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Abstract

Fish, mice and men rely on two coexisting myeloid blood cell systems. One is sustained by
hematopoietic progenitor cells, which reside in specialized microenvironments in hematopoietic
organs and give rise to cells of the monocyte lineage. The other system corresponds to the
independent lineage of self-renewing tissue macrophages, which colonize organs during
embryonic development and are maintained during later life by proliferation in local tissue
microenvironments. However, little is known about the nature of these microenvironments and
their regulation. Moreover, many vertebrate tissues contain a mix of both tissue-resident and
monocyte-derived macrophages, posing a challenge to the study of lineage-specific regulatory
mechanisms and function. This review highlights how research in the simple model organism
Drosophila melanogaster can address many of these outstanding questions in the field. Drawing
parallels between hematopoiesis in Drosophila and vertebrates, we illustrate the evolutionary
conservation of the two myeloid systems across animal phyla. Much like vertebrates, Drosophila
possesses a lineage of self-renewing tissue-resident macrophages, as well as a ‘definitive’ lineage
of macrophages that derive from hematopoiesis in the progenitor-based lymph gland. We
summarize key findings from Drosophila hematopoiesis that illustrate how local
microenvironments, systemic signals, immune challenges and nervous inputs regulate adaptive
responses of tissue-resident macrophages and progenitor-based hematopoiesis to achieve optimal
fitness of the animal.

Introduction

For over a century, the fruit fly Drosophila melanogaster has been an invaluable genetic
model for the identification of fundamental biological principles and signaling mechanisms
in animal development. Drosophila research led to the discovery of innate immunity, and has
enhanced our understanding of hematopoiesis and blood cell function 4. Now, Drosophila
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is emerging as a promising model for the study of tissue macrophages. In vertebrates, as in
invertebrates, tissue macrophages have roles in development and tissue homeostasis, and
form the first line of defense against pathogens and environmental challenges °.
Accordingly, tissue macrophages are involved in a wide range of diseases including
neurodegeneration, atherosclerosis and fibrosis °. Nonetheless understanding the nature and
ontogeny of resident macrophage lineages has remained a long-term unsolved problem in
vertebrate hematopoiesis. Early reports emphasized the distinct phenotypes of two tissue-
resident macrophage populations 8. However, since the 1970s, the concept of the
mononuclear macrophage system dominated the field, proposing that progenitors in the bone
marrow or other hematopoietic organs give rise to monocytes, which then differentiate into
macrophages that take residence in peripheral tissues ’. Several studies challenged this
view 810 but it was only recently that modern genetics and lineage tracing approaches
provided definitive evidence that tissue-resident macrophages belong to an independent,
self-renewing lineage that derives from primitive macrophages of the yolk sac and fetal
liver 11-18_ Tissue macrophages are found in a multitude of organs, exemplified by the
microglia of the brain, the Langerhans cells of the skin, the Kupffer cells of the liver, and
resident macrophage populations of the pancreas and lung 17:18. Yet little is known about the
local microenvironments that maintain and expand tissue macrophages. Moreover, since
many tissues harbor combinations of self-renewing tissue macrophages and monocyte-
derived macrophages of the “definitive’ lineage 1417:19  dissecting their regulatory
mechanisms and specific functions is complicated 18, Here we show how research in a
simple invertebrate model can overcome many of these challenges. This review focuses on
advances in the field of Drosophila hematopoiesis that provide evidence for an evolutionary
conserved population of self-renewing tissue-resident macrophages, as distinct from
Drosophila macrophages of the ‘definitive’ lineage that derive from the lymph gland, a
progenitor-based hematopoietic organ. The Drosophila experimental toolkit for
hematopoiesis research is powerful 20, offering versatile genetic approaches, lineage tracing
methods and live imaging techniques, many of which remain challenging in vertebrate
systems. In this review, we discuss hematopoiesis in Drosophila with respect to the two
coexisting systems of myeloid cells and their regulation. We highlight the strengths,
biological simplicity and evolutionary parallels of this invertebrate model, and illustrate how
it can address specific questions relevant to self-renewing tissue macrophages and
progenitor-dependent hematopoiesis in complex vertebrate systems.

Overview of Drosophila hematopoietic waves and the ontogeny of blood

cell lineages

Many elements of vertebrate hematopoiesis are evident in Drosophila. Drosophila blood
cells, which are collectively called hemocytes, comprise undifferentiated prohemocyte
progenitors and at least three differentiated blood cell lineages 232123, \With the exception
of the early embryo, more than 90% of the Drosophilablood cell pool corresponds to
differentiated macrophages, also known as plasmatocytes 2:23:24. Drosophila macrophages
have active roles in immunity, development and wound healing through engulfing invaders
and cellular debris, secreting antimicrobial peptides and producing extracellular matrix,
much like their vertebrate counterparts 2425, Drosophila blood cell formation also gives rise
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to smaller fractions of invertebrate-specific cell types. Crystal cells, named for their
crystalline inclusions of Prophenoloxidase, mediate melanization reactions in innate
immunity and wound healing 2126, Lamellocytes have roles in the encapsulation of large
immune targets and melanization, but emerge only in the larva and mainly upon immune
challenge 2,21,23,27-29

Three hematopoietic waves have been described during Drosophila development, namely
embryonic, larval and lymph gland hematopoiesis 2:3:23:24.30-34 The embryonic and larval
phases of hematopoiesis correspond to the formation and expansion of self-renewing
‘primitive’, or tissue-resident, macrophages (Figure 1A). Like their vertebrate

counterparts 11-16:35.36 - Drosophila tissue macrophages fulfill three criteria: (1.) they derive
from the earliest macrophages that emerge during development; (2.) they colonize local
microenvironments in peripheral tissues; and (3.) they are functional macrophages that self-
renew in the differentiated state, bypassing the need for an undifferentiated progenitor 33:34,
Tissue macrophages execute all routine immune and phagocytic functions in the Drosophila
larva 273337 Only in cases of extreme immune or environmental challenge are larval tissue
macrophages supported by the second lineage of Drosophila blood cells, the lymph gland
hemocytes, which then respond by undergoing precocious maturation and early entry into
circulation 23.27.38,

In contrast to Drosophila tissue macrophage formation, lymph gland hematopoiesis (Figure
1B) resembles vertebrate definitive hematopoiesis. Lymph gland progenitors give rise to all
three differentiated Drosgphila lineages. The ontogeny of the lymph gland in the embryo is
somewhat analogous to the aorta-gonad-mesonephros (AGM) region of vertebrates 2.
Lymph gland progenitors share a common origin with cells of the vascular (dorsal vessel)
and excretory (pericardial nephrocyte) lineages, all of which develop from the cardiogenic
mesoderm 2:39, Specifically, lymph gland cells derive from a hemangioblast-like progenitor
that also gives rise to the dorsal vessel, the Drosophila heart-like vascular organ 39. This
bears similarity to the differentiation of vertebrate hematopoietic and endothelial lineages
from a common hemangioblast progenitor, as has most clearly been demonstrated during the
development of the mammalian primitive streak 4041, However, in contrast to the vertebrate
AGM, where blood cells are produced by specialized hemogenic endothelial cells 4142, there
is no evidence for a similar hemogenic mechanism in Drosophila. This suggests that
hemogenic endothelium may have emerged later during evolution. Additionally, Drosophila
lymph gland hematopoiesis appears to be finite: blood progenitors of the lymph gland
differentiate synchronously and the organ disintegrates during metamorphosis 43. Severe
immune challenges accelerate the differentiation of lymph gland progenitors, but no
condition is known to facilitate the preservation of a larger pool of progenitor cells beyond
larval development 23:38:43,

In the adult fly, the production of new blood cells has not been reported. Both Drosophila
tissue macrophages and lymph gland macrophages persist into adulthood 33:44.45 and likely
coexist as a mixed population. However, neither blood cell population seems to expand
further under unchallenged conditions (Briickner lab, in preparation), consistent with the
progressive cellular immunosenescence observed as flies age 46. Biologically, this places
greater emphasis on the larval stage of development in Drosophila, when the expansion and
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differentiation of the two blood cell lineages takes place (Figure 1). During this sensitive
phase, multiple regulatory mechanisms allow the blood cell pool to undergo adaptive
responses to environmental, nutritional and immune conditions, as outlined in detail below.
The two myeloid systems in Drosophila offer great experimental versatility, owing to their
anatomical and temporal separation during development.

Tissue macrophages in the Drosophila embryo: specification and migration

Hematopoiesis in the Drosophila embryo begins in the head mesoderm (procephalic
mesoderm), which generates the earliest pool of blood cells (Figure 1A) 2447, Embryonic
blood formation has been studied extensively with respect to the transcriptional regulation of
blood progenitors and their descending lineages. The GATA factor Serpent (Srp) 4, in
combination with the friend of GATA (FOG) transcription factor U-shaped (Ush) 4849 is a
master regulator of Drosophilablood cell fate, which is reminiscent of the role of GATA
factors and GATA-FOG complexes in vertebrate hematopoiesis °°°1. Drosophila
macrophage fate is determined by the Zinc-finger transcription factors Glial Cells Missing
(Gem) and Gemz, 5254, In vertebrates, putative blood-specific roles for gcm orthologs have
yet to be determined, owing to early embryonic lethality of gcrm mutants . Drosophila
macrophages are characterized by expression of the extracellular matrix enzyme Peroxidasin
(Pxn) 8, the scavenger receptors Croquemort (Crq) 37, Eater °8 and antigen P1, identified as
the phagocytosis receptor Nimrod C (NimC) 9. These Drosophila macrophage-specific
molecules belong to highly conserved protein families that also function in vertebrate
immune regulation, such as the Peroxidasin orthologs Myeloperoxidase (MPO) and
Eosinophil Peroxidase (EPO) 6%:61 the Croquemort ortholog CD36 62, and a diverse class of
EMI domain phagocytic receptors with similarities to NimC1 and Eater 63, Crystal cell
specification requires the AML-1/ RUNX homolog Lozenge (Iz) >4, and mature crystal cells
are marked by continued expression of Iz and Prophenoloxidase (PPO) %4. The vertebrate /z
ortholog RUNX1 (AML 1) has important functions in vertebrate hematopoiesis %°:66 and
AMIL 1 fusions are well-known drivers of human leukemias 87. Other markers of Drosophila
blood cells include the clotting factor Hemolectin (Hml), which is expressed by the majority
of Drosophilamacrophages and crystal cells 88 and is similar in its domain structure and
biochemistry to von Willebrand Factor (VWEF), essential for hemostasis and blood

clotting 9. In addition, the Drosophifa membrane protein Hemese (He) is expressed by all
differentiated lineages, as well as many maturing blood cells 79, and shares features with the
glycophorins expressed by vertebrate erythrocytes 71

Embryonic macrophages are a convenient model for studying blood cell survival.
Prohemocyte progenitors originate in the head mesoderm, where they complete four
divisions by embryonic stage 1124 and then cease proliferation, differentiating into a defined
set of 600-700 macrophages and 36 crystal cells 2:24. Subsequently, these embryonic
macrophages remain quiescent, allowing researchers to quantify absolute blood cell
numbers 72, The model has been used to identify regulators of embryonic macrophage
survival, first and foremost the Drosophila PDGF/VEGF Receptor (Pvr) 7273, These
findings highlight parallels with Colony stimulating factor 1 receptor (CSF1R), an
evolutionarily related receptor expressed in virtually all vertebrate macrophages %7475,
Likewise, other members of the large family of vertebrate PDGF/VEGF receptors have
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important roles in regulating cell survival, proliferation and differentiation in macrophages
and other blood cell lineages 7377, but confounding factors such as the early embryonic
lethality of mutants and pleiotropic functions have hindered analyses "8-81. Drosophila
embryonic macrophages therefore offer unique advantages as a model to specifically dissect
pro- and anti-apoptotic signaling pathways 72 (Sopko et al. in revision).

Drosophila embryonic hemocytes also provide a versatile system for studying blood cell
invasion, migration and guidance. After specification from the head mesoderm,
differentiating embryonic macrophages migrate into central parts of the embryo from the
anterior and posterior ends. In the process, macrophages need to invade an epithelial barrier
at the posterior end of the embryo, where the GTPases RhoL and Rap1 are required to
activate integrin affinity in the migrating macrophages 82. The PVR ligands Pvf2 and -3 also
play roles in this invasion, most likely acting in the epithelial barrier cells 73. Several studies
have focused on blood cell migration in other regions of the Drosophila embryo 4.
Macrophage migration along the ventral nerve cord revealed additional roles for Pvf2 and -3
as local guidance cues 83, and identified many membrane and cytoskeletal factors necessary
for blood cell migration, including beta PS integrin, Rho family GTPases, the microtubule-
binding protein Clasp, the Vasp family member Enabled (Ena), and the Arp2/3 activator
SCAR/WAVE 8488 Researchers have made further use of the Drosophila embryo to uncover
similarities and differences between developmental and wounding-induced macrophage
migration 89-92, The system continues to provide a versatile platform to study the
inflammatory response and its coordination with epithelial repair 93. The mechanisms
underlying Drosophila embryonic macrophage migration resemble those involved in the
chemoattraction, migration and invasion of vertebrate leukocytes and macrophages 76:94-97,
making the highly tractable Drosophila model an attractive experimental alternative.

Tissue macrophages in the Drosophila larva: self-renewal and adaptive

responses

Drosophila larval hematopoiesis sheds light on the expansion and dynamics of tissue-
resident macrophages, in particular their regulation by local inductive microenvironments
and systemic signals. The self-renewal potential of tissue macrophages and other
differentiated cells of ‘self-duplicating’ or ‘static’ tissues has raised considerable interest in
the field of regenerative medicine 17:98:99 but studying the underlying mechanisms has
remained challenging in vertebrate systems. Lineage tracing has demonstrated that
Drosophila Pxn+ embryonic macrophages persist into the larva, where they colonize local
microenvironments and expand through self-renewal in the differentiated state (Figure

1A) 3334 Interestingly, these macrophages undergo a switch from quiescence in the

embryo 23.24.33 o high proliferation in the larva, expanding from ~ 300 cells in the 15t instar
to more than 6000 cells in the 3™ instar 23:33.34 (Briickner lab in preparation). Lineage
tracing experiments did not provide any indication that Pxn+ tissue macrophages of the larva
derive from undifferentiated progenitors. However other investigations have detected a small
fraction of potentially undifferentiated, (Wingless (Wg)+ Hml-) cells among the resident/
circulating blood cell population, which remain to be studied in more detail 100,
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Tissue macrophage expansion relies on local microenvironments, in particular the
segmentally repeated Hematopoietic Pockets (HPs) of the larval body wall 3334, HPs harbor
sensory neuron clusters of the peripheral nervous system (PNS) 101102 \which are essential
in promoting the localization, trophic survival and proliferation of Drosophilatissue
macrophages; this was recently demonstrated by genetic ablation and silencing of sensory
neurons 3334 (Briickner lab, submitted). These crucial interactions are likely mediated
through neuronal membrane surfaces or dendritic synapses 193-107, HPs also contain
oenocytes, which are metabolically active cells with a liver-like function 108, However,
under steady-state conditions, oenocytes do not appear to play an instructive role for blood
cells in the HPs 33,

In addition to the Hematopoietic Pockets, Drosophila larval tissue macrophages colonize the
proventriculus, a cardia-like area of the gastrointestinal system 199 that is flanked by
peripheral innervation 110.111 nossibly mirroring functional elements of the Hematopoietic
Pockets. Resident tissue macrophages also accumulate in dorsal vessel-associated

clusters 22:27.112 These have been proposed to act as larval hematopoietic organs 27,
although their dynamics suggest that they may result from the accumulation of circulating
hemocytes 33113,

Drosophila larval tissue macrophages are an interesting model system for studying blood
cell dynamics and adhesion. In the 15U instar larva, tissue macrophages are very adherent and
almost exclusively form resident clusters. Yet from the late 2"d instar onward, increasing
numbers lose their tight association and are found in a dynamic steady state between
residence and circulation 33113114 Thjs progression culminates in the mobilization of the
majority of tissue macrophages at the transition to metamorphosis 23:33:34.112 The dynamics
of Drosophilatissue macrophages raise conceptual parallels with the cycling of vertebrate
hematopoietic stem and progenitor cells between defined microenvironments and peripheral
blood 115:116_Experimentally, resident Drosophila macrophages can be dispersed by
mechanical manipulation, resulting in rapid spontaneous return or ‘homing’ to
Hematopoietic Pockets 3334, thus permitting the study of the attractive and/or adhesive
properties of tissue macrophages and their microenvironment.

Under certain circumstances, tissue macrophages leave their constitutive resident locations.
For example, starvation triggers macrophage infiltration into the larval fat body, a fat-storing
tissue with roles in metabolism and immunity 7. Malignant tumors or injury to imaginal
discs induce local aggregations of macrophages, which may be accompanied by an increase
in the number of circulating tissue macrophages 118:119, Future studies will reveal whether
these macrophage-accumulating tissues act as inductive microenvironments, or correspond
to sites of macrophage activity. Vertebrate equivalents for both scenarios exist, such as the
inducible niches that attract vertebrate hematopoietic stem cells to peripheral sites 120, or
metabolically-induced inflammation responses 121,

Sterile wounding of the Drosophila epidermis, or immune challenges such as parasitic wasp
infestations, lead to a number of responses which parallel injury-induced inflammation in
vertebrates. These include promoting the entry of resident blood cells into circulation,
inducing macrophage differentiation toward the lamellocyte fate 27:81.122.123 anq
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stimulating macrophage accumulation at sites of injury 113.124-128 AJthough immune
challenges in the Drosophila larva are known to induce antimicrobial peptide expression 129,
few studies have elucidated the systemic and/or local signals that feed back to tissue
macrophages and regulate cellular immunity. However, screens for genes involved in the
mobilization, proliferation and differentiation of larval macrophages have identified several
signaling pathways 37112 and directed studies have established roles for both Rac1 and JNK
signaling 130.131 The systemic steroid ecdysone, an inducer of metamorphosis and other
developmental transitions 132, is required for lamellocyte formation following wasp
infestations of Drosophilalarvae 28. 1t may also be involved in the mobilization and
enhanced phagocytic activity of tissue-resident macrophages at the transition to

pupariation 133,

Signals from a variety of sources must be integrated to modulate the tissue-resident
macrophage pool in Drosophila. The discovery of Drosophila Hematopoietic Pockets
heralds a new system for studying communication between the sensory nervous system and
the blood. Other tissues present in the Hematopoietic Pockets, such as oenocytes, muscle
and epidermis, may also play roles in the local relay of signals to resident tissue
macrophages under specific circumstances of injury, metabolic or immune challenges. The
regulation of stem cell niches and tissue microenvironments through direct innervation by
the peripheral nervous system is a new paradigm in development and homeostasis 134135, In
the mouse, all hematopoietic sites are innervated by the sympathetic nervous system, and
bone marrow and lymph nodes are further innervated by sensory neurons from the dorsal
root ganglia 136137 The peripheral nervous system plays roles in the developmental
emergence of blood cells from the AGM 138, and the homeostasis and induction of blood
cells in the bone marrow and other hematopoietic and immune organs 139145 Comparably
little is known about the regulation of vertebrate tissue macrophages. Studies on their
proliferation and survival have focused on Colony Stimulating Factor-1 (CSF1) Receptor
signaling, which is triggered by Macrophage colony-stimulating factor (M-CSF) during
development, or Interleukin-34 (I1L-34) during inflammation. Alternative pathways are
induced by Interleukin-4 (IL-4) or Granulocyte macrophage colony-stimulating factor (GM-
CSF) 1775 and M-CSF and IL-4 stimulate local tissue macrophage proliferation in response
to infection 146147 However, the nature and regulation of local microenvironments of
vertebrate tissue macrophages remain elusive. Research in Drosophila may point toward
fundamental new regulatory principles in vertebrate systems, particularly regarding the
neuronal control of tissue macrophages. Interestingly, neural reflex circuits that regulate
inflammatory responses have already been described, further reinforcing the possibility that
vertebrate tissue macrophage self-renewal, and other cellular adaptive responses, are
regulated by the nervous system and its inputs 148149,

Progenitor-based lymph gland hematopoiesis

Drosophilalymph gland (LG) hematopoiesis allows researchers to address many questions
regarding cell lineage, and the local and systemic signals that mediate blood cell progenitor
maintenance, proliferation and differentiation 2:31:150.151 progenitors of the lymph gland
originate in the embryo and slowly proliferate until the 2"d larval instar, forming the primary,
secondary and sometimes additional lobes of the lymph gland that line the anterior part of
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the dorsal vessel (Figure 1B). In the 3™ instar larva, lymph gland blood cell differentiation
becomes apparent. The lymph gland consists of a central Medullary Zone (MZ), where
prohemocyte progenitors are maintained, a peripheral Cortical Zone (CZ), comprising
macrophages and small numbers of crystal cells and lamellocytes 230152 and a group of
cells at the posterior tip of the primary lobes termed the Posterior Signaling Center (PSC),
which has been proposed to function as local microenvironment 38152153 (Figure 1B). Once
metamorphosis is initiated, most if not all lymph gland progenitors differentiate by 8 hours
after puparium formation, and all cells of the organ are released into circulation 43 (Figure
1B).

Multiple signaling pathways have roles in the specification of lymph gland cells, and in the
regulation of progenitors and differentiated blood cells. Notch signaling is required for the
early specification of the lymph gland 3° and for the subsequent differentiation of crystal
cells 152, A local Hedgehog signal from the Posterior Signaling Center maintains progenitors
in the Medullary Zone 38153 and progenitor maintenance also depends on the autonomous
activation of the Wingless pathway 124, Furthermore, differentiated blood cells from the
Cortical Zone contribute to progenitor maintenance through the secretion of adenosine
deaminase-related growth factor (ADGF), which is expressed downstream of the receptor
tyrosine kinase PVR 151, Many other genes and pathways have reported functions in lymph
gland cell proliferation and differentiation, including the Rel/l(kappa)B-family related Toll/
cactus pathway, Jak/Stat signaling, Dpp (BMP) signaling, the Polycomb group (PcG) gene
multi sex combs (mxc) and the transcription factor Zfrpg 155-161,

The lymph gland also responds to a variety of systemic factors, enabling the integration of
signals relating to nutritional status and sensory inputs 162, A recent study demonstrated an
interesting molecular link between odorant sensing, GABA production in the brain and
calcium signaling in the lymph gland, which drives blood cell differentiation 163, Starvation
of Drosophila larvae leads to the premature differentiation of lymph gland progenitors,
demonstrating a role for the insulin/TOR pathway 117:164-166 Fyrther, systemic insulin
signaling, or amino acid sensing through the transporter Slimfast, triggers the premature
differentiation of lymph gland progenitors, in a process that also involves Wingless
signaling 117, Tor (Target of rapamycin) pathway activity may impinge on the levels of
reactive oxygen species (ROS) in the lymph gland 165, consistent with findings showing that
high ROS levels also drive lymph gland expansion 167,

Immune challenges, such as parasitic wasp infestations, trigger precocious lymph gland
differentiation and the mobilization of macrophages and lamellocytes 2329122 Several
studies have examined the engagement of local and systemic signaling mechanisms in this
context 2329.38.168 The contribution of the lymph gland blood population to larval immune
responses is somewhat delayed compared to the immediate response of larval tissue
macrophages 27. However the dual origin of macrophages, and the concerted action of the
two lineages in mounting an immune defense against external challenges, is a common motif
that can also be seen in the mixed populations of macrophages guarding vertebrate

tissues 17146,

Exp Hematol. Author manuscript; available in PMC 2016 September 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gold and Briickner

Outlook

Page 9

Many of the molecular mechanisms involved in regulating Drosophila lymph gland
hematopoiesis have subsequently or in parallel been found to play key roles in progenitor-
based hematopoeisis in vertebrates. Notch (N) signaling in vertebrates is required for the
specification of the hematopoietic and vascular systems and the generation of hematopoietic
stem cells, and also functions in T cell differentiation and as a tumor suppressor in

leukemias 169.170 Wingless/Wnt signalling has highly conserved roles as fundamental
regulator of hematopoietic development, and acts in hematopoietic stem cell (HSC) self-
renewal and leukemogenesis 171172 while Hedgehog signaling has diverse functions in
normal and malignant hematopoiesis 173. Jak/Stat signalling is crucial for multiple aspects of
hematopoiesis and immune function, and misregulation of this pathway drives hematologic
malignancies 174-176, Reactive oxygen species also have reported roles in hematopoiesis and
leukemias 177:178_ As in Drosophila, PI3K/AKt/TOR signaling links cell signaling with
metabolic regulation and has multi-faceted functions in vertebrate hematopoiesis, immunity
and leukemia development 179-182_ Fyture studies will determine whether odorant sensing, or
other sensory systems, provide systemic signals in the regulation of progenitor-based
hematopoiesis also in vertebrates.

Comparing hematopoietic mechanisms across animal phyla suggests that the tissue-resident
macrophage lineage is the more ancient and widely-conserved of the two myeloid blood cell
systems in vertebrates. Drosophila promises to become an excellent model to investigate
basic principles of tissue macrophage regulation, as it has proven in the study of innate
immunity. In Drosophila, just as in vertebrates, tissue-resident macrophages are
complemented by a distinct lineage of progenitor-based ‘definitive’ macrophages.
Combining two myeloid lineages bolsters the cellular immune response of the animal and
affords a broader range of upstream regulatory mechanisms that shape the number,
differentiation and availability of blood cells. This allows the animal to respond adaptively to
nutritional, immune and sensory inputs, in order to achieve the best possible overall fitness.
The importance of integrating developmental, physiological and environmental responses is
a key concept that likely applies to multiple tissues and throughout the life of an animal.

Acknowledgements

This work was supported by grants from the American Cancer Society, American Heart Association, National
Science Foundation, Program for Breakthrough Biomedical Research, UCSF Academic Senate and Broad Center
(to KB). KB thanks Nancy Speck and members of the Briickner lab for discussion.

References

1. Hoffmann JA, Reichhart JM. Drosophilainnate immunity: an evolutionary perspective. Nat
Immunol. 2002; 3:121-126. [PubMed: 11812988]

2. Evans CJ, Hartenstein V, Banerjee U. Thicker than blood: conserved mechanisms in Drosophila and
vertebrate hematopoiesis. Dev Cell. 2003; 5:673-690. [PubMed: 14602069]

3. Hartenstein V. Blood cells and blood cell development in the animal kingdom. Annu Rev Cell Dev
Biol. 2006; 22:677-712. doi:10.1146/annurev.cellbio.22.010605.093317. [PubMed: 16824014]

4. Wood W, Jacinto A. Drosophila melanogaster embryonic haemocytes: masters of multitasking. Nat
Rev Mol Cell Biol. 2007; 8:542-551. doi:nrm2202 [pii] 10.1038/nrm2202. [PubMed: 17565363]

Exp Hematol. Author manuscript; available in PMC 2016 September 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gold and Briickner

5.

6.

Page 10

Wynn TA, Chawla A, Pollard JW. Macrophage biology in development, homeostasis and disease.
Nature. 2013; 496:445-455. doi:10.1038/nature12034. [PubMed: 23619691]

Sabin FR, Doan CA, Cunningham RS. Discrimination of two types of phagocytic cells in the
connective tissues by the supravital technique. Contrib. Embryol. (Am). 1925; 16:125-162.

. van Furth R, et al. The mononuclear phagocyte system: a new classification of macrophages,

monocytes, and their precursor cells. Bulletin of the World Health Organization. 1972; 46:845-852.
[PubMed: 4538544]

. Parwaresch MR, Wacker HH. Origin and kinetics of resident tissue macrophages. Parabiosis studies

with radiolabelled leucocytes. Cell and tissue kinetics. 1984; 17:25-39. [PubMed: 6692464]

. van Furth R, Diesselhoff-den Dulk MM. Dual origin of mouse spleen macrophages. The Journal of

experimental medicine. 1984; 160:1273-1283. [PubMed: 6491600]

10. Sawyer RT, Strausbauch PH, Volkman A. Resident macrophage proliferation in mice depleted of

11.

12.

13.

blood monocytes by strontium-89. Laboratory investigation; a journal of technical methods and
pathology. 1982; 46:165-170.

Herbomel P, Thisse B, Thisse C. Zebrafish early macrophages colonize cephalic mesenchyme and
developing brain, retina, and epidermis through a M-CSF receptor-dependent invasive process.
Developmental biology. 2001; 238:274-288. doi:10.1006/dbio.2001.0393. [PubMed: 11784010]
Ajami B, Bennett JL, Krieger C, Tetzlaff W, Rossi FM. Local self-renewal can sustain CNS
microglia maintenance and function throughout adult life. Nature neuroscience. 2007; 10:1538—
1543. doi:10.1038/nn2014. [PubMed: 18026097]

Geissmann F, et al. Development of monocytes, macrophages, and dendritic cells. Science. 2010;
327:656—-661. doi:10.1126/science.1178331. [PubMed: 20133564]

14. Schulz C, et al. A lineage of myeloid cells independent of Myb and hematopoietic stem cells.

Science. 2012; 336:86-90. doi:10.1126/science.1219179. [PubMed: 22442384]

15. Hoeffel G, et al. Adult Langerhans cells derive predominantly from embryonic fetal liver

monocytes with a minor contribution of yolk sac-derived macrophages. The Journal of
experimental medicine. 2012 doi:10.1084/jem.20120340.

16. Hashimoto D, et al. Tissue-resident macrophages self-maintain locally throughout adult life with

minimal contribution from circulating monocytes. Immunity. 2013; 38:792-804. doi:10.1016/
j.immuni.2013.04.004. [PubMed: 23601688]

17. Sieweke MH, Allen JE. Beyond stem cells: self-renewal of differentiated macrophages. Science.

2013; 342:1242974. doi:10.1126/science.1242974. [PubMed: 24264994]

18. Davies LC, Jenkins SJ, Allen JE, Taylor PR. Tissue-resident macrophages. Nature immunology.

2013; 14:986-995. doi:10.1038/ni.2705. [PubMed: 24048120]

19. Yona S, et al. Fate mapping reveals origins and dynamics of monocytes and tissue macrophages

under homeostasis. Immunity. 2013; 38:79-91. doi:10.1016/j.immuni.2012.12.001. [PubMed:
23273845]

20. Evans CJ, Liu T, Banerjee U. Drosophila hematopoiesis: markers and methods for molecular

genetic analysis. Methods. 2014 doi:10.1016/j.ymeth.2014.02.038.

21. Rizki, TM. The circulatory system and associated cells and tissues.. In: Ashburner, M.; Wright,

TRF., editors. The Genetics and Biology of Drosophila. Vol. 2b. Academic Press; New York: 1978.
p. 397-452.

22. Shrestha R, Gateff E. Ultrastructure and cytochemistry of the cell types in the larval hematopoietic

organs and hemolymph of Drosophila melanogaster. Dev. Growth Differ. 1982; 24:65-82.

23. Lanot R, Zachary D, Holder F, Meister M. Postembryonic hematopoiesis in Drosgphila. Dev Biol.

2001; 230:243-257. [PubMed: 11161576]

24. Tepass U, Fessler LI, Aziz A, Hartenstein V. Embryonic origin of hemocytes and their relationship

to cell death in Drosophila. Development. 1994; 120:1829-1837. [PubMed: 7924990]

25. Franc NC. Phagocytosis of apoptotic cells in mammals, caenorhabditis elegans and Drosophila

melanogaster: molecular mechanisms and physiological consequences. Frontiers in bioscience : a
journal and virtual library. 2002; 7:d1298-1313. [PubMed: 11991836]

26. Theopold U, Krautz R, Dushay MS. The Drosophila clotting system and its messages for

mammals. Developmental and comparative immunology. 2014; 42:42-46. doi:10.1016/j.dci.
2013.03.014. [PubMed: 23545286]

Exp Hematol. Author manuscript; available in PMC 2016 September 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gold and Briickner

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

Page 11

Markus R, et al. Sessile hemocytes as a hematopoietic compartment in Drosgphila melanogaster.
Proc Natl Acad Sci U S A. 2009; 106:4805-4809. doi:10.1073/pnas.0801766106. [PubMed:
19261847]

Sorrentino RP, Carton Y, Govind S. Cellular immune response to parasite infection in the
Drosophilalymph gland is developmentally regulated. Dev Biol. 2002; 243:65-80. doi:10.1006/
dbio.2001.0542. [PubMed: 11846478]

Crozatier M, Ubeda JM, Vincent A, Meister M. Cellular immune response to parasitization in
Drosophila requires the EBF orthologue collier. PLoS Biol. 2004; 2:E196. doi:10.1371/
journal.pbio.0020196. [PubMed: 15314643]

Jung SH, Evans CJ, Uemura C, Banerjee U. The Drosophilalymph gland as a developmental
model of hematopoiesis. Development. 2005; 132:2521-2533. doi:10.1242/dev.01837. [PubMed:
15857916]

Crozatier M, Krzemien J, Vincent A. The hematopoietic niche: a Drosophila model, at last. Cell
Cycle. 2007; 6:1443-1444. doi:4370 [pii]. [PubMed: 17582220]

Martinez-Agosto JA, Mikkola HK, Hartenstein V, Banerjee U. The hematopoietic stem cell and its
niche: a comparative view. Genes Dev. 2007; 21:3044-3060. doi:10.1101/gad.1602607. [PubMed:
18056420]

Makhijani K, Alexander B, Tanaka T, Rulifson E, Briickner K. The peripheral nervous system
supports blood cell homing and survival in the Drosophila larva. Development. 2011; 138:5379-
5391. [PubMed: 22071105]

Makhijani K, Brickner K. Of blood cells and the nervous system: Hematopoiesis in the Drosophila
larva. Fly. 2012; 6:254-260. doi:10.4161/fly.22267. [PubMed: 23022764]

Ohinata H, Tochinai S, Katagiri C. Occurrence of nonlymphoid leukocytes that are not derived
from blood islands in Xenopus laevis larvae. Developmental biology. 1990; 141:123-129.
[PubMed: 2202604]

Herbomel P, Thisse B, Thisse C. Ontogeny and behaviour of early macrophages in the zebrafish
embryo. Development. 1999; 126:3735-3745. [PubMed: 10433904]

Zettervall CJ, et al. A directed screen for genes involved in Drosophila blood cell activation. Proc
Natl Acad Sci U S A. 2004; 101:14192-14197. [PubMed: 15381778]

Krzemien J, et al. Control of blood cell homeostasis in Drosophila larvae by the posterior
signalling centre. Nature. 2007; 446:325-328. doi:10.1038/nature05650. [PubMed: 17361184]

Mandal L, Banerjee U, Hartenstein V. Evidence for a fruit fly hemangioblast and similarities
between lymph-gland hematopoiesis in fruit fly and mammal aorta-gonadal mesonephros
mesoderm. Nat Genet. 2004; 36:1019-1023. doi:10.1038/ng1404. [PubMed: 15286786]

Dzierzak E, Speck NA. Of lineage and legacy: the development of mammalian hematopoietic stem
cells. Nature immunology. 2008; 9:129-136. doi:10.1038/ni1560. [PubMed: 18204427]

Zape JP, Zovein AC. Hemogenic endothelium: origins, regulation, and implications for vascular
biology. Seminars in cell & developmental biology. 2011; 22:1036-1047. doi:10.1016/j.semcdb.
2011.10.003. [PubMed: 22001113]

Hirschi KK. Hemogenic endothelium during development and beyond. Blood. 2012; 119:4823—
4827. doi:10.1182/blood-2011-12-353466. [PubMed: 22415753]

Grigorian M, Mandal L, Hartenstein V. Hematopoiesis at the onset of metamorphosis: terminal
differentiation and dissociation of the Drosophila lymph gland. Development genes and evolution.
2011; 221:121-131. doi:10.1007/s00427-011-0364-6. [PubMed: 21509534]

Holz A, Bossinger B, Strasser T, Janning W, Klapper R. The two origins of hemocytes in
Drosophila. Development. 2003; 130:4955-4962. [PubMed: 12930778]

Evans CJ, et al. G-TRACE: rapid Gal4-based cell lineage analysis in Drosophila. Nat Methods.
2009; 6:603-605. doi:10.1038/nmeth.1356. [PubMed: 19633663]

Mackenzie DK, Bussiere LF, Tinsley MC. Senescence of the cellular immune response in
Drosophila melanogaster. Experimental gerontology. 2011; 46:853-859. doi:10.1016/j.exger.
2011.07.004. [PubMed: 21798332]

Rehorn KP, Thelen H, Michelson AM, Reuter R. A molecular aspect of hematopoiesis and
endoderm development common to vertebrates and Drosophila. Development. 1996; 122:4023—
4031. [PubMed: 9012522]

Exp Hematol. Author manuscript; available in PMC 2016 September 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gold and Briickner

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Page 12

Fossett N, et al. The Friend of GATA proteins U-shaped, FOG-1, and FOG-2 function as negative
regulators of blood, heart, and eye development in Drosophila. Proc Natl Acad Sci U S A. 2001;
98:7342-7347. [PubMed: 11404479]

Waltzer L, Bataille L, Peyrefitte S, Haenlin M. Two isoforms of Serpent containing either one or
two GATA zinc fingers have different roles in Drosophila haematopoiesis. The EMBO journal.
2002; 21:5477-5486. [PubMed: 12374748]

Visvader JE, Crossley M, Hill J, Orkin SH, Adams JM. The C-terminal zinc finger of GATA-1 or
GATA-2 is sufficient to induce megakaryocytic differentiation of an early myeloid cell line.
Molecular and cellular biology. 1995; 15:634-641. [PubMed: 7823932]

Tsang AP, et al. FOG, a multitype zinc finger protein, acts as a cofactor for transcription factor
GATA-1 in erythroid and megakaryocytic differentiation. Cell. 1997; 90:109-119. [PubMed:
9230307]

Alfonso TB, Jones BW. gcm2 promotes glial cell differentiation and is required with glial cells
missing for macrophage development in Drosophila. Dev Biol. 2002; 248:369-383. [PubMed:
12167411]

Bernardoni R, Vivancos V, Giangrande A. glide/gcm is expressed and required in the scavenger
cell lineage. Dev Biol. 1997; 191:118-130. [PubMed: 9356176]

Lebestky T, Chang T, Hartenstein V, Banerjee U. Specification of Drosophila hematopoietic
lineage by conserved transcription factors. Science. 2000; 288:146-149. [PubMed: 10753120]
Schreiber J, et al. Placental failure in mice lacking the mammalian homolog of glial cells missing,
GCMa. Molecular and cellular biology. 2000; 20:2466-2474. [PubMed: 10713170]

Nelson RE, et al. Peroxidasin: a novel enzyme-matrix protein of Drosophila development. Embo J.
1994; 13:3438-3447. [PubMed: 8062820]

Franc NC, Heitzler P, Ezekowitz RA, White K. Requirement for croquemort in phagocytosis of
apoptotic cells in Drosgphila. Science. 1999; 284:1991-1994. [PubMed: 10373118]

Kocks C, et al. Eater, a transmembrane protein mediating phagocytosis of bacterial pathogens in
Drosophila. Cell. 2005; 123:335-346. [PubMed: 16239149]

Kurucz E, et al. Definition of Drosophila hemocyte subsets by cell-type specific antigens. Acta
Biol Hung. 2007; 58(Suppl):95-111. [PubMed: 18297797]

Tsuruta T, Tani K, Hoshika A, Asano S. Myeloperoxidase gene expression and regulation by
myeloid cell growth factors in normal and leukemic cells. Leukemia & lymphoma. 1999; 32:257—
267.doi:10.3109/10428199909167386. [PubMed: 10037023]

Acharya KR, Ackerman SJ. Eosinophil Granule Proteins: Form and Function. The Journal of
biological chemistry. 2014 doi:10.1074/jbc.R113.546218.

Silverstein, RL.; Febbraio, M. Science signaling. Vol. 2. re3: 2009. CD36, a scavenger receptor
involved in immunity, metabolism, angiogenesis, and behavior.. doi:10.1126/scisignal.272re3

Callebaut I, Mignotte V, Souchet M, Mornon JP. EMI domains are widespread and reveal the
probable orthologs of the Caenorhabditis elegans CED-1 protein. Biochemical and biophysical
research communications. 2003; 300:619-623. [PubMed: 12507493]

Gajewski KM, et al. Identification of a crystal cell-specific enhancer of the black cells
prophenoloxidase gene in Drosophila. Genesis. 2007; 45:200-207. doi:10.1002/dvg.20285.
[PubMed: 17417793]

de Bruijn MF, Speck NA. Core-binding factors in hematopoiesis and immune function. Oncogene.
2004; 23:4238-4248. doi:10.1038/sj.0nc.1207763. [PubMed: 15156179]

Swiers G, de Bruijn M, Speck NA. Hematopoietic stem cell emergence in the conceptus and the
role of Runx1. The International journal of developmental biology. 2010; 54:1151-1163. doi:
10.1387/ijdb.103106gs. [PubMed: 20711992]

Downing JR, Higuchi M, Lenny N, Yeoh AE. Alterations of the AML1 transcription factor in
human leukemia. Seminars in cell & developmental biology. 2000; 11:347-360. doi:10.1006/scdb.
2000.0183. [PubMed: 11105899]

Goto A, et al. A Drosophila haemocyte-specific protein, hemolectin, similar to human von
Willebrand factor. Biochem J. 2001; 359:99-108. [PubMed: 11563973]

De Meyer SF, Deckmyn H, Vanhoorelbeke K. von Willebrand factor to the rescue. Blood. 2009;
113:5049-5057. doi:10.1182/blood-2008-10-165621. [PubMed: 19318682]

Exp Hematol. Author manuscript; available in PMC 2016 September 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gold and Briickner

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Page 13

Kurucz E, et al. Hemese, a hemocyte-specific transmembrane protein, affects the cellular immune
response in Drosophila. Proc Natl Acad Sci U S A. 2003; 100:2622-2627. [PubMed: 12598653]

Chasis JA, Mohandas N. Red blood cell glycophorins. Blood. 1992; 80:1869-1879. [PubMed:
1391951]

Brickner K, et al. The PDGF/VEGF Receptor controls blood cell survival in Drosophila. Dev Cell.
2004; 7

Parsons B, Foley E. The Drosophila platelet-derived growth factor and vascular endothelial growth
factor-receptor related (Pvr) protein ligands Pvf2 and Pvf3 control hemocyte viability and invasive
migration. The Journal of biological chemistry. 2013; 288:20173-20183. doi:10.1074/
jbc.M113.483818. [PubMed: 23737520]

Chitu V, Stanley ER. Colony-stimulating factor-1 in immunity and inflammation. Current opinion
in immunology. 2006; 18:39-48. doi:10.1016/j.c0i.2005.11.006. [PubMed: 16337366]

Pixley FJ, Stanley ER. CSF-1 regulation of the wandering macrophage: complexity in action.
Trends in cell biology. 2004; 14:628-638. doi:10.1016/j.tch.2004.09.016. [PubMed: 15519852]

Hoch RV, Soriano P. Roles of PDGF in animal development. Development. 2003; 130:4769-4784.
[PubMed: 12952899]

Scheijen B, Griffin JD. Tyrosine kinase oncogenes in normal hematopoiesis and hematological
disease. Oncogene. 2002; 21:3314-3333. [PubMed: 12032772]

Gerber HP, Ferrara N. The role of VEGF in normal and neoplastic hematopoiesis. J Mol Med.
2003; 81:20-31. [PubMed: 12545246]

Mackarehtschian K, et al. Targeted disruption of the flk2/flt3 gene leads to deficiencies in primitive
hematopoietic progenitors. Immunity. 1995; 3:147-161. [PubMed: 7621074]

Shalaby F, et al. Failure of blood-island formation and vasculogenesis in FIk-1-deficient mice.
Nature. 1995; 376:62-66. [PubMed: 7596435]

Waskow C, Paul S, Haller C, Gassmann M, Rodewald H. Viable c-Kit(W/W) mutants reveal
pivotal role for c-kit in the maintenance of lymphopoiesis. Immunity. 2002; 17:277-288.
[PubMed: 12354381]

Siekhaus D, Haesemeyer M, Moffitt O, Lehmann R. RhoL controls invasion and Rap1 localization
during immune cell transmigration in Drosgphila. Nature cell biology. 2010; 12:605-610. doi:
10.1038/nch2063. [PubMed: 20495554]

Wood W, Faria C, Jacinto A. Distinct mechanisms regulate hemocyte chemotaxis during
development and wound healing in Drosgphila melanogaster. J Cell Biol. 2006; 173:405-416.
[PubMed: 16651377]

Paladi M, Tepass U. Function of Rho GTPases in embryonic blood cell migration in Drosophila. J
Cell Sci. 2004; 117:6313-6326. do0i:10.1242/jcs.01552. [PubMed: 15561773]

Stramer B, et al. Clasp-mediated microtubule bundling regulates persistent motility and contact
repulsion in Drosophila macrophages in vivo. The Journal of cell biology. 2010; 189:681-689. doi:
10.1083/jch.200912134. [PubMed: 20457764]

Comber K, et al. A dual role for the betaPS integrin myospheroid in mediating Drosophila
embryonic macrophage migration. Journal of cell science. 2013; 126:3475-3484. doi:10.1242/jcs.
129700. [PubMed: 23704353]

Tucker PK, Evans IR, Wood W. Ena drives invasive macrophage migration in Drosophila embryos.
Disease models & mechanisms. 2011; 4:126-134. doi:10.1242/dmm.005694. [PubMed:
21045209]

Evans IR, Ghai PA, Urbancic V, Tan KL, Wood W. SCAR/WAVE-mediated processing of engulfed
apoptotic corpses is essential for effective macrophage migration in Drosgphila. Cell death and
differentiation. 2013; 20:709-720. doi:10.1038/cdd.2012.166. [PubMed: 23328632]

Stramer B, et al. Live imaging of wound inflammation in Drosophila embryos reveals key roles for
small GTPases during in vivo cell migration. J Cell Biol. 2005; 168:567-573. doi:10.1083/jcb.
200405120. [PubMed: 15699212]

Wood W, et al. Wound healing recapitulates morphogenesis in Drosophilaembryos. Nat Cell Biol.
2002; 4:907-912. [PubMed: 12402048]

Exp Hematol. Author manuscript; available in PMC 2016 September 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gold and Briickner

91.

92.

93.

94.

95.

96.

97.

98.

99.

Page 14

Moreira S, Stramer B, Evans I, Wood W, Martin P. Prioritization of competing damage and
developmental signals by migrating macrophages in the Drosophila embryo. Current biology : CB.
2010; 20:464-470. doi:10.1016/j.cub.2010.01.047. [PubMed: 20188558]

Wu'Y, et al. A blood-borne PDGF/VEGF-like ligand initiates wound-induced epidermal cell
migration in Drosophila larvae. Curr Biol. 2009; 19:1473-1477. doi:10.1016/j.cub.2009.07.019.
[PubMed: 19646875]

Razzell W, Wood W, Martin P. Swatting flies: modelling wound healing and inflammation in
Drosophila. Disease models & mechanisms. 2011; 4:569-574. doi:10.1242/dmm.006825.
[PubMed: 21810906]

Fenteany G, Glogauer M. Cytoskeletal remodeling in leukocyte function. Current opinion in
hematology. 2004; 11:15-24. [PubMed: 14676623]

Abram CL, Lowell CA. The ins and outs of leukocyte integrin signaling. Annual review of
immunology. 2009; 27:339-362. doi:10.1146/annurev.immunol.021908.132554.

Owen KA, et al. Regulation of lamellipodial persistence, adhesion turnover, and motility in
macrophages by focal adhesion kinase. The Journal of cell biology. 2007; 179:1275-1287. doi:
10.1083/jch.200708093. [PubMed: 18070912]

Ridley AJ. Rho proteins, Pl 3-kinases, and monocyte/macrophage motility. FEBS letters. 2001;
498:168-171. [PubMed: 11412850]

Dor Y, Melton DA. How important are adult stem cells for tissue maintenance? Cell Cycle. 2004;
3:1104-1106. doi:1096 [pii]. [PubMed: 15326371]

Rawlins EL, Hogan BL. Epithelial stem cells of the lung: privileged few or opportunities for many?
Development. 2006; 133:2455-2465. doi: 10.1242/dev.02407. [PubMed: 16735479]

100. Sinenko SA, et al. Genetic manipulation of AML1-ETO-induced expansion of hematopoietic

precursors in a Drosophila model. Blood. 2010; 116:4612-4620. doi:10.1182/
blood-2010-03-276998. [PubMed: 20688956]

101. Bodmer R, Carretto R, Jan YN. Neurogenesis of the peripheral nervous system in Drosophila

embryos: DNA replication patterns and cell lineages. Neuron. 1989; 3:21-32. doi:
0896-6273(89)90112-8 [pii]. [PubMed: 2515889]

102. Grueber WB, Jan LY, Jan YN. Tiling of the Drosophila epidermis by multidendritic sensory

neurons. Development. 2002; 129:2867-2878. [PubMed: 12050135]

103. Ibanez CF. Message in a bottle: long-range retrograde signaling in the nervous system. Trends in

cell biology. 2007; 17:519-528. doi:10.1016/j.tch.2007.09.003. [PubMed: 18029183]

104. Bergquist F, Ludwig M. Dendritic transmitter release: a comparison of two model systems.

Journal of neuroendocrinology. 2008; 20:677—-686. doi:10.1111/j.1365-2826.2008.01714.x.
[PubMed: 18601689]

105. Kennedy MJ, Ehlers MD. Mechanisms and function of dendritic exocytosis. Neuron. 2011;

69:856-875. doi:10.1016/j.neuron.2011.02.032. [PubMed: 21382547]

106. Christiansen F, et al. Presynapses in Kenyon cell dendrites in the mushroom body calyx of

Drosophila. The Journal of neuroscience : the official journal of the Society for Neuroscience.
2011, 31:9696-9707. doi:10.1523/JNEUROSCI.6542-10.2011. [PubMed: 21715635]

107. Didier A, et al. A dendrodendritic reciprocal synapse provides a recurrent excitatory connection in

the olfactory bulb. Proceedings of the National Academy of Sciences of the United States of
America. 2001; 98:6441-6446. doi:10.1073/pnas.101126398. [PubMed: 11353824]

108. Gutierrez E, Wiggins D, Fielding B, Gould AP. Specialized hepatocyte-like cells regulate

Drosophila lipid metabolism. Nature. 2007; 445:275-280. doi:10.1038/nature05382. [PubMed:
17136098]

109. Zaidman-Remy A, Regan JC, Brandao AS, Jacinto A. The Drosophilalarva as a tool to study gut-

associated macrophages: PI3K regulates a discrete hemocyte population at the proventriculus.
Developmental and comparative immunology. 2012; 36:638-647. doi:10.1016/j.dci.2011.10.013.
[PubMed: 22085781]

110. LaJeunesse DR, Johnson B, Presnell JS, Catignas KK, Zapotoczny G. Peristalsis in the junction

region of the Drosophila larval midgut is modulated by DH31 expressing enteroendocrine cells.
BMC Physiol. 2010; 10:14. doi:10.1186/1472-6793-10-14. [PubMed: 20698983]

Exp Hematol. Author manuscript; available in PMC 2016 September 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gold and Briickner

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130

Page 15

Cognigni P, Bailey AP, Miguel-Aliaga I. Enteric neurons and systemic signals couple nutritional
and reproductive status with intestinal homeostasis. Cell metabolism. 2011; 13:92-104. doi:
10.1016/j.cmet.2010.12.010. [PubMed: 21195352]

Stofanko M, Kwon SY, Badenhorst P. A misexpression screen to identify regulators of Drosophila
larval hemocyte development. Genetics. 2008; 180:253-267. doi:10.1534/genetics.108.089094.
[PubMed: 18757933]

Babcock DT, et al. Circulating blood cells function as a surveillance system for damaged tissue in
Drosophilalarvae. Proc Natl Acad Sci U S A. 2008; 105:10017-10022. doi:10.1073/pnas.
0709951105. [PubMed: 18632567]

Welman A, Serrels A, Brunton VG, Ditzel M, Frame MC. Two-color photoactivatable probe for
selective tracking of proteins and cells. The Journal of biological chemistry. 2010; 285:11607—
11616. doi:10.1074/jbc.M110.102392. [PubMed: 20139076]

Ehninger A, Trumpp A. The bone marrow stem cell niche grows up: mesenchymal stem cells and
macrophages move in. The Journal of experimental medicine. 2011; 208:421-428. doi:10.1084/
jem.20110132. [PubMed: 21402747]

Adams GB, Scadden DT. The hematopoietic stem cell in its place. Nat Immunol. 2006; 7:333—
337. doi:10.1038/ni1331. [PubMed: 16550195]

Shim J, Mukherjee T, Banerjee U. Direct sensing of systemic and nutritional signals by
haematopoietic progenitors in Drosophila. Nature cell biology. 2012; 14:394-400. doi:10.1038/
nch2453. [PubMed: 22407365]

Katsuyama T, Paro R. Innate immune cells are dispensable for regenerative growth of imaginal
discs. Mechanisms of development. 2013; 130:112-121. doi:10.1016/j.mod.2012.11.005.
[PubMed: 23238120]

Pastor-Pareja JC, Wu M, Xu T. An innate immune response of blood cells to tumors and tissue
damage in Drosophila. Disease models & mechanisms. 2008; 1:144-154. discussion 153, doi:
10.1242/dmm.000950. [PubMed: 19048077]

Kaplan RN, Psaila B, Lyden D. Niche-to-niche migration of bone-marrow-derived cells. Trends
Mol Med. 2007; 13:72-81. doi:10.1016/j.molmed.2006.12.003. [PubMed: 17197241]

Olefsky JM, Glass CK. Macrophages, inflammation, and insulin resistance. Annual review of
physiology. 2010; 72:219-246. doi:10.1146/annurev-physiol-021909-135846.

Rizki TM, Rizki RM. Lamellocyte differentiation in Drosophila larvae parasitized by Leptopilina.
Dev Comp Immunol. 1992; 16:103-110. [PubMed: 1499832]

Stofanko M, Kwon SY, Badenhorst P. Lineage tracing of lamellocytes demonstrates Drosophila
macrophage plasticity. PloS one. 2010; 5:14051. doi:10.1371/journal.pone.0014051. [PubMed:
21124962]

Martin P, Leibovich SJ. Inflammatory cells during wound repair: the good, the bad and the ugly.
Trends in cell biology. 2005; 15:599-607. doi:10.1016/j.tch.2005.09.002. [PubMed: 16202600]

Galko MJ, Krasnow MA. Cellular and genetic analysis of wound healing in Drosophila larvae.
PLoS biology. 2004; 2:E239. doi:10.1371/journal.pbio.0020239. [PubMed: 15269788]

Brock AR, Babcock DT, Galko MJ. Active cop, passive cop: developmental stage-specific modes
of wound-induced blood cell recruitment in Drosophila. Fly (Austin). 2008; 2:303-305. doi: 7395
[pii]. [PubMed: 19077535]

Brock AR, et al. Transcriptional regulation of Profilin during wound closure in Drosophila larvae.
Journal of cell science. 2012; 125:5667-5676. doi:10.1242/jcs.107490. [PubMed: 22976306]

Burra S, Wang Y, Brock AR, Galko MJ. Using Drosophila larvae to study epidermal wound
closure and inflammation. Methods in molecular biology. 2013; 1037:449-461. doi:
10.1007/978-1-62703-505-7_26. [PubMed: 24029952]

Ramet M, Hultmark D. Drosophilaimmunity--glorious past, dynamic present and exciting future.
Developmental and comparative immunology. 2014; 42:1-2. doi:10.1016/j.dci.2013.07.013.
[PubMed: 23891875]

. Williams MJ, Habayeb MS, Hultmark D. Reciprocal regulation of Racl and Rhol in Drosophila
circulating immune surveillance cells. J Cell Sci. 2007; 120:502-511. doi:10.1242/jcs.03341.
[PubMed: 17227793]

Exp Hematol. Author manuscript; available in PMC 2016 September 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gold and Briickner

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

Page 16

Williams MJ, Wiklund ML, Wikman S, Hultmark D. Rac1 signalling in the Drosophila larval
cellular immune response. Journal of cell science. 2006; 119:2015-2024. doi:10.1242/jcs.02920.
[PubMed: 16621891]

Thummel CS. From embryogenesis to metamorphosis: the regulation and function of Drosophila
nuclear receptor superfamily members. Cell. 1995; 83:871-877. doi:0092-8674(95)90203-1 [pii].
[PubMed: 8521511]

Regan JC, et al. Steroid hormone signaling is essential to regulate innate immune cells and fight
bacterial infection in Drosophila. PLoS pathogens. 2013; 9:¢1003720. doi:10.1371/journal.ppat.
1003720. [PubMed: 24204269]

Kumar A, Brockes JP. Nerve dependence in tissue, organ, and appendage regeneration. Trends in
neurosciences. 2012; 35:691-699. doi:10.1016/j.tins.2012.08.003. [PubMed: 22989534]

Briickner K. Blood cells need glia, too: a new role for the nervous system in the bone marrow
niche. Cell stem cell. 2011; 9:493-495. d0i:10.1016/j.stem.2011.11.016. [PubMed: 22136920]

Nance DM, Sanders VM. Autonomic innervation and regulation of the immune system
(1987-2007). Brain Behav Immun. 2007; 21:736-745. doi:10.1016/j.bbi.2007.03.008. [PubMed:
17467231]

Shepherd AJ, Downing JE, Miyan JA. Without nerves, immunology remains incomplete -in vivo
veritas. Immunology. 2005; 116:145-163. doi:10.1111/j.1365-2567.2005.02223.x. [PubMed:
16162264]

Fitch SR, et al. Signaling from the sympathetic nervous system regulates hematopoietic stem cell
emergence during embryogenesis. Cell stem cell. 2012; 11:554-566. doi:10.1016/j.stem.
2012.07.002. [PubMed: 23040481]

Katayama Y, et al. Signals from the sympathetic nervous system regulate hematopoietic stem cell
egress from bone marrow. Cell. 2006; 124:407-421. doi:10.1016/j.cell.2005.10.041. [PubMed:
16439213]

Mendez-Ferrer S, Lucas D, Battista M, Frenette PS. Haematopoietic stem cell release is regulated
by circadian oscillations. Nature. 2008; 452:442-447. doi:10.1038/nature06685. [PubMed:
18256599]

Mendez-Ferrer S, et al. Mesenchymal and haematopoietic stem cells form a unique bone marrow
niche. Nature. 2010; 466:829-834. doi:10.1038/nature09262. [PubMed: 20703299]

Spiegel A, et al. Catecholaminergic neurotransmitters regulate migration and repopulation of
immature human CD34+ cells through Wnt signaling. Nat Immunol. 2007; 8:1123-1131. doi:
10.1038/ni1509. [PubMed: 17828268]

Yamazaki S, et al. Nonmyelinating schwann cells maintain hematopoietic stem cell hibernation in
the bone marrow niche. Cell. 2011; 147:1146-1158. doi:10.1016/j.cell.2011.09.053. [PubMed:
22118468]

Straub RH. Complexity of the bi-directional neuroimmune junction in the spleen. Trends in
pharmacological sciences. 2004; 25:640-646. doi:10.1016/j.tips.2004.10.007. [PubMed:
15530642]

Chiu IM, von Hehn CA, Woolf CJ. Neurogenic inflammation and the peripheral nervous system
in host defense and immunopathology. Nature neuroscience. 2012; 15:1063-1067. doi:
10.1038/nn.3144. [PubMed: 22837035]

Davies LC, et al. Distinct bone marrow-derived and tissue-resident macrophage lineages
proliferate at key stages during inflammation. Nature communications. 2013; 4:1886. doi:
10.1038/ncomms2877.

Jenkins SJ, et al. IL-4 directly signals tissue-resident macrophages to proliferate beyond
homeostatic levels controlled by CSF-1. The Journal of experimental medicine. 2013; 210:2477—
2491. doi:10.1084/jem.20121999. [PubMed: 24101381]

Olofsson PS, Rosas-Ballina M, Levine YA, Tracey KJ. Rethinking inflammation: neural circuits
in the regulation of immunity. Immunological reviews. 2012; 248:188-204. doi:10.1111/j.
1600-065X.2012.01138.x. [PubMed: 22725962]

Andersson U, Tracey KJ. Reflex principles of immunological homeostasis. Annual review of
immunology. 2012; 30:313-335. doi:10.1146/annurev-immunol-020711-075015.

Exp Hematol. Author manuscript; available in PMC 2016 September 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gold and Briickner

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

Page 17

Minakhina S, Steward R. Hematopoietic stem cells in Drosophila. Development. 2010; 137:27—
31. doi:10.1242/dev.043943. [PubMed: 20023157]

Mondal BC, et al. Interaction between differentiating cell- and niche-derived signals in
hematopoietic progenitor maintenance. Cell. 2011; 147:1589-1600. doi:10.1016/j.cell.
2011.11.041. [PubMed: 22196733]

Lebestky T, Jung SH, Banerjee U. A Serrate-expressing signaling center controls Drosophila
hematopoiesis. Genes Dev. 2003; 17:348-353. [PubMed: 12569125]

Mandal L, Martinez-Agosto JA, Evans CJ, Hartenstein V, Banerjee U. A Hedgehog-and
Antennapedia-dependent niche maintains Drosophila haematopoietic precursors. Nature. 2007;
446:320-324. doi:10.1038/nature05585. [PubMed: 17361183]

Sinenko SA, Mandal L, Martinez-Agosto JA, Banerjee U. Dual role of wingless signaling in
stem-like hematopoietic precursor maintenance in Drosophila. Dev Cell. 2009; 16:756-763. doi:
10.1016/j.devcel.2009.03.003. [PubMed: 19460351]

Pennetier D, et al. Size control of the Drosgphila hematopoietic niche by bone morphogenetic
protein signaling reveals parallels with mammals. Proceedings of the National Academy of
Sciences of the United States of America. 2012; 109:3389-3394. doi:10.1073/pnas.1109407109.
[PubMed: 22331866]

Qiu P, Pan PC, Govind S. A role for the Drosophila Toll/Cactus pathway in larval hematopoiesis.
Development. 1998; 125:1909-1920. [PubMed: 9550723]

Minakhina S, Tan W, Steward R. JAK/STAT and the GATA factor Pannier control hemocyte
maturation and differentiation in Drosophila. Developmental biology. 2011; 352:308-316. doi:
10.1016/j.ydbio.2011.01.035. [PubMed: 21295568]

Myrick KV, Dearolf CR. Hyperactivation of the Drosophila Hop jak kinase causes the preferential
overexpression of elF1A transcripts in larval blood cells. Gene. 2000; 244:119-125. [PubMed:
10689194]

Amoyel M, Bach EA. Functions of the Drosgphila JAK-STAT pathway: Lessons from stem cells.
JAK-STAT. 2012; 1:176-183. d0i:10.4161/jkst.21621. [PubMed: 24058767]

Remillieux-Leschelle N, Santamaria P, Randsholt NB. Regulation of larval hematopoiesis in
Drosophila melanogaster: a role for the multi sex combs gene. Genetics. 2002; 162:1259-1274.
[PubMed: 12454071]

Minakhina S, Druzhinina M, Steward R. Zfrp8, the Drosophila ortholog of PDCD2, functions in
lymph gland development and controls cell proliferation. Development. 2007; 134:2387-2396.
d0i:10.1242/dev.003616. [PubMed: 17522156]

Shim J, Gururaja-Rao S, Banerjee U. Nutritional regulation of stem and progenitor cells in
Drosophila. Development. 2013; 140:4647-4656. doi:10.1242/dev.079087. [PubMed: 24255094]

Shim J, et al. Olfactory control of blood progenitor maintenance. Cell. 2013; 155:1141-1153. doi:
10.1016/j.cell.2013.10.032. [PubMed: 24267893]

Benmimoun B, Polesello C, Waltzer L, Haenlin M. Dual role for Insulin/TOR signaling in the
control of hematopoietic progenitor maintenance in Drosophila. Development. 2012; 139:1713-
1717. doi:10.1242/dev.080259. [PubMed: 22510984]

Dragojlovic-Munther M, Martinez-Agosto JA. Multifaceted roles of PTEN and TSC orchestrate
growth and differentiation of Drosophilablood progenitors. Development. 2012; 139:3752-3763.
doi:10.1242/dev.074203. [PubMed: 22951642]

Tokusumi Y, Tokusumi T, Shoue DA, Schulz RA. Gene regulatory networks controlling
hematopoietic progenitor niche cell production and differentiation in the Drosophila lymph
gland. PloS one. 2012; 7:e41604. doi:10.1371/journal.pone.0041604. [PubMed: 22911822]
Owusu-Ansah E, Banerjee U. Reactive oxygen species prime Drosophila haematopoietic
progenitors for differentiation. Nature. 2009; 461:537-541. doi:10.1038/nature08313. [PubMed:
19727075]

Sinenko SA, Shim J, Banerjee U. Oxidative stress in the haematopoietic niche regulates the
cellular immune response in Drosophila. EMBO reports. 2012; 13:83-89. doi:10.1038/embor.
2011.223. [PubMed: 22134547]

Bigas A, Espinosa L. Hematopoietic stem cells: to be or Notch to be. Blood. 2012; 119:3226—
3235. doi:10.1182/blood-2011-10-355826. [PubMed: 22308291]

Exp Hematol. Author manuscript; available in PMC 2016 September 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gold and Briickner

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

Page 18

Lobry C, Oh P, Mansour MR, Look AT, Aifantis I. Notch signaling: switching an oncogene to a
tumor suppressor. Blood. 2014; 123:2451-2459. doi:10.1182/blood-2013-08-355818. [PubMed:
24608975]

Lento W, Congdon K, Voermans C, Kritzik M, Reya T. Wnt signaling in normal and malignant
hematopoiesis. Cold Spring Harbor perspectives in biology. 2013; 5 doi:10.1101/
cshperspect.a008011.

Staal FJ, Luis TC, Tiemessen MM. WNT signalling in the immune system: WNT is spreading its
wings. Nature reviews. Immunology. 2008; 8:581-593. doi:10.1038/nri2360. [PubMed:
18617885]

Mar BG, Amakye D, Aifantis I, Buonamici S. The controversial role of the Hedgehog pathway in
normal and malignant hematopoiesis. Leukemia. 2011; 25:1665-1673. doi:10.1038/leu.2011.143.
[PubMed: 21660044]

Chen E, Staudt LM, Green AR. Janus kinase deregulation in leukemia and lymphoma. Immunity.
2012; 36:529-541. doi:10.1016/j.immuni.2012.03.017. [PubMed: 22520846]

O'Shea JJ, Holland SM, Staudt LM. JAKs and STATS in immunity, immunodeficiency, and
cancer. The New England journal of medicine. 2013; 368:161-170. doi:10.1056/
NEJMral202117. [PubMed: 23301733]

Baker SJ, Rane SG, Reddy EP. Hematopoietic cytokine receptor signaling. Oncogene. 2007;
26:6724-6737. doi:10.1038/sj.0nc.1210757. [PubMed: 17934481]

Mantel C, Messina-Graham SV, Broxmeyer HE. Superoxide flashes, reactive oxygen species, and
the mitochondrial permeability transition pore: potential implications for hematopoietic stem cell
function. Current opinion in hematology. 2011; 18:208-213. d0i:10.1097/MOH.
0b013e3283475ffe. [PubMed: 21537169]

Zhou F, Shen Q, Claret FX. Novel roles of reactive oxygen species in the pathogenesis of acute
myeloid leukemia. Journal of leukocyte biology. 2013; 94:423-429. doi:10.1189/jIb.0113006.
[PubMed: 23715741]

Polak R, Buitenhuis M. The PI3K/PKB signaling module as key regulator of hematopoiesis:
implications for therapeutic strategies in leukemia. Blood. 2012; 119:911-923. d0i:10.1182/
blood-2011-07-366203. [PubMed: 22065598]

Powell JD, Delgoffe GM. The mammalian target of rapamycin: linking T cell differentiation,
function, and metabolism. Immunity. 2010; 33:301-311. doi:10.1016/j.immuni.2010.09.002.
[PubMed: 20870173]

Park S, et al. Role of the PISBK/AKT and mTOR signaling pathways in acute myeloid leukemia.
Haematologica. 2010; 95:819-828. doi:10.3324/haematol.2009.013797. [PubMed: 19951971]
Avraki K, Ellebedy AH, Ahmed R. TOR in the immune system. Current opinion in cell biology.
2011; 23:707-715. doi:10.1016/j.ceb.2011.08.006. [PubMed: 21925855]

Exp Hematol. Author manuscript; available in PMC 2016 September 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Gold and Briickner

A

Embryo

Larva

Embryonic/Larval Hematopoiesis

Self-Renewing Tissue Macrophages

stage 7 embryo

1st-3rd mstar Iarva

Hematopoietic Pocket

3rd instar larva

A 00000

Adult' Pupa

progenitor (prohemocyte)
macrophage (plasmatocyte)
crystal cell

multidendritic neuron
external sensory neuron
chordotonal organ
oenocyte cluster ('liver')

sensory
neuron
signals

/
systemic
signals,

local
signals

K ad

Lineage

_ release,
in circulation

N

release in circulation

Page 19

= Lymph Gland Hematopoiesis

Lineage -~ f—=

PSC signals

.
% |0 > - ok ...

sys!emllc . [ g
S Lymph Gland
signal 3rd instar larva

e - /
® o ﬂl‘ Lymph Gland
q &= prepupa 8h APF

@ progenitor (prohemocyte)

@ quiescent progenitor (prohemocyte)
macrophage (plasmatocyte)

crystal cell

lamellocyte

Posterior Signaling Center cell

' Pupa

oree
Adult

dorsal vessel (heart)
@ pericardial cell

Figure 1. Ontogeny of blood cell lineages and regulation of hematopoiesis in Drosophila
(A) Self-renewing tissue macrophages, corresponding to Drosophila embryonic and larval

hematopoiesis. Drosophila tissue-resident macrophages originate as prohemocyte
progenitors (blue) in the head mesoderm at around embryonic stage 7. After four rounds of
division, progenitors cease proliferation and differentiate into 600-700 macrophages (red)
and a small number of crystal cells (orange). Crystal cells remain clustered around the
proventriculus (‘cardia of the stomach’). Differentiating macrophages start migrating on
routes from the anterior, and into the folded-over posterior end of the embryo (stage 11). By
stage 15, macrophages have evenly populated the embryo. All macrophages remain
quiescent (q) until the end of embryogenesis. At the transition to the larval stage,
macrophages and crystal cells persist from the embryo. Macrophages colonize local
microenvironments, in particular the segmentally repeated Hematopoietic Pockets (HPs),
which also contain sensory neuron clusters (green). Localization to the HPs re-initiates
macrophage proliferation, or ‘self-renewal’, which continues throughout larval life. Sensory
neurons regulate the localization and expansion of tissue macrophages, raising the
possibility that sensory stimuli from the environment and neuronal activity provide another
layer of regulation. Macrophages are further regulated by systemic and/or local signals
(green) stemming from immune challenges and signaling pathway activity. Many of these
conditions cause premature mobilization of resident macrophages and induce differentiation
into lamellocyte fate (not shown). Conversely, during normal larval development, resident
tissue macrophages only gradually contribute to the pool of circulating macrophages in the
hemolymph, and are released from their microenvironments at the onset of metamorphosis.
Throughout larval development, crystal cells are found at locations similar to tissue
macrophages but show only marginal increases in cell number. (B) Lymph Gland
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hematopoiesis. Prohemocytes are specified from hemangioblast precursors, which derive
from the cardiogenic mesoderm of the embryo. Blood progenitors undergo four divisions in
the embryo and continue to proliferate at a low rate until second larval instar. By the 3rd
larval instar, blood cells in the Cortical Zone of the primary lobes (CZ) have differentiated
into macrophages that expand further by proliferation, small numbers of crystal cells, and
occasional lamellocytes. Progenitors in the Medullary Zone (MZ) have become quiescent
(9). The proliferation and differentiation of LG blood cells is under the tight control of a
wide range of signals, which arise from within the LG (PSC signals, CZ signals, MZ
signals), and from systemic sources, such as neurotransmitters and growth factors from the
brain, and nutritional compound levels. As development proceeds, virtually all blood cells of
the lymph gland differentiate, and by 8h after puparium formation (APF), all lymph gland
cells have been released into circulation. Adult flies appear devoid of significant
hematopoietic activity, but carry over macrophages that persist from previous developmental
stages. This places greater emphasis on the production and maintenance of blood cells in the
embryo and larva, and explains the need for a multitude of regulatory mechanisms (signals
and inductive tissues in green), which ensure adaptive responses of the blood cell pool
during the sensitive period of larval development.
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