










significantly faster rate by T cell- and NK cell-depleted than
T cell-depleted but NK cell-sufficient recipients (MST = 16 and
23.5 d, respectively; p , 0.05) (Fig. 6B). Furthermore, an im-
munosuppressive regimen (donor specific transfusion and anti-
CD154) that further prolonged skin allograft survival in T cell-
depleted but NK-sufficient wt mice (MST = 50 d) failed to do so
in mice that were both T cell- and NK cell-depleted (MST = 17 d;
p , 0.01) (Fig. 6C).
NK cells have been shown to suppress donor-specific T cell

responses in lymphocyte-deficient mice by mechanisms other than
regulation of homeostatic CD8+ T cell proliferation (36). To further
explore the mechanisms responsible for accelerated allograft re-
jection in NK and T cell-depleted mice, we studied the donor-
specific responses of CD4+ and CD8+ T cells in an additional cohort
of wt B6 mice that were either T cell-depleted or T cell- and NK
cell-depleted, transplanted with BALB/c skin allografts, and treated
with DST plus anti-CD154. Twenty-four days after skin trans-
plantation (33 d after T cell depletion and before any allograft re-
jection had occurred), the mice were sacrificed and their spleen and
LN cells were analyzed for cytokine production in response to
donor-specific allostimulation. As shown in Fig. 6D, equal numbers
of CD4+ T cells were recovered from NK-depleted and NK-replete
mice, but almost twice as many CD8+ T cells were recovered from
NK-depleted than the NK-replete group. Recovered T cells were
predominantly of the memory (CD44hi) phenotype (.70%) and the
majority of those were central memory (CD62Lhi) (plots not
shown). Analysis of IFN-g and TNF-a production after ex vivo
stimulation of host LN or spleen cells with donor (BALB/c) sple-
nocytes showed significantly enhanced cytokine production by

CD8+ T cells recovered from the NK-depleted group (Fig. 6D). In
contrast, no differences in cytokine production by CD4+ T cells
were observed between NK-depleted and NK-replete mice. These
findings indicate that NK depletion of lymphocyte-deficient ani-
mals leads to exaggerated expansion of memory CD8+ T cells with
enhanced alloresponsiveness to donor Ags. In contrast, NK de-
pletion does not influence CD4+ T cell homeostatic proliferation
nor alter their alloresponsiveness. These findings support the con-
clusion that accelerated allograft rejection in lymphopenic animals
that also lack NK cells is likely the result of rapid accumulation of
homeostatically generated memory CD8+ T cells.

Discussion
We investigated in this study whether NK cells regulate lympho-
penia-driven, homeostatic proliferation of T cells. We found that
NK depletion augments the homeostatic proliferation of CD8+

T cells in both genetically lymphocyte-deficient RAG2/2 and
acutely lymphodepleted wt mice. Enhanced homeostatic CD8+

T cell proliferation in the absence of NK cells had important bi-
ological consequences as it expanded the memory CD8+ T cell
pool, preferentially increasing the proportion of central memory
phenotype cells, and accelerated the rejection of heart and skin
allografts. We also demonstrated that regulation of homeostatic
T cell proliferation by NK cells is not dependent on perforin but is
due to competition for IL-15, the principal cytokine required for
maintaining the NK and CD8+ memory T cell pools.
Our finding that NK cells predominantly regulate the homeostatic

proliferation of the “natural” central memory rather than the naive
CD8+ T cell pool is consistent with the rules that govern the

FIGURE 3. Preferential expansion of “natural” central memory CD8+ T cells in NK cell-depleted RAG2/2 hosts. A, Preferential expansion of memory

over naive CD8+ T cells. The 13 106 CFSE-labeled sorted B6 Thy1.1+ naive and 13 106 CFSE-labeled sorted B6 CD45.1+ “natural” memory T cells were

cotransferred to isotype control Ab-treated (+ isotype) or NK cell-depleted (+ PK136) congenic B6 CD45.2+ RAG2/2 mice. Absolute number, proliferation

(CFSE dilution), and phenotype (CD62L) of CD8+ T cell populations recovered from recipient spleens 6 d after adoptive transfer were analyzed. n = 4/

group. B, Preferential expansion of central (TCM) over effector (TEM) memory T cells. The same experimental procedure used in Awas followed, except that

“natural” CD4+ and CD8+ TCM and TEM cells were sorted from naive Thy1.1+ and CD45.1+ B6 mice, respectively, and 1 3 105 cells of each population

(total of 43 105 T cells) were cotransferred to CD45.2+ RAG2/2 mice (n = 3/group). Histograms and dot plots of TEM cells are not shown due to very small

number of cells recovered. Values shown are mean 6 SEM.
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maintenance of these lymphocyte populations (3). Both NK and
CD8+ memory T cells, particularly central memory T cells, express
high levels of the IL-15Rb–chain (CD122) and rely on IL-15 for
survival and proliferation (44, 47). Naive T cells and CD4+ memory
T cells, in contrast, have very low expression of CD122 and instead
are heavily dependent on IL-7 for their maintenance (3). Moreover,
peripheral NK cell homeostasis is independent of IL-7 (47). There-
fore, it is not surprising that in our experiments central memory
CD8+ T cells exhibited the most homeostatic proliferation in the
absence of IL-15 consumption by NK cells. Even in gc2/2RAG2/2

mice, where IL-15 levels are elevated (28), cytokine amounts are still

limiting as they are expected to control the overall sizes of the T cell
and NK pools. Thus, competition between cell populations that use
the same cytokine for survival and/or homeostatic division is
inevitable (48, 49). Our finding that administering excess IL-15 to
gc2/2RAG2/2 mice abrogates differences in CD8+ T cell homeo-
static proliferation between the NK-deficient and NK-repleted
groups supports this hypothesis. At the same time, our findings do
not rule out homeostatic proliferation of naive T cells is an important
source of memory T cells in lymphopenic mice, particularly if NK
cells are present (50).
Recent work by Ramsey et al. (28) showed that T cells trans-

ferred to CD1322/2 (gc2/2) mice divide very rapidly and lead to
significantly higher recovery of central memory CD8+ T cells than
that observed in RAG2/2 hosts. The authors also demonstrated
that increased accumulation of central memory T cells in
CD1322/2 mice was primarily due to elevated basal levels of IL-
15 that in turn drove the homeostatic proliferation of naive CD8+

T cells. Our results confirm that IL-15 is crucial for generating
central memory in lymphopenic environments but also extend the
observations made by Ramsey et al. (28) in four important ways.
First, we demonstrated that in genetically lymphocyte-deficient
mice, NK cells downregulate homeostatic CD8+ T cell pro-
liferation by competing for IL-15. Second, we provided evidence
that excess central memory CD8+ T cells that arise in the absence
of competing NK cells derive primarily from the homeostatic
proliferation of the IL-15-responsive “natural” central memory T
cell population, a population that expresses significantly higher
levels of CD122 than naive T cells or effector memory T cells.
Third, we established that NK regulation of homeostatic CD8+ T
cell proliferation also applies to acutely lymphodepleted wt mice.
Fourth, we showed that increased homeostatic CD8+ T cell pro-
liferation in the absence of NK cells has important biological
implications, namely, increased IFN-g and TNF-a production and
the accelerated rejection of heart and skin allografts. Therefore,
our results complement those of Ramsey et al. (28), whereas
further elucidating the subtleties of immune regulation in lym-
phopenic environments by underscoring the role of NK cells in
this process. Whether NK cells regulate the size and phenotype of
the memory T cell pool in lymphocyte-replete animals remains to
be determined.
Another potential mechanism for the observed regulation of

homeostatic proliferation by NK cells is NK-mediated lysis of
activated CD8+ T cells (30, 31). This regulatory mechanism has
been described in the setting of foreign Ag-induced T cell pro-
liferation but does not appear to have a significant role in lym-
phopenia-driven homeostatic proliferation. We observed in the

FIGURE 4. NK cells impair the homeostatic proliferation of CD8+

T cells by competing for IL-15. A, Downregulation of CD8+ T cell ho-

meostatic proliferation by NK cells is perforin-independent. The 1 3 107

CFSE-labeled B6 T cells were adoptively transferred to B6 RAG2/2, NK

cell-depleted B6 RAG2/2 (Rag2/2 + PK136), or perforin-deficient B6

RAG2/2 (Perforin2/2Rag2/2) hosts. Absolute number and proliferation

(CFSE dilution) of CD8+ T cells recovered from host spleens 6 d after

transfer are shown. n = 6/group; pooled from two experiments. B, Excess

IL-15 reverses the downregulatory effect of NK cells on homeostatic CD8+

T cell proliferation. B6 gc2/2RAG2/2 mice were either left untreated or

reconstituted with NK cells 4 wk prior to the transfer of 1 3 107 CFSE-

labeled B6 T cells. One day after cell transfer, mice received a single dose

of IL-15/IL-15Ra–Fc i.p. The absolute number and proliferation (CFSE

dilution) of CD8+ T cells retrieved from the spleens of NK cell-deficient

(gc2/2RAG2/2) and NK cell-reconstituted (gc2/2RAG2/2 + NK cells)

hosts was determined 4 and 6 d after transfer. n = 3/group. C, Differential

expression of CD122 (IL-15Rb) on splenic NK cells and CD8+ T cell

subsets in naive B6 wt mice. CD122 expression on NKp46+ NK cells,

naive (CD44loCD62Lhi), effector memory (CD44hiCD62Llo), and central

memory (CD44hiCD62Lhi) CD8+ T cells is shown in the histogram and

MFI summarized in the bar graph. n = 3 mice/group. Values shown are

mean 6 SEM. MFI, mean fluorescence intensity.

FIGURE 5. Removal of NK cells accelerates the recovery of CD8+

T cells in acutely lymphocyte-depleted wt mice. B6 mice received two

doses of anti-CD4 and anti-CD8 mAbs on days 0 and 5 and either NK cell-

depleting (PK136) or isotype control mAb on day 0 and every 5 d there-

after. On day 20, the absolute number of splenic CD8+ T cells and NKp46+

NK cells was quantitated. n = 4/group. Values shown are mean 6 SEM.
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current study that the homeostatic proliferation of CD8+ T cells is
equivalent in RAG2/2 and perforin2/2RAG2/2 mice. This is in
contrast to CD8+ T cell responses to foreign histocompatibility
Ags in lymphocyte-replete hosts where the absence of perforin
leads to exaggerated T cell proliferation and accelerated allograft
rejection (31, 51). Alternatively, NK cells could regulate homeo-
static T cell proliferation indirectly through interactions with
dendritic cells. Dendritic cells trans-present IL-15 in the context
of IL-15Ra to NK and CD8+ T cells and contribute to the ho-
meostatic proliferation of CD8+ T cells by presenting self- or
foreign pMHC (44, 52, 53). Therefore, it is conceivable that by

modulating these functions of dendritic cells NK cells could in-
fluence homeostatic T cell proliferation in lymphopenic mice.
Enhanced recovery of central memory CD8+ T cells in lympho-

depleted animals that have also been rendered NK deficient has
important clinical implications. In some cases, skewing of homeo-
statically dividing T cells to a central memory phenotype may be
beneficial. For example, central memory CD8+ T lymphocytes
confer superior anti-tumor immunity than their effector memory
counterparts (54, 55), and removal of NK cells enhances the efficacy
of tumor-specific CD8+ T cells transferred to lymphopenic mice
(56). In contrast, increased generation of memory T cells in

FIGURE 6. NK cell deficiency accelerates allograft rejection in lymphopenic mice. A, Accelerated heart allograft rejection in gc2/2RAG2/2 mice. B6

RAG2/2 and B6 gc2/2RAG2/2received BALB/c RAG2/2 heart allografts and, 50 d later, 1 3 107 (+10 M) or 1 3 108 (+100 M) B6 T cells were

adoptively transferred to precipitate rejection. n = 3–5/group. B, Accelerated skin allograft rejection in T cell- and NK cell-depleted wt mice. B6 wt mice

received two doses of anti-CD4 and anti-CD8 mAbs on days 0 and 5 to deplete T cells, followed by either NK cell depleting (and PK136) or isotype control

(and isotype) mAb on day 0 and every 5 d thereafter. On day 5, all mice received BALB/c skin grafts. Control mice did not receive any depleting Abs

(control). n = 4–5/group. C, Removal of NK cells interferes with long-term allograft survival in T cell-depleted wt mice. All mice were treated with anti-

CD4 and anti-CD8 mAbs, followed by either PK136 or isotype control mAb as in B. On day 9, mice received BALB/c skin grafts and were treated with

DST on day 9 plus anti-CD40L (anti-CD154) mAbs on days 9, 11, 13, and 15 to prolong skin allograft survival. n = 5/group. D, Removal of NK cells leads

to enhanced CD8+ but not CD4+ T cell homeostatic expansion and donor-specific alloreactivity in T cell-depleted wt mice. The same experimental protocol

shown in C was followed, except that all mice were sacrificed 24 d after transplantation (n = 3/group). CD4+ and CD8+ T cells present in the spleen and LN

cells were enumerated and their donor-specific alloreactivity assessed by measuring IFN-g and TNF-a production 16 h after ex vivo stimulation with donor

(BALB/c) splenocytes. One representative dot plot is shown. Bar graphs are mean 6 SEM.
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lymphopenic hosts can cause autoimmunity (16, 17), precipitate
allograft rejection, and prevent tolerance induction (18–22). In these
situations, concomitant NK and T cell depletion is detrimental to
allograft survival as shown in our experiments. An important point
to add is that agents that deplete NK cells (for example, PK136 Abs
in mice) also deplete NKT cells. Therefore, immune dysregulation
observed after administering such agents could also be due to de-
pletion of NKT cells, which are known to have immunoregulatory
functions (57).
NK cells appear to play a dual role in solid organ transplantation

(29). They contribute to the pathogenesis of acute and chronic al-
lograft rejection (58–60), or they facilitate tolerance induction (31,
36). Beilke et al. (31) showed that costimulation blockade-induced
prolongation of islet allograft survival is dependent on the presence
of perforin-competent NK cells. Yu et al. (36) compared alloanti-
gen-driven T cell proliferation and skin allograft survival between
RAG2/2 and gc2/2RAG2/2 mice and found increased T cell pro-
liferation and accelerated graft rejection in the latter. This ob-
servation was attributed to a necessary regulatory role for NK cells
in killing donor dendritic cells that migrate to secondary lymphoid
organs. It is possible that the same mechanism is operational in our
model, but our data provide evidence that homeostatic competition
between NK and CD8+ T cells in lymphopenic hosts directly in-
fluences allograft survival.
In summary, we have shown that NK cells control the homeo-

static proliferation of CD8+ T cells in lymphopenic environments
by competing for IL-15, a cytokine required for both NK and
CD8+ T cell maintenance. Absence of NK cells resulted in ac-
celerated allograft rejection under these conditions. These findings
point to an immunoregulatory role for NK cells that could limit
the generation of undesirable autoreactive or alloreactive memory
T cells during recovery from lymphopenia. Despite their putative
role in promoting rejection responses, NK cells should perhaps be
spared in bone marrow and solid organ transplant recipients re-
ceiving induction therapy with lymphoablative agents.
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