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Abstract. Natural killer (NK) cells represent a distinct population of lymphocytes originally ident


ified by its

a� bility to kill transformed cell lines in vitro. It is now clear that these cells also play an important role in the
i

�
nnate immune response against a variety of pathogens, such as virus, bacteria and parasites. In the past few years,
d



ifferent protocols have been developed to activate NK cells e� x vivo, allowing a detailed molecular analysis of

t


he interaction of these cells with their cellular targets. NK activity is regulated by sign� als generated by both

inhibitory and stimulatory receptors expressed by target cells. Indeed, recent results ind


icate that, while major

histocompatibility complex class I molecules expressed on target cells inhibit NK lytic activity by engaging
surface inhibitory receptors, costimulatory molecules, such as B7-1, B7-2 and CD40, are able�  to actively trigger
N

�
K activity. This review discusses the most recent findings on the role of costimulation on NK activation and

forsees the possible consequences of the interaction between NK cells and dendritic cells on the development of
a� n adaptive immune response.
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More than Just “ K iller  Cells”

T
�

he spontaneous cytolytic activity observed in
spleen cells of naive mice tested against the YAC-1
t



umor cell line was the first indication of the presence

o� f cells endowed with a “natural”  killer activity2
�
3, 29.

More than 10 years later, KÄRRE28 and LJ
�
UNGGREN and

K
�

Ä
�

RRE3
�
7 proposed the “missing self”  hypothesis, which

suggested a link between natural killer (NK) cell func-
t



ion and major histocompatibility complex class I (MHC-I)

e� xpression. According to this hypothesis, NK cell-me-
d



iated killing occurs whenever NK cells interact with

c� ells with aberrant or absent expression of MHC-I
m� olecules. Indeed, experiments performed with trans-
g� enic and gene-deficient mice have provided conclu-

sive evidence that the expression of MHC-I molecules
b

�
y target cells controls the specificity of NK activity24.

I
�
n addition to their role in eliminating cells not expres-

sing the appropriate self MHC molecules, NK cells
have also been implicated in the innate response against
c� ells infected by viruses, intracellular bacteria and para-
sites6

�
, 53. These findings led to the idea that recognition

a� nd killing of target cells with absent or unappropriate
e� xpression of MHC-I molecules was the only ability of
N

�
K cells and that NK cells were exerting this function

independently from the activity of other cells of the
i

�
nnate and the adaptive immune systems.

Since then, a cross-talk between NK cells and other
c� omponents of the immune system has been suggested
b

�
y the identification on the surface of activated NK
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c� ells of a number of interleukin receptors (i.e. IL-2R,
IL-12R, TNF-αR) and by the fact that activated NK
c� ells produce a variety of soluble factors, including
I

�
FN-γ� , TNF-α, colony-stimulating factor (CSF), granu-

locyte-macrophage-CSF (GM-CSF), IL-3 and IL-54
 

7, 61.
Many of these soluble factors are released by NK cells
i

�
n response to other cytokines or upon contact with

t


umor targets. These results are suggestive of an active

o� ngoing cross-talk of NK cells with other cells of the
i

�
mmune system and propose that NK activity can in-

fluence, and be influenced by, the surrounding innate
o� r adaptive immune responses. Much evidence has in-
d



eed provided support to this hypothesis. For instance,

N
�

K cells have been shown to be attracted by CC
c� hemokines, previously described as chemoattractants
f

!
or monocytes, eosinophils, basophils and lympho-

c� ytes3
�
8, 50, and the activity of NK cells was elicited by

IFN-γ�  produced by α-galactosylceramide-activated
N

�
KT cells10. Moreover, NK cells were required for the

in vitro generation of human alloantigen-specific cyto-
t



oxic T cells3

�
1 and were shown to play an important

r" ole in the down-regulation of T helper 1 (Th1)-medi-
a� ted colitis by controlling the responses of effector
T cells to gut bacteria17. Finally, a regulatory role for
N

�
K cells in experimental autoimmune encephalo-

myelitis6
�
5 and in the development of allergen-induced

e� osinophilic airway inflammation3
�
0, 61 have been re-

p# orted.
This article reviews the most recent data supporting

t


he idea that the activity of NK cells can influence and

b
�
e influenced by other cells of the adaptive and innate

immune systems not only through soluble mediators3
�
,

b
�
ut also through cell-to-cell contact.

A
$

ctivating and Inhibiting NK Cells

T
�

he fact that NK cell activation results from a bal-
a� nce between positive and negative signals has been
long established3

�
3. It has become increasingly clearer that

t


his is not exclusive of NK cells, but that this could also
a� pply to other components of the immune system12, 25, 56.

N
�

K cells express surface receptors that bind to
M

%
HC-I molecules on target cells and, as a conse-

q& uence, inhibit NK cell-mediated cytotoxicity. Several
o� f these molecules with inhibitory function have been
identified and cloned in humans and mice. Thus, human
N

�
K cells express different members of the Ig-like kil-

ler-inhibitory receptor (KIR) family3
�

3, 43, which are clo-
n� ally distributed and represented by circulating NK
c� ells in healthy individuals. In addition, NK cells ex-

p# ress the lectin-like receptor CD94, which forms disul-
fide-linked heterodimers with the NKG2 molecule7

'
. In

mice, the best characterized receptors with inhibitory
f

!
unction are those belonging to the Ly-49 family5

(
8. In

a� ddition, the heterodimer CD94/NKG2 has also been
found expressed by murine cells5

(
9.

O
)

n the other hand, it has also been demonstrated
t



hat NK cells can be triggered by non-MHC-specific

a� ctivating receptors. Indeed, several cell surface mole-
c� ules, including NKp44, NKp46, CD16, CD27, NKR-
-P1, 2B4, LAG-3, CD2, CD69, and Ly-64

 
8, 57, 60, 64 have

b
�
een shown to activate both human and murine NK

c� ells upon triggering. Finally, NK cells also express
receptors that bind to MHC-I molecules on target cells
t



hat, instead of preventing NK cell activation, activate

N
�

K cells3
�
4, 41, 44. The significance of these receptors

remains, however, to be defined.

N
*

K Cell Activation by Costimulatory Molecules

Even though mature NK cells clearly represent
a�  distinct population of cells that play a unique role in
t



he course of an immune response, many similarities

a� re shared between NK cells and CD8+ T lymphocytes.
I

�
ndeed, both cell types share the expression of several

c� ell surface markers5
(
5 and the ability to secrete certain

c� ytokines4
 
7, and both cell types use similar mechanisms

t


o kill cellular targets5

(
. In addition, it has been demon-

strated that NK cells and T cells share a common
t



hymic precursor42. Because of these striking simi-

l
+
arities, it is reasonable to imagine that evolution would

have selected similar molecular mechanisms to regulate
t



he activation of these cell types. In particular, it would

not be surprising to identify a role for costimulatory
l

+
igand/receptors during NK cell activation.

The function of costimulation has mostly been char-
a� cterized during antigen-bearing APC-mediated CD4
a� nd CD8 T lymphocyte activation. Thus, the binding of
B7-1 and B7-2 molecules expressed by professional
APC to the CD28 and CTLA-4 receptors expressed on
t



he surface of T cells has been shown to determine the
fate of T lymphocyte activation, cytokine production
a� nd proliferation3

�
5. In addition to B7 ligands, CD40

e� xpression by APC, which is induced upon T cell-APC
interaction, is also important for T cell priming, for
T cell-mediated effector functions4, 49, 52, and during
T

�
 cell-mediated antitumor responses18, 39. Homologous

molecules to B714, 36 and CD2827 with costimulatory
f

!
unction have been recently reported.

The first indication that costimulation was actively
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i
�
nvolved in NK cell activation was obtained in the early

nineties, when the human NK leukemia cell line YT1

w, as found to kill mouse cells expressing human B7-1
a� nd not the parental B7-negative cells. Blocking experi-
ments performed with mAb inhibited B7-mediated cy-
t



otoxicity, indicating that CD28 expressed on the sur-

f
!
ace of the YT cells was directly involved. Recently, an

increasing amount of experimental evidence has dem-
o� nstrated the triggering of human and murine NK cells
b

�
y B7-113, 21, 62, B7-220, 40, 62 and CD408, 40. B7-medi-

a� ted costimulation, not only augmented NK cytotox-
icity, but other NK cell-mediated effector functions as
w, ell. Indeed, HU

-
NTER et al.2

�
6 showed that B7-trans-

fected cells enhanced IL-12-induced IFN-γ�  production
b

�
y activated CD28-expressing NK cells. Interestingly,

t


his B7-mediated effect was dependent on ICAM-1/

/
.
LFA-1 interaction and could be inhibited by TGF-β,

b
�
ut not by IL-10. In addition to cytokine production,

B
/

7/CD28-mediated costimulatory signals have also
b

�
een shown to be required for optimal proliferation of

m� urine NK cells45.
D

0
ifferent lines of evidence suggest that costimula-

t


ory molecules might be involved in NK cell activation

a� lso in vivo. Infection of SCID mice with Toxoplasma
g1 ondii resulted in the appearance of CD28+2  NK cells
a� nd a parallel increase of NK-derived IFN-γ�  production
a� nd NK cytolytic activity26. This NK-mediated in-
c� reased activity was dependent on CD28 triggering,
since administration of CTLA-4-Ig (which prevents
B7-CD28 interaction) to the infected mice inhibited
I

�
FN-γ�  secretion and resulted in a significant increase in

p# arasite burden. In a different experimental model we
o� btained similar results. Indeed, the antitumor response
induced by a B7-1-expressing adenocarcinoma TS/A
c� ell line was diminished whenever NK cells were ab-
sent, suggesting that NK cells were playing an import-
a� nt role in the antitumor response11. In parallel experi-
ments, the role of B7-2 and CD40 was similarly
e� stablished. In this setting, tumor cell lines expressing
C

3
D40 and B7-2 were labeled with5

(
1 Cr, injected in vivo

into naive syngeneic mice4
 
0, and the radioactivity was

measured in the lungs of inoculated mice 24 h after
i

�
njection as an indication of NK activity. The amount

o� f residual radioactivity was lower in those mice with
r" espect to the levels detected in mice injected with
B7/CD40-negative control cells, suggesting that B7 and
C

3
D40 expression was mediating cell clearance in

v4 ivo. This effect was abolished when the mice were
p# re-treated with anti-NK-depleting mAb prior to the
t



umor inoculation, suggesting that NK cells were

i
�
ndeed involved in the B7-mediated tumor cell eli-

mination.

T
5

he NK Receptors for  Costimulatory Molecules

Even though a role for costimulation has been ident-
i

�
fied in several NK-mediated processes in vitro and in

v4 ivo, it remains to be established whether NK cells
e� xpress the same natural ligands for B7 (CD28/CTLA-4)
a� nd CD40 (CD40L) which have been characterized on
T cells. Expression of CD28, CTLA-4 and CD40L on
N

�
K cells has been shown to be dependent on the ma-

t


uration state of the cells, on the stimulus used to acti-

v6 ate the cells, and on the origin of the NK cells. Indeed,
a� lthough CD28 was found to be expressed on human
f

!
etal NK cells5

(
1, it was reported to be lost during ma-

t


uration and was absent on cells obtained from adult

p# eripheral blood. Moreover, FACS analysis and redi-
r" ected lysis assays failed to detect CD28 and CTLA-4
e� xpression on human NK cell lines generated from pe-
ripheral blood6

�
2. In mice, data regarding the expression

o� f CD28 are controversial. Its expression has been re-
p# orted to be inducible upon IL-2 stimulation on bone
m� arrow-derived26, but not on spleen-derived NK
c� ells13. CD40L, on the other hand, has been reported to
b

�
e expressed upon short-term culture of human NK

c� ells8, but it was absent on resting or IL-2-activated
m� urine NK cells4

 
0.

Recent data have suggested that expression of
C

3
D28-related molecules able to bind B7 family mem-

b
�
ers, but not be detected by the existing reagents, may

e� xplain the discrepancy between the function and the
e� xpression of B7-binding proteins. Indeed, in a recent
p# ublication, GA

7
LEA-LA

7
URI et al.19 have reported that de-

t


ection of CD28 expression on peripheral blood NK

c� ells was dependent on the mAb used. Thus, 2 out of
4 anti-CD28 mAbs positively stained NK cells, where-
a� s all 4 stained T cells, suggesting that NK cells may
e� xpress a variant isotype of CD28 not recognized by
some of the mAbs.

Finally, the level of expression of B7 ligands and
C

3
D28 receptor(s) may also contribute to the costimula-

t


ion-sensitive NK activity. Indeed, we have observed

t


hat only transfectants expressing high levels of B7-2

w, ere able to trigger NK-mediated cell killing40, and the
l

+
evel of CD28 was shown to be variable among differ-

e� nt individuals and on different human NK lines19.
T

�
hese observations might help to explain why, in some

c� ases, the contribution of B7-CD28/CTLA-4- and
C

3
D40-mediated effect on NK cell function was not re-

v6 ealed3
�
2, 60.

T
�

he existence of alternative receptors/ligands for B7
a� nd CD40 was suggested by experiments performed
w, ith CD28 and CD40L knock-out (k.o.) mice. Thus,
N

�
K cells obtained from CD28 and CD40L k.o.
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m� ice13, 40 were able to kill murine tumor cell lines ex-
p# ressing B7 and CD40 respectively, and not the un-
t



ransfected parental cells. Furthermore, tumor cell lines

e� xpressing B7-2 and CD40 were eliminated upon ino-
c� ulaction in CD28 and CD40L k.o. mice with effi-
c� iency comparable to normal wild-type mice40. More-
o� ver, murine tumor cell lines transfected with the
human CD40 molecule were specifically killed by NK
c� ells generated from X-linked hyper-IgM patients,
k

8
nown to be defective of CD40L expression (RU

-
GGIERO

e� t al., unpublished observations). Altogether, these ex-
p# eriments do not exclude a role for CD28, CTLA-4 and
C

3
D40L on NK cell activity in normal conditions (k.o.

a� nimals have evolved in the absence of these molecules
a� nd could, therefore, have evolved compensatory
m� echanisms), but they strongly suggest that costimula-
t



ion and, therefore, active triggering of NK activity may

o� ccur through alternative B7/CD40 receptors/ligands
e� xpressed by NK cells.

W
9

hen NK Cells meet Dendr itic Cell

Dendritic cells (DC) are believed to be the orches-
t



rators of the adaptive immune response. These cells in

t


he immature form are able to capture antigens in pe-

r" ipheral tissues, processes and represent them in the
c� ontext of MHC molecules, migrate into secondary
lymphoid organs and present the MHC-antigen com-
p# lex to naive T cells2.

Since DC constitutively express costimulatory
molecules and NK cells can be triggered by such mole-
c� ules, it is tempting to speculate that interaction be-
t



ween NK cells and DC might occur in vivo and in-

fluence the outcome of an immune response. Indirect
d



ata suggesting that NK cells and DC interact come

f
!
rom experiments performed in the mid-eigthies by GI

:
L-

BERTSON et al.22. These investigators noticed that DC
w, ere unable to stimulate CD8+ T cell responses in vitro
w, hen splenocytes from mice treated with poly I : C, an
N

�
K activator, were added to the culture. These experi-

ments suggested that, in the presence of activated NK
c� ells, DC could not exert their function as APC, and
t



hat the DC were possibly killed by NK cells. Direct

e� vidence for this possibility has been obtained recently.
Indeed, bone marrow-derived macrophages and DC
c� ould be killed by murine autologous NK cells in in
v4 itro assays13, 20. Similarly, short-term-activated poly-
c� lonal human NK cells, as well as human NK lines,
e� fficiently lysed autologous and allogeneic peripheral
b

�
lood-derived DC9

;
, 63. In both studies, the susceptibility

t


o lysis was a particular feature of immature DC. In-

d


eed, induction of maturation via different stimuli (anti-

-CD40 triggering, culture in the presence of TNF-α,
LPS- or monocyte-conditioned medium, and infection
w, ith influenza virus) rendered the cells less susceptible
t



o lysis. In vitro killing was in part mediated by the

interaction between CD40 expressed on DC and
C

3
D40L expressed on NK cells, in one case8, and by

t


riggering of receptors other than CD28/CTLA-4 in

o� ther cases13, 63. Although these data need further in-
v6 estigation, they strongly suggest that DC are potential
t



argets of NK cells.

The question of whether DC can influence NK cells
u< pon contact has been addressed in recent reports in
w, hich the effect of the Flt3 ligand, a hematopoietic cy-
t



okine, was studied. Indeed, SHAW et al.5

(
4 initially dem-

o� nstrated that Flt3 ligand, in combination with IL-2,
a� ugmented the number and activity of murine liver NK
c� ells. Subsequent reports have indicated that, in
a�  model of liver metastases that depends on DC cells
for tumor rejection, the antitumor effect of the Flt3
l

+
igand was enhanced by IL-12 and greately reduced by

N
�

K cell depletion46. Similarly, FE
=

RNÁNDEZ et al.15

showed that Flt3 ligand-expanded DC adoptively trans-
ferred in mice bearing MHC class I-negative tumors
p# romoted antitumor NK cell activity. These investiga-
t



ors also showed that the in vitro cell-to-cell contact

b
�
etween DC and NK cells augmented NK cell-medi-

a� ted cytolytic activity and IFN-γ�  production by NK
c� ells. Both mature and immature DC were used, but the
surface molecules involved in this contact-delivered ac-
t



ivity were not defined.

Concluding Remarks

A new aspect in the physiology of NK cells has
e� merged from recent studies in which the triggering of
some NK cell-mediated effector functions occurs upon
specific recognition of costimulatory molecules.

N
�

K cell function has so far been regarded as domi-
nated by inhibitory signals delivered to receptors ex-
p# ressed on NK cells by MHC-I molecules expressed by
t



arget cells2

�
4. MHC-I molecules were, therefore, con-

sidered as the key elements able to turn off NK-medi-
a� ted cell activity. Indeed, lost or aberrant expression of
MHC-I alleles was correlated with tumor spread in
v4 ivo16 and, therefore, NK cells were thought to be the
key players in the immune-surveillance against tumor
g� rowth. It was later determined that NK cells were also
involved in the clearance of virus and parasite-infected
c� ells6

�
, 53, and recently it has been shown that they are

involved in autoimmune diseases6
�

5.
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T
�

he present review has presented new insights into
t



he role of costimulatory molecules in NK cell trigger-

ing. Expression of costimulatory molecules by either
t



umor cell lines or by DC was shown to trigger NK-

-mediated cytotoxicity, cytokine production and NK
p# roliferation in vitro, and expression of B7 or CD40 by
t



ransfected tumor cells to induce NK cell-mediated

c� learance in vivo. Since expression of the costimulatory
molecules is restricted to cells that then determine the
o� utcome of an immune response, it is tempting to
speculate that NK cells could, at least in part, control
o� ngoing adaptive immune responses. Some studies
h

>
ave indeed brought together NK cells and DC and

have demonstrated that NK cells can kill DC in vitro.
N

�
K cells may, moreover, receive “positive”  signals

u< pon cell-to-cell contact with DC leading, for example,
t



o an elimination of tumor cells in vivo, but at the same

t


ime they could deliver a “negative”  death signal to the
i

�
nteracting DC. Whether this death signal occurs in vivo

a� s well remains to be demonstrated.
I

�
n conclusion, the outcome of NK-mediated respon-

ses upon contact with target cells might depend on the
kind of the receptors/ligands expressed by both cell
t



ypes. Recognition of MHC-I molecules on target cells

w, ould prevent NK cell killer activity, while triggering
t



hrough costimulatory molecules expressed on APC

w, ould induce NK lytic activity, cell proliferation and/or
c� ytokine production. In the absence of MHC-I molecule
e� xpression, NK cells would be “ released”  from inhibi-
t



ion and allowed to kill the target. When both class
I

�
 and costimulatory molecules are expressed on target

c� ells and presented simultaneously to NK cells, the out-
c� ome of NK cell activation could depend on the balance
b

�
etween the two. It is equally possible that the inhibi-

t


ory signals delivered through MHC-I recognition are

o� vercome by the costimulatory signals or that triggering
o� f NK activity via costimulatory molecules occurs inde-
p# endently from the expression of MHC-I on targets.

W
?

here would NK cells “meet”  DC in vivo? Would
such interaction affect the priming of the adaptive im-
mune response? Which would be the receptors/ligands
involved? Given the increasing interest in understanding
t



he multiple roles played by NK cells, we hope all these
q& uestions will find answers in the very near future.
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