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Abstract

NGAL (neutrophil gelatinase-associated lipocalin) also known as lcn2 or siderochalin is constitutively
expressed in myelocytes and stored in specific granules of neutrophils. It is highly induced in a variety of
epithelial cells during inflammation. Analysis of the crystal structure of NGAL expressed in E.coli showed
that NGAL has the ability to bind catecholate type siderophores and in this way prevent bacteria from
acquisition of siderophore-bound iron. NGAL (or 24p3 as the highly homologous murine orthologue is
named) knock out mice have a profound defect in defense against E.coli after intraperitoneal injection. This
defect can be mimicked in wild-type mice by providing siderophore iron, which cannot be sequestered by
NGAL, testifying to the specific role of NGAL as a siderophore binding protein in innate immunity.
Megalin, a scavenger receptor functions as a receptor for NGAL and mediates uptake into endosomes, but
other NGAL receptors are likely to exist.

Introduction

The lipocalin protein family is extremely wide-
spread with members in bacteria, insects and
mammals including man (Ganfornina et al. 2000).
The members share little overall sequence homol-
ogy (approx. 20%), but all confine to a common
tertiary structure determined by highly conserved
segments of the individual lipocalin proteins,
termed the lipocalin folds. These organize the li-
pocalins with eight anti-parallel b-sheets that sur-
round a hydrophobic pocket, central to the
function of lipocalins as transport or carrier pro-
teins (Flower 1996).

Lipocalins are known to function as trans-
porters of pheromones (Marchese et al. 1998), se-
creted in urine and responsible for behavioral
changes (Beynon & Hurst 2003) including sexual
arousal (Briand et al. 2004). Lipocalins bind color
pigments and give lobsters their coloration (Cianci
et al. 2002). Lipocalins bind NO and keep it stable

in saliva of ticks and exchange NO with histamine
during their blood feast, thus providing vasodila-
tation and inhibition of inflammation in the host
(FuentesPrior et al. 1997; Andersen et al. 1998;
Montfort et al. 2000).

Several human lipocalins are known, retinol-
binding protein (RBP) is an important plasma
protein, responsible for transport of retinol (vita-
min A) (Cowan et al. 1990; Newcomer & Ong
2000). Despite this important function of a lipoc-
alin, it is still not known whether the cellular up-
take of vitamin A is mediated by a specific receptor
that takes up the RBP–retinol complex or just
picks retinol out of the lipocalin pocket of RBP.

Acid glycoprotein (AGP), also known as oro-
somucoid, is an acute phase protein synthesized by
the liver in response to inflammation. It most
likely plays a role in down-modulation of the
inflammatory response by sequestering endotoxin
and TNFa (Logdberg & Wester 2000; Kopecky,
Jr. et al. 2003).
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Results and discussion

We discovered a novel human lipocalin as a con-
tamination of human neutrophil gelatinase and
termed it neutrophil gelatinase-associated lipocalin
(Kjeldsen et al. 1993; Bundgaard et al. 1994;
Cowland & Borregaard, 1997). This is a 25 kD
glycosylated protein with a free cysteine that
mediates formation of a heterodimeric complex
with gelatinase when these two are expressed to-
gether, as is the case in the later stages of myeloid
cell maturation in the bone marrow (the myelocyte
stage), or a homo-dimeric complex. NGAL is
stored in the specific granules of neutrophils as a
monomer, homodimer, or as a heterodimer with
gelatinase as the binding partner (Kjeldsen et al.
1994).

We soon discovered that NGAL was not solely
expressed in myelocytes of the bone marrow and
stored in neutrophils. NGAL turned out to be
highly expressed in gut epithelial cells at sites of
inflammation. Immunohistochemistry showed
massive staining for NGAL protein in epithelial
cells in both diverticulitis, appendicitis, ulcerative
colitis and morbus Crohn, as well as in neoplastic
conditions (Nielsen et al. 1996). These are all
characterized by significant inflammation and in
some cases also by neutrophil infiltration, but the
latter does not explain the presence of NGAL in
epithelial cells, and in situ hybridization has dem-
onstrated a marked upregulation of NGAL
mRNA in the epithelial cells in the aforementioned
conditions (Nielsen et al. 1996). Infection with
virus also induces significant upregulation of
NGAL (Vijay-Kumar et al. 2005). NGAL is highly
upregulated in the epithelial cells of the respiratory
tract. Some constitutive expression is seen in goblet
cells of the bronchial mucosa, and small amounts
are synthesized by type II pneumocytes of the
lungs. Type II pneumocytes make up for 60% of
the cells lining the alveoli, but as they are cuboidal
in shape, they constitute only 1–5% of the respi-
ratory surface. The type II pneumocytes also gen-
erate surfactant protein A and C (Cowland et al.
2003). NGAL is induced in keratinocytes of the
skin during wounding (Sorensen et al. 2003). This
massive induction of NGAL in epithelial cells
made us suspect that NGAL serves a role in innate
immunity, and we initiated a collaboration with
Roland K. Strong to obtain insight into the pos-
sible function by analysis of the crystal structure of

NGAL. We also conducted a series of experiments
to identify the pathways leading to induction of
NGAL synthesis in epithelial cells.

Induction of NGAL synthesis in epithelial cells

In a model system of type II pneumocytes (A549
cells), NGAL is induced by IL-1b, but not by
TNFa. This cell line does not contain the TLR4
receptor for endotoxin, but the cells do respond to
endotoxin with a brisk induction of NGAL tran-
scription and synthesis when transfected with
TLR4 (Cowland et al. 2003). Since all three stimuli
are known to activate the NF-jB transcription
factor by inducing phosphorylation and proteos-
omal degradation of the NF-jB inhibitor I-jB, it
was puzzling why TNFa was unable to induce
NGAL transcription, more so since the cells re-
sponded well to TNFa by induction of IL-8 tran-
scription, which is also NF-jB-dependent.

Studies of the NGAL promoter identified an
NF-jB consensus-binding site at )179 to )170.
When this was mutated, IL-1b was no longer able
to induce expression of NGAL (or of a reporter
gene). Thus, the expression of NGAL in epithelial
cells (at least in type II pneumocytes) and skin is
completely dependent on NF-jB but also depends
on an additional signal that is generated by IL-1b
but not by TNFa (Cowland et al. 2003). This was
recently found to be due to the induction of an
NF-jB-binding co-factor, which is specifically in-
duced by IL-1b and not by TNF-a and is required
for transcription of the NGAL gene (Cowland
et al. manuscript in preparation).

In colon epithelial cells, double-stranded RNA
has been shown to induce NGAL via Protein
Kinase R activation (Vijay-Kumar et al. 2005).

It seems that some major differences exist
between mouse and man with respect to regulation
of NGAL expression. In mouse the orthologue of
NGAL, 24p3 or uterocalin, is induced as an acute
phase protein synthesized by the liver. This does
not seem to be the case in man. In studies of
isolated liver cells from mouse and man, TNFa
induces NGAL in mouse cells, but not in human
liver cells (Klausen et al. in press).

The regulation of expression of NGAL and its
upregulation in epithelial cells fits well with a
putative role ofNGAL in innate immunity. The clue
to its direct function came from crystallography
carried out by Dr. Roland K. Strong and collabo-
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rators who noticed that recombinant NGAL gen-
erated by E. coli was deeply red in color in contrast
to recombinant NGAL generated by insect cells. It
was shown that this red color was due to an iron
molecule that was trapped in the siderophore of
E.coli, enterochelin, indicating that NGAL is a
siderophore binding protein (Strong et al. 1998;
Goetz et al. 2000). Many such are of course known
that mediate the uptake of siderophores in bacteria
(Neilands 1995), but no eukaryotic, let alone
mammalian protein with siderophore binding
properties was known. The binding of enterochelin
by NGAL is strong with dissociation constants of
0.4 nM, and the siderophores were significantly
more stable when bound in the lipocalin pocket of
NGAL (Goetz et al. 2002). This of course means
that the ability of NGAL to sequester iron via sid-
erophores is durable. This was demonstrated by
experiments where apo-NGAL, i.e. NGAL gener-
ated without siderophore was added to E.coli.
NGAL was able to completely block growth of
E.coli under iron poor conditions but NGAL with
siderophore iron was not.

The affinity of NGAL for different classes of
siderophores was investigated in a series of
experiments using either change in plasmon reso-
nance or quenching of fluorescence of a trypto-
phan residue deep in the bottom of the lipocalin
pocket, and extended with structural analysis. This
showed that the best fit is obtained by the sidero-
phores of mycobacteria, whereas the siderophores
from another major human pathogen, Pseudomo-
nas aeruginosa are not bound (Holmes et al. 2005).

The biological significance of NGAL’s ability to
inhibit bacterial growth by sequestering sidero-
phore iron was investigated in a knock-out mouse
generated by Flo et al. (2004). The mice were
healthy with normal hematopoiesis and normal
kidney function. This argues against a major role of
NGAL in regulation of myeloid development as
has been presented by Devireddy et al. (2001) and
also lends little support to NGAL as an important
iron carrier of significance for kidney development
as suggested (Yang et al. 2002). At least other
systems must be able to compensate for the lack of
NGAL in these situations. Also, the mice suffered
no major infections. However when challenged by
intraperitoneal injection of E.coli, the knock out
mice succumbed rapidly, in contrast to wild-type
mice. It was elegantly shown that the resistance of
wild-type mice was indeed due to their ability to

induce NGAL synthesis and reduce the amount of
siderophore iron available to bacteria, since pro-
viding the wildtype mice with siderophore iron
from a source which NGAL cannot bind, made the
mice as vulnerable to infection as knock-out mice
(Flo et al. 2004). Since there are major differences
between regulation of NGAL expression in man
and mice, it will be particularly important to ex-
plore whether the protection offered by NGAL is
provided by NGAL expressed by the liver as an
acute phase protein in mice but not man or by the
upregulation in epithelial cells (well investigated in
man but not in mice) or the constitutive expression
in neutrophils.

It was thus demonstrated that NGAL works as
a bacteriostatic agent by sequestering siderophore
bound iron, but NGAL is not bactericidal, and
prevents bacterial growth only as long as NGAL is
able to sequester siderophores. This raises two
questions. Is the ability of NGAL to bind sidero-
phores influenced by whether the siderophores
themselves have chelated iron or not? This has not
been completely addressed. The binding of sid-
erophores to the pocket of NGAL is largely
mediated by ionic strength where positively
charged amino acids (Arg81, Lys125, and Lys134)
interact with the negatively charged side chains of
siderophores (Holmes et al. 2005).

The next question is what happens to the
NGAL siderophore complex? If bacterial prote-
ases were able to degrade NGAL, its bacteriostatic
effect would be to short. NGAL is known to be
very protease resistant (Kjeldsen et al. 1993), but it
can be degraded (Le Cabec et al. 1996, 1997), and
its long term effect in protection against bacterial
infections would depend on the ability of epithelial
cells not only to synthesize NGAL in response to
bacterial infection, but also to take up NGAL and
thus protect it from microbial or other proteases in
the extracellular milieu.

We recently showed that megalin, the multi-
functional scavenger receptor highly expressed in
kidney epithelial cells and epithelial cells of the
ileum, lungs ependyma, epididymis and other tis-
sues (Moestrup & Verroust 2001), binds NGAL
with high affinity as documented by changes in
plasmon resonance. Megalin is also able to
mediate uptake of NGAL in cells that express
megalin (Hvidberg et al. 2005). We were not able
to observe any difference in the uptake of apoN-
GAL and siderophore loaded NGAL.
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The study of NGAL has disclosed a hitherto
unknown mechanism of innate immunity. It is well
known that the ability to reduce the availability of
iron for microbial growth is important for defense
against microbial infections. Lactoferrin is a highly
abundant protein expressed by the same myeloid
cells as NGAL (Borregaard & Cowland 1997) and
this chelates iron directly. NrampI, also expressed
in the granules of neutrophils that harbor NGAL
and lactoferrin (Canonne-Hergaux et al. 2002), is
believed to reduce the availability of iron in the
phagocytic vacuole by pumping iron into the
cytosol, and its importance for defense against
mycobacterial infections was the basis for its dis-
covery and its name. Hepcidin an antibacterial
protein highly induced in liver cells in response to
IL-6 stimulation shuts down the release of iron
from intestinal cells and macrophages and in this
way provides an iron deficiency state (Loreal et al.
2005). Microorganisms have developed several
mechanisms to secure their supply of iron, which is
very scarce as a soluble molecule. A major mech-
anism is the ability to synthesize siderophores that
are the strongest iron chelators known, well able to
recover iron from transferrin and lactoferrin
(Neilands 1995). NGAL binds siderophores and
prevents its uptake by microorganisms (Fig. 1).

The immediate questions are whether other
members of the lipocalin family share the ability of
NGAL to bind siderophores. Tear lipocalin which
is quite closely related to NGAL has been shown
to bind siderophores and to prevent bacterial
growth but the molecular details have not been
worked out yet (Fluckinger et al. 2004). The
question is whether there are other receptors for
NGAL than megalin and whether NGAL is recy-

cled, liberated from its siderophore after cellular
uptake.
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