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Abstract. Strongyloides stercoralis infection is prevalent worldwide and can cause lifelong infection in immuno-
competent individuals, and potentially death in immunosuppressed patients. The diagnosis is hindered by the low
sensitivity of microscopic examination, thus making serology an important complementary test to improve the detection
rate. However, there were reports that some Strongyloides-infected individuals were negative with specific IgG and IgG4
assays, and other helminth infections were positive with commercial Strongyloides IgG-ELISAs. Thus, there is a need to
develop better serodiagnostic methods for strongyloidiasis. We investigated the diagnostic potential of IgE-ELISAs using
Strongyloides larval lysate. Sera from two groups infected with Strongyloides served as the positive reference, that is, 1)
positive by commercial IgG-ELISAs and IgG4 rapid test, and stool samples positive by microscopy and/or PCR (group IA;
n = 20); and 2) negative by IgG-ELISAs and IgG4 rapid test, but stool samples were PCR positive (group IB sera; n = 11).
Sera from another two groups served as negative reference (controls), that is, 1) infected with other parasites (group Il; n =
73) and 2) healthy donors (group lll; n = 22). Results showed a 100% diagnostic sensitivity in detecting sera from groups 1A
and IB. The latter group of individuals probably had early infection because their IgG and IgG4 assays were negative. The
optical density values of group IB sera were also significantly lower than those of group IA (P < 0.003). The IgE-ELISA was
100% specific when tested against sera from groups Il and lll. This study highlights the diagnostic potential of IgE-ELISA

using larval lysate to detect strongyloidiasis, especially those with probable early infection.

INTRODUCTION

Strongyloidiasis is a soil-transmitted helminthiasis that is
mainly caused by Strongyloides stercoralis and is hyperen-
demic in tropical and subtropical areas of the world."? Al-
though the disease is less endemic in European countries, the
worldwide prevalence has been rising because of the ongoing
movements of migrants and travelers, in addition to the in-
creasing number of patients with immunosuppression.

Strongyloidiasis is challenging to diagnose, and the devel-
opment of sensitive diagnostic methods for S. stercoralis in-
fection is crucial for detecting the disease as well as for
epidemiological studies. Several direct and indirect detection
methods have been developed but showed variable di-
agnostic sensitivities and specificities. Although direct stool
microscopy is the routine method in clinical settings, the
results are insensitive.>* Agar culture plate followed by mi-
croscopy increases the diagnostic sensitivity but is in-
convenient and time consuming. Current advances in direct
detection methods have introduced several nucleic acid am-
plification tests (NTTs), for example, multiplex PCR, which is
capable of simultaneously detecting parasite coinfections.®
However, the intermittent release of larvae affects the sensi-
tivity of NTTs,® and the need for expensive equipment and
reagents makes NTTs unsuitable for low-resource settings.

Meanwhile, indirect assays that detect anti-Strongyloides
antibodies have been developed using various formats, such
as ELISA, Western blot, indirect fluorescent antibody test, and
a luciferase immunoprecipitation system using somatic and/
or recombinant antigens.”® Serologically, patients may se-
crete significant levels of IgA, IgM, IgE, and IgG antibodies,
including its subtypes (IgG1-IgG4), in response to Strong-
yloides infection.® Of these, IgG and the IgG4 subclass are the
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two most common types of antibodies found associated with
aninfection with S. stercoralis. The presence of both antibodies
typically indicates a more established and chronic infection.'® By
contrast, it is reported that IgM, IgE, and IgG1 are secreted early in
the infection, suggesting their role in detecting acute cases.""™"®
However, there are several significant drawbacks to the current
strongyloidiasis serodiagnostics, such as cross-reactivity prob-
lems with other nematode infections, particularly with filaria-
sis, schistosomiasis, and ascariasis.®'*

Detection of specific IgG is the most common serologic
method for strongyloidiasis. However, several reports have
shown that a specific IgG response was not detected in pa-
tients with proven infection; thus, it is not surprising that most
serological assays have diagnostic sensitivities of less than
95%. In one study of 413 outpatients in London, 21% of the
cohort had confirmed infection based on positive microscopy
or culture, and of these, 9.3% had negative IgG serology.® In
another study, the sensitivities of five serological tests ranged
from 75.4% t0 93.9% when tested with 114 sera from patients
with microscopy-positive stool samples.® A CDC Strong-
yloides enzyme immunoassay was 94.6% sensitive when
tested with 74 serum samples from individuals with Strong-
yloides larvae in stool samples.'® Hence, the development of
an improved serodiagnostic for strongyloidiasis with consis-
tent high sensitivity is desirable.

During helminth infection, polarized T helper type 2-type
responses promote B cell class switching to IgE and 1gG4
antibodies, a reaction mediated by interleukin-4 receptor
signaling and cognate T-B cell interactions.!” IgE potently
activates mast cells and basophils, and the former is crucial for
protection against Strongyloides venezuelensis or Trichinella
spiralis."® It is also important to note that the IgE levels peak
during acute or early phase of infection. This finding was
supported by a report that the level of IgE increased in 90% of
patients during the course of acute Strongyloides infection
and declined in cases of chronic infection and coinfection with
human T-cell ymphotropic virus type 1.'%131° Although IgE is
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commonly associated with allergic reactions, this isotype is
also significantly present in asymptomatic individuals harboring
parasitic infection and is detectable in immunocompetent pa-
tients with strongyloidiasis but not in disseminated and immu-
nosuppressed patients.?° In addition, the level of Strongyloides-
specific IgE is also significant in copronegative individuals, im-
plicating the role of IgE in infection intensity and larval output.?

Therefore, a specific IgE response may be an important
marker for strongyloidiasis, especially in cases of symptom-
atic individuals who are copronegative and for epidemiologi-
cal studies. In the present study, we used a larval lysate of
S. stercoralis and monoclonal antihuman IgE as a probe to
develop an IgE-ELISA for strongyloidiasis.

MATERIALS AND METHODS

Serum samples. Anonymized samples were obtained from
serum bank at the Institute for Research in Molecular Medicine
(INFORMM), Universiti Sains Malaysia. In determining the di-
agnostic value of the IgE-ELISA, the serum samples were divided
into four groups. Two of the groups (groups IA and IB) were
samples from Strongyloides-infected individuals as positive ref-
erence, and two others were from control groups as negative
reference (groups Il and lll). Some samples from group IA and
group Il and all samples from Group IB were from previous field
studies involving asymptomatic aborigines in Peninsular Malaysia.

All serum samples were previously tested with acommercial
Strongyloides 1gG-ELISA Kit (SciMedx Corporation, Denville,
NJ). In addition, group IA and IB samples were also tested with
an in-house IgG4 rapid test, following our published report.?’
The rapid test is a lateral flow assay using a mixture of NIE and
SS1a recombinant proteins with reported diagnostic sensitivity
and specificity of 91.3% and 100%, respectively. Thus, the
Strongyloides IgG and/or IgG4 status of all samples were known
which helped in the categorization of the serum samples.

Group IA were serum samples from individuals who were
positive by both the Strongyloides IgG-ELISA and IgG4 rapid
test, and their stool samples were positive by microscopy and/
or PCR (n =20). Group IB comprised serum samples that were
negative by both the serology tests, but were positive by stool
PCR (n = 11). The stool PCR was performed using Rotor Gene
6000 real-time thermocycler (Rotorgene-Q, Hilden, Germany).
Each PCR run included a tube containing plasmid harboring the
target sequence as positive control and a tube without template
as the negative control. Cycle threshold (Ct) value > 38 was
considered as negative based on previously determined de-
tection limit of the assay.?? Real-time PCR assays were repeated
on several samples with a Ct value > 35 to confirm the results.

To determine the diagnostic specificity, 73 serum samples
from patients with other infections (group Il) and negative by
the Strongyloides IgG-ELISA were used, that is, amebiasis (n =
4), ascariasis (n = 4), filariasis (n = 12), giardiasis (n = 1),
hookworm (n = 6), schistosomiasis (n = 11), taeniasis (n = 2),
toxocariasis (n = 20), toxoplasmosis (n = 5), trichuriasis (n = 4),
and echinococcosis (n = 4). All infections were diagnosed
based on microscopy, except for toxoplasmosis and echi-
nococcosis. Toxoplasmosis was diagnosed based on clinical
presentations and the presence of specific high IgM and IgG
antibodies using a commercial ELISA. Echinococcosis was
diagnosed based on clinical presentation, ultrasound, and
ELISA results. In addition, diagnostic specificity was also
tested using group lll comprising serum samples from healthy

individuals collected from volunteers at INFORMM who were
negative by the Strongyloides IgG-ELISA (n = 22).

IgE is generally known to be more labile than other anti-
bodies. However, this was not a problem in the present study
because the samples were stored in small volume aliquots
at —20°C, and thawed on ice before each experiment. The
ethical approval for use of the serum samples was obtained
from Universiti Sains Malaysia Human Research Ethics
Committee (ref: USM/JEPeM/19070400).

Preparation of crude lysate antigen. Infective third-stage
larvae (L3i) of S. stercoralis were isolated from charcoal cop-
rocultures prepared from feces of immunosuppressed labo-
ratory dogs experimentally infected with the University of
Pennsylvania, Dog (canine) strain of S. stercoralis.?®2*
Strongyloides stercoralis was maintained under biosafety
level 2 conditions in purpose bred mix breed dogs, treated
with prednisolone, under protocol 804883 approved by the
Institutional Animal Care and Use Committee (IACUC) of the
University of Pennsylvania, Philadelphia, PA. This IACUC
protocol and all routine husbandry care of the animals were
conducted in strict accordance with the Guide for the Care and
Use of Laboratory Animals of the U.S. NIH. The coprocultures
were prepared as described?® and incubated at 25°C for seven
days. Infective third-stage larvae were isolated from the cop-
rocultures by the Baermann funnel technique as described,?® and
cleaned through low-gel agar.28 The recovered larvae were washed
once in distilled water, centrifuged, and the larval pellets (con-
taining approximately 250,000 L3i/mL) were stored at —80°C until
shipment on dry ice from the University of Pennsylvania (Phila-
delphia, PA) to the Universiti Sains Malaysia (Penang, Malaysia).

A 50x protease inhibitor cocktail tablet (Roche Diagnostics,
Basel, Switzerland) was dissolved in 2 mL of deionized water
to produce a 25x protease inhibitor solution. A volume of 60 uL
of the solution was added to 1.5 mL of S. stercoralis infective
larvae and incubated on ice for 30 minutes. This mixture was
then lysed by sonication on ice using a microtip probe
(QSonica LLC., Newtown, CT)) for 3 minutes (30 seconds
ON, 30 seconds OFF, 4.5 Hz). The lysed mixture was transferred
to a cryovial and dipped into liquid nitrogen for 30 seconds
(snap freeze) and then immediately thawed in a water bath for
20 minutes. The freeze-thawed mixture was centrifuged at
14,000 rpm for 5 minutes, and the supernatant (soluble larval
lysate) was collected. The protein concentration of the lysate was
determined by the RC DC protein assay (Bio-Rad, Hercules, CA)
and stored at —20°C until further use.

IgE-ELISA optimization. The conditions of the IgE-ELISAs
were optimized by varying the protein concentration of the
larval lysate, dilutions of primary and secondary antibodies,
and the incubation period of the peroxidase-conjugated an-
tibody. For optimizations and each ELISA run, duplicate wells
using a pooled of three serum samples from groups IA and IB
were used as positive controls, whereas duplicate wells using
pooled of three serum samples from groups Il and lll were used
as negative controls. The antigen in carbonate buffer (pH 9.6)
was coated in microtiter plate wells (MaxiSorp; Nalge Nunc
International, Rochester, NY) at 4°C overnight. The next day,
the plate was incubated for 1 hour at 37°C, washed five times
with phosphate-buffered saline containing 0.1% Tween-20,
and then blocked for 1 hour with 3% bovine serum albumin
(Amresco, Solon, OH). Subsequently, samples (2 wells/serum)
were incubated at 37°C for 2 hours, washed, and then mouse
antihuman IgE-HRP (Southern Biotech, Birminghan, AL) was
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incubated for 2 hours at 37°C. Finally, the plate was washed
again and ABTS substrate (Roche Diagnostics GmbH, Man-
nheim, Germany) added at 100 pL/well and incubated for 30
minutes. All the incubation steps were performed on a
microplate shaker at 300 rpm, whereas washing steps were
performed at 700 rpm. The optical density (OD) readings were
read at 405 nm/490 nm using the Thermo Multiskan Spectrum
Reader (Multiskan Spectrum, Thermo Scientific, Rockford, IL).
Statistical analysis. Diagnostic sensitivity and specificity
of the IgE-ELISA were determined by standard methods.
Graph Pad Prism version 8.0.2 (GraphPad Software, San Diego,
CA) was used to perform one-way analysis of variance (ANOVA)
with Bonferroni multiple comparisons test for all groups, and
t-test was used to compare between groups. A statistical
probability (P) of less than 0.05 was considered statistically
significant. Receiver operator characteristic (ROC) curve analy-
sis of the IgE-ELISA was performed using MedCalc statistical
software 19.0.7 (MedCalc Software Ltd., Ostend, Belgium).

RESULTS

The optimized parameters of the IgE-ELISA were as follows:
100 pL larval lysate antigen at 5 ug/mL (0.5 pg/well), serum

dilution at 1:100, and secondary antibody at 1:500 with 2
hours incubation period. Between-day precision values of the
control wells were as follows: group IA0.722 + 0.012, group IB
0.553 + 0.017, group 11 0.110 + 0.013, and group Il 0.089 =
0.002. Meanwhile, within-day precision values of the control
wells were as follows: group 1A 0.720 + 0.0071, group IB 0.557 +
0082, group 11 0.106 + 0063, and group Il 0.084 + 0015. The
Strongyloides-specific IgE responses by ELISA showed a
cutoff OD value of 0.19 and area under the ROC curve of 1.0
(95% CI: 1.000-1.000, P < 0.01). A diagnostic sensitivity of
100% was achieved with positive reference sera of 20 sam-
ples from group IA (microscopy and/or PCR positive;
Strongyloides 19G and 1gG4 positive) and 11 serum samples
from group IB (PCR positive; Strongyloides 1gG and IgG4
negative). A diagnostic specificity of 100% was obtained us-
ing 73 samples with negative reference (control) sera from
group |l (other infections; Strongyloides IgG negative) and 22
samples from group Il (healthy individuals; Strongyloides 1gG
negative).

As shown in Figure 1, one-way ANOVA showed statistically
significant differences among the four different sera groups,
with five comparisons showing P-values < 0.01 and one
comparison with P < 0.026. The OD values of group IA were
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Ficure 1. One-way ANOVA comparison of the optical density (OD) values (mean + 1 SD) of the different serum groups. Group 1A: positive by
Strongyloides IgG-ELISA and IgG4 rapid test, and stool samples were positive by microscopy and/or PCR (n = 20); group 1B: negative by Strongyloides
IgG-ELISA and IgG4 rapid test, but stool samples were PCR positive (n = 11); group II: infected with other parasites and negative by Strongyloides IgG-
ELISA (n = 73); group lll: healthy donors who were negative by Strongyloides IgG-ELISA (n = 22). This figure appears in color at www.ajtmh.org.
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significantly higher than those of group IB at P < 0.003. The
figure also shows that the OD values of group IB were signif-
icantly higher than those of group Il at P < 0.001, and group Il
at P < 0.01. The distribution of OD values of the positive and
negative serum samples by IgE-ELISA is shown in Figure 2.

DISCUSSION

Antibody responses are induced upon infection with path-
ogens, and the types of antibodies produced depend on the
specific infectious agent. Inresponse to S. stercoralis infection
in humans, the immune system secretes different classes of
antibodies at various phases of the disease. For example,
specific IgM, IgA, and IgE are secreted in the early stages of
infection, indicating their importance as diagnostic markers
of acute strongyloidiasis. However, the IgM response
declines quickly, and thus detection of IgM in patients infected
with S. stercoralis has not shown to be diagnostically
significant.”?” Meanwhile, the IgA level declines 4-5 weeks
after exposure, showed limited detection in serum, and was
more readily detected in saliva.®

The levels of IgG and IgG4 levels are high in patients with
chronic Strongyloides infection, demonstrating their utility
in the diagnosis of the chronic phase of the disease.® Al-
though IgG is abundant in 95% of the patients infected
with S. stercoralis,?” its main drawback is potential cross-
reactivity, especially with antibodies from patients with
filariasis, ascariasis, and schistosomiasis.?® Among the sub-
classes of IgG, the IgG1 response is significantly depressed in
older populations and is also more often associated with long-
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standing chronic infections.'®3° Meanwhile, IgG4 anti-
body constitutes a more specific response to S. stercoralis
infection and is consistently found in chronically infected
patients.0:30:31

Strongyloides-specific IgE antibodies can remain in patient
serum for years, indicating the presence of long-lived memory
B cells or plasma cells.®? The level of IgE antibodies seemed to
depend on whether the infection is active. Albendazole
treatment in children every 2 months for over a year is asso-
ciated with a significant reduction in total IgE levels.®® Specific
IgE antibody decreases to a low level or disappears within
6-12 months after effective treatment of strongyloidiasis with
ivermectin.®* An elevated IgE level is also one of the most
consistent findings in human helminthic infection. Significant
associations between elevated IgE level and the risk of
schistosomiasis,>**® hookworm disease,>”® trichuriasis,>®
and ascariasis*®*' pertain in both mice and humans. Sus-
ceptibility to infection by various parasitic helminths, including
Schistosoma mansoni,*? T. spiralis,****and Brugia malayi,*®
increases in IgE-deficient mice.

Numerous serodiagnostic tools have been introduced to
detect strongyloidiasis. An ideal test would be able to detect
early infection and differentiate between acute and chronic
diseases. The latter would be much more challenging to
achieve because strongyloidiasis is usually detected at the
chronic stage of the infection. The most widely used serodi-
agnostic test format for strongyloidiasis is the ELISA, most of
which use a crude extract of S. stercoralis to detect specific
serum IgG or IgG4 antibodies.®*¢~*® |n the present study,
ELISA plates coated with larval lysate of S. stercoralis

0.8— )
— I P-value <0.001 L
. \ P-value <0.001
=1 P-value <0.003
. o]
0.6— o0
< ]
= -
— - o)
m . o ¥ [ P-value <0.001
m . 2 T I
=0 _ P-value <0.001
. - o©
< — o ®
= 0.4— o
@ i) o 0
] 0 [
2z =] 03 00O °
a ] o
o - o ette, cov> 019
0.2— Sensitivity= 100%
Y ﬂi Specificity= 100%
] i 4 v v
] Yy
_ Yy v
yYvywy
= M
. MMM
00— I I 1 T
Group IA Group IB Group II Group III

Ficure 2. The distribution of optical density (OD) values of different serum groups by IgE-ELISA. The cutoff OD value to discriminate between
positive and negative results was 0.19. Group 1A: positive by Strongyloides IgG-ELISA and IgG4 rapid test, and stool samples were positive by
microscopy and/or PCR (n = 20); group 1B: negative by Strongyloides IgG-ELISA and IgG4 rapid test, but stool samples were PCR positive (n = 11);
group lI: infected with other parasites and negative by Strongyloides IgG-ELISA (n = 73); group llI: healthy donors who were negative by Strong-

yloides 1gG-ELISA (n = 22). This figure appears in color at www.ajtmh.org.
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detected specific IgE antibodies from two groups of individ-
uals with strongyloidiasis (positive reference), and two groups
of controls (negative reference), with 100% diagnostic sensi-
tivity and specificity. Positive test results among group IA in-
dividuals were not surprising because the samples were from
individuals who were positive by direct methods (microscopy
and/or PCR) and were seropositive. Notably, the IgE-ELISA
was also positive with asymptomatic infected individuals who
were negative for specific IgG and IgG4 antibodies (group IB).
Strongyloides stercoralis infection was confirmed in these
patients by PCR testing of their stool samples. We hypothe-
sized that group IB individuals had early infection because
their IgG serology was negative. This group of individuals is
interesting because they could only have been detected by the
IgE-ELISA in a field study among asymptomatic individuals.
On the other hand, hospitalized chronic strongyloidiasis pa-
tients are commonly asymptomatic as well as positive for
Strongyloides IgG. Our results are thus consistent with the
earlier findings that IgE is an important antibody marker for
strongyloidiasis, especially in cases of probable early/acute
infection. %13

Significantly higher OD values were observed in sera from
group IA than in group IB sera. The results were consistent
with the assumption that group IA individuals (likely to have
more chronic infection) had the infection for a more extended
period than group IB individuals (likely to have an early
infection). Concerning the diagnostic specificity of the IgE-
ELISA, it was found to be excellent, as shown by the signifi-
cantly lower ODs of groups Il and lll (negative reference/
control) as compared with groups IA and IB (positive
reference).

We previously reported an IgE-ELISA using Strongyloides
larval lysate, which detected only 7.7% (n = 26) of sera from
Strongyloides-infected individuals.*® One possible reason for
the different levels of diagnostic sensitivity between our pre-
vious and present studies could be attributed to the antihuman
IgE-HRP secondary antibody, in terms of the source, dilution,
and incubation time. The previous study used the antibody
from Abcam (England, United Kingdom) at 1:2,000 for 30
minutes, whereas the present study used the antibody from
Southern Biotech (Birmingham, AL) at 1:500 for 2 hours.
However, both studies concurred that the diagnostic speci-
ficity of the IgE-ELISA was 100%.

An IgE assay using a recombinant protein would be more
desirable in terms of ease of production and standardization.
Thus, we previously attempted to optimize IgE-ELISAs using
two recombinant antigens reported to be of diagnostic value,
that is, NIE and recombinant Strongyloides Ss1a.”*® How-
ever, we were unable to obtain satisfactory diagnostic speci-
ficity despite many optimization attempts (data not shown);
consequently, no further work along these lines was per-
formed. Therefore, the discovery of new recombinant proteins
for use in IgE assays would be beneficial for the improvement
of strongyloidiasis serodiagnosis.

In conclusion, the IgE-ELISA developed in this study is
highly sensitive and specific. However, clinicians who work in
endemic areas of other parasitosis should carefully interpret
because of the limited numbers of serum samples used for
specificity evaluation. In the future, much larger number of
serum samples from individuals with strongyloidiasis and
other infections should be tested to confirm the findings of this
study. The IgE-ELISA is promising for laboratory detection of

strongyloidiasis, to diagnose suspected patients, especially
those with early infection, and for epidemiological studies.
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