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Abstract. Haitian children were monitored longitudinally in a filariasis study. Included were stool samples examined
for Giardia intestinalis and Entamoeba histolytica cysts, and serum specimens analyzed for immunoglobulin G (IgG)
responses to eight recombinant antigens from G. intestinalis (variant-specific surface protein [VSP1–VSP5]), E. histolytica
(lectin adhesion molecule [LecA]), and Cryptosporidium parvum (17- and 27-kDa) using a multiplex bead assay. The IgG
responses to VSP antigens peaked at 2 years of age and then diminished and were significantly lower (P < 0.002) in
children > 4.5 years than in children < 4.5 years. The IgG responses to Cryptosporidium tended to increase with age. The
IgG responses to LecA and VSP antigens and the prevalence of stools positive for cysts were significantly higher (P < 0.037
and P < 0.035, respectively) in the rainy season than in the dry season. The multiplex bead assay provides a powerful tool
for analyzing serologic responses to multiple pathogens.

INTRODUCTION

Entamoeba histolytica, Cryptosporidium parvum, Crypto-
sporidium hominis, and Giardia intestinalis (syn. Giardia
duodenalis and Giardia lamblia) are enteric protozoans that
infect humans. These protozoans cause amebiasis, crypto-
sporidiosis, and giardiasis, respectively, and all can produce
diarrhea, abdominal cramps, vomiting, malaise, and malab-
sorption after establishment in the intestinal tract. Pathogenic
E. histolytica can invade extra- intestinal tissues such as the
liver, brain, and lungs, whereas Cryptosporidium can invade
the respiratory tract. All are known to infect animals except
C. hominis and E. histolytica. Worldwide, it has been estimated
that pathogenic E. histolytica kills 40–110 million people annu-
ally, which is second to malaria among protozoans as a cause
of death.1 Ubiquitous throughout the world, C. parvum or
C. hominis can cause symptoms lasting 1–14 days in immuno-
competent humans. However, in immunocompromised indi-
viduals, such as those with human immunodeficiency virus
(HIV), cryptosporidiosis can cause a mortality rate as high
as 68%, a major burden in Africa, where HIV prevalence
is as high as 30%.2 In Africa, Asia, and Latin America, it has
been estimated that G. intestinalis infects 200 million people.3

In contrast to developed countries, many people in unde-
veloped countries with infections of G. intestinalis do not
develop symptoms.4

Serological techniques, such as enzyme-linked immunosor-
bent assay (ELISA), enzyme-linked immunoelectrotransfer
blot, and multiplex bead assay (MBA), have been used to
assess the humoral immune responses in persons infected with
enteric protozoans.5–13 These techniques can confirm that
infection has occurred and can monitor the effectiveness
of public health measures, such as chlorination or filtration of
water sources, before and after implementation. Serology has
been used in the assessment of treatment programs for the
elimination of filariasis, comparing pre- and post-administration

of anti-filarial drugs when antibody levels are high and
low, respectively.14–16

We used a MBA to assess immunoglobulin G (IgG)
responses to 28 antigens in longitudinal serum specimens col-
lected from Haitian children enrolled in a filariasis study from
1990 to 1999.17 The MBA technique was selected because of
its proven performance, its conservation of serum specimens
(only 125 nL/well) and its relatively low labor and low cost,
about $100 per plate per 10-plex assay, excluding labor and
cost of antigens.16 Here, we report IgG responses from these
children to the recombinant E. histolytica lectin adhesion anti-
gen (LecA), to the recombinant C. parvum antigens 17- and
27-kDa (Cry17 and Cry27) from invasive sporozoites, to the
glutathione-S-transferase (GST) from Schistosoma japonicum,
a control antigen that elicits no appreciable human IgG activity
even in persons infected with S. japonicum (personal obser-
vation), and to five recombinant variant-specific surface pro-
teins (VSP1–VSP5) from G. intestinalis. For comparison, IgG
responses to these antigens from adult Haitian individuals were
also examined. In addition, longitudinal stool specimens were
collected from most of the children and were examined by
microscopy for G. intestinalis and E. histolytica cysts. Relation-
ships of serological responses to stool examinations, to age, and
to season of sample collection in Haiti were evaluated.

MATERIALS AND METHODS

Study population and design. The study was reviewed and
approved by the Centers for Disease Control and Prevention
Institutional Review Board and by the Ethics Committee of
Hôpital Sainte Croix, Leogane, Haiti. Briefly, families with
small children in the neighborhood areas of Cada, Bino,
Dampus, and in urban Leogane, Haiti were recruited to par-
ticipate in the filariasis study as previously described17; after
parental consent, serum specimens were collected periodi-
cally from 1990 to 1999. The age range of children monitored
was 3 weeks to 11.5 years, and the median age, at the time of
serum specimen collection, was 4.5 years. In addition to the
children, IgG responses were determined for 30 Haitian
adults who also lived in urban Leogane and who submitted
one serum specimen during the filariasis study. Of the
142 children enrolled, an average of 5.4 serum specimens
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were collected per child, and 135 of these children submitted
stool specimens from 1990 to 1996. Unfortunately, not all
stool specimens were collected at the time of the serum
specimen collection, and at times, some children were not
available for specimen collection. An average of 3.6 stool
specimens per child was collected. Stool specimens were con-
centrated by the formalin-ethyl acetate procedure, and then
examined by microscopy.18 Results were reported as positive
or negative for G. intestinalis cysts (GIC) or E. histolytica
cysts (EHC). The EHC prevalence may be over-estimated
as cysts of E. dispar and E. moshkovskii cannot be distin-
guished from EHC by microscopy.19 No staining for Crypto-
sporidium was carried out.
Recombinant antigen preparation and purification. The

LecA recombinant antigen, containing the carbohydrate rec-
ognition domain for galactose and N-acetyl-D-galactosamine
complex from E. histolytica, was expressed with six histidines
at the amino terminus as previously described.20 All other
antigens were GST-linked. Recombinant antigens from C.
parvum, Cry17, and Cry27, have been previously described.9

The purification of GST alone and the five G. intestinalis
recombinant antigens, three from assemblage A, VSP1–
VSP3, and two from assemblage B, VSP4 and VSP5, has been
previously described.9,13

Antigen coupling to beads. Carboxyl groups on the surface
of the polystyrene microspheres (SeroMap Beads; Luminex
Corporation, Austin, TX) were chemically modified to a
reactive ester, using the 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide method (Calbiochem, Woburn, MA). The
esters readily react with available primary amine groups on
the antigen, forming a stable covalent amide bond between
antigen and bead. All couplings were performed in phosphate
buffered saline, pH 7.2, as previously described16; the cou-
pling efficiency was determined by polyclonal goat anti-GST
antibodies and by sera known to be highly reactive to
the antigens.
Multiplex bead assay. The procedure for the MBA was

slightly modified from a previous study by extending the incu-
bation period of the serum specimens (dilution 1:400) to the
antigen-coupled beads from 45 minutes to 1.5 hours.16,17 Data
were acquired using a reader (Luminex Corp) equipped with
Bio-Plex Manager 6.0 software (Bio-Rad, Hercules, CA) and
was reported as the average of the median fluorescence inten-
sity from duplicate wells minus the background (MFI-bg). For
each antigen, a serum blank and a negative control serum
were run on each plate along with a positive control serum
that was diluted to yield mid-range fluorescence intensity.
The fluorescence intensity in the MBA is directly proportional
to the amount of IgG, the analyte, bound to the antigen-
coupled beads.
Establishment of cutoffs. Sixty-five North American serum

specimens from adults (U.S. citizens with no history of foreign
travel) were used to establish cutoffs to the LecA and VSP
antigen-coupled beads. The three highest responses from the
65 adults were eliminated for each antigen, and the remaining
responses were used to establish the mean + 3 SD as the
cutoff. The resulting cutoff for the LecA antigen (Table 1)
showed 100% sensitivity on sera from ameabiasis patients
compared with an in-house prepared Entamoeba Serum Test
kit (TechLab, Inc., Blacksburg, VA) which also uses the LecA
antigen (unpublished observation). The cutoffs for the VSP
antigens (Table 1) were used in a previous study and showed

93% sensitivity for persons GIC positive.13 Methods for cutoff
determination for the Cry17 and Cry27 antigens have been
described and were used here.11

Definitions. To be considered a serological episode, MFI-
bg intensities had to be above the cutoffs. This included both
Cry17 and Cry27 antigens for Cryptosporidium and at least
two of the five VSP antigens for Giardia. Subsequent serolog-
ical episodes required at least a 10% decrease from a previous
episode followed by at least a 40% increase. Intentions were
to collect one serum specimen per child per year. Because
the majority of the serum specimens were collected in this
manner, an arbitrary interval of at least 340 days was used as
the minimum time interval between serological episodes for
them to be considered distinct. This interval is related to
the typical interval between sample collection dates and is a
conservative approach that will result in an under-estimate
of seroincidence.
Possible secondary antibody responses were serological epi-

sodes higher in MFI-bg intensities than a previous serological
episode, requiring at least two of the VSP antigens for Giardia
and both Cry17 and Cry27 antigens for Cryptosporidium.
Stool episodes were stool specimens found positive for GIC

or EHC. Stool specimens were collected independent of serum
specimens. Because stool specimens were collected twice a
year for some children, we used an arbitrary interval of at least
180 days between stool episodes for them to be distinct.
Stool and serum specimens were categorized by the season

they were collected. In Haiti, one dry and two rainy seasons
occur annually.21 Specimens were collected in January–March
(Dry), which includes part of the dry season. Specimens were
also collected in April–July (Rain1), which includes the
first rainy season from April–June, and in August–October
(Rain2), which is the second rainy season.
Evaluation of cyst-positive stools and IgG responses. Serum

specimens collected within 6 months of positive stool speci-
mens were evaluated for positive or negative IgG responses,
using the cutoffs described previously.
Statistical analysis. For consistency, the coefficient of vari-

ation was determined on the positive controls from all plates.
The z test (SigmaPlot, version 11.0, www.systat.com) was
used to determine significance of differences in prevalence of
cyst-positive stools collected in the dry and rainy seasons and
in prevalence of children with stool and serological episodes
between children < 4.5 years of age and children ³ 4.5 years
of age. The age of 4.5 years was the median age of the children
at the time serum specimens were collected. For comparison

Table 1

Antigen, cutoff, median, and range of IgG responses (MFI-bg) to
each antigen on 142 Haitian children from 1990–1999

Antigen Cutoff
Median (range) of fluorescence

intensities (MFI-bg)*

LecA 302 1,040 (4–28,964)
Cry17 180 1,557 (1–30,317)
Cry27 500 2,535 (2–30,191)
VSP1 209 293 (0–29,148)
VSP2 270 395 (0–28,288)
VSP3 262 446 (−1–29,091)
VSP4 209 194 (0–27,758)
VSP5 206 519 (0–29,437)
GST − 13 (−2–202)

*Possible median fluorescence intensity (MFI) range is 1–32,766 without background (bg)
subtracted, and possible fluorescence intensities with bg subtracted (MFI-bg) can yield a
negative number −32,766-bg.
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of IgG responses between dry and rainy seasons and between
age groups, the generalized estimating equation (GEE)
approach with negative binomial distribution was applied,
accounting for correlations stemming from repeated measure-
ments on the same child22,23; the exchangeable working
correlation structure was assumed. The GEE analyses were
done using the two-sided hypothesis test, and analyses were
performed using SAS version 9.3 (SAS Institute, Inc., Cary,
NC). P < 0.05 was considered statistically significant.

RESULTS

MBA controls and cutoffs. Shown in Table 1 are the
median and range of MFI-bg values (the IgG responses) to
each antigen along with cutoff determinations. The coefficient
of variation for positive controls on all plates, diluted to yield
moderate MFI-bg intensities, was £ 10%, and all negative
controls on all plates were consistently below the cutoffs.
There were no appreciable IgG responses to GST-coupled
beads as shown in Table 1. Sera known to be highly reactive
to the antigens and goat anti-GST antibodies showed high
MFI-bg values from the antigen-coupled beads, indicating
sufficient antigen coupling (data not shown). There was an
excellent range of IgG reactivity to the LecA, all VSP, and
Cry17 and Cry27 antigens from the children (Table 1).
Stool episodes. Over the 6-year period of stool collections,

65.9% (89 of 135) of the children had at least one GIC stool
episode while 22.2% (30 of 135) had at least one EHC
stool episode. Seventeen percent (23 of 135) had both GIC
and EHC identified at one time or another in the longitudinal
stool specimens from the same child. The number of stool
episodes per child ranged from 1 to 6 for GIC and from 1 to
3 for EHC. Over the 6 years of stool collection, the total
number of GIC and EHC stool episodes from the 135 children
was 178 and 39, respectively.
No significant differences in the prevalence of children with

at least one stool episode were observed between children
< 4.5 years and children ³ 4.5 years of age: for GIC, 60.0%
(75 of 125) and 57.1% (40 of 70), respectively; and for EHC,
16.0% (20 of 125) and 21.3% (13 of 61), respectively.
Serological episodes. Based on the cutoffs, 90.1% (128 of

142), 97.9% (139 of 142), and 96.5% (137 of 142) of the
children had at least one serological episode to E. histolytica,
Cryptosporidium, and Giardia, respectively, throughout the
10-year study. The serological episodes per child over the
10-year study, including initial and subsequent episodes,
ranged from 1 to 4 for each organism and the total number of
serological episodes from the 142 children to each organism
was 188, 248, and 243, respectively.
Over the 10-year study, 14.1% (20 of 142), 21.1% (30 of

142), and 28.9% (41 of 142) of the children showed possible
secondary IgG responses to E. histolytica, Giardia, and Cryp-

tosporidium antigens, respectively.
There was no evidence of differential IgG responses to

Giardia antigens VSP1–VSP3 from assemblage A or VSP4
and VSP5 from assemblage B.
In Table 2, the prevalence of children with at least one

serological episode to the enteric organisms is shown for
children < 4.5 years of age and children ³ 4.5 years of age.
The prevalence of children with at least one serologic episode
decreased for all enteric pathogens for children ³ 4.5 years of
age compared with children < 4.5 years of age but was signif-

icant (P < 0.001) only forGiardia and approached significance
(P = 0.079) for Cryptosporidium.
A comparison of antibody responses, as measured by esti-

mated mean MFI-bg between children < 4.5 years of age and
children ³ 4.5 years of age, adjusted for seasonality, is shown
in Table 3. The estimated mean MFI-bg for LecA was similar
for both age groups, although for Cry17 and Cry27 antigens,
the estimated mean MFI-bg was greater in the older age
group than in the younger age group but was significant only
for the Cry17 (P = 0.048). In contrast, the estimated mean
MFI-bg for each of the VSP antigens was significantly lower
(P < 0.002) in the older age group than in the younger
age group.
Evaluation of cyst-positive stools and IgG responses.

Shown in Table 4 are children with EHC- and GIC-positive
stools and their IgG responses to the Entamoeba and Giardia
antigens on serum specimens collected within 6 months of
their positive stools. Of 20 children with EHC-positive stools,
18 (90%) showed positive IgG responses to the LecA antigen
within 6 months of the of the EHC-positive stools. Of 103 chil-
dren with GIC-positive stools, 80 (78%) showed positive IgG
responses to the VSP antigens within 6 months of the GIC-
positive stools. Children were more likely to be IgG positive
to VSP antigens if GIC-positive stools were collected within
6 days of serum specimen than in GIC-positive stools collected
within 2–8 weeks or 5–6 months. Two children with EHC-
positive stools and 19 of the 23 children with GIC-positive
stools who showed negative IgG responses to the LecA and
VSP antigens, respectively, did show positive IgG responses to
the respective antigens at least one time during the study, indi-
cating the antigens were recognized. Four children with GIC-
positive stools showed negative IgG responses in all their
serum specimens.

Table 2

Comparison of the prevalence of children < 4.5 years of age with
children ³ 4.5 years of age who had at least one serological
episode to Entamoeba histolytica, Cryptosporidium parvum, and
Giardia intestinalis

Organism

% Children < 4.5 years
of age with serological

episode

% Children ³ 4.5 years
of age with serological

episode P value*

Entamoeba histolytica 64.9 (85/131) 62.9 (78/124) 0.840
Cryptosporidium

parvum
78.5 (102/130) 68.0 (85/125) 0.079

Giardia intestinalis 91.7 (121/132) 62.1 (77/124) < 0.001

*Statistical method, z test.

Table 3

Comparison of the estimated mean IgG responses to antigens from
children < 4.5 years of age with children ³ 4.5 years of age

Antigen

Estimated mean IgG
responses (MFI-bg) of

children < 4.5 years of age

Estimated mean IgG
responses (MFI-bg) of

children ³ 4.5 years of age P value*

LecA 3,876 4,180 0.542
Cry17 5,809 7,196 0.048
Cry27 6,933 7,895 0.169
VSP1 2,310 1,166 0.001
VSP2 2,647 1,381 0.001
VSP3 3,550 1,491 < 0.001
VSP4 1,747 693 < 0.001
VSP5 4,021 1,756 < 0.001

*Generalized estimation equation (GEE) method was used with the negative binomial
probability distribution; the GEE model was adjusted for seasonality.
IgG = immunoglobulin G; MFI-bg = median fluorescence intensity minus the background.
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Complexities of the IgG responses to the antigens. The
complexities of the serological episodes to the antigens for
most children are represented by one child longitudinally in
Figure 1. Over a period of about 9 years, this child showed
evidence of three serological episodes to the LecA antigen
(dark shaded arrows) and three serological episodes to the
Cry17 and Cry27 antigens (Figure 1A). A possible secondary
IgG response (dark shaded arrow with asterisk) is shown to the
Cry17 and Cry27 antigens. Stool episodes of EHC were identi-
fied in stool specimens at about 4 and 6 years of age (light
shaded arrows). For the same child in Figure 1B, there were
four serological episodes to the VSP antigens (dark shaded
arrows). As was typical with most children, the IgG responses
to the VSP antigens became less intense with increasing age,
and no secondary IgG response to the VSP antigens was

observed in this child. Stool episodes of GIC were identified
at about 2 and 6 years of age (light shaded arrows).
IgG responses to Entamoeba and Cryptosporidium anti-

gens by age. Shown in Figure 2 are median IgG responses to
the LecA, Cry17, and Cry27 antigens from children by age
(Figure 2A) and from the 30 Haitian adults (Figure 2B). For
the children, serum specimens from all seasons were included.
As expected, at 1 year of age, the median IgG responses to all
antigens were relatively low, and afterward, began to increase.
The median IgG responses to Cry17 and Cry27 antigens varied
throughout the age range. In contrast, at 4 years of age, the
median IgG responses to LecA peaked and then diminished
slowly. The median IgG responses to the LecA, Cry17, and
Cry27 antigens from the 30 Haitian adults (Figure 2B, bars)
were similar to those of the older children. Responses of adults
to LecA clustered around lower values, but responses to the
Cry17 and Cry27 antigens displayed a wide range of values.

Table 4

Serological responses in serum specimens collected within 6 months of positive stool specimens

Positive and negative IgG responses in serum specimens
collected within 6 months of GIC-positive stool

Positive and negative IgG responses in serum specimens
collected within 6 months of GIC-positive stool*

No. of GIC-positive
stools

Time between
stool and serum

No. children
IgG+ (%)

No. children
IgG– (%)

No. of EHC-positive
stools

Time between
stool and serum

No. children
IgG+ (%)

No. children
IgG– (%)

20 5–6 months 14 (74) 5 (26) 3 6 months 3 (100) 0 (0)
31 2–8 weeks 21 (70) 9 (30) 4 2 months 4 (100) 0 (0)
81 < 6 days 45 (83) 9 (17) 13 < 6 days 11 (85) 2 (15)
Total 132 80 23 20 18 2

*Entamoeba histolytica cysts (EHC)-positive stools can include not only E. histolytica cysts but also E. histolytica-like cysts, such as Entamoeba dispar and Entamoeba moshkovskii cysts.
GIC = Giardia intestinalis cysts; IgG = immunoglobulin G.

Figure 1. Longitudinal profiles of immunoglobulin G (IgG) reac-
tivity to antigens from one Haitian child. Line plots by age (years) of
longitudinal IgG reactivity (MFI-bg) to Entamoeba histolytica LecA
and to Cryptosporidium parvum Cry17 and Cry27 (A) and to
Giardia intestinalis VSP antigens (B). Dark arrows indicate serolog-
ical episodes; dark arrow with asterisk indicates possible secondary
IgG response to Cryptosporidium antigens; and light shaded arrows
indicate stool episodes of E. histolytica cysts (EHC) or G. intestinalis
cysts (GIC).

Figure 2. Median immunoglobulin G (IgG) responses to Ent-
amoeba and Cryptosporidium antigens from Haitian children and
adults. Median IgG responses to Entamoeba histolytica LecA and
Cryptosporidium parvum, Cry17 and Cry27 antigens. A, line plot by
age (years) on all children; and B, scatter plot on single serum speci-
mens collected from 30 adults. Horizontal bars in scatter plot are
median IgG responses. The IgG responses determined by Luminex,
the median fluorescence intensity minus the background (MFI-bg).
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IgG responses to Giardia antigens by age. Shown in
Figure 3 are median IgG responses to the VSP antigens from
children by age (Figure 3A) and from the 30 Haitian adults
(Figure 3B). For the children, serum specimens from all sea-
sons were included. As expected, at 1 year of age, the median
IgG responses to all antigens were relatively low, and after-
ward, began to increase. However, unlike the Entamoeba and
Cryptosporidium antigens (Figure 2A), IgG responses to all
Giardia antigens peaked at 2 years of age, dropped sharply by
4 years of age, and remained low. Median IgG responses from
the 30 Haitian adults were generally low and similar to those
of the older children.
IgG responses to Entamoeba and Cryptosporidium anti-

gens by dry and rainy seasons. Shown in Figure 4 are esti-
mated mean IgG responses to LecA, Cry17, and Cry27
antigens from serum specimens collected from the children in
the Dry, Rain1, and Rain2 seasons. The estimated mean
IgG responses to the LecA antigen was significantly higher
(P = 0.04) in serum specimens collected in the Rain2 season
than in serum specimens collected in the Dry season. A simi-
lar trend was observed for IgG responses to Cry17 and Cry27
antigens that approached significance (P = 0.09 and P =
0.11, respectively).
IgG responses to Giardia antigens by dry and rainy sea-

sons. Shown in Figure 5 are estimated mean IgG responses to
the VSP antigens from serum specimens collected from the

children in the Dry, Rain1, and Rain2 seasons. For allGiardia
antigens, the estimated mean IgG responses were significantly
higher in serum specimens collected in the Rain1 (P < 0.05)
and Rain2 (P < 0.01) season than in serum specimens col-
lected in the Dry season.
Stool examinations by dry and rainy seasons. Shown in

Figure 6 is the prevalence of stools positive for EHC and GIC
in the Dry, Rain1, and Rain2 seasons. The pattern of the prev-
alence of positive stools was similar to the pattern of IgG
responses to all antigens plotted against the dry and rainy
seasons (Figures 4 and 5), increasing from the Dry to the Rain2
season. The percentage of stools positive for EHC and GIC
was significantly higher (P < 0.019) in the stool specimens
collected in the Rain2 season than in the stool specimens
collected in the Dry season.

DISCUSSION

As in any area with poor sanitary and hygiene conditions,
children living in the peri-urban areas of Leogane, Haiti are at
high risk of acquiring infection with E. histolytica, C. parvum,
or G. intestinalis. Our serologic analyses showed that these
infections were frequent and repeated. Of the 142 children
studied from 1990 to 1999, 90.1%, 97.9%, and 96.5% showed
at least one serological episode to E. histolytica, C. parvum,
and G. intestinalis, respectively. These infection rates are

Figure 3. Median immunoglobulin G (IgG) responses to Giardia
antigens from Haitian children and adults. Shown are median IgG
responses to Giardia antigens, variant-specific surface proteins,
VSP1, VSP2, and VSP3 from assemblage A and VSP4 and VSP5
from assemblage B. A, line plot by age (years) on all children; and
B, scatter plot on single serum specimens collected from 30 adults.
Horizontal bars in scatter plot are median IgG responses. The IgG
responses determined by Luminex, the median fluorescence intensity
minus the background (MFI-bg).

Figure 4. Estimated mean immunoglobulin G (IgG) responses to
Entamoeba and Cryptosporidium antigens from serum specimens col-
lected from Haitian children during dry and rainy seasons. Dry is
January–March, Rain1 is April–July, and Rain2 is August–October.
Shown are estimated mean IgG responses (MFI-bg) to Entamoeba
histolytica LecA and Cryptosporidium parvum Cry17 and Cry27 anti-
gens. Statistical analysis was performed by the generalized estimating
equation method with negative binominal distribution to account for
correlations from repeated measurements on the same child. The
model adjusts for age of the children at the time of submission of the
serum specimen. The asterisk indicates statistically higher estimated
mean IgG responses to the LecA antigen (P = 0.04) from sera col-
lected during the Rain2 season than from sera collected during the
Dry season. A similar trend existed for the Cry17 and Cry27 antigens
(P = 0.09 and P = 0.1, respectively).
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high, and in dramatic contrast to the United States where only
6.9 to 8.5Giardia infections and 1.0 to 1.3 per year Cryptospo-
ridium infections occurred per 100,000 individuals from
1999 to 2002.24,25 Entamoeba infections are very rare in the
United States and are not reported nationally.26 Our analyses
also showed two important and noteworthy trends: first, a
pronounced difference in antibody responses by age; and
second a significant relationship between antibody responsive-
ness and seasonality.
The longitudinal IgG profiles to the antigens studied in

these Haitian children, who were chronically exposed to
Entamoeba, Cryptosporidium, and Giardia, differed as the
children aged. At 1 year of age, IgG responses to all antigens
(Figures 2A and 3A) and the prevalence of stools positive for
cysts were relatively low (data not shown), as expected for
breastfed children.27,28 Shortly after 1 year of age, the IgG
responses began to increase to all antigens (Figures 2A and
3A), reflecting the increase in exposure to the waterborne
pathogens. Overall, median IgG responses to the Cryptospo-
ridium antigens showed no indication of a decline as children
aged over the 10-year study. In contrast, median IgG
responses to the Giardia VSP and Entamoeba LecA antigens
declined after peaking at 2 and 4 years of age (Figures 2A and
3A), respectively, which is reflected in Table 3 for Giardia

VSP antigens, showing lower estimated mean IgG responses
in older children than in younger children. This was not the
case with the LecA antigen, which also showed a decline in

IgG responses in the older children but was not as steep as the
decline of IgG responses to the Giardia antigens in the older
children (Figures 2A and 3A). Despite the relatively slow
decline of IgG responses to the LecA antigen in the older
children (Figure 2A), the prevalence of children with at least
one serological episode in both older and younger children
(Table 2) and the estimated mean IgG responses to LecA in
both older and younger children (Table 3) were similar. For
all antigens, the IgG responses of older children were similar
to the adults (Figures 2 and 3). In a study in Bangalore, India,
increased IgG responses to crude antigen from G. intestinalis
and E. histolytica trophozoites were shown by ELISA in
children 13–24 and 38–47 months of age, respectively.29

In another study, 4- and 5-year-old children in an urban slum
of Dhaka, Bangladesh showed higher IgG responses to LecA
than in children who were younger, but older children were
not tested.30 In contrast to the VSP antigens, IgG responses to
the Cry17 and Cry27 antigens showed no evidence of a
decrease with age. Unlike the Giardia antigens, the estimated
mean IgG responses to the Cry17 and Cry27 antigens were
higher in children ³ 4.5 years of age than in children < 4.5 years
of age and was significant (P = 0.048) for the Cry17 antigen
(Table 3), indicating that IgG responses increase with repeated
exposure to Cryptosporidium.
In an area where chronic exposure to Giardia does not

exist, these same VSP antigen coupled beads were tested on
serum specimens collected from adults in British Columbia,
Canada during a giardiasis outbreak (data not shown).13 The
median IgG responses from the Canadians were 3.7–15.5
times higher than the median IgG responses shown here from
the 30 Haitian adults (Figure 3B), showing that IgG responses
to the Giardia antigens in the Canadian adults living in a

Figure 5. Estimated mean immunoglobulin G (IgG) responses to
Giardia antigens from serum specimens collected from Haitian chil-
dren during dry and rainy seasons. Dry is January–March, Rain1 is
April–July, and Rain2 is August–October. Shown are estimated mean
IgG responses (MFI-bg) to Giardia intestinalis variant-specific sur-
face proteins, VSP1, VSP2, and VSP3 from assemblage A and VSP4
and VSP5 from assemblage B. Statistical analysis was performed by
the generalized estimating equation method with negative binominal
distribution to account for correlations from repeated measurements
on the same child. The model adjusts for age of the children at the
time of submission of the serum specimen. The asterisks indicate
statistically higher estimated mean IgG responses to the VSP antigens
from sera collected during the rainy seasons (Rain1 [P < 0.05] and
Rain2 [P < 0.01]) than from sera collected during the Dry season.

Figure 6. Prevalence of stools positive for Giardia intestinalis
cysts (GIC) and Entamoeba histolytica cysts (EHC) collected from
Haitian children during dry and rainy seasons. The EHC-positive
stools can include not only E. histolytica cysts but also E. histolytica-
like cysts, such as E. dispar and E. moshkovskii cysts. Dry is January–
March, Rain1 is April–July, and Rain2 is August–October. Shown is
percentage of stools positive for EHC and GIC by season the stool
specimens were collected. Statistical analyses performed by the z test.
The asterisks indicate that the prevalence of positive stools for EHC
and GIC were statistically higher (P < 0.019) in stools collected during
the Rain2 season than in stools collected during the Dry season.
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non-endemic area were stronger than the IgG responses in
the Haitian adults.13 No clinical data was available from the
Canadian adults, but many were confirmed stool positive for
Giardia cysts.13 Although high infection rates of enteric
protozoans occur in Haitian adults and older children, most
present no overt clinical symptoms (Lammie PJ, personal
observation). Further studies are required for comparison
of persons with and without chronic exposures to Giardia.
Significantly (P < 0.001) fewer serological episodes to the

Giardia antigens occurred in older children compared with
younger children (Table 2); nonetheless, Giardia infections
were common among the older children. The reasons for
reduced IgG responses to theGiardia antigens in older Haitian
children and adults are not known. It has been speculated that
E. histolytica may be able to avoid at least some antibody
responses by “capping and shedding.” A portion of the parasite
membrane with bound immunoglobulin is “capped” and then
“shed”, thus, reducing the effector function of the bound anti-
body31,32; whether this process is related to the reduction in
antibody responses seen among older children and adults is
not clear. It is also possible that shifts toward IgA or cell-
mediated immune responses could occur over time. Whether
the age at which peak IgG responses are observed reflects
transmission intensity with Giardia and possibly E. histolytica
is an interesting concept that requires further observation.
The risk of infection with these protozoa increases during

the rainy seasons at which time increases in the prevalence of
positive stools (Figure 6) and increases in IgG responses to
the antigens were observed (Figures 4 and 5). This seasonal
pattern of IgG responses was not observed for the mosquito-
borne disease filariasis that was also included in the original
28-plex study on the 142 children, using the Brugia malayi
antigens Bm14 and Bm33 (data not shown).16 Rain has been
shown to be an important risk factor for waterborne diseases,
particularly in settings where sanitation is sub-optimal.33–35

These data highlight the importance of controlling for season-
ality in sero-epidemiologic studies of these infections.
Our study was subject to some limitations. Of the 135 chil-

dren who submitted stool specimens over the 6-year collec-
tion period, 65.9% and 22.2% had microscopic evidence of
G. intestinalis cysts or E. histolytica cysts (or E. histolytica-like
cysts), respectively, in at least one of their stools. These esti-
mates may be low because of the intermittent shedding of
cysts in stools and the relatively infrequent collection of stool
specimens. Furthermore, the number of stools positive for
non-pathogenic E. dispar and E. moshkovskii and pathogenic
E. histolytica is not known, because microscopy cannot distin-
guish this species29; we did not carry out any stool examina-
tion for Cryptosporidium and are consequently not able to
comment on changes in infection prevalence with age. It is
also likely that the Haitian children were infected with differ-
ent species of Cryptosporidium, because the Cry17 and Cry27
antigens are conserved in many species of this genus, which
has been shown in children living in poor sanitary and hygiene
conditions in Lima, Peru.11 Our estimates of the number
of stool and serologic episodes are almost certainly under-
estimated; many stool and serological episodes may have
been missed because of the timing or the relatively infrequent
collection of specimens as a result of unavailability of some
children. Timing of the collection of serum and stool speci-
mens is critical to show the kinetic relationship between
immune responses and infection, as shown in Table 4. Of 19

and two children with GIC- and EHC-positive stools, respec-
tively, who showed negative IgG responses to the antigens
in serum specimens collected within 6 months of their positive
stool specimen, all were IgG positive in serum specimens
collected beyond 6 months of the positive stool specimens
(Table 4). The four children who were GIC-positive but
never showed a positive IgG response to the VSP antigens
could be a result of poor timing of serum specimen collec-
tion; detectable levels of IgG requires some production time,
at least 2–3 weeks after infection or reinfection. Nonetheless,
our results do illustrate the use of the MBA for monitoring
these infections.
The MBA is versatile and can provide not only information

on the immune responses in children and/or adults who are
chronically exposed to these protozoans but can also provide
information on the impact of interventions to improve sani-
tary and hygiene conditions or water quality. However, if the
MBA or other serological techniques are used to monitor the
impacts of such programs, the seasonal shifts in antibody
responses to enteric protozoans, and possibly other enteric
pathogens, will require consideration to carry out accurate
assessments. The MBA can provide more insight into the
immune responses from persons chronically infected with
Giardia, Entamoeba, and Cryptosporidium by simultaneously
acquiring serum antibody and cytokine profiles on longitudi-
nal stool extracts from persons exposed to these pathogens.
The MBA is at least as sensitive as ELISA, and as shown in
this study, it was sufficiently sensitive to provide valuable
sero-epidemiological data, including the pronounced age-
dependent downward shift in responses to the Giardia
VSP antigens.36–41
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