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of IFN-'l cells in the initial stages of a classical recall response 
(19), that IL-2 can augment NK cell responses (20, 21), that the 
NK cell response to influenza virus depends on IL-2 and T cells 
(9), and that increased numbers of IFN--y-producing NK cells can 
be detected after influenza vaccination (10) . However, the logical 
conclusion of these observations-that Ag-specific IL-2 secretion 
from memory T cells may recruit NK cells as effectors of adaptive 
immunity and, thus, that NK cell responses can be potentiated by 
vaccination-has not previously been made explicit and has not 
been formally tested. Indeed, our collective fixation on NK cells 
as cells that can mediate effector function without prior sensitiza­
tion (22, 23) has blinded us to the notion that they may perform 
their effector functions even more effectively after sensitization. 

By detailed analysis of the response to rabies vaccination, we have 
shown that Ag-specific, CD45RO+ CD4+ T cells secrete IL-2 within 

6 h of re-exposure to Ag and that this IL-2-in combination with 
IL-12 and IL-18 induced by the interaction of whole virus with 
other accessory cells- activates NK cells to produce IFN--y and 
to degranulate, releasing perforin. A proposed schematic for the 
NK recall response is shown in Fig. 9. Importantly, these NK 
effector responses occur extremely rapidly, starting within 6 h 
(i .e., significantly earlier than the equivalent T cell responses), 
and are very robust, with 30-40% of all NK cells responding. 
Consequently, in the first 12-18 h after re-exposure to Ag, >70% 
of all IFN--y- producing cells are NK cells . Importantly, however, 
NK cells also show a marked and prolonged proliferative response 
to the vaccine Ag and they continue to contribute to the effector cell 
population for at least 7 dafter Ag re-exposure; indeed the second­
ary peak in the NK IFN--y response may well represent maturation 
and activation of cells that have divided during the first few days of 
the response. Lastly, the recall NK cell response is extremely 
durable; we have repeated this analysis >4 mo after the last vacci­
nation without any noticeable decline in the response (data not 
shown) . 

A 

CD4+ T CELL-DEPENDENT NK CELL EFFECTOR FUNCTIO 

The indirect route of NK cell acti vation ha largel been 
until recentl y but it is now clear that inftanunarory 

cytokines (1L-12, 1L-1 8, and IFN-a ) and costimularory ignal 
from myeloid accessory cells are essen tial for optimal K cell 
responsiveness to a wide range of viral, bacterial, and protozoal 
infections (5). Our finding that intact rabies virus, but no t purified 
recombinant protein, was able to acti vate NK cell after accina­
tion in an 1L-12- and IL-18--dependent man ner, is con i tent with 
a requirement for myeloid accessory cell-derived as well a T cell­
derived signals for inducti on of recall NK respon e . either the 
rabies virus encoded ligands for pattern recognition receptor 
(PRRs) nor the PRRs themsel ves are known. Although TLR3 i 
upregulated in brains of rabies virus-infected mice (24, 25) and 
humans (26), TLR3 preferentially recognizes dsRNA rather than 
ssRNA and is thus not an obvious cand idate for recognition of 
rabies virus . Human TLR8/murine TLR7s are receptor for orne 
ssRNAs (27, 28) and may thus be more likely innate receptor for 
rabies virus . One practical implication of the need fo r myeloid 
acessory cell stimuli for induction of reca ll NK responses i that 
evaluation of vaccine-induced immune responses by restimul ation 
of PBMCs with purified protein Ags or syntheti c peptides may not 
reveal the full extent of the NK recall response that may occur 
after exposure to whole pathogens. It is likely that NK reca ll 
responses will be further enhanced, after vacc inati on, by the pre ence 
of specific Ab; Ag-Ab complexes binding to CD 16 are a powerful 
route for NK cell activation and in preliminary experiments we have 
observed that rabies virus restimul ation of postvaccination PBMC 
in the presence of autologous serum (i.e., contai ning anti-rabies Abs) 
leads to even more florid NK cell responses than the ones shown here. 

Our finding that, in the absence of T cell s, rIL-2 is suffi cient to 
restore NK recall responses indicates that LL-2 is the onl y T cell­
derived signal that is essential for the NK recall response. In sup­
port of thi s scenario, we have shown that although T cell s are 
required for optimal acti vation of NK cell s by malaria- in fec ted 
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RBCs, there is no requirement for NK cell-T cell contact and that 
the T cell-dependent signal can be delivered to the NK cells via 
a semipermeable membrane (29). Our data therefore reveal an 
important new role for vaccine-induced IL-2-secreting memory 
T cells and may, in part, explain the emerging consensus that 
polyfunctionaI T cells, which secrete IL-2 in addition to IFN-'Y or 
TNF-a, are associated with positive outcomes of viral infection 
(30-32) and with particularly effective vaccination regimes (33, 34). 

It was noticeable that whichever parameter we assayed (CD69 
upregulation, IFN-'Y production, degranulation), the NK cell response 
to rabies vaccination among the vaccinees was remarkably homo­
geneous. Overall, for different parts of the study, we assayed re­
sponses from 30 individuals and in every case there was a robust 
and persistent NK cell recall response. T~is is in marked contrast to 
our previous findings for NK cell responses to malaria-infected 
RBCs, Mycobacterium bovis bacillus CaImette-Guerin and bacte­
rial LPS where NK IFN-'Y responses are extremely heterogeneous, 
but similar (in homogeneity, if not magnitude) to responses we 
observed to high-dose rhIL-l2"1:L-18 (35). We have proposed that 
heterogeneity in NK cell IFN-'Y responses to pathogens reflects 
both differences in the strength of accessory stimuli and variable 
expression of polymorphic NK cell receptors (which fine-tune the 
degree of activation) (35). The results of this vaccination study sug­
gest that if the accessory cell stimulus is sufficiently strong (which 
may require synergism of signals from myeloid cells and T cells) 
then the effect of NK cell regulatory receptors may be overcome. If 
so, genetic diversity in NK cell regulatory receptors may not repre­
sent a major hurdle to effective vaccination. 

Although there are superficial similarities between the "recall" 
NK response that we have described and the "memory-like" 
NK cells recently described in mice (14-16), there are important 
differences between the cytokine-driven response described in this 
study and some of the mouse studies. In mice infected with murine 
CMY (MCMV), NK cells proliferate, persist at higher than normal 
frequencies for several months and show enhanced cytokine and 
degranulation responses on reactivation (16); however, NK cell 
activation in this model is driven by binding of the activating 
NK Ly49H receptor to the m157 viral protein expressed on 
MCMV-infected cells (36) and may thus occur independently of 
accessory cell stimuli. Indeed, expansion of the Ly49H+ NK ~ell 
subset in MCMV+ mice is reminiscent of the expanded populatton 
of NKG2C+ NK cells in individuals seropositive for human CMV 
(37). Similarly, the original description of murine memory-like 
NK cells, in a contact hypersensitivity model, specificall~ involved 
Ly49C+/Ly491+ cells, which might conceivably be actIvated by 
haptenated MHC class I molecules and, at least inasmuch as 
T cells were not required, would appear to be IL-2 indep.end~nt 
(15). Importantly, the "memory" component of the postvaccmatt~n 
NK response to rabies virus described in this study appears. to he 
entirely within the T cell population: NK cells from unv~ccmat.ed 
individuals were fully able to respond to the virus when ffilxed ~Ith 
autologous memory T cells. It is not known whether nonspeCIfic 
inflammatory stimuli can maintain human NK cells in a prolonged 
hyper-reactive state, as recently described for murine NK cells. ac­
tivated in vitro with a mixture of accessory cell-derived cytokines 
(14), but this might be interesting to explore in the context of 
vaccine adjuvants. . 

Our study raises interesting questions regarding .the fu~ctI~nal 
significance of enhanced NK cell responses after I.mmumz.atlOn. 
For infections where a protective role for NK cells IS estabhshed, 
evaluation of NK responses postvaccination is likely to be.a us~ful 
indicator of vaccine efficacy but for other infections the ImplIca­
tions are less clear and further studies are required. In t~e .case of 
rabies virus vaccination, it is widely accepted that neutrahzmg Abs 
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are essential for protection (38) but experimental infections in mice 
suggest that cell-mediated immune responses (including signaling 
through the IFN-'YR) are required for efficient viral clearance (39) 
and that proinflammatory cytokines (IFN-'Y and IL-2) enhance vac­
cine immunogenicity, leading to significantly higher neutralizing 
Ab titers (40). The potential for NK cell IFN-'Y responses to con­
tribute to the efficacy of rabies vaccines thus deserves to be evalu­
ated. The role of the degranulation response is less obvious. In these 
particular experiments, using killed virus, it is unlikely that NK 
cells are degranulating in response to infected cells and degranula­
tion may simply be a marker of NK cell activation. 

In summary, we have demonstrated that NK cells are major 
contributors to the effector lymphocyte population during the recall 
response to rabies vaccination. This should lead us to reconsider the 
precise roles of Ag-specific memory T cells in vaccine-induced im­
munity. Assays of CD4+ T cell IL-2 production, NK cell IFN-'Y 
production and NK cytotoxicity need to be included in the arsenal 
of tools for evaluating correlates of vaccine-induced immunity. 
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