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Immune responses are critical for defense. During primary

infections, the antigen-specific CD8 T cells of the adaptive

immune system are expanded from extremely low frequencies of

cells and develop ‘‘memory’’ for heightened secondary respons-

es. Innate natural killer (NK) cells, present at much higher

frequencies, can also be expanded and develop memory. Subset

NK and T cell proliferative responses are induced as a result of

engagement of activator receptors for ligands expressed during

particular viral infections, and the conditions are accompanied

by stimulation of their antimicrobial functions. Increases in CD8

T cell numbers help optimize defense, but because of their

higher basal frequencies, the need for increases in NK cell

numbers is difficult to understand. The systems must have

evolved under concurrent pressures for balance to limit damage

from the immune responses themselves as well as to mediate

defense against infection, however, as expanded NK and T cells

present a threat for collateral damage. A recently defined

function for an activating receptor in sustaining NK cells to

produce interleukin (IL)-10 and regulate CD8 T cells is

reviewed here in the context of T cell responses and memory.

A rationale emerges for the role of proliferation in maintenance

and regulation. The observations suggest that the immune

system uses cell expansion to effectively deliver self-control as

well as defense.

Understanding of Functions for Endogenous
Immune Responses to Viral Infections

The early understanding of innate immunity as non-specific

and fast, and of antigen-specific adaptive immunity as slow but

responsible for heightened recall or memory responses, was

conceptually helpful but superficial. With the identification of

pattern recognition sensors, their linkage to induction of particular

innate cytokine responses, and the discernible consequences for

shaping downstream innate and adaptive immunity, a generally

accepted picture developed of a linear cascade of events in place to

mediate defense during first infections. Long-lived immunity

delivered by memory T cells was seen as an important end

product (additional references online). The differentiation of

innate and adaptive immunity is now being blurred with evidence

demonstrating proliferation of NK cells of the innate immune

system [1–3], and the suggestion in mouse systems that these cells

can also contribute to memory responses [4–6]. Nevertheless, the

assumption prevails that subset immune responses evolved to work

in a positive feed-forward mechanism for activation of optimal

antimicrobial defense.

There have been few fundamental challenges to mainstream

thinking about the evolutionary pressures on the immune system,

with the exception of the argument that no pressure exists for a

memory immunity to boost antimicrobial effects [7]. If the first

infection is controlled, why the need for ‘‘extra’’ immunity to fight

re-infection? The case made in this argument is that responses

leading to memory T cells are in place to fight infections in tissues.

These conditions may require sustaining antigen-specific T cells

for extended periods because first infections can persist. The

possibility, however, that the immune system constituents have

been selected based on functions other than promoting antimi-

crobial defense has not been thoroughly evaluated. The accumu-

lating information on the disease and sometimes life-threatening

consequences of subset immune responses to infection indicates

that the pressure to self-regulate must have influenced the process.

Innate cytokine storms contribute to pathogenesis during infec-

tions with murine cytomegalovirus (MCMV), human cytomega-

lovirus (HCMV), and human immunodeficiency virus (HIV); some

of these cytokines, particularly IFN-c and tumor necrosis factor

(TNF), can also be produced by activated T cells to promote

disease during infections with dengue virus, HIV, influenza virus,

and hantavirus; and CD8 T cell–mediated injury occurs during

infections with lymphocytic choriomeningitis virus (LCMV) and

with hepatitis B and C viruses (HBV and HCV) (additional

references online). The possibility exists, therefore, that there is

pressure for selection of subset immune responses based on their

negative regulatory functions. Such functions would be expected to

be very important in the context of elevated numbers of NK and T

cells under conditions of sustained infection and/or when their

subsets have memory during re-infections. Here, a contribution to

controlling immune responses to limit collateral damage resulting

from heightened immunity might be as or more important as a

contribution to sustaining antimicrobial defense. Because a need

for cross-regulation to balance the multiple NK and T cell subsets

responding would be required, the mechanisms would have to be

distinct from those mediated at the level of a single cell (additional

references online). Thus, there must be two pressures in place, one

to protect from infection and another to protect from the immune

responses when infections persist.
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Role of Activating Receptors—Expansion and
Maintenance

Stimulation through the T cell receptors for antigen (TCRs)

induces intracellular signaling pathways leading to cell division and

activation (additional references online), and there are many

examples of these CD8 T cell responses mediating defense during

viral infections. The molecular mechanism in place of somatic gene

rearrangements to generate diversity in the TCRs provides a level of

protection against selection of pathogens failing to be detected by T

cells of the adaptive immune system. This approach to solving the

problem, however, results in very low frequencies of antigen-specific

T cells at the time of primary exposure. Although CD8 T cells

constitute about 10% of the white blood cells in peripheral

compartments, the frequencies of cells specific for particular

antigens prior to infection is ,1 in 104. Thus, obtaining sufficient

numbers of these cells for fighting off infectious agents requires their

expansion. NK cells also have activating receptors, mainly as

products of their NK gene complexes, with Ly49 molecules in the

mouse, KIR in the human, and NKG2 in both [8,9]. In this

situation, however, the genetic information is in germ line

sequences, and there is variability in the diversity and numbers of

genes inherited. When particular genes are present, the basal

frequencies of NK cells expressing the activating receptor products

are much higher than those of antigen-specific T cells. NK cells also

represent approximately 5%–10% of the white blood cells in the

peripheral compartments where they are found, but 20%–100% of

these basally express particular activating receptors. NK cells can

also express receptors delivering inhibitory signals, but experimental

systems indicate that even when the proportions of these cells with

reactivity to viral determinants are considered, the basal numbers of

NK cells with the potential to respond are significantly higher than

those of antigen-specific CD8 T cells. Thus, the requirement for NK

cell expansion in defense is not obvious.

Nevertheless, engagement of NK cell–activating receptors

stimulates intracellular signaling pathways overlapping with those

accessed by TCRs (additional references online), and NK cell

subsets expressing particular activating receptors are increased

following a number of viral infections. Examples include expansion

of the Ly49H subsets recognizing the MCMV ligand m157 during

infections of mice with this virus [2], NKG2C/CD94 positive

subsets in HCMV seropositive individuals [10], NKp30 subsets

during chronic HCV infections [11], and KIR3DS1 positive subsets

at times of acute HIV infections [12]. In contrast, certain conditions

of viral infection induce dramatic reductions in NK cell functions,

frequencies, and yields, including infections of humans with HIV

[13,14], HCV [15], and varicella zoster virus [16]. Examination of

NK cell responses during MCMV infections of mice without the

Ly49h gene has demonstrated a critical role for the Ly49H receptor

not only in proliferation of the NK cell subsets, but also for NK cell

maintenance under conditions of sustained infection [17]. If NK cell

populations lack subsets with activating receptors for the viral

ligand, their overall numbers decline to under pre-infection levels.

This function for activating receptors had not been anticipated but

may also be important in the context of maintaining antigen-specific

T cells during sustained infection. In parallel to the situation of T

cell stimulation through the TCR, the Ly49H molecule is also

associated with the ability to develop memory NK cells [5]. Thus,

activating receptors on NK and T cells might provide not only the

machinery to induce proliferation and fight off infection, but also to

support maintenance of the cells critically needed under conditions

of extended viral infections. In the case of NK cells basally present at

high frequencies, the contribution to cell maintenance may be more

important than the contribution to increasing numbers.

Maintenance for Regulation—IL-10 Production

In addition to their direct anti-viral effects, NK cells appear to have

several mechanisms in place for mediating positive feed-forward

effects on T cell responses to infections. They can produce IFN-c to

promote CD4 T cell differentiation into Th1 type cells [18]; regulate

virus replication to reduce levels of type 1 interferons (IFN-ab) and

consequential negative effects on the availability of dendritic cells to

enhance T cell responses [19]; and mediate killing of infected cells to

promote antigen presentation for stimulation of T cells [20].

There is new evidence, however, that NK cells also can be

activated to negatively regulate T cell responses because they can

produce IL-10 [21–24]. First identified as a T cell product, a wide

range of cells can be sources of IL-10 (additional references

online). The cytokine is important for the regulation of T cell

responses, and for protection against immune-mediated disease

during infection (additional references online). NK cells make IL-

10 in the context of chronic HCV infection [11] and, when Ly49H

supports their maintenance, during uncontrolled infections with

MCMV [17]. The NK cell IL-10 response during MCMV

infection acts to limit the magnitude of the CD8 T cell response

and protects from T cell–mediated disease. If the NK cells are not

maintained, the regulation is lost with detrimental consequences.

Interestingly, IL-10 is reported to play a role in limiting T cell

responses to interfere with viral clearance rather than immuno-

pathology during chronic LCMV infections [25,26], and CD8 T

cells can also be stimulated to make IL-10 in the context of

influenza virus infections to protect against inflammatory disease

[27]. Although the role for T cell–produced IL-10 in the control of

NK cell responses remains to be demonstrated, it is likely to have

an influence because NK cells respond to IL-10 [28]. The ability

of memory CD8 T cells to produce IL-10 for protection against

respiratory syncytial virus–induced lung injury in a model of

vaccine-enhanced disease [29] suggests that this regulatory

response will also be accessed during memory responses. Taken

together, these observations indicate that the pathways in place to

stimulate expansion and/or maintenance of NK and T cell

numbers are linked to an ability to produce IL-10, and that

production of the cytokine by either subset may provide auto- or

cross-regulation. The association between maintenance and

regulation makes it possible to access antimicrobial defense

functions while limiting the overall magnitude of combined

responses to protect from immune-mediated disease.

Rethinking Acute and Memory Responses in
Defense and Regulation

The systems are complex and much remains to be learned,

but the new picture emerging is that activating receptor-driven

expansion of NK and T cells has important functions in addition

to increasing the numbers of cell subsets equipped to mediate

protection during acute infections (Figure 1). The presence of an

activating receptor recognizing a viral ligand also confers the

ability to maintain the population. Although not anticipated,

such a function might have been predicted by the realization

that in contrast to antigen-specific T cells, there should be less

need to expand NK cell numbers for protection because the

basal frequencies expressing particular activating receptors are

high. The requirement for maintenance helps explain the

conflicting reports of increases and decreases in NK cell

proportions and numbers during infections by suggesting that

in the absence of an activating receptor for a ligand induced by

the virus, NK cells could be cleared. If they are gone, they can

no longer contribute to defense or regulation. Sustaining or
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inducing memory NK cells through their activating receptors

would make it possible to continue to access their antimicrobial

or positive regulatory effects through other pathways, such as

activation by cytokines [30]. However, under conditions of

continued stimulation, these cells can also be accessed for their

negative regulatory functions as demonstrated by their produc-

tion of IL-10 to control adaptive T cell responses and protect

from T cell–mediated disease. There are many other examples

of IL-10 production regulating the magnitude of immune

responses during infections, including production by CD8 T

cells, and the function could be of value under conditions of

secondary exposures because responding cells frequencies are

increased. When taken together, the NK and T cell studies

provide a strong rationale for rethinking the role of the relative

pressures for defense and regulation in the evolution of the

immune system. They indicate that in addition to being

equipped to promote defense, the cells selected for expansion

and maintenance have mechanisms to ensure cross-regulation

under conditions of elevated numbers. The resulting new

understanding underscores the importance, for survival, of

protecting against both the infection and the immune response

to infection.
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