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Abstract
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NK cells recognize virus-infected cells with germline-encoded activating and inhibitory receptors
that do not undergo genetic recombination or mutation. Accordingly, NK cells are often
considered part of the innate immune response. The innate response comprises rapid early
defenders that do not form immune memory. However, there is increasing evidence that
experienced NK cells provide increased protection to secondary infection, a hallmark of the
adaptive response. In this study, we compare the dynamics of the innate and adaptive immune
responses by examining the kinetic profiles of the NK and T cell response tomurine CMV
infection. We find that, unexpectedly, the kinetics of NK cell proliferation is neither earlier nor
faster than the CD4 or CD8 T cell response. Furthermore, early NK cell contraction after the peak
of the response is slower than that of T cells. Finally, unlike T cells, experienced NK cells do not
experience biphasic decay after the response peak, a trait associated with memory formation.
Rather, NK cell contraction is continuous, constant, and returns to below endogenous preinfection
levels. This indicates that the reason why Ag-experienced NK cells remain detectable for a
prolonged period after adoptive transfer and infection is in part due to the high precursor
frequency, slow decay rate, and low background levels of Ly49H+ NK cells in recipient DAP12deficient mice. Thus, the quantitative contribution of Ag-experienced NK cells in an endogenous
secondary response, with higher background levels of Ly49H+ NK cells, may be not be as robust
as the secondary response observed in T cells.
It is common in immunology to classify leukocytes into functional or phenotypic subsets
when describing the immune response against infection. One of the most general of these
classifications is a leukocyte’s contribution to the innate or adaptive immune response (1).
Classic features of the innate immune response are: 1) rapid activation; 2) high precursor
frequency; 3) germline-encoded receptors; and 4) the absence of immune memory. Thus,
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innate responses are typically rapid, stereotyped responses to infection that may act to slow
early pathogen spread and prime the adaptive response (2). In contrast, the defining feature
of the adaptive response is acquired protection. This is achieved by forming immunological
memory, which provides an improved response against pathogens to which the host has
previously been exposed. In addition to this, the adaptive response is often slow and delayed
(when compared with the innate). This slow response is at least in part attributable to the
extremely low precursor frequency of cells able to respond to any given pathogen. This low
precursor frequency is in turn due to the large diversity of Ag receptors, produced by a
recombination mechanism that produces high specificity, at the cost of low frequency (3–5).
Historically, the innate and adaptive classifications were considered as mutually exclusive.
However, as functional capabilities become clearer, there are an increasing number of
lymphocytes that display both innate and adaptive characteristics. For example, γ-δ T cells
have innate functionality such as Ag presentation (6, 7) and the ability to recognize
nonpeptide structures (8). However, their Ag receptor is generated via V(D)J recombination,
and they have been shown to form immunological memory (9). Similarly, NKT cells
recognize nonpeptide structures and use a stereotyped receptor produced by TCR
recombination. Like γ-δ T and NKT cells, many lymphocytes are now considered to be both
innate-like and adaptive-like, including CD8αα T cells, B1 B marginal cells, and marginal
zone B cells (10).
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NK cells are traditionally considered part of the innate immune response because they bear
germline-encoded receptors and exist at relatively high precursor frequencies (compared
with Ag-specific T cells). NK cells are important for the clearance of altered cells such as
tumor cells and virus-infected cells. Unlike activation of the adaptive response, which
requires a receptor recognizing an MHC– peptide complex, NK cell activation is mediated
by an array of activating and inhibitory receptors (11, 12). Different combinations and
expression levels of these receptors produce some level of selection and specificity in
response to different targets (13–15). It follows that NK cell specificity can be described as a
repertoire of these receptors. However, unlike TCRs, specificity is not derived from the
presence of a single receptor, but rather a mixture of several receptors. Consistent with its
classification as part of the innate system, NK cells have not been thought capable of
generating immune memory. However, recent studies using a mouse adoptive transfer model
suggest that transferred NK cells previously activated by cytokines or cognate recognition of
ligand acquire effector functions more quickly than inexperienced naive NK cells and confer
greater protection against pathogens, leading to the hypothesis that NK cells can form
immunological memory (15–19).
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Many features of the innate and adaptive response involve differences in the kinetics of the
response to infection; the innate response is fast and does not form memory, whereas the
acquired response is slow and leaves a pool of memory cells. Thus, we aim to compare the
kinetics of the NK and T cell responses to murine CMV (MCMV) infection. We find that in
contrast to our expectations, NK cells do not proliferate faster or earlier to MCMV infection
than CD4 or CD8 T cells. But, the early contraction of NK cells after the peak of the
response is slower than for CD4 and CD8 T cells. However, we also show that NK cells may
not form a stable memory pool in the same way as T cells. This raises important questions
about the nature of immune memory in the context of the high initial precursor frequency of
NK cells.
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Materials and Methods
Experimental data
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The data analyzed have been previously published (19–21), and the reader is referred to the
original publications for full details of the experimental protocols. Briefly, CD4 and CD8 T
cells were collected from the lung, liver, and spleen of C57BL/6 mice various days
postinfection with MCMV-Δm157. T cell populations are tracked with IFN-γ staining after
stimulation with MCMV lysate (CD4 T cells) or peptides (CD4 and CD8 T cells) (21). In
the endogenous NK dataset, NK cells were isolated from the spleen and liver of C57BL/6
mice various days postinfection with Smith strain MCMV (20). In this study, the inhibitory
receptor killer cell lectin-like receptor G1 (KLRG1) was identified as a marker that can
quantify the magnitude of the NK cell response to MCMV. As KLRG1+ to KLRG1−
differentiation is minimal, it is also an appropriate marker to investigate NK contraction
(20). As KLRG1 is also expressed on resting NK cells, the total KLRG1+ NK population
also contains a background KLRG1+ NK cell population that may not be contributing to the
response. Finally, in the adoptive transfer experiment, Ly49H+ NK cells were transferred
from C57BL/6 CD45.1 congenic mice to recipient mice (that are DAP12-deficient
[Tyrobp−/−], resulting in defective Ly49H receptor expression) that were subsequently
infected with Smith strain MCMV. Transferred NK cells were then measured in the spleen
and liver on various days postinfection.
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Measuring growth and decay rates
Growth and decay rates are measured by performing a linear regression on the natural
logarithm of the frequency of cells versus time. The average growth rate is calculated using
all time points between and including the first day of measurement and the peak of the
response. The average growth rate may be biased due to proliferation delay. To compensate
for this, we calculate the growth rate between each pair of adjacent time points. The
maximum of these rates is denoted as the fastest two-point growth rate. Similarly, the fastest
two-point decay rate is the maximum decay rate measured between two adjacent time
points. Both techniques of measuring growth and decay rates draw qualitatively identical
conclusions, and for the sake of clarity, only the fastest two-point rates are presented in the
figures. All growth and decay rates are calculated using the lm function in the r statistical
computing software (version 2.7.1). Confidence intervals are calculated with r function
confint.
Decay kinetics
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To compare memory formation between NK cells, CD4 T cells, and CD8 T cells, we use
three mathematical models of cell decay: exponential (total population decays to zero with
constant t1/2), exponential with plateau (total population decays to nonzero level with
constant t1/2), and biexponential (total population consists of two subpopulations, one with a
fast and one with a slow t1/2) (Fig. 3). These models have equations as follows:

in which T is the total population of cells, A is the initial level of cells with decay rate r, P is
the plateau level to which cell levels decay to in the exponential with plateau model, B is the
initial level of cells with decay rate s, and t is time. Decay models were fit with the
generalized least squares r function gnls in library nlme. The fit was weighted using varPower. The three models are essentially nested versions of the complete biexponential
J Immunol. Author manuscript; available in PMC 2013 September 12.
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model. Thus, we test which parameters give significantly better fits by using r function
anova in like manner as an F test. This determines whether a more complicated model fits
significantly better to justify the additional parameters. T cells responding to some MCMV
peptides experience memory inflation (22–25), and this may decrease the virus-specific T
cell decay rate measured after the peak. To minimize the effect of memory inflation, we
remove the final data point (usually at day 351 postinfection) when its average value is over
three times that of the previous data point (generally day 28 postinfection). This is a
conservative approach so that T cell decay is not underestimated and does not affect the
conclusions drawn in this paper.

Results
T cell growth kinetics in MCMV infection
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To establish a basis for comparison of the NK cell response, we first studied the kinetics of
CD4 and CD8 T cells. We analyzed the data from published work tracking the T cell
populations in C57BL/6 mice postinfection with MCMV (21). The T cell populations are
tracked with IFN-γ staining after stimulation with MCMV lysate (CD4 T cells) or peptides
(CD4 and CD8 T cells). T cell frequencies (after background subtraction) are used for
kinetic analysis. The CD4 T cell population in the lung and liver expand to their population
peak on day 6 and 7, respectively, after which they begin to contract. The CD4 T cell
kinetics of the spleen are less clear. Splenic CD4 T cells measured with MCMV lysate
stimulation expand to day 6, thereafter remaining stable until day 14 (rate of change not
significantly different to zero; p = 0.204). In contrast, CD4 T cell levels measured via
peptide stimulation (peptides M112P8, M142P6, M14P28, M25P133, and M25P71) have
comparable population levels on days 4 and 6 (levels not significantly different; p > 0.1 for
all peptides, t test), after which the populations begin to contract (Fig. 1A).
To quantify the rapidity at which the CD4 T cells respond to MCMV infection, we
calculated the growth rate of CD4 T cells in these tissues. The growth rate is measured
during population expansion and quantifies the cumulative effect of population division,
death, and migration in and out of the tissue. We find that the CD4 T cell population grows
at an average rate (between day of first measurement and peak of response, the only two
time points before the peak of the response in this dataset) of 2.28, 2.46, and 1.04 per day in
the lung, liver, and spleen (lysate), respectively (corresponding to a population doubling
time of 7.3, 6.8, and 16 h, respectively; Fig. 2A, Table I).
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Similar to the CD4 T cell population, CD8 T cells expand to their population peak 7 d
postinfection for both the lung and liver before beginning contraction. Splenic CD8 T cells
expand to their population peak between 6 and 7 d postinfection and also begin contraction
immediately afterward (Fig. 1B). We measure the average growth rate of CD8 T cells
responding to MCMV infection to be 2.21, 1.67, and 1.39 per day in the lung, liver and
spleen, respectively [corresponding to a population doubling time of 7.5, 10, and 12 h,
respectively; times similar to previously published estimates (26, 27)] (Table I). We note
that the different growth rates in different tissues suggest that there is not a perfect
equilibration between different tissues during T cell expansion.
It is possible that by measuring the average slope between the first day of measurement and
the peak of the response, the growth rate may be underestimated due to delays in population
expansion. As there are additional time points between the first and peak days of the CD8 T
cell response, we calculate the fastest two-point growth rate to overcome any possible bias
from population expansion delay. This rate is the fastest growth rate observed between two
adjacent time points and represents a maximal growth rate experienced by the population.
We measure the fastest two-point growth rate for the CD8 T cell population to be 2.67, 1.83,
J Immunol. Author manuscript; available in PMC 2013 September 12.
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and 1.64 per day in the lung, liver, and spleen, respectively (corresponding to a population
doubling time of 6.2, 9.1, and 10 h; Fig. 2A, Table I). These rates were not significantly
different from the average growth rates indicated above.
T cells decay to form a stable memory population
To quantify the contraction phase of the MCMV T cell response, we fit and compared three
mathematical models of population decay. Model 1 is an exponential decay model. This
model describes continuous decay in which the entire population shares a constant t1/2 (Fig.
3A). This model implies that the population will eventually die out. Model 2 is an
exponential decay with plateau model. In this model, a proportion of the population decays
at a continuous and constant rate (as in model 1), and the remainder do not experience decay
at all (the plateau population) (Fig. 3B).
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Model 2 can represent a decaying population returning to baseline levels or, when the
plateau is higher than baseline, a decaying population forming memory. Model 3 is a twophase exponential decay model. The model represents biphasic decay in which the total
population is divided into two subpopulations, one quickly and one slowly decaying
population (Fig. 3C). Although population levels in this model eventually approach zero, the
slowly decaying (memory) population often prevents this from occurring during a
reasonable time frame. Model 3 represents cell decay in which the fast decaying population
represents effector cells that quickly die out. The slowly decaying population represents the
formation of a slowly declining memory population. For all models, the decay rates measure
the cumulative effect of population growth, death, and migration in and out of the tissues.
The best fit between two models is decided by determining whether additional model
complexity (parameters) is justified by the corresponding decrease in model error. Thus, for
comparisons between two models, nonsignificant p values indicate the simpler model is
more appropriate, whereas significant p values indicate the more complex model is more
appropriate.
We first measure the maximum rate of contraction observed for CD4 T cells. We calculate
the maximum two-point decay rate (t1/2) in each tissue. This represents the maximal decay
rate observed during contraction. We find that on average CD4 T cells decay at a maximum
rate of −1.24, −1.16, and −1.29 per day in the lung, liver, and spleen (for peptide
stimulation), respectively (corresponding to a net t1/2 of 13, 14, and 13 h, respectively; Fig.
2B, Table I).
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We next sought to determine the mathematical model of decay that best described the CD4
T cell population contraction. The CD4 population does not experience constant exponential
decay (model 1). This is evident, as on a graph of CD4 T cell frequency (on a log scale)
versus time, when the decay after the peak is nonlinear (Figs. 1A, 3). To determine the bestfitting decay model, we fit and compare a simple plateau model (model 2) and a more
complex biexponential model (model 3) to the population data after (and including) the
peak. As some T cell populations experience memory inflation after the acute response (23,
28), we exclude some late time points in which memory inflation is evident (see Materials
and Methods section). We find that MCMV-specific CD4 T cell levels in the lung fit well to
both model 2 (peptides M112P8, M14P28, M25P71, and MCMV lysate; p values for model
2 versus model 3 are 0.78, 0.07, 0.10, and 0.27, respectively; Table I) and model 3 (peptides
M142P6 and M25P133; p values for model 2 versus model 3 are 0.03 and 0.02,
respectively) of decay, indicating that some form of stable memory population is being
formed. The splenic CD4 T cell population decays to a plateau (model 2), also indicating
that a stable memory population has formed. The biexponential model fits the decaying
population in the liver, indicating a slowly declining memory population has formed (Fig.
4).
J Immunol. Author manuscript; available in PMC 2013 September 12.
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To complete our study of the kinetics of the T cell immune response to MCMV, we
investigate the CD8 T cell population decay. We measure the rapidity of contraction
observed for CD8 T cells (maximum two-point decay) and find that on average CD8 T cells
decay at a maximum rate of −1.17, −1.55, and −1.04 per day in the lung, liver, and spleen,
respectively (corresponding to a net t1/2 of 14, 11, and 16 h, respectively; Fig. 2B).
Similar to the CD4 T cell population, CD8 T cell decay is not constant (model 1). Rather,
CD8 T cell decay is consistent with memory formation. CD8 T cell levels plateau in the lung
and spleen (model 2; p values >0.05 for model 2 versus model 3 comparison), and we find
that this memory plateau is higher than the levels on the first day of measurement. The CD8
T cell population experiences biphasic decay (model 3; p values <0.05 for model 2 versus
model 3 comparison) in the liver (Fig. 4).
The endogenous NK cell population decays to preinfection levels after acute infection
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After MCMV infection, all NK cells initially experience cytokine-driven proliferation (29,
30). From 2 d onwards, NK proliferation is mostly restricted Ly49H+ NK cells recognizing
m157 (29), a subset critical for MCMV viral control (31). To compare the CD4 and CD8 T
cell kinetics against an endogenous NK cell response, we analyzed the data from Robbins et
al. (20). In this study, liver and splenic NK cells were harvested from C57BL/6 mice
postinfection with MCMV and analyzed for KLRG1 expression. Robbins et al. (20) argues
that the kinetics of KLRG1+ NK cells (of which >96% are Ly49H+) reflect that of the
responding NK population superimposed on the background level of KLRG1+ NK cells seen
in uninfected mice and thus suitably characterize the expansion and contraction of the NK
response to MCMV. Splenic NK cells, after an initial contraction to day 1.5 postinfection,
expand and peak on day 7, similar to that of CD4 and CD8 T cells. The NK population in
the liver peaks 2 d earlier on day 5 before beginning contraction (Fig. 1C). We next
measured the average growth rate of the responding NK cells and find that this population
experiences an average growth rate of 0.34 per day in the spleen and 0.52 per day in the
liver (population doubling times of 49 and 32 h, respectively), which is on average slower
than CD8 T cells in the spleen and liver and slower than CD4 T cells in the liver but not the
spleen. To verify that these rates were not biased by delayed population expansion, we also
calculated the fastest two-point growth rates. These rates were 0.36 per day in the spleen and
0.71 per day in the liver (population doubling times of 46 and 23 h, respectively, Table I)
and not significantly different from that of the average rates (Fig. 2A).
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We next measure the fastest decay experienced by the MCMV-specific NK cell population.
We find that the responding NK cell population decays at a rate of −0.35 per day in the
spleen and −0.42 per day in the liver (net t1/2 of 48 and 40 h, respectively; Table I), which is
on average slower than both CD8 and CD4 T cells in these tissues. To decide whether the
NK cell population is forming a stable memory population, we determine the mathematical
model of decay that best describes the NK cell population contraction. We find that the best
model of contraction is the biexponential model (model 3, comparison with model 2, p =
0.01) for the spleen and plateau model (model 2, comparison with model 3, p = 0.10) for the
liver (Fig. 4). At first, this may suggest evidence for the formation of a stable memory NK
population. However, unlike the CD4 and CD8 T cell data, the background frequency of
KLRG1+ NK cells has not been subtracted. In fact, the NK cell population contracts to
below initial (preinfection) levels in both the liver and spleen by day 28, implying that the
NK cell population may just be returning to preinfection background levels.
The endogenous NK cell response does show memory-like decay after the peak of the
response. However, as levels return to (below) their initial level, the endogenous response
does not distinguish between the following three scenarios: 1) significant NK memory is
forming, and this memory replaces the basal NK cell levels; 2) NK memory forms, but at a
J Immunol. Author manuscript; available in PMC 2013 September 12.
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level low enough to be indistinguishable from initial NK cell levels; and 3) the KLRG1+ NK
cells that respond to MCMV experience constant decay do not have preferential survival
over naive KLRG1+ NK cells and do not form long-lived memory. To further distinguish
between these scenarios, we study the kinetics of an adoptively transferred NK cell
population after MCMV infection.
Adoptively transferred NK cells decay continuously after acute infection
In data from Sun et al. (19), wild-type Ly49H+ NK cells (CD45.1) were transferred into
DAP12-deficient mice (CD45.2), and MCMV specificity was determined by Ly49H
staining. As Ly49H is not expressed at high levels in NK cells from DAP12-deficient mice
(32), there are few endogenous Ly49Hhi+ host NK cells to interfere with the transferred
Ly49H+ NK cells. Thus, background levels will not interfere with the decay analysis, and it
will be possible to distinguish between scenarios 1, 2, and 3 above.
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The responding NK cell population peaks on day 7 in both the spleen and liver, similar to
that of CD4 and CD8 T cells (Fig. 1D). We calculate the average growth rate of the
adoptively transferred NK cells after MCMV infection and find that the Ly49H+ CD45.1+
population grew at a rate of 0.63 per day in the spleen and 0.99 per day in the liver
(population doubling times 26 and 17 h, respectively). As with the endogenous NK
response, this was on average slower than the CD4+ and CD8+ T cell populations in the
liver, slower than the CD8+ T cell population in the spleen, and about the same for the CD4
T cell population in the spleen. We also calculate the fastest two-point growth rate to be on
average 0.81 per day and 1.15 per day (population doubling times of 20 and 14 h,
respectively); however, this was not significantly different from the average rates (Fig. 2A).
Similar to the endogenous NK cell population, we measure the decay rates as −0.088 per day
in spleen and −0.125 per day in liver (net t1/2 7.9 and 5.5 d, respectively; Table I), on
average slower than that of the CD4 or CD8 T cell populations (Fig. 2B).
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Unlike the CD4 and CD8 T cell populations, and unlike the endogenous NK cell response,
the transferred NK cell population experiences constant, exponential decay after the peak as
indicated by the linear relationship on a logarithmic scale (model 1, Fig. 4). As this decay is
relatively slow, Ag-experienced NK cells remain detectable for at least 50 d postinfection.
However, as the nature of the decay is constant, the presence of Ag-experienced NK cells
long after the peak of the response may be in part due to the high precursor frequency of NK
cells, as opposed to the specific, preferential survival of a subset of NK cells (which would
have been indicated by biphasic decay). Our analysis does not exclude the possibility that
some small population of NK cells (at levels <1% of the peak and <10% of the preinfection
endogenous levels) is experiencing some level of preferential survival that is undetectable
during this time frame.
To investigate the NK cell decay further, we calculate the decay rate of cells in all datasets
between days 14 and 28 (the latest time period shared by all cell types) and find that CD4 T
cells and CD8 T cells have a decay rate of −0.043 per day and −0.044 per day, respectively
(approximate net t1/2 = 16 d). In contrast, the adoptively transferred NK cell decay rate
during this period is −0.106 per day (net t1/2 = 6.5 d), faster than the CD4 T cell and CD8 T
cell rates. However, this difference was only significant for CD4 T cells (CD4: p = 0.048, n
= 10; CD8: p = 0.076, n = 6; NK: n = 6; t test with unequal variance). Thus, although NK
cells initially decayed more slowly than T cells, by days 14–28, T cell decay had slowed,
whereas NK cell decay remained constant. Therefore, the Ag-experienced NK cells decay at
a faster rate than T cell memory. This decay rate is slow enough to allow the long-term
detection of Ag-experienced NK cells in mice with artificially low background levels
(DAP12-deficient mice). However, our decay analysis predicts that by day 50, the Agexperienced NK population will have decayed to <10% of the endogenous naive
J Immunol. Author manuscript; available in PMC 2013 September 12.
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preinfection level (Fig. 5). As Ag-experienced NK cells have similar proliferation kinetics to
naive NK cells (19), their contribution to a secondary response may, from a purely
quantitative perspective, be small after this time point.

Discussion
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A major hallmark of the innate immune response is rapid reaction to infection and the
absence of immunological memory. There is growing evidence that NK cells do form
immunological memory (15, 16, 19); however, the nature of this memory is unclear. In this
study, we observe that activated NK cells do not proliferate faster than T cells and that NK
cell memory is not as long lived as that of T cells. The rate of NK cell growth appears
slower than that of CD8+ T cells (although this was not significant for all epitopes) and not
different from that of CD4 T cells. NK cell numbers also peaked around the same time as
CD4 and CD8 T cell numbers. In the early phase of population decay after this peak, NK
cells decay more slowly than T cells. However, whereas CD4 and CD8 T cells soon reach a
plateau of constant or slowly declining T cell numbers, NK cells continue to decay at the
same rate for a prolonged period. Additionally, after an endogenous response, NK cells
quickly returned to preinfection levels, indicating that the longterm detection of memory NK
cells may be in part due to the high precursor frequency of Ly49H+ NK cells and artificially
low background levels in DAP-12 deficient mice. Consequently, the numerical contribution
of Ag-experienced NK cells in an endogenous secondary infection, in mice with normal
background levels of Ly49H+ NK cells, may be small.
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Immunological memory in T cells has been shown to provide protection in a number of
ways. These include faster acquisition of effector functions, high precursor frequencies, and
greater proliferation potential or rapidity, although this last feature has been questioned (33,
34). However, effective long-term protection also relies on memory lymphocytes to form a
stable or very slowly declining population. Thus, it is important to study and understand the
kinetics of an acute immune response to infection. Sun et al. and others (15–17, 19) show
that NK cells that have experienced infection have more robust activation and provide
increased protection to pathogens. However, although experienced NK cells show increased
function on a per-cell level, we show in this study that NK cells decay in a slow, but
continuous manner and that the endogenous NK population quickly returns to preinfection
levels (Fig. 5). Interestingly, recent work suggests that NK cells undergo extensive
homeostatic expansion in RAG knockout, IL-2R knockout mice (35). These homeostatically
expanded cells undergo a slight contraction and form a stable memory-like population by 30
d posttransfer in this environment. It is unclear whether this different memory behavior
occurs as a result of the altered expansion dynamics (Ag-experienced NK cells may have a
different survival from homeostatically expanded cells) or from the different host
environment of wild-type versus RAG knockout, IL-2R knockout mice. Interestingly,
homeostatic memory cells continue to decay out to day 60 after transfer into an irradiated
wild-type C57/BL6 mice at a rate that appears similar to that seen in Ag-experienced cells
(35). This suggests that the finite lifespan of Ag-experienced NK memory cells that we
observe may be at least in part a function of competition with other lymphocytes in the host
environment.
The role of this NK cell memory is unclear in the context of a high initial level of
responding cells: for most T cell responses, the preinfection number of epitope-specific cells
may be of the order of below 50–1000 in the spleen (36, 37). The memory population
remaining postinfection may be 100–1000-fold greater than these preinfection levels, giving
population growth a minimum 1-d advantage (using conservative estimates of a 4-h division
time and 100-fold greater precursor level). However, in our endogenous dataset, the
responding Ly49H+ NK cells constitute 40% of total NK cells in the uninfected mouse.
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Following infection and the acute response, the number of total KLRG1+ NK cells
(consisting of responding and resting NK cells) drops below the preinfection level relatively
quickly. Furthermore, the adoptive transfer model predicts that by 50 d postinfection, the
Ag-experienced NK population will represent <10% of the endogenous naive NK cell
preinfection level. Even if the NK cell memory population did plateau at this level, as they
do not proliferate more quickly than naive NK cells (19), their proportional contribution to
the response of a secondary infection may be small. Thus, although memory NK cells may
be more active on a per-cell basis, their contribution to a secondary response may eventually
wane due to the presence of so many naive NK cells.
An important caveat of our studies is that MCMV is a latent infection, and thus, the term
“memory” should be used advisedly. Both the CD4 and CD8 T and NK cells may be
exposed to persistent Ag during the latent phase of infection and are not truly Agindependent memory cells. However, we note that a number of studies have shown similar
kinetics of memory formation in acute and persistent infections (27, 34, 38, 39).
Additionally, the unique interactions between virus-specific NK cells and MCMV make it
possible to directly track these cells. The advantages of comparing the dynamics of CD4 T,
CD8 T, and NK cells in a single infection outweigh the potential issue of persistent Ag.
Moreover, as this analysis uses a modeling approach to interpret previous data on NK cell
memory, it is important that the comparison is made on the same dataset.
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The definition of immune memory can either be considered on the basis of cellular function
(higher function of Ag-experienced cells), on the basis of precursor number (high number of
cells able to respond to secondary challenge), or on the basis of immune function (better
control of secondary infection). In the case of T cells, all three definitions fit well with the
underlying dynamics. However, in the case of NK cells, the concept of memory is more
difficult. Most importantly, Ag-experienced NK cells have been shown to have increased
cellular function (16, 19) and increased immune function over a period of at least a month
(17). However, our kinetic studies suggest that NK memory may not be as stable or longlived as the T cell memory pool. Given the high precursor levels of NK in the resting
animal, this suggests that memory NK cells may not remain elevated in the long term.
Further studies of the duration of this NK mediated protection and the relative contribution
of increased cellular functionality and increased precursor number will better elucidate
whether NK memory can be harnessed for vaccination against infection.
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FIGURE 1.
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Kinetic profiles of endogenous CD4+ T cells, endogenous CD8+ T cells, endogenous NK
cells, and adoptively transferred NK cells. For the endogenous response, C57BL/6 mice
were infected with MCMV and CD4+ T cell (A), CD8+ T cell (B), or NK cell (C) numbers
tracked at various time points postinfection. MCMV specificity was determined via IFN-γ
staining after stimulation with MCMV lysate (CD4+ T cells, filled upright triangles) or
peptides (CD4+ and CD8+ T cells; the stimulating peptides are indicated). The endogenous
NK cells responding to MCMV are tracked with KLRG1+ expression. D, For NK adoptive
transfer studies, LY49H+ CD45.1 NK cells were transferred into C57BL/6 DAP12-deficient
CD45.2 congenic mice, after which recipient mice were infected. The transferred NK cell
population was tracked on various days postinfection.
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FIGURE 2.
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Growth and decay rates for NK, CD8, and CD4 T cells. A, The fastest two-point growth
rates for CD4 T cells, CD8 T cells, and NK cells in the lung, liver, and spleen for various
MCMVAgs. The fastest two-point growth rate is the fastest growth rate observed between
adjacent time points during population expansion. NK growth rates are calculated for an
endogenous infection and for the adoptive transfer models of 104 and 105 cells per mouse.
B, The fastest two-point decay rates for CD4 T cells, CD8 T cells, and NK cells in the lung,
liver, and spleen for various MCMVAgs. The fastest two-point decay rate is the fastest
decay rate observed between adjacent time points during population contraction.
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FIGURE 3.

Decay profiles. Three possible models of decay and describe population contraction. Model
1, The population contraction to zero levels with constant t1/2. As the population will
approach zero levels, this decay model is not indicative of stable memory formation. Model
2, The population contracts to nonzero levels with constant t1/2. If the plateau is higher than
background levels, this indicates a stable memory population has formed. Model 3, Biphasic
decay in which the total population consists of two subpopulations, one with a fast and one
with a slow t1/2. This decay is indicative of a fast effector decaying population and a slowly
decaying memory population.
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FIGURE 4.
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Representative decay model fits to data. We fit all of the three possible models (Fig. 3) of
population decay to the experimental data after the peak of the response to determine which
of these models best describes the data. More complex models must fit significantly better to
justify the additional parameters to be considered the best fit. A representative plot of the fits
for the lung, liver, and spleen (columns 1, 2, and 3, respectively), for CD4+ T cells, CD8+ T
cells, endogenous NK cells, and adoptively transferred NK cells (rows 1, 2, 3, and 4,
respectively) are shown. The title above each plot describes the model of best fit and/or the
representative epitope shown. CD4+ T cells, CD8+ T cells, and endogenous NK cells fit well
to both the exponential with plateau model and the biexponential model (models 2 and 3,
respectively, from Fig. 3). Importantly, the endogenous NK cell population has returned to
preinfection levels 20 d after the peak. The adoptively transferred NK cell population fits
best to a simple exponential model (model 1 from Fig. 3).
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FIGURE 5.
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T cell and NK cell immune response kinetics. A, From a very low precursor frequency, T
cells quickly expand to their population peak, after which the population begins to contract.
T cell contraction is multiphasic, with a fast initial decay and either a slow late decay or
plateau. The T cell memory population level is high compared with the naive precursor
frequency, providing long-term protection. B, From a high precursor frequency (~40% of all
NK cells), responding Ly49H+ NK cells slowly grow to their population peak, which occurs
at around the same time as the peak in T cells. After this peak, the responding NK cell
population experiences constant, continuous decay and quickly returns to below basal levels.
As these Ag-experienced or memory NK cells continue to decay, they will eventually
comprise an insignificant proportion of the basal NK levels. Thus, memory NK cells may
only provide increased protection for the short term when compared with T cells.
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