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Abstract
Phagocytes are the most important early components of the immune response, programmed to
recognize, engulf and destroy immune complexes (formed when antibodies recognize their
specific antigens), foreign particles, bacteria, mycobacteria, apoptotic cells, etc. Neutrophils,
monocytes, macrophages and dendritic cells all participate in this process. Flow cytometry permits
observation of phagocytes which have responded and, with the appropriate fluorescent probes, of
the environment in the phagosome which has enclosed the foreign matter. This article gives the
background and the protocols for performing such studies.

Introduction
Phagocytosis, a vital component of the primary immune response, is a complex process by
which a cell, having recognized a target via specific plasma membrane receptors which
initiated appropriate signals, uses the outer plasma membrane to enclose one or more target-
receptor complexes in a pocket called a phagosome which seals itself off from the
surrounding medium. The target can be a foreign particle, a bacterium or other organism, an
apoptotic cell or a cell fragment. The target may or may not be coated by opsonins in the
blood stream which specific receptors on the cell then recognize. The process of
phagocytosis is beginning to be understood for the main phagocytes, i.e. neutrophils,
monocytes, macrophages and dendridic cells, with neutrophils being the first line of defense.
Efficient phagocytosis is essential for the subsequent destruction of the foreign entity since
the fusion of the phagovacuole with lysosomal organelles within the cell (for neutrophils,
aka polymorphonuclear leukocytes or PMN, these were called azurophilic and secondary
granules in the older literature) releases bactericidal/microbicidal peptides and proteins into
the newly formed phagosome and initiates the formation of reactive oxygen species (e.g.
superoxide, peroxide, O and OH free radicals, aka ROS) whose role in the destruction of the
target entity is critical. [For some very recent reviews see Steinberg B.E. and Grinstein, S.
2009, Krajewski, A. et al. 2009, Fuhrmann, S. et al 2008 , Nathan, C. 2006, Underhill, D.M.
and Ozinsky, A. 2002, ]. This chapter will focus on neutrophils and the entities they may
encounter in the blood where they defend the host from microorganisms. The protocols
described here are readily adaptable to other phagocytes and stimuli.

Phagocytosis was first described by Mechnikov 125 years ago and was, for a long time, the
main way in which functionality of phagocytic cells was evaluated. In more recent times it
has become clear that, even in normal phagocytic cells where phagocytosis has proceeded,
the enclosed organism is not always killed. Thus certain mycobacteria and some other
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organisms may not only evade destruction but even multiply within the PMN, monocytes or
macrophages which have engulfed them [Huynh, K.K. and Grinstein, S. 2007, Bellaire, B.H
et al. 2005, Ramachandra, L. et al. 2005, Levitz, S.M. et al. 1999]. In some instances (e.g.
Mycobacterium avium, Mycobacterium tuberculosis) the phagosome does not undergo the
acidification which normally accompanies the phagosome-lysosome fusion and creates the
correct conditions for killing [Huynh, K.K. and Grinstein, S. 2007, Bellaire, B.H et al. 2005,
Ramachandra, L. et al. 2005, Voyich, J.M.et al. 2005], in others (e.g. Cryptococcus
neoformans [Levitz, S.M.et al. 1999] the compartment hyperacidifies and the organism
survives. Alternatively the phagosome-lysosome fusion may be impaired or the phagosome
itself may never close. Any of these perturbations can lead to survival of the phagocytized
entity. The mechanisms by which such evasions of the normal phagocytic killing processes
occur are varied and, as yet, are still being investigated and debated. These observations
have rekindled an interest in phagocytosis and its measurement [Krajewski et al. 2009,
Miksa et al. 2009].

Although high throughput fluorescence microscopy has also been used [Steinberg and
Grinstein, 2009], the ready availability of multilaser flow cytometers has made it possible to
monitor the phagocytic process in a specific cell population on a cell-by-cell basis, to
evaluate which cells respond, whether signaling occurs, via which receptor, whether and
which bactericidal processes (ROS, lytic enzyme activity) are functioning, and in some
cases to characterize the conditions within the phagosome [Miksa et al. 2009, Elbim, C. and
Lizard, G. 2009, Fuhrmann et al. 2008, Heinzelmann et al. 1997]. This is especially effective
in PMN and most difficult in live (unfixed) macrophages which are strongly adhesive and
clumpy when activated, making studies of single cells in a flow cytometer much more
difficult by frequent clogging unless they have been fixed. Therefore fluorescence
microscopy, imaging cytometry or multiwell plates are sometimes used in investigations of
macrophage phagocytosis, its mechanisms and its consequences. The following discussion
and protocols will focus on flow cytometry of phagocytosis by polymorphonuclear
leukocytes (neutrophils, PMN).

Direct flow cytometric evaluation of PMN phagocytic capability has most frequently been
effected by engulfment of a fluorescently labeled target such as dextran or latex beads
[Savina et al. 2006], e coli particles [Kaur I. et al. 2008, Kaur I. et al. 2005, Kaur I. et al.
2004], immune complexes [Strohmeier et al. 1995 a,b, Brunkhorst et al. 1991, 1992, Ryan et
al. 1990], or organisms [Miksa et al. 2009, Ramachandra et al. 2005, Heinzelmann et al.
1997]. While a flow cytometer reports only cell-associated fluorescence so that any entity in
suspension can be ignored, it cannot distinguish between phagocytized and surface-bound
but not enclosed targets. It is therefore important to quench the fluorescence of any external
bound particle, a feat accomplishable by adding trypan blue [Seetoo et al. 1997] though
ethidium bromide [Heinzelmann et al. 1997] or an anti-fluorescein antibody have also been
used.

The most common labels, added as N-hydroxysuccinimide esters (SE) which react
covalently with –NH2 groups, have been fluorescein derivatives (e.g. fluorescein,
dicarboxyfluorescein, Oregon Green™, dihydrodichlorofluorescein) excitable with a 488nm
visible laser. All SE react almost as readily with HOH as with -NH2 and it is therefore vital
to prepare the stock solutions in totally dry DMSO, at a high enough concentration so that
the carrier DMSO does not damage the stimulus being labeled. The fluoresceins have pKs
between 5.5 and 6.5 and so can also indicate pH, especially in the acidic direction, though
their sensitivity decreases rapidly above pH 7. Very recently a new probe, pHrodo™, has
been developed by Molecular Probes/Invitrogen (now called LifeTechnologies). Opposite to
the fluoresceins, its fluorescence increases with decreasing pH, with good sensitivity up to
pH 8, as we have shown by labeling Molecular Probes/Invitrogen’s pHrodo™Bioparticles
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with OregonGreen™-SE (Fig.1). While the enhanced pH sensitivity of pHrodo™ is a great
advantage in evaluating the pH within a phagosome, and while we find that trypan blue
quenches its fluorescence and those of the fluoresceins, the excitation wave length, 565±3
nm, for pHrodo™ requires a special and different (561nm “yellow” or a tunable dye) laser
which many routine flow cytometers do not yet have.

The pH sensitivity of a probe does not matter as much if, rather than the early events (<2-3
minutes) which we study, the investigator’s interest lies in the eventual phagosomal
conditions (after 1 to several hours) when focus is on identifying or sorting and studying
cells that have undergone a phagosomal change (e.g. pH, ROS, lytic enzyme), and therefore
have responded, vs those that have not. This approach, seeking the eventual conditions or
results of processing within the phagosome, has been used by a number of laboratories
seeking to identify important steps or participants in phagocytosis-to-bactericidal/
mycobicidal processing [Miksa et al. 2009, Bellaire et al. 2005]. By then the pHp has
reached an equilibrium dictated by the combination of oxidative products and granule
contents which have been injected or generated within the phagosome; thus such studies
permit distinction between different cells’ eventual functionality but do not identify whether,
for example, cells which failed to change did so because they had no early signals or
because they failed to generate ROS or because their granules failed to fuse with or to empty
into the phagovacuole, etc.

It should be noted that, as we showed twenty years ago, one can investigate the phagosomal
environment not only with respect to pH but also with respect to ROS presence, using
DCF™, a reduced dihydrodichlorofluorescein, as label for the target, in our case initially
high valency immune complexes [Herrmann et al. 2007, Strohmeyer et al. 1995a,b,
Brunkhorst et al. 1991, 1992, Ryan et al., 1990]. Similarly, by using a self-quenching lytic
substrate Bodipy™-labeled stimulus (now called DQ™ by Molecular Probes)[Herrmann et
al., 2007, Seetoo et al. 1997], one can follow the release of PMN lytic enzymes (mainly
elastase) into the phagosome. Again our main interest has been in early kinetics within the
phagosome as PMN processing of targets proceeds, while others have been more focused on
the eventual conditions or in using the latter to distinguish between functional PMN, or even
to identify reacting phagocytes in whole blood samples [Kaur et al., 2008, 2005, 2004]. The
following protocols describe our current procedures; they are generic since concentrations
and conditions are adjusted (“tweaked”) each preparation of labeled organisms.

Generic protocols for OG™, DCF™, pHrodo™ and/or Alexa350™ labeling of
phagocyte targets
Protocol 1: Labeling

1. Prepare a stock solution of each probe’s N-hydroxysuccinimide ester (SE) in dry
dimethylsulfoxide (DMSO). Because it is important that all water be excluded keep
the bottle of DMSO in a closed jar containing Drierite, and remove the desired
volume of solvent quickly. The stock concentration of SE should be such that the
desired final concentration of DMSO to achieve 2-5μM SE in the labeling buffer
does not exceed 1%. When more than 1 label is to be covalently bound to the same
organism or particle, additions should be made in the order of increasing affinity
and greater fluorescence yield and stocks must be more concentrated in order not to
exceed the DMSO/buffer limit of 1%.

2. 2 mg (or protein equivalent) of the desired stimulus is dissolved in 2mL of
phosphate-buffered saline (PBS) pH 9. If DCF™ SE is being used the buffer should
be de-aerated under vacuum or have N2 bubbled through it for 30 minutes.
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3. As described in 1. above, the N-hydroxysuccinimidyl esters (SE) of the desired
fluorescent probes are then added sequentially, allowing 15 min. of incubation with
rocking, at room temperature, between additions. The tube should be covered in
foil to prevent photobleaching.

4. For example, if triple labeling of an organism is desired, to 2mL of the protein
suspension in PBS pH 9 add 2μL of dichlorodihydrofluorescein N-
hydroxysuccinimide ester (DCF™SE, Invitrogen/Molecular Probes #D2935) stock
solution (250mM in dry DMSO) or 2μL of OregonGreen™SE (OG™SE,
Invitrogen/Molecular Probes #O6147) stock solution (50mM in dry DMSO). {NB
Since both probes are fluorescein derivatives with nearly identical excitation and
emission spectra they cannot be used simultaneously}. Incubate 15 minutes at room
temp., rocking, covered with foil.

5. Then add 20μL of pHrodo™SE stock solution (50mM in dry DMSO, Invitrogen/
Molecular Probes #P36600).). Incubate 15 minutes at room temp., rocking, covered
with foil.

6. Lastly, add 3.34μL Alexa Fluor™ 350 carboxylic acid succinimidyl ester (Alexa
Fluor350™SE, Invitrogen/Molecular Probes A10168) stock solution (150mM in
dry DMSO, ) incubate overnight at 4°C, shaking or rocking, covered with foil.

7. Add 4 mL of PBS, no glucose, pH 8 and vortex well.

8. Centrifuge at 3000rpm (approx 1400xg) in a desktop centrifuge for 10 minutes,
4°C. Not all of the organisms may pellet and therefore some will be discarded with
the supernatant. The final concentration of stimulus stock will need to be adjusted
after several washes (see 16. below).

9. Discard supernatant.

10. Resuspend pellet in 4mL PBS, no glucose, pH 8.

11. Recentrifuge a 2nd time at 3000rpm, 10 minutes, 4°C

12. Discard supernatant.

13. Resuspend pellet in 4mL PBS, no glucose, pH 8.

14. Recentrifuge a 3rd time at 3000rpm, 10 minutes, 4°C.

15. Discard supernatant.

16. Resuspend pellet in PBS, no glucose, pH 7.4. Adjust the final concentration of
labeled stimulus so that the volume needed to stimulate the PMN, which are
usually at 1-2 million/ml, is less than 5% of the total volume (e.g. less than 50μl/ml
of PMN suspension).

17. Store at 4°C until ready to use. Freezing is not recommended.

18. To use, vortex well.

Protocol 2: Addition of organisms/targets to cells
In an actual experiment (Fig. 2) the chosen amount of labeled targets is added to the selected
volume of cells in a stirred thermostated suspension. For example:

1. 1 million cells/ml of buffer are equilibrated at 37oC with stirring and a baseline
flow cytometric value is obtained.

2. The desired volume (not more than 50μl is recommended) of target suspension is
added to the cells at time = 0.
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3. After a chosen time or, in our experiments, continually, the fluorescence of all the
probes is recorded at the relevant wave lengths. The narrower the band pass on the
filters used and the longer the Stokes shift between excitation and emission wave
lengths, the better since the contribution of the scatter peak will be reduced or
eliminated.

4. If only the fully phagocytized and enclosed particles are of interest, trypan blue can
be used to quench the fluorescence of bound but not enclosed targets over a broad
range of probes{3) below}.

Protocol 3: Distinction between externally cell-bound and phagosome-enclosed
organisms/targets

1. To quench the fluorescence of bound but not enclosed particles or organisms, add
25 μl of 0.4% trypan blue per ml of PMN (1 million cells/ml) at the chosen time
and record the residual fluorescence.

2. A control experiment without addition of trypan blue should be run.

3. A second control in which the trypan blue is added before the targets is also
necessary so that intrinsic cell fluorescence can be determined and corrected for,
i.e. when the fluorescence of the probes bound to the organisms are totally
quenches.

Commentary
We have used all of these fluorescent labels, DCF™ and DQ™ having first been developed
in our labs in collaboration with Molecular Probes, and present here generic optimal
protocols which work well for each of the N-hydroxysuccinimide esters. We have found that
they may need to be tweaked, with small changes, depending on the entity or organism to
which the probes have been covalently attached and to the phagocytes being studied. Thus,
while the covalent linkage requires the unprotonated NH2 group and therefore an alkaline
pH, we found that some bacteria, for example, do not tolerate pH>8 and therefore we use
bicarbonate buffer at pH 8, lengthening the labeling time, rather than phosphate-buffered
saline (PBS, pH 9). Most immunoglobulins also do not tolerate pH 9 without changes that
affect their properties but, if their specific antigen is less pH sensitive (e.g. bovine serum
albumin), we can label the antigen and form the requisite immune complexes afterwards
[Ryan et al. 1990, Brunkhorst et al. 1991,1992, Strohmeyer et al. 1995a,b, Herrmann et al.
2007]. For example, the OxyBursts™ are DCF™- or Rhosamine™-BSA/antiBSA
complexes [Ryan et al. 1990]). When the esters of these reduced probes, indicators of ROS,
are used, it is vital that all buffers be freed of dissolved O2 (vacuum or N2 bubbling) and that
the labeling be performed under an N2 atmosphere.

As indicated in Protocol 1, the same stimulus can be labeled with several different probes,
maximizing the amount of information that can be obtained by flow cytometry when the
instrument has the necessary lasers. Fig.1 is an example of such multiple labeling: Molecular
Probes’ pHrodo™E coli Bioparticles™ were suspended in PBS, pH 9, and OG™-NHS was
added according to the protocol below; fluorescence was then measured at various pH (N.B.
in the absence of PMN). Overlap of the probes’ fluorescence maxima should be avoided.
Furthermore, when phagocytes are being examined, a suitable external quenching agent to
distinguish surface-bound to PMN phagosome-enclosed stimuli will still be needed for each
probe. The order of addition of the succinimide esters also needs to be adapted to the
individual situation since their affinity for -NH2 and their fluorescence yield varies, so that
the one giving the lowest yield should be added first when the largest number of ligandable -
NH2 groups is available but too much labeling risks internal quenching. Thus, whether
adding single or multiple probe esters, we routinely perform a dose-response test to find the
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optimal amount which will give us detectable indication in the linear region of fluorescence
vs dose.

As indicated in Protocol 2, the labeled organisms/targets are added to the cell suspension at
the desired time and observation on the flow cytometer is made either continuously, as we
do, or can be made after a desired time interval.. Typical data from one of our experiments
are given in Figure 2 for opsonized DCF™/pHrodo™/AlexaFluor350™ (i.e. triple) labeled
Mycobacterium avium, opsonized with homologous serum and added to human neutrophils.

The effect of quenching the fluorescences with trypan blue, as described in Protocol 3
above, is also shown in Figure 2 when trypan blue (tpb) is added 15 sec. before, or 30 or 60
sec. after the organism.

The protocols above have been developed in our laboratory as best for our systems; they
may need some adjustments of pH, quantity of reagent and/or incubation time when applied
to a different organism/target acting on different cells.
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Figure 1.
pHrodo™Bioparticles (Invitrogen/Molecular Probes) were labeled according to Protocol 1
with OregonGreen™ SE and AlexaFluor350™ SE. The fluorescence of a 1μg/ml suspension
in PBS at various pH was then measured in a Hitachi 4500 spectrofluorimeter (lexc 565, 488
and 357, lem 590, 530 and 450, respectively). The ratio of F590/F450 and F530/F450 was
then calculated. The fluorescence of AlexaFluor350™ did not vary detectably over the pH
range. Because the ratios were too disparate to permit reasonable comparison, the % of the
ratio at each pH was calculated and is plotted here, the ratios at pH7.68 being arbitrarily
defined as 100%.
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Figure 2.
Mycobacterium avium was triple labeled with AlexaFluor350™/pHrodo™/DCF™
according to Protocol 1, opsonized with autologous serum, and added to PMN at t=0
according to Protocol 2. Fluorescence emission was recorded continuously at 450nm
(Alexafluor 350), 530 nm (DCF), or 590nm (pHrodo), a shown in the respective panels. As
indicated in the figures’ legends, trypan blue (tpb) was added according to Protocol 3 to
distinguish between enclosed (non-quenched) and bound but not enclosed (exposed to
trypan blue, therefore quenched) organisms either 15 seconds before (15b) or at the
indicated times after the Mycobacterium avium suspension (one second after = 1a, 30
seconds after = 30a). The control, i.e., unquenched, fluorescence is indicated as Ma.
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