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Abstract.

A new recombinant protein (NIE) for immunodiagnosis of human Strongyloides infection has 13% to 18%

amino acid identity with antigen 5 insect venom allergen, but the C-terminal segment of NIE showed highest identity
with Ves v 5 (yellow jacket) and Pol a 5 (paper wasp). A rabbit polyclonal anti-NIE antibody identified a single band
of NIE antigen as well as bands of Pol a 5 and Ves v 5 antigens, and mouse anti-Pol a 5 and anti-Ves v 5 sera reacted
with recombinant NIE antigen by Western blot. A cyanogen bromide-digested C-terminal fragment of NIE was reactive
with mouse anti-Ves v 5 and Pol a 5 antibodies as well as with rabbit anti-NIE serum. Although IgE and IgG antibodies
from pooled sera from Strongyloides-infected patients reacted with Pol a 5 and Ves v 5 recombinant antigens on
immunoblots, neither antigen inhibited human IgG reaction with NIE antigen in a competitive enzyme-linked immu-

nosorbent assay.

INTRODUCTION

In the process of characterizing a new recombinant protein
(NIE) for use in immunodiagnosis of strongyloidiasis,' the
recombinant protein was found to exhibit 13-18% amino acid
homology with a venom allergen, antigen 5 (Ag 5), of hornets,
wasps, and yellow jackets.” NIE has variable degrees of ho-
mology with proteins from diverse sources, including mam-
malian testis protein,® human brain,* plants,® and hookworm.®

A recombinant NIE (rNIE) protein was found to be ca-
pable of stimulating release of histamine from basophils con-
taining parasite specific IgE of patients infected with Strongy-
loides stercoralis. This property of the NIE antigen suggested
that it could also be used as a skin test antigen for immediate
hypersensitivity responses, as has been reported with crude
larval antigen from the parasite.” In view of the frequent
multiple sensitivity to different vespids seen in patients,>® it
was considered important to examine further the extent of
antigenic relationships of the insect venoms with the rNIE
antigen from S. stercoralis parasites. Such considerations are
particularly relevant if the antigens are used to evaluate im-
mediate hypersensitivity.

In this report, we present evidence for considerable cross-
reactivity among recombinant Pol a 5, Ves v 5, and the NIE
antigens by their respective polyclonal antibodies. Cross-
reactivity of the recombinant antigens extended to serum IgE
and IgG from Strongyloides-infected patient sera; however,
the recombinant vespid venom antigens were unable to in-
hibit NIE reactivity with pooled serum from Strongyloides
patients by competitive enzyme-linked immunosorbent assay
(ELISA).

MATERIALS AND METHODS

Expression and purification of antigens. Recombinant ven-
oms Ves v 5 of yellow jacket (Vespula vulgaris) and Pol a 5 of
paper wasp (Polistes annularis) were expressed in a yeast ex-
pression system.” These proteins were purified and their re-
spective antibodies raised in mice by one of the authors.® NIE
protein was expressed in bacteria Eschericia coli and purified
by 2-step purification using as the first step an immobilized
metal affinity purification column and then a size-exclusion
column.'

Western blotting. Recombinant purified proteins Pol a 5,
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Ves v 5, and NIE antigens, 0.5 pg/lane, were loaded onto
either 10% or 4-12% gradient gels.'® Protein was transferred
to nitrocellulose membranes and blocked in 5% skim milk
overnight at 4°C. Membranes were washed in phosphate-
buffered saline containing 0.1% Tween 20 (PBST) and incu-
bated separately with 25,000-times diluted rabbit anti-NIE
serum in PBST. Mouse anti-Pol a 5 and Ves v 5 sera were
diluted 1:2,000 in PBST and incubated 1 hour at room tem-
perature. Blots were separately washed in PBST and incu-
bated with goat anti-mouse or goat anti-rabbit sera conju-
gated with horseradish peroxidase (HRPO; Jackson Immu-
noResearch, West Grove, PA) diluted to 1:50,000 in PBST for
1 hour. For IgE Western blots, membranes were first incu-
bated with IgG-depleted sera (2 volumes Gamma Bind G
Sepharose [Pharmacia, Piscataway, NJ] to 1 volume serum)
for 2 hours at a 1:50 dilution in PBST. The membranes were
then exposed to affinity-purified goat anti-human IgE
(Kirkegaard and Perry, Gaithersburg, MD) conjugated with
peroxidase at a 1:5,000 dilution. Bound antibodies were de-
tected by chemiluminescence on addition of luminol substrate
(Super Signal West Pico stable peroxidase; Pierce, Rockford,
IL).

Inhibition ELISA. Purified rNIE antigen, in volumes of 50
L in coating buffer and containing 0.125 pg/mL of protein
(optimum concentration by box titration), was added to all 96
wells of an ELISA plate (Immulon 2B) and left overnight at
4°C. The next day, the plate was blocked with 5% skim milk
for 1 hour. Meanwhile, three series of tubes were prepared,
each containing 50 pL of a 1:64 dilution of pooled sera from
S. stercoralis—infected patients. Serial 10-fold dilutions of the
recombinant venom antigens, starting with 100 pg/mL for Pol
a5 and Ves v 5 and 1.25 pg/mL protein for the NIE antigen
in 4-fold dilutions, were made in the series of tubes containing
the 1:64 dilution of Strongyloides patients’ serum. These an-
tigen-antibody mixtures were allowed to absorb for 1 hour at
37°C. The antigen-antibody mixtures were then transferred in
duplicate to the ELISA plate containing the fixed concentra-
tion of NIE antigen. The optical density (OD) readings on the
serial dilutions of the NIE antigen serves as the control
against which possible competing action of the Pol a 5 and
Ves v 5 antigens will become apparent.

Rabbit and mouse antibodies to rNIE and insect venom
proteins. Purified rNIE antigen was used for immunization as
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described.! A primary dose of 200 pg protein in complete
Freund’s adjuvant was given intradermally to a rabbit (Spring
Valley Laboratories, Woodbine, MD) followed by three
booster injections each containing 100 g protein in incom-
plete Freund’s adjuvant. For use as a probe, the polyclonal
rabbit antiserum was used at a dilution of 1:50,000 against
NIE antigen and 1:25,000 against Ves v 5 and Pol a 5 of insect
venom. Groups of BALB/c mice were immunized intraperi-
toneally each with 0.2 mL of a mixture of 10 pg/mL Ag 5 and
5 mg/mL alum as adjuvant.” These sera were diluted to 1:
2,000 for immunoblot assays.

Purification of NIE-specific antibody. Purification of rabbit
anti-NIE-specific antibody was performed using activated cy-
anogen bromide (CnBr) coupled to Sepharose 4B as ex-
plained by the manufacturer (Amersham Pharmacia Biotech,
Piscataway, NJ). One milliliter of matrix was added to 5 mg of
purified NIE antigen and incubated rocking at 4°C overnight.
The coupled matrix was washed with PBS, and 1 mL of im-
munized rabbit serum was added and left overnight at 4°C.
The column was then packed with the sample and washed
with 15 column volumes of PBS and then eluted with two
column volumes of glycine buffer, pH 2.4. The eluted anti-
body sample was immediately neutralized with 3 M Tris HCI
(pH 9.0), and glycerol was added to a final concentration of
50% and stored at —20°C.

Chemical digestion of NIE antigen. One milligram of puri-
fied rNIE antigen was suspended in 1 mL of 70% formic acid
containing 1 mL of 70 mg/mL CnBr stock solution. The
sample was incubated in the dark for 24 hours at room tem-
perature. The sample was dried with a speed vac (HetoVac,
Columbia, MD), and 100 p.L of water was added and re-dried
under the same conditions. The digested NIE sample was
dissolved in sample solublizing buffer and analyzed on so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) gels.

RESULTS

Amino acid sequence analysis of NIE with amino acid se-
quences of Ves v 5 and Pol a 5. A sequence search of the
conserved domain database using Pfam showed that NIE pro-
tein had sequence similarity to a protein from insect venom
allergens 5 of Ves v 5% from the yellow jacket and Pol a 5%

from the paper wasp, human testes protein,’® pathogen-related
protein,'’ and human hookworm.® Further, Ves v 5 and Pol a
5 were selected to identify their cross-reactive epitopes with
NIE antigen. The NIE protein showed amino acid similarity
(Figure 1) that was equivalent between it and both the Ves v
5 and Pol a 5 (46%), whereas the degree of amino acid iden-
tity varied between Ves v 5 and Pol a 5 (34% and 30%,
respectively).

Cross-reacting epitope of NIE with Ves v 5§ and Pol a 5. A
38-kD purified rNIE protein was probed separately with rab-
bit anti-NIE antibody, mouse anti-Ves v 5, and mouse anti-
Pol a 5 antisera. All these antibodies recognized the rNIE
antigen at 38 kDa (Figure 2C). A similar experiment with
rabbit anti-NIE showed reactions with recombinant Ves v 5
and Pol a 5 antigen at 26 kDa and 25.5 kDa, respectively
(Figure 2B). The intensity of anti-NIE antibody reactivity
with Ves v 5 was more prominent than with the Pol a 5 an-
tigen (Figure 2B), possibly reflective of the differences in
amino acid identity between the vespid allergens. Preimmu-
nized rabbit and mouse sera were not reacted to their respec-
tive recombinant antigens (data not shown). Recombinant
proteins NIE, Ves v 5, and Pol a 5 were run on nondenatured
gels, and their respective antibodies were not reacted in criss-
cross experiments (data not shown).

NIE, Ves v 5, and Pol a 5 reactions with human sera. Ves v
5 and Pol a 5 are components of insect venom and have been
identified as allergenic, but their functions are as yet unde-
fined. An experiment was carried out to determine the reac-
tivity of Ves v 5 and Pol a 5 antigens with IgE in pooled serum
from S. stercoralis—infected patients. The status of individuals
contributing to the serum pool with respect to insect sensiti-
zation was not known.

Purified recombinant antigens of Ves v 5, Pol a 5, and NIE
were reacted with human sera from patients with S. stercoralis
and IgE and IgG reactivity (Figure 3); the reactivity was
weaker with Pol a 5 compared with NIE and Ves v 5 antigens
(Figure 3). There was, in general, reactivity to each of the
proteins by both IgE and IgG isotypes.

Localization of epitope on rNIE antigen. Purified NIE an-
tigen was chemically digested with CnBr to identify the loca-
tion of the cross-reactive epitopes on the digested fragments.
The rNIE, containing two methionines, generated three frag-
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FIGURE 1. Comparison of the C-terminal segment of the recombinant NIE (AAD46493) amino acid sequence with the C-terminal segments
of homologous insect venom allergens from Ves v 5 (P35783) and Pol a 5 (P81656). Best fitting segment-to-segment pairwise alignment was done
using nonredundant protein sequence database WxA11l with similarity matrix 62 (available at www.ebi.ac.uk). Identical residues are darkly

shaded, and conserved substitute residues are shaded gray.
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FIGURE2. SDS-PAGE gel and immunoblot analysis of purified recombinant antigens of NIE and its homologs, Ves v 5 and Pol a 5. A, Purified
recombinant antigens were resolved on a 10% SDS-PAGE gel and stained with Coomassie blue. Lane 1, NIE antigen (38 kDa); Lane 2, purified
rVes v 5 (26 kDa); Lane 3, purified rPol a 5 (25.5 kDa); Lane 4, molecular weight protein markers. B, Immunoreactivity of purified rNIE antigen
and its homologs reacted against rabbit anti-NIE antibody. Lane 1, NIE reacted at 38 kDa; Lane 2, Pol a 5 reacted at 25.5 kDa; Lane 3, Ves v
5 antigen reacted at 26 kDa. C, Immunoreactivity of NIE antigen with mouse anti-Ves v 5 and Pol a 5 sera. Lane 1, NIE reacted with rabbit
anti-NIE antibody; Lane 2, NIE reacted with mouse anti-Pol a 5 antibody; Lane 3, NIE recognized by mouse anti-Ves v 5 antibody.

ments: C-terminal of 17.5 kDa, a middle portion of 7 kDa, and
an N-terminal of 3.5 kDa (Figure 4A). Appearance of an
extra band at 24 kDa was likely due to modification of me-
thionine at position 204.! The 24-kDa band is formed by the
middle portion and the C-terminal fragment of NIE, as de-
termined by N-terminal amino acid sequencing by the Edman
degradation method.

Mouse anti-Pol a 5, mouse anti-Ves v 5, and rabbit anti-
NIE sera reacted with both the 24-kDa and 17-kDa fragments
of the C-terminal portion of the NIE antigen (Figures 4B—
4D). S. stercoralis—infected pooled human serum also reacted
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FIGURE 3. A, Immunoblot of purified antigens of NIE, Ves v 5,
and Pol a 5 reacted with IgG of pooled sera from humans infected
with S. stercoralis. Lane 1, NIE antigen; Lane 2, Ves v 5; Lane 3, Pol
a 5. B, Immunoblot of purified recombinant antigens of NIE and its
homologs Ves v 5 and Pol a 5 reacted with IgE antibody of pooled S.

stercoralis—infected human sera (IgG depleted). Lane 1, purified
rNIE antigen; Lane 2, purified rVes v 5; Lane 3, purified rPol a 5.

with the C-terminal fragment of NIE, but the reactivity was
very poor, suggesting the presence of a discontinuous epitope.
Immunoreactivity of these sera with synthetic peptides de-
signed to the C-terminal fragment of NIE was identified by
ELISA (data not shown). These results further confirm that
all these different sera exhibit a crossreacting epitope located
at the C-terminal fragment of NIE.

Inhibition ELISA. Although the NIE antigen showed
shared epitopes with the recombinant venom antigens, the
specificity of NIE as a diagnostic antigen for Strongyloides
infection was also tested by inhibition ELISA. For this pur-
pose, a wide range of recombinant Ves v 5 and Pol a 5 con-
centrations (10-fold decreasing dilutions starting at 100 g/
mL protein) was tested for capacity to inhibit the reaction of
pooled sera from Strongyloides-infected patients. The NIE
antigen was also serially diluted in 4-fold steps starting at 1.25
pg/mL and served as the control against which the possible
inhibitory effects of Ves v 5 and Pol a 5 antigens could be
evaluated. Figure 5 shows the control curve of OD for the
rNIE antigen, with a progressive decline in OD that would be
expected with the serial 4-fold dilutions of antigen. The pres-
ence of either Pol a 5 or Ves v 5 recombinant antigens did not
inhibit the binding of NIE to anti-NIE antibody. Detection of
cross-reactivity of NIE with Ves v 5 or Pol a 5 on immunoblot
but absence of cross-reactivity on ELISA may possibly be
because cross-reactivity is observed with denatured proteins
on immunoblot and that denaturation occurred during SDS
gel electrophoresis.

DISCUSSION

The moderate degree of homology found in the database
between Strongyloides recombinant NIE protein and several
nematode proteins, such as Caenorhabditis and hookworm,
might be expected, but the relationship to insect venom pro-
teins was unexpected. Except for the fact that both groups of
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FIGURE 4. CnBr-digested rNIE protein on SDS-PAGE and immunoblot analysis. A, CnBr-digested NIE antigen was separated on 12%
SDS-PAGE gel with running electrophoresis buffer containing 2-[N-morpholino]ethanesulfonic acid. Lane 1, 38-kDa undigested NIE protein;
Lane 2, fragments of NIE digested with CnBr; Lane 3, molecular weight marker. B, Immunoblot of undigested and CnBr-digested fragments of
NIE with mouse anti-Ves v 5 sera. Lane 1, undigested NIE reacted at 38 kDa; Lane 2, CnBr-digested fragments of NIE protein. C, Immunoblot
of undigested and CnBr-digested fragments of NIE with mouse anti-Pol a 5 sera. Lane 1, undigested NIE reacted at 38 kDa; Lane 2, CnBr-digested
fragments. D, Immunoblot of undigested and CnBr-digested fragments of NIE with rabbit anti-NIE sera. Lane 1, CnBr-digested fragments;
Lane 2, undigested NIE reacted at 38 kDa; Lane 3, molecular weight markers.

proteins can act as allergens, they share no obvious biological
properties. The Pol a 5 antigen displayed a weaker degree of
cross-reactivity than Ves v 5 when tested by Western blot
against the polyclonal rabbit anti-NIE antibody (Figure 2B)
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FIGURE 5. Inhibition ELISA of NIE antigen with S. stercoralis—
infected human patient sera. Patient sera were diluted to 1:128 and
depleted with purified recombinant antigens with initial concentra-
tions of 100 pg/mL for both Ves v 5 (circles) and Pol a 5 (diagonal
crosses). NIE was used at 1.25 pg/mL (triangles).

as well as when tested against pooled IgE and IgG from
Strongyloides-infected patients (Figure 3). The reduced inten-
sity of staining of Pol a 5 antigen in comparison with Ves v 5
is in keeping with the degrees of homology assigned to the
respective proteins, namely, 30% and 34%, in comparison
with the NIE antigens. A similar result was reported for ho-
mologous tpx protein from the mouse and the Dol m 5 pro-
tein from the hornet. Antibody raised in mice to the C-
terminal fragment of Dol m 5 strongly reacted to the C-
terminal fragment of tpx.'> The extensive cross-reactivity
between recombinant nematode proteins and recombinant in-
sect venoms raises the possibility that individuals sensitive to
certain insect venoms would show false positive serologic
tests for antibodies to S. stercoralis; however, neither of the
recombinant Pol a 5 or Ves v 5 antigens, nor commercial
yellow jacket or wasp venom skin test antigens (Alk Abello,
Round Rock, TX), showed significant reactions by ELISA to
pooled serum from S. stercoralis patients (data not shown).

A low level of antibody responses to heterologous antigens
may explain the background of immunologic responses that
falls below the cutoff level for a given protein-based ELISA.
For example, in a recent report on the use of the NIE antigen
in S. stercoralis serodiagnosis, a result of 35 units or less
(mean value plus 3 times SD of negative controls) defined the
cutoff level separating positive from negative results.! It was
somewhat surprising that in the inhibition ELISA, a wide
range of either Pol a 5 or Ves v 5 antigen concentrations failed
to significantly alter the curve of OD readings for control NIE
antigen.

Neither Pol a 5 nor Ves v 5 inhibited the binding of NIE
antigen and patient sera, although patient sera did bind these
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antigens on immunoblot. The difference is related to the fact
that antigen-antibody interaction occurs in solution for inhi-
bition ELISA and it occurs as a solid-phase antigen in immu-
noblot. Solid-phase immunoassay is known to be more effec-
tive than solution-phase assay for detection of low-affinity
interaction. A possible explanation for this difference is that
high effective local concentration of antigen on the solid
phase suppresses disssociation of antigen-antibody com-
plexes.'?

Received July 8, 2004. Accepted for publication October 22, 2004.

Acknowledgments: The authors thank Mark Garfield for help with
N-terminal amino acid sequencing of NIE antigen by Edman degra-
dation and Brenda Rae Marshall for help preparing this manuscript.

Authors’ addresses: Varatharajalu Ravi, Laboratory of Parasitic Dis-
eases (LPD), National Institute of Allergy and Infectious Diseases
(NIAID), 4 Center Drive, Room 4/126, National Institutes of Health
(NIH), Bethesda, MD 20892, Telephone: 301-496-9892, Fax: 301-402-
0079, E-mail: rvaratharajalu@niaid.nih.gov. Te Piao King, Rocke-
feller University, New York, 1230 York Avenue, New York,
NY 10021, Telephone: 212-327-8212, Fax: 212-327-8878, E-mail:
kingtp@mail.rockefeller.edu. John F. Andersen, LPD, NIAID, 4
Center Drive, Room 4/126, NIH, Bethesda, MD 20892, Telephone:
301-435-2967, Fax: 301-402-2201, E-mail: jandersen@niaid.nih.gov.
Thomas B. Nutman, LPD, NIAID, 4 Center Drive, Room 4/126,
NIH, Bethesda, MD 208923, Telephone: 301-496-5398, Fax: 301-480-
3757, E-mail: thutman@niaid.nih.gov. Franklin A. Neva, LPD, NIAID,
4 Center Drive, Room 4/126, NIH, Bethesda, MD 20892, Telephone:
301-496-2486, Fax: 301-402-0079, E-mail: fneva@niaid.nih.gov.

Reprint requests: Franklin A. Neva, LPD, NIAID, 4 Center Drive,
Room 4/126, NIH, Bethesda, MD 20892, Telephone: 301-496-2486,
Fax: 301-402-0079, E-mail: fneva@niaid.nih.gov.

REFERENCES

1. Ravi V, Ramachandran S, Thompson RW, Andersen JF, Neva
FA, 2002. Characterization of a recombinant immunodiagnos-
tic antigen (NIE) from Strongyloides stercoralis 1.3 stage lar-
vae. Mol Biochem Parasitol 125: 73-81.

10.

11.

12.

13.

. King TP, 1996. Immunochemical studies of stinging insect venom

antigens. Toxicon 34: 1455-1458.

. Mizuki N, Sarapata DE, Maria-Sanz JA, Kasahara M, 1992. The

mouse male germ cell-specific gene Tpx-1: molecular structure,
mode of expression in spermatogenesis and sequence similar-
ity to two non-mammalian genes. Mamm Genome 3: 274-280.

. Murphy EV, Zhang Y, Zhu W, Biggs J, 1995. The human glioma

pathogenesis-related protein is structurally related to plant
pathogenesis-related proteins and its gene is expressed specifi-
cally in brain tumors. Gene 159: 131-135.

. Cornelissen B, Hooft von HR, Van Loon L, Bol I, 1986. Molecu-

lar characterization of messenger RNAs for pathogenesis re-
lated protein 1a, 1b, 1c produced by TMV infection of tobacco.
EMBO J 5: 37-40.

. Hawdon JM, Jones BF, Hoffman DR, Hotez PJ, 1996. Cloning

and characterization of Ancylostoma-secreted protein. A novel
protein associated with the transition to parasitism by infective
hookworm larvae. J Biol Chem 271: 6672-6678.

. Neva FA, Gam AA, Maxwell C, Pelletier LL, 2001. Skin test

antigens for immediate hypersensitivity prepared from infec-
tive larvae of Strongyloides stercoralis. Am J Trop Med Hyg 65:
567-572.

. Lu G, Villalba M, Cosca MR, Hoffman DR, King TP, 1993. Se-

quence analysis and antigenic cross-reactivity of a venom al-
lergen, antigen 5, from hornet, wasp, and yellow jackets. J
Immunol 150: 2823-2830.

. Monsalve RI, Lu G, King TP, 1999. Expression of recombinant

venom allergen, antigen 5 of yellowjacket (Vespula vulgaris)
and paper wasp (Polistes annularis) in bacteria or yeast. Pro-
tein Expr Purif 16: 410-416.
Laemmli UK, 1970. Cleavage of structural proteins during assem-
bly of the head of bacteriophage T4. Nature 227: 680-685.
Cutt JR, Dixon DC, Carr JP, Klessig DF, 1988. Isolation and
nucleotide sequence of cDNA clones for the pathogenesis-
related proteins PR1a, PR1b and PRI1c of Nicotiana tabacum
cv. Xanthi nc induced by TMV infection. Nucleic Acids Res 16:
9861.

King TP, Lu G, 1997. Hornet venom allergen antigen 5, Dol m 5:
its T cell epitopes in mice and its antigenic crossreactivity with
a mammalian testis protein. J Allergy Clin Immunol 99: 630—
639.

Berzofsky JA, Berkower 1J, 1984. Antigen-antibody interaction.
Paul WE, ed. Fundamental Immunology. New York: Raven
Press, 595-644.



