
CLINICAL AND DIAGNOSTIC LABORATORY IMMUNOLOGY, Sept. 2005, p. 1041–1049 Vol. 12, No. 9
1071-412X/05/$08.00�0 doi:10.1128/CDLI.12.9.1041–1049.2005
Copyright © 2005, American Society for Microbiology. All Rights Reserved.

LNFPIII/LeX-Stimulated Macrophages Activate Natural Killer Cells
via CD40-CD40L Interaction

Olga Atochina* and Donald Harn
Department of Immunology and Infectious Diseases, Harvard School of Public Health, Boston, Massachusetts 02115

Received 13 April 2005/Returned for modification 27 May 2005/Accepted 15 June 2005

Lacto-N-fucopentaose III (LNFPIII) is a human milk sugar containing the biologically active Lewis X (LeX)
trisaccharide. LNFPIII/LeX is also expressed by immunosuppressive helminth parasites, by bacteria, and on
a number of tumor/cancer cells. In this report, we first demonstrate that LNFPIII activates macrophages in
vitro as indicated by upregulation of Gr-1 expression on F4/80� cells. Further, we investigated the effect of
LNFPIII-activated macrophages on NK cell activity. We found that LNFPIII-stimulated F4/80� cells were able
to activate NK cells, inducing upregulation of CD69 expression and gamma interferon (IFN-�) production. The
experiments show that NK cell activation is macrophage dependent, since NK cells alone did not secrete IFN-�
in response to LNFPIII. Furthermore, we found that activation of NK cells by glycan-stimulated macrophages
required cell-cell contact. As part of the cell-cell contact mechanism, we determined that CD40-CD40L
interaction was critical for IFN-� secretion by NK cells, as the addition of anti-CD40L antibodies to the
coculture blocked IFN-� production. We also demonstrated that LNFPIII-stimulated macrophages secrete
prostaglandin E2, interleukin-10 (IL-10), and tumor necrosis factor alpha (TNF-�) but a very low level of
IL-12. Interestingly, addition of anti-TNF-�, anti-IL-10, or anti-IL-12 monoclonal antibodies did not signifi-
cantly alter NK cell activity. Our data show that these soluble mediators are not critical for LNFPIII-
stimulated macrophage activation of NK cells and provide further evidence for the importance of cell-cell
contact and CD40-CD40L interactions between macrophages and NK cells.

The main role of innate immunity is to respond to pathogens
with maximum speed and potency, developing a first line of
defense against infection (25). Innate responses to pathogens
involve cross talk between antigen-presenting cells and effector
cell populations through cell-cell contact and/or via soluble
mediators. Macrophages and NK cells are two innate re-
sponder cell populations. NK cells are able to lyse a variety of
cells, including tumor and virus-infected cells, spontaneously in
the absence of antigen-specific recognition and clonal expan-
sion (43). The cytotoxic activity of NK cells has been correlated
with their gamma interferon (IFN-�)-producing capacity (9).
Further, IFN-�-producing NK cells have been shown to acti-
vate phagocytic cells and prime antigen-presenting cells (13,
45).

Several studies have examined the interactions of NK cells
and dendritic cells (DCs), noting that activated NK cells can
induce maturation of DCs and, similarly, both immature and
mature DCs can activate NK cells (2, 10, 13, 14, 29). Surpris-
ingly, little is known about interactions between NK cells and
macrophages, despite the importance of macrophages in in-
nate immunity (7, 8, 34). A recent study by Siren et al. (35)
demonstrated that Sendai virus-infected macrophages activate
NK cells in a contact- and IFN-�-dependent process. Further,
Pneumocystis carinii and Listeria monocytogenes have both
been shown to induce macrophage-mediated NK cell activa-
tion in SCID mice (46, 51, 52). Thus, similar to DC-NK cell
interactions, it is likely that cross talk between NK cells and

macrophages influences maturation/differentiation events as
well as regulating functional activity.

In addition to intracellular pathogens, two different glycans,
lacto-N-fucopentaose III (LNFPIII) and LNnT, both found on
helminth parasites, were shown to expand peritoneal macro-
phage populations capable of suppressing naive CD4� T-cell
responses (3, 40). The suppressor macrophages were charac-
terized as F4/80� and Gr1�. A similar population of F4/
80�Gr1� macrophages that induce T-cell anergy are expanded
in mice infected with the helminth parasite Schistosoma man-
soni (36). However, neither the study on schistosome infection
nor those using helminth glycans to expand F4/80�Gr1� sup-
pressor macrophages examined macrophage-NK cell interac-
tions.

We decided to investigate whether LNFPIII-activated mac-
rophages interacted with NK cells. To perform this analysis, we
developed an in vitro model of LNFPIII activation/differenti-
ation of peritoneal macrophages and studied macrophage-NK
cell interactions in the presence or absence of LNFPIII. Here
we found that when NK cells were cocultured with LNFPIII-
activated macrophages, they upregulated CD69 and produced
IFN-�, with the macrophages producing prostaglandin E2

(PGE2) and tumor necrosis factor alpha (TNF-�) but not in-
terleukin-12 (IL-12). Direct cell-cell contact with LNFPIII-
stimulated macrophages was necessary for NK cell activation,
as well as CD40-CD40L interaction. In contrast, addition of
anti-TNF-�, anti-IL-12, or anti-IL-10 antibodies (Abs) did not
significantly reduce NK cell production of IFN-�.

MATERIALS AND METHODS

Mice. Six- to 8-week-old female BALB/c, C57BL/6, and SCID mice were
purchased from Jackson Laboratory (Bar Harbor, ME) and maintained under
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specific-pathogen-free conditions at the animal facility of the Harvard School of
Public Health.

Media and reagents. The neo-glycoconjugate LNFPIII-dex and the carrier
dextran were provided by Neose Technologies Inc., Horsham, PA. The neo-
glycoconjugate consisted on average of 12 LNFPIII (molecular weight, 853.8)
molecules conjugated to a 40-kDa molecule of dextran. All batches of LNFPIII-
dex and dextran were tested for levels of endotoxin by using the Limulus amoe-
bocyte assay (Charles River Inc., ME). For cell culture, RPMI 1640 medium was
supplemented with 10% fetal bovine serum (HyClone, Logan, UT), 100 U/ml
penicillin, 100 �g/ml streptomycin, 2 mM glutamine (Sigma, St. Louis, MO), and
0.005 mM 2-mercaptoethanol (Gibco).

Purified anti-mouse CD69–fluorescein isothiocyanate (FITC) and –phyco-
erythrin (PE), DX5-FITC and -PE, CD40-FITC, Gr1-PE, IFN-�–PE, isotype
control immunoglobulin G, and the Cytofix/Cytoperm Plus kit were purchased
from BD Biosciences (San Diego, CA). Rat anti-mouse F4/80–FITC and –Cy5
monoclonal Abs (MAbs) were purchased from Serotec (Raleigh, NC).

Cells and cell culture. Splenocytes from SCID mice or peritoneal cells (PECs)
from BALB/c mice were obtained as described previously (3). For NK cell and
macrophage purification, DX5-PE and F4/80-FITC Abs (BD Biosciences), goat
anti-FITC and anti-PE magnetic microbeads, BS separation columns, and vari-
oMACS magnets (Miltenyi Biotec) were used. Flow cytometry showed �98%
purity of both NK cells and macrophages.

Splenocytes or NK cells (1 � 106/ml/well) were cultured in 24-well plates or in
Transwells (Costar; 0.4-�m pore size) for 24, 48, and 72 h with or without the
following stimuli: dextran (50 �g/ml), LNFPIII-dex (50 �g/ml), and recombinant
murine IL-2 (250 U/ml; PeproTech, NJ). The neutralization Abs anti-TNF-�
(MP6-XT3) (10 �g/ml), anti-CD40L (CD154-MR1) (20 to 40 �g/ml), anti-IL-10
(JES5-16E3) (10 �g/ml), and anti-IL-12 (p40/p70, clone C17.8) (5 �g/ml) and
appropriate isotype control Abs were obtained from BD Biosciences.

Flow cytometry. Freshly isolated or cultured splenocytes and PECs (2 � 105 to
5 � 105) were transferred to 12- by 75-mm polystyrene tubes and washed with
fluorescence-activated cell sorter (FACS) buffer (phosphate-buffered saline con-
taining 0.1% bovine serum albumin and 0.1% sodium azide). Cells were stained
with combinations of MAbs for 30 min on ice in the dark and washed twice in
FACS buffer. For intracellular cytokine staining, brefeldin A was added and left
for the last 2 to 4 h of incubation at a final concentration of 1 �g/ml. Cells were
fixed and permeabilized with the use of a Cytofix/Cytoperm kit and stained with
anticytokine MAbs for 30 min on ice in the dark. Acquisition of cells was
performed using a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA).
A minimum of 20,000 events were acquired for analysis. Cell populations were
analyzed using CELLQUEST software (BD Biosciences).

ELISPOT assay. The number of IFN-�-producing cells was measured using
the enzyme-linked immunospot (ELISPOT) kit assay (R&D Systems Inc., Min-
neapolis, MN) according to the manufacturer’s instructions. Briefly, splenocytes
(2 � 105 cells/well) were cultured in Millipore MultiScreen-HA plates (coated
with anti-IFN-� Ab) for 24 or 48 h at 37°C in a 5% CO2 incubator in complete
medium alone or supplemented with dextran or LNFPIII-dex. The wells were
then washed and incubated overnight at 4°C with biotinylated anti-IFN-� Abs.
Reactions were visualized using avidin-alkaline phosphastase, and 5-bromo-4-
chromo-3-indolylphosphatase p-toluidine salt, and nitro blue tetrazolium chlo-
ride substrate. The number of spots per 106 splenocytes, which represents the
number of IFN-�-producing cells, was counted with an ELISPOT reader
(ImmunoSpot Analyzer; Cellular Technology Ltd., OH).

ELISA. TNF-� and PGE2 kits were purchased from R&D Systems, Inc. (Min-
neapolis, MN). Levels of IL-12, IFN-�, IL-10, IL-13, IL-4, and IL-5 were mea-
sured by capture enzyme-linked immunosorbent assay (ELISA), performed ac-
cording to the manufacturer’s instructions, using capture and detection Abs from
BD Biosciences (San Diego, CA).

Statistical analysis. Statistical significance of differences among groups was
determined by Student’s t test. All data are expressed as the mean � standard
deviation.

RESULTS

Peritoneal macrophages respond to LNFPIII-dex stimula-
tion in vitro. We previously demonstrated that intraperitoneal
injection of LNFPIII-dex led to the expansion of F4/80�,
Gr1�, and CD11b� PECs, which were functional suppressors
of CD4� T cells (3). Initially, we determined if stimulation of
naive PECs in vitro with LNFPIII-dex would induce expression
of Gr1 on F4/80� cells, similar to what we observed following
intraperitoneal injection of LNFPIII. Figure 1A shows repre-

sentative data from one of three experiments examining phe-
notypic changes in PECs stimulated with LNFPIII-dex in vitro.
At 48 h after in vitro stimulation with LNFPIII-dex, the num-
ber of Gr1� F4/80� PECs was 19.4%, compared to fewer than
10% of PECs stimulated with medium or dextran. In addition,
and importantly, Fig. 1A shows that by 48 h, essentially all of
the F4/80� PECs stimulated with LNFPIII-dex had become
Gr1�, compared to 41% or 48% of Gr1� cells in PECs stim-
ulated with dextran or medium, respectively. Approximately
47% of Gr1� cells from LNFPIII-dex-stimulated PECs did not
express F4/80, and cytospins showed that these cells were neu-
trophils (unpublished observation). Thus, in vitro stimulation
of naive PECs with LNFPIII-dex induces peritoneal F4/80�

macrophages to express surface Gr1.
We next examined cytokine production from PECs stimu-

lated with LNFPIII-dex for 24, 48, and 72 h in vitro, measuring
the levels of IFN-�, TNF-�, IL-10, IL-13, IL-4, IL-5, IL-12, and
PGE2 by ELISA. As shown in Fig. 1B, the levels of TNF-�,
IL-10, and PGE2 were significantly higher in supernatants from
LNFPIII-dex-stimulated PECs than in supernatants from con-
trol cultures at 72 h. The levels of TNF-� remained high
through 72 h of culture, whereas PGE2, while significantly
higher than control supernatants, decreased by 48 h and 72 h.
All other cytokines were not detectable.

In an earlier study we demonstrated that the ability of
LNFPIII-dex-expanded F4/80�Gr1� macrophages to suppress
naive CD4� T-cell proliferation was IFN-� dependent (3).
Therefore, we decided to investigate whether NK cells were a
possible source of IFN-� during LNFPIII-dex macrophage ac-
tivation. For these studies we used SCID mice, which have NK
cells, macrophages, dendritic cells, and granulocytes but no T
or B cells. FACS analysis of splenocytes from SCID mice
demonstrated the presence of approximately equal percent-
ages of NK cells, macrophages, and neutrophils, with a smaller
proportion (about 5%) of CD11c� dendritic cells (data not
shown). To perform macrophage-NK cell experiments, we
needed to demonstrate that SCID splenic macrophages would
respond to LNFPIII-dex stimulation in a manner similar or
identical to that of PEC macrophages. We found that LNFPIII-
dex-stimulated SCID splenocytes upregulated expression of
Gr1, B7.1, and B7.2 on F4/80� cells (unpublished observation),
demonstrating that SCID splenic macrophages become acti-
vated in response to LNFPIII-dex in the absence of T and B
cells, similar to what we have seen for PEC macrophages.

NK cells produce IFN-� via a contact-dependent mecha-
nism with LNFPIII-dex-stimulated macrophages. To deter-
mine if LNFPIII-stimulated macrophages interact with NK
cells, we measured the expression of CD69, an early activation
marker on SCID splenic NK cells, which allowed analysis in the
absence of IFN-�-producing T cells. We performed experi-
ments with purified NK cells and macrophage cocultures in the
presence of LNFPIII-dex and observed an upregulation of
CD69 expression on NK cells. Figure 2 shows that at 48 h,
CD69 expression was upregulated on NK cells in cultures
where LNFPIII was present compared to cultures where dex-
tran was added. Upregulation of CD69 was dependent on time
in culture with LNFPIII-dex, as we were unable to detect
significant levels of CD69 at 24 h of culture. To rule out the
possibility that LNFPIII-dex was directly stimulating NK cells,
we added LNFPIII-dex to purified NK cells, and found that
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this direct stimulation of NK cells did not lead to upregulation
of CD69 expression. Lastly, we performed transwell experi-
ments to determine if the ability of LNFPIII-dex-stimulated
macrophages to activate NK cells was contact dependent. NK

cells were plated to the bottom of transwells. Figure 2 shows
that when LNFPIII-dex was added to both the NK cell and
macrophage compartments of transwell cultures, we were un-
able to detect an increase in CD69 expression on NK cells,
demonstrating that NK cell activation required direct contact
with LNFPIII-dex-treated macrophages.

In addition to CD69 expression, NK activity can also be
estimated by production of IFN-� (9). We used intracellular
staining for IFN-� as well as an IFN-� ELISPOT assay as
readouts for NK activation. To determine if macrophages and
NK cells required contact for induction of NK cell production
of IFN-�, we cocultured control or LNFPIII-dex-stimulated
macrophages with NK cells in 24-well plates and in transwell
plates for 48 h in the presence of IL-2. Preliminary experiments
showed that exogenous IL-2 was required in order to detect
IFN-�� cells by intracellular staining. Figure 3 shows an ap-
proximate fivefold increase in IFN-�� DX5� cells from cul-
tures containing LNFPIII-dex-activated macrophages com-
pared with cultures with dextran-treated macrophages (10.65%
versus 2.15%, respectively). In contrast, when NK cells and
macrophages were separated by a semipermeable membrane,
we observed no differences in the numbers of IFN-�-positive
cells between groups (data not shown). Using an ELISA to
measure secreted IFN-� in cocultures, we found that the level
of IFN-� in LNFPIII-dex cultures was roughly twofold higher
than that in dextran cultures; however, the differences were not
significant (data not shown). As expected, there was no detect-
able IFN-� in supernatants from transwell cultures, and, sim-
ilar to the intracellular cytokine staining results, levels of

FIG. 1. Peritoneal macrophages are able to respond to LNFPIII-
dex stimulation in vitro. A. PECs were obtained from the peritoneal
cavities of BALB/c mice and incubated (1 � 106/ml) for 48 h in the
presence of 25 �g/ml LNFPIII-dex, dextran, or medium (control).
Expression of Gr1 markers on F4/80� cells was measured by flow
cytometry. Data from one of three independent experiments are
shown. B. Supernatants from cultured PECs with or without LNFPIII-
dex were collected at 24, 48, and 72 h. Levels of IL-10, PGE2, and
TNF-� (mean � standard deviation) were measured by ELISA. Black
bars, control (medium or dextran) PECs; hatched bars, PECs stimu-
lated by 25 �g/ml of LNFPIII-dex. *, P � 0.05; **, P � 0.01 to 0.001
(statistically significant differences between control and LNFPIII-dex-
treated PECs).
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IFN-� in supernatants from cultures without IL-2 were not
detectable (data not shown).

We also performed ELISPOT assays in parallel with intra-
cellular cytokine staining experiments. ELISPOTs result at
24 h of cell culture demonstrated an insufficient number of
IFN-�-producing cells for significant quantification. However,
at 48 h the number of IFN-�-producing cells seen in NK cell-

macrophage cocultures containing LNFPIII-dex was signifi-
cantly higher (P � 0.001) than those obtained from controls
(Fig. 4). As expected, purified DX5� cells stimulated with
LNFPIII-dex did not produce IFN-�.

Because LNFPIII-dex did not directly stimulate NK cells, we
next performed experiments to determine if F4/80� cells cul-
tured for 2 h with LNFPIII-dex and then washed prior to
addition to NK cells would induce their production of IFN-� as
assessed by ELISPOT. We observed that LNFPIII-prestimu-
lated F4/80� cells were able to significantly increase the fre-
quency of IFN-�-producing NK cells (data not shown). This
effect was macrophage dependent, as coculture of DX5� cells
with F4/80-negative cells in the presence of LNFPIII-dex did
not induce IFN-� secretion (data not shown). To verify that
macrophage activation of NK cells is not strain dependent, we
performed experiments simultaneously using a Th2-type

FIG. 2. Expression of CD69 on DX5� splenocytes stimulated for
48 h with LNFPIII. Splenocytes were obtained from SCID mice as
described previously (3). DX5� and F4/80� cells were purified accord-
ing to Miltenyi Biotec instructions. Cells were cultured for 48 h with
dextran or LNFPIII-dex in 24-well plates with or without transwells at
a concentration of 1 � 106/ml and then harvested and labeled with
anti-CD69–FITC and anti-DX5–PE Abs. The representative histo-
grams reflect the proportion of CD69-positive cells among DX5� cells.
Thick lines, CD69 expression of LNFPIII-dex-stimulated cells. Thin
lines, CD69 expression of control (dextran-stimulated) cells. Upper
histogram, NK cells plus macrophages; middle histogram, purified
DX5� cells; lower histogram, purified DX5� cells separated from
purified F4/80� cells in transwells. These results were reproduced in
five separate experiments.

FIG. 3. IFN-�� DX5� cells from spleens of SCID mice after 48 h
of stimulation. Splenocytes were obtained from SCID mice and puri-
fied as described in the legend to Fig. 2. Cocultured cells were stimu-
lated with dextran plus IL-2 or with LNFPIII-dex plus IL-2 for 48 h.
Brefeldin A was added 4 h before the end of the cultures. Cells were
then harvested, stained with anti-DX5–FITC Abs, and then fixed,
permeabilized, and stained with anti-IFN-�–PE Abs. In FACS analy-
sis, NK cells were gated at forward scatter versus side scatter. Isotype
control Abs were used in each experiment. Data shown are represen-
tative of five experiments.
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mouse strain (BALB/c) and a Th1-type strain (C57BL/6), obtain-
ing similar responses to LNFPIII stimulation (data not shown).

To rule out other cell populations capable of responding to
LNFPIII-dex and thus activating NK cells, we performed ex-
periments where we depleted CD11c� cells from splenocytes
of SCID mice and found that this did not alter the frequency
of IFN-�-producing cells (data not shown). Further, while we
noticed that the frequency of IFN-�� cells was higher in co-
cultures of purified DX5� and F4/80� cells than in cocultures
of unseparated splenocytes from SCID mice, the proportions
of responding cells were similar in both cases.

To ensure that endotoxin was not contributing to the ob-
served effects of LNFPIII-dex in the ELISPOT assay, we per-
formed identical experiments where polymyxin B (Sigma) was
added to cultures at a final concentration of 20 �g/ml. Cultures
containing polymyxin B had similar numbers of IFN-�-produc-
ing cells as cultures without polymyxin B, showing that induction
of IFN-� production by NK cells via coculture with LNFPIII-
dex-stimulated macrophages was not due to the presence of en-
dotoxin (0.2 ng/ml) in LNFPIII-dex.

Taken together, our data show that NK cells do not produce
IFN-� in direct response to LNFPIII-dex stimulation but be-
come activated in a contact-dependent mechanism when cocul-
tured with LNFPIII-dex-stimulated macrophages.

Role of cytokines in LNFPIII-stimulated macrophage acti-
vation of NK cells. Soluble factors are known regulators of cell
activity. Thus, we analyzed production of cytokines from SCID
splenocytes at 48 h after LNFPIII-dex stimulation in vitro and
observed increased levels of TNF-� and PGE2 (Fig. 5A). The

addition of exogenous IL-2 to cultures increased production of
both TNF-� and PGE2, and the difference between LNFPIII-
stimulated and unstimulated cells was highly significant (P �
0.001). We also detected low levels of IL-10 (�10 pg/ml) and
IL-12 (50 to 60 pg/ml) but were unable to detect IL-2 or nitric
oxide (NO) (data not shown). Interestingly, all SCID spleno-
cyte cultures produced large amounts of transforming growth
factor 	, with no difference between control and LNFPIII-dex-
stimulated cells. The low level of IL-10 production from LNFPIII-
dex-stimulated SCID splenocytes was surprising, since production
of IL-10 from LNFPIII-dex-stimulated BALB/c PECs was high.
These observations suggest that cells other than macrophages
and NK cells produce IL-10 in response to LNFPIII-dex or
upon coculture with LNFPIII-dex-stimulated macrophages.
Unlike those of IL-10, the levels of PGE2 were comparable

FIG. 4. The presence of LNFPIII-dex-stimulated macrophages in
coculture with NK cells increases the frequency of IFN-�-producing
cells. Splenocytes were obtained from SCID mice as described in the
legend to Fig. 2, and DX5� and F4/80� cells were purified according
to Miltenyi Biotec instructions. Cells were cultured for 48 h with
dextran (hatched bars) or LNFPIII-dex (solid bars) in ELISPOT plates
at 2 � 105 cells/well. Purified DX5� cells alone or in combination with
purified F4/80� cells (isolated simultaneously with DX5� cells) were
cultured at the same concentration of cells per well. The number of
IFN-�-producing cells in response to stimulation was analyzed in an
ELISPOT assay as described in Materials and Methods. The number
of IFN-�-producing cells was recalculated per 106 splenocytes. Aver-
ages � standard deviations from five performed experiments are
shown. **, statistically significant differences from control stimulation
(P � 0.001).

FIG. 5. Role of cytokines in LNFPIII-dex-stimulated macrophage
activation of NK cells. A. Splenocytes from SCID mice were obtained
as described in the legend to Fig. 2 and cultured for 48 h with dextran,
LNFPIII-dex, dextran plus IL-2, or LNFPIII-dex plus IL-2. Superna-
tants were collected, and levels of PGE2 and TNF-� were analyzed by
ELISA. Means � standard deviations from one experiment are shown.
*, statistically significant differences between control (dextran or dex-
tran plus IL-2) and oligosaccharide-stimulated (LNFPIII-dex or LN-
FPIII-dex plus IL-2) samples (P � 0.001). Three experiments with
similar results were performed. B. Anti-TNF-� or isotype control Abs
were added to cell cultures stimulated with LNFPIII-dex plus IL-2 at
10 �g/ml for 48 h to an ELISPOT plate. The number of IFN-�-
producing cells was analyzed using the ELISPOT assay as described in
Materials and Methods. The number of IFN-�-producing cells incu-
bated with isotype control Abs (gray bar) versus anti-TNF-� Abs
(black bar) was calculated per 106 cells. Means � standard deviations
from one experiment are shown. Three experiments with similar re-
sults were performed. C. Expression of CD69 on DX5� cells is shown
as results from a representative experiment of five independent exper-
iments. Shaded histogram, culture of cells in the presence of LNFPIII-
dex; thick line, anti-TNF-� Abs were added to LNFPIII-dex-stimu-
lated cells.

VOL. 12, 2005 MACROPHAGE-NK CELL INTERACTION 1045



between LNFPIII-dex-stimulated SCID splenocytes and
BALB/c PECs.

To determine if the elevated levels of TNF-� that we de-
tected in our cultures played a role in LNFPIII-dex-stimulated

macrophage-induced NK cell activation, we performed neu-
tralization experiments in which anti-TNF-� Abs were added
to ELISPOT wells. Figure 5B demonstrates that the number of
IFN-�-producing cells was partially but not significantly de-

FIG. 6. CD40-CD40L interaction is critical for LNFPIII-dex-stimulated macrophage activation of NK cells. Splenocytes were obtained,
cultured for 48 h, harvested, and stained as described in Materials and Methods. A. The number of CD40� F4/80� cells and expression of CD40
on F4/80� cells were analyzed, and results shown here are from a representative experiment of three. In the upper right corners the numbers of
CD40� F4/80� cells are presented. Shaded histograms, culture of cells in the presence of dextran; thick line, culture of cells in the presence of
LNFPIII-dex. B. Cells were cultured in ELISPOT plates for 48 h in the presence of IL-2. The numbers of IFN-�-producing DX5� cells alone (open
bar), DX5� and F4/80� cells with dextran (hatched bar), DX5� and F4/80� cells with LNFPIII-dex (black bar), DX5� and F4/80� cells blocked
with isotype control Abs before LNFPIII-dex stimulation (gray bar), and DX5� and F4/80� cells blocked with anti-CD40L Abs before LNFPIII-dex
stimulation (stippled bar) were calculated per 106 NK cells. Five experiments with similar results were performed. Means � standard deviations
from one experiment are shown. **, statistically significant differences from control samples (P � 0.001).
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creased when cells were incubated for 48 h in the presence of
anti-TNF-� Abs. Similarly, addition of anti-IL-10 and anti-
IL-12 Abs to cocultures did not alter IFN-� production from
SCID cell cocultures (data not shown). Expression of CD69 on
NK cells was also partially reduced after preincubation with
anti-TNF-� Abs in coculture of NK cells with LNFPIII-acti-
vated macrophages (Fig. 5C).

CD40-CD40L interaction is critical for LNFPIII-dex-stimu-
lated macrophage activation of NK cells. In addition to cyto-
kines and chemokines, costimulatory molecules are involved in
cell-cell communication (1, 6, 16, 37, 47). In this study we
observed an upregulation of CD80 and CD86 molecules on
LNFPIII-dex-stimulated F4/80� cells (data not shown) but did
not detect an upregulation of CD28 on NK cells, even those
NK cells which were IL-2 activated (data not shown). These
data indicated that CD28/B7 molecules were not involved in
NK cell-macrophage interaction, at least under our experimen-
tal conditions.

Since LNFPIII-dex stimulation of cells increased the total
number of CD40� F4/80� cells as well as expression of CD40
on F4/80� cells (Fig. 6A), we asked whether CD40 or CD40L
plays a role in LNFPIII-dex-stimulated macrophage activation
of NK cells. To investigate the possible role of CD40-CD40L in
LNFPIII-dex-stimulated macrophages and NK cell interaction,
we added anti-CD40L blocking Abs to cultures of LNFPIII-
activated F4/80� and DX5� cells. In each of five separate
experiments, we found that the number of IFN-�-producing
cells in ELISPOT assays was significantly reduced (P � 0.001)
in the presence of blocking anti-CD40L Abs (Fig. 6B), sug-
gesting that CD40-CD40L interaction is an important step in
driving activation of NK cells by LNFPIII-dex-stimulated mac-
rophages in vitro.

DISCUSSION

We previously demonstrated that the neo-glycoconjugate
LNFPIII-dex drives Th2-type responses in vivo, functioning as
a Th2-type adjuvant for third-party antigens, and activates a
population of Gr1� F4/80�macrophages which suppress T-cell
proliferation in an IFN-�-dependent process (3, 26, 42). How-
ever, little is known about other functions (regulatory/activa-
tion) of these macrophages. The observation that LNFPIII-
dex-driven suppressor macrophages functioned in an IFN-�-
dependent manner seemed at odds with the ability of LNFPIII-
dex to induce anergy and Th2-type responses in vivo. NK cells
are innate cells that produce large amounts of IFN-�, in part
because the IFN-� locus in NK cells has been constitutively
demethylated (39). Thus, in this study we focused on defining
possible interactions between LNFPIII-dex-activated macro-
phages and NK cells leading to activation of NK cells and their
production of IFN-�. Among the parameters we examined
were the requirement for cell-cell contact between LNFPIII-
dex-activated macrophages and NK cells and the contributions
of soluble mediators and costimulatory molecules, specifically
CD40-CD40L.

Cytokine feedback loops between antigen-presenting cells
and effector cells play important roles in their activation. Here
we show that LNFPIII-dex stimulation of splenic macrophages
leads to NK cell production of IFN-�. To determine if cyto-
kines produced by LNFPIII-dex-stimulated macrophages

might be involved in NK cell activation, we first determined the
cytokine profile of LNFPIII-dex-stimulated macrophages sep-
arately as well as in cocultures with NK cells. This analysis
revealed that LNFPIII-dex induced production of PGE2,
TNF-�, and IL-10 but little IL-12 from macrophages. Although
IL-12 has been shown to activate NK cells through a STAT-
4-dependent mechanism (41, 44), our finding about IL-12-
independent activation of NK cells is consistent with studies
showing that IFN-� production from macrophage and NK cell
cocultures was not always IL-12 dependent (34, 52). Our in-
ability to detect significant levels of IL-12 in the cultures may
have been due to the inhibitory effects of transforming growth
factor 	 and possibly PGE2, both of which were elevated in
cultures of LNFPIII-dex-stimulated macrophages (23, 31).

Analysis of cytokine secretion by cocultured macrophages
and NK cells demonstrated increased levels of TNF-�, which
was expected since macrophages are known as classical pro-
ducers of TNF-�. Further, it has been suggested that IL-2-
induced maturation of NK cells is initiated by secretion of
endogenous TNF-� (18). Our results show that addition of
anti-TNF-� Abs to macrophage-NK cell cocultures partially
reduced CD69 expression on NK cells but did not significantly
decrease IFN-� production by NK cells. Similar decreasing
CD69 expression was demonstrated in a recent study on
NK-DC interaction when anti-TNF-� neutralizing Abs were
used in combination with anti-IFN-�/	 Abs during poly(I · C)
activation (14). Thus, TNF-� has an effect on NK cell pheno-
type in coculture with LNFPIII-dex-stimulated macrophages,
but TNF-� neutralization is not sufficient to reduce IFN-� in
vitro. At this time we cannot exclude the possibility that TNF-�
production may be important for other processes such as mat-
uration or apoptosis, as has been indicated in several studies
(4, 19, 48, 50).

In regard to costimulatory molecules, we observed that LN-
FPIII-dex-stimulated F4/80� cells cocultured in the presence
of NK cells upregulated surface CD80 and CD86 (data not
shown). Upregulation of CD80 and CD86 on macrophages
may be the result of feedback from activated NK cells, since we
did not detect CD28 on cocultured NK cells or on IL-2-acti-
vated NK cells, consistent with other observations (15). Al-
though CD28/B7 interactions have been reported to partially
regulate NK cell IFN-� in Toxoplasma gondii-infected mice, a
CD28-independent pathway of regulation was also recently
shown (17, 22, 49, 53).

Our experiments comparing cocultures with and without
transwells clearly show that cell-cell contact was required for
LNFPIII-dex-stimulated macrophages to induce NK cell acti-
vation. Several other studies have reported that direct cell
contact was required for macrophage activation of NK cells (7,
34, 51). Similarly, multiple studies have shown contact-depen-
dent activation of murine NK cells by DCs (1, 11, 13, 14, 29).
While cell-cell contact is clearly a critical factor in macrophage/
DC-NK cell interactions, the molecular mechanisms through
which cell-cell contact mediates this response remain to be
elucidated. For example, cell-cell interaction of CD40-CD40L
was found to be important in a number of studies (5, 12, 34, 37,
38, 47). In this study, we observed that LNFPIII-dex increased
the frequency of CD40� F4/80� cells as well as the upregula-
tion of expression of CD40 on F4/80� cells from the spleens of
SCID mice. It has been shown that freshly isolated, nonacti-
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vated human NK cells do not express CD40L (21); however,
IL-2-activated human NK cells do express CD40L (6). In this
study we found that addition of anti-CD40L Abs significantly
(P � 0.001) reduced or completely blocked IFN-� production
by NK cells activated by IL-2–LNFPIII-dex-stimulated macro-
phages. In fact, our data show that addition of anti-CD40L Abs
reduced IFN-� to levels below that seen in control (dextran-
stimulated) cultures, indicating that CD40-CD40L interaction
between NK cells and macrophages was important for NK cell
activation and subsequent IFN-� production. This appears to
be the first report of such a macrophage CD40-, NK cell
CD40L-dependent activation of IFN-� secretion. Our finding
fits well with a recent report showing that the CD40-dependent
cytotoxic pathway is functional on human NK lines, clones, and
IL-2-activated NK cells from peripheral blood mononuclear
cells (6). Further, CD40L-mediated signaling was shown to
promote the in vitro activation of cytotoxic as well as NF-
B
binding activity in NK cells from tumor-transplanted animals,
and in addition, NK cell CD154 interaction with macrophage
CD40 was shown to be important in macrophage activation
and phagocytosis in an in vitro sepsis model (20, 34). Taking
these data together with our data, it appears that CD40-
CD40L interaction between NK cells and activated macro-
phages is important in mediating efficient cross talk between
these two cell types.

In conclusion, we cannot rule out untested receptor-ligand
pairs or numerous surface receptors and soluble factors that
may also play various roles in LNFPIII-dex-stimulated mac-
rophage-dependent activation of NK cells, as well as in cross
talk between these two cell populations. Among those exam-
ined in our study, we were able to show that TNF-� does not
play a determinant role in NK cell activation and IFN-� pro-
duction. Whatever roles untested soluble mediators may play
in this process (possibly IL-6, IL-8, IL-1	, or IFN-�/	) (8, 33,
35), our data do clearly support an alternative IL-12-indepen-
dent model of NK cell activation requiring cell-contact as well
as interaction between macrophage CD40 and NK cell CD40L.
Thus, the cytokine mechanism presented here would be sec-
ondary to the contact-dependent activation of NK cells by
LNFPIII-activated macrophages. In addition to CD40-CD40L,
different NK cell receptors may be involved, and this may also
depend on the activation/maturation stages of NK cells. The
possible role of CD44 and Ly49D NK receptor signaling for
IFN-� production is under investigation (22, 27, 28, 32). Acti-
vator signals from macrophages to NK cells might be delivered
via C-type lectin family receptor NKG2D or CD94/NKG2C
(30, 35) or other receptors such as 2B4 or CD27 (24, 30).
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