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Acquisition of effector properties is a key step in the generation of
cytotoxic T lymphocytes (CTLs). Here we show that inflammatory
signals regulate Dicer expression in CTLs, and that deletion or
depletion of Dicer in mouse or human activated CD8+ T cells causes
up-regulation of perforin, granzymes, and effector cytokines. Ge-
nome-wide analysis of microRNA (miR, miRNA) changes induced
by exposure of differentiating CTLs to IL-2 and inflammatory sig-
nals identifies miR-139 and miR-150 as components of an miRNA
network that controls perforin, eomesodermin, and IL-2Rα expres-
sion in differentiating CTLs and whose activity is modulated by
IL-2, inflammation, and antigenic stimulation. Overall, our data
show that strong IL-2R and inflammatory signals act through Dicer
and miRNAs to control the cytolytic program and other aspects of
effector CTL differentiation.

CD8+ T-cell response | posttranscriptional regulation

Differentiation of naïve CD8+ T cells into effector and memory
cytotoxic T lymphocytes (CTLs) is driven by antigen (Ag) ex-

posure and inflammation and orchestrated by the induction of
specific transcription factors (1). How CTL differentiation is
controlled at the posttranscriptional level is still largely un-
known. MicroRNAs (miRNA, miR) constitute one of the
main mechanisms of posttranscriptional regulation of protein
levels; it is estimated that 30–90% of the mouse and human
transcriptome is controlled by miRNAs (2). Primary miRNA
transcripts (pri-miRNAs) are cleaved in the nucleus by the
microprocessor (Drosha–DGR8) complex and further processed
in the cytoplasm by the RNaseIII enzyme Dicer into their mature
form (2, 3). In the hematopoietic system, several miRNAs are
expressed in a stage- and cell-specific manner (4, 5). Deletion
of Dicer at the double-negative or double-positive stage of thy-
mocyte development severely impairs the differentiation and
survival of αβ+ thymocytes (6) and of peripheral T cells, re-
spectively (7). Global miRNA loss impairs the survival of an-
tigen-specific effector CTLs during viral or bacterial infections (8,
9), and recently the miR-17-92 cluster and miR-155 (10, 11) have
been shown to control the differentiation of mouse CTLs during
antiviral and antitumor responses.
We previously showed that T-cell receptor (TCR) stimulation

of naïve CD8+ T cells followed by expansion in 100 U/mL (high)
IL-2 yielded cells that displayed the characteristics of effector
CTLs (i.e., high perforin and granzyme B expression), whereas
TCR stimulation followed by culture in 10 U/mL (low) IL-2
gave rise to cells with the surface and functional features of
memory CTLs (including expression of the IL-7Rα receptor
CD127) (12). In naïve T cells, perforin (Prf1) mRNA is clearly
detectable, but this is not accompanied by protein expression
(12); similarly, resting natural killer (NK) cells express Prf1
mRNA but not perforin protein (13). The posttranscriptional
control of perforin and granzyme B expression in human NK
cells is regulated by miRNAs that directly target the perforin or
granzyme B 3′-UTR (14, 15).
Here we have used acute in vitro models of Dicer deletion or

depletion to study the consequences of a global loss of mature
miRNAs in CTLs. We find that Dicer-deficient CTLs resemble

wild-type effector CTLs obtained by differentiation in the pres-
ence of high doses of IL-2 and inflammation in their increased
expression of lytic molecules and effector cytokines. We identify
five miRNAs that are down-regulated by inflammation in CTLs;
of these, miR-139, and to a lesser extent miR-342, regulate
perforin expression, whereas miR-150 regulates the expression
of the IL-2 receptor α-chain (CD25). We show that strong IL-2
receptor and inflammatory signals down-regulate Dicer expres-
sion through a posttranscriptional mechanism, suggesting that
CTL differentiation is modulated by changes in the expression
level or activity of components of the miRNA machinery.
Overall, our results point to the existence of a regulatory path-
way downstream of extracellular signals (IL-2, inflammation, and
Ag stimulation) that controls CTL differentiation through Dicer
and miRNAs.

Results
Dicer Restrains Perforin Expression in Differentiating CTLs. To ana-
lyze the phenotype of Dicer−/− CTLs, we activated CD8+ T cells
from Dicerfl/fl:CD4-Cre mice and control Dicerfl/fl mice (7) with
anti-CD3 and anti-CD28 Abs for 2 days, followed by culture in
100 U/mL IL-2 for 4 additional days, to yield in vitro generated
effector CTLs (cells cultured in 10 U/mL IL-2 are termed
“memory CTLs”) (12). Resting effector CTLs express perforin,
which is further increased upon TCR restimulation. We exam-
ined perforin expression in resting effector CTLs from control
and Dicer−/− mice, either resting or after 6-h restimulation with
phorbol 12-myristate 13-acetate (PMA), ionomycin, or both (used
to bypass any defects of proximal TCR signaling due to miRNA
loss). The basal expression of perforin by wild-type CTLs was in-
creased upon stimulation with PMA or PMA/ionomycin and was
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blocked by pretreatment with the calcineurin inhibitor cyclosporin
A (CsA) (Fig. 1A). Dicer−/− CTLs expressed dramatically increased
amounts of perforin protein relative to control CTLs, both in the
resting state and upon restimulation (Fig. 1A). This up-regulation
of perforin was accompanied by only a modest increase in Prf1
mRNA (Fig. 1A). Similar results were obtained when naïve CD8+T
cells from P14 TCR transgenic [whose TCR is specific for the
lymphocytic choriomeningitis virus (LCMV) gp33 peptide (16)]
Dicer fl/fl:CD4-Cre and control P14 Dicer fl/+:CD4Cre mice (17) were
differentiated into effector and memory CTLs (Fig. S1A). There-
fore, increased perforin expression was not the consequence of
activation of peripheral T cells in Dicer−/− mice.

Acute Deletion of Dicer in Activated CD8+ T Cells Promotes Effector
CTL Differentiation. To control for cells that have escaped Cre-
mediated Dicer deletion in vivo as well as for possible compen-
satory effects (7), Dicer deletion was induced in activated CD8+

T cells isolated from P14+:Dicer fl/fl and P14+:Dicer fl/+ mice by
retroviral introduction of Cre recombinase (Fig. 1 B and C).
Transduced P14+:Dicer fl/fl CTLs that had undergone Cre-medi-
ated Dicer deletion displayed strong up-regulation of perforin
protein (Fig. 1D, compare lane h with lanes b, d, and f) and

CD69 (Fig. S1B), consistent with previous reports of increased
CD69 expression in Dicer−/− CTLs (8). The increase in perforin
protein was paralleled by a smaller increase in Prf1 mRNA levels
(Fig. 1E). We also profiled several activation and differentiation
markers on control and Dicer−/− CTLs (Fig. S1B): Expression of
CD44 and CD127 was unchanged, CD62L expression was
slightly increased, LAG3 was strongly down-modulated, and
expression of Eomes (eomesodermin), a T-box transcription
factor that regulates perforin expression in CTLs (18) and is
required for memory CD8+ T-cell survival (19), was modestly
reduced in Dicer−/− CTLs. Dicer deletion in activated CD8+ T
cells did not increase granzyme B expression (Fig. S1B). Upon
restimulation, a substantial increase in IL-10 levels was also
observed in Dicer−/− CTLs (Fig. S1C).
Together, these results indicate that Dicer deletion in activated

CD8+ T cells recapitulates the effects of constitutive Dicer de-
letion in terms of perforin and CD69 up-regulation, and that the
overall effect of Dicer and miRNAs is to restrict activation and
the acquisition of effector functions by CTLs.

Effects of Dicer Knockdown on Human CD8+ T-Cell Differentiation. To
investigate the role of Dicer in human CD8+ T cells, we enriched
naïve CD8+ T cells from peripheral blood so that the starting
population expressed very low levels of perforin and granzyme
B (Fig. 2A), activated them with anti-CD3 plus anti-CD28
Ab, transduced them with lentiviral vectors containing shRNA
against Dicer (shDicer) or scramble (shCtrl), and cultured them
under puromycin selection for an additional 3 days in low or high
IL-2 (Fig. 2B). Dicer was depleted at both mRNA and protein
levels (Fig. 2C). In cells cultured with high IL-2, Dicer depletion
resulted in strong up-regulation of granzyme B and increased
expression of perforin, assessed with two different monoclonal
antibodies to human perforin, D48 (20) and δg9 (Fig. 2 D and E).
Restimulation with PMA and anti-CD3 resulted in a mild in-
crease in IFN-γ and TNF expression (Fig. 2D). CD69 was not
significantly up-regulated by Dicer knockdown in human CTLs
(Fig. 2 D and E).
In summary, depletion of Dicer in human CD8+ T cells

recapitulates many of the effects observed in mouse cells in
which the Dicer gene has been deleted either in thymocytes or
activated peripheral CD8+ T cells. Up-regulation of perforin,
CD69, and IL-10 is more pronounced in mouse CD8+ T cells,
whereas up-regulation of granzyme B is evident mainly in human
CD8+ T cells.

IL-2 and Inflammatory Signals Modulate Perforin and Dicer Expression.
We previously showed that strong IL-2Rα signaling sustains per-
forin expression in CTLs, whereas inflammatory signals (CpG, IL-
12) counteract the expression of perforin mRNA (12). To examine
the influence of inflammation on perforin protein expression, we
stimulated splenocytes from P14+:TCRα−/− mice with gp33 peptide
with or without unmethylated CpG oligonucleotides, which activate
B cells through TLR9; on day 2, CD8+ T cells were isolated and
expanded for an additional 4 days with high or low IL-2 in the
presence or absence of IL-12 (Fig. 3A). Perforin protein was absent
in naïve CD8+ T cells (12) (Fig. 3E, lane 5) and slightly induced by
stimulation of total splenocytes with gp33 or of purified CD8+ T
cells with anti-CD3 plus anti-CD28 for 2 days (Fig. 3B, lanes 1 and
2). CpG strongly up-regulated perforin expression in CD8+ T cells
on day 2 poststimulation (Fig. 3B, compare lanes 2 and 3). When
added together with CpG, IL-12 did not further increase perforin
expression after 2 days of stimulation (Fig. 3B, compare lanes 3 and
4) but, at a later time point (day 6), IL-12 markedly increased
perforin protein levels (Fig. 3C, compare lanes a and b with lanes c
and d). In high–IL-2 cultures, addition of IL-12, CpG, or both
strikingly increased perforin expression (Fig. 3C, compare lanes b,
d, f, and h); in contrast, in low–IL-2 cultures, the presence of CpG
had no effect by itself, but suppressed the increase in perforin ex-
pression induced by IL-12 (Fig. 3C, compare lanes a, c, and g).
We also observed that Dicer itself was slightly down-regulated

in CD8+ T cells purified from whole-splenocyte cultures after

Fig. 1. Regulation of perforin expression in Dicer−/− CTLs. (A) Perforin
protein (Western blot) and mRNA (Northern blot) levels analyzed in effector
CTLs differentiated in vitro from Dicerfl/fl (WT) and Dicerfl/fl:CD4-Cre (Dicer−/−)
mice. On day 6, CTLs were restimulated with PMA, ionomycin, or both, in the
presence or absence of CsA. Results are representative of three independent
experiments. (B) Scheme of Cre-mediated Dicer deletion in activated CD8+

T cells from P14+:Dicerfl/fl mice. (C) Real-time PCR analysis of Dicer mRNA
in control (P14+:Dicerfl/+-Cre or P14+:Dicerfl/fl-mock) and Dicer−/− effector
CTLs analyzed on day 6. Values are normalized to the P14+:Dicerfl/+-Cre
sample. Red letters on the x axis refer to Western blot lanes in D. Mean ± SE
for three or four different experiments is shown. (D) Western blot analysis of
perforin expression in resting control (P14+:Dicerfl/+-Cre, P14+:Dicerfl/+-mock–
transduced, and P14+:Dicerfl/fl-mock–transduced) and Dicer−/− (P14+:Dicerfl/fl-
Cre) effector and memory CTLs. Lanes marked with a red letter represent
samples subsequently used for RNA sequencing. Results are representative of
two (IL-2 10 U) or four (IL-2 100 U) experiments. (E) Quantification of perforin
protein and mRNA levels in samples corresponding to lanes marked by red
letters in D. Results from three or four experiments are averaged. *P < 0.05;
**P < 0.01; ns, not significant.
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stimulation for 2 days with gp33 or gp33 plus CpG, relative to
cells stimulated through TCR/CD28 but in the absence of anti-
gen-presenting cells (Fig. 3B, compare lane 1 with lanes 2–4). On
day 6, a clear down-regulation of Dicer protein, but not mRNA,
was evident in CTLs differentiated with high IL-2 in the presence
of CpG and IL-12 (Fig. 3 C and D). Additionally, inflammation
coupled to strong IL-2 signals induced up-regulation of effector
cytokines (IFN-γ, TNF, and IL-10) and CD25 and down-regu-
lation of Eomes (Fig. S2).
To investigate whether inflammation modulates perforin and

Dicer expression in vivo, we isolated four populations of CTLs
based on KLRG1 and CD127 expression from mice infected with
LCMV-Armstrong on day 8 postinfection (Fig. 3E, Left).
KLRG1 and CD127 (IL-7Rα chain) are used to distinguish
CD8+ T cells that have differentiated in vivo into fully armed
effector CTLs from those that will preferentially generate long-
lived memory cells (21). The two cell types, KLRG1+CD127– ef-
fector cells and KLRG1–CD127+ memory precursors, are thought
to embark on these different differentiation routes because of
exposure to higher versus lower levels of inflammatory stimuli
(22). Notably, KLRG1+CD127– effector CD8+ T cells ex-
pressed higher amounts of perforin and lower amounts of Dicer
protein compared with KLRG1–CD127+ memory precursor cells
(Fig. 3E, Right, compare lanes 1 and 4). This inverse ratio was not

observed in all populations; in fact, KLRG1–CD127– cells, which
are known to contain precursors of both effector and memory
CD8+ T cells (22), expressed high levels of both Dicer and
perforin (Fig. 3E), suggesting that this population may contain
cells that are Dicerhighperforinlow and vice versa. Overall, these
data show that Dicer deletion recapitulates some of the effects
exerted by strong IL-2 signaling and inflammatory stimuli on
CTL differentiation, and suggest that IL-2 and inflammation
may regulate the expression of miRNAs that restrain effector
protein expression.

Inflammation Regulates the Expression of miRNAs Involved in CTL
Differentiation and Function. To identify miRNAs that may regu-
late the expression of perforin and other proteins in CTLs, we
used next-generation sequencing to profile small RNAs from
control and Dicer−/− CTLs (Fig. 1D, lanes d, f, and h), wild-type

Fig. 2. Effect of Dicer knockdown on human CTL differentiation. (A) Rep-
resentative expression of perforin and granzyme B before and after naïve
CD8+ T-cell enrichment from human peripheral blood mononuclear cells
(PBMCs). (B) Experimental scheme of Dicer knockdown mediated by shRNA-
encoding lentiviral (LV) vectors in human CTLs. (C) Real-time PCR (Left) and
Western blot (Right) analysis of DICER mRNA and protein expression in hu-
man CTLs transduced with empty LV vector or LV encoding a control shRNA
(shCtrl) or shRNA targeting Dicer (shDicer) and cultured with the indicated
doses of IL-2 for 6 days. (D) Flow cytometric analysis of perforin (detected
with the indicated antibody clones), granzyme B, and CD69 in resting human
CTLs, transduced with shCtrl or shDicer. IFN-γ and TNF expression was ana-
lyzed after restimulation with anti-CD3 plus PMA. (E) Summary of the effect
of Dicer depletion on perforin, granzyme B, and CD69 expression in five
independent donors. *P < 0.05; **P < 0.01; MFI, mean fluorescence intensity;
n.s., not significant.

Fig. 3. Inflammation regulates perforin and Dicer protein expression in
differentiating CTLs. (A) Scheme of the in vitro differentiation system used
to generate memory-like or effector CTLs from mouse P14 transgenic CD8+ T
cells. (B) Perforin and Dicer expression measured by Western blot in acti-
vated CD8+ T cells 2 days after stimulation. Lane 1, lysates from CD8+ T cells
stimulated for 2 days with anti-CD3 plus anti-CD28; lanes 2–4, lysates of CD8+

T cells isolated from splenocyte cultures 2 days after stimulation with gp33 ±
CpG and IL-12 as indicated. (C) Perforin and Dicer expression measured by
Western blot in CD8+ T cells activated with gp33 or gp33 plus CpG and
differentiated for 6 days in the presence of high or low IL-2, with or without
IL-12. Runx3 is used as a loading control. Results are representative of three
independent experiments. (D) Real-time PCR analysis of Dicer mRNA levels in
(Left) naïve and day 2 activated CD8+ T cells or (Right) day 6 CTLs derived
from gp33-stimulated splenocytes and cultured with low or high IL-2, or IL-2
plus CpG and IL-12. (Mean +/− standard error.) (E) (Left) Sorting strategy of
effector and memory CTL precursors based on the expression of CD127 and
KLRG1, after gating on CD44high CD8+ T cells, in LCMV-infected B6 mice.
(Right) Western blot analysis of perforin and Dicer expression in naïve CD8+

T cells and in the four populations sorted according to KLRG1 and CD127
expression. Results are representative of two experiments with 10–14 mice
each. Lanes marked with a red letter or number represent samples sub-
sequently used for RNA sequencing.
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CTLs generated in vitro with or without inflammation (Fig. 3C,
lanes b and h), and effector and memory CTL precursors dif-
ferentiated in vivo and sorted on day 8 post-LCMV infection
(Fig. 3E, lanes 1 and 4). Acute Dicer deletion caused a global
reduction of mature miRNAs over a 5-day period (Fig. 4 A and
C). Only seven miRNAs showed a greater than twofold differ-
ence between CTLs differentiated in vitro in the presence of
inflammation and CTLs differentiated without inflammation; of
these, two were up-regulated and five were down-regulated by
inflammation (Fig. 4 B and D and Dataset S1). We focused on
the three miRNAs that were most strongly down-regulated by
inflammation. Of these, only miR-139 and miR-342 were also
down-regulated in KLRG1+CD127– effector cells compared with
CD127+KLRG1– memory precursor cells isolated from day 8
LCMV-infected mice (Dataset S1). To investigate the functions of
these miRNAs, we used retroviral vectors encoding pri-miRNA
sequences to transduce activated P14 CD8+ T cells. pri-miRNAs
have to be processed by the cellular miRNA machinery, which
avoids the huge overexpression usually observed upon transfection
of mature miR mimics. We found that miR-139 strongly inhibited
perforin expression, both in resting effector CTLs (Fig. 5A) and in
memory CTLs restimulated with PMA and anti-CD3 (Fig. S3A).
miR-342 had a similar, but much less pronounced, effect on

perforin expression in effector CTLs, whereas miR-150 had no
effect (Fig. 5A). Real-time analysis showed that transduction
with pri-miR-139 retroviral vector induced a substantial in-
crease in miR-139-3p expression (Fig. S3B, Left), whose levels be-
came comparable to those of the miR-139-5p “guide” strand
detected in naïve and memory CD8+ T cells (Fig. S4). To identify
which miRNA strand (the guide or “star” strand) was responsible
for reduced perforin expression, we transfected miRNA mimics
corresponding to the miR-139-5p or -3p strand in differentiating
CTLs; miR-139-3p down-regulated perforin expression in wild-type
CTLs (Fig. 5B, Left) and partially reversed the increase in perforin
expression observed in Dicer−/− CTLs (Fig. 5B, Right). The down-

Fig. 4. Effects of Dicer deletion and inflammation on the miRNA profile of
mouse CTLs. (A) Expression (reads per kb per million; RPKM) of individual
miRNAs in control (Dicer+/+, Upper; Dicer+/fl, Lower) and Dicer−/− CTLs, differen-
tiated with 100 U/mL IL-2 for 6 days. Two biological replicates are shown. (B)
Expression (RPKM) of individual miRNAs in wild-type P14 CTLs differentiated for
6 days in 100 U/mL IL-2 or 100 U/mL IL-2 plus IL-12 and CpG. miRNAs down-
regulated (red) or up-regulated (blue) by inflammation (greater than twofold
change in both biological replicates) are shown. (C) Log-twofold change of
miRNAs betweenDicer−/− and control CTLs. Each dot represents a single miRNA;
dots falling in the lower left quadrant are down-regulated in Dicer−/− compared
with controls. (D) As in C, except that miRNAs in wild-type effector CTLs from
P14+TCRα−/− mice obtained by culture in 100 U/mL IL-2 with and without in-
flammation are compared. Each dot represents a single miRNA; dots in the
lower left quadrant (red) and in the upper right quadrant (blue) are down-
regulated and up-regulated more than twofold by inflammation, respectively.

Fig. 5. Control of effector CTL differentiation by miR-139, -150, and -342.
(A) Perforin expression analyzed by Western blot in CTLs transduced with
empty retrovirus (RV) (Ctrl) or RV containing the indicated pri-miR and cul-
tured for 6 days in 100 U/mL IL-2. Runx3 is used as a loading control. Results
are representative of three experiments. (B) Perforin expression in wild-type
and Dicer−/− CTLs transfected with miRNA mimics, either nontargeting (Ctrl)
or corresponding to the miR-139-5p or -3p strand. (C) Cytotoxicity assay
performed using day 6 effector CTLs, either mock-transduced (Ctrl-RV) or
transduced with miR-139-RV. Each point represents the average ± SD of
three samples. Results are representative of two experiments, one with
three mice per condition and the other with two mice. *P < 0.05; ***P <
0.001. (D) Schematic representation of the Listeria protection assay, with
transfer of in vitro generated memory-like CTLs transduced with empty (Ctrl)
or miR-139–expressing RV. (E) Quantification of Listeria CFUs per spleen 3
days after infection. “No transfer,” mice that did not receive any cell
transfer. Each dot represents a single mouse. Results are representative of
three independent experiments, each with four to six mice per group.
(Mean +/− standard error.) (F) Activated CD8+ T cells were transduced as in
A, and expression of the indicated markers was analyzed on day 6. The
results are representative of at least three experiments. (G) CD25 expression
in CTLs from P14 transgenic mice transfected with miR-150 or miR-150*
miRNA mimics. (H) Schematic model of how TCR, IL-2, and inflammatory
signals modulate the expression of perforin, Eomes, and CD25 through miR-
139, -150, and -342 in CTLs.
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regulation of perforin induced by miR-139 correlated with a slight
but significant reduction in the ability of miR-139–transduced P14
CTLs to kill gp33-loaded target EL4 cells (Fig. 5C). Because CTLs
can kill via multiple mechanisms, including the engagement of
death receptors on target cells, we verified by perforin depletion
that granule-mediated lysis was required to kill target cells in our
system (Fig. S3C).
To further investigate the consequences of miR-139 over-

expression, we used a Listeria protection assay that is partially
dependent on perforin expression by CTLs (23, 24). P14 trans-
genic CD8+ T cells were transduced with control or miR-139–
expressing retrovirus, differentiated in vitro into memory CTLs,
and transferred into recipient B6 mice, which were then infected
with a nonlethal dose of Listeria-gp33 (Fig. 5D). Although the
recipient mice are able to mount an endogenous response
against Listeria, at early time points the transferred antigen-
specific CD8+ T cells confer protection by limiting the spread of
bacteria into the spleen and liver. Analysis of the bacterial load
in the spleen on day 3 postinfection showed that whereas mock-
transduced P14 CD8+ T cells were able to reduce Listeria colony-
forming units (CFUs) per spleen by about 10-fold compared with
unprotected mice (no cell transfer), miR-139–expressing P14
CD8+ T cells showed reduced ability to protect (Fig. 5E).
Microinspector (http://bioinfo1.uni-plovdiv.bg/cgi-bin/micro-

inspector) and TargetScan (www.targetscan.org) predict the
existence of a binding site for miR-139-3p in the perforin 3′-
UTR as well as for miR-139-5p in the Eomes 3′-UTR. Indeed,
we found that Eomes was down-regulated by miR-139 (Fig. 5F
and Fig. S3D), suggesting that miR-139 controls effector CTL
differentiation at multiple levels. Moreover, miR-150, but not
the other two miRNAs tested, caused a strong down-regulation of
CD25 expression in CTLs differentiated with high IL-2 (Fig. 5F);
by transfecting miR mimics corresponding to the guide miR-150 or
the star miR-150 strand (miR-150*), we traced this effect to the
guide miR-150 strand (Fig. 5G). miR-139-5p, miR-139-3p, and
miR-150 were all high in naïve and memory CD8+ T cells, which
do not express perforin, relative to their levels in day 2 gp33-
stimulated CD8+ T cells and day 6 effector CTLs, which express
high levels of both perforin and CD25 (Fig. S4 A and B).
If Eomes and CD25 are miRNA targets, as our results suggest,

they should be up-regulated at some point during CTL differ-
entiation in Dicer−/− cells. However, CD25 expression was un-
changed and Eomes expression was slightly reduced in effector
Dicer−/− CTLs, when Dicer was deleted after T-cell priming (Fig.
S1B). To examine miRNA-dependent effects that take place in
the first 48 h after stimulation, we sorted naïve CD62L+

CD44lowYFP+CD8+ T cells from Dicer+/+-Cd4-Cre:R26R and
Dicerfl/fl-Cd4-Cre:R26R mice (in which YFP marks all cells that
underwent Cre-mediated deletion in vivo), differentiated them
into effector CTLs, and analyzed CD25 and CD69 expression.
CD69 was up-regulated in Dicer−/− CTLs at all time points
tested, whereas CD25 and Eomes were transiently but signifi-
cantly up-regulated in Dicer−/− CTLs compared with wild-type
CTLs on day 2 and days 4 and 5 poststimulation, respectively
(Fig. S5). Together, these results show that TCR, IL-2, and in-
flammatory signals control the expression of molecules crucially
involved in CD8+ T-cell function and proliferation—perforin,
Eomes, and CD25—not only transcriptionally but also through
miRNAs (Fig. 5H), and that the regulatory function of these
miRNAs is dynamically regulated during CTL differentiation.

Discussion
In this study, we investigated the contribution of posttranscriptional
mechanisms mediated by miRNAs to CTL differentiation. By
using a controlled in vitro system, we uncovered a previously
unappreciated miRNA-regulated signaling network that con-
trols CTL activation and function downstream of IL-2 and
inflammatory signals.
In both human and mouse CD8+ T cells, Dicer controls the

expression of miRNAs that directly or indirectly suppressed
perforin protein expression under all conditions tested. We show

that miR-139 represses the expression of both perforin and
Eomes [a direct transcriptional activator of the Prf1 gene (12,
18)] and that miR-342 may cooperate to repress perforin ex-
pression. These data highlight two concepts: that a single
miRNA can act at multiple levels in the same pathway and that
multiple miRNAs, which by themselves may have moderate
effects, can converge on a single target. Notably, we observed
Eomes up-regulation only when Dicer was deleted in naïve
CD8+ T cells but not when it was deleted in activated CD8+ T
cells, suggesting that the regulatory pathway linking miR-139 to
Eomes may act during early phases of CTL differentiation. At
later time points (days 6 and 7), Eomes was down-regulated in
Dicer−/− CTLs despite the strong up-regulation of perforin under
the same conditions, a scenario reminiscent of the effect of in-
flammation on wild-type CTLs. Thus, Eomes cannot be the only
contributor to perforin up-regulation in Dicer−/− CTLs, and the
phenotype of Dicer−/− CTLs most likely results from disturbance
of both positive and negative signals. Our results suggest that
control of effector CTL differentiation by miRNAs is partially
conserved between humans and mice, even though the precise
miRNAs and proteins through which this control is exerted can
vary depending on the species.
Our finding of increased IL-10 production in Dicer−/− CTLs is

consistent with the observation that a significant proportion of
IL-10 regulation occurs posttranscriptionally (25). IL-10 pro-
duced by influenza-specific CTLs may be part of a self-regulatory
mechanism aimed at restraining excessive tissue inflammation, as
well as providing, together with IL-21, instructive signals for
memory CTL generation (26). In contrast, the effects of Dicer
deficiency on IFN-γ production are modest and seem to vary
depending on the system and the cells used (27).
We and others have previously shown that the strength of IL-2

signaling is a key determinant of CTL differentiation. Strong IL-2
signals promote effector CTL differentiation and limit their sur-
vival in vivo and, conversely, low IL-2 signals are permissive for
memory CD8+ T-cell generation (12, 28). The results presented
here suggest that inflammation up-regulates CD25 expression in
part by repressing miR-150. Our data are consistent with two
previous studies that identify miR-150 as being down-regulated in
effector compared with memory or naïve CD8+ T cells (29, 30),
and clarify that TCR, IL-2 receptor, and inflammatory signals
contribute to down-regulate miR-150 during CTL differentiation.
Interestingly, miR-150 levels do not differ between KLRG1+
CD127– effectors and KLRG1–CD127+ memory precursors on
day 8 after LCMV infection; however, CD25 is not expressed by
either of these cell populations. Analysis of effector CTLs at
earlier time points after LCMV infection shows that miR-150 is
lower in day 5 effector CTLs that express CD25 than in day 8
effector CTLs that have down-regulated CD25 (9).
miR-139 follows a similar trend to that of miR-150, except that

expression of the 3p strand is extremely low in CTLs derived in
vitro with anti-CD3 plus anti-CD28 stimulation and cultured in
high IL-2, and virtually undetectable when CTLs are generated
by gp33 stimulation followed by culture in high IL-2 or IL-2 plus
inflammation. However, miR-139-3p is expressed in naïve as well
as in in vitro or in vivo generated memory CTLs. We suggest that
miR-139-3p is mainly involved in repressing perforin expression
in naïve CD8+ T cells and memory CTLs.
Our findings that Dicer protein expression is suppressed by

strong IL-2 receptor signals and inflammation in CTLs, with-
out a corresponding mRNA change, are indicative of post-
transcriptional regulation. At least two miRNAs, let-7 (31)
and miR-103/107 (32), can target Dicer. Although let-7 is not
regulated by inflammation in our system, let-7a-1 is one of the
very few miRNAs that are paradoxically up-regulated in
Dicer−/− CTLs (from 4- to 11-fold over controls in two bi-
ological replicates), raising the possibility that let-7a-1 and
Dicer influence each other’s expression. The notion that Dicer
levels can be regulated by extracellular stimuli has precedents
in other systems. In neurons, the growth factor BDNF mod-
ulates Dicer levels, regulating the global miRNA output (33).
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Likewise, inflammatory or “stress” signals (reactive oxygen
species, double-strand RNA, and type I IFNs) have been shown
to down-regulate Dicer in cell lines and in mouse spleen (34).
Recently, in activated CD4+ T cells, degradation of Argonaute2
was observed, and this correlates with a general decrease in
mature miRNA levels (35). Interestingly, in our system, despite
a substantial loss of Dicer protein induced by the combination of
high-dose IL-2 plus inflammatory stimuli, there are not major
consequences for the mature miRNA output; therefore, Dicer
levels do not appear to become overtly limiting. However, we did
observe a moderate down-regulation of low-expressed miRNAs
in CTLs generated with inflammation, suggesting that competi-
tion to access the miRNA machinery may constitute an addi-
tional level of fine-tuning of mature miRNA levels during CTL
differentiation downstream of transcriptional regulation.
Overall, our study shows that IL-2 and inflammatory signals

regulate the expression of miRNAs that control CTL differen-
tiation, and specifically the expression of Eomes, perforin, and
CD25. We identify miR-139, -150, and to a lesser extent miR-342
as components of this posttranscriptional regulatory mechanism.
Although further proteomic analysis will be required to define
globally all of the potential targets of these miRNAs in CTLs, our
data support the existence of an miRNA-based posttranscriptional

program that needs to be shut down or dampened to relieve the
silencing of effector molecules and ensure proper effector CTL
differentiation.

Materials and Methods
Standard procedures for T-cell isolation and culture, retroviral transduction
and transfection, RNA isolation, and real-time PCR are described in SI
Materials and Methods. A detailed description of experimental samples used
in RNA sequencing experiments is also available in SI Materials and Methods.
The method used for sequencing data analysis is outlined in SI Materials and
Methods.
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