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ABSTRACT

The mosquito innate immune system is a critical determinant of vector competence.
Mosquito immune cells known as hemocytes serve primary roles in immune recognition and
pathogen killing, with important functions in Anopheles gambiae that limit malaria parasite
survival in the mosquito host. However, the role of mosquito hemocytes in antiviral defense
has yet to be established. Previous studies suggest potential roles of hemocytes in arbovirus
infection and dissemination in the mosquito host, yet these studies have been limited by the
lack of genetic tools to assess the functional contributions of mosquito hemocytes. To approach
these questions, we have identified potential genetic markers for mosquito hemocyte
populations to study their biology and developed methods to chemically deplete phagocytic
cell populations in Aedes aegypti to determine the functional contribution of these immune
cells on arbovirus infection. Our results demonstrate that nimrod, peroxidasin and lozenge as
potential candidate marker genes for granulocytes and oenocytoids respectively, that can be
utilized to create transgenic constructs to label hemocytes. To enable the study of hemocyte
functions, phagocytic cell populations were effectively depleted following chemical treatment
based on light microscopy, reduced expression of hemocyte-specific genes, and impaired
immune function following bacterial challenge. Analysis of subsets using flow cytometry
argue for presence of additional subsets of hemocytes that vary in phagocytic ability,
morphology, and possible others factor. Current studies look to further develop these molecular
tools to examine viral-host interactions to better understand the role of mosquito cellular
immunity in shaping arbovirus infection and transmission.

1
CHAPTER 1: INTRODUCTION
1.1 Introduction
All organisms play host to a multitude of microbes, both beneficial and pathogenic.
Microbes present in the environment surrounding an organism enter via various routes such as
inhalation, ingestion, contact or via epithelial and mucosal surfaces1, making it imperative for
the system to distinguish harmful microbes from the milieu. The immune system of the
organism takes up this role and distinguishes self and non-self-entities while maintaining the
integrity of self-tissues, thus allowing beneficial microorganisms and developing mechanisms
to eliminate pathogens 2.
A robust immune response requires the recognition of foreign entities, which in turn elicit
a reaction from the body triggering several immune pathways to produce anti-microbial
molecules that target and destroy the invading pathogens3. This process is mediated through
complex interactions between signaling pathways that cohesively work to eliminate the
biological threat. Immune responses can either be immediate or delayed, with most organisms
exhibiting a robust innate or short-term immunity, while higher organisms have developed
specific cellular mechanisms to provide long-term protective immunity. These secondary
response mechanisms constitute adaptive immunity and largely rely on immunological
memory, which is the essence of vaccine development in both invertebrates and vertebrates 4.
As the nature of an infection can trigger either stimulatory or inhibitory immune responses,
these defense mechanisms are tightly controlled in every organism through defined regulatory
mechanisms, to maintain homeostasis and avoid damage to self-tissues. Misdirection of
immune signals could lead to acute or chronic tissue damage even in the absence of a true
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threat, as in the case of autoimmune disorders and atopy

1,5

, making regulation of signaling

pathways and defense mechanisms vital to a successful immune response.
Immunity in most organisms is basically divided into an innate arm and an adaptive arm.
Innate immune mechanisms are general responses encoded by the host’s germ line and provide
the first line of defense against any pathogen. Adaptive immunity involves specific specialized
defense mechanisms obtained through somatic rearrangement of genes, tailored to the nature
of the invading pathogen. Both systems act in synergy to provide a robust immune response
and eliminate potentially harmful microorganisms 2,3.

1.1.1 The innate immune response
Innate immune mechanisms are dynamic in nature and form the fundamental immune
response of metazoa as the first line of defense against infection. These responses are directed
towards a broad range of microbes and are invoked rapidly on encountering a pathogen or
pathogen-associated molecules6. Innate responses are genetically encoded host defense
mechanisms, largely conserved across all the three major classes of organisms: plants,
invertebrates, and vertebrates3. Plants and invertebrates rely solely on innate immunity for
host defense, while vertebrates utilize the innate immune system as a primary host response
and to initiate downstream effector components of adaptive immunity6–9.
The innate immune response involves multiple components, beginning with physical and
biochemical barriers such as skin, mucosal linings and surfaces in animals and wax layers and
cell walls in plants4,10–12 that act as the first line of defense, barring the entry of pathogens.
When these barriers are breached, microbe associated molecular patterns (MAMPs) of the
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pathogen and immune signals associated with cell damage, apoptosis, or physiological changes
in host tissues are recognized by germline encoded receptors7. These pattern recognition
receptors (PRRs) present on cell surfaces form an integral part of the innate sensing mechanism
and recognize specific microbial molecules, bind to them, initiating a downstream signaling
cascade leading to recruitment of immune cells to the site of infection and elimination of the
foreign elements. Toll-like receptors (TLRs), first identified in the fruit fly Drosophila
melanogaster13, function either directly or indirectly as PRRs and are stimulated by various
microbe associated molecules. These include lipid moieties on the surface of bacteria such as
lipopolysaccharide (LPS), virus-derived nucleic acids (RNA or DNA), and other cell
components present on parasites or fungi

2,6,7

. Largely conserved across species, these

receptors induce the expression of several key genes that regulate pathways leading to
pathogen elimination 14.
The downstream effector responses triggered by molecules binding to PRR’s are key
elements of the humoral component of innate immunity. These comprise of soluble mediators
and effector molecules in the form of antimicrobial peptides, complement factors, lysozymes,
acute phase proteins, cytokines and chemokines in vertebrates

15

, while studies in horseshoe

crab, fish and insects showcase innate factors such as defensins, lectins, complement-like
proteins and pro-phenoloxidase systems to be the key molecules involved in host defense of
invertebrates15,16. Plants on the other hand have an extensive network of secondary metabolites
and reactive oxygen species that are induced upon pathogen invasion or cell damage that
constitute downstream protective mechanisms17.
Once an infectious agent has been recognized, the resulting local inflammation response is
a hallmark of vertebrate immunity and triggers the recruitment of immune cells to the area18.
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This includes chief phagocytic cells such as macrophages, granulocytes, dendritic cells, mast
cells and natural killer cells. Once recruited, these cells divide into short-lived effector cells to
work on immediate elimination of the pathogen15,18,19. Similarly, in invertebrate systems with
innate immunity being the primary immune defense, immune cells also known as hemocytes
play vital roles in phagocytosis and other effector mechanisms8,9.
There lie inherent similarities and differences in innate defense mechanisms of vertebrates
and invertebrates against invading pathogens. While innate immunity is the primary defense
arm in invertebrates, vertebrates also heavily rely on the other arm of immunity, the adaptive
immune responses, which involve pathogen specific defense mechanisms geared to generate
immune memory and robust effector responses upon re-infection20. Regulation of immune
responses at each level ensures that innate and adaptive arms act in cohesion as the primary
and secondary line of defense respectively, with the failure of self-tolerance leading to
autoimmune disorders and immunological mayhem18.

1.1.2 Evolution of adaptive immune responses across species
Vertebrate organisms have evolved adaptive immune responses leading to the formation of
highly specific cells that proliferate to produce a long lasting response specific to unique
microbial elements referred to as antigens2. These responses are mediated by a wide repertoire
of immunoglobulin receptors formed by somatic gene rearrangements that recognize an
antigen, triggering a clonal expansion of lymphatic immune cells, namely B lymphocytes. B
cells then form specialized subsets that produce highly specific antibodies that bind to these
antigens and implement effector functions to eliminate the pathogen. Another set of immune
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cells called the T lymphocytes recognize the antigen-antibody complex via the T cell receptor
(TCR) to promote clonal proliferation of effector cells, that directly or indirectly (costimulation of the innate immune molecules) lead to cytotoxic killing of the pathogen2,20,21.
Invertebrates have largely been known to lack adaptive immunity, however recent findings in
lampreys and freshwater snails provide evidence of

somatic genetic rearrangements to

generate receptor diversity suggestive of an adaptive-like response22,23. Compelling recent
findings in Drosophila argue for the presence of an adaptive-like response based on the ability
of hemocytes and derived micro-vesicles to disseminate anti-viral RNA, thus suggesting the
presence of systemic immune responses similar to those of vertebrates 24,25.
A key aspect of adaptive immunity is immunological memory, a concept on which vaccines
have been developed against various deadly diseases. Subsets of lymphocytes clonally expand
upon primary infection with high specificity towards unique MAMPs and remain dormant until
a secondary infection, upon which they provide a rapid and effective immune response to the
previously encountered pathogen. Though studied extensively in vertebrates, recent evidence
supports that invertebrates may also possess memory-like responses that heighten the innate
immune responses upon re-infection and prime the immune system for an anticipatory
response to potential pathogens 20,26. This concept of immune priming has been investigated in
crustacean and insect systems such as Drosophila, Bombus terrestris and the mosquito
Anopheles gambiae, with a marked increase in protective and specifically targeted responses
upon a secondary exposure to the pathogen providing conceptual evidence of immunological
memory in non-vertebrate systems27–30.
Advances in genetic and genomic tools have facilitated sequencing of full-length genomes
of various invertebrate model organisms, unravelling novel immune mechanisms both innate
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and adaptive-like in invertebrate species, specially the fruit fly, Drosophila melanogaster,
which has long been studied as a model for innate immunity and host-pathogen
interactions24,31.
The study of immunity in arthropod model systems is of great importance due to their role
as disease vectors that cause of millions of deaths globally, with mosquito-borne diseases being
responsible for a significant portion of this morbidity. Mosquitoes are hematophagous, females
of most species feed on blood, enabling pathogen transmission from one host to another32,33.
Aedes and Culex mosquitoes are widespread vectors of arboviruses such as dengue, Zika,
chikungunya, yellow fever and West Nile, while Anopheles species are the primary vector for
malarial parasite (Plasmodium sp.) transmission. Multiple mosquito species are hosts for
filarial worms, the causative agent of lymphatic filariasis33. Together, these are responsible for
hundreds of millions of cases and approximately one million deaths each year. Therefore,
understanding the immune responses of these vector hosts to invading pathogens is critical to
discovering potential bottlenecks for disease transmission and prevention.

1.2 Insect immunity as a determinant of vector competence
Arthropods are widely known as disease vectors capable of transmitting a broad range of
pathogens including bacteria, viruses, and parasites that require an arthropod vector and one
or more vertebrate hosts to complete their life cycle

34,35

. Several extrinsic factors affect this

relationship including population dynamics of the host and vector in a given geographical area,
as well as other environmental factors such as temperature and rainfall. Intrinsic factors that
affect this interaction are inherited genetic determinants that influence vector physiology and
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host preferences, defining the ability of the vector to get infected and successfully transmit a
pathogen

36

. Another key intrinsic factor playing a role in this relationship is the immune

system of an organism, which is a critical determinant of vector competence and greatly
influences the ability of an organism to harbor and transmit a pathogen.

1.2.1 A brief outline of insect immunity
Insect immune responses have been studied extensively in the fruit fly Drosophila
melanogaster, and numerous defense mechanisms homologous to innate immune functions in
mammalian systems have been identified

31,37

. Immune responses in Drosophila and other

insects involve pathogen recognition by pattern recognition receptors, followed by humoral
and cellular responses that target and eliminate invading organisms or damaged self-tissues 8.
Microbial elements of bacteria, fungi and parasites bind to PRRs activating various signaling
pathways such as Toll, IMD and JAK-STAT leading to downstream transcriptional activation
of immune genes and the production of effector molecules or antimicrobial peptides. RNA
interference pathways are the primary antiviral mechanisms defined in insects, with recent
reports elucidating potential antiviral systemic immunity provided through circulating
hemocytes in Drosophila 25,31.
Melanization is a crucial defense process triggered upon pathogen entry through which
melanin is deposited on the pathogen, isolating it and acting as a scavenger for reactive oxygen
species which are extensively produced upon infection. These, along with phenoloxidase (PO)
cascades mediate cytotoxic killing of infected cells, as studied in Drosophila and Anopheles
gambiae31,32. PO cascades are also a key component of cellular responses, mediated mostly by
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hemocytes and play an essential role in melanin biosynthesis, also facilitating melanization as
a wound healing mechanism in the case of disruption of membrane tissues38.
Insect immune cells called hemocytes are involved in cell-mediated pathogen killing
mechanisms such as phagocytosis, encapsulation and nodulation. Microbial particles are
engulfed by phagocytic hemocytes through binding of receptors to recognized PAMPs,
followed by fusion with a lysosome triggering degradation of the pathogen. Hemocytes also
adhere to form a capsule around the pathogen and infected cells opsonizing them for
destruction by cytotoxic effectors 37,39. Novel roles for hemocytes in immune response against
various pathogens in other arthropods such as mosquitoes and ticks are being defined,
emphasizing their importance in modulating both the humoral and cellular arms of immunity.

1.2.2 Role of host immunity in vector competence and pathogen interactions
Studies in mosquitoes and ticks have argued for significant involvement of the immune
system in defining vector-pathogen interactions34,35,40. While genetics of the vector is of
importance in determining the susceptibility of a host to a pathogen, the immune system and
vector-pathogen interactions greatly shape the outcome of an infection. During the process of
establishing an infection, pathogens face various checkpoints in the host ,where immune
responses are directed to limit replication and decrease pathogen load, allowing for bottlenecks
to curb infection and transmission41,42. The number of pathogens surviving the immune assault
at each stage is lesser than the previous, and on successful evasion of these barriers the
pathogen can infect and mature to a transmissible form. Identification of interactions that shape
these potential bottlenecks is of key importance to develop robust vector control strategies.

9
The manipulation of internal microbiome of the arthropod host to control infection has
been implemented in the recent decade, taking advantage of their important roles in modulating
pathogen survival and transmission43. Gut microbiota modulate the early development of
Plasmodium in the mosquito host, where certain bacterial species have been shown to inhibit
development of malarial sporozoites in Anopheles gambiae. The endosymbiont Wolbachia
impairs the ability of mosquitoes to harbor dengue and chikungunya viruses, and is being
considered for implementation in arboviral control mechanisms 44.
Investigating the molecular mechanisms of innate immunity in the host is critical to
understanding host-pathogen interactions in disease vectors such as mosquitoes, as new
revelations will enable the development of tools to modulate this relationship, and provide
novel strategies for vector and pathogen control 45,46.

1.3 Overview of the mosquito immune response
Mosquitoes are exposed to various microorganisms in both their aquatic larval, and
terrestrial adult habitats. The mosquito cuticle acts as a physical barrier to infection, however
the primary challenge occurs through oral ingestion. Adult female mosquitoes are
hematophagous and require a blood-meal to gain nutrients necessary for egg-laying, enabling
the entry of mosquito-borne pathogens via blood feeding. Therefore, invading pathogens must
navigate through multiple internal barriers that include the midgut, hemolymph, and the
salivary glands to successfully establish infection and transmission while evading the host
immune system 33.
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The incoming pathogen is first recognized through its molecular surface moieties by various
Pattern-recognition receptors (PRRs) present on tissues and in the hemocoel. Thioester-domain
containing proteins (TEP), Fibrinogen-related proteins (FREP) and Gram-negative binding
proteins (GNBPs) have been identified as key PRRs in Anopheles gambiae and Aedes aegypti,
playing vital roles in immune recognition and modulation47–49. Pathogen recognition activates
immune signaling pathways such as Toll, IMD, and JAK-STAT pathways, leading to the
induction of immune genes and the production of anti-microbial peptides targeting the
pathogen 50. Together, these pathways initiate immune responses that comprise either humoral
or cellular immunity and facilitate pathogen killing via lysis, melanization, or phagocytosis.
Immune cells known as hemocytes act as a bridge between humoral and cellular immunity,
initiating humoral responses or the cell mediated killing of invading microbes 51.

1.3.1 Humoral immune responses
Humoral responses in the mosquito involve the production of antimicrobial peptides
(AMPs), regulated by genes that are induced upon recognition of PAMP’s by pattern receptors
such as Toll. Defensins are predominant AMPs exhibiting activity against a wide range of
bacterial microbes across mosquito species, while certain classes of AMPs such as gambicin
and cecropins have been reported to have specific anti-Plasmodium and anti-filarial activity,
limiting oocyst numbers in Anopheles gambiae and intensity of B. malayi infection in Aedes
aegypti respectively52–54. Several cecropins and attacin are induced upon flaviviral infection in
mosquitoes, however the underlying mechanisms are still under investigation55. Studies show
that ingestion of a blood-meal induces production of antimicrobial peptides in the mosquito
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host, that affect survival of invading parasites and arboviral pathogens, suggesting potential
use of such peptides in antimalarial drugs and antiviral strategies33,48,50,52,56.
Members of the thioester family of proteins (TEPs) are key opsonins in complement-like
pathways employed by insects, and along with other CLIP-domain containing serine-proteases
they mediate the melanization of bacteria, fungi and Plasmodium parasites. In Anopheles
gambiae, leucine rich repeat proteins promote TEP1 mediated lysis of the malarial parasite by
binding to the ookinete stage of the parasite41,57,58. Recently, a role for TEP1-mediated antiviral
immunity was suggested which involves the production of AMP’s in the early stages of
flaviviral infection in Aedes aegypti, elucidating the importance of complement-like pathways
in immune defense of the mosquito host 55,59.
Melanization responses serve as a vital component of the humoral defense in mosquitoes
and are mediated through activation of a pro-phenoloxidase cascade ultimately leading to the
production and deposition of melanin, resulting in direct or indirect cytotoxic killing of the
pathogen. Hemocytes highly express several prophenoloxidases that are reported to have
effector functions in both anti-Plasmodium and arboviral immunity, serving as a link between
humoral and cellular components of mosquito immunity 60,61.

1.3.2 Cellular immune responses
Cellular immune responses in insects are mediated by immune cells called hemocytes,
sessile (attached to tissues such as the fat body) and circulating, that are present in the
hemolymph. Generated through hematopoiesis, their differentiation is regulated by signaling
pathways and effector molecules at both the larval and adult stages62. Hemocytes have been
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acknowledged as important players in the mosquito immune response, and mediate killing of
the pathogen via phagocytosis, encapsulation, lysis and production of soluble effector
molecules 51,62,63.

1.3.2.1 Characterization of mosquito hemocytes
Hemocytes play an important role in mosquito immunity, though knowledge regarding their
biology and functions are still limited. Hemocytes have been traditionally classified based on
their morphological and functional characteristics. In Drosophila and lepidopterans, these
classifications have been established thanks to the development of numerous genetic tools and
molecular markers for hemocytes in these systems

39

. In Drosophila, hemocytes have been

broadly classified as plasmatocytes, lamellocytes, crystal cells and pro-hemocytes.
Plasmatocytes are phagocytic in nature and make up a majority of the hemocyte population,
while crystal cells have been primarily implicated in the melanization response and serve as a
source for pro-phenoloxidase. Lamellocytes are found only in larvae and have roles in
encapsulation and pro-hemocytes are progenitor cells similar to stem cells in mammalian
systems. The production of these cell types through hematopoiesis is regulated through
signaling systems that can trigger the differentiation into any of these cell types based on the
stimulus and requirement of the fly 62,64.
Mosquito hemocytes have been classified as granulocytes, oenocytoids, and prohemocytes
based on microscopy studies, with 80-90% of hemocytes said to comprise of granulocytes that
are large and phagocytic in nature 65. These cells are adherent and are comparable to vertebrate
macrophages, engulfing and lysing pathogenic microbes through phagocytosis. Oenocytoids
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are smaller, round cells that are believed to be producers of phenoloxidase, mediating
melanization responses. Prohemocytes are small round cells that could potentially be
precursors to other cell types33. Lectin-based assays have been used to classify hemocytes
binding exogenous lectins such as Wheat germ Agglutinin (WGA) and Helix Pommatia
Agglutinin (HPA), however, almost all hemocytes bind to these lectins making it difficult to
distinguish sub-types66. Studies have described transient increase in hemocyte numbers and
activity following a blood-meal in Anopheles gambiae 67, however a lack of genetic tools and
markers has severely limited the ability to effectively distinguish mosquito hemocyte subpopulations to determine their functional roles. Recent studies have shed light into the
existence of defined phagocytic sub-populations with differential PO activity and definitive
roles in the immune response in the malarial mosquito A. gambiae, emphasizing the complexity
in identification of hemocyte subsets

68,69

. Therefore, the generation of molecular markers to

define hematopoiesis in mosquitoes will open new doors into hemocyte biology and enable
increased understanding of the roles of these cells in host-pathogen interactions.

1.3.2.2 Hemocyte mediated effector functions
While studies in Drosophila have elucidated various immune functions for hemocytes,
studies on the biology and function of mosquito hemocytes are still at their infancy. The key
cell-mediated immune mechanisms are phagocytosis, encapsulation and lysis. Lysis of
pathogens is mediated by large phagocytic granulocytes, which engulf the pathogen minutes
after invasion. PRR’s such as TEP1 and other leucine rich repeat proteins (LRIM1) get
activated upon recognition of foreign elements and opsonize them for targeted phagocytosis
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by granulocytes 65. Hemocytes aggregate and bind to pathogen surfaces forming a sheath in a
process called encapsulation, further opsonizing the pathogen for cytotoxic killing.
Hemocytes mediate humoral effector responses, with subsets of the cells regulating the
pro-phenoloxidase cascade leading to deposition of melanin on the pathogen surface65
Hemocytes also play important roles in wound healing, with melanin deposition recruiting
immune cells to the area of tissue damage to clear out damaged cells. Studies have reported
the production of cytotoxic effector molecules by hemocytes, such as increase in reactive
oxygen species and intermediates following P.berghei infection, molecules produced by
hemocytes to create an unfavorable environment for the pathogen in the midgut, fat bodies and
other tissues67. Transcriptome and molecular profiling of hemocytes has revealed various
immune genes to be modulated upon infection with bacteria, parasites and arboviruses70–72.
Recent advances in the field have shown the release of micro-vesicles by hemocytes in the
mosquito midgut activating complement factors such as TEP-1, known to be heavily indicated
in killing of plasmodium parasites73. Hemocyte-derived micro-vesicles have also been reported
to circulate and transfer antiviral RNA from cell to cell, mediating a systemic like anti-viral
response in Drosophila25, though their roles in arboviral infections in mosquitoes are yet to be
explored.
Altogether, these studies validate the importance of hemocyte mediated immune responses
in limiting various stages of the pathogen life cycle in the mosquito host, marking them as key
players in the host-pathogen interface.
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1.3.3 Role of hemocytes in anti-viral immunity
Mosquitoes are vectors to deadly arboviruses such as dengue, chikungunya, Zika and West
Nile virus, with few associated fitness costs to the mosquito host. The virus is taken in via a
bloodmeal, replicates and disseminates in the midgut tissue and other organs, traverses the
hemolymph to infect the salivary glands, at which stage it is transmissible to a vertebrate host.
The RNA interference (RNAi) mechanism is the most prevalent anti-viral response in insects
mediated by small RNAs that bind specifically to viral RNA and degrade them, certain viruses
such as Nodaviridae however have been shown to produce suppressor RNA to circumvent the
RNAi response in insects and ensure pathogen survival74,75. Programmed cell death is another
method of viral control and elimination, the role of hemocytes in recognizing viral pathogens
via autophagy and phagocytosis has also been described in recent studies in Drosophila76. IMD
and JAK-STAT pathways are also involved in anti-viral defense and induce production of
antimicrobial peptides target to eliminate viral pathogens77.
RNAi is the key antiviral response in mosquitoes, with knockdown of core components of
this system exacerbating arboviral infection

78,79

.Arboviral infections also trigger the

production anti-microbial peptides in the midgut and the fat bodies, inducing increased
expression of anti-viral genes with the Toll and IMD pathways playing a vital role in
modulation of Dengue and West Nile virus in Aedes and Culex mosquitoes80–82. The Pro-PO
mediated humoral immunity and newly discover complement-related factors exert antiviral
roles in the mosquito hemolymph, with other complement-related factors in the salivary glands
and neurons also contributing to an effective defense strategy 59.
The role of hemocytes in arboviral infections have not been studied in detail and majority
of their functions in this interaction are still unknown. Compelling studies in Drosophila have
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recently suggested roles for hemocytes and hemocyte-derived micro-vesicles in mediating a
systemic anti-viral immunity through RNAi, strongly advocating the need to explore the
functions of hemocytes in arboviral infections25. Arboviruses need to traverse multiple barriers
within the mosquito host to successfully establish infection and these barriers strongly
influence the vector competence of the host. Firstly, a midgut infection barrier (MIB) is
developed either to prevent invasion of the virus into the midgut or to limit replication of the
virus in the midgut. If the virus successfully infects the midgut, the next step involves it
escaping from the midgut and disseminating to other tissues, which is limited by the midgut
escape barrier (MEB) 42,59. The pathogens that make it successfully to the salivary glands must
yet again traverse through the tissue (Salivary gland Infection barrier-SIB) while retaining
infectivity upon being victim to the innate immune defenses of the mosquito host.
The role of trachea in acting as conduits to aid viral movement form the midgut to other
tissues has been discussed in several studies, however the potential of hemocytes and the
hemolymph to be a channel of transport for the viruses is still an unexplored aspect 83. Limited
studies using GFP tagged Sindbis virus as a model show infection of Aedes hemocytes by the
virus upon oral and intrathoracic injections as early as 6 hours post injection. Increased
intensity of GFP with time in hemocytes also suggest the possibility of viral replication in
hemocytes84. These studies raise the possibility of hemocytes potentially acting as shuttles for
viruses to disseminate through the hemocoel to other organs, with roles possibly in
exacerbating or limiting viral expansion. Studies using dengue virus have shown infection of
hemocytes by the virus along with other tissues, however the roles of hemocytes in viral
dissemination and replication in the mosquito are yet to be elucidated85. A major limitation in
expanding such studies has been the lack of molecular markers and genetic tools to dissect the
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hemocyte population further and analyze profiles of subsets with respect to infection.
Exploring these hemocyte-mediated mechanisms will shed light into the viral-host mechanics
in mosquitoes and lead to identification of targets within the vector for effective transmission
control strategies for arboviruses.

1.4 Thesis objectives and organization
Considering all the arguments presented so far, the importance of hemocytes in mediating
immune responses to pathogens is evident as is the need to investigate the biology and
functions of these cells in mosquitoes, owing to them being prevalent disease vectors. A major
hurdle in this aspect has been the lack of hemocyte specific cellular or molecular markers and
limited genetic tools in mosquitoes to label and study these immune cell populations. The
major focus of this study is therefore to develop tools to enable the study of biology and
functions of hemocytes and aid in their characterization in the arboviral vector Aedes aegypti.
This is achieved through two main objectives, (1) Identification of hemocyte-enriched genes
that can potentially drive expression of florescent proteins in a transgenic system to label
hemocyte populations and (2) Utilizing chemical depletion of phagocytic hemocytes as a tool
to enable study of hemocyte functions in arboviral infections.
To generate markers for hemocytes, expression profiles of various genes were tested and
hemocyte-enriched genes nimrod, peroxidasin and lozenge were identified as suitable
candidates for phagocytic hemocytes and oenocytoids respectively. The architecture of these
genes was analyzed, and potential promoter regions were identified. To enable study of
hemocyte functions by utilizing chemical depletion of hemocytes as a tool, it was important to
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determine the efficacy and effects of the chemical clodronate in mosquitoes, being the first
study to employ this method in Aedes aegypti. To determine this, mosquitoes were injected
with control and clodronate-filled liposomes and the effect of the chemical on hemocytes and
mosquito survival was investigated. Clodronate mediated depletion of hemocytes was
established as a potential tool to study arbovirus-hemocyte interactions, along with shedding
some light on hemocyte biology and classifications as they stand today.
This thesis is organized as follows: Chapter 2 describes identification and analysis of
hemocyte-enriched genes as potential markers for hemocyte populations to help characterize
mosquito hemocytes, and Chapter 3 proceeds to investigate the potential of clodronate
mediated chemical depletion of hemocytes as a valuable tool to study the roles of hemocytes
in arboviral infection in Aedes aegypti mosquitoes. Chapter 4 shortly summarizes the
importance of these studies in advancing current knowledge of mosquito innate immunity and
providing novel molecular and genetic tools to study hemocytes with respect to host-pathogen
interactions.
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CHAPTER 2: CHARACTERIZATION OF HEMOCYTES IN AEDES AEGYPTI
A manuscript in preparation
Jyothsna Ramesh Kumar and Ryan C Smith
2.1 Introduction
Mosquitoes are deadly arthropod vectors that transmit pathogens responsible for malaria,
dengue fever, West Nile, chikungunya, yellow fever and lymphatic filariasis1. Majority of
mosquito species are hematophagous in nature, with adult females requiring a blood-meal to
obtain necessary nutrients for egg production. During this process, mosquitoes are potentially
exposed to several disease-causing pathogens that may be transmitted through subsequent
blood meals1,2. While mosquitoes play host to a multitude of micro-organisms, commensal and
pathogenic at both the larval and adult life-stages, the innate immune system of the mosquito
plays a vital role in recognizing harmful microbes from the mileu2,3,4. Humoral components
such as pattern-recognition receptors, anti-microbial peptides, immune signaling pathways and
pro-phenoloxidase (PPO) cascades identify, opsonize and eliminate the pathogen. The humoral
effector molecules also recruit the cellular arm, mediated by immune cells known as
hemocytes, thus enabling targeted cytotoxic killing of infectious microbes. Together, these
tightly regulated defense mechanisms, some that have been evolutionarily conserved across
species and some that are species-specific work in cohesion to eliminate the pathogen1,5–7.
Hemocyte mediated cellular and humoral responses are central to invertebrate immunity.
Initially characterized in lepidopterans8, hemocytes have more recently been characterized in
crustaceans (shrimp and crayfish), arachnids (ticks), and other insect models such as the fruit
fly Drosophila melanogaster and multiple mosquito species9–13. These studies have
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demonstrated vital roles of hemocytes in the immune response against pathogens, yet these
interactions have not been fully understood as knowledge regarding their biology remain
largely unknown.
Hematopoiesis has been extensively described in D. melanogaster larvae with the advent
of genetic tools, which have enabled the characterization of hemocytes produced in the lymph
gland to be classified as prohemocytes, lamellocytes, crystal cells, and plasmatocytes (the latter
two being analogous to oenocytoids and granulocytes in mosquitoes respectively)12,14,15. While
very little is known about hematopoiesis in adult flies, recent studies have described
hematopoietic hubs in the dorsal side of the adult fly which harbor progenitor cells that can
generate plasmatocytes and crystal cells, contributing to immune responses16. The
differentiation of these cells is regulated through signaling pathways such as Toll and
JAK/STAT, with signals defining their fate dependent on external stimuli such as pathogen
challenge 12,14.
Hematopoiesis has not been well defined in mosquitoes, with the lack of genetic or
molecular markers to define these populations severely limiting studies of mosquito hemocyte
biology. Hemocytes in adult An. gambiae, Ae. aegypti and Culex mosquito species have
classically been characterized as granulocytes, oenocytoids, and prohemocytes based on
morphological and microscopy studies 17,18. Granulocytes were described as the most abundant
and large cell type, with a granular cytoplasm, phagocytic nature and distinct properties such
as spreading and adherence to glass surfaces

18,19

. Oenocytoids were classified as non-

phagocytic cells, with a rounded morphology and high phenoloxidase activity17,18
Prohemocytes are smaller than the other hemocyte cell types with a large nucleus to cytoplasm
ratio and were hypothesized to be progenitor cells, however recent studies showcase a subset
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of these to be phagocytic, raising the possibility of them stemming from other cell types18,20.
Other hemocyte subtypes described as thrombocytoids and adipohemocytes were initially
identified but were demonstrated to be other contaminants such as pericardial cells and fat
bodies that were collected during hemolymph perfusion6,17,18. Recent transcriptomic studies
however are beginning to reveal previously unknown characteristics of hemocyte
subpopulations suggesting the need for new classifications of these immune cell populations21.
Previously, the majority of the hemocyte population in mosquitoes was thought to be sessile
or attached to tissues11, but studies thereafter showed 75% of the hemocytes to be in circulation
and 25% as being sessile and attached to the abdominal wall (fat bodies and periosteal regions)
1,20

. The number of hemocytes in circulation however remains a debated question, with studies

reporting 500-4000 circulating hemocytes with granulocytes being the majority (>90%), while
others report 25000-40000 in circulation, with granulocyte comprising only 2-5% of the
population which is predominantly prohemocytes17,18,20,22. These dramatic differences are
likely due to variability in collection methods, with notable disparities in An. gambiae and Ae.
aegypti hemocyte numbers conducted in our laboratory the result of fixation and counting
methodologies. Although mosquito hemocyte numbers have been shown to transiently
increase with blood-feeding or other stimuli such as infection in Anopheles and Aedes
mosquitoes, the lack of genetic and biochemical tools to identify the subsets poses an
impediment to investigating the biology and lineage of hemocyte populations23–26.
Early morphological and biochemical studies in kuruma shrimp, crayfish, fruit flies, and
mosquitoes used Giemsa staining as a principle visualization method for hemocytes13,27,28.
Additional lectin-based dyes such as wheat germ agglutinin (WGA) , lens culinaris agglutinin
(LCA), and the lipophilic dye CM-DiI have been used in recent studies to stain hemocyte
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populations

22,25,29

. Cellular markers for hemocytes have been identified in different model

organisms and have been summarized in Table 2.1. Drosophila hemocytes have by far been
the most studied and provide interesting parallels for the study of mosquito hemocytes.

Table 2.1 Established genetic markers for hemocytes of invertebrate models

The identification of various cellular markers and genetic tools in Drosophila has enabled
detailed investigation on hematopoiesis and helped distinguish the hemocyte subpopulations14. Plasmatocytes exhibit a range of receptors such as Croquemort (Crq), Draper,
Eater, Nimrod (NimC1), and Dscam that aid in the identification and engulfment of bacteria30–
32

. Crystal cells play a vital role in melanization responses and wound healing and exhibit high

PO activity, distinguishing them from other cell types. Specific cellular markers have not been
identified for lamellocytes , however these cells display multiple pan-hemocyte receptors12,14.
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Several genetic reporter lines have been created in Drosophila expressing hemocyte cellspecific markers using Gal4-based gene drive systems and other bipartite-expression
systems33,34 Capitalizing on this systems, the recent development of a system that incorporates
multiple GAL4 independent florescent protein reporters to label different hemocyte
populations in the larval stage has opened new avenues for genetic tools to study hemocytes14.
These studies have provided valuable tools that can be utilized to identify and develop markers
for mosquito hemocytes, however the expression of markers at the larval and adult stages might
differ relatively increasing the difficulty of this process.
Studies on hemocyte biology and functions in mosquitoes are still at their infancy and much
is unknown, making the development of molecular and genetic tools to study these populations
a vital necessity. Transcriptional analysis of hemocytes and recent profiling studies have
revealed insights that challenge the current classification of mosquito hemocytes21,35, further
emphasizing the need to develop genetic tools. Proteomics-based studies to analyze phagocytic
hemocyte populations (isolated through uptake of magnetic beads) have provided distinct
signatures and potential markers for the phagocytic granulocyte populations36. A recent study
reported two distinct PPOhigh and PPOlow sub-populations of hemocytes not restricted to nonphagocytic cells based on single-cell RNA sequencing, further supported by recent studies
from our laboratory distinguishing populations of hemocytes based on PPO signal intensity
21,35

. Macrophage-derived blebs or vesicles have been defined in mammalian systems and

recently identified in Drosophila and An. gambiae, with a potential to possibly traffic mRNAs
from cell to cell leading to variation of cellular marker expression based on uptake of these
vesicles, suggesting further heterogeneity in defining these cell populations21,37,38.
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These novel developments along with the scarcity of cellular markers for identification,
isolation, and analysis of mosquito hemocytes demand the development of tools to study
hemocyte populations. Most existing studies have been carried out in the Anopheles model,
with very limited knowledge available regarding Aedes hemocytes. In this study, we identify
potential hemocyte-specific markers in Aedes aegypti mosquitoes, which are the most
prevalent vectors of deadly arboviruses such as dengue, Zika and chikungunya. We identified
putative promoter regions for these candidate genes and analyzed their potential as genetic
markers that can be incorporated into creating florescent genetic reporter systems for hemocyte
sub-populations. Characterization of these hemocytes will take us one step closer in
understanding their biology and elucidate potentially vital roles in the vector competence and
host-pathogen interactions of the Ae. aegypti and provide the foundation for development of
genetic tools to study mosquito hemocytes.

2.2 Materials and Methods
2.2.1 Mosquito rearing
Aedes aegypti Liverpool strain mosquitoes were reared in an insectary chamber at 27°C and
80% relative humidity, with a 14:10 hr light/dark period. Larvae were fed on fish flakes
(Tetramin, Tetra) and adults were fed on a 10% sucrose solution-soaked cotton ball. All
experimental cohorts comprised on 4-6 days old adult mosquitoes 35.
2.2.2 RNA isolation and cDNA synthesis
Approximately 15 mosquitoes (sugar-fed-naive) were dissected and total RNA was
obtained from midguts, abdomen tissues and whole mosquito using TRIzol (Thermo Fisher
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Scientific). To examine the effects of blood-feeding, 4-6 days old female mosquitoes were
starved for 12 hours and allowed to feed on defibrinated sheep’s blood via an artificial
membrane feeder for 30 min. Engorged females were separated, and total RNA was isolated
from mosquito tissues like the naïve and blood-fed cohorts. Hemolymph from approximately
60 whole mosquitoes (sugar-fed and blood-fed) was perfused with anticoagulant buffer to
obtain hemocyte samples. cDNA was synthesized using 1 µg of total RNA as template using
the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific).
2.2.3 Gene Expression Analysis
qRT-PCR was performed using PowerUp™SYBR®Green Master Mix (Thermo Fischer
Scientific) to examine gene expression in mosquito tissues using specific primers for Lozenge,
Serpent, Peroxidasin, SCRASP1, SCRBQ2, Nimrod and Eater (Table 2.2). Actin and
ribosomal protein S17 were used as internal controls to monitor the relative gene expression
profile in mosquito hemocytes 39. Amplification was performed for 35 cycles and the relative
expression of different transcripts was evaluated using a comparative CT (2-ΔΔCt) method.
2.2.4 Determination of Transcription Start Sites using 5’RACE
5’ Rapid Amplification of cDNA Ends was performed on total RNA extracted from sugarfed and blood-fed whole mosquitoes using the First Choice RLM-RACE Kit (Thermo Fisher
Scientific) according to manufacturer’s protocol. 1 µg of total RNA was used as the template
and amplification was carried out for 35 cycles using the following cycling conditions: 98°C
for 10s, 60°C for 10s and 72°C for 30 s. A combination of upstream primers provided with
the kit and gene-specific primers for nimrod, loz and pxn were used for amplification (Table
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2.3). The amplified products were cloned using the CloneJet PCR Cloning Kit (ThermoFischer
Scientific) and colonies were grown on LB agar at 37°C overnight.
2.2.5 Sequencing of positive clones
Transformants were grown in LB broth with ampicillin, overnight at 37°C under shaking
conditions. Plasmids were isolated using the GeneJet Plasmid Mini-Prep Kit (Thermo Fisher
Scientific) and digested with BglII to confirm the presence of desired target. Plasmid DNA of
positive clones were sequenced for further analysis and identification of potential transcription
start sites.
2.2.6 Core promoter motif elements identification
Sequences obtained by 5’RACE were analyzed to identify core promoter motif elements in
the vicinity of the TSS, analogous to Drosophila promoter elements (GC Box, TATA box, Inr
and DPE)40. The following promoter identification software were used to map motifs: Neural
Network Promoter Prediction, Eukaryotic Promoter Database, GPMiner, ElemeNT and the
Drosophila Core Promoter Database41–44.
2.2.7 Sequences and VectorBase Gene Accession Numbers
The updated version of the Ae. aegypti genome (Liverpool strain-AaegL3) sequence was
obtained from VectorBase (www.vectorbase.org) as a reference template for all experiments.
The accession numbers of genes targeted in this study are as follows: lozenge (AAEL007040),
serpent (AAEL010222), peroxidasin (AAEL000342), nimrod (AAEL019650), SCRASP1
(AAEL009192) and SCRBQ2 (AAEL009423).
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2.3 Results and Discussion
To potentially create a genetic marker system for mosquito hemocytes, the first requirement
was to identify potential target genes that were enriched in hemocytes and that would enable
hemocyte-specific expression of a genetic marker. Studies in Drosophila have identified
several receptors on the surface of hemocytes, specific to different cellular subsets as
summarized in Table 2.1, demonstrating promise for the development of similar tools in other
insect systems. The Nimrod family genes with EGF-like domains (NimB2, eater, and draper)
and peroxidasin (pxn) are expressed preferentially on Drosophila plasmatocytes- professional
phagocytic cells that mediate various immune functions and bacterial engulfment

14,34

.

Orthologs of these genes in mosquitoes (nimrod, eater and draper) are expressed in hemocytes
in An. gambiae and play a role in antimicrobial defense 45. As well as the scavenger receptors
SCRASP1 and SCRBQ2, the mosquito ortholog of Croquemort, a Drosophila hemocyte
receptor that recognizes apoptotic cells have been implied in modulating the development of
the malaria parasite Plasmodium in the mosquito host suggesting potential expression in
mosquito hemocytes 36,46. GATA-like transcription factor Serpent and RUNX factor Lozenge
have been established to have crucial roles in hemocyte development and differentiation in
Drosophila, with the latter involved in crystal cell lineage commitment, subsets that are
analogous to mosquito oenocytoids 1,47.
To identify potential genes as markers for hemocyte populations in Ae. aegypti, the
expression profiles of Drosophila orthologs of nimrod, lozenge, serpent, peroxidasin,
SCRASP1, SCRBQ2 in mosquito tissues were examined in sugar-fed (naïve) and blood-fed
cohorts using quantitative PCR (Fig 1). Comparisons were made to naïve mosquito midgut
gene expression to determine changes in gene expression associated with blood-feeding in the
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abdomen, whole mosquito and hemocytes. Under naïve and blood-fed conditions, nimrod,
SCRASP1 and SCRBQ2 showed significantly modified expression in the hemocytes (Fig 1A,
1E, 1F). Nimrod was present at significantly elevated levels in the hemocytes under naïve
conditions and decreased levels under blood-fed conditions (Fig 1A), while SCRASP1 showed
elevated expression under both conditions (Fig 1E). SCRBQ2 was significantly upregulated in
hemocytes only in the blood-fed samples, possibly transiently modulated by blood-feeding.
(Fig 1F). Lozenge was expressed in all tissues at varying levels, however was upregulated in
the abdomen (naïve) and hemocytes (blood-fed) (Fig 1B). Hemocytes are present both in the
hemolymph (circulatory) as well as attached to tissues (sessile)20, and the hemocytes attached
to fat bodies within the abdomen could partially contribute to the enriched expression of loz
and SCRASP1 in the tissue. Moreover, studies in Anopheles have reported the effect of bloodfeeding on hemocytes and expression levels of hemocyte-associated immune factors such as
TEP1, pro-phenoloxidase (PPO) and SCRASP11,21,36,48. Serpent expression was significant
upregulated in the abdomen as well under naïve conditions, however the expression profile did
not show specificity to hemocytes (Fig 1C).
Peroxidasin was significantly upregulated in hemocytes of naïve cohorts (Fig 1D), however
higher levels of expression were observed even in the abdomen and whole mosquito tissues,
suggesting the contribution of sessile hemocytes to this profile, or the possibility of existence
of other cells expressing the gene. Apart from nimrod that was enriched specifically in
hemocytes, a distributed expression profile across tissues was observed for all other candidates.
However, lozenge, peroxidasin and SCRASP1 were enriched more specifically in hemocytes
and abdomen indicating their potential as markers for both sessile and circulatory hemocytes
(Fig 1B, 1D, 1E). Lozenge being an established crystal cell marker in Drosophila could be
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enriched in analogous oenocytoids in mosquitoes, making it a potential marker for this cell
type33. Nimrod and pxn have been indicated to preferentially be expressed in phagocytic cells
and hence serve as potential candidate markers for the granulocytes and other undefined
phagocytic hemocyte populations48.
Upon identification of nimrod, loz and pxn as potential candidate markers, the next aim was
to verify transcription start sites of these genes, to target the appropriate region with potential
to be suitable promoter. To verify this, the organization and structure of nimrod, lozenge and
peroxidasin genes were preliminarily obtained from genome annotations on VectorBase (Fig
2A, 3A, 4A). To validate these annotations, total RNA from naïve mosquitoes was isolated
and 5’RACE was performed to identify putative transcription start sites (TSS).
The nimrod gene in Aedes aegypti (AAEL019650) has a single transcript of the length 1339
bp and comprises of 4 exons with EGF-like domains (Fig 2A). The annotated 5’ UTR is a 116
bp fragment and PCR primers were designed as depicted in Fig 2B to obtain full-length reads
of the region. The amplified products were visualized by gel electrophoresis, purified, and
cloned into a pJET vector to transform into E. coli for sub-cloning. Minipreps were performed
from resultant colonies and digested with BglII to validate inserts (Fig 2C) prior to sequencing.
Sequence reads predicted a start site 46 bp downstream of the annotated location, results that
were verified by screening multiple clones (Fig 2D). The 5’ UTR of the clones was conserved
in length, although three of them carried a short repeat sequence 5’-CTTAGAACGCT-3’ in
the 5’ untranslated region which bore no similarity to the sequence of nimrod or other known
structural motifs. The remaining sequence of each clone obtained through RACE demonstrated
a 100% nucleotide identity to the annotated sequence hence confirming the accuracy of the
target gene (Fig 2D).
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Lozenge, the ortholog of the Drosophila crystal cell marker47, has a complex gene structure
in Aedes aegypti comprising three transcripts ~2.6kb in length (RA, RB and RC) comprised of
8 exons (Fig 3A). Amplification of loz and obtaining full length clones through 5’ RACE
proved to be challenging, which could owe to our designs being based on the available
annotations, the accuracy of which is questionable. Primer locations for amplification were as
depicted in Fig 3B and amplify across all three transcripts, however amplification revealed
accurately sized products only with lozI3 (Fig 3C), while other primer combinations resulted
in no products. The transcription start site identified by 5’RACE moreover was in the second
exon and far downstream of the annotated site, with the sequence showing 99.6% nucleotide
identity to our target loz (Fig 3D). The data however is to be verified, and only one out of all
sequenced clones provided this consensus sequence data. A possible explanation for the huge
difference in start site could be alternative exons with each having its own promoter, the
multiple promoters add a layer of complexity to the transcription and regulation process, also
increasing the difficulty of obtaining products through 5’RACE.
The Aedes peroxidasin gene is ~7kb in length with 6 annotated transcript isoforms, the
difference in length between the longest and shortest transcript being 757 bp (Fig 4A). The
gene comprises of various haeme peroxidase domains, leucine-like repeats and multiple
immunoglobulin-like domains. The architecture of the UTR region of pxn is complex, with 3
introns interspersing the region, the largest being a massive ~84kb (Fig 4B). Primers were
designed up to 400 bp away from the annotated TSS, and amplification with pxnI2 and pxnI3
yielded products of 300 and 400 bp respectively (Fig 4B, Fig 4C). All obtained clones display
a consensus start site 8 bp upstream of the annotated location, however, there are certain
regions of UTR missing in our sequences around the intron regions and in between the introns
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(Fig 4D). We obtained a 13 bp read with mismatches in 4 positions, that was observed in all
clones (Fig 4D). Our results with 5’RACE suggest that the existing annotations on these genes
needs revisiting, though the possibility exists that these are the result of strain specific genetic
differences between mosquito colonies.
Together, these results identify a TSS for nimrod and peroxidasin validated by multiple
clones and suggest a potential TSS for lozenge which should be further validated. Using these
sequences, these putative regulatory regions were examined for conserved core promoter
elements that may initiate and regulate their respective transcription, providing additional
confirmation of the identification of these regulatory regions. Core promoter elements that
have been defined in Drosophila, including the Initiator (Inr), the TATA box, the TFIIB
Recognition element (BRE) and Downstream Promoter Element (DPE)

49,50

(Fig 5A) were

considered as reference.
Key transcription binding proteins (TBPs) bind to the TATA box and in the absence of
one, form a pre-initiation complex along with Transcription associated factors (TAFs) to bind
to other DNA elements at a specific distance from the transcription start site. In promoters that
present a TATA box, the element is located upstream to the TSS between -25 to -30 bp
positions. The Initiator (Inr) element usually includes the TSS, and transcription initiates at
this element or at multiple elements around this region. RNA Polymerase II can recognize this
element and along with TAF’s, initiate transcription, especially in the case of TATA-less
promoters
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. Many TATA-less promoters have a conserved and defined Downstream

Promoter element (DPE) at positions +28 to +32 to which Transcription Factor II D (TFIID)
binds. The TATA box, Inr and DPE elements have also been studied to have interactions which
can modify gene expression, and mutations in these elements can drastically impact the
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expression of associated genes 51. Following experimental identification of the TSS for nimrod,
lozenge and peroxidasin, the sequences were further analyzed to identify core promoter
elements in the proximity of the TSS. Conserved Inr and DPE elements were identified for
nimrod, loz and peroxidasin using promoter prediction and analysis software (EPD, DCPD,
GPMiner, ElemeNT) in the identified TSS at their approximately defined locations. These
locations agreed with those identified in Drosophila, with conserved motifs under a mismatch
limit of 1 nucleotide (Fig 5B).
The initiator sequence for lozenge had two mismatches to other conserved initiator
sequences, however the presence of the TATA sequence upstream of the TSS at the conserved
position suggests that transcription may be sufficiently driven by binding to the TATA box
with little or no role of the initiator region. No TATA sequences were identified in nimrod and
pxn, however as the Inr and DPE motifs have no mismatches to the annotated conserved motifs,
suggesting that transcription could be driven in a TATA less manner in these genes.
Additionally, a TFIIB recognition element (BRE) was located for nimrod, upstream to the TSS.
This element is a GC rich usually present adjacent to a TATA box and facilitates direct binding
of TFBII, positively and negatively regulating genes in species specific roles51.
The presence of appropriate core promoter elements in nim, pxn and loz in proximity to the
identified TSS validate further processing of these genes as strong candidates to engineer and
drive gene expression in granulocytes and oenocytoids respectively. The complex architecture
of loz and pxn may require further processing of the 5’ upstream regions for optimal cloning,
a key component involving splicing out of large introns using specific restriction sites located
at the ends of our target exons. Ongoing experiments are targeted to identifying other promoter
elements and amplification of a suitable promoter fragment using gene-specific primers, which
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can be cloned along with a florescent reporter marker such as GFP or RFP and other required
elements to develop a genetic construct to drive marker expression in specific subsets of
hemocyte populations.

2.4 Conclusions
Hemocyte biology in mosquitoes remains a black box, with this study initiating the first
steps to shed light on hemocyte sub-populations in the mosquito through the identification of
molecular markers for these cells. Gene expression analysis showed hemocyte-enriched
expression of Nimrod, pxn and loz, marking them as potential candidate markers for mosquito
hemocytes. The transcription start sites were evaluated through 5’RACE and conserved
regulatory domains in their promoter regions were identified for each candidate gene was
analyzed. The 5’ upstream regions around the predicted TSS were further analyzed using motif
identification software to reveal conserved promoter elements. The gene architecture of loz
and pxn is relatively complex, and further processing to splice out large introns may be required
to obtain a viable fragment for promoter cloning. Our goal in extending this study is to develop
a florescent reporter system, using hemocyte-specific gene driven expression of
GFP/RFP/CFP. The transgenic constructs can be incorporated in vivo using CRISPR/CAS9 or
transposon mediated delivery, or as recent studies suggest, a targeted delivery into adult
ovaries52. This will enable creation of transgenic lines in which hemocytes can be visualized
directly through microscopy and subsets of hemocyte populations can be studied in detail.
Generation of the molecular marker systems will also aid in providing insights into hemocyte
biology in different species and the roles of hemocytes in host-pathogen interactions,
potentially enabling new insights into mosquito immunity and vector competence.
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Figures

Fig 1. Expression profile of candidate markers for mosquito hemocytes
RNA was isolated from whole mosquitoes (Whl), dissected midgut (Mg) or abdomen (Abd)
tissues, or from perfused hemolymph (Hem) to examine the expression of nimrod, lozenge,
serpent, peroxidasin, SCRASP1 and SCRBQ2 qRT-PCR under naïve (blue bars) and blood-fed
experimental conditions (pink bars). Bars represent SEM± of three independent replicates. The
data was analyzed by parametric unpaired t-test using GraphPad Prism 6.0. Asterisks denote
significance (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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Fig 2. Identification of TSS using 5’RACE for the phagocytic cell marker, Nimrod
(A) Representation of annotated gene architecture for nimrod. The black solid circle represents
the annotated transcription start site (TSS) and the red solid circle represents TSS identified by
5’ RACE. E1 to E4 denote exons. (B) Representation of the length of the annotated 5’ UTR
region of nimrod. Primer design for amplification of the 5’ UTR region is denoted along with
predicted PCR product size. (C) The 5’UTR regions of nimrod were amplified using nim1 and
nim2 primers, and products were analyzed on a 1% agarose gel. The products were further gel
purified and cloned into pJET vectors, transformant plasmids were digested using BglII and
analyzed on 1% agarose gel to confirm presence of insert. (D) Analysis and representation of
results obtained through sequencing 5’RACE products for nimrod, black solid circles represent
annotated TSS and red solid circles represent TSS identified by 5’RACE.
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Fig 3. Identification of TSS using 5’RACE of candidate oenocytoid marker, lozenge
(A) Representation of annotated gene architecture for lozenge. The black solid circle represents
the annotated transcription start site (TSS) and the red solid circle represents TSS identified by
5’ RACE. E1 to E8 and I1 to I7 denote exons and introns respectively. (B) Representation of
the length of the annotated 5’ UTR region of lozenge. Introns present in the annotated UTR
region are depicted along with their sizes. Primer design for amplification of the 5’ UTR region
is denoted along with predicted PCR product size. (C) The 5’UTR regions of loz were
amplified using loz1, loz2 and loz3 primers, and products were analyzed on a 1% agarose gel.
The products were further gel purified and cloned into pJET vectors, transformant plasmids
were digested using BglII and analyzed on 1%agarose gel to confirm presence of insert. (D)
Analysis and representation of results obtained through sequencing 5’RACE products for
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lozenge, black solid circles represent annotated TSS and red solid circles represent TSS
identified by 5’RACE. Patterned blocks interspersing the sequence information depict the
location of introns.

Fig 4. Identification of TSS using 5’RACE for the phagocytic cell marker, peroxidasin
(A) Representation of annotated gene architecture for peroxidasin. The black solid circle
represents the annotated transcription start site (TSS) and the red solid circle represents TSS
identified by 5’ RACE. E1 to E8 and I1 to I7 denote exons and introns respectively. (B)
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Representation of the length of the annotated 5’ UTR region of peroxidasin. Introns present in
the annotated UTR region are depicted along with their sizes. Primer design for amplification
of the 5’ UTR region is denoted along with predicted PCR product size. (C) The 5’UTR regions
of pxn were amplified using pxn1, pxn2 and pxn3 primers, and products were analyzed on a
1% agarose gel. The products were further gel purified and cloned into pJET vectors,
transformant plasmids were digested using BglII and analyzed on 1% agarose gel to confirm
presence of insert. (D) Analysis and representation of results obtained through sequencing
5’RACE products for peroxidasin, black solid circles represent annotated TSS and red solid
circles represent TSS identified by 5’RACE. Patterned blocks interspersing the sequence
information depict the location of introns, and non-patterned blocks represent
insertions/deletions. Asterisks represent mismatches in the sequence of obtained clones
relative to the annotated sequence.
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Fig 5. Identification of promoter motifs in regions proximal to the TSS for nim, loz and
pxn
(A) Representation of conserved promoter motif elements B-recognition element (BRE),
TATA box, Initiator (Inr) and Downstream Promoter Element (DPE) in Drosophila. Locations
of the motifs relative to the TSS are denoted above each element and the consensus nucleotides
are denoted below each element. (B) The sequences obtained through 5’RACE for nim, loz
and pxn were analyzed for promoter motifs, and identified motifs are depicted along with
locations relative to TSS.
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Tables
Table 2.2 qRT-PCR primers for gene expression analysis

Table 2.3 Primers for 5’RACE
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CHAPTER 3: CHEMICAL DEPLETION OF HEMOCYTES TO STUDY THEIR
FUNCTIONAL ROLES
A manuscript in preparation
Jyothsna Ramesh Kumar and Ryan C Smith
3.1 Introduction
Mosquitoes are widely prevalent insect vectors responsible for over a million deaths
worldwide annually. Hematophagous in nature, female mosquitoes of most species require a
blood-meal to obtain necessary nutrients to lay eggs, which enable mosquitoes to acquire and
transmit a wide range of pathogenic micro-organisms1–4. In addition to the intrinsic and
extrinsic factors that influence vector competence, mosquito innate immunity is a key
determinant in the ability of a mosquito to successfully transmit an infectious pathogen4–7.
Mosquitoes employ humoral and cellular defenses to promote lysis, phagocytosis, and
melanization responses that limit pathogen survival. Immune cells, known as hemocytes, play
an integral role in both humoral and cellular responses that mediate defense responses to
microbial pathogens2,3,8. Mosquito hemocytes have previously been classified into one of three
cell subtypes known as granulocytes, oenocytoids, or prohemocytes. Granulocytes are the
largest in size, have adherent properties and function as the primary phagocytic cell population.
Oenocytoids are round cells that have been largely implicated in the production of
prophenoloxidases that initiates melanization responses, while prohemocytes are smaller cells
that potentially act as progenitor cells or may be derived from other hemocytes, with little
known phagocytic activity8,9. Most studies on mosquito hemocytes in Anopheles, Aedes, and
Culex species have characterized these cell types based on morphology and light microscopy,
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and while similarities in classification have been observed across these species, the lack of
cellular markers has limited further classification of these immune cell populations.
Previous studies have demonstrated the role of hemocytes in modulating mosquito immune
responses to malaria parasites10–13. Capable of mediating immune mechanisms that limit either
ookinete or oocyst stages, phagocytic hemocytes are integral to immune responses that limit
parasite survival inside the mosquito host1,11,13–18. These studies have primarily relied on
available lectin-based dyes such as Wheat germ agglutinin (WGA) or the lipophilic dye, DiI,
to label and visualize hemocyte populations17,19. However, the use of WGA or DiI does not
differentiate sub- populations of hemocytes, therefore making it difficult to study the specific
contributions of hemocyte sub-types in anti-Plasmodium immunity.
Innate immune responses to arboviral pathogens remains an area that has not been fully
explored. Anti-viral immunity in Drosophila and mosquitoes is largely composed of RNA
interference pathways mediated by siRNA’s binding to viral mRNA effectively blocking
translation and viral assembly20–22. Immune signaling pathways such as IMD and Toll have
been studied to play key roles in antiviral-immunity, as elucidated in Anopheles gambiae,
where knockdown of components of the IMD pathway enhances infection of O’nyong’nyong
virus23. Knockdown of the Myd88 component of the Toll pathway exacerbates Dengue
infection in Aedes aegypti, with the virus also inducing various components of the IMD
pathway24,25. The JAK-STAT pathway is another vital player in anti-viral defense mechanisms
in mosquitoes and has been implicated in restricting replication of West Nile virus in Culex
mosquitoes26. All these immune signaling pathways also involve potent antiviral effector
molecules and induce production of several antimicrobial peptides in defense against arboviral
pathogens.
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Arboviruses must traverse multiple barriers within the mosquito host to establish an
infection (Midgut infection barrier -MIB), disseminate (Midgut escape barrier-MEB), and
reach the salivary gland (Salivary gland infection barrier- SIB) in order to be transmitted22,27,28.
During this time, arboviruses must also likely evade humoral and cellular immune responses
produced by the mosquito host.
Currently there is very little knowledge on the roles of hemocytes in arboviral infections.
Previous studies have demonstrated the infection of Aedes aegypti hemocytes with a GFPtagged Sindbis virus, showing infection and replication of virus in hemocytes as early as 6-12
hrs post infection29. This study also reported increased viral titres in mosquito hemolymph
possibly attributed to viral replication, indicating potential roles of hemocytes as potential
shuttles for virus replication and dissemination29. Studies with Dengue and West Nile virus
detected the presence of virus in hemocytes, in addition to other mosquito tissues

30,31

.

However, these limited studies leave many questions regarding the role of hemocyte function
in arbovirus infection unknown. A major limitation in these studies is the lack of genetic tools
and markers to label hemocyte populations in mosquitoes.
To overcome this major hurdle, we describe an alternative method to study mosquito
hemocyte function in Aedes aegypti by employing a novel method of chemical-mediated
depletion of phagocytic immune cells. Adapted from studies in mammals to deplete
macrophages, clodronate liposomes (CLD) have been used to understand phagocytic immune
cell function in the immune response32. Endocytosed by phagocytic cells, liposomes are then
degraded by the lysosome, thus releasing clodronate and inhibiting ATP channels that lead to
apoptosis33. Recently, this method was employed for the first time in insect systems to study
hemocytes in the malarial vector Anopheles gambiae34. In this study, we now look to apply
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these techniques to similarly investigate phagocytic immune cell function in Aedes aegypti, the
primary vector for dengue, chikungunya, and Zika viruses.
To address these questions, CLD liposomes were administered to adult mosquitoes to
evaluate its efficacy in depleting phagocytic hemocytes in Aedes aegypti. Clodronate treatment
significantly depleted phagocytic cell populations under naïve and blood-fed conditions in
adult mosquitoes as validated though light microscopy, immunofluorescence assays, and gene
expression analysis. Flow cytometry analysis of clodronate treated samples provided insights
into hemocyte biology in Aedes mosquitoes, suggesting the existence of hemocyte subsets
different from the existing classification. Depletion of hemocytes significantly impaired
mosquito survival to bacterial pathogens, further validating the use of clodronate liposomes as
an effective tool to study and understand the contributions of hemocyte populations to
mosquito anti-viral immunity.

3.2 Materials and Methods
3.2.1 Mosquito rearing
Aedes aegypti (Liverpool strain0 mosquitoes were reared in an insectary chamber at 27°C
and 80% relative humidity, with a 14:10 hr light/dark period. Larvae were fed on fish flakes
(Tetramin, Tetra) and adults were maintained on a 10% sucrose solution. All experimental
cohorts were comprised of 4-6-day old adult female mosquitoes.
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3.2.2 Phagocytic cell depletion using Clodronate liposomes
Mosquitoes were injected intra-thoracically with 69nl of control liposomes (LP) or
clodronate liposomes (CLD) (Standard macrophage depletion kit, Encapsula NanoSciences
LLC) using a Nanoject II injector (Drummond Scientific) to deplete phagocytic cells34.
Dilutions of LP and CLD (1:5, 1:4, 1:3, 1:2, stock) were examined in addition to injections of
1X PBS as a control. From these results a 1:4 dilution of LP and CLD in 1X PBS was used in
all additional experiments. To examine the effects of blood feeding, mosquitoes were fed on
defibrinated sheep’s blood 1- day post injection of LP/CLD and experiments were conducted
at 48h post blood-feeding. For naïve mosquitoes, experiments were conducted at 48h post
administration of LP/CLD.
3.2.3 Perfusion of hemolymph and counting of hemocytes
Approximately 10 µl of hemolymph was perfused from naïve or blood-fed mosquitoes
following LP or CLD administration using anticoagulant buffer (vol/vol 60% Schneider’s
insect medium, 10% fetal bovine serum and 30% citrate buffer, 98mM NaOH, 186 mM NaCl,
1.7 mM EDTA, 41mM citric acid, pH 4.5)35,36. Hemolymph was directly perfused onto a
hemocytometer (Neubauer, C-Chip DHC-N01, INCYTO) and approximately 200 cells were
counted per individual mosquito for both LP and CLD treated sub-groups. Hemocyte subpopulations were differentiated on basis of shape and size9.
3.2.4 Phagocytosis assay
Naïve mosquitoes were injected with 69nl of LP or CLD, of which half the group were fed
with defibrillated sheep’s blood 24h post injection. At 48h post-treatment, both groups were
injected with 69nl of red FluoSpheres (1µm, Molecular Probes) at a concentration of 2%
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(vol/vol) in 1X PBS to examine phagocytosis. Mosquitoes were incubated for 2 hours
following injection of fluorescent beads and hemolymph from individuals was perfused onto
a multi-well glass slide. The perfused hemolymph was allowed to rest for 20 min at RT before
fixation with 4% paraformaldehyde solution for 1h at 4°C. Slides were washed with 1x PBS
and stained with a 1:500 dilution of Wheat Germ Agglutinin (WGA- 1:5000) to visualize
hemocytes. Samples were incubated overnight at 4°C, then washed with 1x PBS. Slides were
mounted with DAPI (ProLong®Diamond Antifade) and viewed under the microscope. All
cells positive for WGA (Green) and beads (Red) were classified as phagocytic cells and
counted to approximately 200 cells per sample. The phagocytic cells were morphologically
classified as spread and round and percentage of each cell type was estimated per individual
mosquito sample for naïve and blood-fed groups injected with LP/CLD.
3.2.5 Gene expression analysis following clodronate treatment
qRT-PCR was performed using PowerUp™SYBR®Green Master Mix (Thermo Fischer
Scientific) to examine gene expression in naïve and blood-fed mosquito tissues using specific
primers for nimrod, eater, and peroxidasin (Table 3.1), 48h post injection of LP/CLD. Actin
and ribosomal protein S17 were used as internal controls to monitor the relative gene
expression profile in mosquito hemocytes37. Amplification was performed for 35 cycles using
the following cycling conditions: 98°C for 10s, 60°C for 10s and 72°C for 30 s. The relative
expression of different transcripts was evaluated using a comparative CT (2-ΔΔCt) method.
3.2.6 Flow cytometry analysis
Approximately 60 mosquitoes (naïve and blood-fed respectively) were treated with either
LP or CLD, and 48h post-treatment injected with of 69nl of red FluoSpheres (1µm, Molecular
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Probes) at a concentration of 2% (vol/vol) in 1X PBS to identify phagocytic cell populations.
Mosquitoes were allowed to recover for 2 hours before hemolymph from approximately 60
mosquitoes were perfused for each experimental treatment into a 4% paraformaldehyde
solution to fix hemocytes. The cells were fixed for 1h at 4°C and centrifuged at 2000xg for 5
min to collect them and resuspended in 1x PBS. Cells were stained overnight with WGA
(1:5000) and the nuclear stain DRAQ5 (1:1000) at 4°C, then washed with 1x PBS. The cells
were run on BD FACS Canto cytometer (BD Biosciences) and analyzed using FlowJo software
(FlowJo, LLC). Gating was performed using strict thresholds including size inclusions to
remove bacteria or other cell debris, and cutoffs to include only cells positive for staining with
WGA and DRAQ5. The percentage of cells that were both WGA and DRAQ5 positive were
compared for control liposome and clodronate treatments to validate depletion of phagocytic
cells. Three independent experiments were carried out for each treatment.
3.2.7 Bacterial challenge following clodronate treatment
Staphylococcus aureus and Serratia marcescens were grown overnight in LB broth with
ampicillin at 37°C under shaking conditions. The cultures were centrifuged at 8000 RPM for
5 min, washed with 1x PBS and resuspended to a final concentration of 0.4 OD. A 100x
dilution of the bacterial cultures were injected into naïve mosquitoes 48h post-treatment with
control or clodronate liposomes. The injection of 1x PBS was included as a control. The
survival of mosquitoes following bacterial challenge was monitored every 24h for 10 days to
determine the effects of phagocyte depletion on mosquito survival.
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3.3 Results and Discussion
The use of clodronate liposomes has been widely applied in mammalian studies to deplete
macrophage populations32,33, and has only recently been employed for the first time in an
invertebrate system in a recent study in Anopheles gambiae34. Following a similar approach in
the mosquito Aedes aegypti, we examined the ability of clodronate liposomes to deplete
phagocytic immune cells, thus enabling functional studies to examine hemocyte function. To
first determine concentrations that could deplete phagocytic cells without compromising
mosquito survival and detrimental fitness effects, we injected adult mosquitoes with dilutions
(PBS, 1:2, 1:3, 1:4, 1:5) of control and clodronate liposomes (Fig 1A, 1B). Approximately 85%
of the mosquitoes injected with 1xPBS or 1:5 dilutions of control liposomes survived through
the monitoring period of 10 days (Fig 1A). Higher concentrations of the 1:4 or 1:3 dilutions
displayed similar survival of 80%, while mosquitoes injected with a 1:2 dilution had the lowest
survival rate of 75% (Fig 1A). In the clodronate treated mosquitoes, 85% of mosquitoes
survived the PBS and 1:5 CLD treatments, whereas only 65% survived a 1:4 treatment (Fig
1B). Mortality was much higher in the 1:3 and 1:2 CLD treated mosquitoes, with survival rates
being 50% and 27% respectively (Fig 1B). These high concentrations of clodronate liposomes
appear to confer some toxicity to the mosquito similar to previous experiments in Anopheles34.
From these experiments, the 1:5 and 1:4 dilutions display better survival rates making them
more useful for further downstream experiments. In Anopheles, a dilution of 1:5 provided
optimal depletion of hemocytes without compromising mosquito survival34, however owing to
increased robustness of the Aedes mosquitoes, all following experiments were performed using
a 1:4 dilution.
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Once the optimal concentration of CLD was determined to mitigate negative impacts on
survival, we evaluated the efficiency of phagocyte depletion. Following the treatment of
control and clodronate liposomes (1:4 dilution in 1x PBS), hemocytes were perfused from
individual naïve and blood-fed mosquitoes and counted on a hemocytometer. The percentage
of morphologically identified granulocytes8 were calculated from the total cell population and
compared between control- (LP) and clodronate (CLD)-treated mosquitoes (Fig 2A). A 61%
reduction in granulocyte population was observed in naïve mosquitoes following clodronate
treatment, while a higher reduction of 69% percent was observed in blood-fed mosquitoes
suggesting that CLD treatment can effectively deplete these hemocyte subsets. To further
validate the effect of clodronate treatment on phagocytic cell populations, LP/CLD-treated
mosquitoes were injected with FluoSpheres (red beads) under both naïve and blood-fed
conditions. For each experimental cohort, hemocytes were perfused 2h after bead injection and
cells were stained with WGA (green) to label hemocyte populations. Phagocytic cells were
identified based on the presence of engulfment of red fluorescent beads. When the percentage
of phagocytic cells in the LP and CLD treated samples were compared, a 63% reduction was
observed in naïve mosquitoes and a 37% reduction in blood-fed mosquitoes (Fig 2B). These
results demonstrate that clodronate liposomes can significantly deplete phagocytic hemocyte
populations yet raise additional questions as to how feeding status may influence the efficacy
of CLD treatment. Previous studies have demonstrated transient increases in hemocyte
populations following blood-feeding and immune challenge in Ae. aegypti38,39, events such
that the injection of phagocytic beads could trigger additional immune responses leading to a
rise in overall phagocytic cell populations and the lower depletion rate observed in the
phagocytic assays with the blood-fed experimental groups.
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To further validate that clodronate liposomes effectively deplete phagocytic hemocytes,
expression levels of nimrod, eater, and peroxidasin were evaluated by qRT-PCR owing to
their established roles in phagocytosis40–42. Using gene-specific primers (Table 3.1), nimrod,
eater, and peroxidasin transcripts were examined in naïve and blood-fed sample 48h posttreatment with LP or CLD (Fig 3A, 3B, 3C). A reduction in phagocytic hemocytes would lead
to deceased expression of these hemocyte-specific genes, an effect validated by the significant
reduction in expression of nimrod, eater, and peroxidasin in both naïve and blood-fed groups
treated with CLD (Fig 3). Therefore, these data provide further validation that CLD-treatment
can significantly deplete phagocytic immune cell populations.
Combined together, the light microscopy, immunofluorescence assays, and qRT-PCR
expression assays demonstrate the successful clodronate-mediated depletion of phagocytic
hemocytes. To examine the depletion phagocytic cells in Ae. aegypti in an unbiased manner,
we sought to further examine the effects of clodronate treatment using flow cytometry analysis.
Similar to previously described phagocytosis assays, naïve and blood-fed LP/CLD-treated
mosquitoes were injected with FluoSpheres to identify phagocytic cell populations. After
incubation, hemocytes were perfused and fixed in 4% PFA solution, then stained with WGA
and DRAQ5 to label all hemocyte sub-types. Cell samples were analyzed by flow cytometry
with events appropriately gated to remove either very small or very large events that do not
correspond to mosquito hemocyte size ranges. This included the removal of bacteria and other
cell debris. Based on fluorescent signal, events were gated according to staining markers
defining populations that were positive for WGA (WGA+/Beads-), beads (WGA-/Beads+), or
double positive for WGA and beads (WGA+/Beads+; Fig 4A). Cell events that were negative
for both WGA and beads yet were positive for the nuclear stain DRAQ5 are displayed as
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WGA-/Beads- in Fig 4A. To investigate the effects of clodronate treatment, differences in the
percentage of phagocytic cells (WGA+/Beads+) were compared between control LP- and
CLD-treated samples. In contrast to our microscopy and gene expression results, CLD-treated
samples displayed an increase in the proportion of phagocytic cells under both naïve and bloodfed conditions (Fig 4B).
To determine the potential reasons for these contrary results, upon closer examination of
the flow cytometry results we observed patterns indicative of distinct population subsets with
phagocytic ability (Fig. 5). As a result, we re-examined these different sub-populations for
potential differences in the way they respond to CLD treatment. Based primarily on the
intensity of the bead signal which may be indicative of the number of beads that phagocytosed,
cell events were grouped into three distinct subsets. With this approach, we determine that
CLD treatment only significantly depletes those cells that are the most highly phagocytic
(Subset1; Fig 5A). CLD treatment had no effect on Subset II, and in fact increased phagocyte
populations in Subset III (Fig 5A). While at present we cannot explain how clodronate may
differentially act on these cell populations, these observations suggest that there are several
types of phagocytic cells in Ae. aegypti. These data argue that traditional classifications of
phagocytic hemocytes as the singular term of granulocytes may need to be reevaluated,
especially with clodronate influencing only one such population. Analysis of these subsets in
blood-fed samples however showed no significant changes in hemocyte populations between
the control and CLD treatment (Fig 5B), potentially owing to transient activation and
proliferation of phagocytic hemocytes on blood-feeding overcoming the effect of clodronate
mediated depletion, a hypothesis that will require further investigation.
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To examine the potential that there are distinct populations of hemocytes with varying
phagocytic activity, mosquitoes were injected with FluoSpheres following clodronate
treatment and perfused onto multi-well slides as previously described and stained. Cell counts
were performed based on morphology and phagocytic cells were classified as either “spread”
or “round”. Distinct spread and round morphology was observed in the phagocytic cell
populations (Fig 6), and interestingly, a significant reduction in cells with a spread morphology
was observed following CLD treatment in both naïve and blood-fed conditions (Fig 6A). This
reduction in phagocytic cells correlates with the demonstrated decrease in a subset of
phagocytic cells (Subset I) as described in Fig 5A. Together this suggests that the “spread”
phagocytic cell population is highly susceptible to clodronate treatment. In contrast, this
decrease was not observed in cells with a “round” morphology, rather, a marked increase was
observed following CLD treatment in naïve and blood-fed conditions (Fig 6B). This population
that is less susceptible to clodronate treatment may constitute Subsets II and III described in
Fig 5A, correlating with the observed increase in cell numbers. Moreover, amongst the spread
and round cells, there was a variance in sizes between the cells along with varied uptake of
beads, with some cells engulfing 1-3 beads and some others engulfing more than 10 beads and
seen in Fig 6. However, upon quantification there was no significant correlation between bead
uptake, size and morphology, suggesting the presence of other factors specific to hemocyte
sub-populations that may contribute to the differences in phagocytic activity.
Importantly, these experiments suggest the presence of additional subsets of hemocytes that
vary in phagocytic ability, morphology and indicate other factors that could contribute to the
selective depletion of spread cells by clodronate. These results are similar to recent reports in
Anopheles that report multiple phagocytic cell sub-types, that can be distinguished based on
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the differential expression of prophenoloxidases34,43. As a result, these experiments provide
strong support for the presence of hemocyte sub-types beyond the current classification,
therefore highlighting the need to further understand mosquito hemocyte biology. Moreover,
effects of clodronate administration in Aedes aegypti appears to be slightly different from
Anopheles34, suggesting the possibility of biological differences in the hemocytes of these
species, an aspect that has not been studied in detail in recent times. Together, the data
presented here suggests selective depletion of distinct hemocyte sub-populations by
clodronate, marking it as a useful tool to study hemocyte biology and provides insights into
the complex nature of phagocytic hemocytes in mosquitoes, providing a basis for future
investigations.
Additional functional analysis of the effects of phagocyte depletion were performed by
challenging control or CLD-treated mosquitoes with bacteria to determine the role of
phagocytic immune cells on mosquito survival (Fig 7). Injury caused through intrathoracic
injection by itself had very little impact on mosquito survival, however phagocyte depletion
severely impaired mosquito survival following challenge with gram-positive S. aureus (Fig
7A) and the more virulent gram-negative S. marcescens (Fig 7B). Mosquitoes were highly
susceptible to both bacteria as early as Day 3 following challenge and high mortality rates were
observed in the clodronate treated groups leading to a 100% mortality rate by Day 10. As
hemocytes have been shown to have important roles in immune response of the mosquito host
to pathogens3,16,44, these experiments further validate the effect of clodronate mediated
depletion of phagocytic hemocytes on host immunity and the utility of clodronate to study
hemocyte-pathogen interactions. Aedes mosquitoes are hosts to deadly arboviruses worldwide,
of which very little is known regarding the dissemination and transmission of these viruses
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inside the mosquito host9,22. These experiments demonstrate the importance of tools such as
clodronate liposomes to study the functional roles of mosquito hemocytes, which open new
avenues of research to better understand the role of hemocytes in arbovirus replication and
dissemination in the mosquito host.

3.4 Conclusions
Host-pathogen interactions have been studied intensively in insect systems over the last
decade, and many roles of the immune system in defining these interactions and modulating
defense mechanisms have been elucidated in Drosophila melanogaster and Anopheles
gambiae2,13,45–49. Significant insights have been gained into mosquito innate immunity and
hemocytes have come to the forefront as an important mediators of anti-Plasmodium
responses3,17,36,48–51. Transcriptional changes in hemocytes following blood-feeding and
pathogen challenge have been described, including recent studies that have argued for the
increased complexity of mosquito hemocyte populations in Anopheles16,18,19,34,36,43,52.
However, the current lack of molecular markers and genetic tools to distinguish and study
mosquito hemocyte populations has been an impediment to understanding their functional
roles. These limitations are more exaggerated in Aedes aegypti, the primary vector of dengue
and Zika, in which few studies have examined hemocyte function.
Using a chemical approach widely used to deplete phagocytic cell populations in
mammals32,33, we demonstrate the application of application of clodronate liposomes to study
mosquito hemocyte function. Through this novel approach, we demonstrate that we can
effectively deplete a subset of phagocytic immune cells in the mosquito, Aedes aegypti.
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Classified as granulocytes, these phagocytic cells are markedly larger than the other hemocyte
sub-types, adhere to glass surfaces, and exhibit phagocytic properties making them key
responders

to

pathogen

infections2,3,8,9,51.

In

this

study,

light

microscopy

and

immunofluorescence assays were used to demonstrate depletion of phagocytic hemocytes
following administration of CLD in mosquitoes, supported by reduced expression of
hemocyte-specific receptors nimrod, eater and peroxidasin. Our venture to validate this
depletion through flow cytometry led to interesting insights regarding hemocyte subpopulations, with clodronate specifically depleting a subset of these phagocytic cells. Further
analysis of phagocytic hemocytes using immunofluorescence assays demonstrated distinct
subsets of hemocytes with a spread and rounded morphology, with spread cells being
specifically depleted by clodronate. Chemical depletion of these targeted hemocyte
populations affected the immune response to bacterial pathogens, with clodronate treated
mosquitoes succumbing to infection by S. aureus and S. marcescens within 3 days post
treatment.
The role of hemocytes in immune defense against bacterial pathogens via phagocytosis and
melanization have been studied previously53–55, and their effector roles in oocyst killing and
anti-Plasmodium defense have been established

1,10,12,14,16,35,36,52

.With regard to viral

infections, little is known regarding the role of hemocytes, with limited studies reporting
establishment of infection in hemocytes by Sindbis and Dengue viruses29,30. As traversal of the
midgut infection barrier and the midgut escape barrier is of paramount importance for the virus
to establish, disseminate, and transmit an infection28,29,46, hemocytes likely influence virus
replication or dissemination in the mosquito host, having either an agonistic or antagonistic
role in these viral-host interactions. Effector molecules secreted by hemocytes are also known

66
to play a key role in anti-pathogen defenses10,16,35,36,44,46, and recent studies in Drosophila
elaborate on micro-vesicles secreted by hemocytes establishing a systemic antiviral response21.
Moreover micro-vesicles have been described in An. gambiae capable of delivering small
RNAs from cell to cell, further suggest vital roles of hemocytes in arboviral infections in
mosquitoes43. This study therefore provides an alternate method to study the functions of
hemocytes in arboviral infections in detail and characterize mosquito hemocyte populations in
Aedes aegypti, providing new insights into host-pathogen interactions in mosquitoes.
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Figures

Fig 1. Effect of clodronate administration on mosquito survival
The effect of clodronate administration on naive mosquito survival was evaluated through
intra-thoracic injection of control liposome (LP) (A) or clodronate-liposomes (CLD) (B) at
dilutions of 1:2, 1:3, 1:4 and 1:5 in 1X PBS. 1X PBS was injected as control for both
treatments. Survival was monitored over 10 days for all treatment groups, involving 30
mosquitoes each for two independent trials.
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Fig 2. Clodronate mediated depletion of phagocytic hemocytes
(A) To assess the efficacy of clodronate in depleting phagocytic hemocytes, LP control and
CLD was administered intra-thoracically to naïve and blood-fed mosquitoes and the percentage
of perfused granulocytes were counted on a hemocytometer. (B) To assess the depletion of
phagocytic granulocytes, naïve and blood-fed mosquitoes treated with LP/ CLD were injected
with FluoSpheres (red) 48h post treatment. The perfused hemocytes were fixed and stained
with WGA. Percentage of phagocytic cells labelled with WGA and harboring beads was
estimated for all treatment groups (represented as % of total cells counted ~200 per individual
mosquito).
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Data represent two independent experimental replicates and was analyzed by parametric
unpaired t-test using GraphPad Prism 6.0. Asterisks denote significance (*P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001).

Fig 3. Reduction in gene expression of hemocyte-specific genes on clodronate treatment
RNA was isolated from whole mosquitoes (naïve and blood-fed) 48h post injection of LP/CLD
and expression of nimrod (A) eater (B) and peroxidasin (C) were analyzed through qRT-PCR.
Bars represent SEM± of three independent replicates. The data was analyzed by parametric
unpaired t-test using GraphPad Prism 6.0. Asterisks denote significance (*P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001).
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Fig 4. Flow cytometry analysis of phagocytic cell depletion via clodronate
48h post injection of LP/CLD, naïve and blood-fed mosquitoes were injected with FluoSpheres
9red) and the perfused hemocytes were fixed and stained with WGA. (A) Flow cytometry
analysis of the hemocytes was carried out, a diagrammatic representation of the gating scheme
based on a cell’s uptake of WGA and beads signaling phagocytic nature is depicted here. The
gate highlighted in pink corresponds to the WGA+/ Beads+ population of interest. (B) A
representation of a flow cytometry experiment analysis of hemocytes in LP/CLD treated
samples under naïve and blood-fed conditions. The phagocytic populations are highlighted by
the pink gate. Bar graphs represent the difference in the phagocytic cell populations between
the LP and CLD treatment in naïve and blood-fed mosquitoes. Bars represent SEM± of three
independent replicates. The data was analyzed by parametric unpaired t-test using GraphPad
Prism 6.0. Asterisks denote significance (*P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001).
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Fig 5. Flow cytometry analysis of phagocytic cell subsets
Subsets of phagocytic cells observed on flow cytometric analyses were individually analyzed
for clodronate mediated depletion. A single experiment has been depicted to show specific
depletion of distinct hemocyte subsets by clodronate in naïve (A) and blood-fed (B) samples.
Pink gates highlight the observed uppermost (Subset 1), the middle (Subset II) and the
lowermost phagocytic cell populations (Subset III). Bar graphs represent the difference in the
phagocytic cell populations between the LP and CLD treatments. Bars represent SEM± of three
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independent replicates. The data was analyzed by parametric unpaired t-test using GraphPad
Prism 6.0. Asterisks denote significance (*P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001).

Fig 6. Phagocytosis assay to analyze immune cell subsets
Hemocytes were perfused from naïve and blood-fed mosquitoes 48h post injection of LP/CLD,
stained with WGA and analyzed based on morphology and phagocytic nature. (A)
Representative images of phagocytic hemocytes with a spread morphology stained with WGA
(green) and engulfed beads (red) along with the bright-field image of the cell. The depletion of
the spread subsets in CLD treated mosquitoes was quantified for naïve and blood-fed groups.
(B) Representative images of phagocytic cells with a round morphology, with the differences
in round phagocyte populations between the LP and CLD treated mosquitoes quantified under
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naïve and blood-fed conditions. Bars represent SEM± of three independent replicates. The data
was analyzed by parametric unpaired t-test using GraphPad Prism 6.0. Asterisks denote
significance (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

Fig 7. Impaired immune response to bacterial challenge post depletion of phagocytic cells
Following intra-thoracic injection of LP/ CLD, naïve mosquitoes were challenged with gram
(+) S. aureus (A) or Gram (-) S. marcescens (B) bacteria to evaluate the effect of clodronate on
immune response and survival. 1x PBS was injected as control to mitigate the effect of
injection injury. All mosquitoes were monitored for survival up to 10 days post bacterial
challenge. The data represents two independent trials and was analyzed by parametric unpaired
t-test using GraphPad Prism 6.0. Asterisks denote significance values.
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Tables
Table 3.1 qRT-PCR primers for gene expression analyses
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CHAPTER 4: CONCLUSIONS
Vector borne diseases are the cause for millions of deaths annually worldwide and most of
these causative micro-organisms are harbored and transmitted by mosquitoes, making them
one among the deadliest of organisms. Pathogens enter the hemocoel of the mosquito via a
bloodmeal and establish infection in the midgut, and upon disseminating to other tissues
reach the salivary glands. At this stage the pathogens are in a transmissible form and can
infect a new host when the mosquito takes the next blood-meal. Vector-pathogen dynamics
in mosquitoes are determined by various factors such as population dynamics, geographical
distribution, environmental conditions and the genetic make-up of mosquito species, all of
which influence the ability of the mosquito to successfully host specific pathogens. Living
organisms encounter pathogens everyday in the environment and mount defense mechanisms
mediated by the immune system to eliminate the threat. The innate immunity of mosquitoes
is thus a critical determinant of vector competence and plays a vital role in limiting pathogen
replication and infection within the mosquito host. Modulation of the mosquito immune
responses can therefore be used effectively to develop novel vector control strategies to
prevent the transmission of mosquito-borne diseases such as malaria, filariasis, dengue fever,
Zika and other arboviruses. The key to developing such strategies is understanding the
intricacies of host-pathogen interactions in the mosquito system, to enable us to modulate the
vector immune responses to specifically target and eliminate the pathogen at its early life
stages, thus preventing transmission.
Mosquito innate immune responses comprise of humoral and cellular components, and
immune cells called hemocytes are key mediators of both arms, facilitating mechanisms such
as phagocytosis, lysis, melanization and encapsulation that are targeted towards recognition
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and killing of pathogens1. While hemocytes and their functions in immunity has been
extensively characterized in the fruit fly Drosophila melanogaster, little is known regarding
the biology and functions of these immune cells in mosquitoes. While hemocytes have been
traditionally classified as granulocytes, oenocytoids and pro-hemocytes based on
morphological and lectin-based staining studies2,3, the lack of molecular markers and genetic
tools to dissect these populations has greatly limited advances in this field.
To tackle this issue, in this study we looked to develop a marker system for Aedes aegypti
hemocytes that would enable us to label hemocyte sub-populations. We ventured to identify
hemocyte-enriched genes that could potential serve as markers for phagocytic granulocytes
and oenocytoids. On analyzing the expression profiles of several genes, nimrod, lozenge and
peroxidasin were found to be enriched in mosquito hemocytes and were selected as potential
markers. 5’ RACE verification of the transcription start sites in these genes provided insights
into their complex architecture, bringing into question the accuracy of available structural
annotations. Suitable promoter regions were determined for nimrod, lozenge and peroxidasin
through analysis and identification of core promoter elements such as the TATA box, Inr,
DPE and BRE in the 5’region upstream of the TSS. A genetic reporter system was recently
developed in Drosophila, with hemocyte-specific marker genes driving the expression of
florescent proteins such as GFP, RFP and CFP in plasmatocytes and crystal cells, providing
an effective labelling and visualization mechanism to study hemocyte populations4. Moving
forward and applying this principle to mosquitoes, these promoter regions can further be
amplified and cloned into transgenic constructs along with a florescent tag such as GFP or
RFP to mediate nimrod, peroxidasin or lozenge driven expression of these proteins in
hemocytes classified as granulocytes and oenocytoids respectively. Incorporation of these
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transgenic constructs into mosquito embryos or adults using CRISPR/ Cas9 or transposon
mediated delivery will enable the visualization of these immune cell subsets proving novel
insights into hemocyte biology in the Aedes mosquito.
The limitations posed by the unavailability of genetic tools to study hemocyte populations
has also created several knowledge gaps in the functional roles played by these cells in
interactions with invading pathogens. Several studies in Plasmodium and filarial infection
models in Anopheles mosquitoes have described the vital roles of hemocytes in limiting
pathogen survival, however, very little is known regarding the biology and functions of these
hemocytes in arboviral infections. Keeping in mind the significant mortality caused by
dengue, chikungunya and Zika viruses, understanding the interactions of these viruses with
the mosquito host could be paramount to controlling arboviral transmission.
Arboviruses face multiple tissue barriers in the mosquito, key ones being the midgut
infection barrier (MIB) which prevents entry and establishment of infection in the midgut,
and the midgut escape barrier (MEB) preventing replication and dissemination to other
tissues5. Limited studies in Aedes mosquitoes have suggested potential roles for hemocytes
as shuttles, aiding in the dissemination of virus particles overcoming the MEB6. To
investigate along these lines, we employed a novel chemical-based method to deplete
phagocytic granulocytes, previously establish in mammalian systems. A suitable
concentration of clodronate-liposomes was identified and administered to adult mosquitoes
under naïve and blood-fed conditions via intra-thoracic injections and the efficacy of
depletion was validated through decrease in phagocytic hemocyte populations and hemocyteenriched genes nimrod, eater and peroxidasin.
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Flow cytometry analysis of clodronate treated populations however, showed a contrary
increase in phagocytic cell populations, and further analysis of the data revealed the presence
of three distinct subsets of phagocytic hemocyte populations. On analyzing these subsets, it
was observed that clodronate selectively depleted only one of these subsets, leading us to reevaluate our knowledge regarding the biology of these cells classified as granulocytes in
Aedes mosquitoes. Phagocytic assays in naïve and blood-fed mosquitoes showed distinct
morphological subsets, with phagocytes exhibiting ‘spread’ and ‘round’ morphologies and
varying levels of phagocytosis as observed through uptake of florescent beads. Clodronate
significantly depleted ‘spread’ phagocyte populations, correlating with the results obtained
through flow cytometry. Though the reasons behind this selectively depletion is currently
unknown, this study altogether validates the utility of clodronate as a chemical means of
depleting phagocytic hemocyte populations in Aedes aegypti and provides evidence
suggesting the presence of distinct hemocyte subtypes that are yet to be studied and
classified. Using this method, the interaction of arboviruses with mosquito hemocytes can be
studied, and roles of hemocytes in limiting or facilitating replication and dissemination of
infection can be determined. These valuable insights can unravel bottlenecks correlating to
limitation of arboviral survival within the mosquito that can be exploited to control
transmission.
These studies are a step ahead towards unravelling the mystery that are mosquito
hemocytes and understanding their biology and functional roles at a molecular level.
Development of molecular markers and tools to study hemocytes will also be an enormous
boon to vector biology and help resolve current conflicts regarding their nature and
characteristics. With the advent of these new tools, we also look to deepen our knowledge on
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Anopheles gambiae interactions with the malarial parasite, Plasmodium, as well as those of
arboviruses in Aedes species, promoting the development of control strategies for some of the
deadliest diseases in the world.
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