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Abstract

Hemocytes, cellular elements of the innate immune system in insects, play a crucial role in the cellular and humoral immune
response. Although a significant amount of information has been collected on their differentiation and function, our
understanding of hemocyte development is far from complete. Their characterisation is mostly based on morphological criteria.
However, molecular markers were recently identified, defining functional subsets by the aid of monoclonal antibodies. Isolated
subsets of hemocytes, in sufficient quantity and purity could help to analyse their development in vitro and also to further define
their molecular characteristics. Here we describe an antibody-based rosetting technique for the physical separation of
Drosophila hemocyte sub-populations. We have applied anti-hemocyte antibodies coupled to sheep red blood cells for
separation. The method relies on the formation of rosettes between hemocytes and sheep erythrocytes, sensitised with
discriminative anti-hemocyte monoclonal antibodies. Using this method the rosetting and non-rosetting hemocytes can be
separated from each other by gradient centrifugation. Rosette-forming cells from the pellet and non-rosetting cells from the
interface can be isolated in high recovery. The method can be used for functional and molecular characterisation of hemocyte
sub-populations. The procedure is sensitive, reproducible and easy to perform.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Hemocytes are immunoreactive cells of invert-
ebrates, playing a central role in maintaining the
host’s integrity. They are involved in both humoral
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and cellular mechanisms such as synthesis of anti-
microbial peptides, melanisation, phagocytosis,
nodule formation and encapsulation. To date, the
characterisation of different classes of hemocytes of
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various invertebrate species is mainly based on
morphological criteria [1,2]. More recently, the
development of monoclonal antibodies helped to
distinguish sub-populations of hemocytes of invert-
ebrates [3-8]. Understanding the development and
function of hemocyte subsets would be further
facilitated by availability of methods for separation
of subscts of hemocytes in sufficient amount, purity
and viability.

Isolation of hemocyte sub-populations of invert-
ebrates may be carried out by selective depletion of
hemocytes [9—-16] or by density gradient centrifu-
gation through Ficoll {9} or Percoll [ 10— 14]. However,
our preliminary data show that none of these methods
are suitable to obtain homogeneous sub-populations of
hemocytes in Drosophila (data not shown). Our studies
also revealed that the hemocytes can be separated
neither with FACS since they are very sensitive for
mechanical and osmotic stresses, nor with magnetic
beads as they attach irreversibly to the magnetic beads.
The aim of our work was to develop a highly
reproducible method to isolate homogeneous sub-
populations of functionally active hemocytes.

For the separation of Drosophila hemocytes we
invented a rosetting procedure, using antibody-sensi-
tized red blood cells, based on a technique originally
developed for the separation of human lymphocytes
[17]. Our method relies on the differential expression
of cell surface molecules on functionally distinct
subsets of Drosophila hemocytes. In Drosophila, the
structural { 18] and ultrastructural characteristics [19]
of hemacytes are well known, but only a few cell
surface molecules have been identified [20-23].
Recently we have developed a set of mAbs reacting
with cell surface molecules of functionally distinct
subsets of Drosophila hemocytes [22,23] and used
them for separation of the corresponding subsets from
a heterogeneous cell population. For this study, we
used two discriminative antibodies. One of them is the
P1 antibody, dirccted against plasmatocytes, a phago-
cytically active class of small round cells that normally
comprise more than 90% of the blood cell population.
The other one is the L1 antibody, which is specific for
lamellocytes, a class of large flat cells that participate
in the formation of a capsule around particles, which
phagocytes cannot handle. This method may be
applied with success in all those invertebrate species,
where discriminative antibodies to cell surface

antigens arc available. No studies of this nature on
invertebrate blood cells have appeared previously.

2. Materials and methods
2.1. Chemicals and reagents

A 0.15 M of NaCl solution was used for washing the
Sheep red blood cells (SRBC, Phylmaster, Hungary)
and Alsever’s solution (24.6 g glucose, 9.6 g sodium
citrate, 5.04 g sodium chloride dissolved in 1200 m! of
distilled water and the pH adjusted to 6.1 with citric
acid) was used for storing the SRBC. We used
phosphate buffered-saline (PBS, 0.13 M NaCl, 7 mM
Na;HPO,, 3 mM NaH,PO4, pH 7.4) for washing both
SRBC and hemocytes. The chromium-cloride
(CrCly; X 6 H,0, B.D.H. Chemicals Ltd, England)
was used for coupling Rabbit anti-Mouse Immunoglo-
bulin (DAKO, Copenhagen, Denmark dialyzed against
0.9% NaCl solution and adjusted to 1 mgml™') to
erythrocytes. Shields and Sang M3 insect medium
(Sigma-Aldrich) containing stabilized glutamin
(200 mM)(Pan System) and heat-inactivated fetal calf
serum (FCS; Gibco) was used for isolation and washing
of hemocytes. We used Ficoll-hypaque solution, r =
1.077 (Pharmacia) for separation of the rosetting, from
the non-rosetting hemocytes. Distilled water was used
for causing hypotonic shock, and sodium azide
(Sigma), to prevent infection of the sensitized SRBC.

Anti-phospho-Histone H3 (PhHH3) antibody pro-
duced in rabbit (Upstate Biotechnology, Lake Placid)
was used for detecting hemocytes showing mitotic
activity. T2/48 antibody (0.5 mg m1~'in 0.15 M NaCl
solution) directed against the CD45 human leukocyte
antigen [24] was used as a negative control.
Monoclonal antibodies (mAbs) to hemocyte surface
antigens were produced in mice [22,23]). The
immunoglobulin fraction was separated from hybri-
doma supernatant by a Protein-G Sepharose column
(Pharmacia) according to the manufacturer’s instruc-
tions. These antibodies are designated as P1 and L1
reacting with plasmatocytes and lamellocytes,
respectively [22,23), and stored as 0.5-0.7 mg ml ™"
stock solutions in 0.15 M NaCl. Antibody H2 reacts
with all circulating hemocytes of Drosophila larvae
[22]. Goat anti-Mouse Immunoglobulin, FITC
conjugate (DAKO, Copenhagen, Denmark), Goat
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anti-Rabbit Immunoglobulin, FITC conjugate
(DAKO, Copenhagen, Denmark) and Fluorolink
Cy3 labelled streptavidine (Amersham Pharmacia)
were used for visualise the staining pattern of the
different markers. In all experiments the nuclei of
hemocytes were stained with 4',6-Diamidino-2-phe-
nylindole (DAPI) (Sigma-Aldrich). A 1% (w/v) stock
solution of CrCl; was prepared in 0.9% NaCl and the
pH was immediately adjusted to pH 5.0 by 1 N NaOH
{17]. The pH should not go above 6.0 as above this the
CrCl; precipitates as insoluble chromate. The stock
solution should be kept at room temperature and its
pH should be readjusted to 5.0 pH four times, weekly.
After this procedure, the ‘mature’ CrCl; stock
solution is ready for use for coupling proteins to
erythrocytes and is stable indefinitely at room
temperature. For the coupling procedure a tenfold
dilution of the stock solution is prepared in 0.9% NaCl
immediately before use. This diluted solution may be
used for coupling only on the day of the dilution.

2.2. Cells

Sheep red blood cells were stored in Alsever’s
solution at +4 °C for up to 2 months. Drosophila
hemocytes were isolated from third instar larvae of
homozygous I{3)mbn-1 tumor suppressor mutant [25],
by bleeding them directly into ice-cold Shields and
Sang M3 insect medium containing stabilized gluta-
mine and 5% fetal calf serum (CSSM3).

To prepare a stock suspension of anti-mouse Ig-
sensitized SRBC a 300 ul aliquot of packed SRBC
was washed four times with 0.9% NaCl (w/v)
solution. After addition of 0.15 mg Rabbit anti-
mouse [g the sample was mixed and 150 pl of 0.1%
CrCl; solution was added drop by drop while constant
shaking. The suspension was gently layered under
2 ml of ice-cold 0.9% NaCl solution. After incubation
overnight at 4 °C the reaction was stopped by 5.0 ml
PBS. The cells were then washed four times with PBS
and resuspended in 1.5 ml of PBS containing 10%
FCS. For each coupling 0.1 mg of anti-hemocyte
monoclonal antibody was added to 200 pl of SRBC
suspension and incubated on ice for 1 h. Finaily, the
sensitized SRBCs were washed four times with PBS
and resuspended in 400 ul PBS containing 10% FCS
and 0.1% NaN;. The sensitized SRBC are stable for
10 days at 4 °C.
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3. Experimental design

The rosetting and separation were carried out at
4 °C in CSSM3 medium and pipetting was done with
care to avoid fragmentation of the cells, in particular
the lamellocytes. For each rosetting reaction, twenty
third instar larvaec were dissected, hemocytes col-
lected in 200 wl CSSM3, washed once, resuspended
in 200 pl of complete CSSM3 and counted. The
sensitized SRBCs were washed tree times in CSSM3,
counted and added at a hemocyte:erythrocyte ratio of
1:100. Samples were incubated in flat-bottomed, 96
well tissue culture plates (Greiner) on ice for 90 min.
After incubation 2 ml of ice-cold CSSM3 was added,
the cells were resuspended and layered on the top of
2 ml of Ficoll solution in a 10 ml glass test tube. The
sample was spun with 500g for 30 min. The non-
rosetting cells (negative population) were harvested
from the interface, while the rosettes (the hemocytes
covered by sensitized SRBC, the positive population)
were collected from the bottom of the tube as the
pellet. The volume of both samples was adjusted to
2 ml each, and centrifuged with 350g for 10 min. The
pelleted cells of the rosetting fraction were exposed to
a hypotonic shock of 200 ul of distilled water for one
second and immediately 5 ml of complete CSSM3
was added to re-adjust ionic strength and osmolarity.
Both the rosetting and the non-rosetting hemocytes
were washed once with CSSM3 and used.

The immunological phenotype of the separated
cells was determined by indirect immunofluorescence.
Drosophila hemocytes were isolated from third instars
by bleeding them directly into ice-cold complete
Shields and Sang M3 insect medium (CSSM3). 25 ul
cell suspension was placed on each spot of a multispot
glass microscopic slide (C.A. Hendley Essex Ltd, GB),
adhered to the glass surface by incubation at room
temperature for 30 min, fixed with acetone for 6 min,
saturated with PBS containing 0.1% BSA for 15 min
and reacted with hybridoma supernatants at room
temperature for 45 min. After three washes in PBS the
hemocytes were incubated for 45 min with 1:100
dilution of FITC labelled anti mouse immunoglobu-
lins, and 1:300 dilution of DAPI. After three washes in
PBS the slides were mounted in 90% glycerol in PBS.

Phagocytosis of the FITC-labelled E. coli bac-
teria by hemocytes was recorded following a 15-
minute incubation of hemocytes with heat-killed,
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FITC-labelled bacteria [26]. Hemocytes taking up
over five particles were regarded as positive. Hemo-
cytes were adhered to microscope slides as mentioned
above, fixed with acetone, saturated with PBS
containing 0.1% BSA and reacted with hybridoma
supernatants. After three washes with PBS, the cells
were incubated for 45 min with 1:500 dilution of
biotin labelled goat anti-mouse immunoglobulins as
secondary antibody. Following three washes in PBS,
cells were incubated for 45 min with 1: 3000 dilution
of Cy3 labelled streptavidine, and 1:300 dilution of
DAPI. After three washes in PBS the slides were
mounted in 90% glycerol in PBS.

Mitotic cells were visualized by immunostaining
for phospho-Histone H3 (PhHH3) [27], using 1:100
dilution of rabbit anti PhHH3 antibody, following
three washes and 1:100 dilution of a FITC labelled
anti rabbit immunoglobulin.

4. Results and discussion

Rosette formation. Hemocytes from [(3)mbn-1
mutant larvae were incubated with the sensitized
SRBC and the rosette-formation was monitored
under a light-microscope. Any hemocyte binding
more than four SRBC was defined as a rosette. The
kinetics of rosette formation was monitored by using
the lamellocyte-specific L1 antibody. Hemocytes
from the 1(3)mbn-1 mutant, which produces large
numbers of hemocytes of all classes [25], were

Fig. 1. The time course of rosetting. Hemocytes of Drosophila
melanogaster were mixed with sheep red blood cells coupled with
mADb specific for lamellocytes (I.1) and the percentage of hemocytes
forming rosettes was calculated every 30 min.

incubated with L1 antibody-sensitised erythrocytes
and samples were taken for microscopic analysis.
Single hemocytes and rosettes were scored every
30 min for 4 h. After the first 30 min of incubation
10% of the hemocytes were involved in rosette
formation, after 60 min 17% rosette forming

Fig. 2. The rosettes formed by erythrocytes coated with a negative
control antibody (a), with a mAb binding to the plasmatocytes (b),
and to the lamellocytes (c). 40 X magnification.
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Fig. 3. Hemocytes separated with negative controf antibody (a), and the sub-populations isolated with a mAbs binding to the plasmatocytes
(b,c), and to the lamellocytes (d,e). 40 X magnification. (a) Using control antibody for separation the plasmatocytes, lamellocytes and cells
containing crystalline inclusion in their cytoplasm were recovered from the interface. No hemocytes could be recovered from the pellet.; (b)
sub-population of hemocytes recovered from the pellet when using P1-SRBC for separation; (c) non-rosetting hemocytes collected from the
interface of the P1-SRBC separation; (d) L1 rosetting hemocytes recovered from the pellet of L1-SRBC separation; (e) hemocytes collected

from the interface of the L1-SRBC separation.

hemocytes were observed; after 90 min the rosette
formation was complete around 20% (Fig. ). The
rosettes were stable for at least 4 h. Erythrocytes
coated with a control antibody (T2/48) did not form
rosettes at all (Fig. 2a).

For the separation of the two major hemocyte sub-
populations, the plasmatocytes and the lamellocytes,
SRBC were coated with the plasmatocyte-specific P1
or the lamellocyte-specific L1 antibodies. Rosettes
were formed around the small, round plasmatocytes
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Fig. 4. Indirect immunfluorescense staining of the recovered hemocyte fractions after separation with the P1-SRBC. Magnification 20 X . (a)
Merged pictures of the non-rosetting fraction stained for the expression of lamellocyte-specific L1 marker visualized by FITC fluorochrome
(green) and DAPI staining (blue); (b) Nomarski image of the same population. White arrows point to contaminating L1~ hemocytes; (c) merged
picture of the rosetting hemocytes which were analyzed for the expression of the plasmatocyte-specific P1 marker visualized by FITC
fluorochrome (green) and DAPI staining (blue); (d) Nomarski image of the same population. White arrow points to a contaminating P1° cell.

by the PI-SRBC (Fig. 2b) and after gradient
centrifugation the rosette-forming plasmatocytes
were recovered from the pellet (Fig. 3b). The non-
rosetting cells—the lamellocytes, small round cells
having crystalline inclusions and small round cells
without crystals—were recovered from the interface
(Fig. 3c). The rosette formation of the L1-SRBC was
restricted to the large flattened lamellocytes and a few
small round cells (Fig. 2c) and these cells could be

recovered from the pellet (Fig. 3d), while hemocytes
with plasmatocyte morphology and cells with crystals
in their cytoplasm were collected from the interface
(Fig. 3e). Using the control T2/48 antibody for
sensitization of the SRBC (Fig. 2a), the plasmato-
cytes, lamellocytes and cells containing crystalline
inclusions were recovered from the non-rosetting
fraction from the interface (Fig. 3a). There were no
hemocytes in the pellet.
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Fig. 5. Phagocytosis and mitotic activity of the separated hemocytes. (a,b) All hemocytes in the P1-positive fraction show phagocytic activity;
(c,d) hemocyte in mitosis expressing the P1 antigen from the P1-positive fraction. 40 X magnification. (a) Hemocytes from the pellet of P1-
SRBC separation express the P1 antigen (visualized with Cy3 fluorochrome) and they take up FITC labelled E. coli; (b) phase-contrast image of
the hemocytes represented on {a); (c) Hemocytes from the pellet of P1-SRBC separation showing mitotic activity (detected with the aPhHH3
and visualized with FITC) express the P1 antigen; (d) Nomarski image of hemocytes represented on {c).

The immunological phenotype of hemocytes in
each separated subset was determined by indirect
immunofluorescence. All recovered cells, regardless
of their origin, reacted with the pan-hemocyte H2
antibody [22] (data not shown). After separation with
L1-SRBC 82.9 * 9.0% of the rosette-forming cells
were reacting with the L1 antibody [22]. This
population comprised of cells with lamellocyte
morphology and a minor population of small, round
cells with plasmatocyte morphology; the former being
the terminally differentiated large lamellocytes while
the latter may be their precursors. In the L1-positive
population few Pl-positive small round cells were
also detected (13.2 = 5.8%). In the fraction of non-
rosetting hemocytes Pl-positive round cells

(90.3 = 6.4%) as well as hemocytes lacking the P1
marker were detected, the latter population being the
crystal cells and supposedly an immature precursor
cell population. After rosette formation with P1-
SRBC the rosette forming hemocytes were small
round cells with plasmatocyte morphology and
95.7 £ 3.6% of them stained with the Pl antibody
(Fig. 4¢ and d). A small fraction (2.8 = 1.6%) of L1
positive cells are also detected. In the non-rosetting
fraction, hemocytes with lamellocyte, crystal cell and
plasmatocyte morphology were found. The lamello-
cytes and a minor population of small round cells, the
presumed lamellocyte precursors reacted with the L1
antibody 78.6 * 8.1% (Fig. 4a and b). We also
detected a minor subset, which expressed neither
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the P1, nor the L1 marker; these cells represent the
crystal cells and a yet unidentified sub-population,
lacking both the Pl and the L1 antigens. These data
show that the immunological phenotype of the cells
separated with our mAbs corresponds to the pheno-
type of the main hemocyte subsets in Drosophila. The
recovery exceeded 90% in each group. The viability
of the recovered populations was 64-90% as
determined by the trypan blue exclusion test (data
not shown).

The functional activity of the separated hemocytes
was tested in a phagocytosis assay. Fluorescein-
labelled E. coli was taken up by the P1 rosetting cells
(Fig. 5a and b), the L1 non-rosetting cells and by 1—
3% of P1 non-rosetting hemocytes with plasmatocyte
morphology (data not shown). The mitotic activity of
the separated hemocytes was tested by an anti-
phosphohistone H3 antibody. Cell proliferation was
detected exclusively among of the P1 rosetting and the
L1 and the P1 non-rosetting fractions suggesting that
there is a mitotic pool in the P17 (Fig. 5¢c and d), P1~
and in the L1~ fractions (not shown).

We have been able to isolate functionally active
subsets of Drosophila hemocytes by a rosetting
method, using antibody-sensitized sheep erythrocytes.
The high recovery, the excellent viability and the
functional activity of the separated hemocytes make
them suitable for molecular analysis and for ‘in vitro’
studies of hemocyte development. This method
should be applicable also in other invertebrate species
for high-recovery isolation of viable functional
subsets of hemocytes, where monoclonal antibodies
to cell surface antigens are available.

Acknowledgements

We thank Dr Péter Balogh and Professor Péter
Németh of Pécs University for providing Chromium-
chloride stock solution and Dr Zsuzsanna Széndsi of
Albert Szent-Gyorgyi Medical Center, Szeged, for
providing samples of the sheep erythrocytes. This
work was supported by OTKA grants T035074,
T035249, the Bastnai-Holczer Foundation, grant
from the Volkswagen Foundation No. 1/71 199 and
by grants from the Goran Gustafsson Foundation for
Scientific Research and the Swedish Natural Science
Research Council.

ative I logy 28 (2004) 555-563
References

[1] Price CD, Ratciiffe NA. A reappraisal of insect hemocyte
classification by the examination of blood from fifteen insect
orders. Z Zeliforsch Mikrosk Anat 1974;147:537.

[2] Nappi AJ, Silvers M. Cell surface changes associated with
cellular immune i in Drosophila. Sci 1984;225:
1166.

{31 Mullett H, Ratcliffe NA, Rowley AF. The generation and
characterization of anti-insect blood cell monoclonal anti-
bodies. J Cell Sci 1993;105:93.

{41 Chain BM, Leyshon-Soland K, Siva-Jothy MT. Haemocyte
heterogeneity in the cockroach Periplaneta americana
analyzed using monoclonal antibodies. J Cell Sci 1992;103:
1261.

[5] Pipe R, Elston R, Bachere E, Mialhe E, Nogl D. Antigenic
characterization of hemocyte sub-populations in the mussel
Mpytilus edulis by means of monocional antibodies. Marine
Biol. 1994;119:549.

[6]1 Rodriguez J, Boulo V, Mialhe E, Bachere E. Characterization
of shrimp hemocytes and plasma components by monoclonal
antibodies. J Cell Sci 1995;108:1043.

{7] Strand MR, Johason JA. Characterization of monoclonal
antibodies to hemocytes of Pseudaplusia includens. J Insect
Physiol 1996;42:21.

{8] Willott E, Trenczek T, Thrower LW, Kanost MR. Immuno-
chemical identification of insect hemocyte populations:
monoclonal antibodies distinguish four major hemocyte
types in Manduca sexta. Eur J Cell Biol 1994;65:417.

[9] Peake PW. Isolation and characterization of the hemocytes of
Callifora vicina on density gradients of Ficoll. J Insect Physiol
1979;25:795.

[10] Mead GP, Ratcliffe NA, Renwrantz LR. The separation of
insect hemocyte types on percoll gradients; methodology and
problems. J Insect Physiol 1985;32:167.

{11} Soderhdll K, Smith V3. Separation of the hemocyte popu-
lations of Carcinus maenas and other marine decapods, and
prophenoloxidase distribution. Dev Comp Immun 1983;7:229.

{12] Cammarta M, Arizza V, Parrinello N. In vitro release of lectins
from Phallusia mamillata hemocytes after their fractionation
on density gradient. J Exp Zoo! 1993;266:319.

{13] Pech LL, Trudeaw D, Strand MR. Separation and behavior in
vitro of hemocytes from the moth Pseudopiusia inciudens.
Cell Tissue Res 1994;277:159.

{14] Friebel B, Renwrantz L. Application of density gradient
centrifugation for separation of eosinophilic and basophilic
hemocytes from Mytilus edulis and characterization of both
cell groups. Comp Biochem Physiol 1995;112A:81.

[15] Bohn H. Differential adhesion of the hemocytes of Leuco-
phaea madarae (Blattaria) to a glass surface. J Insect Physiol
1977;23:185.

[16] Chain BM, Anderson RS. Selective depletion of the
plasmatocytes in Galleria mellonella following injection of
bacteria. J Insect Physiol 1982;28:377.

{171 Parish CR, McKenzie IFC. A sensitive rosetting method for
detecting sub-populations of lymphocytes which react with
alloantisera. J Immunol Methods 1978;20:173.




P. Vilmos et al. / Developmental and Comparative Immunology 28 (2004) 555~563 563

[18] Brehélin M. Comparative study of structure and function of
blood cells from two Drosophila species. Cell Tissue Res
1982;221:607.

[19] Shresta 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.

[20] Franc NC, Dimarcq J-L, Lagvesx M, Hoffmann J,
Ezekowitz RAB. Croquemort, a novel Drosophila hemo-
cyte/macrophage receptor that recognizes apoptotic cells.
Immunity 1996;4:431.

[21} Theopold U, Samakovlis Ch, Erdjument-Bromage H, Dillon
N, Axelsson B, Schmidt O, Tempst P, Hultmark D. Helix
pomatia lectin, an inducer of Drosophila immune response,
binds to hemomucin, a novel surface mucin. J Biol Chem
1996;271:12708.

{22} Kurucz E, Zettervall CJ, Sinka R, Vilmos P, Pivarcsi A,
Ekengren S, Hegediis Z, And6 1, Hultmark D. Hemese, a
hemocyte-specific transmembrane protein, affects the cellular
immune response in Drosophila. Proc Natl Acad Sci 2003;
100(5):2622.

{231 Asha H, Nagy 1, Kovics G, Statson D, And6 1, Dearolf CHR.
Analysis of Ras-induced overproliferation in Drosophila
hemocytes. Genetics 2003;163:203.

[24] Oravecz T, Monostori E, Kurucz E, Takics L, Andé 1. CD3-
Induced T-cell proliferation and interleukin-2 secretion is
modulated by the CD45 antigen. Scand J Immunol 1991;34:531.

[25} Gateft E. Tumor-suppressor genes, hematopoetic malignan-
cies and other hematopoietic disorders of Drosophila
melanogaster. In: Beck G, Cooper EL, Habicht GS, March-
olonis JJ, editors. Primordial immunity: foundation for the
vertebrate immune system. Annals of the New York Academy
of Sciences, vol. 712.; 1994. p. 260.

[26] Hudson L, Hay FC. Practical immunology. Oxford: Blackwell
Scientific Publications; 1976. p. 11-12.

{27] Hendzel MJ, Wei Y, Mancini MA, Van Hooser A, Ranalli T,
Brinkley BR, Bazett-Jones DP, Allis CD. Mitosis-specific
phosphorylation of histone H3 initiates primarily within
pericentromeric heterochromatin during G2 and spreads in
an ordered fashion coincident with mitotic chromosome
condensation. Chromosoma 1997;106:348.



Copyright © 2003 by the Genetics Society of America

Analysis of Ras-Induced Overproliferation in Drosophila Hemocytes

H. Asha,* Istvan Nagy,' Gabor Kovacs,' Daniel Stetson,’ Istvan Ando' and Charles R. Dearolf*!
*Department of Pediatrics and *Department of Molecular Biology, Massuchusetts Genernl Hospital, Boston, Massachuselts 02114 and ' Institute
of Genetics, Biological Research Center of the Hungarian Arademy of Sciences, H-6701, Szeged, Hungary

Manuscript received June 4, 2002
Accepted for publication October 17, 2002

ABSTRACT

We use the Dyosophila melanogaster Jarval hematopoietic system as an in vive model for the genetic
and functional genomic analysis of oncogenic cell overproliferation. Ras regulates cell proliferation and
differentiation in multicellular eukaryotes. To further elucidate the role of activated Ras in cell overprolifer-
ation, we generated a collagen promoter-Gald strain to overexpress Ras*™™ in Drosophila hemocytes.
Activated Ras causes a dramatic increase in the number of circulating larval hemocytes (blood cells),
which is caused by cellular overproliferation. This phenotype is mediated by the Raf/MAPK pathway. The
mutant hemocytes retain the ability to phagocytose bacteria as well as to differentiate into lamellocytes.
Microarray analysis of hemocytes overexpressing Ras'? vs. Ras* identified 279 transcripts that are differen-
tially expressed threefold or more in hemocytes expressing activated Ras. This work demonstrates that it
will be feasible to combine genetic and functional genomic approaches in the Drosophila hematopoictic
system to systematically identify oncogene-specific downstream targets.

HE ras genes encode highly conserved GTP-bind-

ing proteins that regulate cell growth, proliferation,
and differentiation in almost all multicellular eukary-
otes (reviewed in McCormick 1994). In addition, ras
genes have been the subject of intensive research be-
cause they are mutated in almost 30% of human cancers
(Bos 1989). These cancers include solid twnors and
several types of leukemia, including chronic myelo-
monocytic leukemia, acute myelogenous leukemia, and
acute lymphoblastic lecukemia (BEAUPRE and KURZROCK
1999). Ras proteins function by switching hetween an
active GTP-bound state and an inactive GDP-bound
state. Activated Ras proteins bind to and activate several
distinct downstream effector pathways, including Raf,
Ral-GDS, and PI3-kinase. Many of the oncogenic muta-
tions lock Ras in the activated state, leading to the consti-
tutive activation of downstream effector pathways. The
mechanisms by which Ras activation leads to increased
ccll proliferation and impaired differentiation, as is ob-
served in many cancers, have still not been fully eluci-
dated.

Much of our understanding of Ras-mediated signaling
comes from a combination of biochemical experiments
conducted in mammalian tissue culturc cells and ge-
netic screens conducted in Drosophila and Caenarhab-
ditis elegans (reviewed in GREENwWALD and Rusin 1992
and McCormick 1994). In Drosophila, Ras oncogene at
85D (Ras85D, also known as Rasl and hereafter referred
to as Ras) appears to be the ortholog of H-ras, Kiras,
and N-ras found in mammals (NEUMAN-SILBERBERG ef

! Corresponding author:Jackson 1402, Massachusetts General Hospital,
55 Fruit St., Boston, MA 02114, E-mail: cdearolf@partners.org

Genetics 163: 203-215 (Junuary 2003)

al. 1984). Ras oncogene at 64B (Ras64B, also known as
Ras2) is the Drosophila counterpart of mammalian
R-ras.

The most intensively studied Ras-mediated signaling
pathway in Drosophila has been the one that leads to the
specification of the R7 photoreceptor in the developing
ommatidial clusters of the compound eye (HArFeN 1991;
VAN VACTOR et al. 1991; GREENwALD and Ruein 1992).
Since the R7 cell is specified from a group of postmitotic
cells, the role of Ras in this pathway may differ from
pathways where Ras promotes growth and cell prolifera-
tion. Indeed, it has been shown that the expression of
activated Ras in Drosophila imaginal discs results in
increased growth and cell prolifcration (KariM and RUBIN
1998; ProrEr and Epcar 2000). However, when clones
of cells expressing activated Ras arc induced in wing
discs, they are eliminated from the intervein regions
during differentiation later in development (PROBER
and Epcar 2000). Thus, in this aspect at least, their
properties differ from mammalian tumor cells in which
Ras mutations appear to sustain continued growth and
proliferation. One reason for this difference may be
that the rate of growth and proliferation decreases in
the cells of the wing disc toward the end of larval devel-
opment, and Ras activation may be toxic to the cells at
that time. In contrast, Ras mutations detected in mam-
malian tumors often arise in populations of cells that
are capable of sustained proliferation, such as the cells
found in intestinal crypts (STOPERA and Birp 1992; Lost
et al. 1996).

As an alternative, the Drosophila hematopoietic sys-
tem can be utilized to study the proliferative effects of
Ras and other oncogenes. In contrast to imaginal disc
cells, Drosophila hemocytes appear to be capable of
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sustained cell proliferation, as a number of mutations
can Icad to the increased numbers of circulating larval
hemocytes (reviewed in DEArOLF 1998). Drosophila he-
mocytes serve several biological functions, including the
secretion of extracellular matrix components and a role
in the cellular immune response (DEaroLF 1998; LaNoT
et al. 2001; Vass and Nappr 2001). Larval hemocytes
apparently originate from the lymph glands and circu-
late freely in the hemolymph. There are three main
subsets of larval hemocytces:

1. The plasmatocytes constitute ~95% or more of he-
mocytes and resemble cells of the vertebrate myeloid
lineage. They contribute to host defense by engulfing
microorganisms and are important during develop-
ment for the phagocytosis of apoptotic cells.

2. Lamellocytes are larger cells that participate in en-
capsulating larger forcign invaders. They normally
comprisc ~1-5% of hemocytes, but increase in num-
ber when induced by parasites or by abnormally de-
veloping tissues in the body cavity.

3. Finally, the crystal cells are characterized by the pres-
ence of crystalline inclusions believed to contain pro-
phenoloxidase (Rizk1 et al. 1980, 1985). When acti-
vated and recleased, the phenol oxidase acitivity
causes the melanization of the encapsulated targets.

Here we show that overexpression of activated Ras in
Drosophila hemocytes results in sustained cell prolifera-
tion in a manner analogous to that observed in human
leukemias. We also carry out a microarray analysis to
identify changes in gene expression that result from
increasing Ras activity in hemocytes. This work demon-
strates the utility of the Drosophila hematopoietic sys-
tem as a model for the genetic and functional genomic
study of oncogenic cell overproliferation.

MATERIALS AND METHODS

Generation of transgenic flies: We generated flies that carry
a 2.7-kb regulatory region located between the adjacent colla-
gen type IV genes Cg25C and viking (YASOTHORNSRIKUL et al.
1997). We PCR cloned an EcoRI-BamHI fragment, using the
primers GAATTCCTTCGCCCGCAGACTC and GGATCCGA
TGCCCTATGCACTTA, and fused it to the AUG-B8-GAL. vector
(THUMMEL et al. 1988). A BamHI-Xbal fragment encoding the
lucZ gene was excised from this construct. This was replaced
with a BamHI-Spel fragment encoding the GAL# gene excised
from the pGATB vector (BRAND and PERRIMON 1993) to create
the Cg-GAL4 construct. This construct was injected into w''#
embrvos to generate transgenic flies carrying P[w, CgGAL4].
Three independent lines all mapping to the second chromo-
some were obtained. Two of the lines tested gave identical
results and were used in this study.

Genetic crosses and phenotypic analyses: Flies were cultured
on a standard medium containing corn meal, molasscs, yeast,
agar, and supplemcented with Tegoscpt. When a low density
of growth was desired, eggs (30-60) were collected from six
pairs of parents for 4 hr in a bottle containing 25 ml of food
and cultured at 25°. Under normal conditions at least 100
eggs were cultured in each bottle. To overexpress constructs

in hemocytes, transgenic flies carrying the target genes under
the conuwol of GAL4 responsive elements (UAS; BRAND and
PerRRIMON 1993) were crossed to transgenic flies carrying the
CgGAL4 construct. The hemocytes in the larval progeny that
specifically express the target gene were then analyzed for any
abnormal phenotype using phase-contrast microscopy. el6F,
a GAL4 line expressed in the fat body but not in the hemocytes
(HARRISON et al. 1995), was used as a negative control. The
concentration of larval hemocytes from late third instar larvae
was determined as described previously (ZiNyk et al. 1998).
The mutants vsed in this study include Ras! (85D), phi (Draf)
(3A1), 7L (41A), hop (10B5-6), and {(3)mim (65A6) and are
described in FLYBasE (1999).

Immunohistochemistry: The production and specificity of
monoclonal antibodies to the different hemocyte subsets of
Drosophila will be described elsewhere (E. Kurucz, P. Viimos,
1. Naoy, Y. CArTON, 1. Ocsovszkr, ). HULTMARK, E. GATEFF
and I Anpo, unpublished results). H2, the pan-hemocyte
antibody, recognizes all hemocytes. Antibodies P1 and L1 rec-
ognize plasmatocytes and lamellocytes, respectively. Requests
for antibodics should be addressed to I. Ando. The rabbit
antiphosphohistone H3 antibody was obtained from Upstate
Biotechnology (Lake Placid, NY).

Wandering third instar larvac of the appropriate genotype
were carefully pierced by a sharp tungsten wire and the hemo-
lymph was collected in a drop of PBS on a glass slide. The
hemocytes were incubated for 30 min in ahumidified chamber
to allow them to adhere to the glass slide, The buffer was
removed and the cells fixed for 6 min in acetone. The cells
were briefly air dried and incubated with 2% BSA in PBS for
30 min, followed by incubation overnightwith the monoclonal
antibody (1:10 dilution) or the phasH3 antibady (5 pg/ml).
After three washes with PBS, the cells were incubated for
2 hr at room temperature with a 1:150 dilution of either
Cy3-conjugated goat anti-mouse secondary antibody (Jackson
Immunoresearch Labs, West Grove, PA) or FITC<conjugated
goatant-rabbit antibody (Sigma, St. Louis). After three washes
in PBS, the slides were mounted in 90% glycerol in PBS. The
experiment with the phosH3 staining was repeated more than
three times and a total of 564 Ras-act hemocytes and 708
wild-type control hemocytes were counted to determine the
number of phosH3-staining cells.

Functional assays: Hemocytes were tested for their ability
to phagocytose in an in vitro assay. Hemaocytes were seeded in
25 pl of Schneider medium on the spots of multiwell micro-
scopic slides (SM-011, Hendley-Essex, England) and 2 pl of
a 10% FITClabeled Escherichin coli suspension were added
immediately. Bacteria were added in saturating amounts, so
that all the hemacytes capable of phagocytasis took up bacte-
ria. The slides were incubated for 30 min in a humidified
chamber at room temperature. After incubation, 2 pl PI solu-
tion (Sigma) was added to quench the fluorescence of non-
phagocytosed bacteria and the slides were covered with a cov-
erslip. The number of cells showing fluorescence as well as
the number of phagocytosed bacteria per cell were counted.
In each experiment 500 hemocytes were analyzed. In some
experiments the phagocytic capacity of the cells was correlated
with their immunological phenotype by using streptavidin-
Cy3 (Amersham Pharmacia Biotech) in combination with bio-
tinylated L.1 and/or P1 antibodies.

We tested for increased lamellocyte differentiation induced
by the parasitic wasp Leptopilina boulardi, strain G486 (Russo
et al. 1996) in wild-type and mutant farvae. Approximately
40-sec instar larvae of each genotype were infested by exposure
to four mature L. boulardi females for 4 hr at 25°. After 72 hr,
we scored the total number of hemocytes and the number of
L1* cells from these infested larvae. The larvae were bled and
the hemolymph was collected on a glass slide in a drop of
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Drosophila Ringer solution or Schneider medium. The cells
were stained as described above.

Injection of hemocytes into adult flies: We collected the
hemolymph from third instar larvae in ice-cold Drosophila
Ringer solution and determined the cell concentration in a
Barker chamber. Wild-type, adult virgin females were anesthe-
tized with diethyl-ether. Cell suspensions with the appropriate
hemocyte concentrations or control buffer were injected into
the abdomen of adult flies using a thin glass needle. The flies
were transferred to fresh food, and the number of surviving
flies was determined daily. For each genotype, the experiment
was repeated at least three times and a total of 50-139 wild-
tvpe adult flies were injected with hemocytes. In each experi-
ment, at least 50 adult flies were injected with the control
buffer. To retricve the hemocytes from the injected adults, the
flies were anesthetized and perfused with ice-cold Drosophila
Ringer medium. Cells were coliected on a glass slide and
stained as described above.

Analysis of mRNA expression using oligonucleotide mi-
croarrays: Drosophila larvae camrying either UAS-RasI''?/
CgGAL+4 or UAS-RusI"/CgGAL4 were raised at 25°. The larval
hemolymph from 80 larvae for those expressing Ras''?(Ras-act)
and from nearly 700 larvae for those expressing Ras*'(Ras-wt)
was carcfully callected in PBS and the cells spun down and
stored at —70°. Because wild-type larvae contain relatively
small numbers of hemocytes, it was not possible to extract
sufficient quantities of RNA for microarray analysis. Total RNA
(15 pg) was extracted from the larval hemacytes using the
Rneasy mini kit (QTIAGEN, Chatsworth, CA). Gene expression
analysis was performed using the Affymetrix Drosophila Gene-
Chip, according to the laboratory methods described in the
Genechip Expression Analysis Technical Manual (Affymetrix,
2001). Briefly, cDNA was synthesized from poly(A)* RNA and
cRNA was labeled with biotin during its synthesis using the
BioArray high-yield transcript-labeling kit (Enzo). Fifteen mi-
crograms of labeled, fragmented cRNA was hybridized to each
array. The arrays were washed and scanned according to the
manufacturer’s protocol. For each genotype, three indepen-
dent RNA samples were used and hybridized to microarrays.
The Ras-act microarrays were then compared to the Ras-wt
microarrays, giving a total of nine comparisons.

GeneChip.DAT files were analyzed using the Affymetrix
MAS 5.0 software that includes the statistical algorithms for
GeneChip expression data analysis. The image files are
scanned using the Affymetrix GeneChip software and then
scaled to the same intensity value before they are compared.
Each transcriptis represented bya probe set on the Drosophila
GeneChip. Each probe set has 14 pairs of perfect match (PM)
and mismatch (MM) oligonucleotides. The expression level
for each gene is determined by calculating the average of
differences in hybridization intensities between the PM and
MM oligos. The expression profile of genes in Rus-act hemo-
cytes was compared to that of Ras-wt hemocytes, which was
taken as the reference. Three comparisons out of nine were
excluded from the analysis due to high noise, following the
Affymetrix recommendations. Fold change for each transcript
was calculated using the Affymetrix MAS 5.0 software and is
represented by the average signal log ratio (SLR is the log to
the base 2 value of the fold change). Only those genes that
are expressed threefold (SLR = 1.6) or more in Ras-act com-
pared to thosc in Raswt are included in Table 2. A more
detailed analysis is presented in Table S1 of the supplementary
data at http:/www.genetics.org/supplemental/, which in-
cludes all genes that are increased in Ras-act compared to
those in Ras-wt (SLR of 0.05 or more), along with the Pvalues
for “Detection” of each gene and “Change” of expression of
each gene in the six comparisons. The genes that are de-
crecascd in Ras-act comparcd to those in Ras-wt arc shown in

Table S2 of the supplementary data (http:/www.genetics.org/
supplemental/) along with the corresponding P values. The
average SLR values and the corresponding standard deviation
values are also included in the supplementary data.

RESULTS

Identification of a hemocyte promoter: Our first goal
was to identify a promoter that would enable us to pref-
erentially express genes in the hemocytes of Drosophila.
We previously showed that a DNA regulatory region
located between two adjacent collagen type IV genes
on the second chromosome, Cg25Cand viking, can drive
lacZ cxpression specifically in embrvonic hemocytes
(YASOTHORNSRIKUL ¢ al. 1997). In the larva, lacZ expres-
sion is observed in the hemocytes and also in the fat
body. We therefore generated CgGAL4 transgenic lines,
in which the yeast GAL4 transactivator is expressed un-
der the control of this regulatory region. In the CgGAL4
lines, GAL4 is expressed in the embryonic hemocytes
from stage 13 until the end of embryonic development
(data not shown). In the larva, GAL4 is expressed
strongly in the circulating hemocytes (Figure 1, A and
B), in the anterior-most pair of lobes of the lymph gland
(Figure 1, Cand D), and in the fat body (Figure 1, Eand
F). Expression of GAL4 is undetectable in Jamellocytes
(data not shown).

To verify the effectiveness of the CgGal4 line, we used
it to overexpress a cDNA encoding a hyperactive form
of the Drosophila Jak kinase, haopscoich (hop). The gain-
offunction mutation hop™* has previously been shown
to cause an overproliferation of larval hemocytes (Han-
RATTY and RYERsE 1981; HARRISON et al. 1995; Luo e
al. 1995). At higher culture temperatures, hop™ larvae
have melanotic tumors and increased numbers of plas-
matocytes and lamellocytes. Larvae carrying both the
CgGAL4 and the UAS-hop™ transgenes have melanotic
tumors and their hemolymph contains an increased
number of plasmatocytes and lamellocytes (total num-
ber of hemocytes = 14 X 10%/ul at 25° Figure 2B). In
wild-type larvae grown at 25° we observe 2-5 X 10°
hemocytes/ pl. These abnormalities are similar to those
observed in kop™ mutant flies. When hop™ is ex-
pressed using the GAL4 driver el 6F, which is expressed
in the larval fat body but not in the hemocytes, the
number and morphology of the hemocytes were similar
to those of wild-type larvae (number of hemocytes =
2 X 10%/ul at 25°). These results indicate that the CgGal4
lines provide sufficient expression in the hemocytes.
They further suggest that the phenotypic abnormalities
observed in kop™™ mutant larvae are most likely due to
a cell-autonomous effect of hop™™ in hemocytes.

Activated Ras causes an overproliferation of hemo-
cytes: Ras has been implicated in regulating cell prolifer-
ation and differentiation in many organisms. To exam-
ine the effects of increasing Ras activity in hemocytes,
we cxpressed an activated form of Ras, Ras?, using the
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CgGALA4 line. Late third instar larvae carrying both the
UAS-Ras™ and the CgGAL4 transgenes (hereafter re-
ferred to as Ras-act) display a dramatic 40-fold increase
in the number of hemacytes (Figure 2C and Figure 4).
These cells express H2, an antigen that is expressed by
all hemocytes (Figure 2, D and E). These cells morpho-
logically resemble plasmatocytes, although they do not
stain with the plasmatocyte-specific antigen P1 (data not
shown). Under normal culture conditions at 25°, 99%
of these animals die as early pupae. However, 33% of
these larvae survive to adults when larvae are cultured
at very low densities (see MATERIALS AND METHODS).
Consistent with earlier data, (KArim and Rurin 1998),
we found that the phenotypes produced by expressing
UAS-Ras™ are temperature sensitive. When raised at
18°, the Ras-act larvae display a 20-fold higher number

Ficure 1.—The collagen promoter is expressed
in the larval lymph glands and fat body. A, C,
and E are phase-contrast images from third instar
larvae carrying both the UAS-GFPand the CgGAL4
transgenes and B, D, and E are the corresponding
fluorescence images showing green fluorescent
protein expression. (A and B) Circulating hemo-
cytes. (Cand D) The lymph gland showing strong
collagen expression in the anteriormost pair of
lobes. (E and F) Fat body.

of hemocytes than do wild-type larvae and develop into
adults (data notshown). We do not observe an increased
number of hemocytes in Ras-act embryos. Larvae car-
rying UAS-Ras” and CgGAL#4 (referred to as Ras-wt) dis-
play a milder increase in the number of hemocytes (18 X
10°/pl at 25°) and develop into adults. In a control
experiment, we used el6E as the GAL4 driver (HAr-
RISON et al. 1995) to express Ras"’ in the fat body but
not in the hemocytes (e16E also shows expression in
the imaginal discs, gut, and cuticle). This leads to pupal
lethality but has no effect on the number or morphology
of circulating hemocytes (data not shown). Therefore
the increased number of hemocytes in Ras-act larvae
probably does not cause the observed lethality.

We next examined whether the large increase in Ras-
act larval hemocyte numbers is due to an increase in

Ficure 2.—Expression of activated hop or Ras
causes abnormalities in the circulating larval he-
mocytes. (A-C) Phase-contrast images of unfixed
hemocytes from third instar larvae of (A) wild
type, (B) CgGALA/+ UAS-hop'"'/ CgGALA, and
(C) UASRas'"?/ CgGALA. Overexpression of both
hop™™ and Ras'” causes increases in circulating
hemocyte number compared to those in the con-
trol. (D) Phasc-contrast image of fixed hemocytes
from UASRas''?/CgGAL4. (E) Same field as in
D, stained with H2, a marker expressed by all
hemocytes and visualized by Cy3 fluorescence. (F)
A merged image of hemocytes stained with
phosH3 visualized by FITC (green) and H2 visual-
ized by Cy3 (red).
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FIGURE 3, —Injection of Ras'” hemocytes into wild-type
adult females reduces survival. Survival curves of female flies
injected with either control buffer or 1000 hemocytes each
from OreR, Ras'"?, or l(3)mbn larvae. A total of 50, 131, or 139
wild-type female flies were injected with hemocytes from OreR,
Ras"?, or I(3)mbn, respectively. At least 200 wild-type flies were
injected with the control buffer. Hemocytes from [(3)mbn or
Ras"? larvae reduce the survival of wild-type hosts compared
to buffer or hemocytes from OreR larvae.

the proliferation of hemocytes or to a block in cell
death. We obtained several lines of evidence to suggest
that the mutant cells do indeed overproliferate. First,
we cultured the Ras-act hemocytes in the abdomen of
wild-type adult flies. Previous studies have shown that
cells from tumorous lymph glands can be serially pas-
saged in the abdomen of adult flies (HANRATTY and
Ryerse 1981). Following injection with Ras-act hemo-
cytes, the abdomen of the injected flies became en-
larged, and 64% of the injected flies died within 3 days
(Figure 3). These changes are associated with the over-
proliferation of cells within the host (HANRATTY and
RyERSE 1981). A similar result was obtained when hemo-
cytes from lethal(3) malignant blood neoplasm-1 [I(3)mbn-1]
mutant larvae were injected into the abdomen of adult
flies (Figure 3). The /(3)mbn mutant is another example
of a mutant that has increased numbers of circulating
hemocytes (GATEFF 1978; KONRAD ¢t al. 1994). In con-
trol animals injected with the same number of wild-type
hemocytes, only 24% of the host animals died (Figure
3) and the abdomen of the injected flies showed no
change in size. In control animals injected with the
injection buffer, only 10% of the host animals died
(Figure 3). The Ras-act hemocytes can be repeatedly
passaged in the abdomen of adult flies (data notshown),
and during this process they retain their original size
and morphology and continue to express the pan-hemo-
cyte marker H2. These results suggest that the mutant
hemocytes proliferate in the adult abdomen and cause
the death of the animal.

Second, we stained circulating larval hemocytes with
anti-phosH3, a marker that stains chromosomes in cells
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FIGURE 4.—Large increase in hemocyte number caused by
hyperactivation of the Ras-RafMAPK pathway. The hemo-
lymphs from at least eight different third instar larvae were
examined for each genotype, and the average number of circu-
lating hemocytes are presented with the standard deviation.
The expression of Ras'"? or DRaf*in hemocytes using CgGAL4
causes an ~~40-fold increase in the number of circulating he-
mocytes. Co-expression of p21, the CDK inhibitor, with Ras"?
causes a significant decrease in hemocyte number compared
with using Ras"’? alone. Expression of 35, which blocks cas-
pase-mediated cell death, does not increase hemocyte cell
number relative to controls. Ras double mutations that disrupt

interactions with Raf, as well as reduction of »/ MAPK gene

dosage, suppress the Ras"“induced proliferation. Student

ttests show a significant difference in hemocyte numbers (P<
0.01) between UAS-Ras"?/€gGAL4 and all other genotypes
shown except for UAS-DRaf*!/CgGAL+4 and UAS-Ras"*”/
CgGALA.

undergoing mitosis. In a population of proliferating
cells, only a small proportion of cells undergoes mitosis
and stains with phosH3 at any given time (HENDZEL et
al. 1997). We found that 0.32% (%0.49) of hemocytes
stain with phosH3 in control larvae. Qiu et al. (1998)
obtained a comparable number of phosH3-staining he-
mocytes from wild-type larvae. In contrast, a significantly
larger proportion (P < 0.01) of Ras-act hemocytes
(3.93% = 1.27) stained with this antibody (Figure 2, E
and F), indicating that Ras-act hemocytes actively divide
while in circulation.

Third, the cyclin-dependent kinase inhibitor, p21, has
previously been shown to block the entry of cells into
S-phase in Drosophila (DE Noorj and HARIHARAN
1995). If Ras*” induced an overproliferation of hemo-
cytes, expression of p21 would be expected to block
their division. We found that the increase in Ras™ he-
mocyte numbers produced is indeed largely suppressed
by coexpression of p21 in hemocytes (Figure 4), sug-
gesting that Ras"" promotes cell proliferation.
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TABLE 1
Induction of lamellocytes after parasitization with L. boulardi

Genotype % of L1* cells

OreR control 0

OreR infested 24 (8)
Experiment 1

GAL4/UASRas control 2.2 (0.4)

GAL4/UASRas infested 4.8 (0.6)
Experiment 2

GAL4/UASRas control 11.0 (3.4)

GAl.4/UASRas infested 26.8 (7.4)

In each group, at least eight larvae were dissected, and the
mean number of L1* cells are presented with the standard
deviation given within parentheses.

Fourth, the expression of the caspase inhibitor p35
in hemocytes does not cause an appreciable increase in
hemocyte number. p35 has previously been shown to
block apoptotic cell death in Drosophila (Hay et al
1994). If the Ras*" phenotype is caused primarily by a
block in cell death, we would expect a suppression of
cell death in wild-type larval hemocytes to cause an in-
crease in their number. Our results suggest that the
Ras*™ phenotype is not related to alterations in cell death.

Functional tests for Ras"%expressing hemocytes: We
next determined whether the Ras-act hemocytes were
capable of performing any of the functions associated
with wild-type hemocytes, including the phagocytosis of
bacteria and the accumulation of lamellocytes in re-
sponse to an immune challenge. We performed an in
wvitro assay for phagocytosis, in which 500 hemocytes of
each genotype were examined for their ability to enguif
FITClabeled E. coli. The control OreR plasmatocytes
engulfed an average of 10 bacteria/cell, while the Ras-
act counterparts engulfed an average of 5 bacteria/cell.
Therefore, the Ras-act hemocytes are capable of phago-
cvtosing bacteria, but are slighdy less proficient than
wild-type hemocytes. '

We also observe cells that morphologically resemble
lamellocytes in the Ras-act larvae. They range in number
from 1 to 3.5% and express L1, the lamellocyte-specific
marker (data not shown). If wild-typc larvae are im-
muno-challenged by L. boulardi, a parasitic wasp that lays
its eggs inside the Drosophila larvae, the lamellocytes
increase in number and function in encapsulating the
wasp eggs (Russo et al. 1996). To test whether the Ras-
act larvae are capable of an increase in lamellocyte dif-
ferentiation upon immune challenge, we allowed them
10 be parasitized by L. boulardi. In two independent
experiments, the percentage of Ll-positive celis in-
creased in the wasp-infesied Ras-act larvaec compared to
thatin unchallenged Ras-act larvae (Table 1). This result
indicates that lamellocyte differentiation can occur in
Ras-act larvac.

The Ras’ overproliferation phenotype is mediated
by the Raf-MAPK pathway: The proliferative effect of
Ras could be mediated via the Rafmitogen-activated
protein kinase (MAPK) pathway or could involve other
cffectors distinct from Raf. We therefore tested the ef-
fect of overexpressing a gain-of-function allele of Dro-
sophila Raf (DRaf*) in the larval hemocytes. The ex-
pression of DRaf*in hemocytes also results in a massive
increase in hemocyte number (Figure 4), similar to that
seen with the expression of Ras**? (Figure 4). This indi-
cates that Raf activation alone is sufficient to induce
hemocyte proliferation.

We also looked at the effects of reducing the function
of genes located downstream of Ras in this pathway.
Ras-act larvae that were hemizygous for a DRaf loss-
offunction allele (DRaf"?*) had fewer hemocytes than
wild-type larvae did (data not shown). This is consistent
with previous observations that a complete loss of Raf
function causes an almost total loss of hemocytes, most
likely due to a decrease in cell viability (Luo et g, 2002),
Thus, expression of activated Ras cannot bypass this
requirement for Raf. Ras-act larvac that were heterozy-
gous for a loss-of-function mutation in the r/ gene that
encodes MAPK (BIGGs et al. 1994) had a threefold de-
crease in hemocyte count compared to that of Ras-act
(Figure 4). A complete lack of rl function (rf%/rif%)
in Ras-act larvae results in very few hemocytes, similar
to that seen in larvae homozygous for ri*# or in larvae
lacking Raf function (data not shown). These results
indicate that MAPK function is essential for Ras-medi-
ated signaling in cell proliferation.

Activated Ras has been shown to interact directly with
other effectors in addition to Raf, including PI3-kinase
and Ral.GDS (Karz and McCormick 1997). To test for
the involvement of these effectors, we took advantage
of three Ras effector loop mutants previously used in
mammalian cell culture experiments (WHITE et al. 1995;
JonEsON et al. 1996; KHOSRAVI-FAR et al. 1996) and in
Drosophila wing development (KariM and RuBiN 1998).
In addition to the V12 mutation, these effector loop
mutants carry a second amino acid substitution in the
Ras effector domain. The mutant Ras""2“ interacts with
PI3-kinase but fails to interact with Raf or Ral.GDS.
Ras"2%" can bind to Ral.GDS but does not interact with
Raf or PI3kinase, and Ras*'*%” interacts with Raf but
fails to bind Ral.GDS or PI3-kinase. The expression of the
first two mutant forms of Ras (Ras™?“* and Ras"2%") in
hemocvtes results in a significant reduction in their
numbers (P < 0.01) compared with the massive hemo-
cyte numbers seen with the expression of Ras'** alone
(Figure 4). These two mutants also partially suppress
the lethality associated with the cxpression of Ras*" in
hemocytes. Since both these mutants fail to interact with
Raf, these results indicate that Raf plays an important
role in Rasl-mediated signaling. In contrast, the expres-
sion of Ras"?’¥, a mutant that interacts with Raf but
fails to bind Ral.GDS or PI3-kinase, displays an overproli-
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feration of hemocytes similar to that seen in Ras-act
larvae (Figure 4). This result shows that an impaired
ability of Ras to interact with PI3-kinase or Ral.GDS does
not obviously affect Ras-induced proliferation. However,
the number of hemocytes observed in the first two mu-
tants (7.e., those that do not activate Raf) is still increased
compared to that in wild type. This result suggests that
the effector loop mutants may retain some residual activ-
ity or that other effectors may also contribute in a minor
way to thc Ras-induccd overprolifcration.

Microarray analysis of Ras-expressing hemocytes: To
identify those genes whosc expression correlates with
oncogenic Ras-induced cell overproliferation, we exam-
ined expression profiles of genes using oligonucleotide
microarrays. There is a 10fold increase in the number
of Ras-act hemocytes (192 X 10°/ul) compared with
that of Ras-wt hemocytes (18 X 10°/ul). Therefore, a
comparison of the patterns of gene expression between
these two populations of hemocytes is likely to identify
those genes whose expression is altered by increasing
Ras activity.

Using Affymetrix Drosophila oligonucleotide micro-
arrays, we compared the expression profiles of >13,000
genes between the two populations of hemocytes. Ex-
pression of 6123 transcripts was detected as present in
Ras-act and 4644 transcripts as present in Ras-wt hemo-
cytes. In a comparative analysis of Ras-act to Ras-wt he-
mocytes (see MATERIALS AND METHODS) there is at least
a threefold increase in the expression of 279 genes
(Table 2 and supplementary information at hitp:/
www.genetics.org/supplemental/). The expression of 76
genes is decreased threefold or more in Ras-act com-
pared with that in Ras-wt. These genes are not discussed
further in this article, but are included as supplemcntary
information at http:/www.genetics.org/supplemental/.

Among the genes that are most strongly induced in
Ras-act hemocytes are CG16731, a putative prophenol-
oxidase activator (128fold), string (27-fold), and Cks
(25-fold; Table 2). Crystal cells contain the enzymes and
substrates required for melanization (Rizkr et al. 1985).
Prophenoloxidase, the inactive precursor of phenol oxi-
dase, is activated in the crystal cells by a series of serine
proteases, the last of which is a prophenoloxidase activa-
tor. string encodes a phosphatase that activates the mi-
totic kinase, Cdk1 (Cdc2), and promotes the Gy/M tran-
sition in the cell cycle (EDGAR et al. 1994). The role of
Ras in activating string transcription has not previously
been docwnented. Cks encodes a protein that associates
with cyclin/cdk complexes, but whose precise function
is not known (Spruck ét al. 2001).

Among the 279 genes that had a >3-fold increase in
expression in Ras-act, 17 genes have functions related
to cell cycle regulation and 16 genes function in DNA
replication or mitosis (Table 2). The increased expres-
sion of some of these genes may be directly related to the
increased proliferative capacity of Ras-act hemocytes.

TABLE 2
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Gene expression induced by activated Ras in hemocytes

Name Average SLR
Cell cycle
CG1395 stg 4.77
CG3738 Cks 4.68
CG12306 polo 3.73
CG4274 fzy 2.79
CG3938 CycE 2.77
CG7838 Bubl 2.69
CG5363 cdc2 2.97
CG4488 wee 2.32
CG5814 CycB3 2.24
CG3000 rap/Fzr 2.15
CG1772 dap 2.08
CG11886 Slbp 1.95
CG10895 loki 1.88
CG17498 1.67
CG7581 Bub3 1.61
CG4711 grp 3.05
CG6235 tws 1.66
Mitosis/DNA replication/repair
CG10422 ham 4
CG5923 DNApol-alpha73 2.99
CG5371 RnrL 2.76
CG6920 mus309 2.71
CGC5052 pim 2.67
CG4082 Mcem5 2.5
CG1616 dpa 2.35
CG11397 gluon 2.25
CG10726 barren 2.22
CG18608 prod 2,18
CG9633 Rpa-70 2.15
CGY193 mus209 2.11
CG4978 Mcm7 2.11
CG8975 RnrS 2
CG8142 1.63
CG13327 CapG 1,62
CG4208 XRCC1 1.62
CG3041 Orc2 2.35
CG9273 2.14
CG5553 DNAprim 5.04
Ligand/receptor
CG6127 Ser 3.97
CG6134 spz 1.93
CGb5372 a PS5 3.94
CG3212 3.48
CG6536 2.45
CG16827 a PS4 213
CG6553 2.4
CG1762 betalntnu 2.17
CG4823 1.99
CGb5490 T1 1.62
Cytoskeleton/actin/microtubule
CG12008 karst 3.78
CG18152 CalpA 2,93
CG18152 CalpA 2.2
CG7940 2.19
(continued)
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TABLE 2 TABLE 2
(Continued) (Continued)
Name Average SLR Name Average SLR

CG2092 scraps 2 CG10214 2.27
CG14996 Chd64 2.4 CG3333 Nop60B 1.75
CG2916 Sep 2.16 CG7487 RecQ4 2.4
CG1768 dia 1.8 CG7504 2.37
CG8705 pnut 1.72 CG4152 1(2)35Df 1.71
CG7438 MyoS1DF 1.72 CG4033 RpI135 1.27
CG10076 spir 2.44 CG5887 desatl 222
CG6875 asp 3.51 CG1633 Jafracl 2.18
CG9191 Kip61F 2.99 CG3635 1.84
CG10923 Klp67A 2.96 CG10120 Men 1.98
CG7831 ndc 2.45 CG3038 1.84
CG1258 pav 2.04 CG5999 2.04
CG5981 stai 1.99 CG5731 2.09
CG1451 Apc 1.74 CG4829 1.92
CG6392 cmet 2.36 CG4435 FucTB 215
CG18436 Ppn 1.95 CG10234 Hs2st 1.95

Signal transduction gggg?ig gﬁ?)?l AB ;ZQ
€G1225 3.12 CG4200 s1 1.97
CG18511 Ggamma30A 2.67 CG12014 1.79
CG13345 Rac GAP 2.32 . '

- CG10242 Cypta23 3.82
CG10379 mbe 23 CG10246 Cypb6a9 9.19
CG4276 aru 1.65 CCa59 P ‘

523 2.23
CG15015 2 CG7649 911
CG5820 Gp150 3.15 ' -
CG5201 Dad 1.9 Transporter/ligand binding/carrier
CG3048 Trafl 2.66 CG1208 3.19
CG4394 Traf3 1.99 CG10960 3.15
CG7207 2,73 CG1063 Itpr83A 2.63
CG'7186 SAK 2.73 CGY023 Drip 1.69
CG8173 2.33 CG3874 frc 1.94
CG10522 1.86 CG5485 1.85
CG7719 PkI1C 1.84 CG10997 1.96
CG14211 24 o
CG2096 fiw 1.98 Transcription factor
CG7643 1.88 CG4059 fzfl 2.78
CG18355 Btk29A 1.76 CG1689 lz 2.51
CG6656 1.67 CG18376 lola 23
CG4551 smi35A 1.63 CG8933 exd 1.98
CGS3705 aay 1.6 CG2670 Taf55 2.16
CG18069 CaMKII 1.6 CG12233 Dspl 2.11
CG4029 jumu/Dom 2.02
Metabolism CG8815 Sin3A 1.99
CG16731 7.05 CG9207 1.88
CG5779 Bc 1.85 CG5441 dei 1.85
CG14527 2.02 CG7664 crp 1.82
CG16918 1.91 CG11988 neur 1.6
CG6639 1.62 CG6964 Gug 2.21
CG4948 Tequila 1.99
CG17109 2.9 Othex
CG6687 2,61 CG10939 Sip1 411
CG17530 41 CG5581 Ote 2.85
CG4381 pseudogene GstD 2.99 CG1847 1.63
CC17523 218 CG1966 Acfl 1.78
CG5452 dnk 2.52 CG4236 Cafl 1.68
CGl411 CRMP 8.64 CG12846 Tsp42Ed 2.38
CG11811 169 CG14066 Larp 92.99
CG10564 Ac78C 1.88 Cg4475 Idgf2 2.21
(continued) (continued)
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TABLE 2 TABLE 2
(Continued) (Continued)
Name Average SLR Name Average SLR
CG10939 plx 2.69 CG9328 2.02
CGI772 1.66 CG14557 1.9
CG13399 Chrac-14 1.66 CG6264 best 1.88
CG3091 2.74 CG6910 1.85
CG'7565 2.59 CG8436 1.84
CG10119 LamC 1.84 CG9625 1.8
CG7421 Noppl40 1.63 CG8317 1.77
CG14941 esc 2.75 CG5951 1.61
CG2163 Pabp? 1.82 CG4239 1.61
CG7741 1.68 CG12819 2.28
CG1591 REG 1.93 CG15211 1.63
CG3864 thioredoxin 1.8 CG11120 4
CG5055 baz 1.83 CG16873 19
CG5884 par-6 1.65 CG15347 1.797
CG3525 eas 1.82 CG10722 3.02
CG5354 pie 1.76 CC17383 9293
CG9695 Dab 1.72 CGR486 8.54
CG9999 Sd 1.68 CGY752 9
CG17252 BCL7ike 1.68 CG9917 1.8
CG5303 mei-S332 1.6 CG16876 3.34
CG7052 Tep2 2.48 CG10927 1.85
CG5670 Atpalpha 2.36 CG6579 293
, CG12592 1.88
CG5807 Unknowm 1.99 ggégﬂs ’;-g}
(4 [ " -
ggggg; H@osse }3? CG7763 3.52
CG11207 3.9 CG5100 1.74
CG10433 3.65 CG6643 2.32
CG9188 8.81 CG15707 2,23
CG14253 3.15 CG6249 1.68
CG2213 2.81 CG11399 1.66
CG6874 2.79 CG11314 1.66
CG10364 msh1lL 2.65 CG10191 2.76
CG14610 2.52 CG15513 299
CG18316 2.46 CG7845 1.89
CG13283 2.42 CG10359 1.99
CG15891 2.38 CG6Y54 1.95
CG8902 1.88 CG12702 3.35
CG7795 2.03 CG5690 2.04
CG11451 298 CG3221 1.88
CG17064 1.78 CG8924 2.55
CG18253 1.74 CG2199 1.59
CGC6983 3.47 CG12260 2.02
CG15740 3.27 CG12744 1.66
CG7242 2.96 CG10631 1.62
CG17269 2.72 CG10512 22
CG9241 2.49 CG7120 2.05
CG3278 2.53 CG18088 3.35
CG7730 2.19 CG2065 2.05
CG1558 2.1 CG8058 1.9
CG7272 2.09 CG7593 1.64
CG15713 2.09 CG18522 2.24
CG88s6 1(2)05714 2,09 CG4735 2.85
CG8247 2.06 CG7670 4.6
CG6321 2.03 CG6477 4.44
CG18156 2.02 CG6416 3.86
(continued) (continued)
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TABLE 2 TABLE 3
(Continued) Changes in hemocyte gene expression
Name Average SLR Hemocyte Detection in - Detection in - Average  Fold
genes Ras-wt Ras-act SLR  change

CG3533 uzip 1.89
CG18228 3.38 stp Present Present 0.98 1.97
CG17219 2.7 gom Absent Absent -1 1
CG13162 2.62 k Absent Present 25 5.7
CG10420 1.78 Be Present Present 1.85 3.6
CG3362 2.53 g Present Present 0,97 1.96
CG12065 1.75 Pxn Present Present -0.9 0.9
CG9576 1.68 Cg Present Present -0.72 0.72
CG4880 1.61
CG3238 3.04
CG7139 1.88

Genes that are more than threefold induced in Ras-act he-
mocytes compared to those in Ras-wt hemocytes are presented
here. SLR or signal/log ratio is a log to the base 2 value
of the fold change; therefore a value of 1.6 is more than
threefold.

Interestingly, the genes upregulated include both posi-
tive and negative regulators of cell cycle progression.
Among the positive regulators that were induced are
string (27-fold), cyclin E (6.8-fold), ede2 (7.8fold), and
oyelin B3 (4.7fold). Negative regulators of cell prolifera-
tion upregulated include dacapo (4-fold) and weel (5fold).
Genes induced include those that regulate the G,/S
transition (e.g., cyclin E, dacapo) as well as those that
regulate Go/M (string, weel, cyclin B3). Expression of
oyclin B (24fold), eyclin A (2.9-fold), cdk2 (1.9fold), and
cdk4/6 (2.4fold) is also increased (supplementary infor-
mation at http:/ www.genetics.org/supplemental/). Ex-
pression of ¢yelin D, a cyclin that has been shown to
promote growth in some situations (DATAR et al. 2000),
is not increased.

Among the genes known to regulate hemocyte fates
in Drosophila, expression of lozenge (&) is increased
5.7fold in Ras-act hemocytes (Table 8). &z expression is
necessary for crystal cell fate specification and 2 mutants
lack crystal cells (Rizk1 et al. 1985; LEBESTKY et al. 2000).
Although & is induced in Ras-act hemocytes, we do not
ohserve a significant increase in morphologically recog-
nizable crystal cells in Ras-act larvae. However, these
cells appear to express much higher levels of both a
putative prophenoloxidase activator (128fold) and
Black cells (Bc; 3.6fold), which encodes monophenol
oxidase (Tables 2 and 3). Both these enzymes are be-
lieved to function in crystal cells (Rizkr e al. 1983).
Thus, increased Ras activity may increase the expression
of a subset of crystal-cell-specific genes. The transcrip-
tion factor, serpent (s7p), is cssential for the development
of all embryonic hemocytes (REHORN ef al. 1996). srp
expression is increased in Ras-act hemocytes by 2-fold
(Table 8). The transcription factor, gem, has been shown
to be necessary for plasmatocyte fate specification (BER-

NARDONI et al. 1997). Expression of gem is not detected
in either Ras-act or Ras-wt hemocytes (Table 3). This
may correlate with our finding that thesc cells do not
express the plasmatocyte-specific marker, P1. However,
peroxidasin (Pxn) and croquemort (crg), genes that are
expressed in normal plasmatocytes (NELSON et al, 1994;
Franc et al. 1996), are expressed to similar levels in
both Ras-wt and Ras-act hemocytes (Table 3). Thus,
increasing Ras activity does not cause a general increase
in the expression of genes normally associated with plas-
matocytes.

DISCUSSION

Ras has been well studied as a mammalian oncogene.
Mutations that activate Ras represent one of the steps
in the formation of many types of human cancers (Bos
1989). Activation of Ras alone is rarely oncogenic. Thus
the precise contribution of Ras to the multi-step trans-
formation process and the way in which Ras interacts
with other oncogenic events is still not well understood.
We have shown that overexpression of wild-type Ras or
activated Ras alone can induce hemocyte overprolifera-
tion in Drosophila. This one-step model of Ras-induced
leukemia may thus represent a valuable system to char-
acterize the link between increased Ras activity and un-
controlled cell proliferation.

Previous studies by others have shown that activated
Ras can induce growth and cell proliferation in Dro-
sophila (Karim and Rusin 1998; ProBER and EDGAR
2000). Expression of activated Ras in Drosophila imagi-
nal discs results in disc overgrowth. Analysis of patierns
of BrdU incorporation and apoptosis showed that some
of the consequences of Ras overexpression were the
result of nonautonomous mechanisms (KAriM and
RuBiN 1998). These nonautonomous mechanisms have
not yet been elucidated. Expression of activated Ras in
clones of cells in the wing imaginal discs showed that
increased Ras activity rcsults in increased cell growth
(mass accumulation). Increased Ras activity also results
in cell death in the intervein regions of the wing when
cells have to undergo terminal differentiation (PROBER
and EpGar 2000). In contrast, the hemocyte overproli-
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feration that we describe generates a more uniform cell
population, most likely resulting from a cell-autono-
mous effect of Ras in the hemocytes. Therefore, Dro-
sophila hemocytes might represent a simpler system to
clucidate the molecular mechanisms underlying Ras-
induced neoplastic cell overproliferation.

Ras can induce an overproliferation of functional yet
abnormal hemocytes: We have shown that the overex-
pression of activated Ras in Drosophila hemocytes re-
sults in a leukemia-like overproliferation. These circulat-
ing hemocytes appear to be normal by several functional
criteria. The majority of the overproliferating hemo-
cytes resemble wild-type plasmatocytes in their morphol-
ogy and are capable of phagocytosis. Moreover, lamello-
cytes accumulate when Ras-act larvae are parasitized in
the wasp assay. The Ras-act hemocytes also express sev-
eral markers associated with normal plasmatocytes, in-
cluding peroxidasin and croquemort.

At the same time, the mutant hemocytes differ from
their wild-type counterparts in their expression patterns
of known plasmatocyte markers. The mutant hemocytes
do not express the epitope, recognized by the P1 mono-
clonal antibody that is found on all mature plasmato-
cytes (E. Kurucz, P. ViLmos, 1. Nagy, Y. CARTON, L
Ocsovszki, D. HuLTMARK, E. GATEFF and 1. ANDO, un-
published results). Further, microarray analysis demon-
strated that these cells do not express gem, a transcrip-
tion factor that is expressed in normal plasmatocytes
(BERNARDONI et al. 1997). These cells also appear to
express several transcripts that are normally expressed
in crystal cells, including the transcription factor lozenge,
the CG16751 gene encoding a prophenoloxidase activa-
tor, and Bc encoding a monophenol monooxygenase.
Although we did not observe an increase in morphologi-
cally recognizable crystal cells in Ras-act larvac, when
these larvae are subject to a heat assay (RizxI e al. 1985;
LEBESTKY ¢t al. 2000), we find a considerable increase
in the number of black cells (data not shown). These
findings can be explained in several ways. The cells may
represent multi-potential stem or precursor cclls that
are capable of giving rise to both plasmatocytes and
crystal cells. Alternatively, these cells may not corre-
spond to any population of cells found during normal
hematopoiesis, as increasing Ras activity beyond physio-
logical levels may result in the expression of inappropri-
ate combinations of genes. The latter possibility is sup-
ported by the abservation that wild-type plasmatocytes
co-express croquemortand gem (BERNARDONI el al. 1997),
unlike Ras-act hemocytes.

Our data indicate that activated Ras induces hemocyte
overproliferation in Drosophila through a Raf/MAPK
pathway. The Ras-induced overproliferation of hemo-
cytes can be suppressed by mutations that reduce signal-
ing via D-Raf or by reduced activity of the rl MAP kinase.
Further, the overexpression of an activated Raf con-
struct resulted in a large increase in the concentration
of circulating hemocytes (Figure 4).

The Ras-induced overproliferation can also be sup-
pressed by overexpression of the human cdk inhibitor
P21. The Drosophila ortholog of p21, dacapo, has been
shown to bind and inactivate cyclin E/cdk2 complexes
(pE Nooyj et al. 1996; LANE et al. 1996). Thus the Ras-
induced overproliferation appears to require active
cyclin E/cdk2 complexes and cannot bypass their func-
tion. Moreover, the levels of cyclin E and string RNA,
both of which have been shown to be induced by E2F
(NEUFELD et al. 1998), are elevated in Ras-act hemocytes.
Thus Ras-induced hemocyte overproliferation may oc-
cur via increased E2F activity.

Changes in gene expression induced by Ras: By com-
paring the RNA samples from Ras-act and Ras-wt hemo-
cytes, we have been able to assess the transcriptional
changes over the entire predicted genome that result
from an increase in Ras activity in a specific lineage. To
our knowledge, this is the first description of a whole-
genome, in vivo analysis of Ras-mediated changes in
transcription, Other studies have examined the tran-
scriptional changes resulting from an increase in Raf
activity in a human breast epithelial cell line, although
only a portion of the human genome was analyzed
(ScHULZE et al. 2001).

One overall finding is that many of the genes that
are upregulated in Ras-act cells include genes that func-
tion in cell cycle regulation and DNA replication. These
genes include both positive and ncgative regulators of
cell proliferation. The cyclin-dependent kinase inhibi-
tor dacapo (which antagonizes the function of cyclin
E/cdk2 complexes), as well as the weel kinase (which
inactivates cdc2), are both induced. There is currently
no known function for either gene in promoting cell
cycle progression. Thus the induction of these genes
may represent a negative feedback mechanism that at-
tempts to reduce cell proliferation under conditions of
excessive cell proliferation. Another possibility is that
these two genes have roles in promoting cell cycle pro-
gression that are currently unknown. Our microarray
data also show that regulators that promote all stages
of cell cycle progression are induced, not only those
that promote the G,/S transition. Our data therefore
suggest that both the G,/S and Gy/M cell cycle transi-
tions may be influenced by an increase in Ras activity.

A second finding is that many of the transcriptional
targets known to be induced by Rasl in other tissues
are not induced in Ras-act hemocytes. Therefore, al-
though the RTK/Ras pathway induces the expression
of phyllopod (CHANG et al. 1995; DICKSON et al. 1995;
TANG et al. 1997) in the eye disc, mirror in the ovary
(JorpAN et al 2000), and blistered and ribbor in the
tracheal cells (NUssSBAUMER ¢t al. 2000; BRaDLEY and
ANDRew 2001), none of these genes are obviously in-
duced in Ras-act hemocytes. This is consistent with tis-
sue-specific factors acting together with Ras to deter-
mine which target genes are expressed in each cell type.
Another gene whose expression is modulated by Ras
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activity is the pro-apoptotic gene, hid (also known as
Wrinkled). It is believed that the anti-apoptotic effect
of Ras in embryos is mediated in part by a reduction
in hid wanscription (Kurapa and Warre 1998), Our
analysis demonstrates that the #id RNA level does not
decrease in Ras-act cells, indicating that this mechanism
may not be of importance in hemocytes. Ras may still
inactivate hid in these cells via MAPK-mediated phos-
phorylation of the Hid protein. Other pro-apoptotic
genes like reaper or grim are not expressed in either Ras-
wt or Ras-act hemocytes.

Finally, our data indicate that the large overprolifera-
tion of hemocytes in response to activated Ras does not
lcad to a general activation of the immune response.
Among the 134 Drosophila immune-regulated genes
induced by septic injury and fungal infection (DE Gre-
GORIO ¢t al. 2001), only 6 genes are upregulated and 4
genes are downregulated by a factor of 3 or more in
Ras-act hemocytes. The 6 upregulated genes in Ras-
act are Tep2 (complement like), a-2M receptor like
{complement binding), a trypsin-like serine protease
(phenol oxidase cascade), a serpin (serine protease in-
hibitor), spz (antifungal response), and Tl (antifungal
response). The 4 downregulated genes include Tepl
(complement like), Rel (transcription factor), Metchni-
kowin (antimicrobial response), and a lipase.

Concluding remarks: Activated versions of both Ras
and the Hop Jak kinase induce leukemia-like pheno-
types in Drosophila larvae. Further, it is possible to iso-
late sufficient quantities of larval hemocytes to conduct
microarray expression studies. By comparing the expres-
sion profiles from different oncogene-induced leuke-
mia cells, coupled with mutational analysis of the newly
identified targets, it should be possible to systematically
characterize the critical, oncogene-specific target genes.
This approach could prove beneficial to the treatment
of human cancers.
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Osi 6rokségiink: a velesziiletett immunitds
A Drosophila sejtes immunitasa
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A szerz6k ismertetik az ecetmuslica sejtes immunitd-
sanak sejtes elemeirdl eddig szerzett ismereteinket.
Bemutatjdk az dltaluk kidolgozott Drosophila CD-
rendszert, a CD antigének segitségével felismert
differencialéddsi vonalakat és a differencialédas
leirasdra kidolgozott kisérleti modellt.
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Our archaic heritage: the innate immunity.
The cellular immunity of Drosophila
Authors describe the essentials of the cellular immu-
nity of Drosophila. They describe the Drosophila CD
system, the main blood cell lineages and a blood cell
differentiation model based on the expression of the
CD antigens.
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soksejti szervezetek szdmdra a mikroorganiz-
A musok dllandé fenyegetést jelentenek. Ezért a

fajok fennmaraddsdnak és az evollciénak
alapvetd feltétele a soksejtliek hatékony védekezd rend-
szerének mUikodése, ez elpusztitja és eltavolitja a szer-
vezetbdl a mikroorganizmusokat és a parazitdkat. E fo-
lyamatok elsé lépése a betolakodok felismerése a vele-
sziiletett immunitds elemei dltal, a mintdzatfelismeré fe-
hériéken és -receptorokon keresztil. A felismerést
fagocitézis, antimikrobidlis peptidek termelése, vagy a
testidegen részecskéknek a gazdaszervezeten belllli el-
hatdroldsa koveti. A betolakoddkat felismerd recepto-
rok a mikroorganizmusok vagy parazitdk egy-egy na-
gyobb rendszertani csoportjaira jellemzé struktdrdkat is-
merik fel, ezek szerkezetiikben alapvetéen kiilénbdznek
a gazdaszervezet sajdat antigénijeitdl. A szerzett immuni-
tds a térzsfejlédés sordn a porcos halak &seiben jelenik
meg elGszor, és a veleszlletett immunitdssal ellentétben
az egyedfejlédés sordn genetikailag dtrendezett recep-
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torokat haszndl a T- és a B-lymphocytdkon. Ezek a re-
ceptorok végtelen szamu, az adott mikroorganizmusra
jellemzS egyedi struktardk felismerésére képesek, az
egyedi struktirdk dltal médositott sajat antigének felis-
merésén keresztil. Fontos megjegyezni, hogy a szerzett
immunitdssal rendelkez8 szervezetek valamennyien
rendelkeznek a velesziiletett immunitdssal. Ezekben a
szervezetekben a velesziletett immunitds elemei részt
vesznek a szerzett immunitds (ellenanyag-termelés és T-
sejt-vdlasz) miikédésében és az effektorfolyamatok ird-
nydnak a megszabdsdban. Az elmult évszazadban a fi-
gyelem elsdsorban a szerzett immunitds megismerésé-
re Osszpontosult, és csak a szdzadfordulé felé kezd6daott
el a veleszuletett immunitds részletesebb vizsgdlata. Az
érdeklédés el6szér a nagytestii izeltlabuak (Cecropia,
Manduca) felé fordult, de a Drosophila (ecetmuslica)
genetikai rendszerének megismerése, majd genom-
janak szekvendldsa és a kédolérégiék meghatdrozdsa
ezt a fajt helyezte a kisérletek kb6zéppontjaba. A mole-
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kuldris genetika eszkéztdra a Drosophila genom megis-
merésével kombindlva egyedi lehetSségeket kindl;
nemcsak in vitro, hanem in vivo is végezhet§ a veleszu-
letett immunités komplex genetikai, genomikai analizi-
se. Mindez akkor vdlik lehetévé, ha azonositjuk a vele-
szliletett immunitds sejtes elemeit, a differencidlédasi
vonalakat a prekurzoroktél a termindlisan differencidlé-
dott sejtekig, jellemezziik az effektorfunkcidkat és ezen
keresztil egy-egy sejtpopuldcidhoz vagy effektorfunk-
ciéhoz kétjik a génexpressziés mintdzatot.

A rovarok immunvédekezése

A fajok szdmdt és vdltozatossagdt tekintve a rovarok
az élévildg legsikeresebb tagjai. Becslések szerint a
jelenleg él8 fajok 90%-ét alkotjdk; mind a szérazf6l-
don, mind a vizekben széleskoriien elterjedtek. Elghe-
lyliket potencidlis ellenségeikkel, mikroorganizmusok-
kal és soksejtli parazitdkkal osztjdk meg, amelyekkel
éllandé kiizdelemben dlinak. A malt szdzad elején
mdr nyilvanvalévé vdlt, hogy a rovarok humordlis és
sejtes elemekbdl dll6, hatékony immunrendszerrel vé-
dekeznek a betolakoddkkal szemben.

A humordlis immunvélasz, a fertzések dltal kival-
tott antimikrobidlis peptidek termelésének folyama-
ta, j6l ismert. Tudjuk, hogy a fertézés a rovarok
zsirtestjét, a gerincesek mdjanak funkciondlis homo-
16gjdt és egyes vérsejteket indukdl, ennek eredménye-
ként antimikrobidlis peptidek termelédnek. A pep-
tidek a mikroorganizmusokkal tértént kélcsdnhatdst
kdvetSen beépliilnek a sejtmembrdnba és az ionhdz-
tartds felboritdsdval okozzédk a mikroorganizmusok
pusztuldsét. Ez a humordlis vdlasz nem rendelkezik az
ellenanyagokhoz hasonlé specifitdssal, memdridval,
viszont nagyfokd hasonlésdgot mutat a gerincesek
akutfdzis-vdlaszdval.

A sejtes immunvdlaszt elsGsorban morfolégiai
szempontbdl sikerult jellemezni; nagyon keveset tu-
dunk azokrdl a sejtekhez kapcsolt folyamatokrdl,
amelyek sordn a tdmadé mikroorganizmusok és pa-
razitdk felismerését kdvetéen a mikroorganizmusokat
bekebelezi, vagy a parazitdkat elhatdrolja a gazda-
szervezet.

A sejtes és a humordlis immunvdlaszt megelézéen,
illetve azzal egy idében proteolitikus kaszkddok akti-
valédnak; ezek a testnedvek koaguldcidjat, valamint
melanizdciés folyamatokat inditanak el és végsé so-
ron a sérilés helyének repardldsdhoz vezetnek, vagy
a betolakodé pusztuldsdt eredményezik.

Az egyedfejl6dés kiulonbdzé stddiumaiban kilén-
b6z6 védelmi stratégidk sziikségesek. Az embridkat a
mikroorganizmusok szdmdra Gthatolhatatlan burok
veszi kérul. A ldrvékat a mikroorganizmusok behato-
Iasatol 1agy kitinkutikula védi, de ezen egyes parazi-
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tdk, valamint a furkészdarazsak tojocséve kbnnyedén
Gthatolnak. A testnyildsok — a szdj, a végbélnyilds és
a légzényildsok — a mikroorganizmusok szémdra nyit-
hatnak kaput. A kifejlett rovarok kemény kutikuldja a
mechanikai értalmakkal szemben hatékony védelmet
biztosit, azonban a légzényildsok és az emésztcsé
nyildsa ugyangy bemeneti kapuként szolgdlhat a
mikroorganizmusok szdmdra, mint a larvékban. Az
immunvédekezés elemei is ennek megfeleléen vdltoz-
nak az egyedfejlédés sordn. Az embriéban az ugyne-
vezett embriondlis macrophagok els8sorban az apop-
totikus sejteket tavolitjdk el, és az embriondlis élet so-
rdn az immunvédekezésben feltehetéen nem jdtsza-
nak szerepet. Az immunvédekezési folyamatok és az
immunszervek a ldrvaban jelennek meg. A tdpanyag-
gal az emésztécsébe jutdé mikroorganizmusokat a
helyben termelédé lizozim, a tracheanyildsokon be-
hatolni késziilé baktériumokat és gombdkat pedig a
nyildsokndl elhelyezkedé hdmsejtek dltal termelt
antimikrobidlis peptidek tamadjdk meg. A testliregbe
bejutott mikroorganizmusokat a testnedvekben kerin-
g6 vérsejtek egy csoportja, a plasmatocytdk kebelezik
be, illetve a zsirtest dltal termelt antimikrobidlis
peptidek pusztitiGk el. Az elpusztitott mikroorganiz-
musokat ugyancsak a vérsejtek takaritjék el kornyeze-
tukbél.

A larvdk szdmdra jelentds veszélyt jelentenek a pa-
raziték, koztik is a leggyakrabban eléforduld flurkész-
darazsak. Petéiket a lérva testiregébe rakjdk és a
testlregben fejl6dS dardzsldrvdk szémdra a Droso-
phila-larva szolgél tépldalékul. A parazitafertSzést ko-
vetGen az esetek egy részében a Drosophila lérvéja a
parazitdk felnevelése sordn elpusztul. Ha a parazita
invdziéja minden esetben sikeres lenne, el6bb-utébb
a gazdaszervezet és ezzel egylitt maga a parazita is
kihalna. Egy populdciészinten finoman szabdlyozott
immunreakcié megléte vagy hiGnya azonban biztosit-
jo mind a gazdaszervezet, mind pedig a parazita tdl-
élését. Néhdny esetben a gazdaszervezet hatékony
immunreakciét indit a betolakodéval szemben, ennek
sordn nagyméret(i, lapos vérsejtek — lamellocyték —
differencidlédnak. A lamellocytdk tébb rétegben bur-
koligk be a plasmatocytdk dltal nem fagocitélhaté
nagyméretli parazitapetéket, majd az igy képz8détt
tok, a petével egyutt, egy proteolitikus ldncreakcié ak-
tivaloddsdnak eredményeként melanizélédik. A
melanizdcids folyamatban kitiintetett szerepet jatsza-
nak a kristalyszer(i zérvdnyokat — feltételezések szerint
profenoloxidazt — tartalmazd vérsejtek, az dgyneve-
zett kristdlyseijtek.

A kifejlett rovarra a mikroorganizmusok jelentik a
legnagyobb veszélyt. Az emésztd- vagy a légzdszer-
ven keresztiil behatolé mikroszervezeteket a ldrvdhoz
hasonléan az antimikrobidlis peptidek és a fagocitdlé
sejtek tévolitjak el. Tovdbbi veszélyforrdast jelentenek a
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Drosophila szdmdra a szévetburjdnzésok, tumorok.
Ezek kifejlédése szinte minden esetben a szervezet
pusztuldsdhoz vezet. Az immunrendszerben képz6dé
szdvetburjdnzdasok és tumoros sejtek invazidjat kove-
téen emelkedik a vérsejtek szdma, ezt a legtébb eset-
ben a burjanzé szévetekkel szemben kialakulé lamel-
locytadifferencidlédds kiséri. Erdekes, hogy erdsen
proliferdlé vérsejtek kizdrélag az embridban és a lar-
vaban fordulnak eld. A kifejlett rovarban nincsenek
osztédo sejtek. A lamellocytdk eredete, az egyes vér-
sejt-differencidloddsi vonalak fejiédése és a kilonbo-
z6 differencidléddsi vonalak egymashoz valé viszonya
alig ismert. Ugyancsak nem vildgos, hogy az immun-
vdlasz kialakuldsa sordn milyen tipust sejt-sejt kol-
csonhatdsok zajlanak. Miutdn a Drosophila veleszile-
tett immunitdsdnak szdmos eleme megtaldlhaté a
gerinces szervezetekben, ahol a velesziiletett immuni-
tas alapvetéen szikséges a szerzett immunités ele-
meinek aktivdléddsdhoz, valdszini, hogy a Drosophi-
léban taldlhaté sejtes és humordlis immunvdlasz az
evolicidonak mintegy alapfeltételeként egyetlen nagy,
sikeres egységként maradt fent a térzsfejlédés soran.
igy a velesziiletett immunitds sejtes és molekuldris
szint{i folyamatainak vizsgalata hozzdjérulhat a gerin-
ces szervezetek homoldg immunfolyamatainak meg-
ismeréséhez.

A Drosophila immunvdlasza
Humordlis immunitds

A mikroorganizmusok, a Gram-pozitiv baktériumok és
a gombdk, valamint a Gram-negativ baktériumok egy-
mastél eltéré antimikrobidlis peptidek termelését indu-
kdljdk, sét, a peptidek termelését is eltéréen szabdlyoz-
zak (1. ébra)'. Az elébbi csoportba tartozé mikrobdk el-
sGsorban a Toll-szerii transzmembrdnreceptor dltal
kozvetitett jeldtviteli utat, mig az utébbiok az imd
(immune deficiency) utat indukdljdk. A Drosophiléban
a Toll-szerli transzmembrénreceptort elszér a dorso-
ventralis polaritdst szabdlyozé génként ismertik meg,
majd kiderilt, hogy az immunvélasz szabdlyozdsdban
is kulcsszerepet jatszik. A Toll aktivaciés Gt szabdlyozd-
sdban kozponti szerepet jatszanak a Rel csalddba tar-
tozo transzkripcids faktorok, kdzulik is a DIF és a Dorsal;
ezek transzkripciéja drozomicin termeléséhez vezet. Az
imd génr8l elnevezett aktivacidés it ugyancsak Rel fak-
torokon — a Relishen — keresztiil fejti ki hatdsat; ennek
aktivaléddsa tébb, antimikrobidlis peptidet kédolé gén
atirédasdhoz és diptericinek, cekropinok, drozicinek és
attacinok termeléséhez vezet. Mindkét jeldtviteli Utra
proteolitikus ldncreakcié jellemz8, elemei megtaldlha-
tok a gerinces szervezetekben, sét, egyes alkotérészei a
névényekben is. A humordlis immunvdlasz effektor-
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molekuldi az antimikrobidlis peptidek: a mikrobdk seijt-
faldba épiilve az ionhdaztartds felboritdsaval azok azon-
nali pusztuldsdhoz vezetnek. A humordlis immunvdlasz
szabdlyozdsdban szerepet jdtszé Rel faktorok kozvetle-
nil csak az antimikrobidlis peptidek termelésének a
szabdlyozdsdban vesznek részt, a celluldris immunvaé-
laszt nem érintik3-3.

Sejtes immunitds

A Drosophila-embriéban mdr az embriondlis élet ko-
rai stddiumdban megjelennek a mesodermdbdl szér-
maz6é phagocytasejtek, az Ugynevezett embriondlis
macrophagok. Késébb - a peterakdst kévetéen
14-16 6rdaval — ugyancsak o mesodermdbdl alakul ki
a f6 nyirokszerv, a nyirokmirigy; ez a ldrvdban a {6
vérsejt-populdciét alkotd plasmatocytdk, a lamellocy-
ték és a kristdlysejtek képzédési helyéil szolgal majd.
Az embriondlis élet végén, az embriéburkot elvetd Iar-
vadnak mdr van vérképzd szerve. Testnedveiben plas-
matocytdk és kristdlysejtek keringenek; testiirege bel-
s6 faldhoz is vérsejtek tapadnak, ez az Ggynevezett
sessilis szovet.

A ldrva - miel6tt bebdbozédna — kétszer vedlik. A
madsodik vedlést kévetéen, kdzvetlenil a bédbozdddst
megel6zéen, lamellocytdk figyelheték meg a kerin-
gésben; eredetik és funkcijuk ebben a stddiumban
nem ismert. A parazitafertézést kévetéen nagyfoku
lamellocytadifferencidlédas figyelhetd meg; eredetik
azonban nem ismert, egyes feltételezések szerint a
nyirokmirigybél szérmaznak.

A bdbban az immunrendszer alapveté morfolégiai
és funkciondlis dtalakuldson megy keresztul. A nyi-
rokmirigy szerkezete felbomlik, a bdbban azonban
megfigyelhet néhdny fagocitdlé seijt. A kifejlett rovar
testnedveiben ugyancsak megtaldlhaték a vérseijtek,
ezek eredete szintén nem tisztdzott, és az sem vila-
gos, hogy esetleg mely — eddig ismertetett — vérseit-
populdcidhoz tartoznak. A Drosophiléban folyd vér-
sejt-differencidlédds tehdt komplex folyamat; ennek
megismerése nemcsak a rovarok immunrendszerét
érintd érdekes kérdésekre adhat valaszt, hanem se-
githeti egy, a filogenezis sordn mindmdaig fennmaradt
és a gerinces szervezetekben is igen hatékony funk-
ciondlis egység miikodésének megértését.

Az embriondlis macrophagok szabadon véndorol-
nak a fejld6 szovetek kozétti virtudlis résekben. Elsé-
sorban az embriondlis élet sordn zajlé szdveti Gtren-
dezddést kisérd sejtpusztulds termékeit fagocitdljak.
Az apoptotikus sejteket a Croquemort (Crq) transz-
membrénfehérje ismeri fel; ez az emberi CD36 szer-
kezeti homolégja. A vérsejtek Gjabb csoportjai a larva
testnedveiben keringé vérsejtek, a haemocytdk; a 8
vérképzd szerv az embriéban indul fejlédésnek. Eb-
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1. dbra. Az antimikrobidlis peptidek termelését szabdlyozé 6 jelatviteli utak Drosophildban (Hoffmann JA, Reichhart J-M

utdn, médositva')

ben a stddiumban vérsejtek differencidlédnak egy, a
mesodermdbdl kialakulé sejtcsomdban; ezek a sejtek
— a torzsfejlédés sordn konzervdlt egyes transzkripci-
6s faktorok expresszidjat tekintve — heterogenitdst
mutatnak. A transzkripciés faktorok a vérsejtek diffe-
rencidléddsdnak szabdlyozdsdban vesznek részt. Az
Sssejtek differencidléddsat a Serpent (Srp) irdnyitja
(2. ébra). Ezekbdl a sejtekbdl az embriéban két diffe-
rencidléddsi vonal szarmazik. A Lozenge — egy Runx
proteinhomolég — a kristdlysejtek, mig a Gem1 és a
Gcm?2 - Glial cell missing — a plasmatocytdk differen-
cialédasat szabdlyozzak®. Ezzel szemben az Ush — U-
shaped, ,Friend of GATA” faktor — a kristdlysejtek dif-
ferencidloddsat gatolja. Az Srp, az Lz és az U-shaped
kalénbézé kombindcidkban — egymadssal kélcsénha-
tasban — hajtjdk végre a vérsejt-differencidléddsi
programot>-%.

A lamellocytdk differencidléddsanak szabdlyozdsa
még kevésbé ismert; egyes eredmények arra utalnak,
hogy a Toll aktivacids Gt egyes elemei részt vesznek
benne’.
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A Drosophila CD-rendszerének
alapjai

A Drosophila szervezete alapvetd vdltozasokon megy
keresztul az embrié-larva-bdb-kifejlett rovar dtmenet
sordn. A kilénbéz6 fejlédési stadiumokban kilonbo-
28 vérsejt-populdciok differencidlédnak, ennek meg-
feleléen az egyes fejlédési stadiumokban mds-mds
sejtpopuldcié domindl (3. dbra). A differencidlédas
szabdlyozdsdnak vizsgdalatdban alapvetd fontossagu
a megfelelé — egyes alpopuldciokra, differencialoddsi
vonalakra jellemzé — molekuldris markerek hasznala-
ta. Bdr az egyes, termindlisan differencidlédott sejt-
populdcidk morfoldgiai sajatsdgaik alapjdan elkulonit-
heték egymdstdl, a kozvetlen eléalakok és az &ssejtek
morfolégiai bélyegek alapjan nem ismerhetdk fel,
nem jellemezhet6k. Az immunoldgiai markerek hasz-
ndlata komoly sikereket hozott a gerincesek immun-
rendszerének megismerésében; ezek nemcsak egyes
vérsejt-alpopuldcidkat, differencialéddsi vonalakat jel-
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2. dbra. A vérsejt-differencialodas feltételezett f6 Gtjai Drosophildban.

lemezhetnek, hanem lehetSséget adnak az egyes po-
puldcidk szepardlasdra is. Miutdn expresszidjuk egy-
egy adott sejttipusra jellemz8, gyakran azonosithaték
jelatviteli utak részeként is. Megismerésiik segitheti a
velesziletett immunitds dltaldnos folyamatainak a
megértését is. Laboratériumunkban a Drosophila
vérsejtjeit jellemz6 immunoldgiai markereket azono-

Andé Istvan: Osi 6rokségiink: a velesziiletett immunitds

situnk és a vérsejt-differencidlodds, a velesziletett
immunitds folyamatainak a megértéséhez hasznal-
juk.

A markerek azonositdsa sordn alkalmazott teszt-
rendszer biztositotta azt, hogy a markerek meghatd-
rozott kore sejtfelszini vagy intracelluldris antigén le-
gyen. Az antigének csoportokba rendezése, cluster-
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embrid

alpopuldcién a C antigének
expresszalédnak. Valameny-
nyi vérsejten megnyilvanul
az Adl antigén, ez kiza-
rolag a felnétt rovar
haemocytdin fejezédik ki.
Ezek az eredmények azt
sejtetik, hogy a Drosophila
fejlédése sordn a vérsejtek
az egyedfejl6dést kovetben
hdrom f6 — fejlédéstanilag
egymdstdl  kulonbozé  és
egymdshoz eddig tisztdzat-
lan modon kapcsolédd —
kompartmentet  alkotnak.
Az egyik f6 kompartment az
embriondlis macrophagok,
a mdsik kompartment a
larvalis vérsejtek, a harma-
dik a kifejlett egyed vérsejt-
jei. :

A vérsejtek differencialé-
ddsat a larvdban vizsgaltuk

feln6tt

3. dbra. A Drosophila CD-antigének mintdzata az egyedfejlédés sordn.

analizise sordn azonositottuk az egyes vérsejt-alpo-
puldciékra jellemzé markereket, és kialakitottuk a
Drosophila CD-ket [CD (cluster of differentiation):
differencidléddsi marker cluster], amelyek — az egér és
az emberi CD-hez hasonléan — alkalmasak a hae-
mocytdk azonositdsdra és funkciondlis jellemzésére.
Az azonositott clustereket az 1. tdbldzatban foglaltuk
Ossze. Az antigének expresszidmintdzata alapjan meg-
dllapitottuk, hogy a ldrvdban

- a fagocitdlé és az antimikrobidlis peptideket ter-
mel6 sejtek a H és a P antigének expresszidjaval, az
L és a C antigének hidnydval,

— a tokképzésben részt vevd sejtek a H és-az L anti-
gének expresszidjdval, a P és a C antigének hidnydval,

— a kristalyokat tartalmazé, a melanizdciéban részt
vevd sejtek a H és a C antigének expresszidja alapjdn,
valamint a P és az L antigének hidnyaval,

— a vérsejteléalakok a H antigének expresszidjaval, a P
az L és a C antigének hidnydval jellemezhetdk (2. dbra).

A vérsejtek antigénmintdzata vdltozik az egyedfej-
|6dés sordn; tehdt ugy tlnik, hogy az egyedfejlédés
sordn a vérsejtek sajdtos érési folyamaton mennek
keresztul (3. dbra). Az embriondlis macrophagokon
egyik vérsejtantigén sem taldlhaté meg, de vala-
mennyin jelen van a Crq antigén. A ldrva vérsejtjein a
H antigének, valamint egymadst kizdré6 médon a P, az
L és a C antigének vannak jelen. A kifejlett egyedek
vérsejtjeinek tulnyomd tobbségén a P antigének, egy

e

a legrészletesebben. Meg-
dllapitottuk, hogy a plas-
matocytdk, a lamellocytak
és a kristdlysejtek egymads-
tél kulénbozé differencidlédasi vonalat képeznek (2.
dbra). Az osztédd pool a H*-P-L-C-, a H*P-L-C-, a
H*P+L-C- és a H*P*L-C* populdciéban taldlhaté. A
parazitdk és egyéb, eddig nem definidlt ingerek a
lamellocytdkon és el8alakjaikon az L antigének
expresszidjat indukdljdk (1. tabldzat). Az L1 és az L2
antigén el8szor kis, plasmatocytaszer( sejteken jele-
nik meg, majd ezek az L1+, L2* sejtek nagy, lemez-
szer(i lamellocytdvad differencialédnak. Az L1, L2 an-
tigének megjelenését kévets termindlis differencialo-
dds sordn a sejtek nem osztédnak. (A termindlis dif-
ferencidlédds, a kis kerek sejtekbdl a testidegen ré-
szecskéket beboritani képes nagy lemezes sejtekké
torténd dtalakulds komplex folyamata az antigén-
mintdzat vdltozdsaival jellemezhetd. A kis kerek sejte-
ken megjelenik az L4 antigén, majd a termindlisan
differencidlédott sejteken az L6 antigén. A folyamat a
sejtvdz dtrendezédésével is jdr, ebben szerepet jatszik
a filaminnak (aktink6té fehérje) a haemocytdkban LS
antigénként definidlt Gj, magas izoformdju vdltozata.
A lamellocytdk differencidléddsa sordn az antigének
szekvencidlisan jelennek meg. Szabdlyozdsuk tanul-
mdnyozdsdra lehetéséget ad a sejtek szepardldsa és
ezzel kapcsolt komplex genomikai és proteom szint(
vizsgdlata®®.

Markereink expressziéjat az embriéban sikeresen
haszndlt transzkripciés faktorok expresszidjaval kap-
csolva megerésitve lattuk azt, hogy az eddig azonosi-
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1. tablazat. Sejttipus-specifikus antigének clusterezése hae-
mocytdkon, adott reakciémintdzatuk és biokémiai sajdtsa-
gaik alapjan.

Fé Sejttipus Molekula- Klén
cluster témeg*
(CD)
Hl minden haemocyta és
embriondlis macrophag 135-160 HI11
H2 minden keringé haemocyta 30-60 1.2
H3 minden kering6 haemocyta 16 4A12
Pla  plasmatocyta 100-110 NI
P1b  plasmatocyta 100-110 N47
E3 plasmatocyta-alpopuldcié o 8B1
1= lamellocyta 16 HI10
1.2 lamellocyta 44 31A4
L4 lamellocyta-alpopuldcié 82-86 1F12
L5 lamellocyta-alpopulacié 85-100, 4B8
240
L6 lamellocyta-alpopuldcié 96 H3
Cl kristalysejtek és kristdlysejt- 84 12F6
prekurzorok
C2 kristalysejtek és kristdlysejt-  * 21D3
prekurzorok
C3 kristdlysejtek és kristalysejt-  * 10D2
prekurzorok
C4 érett kristdlysejtek 100 9C8
5 érett kristdlysejtek 66,135 1519
Adl  felnétt haemocytdi 10 7C8

* kDa-ban, nem redukalt kérilmények koézétt
* konformdciéfliiggd epitop

tott transzkripciés faktorok feltehetéen részt vesznek a
vérsejt-differencidlédds szabdlyozdsdban (2. dbra).
Larvalis vérsejtekben a szabdlyozds a faktorok egy-
mas kozti komplex kélcsénhatdsa révén valdsul meg;
ez lényegesen kulonbozik a faktoroknak az embriond-
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Mivel az antigének kizarélag vérsejteken vagy
alpopuldciékon taldlhaték, megismerésiuk segithet a
veleszilletett immunitds mikédésének a megértésé-
ben. Az antigének biokémiai jellemzése és a gének
klénozdsa eddig sok érdekes informdcidval szolgdlt.
A H2 antigén, a Hemese'® a lamellocytdk differencid-
|6ddsat az aktivaléddson keresztul szabdlyozé transz-
membrdnfehérje; a glikoforinok csalddjanak uj tagja.
A P1 antigén EGF-doméneket hordozd transzmemb-
ranfehérje; kozvetlen kérnyezetében tiz, vele nagyfo-
ku szerkezeti homoldgidt mutatd gént azonositottunk.
Meglepé lenne, ha ez a géncsaldd nem jdtszana
alapveté szerepet a vérsejt-differencialodds szabdlyo-
zdsdban. Az L1 antigén GPl-kapcsolt transzmemb-
ranfehérje; tdbb szerkezeti homolégja taldlhaté az
élévilagban, kéztik gerincesekben. Legkozelebbi ed-
dig azonositott gerinces homolégja a leukocytdkban
végbemend jeldtviteli folyamatokat szabdlyozza.

A Drosophila CD antigének, a gerincesekben azo-
nositott funkciondlis homolégok megismerésén tul-
menden nemcsak az antigének in vivo vizsgdlatat te-
szik lehetévé, hanem a vérsejt-differencidlédds komp-
lex genomikai elemzését is. A gének szabdlyozdrégioi-
nak izoldldsa és felhaszndldsa a genetikai rendsze-
rekben elGsegiti a veleszlletett immunitdsban részt
vevs jelatviteli utak térképezését. A szabdlyozérégidk
segitségével a szovet- és sejttipus-specifikusan exp-
resszdlt markermolekuldk lehetévé teszik az immun-
valasz ,in vivo” nyomon kévetését.
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