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Abstract

While the specificity and development of natural killer (NK) cells have been intensely studied,
little is known about homeostasis of the mature NK population. Here we show that mouse NK
cells undergo homeostatic proliferation when transferred into NK-deficient Rag™/~ yC~/~
hosts. Normal NK functional activity is maintained during this process, although there are
some changes in NK phenotype. Using cell sorting, we demonstrate that mature (Mac-1") NK
cells undergo homeostatic proliferation in an NK-deficient environment, yet immature
(Mac-1"°) NK cells also proliferate in such hosts. We find that mature NK cells survive but do
not proliferate in hosts which possess an endogenous NK pool. However, we go on to show
that mature NK survival is critically dependent on interleukin (IL)-15. Surprisingly, NK sur-
vival is also compromised after transfer of cells into IL-15Ra ™/~ mice, implying that IL-15 re-
sponsiveness by bystander cells is critical for NK maintenance. These data imply that, similar to
T cells, homeostasis of the NK pool is much more dynamic than previously appreciated and

this may be relevant to manipulation of NK cells for therapeutic purposes.
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Introduction

NK cells are thought to play an important role in immune
defense against pathogens (1-3) and tumors (4-7). The
identity and specificity of both inhibitory and stimulatory
receptors for class | MHC molecules on NK cells has been
intensely studied, and much is known about the role of
these receptors in dictating NK functional activity (8—10).
Other studies have focused on the role of soluble factors in
regulating NK differentiation and function, and this has
lead to identification of IL-15 as a key factor in NK cell
ontogeny. Thus, there is NK deficiency in mice lacking
IL-15 or IL-15 receptor components (comprising of IL-
15Ra, IL-2R 3, and the common 7y chain [yC]*) (11-15).
In contrast to this extensive literature on NK difterentia-
tion and effector functions, the factors which influence
maintenance of the mature NK pool have received little
attention. Mature NK cells are typically thought to be a
terminally differentiated population, unable to be main-
tained by self renewal (1, 2, 16). Indeed, NK cells are typi-
cally not in cell cycle, except in response to infection with
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certain pathogens or stimulation with high doses of appro-
priate cytokines (such as type I interferons, IL-12 or IL-15;
references 1 and 2). However, it is currently unclear
whether NK cells have a fixed lifespan as nondividing cells
or whether they can respond to homeostatic signals to
maintain the size of the NK pool.

Similar questions have been addressed for the T cell pool,
and it has become clear that mature T cell homeostasis is far
more dynamic than previously suspected (17-20). Survival of
naive mature T cells requires exposure to IL-7 and self-pep-
tide/MHC complexes. Furthermore, naive T cells proliferate
in a T lymphopenic host (a process termed homeostatic pro-
liferation) which, like naive T cell survival, requires exposure
to IL-7 and appropriate self-peptide/MHC complexes. Ho-
meostatic proliferation does not actually replace the naive
pool: naive T cells stably acquire a memory-like phenotype
during homeostatic expansion and thymic output is required
to replenish the naive T cell pool (21, 22). Hence, it has
been speculated that T cells initiate homeostatic proliferation
in an effort to repopulate lymphopenic individuals with
functionally enhanced cells. Indeed, homeostatic prolifera-
tion of T cells can markedly enhance their reactivity to for-
eign antigens and recent work has shown this may be a ther-
apeutic benefit in cancer immunotherapy (23-25).
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Less is known about survival and homeostatic prolifera-
tion of other lymphocyte subsets. Recent data indicate that
Val4i NK-T cells, like conventional T cells undergo ho-
meostatic proliferation (26). B cell survival requires a func-
tional B cell receptor (27), and exposure to soluble factors
(28). Recent reports suggest that B cells also undergo ho-
meostatic proliferation in B cell-deficient hosts (29), al-
though this may be a property of a subset of B cells (30).

Such findings raise the question of how other mature
lymphoid subsets are maintained. Here we focus on ho-
meostasis of mature NK cells and report that it is a highly
dynamic process. We find that mature NK cells proliferate
rapidly in an NK-deficient environment, arguing that NK
cells are capable of responding to “space” by homeostatic
proliferation. Furthermore, we show that IL-15 is manda-
tory for the survival of mature NK cells, and that this IL-15
dependence is, at least in part, mediated through responses
by other IL-15Ra bearing cells. The implications of these
findings for natural and therapeutic regulation of the NK
pool are discussed.

Materials and Methods

Mice. Rag-27/7/yC™/~ double deficient (Rag™/~yC~'7),
CD45.1" Rag-27/" mice (CD45 congenic Rag™/"), and IL-157/~
mice were obtained from Taconic Farms. All of these mice are on
C57BL/6 (B6) or B6/B10 mixed backgrounds. IL-15Ra™/~
mice were obtained from The Jackson Laboratory. Additional
Rag-27/~ or Rag-1"/~ mice were obtained from Taconic Farms
or The Jackson Laboratory, respectively. B6 mice and CDA45
congenic (CD45.1, also called Ly5.2) B6 mice were obtained
from Jackson Laboratories or the National Cancer Institute. All
mice were maintained under specific pathogen-free conditions
and used at 6-12 wk of age.

Adoptive Transfer and Cell Sorting. Red blood cell-depleted
splenocytes were isolated from Rag™~ mice or B6 mice and la-
beled with CFSE (Molecular Probes) as described previously
(31). In some experiments, Rag™~ splenocytes (which were on
average 25% NK1.1%) were used without further purification.
Splenocytes isolated from B6 mice were enriched for NK cells
using SpinSep/Murine NK Cells kit (StemCell Technologies
Inc.) before CESE labeling and adoptive transfer. In this case the
percentage of NK1.1* (CD37) cells was on average 40%. Be-
tween 0.7 X 10° and 1.4 X 10° CFSE-labeled splenocytes were
injected per recipient mouse, unless otherwise indicated. In all
experiments, donor cells were injected intravenously into the
tail vein.

To obtain a pure population of mature Mac-1" NK cells, sple-
nocytes from B6 mice were enriched for NK cells by negative se-
lection using MACS microbeads (Miltenyi Biotec). Splenocytes
were labeled with FITC-coupled Abs to B220 (clone RA3-6B2),
[-Ab (AF6-120.1), CD4 (GK1.5), and CD8 (53-6.7) (all from
BD Biosciences). After staining, cells were subject to depletion
using anti-FITC MACS microbeads. This protocol enriched the
NK population by 5-10 fold. Cells in the flow through were then
stained with anti-CD3 FITC (BD Biosciences), anti-Mac1(M1/
70) PE, and NK1.1 (PK136) APC (both from eBioscience) and
further purified using the FACSVantage™ DIVA system. Alter-
natively, splenocytes from Rag™/~ donor mice were directly
stained with anti-CD3, anti-Mac-1, and anti-NK1.1, and sorted
on the FACSVantage™ DIVA. In both cases, cells used for adop-
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tive transfer experiments were at least 93.5% pure NK1.1* CD3~
and Mac-1". Cells were then labeled with CFSE and transferred
into recipient mice as described. 0.7 X 10% to 2 X 10> NK1.1*
CD3~ Mac1hi cells were injected.

Flow Cytometry. Recipient mice were killed at the time
points indicated and single cell suspensions were prepared from
the spleen. Red blood cell-depleted splenocytes were treated
with 2.4G2.1 (“Fc-Block”) before further staining. Cells were
typically stained with anti-NK1.1 APC, anti-Mac-1 PE (as
above) and anti-CD69 biotin (clone H1.2F3; eBioscience), fol-
lowed by Streptavidin (SA)-PerCP.

For intracellular staining, cells were prepared with the Cyto-
fix/Cytoperm kit in the presence of brefeldin A (BD Biosciences)
and stained with anti-IFN-y PE (XMG1.2; eBioscience), anti-
NK1.1 APC and Mac-1 biotin followed by SA-PerCP.

Cells were analyzed using a FACSCalibur™ (BD Biosciences)
and analyzed using FLOW]JO (TreeStar) software. For the exper-
iment in Fig. 6 b, the rare donor cells were identified and enu-
merated in two ways. In the first approach, total live events were
analyzed for CFSE* donor cells. In the second method, CFSE*
events were acquired from a known starting number of total live
cells. Results from the latter approach are shown, but both meth-
ods yielded similar data.

NK Functional Assays.  Poly I:C induction of NK function
was performed as described previously (32). Briefly, 150 g poly
I:C were injected intraperitoneally per mouse. Mice were killed
5.5 h after injection and single cell suspensions prepared from
the spleen. Cytolytic potential of cells was tested in a >'Cr re-
lease assay. Briefly, EL-4 (a syngeneic control target) and YAC-1
(an NK cell target) cells were labeled with 3'Cr-sodium chro-
mate for 1 h at 37°C and washed before incubation with the ef-
fector cells. NK cells were recovered from Rag™/~yC™/~ hosts
transferred with Rag™/~ splenocytes 7 d before harvesting, or
from untransferred Rag™'~ mice. NK cells were enriched using
the SpinSep kit (StemCell Technologies Inc.). In these experi-
ments, this protocol yielded a population which was 40-80%
NK1.1*. The number of cells in the effector population was ad-
justed such that the effector to target (E:T) numbers listed reflect
input of NK1.1% cells. Cells were incubated for 4 h at 37°C and
target cell lysis calculated. Spontaneous release was less than 12%
in the experiment shown. A total of four >'Cr release assays were
performed.

Results

NK Cells Undergo Homeostatic Proliferation in NK-deficient
Hosts.  To study NK cell homeostasis, we used an adop-
tive transfer approach. NK cells were isolated from RAG ™/~
mice (which lack T and B cells, but possess NK cells) and
were labeled with the dye CFSE before injection into
RAG ™/~ yC™/~ mice (which are devoid of all lympho-
cytes). Proliferation of the donor NK pool was observed, as
monitored by dilution of the CFSE dye and increase in
percentage and numbers of donor NK cells over time (Fig.
1 a). If this finding were analogous to T cell homeostatic
proliferation, then donor NK proliferation would depend
on the absence of an endogenous NK pool. To test this, we
transferred NK cells into both Rag™'~ and Rag™/~ yC~/~
hosts. Donor cells were distinguished from host NK cells in
the Rag™~ hosts using an allelic marker. Donor NK cells
proliferated extensively in the Rag™~ yC™/~ hosts, as re-
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Figure 1. Expansion of NK1.17 cells in an NK-deficient host. (a) Sple-
nocytes were isolated from Rag™~ mice, CFSE labeled and transferred
into Rag™/~yC™/~ hosts. Hosts and untransferred controls were killed at
days 1 and 13 post transfer and stained for NK1.1 and DX5. (b) Spleno-
cytes were isolated from Rag™~ mice (left hand panels) or enriched from
B6 mice (right hand panels). The cells were labeled with CESE and ~1 X
10° cells transferred into congenic (CD45.1%) Rag™/~ or Rag™/~yC™/~
hosts. After 7 d, the hosts were killed and splenocytes analyzed. The
CFSE profile is shown for cells in the Rag™/~ hosts (cells gated for
CD45.1"NK1.17 events) in the top panels, and cells in the Rag™/~yC™/~
host (gated on NK1.1% events) in the bottom panels.

vealed by extensive CESE dye dilution, but there was min-
imal proliferation of donor NK cells in the Rag™~ hosts
(Fig. 1 b). Some CFSE negative cells (~20% on average)
were detected in the congenic donor NK gate after transfer
into Rag™~ hosts. These events could be caused by host
(CFSE negative) NK cell contamination in the gate or this
population may represent a small population of rapidly di-
viding donor NK cells (see below). In either case, the bulk
of donor NK cells do not appear to divide in Rag™~ re-
cipients. In these experiments we tested the response of
NK cells derived from Rag™~ donors and also NK cells
enriched by negative selection from normal B6 donors. As
shown in Fig. 1 b, both NK populations behaved similarly,
and further experiments were performed using either B6 or
Rag™/~ animals as a source for NK cells.
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In addition to genetic mutation, lymphocyte space can
be induced acutely by irradiation. Indeed, we also found
that NK cells proliferate in sublethally irradiated B6 or
Rag™’~ hosts, although to a lesser extent than in Rag™/~
vC ™/~ hosts (unpublished data). This less vigorous prolifer-
ative response may relate to the fact that NK cells are more
radioresistant than most lymphocytes (33, 34) and thus the
extent of NK-lymphopenia induced by sublethal irradia-
tion may be inadequate.

Thus, our data suggest that NK cells undergo extensive
proliferation in NK cell-deficient recipients, but are main-
tained without cell division in an NK-full host. These data
suggest that NK cells are capable of undergoing homeo-
static expansion in response to NK ‘space’.

Mature and Immature NK Cells Homeostatically Prolifer-
ate. Although the NK development typically occurs in
the bone marrow, some NK precursors are found in the
spleen (32), the source of our NK donor population. This
raised the possibility that we might be studying NK devel-
opment rather than mature NK homeostatic proliferation
in the adoptive transfer model. Recent work from Kim et
al. has elegantly defined the maturation stages of murine
NK cells (32): fully mature NK cells (Stage V cells) express
high levels of the Mac-1 (@M[2) integrin, while their im-
mediate precursors (Stage IV NK cells) are Mac-1"°. This
maturation step is accompanied by acquisition of full NK
functionality. About 90% of the NK cells in the spleen are
Mac-1" and the remaining 10% are Mac-1° (32), and this
ratio was typically maintained after homeostatic prolifera-
tion in Rag™/~yC~/~ hosts (Fig. 2 a). The proliferating
cells included both Mac-1" and Mac-1' subsets, although
the cells with the Mac-1"° phenotype (immature NK cells)
had undergone more rounds of proliferation, as judged by
the extent of CFSE dilution (Fig. 2, b and c).

As Mac-1° NK cells can give rise to fully mature Mac-
1 NK cells, it was possible that Mac-1 cells in our donor
innoculum were solely responsible for the proliferation ob-
served in Rag™~yC™/~ hosts. To test this possibility, we
sorted Mac-1" NK-1.1* donor NK cells before transfer
into either Rag™/~ and Rag™/~yC~/~ hosts (Fig. 3 a). This
approach revealed that the fully mature Mac-1" NK subset
was capable of homeostatic proliferation, demonstrated by
extensive proliferation in the NK-deficient Rag™/~yC~/~
hosts but not in the NK-replete Rag™’~ hosts (Fig. 3 b).
Similar findings were obtained whether the Mac-1" NK
population was prepared from Rag™'~ or B6 donor mice
(unpublished data). In addition, we performed preliminary
experiments involving transfer of sorted Mac-1" donor
NK cells into congenic Rag™~ hosts. Gating on the do-
nor-derived cells in this case demonstrated that at least 95%
of the donor NK cells were in a single CFSE™ peak at day
5 after transfer, implying no cell division (unpublished
data). This suggests that mature (Mac-1" /Stage V) NK
cells do not proliferate after transfer into the NK “full”
Rag™’~ host.

Thus, our data with bulk and Mac-1" purified NK do-
nor populations indicate that both mature and immature
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NK Cells Maintain Phenotype and Function during Homeo-
static Proliferation. Homeostatic proliferation of naive T
cells results in dramatic changes in phenotype and activity.
In most cases, naive T cells acquire memory markers and
functional properties without transition through a typical
activated stage. On the other hand, some reports indicate
homeostatic proliferation can induce T cell anergy or re-
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Figure 3. Homeostatic proliferation of mature (Mac-1") NK cells. (a)
B6 splenocytes were sorted for NK1.1* CD3~ Mac-1" cells. Purity of the
population before and after sorting is shown. (b) NK1.1* CD3~ Mac-1"
cells were CFSE labeled and transferred into Rag™/~ and Rag™/~yC™/~
recipients. Hosts were harvested 5 d after transfer. CESE profile from rep-
resentative Rag™'~ (gray filled histogram) and Rag™/~yC~/~ hosts (un-
filled histogram) are shown.
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proliferate in NK-deficient hosts. Splenocytes from
Rag™/~ animals were harvested, CFSE labeled, and
adoptively transferred into Rag™~yC™/~ hosts.
Host animals were harvested 7 d post transfer and
stained for NK1.1 and Mac-1. (a) Mac-1 staining in
the NK1.1" population. The CFSE profile for (b)
Mac-1° (immature phenotype) and (c) Mac-1"
(mature phenotype) NK cells is shown. The CFSE
level in donor NK cells 7 d after transfer into Rag™~
hosts is also shown (open histogram with dotted
line), to indicate the extent of CFSE dilution in the
Rag™/~yC™/~ hosts.

sult in overt T cell activation (for a review, see reference
20). For these reasons it was of interest to test whether
and how NK phenotype and function were affected by
homeostatic proliferation.

We examined cell surface expression of NK1.1, Mac-1,
and CD69 on donor NK cells after transfer into Rag™/~
versus Rag™/~yC™/~ hosts. In addition, we monitored the
size of these cells (forward scatter, FSC). For the most part
the phenotype of the cells after homeostatic proliferation
was similar to that of normal mature NK cells. However,
we did observe a consistent rise in FSC (commensurate
with the cells becoming blasts) and elevated expression of
Mac-1 (Fig. 4, a and b). CD69, an early activation marker,
was also elevated on a subset of NK cells undergoing ho-
meostatic proliferation (Fig. 4 ¢), although this finding was
more variable than the changes in Mac-1 expression.
Lastly, NK1.1 expression was typically unchanged after NK
homeostatic proliferation (Fig. 4 d).

To examine NK cell function, we initially tested whether
homeostatic proliferation influenced the response of NK
cells to poly I:C, a potent inducer of NK activity (probably
via IL-15). Both normal NK cells and NK cells which were
allowed to expand in a Rag™/~yC~/~ host were induced
with poly I:C and assayed for IFN-y production (Fig. 5 a)
and up-regulation of CD69 (Fig. 5 b). In addition, we
noted that Mac-1 levels are elevated by poly I:C stimulation
on both populations of NK cells (Fig. 5 ¢). We also tested
the impact of homeostatic proliferation on the ability of NK
cells to lyse target cells ex vivo. NK cells which had under-
gone homeostatic proliferation in Rag™~yC™/~ hosts were
able to lyse YAC-1 target cells at least as well as NK cells
derived from Rag™~ mice (Fig. 5 d). Thus, these func-
tional assays suggest that homeostatic proliferation did not
significantly enhance or diminish NK reactivity.
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ation had no discernable effect on NK function and a
moderate effect on NK phenotype. Importantly, these
findings also suggested that the proliferation observed in
Rag /~yC™/~ hosts did not arise from activation by en-
dogenous pathogens in these mice: were that to be the
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mice, CFSE labeled, and transferred into Rag™/~
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grams) hosts. Recipients were killed at day 7 after
transfer. Cells were analyzed for (a) size (forward
scatter), (b) Mac-1, (¢) CD69, and (d) NK1.1.
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E:T ratio reflects input of NK cells into the assay.

971 Prlic et al.



The Journal of Experimental Medicine

the requirement for IL-15 in NK homeostasis. We en-
riched NK cells from normal B6 donors, labeled them with
CFSE, and transferred the cells into IL-15"/" versus B6
hosts. These host animals are similar in terms of overall
lymphoid cellularity but the IL-157/~ mice are profoundly
NK deficient (15). While donor NK cells persisted well in
the B6 recipients, we saw a striking loss of NK cells in the
IL-157/" hosts by day 4 after transfer (Fig. 6 a). These find-
ings were unlikely to reflect rejection of the donor cells nor
reduced efficiency of transfer into the IL-157/" host, since
donor T cells (NK1.17 cells which were contaminants in
the donor input) were present in both hosts (Fig. 6 a). In
the same experiment, both donor NK and T cell popula-
tions proliferated vigorously in Rag™/~yC~/~ hosts (Fig. 6
a), demonstrating that these cells were not compromised by
the purification procedures. A small population (<0.4% of
total splenocytes) of CFSE negative NK1.17 cells was ob-
served in the IL-157/" hosts: these cells were present at a
similar frequency to the residual NK population observed
previously in IL-157" mice (15), and we concluded that
these were host-derived cells.

In preliminary experiments, we assayed the time course
for donor NK cell survival after transfer into congenic B6
and IL-157/" hosts. These data suggested that at 6 h donor
NK cells were present in both types of host, but that the
NK population had already started to decline at 24 h post
adoptive transfer into IL-157/" hosts (unpublished data).
These data are consistent with a recent report from Cooper

Q

IL-15" host

B6 host

and colleagues, which also suggested a critical role for IL-
15 in mature NK survival (37).

Finally, we studied NK persistence in IL-15Ra ™/~ hosts.
One might predict that these hosts would support NK sur-
vival at least as well as B6 controls, as IL-15Ra™/~ mice
express IL-15 but lack endogenous NK cells (14, 35, 38).
Surprisingly, however, donor NK cells decline precipi-
tously in IL-15Ra ™/ recipients, behaving similarly to NK
cells transferred into IL-157/~ hosts (Fig. 6 b). Again, poor
engraftment or rejection of the donor cells is unlikely, as
non-NK cells (identified as being NK1.17) in the donor
innoculum were detected at similar numbers in all the host
animals. These data suggest that host expression of both IL-
15 and IL-15Ra 1s necessary for donor NK survival. The
implications of these findings on NK homeostasis are dis-
cussed below

Discussion

This report focuses on homeostasis of the mature NK
population. NK cells (in contrast to T and NK-T cells) de-
velop extrathymically, in the absence of CD3 chains and
RAG proteins (9). NK cells have several characteristics that
partially overlap with those of T cells, including the ability
to mediate target specific lysis and produce IFN-y upon
stimulation.

While the requirements for NK development are being
determined (9, 32), little is known about how the size and
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composition of the mature NK population is maintained.
Here we demonstrate that mature NK cells are not end
stage cells with a fixed lifespan, but that they respond to
endogenous cues which can lead to their proliferation (in
hosts lacking endogenous NK cells), survival (in animals
with a normal NK pool) or loss (in animals lacking IL-15
or IL-15Ra).

An important element in interpreting our NK cell trans-
fers was to distinguish between homeostasis versus develop-
ment of NK cells. NK cells develop in the bone marrow
but other tissues, including spleen and liver, also contain
NK precursors (32). A recent report from Yokoyama’s
group has delineated the stages for mouse NK cell develop-
ment, and identified a Mac-1" population as the final stage
of NK cell development (termed Stage V; reference 32).
By sorting for Stage V (Mac-1") NK cells we show that
they are able to survive in NK-replete (Rag™’~) hosts and
expand in NK-deficient (Rag™/~yC~/7) hosts, arguing that
this population can enter cell division when exposed to NK
‘space’. In addition, however, experiments in which bulk
NK cells were transferred indicated that a Mac-1° NK cell
population proliferate extensively in NK-deficient hosts.
Based on previous work, these cells are unlikely to arise
from Stage V mature NK cells and are more likely to be
proliferating Mac-1'° Stage IV NK cells or earlier precur-
sors from the spleen (32). In keeping with this, we ob-
served that the extensively-proliferating, Mac-1"° subset
showed reduced IFN-y production (relative to the Mac-1"
subset) after poly-1:C induction (unpublished data), a
hallmark of Stage IV NK cells (32). When transferring bulk
NK cells into Rag™'~ hosts, we observed a small popula-
tion of CESE negative cells, which might represent a small
but rapidly dividing population of donor cells (Fig. 1b). As
we did not observe a similar population after transfer of
Mac-1" NK cells into Rag™~ hosts, it seems likely that
such proliferating cells would be derived from Mac-1°
Stage IV precursors, although we did not directly address
that hypothesis here.

These findings suggest that mature NK cells, like T cells,
are able to undergo homeostatic proliferation in appropri-
ately lymphopenic hosts. In the case of T cells, homeostatic
proliferation is accompanied by conversion of naive T cells
to “memory-like” cells which show the functional and phe-
notypic features of bona fide memory T cells. In our studies
we observe moderate phenotypic changes on NK cells after
homeostatic proliferation, including up-regulation of Mac-1
and slightly elevated expression of CD69, but our data also
indicate that NK function is neither compromised nor en-
hanced by homeostatic proliferation (Fig. 5). This diverges
from the T cell literature where homeostatic proliferation
leads to memory-like functions not observed in the naive
pool (e.g., cytolytic activity by CD8 T cells; references 39
and 40). On the other hand, NK cells are unusual in that
they are constitutively primed for reactivity, as measured by
ex vivo cytolytic activity and rapid IFN-y production upon
induction. In this regard, NK cells perhaps most closely re-
semble preformed memory CD8 T cells, a similarity
strengthened by their shared reliance on IL-15 (41).
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T cell homeostatic proliferation has been shown to be
influenced by the TCR, and there is considerable data sug-
gesting that homeostatic proliferation can bias the TCR
repertoire (42). Indeed, it has been suggested that homeo-
static proliferation is a key element in generation of autoag-
gressive T cells in some models of autoimmunity (43). NK
cells also express a variety of MHC class I-specific recep-
tors, some of which inhibit and others activate NK re-
sponses. While we have not yet comprehensively tested
changes in NK receptor repertoire, preliminary data sug-
gest that there are not wholesale alterations in the expres-
sion of several Ly-49 receptors (unpublished data). How-
ever this is clearly an important issue to pursue.

It is interesting to compare these data on NK cells to the
well established requirements for T cell homeostasis (20).
Our data suggest that, like T cells, homeostasis of mature
NK cells depends on cytokines. In the case of T cells, sev-
eral cytokines are able to support naive T cell survival and
homeostatic proliferation in vitro, but compelling data ar-
gue that IL-7 is the obligatory factor in vivo (44—46). Like-
wise, we show here that IL-15 is critical for mature NK
cell survival (Fig. 6). Interestingly, both cytokines also play
a role in development of the respective lymphoid subsets,
IL-7 being required for development of immature T cells
(47, 48) and IL-15 being essential for NK cell development
(14, 15).

In addition to supporting NK development, IL-15 can
induce mature NK proliferation and activation (1, 49). Pre-
vious reports suggested IL-15 could support human NK
survival in vitro (50), but our data extend these findings to
suggest that IL-15 is an obligatory survival cytokine for
murine NK cells in vivo. These findings confirm and ex-
tend a recent report from Caligiuri’s group (37). It has been
shown that IL-15 can act directly on mature NK cells, and
so one might expect that IL-15 also acts directly on mature
NK cells to mediate their survival. However, our data (Fig.
6 b) and those of Ma and colleagues (50a), show that NK
survival is also compromised in IL-15Ra—deficient hosts.
This is analogous to a previous report showing that IL-15
driven proliferation of normal memory CD8 T cells is
compromised in IL-15Ra ™/~ hosts (38). These data argue
that the capacity of IL-15 to mediate survival of both NK
and memory CD8 T cells is critically dependent on IL-
15R o expression by a bystander cell. Interestingly, our data
suggest that this (unknown) cell utilizes an unusual form of
the IL-15 receptor. The standard lymphoid IL-15 receptor
comprises of the IL-15Ra, IL-2R3 and yC chains. Yet in
our studies NK cells transferred into Rag™/~yC~’~ hosts
survive (and proliferate) while NK cells transferred into IL-
15Ra™’~ hosts expire (Fig. 6 b; reference 50a). An impli-
cation from these data is that the IL-15 receptor responsible
for NK maintenance contains the IL-15Ro chain but not
vC. This might occur if the function of the host cells is to
bind IL-15 (via the high affinity IL-15Ra chain) without
a need for cell signaling (via the yC chain). Interestingly, a
very recent report from Dubois et al. support just such a
scheme, with clear demonstration that one cell, expressing
only the a-chain of the IL-15R can efficiently “present”
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IL-15 to a second cell expressing only the 8- and y-chains,
inducing the latter’s proliferation (51). Alternatively, the
discrepancy between support of NK homeostasis in the
Rag™/~yC~/~ hosts but not the IL-15Ra™/~ hosts could
concern other cytokines which are impacted by the yC de-
ficiency. In this regard, it is interesting to note that IL-21
has been reported to support NK activation but not NK vi-
ability (52). In IL-15Ra ™/~ animals, IL-21 but not IL-15 is
able to act through its receptor, while in Rag™/~yC~/~ an-
imals the response to both cytokines is blocked (53). In any
case, a bystander cell seems to be involved in regulating
NK survival. Clearly, further analysis will be needed to de-
fine the mechanism by which IL-15 and its receptor chains
are involved in maintenance of the NK cell pool.

A potential caveat in interpreting these experiments is
that Rag™/~yC~/~ and IL-15Ra ™/~ hosts differ widely in
lymphoid cellularity, raising the possibility that NK cells
simply fail to find a niche in IL-15"/" and IL-15Ra ™/~
hosts. This seems unlikely when we consider that trans-
ferred NK cells are maintained in B6 hosts, which are sim-
ilar to IL-157/~ and IL-15Ra ™/~ hosts in terms of overall
cellularity and which also contain an endogenous NK
population (Fig. 6). Furthermore, preliminary data indi-
cated that NK cells proliferated (albeit moderately) in Flt-
3L/~ host mice (unpublished data). These mice have a
partial defect in NK development but are mostly normal
for other splenic lymphoid subsets (54). Thus, NK ho-
meostatic proliferation depends less on the size of the
overall lymphoid compartment than on the size of the NK
pool, analogous to the criteria for T cell homeostatic pro-
liferation (20).

Although the physiological relevance of homeostatic
proliferation in T cells is unclear, this process appears to
occur in clinical settings of lymphopenia (for example as a
result of radio-/chemotherapy or after recovery from
pathogen-induced T cell deficiencies; references 55-58).
Indeed, recent data suggest T cell homeostatic proliferation
can be used to boost tumor immunotherapy (23-25). Like-
wise, our data suggest that NK homeostatic proliferation
can be used to reconstitute a defective NK pool. There is
growing evidence that NK cells can be a critical line of de-
fense against pathogens (2, 3) and cancers (4-7), but that
NK cells may also compromise allogeneic transplants (59).
For these reasons, regulation of NK homeostasis has thera-
peutic potential, and our data suggest strategies of how it
may be manipulated.

We thank Averil Ma (U. Chicago) for communicating data prior to
publication, and for helpful comments, the Hogquist and Jameson
lab members for critical input, and K. McCarthy, G. Porisch, E.
Walsh, M. Quinn, and M. Lucido for technical assistance.

This work was supported by the National Institutes of Health
through awards AI38903 (to S.C. Jameson) and CA72669 (to B.J.
Blazar).

Submitted: 23 October 2002
Revised: 3 February 2003
Accepted: 5 February 2003

974 NK Cell Homeostasis

References

1.

10.

11.

12.

13.

14.

15.

16.

Biron, C.A., K.B. Nguyen, G.C. Pien, L.P. Cousens, and
T.P. Salazar-Mather. 1999. Natural killer cells in antiviral de-
fense: function and regulation by innate cytokines. Annu.
Rev. Immunol. 17:189-220.

. Dokun, A.O., S. Kim, H.R. Smith, H.S. Kang, D.T. Chu,

and W.M. Yokoyama. 2001. Specific and nonspecific NK
cell activation during virus infection. Nat. Immunol. 2:951—
956.

. Daniels, K.A., G. Devora, W.C. Lai, C.L. O’Donnell, M.

Bennett, and R.M. Welsh. 2001. Murine cytomegalovirus is
regulated by a discrete subset of natural killer cells reactive
with monoclonal antibody to Ly49H. J. Exp. Med. 194:29—
44.

. Diefenbach, A., A.M. Jamieson, S.D. Liu, N. Shastri, and

D.H. Raulet. 2000. Ligands for the murine NKG2D recep-
tor: expression by tumor cells and activation of NK cells and
macrophages. Nat. Immunol. 1:119-126.

. Diefenbach, A., E.R. Jensen, A.M. Jamieson, and D.H. Rau-

let. 2001. Rael and H60 ligands of the NKG2D receptor
stimulate tumour immunity. Nature. 413:165-171.

. Kim, S., K. lizuka, H.L. Aguila, [.L. Weissman, and W.M.

Yokoyama. 2000. In vivo natural killer cell activities revealed
by natural killer cell-deficient mice. Proc. Natl. Acad. Sci.
USA. 97:2731-2736.

. Ruggeri, L., M. Capanni, E. Urbani, K. Perruccio, W.D.

Shlomchik, A. Tosti, S. Posati, D. Rogaia, F. Frassoni, F.
Aversa, et al. 2002. Effectiveness of donor natural killer cell
alloreactivity in mismatched hematopoietic transplants. Sci-
ence. 295:2097-2100.

. Yokoyama, W.M. 1998. Natural killer cell receptors. Curr.

Opin. Immunol. 10:298-305.

. Raulet, D.H., R.E. Vance, and C.W. McMahon. 2001.

Regulation of the natural killer cell receptor repertoire.
Annu. Rev. Immunol. 19:291-330.

Smith, H.R., A.H. Idris, and W.M. Yokoyama. 2001. Mu-
rine natural killer cell activation receptors. Immunol. Rev. 181:
115-125.

Cao, X., E-W. Shores, J. Hu-Li, M.R. Anver, B.L. Kelsall,
S.M. Russell, J. Drago, M. Noguchi, A. Grinberg, E.T.
Bloom, et al. 1995. Defective lymphoid development in mice
lacking expression of the common cytokine receptor gamma
chain. Immunity. 2:223-238.

DiSanto, J.P., W. Muller, D. Guy-Grand, A. Fischer, and K.
Rajewsky. 1995. Lymphoid development in mice with a tar-
geted deletion of the interleukin 2 receptor gamma chain.
Proc. Natl. Acad. Sci. USA. 92:377-381.

Suzuki, H., G.S. Duncan, H. Takimoto, and T.W. Mak.
1997. Abnormal development of intestinal intraepithelial
lymphocytes and peripheral natural killer cells in mice lacking
the IL-2 receptor beta chain. J. Exp. Med. 185:499-505.
Lodolce, J.P., D.L. Boone, S. Chai, R.E. Swain, T. Dassop-
oulos, S. Trettin, and A. Ma. 1998. IL-15 receptor maintains
lymphoid homeostasis by supporting lymphocyte homing
and proliferation. Immunity. 9:669-676.

Kennedy, M.K., M. Glaccum, S.N. Brown, E.A. Butz, J.L.
Viney, M. Embers, N. Matsuki, K. Charrier, L. Sedger, C.R.
Willis, et al. 2000. Reversible defects in natural killer and
memory CD8 T cell lineages in interleukin 15-deficient
mice. J. Exp. Med. 191:771-780.

Trinchieri, G. 1989. Biology of natural killer cells. Adv. Im-
munol. 47:187-376.



The Journal of Experimental Medicine

17. Goldrath, A.W., and M.J. Bevan. 1999. Selecting and main-
taining a diverse T-cell repertoire. Nature. 402:255-262.

18. Surh, C.D., and J. Sprent. 2000. Homeostatic T Cell Prolif-
eration. How far can T cells be activated to self-ligands? J.
Exp. Med. 192:F9-F14.

19. Marrack, P., J. Bender, D. Hildeman, M. Jordan, T. Mitchell,
M. Murakami, A. Sakamoto, B.C. Schaefer, B. Swanson, and
J. Kappler. 2000. Homeostasis of alpha beta TCR+ T cells.
Nat. Immunol. 1:107-111.

20. Jameson, S.C. 2002. Maintaining the norm: T-cell homeosta-
sis. Nat. Rev. Immunol. 2:547-556.

21. Tanchot, C., A. Le Campion, B. Martin, S. Leaument, N.
Dautigny, and B. Lucas. 2002. Conversion of naive T cells to
a memory-phenotype in lymphopenic hosts is not related to a
homeostatic mechanism that fills the peripheral naive T cell
pool. J. Immunol. 168:5042-5046.

22. Ge, Q., H. Hu, H.N. Eisen, and J. Chen. 2002. Different
contributions of thymopoiesis and homeostasis-driven prolif-
eration to the reconstitution of naive and memory T cell
compartments. Proc. Natl. Acad. Sci. USA. 99:2989-2994.

23. Dummer, W., A.G. Niethammer, R. Baccala, B.R. Lawson,
R.A. Reisteld, and A.N. Theofilopoulos. 2002. T cell ho-
meostatic proliferation elicits effective anti-tumor autoimmu-
nity. J. Clin. Invest. 110:185-192.

24. Dudley, ML.E., J.R. Wunderlich, P.F. Robbins, J.C. Yang, P.
Hwu, D.J. Schwartzentruber, S.L. Topalian, R. Sherry, N.P.
Restifo, A.M. Hubicki, et al. 2002. Cancer regression and
autoimmunity in patients after clonal repopulation with anti-
tumor lymphocytes. Science. 298:850—-859.

25. Hu, H.-M., C.H. Poehlein, W.J. Urba, and B.A. Fox. 2002.
Development of antitumor immune responses in reconsti-
tuted lymphopenic hosts. Cancer Res. 62:3914-3919.

26. Matsuda, J.L., L. Gapin, S. Sidobre, W.C. Kieper, J.T. Tan,
R. Ceredig, C.D. Surh, and M. Kronenberg. 2002. Homeo-
stasis of Vo141 NK-T cells. Nat. Immunol. 3:966-974.

27. Lam, K.-P., R. Kuhn, and K. Rajewsky. 1997. In vivo abla-
tion of surface immunoglobulin on mature B cells by induc-
ible gene targeting results in rapid cell death. Cell. 90:1073—
1083.

28. Mackay, F., and J.L. Browning. 2002. BAFF: a fundamental
survival factor for B cells. Nat. Rev. Immunol. 2:465—475.

29. Cabatingan, M.S., M.R. Schmidt, R. Sen, and R.T. Wood-
land. 2002. Naive B lymphocytes undergo homeostatic pro-
liferation in response to B cell deficit. J. Immunol. 169:6795—
6805.

30. Agenes, F., and A.A. Freitas. 1999. Transter of small resting B
cells into immunodeficient hosts results in the selection of a
self-renewing activated B cell population. J. Exp. Med. 189:
319-330.

31. Prlic, M., B.R. Blazar, A. Khoruts, T. Zell, and S.C. Jame-
son. 2001. Homeostatic expansion occurs independently of
costimulatory signals. J. Immunol. 167:5664-5668.

32. Kim, S., K. lizuka, H.S. Kang, A. Dokun, A.R. French, S.
Greco, and W.M. Yokoyama. 2002. In vivo developmental
stages in murine natural killer cell maturation. Nat. Immunol.
3:523-528.

33. Brovall, C., and B. Schacter. 1981. Radiation sensitivity of
human natural killer cell activity: control by X-linked genes.
J. Immunol. 126:2236-2239.

34. Harrington, N.P., K.A. Chambers, W.M. Ross, and L.G. Fil-
ion. 1997. Radiation damage and immune suppression in
splenic mononuclear cell populations. Clin. Exp. Immunol.
107:417—424.

975 Prlic et al.

35. Ma, A, D.L. Boone, and J.P. Lodolce. 2000. The pleiotropic
functions of interleukin 15: not so interleukin 2-like after all.
J. Exp. Med. 191:753-756.

36. Waldmann, T.A., and Y. Tagaya. 1999. The multifaceted
regulation of interleukin-15 expression and the role of this
cytokine in NK cell differentiation and host response to in-
tracellular pathogens. Annu. Rev. Immunol. 17:19—49.

37. Cooper, M.A., J.E. Bush, T.A. Fehniger, J.B. VanDeusen,
R.E. Waite, Y. Liu, H.L. Aguila, and M.A. Caligiuri. 2002.
In vivo evidence for a dependence on interleukin 15 for sur-
vival of natural killer cells. Blood. 100:3633-3638.

38. Lodolce, J.P., P.R. Burkett, D.L. Boone, M. Chien, and A.
Ma. 2001. T cell-independent interleukin 15Ralpha signals
are required for bystander proliferation. J. Exp. Med. 194:
1187-1194.

39. Ochen, S., and K. Brduscha-Riem. 1999. Naive cytotoxic T
lymphocytes spontaneously acquire effector function in lym-
phocytopenic recipients: a pitfall for T cell memory studies?
Eur. J. Immunol. 29:608—614.

40. Goldrath, A.W., L.Y. Bogatzki, and M.J. Bevan. 2000. Naive
T cells transiently acquire a memory-like phenotype during
homeostasis-driven proliferation. J. Exp. Med. 192:557-564.

41. Prlic, M., L. Lefrancois, and S.C. Jameson. 2002. Multiple
choices: regulation of memory CD8 T cell generation and
homeostasis by interleukin (IL)-7 and IL-15. J. Exp. Med.
195:F49-F52.

42. Correia-Neves, M., C. Waltzinger, D. Mathis, and C.
Benoist. 2001. The shaping of the T cell repertoire. Immu-
nity. 14:21-32.

43. Stockinger, B., T. Barthlott, and G. Kassiotis. 2001. T cell
regulation: a special job or everyone’s responsibility? Nat. Im-
munol. 2:757-758.

44. Schluns, K.S., W.C. Kieper, S.C. Jameson, and L. Lefrancois.
2000. Interleukin-7 mediates the homeostasis of naive and
memory CD8 T cells in vivo. Nat. Immunol. 1:426—432.

45. Vivien, L., C. Benoist, and D. Mathis. 2001. T lymphocytes
need IL-7 but not IL-4 or IL-6 to survive in vivo. Int. Immu-
nol. 13:763-768.

46. Tan, J.T., E. Dudl, E. LeRoy, R. Murray, J. Sprent, K.I.
Weinberg, and C.D. Surh. 2001. IL-7 is critical for homeo-
static proliferation and survival of naive T cells. Proc. Natl.
Acad. Sci. USA. 98:8732-8737.

47. Maraskovsky, E., M. Teepe, P.J. Morrissey, S. Braddy, R.E.
Miller, D.H. Lynch, and J.J. Peschon. 1996. Impaired sur-
vival and proliferation in IL-7 receptor-deficient peripheral T
cells. J. Immunol. 157:5315-5323.

48. von Freeden-Jeffry, U., P. Vieira, L.A. Lucian, T. McNeil,
S.E. Burdach, and R. Murray. 1995. Lymphopenia in inter-
leukin (IL)-7 gene-deleted mice identifies IL-7 as a nonre-
dundant cytokine. J. Exp. Med. 181:1519-1526.

49. DiSanto, J.P. 1997. Cytokines: shared receptors, distinct
functions. Curr. Biol. 7:R424-R426.

50. Carson, W.E., T.A. Fehniger, S. Haldar, K. Eckhert, M.J.
Lindemann, C.F. Lai, C.M. Croce, H. Baumann, and M.A.
Caligiuri. 1997. A potential role for interleukin-15 in the
regulation of human natural killer cell survival. J. Clin. Invest.
99:937-943.

50a.Koka, R., P. Burkett, M. Chien, S. Chai, F. Chan, J.P. Lodolce,
D.L. Boone, and A. Ma. 2003. Interleukin (IL)-15Ra—defi-
cient natural killer cells survive in normal but not IL-15Ra—
deficient mice. J. Exp. Med. 197:977-984.

51. Dubois, S., J. Mariner, T.A. Waldmann, and Y. Tagaya.
2002. IL-15Ralpha recycles and presents IL-15 In trans to



The Journal of Experimental Medicine

52.

53.

54.

55.

neighboring cells. Immunity. 17:537-547.

Kasaian, M.T., M.J. Whitters, L.L. Carter, L.D. Lowe, J.M.
Jussif, B. Deng, K.A. Johnson, J.S. Witek, M. Senices, R.F.
Konz, et al. 2002. IL-21 limits NK cell responses and pro-
motes antigen-specific T cell activation: a mediator of the
transition from innate to adaptive immunity. Immunity. 16:
559-569.

Vosshenrich, C.A., and J.P. Di Santo. 2001. Cytokines: IL-21
joins the gamma(c)-dependent network? Curr. Biol. 11:
R175-R177.

McKenna, H.J., K.L. Stocking, R.E. Miller, K. Brasel, T. De
Smedt, E. Maraskovsky, C.R. Maliszewski, D.H. Lynch, J.
Smith, B. Pulendran, et al. 2000. Mice lacking flt3 ligand
have deficient hematopoiesis affecting hematopoietic progen-
itor cells, dendritic cells, and natural killer cells. Blood. 95:
3489-3497.

de Gast, G.C., L.F. Verdonck, J.M. Middeldorp, T.H. The,
A. Hekker, J.A. vd Linden, H.A. Kreeft, and B.]. Bast. 1985.
Recovery of T cell subsets after autologous bone marrow

976 NK Cell Homeostasis

56.

57.

58.

59.

transplantation is mainly due to proliferation of mature T
cells in the graft. Blood. 66:428—431.

Roux, E., C. Helg, F. Dumont-Girard, B. Chapuis, M. Jean-
net, and E. Roosnek. 1996. Analysis of T-cell repopulation
after allogeneic bone marrow transplantation: significant dif-
ferences between recipients of T-cell depleted and unmanip-
ulated grafts. Blood. 87:3984-3992.

Hakim, F.T., R. Cepeda, S. Kaimei, C.L. Mackall, N. Mc-
Atee, J. Zujewski, K. Cowan, and R.E. Gress. 1997. Con-
straints on CD4 recovery postchemotherapy in adults: thymic
insufficiency and apoptotic decline of expanded peripheral
CD#4 cells. Blood. 90:3789-3798.

Mackall, C.L., F.T. Hakim, and R.E. Gress. 1997. Restora-
tion of T-cell homeostasis after T-cell depletion. Semin. Im-
munol. 9:339-346.

Maier, S., C. Tertilt, N. Chambron, K. Gerauer, N. Huser,
C.D. Heidecke, and K. Pfeffer. 2001. Inhibition of natural
killer cells results in acceptance of cardiac allografts in
CD28—/— mice. Nat. Med. 7:557-562.



