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Abstract

The skin is an important barrier organ and frequent target of autoimmunity and allergy. Here we
found innate-like B cells that expressed the anti-inflammatory cytokine IL-10 in the skin of
humans and mice. Unexpectedly, innate-like B1 and conventional B2 cells showed differential
homing capacities with peritoneal B1 cells preferentially migrating into the inflamed skin of mice.
Importantly, the skin-homing B1 cells included IL-10 secreting cells. B1 cell homing into the skin
was independent of typical skin-homing trafficking receptors and instead required a4f1-integrin.
Moreover, B1 cells constitutively expressed activated 1 integrin and relocated from the
peritoneum to the inflamed skin and intestine upon innate stimulation, indicating an inherent
propensity to extravasate into inflamed and barrier sites. We conclude that innate-like B cells
migrate from central reservoirs into skin, adding an important cell type with regulatory and
protective functions to the skin immune system.

Introduction

The skin is an important barrier organ that is constantly threatened by external insults but is
also a frequent target of allergy and autoimmunity. Cells of the skin immune system provide
regional immunity, tissue homeostasis and repair, and regulate cutaneous inflammation.
While the function and migration of many cell types of the skin immune system, such as that
of cutaneous T cell subsets, are well characterized, B cells were previously assumed to be
absent from the uninflamed skin (1). In contrast to this assumption, we recently found that B
cells exist in the dermis and skin-draining lymph of sheep (2). There is also a growing
evidence that B cells are involved in the positive and negative regulation of various human
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skin pathologies, however, an analysis of skin B cell subsets as well as their trafficking and
function has been lacking in humans and mice (reviewed in (3)).

B cells can be divided into conventional and innate-like B cell subsets. Conventional B2
cells recirculate between lymphoid tissues and blood and are essential for affinity-maturated
long-lasting antibody responses. Innate-like B cell subsets encompass marginal zone B cells
of the spleen and B1 cells residing primarily at mucosal sites and coelomic cavities (i.e.
peritoneum and pleura; reviewed in (4, 5)). Innate-like B cells respond well to innate stimuli,
such as Toll-like receptor activation, and they express B cell receptors that often recognize
conserved pathogen patterns and are crossreactive with autoantigens (4, 5). Innate-like B
cells, in particular B1 cells, bridge innate and adaptive immunity by efficiently mounting
rapid T cell-independent antibody (IgM and IgA) responses, engaging in phagocytic and
microbicidal activity, and by producing innate-stimulatory cytokines, such as GM-CSF
(5-8).

While dysregulated B1 cells can be associated with autoimmunity and cutaneous
hypersensitivity (5, 9), this cell type has potent anti-inflammatory properties that include the
production of the immunosuppressive cytokine IL-10 and natural IgM (reviewed in (10,
11)). For example, 1L-10* peritoneal B1 cells suppress inflammation in mouse models of
cutaneous hypersensitivity and colitis (12, 13). IL-10 producing B cells in general have
recently received wide attention due to their ability to limit T cell-mediated inflammation in
both the skin and non-cutaneous sites, such as the joints, central nervous system and colon,
mainly by suppressing T cells and other cell types in lymphoid tissues (reviewed in (14,
15)). B cell-depleting therapies like the CD20-targeting antibody rituximab can exacerbate
or induce the inflammatory skin disease psoriasis, supporting a protective role of B cells in
skin inflammation also in humans (16-18). However the anti-inflammatory contributions of
different B cell subsets and their anatomic locations are unclear in these human studies.

Mouse B1 cells recirculate homeostatically between the coelomic cavities and blood (19)
and can be mobilized into mucosal sites (20, 21). Leukocyte migration from blood into
tissues is mediated by a multistep-adhesion cascade requiring chemoattractant and adhesion
receptors on the leukocyte that guide rolling, integrin activation, firm adhesion, and
subsequent transendothelial migration through interaction with cognate endothelial ligands
at each step (22). As an example, T cells require expression of ligands for E-selectin, CCR4,
CCR8, and/or CCR10 as well as a4p1 or aLp2 to efficiently migrate into the skin (23, 24).
In contrast, the molecules that target B cells into the vast majority of extralymphoid organs,
including the skin, are unknown.

In this study we found that B cells, including I1L-10* B1-like cells resided in the skin of
humans and mice. 1L-10" peritoneal B1 cells migrated into the inflamed skin of mice in an
a4l integrin-dependent manner. Moreover, B1 cells constitutively expressed activated 1
integrin and, following innate stimulation, rapidly relocated from the peritoneum to the
inflamed skin. Our data establish a peritoneum — skin migratory axis for innate-like B cells
and add an unexpected cell type to the skin immune system that is well equipped to limit
skin inflammation and support tissue homeostasis and host defense.
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Materials and Methods

Human specimens and mice

Peripheral blood mononuclear cells from healthy adult volunteers were received from the
Human Immunology Core at the University of Pennsylvania. Normal adult human skin
specimens were obtained fresh from skin surgery procedures through the University of
Pennsylvania Skin Diseases Research Center. All human samples were de-identified prior to
receipt.

All mice were on C57BL/6 background and between 8 and 16 weeks of age. Sex- and age-
matched groups of male or female CD45.1 or CD45.2 congenic C57BL/6 mice were
purchased from The Jackson Laboratory or bred in house. IL-10-GFP reporter mice (Vert-X
(25)) and Ragl~"~ mice (26) were kindly provided by Drs. Christopher Hunter and Serge
Fuchs (both at the University of Pennsylvania), respectively. All animal experiments were
approved by the Institutional Animal Care and Use Committee of the University of
Pennsylvania.

Induction of skin inflammation and cell isolations

Similar as described (27), chronic skin inflammation in mice was induced by the
subcutaneous injection of 50-100 pl of CFA (Sigma-Aldrich) emulsified with saline into the
area of the flank. The chronically inflamed skin was analyzed 2-4 weeks later, when skin
granulomas have formed (27).

Leukocytes were isolated from shaved human or mouse skin samples by mechanical
disruption followed by two 30-minute enzymatic digestion steps in HBSS at 37°C with 0.1
mg/ml DNase | (Roche) and 12.5 pg/ml Liberase TM or 6.25-25 pg/ml Liberase TL
(Roche), depending on the sensitivity of cell surface epitopes. Staining of digested and
undigested lymph node or human peripheral blood mononuclear cells served to verify that
stained epitopes were not cleaved during the cell-isolation process. Remaining tissue pieces
were mashed through a 100 pm cell strainer (BD Bioscience) and released cells were
washed in buffer containing 5% bovine serum (Hyclone Laboratories) or 0.5% BSA (Sigma-
Aldrich). Lymphocytes were isolated from the small intestinal lamina propria as described
(28). Peritoneal cavity cells were obtained by peritoneal lavage with 7-10 ml of PBS (Life
Technologies). Cells were released from lymph nodes and spleens by passage through 70
pm cell strainers. Peripheral blood mononuclear cells were isolated from mouse blood by
gradient centrifugation with Histopaque-1083 (Sigma-Aldrich).

Cell labeling, migration, relocation and chemotaxis assays

For radioactive homing experiments, B1 cells were isolated from peritoneal lymphocytes by
negative selection with anti-biotin microbeads (Miltenyi Biotec) after labeling with
biotinylated antibodies to CD23 (B3B4; eBioscience) and F4/80 (BM8; eBioscience),
followed by positive selection with CD19 microbeads (Miltenyi Biotec), reaching a purity of
> 95% B1 cells. B1 cells were labeled with Indium-111 (Mallinckrodt Pharmaceuticals) and
dead cells removed by Nycodenz gradient as described (29). 2.6-2.7x10° B1 cells were
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injected into the tail vein of each recipient mouse and 15 h later, radioactivity in indicated
organs and the rest of the body was measured by gamma counter.

To label intravascular B cells in vivo, each mouse was injected intravenously with 1 ug
phycoerythrin- (PE) labeled antibody to CD19 (1D3; eBioscience) five minutes prior to
sacrifice as described (30). Subsequently, cells were isolated, stained for B cell subsets and
analyzed by flow cytometry for in vivo labeled (PE™) intravascular vs. unlabeled
extravascular B cells.

Peritoneal and splenic lymphocytes were differentially labeled with carboxyfluorescein
succinimidyl ester (CFSE; Life Technologies) or Cell Proliferation Dye eFluor 670
(eBioscience) as described (31). A mixture of 1.5-4x10° peritoneal cells and splenocytes,
adding up to 107 cells per recipient mouse, were injected intravenously. 12-15 h after
transfer, the indicated organs of individual mice were analyzed for transferred cells by flow
cytometry. Total numbers of cells were enumerated by hemocytometer or by flow cytometry
using a bead standard (15 pm polystyrene beads; Polysciences). To calculate the homing
index, the ratio of homed peritoneal B1 cells to splenic B2 cells was determined by flow
cytometry and normalized to the input ratio. To control for potential effects of the cell
labeling, the dyes were alternated between experiments. To block a4 integrin, a mix of
differentially labeled peritoneal B1 cells and splenic B2 cells were resuspended in PBS
containing 50 pg/mouse antibody to a4 integrin (PS/2; University of California San
Francisco Monoclonal Antibody Core and Eugene Butcher at Stanford University) or an
isotype control (rat IgG2y,; University of California San Francisco Monoclonal Antibody
Core) prior to injection, and each recipient mouse was additionally treated intraperitoneally
with 300 ug PS/2 or isotype control in PBS.

To assess the long-term relocation of B cells from the peritoneum to the skin, peritoneal
cells from CD45.1* donor mice were intraperitoneally transferred into CD45.2* congenic
recipients. Cells from one donor mouse per recipient were used. Directly after transfer or up
to three weeks later, cutaneous inflammation was induced with CFA. 3 weeks later, the
percentage of transferred peritoneal cells among B1 cells residing in the inflamed skin,
peritoneum, blood and spleen was analyzed.

To analyze the rapid relocation of peritoneal B1 cells from the peritoneal cavity to the
inflamed skin following innate stimulation, CFSE and/or congenically (CD45.1*) labeled
peritoneal cells combined from 2-3 donor mice per recipient were intraperitoneally
transferred into WT recipients bearing CFA-induced chronically inflamed skin. 2 h later,
similar as described (20), mice received 5-100 ug of LPS (from Salmonella enterica
serotype minnesota; Sigma-Aldrich) intraperitoneally. 12 h after LPS challenge, the
presence of CFSE* transferred B1 cells was determined in the skin, small intestine,
peritoneal cavity, blood as well as lymphoid tissues. For studies assessing adhesion
molecules on Bl cells released from the peritoneal cavity, the same experiment was
performed using naive Rag1~~ mice as recipients (20), in which we observed a greater
peritoneal release and easier tracking of donor B cells.
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The chemotaxis assay was performed and analyzed as previously described for T cells (32)
using 5 um Transwell inserts for 24-well plates (Corning) and a 90-minute migration period
at 37°C. Recombinant mouse CXCL12, CXCL13, CCL1, CCL17, CCL28, CCL20 were
obtained from R&D Systems and titrated in triplicate wells to include concentrations with
confirmed activity to attract control cells (such as memory T cells).

Flow cytometry

Dead cells were excluded from the analysis after staining samples with LIVE/DEAD
Fixable Aqua Dead Cell Stain Kit (L/D Aqua; Life Technologies) according to the
manufacturer's instructions. To reduce non-specific staining, mouse cells were pre-incubated
with rat IgG (Jackson ImmunoResearch), antibody to CD16/CD32 (2.4G2; UCSF
Monoclonal Antibody Core), and if indicated Armenian hamster 1gG (Innovative Research)
and mouse 1gG (Jackson ImmunoResearch); human cells were pre-incubated with mouse
and/or rat 1gG (Jackson ImmunoResearch Laboratories), and human FcR Binding Inhibitor
(eBioscience). After blocking, mouse cells were labeled with the following biotinylated or
fluorochrome- (fluorescein isothiocyanate, Pacific Blue, eFluor450, PE, Alexa Fluor 647,
Alexa Fluor 700, allophycocyanin, allophycocyanin-Alexa Fluor 750, peridinin chlorophyll-
eFluor 710, PE-cyanine 7, peridinin chlorophyll-cyanine 5.5) rat anti-mouse monoclonal
antibodies: CD4 (RM4-5), CD5 (53-7.3), CD11b (M1/70), CD19 (1D3), CD44 (IM7), CD45
(30-F11), B220 (RA3-6B2), aL integrin (M17/4), a4 integrin (R1-2), and a4p7 (DATK-32)
from eBioscience; CD43 (S7), CXCR4 (2B11), and activated B1 integrin (9EG7) from BD
Biosciences; CCR10 (248918), CCR6 (140706) and CXCR3 (220803) from R&D Systems;
and CD19 (6D5) from Biolegend; mouse anti-mouse monoclonal antibodies: CD45.1 (A20)
and CD45.2 (104) from eBioscience; and Armenian hamster-anti mouse p1 integrin
(HMB1-1; eBioscience) and CCR4 (2G12; Biolegend). Staining for activated p1 integrin
and binding of an E-selectin-human IgG chimeric protein (R&D Systems) was performed in
HBSS containing Ca%* and Mg2* for 30-45 minutes at room temperature and on ice,
respectively. Staining for activated 1 integrin in HBSS containing 2 mM MnClI, (Sigma-
Aldrich) served as a positive control. Human cells were labeled with mouse anti-human
monoclonal antibodies to CD3 (SK7), CD19 (HIB19), CD20 (2H7), and CD45 (2D1), from
eBioscience; CD11b (ICRF44), CD27 (L128) and CD43 (1G10), from BD Bioscience; and
IgM (MHM-88) from Biolegend. Streptavidin conjugated to PE-Texas Red- (Life
Technologies), allophycocyanin, or PE (BD Bioscience) as well as PE-labeled multi-species
adsorbed F(ab), donkey anti-human IgG (Jackson ImmunoResearch) were used as second
step reagents.

To detect IL-10 competent cells, cells were stimulated with 10 pg/ml LPS, 10 ng/ml PMA,
and 500 ng/ml ionomycin for 2 h, adding 10 ug/ml brefeldin A (all from Sigma Aldrich)
and, to mouse cells also 2 uM monensin (eBioscience), during an additional 2-3 h
incubation. Subsequently, the cells were stained for surface markers and analyzed without
fixation when GFP was evaluated, or fixed with 2% paraformaldehyde, before staining in
0.5% saponin buffer for intracellular 1L-10 (rat anti-mouse clone JES5-16E3, eBioscience;
mouse anti-human clone JES3-9D7 Miltenyi Biotec). Samples were acquired on a BD LSRII
or LSRFortessa using FACSDiVa software (BD Biosciences), and analyzed with FlowJo
software (Tree Star). During analysis, all samples were gated on single lymphocytes by
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applying an appropriate side-scatter height vs. side-scatter width gate in combination with a
large lymphocyte gate.

Immunofluorescence histology

Uninflamed control skin or chronically inflamed mouse skin was harvested 3 weeks after
induction of inflammation with CFA, fixed for 6 hours in 4% PFA in PBS and incubated
overnight in 30% sucrose before freezing in OCT. To reduce non-specific staining, 6-8 um
thick skin sections were blocked with 10% donkey and 40% goat serum. B cells were
visualized with polyclonal goat anti-mouse CD20 (Santa Cruz Biotechnology), which was
labeled with CF594 or CF488 Mix-n-Stain antibody labeling kits according to the
manufacturer's instructions (Biotium). Tissue sections were additionally stained with rat
anti-mouse CD31 (MEC13.3; BD Biosciences) or IL-10 (JES5-16E3; BD Biosciences).
Multi-species adsorbed F(ab), donkey anti-rat 1gG conjugated with Alexa Fluor 488 or 594
(Jackson ImmunoResearch) were used as secondary antibodies and DAPI (Invitrogen) to
visualize nuclei. Specificity of the CD20 and IL-10 staining was confirmed by including
tissues from Ragl~~ and 1110~ mice, respectively (data not shown). Sections were mounted
with Prolong Gold Antifade (Invitrogen) and images acquired on a Nikon Eclipse E600
microscope using a Photometrics CoolSNAP EZ camera and NIS-Elements BR 3.0
software.

Statistical analysis

Results

For statistical analyses, the non-parametric Mann Whitney U test, parametric student's t test,
and to compare migration to a hypothetical homing index of 1, the Wilcoxon signed rank
test was employed using GraphPad Prism software. Statistical tests used are indicated in the
respective figure legends. P < 0.05 was considered statistically significant.

Innate-like B cells reside in mouse skin

To determine whether B cells reside in mouse skin, we subcutaneously injected CFA, which
induces chronic granulomatous skin inflammation characterized by mononuclear cell
infiltrates (27). Strikingly, using immunofluorescence of frozen skin sections we found B
cells in groups as well as individual cells in the chronically inflamed skin outside of CD31*
blood vessels (Fig 1A and inset). While B cells were very rare in the uninflamed skin, we
clearly detected single B cells extravascular in the dermis, occasionally in the subcutis but
never in the epidermis; B cells depicted are in proximity to epidermis (Epi) and hair follicle
(H) (Fig. 1B, arrowheads). Using flow cytometry of enzymatically digested skin we found B
cells in the inflamed and uninflamed skin (Fig. 1C-F). Surprisingly, 24.7 £ 12.8% (mean £
SD) of B cells isolated from the uninflamed skin resembled B1 cells (CD19*B220!°/-
CD43™). While during inflammation the percentage of B cells with B1 phenotype decreased
(P =0.0091), the number of B cells, including that of B1 phenotype, increased (P = 0.0001
and P = 0.0034, respectively; Fig. 1C-E). This indicated stronger accumulation of B2
relative to B1 phenotype cells during chronic inflammation; however, B1 phenotype cells
were still remarkably enriched compared with blood-borne B cells, of which only ~1%
represent B1 cells (Fig. 1C). Cutaneous B1-phenotype cells consisted of both CD5* Bla and

J Immunol. Author manuscript; available in PMC 2017 March 15.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Geherin et al.

Page 7

CD5~ B1b cells (on average 63.6% and 37.4%, respectively; Fig. 1C and F). Interestingly,
while it was expected that only a small percentage of B1 cells in the spleen and blood
expressed CD11b (33), cutaneous cells with B1 phenotype were enriched in CD11b
expression similar to peritoneal B1 cells (Fig. 1C, bottom). As intravenous injection of
antibody to CD19 labels all blood-borne B cells (30), we used this method to determine the
extra- vs. intra-vascular localization of skin B cell subsets. We found that at least 90% of all
B1 phenotype and 60-70 % of all B2 phenotype skin B cells were extravascular in the
uninflamed and inflamed skin (Fig. 1G), confirming our histological findings for total B
cells (Fig. 1A and B). We conclude that B cells, including innate-like B cells, are part of the
skin immune system in mice.

Cutaneous B1 phenotype cells make IL-10

Human skin

Many innate-like B cells are anti-inflammatory by virtue of producing I1L-10 (10). To
determine whether skin B cells make I1L-10 we analyzed CFA-induced chronic skin
inflammation by immunofluorescence histology. Importantly, we found that some (CD20%)
B cells clearly made IL-10 at the site of inflammation (Fig. 2A). Next, we used IL-10-GFP
reporter (Vert-X) mice, which allow for the detection of lymphocyte I1L-10 production in
vivo using flow cytometry (25). Importantly, on average 12.9% of all B1 phenotype cells but
only 0.7% of the B2 phenotype cells in the inflamed skin of IL-10-GFP reporter mice
produced IL-10 without exogenous stimulation (Fig. 2B), showing that skin B1 phenotype
cells contribute to dermal IL-10 during chronic skin inflammation. Moreover, even in the
absence of inflammation B1 but not B2 phenotype cells spontaneously produced IL-10 in
the skin and the peritoneum (Fig. 2B). Next, we stimulated B cells from skin and other
tissues of IL-10-reporter mice for 5 hours with PMA, ionomycin and LPS, a standard
protocol to identify IL-10-competent B cells (34). Consistently, the majority of B1 cells, but
only a small percentage of the B2 cells, in the spleen, peritoneal cavity as well as the
uninflamed and inflamed skin produced IL-10 following stimulation (Fig. 2C). Similar
results were obtained when staining IL-10 protein by intracellular staining in B cells from
wildtype (WT) mice with chronic skin inflammation (Supplemental Fig. 1). While CD5
expression is characteristic of mouse Bla cells, in combination with CD1d" expression it
also serves as a marker for a potent subset of splenic 1L-10* regulatory B cells (34). While
both CD5* Bla and CD5~ B1b phenotype cells in the skin and other sites were I1L-10%; it
was preferentially produced by CD5* Bla cells (Fig. 2D), indicating potential overlap with
the described (34) CD1d"NCD5* IL-10* regulatory B cell subset. In conclusion, our data
show that B1 phenotype cells reside in the skin of mice, where they accumulate during
inflammation and contribute to cutaneous IL-10.

harbors IL-10" innate-like B cells

To address human relevance of our findings of skin B cells in mice, we analyzed cutaneous
lymphocytes isolated from normal human skin of adults. This revealed a population of
CD19 and CD20 double-positive skin B cells (Fig. 3A). While B1 cells in the mouse are
well characterized, the existence and markers that delineate human counterparts are a matter
of controversy (35-37). However, a population (3.5 = 1.5 %, mean + SD) of human skin B
cells was of innate-like phenotype (CD3~ CD19*CD20*CD27+*CD43":; Fig. 3A and B)
consistent with described human B1 cells (35) excluding CD43Ni plasmablasts (36).
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Interestingly, this innate-like phenotype was more frequent among skin B cells relative to
their blood counterparts (Fig. 3B, P = 0.022). Many skin B cells, including B1-like cells,
expressed the adhesion molecule CD11b (Fig. 3C and D), whose expression is also
associated with B1-like cells in several mammalian species including humans (38).

We next addressed whether human skin B cells can produce IL-10 similar to their mouse
counterparts. Strikingly, following 4-h stimulation with PMA, ionomycin and LPS, 3.9—
28.6% of all skin B cells made IL-10, which was significantly higher compared with blood
B cells (P = 0.0043; Fig. 3E and F). While most B-cell derived IL-10 was made by CD43~ B
cells, the percentage of IL-10* cells among CD43"t (innate-like) B cells was higher relative
to CD43~ B cells (Fig. 3E). We conclude that B cells, including B1-like cells and IL-10
secreting B cells, are part of the normal skin immune system of humans.

Peritoneal B1 cells traffic into the uninflamed and inflamed skin

Mouse B1 cells recirculate homeostatically between the blood and body cavities (19). Thus,
we wondered whether skin B1 phenotype cells originate from the peritoneal cavity. To
address this, we returned to the mouse system and transferred congenically marked
(CD45.1) WT peritoneal cells into the peritoneum of CD45.2 WT recipients before inducing
chronic skin inflammation by subcutaneous injection of CFA (experimental outline in Fig.
4A). Three weeks after induction of skin inflammation, we were able to recover CD45.1* B1
phenotype cells from the instillation site (peritoneum) as well as other organs. Strikingly, we
found a higher percentage of donor-derived cells among B1 phenotype cells in the inflamed
skin relative to spleen or blood (Fig. 4A). The data demonstrate that B cells leave the
peritoneal cavity and give rise to B1 phenotype cells in the skin and other sites.

Upon stimulation with LPS, peritoneal B1 cells rapidly leave the peritoneum and travel to
the spleen and small intestine (20, 33). To determine whether bona fide peritoneal B1 cells
also relocate to the skin, we transferred CFSE-labeled peritoneal cells into WT hosts with
chronically inflamed skin. Two hours later, we challenged the recipient mice with LPS
intraperitoneally (Fig. 4B). In line with Ha et al. (20), 20 h after LPS challenge a population
of small intestinal lamina propria B1 cells were donor-derived (Fig. 4B). Importantly, a
similar proportion of the B1 cells in the skin were also of donor origin (Fig. 4B),
demonstrating that innate stimulation induces rapid B1 cell relocation from the peritoneum
to the skin. Interestingly, B1 cells in lymphoid tissues were consistently to a lesser degree
donor-derived compared with skin or intestinal B1 cells (Fig. 4B). The data support a model
in which following inflammatory stimuli B1 cells are rapidly released from the peritoneum
allowing for their deployment into barrier sites to provide innate and anti-inflammatory
functions.

We next asked whether peritoneal B1 cells migrate into the uninflamed skin. Lymphocyte
homing into the uninflamed skin is generally below the level of detection in flow cytometry-
based homing assays. Thus, we chose a highly sensitive classical homing assay employing
radioactive cell tracer In-111 (29). 15 hours after intravenous injection of purified
microbead-sorted In-111-labeled peritoneal B1 cells, radioactivity could be detected in
several organs with the highest signals in spleen and liver (Fig. 4C). Importantly, ~1% of the
radioactivity could be recovered from the uninflamed skin (Fig. 4C), which is in a similar
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range as that of Th1l effector cells that have homed into the uninflamed skin (39). We
conclude that innate-like B cells migrate into the uninflamed skin.

To determine how efficiently peritoneal B1 cells traffic into inflamed skin, we performed a
competitive homing assay comparing the migration of differentially labeled peritoneal and
splenic cells after intravenous co-transfer into recipient mice with chronic skin inflammation
(Fig. 4D). The flow cytometric analysis of the ratios of splenic B2 and peritoneal B1 cell
subsets recovered from different organs as compared to the input indicated a reduced
capacity of peritoneal B1 cells to enter lymph nodes relative to splenic B2 cells (4D, left). In
contrast, homed B1 cells were slightly enriched in spleen and strongly enriched in the
peritoneal cavity and inflamed skin relative to homed splenic B2 cells (Fig. 4D, left). When
determining the homing index (ratios of recovered population corrected by input ratio) to
quantify migration capacities, peritoneal B1 cells showed a small, but statistically
significant, reduced ability to enter lymph nodes (P < 0.05; compared to a theoretical
homing index of 1, which indicates equal migration of B1 and B2 cells). Importantly, B1
cells possessed an on average 39.3-fold and 34.3-fold higher propensity relative to splenic
B2 cells to enter the peritoneum and inflamed skin, respectively (P < 0.0001; Fig. 4D, right).
After sorting and radioactive labeling, intravenously transferred peritoneal B1 cells also
efficiently migrated into CFA-induced chronically inflamed skin (data not shown). Thus, the
data reveal profound differences in the ability of B cell subsets to enter effector sites with
peritoneal B1 cells showing an unexpected high propensity to home into the inflamed skin.
These results also indicate that the increased accumulation of B2 cells in chronically
inflamed skin (Fig. 1C and D) was due to recruitment-independent factors, such as enhanced
retention, survival or local proliferation.

IL-10* peritoneal B1 cells suppress skin inflammation (12) and we found IL-10 producing
B1-phenotype cells in human and mouse skin (Figs. 2B-D and 3E and F). We therefore
wondered whether peritoneal B1 cells with the potential to produce IL-10 home into the
inflamed skin. To address this, we intravenously transferred peritoneal cells from IL-10-GFP
reporter mice into WT recipients with CFA-induced chronic skin inflammation and used 4-h
stimulation with PMA, ionomycin and LPS (as in Figs. 2 and 3) to reveal 1L-10 competence.
Importantly, the percentage of 1L-10* B1 cells that had homed into the inflamed skin and its
draining lymph node was similar to that of injected peritoneal cells (>50% on average) (Fig.
4E). Thus, 1L-10 producing peritoneal B1 cells are recruited into both the lymph nodes
draining the inflamed skin and the inflamed skin itself, where they are well positioned to
suppress cutaneous inflammation.

In conclusion, our data establish a novel migratory pathway for B1 cells by demonstrating
that peritoneal B1 cells, including IL-10* B1 cells with known anti-inflammatory potential,
home into the skin, where they contribute to a cutaneous B cell pool.

B1 cells do not express typical skin homing chemokine receptors

The molecules that mediate B cell migration into skin and the vast majority of other
extralymphoid tissues are unknown. To identify potential trafficking receptors that target B
cells into the skin and to determine the molecular basis for the observed differential skin
migration between B1 and B2 cells (Fig. 4D), we examined peritoneal B1 and splenic B2
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cells as well as their skin counterparts for their expression of typical skin-homing signatures
(23, 24). Despite their skin-homing potential, peritoneal B1 cells did not express skin-
homing chemokine receptors CCR4 and CCR10 (Fig. 5A) or migrate toward the respective
ligands CCL17 and CCL28 in a chemotaxis assay (Fig. 5B). While, as expected, cutaneous
CDA4 T cells expressed CCR4 and CCR10, only a negligible fraction of skin B1 and B2 cells
expressed these receptors (Fig. 5A). Peritoneal B1 cells were unresponsive to CCL1, which
recruits skin homing T cells via CCR8 (24). Thus, even though peritoneal B1 cells home
efficiently into the skin (Fig. 4C and D), they do so independently of chemokine receptors
that target T cells into skin.

In contrast, CCR6, which attracts Langerhans cells into the epidermis (40) was expressed by
most splenic and cutaneous B2 cells and by a population of peritoneal and skin B1 cells
(Fig. 5A). However, unlike skin recirculating B cells in sheep (2), neither splenic B2 nor
peritoneal B1 cells migrated in response to the CCR6 ligand CCL20 (Fig. 5B). In a mixed
bone-marrow chimera approach, in which lethally irradiated Ragl~- recipient mice were
reconstituted with an equal mixture of congenically marked bone marrow cells from Ccr6/-
and WT mice, we did not observe differences in the numbers or percentages of Ccr6~ and
WT B1 and B2 cells residing in uninflamed or inflamed skin (data not shown). Thus, CCR6
does not appear essential for B cell localization to mouse skin. CXCR4, whose ligand
CXCL12 is constitutively expressed in the skin vasculature (41) and many other sites (42),
was expressed by almost all analyzed B1 and B2 cells. Congruently, peritoneal B1 and
splenic B2 cells migrated in response to CXCL12 although at lower levels when compared
to their chemotaxis to the B-cell attracting ligand CXCL13, which served as a positive
control (Fig. 5A and B). Additionally, CXCR3, whose ligands can be induced in skin during
inflammation (43), was found on a small population of all B cell subsets analyzed (Fig. 5A).
While CXCR4 and/or CXCR3 might be able to guide B cells into the skin, they are unlikely
responsible for the differential ability of peritoneal B1 cells vs. splenic B cells to migrate
into skin, as we found similar expression on these B cell subsets.

B1 cells require a4pl integrin to home into inflamed skin

We next determined the expression of adhesion molecules that could potentially mediate
skin homing of B cells. Expression of ligands binding E-selectin (largely overlapping with
an epitope called CLA, cutaneous lymphocyte antigen) is a hallmark of skin homing T cells.
However, while E-selectin was bound by a population of memory (CD44") CD4 T cells in
skin draining lymph nodes, we could not detect binding by B1 or B2 cells (Fig. 6A). There
are varying contributions of CD44, integrins a4pl (VLA-4) and aLp2 (LFA-1) to T-cell
migration into inflamed skin, and no known relevance of intestinal homing receptor a4p7
integrin in this process. B1 and B2 cells at all analyzed sites expressed similar levels of
alf2 (Fig. 6A). In contrast, while most skin and spleen B2 cells were a4p7*, expression on
peritoneal and cutaneous B1 cells was on average 3- and 4.1-fold lower by comparison,
respectively (differences in the geometric mean fluorescence intensity of the staining and
that of the isotype (AMFI) 148 + 20 (mean + SD) vs. 440 + 48 for peritoneal B1 vs. splenic
B2 cells, and 135 + 16 vs. 552 + 91 for skin B1 vs. B2 cells, respectively; Fig. 6A).
However, as described for peritoneal and splenic B cells (20, 44, 45), we found that both
peritoneal and cutaneous B1 cells expressed on average between 3- and 8-fold higher levels
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of CD44 and integrin a4f31 compared with splenic and cutaneous B2 cells (AMFI for CD44:
36,138 £+ 4,302 vs. 4,172 + 1,008 for peritoneal B1 vs. splenic B2 cells, and 19,502 + 1,513
vs. 2,410 £ 598 for skin B1 vs. B2 cells, respectively; AMFI for 1 integrin: 3,714 + 161 and
669 + 114 for peritoneal B1 vs. splenic B2 cells and 3,116 + 616 vs. 1,011 + 631 for skin B1
vs. B2 cells, respectively; Fig. 6A). As a4pl binds VCAM-1, which is constitutively
expressed at low levels by cutaneous vascular endothelial cells and further upregulated in
inflammation (46), we addressed whether a431 mediates B1 cell migration into skin.
Specifically, we neutralized a4 integrin with a blocking monoclonal antibody (PS/2) and
tested migration of intravenously transferred fluorescently labeled peritoneal and splenic
cells in recipient mice with chronic skin inflammation. In this 12-h homing assay, a4
blockade, but not an isotype control antibody, completely abrogated B1 cell migration into
the peritoneal cavity and the inflamed skin and reduced migration into the inflammation-
draining lymph node (Fig. 6B). Importantly, while blocking a4-integrin abrogated migration
of B2 cells into the peritoneum as described (45), the treatment did not affect the migration
of splenic B2 cells into the inflamed skin (Fig. 6B). These data demonstrate that a4p1 is
selectively required for B1 cell migration into the inflamed skin.

B1 cells constitutively express activated Bl integrin

Ha et al. showed previously that upon innate stimulation with LPS, peritoneal B1 cells
downregulate a4f1 integrin, allowing for release from the peritoneum (20). Having
established that B1 cells rely on a4p1 integrin for their migration into the inflamed skin
(Fig. 6B), we encountered an apparent contradiction: how can the same molecule be
downregulated on B1 cells to facilitate release from the peritoneum subsequently be used for
skin homing? Consistent with Ha et al. (20), we saw a moderate down-regulation of a4f1-
integrin on peritoneal B1 cells, but not splenic B2 cells, 6 h after intraperitoneal injection of
WT mice with LPS (P < 0.01; Fig. 7A and B). However, as much of the function of
integrins is regulated via their affinity regulation and less so through surface expression
levels, we wondered whether B1 that were released from the peritoneum would still be
capable of activating a4f1. To address this question, we transferred CFSE-labeled peritoneal
cells into Ragl~'~ recipient mice prior to intraperitoneal challenge with LPS as described
(20). 12 h later, we analyzed B1 cells that were released from the peritoneum and had
entered the blood and spleen and stained them with antibody 9EG7, which recognizes a high
affinity site of f1-integrin that is only accessible following integrin activation and
conformational change (47). Strikingly, most B1 cells that were released from the
peritoneum and had entered the blood circulation or spleen expressed activated 1 integrin
(Fig. 7C). The data suggest that while total levels of a4p1 are downregulated on peritoneal
B1 cells after LPS stimulation, presumably allowing for release from low affinity interaction
with extracellular matrix, high affinity a4f1 remains inducible on these cells, targeting
released B1 cells into the inflamed skin.

We noted that activated B1 integrin was not only expressed by B1 cells that had left the
peritoneum, but also by peritoneal B1 cells in the steady state. Specifically, in naive mice
activated B1 integrin was clearly found on peritoneal B1 cells, while expression was barely
detectable in splenic B2 cells (P < 0.0001 when comparing AMFIs; Fig. 7D). Staining in the
presence of Mn2* cations, which force an activated conformation of lymphocyte-expressed
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integrins (47, 48), demonstrated a lower inducibility of activated 1 integrin in splenic B2
cells (Fig. 7D, left). Furthermore, activated p1 expression was on average 3-fold higher
expressed on cutaneous B1 cells compared with skin B2 cells (P < 0.001; Fig. 7E). The data
suggest that expression of activated f1-integrin is a hallmark of B1 cells, revealing them as
tissue-targeting effector cells.

Discussion

In this study we establish that B cells, including IL-10" innate-like B cells and conventional
B cells, reside in the skin of mice and humans. Formally adding B cells to the skin immune
system opens the door to revealing the specialized roles of skin B cell subsets in cutaneous

host defense and inflammation as well as in tissue homeostasis and repair.

Our study shows that innate-like B cells in the skin of mice and humans secrete IL-10.
Additional cell types in the skin make 1L-10, such as dendritic cells, keratinocytes, and T
cells (reviewed in (49)) as well as some B2 cells (Fig. 2). However, anatomical localization
within the skin (i.e. epidermis vs. dermis), stimulation requirements (innate vs. antigenic
receptor signals) and cell mobility (i.e. sessile vs. migratory) differ for each cell type, thus,
assigning distinct roles in the provision of cutaneous IL-10. For example, B cells are mobile
cells that localize to the dermis (Fig. 1). Additionally, unlike conventional lymphocytes,
innate-like B cells rapidly respond with 1L-10 production to innate stimulation (10). As a
result, cutaneous innate-like B cells can readily respond to various external and immune
insults of the skin.

Our findings are consistent with the non-redundant role of B cells and/or B cell-derived
IL-10 in limiting skin inflammation in human psoriasis (16-18) and mouse models of
cutaneous hypersensitivity and psoriasis-like inflammation (12, 34, 50). Importantly, human
psoriasis is associated with low levels of cutaneous IL-10 and clinically responsive to
treatment with dermal IL-10 (51), stressing the importance of cutaneously produced IL-10 in
limiting skin inflammation. While studies suggest that B cells suppress skin inflammation
extracutaneously (e.g. in lymphoid tissues) (12, 50), we provide evidence that at least innate-
like regulatory B cells additionally act in the skin itself and make IL-10 during
inflammation. Importantly, peritoneal IL-10* B1 cells, which suppress cutaneous
inflammation (12), preferentially migrate into the inflamed skin, and inflammatory signals
stimulate relocation of B1 cells from the peritoneum into the inflamed skin (Fig. 4). Thus,
anti-inflammatory B cells reside in the skin during the steady state and larger numbers are
rapidly mobilized from central reservoirs and recruited into the skin during inflammation.
Notably, immunosuppressive therapy with an antibody to a4 integrin (natalizumab), which
we have shown blocks (1L-10*) B1 but not B2 cell migration into inflamed skin, is able to
“paradoxically” exacerbate psoriasis (52). Thus, it is possible that impairment of the
recruitment and/or function of 1L-10" skin B cells promotes skin inflammation in psoriasis
and other inflammatory skin diseases.

Of course, skin B cells are a heterogeneous population and some of these cells likely fulfill
pro-inflammatory functions similar to the pro- and anti-inflammatory B cell subsets that
reside at other extralymphoid sites, such as adipose tissue (53-55). In our human skin
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samples, IL-10 production by B cells appeared less strictly associated with an innate-like
(CD43") phenotype compared to cutaneous mouse B cells. Additionally, the recruitment of
IL-10 producing B cells into skin is not always desirable as IL-10 can impede pathogen
clearance in infection (56) and potentially play a pathogenic role in the cutaneous
autoimmune disease pemphigus vulgaris by promoting immunoglobulin class switch to
disease-perpetuating 1gG4 (49). Therefore, future studies are needed to reveal the various
subsets and functions of cutaneous and other extralymphoid tissue B cells in human disease
settings.

Confirming the results by others (9, 20, 33, 57), inflammatory challenge (i.e. LPS)
stimulates relocation of peritoneal B1 cells into activated lymphoid tissues (Fig. 4B).
However, upon peritoneal release and in short-term homing assays, B1 cells preferentially
relocate to extralymphoid tissues that are considered barrier sites, such as the peritoneum,
small intestine and inflamed skin (Fig. 4B and D). Given the critical role B1 cells play in the
early phase of non-cutaneous infections (5), they are expected to be beneficial responders
also following skin injury and infection. Together, this suggests an innate mechanism of host
defense that limits immunopathology by the rapid deployment of B1 cells from central
reservoirs into inflamed or threatened barrier tissues.

B1 cells that had left the peritoneal cavity and entered the blood almost uniformly express
activated B1 integrin, allowing for their migration into skin. To our surprise, B1 cells express
activated B1 integrin already at steady-state and bind VCAM-1 (Fig. 7D and not shown).
While a4l integrin supports endothelial rolling (58) and can likely substitute for the
expression of selectin ligands during skin homing, activation of integrins during
extravasation from the blood is usually accomplished by recognition of endothelial
chemoattractants. In contrast, constitutive expression of activated a4p1 integrin and 1
integrins is unusual and has been described for a limited number of effector cells, such as
effector T cells (59-61), NK cells (59) as well as metastatic tumor cells (62). As
constitutively activated a4p1 integrin mediates adhesion to VCAM-1 in the absence of
chemoattractant signals (60, 61), it potentially explains why B1 cells migrate into skin
despite their lack of responsiveness to ligands for skin-associated chemokine receptors (Fig.
5B). Moreover, it is thought that expression of activated a4f1 on circulating cells enhances
their binding to low levels of endothelial VCAM-1 and facilitates transendothelial migration
early in inflammation (59). Collectively, these findings suggest that expression of activated
1 integrin endows B1 cells with tissue-seeking properties required for effectors despite
their lack of a typical skin homing signature.

Surprisingly, B1 cells that are released from the peritoneum home into both the inflamed
skin and the small intestine (Fig. 4 and (20)), even though skin and gut homing signatures
are distinct and induced in T cells during antigenic responses in a mutually exclusive
manner (reviewed in (23, 63). However, it is unclear in our studies if skin and gut homing
B1 cells are discrete or overlapping populations. Additionally, endothelial VCAM-1 is
upregulated by inflammatory stimuli throughout the body, raising the question if (activated)
a4pl enables B1 cells to ubiquitously home into inflamed tissues similar to the
inflammation-seeking migration of innate leukocytes, such as neutrophils (64).
Alternatively, B1 cells might initially home into multiple sites prior to further differentiation
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and acquisition of tissue specificity. Thus, it will be important to determine whether the
differentiation into B1 cells with specialized effector phenotypes e.g. class switch to IgA
(65) or GM-CSF production (8) is paralleled by the acquisition of organ-selective homing.

In conclusion, our study reveals innate-like B cells as novel tissue-targeting effectors that
follow a unique peritoneum-skin migratory axis to provide cutaneous immunosurveillance
and anti-inflammatory functions. We lay the foundation for future studies determining
additional roles of B cell subsets in extralymphoid tissues during autoimmunity,
inflammation, cancer, and infection.
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Figurel. Innate-like B cellsresidein mouse skin
Chronic skin inflammation was induced in mice by subcutaneous injection of CFA. (A and

B) Immunofluorescence of frozen skin sections revealing the cutaneous localization of
CD20™" B cells three weeks after induction of inflammation (A) and in uninflamed control
skin (B). (A) 12 adjacent visual fields were assembled into one image using NIS-Elements
BR 3.0 software. Inset shows enlarged perivascular area from (A). Arrowheads in (B) mark
B cells. One (A) or two (B) representative images from > 6 analyzed mice are shown. DAPI
was used to visualize nuclei. Epi, epidermis; H, hair follicle. Lymphocytes isolated from
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inflamed and uninflamed (Control) skin and indicated tissues were analyzed by flow
cytometry. (C, top) Cells were gated on LIVE/DEAD Fixable Aqua Dead Cell Stain Kit™
(L/D Aqua~), CD45* single lymphocytes; (C, middle) expression of B1 and B2 cell markers
by CD19" B cells gated as shown; (C, bottom) phenotype of CD43*B220!%- B1 cells, gated
as shown. One example staining from 4-6 independent experiments with 3-5 mice each is
shown. (D-F) Summary of the results in (C) for skin tissues from all analyzed mice and (E)
corresponding B cell counts. (G) Staining of blood-borne B cells in vivo by intravenously
(IV) injected antibody to CD19. Gated on B1 and B2 cells (in vitro stained) from
uninflamed (Control) and inflamed skin. One representative staining from four experiments
analyzing 3-4 mice each is shown. **, P < 0.01; ***, P < 0.001 using the Mann Whitney U
test
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Fig. 2. Cutaneousinnate-like B cellsmake|L-10
Chronic skin inflammation was induced in mice by subcutaneous injection of CFA 3 weeks

prior to analysis. (A) Immunofluorescence histology of frozen skin sections detecting IL-10
production by CD20* skin B cells. DAPI was used to visualize nuclei. One representative

staining of > 6 analyzed mice. Scale bar, 10 um. (B-D) B-cell IL-10 (GFP) expression in

IL-10 (GFP)

Vert-X IL-10-GFP reporter mice by flow cytometry. (B) Spontaneous IL-10 expression
without in vitro stimulation showing (left) one representative staining and (right) summary
of the results for all (=6) mice analyzed in 3 independent experiments. (C and D) IL-10
expression after 5-h polyclonal stimulation of B cells from IL-10-GFP reporter mice. One

representative experiment of 4 performed analyzing =4 mice each is shown. (B and C) Bars
indicate the mean + SEM of each group. NS, not significant. PerC, peritoneal cavity.
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Lymphocytes from human blood and normal skin were analyzed by flow cytometry and
identified as L/D Aqua- CD45* single cells with lymphocyte scatter and (A, left) gated on
CD3-CD19*CD20* total B cells (A, right) further distinguishing CD27hCD43int B1-like
cells. (A) One representative staining and (B) results for all analyzed samples. (C) One
representative staining of CD11b and IgM by total and B1-like B cells as gated in (A), and
(D) results for CD11b expression in all analyzed samples. (E) Representative staining and
fluorescence minus one control (FMO) for IL-10 expression by total human B cells, gated as
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in (), after stimulation with PMA and ionomycin and (F) percentage of B cells that express
IL-10 for all samples analyzed. (B, D, F) Horizontal lines indicate the mean of each group,
and data points show individual donors from 5-7 donors per group. NS, not significant; *, P
< 0.05; **, P < 0.01 using the Mann Whitney U test.

J Immunol. Author manuscript; available in PMC 2017 March 15.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Geherin et al. Page 23
A CD45.1 B CFSE* C
PerC cells .Q?_W.k. %’;A __3__"1‘S_. Analysis CFA _3Wk | perCcells ._2h  LPS _20h Analysis
I sC P P
How R g
';i\(«:%%f »)] ) g
Gated on B1 cells Gated on B1 cells 5 315
= 0
T 2
b P 52
@ @ b ° @ @ * e ==
=510
6.22 1.42 23.1 1.4 1.4 1.8 83
— T
@(1PerC Blood | {PerC Blood Small intestine Inflamed skin o go 5
) 8Ir 2
s o PR &
. > @ e @ i
@ @ i a 0.0 |;I—| < E_‘ o 7/ T
124 531 0.05 0.02 0.08 0.01 S S O PR
° é\o ‘3& NS Gﬁ\e N
Spleen Inflamed skin Spleen ndLN Mesenteric LN dLN ‘o@&
@
Transferred cells (CD45.1) Transferred cells (CFSE) W~
D Input Spleen ndLN 50- i E
i 777 223 i 739 2641 i 91.3 87 . l wxnk
| | R - 409 T Migrated B1 cells
o
TR x € 301 Injected B1 cells dLN Inflamed skin
Splenic PerC % %
B2 B1 £ao 207 @ @ @
g TN ek £B 257 ., 2 522 525 659
S dLN PerC Inflamed skin g S 20| T 8 - - -
1 89.2  10.8 133 86.7 37.4 626 TS 15
T o o s g 10 e = -
: = 054 |:_| IL 10 (GFP)
0.0+ - % v r
Q O
P A L R
CD43 BRI SN
@
&

<]
o

60

40

20

Figure 4. Peritoneal B1 cellshome into uninflamed and inflamed skin
(A) Long-term relocation of peritoneal B1 cells: experimental scheme (top) and flow

cytometric analysis (bottom) of intraperitoneally (IP) transferred CD45.1* unfractionated
peritoneal cells recovered from different tissues 3 weeks after subcutaneous (SC) injection
of CFA to induce chronic skin inflammation. Cells were gated on total B1 cells (L/D Aqua~
CD45*CD19+*CD43*B220'°) and gates show the percentage of (CD45.1%) donor origin.
Representative plots from two experiments with similar results using 5-8 recipient mice
each. (B) Short-term relocation of peritoneal B1 cells following innate stimulation:
experimental scheme (top) and flow cytometric analysis (bottom) of intraperitoneally
transferred CFSE-labeled unfractionated peritoneal cells recovered 20 h after intraperitoneal
LPS challenge of recipient mice with chronic skin inflammation. Cells were gated on B1
cells as in (A), and gates show the percentage of B1 cells of (CFSE™) donor origin. One
representative experiment out of three performed using 3 recipients each. (C) B1 cell
homing into uninflamed skin and other tissues. 15 h after intravenous transfer of In-111-
labeled purified peritoneal B1 cells, the distribution of radioactivity was measured.
Combined analysis of 2 individual experiments with 6-8 mice each. (D) Competitive homing
of peritoneal B1 vs. splenic B2 cells into the inflamed skin. Unfractionated peritoneal and
splenic cells were differentially labeled with fluorescent dyes and transferred intravenously
into recipient mice with chronically inflamed skin. 12-15 h later, tissues were analyzed by
flow cytometry for transferred cells based on fluorescent labels (distinguishing splenic vs.
peritoneal origin) and further gated on L/D Aqua-CD45*CD19* B1 (CD43*B220!°-) and
B2 (CD43-B220M) cells. These distinctly gated populations were plotted together to
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visualize their ratios in input and recovered samples. One representative staining (left) and
the combined analysis of all (N=5) experiments analyzing = 5 mice each (right). Homing
index (right) was calculated as the ratio of recovered peritoneal B1 to splenic B2 cells,
corrected for their injected ratio. The dotted line shows a homing index of 1, which indicates
no migratory difference between groups. (E) IL-10 (GFP) expression by gated peritoneal B1
cells prior to injection and after homing into the inflamed skin and its draining lymph node
(dLN). IL-10 expression was assessed after PMA, ionomycin, and LPS stimulation. One
representative staining from a total of 7 analyzed mice is shown. (C and D) Bars indicate
mean + SEM of each group. *, P < 0.05; **, P < 0.01; ***, P < 0.0001 as determined by the
Wilcoxon signed rank test comparing migration to a theoretical homing index of 1. PerC,
peritoneal cavity; ndLN, non-draining lymph node.
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Figure 5. Chemokinereceptor expression by B cell subsets
(A) Flow cytometric analysis of the indicated B and T cell subsets from mice with

chronically inflamed skin. L/D Aqua- CD45" lymphocytes were gated on CD4* or CD19* B
cells further distinguishing B1 (CD43*B220!°-) and B2 (CD43~ B220") cells. Shaded areas
depict isotype controls of the respective subsets and organ. Percent of receptor* cells (black)
and isotype staining (grey) of indicated gates is shown in one representative staining from
=8 analyzed mice in = 2 experiments. (B) Chemotaxis of B cell subsets toward the indicated
chemokines was tested ex vivo in a Transwell chemotaxis assay. Data are expressed as the
percentage of cells of the respective subset that migrated to the lower chamber, and is
represented as the mean + SD of triplicate wells at each concentration. Horizontal dashed
lines indicate migration to media alone. One of two experiments with similar results is
shown.
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Figure 6. a4Bl integrin mediates B1 cell migration into the inflamed skin

@ Isotype control

O Anti-a4 integrin

(A, left) Flow cytometric analysis of adhesion molecule expression on peritoneal B1 cells,
splenic B2 cells, and B1 and B2 cells from chronically inflamed skin or memory CD4 T

cells from skin draining lymph nodes. Shaded areas depict isotype controls of the respective

subsets and organs. Percent of positive staining above isotype is indicated. (A, right)
Overlay of a4 and B1 integrin expression on B1 vs. B2 cell subsets. One representative
staining from = 4 experiments analyzing 3-5 mice each is shown. (B) Homing of peritoneal
B1 cells (top panel) and splenic B2 cells (bottom panel) was tested in recipient mice with
chronic skin inflammation. Recipient mice were treated with a blocking antibody to a4-
integrin or an isotype control antibody. 12 h after cell transfer of unfractionated
fluorescently labeled splenic and peritoneal cells, donor B cells in the specified organs were
analyzed and enumerated by flow cytometry. One representative of three experiments is
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shown. Data points indicate individual recipient mice and the mean + SEM for each group.
*, P <0.05; **, P < 0.01 using the Mann Whitney U test. dLN, inflammation draining
lymph node; ndLN, non-draining lymph node; PerC, peritoneal cavity.
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(A and B) Two groups of WT mice received LPS or PBS intraperitoneally. 6 h later,
peritoneal B1 and splenic B2 cells were analyzed by flow cytometry. (A) One representative
staining and (B) the geometric mean fluorescence intensity (MFI) for individual mice and
the mean of each group, indicated as connecting lines, in one out of two similar experiments
with 5 mice per group are shown. (C) CD45.1* peritoneal cells were transferred into
congenic CD45.2* Rag1~"~ recipients before inducing B1 cell relocation by intraperitoneal
injection of LPS. 12 h later, expression of activated B1 integrin was determined on B1 cells
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that had left the peritoneum and the input population by flow cytometry using antibody
9EG7. One representative staining of 4 experiments analyzing 3-5 mice each is shown. (D
and E) Expression levels of activated B1 integrin on B1 and B2 cell subsets in (D) naive
mice and (E) mice with CFA-induced chronically inflamed skin. One representative out of >
3 experiment analyzing 3-5 mice each, summarized as the differences in the MFI of the
staining and the MFI of the isotype (AMFI) for each B cell subset. Data points indicate
individual mice and the mean + SEM of each group. **, P < 0.01; ***, P < 0.001; **** P <
0.0001 using student's t test.
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