
Natural killer (NK) cells contribute to the innate immune 
defence against tumours and microbial pathogens. They 
sense their environment by using a sophisticated reper-
toire of receptors that allows them to distinguish between 
normal cells and transformed cells or cells infected 
with intracellular pathogens1 (BOX 1). NK cells are most 
abundant in the blood, liver and spleen, but they are 
also present in lymph nodes, and they can migrate into 
inflamed or tumour-bearing tissues and organs. ‘Resting’ 
mature NK cells constitutively express transcripts for 
certain cytokines, such as interferon-γ (IFNγ)2, and 
they contain pre-formed cytolytic mediators (granzymes 
and perforin), stored in intracellular granules3. Despite 
already being armed for attack, NK cells require activa-
tion by type I interferons (that is, IFNα or IFNβ) or pro- 
inflammatory cytokines, such as interleukin-15 (IL-15), 
IL-12 and IL-18, before becoming fully functional effec-
tor cells that can provide optimal host defence against 
infections. In many situations, dendritic cells (DCs) are 
probably the main source of the type I IFN and IL-12 that 
is necessary for NK-cell activation, and in turn, IFNγ pro-
duced by NK cells can affect the maturation and effector 
functions of DCs, as well as other leukocytes, including 
macrophages, granulocytes and other lymphocytes that 
are responding to the infection. In some cases, NK cells 
can directly recognize and respond to a cell infected 
with a virus, but cognate recognition of the infected cell 
is not absolutely required for NK cells to participate in  
a response because they can be activated as bystander 
cells simply by exposure to IFNs and cytokines in their 
environment. For example, culture of NK cells with IL-12 
and IL-18 (or other combinations of cytokines with IL-12) 

is sufficient to initiate secretion of IFNγ, without requir-
ing any deliberate engagement of the activating receptors 
expressed by NK cells that detect alterations in the cell 
surface of the infected or transformed cells. In addition, 
because NK cells express CD16, an activating Fc receptor 
for IgG (FcγR), they can attack virus-infected cells that 
are coated with IgG, with specificity being contributed 
by the antibody. Therefore, the relative contribution of 
and effector mechanisms involved in an NK-cell response 
to a given pathogen can vary considerably. Finally, 
some viruses have devised means to evade detection by 
NK cells, which emphasizes the importance of NK cells 
in host defence. 

Although NK cells were initially identified in the 
1970s on the basis of their ability to kill tumour cells, soon 
thereafter, activated NK cells were also detected in virus-
infected hosts. Studies from several laboratories showed 
that NK cells isolated after infection with any of several 
different viruses had increased cytolytic activity in vitro 
against tumour-cell targets, and that viral infection can 
result in NK-cell proliferation and recruitment to the 
infected tissues and organs (reviewed in Refs 4,5). In many 
cases, the increased NK-cell-mediated killing was attrib-
uted to activation of the NK cells by the production of 
type I IFNs induced in the host by viral infection, because 
it was known that NK cells could be directly stimulated by 
exposure to IFNα or IFNβ. Although type I IFNs are not 
mitogenic for NK cells, they do induce the production of 
IL-15 (Ref. 6), which is a potent growth factor for NK cells, 
in addition to augmenting the cytotoxicity and cytokine 
production of NK cells. Hence, the induction of type I 
IFNs and IL-15 by viral infection could well account for 

Department of Microbiology 
and Immunology, and the 
Cancer Research Institute, 
University of California San 
Francisco, San Francisco, 
California 94143‑0414, USA.
e‑mail: lewis.lanier@ucsf.edu
doi:10.1038/nri2276
Published online  
14 March 2008

Granzymes
Proteolytic enzymes that are 
present in the cytoplasmic 
granules of cytotoxic  
T lymphocytes and natural 
killer cells. Granzymes activate 
caspases in the target cells, 
and this causes apoptosis.

Perforin
A protein with similarity to  
the ninth component of 
complement. It is present in 
the cytoplasmic granules of 
cytotoxic T lymphocytes and 
natural killer cells. Perforin 
subunits assemble into a pore-
forming structure that causes 
membrane damage in the 
target cell.

Evolutionary struggles between  
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Abstract | Natural killer (NK) cells are well recognized for their ability to provide a first line of 
defence against viral pathogens and they are increasingly being implicated in immune 
responses against certain bacterial and parasitic infections. Reciprocally, viruses have 
devised numerous strategies to evade the activation of NK cells and have influenced the 
evolution of NK‑cell receptors and their ligands. NK cells contribute to host defence by their 
ability to rapidly secrete cytokines and chemokines, as well as to directly kill infected host 
cells. In addition to their participation in the immediate innate immune response against 
infection, interactions between NK cells and dendritic cells shape the nature of the 
subsequent adaptive immune response to pathogens. 
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Ma/My mice
A strain of inbred mice that is 
relatively resistant to infection 
with mouse cytomegalovirus 
(MCMV). These mice express 
the activating NK-cell receptor 
Ly49P, which recognizes 
MCMV-infected cells that 
express H2-Dk.

the presence of activated NK cells in virus-infected hosts. 
perhaps the first clear evidence indicating cognate recog-
nition of a viral pathogen by NK cells that is important to 
host protection emerged from studies of mouse cytomega-
lovirus (mCmv). The mCmv model system has greatly 
advanced our understanding at a molecular level of how 
NK cells respond directly, and indirectly, to viral infection 
and it has revealed a remarkable relationship between the 
evolution of the host and a persistent virus.

In this Review, I highlight recent advances in our 
understanding of the receptors and effector mechanisms 
used by NK cells to control certain viral infections in 
humans and mice, and the molecular basis for viral  
evasion of NK-cell-mediated protection.

NK cells in immunity to cytomegaloviruses
Ly49-receptor-dependent resistance to MCMV. Cmvs are 
herpesviruses, which comprise a family of large double- 
stranded DNA viruses that commonly infect, among  
others, humans and mice. early studies showed that infec-
tion with mCmv activates mouse NK cells in vivo7. But 
more importantly, NK cells are required for the efficient 
control of mCmv replication in C57BL/6 mice8, and this 
resistance to infection is conferred by a single dominant 
genetic locus in the NK-cell complex (NKC) on mouse 
chromosome 6 (Ref. 9). Subsequent studies showed that 
the activating DAp12-associated receptor Ly49H10,11 is 
responsible for resistance to mCmv in C57BL/6 mice12–15 
and that Ly49H directly binds to a viral glycoprotein, 
m157, which is expressed on the surface of mCmv-
infected cells soon after infection16,17. Although Ly49H+ 
NK cells are required for efficient control of mCmv repli-
cation, essentially all NK cells (including Ly49H– NK cells 
from C57BL/6 mice and NK cells from mCmv-sensitive 
strains of mice lacking the Ly49h gene) become activated 
after infection with mCmv, probably as a consequence 
of the cytokine and type I IFN secretion that is induced 
by the viral infection. However, unlike the NK cells from 
mCmv-sensitive mouse strains or the Ly49H– NK cells 
from C57BL/6 mice, Ly49H+ NK cells proliferate and have 
more persistent activation after infection18. whether the 

proliferation of Ly49H+ NK cells after mCmv infection 
is important for resolution of the disease has not been 
addressed. It is possible that the protection conferred 
by Ly49H+ NK cells is mainly due to their more efficient 
cytolytic activity and cytokine production. passage  
of mCmv through resistant C57BL/6 mice results in 
mutation of the gene encoding m157 (Refs 19,20), and 
sequencing of mCmv isolated from wild mice revealed 
frequent loss-of-function mutations in m157 (Ref. 19), 
which shows that there is a selective pressure against the 
expression of m157 in mCmv-infected cells. 

These findings raised the question of why mCmv 
would possess a gene that confers a selective disadvan-
tage to its survival. This might be explained, in part, by 
the finding that m157 binds not only to the activating 
Ly49H receptor, but also to inhibitory Ly49 receptors in 
certain mouse strains16 (fIG. 1). For example, m157 binds 
the inhibitory receptor Ly49I in mCmv-susceptible 
129/J mice, thereby potentially conferring a selective 
advantage to the virus at the population level. Although 
Ly49I is expressed by only a small subset of NK cells in 
129/J mice, this receptor might be expressed by a greater  
proportion of NK cells, and thereby have a greater impact 
on mCmv infection, in other mouse strains. An impor-
tant distinction is that Ly49I binds to mHC class I 
ligands, in addition to m157, whereas Ly49H does not 
bind to any host mHC class I molecules. The crystal 
structure of m157 has revealed that this viral protein 
has significant homology to mHC class I molecules21, 
which indicates that the virus ‘stole’ a mouse mHC class I  
gene to engage inhibitory Ly49 receptors and dampen 
the NK-cell-mediated response against mCmv, thereby 
providing a selective advantage. The affinity of m157 for 
the inhibitory Ly49I receptor is higher than the affinity 
of its mHC class I ligand21, which is consistent with the 
concept that the viral protein evolved to suppress NK-cell 
responses against mCmv-infected cells that had down-
regulated the host mHC class I molecules (presumably 
to evade cytotoxic T cells)22. The extracellular domains 
of the inhibitory Ly49I and activating Ly49H receptors 
are similar, and based on mathematical models, it seems 
that the activating Ly49 receptors evolved more recently 
that the inhibitory Ly49 receptors23. Diversification of 
the Ly49 receptor family, with the creation of activat-
ing receptors, might well have been driven by selective  
pressures imposed by viral pathogens, such as mCmv.

Some mouse strains that lack the Ly49h gene also 
resist mCmv infection through NK-cell-mediated pro-
tection. For example, Ma/My mice, which lack Ly49H, 
have NK-cell-dependent resistance to mCmv infec-
tion24. Genetic analysis showed that genes in the NKC 
and the H2k haplotype are necessary for resistance. 
Another DAp12-associated receptor, Ly49p, expressed 
by ma/my mice was shown to respond only to mCmv-
infected cells expressing H2-Dk, and recognition of these 
cells was blocked by an H2-Dk-specific monoclonal 
antibody. These findings surprisingly imply a form of 
H2-mediated restriction of NK-cell recognition, and 
indicate that Ly49p either recognizes a peptide induced 
by mCmv infection of the host cells or a viral protein 
that associates with H2-Dk. Additional genes in the NKC 

 Box 1 | NK cells in immunity to microbial pathogens other than viruses

Although natural killer (NK) cells have been studied most extensively in terms of viral 
and tumour immunity, there is an increasing awareness that NK cells are activated, and 
in some situations potentially have a protective role, in immune responses to certain 
microorganisms, including Legionella pneumophila109, Mycobacterium tuberculosis110–112, 
Shigella flexneri113, Borrelia burgdorferi114, Brugia malayi115, Leishmania major116,117, 
Toxoplasma gondii118,119, Cryptococcus neoformans120, Trypanosoma cruzi121, Plasmodium 
yoelii122 and Plasmodium falciparum (reviewed in Ref. 123). As yet, there is no clear 
evidence for direct, cognate recognition of bacteria, fungi or parasites by NK cells. 
However, because certain bacterial infections have been shown to induce the 
expression of NKG2D (NK group 2, member D) ligands, this provides a possible 
mechanism for NK‑cell activation. In addition, the activation of myeloid cells by 
pathogen‑encoded Toll‑like‑receptor ligands results in the production of pro‑
inflammatory cytokines, such as interleukin‑12 (IL‑12) and IL‑18, which are potent 
inducers of interferon‑γ (IFNγ) production by NK cells. The rapid secretion of IFNγ by 
NK cells at the site of infection, causing the activation of macrophages and dendritic 
cells, might be an important component of the immune response in many of these 
infections. Animal models and population‑based studies of infected humans will be 
crucial to unveil how NK cells have evolved to respond to these diverse infections.
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confer NK-cell-mediated protection against mCmv 
in wild mice25, and multiple genetic loci are involved 
in resistance to mCmv in NZw mice26, although the 
receptors that are involved have not been identified. 

Evasion of NKG2D-mediated host protection by MCMV. 
The selective pressures exerted on mCmv have also 
been shown by studies exploring the role of the activat-
ing NKG2D (NK group 2, member D) receptor in viral 
immunity. The NKG2D receptor, which is expressed by 
almost all mouse NK cells, recognizes a family of mHC-
class-I-related proteins, namely RAe1 (retinoic acid early 
transcript 1), muLT1 (murine uL16-binding protein 
(uLBp)-like transcript 1) and H60 (Ref. 1). Remarkably, 
mCmv has devoted considerable resources to blocking 
the expression of these NKG2D ligands on the surface 
of infected cells: the viral protein m152 inhibits expres-
sion of RAe1 (Ref. 27); m155 and m138 downregulate 
expression of H60 (Refs 28,29); and muLT1 is targeted by 
m145 and m138 (Refs 29,30) (fIG. 2). In mCmv-infected 

cells, the genes encoding these NKG2D ligands are 
transcribed, but the viral proteins interact with and 
cause the degradation of the NKG2D ligand proteins, 
thereby circumventing detection by NKG2D on NK 
cells. mCmv has seemingly blocked all attempts by the 
NKG2D pathway to exert control on infection by this 
virus, although given the polymorphic nature of the 
genes encoding NKG2D ligands, additional alleles or 
loci might exist in some mouse strains that have not yet 
been evaded by the virus. Interestingly, some of these 
viral proteins are multi-functional: m152 downregulates 
both mHC class I molecules and RAe1 (Ref. 27), whereas 
m138 inhibits the expression of both H60 and muLT1, 
as well as functioning as a viral Fc receptor29.

NK-cell-mediated protection against MCMV. After 
infection with mCmv, NK cells are activated and are 
mobilized to sites of infection, such as the liver. This 
recruitment of NK cells in C57BL/6 mice requires 
virus-induced production of IFNα, which induces 
the expression of CC-chemokine ligand 2 (CCL2; also 
known as mCp1) by resident macrophages to recruit 
CC-chemokine receptor 2 (CCR2)-bearing macrophages 
into the liver, which in turn produce CCL3 (also known 
as mIp1α) that attracts NK cells to the site of infection31,32. 
The importance of type I IFN in resistance to mCmv 
infection has been shown by studies using mice deficient 
in Toll-like receptor 2 (TLR2), TLR3 or TLR9 or their 
downstream signalling adaptors TRIF (TIR (Toll/IL-1-
receptor)-domain-containing adaptor protein inducing 
IFNβ) and myD88, which are required for efficient IFN 
induction33,34. Plasmacytoid dendritic cells (pDCs; also 
known as interferon-producing cells (IpCs)) and DCs 
are the main source of the type I IFN that is required 
for NK-cell activation and recruitment35 (fIG. 3). Type I 
IFNs induce DCs to produce IL-15 (Ref. 36), an important 
NK-cell growth and differentiation factor that is required 
for NK-cell-mediated control of mCmv. moreover, 
mCmv infection induces IL-12 and IL-18 secretion by 
DCs, and these cytokines augment the production of 
IFNγ by NK cells37,38. Reciprocally, activated Ly49H+ NK 
cells in C57BL/6 mice protect DCs from infection and 
destruction by mCmv37 (fIG. 3). Studies using perforin- 
or IFNγ-deficient NK cells have shown that both of these 
effector molecules are required for the efficient control of 
mCmv replication in infected mice39,40. NK cells them-
selves express certain TLRs — for example, activated NK 
cells express TLR3 and TLR9 (Refs 41–44) — but it is not 
known whether intrinsic TLR-dependent activation of 
NK cells during viral infection, rather than TLR-mediated 
DC activation, is important in disease control. 

NK cells provide early control of mCmv replication, 
but they can also influence the ensuing virus-specific 
T-cell-mediated response. Robbins and colleagues45 
have reported that in congenic BALB/c mice with the 
protective C57BL/6 Ly49h gene, NK cells decrease the 
viral load, thereby decreasing the production of type I 
IFNs by pDCs, which is immunosuppressive to the 
host. As a result of the decreased type I IFN produc-
tion by pDCs, cytotoxic T lymphocytes (CTLs) are 
generated more rapidly. However, consistent with prior 

Figure 1 |	Activating	and	inhibitory	nK‑cell	receptors	for	mCmV.	a | Natural killer 
(NK) cells from C57BL/6 mice express the DAP12‑associated activating Ly49H receptor, 
which initiates cell‑mediated cytotoxicity (through perforin and granzymes), cytokine 
production (such as interferon‑γ (IFNγ)) and proliferation when these NK cells encounter 
mouse cytomegalovirus (MCMV)‑infected cells that express the viral protein m157 on 
their cell surface. b | NK cells in certain other strains of mice, such as 129/J mice, have 
inhibitory receptors such as Ly49I129, which binds to m157 on the cell surface of 
MCMV‑infected cells and dampens the NK‑cell response. Ly49I129 binds both host MHC 
class I ligands and MCMV m157, whereas Ly49H binds only m157 and not host MHC  
class I molecules. ITAM, immunoreceptor tyrosine‑based activation motif; ITIM, 
immunoreceptor tyrosine‑based inhibitory motif.
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observations46, NK cells ultimately restrain the expan-
sion and production of IFNγ by virus-specific CD4+ 
and CD8+ T cells in mCmv-infected C57BL/6 hosts. 
In other words, although NK cells seem to augment 
the generation of CTLs early during the immune 
response to mCmv infection, NK cells also, by as-
yet-undefined mechanisms, ultimately restrain the 
clonal expansion of virus-specific CD4+ and CD8+ 
T cells later after infection. However, interpretation of 
these experiments involving the depletion of NK cells 
or type I IFNs is complicated because these treatments 
markedly alter the viral load, which itself might also 
significantly affect the T-cell response.

NK-cell recognition of human CMV. Functional Ly49 
genes do not exist in humans, and so far there is no 
evidence that their counterparts, the KIR (killer-cell 
immunoglobulin-like receptor) genes, encode receptors 
analogous to Ly49H or Ly49p that can directly recog-
nize human Cmv-infected cells. Nonetheless, a human 

patient selectively lacking NK cells, but with normal 
B and T cells, was found to suffer life-threatening ill-
ness after infection with HCmv47. There are intriguing 
hints that NK cells that express the DAp12-associated 
CD94–NKG2C receptor complex preferentially pro-
liferate after co-culture with HCmv-infected cells48. 
Both the activating CD94–NKG2C receptor complex 
and the highly related inhibitory CD94–NKG2A 
receptor complex recognize HLA-e as their ligand49, 
although these functionally diverse receptors might 
discriminate between different peptides presented by 
HLA-e50, potentially allowing the selective activation of 
CD94–NKG2C-bearing NK cells to mediate immunity 
against HCmv. The leader peptide derived from the 
HCmv protein uL40 can assemble into the peptide-
binding groove of HLA-e and when this uL40 peptide 
is overexpressed with HLA-e it can engage the inhibi-
tory CD94–NKG2A receptor complex and suppress 
NK-cell activation51–53. Further studies are required to 
determine how the CD94–NKG2A and CD94–NKG2C 

Figure 2 |	HCmV	and	mCmV	proteins	affecting	nK‑cell‑mediated	recognition	of	virus‑infected	cells.	The virus‑
encoded proteins m04, m06 and m152 inhibit MHC class I expression on the surface of mouse cytomegalovirus (MCMV)‑
infected cells by a complex process that differs depending on the MHC class I alleles present in the host22. m04 can be 
expressed on the cell surface of MCMV‑infected cells in a complex with MHC class I molecules; however, how this 
influences the recognition of MHC class I molecules by receptors on natural killer (NK) cells or T cells is unknown. Human 
cytomegalovirus (HCMV) also blocks the expression of MHC class I molecules in infected cells in an allele‑specific manner 
(reviewed in Ref. 65). The HCMV proteins US2, US3, US10 and US11 interact with the MHC class I heavy chains on their 
own or with the heavy chains complexed with β2‑microglobulin, ultimately resulting in their degradation, whereas US6 
blocks TAP (transporter associated with antigen processing) function and UL83 inhibits protein entry into the proteasome. 
UL40 provides a leader peptide that binds to HLA‑E allowing its expression on the surface of HCMV‑infected cells, 
presumably for interactions with the inhibitory CD94–NKG2A (NK group 2, member A) receptor on NK cells. Both MCMV 
and HCMV inhibit expression of the NKG2D ligands in infected cells. The MCMV‑encoded m152 protein targets RAE1 
(retinoic acid early transcript 1), as well as MHC class I molecules, for degradation; m145 and m138 cooperate to prevent 
MULT1 (murine UL16‑binding protein (ULBP)‑like transcript 1) expression; and m138 and m155 cause degradation of H60. 
In humans, the HCMV‑encoded UL16 protein inhibits expression of MICB (MHC‑class‑I‑polypeptide‑related sequence B), 
ULBP1, ULBP2 and RAET1G (retinoic‑acid early transcript 1G), whereas UL142 prevents expression of MICA. Certain 
alleles of MICA, such as the common allele MICA*008, are resistant to downregulation by HMCV because of a truncation 
of the cytoplasmic domain. CD155, a ligand for the activating NK‑cell receptors DNAM1 (DNAX adhesion molecule 1) and 
CD96, is targeted by UL141. 
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receptor complexes potentially regulate the immune 
response to HCmv.

Cmvs are exquisitely species specific, and each Cmv 
has evolved and adapted to its own mammalian host. 
of note, the Cmv genes that are involved in immune 
evasion have evolved independently and are tailored to 
the host species. For example, the proteins encoded by 
HCmv that are responsible for downregulating mHC 
class I expression in humans have no structural homol-
ogy to the mCmv proteins that disrupt mouse mHC 
class I expression (reviewed in Ref. 54). However, similar 
to mCmv, HCmv has developed strategies to evade 
the human NKG2D receptor, and has done so by evolv-
ing unique genes to prevent expression of the human 
NKG2D ligands, mICA (mHC-class-I-polypeptide-
related sequence A), mICB  and uLBp (uL16-binding 
protein) (fIG. 2). HCmv uL16 was first shown to target 
mICB, uLBp1, uLBp2 and RAeT1G (retinoic acid early 
transcript 1G) for degradation55,56, whereas more recently, 
uL142 has been shown to block the expression of proteins 
encoded by some, but not all, alleles of mICA57. Another 
potential mechanism for the disruption of NKG2D-ligand 
expression was indicated by the finding that a microRNA 

encoded by HCmv, miR-uL112, selectively targets mICB 
for downregulation in infected cells58. The extraordinary 
polymorphism of the genes encoding mICA (61 alleles) 
and mICB (30 alleles) (see the HLA Informatics Group 
website) might reflect the host’s attempt to counter the 
viral immune-evasion strategies that thwart NKG2D-
mediated immune responses. In this regard, a commonly 
expressed allele of mICA, MICA*008, has a premature 
stop codon that truncates the cytoplasmic domain and 
renders it resistant to downregulation by HCmv59, 
thereby possibly providing an advantage to humans  
possessing this allele.

HCmv encodes other proteins that affect NK-cell 
activation. uL18, an HCmv-encoded mHC class I 
protein that binds peptides and associates with 
β2-microglobulin, binds with high affinity to the 
inhibitory receptor ILT2 (immunoglobulin-like tran-
script 2; also known as LIR1, CD85j and LILRB1)60. 
ILT2, which is expressed by a subset of NK cells and 
by all monocytes, recognizes an epitope in the α3 
domain of mHC class I molecules that is conserved in 
most human HLA-A, HLA-B, HLA-C, HLA-e, HLA-F 
and HLA-G proteins61. presumably, uL18 engages  

Figure 3 |	interactions	between	DCs	and	nK	cells	during	mCmV	infection.	Infection with mouse cytomegalovirus 
(MCMV) triggers the production of type I interferons (IFNs) by plasmacytoid dendritic cells (pDCs; also known as 
interferon‑producing cells (IPCs)) through Toll‑like receptor 9 (TLR9) and the production of cytokines, such as 
interleukin‑12 (IL‑12), by DCs through TLR3, as well as type I IFN‑induced production of IL‑15 by DCs. IL‑15 is presented to 
natural killer (NK) cells by the IL‑15 receptor α‑chain (IL‑15Rα) on the cell surface of DCs, resulting in NK‑cell activation. 
IL‑12, in combination with IL‑15 and potentially other pro‑inflammatory cytokines, induces the secretion of IFNγ by NK 
cells. About half of the NK cells in C57BL/6 mice express the DAP12‑associated Ly49H receptor and recognize the MCMV‑
encoded m157 glycoprotein that is present on the cell surface of MCMV‑infected cells. Interactions between Ly49H on 
the NK cells and m157 on the infected cells cause extensive proliferation of the Ly49H+ NK cells, as well as cell‑mediated 
cytotoxicity (due to the directional release of perforin and granzymes) and cytokine production. IFNγ produced by 
activated NK cells amplifies the maturation and effector functions of DCs and other cells in the microenvironment. ITAM, 
immunoreceptor tyrosine‑based activation motif.
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Missing‑self hypothesis
A hypothesis by Klas Karre and 
colleagues proposing that 
natural killer cells can 
recognize and attack cells that 
do not express MHC class I 
molecules — in other words, 
that are ‘missing self’. This 
provides a surveillance 
mechanism to patrol for cells 
infected with viruses that 
downregulate MHC class I 
expression to evade detection 
by cytotoxic T lymphocytes.

the inhibitory ILT2 receptor and suppresses immune 
responses against HCmv-infected cells that have 
downregulated their expression of mHC class I pro-
teins. However, it has proved essentially impossible to 
detect uL18 on the surface of HCmv-infected cells to 
validate this speculation62.

The uL141 protein encoded by HCmv specifi-
cally targets and prevents the expression of CD155, 
a cell-surface glycoprotein that functions as a ligand 
for the activating NK-cell receptors DNAm1 (DNAX 
adhesion molecule 1; also known as CD226) and 
CD96 (Ref. 63) (fIG. 2). Interestingly, CD155 functions 
as a poliovirus receptor, but whether NK cells are 
involved in protection against poliovirus has not been 
addressed. The HCmv structural protein pp65 has 
been reported to interact with the activating NKp30 
receptor on NK cells and dissociate the receptor from 
its CD3ζ signalling adaptor protein, thereby prevent-
ing NK cells from recognizing and attacking HCmv-
infected cells64. However, a mechanism to explain 
how pp65 might gain access to the transmembrane 
regions of NK cells is lacking, and the finding is as 
yet unconfirmed.

Downregulation of MHC class I molecules by CMVs. 
Cmvs have invested a considerable amount of their 
genomes to ensure that the expression of host mHC 
class I proteins is disrupted; mCmv proteins m04, 
m06 and m152 block the expression of certain mHC 
class I gene products in infected mouse cells22, and 
the HCmv proteins uS2, uS3, uS6, uS10, uS11 
and uL83 disrupt human mHC class I expression by 
numerous strategies, including inhibiting the genera-
tion of peptides and disrupting the intracellular traf-
ficking and assembly of the mHC class I heavy chains 
(reviewed in Ref. 65) (fIG. 2). According to the missing-self 
hypothesis66, the downregulation of mHC class I expres-
sion on virus-infected cells should render them more 
susceptible to attack by NK cells. Surprisingly, in vitro 
experiments to address this issue haven’t convincingly 
supported this assumption. many of the studies testing 
the ability of human NK cells to kill HCmv-infected 
cells have used allogeneic fibroblasts as targets, thereby 
greatly complicating interpretation of the results. In 
one of the few studies using autologous fibroblasts as 
targets and a mutant HCmv strain that lacked most 
of the proteins (uS2–uS11) that downregulate HLA 
class I expression, there was little evidence that down-
regulation of mHC class I expression had a significant 
impact on the ability of human NK cells to recognize 
and respond to the HCmv-infected cells67. Similarly, 
whether the decreased expression of mHC class I mol-
ecules owing to the actions of m04, m06 and m152 has 
a significant impact on the ability of mouse NK cells to 
control infection with mCmv has not been addressed 
(although this is complicated by the ability of m152 to 
downregulate expression of both mHC class I mol-
ecules and the NKG2D ligand RAe1). So, the jury is 
still out on whether the modulation of mHC class I 
expression by Cmvs is important in NK-cell-mediated 
control of these viruses.

Immunoevasion of NK cells by rat CMV. Recent stud-
ies have also identified a viral protein encoded by rat 
Cmv that functions as a virulence factor by engaging 
an inhibitory NKR-p1B receptor on rat NK cells68, docu-
menting yet another mechanism devised by Cmvs to 
avoid NK-cell-mediated host protection. Interestingly, 
polymorphic variants of rat NKR-p1B have evolved that 
do not bind to this viral decoy, again indicating that the 
virus might drive evolution of this NK-cell receptor fam-
ily. Collectively, the existence of numerous proteins in 
mouse, human and rat Cmv that modulate the cellular 
ligands of the activating and inhibitory NK-cell recep-
tors strongly supports the importance of NK cells in host 
defence against this pathogen.

NK cells in immunity to other herpesviruses
NK cells also participate in immune responses against 
other herpesviruses, although their role in these has 
been less well characterized than for Cmvs. The first 
human patient who was found to selectively lack NK 
cells suffered from severe infections not only with 
HCmv, but also with varicella zoster virus (vZv) and 
herpes simplex virus (HSv)47. Although there is exten-
sive older literature documenting the activation of NK 
cells during HSv-1 infection (reviewed in Ref. 4), it 
remains unclear whether there is cognate recognition 
of the HSv-1-infected cells by NK cells or whether the 
effects of HSv-1 on NK cells are an indirect  result of the 
high-level production of type I IFN and other cytokines 
that is induced by HSv infection. There are no reports 
of any viral proteins encoded by HSv-1 or HSv-2 that 
preferentially modulate or function as decoys for ligands 
of known NK-cell receptors. Although it has been con-
troversial whether NK cells control the replication of 
HSv-1 in mice, genetic resistance to HSv-1 infection in 
mice has been mapped to a locus on mouse chromosome 
6 near the NKC region69, but this locus is distinct from 
that of the Ly49h gene that is responsible for resistance 
to mCmv70. Recently, another NK-cell-deficient paedi-
atric patient died of vZv infection, which indicates that 
NK cells have a crucial role in protection against this 
pathogen71. A more detailed evaluation of the interaction 
between NK cells and vZv-infected cells is warranted. 

epstein–Barr virus (eBv), another human herpesvirus, 
transforms B cells, causing B-cell lymphomas in immuno-
suppressed patients. eBv-transformed B-cell lines are rela-
tively resistant to NK-cell-mediated attack, mainly owing 
to their high level of expression of mHC class I molecules. 
However, a recent study showed that when latent eBv was 
reactivated in transformed B cells, they became susceptible 
to NK-cell-mediated lysis, which was partially inhibited by 
blocking the activating NKG2D and DNAm1 receptors on 
NK cells72. In addition, a patient with a selective immuno-
deficiency of NK cells, caused by a mutant gene mapping 
to chromosome 8, has been reported to have an eBv-
associated lymphoproliferative disorder73. epidemiological 
studies have indicated a protective effect for the activating 
KIR2DS1 and KIR3DS1 genes in patients with eBv- 
associated Hodgkin’s lymphoma74, although there is as yet 
no direct evidence for the involvement of these receptors 
in the recognition of eBv-transformed cells.
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NKT cells
(Natural killer T cells). A subset 
of T cells expressing an 
invariant αβ T-cell receptor 
(TCR) that can recognize the 
lipid α-galactoceramide bound 
to CD1d. Another population 
referred to as non-classical or 
type II NKT cells also recognize 
CD1d-associated antigens,  
but are unable to bind 
α-galactoceramide and do not 
express the invariant αβ TCR.

NK cells in immunity to poxviruses. other than mCmv, 
the clearest evidence for an essential protective role of 
NK cells in viral infection comes from studies of mouse-
pox (ectromelia) virus — a member of the orthopoxvi-
rus genus, which includes variola virus (the causative 
agent of smallpox) and vaccinia virus. In mousepox-
resistant mouse strains, such as C57BL/6 mice, the 
depletion of NK cells results in massive viraemia and 
death75. Similar to resistance to mCmv, NK-cell-mediated 
resistance to mousepox virus was mapped to the NKC 
on chromosome 6 by experiments in which resistant 
C57BL/6 mice were crossed with susceptible DBA/2J 
mice, although other genes were also implicated76. Host 
protection requires the concerted action of NK cells, 
T cells and antibodies77,78, with type I and II IFNs and 
perforin being crucial components of the response75,79,80. 
Recent studies have shown that the activating NKG2D 
receptor of NK cells is responsible, in part, for the 
resistance of C57BL/6 mice to infection with mouse-
pox virus81. mousepox virus induces the expression 
of NKG2D ligands in infected tissues and treatment 
of infected mice with a neutralizing NKG2D-specific 
antibody results in increased viral titres and mortality 
in C57BL/6 mice. The depletion of NK cells results in 
higher mortality than does blocking NKG2D, which 
indicates that other NK-cell pathways are involved in 
the protective response.

Human NK cells lyse vaccinia-virus-infected cells 
and this can be partially blocked by antibodies specific 
for NKp30, NKp44 and NKp46 (Ref. 82). on infected 
cells, vaccinia virus seems to cause downregulation of 
HLA-e, but not of other mHC class I proteins, thereby 
causing the preferential lysis of these target cells by 
NK cells that express the inhibitory CD94–NKG2A 
receptor, which recognizes HLA-e83. Although it is 
not a natural pathogen of mice, higher titres of vac-
cinia virus were detected in the spleen and liver of 
infected mice that had been depleted of NK cells with 
an NK1.1-specific monoclonal antibody compared 
with controls8. Interestingly, the depletion of NK cells 
resulted in higher vaccinia virus titres in C57BL/6, but 
not C3H mice8; however, the Ly49H+ NK cells that are 
responsible for the control of mCmv are not required 
for control of vaccinia virus13,18.

monkeypox and cowpox viruses (but not vaccinia or 
variola viruses) encode soluble proteins that function 
as NKG2D receptor antagonists84. So, whereas mCmv 
and HCmv have evolved the strategy of retaining 
and degrading NKG2D ligands inside infected cells, 
monkeypox and cowpox viruses have devised another 
mechanism to evade NKG2D-mediated host immu-
nity: they mask the NKG2D receptor on NK cells and 
T cells before they have the opportunity to interact with 
infected cells. It therefore seems that avoiding NKG2D 
is a common theme in viral evasion. 

NK cells in immunity to other viruses
Influenza virus. As in other infections, NK cells become 
activated in influenza-virus-infected hosts as a con-
sequence of IFN and cytokine production by DCs 
and possibly by other cell types. In humans, NK cells 

are activated and produce IFNγ when co-cultured 
with autologous DCs infected with influenza A virus, 
and this NK-cell activation is blocked in the pres-
ence of neutralizing antibodies specific for NKG2D 
and NKp46 (Ref. 85). The activation of NK cells by 
influenza-A-virus-infected DCs also depends on 
the secretion of IFNα and IL-12 by the DCs, which 
promotes NK-cell-mediated cytotoxicity and IFNγ  
production, respectively. previous studies have indi-
cated that NKp46 binds to influenza virus haemag-
glutinin86 to allow NK-cell-mediated recognition of 
influenza-virus-infected cells. NK cells accumulate in 
the lungs of mice infected with influenza virus, and 
although NK-cell migration to the lungs was normal in 
NKp46-deficient mice, these animals suffered higher 
mortality than their control counterparts87. 

Hepatitis viruses. epidemiological studies have shown 
an intriguing relationship between the highly poly-
morphic HLA and KIR genes and the resolution of 
hepatitis C virus (HCv) infection88. previous studies 
reported that many of the inhibitory KIR proteins 
expressed by NK cells bind to HLA-C proteins on 
the surface of target cells and thereby prevent killing 
of these targets. HLA-C proteins have been divided 
into two categories, group 1 and group 2, on the basis 
of a dimorphic polymorphism in the α1 domain of 
the HLA-C heavy chain. These group 1 and group 2 
HLA-C proteins are specifically recognized by differ-
ent members of the KIR family (reviewed in Ref. 89). 
Khakoo and colleagues observed that the ability to 
clear HCv infections is associated with individuals 
possessing the KIR2DL3 and HLA-C group 1 alle-
les88. Although functional studies to precisely detail 
the mechanism have not yet been reported, these 
investigators speculate that an individual expressing 
an inhibitory KIR with low affinity for its ligands (as 
is the case with KIR2DL3 and HLA-C) might mount a 
stronger attack against viral infection, thereby resolv-
ing the disease. That HCv might be trying to evade NK 
cells is also indicated by the finding that e2, the main 
HCv envelope protein, binds to CD81 on the surface 
of human NK cells and suppresses NK-cell cytokine 
production, proliferation and cytotoxicity90,91. The dif-
ficulties in culturing HCv and the lack of an animal 
model for this disease hamper mechanistic studies to 
further dissect this potentially important interaction 
between NK cells and HCv-infected cells. 

In transgenic mouse models of human hepatitis B 
virus (HBv) infection92,93, a population of non-classical 
CD1d-restricted NKT cells are required to initiate 
the liver pathology. Blocking NKG2D can efficiently 
prevent acute hepatitis in this system94,95. In this 
mouse model of HBv, NK cells alone are unable to 
cause hepatitis, but they might interact with activated 
NKT cells to influence the disease course. unlike 
Cmv, HBv has a small genome and is probably unable 
to avoid its NKG2D-dependent recognition and acti-
vation of lymphocytes. Instead, HBv antigens can lead 
to the upregulation of RAe1 expression on infected 
hepatocytes and thereby affect NKG2D expression on 
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Bw4 epitope
The proteins encoded by the 
HLA‑B gene (~960 alleles) are 
divided into two groups, 
designated Bw4 and Bw6, 
based on a serologically 
defined epitope at amino-acid 
residues 77–83 in the α1 
domain of the HLA-B heavy 
chain. The Bw4 epitope is also 
present in a small subset of 
HLA-A proteins. The Bw4 
epitope is recognized by the 
inhibitory natural-killer-cell 
receptor KIR3DL1.

Immunoreceptor tyrosine‑
based inhibitory motif 
(ITIM). A sequence motif, 
defined as Ile/Val/Leu/ser-x-
Tyr-x-x-Leu/Val (where x 
denotes any amino acid), 
present in the cytoplasmic 
domain of inhibitory receptors. 
When the tyrosine residue is 
phosphorylated, ITIMs recruit 
lipid or tyrosine phosphatases, 
such as sHP1, sHP2 or sHIP, 
which mediate the inhibitory 
function of these receptors.

NKT cells, their subsequent cytokine production and 
the resulting hepatopathology95.

HIV-1. As for HCv, KIR and HLA polymorphisms have 
been reported to significantly influence the progression 
to AIDS in HIv-infected individuals96. previous stud-
ies had shown that HIv-infected individuals expressing 
HLA-B alleles with the Bw4 epitope have delayed onset 
of AIDS97; however, protection is significantly increased 
when the individual also possesses certain alleles of the 
KIR3DL1 locus96. Different alleles of the KIR3DL1 gene 
either encode inhibitory KIR3DL1 receptors that have 
immunoreceptor tyrosine-based inhibitory motifs (ITIms) 
that suppress NK-cell activation when encountering 
target cells expressing an HLA-Bw4 ligand98 or encode 
an activating receptor, designated KIR3DS1, that lacks 
ITIms and transmits activating signals through its 
association with the immunoreceptor tyrosine-based 
activation motif (ITAm)-bearing DAp12 adaptor99,100. 
possession of either an inhibitory KIR3DL1 receptor 
or the activating KIR3DS1 receptor, together with 
an HLA-Bw4 allele encoding an isoleucine residue at 
position 80 (HLA-Bw4-I80) significantly slows pro-
gression to AIDS96. HIv-infected individuals with this 
compound KIR3DS1 plus HLA-Bw4-I80 haplotype 
are protected against opportunistic infection, but not 
AIDS-associated malignancies101. 

The inhibitory KIR3DL1 molecules clearly recognize 
HLA-Bw4 proteins98,102, but attempts to show direct 
interactions between KIR3DS1 and HLA-Bw4 proteins 
have failed99,103. Although evidence for the direct bind-
ing of KIR3DS1 to HLA-Bw4 was lacking, Alter and 
colleagues have reported that KIR3DS1+ NK cells, but 
not KIR3DS1– NK cells, suppress HIv replication in 
HLA-Bw4-infected cells in vitro104. However, how the 
inhibitory KIR3DL1 confers protection is counterintui-
tive. Remarkably, the KIR allele shown to be most pro-
tective, KIR3DL1*004 (Ref. 96), encodes a protein that 
cannot be expressed on the cell surface of NK cells and 
is probably degraded intracellularly105. Clearly, this is a 
puzzle that when resolved will greatly alter the current 
paradigms of NK-cell recognition.

Interestingly, the Nef (negative factor) protein encoded 
by HIv has been shown to preferentially downregulate 
the expression of HLA-A and HLA-B, but not HLA-C106. 
potentially, this provides a mechanism for HIv-infected 
cells to avoid recognition by HLA-A- and HLA-B-
restricted HIv-specific CTLs, but to engage the inhibitory 
KIR expressed by NK cells in the infected individual. A 
recent study has shown that Nef might also downregulate 
expression of NKG2D ligands107, which indicates another 
potential evasion mechanism.

Concluding remarks
Studies of humans and mice have clearly shown that there 
is a robust activation of NK cells during viral infections. 
Lessons from mCmv have surprisingly shown that the 
activation of NK cells alone is insufficient to control viral 
replication or mediate resolution of the infection. For 
example, NK cells in BALB/c mice are clearly activated 
by mCmv infection, as shown by the upregulation of 
expression of activation markers on these NK cells and by 
their robust production of IFNγ; nonetheless, the deple-
tion of NK cells in BALB/c mice has much less impact on 
viral titres than it does in C57BL/6 mice. only when the 
Ly49h gene was introduced into BALB/c mice were the 
NK cells able to substantially control mCmv infection15. 
These striking findings clearly indicate that it is neces-
sary to distinguish between a non-productive NK-cell 
response and a productive NK-cell response in different 
viral infections to understand whether NK cells are help-
ful, neutral or even potentially detrimental to the host. An 
example of the last situation comes from studies of infec-
tion with Listeria monocytogenes, an intracellular bacte-
rial infection, in which depletion of NK cells increases the 
ability of the host to control the infection108.

The importance of NK cells in viral infection is per-
haps best supported by the fact that several unrelated 
viral pathogens have evolved strategies to counter rec-
ognition by NK cells. Similar to the numerous exam-
ples of viruses manipulating expression of mHC class 
I molecules in infected host cells, presumably to avoid 
recognition by cytotoxic T lymphocytes, the NKG2D 
pathway seems to be another favourite target for viral 
evasion of NK cells, as viral proteins that disrupt the 
host’s NKG2D ligands have already been discovered in 
the herpesvirus and poxvirus families. New insights into 
the relevance of other NK-cell receptors will probably 
emerge from studies of other viral virulence factors that 
result in evasion of NK-cell-mediated immunity.

perhaps the most intriguing revelation is that viruses 
seem to be driving the evolution of the mammalian 
genes encoding the NK-cell receptors or their ligands. 
This is best exemplified by the apparent conversion of 
the inhibitory receptors encoded by Ly49i, which recog-
nize the mHC-class-I-like m157 glycoprotein of mCmv, 
into the activating receptors encoded by Ly49h, thereby 
conferring NK-cell-mediated resistance to mCmv in 
C57BL/6 mice. The remarkable diversity in the KIR 
gene family and hints from epidemiological studies in 
HIv- and HCv-infected individuals indicate that viruses 
might be shaping, at the population level, human evolu-
tion. Achieving a balance of these inhibitory and activat-
ing NK-cell receptors in the human population might 
allow for survival of the host, but also the viruses.
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