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IgE sensitization to cockroach allergens is associated with development of allergic
diseases, such as asthma. To understand the relevance of different cockroach
allergens for diagnosis and immunotherapy, a comprehensive analysis of IgE antibody
levels and T cell reactivity to an expanded set of cockroach allergens and their relationship
to disease was performed in a cohort of USA cockroach sensitized patients. IgE antibody
levels to recombinant chitinase and hemocyanin were measured for 23 subjects by
custom-made ImmunoCAPs and compared with IgE levels to eight cockroach allergens
we previously reported for the same cohort. Ex vivo T cell activation (Ox40/PDL-1
expression) of PBMCs stimulated with peptide pools derived from 11 German
cockroach proteins, including nine official cockroach allergens, plus chitinase and
vitellogenin, was determined by flow cytometry. IgE prevalences to chitinase (17%) and
hemocyanin (44%) were comparable to values for the other eight allergens that we
previously reported (21-57%). Hemocyanin (Bla g 3), was a major allergen (one to which
more than 50% of patients with an allergy to its source react) for a sub-group of 15 highly
cockroach-sensitized subjects (IgE > 3.5 kUa/L: 53%). Chitinase was officially named as
new allergen Bla g 12. Cockroach-specific IgE levels in plasma showed excellent
correlation with the sum of 10 allergen-specific IgE (r = 0.94, p < 0.001). T cell reactivity
to 11 proteins was highly variable among subjects, the highest being for vitellogenin,
followed by Bla g 3. The main finding was that cockroach allergen-specific IgE and T cell
reactivity patterns were unique per subject, and lacked immunodominant allergens and
correlation with clinical phenotype/disease severity in the studied cohort. Knowing the
subject-specific B/T cell reactivity profiles to a comprehensive panel of cockroach
allergens will contribute to diagnosis of cockroach allergy and will be important for
planning and assessing allergen immunotherapy outcomes, according to the allergen
content in therapeutic cockroach extracts.
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INTRODUCTION

Cockroach allergy is an important health problem associated
with the development of asthma, especially in inner-cities where
cockroach infestations frequently occur (1, 2). In the USA and
temperate areas of the world, the German cockroach Blattella
germanica is the most common species associated with allergy.
Exposure by inhalation to allergens released by the cockroach
into the environment can lead to IgE production (sensitization)
in susceptible individuals. However, currently immunotherapy is
not used for cockroach allergy and there are no standardized
extracts for therapy. To date, no strong immunodominant
allergen/s regarding IgE prevalence have been described for
German cockroach in a given population (3, 4), in contrast
with other allergen sources such as cat (Fel d 1) or house dust
mite (Der p 1 and Der p 2). There is evidence of differences in
allergen immunodominance for IgE antibody and T cell
reactivity for few allergens (5). For example, while Bla g 2 and
Bla g 5 are dominant allergens in terms of IgE responses in USA
patients (3), Bla g 2 represents a minor target for allergic T cells
(5, 6). Conversely, some antigens which are dominantly
recognized by T cells (e.g., NBGA5) were reported to be minor
targets for IgE responses from cockroach-sensitized donors (6).
In addition, each cockroach-sensitized patient has an individual
profile of B and T cell reactivity to different molecules in
cockroach extracts (3, 4, 7). This observation is of relevance,
since it is currently unknown whether the immunotherapeutic
potency of cockroach extracts resides in the modulation of T
cells, antibody/B cells, or both. It is possible that by selecting
cockroach extracts for immunotherapy based on IgE reactivity
alone, extracts that are poor stimulators for T cells are selected,
potentially leading to variability and inconsistencies in clinical
trial results. In addition, different patterns of T and B cell
reactivity might be associated with different clinical outcomes.
Indeed, previous data from cockroach-sensitized donors showed
that T cells from rhinitis-only sensitized donors recognized a
different set of allergens and epitopes, as compared to the T cells
derived from asthmatic patients (6). In another study, focusing
on B cell reactivity, we showed that in a cohort of 10 year-old
children allergen-specific IgE levels were higher and recognized a
broader range of allergens among cockroach allergic subjects
with asthma and rhinitis than among cockroach allergic subjects
without those diseases (8).

In 2005, Satinover et al. showed that the IgE reactivity to five
cockroach allergens (from groups 1, 2, 4, 5, and 7) was variable
among cockroach allergic patients (n = 118), with unique subject
sensitization profiles (3). Bla g 2 and Bla g 5, the most prevalent
allergens (54 and 37%, respectively), were not recognized by IgE
from a large number of individuals tested. Interestingly, 36% of
cockroach allergic subjects did not recognize any of the five
allergens, which suggested that other, not yet identified allergens,
might be involved in cockroach IgE sensitization. To address this
possibility, we analyzed an expanded set of eight German

Abbreviations: PBS, phosphate buffered saline; WHO/IUIS, World Health
Organization/International Union of Immunological Societies.

cockroach allergens that incorporated groups 6, 9, and 11 in
two recent studies (4, 8). In the first one, a highly significant
correlation between cockroach specific IgE levels and the sum of
all eight allergen-specific IgE levels was found, but 17% (4/23) of
the patients did not react to any of the allergens (4). A second
study showed once more that few subjects did not react to the
eight allergens tested (23%: 11/47) (8). These observations
prompted us to investigate the allergenicity of three additional
cockroach proteins for which some evidence of B and/or T cell
reactivity had been reported among cockroach-sensitized
subjects: hemocyanin, chitinase and vitellogenin. The B and T
cell reactivity to these proteins was analyzed in comparison to
allergens previously identified (from groups 1, 2,4, 5, 6,7, 9, and
11) and listed in the official database maintained by the World
Health Organization/International Union of Immunological
Societies (WHO/IUIS) Allergen Nomenclature Sub-Committee
(www.allergen.org).

Hemocyanin from insect hemolymph was first described as
major allergen in the American cockroach Periplaneta americana
in Taiwan, resulting in four polymorphisms that are currently
listed as Per a 3 in the above mentioned official Allergen
Nomenclature database (9, 10). A homolog from German
cockroach, Bla g 3, was also reported in the USA, but as minor
allergen with an IgE prevalence of 22% (11).

Chitinase is an enzyme in the gastrointestinal tract of
cockroaches. It is essential for digestion of chitin by hydrolyzing
the N-acetyl-D-glucosamine 1,4-B-linkages of chitin polymers (12).
Chitinase purified from the midgut of American cockroaches was
reported to be a 45 kDa allergen recognized by serum IgE from
63.8% (30/47) of cockroach allergic patients using immunoblots
and skin prick test. This allergen was named Per a 12 (12). Chitinase
allergens were also found in house dust mite allergens, and named
Der p 15 and Der f 15 (13, 14). Here, Bla g 3 and a chitinase from
Blattella germanica listed in GenBank were expressed, purified, and
analyzed for IgE antibody binding in comparison with eight
previously reported cockroach allergens.

Vitellogenin was identified as a German cockroach allergen in
Taiwan in 46.88% (15/32) of cockroach allergic subjects (15). Insect
vitellogenins are large proteins (~200 kDa) synthesized in the fat
body. In vivo, they are secreted into the hemolymph and after
receptor-mediated endocytosis by oocytes they are stored as
vitellins or yolk proteins, as reserve food-source for the future
embryo (16). Other functions have been found for vitellogenin in
honeybee workers, that usually do not lay eggs, related to food
signaling, food-related behavior, immunity, stress resistance and
longevity (17). Api m 12 and Ves v 6 are vitellogenin allergens (18).

In addition to IgE antibody analysis, the current study
measured the T cell reactivity to an expanded set of 11
cockroach proteins (including 10 allergens plus vitellogenin),
aiming to compare and identify the most relevant molecules in
terms of B and T cell reactivity, and their association to disease.
The ultimate goal was to gain insight into immunological
responses associated with cockroach allergy for improving
diagnosis and treatment, especially in light of the current
cockroach immunotherapy trial from the Inner City Asthma
Consortium (CRITICAL).
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MATERIALS AND METHODS

Subjects

A cohort of 23 subjects sensitized to cockroach (IgE titer > 0.35
kU,/L) were recruited from San Diego, California; St Louis,
Missouri; and New York, New York, according to institutional
review board approval (protocols VD-112-0217, 201305110, and
GCO 13-0691) (Table 1). This is the same cohort that was analyzed
in our previous study (4). All had a history of allergy symptoms
to cockroach, and most had asthma, rhinitis, or both. Eligibility
criteria and disease severity assessment were based on participant-
reported history of asthma, allergic rhinitis, or both for at least one
year prior to recruitment using a questionnaire. All subjects
enrolled in this study provided written consent. IgE antibody
titers were determined from plasma by using the ImmunoCAP
system (Thermo Fisher Scientific, Uppsala, Sweden). Seventy
percent of subjects were female, mean age was 39 * 10 years,
and cockroach-specific IgE titers were 16.46 + 22.76 KU, /L (range,
0.91-76.20 kUA/L) on average. Two negative controls were a
non-allergic individual and a subject sensitized to Fel d 1, Bet
v 1, and Phl p 5, but not to cockroach (IgE < 0.1 kU,/L using
i6 ImmunoCAP). Both were negative for Bla g 3 and Bla g 12.

Expression and Purification of

Cockroach Allergens

Three German cockroach proteins were expressed in Pichia pastoris
using the pPICZoB vector, by methanol induction. The proteins
were chitinase, hemocyanin (Bla g 3.0101) and an N-terminal
fragment of vitellogenin named N-vitellogenin (18-322 with 6-

His-tag). The rational for expression of the N-terminal vitellogenin
is explained below. Their expected MW calculated from the amino
acid sequence including the C-terminal 6-His-tag were 58.1 kDa for
chitinase (without the 23 amino acid signal peptide), 79.6 kDa for
hemocyanin and 36.3 kDa for the N-terminal vitellogenin
(GenBank accession numbers KJ789158, GU086323, and
CAA06379, respectively) (11, 19, 20).

Chitinase and Bla g 3 were purified by metal affinity
chromatography (20 mM phosphate 0.5 M NaCl 20 mM
imidazole pH 7.4, 20 mM phosphate 0.5 M NaCl 500 mM
Imidazole pH 7.4). N-vitellogenin was purified by metal affinity
chromatography followed by size exclusion chromatography (20
mM TrisBase 0.02 M NaCl pH 7.2). A purity of >90% was confirmed
for the three molecules on silver-stained SDS-PAGE (data not
shown). Purity of chitinase and N-vitellogenin was additionally
confirmed by mass spectrometry (98 and 93%, respectively). Mass
spectrometry was performed with a Thermofisher Q Exactive mass
spectrometer, equipped with a Vanquish Flex UHPLC liquid
chromatography system. Samples were digested with trypsin and
reduced with tris(2-carboxyethyl) phospine (TCEP), followed by
alkylation with iodoacetamide. The LC-MS/MS analysis was
performed using ThermoFisher Proteome Discoverer 2.2
software, employing the Sequest HT search engine.

Rationale for Expression of an N-Terminal
Vitellogenin Fragment

IgE antibody binding to the full vitellogenin could not be tested
because attempts to express the full-length protein from German
cockroach (MW 118-N1862) resulted in a fragmented

TABLE 1 | Information of cockroach allergic donors.

Subject # Donor ID CR-specific IgE (kUx/L) Total T cell response SPT Wheal size (mm) Clinical severity Age Gender
23 1445 76.2 3,276 9 AR/Severe Asthma o F
22 1277 66.2 327 10 AR/Intermittent Asthma 53 M
21 1228 56.5 7,803 7 AR/Moderate Asthma 54 F
20 1424 45.2 896 10 ﬁﬁiﬁﬁiiiiii iiiii 30 F
19 1425 36 n.d 7 39 F
18 1446 17.3 305 7.5 AR (no asthma) 50 M
17 1229 12.2 3,943 9 AR/Moderate Asthma 49 M
16 1398 10.5 n.d. 8.5 AR/Moderate Asthma 30 F
15 2210 10.13 2,227 n.d. AR (Asthma Status Unknown) 28 F
14 1437 8.32 n.d. 9 Mild Asthma 38 F
13 1175 7.27 987 3 AR (no asthma) 43 F
12 1406 5.3 149 4.5 AR/Intermittent Asthma 41 F
11 1864 4.82 322 n.d. 37 F
9 1231 4.47 180 3.5 23 F
8 2083 3.41 4,789 n.d. AR (Asthma Status Unknown) 23 F
7 1665 2.24 3,487 n.d. AR (Asthma Status Unknown) 26 F
6 1365 2.01 1,638 45 AR/Intermittent Asthma 49 F
5 1006 1.32 8,954 0 Moderate/Severe Asthma 44 M
4 1367 1.27 560 6 AR (no asthma) 37 F
3 2196 1.23 652 n.d. Very mild AR (Asthma Status Unknown) 53 M
2 1439 0.94 483 8 Moderate/Severe Asthma 32 M
1 1441 0.91 545 0 Mild Asthma 47 M

Average 16.46 2,081.4 389 69.6%F

Std deviation 22.76 2,580.9 9.8 304% M

Cockroach-specific IgE, sum of allergen-specific T cell responses (Tact/ 10° CD4+), skin prick test wheal size, clinical severity, age, and sex of the study cohort of 23 subjects sensitized to
cockroach. Darker color means more disease severity (red: allergic rhinitis and asthma, blue: allergic rhinitis, green: asthma only).

AR, Allergic rhinitis; n.d., not determined.
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recombinant protein. Proteolytic cleavage of vitellogenin also
occurs in vivo, typically close to polyserine sequences at an RXXR
consensus sequence motif by subtilisin-like endoproteases (21,
22), leading to the formation of different size units, depending on
the insect group. In lamprey, for example, the resulting chains
remain associated after cleavage to form the lipid-binding
lipovitellin-phosvitin complex, which is a source of amino
acids, lipids, phosphate, and cations during embryogenesis (23,
24). Based on this information about fragmentation of
vitellogenin in vivo, an N-terminal part of vitellogenin (the N-
sheet domain) from German cockroach was expressed.

The rational for the expression of an N-terminal fragment of
vitellogenin (N-vitellogenin) was that: a) an equivalent 40 kDa
unit had been isolated from the abdominal fat body tissue of
honeybees (17), b) a reported structural model showed that this
40 kDa unit folded into a defined [B-sheet (17), and c) the
structure in which the model was based, the lamprey
lipovitellin-phosvitin complex, showed that the N-sheet (Q17-
V296) had limited contact with the rest of vitellogenin
(Supplemental Figure 1) (23, 24). Therefore, these three
observations suggested that independent expression of this
correctly folded unit might be feasible. The N-sheet domain of
the German cockroach vitellogenin was expressed in Pichia
pastoris, comprising the amino acids 118 to S$322 plus a C-
terminal 6xHis-tag for purification by nickel affinity
chromatography. The recombinant N-vitellogenin was >90%
pure in silver-stained SDS-PAGE gel and further shown to be
93% pure by mass spectrometry. Residues 1-17 were not
included since they are the putative signal peptide according to
the SignalP-5.0 server (http://www.cbs.dtu.dk/services/SignalP-
5.0/) and Comas et al. (20). The expected MW of the 311 amino
acid construct with the His-tag was 36,300.02 da.

Biotinylation and Optimization of
Biotinylation of Cockroach Allergens

EZ-Link Sulfo-NHS-LC-Biotin (Thermo Scientific, Rockford, IL)
was added to a defined amount of each allergen (2 mg for
chitinase, 0.25 mg for Bla g 3) at a 10-fold molar excess and
incubated for 30 min at room temperature. The biotinylated mix
was put over a pre-washed Zeba Desalt Spin Column (Thermo
Scientific, Rockford, IL) two times and the concentration was
determined after biotinylation by Advanced Protein Assay
(Cytoskeleton, Denver, Colorado).

The quantification of biotinylation was carried out by using a
Quant TagTM Biotin Kit (Vector Laboratories, Burlingame, CA).
Samples were tested in triplicate against a known biotin standard
curve to determine the number of biotins per allergen molecule.

Optimization of Biotinylated Allergen
Loaded to the Streptavidin InmunoCAP
Streptavidin ImmunoCAPs (Thermo Fisher Scientific, Portage,
MI) were loaded and incubated on a Phadia 100, with the
biotinylated allergen at amounts ranging from 0.5 to 10 ug/CAP.
Two different human plasma samples from individuals allergic to
the allergen (that had been originally tested for IgE binding to 2-3
ug/CAP) were selected for optimization experiments. Their IgE

levels to the allergen-loaded CAPs were measured in a Phadia 250
following manufacturer’s instructions (Thermo Fisher Scientific,
Portage, MI) to select optimal amount of biotinylated allergen to
be loaded to the streptavidin ImmunoCAPs.

Measurement of Allergen-Specific IgE
Antibody Levels to Bla g 3 and Bla g 12
Biotinylated cockroach allergens Bla g 3 and Bla g 12 were loaded
and incubated on streptavidin ImmunoCAPs using the Phadia
100. The ImmunoCAPs were transferred to the Phadia 250,
where measurements of allergen-specific IgE antibody binding
were performed according to manufacturer’s instructions.

IgE Antibody Binding to N-Terminal
Vitellogenin
IgE antibody binding N-vitellogenin was assessed by chimeric
enzyme-linked immunosorbent assay. Microtiter plates were
coated at 4°C overnight with 10 pg/ml of N-vitellogenin. Plate
was blocked for 30 min with 1% bovine serum albumin/
phosphate-buffered saline, 0.05% Tween 20, pH 7.4. A 1 h
incubation with sera (dilutions 1:2 and 1:10) was performed.
Bound IgE was detected using biotin-labeled goat anti-human
IgE (Kirkegaard and Perry Laboratories, Gaithersburg, MD) at a
1:4,000 dilution (1h incubation), and quantified using a human/
mouse chimeric IgE antibody as standard (25). Streptavidin
peroxidase (1:1000) was added, followed by development using
2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS)
in 70 mM citrate phosphate buffer, pH 4.2 and 1:1,000 dilution of
H,0O,. Absorbance was read at 405 nm on a Bio-Tek EL800
Microplate Reader (Bio-Tek Instruments, Inc., Winooski, VT).
IgE binding to N-vitellogenin was tested in 22 of the cohort
patients, and two additional plasma from: 1) a patient sensitized
to dust mite but not to cat, dog, and cockroach that was used as
an additional negative control, and 2) a patient sensitized to Fel d
1,Canf1, Bet v 1 and Phl p 5, with cockroach-specific IgE of 2.34
kUA/L, had IgE against N-vitellogenin and served as positive
control for the immunoassay. These two plasma were obtained
from PlasmaLab International (Everett, WA, USA), which
operates in full compliance of US Food and Drug
Administration. Informed donor’s consent was obtained from
each subject before the first donation. None of the patients tested
(n = 22) from the cohort had IgE specific for N-vitellogenin.

PBMC Isolation

Peripheral blood mononuclear cells (PBMCs) were isolated from
whole blood by density gradient centrifugation according to the
manufacturer’s instructions (Ficoll-Paque Plus, Amersham
Biosciences, Uppsala, Sweden) as previously described (26).
Cells were suspended in fetal bovine serum (FBS) containing
10% (vol/vol) dimethyl sulfoxide (DMSO) and cryopreserved in
liquid nitrogen until further use.

Peptide Synthesis

Sequences of 11 cockroach proteins (mostly known allergens)
were collected from UniProt. A strategy using 15-mer peptides
overlapping by 10 amino acids was selected and peptide
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sequences generated to get the full coverage of the antigen
(Supplemental Table 1). A strategy to generate and test
peptides with a larger overlap was considered but deemed not
feasible in terms of peptides and number of existing cells
available to perform the tests. Peptides were purchased from
A&A (San Diego, CA, USA) as crude material on a small (1 mg)
scale. Individual peptides were resuspended in DMSO at a final
concentration of 40 mg/ml. The peptides were pooled,
lyophilized, and the resulting pool of peptides for each allergen
was resuspended to a final concentration of 1 mg/ml/peptide.

Activation Induced Marker (AIM) Assay

Ex vivo T cell responses were measured based on T cell activation
assays previously described (27, 28). This assay detects cells that
are activated as a result of antigen specific stimulation by
upregulation of activation-induced surface markers. Here, we
assessed dual expression of OX40 (CD134) and PDL-1. Briefly,
PBMC were thawed and rested overnight, plated at 1x10° cells
per well in a round-bottom 96-well plate. The next morning, cells
were stimulated with peptide pools (2 pg/ml/peptide) for each
individual allergen, PHA and PT (positive controls), or DMSO
(negative control). Cells were incubated for 24 h. After the
incubation, cells were labeled with a cocktail of antibodies
(Supplemental Table 2). After staining and washing,
flow cytometry was performed. Cells were acquired using a BD
LSR II flow cytometer and data were analyzed using FlowJo
software (TreeStar, Ashland, OR, USA). Geometric mean
values with geometric SDs are shown for each of the
individual allergens.
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RESULTS

IgE Reactivity to Chitinase and
Hemocyanin From German Cockroach

To assess the relevance of hemocyanin (Bla g 3) and chitinase,
the IgE antibody levels to both purified molecules were measured
and compared with the IgE reactivities to 8 other cockroach
allergens that we previously reported for the same cohort (n =
23) (4) (Figure 1). A purity of >95% for both allergens was
estimated on silver-stained SDS-PAGE (data not shown), and a
98% purity was additionally confirmed for chitinase by mass
spectrometry. Details of the cohort, including cockroach-specific
IgE, skin prick test wheal size and T cell reactivity, are shown in
Table 1. The geometric mean of Bla g 3-specific IgEs (0.68 kU,/
L) was similar to the average of geometric means of the 10
cockroach allergen-specific IgEs (0.78 kU,/L), and
approximately half the maximum value, which was for Bla g 2
(1.36 kU /L) (Figure 1). The lowest geometric mean of allergen-
specific IgE was for Bla g 12 (0.44 kU,/L). There was a highly
significant correlation between cockroach-specific IgE and the
sum of 10 allergen-specific IgE levels (r = 0.94, p < 0.001; for
log10 transformed data: r = 0.87, P < 0.001; n = 23). With
individual sensitization profiles, there was overall a correlation of
the number of allergens recognized per subject and their titer
with the IgE antibody binding to the cockroach extract.

The prevalences of IgE sensitization among the 23 subjects
tested were 43.5% (10/23) for Bla g 3 and 17.4% (4/23) for
chitinase, using a conservative cut-off of 0.35 kU,/L (Table 2).
The equivalent values using a lower cut-off (0.1 kU,/L) were

Component Analysis (n = 23)

P

o %%
o ° [ )
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“
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Cockroach allergen or extract

FIGURE 1 | IgE reactivity to 10 cockroach allergens and cockroach extract in a USA cohort (n = 23). Long and short horizontal lines indicate geometric means and
95% Cls, respectively. The cut-off level for IgE quantification (0.35 kU,/L) is indicated by the horizontal dotted line. The number of negative results (< 0.35 kU/L) is
provided for each allergen under the corresponding cluster of symbols. Data obtained with Bla g 3 (blue) and Bla g 12 (red) -measured in an equivalent manner to
the values previously reported for the other allergens and the same cohort (4)- were inserted in a plot showing IgE to the other eight allergens (black). IgE levels to
the 10 allergens were combined in one plot to facilitate their visual comparison, because IgE levels are consistent for the same sera (properly stored at -20°C) when
measured in different occasions by ImmunoCAP, which has a high allergen capacity (several micrograms per CAP).
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TABLE 2 | Frequencies of subjects with IgE and T cell reactivity.

Frequencies of IgE and T cell responses to 10 allergens

Blag1 Blag2 Blag3 Blag4 Blag5 Blag6 Pera7 Blag9 Blag11 Blag12 Averagex Stdev

IgE > 0.35 kU/L Number of subjects 7 13 10
(n=23) Percentage of subjects (%) 30.4 56.5 43.5
IgE > 3.5 kU/L Number of subjects 7 11 8
(n=15) Percentage of subjects (%) 46.7 73.3 53.3
T cell reactivity Frequency of response (%) 40 25 29

8
34.8

7
46.7

15

9 10 5 10 13 4 89+3.0
39.1 43.5 21.7 43.5 56.5 17.4 38.7 +13.0
7 9 5 8 " 3 76+25
46.7 60.0 33.3 53.3 73.3 20.0 50.7 + 16.4
20 15 15 40 35 25 2569+99

Frequencies of subjects with IgE antibody specific for Bla g 3 and Bla g 12, compared to the ones previously reported for eight cockroach allergens (marked in grey). Frequencies of

subjects with T cell responses to the 10 allergens tested.

47.8% (11/23) and 30.4% (7/23), respectively. Based on these
data, the chitinase was proven to be an allergen and was
submitted to the WHO/IUIS Allergen Nomenclature database,
which approved the assignment of this new allergen to group 12.
Chitinase is now listed as Bla g 12 in the official database, and this
name will be used from now on in this article.

The IgE prevalence of Bla g 3 (43.5%) was above the average
of IgE prevalences for the 10 allergens tested (38.7 £ 13.0%), and
for Blag 1, Blag4, Blag5,and Pera 7 (Per a 7.0102, highly cross-
reactive and sharing 98.6% amino acid identity with Bla g 7.0101)
(n =23) (Table 2). It was also under the corresponding values for
Bla g 2 and Bla g 11 (57%) and the same as the ones for Bla g 6
and Bla g 9, previously reported for the same cohort (4). For a
sub-group of highly allergic subjects with IgE > 3.5 kU,/L (CAP
class 3; n = 15) the IgE prevalences were 53.3 and 20.0%,
respectively, regardless of cut-off. In subjects with cockroach-
specific IgE > 5 kU o/L, the IgE prevalences were 58.3% for Bla g 3
and 16.7% for Bla g 12 (0.35 kKUA/L cut-off), and 66.7% and
33.3% (0.1 kUA/L cut-off), respectively. These results indicate

that Bla g 3 was a major allergen for this sub-group of highly
cockroach-allergic subjects, adding to the other four major
allergens (Bla g 2, Bla g 6, Bla g 9, and Bla g 11) (Table 2).

Patterns of IgE Antibody Levels to 10
Cockroach Allergens

Patterns of IgE reactivity to the 10 cockroach allergens were
variable in the cohort. Among 10 (out of 23) subjects that
recognized Bla g 3, four (1, 11, 12, and 22) also recognized Bla
g 12 (Figure 2). None of the allergens was dominant in this
population. At the individual level, immunodominance was
observed for one or few different allergens (Table 3). The
number of subjects for which the highest IgE levels were for
Bla g 2 was six, followed by four and three subjects for which the
highest responses were for Bla g 9 and Bla g 5, respectively. There
was only one subject with dominant IgE levels to either Bla g 4,
Bla g 6, Bla g 11, or Bla g 12, whereas four subjects did not react
to any of the 10 allergens (Table 3).

w
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FIGURE 2 | Patterns of IgE sensitization to 10 cockroach allergens. Patterns are shown only for 10 (out of the 23 tested) subjects that recognized Bla g 3. Subjects
were numbered from 1 (1441) to 23 (1445) (from lowest to highest cockroach-specific IgE levels) as shown in Table 1. IgE data for Bla g 3 (blue) and Bla g 12 (red)
are shown next to data previously measured in an equivalent manner and reported for the other eight allergens (different tones of grey) for comparison (4).

TABLE 3 | Number of subjects with highest IgE and T cell responses.

Blag1i Blag2 Blag3 Blag4 Blag5 Blag6é Pera7 Blag9 Blagi11l Blag12 Vitellogenin None Total
IgE to 0 6 0 1 3 2 4 1 1 n.d. 4 23
T cell response to 0 0 3 0 0 4 1 0 0 11 0 20

Values indicate the number of subjects for which the highest IgE or T cell responses was for the allergens indicated in the top row.
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T Cell Reactivity to a Panel of 11 Allergens
From German Cockroach

The overall goal of this analysis was to examine whether there were
CD4+ T cell responses specific for a set of different cockroach
allergens (from groups 1, 2, 3,4, 5, 6,7, 9, 11, 12 and vitellogenin).
The evaluations were based on previously described Activation
Induced Marker (AIM) assays (27, 28), utilizing the OX40 and
PDL-1 markers. A full list of antibodies used in these experiments
is shown in Supplemental Table 2. To be able to separately
establish the allergen specificity of the T cell responses, individual
allergen sets of overlapping peptides were tested. Each set
contained peptides spanning the whole sequence of each unique
cockroach allergen (Supplemental Table 1). The allergens were
selected on the basis of previous studies that characterized the
responses of human subjects to cockroach allergens (4, 6, 7). Thus,
in total 11 different peptide pools were tested in each donor, each
corresponding to a different cockroach allergen (Figure 3). Figure
3A shows data from a representative donor, depicting the
detection of OX40+PDL-1+ producing cells for vitellogenin. We
also utilized a previously described MP as additional control
encompassing T cell epitopes derived from ubiquitous Bordetella
pertussis (PT) vaccine antigens. Good signal was observed in
response to the positive control PHA (and PT, see also
Supplemental Figure 2) but not detected in response to the
negative (DMSO) control or in the case of donors unresponsive
for a particular allergen. An overview of T cell reactivity across all
donors is shown in the graphs where each donor is represented by
a dot, and each bar represents the geometric mean response for
each individual allergen expressed either as the absolute number
per million of CD4+ T cells (Figure 3B) or as the fold change over
the negative control (Figure 3C). The overall magnitude of T
responses varied significantly across different subjects in the study
cohort (ranging from 149 to 8,954 cells/million of CD4+ T cells;
Table 1) consistent with what has been reported before for allergic
responses against CR allergens (6, 7). In terms of the individual
allergen response, vitellogenin reactivity was associated with the
highest magnitude among all the allergens tested as well as the
highest frequency of response (75% of the donors). The highest
response observed for vitellogenin in terms of absolute numbers
was followed by Bla g 3, Blag 11, Bla g 1, and Bla g 2 (285, 125, 42,
29, and 20 activated cells per million CD4+ cells, respectively). In
term of stimulation index (SI) represented as fold over
background, the highest T cell response was also vitellogenin
(5.06-fold activated cells per million CD4+ cells) and followed
by Bla g 9 and Bla g 11 (both 2.01), and Bla g 3 (1.8). The lowest
value was marginal and for Bla g 5 (1.02) (Supplemental Table 3).

Lack of Association Between B and T Cell

Reactivity, and Clinical Phenotype/Severity
No correlation was observed between the prevalences of IgE
sensitization and the frequencies of the T cell response to 10
cockroach allergens at the population level in the cohort tested
(Table 2), or between allergen-specific IgE antibody levels and
magnitude of the T cell response at individual level (Table 3;
Supplemental Figure 3). In fact, the subjects with the highest
allergen-specific T cell responses were different than the ones
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FIGURE 3 | T cell activation in response to short-term allergen peptide pool
stimulation. PBMC were stimulated with cockroach allergen-derived peptide
pools for 24 h. Subsequently, T cell activation (Ox40/PDL-1 expression) was
measured by flow cytometry. (A) Representative FACS plots showing Ox40/
PDL-1 expression in response to medium, vitellogenin peptide pool and PHA
stimulation. (B, C): Graph bars showing allergen pool-specific T cell reactivity
(absolute numbers) (B) and T cell responses expressed as fold increase over
medium (C). Frequency of response for each allergen is depicted on top.
Each dot represents a donor. Geometric means with 95% Cl are shown (n =
14 for Bla g 3, and n = 20 for the other 10 allergens).

with the highest IgE antibody levels: 11 subjects had the highest T
cell responses to vitellogenin, followed by four and three subjects
with the highest responses to Per a 7 and Bla g 3, respectively, one
to Bla g 6 and one to Bla g 9 (Table 3). These results highlight the
unique profiles of IgE and T cell responses to this large set of
cockroach allergens.

The clinical phenotypes of the subjects in the cohort ranged
from mild asthma or allergic rhinitis alone, to more severe forms
of these diseases, or their combination (Table 1). Interestingly,
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there was no correlation between clinical phenotypes/severity
and cockroach-specific IgE levels or T cell reactivity. For
example, subjects with high level of disease severity (e.g.,
allergic rhinitis and moderate to severe asthma), had different
cockroach-specific IgE levels, not necessarily always high (76.2,
36, 4.78, 4.47 kUA/L). Moderate to severe asthma alone was
found in individuals with low cockroach-specific IgE (1.32, 0.94
kU,/L). Conversely, mild asthma was found associated to
relatively high cockroach-specific IgE (8.32 kU,/L), in addition
to low levels (0.91 kU,/L).

No allergen was specifically associated with severity of the
disease. For example, four patients with the most severe disease
(allergic rhinitis and severe asthma) had the highest levels of IgE
to an allergen from either group 2, 7, 9, or none of the 10 tested.
The allergen to which more subjects had the highest IgE levels
was Bla g 2 (six subjects). Among those, there was not a clear
association between Bla g 2-specific IgE levels and severity of the
disease: whereas three out of those six with the highest levels of
IgE to Bla g 2 (63.6, 6.1 and 5.36 kU ,/L) had allergic rhinitis and
moderate to severe asthma, among the three subjects with the
lowest IgE levels (2.25 to 2.79 kU /L), two had mild asthma and
one moderate to severe asthma.

DISCUSSION

The goal was to expand our knowledge about the relative
importance of cockroach allergens at the IgE and T cell level in
relation to disease (asthma, rhinitis) for diagnosis and therapy.
This is especially relevant for component analyses of clinical
immunotherapy trials, given the variability of allergen content in
extracts used for treatment, which may impact clinical efficacy (4,
29). The current study compares B (IgE) and T cell reactivity to
an expanded set of proteins from cockroach. Cockroach allergy is
associated with IgE sensitization to multiple allergens, none of
which have been found to be consistently immunodominant in
studied cockroach allergic populations. At the B cell level, the
highest prevalence of IgE sensitization among cockroach allergic
subjects was originally described for Bla g 2 (54-71%) (3, 30).
This is in contrast with the existence of highly prevalent allergens
from other sources, such as Fel d 1 from cat or Der p 1 and Der p
2 from house dust mite, with >90% IgE sensitization rates. In
recent years, proteomic studies identified new IgE antibody
binding proteins in cockroach, but their relevance for
sensitization to the German cockroach in the USA is unknown
(15, 31). At the T cell level, variable reactivity to several
cockroach allergens has been reported, and new cockroach
proteins not previously known as allergens (e.g. NBGA5), were
found to induce T cell responses (6, 7). These observations
prompted us to investigate additional cockroach proteins, such
as hemocyanin, chitinase and vitellogenin, for which some
evidence of B and/or T cell reactivity had been reported among
cockroach sensitized subjects (6, 11, 12). IgE reactivity to
chitinase and hemocyanin was compared with the
corresponding values for 8 cockroach allergens that we

previously reported in the same cohort of cockroach allergic
subjects (4, 8). The capacity of the 10 allergens to induce
activation of T cell responses was assessed by measuring the
upregulation of two well defined co-stimulatory molecules
(OX40 and PDL-1) in response to allergen-specific peptide
pools. In addition, T cell reactivity was also measured to
vitellogenin, because a closely homologous protein called
NBGAS5 has previously been reported to induce high T cell
responses (6).

The low frequency of allergen specific T cell responses usually
requires in vitro expansion steps to allow their characterization
on a global scale. Although this approach allows for greater
sensitivity, it may alter the phenotype of responding T cells. We
and others previously demonstrated that allergen-specific T cells
can be detectable ex vivo using a novel assay strategy with the
combination of pools of T cell epitopes. This technique uses the
upregulation of the activation markers as a read-out for T cell
reactivity (AIM assay) (27), and can be further combined with
intracellular cytokine staining (ICS) to further identify T cell
phenotypes (32), but a larger number of cells is necessary. We
thus decided to perform the AIM assay without ICS, due to our
limitation in cell numbers and the fact that previous allergic
studies have found that responses captured by this T-cell readout
are majorly Th2 responses (33-35). This approach, commonly
known as AIM, allows to identify antigen specific cells with high-
specificity and high-sensitivity, and in an agnostically fashion
(i.e., irrespective of their cytokine profile).

Although an extensive analysis of the tertiary and quaternary
structures of the allergens was not performed, there was evidence
that the allergens were properly folded for IgE measurements.
First, the allergens tested had the expected size in native and
SDS-PAGE gels (data not shown), suggesting a correct folding of
the molecules. Second, the pPICZaB vector used for protein
expression in Pichia pastoris has the secretion signal sequence
from the Saccharomyces cerevisiae o-factor prepro peptide (36,
37). P. pastoris has been reported as a successful expression
system for optimal expression of heterologous proteins, with the
benefit of appropriate protein folding (38). In our experience,
unlike E. coli expressed proteins that often require refolding,
most proteins expressed in P. pastoris using the o-factor
secretion signal are correctly folded and secreted to the media.
Third, in particular for Bla g 3, this is a homologous protein to
arthropod hemocyanins, which are hexameric oxygen-carrying
proteins. The degree of oligomerization of the expressed Bla g 3 is
unknown. Nevertheless, it is not expected to affect antibody
binding for the following reasons. Several IgE antibody binding
epitopes have been reported for the homolog allergen Per a 3,
which are located on the surface of the hexamer (39). A surface
location of IgE epitopes would also be expected for Bla g 3 since
subjects would have been sensitized to the oligomer to which
they were presumably exposed. In this case, the IgE antibodies
binding to the hexamer should also bind to the monomer (if no
major conformational differences affecting IgE epitopes exist
between monomers and oligomers). Finally, the sum of IgE to
10 allergens correlates with IgE to cockroach extract that contain

Frontiers in Immunology | www.frontiersin.org

February 2021 | Volume 11 | Article 621700


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Pomés et al.

Cockroach Allergens and Disease

the natural allergens. The fact that subjects’ IgE recognized the
molecules tested, and conformational epitopes are important for
inhalant allergens, point to the correct folding of the
proteins expressed.

The main observation was that all the cockroach proteins
tested induced B and T cell reactivity. This result supports a link
between IgE and T cell reactivity in German cockroach allergy, as
was previously reported for fewer allergens (6). However, at a
population level, no immunodominant allergens were identified
for B or T cell reactivity in the analyzed cohort. There was no
correlation between the prevalences of IgE sensitization and the
frequencies of the T cell response to the 10 allergens, both of
which are indicators of immunodominance in the allergic
population. These results are in agreement with previous
studies in cockroach and other allergies (5, 6, 40). Bla g 2, with
the same low T cell response (25%) as chitinase, was a major
allergen in this USA cohort regarding IgE reactivity (57-73%).
The highest prevalence of IgE recognition (63%) was also found
for Bla g 2 in Taiwan, but not in other parts of the world (15). In
Brazil, 42% (24/57) of cockroach allergic patients had positive
skin prick test to Per a 7, whereas the IgE reactivity to Per a 1, Per
a7, Bla g2, Bla g4, and Bla g 5 was remarkably low (< 7%) (41,
42). This observation could reflect cross-reactivity with either
mite tropomyosin (80% identical to the cockroach homolog),
and/or tropomyosin from intestinal parasites, particularly
Ascaris lumbricoides, as it also occurs in Africa (41, 43). Levels
of allergen exposure are major determinants of IgE sensitization
(44). Cockroach allergen concentrations differ depending on the
environment, as reported for 10 components in Taiwan (45).
Therefore, differences in allergen-specific IgE sensitization are
expected to occur in different environments according to the
subject’s allergen exposure level.

At the individual level, a unique profile of IgE sensitization and
T cell responses to 10 allergens showed dominance of different
allergens per subject. The four patients with IgE specific for
chitinase and hemocyanin (#1, 11, 12, and 22) were not the
ones with the highest cockroach-specific IgE. For subject #12,
chitinase dominated the response. However, overall, there was a
correlation of the number of allergens recognized and their titer
with the IgE antibody binding to the cockroach extract, as reported
previously for eight allergens (4). Unlike other allergen sources,
cockroach does not produce a dominant allergen. Subjects are
sensitized to several allergens, and all the ones tested (not only one
or few dominant ones) seem to contribute in different degrees to
the IgE to cockroach extract. This leads to the excellent correlation
observed between the sum of allergen-specific IgE and the
cockroach-specific IgE. No correlation was observed between the
levels of allergen-specific IgE and the magnitude of the allergen-
specific T cell responses. For example, despite similarly low IgE
prevalence (17.4%) and frequency of T cell responses to chitinase
(only 25% of the subjects), the individual with the highest IgE level
to chitinase (5.92 kUA/L; subject #12) did not correspond to the
subject with the highest T cell response (fold activated T cells) to
this protein (#14). Conversely, the patients with the highest T cell
reactivity to Bla g 3 (subject #13) or Bla g 12 (#5), did not have IgE
against these two allergens. Similarly, the subject with the highest

T cell response to Bla g 2 (#5) did not have the highest Bla g 2-
specific IgE (#18). These results indicate the existence of different
individual allergen immunodominance for either B or T cell
reactivity. They also indicate that a variability in subjects’
reactivity to extracts used for immunotherapy is expected,
according to their allergen composition.

Vitellogenin was the protein that activated T cells the most. It
is also the largest of the proteins tested, therefore the pool with
the largest number of peptides. It is a possibility that larger
antigens can be more immunogenic simply because they contain
more epitopes. Therefore, the reactivity to a higher number of
peptides spanning the entire sequence of a large antigen/allergen
could elicit a higher magnitude of T cell responses. However, this
is not always the case. For example, in the set of allergens
described in our manuscript and for this particular cohort, the
T cell reactivity for Bla g 11 is higher than the T cell reactivity for
Chitinase (Bla g 12) despite similar number of peptides per pool
(101 and 102 peptides, respectively). Current evidence also
shows that allergen T cell dominance varies in other cohorts,
as reported for Bla g 5, Bla g 9 and Bla g 11 (6) (and data not
shown). Insect vitellogenins are large proteins (~200 kDa)
synthesized in the fat body and processed in different ways
depending on the insect groups that produce them.
Unfortunately, IgE antibody binding to the full protein could
not be tested because attempts to express the full-length
vitellogenin from German cockroach (MW I18-N1862)
resulted in a fragmented recombinant protein. Proteolytic
cleavage of vitellogenin also occurs in vivo (21, 22). An N-
terminal domain of vitellogenin (118-S322-6xHis-tag) was also
expressed for reasons explained above (Supplemental Figure 1).
However, this fragment was not recognized by the subjects tested
from our cohort (data not shown). Nevertheless, vitellogenin
purified from natural source (German cockroach oothecae) has
been reported to elicit specific IgE-mediated hypersensitivity
responses, measured by intradermal skin test in Taiwan, and
had a high IgE prevalence by immunoblot (46.88%; 15/32),
following Bla g 2 and Bla g 4. Native vitellogenin comprised
proteins of different molecular weights (97, 50, and 16 kDa) (15),
consistent with protein fragmentation through cleavage sites
reported in the vitellogenin sequence (19).

Bla g 3 was the second most dominant allergen for T cell
activation after vitellogenin and was found to be a major allergen
among highly cockroach sensitized subjects. Bla g 3 and the
homolog Per a 3 are hexamerins, present in insect hemolymph
and members of the hemocyanin super family. Hemocyanins are
hexameric oxygen-carrying proteins (9, 11). The oligomerization
of these allergens would increase its multivalency, and therefore
its capacity to increase cross-linking of IgE in mast cells (39).
However, for the purposes of measuring IgE as performed here,
IgE produced against surface accessible epitopes in oligomeric
Bla g 3 is expected to also react to the monomeric form, as
mentioned above. In this study, IgE reacted to the recombinant
allergen, indicating that, regardless of the oligomerization state,
IgE epitopes are present in the recombinant protein tested for
IgE antibody binding. Interestingly, Bla g 3 is present at higher
amounts than other allergens in commercial cockroach extracts
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used for immunotherapy (29). Its concentration was 3, 10, 15,
and 275-fold higher on average than that of Blag 1,Blag2,Blag
4, and Bla g 5, respectively, in 4 commercial extracts (29). Pera 3
was also abundant in extracts from body or feces of P. americana
(45). The relative abundance of Bla g 3 in extracts might
influence the effect of immunotherapy, and this allergen should
therefore be considered when analyzing cockroach allergy
clinical trials. Finally, the chitinase Bla g 12 did not display a
high IgE prevalence, in contrast with reports for the homologs
Per a 12 in China (63.8%), and Der p 15 (70%) and Der p 18
(63%) in Australia (12, 13). This is not surprising given the low
amino acid identity between Bla g 12 and Per a 12 (34.1%) or Der
p 15 (35.7%) or Der p 18 (27.0%).

In Taiwan, IgE-binding to Per a 2 was more frequently found
among subjects with persistent asthma with allergic rhinitis (n =
21), than among individuals with rhinitis alone (n = 20) (81%
versus 45%). On the other hand, 80% of allergic rhinitis patients
had IgE-binding activity to Per a 9, versus only 28.5% of
asthmatic patients. These results suggested that sensitization to
Per a 2 could be a marker of more severe airway disease (46).
However, in our study, no associations were observed between
levels of cockroach and allergen-specific IgE antibody levels or
allergen-specific T cell reactivity and disease phenotype/severity.
CR-specific T cell responses have been characterized in relatively
low detail (5-7, 47), and very little information is available
particularly addressing if T cells play a role in cockroach
allergic sensitization. Although it has been shown that higher T
cell reactivity is associated with allergen sensitization and asthma
(48), future studies are warranted to elucidate to which extent T
cell responses correlate with clinical symptoms or disease
severity. An important implication of the current study is that
knowledge of individual reactivity profiles will help to interpret
outcomes of cockroach immunotherapy, according to the
allergens present in the cockroach extract used for treatment.
A diagnostic analysis of each patient will provide information
that could allow future tailored immunotherapy according to the
proteins that are relevant for each patient.
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Supplemental Figure

Supplemental Figure 1. X-ray crystal structure of lamprey lipovitellin (1Ish.pdb) (4) showing in
color the N-sheet domain (up to residue Val 296), equivalent to the N-sheet from cockroach
vitellogenin expressed in this study as N-vitellogenin.
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Supplemental Figure 2. Controls measured to assess allergen specific-T cell reactivity. PBMC were stimulated with
cockroach allergen-derived peptide pools for 24 h. Subsequently, T cell activation (Ox40/PDL-1 expression) was
measured by flow cytometry. Graph bars showing specific T cell reactivity for a representative allergen pool (Bla g 3), a
polyclonal activator (PHA) or ubiquitous vaccine antigens pool (Bordetella pertussis, PT) expressed as absolute numbers
(upper graph) or as fold increase over medium (lower graph). Each dot represents a donor. Geometric means with 95% CI
are shown.
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Supplemental Figure 3. All patients showed B and T cell reactivity to cockroach allergens (n = 14-20 donors tested for
the 10 allergens). There was high correlation between cockroach-specific IgE and the sum of 10 allergen-specific IgE, but
not between T and B cell reactivity. IgE antibody levels are shown in KUa/L.



Supplemental Table 1. Sets of overlapping peptides
from cockroach allergens used for T cell experiments

Allergen start end peptide

Blag1l 1 15 NLLEKLREKGVDVDK
Blag1l 6 20 LREKGVDVDKIIELI
Blag1l 11 25 VDVDKIIELIRALFG
Blag1l 16 30 IHELIRALFGLTLNA
Blag1l 21 35 RALFGLTLNAKASRN
Blag1l 26 40 LTLNAKASRNLQDDL
Blag1l 31 45 KASRNLQDDLQDFLA
Blag1l 36 50 LQDDLQDFLALIPVD
Blag1l 41 55 QDFLALIPVDAQIIAI
Blag1l 46 60 LIPVDQIIAIATDYL
Blag1l 51 65 QIIAIATDYLANDAE
Blag1l 56 70 ATDYLANDAEVQAAV
Blag1l 61 75 ANDAEVQAAVAYLQS
Blag1l 66 80 VQAAVAYLQSDEFET
Blag1l 71 85 AYLQSDEFETIVVAL
Blag1l 76 90 DEFETIVVALDALPE
Blag1l 81 95 IVVALDALPELQNFL
Blag1l 86 100 DALPELQNFLNFLEA
Blag1l 91 105 LQNFLNFLEANGLNA
Blag1l 96 110 NFLEANGLNAIDFLN
Blag1l 101 115 NGLNAIDFLNGIHDL
Blag1l 106 120 IDFLNGIHDLLGIPH
Blag1l 111 125 GIHDLLGIPHIPVSG
Blag1l 116 130 LGIPHIPVSGRKYHI
Blag1l 121 135 IPVSGRKYHIRRGVG
Blag1l 126 140 RKYHIRRGVGITGLI
Blag1l 131 145 RRGVGITGLIDDVLA
Blag1l 136 150 ITGLIDDVLAILPIE
Blag1l 141 155 DDVLAILPIEDLKAL
Blag1l 146 160 ILPIEDLKALFNEKL
Blag1l 151 165 DLKALFNEKLETSPD
Blag1l 156 170 FNEKLETSPDFLALY
Blag1l 161 175 ETSPDFLALYNAIRS
Blag1l 166 180 FLALYNAIRSPEFQS
Blag1l 171 185 NAIRSPEFQSIVQTL
Blag1l 176 190 PEFQSIVQTLNAMPE
Blag1l 181 195 IVQTLNAMPEYQNLL
Blag1l 186 200 NAMPEYQNLLQKLRE
Blag1l 191 205 YQNLLQKLREKGVDV
Blag1l 196 210 QKLREKGVDVDKIIE




Blag1l 201 215 KGVDVDKIIELIRAL
Blag1l 206 220 DKIIELIRALFGLTL
Blagl 211 225 LIRALFGLTLNGKAS
Blag1l 216 230 FGLTLNGKASRNLQD
Blagl 221 235 NGKASRNLQDDLQDF
Blag1l 226 240 RNLQDDLQDFLALIP
Blag1l 231 245 DLQDFLALIPVDQII
Blag1l 236 250 LALIPVDQIIAIATD
Blag1l 241 255 VDQIIAIATDYLAND
Blag1l 246 260 AIATDYLANDAEVQA
Blag1l 251 265 YLANDAEVQAAVAYL
Blag1l 256 270 AEVQAAVAYLQSDEF
Blag1l 261 275 AVAYLQSDEFETIVV
Blag1l 266 280 QSDEFETIVVTLDAL
Blag1l 271 285 ETIVVTLDALPELQN
Blag1l 276 290 TLDALPELQNFLNFL
Blag1l 281 295 PELQNFLNFLEANGL
Blag1l 286 300 FLNFLEANGLNAIDF
Blag1l 291 305 EANGLNAIDFLNGIH
Blag1l 296 310 NAIDFLNGIHDLLGI
Blag1l 301 315 LNGIHDLLGIPHIPV
Blag1l 306 320 DLLGIPHIPVSGRKY
Blag1l 311 325 PHIPVSGRKYHIRRG
Blag1l 316 330 SGRKYHIRRGVGITG
Blag1l 321 335 HIRRGVGITGLIDDV
Blag1l 326 340 VGITGLIDDVLAILP
Blag1l 331 345 LIDDVLAILPLDDLK
Blag1l 336 350 LAILPLDDLKALFNE
Blag1l 341 355 LDDLKALFNEKLETS
Blag1l 346 360 ALFNEKLETSPDFLA
Blag1l 351 365 KLETSPDFLALYNAI
Blag1l 356 370 PDFLALYNAIKSPEF
Blag1l 361 375 LYNAIKSPEFQSIVQ
Blag1l 366 380 KSPEFQSIVQTLNAM
Blag1l 371 385 QSIVQTLNAMPEYQON
Blag1l 376 390 TLNAMPEYQNLLEKL
Blag1l 381 395 PEYQNLLEKLREKGV
Blag1l 386 400 LLEKLREKGVDVDKI
Blag1l 391 405 REKGVDVDKIIELIR
Blag1l 396 410 DVDKIIELIRALFGL
Blag1l 398 412 DKIIELIRALFGLTH
Blag2 1 15 VPLYKLVHVFINTQY
Blag2 6 20 LVHVFINTQYAGITK




Blag?2
Blag?2
Blag?2
Blag?2
Blag?2
Blag?2
Blag?2
Blag?2
Blag?2
Blag?2
Blag?2
Blag?2
Blag?2
Blag?2
Blag?2
Blag?2
Blag?2
Blag?2
Blag?2
Blag?2
Blag?2
Blag?2
Blag?2
Blag?2
Blag?2
Blag?2
Blag?2
Blag?2
Blag?2
Blag?2
Blag?2
Blag?2
Blag?2
Blag?2
Blag?2
Blag?2
Blag?2
Blag?2
Blag?2
Blag?2
Blag?2
Blag?2
Blag?2

11
16
21
26
31
36
41
46
51
56
61
66
71
76
81
86
91
96
101
106
111
116
121
126
131
136
141
146
151
156
161
166
171
176
181
186
191
196
201
206
211
216
221

25
30
35
40
45
50
55
60
65
70
75
80
85
90
95
100
105
110
115
120
125
130
135
140
145
150
155
160
165
170
175
180
185
190
195
200
205
210
215
220
225
230
235

INTQYAGITKIGNQN
AGITKIGNQNFLTVF
IGNQNFLTVFDSTSC
FLTVFDSTSCNVVVA
DSTSCNVVVASQECV
NVVVASQECVGGACV
SQECVGGACVCPNLQ
GGACVCPNLQKYEKL
CPNLQKYEKLKPKYI
KYEKLKPKYISDGNV
KPKYISDGNVQVKFF
SDGNVQVKFFDTGSA
QVKFFDTGSAVGRGI
DTGSAVGRGIEDSLT
VGRGIEDSLTISQLT
EDSLTISQLTTSQQD
ISQLTTSQQDIVLAD
TSQQDIVLADELSQE
IVLADELSQEVCILS
ELSQEVCILSADVVV
VCILSADVVVGIAAP
ADVVVGIAAPGCPNA
GIAAPGCPNALKGKT
GCPNALKGKTVLENF
LKGKTVLENFVEENL
VLENFVEENLIAPVF
VEENLIAPVFSIHHA
IAPVFSIHHARFQDG
SIHHARFQDGEHFGE
RFQDGEHFGEIFGG
EHFGEIIFGGSDWKY
IIFGGSDWKYVDGEF
SDWKYVDGEFTYVPL
VDGEFTYVPLVGDDS
TYVPLVGDDSWKFRL
VGDDSWKFRLDGVKI
WKFRLDGVKIGDTTV
DGVKIGDTTVAPAGT
GDTTVAPAGTQAIID
APAGTQAIIDTSKAI
QAIIDTSKAIIVGPK
TSKAIIVGPKAYVNP
IVGPKAYVNPINEAI




Blag2 226 240 AYVNPINEAIGCVVE
Blag2 231 245 INEAIGCVVEKTTTR
Blag2 236 250 GCVVEKTTTRRICKL
Blag2 241 255 KTTTRRICKLDCSKI
Blag2 246 260 RICKLDCSKIPSLPD
Blag?2 251 265 DCSKIPSLPDVTFVI
Blag?2 256 270 PSLPDVTFVINGRNF
Blag?2 261 275 VTFVINGRNFNISSQ
Blag?2 266 280 NGRNFNISSQYYIQQ
Blag?2 271 285 NISSQYYIQQNGNLC
Blag?2 276 290 YYIQQNGNLCYSGFQ
Blag?2 281 295 NGNLCYSGFQPCGHS
Blag?2 286 300 YSGFQPCGHSDHFFI
Blag?2 291 305 PCGHSDHFFIGDFFV
Blag?2 296 310 DHFFIGDFFVDHYYS
Blag?2 301 315 GDFFVDHYYSEFNWE
Blag?2 306 320 DHYYSEFNWENKTMG
Blag?2 311 325 EFNWENKTMGFGRSV
Blag2 314 328 WENKTMGFGRSVESV
Blag4 1 15 NEDCFRHESLVPNLD
Blag4 6 20 RHESLVPNLDYERFR
Blag4 11 25 VPNLDYERFRGSWII
Blag4 16 30 YERFRGSWIIAAGTS
Blag4 21 35 GSWIIAAGTSEALTQ
Blag4 26 40 AAGTSEALTQYKCWI
Blag4 31 45 EALTQYKCWIDRFSY
Blag4 36 50 YKCWIDRFSYDDALV
Blag4 41 55 DRFSYDDALVSKYTD
Blag4 46 60 DDALVSKYTDSQGKN
Blag4 51 65 SKYTDSQGKNRTTIR
Blag4 56 70 SQGKNRTTIRGRTKF
Blag4 61 75 RTTIRGRTKFEGNKF
Blag4 66 80 GRTKFEGNKFTIDYN
Blag4 71 85 EGNKFTIDYNDKGKA
Blag4 76 90 TIDYNDKGKAFSAPY
Blag4 81 95 DKGKAFSAPYSVLAT
Blag4 86 100 FSAPYSVLATDYENY
Blag4 91 105 SVLATDYENYAIVEG
Blag4 96 110 DYENYAIVEGCPAAA
Blag4 101 115 AIVEGCPAAANGHVI
Blag4 106 120 CPAAANGHVIYVQIR
Blag4 111 125 NGHVIYVQIRFSVRR
Blag4 116 130 YVQIRFSVRRFHPKL




Blag4 121 135 FSVRRFHPKLGDKEM
Blag4 126 140 FHPKLGDKEMIQHYT
Blag4 131 145 GDKEMIQHYTLDQVN
Blag4 136 150 IQHYTLDQVNQHKKA
Blag4 141 155 LDQVNQHKKAIEEDL
Blag4 146 160 QHKKAIEEDLKHFNL
Blag4 151 165 IEEDLKHFNLKYEDL
Blag4 156 170 KHFNLKYEDLHSTCH
Blag5 1 15 APSYKLTYCPVKALG
Blag5 6 20 LTYCPVKALGEPIRF
Blag5 11 25 VKALGEPIRFLLSYG
Blag5 16 30 EPIRFLLSYGEKDFE
Blag5 21 35 LLSYGEKDFEDYRFQ
Blag5 26 40 EKDFEDYRFQEGDWP
Blag5 31 45 DYRFQEGDWPNLKPS
Blag5 36 50 EGDWPNLKPSMPFGK
Blag5 41 55 NLKPSMPFGKTPVLE
Blag5 46 60 MPFGKTPVLEIDGKQ
Blag5 51 65 TPVLEIDGKQTHQSV
Blag5 56 70 IDGKQTHQSVAISRY
Blag5 61 75 THQSVAISRYLGKQF
Blag5 66 80 AISRYLGKQFGLSGK
Blag5 71 85 LGKQFGLSGKDDWEN
Blag5 76 90 GLSGKDDWENLEIDM
Blag5 81 95 DDWENLEIDMIVDTI
Blag5 86 100 LEIDMIVDTISDFRA
Blag5 91 105 IVDTISDFRAAIANY
Blag5 96 110 SDFRAAIANYHYDAD
Blag5 101 115 AIANYHYDADENSKQ
Blag5 106 120 HYDADENSKQKKWDP
Blag5 111 125 ENSKQKKWDPLKKET
Blag5 116 130 KKWDPLKKETIPYYT
Blag5 121 135 LKKETIPYYTKKFDE
Blag5 126 140 IPYYTKKFDEVVKAN
Blag5 131 145 KKFDEVVKANGGYLA
Blag5 136 150 VVKANGGYLAAGKLT
Blag5 141 155 GGYLAAGKLTWADFY
Blag5 146 160 AGKLTWADFYFVAIL
Blag5 151 165 WADFYFVAILDYLNH
Blag5 156 170 FVAILDYLNHMAKED
Blag5 161 175 DYLNHMAKEDLVANQ
Blag5 166 180 MAKEDLVANQPNLKA
Blag5 171 185 LVANQPNLKALREKV




Blag5 176 190 PNLKALREKVLGLPA
Blag5 181 195 LREKVLGLPAIKAWV
Blag5 186 200 LGLPAIKAWVAKRPP
Blag5 189 203 PAIKAWVAKRPPTDL
Blag6 1 15 MDELPPEQIQLLKKA
Blag6 6 20 PEQIQLLKKAFDAFD
Blag6 11 25 LLKKAFDAFDREKKG
Blag6 16 30 FDAFDREKKGCISTE
Blag6 21 35 REKKGCISTEMVGTI
Blag6 26 40 CISTEMVGTILEMLG
Blag6 31 45 MVGTILEMLGHRLDD
Blag6 36 50 LEMLGHRLDDDMLQE
Blag6 41 55 HRLDDDMLQEIIAEV
Blag6 46 60 DMLQEIIAEVDADGS
Blag6 51 65 IIAEVDADGSGELEF
Blag6 56 70 DADGSGELEFEEFVS
Blag6 61 75 GELEFEEFVSLASRF
Blag6 66 80 EEFVSLASRFLVEED
Blag6 71 85 LASRFLVEEDAEAMQ
Blag6 76 90 LVEEDAEAMQQELRE
Blag6 81 95 AEAMQQELREAFRLY
Blag6 86 100 QELREAFRLYDKEGN
Blag6 91 105 AFRLYDKEGNGYITT
Blag6 96 110 DKEGNGYITTNVLRE
Blag6 101 115 GYITTNVLREILKEL
Blag6 106 120 NVLREILKELDDKIT
Blag6 111 125 ILKELDDKITAEDLD
Blag6 116 130 DDKITAEDLDMMIEE
Blag6 121 135 AEDLDMMIEEIDSDG
Blag6 126 140 MMIEEIDSDGSGTVD
Blag6 131 145 IDSDGSGTVDFDEFM
Blag6 136 150 SGTVDFDEFMEVMTG
Blag6 137 151 GTVDFDEFMEVMTGE
Pera7 1 15 MDAIKKKMQAMKLEK
Pera7 6 20 KKMQAMKLEKDNAMD
Pera7 11 25 MKLEKDNAMDRALLC
Pera7 16 30 DNAMDRALLCEQQAR
Pera7 21 35 RALLCEQQARDANLR
Pera7 26 40 EQQARDANLRAEKAE
Pera7 31 45 DANLRAEKAEEEARS
Pera?7 36 50 AEKAEEEARSLQKKI
Pera?7 41 55 EEARSLQKKIQQIEN
Pera7 46 60 LQKKIQQIENDLDQT




Pera7
Pera7
Pera7
Pera7
Pera7
Pera?7
Pera7
Pera?7
Pera?7
Pera7
Pera?7
Pera7
Pera?7
Pera7
Pera?7
Pera7
Pera7
Pera7
Pera7
Pera7
Pera?7
Pera7
Pera7
Pera7
Pera7
Pera7
Pera7
Pera7
Pera7
Pera7
Pera7
Pera7
Pera?7
Pera?7
Pera?7
Pera?7
Pera?7
Pera?7
Pera?7
Pera?7
Pera?7
Pera?7
Pera?7

51

56

61

66

71

76

81

86

91

96

101
106
111
116
121
126
131
136
141
146
151
156
161
166
171
176
181
186
191
196
201
206
211
216
221
226
231
236
241
246
251
256
261

65

70

75

80

85

90

95

100
105
110
115
120
125
130
135
140
145
150
155
160
165
170
175
180
185
190
195
200
205
210
215
220
225
230
235
240
245
250
255
260
265
270
275

QQIENDLDQTMEQLM
DLDQTMEQLMQVNAK
MEQLMQVNAKLDEKD
QVNAKLDEKDKALQN
LDEKDKALONAESEV
KALQNAESEVAALNR
AESEVAALNRRIQLL
AALNRRIQLLEEDLE
RIQLLEEDLERSEER
EEDLERSEERLATAT
RSEERLATATAKLAE
LATATAKLAEASQAA
AKLAEASQAADESER
ASQAADESERARKIL
DESERARKILESKGL
ARKILESKGLADEER
ESKGLADEERMDALE
ADEERMDALENQLKE
MDALENQLKEARFMA
NQLKEARFMAEEADK
ARFMAEEADKKYDEV
EEADKKYDEVARKLA
KYDEVARKLAMVEAD
ARKLAMVEADLERAE
MVEADLERAEERAES
LERAEERAESGESKI
ERAESGESKIVELEE
GESKIVELEEELRVV
VELEEELRVVGNNLK
ELRVVGNNLKSLEVS
GNNLKSLEVSEEKAN
SLEVSEEKANLREEE
EEKANLREEEYKQQI
LREEEYKQQIKTLTT
YKQQIKTLTTRLKEA
KTLTTRLKEAEARAE
RLKEAEARAEFAERS
EARAEFAERSVQKLQ
FAERSVQKLQKEVDR
VQKLQKEVDRLEDEL
KEVDRLEDELVHEKE
LEDELVHEKEKYKFI
VHEKEKYKFICDDLD




Pera7 266 280 KYKFICDDLDMTFTE
Pera?7 270 284 ICDDLDMTFTELIGN
Blag9 1 15 MVDAAVLEKLEAGFA
Blag9 6 20 VLEKLEAGFAKLAAS
Blag9 11 25 EAGFAKLAASDSKSL
Blag9 16 30 KLAASDSKSLLRKYL
Blag9 21 35 DSKSLLRKYLTKEVF
Blag9 26 40 LRKYLTKEVFDNLKT
Blag9 31 45 TKEVFDNLKTKKTPT
Blag9 36 50 DNLKTKKTPTFGSTL
Blag9 41 55 KKTPTFGSTLLDVIQ
Blag9 46 60 FGSTLLDVIQSGLEN
Blag9 51 65 LDVIQSGLENHDSGV
Blag9 56 70 SGLENHDSGVGIYAP
Blag9 61 75 HDSGVGIYAPDAEAY
Blag9 66 80 GIYAPDAEAYTVFAD
Blag9 71 85 DAEAYTVFADLFDPI
Blag9 76 90 TVFADLFDPIIEDYH
Blag9 81 95 LFDPIIEDYHGGFKK
Blag9 86 100 IEDYHGGFKKTDKHP
Blag9 91 105 GGFKKTDKHPPKDWG
Blag9 96 110 TDKHPPKDWGDVDTL
Blag9 101 115 PKDWGDVDTLGNLDP
Blag9 106 120 DVDTLGNLDPAGEYI
Blag9 111 125 GNLDPAGEYIISTRV
Blag9 116 130 AGEYIISTRVRCGRS
Blag9 121 135 ISTRVRCGRSMQGYP
Blag9 126 140 RCGRSMQGYPFNPCL
Blag9 131 145 MQGYPFNPCLTEAQY
Blag9 136 150 FNPCLTEAQYKEMED
Blag9 141 155 TEAQYKEMEDKVSST
Blag9 146 160 KEMEDKVSSTLSGLE
Blag9 151 165 KVSSTLSGLEGELKG
Blag9 156 170 LSGLEGELKGQFYPL
Blag9 161 175 GELKGQFYPLTGMTK
Blag9 166 180 QFYPLTGMTKEVQQK
Blag9 171 185 TGMTKEVQQKLIDDH
Blag9 176 190 EVQQKLIDDHFLFKE
Blag9 181 195 LIDDHFLFKEGDRFL
Blag9 186 200 FLFKEGDRFLQHANA
Blag9 191 205 GDRFLQHANACRFWP
Blag9 196 210 QHANACRFWPTGRGI
Blag9 201 215 CRFWPTGRGIYHNDA




Blag9 206 220 TGRGIYHNDAKTFLV
Blag9 211 225 YHNDAKTFLVWCNEE
Blag9 216 230 KTFLVWCNEEDHLRI
Blag9 221 235 WCNEEDHLRIISMQM
Blag9 226 240 DHLRIISMQMGGDLG
Blag9 231 245 ISMOQMGGDLGQVYRR
Blag9 236 250 GGDLGQVYRRLVTAV
Blag9 241 255 QVYRRLVTAVNDIEK
Blag9 246 260 LVTAVNDIEKRVPFS
Blag9 251 265 NDIEKRVPFSHDDRL
Blag9 256 270 RVPFSHDDRLGFLTF
Blag9 261 275 HDDRLGFLTFCPTNL
Blag9 266 280 GFLTFCPTNLGTTVR
Blag9 271 285 CPTNLGTTVRASVRI
Blag9 276 290 GTTVRASVRIKVPKL
Blag9 281 295 ASVRIKVPKLAADKK
Blag9 286 300 KVPKLAADKKKLEEV
Blag9 291 305 AADKKKLEEVAGKYN
Blag9 296 310 KLEEVAGKYNLQVRG
Blag9 301 315 AGKYNLQVRGTRGEH
Blag9 306 320 LQVRGTRGEHTEAEG
Blag9 311 325 TRGEHTEAEGGVYDI
Blag9 316 330 TEAEGGVYDISNKRR
Blag9 321 335 GVYDISNKRRMGLTE
Blag9 326 340 SNKRRMGLTEYDAVK
Blag9 331 345 MGLTEYDAVKGMNDG
Blag9 336 350 YDAVKGMNDGIAELI
Blag9 341 355 GMNDGIAELIKIESS
Blag9 342 356 MNDGIAELIKIESSL
Blag 11 1 15 MKLFPLVALLVLVVG
Blag 11 6 20 LVALLVLVVGVLSQK
Blag 11 11 25 VLVVGVLSQKDPHVW
Blag11 16 30 VLSQKDPHVWDGRSA
Blag11 21 35 DPHVWDGRSAIVHLF
Blag11 26 40 DGRSAIVHLFEWKFA
Blag11 31 45 IVHLFEWKFADIADE
Blag11 36 50 EWKFADIADECERFL
Blag11 41 55 DIADECERFLGPKGF
Blag11 46 60 CERFLGPKGFAGVQV
Blag11 51 65 GPKGFAGVQVSPVHE
Blag11 56 70 AGVQVSPVHENVIIS
Blag 11 61 75 SPVHENVIISSPFRP
Blag 11 66 80 NVIISSPFRPWWERY




Blag 11
Blag 11
Blagi11
Blag 11
Blag 11
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11
Blagi11l

71

76

81

86

91

96

101
106
111
116
121
126
131
136
141
146
151
156
161
166
171
176
181
186
191
196
201
206
211
216
221
226
231
236
241
246
251
256
261
266
271
276
281

85

90

95

100
105
110
115
120
125
130
135
140
145
150
155
160
165
170
175
180
185
190
195
200
205
210
215
220
225
230
235
240
245
250
255
260
265
270
275
280
285
290
295

SPFRPWWERYQLVSY
WWERYQLVSYKLVSR
QLVSYKLVSRSGDEN
KLVSRSGDENAFRDM
SGDENAFRDMVRRCN
AFRDMVRRCNNVGIR
VRRCNNVGIRIYVDV
NVGIRIYVDVVLNOM
IYVDVVLNQMSGSWP
VLNOQMSGSWPDAHGQ
SGSWPDAHGQGGSTA
DAHGQGGSTADTYNL
GGSTADTYNLQYPAV
DTYNLQYPAVPYGPG
QYPAVPYGPGDFHST
PYGPGDFHSTCTVSN
DFHSTCTVSNYQDPS
CTVSNYQDPSNVRNC
YQDPSNVRNCELVGL
NVRNCELVGLHDLNQ
ELVGLHDLNQGSDYV
HDLNQGSDYVRGKMI
GSDYVRGKMIEYLNH
RGKMIEYLNHLVDCG
EYLNHLVDCGVAGFR
LVDCGVAGFRVDAAK
VAGFRVDAAKHMWPA
VDAAKHMWPADLQYI
HMWPADLQYIYSKVN
DLQYIYSKVNNLNTD
YSKVNNLNTDHGFPS
NLNTDHGFPSGARPF
HGFPSGARPFFYQEV
GARPFFYQEVIDLGG
FYQEVIDLGGEAIHS
IDLGGEAIHSTEYTG
EAIHSTEYTGFGRVT
TEYTGFGRVTEFKYS
FGRVTEFKYSRDIGD
EFKYSRDIGDAFRGN
RDIGDAFRGNNAIKW
AFRGNNAIKWLVNFG
NAIKWLVNFGVGWGY




Blag 11
Blag 11
Blagi11
Blag 11
Blag 11
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11l
Blag 11
Blagi11l

286
2901
296
301
306
311
316
321
326
331
336
341
346
351
356
361
366
371
376
381
386
391
396
401
406
411
416
421
426
431
436
441
446
451
456
461
466
471
476
481
486
491
496

300
305
310
315
320
325
330
335
340
345
350
355
360
365
370
375
380
385
390
395
400
405
410
415
420
425
430
435
440
445
450
455
460
465
470
475
480
485
490
495
500
505
510

LVNFGVGWGYIPDGD
VGWGYIPDGDALVFV
IPDGDALVFVDNHDN
ALVFVDNHDNQRGHG
DNHDNQRGHGAGGAS
QRGHGAGGASILTYK
AGGASILTYKTSKLY
ILTYKTSKLYKMAVA
TSKLYKMAVAFMLAY
KMAVAFMLAYPYGYP
FMLAYPYGYPRVMSS
PYGYPRVMSSFSFDN
RVMSSFSFDNSDQGP
FSFDNSDQGPPQDGN
SDQGPPQDGNGNIIS
PQDGNGNIISPSINA
GNIISPSINADGTCG
PSINADGTCGNGWVC
DGTCGNGWVCEHRWR
NGWVCEHRWRQIFNM
EHRWRQIFNMVGFRN
QIFNMVGFRNAVAGT
VGFRNAVAGTAVSNW
AVAGTAVSNWWDNGD
AVSNWWDNGDKQISF
WDNGDKQISFCRGNK
KQISFCRGNKGFVAF
CRGNKGFVAFNDEFN
GFVAFNDEFNNDLKQ
NDEFNNDLKQTLQTC
NDLKQTLQTCLPAGD
TLQTCLPAGDYCDVI
LPAGDYCDVISGSYE
YCDVISGSYENGSCT
SGSYENGSCTGKTVT
NGSCTGKTVTVGSDG
GKTVTVGSDGKAYIE
VGSDGKAYIEILSSA
KAYIEILSSADDGVL
ILSSADDGVLAIHVN
DDGVLAIHVNSKVGS
AIHVNSKVGSKSQTT
SKVGSKSQTTTTQSS




Blag11l 501 515 KSQTTTTQSSHCTCS
Blag3 1 15 IPADKVFLRKQWDVL
Blag3 6 20 VFLRKQWDVLRLVHR
Blag3 11 25 QWDVLRLVHRIHQHS
Blag3 16 30 RLVHRIHQHSIIPEQ,
Blag3 21 35 IHQHSIIPEQVTVGD
Blag3 26 40 IIPEQVTVGDSYDIE
Blag3 31 45 VTVGDSYDIEANINN
Blag3 36 50 SYDIEANINNYKNPR
Blag3 41 55 ANINNYKNPRVVKNF
Blag3 46 60 YKNPRVVKNFMALYK
Blag3 51 65 VVKNFMALYKKDPVK
Blag3 56 70 MALYKKDPVKRGEPF
Blag3 61 75 KDPVKRGEPFSTYYI
Blag3 66 80 RGEPFSTYYIKHREQ
Blag3 71 85 STYYIKHREQAIMLF
Blag3 76 90 KHREQAIMLFELFYY
Blag3 81 95 AIMLFELFYYANDYD
Blag3 86 100 ELFYYANDYDTFYKT
Blag3 91 105 ANDYDTFYKTACWAR
Blag3 96 110 TFYKTACWARDRVNE
Blag3 101 115 ACWARDRVNEGMFLY
Blag3 106 120 DRVNEGMFLYSFNIA
Blag3 111 125 GMFLYSFNIAIMHRE
Blag3 116 130 SFNIAIMHREDMQDI
Blag3 121 135 IMHREDMQDIVVPAF
Blag3 126 140 DMQDIVVPAFYEIYP
Blag3 131 145 VVPAFYEIYPFLFVE
Blag3 136 150 YEIYPFLFVENDVIQ
Blag3 141 155 FLFVENDVIQKAYDY
Blag3 146 160 NDVIQKAYDYKMKES
Blag3 151 165 KAYDYKMKESGHLNE
Blag3 156 170 KMKESGHLNEPHTHV
Blag3 161 175 GHLNEPHTHVIPVNF
Blag3 166 180 PHTHVIPVNFTLRNQ
Blag3 171 185 IPVNFTLRNQEQLLS
Blag3 176 190 TLRNQEQLLSYFTED
Blag3 181 195 EQLLSYFTEDVFLNA
Blag3 186 200 YFTEDVFLNAFNTYF
Blag3 191 205 VFLNAFNTYFRYMYP
Blag3 196 210 FNTYFRYMYPTWENY
Blag3 201 215 RYMYPTWFEFNYTKYEY
Blag3 206 220 TWFENYTKYEYDVPRH




Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3

211
216
221
226
231
236
241
246
251
256
261
266
271
276
281
286
291
296
301
306
311
316
321
326
331
336
341
346
351
356
361
366
371
376
381
386
391
396
401
406
411
416
421

225
230
235
240
245
250
255
260
265
270
275
280
285
290
295
300
305
310
315
320
325
330
335
340
345
350
355
360
365
370
375
380
385
390
395
400
405
410
415
420
425
430
435

TKYEYDVPRHGEQFY
DVPRHGEQFYYFNQQ
GEQFYYFNQQMFARY
YFNQQMFARYMLERY
MFARYMLERYSNDMP
MLERYSNDMPEIQPF
SNDMPEIQPFTYTKP
EIQPFTYTKPFKTPY
TYTKPFKTPYNPQLR
FKTPYNPQLRYPNGQ
NPQLRYPNGQEVPAR
YPNGQEVPARPAYMM
EVPARPAYMMPQDFD
PAYMMPQDFDLMYVS
PQDFDLMYVSDIKNY
LMYVSDIKNYEKRVA
DIKNYEKRVADAVDF
EKRVADAVDFGYVFC
DAVDFGYVFCDKMIS
GYVFCDKMISHSLYN
DKMISHSLYNNEKGL
HSLYNNEKGLEWLGQ
NEKGLEWLGQIVEGN
EWLGQIVEGNSMHPD
IVEGNSMHPDFYGHI
SMHPDFYGHIFHMYR
FYGHIFHMYRSLLGH
FHMYRSLLGHITDPF
SLLGHITDPFHKHGV
ITDPFHKHGVAPSAL
HKHGVAPSALEHPET
APSALEHPETSLRDP
EHPETSLRDPAFYQ
SLRDPAFYQIWKRVQ
AFYQIWKRVQHYFNK
WKRVQHYFNKFQMKQ
HYFNKFQMKQPYYTR
FQMKQPYYTREELAF
PYYTREELAFDGVKI
EELAFDGVKIDNVDV
DGVKIDNVDVGKLYT
DNVDVGKLYTYFEPY
GKLYTYFEPYEMGLS




Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3
Blag3

426
431
436
441
446
451
456
461
466
471
476
481
486
491
496
501
506
511
516
521
526
531
536
541
546
551
556
561
566
571
576
581
586
591
596
601
606
611
616
621
626
631
636

440
445
450
455
460
465
470
475
480
485
490
495
500
505
510
515
520
525
530
535
540
545
550
555
560
565
570
575
580
585
590
595
600
605
610
615
620
625
630
635
640
645
650

YFEPYEMGLSNAVKV
EMGLSNAVKVGKLED
NAVKVGKLEDVPNVD
GKLEDVPNVDIRARN
VPNVDIRARNYRLNH
IRARNYRLNHKPFTY
YRLNHKPFTYNVEVT
KPFTYNVEVTSEKDT
NVEVTSEKDTPVYVR
SEKDTPVYVRVFLGP
PVYVRVFLGPKYNYY
VFLGPKYNYYGHEYD
KYNYYGHEYDLNERR
GHEYDLNERRNYFVE
LNERRNYFVEIDRFP
NYFVEIDRFPYQLHT
IDRFPYQLHTGKNTI
YQLHTGKNTIQRNSH
GKNTIQRNSHDSSVV
QRNSHDSSVVAQEQD
DSSVVAQEQDTYKVL
AQEQDTYKVLYKKVN
TYKVLYKKVNEAYEG
YKKVNEAYEGKTTYT
EAYEGKTTYTYEKQD
KTTYTYEKQDKYCGL
YEKQDKYCGLPEHLL
KYCGLPEHLLIPKGK
PEHLLIPKGKKGGQA
IPKGKKGGQAFTVYV
KGGQAFTVYVIVTPY
FTVYVIVTPYDKAVE
IVTPYDKAVEKEEHH
DKAVEKEEHHFKAYS
KEEHHFKAYSYCGVG
FKAYSYCGVGPHDSV
YCGVGPHDSVYDKKP
PHDSVYDKKPLGFPF
YDKKPLGFPFDRPIH
LGFPFDRPIHSYDFV
DRPIHSYDFVTPNMF
SYDFVTPNMFMKDVF
TPNMFMKDVFIFHKK




Blag3 641 655 MKDVFIFHKKYEEVE
Blag3 643 660 DVFIFHKKYEEVEQH
chitinase 1 15 DKPSRVVCYFSNWAV
chitinase 6 20 VVCYFSNWAVYRPGL
chitinase 11 25 SNWAVYRPGLGSYKI
chitinase 16 30 YRPGLGSYKIEDIPT
chitinase 21 35 GSYKIEDIPTDLCTH
chitinase 26 40 EDIPTDLCTHLIYSF
chitinase 31 45 DLCTHLIYSFIGVSN
chitinase 36 50 LIYSFIGVSNVTWGP
chitinase 41 55 IGVSNVTWGPLILDQ
chitinase 46 60 VTWGPLILDQENDVD
chitinase 51 65 LILDQENDVDLRGFL
chitinase 56 70 ENDVDLRGFLNFTDL
chitinase 61 75 LRGFLNFTDLKAKGV
chitinase 66 80 NFTDLKAKGVKTSVA
chitinase 71 85 KAKGVKTSVAMGGWG
chitinase 76 90 KTSVAMGGWGEGGRK
chitinase 81 95 MGGWGEGGRKYSHLV
chitinase 86 100 EGGRKYSHLVSDKKL
chitinase 91 105 YSHLVSDKKLRDTFI
chitinase 96 110 SDKKLRDTFIPALVE
chitinase 101 115 RDTFIPALVEFLHKY
chitinase 106 120 PALVEFLHKYNFDGL
chitinase 111 125 FLHKYNFDGLDIDWE
chitinase 116 130 NFDGLDIDWEYPGAS
chitinase 121 135 DIDWEYPGASDRGGS
chitinase 126 140 YPGASDRGGSYGDRQ
chitinase 131 145 DRGGSYGDRQNFFYF
chitinase 136 150 YGDRQNFFYFVEELR
chitinase 141 155 NFFYFVEELRRAFDK
chitinase 146 160 VEELRRAFDKEGKGW
chitinase 151 165 RAFDKEGKGWEITMA
chitinase 156 170 EGKGWEITMAVPLAN
chitinase 161 175 EITMAVPLANFRLNE
chitinase 166 180 VPLANFRLNEGYHVP
chitinase 171 185 FRLNEGYHVPDLCEL
chitinase 176 190 GYHVPDLCELIDAVH
chitinase 181 195 DLCELIDAVHVMAYD
chitinase 186 200 IDAVHVMAYDLRGNW
chitinase 191 205 VMAYDLRGNWAGFAD
chitinase 196 210 LRGNWAGFADVHSPL
chitinase 201 215 AGFADVHSPLYQRPN
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VHSPLYQRPNEGYGY
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EGYGYQALNDNDGMQ
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NDGMQLWVDKGCSPD
LWVDKGCSPDKLVLG
GCSPDKLVLGTPFYG
KLVLGTPFYGRTFTL
TPFYGRTFTLSQGNT
RTFTLSQGNTNKDIG
SQGNTNKDIGTYINK
NKDIGTYINKDAGGG
TYINKDAGGGDAGPY
DAGGGDAGPYTGAKG
DAGPYTGAKGMLAYY
TGAKGMLAYYEICNM
MLAYYEICNMLQVNA
EICNMLQVNASKWTQ
LQVNASKWTQKFDDI
SKWTQKFDDIGKCPY
KFDDIGKCPYAYDDG
GKCPYAYDDGNQWVG
AYDDGNQWVGYDNEI
NQWVGYDNEISLQYK
YDNEISLQYKMDFIK
SLQYKMDFIKEKGYL
MDFIKEKGYLGAMTW
EKGYLGAMTWAIDMD
GAMTWAIDMDDFHGT
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chitinase 421 435 PETTTTGTTTSTIDP
chitinase 426 440 TGTTTSTIDPTITTP
chitinase 431 445 STIDPTITTPSFPPS
chitinase 436 450 TITTPSFPPSETTTD
chitinase 441 455 SFPPSETTTDATTGG
chitinase 446 460 ETTTDATTGGPTVTP
chitinase 451 465 ATTGGPTVTPSCANA
chitinase 456 470 PTVTPSCANANFYPA
chitinase 461 475 SCANANFYPAANCNQ
chitinase 466 480 NFYPAANCNQYYMCN
chitinase 471 485 ANCNQYYMCNQGTPI
chitinase 476 490 YYMCNQGTPILMTCP
chitinase 481 495 QGTPILMTCPSGTVW
chitinase 486 500 LMTCPSGTVWVQEGI
chitinase 491 505 SGTVWVQEGIRCDWP
chitinase 496 510 VQEGIRCDWPAASTR
chitinase 501 515 RCDWPAASTRAECRS
chitinase 502 516 CDWPAASTRAECRSA
vitellogenin |1 15 ITPGWLPINSQLDYH
vitellogenin |6 20 LPINSQLDYHVHGRT
vitellogenin |11 25 QLDYHVHGRTFSSLF
vitellogenin |16 30 VHGRTFSSLFQVANQ
vitellogenin |21 35 FSSLFQVANQYTGIL
vitellogenin |26 40 QVANQYTGILYKARL
vitellogenin |31 45 YTGILYKARLSLDRN
vitellogenin |36 50 YKARLSLDRNEDQLI
vitellogenin |41 55 SLDRNEDQLITGKVT
vitellogenin |46 60 EDQLITGKVTEAQFS
vitellogenin |51 65 TGKVTEAQFSPVNTQ
vitellogenin |56 70 EAQFSPVNTQFSSGW
vitellogenin |61 75 PVNTQFSSGWDESVP
vitellogenin |66 80 FSSGWDESVPDEKLH
vitellogenin |71 85 DESVPDEKLHWDVVP
vitellogenin |76 90 DEKLHWDVVPMSQQP
vitellogenin |81 95 WDVVPMSQQPFQIEL
vitellogenin |86 100 MSQQPFQIELNSRGE
vitellogenin |91 105 FQIELNSRGEVRKLR
vitellogenin |96 110 NSRGEVRKLRVNKFV
vitellogenin |101 115 VRKLRVNKFVELWEI
vitellogenin |106 120 VNKFVELWEINMIKA
vitellogenin |111 125 ELWEINMIKAIISQL
vitellogenin |116 130 NMIKAIISQLQVVVD
vitellogenin [121 135 11ISQLQVVVDEDKKV
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Supplemental Table 2. Antibodies used for AIM assays

Target Fluorochrome Clone Host Company
CD4 APC-eFluor 780 RPA-T4 Mouse Invitrogen
CD3 Alexa Fluor 700 UCHT1 Mouse Invitrogen
CD8 V500 RPA-T8 Mouse BD
CDh14 V500 M5E2 Mouse BD
CD19 V500 HIB19 Mouse BD
CD25 APC BC96 Mouse Invitrogen
0OX40 .

(CD134) Bv421 Ber-ACT35 Mouse Biolegend
CD45R0O FITC UCHL1 Mouse Invitrogen
PDL-1 .
(CD274) PE 29E2A3 Mouse Biolegend
live/dead | Aqua (V500)- : : Thermo

Fisher




Supplemental Table 3. B and T-cell responses to cockroach allergens

Allergens: Blagl Blag2 Blag3 Blag4 Blag5 Blag6 Pera7 Blag9 Blagll Blag12 Vitellogenin

IgE antibody binding Allergen-specific IgE (KUa/L) Sum
Geometric mean 0.69 1.36 0.68 0.73 0.83 0.72 0.64 1.02 0.75 0.44 n.d. 12.07
T cell responses Activated cells per million CD4+ cells (fold) Sum
Geometric mean 1.55 1.64 1.80 1.26 1.02 1.37 1.22 2.01 2.01 1.38 5.06 24.73

n.d. not determined
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