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SUMMARY

In mice, peritoneal B cells are composed of a unique B-1 cell population which can repopulate the
intestinal lamina propria with IgA-producing cells, as well as contribute to the majority of serum IgM.
In this study, peritoneal lymphocytes from patients starting continuous ambulatory peritoneal dialysis
(CAPD) and from women undergoing bilateral tubal ligation (BTL) were analysed for the presence of a
B-1 cell population as well as the expression of potential homing receptors. Up to 63% of the peritoneal
B cells express surface antigen CD5, and most peritoneal lymphocytes express the mucosal homing
receptors,a4b7 andaEb7. When analysing serial samples collected from patients from the beginning of
dialysis to 1 year, no marked changes were observed in serum or salivary immunoglobulin levels,
although the peritoneal lymphocyte population was reduced by 50%. These data suggest that the
phenotype of human peritoneal B-1 cells is similar to that of mice, but the contributions to the immune
system may differ.
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INTRODUCTION

Lymphoid cells of the mouse peritoneal cavity contribute to both
mucosal and systemic compartments of the immune system [1].
The mouse peritoneal cavity contains a distinct lineage of B
lymphocytes known as B-1 cells, which differ from conventional
B-2 cells by their surface markers and origin [1–4]. B-1a cells
express the surface marker CD5 and constitute a significant
proportion of the peritoneal B cells, but are rarely found in
peripheral blood or bone marrow [5–8]. Peritoneal B-1 cells can
give rise to IgA-producing plasma cells in the mouse intestine
[3,9–12], and depletion of this cell population by chronic perito-
neopheresis or treatment with anti-IL-10 antibody significantly
decreases serum IgM levels [13,14].

In humans, B-1 cells are found in low numbers in both the
peripheral blood and bone marrow [15,16]. During fetal develop-
ment the omentum serves as a reservoir for B-1 cells [17], but the
percentage of B-1 cells is diminished in adulthood [18]. The role
that B-1 cells play in the human immune system is not fully

understood [8,18,19]. In a previous study, we identified B-1 cells in
the peritoneal fluid of patients who had been on continuous
ambulatory peritoneal dialysis (CAPD) for 2 years [20,21].

In this study, we characterized the peritoneal B-1 population
and their homing potential based on surface marker expression
as determined with flow cytometry from patients from the initiation
of CAPD, as well as from healthy women undergoing bilateral
tubal ligation (BTL). Because peritoneopheresis of the mouse
peritoneal cavity is analogous to CAPD [13,22], we investigated
the influence of long-term continuous dialysis on the composition
of peritoneal and peripheral blood mononuclear cells (PBMC),
as well as its influence on serum and salivary immunoglobulin
levels.

PATIENTS AND METHODS

Study group
The study population consisted of two groups, 11 CAPD patients
(four black females, four white females, and three black males)
starting CAPD due to end-stage renal failure and 16 healthy
women (eight black and eight white) undergoing BTL for reasons
other than endometriosis. The median age of the groups was 51
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years (range 25–75 years) and 27 years (range 21–38 years),
respectively. Four of the CAPD patients were followed for a period
of 1 year. The patients were seronegative for HIV antibodies and
hepatitis B antigen, and the CAPD patients did not experience
any episodes (e.g. peritonitis) during the duration of the study.
CAPD patient no. 1 was seronegative for HIV at 52 weeks;
however, this patient seroconverted within 6 months after the
last sample. Approval for this study was given through the
Institutional Review Board, and informed consent was obtained
from all participants.

Sample collection
The peritoneal dialysate was collected from the CAPD patients by
gravity drainage [22] and used as the source of the peritoneal cells.
The total time in which the dialysate was exposed to the peritoneal
cavity ranged from 4 to 8 h. For analysis of PBMC, peripheral
blood was drawn from the CAPD patients in heparinized vacutai-
ners; one non-heparinized tube was taken to obtain serum. Whole
saliva (unstimulated) was collected into polypropylene tubes. In
the three patients that were followed from the initial CAPD
through 1 year, peritoneal dialysate, saliva and serum were serially
collected at 0, 2, 4, 6, 12, 26 and 52 weeks, and from an additional
patient, peritoneal fluid and saliva were collected. During the
laproscopic BTL procedure, the cul-de-sac of healthy women
was irrigated with< 10 ml of saline and aspirated into 15-ml
conical tubes containing heparin. Peripheral blood was collected as
described above.

Preparation of samples
Blood drawn in non-heparinized tubes was allowed to clot and the
serum was collected and frozen at –208C. Saliva was centrifuged
and frozen at –208C. Peritoneal cells from BTL and CAPD patients
were isolated by centrifugation as described previously [20].
PBMC were isolated over a Ficoll–Hypaque gradient. Cells were
resuspended and viability was determined by trypan blue exclu-
sion. Differential counts were performed after staining with
Wright’s reagent.

Analysis of lymphocyte phenotype
Two-colour flow cytometry was used to determine the phenotypes
of the peritoneal lymphocytes and PBMC. Cells were stained with
MoAbs against human CD3 (pan-T cell marker), CD19 (pan-B cell
marker), and CD5 (pan-T and B-1 cell markers). Three-colour flow

cytometry was used to detect homing receptor expression on the
peritoneal cell population and PBMC from the same patient. Cells
were stained using MoAbs against the gut homing receptora4b7
(ACT-1 [23]; kind gift from LeukoSite Inc., Cambridge, MA),
mucosal-associated integrinaEb7 (CD103, HML-1; Immuntech,
Marseille, France), or the peripheral lymph node (PLN) homing
receptor L-selectin (CD62L, Leu-8), and co-stained with antibo-
dies against CD5 and CD19. Isotype-matched control antibodies
were used to demonstrate any non-specific staining. All antibodies
were purchased from Becton Dickinson (San Jose, CA) unless
stated otherwise.

Analysis of immunoglobulin production
Cells were stained for cytoplasmic IgA, IgG and IgM using a three-
colour immunofluorescence technique described previously [24].
Total IgM, IgA, and IgG levels in the peritoneal effluent, saliva and
serum were measured by ELISA. Briefly, 96-well polyvinyl
microtitre plates (Dynatech Labs, Chantilly, VA) were coated
with the F(ab0)2 fragments of goat anti-human IgG 2.5mg/ml,
IgA 2.5mg/ml, or IgM 1.0mg/ml (Jackson ImmunoResearch,
West Grove, PA). Biotinylated goat anti-human IgA, IgG, and
IgM (Tago Immunologicals, Burlingame, CA) were used as
secondary antibodies. A serum pool (Moni-Trol E; Baxter,
McGraw Park, IL) with known concentrations of isotypes served
as a standard for total IgA, IgG, and IgM levels. Standard curves
were constructed using a computer program based on the four-
parameter logistic model (Delta Soft, BioMetallics Inc., Princeton,
NJ). Serum immunoglobulin levels which are reported in Table 3
were determined by nephelometry [25].

RESULTS

Differential cell counts and phenotypic analysis
Most peritoneal cells were classified as monocytes in both patient
groups; the second largest population consisted of lymphocytes.
The polymorphonuclear cell (PMN) count was low in both the BTL
and CAPD peritoneal populations, indicating no local acute
inflammation (Table 1).

The phenotypes of the lymphocyte populations isolated from
both the initial peritoneal effluent of the CAPD group and perito-
neal wash of the BTL patients were assessed by flow cytometry
analysis. The percentages of T and B cells, as determined by anti-
CD3 and anti-CD19 reagents (Table 1), revealed that the T cells
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Table 1. Phenotype of peritoneal lymphocytes*

No. of cells Monocytes† Lymphocytes† PMN† Other†§ CD3þ T cells‡ CD19þ B cells‡
Patient group (×106) (%) (%) (%) (%) (%) (%)

CAPD (n¼ 11) 6.4 49 26 7 6 40 2
(0.14–380) (23–86) (4–49) (1–61)¶ (0–30) (8–61) (0.5–10)

BTL (n¼ 11) 3.3 65 28 1 0 56 8
(0.16–82) (36–100) (0–57) (0–28) (0–4) (10–79) (1–16)

* Results are expressed as median values (range).
† The phenotype was differentiated after staining with Wright’s reagent.
‡ The phenotype was determined by FACS staining.
§ Other includes peritoneal mesothelial cells and non-classified cells.
¶ The PMN count in 10 patients was below 18%. In one patient, 61% of the cells were PMN; however, this patient did not present any clinical signs of

peritonitis and the peritoneal fluid cultures were negative.
CAPD, Continuous ambulatory peritoneal dialysis; BTL, bilateral tubal ligation.



comprised a large percentage of the peritoneal lymphocytes, while
the B cells represented only a minor population recovered from the
peritoneal effluent.

To determine the population of B-1 cells within the peritoneal
B cell population, two-colour flow cytometry analysis with anti-
CD5 and anti-CD19, as well as anti-CD5 and anti-CD3 antibodies,
was performed (Fig. 1a,b). From the BTL patients, B-1 cells
represented 63% of the B cells; in the CAPD group, B-1 cells
accounted for 38% of the B cell population (Fig. 1c). In both
groups, B-1 cells comprised< 21.5% of the total peripheral blood
B cells.

To characterize further the peritoneal lymphocyte population
for expression of potential homing receptors for the mucosal and
systemic lymphoid compartments, peritoneal cells from three
patients were analysed for expression of L-selectin,a4b7 and
aEb7 (Table 2). When the peritoneal cells and PBMC from the
same individual were compared, the percentage of peritoneal cells
expressing the mucosal homing receptors was higher and the PLN
receptor lower than in the PBMC. When B-1 cells were examined,
most of the peritoneal and peripheral B-1 cells expresseda4b7,
aEb7, and L-selectin. Immunohistochemical staining showed that
< 15% of peritoneal cells were positive for cytoplasmic immuno-
globulin. Of these, 43% were IgGþ, 35% were IgMþ, and 22%
were IgAþ.

Levels of immunoglobulin in peritoneal effluent and the effect of
long-term dialysis on salivary and serum immunoglobulins
Peritoneal fluid contained all three major isotypes of immunoglo-
bulin, although levels were lower than those measured in the
corresponding serum sample (Table 3). To determine the approx-
imate loss of immunoglobulin by repeated flushing of the perito-
neal cavity during dialysis, we measured the average level of IgG,
IgM and IgA in peritoneal fluids, and related these levels to the
total volume of fluid collected. The average peritoneal fluid
collected (<2 l) contained a total of 286 mg of IgG, 60 mg of
IgA, and 14 mg of IgM at the time of initial dialysis. The lowest
values for peritoneal immunoglobulin were obtained at 6 months of
dialysis, in which the combined average of peritoneal IgG, IgA and
IgM was 29 mg. We estimate that between 87 and 1160 mg of
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Fig. 1. Two-colour flow cytometry of peritoneal cells. The B-1 cell
populations were determined by positive co-staining for CD19 and CD5
surface markers (a) but negative staining for CD3 (b). The B-2 or
conventional B cells were CD19þ but CD5¹ (a). The composition of the
total peritoneal B cell population was determined as the percentage of B-1
(A) and B-2 (B) cells from the peritoneal fluid collected from 11 continuous
ambulatory peritoneal dialysis (CAPD) and 11 bilateral tubal ligation
(BTL) patients (c).

Table 2. Homing receptor expression on peritoneal cells and PBMC

MNC* B-1 cells†
(%) (%)

Patients a4b7 aEb7 CD62L a4b7 aEb7 CD62L

PerC 1 61 41 45 72 71 95
2 83 43 90 95 97 96
3 23 16 24 99 86 96

PBMC 1 28 13 68 49 94 69
2 46 38 64 66 64 85
3 24 11 80 77 57 95

* The mononuclear cell (MNC) populations from the peritoneal cell recovery (PerC) and PBMC from autologous
donors were analysed by FACS for the expression of the mucosal homing receptor,a4b7; the mucosal-associated
integrin,aEb7; and the peripheral homing receptor, L-selectin (CD62L). Data are expressed as the percentage of the
total gated population.

† The homing receptor expression on the B-1 cell population was determined by three-colour FACS. Data are
reported as the percentage of B-1 cells expressing each integrin.



immunoglobulin were lost in the dialysis effluent, which includes
three-to-four dialysis exchanges with< 2 l of fluid each on a daily
basis. Although these losses of immunoglobulin are considerable,
no significant differences were found in the levels of salivary or
serum IgA, IgG and IgM levels in long-term patients (Fig. 2).
However, levels of immunoglobulin found in peritoneal effluent
were reduced over time in each individual (Fig. 2).

Influence of long-term dialysis on peritoneal lymphocytes and
PBMC
To determine whether the CAPD influences the total number as
well as the composition of cells in the peritoneal effluent and
PBMC, three CAPD patients were followed for 1 year; values for
peritoneal cells but not PBMC for a fourth patient were available.
The total number of peritoneal lymphocytes was reduced by 85%
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Table 3. Peritoneal fluid and serum immunoglobulin levels

Immunoglobulin Volume* IgG† IgA† IgM†
source (ml) (mg/ml) (mg/ml) (mg/ml)

BTL (n¼ 16) Peritoneal‡§ 10 32336 2951 165.4 6 90.0 1186 96.2
(10–27)

CAPD (n¼ 11) Peritoneal‡ 1898 150.5 6 93.5 32.4 6 19.2 7.456 4.76
(1500–2850)

CAPD Serum immunoglobulin¶ 12 5936 3759 23186 981 9106 238

* Results are expressed as median (range).
† Results are expressed as mean6 s.d.
‡ Immunoglobulin levels were determined by ELISA.
§ Serum was not collected from the bilateral tubal ligation (BTL) patients.
¶ Immunoglobulin levels were measured by nephelometry.
CAPD, Continuous ambulatory peritoneal dialysis.

Fig. 2. Immunoglobulin levels in four continuous ambulatory peritoneal dialysis (CAPD) patients from the initial dialysis to 1 year. ELISA was used to
quantify IgG (X), IgA (B), and IgM (V) in the saliva, serum, and peritoneal effluent. *Patient 1 was seronegative for HIV at 52 weeks, but seroconverted
within the next 6 months.



by CAPD; however, the total number of PBMC was not influenced
by the treatment (Fig. 3). T cells, which represent the majority of
the peritoneal lymphocyte population, remained relatively con-
stant. The number of peritoneal B cells was reduced by 50%. This
decrease in B cell numbers was also reflected in B-1 numbers,
indicating little change in the ratio of B-1 to B-2 cells after the first
2 weeks (Fig. 3). In four patients in whom peritoneal effluents were
collected on a daily basis for the first week, an increase in B-1 cell
numbers was observed. Afterwards the ratio of B-1 to B-2
remained constant (data not shown).

DISCUSSION

Human peritoneal lymphocyte populations have been character-
ized in a limited number of studies [20,26–31]. These studies have
shown that human peritoneal fluid contains relatively few lympho-
cytes. The cells analysed in this study should be representative of
the phenotype of the normal peritoneal lymphocyte population,

because the patients did not have clinical signs of inflammation
such as peritonitis or endometriosis, as reflected by the low PMN
counts.

In our previous work, we analysed cell populations from
patients who had been on CAPD for over 2 years [20,21]. There-
fore in this study, we determined the cell composition immediately
after initiation of CAPD and in patients undergoing BTL. In
addition, we were able to evaluate the influence of long-term CAPD
treatment on the level of serum and salivary immunoglobulin
levels, as well as the peripheral and peritoneal lymphocyte popula-
tions from four CAPD patients. In contrast to mice, the extensive
drainage of the peritoneal lymphocyte populations did not sub-
stantially alter the levels of immunoglobulin in serum or saliva, nor
did it influence the lymphocyte population in peripheral blood.
Although B-1 cells comprise a large percentage of the human and
mouse peritoneal B cell population, their depletion from the
peritoneal cavity resulted in profound decreases in serum IgM
levels in mice [13], but did not appear to result in an analogous
change in humans. This suggests that human peritoneal B-1 cells,
that contribute to the serum IgM pool, contribute only a minute
fraction, and thus their loss does not translate into changes in serum
IgM levels.

By calculating the amount of IgA, IgM and IgG in the total
daily peritoneal effluent, we estimated that 2–27% of immunoglo-
bulin synthesized daily [32] in an average 70-kg person will be
removed through flushing the peritoneal cavity. The loss of
immunoglobulin was not reflected in decreased levels of serum
immunoglobulin, and presumably was compensated for by
either an increase in production or a decrease in catabolism of
immunoglobulin.

Another distinction between humans and mice is the con-
tribution of the peritoneal B-1 cell population to the mucosal
compartment of the immune system. In mice, peritoneal B-1
cells appear to contain a subset of precursors of the IgA plasma
cells that have the potential to migrate to the intestinal lamina
propria [3,33]. Most peritoneal lymphocytes expressa4 andb7 in
mice (Fengyu Shu, UAB, Birmingham, AL, personal communica-
tion), which is indicative of mucosal precursor cells [34–36].
Whether human lymphocytes from the peritoneal cavity can traffic
to the gut is still unresolved. Human peritoneal lymphocytes differ
from PBMC in the expression of mucosal homing receptors;
however, homing receptors for both PLN and mucosa were
expressed on human peritoneal B-1 cells. Based on this phenotype
alone, human peritoneal lymphocytes should have the potential to
home to mucosal sites [34,36], but this is difficult to prove
experimentally in humans.

The human peritoneal B-1 cell population is comparable to its
murine counterpart based on phenotypic analysis. However, the
contributions by the peritoneal B-1 cell to both the systemic and
mucosal immune compartments appear to differ between mice and
humans. This may reflect the experimental approaches available to
study these populations in humans.
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Fig. 3. The phenotype of peritoneal and peripheral blood lymphocyte
populations determined by two-colour flow cytometry. The lymphocyte
gate was used to determine the number of peritoneal lymphocytes or PBMC
(B) over the course of continuous ambulatory peritoneal dialysis (CAPD),
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staining with anti-CD3 (X); anti-CD19 was used to distinguish the B cells
(V), and B-1 cells expressed both CD19 and CD5 (O). PBMC from patient
4 were not available. *Patient 4 had very few CD5þ B cells on day 0, but by
day 3 the numbers had stabilized.
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