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According to the hitherto accepted view, neutrophils kill ingested microorganisms by subjecting them to high concentrations of
highly toxic reactive oxygen species (ROS) and bringing about myeloperoxidase-catalysed halogenation. We show here that this
simple scheme, which for many years has served as a satisfactory working hypothesis, is inadequate. We ®nd that mice made
de®cient in neutrophil-granule proteases but normal in respect of superoxide production and iodinating capacity, are unable to
resist staphylococcal and candidal infections. We also show that activation provokes the in¯ux of an enormous concentration of
ROS into the endocytic vacuole. The resulting accumulation of anionic charge is compensated for by a surge of K+ ions that cross
the membrane in a pH-dependent manner. The consequent rise in ionic strength engenders the release of cationic granule proteins,
including elastase and cathepsin G, from the anionic sulphated proteoglycan matrix. We show that it is the proteases, thus
activated, that are primarily responsible for the destruction of the bacteria.

Metchnikoff discovered that `phagocytes' confer immunity by
engul®ng invading microbes1. It was supposed that killing was
effected by the contents of the cytoplasmic granules released into
the phagocytic vacuoles in which the microbes were encapsulated.
This hypothesis was supplanted2,3 by the supposition that the killing
agents were ROS4,5, supported by the discovery of chronic granu-
lomatous disease (CGD), a human condition characterized by
profound susceptibility to bacterial and fungal infection6. The
®nding that phagocytes from these individuals are unable to
generate ROS6 or to kill microbes ef®ciently was taken to imply
that the respiratory burst promotes killing by generating toxic
superoxide4,5 and H2O2 (ref. 7). The H2O2 was thought also to
exert an indirect effect, as substrate for myeloperoxidase (MPO)-
catalysed halogenation7.

According to this prevailing ROS model, a lack of proteases
should not affect the killing ability of neutrophils. Although earlier
studies had shown a requirement for neutrophil elastase to kill some
Gram-negative bacilli8, and for both cathepsin G and elastase to
protect against infection by Aspergillus fumigatus9, we extended
these observations to microbesÐStaphylococcus aureus10, the com-
monest cause of infection in CGD6, and Candida albicansÐthat, it
was thought, could be killed only with the intervention of oxygen-
dependent processes, because mice lacking MPO are abnormally
sensitive to this pathogen11.

Infections in protease-de®cient mice
Figure 1 shows the results of intravenous injections of S. aureus
(Fig. 1a) or C. albicans (Fig. 1b) on the survival of protease-de®cient
mice and S. aureus on CGD mice. Both organisms were much more
virulent in the mice lacking both cathepsin G and elastase. A
striking feature was the differential sensitivity of the two species
of microbe to the two proteases. Cathepsin-G-de®cient mice
resisted C. albicans but not S. aureus, whereas the reverse was true
for those lacking elastase (see also Supplementary Information).

The microbicidal activity of puri®ed neutrophils determined
in vitro (Fig. 1c, d) was the mirror image of the susceptibility
in vivo (Fig. 1a, b). Under the same experimental conditionsÐ
microbial iodinationÐa composite measure of phagocytosis,

degranulation, oxidase activity and MPO activity was normal in
these mice (Fig. 1f).

The addition of a cocktail of protease inhibitors to a suspension
of human cells and bacteria also severely impaired killing (Fig. 1e);
as expected, killing was also greatly reduced in CGD cells or
those treated with the oxidase inhibitor diphenylene iodonium
(DPI)12.

Conditions within the phagocytic vacuole
ROS and protease de®ciencies lead to comparable reductions in
killing ef®ciency, implying that they act together on the internalized
microbe. To clarify the nature of their interaction we set out to
de®ne conditions prevailing in the vacuole immediately after
phagocytosis, when killing occurs13.

To estimate vacuolar volume, cross-sectional areas of phagocytic
vacuoles were determined from electron micrographs, which indi-
cated that the volume of the vacuole during the respiratory burst is
about 0.2 mm3 (see Fig. 4a, b). For each molecule of O2 consumed 4
superoxide (O´2

2 ) ions are generated (Fig. 2f). Between 0.2 (ref. 14)
and 0.5 fmol (this study) of oxygen is consumed for each bacterium
engulfed, resulting in an intravacuolar O´2

2 release of about 4 mol l-1.
The steady-state concentrations of O´2

2 and H2O2 attained are
uncertain but have been surmised to be in the micromolar range15.

The large amounts of O´2
2 , and therefore of its products, generated

in the vacuole lead to the consideration that it might exert electro-
static or other physical effects, rather than merely providing the
substrate for MPO. This conjecture was strengthened by observa-
tions on the cells of patients with incomplete CGD, or `variant
CGD'16, which still display impaired microbicidal activity despite
generating about 0.5 mol l-1 O´2

2 in the vacuole. We accordingly
examined phagocytic vacuoles by electron microscopy to search for
evidence of oxidase-dependent changes in morphology. The
vacuoles of normal cells were strikingly different in appearance
from those of a patient with X-linked CGD (X-CGD), and another
suffering from variant X-CGD with 12% oxidase activity (Fig. 2a±
c). The granule contents were uniformly dispersed throughout the
normal vacuoles but remained clumped in most of the CGD
vacuoles and in those treated with DPI (not shown).
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Knowing the vacuolar volume we determined the concentration
of granule protein that entered vacuoles (Fig. 2d) as being about
0.5 g ml-1. The pH in the vacuole rises from about 6.0 to 7.8±8.0
soon after phagocytosis, in consequence of oxidase activity13,17,
despite the entry of acid granule contents18. The O´2

2 is released
into the vacuole together with the granule contents, which exert a
pH-buffering effect. This buffer capacity was estimated from the
titre of KOH required to raise the pH from 5.5, at which the granules
are maintained in the intact cell18, to a ®nal value of 8.0 (Fig. 2e)13.
This proved to be about 400 mmol KOH per gram of granule
protein.

Oxidase pumps K+ into the vacuole
We show here that the oxidase disperses the granules by pumping
large amounts of K+ into the vacuole.

The passage of electrons across the vacuolar membrane is

electrogenic19. The required charge compensation is commonly
thought to be encompassed solely by the transfer of protons into
the vacuole19±21 (Fig. 2f). Compensation of an electron by a proton is
pH-neutral and cannot explain the observed elevation in vacuolar
pH (ref. 13) that occurs despite the entry of acidic granule proteins
into the vacuole. Cl- ions could migrate from the vacuole to the
cytosol, but the concentrations of 150 mM taken into the vacuole
from the extracellular medium would not suf®ce to bring about
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Figure 1 Susceptibility of protease-de®cient mice to bacterial and fungal infection.

a, b, Survival probability plots (Kaplan±Meier) of wild-type mice (®lled squares, n = 32), or

mice de®cient in neutrophil elastase9 (open triangles, n = 12), cathepsin G9 (®lled

triangles, n = 12), elastase and cathepsin G9 (®lled circles, n = 31) or p47phox (ref. 9) (open

squares, n = 24), injected intravenously with 4 ´ 107 S. aureus cells (a) or 104 C. albicans

cells (b) (®lled squares, n = 9; open triangles, n = 8; ®lled triangles, n = 7; ®lled circles,

n = 8). The rates of decreased probability of survival for all mice were signi®cantly

different (P , 0.05) from wild type except for elastase-de®cient (a) and cathepsin-G-

de®cient (b) animals, for which P = 0.1. c, d, Killing of S. aureus (c) and C. albicans

(d) by mouse neutrophils (symbols as in a) in vitro. Killing rates for all mice were

signi®cantly different from wild type (P , 0.01) except for elastase-de®cient (c) and

cathepsin-G-de®cient (d) cells (P = 0.4 and 0.9, respectively). e, Killing of S. aureus by

human neutrophils in vitro to show effects of addition of valinomycin (open circles), DPI

(open diamonds) and protease inhibitors (®lled diamonds). All compounds inhibited killing

to the level seen with CGD cells (open squares) when compared with control cells (®lled

squares) (P , 0.005) and had no effect on bacteria. f, Time course of iodination by

neutrophils from wild-type mice, mice de®cient in cathepsin G and elastase (Dual) and

mice de®cient in p47phox (CGD) exposed to S. aureus. The effect of the addition of

valinomycin to normal cells is also shown (Val).

Figure 2 Appearance, concentration and buffering capacity of granule contents in the

phagocytic vacuole. a, b, Granule contents within the vacuole (a) were classi®ed as

diffuse, because of their homogenous distribution (D), or clumped (arrows in b). Bacteria

are indicated by double arrowheads. c, The proportion of vacuoles with a diffuse

appearance in normal neutrophils (n = 280) and those from patients with X-linked CGD

with complete absence of oxidase activity (CGD1, n = 244) or a variant patient with 12%

oxidase activity (CGD2, n = 206) (P = 10-148 and 10-68 between normal and X-CGD and

between normal and variant X-CGD patients, respectively, by x2 analysis). d, Movement of

granular proteins to the vacuole during phagocytosis of S. aureus. Distribution of MPO in

phagocytosing (®lled circles) compared with resting (open squares) neutrophils. Shading

indicates movement of MPO to dense vacuoles containing bacteria. MPO composed

26% of the total granule protein. The protein content of 107 cells was 1.2 mg, of which

9.4 6 1.0% (mean 6 s.e.m., n = 4) was in the granule fraction; 24%, or ,0.1 pg per

vacuole, migrated to the vacuoles after the phagocytosis of 25 bacteria per cell.

e, Buffering capacity of granule proteins (1 ml) at various concentrations titrated against

KOH. Inset, amount of KOH required to elevate the pH from 5.5 to 8.0 for different amounts

of protein. f, Schematic representation of factors involved in compensation of charge

across the phagosomal membrane. The pH in the vacuole rises13, despite the in¯ux of

acidic granule contents, because of the consumption of H+ within this compartment by the

protonation of O´ 2
2 and O2-

2 . If all the charge produced by pumping electrons across the

phagosomal membrane were compensated by H+ ions from the cytosol, the pH in the

vacuole would not rise. We show here that part of the charge is compensated for by K+,

which elevates the pH in a regulated manner and causes the vacuole to become

hypertonic.
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charge compensation. Cl- has, in any case, been shown to move in
the opposite direction in stimulated cells22. The rectifying move-
ment of cations, in particular K+, from the cytoplasm where its
concentration is high, into the vacuole, provides an alternative
mechanism. First we studied the effect of valinomycin, a speci®c K+

ionophore, on O´2
2 production and O2 consumption, and also that

of 4-aminopyridine, a nonspeci®c K+-channel blocker23 (Fig. 3a);
both processes were markedly accelerated by the former and
inhibited (albeit to a smaller extent) by the latter.

Because there is no known indicator of the required speci®city
and sensitivity for the measurement of K+ at the high levels
predicted in the vacuole, we determined its release into the
medium after stimulation with the PKC agonist, 12-O-tetradeca-
noylphorbol-13-acetate (TPA), a potent activator of the oxidase. In
response to this agent, which induces the oxidase to secrete O´2

2

across the plasma membrane to the exterior, K+ was released

into the medium, and this was blocked by DPI (Fig. 3b). Measure-
ments with the K+ electrode were only semiquantitative, so 86Rb+,
commonly used as a marker of K+ in transport studies24, was used
for quanti®cation. Secretion of this ion was suppressed by DPI (Fig.
3c) and is thus contingent upon O´2

2 generation rather than on PKC
activation by the phorbol ester. To show that this release was
spatially coupled to the O´2

2 -generating machinery and not to
general leakage from respiring cells, we measured secretion in
conditions favouring the ¯ux of K+, Rb+ or O´2

2 into the closed
phagocytic vacuole25 encapsulating an engulfed bacterium. In these
circumstances, release to the exterior was not observed, even though
an equivalent amount of oxygen was consumed.

We used electron-probe X-ray microanalysis to obtain a direct
estimate of the K+ content of the phagosome (Fig. 3e). In DPI-
treated cells the vacuolar K+ concentration was much less than
that in untreated control cells (mean 6 s.e.m. 122 6 15 mmol g-1

(n = 35) and 314 6 22 mmol g-1 (n = 40), respectively; P , 0.001 by
Wilcoxon rank-sum), clearly implicating the oxidase in the accu-
mulation of K+ in this compartment. A wide range of values is
measured in normal vacuoles in consequence of the asynchronous
nature of phagocytosis. To take into account the wide spread of
results obtained with the microprobe technique, and to detect a
skewing of the distribution towards higher concentrations, we
compared the upper quartiles of K+ measurements in the vacuoles
with those in the corresponding cytosol. We found them to be
signi®cantly higher in the control cells (P , 0.03 by Wilcoxon rank-
sum), no different in the valinomycin-treated cells (P = 0.16) and
much lower in cells exposed to DPI (P = 0.0003). Microprobe
analysis gave a median concentration of K+ of 290 mmol g-1 in the
cytosol of normal cells, which we take to correspond to the
experimentally measured concentration of 125 mM (ref. 27). This
ratio leads to a value of 270 mM for the upper quartile in normal
vacuoles, corresponding to the microprobe measurement of
631 mmol g-1. Thus we can conclude that K+ concentrations in
the range 200±300 mM are attained in the vacuole (see also
Supplementary Information).

What sets the level of charge compensation by K+? Each molecule
of O´2

2 generates one OH- ion. If all the charge were to be
compensated for by K+ the OH- would overwhelm the buffering
capacity of the granules and the pH would be excessively elevated.
The regulation of the proportion of compensating charge made up
by K+ seems to depend on the pH itself. The ef¯ux of 86Rb+ to the
exterior after stimulation with TPA was reduced when the pH of the
medium was elevated to 8.0, and almost eliminated at pH 8.5, even
though O´2

2 production was virtually unchanged at the higher
pH (Fig. 3d). At high pH the charge is likely to be compensated
for almost entirely by H+. In this way the amount of K+ entering the
vacuole could be linked to degranulation. The more granule con-
tents are released into the vacuole, the more the pH is depressed and
the greater the buffering capacity. A parallel increase in the propor-
tion of the charge compensated for by K+ would be required for
transport of this ion to be impeded by a rise in pH.

K+ in¯ux renders the vacuole hypertonic
After a lag of about 1 min after stimulation, 107 neutrophils produce
approximately 300 nmol of O´2

2 in the ensuing 2 min (Fig. 3a, b).
With a cellular volume of 345 mm3 and a K+ concentration of
125 mM (ref. 26), 2.9 ´ 109 cells occupy 1 ml and contain
125 mmol of K+, of which, judging from the 86Rb+ measurement,
roughly 4.5%, or 5.6 mmol, would be released. Over the same
interval the cells would produce about 90 mmol of O´2

2 , a molar
ratio to K+ secretion of approximately 16:1. The release of 4 mol l-1

O´2
2 in the vacuole then leads to the expected intravacuolar K+

concentration in the range 200±300 mM, very similar to that
measured by X-ray microanalysis. One electron charge compen-
sated by K+ generates one OH-, so the levels of OH- that would be
produced agree satisfactorily with the alkali titre required to raise
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Figure 3 K+ and 86Rb transport associated with the generation of O-
2 in neutrophils. a, The

rate of O´ 2
2 release from 106 ml-1 cells is stimulated by valinomycin (3 mM, 3 min; open

triangles) and inhibited by 4-aminopyridine (4 mM, 3 min; ®lled squares) compared with

control cells (®lled triangles) (representative of three experiments) in response to TPA

(10 ng ml-1). O2 consumption by 107 cells phagocytosing S. aureus in the absence (®lled

circles) and the presence (open circles) of valinomycin is also shown. b, Time course of

release of K+ into medium (open squares) in relation to oxygen consumption (®lled circles)

after stimulation of 4 ´ 107 cells ml-1 with TPA (1 mg ml-1). c, 86Rb+ release from 107 cells

before (Cells) or after stimulation with TPA (1 mg ml-1), or phagocytosis of S. aureus.

Oxygen consumption was equivalent after these stimuli and was inhibited by DPI. d, 86Rb+

release (black columns), but not O´ 2
2 generation (white columns), was inhibited by

elevating the pH to 8 or more. The pH values of the external buffer and of cytosol (in

parentheses) are shown. (All results are means 6 s.e.m. from at least three

measurements). e, K+ concentrations in phagocytic vacuoles of neutrophils after the

phagocytosis of S. aureus, and the effects on this of the addition of valinomycin and DPI,

as determined by electron probe X-ray microanalysis. The horizontal line depicts the mean

concentration (280 mmol g-1) in control cytosol. (Median, mean, n and s.e.m. of values in

vacuoles were: 236, 322, 39 and 50; 152, 213, 39 and 34; and 100,121, 39 and

13 mmol g-1 for cells treated with control, valinomycin and DPI, respectively. The

corresponding values in cytosols were 291, 280, 41 and 22; 211, 269, 46 and 38; and

278, 345, 37 and 46.)
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the pH in the presence of the predicted concentration of granule
contents.

Tonicity in the vacuole must initially be high. The K+ driven into
the vacuole by the burst is added to the 150 mM NaCl, incorporated
from the extracellular medium when the vacuole forms. Dilution of
these salts occurs only later, as swelling of the vacuoles13 (Fig. 4a, b)
sets in well after the end of the respiratory burst. To understand why
swelling does not ensue immediately, we ®rst used coherent anti-
Stokes Raman scattering (CARS) laser-scanning microscopy27 to
determine whether the vacuolar membrane was unusually
impermeable to water. The results showed the membrane surround-
ing the vacuole to be permeable to H2O (Fig. 4c±e), with a
permeability constant of 6 mm s-1 or higher, roughly similar to
that of the plasma membrane of Dictyostelium discoideum cells27;
thus another explanation is required for the delay in swelling. It
turns out that the vacuole is constrained by a surrounding mesh-
work of cytoskeletal proteins, as seen in macrophages28, including
vinculin and paxillin. These proteins initially accumulate around
the vacuole and then slowly disperse as swelling proceeds (Fig. 4f, g).
When the membrane-permeant fungal toxin jasplakinolide29 was
used to stabilize ®lamentous actin, swelling of the vacuoles was
prevented (Fig. 4b).

Because valinomycin has such a profound effect in suppressing
bacterial killing and vacuolar swelling, despite occasioning a
marked enhancement of the respiratory burst, we measured its
effect on vacuolar pH. We found that valinomycin caused a large
decrease in vacuolar pH (Fig. 5e), to the low values observed in cells
lacking the oxidase activity, either because of CGD13 or inhibition by
DPI12. A possible explanation for this effect is that almost twice as
much oxygen is consumed for each bacterium engulfed in valino-
mycin-treated cells, and thus more cations are required for charge
compensation. K+ ions are lost from the vacuole through the
valinomycin channel, so that the charge must be compensated for
by the passage of protons, with consequent acidi®cation. The pH in

the vacuoles of the valinomycin-treated cells is below the optimum
for both elastase and cathepsin G (Fig. 5f), a contributing factor to
the impairments of killing (Fig. 1e) and digestion (Fig. 5d) induced
by the ionophore.

With regard to the force within the vacuole responsible for
swelling, the osmotic effect of the added K+ is in itself probably
insuf®cient. Fairly high levels of K+ were measured in the presence
of valinomycin, yet there was no swelling; protease inhibitors, which
should not perturb K+ ¯uxes, also prevented swelling (Fig. 4b).
Swelling seems instead to be linked to the digestion of vacuolar
contents and thus probably results from the osmotic pressure
exerted by the products of this process. Digestion and swelling are
both impaired in the absence of the oxidase, either naturally in
CGD13 or after inhibition by DPI, by valinomycin or by protease
inhibitors (Fig. 5d), or when microbes are replaced by protease-
resistant latex particles13. The osmotic forces in the vacuole must be
considerable as they cause the ingested bacteria to shrink to about
half their original volume (Fig. 4a inset, b) before partly recovering
as the vacuoles swell.

Hypertonicity activates granule proteases
How then might the K+ enter into the killing process? Clearly it can
do so by enabling the pH in the vacuole to rise as it substitutes for H+

in compensating for the potential difference across the membrane
generated by the oxidase. However, it also exerts a quite separate
effect by activating the granule enzymes. The granules contain a
strongly anionic sulphated proteoglycan matrix to which the
cationic proteases are tightly bound30. A model for this is the af®nity
of some of these proteases for heparin as shown by surface plasmon
resonance in Fig. 5a. In this bound state they cannot reach the
ingested microbe and must be solubilized to become functional. We
propose that this activation is brought about by the hypertonic K+,
driven into the vacuole by the NADPH oxidase. Figure 5b shows that
most of the granule protein is solubilized at the K+ concentrations

articles

294 NATURE | VOL 416 | 21 MARCH 2002 | www.nature.com

a

Vo
lu

m
e 

(µ
m

3 )

Vo
lu

m
e 

(µ
m

3 )

Time (min)
Vacuole S. aureus Space

Time (s)

S. aureus

b

e f

0.6

0.4

0.2

0

0.6

0.4

0.2

0
0 2 4 6 8

50

100

150

200

250

0.050

0.075

10 12 14 16
8 16

O
2–  (µ

M
)

Con
Val
DPI
Jas
PI

0–5 5 10 15 20

100

80

60

40

20

0

Vinculin

PaxillinH
2O

 (%
)

Time (min)

Fl
uo

re
sc

en
ce

 in
te

ns
ity

g

4 8 12 160

10

20

30

40

50

60

70

dc

Figure 4 Vacuolar swelling and its control. a, Time course of the changes in the volume of

the phagocytic vacuole (®lled squares), the enclosed bacterium (®lled circles, insert) and

the intervening space (®lled triangles) determined by electron microscopy on 24, 43, 65,

45 and 24 vacuoles measured after 1, 2, 4, 8 and 16 min respectively. The bacteria re-

swelled signi®cantly between 8 and 16 min (P , 0.05 by Student's t-test). The time

course of oxygen consumption is also shown (open circles). b, The effect on the size of the

vacuoles of exposing cells to valinomycin (Val, 3 mM, n = 106), DPI (5 mM, n = 44),

jasplakinolide (1 mM, n = 74) and protease inhibitors (PI, n = 30) compared with

untreated cells (Con, n = 111) at 16 min after phagocytosis. All additions resulted in highly

signi®cant differences (P , 0.001) from control cells. c, CARS image of neutrophil with

superimposed ¯uorescence image of ANTS-labelled, phagocytosed C. albicans. d, Real-

time permeability experiment showing the CARS signal from water on the left and the

ensuing decrease in signal after rapid exchange (arrow) of aqueous medium against

isotonic 2H2O buffer. Solid lines mark the plasma membrane of the cell and dashed lines

indicate the edges of the intracellular vacuole. e, Dynamics of water ef¯ux from the

vacuole upon rapid H2O/2H2O exchange. Dots refer to experimental data points. The solid

line ®tted to the data reveals an ef¯ux time of H2O from the vacuole of ,0.1 s.

f, Fluorescein-labelled S. aureus (approximate diameter 0.8 mm) in phagocytic vacuoles

(green, left panels) of neutrophils stained for vinculin or paxillin (red, middle panels). These

cytoskeletal proteins surround the vacuole (composite images, right panels). g, Amounts

of vinculin (open circles) and paxillin (®lled circles) around the vacuole diminish with time

as swelling occurs (each point is the mean of 50 measurements).
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achieved in the vacuole. Elevated pH on its own was without effect.
Isolated granules were not bactericidal but became so at higher KCl
concentrations, an effect that was partly abrogated by protease
inhibitors (Fig. 5c). The fact that some of the antimicrobial activity
of the cationic proteins is independent of their enzymic function31

could account for this inhibitor-resistant killing. The concentrations
of H2O2 developed in the vacuole are not known but it seems unlikely
that they could exceed 100 mM, because at such high levels the
catalase activity of MPO supervenes32,33; the action of H2O2 on
microbes was therefore measured at this concentration. Only limited
microbicidal activity was recorded, and even this was suppressed
completely by the addition of granules. MPO also inhibited killing,
despite the presence in the medium of Cl-, a substrate for chlorina-
tion reactions. Lower concentrations of H2O2, down to 100 mM, also
failed to kill, with or without MPO (not shown).

Discussion
Our results have uncovered a previously unsuspected mechanism of
antimicrobial activity in the phagocyte. In brief, the O´2

2 -generating

system causes an in¯ux of K+ into the phagocytic vacuole with an
attendant rise in pH to the optimal level for the activity of the
granule proteases. Moreover, these become active on release from
the anionic proteoglycan matrix at the elevated ionic strength.

It is essential that the volume of the vacuole be restricted for the
requisite hypertonicity to develop. This requires the integrity of the
cytoskeletal network, and disruption of this by microbial products
could offer a mechanism of virulence by inhibiting the activation of
the granule proteins34.

The identity and nature of the K+ channel will be of interest; it
might or might not be the well-studied H+ channel. One suggestion
has been that gp91phox, the ¯avocytochrome b of the NADPH
oxidase, is itself the channel35,36, although contradictory evidence
exists37,38.

One might question the need for such an elaborate activation
system. A possible explanation lies in the very large numbers of
neutrophils that in®ltrate sites of acute in¯ammation and the
potential of their enzymes to damage autologous tissues if released
from cells in a freely soluble, active, form. For example, the mouse
lacking both cathepsin G and elastase is relatively resistant to
endotoxin shock, in which damage to the endothelium by the
endotoxin is followed by neutrophil attack; this implicates these
two proteases in the tissue damage that normally occurs in this
situation9. The hazard of injurious effects from these enzymes in
normal tissues is reduced by packaging them in an inactive form
adsorbed on acidic proteoglycans, from which they are released and
activated only by a combination of the unusual conditions of
hypertonicity and alkalinity prevailing in the phagocytic vacuole.

Our demonstration that ROS generation and MPO activity are
not themselves suf®cient to kill key model target organisms is
important, not only because of the insight it affords into normal
immunity, but also because of the light it throws on pathological
mechanisms. Early theories implicating oxygen radicals in tissue
damage39 stemmed from the apparent toxicity of these agents
against microbes, which are much tougher than human cells.
Some of this early supportive evidence will need to be reassessed
in the light of the above developments4,5. Experiments with MPO
were generally performed at what has been shown here to be
unphysiologically low concentrations of enzyme and H2O2 and at
too low a pH (ref. 7).

MPO still seems to be important in the killing process7,11. It might
help to protect the microbicidal enzymes against oxidative damage.
In preliminary studies we have found cathepsin G to be very
sensitive to oxidation by H2O2 and to be inactivated at a greatly
increased rate in phagocytosing neutrophils treated with azide to
inhibit MPO. Similar mechanisms of oxidative inactivation of
degradative enzymes could explain the accelerated deposition of
atheromatous material observed in MPO-de®cient mice40,41. M

Methods
Infection studies

Staphylococcus aureus (NCTC 12981) cells (4 ´ 107) or C. albicans cells (104) from an
overnight culture were injected into the tail veins of mice de®cient in cathepsin G and/or
neutrophil elastase, CGD mice de®cient in p47phox or normal mice, all on the strain 129
genetic background9. Survival was monitored every 12 h for 7 d (S. aureus) and 24 d
(C. albicans), respectively.

Measurements of neutrophil function in vitro

Neutrophils were puri®ed from human blood13 and suspended in PBS (140 mM NaCl,
10 mM KCl, 10 mM NaH2PO4, 5 mM glucose, pH 7.3). All mixing of microbes with
neutrophils in vitro was done in the rapidly stirred chamber of an oxygen electrode at
37 8C. All additions of chemicals to cell suspensions were made without subsequent
incubation unless stated otherwise.

Thioglycollate-elicited mouse neutrophils (2.8 ´ 107) (ref. 9) in 0.5 ml were mixed with
5 ´ 106 S. aureus or 2.5 ´ 106 C. albicans cells. Killing was measured as described13, omitting
lysostaphin. All killing studies in vitro were performed in duplicate with cells from three to
®ve mice, and colonies were counted on three aliquots taken at each time point.

Iodination by mouse neutrophils was measured on cells puri®ed from thioglycollate
(3%)-induced peritoneal exudates and with the use of immune mouse serum as opsonin42.
Results of three experiments with three measurements in each are shown in Fig. 1f.
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Figure 5 Activation of the microbicidal proteases requires K+ and neutral pH. a, The

cationic granule proteins bind strongly to proteoglycans. Surface plasmon resonance plots

of binding of pure MPO (Kd 20.4 nM), cathepsin G (C, Kd 5.3 nM), lactoferrin (L, Kd

28.3 nM) and elastase (E, Kd 8.9 nM) to heparin. Lysozyme (LY) did not bind signi®cantly.

All proteins were present at 4 mg ml-1. b, MPO, cathepsin G and elastase (C+E) and

lactoferrin (L) were released from the granule matrix at elevated salt concentrations but

not by increasing the pH from 5 to 8 (granules 20 mg ml-1). c, The effect of H2O2

(100 mM), alone or with MPO (5 mg ml-1), and puri®ed neutrophil granules (44 mg ml-1),

in the presence and absence of KCl and/or protease inhibitors (PI) on the viability of

S. aureus. All results are means 6 s.e.m. from at least three measurements. d, Effect of

valinomycin, DPI and protease inhibitors (PI) on digestion of 35S-labelled, killed, S. aureus.

e, Effect of DPI and valinomycin on vacuolar pH over time. Each point is the mean of at

least three measurements with ¯uorescein-coated bacteria as pH indicators13,17.

pH values at 2 min were signi®cantly different (P , 0.05 by Student's t-test). f, Relation

between pH and activity of cathepsin G and elastase. Each point is the mean of three

measurements.
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To measure the effect of valinomycin (3 mM), DPI (5 mM) or protease inhibitors
(10 mg ml-1 leupeptin, N-tosyl-L-leucine chloromethyl ketone (TLCK), pepstatin A,
aprotinin and diisopropyl¯urophosphate 1 mM) on killing by human neutrophils, 108

cells in 1 ml PBS were mixed with 108 IgG-opsonized S. aureus, in the presence and in the
absence of valinomycin or protease inhibitors, and then treated as above. To study the
effect of jasplakinolide (1 mM) without inhibiting phagocytosis, cells were mixed with
bacteria for 2 min; the agent was then added and cells were incubated at 37 8C for a further
14 min.

O´2
2 generation was determined by superoxide-dismutase-inhibitable reduction of

cytochrome c4 and oxygen consumption with an oxygen electrode14. Digestion of heat-
killed (65 8C, 30 min) 35S-methionine-labelled S. aureus cells was expressed as the
percentage of trichloroacetic-acid (10%)-soluble radioactivity released into the
supernatant13.

Survival analysis

Survival of mice was analysed by Kaplan±Meier survival analysis. Killing in vitro was
analysed by determining the rate of loss of viability of the organisms by regression analysis
of a logarithmic transformation of the numbers of surviving microbes in relation to time.
Slopes were compared with a two-tailed t-test.

Electron and confocal microscopy

To assess the sizes of phagocytic vacuoles and their contents, 5 ´ 107 fresh human
neutrophils were mixed with 5 ´ 108 IgG-opsonized S. aureus cells in a rapidly stirred
chamber at 37 8C. At timed intervals, aliquots were taken into a ®xative consisting of
glutaraldehyde (1.5%), picric acid (0.1%) in sodium cacodylate buffer (0.1 M, pH 7.2).
They were post®xed in osmium tetroxide, dehydrated in ethanol and embedded in
Araldite. Sections were collected on copper grids, contrast-stained with uranyl acetate and
lead citrate and viewed at a magni®cation of ´16,000. Morphometry was performed by
projecting the photographic electron-microscopy negatives through a micro®lm reader,
giving a further enlargement of ´9 or ´12. The relevant structures (and the calibration
bars) were traced on paper and the pro®les were then measured with a digitizing tablet.
Only the volumes of phagocytic vacuoles that were judged to have been sectioned in the
region of maximum width were measured.

For assessment of the dispersion of granule contents in the vacuole, the cells were
treated as above and the incubation was ended at 4 min. Granule contents in the vacuoles
were visually assessed as dispersed or not by two independent `blinded' observers.

Immunohistochemical analysis of phagocytosing neutrophils was conducted as
described previously43 with antibodies against paxillin and vinculin (from Santa Cruz). The
¯uorescence intensity around 50 vacuoles was measured at each time point and compared
with that in the surrounding cytosol by using a Leica TCS NT confocal microscope.

Measurement of K+ and 86Rb+ ¯uxes

K+ release from neutrophils (4 ´ 107 ml-1) stimulated with 1 mg ml-1 TPA was measured
continuously with a K+ electrode (Thermo Russell, Model 93-3199) at 37 8C. The cells were
kept in PBS and the buffer was exchanged to a K+-free PBS just before each measurement.
K+ ef¯ux was measured in the absence and in the presence of 5 mM DPI. K+ concentration
was calculated from a standard curve.

For 86Rb+ ef¯ux, 107 neutrophils were suspended in 1 ml 136 mM NaCl, 1 mM MgSO4,
1 mM CaCl2, 5 mM KCl, 5.6 mM glucose, 20 mM HEPES pH 7.4 (HEPES buffer), 2.5 mCi
86Rb+ and 0.1 mg ml-1 bovine serum albumin (BSA) and incubated at 30 8C for 30 min,
washed three times in the buffer without the 86Rb+ and then placed in a stirred oxygenated
chamber at 37 8C. Cells were stimulated with either 2 ´ 108 IgG-opsonized S. aureus or
1 mg ml-1 TPA for 3.5 min. Stimulated cells were immediately cooled to 4 8C and
centrifuged through Ficoll/Hypaque at 400g for 10 min at 4 8C. Radioactivity in the
supernatant above the Ficoll/Hypaque and in the neutrophil pellet was removed and
counted in a liquid-scintillation counter. 86Rb+ ef¯ux was also measured in 20 mM HEPES
buffer at pH 6, 7, 8 and 8.5.

K+ concentrations inside the phagocytic vacuole and cytoplasm were measured by X-ray
microanalysis on snap-frozen, freeze-dried cells. Neutrophils (with and without DPI or
valinomycin) were mixed with IgG-opsonized S. aureus at 37 8C for 3 min and centrifuged
at 800g for 10 s; drops of the thick cell pellet were collected on a piece of Millipore ®lter
paper and cryo®xed by being plunged into liquid propane. The cryo®xed pellets were
stored under liquid nitrogen. Cryosections 250 nm thick were cut at -120 8C in an RMC
MTXL cryo-ultramicrotome. The sections were supported on Pioloform-covered nickel
grids (100 mesh hexagonal) and freeze-dried overnight under temperature-controlled
conditions. The sections were coated with a thin layer of carbon in the vacuum chamber
and analysed with a Zeiss EM10 electron microscope ®tted with an Oxford Instruments
detector and PGT Avalon 8000 microanalysis system. Areas within the vacuole space and
in the adjacent cytoplasm were analysed with a reduced-area raster for 60 s of live time at
an accelerating voltage of 80 kV and an beam current of 1 nA in STEM mode at ambient
temperature. Spectra were processed and quanti®cation was achieved with the peak-to-
continuum ratio method44. Results are expressed as mmol g-1 dry weight.

Granule and protein puri®cation, enzyme activity and plasmon resonance

Human buffy coat neutrophils were disrupted by nitrogen cavitation in Break buffer
(10 mM KCl, 3 mM NaCl, 4 mM MgCl2, 10 mM PIPES pH 7.2) containing protease
inhibitors (leupeptin, TLCK and pepstatin A, each at 1 mg ml-1). Post-nuclear super-
natants (PNSs) were prepared by centrifugation at 400g at 4 8C for 10 min.

The PNS was centrifuged for 1 h at 100,000g in a Beckman SW41 head at 4 8C on
discontinuous gradients of 33% sucrose on 55% sucrose (w/w), and the granules were

removed from the interface. Human MPO was puri®ed from granules to a Reinheit Zahl
(Rz) value (A430/A280) of 0.82 (ref. 45).

For puri®cation of cathepsin G, neutrophil elastase, lactoferrin and lysozyme, the
granules were homogenized in Break buffer and 1% cetyltrimethylammonium bromide.
The extract was centrifuged at 25,000g for 10 min. The supernatant was loaded on a Fast
Flow S-Sepharose column (1.5 cm ´ 20 cm) in 10 mM phosphate buffer pH 6.95 and
eluted with a linear gradient of NaCl (10 mM to 1 M). Lysozyme, cathepsin G and
lactoferrin were further puri®ed on a Mono S column (1 ml) with the same buffer and salt
gradient. Elastase was further puri®ed on heparin±agarose in the same buffer and salt
gradient followed by gel ®ltration on a Superdex 75 column (all resins from Pharmacia).
All proteins were at least 95% pure and identities were con®rmed by matrix-assisted laser
desorption/ionization mass spectrometry. Protein binding to heparin was measured by
surface plasmon resonance (Biacore) as described46.

To determine the quantity of granule proteins in the vacuole, bacteria were labelled with
[35S]methionine, heat-killed (70 8C for 10 min), opsonized with human IgG and mixed
with cells at a ratio of 20:1 at 37 8C for 4 min. Unopsonized bacteria were used as a control.
Phagocytosis was stopped by placing cells into ice-cold PBS in which they were washed
twice and then lysed by nitrogen cavitation in Break buffer containing 11.2% (w/w)
sucrose. The PNS was centrifuged into a 12-ml continuous sucrose gradient from 30% to
60% (w/w) at 150,000g for 2 h in a Beckman SW41 head. Fractions (0.5 ml) were counted
for bacteria and assayed for MPO (with o-dianisidine) or protein (with Bradford reagent
from Bio-Rad) with BSA as standard.

Membranes were removed from granules47 by centrifugation through Percoll. To
measure the buffering capacity of granule proteins, various concentrations of granules
lacking membranes, suspended in normal saline, were titrated against KOH and the
pH was measured.

The pH dependence of the activities of elastase and cathepsin G48 (both from Sigma)
was measured exactly as described.

Killing of S. aureus by granule proteins

Granules without membranes were prepared in the absence of protease inhibitors. Bacteria
were incubated for 6 min with H2O2 (100 mM) in the presence or absence of MPO
(5 mg ml-1) or granules (44 mg ml-1) in PBS at 37 8C. Granules were also incubated in the
presence of KCl (200 or 400 mM), with or without protease inhibitors as above.

Measurement of vacuolar permeability to water

Puri®ed neutrophils were left to adhere to poly-(L-lysine)-coated slides for 15 min at 37 8C.
The slides were washed with PBS and then overlaid for 15 min with a suspension of C.
albicans labelled with the ¯uorophore 8-aminonaphthalene-1,3,6-trisulphonic acid
(ANTS; Molecular Probes) and opsonized with human IgG. Unattached Candida cells
were washed away and nonlinear coherent CARS microscopy was performed, in
combination with isotopic exchange, as described27.

Vacuolar and cytosolic pH

Vacuolar pH was determined from the excitation spectrum of ¯uorescein-labelled, IgG-
coated S. aureus13 exactly as described17. Cytosolic pH was measured in cells in suspension
with the ¯uorescent indicator 29,79-bis-(carboxyethyl)-5(6)-carboxy¯uorescein49, and
pH values were standardized with phosphate-buffered or HEPES-buffered salt solutions;
cells were equilibrated in the presence of either p-(tri¯uoromethoxy)phenylhydrazone
(10 mM) or nigericin (10 mM).
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