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Abstract

Marginal zone (MZ) B cells are absent in CD197- mice. Possible causes include an intrinsic defect
in B cells and/or a secondary defect in the extrinsic MZ microenvironment as a result of changes in
B cell differentiation in mice lacking CD19. Cells in the MZ also include MZ macrophages (MZM)
and MZ dendritic cells (DC). Although CD19 is only expressed on B cells, SIGN-R1* MZM are
absent and CD11c* MZ DC distribution is abnormal in CD197- mice. Adoptively transferred B cells
from normal mice are able to reconstitute MZ B cells in CD197" mice. In contrast, CD197" B cells
could not enter the MZ of the normal mice. Furthermore, MZM distribution and MZ DC distribution
are restored following MZ B cell reconstitution in CD197" mice. Thus, MZ B cells are required for
MZM differentiation and MZ DC localization, but the deficiency of MZ B cells in CD197~ mice is
caused by a defect of intrinsic B cell signaling.

In CD19-deficient mice, B cells complete differentiation in the bone marrow to become mature
follicular (FO)4 B cells, but marginal zone (MZ) B cells are largely absent (1). Mice without
MZ B cells show impaired pathogen defense (2,3). How CD19 regulates MZ B cells is
unknown. Both transitional and mature FO B cells are able to differentiate into MZ B cells
(4,5). The transition to the MZ compartment is governed in part by BCR signals (6). Lack of
CD19 may render B cells unable to generate the BCR signal necessary for MZ B cell
differentiation. This would represent a primary B cell-intrinsic defect. In contrast, the MZ
consists of a complex of structures and cells in addition to B cells, including mucosal addressin
cell adhesion molecule (MAdCAM)-1* sinus lining cells, ERTR7* stromal cells, sialic acid-
binding Ig-like lectin (SIGLEC)-1* marginal metallophilic macrophages (MMM), specific
intracellular adhesion molecule-grabbing nonintegrin receptor (SIGNR)1* MZ macrophages
(MZM), and CD11c* MZ dendritic cells (DC) (7,8). Previous studies have shown that the MZ
environment fails to form properly in mice that lack all B cells (9,10). Thus, an alternative
hypothesis is that the absence of CD19 on B cells results in developmental defects in other MZ
structures such that the MZ is incapable of hosting MZ B cells, a secondary, B cell-extrinsic
defect. The goals of this study are to determine whether there are secondary defects in the MZ
in CD19-deficient mice and, if so, whether these defects are the cause of the failure to form
mature MZ B cells.
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Materials and Methods

C57BL/6 CD45.1 and CD45.2 mice were obtained from The Jackson Laboratory. The CD19
knockout (CD19ko) was crossed from 129Sv/J to CD57BI/6 for 14 generations (11). CD45.1,
CD19ko mice were created by further crosses. All experiments were performed with age- and
sex-matched mice. The University of Alabama at Birmingham Institutional Animal Care and
Use Committee approved all mouse protocols. Splenic B cells were enriched by negative
selection before an adoptive transfer procedure as previous described (12). Purity of B cells
was typically 97% by flow cytometry analysis. Twenty million purified B cells from donor
mice (8-12 wk) were transferred i.v. into recipient mice. Recipient mice were sacrificed 7 or
17 days after transfer. Cells and tissues were analyzed by flow cytometry and
immunofluorescence microscopy as previously described (13,14). Abs to the following targets
were purchased and, in some cases, conjugated to Alexa fluorochromes: C1qRp (AA4.1-
allophycocyanin, eBioscience); IgM (l1-41-FITC, BD Pharmingen; 11-41-PE-Cy7,
eBioscience); CD23 (B3B4-PE, BD Pharmingen); B220 (RA3-6B2-PerCP and
allophycocyanin-Cy7, BD Pharmingen); CD1d (1B1-FITC, BD Pharmingen), CD19 (6D5-
SPRD, SouthernBiotech); CD21/35 (7G6-FITC, BD Pharmingen; eBio4E3-Pacific Blue,
eBioscience); CD45.1 (A20-Alexa Fluor 488, BioLegend); IgM (goat anti-mouse Alexa Fluor
555, Invitrogen); CD4 (Alexa Fluor 647, Caltag Laboratories); Moma-1 (anti-SIGLEC-1-
biotin or purified, BMA Biomedicals), peanut agglutinin (Alexa Fluor 488, Vector
Laboratories), ER-TR9 (anti-mouse SIGN-R1-biotin; BMA Biomedicals), CD11c (N418-
Alexa Fluor 488, BioLegend; HL3-allophycocyanin, BD Pharmingen), CD11b
(allophycocyanin, SouthernBiotech), MAdCAM-1 (MECA-367-purified, BD Pharmingen),
ER-TR7 (rat anti-mouse reticular fibroblast-purified; BMA Biomedicals), CR-Fc (containing
the cysteine-rich domain of the mannose-binding receptor) was a gift from Dr. L. Martinez-
Pomares (University of Nottingham, Nottingham, U.K.). Except as stated otherwise, green
represents signals for Alexa Fluor 488 staining, blue for Alexa Fluor 350, red for Alexa Fluor
555, and magenta for Alexa Fluor 647. ImageJ version 1.37 was used to count fluorescence
from SIGN-R1" staining of cells in follicles. Ten follicles of three representative mice were
chosen in each group. Statistical comparisons between groups were made using a two-tailed
Student's t test.

Results and Discussion

Precursors of MZ B cells exist in CD19ko mice

One hypothesis for the lack of MZ B cells in CD19ko mice is that precursor cells fail to
differentiate normally. To determine whether CD19 is required for B cell differentiation in the
periphery, we analyzed splenic B cell subsets in CD19ko mice. T1, T2, and T3 subsets are all
present in mice that lack CD19 (Fig. 1A). Given that transitional B cells were present, we then
used CD1d, which is expressed on both transitional and FO precursors of MZ B cells as well
as on mature MZ B cells (4,15), to examine each of these compartments in CD19ko mice. The
percentage of CD1d-high, IgM-high B cells is reduced in CD19ko mice, consistent with the
loss of mature MZ B cells in these mice (Fig. 1B and supplemental Fig. 1).5 This population
could be further subdivided into immature and mature fractions, based on staining with AA4.1.
Classical mature MZ B cells (AA4.1-low, CD23-low cells within the CD1d-high, IgM-high
subset) are lacking in the CD19ko mice, as expected. In contrast, the percentage of transitional
MZ B cell precursors (CD23-high, AA4.1-high cells within the CD1d-high, IgM-high subset)
in mice that lack CD19 is comparable to that in wild type (WT) mice (0.44 and 0.42%,
respectively). Furthermore, the follicular precursors of MZ B cells (AA4.1-low, CD23-high
cells within the CD1d-high, IgM-high subset) are also preserved (0.3 and 0.67%, respectively).

S5The online version of this article contains supplemental material.
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The overall frequency of combined transitional and follicular MZ B precursors is reduced by
30% in CD19ko mice. Thus, CD19 contributes to but is not required for the selection of cells
into the CD1d-high, lgM-high, CD23* MZ precursor populations.

The MZ microenvironment is altered in CD19ko mice

A second hypothesis for the absence of mature MZ B cells in the CD19Ko is that defects in
other MZ cells or structures prevent the capture of MZ B cells in this region, based on previous
studies that demonstrate that the MZ microenvironment is defective in mice with a total lack
of all B cells (9). In such mice, MZM and MMM are absent and CD11c DC encircle the MZ
rather than concentrate in bridging channels as in normal mice. MZM are reported to be
required for the retention of MZ B cells (16), and stromal cells in MZ are thought to retain MZ
B cells through integrins (17). Therefore, we examined macrophages, DC, and other
components of the MZ. Although SIGLEC-1* MMM are present normally, SIGN-R1* MZM
are absent in CD19ko mice (Fig. 2, A and B). In addition, CD11c* DC are found
circumferentially around the MZ in CD19ko mice rather than in the polar distribution in
bridging channels found in WT mice (Fig. 2C). MAdCAM-1* sinus lining cells, CR-Fc¢* DC,
CD11b* macrophages, and ERTR7 stromal cells are intact in CD19ko mice (Fig. 2, D-F and
data not shown). Thus, the absence of CD19 results in selective changes in the MZ
microenvironment. Previous reports showing that CD19ko mice are susceptible to bacteria and
unable to mount effective T-dependent and T-independent responses (18,19) could be due to
not only the known defects on B cells but also to the abnormal MZ microenvironment.

The defect in differentiation of mature MZ B cells in CD19ko mice is B cell intrinsic

To determine whether extrinsic, secondary changes in the MZ prevent MZ B cell differentiation
in CD19ko mice, purified splenic B cells from either WT or CD19ko, CD45.1 donor mice were
transferred into CD19ko, CD45.2 recipients. Seven days after transfer of B cells from WT
mice, donor-derived, IgM-bright B cells were present in the MZ, outside the marginal sinuses,
in the recipient mice (Fig. 3A, arrow). In contrast, donor-derived B cells were present only in
the FO region after the transfer of B cells from CD19ko donors. The presence or absence of
donor-derived B cells with phenotypic characteristics of MZ B cells was confirmed by flow
cytometry (Fig. 3, B and C). Thus, despite the presence of both transitional and FO donor-
derived precursors of MZ B cells in the mice receiving either CD19ko or WT B cells,
(supplemental Fig. 2), only WT B cells are able to repopulate the MZ of the CD19ko recipients.
After the transfer of B cells from WT mice into CD19ko mice, the percentage of donor B cells
with a MZ phenotype is expanded relative to the percentage in a normal mouse (21% and 5.6%,
respectively). In contrast, this does not occur after the transfer of B cells from CD19ko mice
into CD19ko recipients, indicating that the expansion of the MZ compartment requires CD19
and is not simply induced by the transfer itself. Similarly, purified CD19ko B cells transferred
into WT recipients are excluded from the MZ (supplemental Fig. 3, A and B). Irradiation of
the recipients to reduce the numbers of competing B cells in the recipient or the cotransfer of
WT B cells with CD19ko B cells into the irradiated recipients to create a more normal MZ
environment also failed to rescue the ability of CD19ko B cells to enter the MZ (supplemental
Fig. 3, C and D). Thus, the microenvironment in WT mice could not rescue the differentiation
of CD19ko B cells. Therefore, we conclude that it is the lack of an intrinsic CD19 signal on B
cells rather than the defects of the MZ microenvironment in CD19ko mice that results in the
deficiency of mature MZ B cells in CD19ko mice.

Following transfer into CD19Kko recipients, WT donor cells in the follicle (i.e., not in the MZ)
appeared to concentrate more in the region of the B follicle near the MZ rather than near the
T cell zone, whereas CD19ko donor cells distribute more evenly across the follicle (Fig. 3A).
We calculated the ratio of donor B cells (CD45.1%) to total B cells (IgM*) in the central and
distal halves of follicles as illustrated (Fig. 3D) and confirmed that the transferred WT donor
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cells were more likely to reside in the region of the follicle adjacent to the MZ than the CD19ko
donor cells (p < 0.005; Fig. 3E). Thus, even those WT donor B cells that did not enter the MZ
after transfer into CD19ko recipients were more likely to reside in the region of the follicle
adjacent to the MZ. This emphasizes that MZ differentiation is a continuum regulated by CD19.
Therefore, an intrinsic CD19 signal is essential in the differentiation of mature MZ B cells
from MZ B precursors.

CD19* B cells induce the reconstitution of other MZ components in CD19ko mice

The above experiments indicate that although the MZ in the mice that lack CD19 is abnormal,
the failure of MZ B cell differentiation is due to defects in the B cells themselves. Thus, we
could determine whether the other abnormalities in the MZ could be corrected by reconstitution
of MZ B cells. We tested whether the normal localization of MZM and CD11c¢* DC was
restored in CD19ko mice after the adoptive transfer of purified B cells from WT mice. At 7
days after transfer, CD11c* DC were relocated into the bridging channels, as in WT mice,
rather than circumferentially around the MZ, as in CD19ko mice (Fig. 4A). At this time point,
SIGN-R1* MZM were not detectable (not shown). However, 17 days after transfer of WT B
cells, SIGN-R1* MZM were also reconstituted (Fig. 4B). Thus, the proper differentiation of
and/or localization of MZM and CD11c* DC were restored following reconstitution of the MZ
by adoptive transfer of WT B cells. Therefore, CD19-dependent B cell functions control the
localization and/or differentiation of subsets of macrophages and DC.

In summary, CD19 on B cells is required for the normal differentiation of other cells in the
MZ microenvironment, demonstrating crosstalk between B cells and other cells in the MZ.
However, lack of intrinsic CD19 signals in B cells, rather than the secondary effects on other
cells, results in the failure to form mature MZ B cells in CD19ko mice.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 2.

Altered MZ microenvironment in CD19ko mice. Spleen sections were stained for MMM
(SIGLEC-1; blue in A), B cells (anti-IgM; red in all panels), T cells (anti-CD4; purple or blue
in A-D), MZM (anti-SIGN-R1; green in B), CD11c DC (anti-CD11c; green in C and D),
marginal sinus lining cells (anti-MAdCAM-1; purple in D), CR-Fc DC (anti-CR-Fc; green in
E), stromal cells (ERTR7; cyan in F), and peanut agglutinin (green in A).
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B cell-intrinsic CD19 signal is required for MZ B cell differentiation. Spleens from CD19ko,
CD45.2 recipients were analyzed 7 days after adoptive transfer of B cells from CD45.1 WT or
CD19ko (KO) donors. A, Spleen sections were stained for B cells (anti-IgM; red), donor cells
(anti-CD45.1; green), MMM (anti-SIGLEC-1, which delineate the inner boundary of the MZ;
blue), and T cells (anti-CD4; cyan). Arrows indicate that MZ B cells are reconstituted in mice

receiving WT B cells but not CD19ko B cells. B and C, B cells in the spleens of CD19ko,

CD45.2 recipient mice 7 days after adoptive transfer of CD45.1 B cells from WT or CD19ko
mice were analyzed by flow cytometry. B, CD45.1 donor B cells were analyzed for the
distribution of mature (AA4.1") MZ and FO phenotypes. C, all mature B cells in the MZ and
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FO compartments in recipient mice were analyzed for donor and recipient B cells. The figures
highlighted in light blue are the ratios of the frequencies of donor cells in MZ B cells (middle
column) or FO B cells (right column) to the frequencies of donor cells in total B cells. D and
E, The ratios of the numbers of donor B cells in the inner and outer halves of follicles, as
illustrated (D), of the indicated recipient mice that received either WT or CD19Kko B cells were
calculated using image analysis software (E). *, p < 0.05; **, p < 0.005; ***, p < 0.001.
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FIGURE 4.

Splenic B cells from WT or CD19ko (KO) CD45.1 mice were adoptively transferred into
CD19ko, CD45.2 recipients. Spleen sections of recipient mice, sacrificed 7 days (A)or 17 days
later (B), were stained for histological analysis. A, IgM (B cells), CD45.1 (donor cells), and
CD11c (CD11c DC) were examined. Arrows indicate the restored localization of CD11c DC
in bridging channel in mice that received WT B cells. B, MAdACAM-1 (sinus lining cells),
SIGN-R1 (MZM), IgM (B cells), and CD45.1 (donor cells) were examined. Arrows indicate
donor-derived MZ B cells (green) and reconstitution of SIGN-R1* MZM (red) in the MZ of
mice that received WT B cells.
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