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Semaphorin 4C Protects against Allergic Inflammation:
Requirement of Regulatory CD138" Plasma Cells

Di Xue,*" Gabriel N. Kaufman,*' Marieme Dembele,*" Marianne Beland,*
Amir H. Massoud,* Barbara C. Mindt,i’§ Ryan Fiter,* Elizabeth D. Fixman,*
James G. Martin,* Roland H. Friedel,’ Maziar Divangahi,* Jorg H. Fritz,i’§ and
Bruce D. Mazer*'

The regulatory properties of B cells have been studied in autoimmune diseases; however, their role in allergic diseases is poorly
understood. We demonstrate that Semaphorin 4C (Sema4C), an axonal guidance molecule, plays a crucial role in B cell regulatory
function. Mice deficient in Sema4C exhibited increased airway inflammation after allergen exposure, with massive eosinophilic lung
infiltrates and increased Th2 cytokines. This phenotype was reproduced by mixed bone marrow chimeric mice with Sema4C de-
ficient only in B cells, indicating that B lymphocytes were the key cells affected by the absence of Sema4C expression in allergic
inflammation. We determined that Sema4C-deficient CD19*CD138" cells exhibited decreased IL-10 and increased IL-4 expression
in vivo and in vitro. Adoptive transfer of Semadc™~ CD19*CD138* cells induced marked pulmonary inflammation, eosinophilia,
and increased bronchoalveolar lavage fluid IL-4 and IL-5, whereas adoptive transfer of wild-type CD19*CD138*IL-10" cells
dramatically decreased allergic airway inflammation in wild-type and Sema4c™'~ mice. This study identifies a novel pathway
by which Th2-mediated immune responses are regulated. It highlights the importance of plasma cells as regulatory cells in allergic
inflammation and suggests that CD138* B cells contribute to cytokine balance and are important for maintenance of immune
homeostasis in allergic airways disease. Furthermore, we demonstrate that Semad4C is critical for optimal regulatory cytokine

production in CD138* B cells. The Journal of Immunology, 2017, 198: 000-000.

conserved structure that are important in embryonic de-

velopment, axonal guidance, angiogenesis, and organ
morphogenesis (1-5). They interact with ubiquitous receptor
proteins that share similar structures, known as plexins and neu-
ropilins (6). In particular, class 4 semaphorins are implicated in
multiple immunoregulatory processes. Semaphorin 4A plays a
role in Thl cell differentiation (7) and in maintaining regulatory
T cells (Tregs) at sites of inflammation (8). Semaphorin 4B was
shown to be a negative regulator of basophil-induced Th2 acti-
vation (9). Semaphorin 4D acts as a costimulation molecule during

S emaphorins are a family of proteins with a common
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T cell activation via interaction with CD72 (10). We recently found
that activation of human tonsillar B cells by anti-CD40 Abs and
IL-4 significantly increased the expression of semaphorin 4C
(Sema4C) (11). Plexin B2, a known ligand for Sema4C, is
expressed on germinal center B cells (12, 13), and Sema4C—Plexin
B2 interaction plays a critical role in embryonic cerebellar (14,
15) and renal (16) development. However, there are no data de-
scribing the role of Sema4C in immune responses.

B cells are essential players in adaptive immune responses as a
result of their ability to secrete specific Abs in response to infection
or allergen. In allergy, plasma cells secrete IgE that binds to high-
affinity FceRI on mast cells, and cross-linking of this complex by
allergens initiates allergic inflammation, including recruitment of
eosinophils (17-19). B cells also function as regulatory cells by
downregulating allergic and autoimmune responses in an IL-10-
dependent manner (20-26). However, our understanding of regu-
latory B cells (Bregs) in allergic inflammation is extremely limited.

We evaluated the role of Sema4C in allergic responses by comparing
wild-type (WT) and Sema4c ™~ mice using a model of OVA-driven
allergic airways disease (AAD). Mice deficient in Sema4C responded
to allergen by exhibiting markedly increased pulmonary inflammation
and eosinophilia and enhanced Th2 cytokine production. This phe-
notype was rescued by provision of CD19*CD138*IL-10* B cells,
which are significantly diminished in Sema4c ™'~ mice, and provision
of exogenous Sema4C induced in vitro IL-10 production in Semadc '~
B cells. Taken together, our data indicate that Sema4C plays a role in
B cell regulatory function, impacting Th2 responses in AAD.

Materials and Methods
Animals
WT C57BL/6 mice and IL-105°" reporter mice C57BL/6-IL-10"™"-1%aP/y

(Vert-X) were purchased from the Jackson Laboratory. Sema4C hetero-
zygote mice (Sema4c*'™) bred on a C57BL/6 background were provided
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by Dr. Roland H. Friedel (Mount Sinai Hospital, New York, NY) (15).
Semad4c*'™ mice have been back-crossed to C57BL/6 mice for >10 gen-
erations. Sema4c*’” mice were bred, with resulting litters consisting of
WT, Semadc*™, and Semadc ™"~ mice. Semad4c™~ mice were identified by
genotyping, using a three-primer multiplex PCR with the following pri-
mers: 5'-TGGTGTGGCTTACCCTGTGCTTTG-3" (genomic forward),
5'-AGAAAGGAGCCAGGTTGTTCTGCA-3" (genomic reverse), and
5'-ACTTCCGGAGCGGATCTCAAACTC-3' (vector reverse), which am-
plifies a 620-bp WT fragment and a 430-bp mutant fragment (15). WT
littermate mice were used as controls for Sema4c™'~ mice. WT recipient
mice used in Figs. 5 and 6 were purchased from the Jackson Laboratory.

To generate bone marrow chimeric mice, JH7/7 mice (C57BL/6-CD45.2
background) (27) were lethally irradiated (two equal doses of 450 rad) and
injected i.v. with 2 X 10° bone marrow cells (20% C57BL/6-CD45.1 and
80% Ju '~ [WT-B] or 20% Sema4c™~ and 80% Jy '~ [S4C-B)). They
were fed water with neomycin (2 g/1) for 14 d after irradiation and used for
experiments after 8 wk of reconstitution.

All animals were housed in a pathogen-free environment, and all ex-
periments were in accordance with the regulations and standard guidelines
of the McGill University Animal Care Committee.

AAD model

Mice were sensitized by i.p. injection with 100 wl OVA/alum (0.5 mg/ml
OVA and 4 mg/ml aluminum hydroxide in PBS) on days 0 and 14, fol-
lowed by challenges with intranasal OVA from days 28 to 30 (20 wl of 10
mg/ml OVA in PBS). For intranasal challenge, mice were anesthetized
with 2% isoflurane in oxygen before OVA was delivered. Analysis of
airway hyperresponsiveness (AHR; followed by sacrifice) was performed
24 h after the final challenge (28). To measure AHR, mice were exposed to
saline, followed by doubling concentrations of aerosolized methacholine
(MCh; 16-256 mg/ml; Sigma-Aldrich) using a small-animal ventilator
(flexiVent; SCIREQ) (29). Bronchoalveolar lavage fluid (BALF) was
collected following instillation of 500 wl of PBS/0.5% BSA. Cells in
BALF were centrifuged and stained with the Hema 3 kit (Fisher Scientific).
Cytokine levels were measured by Milliplex (Millipore). To measure se-
rum IgE concentrations, blood was collected by cardiac puncture and
centrifuged for 15 min at 12,000 rpm/min, and serum was collected. Serum
IgE levels were measured using modified commercial ELISA kits (Bio-
Legend for total IgE and Cayman Medical for OVA-specific IgE). For
cellular analysis, lung tissue was digested with 0.1 mg/ml DNase and 0.15
U/ml collagenase D (both from Roche) in 10 ml of digestion buffer
(15 mM HEPES, 0.1 g/l CaCl, and 0.1 g/l MgCl, @ 6 H,O in PBS) at 37°C
in a 10-cm petri dish. After 45 min, lung digests were homogenized by
passing through a 3-ml syringe with an 18G needle then filtered through a
40-pm filter.

Flow cytometry and imaging flow cytometry

The following Abs were used for phenotyping: CD19-allophycocyanin
(clone 6D5), CD3-FITC (17A2), CD4-BV421 (RM4-5), CD8-PE (53-6.7),
IL-10-PE (JES5-16E3), CD138-BV421 (53-7.3 and 281-2), CD1lc-
BV421 (N418), CD11b-PerCP or allophycocyanin (M1/70), CD25-
PE (7D4), IL-7Ra-PE (A7R34), FceRI-PE (MAR-1), TruStain FcX
(93), MHCII-PerCP—eFluor 710 (M5/114.15.2), Ly6C-allophycocyanin
(HK1.4), Ly6G-FITC (1A8), and Foxp3-allophycocyanin (FJK-16s) (all
from BioLegend, San Diego, CA). Gr-1-PE/Cy7 (RB6-8C5), IL-4-PE
(11B11), and Fixable Viability Dye eFluor 780 (FVD) were from eBio-
science. Siglec-F-PE/Texas Red (E50-2440) was from BD Pharmingen.
All fluorophore-labeled Abs were used at 1 pg/ml. Fc block (TruStain
FcX) was used at 2.5 pg/ml. FVD was used at a 1:1000 dilution. For
staining, 10° cells were stained with FVD in 100 wl of PBS for 10 min at
room temperature, followed by one wash with 1 ml of cold PBS/0.2%
BSA. To avoid nonspecific binding, cells were blocked with TruStain
FcX in 100 pl of PBS/0.2% BSA at 4°C. Abs against surface Ags were
added 15 min after Fc block without washing, for 30 min at 4°C, followed
by three washes with 1 ml of cold PBS. For IL-10 or IL-4 intracellular
staining, 10° cultured B cells or isolated spleen cells were permeabilized
and fixed with 250 pl of BD Cytofix/Cytoperm for 20 min at 4°C, followed
by washing with 1 ml of BD Perm/Wash buffer (both from BD Phar-
mingen). Cells were then stained with IL-4-PE/Cy7 or IL-10-PE in 100 .l
of Perm/Wash buffer for 30 min, followed by two washes with 1 ml of
Perm/Wash buffer. Data were acquired on a Becton Dickinson LSR II flow
cytometer and analyzed using FlowJo software (TreeStar). Cell sorting was
performed using a BD FACSAria III, following standard procedures.
Gating strategies and cell purity are shown in Supplemental Fig. 4. For
intracellular cytokine staining of single-cell suspensions of spleen cells
from mice following allergen challenge, CD19*CD138" cells were stained
as described above without PMA/ionomycin restimulation. We performed
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imaging cytometry on an Amnis ImageStream X Mark II (EMD Milli-
pore). Cells were stained following the same protocols as for standard
cytometry, and data were acquired and analyzed with IDEAS (EMD
Millipore). Cells were all pregated on focused cells, live cells, and single
cells as per standard procedures.

Adoptive transfer of B lymphocytes and CD19*CD138*IL-10*
cells

Semadc™’~ and WT CDI19*CDI138" B cells. Semadc™"~ or WT mice were
sensitized with OVA, as described. Spleen cells were collected on day 27.
CD138*CD19" spleen cells were sorted by FACSAria III. Gating strategy
and purity are shown in Supplemental Fig. 4A. A total of 1 X 10° CD138*
CDI19* cells from Semadc™~ or WT mice was transferred intratracheally
(i.t.) to OVA-exposed WT recipients, which were then challenged intra-
nasally with OVA for 3 d and sacrificed within 24 h of the last challenge.

CDI9*CDI38*IL-10" cells. Vert-X-IL-10°9"" and WT mice were sensi-
tized with OVA, as described above. Vert-X—-IL-105"P mice were sacri-
ficed on day 27. Spleen cells (pooled from three Vert-X-IL-10% mice)
were stained with CD19 and CD138. CD19*CDI138*GFP* cells were
sorted using a FACSAria III. Gating strategy and purity are shown in
Supplemental Fig. 4C. For adoptive transfer, 10° cells in 50 .l of saline, or
vehicle alone, were transferred i.t. to OVA-sensitized WT animals 24 h
before their first OVA challenge. Before receiving the i.t. cell transfer,
recipients were anesthetized with 2% isoflurane in oxygen. Recipients
were sacrificed 24 h following the last OVA challenge.

To ensure that the donor cells were successfully delivered into the lungs
of recipients, donor cells were labeled with CellTrace Far Red (Invitrogen)
before transferring, following the manufacturer’s instructions. A total of
10° cells was incubated in 1 pM CellTrace Far Red in 1 ml of PBS for
20 min at 37°C. The reaction was stopped with 5 ml of PBS/10% FBS.
Cells were washed and resuspended for infusion, as above.

Histological analysis

Murine lungs were inflated by injecting 10 ml of ice-cold PBS/0.5% BSA
into the lungs through the right ventricle to remove blood and then injecting
2 ml of 10% formalin through the trachea to inflate the lungs. The intact
lungs were carefully removed, fixed in 10% formalin, and embedded in
paraffin. Five-micron sections were prepared, stained with H&E, and ex-
amined using light microscopy. For airway caliber measurements, the
actual area (A,) and the perimeter of 10 randomly selected airways (P,)
were measured by ImagelJ. The ideal area (A;) of the airway was calculated
using the formula A; = (P,)%/4m. The degree of airway narrowing was
calculated using A, /A; (30). A lower A,/A; indicates increased broncho-
spasm. Histopathological scores were calculated as described by Cimolai
et al. (31).

Cell culture

B cell culture. Splenic B cells were purified with an EasySep Mouse B Cell
Enrichment Kit (STEMCELL Technologies). A total of 0.25 X 10° B cells
per milliliter was stimulated with anti-CD40 Abs (1 wg/ml; clone HM40-3;
eBioscience), with or without IL-4 (40 ng/ml) and/or IL-21 (40 ng/ml)
(Prospec), in RPMI 1640 supplemented with 10% FBS, 100 U/ml peni-
cillin, 100 pg/ml streptomycin, 50 wM 2-ME, and 25 mM HEPES (Fisher
Scientific). For intracellular staining, PMA (50 ng/ml) and ionomycin
(1 pg/ml; both from Sigma-Aldrich), in the presence of 2 uM GolgiStop
(BD), were added to culture 5 h prior to harvest.

HEK-S4C and B cell coculture. HEK293 cells were stably transfected using
Lipofectamine 3000 (Life Technologies) with a full-length murine Sema4C
construct using expression vector pReceiver-M77 (GeneCopoeia) (32).
HEK293 cells stably transfected with Sema4C or untransfected HEK293 cells
were treated with mitomycin C (10 wg/ml) for 2 h and then cultured with
B cells (1:10) in the presence of anti-CD40 Abs and IL-4 and IL-21, as above.
After 96 h, supernatants were harvested, and the percentage of CD138*IL-10"
cells among CD138" cells was determined by flow cytometry.

Western blotting

Cells were washed in ice-cold PBS and incubated in 1X RIPA buffer
(Abcam) supplemented with Roche cOmplete Protease Inhibitor Cocktail
(Sigma-Aldrich). A total of 20 ug of protein was resolved by 10% SDS-
PAGE and electro-transferred to polyvinylidene difluoride membranes
(Bio-Rad). Membranes were blocked with 3% BSA in PBS (pH 7.2) for
1 h at room temperature and incubated overnight at 4°C with sheep anti-
mouse Sema4C (1/1000; R&D Systems). After washing, membranes were
treated with anti-sheep HRP at room temperature for 2 h. Blots were
developed using Clarity ECL Blotting Substrate (Bio-Rad), with actin as
the control protein.
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Statistical analysis

All data are presented as mean = SEM. Statistical analysis for AHR was
performed using repeated-measures ANOVA. Comparisons among several
means were analyzed using one-way ANOVA with the Bonferroni post hoc
test. Two-tailed ¢ tests were performed for other assays. The p values =
0.05 were regarded as statistically significant. Statistical analyses were
performed with GraphPad Prism 6.0 software.

Results
Sema4C-deficient mice develop augmented Th2 responses
following allergen exposure

We examined murine splenic B lymphocytes for their expression of
Sema4C. Resting splenic B cells exhibited little Sema4C mRNA or
protein (Fig. 1A, 1B); however, Sema4C expression was induced
significantly when B cells were stimulated with anti-CD40 Abs in
the presence of IL-4 and IL-21.

To examine the role of Sema4C in Th2-mediated allergic re-
sponses, we exposed WT and Semad4c™’~ mice to Ag using an
OVA-driven model of AAD (28). Of note, no significant difference
in immune cell counts in spleens or lymph nodes was detected
between naive WT and Sema4c™’~ mice (Supplemental Fig. 1A,
1B). OVA-sensitized and -challenged Sema4c™'~ mice exhibited
significantly higher airway resistance and elastance in response to
MCh inhalation compared with WT mice (Fig. 1C, 1D), as well as
significant decreases in airway caliber (Fig. 1E, 1F). The increased
AHR in Sema4c™'~ mice was also associated with enhanced in-
filtration of mononuclear and granulocytic cells into the lungs
(Fig. 1E). The percentage of T cells and Tregs in the lungs was
similar between WT and Sema4c’~ mice (Supplemental Fig. 1C,
1D); however, the numbers of B cells and eosinophils (CD11b*
CD11c¥™Siglec-F*SSC-A"2") were significantly increased in
inflamed lungs of Sema4c™~ mice (Fig. 1G-J). No difference in
CD11b*Siglec-F~ cells was detected between WT and Semadc ™~
mice (Supplemental Fig. 1E, 1F). The majority of B cells detected
in the lungs from mice with AAD exhibited the phenotype of
follicular B cells; however, we were able to detect CD19"CD138*
plasma cells in lung cells isolated using a collagenase-free method
(Supplemental Fig. 1G). Levels of Th2 cytokines, including IL-4
and IL-5, in BALF, as well as total and OVA-specific serum IgE,
were also significantly increased in Sema4c™'~ mice following
OVA challenge (Fig. 1K-M, Supplemental Fig. 1H, 1I). Serum
IgE was not detectable in the absence of allergen exposure in PBS-
treated Sema4c™'~ mice (Supplemental Fig. 1H). No significant
difference in IL-17 or IFN-y in BALF was detected between WT
and Sema4c™'~ mice following allergen challenge (Supplemental
Fig. 1]).

Sema4C-deficient B cells enhance pulmonary inflammation in
response to OVA

To determine whether the augmented response to Ag inhalation in
Semadc™’~ mice was due to the lack of SemadC expression on
B cells, we generated B cell-specific Sema4C-deficient mixed
bone marrow chimeric mice (S4C-B). WT-B mice were used as
controls (Fig. 2A). Six weeks after reconstitution, no overt phe-
notypic defects were observed in chimeric mice. All peripheral
B cells from WT-B mice expressed the congenic marker CD45.1
(Fig. 2B), indicating that the B cells in recipients were differen-
tiated from donor bone marrow cells. Twenty percent of T cells
from WT-B mice expressed CD45.1, and 80% expressed CD45.2
(Fig. 2B), indicating proportional repopulation of the transplanted
bone marrow cells. No differences were detected in baseline
splenic or lung B cells, including follicular B cells and marginal
zone B cells, CD4" T cells, CD8* T cells, dendritic cells, and
macrophages, between naive S4C-B or WT-B mice (Supplemental

Fig. 2B-F). Collectively, these data demonstrate that the chimeric
mice were generated successfully.

S4C-B mice, sensitized and challenged with OVA, reproduced
the enhanced pulmonary inflammation seen in Sema4c™ '~ mice,
exhibiting markedly increased eosinophils (Fig. 2C-E) and B cells
in the lungs, with no difference in T cell populations (Fig. 2F,
Supplemental Fig. 2F). Compared with WT-B mice, S4C-B mice
with AAD exhibited elevated levels of BALF IL-4 and IL-5,
as well as total and OVA-specific serum IgE (Fig. 2G-I,
Supplemental Fig. 2G). These results indicate that the increased
Th2 inflammation observed in Sema4c™’~ mice was primarily due
to the defect in Sema4C specifically in B cells.

Semadc ™'~ B cells exhibit a deviation from regulatory to
proinflammatory cytokine profiles

Elevated Th2 responses are associated with decreased regulatory
cells and diminished IL-10 production (33). However, upon analysis
of Treg numbers, we observed no difference in Treg in the lungs of
sensitized and challenged WT mice compared with Semadc™”~
mice or in chimeric WT-B mice versus S4C-B mice (Supplemental
Fig. 1B). In contrast, >50% of the IL-10" cells detected in spleens
and draining lymph nodes in WT-B mice with AAD postchallenge
were CD19*CD138"IL-10" B cells (Fig. 3A—C). The presence of
significant numbers of IL-10* B cells was confirmed by performing
our experiments using IL-10-GFP Vert-X reporter mice, which
revealed that 40% of the GFP-expressing cells were CD19*CD138*
(Supplemental Fig. 3A). CD138" B cells exhibited increased me-
dian fluorescent intensity for IL-10 compared with CD138 "~ B cells
(Fig. 3D), suggesting greater cytokine production. Using imaging
flow cytometry, IL-10 was demonstrable in CD19*CD138" cells
(Fig. 3E). IL-10 production was confirmed using sorted cultured
CD19"CD138* cells (Supplemental Fig. 3B). In S4C-B mice with a
selective absence of Sema4C expression on B cells, the percentage
and absolute number of CD19"CDI138*IL-10" cells were signifi-
cantly decreased (Fig. 3F-H) compared with WT-B mice. No dif-
ference was noted in the percentage or frequency of nonplasma cells
(CD19*CD138 ") between S4C-B and WT-B mice (Supplemental
Fig. 3C, 3D). In contrast to the ~40% of CD19*CD138" cells that
produced IL-10, only 0.3% of CD19*CD138 ™ cells are IL-10*. The
frequency of IL-10-producing cells among CD19*CD138" cells
was comparable between S4C-B and WT-B mice with AAD
(Supplemental Fig. 3E).

In contrast to the significant numbers of IL-10—producing cells
in WT-B mice, S4C-B mice exhibited increased CD19"CD138*
IL-4* cells in spleens following OVA exposure (Fig. 31-K). This
led to an increase in the ratio of CD19"CD138"IL-4"/CD19*
CD138"IL-10" cells in S4C-B mice (Fig. 3L). Compared with
CD138*CD19" cells, there were lower significant numbers of
IL-4"CD19"CD138" or IL-4"CD19" cells (Supplemental Fig. 3F).
IL-4*— and IL-10*—producing CD19"CD138" cells appeared to be
two distinct populations (Supplemental Fig. 3G). These results
demonstrate that Sema4C-deficient CD19*CD138" cells exhibit
a marked deviation from regulatory cytokine-producing cells to
cells that primarily produce proinflammatory cytokines, such as
IL-4 (34, 35).

Development of CD138" B cells is highly dependent on optimal
signals from T follicular helper cells (36). To investigate whether
the cytokine profile from Semad4c™’~ CD19"CDI138" cells is due
to an intrinsic defect or to incomplete T follicular helper cell
signals in the germinal center, we provided optimal cytokine
conditions by stimulating splenic B cells with anti-CD40 Abs with
the addition of IL-4 and IL-21. After 96 h, similar to in vivo
conditions, ~50% of WT IL-10-producing CD19" cells were
CD138" (Fig. 4A). In contrast, few CD19*D138" cells produced
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FIGURE 1. Sema4c™™ mice develop severe AAD. (A and B) Murine B cells express Sema4C. (A) Sema4C expression in unstimulated B cells (Control) and
B cells stimulated with anti-CD40+IL-4+IL-21 for 24 h, measured by RT-PCR, normalized to GAPDH. Data are mean = SEM, n = 3. (B) Representative
Western blot showing Sema4C protein in unstimulated B cells (Control) and B cells stimulated as above for 72 h (n = 3). (C-M) Semadc™~ mice exhibit an
enhanced response to allergen challenge. WT and Sema4c '~ mice were sensitized and challenged with OVA, as described. Lung function and pulmonary
inflammation were examined 24 h after the last challenge. Airway resistance (C) and elastance (D) showing increased AHR in Semadc ™'~ mice compared with
WT mice in response to MCh. (E) Representative H&E staining of lung sections from PBS- and OVA-exposed WT mice (upper panel) and Sema4c ™'~ mice
(lower panel) showing marked pulmonary inflammation in Sema4c™'~ mice in response to OVA. Scale bar, 50 wm. (F) Calculation of severity of airway
narrowing in WT and Sema4c™'" naive mice and those with AAD (n = 10 airways per mouse), indicating greater airway narrowing in Semadc™'™ mice.
Percentage (G and H) and frequency (1) of eosinophils in lung digests from WT and Sema4c '~ mice with AAD. All cells were pregated using viability dyes for
live cells and singlets, and populations were compared using fluorescence minus one. Eosinophils were defined as CD11b*Siglec-F*CD11C ™" midgSC-ANieh,
Pulmonary B cells (CD19*SSC-A"") (J) and BALF IL-4 (K), BALF IL-5 (L), and serum IgE (M) levels in WT and Sema4c™'™ mice with AAD; all indicate
greater Th2 inflammation in Semadc™™ mice. Data are mean + SEM, n = 6, two independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.

IL-10 (Supplemental Fig. 3H). The number and percentage of
total CD138* cells were similar between WT and Semadc ™'~ mice
(Fig. 4B, 4C). However, among CD138" cells, 13.47 + 1.27% of
cells in WT culture expressed IL-10 compared with 7.09 * 0.63%
in Semadc™'~ culture (Fig. 4D, 4E). IL-10 production from
Sema4c™’~ mice was also diminished in cell culture supernatants
compared with those from WT mice (Fig. 4F).

Exogenous Sema4C rescues IL-10 production in Semadc ™'~
B lymphocytes

Semaphorin 4 family members have short cytoplasmic tails and
primarily induce signals via interaction with receptors, such as
Plexin B2 (16). In our study, nearly 100% of CD19"CD138" cells

express Plexin B2 (Supplemental Fig. 3I). Therefore, we hy-
pothesized that the loss of Sema4C-Plexin B2 contact within
spleen or lymph nodes could influence the observed dysregulated
cytokine production. To determine whether we could restore
normal cytokine production by provision of a source of cell-bound
Sema4C to Plexin B2-expressing B cells, we created stably
transfected HEK293 cells with a full-length construct of Sema4C.
Fig. 4G demonstrates that coculturing Semadc '~ B cells with
SemadC stably transfected HEK293 cells successfully rescued
IL-10 production in Semadc™’~ CD138" B cells to WT levels,
whereas control untransfected HEK293 cells had no effect on IL-10
production. This suggests that Sema4C induces CD138"* Bregs
through contact with a cognate receptor, such as Plexin B2.
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FIGURE 2. Sema4C-deficient B cells (S4C-B) induce severe Th2 inflammation in AAD. (A and B) Generation of B cell-specific Sema4C-deficient mice.
B cell-deficient mice (Jy ' ~-CD45.2) were lethally irradiated and reconstituted with bone marrow from Ju " (80%) and Semadc™'~ (CD45.2) (20%)
mice. Jy '~ mice reconstituted with Jg '~ (80%) and C57BL/6-CD45.1 WT (20%) bone marrow (WT-B) were used as controls. After 6 wk of recon-
stitution, blood was collected from the saphenous vein and examined. (B) Dot plot showing congenic marker expression on B cells and T cells from WT-B
mice, which demonstrates that reconstitution was successful. (C-I) S4C-B mice had elevated pulmonary inflammation compared with WT-B mice with
AAD. S4C-B and WT-B mice were sensitized and challenged with OVA, and pulmonary inflammation was examined 24 h after the final challenge.
Percentage (C and D) and frequency (E) of CD11b*Siglec-F*CD11C~/™4SSC-AME" eosinophils in lung digests of WT-B and S4C-B mice with AAD. Cells
were pregated on live cells and singlets. Fluorescence minus one and gating strategy were as in Fig. 1. (F) B cell counts in pulmonary digests of WT-B and
S4C-B mice with AAD. BALF IL-4 (G), BALF IL-5 (H), and serum IgE (1) levels in WT-B and S4C-B mice with AAD, all indicating greater Th2 in-

flammation in S4C-B mice. Data are mean = SEM, n = 6 per group, two independent experiments. *p < 0.05, **p < 0.01.

Sema4 C-deficient CD19*CD138" cells augment AHR
following allergen challenge

Given the decreased IL-10 and increased IL-4 in Sema4c '~ CD19*
CD138" B cells, we hypothesized that Sema4c™~ CD19*CD138"
cells played an important role in the augmented Th2 response to
OVA. To test this, we adoptively transferred CD19"CD138" cells
from spleens of OVA-sensitized WT or Semadc ™~ mice to recipient
WT mice i.t. 24 h prior to the first OVA challenge. Mice receiving
Semadc™"~ CD19*CDI138" cells exhibited markedly increased air-
way inflammation (Fig. 5A, 5B) and BALF eosinophilia (Fig. 5C).
The levels of IL-4 and IL-5 in BALF were also significantly ele-
vated in mice receiving Semadc ™~ cells compared with those re-
ceiving WT cells or PBS (Fig. 5D, 5E). Consistent with Semadc ™"~
and S4C-B mice, mice receiving Semadc '~ CD19*CD138" cells
had a markedly increased pulmonary eosinophilia (Fig. SF-H),
whereas mice receiving WT cells or vehicle control had statistically
similar measures of airway inflammation. Collectively, these data
directly link Sema4C to the production of optimal regulatory cy-
tokines in CD19*CDI138" cells, as well as to the downstream
consequences on Th2 responses in AAD.

To confirm that WT CD19"CD138*IL-10* plasma cells could
act as regulatory cells and inhibit Th2 inflammation, we sorted
CD19*CD138*IL-10" or CD19*CD138"IL-10" cells from OVA-
exposed IL-10-GFP reporter mice. Sorted cells or PBS control
were transferred i.t. to OVA-sensitized mice 24 h before the first
OVA challenge, as above. OVA-sensitized and -challenged mice
receiving CD19"CD138*IL-10" cells had significantly lower pul-
monary histological inflammation scores compared with mice that
received the vehicle control (Fig. 6A, 6B). CD19"CD138*IL-10"
recipients also exhibited lower serum IgE and decreased eosin-
ophilic BALF infiltrates (Fig. 6C-E). OVA-sensitized and
-challenged WT mice that received CD19"CD138*IL-10" cells
exhibited significantly increased lung inflammation, increased
BALF eosinophils, and elevated serum IgE compared with those
receiving CD19*CD138*IL-10" cells (Fig. 6).

In addition, adoptive transfer of CD19*CD138*IL-10" cells
from OVA-exposed IL-10-GFP reporter mice to OVA-sensitized
Sema4c™’~ mice with AAD 24 h before the first OVA challenge
virtually reversed the pulmonary inflammation that characterized

Semadc™'" mice. As shown in Fig. 7, Semadc™’~ mice receiving
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FIGURE 3. Sema4c™ B cells exhibit deviations in cytokine profile from regulatory to proinflammatory cytokines. Splenocytes were isolated 24 h following OVA challenge
from WT-B and S4C-B mice. (A-D) Demonstration of CD19*CD138" IL-10" splenocytes in AAD. (A) Fluorescence minus one (FMO) and identification of TL-10" population
in spleens following OVA sensitization and challenge in WT mice. (B) Dot plot indicating that >50% of IL-10—producing cells in the spleens were CD19*CD138" cells. IL-10
gating was based on FMO in (A). (C) Percentage of specific cells among total IL-10* cells, indicating that the CD19*CD138" cell population accounted for the majority of IL-10"
cells. (D) IL-10 median fluorescent intensity (MFI) from IL-10"CD138" B cells and IL-10"*CD138™ B cells. (E) Representative image taken by imaging flow cytometry showing
IL-10 colocalized in CD19*CD138" cells. Imaging cytometry was performed by pregating only on cells in focus, live cells, singlets, and CD19" cells. Scale bar, 10 wm. (F-K)
SemadC-deficient B cells express lower IL-10 and increased IL4. (F and G) Percentage of IL-10" cells among CD19"CD138" cells. IL-10" gating was based on FMO and
isotype controls. (H) Total CD19*CDI138*IL-10" cells in spleens of WT-B and S4C-B mice with AAD. (I and J) Percentage of IL4" cells among CD19°CDI138" cells. IL4"
gating was based on FMO and isotype controls. (K) Total CD19"CD138*TL-4" cells in spleens of WT-B and S4C-B mice with AAD. (L) Ratio of CD19*CD138"TL4*/CD19*
CD138'TL-10" cells in spleens of WT-B and S4C-B mice with AAD. Data are mean + SEM, n = 8, two independent experiments. ***p < 0.001.
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B cells from naive mice were stimulated with aCD40+IL-4+IL-21 for 96 hours

FIGURE 4. Semadc”~ B cells FMO

demonstrate impaired differentia-
tion into CD19"CD138*IL-10" cells.
Splenic B cells from naive WT or
Sema4c™’~ mice were stimulated
with anti-CD40+IL-4+IL-21. After
96 h, cells were analyzed by flow
cytometry, and culture supernatants
were analyzed by ELISA. For cell
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CD19*CD138*IL-10" cells had significantly lower pulmonary
histological inflammation scores (Fig. 7A, 7B) and markedly
fewer eosinophils in BALF (Fig. 7C, 7D). These results demon-
strate that a defect in IL-10—producing plasma cells contributes to
the pathology observed in mice deficient in Sema4C.

Discussion
In this study, using knockout mice, mixed bone marrow chimeric
mice, and adoptive-transfer models, we demonstrated that ex-
pression of Sema4C on B cells played a critical and protective role
in AAD. The absence of Sema4C specifically on B cells led to
significantly elevated IL-4, IL-5, and IgE and a robust eosinophilia
in the lung. Adoptive transfer of CD19"CD138"% cells from
Sema4c™’~ mice induced a marked influx of eosinophils to the
airways, with strikingly increased BALF IL-4 and IL-5. The
phenotype of the Sema4c™'~ was normalized with the transfer of
WT CD19"CD138*IL-10" cells.

Semaphorins were first identified as axonal guidance molecules
in embryonic neurodevelopment. There has been an increased
interest in semaphorin molecules in allergic diseases and, in par-

Y

ticular, in airway inflammation, especially asthma (37-39). In a
murine allergic rhinitis model, semaphorin 3A expression was
decreased in the inflamed nasal mucosa, and treatment with ex-
ogenous semaphorin 3A improved mucosal histological changes,
nasal rubbing, and sneezing (40). Semaphorin 3E augmented
airway smooth muscle hypertrophy by inhibiting cell migration
and signaling (2), with similar inhibitory effects on macrophages
(41). Nkyimbeng-Takwi et al. (42) found that Sema4a™'~ mice
had higher baseline AHR and were hyperresponsive to OVA
challenge. Sema4d '~ mice had low airway eosinophilia, normal
basal AHR, and modest decreases in airway inflammation (43).
Compared with data for other members of the semaphorin 4
family, the phenotype of Sema4c™”~ mice following allergen
challenge is the most striking, characterized by markedly in-
creased airway narrowing and a profound eosinophilic infiltrate.
Our interest in Sema4C was triggered by our findings of strong
upregulation of this molecule on human B cells following acti-
vation with anti-CD40 and IL-4 (11). This led us to further
characterize Sema4C-sufficient and -knockout B cells for their
pro- and anti-inflammatory potential. In our models, the response
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to inhaled allergen is characterized by differentiation of specific
cytokine-secreting CD19*CD138* populations. WT B cells de-
velop significant numbers of CD19*CD138*IL-10" cells that
counter-balance the induction of CD19"CDI138¥IL-4" cells,
whereas Sema4c ™" cells exhibit a higher number and percentage
of CD19"CD138" cells that express IL-4, with decreased numbers
of IL-10" cells. These CD19*CD138" subsets are analogous to the
CD138" regulatory plasmablasts or plasma cells described by
Shen et al. (44) and Matsumoto et al. (45). The significant shift in
the CD19*CD138*IL-4"/CD19"CD138*IL-10" ratio is clearly
associated with worsening airway disease and suggests a key role
for Sema4C in cytokine production of CD138* B cells, particu-
larly with regard to the induction of CD19*CD138"IL-10" cells
following allergen exposure.

Although little is known about Sema4C in the immune system, it
was shown to influence cell migration and be a positive regulator
of epithelial-mesenchymal transition (EMT). Sema4C mediates
TGF-B—driven EMT in renal tubular cells and induces EMT in
malignant cell lines, including breast cancer and small cell lung

carcinoma (46, 47). Among Sema4 family members, it is the only
one with a PDZ-binding domain, which allows it to bind certain
leucine-rich proteins, such as Erbin (48). Plexin B2, the main
binding partner for Sema4C, is highly expressed on B cells in
germinal centers following T cell-dependent Ag stimulation (13),
and we show that expression of Plexin B2 on CD19*CD138"
splenocytes is nearly 100%. Plexin B2 signaling is via the GAP
domain, and plexin-mediated signaling appears to account for
most properties of plexin—semaphorin interaction (49). Within
the lymphoid tissue, T follicular cells produce IL-4 and IL-21,
cytokine signals that facilitate the development of memory
B cells and plasma cells (36). Indeed, these cytokines result in
strong upregulation of Sema4C, which then can interact with
Plexin B2—expressing B cells in a paracrine or autocrine manner.
This model was tested by the use of exogenous Sema4C expressed
on HEK?293 cells, which augmented IL-10 production by
Sema4C-deficient B cells. In these experiments, the source of
Plexin B2 was the B cells in culture, and the Sema4C binding
partner was provided solely by the transfected HEK293 cells.
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Recipient: WT mice

FIGURE 6. Adoptive transfer of
CDI138*IL-10* cells attenuates air-
way inflammation in WT mice.
CD138*IL-10* cells and CD138"IL-
10~ cells were harvested from IL-10-
GFP mice exposed to OVA or saline
and transferred i.t. to WT mice with
AAD 1 d prior to OVA challenge.
Controls included OVA-exposed and B
-challenged mice given PBS i.t. and
PBS-exposed and -challenged mice
(NC). Representative H&E staining
of lung sections (A) and histopathol-
ogy scores (B) following challenge.
CD138*IL-10" cells abrogated air-
way inflammation, whereas CD138"
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200 wm. Serum IgE concentrations 0’\{5 O\“’
(C), BALF eosinophil percentages © ©
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eosinophilia in mice receiving CD138* = 80
IL-10" cells. Data are mean = SEM, g 60 .
n = 4, two independent experiments. 2 40
*p < 0.05, *p < 0.01, *ep < E 2
0.0001. n.d., not detectable. <
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Q
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Indeed, in vivo there may be multiple sources of Plexin B2 in
B cell follicles that can interact with Sema4C on B cells; thus,
Sema4C—-Plexin B2 binding may occur via paracrine and autocrine
interaction. The role of Sema4C-Plexin B2 signaling in the de-
velopment of Bregs is being explored in our laboratory.

Beyond Ig synthesis and Ag presentation, B cells are often
ignored as effectors of other facets of immune responses, partic-
ularly their role as cytokine-producing cells. The initial descrip-
tions of murine B effector cells (50) led to extensive study of the
contribution of B cells to the cytokine network. Not surprisingly,
pro- and anti-inflammatory cytokines can be produced by human
and murine B cells, including regulatory cytokines, such as TGF-3
and IL-10 (51). In particular, Bregs or B10 cells were investigated
in autoimmune conditions (51-53).

There is no single definition for Bregs; similar to Tregs, the term
Breg likely reflects different populations. Bregs in mice and hu-
mans produce IL-10 and express surface Ags, such as CD19*
CD1d"€"CD21Me"CD23*sIgM™e" cells in mice or CD197CD38*
CD24" cells in humans. Alternative populations, including CD19*
CD5* (18), CD19*CD25" (54), CD19*PDL-1" (55), and CD25"
CD71*CD73~ subsets (56), were suggested as potential Bregs.
CD38*CD27* B cells were demonstrated to produce significant
amounts of IL-10 in humans (45, 57). Shen and Fillatreau (58)
proposed that Bregs defined via in vitro—stimulation assays and
adoptive-transfer experiments are distinct from those identified as
IL-10- or IL-35-expressing cells in vivo. In our studies, CD19*
CD138" cells appear to be a crucial IL-10-producing B cell subset
in vivo. CD19*CD138* cells account for 2% of splenic B cells, yet
they account for >50% of IL-10—producing B cells in our AAD

Serum IgE (ng/mL)

0.4
0.3

0.1
0.0

BAL Eosinophil (x10%)

model. This is consistent with work in multiple sclerosis models,
in which IL-10-producing CD138" cells have a remissive effect
on experimental autoimmune encephalomyelitis (44, 45). The
regulatory cytokine IL-35 also may play a role in these regulatory
processes (44). We are in the process of determining whether this
cytokine is present in CDI19*CDI138*IL-10* B cells from
Semadc™" mice.

In allergy, a relatively limited number of studies examined the
role of CD138*IL-10" cells in airway disease. van der Vlugt et al.
(57) suggested that a key feature of atopic asthma is a lack of
Bregs. Natural history studies that follow beekeepers over ex-
tended periods of time, as well as in vitro gene-overexpression
studies, indicate regulatory and therapeutic potential for IL-10"
B cells (56, 59, 60). We and other investigators showed that IgE-
producing B cells and plasma cells are found in asthmatic airways,
and large B cell follicles were found in the airways of severe asth-
matics (61). Our current data underline the need to understand the
potential role that B cell subsets play in airway inflammation (59).

This study identifies a novel pathway by which Th2-mediated
immune responses are regulated. We demonstrate that Sema4C
is critical for optimal regulatory cytokine production from CD138*
B cells. Our study suggests that CD138" B cells contribute to
cytokine balance and that they are important for maintenance of
immune homeostasis in AAD. Furthermore, interaction between
Sema4C and Plexin B2 may be required for regulation of cytokine
production by activated B cells. Our study also highlights the
importance of plasma cells as regulatory cells in allergic inflam-
mation and provides a clue for exploring a link toward defining
key molecules that can induce Breg development.
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SEMAPHORIN 4C AND REGULATORY B CELLS

Recipient: Sema4C” mice

FIGURE 7. Adoptive transfer of
CDI138"IL-10" cells attenuates air-

way
mice with AAD. CD138*IL-10" cells
were harvested from OVA-sensitized
IL-10-GFP mice. CD138*IL-10%°""
cells or PBS were transferred i.t. to
OVA-sensitized Sema4c™" mice 1 d
prior to OVA challenge. Sham-sensi-
tized and -challenged mice were used
as negative controls (NC). Represen-

inflammation in Semadc™’” A

tative H&E staining of lung sections
(A) and histopathology scores (B)
following challenge in mice receiving
saline or CD138*IL-10" cells i.t., in-

dicating that CD138"IL-10" cells al-
leviated airway inflammation. Scale
bar, 200 wm. Percentage (C) and ab-
solute cell counts (D) of eosinophils
in BALF, confirming the effect of
CD138*IL-10" cells on pulmonary
inflammation in Sema4c™'~
Data are mean = SEM, n = 3, two
independent experiments. *p < 0.05.
n.d., not detectable.
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(A and B) Cells isolated from spleen (A) or cervical lymph nodes (B) of 8-week old naive WT or Semadc”
mice. Macrophages (F4/80*MHCII'CDI11b*CD19-), Monocytes (Ly6ChigovLy6G-CD11b*"MHCII'CDI11¢c
F4/80wint) - Dendritic cells (CD11b*CD11¢*F4/80-MHCII"), Neutrophils (Ly6Che"Ly6G*CD11b*MHCII-
CD1lc F4/80°), Eosinophils (CD11b*SiglecF'SSC-Ahigh), CD4*Foxp3*™ (CD3"CD4"CD25*Foxp3™),
CD4"Foxp3- (CD3"CD4*CD25"Foxp3*), CD8* (CD3*CDS8"). n=3 each group. No significant difference was
detected among any population in the graph between WT and Sema4c”- mice.

(C-I) WT and Semad4c’- mice were sensitized and challenged to OVA as described. Lung function and
pulmonary inflammation were examined 24 hours after the last challenge. (C) Percentage of T cells among total
lung cells and (D) percentage of CD25'Foxp3* T cells among lung CD4" T cells in WT and Sema4c’- AAD
mice. (E) Percentage of CD11b*SiglecF- cells among lung cells and (F) count of CD11b+SiglecF- cells in the
lungs of WT and Sema4c”- AAD mice. (G) Representative plot of plasma cells in lungs of OVA challenged WT
mice. Lung cells were isolated using a collagenase-free method. (H) OVA-specific IgE level in the serum of
WT and Sema4c’- AAD mice. (I) Total serum IgE from OVA exposed mice and sham control. (J) BAL IFNy
and BAL IL-17 concentration from WT and Sema4C”- AAD mice. Means + SEM, 2 independent experiments.
n=35. n.s. not significant. n.d. not detectable.
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Supplemental Figure 2. S4C-B chimeric mice have normal immune cell parameters

S4C-B and WT-B chimeric mice were generated as described in material and methods. (A) Gating strategy of T
cells and B cells shown in Figure 2B. Cells were from blood 6 weeks after reconstitution. (B-F) Splenocytes
and lung cells from naive chimeric mice were examined by flow cytometry 8-weeks after reconstitution. (B and
C) Percentage of total B-cells (B220*CD19"), CD4 T-cells (CD3"CD4"), CD8 T-cells (CD3*CD8"), dendritic
cells (CD11b"CD11c¢"F4/80-MHCII*), or macrophages (F4/80"MHCII"CD11b"CD19-) among total lung cells
(B) or spleen cells (C) from naive WT-B and S4C-B mice. (D and E) Percentage of follicular B cells
(CD19*CD21-IgMtevIgDHighCD23+*CD93) , marginal zone B cell (CD19"CD21'IgMHigh[gDLovCD23-CD93")
among total spleen cells from naive WT-B and S4C-B mice. (F) percentage of CD4* T cells among total lung
cells in WT-B and S4C-B AAD mice. (G) OVA specific IgE level in the serum of WT-B and S4C-B AAD mice.
Means + SEM. 2 independent experiments, n=6.
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Supplemental Figure 3. S4C-B mice had pro-inflammatory cytokine profile post allergen exposure.
Splenocytes were isolated 24 hours following the last OVA challenge. (A) IL-10*GFP VertX mice were sensitized
and challenged to OVA as described. A representative plot showing the percentage of CDI19"CDI138* and
CD19*CD138- cells among IL-10" spleen cells. (B) Sorted CD19*CD138" and CD19"CD138- cells were cultured
in vitro for 4 hours, IL-10 concentration in supernatant was measured using ELISA. (C) Percentage of
CD19*CD138" cells among spleen B cells from WT-B and S4C-B AAD mice. (D) Count of CD19"CD138* cells
among spleen B cells from WT-B and S4C-B AAD mice. (E) Percentage of IL-10 producing cells among
CD19"CD138- spleen cells from WT-B and S4C-B AAD mice. (F) Percentage of IL-10 producing cells among
CD19* spleen cells from WT-B and S4C-B AAD mice. (F) Representative plots showing the percentage of IL-4
producing cells among CD19" and CD197CD138- spleen cells from WT-B AAD mice. (G) A representative dot
plot showing that 2% of CD19"CD138" cells in spleen of a WT mice. produce both IL-4 and IL-10 following
OVA sensitization and challenge. (H) WT B cells were isolated and stimulated with anti-CD40 antibody, in the
presence of IL-4 and IL-21. A representative plot showing the percentage of IL-10 producing cells among
CD197CD138- cells after 72 hours stimulation. (I) PlexinB2 expression level in spleen CD19*CD138* cells (red)
from WT-B AAD mice, black cells indicate FMO control, demonstrating the majority of CD19*CD138* cells
express cell surface PlexinB2. Means + SEM. 2 independent experiments, n=6.
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Supplemental Figure 4. CD138*IL-10" cells abrogate AAD in WT and Sema4c”- AAD mice.

(A) Gating strategy for CD19"CD138" spleen cells sorted from WT or Sema4c’- AAD mice. (B) Representative
plot showing the purity of forted cells in (A). (C) Cells sorted in (B) were labeled with CellTrace-APC before
transferred to OVA exposed recipients. Lung cells from OVA i.n. challenged recipients were isolated and traced
for APC* cells. Cells were gated on SSC-ALVCD3-CD4-CD11b-CD11¢c'CD19* populations. Lung cells from
recipients who were transferred with Non-labeled donor cells were used as control. (D) Gating strategy for
CD138*IL-10" spleen cells sorted from VertX mice. (E) Representative plot showing the purity of forted cells in
(D). 2 independent experiments.
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