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Summary

Although neutrophil gelatinase-associated lipocalin (NGAL) may play a
pivotal role in the innate immune response, there are currently no data on
NGAL levels in human immunodeficiency virus (HIV)-infected patients. In
this study we aimed to examine the regulation of NGAL in HIV infection. The
regulation of NGAL in HIV infection was examined by different experimental
approaches, including studies in peripheral blood and mononuclear cells
(MNC) from bone marrow aspirates before and during highly active anti-
retroviral therapy (HAART). We found that: before initiating HAART, HIV-
infected patients (n = 37) had significantly decreased serum NGAL levels
compared with healthy controls (n = 26); (ii) during HAART, there was
a gradual and significant increase in NGAL concentrations reaching levels
comparable to those in healthy controls after 12 months; (iii) this increase
was seen primarily in virological responders to HAART (HIV RNA
level <200 copies/ml after 24 months); (iv) phytohaemagglutinin-stimulated
NGAL release in MNC cells from bone marrow aspirates was decreased
in untreated HIV-infected patients compared with healthy controls, but
increased after 26 weeks on HAART; and (v) there was a significant positive
correlation between neutrophil counts and NGAL levels at all time-points
during HAART. We have shown decreased NGAL levels in HIV-infected
patients, potentially reflecting decreased number and function of neutrophils
as well as impaired bone marrow myelopoiesis. These abnormalities were
reversed by successful HAART. Our findings underscore further the involve-
ment of neutrophils and innate immunity in HIV-related immunodeficiency.
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Introduction

Lipocalin-2, in humans named neutrophil gelatinase-
associated lipocalin (NGAL), is a 25-kDa glycoprotein
belonging to the lipocalin superfamily whose members share
a barrel-shaped tertiary structure with a hydrophobic pocket
that can bind lipophilic molecules [1]. NGAL is found to
be synthesized constitutively during a narrow window of
maturation in the granulocyte precursors (myelocyte/
metamyelocyte) in the bone marrow, and is stored in specific
granules of mature neutrophils as a monomer, a homodimer
or a heterodimer in complex with gelatinase [2]. NGAL has
also been detected in other cell types with a particularly
prominent expression in epithelial cells [3–5].

Although increased NGAL levels have been reported
during inflammation, possibly involving Toll-like receptor

(TLR)-related mechanisms [6–8], its biological function in
humans is far from clear. However, it has been proposed as a
scavenger of bacterial products at sites of inflammation and
as a modulator of inflammatory responses [9]. Moreover,
recent studies in lipocalin-2-deficient mice have shown that
the mouse homologue to NGAL, 24p3, has an essential bac-
teriostatic role under iron-limited conditions, acting as an
iron-depleting factor in the innate immune response by lim-
iting bacterial iron supply through binding bacterial sidero-
phores [10,11].

A progressive CD4+ T cell depletion accompanied by
defective T cell function is the immunological hallmark of
untreated human immunodeficiency virus (HIV) infection
[12]. However, HIV-related immunodeficiency also includes
other abnormalities, such as impaired innate immune
responses involving decreased function and numbers of
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neutrophils [13], potentially also associated with dysregula-
tion of NGAL. Although NGAL may have a pivotal role in
the innate immune response to bacterial infection, there are
at present no data on NGAL levels in HIV-infected patients.
In this study we examined the regulation of NGAL in HIV
infection by different experimental approaches, including
studies in peripheral blood and bone marrow samples pro-
cured before and during highly active anti-retroviral therapy
(HAART).

Materials and methods

Patients and control subjects

A group of 37 patients (median age 40 years; range,
24–64 years; 24 men and 13 women) was followed during
HAART with serum samples taken before 3, 6, 12 and
24 months after initiation of therapy. Before start of therapy,
median laboratory values (interquartile range) were
as follows: CD4+ T cell count, 200 ¥ 106 cells/l (90–
360 ¥ 106 cells/l); CD8+ T cell count, 690 ¥ 106 cells/l (520–
860 ¥ 106 cells/l); and HIV RNA load, 34 300 copies/ml
(5845–122 500 copies/ml). Blood samples were obtained in
periods without any acute infection or exacerbation of
chronic infection. For comparison, 26 HIV-seronegative
healthy controls (median age 38 years; range, 19–50 years; 18
men and eight women) were also included in the study. In
another group of HIV-infected patients (n = 12, median age
45 years; range 24–57 years; 11 men and one woman) bone
marrow aspirates were obtained before and 4 and 26 weeks
after initiating HAART. Before start of therapy, median labo-
ratory values (interquartile range) were as follows: CD4+ T
cell count, 190 ¥ 106 cells/l (135–210 ¥ 106 cells/l); CD8+ T
cell count, 780 ¥ 106 cells/l (605–1230 ¥ 106 cells/l); and HIV
RNA load, 71 050 copies/ml (12 637–684 750 copies/ml).
Informed consent for blood and bone marrow sampling was
obtained from all study participants. The study was con-
ducted in accordance with the ethical guidelines at our hos-
pital and the Helsinki Declaration and was approved by the
hospital authorities.

Blood sampling protocol

Blood samples were drawn into pyrogen-free blood collec-
tion tubes without any additives (Becton Dickinson, San
Jose, CA, USA), immersed immediately in melting ice, and
allowed to clot for 1 h before centrifugation (1000 g for
10 min). Serum specimens were stored at -80°C and were
thawed less than three times.

Bone marrow culture

Heparinized bone marrow samples were obtained by aspira-
tion from the posterior iliac crest and mononuclear cells
(MNC) were prepared by density gradient centrifugation

(Lymphoprep; Nycomed Pharma, Oslo, Norway). MNC
from bone marrow aspirates were incubated in flat-
bottomed 96-well trays (2 ¥ 106/ml; Costar, Cambridge,
MA, USA), in medium alone [RPMI-1640 with 2 mM
l-glutamine and 25 mM HEPES buffer (Gibco, Paisley, UK)
supplemented with 10% of fetal calf serum (FCS); Sigma, St
Louis, MO, USA)] or stimulated with phytohaemagglutinin
(PHA); final dilution 1 : 100; Murex, Dartford, UK). After
24 h, cell-free supernatants were harvested and stored at
-80°C until analysed. The concentration of PHA was based
on previous dose–response experiments (data not shown).

Whole blood culture

Venous blood was collected into sterile glass tubes (BD Vacu-
tainer; Becton Dickinson, Franklin Lakes, NJ, USA) contain-
ing Lepuridin (final concentration 50 mg/ml; Hoechst,
Frankfurt am Main, Germany). The blood sample was
aliquoted (1 ml) into polypropylene tubes (NUNC A/S,
Roskilde, Denmark), capped and incubated at 37°C under
constant tilting with or without tumour necrosis factor
(TNF)-a (10 ng/ml; R&D Systems, Minneapolis, MN, USA),
recombinant HIV-1 tat protein (rHIV-tat; 5 mg/ml; Immu-
noDiagnostics, Inc., Woburn, MA, USA), lipopolysaccharide
from Escherichia coli O26:B6 (LPS; 10 ng/ml; Sigma), or a
combination of TNF-a and rHIV-tat. After 6 h of incuba-
tion, the samples were centrifuged (2500 g for 10 min at 4°C)
and plasma was stored at -80°C until analysed.

Isolation and stimulation of peripheral blood
mononuclear cells (PBMC)

PBMC, obtained from heparinized blood by Isopaque-Ficoll
(Lymphoprep; Nycomed Pharma) gradient centrifugation,
were incubated in flat-bottomed 96-well trays (2 ¥ 106/ml;
Costar) in medium alone [RPMI-1640 with 2 mM
l-glutamine and 25 mM HEPES buffer (PAA Laboratories,
Pasching, Austria) supplemented with 10% FCS (PAA Labo-
ratories)] or stimulated with PHA (Murex; final dilution
1:200) or LPS from Escherichia coli O26:B6 (Sigma; final
concentration 10 ng/ml). Cell-free supernatants were har-
vested after 24 and 72 h and stored at -80°C until analysed.

Enzyme-linked immunoassay (ELISA) for detection of
NGAL

An ELISA specific for NGAL was developed by coating
microtitre plates (96-well 1⁄2 area; Costar) overnight at room
temperature with a rabbit affinity-purified anti-NGAL anti-
body (developed by Trude H. Flo with protein provided
generously by Dr Roland Strong, FHCRC, Seattle, WA, USA).
Plates were blocked with buffer containing 1% bovine serum
albumin (BSA; PAA Laboratories). Samples (25 ml) or stan-
dards (NGAL concentrations ranging from 0·078 to 10 ng/
ml, R&D Systems) were added to each well and incubated for
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2 h. For detection, incubation with a biotinylated mouse
monoclonal antibody raised against NGAL (no. HYB211-05;
Antibody Shop, Gentofte, Denmark) were followed by
avidin-conjugated horseradish peroxidase (R&D Systems).
Tetramethylbenzidine substrate (Zymed, San Francisco, CA,
USA) was added for colour development, which was read
after 20 min at 450 nm against 540 nm with a microplate
reader (Multiskan RC; Labsystems OY, Helsinki, Finland).
The detection limit of the assay was 0·06 ng/ml and the
intra- and interassay coefficient of variation was <6%. NGAL
may be found in complex with metalloproteinase 9 (MMP-
9), but there was no cross-reactivity with MMP-9 in the
current ELISA.

Miscellaneous

Plasma HIV RNA levels were measured by quantitative
reverse polymerase chain reaction (Amplicor HIV Monitor;
Roche Diagnostic Systems, Branchburg, NJ, USA). The limit
of detection was 200 copies/ml plasma. Neutrophil counts
were determined using Cell-Dyn 4000 (Abbott Laboratories,
Abbott Park, IL, USA).

Statistical analysis

Differences between two groups were compared using the
Mann–Whitney U-test for unpaired data. The Wilcoxon
signed-rank test was used for comparison of paired data.
Coefficients of correlation were calculated by Spearman’s

rank test. Probability was two-sided and considered to be
significant when P < 0·05.

Results

Serum levels of NGAL during HAART

Before initiating HAART, the HIV-infected patients (n = 37)
had significantly decreased serum levels of NGAL compared
with healthy controls (n = 21) (Fig. 1). During HAART, there
was a pronounced fall in virus load and a marked increase in
CD4+ T cell counts (data not shown). Notably, these changes
were accompanied by a gradual and significant increase in
NGAL concentrations reaching levels comparable to those in
healthy controls after 12 months of therapy (Fig. 1).

NGAL levels in relation to virological response during
HAART

To examine the relationship between virological response
and NGAL levels during HAART, the patients were classified
as virological responders (plasma HIV RNA level <200
copies/ml; n = 26) and non-responders (plasma HIV RNA
level >200 copies/ml; n = 11) after 24 months of therapy. At
baseline there were no significant differences in viral load,
history of anti-retroviral treatment or CD4+ and CD8+ T cell
count between these two groups of patients. However, while
there was a significant increase in NGAL levels during
HAART in virological responders (P < 0·05 versus baseline
after 12 months of therapy), this was not seen in non-
responders (Fig. 2). In contrast, NGAL levels were not
related to immunological responses during HAART, as
assessed by changes in CD4+ T cell counts (data not shown).
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Fig. 1. Serum levels of neutrophil gelatinase-associated lipocalin

(NGAL) in 21 healthy controls (ctr) and 37 human immunodeficiency

virus (HIV)-infected patients at baseline and after different

time-points after initiating highly active anti-retroviral therapy

(HAART). Data are mean � standard deviation. Differences between

patients and controls were compared using the Mann–Whitney U-test

for unpaired data. The Wilcoxon signed-rank test was used for

comparison of paired data during HAART. ***P < 0·001 versus

controls; #P < 0·05 versus baseline.
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Fig. 2. Serum levels of neutrophil gelatinase-associated lipocalin

(NGAL) in virological responders (n = 26) and non-responders

(n = 11) before (baseline) and at different time-points after initiating

highly active anti-retroviral therapy (HAART). Data are

mean � standard deviation. The Wilcoxon-signed rank test was used

for comparison of paired data during HAART. *P < 0·05 versus

baseline levels.
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NGAL levels in bone marrow culture during HAART

Bone marrow cells have been reported to synthesize NGAL
[14], and therefore we examined next the release of NGAL in
MNC from bone marrow aspirates in 12 HIV-infected
patients before and 4 and 26 weeks after initiating HAART
and in six healthy controls. As reported previously [15], bone
marrow cellularity was within normal limits in all patients
before start of therapy and no significant changes were
observed during HAART (erythropoietic cells represented
15–35%, lymphopoietic cells <15% and myelopoietic cells
50–70% of the nucleated cells in bone marrow aspirates from
all patients). As shown in Fig. 3, MNC from bone marrow
aspirates released large amounts of NGAL in both HIV-
infected patients and controls, reaching maximum after cul-
turing for 72 h. However, while PHA induced a marked
increase in NGAL levels in healthy controls, the PHA-

mediated NGAL response was somewhat modest in
untreated HIV-infected patients. In fact, after culturing for
72 h, the NGAL levels tended to decrease after PHA stimu-
lation in these patients (Fig. 3a). Moreover, while there was
no or only a modest increase in PHA-stimulated NGAL
release compared with unstimulated levels at baseline and
after 4 weeks on HAART, bone marrow aspirates from these
patients showed a marked PHA-mediated NGAL release
after 26 weeks of therapy with a similar pattern after cultur-
ing for 24 and 72 h (Fig. 3b).

Release of NGAL in whole blood culture

We next examined the ability of different stimuli with rel-
evance to HIV infection to induce NGAL release in whole
blood culture from six healthy controls. As seen in Fig. 4,
while TNF-a (10 ng/ml) induced a marked increase in
NGAL release after culturing for 6 h, the response to LPS
(10 ng/ml) and rHIV-tat (5 mg/ml) stimulation was more
modest, with no further enhancement of the TNF-a-
mediated NGAL response when this stimulus was combined
with rHIV-tat. The same pattern of NGAL response was seen
in HIV-infected patients (n = 8; four on HAART and four
without therapy), irrespectively, on ongoing HAART (data
not shown), suggesting that the neutrophil-mediated NGAL
release respond adequately to these stimuli in HIV-infected
individuals. In contrast to the marked NGAL release in
whole blood cultures, there was no release of NGAL from
PBMC activated by LPS (10 ng/ml) and PHA (final dilution
1 : 100) for 24 and 72 h in either patients or controls (data
not shown).
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Fig. 3. (a) Neutrophil gelatinase-associated lipocalin (NGAL) levels

in unstimulated and phytohaemagglutinin (PHA)-stimulated

mononuclear cells (MNC) from 12 human immunodeficiency virus

(HIV)-infected patients without highly active anti-retroviral therapy

(HAART) and six healthy controls after culturing for 24 and 72 h.

Data are mean � standard deviation. Differences between patients

and controls were compared using the Mann–Whitney U-test for

unpaired data. *P < 0·05 and ¤ P = 0·1 versus PHA-stimulated release

in HIV-infected patients after culturing for 72 and 24 h, respectively.

(b) NGAL levels in unstimulated and PHA-stimulated MNC from 12

HIV-infected patients at different time-points after initiating HAART

after culturing for 24 and 72 h. Data are mean � standard deviation.

The Wilcoxon signed-rank test was used for comparison of paired

data during HAART. *P < 0·02 and #P < 0·07 versus baseline

comparing the difference between PHA and unstimulated responses.
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NGAL in relation to neutrophils

Neutrophils are known to be a major cellular source of
NGAL in human circulation [3,14], and within the HIV-
infected patients there was a significant positive correlation
between neutrophil counts and NGAL levels at baseline (r =
0·45, P < 0·05) as well as at all time-points during HAART,
as illustrated by a representative correlation plot after
12 months of therapy (Fig. 5). Moreover, the numbers of
neutrophils showed a similar pattern as for serum levels of
NGAL, with increasing levels during HAART (Table 1). In
contrast, there was no significant correlation between neu-
trophil counts and NGAL within the healthy control group
(r = 0·22, P = 0·208).

Discussion

NGAL has been proposed previously to be involved in
various inflammatory and infectious conditions [3]. In the
present study we report decreased NGAL levels in untreated
HIV-infected patients with a trend towards normalization
during HAART, with a similar pattern in serum and bone
marrow aspirates. These findings suggest that dysregulated
NGAL levels should be added to the list of abnormalities that
characterize immunodeficient HIV-infected patients. It also
underscores the involvement of neutrophils and innate
immune responses in HIV-related immunodeficiency.

Expression of NGAL in epithelial cells, as well as release
from granulocytes, has been found to be induced strongly
during inflammation, as also suggested by the present study
showing a marked TNF-a-mediated NGAL release in whole
blood culture. This association between inflammation and
NGAL is also supported by clinical studies demonstrating
increased circulating NGAL levels in various inflammatory
conditions, such as ischaemic cardiovascular disorders [16]

and autoimmune diseases [4,17,18]. There have also been
some reports of markedly raised serum levels of NGAL
during bacterial infections, correlated significantly with
other inflammatory markers (e.g. C-reactive protein) [19].
HIV-related immunodeficiency is characterized by persis-
tently raised levels of inflammatory cytokines such as TNF-a
[20], and our finding of decreased NGAL levels in untreated
HIV-infected patients may apparently seem to be in conflict
with previous studies, suggesting a link between inflamma-
tion and raised NGAL levels. However, as the plasma level of
NGAL may be a reliable parameter of neutrophil activation,
superior to other markers such as lactoferrin and myeloper-
oxidase [21,22], it is possible that the decreased NGAL levels
in immunodeficient HIV-infected patients could reflect
decreased function and/or numbers of neutrophils. Indeed,
impaired neutrophil chemotaxis and killing activity as well
as defective neutrophil degranulation in response to inflam-
matory stimuli have been found previously in HIV-infected
patients [23,24].

NGAL may be released by epithelial cells, renal tubular
cells and hepatocytes during inflammation or injury, and has
been found to be expressed in endothelial cells, smooth
muscle cells and macrophages in atherosclerotic plaques, as
well as in adipose tissue [5,16,25], However, neutrophils have
been known as the major cellular source of serum levels of
NGAL, and in the present study we found a significant cor-
relation between NGAL and numbers of neutrophils at all
time-points during HAART. However, although serum levels
of NGAL in HIV-infected patients were correlated with neu-
trophil counts, this does not exclude that the NGAL release
from neutrophils could, at least partly, also reflect the func-
tion of these cells. Furthermore, we found no significant
correlation between NGAL levels and numbers of neutro-
phils within the control group, suggesting further that serum
levels of NGAL are not merely a reflection of neutrophil
counts. Finally, the marked release of NGAL in activated
bone marrow cells may suggest other cellular sources of
NGAL than circulating neutrophils. However, our data are
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Table 1. Neutrophil counts in peripheral blood in human immunode-

ficiency virus (HIV)-infected patients (n = 24) before and at various

time-points during highly active anti-retroviral therapy.

Neutrophil count (109/l)

Total* VL < 200 VL > 200

Baseline 2·20 � 1·79 2·61 � 2·19 1·50 � 0·60

3 months 2·61 � 2·01 2·71 � 2·31 2·37 � 0·96

6 months 2·93 � 1·75 3·18 � 1·93 2·28 � 1·02

12 months 3·35 � 1·75 3·35 � 1·71 3·37 � 2·01

24 months 3·08 � 1·39 3·12 � 1·45 2·96 � 1·31

Data for virological responders (n = 17) and non-responders

(n = 7), defined as viral load (VL) < or >200 HIV RNA copies/ml plasma

after 24 months of therapy, respectively, are given separately. *Neutro-

phil counts were not available in all patients. Data are mean � standard

deviation.
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linked only indirectly to serum levels, and at present we have
no firm information on the cellular source of NGAL in HIV
infection.

In bone marrow, NGAL is synthesized almost exclusively
in myelocytes and metamyelocytes [14]. While granules that
are acquired at the myeloblast and promyelocyte stage may
be found in either granulocytes or monocytes, specific gran-
ules that are formed at the myelocyte–metamyelocyte stage
are found only in cells of the granulocyte linage [2,21]. Pre-
viously, we have reported decreased proportions of CD34+

cells with myeloid-associated surface molecules (myeloid
progenitors) in bone marrow from immunodeficient HIV-
infected patients [15]. Although PHA may activate myeloid
progenitors only indirectly in the bone marrow suspension
[26], our findings in the present study with decreased PHA-
stimulated NGAL release in MNC cells from bone marrow
aspirates in untreated HIV-infected patients further suggest
impaired bone marrow myelopoiesis in these patients, at
least partly involving defective myelocyte-metamyelocyte
maturation. It has been reported previously that HAART
improves anti-microbial and secretory activity of neutro-
phils in HIV-infected patients [27], as well as increases in
neutrophil counts by reversal of viral suppression on multi-
lineage haematopoiesis in bone marrow [28]. Whether the
increase in NGAL levels during HAART reflects improved
synthesis, increased neutrophil counts, enhanced capacity of
these cells to release NGAL upon activation, improved bone
marrow function or a combination thereof will have to be
investigated further.

Recent studies in lipocalin-2-deficient mice suggest that a
mouse homologue to NGAL, 24p3, may limit bacterial
growth by iron sequestration, and the absence of this defence
mechanism can lead to sepsis and death in these animals
[10]. 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 sidero-
phore binding protein in innate immunity [10]. Moreover,
although the role of NGAL in innate immune responses in
man is far from clear, some recent in vitro studies also suggest
that NGAL may have growth-inhibiting effects on bacteria
through its ability to bind siderophores [11]. AIDS patients
exhibit abnormalities in the metabolism of iron [29], which
may contribute to an increased susceptibility of AIDS
patients to bacterial infections. However, although it is
tempting to hypothesize that the decreased serum levels of
NGAL observed in untreated HIV-infected patients may be
associated with a higher risk of infections with certain bac-
teria, possibly also predisposing to a more serious course, the
role of NGAL in innate immune responses in human is far
from clear.

In the present study we show for the first time decreased
NGAL levels in immunodeficient HIV-infected patients,
potentially reflecting decreased number and function of
neutrophils as well as impaired bone marrow myelopoiesis.
Importantly, these abnormalities were reversed by successful

HAART. Our findings underscore the involvement of
neutrophils and innate immunity in the HIV-related
immunodeficiency. Forthcoming studies should examine
further the cellular source of NGAL in HIV infection as well
as whether the decreased NGAL levels in untreated HIV-
infected patients could contribute to their impaired anti-
microbial defence.
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