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Abstract

Pro- and anti-inflammatory B cell subsets that localize to unperturbed and inflamed skin are newly
emerging components of the skin immune system. To test the relevance of regulatory B cells
(Bregs) in the suppression of cutaneous inflammation, we asked whether impaired migration of
these cells into the skin exacerbates skin inflammation. Using a mouse model with a B cell-
specific tamoxifen-inducible deletion of a4B1-integrin we demonstrate that selective disruption of
a4pl-integrin expression in B cells significantly decreases 1L-10* Bregs in inflamed skin while
not affecting their counterparts in lymphoid tissues. Impaired skin-homing and reduced cutaneous
accumulation of IL-10* Bregs leads to a significant increase in clinical and histopathological
parameters of inflammation in both psoriasiform skin inflammation and cutaneous delayed contact
hypersensitivity. Thus, our data show a crucial function of skin-homing IL-10* Bregs in the
suppression of skin inflammation, supporting the notion that Bregs are critical players in the
cutaneous environment during inflammatory skin diseases.

INTRODUCTION

The skin is a key barrier organ that provides protection from physical and infectious insults
and is also the target of inflammatory diseases such as psoriasis. Cells of the skin immune
system orchestrate a local balance of host defense and suppression of overt inflammation in
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response to insults. B cells were only relatively recently demonstrated in unperturbed mouse
and human skin (Geherin et al., 2016, Saul et al., 2016) and also found to continuously
traffic through the healthy dermis in sheep (Geherin et al., 2012). The principal function of
B cells is the secretion of antibodies following differentiation into antibody secreting cells.
Additionally, B cells are effective antigen presenting cells and through secretion of pro- and
anti-inflammatory cytokines, they can promote and suppress inflammation, respectively
(Matsushita, 2019).

A growing body of work shows both pro- and anti-inflammatory roles of skin B cells
depending on the predominant B cell subset as well as the type of inflammation (reviewed in
(Debes and McGettigan, 2019)). Specifically, B cells can accumulate in the skin to initiate
development of cutaneous tertiary lymphoid structures and B-cell-T-cell aggregates that
accelerate chronic skin inflammation (Debes and McGettigan, 2019, Yuan et al., 2017).
Cutaneous production of IL-6 (Matsushita et al., 2018) or pathogenic antibodies (Yuan et al.,
2017) present additional mechanisms by which skin B cells contribute to skin inflammation.
Moreover, skin inflammation upregulates localized expression of the B cell survival
cytokines BAFF and APRIL, which in turn promote accumulation of antibody secreting cells
in skin (Wilson et al., 2019). On the other hand, B cells can act as regulatory B cells (Bregs)
that suppress skin inflammation by virtue of IL-10 production in various types of skin
inflammation such as models of psoriasis, contact hypersensitivity (CHS), and scleroderma
(Alrefai et al., 2016, Matsushita et al., 2018, Nakashima et al., 2010, Yanaba et al., 2013)
with evidence for such a role also in human disease, é.g. psoriasis (Gran et al., 2020,
Mavropoulos et al., 2017). Indeed, unperturbed human and mouse skin harbors IL-10* B
cells, suggesting a regulatory role at steady state (Geherin et al., 2016). Opposing roles of
different B cell subsets also explains the apparent conflicting results obtained with pan-B
cell-depleting therapies, such as rituximab (anti-CD20). Rituximab can induce or exacerbate
autoimmune conditions, including psoriasis (reviewed in (Kersh and Feldman, 2018)), while
being an effective treatment to curb skin inflammation in pemphigus vulgaris and other
inflammatory skin entities (Joly et al., 2017, Nagel et al., 2009). Thus, systemic B cell
depletion can eliminate 1L-10* Bregs and provoke a pro-inflammatory environment that
enhances autoimmunity while in other cases depletes disease-driving pathogenic B cells.

Lymphocyte migration from blood into tissues is mediated by a multi-step adhesion cascade
involving adhesion and chemoattractant receptors on leukocytes and cognate interactions
with their respective endothelial ligands. While the receptor-ligand pairs controlling skin
homing of T cells are well established (Schén et al., 2003), the molecules that mediate B cell
migration into skin are less well defined (Egbuniwe et al., 2015) and do not include
canonical skin-homing chemokine receptors, such as CCR4 (Geherin et al., 2016). However,
IL-10* innate-like B cell migration into granulomatous skin inflammation is dependent on
a4pl-integrin (Geherin et al., 2016). a4pl-integrin, also known as very late antigen-4
(VLA-4), is a heterodimer consisting of a4 and 1 subunits and is expressed by several
leukocytes. a4p1-integrin mediates leukocyte migration through interactions with ligands
such as vascular cell adhesion molecule-1 (VCAM-1), which is constitutively expressed by
skin vasculature (Quinlan et al., 1999) and inducible by inflammatory signals in many
tissues (Mitroulis et al., 2015). a4p1-integrin is clinically recognized for its roles in
inflammatory diseases, such as multiple sclerosis and colitis as well as in cancer
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development and stem cell mobilization (Mitroulis et al., 2015). The a4-subunit can
alternatively pair with p7 to form a4p7-integrin and mediate lymphocyte trafficking to
mucosal sites by binding to MadCAM-1, which is absent from skin except for rare instances
of extraintestinal inflammatory bowel disease (Adams and Eksteen, 2006).

In this study, we found that IL-10* Breg skin homing and accumulation critically depend on
B-cell expression of a4p1-integrin. Impaired migration of Bregs into skin exacerbates
inflammation and leads to delayed resolution of inflammation during both psoriasiform skin
inflammation and cutaneous contact hypersensitivity. Thus, IL-10* Bregs fulfill a critical
role in limiting inflammation within the skin microenvironment and disruption of their
recruitment into skin can enhance clinical parameters of skin inflammation.

Short-term deletion of a4Bl-integrin in B cells does not affect B cell numbers in
unperturbed skin or secondary lymphoid tissues.

To study the role of a4pl-integrin in skin-associated B cells without affecting a4p1-
integrin-dependent B cell development (Arroyo et al., 1996), we crossed hCD20TAMC'®
mice (Khalil et al., 2012), which express a B-cell specific tamoxifen (TAM)-inducible IRES-
Cre/ERT2, with mice that carry a floxed /ntegrin a4 gene (/tga40x/flox. (Scott et al., 2003)).
Treatment with TAM almost completely abrogated a4p1-integrin expression on B cells from
spleen, skin draining lymph nodes (dLN) and skin in hCD20TAMC /tga4/lox/flox mice seven
days after the last treatment, without affecting B cells in hCD20TAMC® /zga4oX'WT control
mice (p <0.001; Fig. 1a and b, Sup Fig. 1a). As expected, inducing B cell-specific a4
deletion did not affect a4f1-integrin expression on CD4* T cells or their numbers in skin
and secondary lymphoid tissues (p >0.05; Fig. 1a, b, and d; Fig. S1a). Interestingly, induced
deletion of a4 in B cells did not change the numbers of B cells in spleen, lymph nodes or
skin of hCD20TAMCTe /zga4fox/flox mice relative to hCD20TAMCT® /zga4™0X'WT control mice
(p >0.05; Fig. 1c). Comparing hCD20TAMCT® /tga4flox/flox mice to

hCD20TAMCe /tga4XWT control mice seven days after the last TAM treatment, we did not
detect statistically significant differences in the numbers of IL-10* total B cells (CD19*
cells), IL-10* conventional B2 cells (CD19*B220MI"CD43"), or IL-10* innate-like B1 cells
(CD19*B220~1°WCD43*) in unperturbed skin (Fig. 1e, Fig. S1b). Similarly, no differences
were observed in the numbers of IL-10* CD4* T cells (Fig. 1e, Fig. S1b). Together, these
data indicate that 1L-10" Breg turnover in unperturbed skin is independent of a4p1-integrin
at least for the timeframe analyzed.

a4pl-integrin deletion in B cells delays the resolution of psoriasis-like skin inflammation.

We induced a psoriasiform skin inflammation by daily application of imiquimod (IMQ; (van
der Fits et al., 2009)) to the shaved back skin of hCD20TAMCT® /zga4/oX/flox mjce and
hCD20TAMC /tga4™X'WT control mice three days after the last treatment with TAM.
Consistent with the unaltered presence of IL-10" Bregs and IL-10" CD4* T cells (Fig. 1), we
did not observe differences between the IMQ-treated groups in clinical parameters of skin
inflammation, such as redness (erythema) and transepidermal water loss (TEWL), in the
early phase (d3) and at the peak of inflammation (d6) (p >0.05; Fig 2a). In contrast, a
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significant increase in skin erythema (p <0.01) and TEWL (p <0.05) was measured in
hCD20TAMC /zga41ox/flox mice compared with hCD20TAMCT® /£ga4/™0X'WT control mice
during the resolution phase of skin inflammation (d8; Fig. 2a). The delayed resolution of
inflammation was associated with a significant increase in epidermal hyperplasia as assessed
by histology (p <0.05; Fig. 2b and c) and increased infiltration of inflammatory monocytes
and neutrophils (p <0.05; Fig. S2a). In contrast, the numbers of cutaneous IL-17 or IFN-y
producing T cells or cutaneous expression of several inflammatory cytokines such as IL-6,
IL-1B, TNF-a, IL-23, and IL-17 were not affected (p >0.05; Fig. S2b and c). The deletion of
a4 was confirmed by flow cytometry analyzing total B cells, B1 cells, and B2 cells on day 8
after induction of inflammation with IMQ (p <0.001; Fig. 2d, Fig. S2d). Unlike at the steady
state (Fig. 1), during the resolution phase of inflammation there was a significant decrease in
the number of total B cells and B1 cells in the inflamed skin of hCD20TAMCe /zga4lox/flox
mice compared with hCD20TAMC® /tga4/0X'WT control mice (p <0.05; Fig. 2e). Strikingly,
a similar reduction in IL-10* total B cells and IL-10* B1 cells was observed in the inflamed
skin of mice with a4p1-integrin deletion in B cells (p <0.01; Fig. 2f), while, as expected,
numbers of IL-10* CD4* T cells were unchanged in skin or other sites (Fig. 2f, Fig. S2e and
f). Furthermore, no differences were detected in the number of 1L-10* B cells in skin dLN
comparing both genotypes (Fig. S2f). However, there was a significant increase of IL-10*
total B and IL-10" B1 cells in the spleens of hCD20TAMCTe /zga40x/flox mice compared
with hCD20TAMCT® /1ga4™X'WT control mice (Fig. S2e). Thus, the delayed resolution of
psoriasis-like inflammation observed in hCD20TAMCT® /1ga4/10x/flox mice was linked to a
significant decrease in skin-associated B cells and, particularly, in IL-10* Bregs.

a4pl-integrin deletion in B cells exacerbates hapten-induced CHS

To address whether deletion of a4p1-integrin in B cells would affect the course of non-
psoriasiform skin inflammation, we sensitized hCD20TAMCT® /tga4/10x/floX mce and
hCD20TAMC /tga4™X’WT control mice through epicutaneous application of the hapten 2,4-
dinitrofluorobenzene (DNFB). Prior to challenge (elicitation) with DNFB, which induces a
CHS phenotype (Honda et al., 2013) the mice were treated with TAM. The DNFB challenge
caused a significantly stronger erythema and TEWL in the affected back skin of
hCD20TAMC /zga4f1ox/flox mice compared with hCD20TAMCT® /£ga4™X'WT controls (p
<0.05; Fig. 3a). Moreover, hCD20TAMCTe /ga410x/flox mice exhibited a significantly
enhanced swelling response in ear skin relative to hCD20TAMC® /fga4oX'WT control mice
(p <0.05; Fig. 3a). The exacerbated inflammation in hCD20TAMCT® /ga4/0X/floX mce was
also reflected in an increased weight of 8-mm punch biopsies of ear skin (p <0.05; Fig. 3b)
as well as aggravated epidermal hyperplasia assessed by histology (p < 0.05; Fig. 3c and d).
As in the psoriasis model, a4 expression was largely abrogated on total B cells, B1 cells and
B2 cells (p <0.001; Fig. 3e, Fig. S3a). The inflamed skin of hCD20TAMCe /zga4ox/flox mice
harbored significantly fewer B1 cells relative to hCD20TAMCTe /tga40X'WT control mice,
while there were no differences in the total numbers of cutaneous total B cells or B2 cells
(Fig. 3f). Importantly, the increased skin inflammation in hCD20TAMCT® /tga41ox/flox mice
was associated with significantly reduced numbers of cutaneous IL-10* B cells, including
IL-10* B1 cells and IL-10" B2 cells (p <0.05) while not affecting IL-10* skin CD4* T cells
(Fig. 3g) or IL-10" CD4™ T cells in other sites (Fig. S3b and c). Notably, 1L-10* B cells
were significantly increased in spleen and skin dLN of mice whose B cells lack a4p1-
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integrin (p <0.05; Fig. S3b and c). These data suggest that enhanced skin inflammation
observed in hCD20TAMCTe /ga47oX/flox mice is governed by impaired a4p1-integrin-
mediated migration of IL-10" Bregs into skin but is not influenced by Bregs in lymphoid
tissues.

a4pl-integrin required for Breg homing into psoriasis-like skin inflammation

Cad19°7¢/CTe mice (Rickert et al., 1997) lack CD19 and in line with the described phenotype
of traditional CdZ9-null mice exhibit alterations in B cell subsets, including an almost
complete lack of IL-10" Bregs (Fig. S4a and b; (Engel et al., 1995, Yanaba et al., 2008). As
expected (Yanaba et al., 2013), the severe reduction of IL-10* Bregs was associated with an
enhanced psoriasis-like phenotype after application of IMQ treatment with a significant
increase in skin erythema in Cd79¢¢/Ce mice compared with wildtype (WT) mice (Fig. 4a).
To test whether a4p1-integrin mediates B cell homing into psoriasiform skin inflammation,
we performed a competitive homing assay, comparing the migration of differentially labeled
B cells from hCD20TAMCTe /tga4/10x/flox mice and hCD20TAMC /ga4oX'WT control mice
in IMQ-treated Ca79"¢/Cre mice. Sixteen hours after IV transfer, there was a greater than
80% reduction in the number of recovered a4p1-integrin-deficient

(hCD20TAMCTe /tga41ox/flox) B cells in peritoneal cavity and skin relative to a4pl-integrin*
(hCD20TAMCe /rga4ox/WTy control B cells (p <0.05 and p <0.001, respectively; Fig. 4b).
The severely impaired migration of a4p1-integrin-deficient B cells into inflamed skin was
also reflected in a 5-fold reduced homing index for skin and a 9-fold enhanced accumulation
in blood relative to control B cells (p <0.01; Fig. 4c). Importantly, almost all IL-10* skin B
cells expressed a4pl-integrin (Fig 4d), suggesting that they use the molecule to localize to
skin. Indeed, in short-term homing assays, IL-10* B cell migration into peritoneal cavity and
inflamed skin was significantly reduced when donor cells lacked a4p1-integrin (p <0.01 and
p <0.05, respectively; Fig. 4e), demonstrating that a4pl-integrin is critical for IL-10* Breg
migration from blood into psoriasiform skin inflammation.

Breg homing into the skin ameliorates psoriasis-like inflammation

Adoptive transfer of B cells ameliorates IMQ-induced psoriasiform skin inflammation in
Cd19-null mice in an IL-10-dependent manner (Yanaba et al., 2013), and we found that B-
cell homing into and IL-10* Breg accumulation in psoriasis-like skin inflammation are
dependent on a4p1-integrin (Figs. 2 and 4). Thus, we wondered whether the ability of B
cells to limit psoriasiform inflammation was dependent on their capacity to home into skin.
To address this, we transferred a4p1-integrin-deficient (\CD20TAMCTe ftga4flox/flox) or
a4pl-integrint (\CD20TAMC'e /tgadfox'WT) B cells into Ca19<7¢/C"e mice the day before
starting IMQ administration. WT mice and Ca79°"¢/C"e mice without IMQ treatment or cell
transfer served as controls. Throughout the course of inflammation and at its peak on day 6,
transfer of a4* B cells from hCD20TAMC'® /rga4™XWT mice significantly improved skin
erythema (p <0.05) and other parameters of skin inflammation, such as weight of skin
biopsies (p <0.001) and epidermal hyperplasia (p <0.05) of Cd19¢"/C"e recipient mice (Fig.
5a to d). In contrast, transfer of a4p1-integrin-deficient B cells from

hCD20TAMC /tga4T0x/flox mice did not improve skin inflammation in Cd29"¢/C"€ mice (p
>0.05; Fig. 5a to d). To address the relevance of IL-10 production by B cells in our
experimental set-up, we generated inducible B cell-specific IL-10-deficient mice (Fig. S5)
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and transferred a4p1-integrinWT I1L-10 competent (hnCD20TAMCTe//10710x'WT) B cells or
a4pl-integrinWT 1L-10-deficient (\CD20TAMCTe //1070X/floX) B cells into Cd19¢7€/C"e mice
the day before starting IMQ administration. Similar to a4p1-integrin*

(hCD20TAMCe /tga40x'WT) B cells, the transfer of a4p1WT IL-10-competent B cells into
Cad19C7e/Ce recipient mice significantly improved parameters of skin inflammation, such as
skin erythema (p <0.01), TEWL (p <0.01), weight of skin biopsies (p <0.05), and epidermal
hyperplasia (p <0.05) (Fig. 5e to h). In contrast, transfer of a4p1WT IL-10-deficient
(hCD20TAMCTe//107lox/flox) B cells did not improve skin inflammation of CaZ79°¢/C"€ mice
(p >0.05; Fig. 5e to h). We conclude that a4p1-integrin-dependent migration of Bregs cells
into the inflamed skin and B cell-derived I1L-10 are critical to limiting psoriasis-like skin
inflammation.

DISCUSSION

Recent studies demonstrate B cells as cells of the skin immune system with roles in the
regulation of cutaneous immunity at steady state, acute and chronic inflammation, as well as
cancer (reviewed in (Debes and McGettigan, 2019, Egbuniwe et al., 2015)). Here, we
illustrated that impaired B cell recruitment into inflamed skin prevents accumulation of
IL-10* Bregs in the cutaneous environment and promotes the development of skin
inflammatory states, indicating that B cells, and particularly IL-10" Bregs, are vital to the
resolution and dampening of skin inflammation.

Our previous work had shown that innate-like B cells, many of which are IL-10* Bregs,
require a4p1-integrin to home into granulomatous skin inflammation (Geherin et al., 2016).
Here we found that skin B cell numbers, including those of 1L-10* Bregs were not
significantly affected by induced deletion of a4p1-integrin in B cells over a 7-day period.
Thus, steady-state B cell migration into skin and/or cutaneous retention appear to be
independent of the VCAM-1-a4p1-integrin axis, or B cell turnover is slower in skin,
preventing detection of significant decreases in a4p1-dependent skin-homing B cells. The
latter explanation would also raise the possibility that some skin B cells are resident in skin
for extended periods of time akin to skin-resident T cells (Gebhardt et al., 2018). In support
of potential skin-resident B cells are recent studies demonstrating non-recirculatory spleen-
resident T-bet" B cells (Johnson et al., 2020).

Similar to innate-like B cell homing into skin granulomas (Geherin et al., 2016), we reveal
that B cell migration into psoriasiform skin inflammation as well as total B cell and 1L-10*
Breg accumulation in both CHS and psoriasiform skin inflammation are critically dependent
on B-cell expressed a4p1-integrin. Thus, we establish a universal role for a4f1-integrin in
mediating B cell and Breg trafficking into and accumulation in inflamed skin. Blocking B-
cell accumulation in the inflamed skin affected 1L-10" Bregs as well as B1 cells, consistent
with elevated expression of activated a4p1-integrin on B1-like Bregs relative to
conventional B2 cells (Geherin et al., 2016). However, we detected an additional reduction
of IL-10* B2 cells in the CHS model when a4 was deleted in B cells, indicating that also
IL-10* B cells from the conventional B2 lineage use a4B1-integrin to localize to inflamed
skin. a4pl-integrin is not only important for the trafficking of B cells and T cells into skin,
it also mediates effector T cell and B cell migration across the blood-brain barrier and its
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blockade with natalizumab represents an effective therapy for multiple sclerosis (Baiula et
al., 2019, Lehmann-Horn et al., 2015, von Andrian and Engelhardt, 2003). Induced deletion
of a4pl-integrin in B cells decreases accumulation of both effector B cells and Bregs in the
central nervous system (CNS) and can positively or negatively influence the severity of
experimental autoimmune encephalitis depending on the dominant role of recruited effector
vs. regulatory B cells in the particular experimental autoimmune encephalitis model
(Glatigny et al., 2016, Lehmann-Horn et al., 2015, Lehmann-Horn et al., 2016). Therefore, it
is possible that in some instances a4p1-integrin is also used by proinflammatory B cells to
enter the skin. Future studies that address this question are critical and would also aid
assessing the utility of a4p1-integrin-targeting drugs to prevent undesired Breg
accumulation in skin during chronic infection or malignancies. For example, a recent study
reported intratumoral accumulation of 1L-10* Bregs in a mouse model of cutaneous
melanoma with evidence for Breg suppression of localized anti-tumor T cell responses (Aira
and Debes, 2019, Kobayashi et al., 2019).

Several studies reported that 1L-10* Bregs exert their function by acting in secondary
lymphoid organs (Hussain et al., 2019, Matsushita et al., 2008), and constitutive lack of
a4pl-integrin in B cells has been linked to a reduction of 1L-10* Bregs in spleen and
exacerbated CNS inflammation in experimental autoimmune encephalitis (Glatigny et al.,
2016). However, in our study, increased inflammation in both CHS-like and psoriasiform
skin inflammation was paralleled by a decrease in cutaneous IL-10* Breg numbers and a
concomitant increase of their counterparts in spleen. Therefore, we conclude that a main
mechanism by which Bregs limit cutaneous inflammation is by acting directly at the site of
inflammation. Differences to the study by Glatigny et a/. are likely due to differences in
experimental systems: they employed constitutive a4f1-integrin deletion in B cells
(Glatigny et al., 2016), which is known to affect B cell development and B cell
reconstitution of peripheral tissues (Arroyo et al., 1996). In contrast, our system involved
inducible deletion of a4-integrin in B cells of adult mice with physiological WT B cell
repertoire and distribution (Khalil et al., 2012). Alternatively, it is possible that CNS vs. skin
inflammation differentially affect Bregs in spleen. However, several studies of
extracutaneous inflammation (i.e. CNS inflammation, colitis, and osteoarthritis) also support
a localized role for Bregs and link the suppressive function of IL-10* Bregs to the site of
inflammation (Lehmann-Horn et al., 2016, Mishima et al., 2019, Sun et al., 2019).

In both the CHS and psoriasis skin inflammation models used in our study, inhibition of
cutaneous 1L-10* Breg accumulation after TAM treatment led to an enhanced CHS response
and prolonged psoriasiform inflammation, revealing an important role for Bregs /n situ both
at the peak and during the resolution phase of inflammation. These data are in line with the
reported key anti-inflammatory function of Bregs throughout the course of psoriasiform
inflammation (Alrefai et al., 2016, Yanaba et al., 2013) and the elicitation phase of CHS
(Watanabe et al., 2007, Yanaba et al., 2008), as well as a potent role for innate-like IL-10*
Bregs in accelerating remission of CHS responses (Nakashima et al., 2010). Of note, we
only detected very small to negligible effects of a4f1-integrin deletion in B cells on skin
inflammation severity at the early and peak stages of psoriasiform inflammation (days 1-6
of IMQ challenge), reflecting the unaltered presence of cutaneous B cell populations
immediately after induction of a4p1 deletion. However, our adoptive transfer studies
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support an additional role for Bregs in the earlier stages of psoriasiform skin inflammation
because transfer of a4@1-integrin® skin-homing B cells (\CD20TAMC /tga4loX'WTy was
able to ameliorate the exacerbated early and peak skin inflammation of IMQ-treated Breg-
deficient Ca79€7¢/Cre recipients. In contrast, a4p1-integrin~ (NCD20TAMCTe /tga4flox/fiox) g
cells with reduced ability to home into skin, were unable to rescue the phenotype. Similarly,
B cells deficient in IL-10 were also unable to ameliorate the enhanced skin inflammation.
Based on these data, we conclude that early inflammatory events in psoriasiform skin
inflammation are also limited by Bregs /n situ, consistent with data of others (Alrefai et al.,
2016, Yanaba et al., 2013).

Mouse models clearly demonstrate a role for 1L-10" Bregs in the suppression of
psoriasiform skin inflammation (Alrefai et al., 2016, Yanaba et al., 2013) and our data
extend those findings by emphasizing a key role for skin-homing Bregs and IL-10
production by B cells. In support of a protective role of B cells in human psoriasis are
studies that B cell depletion with rituximab treatment can induce or exacerbate autoimmune
conditions, including psoriasis (Kersh and Feldman, 2018). Moreover, IL-10* Breg numbers
are reduced in the blood of individuals with psoriasis (Hayashi et al., 2016, Mavropoulos et
al., 2017). While there are case reports of psoriasis development upon therapeutic targeting
of a4p1-integrin with natalizumab (Lambrianides et al., 2018, Millan-Pascual et al., 2012),
and our data in mice reveal that 1L-10* Bregs use a4p1-integrin to migrate into skin, it
remains unknown how much the lack of Breg recruitment into skin contributes to the human
disease. As IL-10* Bregs are present in lesional skin in psoriasis (Toussi et al., 2019), it is
conceivable that different frequencies of Bregs reside in psoriasis-affected skin, which in
turn may modulate the level of disease activity and severity. In support of this idea are
findings in osteoarthritis, in which disease severity is negatively correlated with the number
of lesion-infiltrating IL-10" Bregs (Sun et al., 2019). Thus, future studies are important to
establish the potential relationship between the number of Bregs in lesional psoriasis skin
and the level of disease activity (PASI).

The role of B cell-derived IL-10 in the suppression of CHS and psoriasis are well
established and further supported by our data. Various stimuli, including bacterial products
and aryl hydrocarbon receptor ligands can potently stimulate IL-10 production in B cells
(Mishima et al., 2019, Piper et al., 2019). Our targeting of B cell migration into skin largely
affected 1L-10* Breg homing and accumulation, however, it is conceivable that additional or
alternative B cell-derived factors besides IL-10 were responsible for our observed B-cell
homing-dependent suppression of skin inflammation. Bregs can suppress inflammation via
alternative mechanisms, including adenosine and IL-35 production, expansion of regulatory
T cells, and expression of programmed death 1 (PD-1) ligand PD-L1 (Mauri and Menon,
2017, Ray and Dittel, 2017). While most studies assume that IL-10 Bregs exert a direct
suppressive effect on T cells, after deletion of a4p1-integrin in B cells and impaired Breg
accumulation in skin, we did not detect changes in the number of cutaneous IL-17* or IFN-y
* T cells that correlated with the enhanced inflammation. Instead, when Bregs were unable
to traffic into skin and skin inflammation was prolonged, we found increased numbers of
inflammatory monocytes and neutrophils in the affected skin. These data suggest that Bregs
suppress further recruitment of innate effectors or aid their clearance from the inflamed site
thereby accelerating the resolution of inflammation. Future studies are required to determine
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the detailed mechanisms by which skin Bregs are able to limit cutaneous inflammation and
the stimuli that drive their local anti-inflammatory activities.

In conclusion, our results reveal a critical role for Bregs within the cutaneous environment
with their homing into skin as a key factor in downmodulation of inflammation in both a
CHS and a psoriasis model, two very different entities of skin inflammation. Thus, Breg
homing into skin and suppression of inflammation /in situ is likely a universal mechanism to
curb skin immune responses, and manipulation of Breg migration into skin may offer novel
therapeutic avenues for inflammatory skin diseases or in the treatment of cutaneous
malignancies.

MATERIALS AND METHODS

Mice, skin inflammation models

All mice were on C57BL/6 background, bred and housed under specific pathogen-free
conditions and fed with standard laboratory feed in our animal facility. Sex and age-matched
groups of male and female mice, 8-12 weeks of age were used in experiments. No
differences between male and female mice were detected in the skin inflammation models.
C57BL/6 WT and Cd719°"¢C" mice (Rickert et al., 1997) were obtained from The Jackson
Laboratory, hCD20TAMC'® mice (Khalil et al., 2012) from Mark Shlomchik (University of
Pittsburgh), /fga470X/floX mice (Scott et al., 2003) from Thalia Papayannopoulou (University
of Washington), and //1070X/flox mice (Roers et al., 2004) from Joseph Craft (Yale
University).

A psoriasis-like phenotype was induced by daily administration of 50 mg of 5% IMQ cream
(Perrigo) on the shaved backs of mice for six days. Control mice were treated with lotion
(Lubriderm). CHS was induced by sensitization of naive mice on shaved abdominal skin
with 30 pl of 0.5% DNFB (Sigma-Aldrich) in acetone (Sigma-Aldrich) and olive oil (3:1)
for two consecutive days. Two weeks later, CHS was elicited by 30 pl of 0.5% DNFB on
shaved backs and 12 pl on ear skin. Control mice were treated with acetone and olive oil
alone. Skin erythema and TEWL were measured using electronic skin probes (Courage +
Khazaka Electronic, Cologne, Germany) S004WL Mexameter® MX 18 WL and SO08WL
Tewameter® TM 300 WL, respectively. Ear thickness was evaluated using a digital
engineer’s caliper (ThermoFisher). Aear thickness was determined as the current thickness
measured minus baseline thickness. All clinical assessments of inflammation were
performed in a blinded fashion. To induce B-cell specific deletion of /tga4,

hCD20TAMC /zga4iox/flox mice were gavaged thrice with 3 mg of TAM (Sigma-Aldrich)
diluted in 200 pl of olive oil, administered every other day with the last TAM treatment 3
days prior to starting IMQ treatments or performing the DNFB challenge of mice. Control
hCD20TAMC® /tga4oXWT mice were treated in the same manner. All animal experiments
were approved by the Institutional Animal Care and Use Committee of Thomas Jefferson
University.
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B cell homing and adoptive transfer

For B cell homing assays, recipient Ca29"¢/C"e mice were daily treated with IMQ for six
days. Combined splenocytes and peritoneal cells from TAM-treated

hCD20TAMC /tga40X/flox and hCD20TAMC /tga4X'WT served as donor cells. Donor B
cells of each genotype were labeled with CFSE or eF670, mixed at equal ratios, and 1.8x107
total cells injected i.v. into recipients. Sixteen hours later recipient mice were sacrificed,
lymphocytes isolated from tissues, enumerated, stained for B cells, and analyzed by flow
cytometry to determine exact ratios of labeled B cells prior to injection and after recovery.
For adoptive transfers, spleen and peritoneal cavity B cells from TAM-treated
hCD20TAMC"®* mouse strains were isolated using magnetic cell sorting with CD19
microbeads (Miltenyi Biotec), and 0.7-1.1x107 B cells were IV injected into recipient
Cad19°7¢/CTe mice the day prior to starting the IMQ treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: a4pl-integrin deletion in B cells of adult mice does not affect skin B cell numbers.
hCD20TAMCTe /zga4fox/flox gnd hCD20TAMCTe /tga40XWT mice were treated thrice with

tamoxifen (TAM). Seven days after the last TAM administration, tissue lymphocytes were
analyzed by flow cytometry for (a) a4 expression levels, and (b-d) subset quantification. (e)
Skin lymphocytes were stained for intracellular IL-10 after 4-hour stimulation. B cells were
identified as L/D Aqua—CD45*CD19" single cells with lymphocyte scatter, distinguishing
B220~1oWCD43* B1 and B220MI"CD43~ B2 cells. Data points represent one representative
staining (a) or individually analyzed mice and the mean + SEM of each group (b-e) from a
minimum of 2 independent experiments analyzing a minimum of 8 mice per group. ***p
<0.001 using the Mann-Whitney test. dLN, draining lymph nodes; ns, not significant.
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Figure 2: a4pl-integrin deletion in B cells delays resolution of psoriasis-like inflammation.
hCD20TAMCTe ftga4fox/flox and hCD20TAMCe /tga4X'WT mice were treated with TAM

prior to daily epicutaneous application of IMQ or control lotion for six days. (a) Erythema
and transepidermal water loss (TEWL) were measured. (b and ¢) Paraffin skin sections were
stained with hematoxylin and eosin and epidermal hyperplasia quantified; scale bars = 100
pum. (d-f) On d8 after initiation of IMQ treatment, lymphocytes were isolated from indicated
tissues of IMQ-treated mice, enumerated, and analyzed by flow cytometry. (f) Skin
lymphocytes were stained for intracellular IL-10. Data points represent mean + SEM of each
group (a, b, e, f) and/or individually analyzed mice (b, e and f), or one representative
staining (c and d) from a minimum of 3 independent experiments, analyzing a minimum of 3
lotion-treated mice (a-c) and/or 9-17 IMQ-treated mice per group (a-f). *p < 0.05, **p <
0.01, ***p < 0.001 using the Mann-Whitney test. AU, arbitrary units; IMQ, imiquimod;
dLN, draining lymph nodes; ns, not significant; WT, wildtype.
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Figure 3: a4pl-integrin deletion in B cells prevents cutaneous Breg accumulation and
exacerbates CHS.

DNFB-sensitized hCD20TAMCT® /rga4ox/flox gnd hCD20TAMC'® /tga4XWT mice were
treated with TAM before challenge with DNFB or vehicle on back and ear skin. A contact
hypersensitivity (CHS) phenotype was evaluated by measuring (a) skin erythema, TEWL,
and change in ear thickness. (b) On day 6 post challenge, 8-mm punch biopsies of ears were
weighed and used for (c and d) histological epidermal hyperplasia quantification. Scale bars
=100 um. (e-g) On day 6 post challenge, lymphocytes were isolated from indicated tissues
of DNFB-treated mice, enumerated, and analyzed by flow cytometry. (g) Skin lymphocytes
were stained for intracellular IL-10. Data points represent mean = SEM of each group (a, b,
¢, f, g) and/or individually analyzed mice (b, c, f, g), or one representative staining (d, €)
from a minimum of two independent experiments analyzing a minimum of 4 vehicle-treated
mice (a-c) and/or 7-19 DNFB-treated mice per group (a-f). *p <0.05, **p <0.01, ***p
<0.001 using the Mann-Whitney test. AU, arbitrary units; DNFB, 2,4-dinitrofluorobenzene;
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dLN, draining lymph nodes; ns, not significant; TEWL, transepidermal water loss; WT,
wildtype.
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Figure 4. a4p1-integrin mediates B-cell homing into IMQ-induced psoriasiform skin
inflammation.

(a) Cd19¢7¢/Cré and WT mice were treated daily with IMQ to induce psoriasiform skin
inflammation and skin erythema was measured. (b) a4p1-deleted

(hCD20TAMCT /tga41ox/floX) and a4B1-integrin®™ (RCD20TAMCT® /1ga4oX/WTy B cells were
differentially labeled with fluorescent dyes and i.v. co-transferred into CalZ9<7¢/C"e recipient
mice on day 5 of IMQ treatment. Sixteen hours later, indicated tissues were analyzed for
transferred cells using flow cytometry, enumerating labeled donor B cells. (c) The homing
index is the ratio of recovered a4p1-integrin-deleted B cells to a4pl-integrin* B cells,
corrected for their injected ratio. The dotted line indicates a homing index of 1 with no
migratory difference between groups. (d) a4pl-integrin expression on IL-10* and IL-10" B
cells from IMQ-treated skin of h\CD20TAMC'® /rga4oX'WT mice. (e) Recovered lymphocytes
were stained for intracellular IL-10, and migrated 1L-10* B cells were enumerated. Data
points represent means = SEM of each group (a-€) and individual recipient mice (b, d and e)
from one experiment analyzing a minimum of 6 mice per group (a, €) or 3 combined
experiments analyzing a total of 11 mice (d) or 21 mice per group (b and c). *p <0.05 **p
<0.01, ****p <0.0001 using the Mann-Whitney test (a, b and e) or the Wilcoxon signed rank
test comparing migration to a theoretical homing index of 1 (c). AU, arbitrary units; IMQ,
imiquimod; dLN, draining lymph nodes; ns, not significant; PeC, peritoneal cavity; WT,
wildtype.
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Figure 5. Skin-homing B cells ameliorate psoriasiform skin inflammation.
One day prior to induction of psoriasiform skin inflammation with IMQ, Cd19¢7¢/Cre

recipient mice were reconstituted i.v. with B cells from tamoxifen-treated donor mice. (a-d)
a4pl-integrin-deleted (\CD20TAMCTe /fga40x/flox) compared to a4B1-integrin®
(hCD20TAMCTe /tga4"0x/WT) B cells served as donors. IMQ- or control lotion-treated WT
and Cd19€7¢/Cre mice without transferred cells (PBS) served as controls. (a) Skin erythema
was measured. (b) Weights of 8-mm punch biopsies from treated back skin. (c and d)
Histological epidermal hyperplasia quantification with one representative section shown in
(d) Scale bars, 50 um. (e-h) 1L-10-deficient (h\CD20TAMCe //1070x/floX) compared to IL-10-
competent B cells (\hCD20TAMCe //1070X/WTy served as donors. (e) Skin erythema and
transepidermal water loss were measured. (f) Weights of 8-mm punch biopsies from treated
back skin. (g and h) Histological epidermal hyperplasia quantification with one
representative section shown in (h) Scale bars, 50 pm. Data points represent means = SEM
(a) and/or individual mice (a-c; e-g) or one representative staining (d and h) in two combined
independent experiments using 4 mice per group in lotion controls and 7-8 mice in all IMQ-
treated groups. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001 using One-way ANOVA
with Bonferroni’s multiple comparisons post-test. AU, arbitrary units; IMQ, imiquimod; ns,
not significant; TEWL, transepidermal water loss; WT, wildtype.

J Invest Dermatol. Author manuscript; available in PMC 2022 August 01.



	Abstract
	INTRODUCTION
	RESULTS
	Short-term deletion of α4β1-integrin in B cells does not affect B cell numbers in unperturbed skin or secondary lymphoid tissues.
	α4β1-integrin deletion in B cells delays the resolution of psoriasis-like skin inflammation.
	α4β1-integrin deletion in B cells exacerbates hapten-induced CHS
	α4β1-integrin required for Breg homing into psoriasis-like skin inflammation
	Breg homing into the skin ameliorates psoriasis-like inflammation

	DISCUSSION
	MATERIALS AND METHODS
	Mice, skin inflammation models
	B cell homing and adoptive transfer

	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4.
	Figure 5.

