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Background. Elevated immunoglobulin E (IgE) levels are often associated with resistance to reinfection in hu-
man schistosomiasis. However, Although B cells are the source of schistosome-specific IgE, little is known about B cell
subsets or their functions in this infection. We evaluated B cells and their expression of the low-affinity IgE receptor
(CD23) in a unique cohort of men occupationally exposed to Schistosoma mansoni and longitudinally followed up
through multiple treatments with praziquantel, cures, and reinfections.

Methods. Resistance levels were calculated on the basis of documented water exposure and reinfection data over
many years. The CD23� B cell subset was evaluated in whole blood by flow cytometry. Serum antibody isotype and
soluble CD23 (sCD23) concentrations were measured by enzyme-linked immunosorbent assay.

Results. Expression of membrane CD23 (mCD23) on B cells correlated with the development of resistance
against S. mansoni. Higher levels of plasma sCD23, the cleaved form of mCD23, also correlated with resistance and
other markers of resistance to reinfection, such as eosinophilia.

Conclusions. CD23 may be involved in the development of resistance to schistosome infection through its role in
IgE regulation. Understanding these complex host-parasite interactions may lead to insights into the development,
mechanisms, and regulation of resistance to reinfection with S. mansoni.

Infection with Schistosoma mansoni remains a major

public health problem in many resource-limited coun-

tries in the world. There are costs and logistical chal-

lenges associated with chemotherapy and sanitation-

based control, and a vaccine might be needed as an

additional tool for long-term control or elimination [1].

However, vaccine development has been hindered by

limited translational data from studies in laboratory an-

imals and an inadequate understanding of the protective

immune mechanisms in humans [2]. Recent data show-

ing that a proportion of adults occupationally exposed

to S. mansoni can become more resistant to reinfection

[3] have encouraged continued research into a vaccine.

Studies in the human host to further characterize the

immune responses that correlate with protection should

help in vaccine development.

In many field-based studies, high levels of parasite-

specific IgE correlate with resistance in schistosomiasis

[4 – 6], yet our understanding of the mechanisms of IgE

regulation is limited. Remarkably, although B cells are

the producers of IgE, little is known about human B cell
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function in schistosomiasis. In mice, B cells have been shown to

play an important role in antiparasite immunity, not only as

antibody producers but also in promoting an optimal and sus-

tained T cell response [7]. It remains important to define the

roles that human B cells play in immunity to schistosomiasis.

IgE most likely exerts in vivo effector and regulatory func-

tion(s) through its high-affinity (Fc�RI) and/or low-affinity

(Fc�RII or CD23) receptors on myeloid cells [8]. CD23 is also

expressed by B cells. In some settings, CD23-bound IgE cross-

linked by antigen activates B cells, and it has been shown to

regulate IgE production. However, although CD23 may exercise

opposing roles in IgE immune responses in mice [8, 9], it ap-

pears to be a positive regulator in humans and may have an

important role in human immunology [10]. IgE-antigen com-

plexes also enhance human B cell antigen presentation to T cells

in vitro, although the specific intracellular mechanisms have not

been detailed [9, 11, 12]. Thus, the production and regulation of

IgE may be mediated in part through CD23� B cells [8, 12–17].

The mechanisms of high IgE output at the level of the B cell are

not well characterized in schistosomiasis, and it is not under-

stood why some individuals develop high IgE levels and others

do not, despite generally comparable levels of exposure. We have

studied CD23 expression on B cells in a unique setting involving

the development of demonstrable resistance to natural reinfec-

tion by S. mansoni in humans. We show that levels of both

CD19�CD23� B cells and circulating soluble CD23 (sCD23)

correlate with the development of resistance to reinfection and

with other indicators of resistance, such as eosinophilia, during a

defined period of multiple praziquantel treatments and reinfec-

tions.

METHODS

Study participants. This study was conducted from 1995 to

2007 in Kisumu in western Kenya, on the shores of Lake Victo-

ria. Transmission along the lake shore has been confirmed by the

identification of S. mansoni–infected Biomphalaria sudanica

snails (authors’ unpublished data) at the exposure site. The

study participants were men employed as car washers and thus

occupationally exposed to schistosome transmission as they

washed cars while standing in the lake, as described elsewhere

[3]. Water-contact data were obtained by recording the number

of cars washed daily by each man. Study participants were also

characterized by their duration of follow-up and numbers of

treatments and cure episodes. Adult car washers who had been

followed up for up to 12 years were included in the present in-

vestigation. Participants were grouped for analyses on the basis

of the number of years they had participated in this longitudinal

study: �3, 3– 6, and �6 years. Initial analyses of CD23� B cell

populations over the entire follow-up period did not yield

meaningful correlations. However, stratification on the basis of

these periods of follow-up provides insights into relationships

between the development of resistance and several immune pa-

rameters.

After informed consent was obtained from subjects and their

participation in HIV counseling and testing was confirmed

through the Kenyan Ministry of Health Volunteer Counseling

and Testing Service, independent HIV-1 screening was done

(Determine HIV-1/2; Abbott), and confirmatory tests were per-

formed on positive samples (Uni-Gold; Trinity Biotech). This

investigation was approved by the institutional review boards of

the University of Georgia and the Centers for Diseases Control

and Prevention, the Scientific Steering Committee of the Kenya

Medical Research Institute, and the National Ethics Review

Board of Kenya. Stool samples were examined for S. mansoni

eggs and for other helminth ova by the modified Kato-Katz

method (Vestergaard Frandsen) (2 slides each, 3 stool specimens

obtained over several days). Subjects positive for S. mansoni were

treated with 40 mg/kg praziquantel; those positive for other hel-

minth ova were treated with 400 mg of albendazole. CD4� and

CD8� cell counts and whole-blood differentials were deter-

mined by FACSCount and Coulter counter analysis, as reported

elsewhere [18 –20].

Cell-surface staining and flow cytometry analysis. Blood

was collected by venipuncture into EDTA-coated glass tubes (BD

Vacutainer System). To identify membrane CD23 (mCD23) on

peripheral blood B cells, anti-CD19, anti-CD23 (e-Bioscience), and

anti-IgM (Southern Biotech) were used. Gating to separate CD23�

from CD23� B cells was based on fluorescence minus one (FMO)–

stained samples (figure 1). To examine phenotypic subsets of

CD19�CD23� B cells, the following antibodies were used: anti-

CD27 (e-Bioscience), anti-IgM (Southern Biotech), and anti-IgE

(BD Pharmingen). Isotype controls or FMO-stained samples were

used to separate positive from negative subsets (figure 1).

ELISA. The sCD23 ELISAs were performed according to the

manufacturer’s recommendation (Bender MedSystems). Anti–

soluble worm antigenic preparation (SWAP) IgE isotype assays

were performed using standardized ELISA methods, as de-

scribed elsewhere [21].

Determination of relative resistance or susceptibility to

reinfection after cure. The index of susceptibility/resistance

(IoS/R) was defined as follows: (number of reinfections/total

number of cars washed in intervals between cure and reinfec-

tion) � 100. Documented cure was defined as negative results

for S. mansoni eggs in 3 consecutive stool samples (2 slides each),

according to the Kato-Katz technique. The criterion for reinfec-

tion after documented cure was positive results for S. mansoni

eggs, as determined by sampling stool longitudinally every 4

weeks. If the subject was negative for eggs in the stool when

blood was sampled, his IoS/R was calculated up to and including

the date of his next reinfection after the date of blood sampling.

If the subject was positive for eggs in the stool at the time of

blood sampling, his IoS/R was calculated using the last reinfec-

tion date before the blood sampling date. Excluded from the
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calculation of IoS/R were the numbers of cars washed during

cure and reinfection intervals that spanned �3 years or �3 re-

infections before the blood sampling date under study. There-

fore, for those with �3 previous cures, only the number of cars

washed during the last 3 intervals are included in the denomina-

tor of the IoS/R calculation. This method generates index values

comparable to our previous data [3, 19, 20] but has been revised

to represent a subject’s resistance status during a reasonably dis-

crete period of time before the blood sampling date rather than

over the entire course of their follow-up. For newly enrolled car

washers who had not experienced a cure before the date of blood

sampling, the IoS/R was based on the number of cars washed

during the interval between the first cure after the blood sam-

pling date and the first subsequent reinfection. In our analyses,

to determine resistance status judiciously, we excluded 8 obser-

vations owing to inadequate follow-up around the time the

blood samples were obtained.

Statistical analyses. Statistical analyses were performed us-

ing GraphPad Prism (version 4.0 for Windows; GraphPad Soft-

ware) and Microsoft Excel software. One-way analysis of analy-

sis of variance with Dunn’s posttest and the Mann-Whitney U

test were used for multiple- or single-group comparisons, re-

spectively. Possible correlations between CD19�CD23� per-

centages or levels of sCD23 and IoS/R or eosinophils were exam-

ined using Spearman’s rank correlation test. Differences were

considered statistically significant at P � .05. Group sample

sizes differ among the tests because some patient samples were

unavailable.

RESULTS

B cell subsets and sCD23 levels in plasma were evaluated in ve-

nous blood samples provided by 20 men (19 HIV negative and 1

HIV positive) followed up for �3 years, 37 men (20 HIV nega-

tive and 17 HIV positive) followed up for 3– 6 years, and 21 men

(11 HIV negative and 10 HIV positive) followed up for �6 years.

Because of multiple sampling in some participants, 4 men are

represented in both the �3-year and 3– 6-year follow-up cate-

gories, and 12 men are represented in both the 3– 6-year and

�6-year categories. As expected, the CD4� cell counts (mean �

SD, 526 � 279 vs. 803 � 307 cells/�L) were lower (P � .002)

and the CD8� cell counts (1053 � 582 vs. 531 � 254 cells/�L)

were higher (P � .001) in S. mansoni–infected donors coin-

fected with HIV-1 than in those without HIV-1 coinfection.

However, all but 1 of the HIV-1–seropositive subjects had CD4�

cell counts �200 cells/�L. The mean percentage of circulating

CD19� B cells was significantly higher among HIV-1–negative

than HIV-1–positive participants (mean � SD, 10.6% � 4.4%

vs. 7.1% � 2.7%) (P � .016).

CD23� B cells in human schistosomiasis. The expression of

mCD23 on circulating CD19� B cells was evaluated ex vivo in fresh

whole-blood samples by flow cytometry, using the gating strategy

shown in figure 1. The mean � SD level of CD19�CD23� cells (i.e.,

Figure 1. CD23� B cells in human schistosomiasis. a, Flow cytometry analysis of whole-blood cells showing the R1 lymphocyte gate used for all
subsequent analyses. Cells stained with anti-CD19 (b), anti-CD23 (c), anti-CD27 (d), anti-IgE (e), and anti-IgM (f) were used to define B cells and B cell
subsets. CD19� B cells were analyzed in the R1 gate for positive CD23 expression (c), using a threshold based on the fluorescence minus one (FMO)
“no CD23-phycoerythrin” controls (b). CD19�CD23� B cells (gate R2) were analyzed for CD27 (d) and IgE (e) positivity against isotype controls. FSC,
forward scatter; SSC, side scatter.
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CD23� B cells) in the entire cohort was 55.9% � 21.1%, and this

percentage was positively related to the level of CD23 surface

expression on CD19� cells, as measured by mean fluorescence

intensity (r � 0.5672; P � .001). Within the limits of detec-

tion, all CD23� cells in the lymphocyte gate were CD19� (figure

1), and 98.6% of these CD23� B cells were IgM� (figure 1). A

small percentage of CD23� B cells also coexpressed CD27 (mean

� SD, 11.8% � 6.7%; range, 1.4%–28.4%), a marker for

memory lymphocytes, suggesting that a subpopulation of

CD23�IgM�CD27� B cells may originate from the splenic mar-

ginal zone (figure 1) [22]. Because CD23 is an IgE receptor, we

examined whether some circulating CD23�IgM� B cells also

bound to IgE. Indeed, IgE could be detected on the surface of

some CD23� B cells, indicating that these B cells can circulate

with IgE preloaded on their surface (figure 1).

Association between CD23� B cell and sCD23 level and

resistance to S. mansoni reinfection in persons undergoing

multiple treatments and reinfections. To determine whether

levels of CD23� B cells were related to resistance, subjects’ indi-

vidual percentages of CD23� B cells were plotted against their

IoS/R values at the time of sampling. Among subjects who had

been undergoing repeated treatments and reinfections for 3– 6

years, there was a positive correlation between CD23� B cell

levels and increased resistance to schistosome reinfections

(lower IoS/R values) (r � �0.5203; P � .019) (figure 2a), re-

gardless of HIV-1 serostatus. This relationship did not hold for

those followed up for �6 years (P � .168) (figure 2b) or �3

years (P � .242) (figure 2c).

mCD23 can be cleaved from cell surfaces by endogenous pro-

teases and can be measured in the plasma in a soluble form

(sCD23) [14, 15]. We analyzed sCD23 values in relation to IoS/R

values and saw a significant correlation for the group followed

up for 3– 6 years (r � �0.4176; P � .027) (figure 3a), if we

excluded 1 observation for which both values were well out of

the range of other observations (sCD23 level, 34.8 U/mL; IoS/R

value, 0.7444). There was no correlation between sCD23 levels

and IoS/R values in those followed up for �6 years (P � .766)

(figure 3b) or �3 years (P � .342) (figure 3c). As with mCD23,

the HIV-1 serostatus of an individual did not affect these rela-

tionships between CD23 expression and resistance to reinfection

(figure 3).

Relationship between sCD23 levels and eosinophilia, an-

other marker of resistance. In another study, we confirmed

that eosinophilia is associated with resistance to reinfection [20].

There was a positive relationship between the percentages of

circulating CD23� B cells and eosinophils among those in the

3– 6-year follow-up group, but it was not statistically significant

(P � .198; data not shown). Likewise, when the relationship

between circulating sCD23 levels and eosinophils was examined

for all subjects (HIV-1 seropositive and seronegative), no signif-

Figure 2. Association between CD23� B cell levels and relative resistance to reinfection with Schistosoma mansoni in subjects followed up
longitudinally for 3– 6 years (a), �6 years (b), or �3 years (c). Percentages of CD23�CD19� B cells, as assessed by flow cytometry, were plotted against
the subjects’ index of susceptibility/resistance (IoS/R) values, with results analyzed by Spearman’s rank correlation test. Black circles and white squares
represent data from HIV-1–seronegative and HIV-1–seropositive subjects, respectively.

Figure 3. Association between circulating levels of soluble CD23 (sCD23) and relative resistance to reinfection with Schistosoma mansoni in subjects
followed up longitudinally for 3– 6 years (a), �6 years (b), or �3 years (c). sCD23 levels, as determined by ELISA of plasma, were plotted against the
subjects’ index of susceptibility/resistance (IoS/R) values, with results analyzed by Spearman’s rank correlation test. Black circles and white squares
represent data from HIV-1–seronegative and HIV-1–seropositive subjects, respectively.
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icant correlation was observed in the 3– 6-year follow-up group

(figure 4a). However, when only the HIV-1–seronegative sub-

jects in this group were analyzed, there was a significant positive

correlation between circulating sCD23 levels and eosinophilia

(figure 4b) (r � 0.6711; P � .004). This relationship did not

hold for those followed up for �6 years (P � .872) or �3 years

(P � .770). That HIV-1 serostatus affected the relationship be-

tween sCD23 and eosinophilia was not unexpected, because we

have reported previously that eosinophilia (a correlate of the

level of resistance) was related to CD4� cell count in this popu-

lation [20]. We also found a relationship between the level of

mCD23 expression on B cells (measured by mean fluorescence

intensity) and circulating anti-SWAP IgE levels by linear regres-

sion analysis of the 3– 6-year follow-up group (r � 0.395;

P � .038), but these parameters were not significantly corre-

lated by Spearman’s rank correlation test (r � 0 .382 ;

P � .248), possibly because we had complete data for only 11

individuals (data not shown).

Other observations based on stratification into follow-up

groups. Examination of our cohort stratified according to the

duration of longitudinal follow-up provided confirmation of

earlier findings [3] and insights into what occurs during periods

of repeated treatment and reinfection. As expected, longer

follow-up times led to more treatment (figure 5a), which could

result from either reinfection or failure to cure. Consistent with

our previous findings [3], we observed that longer follow-up and

increased numbers of treatments led to decreased mean IoS/R

values (greater relative resistance) in the 3– 6-year follow-up

group compared with the �3-year follow-up group (figure 5b).

Furthermore, although mean anti-SWAP IgE levels did not dif-

fer significantly (P � .088), there was a significant trend

(P � .032) toward higher levels of SWAP-specific IgE with

longer follow-up, increased repeated treatments, and lower

IoS/R values (figure 5c).

DISCUSSION

Acquired resistance to S. mansoni reinfection is well docu-

mented [23, 24], and we have reported previously that repeated

treatments and reinfections can lead to higher levels of resistance

[3]. However, the mechanisms of resistance remain poorly un-

derstood. IgE is found in nanogram amounts in human serum

[15], but relatively high levels are reported in persons with hel-

minth infections. Several field-based studies have found a con-

sistent correlation between resistance to reinfection and these

high levels of IgE [4 – 6]. Yet it remains unknown whether anti-

schistosome IgE is directly involved in protection—and, if so,

how. Nevertheless, B cells produce IgE, so understanding their

biology will be critical to understanding the mechanism(s) of

regulating anti-schistosome IgE production in this situation of

chronic antigen exposure. In fact, the roles proposed for IgE in

helminth infections are as diverse as direct killing of worms and

regulation of immunity [25, 26]. Consistent with findings re-

ported by others, we recently reported that eosinophilia strongly

correlates with the ability to resist infection with schistosomes

after praziquantel treatment [20] and, furthermore, that these

eosinophils express the Fc�RI� chain, a molecule that is impor-

tant in IgE-mediated immunity. Here, we provide evidence that

CD23, the low-affinity IgE receptor (Fc�RII), is another cell-

surface molecule, related, in this case, to the development of

enhanced resistance to reinfection with schistosomes.

Cycles of infection, cure, and reinfection contribute to the

development of resistance in our cohort, suggesting that prazi-

quantel treatment can augment protective immunity [3]. Our

present investigation continues a longitudinal study of men who

wash cars in Lake Victoria, and we have grouped these men on

the basis of the length of their follow-up times: �3 years, 3– 6

years, or �6 years. Those in the early stage of follow-up (�3

years) experienced, as expected, fewer rounds of treatment (fig-

ure 5a) and exhibited lower levels of resistance (higher IoS/R

values) (figure 5b) than the other groups, who were followed up

longer and treated more times (figure 5a and 5b). With a pro-

gression to longer follow-up times, there was also a trend toward

higher levels of circulating anti-SWAP IgE (figure 5c). Our in-

ference from these data is that most men in the �3-year

follow-up group have not developed this induced resistance be-

cause they have not yet undergone multiple treatments; mean-

Figure 4. Association between soluble CD23 (sCD23) and peripheral blood eosinophilia. Circulating sCD23 levels were determined and analyzed by
Spearman’s rank correlation test in relation to peripheral blood eosinophilia from the same blood sample, either for all subjects (a) or only for
HIV-1–seronegative subjects (black circles) (b). White squares represent HIV-1–seropositive subjects All subjects had been followed up for 3– 6 years.
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while, higher levels of relative resistance are developing in many

in the 3– 6-year follow-up group and have already been induced

in most in the �6-year follow-up group (which still includes

some “susceptible” individuals) because of their repeated treat-

ments and reinfections.

We found that in the 3– 6-year follow-up group (those ac-

tively acquiring increased resistance), both the percentages of

mCD23� B cells and the levels of circulating sCD23 directly cor-

related with subjects’ relative levels of resistance (IoS/R values)

(figures 2a and 3a). In the group not exposed multiple times to

dying worms and whose resistance was, thus, not increased,

these correlations were not yet observed, and they were no

longer observed in the group with more established resistance

(figures 2b, 2c, 3b, and 3c). These results suggest that B cell–

related CD23 may play a critical role in the development of in-

creased protective immunity. In this group, we also found cir-

culating sCD23 levels to be correlated with peripheral blood

eosinophilia; as noted previously [20], this relationship with eo-

sinophilia was seen only in HIV-1–seronegative subjects (figure

4b). Moreover, although the correlation was not significant,

there was a linear relationship in this group between levels of

mCD23 expression on B cells and levels of anti-SWAP IgE. In

other situations, CD23 expression on B cells is linked to both

positive and negative immune regulation [8, 9], and its expres-

sion in this setting of developing resistance may indicate that it is

functionally relevant in the active process of increased resistance

related to multiple treatments and reinfections. Furthermore,

we conjecture that this may also be true in those who develop

resistance to reinfection in response to naturally occurring

worm death during chronic infection [27].

The expression of CD23 on B cells is increased as they pass

from a resting to an activated phase [28] and is higher in persons

with asthma or atopy and in disorders characterized by chronic

inflammation [29 –31]. CD23 has a broad cellular distribution in

humans, and its role in immune responses appears highly com-

plex. Its multiple functions are mediated through a range of dif-

ferent ligands, which can bind both mCD23 and sCD23. These

include IgE (both in its secreted form and on membranes of

class-switched � B cells), CD21 (complement receptor 2), CD18/

CD11b and CD18/CD11c (complement receptors 3 and 4, re-

spectively), and the vitronectin receptor [32–34]. IgE-coupled

activation of CD23 has been shown to contribute to the up-

regulation of human IgE production [35], although this can

down-regulate mouse IgE synthesis [36]. Participation in hu-

man IgE production is thought to occur by internalization of IgE

bound to antigen, which augments antigen presentation [35].

Furthermore, some anti-CD23 antibodies decrease human IgE

production [34]. Both interleukin (IL)– 4 and IL-13 are strong

inducers of CD23 surface expression on human B cells [37, 38],

and the ability to produce IL-4 in response to schistosome anti-

gens after praziquantel treatment has been associated with resis-

tance to reinfection [39]. IL-4 probably plays a role in IgE pro-

duction and eosinophilia, and the observed increased resistance

could, in part, be mediated by IL-4.

sCD23 results from cleavage of the 45-kDa mCD23 on B cells

and other cells, such as eosinophils [40]. Endogenous proteases

cleave the cell-surface protein near the base of its leucine zipper

stalk to release a 37-kDa molecule, and at sites closer to the head-

lectin region and within the C-terminal tail, resulting in several

different-sized sCD23 fragments [41, 42]. Because the function

Figure 5. Groups followed up for �3 years, 3– 6 years, or �6 years
compared with regard to the no. of treatments (a), index of susceptibility/
resistance (IoS/R) values (b), and anti–soluble worm antigenic prepara-
tion (SWAP) IgE levels (c). Subjects underwent repeated praziquantel
treatments whenever they became reinfected with Schistosoma mansoni;
values are given as means � SEs. The means for each of the 3 groups
were analyzed by 1-way analysis of variance, followed by Dunn’s post-
test. In panel a, P � .05 for all comparisons between groups (P for trend,
�.001); in panel b, P � .05 for the comparison between the �3-year
and 3– 6-year groups and between the �3-year and �6-year groups (P
for trend, �.001); in panel c, P � .05 for all comparisons between
groups (P for trend, .032). OD, optical density.
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of sCD23 on subsequent IgE synthesis depends on whether

sCD23 is an oligomer, whether it is a large or small fragment, and

to which ligands it binds (CD23-bound IgE, BCR�, CD21) [43],

it is important to characterize sCD23 in schistosomiasis.

Our data demonstrate the presence of CD23� B cells and

sCD23 during schistosomiasis and show that their levels are cor-

related with the active development of resistance in a unique,

well-defined cohort for which we have longitudinal data regard-

ing this process. In addition, we noted that some circulating

IgM�CD23� B cells are preloaded with IgE, which could

contribute to augmented levels of IgE production through

cross-linking of CD23-bound parasite-specific IgE with parasite

antigen [44]. Given these observations, coupled with the

mCD23- and sCD23-related findings in other systems cited

above, the role played by CD23� B cells and sCD23 functions in

human schistosomiasis need to be defined more completely

through mechanistic, field-based laboratory studies in a variety

of immunoepidemiologic situations.
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