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Abstract

Introduction: German cockroach (GCr) aeroallergens are
associated with allergic rhinitis and asthma. Vitellogenin (Vg)
and vitellin (Vn) are abundant proteins in GCr blood and
eggs (including egg cases), respectively, and are possible
high molecular mass allergens. Prior efforts to purify Vg/Vn
yielded amounts too small for subsequent studies. In this
study, we report the affinity purification of Vg/Vn from
whole-body defatted GCr powder and determination of the
binding of Vg/Vn to anti-GCr IgE. Method: New Zealand
white rabbits were immunized with pure Vg/Vn in Freund'’s
adjuvant, and IgG was purified from the rabbit sera and
conjugated to cyanogen bromide (CNBr)-activated Se-
pharose. Aqueous extracts from GCr powder were passed
over the column. After extensive washing, putative Vg/Vn
was eluted in low-pH buffer, neutralized, and analyzed by
SDS-PAGE and liquid chromatography high-resolution mass
spectrometry (LC-HRMS). IgE binding of Vg/Vn was evalu-
ated by inhibition of IgE binding to GCr-ImmunoCAP(16) in

sera from 10 GCr-allergic individuals. In addition, Vg/Vn was
biotinylated and bound to ImmunoCAP-streptavidin, and
direct IgE antibody binding to the immobilized Vg/Vn was
determined in sera from 26 GCr-allergic individuals. Results:
Vg/Vn isolated by affinity chromatography was 91% pure by
LC-HRMS; contaminants included Bla g 3 (0.9%), human
keratin (6%), and rabbit 1gG. Vg/Vn inhibited IgE binding to
GCr-ImmunoCAP(I6) in 8 of 10 sera. In direct-binding ex-
periments, 21/26 (80%) sera had anti-Vg/Vn IgE at >0.10 kU/L,
while 11/26 (42%) sera were >0.35 kUp/L. Conclusions: We
affinity-purified Vg/Vn and demonstrated that Vg/Vn-specific
IgE antibody is a major component of GCr-specific IgE.
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Introduction
The German cockroach (GCr), Blattella germanica,
produces potent indoor allergens associated with IgE-

mediated asthma and rhinitis [1]. In the USA, GCr allergy
can be diagnosed, in the context of a consistent clinical
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Fig. 1. SDS-PAGE analysis of eluates from affinity purification of Vg/Vn. Molecular mass standards are on the
left. “Pre”: extract loaded onto the column. “Flow” and “Wash”: material not bound by the column at pH 6.3-8.0.
“1-127: twelve 2.0 mL fractions eluted at pH 2.5 (see Methods). Fractions 3 through 12 were collected for further

analysis.

history, by skin testing with GCr extracts or measurement
of GCr-specific IgE in serum. The efficacy of allergen
reduction measures is uncertain [2, 3], and pharmaco-
therapy is the mainstay of treatment. Immunotherapy, a
highly effective approach with other allergens, has yet to
be clearly demonstrated as effective for GCr.

Known GCr allergens include Bla g 1 (midgut protein),
Bla g 2 (inactive aspartate protease), Bla g 3 (hemocya-
nin), Bla g 4 (lipocalin), Bla g 5 (glutathione S-trans-
ferase), Bla g 6 (troponin C), Bla g 7 (tropomyosin), Bla g
8 (myosin light chain), Bla g 9 (arginine kinase), Bla g 11
(a-amylase), and Bla g 12 (chitinase) (www.allergen.org).
Other GCr proteins also suggested as potential allergens
include enolase, receptor for activated protein kinase,
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triosephosphate isomerase [4], and delta-class glutathi-
one S-transferase [5] (allergome.org). In addition, vi-
tellogenin (Vg), the precursor protein to egg storage
protein vitellin (Vn), has been noted to bind IgE [4] and
stimulate T-cells [6] from GCr-allergic individuals. We
have also identified Vg in commercial GCr allergen ex-
tracts and some allergen source materials [7]. To de-
termine the allergenicity of Vg/Vn', we describe here its

lVg and Vn share proteomic signatures and epitopes and coexist in GCr. Since we
made no attempt in this study to distinguish Vg, Vn, and their numerous subunits,
multimers, and proteolytic products, we designate them as Vg/Vn throughout this
manuscript.
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affinity purification from defatted GCr powder and the
measurement of the binding of Vg/Vn to IgE antibodies
from GCr-allergic individuals.

Methods

Materials

Defatted GCr powder was from Greer (Lenoir, NC, USA) and
protease inhibitor mini tablets were from Roche. For affinity
purification, anti-Vg/Vn serum was raised in female New Zealand
white rabbits by intradermal injection of electrophoretically iso-
lated Vg/Vn with Freund’s complete and incomplete adjuvants
[8, 9]. Protein A Sepharose was from BioVision, CNBr-activated
Sepharose 4B from Cytiva, and N-hydroxy-succinimide biotin
(Biotin-X-NHS) from Sigma-Aldrich. Protein content and purity
were determined by liquid chromatography high-resolution mass
spectrometry (LC-HRMS) using a LUMOS Tribid Orbitrap mass
spectrometer. IgE binding was determined using the ImmunoCAP
system. ImmunoCAP (I6) (GCr) and ImmunoCAP-Streptavidin
were from ThermoFisher. Residual deidentified human sera from
allergic individuals, selected for elevated specific IgE to GCr by
ImmunoCAP (I16), and control sera were from the Johns Hopkins
DACI Laboratory.

GCr Extract Preparation

Protease inhibitors were added to all buffers. GCr extract was
prepared from defatted GCr powder in ammonium bicarbonate
buffer, 50 mm, pH 8.0 (ABC), 1:10 (w/v), shaken overnight at 4°C,
and centrifuged for 15 min at 3,500 x g The supernatant was
passed over grade 1 filter paper (Whatman).

Affinity Column Preparation and Vg/Vn Purification

IgG from rabbit anti-Vg/Vn was purified over protein A
Sepharose, and purified IgG anti-Vg/Vn was conjugated to
CNBr-activated Sepharose 4B. Affinity chromatography was
performed at 4°C. Anti-Vg/Vn-conjugated Sepharose was
equilibrated with ABC. GCr extract was loaded onto the column,
which was then washed with 0.05 M Tris-HCI, 0.5 m NaCl, pH 8.0,
containing 0.1% Triton X-100, followed by 0.05 M sodium
phosphate, 0.5 M NaCl, pH 6.3, containing 0.1% Triton X-100.
Putative Vg/Vn was eluted with 0.05 M glycine buffer pH 2.5,
containing 0.15 M NaCl and 0.1% Triton X-100, and immediately
neutralized with 1 M Tris-HCl, pH 9.0. Yield was estimated
by BCA.

Protein and Proteomic Analyses

GCr extract and affinity chromatogram flowthroughs/eluates
were analyzed by SDS-PAGE using 4-12% gradient Bis-Tris gels
visualized with Imperial stain (ThermoFisher). Prior to LC-HRMS,
neutralized eluate samples were denatured in 6 M urea containing
dithiothreitol (0.1 M) and iodoacetamide (0.05 M). Sequencing-
grade modified trypsin (Promega) was reconstituted in 4 mL of
ABC buffer to a concentration of 5 pg/mL. In both in-gel and in-

“Rabbit antisera were generated by one of us (CS) in 1996 for another project and
stored at —80°C.

Vg/Vn-Specific IgE Antibody as a Major
Component of GCr-Specific IgE

solution digestion methods, 24 pL of trypsin was added to 6 pug of a
sample (1:50, w/w) at 37°C before loading it onto the instrument
for LC-HRMS analysis.

Inhibition Assay and Direct-Binding Assay to Assess IgE

Binding

Pooled eluate containing putative Vg/Vn was concentrated
and exchanged into PBS using an Amicon Ultra-15 filtration
unit (NMWL 3 kDa); for long-term storage at —20°C, glycerol
was added to a final concentration of 33% (v/v). Inhibition of
GCr-allergic serum binding to GCr-ImmunoCAP(I6) was de-
termined with 10 sera pre-incubated with Vg/Vn as previously
described [10]. To assess non-specific binding of Vg/Vn to
human IgE, Vg/Vn was pre-incubated with anti-oak or anti-
peanut sera before exposure to oak and peanut ImmunoCAPs,
respectively. In both cases, Vg/Vn produced no inhibition (data
not shown).

In addition, purified Vg/Vn was deglycerinated at 4°C using
Slide-A-Lyzer G2 (3,500 MWCO) in PBS and biotinylated with
biotin-X-NHS (8:1 w/w) [11]. Biotinylated Vg/Vn was loaded onto
a freshly washed ImmunoCAP-streptavidin as previously de-
scribed [12]. Sera from 26 GCr-allergic individuals (including the
10 sera used for the inhibition testing) were assessed for binding to
ImmunoCAP-streptavidin-Vg/Vn as well as GCr-ImmunoCAP
(Ie) [13].

Results

Affinity Column and Analyses of Affinity Column

Eluates

The titer of the rabbit anti-Vg/Vn serum was deter-
mined to be 107° by ELISA. We purified IgG from 4 mL of
the rabbit anti-Vg/Vn serum over a protein A column; the
IgG was shown to be electrophoretically pure by SDS-
PAGE under reduced and nonreduced conditions (not
shown). We bound 30 mg of anti-Vg/Vn IgG to 4 mL of
CNBr-activated Sepharose. On each passage of the GCr
extract over the 4 mL affinity column, we recovered
4.5-6 mg of putative Vg/Vn. A total of 21 mg was re-
covered for further experiments.

Putative Vg/Vn from the affinity column eluate re-
solved into at least 8 identifiable bands on SDS-PAGE, at
approximately 15, 20, 45, 50, 55, 75, 80, and 105 kDa
(Fig. 1). LC-HRMS confirmed the presence of 211 distinct
peptide sequences, and 91% of the measured total ion
current mapped to Vg/Vn. The remaining sequences
mapped to Bla g 3 (0.9%) and rabbit or human
contaminants.

Binding of Human IgE-Anti-GCr to Vg/Vn

Binding of Vg/Vn to IgE-anti-GCr was assessed in two
ways: selective inhibition by pre-incubation of each se-
rum with Vg/Vn or buffer followed by measurement of
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Table 1. Vg/Vn inhibition of IgE binding to immobilized GCr

Serum identifier Original analysis, kUa/L + Vg/Vn, kUa/L + buffer, kUa/L Inhibition, %
U3056 71.8 753 784 4
U3171 73.9 79.2 85.5 74
U3520 13.5 10.8 11.9 9.2
U6769 19.3 233 24.7 5.7
U6821 27.7 16.7 18.5 9.7
ug772 11.6 17 16.6 -24
U9313 33 20.8 27.2 235
Uo9378 256 20 252 20.6
V1984 20.3 20.3 238 14.7
V2491 13.6 13 14 7.1

Serum from GCr-allergic individuals was pre-incubated with Vg/Vn (5 pg), and binding to GCr-
ImmunoCAP (16) was determined. Of the 10 sera tested, inhibition >5% was detected in 8. Vg/Vn,
vitellogenin/vitellin; kU/L, kilo unit (allergen)/liter; GCr, German cockroach.

the level of IgE binding to GCr-ImmunoCAP(I6) and
direct binding of IgE antibody from GCr-allergic indi-
viduals to immobilized biotin-Vg/Vn. In the first ap-
proach, 10 GCr-sensitized sera (IgE-anti-GCr range:
11-74 kU /L) were pre-incubated for 2 h with 5 pug of Vig/
Vn before adding to GCr-ImmunoCAP (16). IgE-anti-
GCr binding was inhibited in 8 sera by >5% and in 2 sera
by >20% (Table 1).

In the second approach, biotinylated Vg/Vn was bound
to ImmunoCAP-streptavidin, and sera from 26 GCr-
allergic individuals were tested for direct binding to both
GCr-ImmunoCAP(16) and ImmunoCAP-streptavidin-Vg/
Vn. Of the 26 sera from GCr-allergic individuals, 21 sera
(80%) had specific IgE levels >0.1 kU,/L (the analytical
sensitivity of ImmunoCAP), and 11 (42%) contained
levels >0.35 kU /L. Among those sera in which IgE-anti-
Vg/Vn was detected, it was present at 2-27% of the level of
IgE-anti-GCr (Table 2).

Discussion

GCr produces important allergens associated with
IgE-mediated asthma and rhinitis. GCr infestations
have been associated with substantial exposure to se-
cretory debris including dead adult females and eggs
[14] that contain Vg/Vn. Recent critical assessments of
environmental control strategies for management of
allergic disease have yielded conflicting outcomes [2, 3],
although the effect of pest control on the initial de-
velopment of allergy and asthma remains unevaluated.
Thus, allergen immunotherapy to GCr [15] is an im-
portant goal, but this goal is complicated by at least two
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scientific obstacles: the complexity of the immune re-
sponse to GCr allergens, with no clear immunodo-
minant allergens [16], and the fact that GCr allergen
extracts in the USA have a highly variable allergen
content [7, 17, 18]. A more complete description of GCr
allergens in the indoor environment will facilitate
progress toward that goal by directing investigators,
manufacturers, and regulators to target allergens that
are most immunopathogenic.

Vn is the major egg storage protein in GCr with
cross-reactivity to Vn’s in other oviparous insects and
birds, and Vg is its precursor. Insect Vg’s are phos-
pholipoglycoproteins synthesized in fat bodies, se-
creted into hemolymph, and taken up by developing
oocytes through receptor-mediated endocytosis,
where Vg is cleaved to Vn [19]. Prior investigators
have raised the possibility that Vg/Vn is an allergen:
Chuang [4] identified Vg/Vn as IgE-reactive in
proteome-mining using sera from GCr-allergic indi-
viduals, and Pomes [6] confirmed that it elicits T-cell
reactivity as well. Likewise, in our early proteomic
screens [20] and mass spectrometric work [7] with
GCr, we identified Vg/Vn as a potential allergen. We
found Vg/Vn peptide sequences in commercial al-
lergen extracts and in GCr female bodies and oothecae
(egg cases) [7].

Ascertaining that Vg/Vn is immunopathogenic in
GCr-allergic individuals requires having adequate
quantities of reasonably pure allergen, and our earlier
attempts to purify Vg/Vn from oothecae (unpublished)
and GCr powder by conventional methods [21, 22] were
successful but with extremely low yield. The availability of
a high-titer rabbit antiserum to GCr Vg/Vn made it
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Table 2. Direct binding of IgE antibody from GCr-allergic individuals to GCr extract (GCr-ImmunoCAP [I6]) and
to ImmunoCAP-streptavidin coated with biotinylated Vg/Vn

Serum identifier GCr(16-CAP), kU /L

Vg/Vn-CAP, kUA/L Vg/Vn/GCr (16-CAP) ratio, %

U9313 30.2
U9378 259
U9989 1.7
V1984 229
V4247 8.8

V4497 6.5

V5141 9.9

V5740 9.9

V5763 84

V6236 121
V6366 7.2

V6461 41.8
V6804 6.5

uU6848 2.64
V6848 0.71
V6849 11.5
V6860 1.94
V6876 4.56
V7069 1.07
V7085 1.83
V7133 1.04
V7212 7.24
V7245 1.35
V7267 9.18
V7271 1.26
V7303 1.03

1.06 3.50
1.2 4,60
0.25 2.10
0.81 3.50
0.19 2.10
0.82 12.60
0.34 340
0.26 2.60
0.88 10.50
0.37 3.10
042 5.90
2 4.80
<0.1 ND
<0.1 ND
<0.1 ND
0.36 3.10
0.15 7.70
0.19 4.20
0.21 19.60
<0.1 ND
0.2 19.20
1.23 17.00
0.12 8.90
0.7 7.60
<0.1 ND
0.28 27.20

Specific IgE to Vg/Vn was detected in 21/26 sera at the detectable threshold of >0.10 kUa/L, and in 11/26 sera
at >0.35 kUa/L. Vg/Vn, Vitellogenin/vitellin; kUa/L, kilo unit (allergen)/liter; GCr, German cockroach; ND, Not

determined.

possible to obtain much greater yields of pure material by
affinity chromatography. Using this approach, we were

able to obtain 21 mg of 91% pure Vg/Vn from an extract

of GCr powder.

We found, in both inhibition and direct-binding
experiments, that sera from 80% of GCr-allergic indi-
viduals retained in a Baltimore-based clinical laboratory
had measurable IgE antibody that was specific to Vg/Vn.
In some of those sera, Vg/Vn-specific IgE accounts
for >10% of the GCr-specific IgE detected using the
conventional GCr-ImmunoCAP(I6) solid phase as the
reference.

Our Vg/Vn preparation co-purified with a small
amount (0.9%) of Bla g 3. In previous work [23], we found
that pure recombinant Bla g 3 inhibited binding of pooled
sera from GCr-allergic individuals to GCr extract by up to
40% at concentrations up to 100 pg/mL. Therefore, co-
purified Bla g 3 is unlikely to be contributing to the
inhibitions noted in Table 1.

Vg/Vn-Specific IgE Antibody as a Major
Component of GCr-Specific IgE

Definitive evidence for allergenicity is the generation of
IgE-mediated responses by the candidate allergen, and
that is not provided in the current account. However, we
confirm that Vg/Vn-specific IgE, in some GCr-allergic
individuals, accounts for a substantial portion of their
GCr-specific IgE antibody response. Thus, Vg/Vn is an
important component of GCr allergen extracts and
should be considered in the design of future GCr allergen
immunotherapy trials.
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