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Nitric oxide (NO) has a central role in host defense against intracellular microbes. HLA-B27 has been shown
to directly modulate host-microbe interaction in vitro, leading to the impaired elimination of Salmonella in
human monocytic U937 cells. Here, we studied whether impaired elimination of Salmonella would result from
differences in NO production between HLA-B27- and HLA-A2-transfected U937 cells. Both human monocytic
transfectants produced NO equally well and killed Salmonella via NO-independent mechanisms.

Nitric oxide (NO) is generally produced in large quantities
by activated macrophages during host defense responses (16),
and it has activity against many bacteria, viruses, and protozoa
(2). NO is especially important in the primary response against
intracellular microbes, but it may also play a role in the devel-
opment of microbial latency (7). However, most studies con-
cerning the antimicrobial function of NO have been performed
with mouse macrophages. It remains controversial whether hu-
man monocytes are able to induce high-output NO formation
(4, 19). Despite some negative results (27), human mononu-
clear cells have been shown to induce NO production in re-
sponse to infection with different microbes, including Myco-
bacterium (5, 9, 17), Leishmania (26), Trypanosoma (14), and
human immunodeficiency virus type 1 (1). All these studies
have been performed with highly differentiated macrophage-
like cells, and in most cases, NO production correlated with
diminished surveillance of microbes. The regulation of NO syn-
thesis in human monocytes/macrophages is probably different
from that in mouse macrophages (7), and optimal conditions
for the stimulation of NO production by human mononuclear
cells in vitro are currently unknown (27). Recently, alpha in-
terferon (IFN-a) has been shown to bring about inducible
nitric oxide synthase (iNOS) expression in normal human pe-
ripheral blood monocytes (20), whereas IFN-g, together with
lipopolysaccharide (LPS), has been known for years to be an
efficient inducer of iNOS in rodent macrophages (28).

Reactive arthritis develops after particular gastrointestinal
(Salmonella, Shigella, Yersinia, and Campylobacter) or urogen-
ital (Chlamydia) infections in susceptible, mostly HLA-B27-
positive, individuals. The strong association between HLA-B27
and the seronegative spondyloarthropathies has been known
for decades, but it is still unclear how HLA-B27 plays a role in
predisposition to these conditions (10). We previously report-
ed that the expression of HLA-B27 in human monocytic cells
(11) and mouse fibroblasts (25) modifies the host-microbe in-
teraction, leading to the enhanced survival of Salmonella with-
in HLA-B27-transfected cells in vitro. The reasons underlying
the impaired elimination of Salmonella within HLA-B27-trans-
fected human monocytic cells remain unknown. Interestingly,
in HLA-B27-transfected mouse fibroblasts, the killing defect

was associated with the diminished production of NO (25). The
purpose of this study was to examine whether HLA-B27-pos-
itive human monocytic U937 cells differ in their NO-synthetic
capacity from the control HLA-A2-transfectants and whether
endogenous NO production affects the survival of Salmonella.

HLA-B27- and HLA-A2-transfected U937 cells synthesize
iNOS mRNA equally well. To examine the ability of trans-
fected human monocytic U937 cells to induce NO synthesis, we
studied the expression of iNOS mRNA with the experimental
setup described previously (11). The human monocytic cell line
U937 (American Type Culture Collection, Rockville, Md.) was
transfected with either DNA containing the gene or cDNA of
HLA-B1 2705 or DNA containing the HLA-A2 gene, as de-
scribed previously (11). Cells were cultured in RPMI 1640 me-
dium containing 10% heat-inactivated fetal calf serum (PAA;
Labor- und Forschungsgesellschaft GmbH, Linz, Austria), 1.8
mmol of L-glutamine per liter, and 50 mg of gentamicin per
ml (both from Biological Industries, Kibbutz Beit-Haemek
Herennek, Israel) at 37°C in a humidified 5% CO2 atmo-
sphere. The prestimulation of transfected U937 cells with
phorbol myristate acetate (PMA) and the infection of PMA-
stimulated cells with Salmonella was performed as described
previously (11). The strain of Salmonella enteritidis used was
originally isolated from a patient with Salmonella-triggered
reactive arthritis and was cultured in Luria-Bertani broth to
obtain bacteria in the logarithmic phase of growth as described
previously (11). PMA-stimulated U937 cells (0.7 3 106 to 1 3
106/ml) were cocultured with salmonellae (3.5 3 106 to 5 3
106/ml) in a medium containing heat-inactivated 10% human
AB serum (The Finnish Red Cross, Helsinki, Finland) without
antibiotics for 1 h at 37°C, washed, overlaid with fresh medium
containing gentamicin (50 mg/ml), and cultured for up to 1
week. Noninfected cells, pretreated with PMA, were similarly
cultured and harvested in parallel with the Salmonella-infected
cells.

The expression of iNOS mRNA by transfected U937 cells
was studied by reverse-transcriptase PCR (RT-PCR) with
primers specific for human b-actin (59-GAA ATC GTG CGT
GAC ATT AAG GAG-39 and 59-ATA CTC CTG CTT GCT
GAT CCA CAT-39) (8) and iNOS (59-ATG CCA GAT GGC
AGC ATC AGA-39 and 59-ACT TCC TCC AGG ATG TTG
TA-39) (26). Details of mRNA extraction and cDNA synthesis
were described previously (8). Initial denaturation at 94°C for
5 min and final extension at 72°C for 5 min were used for both
primer pairs. The cycling conditions were 94°C for 1 min, 60°C
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for 30 s, and 72°C for 1 min for 30 cycles (b-actin) and 94°C for
1 min, 62°C for 1 min, and 72°C for 2 min for 35 cycles (iNOS)
with a thermal reactor (TouchDown; Hybaid, Middlesex,
United Kingdom). The resulting PCR products were analyzed
by electrophoresis on a 1.5% agarose gel, stained with ethid-
ium bromide, and compared to each other by determining the
relative optical densities of the photographed iNOS and b-ac-
tin bands with an MCID-M4 program (version 3.0 beta 1.3;
Imaging Research Inc., St. Catharines, Ontario, Canada).

No iNOS mRNA expression was detectable by a sensitive
RT-PCR assay at 1 h postinfection, but the weak induction of
iNOS mRNA was detected in PMA-stimulated cells infected
with Salmonella at 24 h of incubation (Fig. 1). The expression
of iNOS mRNA was strongest at 4 days of incubation. At this
time point, PMA-stimulated cells infected with Salmonella
yielded a higher expression of iNOS mRNA than cells stimu-
lated with PMA alone. There were no apparent differences in
iNOS mRNA expression between HLA-B27- and HLA-A2-
transfected U937 cells. Four independent samples of Salmo-
nella-infected cells were studied by RT-PCR with similar re-
sults.

HLA-B27- and HLA-A2-transfected U937 cells do not differ
in their capacity to synthesize iNOS protein. The expression of
iNOS protein by the transfected U937 cells was studied by the
Western blotting method. Cell lysates were prepared with 1%
Nonidet P-40 lysis buffer containing a cocktail of protease
inhibitors essentially as described previously (18). The proteins
were resolved onto sodium dodecyl sulfate-polyacrylamide
gels (5 to 12.5% acrylamide) and transferred onto nitrocel-
lulose membranes (Hybond-ECL; Amersham, Little Chal-
font, United Kingdom). A monoclonal antibody (MAb) against
mouse iNOS (Transduction Laboratories, Lexington, Ky.) that
is known to cross-react with human iNOS (27) and the en-
hanced chemiluminescence technique were used to detect
iNOS protein. A subclass-matched (immunoglobulin G2a)
MAb against chicken c-kit, KIT-2C75 (23), was used as a neg-
ative control. As a positive control, mouse J774.A1 cells
(American Type Culture Collection) stimulated for 24 h with
200 IU of mouse recombinant IFN-g (Sigma) per ml and 100
ng of S. enteritidis LPS (Sigma) per ml were used. The same
cells without stimulation served as a negative control.

The iNOS protein was detected in cell lysates as a 130-kDa
band (Fig. 2). iNOS protein was nearly absent 1 h after infec-
tion but became clearly detectable at 4 days of incubation. No
apparent differences in iNOS expression were detected be-
tween different transfectants. These data are in accordance
with the iNOS mRNA results. Nonetheless, human monocytic
U937 cells expressed much less iNOS protein than stimulated
mouse macrophages as assessed by the intensity of bands.
Infection of the PMA-stimulated U937 cells with Salmonella
did not clearly upregulate the expression of iNOS protein.

HLA-B27- and HLA-A2-transfected U937 cells produce NOx
equally well. The production of NO was studied by measuring
the accumulation of its stable metabolites NOx (NO2

2 and
NO3

2) in the cell-free supernatants of U937 cells. Iscove’s
modified Dulbecco’s medium (Life Technologies, Paisley,
Scotland) was used instead of RPMI 1640 medium in experi-
ments when NOx concentrations were determined. NOx con-
centrations were measured after reduction of nitrate to nitrite
with commercial NO2 and NO3 assays (Dojindo, Tokyo, Japan,
or R&D Systems, Minneapolis, Minn.) and determination of
nitrite concentrations by following the manufacturers’ instruc-
tions. The absorbances were measured in 96-well microculture
plates by using a Victor multilabel counter (Wallac Oy, Turku,
Finland) at a wavelength of 540 nm. NOx concentration in the
culture medium was taken as a baseline. The experiments were
repeated at least twice.

The NOx levels were usually very low after 1 h of incubation.
However, NOx production was mainly induced in both PMA-
stimulated cells and PMA-stimulated plus Salmonella-infected
U937 cells after 3 to 7 days of incubation (Fig. 3). No statisti-
cally significant difference in the formation of NO metabolites
between the transfectants was observed. Nonstimulated U937
cells did not produce NOx either spontaneously or after infec-
tion with Salmonella (data not shown). Infection of PMA-
stimulated U937 cells with Salmonella did not alter the quan-
tity or the kinetics of NO production. The production of only
low amounts of nitrite from the expression of iNOS in freshly
isolated human mononuclear cells has been previously ob-
served (27). Additionally, a remarkable interindividual varia-
tion in nitrite production in highly differentiated human mac-

FIG. 1. Induction of iNOS mRNA expression in human monocytic cells by
PMA stimulation and Salmonella infection. The expression of iNOS mRNA in
U937 cells transfected with either DNA containing the gene for HLA-A2
(U9371A2) or HLA-B27 (U9371B27g) or cDNA encoding HLA-B27 (U9371
B27c) was studied by RT-PCR. Representative results from one of two similar
experiments are shown.

FIG. 2. Induction of iNOS protein synthesis of human monocytic cells by
PMA stimulation and Salmonella infection. The expression of iNOS protein in
U937 cells (2 3 106) transfected with either DNA containing the gene for
HLA-A2 (U9371A2) or HLA-B27 (U9371B27g) or cDNA encoding HLA-B27
(U9371B27c) was studied by Western blotting. Mouse macrophages (J774.A1)
(106) were used as a positive control after stimulation with IFN-g and LPS.
J774.A1 cells without any stimulation and a subclass-matched control MAb,
KIT-2C75, were used as negative controls.
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rophages during human immunodeficiency virus infection has
been observed (1). In this study, the nitrite and nitrate levels
produced by human monocytic cells were much lower than
those produced by stimulated mouse macrophages (15). Al-
though the expression of iNOS mRNA by human monocytic
cells had already started after 24 h of incubation, iNOS protein
was detected only after 3 to 7 days of incubation, which coin-
cides with maximal iNOS mRNA expression and nitrite pro-
duction. Overall, these data indicate that human monocytic
cells are capable of inducing NO synthesis after the differen-
tiation of cells with PMA.

The administration of NOS inhibitors does not affect the
survival of Salmonella. Although we did not detect any differ-
ences in iNOS expression or NOx production between different
transfectants that could explain the killing defect in HLA-B27-
transfected U937 cells, further data was gathered by experi-
ments with specific NOS inhibitors. Therefore, we inhibited
NO synthesis with 1 mM aminoguanidine (AG) (Sigma) or 0.1
to 2 mM NG-monomethyl-L-arginine (L-NMMA) (Sigma), an
L-arginine analogue. NOS inhibitors were added to culture
media immediately after the removal of extracellular Salmo-
nella by washing. After 3 days of incubation, the culture media
were changed, and new aliquots of NOS inhibitors were added
to the fresh media. The number of viable intracellular mi-
crobes was measured by culturing and was expressed as CFU
as described previously (11). A statistical comparison between

HLA-A2- and HLA-B27-transfected U937 cells was performed
with an unpaired two-tailed Student’s t test.

Both L-NMMA and AG caused inhibition of the production
of NOx, although the inhibition was not complete (Fig. 4A).
However, the decrease in NO production did not correlate
with the killing of Salmonella by transfected U937 cells (Fig.
4B). The U937 cells transfected with genomic DNA encoding
HLA-B27 (B27g) or cDNA encoding HLA-B27 (B27c) con-
tained more viable intracellular Salmonella than did HLA-A2
transfectants (A2) after 3 days (A2 versus B27g, P , 0.01) and
7 days (A2 versus B27g, P , 0.01; A2 versus B27c, P , 0.05)
of incubation without any NOS inhibition. The administration
of NOS inhibitors did not noticeably affect the survival of
bacteria in any of the transfectants. In general, the blocking
effect of L-NMMA on the formation of nitrite is not complete
(12). In addition, L-NMMA is not highly selective for iNOS,
since it can also block constitutive NOS isoforms (13); there-
fore, a more iNOS-selective inhibitor, AG, was included in the
study. Results obtained with both NOS inhibitors were essen-
tially similar. However, we cannot formally exclude the possi-
bility that other ways to produce nitrite, in addition to an
iNOS-dependent pathway, also exist in these cells.

Killing of Salmonella by U937 cells is NO independent. Al-
though the HLA-B27-transfected U937 cells killed Salmonella
less efficiently than did the HLA-A2-transfected controls, the
two cell lines did not differ in their rates of NO synthesis. The
amounts of iNOS protein and NOx were notably lower in
human monocytic cells than in mouse fibroblasts (24), and
therefore it is more difficult to observe differences between
different human transfectants with the methods used here. The
possible differences in the regulation of NO synthesis between
murine and human cells make comparisons even more difficult.
The importance of NO for the elimination of Salmonella ty-
phimurium (3, 22) and S. enteritidis (25) has been demonstrated
with mouse macrophages and fibroblasts. However, a recent
report describing mouse macrophages with genetic deficiencies
in iNOS or in the 91-kDa subunit of respiratory burst oxidase
suggests that oxidative respiratory burst could be more impor-
tant than NO in killing Salmonella (21). Nonetheless, bacterial
enteritis is a potent stimulus for NO synthesis (6), and both NO
and its derivative, peroxynitrite, are likely to be important in
the more complex in vivo system.

In this report we show that the more Salmonella-permissive
HLA-B27-transfected U937 cells did not differ in their NO-

FIG. 3. NOx production of human monocytic cells after PMA stimulation
and Salmonella infection. The accumulation of stable metabolites of NO (NOx)
in the cell-free supernatants of U937 cells transfected with either DNA contain-
ing the gene for HLA-A2 or HLA-B27 or cDNA encoding HLA-B27 is shown.
The cells were pretreated with PMA and infected with S. enteritidis or left
uninfected. The concentration of NOx in fresh culture medium was taken as a
baseline. Values are means 6 standard deviations of the cumulative NOx values
of two independent experiments with triplicate wells. S. ent, S. enteritidis.

FIG. 4. NO-independent killing of Salmonella in U937 cells. (A) Effect of NOS inhibitors, 1 mM AG and 0.1 mM L-NMMA, on NO production in Salmonella-
infected U937 cells transfected with either DNA containing the gene for HLA-A2 or HLA-B27 or cDNA encoding HLA-B27 [HLA-B27 (cDNA)]. The accumulation
of stable metabolites of NO (NOx) in the cell-free supernatants of U937 cells was analyzed, and the NOx concentration in fresh culture medium was taken as a baseline.
(B) The number of viable S. enteritidis bacteria per viable U937 cell in the presence or absence of NOS inhibitors is shown on a logarithmic scale. Asterisks indicate
P values determined by an unpaired two-tailed Student’s t test when HLA-A2 was compared to HLA-B27 (genomic DNA or cDNA): p, P , 0.01; pp, P , 0.05. Values
are the means 6 standard deviations (triplicate wells) of one representative experiment of two (AG) or four (L-NMMA) experiments with similar results. S. ent,
S. enteritidis.
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producing capacity from the less Salmonella-permissive HLA-
A2-transfected cells. In fact, the differences in the killing ca-
pacities of the HLA-B27 and the HLA-A2 cells were observed
several days before maximal NO production was even induced.
Additionally, the survival of Salmonella was not affected by
partially blocking the iNOS-dependent NO synthesis or by
treatment with NO donor (data not shown). In light of these
results, the killing of Salmonella by human monocytic U937
cells in vitro appears to be NO independent, and consequently,
the impaired elimination of Salmonella in HLA-B27-trans-
fected human monocytic cells is not associated with ineffective
NO synthesis. It remains to be seen how these in vitro results
relate to the more complex and interactive situation in vivo.
Nevertheless, these results will help in focusing on other anti-
microbial mechanisms in future investigations.
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