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A
t early times during viral infec-
tions, natural killer (NK) cells
can contribute to direct antiviral
defense (1, 2). The effect is most

dramatic when they are stimulated to
release the contents of their cytolytic
granules for lysis of virus-infected target
cells. Type 1 interferons (IFNs), produced
during innate responses to infections, in-
duce elevated NK cell cytotoxicity. Killing,
however, is ultimately dependent on sig-
naling through NK activating receptors by
ligands expressed on target cell surfaces. A
complex repertoire of germ-line genes
encodes NK receptors (2). Some of these
are conserved, whereas others are poly-
genic and polymorphic. At later times,
adaptive immunity, such as that delivered
by cytotoxic CD8 T cells, mediates pro-
tection. The kinetics and magnitudes of
viral replication compared with developing
T-cell responses can shift the balance be-
tween the virus and an infected host
through three states: viral clearance with
long-lived immunity, immune-mediated
pathology with life-threatening conditions,
and functional exhaustion of T cells with
resulting chronic infection. The report by
Lang et al. in PNAS (3) provides evidence
of a role for NK cell cytotoxicity in limiting
CD8 T-cell responses, to result in per-
sistent viral infection as well as elevated
infection-induced disease. This immuno-
regulatory function suggests that NK cells
direct the balance between the virus and
the host, but the results must be consid-
ered in the context of the targets of NK
cell-mediated lysis, the race in establishing
states of infection, and the complexities
associated with the experimental systems
used to identify the effects.
A potential role for NK cell-mediated

cytotoxicity in immunoregulation was first
considered because although NK cells are
induced to have elevated killing whenever
type 1 IFNs are induced, they are impor-
tant in early direct defense against some
but not all viruses (1, 4). The best evidence
for their direct antiviral function comes
from studies of murine cytomegalovirus
(MCMV) infections of mice. Here, their
maximal protective effect depends on cy-
totoxicity and on an NK cell-activating
receptor present in MCMV-resistant but
not -sensitive strains of mice, Ly49H, with
a virus-induced ligand, m157, expressed
on infected target cells (2). In the case of
infections of mice with the lymphocytic

choriomeningitis virus (LCMV), however,
type 1 IFNs are induced and stimulate NK
cell cytotoxic functions, but an NK cell
contribution to early resistance is difficult
to detect (4). The absence of an NK-
activating receptor and/or a virus-induced
ligand for an activating receptor may ac-
count for an inability to access NK cell
killing for direct LCMV defense. Why,
however, would a pathway inducing NK
cell-mediated cytotoxicity be preserved
without benefit to antiviral defense?
Studies aimed at addressing this issue have
shown that the presence of NK cells can
limit T-cell responses to either MCMV
or LCMV infection (5–7) and adaptive
memory responses to antigen delivered by
a nonreplicating adenovirus vector (8).
Conversely, NK cell lysis of target cells has
been reported to support T-cell responses
by providing antigens for presentation
(9), and direct NK cell antiviral defense
has been shown to promote early CD8
T-cell responses to MCMV by limiting the
magnitudes of other innate responses (10).
Thus, data are accumulating for immuno-
regulatory functions mediated through
NK cell cytotoxicity, but the results suggest
effects both inhibiting and enhancing

adaptive immunity, and the pathways to
their delivery remain poorly defined.
Lang et al. (3) now investigate LCMV

infection in C57BL/6 mice rendered NK
cell deficient throughout the infection.
Challenge viruses were different LCMV
strains, including relatively mild as well as
more aggressive variants that can establish
chronic infections. The most remarkable
aspect of the work is that NK cell defi-
ciencies resulted in lower viral burdens.
When the more aggressive conditions of
infection were examined at day 10 of in-
fection during transition to persistence,
the differences in the NK cell deplete
compared with the replete groups were
dramatic, with up to 6 log decreases and
even clearance from multiple organs. The
elevated resistance to infection was ac-
companied by increases in the proportions
of functioning, antigen-specific CD8 T
cells induced at these times. The results
complement those recently reported by
Waggoner et al. (11). Thus, the presence
of NK cells limits CD8 T-cell responses to
LCMV, prevents elimination of virus, and
sets up to promote viral persistence.
What is the mechanism used by NK cells

to mediate the effects? Here, the studies
from both groups conclude that NK cell
cytotoxicity is responsible, but they disagree
on the immune cell target. Lang et al. argue
that the CD8 T cells are themselves killed
off by NK cells, whereas Waggoner et al.
build a case that CD4 T cells helping the
CD8 T-cell responses are killed (Fig. 1).
Both groups evaluated the in vivo role for
NK cell cytotoxicity by examining recovery
of cells adoptively transferred into perforin
(prf)-deficient and control infected mice.
Differences in viral replication resulting
from deficiencies in CD8 T as well as NK
cell-mediated cytotoxicity may have con-
founded both studies, but theLang et al. and
Waggoner et al. reports also examined dif-
ferent cells and conditions for sensitivity to
in vivo NK cell-mediated killing; either
congenically marked LCMV-specific T-cell
receptor transgenic CD8 T cells were
transferred before and evaluated at day 8
after infection, or fluorescently labeled

Fig. 1. NK cell-mediated cytotoxicity in the regula-
tion of immune responses to viral infections. New
work is revealing a role forNK cell-mediatedkilling in
immune regulation during LCMV infection. The ef-
fects have been reported to be delivered to either
CD8 (3) or CD4 (11) T cells. The observed NK cell-me-
diated immunoregulatory effects are accompanied
by reduced resistance and/or persistence of the viral
infection. Studies of MCMV infection, with an im-
portant contribution of NK cell-mediated killing to
antiviral defense, have shown increased viral persis-
tence in thepresenceofNKcell defense (6). Together,
these observations are establishing a paradigm with
the NK cell as the “top dog” in regulating host–virus
relationships and challenging the understanding of
the race between the virus and the host.
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splenic cell populations were prepared on
day 4 of infection and evaluated at 5 h after
transfer to day-3 infected recipient mice.
Hence, the specific timing of when NK cell-
mediated killing is delivered and/or when
particular target cells are sensitive to the
effect were not defined during the infection.
As a result, the studies do not necessarily
negate each other.
Nevertheless, the target cell recognition

mechanism proposed by Lang et al. and
supported by both in vitro and in vivo
experiments is particularly appealing. An
activating receptor, expressed on all stimu-
lated NK cells, is NKG2D (12). The ligands
for this receptor are stress molecules in-
duced under conditions of cell damage or
viral infection (12), and activated T cells can
express NKG2D ligands (13, 14). Under the
conditions of LCMV infection used by Lang
et al., the activated NK cells expressed
NKG2D, antigen-specific CD8 T cells ex-
pressed ligands recognized by the receptor,
and in vivo treatments with antibodies
blocking NKG2D led to increased CD8
T-cell responses. The results suggest
a model by which NK cells are stimulated
to mediate elevated lysis and express
NKG2D to kill responding CD8 T cells ex-
pressing NKG2D ligands. Thus, the studies
identify a receptor–ligand pair for delivery
of the NK cell-mediated immunoregulatory
function and provide an important context
for the cell and molecular functions not
previously appreciated.
How can all of the data from the various

studies be reconciled? Certainly, NK cell-
mediated killing of multiple or different
cell types might occur and/or might occur
at different times during LCMV infection.
However, the absence of a possible modest
early direct NK cell-mediated antiviral
effect could lead to heightened antigen
presentation and stimulation of different
T-cell subsets. Without NK cells and their
killing functions, enhanced kinetics of
T-cell responses could have resulted from
any of these pathways and shifted the
balance between the virus and an infected
host from conditions of elevated viral
replication and/or persistence to long-lived
immunity or immunopathology. In fact, an
increased resistance to infection resulting

from elevated T-cell immunity in the ab-
sence of NK cells may have masked an
early NK cell role in antiviral defense.
In this regard, the previous report by
Andrews et al. (6) evaluating NK cell
effects on T-cell responses and viral
clearance during MCMV infection is par-
ticularly interesting. The direct antiviral
effect of NK cells is delivered in the

The presence of NK cells

limits CD8 T-cell

responses to LCMV,

prevents elimination of

virus, and sets up to

promote viral persistence.

spleens of MCMV-infected mice, but this
protective condition is accompanied by
reduced CD4 and CD8 T-cell responses
and development of persistent MCMV
infection in the salivary glands (6). Thus,
early NK cell regulation of MCMV repli-
cation is associated with viral persistence.
The authors make a case for a role of NK
cell cytotoxicity, depending on the Ly49H-
m157 receptor–ligand pair, in limiting the
exposure of T cells to antigen with evi-
dence for prf-dependent elimination of
infected dendritic/antigen presenting cells
(APCs) (Fig. 1)! Here, the absence of
the NK cell antiviral effects results in in-
creased infection of APCs with increased
antigen availability for T cell stimulation.
Thus, there are now multiple reports of
NK cell-mediated immunoregulation of
T-cell responses depending on cytotoxic
function, proposing different immune
cell targets and activating receptor–ligand
pairs. They all have difficulty, however, in
excluding contributions that might be
made by any of the alternative pathways.
So, why preserve a pathway inducing

NK cell-mediated cytototoxicity without
benefit to antiviral defense? The work in
the LCMV and MCMV systems suggests
a broader question. What are the advan-

tages to maintaining NK cell-mediated
cytotoxicity for either immunoregulatory
or antiviral effects if the consequences are
to shift the balance in the race between the
virus and adaptive immunity from clear-
ance to persistence? NK cell-mediated
killing for antiviral defense may be essen-
tial under conditions with acute disease
resulting from innate responses but comes
at the cost of regulating adaptive immu-
nity. Conversely, NK cell cytotoxicity for
immunoregulation may be important in
setting the kinetics of T cell responses to
protect from life-threatening adaptive im-
mune-mediated pathology but interferes
with an early contribution of T cells to
viral clearance. Further investigations are
required to clarify the overall biological
advantages and disadvantages.
In summary, a central role for NK cell

cytotoxicity in mediating both direct antivi-
ral and immunoregulatory effects is emerg-
ing. Studies of various conditions of
infection indicate that NK cell-mediated
killing of different immune cells is impor-
tant in immune regulation, with the con-
sequences being such that adaptive
responses are negatively affected to lead to
increased viral burdens and viral persis-
tence. These observations place NK cells as
the “top dog” in directing endogenous re-
sponses but suggest that if the goal is to
eliminate the virus, they may not be “man’s
best friend.” It is too early to assign relative
importance to any particular immune target
cell and/or relative benefit to the host,
however, because there are many un-
answered questions. Critical among these
are the precise timing for delivery of NK
cell-mediated effects during the unfolding of
innate to adaptive immunity, the availability
of NK-activating receptor–ligand pairs for
mediating lysis of particular immune cell
targets, and the best possible balance be-
tween particular hosts and viruses for both
short- and long-term health. Efforts to ad-
dress these questions are likely to lead to
greater insights into the biological roles for
the wide range of activating receptors
available to NK cells and to significant
challenge the current understanding of
virus–host relationships.
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