










� of �0 Immature B cells enter GALT | Vossenkämper et al.

Figure �. Expression of �B7 integrin on TS B cells is impaired in SLE. (A) PBMCs isolated from healthy donors and patients with SLE were analyzed 
by flow cytometry for the expression of CD19, CD20, CD27, CD24, CD38, and 7. Graph displays the percentages of 7+ healthy or SLE T1, T2, and mature 
B cells. ***, P < 0.001 one-way ANOVA + Bonferroni’s multiple comparison test. (B) PBMCs isolated from SLE and RA patients were analyzed by flow  
cytometry as in A. Graph shows percentages of 7+ SLE and RA B cell subsets segregated into patients treated with or without hydroxychloroquine.  
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chronic inflammatory autoimmune disease treated with im-
munosuppressive drugs. Expression of 47 by B cells in  
RA was the same as in healthy controls (Fig. 3 A). To exclude 
the possibility that lower expression of 47 in SLE was a 
consequence of treatment with hydroxychloroquine (HCQ), 
which is known to interfere with TLR9 signaling, we divided 
patients according to whether they took HCQ medication or 
not. Expression of 47 directly ex vivo was not associated 
with HCQ and was not associated with any other immuno-
suppressive treatment (Fig. 3 B). Furthermore, we observed  
a failure to up-regulate 7 expression on SLE blood B cells 
compared with normal blood B cells after in vitro stimulation 
with CpG and retinoic acid, and this was irrespective of HCQ 
treatment (Fig. 3 C).

Having observed reduced expression of 47 by circu-
lating B cell subsets in patients with SLE, we reasoned that if 
this is relevant to immune physiology by reducing immune 
access to the gut, then GALT should be depleted in SLE. We 
analyzed random histologically normal biopsies, including  
25 from healthy controls and 38 from patients with SLE.  
Aggregates of lymphoid cells that did not show features of  
GALT were observed in biopsies from healthy and SLE donors  
(Fig. 3 D). However, whereas multiple examples of GALT 
were observed in healthy donors, no examples of GALT were 
observed in the sample of SLE biopsies (Fig. 3, D and E).  
A significantly lower density of IgA plasma cells was observed  
in the lamina propria in SLE compared with controls (Fig. 3 F). 
Reduced expression of 47 was also detected on blood  
T lymphocytes from SLE patients (Fig. 3 G). The intraepithe-
lial T cell compartment was significantly depleted in the large 
and small intestines of patients with SLE (Fig. 3, H and I)  
irrespective of treatment. CD4 and CD8 cells were present 
in the lamina propria, but CD8 cells did not tend to localize 
in the epithelium in SLE as they do in health (Fig. 3 I).

The receptors for retinoic acid and estrogen are nuclear 
receptors, the signaling pathways of which have been ob-
served to interact (Hua et al., 2009). RAR binding is highly 
coincident and overlaps with estrogen receptor  binding. 
Further analysis showed that these two nuclear receptor– 
signaling systems could antagonistically regulate their target 
genes (Hua et al., 2009). Estrogens can also alter B cell behavior 
(Grimaldi et al., 2002; Hill et al., 2011). We added -estradiol 
to lymphocytes at high and low physiological plasma concen-
trations. A consistent dose-dependent interference with the 
retinoic acid induction of 47 by -estradiol was observed 
in healthy blood B cells (Fig. 3, J and K). We saw no evidence 
of differences in expression of retinoic acid receptor , or activ-
ity of retinaldehyde dehydrogenase between SLE and health 
(Fig. 3, L and M; and Fig. S3), and no evidence of elevated 
estrogens in the small sample of the SLE patients analyzed. 
The mechanism of dysregulation of 47 integrin in SLE is 
not known but may be related to signals downstream of estro-
gen binding (Grimaldi et al., 2005).

Transitional B cells activated in GALT could be precursors  
of plasma cells or marginal zone B cells
The fate of the T2 cells activated in GALT remains unknown, 
but we propose that they could be precursors of either mar-
ginal zone B cells, intestinal plasma cells, or they could die. 
The origin of human splenic marginal zone B cells has been 
a tantalizing unknown for many years (Weill et al., 2009). In 
mice, transitional B cells mature into either naive B cells or 
marginal zone B cells in the spleen. This does not happen in 
humans where the splenic anatomy is different and the mar-
ginal zone B cell population, in contrast to murine marginal 
zone B cells, has somatic mutation in IGV. Data presented 
here suggests that human splenic marginal zone B cells could 
arise from transitional B cells activated in GALT, two zones 

Statistics: Kruskal-wallis + Dunn’s multiple comparison test. (C) Peripheral blood B cells from healthy individuals and SLE patients were cultured for 7 d with 
indicated treatments (10 µg/ml anti-IgM, 1 µM CpG, 100 nM RA, and 1 µM Ro41). Graph shows 7 expression analyzed by flow cytometry. Means + SEM 
of three independent experiments are shown. P = 0.04, Mann-Whitney-test. (D) Intestinal biopsies were taken from eight healthy and eight SLE patients 
(up to eight biopsies per patient). The biopsies were stained by immunohistochemistry for CD3, IgD, or CD20 and were scored according to whether sec-
tions contained no lymphoid tissue (diffuse lymphoid infiltrates), diffuse lymphoid aggregates only (aggregates), or structured lymphoid tissue (GALT). 
GALT in biopsies from healthy individuals versus SLE P < 0.004, 2. (E) Representative histological pictures of a healthy biopsy displaying GALT and an SLE 
biopsy showing a diffuse lymphoid aggregate lacking GALT features. CD20, IgD, and CD3 are stained brown. Bar, 75 µm. (F) Biopsies in D were stained for 
the presence of IgA+ plasma cells identified by their morphology and cytoplasmic IgA. Graphs show mean plasma cell density. Each data point is a mean 
of several biopsies from each donor, P = 0.03, Mann-Whitney-Test. (G) PBMCs isolated from SLE patients and healthy controls were analyzed by flow 
cytometry for CD3 and 7 expression. Graph displays the mean percentage of CD3+ T cells expressing 7. P = 0.0078, Mann-Whitney-Test. (H) Sections of 
intestinal biopsies isolated from the Ileum and colon of healthy controls and patient with SLE were stained with CD3. Graph shows mean percentages of 
intraepithelial lymphocytes (IEL) as percentage of total epithelial cells and IEL. *, P = 0.03; **, P = 0.004, Mann-Whitney Test. (I) Representative examples 
of immunohistochemistry of intestinal biopsies from healthy controls or SLE patients, stained for CD3 (brown) or CD4 (brown) and CD8 (pink). Bar, 20 µm. 
(J) Percent of 7-expressing CD19+ blood B cells after 7-d culture with indicated treatments (-IgM 10 µg/ml; CpG 1 µM; RA 100 nM; E50/100/200 =  
-estradiol 50/100/200 pg/ml). Analysis was performed by flow cytometry. Shown are means + SEM of three independent experiments. *, P = 0.02, two-
tailed Student’s t test. (K) Flow cytometry analysis of 7-expressing CD19+ blood B cells after 7-d culture with indicated treatments (IgM 10 µg/ml; CpG 
1 µM; RA 100 nM; E50/100/200 = -estradiol 50/100/200 pg/ml). The figure shows representative FACS plots of one of three experiments with similar 
results. (L) Transitional B cells were FACS sorted from the peripheral blood of healthy controls and patients with SLE based on their expression of CD19, 
IgD, and CD38. Sorted CD19+IgD+CD38+ transitional B cells were analyzed for RARalpha transcripts by RT-PCR, n = 6. The graph shows mean relative copy 
number for each group. No difference was observed. (M) Flow cytometric analysis of ALDH enzyme activity in blood myeloid dendritic cells (lineage HLA-
DR+ CD11c+) from lupus and control blood samples using the Aldefluor reagent system. Mean percentages of myeloid DCs that were ALDH+ are shown.  
n = 5. P = 0.3, two-tailed Mann-Whitney-test.
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Perfusate and donor PBMC collection. Liver perfusates were collected 
from human liver grafts. During procurement of the donor liver, the aorta 
was clamped and the liver was perfused through the portal vein with 2 liters 
of University of Wisconsin (UW) solution to remove residual blood from the 
vasculature. After resection, the liver was placed in a bag and perfused with a 
further 1–2 liters of UW solution. After implantation of the liver, the ex vivo 
perfusate was retrieved. Mononuclear cells from the perfusate were isolated 
within 12 h by density gradient centrifugation using Ficoll Paque Plus  
(GE Healthcare). PBMCs were obtained from organ donors. All samples were 
stored in 10% DMSO-containing medium at 180°C. The study protocol 
was approved by the Ethics Committee at King’s College Hospital.

Flow cytometry and FACS. Staining of cells for flow cytometry, intracel-
lular phospho-staining, and FACS was performed as previously described 
(Barone et al., 2011). Phospho-staining in PBMCs was performed after 
30 min of culture with heat-killed bacteria from human feces. Bacteria had 
been grown under aerobic and anaerobic conditions on blood-agar plates for 
48 h and were then washed and heat-killed for 10 min at 95°C. Flow cytometry 
and FACS were performed using the LSR II analyzer and FACS Aria (BD). 
Antibodies were used at concentrations recommended by the manufacturers: 
phospho-BTK, phospho-syk, phospho-ERK, CD79b, CD10, IgD, HLA-DR, 
and CD11c (all BD); CD19, CD38, CD27, CD24, and IgM (all BioLegend); 
CD20 efluor 450 and 7 (eBioscience); and dendritic cell exclusion (“lin-
eage”) cocktail (anti-CD3/CD14/CD16/CD19/CD34; AbD Serotec). The 
specificities of phospho-BTK, phospho-syk, and phospho-ERK were con-
firmed by the manufacturers by methods including Western blotting.

Immunofluorescence staining and immunohistochemistry. Cryosec-
tions were fixed with 4% paraformaldehyde, followed by antigen retrieval in 
citrate buffer, pH 9, for 10 min at 95°C. For immunofluorescence, sections 
were incubated with the primary Abs (CD10 and IgD; Dako) for 1 h, and then 
washed and incubated with Alexa-fluorochrome–conjugated secondary Abs 
(Invitrogen) and DAPI. Specific staining was confirmed using isotype control 
Abs. Confocal images were acquired with the LSM 510 Meta, Plan-Neofluar 
40× oil/0.50 objective (Carl Zeiss). Immunohistochemistry of paraffin sections 
was performed by UCL Advanced Diagnostics, London as previously described 
(Barone et al., 2009). CD20 was purchased from Dako and MAdCAM-1 from 
AbD Serotec.

RT-PCR. Quantitative PCR was done as described previously (Barone  
et al., 2009). Primers and probes to quantify retinoic acid receptor expres-
sion were purchased from Applied Biosystems and data standardized to 
GAPDH expression.

IGHV gene rearrangement analysis. IGHV gene rearrangements in DNA 
from sorted cells were PCR amplified with primers to each of the IgVH fami-
lies and a nested protocol used as described previously (Dunn-Walters et al., 
1995). PCR products were cloned into the pGEM-T vector (Promega) and 
sequenced by Beckman Coulter Sequencing Services (Beckman Coulter Ge-
nomics). Alignments were made using the IMGT/V-quest database.

B cell culture to assess autoantibody production. B cell subsets were 
sorted by FACS from Peyer’s patches or PBMCs from healthy individuals. 
Purified B cell subsets were cultured as previously described with minor al-
terations (Huggins et al., 2007). Cells were cultured at a density of 5 × 104 
cells/200-µl well in 96-well U-bottomed plates. The base cell culture media was 
IMDM (Invitrogen) with 10% human AB serum (Biosera), 50 µg/ml human 
transferrin, 5 µg/ml human insulin, 15 µg/ml gentamicin, and 100 U/ml 
penicillin-streptomycin. For the initial 5 d of culture, the base media was 
supplemented with 20 U/ml IL-2, 50 ng/ml IL-10, 10 ng/ml IL-15, and  
5 µl/well of heat-killed bacteria from human feces. After 5 d, supernatants 
were removed and replaced with base cell culture media supplemented  
with 20 U/ml IL-2, 50 ng/ml IL-6, 50 ng/ml IL-10, and 10 ng/ml IL-15. 
Cells were then transferred to 200-µl wells in U-bottomed plates lined  
with irradiated mouse fibroblasts (L-cells) expressing human CD40L. Super-
natants were collected after 3 d. Qualitative detection of autoantibodies  

suggested to share a common pool of cells from studies of  
infection and malignancy (Harris et al., 1996; Du et al., 1997). 
Recruitment to the marginal zone by activation in response 
to mucosal microbiota could provide the explanation for the 
responsiveness of this population to bacterial antigens and 
also their prior acquisition of mutations in IGHV. It would 
also explain the appearance of the splenic marginal zone that 
is responsive to bacterial antigens over the first 2 years of life 
and splenic marginal zone expansion after bacterial coloniza-
tion of the mucosa (Timens et al., 1989; Harris et al., 1996; 
Kruschinski et al., 2004).

The intestinal IgA-producing plasma cell population that 
is derived from B cells activated in GALT (Barone et al., 2011), 
while mostly antigen specific, includes a relatively high fre-
quency of cells secreting autoreactive and polyspecific anti-
bodies (Benckert et al., 2011; Scheid et al., 2011). This contrasts 
with the bone marrow IgG plasma cell population where auto-
reactivity is relatively rare. It is possible that recruitment of 
transitional B cells to GALT could enhance the antigen-binding 
spectrum of IgA antibody produced in the gut. IgA is trans-
ported into the intestinal lumen where antibody diversity is 
paramount but where autoreactivity is not a relevant issue. Con-
tinuous recruitment of T2 B cells could also contribute to the 
scale of IgA production that exceeds the production of all 
other isotypes in the body.

The lymphoid interface with the microbiome:  
a novel checkpoint in B cell development?
We propose that selective entry and activation of T2 cells in 
human GALT, as demonstrated here, would affect the devel-
oping B cell repertoire by removing a proportion of B cells 
from the circulating pool before differentiation to mature 
naive B cells. We therefore suggest that this could constitute a 
novel checkpoint. Failure to access GALT efficiently in SLE 
may contribute to disease pathogenesis. SLE is a complex 
condition with diverse manifestations. It is not yet clear how 
our data relate to each individual phenotype associated with 
this disease.

MATERIALS AND METHODS
Reagents. Reagents were purchased from Sigma-Aldrich if not stated oth-
erwise. CpG DNA was purchased from Thermo Fisher Scientific. The reti-
noic acid receptor (RAR) alpha antagonist Ro41 was purchased from Enzo 
Life Sciences.

Cell isolation and culture. Mononuclear cells from human peripheral 
blood and GALT were isolated as previously described (Vossenkämper et al., 
2010). An overview of the lupus patients is given in Table S1. Blood cells used 
as controls were obtained from healthy female individuals between the ages 
of 20 and 45. Peyer’s patch biopsies were obtained during routine endoscopy. 
All patients gave informed written consent. The study was preformed ac-
cording to human experimental guidelines and with approval of the NRES 
Committee London-City, and East and KCL infectious diseases BioBank, 
Local Research Ethics Committee working under the authority of the 
Southampton and South West Hampshire Research Ethics Committee. Cells 
were cultured in RPMI medium supplemented with 10% FBS, 100 U/ml 
penicillin, 100 µg/ml streptomycin, 2 mM l-Glutamine, and 1% nonessential 
amino acids.
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(i.e., immunoglobulin against Hep2 cell antigens) in cell supernatants was 
performed using the ANA-Hep2 Screen ELISA (IBL-America). To assess IgA 
content, the kit’s anti–IgG-enzyme conjugate was substituted with an anti–
IgA-peroxide conjugate (Sigma-Aldrich). Results (in optical densities) of the 
Hep2 ELISA were standardized to immunoglobulin concentrations in the 
supernatants (TIG ELISA kit; BlueGene) and were adjusted to eliminate any 
contribution from the human AB serum.

Aldefluor assay. Aldehyde dehydrogenase (ALDH) activity in blood DCs 
(identified as CD3/CD14/CD16/CD19/CD34, HLA-DR+, CD11c+ 
population) was assessed by using the Aldefluor reagent system (STEMCELL 
Technologies). Aldefluor is a fluorescent substrate for ALDH. Cells express-
ing high levels of ALDH appear brightly fluorescent and were identified dur-
ing flow cytometry by comparing the fluorescence in test samples to that in 
controls containing diethylaminobenzaldehyde (DEAB), a specific inhibitor 
of ALDH (Fig. S3).

Statistical analysis. Instat or Prism (GraphPad Software) was used to perform 
statistical tests. A two-tailed Student’s t test, Mann-Whitney-test, and 2 test 
were used as appropriate. The one-way ANOVA test was used to compare nor-
mally distributed multiple groups. Kruskal-Wallis was used for non-normally/
skewed distributed multiple groups. P < 0.05 was considered significant.

Online supplemental material. Fig. S1 shows full gating strategy for iden-
tifying transitional 1 (T1), transitional 2 (T2), and mature naive B cells based 
on their expression of CD19, CD20, CD27, CD24, and CD38. Fig. S2 shows 
FACS sort strategies for isolation of transitional, mature naive, and germinal  
center B cells from peripheral blood or Peyer’s patches. Fig. S3 shows a B cell 
7 expression after in vitro stimulation ALDH enzyme activity in blood myeloid 
DCs. Table S1 shows demographic and clinical details of the SLE and RA 
patients enrolled in this study. Online supplemental material is available at 
http://www.jem.org/cgi/content/full/jem.20122465/DC1.
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