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Abstract

Functional genomic approaches based on expression of recombinant proteins linked to
biochemical and disease model approaches resulted in the discovery of novel biological activities
and the role some of these proteins play in disease transmission. Importantly, the expression of
salivary proteins was recently shown to be affected by environmental factors and by the presence
of the pathogen in the salivary gland. A practical application resulting from insect saliva research
is the use of insect antigenic salivary protein as biomarkers of vector exposure in humans and
animal reservoirs, an approach that is yielding interesting results in the field.

Introduction

The components and biological effects of the saliva of blood feeding arthropods is a
growing area of research that is being cross-fertilized by various disciplines including
biochemistry, immunology and molecular biology. Importantly, studies of saliva that
focused only on a couple of insect species have expanded to other disease vectors in the last
few years. Furthermore, the effect of insect saliva in pathogen transmission and
establishment has been expanded to other pathogens.

This review highlights recent work in saliva from vectors of disease with emphasis in the
discovery of novel biological activities from salivary proteins, the impact of insect saliva in
infection, and the effect of environmental factors and pathogens in the expression of these
salivary molecules. This review will also highlight an important contribution and practical
application of insect salivary proteins: the use of antigenic proteins as novel biomarkers for
vector exposure.
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Insect saliva in blood feeding: Old problems, smart solutions

To have a successful blood meal, hematophagous insects have developed several strategies
to overcome the host hemostasis mechanisms. Vasodilators, inhibitors of the blood
coagulation cascade, and inhibitors of platelet aggregation have been identified from the
saliva of various vectors of disease [1]. Although we have achieved great knowledge on the
composition of saliva (transcripts and proteins), the biological activity of many of the most
abundant molecules has remained elusive. Functional genomics approaches based on the
expression of recombinant proteins in heterologous systems and in gene silencing have
propelled the discovery of novel activities from some of the highly abundant salivary
proteins with previous “unknown function”.

Aegyptin, a novel salivary collagen-binding protein from Aedes aegypti

It was recently shown that a 30 kDa recombinant protein, named Aegyptin, specifically
binds to collagen, impeding the interaction of collagen with the platelet receptor
glycoprotein VI, Integrin a2p1, and von Willebrand factor. This ultimately leads to the
inhibition of collagen-induced platelet aggregation and adhesion [2]. Chagas et al [3] used a
gene-silencing approach to assess the relevance of Aegyptin in blood feeding. Saliva fromT
transgenic mosquitoes lacking Aegyptin failed to inhibit collagen-induced platelet
aggregation, exhibited increased probing time, and also ingested less amount of blood when
feeding on mice as compared to control group.

The function and structure of the mosquito salivary D7 protein

D7 salivary proteins are found in Nematoceran Diptera and consist of a multigene family
distantly related to the odorant binding proteins. The short molecular forms (D7r) have been
characterized in the mosquito Anopheles gambiae [4]. The D7 proteins were shown to bind
biogenic amines, which are important mediators of inflammation and vascular tone. Among
the long D7 proteins, the different domains have evolved to bind different ligands. Whereas
the C-termini domains of some long D7 proteins, such as the Aedes aegypti AeD7, bind to
biogenic amines, the N-terminal domains bind to cysteinyl leukotriene, another mediator of
allergy and vascular permeability [4]. Interestingly, the N-terminal domain of AnSt-D7L1, a
long D7 salivary protein of the mosquito An. stephensi, also binds to thromboxane A, [5].
The N-termini, on the other hand, lost its ability to bind to biogenic amines [5].

A salivary lipocalin from Rhodnius prolixus is a biogenic aminebinding protein

A salivary protein from Rhodnius prolixus was shown to bind biogenic amines and the
structure of this protein was recently solved and shown to be a lipocalin [6], a different
structure compared to the D& family of proteins, the biogenic amine binding proteins found
in mosquitos [4] suggesting a case of convergent evolution. The amine-binding protein
(ABP) from R. prolixus has some sequence homology to the salivary nitrophorins but ABO
does not bind heme. ABP binds serotonin and norepinephrine with high affinity and inhibits
biogenic amine-mediated platelet activation.
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Triplatin, a salivary protein from Triatoma infestans, is a novel platelet aggregation
inhibitor and a vasoconstriction inhibitor

Triplatin was shown to be an inhibitor of collagen-induced platelet aggregation and
proposed to antagonize the collagen receptor glycoprotein VI (GPVI). Recently, triplatin
was shown to inhibit platelet aggregation induced with low dose of collagen but it did not
bind the collagen receptor GPVI. Triaplatin was also shown to bind Thromboxane A, and
prostanglandin F24ph, and PGJ, and to inhibit vasoconstriction [7].

The salivary Antigen 5 from Triatoma infestans and Dipetalogaster maxima functions as an
antioxidant by scavenging O™,

The presence of antigen 5 family of proteins has been reported in the saliva of many blood
feeding insects. However, the function of this protein remained elusive for many years.
Recently, the biological function of the antigen 5 salivary protein from Triatoma infestans
and Dipetal ogaster maxima was elucidated and shown to be a superoxide dismutase that
binds Cu?* and scavenges O~,. The salivary antigen 5 inhibited platelet aggregation induced
by collagen and blocked neutrophil oxidative burst [8]. This family of proteins represents a
novel family of antioxidants present in the saliva of blood-feeding insects.

The yellow salivary proteins from sand flies bind biogenic amines

One of the most abundant salivary proteins from sand flies with “unknown function” is the
yellow related family of proteins. It was recently shown that the yellow related proteins
LIM17, LIM11, and LIM17 bind biogenic amines, including serotonin, catecholamines, and
histamine, counteracting this way the hemostatic system [9]. The kissing bug Rhodnius
prolixus has also a novel biogenic amine binding protein; however, the sequence and
structure of this protein does not resemble the protein in sand flies and belongs to the
lipocalin protein family, representing a case of convergent evolution [6].

Lufaxin, the anticoagulant from sand flies

A salivary protein of 38 kDa of unknown function was demonstrated to be the anticoagulant
in sand flies. The salivary protein named Lufaxin is a potent and specific inhibitor of Factor
Xa [10] and a potent inhibitor of inflammation. Lufaxin has no homologies to any other
proteins in accessible databases and so far it has only been identified in the salivary glands
of sand flies [10].

Sand fly salivary protein SP15 is a novel inhibitor of contact pathway

The recombinant protein SP15 from the sand fly Phlebotomus duboscgi was shown to bind
negatively charged surfaces. These anionic surfaces serve to stabilize complexes of the
blood coagulation cascade. By binding to these negatively charge surfaces, PASP15 inhibits
the activation of factors FXII and FXI, therefore preventing the process of coagulation and
bradykinin production [11].
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Insect saliva in pathogen transmission

Effect of mosquito saliva on virus infection

The powerful effects of saliva in the host hemostatic system and inflammatory system may
have consequences in virus transmission as demonstrated in other diseases. The saliva from
Ae. aegypti was shown to enhance Dengue virus infection in ex vivo human keratinocytes
[12]. Importantly, this effect correlated with the down-regulation of the expression of
several antimicrobial peptides, including B-defensin, LL-37, Elafin, and S100A7 and the
down-regulation of the anti-virus cytokines, IFN-a, IFN-B, and IFN-y [12]. Recently, a
salivary protein with a molecular weight of 34 kDa only present in Aedes and Culex
mosquitoes was shown to enhance Dengue virus replication and suppress the innate immune
response of the host [13]. Conway and colleagues have identified a mosquito salivary
protease CLIPAS3 that enhances DENV infectivity and dissemination both in vitro and in
vivo models of infection [14]. CLIPAS3 is proposed to cleave extracellular matrix proteins,
allowing DENV particles to ultimately interact with local permissive cells [14].

A salivary endonuclease helps Leishmania to escape from the innate immune system

A sand fly salivary endonuclease named Lundep (LJL138) was shown to have a direct
impact on Leismania infection. Neutrophils are the first cells recruited to the site of a sand
fly bite, where they play a pivotal role during infection. Neutrophils can eliminate
microorganisms through the release of extracellular traps (NETS) that are structures
composed by DNA, histones, cytoplasmic, and granular proteins. Lundep has a potent
endonuclease activity and degrades the NETs formed at the site of the bite allowing the
parasites to escape NET-mediated killing [15], facilitating therefore Leishmania survival
[15].

Effects of environmental factors and pathogens in the expression of Insect
salivary proteins

At the time when pathogens are transmitted, the salivary glands secrete a specific cocktail of
molecules in which composition and amounts are defined by the vector’s age, environmental
seasonality, and the presence of the transmitted pathogen. In tropical areas, vectors are
adapted to face the seasonal differences in sugar and blood source availability between rainy
and dry seasons [16,17]. As drought reduces sugar content produced by plants, insect
vectors need to bear special adaptations in order to obtain a sugar meal (reviewed in [16]). In
the sand fly P. papatasi, up-regulation of five transcripts encoding for secreted salivary
gland proteins are only observed in sand flies caught during the dry season [18]. This
plasticity in salivary gland gene expression seems also to be associated with the transmission
of Leishmania, which is more prevalent in the dry season [16,19].

The age of the insects apparently modulates the differential expression of salivary gland
genes [20,21]. The salivary glands of older An. gambiae mosquitoes (21 days old) secrete
six additional salivary proteins than their younger counterparts (8 days old) [20]. In the sand
fly P. papatasi, on the other hand, only the salivary protein SP44 is consistently down-
regulated in older flies [21]. Due to the extrinsic incubation period faced by pathogens
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during development in their insect vectors, pathogen transmission is mostly accomplished
by older vectors that may display a unique saliva composition.

Invasion of the vector salivary glands by viruses and parasites is an intrinsic step for most
vector-borne pathogens in their journey to a new host. The invasion of vector's salivary
gland by pathogens causes disturbances in the cells homeostasis, leading to not only
activation of the tissue remodeling machinery [22,23], but also modulations in the
expression of salivary proteins [20,22—26]. The later can have a significant impact in the
pathogen transmission.

Modulation in the expression of genes encoding saliva components due to pathogen invasion
of vectors’ salivary glands seems to be specific to the vector-parasite pair. Whereas
Plasmodium falciparum invasion of the mosquito An. gambiae salivary glands leads to up-
regulation in the expression of the gSG6 salivary protein [26], P. berghei invasion in the
same vector leads to reduction in the expression of gSG6 and other three secreted proteins
(apyrase, D7-related 1, and AEDA), and up-regulation of the protein gVAG [20]. Although
infection with DENV-2 virus does not seem to induce differential expression in salivary
gland genes encoding secreted proteins in the mosquitoes Ae. aegypti and Ae. albopictus
[25,27,28], analysis of the actual saliva reveals reduced amounts of adenosine deaminase,
aegyptin, and serpin [24]. Infection of Ae. aegypti salivary glands by chikingunya virus, on
the other hand, leads to up-regulation in the expression of apyrase and D7 proteins [22].
Colonization of the tsetse fly Glossina morsitans morsitans salivary gland by Trypanosoma
brucei also causes significant down-regulation of 27 genes encoding secreted proteins,
including antigen-5, tsal1-2, tsgfl-2, 5’-nucleotidase, and sgp3 [23].

Alteration of the salivary components in the mosquito and tsetse saliva may explain the
interrupted/delayed feeding pattern of pathogen-infected vectors and also the increase in the
probing frequency, which also facilitates transmission to multiple hosts [23,24]. The roles of
the up-regulated salivary components for pathogen transmission, on the other hand, have yet
to be unveiled. Insect vector salivary gland gene expression is fine-tuned to face the
challenges of obtaining nutrients in a changing environment. In addition, aging-dependent
changes in salivary gland gene expression as well as modulation by pathogens seem to fulfill
the pathogens needs to get established in the host skin and escape the vertebrate immune
effectors.

The use of insect salivary proteins as biomarkers for vector exposure

In addition to the biological activities identified in vector saliva, a useful property of some
of these vector proteins is becoming an important tool for the study of vector borne disease
in endemic areas. The conventional approach to study vector surveillance or the risk of
exposure to vector bites has been by entomological methods that include identification of
breeding sites and insect trapping. These methods for large-scale measurements are cost
prohibitive Furthermore, these methods can measure density of insects, but they cannot
directly evaluate the human exposure to insect or vector bites. A complementary approach
has been undertaken by various research groups to overcome this limitation [29-41]. This
method consists in using antigenic vector salivary proteins as biomarkers of human exposure

Curr Opin Insect Sci. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Coutinho-Abreu et al.

Page 6

to insect bites. The premise is simple: it is known that some of the insect salivary proteins
are antigenic in humans; therefore, humans exposed to insect bites will mount an antibody
response to some of the injected salivary proteins and the antibody levels to specific proteins
can be used to assess the level of vector exposure. The use of salivary proteins as biomarkers
of vector exposure has been used in various vectors of disease including ticks, kissing bugs,
sand flies, mosquitoes, and tsetse flies [29-42]. The use of recombinant proteins or synthetic
peptides has advanced considerably this approach in the last few years.

Biomarkers for mosquito exposure

The salivary recombinant gSG6 protein was the first molecule to be used as marker for
mosquito bite exposure, and it was tested in field conditions in Burkina Faso [38] and in
Tanzania [43]. Further work with this molecule resulted in the development of gSG6-P1, a
small synthetic peptide that is part of the gSG6 molecule. This peptide was successfully used
as marker of An. gambiae exposure [34] in Senegal [44] and Kenya [45]. Recently another
salivary protein was shown to be a marker of An. gambiae exposure. The cE5 salivary
protein was shown to be recognized by individuals exposed to An. gambiae bites [46].

It was previously shown that salivary gland homogenates of Ae. aegypti can work
successfully as marker of mosquito exposure in Dengue endemic areas [32]. Recently, the
N-terminus of the 34kDa salivary protein from Ae. aegypti was synthesized and recognized
by sera of children living in Aedes prevalent area. For Ae. albopictus a good number of
candidates have been identified as markers for exposure. The salivary proteins, D7,
adenosine deaminase, serpin, and apyrase were identified by a 2D immunoproteomic
approach as promising biomarkers of Aedes exposure [32].

Biomarkers for sand fly exposure

The recombinant salivary LIM17 and LIM11 proteins were shown to be recognized by
individuals living in areas where the sand fly Lu. longipalpisis prevalent [40]. Individuals
living in Lu. intermedia prevalent areas did not recognize these proteins, suggesting LIM17
and LIJM11 are specific markers for Lu. longipalpis sand flies. These two proteins were also
recognized by sera of dogs naturally exposed to Lu. longipalpis bites [40] and by sera of
sentinel chickens [39].

A different salivary protein was identified as a biomarker for Phlebotomus sand fly exposure
[42]. Sera of individuals living in P. papatasi prevalent areas recognized the salivary protein
PpSP32 [36]. This protein was not recognized in sera from individuals living in areas where
P. perniciosus is prevalent, suggesting PpSP32 protein is specific for P. papatasi exposure.
PpSP32 was used successfully in Tunisia as a marker of P. papatasi exposure and recently
in Saudi Arabia [37], suggesting that PpSP32 will work as a biomarker in different
geographical regions where P. papatasi is prevalent. Recent work with P. pernicious
salivary proteins identified a number of recombinant proteins as potential markers of vector
exposure, specifically for dogs, a key reservoir of the disease [33]. The yellow related
protein and the apyrase were recognized by sera of dogs exposed to bites of this sand fly
species and are the best candidates as markers for P. perniciosus exposure [33].
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Concluding remarks

The genomics and proteomics era in insect salivary gland research has brought new insights
into the proteins present in vectors of disease and other insects; unfortunately for many of
these sequences, particularly the abundant salivary proteins, their biological activities could
not be predicted. Simple functional genomic approaches based of expression of recombinant
proteins linked to clever biochemical, immunological, and disease model approaches have
resulted in the discovery of their biological activities and their role in disease transmission.
This will likely continue with many other salivary proteins which activities remain to be
elucidated. The effect of environmental factors and the presence of the pathogen in salivary
protein expression is an area that is beginning to be explored and will definitely yield further
information for the early events on disease transmission. Live imaging of salivary
components in the vertebrate skin can potentially unveil additional functions performed by
salivary proteins, such as immune cell recruitment, interaction with immune effectors, and
pathogen chemotaxis [47,48]. Live imaging can as well shed light on the potential roles of
vector saliva in blood intake and digestion [49]. The use of vector salivary proteins as
biomarker for vector exposure is one of the most useful and practical products resulting so
far from the research on insect saliva. The impact of these biomarkers in epidemiological
studies is now well documented for malaria research and will likely impact studies for many
other vector-borne diseases.

Acknowledgements

We want to thank Dr. Jose M.C. Ribeiro for suggestions and critical reading of this manuscript. This work was
supported by the Intramural Research Program of the NIH, National Institute of Allergy and Infectious Diseases
(IVCA, ABGC, JGV). ABGC fellowship is sponsored by CNPg-Brasil. This funding source had no involvement in
the preparation of the manuscript and decision to publish this review.

Marked References

* of special interest
** of outstanding interest

1. Ribeiro JM, Mans BJ, Arca B. An insight into the sialome of blood-feeding Nematocera. Insect
Biochem Mol Biol. 2010; 40:767-784. [PubMed: 20728537]

2. Calvo E, Tokumasu F, Marinotti O, Villeval JL, Ribeiro JM, Francischetti IM. Aegyptin, a novel
mosquito salivary gland protein, specifically binds to collagen and prevents its interaction with
platelet glycoprotein VI, integrin alpha2betal, and von Willebrand factor. J Biol Chem. 2007;
282:26928-26938. [PubMed: 17650501]

3. Chagas AC, Ramirez JL, Jasinskiene N, James AA, Ribeiro JM, Marinotti O, Calvo E. Collagen-
binding protein, Aegyptin, regulates probing time and blood feeding success in the dengue vector
mosquito, Aedes aegypti. Proc Natl Acad Sci U S A. 2014; 111:6946—6951. [PubMed: 24778255]
** With a gene-silencing approach the authors demonstrated that low expression of Aegyptin in
saliva of Aedes aegypti results in prolonged probing time and reduction in feeding quality and
quantity.

4. Calvo E, Mans BJ, Andersen JF, Ribeiro JM. Function and evolution of a mosquito salivary protein
family. J Biol Chem. 2006; 281:1935-1942. [PubMed: 16301315]

5. Alvarenga PH, Francischetti IM, Calvo E, Sa-Nunes A, Ribeiro JM, Andersen JF. The function and
three-dimensional structure of a thromboxane A2/cysteinyl leukotriene-binding protein from the

Curr Opin Insect Sci. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Coutinho-Abreu et al.

10

11.

12.

13.

Page 8

saliva of a mosquito vector of the malaria parasite. PLoS Biol. 2010; 8:1000547. [PubMed:
21152418]

. Xu X, Chang BW, Mans BJ, Ribeiro JM, Andersen JF. Structure and ligand-binding properties of

the biogenic amine-binding protein from the saliva of a blood-feeding insect vector of Trypanosoma
cruzi. Acta Crystallogr D Biol Crystallogr. 2013; 69:105-113. [PubMed: 23275168] * This works
shows a novel structure for a salivary protein with biogenic amine-binding properties.

. Ma D, Assumpcao TC, Li Y, Andersen JF, Ribeiro J, Francischetti IM. Triplatin, a platelet

aggregation inhibitor from the salivary gland of the triatomine vector of Chagas disease, binds to
TXA(2) but does not interact with glycoprotein PVI. Thromb Haemost. 2012; 107:111-123.
[PubMed: 22159626]

. Assumpcao TC, Ma D, Schwarz A, Reiter K, Santana JM, Andersen JF, Ribeiro JM, Nardone G, Yu

LL, Francischetti IM. Salivary antigen-5/CAP family members are Cu2+-dependent antioxidant
enzymes that scavenge oxygen radicals and inhibit collagen-induced platelet aggregation and
neutrophil oxidative burst. J Biol Chem. 2013; 288:14341-14361. [PubMed: 23564450] ** The
function of this family of proteins remained elusive for years. This work shows that Antigen 5
salivary protein represents a novel family of antioxidant proteins.

. Xu X, Oliveira F, Chang BW, Collin N, Gomes R, Teixeira C, Reynoso D, My Pham V, Elnaiem

DE, Kamhawi S, et al. Structure and function of a "yellow" protein from saliva of the sand fly
Lutzomyia longipalpis that confers protective immunity against Leishmania major infection. J Biol
Chem. 2011; 286:32383-32393. [PubMed: 21795673]

. Collin N, Assumpcao TC, Mizurini DM, Gilmore DC, Dutra-Oliveira A, Kotsyfakis M, Sa-Nunes
A, Teixeira C, Ribeiro JM, Monteiro RQ, et al. Lufaxin, a novel factor Xa inhibitor from the
salivary gland of the sand fly Lutzomyia longipalpis blocks protease-activated receptor 2
activation and inhibits inflammation and thrombosis in vivo. Arterioscler Thromb Vasc Biol.
2012; 32:2185-2198. [PubMed: 22796577]

Alvarenga PH, Xu X, Oliveira F, Chagas AC, Nascimento CR, Francischetti IM, Juliano MA,
Juliano L, Scharfstein J, Valenzuela JG, et al. Novel family of insect salivary inhibitors blocks
contact pathway activation by binding to polyphosphate, heparin, and dextran sulfate. Arterioscler
Thromb Vasc Biol. 2013; 33:2759-2770. [PubMed: 24092749] * This family of proteins present
only in sand flies is a vaccine candidate but the function was unknown. This work shows that this
small salivary odorant binding protein binds polyphosphate and blocks the activation of the
contact pathway.

Surasombatpattana P, Patramool S, Luplertlop N, Yssel H, Misse D. Aedes aegypti saliva enhances
dengue virus infection of human keratinocytes by suppressing innate immune responses. J Invest
Dermatol. 2012; 132:2103-2105. [PubMed: 22475758]

Surasombatpattana P, Ekchariyawat P, Hamel R, Patramool S, Thongrungkiat S, Denizot M,
Delaunay P, Thomas F, Luplertlop N, Yssel H, et al. Aedes aegypti saliva contains a prominent
34-kDa protein that strongly enhances dengue virus replication in human keratinocytes. J Invest
Dermatol. 2014; 134:281-284. [PubMed: 23752041] ** In this work the authors identified a
34kDa protein from Aedes aegypti saliva, with yet unknown function, that abrogates type | IFN
production, leading to the enhancement of virus replication in human keratinocytes.

14. Conway MJ, Watson AM, Colpitts TM, Dragovic SM, Li Z, Wang P, Feitosa F, Shepherd DT,

Ryman KD, Klimstra WB, et al. Mosquito saliva serine protease enhances dissemination of
dengue virus into the mammalian host. J Virol. 2014; 88:164—175. [PubMed: 24131723] ** This
article shows a mechanism that a mosquito salivary component can exacerbate the infection.
Mosquito saliva serine protease, CLIPA3, digests the extracellular matrix proteins, increasing in
vitro and in vivo infection of dengue virus. Strikingly, saliva from knockdown mosquitoes
(injected with CLIPA3 siRNA) was less efficient in increasing dengue virus in vitro infectivity
than saliva from control group.

15. Chagas AC, Oliveira F, Debrabant A, Valenzuela JG, Ribeiro JM, Calvo E. Lundep, a sand fly

salivary endonuclease increases Leishmania parasite survival in neutrophils and inhibits Xlla
contact activation in human plasma. PLoS Pathog. 2014; 10:e1003923. [PubMed: 24516388] **
This study depicts a new mechanism by which saliva can exacerbate infection. The endonuclease,
Lundep, destroys the neutrophil extracellular traps DNA backbone, allowing Leishmania parasites
to escape this host innate immune response mechanism. Besides, this enzyme helps with the

Curr Opin Insect Sci. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Coutinho-Abreu et al.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Page 9

feeding by diminishing the viscosity caused by the release of host DNA and it also inhibits the
intrinsic coagulation pathway.

Coutinho-Abreu IV, Ramalho-Ortigao M. Ecological genomics of sand fly salivary gland genes: an
overview. J Vector Ecol. 2011; 36(Suppl 1):S58-S63. [PubMed: 21366781]

Dao A, Yaro AS, Diallo M, Timbine S, Huestis DL, Kassogue Y, Traore Al, Sanogo ZL, Samake
D, Lehmann T. Signatures of aestivation and migration in Sahelian malaria mosquito populations.
Nature. 2014; 516:387-390. [PubMed: 25470038]

Coutinho-Abreu IV, Mukbel R, Hanafi HA, Fawaz EY, El-Hossary SS, Wadsworth M, Stayback
G, Pitts DA, Abo-Shehada M, Hoel DF, et al. Expression plasticity of Phlebotomus papatasi
salivary gland genes in distinct ecotopes through the sand fly season. BMC Ecol. 2011; 11:24.
[PubMed: 21985688]

Hosseini-Vasoukolaei N, Mahmoudi A-R, Khamesipour A, Yaghoobi-Ershadi MR, Kamhawi S,
Valenzuela JG, Arandian MH, Mirhendi H, Remami S, Saeidi Z, et al. Seasonal and Physiological
Variations of Phlebotomus papatasi Salivary Gland Antigens in Central Iran. J Arthropod-Borne
Diseases. 2015 in press.

Choumet V, Carmi-Leroy A, Laurent C, Lenormand P, Rousselle JC, Namane A, Roth C, Brey PT.
The salivary glands and saliva of Anopheles gambiae as an essential step in the Plasmodium life
cycle: a global proteomic study. Proteomics. 2007; 7:3384-3394. [PubMed: 17849406]

Coutinho-Abreu IV, Wadsworth M, Stayback G, Ramalho-Ortigao M, McDowell MA.. Differential
expression of salivary gland genes in the female sand fly Phlebotomus papatasi (Diptera:
Psychodidae). J Med Entomol. 2010; 47:1146-1155. [PubMed: 21175066]

Tchankouo-Nguetcheu S, Bourguet E, Lenormand P, Rousselle JC, Namane A, Choumet V.
Infection by chikungunya virus modulates the expression of several proteins in Aedes aegypti
salivary glands. Parasit Vectors. 2012; 5:264. [PubMed: 23153178]

Telleria EL, Benoit JB, Zhao X, Savage AF, Regmi S, Alves e Silva TL, O'Neill M, Aksoy S.
Insights into the trypanosome-host interactions revealed through transcriptomic analysis of
parasitized tsetse fly salivary glands. PLoS Negl Trop Dis. 2014; 8:62649. [PubMed: 24763140] *
This works demonstrates the effects of pathogen invasion of salivary glands in the tissue
remodeling machinery as well as in the expression of salivary gland genes.

Chisenhall DM, Christofferson RC, McCracken MK, Johnson AM, Londono-Renteria B, Mores
CN. Infection with dengue-2 virus alters proteins in naturally expectorated saliva of Aedes aegypti
mosquitoes. Parasit Vectors. 2014; 7:252. [PubMed: 24886023]

Chisenhall DM, Londono BL, Christofferson RC, McCracken MK, Mores CN. Effect of dengue-2
virus infection on protein expression in the salivary glands of Aedes aegypti mosquitoes. Am J
Trop Med Hyg. 2014; 90:431-437. [PubMed: 24445208]

Marie A, Holzmuller P, Tchioffo MT, Rossignol M, Demettre E, Seveno M, Corbel V, Awono-
Ambene P, Morlais I, Remoue F, et al. Anopheles gambiae salivary protein expression modulated
by wild Plasmodium falciparum infection: highlighting of new antigenic peptides as candidates of
An. gambiae bites. Parasit Vectors. 2014; 7:599. [PubMed: 25526764]

Sim S, Ramirez JL, Dimopoulos G. Dengue virus infection of the Aedes aegypti salivary gland and
chemosensory apparatus induces genes that modulate infection and blood-feeding behavior. PLoS
Pathog. 2012; 8:€1002631. [PubMed: 22479185]

Zhang M, Zheng X, Wu Y, Gan M, He A, Li Z, Zhang D, Wu X, Zhan X. Differential proteomics
of Aedes albopictus salivary gland, midgut and C6/36 cell induced by dengue virus infection.
Virology. 2013; 444:109-118. [PubMed: 23816433]

Caljon G, Hussain S, Vermeiren L, Van Den Abbeele J. Description of a Nanobody-based
Competitive Immunoassay to Detect Tsetse Fly Exposure. PLoS Negl Trop Dis. 2015;
9:0003456. [PubMed: 25658871]

Dama E, Cornelie S, Camara M, Somda MB, Poinsignon A, Ilboudo H, Elanga Ndille E,
Jamonneau V, Solano P, Remoue F, et al. In silico identification of a candidate synthetic peptide
(Tsgf118-43) to monitor human exposure to tsetse flies in West Africa. PLoS Negl Trop Dis.
2013; 7:€2455. [PubMed: 24086785]

Dornakova V, Salazar-Sanchez R, Borrini-Mayori K, Carrion-Navarro O, Levy MZ, Schaub GA,
Schwarz A. Characterization of guinea pig antibody responses to salivary proteins of Triatoma

Curr Opin Insect Sci. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Coutinho-Abreu et al.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Page 10

infestans for the development of a triatomine exposure marker. PLoS Negl Trop Dis. 2014;
8:62783. [PubMed: 24699441]

Doucoure S, Mouchet F, Cournil A, Le Goff G, Cornelie S, Roca Y, Giraldez MG, Simon ZB,
Loayza R, Misse D, et al. Human antibody response to Aedes aegypti saliva in an urban
population in Bolivia: a new biomarker of exposure to Dengue vector bites. Am J Trop Med Hyg.
2012; 87:504-510. [PubMed: 22848099]

Drahota J, Martin-Martin |, Sumova P, Rohousova I, Jimenez M, Molina R, Volf P. Recombinant
antigens from Phlebotomus perniciosus saliva as markers of canine exposure to visceral
leishmaniases vector. PLoS Negl Trop Dis. 2014; 8:e2597. [PubMed: 24392167] ** This works
shows the use of sand fly salivary proteins as biomarkers for vector exposure in key animal
reservoirs.

Drame PM, Poinsignon A, Besnard P, Cornelie S, Le Mire J, Toto JC, Foumane V, Dos-Santos
MA, Sembene M, Fortes F, et al. Human antibody responses to the Anopheles salivary gSG6-P1
peptide: a novel tool for evaluating the efficacy of ITNs in malaria vector control. PLoS One.
2010; 5:¢15596. [PubMed: 21179476]

Martin-Martin I, Molina R, Rohousova I, Drahota J, Volf P, Jimenez M. High levels of anti-
Phlebotomus perniciosus saliva antibodies in different vertebrate hosts from the re-emerging
leishmaniosis focus in Madrid, Spain. Vet Parasitol. 2014; 202:207-216. [PubMed: 24629428]

Marzouki S, Abdeladhim M, Abdessalem CB, Oliveira F, Ferjani B, Gilmore D, Louzir H,
Valenzuela JG, Ben Ahmed M. Salivary antigen SP32 is the immunodominant target of the
antibody response to Phlebotomus papatasi bites in humans. PLoS Negl Trop Dis. 2012; 6:e1911.
[PubMed: 23209854] * This work shows the first salivary protein from Old World sand flies to be
used as specific marker for Phlebotomus papatasi exposure in humans.

Mondragon-Shem K, Al-Salem WS, Kelly-Hope L, Abdeladhim M, Al-Zahrani MH, Valenzuela
JG, Acosta-Serrano A. Severity of old world cutaneous leishmaniasis is influenced by previous
exposure to sandfly bites in saudi arabia. PLoS Negl Trop Dis. 2015; 9:e0003449. [PubMed:
25646796]

Rizzo C, Ronca R, Fiorentino G, Verra F, Mangano V, Poinsignon A, Sirima SB, Nebie I,
Lombardo F, Remoue F, et al. Humoral response to the Anopheles gambiae salivary protein gSG6:
a serological indicator of exposure to Afrotropical malaria vectors. PLoS One. 2011; 6:€17980.
[PubMed: 21437289]

Soares BR, Souza AP, Prates DB, de Oliveira Cl, Barral-Netto M, Miranda JC, Barral A.
Seroconversion of sentinel chickens as a biomarker for monitoring exposure to visceral
leishmaniasis. Sci Rep. 2013; 3:2352. [PubMed: 23912591]

Teixeira C, Gomes R, Collin N, Reynoso D, Jochim R, Oliveira F, Seitz A, Elnaiem DE, Caldas A,
de Souza AP, et al. Discovery of markers of exposure specific to bites of Lutzomyia longipalpis,
the vector of Leishmania infantum chagasi in Latin America. PLoS Negl Trop Dis. 2010; 4:e638.
[PubMed: 20351786]

Vlkova M, Rohousova I, Drahota J, Stanneck D, Kruedewagen EM, Mencke N, Otranto D, Volf P.
Canine antibody response to Phlebotomus perniciosus bites negatively correlates with the risk of
Leishmania infantum transmission. PLoS Negl Trop Dis. 2011; 5:e1344. [PubMed: 22022626]

Marzouki S, Ben Ahmed M, Boussoffara T, Abdeladhim M, Ben Aleya-Bouafif N, Namane A,
Hamida NB, Ben Salah A, Louzir H. Characterization of the antibody response to the saliva of
Phlebotomus papatasi in people living in endemic areas of cutaneous leishmaniasis. Am J Trop
Med Hyg. 2011; 84:653-661. [PubMed: 21540371]

Stone W, Bousema T, Jones S, Gesase S, Hashim R, Gosling R, Carneiro |, Chandramohan D,
Theander T, Ronca R, et al. 1gG responses to Anopheles gambiae salivary antigen gSG6 detect
variation in exposure to malaria vectors and disease risk. PLoS One. 2012; 7:e40170. [PubMed:
22768250]

Sagna AB, Sarr JB, Gaayeb L, Drame PM, Ndiath MO, Senghor S, Sow CS, Poinsignon A, Seck
M, Hermann E, et al. gSG6-P1 salivary biomarker discriminates micro-geographical heterogeneity
of human exposure to Anopheles bites in low and seasonal malaria areas. Parasit VVectors. 2013;
6:68. [PubMed: 23497646] * A salivary peptide named gSG6-P1 is shown in this work to be a
biomarker to distinguish exposure to Anopheles mosquito during low and seasonal malaria
transmission.

Curr Opin Insect Sci. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Coutinho-Abreu et al.

45.

46.

47.

48.

49.

Page 11

Badu K, Siangla J, Larbi J, Lawson BW, Afrane Y, Ong'echa J, Remoue F, Zhou G, Githeko AK,
Yan G. Variation in exposure to Anopheles gambiae salivary gland peptide (gSG6-P1) across
different malaria transmission settings in the western Kenya highlands. Malar J. 2012; 11:318.
[PubMed: 22963464]

Rizzo C, Lombardo F, Ronca R, Mangano V, Sirima S, Nebie I, Fiorentino G, Modiano D, Arca B.
Differential antibody response to the Anopheles gambiae gSG6 and cE5 salivary proteins in
individuals naturally exposed to bites of malaria vectors. Parasit VVectors. 2014; 7:549. [PubMed:
25428638] * This work shows a new repertoire of biomarkers identified in the salivary glands of
the mosquito Anopheles gambiae.

Choumet V, Attout T, Chartier L, Khun H, Sautereau J, Robbe-Vincent A, Brey P, Huerre M, Bain
O. Visualizing non infectious and infectious Anopheles gambiae blood feedings in naive and
saliva-immunized mice. PL0oS One. 2012; 7:e50464. [PubMed: 23272060] ** Using intravital
microscopy and histological analysis Choumet et al shows the effect of normal or saliva sensitized
animals on the probing and engorgement of the mosquito. Importantly, the group shows that saliva
and parasites are co-localized in the skin of the animal.

Yamamoto DS, Yokomine T, Sumitani M, Yagi K, Matsuoka H, Yoshida S. Visualization and live
imaging analysis of a mosquito saliva protein in host animal skin using a transgenic mosquito with
a secreted luciferase reporter system. Insect Mol Biol. 2013; 22:685-693. [PubMed: 24118655]
Soares AC, Araujo RN, Carvalho-Tavares J, Gontijo Nde F, Pereira MH. Intravital microscopy and
image analysis of Rhodnius prolixus (Hemiptera: Reduviidae) hematophagy: the challenge of
blood intake from mouse skin. Parasitol Int. 2014; 63:229-236. [PubMed: 23886517] ** Elegant
work showing by intravital microscopy the physiological effects of insect feeding in the skin and
blood vessels of the host.

Curr Opin Insect Sci. Author manuscript; available in PMC 2016 August 01.



1duosnuepy soyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuep Joyiny

Coutinho-Abreu et al.

Curr Opin Insect Sci. Author manuscript; available in PMC 2016 August 01.

Page 12



