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Drosophila is a powerful model for molecular studies of hemato-
poiesis and innate immunity. However, its use for functional
cellular studies remains hampered by the lack of single-cell assays
for hemocytes (blood cells). Here we introduce a generic method
combining fluorescence-activated cell sorting and nonantibody
probes that enables the selective gating of live Drosophila hemo-
cytes from the lymph glands (larval hematopoietic organ) or
hemolymph (blood equivalent). Gated live hemocytes are analyzed
and sorted at will based on precise quantitation of fluorescence
levels originating from metabolic indicators, lectins, reporters (GFP
and �-galactosidase) and antibodies. With this approach, we dis-
criminate and sort plasmatocytes, the major hemocyte subset, from
lamellocytes, an activated subset present in gain-of-function mu-
tants of the Janus kinase and Toll pathways. We also illustrate how
important, evolutionarily conserved, blood-cell-regulatory mole-
cules, such as calcium and glutathione, can be studied functionally
within hemocytes. Finally, we report an in vivo transfer of sorted
live hemocytes and their successful reanalysis on retrieval from
single hosts. This generic and versatile fluorescence-activated cell
sorting approach for hemocyte detection, analysis, and sorting,
which is efficient down to one animal, should critically enhance in
vivo and ex vivo hemocyte studies in Drosophila and other species,
notably mosquitoes.

S tudies focusing on hematopoiesis and innate immunity in the
model organism Drosophila melanogaster have identified

extensive homologies between Drosophila hemocytes (blood
cells) and mammalian leukocytes. Whole-animal functional
studies have suggested that Drosophila hemocytes participate in
similar activities to mammalian leukocytes, including phagocy-
tosis�encapsulation of pathogens, release of reactive oxygen
species (ROS) and reactive nitrogen species and antimicrobial
peptides, activation of humoral serine protease cascades, scav-
enging of dead bodies, wound repair, and extracellular matrix
deposition (1–6). Molecular genetic studies have unravelled
important evolutionarily conserved regulatory elements, includ-
ing transcription factors of the Runt�acute myelogenous leuke-
mia (7), GATA (8), and Polycomb (9) families and integral
transduction cascades, including the immune deficiency�tumor
necrosis receptor (2), Toll�IL-1 receptor (2), Janus kinase (10,
11), mitogen-activated protein kinase (12), Notch (13), steroid
(14), and vascular endothelial growth factor (15) pathways.

Compared to mammalian species, Drosophila is particularly
well suited to study the molecular genetics of blood cell devel-
opment and function, thanks to the existence of a well annotated
genome database, assorted genetic tools, and large mutant
collections (16). By contrast, the lack of single-cell assays for
Drosophila hemocytes severely restricts the scope of cellular
studies (10, 11). Accordingly, our knowledge of Drosophila
hemocyte subsets and functions remains very limited. In mam-
mals, the use of fluorescence-activated cell sorting (FACS) has
driven much of the progress in subset discrimination and func-
tional analysis of leukocytes (17). Current three-laser, ‘‘multi-
dimensional,’’ FACS machines enable up to 14 simultaneous

single-cell measurements, namely 2 light scatters and 12 fluo-
rescent surface�intracellular markers (18–20). FACS also en-
ables the sorting of subsets of interest and their further use in in
vitro and in vivo assays.

So far, FACS has been applied only once to freshly harvested
Drosophila hemocytes, featuring one-parameter analysis of he-
molymph (blood surrogate) cells for surface antibody reactivity
(21). No FACS analysis of hemocytes from lymph glands, the
larval hematopoietic organ (6, 14, 22), and no cell sorting of fresh
hemocytes from either the lymph glands or hemolymph have
been reported. Clearly, the ability to perform single-cell analyses
and sorts on freshly harvested hemocytes and to use sorted
hemocyte fractions with existing molecular tools for further in
vitro or in vivo studies would provide great experimental oppor-
tunities, most notably for functional genomics.

In this paper, we introduce a generic FACS method that
enables the detection and multidimensional analysis of live
Drosophila hemocyte subsets from the hemolymph and lymph
glands down to one animal. GFP and �-galactosidase (LacZ)
reporters, which are widely used in Drosophila mutagenesis and
transgenesis (23), can be precisely quantified within live hemo-
cytes. Evolutionarily conserved regulatory molecules, such as
Ca2� and glutathione (GSH), can also be investigated function-
ally within live hemocytes. We also report (i) the successful
sorting of hemocyte fractions, (ii) the successful in vivo transfer
of sorted hemocytes, and (iii) the successful reanalysis of trans-
ferred cells from single hosts.

Methods
Drosophila Stocks. Stocks used in this study include y, w67 (con-
trol), Tum-l [Janus kinase gain-of-function mutant (24)], and
Toll10B [Toll gain-of-function mutant (25)]. The Tum-l�11707
line was generated by crossing the Tum-l line and the LacZ
enhancer-trap line, 11707 (26). The GAL4-e33c upstream acti-
vating sequence (UAS)-gfp strain was generated by crossing flies
carrying the GAL4-e33c enhancer trap (27) to flies carrying the
gfp transgene under control of the UAS (GAL4 response
element), thus achieving constitutive GFP expression in hemo-
lymph and lymph glands hemocytes. For in vivo transfers, we
used two GFP-expressing lines: His::GFP [ubiquitous expression
of a fusion protein between histone His2AvD and GFP (28)] and
Tum-l; His::GFP (generated by standard crossing). Stocks were
fed standard cornmeal, molasses, yeast, and agar medium and
were maintained at 25°C. Late wandering third instar larvae
were used for all experiments because they show maximal
hemocyte numbers in lymph glands and hemolymph (6, 14).
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Hemocyte Collection. Hemolymph cells were collected by ruptur-
ing the larval cuticle with a pair of fine forceps. For the collection
of lymph glands cells, lymph glands were carefully dissected out,
rinsed, and ruptured by repeated pipetting with siliconized tips.
Cells were collected in ice-cold Schneider’s medium (Invitro-
gen�GIBCO) containing 1� complete mini protease inhibitor
mixture (Roche Applied Science) to prevent melanization,
clump formation, and autolysis and kept on ice until incubation
with FACS probes. Most analyses were performed with cells
from 5–10 animals. However, several analyses were also per-
formed with cells from one animal to validate single-animal
hemocyte assays with both hemolymph- and lymph glands-
derived hemocytes.

FACS Probes and Staining Procedures. The main probes validated so
far are listed in Table 1, which is published as supporting
information on the PNAS web site. Staining conditions (buffer,
pH, temperature, and incubation time) were first optimized as
monochlorobimane (MCB) was titrated on larval hemocyte
suspensions, mbn-2 cells, and S2 cells. Other probes were titrated
by using the same optimized staining conditions. Possible bio-
chemical�optical interactions between probes were carefully
checked by comparing fluorescences measured with stains ap-
plied either alone or in combination with one another. We found
the conditions below to yield excellent viability of cells and
reproducibility of measured signals while minimizing washing
steps. Cells were incubated with probes for 20 min at room
temperature, in the dark, at the concentrations indicated in
Table 1, and in exactly 1,000 �l of buffer. Staining medium was
Schneider’s medium, pH 6.5, with 2.5 mM probenecid (Sigma)
to limit active probe efflux (29). Cells were washed once with 10
ml of ice-cold staining medium and centrifuged for 5 min at 4°C
at 1,500 rpm (LX-130 centrifuge; Tomy, Tokyo). Supernatant
was discarded, and the pellet was kept on ice in the dark. On
some occasions, antibody-staining was performed subsequently.

For this purpose, H2, antilamellocyte antibody (L1a), and
antiplasmatocyte antibody (P1b) hybridoma supernatants (21)
were first f luorescently labeled by using the Alexa 594-Zenon
reagents (Molecular Probes) according to the manufacturer’s
guidelines. Cells were resuspended in 90 �l of staining medium,
and 10 �l of the final antibody solutions were added for a 30-min
incubation on ice in the dark. Controls were incubated with
medium only. After incubation, antibody-stained and control
cells were washed once with 3 ml of ice-cold staining medium
and centrifuged for 5 min at 4°C at 1,500 rpm. Supernatant was
discarded and the pellet was kept on ice in the dark. Just before
acquisition on the FACS machine (�1 h after last incubation
step), cell pellets were resuspended in 100 �l of staining medium
with 2 �g�ml propidium iodide (PI; Sigma) to label dead cells.

FACS Analyses and Sorts. Multidimensional analyses and sorts were
performed on a modified FACStar Plus (Pharmingen) equipped
with 3 lasers (a krypton laser at 407 nm, an argon laser at 488 nm,
and a dye laser at 595 nm) and 13 detectors (11 fluorescences
plus forward and side scatters) connected to MoFlo electronics
(DakoCytomation, Fort Collins, CO) supplemented with home-
built electronics (Stanford Shared FACS Facility, Stanford
University School of Medicine). All analyses and sorts were
repeated at least two or three times. The purity of sorted
fractions was checked visually and by FACS reanalysis. Images
of sorted cell fractions were obtained with a Eclipse E800
microscope (Nikon). Data were compensated, analyzed, and
presented by using FLOWJO software (Tree Star, Ashland, OR).
Details on the implementation of multidimensional FACS assays
(building of customized staining combinations, compensation,
and analysis) are available in refs. 18 and 19. The FACS machine
was standardized with fluorochrome-containing beads, and flu-
orescence-reading in each channel was automatically adjusted to
a constant value to ensure that data obtained on different days
were comparable.

Fig. 1. Generic methods for FACS-based hemocyte detection. (A) Live hemocytes from the lymph glands and hemolymph of GAL4-e33c UAS-gfp animals can
be gated from contaminants as the PI� GSBhi fraction (Upper). Indeed, once the PI� fraction is gated, GSBhi events are identical to GFP� events, which comprise
all hemocytes (Lower). (B) PI� GSBhi live hemocytes from the hemolymph of control (y, w67) and Tum-l animals were analyzed for staining with the proposed
pan-hemocyte antibody H2 (black histograms). Unstained controls are also presented (gray histograms). All control and Tum-l hemolymph-derived hemocytes
were H2�. (C) Live hemolymph-derived hemocytes from y, w67 animals (Upper) can be gated as a PI� DHRhi fraction (Upper). Once the PI� fraction is gated, DHRhi

events are identical to GSBhi events, which comprise all hemocytes (Lower).
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In Vivo Transfer of Sorted Hemocytes. The nozzle, sheath, and
sample lines of the FACS machine were sterilized with alcohol
for 15 min. GFP� cells were sorted from suspensions of hemo-
lymph cells of His::GFP and Tum-l; His::GFP animals. Sorted
cells were pelleted, resuspended in fresh Schneider’s medium
without probenecid at 2,000–5,000 cells per �l, and kept on ice
until in vivo transfer. For transfer, �50 nl was injected into the
hemocoele of late third instar GFP� y, w67 hosts by using a
Picospritzer III (Parker Hannifin, Cleveland, OH). GFP� trans-
ferred cells were visualized in vivo (five repeats) with a MZ FLIII
fluorescence stereomicroscope (Leica, Deerfield, IL) and rean-
alyzed by FACS after cell retrieval from single hosts (two
repeats).

In Vivo Bacterial Injection. About 50 nl of Alexa594-labeled heat-
killed Escherichia coli (Molecular Probes) was injected into the
hemocoele of GAL4-e33c, UAS-gfp larvae by using the Pico-
spritzer III. Hemolymph cells were collected 6 h after infection
and analyzed by FACS as described above (three repeats).

Results
Detecting Drosophila Hemocytes Through Intracellular Glutathione.
In cell suspensions from the hemolymph and lymph glands (see
Methods), hemocytes are outnumbered by dietary yeast and
debris of cuticle and fat body. To discriminate live hemocytes
from contaminants, we first focused our attention on MCB.
MCB enters cells freely and reacts with intracellular GSH,
yielding fluorescent glutathione-S-bimane (GSB) adducts (29).
GSH is an evolutionarily conserved antioxidant that is crucial to
the function of immune cells (30). By FACS, live human
leukocytes can be gated within whole blood as a PI (marking
dead cells)-negative, GSB-high (PI� GSBhi) fraction (31). To
test this method in Drosophila, we took advantage of the
enhancer-trap line GAL4-e33c to drive the expression of UAS-
gfp in hemocytes (27). Once stained with PI and MCB, the PI�

GFP� (live hemocytes) and PI� GSBhi fractions were found to
be identical for both hemolymph and lymph glands suspensions
(Fig. 1A). Thus, hemocytes are efficiently and selectively gated
as a PI� GSBhi fraction within suspensions from both pools. By
contrast, live Drosophila hemocytes could not be efficiently gated
based on PI staining, forward scatter, and side scatter only (data
not shown).

By cell sorting (Fig. 2A), we found that the GSB-based
detection method is efficient and selective for hemocytes, re-
gardless of the strain and physiological conditions, including
infection (see Fig. 3B), heat-shock, and partial GSH depletion
(data not shown). As a further validation of the GSB-based
method, we observed that PI� GSBhi hemocytes costained with
the H2 antibody [a potential pan-hemocyte marker (21)], as
illustrated in Fig. 1B for y, w67 control animals and Janus kinase
mutants (Tum-l). Tum-l animals bear a dominant gain-of-
function mutation of the Janus kinase hopscotch, resulting in cell
hyperproliferation and, in the appearance of an activated subset,
lamellocytes in the hemolymph (10, 24, 27).

Detecting Drosophila Hemocytes Through Intracellular ROS. One
caveat of the GSB-based hemocyte detection method is that it
requires two different lasers to excite PI and GSB adducts (Table
1). A valid alternative to this method, requiring only one laser,
involves the combined use of PI and dihydrorhodamine 123
(DHR). DHR enters cells freely, reacts with ROS, and localizes
in active mitochondria (32). Like GSH, intracellular ROS and
mitochondrial activity are crucial to immune cell function (2). In
all the strains and conditions tested, PI� GSBhi and PI� DHRhi

fractions were identical (Fig. 1C). Hence, live hemocytes can be
gated by using either the GSB- or DHR-based generic detection
methods. In practice, simple hemocyte studies can rely on basic

one-laser FACS machines by using the DHR-based method and
a maximum of three colors.

Hemocyte Subset Discrimination and Sorting. More powerful three-
laser FACS machines, as used here, enable 6–12 color assays,
thus surpassing by far the capabilities of other live-cell analytical
methods. With this method, hemocyte subsets can be discrimi-
nated and sorted (Fig. 2) based on staining with custom com-
binations of metabolic indicators, lectins, reporters (Table 1),
and antibodies. As a proof of concept, we show that plasmatocyte
and lamellocyte subsets present in the hemolymph of Tum-l
mutants can be successfully discriminated and sorted (Fig. 2 A)
based on their differential reactivity with the lectin wheat germ
agglutinin (WGA) (33). We confirm the identity of plasmato-
cytes and lamellocytes (as defined by WGA staining) by costain-

Fig. 2. Hemocyte subset discrimination and sorting. (A) The lectin WGA can
be used to discriminate and sort plasmatocytes (WGAlo) from lamellocytes
(WGAhi) within PI� GSBhi live hemolymph-derived hemocytes from Tum-l
animals. Sorted plasmatocytes and lamellocytes show typical round and flat-
tened shapes, respectively. (B) Simultaneous staining with antiplasmatocyte
(P1b) and antilamellocyte (L1a) antibodies confirms the identity of the Tum-l
PI� GSBhi WGAlo (closed gray histograms) and PI� GSBhi WGAhi (closed black
histograms) fractions as plasmatocytes and lamellocytes, respectively. Anti-
body-stained y, w67 (open gray histograms) and unstained Tum-l (open black
histograms) PI� GSBhi total hemolymph fractions are also shown. P1b stains y,
w67 and Tum-l plasmatocytes and Tum-l lamellocytes, whereas L1a only stains
the latter.
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ing with the subset-specific P1a and L1b antibodies (21) (Fig.
2B). Identical results were obtained with plasmatocyte and
lamellocyte subsets present in the hemolymph of the Toll mutant
(25) Toll10B (data not shown).

Multidimensional Analysis of Hemocytes by Using Reporter Genes and
Metabolic Markers. With regard to GFP (or GFP variants) and
LacZ reporters, FACS is superior to microscopy in that it allows

more sensitive detection and easy quantitation of expression
levels (17). To illustrate this notion, we used the Tum-l�11707
strain (Fig. 3). In this strain, the enhancer-trap LacZ reporter is
in the misshapen gene (part of the Jun kinase cascade) and shows
strong expression in lamellocytes (26). Multidimensional FACS
analysis demonstrates a 5-fold difference in LacZ expression
levels between the lower 20% and upper 20% of the lamellocyte
fraction (Fig. 3A). Compared with the lower 20%, the upper 20%
displayed no change in size (as evaluated by forward scatter; data
not shown) but showed increased surface WGA-binding (by
2-fold) and a clear shift toward increased intracellular Ca2�

(median increased by 4-fold), both of which are consistent with
increased activation, as shown in mammalian leukocytes in refs.
34 and 35. Hence, discrete lamellocyte subsets can be distin-
guished by FACS within the Tum-l�11707 strain, showing a
positive correlation between LacZ expression, WGA-binding,
and intracellular Ca2�.

Fig. 3. Multidimensional analysis of hemocytes. (A) Hemolymph-derived
lamellocytes from the Tum-l�11707 strain were gated as a PI� GSBhi WGAhi

fraction (see Fig. 2), and intracellular LacZ reporter levels were measured in a
fourth fluorescence channel (Upper Left) in a sample stained with the cell-
permeable LacZ substrate C12RG (filled black histogram) and an unlabeled
control (open black histogram). FACS allows precise quantitative measure-
ment of reporter activity within cells (Upper Right), thus allowing discrete
lamellocyte subsets based on LacZ expression levels (whole population, lower
20%, and upper 20% shown as filled black, light gray, and dark gray histo-
grams, respectively) to be further discriminated and analyzed for intracellular
Ca2� levels (Lower Left) and WGA-binding levels (Lower Right). Numerical
values indicated are median fluorescence intensities recorded for the given
subsets. (B) Live PI� GSBhi hemocytes collected from the hemolymph of
GALe33c, UAS-gfp animals 6 h after injection of fluorescent (Fluo.) E. coli were
separated as bacteria-negative (B�) and positive (B�) fractions (Left). Median
GSB fluorescence (FSc) was then measured (Right, in arbitrary units) in both
fractions and found to be significantly higher in the B� than in the B� fraction
(171.8 � 0.4 vs. 144.0 � 6.8, respectively; three independent experiments; P �
0.015; ANOVA).

Fig. 4. In vivo transfer of sorted hemocytes and reanalysis from a single host.
A pure fraction of live GFP-labeled hemocytes was sorted from the hemo-
lymph of Tum-l; His::GFP animals (Top Left), reanalyzed (Top Right), and
visualized in vivo (arrows) 3 d after transfer into a GFP� y, w67 host (Middle).
After FACS analysis of PI� GSBhi live hemocytes retrieved from the hemolymph
of a single host (Bottom Left), donor-derived (GFP�) and host-derived (GFP�)
fractions were successfully discriminated (Bottom Right). Note the high frac-
tion of events outside the PI� GSBhi gate in the y, w67 host (3 d after transfer;
animal close to pupal stage; Bottom Left), compared with the Tum-l donor
(third instar larva; Top Left), reflecting the higher amount of debris present in
the hemolymph as animals approach the pupal stage (6).
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Besides Ca2�, several other intracellular metabolites of he-
mocytes can be detected easily by FACS (Table 1), including
ROS�reactive nitrogen species, which are given strong attention
for their role in innate immunity (36). GSH, itself, while serving
as a detection marker, can also be quantified in hemocytes after
MCB-staining (29). For example, we show in Fig. 3B that 6 h
after injection of fluorescent heat-killed E. coli, the median GSB
fluorescence is significantly increased by �20% in bacteria-
positive compared with bacteria-negative plasmatocytes. This
finding is consistent with data on mammalian macrophages that
show intracellular GSH levels increasing during phagocytosis
(37). Thus, Drosophila hemocytes, with the help of FACS, may
be used to explore the complex in vivo regulation of GSH levels,
which in turn exert pivotal control on gene transcription and
activation and the apoptosis of immune cells (30).

In Vivo Transfer of Sorted Hemocytes and Reanalysis from Single Host.
One important asset of FACS-sorting is the ability to use live
sorted fractions for further in vitro or in vivo assays. To illustrate
this ability, we sorted GFP� hemocytes from His::GFP (28) and
Tum-l; His::GFP animals and used them for in vivo transfer into
GFP� y, w67 hosts (Fig. 4). Transferred GFP� cells were visible
within GFP� hosts several days after transfer. Remarkably, our
approach also allowed for the successful retrieval and reanalysis
of transferred cells from single hosts. Such single-animal assays
(also validated for lymph glands; data not shown) are enabled by
the numerous yeast cells present in suspensions. Yeast cells are
excellent ‘‘carriers’’ for hemocytes, because they minimize he-
mocyte loss during staining�acquisition and are efficiently ex-
cluded at analysis.

Discussion
Collectively, our results establish the feasibility of multidimensional
FACS analysis, sorting, and in vivo transfer of Drosophila hemo-
cytes. We introduced an array of FACS assays that enable the
selective detection of hemolymph and lymph glands hemocytes
down to one animal and yield efficient single-cell measurement of
multiple surface and intracellular molecules of interest, including
GFP and LacZ reporters. In essence, FACS-based analyses and
sorts will allow more elaborate and precise phenotypic and func-
tional analyses of freshly harvested hemocytes.

Our results also illustrate how nonantibody probes can be used
advantageously for hemocyte studies focusing on cellular func-
tion, most notably with regard to conserved metabolic pathways
(e.g., the Ca2�, GSH, ROS, and reactive nitrogen species
pathways) and reporter constructs. By using the C12RG (595-nm

excitation) LacZ substrate, LacZ and GFP reporters can even be
quantified simultaneously within hemocytes. Hence, this ap-
proach will facilitate the functional screening of existing GFP-
and�or LacZ-transgenic line collections (23). These generic
methods for hemocyte detection, analysis, and sorting will likely
apply to other species, including mosquitoes, for which FACS-
based hemocyte assays could help study important disease-
related issues (38).

Of course, it is also desirable that more antihemocyte anti-
bodies are developed. For example, ‘‘phosphoantibodies’’ to
activated Drosophila kinases would be advantageous for single-
cell FACS analyses of intracellular signaling, as shown with
mammalian leukocytes (20). New antibodies may help tailor
specific FACS assays for less prominent subsets: e.g., crystal
cells, implicated in coagulation reactions and prohemocytes,
which correspond to hematopoietic stem�precursor cells (4, 10).
Antibodies may also help resolve discrete subsets of plasmato-
cytes (as suggested in ref. 26) and lamellocytes (as suggested in
this study).

The ability to transfer sorted cells, rather than whole tissues
[e.g., lymph glands or pseudotumors (24)] and to trace their fate
after transfer into single hosts should facilitate developmental
studies of hemocyte subsets and pools. In particular, sequential
in vivo transfers, as performed in mammals, could help charac-
terize Drosophila hematopoietic stem�precursor cells. Genomic
(39, 40) and proteomic in vitro studies of hemocyte development
and function will also considerably gain in accuracy by using
pure, sorted (rather than mixed), native fractions. In addition,
hemocyte-sorting could lead to useful in vitro assays of fresh
cells, such as clonal, secretory, and differentiation assays, as used
routinely in mammalian immunology. Sorted fractions may also
give rise to novel hemocyte cell lines, of which only a few are
currently available (41). Finally, the successful application of
FACS technology to Drosophila hemocytes could pave the way
for a more medically oriented use of this model: e.g., for
high-throughput screening (42) of candidate drugs with potential
effects on normal hematopoiesis, hyperproliferation, and innate
immune responses.
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