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SUMMARY

 

Natural killer (NK) cell interactions with macrophages have been shown to be important during bac-
terial sepsis in activating macrophages to improve bacterial clearance. The mechanism for this increased
activation, however, is unclear. This study determines the relative roles of interferon (IFN)-

 

g

 

 and CD40/
CD154 direct cell interactions on macrophage and NK cell activation in an experimental model of sep-
sis. Splenic NK cells and peritoneal macrophages were isolated and cultured alone or in coculture, with
and without LPS. CD69 expression on NK cells, phagocytosis ability of macrophages, and cell cytokine
production was assessed at 24 and 48 h. Coculture of NK cells and macrophages significantly increased
activation levels of both cell types, and through experiments culturing NK cells with supernatants from
stimulated macrophages and macrophages with supernatants from stimulated NK cells, this activation
was determined to be cell-contact-dependent. Similar experiments were conducted using NK cells from
IFN-

 

g

 

 deficient (–/–) mice, as well as anti-IFN-

 

g

 

 neutralizing antibody. These experiments determined
that IFN-

 

g

 

 is not required for NK or macrophage activation, although it did augment activation levels.
Experiments were again repeated using peritoneal macrophages from CD40-/– mice or splenic NK cells
from CD154-/– mice. CD40/CD154 interactions were important in the ingestion of bacteria by mac-
rophages, but did not affect NK cell activation at 24 h. There was, however, a protective effect of CD40/
CD154 interactions on NK cell activation-induced cell death that occurred at 48 h. CD40/CD154 inter-
actions between macrophages and NK cells are therefore important in macrophage phagocytosis, and
are not dependent on IFN-

 

g

 

.
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INTRODUCTION

 

Natural killer (NK) and natural killer T (NKT) cells are subsets of
lymphocytes shown to be important in cytotoxic activity against
tumours [1,2], in viral infections [3], and in autoimmunity [4,5].
The role of NK cells in bacterial infection is less well known, and
has been less well studied, although they are major producers of
interferon (IFN)-

 

g

 

 during bacterial peritonitis in mice [6]. IFN-

 

g

 

is a pro-inflammatory cytokine important in macrophage activa-
tion and maintenance of T-helper (Th)1 responses during infec-
tion [7,8]. Macrophages are also vital antigen presenting cells and
phagocytes during bacterial infection. There is also evidence that

NK cells are the primary target of activation for bacterial-primed
macrophages [9].

In a recent study, we showed that activated NK cells prime
macrophages for a subsequent bacterial infection [10]. There
are many potential mechanisms by which this priming could be
achieved, and these fall into two main categories: activation
through soluble mediators such as IFN-

 

g

 

 and activation second-
ary to direct cell-to-cell contact. IFN-

 

g

 

, produced by NK cells
and T cells, activates macrophages and other antigen present-
ing cells [7,8], with a reciprocal activation of NK cells via the
production of interleukin (IL)-12 from these activated mac-
rophages [11]. Interactions between cell surface CD40 on anti-
gen presenting cells and its ligand CD154 on NK cells and T
cells also confers bidirectional activation [12]. This cell-contact
mechanism is important in interactions between dendritic cells
and NK cells [13,14], and increases NK cell toxicity [15], and
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the production of IL-12 during intracellular bacterial infection
[16].

This study was undertaken to establish the relative impor-
tance of IFN-

 

g

 

 and CD40/CD154 interactions on NK cell and
macrophage reciprocal activation in an 

 

in vitro

 

 model of sepsis.
We show that there is reciprocal activation between NK cells and
macrophages enhanced by lipopolysaccharide (LPS), and that
this activation is cell-contact-dependent. IFN-

 

g

 

 was not required
for increased macrophage activation, although it did enhance acti-
vation levels. CD40/CD154 interactions were important in mac-
rophage phagocytosis ability, but did not directly influence NK
cell activation. Collectively the data indicate that cell-to-cell con-
tact via CD40/CD154 interactions is important in macrophage
priming by NK cells and plays a larger role than IFN-

 

g

 

 in this sit-
uation. Understanding the mechanism of NK cell action and
interactions is important as these cells are increasingly found to
be regulators of immune responses.

 

MATERIALS AND METHODS

 

Animals

 

C57BL/6  mice  [wild  type  (WT)],  CD40–/–,  CD154–/–,  and
IFN-

 

g

 

–/– mice (all having a C57BL/6 genetic background), aged
6–8 weeks, were obtained from Jackson Laboratories (Bar
Harbor, ME, USA). Animals were housed in a facility approved
by the American Association for Accreditation of Laboratory
Animal Care and provided with food and water 

 

ad libitum

 

. Stud-
ies were approved by the Institutional Animal Care and Use
Committee, and carried out according to the National Institutes
of Health guidelines under the supervision of a veterinarian.

 

Experimental design

 

Peritoneal macrophages and splenic NK cells were cultured in a
cell culture incubator in polypropylene cell culture tubes in single
cell-type cultures or in coculture for 24 or 48 h to identify contact-
dependent and cytokine-driven effects. Ratios of 1 : 10 NK cells to
macrophages were used in cocultures. Similar proportions of cells
to final volume of supplemented media were used for single cell-
type culture. LPS (1 

 

m

 

g/ml) (Sigma, St. Louis, MO, USA) was
added to some cultures as appropriate. Peritoneal macrophages
were also cultured with supernatant from 48 h culture of WT NK
cells stimulated with 10 ng/ml phorbol myristic acetate (PMA)
(Sigma), and 500 ng/ml ionomycin (Sigma), to identify effects
from soluble factors produced by NK cells. Macrophages were
also cultured with NK cells and 1 

 

m

 

g/ml of neutralizing anti-IFN-

 

g

 

 monoclonal antibody (BD Pharmingen, San Diego, CA, USA),
or with NK cells isolated from IFN-

 

g

 

–/– mice, to elucidate the role
of NK derived IFN-

 

g

 

 on macrophage activation. Control isotype
matched antibodies (BD Pharmingen) were used in similar sets of
coculture experiments and compared with results from antibody
neutralizing experiments. Macrophages from CD40-/– mice were
cultured with NK cells from WT mice, and NK cells from
CD154–/– mice were cultured with macrophages from WT mice,
to identify the role of CD40/CD154 interactions in contact-depen-
dent macrophage and NK activation. NK cells from WT mice
were also cultured with supernatant from 48 h culture of WT mac-
rophages with LPS. CD69 expression on NK cells was determined
by flow cytometry as a marker of activation of these cells. Mac-
rophage phagocytosis of heat killed fluorescent 

 

E.coli

 

 was used to
determine macrophage activation. Levels of interleukin (IL)-6,
12, and 18, and tumour necrosis factor (TNF)-

 

a

 

 from macro-

phages, and IFN-

 

g

 

 from NK cells were also determined in culture
supernatant by ELISA.

 

Cell culture

 

Mice were euthanized followed by collection of peritoneal lavage
and spleens. Peritoneal macrophages were recovered by perito-
neal lavage with 4 ml of ice-cold, heparinized, RPMI 1640
medium (Gibco/BRL, Bethesda, MD, USA) and were counted
manually using a haemocytometer, centrifuged to pellet the cells
and then resuspended to 1 

 

¥

 

 10

 

6

 

 cells/ml in RPMI 1640 media sup-
plemented with 10% heat inactivated fetal bovine serum (Sigma),
1% antibiotic/antimycotic (Sigma), 1% 

 

L

 

-glutamine (Sigma) and
0·1% 

 

b

 

-mercaptoethanol (Sigma). Flow cytometric analysis
revealed greater than 90% purity of macrophages. Spleen cells
were separated through sterile 70 

 

m

 

m filters in RPMI 1640
medium. NK and NKT cells were enriched from the spleen cells
as described below, and resuspended in supplemented RPMI 1640
media to 1 

 

¥

 

 10

 

6

 

 cells/ml. Cells were cultured in a cell-culture
incubator in round bottomed polypropylene culture tubes. As
appropriate, 1 

 

m

 

g/ml LPS (Sigma) was added to culture. For
experiments neutralizing IFN-

 

g

 

, 1 

 

m

 

g/ml of anti-IFN-

 

g

 

 mono-
clonal antibody (BD Pharmingen) was preincubated for 1 h with
culture supernatant obtained from 24 h culture of NK cells
stimulated with 10 ng/ml PMA, and 500 ng/ml ionomycin
(Sigma). For experiments neutralizing IL-12, 1 

 

m

 

g/ml of anti-IL-
12 antibody (R & D Systems) was preincubated for 1 h with
supernatant obtained from 48 h culture of peritoneal macroph-
ages with 1 

 

m

 

g/ml LPS. Cultures were for 24 h and 48 h as
described, at 37

 

∞

 

C/5%CO

 

2

 

.

 

Separation and enrichment of NK and NKT cells from spleen

 

NK and NKT cells were isolated from spleen cells using a nega-
tive selection density centrifugation technique (SpinSep©, Stem-
Cell Technologies, Vancouver, BC, Canada). Briefly, 5 

 

¥

 

 10

 

7

 

spleen cells were incubated on ice for 30 min with 10 

 

m

 

l of nega-
tive selection antibody cocktail, containing anti-CD5, anti-CD19,
anti-F4/80, anti-Gr-1, and anti-Ter119 antibodies. 400 

 

m

 

l of dense
particles were then added to the cell suspension for a further
10 min on ice. The dense particles crosslink the antibodies
attached to unwanted cells. The cell suspension was then layered
onto supplied density media. Following centrifugation, enriched
NK and NKT cells were collected at the interface and counted
manually using a haemocytometer. Cells were surface stained
with anti-NK1·1-PE and anti-CD3-PerCP and analysed by flow
cytometry, as above, to determine purity of the population. Typ-
ically, approximately 80% purity of NK and NKT cells was
obtained, with NKT comprising approximately 5% of total cell
number.

 

Cytokine assays

 

Concentrations of IL-6, 12, 18, tumour necrosis factor (TNF)-

 

a

 

and IFN-

 

g

 

 in culture supernatants were determined by enzyme-
linked immunosorbent assays (ELISA) (Biosource International,
Camarillo, CA, USA), performed according to the manufac-
turer’s instructions.

 

Analysis of CD69 on NK and NKT cells

 

NK cells from cultures were identified using anti-NK1·1 mono-
clonal antibody (NK1·1-PE), and anti-CD3-PerCP (both from
Pharmingen, San Diego, CA, USA). NK and NKT cell activation
was identified according to expression of the early activation
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marker, CD69 using FITC-labelled anti-CD69 (Pharmingen). Iso-
type-matched control antibodies were also used. To prevent non-
specific binding of PE to mouse B cells via Fc receptors, cells were
pre-incubated at 4

 

∞

 

C for 5 min with Mouse Fc Block™ (Pharm-
ingen). Samples were stained simultaneously with the anti-NK1·1,
anti-CD3, and anti-CD69 or control IgG antibodies. Red cells
were hypotonically lysed with ammonium chloride, and samples
were then washed with phosphate buffered saline (PBS), and
fixed in 1% paraformaldehyde (Polysciences, Warrington, PA,
USA). Ten thousand cells were acquired and the data analysed on
a FACScan flow cytometer (Becton Dickinson) equipped with
CellQuest software. NK cells were identified as NK1·1

 

+

 

/CD3-
lymphocytes and NKT cells as NK1·1

 

+

 

/CD3

 

+

 

 lymphocytes. Per-
centages of CD69

 

+

 

 NK or NKT cells were obtained by gating
around the appropriate cell populations.

 

Macrophage phagocytosis assay

 

Heat-killed fluorescein isothiocyanate (FITC)-labelled 

 

Escheri-
chia coli

 

 (Molecular Probes, Eugene, OR, USA) were opsonized
by incubation with 5% pooled mouse serum in a shaking water
bath at 37

 

∞

 

C for 30 min. The bacteria were then washed twice in
PBS prior to the addition of macrophages in ratios of 1:100 peri-
toneal macrophages to bacteria, and incubated for a further
30 min in the water bath. The red blood cells were then lysed, and
cells and bacteria washed twice in PBS, followed by fixation with
1% paraformaldehyde. Fluorescence was measured in the mac-
rophage population unquenched, and quenched with trypan blue
(Sigma) using a FACScan flow cytometer (Becton Dickinson)
equipped with CellQuest software. Quenching prevents fluores-
cence of bacteria attached to the outside of the cell, allowing
determination of ingested bacterial levels. Results are expressed
as mean channel fluorescence (MCF).

 

Statistical analysis

 

Concentrations of cytokines, and MCF levels were compared by

 

ANOVA

 

. Percentages were compared nonparametrically using the
Kruskal–Wallis test. Cytokine levels, mean channel fluorescence
and cell percentages are expressed as means 

 

±

 

 SEM. A 

 

P

 

-value of
0·05 or less was considered significant.

 

RESULTS

 

Increased NK cell and macrophage activation during coculture

 

Splenic NK cell activation, measured by cell surface expression of
CD69, and peritoneal macrophage activation, measured by ability
to phagocytose fluorescent-labelled 

 

E. coli

 

, were determined in
cells from wild type (WT) C57BL/6 mice. NK cells were cultured
with macrophages in a ratio of 1 : 10, respectively, to reproduce as
closely as possible the 

 

in vivo

 

 situation [5]. LPS was used to rep-
resent sepsis, as well as being a known macrophage activator.
Phagocytosis levels are expressed as mean channel fluorescence
(MCF), which corresponds with numbers of attached and
ingested fluorescent bacteria. MCF was also determined follow-
ing quenching of fluorescence with trypan blue. This quenches the
fluorescence of bacteria attached to the outside of the macroph-
ages allowing determination of intracellular bacterial levels.

There was significantly increased CD69 expression on NK
cells cultured with macrophages, compared with NK cell culture
alone, at both 24 and 48 h, and the level of activation was
increased with addition of LPS to the coculture (Fig. 1a). LPS by
itself, however, had no effect on the level of NK cell activation,

 

Fig. 1.

 

Splenic NK cell activation at 24 and 48 h (a) and peritoneal mac-
rophage (M

 

F

 

) phagocytosis at 24 h (b) and 48 h (c) in single cell-type and
mixed-cell cocultures from wild type C57BL/6 mice. Isolated splenic NK
cells were cultured alone and with M

 

F

 

 with and without LPS. CD69
expression was determined after 24 and 48 h culture, and levels were
significantly increased in cocultures with M

 

F

 

 (NK 

 

+

 

 M

 

F

 

, NK 

 

+

 

 M

 

F

 

 

 

+

 

 LPS)
(a). M

 

F

 

 were similarly cultured alone or with NK cells, with and without
LPS, and levels of phagocytosis of fluorescent-labeled 

 

E. coli

 

 determined
at 24 h and 48 h. No differences were seen in phagocytosis after 24 h (b).
Phagocytosis mean channel fluorescence (MCF) was significantly
increased in cocultures of M

 

F

 

 

 

+

 

NK cells 

 

+

 

LPS at 48 h compared with other
groups (c). 

 

n

 

=

 

6 per experimental group and data are representative of
separate repeated experiments. Data presented as mean 

 

±

 

 s.e.m. * or
†

 

P 

 

<

 

 0.05, Kruskal–Wallis (CD69 percentages), 

 

ANOVA

 

 (MCF).
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indicating that increases in NK cell activation in LPS-cocultures
were secondary to increased LPS-induced activation of macroph-
ages. Activated macrophages are therefore more able to activate
NK cells. There were no significant differences between NK cell
activation at 24 h and 48 h.

There were no significant differences in phagocytosis ability
of macrophages between groups cultured with and without NK
cells and/or LPS at 24 h (Fig. 1b). However, by 48 h there were
significant increases in attachment and ingestion of bacteria by
macrophages cocultured with NK cells, compared with culture
alone or with LPS alone (Fig. 1c). The increases reached statistical
significance in macrophages cultured with NK cells and LPS
(Fig. 1c). Again, the action of LPS alone was not sufficient to
increase phagocytosis in macrophages, suggesting synergistic acti-
vation of macrophages by LPS and NK cells. It is unclear why
increases in phagocytosis occurred only after 48 h of culture, as
differences were expected to be observed more rapidly. It may be
secondary to the isolated system consisting of only NK cells and
macrophages, as, 

 

in vivo

 

, other cells such as T cells, would also
likely have some role to play.

 

Increased NK cell and macrophage activation is 
cell-contact-dependent

 

Similar experiments to those described above were performed
using splenic NK cells or peritoneal macrophages cultured with
supernatants from stimulated macrophages or NK cells, respec-
tively. The supernatants contain soluble mediators, such as cytok-
ines, produced by LPS-stimulated macrophages, or PMA and
ionomycin-stimulated NK cells, during 48 h of cell culture. These
experiments therefore allowed investigation of the requirements
for direct cell contact between macrophages and NK cells to
induce activation.

NK cell activation following 24 h culture with supernatant
from LPS-stimulated macrophages only reached similar levels to
NK cell culture with LPS alone, and was significantly decreased
compared to NK cell activation in coculture with macrophages
and LPS (Fig. 2a). Similarly, macrophage phagocytosis, after 48 h
culture with supernatant from stimulated NK cells, was signifi-
cantly decreased compared to phagocytosis of macrophages coc-
ultured with NK cells (Fig. 2b). Addition of LPS did not affect
these differences. These data show that reciprocal NK cell and
macrophage activation is cell-contact-dependent.

 

NK cell and macrophage activation does not require IFN-

 

g

 

One likely interaction between NK cells and macrophages is
through the production of IFN-

 

g

 

 by NK cells. IFN-

 

g

 

 alone, and
synergistically with LPS, is well known to activate macrophages
[8]. We therefore specifically investigated the role of NK cell-
derived IFN-

 

g

 

 in this model system using splenic NK cells isolated
from IFN-

 

g

 

-deficient (IFN-

 

g

 

–/–) mice cocultured with WT mac-
rophages, as well as WT splenic NK cells and macrophages cul-
tured with anti-IFN-

 

g

 

 neutralizing antibody.
NK cell activation in IFN-

 

g

 

–/– mice followed similar patterns
to activation in WT mice at 24 and 48 h (Fig. 3a). Levels of acti-
vation were, however, decreased compared to NK activation in
WT mice, and this reached statistical significance at both 24 and 48
h in groups with NK cell coculture with macrophages and LPS. This
suggests either that NK cells from IFN-

 

g

 

–/– mice are not capable
of the same level of activation as WT mice, or that IFN-

 

g

 

production from NK cells themselves is important in increasing the
level of NK cell activation, although it is not required for activation

itself. Macrophage phagocytosis was increased after 48 h of coc-
ulture with NK cells from IFN-

 

g

 

–/– mice, but this level was also
decreased compared with culture with NK cells from WT mice
(Fig. 3b). There were no differences in macrophage phagocytosis
between macrophages cocultured for 48 h with NK cells, with and
without LPS, and macrophages in similar cocultures with anti-IFN-

 

g

 

  neutralizing antibody (Fig. 3c). CD69 levels on NK cells in sim-
ilar groups treated with anti-IFN-

 

g

 

 antibody were also not differ-
ent (data not shown). Isotype-matched control antibodies were
also used in separate experiments and no differences in activation
level were determined through addition of control antibody alone

 

Fig. 2.

 

NK cell activation after 24 h culture with supernatant from stim-
ulated macrophage (M

 

F

 

) culture (a), and M

 

F

 

 phagocytosis after 48 h
culture with supernatant from stimulated NK cell culture (b) in single
cell-type and mixed-cell cocultures from wild type C57BL/6 mice. CD69
cell surface expression was determined on NK cells after 24 h culture
with supernatant collected after 48 h culture of M

 

F

 

 + 1 

 

m

 

g/ml LPS. Solu-
ble mediators in the supernatant were not sufficient to increase NK cell
activation to the level of mixed-cell cocultures (a). Levels of macro-
phage phagocytosis of fluorescent-labelled 

 

E. coli

 

 were determined at
48 h after culture with supernatant collected after 24 h culture of NK
cells with 10 ng/ml PMA and 500 ng/ml ionomycin. Soluble mediators in
the supernatant were not sufficient to increase phagocytosis to the level
of mixed-cell cocultures (b). 

 

n

 

 

 

=

 

 6 per experimental group and data are
representative of separate repeated experiments. Data presented as
mean 

 

±

 

 s.e.m. * or †P < 0·05, Kruskal–Wallis (CD69 percentages),
ANOVA (MCF).
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(data not shown). This confirms that IFN-g is not required for
either NK cell or macrophage activation in this system.

Ingestion of bacteria by macrophages is dependent on 
CD40/CD154 interactions
The interaction of CD40 on macrophages with its ligand CD154
on T cells is important in macrophage activation as well as polar-
ization of T cell responses [14,17]. CD154 is also on NK cells, and
NK cell interactions with CD40 on B cells have induced B cell
maturation and immunoglobulin class switching in vitro [14]. The

effects of interactions between NK cell CD154 and CD40 on mac-
rophages are less well known. We therefore performed similar
experiments to those described above using WT splenic NK cells
cultured with peritoneal macrophages from CD40–/– mice
(Figs 4a–c), and splenic NK cells from CD154–/– mice cultured
with WT macrophages (Figs 5a–c). In both cases, NK cell CD69
expression was increased to levels observed in WT cocultures at
24 h (Fig. 4a and 5a). However, this increase was not maintained
at 48 h in coculture either with CD40–/– macrophages (Fig. 4a), or
CD154–/– NK cells (Fig. 5a), and was actually significantly
reduced from activation at 24 h. The reasons for this difference
are not clear, although as CD69 expression is maintained on cells
for up to 48 h, the data suggest NK cell death. Indeed, overall cell
numbers in 48 h cultures were decreased compared with WT (data
not shown). This would be consistent with reports that CD40
interactions rescue cells from apoptosis [18]. Macrophage activa-
tion at 24 h again showed no differences between the experimen-
tal groups in cultures with either CD40–/– (Fig. 4b) or CD154–/–
cells (Fig. 5b). At 48 h, however, there were differences in mac-
rophage phagocytosis, with significant increases in MCF (repre-
sents numbers of attached and ingested bacteria), and significant
decreases in quenched levels of MCF (represents numbers of
ingested bacteria), of macrophages cocultured with NK cells in
both CD40–/– (Fig. 4c) and CD154–/– (Fig. 5c) experimental
groups. These data indicate that macrophages cocultured with NK
cells were activated to attach bacteria, the first step in phagocy-
tosis, although without CD40/CD154 interactions these macroph-
ages were less able to ingest bacteria. Taken together, these
results suggest that CD40/CD154-dependent cell contact is
important in macrophage phagocytosis, but not in NK cell activa-
tion, and may be important in prevention of NK cell activation-
induced cell death.

Cytokine production from macrophage and NK cell coculture
Levels of IL-6, IL-12, IL-18, and TNF-a from cultures containing
macrophages, and levels of IFN-g from cultures containing NK
cells were obtained by ELISA of cell culture supernatants from
each experimental group at 48 h after culture. Levels of IFN-g and
IL-18 were low, with levels around the limit of detection (data not
shown). No useful analysis of these cytokine levels could there-
fore be made. In cultures with LPS, levels of IL-6 (Table 1) and
TNF-a (Table 2) were significantly increased, as expected in the
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Fig. 3. Role of IFN-g on NK cell and macrophage (MF) activation in
single cell-type and mixed-cell coculture. CD69 expression was determined
on splenic NK cells isolated from IFN-g–/– mice after 24 h culture alone
or with MF from wild type (WT) C57BL/6, with and without LPS (a).
Cocultures of NK cells with MF (NK + MF, NK + MF + LPS) showed
increases in CD69 expression compared to culture alone (NK, NK + LPS)
both with and without LPS, although these levels were significantly
decreased from CD69 levels in NK cells from WT mice (compare with
Fig. 1a). Phagocytosis level was determined at 48 h in WT MF with and
without NK cells from IFN-g –/– mice and with and without LPS (b). There
were significant increases in phagocytosis mean channel fluorescence
(MCF) of MF cocultured with NK cells (MF + NK, MF + NK + LPS),
although these levels were again lower than in WT mice (compare with
Figs 1b,c). There were no differences in phagocytosis MCF between MF
cocultured with NK cells with and without 1 mg/ml anti-IFN-g neutralizing
antibody (c). n = 6 per experimental group and data are representative of
separate repeated experiments. Data presented as mean ± s.e.m. * or
†P < 0·05, Kruskal–Wallis (CD69 percentages), ANOVA (MCF).
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Fig. 4. CD69 expression and macrophage phagocytosis in single cell-type
and mixed-cell cocultures with macrophages (MF) from CD40-/– mice and
splenic NK cells isolated from WT mice. CD69 expression was determined
on NK cells at 24 and 48 h after culture with and without MF and LPS
(a). There were significant increases in CD69 expression at 24 h in cocul-
tured cells (NK + MF, NK + MF + LPS), although this increase was not
maintained to 48 h (a). There were no differences in MF activation, as
determined by phagocytosis ability, after 24 h culture with and without NK
cells and LPS (b). There were significant increases mean channel fluores-
cence (MCF) (attached and ingested bacteria) between MF cocultures
(MF + NK, MF + NK + LPS) and MF cultured alone (MF, MF + LPS) or
with LPS for 48 h (c). However, there were significant decreases in
quenched MCF (ingested bacteria alone) in the cocultured MF
(MF + NK, MF + NK + LPS) compared with MF cultured alone (MF,
MF + LPS) or with LPS at 48 h (c). n = 6 per experimental group and data
are representative of repeated experiments. Data presented as mean ±
s.e.m. * or †P < 0·05, Kruskal–Wallis (CD69 percentages), ANOVA (MCF).
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Fig. 5. CD69 expression and macrophage phagocytosis in single cell-type
and mixed-cell cocultures with macrophages (MF) from wild type (WT)
mice and splenic NK cells isolated from CD154–/– mice. Cell surface CD69
expression was determined on NK cells at 24 and 48 h after culture with
and without MF and LPS (a). There were significant increases in CD69
expression at 24 h in cocultured cells (NK + MF, NK + MF + LPS),
although this increase was not maintained to 48 h (a). There were no
differences in MF activation, as determined by phagocytosis ability, after
24 h culture with and without NK cells and LPS (b). There were significant
increases mean channel fluorescence (MCF) (attached and ingested bac-
teria) between cocultured MF (MF + NK, MF + NK + LPS) and MF cul-
tured alone (MF, MF + LPS) or with LPS for 48 h (c). However, there
were significant decreases in quenched MCF (ingested bacteria alone) in
the cocultured MF (MF + NK, MF + NK + LPS) compared with MF cul-
tured alone (MF, MF + LPS) or with LPS at 48 h (c). n = 6 per experi-
mental group and data are representative of separate repeated
experiments. Data presented as mean ± s.e.m. * or † or #P < 0·05, Kruskal–
Wallis (CD69 percentages), ANOVA (MCF).
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supernatants from stimulated macrophages. Statistical analysis of
cytokine production between single cell-type cultures (MF,
MF + LPS) and cocultures (MF + NK, MF + NK + LPS) showed
very few differences between the groups, mainly secondary to
large standard errors, and this makes any interpretation of results
difficult. There was a significant increase in IL-6 levels produced
by macrophages cultured alone, compared with culture with NK
cells, as well as a significant increase in IL-6 production from mac-
rophages cultured with LPS compared with culture together with
NK cells in CD154–/– mice. This could represent potential regu-
lation of IL-6 production from macrophages by NK cells,
although further experiments would be required to confirm this.
There were also no differences in IL-12 production (Table 3)
between single cell-type cultures (MF, MF + LPS) and mixed-cell
coculture (MF + NK, MF + NK + LPS). There were statistical

differences between the groups using cells derived from either
WT or genetic knockout mice (Table 3), although these were not
consistent, and interpretation of these results was, again, difficult.
Overall there were very few differences between any of the
groups, and cytokine levels did not follow similar patterns to
either CD69 expression or phagocytosis.

DISCUSSION

NK cell interactions with other cells of the immune system are
important in regulating a wide range of immune responses. Pre-
vious work from our laboratory showed important interactions
between NK cells and macrophages during bacterial sepsis to
improve bacterial clearance after peritonitis [10,19]. In this study
we have determined that CD40/CD154 direct cell contact

Table 1. Levels of IL-6 measured by ELISA in culture supernatant from peritoneal macrophages cultured for 48 h with and without splenic NK cells 
and with and without 1 mg/ml LPS. Peritoneal macrophages from CD40-/– mice were also used, as well as splenic NK cells from CD154-/– and IFN-g-/– mice

MF
(IL-6 pg/ml)

MF + NK
(IL-6 pg/ml)

MF + LPS
(IL-6 pg/ml)

MF + NK + LPS
(IL-6 pg/ml)

WT 260 ± 60 87 ± 17 14100 ± 1800* 8500 ± 300*
CD40–/– 230 ± 40 370 ± 100 9800 ± 800* 9500 ± 100*
CD154–/– 290 ± 90 220 ± 60 10600 ± 1100* 7100 ± 1300*
IFNg–/– 460 ± 210 400 ± 140 15900 ± 1600* 13400 ± 1700*

MF, peritoneal macrophages; NK, splenic NK cells; LPS, lipopolysaccharide; WT, wild type C57BL/6 mice; n = 6 per group, averaged from separate
repeated experiments *P < 0·05 LPS versus no LPS.

Table 2. Levels of TNF-a measured by ELISA in culture supernatant from peritoneal macrophages cultured for 48 h with and without splenic NK cells 
and with and without 1 mg/ml LPS. Peritoneal macrophages from CD40–/– mice were also used, as well as splenic NK cells from CD154–/– and 

IFN-g–/– mice

MF
(TNF-a pg/ml)

MF + NK
(TNF-a pg/ml)

MF + LPS
(TNF-a pg/ml)

MF + NK + LPS
(TNF-a pg/ml)

WT 34 ± 15 46 ± 31 340 ± 160* 240 ± 60*
CD40–/– 48 ± 15 55 ± 16 500 ± 150* 420 ± 140*
CD154–/– 5 ± 2 4 ± 3 292 ± 62* 180 ± 18*
IFNg–/– 14 ± 2 12 ± 3 381 ± 54* 338 ± 54*

MF, peritoneal macrophages; NK, splenic NK cells; LPS, lipopolysaccharide; WT, wild type C57BL/6 mice; n = 6 per group, averaged repeated
experiments *P < 0·05 LPS versus no LPS.

Table 3. Levels of IL-12 measured by ELISA in culture supernatant from peritoneal macrophages cultured for 48 h with and without splenic NK cells 
and with and without 1 mg/ml LPS. Peritoneal macrophages from CD40-/– mice were also used, as well as splenic NK cells from CD154–/– and IFN-g–/– mice

MF
(IL-12 pg/ml)

MF + NK
(IL-12 pg/ml)

MF + LPS
(IL-12 pg/ml)

MF + NK + LPS
(IL-12 pg/ml)

WT 7·7 ± 1·0 7·7 ± 1·0 9·2 ± 0·9 6·0 ± 1·0
CD40–/–* 18·7 ± 3·0 15·2 ± 1·2 19·2 ± 1·9 15·0 ± 2·3
CD154–/– 13·0 ± 2·1 10·6 ± 0·4 11·8 ± 1·3 10·0 ± 2·6
IFNg–/– 8·2 ± 2·5 10·2 ± 2·5 8·8 ± 2·2 3·0 ± 0·9¶

MF, peritoneal macrophages; NK, splenic NK cells; LPS, lipopolysaccharide; WT, wild type C57BL/6 mice; n = 6 per group, averaged repeated
experiments *P < 0·05 WT versus CD40–/–. ¶P < 0·05 MF + NK + LPS (IFN-g–/–) versus MF or MF + NK or MF + LPS (IFN-g–/–).
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interaction is a main activating mechanism for increasing mac-
rophage phagocytosis during sepsis, although it does not appear
to be the main mechanism providing reciprocal NK cell activa-
tion. Our experimental system compares interactions between
peritoneal macrophages and splenic NK cells. The possibility
exists that different interactions between macrophages and NK
cells may occur at different sites.

CD40/CD154 interactions have previously been identified as
being important in macrophage activation, after interactions with
T cells [14,17], as well as B cell maturation and immunoglobulin
class switching, after interactions with NK cells [14]. Recent evi-
dence has strengthened the role of CD40/CD154 interactions
between NK cells and dendritic cells in producing dendritic cell
maturation and activation, and this provides a mechanism for a
genuine link between the innate and adaptive immune response
following sepsis [12,13,20,21]. CD40/CD154 interaction between
macrophages and NK cells was therefore a prime candidate as the
mechanism of reciprocal activation of these cells during bacterial
peritonitis. Despite this, the in vivo significance of NK-expressed
CD154 remains unknown, and has not been investigated widely in
bacterial models of sepsis. We have provided evidence in this
report that NK cell CD154 interaction with macrophage CD40 is
important in macrophage activation and phagocytosis with LPS
stimulation. Interestingly, however, NK cell activation does not
appear to be regulated through interactions via CD154, although
these interactions may be important in maintaining NK cell acti-
vation, by protecting against activation-induced cell death [18].
Interactions between NK cells and macrophages therefore have
the potential to be extremely important in the duration of
responses during sepsis, and may play a role in the imbalance of
pro- and anti-inflammatory responses believed to be crucial in the
development of multiple organ dysfunction following sepsis
[22,23].

Potential activators of NK cell function also include IL-12
from activated macrophages [11]. We also investigated the role of
IL-12 on NK cell activation in our in vitro model of sepsis, using
neutralizing anti-IL-12 antibody in cocultures. Methods were sim-
ilar to those in experiments using anti-IFN-g antibodies. We found
that there was no difference in activation of NK cells or macro-
phages after 48 h with or without anti-IL-12 (data not shown).
This is surprising as IL-12 is a widely recognized activator of NK
cells through a STAT4-dependent mechanism [11,24]. The results
in this study, however, are consistent with results from other
experiments we have undertaken that indicate IL-12 and IL-18 do
not play a major role in NK cell activation during bacterial peri-
tonitis (unpublished observation). Altogether, these data
strengthen the evidence for direct cell-contact mechanisms to
play larger role in NK cell activation during sepsis, with other
costimulatory molecules apart from CD154, such as CD80, CD86
[25], and inducible costimulator (ICOS) [26] also having potential
importance. Further investigations will be required to identify the
relative roles of these costimulatory molecules.

IFN-g is undoubtedly important in activating macrophages,
and also in maintaining Th1/Th2 responses [8], and although we
didn’t determine a requirement for IFN-g in macrophage and NK
cell reciprocal activation in this present study, it appears to play a
role in regulating the magnitude of the cell activation and inflam-
matory response during sepsis, IFN-g is important in a good out-
come during human sepsis and this relates directly to increased
antigen presenting capacity by up-regulation of human leucocyte
antigen (HLA)-DR on macrophages and monocytes [27]. There is

also a well known synergism of IFN-g with LPS to activate macro-
phages, and this is used widely to stimulate macrophages prior to
assessment of activation. It has been discovered recently that mac-
rophages are capable of producing their own IFN-g in response to
stimulation by IL-12 and IL-18 [28], which may allow them to be
sensitized to further IFN-g produced by NK cells and T cells fol-
lowing sepsis. One postulated role for NK cells in vivo is through
their role in this IFN-g sensitization of macrophages [29], which
may allow IFN-g from T cells, present in much larger numbers
compared with NK cells, to have greater effects. Within our study
there is also the potential for contaminating T cells in our mac-
rophage population contributed to IFN-g production, and despite
the small number of cells involved this may influence the results
obtained.

Interactions between NK cells and macrophages during sepsis
are important, and future research in this area may elucidate reg-
ulatory mechanisms that can be manipulated to control immune
responses during sepsis. Further elucidation of the function of
these interactions in vivo is required, however, before such
manipulation can take place, but may hold the key to novel treat-
ments and prevention of the consequences of unregulated
immune responses following sepsis, such as multiple organ failure.
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