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C

ells of the innate immune compartment provide
critical functions in protective responses to infectious agents as well as in other types of immune
responses. Responses to infections and tissue inflammation are
initiated by innate cell receptors that sense conserved pathogenand/or inflammation-derived molecular patterns and trigger
functions that are critical to early control of the infection
and to subsequent activation of the adaptive immune response (1, 2). Importantly, the adaptive immune response does
not function in isolation, but rather guides the trafficking and
function of neutrophils and macrophages to ingest and destroy
bacterial and fungal pathogens. The major mechanism used by
these phagocytes to destroy ingested pathogens is through the
NADPH oxidase–mediated generation of reactive oxygen radicals and downstream mediators, including H2O2 and HOCl.
The critical role of neutrophils and macrophages and their
machinery in ridding the host of pathogens is best exemplified
in humans who have mutations in one of the enzymatic components comprising NADPH oxidase. These mutations prevent the formation and/or function of the NADPH oxidase
enzyme system in generating the oxidative burst and its downstream products, so that ingested pathogens are not destroyed by
the phagocytes. The resulting chronic granulomatous disease
renders the afflicted individuals susceptible to chronic infections that are dealt with by formation of characteristic granulomas to sequester the ingested pathogens in tissue, thereby
preventing their spread.
Recognition of the importance of neutrophil and macrophage ingestion and destruction of bacteria compelled active
investigation to identify the components and formation of the
NADPH oxidase complex and the substrates and products of the
oxidative burst. These studies also established that following
neutrophil and macrophage phagocytosis of bacteria, the delivery of stimulatory signals through agents later identified as

IFN-g and TLR ligands was required to induce the formation
and activity of the NADPH oxidase enzyme complex. During
the course of these early studies, major questions arose as to
whether all neutrophils in cells isolated from the peripheral
blood could express NADPH oxidase activation or whether
this bactericidal function was restricted to specific cells within
the neutrophil population. This necessitated the development
of new approaches to identify and quantify the production of
H2O2 and/or other products of the NADPH oxidase complex
on a per cell basis within a large and complex population of
cells. The solution to this problem was revealed in the 1983
paper by Bass et al. (3), which is the subject of this Pillars of
Immunology commentary.
Two technical developments that were critical to the development of this work warrant a brief discussion. First, work
by Rotman and Papermaster (4) used fluorescence microscopy
to show cultures of lymphoma cells could be loaded with
fluorogenic substrates that were almost immediately cleaved
into fluorescent products that were retained in viable, but not
dead, cells. The enzymatic reactions generating fluorescent
products from the fluorogenic substrates within loaded cells
were subsequently identified several years later (5). Second,
one of the major advances in science arose with the development
of flow cytometry, in which such fluorochrome-labeled cells were
rapidly separated from nonlabeled cells in a liquid stream when
excited by a beam of blue light emitted from a mercury arc source
(6). Also note that in these early experiments the mouse spleen
cells separated from Chinese hamster ovary cells were shown to
contain the cells producing Ab, demonstrating an important
application of this technology. Although the development of
flow cytometry advanced rapidly to the use of lasers and more
sophisticated photomultiplier tubes, early application focused
on the use of fluorochrome-labeled mAbs to detect lymphoid
cell populations expressing specific phenotypic markers, first
using single color (fluorescein)-labeled Abs and then in 1983,
two-color flow cytometric analysis of lymphoid cells with the
development of additional fluorochromes such as Texas Red (7).
Bass et al. (3) had been aware of the work detailing the
intracellular enzymatic cleavage of fluorogenic substrates to
generate fluorescent products and tested these principles to
assess generation of these products in individual cells using
the flow cytometry technology. Their seminal work extended
the use of flow cytometry from the phenotypic analysis of
cell surface markers on lymphoid populations to the intracellular analysis of NADPH oxidase function in human neutrophils. The polymorphonuclear leukocytes (i.e., neutrophils)
were isolated from peripheral blood by centrifugation through
Isolymph gradients and then loaded with a dye, 29,79dichlorofluorescin diacetate (DCFH-DA), which was rapidly deacetylated by intracellular esterases to DCFH, a
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been cited, including at least 14 citations already this year and
.30 last year. The development of this experimental strategy
allowed for accurate and rapid analysis of the constituents
required for NADPH oxidase formation and activation, assessment of inhibitors of NADPH oxidase enzyme complex,
and analysis of neutrophils from patients with mutations in
various constituents of NADPH oxidase that prevent its formation and critical function in clearing viral and bacterial
infections. With the present focus on the development of
macrophages and neutrophils to different functional phenotypes during various states of inflammation and tissue
homeostasis, it is easy to see the continued use of this approach
to monitor the function of NADPH oxidase or other metabolic functions in cells in combination with mAbs defining
cell phenotypes to provide new mechanistic insights into
the initiation of tissue pathology and the resolution of
inflammation.
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nonfluorescent substrate for oxidation products. PMAmediated stimulation of protein kinase C in neutrophils activated the NADPH oxidase to generate H2O2 that oxidized the
DCFH substrate to the highly fluorescent product dichlorofluorescein (DCF). The fluorescent product was retained in the
stimulated neutrophils and detected at the single cell level
during flow cytometric analysis using an argon laser to excite
the generated fluorescent product. H2O2 and the fluorescent
DCF product were not generated in the DCFH-DA–loaded
neutrophils in the absence of PMA stimulation of NADPH
oxidase. As an important control, the authors took advantage
of the naturally occurring human mutations in NADPH
oxidase; neutrophils isolated from the blood of chronic
granulomatous disease patients took up the DCFH-DA that
was converted to DCFH by intracellular esterases, but PMA
stimulation of these neutrophils failed to activate the nonfunctional NADPH oxidase and the generation of the H2O2 to
oxidize the substrate to the fluorescent DCF product. The
authors also used a spectrofluorometer to construct a DCF
standard curve to quantitate the DCF fluorescent product
generated on a per cell basis in PMA-stimulated neutrophils,
determined to be 160 6 13 versus 6.9 6 0.7 attomol/cell in
unstimulated cells. This experimental approach also allowed
the investigators to test whether the PMA-mediated activation of neutrophil NADPH oxidase and generation of H2O2
occurred as an all-or-none or graded response. By performing a
PMA dose stimulation experiment, the fluorescence intensity
produced by the generation of H2O2 and the fluorescent product increased as a uniform shift in the entire test neutrophil
population, indicating a graded response to produce H2O2 in
response to increasing PMA stimulation.
The major advance provided in this seminal work comes in
the development of a novel use for flow cytometry: in the
quantitative detection of metabolically generated fluorescent
products within a test cell population and in analysis directed
to immune cells other than lymphocytes. The importance of
this development is reflected in the .1500 times the paper has
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