role in facilitating
the trafficking of mast cells and eosinophils to the lung and
thereby regulates the pathology associated with allergic asthma
(15). Because eosinophils and mast cells play a more prominent
role in Th2-skewed diseases and are not believed to have a major
role in HP, we reasoned that Cd34 '~ mice would respond in
a similar manner to wt mice in this Th1/Th17-dependent disease.

LYMPHATIC CIRCULATION

LYMPH NODE

Figure 8. Schematic representation of the lesions in
CD34~/~ dendritic cell (DC) function in vivo. The red
crosses indicate the hypothesized defect in Cd34~/~
mice. Normally, DC precursors leave the circulation, en-
ter the lung parenchyma, and subsequently cross the
basement membrane and epithelia to enter the alveolar
space. Upon antigen uptake these cells then traffic back
into the lung parenchyma and enter the lympbhatic circu-
lation on their way to the draining lymph node for anti-
gen presentation to T cells. Cd34~/~ DCs fail to efficiently
traffic from the alveolar space and migrate to the draining
node and instead accumulate in the parenchyma. Likewise,
recruited DCs from the circulation accumulate in the paren-
chyma and fail to enter the alveolar space in response to
inflammation.

Surprisingly, we found that Cd34 '~ mice were also protected
from HP, and this led us to investigate whether CD34 is
expressed by other cell types involved in development of HP,
including lung DCs. This is, to our knowledge, the first report
to document CD34 expression on mucosal DCs, and we provide
clear data to suggest that CD34 affects trafficking of these cells
into the lung and the subsequent pathology associated with this
model of pulmonary inflammation.

Several lines of evidence suggest that protection in this model
is due selectively to loss of CD34 on DCs and not loss on other
hematopoietic or nonhematopoietic cell types. First, although we
have previously shown that loss of CD34 on vascular endo-
thelial cells leads to enhanced permeability during inflam-
mation (30), this does not appear to be responsible for the
attenuated inflammation observed here because transplantation
of Cd34~'~ hematopoietic cells into wt recipients is sufficient to
transfer resistance. We also show that the phenotype is unlikely
to be due to loss of CD34 from other CD34-expressing hema-
topoietic candidates like mast cells because our experiments in
mast cell-deficient W/W" mice suggests they are dispensable for
this disease. Likewise, eosinophils are not observed during HP
development, arguing against a role for these cells in this dis-
ease. Finally, we have shown that transfer of wt DCs into CD34-
deficient animals is sufficient to restore susceptibility to disease.
In aggregate, these data strongly argue that the lack of CD34 on
DCs, specifically, is sufficient to attenuate inflammation in this
model and that normal DC function is essential for the devel-
opment of inflammation in HP.

Our results are also consistent with a key role for CD34 in DC
trafficking from the lungs to the lymph nodes. First, the fact that
the expression level of CD34 (7) is higher on the alveolar and
parenchymal DCs compared with those isolated from the lymph
nodes, and (2) increases after challenges with the SR antigen
would argue that this molecule is important in trafficking in
response to antigen uptake. This is also supported by the fact
that we consistently note equal or higher numbers of DCs in the
lung parenchyma but normal numbers of bone marrow and
blood DC progenitors. We therefore hypothesize that CD34 is
up-regulated by DC activation, possibly on antigen capture, and
thereby facilitates DC migration through the lung to the lymph
nodes. Finally, we find CD34 is down-regulated on lymph node
DCs, possibly reflecting a step in the maturation process to halt
further migration (Figure 8).

This model is supported by several additional observations, in-
cluding the attenuated antigen-specific cytokine recall response in
the draining mediastinal lymph nodes of Cd34 "~ mice and the
ability to override defective HP responses in Cd34 /" mice
through transplantation of wt DCs. Finally, the observed inability
of Cd34™"~ DCs to efficiently carry FITC-labeled antigen from
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the alveoli to the lymph nodes strongly suggests that lack of
CD34 expression alters the capacity of DCs to traffic efficiently
from the lung to the lymph nodes. This would explain the accu-
mulation of DCs observed in the parenchyma of Cd34~~ mice as
well as the failure to induce chronic antigen-specific T-cell
responses in Cd34™"~ mice. Indeed, we consistently observe that
the early neutrophilic response to SR in these mice fails to evolve
into a T-cell alveolitis typical of the wt type disease.

Our in vitro data argue that CD34 plays a cell-intrinsic role
in facilitating efficient DC chemotaxis, because the migration of
Cd34~~ DCs to CCL19 is highly impaired. The fact that this
occurs in vitro and in the absence of selectins (the only known
potential ligand for CD34) would argue against a selectin-
dependent adhesion effect and for a more subtle effect on che-
mokine gradient detection. Although CCL19 has also been
reported to activate DC maturation (41), it is unlikely that
Cd34~~ mice have an intrinsic defect in the ability to present
antigen because we have previously shown that, when primed
intraperitoneally, inflammatory cells isolated from Cd34~/~
mice can produce cytokines in an antigen-specific fashion at
normal levels in a mouse model of asthma (15). Similarly, in
the present studies we detect wt levels of SR-specific IgG2a in
the serum of Cd34 /™ animals, suggesting that Cd34 '~ antigen-
presenting cells can efficiently present the antigen locally in
lymphoid follicles. Taken together, our data suggest that
CD34 expression on DCs is important for trafficking in response
to an antigen challenge and is essential for the subsequent T-cell
antigen-specific response.

It is noteworthy that several recent studies have also suggested
a role for transmembrane sialomucins in increasing the fidelity of
chemokine receptor signaling, and enhancing chemotaxis (42, 43).
Indeed, the cell surface sialomucin CD164 enhances the ability of
human hematopoietic precursor cells to migrate in response to
CXCL12, through a coassociation between CD164 and the
CXCLI12 receptor (42). Similarly, we have shown that hemato-
poietic progenitors lacking podocalyxin, a close relative of CD34,
also exhibit an impaired ability to migrate to CXCL12 (unpub-
lished observation). Likewise, it was recently shown that P-selectin
glycoprotein ligand 1 (PSGL-1) enhances the binding of CCL19
and CCL21 to T cells, thereby enhancing chemotaxis (43). In
summary, the ability of hematopoietic sialomucins to enhance
chemotaxis is an emerging theme in blood cell migration and
the data presented here offer a further example of this concept.
It will now be important to ascertain the precise lesion in signal
transduction that leads to this defect.

Our results also suggest that targeting DCs, and specifically
CD34 expression on DCs, could lead to efficient treatment of
DC-dependent pulmonary inflammatory disease. Because the
ectopic expression of human CD34 on the mouse Cd34 "~ back-
ground leads to the complete reversal of the phenotype in re-
sponse to the SR antigen, it is likely that the human form of
CD34 acts in a similar fashion to modulate lung inflammation.
This quality suggests that hCD34 could be an appealing target
for treatment of human HP and possibly other lung inflamma-
tory diseases, including allergic asthma (15). The fact that CD34
deletion does not lead to any obvious defect in mice during
development, or at steady state in the adult, suggests that
CD34-based therapies are likely to be well-tolerated and that
the humanized CD34 mouse described here may provide an
ideal model for evaluating the efficacy of such therapies.
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