
Bim controls IL-15 availability and limits engagement
of multiple BH3-only proteins
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During the effector CD8þ T-cell response, transcriptional differentiation programs are engaged that promote effector T cells
with varying memory potential. Although these differentiation programs have been used to explain which cells die as effectors
and which cells survive and become memory cells, it is unclear if the lack of cell death enhances memory. Here, we investigated
effector CD8þ T-cell fate in mice whose death program has been largely disabled because of the loss of Bim. Interestingly, the
absence of Bim resulted in a significant enhancement of effector CD8þ T cells with more memory potential. Bim-driven control
of memory T-cell development required T-cell-specific, but not dendritic cell-specific, expression of Bim. Both total and
T-cell-specific loss of Bim promoted skewing toward memory precursors, by enhancing the survival of memory precursors,
and limiting the availability of IL-15. Decreased IL-15 availability in Bim-deficient mice facilitated the elimination of cells with less
memory potential via the additional pro-apoptotic molecules Noxa and Puma. Combined, these data show that Bim controls
memory development by limiting the survival of pre-memory effector cells. Further, by preventing the consumption of IL-15, Bim
limits the role of Noxa and Puma in causing the death of effector cells with less memory potential.
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After an acute infection, most effector T cells die, whereas some
remain and become a stable memory population. Over recent
years, progress has been made in our understanding of this cell
fate decision. For example, the effector population is hetero-
geneous, loosely identified by reciprocal expression of Killer cell
lectin-like receptor G1 (KLRG1) and IL-7 Ra (CD127). Adoptive
transfer of KLRG1loCD127hi cells results in better survival and
memory generation compared with their KLRG1hiCD127lo

counterparts.1 These effector T-cell subsets are driven by distinct
networks: a transcriptional program involving Blimp1, Id2 and
t-bet is critical for the generation of KLRG1hiCD127lo effector
cells,1–4 whereas an alternative transcriptional program involving
Bcl-6, STAT3, eomoesodermin, Id3 andT-cell factor-1 are critical
for the generation of KLRG1loCD127hi pre-memory cells.5–10

Although these differentiation programs have been used to
explain which cells die as effectors and which cells survive and
become memory cells, the results are complicated by the fact
that little work has been done examining effector CD8þ T-cell
responses in mice whose death programs have been disabled.
Although the extrinsic cell death pathway was initially

thought to control contraction of T-cell responses, our and
others data show a dominant role for the Bcl-2-regulated
pathway. Germline deletion of the pro-apoptotic Bcl-2 family
member, Bim, enhances CD4þ and CD8þ T-cell responses
to viral, bacterial and parasitic infection.11–14 One report
suggested a minor role for another Bcl-2 homology domain 3
(BH3)-only Bcl-2 family member, Puma, although the role of
Puma on effector T-cell subsets was not examined.15 Noxa
has a marginal role in contraction of T-cell responses.16,17

Although Bim is the most dominant pro-apoptotic Bcl-2 family
member driving contraction of T-cell responses, the study of
T-cell responses to acute infection in Bim� /� mice is
complicated by the ongoing autoimmune disease and altered
negative selection in these mice.18 Further, other data
suggest that dendritic cell (DC) expression of Bim can control
the magnitude of T-cell responses.19 Thus, the cell-specific
roles of Bim and the potential contributions of other pro-
apoptotic Bcl-2 family members remain unclear.
Here, we report that T-cell-specific deletion of Bim recapi-

tulated the effects of germline loss of Bim on the contraction of
T-cell responses in vivo. Although Bim was critical to limit
survival of KLRG1hiCD127lo cells at earlier phases after
infection, the absence of Bim enriched for KLRG1loCD127hi

cells as the response progressed. This later loss of KLRG1hiC-
D127lo cells was due to the increased competition for IL-15 as a
result of massive accumulation of effector T cells in Bim-
deficient environment. The combined loss of Bim and Puma or
BimandNoxa, significantly reduced contraction ofCD8þ T-cell
responses compared with single-deficient mice. Together, our
data show that effector T cells are kept in check first by Bim and
then by limiting amounts of IL-15 (and likely other nutrients),
which in turn trigger other BH3-only proteins.

Results

KLRG1hiCD127lo effector CD8þ T cells are transiently
protected in the absence of Bim. We previously showed
that Bim regulates the contraction of T-cell responses during
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lymphocytic choriomeningitis virus (LCMV) infection.14 Recent
work describing effector CD8þ T-cell heterogeneity prompted
us to re-examine the effects of Bim within subsets of effector
CD8þ T cells with more (KLRG1loCD127hi) or less (KLRG1hiC-
D127lo) memory potential.1 Wild-type (WT) and Bim� /� mice
were infected with LCMV and the kinetics of GP33-specific
effector CD8þ T-cell subsets tracked. The absence of Bim
significantly increased the overall numbers of GP33-specific T
cells, including both KLRG1hiCD127lo and KLRG1loCD127hi

CD8þ effector subsets on days 10 and 15 after infection
(Figure 1a). Importantly, the absence of Bim led to a nearly
complete sparing of KLRG1loCD127hi cells through day 40
after infection (Figure 1a). Interestingly, after day 15, numbers
of KLRG1hiCD127lo cells in Bim� /� mice slowly decreased
and approached the levels observed in WT mice by day 40

(Figure 1a). The relatively minor population of
KLRG1hiCD127hi cells was also preserved in Bim� /� mice
(Figures 1a–c). Thus, as the response progresses, the
absence of Bim heavily favors KLRG1loCD127hi CD8þ T cells.

The environment of Bim� /� mice enriches for
KLRG1loCD127hi effector CD8þ T cells. The differentia-
tion of effector T-cell subsets is controlled by the cytokine
milieu, pro-inflammatory cytokines direct the differentiation of
KLRG1hiCD127lo cells, whereas IL-10 and IL-21 guide the
differentiation of KLRG1loCD127hi cells.1,7 No difference in
the levels of serum IL-10 between WT and Bim� /� mice was
observed at several time points (unpublished data). To
determine whether the effects of Bim on subset differentia-
tion were T-cell intrinsic, we adoptively transferred small
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Figure 1 Bim is critical for the initial contraction of KLRG1hiCD127lo effector CD8þ T cells. Groups of WT and Bim� /� mice (n¼ 4–6 mice per genotype per time point)
were infected intraperitoneally (i.p.) with 2� 105 p.f.u./mouse LCMV and killed 10, 15, 24 or 40 days post LCMV infection. Splenocytes were stained with Db-GP33 tetramers
and antibodies against KLRG1, CD127, CD8 and CD44 and analyzed by flow cytometry. Db-GP33-specific CD8þ CD44þ cells were gated. (a) The graphs show the total
numbers±S.E.M. of KLRG1hiCD127lo, KLRG1hiCD127hi or KLRG1loCD127hi subsets on indicated days after infection. (b) Representative dot plots for KLRG1 and CD127
are shown after gating on CD8þ GP33þ cells in each group on indicated days. (c) Graphs show percentages of CD8þ GP33þ KLRG1hiCD127lo or KLRG1loCD127hi

subsets on indicated days after infection. Data are representative of two independent experiments. P values for statistically significant differences were calculated by Student’s
t-test and *Pr0.05 and **Pr0.01
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numbers (5� 103) of Thy1.1þ WT or Bim� /� P14 TCR
transgenic CD8þ T cells, which are specific for an
immunodominant LCMV-GP peptide 33–41, into Thy1.2þ

WT or Bim� /� hosts20 and infected with LCMV a day later
(Figure 2a). Subsequent analysis of blood revealed that host
and donor p14 cells equally contributed to the response on
day 10, indicating that they did not suppress the endogenous
response (Figure 2b). However, by day 20, the Bim� /�

GP33-specific effector CD8þ T cells survived much better
than WT effector cells regardless of whether the cells were of
donor or recipient origin (Figure 2c). Curiously, when WT P14
cells were transferred into Bim� /� recipients, the remaining
cells were largely KLRG1loCD127hi (Figures 2d and e). Thus,
although Bim� /� T cells dominated the response, the
phenotype of emerging effector cells was influenced by host
Bim expression.

Lack of Bim in DCs does not impact survival of effector
CD8þ T-cell subsets. Because Bim can control DC
survival19,21,22 and DCs are critical for effector to memory
transition,19 we reasoned that the environmental effects of
Bim might be driven by the effect of Bim on DCs. To test this,
we generated conditional Bim-deficient mice by flanking
exons 2, 3 and 4 of Bim with loxP sites (Bimf/f)23 and then
crossed them to mice expressing Cre recombinase (CRE)
under the control of CD11c promoter (CD11cCREþBimf/f) to
delete Bim in CD11cþ cells. Although the majority of
CD11cþ cells from CD11cCREþBimf/f mice lost expression
of Bim, Bim levels were also substantially decreased in most
T and B cells from these mice (Figure 3a). This ‘leakiness’
precluded the direct use of these mice to interrogate the
DC-specific role of Bim.
To circumvent this, we crossed CD11cCREþBimf/f mice to

Rag-deficient mice and generated 90:10 mixed bone marrow
(BM) chimeras by transferring BM fromRag� /�CD11cCREþ

Bim
f/f

(CD45.2þ , 90%) and WT (CD45.1þ CD45.2þ , 10%)
into lethally irradiated CD45.1 recipient mice. In these
chimeras, Bim-sufficient lymphocytes should develop, but
the lack of Rag recombinase and the CD11c-CRE transgene
will ensure that Bim deletion will be confined to non-
lymphocyte populations, including DCs. Control chimeric
mice were generated with 90:10 mix of BM from Rag� /Bimf/f

that lacked Cre expression and CD45.1/CD45.2 WTmice into
CD45.1 recipients. To confirm reconstitution of mixed BM
chimeras in congenic (CD45.1þ ) recipient mice, we analyzed
host (CD45.1þ ), donor WT (CD45.1þ CD45.2þ ) and donor
Rag� /�CD11cCREþBimf/f (CD45.2þ )-derived T cells, B
cells and CD11cþ cells. Cells derived from WT animals
were largely T and B cells, whereas those derived from
Rag� /�CD11cCREþBimf/f mice contained no B or T cells as
expected (Figure 3b). Indeed, 497% of TCRbþ cells were
CD45.1þ , whereas 494% of CD11cþ cells were CD45.1� .
Importantly, the deletion of Bim was restricted to CD11cþ

cells derived from Rag� /� CD11cCREþBimf/f, but not from
Rag� /�Bimf/f donors (Figure 3c). Twelve weeks after
reconstitution, groups of mixed BM chimeras were infected
with LCMV and effector CD8þ T-cell responses assessed on
days 10 and 24 after infection. Neither the expansion nor
contraction of effector T-cell subsets was affected by deletion
of Bim in non-lymphoid cells (Figure 3d). Thus, the lack of Bim

in DCs does not impact expansion, survival or differentiation
of effector CD8þ T cells.

T-cell-specific loss of Bim increases survival of effector
CD8þ T cells with preferential enrichment for
KLRG1loCD127hi cells. Because the absence of Bim in
DCs did not contribute to the skewing of KLRG1loCD127hi

effector CD8þ T cells, we considered that the massive
expansion of effector T cells (of all epitopes) might limit
cytokine availability. To test this, we crossed Bimf/f mice to
transgenic mice that express CRE under the promoter of
distal lck (dLckCRE), a promoter that is active late during
thymic development.24 Importantly, deletion of Bim was
nearly completely restricted to T cells, most CD4þ and
CD8þ T cells had lost Bim expression, whereas Bim levels
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Figure 2 KLRG1loCD127hi effector CD8þ T cells are enriched due to extrinsic
factors in Bim� /� mice. (a) As depicted in the figure, 5� 103 WT or Bim� /� P14
Thy1.1þ CD8þ T cells were transferred into congenic WT or Bim� /� mice
(n¼ 4–6 recipient mice per genotype per timepoint) and infected with LCMV 1 day
later. (b and c) Graphs show percentages of Thy1.1þ P14 or Thy1.2þ endogenous
cells within GP33þ CD8þ T cells on day 10 (b) or day 20 (c) after infection.
(d and e) Graphs show percentages (d) or total numbers (e) of KLRG1hiCD127lo or
KLRG1loCD127hi subsets within the total Thy1.1þ P14 cells analyzed on day 20
after infection. Data are representative of two independent experiments
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were normal in TCR� cells (Figure 4a). We infected Bimf/f

and dLckCREþBimf/f mice with LCMV and analyzed T-cell
responses. Notably, T-cell-specific deletion of Bim increased
the total numbers of GP33-specific effector CD8þ T cells
(Figure 4b) and CD4þ T cells (unpublished data) on day 22
after infection. Similar to Bim� /� mice (Figures 1a–c),
KLRG1loCD127hi cells were preferentially enriched in
dLckCREþBimf/f mice (Figure 4c). Thus, T-cell-specific
deletion of Bim is sufficient to drive enrichment of
KLRG1loCD2127hi effector CD8þ T cells. We next reasoned
that the enrichment of WT KLRG1loCD127hi effector cells in
Bim� /� mice (Figures 2c and d) may have been due to a
massive overall T-cell expansion. Although the total numbers
of GP33þ cells (including transferred and endogenous) were
increased to a similar extent in both WT recipients of Bim� /�

p14 donors and Bim� /� recipients of WT p14 donors
(Figure 4c), we note that the GP33-specific component of
the LCMV response is only a fraction of the total response.
As such, we examined the overall numbers of effector T cells
(CD44hi) and found that they were increased substantially in
Bim� /� recipients of either WT or Bim� /� donor cells

(Figure 4d). In contrast, overall numbers of CD44hi cells in
WT recipients were not dramatically increased by the
presence of either donor population (Figure 4d). Thus, the
skewing of effector population occurs when a threshold level
of CD44hi cells is breached.

IL-15 enhances survival of Bim-deficient KLRG1hiC-
D127lo effector CD8þ T cells. As both global and T-cell-
specific deletion of Bim led to a relative loss of KLRG1hiC-
D127lo effector CD8þ T cells later during infection, and IL-15
is required for survival of this subset, we reasoned that the
massive effector response in Bim� /� mice may limit IL-15
availability. Quantification of IL-15 is complicated as it is
largely constitutively bound to IL-15Ra.25–27 Instead, we
tested whether IL-15 would enhance survival of KLRG1hiC-
D127lo cells in Bim� /� mice. WT and Bim� /� mice were
infected with LCMV and treated with either PBS or IL-15/IL-
15Ra immune-complexes (IL-15-IC) on days 10, 12 and 14
and killed on day 15 after infection. Compared with PBS-
treated mice, IL-15 enhanced percentages and numbers
of KLRG1hiCD127lo cells both in WT and Bim� /� mice
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(Figures 5a and b). Although IL-15 increased proliferation of
both subsets, the effect was significantly greater in
KLRG1loCD127hi cells relative to KLRG1hiCD127lo cells, yet
the latter cells were preferentially enriched (Figure 5c).
Further, KLRG1hiCD127lo cells proliferated even less in
Bim� /� mice as Bim� /� cells proliferated less overall
(Figure 5c).14 Thus, as their proliferation was lower, but yet
they accumulated more, the data suggest that IL-15
modulated the survival of KLRG1hiCD127lo cells and, further,
that these effects were manifest in Bim� /� mice showed that
they were independent of Bim.

Incomplete rescue of IL-15-deficient KLRG1hiCD127lo

effector CD8þ T cells by the additional loss of Bim. To
further test whether IL-15 antagonizes Bim, we transferred
WT versus Bim� /� P14 cells into WT versus IL-15� /�

recipient mice. As expected, transfer of either WT or Bim� /�

P14 cells into IL-15� /� recipients results in an enrichment of
KLRG1loCD127hi cells compared with transfer into WT
recipients (Figure 6a). We also generated IL-15/Bim dou-
ble-deficient mice and infected them with LCMV along with
WT, IL-15� /� and Bim� /� controls. By day 24 after
infection, the frequency of KLRG1hiCD127lo cells was
dramatically decreased in IL-15� /� mice and the additional
loss of Bim only partly restored this subset (Figure 6b).
Further, by day 40 after infection, the population had declined
rapidly (Figure 6c). Although KLRG1loCD127hi cells were
enriched in IL-15� /� mice, their overall numbers were not
changed compared with WT mice (Figure 6c). In addition,
KLRG1loCD127hi cells were increased substantially in
Bim� /� mice whether or not IL-15 was present (Figure 6c).
Thus, the additional loss of Bim only partially and transiently
restores KLRG1hiCD127lo effector cells in IL-15� /� mice.
These data show that the scarcity of IL-15 may be
responsible for the later Bim-independent decline of
KLRG1hiCD127lo cells.
Given that Bim only partially restored IL-15� /� KLRG1hiC-

D127lo effector cells and that exogenous IL-15 to promoted
survival independent of Bim, we next determined whether
additional pro-apoptotic molecules could restrict the survival
of KLRG1hiCD127lo cells. Because T cells express multiple
BH3-only molecules28 and each could potentially promote
death, we examined responses in mice deficient in Bax and
Bak, which are required for death driven by BH3-only
proteins.29 We infected mice with a T-cell-specific loss of
Bax in a Bak� /� background with LCMV and assessed the
antiviral T-cell response in these mice. On day 10, the
total numbers of GP33-specific CD8þ T cells were similar
between Baxf/f Bak� /� and dLckCREþ Baxf/f Bak� /� mice
(Figure 6d). By day 24 after infection, the numbers of
KLRG1hiCD127lo effector cells were maintained in the
absence of Bax and Bak (Figure 6d). Thus, it is likely that, in
addition to Bim, other pro-apoptotic molecules, engaged by a
lack of IL-15, contribute to the demise of KLRG1hiCD127lo

cells.

Survival of KLRG1hiCD127lo effector CD8þ T cells are
limited by pro-apoptotic Bcl-2 family members. To
identify additional pro-apoptotic Bcl-2 family members
that contribute to the loss of KLRG1hiCD127lo cells, we
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TCR and intracellularly against Bim. Histograms show staining for Bim (black) or isotype
control (gray) in subsets indicated from each group of mice. (b and c) Bimf/f and
dLckCreþ Bimf/f mice (n¼ 6–10) were infected with LCMV and killed 10 or 22 days
later. (b) Graphs show total numbers of CD8þGP33þ KLRG1hiCD127lo and CD8þ

GP33þ KLRG1loCD127hi cells on indicated days after infection. (c) Graphs show total
numbers of CD8þ GP33þ cells or percentages of CD8þ GP33þ KLRG1hiCD127lo or
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mice (n¼ 4–6 recipient mice per genotype per timepoint) and infected with LCMV 1 day
later. Graphs show total numbers of CD8þ CD44hi GP33-sp cells (p14 and
endogenous) versus overall CD8þ CD44hi cells in different recipient animals on day 20
after infection. Data are representative of three independent experiments. **Pr0.01
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sort-purified KLRG1hiCD127lo and KLRG1loCD127hi cells on
day 20 after infection and found that mRNA levels of Puma
and Noxa were both increased (approximately two- to
fourfold; Figure 7a). Likewise, at day 24 after infection, the
levels of Puma and Noxa were significantly increased in
KLRG1hiCD127lo cells compared with KLRG1loCD127hi cells
(Figure 7b). We next determined the individual roles of Puma
and Noxa as well as their combined roles with Bim in effector
CD8þ T-cell subsets. The individual loss of Puma increased
both the frequency and total numbers of KLRG1hiCD127lo

cells compared with WT mice on day 24 after infection
(Figures 7c–f). Further, the combined loss of Puma and Bim
restored the frequencies of KLRG1hiCD127lo and
KLRG1loCD127hi cells to near WT levels (Figure 7c).
Between days 10 and 24, KLRG1hiCD127lo cells contracted
a little less in Puma- and Bim-deficient mice and substantially
less in dLckCreBimf/fPuma� /� mice (Figures 7d and e).
Thus, Puma functions in a partially redundant manner with
Bim to promote the demise of KLRG1hiCD127lo cells. The
individual loss of Noxa had no effect on the frequency or total
numbers of KLRG1hiCD127lo cells compared with WT mice
(Figures 7g–j). Similar to the loss of Puma and Bim, the
combined loss of Noxa and Bim significantly reduced the

contraction of KLRG1hiCD127lo cells (Figures 7h and i).
Thus, both Noxa and Puma collaborate with Bim to control
effector CD8þ T-cell responses.

Discussion

Bim is crucial for the apoptotic contraction of T-cell responses
to acute infection.11,14,30 This prior work has been compli-
cated by potential non-T-cell autonomous role of Bim and the
ongoing autoimmune disease in Bim-deficient mice due to
altered thymic selection. Importantly, T-cell-specific loss of
Bim recapitulates the T-cell phenotype of mice with germline
loss of Bim. Further, we showed that the lack of Bim in DCs did
not affect the survival of effector CD8þ T-cell subsets. These
data might seem to contrast previous data showing that
restricting expression of IL-15Ra to CD11cþ DCs resulted in a
partial rescue of KLRG1hiCD127lo CD8þ T cells.31 However,
only partial effects were observed in the prior study and we
failed to observe enhancement of DCs in Bim-deficient mice
during viral infection, suggesting that other cell types are
important presenters of IL-15. Thus, Bim expression within
DCs has little, if any, role on the magnitude or phenotype of
the effector CD8þ T-cell response to acute viral infection.

0 0

25

50

75

100

25

50

75

0

10

20

30

%
 w

ith
in

 G
P

33
+

 c
el

ls
  

** **

T
ot

al
 #

 o
f c

el
ls

 (
x1

05 )
 

**

**

WT  

WT+IL15 

Bim-/-

Bim-/- +IL15

%
 o

f B
rD

U
 in

co
rp

or
at

io
n

KLRG1hi

KLRG1hi

KLRG1lo

KLRG1lo

CD127lo

CD127lo

CD127hi

CD127hi

WT  WT   Bim-/- Bim-/-

IL15 IL15

WT  WT   Bim-/- Bim-/-

IL15 IL15

Figure 5 IL-15 enhances survival of Bim-deficient KLRG1hiCD127lo effector CD8þ T cells. (a and b) Groups of WT or Bim� /� mice (n¼ 4 per genotype) were infected
with LCMV and treated either with PBS or IL-15/IL-15Ra immune-complexes (IL-15-IC) on days 10, 12 and 14 p.i. and killed on day 15. Splenocytes were stained with Dbgp33
tetramers and antibodies against KLRG1, CD127 and CD8. Graphs show percentages (a) or numbers (b) of CD8þ GP33þ KLRG1hiCD127lo or KLRG1loCD127hi subsets on
day 15 p.i. (c) Mice were also given BrDU the last 2 days before killing. Graph shows the percentages of BrDUþ cells within each subset. Data are representative of two
independent experiments. Similar results were obtained in dLck-CreBimf/f mice. **Pr0.01

Bim limits IL-15 usage and multiple BH3 proteins
S Kurtulus et al

179

Cell Death and Differentiation



0.1

1

10

100

0 10 24

BaxBak

dLCkCre+BaxBak
0.1

1

10

100

0 10 24

0.01

0.1

1

10

100

1 10 24 40

WT

IL15-/-

IL15-/-Bim-/-

Bim-/-
0.01

0.1

1

10

100

1 10 24 40

K
LR

G
1

CD127

IL-15-/-WT IL-15-/--Bim-/- Bim-/-

26 14

49

40.8

82

4

72

16 4

68

14

KLRG1h i CD127lo KLRG1lo CD127h i

Days after infection Days after infection

Days after infection Days after infection

T
ot

al
C

el
ls

 (
x1

05
)

T
ot

al
C

el
ls

 (
x1

05
)

T
ot

al
C

el
ls

 (
x1

05
)

T
ot

al
C

el
ls

 (
x1

05
)

0

20

40

60

80

100

0

5

10

15

20

KLRG1hi CD127lo

KLRG1lo CD127hi

%
 w

ith
in

to
ta

l P
14

ce
lls * *

T
ot

al
 #

 o
f p

14
 c

el
ls

 (
x1

0
5 )

WT WT -/- -/-

totototo

WT IL15-/- IL15-/-WT

WT WT -/- Bim-/-

totototo

WT IL15-/- IL15-/-WT

* *
**

BimBimBim

KLRG1h i CD127lo KLRG1lo CD127h i

Figure 6 IL-15 regulates survival of KLRG1hiCD127lo effector cells by redundant pro-apoptotic Bcl-2 family members. (a) 5� 103 WT or Bim� /� P14 Thy1.1þ CD8þ T cells
were transferred into congenic WT or IL-15� /� (n¼ 5–7) mice and infected with LCMV 1 day later. Graphs show percentages or numbers of KLRG1hiCD127lo or KLRG1loCD127hi

subsets within the total Thy1.1þ P14 GP33þ CD8þ T cells analyzed on day 20 after infection. (b and c) Groups of WT, IL-15� /� , IL-15� /� -Bim� /� and Bim� /� mice
(n¼410) were infected with LCMV and killed 10, 24 or 40 days later. Splenocytes were stained with H2Db-gp33 tetramers and antibodies against KLRG1, CD127 and CD8.
(b) Representative dot plots and percentages of each subset are shown after gating on CD8þ GP33þ cells in each group on day 24 p.i. (c) Graphs show total numbers of
KLRG1hiCD127lo or KLRG1loCD127hi cells on the days indicated. (d) Groups of Baxf/f Bak� /� and dLckCreþ Baxf/f Bak� /� mice (n¼ 7–10) were killed on day 10 or 22 after
LCMV infection. Graphs show total numbers KLRG1hiCD127lo or KLRG1loCD127hi cells on the days indicated. Results are representative of two independent experiments.
**Pr0.01

Bim limits IL-15 usage and multiple BH3 proteins
S Kurtulus et al

180

Cell Death and Differentiation



A major underlying mechanism that renders the enhanced
death of KLRG1hiCD127lo cells is their dependence upon
IL-15 for survival.1,32–34 IL-15 is critical for maintaining
expression of Bcl-2, a major Bim antagonist in effector
CD8þ T cells.33 The huge size of the anti-LCMV CD8þ T-cell
response, even in WT mice, likely limits the effector response
by restricting IL-15 availability.34 Such IL-15 limitation likely
enhances Puma expression in KLRG1hiCD127lo cells relative
to KLRG1loCD127hi cells as the latter cells can utilize both IL-7
and IL-15 for survival.33 Further, we confirm and extend prior
results, showing that Puma has a preferential effect on
contraction of KLRG1hiCD127lo cells.15 Thus, in the absence
of Bim, the enormous numbers of KLRG1hiCD127lo cells act
as a sink for IL-15 and likely other nutrients (glucose, amino
acids) that prevent engagement of other BH3-only proteins.35

Although Bcl-2 antagonizes Puma, Bcl-2 has an extremely
low affinity for Noxa.36,37 Instead, both Mcl-1 and A1 have a
higher affinity for Noxa.36,37 Noxa is activated by nutrient
deprivation, potentially through maintenance of Mcl-1,38 and
can contribute to T-cell contraction in some model
systems.16,39 Further, we recently showed that Mcl-1 was
critical for effector T-cell survival and that the additional loss of
Bim failed to restore Mcl-1-deficient effector T-cell
responses.40 Thus, nutrients, by buffering Noxa with Mcl-1,
and cytokines, by buffering Bim and Puma with Bcl-2, control
the magnitude and persistence of the effector T-cell pool.
Alternatively, it is also possible that Mcl-1 buffers the ability of
Noxa, Puma and Bim to activate Bax and Bak and reduction of
two out of the three is sufficient to promote substantial T-cell
survival. Such redundancy is likely critical to avoid neoplasia
and unwarranted immunopathologic T-cell responses.
The T-cell-specific loss of Bim promoted the accrual of

effector T cells with pre-memory characteristics. Several non-
mutually exclusive mechanism(s) may explain these data.
First, KLRG1hiCD127lo cells may convert to KLRG1loCD127hi

cells when death is uncoupled. Although suggested in a prior
study, transfers of purified populations of effector subsets
were not performed making it difficult to determine whether
conversion had occurred.12 However, in other work, trans-
ferredWT KLRG1hi cells did not revert to KLRG1lo cells;1,41,42

and here the numbers of KLRG1loCD127hi cells in Bim� /�

mice did not increase in proportion to the loss of KLRG1hiC-
D127lo cells, arguing against conversion. More work is
needed to determine if, in the absence of death, some
KLRG1hiCD127lo cells convert to KLRG1loCD127hi cells.
Second, the absence of Bim may protect KLRG1loCD127hi

cells from death as many of these cells die in WT mice.1,14,33

KLRG1loCD127hi cells are more protected from death
because they express increased levels of Bcl-2, as genetic
loss or pharmacologic inhibition of Bcl-2 enhanced their Bim-
driven death.33,43 Further, we have shown that a common g
chain cytokine/STAT5/Bcl-2 network acts downstream of IL-7
and IL-15 to protect KLRG1loCD127hi effector T cells fromBim
and likely Puma, favoring memory cell development.34 Third,
as mentioned above, the massive expansion of effector and
pre-memory subsets in Bim� /� mice severely restricts IL-15
availability for KLRG1hiCD127lo cells. As both KLRG1hiC-
D127lo and KLRG1loCD127hi cells express similar levels of
CD122, it is unclear which subset contributes more to this
population effect, although the sheer size of the

KLRG1hiCD127lo compartment suggests a dominant role for
this subset. Thus, although the forces driving contraction are
operative in both effector populations, they are enhanced in
KLRG1hiCD127lo cells and likely also involve Puma andNoxa.
Together with previous studies, our data indicate that

survival and differentiation of effector CD8þ T cells are
regulated by distinct mechanisms. For instance, IL-10/
IL-21/STAT3/SOCS3 signaling promotes skewing to
KLRG1loCD127hi cells, by shielding at them from pro-
inflammatory cytokine/t-bet signaling.1,7 Importantly, the
overall numbers of CD8þ effector cells remained stable over
time and neither t-bet nor STAT3 affected expression of Bcl-
2,1,7 suggesting that effector T-cell differentiation is separable
from survival. In addition to differential STAT signaling, AKT/
FOXO signaling may be a critical node of integration. FOXO
signaling promotes the formation of KLRG1lo cells and their
development into functional memory cells, but it also controls
Bim expression.44,45 However, FOXO1 controls CD127
expression, making it difficult to precisely identify effector
subsets.46 Nonetheless, an integration of death and differ-
entiation signals may lie at the level of FOXO signaling. The
ability to remove death from the equation (via the T-cell-
specific loss of Bim or Bax and Bak) should be crucial for
further dissection of these transcriptional networks.
These results may have potential therapeutic implications

as Bcl-2 inhibitors can target autoreactive T cells and reduce
autoimmunity.47,48 Conversely, although drugs that specifi-
cally target BH3-only molecules are not yet available, they
could be vaccine adjuvants to enhance T-cell survival and
memory development. Our data suggest that Bim is an
excellent therapeutic target, in which overwhelming effector
responses that might occur with Bim inhibition are self-limiting
because of IL-15 availability, but would favor the emergence
of long-lived memory T cells.

Materials and Methods
Mice and viral infection. C57BL/6 mice were either purchased from
Jackson Labs (Bar Harbor, ME, USA) or Taconic Farms (Germantown, NY, USA).
Bim� /� mice were a gift from P Bouillet and A Strasser (Walter and Eliza Hall
Institute, Melbourne, Victoria, Australia) and have been backcrossed to C57/BL6
mice for at least 14 generations. Baxf/f Bak� /� mice were a gift of late Dr S
Korsmeyer and were crossed to dLckCre (Jackson Labs). IL-15-deficient mice on
a C57BL/6 background were purchased from Taconic Farms and were bred with
Bim� /� mice in our facility. Generation of Bim conditional mice (Bimf/f) is as
described.23 These mice were crossed to dLckCREþ or CD11cCREþGFP
mouse lines. P14 Thy1.1þ TCR transgenic mice were a gift of Dr M Jordan and
were crossed to Bim� /� mice. Rag1� /� mice were purchased from Jackson
Labs and crossed to CD11cCREþGFP-Bimf/f mice. CD45.1þ BoyJ mice were
maintained in house and were crossed to CD45.2þ C57BL/6 mice. C57BL/6-
Bbc3tm1Ast/J (Puma� /� ) mice were purchased from Jackson Labs and were bred
with dLckCre-Bimf/f mice in our facility. C57BL-6-noxa� /� mice were obtained
from A Strasser (Walter and Eliza Hall Institute, Melbourne, Australia) and were
described previously.49

Mice were infected i.p. with 2� 105 p.f.u. of the lymphocytic choriomeningitis
virus (LCMV). LCMV was grown in BHK-21 cells and viral titers from spleen and liver
homogenates were determined by plaque assay on BHK-21 monolayers as
described. For BrDU incorporation, mice were injected i.p. with three doses of
0.7 mg/mouse BrdU (BD Biosciences, San Jose, CA, USA) 2 days before killing
(1 on day � 2 and 2 on day � 1). BrdU incorporation was assessed with BrdU Flow
kit (BD Biosciences) according to the manufacturer’s instructions. Animals were
housed under specific pathogen-free conditions in the Division of Veterinary
Services at Cincinnati Children’s Hospital Research Foundation. Experimental
procedures were reviewed and approved by the institutional animal care and use
committee at the Cincinnati Children’s Hospital Research Foundation.
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Adoptive transfer experiments. CD8þ T cells were isolated by MACS
CD8þ isolation kit (Miltenyi Biotec, San Diego, CA, USA) from spleens of WT or
Bim� /� Thy1.1þ P14 transgenic mice according to the manufacturer’s
instructions. 5� 103 cells were transferred into C57BL/6, Bim� /� or IL-15� /�

mice intravenously (i.v.) and the mice were infected with 2� 105 p.f.u. LCMV i.p.
a day later.

Reconstitution with mixed BM chimera. BM from four limbs of Rag� /�

Bimf/f, Rag� /� CD11cCREþ Bimf/f or CD45.2þCD45.1þ mice was isolated by
crushing the bones and passing cells through a 70-mm mesh cup (BD Falcon,
San Jose, CA, USA) to generate single-cell suspensions. Suspensions were washed
several times with PBS. In the meantime, CD45.1þ BoyJ mice were lethally
irradiated. BM from CD45.2þCD45.1þ mice was mixed at a 1:9 ratio with Rag� /�

Bimf/f or Rag� /� CD11cCREþ Bimf/f BM cells. 20� 106 cells were adoptively
transferred i.v. to lethally irradiated CD45.1þ BoyJ mice. These mice then were fed
with antibiotic-treated food for 2–3 weeks. Mice were i.p. infected with LCMV after
3–4 months.

MHC tetramer staining and flow cytometry. Spleens from individual
mice were harvested and crushed through a 70-mm mesh cup (BD Falcon) to
generate single-cell suspensions. 2� 106 cells were stained with different
combinations of the following cell surface antibodies: anti-CD8, CD4, CD44,
KLRG1, CD127, CD45.1, CD45.2, Thy1.1, Thy1.2, CD11c, TCR, CD11b and B220
(from Bio-Legend or EBioscience, San Diego, CA, USA) and intracellularly with
anti-Bim (Cell Signaling Technology, Beverly, MA, USA) as described. Dbgp33
monomers were produced in house and were coupled to either APC or to PE as
previously described.14 Minimum of 5� 105 events were acquired on a BD LSR II
flow cytometer and analyzed by either FACS DIVA or Flowjo, Treestar software.

IL-15 administration in vivo. For IL-15 delivery experiments, IL-15/IL-
15Ra (R&D Systems, Minneapolis, MN, USA) were mixed in vitro, and the
equivalent of 750 ng IL-15 was injected i.p. on days 8, 10, 12 and 14 post
infection. IL-15/IL-15Ra complexes were given instead of IL-15 because of their
longer in vivo half-life.

Real-time RT-PCR. Effector (CD8þCD44hiKLRG1hiCD127lo) and
pre-memory (CD8þCD44hiKLRG1loCD127hi) T cells were sorted from the spleens
of d24 LCMV-infected mice, whereas naive (CD8þ CD44loKRLG1loCD127hi) T
cells were sorted from uninfected mice on a FACSAria cell sorter. RNA was isolated
from cells using Qiagen’s RNeasy mini isolation kit (Qiagen, Valencia, CA, USA) and
converted into cDNA using Superscript II Reverse transcriptase (Invitrogen, Grand
Island, NY, USA). Primers used were: Puma F: 50-ACCTCAACGCGCAGTACGA-30;
Puma R: 50-GGAGGAGTCCCATGAAGAGATTG-30; Noxa F: 50-GGAGTGCACCG
GACATAACT-30, Noxa R: 50-TTGAGCACACTCGTCCTTCA-3, beta-actin F:
50-GACGGCCAAGTCATCACTATTG-30, b-actin R: 50-GAAGGAAGGCTGGAAAA
GAGC-30 Real-time PCR was performed in IQ Cycler PCR Machine (Bio-Rad,
Hercules, CA, USA).
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intracellularly with antibodies against Noxa and Puma. Results show the mean fluorescence intensity of the Noxa or Puma signal in pre-memory KLRG1loCD127hi (white bars)
and effector KLRG1hiCD127lo T cells (dark bars) ±S.E.M. (c–f) Groups of WT, Puma� /� , dLckCreþbimf/f and Puma� /�dLckCreþbimf/f were infected with LCMV and
then killed on days 10 and 24 after infection. (c) Dot plots show the levels of KLRG1 (y axis) and CD127 (x axis) within CD8þCD44hiGP33-gated cells. (d) Graph shows the
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CD8þCD44hi GP33-specific T cells ±S.E.M. from either WT, Noxa� /� , dLckCreþbimf/f and Noxa� /�dLckCreþbimf/f mice on days 10 and 24 after infection. Results are
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