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SUMMARY

We compared B-cell phenotypes in Peyer's patches and solitary lymphoid follicles (organized gut-

associated lymphoid tissue, GALT) with those in jejunal or ileal lamina propria. In situ,

immunostaining showed that small B cells of naive [surface immunoglobulin D-positive

(sIgD+) CD27±] and memory (sIgDt CD27+) phenotypes occurred almost exclusively in

GALT, whereas the lamina propria contained only scattered sIgA+ CD27+ memory cells. In

contrast, B-cell blasts and plasma cells negative for CD20 and often also for CD19 but with strong

expression of CD38, CD27 and cytoplasmic IgA (cIgA), dominated in the lamina propria but were

scarce in GALT. By ¯ow cytometry, the proportion of dispersed CD19+ B lymphocytes varied from

4 to 42% among jejunal mucosal samples; between 5 and 50% of these were sIgD+, suggesting a

variable contamination with GALT cells. B-cell blasts and plasma cells, identi®ed by their large size

and strong expression of CD38, were regularly found (25±35% of the total mononuclear cell

population). Distinction between B-cell blasts and mature plasma cells was made by the presence or

absence of human leucocyte antigen (HLA) class II molecules, CD45RA, CD19 and surface

immunoglobulin. No CD19+ B cells outside GALT expressed CD5, but a very small portion of the

lamina propria B-cell blasts were positive for CD28. Dispersed sIgA+ lamina propria cells

expressed low levels of CD40, proliferated on CD40 ligation and constitutively secreted IgA in vitro.

We concluded that the lamina propria B-cell compartment consists mainly of B-cell blasts and

plasma cells but also has scattered, small sIgA+ cells that can proliferate in response to CD40

ligation and may therefore function as local memory cells for recall antigens.

INTRODUCTION

B cells exert a major protective immune defence function in

the gut, principally by constituting the basis for the secretory

IgA (SIgA) and SIgM system.1 Lamina propria plasma cells

produce mainly dimeric IgA and represent the progeny of B

cells primed in Peyer's patches, solitary lymphoid aggregates

or appendix (collectively called gut-associated lymphoid

tissue, GALT). Memory/effector B cells exit from GALT

through draining lymph, and home from the blood circulation

to the lamina propria via postcapillary venules.1 It is assumed

that Peyer's patches largely give rise to the small intestinal B-

cell population2,3 while the appendix primes B cells for the

large intestine.4 The contribution to intestinal IgA-producing

cells from peritoneal cavity B lymphocytes is well documented

in mice5 but this has not been thoroughly examined in

humans.

Differentiation of naive B cells to memory/effector cells

after antigen encounter is manifested as changes in phenotype

and morphology. Such cellular alterations have been observed

in human tonsils and rat spleen.6,7 Brie¯y, naive B cells

usually switch their surface (s) immunoglobulin phenotype

from sIgD+ IgM+ to sIgD± IgM+, and may then proceed to

another isotype (usually sIgG or sIgA) after secondary

stimulation. The surface immunoglobulin is retained when

the cell enters a memory pathway but is gradually lost during

terminal plasma cell differentiation together with other B-cell

markers such as CD20, CD45RA, HLA class II molecules

and CD19, whereas CD38 is strongly up-regulated.8 The

CD40 ligand (CD40L, CD154) seems to be a critical factor in

the decision between these differentiation pathways because

the presence of CD40L favours the memory state while

differentiation into plasma cells is inhibited.9 Recently, CD27

was reported to distinguish naive from memory B cells in a

more valid way than the presence or absence of sIgD; thus,

memory cells with high levels of somatic mutation in their

immunoglobulin variable genes usually expressed CD27 while

cells with these genes in germline con®guration were

negative.10
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Phenotypic alterations associated with B-cell responses in

human Peyer's patches have not been studied in detail, with the

exception of immunoglobulin isotype patterns.11±14 Thus, only

a little information exists about the distribution of B-cell

subsets in human GALT versus lamina propria.1,11,15 Intrigu-

ingly, both animal experiments and human studies have

suggested that B-cell responses can take place in lamina

propria apparently independent of GALT structures, but the

nature of the B cells involved is unknown.16,17 In this context, it

is of considerable interest that a major fraction of human

intestinal IgA-producing cells has been reported to express

CD5,18 a marker which is present on a fraction of tonsillar and

peripheral sIgD+ cells,19 associated with B cells from the

peritoneal cavity,20 or involved in autoimmunity.19 However, it

remains controversial whether B1 cells (often CD5+) con-

tribute to immune responses in the human intestine.21

The present study was undertaken to expand our knowl-

edge on B cells, mainly those expressing IgA, in the human

small intestine. A detailed immunohistochemical in situ study

was supplemented by ¯ow cytometric data obtained from

dispersed mucosal cells, in addition to short-term in vitro

experiments. Markers known to be induced or lost when B cells

differentiate to plasma cells were used to identify the stage at

which primed B cells enter the lamina propria, assuming that

the phenotypes detected represent `snap-shots' of intestinal B-

cell homing.

MATERIALS AND METHODS

Immunohistochemistry

Biopsy specimens of macroscopically normal jejunum (n=6)

and ileum (n=6) were used (median age 42 years, range 5±

72 years). All samples were obtained for diagnostic purposes

and parallel formalin-®xed material was examined to ensure

normal histology. Specimens selected for immunohistochem-

istry were, within 15 min of sampling, embedded in OCT

compound (Tissue-Tek, Miles Laboratories, Elkhart, IN),

snap-frozen in liquid nitrogen and stored at x70u until

cryosectioning at 4±6 mm. Sections were then ®xed for 10 min

in acetone at room temperature, wrapped in aluminium foil,

and stored at x20u.
Multi-colour immunostaining was performed on tissue

sections and cytospins (see later) in three steps with mixtures of

pretitrated primary antibodies (Table 1) for 1 hr at room

temperature, secondary reagents (biotinylated, Cy3- or ¯uor-

escein isothiocyanate (FITC) -conjugated goat anti-mouse

IgG1 or IgG2a from Southern Biotechnology, Birmingham,

AL, and rabbit anti-human cytokeratin from the authors'

laboratory) for 1.5 hr, and tertiary reagents (streptavidin-

Texas Red from BRL, Gaithersburg, MD and/or 7-amino-4-

ethylcoumarin-3-acetic acid (AMCA)-conjugated goat anti-

rabbit IgG, Vector Laboratories, Burlingame, CA) for 30 min.

Controls were irrelevant isotype-matched primary antibodies

and FITC-conjugated goat IgG used at concentrations

Table 1. Primary antibodies used for immunohistochemistry and ¯ow cytometry

Designation/

clone

Speci®city

(human)

Isotype/

label

Working concentration

(mg/ml or dilution) Source

BMA030 CD3 IgG2a Puri®ed Ig: 2.5,* 5.0 Behringwerke, Marburg, Germany

SK7 CD3 IgG1 Puri®ed Ig: 2.5* Becton-Dickinson

UCHT2 CD5 IgG1 Puri®ed Ig: 1/0.5* PharMingen, San Diego, CA

L17F12 CD5 IgG2a Puri®ed Ig: 2.5,* 5.0 Becton-Dickinson

HIB19 CD19 IgG1-CyChrome Puri®ed Ig: 5.0* PharMingen

HD37 CD19 IgG1 Supernatant: 1/20,* 1/10 Dako, Glostrup, Denmark

L26 CD20 IgG2a Supernatant: 1/40 Dako

3A12 CD27 IgG2a Ascitic ¯uid: 1/1000,* 1/500 R.A.W. van Lier, Amsterdam, NL

15E8 CD28 IgG1 Ascitic ¯uid: 1/1000,* 1/500 R.A.W. van Lier

HB-7 CD38 IgG1 Puri®ed Ig: 0.13,* 0.25 Becton Dickinson

33071A CD40 IgG1 Puri®ed Ig: 2.5,* 5.0 PharMingen

L48 CD45RA IgG1 Puri®ed Ig: 2.5,* 5.0 Bectin-Dickinson

UCHL-1 CD45RO IgG2a Supernatant: 1/40,* 1/10 P.C.L. Beverly, London, UK

FN-1 CDw78 IgG1 Supernatant: 1/80,* 1/20 S. Funderud, Oslo, Norway

L243 HLA-DR IgG2a Puri®ed Ig: 1/80,* 1/40 Becton-Dickinson

B7/21 HLA-DP IgG1 Puri®ed Ig: 1/20* Becton-Dickinson

SK10 HLA-DQ IgG1 Puri®ed Ig: 1/80* Becton-Dickinson

IgD26 d-chain IgG1 Supernatant:1/20,* 1/10 D.Y. Mason, Oxford, UK

6E2C1 a-chain IgG1 Ascitic ¯uid: 1/1000 T. Lea, Oslo, Norway

SK11 L-selectin IgG2a Puri®ed Ig: 2.5,*,5.0 Becton-Dickinson

4G8 L-selectin IgG1 Puri®ed Ig: 1.0 R & D Systems, Abingdon, UK

X39 KLH IgG2a Puri®ed Ig: 2.5,* 5.0 Becton-Dickinson

X40 KLH IgG1 Puri®ed Ig: 2.5,* 5.0 Becton-Dickinson

MOPC-21 None IgG1-Tricolor Puri®ed Ig: 5.0* Caltag Lab., San Fransisco, CA

Anti-IgD d-chain Goat IgG-FITC Puri®ed Ig: 1/50,* 1/200 Sigma

Anti-IgA a-chain Goat IgG-FITC Puri®ed Ig: 1/200* Sigma

Anti-IgM m-chain Goat IgG-FITC Puri®ed Ig: 1/50* Sigma

R-505 Cytokeratin Rabbit Ig Antiserum: 1/100 Authors' laboratory

*Concentrations used for ¯ow cytometry.
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comparable to those of the speci®c antibodies (Table 1). The

specimens were examined in a Leitz DMRXE microscope

(Leica, Wetzlar, Germany) equipped with a vertical illuminator

and ®lter blocks for observation of red, green, blue and

combined red/green emissions. Pictures were obtained in a

Nikon EcLipse 800 ¯uorescence microscope equipped with a

3518 CCD video camera and captured by FOTO-STATION

software (FotoWare A/S, Hùvik, Norway).

Flow cytometry

Cells were dispersed from the intestinal mucosa of nine jejunal

resection specimens obtained from organ donors (median age

35 years, range 10±56 years) as previously described.15 In brief,

the samples were rinsed in phosphate-buffered saline (PBS) and

either used immediately or incubated on ice overnight with

RPMI-1640 (Gibco, Paisley, UK) containing 5% (v/v) fetal calf

serum (FCS) and Fungizone (0.25 mg/ml). After removal of the

epithelium, mononuclear cells were obtained from the remain-

ing mucosa by digestion of the tissue with a mixture of

collagenase and dispase.

Paired immunostaining was performed in V-bottomed

microtitre plates as follows: 0.05r106x0.25r106 cells in

50 ml medium (RPMI containing 2% FCS and 0.1% w/v NaN3)

were incubated with mixtures (50 ml) of pretitrated primary

antibody reagents (Table 1) for 15 min (4u, rocking shelf, in the

dark), washed twice and then similarly incubated with mixtures

of secondary reagents [phycoerythrin (PE) -conjugated goat

anti-mouse IgG1 and FITC-conjugated goat anti-mouse IgG2a

from Southern Biotechnology, Birmingham, AL]. In two

experiments, three-colour staining was performed with addi-

tion of Cy-Chrome-conjugated anti-CD19 as a fourth incuba-

tion step after blocking with 10% mouse serum to examine the

expression of markers only on B cells.

The cells were analysed within 1±2 hr in a Becton

Dickinson FACScan with the LYSYS II software analysis

program. The instrument was calibrated with CaliBRITE2

beads (Becton Dickinson), compensation was set by eye, and

10r103 cells were acquired in list mode based on gating in the

forward/side scatter dot plot.

Functional studies

To test proliferative responses and immunoglobulin produc-

tion by isolated sIgA+ cells, dispersed mucosal samples (n=6)

were subjected to positive selection by magnetic beads or

sorting on a FACS Vantage cell sorter (Becton Dickinson) as

described below:

For positive bead selection, cells were incubated with mAb

to IgA (clone 6E2C1, Table 1) in a small volume (10r106 cells

in 0.5 ml) at 4u for 20 min on a rock and roller, then washed

twice in PBS with 2% FCS (PBS/2%). Sheep anti-mouse

IgG1-coated beads (Dynal, Oslo, Norway) were then added at

a 1 : 1 bead-to-cell ratio, incubated as above, and bead-coated

cells were removed with a magnet. The positively selected cells

were grown in RPMI/20% at 37u and medium was exchanged

every 2 hr. Before every exchange, bead-free cells were

collected from the supernatant by magnet separation until

the initial suspension was virtually free of cells, generally after

three rounds of incubation in RPMI/20%. The purity of

isolated cells was tested by ¯ow cytometry and by immunos-

taining of cytospins. Then, 0.05r106 isolated sIgA+ cells were

incubated (triplicates) in 96-well plates (Falcon, Becton

Dickinson) together with different combinations of anti-

light-chain monoclonal antibodies (mAbs) (anti-l and anti-k
from Dako, Glostrup, Denmark, both used at 10 mg/ml),

irradiated (70 Gy) CD40L-transfected L cells (a kind gift from

Drs P. Garrone and J. Banchereau, Schering-Plough, France)

at a 1 : 4 L cells-to-B-cells ratio, Pansorbin (0.005% v/v; from

Calbiochem-Novabiochem Corp., La Jolla, CA) or no

stimulus, in RPMI/10% for 5 days. Transforming growth

factor-b (TGF-b; 0.6 ng/ml; from Pepro Tech EC Ltd, London,

UK) and interleukin-10 (IL-10; 250 ng/ml; Pepro Tech) were

added to all wells. Alternatively, ¯uorescence-activated cell

sorter (FACS) sorted small sIgA+ cells (R1; see later) were

similarly used. In three experiments, parallel wells from bead-

selected cells were prepared with addition of recombinant

Table 2. Expression of various markers on B cells in different human small intestinal mucosal compartments (Peyerk spatches, PP; lamina propria,

LP) evaluated by immunohistochemistry

Marker

PP

M-cell area

PP

Dome area

PP

Mantle zone

PP

Marginal zone

PP

Germinal centre LP*

CD5 ±{ ±{ ±{ ±{ ±{ ±{
CD19 + + + + + +
CD20 + ± + + + ±{
CD27 ±/+ + ± + ±/+ +
CD28 ±{ ±{ ± ±{ ± ±

CD38 ±/+ + ± ± ±/+ +
CD45RA + + + + + ±

CD45RO ±1 ± ± ± ±{ ±{
CDw78 + ± + + ±/+ ±

HLA-DR + ± + + ±/+ ±

IgD ±/+ ±1 + ± ±/+ ±1

IgM +/± + + ±/+ + +
IgA +/± + ± +/± ±/+ +

+, Most or all cells positive; ±, most or all cells negative; +/±, more cells positive than negative; ±/+, more cells negative than positive.
*By immunohistochemistry, reproducible distinction between R1 and R2 cells in LP could not be performed; {was positive on T cells; {was positive on

some cells; 1was positive on extremely few B cells.
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(a) (b)

(c) (d)

(e) (f)(e) (f)

(g) (h)

(a) (b)

(c) (d)

Figure 1. Distribution of B-cell phenotypes in a Peyer's patch (PP) compared with adjacent lamina propria (LP) demonstrated by

immuno¯uorescence staining. Photomicrographs depicting the periphery of the same Peyer's patch with adjacent villous lamina

propria in serial sections (a±f) of a normal ileal biopsy specimen (original magni®cation r 250). Colour code of markers is indicated in

each panel. Cytokeratin is stained blue to visualize the epithelium. Yellow indicates coexpression of markers. The topographic

hallmarks are labelled in (a): D, dome; GC, germinal centre; M, mantle zone; MZ, marginal zone; and T, T-cell area. Note that the GC

is only partially represented in these sections. Two M-cell areas in the follicle-associated epithelium above the dome are also shown. (a)

Yellow cells expressing both CD19 and CD20 are present only in the follicle, dome area and M-cell pockets; occasional weakly stained

red cells corresponding to B-cell blasts and plasma cells are seen in adjacent LP. (b) Yellow cells expressing CD20 and sIgD are present

only in the follicle (section through mantle zone); green cells outside the follicle represent memory B cells in the marginal zone. Note

that very few yellow (sIgD+ CD20+ naive) or green (IgD± CD20+ memory) cells are seen in the lamina propria. (The asterisk

indicates area where the epithelium is accidentally overlaid on the follicle.) (c) Virtually all CD20+ cells coexpress CD45RA (yellow);

occasional single CD45RA+ cells corresponding to the CD19+ cells in (a) are present in LP (horizontal arrow), and red cells at lower

left represent naive T cells in PP (vertical arrow). (d) Co-staining for CD38 and CD20 shows that these markers are almost reciprocally

expressed, in that most intrafollicular B cells bear no or low levels of CD38, whereas it is strongly expressed on large lamina propria

cells representing B-cell blasts and plasma cells, as well as on a few germinal centre cells. (e) L-selectin is coexpressed on a fraction of

CD20+ cells in the follicle as well as in M-cell pockets; red cells represent mainly naive T cells in PP (lower left). Note that very few L-

selectin+ cells (CD20+ B cells or CD20± T cells) are present in LP. (f) Co-staining for CD19 and CD5 demonstrates lack of overlap

between these markers, indicating that no intestinal B cells (i.e. only T cells) express CD5 as detected by this method. An intraepithelial

CD5+ T cell is indicated (arrow). (g) Co-staining for CD19 and CD27 to visualize the distribution from PP to LP in the same biopsy

specimen (note that this section as well as (h) were cut at a deeper level than those illustrated above). (h) Green separation of the same

®eld. In the germinal centre and mantle zone, CD27 is only expressed by very few cells and therefore most of the follicle appears red

when double-exposed. The follicle periphery, corresponding to the marginal zone, as well as the T-cell area (T), contain many CD27+

cells. By contrast, strongly CD27+ cells are present in adjacent LP, mostly representing plasma cells; CD19 expression on these cells is

faint and they therefore appear brightly green.
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human IL-2 (Amersham, Life Sciences, Buckinghamshire,

UK), IL-4, IL-6, interferon-c (IFN-c; all from R & D Systems,

Abingdon, UK), all at 10 ng/ml, or no added cytokines, to

examine whether the IgA production could be in¯uenced by

such factors. Supernatants were harvested from wells with

proliferative stimuli prior to pulsing individual wells with

1 mCi/well [3H]TdR for the last 16 hr of culture, then

proliferation was tested by harvesting wells through Printer

Filtermat A (Wallac, Turku, Finland) and counted in a 1205

Betaplate2 counter (Pharmacia/LKB, Piscataway, NL).

Results were presented as the mean of three wells for every

experimental condition. Production of IgA, IgM, and IgG in

supernatants was examined by enzyme-linked immunosorbent

assay (ELISA).

RESULTS

Immunohistochemical observations

The results from immunohistochemical examinations are

summarized in Table 2, and the distribution of various

phenotypic markers is visualized in Fig. 1.

GALT

B cells corresponding to the mantle and marginal zones of

lymphoid follicles, as well as many cells in M-cell pockets and

T-cell areas expressed CD19, CD20, CD45RA, HLA-DR and

sIgD (or sIgA); in addition, many cells expressed L-selectin, as

previously reported (Fig. 1a,b,c,e).11,15 In the germinal centres,

B cells were positive for CD19 and CD20, the latter marker

being considerably weaker than on mantle and marginal zone

cells. Occasional rare CD19+ germinal centre cells appeared to

coexpress CD45RO that was otherwise found only on T cells.

No B cells positive for CD5 were detected (Fig. 1f).

The sIgD+ cells were also examined for coexpression of

CD27; and occasional small such cells at the outer edges of

germinal centres were found to be positive. CD27 was also

found on sIgD± cells within the follicles, mainly corresponding

to the marginal zones, as well as on T cells in the interfollicular

areas (Fig. 1g,h). CDw78 was found only on HLA-DR+ B

cells. CD38 was negative or weakly expressed by mantle and

marginal zone lymphocytes and moderately positive on most

germinal centre cells, although some at the latter reacted

strongly (Fig. 1d). Plasma cells with cytoplasmic (c) IgA or

cIgM, present along follicle peripheries and in the dome areas,

also expressed high levels of CD38.

Small intestinal lamina propria

In jejunal specimens with normal morphology, as well as in the

ileum outside GALT structures, very few CD20+ cells (<1 per

villus) were seen (Fig. 1a±e). They were small and usually

expressed IgA as a small rim at the membrane (presumably

sIgA); extremely few cells were sIgD+ (<1 in every ®fth villus;

Fig. 1b). These rare B lymphocytes were also positive for

CD19, CD45RA, CDw78 and HLA-DR but only weakly

reactive for CD38 and negative for the T-cell memory marker

CD45RO, as well as for CD28 and CD5 (Fig. 1f). Interestingly,

all sIgA+ and most of the extremely rare lamina propria sIgD+

cells coexpressed CD27. Combined CD19 and CD20 immu-

nostaining showed that cells with weak CD19 expression

(corresponding to plasma cells; see later) were negative for

CD20 (Fig. 1a).

Organized GALT structures (B-cell follicles with domes

and T-cell areas) were not seen in any of the jejunal specimens,

Table 3. Summary of ¯ow-cytometric data obtained with dispersed

mucosal cells, presented as percentage (median and range) of CD19+

cells in R1 (small cells) and of CD38hi cells in R2 (large cells)

Marker R1 R2

CD5 1.5 (0±3)* 0.5 (0±1)*

CD19 12 (4±42){ 50 (25±72)

CD27 70 (47±98) 98 (98±100)

CD20 26 (7±48) 0.5 (0±2)

CD40 75 (12±90) 5 (0±20)

CD28 0.5 (0.5±1)* 0.5 (0.5±1)

CD45RA 95 (95±100) 10 (5±35)

CD45RO 1.5 (1±10)* 2 (2±6)*

CDw78 79 (75±91) 1.5 (1±3)

HLA-DR 79 (75±92) 1.5 (1±3)

HLA-DP 80 (75±95) 1.5 (1±3)

HLA-DQ 48 (45±50) 0.5 (0±0.5)

IgD 10 (5±52) 1 (0.5±1.5)

IgA 73 (30±90) 55 (46±56)

IgM 8 (4±12) 14 (6±20)

*Present on most T cells; {based on total number of cells in R1.

Figure 2. Flow-cytometric de®nition of R1 and R2 cells in small

intestinal mucosal samples. Dispersed mononuclear mucosal cells were

obtained from organ donors and subjected to immuno¯uorescence

staining for the respective markers by an indirect method as decribed in

the Materials and Methods. Upper left panel shows gates (R1 and R2

cells) that were set on the basis of surface marker expression (y-axis;

CD3, CD19, CD38) in relation to cell size (FSC, x-axis) on ungated

populations. The cells falling outside R1 and R2 represent epithelial

cells and dead cells. R1 cells (small) mainly consist of T cells (CD3+,

upper right panel) with few cells expressing CD19 (lower right panel).

R2 cells (large) mainly consist of B-cell blasts and plasma cells (CD38hi)

with very few T cells (right panels); however, many large cells express

CD19 (lower left). Some relatively small cells show rather strong CD38

expression and thus the distinction of R1 from R2 cells is not exact

(lower right).
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whereas solitary follicles or Peyer's patches (containing at least

®ve aggregated follicles) were seen in all ileal samples. Virtually

no cells expressing L-selectin were found in the lamina propria

and naive T cells (CD45RA+) were almost absent as previously

reported.22

Lamina propria cells with high CD38 levels (CD38hi;

Fig. 1d) were large and expressed cytoplasmic and apparently

sometimes surface immunoglobulin (usually IgA), high levels

of CD27 (y100%, Fig. 1g,h), often CD19 (>50%; Fig. 1a),

and sometimes also CD45RA (Fig. 1c). They were negative for

CD20 (Fig. 1d), CDw78 and HLA-DR. IgD-producing plasma

cells were extremely rare (<1 cell in every ®fth villus). Within

the epithelium, no CD19+ cells were observed except in M-cell

areas of GALT structures.

Flow-cytometric examination of dispersed lamina propria

lymphoid cells

To obtain reliable quantitative data also for small lymphoid

subsets that were dif®cult to evaluate by immunohistochem-

istry, ¯ow cytometry was performed on dispersed cells from

jejunal mucosa of organ donors. The data are summarized in

Table 3.

Based on gating in the forward/side-scatter dot plot,

dispersed lamina propria cells were as previously reported15

separated into lymphocytes (small, R1) and blasts or plasma

cells (large, R2) by their size and level of CD38 expression

(Fig. 2). This distinction was arbitrary, because in the forward-

scatter CD38 dot plot, some cells falling within the R1 gate

always expressed high levels of CD38 (Fig. 2). Such CD38hi R1

Figure 3. Flow-cytometric analysis of R1 and R2 B-cell isotypes in small intestinal mucosal samples. Numbers in quadrants represent

percentage positive cells. Left panels represent controls obtained with irrelevant primary antibodies conjugated to Tricolor (containing

Cy5 and therefore similar to Cy-Chrome; y-axis) or FITC (x-axis). (a) Pro®les of a sample with few B cells (10% CD19+ cells in R1): the

mainproportionofR1 CD19+cells express sIgAwhile very few bear sIgD or sIgM.R2cells are mainlysIgA+andmost cells in this sample

also express CD19. In both R1 and R2 distinct fractions of cells without CD19 express surface immunoglobulin; this probably indicates

that someof the immunoglobulin secreted from matureplasmacells is transiently membrane-bound[this alsoapplies to (b)]. (b) Pro®lesof

a sample with many B cells (42% CD19+ cells in R1): although sIgA+ cells dominate among the CD19+ cells, signi®cant fractions of

sIgD+ and sIgM+ cells are also present. R2 cells are mainly sIgA+ but fewer of these cells express CD19 than in (a).
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cells could represent T or B cells. The fractions of B and T cells

in R1 and R2 were nevertheless reproducibly different because

T cells (CD3+) predominated (58±95%) in R1 whereas

relatively few (<10%) were present in R2 (Fig. 2). Conversely,

while B cells (CD19+ or CD38hi) could be either very few or

quite numerous in R1, they always predominated in R2 (Fig. 2,

Table 3).

B cells (CD19+) in R1 usually expressed CD20, CD40,

CD45RA, CDw78, HLA-DR, -DP and -DQ, as well as surface

immunoglobulin, usually IgA (Table 3, Figs 3 and 4).

Expression of CD80 and CD86 by these cells was quite low

(I. N. Farstad, unpublished observations). In samples with few

R1 B cells, <5% expressed sIgD (<1% of the total cell

population) whereas in B-cell rich samples, up to 50% were

sIgD+ (Fig. 3a,b). A very small fraction of the R1 sIgD+ cells

(<5%) expressed CD27, but in Peyer's patch samples up to

10% of the sIgD+ cells expressed this marker (I. N. Farstad,

unpublished observations). However, occasional R1 cells were

negative for most of these markers and then corresponded to

the small CD38hi fraction as described above. In samples with

many R1 B cells, including sIgD+ cells, a small fraction of B

cells expressed CD45RO (Table 3, Fig. 4), a marker reported

to be transiently present during terminal B-cell differentia-

tion.23 Also L-selectin+ B cells and naive T cells could be found

in such B-cell-rich samples (data not shown). Because

immunohistochemistry revealed only very rare sIgD+, L-

selectin+ and CD45RA+ T cells in the lamina propria outside

GALT structures (Fig. 1b,c,e), this ¯ow-cytometric ®nding

most probably re¯ected that B-cell-rich samples were in fact

contaminated by cells derived from solitary lymphoid follicles.

R2 cells were mainly negative for CD20 but positive for

CD27 (Table 3). A small fraction expressed CD45RA, CDw78,

HLA-DR and HLA-DP, whereas most R2 cells were sIg+ and/

or CD19+ (Table 3, Fig. 3a,b). CDw78 and HLA-DP were

always present on HLA-DR+ cells, both with a linear

relationship to HLA-DR, whereas HLA-DQ was mostly

negative (Table 3). The HLA-DR+ cells in R2 negative for

CD19 and CD38 (Fig. 4), represented macrophages.15

Extremely few B cells, and only <20% of the sIgD+ ones

present in the B-cell-rich samples, expressed CD5; the level was

much lower than that on T cells which were always CD5+

(Table 3). A very small fraction both of R1 and R2 B cells

expressed CD28, a molecule reported to identify B cells

entering plasmacytoid differentiation.8 Their B-cell phenotype

was con®rmed with triple stainings for CD28, CD19 and HLA-

DR; 0.5±1% of the CD19+ cells reproducibly expressed CD28,

with or without concurrent HLA-DR (data not shown). As for

CD5, however, CD28 was most abundant on T cells (Table 3).

Proliferation and immunoglobulin production by isolated

sIgA+ cells

The proliferative and immunoglobulin-producing capacity of

dispersed mucosal sIgA+ cells was examined in vitro. The

purity of isolated cells was 70±90% as determined by ¯ow-

cytometric analysis with a goat anti-human IgA±FITC

conjugate (Cat. no. 2050-02, Southern Biotechnology, 1 mg/

ml; Fig. 5a), and in cytospins prepared from the isolated cells

containing less than 2% CD3+ cells and less than 0.5% sIgD+

cells (data not shown). Bead selection for sIgA+ cells resulted

in enrichment also of large (R2) cells (Fig. 5a), in accordance

with the ¯ow-cytometric data showing that many R2 cells

expressed surface immunoglobulin (Fig. 3a,b). However, all

samples investigated incorporated thymidine as a sign of

proliferation in response to CD40 ligation. Addition of the

polyclonal B-cell activator Pansorbin, which consists of

Figure 4. Flow-cytometric examination of CD45RO, HLA-DR and CD38 on R1 and R2 B cells in B-cell-poor small intestinal

mucosal sample. Numbers in quadrants represent percentage positive cells. Dispersed mononuclear cells were examined by ¯ow

cytometry and small (R1) versus large (R2) cells compared for the markers indicated. The fourth and ®fth panels in the rows represent

controls obtained with relevant versus irrelevant primary antibodies followed by similar secondary antibody conjugates. In the ®rst

panel row, very few R1 or R2 CD19+ cells express CD45RO, indicating that most cells expressing this marker are T cells. Conversely,

most CD19+ cells in R1 express HLA-DR while very few R2 CD19+ cells are positive (second panel row). Few CD19+ HLA-DR±

cells in R1 might re¯ect that distinction of R1 from R2 cells is not exact when based on size and CD38 (see Fig. 2), and these cells could

in fact represent relatively small B-cell blasts. In the third panel row, CD38+ R1 cells are negative for HLA-DR while HLA-DR+ cells

are negative or weakly positive for CD38. The latter cells represent CD19+ cells while the former represent a mixture of relatively

small T- and B-cell blasts. In R2, HLA-DR is mainly present on very few CD38hi cells; the single HLA-DR+ cells in the lower right

quadrant represent macrophages (see Results section).
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formalinized particles of Staphylococcus aureus, strain Cowan

I, had little effect on this CD40-induced proliferation (one

representative experiment is shown in Fig. 5c). Samples in

which many sIgD+ cells (>3% in R1) were present in the

starting population (i.e. before isolation of sIgA+ cells), tended

to give larger counts per minute (c.p.m.) values, possibly

re¯ecting a higher proliferative potential of contaminating

GALT sIgA+ cells. Pansorbin alone, or a combination of

surface immunoglobulin cross-linking and CD40 ligation, had

minimal effect on proliferation; the latter protocol induced cell

death as deemed by morphology in cytospins, probably

explaining why immunoglobulin production was also minimal

(Fig. 5b,c). Similar results were also obtained when the anti-

light-chain antibodies were immobilized overnight (data not

shown). Addition of Pansorbin alone failed to induce increased

immunoglobulin production compared with unstimulated B

cells (Fig. 5b).

As expected, sorted sIgA+ cells within R1 (excluding B-cell

blasts and plasma cells, as explained above) showed higher

proliferation but much less immunoglobulin production than

bead-separated cells (Fig. 5b,c). Sorting resulted in signi®-

cantly lower numbers of cells available for culture; therefore,

CD40L and Pansorbin treatment was compared only with

unstimulated B cells and with results obtained for unfractio-

nated (unsorted) lamina propria cells (Fig. 5b,c, asterisks).

Based on ELISA, the purity of sIgA+ cells versus other B-

cell isotypes was supported by the disproportionately higher

production of IgA than IgM (or IgG) in all samples (IgA and

IgM produced by bead-selected, sorted and unsorted cells is

shown in Fig. 5b). Addition of CD40L always resulted in lower

levels of immunoglobulin being produced (Fig. 5b). Wells

containing IL-2, IL-4, IL-6, IFN-c, TGF-b, IL-10, or medium

only, gave approximately similar IgA concentrations as wells

containing both TGF-b and IL-10 (data not shown).

DISCUSSION

It has been known since 1965 that IgA-producing plasma cells

predominate in normal human intestinal lamina propria,24 and

since 1979 that T cells outnumber sIgA+ cells in dispersed

mucosal cell populations from the gut.25,26 However, the

detailed composition of B lymphocytes, B-cell blasts and

plasma cells within the intestinal lamina propria as opposed to

organized GALT structures has not been reported. Such data

may also throw light on the maturational stage at which primed

B cells enter the lamina propria from peripheral blood.27

By combining results obtained with immunohistochemistry

on mucosal biopsy specimens and data based on ¯ow

cytometry of dispersed mucosal mononuclear cells, we found

that small (R1) B lymphocytes, the naive sIgD+ CD27± ones in

particular, constitute only minor fractions of the total lamina

propria mononuclear cell population (<10% and <1%,

respectively). In contrast, B-cell blasts and plasma cells (R2)

amounted to y30%. Importantly, however, the fraction of

R1 B lymphocytes varied considerably among samples, the B-

cell-rich ones containing substantial numbers of sIgD+ naive B

cells (Fig. 3b) in addition to CD45RA-naive T cells and L-

selectin+ naive B and T cells (data not shown). By

immunohistochemistry, we could document that the latter

subsets were virtually absent in the lamina propria outside

GALT structures where they were well represented (Fig. 1).

Taken together, our data suggested that cell populations

presumed to be derived from the lamina propria, could be

heavily contaminated with GALT cells, probably originating

from solitary B-cell follicles known to occur scattered in both

the jejunal and ileal mucosa.28 Thus, it is of outmost

Figure 5. Examination of isolated sIgA+ cells. (a) Enrichment of sIgA+

cells from dispersed starting population (left) and after bead selection for

sIgA+ cells (right) shown by ¯ow cytometry as described in the Materials

and Methods. Numbers in upper right corners indicate percentage

positive cells (ungated). (b) Immunoglobulin production (mg/ml) by

bead-selected and sorted versus unsorted sIgA+ cells as described in the

Materials and Methods, subjected to different stimuli indicated by

numbers. Note that the scale for sorted* and unsorted** cells is different

(r10 ng/ml) from that for bead-selected cells (mg/ml). (c) Proliferation

(c.p.m. values) by bead-selected and sorted versus unsorted sIgA+ cells

subjected to different stimuli indicated by numbers.
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importance so as to avoid confusion in this ®eld, that the

sampling problems existing in the gut be borne in mind when

studies aiming at characterization of dispersed lamina propria

cells are performed.

Our data supported previous reports that CD45RO, a

marker usually identifying memory T cells, may be expressed

during terminal B-cell differentiation to plasma cells;23 we

found that up to 2% of CD19+ or CD38hi cells were positive

for CD45RO in B-cell rich samples. In situ, coexpression of

CD19 and CD45RO was found only in the germinal centres;

therefore, the presence of CD19+ CD45RO+ cells in B-cell

rich samples suggested that they were contaminated with

GALT cells.

We identi®ed a consistent fraction (5±10%) of singly

distributed small B lymphocytes bearing sIgA, CD20, CD27,

CD45RA and HLA class II molecules, which we assumed

represented memory B cells from the lamina propria. This

subset expressed low levels of CD40 (Table 3) and was shown

to proliferate in response to CD40 ligation but not in response

to the polyclonal B-cell activator Pansorbin (Fig. 5c). Com-

bined surface immunoglobulin cross-linking and CD40 ligation

induced cell death despite the addition of TGF-b and IL-10 to

the cultures; the explanation might be lack of T cells producing

other important growth factors or lack of essential stromal

elements. Nevertheless, the data raised the possibility that such

lamina propria memory sIgA+ cells are capable of mounting a

topical immune response to recall antigens at the effector site.

This would be in keeping with previous reports that B-cell

immune responses can be enhanced and even elicited29 outside

Peyer's patches,16,17 although those experiments did not

preclude a possible contribution from solitary lymphoid

follicles. The bead-separated sIgA+ mucosal cells, which

represented a mixture of memory cells and blasts, produced

high levels of IgA in vitro (Fig. 5b). This production was

virtually unaffected by the addition of Pansorbin, but less IgA

was found in wells containing CD40L-transfected L cells,

probably because cells expressing CD40 were driven into

proliferation. As our cultures contained variable proportions

of memory B cells and blasts, the latter expressing little CD40

and being responsive to increased immunoglobulin production

by IL-10 stimulation, the relative in¯uence of CD40L,

Pansorbin, and cytokines on immunoglobulin production

could not be addressed. Sorted memory cells stimulated with

Pansorbin tended to produce more immunoglobulin than

unstimulated cells, despite the presence of CD40L (Fig. 5b),

but further experiments will be needed to clarify this issue.

R2 cells consisted of CD38hi CD20± cells, with or without

CD19 and surface immunoglobulin; very few of them had

retained CD45RA and HLA class II molecules. Because this B-

cell phenotype has been identi®ed also in human intestinal

lymph,30 presumably on its way to the intestinal lamina

propria, we believe that CD45RA and class II molecules are

down-regulated at intestinal effector sites. Indeed, immuno-

histochemistry revealed CD45RA to be weakly expressed on

some CD38hi or CD19+ lamina propria plasma cells (Fig. 1c)

while class II molecules were hard to identify with this method.

Among the class II molecules investigated, HLA-DP was

shown by ¯ow cytometry to be down-regulated along with

HLA-DR, while HLA-DQ was virtually negative on these cells

(Table 3). CD28, a molecule usually associated with T cells, has

been reported to be expressed also by plasma cells8 and

circulating immunoglobulin-producing cells generated by oral

immunization.31 We observed CD28 only on a very small

fraction of R2 cells, and on even fewer R1 cells, by ¯ow

cytometry, and could not detect it by immunohistochemistry.

This discrepancy might re¯ect that CD28 is expressed only very

transiently during plasma cell differentiation in human

intestinal mucosa. By contrast, CD27 was present on virtually

all cytoplasmic immunoglobulin-positive or sIgD± B cells in the

lamina propria as judged by immunohistochemistry; therefore,

it seemed to be a good marker both for memory B cells, B-cell

blasts and plasma cells in the human small intestine. The rarely

detectable sIgD+ CD27+ cells might be on their way to

terminal differentiation.

CD5 was not present on lamina propria B cells and we found

this marker expressed only at low levels on few GALT sIgD+

cells by employing two distinct mAbs to CD5 (Table 1).

Conversely, Peters et al.18 reported that a substantial fraction

of human intestinal IgA-producing cells in fact expressed CD5.

Also circulating antibody-forming cells generated after oral

immunization were reported to express CD5, and especially

those producing anti-tetanus toxoid.31 CD5+ B cells constitute a

relatively larger fraction in young individuals,19 but we found no

CD5-expressing B cells in the lamina propria of individuals down

to the age of 5 years. This discrepancy could not be due to

methodological problems because compared with other

reports,19,32 we observed the expected proportions of CD5+

tonsillar B cells (Farstad et al. unpublished data). Incubation of

dispersed mucosal or tonsillar cells overnight with 20% normal

human serum, as was done in the study of Peters et al.18 had no

effect on CD5 expression either by mucosal sIgA+ cells or by

tonsillar sIgD+ cells (data not shown). In mice, many intestinal B

cells (B1 cells) represent the progeny of B cells derived from the

peritoneum,5 and the human fetal omentum as well as lavage

¯uid from the adult human peritoneal cavity contain a

substantial proportion of CD5+ B lymphocytes.33,34 Therefore,

although our data suggested that CD5+ effector B cells do not

occur in the human small intestine, this ®nding did not preclude

the existence of B1 B cells as a separate lineage at this tissue site.

CDw78 was shown to be present only on HLA-DR+ B cells

in the human small intestine. By ¯ow cytometry, CDw78

showed a linear relationship to HLA-DR both on R1 CD19+

and on a fraction of R2 CD38hi cells, as did HLA-DP. These

®ndings agreed with recently published data showing that

CDw78 is associated with HLA-DR and -DP35 and may act as

a co-stimulatory molecule on B cells.36

In conclusion, we have shown that dispersed lymphoid cells

sampled to represent the small intestinal lamina propria, often

were heavily contaminated with cells derived from organized

GALT structures. Furthermore, we have identi®ed a small

population of scattered sIgA+ CD20+ CD27+ CD40+ C-

D38lo CD45RA+ HLA class II+ lamina propria cells that

probably serve as local memory cells for recall antigens and not

only as effector cells destined for terminal plasma cell

differentiation. In contrast, CD20±CD27+ CD40±CD38hi B

cells, which amounted to approximately one-third of the

lamina propria mononuclear cells, constituted blasts that

probably had recently arrived in the lamina propria as they

expressed CD19, CD28, CD45RA, HLA class II as well as

surface immunoglobulin (usually IgA), in addition to termin-

ally differentiated plasma cells that mostly lacked these

markers.
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