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The role of calcium in neutrophil granule-phagosome fusion
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uring phagocytosis, neutrophils kill

microorganisms by delivering anti-
microbial substances to the phagosome.
For this, the intracellular targeting and
fusion of granules must be strictly regu-
lated and a dependence on the cytosolic
concentration of free calcium has been
suggested. New evidence show that dif-
ferent mechanisms regulate early and late
stages of Fc receptor-mediated phagocy-
tosis. The early fusion events are depen-
dent on calcium but this is not the case
for the fusion of azurophilic granules
with phagosomes at later stages. Certain
pathogens target the granule—phagosome
fusion machinery in order to survive
intracellularly; a deeper understanding of
intracellular membrane traffic processes
could allow new approaches for the erad-
ication of pathogens that are harbored
inside the cells of our immune system.

The neutrophil is our first line of defense
against microorganisms and has an arse-
nal of cytoplasmic granules at its disposal
for this task. Of these, the azurophilic and
specific granules contain most of the anti-
microbial potency of the neutrophils.' It
is vital for the host to control when and
where to release toxic substances, and there
exist rigid control mechanisms for this
process.” Phagocytosis is a process where
the neutrophil engulfs and internalizes a
target and places it in a membrane-bound
organelle, termed the phagosome. Having
confined its prey in a closed environment,
and by fusing the granules with the pha-
gosome, the neutrophil effectively and
precisely transforms the intraphagosomal
milieu to an extremely inhospitable place.
Fusion of granules both with the surface
of the cell and with phagosomes have been
thought to be calcium dependent.” With
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new techniques, we have now re-evalu-
ated this, at least concerning the fusion
of azurophilic granules with neutrophil
phagosomes.*

We used zymosan particles that are
large enough to be easily analyzed with
fluorescence microscopy, and Streptococcus
pyogenes bacteria, for which we employed
a newly developed method for isolating
phagosomes. We attached nanometer-
scale magnetic particles to the surface of
the bacteria, allowing magnetic retrieval
of bacteria-containing phagosomes.” The
delivery of azurophilic granules to early
but not late phagosomes was shown to
be calcium dependent. Perhaps also other
intracellular fusion events in the neutro-
phil are calcium-independent.

Our data were obtained using immu-
noglobulin G (IgG)-opsonized prey, which
upon binding activates Fc receptors at
the surface of neutrophils. This triggers
cytoskeletal re-arrangements necessary for
target internalization and formation of a
phagosome. Signaling is initiated by phos-
phorylation of tyrosine residues on the cyto-
plasmic side of the receptor. Downstream
events involve the accumulation of a variety
of proteins and lipids on the phagosome,
and a release of calcium from intracellular
stores (reviewed in ref. 6).

The release of granule contents both to
the extracellular environment and to pha-
gosomes is strictly regulated. For instance,
the fusion of the different cytoplasmic
granules with the plasma membrane have
discrete calcium dependencies.” However,
the premises for granule-phagosome fusion
are very different from granule delivery to
the surface. From the point of view of the
approaching granule, the curvature of the
receiving membrane (plasma membrane
versus phagosomal membrane) is reversed.
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Figure 1. The role of calcium in neutrophil granule-phagosome fusion. During Fc-receptor-mediated phagocytosis, tyrosine residues on the receptors
are phosphorylated and trigger a signaling cascade. Granules are delivered and fuse with the plasma membrane in a calcium-dependent manner al-
ready before the phagosome is sealed. The trafficking of azurophilic granules is guided by microtubules, originating from the microtubule-organizing
center that re-locates to the site of phagocytosis. Once the phagosome is formed, delivery and fusion of granules continue by unknown calcium-

Since membrane curvature is important
for membrane fusion (reviewed in ref. 8)
this is likely to affect the requirements for
fusion. Also important, the composition of
the phagosome progressively changes due
to the trafficking of granules and vesicles;
this is described as phagosome maturation.
This process has been studied in detail in
macrophages’ but is not as well character-
ized in neutrophils. A speedy and efficient
delivery of antimicrobial measures to the
phagosome is essential to kill pathogens.
As this profoundly transforms the phago-
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somal membrane it will most likely also
alter the requirements for fusion.
Recently, it has been questioned
whether calcium is essential for all types
of intracellular fusion processes (reviewed
in ref. 10). During phagocytosis, the spe-
cific granules have a relatively low calcium
threshold for extracellular release and are,
besides to phagosomes, also targeted in a
diffuse manner to the plasma membrane."
In contrast, there is a highly localized
delivery of azurophilic granules to parts
of the plasma membrane and to phago-
somes, a process presumably guided by
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microtubules. It is possible that calcium
could regulate targeting and fusion of the
different granule types in the neutrophil.
However, other signaling events that are
only indirectly linked to effects on cytosol
calcium could be the regulating signals.
Importantly, for late phagosome matura-
tion, the finding of calcium independence
of azurophilic granule-phagosome fusion
shows that there must exist other signaling
pathways that relay signals from the pha-
gosomal lumen to the cytosol (see Fig. 1).

An increase of intracellular free calcium
is normally observed immediately after
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initiation of phagocytosis in neutrophils.'?
In a single cell eating a single prey, a spike
in calcium is seen followed by a return to
base level. Similarly, using synchronized
phagocytosis in a whole population of
neutrophils, we could only see a single cal-
cium peak. If there is a requirement for an
elevated calcium concentration in contin-
uous intracellular fusion, a non-transient
calcium peak would be expected instead.
It is conceivable that the initial calcium
spike could set off a signaling pathway that
irreversibly leads to intracellular fusion at
a later stage. However, when looking at
calcium-depleted neutrophils it is only
the early delivery phase that is inhibited;
fusion of azurophilic granules with fully
internalized phagosomes still occurs.
Taken together, our data indicate that an
elevated intracellular calcium concentra-
tion is not necessary for late phagosome
maturation. This process involves fusion
with azurophilic as well as with specific
granules. However, the calcium depen-
dence of specific granule delivery needs to
be verified with experiments that specifi-
cally address the intracellular localization
and fusion properties of specific granules
during Fc-mediated phagocytosis.

Much of what is known about neu-
trophil phagocytosis has been derived
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from experiments with macrophages.”
Important in the present context is
that intracellular lysosome-phagosome
fusion has been demonstrated to be
calcium-independent in  macrophages.
Interestingly, calcium spikes are observed
during Fe-receptor mediated phagocytosis
but they seem not to be directly related to
internalization and microbial killing." In
the eosinophil, actin polymerization has
been shown to be calcium-dependent,”
which is essential for internalization of
prey during phagocytosis. The opposite
is observed in neutrophils, where such
processes  are
Apparently, regarding
dence, these fundamental pathways for

calcium-independent.'®
calcium-depen-

phagocytosis can be regulated differently
in related cell types.

Different mechanisms seem to govern
the early delivery of granule content to
the plasma membrane vis-a-vis intracel-
lular granule-phagosome fusion. Careful
identification and characterization of
the mechanisms regulating intracellular
fusion is necessary to develop new means
to fight pathogens; manipulation of pha-
gosome trafficking is a prime target for
pathogens seeking an intracellular ref-
uge where they cannot be reached by our
immune system.
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