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ARTICLE INFO ABSTRACT

Article history: Polybia paulista (Hymenoptera: Vespidae) is a neotropical social wasp from southeast Brazil. As most social Hy-
Received 13 February 2017 menoptera, venom from P. paulista comprises a complex mixture of bioactive toxins ranging from low molecular
Received in revised form 6 April 2017 weight compounds to peptides and proteins. Several efforts have been made to elucidate the molecular compo-
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sition of the P. paulista venom. Data derived from proteomic, peptidomic and allergomic analyses has enhanced
our understanding of the whole envenoming process caused by the insect sting. The combined use of bioinfor-
matics, -omics- and molecular biology tools have allowed the identification, characterization, in vitro synthesis
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gsi;vl:iizn;sc;ulista and recombinant expression of several wasp venom toxins. Some of these P. paulista - derived bioactive com-
Wasp venom pounds have been evaluated for the rational design of antivenoms and the improvement of allergy specific diag-
-omics- nosis and immunotherapy. Molecular characterization of crude venom extract has enabled the description and
Peptides isolation of novel toxins with potential biotechnological applications. Here, we review the different approaches
Allergens that have been used to unravel the venom composition of P. paulista. We also describe the main groups of P.
Drugs paulista - venom toxins currently identified and analyze their potential in the development of component-re-
solved diagnosis of allergy, and in the rational design of antivenoms and novel bioactive drugs.

© 2017 Published by Elsevier B.V.
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1. Introduction of bioactive molecules from social Hymenoptera have enabled the ratio-

Sting accidents caused by social Hymenoptera represent one of the
three major causes of anaphylaxis among human population worldwide
[1]. Venoms from these insects are mixtures of unique natural weapons
evolved to ensure the defense of the colony against predators and prey
capture [2]. Venom toxin cocktails include low molecular weight com-
pounds - terpenes, biogenic amines -, highly abundant peptides, and al-
lergenic proteins - phospholipases Al, A2, hyaluronidases, acid
phosphatase and antigen 5 - [3]. Low molecular weight compounds,
and peptides are often involved in toxic reactions causing pain, inflam-
mation, tachycardia/bradycardia and cardiac arrhythmia [4]. Mean-
while, allergenic proteins are related to local and/or systemic allergic
reactions including life-threatening anaphylaxis related to the occur-
rence of HVA.

More than 20,000 species of bees (Apoidea) and ants (Formicidae)
along with 15,000 species of wasps and yellow jackets (Vespoidea)
have been identified as clinically relevant [5]. To date, systemic analyses
based on the use of biomolecule databases, bioinformatic tools and
-omics- approaches including genomic, transcriptomic, proteomic,
peptidomic and glycomics have been successfully used to unravel the
toxins arsenal from these venomous animals [6,7]. Venomic analyses
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nal design of novel antitoxins [8], and the evaluation of venom compo-
nents for potential biotechnological applications. Furthermore,
detection and molecular characterization of allergenic proteins from
Hymenoptera venoms have enabled the production of recombinant al-
lergens then allowing the development of component resolved diagno-
sis (CRD) and molecular-defined immunotherapy (IT) of HVA [9].
Unlike traditional methods based on the use of crude venom extracts
that showed an extremely variable composition [10], these novel alter-
natives for allergy diagnosis and SIT use defined panels of standardized
and highly purified allergens with characterized physiochemical and
immunologic profiles. Consequently, the use of recombinant allergens
as the allergenic materials significantly improves the reliability of the di-
agnosis and the safety profile of the immunotherapy [3,7].

Brazil hosts nearly 320 species of social wasps which represent 57%
and 33% of the species currently described in Latin America (552) and
worldwide (974), respectively [11]. The close coexistence between so-
cial wasps and the human populations (Fig. 1) causes a high number
of medically important stinging accidents, due to the highly aggressive
behavior of these insects [12]. The victims may experience local toxic
and/or immunological life-threatening reactions, depending on the
number of wasps involved in the accident, the amount of venom
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Fig. 1. Distribution of P. paulista wasp in South America.
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injected and the levels of sensitization to venom allergens. Unfortunate-
ly, the vast majority of these accidents and the prevalence of HVA have
been neglected for decades in Brazil as a consequence of the lack of data
collected by health institutions and survey analyses. The World Health
Organization (WHO) considered the accidents of envenoming caused
by venomous animals (snakes, spiders, scorpions, wasps, ants and
bees) as a neglected public health issue in the developing countries
[13]; this was latter recognized by the Brazilian Academy of Sciences
[14].

Epidemiological studies have estimated that 56.6%-94.5% of human
populations have been stung by Hymenoptera, at least once in lifetime
[15]. The prevalence of systemic allergic reactions related to HVA is
0.3-8.9%, with anaphylaxis occurring in 0.3-42.8% of the cases [1]. The
prevalence of the accidents caused by insects sting have been predicted
to be higher in developing and low-income countries since a higher per-
centages of humans develop their economic activities near to popula-
tions of Hymenoptera insects [16]. All these data strongly suggest that
Hymenoptera stings and Hymenoptera venom anaphylaxis are out-
standing human health problems not only in Brazil, but also in whole
Latin America. This is particularly true for social wasps considering the
remarkable diversity of species currently identified in the country
cohabitating with humans. Moreover, at least one epidemiologic study
conducted with Brazilian patients (n = 138) showed that wasp
venom was the main cause of HVA in the population analyzed [17].

The epidemiological data currently available suggest that 10 to 15
thousands sting accidents related to bees and/or wasps occur annually
in Brazil. Most of these are caused by Polybia paulista (Hymenoptera:
Vespidae) with 35-42 deaths registered every year [18,19]. P. paulista
-popularly known as “paulistinha”- is a clinically relevant neotropical
wasp that belongs to the Polistinae subfamily which is divided in four
tribes (Ropalidiini, Polistini, Epiponini and Mischocyttarini) [20]. Sever-
al studies showed that the species from Epiponini tribe are the most
commonly founded in Southeast Brazil [11]. Moreover, members of
the Polybia group -including P. paulista- have been reported as the
most abundant species founded in urban garden from this region (Fig.
1) [21]. As a consequence, P. paulista-related sting accidents and
venom allergy are highly frequent, and represent major causes of
human morbidity in Southeast Brazil.

Considering these facts, P. paulista have been extensively stud-
ied, and became a model for proteomic, peptidomic, immunological
and pharmacological studies in insect venom toxinology during the
last two decades. Several efforts have been made to explore and pro-
file the toxin arsenal of this endemic wasp as a prerequisite to devel-
op antivenoms and to treat P. paulista-related toxic and allergic
reactions.

Early attempts to elucidate the venom composition of this wasp
were based on the use of low-resolution chromatographic methods,
which were able to detect a limited number of toxins [22]. Nevertheless,
recent studies [23,24] performed using more resolutive proteomic and
peptidomic techniques have promoted a systemic comprehension of
crude venom extract composition. The elucidation of P. paulista-toxins
arsenal allows us to hypothesize about a general envenoming mecha-
nism [23].

It has been informed that peptides comprise up to 70% of the weight
of freeze-dried venom in social Hymenoptera [2]. The use of high-
throughput techniques have boosted the identification of frequent as
well as rare venom peptides generating a large quantity of data related
to venom composition [25]. Thousands of venom peptides from snake
[26,27], spider [28,29], scorpion [30], marine snails [31] and solitary/so-
cial Hymenoptera [32,33] have been detected and described after the
implementation of these approaches. In the case of P. paulista venom,
the use of peptidomic analyses resulted in the description and further
molecular characterization of known and also novel wasp-venom pep-
tides [24,34]. The peptides toxins characterized in P. paulista displayed
diverse structural features and biological activities revealing the com-
plexity of toxins arsenal produced by this social wasp.

Despite the great diversity of social Hymenoptera identified in Brazil,
no component-defined allergenic materials are available for specific di-
agnosis of allergy [12,35]. Currently, HVA diagnosis is based on the use
of crude venom extracts from native species or commercialized aller-
gens from insects of Northern Hemisphere. The use of crude venoms in-
creases the incidence of cross-reactivity due to the presence of cross-
reactive carbohydrate determinants (CCDs) [36]. Meanwhile, diagnosis
of Brazilian patients conducted with allergens from species of temperate
regions lead to a decrease in sensibility and miss-identification of the
culprit venom thus compromising the efficacy and safety profile of the
specific immunotherapy (SIT). Inclusion of non-relevant allergens in
immunotherapy leads to non-specific sensitization of patients and can
cause life-threatening systemic side-effects [37]. The incidence of ad-
verse side effects worldwide during immunotherapy has been estimat-
ed in 25.1% and 5.8% for honeybee and vespid venoms, respectively [38].
Overall, these facts set significantly challenges for the aim of decreasing
the morbidity related sting accidents and HVA in Brazil.

Venomic analyses represent a powerful approach to face these chal-
lenges as they provide systemic information about the proteinaceous
components comprised in social Hymenoptera venoms, including aller-
gens. To date, more than 60 Hymenoptera venom allergens have been
identified, cloned, heterologously expressed and are currently being
tested [3] allowing the design of panels of recombinant allergens that
can be used in allergy CRD and molecular-defined SIT. Proteomic analy-
sis allowed the identification and purification of the three major aller-
gens from P. paulista venom: phospholipase A1 (Poly p 1) [39],
hyaluronidase (Poly p 2) [40,41] and antigen 5 (Poly p 5) [42]. These al-
lergens are medium (Poly p 2) to highly abundant (Poly p 1 and Poly p
5) venom proteins [23,35,39,41,43]. The combined use of bioinformatics
and proteomic tools as well as molecular biology techniques resulted in
the cloning, sequencing and further heterologous expression in E. coli of
both Poly p 1 [35] and Poly p 2 [12]. Also, nPoly p 5 is currently evaluated
for the development of a peptide-based allergy diagnoses system and an
engineered vaccine [44]. Both strategies could significantly improve the
diagnosis and treatment of P. paulista venom allergy and then the
patient's quality of life.

Finally, venomic-based uncovering of P. paulista-toxins arsenal has
allowed the description of diverse pharmacological activities that
could be evaluated for either development of antivenoms or novel bio-
technological applications [45,46] (Fig. 2). Here, we review the main ap-
proaches used for systemic molecular profiling of P. paulista venom
composition. Additionally, we describe the growing body of data related
to the identification and functional characterization of bioactive mole-
cules comprised in the venom of this wasp. We focus on the production
of recombinant allergens toward improvement of the strategies cur-
rently used for specific diagnosis and treatment of allergy. Also, we dis-
cuss the potential use of P. paulista-venom toxins for the rational design
of antivenoms and the development of novel biopharmaceuticals
products.

2. Exploring P. paulista venom - omics approaches

Animal venoms comprise heterogeneous levels of low molecular
weight compounds, peptides and proteins, ranging from high to almost
undetectable concentrations. The heterogeneity of toxin levels repre-
sented a significant challenge for venom characterization. Low-abun-
dance molecules remained undescribed for decades thus tackling our
systemic comprehension of the envenoming process. Proteomic and
peptidomic analyses based on the use of techniques such as LC-ESI-
MS and nano-ESI-MS/MS have progressively reversed this situation en-
abling identification of thousands of novel venom proteins and peptides
[24,47,48].

To date, P. paulista venom has been explored using mainly
peptidomic, proteomic and allergomic approaches (Fig. 2). Early efforts
to elucidate P. paulista-venom peptides composition were conducted
using classical procedures directed to the identification and molecular
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Fig. 2. Overview on the workflow used for the venomic analyses of P. paulista

characterization of a limited number of these molecules. The combined
use of HPLC with mass spectrometry techniques (MALDI-Tof-PSD-MS
and QTof-MS/MS) [49,50] resulted in the identification of two new pep-
tides that are related to a subclass of mastoparan toxins. Both toxins
showed a potent hemolytic activity, induced mast cells degranulation
and were predicted to induce inflammation during envenoming pro-
cess. Two low molecular weight peptides named Polybine-I and -II,
that are also related to inflammation and chemotaxis of PLMNs were
isolated using reverse phase-HPLC, sequenced using ESI-MS/MS and
functionally characterized [51]. Another two peptides, Polybia-MPI
and Polybia-CP with antibacterial and chemotactic activity, were de-
scribed using a similar procedure [52].

Likewise to the identification of peptides, early attempts to describe
proteinaceous components in P. paulista venom were conducted using
traditional proteomic procedures. For instance, a gel filtration chroma-
tography -Sephadex G 200- followed by ion exchange chromatography
-DEAE Cellulose- enabled purification of Polybitoxins, a group of glyco-
sylated phospholipases A2 [22]. Polybitoxins showed a high hemolytic
activity in functional characterization bioassays. The native form of
Poly p 1 (nPoly p 1) was initially isolated and characterized using a sim-
ilar proteomic approach based on a double-step chromatographic puri-
fication protocol followed by Edmand degradation chemistry
sequentiation [39]. The nPoly p 2 was purified using a single step ion-
exchange chromatography, sequenced by mass spectrometry and, as
nPoly p 1, structural modeled using several bioinformatics tools and
protein structure databases [40,41]. Non proteinaceous or peptidic com-
pounds such as Polybioside I, a low molecular weight neuroactive toxin
was also described after analyses of P. paulista venom using a classical
fractionation procedure [53].

The approaches described above ensured an accurate detection and
molecular characterization of some paulistinha toxins. Nonetheless, its
application reduced the possibility to obtain a systemic picture of P.
paulista venom composition as a limited number of bioactive molecules
have been identified and described in each study. To cope with this,
some proteomics and peptidomic techniques that allowed detection of
a large number of high, but also low-abundance, venom toxins has
been performed recently. A proteome profile was obtained after sub-
mitted the P. paulista crude venom extract to bi-dimensional electro-
phoresis (2-DE) followed by identification of digested individual spots
using matrix-assisted laser desorption ionization time-of-flight/time
of-flight-mass spectrometry (MALDI TOF/TOF-MS/MS) [23].

The 2-DE revealed 237 + 36 spots (five replicates) with MW ranging
from 8 to 96 kDa and pH values from 3 to 10 (Fig. 3). Further mass spec-
trometry analysis resulted in identification of 84 venom proteins related
to 12 different molecular functions. Proteins from the venom glands
were classified into three different groups: typical venom proteins,
muscle proteins and housekeeping proteins. The first group included
53 components, 23 similar to social wasp venom proteins previously de-
scribed, most related to allergenicity. An immunoblotting analysis
showed that 16 single proteins immunoreacted with sera from P.
paulista venom-allergic patients (Fig. 3) revealing the potential of sever-
al venom toxins, and not only the three major allergens mentioned
above, to be evaluated for improvement of CRD. Furthermore, this
study showed for the first time the presence of antigen 5 and diverse
metalloproteases as P. paulista venom components. As the authors men-
tioned [23], the discovery of novels allergenic proteins will greatly im-
prove our understanding of the pathophysiological effects experienced
by the victims after the wasp sting.
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Fig. 3. Representative 2D-gel of P. paulista venom proteome stained with Coomassie Brilliant Blue G-250. Spots reactive to sera from allergic patients are marked with asterisk (*). (Image

corresponds to a replicate of the experiment originally published by dos Santos et al. (2010)).

Venom proteome profiling of P. paulista has also allowed the de-
scription of a general mechanism for the envenoming process (Fig. 4)
based on the different functions described for the identified proteins
[23]. However, it is important to note that only 84/236 spots (~35%)
were assigned with a putative protein function. The relative low num-
ber of identified spots is related to the limitations of the bottom-up
gel based approach used in this study, as low-abundance proteins are
difficult to identify [55,56] . Also, the large number of Hymenoptera pro-
teins with unknown functions deposited in databases when the analysis
was conducted hampered the identification of other venom toxins [57,
58]. A reanalysis of the venom proteome of P. paulista using a gel-free
shotgun proteomic approach combined with the use of updated protein
databases could significantly enhance the identification of wasp venom
toxins [48,64] with relevant biological functions. The use of this sensi-
tive analytical alternative will allow the identification of the low-abun-
dance “hidden proteins” in P. paulista venom thus helping to complete
the model proposed for the envenoming process [48]. Proteinaceous
compounds identified using shotgun proteomics could be also evaluat-
ed for the development of novel drugs with potential pharmaceutical
applications.

For decades, the peptidome from P. paulista venom remained poorly
explored. Before the application of high throughput screening ap-
proaches only few bioactives peptides were chemically characterized
in the venom of this wasp [49,59,60]. Nonetheless, the use of advanced
mass spectrometry techniques significantly changed that landscape and
resulted in the description of dozens of novel P. paulista venom peptides
[24]. An intra- and inter-colonial analysis of peptide diversity in P.
paulista venom performed using LC-ESI-MS showed high levels of vari-
ability for both conditions. In the intra-colonial analysis (venom collect-
ed from one nest at three different seasons) a total of 146 peptides were
detected. Interestingly, from that number only 44 (30%) peptides were
common among the three samples. Similarly, from a total of 179 pep-
tides detected in the inter-colonial analysis (venom collected from
three different nests at the same time), only 36 (20%) were common

across the three nests [34]. As the authors stated during discussion of
these results, the high number of peptides in combination with the
intra- and inter-colonial variations in the venom peptides” composition
might extends the spectrum of predators/preys against these toxins
may be effective.

Interestingly, similar variations in other venomous animals have
been suggested to correlate with differences in the pharmacological ef-
fects of the venom. For instance, intra-specific variability in Conus vexil-
lum venom composition correlated with variations on venom potency
and cytotoxic effects [61]. Furthermore, a systemic venomic analysis in-
volving sixteen species of snakes from Costa Rica has showed a pro-
found diversity on venom composition [27]. The analyses of the snake
venom-proteome/peptidome profiles have helped to partially explain
and even predict the potential variations on the pharmacological and
pathophysiological effects suffered by the victims. The diversity in clin-
ical symptoms caused by P. paulista venom is mainly related to allergen-
ic proteins [23,62]. Despite the diversity of pharmacological activities
suggested for P. paulista venom peptides [2], it is difficult to correlate
intra/inter-colonial variations in P. paulista venom peptidome with dif-
ferences in clinical manifestations as peptide activities is often related to
limited number local toxic reactions [24]. However, a similar analysis for
exploring the intra/inter variability on the P. paulista-venom proteome,
including other medically relevant neotropical Hymenoptera could be
extremely helpful for understand differences in clinical manifestations,
particularly in the case HVA [60]. In fact, it has been informed that the
frequency and intensity of the venom-caused allergic reactions may
vary not only as a consequence of intra-individual variations along the
victims, but also, along the qualitative and quantitative composition of
the insect venoms [48,65].

A peptidome profile of P. paulista venom was recently obtained
using a reversed-phase chromatography coupled to electrospray ioniza-
tion-ion trap-time of flight mass spectrometry (LC-ESI-IT-TOF/MS) [24].
The profiling included peptides detection, sequencing, in vitro synthesis
and biological evaluation. In summary, fourteen unambiguous peptide
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Fig. 4. Proteins (black) and peptides (bold green) identified in venomic analyses of P. paulista and their proposed biological functions during envenoming process (red bold numbers

indicate corresponding spot of the protein in 2D-electrophoresis, see Fig. 3).

sequences were assigned. From that group, nine represented novel pep-
tides including two wasp kinins, two chemotactic components, three
mastoparans and two with unknown function. The peptides were fur-
ther synthesized on solid-phase and submitted to different bioassays.
Analysis of biological activity showed that P. paulista kinins (i.e. - Thr®-
Bradykinin, RA-Thr®-Bradykinin, RA-Thr®-BradykininDT) caused weak
mast cell degranulation, oedema formation and pain suggesting that
the toxins are used as a defense weapon causing discomfort in natural
predators. Meanwhile, the novel peptides Polybia-CP 2 and Polybia-CP
3 promoted a medium to strong chemotaxis of polymorphonuclear leu-
kocytes (PMNLs). Finally, as previously characterized P. paulista venom
mastoparan, novels Polybia-MP IV, V and IV are related to inflammation
during envenoming process.

Using a proteometabolomic approach, Esteves et al. (2017) [66]
identified several volatiles compounds (as metabolites), such as
tetradecanol, tridecanoic acid, tetradecanoic acid, tetradecanoic acid

methyl ester, hexadecanoic acid methyl ester, octadecanol,
octadecanoic acid, eicosanoic acid and eicosanoic acid methyl ester in
the Polybia paulista venom. The authors suggested that these com-
pounds are produced by Dufour's gland and secreted/mixed into the
venom reservoir for use as alarm pheromones in a coordinated colony
defense, including a massive attack against the predators. Dufour's
gland and the venom gland are associated with the sting apparatus in
female aculeate wasps and bees; despite this, no role have been attrib-
uted to the former in terms of venom activity [67].

The peptidome and proteome profiling of the P. paulista venom have
contributed to hypothesize about a general mechanism for envenoming
process caused by insect sting [23]. The mechanism proposed (Fig. 4) in-
cludes proteins and/or peptides involved in venom production, protec-
tion and storage in the venom gland and reservoirs along with those
acting after the inoculation on the victim/prey. The actions of the toxins
during the envenoming process have been divided into five basic
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functions: venom diffusion, hemolysis, tissue damage, inflammation
and allergy.

A more detailed analysis of the proposed mechanism suggests that,
similar to other venom hyaluronidases [68-72], Poly p 2 could acts as
a spreading factor that facilitates venom diffusion from the site of the in-
oculation. Hyaluronidases cleave the hyaluronan, a polysaccharide of
the extracellular matrix found in connective tissue [40,69]. Degrada-
tion of hyaluronan potentiates the action of the venom by facilitating
the toxins diffusion into the blood stream and the tissues of the vic-
tim [68,69,73,74]. In fact, hyaluronidases are widely distributed in
animal venoms [70,75] highlighting the important role of these en-
zymes during the envenoming process. The Poly p 2, which showed
a significant enzymatic activity in vitro [40] and structural homology
with other Hymenoptera venom hyaluronidases described as
spreading factors [41,72], has been proposed to increase the absorp-
tion rates and diffusion of the P. paulista venom into tissues after the
insect sting [40]. The development of antivenoms or inhibitors that
target this hyaluronidase could limit the diffusion of the venom
thus preventing or delaying the occurrence of large tissue damages
[70,71], potentially allowing a more efficient clinical management
of the victim.

Despite that P. paulista has showed a potent hemolytic activity, intra-
vascular hemolysis is rarely induced by insect stings. This pathophysio-
logical manifestation has been informed mainly in veterinary accidents
caused by snakes [76]. However, hemolysis has been occasionally de-
scribed in massive attacks involving honeybees or wasps [23,77]. Hemo-
lytic activity of P. paulista venom is related to peptides mastoparan II, III
[60] and PLA2s [22]. In vitro assays have showed that both groups of
toxins are direct hemolytic factors that disrupt the integrity of erythro-
cyte plasma membrane in the absence of any other agent [22,60]. As
suggested for other venom hemolytic toxins such as mellitin [78],
cardiotoxins [79] and venom snake PLA2s [76], the identification of
these P. paulista venom toxins could be helpful for the analysis and fur-
ther understand of pathophysiology effects caused by the wasp sting.
Interestingly, at least one study [80] has showed that the activity of a
PLA2 from the venom of a rattlesnake (Crotalus durissus terrificus) is fa-
cilitated by the activity of the snake hyaluronidase. A similar mechanism
for enhancement of PLA2 activity could be proposed in the case of P.
paulista venom.

Identification of snake venom-like metalloproteases (spots 21, 133
in Fig. 3) in P. paulista could represent a key finding to explain some
symptoms experienced by the victims during envenomation caused
by the wasp [23]. The activity of some snake-venom metalloproteases
cause myonecrosis, skin damage, edema, and inflammatory reactions
[81] in the victims which are clinical manifestations that have been in-
formed in wasps' massive attacks [82]. Moreover, snake venom-like
zinc-metalloproteinase-disintegrins also identified in P. paulista (spot
15 in Fig. 3) are known to cause hemorrhage, platelet aggregation, and
some types of coagulopathies [83], which are clinical effects that have
also been observed in victims of accidents involving multiple insect
stings [23]. Structural and functional analysis must be performed to elu-
cidate to role of P. paulista venom metalloproteases in the envenoming
process [23]. As suggested for hyaluronidase, the production of
metalloprotease antivenoms and the rational design of inhibitors
could help to prevent the effects of these toxins after a P. paulista mas-
sive attack.

Besides these metalloproteases, P. paulista venom phospholipases
A1 and A2 has been proposed to cause tissue damage. These enzymes
disrupt phospholipidic packing of cellular membranes and are known
to exert a wide diversity of toxic and pharmacological reactions.
Venom PLA2s activity could produce edematogenic, hypotensive, cyto-
toxic and anticoagulant effects in the victims [84]. Meanwhile, some
wasp PLA1s have showed a potent hemolytic activity [85] although
their major consequence during envenoming is the induction of allergic
reactions [35]. The role of these P. paulista venom toxins along with
those involved in inflammation (mastoparans Polybia MPI, 11, III, Polybia

CP, 2, 3) and allergic reactions (Poly p 1, 2 and 5) mentioned in the pro-
posed mechanism of envenoming will be addressed later in this review.

Overall the profiling of P. paulista venom composition using tradi-
tional and/or faster and more sensitive analytical techniques has ren-
dered the identification of dozens of novel proteins and peptides [23,
24]. Similar to other venomous animals [27,86], the wasp venomic anal-
yses have expanded our knowledge about the arsenal of toxins pro-
duced by this social Hymenoptera. The venom composition suggests
that the insect sting triggers a complex pathological scenario and that
during the envenomation a wide range of molecular or/and cellular
mechanisms are targeted by the wasp toxins. Further studies on these
mechanisms will pave the way for the development of novel
antivenoms and the design of specific immunotherapy strategies for in-
duces venom tolerance in allergic patients [87]. Moreover, reanalysis of
P. paulista venom using more sensitive analytical techniques and Hyme-
noptera protein databases currently available could increase the num-
ber of proteins identified thus helping to enlarge the panel of
described venom composition and increase our understanding of the
envenomation.

A transcriptome analysis of the P. paulista venom glands could also
be used for exploring the toxin arsenal of the wasp. Transcriptome pro-
filing provides large amounts of biological information and represent a
feasible alternative to mine novel compounds in animal venoms [88,
89]. As in the case of solitary [90] and other social Hymenoptera species
[91,92], P. paulista venom-transcriptome profiling could significantly in-
creases the number of toxins identified then allowing its structural and
functional characterization. Consequently, the data derived for tran-
scriptome analysis could help in the full decoding of the P. paulista
venom composition and the pathophysiological caused by the insect
sting.

3. Polybia paulista - venom peptide arsenal

As mentioned, the use of traditional venom fractioning approaches
and second-generation sequencing techniques allowed the identifica-
tion of several peptides comprised in paulistinha venom. Evaluation of
biological activities of these toxins is a milestone for the understanding
of it functions during envenoming and the further design of antivenoms.
In the next two sections we describe the main groups of peptides (Fig.
5) currently identified in P. paulista venom and its biological activity.
These findings are also summarized in Table 1.

3.1. Mastoparans (Polybia-MP)

Mastoparans are membrane-active polycationic molecules of 12-14
amino acids residues that represent the most abundant class of peptides
in venom from both solitary and social hunting wasps [93]. These toxins
caused histamine release from mast cells, serotonin from platelets along
with catecholamines and adenylic acids from adrenal chromaffin cells.
Mechanism of action involved either insertion in cell membrane, pore
formation lately causing cell surface disruption and lysis; or direct inter-
action with G proteins on the cytoplasmatic face, thereby perturbing
transmembrane signaling [94].

Two mastoparans, described as linear tetra-decapeptides of 1612.07
and 1658.60 Da. were the first group of peptides identified in P. paulista
venom [49]. The analysis of the peptides primary sequence revealed
that both toxins are similar to previously described mastoparans. In
functional characterization bioassays both peptide showed a potent
chemotactic activity as 90% of rat PMNL cells were chemo-attracted in
the presence of each peptide. The toxins also showed a strong hemolytic
activity causing in vitro disruption of 100% of rat red blood cells and also
induced degranulation of mast cells.

Polybia-MPI is a typical mastoparan tetra-decapeptide of 1654.09 Da
that caused lysis of mast cells, and shows chemotaxis to PMNLs. Unlike
the two mastoparans previously described, Polybia-MPI does not have
hemolytic activity in rat erythrocytes. A multiple alignment analysis
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Fig. 5. Chromatographic separation (solid red line) of the peptides fraction from P. paulista venom, by RP-HPLC with a packed X-Bridge BEH 130C-18 column, eluted under a gradient from
5 to 60% (v/v) acetonitrile, containing 0.1% (v/v) trifluoroacetic acid. The tandem mass spectra of some of the major peptide components of this venom (RA-Thr6-bradykinin, Polybia-MP I,
and Polybia-CP) are also shown. (Modified with permission from Dias et al., 2015).

showed different levels of identity with primary sequence of
mastoparans from venom of other social wasps, with the higher homol-
ogy (71%) related to the mastoparans identified in Protonectarina

Table 1

sylveirae venom [95]. Polybia-MPI also displayed a potent antimicrobial
activity against Gram-positive and Gram-negative bacteria. In the case
of B. subtilis (Gram/+) and P. aeruginosa (Gram/—) the minimum

Summary of principal toxins from P. paulista venom identified using traditional or second generation proteomic approaches that are currently being evaluated for development of
antivenoms, CRD and IT of allergy and novel drugs.

P. paulista venom toxins

Type of molecule

Sequence Biological activity/applications

References

Peptides
Chemotactic
Polybia-CP

Polybia-CP 2

Polybia-CP 3
Protonectin (1-6)

Mastoparans
Polybia-MP I

Polybia-MP II
Polybia-MP III
Polybia-MP IV
Polybia-MP V

Polybia-MP VI

Proteins

Phospholipase A1
(Polyp 1)

Hyaluronidase (Poly p
2)

Antigen 5 (Poly p 5)

CPILGTILGLLKSL-NH, Chemotaxisof PMNLSs, antimicrobial and antifungal/development of antimicrobial, antifungal
and antitumor drugs

ILGTILGKIL-OH

ILGTILGTFKS L-NH,

ILGTIL-OH

IDWKKLLDAAKQI
L-NH,
INWLKLGKMVIDA
L-NH,
INWLKLGKMVMDVL
- NH,
IDWLKLRVISVID
L-NH,
INWHDIAIKNIDA
L-NH,
IDWLKLGKM YV M-OH

Mast cell degranulation, antibacterial and antifungal/development of antimicrobial, antifungal
and antitumor drugs

Accesion number/entry
name
A2VBC4/PA1_POLPI Allergen-hemolytic/CRD and molecular-based IT
P86687/HUGA_POLPI
EOAD89/EOAD89_POLPI

Allergen-Venom diffusion/CRD and molecular-based IT

P86686/VA5_POLPI Allergen-Unknown/CRD and molecular-based IT

de Souza et al., 2005
Dias et al., 2015

Mendes et al., 2004

de Souza et al., 2005

de Souza et al., 2009

Dias et al., 2015

Santos et al., 2007

Pinto et al., 2012
Justo-Jacomini et al.,
2013

dos Santos-Pinto et al.,
2014
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inhibitory concentration (MIC) values were lower than those obtained
for Tetracycline (positive control).

The in silico prediction of the Polybia-MPI secondary structure re-
vealed the presence of about 71.43% of a-helix conformation and
28.57% of coil structure. The high content of a-helix in Polybia-MPI
could be mediating the peptide interaction with cell membrane then
promoting antimicrobial activity. Further analysis for characterization
of the peptide interaction with bacterial membranes and cell wall
could aid in the development of antibiotics based in Polybia-MP], as pre-
dicted for other antimicrobial peptides (AMPs) [96].

Similar to Polybia-MPI, Polybia-MP-II and -MP-III were identified
using a traditional peptidomic approach [60]. The chromatographic pro-
file obtained after HPLC-mediated fractionation of P. paulista venom
showed 13 peaks, with these peptides contained in the last fraction
(F13). Further separation of this fraction followed by Edmand degrada-
tion chemistry and MS/MS analysis enabled the sequencing of both
toxins. Circular dichroism analysis of Polybia-MP-II for secondary struc-
ture determination showed an a-helical and R-sheet content of 30 and
20%, respectively. Meanwhile, Polybia-MP-III has an a-helical and (3-
sheet content of 24 and 34%. Considering physiological concentrations
of both venom peptides and results derived from functional characteri-
zation assays, Polybia-MP-II and -III were proposed to cause mast cell
lysis disruption but no significant degranulation during envenoming
process. Similarly, the mastoparans showed hemolytic (EDsg = 5
x 107> M) but not chemotactic activity at physiological conditions. In
antimicrobial activity evaluation the two peptides inhibited growth of
Gram (+) and Gram (—) bacteria. As expected, given the a-helical con-
tent in peptides secondary structure, Polybia-MP-II showed the lower
ICsg values.

Diverse bioassays for functional characterization of Polybia-MP Il
showed that it causes sarcolemma disruption, cytoskeleton degrada-
tion, mitochondrial damage and has mytotoxic activity [97,98]. Further
biological activity evaluation showed that the mastoparan causes
myonecrosis, inflammation and apoptosis in muscle cells [99]. The
mechanism of action includes mitochondrial damage related to potent
mitochondrial permeability transition, activation of caspase 3, 9 and in-
duction of TNF-a, IFN-Y, CD68 and CD163.

The levels and diversity of biological activities described for
mastoparan peptides in Hymenoptera venoms show that they are key
players during the envenoming process. Mastoparans induce secretion
of histamine from mast cells, oedema formation that causes pain,
toxin reactions and a remarkable physiological discomfort in predators.
The detection and molecular characterization of this group of peptides
partially explain several symptoms experienced by victim after P.
paulista sting. Structural and functional data derived from proteomic
analysis and bioassays described here may help to design antivenoms
to counteract the toxic effects caused by these toxins. Furthermore, P.
paulista-mastoparans, particularly Polybia-MP-I, could be used for the
development of novel antimicrobial drugs.

3.2. Chemotactic peptides

Wasp venom chemotactic peptides are involved in massive recruit-
ment of PMNLs followed by the release of large amounts of oxygen per-
oxide near to the site of sting [2]. The resulting hyperoxidative
environment induces local inflammatory responses, cell death and
pain. Polybine-I and -II were the first P. paulista venom peptides de-
scribed with active PMNLs chemoattractant activity [51]. The toxins
have an acetylated blocked N-terminus, showed by the inability to in-
teract with the phenylisothiocyanate reagent in Edmand degradation
chemistry. In bioassays, the native-acetylated form of the peptides
showed higher PMNLs chemoattractant activity than the synthetized,
non-acetylated variants.

Polybia-CP is a chemopeptide of 1239.73 Da that, unlike Polybine-I
and -II, has a non-blocked N-terminus. Also, unlike chemopeptides

described in wasp venom from species of temperate regions (13),
Polybia-CP has 12 amino acid residues and lacked a characteristic FLP

tripeptide at the amino terminal side [59]. The duo-decapeptide in-
duced no degranulation in mast cells and presented no hemolytic activ-
ity at physiological concentrations. By contrast, Polybia-CP showed high
levels of chemotaxis of PMNLSs cells (1.7 x 10* cells/mL) at concentra-
tion of 10> M. Polybia-CP inhibited Gram positive bacterial growth
with MIC values = 15 pg/mL for both B. subtilis and S. aereus. As
discussed later in this review, several animal venoms has recently
showed remarkably antibacterial activity and as a consequence venoms
are gained attention as a suitable source of novel antibiotics [100].

As noted, in a systemic peptidomic analysis of P. paulista venom an-
other two chemotactic peptides (Polybia-CP 2 and Polybia-CP 3) were
described [24]. Both molecules are typical duo-decapeptides often iden-
tified in venom of wasps from neotropical regions [63]. They belong to
the group of chemopeptides that contains a single K residue between
positions 8 and 10 in the primary sequence. In the same study, a second
group of chemotactic peptides (Protonectin 1-6), previously described
in the social wasps Agelaia pallipes pallipes [59,101], was also detected
and sequenced. These protonectin-like toxins are small chemotactic
peptides - 4 to 8 amino acids residues - obtained as a consequence of
serine protease-mediated proteolysis of mastoparans. Protonectins are
involved in regulation of leukocytes chemoattraction during
envenoming process [24].

The mechanism of action of chemotactic peptides from P. paulista re-
mains unknown. However, it has been postulated that chemoattraction
of leukocytes induced by these toxins is mediated by the interaction
with G-protein coupled receptors (GPCRs) in the cell membrane [59].
G-protein-coupled receptors are a family of ubiquitous proteins with 7
transmembrane domains involved in a large range of pathological pro-
cess [102]. The direct interaction between GPCRs and the peptides acti-
vates a cascade of molecular events resulting in cell migration to the
sting site. Thus, Polybia-CP, -CP 2 and -CP 3 could be acting in
envenoming process by eliciting massive leucocytes-cell migration
and promoting a potent pro-inflammatory response.

4. Polybia paulista venom allergens

HVA is the most common cause of life-threatening outcomes after a
Hymenoptera sting [5]. It is a classical IgE-mediated allergic disease trig-
gered by the binding of allergen-specific IgE to their own receptors
(FceRI) at the surface of mast cells and basophils [43]. The subsequent
re-exposure to venom allergens induces degranulation of mast cells
and basophils and the release of inflammation mediators such as hista-
mine, leukotrienes, and several cytokines. Mediators release causes
type-1 hypersensitivity allergic reactions with symptoms ranging from
generalized urticaria, angioedema, blood pressure fall to bronco-
spasms, cardiac and respiratory arrest, and anaphylactic shock [87,103].

To date, the molecular basis of the variations in the susceptibility to
Hymenoptera venoms and the symptoms experienced by the victims
after the insect sting remain unclear. In atopic patients a genetic predis-
position that increases production and/or persistence of allergen-specif-
ic IgE and consequently the incidence of HVA has been proposed [15].
Typically, in non-responsive individuals the IgE levels transiently rise
after a sting and then return to basal values during the next 1-3 months
[15,104]. For this group of victims a mechanism of peripheral tolerance
development mediated by the regulatory T (Tr1) cells [87] has been de-
scribed. While in non-responsive individuals, Tr1 cells is the most com-
mon cell subtypes, allergen-specific IL-4 secreting Th2 cells
predominates in allergic patients. Immunotherapy with the culprit
venom comprising the allergens responsible for sensitization has prov-
en to induce tolerance in 75-98% treated patients [104].

A reliable diagnosis of HVA based on the detection of IgE-mediated
reaction against the culprit venom is a critical prerequisite for initiation
of venom immunotherapy [43]. Misidentification of venom responsible
for sensitization leads to treatment with irrelevant venoms thus causing
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de novo non-specific sensitization and increase the risk for occurrence of
undesired side effects during SIT. Thus, continuous efforts have been
made to improve the available systems used for specific diagnosis of
HVA. Diagnoses using crude venoms or native allergens are hindered
by the potential incidence of IgE-mediated cross-reactivity mainly relat-
ed to the presence of the CCDs in the structure of some allergenic pro-
teins [36]. As mentioned below, the use recombinant allergens
produced after identification and characterization of their native coun-
terparts in venomic analyses have helped to cope with these pitfalls,
thus enabling the specific identification of culprit venom [3]. The use
of recombinant allergens lacking CCDs in CRD has resulted in a signifi-
cant decrease on the incidence of cross-reactivity, with is responsible
for 70-80% of misidentification of double sensitization informed during
HVA diagnosis [105,106]. By preventing misdiagnoses these CCDs-de-
pleted recombinant allergens avoid the inclusion of irrelevant venoms
in SIT.

Venom immunotherapy is the only disease-modifying treatment for
HVA and induces long-term tolerance in allergic patients [37]. As noted,
SIT with insect venoms is highly effective in inducing tolerance in aller-
gic patients [104]. However, the use of crude venom in immunotherapy
have also been related to the occurrence of undesired side effects caused
by non-allergenic, toxic compounds comprised in the extract [37]. The
use of recombinant allergens could also improve the safety profile of
SIT by preventing the inclusion of these non-allergenic components
present in whole venom. Furthermore, venomic analyses have allowed
identification of hypoallergenic variants of venom allergens [107]. Re-
combinant production of hypoallergenic proteins lacking IgE-epitopes
but maintaining structural determinant for T-cell recognition and in-
duction of allergen-blocking antibodies have been suggested as a
novel alternative for improvement of SIT [108].

As noted, P. paulista is involved in a large number of medically im-
portant stinging incidents with potential life-threatening outcomes in
allergic patients [18,19,35]. However, as for the others Hymenoptera
species in Latin America, P. paulista-related sting accidents and venom
allergy are neglected human health problems. The lack of reliable sur-
veillance studies is partially due to the lack of commercial systems of di-
agnosis designed using allergens from endemic species [12,109]. To
date, clinical interventions related to HVA in Brazil are mainly based
on the use of crude venom extracts or commercialized allergens obtain-
ed from species of temperate regions. As discussed above, the use of
these allergenic materials on Brazilian patients often resulted in miss-
identification of culprit venom which lead to non-specific sensitization
[7,35], increased risk of side effects and limited induction of tolerance
during SIT [43]. Thus, it is mandatory to continue exploring the venom
of Brazilian and in general neotropical wasps using intra and inter-spe-
cific analyses. These studies may help to identified novel allergenic pro-
teins that could be heterologously expressed and evaluated for
improvement of specific diagnosis and SIT of HVA caused by endemic
native species. Furthermore, the analyses of intra and inter-species

variations in wasp venoms and the correlation with differences in clin-
ical symptoms could be used to establish a reliable prediction of the
most probable effects on the victim triggered by a particular insect
venom [27,65].

Considering all these facts, the major allergens from P. paulista
venom identified in venomic analysis have been extensively character-
ized, cloned and expressed. In this section we describe previous and re-
cent analysis performed with the allergens envisioning their uses in the
development of component resolved diagnosis and SIT of allergy.

4.1. Phospholipase A2 (PLA2)

As mentioned, early attempts to explore the proteinaceous arsenal
of P. paulista venom resulted in identification of a group of highly glyco-
sylated PLA2s-named polybitoxin (PbTX)-I, II, Ill and IV. Unlike PLA2
from A. mellifera (Api m 1) and from other social wasps [110,111], the
polybitoxins induce no significant allergic reactions in the victim [23].
The total amount of the four PbTX in the crude venom of P. paulista rep-
resents only 1.1%, a low value compared with those observed in the
venoms from A. mellifera (10-12%) and Vespa basalis (6%) [22]. None-
theless, this group of toxins showed levels of hemolytic activity higher
than those of Api m 1 or phospholipase A2 from venom of Naja nigricolis
and Naja naja atra snakes. Given these, the role of PbTXs during P.
paulista envenoming process is to cause hemolysis, a common feature
of venom PLA2s [112,113], rather than to induce allergenic reactions.

4.2. Phospholipase A1 (Polyp 1)

Phospholipase A1 has been identified as a major allergen of several
wasp venoms from neotropical [39,114,115] and template regions
[116-118]. The native PLA1 from P. paulista venom (Fig. 6A) is a
~34 kDa, non-glycosylated protein with 51-83% of homology with ves-
pid PLA1s from Northern Hemisphere. The enzyme catalyze the specific
hydrolysis of ester bonds of 1,2-diacyl-3-sn glycerophospholipids, at the
position sn-1 which disrupts phospholipid packing in cell membrane
leading to pore formation and cellular lysis [39]. The nPoly p 1 showed
levels of hemolytic activity similar to those reported for cobra
cardotoxin Naja naja atra and reacted with sera of patient's allergy to
P. paulista venoms. Further analysis of nPoly p 1 showed that the aller-
gen appears as a mixture of multiple molecular forms, some truncated,
and with different levels of allergenicity [119].

Purification and sequencing of nPoly p 1 enabled the subsequent
cloning and expression of the allergen. The combined use of bioinfor-
matic, proteomic and molecular biology tools resulted in characteriza-
tion of nPoly p 1 and further heterologous production in E. coli cells
[35]. Furthermore, structural data derived from molecular characteriza-
tion of nPoly p 1 contributed to optimize the strategy for production of
the recombinant allergen. The expression of Poly p 1 in E. coli resulted in
the production and purification of an immunological active

Polyp 2

Fig. 6. Three dimensional molecular model of native phospholipase A1 (A), hyaluronidase (B) and antigen-5 (C), the major allergens from P. paulista wasp venom.
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recombinant allergen (rPoly p 1) that was immunodetected by sera of
allergic patients at a similar extend than P. paulista crude venom extract
and nPoly p 1 [35]. Furthermore, sera from rPoly p 1-sensitized mice
specifically recognized nPoly p 1 and showed no reaction with A.
mellifera crude venom or commercial form of the major HBV allergens
Apim 1, Api m 2 and melittin (Api m 4) [120]. Currently, rPoly p 1 has
been evaluated to elucidate the incidence of cross-reactivity with
venoms of wasp from neotropical and temperate climate zones. Overall,
these findings suggest that rPoly p 1 is a good candidate for the develop-
ment of P. paulista CRD and molecular-defined IT.

4.3. Hyaluronidase (Poly p 2)

Proteomics analysis of P. paulista venom also enabled the isolation,
sequencing and further molecular cloning of the native Poly p 2
(nPoly p 2), the first hyaluronidase from neotropical wasp ever charac-
terized [40]. Like other hyaluronidases from venomous animals, nPoly p
2 hydrolyze hyaluronic acid, a high molecular weight glycosaminogly-
can which is one of the major components of the extracellular matrix
of vertebrates [41]. Thus, the enzyme acts as a diffusion factor by facili-
tating the penetration of the others venom components in tissues and
blood stream of the victim and finally enhancing the harmful effects of
the toxins [93].

The nPoly p 2 variant described by Pinto et al., (2012) [40] is a glyco-
sylated protein of 288 amino acid residues long with molecular mass of
44,340 Da. In contrast, nPoly p 2 purified, sequenced and modeled by
Justo-Jacomini etal,, (2013) [41] (Fig. 6B), is a 10 residues longer protein
that showed 74.8% of identity with the nPoly p 2 previously described.
As authors mentioned, the differences informed in these studies are
rather due to the presence of several nPoly p 2 isoforms in P. paulista
venom, previously described by dos Santos et al., (2011) [119], than to
the variability of sites from wasps' collection or to modification in the
experimental methods used.

As in the case of nPoly p 1, venomic analysis contributed to obtain a
recombinant form of Poly p 2 (rPoly p 2) in E. coli [12]. rPoly p 2 was
expressed in inclusion bodies, solubilized and purified to homogeneity
using Ni?* affinity chromatography (Ni-NTA-Agarose) under denatur-
ing conditions. IgE-mediated immunodetection of the produced rPoly
p 2 was confirmed by western blotting using sera from allergic patients.
Interestingly, the immune sera from P. paulista-allergic patients recog-
nized rPoly p 2 at higher intensity than nPoly p 2 showing that Poly p
2 lineal-IgE epitopes elicited a potent immune response in sensitized
victims. This finding is particularly relevant in the case of Poly p 2, as
the recombinant form expressed in E. coli lacked the CCDs thus decreas-
ing the potential negative impact of cross-reactive occurrence during di-
agnosis based on the crude venom extract or native form of the allergen.

4.4. Antigen 5 (Poly p 5)

Antigen 5 is a ubiquitous protein of ~23 kDa that belongs to the CAP
superfamily of secreted proteins which are involved in diverse biologi-
cal process (reproduction, cancer, immune defense, allergic reactions)
[121]. In social Hymenoptera, antigen 5 was initially reported as a
venom component of ants and wasps from Northern Hemisphere
[122]. Although it is one of the most abundant proteinaceous compo-
nent of wasp venoms [3,123], no physiological role has been described
for the protein [43]. Unlike the two others major allergens, the first
clue about the presence of antigen 5 in P. paulista was obtained from
the systemic analysis performed by dos Santos et al., (2010) [23] after
2D-E separation of the venom proteome followed by mass spectrome-
try analysis. In this study, six isoforms of nPoly p 5 were identified and
the most abundant, which corresponds to the intact form of this protein,
was recognized by a pool of sera from P. paulista-allergic patients. The
authors suggested that the six isoforms of the allergens are originated
from a controlled proteolytic processing of the intact protein or by
gene splicing. The production of different isoforms could represent a

strategy to avoid the immune response of the victim against a specific
variant of the allergen thus enabling immune system evasion during
envenoming process.

Given these results, further efforts were made to sequence and char-
acterize Poly p 5. Using a gel based mass spectrometry strategy com-
bined with traditional techniques from protein sequencing and post-
translational modifications (PTMs) analysis, a complete sequence and
structural model of the allergen were obtained. A series of PTMs modi-
fications such as hydroxylation, phosphorylation, and glycosylation
were observed on the Poly p 5 sequence. Alignment of nPoly p 5 primary
sequence revealed a 59.3-93.7% identity with antigen 5 of other wasp
venoms. Meanwhile, the 3D model showed the presence of three a-he-
lices, one 31q helix, and four p-sheets (Fig. 6C) [42]. The high levels of
identity with antigen 5 of others social Hymenoptera partially explain
the broad cross-reactivity reported for these allergens during allergy di-
agnosis [118,124].

The allergenicity of antigen 5 from Hymenoptera venoms and the
lack of knowledge about enzymatic or other physiological activities
have encouraged the efforts for heterologous production of this aller-
gen. In addition to be helpful in allergy diagnosis and immunotherapy,
the recombinant forms of the antigen 5 could be used in different assays
for structural and functional characterization. To date, antigen 5 from
venom of social Hymenoptera has been expressed in bacteria [125,
126], yeast [107] and insect cells [118,127]. Some of the heterologous
forms of the allergen have proved to significantly improve CRD of Hy-
menoptera venom allergy [105,128].

Based on these findings and the data obtained from proteomic char-
acterization of nPoly p 5, two studies are currently conducted to express
the allergen in prokaryotic and yeast cells. Interestingly, a novel alterna-
tive for the development of molecular-defined IT has been suggested re-
cently after the description of several B-cell linear epitopes of nPoly p 5
[44]. By combining SPOT-synthesis technique and structural modeling
of Poly p 5, the authors identified nine linear B-cell epitopes immunore-
active to human IgG, one of which, peptide 7 (WAKTKE) also reacts with
human IgE. It was suggested that peptide 7 is settled at a loop on the
protein surface representing the major B-cell binding epitope of the P.
paulista venom antigen 5. The use of synthetic peptides based on the de-
scribed epitopes could provide a safe and effective strategy to induce
tolerance in the allergic patients without the occurrence of adverse ef-
fects [129].

The combined use of rPoly p 1, 2 and 5 in panels of recombinant al-
lergens could significantly improve the specific diagnosis of P. paulista
venom allergy in sensitized patients. However, further analyses are re-
quired for immunological characterization of the produced heterolo-
gous forms. Moreover, other allergenic proteins that must be under-
represented in the crude venom extract but are still recognized by spe-
cific IgE in allergic patients [130], should be characterized, heterolo-
gously expressed and tested. It has been well stablished that the use
of a reduced number of recombinant allergens in CRD is associated
with a decrease in sensitivity and a consequently increase of false nega-
tive results [131]. As mentioned, in a systemic profiling of the wasp
venom, Santos et al., (2010) [23] found 16 single spots that reacted
with sera of P. paulista venom-allergic patients which could be evaluat-
ed and included in CRD and venom immunotherapy.

5. Potential biotechnological applications

Animal venoms are unique cocktails of bioactive toxins that target a
wide variety of physiological processes. Most of these toxins specifically
interact with vital enzymes, ion channels and cellular receptors [54].
Due to these, animal venoms have been explored as a source of potential
therapeutic agents. P. paulista venom comprised a rich mixture of pep-
tides and proteins that could be evaluated not only for the rational de-
sign of antivenoms, but also as a source for the development of novel
drugs.



A. Perez-Riverol et al. / Journal of Proteomics 161 (2017) 88-103 99

To date, mainly P. paulista venom peptides have been evaluate as
candidates for the development of novel drugs. Meanwhile, major aller-
genic proteins have been extensively characterized, produced as recom-
binant protein and are currently under evaluation envisioning their use
in commercial system for CRD of P. paulista venom allergy. As men-
tioned, the bottom-up gel based proteomic approach used for the sys-
temic analysis of the wasp venom resulted in the identification of a
limited number of proteins (84/236 spots) [23] which potentially ham-
pered the detection of novel toxins. In addition to expand our under-
standing of the envenoming process the use of a gel-free shotgun
proteomic approach could potentially allow the discovery of proteins
with novel pharmaceutical applications.

5.1. Antimicrobial and antifungal activity

Antimicrobial resistance (AMR) has progressively turned into a seri-
ous threat for modern medicine as recognized in a global report recently
published by the World Health Organization [ 132]. Current situation has
prompted the search for new antimicrobial compounds with alternative
mechanisms of action that could be used solely or combined with tradi-
tional drugs to tackle bacterial, fungal, parasites and virus drugs resis-
tance. Antimicrobial activity is a common feature of animal venoms
and is related to a wide range of peptidic toxins such as mastoparans
[32], cardiotoxins [133], cecropins [134], mellitin [135] and some en-
zymes [136]. Unlike conventional antibiotics, which interact with spe-
cific bacterial targets, some venom AMPs act by direct disruption of
cell surface [136-138]. This microbicidal mechanism usually prevents
the appearance of AMR-mediated by gene mutations and is less likely
to induce resistance [ 139]. Due to this, animal venoms could be explored
as potential sources of novel and non-easily susceptible to resistance an-
tibiotics [140].

Several antimicrobial compounds with unique structure and phar-
macological properties have been described in Hymenoptera venoms
[86,141]. As mentioned, some P. paulista venom-peptides including
the mastoparans Polybia-MPI, -II, -1Il and chemotactic peptide Polybia-
CP [52,60] has showed different levels of activity against Gram positive
and/or negative bacteria. The analysis of the molecular mechanism of
action is a mandatory prerequisite for the development of novel antibi-
otics using these compounds.

Unlike other venoms peptides, Polybia-MPI is a non-hemolytic toxin
that showed significant and highly selective antimicrobial activity. The
differential interaction of this venom toxin with bacterial and red
blood cells was suggested to be related with the peptide structure and
cell membrane composition [59]. Further analysis toward elucidation
of Polybia-MP-I mechanism of action showed that the selectivity for
bacterial cells is associated with the ratio of peptide and membrane
lipids (P/L) concentrations needed to reach a point of starting a cooper-
ative leakage process [142]. The permeabilization triggering (P/L)-ratio
for Polybia-MP-I varies between different cell types as a function of the
membrane lipid bilayer composition and partially explain the peptide
specificity. In vitro analyses showed that Polybia-MPI preferentially in-
teracts with anionic over zwitterionic vesicles. This finding is consistent
with the selective antimicrobial activity of the peptide since outer leaflet
of bacterial membranes are known to present a high negative charge
density [143] whereas mammalian membranes are mainly formed by
zwitterionic lipids. Overall, these findings pointed to Polybia-MP-I as
an interesting candidate for development of potentially highly selective
and effective antibiotics.

The antimicrobial mechanism of action of Polybia-CP has been de-
scribed recently using a set of both Gram (+) and Gram (—) bacteria
[144]. The P. paulista-chemotactic peptide showed a significant antimi-
crobial and bactericidal activity against several pathogenic strains.
Polybia-CP effects over E. coli cells could be visualized by electron mi-
croscopy after 30 min of exposure. The action was characterized by
the appearance of disrupted membrane surface likely related to pore
formation. The venom toxin causes permeabilization of bacterial outer

and inner membrane as showed by the incorporation of a hydrophobic
fluorescent probe and a DNA-intercalating fluorescent dye, respectively.
The authors also looked for peptide-bacterial DNA interaction in an at-
tempt to determine alternative molecular targets. Polybia-CP showed
no interaction with DNA reinforcing the suggestion that bacterial mem-
brane is the unique target for the chemotactic peptide. Further analyses
are required to evaluate the selectivity of Polybia-CP. However, the fact
that its mode of action involves only physical interaction with cellular
membranes and no enzymatic activities reduces the possibilities of
drug-resistance emerging, a characteristic that is highly desired in
novel antimicrobial compounds.

Polybia-MP-I [145] and Polybia-CP [146] also inhibits fungal cells
growth. Both venom peptides have shown a significantly antifungal
and fungicidal activity against different species of Candida. In addition
to cause membrane disruption, Polybia-MP-I interacted with compo-
nents of the fungal cell wall thus suggesting a concomitant mechanism
of action for antifungal activity. Interestingly, further functional analysis
showed that Polybia-MPI impaired biofilm formation which a typical
defense strategy of pathogenic microorganisms against host immune
system and drugs. The antifungal activity of Polybia-CP is also mediated
by a membrane-active mode of action. Interestingly, bioassays also
showed that the chemotactic peptide induce a remarkable increase of
cellular reactive oxygen species (ROS) which damage proteins, lipids
and DNA of fungal cells. Thus, both P. paulista venom peptides appear
as good candidates for developments of antifungal drugs or as lead
structure for the rational design of more active analogues.

5.2. Antitumor activity

To date, cancer remains the second most common cause of death
among human population and it is expected to surpass heart disease
as the leading cause during the next years [147]. Chemotherapy has
been broadly used as an effective approach to prolong life and/or relieve
symptoms in patients. However, as in the case of pathogenic microor-
ganisms, the tumor cells-multidrug resistance is a major problem caus-
ing failure of anti-cancer therapeutic pharmacological interventions
[148]. Moreover, current drugs have harmful actions over non-target
cells, causing significant undesired-side effects. Thus, the search for
novel, tumor-cell selective compounds with low probability of resis-
tance emerging has turned into a priority for anti-cancer researches.

Antimicrobial peptides have shown to exert cytotoxic activity
against diverse cancer cell lines [141]. So far, the antitumor effects of
P. paulista-venom toxins have been tested for the mastoparan Polybia-
MPI. This peptide showed a highly selective cytotoxic and antiprolifera-
tive activity against prostate and bladder cancer cells [45]. As in the case
of bacteria, Polybia-MPI antitumor activity appears to be related to the
presence of a-helix conformation in the secondary structure of the
venom peptide that mediates pore formation in membrane of tumor
cells. Interestingly, proliferation of the non-tumorigenic murine fibro-
blast cell line NIH3T3 was almost unaffected by Polybia-MPI.

In a subsequent analysis conducted using sensitive and multi-drug re-
sistant leukemic cell lines, Polybia-MPI showed a highly selective antipro-
liferative effect [138]. Cytotoxicity levels of Polybia-MPI were similar in
both types of leukemic cells while no damage was detected in NIH3T3
cells. Further analysis of the mechanism of action showed that the pep-
tide activity is mediated by the highest content of phosphatidylserine
(PS) in the cell membrane of leukemic cells. In normal physiological con-
ditions PS is located in the membrane's inner leaflet while tumorigenic
cells experiment a significant increase of PS in the outer leaflet. As
Polybia-MPI preferentially interacts with PS, the authors proposed that
the differential distribution of PS in normal and tumorigenic cells pro-
motes selective anti-cancer activity of the P. paulista venom mastoparan.

Recently, Leite et al., (2015) [46] extended these results and
showed that PS increase the Polybia-MPI binding to cell surface by
a factor of 7-8. Moreover, this work found that not only PS but also
phosphatidylethanolamine (PE) plays a critical role in the anti-
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tumorigenic action of the peptide. Higher levels of PE content in cell
membranes correlated to an increase in pore size and perme-
abilization. Since an increase in PE content is also observed in cancer
cells, authors suggested that PS/PE synergistically enhances the ac-
tivity of Polybia-MPI in cancerous cells.

As mentioned in this review, proteomic analysis of animal venoms
combined with characterization of individual components could lead
to rational design of novel biotechnological products. Using the struc-
tural and functional findings described here, Zhang et al., (2010) [149]
further synthesized and characterized the in vivo antitumor activity of
a Polybia-MPI analogue (MPI-1). In addition of a significant increase in
resistance to enzymatic degradation, the modified peptide exhibited
an enhanced lytic effect along with a remarkably lower mortality rates
in mice when compared with Polybia-MPI. In summary, the results
pointed to Polybia-MPI-1 as an improved variant of Polybia-MPI to be
considered in the rational development of peptide-based anti-cancer
drugs.

6. Concluding remarks

Venoms from Hymenoptera species have evolved as a defensive/
predatory chemical weapon to be used against colony predators and to
capture prey. Therefore, they represent unique cocktails of bioactive mol-
ecules with a wide range of biological functions that work synergistically
during the envenoming process. Venom profiling and molecular charac-
terization based on the combined use of different -omic- approaches is
a mandatory prerequisite for the development of novel antivenoms and
for the rational design of strategies to cope with HVA. For almost two de-
cades, the venom of the neotropical social wasp P. paulista has been ex-
plored in order to elucidate the toxins-arsenal displayed in the victims
after the insect sting. Like in the case of other venomous animals, the
strategies used for biochemical and functional characterization of P.
paulista venom have moved from traditional proteomic techniques, fo-
cusing in identification of a limited number of venom compounds, to sys-
temic venomic approaches. P. paulista venom profiling resulted in the
identification and molecular characterization of dozens of toxins, thus en-
hancing our understanding of the envenoming process. Overall, these
findings enabled the development of allergy-CRD based in recombinant
allergens and the search of novel P. paulista-venom derived
biopharmaceuticals. Furthermore, venomic analyses of P. paulista repre-
sent a model for toxinology studies of other Hymenoptera taxon that
could result in the identification of novel pharmacologically relevant mol-
ecules and the improvement of systems used for diagnosis of HVA caused
by other clinically relevant insects.
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