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Abstract

Chemokine-dependent localization of specific B cell subsets within the immune microarchitecture
is essential to insure successful cognate interactions. While cognate interactions between T cells
and memory B cells (Bmem)® are essential for the secondary humoral immune responses, the
chemokine response patterns of Byem cells are largely unknown. In contrast to naive B cells, this
study shows that antigen-specific Bmem Cells have heightened expression of CCR6 and a selective
chemotactic response to the CCR6 ligand, CCL20. While CCR6 appears be non-essential for the
initial clonal expansion and maintenance of Byem, CCR6 is essential for the ability of Byem to
respond to a recall response to their cognate antigen. This dependency was deemed intrinsic by
studies in CCR6-deficient mice and in bone-marrow chimeric mice where CCR6 deficiency was
limited to the B cell lineage. Finally, the mis-positioning of CCR6-deficient Byem Was revealed by
immunohistological analysis with an altered distribution of CCR6-deficient By from the
marginal and perifollicular to the follicular/germinal center area.
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Introduction

Long-lived serological memory is the product of long-lived memory B cells (Bmem) and
plasma cells (PC). Byem cells are long-lived although their half-life is as-yet undefined in
both mouse and man (1). Bmem cells are quiescent, they can be IgM memory or express
isotype-switched and somatically hypermutated membrane immunoglobulin (2, 3). IgM
Bmem cells are produced independent of T cell help, differentiate in the absence of GC
structure (4), produce natural antibodies (3) and part of circulating marginal zone B cells (2).
Upon exposure to their cognate antigen, Ig switched and IgM* Bynem, rapidly divide to
daughter Byem and differentiate to PC (5). Lastly, PCs residing in the bone marrow (BM)
are long-lived cells, quiescent, terminally-differentiated and produce Ig for long periods of
time (6).

The appropriate anatomic localization of individual B cell subsets is essential to execute
their specific functions, with chemokines controlling B cell localization within the immune
microarchitecture (7). For example, CXCRS5 and CCR?7 orchestrate the precise localization
of naive B cell in secondary lymphoid organs and spleen (8-10). In addition, it has been
demonstrated that the differential expression of CXCR4 and CXCRS5 plays an important role
in the localization of antigen-activated B cells during germinal center (GC) formation,
permitting the selection of the most suitable clones during PC differentiation (11). Finally,
downregulation of CXCR5 and CCR7 expression by PCs with sustained expression of
CXCR4, mediates the migration of PCs from secondary lymphoid organs to the BM and
sustains PC survival (12, 13).

CCRE6 is expressed in different subsets of CD4 and CD8 T cells (14), immature DCs (15),
NK T cells (16) and B cells (17, 18). Prior work demonstrated that Byem cells also express
CCRS6, and it was proposed that CCR6 may contribute to the migration of this population to
the mucosal tissue (19). However the role of this receptor in secondary humoral immune
responses was not studied.

The studies presented here show that antigen-specific Byem Cells express heightened levels
of CCR6 and display an increased chemotactic response to the CCR6 ligand, CCL20, when
compared to naive B cells. Neither the primary humoral response nor the initial generation
and maintenance of antigen-specific Byem cell are impaired in CCR6-deficient mice.
However, genetic deletion of CCR6 in B cells prevents antigen-specific Byem from
mounting an effective secondary response upon antigen re-challenge and disrupts their
normal CCL20-dependent anatomic distribution in the spleen. Together these observations
show that CCRE6 is essential for appropriate anatomical positioning of Byem and the ability
of Bmem to be recalled to their cognate antigen.

Material and Methods

Mice and Immunizations

These studies were approved and conducted in accredited facilities in accordance with the
Institutional Animal Care and Use Committee (IACUC) of Dartmouth College (Lebanon,
NH. USA) and UK Animals (Scientific Procedures) Act 1986 (Home Office license number
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PPL 70/7102). Cy1-Cre mice were provided by K. Rajewsky (Harvard Medical School,
Boston MA) and S. Casola (Fondazione Italiana per la Ricerca sul Cancro Institute of
Molecular Oncology Foundation, Milan, Italy). C57/BL6 mice were purchased from the
NCI and Charles River. CCR67/~, Rosa YFP/fl and uMT mice were purchased from The
Jackson Laboratory. All animals were maintained in a pathogen-free facility at Dartmouth
Medical School and King’s College London. For primary immunizations, 10ug of PE
(Chromoprobe) adsorbed to prepared alum was injected intraperitoneally (i.p.) in a volume
of 200ul. For secondary challenge, 10ug of PE in PBS in a volume of 200ul was injected i.p.

Cell Preparation

To sort memory B cells, single cell suspensions of lymphocytes were prepared as previously
described (1). Splenocytes were incubated with anti-1gD-biotin, anti-lgM-biotin, anti-CD8a-
biotin and anti-CD4-biatin, with these cells removed using the EasySep biotin Selection kit
for mouse cells (Stem Cell Technologies).

Flow Cytometry

Antibodies against the following antigens were used: B220 (clone 6B2), IgG1 (clone
A85-1), IgD clone (11-26c¢), IgM (clone 11/41), CD4 (clone GK1.5), CD8 (clone 2.43),
CD38 (clone 90), CD23 (clone B3B4) and CCR6 (clone 29-2L.17), Sign-R1 (clone ERTRO).
PE-binding cells were detected by staining with 1ug/ml PE. Samples were acquired with a
refurbished Becton Dickinson FACSCAN running CellQuest software (BD Bioscience) and
data were analyzed by FlowJo (Tree Star) software. Cell sorts were performed on a BD
FACSAria with 10,000- 100,000 cells sorted and postsort analysis indicating purities
exceeding 98% (Flow Cytometry Facility at Dartmouth Medical School).

Real Time PCR

Total RNA was isolated from either purified memory or naive B cells using TRIzol
(Invitrogen) followed by secondary purification over RNeasy columns (QIAGEN) with a
DNase-I treatment step. 1 ug of DNA-free RNA was reverse transcribed to cDNA using
Omniscript RT (QIAGEN). Real-time PCR was performed with the SYBR Green PCR Core
Kit (Applied Bio- systems) on an iCycler iQ instrument (Bio-Rad Laboratories).
Amplification conditions were 95°C for 8 min, followed by 40 cycles of 94°C for 15 s, 62°C
for 45 s, and 72°C for 15 s. Primers for the control gene mouse p-actin were as follows:
forward, 5’-CCAATGTGTCCATGTCATTT-3' and reverse, 5’-CAATA-
GTGATGACCTGGCCGT-3'. CCR6~/- used was as follows: forward, 5/-
CCCAGCACATCATAGCATTG-3 and reverse, 5¥-TGGGAGAGCAGAGGTGAAGT-3.
For CCL20 gene expression, TagMan gene expression assays containing FAM dye-labeled
TagMan MGB probe was used for mouse CCL20 (Mm01268754_m1) in multiplex with
primer-limited assays for f-actin endogenous control, containing VIC/MGB probes. Real-
time quantification was performed using Tag- Man gene expression master mix on a Bio-
Rad CFX96 optical reaction module on a C1000 thermal cycler. Data were analyzed using
CFX Manager Software (Bio-Rad). Relative RNA expression was determined using the
formula relative expression = 27(2ACT) x 1,000, where AACT = (cycle threshold [CT] gene
of interest - CT B-actin in experimental sample) - (CT gene of interest - CT B-actin in a no-

J Immunol. Author manuscript; available in PMC 2015 July 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Elgueta et al.

Page 4

template control sample) (see the AACT method, Tagman® Bulletin 2: Applied
Biosystems).

Chemotaxis assays

Chemotactic migration assays were performed, as previously described (15). Briefly,
between 5 x 10% splenocytes were placed in the upper chamber of 5-um of 24-well plates
transwell inserts (Corning Costar, Cambridge, MA), in contact with 600 pl of medium
(RPMI-1640 with 10% FBS) with or without chemokine. After 2 h, a fixed volume of
counting beads (Polysciences Inc., Warrington, Pennsylvania, USA) was added to each well
for normalization, and the specific migration of By,em Or naive B cells was enumerated by
flow cytometry after staining for the B lymphocyte subsets of interest. Mouse RANTES,
CCL17, S1P, CXCL9, CXCL10, CXCL11, CXCL12, CXCL13, CCL20, CCL21 and CCL22
were purchased from Peprotech Inc.

Microscopy/Immunofluorescence

For germinal center structure analysis, tissues were snap-frozen and 8 um sections were
fixed with methanol prior to staining with PNA-FITC, anti mouse/human B220-A647 and
anti mouse monoclonal antibody ERTR9-biotin plus streptoavidin-A455. Slides were
analyzed by a confocal microscope (LSM510Meta, Zeiss).

To detect Bmem and YFP expression, tissue was removed, fixed in 4% paraformaldehyde,
followed by overnight saturation in 10% sucrose at 4°C. Tissue was then snhap frozen in
OCT Tissue-Tek freezing medium (Sakura). Cryostat sections of 7 um were air dried and
washed in PBS. Blocking was performed with 20% normal horse serum (PAA Laboratories
Inc.) for 15 minutes at room temperature. Sections were incubated with Alexa Fluor 488 -
conjugated anti-GFP (Life Technologies) and biotin-conjugated anti-mouse B220 (Clone
RA3-6B2, Ebioscience), anti-mouse Ilgm/IgD (clone 11/41; 11-26¢, Ebioscience), or anti-
mouse MOMA (Abcam), followed by streptavidin Alexa Fluor 594 (Life Technologies).
Nuclei were visualised by staining with 1ug/ml DAPI (Invitrogen). Negative controls were
Rosa YFP mice (no GFP) or stained with isotype-matched antibodies. Images were acquired
on an Olympus BX51 microscope using Micro-Manager software (Vale Laboratory).

ELISPOT/ELISA Analysis

ELISPOTSs were developed as previously described (1), single cell suspensions from bone
marrow and spleen were counted and were apportioned to PE coated Multiscreen 96-well
plates (Millipore) with twofold serial dilutions made before incubation for 4h at 37°C. PCs
were detected by HRP-conjugated anti-mouse IgG1 polyclonal antibody (Southern
Biotechnology Associates, Inc.).

For ELISA analysis, plates were coated with 10ug/ml PE overnight in PBS, blocked with
PBS + 5% FBS, washed, and then 1:2000 diluted serum added at serial 1:2 dilutions. Serum
from either a PE hyper-immunized mouse was included on each plate as a reference between
plates and between experiments and used to generate a standard curve, with these serum
allotted the value 8000 arbitrary units. Antibody levels were detected with 1gG-AP
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(Southern Biotechnology) and developed with 1mg/ml pNPP (Sigma) in 0.05mM sodium
carbonate buffer.

Irradiation and Chimera Generation

Statistics

Results

For the generation of mixed chimera C57BL6 mice were lethally irradiated (600 rad) twice
and reconstituted (i.v.) with a mixture of 5x10° bone marrow cells of 80% PMT origin and
20% with wt or CCR6KO cells. Successful grafting was determined by flow cytometry of
peripheral blood 8 weeks after transplantation. Immunizations and re-challenge responses
were performed 8 weeks and 2 month after bone marrow transplant respectively.

Results are expressed as mean plus or minus SEM. Two-tailed Student t test with unequal
variance was used to evaluate the statistical significance of the data.

Increased expression of CCR6 and enhanced chemotaxis to the CCR6 ligand, CCL20, by
memory B cells

Using Phycoerythrin (PE) as an immunization antigen, the emergence and differentiation of
PE-binding Bmem in vivo was quantified, as we have previously published (1, 20). We have
previously shown (1) that PE-binding Byem cells were defined as
B220*PE*CD38*IgD"IgM~IgG1* and naive B cells as B220*IgM*CD38*IgD*1gG1~PE"~
(Supplementary Fig. 1A). Bmem and naive B cell CCR6 mRNA and protein expression
levels were determined in C57/BL6 mice immunized with PE 60 days previously. PE-
specific Bmem and naive B cells were sorted with a purity over 95% and Ccr6 transcript
levels were assessed. An increased level of Ccr6 transcript in PE-binding Byem cells was
observed when compared to that observed in naive B cells (Fig. 1A). Flow cytofluorimetric
analysis corroborated the heightened expression of CCR6 in Byem by showing a higher
percentage of Binem expressed membrane CCR6 compared to naive B cells (Fig. 1, B and
C). Moreover, Bpem have a higher MFI in CCR6 expression when compared to naive B
cells (Fig. 1B). CCR6 expression was also analyzed in immature B cells (B220*IgMNigD™),
mature B cells (B220*1gMi"tigD*), pre B cells (B220*1gM~IgD~) and PCs
(B220~CD138*IgD~) from BM (21). Mature B cells expressed similar levels of CCR6
compared to naive B cells and CCR6 expression is increased during the development of B
cells (Fig. 1, D and E). Neither pre B cells nor PCs express this chemokine receptor (Fig. 1,
D and E). These results together establish that Byem cells express increased levels of CCR6
mRNA and protein when compared to other B cell subsets, including PCs.

To evaluate whether CCR6 expression correlated with a heightened chemotactic response to
CCR6 ligand, CCL20, in vitro migration assays were performed. Splenic B cell subsets were
evaluated for their in vitro capability to migrate to different concentrations of a spectrum of
chemokines. In vitro migration assays showed (Fig. 1, F and Supplementary Fig. 1B and C)
that Binem preferentially migrated in response to CCL20, in a dose-dependent manner when
compared to naive B cells. Bmem, like naive B cells were also able to migrate to CXCL12
and CXCL13. In addition, although naive B cells also express CCR6, they did not migrate in
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response to CCL20 (Supplementary Fig. 1B). These results established that Binem, and not
naive B cells are able to migrate in response to CCL20.

CCRE6 is dispensable for the primary humoral immune response

The expression of CCR6 by naive B cells potentially implicated CCR6 as playing a role in
the primary humoral immune response (Fig. 1B). To evaluate the role of CCR6 in a primary
B cell response, the ability of CCR6-deficient mice to mount a T-dependent primary
antibody response was evaluated. The lack of CCR®6 did not disrupt splenic architecture in
PE-immune mice and there was no difference in the GC structure (Fig. 2A) or frequency of
GC B cells, as defined by B220*CD95"GL-7*CD38" B cells (Fig. 2, B, C, D and E) 14 days
after immunization. Furthermore, there was no impact of CCR6-deficiency on anti—PE
serum antibody titers or PE™ specific IgG1* BM-ASC at day 14 and 28 after immunization
(Fig. 2F and 2G). These data show that CCR6 expression is not required for GC formation,
the primary generation of antigen-specific ASC or enhanced serum antigen-specific
antibody titers following primary immunization.

The heightened expression of CCR6 on Byem suggested that it might play a role in the
initial differentiation of Bynem during the primary response. To this end, CCR6 deficient and
wild type mice were immunized with PE and after 4 months, the percentage of Byem Was
analyzed by flow cytometry. Byem Were defined as B220*PE*CD38*IgD~IgM~IgG1*, as
shown in Figure 2H, the frequency of Byem cell in CCR6™/~ mice and WT mice were
indistinguishable between lymph nodes and spleen. These data established that CCR6 was
dispensable for the differentiation of By, during the primary immune response.

Involvement of CCR6 in the recall response of Byem

CCR6 is not involved in the development of the primary humoral immune response nor in
the early differentiation of antigen-specific Byem or ASC. Additional studies were designed
to address the potential role of CCR6 in Byem maintenance and recall responsiveness. As
such, we analyzed the recall response in immune WT and CCR6-deficient mice. Immune
CCR6-deficient and WT mice immunized 120 days previously were re-challenged with PE
and 5 days later, the number of antibody secreting cells (ASCs) was quantified. The results
show that there was a marked reduction in the number of PE-specific IgG1 ASCs in both
spleen and BM of CCR6-deficient mice compare to WT mice (Fig. 3A and B). Also
observed was a signficant reduction in the serum titers of anti-PE 1gG1 (Fig. 3C). These
observations indicated that the recall capacity of Byem is impaired in the absence of CCR6.

To determine whether the defect in Bynem function in CCR6-deficient mice is intrinsic to the
B cell lineage, mixed BM chimeras were produced. Reconstitution of irradiated wild-type
hosts with a mixture of u(MT BM with either CCR6-deficient or WT BM resulted in
chimeras in which the B cell compartment was derived from CCR6-deficient or WT BM
precursors and all other compartments were predominantly of a WT genotype (Fig. 3D).
After the reconstitution of the hematopoietic compartment, the mice that were immunized 60
days previously, were re-challenged with PE and 5 days later, the number of ASCs was
analyzed by ELISPOT. The data showed that in both spleen and BM there were marked
reductions in the number of ASCs in the chimeras where the B cells were derived from
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CCR6-deficient BM compared to those chimeras where the B cells were derived from WT
BM (Fig. 3E and F). These results show that B lineage-restricted expression of CCR6 is
critical for Bnem cells to respond to a secondary challenge by antigen.

Involvement of CCR6 in the localization of Bjem

The immunohistological tracking of Byen is challenging given the lack of a definitive set of
easily usable markers to identify them in situ (22—-24). Nonetheless, it was important to
determine whether the deficiency of CCR6 resulted in the altered anatomic localization of
Bmem- As such, the distribution of B cells in WT and CCR6-deficient mice was assessed.
Tracking of Bmem Was afforded by analysis using a mouse whereby Cre recombinase was
inserted in the Cy1 locus interbred with a mouse engineered with a conditional Rosa26-
EYFP allele (called here, RosaYFP) (25). In this strain, every post-GC B cell, including
Bmem, expresses YFP. Flow cytofluorimetric analysis reveals that less than 1% of total B
cells express YFP* in the steady state (data not shown) (25). Subset analyses of the YFP+
cells in immune RosaYFP mice showed that the YFP+ population is compose of IgM/IgD”*
and IgG™ activated B cells (Fig. 4A). Based on flow cytofluorimetric analysis, it was not
evident that the YFP* B cells that were IgM/IgD™ were Bpnem, and as such were
independently scored for their distribution. The splenic localization of YFP*, IgM—/IgD-,
IgG1* were quantified as a measure of Byem distribution (Fig. 4B and F).

First, no difference were found in the percentage of activated or polyclonal Bpem cells in
either the Cy1-cre x RosaYFP x CCR6—/- and Cy1-cre x RosaYFP mice (Fig. 4A and B), as
expected from our analysis of the frequency of Byem in CCR6™/~ mice. Second, staining for
YFP* cells in WT mice revealed that the majority of the B220*, YFP* cells were distributed
widely outside of follicular areas. Note that double positive cells (B220*, YFP*) did not
appear yellow because the YFP stain and the B220 stain were localized to the same cells but
one stain was cytoplasmic (YFP) and the other localized to the plasma membrane
compartment (B220). Third, polyclonal B that were enumerated in RosaYFP mice by
loss of IgD and IgM, were equally located outside the follicle/GC areas of the spleen, as
predicted by prior studies showing the capacity of Byem to localize to the marginal zone
(Supplementary Fig. 2A) (24).

Finally, in the CCR6-deficient mice, where there was over a 6-fold increase of Bipem cells
found in follicular areas compared to what was observed in WT mice (Fig. 4C, D, F). The
results show that in the spleen of Cyl-cre x RosaYFP x CCR6™~ mice, Ben are re-
distributed to follicular/GC structures, which are associated with CD35 expression and PNA
(Fig. G and H, supplemental Fig. 2E), whereas in control mice RosaYFP Bpem equally
localize between perifollicular and marginal zone areas, co-localizing with MOMA
expression (Supplementary Fig. 2A and B).

The striking increase in follicular restridistribution of vitually all YFP* B cells in the
CCR67~/~ mice raised a number of additional questions. To determine whether an increase in
GC numbers in the spleen of Cyl-cre x RosaYFP x CCR67/~ in steady state could account
for the redistribution of YFP* cells, GC numbers were quantified. Although in CCR67~
mice there is a tendency towards a higher percentage of GC B cells, this difference is not
statistically significant in both percentage and absolute number (Fig. 41 and Supplementary
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Fig. 2D and E), suggesting that the accumulation of activated B cells in the follicular areas is
not due to an increase in GC B cells. Peri-follicular redistribution could also be the result of
heightened expression of CXCR5 on Byem relative to WT Bpyem, and as such, the expression
of CXCR5 was analyzed. CCR6™/~ and WT mice express identical densities of CXCR5
(Supplementary Fig. 3). This indicates that the selective migration of CCR6™~ Byyer is not
due to heightened CXCRS5 expression. Therefore, at this time, it is not clear why the loss of
CCR® results in the redistribution of B cells.

CCL20 is the ligand for CCR6 and as such, CCL20 gene expression in different splenic
population of immune cells and whole spleen was evaluated in WT and CCR6™/~ mice.
gPCR for CCL20 gene indicated that CD4* T cells were the major producers of CCL20 in
the spleen (Fig. 4J). Our results also show that the CCL20 abundance in total spleen is
similar that found in CD4* T cells, indicating that the CCL20 signal is truly enriched in
CD4* T cells. Taken together, these results suggest that the lack of CCR6 expression on
activated B cells prevents co-localization of By,em with CCL20-expressing CD4* T cell in
the spleen, impacting on their ability to respond to antigen.

Discussion

Chemokine receptors play crucial role for the appropriate localization of Byem in Secondary
lymphoid organs and impact on the ability of Biem to mount an effective secondary immune
response. To our knowledge, the findings presented here are the first to establish a critical
role of CCR6 in By,em function. The data shows that a high frequency of Biyem cells express
CCR6 and have a heightened chemotactic response to CCL20 compared to naive B cells. It
is known that there is broad CCR6 expression across B cell subsets in the mouse and CCR6
is expressed at higher levels transiently during cognate activation of B cells (26, 27). CCR6-
deficient mice have a faster GC response compared with littermate controls, resulting in an
increase of low affinity antigen-specific plasmablasts (26). Interestingly though, like in this
report, prior authors showed that there was heightened histological accumulation of
activated B cells in the GC/follicle in the CCR6™~ mice. In studying the primary response to
PE, we did not observe any difference in the primary immune response, with regard to GC
formation, BM-PCs or antibody titers when compared to control mice. Our findings show
that Bmem retain high expression of CCR6 during the immunization period compared with
that constitutively expressed on naive B cells. A significant impact of B cell intrinsic CCR6-
deficiency was a loss in the secondary recall response of Byem. Because chemokines are
important in the anatomic migration and localization of cells within secondary lymphoid
organs (28), it is proposed that the absence of CCR6 expression impacts on the localization
of established Bmem to receive the suitable signals to become PCs. Alternatively, CCR6 may
play a role in PC survival, however, this unlikely since our own data (Figure 1E) and
published studies report that PCs do not express CCR6 (29).

Loss of CCR6 appears to dramatically alter the histological distribution of activated B cells.
Attempts to detect Binem in Vivo in order to identify their location and migratory patterns
have been met with limited success (22—24). It has been reported that there is preferential
localization of Bpy,en, adjacent to contracted GCs in the spleen, which may be chemokine
dependent, and which is different to the behavior of primary B cells that are responding to
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antigen (22). Furthermore, it has been argued that Bpem, cells localized in marginal zone
area are IgM-Bnem cells (22-24). In our model, using YFP expression under Cy1-Cre
promoter to help identify Bmyem, it was observed that polyclonal Byem cells are widely
distributed across the marginal zone and perifollicular area, suggesting that it is not the
exclusive location for antigen experienced IgM* B cells as was proposed previously (22—
24). Most importantly, we observed an accumulation of Byye, in the follicular areas in the
absence of CCR6 expression. Why this redistribution of Bp,er, impairs their ability to mount
a recall response to the cognate antigen is currently under investigation.

gPCR analysis in immune mice revealed that CCL20 is expressed on CD4 T cells in the
spleen, and provides a reasonable basis for suggesting that antigen-primed CD4* T cell
produce CCL20, and instruct the chemotaxis of CCR6-bearing Binem to facilitate cognate
interactions in the secondary humoral response. CCL20 is expressed at low levels in splenic
CD4* T cells at steady state compared with Peyer’s patches. However, it is significantly
induced by pro-inflammatory signals via TLRs agonists or TNFa (30). CCL20 is not the
only ligand for CCR6; B-defensins and other non-chemokine proteins can also be ligands for
CCR6. However, their affinity is much lower compared to CCL20 (31). CCR6 expression
and the chemotactic response to CCL20 on Bem cells is consistent with CCR6 being an
important molecule in the systemic migration Byhem to mucosal and effector sites (18, 19),
an event perhaps critical in the lifespan of Byem. Loss of CCR6 disorganized the co-
localization of CCL20 producing T cells and Byem Which likely contributed to the impaired
recall responses of Byem to their cognate antigen.

In conclusion, CCR6 is highly expressed on Bpyem, and has an important role in the Byem
function and localization in secondary lymphoid organs. Due to the profound role of CCR6
in the regulation of secondary humoral immune responses, this chemokine is an attractive
target in diseases where the recall responses of Byem contribute significantly to disease
pathogenesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

References

1. Benson MJ, Dillon SR, Castigli E, Geha RS, Xu S, Lam KP, Noelle RJ. Cutting edge: the
dependence of plasma cells and independence of memory B cells on BAFF and APRIL. J Immunol.
2008; 180:3655-3659. [PubMed: 18322170]

2. Weller S, Braun MC, Tan BK, Rosenwald A, Cordier C, Conley ME, Plebani A, Kumararatne DS,
Bonnet D, Tournilhac O, Tchernia G, Steiniger B, Staudt LM, Casanova J-L, Reynaud C-A, Weill
J-C. Human blood IgM “memory” B cells are circulating splenic marginal zone B cells harboring a
prediversified immunoglobulin repertoire. Blood. 2004; 104:3647-3654. [PubMed: 15191950]

3. Kruetzmann S, Rosado MM, Weber H, Germing U, Tournilhac O, Peter H-H, Berner R, Peters A,
Boehm T, Plebani A, Quinti I, Carsetti R. Human Immunoglobulin M Memaory B Cells Controlling
Streptococcus pneumoniae Infections Are Generated in the Spleen. J Exp Med. 2003; 197:939-945.
[PubMed: 12682112]

4. Weller S, Faili A, Garcia C, Braun MC, Le Deist F, de Saint Basile G, Hermine O, Fischer A,
Reynaud C-A, Weill J-C. CD40-CD40L independent Ig gene hypermutation suggests a second B

J Immunol. Author manuscript; available in PMC 2015 July 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Elgueta et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Page 10

cell diversification pathway in humans. Proc Natl Acad Sci USA. 2001; 98:1166-1170. [PubMed:
11158612]

. Schittek B, Rajewsky K. Maintenance of B-cell memory by long-lived cells generated from

proliferating precursors. Nature. 1990; 346:749-751. [PubMed: 2388695]

. Shlomchik MJ, Weisel F. Germinal center selection and the development of memory B and plasma

cells. Immunol Rev. 2012

. Allen CDC, Okada T, Cyster JG. Germinal-center organization and cellular dynamics. Immunity.

2007; 27:190-202. [PubMed: 17723214]

. Forster R, Mattis AE, Kremmer E, Wolf E, Brem G, Lipp M. A putative chemokine receptor, BLR1,

directs B cell migration to defined lymphoid organs and specific anatomic compartments of the
spleen. Cell. 1996; 87:1037-1047. [PubMed: 8978608]

. Forster R, Schubel A, Breitfeld D, Kremmer E. ScienceDirect.com - Cell - CCR7 Coordinates the

Primary Immune Response by Establishing Functional Microenvironments in Secondary Lymphoid
Organs. Cell. 1999

Legler DF, Loetscher M, Roos RS, Clark-Lewis I, Baggiolini M, Moser B. B Cell-attracting
Chemokine 1, a Human CXC Chemokine Expressed in Lymphoid Tissues, Selectively Attracts B
Lymphocytes via BLR1/CXCR5. Journal of Experimental Medicine. 1998; 187:655-660.
[PubMed: 9463416]

Allen CDC, Ansel KM, Low C, Lesley R, Tamamura H, Fujii N, Cyster JG. Germinal center dark
and light zone organization is mediated by CXCR4 and CXCRS5. Nature Publishing Group. 2004;
5:943-952.

Tarlinton D, Radbruch A, Hiepe F, Dorner T. Plasma cell differentiation and survival. Current
Opinion in Immunology. 2008; 20:162-169. [PubMed: 18456483]

Cassese G, Arce S, Hauser AE, Lehnert K, Moewes B, Mostarac M, Muehlinghaus G, Szyska M,
Radbruch A, Manz RA. Plasma cell survival is mediated by synergistic effects of cytokines and
adhesion-dependent signals. J Immunol. 2003; 171:1684-1690. [PubMed: 12902466]

Liao F, Rabin RL, Smith CS, Sharma G, Nutman TB, Farber JM. CC-Chemokine Receptor 6 Is
Expressed on Diverse Memory Subsets of T Cells and Determines Responsiveness to Macrophage
Inflammatory Protein 3a. The Journal of .... 1999

lwasaki A, Kelsall BL. Localization of distinct Peyer’s patch dendritic cell subsets and their
recruitment by chemokines macrophage inflammatory protein (MIP)-3alpha, MIP-3beta, and
secondary lymphoid organ chemokine. J Exp Med. 2000; 191:1381-1394. [PubMed: 10770804]
Kim CH, Johnston B, Butcher EC. Trafficking machinery of NKT cells: shared and differential
chemokine receptor expression among V alpha 24(+)V beta 11(+) NKT cell subsets with distinct
cytokine-producing capacity. Blood. 2002; 100:11-16. [PubMed: 12070001]

Bowman EP, Campbell JJ, Soler D, Dong Z, Manlongat N, Picarella D, Hardy RR, Butcher EC.
Developmental switches in chemokine response profiles during B cell differentiation and
maturation. J Exp Med. 2000; 191:1303-1318. [PubMed: 10770798]

Krzysiek R, Lefevre EA, Bernard J, Foussat A, Galanaud P, Louache F, Richard Y. Regulation of
CCR6 chemokine receptor expression and responsiveness to macrophage inflammatory
protein-3alpha/CCL20 in human B cells. Blood. 2000; 96:2338-2345. [PubMed: 11001880]
Bhattacharya D, Cheah MT, Franco CB, Hosen N, Pin CL, Sha WC, Weissman IL. Transcriptional
profiling of antigen-dependent murine B cell differentiation and memory formation. J Immunol.
2007; 179:6808-6819. [PubMed: 17982071]

Benson MJ, Elgueta R, Schpero W, Molloy M, Zhang W, Usherwood E, Noelle RJ. Distinction of
the memory B cell response to cognate antigen versus bystander inflammatory signals. Journal of
Experimental Medicine. 2009; 206:2013-2025. [PubMed: 19703988]

Sanderson RD, Lalor P, Bernfield M. B lymphocytes express and lose syndecan at specific stages
of differentiation. Cell Regul. 1989; 1:27-35. [PubMed: 2519615]

Aiba Y, Kometani K, Hamadate M. Preferential localization of 1gG memory B cells adjacent to
contracted germinal centers. Proceedings of the .... 2010

Anderson SM, Tomayko MM, Ahuja A, Haberman AM, Shlomchik MJ. New markers for murine
memory B cells that define mutated and unmutated subsets. J Exp Med. 2007; 204:2103-2114.
[PubMed: 17698588]

J Immunol. Author manuscript; available in PMC 2015 July 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Elgueta et al.

24.

25.

26.

27.

28.

29.

30.

31.

Page 11

Liu Y-J, Oldfield S, Maclennan ICM. Memory B cells in T cell-dependent antibody responses
colonize the splenic marginal zones. Eur J Immunol. 1988; 18:355-362. [PubMed: 3258564]
Casola S, Cattoretti G, Uyttersprot N, Koralov S, Seagal J, Hao Z, Waisman A, Egert A, Ghitza D,
Rajewsky K. Tracking germinal center B cells expressing germ-line immunoglobulin y1
transcripts by conditional gene targeting. Proceedings of the National Academy of Sciences. 2006;
103:7396.

Wiede F, Fromm PD, Comerford I, Kara E, Bannan J, Schuh W, Ranasinghe C, Tarlinton D,
Winkler T, McColl SR, Korner H. CCR6 is transiently upregulated on B cells after activation and
modulates the germinal center reaction in the mouse. Immunology and Cell Biology. 2013;
91:335-339. [PubMed: 23588497]

Schwickert TA, Victora GD, Fooksman DR, Kamphorst AO, Mugnier MR, Gitlin AD, Dustin ML,
Nussenzweig MC. A dynamic T cell-limited checkpoint regulates affinity-dependent B cell entry
into the germinal center. Journal of Experimental Medicine. 2011; 208:1243-1252. [PubMed:
21576382]

Bono MR, Elgueta R, Sauma D, Pino K, Osorio F, Michea P, Fierro A, Rosemblatt M. The
essential role of chemokines in the selective regulation of lymphocyte homing. Cytokine Growth
Factor Rev. 2007; 18:33-43. [PubMed: 17324605]

Llinas L, Lazaro A, de Salort J, Matesanz-Isabel J, Sintes J, Engel P. Expression profiles of novel
cell surface molecules on B-cell subsets and plasma cells as analyzed by flow cytometry.
Immunology Letters. 2011; 134:113-121. [PubMed: 20951740]

Ito T, Carson WF IV, Cavassani KA, Connett JM, Kunkel SL. CCR®6 as a mediator of immunity in
the lung and gut. Experimental Cell Research. 2011; 317:613-619. [PubMed: 21376174]

Yang D, Chertov O, Bykovskaia SN, Chen Q, Buffo MJ, Shogan J, Anderson M, Schréder JM,
Wang JM, Howard OM, Oppenheim JJ. Beta-defensins: linking innate and adaptive immunity
through dendritic and T cell CCR6. Science. 1999; 286:525-528. [PubMed: 10521347]

J Immunol. Author manuscript; available in PMC 2015 July 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Elgueta et al. Page 12

A ' B
53 87
T
o
o 1 °
g 2
. (5]
o o
x
<
E
NF B cells B mem cells lgG1
C 1001
D ol A immature 8 754
I B cells B
I\ 8
.
P \ g 50+
3 \ :
3 it 8 wf |\ : 8
i \ R 254
| e oy
— @ \
1 \-.) N A T
a PR s NF B cells Bmem
o w o fw w o w
B220 | CCR6
: g‘r\‘ Pre-B cells \ ‘«N" mature E 100- =
I I B cells L —
| [
-l 2. P
o (5] J °
7o ° 604
/ \ ©
A S 4
: PR o
““““ 0w w o w0 -
CCR6 CCR6 S 204
0-
@ & @ @ o
& & & & N
F 4 > &
2 \2
p<0.01 & ’b@« %&@ N
& <&

8 8 8

% Migrated
8

Fig. 1. CCR6 expression on memory B cells and their chemokine response profile
(A) PE-specific Bjem cells (B220+ CD38+ PE+ IgG1+ and 1gM/IgD/CD4/CD8-) and naive

B cells (NF B cells) (B220+ CD38+ CD23+ IgG1- and IgM/IgD+) were sorted and mRNA
expression levels of CCR6 were analyzed. (B) Flow cytometry analysis of CCR6 expression
on naive B cells (left panel) and Byem cells (right panel). Numbers indicates percentage of
CCR6 positive cells. (C) Quantification for CCR6 expression in naive and Bpyem cells by
flow cytometry in B is shown. (D) Flow cytometry analysis of CCR6 expression on
immature B cells (B220*1gMNilgD~), mature B cells (B220*IgMintigD™), pre B cells
(B220*IgM~IgD™) and PCs (B220~CD138*IgD"~) from bone marrow. (E) Percentage of
CCRG6 positive cells of each subset in D and NF B cells is shown. All data are representative
of at least three independent experiments with at least 3 mice/group. (F) Quantification of
chemokine profile response at 250 ng/mL of Byem cells from 3 independent experiments,
each sample in duplicate. *p<0.01, ** p<0.001.
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Fig. 2. CCR6 expression on B cells does not affect the primary humoral response or memory B
cell development
(A) CCR6KO (right panel) or wt (left panel) mice were immunized with 10 ug of PE

adsorbed in alum, after 7 days, the spleen were frozen and stained with PNA-FITC (Green),
B220-alexafluor647 (Blue) and CD4-biotin plus streptoavidin-alexafluor455 (Red) for
germinal center analysis. The original magnification is 10x. A representative image of two
independent experiments with 3 mice/group. Bar represents 80 um. (B) Flow cytometry
analysis of GC B cells (B220*CD38"CD95*GL-7*) in wt or CCR6KO mice, non-
immunized (NI; bottom panels) or immunized (top panels) with PE in alum 14 days before
of the analysis. (C) Histogram of PE binding in GC B cells gated in B is shown. (D)
Percentage of GC B cells of total B220* cells at day 14 after immunization is shown. (E)
Quantification of PE specific GC B cells of total B220* cells is shown. One representative
test from two independent experiments with at least 3 mice/group. (F) CCR6KO or wild-
type mice were immunized with 10 ug of PE adsorbed in alum, non-immunized mice (day 0)
and 14 and 28 days after immunization, the serums were collected to analyze the production
of anti-PE IgG1 titers by ELISA. (G) BMs were collected at the same time point than F to
analyze number of PE* 1IgG1* BM-ASC by ELISPOT. Quantification from two independent
experiments with at least 3 mice/group. (H) CCR6KO or wt mice were immunized with 10
ug of PE in alum. 120 days after, the percentage of PE specific Bmem cells
(PE*IgG1tB220*CD38*1gM/IgD™) were evaluated in mesenteric (MLN), peripherical
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lymph (PLN) node and spleen by flow cytometry. The graph shows the quantification of two
independent experiments with 3 mice/group.
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Fig. 3. The secondary humoral response is defective in CCR67™/~ mice
CCR6KO and wt mice were immunized with 10 ug of PE in alum, after 120 the mice were

re-immunized with 10 ug of soluble antigen PE and 5 days later, the number of anti-PE+
IgG1+ PC from spleen (A) and bone marrow (B) were analyzed by ELISPOT. (C)
Quantification of anti-PE 1gG1 levels after recall response in serum from (A and B).
Quantification of two independent experiments with 4 mice per group. **p<0.001. (D)
Representative density plot of CCR6 expression on B cells after the generation of bone
marrow chimeras from CCR6KO (right panel) or wild type (left panel) donor-derived.
Number of donor-derived of PE-specific IgG1 PC in spleen (E) and bone marrow (F)
analyzed by ELISPOT in chimeric CCR6KO and wt mice immunized with 10 ug of PE in
alum and challenged 60 days after with 10 pg of soluble PE. *p<0.01.
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Fig. 4. CCR6 affects the localization of Byem cells
(A) Quantification of splenic YFP* B cell composition from Cy1-cre x ROSAYFP x

CCR6-/- or Cyl-cre x ROSAYFP is shown. (B) Percentage of polyclonal Byem
(B220*1gG1/YFP*CD38*Dump~CD80+) from spleens of Cyl-cre x ROSAYFP x CCR6-/-
or Cyl-cre x ROSAYFP is shown. (C, E, G) Histology of YFP expression (green) co-
localizing with B220 (C), IgM/IgD (E) and CD35 (G) in red. (D, F, H) Quantification of
YFP*B220" (D), YFP*IgM/IgD~ (F), YFP*CD35* (H) on histological section of the spleen
in the marginal zone and perifollicular area of Cyl-cre x ROSAYFP x CCR6—/- or Cyl-cre
X ROSAYFP mice. (1) Percentage of GC B cells (CD95*GL-7*) of total YFP* B220* cells
by flow cytometry is shown. (J) CCL20 gene expression on splenic CD4, CD8 T cells, B
cells and monocytes, in addition to whole spleen and Peyer’s patch tissue. Graph represents
2 independent experiments with 4 mice per group.
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