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     INTRODUCTION 

 Numerous multiplex bead assays (MBAs) have been used 
to detect or quantify analytes in serum, culture supernatants, 
oral fluids, or other biological fluids from humans or ani-
mals. 1–  10  The popularity of the MBA is the result of 1) the rela-
tive ease of covalently coupling of an analyte-capture ligand to 
spectrally classified carboxylated microspheres; 2) the simul-
taneous collection of multiple data points from a single speci-
men, eliminating the one-data point per well enzyme-linked 
immunosorbent assay (ELISA); 3) the direct proportionality 
of the fluorescence intensity of the reporter fluorochrome to 
the amount of captured analyte; and 4) the use of a 96-well 
format with up to 100 differently classified beads per well, 
which yield a potential of 9,600 data points per plate. These 
attractive features of the MBA conserve specimens and save 
on labor, time, and cost when compared with the ELISA for-
mat. Furthermore, the MBA has been shown to be at least as 
sensitive as the ELISA. 8,  11  

 Thus far, the MBA has not been used to determine spe-
cific immunoglobulin antibody levels in humans infected 
with  Wuchereria bancrofti, Brugia malayi,  or  Brugia timori , 
 mosquito-transmitted nematodes that can cause lymphatic 
filariasis, which infects more than 120 million persons in more 
than 83 tropical and sub-tropical countries. 12,  13  Currently, the 
effectiveness of lymphatic filariasis mass drug administration 
(MDA) programs is determined by decreased levels of microfi-
laremia (MF), antigenemia, and antibody responses to various 
 B. malayi  antigens. 14–  16  For monitoring MDA programs, micro-
filaremia, antigenemia, and antibody levels provide measures 
of program impact. Antibody levels to relevant antigens can 
be assessed quantitatively by ELISA. Fortunately, for the eval-
uation of MDA success, antifilarial antibodies decrease after 
filarial antigens decrease, generally approximately 6–8 weeks 
post-drug administration, which is unlike some parasitic infec-

tions, such as schistosomiasis, in which antibody responses 
are not useful in differentiating past and present infections. 17  
Although the ELISA has provided useful information, it is not 
only expensive and laborious but requires relatively large vol-
umes of serum or plasma to detect antibodies against multiple 
antigens. The need for improved serologic test for filariasis has 
been noted. 18,  19  

 We used MBA to measure antibody levels in serum speci-
mens collected longitudinally from a subset of children in Haiti 
who were enrolled in a large, single-dose,  placebo-controlled 
drug study that was initiated in October 1998 and monitored 
through May 1999. 20  The MBA was originally a 23-plex bead 
assay consisting of recombinant antigens from blood-borne 
and enteric-borne protozoans and helminths, which is too 
large to describe in this report. In this study, Bm14 and Bm33 
from  B. malayi , merozoite surface protein-1 19  (MSP-1 19 ) from 
 Plasmodium falciparum , third polar tube protein (PTP3) from 
 Encephalitozoon cuniculi , and glutathione-S-transfersase 
(GST) from  Schistosoma japonicum  were coupled to beads 
and used for the detection of IgG. In addition, Bm14- and 
Bm33-coupled beads were used for the detection of IgG4. 

   MATERIALS AND METHODS 

  Study population and design.   The study population 
and design have been described. 20  The original 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, 
our subset of 148 children, each with complete set of serum 
samples obtained at time points A, B, and C (described below) 
were 5–11 years of age at enrollment and were from the original 
study of 1,292 children who lived in Leogane, Haiti, a coastal 
town with a population of 10,000–15,000. After enrollment in 
October 1998, a finger prick blood specimen was collected 
between 7:30  pm  and 9:30  pm  for  W. bancrofti  MF density using 
a 20-μL thick– blood smear, and this was repeated in February 
and May 1999. These collections were designated time points 
A, B, and C. Upon enrollment and collection of pretreatment 
specimens, each child randomly received a single dose of a 
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placebo, albendazole (ALB), diethylcarbamazine (DEC), or 
combined DEC/ALB as described. 20  At the end of the study 
in May 1999, those children who had received placebo or ALB 
alone were treated with DEC and ALB, and those children 
who received the DEC/ALB combination or DEC alone 
received ALB. 

 For the 148 children, levels of IgG responses to the five anti-
gens were determined. Of the 148 children, sufficient beads 
were available for a subset of 95 children who were used to 
determined IgG4 levels to Bm14 and Bm33 antigens. For anti-
genemia, the Og4C3 assay (James Cook University Tropical 
Biotechnology Pty. Ltd., Townsville, Queensland, Australia) 
was used at time points A and C as described. 20  

   Recombinant antigen preparation and purification.   A 
recombinant  B. malayi  Bm14 antigen fused with six histidines 
(His 6 ) was provided by the National Institutes of Health/
National Institute of Allergy and Infectious Diseases Filar-
iasis Research Reagent Repository Center (FR3), Molecular 
Resources Division (Smith College, Northampton, MA). Bm33 
from  B. malayi  fused with His 6  and GST was cloned, expressed, 
and purified as described below. The cloned DNA sequence 
included amino acids 18–224 of the  B. malayi  pepsin inhibitor 
analog protein (Bm33; GenBank accession no. L11001; the 
amino terminal signal peptide and nine hydrophobic residues 
at the carboxy terminus were excluded). 21  The DNA sequence 
from an adult female worm cDNA library in Lambda Uni-Zap 
XR obtained from Smith College (Northampton, MA) was 
amplified by using a polymerase chain reaction. 

 The following deoxyoligonucleotide pair enabled direc-
tional cloning into the  Bam HI and  Eco RI restriction sites 
of a modified pGEX 4T-2 plasmid vector (GE Healthcare, 
Piscataway, NJ): 5′-CGC GGA TCC GGT ATA GTG AAA 
AGG TAT AAC-3′ and 5′-GCG GAA TTC CTT CCG GTG 
CTT CAA CTG GCA C-3′. The plasmid had been modified by 
the insertion of the sequence 5′-GGA TCG AAG GTC GTC 
ACC ATC ACC ATC ACC ATT AA-3′ between the  Eco RI 
and  Xho I plasmid restriction sites so that a His 6  tag and Factor 
Xa cleavage site would be added to the carboxy terminus of 
the GST fusion protein. AmpliTaq gold DNA polymerase was 
used as directed by the manufacturer (Perkin-Elmer Cetus, 
Foster City, CA). The resulting GST- and His 6 -tagged recombi-
nant Bm33 protein was expressed in BL-21 Gold  Escherichia 
coli  cells (Stratagene, La Jolla, CA) and initially purified on 
a GST affinity column as directed by the manufacturer (GE 
Healthcare). 

 Glutathione-eluted proteins were precipitated by addition 
of ammonium sulfate to 55% saturation, and collected by 
centrifugation at 17,500 ×  g  for 15 minutes. The protein pel-
let was dissolved in buffer containing 25 mM Na 2 PO 4 , pH 8.0, 
1 M NaCl, and 2 M urea and clarified by centrifugation at 
17,500 ×  g  for 15 minutes. Final purification was accomplished 
by nickel affinity chromatography as directed by the manufac-
turer (HiTrap Chelating HP 1 mL column; GE Healthcare). 
Protein fractions containing the recombinant Bm33 fusion 
protein were combined and passed over a 5-mL desalting col-
umn (HiTrap; GE Healthcare) in buffer containing 25 mM 
2-(N-morpholino) ethanesulfonic acid (MES), pH 6.0, 0.2 M 
NaCl, and 2 M urea. 

 Recombinant MSP-1 19  from  P. falciparum  (isolate 3D7) fused 
with GST was obtained from the Zentrum für Molekulare 
Biologie der Universität Heidelberg, Universität Heidelberg 
(Heidelberg, Germany) and has been described. 22  Preparation 

and purification of GST protein and the cleaved PTP3 from 
 E. cuniculi  (with no GST) have been described. 10,  23  

   Antigen coupling to beads.   Unless stated, all reagents were 
obtained from Sigma Chemical Co. (St. Louis, MO). Antigen 
coupling to 5.6-μm polystyrene microspheres (SeroMap Beads; 
Luminex Corporation, Austin, TX) has been described. 11  
Briefly, the carboxyl groups on each spectrally classified bead 
were chemically modified to an ester by using 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (Pierce, Rockford, IL). 
The reaction of esters on the beads with primary amine groups 
on the antigens resulted in an amide covalent bond between 
bead and antigen. All antigens were soluble and coupled in 
phosphate-buffered saline (PBS), pH 7.2, except for Bm33, 
which required 25 mM MES, pH 6.0, 2 M urea, 0.2 M NaCl. 
Coupling efficiency was determined by using serum known to 
be highly reactive with the antigens, and 120 μg of antigen per 
12.5 × 10 6  beads resulted in high fluorescence intensity by the 
reporter fluorochrome. The exception was Bm14/His 6 , which 
required 140 μg. After coupling, the beads were quantified by 
using a hemacytometer and stored at 4°C in PBS, 1.0% bovine 
serum albumin (BSA), 0.05% polyoxyethylenesorbitan mono-
laurate (Tween 20), 0.02% sodium azide. For each milliliter 
of bead suspension, the following protease inhibitors were 
included: 200 μg of pefabloc (4-(2-aminoethyl) benzenesul-
fonyl fluoride hydrochloride) (Roche Diagnostics, India-
napolis, IL), 200 μg EDTA, and 1 μg each of leupeptin and 
pepstatin A. 

   Multiplex bead assay.   A 1:200 dilution of serum in PBS 
containing 0.5% BSA, 0.05% Tween 20, 0.02% sodium azide, 
0.5% polyvinyl alcohol (PVA), and 0.8% polyvinylpyrrolidone 
(PVP), designated PBN1, was incubated for 1 hour at 37°C 
and stored overnight at 4°C. The PVA and PVP reduced 
background without loss of sensitivity. 24  We also included in 
the serum dilution 0.5% (v/v)  E. coli  crude extract suspension 
(concentration = 0.6 mg protein/mL) to absorb antibodies 
reactive to any residual  E. coli  proteins that may not have 
been eliminated in the antigen purification process. After 
centrifugation at 16,000 ×  g  for 5 minutes, 25 μL of diluted and 
clarified serum was added to 25 μL of PBN1 containing 2,500 
beads from each spectrally classified bead in each well in a 
96-well filtered-bottom plate (Millipore, Bedford, MA) to yield 
a final 1:400 serum dilution. All serum samples were assayed 
in duplicate. The beads were suspended and gently shaken for 
45 minutes at room temperature. Each well was washed three 
times with 100 μL of PBS, 0.05% Tween 20 (PBST) by using a 
vacuum device for filtered-bottom, 96-well plates (Millipore). 

 For total IgG detection, 50 μL of PBS containing 0.5% BSA, 
0.05% Tween 20, 0.02% sodium azide, designated PBN2, and 
containing 50 ng of biotinylated mouse anti-human IgG (clone 
H2; Southern Biotech, Birmingham, AL) and 40 ng of bioti-
nylated mouse anti-human IgG4 (clone HP6025; Invitrogen, 
South San Francisco, CA) was added to each well. Although 
clone H2 provided low background, it did not react well with 
human IgG4. For IgG4 detection alone, the solutions and con-
centrations were the same except that anti-human IgG was 
omitted. The beads were suspended and gently shaken for 
45 minutes at room temperature and washed three times with 
PBST as described above. To each well, 50 μL of PBN2 con-
taining 250 ng of streptavidin r-phycoerythrin (Invitrogen, 
Eugene, OR) was added, and the beads were suspended and 
gently shaken for 30 minutes at room temperature. After the 
beads were washed three times with PBST as described above, 
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50 μL of PBN2 was added to each well and the suspension 
was gently shaken for 30 minutes at room temperature. This 
step removed loosely bound antibodies, resulting in minimal 
variation in positive and negative controls between plates. The 
beads were then washed once with PBST and suspended in 
125 μL of PBS per well. Data were acquired by using a reader 
(Luminex Corporation) equipped with Bio-Plex Manager 4.1 
software (Bio-Rad, Hercules, CA). 

 Each parameter in the two-laser flow-base Luminex sys-
tem has detectors with a dynamic range of more than four-log 
decades (channels ranging from 1 to 32,766, the possible flu-
orescence values without background subtracted) for place-
ment of specific emitted light at variable intensities. The red 
laser excites the red and infra-red fluorochromes incorpo-
rated at different ratios within the beads, and the two emitted 
lights identify the bead classification. This laser also provides 
a light-scatter parameter that enables gated data acquisition 
on at least 100 monodispersed beads of each classification 
and excludes small and large debris and any clumped beads. 
The green laser excites r-phycoerythrin, the reporter fluoro-
chrome, attached indirectly and externally to the beads, and the 
amount of light emitted is directly proportional to the amount 
of analyte bound to the beads. The mean from duplicate wells 
was reported as the median fluorescence intensity (MFI). For 
IgG, background fluorescence from a blank on each plate was 
subtracted from MFI (MFI-bg). For IgG4, MFI with no sub-
tracted background was used to avoid negative numbers for 
some children. A positive control serum was diluted to yield 
mid-range fluorescence intensity and was used on each plate 
along with a negative control. 

   Establishment of cutoff.   Serum specimens from 67 adult 
citizens from the United States who had not traveled outside 
the United States were used to determine cutoffs to all 
antigen-coupled beads. For each antigen, the three highest 
responses from the 67 persons were eliminated, and the 
remaining responses were used to establish a mean plus 3 SD 
as the cutoff. 

   Semi-quantification of IgG4 responses to Bm14 and Bm33.  
 Of the 148 children, sufficient beads were available for 95 chil-
dren for IgG4 detection to Bm14 and Bm33. Of the 95 children, 
84 had MF and Og4C3 data at time point A; 54 of 84 children 
were MF and Og4C3 negative (MF–/Og4C3–), 21/84 were 
MF–/Og4C3+, and 9 of 84 were MF+/Og4C3+. Time point A 
serum samples from these 84 children were used to estimate 
the proportion of total IgG responses to Bm14 and Bm33 
that was represented by IgG4. The MFI values of the IgG4 
responses were divided by MFI-bg values of the IgG responses 
and multiplied by 100. Any percentage greater than 100 was 
assigned 100. 

   Elution of IgG4 from Bm14- and Bm33-coupled beads.  
 Approximately 80,000 beads coupled with Bm14 or Bm33 
antigens were suspended in 500 μL of PBN1 containing 
2.5 μL of serum specimen and incubated for 1 hour at room 
temperature on a rotator. For each serum, the bead-antibody 
suspension was transferred to two wells in a 96-well filtered-
bottom plate and vacuum filtered. After washing each well six 
times with 100 μL of PBST, beads in each well were suspended 
in 600 μL of Gentle Ag/Ab elution buffer (Pierce) and pooled. 
The bead suspension was centrifuged at 16,000 ×  g  for 5 minutes, 
and the supernatant was transferred to a concentration/
dialysis device (Centricon 30; Millipore). After addition of 
0.8 mL 1.0 M Tris-HCl, pH 8.0, 0.3 M NaCl (THS), the device 

was centrifuged at 6,000 rpm (SS-34 rotor, RC5 centrifuge; 
Sorvall, Miami, FL) until all solution passed through the 
device except for approximately 50 μL. An additional 2 mL 
of THS and 4 mL of PBS was then passed though the device. 
The concentrated dialysate, approximately 50 μL, was added 
to an equal volume of PBS, 1.0% BSA, 0.1% Tween 20, 0.02% 
sodium azide, 1.0% PVA, 1.6% PVP and stored at 4°C until 
exposure to coupled beads and data acquisition by MBA. 

   Statistical analysis.   The coefficient of variation was 
determined from positive controls that were diluted to produce 
moderate fluorescence activity on each plate. For comparison 
of prevalence of IgG4 and IgG responses to the antigens 
between time points, the  z -test was used. The Tukey test was 
used to compare levels of IgG4 or IgG responses across the 
three time points within groups. The Mann-Whitney rank sum 
test and the Kruskal-Wallis test were used across two groups 
and across more than two groups, respectively. The Wilcoxon 
signed-rank test was used to determine differences in median 
Og4C3 values between time points A and C. The Spearman 
rank correlation was used (data on all children at time point A, 
plus children treated with placebo at B and C) to investigate 
the association between IgG4 and IgG responses to Bm14 and 
Bm33.  P  < 0.05 was considered to be statistically significant. 

    RESULTS 

  MBA controls and cutoffs.   Median and range of MFI and 
MFI-bg on each antigen and isotype detected are shown in 
 Table 1  along with cutoff values. From all plates, the coefficient 
of variation for the positive controls, diluted to yield moderate 
reactivity, was less than 10%, and all negative controls were 
consistently below the cutoff values ( Table 1 ). Beads coupled 
with GST showed no appreciable IgG responses (mean = 0.40 
MFI-bg, range, –14 to 150 MFI-bg, n = 148) or IgG4 responses 
(mean = 42 MFI, range = 32–73 MFI, n = 95). 

      Cutoff values were established for samples from 67 adult 
U.S. citizens. These donors had no history of foreign travel, and 
they were not likely to have been infected with or exposed 
to either filariasis or malaria because cutoffs for those anti-
body responses were less than 600 MFI-bg ( Table 1 ). Similarly, 
 E. cuniculi  is not a common parasite in the general U. S. pop-
ulation; only 4.2% of 240 persons were considered antibody 
positive to PTP3-coated ELISA plates (Kucerova Z, unpub-
lished data). In our study, the cutoff for PTP3 for U. S. citizen 
donors was only 204 MFI-bg ( Table 1 ). 

   IgG responses to PTP3 and MSP-1 19 .   As expected, 
prevalence of positive IgG responses to PTP3 and MSP-1 19  at 

 T able  1 
  Antigen, isotype detected, cutoff, median, and range of MFI and 

MFI-bg for each antigen tested, Haiti *   

Antigen Isotype Cutoff
Median (range) of fluorescence 

intensities at time point A † 

Bm14 IgG 134 18,854 (2–31,687)
Bm14 IgG4 48 1,255 (40–32,289) ‡ 
Bm33 IgG 597 19,851 (13–30,600)
Bm33 IgG4 105 127 (43–24,106) ‡
PTP3 IgG 204 47 (5–25,988)
MSP-1 19 IgG 42 10 (–9 to 23,874)

  *   MFI = median fluorescence intensity; bg = background; PTP3 = third polar tube protein; 
MSP-1 19  = merozoite surface protein-1 19 .  

  †   Possible MFI range is 1–32,766, and possible MFI-bg range can be a negative number 
to 32,766.  

  ‡   MFI data (IgG4) for 95 children. All other data are MFI-bg data (IgG) for 148 children.  
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time points A, B, and C were low and stable throughout the 
study. On the basis of the cutoff ( Table 1 ) for IgG positivity 
to PTP3 (PTP3/IgG+), the prevalence was 12% at A, 11% at 
B, and 16% at C. Similar to PTP3, the cutoff ( Table 1 ) for IgG 
positivity to MSP-1 19  (MSP-1 19 /IgG+) yielded a prevalence of 
19% at A, 18% at B, and 18% at C. 

   Prevalence of IgG4 and IgG responses to Bm14 and Bm33, 
MF, and Og4C3.   Prevalence of MF+, Og4C3+, and positive 
IgG4 and IgG antibody responses to Bm14 and Bm33 for 
time points A, B, and C in all treatment groups are shown 
in  Table 2 . For time points A, B, and C, prevalence of IgG4 
and IgG responses to Bm14 and Bm33 decreased in children 
who received DEC or DEC/ALB but was only significant for 
Bm33/IgG4+ ( P  < 0.043) at time points B and C. Children who 
received placebo or ALB alone remained unchanged. 

      For time points A, B, and C, prevalence of MF+ children did 
not increase in children who received DEC or DEC/ALB, and 
prevalence of MF+ children did show an increase, which was 
statistically insignificant, in children who received ALB alone 
or placebo ( Table 2 ). 

 Prevalence of Og4C3+ children did not show a significant 
decrease in any of the treatment groups ( Table 2 ). However, 
the median Og4C3 values were significantly lower ( P  < 0.001) 
at the end of the study (A: median = 17, mean = 2,263 and C: 
median = 15.0, mean = 639) for children who received DEC. 
The median Og4C3 values approached significance ( P  = 0.052) 
for children who received DEC/ALB (A: median = 19.0, mean 
= 1,060 and C: median = 18.5, mean = 433). In contrast, the 
median Og4C3 values for children who received placebo or 
ALB alone showed no significant decrease. Children who 
received placebo showed a significant increase ( P  = 0.039) (A: 
median = 22.0, mean = 3,086 and C: median = 33.0, mean = 
3,713). 

   IgG responses to all antigens among 148 children.   At time 
point A, there were no significant differences in the median IgG 

levels to Bm14 and Bm33 among the four treatment groups, 
but as the study progressed, high levels of IgG responses to 
Bm14 and Bm33 decreased in the DEC and DEC/ALB groups 
( Table 3 ). Compared with time point A and within treatment 
groups, levels of IgG responses to Bm14 and Bm33 were 
significantly decreased ( P  < 0.001) at time points B and C in 
children who received DEC or DEC/ALB, but no significant 
differences were observed at time points A, B, and C in children 
who received placebo or ALB alone. Compared with children 
who received placebo or ALB alone, IgG responses to Bm14 
and Bm33 were significantly lower at time point C ( P  < 0.005) 
in children who received DEC or DEC/ALB. 

      Median IgG levels to PTP3 and MSP-1 19 , which were low, 
showed no significant differences among the four treatment 
groups except for MSP-1 19 , which was significantly lower at 
time point B ( P  = 0.031) compared with time point A, but was 
not significantly different at time point C ( Table 3 ). 

   IgG4 responses to Bm14 and Bm33 among 95 children.  
 Levels of IgG4 responses to Bm14 and Bm33 are shown in 
 Table 4 . Although the range of fluorescence intensities of IgG4 
to Bm14 and Bm33 was comparable to those of IgG ( Table 
1 ), the levels of IgG4 responses to Bm14 and Bm33 were 
considerably lower ( Table 4 ). Furthermore, the levels of IgG4 
responses to Bm14 and Bm33 were significantly lower ( P  < 
0.001) at time points B and C than at time point A in children 
who received DEC or DEC/ALB. There was a significant 
decrease ( P  < 0.022) in levels of IgG4 responses to Bm14 and 
Bm33 at time point C than at time point A in children who 
received ALB alone. Also, compared with time point A, there 
was a significant decrease ( P  = 0.013) in IgG4 responses to 
Bm14 at time point C in children who received placebo. 

        IgG4 and IgG responses to Bm14 and Bm33 among children 
in different infection groups.   Because of the small numbers 
of children who were MF+/Og4C3+ and that DEC was the 

 T able  2 
  Prevalence of positive MF, Og4C3, IgG4, and IgG responses to Bm14 

and Bm33 at time points A, B, and C for all treatment groups, 
Haiti *   

Observation

% Positive (no. positive/no. tested) in each treatment group

Placebo ALB DEC DEC/ALB

Pretreatment (time point A)
Bm14 IgG 73 (30/41) 86 (31/36) 72 (31/43) 89 (25/28)
Bm33 IgG 88 (36/41) 94 (34/36) 95 (41/43) 93 (26/28)
Bm14 IgG4 82 (18/22) 79 (19/24) 67 (16/24) 88 (22/25)
Bm33 IgG4 59 (13/22) 58 (14/24) 67 (16/24) 60 (15/25)
Og4C3 44 (18/41) 36 (13/36) 28 (12/43) 32 (9/28)
MF 22 (10/37) 12 (6/34) 15 (6/39) 4 (1/24)

Three months post-treatment (time point B)
Bm14 IgG 76 (31/41) 83 (30/36) 67 (29/43) 86 (24/28)
Bm33 IgG 88 (36/41) 100 (36/36) 88 (38/43) 93 (26/28)
Bm14 IgG4 82 (18/22) 79 (19/24) 58 (14/24) 84 (21/25)
Bm33 IgG4 59 (13/22) 54 (13/24) 46 (11/24) † 36 (9/25)
Og4C3 ‡ 
MF 24 (7/29) 23 (5/22) 14 (4/28) 0 (0/19)

Six months post-treatment (time point C)
Bm14/IgG 78 (32/41) 89 (32/36) 65 (28/43) 86 (24/28)
Bm33/IgG 93 (38/41) 100 (36/36) 86 (37/41) 89 (25/28)
Bm14/IgG4 82 (18/22) 83 (20/24) 54 (13/24) 76 (19/25)
Bm33/IgG4 64 (14/22) 54 (13/24) 29 (7/24) † 36 (9/25)
Og4C3 41 (17/41) 33 (12/36) 23 (10/43) 32 (9/28)
MF 24 (6/25) 17 (4/24) 14 (4/28) 0 (0/17)

  *   MF = microfilaremia; ALB = albendazole; DEC = diethylcarbamazine.  
  †   Prevalence significantly lower ( P  < 0.043) than time point A (by  z  test).  
  ‡   Not tested.  

 T able  3 
  Median IgG responses (MFI-bg) to Bm14, Bm33, PTP3, and MSP-1 19  

from treatment groups in 148 children at time points A, B, and C, 
Haiti *   

Observation

Treatment group (no.)

Placebo (41) ALB (36) DEC (43) DEC/ALB (28)

Pretreatment (time point A)
Bm14/IgG 20,893 25,333 6,755 16,747
Bm33/IgG 15,905 20,596 15,555 20,991
PTP3/IgG 46 62 51 37
MSP-1 19 /IgG 8 10 12 10

Three months post-treatment (time point B)
Bm14/IgG 23,467 17,560 2,099 † 4,996 † 
Bm33/IgG 16,077 18,325 8,894 † 8,587 † 
PTP3/IgG 36 59 41 33
MSP-1 19 /IgG 8 10 9 ‡ 7

Six months post-treatment (time point C)
Bm14/IgG 24,135 16,600 1,650 †  § 1,508 † 
Bm33/IgG 13,000 16,882 5,166 †  ¶  # 7,533 †  ¶ 
PTP3/IgG 49 55 51 31
MSP-1 19 /IgG 7 10 12 8

  *   MFI = median fluorescence intensity; bg = background; ALB = albendazole; DEC = 
diethylcarbamazine.  

  †   Median values (MFI-bg, IgG responses) significantly lower ( P  < 0.005) compared with 
time point A in same treatment group (by Tukey test).  

  ‡   Median values (MFI-bg, IgG responses) significantly lower ( P  = 0.031) compared with 
time point A in same treatment group (by Tukey test).  

  §   Median values (MFI-bg, IgG responses) significantly lower ( P  < 0.005) compared with 
albendazole and placebo children at the same time point (by Kruskal-Wallis test).  

  ¶   Median values (MFI-bg, IgG responses) significantly lower ( P  < 0.001) compared with 
albendazole children at the same time point (by Kruskal-Wallis test).  

  #   Median values (MFI-bg, IgG responses) significantly lower ( P  < 0.001) compared with 
placebo children at the same time point (by Kruskal-Wallis test).  
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most effective drug against filariasis, children who did not 
receive DEC (placebo and ALB treated) were compared with 
children who received DEC (DEC and DEC/ALB treated) as 
shown in  Figures 1–3 . 

    We identified drug effects on levels of IgG4 and IgG 
responses to Bm14 at time points A, B, and C in children who 
were categorized as MF–/Og4C3– ( Figure 1A ) or Og4C3+ 
( Figure 1B ) at time point A. Of all MF–/Og4C3– children at 
time point A, 67% (36 of 54) and 66% (56 of 85) were Bm14/
IgG4+ and Bm14/IgG+, respectively. Compared with time 
point A, levels of IgG4 and IgG responses to Bm14 in MF–/
Og4C3– children who received DEC or DEC/ALB ( Figure 
1A ) were significantly lower ( P  < 0.001) at time points B and 
C. No significant changes in levels of IgG4 and IgG responses 
to Bm14 were observed in MF–/Og4C3– children who received 
placebo or ALB alone ( Figure 1A ). 

 Of all Og4C3+ children at time point A ( Figure 1B ), includ-
ing 19 children (37%) who were MF+, 97% (32 of 33) and 98% 
(51 of 52) were Bm14/IgG4+ and Bm14/IgG+, respectively, 
which was significantly higher ( P  < 0.034) in prevalence than 
MF−/Og4C3- children ( Figure 1A ). Levels of IgG4 to Bm14 
in Og4C3+ children ( Figure 1B ) were increased compared 
with those in MF–/Og4C3– children ( Figure 1A ). Compared 
with time point A, decreased levels of IgG4 and IgG responses 
to Bm14 were observed in the Og4C3+ children ( Figure 1B ) 

 T able  4 
  Median IgG4 responses (MFI) to Bm14 and Bm33 from treatment 

groups in 95 children at time points A, B, and C, Haiti *   
Observation 

(antigen and isotype 
responses)

Treatment group (no.)

Placebo (22) ALB (24) DEC (24) DEC/ALB (25)

Pretreatment (time point A)
Bm14/IgG4 2,095 7,153 457 708
Bm33/IgG4 163 117 122 133

Three months post-treatment (time point B)
Bm14/IgG4 1,449 764 79 † 163 † 
Bm33/IgG4 164 107 98 † 79 † 

Six months post-treatment (time point C)
Bm14/IgG4 721 ‡ 703 ‡ 73 † 77 † 
Bm33/IgG4 121 115 ‡ 76 † 73 † 

  *   MFI = median fluorescence intensity; bg = background; ALB = albendazole; DEC = 
diethylcarbamazine.  

  †   Median values (MFI, IgG4 responses) significantly lower ( P  < 0.001) compared with time 
point A in the same treatment group (by Tukey test).  

  ‡   Median values (MFI, IgG4 responses) significantly lower ( P  < 0.022) compared with time 
point A in the same treatment group (by Tukey test).  

 F igure  2.    IgG4 and IgG responses to Bm33 for children of differ-
ent infection groups, Haiti. Closed and opened box and whisker plots 
represent IgG4 responses from 95 children and IgG responses from 148 
children, respectively. On the left are time points A, B, and C for chil-
dren who received diethylcarbamazine (DEC) or DEC/albendazole 
(ALB) and on the right are time points A, B, and C on children who 
received placebo or ALB alone.  A , Negative microfilaremia and anti-
genemia (MF–/Og4C3–) children;  B , Positive antigenemia (Og4C3+) 
children, who include 37% (19 of 52) positive for MF. *Denotes signifi-
cantly lower levels of IgG4 or IgG responses to Bm33 at time points 
B or C compared with time point A in the same treatment group and 
same infection status. Horizontal bars in box: low, 25%; middle, median; 
upper, 75%. Low whisker, 5%; upper whisker, 95%. Outliers are indi-
cated by closed circles. The number of children is listed above the box.    

 F igure  1.    IgG4 and IgG responses to Bm14 for children of differ-
ent infection groups, Haiti. Closed and opened box and whisker plots 
represent IgG4 responses from 95 children and IgG responses from 148 
children, respectively. On the left are time points A, B, and C for chil-
dren who received diethylcarbamazine (DEC) or DEC/albendazole 
(ALB) and on the right are time points A, B, and C for children who 
received placebo or ALB alone.  A , Negative microfilaremia and anti-
genemia (MF–/Og4C3–) children.  B , Positive antigenemia (Og4C3+) 
children, who include 37% (19 of 52) positive for MF. *Denotes signifi-
cantly lower levels of IgG4 or IgG responses to Bm14 at time points 
B or C compared with time point A in the same treatment group and 
same infection status. Horizontal bars in box: low, 25%; middle, median; 
upper, 75%. Low whisker, 5%; upper whisker, 95%. Outliers are indi-
cated by closed circles. The number of children is listed above the box.    
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who received DEC or DEC/ALB, but this was significant ( P  < 
0.001) only at time point C. However, these changes were not 
observed in Og4C3+ children who received placebo or ALB 
alone ( Figure 1B ). 

 Drug effects on levels of IgG4 and IgG responses to Bm33 
at time points A, B, and C for children who were categorized 
as MF-/Og4C3- or Og4C3+ at time point A are shown in 
 Figure 2 . Of all MF–/Og4C3– children at time point A, 44% 
(24 of 54) and 89% (76 of 85) were Bm33/IgG4+ and Bm33/
IgG+, respectively. Levels of IgG4 and IgG responses to 
Bm33 in MF–/Og4C3– children who received DEC or DEC/
ALB ( Figure 2A ) were significantly lower ( P  < 0.001) at time 
points B and C, but not among antigen-negative children who 
received placebo or ALB alone ( Figure 2A ). 

 Of all Og4C3+ children at time point A, including 19 chil-
dren (37%) who were MF+, 88% (29/33) and 98% (51/52) 
were Bm33/IgG4+ and Bm33/IgG+, respectively, which for 
Bm33/IgG4+ was significantly higher ( P  < 0.001) in preva-
lence than Bm33/IgG4+ in MF–/Og4C3– children. Decreased 

levels of IgG4 and IgG responses to Bm33 were observed 
in the Og4C3+ children ( Figure 2B ) who received DEC or 
DEC/ALB ( P  < 0.001) at time points B and C. No significant 
changes in the levels of IgG responses to Bm33 were observed 
at time points A, B, and C in Og4C3+ children who received 
placebo or ALB alone ( Figure 2B ). However, IgG4 levels to 
Bm33 at time point C were significantly lower ( P  = 0.002) than 
time point A in children who received placebo or ALB alone 
( Figure 2B ). 

 Drug effects on levels of IgG4 and IgG responses to Bm14 
and Bm33 at time points A, B, and C among children who were 
MF+/Og4C3+ are shown in  Figure 3 . Although the number of 
children was small, levels of IgG4 and IgG responses to Bm14 
in MF+/Og4C3+ children ( Figure 3A ) remained relatively 
high and showed no significant change throughout the study 
independent of which drug was received. Levels of IgG4 and 
IgG responses to Bm33 in MF+/Og4C3+ children ( Figure 3B ) 
were relatively low and moderate, respectively, but remained 
increased and showed no significant change throughout the 
study. 

 Significant and positive correlations of IgG4 and IgG 
responses to Bm14 and Bm33 were observed. The strongest 
correlation was between IgG4 and IgG responses to Bm14 ( r  = 
0.842,  P  < 0.001). A weaker correlation was observed between 
IgG4 and IgG responses to Bm33 ( r  = 0.553,  P  < 0.001). 

   Testing cross-reactivity of IgG4 to Bm14 and Bm33.   Of 95 
children, 24 had IgG4 responses to Bm14 and Bm33, raising 
the question of cross-reactivity. For three children, each with 
serum samples at time points A, B, and C, IgG4 bound to Bm33 
beads were eluted and exposed again to Bm14- and Bm33-
coupled beads. Eluted IgG4 from Bm33-coupled beads reacted 
with fresh Bm33-coupled beads but did not react with fresh 
Bm14-coupled beads and did not show any cross-reactivity. 
The reverse effect was tested for one child, for whom eluted 
IgG4 from Bm14 reacted with fresh Bm14-coupled beads but 
did not react with fresh Bm33-coupled beads. Samples from 
this child also did not show any cross reactivity. 

   Semi-quantification of IgG4 responses to Bm14 and Bm33.  
 Serum samples from time point A from 84 of 95 children were 
used to roughly estimate the percentage of IgG4 levels in total 
IgG levels to Bm14 and Bm33. For 54 MF–/Og4C3–, 21 MF–/
Og4C3+, and 9 MF+/Og4C3+ children, the mean percentage 
levels of IgG4 to Bm14 were 55%, 81%, and 93% respectively, 
and the mean percent levels of IgG4 to Bm33 were 11%, 18%, 
and 16%, respectively. 

    DISCUSSION 

 The MBA provides a robust approach to the simultane-
ous analysis of antibody responses to multiple antigens. In the 
public health context, this assay platform has the potential to 
generate an epidemiologic snapshot of community exposures 
to infections of interest. Such a tool is valuable for baseline 
assessments and for monitoring changes in infection preva-
lence over time. In the context of rapidly expanding programs 
targeting neglected tropical diseases, including lymphatic 
filariasis, the MBA could be used to monitor program impact 
through school-based surveillance. We used existing samples 
from a school-based study of antifilarial treatment to dem-
onstrate the utility of such an approach by assessing changes 
in antibody levels to filarial and non-filarial antigens after 
drug treatment. Among MF−/Og4C3+ children, antifilarial 

 F igure  3.    IgG4 and IgG responses to Bm14 and Bm33 for children 
positive for microfilaremia and antigenemia (MF+/Og4C3+), Haiti. 
A total of 9 MF+/Og4C3+ children (3 treated with diethylcarbamaz-
ine [DEC] or DEC/albendazole [ALB] and 6 treated with placebo or 
ALB) were tested for IgG4 responses, and a total of 19 MF+/Og4C3 + 
children (7 treated with DEC or DEC/ALB and 12 treated with pla-
cebo or ALB) were tested for IgG responses. Closed and opened box 
and whisker plots represent IgG4 and IgG responses, respectively. On 
the left are time points A, B, and C for children who received DEC or 
DEC/ALB and on the right are time points A, B, and C for children 
who received placebo or ALB alone.  A , IgG4 and IgG responses to 
Bm14.  B , IgG4 and IgG responses to Bm33. Horizontal bars in box: 
low, 25%; middle, median; upper, 75%. Low whisker, 5%; upper whis-
ker, 95%. Outliers are indicated by closed circles. The number of chil-
dren is listed above the box. Boxes with no whiskers are less than nine 
children.    
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treatment significantly decreased antibody responses to 
recombinant filarial antigens, but not responses to unrelated 
antigens. Interestingly, antifilarial antibody responses also 
decreased significantly among filarial antigen-negative chil-
dren who were treated with DEC, but not placebo. These 
observations may have implications for strategies to monitor 
filariasis elimination programs. 

 The subset of samples used in this study was representa-
tive of those collected from children enrolled in the larger 
drug treatment study. 20  In our study, the prevalence of MF 
and intensity of antigenemia either remained static or signifi-
cantly decreased ( P  < 0.001), respectively, among children who 
received DEC. For children who received placebo, the inten-
sity of antigenemia significantly increased ( P  = 0.039) at the 
end of the study. As in other studies that showed decreased 
antibody responses to Bm14 by ELISA after DEC treat-
ment, 20,  25–  28  we showed decreases in antibody responses to 
Bm14 by MBA among children who received drugs contain-
ing DEC ( Figure 1A  and B). Interestingly, antibody responses 
to Bm14 and Bm33 decreased among children who received 
drugs containing DEC, even among children who were MF–/
Og4C3– ( Figures 1A  and  2A ). These decreases were not 
observed among MF–/Og4C3– children in the albendazole 
or placebo groups ( Figures 1A  and  2A ), ruling out an effect 
of the intervention on transmission or a seasonal or secular 
trend in antibody levels. These results raise questions about 
the infection status of antigen-negative children. It is pos-
sible that many of these children harbor small numbers of 
adult or immature worms that do not produce detectable lev-
els of antigen. In addition, the decrease in antibody levels in 
DEC-treated children argues that DEC is effective against 
early stages of the parasite, an observation consistent with the 
use of DEC for prophylaxis, both for loiasis in humans and 
 Dirofilaria  infections in pets. 29–  34  From the standpoint of moni-
toring antibody responses in children after MDA, these results 
emphasize the challenges inherent in distinguishing children 
who are infected from those who are exposed, but uninfected. 
From the programmatic perspective, it may be prudent to con-
sider that antibody-positive children are actively infected. 

 Bm33 has not been used extensively to monitor antifilar-
ial antibody levels in field settings. This protein, which is an 
aspartyl protease inhibitor, is strongly recognized by micro-
filaria-positive persons and a proportion of antigen-negative 
exposed persons. 35  The seroprevalence of Bm33 was greater 
than that of Bm14. For example, among MF–/Og4C3– chil-
dren, 76 (89%) of 85 were positive for IgG to Bm33 compared 
with 56 (66%) of 85 who were positive for IgG to Bm14. Thus, 
Bm33 could serve as an additional marker of filarial expo-
sure. Interestingly, Di33, a homolog from  Dirofilaria immitis,  
is strongly immunogenic and serves as the basis of a commer-
cially available test for feline heartworm infection. 36,  37  We per-
formed MBA on 15 adults suspected to have zoonotic filariasis. 
None were IgG positive to Bm14 and only 2 were IgG positive 
to Bm33, which suggests that cross-reactivity may be limited. 
Nonetheless, additional specificity testing of Bm33 should be 
carried out before it is used for large-scale field testing. 

 IgG and IgG4 responses to both antigens decreased after 
treatment, but the profile of isotype responses differed by 
antigen. We believe that the amount of IgG4 reactivity in the 
total IgG reactivity to Bm14 and Bm33 are good estimations 
because the seroprevalence of Bm14/IgG4+ and Bm14/IgG+ 
was 79% at time point A and there was a strong positive cor-

relation ( r  = 0.842,  P  < 0.001) between IgG4 and IgG reactivity 
to Bm14. For Og4C3+ children at baseline, 81% and 93% of 
the total IgG responses to Bm14 were IgG4 in MF–/Og4C3+ 
and MF+/Og4C3+ children, respectively. Even among MF–/
Og4C3– children, 55% of the total IgG responses to Bm14 
were IgG4. In contrast, only 11%, 18%, and 16% of the total 
IgG responses to Bm33 were IgG4 in MF–/Og4C3–, MF–/
Og4C3+, and MF+/Og4C3+ children, respectively. IgG1 is 
the major isotype elicited by Bm33 (Donaldson RA, unpub-
lished data). 38  These differences in isotype responses argue 
that Bm14 and Bm33 antibody responses are specific. We also 
showed that eluted IgG4 from either antigen does not cross-
react with the other antigen. 

 The extent to which antibody levels decreased after treat-
ment was inversely related to the infection load before treat-
ment, as documented in other studies. 13,  39  In our study, for 
MF−/Og4C3− children who received drugs containing DEC, 
significant decreases ( P  < 0.001) in antibody responses to 
Bm14 and Bm33 occurred as early as time point B ( Figures 
1A  and  2A ) whereas Og4C3+ children who received drugs 
containing DEC did not show significant decreases ( P  < 0.001) 
in antibody responses to Bm14 until time point C ( Figure 1B ). 
MF+/Og4C3+ children, those with the highest antigen levels 
before treatment, showed no significant decrease in antibody 
responses to either Bm14 or Bm33 at any time point regardless 
of whether active drug was received ( Figure 3A  and  B ). Thus, 
for MF+/Og4C3+ persons, multiple doses of DEC or DEC/
ALB are likely to be needed to reduce the parasite load. 25  

 In contrast to the decreases in antibodies to filarial antigens, 
there were no significant changes in IgG responses to PTP3 
from  E. cuniculi . Little information was available on seroprev-
alence of PTP3 from  E. cuniculi  in Haiti. In the United States, 
4.2% of 240 persons were considered to be antibody positive 
against PTP3 by ELISA (Kucerova Z, unpublished data). In 
our study, we found a prevalence of 12% for IgG against PTP3 
at time point A, which remained stable throughout the study. 
The higher prevalence may be explained by poor environmen-
tal conditions in Haiti. Multiple doses of ALB are needed to 
eliminate symptoms of microsporidiosis and  E. cuniculi  load, 
and the single-dose ALB used in this study showed no effect 
on IgG responses to PTP3. 40–  42  

 Also, in contrast to the decreases in antibodies to filarial 
antigens, there were no significant changes in IgG responses 
to MSP-1 19  from  P. falciparum . The MSP-1 19  includes the por-
tion of the antigen found in the  P. falciparum  merozoite sur-
face protein that is involved in the invasion of erythrocytes, 
and it predominantly elicits IgG1. 43  Using a polymerase chain 
reaction, a molecular technique that determines infection at a 
single point in time, Eisele and others reported that 3.1% of 
persons in the Artibonite Valley in Haiti during a rainy season 
were positive for  P. falciparum . 44  In our study at baseline, the 
prevalence of MSP-1 19 /IgG+ was 19% by MBA and remained 
stable at 18% through the remainder of the study. This finding 
may reflect cumulative exposure to  P. falciparum  among the 
enrolled children. 

 The MBA can monitor MDA program effectiveness by 
assessing immune responses to multiple filarial and  non-filarial 
antigens simultaneously and economically. For example, in our 
next MDA study on filariasis, we intend to include the recom-
binant antigen from  Wolbachia , an endosymbiotic bacterium, 
found in filarial nematodes. 45  The MBA platform may find 
use in longitudinal studies in other neglected tropical disease 
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 programs, where the prevalence of antibodies to specific infec-
tions would be expected to decrease if the program decreases 
local transmission of the parasite. At the same time, antigens 
from waterborne pathogens can be included, which would 
enable simultaneous assessment of the impact of interventions 
aimed at improving water and sanitation. In addition, anti-
gens from blood-borne pathogens such as  Plasmodium  can be 
included to assess anti-malaria drug treatment programs. These 
tasks can be accomplished concurrently with up to 100 antigens 
and without the extensive cost and labor and large quantity of 
serum or plasma specimens required by an ELISA. For the 
MBA, only 125 nL of serum specimen is required per well, and 
at current prices, one 10-plex assay plate cost $90.00–$95.00, 
not including labor and costs of antigens. 
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